
FINNISH SOCIETY OF
INDOOR AIR QUALITY
AND CLIMATE

PROCEEDINGS



Public financial endorsers

Sponsors

Endorsing Organisations

Cover photos: Aalto-yliopisto / Tuomas Uusheimo (top), Mikko Raskinen (bottom)

Organisers

FINNISH SOCIETY OF
INDOOR AIR QUALITY
AND CLIMATE

Federation of
European Heating,
Ventilation and
Air Conditioning
Associations

Platinum

Silver

Gold

SilverSilver

ROOMVENTILATION 2018

Program_RV2018.indd   2 24.5.2018   16:21:05

Cover photos: Aalto-yliopisto / Tuomas Uusheimo (top), Mikko Raskinen (bottom)



Roomvent&Ventilation 2018:
Excellent Indoor Climate and 
High Performing Ventilation

Proceedings

Risto Kosonen

Mervi Ahola

Jarkko Narvanne

(Editors)



Roomvent&Ventilation 2018:

Excellent Indoor Climate and 

HighPperforming Ventilation 

Risto Kosonen, Mervi Ahola and Jarkko Narvanne (Editors)

ISBN 978-952-5236-48-4 

Published by SIY Indoor Air Information Oy, Helsinki, Finland, 2018



|  5PROCEEDINGS — Roomvent & Ventilation 2018

On behalf of the organisation committee, we are pleased to welcome you to Roomvent&Ventilation 
2018 conference in Espoo. Finnish Society of Indoor Air Quality and Climate together with Aalto 
University are proud to host the conference. Roomvent and Ventilation are well established 
conference series within the discipline of ventilation research in both industrial and non-industrial 

premises. This conference is quite unique because now we merged two separate Roomvent and Ventilation 
conferences together for the first time. 

Roomvent&Ventilation 2018 provides to participant generic view of the latest research findings of ventilation. In 
the technical program, the theme of “Excellent indoor climate and high performing ventilation” is emphasized. 
Excellent performance of ventilation should happen also in energy efficient manner. In the near future, this 
requires cutting edge technology solutions to guarantee healthy and comfortable indoor climate and energy 
efficiency at the same time. 

Roomvent Conference which will focus on new technology and ventilations strategies for low energy, passive 
houses and zero emission buildings as well as energy efficient ventilation in the built environment as such. 
Roomvent conference is focusing on air distribution, air quality and thermal comfort in offices, apartments and 
public buildings. Modeling, visualization and measurement technologies will be an important theme including 
strategies for natural, hybrid and mechanical ventilation. Furthermore, transport and spread of airborne 
infections will be an important issue.

Ventilation conference is focusing on industrial type of applications. The aims of industrial ventilation are to 
protect health, to prevent environmental pollution and to guarantee high product quality. These aims should 
be achieved with a highly energy efficient manner and promoting for sustainable development. The conference 
topics cover a wide range of issues including occupational health, ventilation and sustainable development, 
specialized applications and clean air technology, design and control.

We are happy that over 300 researchers and industrial professionals altogether from all over the world will 
arrive to Espoo to present the current state-of-art technology solutions and discuss the incoming challenges in 
the area of ventilation. We hope that Roomvent&Ventilation 2018 will provide together with the latest research 
findings also excellent networking and socializing opportunities. We wish you a wonderful time at the conference 
and I hope that you will enjoy the midnight sun.

We  would like to thank conference supporters and endorsers. We have had many companies who have 
supporting us:  Halton, Camfill, Enervent, Granlund, Trox foundation, Vallox and Swegon. Also, we have got 
financial support from the Finnish Work Environment Fund, Ministry of Environment and Aalto University. Then 
special thanks to endorsing organizations: Scanvac, REHVA, ASHRAE and Finvac who have helped with marketing 
of the conference.  

This is conference could not be happening without support of many persons. First, we would like to thank Jorma 
Säteri who has been the chair of the organization committee. Then we would like to thank Hannu Koskela and 
Guangyu Cao to act as a chair of scientific committees.  Hannu has worked hard on arrangement of papers in 
different sessions and conference program. Guangyu has worked on workshops, poster sessions and marketing 
conference in different international events.  Hannu’s and Guangyu’s contribution has been significant in the 
succees of this conference. 

For the technical assistance in compiling the Proceedings we thank particularly co-editor Jarkko Narvanne who 
has done the vast job in an innovative and effective manner. We wish also to thank Aila Laine-Sarkkinen and 
Saara Flythström for their well organized help in the practical arrangements. 

Espoo, June 2018

Risto Kosonen and Mervi Ahola 
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SUMMARY 
In this study, the authors evaluate clothing insulation and changes in metabolic rate for individuals in 
offices. Clothing is evaluated using a questionnaire completed by 1590 workers in nine offices. The 
metabolic rates of 86 workers in three offices are measured using a physical activity meter. Then, the 
distribution of the temperature at which a person in the room perceives a neutral thermal sensation is 
calculated from the determined metabolic rates and clothing insulation values. The results demonstrate 
a noticeable difference between the average and most frequent values — 24.7℃ and 26.9℃, respectively 
— during summer. Moreover, the required temperature distribution is not normal; rather, it is a wide 
distribution skewed to the low-temperature side. Therefore, even if a thermally uniform environment is 
provided at the average required temperature, by preventing temporal and spatial variations in the 
thermal environment, complaints of an unacceptably hot thermal environment would be more likely to 
occur than would complaints that the thermal environment is too cold. 
Keywords: clothing insulation, metabolic rate, required temperature 

1 INTRODUCTION  
Conventional indices evaluate thermal comfort by considering a single person in a room to be 
representative of a group of people with common characteristics. Therefore, conventional air-
conditioning systems endeavour to provide comfortable and thermally uniform environments by 
preventing temporal and spatial variations. However, in a previous survey of thermal environment 
acceptability in offices, the authors recorded votes indicating an unacceptable environment even when 
the thermal environment was consistently maintained at comfortable levels according to ASHRAE 
standards. Moreover, votes indicating an unacceptably hot environment concentrated soon after workers 
sat down. Conversely, votes indicating an unacceptably cold environment occurred in greater numbers 
when workers had been sitting for a long time (Ukai et al., 2014). Indoor thermal environmental 
acceptability is linked to the temperature at which each worker is comfortable, as attributable to changes 
in metabolic rate and clothing choice in addition to the uniformity of the indoor thermal environment. 
In this study, the authors survey clothing insulation and metabolic rate changes in individuals in offices 
and aim to calculate the distribution of the temperature required for a person in the room to perceive a 
neutral thermal sensation. Then, the authors examine the background of workers’ complaints about 
unacceptable thermal environment and set a target value for the indoor thermal environment in a typical 
office. 

2 MEASURING METHODS 
The authors surveyed clothing insulation and changes in metabolic rate for individuals in offices, with 
the aim of calculating workers’ required temperature distribution. Clothing was evaluated via a 
questionnaire given to 1590 workers in nine offices in Japan. The metabolic rates of 86 Japanese 
workers in three offices were measured using a physical activity meter (Table 1). 
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Table 1. Physical activity meter

Appearance

Installation Waist

Measurement interval 10 s

 

3 RESULTS 

3.1 Clothing insulation of office workers 
Figures 1 and 2 show the occurrence frequency of clothing insulation each season for men and women, 
respectively. Clothing insulation referred to the typical guidelines calculated from a thermal manikin in 
HIJES-H0005-2015. However, the clothing insulation of the assemblage not stated on the HIJES-
H0005-2015 were calculated from Equations 1 or 2 using the sum of the clothing insulation of each 
body part (SHASE, 2006). 
 

𝐼𝐼𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 0.708∑ 𝐼𝐼𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖𝑖𝑖 + 0.052                                                                                                                       (1) 

 

𝐼𝐼𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 0.828∑ 𝐼𝐼𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖𝑖𝑖 + 0.013,                                                                                                                       (2) 

 

where 𝐼𝐼𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the clothing insulation of the whole body and 𝐼𝐼𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖𝑖𝑖 is the clothing insulation of part of the 
body. 
In all seasons, female workers’ clothing distribution exhibited more peaks, because female workers have 
a wider range of clothing options. Moreover, females tended to prefer clothing with lower insulation 
values than males. In contrast, the clothing distribution of male workers in the summer and fall had two 
peaks, corresponding to short-sleeve (0.56 clo) and long-sleeve (0.68 clo) shirt styles. In the winter, 
some male workers also wore cardigans (0.87 clo) and jackets (1.05 clo). 
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Figure 1. Occurrence frequency of clothing insulation (Male) 
 

 

Figure 2. Occurrence frequency of clothing insulation (Female) 
 

3.2 Metabolic rate of office workers 
The physical activity meter used in this survey measured exercise intensity (METs), a metric often used 
in sports medicine. Both METs and the metabolic rate (met) metric used by architects are defined by 
their ratio to the resting metabolic rate (RMR). The met is defined based on the portion of the RMR that 
contains diet-induced thermogenesis (DIT). However, the METs is defined as the part of the RMR that 
does not include DIT. The RMR that contains DIT is 1.2 times the basal metabolic rate (BMR), whereas 
the RMR that does not contain DIT is 1.1 times the BMR. Moreover, the typical RMR per body surface 
area (RMRs) is 58.2 W/m2. However, in this study, the authors used the Japanese average RMRs value 
of 50.0 W/m2.Therefore, the relationship between METs and met is realized by the following equation: 
 

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = METs ×
1.1
1.2

×
50.0
58.2

.                                                                                                                                (3) 

 
Figure 3 shows the occurrence frequency of workers’ metabolic rate—from the instantaneous value to 
a 5-hour movement average—during business hours. The movement average term is longer and the 
distribution of metabolic rate is most concentrated at 1.1 met. This result corresponds to conventional 
data stating that the metabolic rate of office work is 1.1 met. However, workers whose metabolic rates 
were low and those whose metabolic rates were high were mixed in the same offices. 
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Figure 3. Occurrence frequency of metabolic rates 

4 REQUIRED TEMPERATURE DISTRIBUTION 
The authors defined the required temperature as the temperature at which a person in the room perceived 
a neutral thermal sensation. In this study, the required temperature was assumed to be the operative 
temperature at which PMV = 0. Therefore, the required temperature distribution was calculated from 
the measured clothing insulation (shown in Figures 1 and 2) and metabolic rate (shown in Figure 3), 
and assuming a 0.1 m/s air speed and 50% relative humidity. Figures 4 to 6 are box plots of the required 
temperatures for each season with the sexes separated. The required temperature was calculated for 
three cases of metabolic rate: moving averages of 15 min, 1h, and 5 h. The moving average value of 
metabolic rate was shorter and the interquartile range of the required temperature was wider. Over short 
periods, both workers whose required temperature was low and those whose required temperature was 
high were mixed in the same rooms. In the summer, the required temperature for women tended to be 
higher than for men because women wore clothing with lower insulation values than men did. The 
reason for females prefer clothing with lower insulation values, it can be considered a cause that females 
hate getting a sweat because sweat cause ruined their make-up, and the clothes become soiled with 
sweat. Moreover, the required temperature for women tended to be wider than that for men because 
women have a wider range of clothing options. However, in the winter, both the required temperatures 
for men and women were similar because male workers could choose clothes otherwise more common 
in female workers, such as cardigans and jackets.  
 

 

Figure 4. Box plot of required temperature (°C) in summer 

0%

10%

20%

30%

40%

50%

60%

70%

<=0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0+

O
cc

ur
re

nc
e 

fr
eq

ue
nc

y

Metabolic rate [met]

Instaneous value 1 min
5 min 15 min
30 min 1 h
3 h 5 h

17
19
21
23
25
27
29

Male
(met: 15 min avg)

Female
(met: 15 min avg)

Male
(met: 1 h avg)

Female
(met: 1 h avg)

Male
(met: 5 h avg)

Female
(met: 5 h avg)

R
eq

ui
re

d 
te

m
pe

ra
tu

re
 [℃

]

PROCEEDINGS  — Roomvent & Ventilation 201816  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 1 – Personal conditions: Thermal comfort (TC1)

16  |



 

 

Figure 5. Box plot of required temperature (°C) in fall 
 

 

Figure 6. Box plot of required temperature (°C) in winter 
 
Figure 7 shows the required temperature distribution in a standard office for an assumed male-to-female 
ratio of 7 to 3. The required temperature in summer was higher than that for winter because workers’ 
clothing insulation values in summer were lower than in winter. Moreover, the shape of the required 
temperature distribution is asymmetrical and very broad on the lower end. Conventional thermal 
comfort indices assumed that the required temperature distribution of a group of workers is normal, and 
conventional air-conditioning systems aim to provide indoor thermal environments of the average value 
of the group’s required temperature. In Japan, office temperatures are typically set to 27.0°C in summer 
(Tanabe, 2016). However, in our results, there is a noticeable difference in the average (24.7°C) and 
modal (26.9°C) required temperature values, especially in summer. Therefore, the temperature should 
be set to the mode of the required temperature, not average. However, even if many workers feel 
comfortable with the indoor thermal environment, complaints of being too hot occurred more often than 
complaints of being too cold. 
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Figure 7. Required temperature distribution 

5 CONCLUSIONS 
In this study, the authors surveyed clothing insulation and changes in metabolic rate for individuals in 
offices to calculate the distribution of room temperatures at which a person perceives a neutral thermal 
sensation. Then, the authors analysed complaints in which workers felt the thermal environment was 
unacceptable and set a target value for the indoor thermal environment in a typical office. These results 
can be summarized as follows: 
1) The clothing distribution of female workers exhibited more peaks compared to that of male workers 

because female workers have a wider range of clothing options. Moreover, females tended to prefer 
clothing with less insulation than males did. 

2) The movement average term is longest and the distribution of metabolic rate is most concentrated 
at 1.1 met. However, workers with high metabolic and those with high metabolic rates were mixed 
in the same office. 

3) The required temperature for females tended to be higher than that for males because females 
tended to prefer clothing with lower insulation values than males. 

4) The shape of the distribution of required temperatures for workers was found to be asymmetrical 
and was very broad on the low side, suggesting that even if many workers feel comfortable in an 
indoor thermal environment, complaints of being too hot will occur more than those of being too 
cold. 
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SUMMARY  

Older people are likely to experience sudden temperature drifts in daily life, such as moving from air-
conditioned living rooms to corridors. This study investigated the influences of four different 
temperature steps (Cold tests: C3:26–23–26, C5:26–21–26; Warm tests: W3:26–29–26, W6:26–32–26) 
on older people’s thermal comfort and physiological responses. A Total of 20 healthy subjects (10 males 
and 10 females) in the age of 65–83 were invited to participate in this study in a climate chamber. Older 
people’s thermal perceptions were collected by questionnaires, and skin temperatures were recorded 
from nine body parts. Results show overshoot phenomenon in thermal perception is not observed in all 
tests. Thermal sensation alters significantly just before and after temperature steps in every test, while 
thermal comfort only changes in a significant level when older people undergo a sudden temperature 
step more than 5℃. The stable time of skin temperature under the transition from neutral to non-neutral 
environment is generally longer than that of its adverse tests except for W6. In addition, older people 
need much more time to stabilize skin temperatures in response to cold stress than that under heat stress. 

Keywords: temperature steps, thermal comfort, thermal sensation, elderly people, skin temperature 

1 INTRODUCTION  

Population ageing is a major challenge in many countries. Considering age-related changes on the 
structures and functions of the nervous system and physiological characters, elderly people’s thermal 
perceptions to building thermal environment may differ from that of their younger counterparts. 
Therefore, it is worth investigating the effects of building thermal environment on elderly people in 
order to provide them a healthy and comfortable living condition.  

For decades, many studies have been carried out to explore older adults’ thermal comfort in buildings. 
Older people showed reduced warm sensitivity in cold seasons and decreased cold sensitivity in hot 
seasons compared with young people(Tsuzuki,2002), and their thermal sensation was lower than the 
predicted thermal sensation of PMV model (Schellen et al., 2008). In field studies, older people probably 
had a different expectation of thermoneutral environment compared with that of the young (Wong et 
al., 2009). In China, the older adults living in aged-care homes were reported that their adaptive neutral 
temperatures were different from that of young people, and the EN15251 and ASHRAE adaptive models 
cannot precisely predict their neutral temperatures (Wang et al., 2018). Although these studies reflected 
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because female workers have a wider range of clothing options. Moreover, females tended to prefer 
clothing with less insulation than males did. 

2) The movement average term is longest and the distribution of metabolic rate is most concentrated 
at 1.1 met. However, workers with high metabolic and those with high metabolic rates were mixed 
in the same office. 

3) The required temperature for females tended to be higher than that for males because females 
tended to prefer clothing with lower insulation values than males. 

4) The shape of the distribution of required temperatures for workers was found to be asymmetrical 
and was very broad on the low side, suggesting that even if many workers feel comfortable in an 
indoor thermal environment, complaints of being too hot will occur more than those of being too 
cold. 
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that older people had a unique pattern of thermal perception in stable building thermal environment, 
few researches concerned the influences of sudden temperature drifts on elderly people’s physiological 
and psychological responses. 

The present study is aimed to explore the variation of elderly people’s thermal comfort and skin 
temperature when they move between neutral and non-neutral thermal environment.  

2 METHODS 

The experiments were arranged in a climate chamber at Tongji University (Figure 1), where air 
temperature and relative humidity can be controlled precisely. The chamber consists of two rooms, 
symbolled with Room A (26℃) and Room B (21℃, 23℃, 29℃ and 32℃).  

 

Figure 1. Experimental conditions in the climate chamber 

 

2.1 Subjects 

Ten healthy men (68.3±6.2years, 168.4±4.1cm and 63.5±10.3kg) and ten healthy women 
(66.7±2.7years, 156.6±5.3cm and 58.7±8.1kg) participated in this study. The subjects were 
recommended to have a good rest and take no medicine before they came to the lab. Researchers did 
not provide standardized clothing for subjects but suggested them to wear short sleeves, thin straight 
trousers and comfortable shoes (but not sandals or slippers). Estimated by ASHRAE standard 55-2013 
(ASHRAE, 2013), the total heat resistance of the clothing, including a wooden chair, was around 0.5clo 
(1clo=0.155m2K/W). During the tests, they were allowed to read newspaper or listen to light music with 
phone. 

2.2 Measurement and questionnaires 

Environmental parameters (air temperature, relative humidity, air velocity and black-bulb temperature) 
were recorded during the tests, and subjects’ local skin temperatures were monitored at 9 points every 
one minute, including forehead, chest, back, lower arm, dorsal hand, waist, upper leg, lower leg, and 
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foot. Thermal sensation vote (TSV) was quantified by using the ASHRAE 7-point scale, and a 6-point 
scale (+3,+2,+1,−1,−2,−3 indicate very comfortable, comfortable, just comfortable, just uncomfortable, 
uncomfortable and very uncomfortable respectively) was adopted to evaluate their thermal comfort 
(TC) level. Meanwhile, thermal acceptability (TA) scale, including two options, namely 1 (acceptable) 
and 0 (unacceptable), was used.  

2.3 Experimental procedures 

The experiments were completed in summer from June to July in 2017, and each test lasted for 140 
minutes. In stage one, the subjects sat for 40 minutes in Room A to adapt to the neutral temperature (26℃), 
and researchers explained the meaning of options in the questionnaire to them. Before subjects entered 
Room B with non-neutral temperatures, they were asked to vote their thermal comfort levels for the first 
time. In stage two, subjects were required to report their subjective feelings at the 1st, 4th, 7th and 10th 
minute and every 10 minutes in the next 30 minutes in room B. In stage three, subjects moved back to 
Room A and fulfilled questionnaires following the same rule as the previous stage. Every subject took 
part in four tests with different temperature steps (C5: 26℃–21℃–26℃; C3: 26℃–23℃–26℃; W3: 
26℃–29℃–26℃; W6: 26℃–32℃–26℃). 

2.4 Statistical analysis  

One-way ANOVA was used to analyse the differences of the means of TSV/TC/TA. To study the 
influence of temperature steps on subjective feelings, the differences (ΔTSV/ΔTC/ΔTA) were defined 
as the first value after a step minus the last value before the step. All statistical analyses were performed 
using SPSS 22.0 software, and the significant level (α) was set as 0.05. 

The mean skin temperature was calculated based on Equation 1 using 7-point local skin temperatures. 
An exponential equation was performed to fit the variation of mean skin temperature in face of 
temperature steps (Equation 2). 

 

Tskin,m = 0.07Tforehead + 0.35Tchest + 0.14Tlowerarm + 0.05Theadback + 0.19Tupperleg +
0.13Tlowerleg + 0.07Tfoot                                                     (1) 

 

Tskin,m = Aexp(−t/τ) + B                                (2) 

 

Where Tskin,m means the average skin temperature, and t is the duration time after a temperature step. A 
and B are coefficients, and τ is a time constant, therefore 3τ means the required time to achieve a 95% 
change on the mean skin temperature. The regression models were computed by Levenberge-Marquardt 
algorithm. 
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3 RESULTS 

3.1 Subjective feelings 

 

Figure 2. Changes of thermal sensation over time in response to temperature steps 

Figure 2 depicts both the averages and standard deviations of subjects’ thermal sensation in each test. 
When subjects experience temperature steps, no matter what the magnitude or direction of temperature 
steps is, overshooting phenomenon is not observed in the initial period. Note that the votes recorded at 
the 40th minute in W6 and C5 do not change as the previous pattern, with a sudden increment in W6 
and a sudden decrease in C5. That may be a signal that elderly people’s thermal sensation can also be 
affected by the duration time in extreme cold or hot environment. To verify the hypothesis, more 
experiments need to be conducted. 

The steady values of the thermal sensations in stage three are different from the values in stage one with 
a same ambient temperature. The average of the last TSV in stage three is 0.75 higher, 0.44 higher, 0.15 
lower and 0.22 lower than the mean value in stage one for C5, C3, W3 and W6 respectively. That 
indicates the transient experience of being in non-neutral thermal environment can affect older people’s 
thermal sensation in neutral thermal environment. 

Table 1 describes the changes of thermal sensation, thermal comfort and thermal acceptability just 
before and after separate temperature steps. The changes of TSV are significantly different in all tests 
while thermal comfort only alters obviously in S5 and W6. For both up-step and down-step conditions, 
the magnitude of temperature steps has direct effects on the changes of TSV/TC/TA. As the temperature 
steps enlarge, the instantaneous variations of TSV/TC/TA become larger. Moreover, the absolute values 
of ΔTSV/ΔTC/ΔTA under the transitions from non-neutral to neutral environment are larger than that 
from neural to non-neutral environment. 
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Table 1. Changes of TSV/TC/TA after temperature steps 

 S3  S5  W3  W6 
 26-23℃ 23-26℃  26-21℃ 21-26℃  26-29℃ 29-26℃  26-32℃ 32-26℃ 
ΔTSV -0.66** 1.09***  -1.28*** 1.85***  0.45* -1.05***  1.20*** -1.85*** 
ΔTC -0.27 0.60  -0.67* 1.36*  -0.32 0.58  -1.11** 1.60** 
ΔTA -0.07 0.20  -0.13 0.22  -0.05 0.10  -0.21 0.38* 

Note: *P<0.05; **P<0.01; ***P<0.001 

3.2 Physiological response 

Table 2 lists the results of the regression models to predict the variation of skin temperature in answer 
to sudden temperature steps. As described above, the duration of 3τ can be seen as the required time for 
mean skin temperature to reach stable after a temperature step. The stable time under the tests from 
neutral to non-neutral is generally longer than that in its adverse tests except for W6. In addition, it takes 
much longer time for skin temperature to achieve stability under cold stress (more than 50minutes) than 
that under heat stress (less than 24 minutes). 

Table 2. The results of exponential models fitted by measured mean skin temperature 

 S3  S5  W3  W6 
 26-23℃ 23-26℃  26-21℃ 21-26℃  26-29℃ 29-26℃  26-32℃ 32-26℃ 
A(℃) 1.22 -1.04  1.63 -1.21  -0.64 0.59  -1.27 1.20 
B(℃) 32.13 33.02  31.10 32.65  34.37 33.74  34.84 33.60 
3τ(min) >50 14.4  >50 22.8  22.8 13.5  23.1 24.0 
R2 0.97 0.96  0.99 0.99  0.97 0.88  0.98 0.99 
SSE 0.158 0.069  0.087 0.018  0.033 0.064  0.082 0.052 

4 DISCUSSION 

This study did not find any overshoot for thermal sensation after subjects experienced sudden 
temperature steps. In contrast, Zhang found clear evidence of heating overshoot in his experiment when 
young Chinese students moved from 26℃ to 29℃ (Zhang et al., 2014). Liu also reported both heating 
and cooling overshoot after young subjects experienced a moderate temperature step (Liu et al., 2014). 
This may attribute to the fact that age-related structural changes in the functionality of cutaneous 
temperature receptors affect the thermal perceptions of older adults (Guergova and Dufour, 2011), 
therefore they maybe not as sensitive as their younger counterparts even if they meet the same extent of 
thermal stimuli. Besides, in the present study, subjects were required to vote every 3 minutes in the first 
10 minutes after experiencing temperature steps, while the previous studies requested its subjects to 
complete questionnaires at shorter intervals (1 or 2 minutes) in the test period. That may also cause the 
discrepancy on the observation of overshoot.  

In the present study, elderly people’ automatic thermal regulation system needs more time to stabilize 
skin temperature under conditions of sudden cooling than heating. That trend is in accordance with 
some previous studies whose subjects were young Chinese (Du et al., 2014) (Liu et al., 2014), even 
if different analytical methods were used to determine the stable time. However, it is obvious that the  
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elderly cost much longer time than the young to achieve skin temperature’s stability in face of coldness, 
which may result from the aged-related decreased physiological responses to cold stress, such as 
vasoconstrictor responses and thermogenesis (Kenney and Munce, 2003). That is why older people need 
to take unique behavioural actions in winter to improve their thermal comfort (Wang et al., 2018).   

5 CONCLUSIONS 

An experiment of elderly people’s thermal responses to four moderate temperature steps was conducted. 

Overshoot in subjective perceptions does not take place in neither up-step nor down-step. The 
magnitude of temperature step has a significant impact on subjects’ thermal perceptions. Thermal 
sensation is sensitive to all temperature changes, while thermal comfort only alters significantly when 
older people undergo a sudden temperature step more than 5℃. Besides, it takes much longer time for 
older people’s skin temperature to achieve stability in response to cold stress than heat stress. Therefore, 
elderly people should be encouraged to take behavioural actions to regulate thermal balance when they 
transfer from neutral to cold environment in daily life.  
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SUMMARY 
In this study, in order to determine a lifestyle that utilizes the passive design effectively, we conducted 
a questionnaire survey on the impact of the residents’ lifestyle and way of use of equipment on the 
thermal environment and comfort, in PASSIVETOWN in Kurobe city, Toyama Prefecture, Japan.  
The contents of the questionnaire survey were their lifestyle patterns, awareness of passive lifestyles; 
effectiveness of the installed equipment; way of adjustment to the thermal environment; the daily 
sensations of heat, humidity, and airflow; comfort evaluation; window opening conditions; and air-
conditioner usage conditions. Further, the temperature and humidity of the living room and bedroom, 
globe temperature and humidity, and wind speed were measured at the same time as the survey was 
conducted.  
From the survey results, we clarified the influence of passive design on the usage conditions, living 
environmental performance, and comfort evaluation. In the future, by continuously conducting surveys 
on the relationship between residents’ environmental adjustment behavior and thermal environment 
performance, we plan to propose a comfortable lifestyle for PASSIVETOWN.  
Keywords: passive design, thermal environment, thermal comfort, environmental adjustment behavior, 
radiation air conditioning 

1 INTRODUCTION  
The overall performance of a building is evaluated by the lifestyle of the residents, in addition to the 
building performance and climatic characteristics of the land. Especially, in a passive design, the impact 
of the residents’ lifestyle on the environment is greater compared with that in other designs. In this 
study, in order to determine a lifestyle that utilizes the passive design effectively, we conducted a 
questionnaire survey on the impact of the residents’ lifestyle and way of use of equipment on the thermal 
environment and comfort, in PASSIVETOWN KUROBE Model in Toyama Prefecture, Japan.  
The passive technologies installed in the housing include radiation cooling/heating of the floor and walls 
through underground water and biomass heating, window arrangement and window equipment 
considering ventilation, and wooden doors and wind vanes for night purging. 
The contents of the questionnaire survey were their lifestyle patterns and awareness; effectiveness of 
the installed equipment; way of adjustment to the thermal environment; comfort evaluation; and air-
conditioner usage conditions. Further, the temperature and humidity of the living room and bedroom, 
globe temperature and humidity, and wind speed were measured at the same time as the survey was 
conducted. 

elderly cost much longer time than the young to achieve skin temperature’s stability in face of coldness, 
which may result from the aged-related decreased physiological responses to cold stress, such as 
vasoconstrictor responses and thermogenesis (Kenney and Munce, 2003). That is why older people need 
to take unique behavioural actions in winter to improve their thermal comfort (Wang et al., 2018).   

5 CONCLUSIONS 
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magnitude of temperature step has a significant impact on subjects’ thermal perceptions. Thermal 
sensation is sensitive to all temperature changes, while thermal comfort only alters significantly when 
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2 SURVEY OUTLINE 
In this study, we looked at apartment blocks in the Phase 1 block of the six blocks located in 
PASSIVETOWN in Kurobe city, Toyama Prefecture. The Phase 1 block uses sustainable energy, such 
as biomass boilers and groundwater, to reduce its reliance on fossil fuels. The plan includes a reduction 
in water heating energy through the use of solar heat, a reduction in lighting energy using natural and 
efficient lighting, and a reduction in heating and cooling energy through improved insulation and 
cooling using ventilation during the summer (Table 1).  
We conducted a questionnaire survey of six homes in the Phase 1 block. An outline of the homes 
surveyed is shown in Table 2, and an example floor plan is shown in Figure 1. The survey was conducted 
during the summer and winter of 2016 and 2017. Figure 3 shows an outline of the questionnaire survey. 
Concurrently with the questionnaire survey, we measured the temperature and humidity of the living 
room and bedrooms, as well as the temperature, humidity, global temperature, and wind speed in the 
living room, at ten-minute intervals.  

Table 1. Facilities introduced in PASSIVETOWN Phase 1 block. 

Air conditioning Wall-mounted air conditioning in living room only (installed in autumn 2016)
Radiation air 
conditioning 
(floor panels)

Seven-step setting at surface temperature of  
24-28°C (summer) and  
23-30°C (winter)

Radiation air 
conditioning  
(wall panels)

Always running at  
16-18℃ (summer) and  
45°C(winter) 

* Utilizes groundwater during summer and biomass heat during winter
Ventilation Window layout taking ventilation into consideration, transoms between homes

Doors, window catchers, and window vanes for nighttime ventilation
Sun shading Sunshade louvers, outer shade, living room window curtains
Tablet terminals Environmental action notification (introduced to all homes from August 2017)

 

 
Figure 1. Phase 1 floor plan example (2LDK) 

Table 2. Outline of homes surveyed 

Home Family composition, age, layout, 
floors 

A Single (male), 50s, 3F 
B Single (male), 40s, 3F 
C Couple + child, 30s +40s, 2F  
D Couple, 30s +40s, 2F 
E Couple, 20s +30s, 1F 
F Couple + child, 30s, 1F 

 

Table 3. Survey outline  
Questionnaire survey 

(once during the 
survey period) 

Family composition, age, constitution, lifestyle pattern, awareness of passive living, 
liking and feeling of effectiveness of facilities provided, method of adjustment of 
temperature environment, etc. 

Questionnaire survey 
(every day) 

Temperature sensation, humidity, comfort, etc. at time of reply and at night. Clothing, 
window opening/closing, use of heating/cooling equipment, etc. 

Actual measurement 
survey 

・ Living room: Temperature, humidity, globe temperature, and wind speed (at 10 min 
intervals) 

・ Other rooms: Temperature and humidity (at 10 min intervals) 
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3 RESIDENTS' AWARENESS OF PASSIVETOWN 
The results of questions related to the manner of living in PASSIVETOWN are shown in Figures 2 
through 4. All six homes replied that they were “interested” or “fairly interested” in energy saving. 
Regarding their reasons for choosing their building, three homes mentioned that it was “designated by 
their employer,” two homes mentioned the “design,” “newness of the buildings,” and the fact that is has 
“plenty of facilities,” and one home mentioned the “size,” “location,” “interest in environmental 
conservation,” and “interest in energy saving.” In terms of the effectiveness of the passive design, 80% 
of the homes stated that “sun shading” and “ventilation by the window layout” are effective, and 60% 
felt that “ventilation by the floor plan” and “floor cooling” are effective elements. Half of the homes 
felt that the “wall panels” are effective, whereas the other half did not. Regarding “nighttime 
ventilation,” three homes (50%) replied that it “does not feel effective,” and thus nighttime ventilation 
during the summer is considered an issue. 

 

 

Figure 2. Interest in environmental issues 

 

Figure 3. Reasons for choosing PASSIVETOWN Figure 4. Effectiveness of facilities provided 

4 RESULTS AND DISCUSSION 

4.1 Implementation of lectures regarding the manner of living 
During the summer of 2016, we gave lectures to the residents regarding how to live in a comfortable 
manner. Herein, we will compare the questionnaire survey results before and after this lecture, and 
consider the effectiveness of educating residents regarding the manner of living. 
1) Opening/closing of windows and doors 
Figure 5 shows the opening/closing of windows. During the lecture, we showed the cooling effects of 
sun shading and the opening of windows, doors, and transoms, and taught the residents how to adjust 
their environment to stay cool during both the day and night. Based on the survey given after the lecture, 
the proportion of opened windows increased. We recommended opening the windows at night, but only 
homes A, E, and F actually did so. In the three-story home A, the living room and bedroom windows 
were opened. In the one-story home F, only the bedroom window with an external vent was opened. 
During the period after the lecture, the two-story home D and one-story home E started to open their 
windows, but few homes opened their windows at night. This is thought to be due to an awareness of 
crime prevention. Other reasons for not opening their windows included the noise of crying babies at 
night, construction noises from a neighboring building site during the daytime, insects, and not knowing 
the right time to open the windows.  Figure 6 shows the relationship between the outside air temperature 
and room temperature in the bedroom, for each combination of window opening/closing and floor panel 
usage. The homes where windows were opened while using the floor panels had the lowest room 
temperature, which was 1–1.5°C lower than room temperature when the windows were opened and 

2 SURVEY OUTLINE 
In this study, we looked at apartment blocks in the Phase 1 block of the six blocks located in 
PASSIVETOWN in Kurobe city, Toyama Prefecture. The Phase 1 block uses sustainable energy, such 
as biomass boilers and groundwater, to reduce its reliance on fossil fuels. The plan includes a reduction 
in water heating energy through the use of solar heat, a reduction in lighting energy using natural and 
efficient lighting, and a reduction in heating and cooling energy through improved insulation and 
cooling using ventilation during the summer (Table 1).  
We conducted a questionnaire survey of six homes in the Phase 1 block. An outline of the homes 
surveyed is shown in Table 2, and an example floor plan is shown in Figure 1. The survey was conducted 
during the summer and winter of 2016 and 2017. Figure 3 shows an outline of the questionnaire survey. 
Concurrently with the questionnaire survey, we measured the temperature and humidity of the living 
room and bedrooms, as well as the temperature, humidity, global temperature, and wind speed in the 
living room, at ten-minute intervals.  

Table 1. Facilities introduced in PASSIVETOWN Phase 1 block. 

Air conditioning Wall-mounted air conditioning in living room only (installed in autumn 2016)
Radiation air 
conditioning 
(floor panels)

Seven-step setting at surface temperature of  
24-28°C (summer) and  
23-30°C (winter)

Radiation air 
conditioning  
(wall panels)

Always running at  
16-18℃ (summer) and  
45°C(winter) 

* Utilizes groundwater during summer and biomass heat during winter
Ventilation Window layout taking ventilation into consideration, transoms between homes

Doors, window catchers, and window vanes for nighttime ventilation
Sun shading Sunshade louvers, outer shade, living room window curtains
Tablet terminals Environmental action notification (introduced to all homes from August 2017)

 

 
Figure 1. Phase 1 floor plan example (2LDK) 

Table 2. Outline of homes surveyed 

Home Family composition, age, layout, 
floors 

A Single (male), 50s, 3F 
B Single (male), 40s, 3F 
C Couple + child, 30s +40s, 2F  
D Couple, 30s +40s, 2F 
E Couple, 20s +30s, 1F 
F Couple + child, 30s, 1F 

 

Table 3. Survey outline  
Questionnaire survey 

(once during the 
survey period) 

Family composition, age, constitution, lifestyle pattern, awareness of passive living, 
liking and feeling of effectiveness of facilities provided, method of adjustment of 
temperature environment, etc. 

Questionnaire survey 
(every day) 

Temperature sensation, humidity, comfort, etc. at time of reply and at night. Clothing, 
window opening/closing, use of heating/cooling equipment, etc. 

Actual measurement 
survey 

・ Living room: Temperature, humidity, globe temperature, and wind speed (at 10 min 
intervals) 

・ Other rooms: Temperature and humidity (at 10 min intervals) 
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floor panels were not used. This is thought to be because the room temperature was lower owing to the 
exhaust effect of the ventilation and a cold radiation effect. Furthermore, because the room temperatures 
in homes opening their windows and doors at night (a passive way of living) were 1–2°C lower than in 
homes not performing an environmental adjustment, the opening of doors and windows at night (night 
purge) can be said to be effective (Figure 7).   
2) Sun shading 
The usage of sun shading facilities is shown in Figure 8. There was a clear division between people who 
used the outer shade of the balcony and sunshade of the louvers on a daily basis, and people who did 
not. We can see that the living room temperature increases by about 5°C when sun shading is not used, 
but only increases by 2–3°C when sun shading is used. We believe that it is necessary to recommend 
the use of sun shading facilities to residents owing to its effectiveness. 

  
 

Figure 5. Changes in window opening/closing before 
and after lecture 

Figure 6. Difference in bedroom  
temperature according to window  
opening/closing and use of floor panels 

 
 

Figure 7. Difference in bedroom temperature from night purge Figure 8. Change in usage of 
sun shading facilities.

 
3) Evaluation of living environment 
The evaluation results of the living environment are shown in Figure 9. Although the outside air 
temperature decreased after the lecture, because the residents opened their doors and windows and 
implemented sun shading as recommended in the lecture, the percentage of respondents who felt a sense 
of airflow increased, and owing to the release of heat and moisture from ventilation and sun shielding, 
the percentage of evaluations on the “hot” and “high humidity” side decreased. 
 Furthermore, the percentage of evaluations on the “uncomfortable” side decreased, and the percentage 
of evaluations on the “satisfied” side increased. This shows that the environment improves when 
residents change their mode of living. 
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4.2 Introduction of air conditioning 
In Phase 1, air conditioning was installed in 
the living rooms during the autumn of 2016. 
Figure 10 shows a comparison of the usage 
of cooling system between the mid-summer 
periods of 2017. In 2017, three homes used 
air conditioning at least 80% of the time. 
Figure 11 shows the change in the residents’ 
evaluation of temperature sensation owing 
to these changes in environmental 
adjustment behaviors.  
Compared to 2016, the evaluation of 
hotness/high humidity improved, and the 
evaluation of discomfort /dissatisfaction 
decreased. In home 1A, under the same 
indoor temperature and humidity 
conditions, the evaluation of comfort was 
higher in 2017 even when not using an air 
conditioner, which is thought to be a 
psychological effect of having a means of 
environ-mental adjustment (air condition-
ing) during the hot season.  
Therefore, owing to the introduction of air 
conditioning, the temperature environ-
ment improved physically and psycho-
logically, showing the importance of air 
conditioning as a means of environ-
mental adjustment in improving the 
comfort of the residents. 

4.3 Introduction of environmental 
action notification tablets 
From August 2017, tablet terminals 
(referred to as “tablets” below) were 
introduced to notify the residents of 
appropriate environmental actions in 
order to adjust the indoor temperature 
environment to a comfortable level, at the 
same time as providing them with actual 
data such as the indoor and outdoor 
temperatures, humidity, wind speed, and 
other factors. Approximately 60% of the 
respondents viewed the tablet at least once a day. In homes that used the tablet, actions such as opening 
the windows and air conditioning use were conducted after the tablet was viewed, and we saw a 
tendency toward an increased frequency in the opening of windows during the day and night (Figure 
12). We also found that there were changes in the timing of the opening of the windows in homes that 
used the tablet. Based on these results, we believe that using the tablet changed the residents’ awareness 
of opening their windows, leading to environmental adjustment behaviors. Figure 13 compares the 
temperature of homes that used the tablet and homes that did not. By taking an appropriate adjustment 
action during the period of time in which the temperature was expected to increase, we found that the 

 
Figure 9.  Change in temperature sensation after 
lectures 

 
Figure 10. Midsummer day usage of cooling system 

 
Figure 11. Change in temperature sensation after 
introduction of air conditioning 

floor panels were not used. This is thought to be because the room temperature was lower owing to the 
exhaust effect of the ventilation and a cold radiation effect. Furthermore, because the room temperatures 
in homes opening their windows and doors at night (a passive way of living) were 1–2°C lower than in 
homes not performing an environmental adjustment, the opening of doors and windows at night (night 
purge) can be said to be effective (Figure 7).   
2) Sun shading 
The usage of sun shading facilities is shown in Figure 8. There was a clear division between people who 
used the outer shade of the balcony and sunshade of the louvers on a daily basis, and people who did 
not. We can see that the living room temperature increases by about 5°C when sun shading is not used, 
but only increases by 2–3°C when sun shading is used. We believe that it is necessary to recommend 
the use of sun shading facilities to residents owing to its effectiveness. 
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opening/closing and use of floor panels 

 
 

Figure 7. Difference in bedroom temperature from night purge Figure 8. Change in usage of 
sun shading facilities.

 
3) Evaluation of living environment 
The evaluation results of the living environment are shown in Figure 9. Although the outside air 
temperature decreased after the lecture, because the residents opened their doors and windows and 
implemented sun shading as recommended in the lecture, the percentage of respondents who felt a sense 
of airflow increased, and owing to the release of heat and moisture from ventilation and sun shielding, 
the percentage of evaluations on the “hot” and “high humidity” side decreased. 
 Furthermore, the percentage of evaluations on the “uncomfortable” side decreased, and the percentage 
of evaluations on the “satisfied” side increased. This shows that the environment improves when 
residents change their mode of living. 
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increase in temperature was suppressed in home 1A. These results indicate that, although we were able 
to confirm the effectiveness of the tablet in improving the indoor temperature environment, increasing 
the number of tablet users and the effectiveness of the passive design remain as future issues. 

  

Figure 12. Environmental adjustment 
behavior after tablet use 

Figure 13. Change in temperature based on use of tablet 

4.4 Seasonal differences 
Figure 14 shows the evaluation results of the 
temperature environment during the summer 
and winter after the introduction of air 
conditioning and the tablets.  
Compared to building R, which was 
investigated as a reference home in Kurobe 
City, PASSIVETOWN demonstrated higher 
levels of comfort and satisfaction during 
both the summer and winter. For winter, 
85% or more of the respondents provided 
evaluation results of “comfortable” and 
“satisfied,” and we therefore believe that a 
passive design using high insulation, 
biomass floor heating, and wall panels 
creates a comfortable indoor environment. 
However, during the summer, half of the respondents felt discomfort, the causes of which need to be 
investigated.  

5 CONCLUSIONS 
We conducted a questionnaire of residents of the PASSIVETOWN KUROBE Model, and found that in 
homes with a passive design, there are large differences in comfort and satisfaction with the indoor 
environment depending on how the residents adjust their environment. In the future, following this summer-
based survey, we plan to conduct a survey during the winter, and to investigate blocks with different designs, 
allowing us to propose modes of living and the use of a passive design in an effective manner. 
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Figure 14. Evaluation of temperature environment 
during each season 
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SUMMARY 
The authors have focused on suitable thermal difference between working in office and taking a rest, 
and have proposed an airflow control method which can control effective temperature in order to 
improve workers’ intellectual concentration. In addition, an experiment was conducted to objectively 
and quantitatively investigate its effectiveness. Airflow can easily control their effective temperature 
individually. Concretely, a steady airflow is given to improve their arousal while working. A fluctuated 
slight airflow is given to the workers while talking a rest.  Relatively strong airflow is given when they 
restart their works to encourage their quick switchover. An experiment was conducted where intellectual 
concentrations were compared under two environments, which were (1) the airflow control environment 
as a proposed condition and (2) no airflow environment as a control condition. As the result, the average 
CTR under the proposed airflow condition is significantly higher than that under the control condition. 
In addition, it was also found that most of the participants felt comfortable, high motivation, and high 
degree of concentration and didn’t feel sleepy as the result of the questionnaire surveys. 
Keywords: intellectual concentration, airflow, thermal difference, evaluation experiment  

1 INTRODUCTION  
Recently, lots of companies have tried changing office environment to save energy consumption in the 
business sector. However, excessive energy saving may reduce office workers’ comfort and their work 
productivity, and the low productivity may lead over time work and increase of energy consumption 
instead. Therefore, it is necessary to construct office environment that considers not only energy saving 
but also work productivity.  
Office environment consists of various factors such as thermal, illumination, sound noise and scent. In 
particular, thermal environment is considered to give a big influence on comfort and intellectual 
productivity (Li et al, 2011)(Tsutsumi et al, 2007). The authors therefore focused on the temperature of 
office rooms and proposed a thermal environment considering temperature difference between working 
and resting environment last year in their laboratory (Ueda et al, 2018). However, because it is difficult 
to quickly change the room temperature when taking a rest or returning their work, there is a problem 
that at least two rooms are needed which have different temperatures to give a difference in thermal 
sensation between working time and resting time. In order to realize such environment simply, the 
authors have proposed utilization of airflow. There have been a few studies about the influence of 
airflow environment on intellectual productivity (Shimonaka et al, 2015) and there is no study which 
evaluates the influence of airflow environment realizing thermal difference between working time and 
resting time. 

increase in temperature was suppressed in home 1A. These results indicate that, although we were able 
to confirm the effectiveness of the tablet in improving the indoor temperature environment, increasing 
the number of tablet users and the effectiveness of the passive design remain as future issues. 
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environment depending on how the residents adjust their environment. In the future, following this summer-
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In this study, the authors have focused on airflow, which is relatively easy to control thermal sensation. 
The purpose of this study is to propose the environment which changes thermal sensation between 
working time and resting time by using airflow and to evaluate its effect on intellectual concentration 
objectively and quantitatively. 

2 METHODS 

2.1 Proposed Environment 
Ueda et al. proposed the environment which realizes a thermal difference between resting environment 
and working environment by making the temperature of break room warm and making that of office 
room cool. They found that this environment could improve intellectual concentration (Ueda et al, 2018). 
Kang et al. showed that the power of natural wind was fluctuating close to 1/f and it was more 
comfortable than mechanically steady airflow (Kang et al, 2013). Morito et al. examined the influence 
of air conditioner airflow on sleepiness and it was found that cold stimulation caused by direct exposure 
to cold airflow disturbed sleepiness (Morito et al, 2010). So, it is considered that direct exposure to cold 
airflow is useful for refreshing themselves and returning to work smoothly. 
Considering the above, the following three factors should be included in the proposed airflow 
environment in order to improve intellectual concentration. 

• Making the environment cool while working and make it warm while taking a rest 
• Fluctuating airflow while taking a rest to improve comfort 
• Exposing strong airflow directly to office workers when restarting working 

Figure 1 shows the airflow used in the proposed environment. Steady airflow is exposed to the workers 
while working and it keeps PMV (ISO, 1994) slightly low in order to improve their arousal and 
intellectual concentration. While taking a rest, weak and fluctuated airflow is given and it keeps PMV 
slightly high in order to improve their fatigue recovery. When restarting working, a brief strong airflow 
is directly given to them in order to make them refresh themselves and smoothly return to work. 
 

 
Figure 1. Proposed environment 

2.2 Evaluation experiment 
In order to evaluate the effectiveness of the proposed environment on intellectual concentration, an 
evaluation experiment was conducted. In this experiment, the intellectual concentration under the 
proposed environment was compared with that under the environment without airflow as a control 
condition. 
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It was conducted from August 16th to September 14th in 2017 in an experimental room in Kyoto 
University. The participants were 56 healthy male university students (age: 18-26; average 21.1, BMI: 
17.0-25.0; average 20.1). They were divided into 7 groups of 8 participants in a group. Figure 2 shows 
the experimental procedure. It consisted of 3 days from 9: 00 to 16: 45 on each day. The first day was 
just for task practice so that nothing was measured. On the 2nd and 3rd day, cognitive tasks and 
questionnaires were conducted under one of the proposed environment and the control environment 
respectively. The order of the environments was counterbalanced depending on the participant groups 
in order to cancel the ordering effect. 

 

Figure 2. Experimental Procedure 
 
Comparison task (Ueda et al, 2016) was employed as the cognitive task in SET1 to SET4. It requires 
linguistic ability, number processing ability and comparative judgment ability which are usually 
required in office work. Sudoku, Criss-Cross, and SET5 were conducted as dummy tasks so that their 
performances were not measured. Sudoku and Criss-Cross were given to prevent boredom caused by 
keeping conducting only the comparison task from reducing their motivation and to avoid the post-
lunch dip. SET5 was conducted to avoid the influence of high motivation by the terminal effect on the 
last task of the day. The performance of SET5 therefore was not used for the analysis. 
The other environmental factors were strictly controlled as shown in Table 1.  

Table 1. Settings of environmental factors in experiment 
Room temperature 24.9±0.7℃ 

Humidity 60±15% 
CO2 concentration Below 1000ppm 

Noise level Below 55dB 
Illuminance on desk 700±20lux 
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The purpose of this study is to propose the environment which changes thermal sensation between 
working time and resting time by using airflow and to evaluate its effect on intellectual concentration 
objectively and quantitatively. 

2 METHODS 

2.1 Proposed Environment 
Ueda et al. proposed the environment which realizes a thermal difference between resting environment 
and working environment by making the temperature of break room warm and making that of office 
room cool. They found that this environment could improve intellectual concentration (Ueda et al, 2018). 
Kang et al. showed that the power of natural wind was fluctuating close to 1/f and it was more 
comfortable than mechanically steady airflow (Kang et al, 2013). Morito et al. examined the influence 
of air conditioner airflow on sleepiness and it was found that cold stimulation caused by direct exposure 
to cold airflow disturbed sleepiness (Morito et al, 2010). So, it is considered that direct exposure to cold 
airflow is useful for refreshing themselves and returning to work smoothly. 
Considering the above, the following three factors should be included in the proposed airflow 
environment in order to improve intellectual concentration. 

• Making the environment cool while working and make it warm while taking a rest 
• Fluctuating airflow while taking a rest to improve comfort 
• Exposing strong airflow directly to office workers when restarting working 

Figure 1 shows the airflow used in the proposed environment. Steady airflow is exposed to the workers 
while working and it keeps PMV (ISO, 1994) slightly low in order to improve their arousal and 
intellectual concentration. While taking a rest, weak and fluctuated airflow is given and it keeps PMV 
slightly high in order to improve their fatigue recovery. When restarting working, a brief strong airflow 
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Figure 1. Proposed environment 

2.2 Evaluation experiment 
In order to evaluate the effectiveness of the proposed environment on intellectual concentration, an 
evaluation experiment was conducted. In this experiment, the intellectual concentration under the 
proposed environment was compared with that under the environment without airflow as a control 
condition. 
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During the experiment, the participants were instructed to wear T-shirts, undershirts, trousers, socks, 
slippers provided by the experimenter in order to control the amount of their cloth to be 0.7 clo. 
Breakfast, lunch, and drinking water were also provided in order to control their physical condition. 
They were instructed to spend time in the experimental room during the experiment in order to keep 
their adaptation to the indoor environment so that they couldn’t get out from the building without the 
experimenter’s permission. 
Their intellectual concentrations were measured as a concentration index, CTR (Concentration Time 
Ratio) (Uchiyama et al, 2013) from the response time data of the comparison tasks. It has a quantitative 
value which means the ratio of the time when participants are in a state of concentration. It can therefore 
express the degree of the participants’ concentrations objectively and quantitatively. By using CTR, the 
effect of the proposed environment can be evaluated by statistically comparing their CTRs under the 
proposed environment with those under the control environment. 
Questionnaire survey was also conducted before and after the task as shown in Figure 2 in order to 
examine the influence of the proposed environment on the participants’ subjective mental states such 
as fatigue, motivation, concentration, sleepiness, blurring, dullness and impression of the room 
environment. An additional questionnaire was also conducted at the end of the experiment to obtain 
subjective opinions about the room environment where they reviewed 3days retrospectively.  

3 RESULTS 
In the evaluation experiment, the following participants were excluded from the results and 38 out of 
56 were used for the later analysis  

• Absentees: 6 
• Those who were sleeping during the experiment: 2 
• Those whose data could not be analyzed using CTR: 3  
• Those whose questionnaires were missed: 7  

3.1 CTR 
Figure 3 shows the comparison of the CTR averages between the proposed environment and the control 
environment. Calculation of a paired two tailed t-test shows that the CTR average under the proposed 
airflow environment was significantly higher than that under the control environment by 2.7% point 
(p<0.01). In terms of the average of individual improvement which can be calculated as the ratio of 
individual CTRs under both environment, it was improved by 7.5% under the proposed environment. 
This result shows objectively and quantitatively that intellectual concentration of the participants was 
improved by the proposed environment. 
Figure 4 shows the CTR average of each SET under the control environment and the proposed 
environment. Calculation of the paired two tailed t-test showed that the CTR average in the SET2 and 
SET4 under the proposed environment tended to be significantly higher than that under the control 
environment (p <0.05). There was a long lunch break between SET2 and SET3, while the breaks 
between SET1 and SET2, SET3 and SET4 were short for 20 minutes as shown in Figure 2. SET1 and 
SET2, SET3 and SET4 are considered to be a series task. In this viewpoint, the results in Figure 4 shows 
that the proposed environment could suppress the decline of CTR compared with the control 
environment from SET1 to SET2 and from SET3 to SET4. In SET1 and SET3, there is no significant 
difference in CTR between both environment, whereas in SET2 and SET4, the CTR under the proposed 
environment is significantly higher than that under the control environment. It is supposed from these 
facts that the proposed environment may have the effect to improve the fatigue recovery with short-time 
break. 
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Figure 3. Results of CTR average                                Figure 4. Results of CTR average in each set 
 

3.2 Questionnaire 
One of the results of the questionnaire is shown in Figure 5. Calculation of a paired two tailed t-test of 
questionnaire results of motivation, concentration and arousal between both environments shows that 
the results of the proposed environment tended to be significantly higher or was significantly higher 
than those under the control environment. On the other hand, in the questionnaire results of fatigue and 
environmental comfort, there was no significant difference between both environments. From the results 
of the questionnaire, it is supposed that the proposed environment was effective for motivation, arousal 
and subjective concentration. Since the participants were basically exposed the airflow all day under 
the proposed environment, it was expected that their fatigue was higher than that under the control 
environment. However, there was no significant difference found from the result of the questionnaire. 
It is supposed that the airflow of the proposed environment did not affect their fatigue.  

 

Figure 5. Results of questionnaire about room environment (sleepiness) 
 
Table 2 show the result of the final questionnaire asking their preference for comfort and concentration 
between the proposed environment and the control environment. The numbers in the table means 
number of the participants who chose one of the environments. As shown in Table 2, it is suggested that 
the proposed environment was comfortable and easy to concentrate for more participants.  
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(p<0.01). In terms of the average of individual improvement which can be calculated as the ratio of 
individual CTRs under both environment, it was improved by 7.5% under the proposed environment. 
This result shows objectively and quantitatively that intellectual concentration of the participants was 
improved by the proposed environment. 
Figure 4 shows the CTR average of each SET under the control environment and the proposed 
environment. Calculation of the paired two tailed t-test showed that the CTR average in the SET2 and 
SET4 under the proposed environment tended to be significantly higher than that under the control 
environment (p <0.05). There was a long lunch break between SET2 and SET3, while the breaks 
between SET1 and SET2, SET3 and SET4 were short for 20 minutes as shown in Figure 2. SET1 and 
SET2, SET3 and SET4 are considered to be a series task. In this viewpoint, the results in Figure 4 shows 
that the proposed environment could suppress the decline of CTR compared with the control 
environment from SET1 to SET2 and from SET3 to SET4. In SET1 and SET3, there is no significant 
difference in CTR between both environment, whereas in SET2 and SET4, the CTR under the proposed 
environment is significantly higher than that under the control environment. It is supposed from these 
facts that the proposed environment may have the effect to improve the fatigue recovery with short-time 
break. 
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Table 2. Results of questionnaire about comfort and concentration 
 Control Proposed Neutral 
Comfortable 12 24 2 
Concentration 13 23 2 

4 CONCLUSIONS 
The authors focused on airflow among various thermal environmental factors in order to improve office 
workers’ intellectual concentration. An airflow controlled environment has been proposed which 
changes thermal sensation while working and while taking a rest. In addition, the effectiveness of the 
proposed environment on intellectual concentration was evaluated by conducting an experiment. 
As the results, CTR which expresses the ratio of concentration time under the proposed environment 
improved significantly by 2.7% points in average. It was found that the proposed airflow environment 
had a positive influence on intellectual concentration. From the results of the subjective evaluation by 
the questionnaires, it was suggested that the proposed environment was effective for motivation, 
concentration and arousal. 
The evaluation experiment was conducted only in summer in this study. In the future, the effectiveness 
should be confirmed in other seasons because our thermal sensation may vary depending on the seasons.  
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SUMMARY  
Diurnal change in physiological and psychological responses to thermal environment at consistent 
relative humidity (rh) was investigated to test its gender difference. Lightly clothed six male and six 
female subjects participated in the experiment where rh was maintained at 40% rh, 50% rh and 60 % rh 
at air temperature (Ta) of 28°C from 9 h00 to 18 h30. Skin temperatures and local heat flux rates at four 
sites and tympanic temperature were continuously monitored at 2-min intervals throughout the 
experimental period. Body weight loss, oxygen consumption rate were measured during the periods of 
9 h30-10 h30, 13 h30-14 h30 and 17 h30-18 h30. In addition, thermal sensation and comfort votes were 
recorded at the same time. The results showed that mean skin temperature became higher at higher rh 
and increased from the morning to the evening in both groups. However, diurnal change in the relative 
magnitude of thermal sensation vote demonstrated gender difference, and suggested that male subjects 
preferred 50% rh but female subjects preferred 60% rh when air temperature was controlled at 28°C. 
Keywords: thermophysiological responses, gender difference, relative humidity  

1 INTRODUCTION  
The government recommended to control indoor temperature at 28°C for energy saving on air-
conditioning. However, constant control at 28°C may not be the best to satisfy thermal comfort during 
daytime. Based on theoretical consideration, Mochida (1979) tested theoretical models to predict 
thermally comfort lines on the psychrometric chart. Analysis proved that the model with variable skin 
dampness may correspond with experimental data under the condition that mean skin temperature was 
consistently maintained as indicated in Figure 1. Thus, comfortable combinations of humidity and 
temperature demonstrated significant effect on high humidities with little effect of low humidities under 
thermally neutral or warm environments. In addition, Kakitsuba and White (2014) demonstrated effect 
of change in ambient temperature on core temperature during daytime. In the study, the hypothesis was 
tested that continuous increases in ambient temperature (Ta) during daytime would give elevated core 
and skin temperatures, and consequently better thermal sensation and comfort. Rectal temperature (Tre), 
skin temperatures and regional dry heat losses at 7 sites were continuously measured for 10 Japanese 
male subjects in three thermal conditions: cond. 1, stepwise increases in Ta from 26 °Cat 9 h00 to 30 °C 
at 18 h00; cond. 2, steady Ta at 28 °C from9 h00 to 18 h00 and cond. 3, stepwise decreases in Ta from 
30 °Cat 9 h00 to 26 °C at 18 h00. Oxygen consumption was measured and thermal sensation and comfort 
votes were monitored at15 min intervals. Body weight loss was measured at 1 h intervals. While Tre 
increased continuously in the morning period in any condition, it increased to a significantly greater 
(p<0.05) 36.9±0.3 °C at 18 h00 in cond. 1 relative to 36.7±0.28 °C in Cond. 2 and 36.5±0.37 °C in cond. 
3. Better thermal comfort was observed in the afternoon and the evening in Cond.1 as compared with 
the other 2 conditions. Thus, a progressive and appropriate increase in Ta may induce optimal cycle in 
core temperature during daytime, particularly for a resting person.  

Table 2. Results of questionnaire about comfort and concentration 
 Control Proposed Neutral 
Comfortable 12 24 2 
Concentration 13 23 2 

4 CONCLUSIONS 
The authors focused on airflow among various thermal environmental factors in order to improve office 
workers’ intellectual concentration. An airflow controlled environment has been proposed which 
changes thermal sensation while working and while taking a rest. In addition, the effectiveness of the 
proposed environment on intellectual concentration was evaluated by conducting an experiment. 
As the results, CTR which expresses the ratio of concentration time under the proposed environment 
improved significantly by 2.7% points in average. It was found that the proposed airflow environment 
had a positive influence on intellectual concentration. From the results of the subjective evaluation by 
the questionnaires, it was suggested that the proposed environment was effective for motivation, 
concentration and arousal. 
The evaluation experiment was conducted only in summer in this study. In the future, the effectiveness 
should be confirmed in other seasons because our thermal sensation may vary depending on the seasons.  
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According to those studies, for example, a comfortable thermal condition may be 28°C/40% rh with 
mean skin temperature at 33°C, and 28°C/60% rh with mean skin temperature at 33°C. Assuming 
outdoor air of 35oC/50% rh, the amount of energy for air-conditioning can be estimated less in the 
afternoon when compared with enthalpy required for air-conditioning. So, dynamic control may be 
beneficial in terms of energy saving.  
The present study was designed to confirm diurnal change in and gender difference in physiological and 
psychological responses when relative humidity was consistently controlled during daytime.  

 

Figure 1. Thermally comfort lines on the psychrometric chart     

2 METHODS 

2.1 Subjects 
The six healthy young Japanese male subjects with a mean age of 22.2±0.8 year (the mean ± SD) and 
the six healthy young Japanese female subjects with a mean age of 22.6±0.82 year (the mean ± SD) 
volunteered in this study. The subjects’ physical characteristics such as body height (Ht) and weight 
(Wt) were measured prior to the experimental trials, and body surface area (AD) was then calculated 
from Kurazumi’s formula (Kurazumi et al., 1994). In the case of male subjects, their Ht, Wt and AD 
were 172.7±5.2 cm, 77.6±31.6 kg, and 1.85±0.3 m2, respectively. In the case of female subjects, their 
Ht, Wt and AD were 161.5±4.0 cm, 58.7±19.5 kg, and 1.60±0.2 m2, respectively. 
Each subject gave his signed informed consent to participate in the study, and was fully aware that they 
could withdraw from the study at any time without prejudice. The protocol of the study was approved 
by the Meijo institutional ethics review board.  

2.2 Experimental protocol 
All the experiments were conducted in the climatic chamber located in Meijo University. Prior to each 
experimental session, each subject was asked to arrive at the climatic chamber at 7 h00, and required to 
wear a half-sleeve shirts and knee trousers, and sit quietly on a chair form 9 h00 to 18 h30. The subject 
ate Calorimate of less than 400 kcal at 12 h00 to keep the calorie content of the meals identical. The 
relative humidity was controlled at 40 % rh, 50 % rh and 60 % rh at 28°C. All the subjects underwent 
three trials in a randomized order. 
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2.3 Measurements 
In the periods from 9 h30 to 10 h30, from 13 h30 to 14 h30, and from 17h30 to 18 h30, tympanic 
temperature and skin temperatures at four sites (1: chest, 2: forearm, 3: front thigh, 4: front shin) were 
continuously monitored with thermistors. Mean skin temperature was calculated from Ranamathan’s 
equation (Ranamathan, 1964). The amount of local sensible heat loss from the skin surface was 
measured with the heat flux transducer discs (TM1, Kyoto Electronics Manufacturing Co., Ltd., Kyoto, 
Japan) at four sites adjacent to the measurement locations of skin temperature. Subject’s body weight 
was measured before and after each experimental period by the body weight scale (GP-100K A&D Co. 
Ltd., Tokyo, Japan). The amount of evaporative heat loss was then estimated from the weight loss. 
Oxygen consumption (VO2) together with carbon dioxide production (VCO2) were monitored with gas 
analyzers (V2000; S&ME Company, Tokyo, Japan) at the end of each period. Metabolic heat production 
was then estimated from the following equation.  
 

M = (0.23×RQ+0.77) ×5.87×VO2×60/AD        (W/m2)                                                         (1) 
 

where, RQ: the respiration quotient (=VCO2/VO2) 
Each subject was requested to vote on his/her perception about the temperature, comfort and skin dampness. 
As listed in Table 1, the 7-point scale was used to assess thermal sensation and skin dampness, and the 4-
point scale for thermal comfort. Each volunteer reported his votes at a 15 min interval in each period. 

Table 1. Categories for thermal sensation vote, thermal comfort vote and skin dampness 

 

3 RESULTS 

3.1 Results of the experiments on male subjects 
In the case of male subjects, as indicated in figure 2, diurnal rhythm of body temperature cannot be 
clearly observed at given relative humidities. As indicated in figure 3, diurnal rhythm of mean skin 
temperature was observed at 50% rh and 60% rh. Figure 4 showed change in the amount of sensible 
heat loss which increased from morning to afternoon but decreased from afternoon to the evening at 
50% rh. It decreased from afternoon to the evening at 40% rh but increased at 60% rh. As indicated in 
figure 5, change in the relative magnitude of thermal sensation vote at 40% rh and 60% rh changed to 
"slightly warm" at afternoon whereas that at 50% rh remained unchanged at "thermally neutral" during 
daytime. As indicated in figure 6, the relative magnitude of skin dampness vote at 60% rh changed 
towards "slightly damp" than those at 40% rh and 50% rh.                                     

3.2 Results of the experiments on female subjects 
As indicate in figure 7, diurnal rhythm of body temperature was clearly observed at 50% rh where body 
temperature increased with time period. As indicated in figure 8, diurnal rhythm of mean skin temperature 
was observed at 50% rh. In the case of 40% rh and 60% rh, it increased from morning to afternoon but 

Thermal sensation Thermal comfort Skin dampness
hot +3 comfortable 0 very damp +3
warm +2 slightly comfortable -1 damp +2
slightly warm +1 uncomfortable -2 slightly damp +1
neutral   0 very uncomfortable -3 neutral 0
slightly cool -1 slightly dry -1
cool -2 dry -2
cold -3 very dry -3

According to those studies, for example, a comfortable thermal condition may be 28°C/40% rh with 
mean skin temperature at 33°C, and 28°C/60% rh with mean skin temperature at 33°C. Assuming 
outdoor air of 35oC/50% rh, the amount of energy for air-conditioning can be estimated less in the 
afternoon when compared with enthalpy required for air-conditioning. So, dynamic control may be 
beneficial in terms of energy saving.  
The present study was designed to confirm diurnal change in and gender difference in physiological and 
psychological responses when relative humidity was consistently controlled during daytime.  

 

Figure 1. Thermally comfort lines on the psychrometric chart     

2 METHODS 

2.1 Subjects 
The six healthy young Japanese male subjects with a mean age of 22.2±0.8 year (the mean ± SD) and 
the six healthy young Japanese female subjects with a mean age of 22.6±0.82 year (the mean ± SD) 
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(Wt) were measured prior to the experimental trials, and body surface area (AD) was then calculated 
from Kurazumi’s formula (Kurazumi et al., 1994). In the case of male subjects, their Ht, Wt and AD 
were 172.7±5.2 cm, 77.6±31.6 kg, and 1.85±0.3 m2, respectively. In the case of female subjects, their 
Ht, Wt and AD were 161.5±4.0 cm, 58.7±19.5 kg, and 1.60±0.2 m2, respectively. 
Each subject gave his signed informed consent to participate in the study, and was fully aware that they 
could withdraw from the study at any time without prejudice. The protocol of the study was approved 
by the Meijo institutional ethics review board.  

2.2 Experimental protocol 
All the experiments were conducted in the climatic chamber located in Meijo University. Prior to each 
experimental session, each subject was asked to arrive at the climatic chamber at 7 h00, and required to 
wear a half-sleeve shirts and knee trousers, and sit quietly on a chair form 9 h00 to 18 h30. The subject 
ate Calorimate of less than 400 kcal at 12 h00 to keep the calorie content of the meals identical. The 
relative humidity was controlled at 40 % rh, 50 % rh and 60 % rh at 28°C. All the subjects underwent 
three trials in a randomized order. 
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decreased in evening. Figure 9 shows change in the amount of sensible heat loss which increased from 
morning to afternoon at 50% rh. Thus, according to physiological responses, 28°C/50% appears to be 
corresponded with diurnal rhythm. As indicate din figure 10, the relative magnitude of thermal sensation 
vote at 40% rh and 50% rh changed towards "slightly warm" from afternoon to evening whereas that at 
60% rh remained around "thermally neutral" during daytime. As indicated in figure 11, the subjects 
perceived "slightly damp" at 40% rh as compared with “neutral” at 50% rh and 60% rh. 
 

  

Figure 2. Change in tympanic temperature Figure 3. Change in mean skin temperature 

  

Figure 4. Change in the amount of  
sensible heat loss 

Figure 5. Change in thermal sensation 

  

Figure 6. Change in skin dampness Figure 7.Change in tympanic temperature 
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Figure 8. Change in mean skin temperature Figure 9. Change in the amount of sensible heat 
loss 

  

Figure 10. Change in thermal sensation Figure 11. Change in skin dampness 

 

4 DISCUSSION 
In the case of male subjects, physiological responses revealed that consistent control at 60% rh may be 
preferable whereas and psychological responses showed that consistent control at 50% rh may be 
preferable. Thus, discrepancy between physiological and psychological responses was confirmed. 
Considering psychological responses as a determinant factor because air temperature at 28oC did not 
induce substantial heat load, consistent control at 50% rh may be preferable for young Japanese male 
subjects. On the other hand, considering diurnal rhythm of physiological responses as an important 
factor, consistent control at 60% rh may be preferable for young Japanese male subjects. Since MST 
increased in the evening in all cases, the subjects were expected to feel warmer regardless of rh.  
However, the results indicated that they perceived warmer and damper at only 60% rh, implying effect 
of lower rh on psychological responses for the male subjects. 
 In the case of female subjects, discrepancy between physiological and psychological responses was 
also confirmed. However, physiological responses showed that consistent control at 50% rh may be 
preferable whereas and psychological responses showed that consistent control at 60% rh may be 
preferable. Judging from psychological responses, consistent control at 60% rh may be preferable for 
young Japanese female subjects. On the other hand, judging from physiological responses, consistent 
control at 50% rh may be preferable for young Japanese female subjects. The subjects were expected to 
feel warmer at 40% rh and 50% rh since MST increased in the evening. The results indicated that they 
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decreased in evening. Figure 9 shows change in the amount of sensible heat loss which increased from 
morning to afternoon at 50% rh. Thus, according to physiological responses, 28°C/50% appears to be 
corresponded with diurnal rhythm. As indicate din figure 10, the relative magnitude of thermal sensation 
vote at 40% rh and 50% rh changed towards "slightly warm" from afternoon to evening whereas that at 
60% rh remained around "thermally neutral" during daytime. As indicated in figure 11, the subjects 
perceived "slightly damp" at 40% rh as compared with “neutral” at 50% rh and 60% rh. 
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perceived warmer and damper at both humidities, implying little effect of lower rh on psychological 
responses for the female subjects. 
Thus, the results demonstrated gender difference in both physiological and psychological responses 
when subjects were exposed to consistent relative humidity at 28°C, and suggested that it may not be 
necessary to keep indoor air lower than 50 % rh. Considering advantage of dynamic control on Ta and 
relative humidity, the 60% rh may be an acceptable value for indoor air-conditioning. However, an 
acceptable upper threshold may be higher than 60% rh. A further study is necessary. 

5 CONCLUSIONS 
Since the experiment required a tedious task spending a whale day for a single trial, a sample size was 
small in the present study. Although further studies to collect data may be necessary, considering 
advantage of dynamic control on Ta and relative humidity, the present study proposed an effective 
scheme on controlling relative humidity during daytime. Gender difference in preferred relative 
humidity when Ta is kept consistent suggests that relative humidity can be controlled dependent on time 
of a day and the gender group.   
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SUMMARY 
The authors have focused on a thermal difference between office rooms and break rooms and have 
proposed an integrated thermal control method to improve workers’ intellectual concentration. In 
addition, they conducted experiments to objectively and quantitatively investigate its effectiveness. In 
the control method, the office room is set to be cool environment while the brake room is set to be 
warmer because it is expected to improve the quality of break time when taking a rest in the break room 
and to encourage their quick switchover to restart working when returning to the office room. Two 
experiments were conducted in summer and winter in this study. In each experiment, the intellectual 
concentrations were compared under two environments, which were (1) the integrated thermal control 
environment as a proposed condition and (2) no thermal difference environment between office room 
and break room as a control condition. Cognitive tasks were given to the participants under both 
conditions and their response time were measured and CTRs (Concentration Time Ratio) were 
calculated. As a result, in summer, participants’ concentration was improved in the proposed condition, 
while in winter, there was no difference between two conditions.  
Keywords: intellectual concentration, airflow, thermal difference, evaluation experiment  

1 INTRODUCTION  
From the viewpoint of energy saving, many companies have been trying to improve energy efficiency 
in their office environment recently. However, excessive energy saving activities could deteriorate the 
office environment and their workers’ intellectual productivities, then far from reducing energy 
consumption and such activities could incur the increasing working time and energy consumption. It is 
therefore necessary to design and evaluate the office environment for the purpose of attaining both 
energy saving and keeping intellectual productivity. 
The office environment consists of various factors such as thermal, illumination, sound noise and scent. 
Among them, especially the thermal factor gives a great influence on office room comforts and workers’ 
productivity (Iwashita, et al, 2004) (Murakami, 2012), and there are a lot of research studies for 
improving workers’ intellectual productivity by controlling thermal environment in workplaces 
(William, et al, 2012) (Julian, et al, 2016) (Ralph, et al, 1985). Although office workers are actually 
moving between office room and break room, it has not investigated about the effect of controlling the 
thermal factors both in office room and break room together. 
In this study, an integrated thermal control environment in working environment has been proposed to 
improve workers’ intellectual concentration. And the effectiveness of the proposed environment was 
evaluated quantitatively by participant experiments with using CTR (concentration time ratio) 
(Uchiyama, et al, 2013) as an index of intellectual concentration related to intellectual productivity. The 
proposed environment was evaluated by comparing with the environment which had no thermal 
difference between office room and break room as a control condition. 

perceived warmer and damper at both humidities, implying little effect of lower rh on psychological 
responses for the female subjects. 
Thus, the results demonstrated gender difference in both physiological and psychological responses 
when subjects were exposed to consistent relative humidity at 28°C, and suggested that it may not be 
necessary to keep indoor air lower than 50 % rh. Considering advantage of dynamic control on Ta and 
relative humidity, the 60% rh may be an acceptable value for indoor air-conditioning. However, an 
acceptable upper threshold may be higher than 60% rh. A further study is necessary. 

5 CONCLUSIONS 
Since the experiment required a tedious task spending a whale day for a single trial, a sample size was 
small in the present study. Although further studies to collect data may be necessary, considering 
advantage of dynamic control on Ta and relative humidity, the present study proposed an effective 
scheme on controlling relative humidity during daytime. Gender difference in preferred relative 
humidity when Ta is kept consistent suggests that relative humidity can be controlled dependent on time 
of a day and the gender group.   
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2 METHODS 

2.1 PROPOSED ENVIRONMENT 
In the proposed environment, room temperature is controlled cooler in a office room and warmer in a 
break room as shown in Figure 1. Thus, warm gap would be provided to workers when moving into the 
break room to encourage relaxation and improve fatigue recovery, and cool gap would be provided when 
moving back to the office room to refresh themselves and change their mood to return to their work. 

  
Figure 1. Proposed environment 

2.2 EVALUATION EXPERIMENT 
Two experiments were conducted to evaluate the effectiveness of the proposed environment on 
intellectual concentration. Because our thermal sensation is different depending on seasons, two 
experiments both in summer and in winter were conducted. Figure 2 shows the experimental protocol 
and the adjusted temperature based on PMV (ISO, 1994), which can predict human’s mean comfort 
response. Temperature in the proposed environment was adjusted differently in summer and winter, 
because human’s thermal sensation varied by the seasonal difference of basal metabolic rate. Subjective 
questionnaires were also conducted as shown in Figure 2. 

  

Figure 2. Experimental Protocol. 
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As the standard environment, both the temperatures of the office room and the break room were 
controlled to be PMV=0 and no thermal gap was given between them. Other environmental factors were 
controlled as shown in Table 1.   
The summer experiment was conducted in two days from August 20th to October 8th in 2016 in which 
6 groups of 38 males participated (maximum 8 participants in a group). The winter experiment was 
conducted in three days including a practice day from December 2nd in 2016 to January 9th in 2017 in 
which 5 groups of 29 males participated. Two environmental conditions which were the proposed 
environment and the standard environment were set on each day and the order was counterbalanced 
between the experimental groups. 
The comparison task (Ueda K., et al, 2016) was conducted as the cognitive task in SET1 - SET4 to 
measure CTR. It consists of series of questions with unified difficulties and it requires several cognitive 
abilities used in office work such as language processing, number processing, comparison and 
judgement. The CTR is used as an index of intellectual concentration and it can be calculated from the 
response time data of the tasks as the ratio of concentration time to the total task time (Uchiyama et 
al，2013). Sudoku and SET5 were dummy tasks and their performances were not analyzed. Breakfast, 
lunch and drinks were provided to the participants to control their physical states. They were instructed 
to spend time in the experimental room during the experiment in order to keep their adaptation to the 
indoor environment, so that they couldn't get out from the building without the experimenter's 
permission. 
Subjective questionnaires were also conducted as shown in the bottom of Figure 2. In addition, at the 
time of SET5 on the last day, an interview was conducted to ask them about their subjective evaluation 
of whole experiment. 

3 RESULTS 
Because of serious physical deconditioning or noncompliance with the experimental instruction, the 
data of some participants were omitted and the results of valid 27 participants were analyzed in the 
summer experiment and those of27 participants in the winter experiment respectively. The averages of 
CTRs under the proposed environment and the standard environment are shown in Table 2. 
In the summer experiment, CTR was 2.3% point higher in the proposed environment than that in the 
standard environment, and there was a marginally significant difference (p<0.05). There were also 
significant or marginally significant differences in some questionnaires such as “feel colder after resting 
(p<0.05)”, “comfortable in working room after resting (p<0.01)”, “higher subjective work efficiency by 
room temperature (p<0.05)”. Since the proposed environment was supposed to make them feel 
comfortable in cooler office room, they felt their working efficiency became higher after taking a break 
caused by the cool gap. Some of them mentioned “the temperature difference between the office room 
and the break room made it easy to change my mood to return to work again.” However, in subjective 
symptoms questionnaire, the average of drowsiness was significantly higher in the proposed 
environment (p<0.01) and that of lethargy was marginally significantly higher(p<0.05). 
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winter, the cool gap was supposed to bring a negative effect on intellectual concentration. There were 
various opinions in the interview, some mentioned that they felt they were forced to do their work, and 
others mentioned that they felt their work efficiency got higher by the temperature gap. This means that 
the impression of cool gap was greatly depending on the individuals. 

2 METHODS 

2.1 PROPOSED ENVIRONMENT 
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and the adjusted temperature based on PMV (ISO, 1994), which can predict human’s mean comfort 
response. Temperature in the proposed environment was adjusted differently in summer and winter, 
because human’s thermal sensation varied by the seasonal difference of basal metabolic rate. Subjective 
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Table 2. Results of average CTR 

  
Moreover, feeling of lethargy and fatigue were higher in the office room of the proposed environment 
in the afternoon, and it might mean that the proposed environment caused more accumulation of fatigue. 
Based on these results, the proposed environment gave an effect of improving relaxation by using warm 
gap when they moved into the break room, and the cool gap changed their mood for quick return to the 
work again when they return to the office room. However, it could not be confirmed that the proposed 
environment could help them recover from fatigue 

4 DISCUSSION 
In order to examine the effect of taking a break, more detail analysis was conducted by dividing the 
participants into groups based on the variability rates of CTR.  
The variability rate in the morning was calculated by the subtraction of CTR of SET1 from that of SET2, 
and the that in the afternoon was the subtraction of CTR of SET3 from that of SET4. The participants 
were divided into 4 groups, where “morning positive” group consisted of the participants whose 
variability rate in the morning of the proposed environment was higher than 3%, while “morning 
negative” group consisted of the those whose rate in the morning was lower than -3%. Like this way, 
“afternoon positive” and “afternoon negative” groups were also formed. After classifying into 4 groups, 
each questionnaire items were examined for homogeneity of variance by f-test and the difference 
between their attributes of “negative” and “positive” was examined by t-test. Table 3 shows the number 
of participants in each group and their attributes. The results show that the tendencies on tolerance of 
dryness was opposite in summer and winter. 
The difference of questionnaire results between the proposed and standard environment was examined 
by t-test in every group, then the analysis was conducted focusing on the items which had significant 
difference or marginally significant difference. Figure 3 shows the causal relationship flow with 
arranging the results and some presumptions in each group. Especially Figure 3 focuses on the afternoon 
groups because the human’s physical condition is more stable in the afternoon than that in the morning. 
In the summer experiment, based on the difference of impression of the break room, it is supposed that 
the participants who were sensitive to the temperature change could be affected by the temperature gap 
and their intellectual concentration was improved in the proposed environment. The participants who 
were not thought to be sensitive to temperature change couldn’t be affected by the temperature gaps. 
 

Table 3. Settings of environmental factors in experiment 

   

Proposed Standard t-test
Summer 55.6 53.3 p=0.039
Winter 58.2 56.6 p=0.065

effect
Summer Winter

N attributes N attributes

am
positive 9 (Nothing significant) 10 Strong to airflow
negative 7 captalize to warm gap 9 Weak to airflow

pm
positive 8 Weak to dryness 12 Strong to dryness
negative 5 Strong to dryness 7 Weak to dryness
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Figure 3. Considered varying flow of participants’ situation. 

This caused low concentration, high drowsiness and high physical unease. As the result, their amount 
of completed work became less and they didn’t get tired so much. 
In the winter experiment, the difference between positive and negative group might depend on the 
difference of comfortable temperature zone. The participants in the negative group felt colder and 
uncomfortable in the office room than those in the positive group, so that it was difficult for the negative 
group to concentrate by their deteriorated motivation, accumulated fatigue and drowsiness. On the other 
hand, the positive group seemed to have negative impression on the environment in office room. It was 
supposed that the negative impression was brought by the feeling that they were forced to work more 
by the cool gap. Although the cool gap was uncomfortable for the positive group, the room temperature 
in the office room itself was not so much uncomfortable and moreover warmer, so that their intellectual 
concentration was improved in the proposed environment. However, in both the positive and negative 
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groups, they didn’t seem to get relaxed by the warm gap even when they recognized the temperature 
gap between the rooms, and moreover the warmer break room seemed to incur accumulation of fatigue. 
Based on these results of the detail analysis, it was found that the effectiveness of the proposed 
environment varied much by the individual difference of the comfortable range of temperature. In order 
to realize positive effect by the proposed environment, the thermal gap has to be within the comfortable 
temperature range. Because the range tends to be narrower in winter, it might be difficult to improve 
their intellectual concentration by the proposed environment. 

5 CONCLUSIONS 
In this study, the authors have focused on thermal difference between office room and break room, and 
an integrated thermal control method was proposed to improve workers’ intellectual concentration. The 
proposed environment was evaluated by two experiments in summer and in winter. The results showed 
that the proposed environment could marginally significantly improved intellectual concentration in 
summer. Detail analysis was conducted by dividing the participants based on the CTR variability rate, 
and it showed that the thermal gap had to be within the range of comfortable temperature to realize the 
positive effect on intellectual concentration. 
In further study, because the range of comfortable temperature is depending on the individuals, it is 
necessary to develop the thermal controlling method which adapts individual difference and promotes 
thermal comfort. 
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SUMMARY  
Norway’s first naturally ventilated office building with zero delivered energy for heating, cooling and 
ventilation is currently under design. A question has emerged of how temperature criteria should be set 
for such a building. This paper has investigated and tested possible routes for defining minimum winter 
indoor temperature criteria according to Norwegian regulations and accompanying standards. Expected 
occupant activity levels and clothing insulation values have been investigated by performing a survey 
among 105 workers in an activity based HVAC controlled office assumed representative for the study. 
A literature review was performed to highlight the differences between NV and HVAC buildings in 
relation to temperature perception and adaptation. The investigation of metabolic rates and clothing 
levels unveiled that average metabolic rate and clothing insulation is equal or higher (1.28 met, 1.01 clo) 
for the modern office worker in an open plan office than assumed in the standards (1.2 met, 1.0 clo). 
The indoor temperature was 23°C at the time of the survey. When applying these values to the standard 
ISO 7730 methodology, a lower minimum temperature (18.3°C) is obtained than what is assumed in 
the standard tables (20°C). The inaccuracy of the assessment of metabolic rate is large. The clothing 
insulation and temperature adaptation level of the occupants in the reference building is also not likely 
to be representative for occupants in the future NV building. Measurements of indoor climate quality 
and user satisfaction will be conducted in the naturally ventilated building after completion in 2020. 
Keywords: Thermal comfort, metabolic rate, activity level, clothing insulation, temperature criteria 

1 INTRODUCTION  

Standard approach to thermal comfort 
Indoor thermal comfort criteria in Norway only refer to the PMV-PPD method as described in NS-ISO 
7730:2007 for the heating season, and do not take into account the possibilities given by users adaptation 
to indoor climate. The PMV-PPD method is based on a heat balance model of the human body, which 
is derived from extensive experiments in climate chambers. This method was initially developed for 
conventional buildings with central heating, ventilation and air conditioning (HVAC), and the 
meaningfulness of its application for the design of buildings that are either naturally ventilated (NV), 
or provide occupants with other means of individual control over their thermal environment – so called 
“adaptive opportunities” (Brager & De Dear, 1998) has been questioned in the last decades. The 
Adaptive Comfort model in NS-EN 15251 is only applicable for use in buildings with operable windows 
and no cooling system in a summer situation. 

Recent criticism and new views 
The developers of the Adaptive Comfort model have since the 90’s been an important counterpart of 
the PMV-PPD model arguing for the importance of the “softer” aspects of human thermal comfort such 
as perceived control and expectations (de Dear, R.J., and G.S. Brager, 1998). Basic research on the 
temperature perception and regulation of humans has shown that the initial assumptions of PMV-PPD 
model (e.g. the “human thermostat model”) were flawed (Jenssen, 1982) (Parkinson and De Dear, 

groups, they didn’t seem to get relaxed by the warm gap even when they recognized the temperature 
gap between the rooms, and moreover the warmer break room seemed to incur accumulation of fatigue. 
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an integrated thermal control method was proposed to improve workers’ intellectual concentration. The 
proposed environment was evaluated by two experiments in summer and in winter. The results showed 
that the proposed environment could marginally significantly improved intellectual concentration in 
summer. Detail analysis was conducted by dividing the participants based on the CTR variability rate, 
and it showed that the thermal gap had to be within the range of comfortable temperature to realize the 
positive effect on intellectual concentration. 
In further study, because the range of comfortable temperature is depending on the individuals, it is 
necessary to develop the thermal controlling method which adapts individual difference and promotes 
thermal comfort. 
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2015). The psychological concept of alliesthesia has been shown to be applicable also for indoor 
environmental conditions, potentially explaining the large individual differences and effects of personal 
control (Parkinson and De Dear, 2015). Research on the effects of Personal Environmental Control 
(PEC) technologies has documented the isolated effect of perceived control on total occupant 
satisfaction (Zhang, Arens and Zhai, 2015), and shown how crucial this aspect is to satisfying the wishes 
of a diverse group of people while at the same time reducing the occupants’ expectations to the 
centralized thermal control system. According to (Hellwig et al., 2006) with field research from 14 
office buildings, workers report being considerably more satisfied with indoor temperatures in naturally 
ventilated offices. They were also found to tolerate a considerably wider range of temperatures than in 
HVAC buildings. A similar correlation was found in the study with the occupants’ perceived control 
over temperature. Further, the study showed that the thermal preference of occupants in both HVAC 
and NV buildings was more closely fitted to the PMV-PPD model modified by Mayer in 1998, than the 
model developed by Fanger and integrated in ISO 7730. The model of Mayer shows a PPD more than 
3 times greater at PMV = − 0.5 than at optimal temperature, and the lowest PPD is found at PMV = 0.4. 
In ISO 7730 the PPD is only 2 times as large at PMV = − 0.5 (Hellwig et al., 2006). 

Background and aims for the study 
Currently, there is an ongoing design process to realize the first naturally ventilated office building (NV-
building) in Norway which requires no delivered energy for heating, cooling or ventilation. This 
challenging exercise has naturally called for a deep look into the question of occupant comfort and well-
being, and at how the indoor climate criteria in Norway can match recognized theory on occupant 
comfort criteria in naturally ventilated buildings. The ventilation system will have an automatically 
controlled window opening system with possibility for occupant override. Natural ventilation with 
outside temperatures down to − 20°C, combined with the limited heating and cooling power in the 
building, implies that the indoor temperature in the office landscapes must be allowed to drift slightly 
more than in office buildings with conventional HVAC equipment. Meeting rooms are in this case not 
considered to have the same challenge in winter as office landscape areas, as the occupant density in 
meeting rooms is higher and temperatures normally rise quickly. Office spaces are planned as free-
seating/activity based, open space offices. The objectives of this study are to explore the possibilities 
and consequences of using different approaches prescribed in the current Norwegian standards and 
regulations to define indoor temperature criteria of a NV building during the heating season. The 
hypothesis for this study has been that an in depth study according to ISO 7730 will provide different 
answers than those obtained by standard tables, as today’s workers in modern office arrangements 
behave differently than in traditional office situations. The study only covers general indoor 
temperature, and does not address aspects of local thermal discomfort. The study only covers 
temperature limits in winter, as summer clothing levels could not be surveyed in the timeframe of the 
study.  

2 METHODS 

2.1 Study design 
A central part of the PMV-PPD method in ISO 7730 is the assessment of the variables for occupant 
clothing and metabolic rate, [clo] and [met]. In fact the variables are of great importance to the results 
of the calculation, and they constitute the two major sources of uncertainty (Luo et al., 2018). Normally 
reference values for these variables are obtained from standard tables, but the objective of this study is 
to also use more in depth studies who take the modern Norwegian office context into account through 
measured data from a reference building. Since the building in question is only in the design phase, and 
there are no other open plan NV offices in Norway, the survey was conducted in a HVAC building 
assumed to have similar occupant patterns. Thermal comfort theory states that the ventilation mode has 
a large significance on temperature perception. Although the temperature perception may be different 
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in a reference building with different ventilation mode, it is assumed that the effect of ventilation mode 
on the metabolic rate of the occupants is only minor. The clothing insulation level may however be 
lower in an HVAC than a NV building in winter, and this assumption is therefore conservative. The 
study is designed as a qualitative study where the methods described in the standards EN 15251 and 
ISO 7730 are used for calculations and survey methodology on 3 different levels. On the 3rd level semi-
quantitative surveys have been conducted using the described methodologies in ISO 7730 to obtain 
more realistic values for the parameters metabolic rate [met] and clothing insulation level [clo]. The 
surveys were conducted in the new main office of Skanska in Oslo – a free seating open plan office with 
passive-house standard and mechanical heating, cooling and ventilation. The building does not have 
operable windows. The office configuration and plan is similar to that of the new building, with open 
working areas with groups of 4-8 desks, adjacent meeting rooms, and social lobby in center of the plan. 
The tenant is assumed to be representative for the type of tenant that might occupy the new NV office; 
a modern corporate organization with no dress code, good mix of gender and age, and performing 
engineering and business tasks. This building is referred to as the reference building. It was assumed 
that the indoor air temperature equals the operative temperature, as the reference building is extremely 
well insulated and has a low thermal mass, and there was no sun during the time when surveys were 
conducted. No personal data was recorded in the studies.  

2.2 Calculation of temperature criteria using PMV-PPD method  
The guidelines in standards NS-EN 15251:2007 and ISO 7730 have been used to calculate the 
temperature criteria. The standards are hierarchically arranged so that the national regulations refer to 
the NS-EN 15251, which again refers to the ISO 7730 for calculations for situations other than those 
referred in NS-EN 15251 (other clo and met). The ISO 7730 includes tables covering several levels of 
[clo] and [met], but these are crude. The standard also specifies that values can be calculated separately 
by using the specified comfort equation. In annex B and C are tables for assessing activity levels and 
thermal insulation of clothing ensembles. The annexes refer to standards ISO 8996 [met] and ISO 9920 
[clo] for more detailed assessments. In section 4.1 the standard specifies that the PMV index can be 
applied with good approximation during minor fluctuations of one or more of the variables, provided 
that time-weighted averages of the variables during the previous 1 h period are applied, and the 
metabolic rate can be estimated either by using annex B or by using ISO 8996. For varying metabolic 
rates, a time-weighted average should be estimated during the previous 1 h period. The thermal 
resistance of clothing and chair can be estimated using annex C of ISO 9920, taking into account the 
time of year. A calculation tool for thermal comfort, available at http://comfort.cbe.berkeley.edu/EN 
was used to perform the calculation according to EN 15251. (Hoyt Tyler, 2017) 

2.3 Assessment of activity level based on survey of reference building 
The activity level of office workers in the reference building was assessed using the methodology in 
section 5 of ISO 8996; “Level 2, observation”. A simplified “Time and motion study” was conducted 
as specified in section 5.3 by using the metabolic rates specified in Table B.1, B.2 and B.3 combined 
with activity diaries from two visual surveys of the office workers’ movements. A study over 7.5h was 
conducted on the 20th of February with tracking every 15 minutes at the desk of 105 workers. The office 
floor houses desks for approximately 200 persons. It became clear that the survey frequency of 15 min 
was too low to capture all movements in the office. Therefore, a microstudy over 2h, 45’ was conducted 
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desk, assumptions had to be made to complete an activity diary for the whole day of the worker. The 
activity of the office workers was therefore divided into 4 assumed common sub-tasks, shown in Table 
2. The activity level per 15 minutes of each task was calculated by creating an activity diary based on 
the results of the microstudy. 
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Table 1: Activity diaries for each common task, values obtained from Tabled B.1 – B.3 in ISO 8996  
Time 
[min] 

Metabolic 
rate [W/m²] 

15 min. time weighted 
average [W/m²] 

Task A - Arriving Sedentary, bus 8 55 116 
Walking, 4 km/h w/ load (stairs) 7 185 

Task 1 - Office 
work at desk 

Sedentary, office work 15 65 65 

Task 2 - Moving 
around office 

Walking, 3 km/h 7 140 105 
Standing, at rest 8 75 

Task 3 - Meeting 
/ lunch 

Sitting, moving both hands 15 70 70 

Every 15 minutes each of the 105 workers was classified according to one of the above tasks. In order 
to calculate the PMV as specified in ISO 7730, it was necessary to calculate the time weighted average 
metabolic rate for the previous hour for each 15 minute interval. This was only done for timeframes 
where the person was located at the desk, as only these timeframes were relevant for the study. 
Timeframes with average rates were again calculated into an average metabolic rate for the whole 
population. 

2.4 Assessment of clothing insulation based on survey of reference building 
The clothing insulation of 62 office workers in the reference building was visually assessed in the 
timespan between 12:00 and 14:00 on the same day as the study of metabolic rate. The same sample of 
people were used, but as some of the workers were away from their desks the sample size became lower. 
The sample is still seen as representative for use in the study. As the subjects were not interviewed, it 
was assumed that none were wearing concealed long underwear, and it is assumed that there was no 
clothing adaption outside these hours. A condensed table with popular clothing garment values from 
Table B.1 in ISO 9920 was used for visual assessment of clothing insulation values. Office chairs were 
considered to be “standard office chair” according to table C.3 in ISO 7730. Total clothing ensemble 
value was calculated using equation 12 in section 4.3 of ISO 9920. 

3 RESULTS 

3.1 Standard criteria according to national building regulations 
Current Norwegian building regulations (TEK17, §13-4) recommend an operative temperature between 
19°C and 26°C for office buildings. The temperature during the heating season should as far as possible 
be held below 22°C during the heating season. The regulations further refer to the standard NS-EN 
15251:2007+NA:2014. 

3.2 Standard criteria according to NS-EN15251:2007, Table NA.2 
The table NA.2 in NS-EN 15251:2007 shows examples of operative indoor temperature criteria based 
on standard assumptions for activity and clothing levels. The table specifies that temperature class III 
is harmonized with national regulations, allowing for maximum 10 % dissatisfied (or a PMV of +/- 0.5) 
according to ISO 7730. For office buildings the table assumes an activity level of 1.2 met (68.9 W/m²), 
a clothing level in winter of 1.0 clo and a clothing level in summer of 0.5 clo. The table then defines an 
operative temperature between 20°C and 26°C. 

3.3 Findings from survey of reference building 
The results of the study showed that the metabolic rate averaged over the previous 1 hour period was 
74 W/m², or 1.28 met, derived from 1336 time averaged readings from 105 individuals. The readings 
range from 69 W/m² to 90 W/m² (s = 6.8) Individual differences are high. The survey of clothing 
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insulation level revealed that the average clothing level was 1.01 clo, derived from 62 readings from 44 
men and 18 women. The clothing values ranged from 0.85 clo to 1.15 clo. The average clothing value 
for women was 1.06, while that average value for men was 0.99. The outdoor temperature during the 
study was -2°C. The indoor temperature was on average 23.0°C, (22.5 – 23.8°C) the relative humidity 
16 %, and the CO2 content on average 650 ppm. Accuracy of the temperature measurement is ± 0.5°C. 

3.4 Criteria according to section 4, ISO 7730 
Using the input parameters M = 74 W/m²; W = 0 W/m²; Icl = 1.01 clo; v = 0.01 m/s; PMV = -0.5, the 
method gives a minimum criteria in wintertime of operative temperature 18.3°C. It is important to note 
that ISO 7730 assumes 50 % air moisture content calculations. If the value RH = 20 % (which reflects 
actual winter conditions) is used rather than RH = 50 %, the equation gives a minimum criteria in 
wintertime of operative temperature of 19.0°C rather than 18.3°C.  

4 DISCUSSION 
The study shows to what extent the different approaches, all according to Norwegian regulations, lead 
to different minimum operative temperatures in the heating season shown in Table 3. 

Table 2: Summary of calculated minimum temperatures. 
Assessment method Average clothing 

insulation [clo] 
Average metabolic 

rate [met] 
Min operative temp. 

(at PMV=-0,5) 
Norwegian regulations - - 19°C 

NS-EN 15251, Table NA.2 1.0 1.2 20°C 
ISO 7730 Sec.4, ISO 9920 Annex B, ISO 

8996 Sec.5 “Time and motion study” 
1.01 1.28 18.3°C 

The risk of inaccuracy is high, Table 1 in ISO 8996 specifies a “High risk of error” with an accuracy of 
± 20 % for the method used to assess the metabolic rate. The inaccuracy of using standard tables is 
however specified to be “Very great”. In section 5.4 of ISO 8996 the influence of the length of rest 
periods is described, and it is stated that the activity diary method underestimates the metabolic rate in 
situations where the length of the work period is much lower than the length of rest period. Further 
information is not given, and it is not known how large this effect might be for the work cycles 
measured. The share of workers surveyed was high (over 50 %), but the assessment method used, where 
workers’ tasks when away from their desks only was assumed, has a high risk of systematic error. The 
method has obvious strengths when it comes to practical implementation, but it should be verified 
against more advanced forms of occupant tracking. The study also lacks a reference building with a 
traditional office layout. For the specific conditions recorded in the surveyed office, the calculated PMV 
is 0.27. The facility manager of the building has explained that this is the temperature where they receive 
fewest complaints. This implies that the occupants of the HVAC building are more in line with the PPD 
model of Mayer, and indoor temperatures at the level of 18-19°C may not be deemed unacceptable for 
many occupants. These low temperatures may however improve worker performance (Wargocki and 
Wyon, 2017). Findings from research related to the effect of Personal Environmental Control systems 
(PEC) also indicate that air and operative temperatures at this level can be realized with high occupant 
satisfaction if combined with a personal heating system at the workplace (Zhang, Arens and Zhai, 2015). 
It should also be noted the significant importance of air moisture content for the temperature 
requirements, even though section 4 of ISO 7730 describes that this is not of importance and hence not 
a part of the method referred to by buildings regulations. 

5 CONCLUSIONS 
It was not possible to confirm that the modern Norwegian office worker in a free seating, open plan 
office environment has a higher metabolic rate than what is assumed in standard NS-EN 15251 Tables, 
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The clothing insulation of 62 office workers in the reference building was visually assessed in the 
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as the results are within the range of the accuracy of the method. This study cannot automatically 
recommend the use of a higher metabolic rate in indoor climate design of activity based working spaces 
without closer studies. The results of the study provide a widening of the allowable temperature range 
over the year for the building in question according to the specifications and methodologies defined in 
Norwegian building regulations, due to a more detailed measurement of the metabolic rate. These 
standards are based on the PMV-PPD method, which is argued to be poorly suited for use in naturally 
ventilated buildings. Further research should be conducted to assess the relevancy of thermal comfort 
regulations against actual comfort perceptions of modern office workers. This is of especially high 
relevance in buildings with natural ventilation and a high degree of personal occupant control. In order 
to follow up on the findings of this research, measurements of indoor climate quality and user 
satisfaction will be conducted in the naturally ventilated building after completion in 2020. 
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SUMMARY 
This paper presents the results of a subject test study with regard to thermal sensation and comfort 
evaluation in the climate test bench “Aachen Comfort Cube” under displacement ventilation conditions 
for two mean temperatures of 20°C respectively 26°C. We investigated for both temperatures three 
vertical temperature stratifications of 1.0 K/m, 4.5 K/m and 10.0 K/m between the subject’s feet level (0.1 
m height) and head level (1.1 m height). For each vertical temperature stratification at 20°C, respectively 
at 26°C 60 subjects participated. Both groups consist of male and female subgroups. For each setup, the 
subjects evaluated the local and overall thermal sensation and thermal comfort at 16 body parts with a 
questionnaire. We continuously measured the subject’s skin temperature at the following body parts: 
forehead, neck, back of the left hand, right scapula and right shin. Additionally, an infrared-camera 
measured the surface temperatures of the subjects and the test bench. Overall, this paper shows the 
correlation between skin temperatures and thermal sensation at the concerned body parts for the female 
and male subgroup and gives an outlook for further calibration approaches for a comfort model. 
Keywords: displacement ventilation, thermal comfort, thermal sensation, Aachen Comfort Cube, 
thermal comfort modelling  

1 INTRODUCTION 
Providing high thermal comfort in indoor environments is one of the main objectives of air conditioning 
and ventilation systems. The concept of displacement ventilation is often used for cooling of indoor 
environments with low draft rate. To evaluate such systems in the design phase, a simulative approach 
can be used by a CFD-analysis coupled to a thermo-physiological human comfort model. However, 
those models have to be calibrated for a wide range of boundary conditions. Additionally, knowing the 
certain target groups for the subsequent application, an adaptation of the human model to those 
subgroups can provide results that are more sophisticated.  

2 METHODS 
We performed subject tests for six displacement ventilation setups with mean air temperatures of 20°C 
and 26°C and vertical air temperature stratification of 1 K/m, 4.5 K/m and 10 K/m) in the Aachen 
Comfort Cube (ACCu). The ACCu is a high modular climate test bench with a floor area of 2 m x 2 m 
and a height of 2.5 m. Each wall consists of four temperature-controlled surface elements over height. 
Additionally, the floor and the ceiling as well as the door and the front wall were also temperature 
controlled (Möhlenkamp et al. 2016).  
For our tests, the supply air is induced symmetrically by air inlets at the bottom of the right and left wall 
of the test bench. The supply volume flow is 100 m³/h for each side, giving a total volume flow of 
200 m³/h. The exhaust air leaves the ACCu through a circular opening in the ceiling. We controlled the 
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vertical air stratification by the wall temperatures. To reduce the direct impact of radiation by the 
temperature-controlled walls on the subjects’ sensation, we implemented a sliced wall of white painted 
polystyrene. Thus, we assumed that wall temperature is nearly equal to the local air temperature 
(Möhlenkamp et al. 2016). We assessed air temperature with Pt100 temperature sensors at four vertical 
measurement lines at heights of 0.1 m, 0.6 m, 1.1 m and 1.7 m at the corners of the test bench. We 
defined the vertical temperature stratification between 0.1 m and 1.1 m, which nearly correspondents 
with the seated subjects feet level respectively their head level. The room mean temperature is defined 
as the mean air temperatures at 0.6 m height.     
Figure 1 shows the test procedure. For each test run, three subjects participated. Before the test run 
started, the subjects were preconditioned in our climate-controlled test hall at 22°C for 30 minutes. 
Simultaneously, we equipped the subject’s skin with Pt100 temperature sensors at their forehead, neck, 
back of the left hand, right scapular and right shin. After the preconditioning phase, the subjects entered 
the ACCu and were seated on standard automotive seats. For one test run, we kept the mean air 
temperature constant and only varied the vertical temperature gradient. After 35 minutes adjustment for 
the 1 K/m setup we asked them to fill out a digital questionnaire regarding their thermal sensation and 
thermal comfort via tablet. After they completed the survey, we started the next setup with 4.5 K/m and 
the evaluation loop continued. The last setup with 10 K/m ended 135 min after the subjects entered the 
test bench.  

 
Figure 1. Test procedure  

For thermal sensation rating we used the German translation of the 7-point ASHRAE scale ranging from 
“cold” to “hot” (ASHRAE Standard 55; DIN EN ISO 7730). For thermal comfort we used the German 
translation of the a 6-point Berkeley-Comfort scale, ranging from “very uncomfortable” to “very 
comfortable” (Zhang 2003). For each setup we asked them to rate their overall sensation as well as local 
sensation at 16 body parts: head, chest, back, pelvis, left and right upper arm, left and right lower arm, 
left and right hand, left and right thighs, left and right lower legs, left and right foot. We also asked for 
some general questions to get information about the subject’s gender, age, weight, height and clothing. 
For clothing level determination we used standard clothing parts within the questionnaire  (DIN EN ISO 
7730; DIN EN ISO 9920). The subjects had free choice of adapting their clothing with regard to their 
preferences. After each evaluation, they had the chance to change their clothing, for example to take off 
a pullover. The subjects had to document every change in the questionnaire.  

3 RESULTS 

3.1 Test panel distribution  
For each mean air temperature, 60 subjects participated. For analysis of certain effects, we divided both 
groups into female and male subgroups, which are well balanced, see table 1.   

Table 1. Test panel and subgroups 
Mean air temperature male female sum 

Tm = 20°C 33 27 60 
Tm = 26°C 31 29 60 
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The boxplots in figure 2 show the properties of the four subgroups with regard to age, clothing, height 
and weight. Median of age is nearly equal for all subgroups. The most subjects are 20 to 40 years old; 
however, each subgroup contains some elderly people between 60 and 80 years, mostly marked as 
outliners. The male subgroup for the 26°C setups has bigger percentage of older people than the other 
subgroups, so that the elderly people are within the upper quartile respectively the upper whisker.  

 
Figure 2. Test panel – Male and female subgroup characteristics with regard to age (up - left), 
clothing level (up - right), height (low - left) and weight (low - right). 

The calculated clothing values are shown for each mean temperature, because the change of clothing 
between the stratification setups within a mean temperature test run was marginal. We calculated the 
clothing values for the subgroups without the seat. For consideration of an automotive seat, DIN EN 
ISO 9920 proposes to add 0.25 clo. The boxplot shows, that general clothing level distribution is slightly 
different between male and female subgroup for 20°C mean air temperature. The female subjects 
preferred slightly warmer clothing combinations than the male. For the 26°C setups those difference is 
not present. A comparison of the subgroups for both mean temperatures show, that for the cooler setups 
a fraction of the subjects used to wear warmer clothing than for the warmer 26°C setups.  
Results for height and weight of the subgroups show, that for both mean air temperatures there are only 
differences for gender observable. The persons in the female subject group are smaller and lighter than 
the male subjects.  

3.2 Skin temperature measurement 
Figure 3 shows mean value distribution of the skin temperature measurements for the evaluation phases 
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nearly equal for both gender subgroups. With rising stratification gradient respectively rising air 
temperature at head level of the subjects, the forehead temperature rises, too. Additionally, an offset 
between both mean air temperatures is observable.  
The neck temperature data show differences between the male and female subjects for 20°C mean air 
temperature. The median of the female subjects is more than 2 K warmer than for the male subjects. For 
26°C mean air temperature, this effect is marginal, but still approximately 1 K for stratifications of 
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1 K/m and 4.5 K/m. For all subjects the neck temperature increases with rising vertical temperature 
stratification. 

 
Figure 3. Measured skin temperatures at forehead (20°C: up left; 26°C: up right) and neck (20°C: 
low left; 26°C: low right) 

3.3 Thermal sensation and thermal comfort 

 
Figure 4. Overall Thermal Sensation: 20°C (left) and 26°C (right) 

 
Figure 5. Overall Thermal Comfort: 20°C (left) and 26°C (right)  

The evaluation of thermal sensation is shown in figure 4. The subjects’ ratings reach from cool to 
slightly warm for the setups with a mean air temperature of 20°C, whereas they reach from neutral to 
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warm and for higher vertical gradients to hot for setups with a mean air temperature of 26°C. For the 
20°C setups we could assess a slight difference in the results depending on the gender. The median is 
neutral for the male subjects and slightly cool for the female subjects. For the warmer setups of 26°C, 
the median is equal for both gender subgroups.    
Figure 5 shows the results for overall thermal comfort evaluation. The median of the ratings varies 
between just comfortable to just uncomfortable. By tendency, the male subjects rate the 20°C setup 
more comfortable than the female subjects do. For the warmer 26°C setups, the female subjects’ 
evaluation is slightly more comfortable than the males’ evaluation. Especially, for the setups with 
stratifications of 1 K/m and 4.5 K/m the median is just comfortable for the female subjects and just 
uncomfortable for the male subjects. Some female subjects rate the setup with 10 K/m at 26°C as very 
comfortable, whereas the best voting of the male subject group is comfortable. However, the median 
is just uncomfortable for both gender subgroups.      

3.3 Correlation between thermal sensation and skin temperature 
Figure 6 shows the correlation between the overall thermal sensation and the forehead skin temperature 
depending on the gender. Both diagrams show that the thermal sensation rating increases to the warmth 
with rising measured skin temperature. The median forehead skin temperature for a neutral thermal 
sensation is 1 K higher for the female subjects than for the male subjects.    

 
Figure 6. Correlation between forehead skin temperature and overall thermal sensation.  

For both plots, we added a linear regression line. This leads to the equations (1) and (2) for overall 
thermal sensation for male and female subjects. The slope is nearly equal for both functions, whereas 
the axis intercept is ~0.5 scale units higher for the male subjects. 

TSOverall,male  = 1.364
°𝐶𝐶𝐶𝐶

⋅  Tforehead –  40.871     (1) 

TSOverall,female  = 1.366
°𝐶𝐶𝐶𝐶

⋅  Tforehead –  40.355     (2) 

4 DISCUSSION 
For equal environmental conditions, we see a different physiological response depending on gender for 
certain body parts like neck. For other body parts like the forehead, the tests we performed did not show 
a difference for female and male subjects. When talking about gender differences, we have to keep in 
mind that physiological factors as height and weight significantly differ for both considered subgroups. 
Clothing insulation also has an influence on thermal sensation. However, the subjects were invited to 
dress with their individual preferences and furthermore had the opportunity to adapt their clothing 
during the tests. The difference in data distribution of mean neck temperature for a mean air temperature 
of 20°C correlates with the higher clothing values of the female subjects. However, a small temperature 
difference between the subgroups is still observable for a mean air temperature 26°C and nearly equal 
clothing values. In contrast to that, the evaluation of thermal sensation is slightly shifted to the cool for 
the female subjects for setups with 20°C. Many authors who performed similar studies also described 
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stratification. 

 
Figure 3. Measured skin temperatures at forehead (20°C: up left; 26°C: up right) and neck (20°C: 
low left; 26°C: low right) 
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Figure 4. Overall Thermal Sensation: 20°C (left) and 26°C (right) 

 
Figure 5. Overall Thermal Comfort: 20°C (left) and 26°C (right)  

The evaluation of thermal sensation is shown in figure 4. The subjects’ ratings reach from cool to 
slightly warm for the setups with a mean air temperature of 20°C, whereas they reach from neutral to 
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the effect that differences in evaluation of thermal sensation between women and men occur for cool 
environments (Webb und Parsons 1997; Parsons 2002; Karjalainen 2012).  

5 CONCLUSIONS AND OUTLOOK 
We can confirm results from literature which show that female subjects rate cool environments more 
uncomfortable compared to male subjects. Moreover, male subjects rate warm environments slightly 
more uncomfortable than women. However, these are first conclusions from this data set and a more 
detailed analysis is required. For the development and tuning of thermal comfort models, the knowledge 
of the relation between physiological signals and perception of subjects is crucial. Consequently, 
correlations between skin and core temperature data and evaluation of thermal sensation and comfort 
are required. The presented study shows a good correlation between forehead temperature and overall 
thermal sensation. We found slight differences in the transfer function for male and female subgroups. 
To understand the whole interactions and driving factors, other body parts have to be analysed in detail 
with regard to local skin temperature measurements and subjective evaluation. Further test data of skin 
temperatures at left hand, right scapular and right shin as well as the local evaluations are available, but 
not evaluated yet. Especially, the effects at upper and lower body parts have to be considered for the 
investigated displacement ventilation concept. Additionally, suitable statistical test methods as the 
Wilcoxon-Rank-Sum-Test have to be used for determination of significance and effect size.  
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SUMMARY 
Bed thermal environment is important for sleep quality. Quilts with different thermal insulation are used 
for its control. Thermal manikins are used to evaluate the bed thermal environment, in particular, the 
thermal insulation of quilts. In this paper the importance of several factors, including reproducibility of 
tests, design of mattress, tightness between manikin and quilt and placement of the quilts, on the 
accuracy of the evaluation is presented. The importance of these factors was studied experimentally. 
The results show that heat loss from the thermal manikin and the air temperature in the bed micro 
environment, i.e. the gaps between the manikin, the mattress and the quilt are strongly influenced by 
the factors. Large discrepancies may occur if the influence is not considered. Recommendations for 
proper design and performance of experiments leading to reliable evaluation of bed thermal 
environment are outlined. The results of this study are important for: 1) efficient control of bed thermal 
microenvironment; 2) optimal design of quilts and 3) design and control of room thermal environment 
for better comfort of occupants and minimal energy use.   
Keywords: bed micro-environment, control, quilts, thermal insulation, evaluation, thermal manikin 

1 INTRODUCTION 
Bed thermal environment is important for sleep quality of people. Quilts with different thermal 
insulation are used for its control. Thermal manikins are used to evaluate the bed thermal environment, 
including the thermal insulation of quilts.  
There are several standards and guidelines for testing thermal insulation of fabrics under steady state 
conditions. However, there is no specific standard for determination of thermal insulation of quilts. For 
this purpose, the standard that can be used is the ASTM F1720-14 “Standard Test Method for Measuring 
Thermal Insulation of Sleeping Bags Using a Heated Manikin” (2006).  
According to the requirements in the standards the thermal manikin should have the shape and size of 
an adult male or female, which is capable of being heated to a constant average surface temperature of 
35°C. The manikin’s height should be between 1.5 and 1.9 m with a surface area between 1.5 and 
2.1 m2. The manikin shall be placed in a climate chamber at least 1.5 m by 1.5 m by 2.5 m in dimension 
that can provide uniform conditions, both spatially and temporally (ASTM F1720 2006, ASTM F1291 
2004). 
Unlike sleeping bags quilts are placed looser around manikin’s body allowing layers/gaps of air to exist 
between the quilt and the body. The formation and size of the layers/gaps is difficult to control. This 
will increase the uncertainty in determination of the bed micro-environment and the thermal insulation 
of quilts. Several other factors, including reproducibility of tests, design of mattress, tightness between 
manikin and quilt and placement of the quilts, may influence the accuracy of the determination. The 
importance of these factors was studied experimentally. The most important findings are presented in 
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this paper. Recommendations how to minimize the impact of the factors on the accuracy of 
determination of bed micro-environment and characteristics of quilts are outlined. 

2 METHODS 

2.1 Experimental set-up 
Experiments were conducted in a climatic chamber (6.0 m × 4.7 m × 2.5 m, L × W × H). The chamber 
is ventilated by an upward piston airflow supplied from the entire floor area with an air velocity of less 
than 0.05 m/s. The upward piston flow of outdoor air ensures uniform air temperature and air velocity 
distribution in the chamber. The air is exhausted through openings on the ceiling. No recirculation of 
the air is used. The chamber is constructed to ensure a mean radiant temperature equal to the room air 
temperature and negligible radiant temperature asymmetry. The air velocity all over the chamber is 
lower than 0.1 m/s.   
A non-sweating thermal manikin with a realistic female body shape (size 38, 1.68 m height) was used 
to simulate the dry heat loss from the body of an average person lying in bed (Figure 1). The body of 
the manikin has 23 segments, each with individually controlled heat output. Three control modes can 
be applied: a) the surface temperature of each body can be kept constant; b) the heat flux from each 
body (or the whole body) can be kept constant and 3) the surface temperature of the body can be kept 
as the skin temperature of an average person in state of comfort. During the present study, the surface 
temperature was kept constant at 35°C for all body segments except feet and hands, which were kept at 
32°C. The heat loss from the body segments and the whole body was measured.  
 

 
Figure 1. The climate chamber with the manikin 

 
The thermal micro-environment established in the bed when the manikin was covered with a quilt was 
also measured. Air temperature and relative humidity were measured in the air gaps between the quilt 
and the body of the manikin. The locations of the measurements are shown in Figure 2. These were: the 
air gaps between left and right arms and the body of the manikin (referred as “left” and “right” in Figure 
2) and two locations between the legs of the manikin (named as “thigh” and “ankles” in Figure 2). At 
each location air temperature sensors were placed on a small stand. The height of the right and left 
stands was 18.6 cm. The height of the stands between the thighs and the feet were 22.4 cm and 16.0 cm 
respectively. Three temperature sensors and one humidity sensor were attached on each stand. 
Temperatures was measured at the top, middle, and bottom of the stand identified in the following 
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figures as “t”, “m” and “b”. Humidity sensor was attached in the middle of each stand. The top 
temperature sensors were aimed to be in contact with the inner surface of the quilt.  
Platinum resistance temperature sensors (class A, accuracy 0.2°C) were used. Agilent data logger 
34972A was used for data acquisition. Temperature sensors and manikins were calibrated before the 
experiments. Humidity was measured by Sensirion digital humidity sensors SHT31 (accuracy ±2%; 
measuring interval 1 second).  
 

 
Figure 2. The location in the micro-environment around the manikin where air temperature and 

humidity were measured. 

 

2.2 Factors affecting accuracy of obtained results 
The accuracy of determination of bed thermal environment and thermal insulation provided by quilts 
depends on numerous factors. Some of the factors are personal and some environmental. In real life the 
posture of the person in bed, the part of the body covered by the quilt, material of the case the quilt is 
placed in, type of the bed mattress, etc. are some of the personal factors. It is difficult to account for 
such factors when defining the bed thermal environment and labelling the thermal insulation of a quilt. 
However, under laboratory conditions, when thermal manikin is used to resemble human body, the 
number of the influencing factors can be reduced and the importance of the following factors can be 
determined under well-defined conditions: repeatability of the experiment, effect of bed mattress, 
tightness between manikin’s body and the quilt and the placement of the quilt.  
Repeated measurements at the same conditions (at least 5 repetitions) were performed to define the test 
conditions that would ensure minimum uncertainty in determination of bed thermal environment and 
thermal insulation of quilts. A quilt with (600 g, 90% Muscovy down) was employed. The experiments 
were performed at 20 ⁰C air temperature in the chamber. 

   

2.2 Data analyses 
The average value, the standard deviation and uncertainty of heat loss from the manikin and 
temperatures measured by the sensors attached to the stands were calculated based on the repeated 
measurements. 

3 RESULTS AND DISCUSSION 
Tests were conducted with manikin lying on a hard plate and on a mattress. The hard plate was a 
polyfoam plate 5 mm thick (Figure 1). In the case with mattress larger surface area of the manikin’s 
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to simulate the dry heat loss from the body of an average person lying in bed (Figure 1). The body of 
the manikin has 23 segments, each with individually controlled heat output. Three control modes can 
be applied: a) the surface temperature of each body can be kept constant; b) the heat flux from each 
body (or the whole body) can be kept constant and 3) the surface temperature of the body can be kept 
as the skin temperature of an average person in state of comfort. During the present study, the surface 
temperature was kept constant at 35°C for all body segments except feet and hands, which were kept at 
32°C. The heat loss from the body segments and the whole body was measured.  
 

 
Figure 1. The climate chamber with the manikin 

 
The thermal micro-environment established in the bed when the manikin was covered with a quilt was 
also measured. Air temperature and relative humidity were measured in the air gaps between the quilt 
and the body of the manikin. The locations of the measurements are shown in Figure 2. These were: the 
air gaps between left and right arms and the body of the manikin (referred as “left” and “right” in Figure 
2) and two locations between the legs of the manikin (named as “thigh” and “ankles” in Figure 2). At 
each location air temperature sensors were placed on a small stand. The height of the right and left 
stands was 18.6 cm. The height of the stands between the thighs and the feet were 22.4 cm and 16.0 cm 
respectively. Three temperature sensors and one humidity sensor were attached on each stand. 
Temperatures was measured at the top, middle, and bottom of the stand identified in the following 
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body was in contact with the mattress compare to the case without mattress. As already stated the tests 
were repeated five times under the same condition. The quilt was removed from the manikin after each 
test. After 3 min it was put back over the manikin and the next test started. 
The temperature distribution in the bed micro-environment increased slightly when the mattress was 
employed. The average temperature of all the measuring points was 30.7°C without the mattress and 
30.9°C with the mattress. On the contrary, the heat loss of the manikin decreased when the mattress was 
used (not the body segments exposed to the room environment). The heat loss of the manikin’s back 
decreased from 22.8 W/m2 to 10.8 W/m2. The average heat loss of all segments decreased from 
28.1 W/m2 to 25.8 W/m2.   
Based on the repeated measurements the standard deviation and the random uncertainty of the 
temperatures measured on the stands and the heat loss from the manikin’s body segments was 
determined. The use of the mattress reduced the standard deviation and the random uncertainty. Without 
mattress the highest uncertainty in the measured temperature was 0.41°C and with mattress 0.18°C. The 
uncertainty of the heat loss from the individual segments was less than 5%. The average uncertainty for 
all segments” was 3% without the mattress and 1% with the mattress. 
Quilts consist of several small sections (e.g. 6 × 8 for the quilt used in this experiment). The quilt’s 
characteristics will be different if the fillings of the sections with down are different. This effect was 
studied by placing the quilt in reverse position, i.e. one of the short sides first placed near the heat and 
then rotated to be near the feet. The difference in the measured temperature and heat loss caused by the 
placement of the quilt was rather small: the average temperatures in the two conditions was respectively 
30.9°C and 31.1°C and the heat loss 25.8 W/m2 and 26.0 W/m2. The conclusion is that the filling of the 
quilt was uniform. 
The tightness between the manikin and the quilt affects the contact area, the air cavity (gap) volume 
between the quilt and the manikin and the infiltration between the bed micro-environment and the room 
environment. Three levels of tightness were considered in the test: (1) quilt tighten by heavy metal sticks 
(Figure 3 left), named as tighten-sticks; (2) quilt tighten by hands, i.e. press the edge of quilt by hands 
(Figure 3 middle), named as tighten-hands; (3) Loose shape quilt, i.e. do nothing (Figure 3 right), named 
as no-tightness. 
 

   

Figure 3. Quilt tightened around manikin by heavy metal sticks (left), hands (middle), left loose 
(right). The possible locations where infiltration between the bed micro-environment and the 

surrounding room environment are indicated. 
 
The temperature in the bed micro-environment and heat loss from the manikin depended on how tight 
the quilts was placed on the manikin. The temperature in the micro-environment was highest when the 
metal sticks were used (in average 30.9°C), followed in the case when it was tightened by hands (in 
average 30.9°C) and the condition no-tightness (in average 30.2°C). Comparison of the results is shown 
in Figure 4. Comparison of the heat loss from the manikin for the three conditions in shown in Figure 
5. The average heat loss of all segments for the three conditions was 25.8 W/m2, 26.3 W/m2, and 
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30.4 W/m2 respectively. Considering the uncertainty of the measurements it can be concluded that there 
was not difference in the measurements with metal sticks and tighten by hands.  However, the 
temperature measured in the case of loos quilt was up to 15% different. The shape of the quilt under 
loose (no-tightness) condition allowed for infiltration of air, which was difficult to control. Because of 
this effect the difference in the heat loss between the left and right segments of manikin’s body was 
0.2 W/m2 and 0.6 W/m2 respectively. 
 
 

 
Figure 4. Air temperature measured in the bed micro-environment under different tightness between 

the quilt and the manikin. The abbreviations of the measured locations are defined in section 2.1. 
 

 
 

Figure 5. Heat loss (Psurface) from the manikin under different tightness between the quilt and the 
manikin. The abbreviations of the measured locations are defined in section 2.1. 

 
The contact area of the quilt with the manikin and with the mattress, the infiltration, the heat loss of 
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as mentioned above, adding a mattress is effective. It is recommended that the same mattress is used for 
tests of different quilts. It is recommended to insulated the mattress from bellow. In this study the 
mattress was placed on 5 mm thick polyfoam plate (see Figures 1 and 3). The plate should be larger 
than the mattress. This will help to position the quilt over the manikin without hanging from the sides 
of the mattress. The second important factor is the infiltration between the bed micro-environment and 
the surrounding room environment. Several possible locations of the infiltration are possible as shown 
in Figure 3. These are difficult to control. The infiltrated air affects the repeatability and accuracy of the 
measurements. The gap near the neck can be sealed as shown in Figure 6. Third important consideration 
is the positioning of the feet. Depending on the design of the manikin, the position of the feet can be 
changed during the experiment when the quilt is placed or removed as shown Figure 6. This will affect 
the air temperature measurements in the bed micro-environment. Therefore, the feet should be kept at 
the same position during repeated tests. Last but not the least, it is recommended to make some marks 
on the bed and the quilts in order to make sure that the same side and direction of the quilt are used in 
tests under different conditions. For the quilt used during the present experiments the filling of sections 
was the same but this may not be the case for other quilts. 
 

     
Figure 6. Sealed neckline – left; Position of feet: straight – middle; tilted – right. 

 

4 CONCLUSIONS 
Bed micro-environment and characteristics of quilts can be determined experimentally by thermal 
manikin. The repeatability of the experiments, the heat loss from the thermal manikin and the air 
temperature in the bed micro environment, i.e. the gaps between the manikin, the mattress and the quilt 
are strongly influenced by the design of mattress and tightness between the manikin and the quilt. Large 
discrepancies may occur if this influence is not considered. Recommendations for proper design and 
performance of experiments leading to reliable evaluation of bed thermal environment are outlined in 
this paper. The results of this study are important for: 1) efficient control of bed thermal 
microenvironment; 2) optimal design of quilts and 3) design and control of room thermal environment 
for better comfort of occupants and minimal energy use.
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SUMMARY  
Indoor environment is designed to provide comfort for occupants, but occupants need to adjust 
themselves in outdoor and semi-outdoor environment. Yearly field measurements were conducted in an 
urban park and a suburban park to observe behavioral adaptation among different groups of population. 
Arrival and departure time, age group and sex of all occupants were recorded. Number of occupants 
and shading condition of seated area were observed every 20 minutes. Clothing item of randomly 
selected occupants was recorded on garment checklist. Occupants preferred sunshine and stayed there 
longer than shaded area in cold seasons. Median of occupancy period had strong correlation with mean 
daily outdoor temperature except in summer. Child group tended to wear less clothing and seasonal 
change was greater than other age groups. Clothing difference was small between the two parks where 
people were free to select their clothing for the environment. Regression analysis was applied to 
relationship between various representative temperatures and clothing values. Weighted running mean 
outdoor temperature showed the highest correlation for prediction of yearly clothing trend.
Keywords: behavioral adaptation, clothing adjustment, occupancy condition 

1 INTRODUCTION 
Indoor environment is designed to provide comfort for occupants. However, occupants need to adjust 
themselves in outdoor environment and studies show that behavioral thermal adaptation is observed 
more actively in such form as clothing adjustment and occupancy conditions (Nakano and Tanabe, 
2004). Knowledge on characteristics of behavioral adaptations provides useful information for 
designing semi-outdoor environment or naturally ventilated buildings where mechanical means of 
environmental control is not used. The objective of this study is to investigate the effect of thermal 
environment on behavioral adaptation of occupants in parks where occupants have high degree of 
freedom for environmental adjustments. 

2 METHODS 

2.1 Outline of Survey 
Field surveys were conducted on weekdays without rain from 10:00 – 16:00 in summer, autumn, and 
winter of 2017 for a total of 16 days. Survey days are given in Table 1. Tsujido Seaside Park (Park T) 
in Kanagawa suburban area and Yoyogi Park (Park Y) in Tokyo metropolitan area were selected for 
this study. Survey sight was chosen where occupants could select either sunlit area or shaded area for 
occupancy. Sight in both parks were divided into zones A to C according to seating arrangements. Plan 
of the survey sights and description of zones are given in Figure 1 and Table 2. Benches of Park Y was 
under repainting work in December and survey was suspended. 
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Table 1. List of survey days 

Park T Aug.21,22 Sep.19,26 Oct.5 Nov.20,27 Dec.6,13 

Park Y Aug.28,29 Sep.13,21 Oct.4 Nov.11,29  

 
 
 
 
 
 
 

Figure 1 Sight plan of Park T (left) and Park Y (right) 

2.2 Measurement Method 
Effect of thermal environment on behavioral adaptation was observed with regard to occupancy 
condition and clothing adjustment. People who sat down in the survey area were regarded as occupants. 
Time of arrival and departure, seating area, shading condition, sex and estimated age were recorded for 
all the occupants.  Number of occupants, their sex and estimated age were recorded every 20 minutes. 
Age groups and their estimated age are described in Table 3. 

Table 3. Age groups and their estimated age 
Age group Child Young Middle age Elderly 

Estimated age under 10 10's - 20's 30's - 60's 70's - 

Clothing of randomly selected occupants was recorded on garment checklist by visual observation. 
Garment checklist consisted of 13 upper garments, 3 lower garments, 5 shoe-types, 8 articles, their length 
and thickness. Clothing insulation of each garment (ISO, 2007) was summed for total clothing insulation. 
Air temperature and humidity of the nearest meteorological station (JMA, 2017) was referenced for 
thermal environment of the survey area.  

3 RESULTS 

3.1 Outdoor Conditions 
Mean outdoor temperature of survey period is plotted in Figure 2. Temperatures were around 30°C in 
summer and 10°C in winter. Seasonal temperatures showed small difference between the two parks. 

3.2 Description of occupants 
Mean outdoor temperature of survey period are plotted in Figure 2. Temperatures were around 30°C in 
summer and 10°C in winter. Seasonal temperatures showed small difference between the two parks. 
Composition of 2413 occupants in Park T and Park Y are given in Figure 3. Young-aged parents and 
their children were dominant in Park T engaged in playing activities. Many young and middle-aged 
groups, males and females, used Park Y in metropolitan area.    

Park T Park Y

Zone A turf bench for 2 x 10

Zone B bench for 4 x 6 36m bench
Zone C bench for 2 x 6 90m bench

Table 2. Description of survey zones 
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Figure 2. Mean outdoor temperature of survey period              Figure 3. Composition of occupants 
 

3.3 Occupancy Condition 
Daily mean number of occupants (bars) and median of occupancy period (markers) are presented for 
each month in Figure 4. Number of occupants showed sudden decrease from August to September in 
both park presumably due to the end of summer vacation. The number stayed low towards December 
in Park T while occupants increased in Park Y. Median of entire data of occupancy period was 22 
minutes in Park T and 9 minutes in Park Y. Occupancy period of Park T showed the maximum value in 
September, 42 minutes, but decreased to 10 minutes towards November. Occupancy period in Park T 
was nearly constant around 10 minutes throughout the months. Results of occupant composition and 
occupancy condition suggest that two parks were used quite differently  

 
Figure 4. Average occupants and median of occupancy time 

 

3.4 Influence of Thermal Environment on Occupancy Condition 
Ratio of occupants sitting in the sun (sunshine ratio) is plotted against mean air temperature of survey 
period in Figure 5. Temperature had minor influence on sunshine ratio in Park Y. More than 80% of 
occupants in Park T stayed in the sun at 30°C. Occupants preferred to enjoy the sun in summer, but the 
percentage drastically decreased to below 30% at 27°C in late September. Sunshine ratio showed 
gradual increase as temperature became lower. Regression gradient of sunshine ratio in Park T 
excluding summer data was -2.2 per temperature change. 
Median of occupancy period for sunshine area and shaded area are given in Figure 6. Occupancy period 
in Park T had positive correlation with prevailing air temperature except for summer. Occupants sitting 
in the sun tended to stay longer by circa 10 minutes under 20°C, but difference became smaller in 
summer. Maximum value was 46 minutes at 26°C in the sun. Occupancy period at 30°C decreased to 
20 minutes in both sunshine and shaded area. Minor influence of air temperature on occupancy period 
was observed in Park Y. 
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2.2 Measurement Method 
Effect of thermal environment on behavioral adaptation was observed with regard to occupancy 
condition and clothing adjustment. People who sat down in the survey area were regarded as occupants. 
Time of arrival and departure, seating area, shading condition, sex and estimated age were recorded for 
all the occupants.  Number of occupants, their sex and estimated age were recorded every 20 minutes. 
Age groups and their estimated age are described in Table 3. 
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Clothing of randomly selected occupants was recorded on garment checklist by visual observation. 
Garment checklist consisted of 13 upper garments, 3 lower garments, 5 shoe-types, 8 articles, their length 
and thickness. Clothing insulation of each garment (ISO, 2007) was summed for total clothing insulation. 
Air temperature and humidity of the nearest meteorological station (JMA, 2017) was referenced for 
thermal environment of the survey area.  

3 RESULTS 

3.1 Outdoor Conditions 
Mean outdoor temperature of survey period is plotted in Figure 2. Temperatures were around 30°C in 
summer and 10°C in winter. Seasonal temperatures showed small difference between the two parks. 

3.2 Description of occupants 
Mean outdoor temperature of survey period are plotted in Figure 2. Temperatures were around 30°C in 
summer and 10°C in winter. Seasonal temperatures showed small difference between the two parks. 
Composition of 2413 occupants in Park T and Park Y are given in Figure 3. Young-aged parents and 
their children were dominant in Park T engaged in playing activities. Many young and middle-aged 
groups, males and females, used Park Y in metropolitan area.    

Park T Park Y

Zone A turf bench for 2 x 10

Zone B bench for 4 x 6 36m bench
Zone C bench for 2 x 6 90m bench

Table 2. Description of survey zones 

|  69PROCEEDINGS — Roomvent & Ventilation 2018 |  69PROCEEDINGS — Roomvent & Ventilation 2018

Track 1 – Personal conditions: Thermal comfort (TC2)



  
 
 
 
 
 
 
 
 
 
 

3.5 Seasonal Clothing Insulation for Different Age Groups 
Seasonal mean clothing insulation is given for each age group in Figure 7. Data population fewer than 
20 was omitted form analysis.  Clothing value tended to increase as age group became older. Difference 
between young and middle age group was not statically significant. Clothing value of child was 
significantly smaller than other age groups for all seasons (Shaffer’s multiple comparison: p < 0.01). 
Ratio of clothing insulation increase from summer to winter was 2.8 for young and middle age groups, 
but the value was 3.4 for child group.  Child group showed the largest clothing adjustment range. 
 
 
 
 
 
 
 
 

Figure 7. Seasonal mean clothing insulation for different age groups 
 
 
 
 
 
 
 
 
 

Figure 8. Daily mean outdoor temperature and clothing insulation 

Figure 5. Temperature and sunshine ratio of 
seated area 

Figure 6. Temperature and median of 
occupancy time 
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3.6 Daily Mean Outdoor Temperature and Clothing Insulation 
Mean clothing insulation for males and females are plotted against daily mean outdoor temperature in 
Figure 8. Outdoor temperature and clothing insulation had negative correlation with gradient of -0.04 
clo for 1°C increase. Difference between males and females were small in summer but larger by 0.1 clo 
in winter. Surveys results in offices show that females tend to have lower clo values than males, but 
difference was smaller in parks where people have greater freedom to choose their clothing according 
to climatic conditions.  

3.7 Reference Temperature for Clothing Prediction 
ASHRAE Standard 55 (ASHRAE, 2017) recommends the use of running mean outdoor temperature 
for input of adaptive model. Several methods were compared to examine the best reference 
temperature for prediction of clothing insulation. Instantaneous temperature is the temperature when 
clothing data was recorded and includes the environmental influence for clothing adjustments on the 
spot. Mean temperature of survey period and daily mean temperature give broad trend in prevailing 
temperature including a portion of future data. Running mean temperature  𝑡𝑡𝑡𝑡pma(out)����������� consists of past 
data using the equation below where 𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒(𝑛𝑛𝑛𝑛𝑛𝑛)  is the mean daily outdoor temperature for the day before 
the day in question, 𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑛𝑛𝑛𝑛𝑛𝑛) is the running mean temperature for the day before the day in question 
(n –1), and 𝛼𝛼𝛼𝛼 is the constant from 0 to1. 

𝑡𝑡𝑡𝑡pma(out)����������� =  (1 − 𝛼𝛼𝛼𝛼) 𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒(𝑛𝑛𝑛𝑛𝑛𝑛) +  𝛼𝛼𝛼𝛼 𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑛𝑛𝑛𝑛𝑛𝑛) (1) 

Regression analysis and corresponding R2 values were derived for all the methods described above. 
Values for 𝛼𝛼𝛼𝛼 was tested from 0 to 1 with increment of 0.1. Results are given in Table 4. All tested 
representative temperatures yielded R2 values larger than 0.9. The highest correlation was found for 
running mean temperature with 𝛼𝛼𝛼𝛼 = 0.2.  

Table 4. Regression analysis of representative temperature and clothing insulation 
 Regression R2 

Instantaneous temp. ti[°C] Icl = -0.0382 ti + 1.437 0.935 

Mean temp. of survey period ts[°C] Icl = -0.0385 ts + 1.4586 0.942 

Daily mean temp. td[°C] Icl = -0.0395 td + 1.3871 0.958 

Running mean temp (α=0.2) Trm0.2 [°C] Icl = -0.044 trm0.2 + 1.483 0.968 

Running mean temp (α=1.0) Trm1.0 [°C] Icl = -0.0439 trm1.0 + 1.4818 0.938 

4 DISCUSSION 
Nature of the park and how occupants used it were found to be different between suburban park T and 
metropolitan park Y.  Large number of young parents and children visited the Park T to play in summer. 
Occupants in Park T were more sensitive to changes in thermal environment. Higher percentage of 
occupants chose sunlit areas than shaded areas as prevailing temperature decreased. Occupancy period 
also decreased in colder temperatures especially in the shaded area. The trend was different in summer 
when more occupants chose sunshine but stayed shorter at high temperature. Occupants of Park Y 
consisted of higher age groups. Greater number of occupants visited the park in summer and cool 
seasons. Minor effect of sunshine was observed on occupancy condition and occupancy period was 
constant throughout the year. Context of the park and composition of occupants was found to have large 
effect on how occupants adapted to the thermal environment. 

  
 
 
 
 
 
 
 
 
 
 

3.5 Seasonal Clothing Insulation for Different Age Groups 
Seasonal mean clothing insulation is given for each age group in Figure 7. Data population fewer than 
20 was omitted form analysis.  Clothing value tended to increase as age group became older. Difference 
between young and middle age group was not statically significant. Clothing value of child was 
significantly smaller than other age groups for all seasons (Shaffer’s multiple comparison: p < 0.01). 
Ratio of clothing insulation increase from summer to winter was 2.8 for young and middle age groups, 
but the value was 3.4 for child group.  Child group showed the largest clothing adjustment range. 
 
 
 
 
 
 
 
 

Figure 7. Seasonal mean clothing insulation for different age groups 
 
 
 
 
 
 
 
 
 

Figure 8. Daily mean outdoor temperature and clothing insulation 
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Notable difference on clothing trend was not found among the same age group in two parks. Clothing 
insulation increased as temperature decreased, and children wore significantly less clothing than other 
age groups. Ratio of seasonal clothing change was the greatest for children. 
Representative temperature best fit for predicting yearly clothing trend was found to be the running 
mean outdoor temperature with 𝛼𝛼𝛼𝛼 = 0.2. Effect of prevailing temperature on spontaneous clothing 
adjustment could not be found under yearly analysis. Shorter evaluation would be necessary for 
temporal clothing adjustments. 

5 CONCLUSIONS 
Principle of behavioral adaptation of occupants was different among parks with different context. 
Occupants in metropolitan Park Y consisted mainly of young to middle-aged groups. Their occupancy 
condition in terms of selection of occupied environment and occupancy period was minorly affected by 
thermal environment. On the other hand, occupants in Park T, mainly young parents with children who 
visited the park to play, were more responsive to thermal environment. Occupants preferred sunshine 
and stayed there longer than shaded area in cold seasons. Median of occupancy period had strong 
correlation with mean daily outdoor temperature except in summer. Child group tended to wear less 
clothing and seasonal change was greater than other age groups. Clothing difference was small between 
the two parks where people were free to select their clothing for the environment. Regression analysis 
was applied to relationship between various representative temperatures and clothing values. Weighted 
running mean outdoor temperature showed the highest correlation for prediction of yearly clothing 
trend. 
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SUMMARY 
Ventilation is commonly thought helpful for improving indoor air quality. However, this may not be 
true when the outdoor air is polluted. For example, in events of haze and fog break in developing 
countries, the outdoor particulate matters (PMs) can be drawn into rooms by ventilation. In such context, 
ventilation must be accompanied with indoor particle filtration. This investigation added a particulate-
filtration model into the EnergyPlus software. Then the validated software was adopted to evaluate 
residential ventilation in a typical Chinese residential apartment. The ventilation modes included 
natural, mechanical, and hybrid ventilation. Transient air change rate, CO2 and PM2.5 concentrations, 
indoor temperature, and annual energy consumption and utility bill, were solved. The exactly-demanded 
outdoor air rates and clean air delivery rates (CADRs) to assure indoor air quality to meet the national 
standards were provided. It was found that indoor particulate filtration must be utilized in Northern 
China. The natural ventilation plus portable particulate filtration is the most affordable means; however 
the ventilation rate may occasionally not be sufficient. The hybrid ventilation uses less energy than the 
mechanical ventilation but relies on sensors for smart switch of the ventilation modes. 
Keywords: residential ventilation, air cleaning, EnergyPlus, energy consumption, air quality 

1 INTRODUCTION 
Ventilation is commonly thought helpful for improving indoor air quality. However, this may not be 
the case when the outdoor air is polluted. For example, in events of haze and fog break in developing 
countries, the outdoor air can have extremely high concentration of particulate matters (PMs). The 
outdoor PMs and other atmospheric pollutants can be drawn into rooms by ventilation (Zhou et al., 
2016). In such circumstance, ventilation must be accompanied with air purification. 
Most Chinese residential buildings use natural ventilation (NV). Note that the NV cannot assure a 
minimum ventilation rate, nor filter the airborne particles. Portable air cleaning must be adopted to 
control indoor PM concentrations. An alternative solution is to use mechanical ventilation (MV) 
together with air filtration. Conventional MV sets a fixed airflow rate. For contrast, demand controlled 
ventilation (DCV) regulates ventilating rate according to indoor CO2 concentration, humidity or human 
preference, etc. (Laverge et al. 2011). As compared with the conventional MV, the DCV saves much 
energy in various types of buildings (Mysen et al. 2005; Cho et al. 2015). The CO2-based DCV has been 
studied most because the CO2 concentration is generally accepted as an indicator for indoor air quality. 
However, the CO2-based DCV assumes that the outdoor air has low concentrations of PMs. 
In circumstance of haze and fog break, not only the CO2 but also the particle concentrations must be 
simultaneously controlled. A software that is able to simulate ventilation rate, gas and particle 
concentrations, and energy consumption is required for the control strategies. The CONTAM was a 
multi-zone based software that can model ventilation rate, airborne pollutant concentration, and even 
air cleaning. However, the CONTAM cannot simulate building energy consummation. The EnergyPlus 
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insulation increased as temperature decreased, and children wore significantly less clothing than other 
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Principle of behavioral adaptation of occupants was different among parks with different context. 
Occupants in metropolitan Park Y consisted mainly of young to middle-aged groups. Their occupancy 
condition in terms of selection of occupied environment and occupancy period was minorly affected by 
thermal environment. On the other hand, occupants in Park T, mainly young parents with children who 
visited the park to play, were more responsive to thermal environment. Occupants preferred sunshine 
and stayed there longer than shaded area in cold seasons. Median of occupancy period had strong 
correlation with mean daily outdoor temperature except in summer. Child group tended to wear less 
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was originally developed for building energy simulation and was recently extended to simulate airborne 
pollutant concentration (Chen et al. 2015). The EnergyPlus was validated with good accuracy in 
predicting ventilation rate (Zhang et al. 2013), energy consumption (Zhou et al. 2008), and PM2.5 
concentration (Taylor et al. 2014). Unfortunately, the EnergyPlus is lack of the air-cleaning model. 
This investigation added a model of particulate filtration into the EnergyPlus. Then the extended 
software was adopted to evaluate different strategies for residential ventilation and particulate filtration. 

2 METHODS 

2.1 Particle filtration model 
The PM2.5 concentration in a well-mixed room can be calculated as: 

( )i
j j i j i j i g ij j

d = + + CADR
d
CV E k F C F C k V C
t → →− − ×∑ ∑ ,  (1) 

where V is the room volume, C is the PM2.5 concentration, t is time, E is the PM2.5 source release rate, 
i and j are the room indices, kj is the particulate penetration ratio, F is airflow rate between zones, kg is 
the gravitational settling rate, CADR is the clean air delivery rate (CADR) of an air cleaner. 

2.2 An apartment and its simulation schemes 
An apartment with a total floor area of 88 m2, as shown in Figure 1, was chosen for study. The apartment 
was located in Tianjin, Northern China. Suppose that there were four persons in this family and they 
stayed in the living room from 18:00 to 23:00 on workdays and also from 11:00 to 23:00 on weekends. 
Room 1 accomodated two persons from 23:00 to 7:00, while Rooms 2 and 3 accomodated one person 
in each room. 

 
Figure 1. An apartment for study: (a) floor map, (b) geometric model in E+ software 

Three different ventilation schemes were considered, namely, natural ventilation (NV), mechanical 
ventilation (MV), and hybrid ventilation (HV). In the NV, all of the windows were opened with one 
quarter of their maximum openable ranges, if the outdoor temperature fell within 18-26 ℃ and the 
outdoor PM2.5 concentration was below 35 µg/m3. Otherwise, all of the windows were closed with only 
the infiltration. In the MV, no window was opened and the outdoor air with a dynamic rate was supplied 
into the room during occupation. Regardless of the NV or MV, the indoor PM2.5 concentration was 
controlled below 35 µg/m3 by dedicated air filtration. The HV was equal to the NV if both indoor CO2 
and PM 2.5 concentrations were below the thresholds, otherwise, it was switched into the MV. Hence, 
the allowable maximum indoor PM2.5 concentration in all three ventilation modes was 35 µg/m3 during 
occupation. The MV and HV also required the indoor CO2 concentration less than 1000 ppm. 
The outdoor CO2 concentration was fixed to 400 ppm and each person was assumed to generate 18 l/h 
CO2 gas. The outdoor PM2.5 concentration was set into the temporal values monitored by Tianjin 
Meteorological Bureau in 2016. Suppose that 80% of the outdoor PM2.5 infiltrated into rooms and the 

Room1 
Room2 Room3 Toilet1 

Living room 
Kitchen 

14.1 m 

 

7.
9 

m
 

North 

(a) (b) 

Toilet2 

PROCEEDINGS  — Roomvent & Ventilation 201874  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 1 – Personal conditions: Air quality (AQ)

74  |



gravitational settling rate was equivalent to 0.09 air changes per hour. The indoor PM2.5 source was 
generated by cooking from 18:30 to 18:50 on each day and also from 11:30 to 11:50 on weekends, with 
a total release rate of approximately 57 mg in each cook (Chen et al. 2018). During cooking, the range 
hood was used to exhaust the kitchen air at 600 m3/h and approximately 70% of the generated PM2.5 
was dumped to the outside. 
The living room and bedrooms 1 to 3 were also temperature conditioned during occupation. In summer, 
air-source heat pumps were run to get the indoor temperature less than 26 ℃ and the relative humidity 
below 60%, while in winter hot-water heating was used to assure the indoor temperature above 18 ℃. 
The heat transfer coefficients of the envelope walls and windows were 0.46 and 2.1 W/(m2K), 
respectively. All of the electric appliances were set in use as Table 1. Only electricity and municipal hot 
water were used as the energy input. The charge price of the electricity was in three cascades as shown 
in Table 2. The hot-water heating was charged based on both the floor area and the heating meter. 

Table 1. Rated power and operation time of electric appliances 
Appliance Rated power 

(W) 
Operation time 

(h/day) Appliance Rated power 
(W) 

Operation time 
(h/day) 

TV 100 4.8 Range hood 180 0.4 
Refrigerator 50 24 Washing machine 300 0.4 

Induction cooker 1200 0.6 Water heater 2400 1 
Rice cooker 700 0.6 Desktop computer 125 4 

Table 2. Utility charge schemes 

Category 
Electricity Hot-water heating 

Level 
(kWh/year) 

Unit price 
(CNY /kWh) 

Basic price 
(CNY /m2) 

Metering price 
(CNY /kWh) 

Charge price 
0-2640 0.49 

7.5 0.13 2641-4800 0.54 
Over 4800 0.79 

The time step in numerical solution was 5 min. The transient ventilation rate, CO2 and PM2.5 
concentrations, indoor temperatures, and annual energy consumptions and utility bill were solved. 

3 RESULTS 

3.1 Model validation 
The measurement data from an isolated room, as shown in Figure 2, were adopted to validate the 
EnergyPlus. The dimensions of the room were 4.8m×3.3m×2.7m. An air-conditioner with a rated 
coefficient of performance (COP) of 3.3 conditioned the indoor air temperature. The measurements 
were carried out from July 26 to 30, 2017. Both SF6 and CO2 were used as tracer gases to infer the 
ventilation rate. For simplification, all of the windows and door were closed for infiltration. 

        

  (a)    (b) 
Figure 2. A test room for model validation: (a) picture of the test room, (b) E+ geometric model 

North 

was originally developed for building energy simulation and was recently extended to simulate airborne 
pollutant concentration (Chen et al. 2015). The EnergyPlus was validated with good accuracy in 
predicting ventilation rate (Zhang et al. 2013), energy consumption (Zhou et al. 2008), and PM2.5 
concentration (Taylor et al. 2014). Unfortunately, the EnergyPlus is lack of the air-cleaning model. 
This investigation added a model of particulate filtration into the EnergyPlus. Then the extended 
software was adopted to evaluate different strategies for residential ventilation and particulate filtration. 

2 METHODS 

2.1 Particle filtration model 
The PM2.5 concentration in a well-mixed room can be calculated as: 

( )i
j j i j i j i g ij j

d = + + CADR
d
CV E k F C F C k V C
t → →− − ×∑ ∑ ,  (1) 

where V is the room volume, C is the PM2.5 concentration, t is time, E is the PM2.5 source release rate, 
i and j are the room indices, kj is the particulate penetration ratio, F is airflow rate between zones, kg is 
the gravitational settling rate, CADR is the clean air delivery rate (CADR) of an air cleaner. 

2.2 An apartment and its simulation schemes 
An apartment with a total floor area of 88 m2, as shown in Figure 1, was chosen for study. The apartment 
was located in Tianjin, Northern China. Suppose that there were four persons in this family and they 
stayed in the living room from 18:00 to 23:00 on workdays and also from 11:00 to 23:00 on weekends. 
Room 1 accomodated two persons from 23:00 to 7:00, while Rooms 2 and 3 accomodated one person 
in each room. 

 
Figure 1. An apartment for study: (a) floor map, (b) geometric model in E+ software 

Three different ventilation schemes were considered, namely, natural ventilation (NV), mechanical 
ventilation (MV), and hybrid ventilation (HV). In the NV, all of the windows were opened with one 
quarter of their maximum openable ranges, if the outdoor temperature fell within 18-26 ℃ and the 
outdoor PM2.5 concentration was below 35 µg/m3. Otherwise, all of the windows were closed with only 
the infiltration. In the MV, no window was opened and the outdoor air with a dynamic rate was supplied 
into the room during occupation. Regardless of the NV or MV, the indoor PM2.5 concentration was 
controlled below 35 µg/m3 by dedicated air filtration. The HV was equal to the NV if both indoor CO2 
and PM 2.5 concentrations were below the thresholds, otherwise, it was switched into the MV. Hence, 
the allowable maximum indoor PM2.5 concentration in all three ventilation modes was 35 µg/m3 during 
occupation. The MV and HV also required the indoor CO2 concentration less than 1000 ppm. 
The outdoor CO2 concentration was fixed to 400 ppm and each person was assumed to generate 18 l/h 
CO2 gas. The outdoor PM2.5 concentration was set into the temporal values monitored by Tianjin 
Meteorological Bureau in 2016. Suppose that 80% of the outdoor PM2.5 infiltrated into rooms and the 

Room1 
Room2 Room3 Toilet1 

Living room 
Kitchen 

14.1 m 

 

7.
9 

m
 

North 

(a) (b) 

Toilet2 

|  75PROCEEDINGS — Roomvent & Ventilation 2018 |  75PROCEEDINGS — Roomvent & Ventilation 2018

Track 1 – Personal conditions: Air quality (AQ)



Figure 3 compared the measured and simulated results on July 28. The simulated air change rates agreed 
well with the measurement, although the measurements had fluctuations. The air-conditioner was turned 
on from 9:00 to 18:30 and the indoor temperature was set to 25 ℃. When the air-conditioner was on, 
the simulated temperature perfectly matched with the measurement. While in the rest time, the simulated 
temperature had only a maximum deviation of 1 ℃. The power consummation of the air-conditioner 
could only be measured every 30 minutes. The measured power varied greatly subject to the on-off 
status of the compressor. Nevertheless, the general varying trends between the measurement and 
simulation agreed. The integrated total electricity consumption from simulation was 4.1 kWh, which 
was comparable to the measured 4.4 kWh from the meter. The simulated indoor PM2.5 concentrations 
were also in good agreement with the measurement, though indoor air cleaning was not turned on. The 
above validated the EnergyPlus modeling. 

 
Figure 3. Comparison of simulated and measured parameters on a typical day: (a) air change rates, (b) 
air temperatures, (c) air-conditioner electricity consumption, (d) PM2.5 concentrations 

3.2 Simulated indoor environmental performance, energy consummation and utility bill 
Before presenting the overall annual summary results, the transient parameters on a typical day was 
presented. Figure 4(a) shows the outdoor and indoor PM2.5 concentrations in room 1 with the natural 
ventilation (NV). For comparison, the indoor PM2.5 concentrations when including or excluding air 
cleaning (AC) were also presented. During the occupation from 23:00 to 7:00, the window was opened 
from 23:00 to 2:00. However, with increase of the outdoor PM2.5 concentrations, the window was 
closed from 2:00 to 7:00. The indoor PM2.5 concentration when running air cleaning was less than 35 
µg/m3. The corresponding dynamic CADR was also shown in Figure 4(a). A peak rate of 29 m3/h was 
required at 6:00. For contrast, the indoor PM2.5 concentration exceeded 35 µg/m3 if no air cleaning was 
adopted. Figure 4(c) also shows that the indoor CO2 concentration reached a peak value of 1620 ppm at 
7:00, which implied insufficient outdoor air rate. 
Figure 4(b) presents the indoor PM2.5 concentrations when using the MV and HV together with indoor 
air cleaning. From 23:00 to 2:00, the HV was nearly identical to the NV, as indicated by both the indoor 
PM2.5 concentrations in Figure 4(b) and CO2 concentrations in Figure 4(c). From 2:00 to 7:00, the HV 
was equivalent to the MV. The required CADRs were nearly identical between the MV and HV. 
However, no mechanically driven ventilation was required from 23:00 to 2:00 for the HV. 
Table 3 lists the simulated annual energy consumption and utility bill in the whole family. For 
comparison, the case of the NV without air cleaning (AC) was also presented. The energy consumption 
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of the appliances were the same regardless of the ventilation modes. The listed fan energy was the sector 
merely for mechanical ventilation. The air cleaning slightly reduced the heating load but increased the 
cooling load. Because the air cleaning was turned on when demanded, it did not consume much energy. 
As compared with the NV, the MV had a higher heating load and also a higher cooling load. The heating 
loads between the MV and HV were almost the same. However, the cooling load of the HV was lower, 
which meant that the NV helped cool the building. As indicated by the total utility, the MV was the 
most expensive while the NV was the cheapest. The HV saved utility as compared with the MV. 

 
Figure 4. Simulated parameters on a typical day in room 1: (a) PM2.5 concentrations and CADR for 
the NV when including or excluding air cleaning (AC); (b) PM2.5 concentration and CADR for the MV 
and HV; (c) CO2 concentrations and outdoor air (OA) rates 

Table 3. Comparison of annual energy consumption and utility bill 

Ventilation Heating 
load /kWh 

Cooling 
load /kWh 

Cleaner 
/kWh 

Fan 
/kWh 

Device 
/kWh 

Utility bill /CNY 
Heating Electricity Total 

NV only 2346 1762 0 0 2232 845 1391 2236 
NV+AC 2317 1766 42 0 2232 841 1415 2256 
MV+AC 2630 2168 67 96 2232 882 1551 2433 
HV+AC 2631 1886 66 84 2232 882 1494 2376 

Table 4 presents the overall annual air quality performance and the required minimum capacities for air 
cleaning and outdoor air supply. The unguaranteed time ratio was the occupation time percentage when 
the CO2 or PM2.5 concentrations exceeded 1000 ppm or 35 µg/m3, respectively. If without air cleaning, 
the indoor PM 2.5 concentration exceeded 35 µg/m3 in 37% of the occupation time and the maximum 
concentration reached 265 µg/m3. However, with the air cleaning no indoor PM2.5 concentration 
exceeded the threshold. The CADRs of the MV and HV were higher than that of the NV, because when 
the outdoor air was polluted, all of the windows were closed but the MV and HV still drew the outdoor 
air into rooms. Note that the NV could not assure the CO2 concentration below 1000 ppm in 71% of the 
occupation time. The maximum indoor CO2 concentration was 2700 ppm. 
Table 4. Comparison of simulated annual performance 

Ventilation CO2 unguaranteed 
time ratio /% 

PM2.5 unguaranteed 
time ratio /% 

Utility bill 
/CNY 

Equipment capacity /m3/h 
CADR Outdoor air 

NV only 71 37 2236 - - 
NV+AC 71 0 2256 895 - 
MV+AC 0 0 2433 940 78 
HV+AC 0 0 2376 940 78 

4 DISCUSSION 
As revealed by many researchers, building energy consumption was much subjected by the occupant 
behaviors of usage. However, the window opening in this investigation was determined by both the 
outdoor air temperatures and PM2.5 concentrations, which would require highly sensitive sensors and 
automatic devices to operate the windows. The cooling or heating, air cleaning and even mechanical 
ventilation started once the indoor temperature, PM2.5 and CO2 concentrations were beyond certain 
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Figure 3 compared the measured and simulated results on July 28. The simulated air change rates agreed 
well with the measurement, although the measurements had fluctuations. The air-conditioner was turned 
on from 9:00 to 18:30 and the indoor temperature was set to 25 ℃. When the air-conditioner was on, 
the simulated temperature perfectly matched with the measurement. While in the rest time, the simulated 
temperature had only a maximum deviation of 1 ℃. The power consummation of the air-conditioner 
could only be measured every 30 minutes. The measured power varied greatly subject to the on-off 
status of the compressor. Nevertheless, the general varying trends between the measurement and 
simulation agreed. The integrated total electricity consumption from simulation was 4.1 kWh, which 
was comparable to the measured 4.4 kWh from the meter. The simulated indoor PM2.5 concentrations 
were also in good agreement with the measurement, though indoor air cleaning was not turned on. The 
above validated the EnergyPlus modeling. 

 
Figure 3. Comparison of simulated and measured parameters on a typical day: (a) air change rates, (b) 
air temperatures, (c) air-conditioner electricity consumption, (d) PM2.5 concentrations 

3.2 Simulated indoor environmental performance, energy consummation and utility bill 
Before presenting the overall annual summary results, the transient parameters on a typical day was 
presented. Figure 4(a) shows the outdoor and indoor PM2.5 concentrations in room 1 with the natural 
ventilation (NV). For comparison, the indoor PM2.5 concentrations when including or excluding air 
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required at 6:00. For contrast, the indoor PM2.5 concentration exceeded 35 µg/m3 if no air cleaning was 
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thresholds during occupation. More critically, only exactly demanded cooling or heating, CADR, and 
outdoor air were provided. In practice, the HVAC facilities or devices might not be so intelligent or 
robust to meet the exact needs. It was hence believed that most actual building energy consumption and 
utility might be somewhat higher than the numbers reported in this investigation. 

5 CONCLUSIONS 
This investigation added a model of indoor particulate filtration to the EnergyPlus software. The 
extended software was validated being able to predict the ventilation rate, indoor PM2.5 concentrations, 
temperatures, and air-conditioner energy in good agreement with the measurements. Then the validated 
software was adopted to evaluate the residential ventilation with indoor air filtration in a typical Chinese 
residential apartment. It was concluded that the indoor particulate filtration must be utilized in Northern 
China. If the particulate filtration is turned on when demanded, it does not consume much energy. The 
natural ventilation plus particle filtration is the most affordable means, though the ventilation rate may 
occasionally not be sufficient. The mechanical ventilation uses the most energy among the three 
ventilation modes. As compared with the mechanical ventilation, the hybrid ventilation can save some 
energy but relies on sensors for smart switch of the ventilation modes. 

ACKNOWLEDGEMENTS 
This work was supported by the National Key Basic Research and Development Program (Grant No.: 
2016YFC0700500) and the Natural Science Foundation of China (Grant No.: 51622804). 

REFERENCES 
Chen C, Zhao Y, Zhao B. (2018). Emission Rates of Multiple Air Pollutants Generated from Chinese 
Residential Cooking. Environmental Science & Technology. Vol. 52(3), pp 1081-1087. 
Chen Y, Gu L, Zhang J. (2015). EnergyPlus and CHAMPS-Multizone co-simulation for energy and 
indoor air quality analysis. Building Simulation. Vol. 8(4), pp 371-380. 
Cho W, Song D, Hwang S, et al. (2015). Energy-efficient ventilation with air-cleaning mode and 
demand control in a multi-residential building. Energy and Buildings. Vol. 90, pp 6-14. 
Laverge J, Bossche N V D, Heijmans N, et al. (2011). Energy saving potential and repercussions on 
indoor air quality of demand controlled residential ventilation strategies. Building and Environment. 
Vol. 46(7), pp 1497-1503. 
Mysen M, Berntsen S, Nafstad P, et al. (2005). Occupancy density and benefits of demand-controlled 
ventilation in Norwegian primary schools. Energy and Buildings. Vol. 37(12), pp 1234-1240. 
Taylor J, Shrubsole C, Biddulph P, et al. (2014). Simulation of pollution transport in buildings: The 
importance of taking into account dynamic thermal effects. Building Services Engineering Research 
and Technology. Vol. 35(6), pp 682-690. 
Zhang R, Lam K P, Yao S C, et al. (2013). Coupled EnergyPlus and computational fluid dynamics 
simulation for natural ventilation. Building and Environment. Vol. 68, pp 100-113. 
Zhou Y P, Wu J Y, Wang R Z, et al. (2008). Simulation and experimental validation of the variable-
refrigerant-volume (VRV) air-conditioning system in EnergyPlus. Energy and Buildings. Vol. 40(6), 
pp 1041-1047. 
Zhou Z, Liu Y, Yuan J, et al. (2016). Indoor PM2.5 concentrations in residential buildings during a 
severely polluted winter: A case study in Tianjin, China. Renewable & Sustainable Energy Reviews. 
Vol. 64, pp 372-381. 

PROCEEDINGS  — Roomvent & Ventilation 201878  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 1 – Personal conditions: Air quality (AQ)

78  |



EMISSION OF CHEMICALS AFTER EXPERIENCING NEGATIVE 
PRESSURE IN NEWLY BUILT DETACHED HOUSES 

Hoon Kim1,*, Mikiko Takekuma2, Motoya Hayashi1, Haruki Osawa1 
1National Institute of Public Health, Saitama, Japan 

2Saitama Prefectural Institute of Public Health, Saitama, Japan 
*Corresponding email: kimhoon@niph.go.jp 

 

SUMMARY 
Japanese detached houses traditionally having used plenty of woods have been frequently equipped 
with the exhaust ventilation system. As the air tightening technique has improved in recent years, 
inevitably the negative pressure can be formed indoors by operating the kitchen range fan. 
In this study, airtightness, ventilation volume and air concentration of chemicals were measured in the 
11 newly built wooden houses in order to investigate the infiltration characteristics of chemicals from 
concealed spaces before and after experiencing a negative pressure.  
As a result, although the equivalent leakage area “c-value” ranged 0.1 to 3.0cm2/m2 depending on 
house suppliers, it complied with the relevant standard for the airtight house in that region. 
It was apparent that indoor negative pressure could be formed by using the kitchen range fan in recent 
airtight houses and the infiltration of chemicals from concealed spaces and/or building materials could 
lead to an increased indoor concentration regardless of the type of ventilation system. 
Keywords: indoor air quality, chemical concentration, infiltration, negative pressure, airtightness 

1 INTRODUCTION 
Japanese houses typically having used plenty of woods have taken on an air tightening envelope in 
recent years and have been frequently equipped with the exhaust ventilation system. Inevitably it puts 
indoor space through the negative pressure and the infiltration of chemicals from concealed spaces.  
The previous study (Hayashi et al. 2003) referred to that chemical substances could be infiltrated from 
concealed spaces such as ceiling, underfloor, outer and partition wall, and consequently it lead to 
increased concentrations in the room. However, still we have little apprehension on such phenomena 
and field based data are particularly rare. 
Over a decade has passed after the large-scale housing investigation related to sick house syndrome 
and introducing the Japanese indoor air guideline value on 13 substances (MHLW of Japan, 2002). 
Since over recent periods the housing materials and physical performance have changed drastically, 
there may be also the possibility of changes in chemical properties and concentrations in indoor air. 
In this study, first the airtightness was examined in the 11 newly built wooden houses with a pull or 
push-pull ventilation system in Saitama prefecture in Japan, and then the air concentration of 
chemicals were measured in order to investigate the infiltration characteristics of chemicals from 
concealed spaces before and after experiencing negative pressure (depressurization in brief) by 
operating the kitchen range fan. Moreover, a correlation was assessed through the bivariate analysis 
between the variables such as chemical concentration, concentration variation, c-value, ventilation 
amount, and differential pressure. 

thresholds during occupation. More critically, only exactly demanded cooling or heating, CADR, and 
outdoor air were provided. In practice, the HVAC facilities or devices might not be so intelligent or 
robust to meet the exact needs. It was hence believed that most actual building energy consumption and 
utility might be somewhat higher than the numbers reported in this investigation. 

5 CONCLUSIONS 
This investigation added a model of indoor particulate filtration to the EnergyPlus software. The 
extended software was validated being able to predict the ventilation rate, indoor PM2.5 concentrations, 
temperatures, and air-conditioner energy in good agreement with the measurements. Then the validated 
software was adopted to evaluate the residential ventilation with indoor air filtration in a typical Chinese 
residential apartment. It was concluded that the indoor particulate filtration must be utilized in Northern 
China. If the particulate filtration is turned on when demanded, it does not consume much energy. The 
natural ventilation plus particle filtration is the most affordable means, though the ventilation rate may 
occasionally not be sufficient. The mechanical ventilation uses the most energy among the three 
ventilation modes. As compared with the mechanical ventilation, the hybrid ventilation can save some 
energy but relies on sensors for smart switch of the ventilation modes. 
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2 METHODS 
The measurement flow is shown in Figure 1. Airtightness (equivalent leakage area; c-value), 
ventilation volume, and air concentration of chemicals were targeted in the surveys. Air concentration 
was measured once respectively before and after experiencing a negative pressure formed by 
operating the kitchen range fan. 

2.1 Surveyed houses 
We targeted 11 wooden houses (ten ones for ventilation rate) built newly in compliance with the 
Japanese next generation energy conservation standards (2015) in Saitama area. All they have the 
conventional wooden post-and-beam structure and an air tightening envelope according to the 
standard. Specification of major materials included plywood and wooden floor, and vinyl wallpaper 
on gypsum board for wall and ceiling. The pull or push-pull type of ventilation system was installed 
for the continuous ventilation. All surveys were done before occupancy. 

2.2 Airtightness performance and ventilation volume  
According to JIS A 2201(Japanese Industrial Standards, 2017) on the test method for airtightness, “c-
value” (cm2/m2) was measured after sealing up opened spaces such as the kitchen hood, sewage inlet 
etc. and the infiltration characteristic “index n (-)” were derived by the calculating formula.  
Ventilation amount through ventilation system was measured by using an airflow meter (TAB master 
mini Model 6750) on the air inlet / outlet. The exhaust volume when operating the kitchen range fan 
was calculated with differential pressure, c-value and index n.  
  
 
 
 
 
 
 
 
 
 
 

Figure 1. Measurement flow 
 

2.3 Air concentration of Chemicals 
Air sampling was done once respectively before and after depressurization formed by operating the 
kitchen range fan. Sampling volume was 30L (at 1.0L/min) for carbonyl compounds with DNPH 
cartridge (InertSep mini AERO DNPH) and 3L (at 100mL/min) for VOCs with Tenax-TA tube 
(CAMSCO). Double sampling was done for VOCs and two tubes were connected in series, and 
additionally one more tube collected air volume of 0.1L (at 10mL/min) in order to check 
breakthrough. Quantitative analysis was performed with GC-MS (54 substances) and HPLC (12 
substances).  

Figure 2. Air sampling for chemicals and airtightness test 

airtightness test

air sampling

Measurement flow

Ventilating Ventilating the whole indoor space for 30 minutes or more as leaving all 
openings of house and furniture drawers open, and operating vent fans.  

Closing & vent volume Keeping on closing the openings of house for at least 5 hours and measuring
vent volume as leaving furniture drawers open and operating vent fans.

Collecting chemicals 1st air sampling (VOCs and aldehydes)

Sealing Seal up chinks and all other openings like sewage inlets and kitchen hood

Test airtightness Airtightness test  by pressuring from 0 to - 50 Pa at intervals of 5 Pa

Negative pressure Returning the house to an ordinary living environment by removing seal-
ups and airtightness test equipment. At this time, keeping on operating a 
continuous ventilation system and the kitchen range fan. 

Collecting chemicals 2nd air sampling  (VOCs and aldehydes)
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Table 1. Details of surveyed houses, airtightness (c-value) and ventilation performance 

 

3 RESULTS 

3.1 Airtightness characteristics and ventilation volume 
Table 1 summarized the measured airtightness performance(c-value), ventilation volume, and 
differential pressure between indoor and outdoor. The room temperature was measured in living room, 
main bedroom on 2nd floor, washroom, and outdoors. The averages of indoor three points were 
approximately 25℃ in October and 10℃ in mid-December. Except for House C and J, the differences 
of temperature were stable within 1℃ between 14: 00 to 16: 30 when the measurements were carried 
out usually. Even if in Houses C and J, the temperature differences were observed by -2.8 to 4.5℃, it 
was considered that the temperature variations were not severe and the error occurred by the inter-
flow or outflow through upstairs chink would be also small. Regarding the pressure difference and the 
infiltration air volume when performing the airtightness test, Hayashi et al.(2018) reported that the 
correlation was very strong  as showing the lowest determination coefficient R2 = 0.96 in House E. 
As shown in Table 1, c-value were from 0.1 to 3.0 cm2/m2, and index n is 1.0 to 1.6. The eleven 
houses had the performance for the airtight-house (c-value 5.0 cm2/m2 or less in the relevant area). In 
addition, except for three houses of A, I and J (c-value of 2.2, 3.0 and 2.6 cm2/m2 in order), other eight 
houses had the higher air tightening envelope to comply with requirements set in the specification for 
colder regions requiring c-value of 2.0 cm2/m2 or less. Meanwhile even in the same region, there was 
disparity in airtight performance depending on house suppliers.   

3.2 Air concentration of chemicals 
Acetone and seven other aldehydes were detected in carbonyl compounds. In House A, the 
acetaldehyde concentrations exceeded the guideline value (48μg/m3) as showing 147μg/m3 at the 
living room and 95μg/m3 at the bedroom before depressurization.  
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92 101 130 240 98 102 130 112 103 115 95

2.2 1.3 1.2 0.4 0.6 0.5 0.9 1.7 3.0 2.6 0.1

1.6 1.4 1.4 1.2 1.1 1.2 1.4 1.2 1.5 1.5 1.0

Supply (m3/h) 12 92 37 106 26 144 82 71 56 76

Exhaust (m3/h) 102 124 96 82 37 179 139 113 140 73

⊿Pv (Pa) 1.1 2.2 1.2 -5.3 6.0 2.9 3.4 0.9 2.4 -4.3

volume （m3/h) 388 276 367 183 203 305 305 345 443 433 86

⊿Pr (Pa) 15.4 16.5 19.6 25.8 25.3 60.3 21.1 12.6 9.7 9.9 63.2

WPB WPB WPB WPB WPB WPB WPB WPB WPB WPB WPB

Floor PW+WF PW+WF PW+WF PW+WF PW+WF PW+WF PW+WF PW+WF PW+WF PW+WF PW+WF

Wall PB+VC PB+VC PB+PF PB+PF PB+PF PB+PF PB+VC PB+VC PB+VC PB+VC PB+VC

Ceiling PB+VC PB+VC PB+PF PB+PF PB+VC PB+VC PB+RB PB+VC PB+VC PB+VC PB+VC

Floor F(GW) F(GW) - - - - - F(GW) F(GW) F(GW) -

Basement - - P（PSB） P（PSB） P（PSB） P（PSB） P（PSB） - - - P（PSB）

Wall F(GW) F(GW) F(C） F(C） P（PSB） P（PSB） F(WF) F(GW) F(GW) F(GW) P（PSB）

Ceiling F(GW) F(GW) - - - -
P(PSB)

+F(GW)
F(GW) F(GW) F(GW) -

Roof - - P（FB） P（FB） P（PSB） P（PSB） P（PSB） - - - P（PSB）

E E＆BS E E＆BS E(WS) E(WS) E＆BS E＆BS E＆BS E＆BS E＆BS

Kitchen range fan
(exhaust)

Insulation material

Ventilation system

Floor area （㎡）

Equivalent leakage area : c-value *

Expornent of leakage specific : n

Structure

Interior material

Ventilation system

WPB : wooden post-and-beam structure, PW : plywood, WF : wood floor, PB : plasterboard, VC : vinyl wall covering (paper),
PF : plaster finish, RB : rockwool board, P : plastic insulation, F : fiber insulation, GW : glasswool, C : Cellulose insulation,
WF : wood fiber, PSB : polystyrene board, PFB : phenol form board, BS : Base slit ventilation, E : exhaust ventilation,

E&S : exhaust and supply ventilation, WS : wall cavity air supply, VO : vegetable oil, UNK : unknown,  * : unit of c-value is (ｃm2/m2）

2 METHODS 
The measurement flow is shown in Figure 1. Airtightness (equivalent leakage area; c-value), 
ventilation volume, and air concentration of chemicals were targeted in the surveys. Air concentration 
was measured once respectively before and after experiencing a negative pressure formed by 
operating the kitchen range fan. 

2.1 Surveyed houses 
We targeted 11 wooden houses (ten ones for ventilation rate) built newly in compliance with the 
Japanese next generation energy conservation standards (2015) in Saitama area. All they have the 
conventional wooden post-and-beam structure and an air tightening envelope according to the 
standard. Specification of major materials included plywood and wooden floor, and vinyl wallpaper 
on gypsum board for wall and ceiling. The pull or push-pull type of ventilation system was installed 
for the continuous ventilation. All surveys were done before occupancy. 

2.2 Airtightness performance and ventilation volume  
According to JIS A 2201(Japanese Industrial Standards, 2017) on the test method for airtightness, “c-
value” (cm2/m2) was measured after sealing up opened spaces such as the kitchen hood, sewage inlet 
etc. and the infiltration characteristic “index n (-)” were derived by the calculating formula.  
Ventilation amount through ventilation system was measured by using an airflow meter (TAB master 
mini Model 6750) on the air inlet / outlet. The exhaust volume when operating the kitchen range fan 
was calculated with differential pressure, c-value and index n.  
  
 
 
 
 
 
 
 
 
 
 

Figure 1. Measurement flow 
 

2.3 Air concentration of Chemicals 
Air sampling was done once respectively before and after depressurization formed by operating the 
kitchen range fan. Sampling volume was 30L (at 1.0L/min) for carbonyl compounds with DNPH 
cartridge (InertSep mini AERO DNPH) and 3L (at 100mL/min) for VOCs with Tenax-TA tube 
(CAMSCO). Double sampling was done for VOCs and two tubes were connected in series, and 
additionally one more tube collected air volume of 0.1L (at 10mL/min) in order to check 
breakthrough. Quantitative analysis was performed with GC-MS (54 substances) and HPLC (12 
substances).  

Figure 2. Air sampling for chemicals and airtightness test 
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Ventilating Ventilating the whole indoor space for 30 minutes or more as leaving all 
openings of house and furniture drawers open, and operating vent fans.  

Closing & vent volume Keeping on closing the openings of house for at least 5 hours and measuring
vent volume as leaving furniture drawers open and operating vent fans.

Collecting chemicals 1st air sampling (VOCs and aldehydes)

Sealing Seal up chinks and all other openings like sewage inlets and kitchen hood

Test airtightness Airtightness test  by pressuring from 0 to - 50 Pa at intervals of 5 Pa

Negative pressure Returning the house to an ordinary living environment by removing seal-
ups and airtightness test equipment. At this time, keeping on operating a 
continuous ventilation system and the kitchen range fan. 

Collecting chemicals 2nd air sampling  (VOCs and aldehydes)
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Figure 3. Concentration of TVOC and sum of aldehydes. 
 
 

 
 
 
 
 
 
 

Figure 4. Correlation of concentration before and after depressurization. 
 

 

 

 

 

 

 

Figure 5. Concentration of typical VOCs issued from solvents and woods. 

For VOCs, 50 substances were detected and there were no ones that exceeded the guidelines. 
Meanwhile, high level of dichloromethane concentrations were observed in five of 11 houses as 
showing 1,448 ± 2,236 μg/m3 and the maximum of 5,878 μg/m3 at living rooms before depressurization. 
Since it was hardly detected at six other houses, it was found out that apparently different chemical 
substances or building materials were used depending on a constructor or a house supplier. 
The substance group making the largest contribution to TVOC was terpenes, and the sum of average 
values of α- / β-pinene, 3-carene and d-limonene surpassed 2,300μg/m3. In addition, ethylacetate 
(mean 41μg/m3), toluene (40μg/m3), styrene (26μg/m3), dodecane (57μg/m3) etc. were detected 
significantly. 
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3.3 Variations of chemical concentrations before and after experiencing negative pressure  
Statistical analysis was assayed on concentrations and concentration change rates (Crate) of chemicals 
before and after depressurization.  In what follows, “former” and “latter” would be used also for 
“before” and “after” depressurization. 
TVOC (in Figure 4): A significant correlation was assessed between living and bed room, which 
derived the correlation coefficient R = 0.74, p < 0.01 in before depressurization and R = 0.68, p < 0.05 
in after. At the same sampling points, as a matter of course, a high correlation (R = 0.92, p < 0.001) 
was obtained between former and latter concentrations and after depressurization the TVOC 
concentration increased by 319μg/m3 on average. The average of Crate was +20% at livings and + 39% 
at bedrooms after depressurization, and the rate of increase tended to be higher in bedrooms upstairs.  
Sum of aldehydes (in Figure 4): The highest R = 0.90 was found for the sum of carbonyl compounds 
between living and bed room before depressurization. It may come from that the number of 
determined substances were fewer than that of VOCs and carbonyl’s emission characteristics from 
building materials might be more simple.  
The latter concentrations showed a tendency to increase by 94μg/m3, while R = 0.69 was not assessed 
as highly as R = 0.92 of TVOC. Moreover, the slope of linear regression was 0.65 since the latter 
concentrations decreased at several houses where showed high former concentrations. 
VOCs issued from solvents (in Figure 5): The former and latter concentration variations of four 
VOC, i.e. toluene, ethylbenzene, xylene and styrene, which are frequently used as solvents, were 
selected. The high correlation of R = 0.89 were obtained and they increased by about 60% after 
depressurization. Since solvents are often used for surface treatment or additive agent, it has a high 
volatility and a rapid emission due to negative pressure. 
VOCs issued from woods (in Figure 5): α-, β-pinene, 3-carene and d-limonene were selected from 
the reason why were the typical aromatic substances emitted from Japanese cedar and pine. A high 
correlation was observed as slightly increasing after depressurization with a slope 1.1. In addition, 
slightly increased concentrations were observed in the houses that showed a low former concentration, 
while the house having a high former concentration showed the tendency to slightly decrease 
afterwards.  
Unlike the solvents type of VOC, wood issuing components did not fluctuate before and after, which 
might mean that an internal diffusion-controlled type material typified by woods were not 
significantly affected by the external pressure change. 

4 DISCUSSION 
Aldehydes and VOCs all showed the tendency to increase after depressurization and it was confirmed 
that the formation of negative pressure indoors promoted the emission of chemical substances from 
building materials or concealed spaces. In particular, solvent type of VOCs were largely affected by 
depressurization, and VOCs issued from woods remained only small fluctuation. Likewise, it was 
observed that aldehydes also had different emission properties between formaldehyde contained in 
internal diffusion-controlled materials and acetone typified by solvent. However, the concentration 
increase rate of aldehydes did not appear significantly as compared with VOCs. 
The bivariate analysis was performed with the significance level of 5% and Guilford's Rule of Thumb 
was applied for the correlation classification. The objective variables were Crate (%) of chemicals 
exceeding to 10μg/m3 or more in average concentration after depressurization or being detected in 
most of the surveyed houses, and the following substances were chosen; formaldehyde, acetaldehyde, 
acetone, 2-propanol, dichloromethane, 2-butanone (methylethylketone), ethylacetate, 1-butanol, 
toluene, n-butyl acetate, ethylbenzene, m, p-xylene, styrene, α-pinene, β-pinene, 3-carene, d-limonene, 

 
 
 
 
 
 
 

Figure 3. Concentration of TVOC and sum of aldehydes. 
 
 

 
 
 
 
 
 
 

Figure 4. Correlation of concentration before and after depressurization. 
 

 

 

 

 

 

 

Figure 5. Concentration of typical VOCs issued from solvents and woods. 

For VOCs, 50 substances were detected and there were no ones that exceeded the guidelines. 
Meanwhile, high level of dichloromethane concentrations were observed in five of 11 houses as 
showing 1,448 ± 2,236 μg/m3 and the maximum of 5,878 μg/m3 at living rooms before depressurization. 
Since it was hardly detected at six other houses, it was found out that apparently different chemical 
substances or building materials were used depending on a constructor or a house supplier. 
The substance group making the largest contribution to TVOC was terpenes, and the sum of average 
values of α- / β-pinene, 3-carene and d-limonene surpassed 2,300μg/m3. In addition, ethylacetate 
(mean 41μg/m3), toluene (40μg/m3), styrene (26μg/m3), dodecane (57μg/m3) etc. were detected 
significantly. 

OA Before_Living After_Living c Value

C
on

ce
nt

ra
tio

n 
[μ

g/
m

3 ] 

0

1

2

3

4

0

500

1000

1500

2000

2500

3000

3500

4000

A B C D E F G H I J L

I/O
 R

atio [ - ] 

0

1

2

3

4

5

0

100

200

300

400

500

A B C D E F G H I J L

C
on

ce
nt

ra
tio

n 
[μ

g/
m

3 ] 

I/O
 R

atio [ - ] 

TVOC Sum of aldehydes

y = 1.5928x + 0.6647
R² = 0.7848

0

50

100

150

200

0 50 100 150 200

Toluene
Ethyl benzene
m,p-Xylene
Stylene

y = 1.1011x + 51.885
R² = 0.9305

0

1,000

2,000

3,000

4,000

5,000

6,000

7,000

0 1,000 2,000 3,000 4,000 5,000 6,000 7,000

α-Pinene

β-Pinene

3-Carene

Limonene

Concentration before depressurizing [ μg/m
3
] 

C
on

ce
nt

ra
tio

n 
af

te
r

de
pr

es
su

riz
in

g 
[ μ

g/
m

3  ] 

C
on

ce
nt

ra
tio

n 
af

te
r

de
pr

es
su

riz
in

g 
[ μ

g/
m

3  ] 

Concentration before depressurizing [ μg/m
3
] 

Concentration before depressurizing [ μg/m
3
 ] 

 

C
on

ce
nt

ra
tio

n 
af

te
r

de
pr

es
su

riz
in

g 
[ μ

g/
m

3  ] 

C
on

ce
nt

ra
tio

n 
af

te
r

de
pr

es
su

riz
in

g 
[ μ

g/
m

3  ] 

Concentration before depressurizing [ μg/m
3

] 
 

y = 1.003x + 319.2
R² = 0.8475

0

500

1,000

1,500

2,000

2,500

3,000

3,500

0 500 1,000 1,500 2,000 2,500 3,000 3,500

y = 0.6486x + 94.053
R² = 0.4806

0

100

200

300

400

500

0 100 200 300 400 500

TVOC Sum of aldehydes

|  83PROCEEDINGS — Roomvent & Ventilation 2018 |  83PROCEEDINGS — Roomvent & Ventilation 2018

Track 1 – Personal conditions: Air quality (AQ)



dodecane. The explanatory variables were c-value, differential pressure, ventilation amount and types 
of ventilation system. 
No significant correlation was derived from among Crate of individual substances and the explanatory 
variables. Additional analysis was also done on the combinations of three aldehydes, four VOC of 
solvents, four VOC of wood origination, TVOC, and the integrated data of 15 VOCs and TVOC. As a 
result, five items for airtightness c-value, three items for differential pressure, four items for 
ventilation volume and three items for air change rate showed a significant difference, while there 
were no items with a significantly moderate or strong correlation among them.  

5 CONCLUSIONS 
Although the equivalent leakage area “c-value” ranged 0.1 to 3.0cm2/m2 as showing variations 
depending on house suppliers, it complied with the relevant standard that c-value should be 5.0 
cm2/m2 or less for the airtight house in that region.  
There were not any other individual chemicals exceeding the Japanese guideline except that 
acetaldehyde surpassed the guideline at two rooms in House A. Meanwhile, TVOC exceeded the 
tentative criterion 400μg/m3 from all measured rooms except for only two rooms out of 11 houses. 
Dichloromethane was also detected at high levels in five houses, and there were the maximum 
exceeding up to 6,000μg/m3. It is the substance whose discontinuation recommendation of use has 
been issued due to a strong human toxicity, and the edification is also necessary to make relevant 
peoples understand so as to stop the use at the construction site. 
After depressurization, the concentration increase rate at bedrooms tended to surpass that of living 
rooms, and TVOC concentration increased by 320μg/m3 on average. Any significant correlation was 
not observed among “types of ventilation system, airtightness performance (c-value), differential 
pressure and ventilation rate” and “concentrations and/or concentration change rates of chemical 
substances”.  
As the airtight performance of housing has been improved in recent years, it is apparent that an indoor 
negative pressure could be formed by using the kitchen range fan and consequently it could lead to 
increased indoor concentration of chemicals regardless of the type of ventilation system. 
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SUMMARY 
Particulate matter (PM) comprises solid and liquid particles suspended in the air. When particles are 
inhaled, they can affect health to different degrees, based on the particles’ size and composition. 
Particles can be generated in the house (gas cooking, candles, materials used for building construction, 
etc.) or origin from outdoor sources as traffic. Ventilation systems reduce particle concentration if the 
supply air is filtered. However, the smaller fractions of particles may transfer through the filters and, 
when using heat wheels there is a risk for internal and carryover leakages.  
To study the transfer of particles through heat wheels, measurements have been performed in the 
Norwegian zero emission building (ZEB) Living Lab in Trondheim (highly insulated building with n50 
of 0.5 ach). Particle measurements were performed by optical particle counter adjacent to the heat wheel. 
Results show particle concentrations higher than one would expect given that the house was not 
occupied during the measurement period. In addition, more small particles are measured after passing 
the heat wheel indicating a possibility that the heat wheel may affect breakdown of some larger particles.    

Keywords: Particulate matter (PM), Zero Emission Buildings (ZEB), Heat wheels, Particle transfer. 

1 INTRODUCTION  
In modern societies, people spend nearly 90 % of their time indoors. Buildings stand for about 40 % of 
the total energy use in most developed countries and HVAC systems stand for about 50 % of this (Persily 
et al., 2004). To reduce energy consumption, new and renovated buildings are highly insulated and 
airtight. However, to maintain indoor air quality (IAQ), ventilation systems are essential. It is a clear 
challenge to balance the relationship between IAQ and energy use (Cao et al., 2014). In cold climates, 
the difference between indoor and outdoor temperature may reach 40 degrees Celsius, thus supply of 
fresh air can be very energy consuming (Justo Alonso et al., 2015). Using heat recovery in ventilation 
reduced the supplied energy use for heating supply air. The Norwegian standard for passive houses 
requires  efficiencies of heat recovery of at least 80 % (Standard Norge, 2013)  and only heat wheels can 
supply such efficiencies without frost clogging. 
The use of filtered outdoor air seems the solution to dilute indoor generated pollutants. Research proves 
that pollutant source control is the most efficient. Depending on pollutants nature, size, electrostatics, 
among others, removal efficiency differs. There is disagreement about real effect of increasing airflow 
rates on removal of pollutants and users’ performance. Research shows links between ventilation and 
health outcomes, but could not develop clear causality. Thus, no distinct/ conclusive ventilation-health 
relationship exist and recommendations for airflow rates differ between countries (Carrer et al., 2015). 
Related to the size, the deposition of particles may happen in different parts of the breathing system. 
The deeper inside the body the particles are deposed the worse are they for health (World Health 
Organization, 2013). Particles with a size between about 5 μm and 10 μm are most likely deposited in 

dodecane. The explanatory variables were c-value, differential pressure, ventilation amount and types 
of ventilation system. 
No significant correlation was derived from among Crate of individual substances and the explanatory 
variables. Additional analysis was also done on the combinations of three aldehydes, four VOC of 
solvents, four VOC of wood origination, TVOC, and the integrated data of 15 VOCs and TVOC. As a 
result, five items for airtightness c-value, three items for differential pressure, four items for 
ventilation volume and three items for air change rate showed a significant difference, while there 
were no items with a significantly moderate or strong correlation among them.  

5 CONCLUSIONS 
Although the equivalent leakage area “c-value” ranged 0.1 to 3.0cm2/m2 as showing variations 
depending on house suppliers, it complied with the relevant standard that c-value should be 5.0 
cm2/m2 or less for the airtight house in that region.  
There were not any other individual chemicals exceeding the Japanese guideline except that 
acetaldehyde surpassed the guideline at two rooms in House A. Meanwhile, TVOC exceeded the 
tentative criterion 400μg/m3 from all measured rooms except for only two rooms out of 11 houses. 
Dichloromethane was also detected at high levels in five houses, and there were the maximum 
exceeding up to 6,000μg/m3. It is the substance whose discontinuation recommendation of use has 
been issued due to a strong human toxicity, and the edification is also necessary to make relevant 
peoples understand so as to stop the use at the construction site. 
After depressurization, the concentration increase rate at bedrooms tended to surpass that of living 
rooms, and TVOC concentration increased by 320μg/m3 on average. Any significant correlation was 
not observed among “types of ventilation system, airtightness performance (c-value), differential 
pressure and ventilation rate” and “concentrations and/or concentration change rates of chemical 
substances”.  
As the airtight performance of housing has been improved in recent years, it is apparent that an indoor 
negative pressure could be formed by using the kitchen range fan and consequently it could lead to 
increased indoor concentration of chemicals regardless of the type of ventilation system. 
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trachea and bronchi. Smaller sizes particles may penetrate into lungs and affect gas exchange (World 
Health Organization, 2007). Eventually, the finest particles can get into the bloodstream causing 
significant health problems. Most particles smaller than 1μm will go completely down to the alveolar 
and can move further into the cellular tissue and/or circulatory system (Kim, Kabir and Kabir, 2015). 
PM10 or larger are related to infections and allergies. PM2.5 or smaller are connected to cancer, 
cardiovascular problems and early death. 
In addition to size, the composition of the PM impacts the health hazard; yet, literature is scarce 
regarding the concrete effects of the different materials. Organic chemical components and transition 
metals associated with PM contribute to cardiorespiratory effects related to oxidative stress (OS). OS is 
responsible for inflammations in lungs and cardiovascular system. Ultra-fine particles have large 
surface-areas adsorbing chemicals available for redox or electrophilic chemistry (Oberdörster G 2005). 
Epidemiological studies show relationship between PM concentration in outdoor air and incidence of 
health-related problems or diseases. Yet, it is less known the relation between indoor dust concentrations 
and associated health risks (Fromme et al., 2007). Particles are a larger risk to human health than other 
source of pollution as carbon dioxide (Kim, Kabir and Kabir, 2015). Airborne PM are heterogeneous 
mixture of particles suspended in air whose composition depends on time , space and origin (World 
Health Organization, 2013). Dust particles can contain allergens such as birch pollen and mildew spores, 
irritants such as concrete particles and mineral wool fibers, and others with unknown but noticeable 
effect. It is therefore important minimize particulate matter in the intake air. We must get to know where 
particles originate from, if they are introduced through fresh air, generated in ventilation systems, or 
produced by the user's activities, and if they are changed along the way. 
In their paper, (Justo Alonso, M. Cao, G., Mathisen, 2016) performed some measurements in the ZEB 
Living Lab to map occupants effect on indoor particle production. They concluded that in this building, 
the effect of occupant’s activities has a large impact on the measured concentration of particles. Yet, they 
did not study the issues connected to transfer of particles through a heat wheel. Use of heat wheel is current 
in Norway and we expect it to increase to comply with increasing requirements of effectiveness of heat 
recovery in ventilation. A systematic literature review was conducted but no references were found on 
this topic. Therefore, in this paper the focus lies on the particle transfer through heat wheels and possible 
changes in their nature and size. The hypothesis of this research is that when coarse particles pass through 
a heat wheel they may break. This is important as small sizes are connected to larger health risk. This 
paper is an introductory study on how ventilation heat recovery affect particles in the air but it should be 
completed with a study of how other components affect such as fans, heating batteries, etc. 

2 METHODS 

2.1 Living Lab 
The Living Lab, was constructed in 2014 as a single-family residential building (Figure 1). It is built 
with state-of-the-art technologies for energy conservation and solar energy exploitation combined with 
high-insulated envelope. For more information see (Finocchiaro, Goia, Grynning, 2014)).  

a)     b)  

Figure 1 Photos of the Living Lab in the ZEB centre, a) outside view, b) ventilation system. 
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Living Lab has a gross volume of nearly 500 m3 and 100 m² heated floor area. The ventilation system 
is designed as mixed-mode hybrid with mechanical balanced ventilation. Air is supplied in living room 
and bedrooms and the extract outlets are in bathroom and kitchen. The air handling unit can at maximum 
supply and extract 360 m³/h. The two F7 class filters should be changed every six months. During the 
field measurements, only 150 m³/h mechanical balanced ventilation was run. A heat wheel unit with a 
nominal theoretical effectiveness of 85% (Finocchiaro, Goia, Grynning, 2014).  

2.2 Measurement conditions 
To illuminate the research question, field measurements were conducted in the Living Lab gauging PM 
concentrations during two periods. The first data set shows 2-days measurements with new filters, the 
second data set, one-day measurements with filters 8 months old. Area has medium traffic.  
Figure 2 shows the layout of the ventilation system and the positioning of the two optical Particle 
Counters. Two optical Handheld Particle Counters were used to log the particle concentrations in the 
exhaust air flow side. The particle counters may measure particles in the range of 0.3 to 10 μm with a 
flow rate of 0.1 CFM (2.83 L/min). The instrument counts particles with size lower than 0.3 μm (named 
in the paper PM0.3), particles between 0.3 μm and 0.5 μm (named in the paper PM0.5), particles between 
0.5 μm and 1 μm (named in the paper PM1), particles between 1 μm and 2.5 μm (named in the paper 
PM2.5), particles between 2.5 μm and 5 μm, (named in the paper PM5), particles between 5 μm and 
10 μm (named in the paper PM10), in a determined volume of air. The two optical counters have been 
calibrated by the manufacturer. The optical were placed in the extract air flow from the room before 
and after the heat exchanger. In addition, two extra measurements were taken on the supply side but are 
not presented in the paper as they have different accuracy and concentrations are measured in different 
air volumes, making values difficult to compare.  

        
Figure 2 Left: Optical Handheld Particle Counter.Center: Picture of location of the two particle 
counters in the ventilation system. Right: Sketch of position of presented measurements  

 

 

3 RESULTS AND DISCUSSION 
The first set of results presents data to compare the difference on particle concentrations before and after 
the heat wheel with a new filter. The purpose of these measurements is to prove the transfer of particles 
when they pass the heat wheel. The purpose of the second measurement data set was showing different 
filtering efficiency for new and old filters. Least squares regression analysis was used to predict 
correlations between particle counts for different size fractions before and after the heat wheel. The goal 
of these test was to compare if the disappearance of coarse and increase of finer particles are correlated. 

3.1 Measurements before and after the heat wheel with a new filter 
Figure 3 shows the breakdown of the different particle matter sizes. The 6 graphs provide the 
intercorrelation among the different sizes. Fine particle fractions peak in timing related to high traffic, 
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Figure 1 Photos of the Living Lab in the ZEB centre, a) outside view, b) ventilation system. 
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after work at about 4 p.m. Coarse fractions have peaks at a different time, and maybe their origin is 
connected to turning off wood stoves in the neighborhood. The statistical study of the correlation 
between the different sizes proves a strong correlation (0.783) between PM5 correlated to PM1 and 
weaker correlations between PM 0.3 and PM0.5 and PM1 to PM0.5 (corr=0.307 and 0.274 
respectively). and negligible correlations for the other sizes. 

 

 
Figure 3. Breakdown of the different particle matter sizes test with new filters 

3.2 Measurements before and after the heat wheel with an old filter 
The data presented in Figure 4 is taken for one-day measurements with filters eight months old. The 
small size of the dataset and constantly very low concentrations of any size of pollutants meant that it 
was not possible to analyse correlations between particles sizes before and after the heat wheel, and all 
the correlations factor were below 0.1 and the standard deviation was too high to consider fit regression. 
Whilst this study did not confirm particle transfer and or breakage, it did substantiate that old filters are 
much more efficient than recently installed. Yet old filters incur on larger specific fan power. 
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Figure 4 Breakdown of the different particle matter sizes test with old filters 

 

3.3 Limitations and general findings 
Put in context, these results suggest that there is an association between differences in particle number 
before and after the heat wheel, at least for the first data set. It was not possible to investigate significant 
relationships of particle sizes in the second test further because of the limitations on each PM sizes 
samples. This limitation makes these findings less generalisable and more test should be done. 
A limitation of the least square regression and correlations is the lack of time dependency. Maybe time 
series should have been also used to account for possible agglomeration of particles with a posterior 
breakdown when the mass overpassed a critical size. Agglomeration takes time and would not be reflected 
on simple least squares regressions. A second limitation is that even though four measurements were taken 
at the same time, only the two before and after the heat wheel are presented as they are both done with the 
same equipment. An analysis of the dust compositions could help solving the particle origin uncertainty. 
Notwithstanding these limitations, the study suggests that by passing through the heat wheel the number 
of fine particles is larger after the heat wheel pointing towards transfer by internal leakages or carryover 
leakages or break of agglomerated larger particles into smaller. The opposite is true for coarse PM, there 
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are more particles before than after the heat wheel, pointing towards a break of particles when passing 
through the heat wheel. In addition, the most important limitation of these data is the accuracy of the 
instrument measurements, larger for larger particles than for the smaller fractions. 

4 CONCLUSIONS 
This paper has argued that the number of particles before and after a heat wheel are not constant 
indicating that either particles are transferred or generated while passing through the wheel. In this 
investigation, the aim was to asses' correlations supporting the hypothesis that particles are broken down 
to smaller sizes while passing through the rotating wheel. Overall, these results indicate that there is a 
variation or particles number and that there is correlation between the increase on smaller particles and 
the increase of larger. However, only one of the two test probes this. 
Given that the hypothesis is true: Heat wheel itself, leakages in the heat wheel, heat coils and fans will 
probably influence on the particle size and further considerations should be taken. For example, having a 
filter before the air is supplied to the room. In existing air handling units for residential buildings, the filter 
is only before the heat wheel. Given that in some cases air goes through a heating battery there may be 
changes in the dust due to temperature increase or burn of dust, and these may be related to health issues. 
There are still many unanswered questions and further research in this topic should be undertaken to 
investigate the possible health issues of providing smaller fractions of dust and possibly the use of a 
second (finer) filter should be studied. In future investigations, it might be possible to use a dust analysis 
to map precedence of dust and act accordingly. These conclusions can be drawn from the present study, 
but generalizations should not be taken unless a more exhaustive data set is used for evaluation.  
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SUMMARY  
No inhalation toxicity assessment (H314) is currently required of non-volatile substances (European 
REACH). However, our study shows that non-volatiles can mobilise into humid air. Aerosolisation of 
potentially hazardous, medium to large molecular-size (300 – 1500 g/mol) substances relevant to indoor 
air quality were studied in glass test chambers. The test substances, which are classified non-volatile 
based on their large molecular structure and lack of vapour pressure data, were: 1) toxins of building 
colonizing moulds, 2) biocidal cationic antimicrobials, and 3) non-ionic tenside and wetting agent 
polyoxyethylene isotridecanol ether, widely used in building materials and a major constituent of indoor 
cleaning formulations. 
Each test substance (0.9 – 30 mg) was dosed on a glass tray, placed on the chamber floor. Humidity was 
controlled by a humidifier and a dehumidifier and intermittent ventilation. Humidity-driven 
mobilisation of the non-volatile substances transferred the substances from the tray into chamber air, 
where it was detected with TVOC sensors. The water vapour was condensed in the dehumidifier, where 
the test substances could be detected using capillary electrophoresis analyser. 
Humidification and dehumidification and ventilation removed the test substances from the trays. This 
protocol could be applied to contaminated indoor spaces during low activity hours to reduce human 
exposure the adverse substances.  
Keywords: indoor air, wetting agent, alcohol polyethoxylate, Genapol, cleaning agent, quaternary 
ammonium, polyguanide, PHMG, PHMB, antimicrobial, ochratoxin A, mycotoxin, vaporisation, VOC 
sensors, capillary electrophoresis  

1 INTRODUCTION  
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is assumed to be unlikely. In general, non-volatile chemicals are exempted of inhalation toxicity 
assessment for EU registration. However, water vapour reportedly carries water insoluble (lipophilic) 
toxic substances. It has been shown that water vapour mobilises hydrophobic toxins in buildings, e.g. 
valinomycin and toxins of Penicillium expansum (Andersson et al., 2010, Salo et al., 2015). Objective 
of the current study was to measure humidity driven mobilisation of toxic, building related non-volatile 
chemicals and microbial metabolites. 
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2 METHODS 

2.1 Equipment, field and chamber measurements 
The measurements were conducted in enclosed all-glass chambers of 90 l volume and 0.8 l metal lid 
chambers (Figure 1). The lid was sealed airtight with adhesive aluminium tape. The chambers were 
equipped with sensors for recording TVOC, temperature and humidity values once a minute. Multiple 
sensors (2 or 3) were placed at different distances from the emission source, which was located on the 
chamber floor. The 90 l chambers were equipped with timer-controlled humidifier, switching on for 5 
minutes at intervals of 90 minutes. The dehumidifier consisted of a Peltier cooler with heat sinks and two 
fans to maintain air turbulence inside the chamber and to cool the outside surface of the Peltier element. 

  
Figure 1 Experimental chambers of this study. Small chamber, 0.8 l (left), aquarium chamber, 90 l. 

Sensors used were Grove Temperature and Humidity Sensor Pro, TVOC sensors MICS-VZ-89TE by 
SGX Sensortech, Corcelles-Cormondreche, Switzerland and iAM TVOC sensors by AMS AG, 
Praemstetten, Austria. Both TVOC sensor types recorded airborne concentration of organic substances 
as CO2 equivalents, with baseline (blank, zero emission) set at 400 ppm. Prior to each experiment, the 
baseline of the TVOC sensors was tested in ambient air (blank) and in humid air (RH 100%), to match 
the pre-set sensor baseline. Resistance of the MICS -VZ-89TE sensors increased upon aging, we only 
used sensors with resistance readings lower than 250 kOhm. 

2.2 Chemicals and reagents used in this study 
PHMG (polyhexamethylene guanidine chloride, CAS 138261-41-3) and PHMB (polyhexamethylene 
biguanide, CAS 27083; 32289-58-0) were 0.5% aqueous solutions purchased from A. Seppälä, Espoo, 
Finland and from Biovasa Oy, Turku, Finland respctively. These and similar other products were 
marketed in Finland by numerous companies for remediation of and prevention of building 
contaminating moulds at new and existing premises, and as disinfectants at public spaces. Genapol 
X080 (Sigma-Aldrich, 98%, v/v) is polyoxyethylene isotridecanol ether (CAS 9043-30-5, 552 g/mol). 
Didecyl-dimethyl-ammonium chloride (DDMAC) (CAS 7173-51-5; 362,08g/mol), a widely used 
biocidal detergent (“quat”). It was purchased as 50% (w/v) in isopropanol (Merck Schuchardt). Prior to 
the chamber experiments, the solvent was evaporated at +60oC in a fume hood until dry. Metabolites of 
building related moulds were purchased as purified substances: ochratoxin A of Aspergillus ochraceus 
(CAS 303-47-9; 403.81 g/mol, Acros Organics); emodin (>90%, HPLC, 270.24 g/mol, CAS 518- 82-
1); enniatin B (CAS 917-13-5, 639.8 g/mol) from Alexis chemicals. 1-octen-3-ol (CAS 391-86-4, 96%, 
128.22 g/mol, Sigma) was used as a reference for fungal mVOC. All substances were of analytical or 
technical products containing no fragrances or other ingredients. 
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3 RESULTS AND DISCUSSION 

3.1 Non-volatile indoor chemical substances generate chemical fog when transiently exposed 
to humidity 
The building associated chemicals, reportedly non-volatile, produced response in the TVOC sensors 
when relative humidity exceeded >50%. This was observed using air-tight, all-glass test chambers 
(Figure 1), where air was humidified in controlled manner at constant temperature. Figure 2 shows the 
plots of TVOC, air humidity and temperature after weighed amounts (0.3 - 30 mg) of Genapol X080, 
PHMG, PHMB or DDMAC were placed on a glass tray inside a chamber. Following periodic humidity 
increases, the test substances were emitted into chamber air in a pulsed manner. Airborne TVOC inside 
the closed chamber decreased each time when humidity of the chamber air decreased, indicating 
transient sorption of the substance onto the inner surfaces of the chamber. When the chamber lid was 
opened for ventilation, airborne test substances purged out of the chamber. When the tray held distilled 
water only or was empty, the TVOC sensors gave the baseline reading 400 ppm irrespective of the 
humidity. The background value 400 ppm is subtracted from Figures 2 and 3.  

 

Figure 2. Examples of TVOC responses of three building-related, non-volatile chemicals to air 
humidity. The ambient RH was 16% to 32%, temperature 21 to 24 ̊C. The figure shows TVOC 
emissions of the wetting agent Genapol X080, and the biocides PHMG, and DDMAC. The common 
volatile fungal semiochemical, 1-octen-3-ol was tested as reference. The emission source on a glass 
tray (Ө 38 mm), was placed on the floor of a 90 l all-glass chamber (Figure 1) After air tight- sealing 
of the chamber, the enclosed air was intermittently humidified (RH 99.9%, 5 min) and dehumidified 
(to RH 25 – 45% , intervals of 90 min. After 220 min the glass tray containing Genapol was removed. 
At 67 min PHMG test was started. At 110 min, 440 min, 610 min and 350 min, in each test 
respectively (arrow heads) the chamber was ventilated and resealed. The input substance minus 
residual substance was 0.3 – 9 mg per chamber.  
Until 2013, PHMG was the most widely used biocide in Finland for prevention and remediation of indoor 
mould. It was banned in the European Union, when scientific reports proved that 0.1 mg PHMG l-1 
dispensed in residential humidifiers was responsible for hundreds of cases of fibrotic lung injury, including 
fatalities among children and pregnant women in South Korea (Lee et al., 2012, Park et al., 2015).  
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fans to maintain air turbulence inside the chamber and to cool the outside surface of the Peltier element. 
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SGX Sensortech, Corcelles-Cormondreche, Switzerland and iAM TVOC sensors by AMS AG, 
Praemstetten, Austria. Both TVOC sensor types recorded airborne concentration of organic substances 
as CO2 equivalents, with baseline (blank, zero emission) set at 400 ppm. Prior to each experiment, the 
baseline of the TVOC sensors was tested in ambient air (blank) and in humid air (RH 100%), to match 
the pre-set sensor baseline. Resistance of the MICS -VZ-89TE sensors increased upon aging, we only 
used sensors with resistance readings lower than 250 kOhm. 

2.2 Chemicals and reagents used in this study 
PHMG (polyhexamethylene guanidine chloride, CAS 138261-41-3) and PHMB (polyhexamethylene 
biguanide, CAS 27083; 32289-58-0) were 0.5% aqueous solutions purchased from A. Seppälä, Espoo, 
Finland and from Biovasa Oy, Turku, Finland respctively. These and similar other products were 
marketed in Finland by numerous companies for remediation of and prevention of building 
contaminating moulds at new and existing premises, and as disinfectants at public spaces. Genapol 
X080 (Sigma-Aldrich, 98%, v/v) is polyoxyethylene isotridecanol ether (CAS 9043-30-5, 552 g/mol). 
Didecyl-dimethyl-ammonium chloride (DDMAC) (CAS 7173-51-5; 362,08g/mol), a widely used 
biocidal detergent (“quat”). It was purchased as 50% (w/v) in isopropanol (Merck Schuchardt). Prior to 
the chamber experiments, the solvent was evaporated at +60oC in a fume hood until dry. Metabolites of 
building related moulds were purchased as purified substances: ochratoxin A of Aspergillus ochraceus 
(CAS 303-47-9; 403.81 g/mol, Acros Organics); emodin (>90%, HPLC, 270.24 g/mol, CAS 518- 82-
1); enniatin B (CAS 917-13-5, 639.8 g/mol) from Alexis chemicals. 1-octen-3-ol (CAS 391-86-4, 96%, 
128.22 g/mol, Sigma) was used as a reference for fungal mVOC. All substances were of analytical or 
technical products containing no fragrances or other ingredients. 
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PHMG was replaced with PHMB with similar toxicity and antimicrobial impacts. PHMB generated 
humidity driven TVOC responses similar to PHMG in our tests. Therefore, it is unlikely to be a safe 
chemical.  
DDMAC has widely been used for disinfecting purposes. The humidity driven TVOC emissivity of 
DDMAC is shown in Figure 2. DDMAC is toxic to mammalian cells by being lipophilic (Kow = 2.58) 
and strongly cationic, thus electrostatically adhering onto the negative charged surfaces of mammalian 
mucous membranes (Wessels & Ingmer, 2013).  
Genapol X080 is a non-ionic detergent and wetting agent. It is widely used preservative in technical 
materials, water-based paints, 1 – 8% (w/v) in cleaning products used at schools, kindergartens, 
public and private premises. It has also been used as an additive in gypsum and concrete (bubble 
former), and softener in vinyl plastics (e.g. flooring). The ex vivo measured mammalian cell toxicity 
of Genapol X080 is high, matching that of known poisons, arsenic trioxide, and potassium cyanide, 
with an EC50 of < 10μg/ml for boar sperm cells measured by inhibition of sperm motility (Andersson 
et al., 2010; Bencsik et al., 2014).  

3.2 Transient pulses of airborne humidity may mobilise mycotoxins of molecular size too high 
to be detectable as VOC  
Figure 3 shows TVOC and humidity response of the non-volatile Aspergillus mycotoxin, ochratoxin A 
(OTA, 403 g/mol), which is a molecule 3-fold bigger than 1-octen-3ol, which was used as the reference 
fungal VOC (Figure 2). The TVOC output of 1-octen-3-ol changed less than 2-fold, irrespective of the 
humidity of the chamber air (Figure 2). Humidifying the air in contact with OTA to RH 90% increased 
its TVOC sensor output (0.3 mg on the tray) from barely visible to over 1000 ppm (Figure 3, measured 
in 0.8 l chamber).  
The two other tested mycotoxins, emodin (270 g/mol) and enniatin B (639 g/mol) gave similar TVOC 
responses to humidity than OTA (not shown). The three mycotoxins OTA, enniatinB, and emodin 
represent the typical molecular weight range (250 to 800 g/mol) of toxins emitted by building relevant 
Aspergillus, Penicillium and Paecilomyces fungi (Nielsen & Smedsgaard, 2003). These molecular sizes 
are too high to be detected using the official standard gas chromatography-based testing protocols for 
VOC (EN 16516:2017). The results in Figures 2 and 3 indicate, that when humidity is high, also the 
large molecular toxins (enniatin B) may become inhalable even in absence of fungal particulates, such 
as spores or hyphal fragments.  
1-octen-3-ol (128 g/mol) is a semiochemical present in the volatome of numerous fungi. Interestingly, the 
data in Figure 2 show that humidity did not increase its volatilisation. The result is important, since 1-
octen-3-ol is known to be neurotoxic by disrupting dopamine packaging (Inamdar et al., 2013). Exposure 
to 1-octen-3-ol was shown to connect statistically significantly to human ill health symptoms (OR, 
mucosal symptoms, 1.91) in a large study made in three North European cities (Sahlberg et al., 2013).  

 

Figure 3. Pure ochratoxin A (OTA), 0.9 mg on a 
glass tray moistened with 100 μl of water, was 
enclosed in 0.8 l chamber (Figure 1). Sensors for 
humidity, temperature and TVOC were located 11 
cm above the tray. In humid air (RH>70%) OTA 
behaved like VOC gases. It was purged from the 
chamber upon ventilation (at 45min for 1 min, at 65 
min for 4 min) but it was restored by desorption 
from the inside chamber surfaces after the chamber 
was closed. 
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3.3 Capillary electrophoresis as a tool to verify humid air carriage of chemical fogs  
The experimental evidence, discussed above, suggests that humid air may act as a vehicle for adverse 
substances resulting in human exposure by inhalation. Figure 4 shows two options for preliminary 
quantitation and identification of the air humidity carriage of adverse substances: time of migration (for 
polydisperse substances) and wavelength selection (Riekkola et al., 1997; Adler & Siren, 2014). When 
the substances need to be identified, mass spectral analysis may be used. Salo et al. (2015) reported 
earlier the presence of toxic substances in water condensate, harvested from indoor water vapour of a 
building affected by toxigenic moulds, Aspergillus versicolor, A. calidoustus, and Penicillium 
expansum. The Penicillium expansum isolates of that building emitted liquid droplets containing the 
mycotoxins communesins and chaetoglobosins, identified by LC/MS. 

 

Figure 4. Capillary electropherograms of the input PHMG (top traces) and of the vapour condensate 
harvested from the chamber spiked with PHMG (bottom traces). The detector was set to collect 
absorbance at 320 nm and 360 nm wavelengths. The diagrams show original tracings of the water 
solutions with no pre-treatment. PHMG is a polydisperse mixture of oligomers, some of which appear 
to have migrated with airborne vapour into the condensate during the 800 min run. 

4 CONCLUSIONS  
A set of toxic non-volatile chemicals and fungal metabolites was selected for testing water vapour 
mediated carriage: non-volatile building related chemicals and non-volatile mycotoxins. In humid air 
(RH ~50 – 70%) several non-volatile, harmful chemicals became airborne and may thus expose humans 
by inhalation to chemicals and toxins that behave in humid air as volatiles. Humid air allowed exodus 
of non-volatile chemicals and toxins to become airborne in the test chambers within minutes. When air 
humidity decreased (< ~ 40% RH), major part of the substances inside the test chambers immobilized 
onto interior surfaces, but returned airborne when high humidity was restored. The effective vapour 
carriage of non-volatile, poorly water-soluble substances may be explained by the hydrophobic nature 
of the air-water interface and the strong hydrogen bonds attracting the water molecules to one another. 
The observations suggest that it may be possible to design programmes of pulsating air humidity, 
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min for 4 min) but it was restored by desorption 
from the inside chamber surfaces after the chamber 
was closed. 
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combined with intermittent ventilations, for cleaning up surfaces and spaces contaminated by substances 
of adverse chemical or microbial origins. 
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ABSTRACT 
It is of great significance to investigate the status quo of various pollutants in residential buildings to 
provide important data foundation and support for research on ventilation strategy. In this study, the 
residential indoor formaldehyde and VOCs in Central and East China have been sampled and analysed 
in the four seasons, and the indoor CO2 and particulate matter (PM2.5 and PM10) have been online-
monitored for one year to understand the pollution status in the residential buildings. In this paper, we 
have found that formaldehyde and VOCs in the two regions had different degrees of excessive 
conditions. The concentration of formaldehyde was affected by the season and the decoration. The 
benzene, TVOC, and toluene in the bedroom were higher than in other rooms. Long-term online 
monitoring found that in the two regions there are problems with high CO2 concentration, insufficient 
ventilation, and excessive PM2.5 in indoor areas. Indoor PM2.5 pollution is also greatly affected by 
indoor cooking and smoking. 
Keywords: residential buildings, IAQ, sampling detection, online monitoring, ventilation 

1 INTRODUCTION  
Human spend more than 80% of their time indoors, and indoor air quality directly affects everyone’s 
health, and the indoor pollution of a residential house is very complex and involves many factors. In 
2004, A large-scale investigation of the status of residential interior decoration and IAQ in Wuhan was 
conducted (Liu Shizhen, 2004) and found that 80% of indoor residences that were renovated had 
excessive concentrations of formaldehyde, and about 10% of residential homes had problems with 
excessive benzene. In addition, PM2.5 can cause great harm to human health because it has a significant 
enrichment effect on gaseous pollutants and can also become a carrier of viruses and bacteria (Lin 
Zhiqing et al. 2005). In 2016, the annual average concentration of PM2.5 in Shanghai was 45 ug/m³, 
which was improved by 16.7% but still exceeded the air quality standards set by the World Health 
Organization (WHO, 2006). 
This paper selected four typical big cities in east China and central China including Shanghai, Nanjing, 
Changsha, and Wuhan, and conducted a one-year survey of indoor air quality (IAQ) from January to 
December 2017. The geographical distribution of target households in each city is shown.in Figure 1. 
The survey includes home detection of formaldehyde and VOCs by four-season and online monitoring 
of PM2.5 and CO2 by year. The number of test samples in the two regions was 32 and 26 respectively, 
of which 20 and 10 households were monitored for long-term. Based on the large amount of data 
obtained, the status of indoor air quality in the two regions was analysed. 

combined with intermittent ventilations, for cleaning up surfaces and spaces contaminated by substances 
of adverse chemical or microbial origins. 
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2 METHODS 

2.1 Home sampling detection method 
The household inspection mainly uses the chemical sampling detection method, and the detection 
subjects include formaldehyde, VOCs. For the detection of formaldehyde, this study adopted the method 
of spectrophotometry provided by Chinese standard GB/T 18204.2-2014. Households closed doors and 
windows and kept closed for 12 hours before entering home. Total of 590 samples were obtained in 
East China and Central China, including three typical rooms (bedroom, living room and kitchen) in 
2017. The detection of VOCs refers to GB 50325-2010 (2013 edition) using Tenax tube and gas 
chromatograph method. During 2017, there were 82 and 60 residential TVOCs in East China and 
Central China respectively. The basic information of households is based on the questionnaires collected 
by the households at the time of entry, including family background information, basic characteristics 
of residences, and daily living behaviours. 

             

Figure 1. Target households distribution  Figure 2. The PM2.5 sensor calibration test 

2.2 Online monitoring sensor unit and calibration 
Online monitoring sensor units have been placed in the bedroom of the household in order to obtain 
real-time data about residential IAQ including indoor temperature, humidity, CO2, PM2.5 and PM10 
mass concentration, and the sampling interval is five minutes. In addition, the study also uses the hourly 
data of outdoor related air environment in local city released by the state as the reference. 
In this study, the online monitoring system including laser sensors and remote data communication 
unites is equipped with high-frequency acquisition, which is conducive to the dynamic detection of 
indoor pollution. The calibration was done before installation. As shown in the Figure 2, In addition, 
conformity between the sensors had been tested and the abnormal sensor is replaced in time. The 
supervision of the data is good so that the annual data online rate is as high as 95%. 

2.3 Evaluation standard of indoor pollutants in China 
As shown in the Table 1, the single-indicator method was used to evaluate the current status of various 
pollutants detected by residential houses in various regions.  

Table 1. pollutant reference limits 
Contaminant species Limits Corresponding standard 

formaldehyde 0.1 mg/m³ 
GB/T 18883-2002 "Indoor Air Quality 

Standard" and GB3095-2012 "Ambient Air 
Quality Standard". 

benzene 0.11 mg/m³ 
Toluene 0.2 mg/m³ 
TVOC 0.6 mg/m³ 

CO2 1000 ppm 
PM2.5 35/75 ug/m³ GB3095-2012  

(First level /Secondary standard) PM10  50/150 ug/m³ 
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3 RESULTS AND DISCUSSION 

3.1 Indoor formaldehyde and VOCs test results 
Table 2 shows indoor formaldehyde concentration levels for different seasons in East China and Central 
China. There is a large difference between the two regions. The level of formaldehyde concentration in 
East China was significantly higher than those in Central China. In addition, the average formaldehyde 
concentration in summer was significantly higher than other seasons. In summer, the indoor 
formaldehyde concentration is positively correlated with the indoor temperature, and the peak value 
corresponds to the high value of room temperature. There is no significant difference in the 
formaldehyde concentration in different functional rooms, and t the concentrations of volatile organic 
compounds in East China and Central China shown in Figure 3 are not significantly different. Toluene 
did not exceed the standard. The over-standard rates of benzene and TVOC in East China were 2.4% 
and 4.9% respectively, and those in Central China were 1.7% and 5.0%, respectively. By comparing the 
concentration of benzene, toluene, and TVOC in different functional rooms shown in Figure 3, the 
benzene and TVOC in the bedroom are much higher than those in the living room and kitchen. 
 

Table 2. Formaldehyde concentrations in the four seasons in East China and Central China 
 

 East China Central China 

winter 
(n=73) 

spring 
(n=83) 

summer 
(n=77) 

autumn 
(n=85) 

winter 
(n=77) 

spring 
(n=69) 

summer 
(n=63) 

autumn 
(n=63) 

average value 0.080  0.086  0.101  0.064  0.047  0.061  0.071  0.043  
median 0.076  0.077  0.094  0.055  0.041  0.040  0.056  0.034  

Max 0.210  0.320  0.224  0.158  0.089  0.210  0.278  0.119  
Min 0.025  0.032  0.039  0.018  0.009  0.019  0.010  0.012  

 

         

    

Figure 3. Benzene, Toluene, and TVOC concentration in Different Rooms 
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3.2 Effect of Decoration on Indoor Formaldehyde and VOC 
The indoor pollutants are closely related to decoration materials and time, especially in the initial stage 
of pollutant release, which play a decisive role in indoor pollutant levels.  Table 3 shows that the 
concentration of formaldehyde has a significant difference in decoration time with T test 
(P=0.027<0.05), furniture purchase time (P=0.015<0.05), and wall material (P=0.020<0.05). The 
correlation between other pollutants such as toluene, TVOC indoor concentration shown within the 
scope of the permit. The analysis is that in this survey, 53% of the households had been renovated five 
years ago, which weakened the impact of decoration on the benzene series. 
 

Table 3. The relationship between decoration and indoor pollutant concentration 
 

 formaldehyde TVOC benzene Toluene 
Mean sig． Mean sig． Mean sig． Mean sig． 

Renovation  
After 2015 0.085 

0.027 
0.473 

0.101 
0.052 

0.07 
0.018 

0.195 
Before 2015 0.056 0.355 0.032 0.014 

Furniture 
2 years ago 0.051 

0.015 
0.443 

0.224 
0.036 

0.813 
0.017 

0.505 
Within 2 years 0.08 0.36 0.039 0.015 

Wall materials 
Oil finish 0.061 

0.02 
0.407 

0.776 
0.042 

0.686 
0.016 

0.256 
wallpaper 0.099 0.383 0.048 0.02 

 

3.3 Indoor CO2 concentration 
Refer to the Table 1, the average over-standard rate is 9.16% in East China, and 4.78% in Central China. 
Those indicate 85% and 80% of households had ventilation problems in East China and Central China 
respectively. 
The source of indoor CO2 in a residence is mainly from the human body. Figure 4 shows the change of 
CO2 in the bedroom and living room for two consecutive weeks. The CO2 concentration in the bedroom 
increased gradually at night and decreased sharply in the morning due to the rest of the night and getting 
up in the morning (opening the window or opening the inner door). There was almost no activity in the 
bedroom during the day, so the CO2 was maintained at 500 mg/m³ which was close to outdoor 
concentration. Due to the frequent entry and exit of people in the living room, the CO2 concentration is 
not easy to accumulate except for special situations such as meeting guests, and it fluctuates frequently. 

3.4 Indoor particulate matter status (PM2.5, PM10) 
Figure 5 shows the average daily concentrations of indoor PM in East China and Central China. The 
trend of PM2.5 and PM10 is basic similarity. The annual variation trend of PM concentration in Central 
China shows a clear "U-shaped distribution", while in East China, the PM concentration is low from 
July to October, and the "U-shaped distribution" is not obvious. 
The over-standard rates in East China and Central China were listed in Table 4. It can be seen there is 
almost no over-standard phenomenon in East China refer to GB3095-2012 “Ambient Air Quality 
Standards”. And if the first-level concentration limits are used, there are serious cases of excessive 
standards in East China and Central China. 

3.5 The influence of human behaviour on indoor particulates 
Domestic kitchen cooking is main sources of indoor air pollution. Figure 6 shows the changes in 
indoor and outdoor particulate concentrations of typical households before and after cooking. 
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  Figure 4. The change of indoor CO2 concentration in the bedroom and in the living room  
 
 

 
    Figure 5. The Trend of Indoor PM Concentration in East China and Central China) 
 
 

Table 4. The over-standard rates of PM 2.5 and PM 10 in East China and Central China 
 East China Central China Note PM2.5 PM10 PM2.5 PM10 

Over standard rate (%) 1  0 21  14  Secondary standard 
Over standard rate (%) 24  48  65  79  First level standard 

 
 
PM2.5 concentration in the kitchen appears twice peak relative to outdoor PM2.5 after cooking. In 
addition, when the doors and windows are kept open, the concentration of particulates in other rooms 
can also be affected by the kitchen fumes. The p value in Figure 6 indicates the ratio of indoor PM2.5 
to PM10. The p value is maintained at 0.9 or higher before there is any activity. Then it drops sharply 
with a minimum of 0.39 when the cooking behaviour occurs. The average p value is 0.49, which is 
similar to the average mass percentage (47%) of PM2.5 in fumes measured by Gao Jun et al (Gao Jun 
et al. 2012). The above analysis shows that the concentration of coarse particles produced by kitchen 
fumes is high. 

 (a) indoor CO2 concentration in the bedroom    (b) indoor CO2 concentration in the living room  

(a) Indoor PM in East China               (b) Indoor PM in Central China 
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Figure 6. before and after cooking in the kitchen 

(Note: p value indicates the proportion of PM 2.5 in PM 10 concentration) 
 

4 CONCLUSIONS 
This paper conducted residential IAQ inspection and online monitoring surveys in East China and 
Central China in the year of January-December 2017. The conclusions are as follows: 
Indoor formaldehyde levels in East China were higher than in Central China. The seasonal variation of 
formaldehyde concentration is obvious and formaldehyde shows significant differences in decoration, 
furniture purchase time and wall materials. Toluene did not exceed the standard in both regions, and 
benzene and TVOC slightly exceeded. The benzene and TVOC in the bedroom are much higher than 
in the living room and kitchen. 
The daily average CO2 concentration of bedroom in East China and Central China were slightly over-
standard (9.16% and 4.78% respectively), Cooking can cause the particulate matter concentration to 
rise sharply, and ventilation solution should be focused on kitchen and bedroom. 
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SUMMARY 
In Japan, it is common for VAV systems to use supply air temperature reset control based on the 
required air flow rate for each VAV unit. In the control logic, a status of the VAV air flow rate is 
determined as “Minimum”, “Adequate”, “Medium”, or “Maximum” by comparison between the 
required VAV air flow rate and a pre-set threshold (threshold value between the Medium and Adequate 
zones), and the reset amount is determined based on the status. In this paper, we proposed a method of 
appropriately setting a variable air flow rate threshold value (boundary air flow rate) by targeting the 
air transport factor (ATF), and the effectiveness of the method was verified by system simulation, 
including the effect of reducing the minimum air flow rate. The fan power energy conservation of the 
proposed logic was calculated by modelling an office building with the VAV system (including a fan, 
VAV units, and controllers), where the space was divided into multiple zones with the same or different 
set point temperatures. The simulation results showed that the fan power consumption with the proposed 
logic is reduced by up to 49.5% compared with the normal control method, which demonstrates the 
effectiveness of the proposed logic. 
Keywords: variable air volume, supply air temperature reset control, air transport factor 

1 INTRODUCTION 
Variable air volume (VAV) air conditioning systems are commonly used to achieve both temperature 
control in multiple air conditioning zones and fan power energy conservation these days. Unfortunately 
there are many cases in which the energy conservation performance in actual operation is less than 
expected. The major reason for this is that at present the control logic is unable to select the ideal 
combination of supply air temperature (SAT) and supply air flow rate among the countless possible 
combinations. To date many researches have been carried out on the optimization of SAT reset control, 
such as model predictive control (Liang and et al., 2015), neural network (Li and et al., 2017), and 
choice of three different temperature (Raftery and et al., 2018). However, these methods are rather 
complex and it is not easy to be widely installed in commercial buildings. Moreover, reheat coils are 
not used generally in Japan, so more detailed control logics are needed for maintaining room 
temperatures in multiple zone set points.  
In this paper, a logic for carrying out SAT reset control with targeting the air transport factor (ATF) is 
proposed, based on the control logic of VAV air conditioning systems commonly used in Japan, and the 
results of verification of its effectiveness using system simulation is described. 

2 CONTROL LOGIC OF VAV AIR CONDITIONING SYSTEM 

2.1 Normal control logic in Japan 
The following is a description of the VAV control logic normally used in Japan, as an example of room 
cooling operation. Figure 1 shows a system diagram of the VAV system under consideration. The VAV 

 
Figure 6. before and after cooking in the kitchen 

(Note: p value indicates the proportion of PM 2.5 in PM 10 concentration) 
 

4 CONCLUSIONS 
This paper conducted residential IAQ inspection and online monitoring surveys in East China and 
Central China in the year of January-December 2017. The conclusions are as follows: 
Indoor formaldehyde levels in East China were higher than in Central China. The seasonal variation of 
formaldehyde concentration is obvious and formaldehyde shows significant differences in decoration, 
furniture purchase time and wall materials. Toluene did not exceed the standard in both regions, and 
benzene and TVOC slightly exceeded. The benzene and TVOC in the bedroom are much higher than 
in the living room and kitchen. 
The daily average CO2 concentration of bedroom in East China and Central China were slightly over-
standard (9.16% and 4.78% respectively), Cooking can cause the particulate matter concentration to 
rise sharply, and ventilation solution should be focused on kitchen and bedroom. 
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unit and fan air flow rates are controlled as follows. The supply air flow rate into an occupied room is 
controlled by adjusting the damper opening based on the room air temperature measured by a 
temperature sensor and the temperature set point. The VAV controller calculates the required air flow 
rate from the damper opening and the deviation from the room temperature set point. The fan rotational 
speed is controlled so that the fan air flow rate is equal to the sum of the air flow rate required by each 
VAV unit.  
On the other hand the SAT is controlled as follows. First, for each VAV unit the status is determined 
based on the value of the air flow rate, as shown in Figure 2. In this case the maximum air flow rate, the 
minimum air flow rate, and an intermediate value (here referred to as the boundary air flow rate, BAF) 
are used as thresholds of the air flow rate. The BAF is a threshold value between the Medium zone and 
Adequate zone and generally preset at a constant value. Next from the results of the determined status 
for each VAV unit, the SAT is raised or lowered by a preset amount, based on a table of change of SAT, 
as shown in Table 1. In this way, the detailed control logic based on multiple VAV air flow rate is 
generally used in Japan in order to maintain room temperature in multiple zones without reheat coils.  
For example, when a VAV air flow rate reaches 
the minimum flow rate, the controller judges that 
the zone that is being air conditioned by that 
VAV is too cold, and raises its SAT set point. 
Then, when all the VAV air flow rates are in the 
Adequate zone or Medium zone and are stable, 
there is no change on the SAT and the fan air flow 
rate. The BAF is set to a fixed value based on 
experience, and it is not changed in accordance 
with the status of operation. When the BAF is set 
to a comparatively high value, the range of the 
Adequate zone is extended, and the VAV air flow 
rate easily stays in Status No. 5 in Table 1, which 
means the SAT set point is more easily stabilized. 
As a result even when it is desirable to lower the 
SAT from the point of view of energy efficiency, 
the SAT remains high, and the VAV air flow rate 
is operated at a value that has some excess with 
respect to the minimum air flow rate. Conversely 
when the BAF is set to a comparatively low 
value, the VAV air flow rate can easily stay in 
Status No.2 or No. 4 in Table 1. Then the SAT is 
repeatedly raised and lowered in a short period of 
time, which means that appropriate control is not 
carried out. Frequently the BAF is set to a value 
on the higher side, so reduction of fan power 
consumption is an issue.  

2.2 Supply air temperature reset control 
based on targeting air transport factor 
There are two factors that contribute to the 
increase in fan power consumption in the control 
of VAV air conditioning systems. The first is the 
VAV minimum air flow rate setting. In SAT reset 
control, when one or more VAV units reaches the 
minimum air flow rate, the SAT rises in order to 

Figure 1. Schematic of VAV system 
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Figure 2. Status of VAV air flow rate 

Maximum air 
flow rate

Boundary air 
flow rate
(BAF)

Minimum air 
flow rate

VAV air flow rate

VAV-1

Medium Zone

Adequate Zone

VAV-2

VAV-3

VAV-4

VAV-5

VAV-6

…..

Table 1. SAT set point change based on status 
of VAV air flow rate at cooling operation 

Status
No. Status of VAV air flow rate SAT set point

1 Equal to or more than one VAV at Maximum
zone -1.0 oC

2 Equal to or more than one VAV at Minimum
zone, and no VAV at Maximum zone +0.5 oC

3 Mix of VAVs at Maximum zone and Minimum
zone -1.0 oC

4 All VAVs at Medium zone -0.5 oC

5 All VAVs at Adequate zone, or mix of VAVs at
Adequate zone and Medium zone No change
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satisfy the indoor thermal environment, and as a result the supply air flow rate is increased. The other 
factor is that the SAT tends to be high. Normally the BAF is set to an intermediate value between the 
minimum air flow rate and the maximum air flow rate, so there are many cases that the Adequate zone 
is extended and the SAT is stabilized at high value. 
In the newly proposed control logic, the BAF used for the status of VAV air flow rate varies in real-
time in accordance with the air transport factor ATF, which leads to both energy conservation and good 
controllability. The air transport factor ATF is calculated from the following equation. 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐹𝐹𝐹𝐹 = 𝑄𝑄𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓⁄       (1) 

Where, 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐹𝐹𝐹𝐹: Air Transport Factor [-], 𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓: fan power consumption [kW], 𝑄𝑄𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐: cooling coil load [kW] 

Also, the fan power consumption is approximated using the fan air flow rate as follows. 

𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓�     (2) 

Where, 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓: fan air flow rate [CMH] 

Here the function 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥) can be expressed as a polynomial equation, etc., of x. To operate with the air 
transport factor equal to or greater than a certain value, target ATF, in order to increase the ATF, the 
target fan air flow rate can be calculated from the following equation. 

𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑓𝑓𝑓𝑓−1𝑓𝑄𝑄𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐹𝐹𝐹𝐹𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡⁄ �    (3) 

Where, 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐹𝐹𝐹𝐹: target ATF [-], 𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡: target fan air flow rate [CMH] 

Here, the function 𝑓𝑓𝑓𝑓−1(𝑥𝑥𝑥𝑥) is the inverse of the function 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥). Therefore if the function 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥) is known, 
and the cooling coil load is measured, the target fan air flow rate can be calculated based on the target 
ATF. If this target fan air flow rate is calculated in real-time, and the BAF is set based on this air flow 
rate, then operation can be carried out in a state close to the target ATF. 

𝑓𝑓𝑓𝑓𝑏𝑏𝑏𝑏𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏𝑓𝑓𝑓𝑓𝑏𝑏𝑏𝑏𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑏𝑏𝑏𝑏 = 𝑓𝑓𝑓𝑓𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉,𝑡𝑡𝑡𝑡 ∙ 𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑡𝑡𝑡𝑡⁄      (4) 

Where, 𝑓𝑓𝑓𝑓𝑏𝑏𝑏𝑏𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏𝑓𝑓𝑓𝑓𝑏𝑏𝑏𝑏𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑏𝑏𝑏𝑏: BAF [CMH], 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑡𝑡𝑡𝑡: fan rated air flow rate [CMH], 𝑓𝑓𝑓𝑓𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉,𝑡𝑡𝑡𝑡: VAV rated air flow rate 
[CMH] 
By varying the BAF that is used to determine the status of VAV air flow rate in real time in accordance 
with the air transport factor ATF as described above, it is possible to increase the ATF and reduce the 
fan power consumption. The BAF is varied in accordance with the actual load status, so there is little 
possibility that this will have an adverse effect on the controllability of the room temperature.  
A feature of the proposed logic is not to change the SAT directly, but to change only the BAF. Chen 
and Kamimura (2001) applied the vote method to Japanese common VAV system and the method 
intends to change the SAT directly based on the vote. In this case, the logic needs to cover other related 
controls, including maintaining the room temperature in all spaces, and considerations are increased. 
On the other hand, our logic intends to change the BAF based on the targeting ATF and aims to increase 
the ATF indirectly. It is comparatively easy to add the proposed logic to the conventional control system 
because the logic does not interfere with the room temperature control. 

3 VERIFICATION OF THE EFFECT BY SIMULATION 

3.1 Specifications and calculation conditions 
The simulation tools were TRNSYS which carries out thermal load simulation of buildings and ENe-
ST which carries out HVAC system simulation. ENe-ST (Mihara and et al., 2015) is a simulation tool 
developed based on MATLAB/Simulink, and by using the TRNSYS export function a building model 
Type 56 can be called from Simulink. 

unit and fan air flow rates are controlled as follows. The supply air flow rate into an occupied room is 
controlled by adjusting the damper opening based on the room air temperature measured by a 
temperature sensor and the temperature set point. The VAV controller calculates the required air flow 
rate from the damper opening and the deviation from the room temperature set point. The fan rotational 
speed is controlled so that the fan air flow rate is equal to the sum of the air flow rate required by each 
VAV unit.  
On the other hand the SAT is controlled as follows. First, for each VAV unit the status is determined 
based on the value of the air flow rate, as shown in Figure 2. In this case the maximum air flow rate, the 
minimum air flow rate, and an intermediate value (here referred to as the boundary air flow rate, BAF) 
are used as thresholds of the air flow rate. The BAF is a threshold value between the Medium zone and 
Adequate zone and generally preset at a constant value. Next from the results of the determined status 
for each VAV unit, the SAT is raised or lowered by a preset amount, based on a table of change of SAT, 
as shown in Table 1. In this way, the detailed control logic based on multiple VAV air flow rate is 
generally used in Japan in order to maintain room temperature in multiple zones without reheat coils.  
For example, when a VAV air flow rate reaches 
the minimum flow rate, the controller judges that 
the zone that is being air conditioned by that 
VAV is too cold, and raises its SAT set point. 
Then, when all the VAV air flow rates are in the 
Adequate zone or Medium zone and are stable, 
there is no change on the SAT and the fan air flow 
rate. The BAF is set to a fixed value based on 
experience, and it is not changed in accordance 
with the status of operation. When the BAF is set 
to a comparatively high value, the range of the 
Adequate zone is extended, and the VAV air flow 
rate easily stays in Status No. 5 in Table 1, which 
means the SAT set point is more easily stabilized. 
As a result even when it is desirable to lower the 
SAT from the point of view of energy efficiency, 
the SAT remains high, and the VAV air flow rate 
is operated at a value that has some excess with 
respect to the minimum air flow rate. Conversely 
when the BAF is set to a comparatively low 
value, the VAV air flow rate can easily stay in 
Status No.2 or No. 4 in Table 1. Then the SAT is 
repeatedly raised and lowered in a short period of 
time, which means that appropriate control is not 
carried out. Frequently the BAF is set to a value 
on the higher side, so reduction of fan power 
consumption is an issue.  

2.2 Supply air temperature reset control 
based on targeting air transport factor 
There are two factors that contribute to the 
increase in fan power consumption in the control 
of VAV air conditioning systems. The first is the 
VAV minimum air flow rate setting. In SAT reset 
control, when one or more VAV units reaches the 
minimum air flow rate, the SAT rises in order to 
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Figure 2. Status of VAV air flow rate 
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…..

Table 1. SAT set point change based on status 
of VAV air flow rate at cooling operation 

Status
No. Status of VAV air flow rate SAT set point

1 Equal to or more than one VAV at Maximum
zone -1.0 oC

2 Equal to or more than one VAV at Minimum
zone, and no VAV at Maximum zone +0.5 oC

3 Mix of VAVs at Maximum zone and Minimum
zone -1.0 oC

4 All VAVs at Medium zone -0.5 oC

5 All VAVs at Adequate zone, or mix of VAVs at
Adequate zone and Medium zone No change
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a. Building 
Annual simulation was carried out for an office space of 480 m² floor area, and its corresponding air 
conditioning system. Table 2 shows the building specifications. The office space was divided into 9 air 
conditioning zones, and one VAV unit was installed in each zone. The movement of air between zones 
was given a fixed value in accordance with the length of the boundary, but zone 6 was envisaged as a 
meeting room divided with walls, so the movement of air was not taken into consideration. Also, to 
simplify the calculations, there was no external wall, and the peripheral spaces were taken to be air 
conditioned rooms the same as the calculation room. 

b. Air conditioning system 
Table 3 shows the equipment list. The scope of the modelling included the air handling unit, VAV units, 
and controller only, and calculations were not carried out for the heat source system. Also, modelling 
were omitted for the cooling coil, and the SAT equal the set point. The control logics modelled were 
PID control of the VAV air flow rate based on room temperature, supply air flow rate control, and SAT 
reset control (10 minutes period) based on the required VAV air flow rate. The simulation time interval 
was 1 minute. 

c. Calculation cases  
Table 4 shows the calculation cases. There were a 
total of 8 calculation cases taking the BAF, the 
VAV minimum air flow rate, the fan minimum air 
flow rate, and the VAV-6 (meeting room) room 
temperature set point as parameters. In Case A-1 
and Case B-1, each of the percentages set were 
values commonly used in Japan. The minimum air 
flow rates are usually determined by taking into 
consideration the maintenance of indoor air 
environment, the measurement range of the VAV 
air flow rate sensors and so on. Therefore, they 
cannot be easily reduced in practise. In this 
research the minimum air flow rates were varied as 
investigation parameters in order to verify the 
effect, without considering the specific measures 
for varying them. However in these calculations, 
variable air flow rate control was carried out for 
the outdoor air flow rate in accordance with the 
number of occupants, so under the minimum air 
flow rate 20% condition the outdoor air flow rate 
was sufficient. The target value of ATF in the 
proposed logic was 15 (the numerator during 
calculation was coil load = internal load + outdoor 
air load). The Case B series envisaged that the 
room temperature set point of zone 6 is different 
from other zones, to determine the effect of a non-
uniform set point on VAV control.  

3.2 Calculation results 
Figure 3 shows the calculated annual fan power 
consumption and ATF. The annual fan power 
consumption of 17.5 kWh/m2yr for the standard 

Table 2. Building specifications 
Item Specifications

Location Tokyo, Japan
Use Office

Floor area 480 m2

Internal heat Lighting 12 W/m2, Equipment 12 W/m2,
Occupant 0.083 person/m2,

Operating schedule 7:00 - 21:00
Room temperature

set point
Jun-Sep: 26 oC, Dec-Mar: 22 oC,
Others: 24 oC

Table 3. Equipment List 
Name Specifications

Fan Air flow rate: Supply air 10,100 CMH, Fresh air 2,600 CMH
Total static pressure 1,100 Pa, Motor input 5.5 kW

VAV-1 AC floor area 62 m2, Air flow rate 1,300 CMH
VAV-2 AC floor area 57 m2, Air flow rate 1,200 CMH
VAV-3 AC floor area 81 m2, Air flow rate 1,700 CMH
VAV-4 AC floor area 81 m2, Air flow rate 1,700 CMH
VAV-5 AC floor area 25 m2, Air flow rate 500 CMH
VAV-6 AC floor area 51 m2, Air flow rate 1,100 CMH
VAV-7 AC floor area 51 m2, Air flow rate 1,100 CMH
VAV-8 AC floor area 30 m2, Air flow rate 600 CMH
VAV-9 AC floor area 41 m2, Air flow rate 900 CMH

Table 4. Calculation cases 

Case No. Boundary air
flow rate

Minimum air
flow rate of

VAV

Minimum air
flow rate of

fan

Room
temperature
set point of

VAV-6
Case A-1 70%
Case A-2
Case A-3
Case A-4 20%
Case B-1 70%
Case B-2
Case B-3
Case B-4 20%

40% 40%Calculated by
proposed

logic 20%

+1.0 oC
based on

above

Same as
Table 2

40%40%

20%

Calculated by
proposed

logic
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Case A-1 is nearly equal to the statistical value for Japanese office buildings (ECCJ, 2018). Note that 
although the calculated values of room temperature are not shown on the graphs, it was confirmed that 
the room temperature is maintained at virtually the set point during air conditioning operation. 

a. Case A: Uniform room temperature set point 
From Figure 3 it can be seen that the proposed logic on its own (Case A-2) was 20.9% more energy 
efficient than Case A-1, and when combined with reduction in the minimum air flow rate Case A-4, the 
energy efficiency was 49.5%. From the results it can be concluded that varying the BAF based on the 
ATF is effective. However if the minimum air flow rate setting is high, where the air flow rate control 
range is narrowed, it will not be possible to sufficiently obtain this effect. 
Figure 4 shows the ATF and the SAT, and 
Figure 5 shows the ratio of VAV air flow rate 
and ratio of BAF for Case A-1 and Case A-4 on 
a representative summer day. In Case A-1, the 
VAV air flow rate was 60% or higher for most 
of the day, the SAT was stable at a high value 
around 19 or 20°C, and the ATF was about 9. 
On the other hand in Case A-4 the BAF was 
varied based on the ATF, so it was possible to 
operate with a lower VAV air flow rate and 
SAT than Case A-1, and for most of the day the 
ATF was around the target value of 15 or more. 
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Figure 3. Annual fan power consumption and ATF 
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Figure 4. ATF and supply air temperature on 25th-Jul (Left: Case A-1, Right: Case A-4) 

Figure 5. Ratio of VAV and boundary air flow rate on 25th-Jul (Left: Case A-1, Right: Case A-4) 
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a. Building 
Annual simulation was carried out for an office space of 480 m² floor area, and its corresponding air 
conditioning system. Table 2 shows the building specifications. The office space was divided into 9 air 
conditioning zones, and one VAV unit was installed in each zone. The movement of air between zones 
was given a fixed value in accordance with the length of the boundary, but zone 6 was envisaged as a 
meeting room divided with walls, so the movement of air was not taken into consideration. Also, to 
simplify the calculations, there was no external wall, and the peripheral spaces were taken to be air 
conditioned rooms the same as the calculation room. 

b. Air conditioning system 
Table 3 shows the equipment list. The scope of the modelling included the air handling unit, VAV units, 
and controller only, and calculations were not carried out for the heat source system. Also, modelling 
were omitted for the cooling coil, and the SAT equal the set point. The control logics modelled were 
PID control of the VAV air flow rate based on room temperature, supply air flow rate control, and SAT 
reset control (10 minutes period) based on the required VAV air flow rate. The simulation time interval 
was 1 minute. 

c. Calculation cases  
Table 4 shows the calculation cases. There were a 
total of 8 calculation cases taking the BAF, the 
VAV minimum air flow rate, the fan minimum air 
flow rate, and the VAV-6 (meeting room) room 
temperature set point as parameters. In Case A-1 
and Case B-1, each of the percentages set were 
values commonly used in Japan. The minimum air 
flow rates are usually determined by taking into 
consideration the maintenance of indoor air 
environment, the measurement range of the VAV 
air flow rate sensors and so on. Therefore, they 
cannot be easily reduced in practise. In this 
research the minimum air flow rates were varied as 
investigation parameters in order to verify the 
effect, without considering the specific measures 
for varying them. However in these calculations, 
variable air flow rate control was carried out for 
the outdoor air flow rate in accordance with the 
number of occupants, so under the minimum air 
flow rate 20% condition the outdoor air flow rate 
was sufficient. The target value of ATF in the 
proposed logic was 15 (the numerator during 
calculation was coil load = internal load + outdoor 
air load). The Case B series envisaged that the 
room temperature set point of zone 6 is different 
from other zones, to determine the effect of a non-
uniform set point on VAV control.  

3.2 Calculation results 
Figure 3 shows the calculated annual fan power 
consumption and ATF. The annual fan power 
consumption of 17.5 kWh/m2yr for the standard 

Table 2. Building specifications 
Item Specifications

Location Tokyo, Japan
Use Office

Floor area 480 m2

Internal heat Lighting 12 W/m2, Equipment 12 W/m2,
Occupant 0.083 person/m2,

Operating schedule 7:00 - 21:00
Room temperature

set point
Jun-Sep: 26 oC, Dec-Mar: 22 oC,
Others: 24 oC

Table 3. Equipment List 
Name Specifications

Fan Air flow rate: Supply air 10,100 CMH, Fresh air 2,600 CMH
Total static pressure 1,100 Pa, Motor input 5.5 kW

VAV-1 AC floor area 62 m2, Air flow rate 1,300 CMH
VAV-2 AC floor area 57 m2, Air flow rate 1,200 CMH
VAV-3 AC floor area 81 m2, Air flow rate 1,700 CMH
VAV-4 AC floor area 81 m2, Air flow rate 1,700 CMH
VAV-5 AC floor area 25 m2, Air flow rate 500 CMH
VAV-6 AC floor area 51 m2, Air flow rate 1,100 CMH
VAV-7 AC floor area 51 m2, Air flow rate 1,100 CMH
VAV-8 AC floor area 30 m2, Air flow rate 600 CMH
VAV-9 AC floor area 41 m2, Air flow rate 900 CMH

Table 4. Calculation cases 

Case No. Boundary air
flow rate

Minimum air
flow rate of

VAV

Minimum air
flow rate of

fan

Room
temperature
set point of

VAV-6
Case A-1 70%
Case A-2
Case A-3
Case A-4 20%
Case B-1 70%
Case B-2
Case B-3
Case B-4 20%

40% 40%Calculated by
proposed

logic 20%

+1.0 oC
based on

above

Same as
Table 2

40%40%

20%

Calculated by
proposed

logic
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b. Case B: Non-uniform room temperature set point 
From Figure 3 it can be seen that the proposed logic on its own (Case B-2) was 12.5% more energy 
efficient than Case B-1. When combined with reduction in the minimum air flow rate Case B-4, the 
energy efficiency was 48.0%. The reason the energy efficiency of the proposed logic on its own was 
smaller than Case A may be that VAV-6 was operated close to the minimum air flow rate, so the air 
flow rate control range was substantially narrowed. From Figure 6 it can be seen that in Case B-1 VAV-
6 was operated with a lower ratio of VAV air flow rate than the other VAV units. When there is even 
one VAV unit at the minimum air flow rate, the SAT increases in accordance with Table 1. However, 
in Case B-4 where the minimum air flow rate is also reduced, the same effect on energy efficiency as 
Case A-4 is obtained. It is concluded that the proposed logic is also effective in cases where the room 
temperature set point is non-uniform. 

4 CONCLUSIONS 
Supply air temperature reset control based on targeting ATF has been proposed, and its effect was 
verified using system simulation. The effect on energy efficiency obtained with the proposed logic on 
its own was 12.5 to 20.9%, but when combined with lowering of the minimum air flow rate setting the 
energy efficiency effect was 48.0 to 49.5%. Also, when there are air conditioning zones with different 
room temperature set points, the VAV air flow rate control range is substantially narrowed, which tends 
to increase the fan power. It has been shown that the proposed logic is effective in this situation. In the 
future we intend to investigate specific measures for reducing the minimum air flow rate setting value. 
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Figure 6. Ratio of VAV and boundary air flow rate on 25th-Jul (Left: Case B-1, Right: Case B-4) 

0

0.2

0.4

0.6

0.8

1

1.2

6:00 9:00 12:00 15:00 18:00 21:00

Ra
tio

 o
f a

ir 
vo

lu
m

e
[-]

VAV-1 VAV-2 VAV-3 VAV-4 VAV-5

VAV-6 VAV-7 VAV-8 VAV-9 BAF

0

0.2

0.4

0.6

0.8

1

1.2

6:00 9:00 12:00 15:00 18:00 21:00

Ra
tio

 o
f a

ir 
vo

lu
m

e
[-]

VAV-1 VAV-2 VAV-3 VAV-4 VAV-5

VAV-6 VAV-7 VAV-8 VAV-9 BAF

PROCEEDINGS  — Roomvent & Ventilation 2018108  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 1 – Personal conditions: Demand controlled ventilation (DCV)

108  |



VALIDATION AND OPTIMIZATION OF AIR QUALITY SENSOR BASED 
OCCUPANCY DETECTION ALGORITHMS  

Felix Nienaber1,*, Mark Wesseling1, Davide Calì2, Dirk Müller1 
1RWTH Aachen University, E.ON Energy Research Center, Institute for Energy Efficient Buildings 

and Indoor Climate  
2Technical University of Denmark  

*Corresponding email: Felix.Nienaber@eonerc.rwth-aachen.de 

SUMMARY 
This paper discusses the validation and adjustment of the CO2 based occupancy detection algorithm 
introduced by Calì et al. (Calì, 2015), based on new data gathered at the E.ON Energy Research Center 
main building in Aachen in 10 multi-person offices. In addition to the new data basis, further 
adjustments of the algorithm to the given conditions and possible future improvements are discussed. 
This paper will also discuss other occupancy detection algorithms, e.g. ones based on VOC, humidity 
or a combination of different measurements. 
Keywords: CO2, occupancy detection, indoor air quality, occupant behaviour 

1 INTRODUCTION 
The CO2 based occupant detection is an inexpensive way to integrate demand based control algorithms 
into building automation systems. In fact, it is based on information that is often already collected as a 
part of indoor air quality measurements. Implementing the occupancy driven control algorithm into 
HVAC units can significantly reduce energy consumption by only providing rooms with their set air 
temperature and quality, when an occupant is present. In conclusion, this algorithm constitutes an 
inexpensive way for manufacturers to increase their product’s capabilities as well as to reduce customer 
energy costs. Furthermore, information about occupant presence could be used to model occupant 
behaviour in buildings (Haldi et al. 2017; Cali et al. 2018). 
Calì et al.’s algorithm implements a CO2 mass balance calculation to estimate the number of occupants, 
using known or estimated parameters of the room, including the air volume flow between the room and 
its environment. They carried out the previous validation using occupancy data acquired through hand 
written occupant surveys. Therefore, occupants’ errors and the inherent influence of the measurement 
on the occupant presence itself could have played a role in the evaluation of the algorithm. The new 
data acquisition uses stereoscopic camera-system to automatically detect the presence of occupants. 
Hence, the system does not influence the occupant behaviour, and is not prone to human error. New 
information, including short absence times, which some occupants may have neglected to make a note 
of, and a longer surveyed period are considered. 
Other occupant detection algorithms include machine learning approaches, for example Linear 
Discriminant Analysis, Classification and Regression Trees and Random Forest methods (Candanedo, 
2016), Hidden Markov Models that use multiple parameters, such as temperature, humidity, humidity 
ratio, CO2 and light (Candanedo, 2017) or Support Vector Machines and Artificial Neural Networks 
using CO2 values (Zuraimi, 2017). Many of these methods require large training sets, while the 
algorithm discussed in this paper is a physical modelling approach, which can accurately depict 
occupancy after minimal optimization. If the occupancy is measured, it can be used as an input to other 
behaviour models, such as statistical models to calculate the probability window opening (Markovic, 
2017) or AC usage (Schweiker, 2009). 

b. Case B: Non-uniform room temperature set point 
From Figure 3 it can be seen that the proposed logic on its own (Case B-2) was 12.5% more energy 
efficient than Case B-1. When combined with reduction in the minimum air flow rate Case B-4, the 
energy efficiency was 48.0%. The reason the energy efficiency of the proposed logic on its own was 
smaller than Case A may be that VAV-6 was operated close to the minimum air flow rate, so the air 
flow rate control range was substantially narrowed. From Figure 6 it can be seen that in Case B-1 VAV-
6 was operated with a lower ratio of VAV air flow rate than the other VAV units. When there is even 
one VAV unit at the minimum air flow rate, the SAT increases in accordance with Table 1. However, 
in Case B-4 where the minimum air flow rate is also reduced, the same effect on energy efficiency as 
Case A-4 is obtained. It is concluded that the proposed logic is also effective in cases where the room 
temperature set point is non-uniform. 

4 CONCLUSIONS 
Supply air temperature reset control based on targeting ATF has been proposed, and its effect was 
verified using system simulation. The effect on energy efficiency obtained with the proposed logic on 
its own was 12.5 to 20.9%, but when combined with lowering of the minimum air flow rate setting the 
energy efficiency effect was 48.0 to 49.5%. Also, when there are air conditioning zones with different 
room temperature set points, the VAV air flow rate control range is substantially narrowed, which tends 
to increase the fan power. It has been shown that the proposed logic is effective in this situation. In the 
future we intend to investigate specific measures for reducing the minimum air flow rate setting value. 
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Figure 6. Ratio of VAV and boundary air flow rate on 25th-Jul (Left: Case B-1, Right: Case B-4) 
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2 METHODS 

2.1 Examined algorithm 
The examined occupancy detection algorithm is based on a mass balance equation to simulate in- and 
outgoing airflow to estimate the CO2 rate of change. The algorithm uses various air exchange rates and 
an estimated CO2 value of the adjacent rooms as input variables. The air exchange rates include the 
infiltration rates, the exchange rates through opened windows and doors and the air-handling unit, which 
are described in detailed in the original paper (Calì, 2015). Calì et al.’s mass balance equation includes 
a production term and the term of CO2 value changes in the case of no occupancy. The latter is shown 
for the time step 𝑖𝑖𝑖𝑖 in equation 1, whose variable names and units of measurement are listed in table 1. 

 

𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅,𝑖𝑖𝑖𝑖𝑖𝑖,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = �1 −
�̇�𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎,𝑎𝑎𝑎𝑎
𝜌𝜌𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

∆𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎

𝑉𝑉𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
� 𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅,𝑖𝑖𝑖𝑖 +

�̇�𝑚𝑚𝑚𝐴𝐴𝐴𝐴𝑚𝑚𝑚𝑚𝐴𝐴𝐴𝐴,𝑎𝑎𝑎𝑎
𝜌𝜌𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

∆𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎

𝑉𝑉𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴,𝑖𝑖𝑖𝑖 +

�̇�𝑚𝑚𝑚𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎,𝑎𝑎𝑎𝑎
𝜌𝜌𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

∆𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎

𝑉𝑉𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑖𝑖𝑖𝑖  (1) 

 
To estimate the current office occupancy, the algorithm calculates the CO2 value at the next time step, 
under the assumption of no occupancy, 𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅,𝑖𝑖𝑖𝑖𝑖𝑖,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁, and evaluates the difference between the calculated 
and next time step’s measured CO2 value. The difference is then divided by the CO2 production of a 
single person, which is estimated to 1 kg per person and day (DCIAC, 2018), to estimate the number of 
present occupants. This is expressed in equation 2, which is Calì et al.`s mass balance equation solved 
for the number of occupants, using the simplified term for the CO2 value in the case of no occupancy. 
 

𝑛𝑛𝑛𝑛𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝑖𝑖𝑖𝑖 = 𝑁𝑁𝑁𝑁𝑅𝑅𝑅𝑅,𝑎𝑎𝑎𝑎+1−𝑁𝑁𝑁𝑁𝑅𝑅𝑅𝑅,𝑎𝑎𝑎𝑎+1,𝑁𝑁𝑁𝑁𝑜𝑜𝑜𝑜𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ∆𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎
𝑉𝑉𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

                 (3) 

 
The original algorithm averaged the measured CO2 value over a timeframe of 40 minutes, centered 
around the evaluated time step, to lessen the impact of spikes in the measured values caused e.g. by 
people standing near the CO2 sensor. We found that a 20 minute moving average window overall was 
more suitable in smoothing the measured values. 

2.2 Field test setup 
We conducted the field test at the E.ON Energy Research Center main building in Aachen in 10 multi-
person offices. From December 2017 until February 2018, we were able to gather valid data for 8 of 
these offices, which is why the algorithm´s efficacy could not be evaluated for all offices. The offices 
have nearly identical layouts and two or three workstations. To reflect the influence of the wind 
conditions on the infiltration rates of different parts of the building, the chosen offices have identical 
layouts and are located on two separate floors of the building, with two offices facing south-west, four 
facing south-east and four facing north-west. Figure 1 shows the floorplan of these offices. Every office 
is equipped with a window-opening sensor, a façade integrated air handling unit and an air quality sensor 
that measures the room temperature, humidity, CO2 and VOC. The air handling units operate at a 
variable volume flow rate, which is logged and used to calculate the air exchange rate with the 
environment. To measure the room’s occupancy, these offices are equipped with HELLA Aglaia APC-
180 stereoscopic-cameras, which are placed near the door and register the number of people entering or 
leaving the office. To calculate the occupancy at any time of the day, the change of occupancy is added 
to or subtracted from the counter. 
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The counting accuracy of the people counter cameras (PCC) is stated by the manufacturer as being two 
percent. With an average number of 31 count events per office and day, statistically 53% of all days 
should show no error in their measurement assuming the manufacturer’s accuracy. To eliminate the 
days where errors in the measurement occurred, two error indicators were identified. If at any point of 
the day, a person was registered leaving the office while the counter was already at zero, it indicates 
that at some point before the camera failed to register a person entering the office. The second indicator 
was the count at midnight, when the overall daily counter was reset. If the counter did not read zero, we 
assumed that people were not registered as leaving when they left the room at the end of the day. We 
discarded the days with discernible errors and only tested the algorithm on the remaining days, to ensure 
the validity of the measured occupancy data. 

Table 1. Algorithm variables 

Variable Name Unit 

𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅 Mass CO2 per volume of air of the office 
𝑔𝑔𝑔𝑔
𝑚𝑚𝑚𝑚3 

𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 Mass CO2 per volume of air of the environment 
𝑔𝑔𝑔𝑔
𝑚𝑚𝑚𝑚3 

𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 Mass CO2 per volume of air of the corridor 
𝑔𝑔𝑔𝑔
𝑚𝑚𝑚𝑚3 

𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 CO2 mass production per person 
𝑔𝑔𝑔𝑔
𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

 

�̇�𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎 Air mass flow rate from room to environment and adjacent rooms 𝑘𝑘𝑘𝑘𝑔𝑔𝑔𝑔
𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

 

�̇�𝑚𝑚𝑚𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 Air mass flow rate from environment into office 𝑘𝑘𝑘𝑘𝑔𝑔𝑔𝑔
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Figure 1. Positions of the PCCs and indoor air quality sensors in the offices 

2 METHODS 

2.1 Examined algorithm 
The examined occupancy detection algorithm is based on a mass balance equation to simulate in- and 
outgoing airflow to estimate the CO2 rate of change. The algorithm uses various air exchange rates and 
an estimated CO2 value of the adjacent rooms as input variables. The air exchange rates include the 
infiltration rates, the exchange rates through opened windows and doors and the air-handling unit, which 
are described in detailed in the original paper (Calì, 2015). Calì et al.’s mass balance equation includes 
a production term and the term of CO2 value changes in the case of no occupancy. The latter is shown 
for the time step 𝑖𝑖𝑖𝑖 in equation 1, whose variable names and units of measurement are listed in table 1. 

 

𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅,𝑖𝑖𝑖𝑖𝑖𝑖,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = �1 −
�̇�𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎,𝑎𝑎𝑎𝑎
𝜌𝜌𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

∆𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎

𝑉𝑉𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
� 𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅,𝑖𝑖𝑖𝑖 +

�̇�𝑚𝑚𝑚𝐴𝐴𝐴𝐴𝑚𝑚𝑚𝑚𝐴𝐴𝐴𝐴,𝑎𝑎𝑎𝑎
𝜌𝜌𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

∆𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎

𝑉𝑉𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴,𝑖𝑖𝑖𝑖 +

�̇�𝑚𝑚𝑚𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎,𝑎𝑎𝑎𝑎
𝜌𝜌𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

∆𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎

𝑉𝑉𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑖𝑖𝑖𝑖  (1) 

 
To estimate the current office occupancy, the algorithm calculates the CO2 value at the next time step, 
under the assumption of no occupancy, 𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅,𝑖𝑖𝑖𝑖𝑖𝑖,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁, and evaluates the difference between the calculated 
and next time step’s measured CO2 value. The difference is then divided by the CO2 production of a 
single person, which is estimated to 1 kg per person and day (DCIAC, 2018), to estimate the number of 
present occupants. This is expressed in equation 2, which is Calì et al.`s mass balance equation solved 
for the number of occupants, using the simplified term for the CO2 value in the case of no occupancy. 
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𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ∆𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎
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                 (3) 

 
The original algorithm averaged the measured CO2 value over a timeframe of 40 minutes, centered 
around the evaluated time step, to lessen the impact of spikes in the measured values caused e.g. by 
people standing near the CO2 sensor. We found that a 20 minute moving average window overall was 
more suitable in smoothing the measured values. 

2.2 Field test setup 
We conducted the field test at the E.ON Energy Research Center main building in Aachen in 10 multi-
person offices. From December 2017 until February 2018, we were able to gather valid data for 8 of 
these offices, which is why the algorithm´s efficacy could not be evaluated for all offices. The offices 
have nearly identical layouts and two or three workstations. To reflect the influence of the wind 
conditions on the infiltration rates of different parts of the building, the chosen offices have identical 
layouts and are located on two separate floors of the building, with two offices facing south-west, four 
facing south-east and four facing north-west. Figure 1 shows the floorplan of these offices. Every office 
is equipped with a window-opening sensor, a façade integrated air handling unit and an air quality sensor 
that measures the room temperature, humidity, CO2 and VOC. The air handling units operate at a 
variable volume flow rate, which is logged and used to calculate the air exchange rate with the 
environment. To measure the room’s occupancy, these offices are equipped with HELLA Aglaia APC-
180 stereoscopic-cameras, which are placed near the door and register the number of people entering or 
leaving the office. To calculate the occupancy at any time of the day, the change of occupancy is added 
to or subtracted from the counter. 
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2.3 Parameterization 
In order to take into account the differences between offices, Calì et al. estimated the boundary 
conditions of the air exchange rates of all offices and the CO2 value of the corridor, which was not 
measured and assumed constant, and subsequently determined the exact value of these by using an 
optimization algorithm. We used similar boundary conditions and used the daily total difference 
between single time step simulated CO2 values and the measured CO2 values as the target minimization 
function. Using this technique, we calculated the air exchange rates of each office and day. 

3 RESULTS 
The algorithm has been proven to be very effective at detecting the occupancy state, estimating the 
correct occupancy state in 86.2% of all cases and detecting the correct amount of people present in 
69.8% of all cases, which can be seen in Figure 2. Figure 3 shows the best case, in which the algorithm 
detected the correct occupancy 94.8% of the time and the correct number of people 80.3% of the time.  

  

Figure 2. Accuracies of each room and their total average 
 

 

Figure 3. Measured and simulated CO2 values and occupants for one day in one office 
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Figures 4 shows the histogram of the differences between measured and simulated CO2 values. These 
differences were expected to be high, because the simulation is executed for a whole day after setting 
the measured value at midnight as the initial value, and completely simulating from then on. Therefore, 
deviations can compound over the course of the day leading to these measured differences. Figures 5 
shows a similar histogram for a simulation, in which the CO2 value is only simulated for the next time 
step, using the previous time step`s measured CO2 value as its initial value and including the CO2 
production of the simulated occupants. This reflects the accuracy that can be achieved in a live 
implementation of the algorithm. 
 

4 DISCUSSION 
The aforementioned total accuracy includes days on which the PCC produced no verifiable errors, which 
does not mean that no errors occurred. Therefore it is very likely that days were included which could 
not be automatically discarded and only could be identified by manually as being non-valid.  
The occupancy detection presented in this paper produces good results after minimal adjustments to the 
given conditions. Using the mass balance equation, accuracies in presence detection of up to 94.8% were 
achieved, while comparable accuracies using statistical learning models require large data sets to train the 
model to the given situation and sensors (Candanedo, 2016). Other methods of occupancy detection have 
also already been validated and their approaches can be implemented in future iterations of our algorithm 
to improve detection rates. These include the trajectories of changing values by Pedersen et al., which 
only used these trajectories of the change in CO2, VOC, noise and a PIR sensor respectively to detect 
occupancy, achieving the highest accuracy using the CO2 trajectories (Pedersen et al, 2017). The 
application of this method in office environments would require further investigation, because once an 
equilibrium value is reached, it would not register occupancy. In office environments, this can easily be 
achieved after a few minutes of constant occupancy with closed windows and doors, therefore a 
combination of simple trajectories of change and mass balance equations could provide fast and accurate 
detection of occupancy changes, as well as ensuring the detection once an equilibrium is reached. 

5 CONCLUSION AND OUTLOOK 
Calì et al.’s algorithm is good at identifying occupancy when analysing air quality data retrospectively. A 
few adaptations, such as shortening the moving average window and not centring it on the current time step, 
but a previous one instead, can enable the algorithm to be applied in a live environment. To enable a greater 

 
Figure 4. Histogram of all differences between 
day wise measured and simulated CO2 values 

 
Figure 5. Histogram of all differences between 
single time step measured and simulated CO2 values 
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accuracy in live environments, an exponential moving average should be considered instead of a flat one, to 
put a greater emphasis on recent values and their rate of change. We also intend to reduce the number of 
variables needed to run the simulation, e.g. by using predictive window opening models, such as the model 
developed by Markovic et al. (Markovic, 2017), to estimate window opening instead of measuring it. 
Newly implemented sensors at the E.ON Energy Research Centre main building enable a more granular 
recording of window and door states. Whereas the previous window-opening sensor were not able to 
differentiate between one tilted window and three windows being fully open, the new sensors can 
distinguish between tilted and opened states for all individual windows. The newly implemented door 
opening sensors allow logging of the door positions, whereas before their installation, the door position 
was not logged but instead estimated as closed at every time step except when changes of measured 
occupancy occurred. Therefore, these new sensors enable a more accurate estimation of air exchange 
rates in the office, leading to a more accurate model. We are also currently testing a newer model of the 
PCC used in this field test, which supposedly has an improved counting accuracy, resulting in fewer 
discarded days of measurements. 
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SUMMARY 
Demand-Controlled Ventilation (DCV) are often underperforming regarding energy saving potential 
and indoor climate. This is caused by reasons like design, components, specifications, handover 
documentation, or communication errors. We developed guidelines and commissioning procedure to 
improve the performance of DCV-systems in 2013. In this paper we present the first experiences from 
a cost and time-efficient spot checking procedure for functional control of DCV-systems. The purpose 
of the procedure is to reveal if the systems have any hidden shortcomings, errors or defects after the 
hand-over procedure is accomplished. The control procedure was taken into use summer 2016 and has 
so far been performed in 22 school buildings in Oslo. 11 schools passed the control. The main 
experience is that DCV-systems can roughly be divided into two groups, "well-functioning VAV" and 
"malfunctioning VAV". Well-functioning VAV seems to be designed and assembled with a top-down 
awareness on competence and quality. They are close to faultless and well fitted for the operation phase. 
Malfunctioning VAV might have almost countless errors or defects, easy to reveal in a simplified 
control procedure. We also see that the newest schools have an overall better VAV-performance, 
indicating that the control procedure has increased the DCV quality.  
Keywords: commissioning, hand-over-documentation, demand-controlled ventilation, specific fan 
power.  

1 INTRODUCTION 
When correctly implemented, Demand-Controlled Ventilation (DCV) is a very efficient measure to 
reduce energy use for ventilation without compromising indoor air quality (Wachenfeldt, Mysen et al. 
2007). However, evaluation of real energy use demonstrates that this energy saving potential is seldom 
met because of poor system performance (Mysen, Schild et al. 2010). This is caused by several reasons 
like poor design, use of not suitable components, inadequate specifications and handover 
documentation, balancing report not suitable for DCV-systems or communication errors. We have 
earlier developed guidelines and commissioning procedure to improve the performance of DCV-
systems and close the gap between theoretical and real energy-performance (Mysen, Schild et al. 2014). 
These guidelines and commissioning procedure has been taken into use by several Norwegian building 
owners. We have developed a cost and time-efficient sampling based control procedure in the wake of 
this commissioning procedure. The purpose of the procedure is to reveal if the DCV-system has any 
hidden shortcomings, errors or defects after the hand-over procedure is accomplished. This paper 
presents the rationale behind the procedure, development of the procedure and the results from the first 
22 controlled schools.  

accuracy in live environments, an exponential moving average should be considered instead of a flat one, to 
put a greater emphasis on recent values and their rate of change. We also intend to reduce the number of 
variables needed to run the simulation, e.g. by using predictive window opening models, such as the model 
developed by Markovic et al. (Markovic, 2017), to estimate window opening instead of measuring it. 
Newly implemented sensors at the E.ON Energy Research Centre main building enable a more granular 
recording of window and door states. Whereas the previous window-opening sensor were not able to 
differentiate between one tilted window and three windows being fully open, the new sensors can 
distinguish between tilted and opened states for all individual windows. The newly implemented door 
opening sensors allow logging of the door positions, whereas before their installation, the door position 
was not logged but instead estimated as closed at every time step except when changes of measured 
occupancy occurred. Therefore, these new sensors enable a more accurate estimation of air exchange 
rates in the office, leading to a more accurate model. We are also currently testing a newer model of the 
PCC used in this field test, which supposedly has an improved counting accuracy, resulting in fewer 
discarded days of measurements. 
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2 METHODS 

2.1 Development of the functional control procedure 
A functional performance control is normally based on spot-checking, meaning a control of a limited 
number of randomly selected units. The standard EN 12599 Annex C (EN 12599, 2012) provide 
guidelines for the number of samples, depending on the total number of VAV (Variable Air Volume) 
units. Below are two levels of sampling: 

High number of samples, category A:  𝑛𝑛𝑛𝑛 = 1.6 ∙ 𝑁𝑁𝑁𝑁0,4 

Low number of samples, category C:   𝑛𝑛𝑛𝑛 = 3.16 ∙ 𝑁𝑁𝑁𝑁0,5 
where: 
n= number of VAV units which are spot-checked 
N= total number of VAV units in the system (sum of supply and exhaust) 

The disadvantage of the above sampling methods is that they are not very well statistically founded. A 
simpler method, called "zero acceptance number sampling", involves testing at least 28 random VAV 
units, irrespective of the total number of units in the building. This guarantees that less than 10% of the 
VAV units in the building are faulty (or less than 1% units on average). This method is based on 
"sampling without replacement" (hypergeometric distribution). The procedure is as follows: 
The third-party randomly selects 28 VAV units for testing. If no faults are found, the test is complete. 
If a fault was found among any of the 28 units, the contractor is ordered to correct and re-commission 
any faults in the DCV-system. Upon completion of this, the third-party randomly selects 28 different 
VAV units for testing (not including the first group of 28 units). If no faults are found, the test is 
complete. 
If a fault was found among the new selection, the contractor is given a second chance to correct all the 
faults and re-commission the system. Upon completion of this, the third-party must witness the testing 
of all the VAV units in the entire system. Spot-checking based Acceptance-on-Zero was chosen as the 
core control test principle supplemented by documentation review. The following 6 step procedure were 
chosen as a preliminary control procedure for testing: 
 

1. Review of: 
a. Functional decription at room and system level.  
b. VAV automation forms.  
c. Design of ventilation air volumes (maximum and minimum air flow rates).  
d. Visual screen-displays at room and system level of the Building Management System. 

  The purpose is to see if they are suitable for the upcoming operational phase.   
2. Review of hand-over documentation including balancing report, VAV control form (Mysen, 

Schild et al. 2015) and load tests (Mysen, Schild et al. 2016). 
3. Spot-cheking of  28 VAV-dampers serving 14 randomly selected rooms with focus on values, 

performance and possible communications or polarity errors. 
4. Fuctional performance check of minimum and maximum air flow rates in the 14 rooms. 
5. Perform airflow rate measurement at air-handling-unit level before and after a known change 

in the zone (Mysen, Schild et al. 2014). 
6. Control of 14 room sensors (preferably the same 14 rooms served by VAV-dampers in point 3). 
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2.2 Experiences from the preliminary test of the Acceptance-on-Zero-procedure 
The preliminary control procedure was previously tested in two schools (Mysen and Cablé 2015). The 
four main experiences were: 

1) The DCV-system had not been properly quality assured even though the hand-over procedure 
in theory should have been accomplished. There were plain errors in air-volume tables and 
obvious communication errors. Such errors are expected to be revealed in any thorough quality 
assurance process and this indicates lack of such proper quality assurance.  

2) The preliminary control procedure was more time consuming than expected. The VAV systems 
were difficult to control because they were not prepared for being controlled. It was difficult to 
find the documentation we needed. Set point for temperature and CO2 had to be manipulated in 
every room to perform the load tests etc. 

3) It was necessary to limit the number of rooms to have a cost- and time-efficient spot checking 
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1. Review of functional description at room and system level and  design of ventilation air 
volumes (maximum and minimum air flow rates).  

2. Review of the visual screen-displays at room and system level for the Building Management 
System to see if they are suitable for the upcoming operational phase. 

3. Review of balancing report and VAV control form. 
4. Spot-cheking of  14 VAV-dampers, typically connected to 7 randomly chosen rooms. 
5. Control that the airflow rate change at AHU is in accordance with corresponding change at 

room level for 1-2 ventilation systems.  
6. Control of values and locations of the room sensors in the randomly selected rooms. 

If no faults are detected, the test is passed and the building owner can accept the delivery. 
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or a third-party representing the building owner. 
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2 METHODS 
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performance and possible communications or polarity errors. 
4. Fuctional performance check of minimum and maximum air flow rates in the 14 rooms. 
5. Perform airflow rate measurement at air-handling-unit level before and after a known change 

in the zone (Mysen, Schild et al. 2014). 
6. Control of 14 room sensors (preferably the same 14 rooms served by VAV-dampers in point 3). 
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3 RESULTS 

3.1 Overview of the results 
It takes approximately 1-2 days for 2 persons to complete the spot checking procedure for functional 
control of DCV-systems. The procedure revealed whether the DCV-system had any hidden 
shortcomings, errors or defects after the hand-over procedure is completed. The main experience from 
the control is that the DCV-systems can roughly be divided into two groups, "well-functioning VAV" 
and "malfunctioning VAV". 11 of 22 schools were well-functioning and passed the test with minor 
remarks only. The rest of the 11 schools did not pass the test because of serious faults.    
 

  
Figure 1. Brynseng school, taken into use autumn 2017. The control procedure has been used for new 
schools in Oslo from 2016 (photo: Undervisningsbygg). 

 
The most common faults were: 

• The VAV-damper is not programmed with the designed maximum or minimum airflow rate.  

• The minimum air volume is not designed or not included in the balancing reports.  

• Cleaning lids for accessing VAV-dampers is missing. 

• Crucial documentation does not exist or is not delivered properly, e.g. functional description at 
room and system level or balancing report, choice of pressure set-points etc.    
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• The BMS screen-display does not show important parameters for the operational phase like 
airflow rates and damper opening.  

• The room VAV-damper did not have a suitable duct location.  Many VAV-dampers measure 
and regulate to a "wrong" airflow rate because they are located too close to the duct junctions. 
The distance to a junction upstream of the VAV-damper should be at least of 5 duct diameters, 
as shown in Figure 2, if no other specification is given. 

 
Figure 2. Less than 5 diameters distance between an upstream airflow obstacle and the VAV-damper 
can cause the VAV-damper to measure a wrong airflow rate. 

 

4 DISCUSSION 
The cost and time-efficient spot checking based Acceptance-on-Zero procedure revealed that several 
DCV-system had hidden shortcomings, errors or defects after the hand-over procedure is accomplished. 
Experience from the 22 schools indicates that several DCV-systems had not been properly quality 
assured before the hand-over process was accomplished.  
The main experience was that DCV-systems can roughly be divided into two groups, "well-functioning 
VAV" and "malfunctioning VAV". Well-functioning VAV seems to be designed and assembled with a 
top-down awareness on competence and quality. They are close to faultless and well fitted for the 
operation phase. The other group, malfunctioning VAV, might have almost countless errors or defects, 
easy to reveal in a simplified control procedure. We also experienced that the newest schools had an 
overall better VAV-performance, indicating that the control procedure has increased the top-down 
quality awareness among contractors. 

5 CONCLUSIONS 
There is a need for a functional performance control of DCV-systems in Norway. A spot check based 
"Acceptance-on-Zero" procedure seems to be an efficient measure to reveal under-performing DCV-
systems before the operational phase. Introduction of the control procedure seems to have increased 
quality awareness among contractors just one year after introduction. 
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SUMMARY 
For installation reasons the most favorable position of the room temperature sensors in office 
buildings is usually located near the radiator or the inner wall or in the vicinity of the exhaust air. In 
many cases, however, these are areas with a pronounced microclimate, for example a boundary layer. 
Thus, these temperature values are not representative for the occupied zone but nevertheless that 
information is used in the room temperature control loop.  
The aim of this project is the quantitative investigation of the influence of different sensor positions on 
the thermal comfort and the energy demand for heating, cooling and ventilation of representative room 
geometries. Therefore, a variety of different situations are analyzed to figure out the optimum sensor 
position taking into account the room air flow and other relevant factors. It is, for example, examined 
whether the flow establishes a microclimate, which determines the measurement results of the sensors. 
In order to consider all relevant phenomena and influencing factors, such as climatic conditions, wall 
and window constructions, sensor positions and air inlet types and positions, numerical simulations are 
performed as coupled transient calculations of both, a dynamic building and system simulation and a 
Computational Fluid Dynamics (CFD) simulation. The calculation procedure was intensively validated 
with experiments in a climate chamber. The numerical simulations are done for a large number of 
different system constellations for the heating and for the cooling case. As a result of the investigations, 
it was found that there are cases where the position of the sensors is relatively freely selectable, as well 
as cases where a microclimate is formed and the sensor position should be shifted to the occupied area. 
Keywords: Sensor position, indoor air flow, micro climate, co-simulation 

1 INTRODUCTION 
In previous publications it was shown, that the sensor position can have a considerable influence on 
energy consumption and thermal comfort for heating and cooling of an office room (Kandzia et al. 
2017, Felsmann et al. 2015). Different types of rooms as well as heating and cooling systems were 
investigated for a wide range of 48h-periods in order to find dependencies or rules for the optimum 
sensor positions. Besides other findings it came out that the type of indoor air flow may be an 
important indicator to determine if the influence of the sensor position is considerable or negligible. 
The applied investigation method including coupled building and CFD-simulation is restricted to 
investigation periods of 48h up to a maximum of 72h. But typical balance periods for the heating and 
cooling period spread out over months. Therefore, an approximation method was created similar to 
(VDI 4655, 2008) starting from some selected typical days and extrapolating the results with a 
weighting function to the desired balance period. In this way for the heating period nine and for the 
cooling period six simulations are necessary to give a good approximation of the energy demand of 
the whole heating/cooling period. On the other hand, that means for each sensor position of each 
heating / cooling system a minimum of six coupled simulations (with a 48h-period per simulation) has 
to be performed. This results in a very large number of simulations (more than 1500) as the data base 
of this investigation. 
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2 METHODS 

2.1 Computational method 
The investigations were carried out by a coupling of building and system simulation and CFD, often 
called co-simulation. In this way all important phenomena of heat and mass transfer could be taken 
into account. Especially for this project the program package was evaluated by specific test cases for 
co-simulations, for details see (Kandzia et al., 2016). The simulation of the indoor air flow is done by 
the computational fluid dynamic module ParallelNS (Knopp et al. 2005), which is based on a Galerkin 
Least-Squares Finite Element Method (GLS-FEM). This module uses the unsteady Reynolds averaged 
Navier-Stokes equations (URANS) combined with various turbulence models, specific iterative wall 
functions and boundary layer approaches. To consider both fluid dynamics and thermodynamics 
within a geometric envelop, a special version of a commercial thermal building simulation program 
TRNSYS called TRNSYS-TUD (Perschk, 2010) was coupled with ParallelNS. Based on the 
simulation results it is furthermore possible to calculate all relevant data for the evaluation of energy 
demand as well as the thermal and hygienic behavior. 

2.2 Boundary and operating conditions 
The investigations cover a wide range of different thermal standards, masses of the building materials 
and HVAC/heating/cooling systems. Figure 1 gives an overview of the different possible systems. In 
addition to figure 1 there are also systems with concrete core activation and fan coils under 
investigation. Each building can be combined with any system (heating/cooling and ventilation 
controlled by pi-controllers) and with each of the 15 sensor configurations. The sensor configurations 
vary from wall mounted sensors up to virtual sensor meshes. Table 1 shows an overview of the 
available sensors. 
 

 

Figure 1. Overview of some of the modeled thermal standards, heating/cooling and air infiltration systems 
 
In table 2 one can find a short summary of the system details of the different ventilation systems and 
the operating conditions. In case of basic ventilation, a flow rate of 30 m³/h per person is defined. In 
case of air cooling the flow rate is between 400 m³/h and 600 m³/h for the two person office and 
2500 m³/h for the open plan office. The presence time of the persons is defined from 8 a.m. to 6 p.m. 
and varies in the beginning and in the end. 
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The weather conditions for the two summer days (warm and hot) and the three winter days (cool, cold, 
very cold) of the “typical day procedure” are extracted from a test reference year in Germany (location 
Potsdam), see figure 2.  

 
Figure 2. Outdoor mean, maximum and minimum temperatures of the test reference year 2004 
Potsdam (Germany), hot summer — borderlines and number of days per period for the typical days 

For each of the days three different scenarios are generated and simulated: the weekend, a Monday 
and a working day. For each simulated day the energy demand of the heating or cooling system is 
integrated and multiplied by the number of the days per period. Then the resulting values of the three 
scenarios are weighted according to their frequency. In this way the energy demand for the room with 
the associated heating or cooling system and the respective sensor / test configuration is calculated. 

Table 1. Summary of available sensor positions / test configurations 
Variant control value sensor position(s) control parameters 

A1 sensor temperature at the radiator (S3)  
A2 wall mounted near the door (S5)  
B operative temperature 0.6 m heigth, centered (S1) reference case 
C sensor temperature See A1 / A2 with offset 
D 

operative temperature 

1.1 m heigth, centered (S2)  
E1 two desk sensors (S4) min. temp. of both sensors 
E2 max. temp. of both sensors 
F see E1 / E2 with offset 
G sensor temperature at the radiator (S3) night setback H operative temperature 0.6 m heigth, centered (S1) 
I room air temperature exhaust opening (S5)  
J with offset 
K 

operative temperature 2 desk sensors per loop (S4) 4 independent control loops 
L with offset 
M 0.6 m heigth, centered (S1) 4 independent control loops 
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Figure 3 and figure 4 show the geometrical details of some of the investigated office rooms with 
tables and thermally active persons, air inlet and sensor positions and the windows. In addition to the 
heat supply of the persons additional volumetric heat sources for the technical equipment are included 
in the simulation model (at the positions of their real release). 

      
Figure 3. Geometry of two offices with sensor and inlet positions — left: two person office with floor 
area of 5 m x 6 m, right: open plan office with glass facade and floor area of 11 m x 12 m 

Table 2. Overview of different ventilation systems and operating temperatures — in heating cases the 
outdoor temperature is increased by 5 K to consider heating at the facade 

ventilation system low/high temperature 
of the supply air [K], heating 

low temperature of the   
supply air  [K], cooling 

air diffuser (1) -2.0 -2.0 
swirl outlet (2) 0.0 -4.0 

ventilation grille (7) 0.0 -2.0 
air cooling,  ventilation grille (7) – -10.0 (minimum 16 °C) 

window ventilation (4) outdoor temperature outdoor temperature 
outside air vent (4), exhaust air system outdoor temperature outdoor temperature 

outside air vent (4), heat recovery outdoor temperature, 60 % heat recovery  

3 RESULTS 
Because of the wide range of the simulation studies only a very short extract of the results can be 
presented. In figure 4 some field data of the CFD results are shown for example. In figure 5 the energy 

  
Figure 4. Field data of the open plan office, light building, displacement ventilation at 2 pm, glass 
facade, floor area 11 m x 12 m — left: draught risk, right: vertical air temperature difference between 
1.1 m and 0.1 m 
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demand of different ventilation based cooling systems in relation to various sensor types and positions 
is compared. One should note that figure 5 presents data for different office rooms and different 
building constructions, therefore the comparison is only meaningful within one category, e.g. “heavy, 
DV, 4x5” which means a two person office with floor area of 4 m x 5 m, displacement ventilation and 
heavy building construction. The variants of sensor position indicated by coloured bars are only 
selected for comparison, if they fulfil thermal comfort according to ISO 7730 category A all the time. 

 
Figure 5. Energy demand of different ventilation based cooling systems (DV-displacement, MV-
mixing) and different office configurations two persons or eight persons (8P) in relation to various 
sensor types and positions for the cooling period 

As can be gathered from Figure 5, table sensors are not suitable for displacement ventilation. It is 
often helpful to work with offsets or, if possible, sensor networks to overcome the influence of 
microclimate. Exhaust temperature is suitable for mixing ventilation but should not be applied for 
displacement ventilation. Radiator thermostat means a sensor with a PI controller at the place of 
thermostatic valve of a potential radiator. 

The calculated results allow for a good comparison regarding the dependencies of different ventilation 
systems from varying sensor configurations and office sizes. Figure 5 also gives a good impression of 
the complexity of the investigations. Each bar of the diagram is the result of six coupled simulations 
including CFD. 

4 DISCUSSION 
There are differences in the demand of energy only arising from the selected position of the 
temperature sensor of more than 10 % related to the complete cooling period. That means there is a 
potential for saving energy by carefully selecting the sensor position, but not in every situation. 
All in all the results of the investigation suggest the following hypothesis or rule of thumb: “If there is 
an air flow pattern in the room which ensures well mixing or if the heating/cooling devices are 
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extensively and fast reacting, such as chilled ceilings, the position of the sensor is arbitrary. The 
second situation originates if radiation is the main mechanism for heat transfer connected to large 
surfaces (not presented in fig. 5). But in case the indoor air flow generates a local or micro climate, 
desired or not, or any stratification the sensor position should be closely connected to the occupied 
zone to deliver representative data.” 
Referring to fig. 5 you can see that these preliminary rules fit in many cases, but not always. Although 
the open space office is equipped in one case with mixing ventilation (see “lightw., MV, 8P”) there 
are differences in the energy demand related to different sensor positions. The reason is a flow field, 
which is somewhat separated by the office cells and therefore not ideally mixed as it should be to 
freely select the sensor position. Therefore, one can follow the given rules at first, but should at 
second always carefully evaluate a situation especially in large spaces. 

5 CONCLUSIONS 
By a carefully checked and evaluated simulation procedure many calculations were carried out for 
different rooms with a variety of sensor positions. At first it was reviewed that thermal comfort is 
guaranteed for the situation for comparison. In this way the only influence is the sensor position for 
comparing the demand of energy for heating and cooling. It could be shown that the indoor air flow 
pattern has an important influence, whether the sensor position is arbitrary or not. A homogenous air 
flow pattern and homogenous heat radiation field offer any desired sensor position. As soon as local 
air flow pattern or a micro climate is generated, as it often happens in case of radiator heating, 
displacement ventilation or personal ventilation the sensor position should be directly or indirectly 
linked to the local conditions. Some rules are given in the discussion section. 
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SUMMARY  
Prolonged exposure to a higher concentration of carbon dioxide (CO2) affects human health, 
performance and cause Sick Building Syndrome (SBS). Accumulation of CO2 concentration beyond 
ASHRAE recommendation of 1000 ppm has been reported in ductless split air-conditioned 
workspaces due to the absence of fresh air vent and higher occupant density. Split air conditioned 
workspaces rely only on the rate of infiltration into space through cracks and crevices to control the 
CO2 and other contaminant concentration. In such workspaces, an adaptive ventilation strategy 
providing ventilation by employing exhaust fans is the energy efficient solution. The design and 
application of CO2 adaptive exhaust ventilation depend on various parameters like infiltration rate, 
occupant density, CO2 threshold limits and capacity of the exhaust ventilation system. A design 
framework for such type of ventilation to balance the CO2 concentration and energy savings has not 
been developed. The study utilizes the updated and accurate CO2 generation rate of humans in the 
evaluation model to quantify the concentration inside the workspace. A parametric study of the 
various non-dimensionalised factors influencing exhaust ventilation design and energy savings is 
analyzed in spilt air-conditioned workspaces. The infiltration rate and the occupant density are found 
to be significant parameters influencing the ventilation design and energy savings. The study provides 
with various alternatives to maintain CO2 concentration below 1000 ppm based on the energy savings 
potential, which can be adopted across any built environment. This generalized design reference 
would provide the planners and building managers an approach to design the ventilation system 
efficiently with respect to indoor air quality and energy savings. 
Keywords: Carbon di oxide, demand controlled ventilation, exhaust ventilation, infiltration rate, 
energy savings. 

1 INTRODUCTION  
Carbon di-oxide concentration determines the indoor air quality inside a workspace. A higher 
concentration indicates that the ventilation is inadequate inside the workspace and indicates poor indoor 
environment. Exposure to increased levels of CO2 has shown a reduction in performance and fatigue 
(Apte et al. 2000; Seppänen et al. 1999). Workspaces installed with ductless split air conditioner can 
lead to accumulation of higher concentration of CO2 due to the absence of fresh air vent if there is 
higher occupant density (Shriram and Ramamurthy, 2018). Providing exhaust ventilation is the efficient 
method to control CO2 concentration in such workspaces. However, the exhaust ventilation cannot be 
provided continuously as it may lead to loss of energy. An adaptive ventilation strategy providing 
ventilation during periods of requirement can improve indoor air quality and lead to energy saving. The 
duration and frequency of ventilation depending on the parameters like infiltration rate, occupant 
density, and room volume. The influence of infiltration rate in the design of adaptive ventilation strategy 
and its corresponding energy savings is not reported for workspaces with split air conditioners. A 
parametric study of the design options and the corresponding energy savings due to adaptive ventilation 
strategy in ductless split air-conditioned workspaces is presented in this paper. 
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are differences in the energy demand related to different sensor positions. The reason is a flow field, 
which is somewhat separated by the office cells and therefore not ideally mixed as it should be to 
freely select the sensor position. Therefore, one can follow the given rules at first, but should at 
second always carefully evaluate a situation especially in large spaces. 
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guaranteed for the situation for comparison. In this way the only influence is the sensor position for 
comparing the demand of energy for heating and cooling. It could be shown that the indoor air flow 
pattern has an important influence, whether the sensor position is arbitrary or not. A homogenous air 
flow pattern and homogenous heat radiation field offer any desired sensor position. As soon as local 
air flow pattern or a micro climate is generated, as it often happens in case of radiator heating, 
displacement ventilation or personal ventilation the sensor position should be directly or indirectly 
linked to the local conditions. Some rules are given in the discussion section. 
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2 METHODS 

2.1 Variation of CO2 concentration with time 
The methodology to determine the variation of CO2 concentration with time in a workspace was 
proposed by Ai et al. (2016) which included the following parameters indoor and outdoor CO2 
concentration, air change rate or infiltration rate, time interval, the volume of room and CO2 generation 
rate of occupants. The rate of CO2 generation rate by typical human proposed by Persily and de Jonge 
(2017) using the basal metabolic rate, metabolic activity, temperature, and pressure has been used and 
the average CO2 generation rate of the typical occupant was computed as 4.5X10-6 m3/sec.  
A non dimensionalised parameter of m3/person is used to denote occupant density in this study. The 
threshold CO2 concentration for adequate indoor air quality as suggested by ASHRAE 62.1 (2016) is 
1000 ppm for an 8-hour average duration. The concentration of CO2 (after 3 hours) for various occupant 
densities under varying infiltration rate is presented in Table 1 as CO2 concentration for the majority of 
the occupant densities stabilize after 3-hour duration. Increase in infiltration rate decreases the CO2 
concentration inside the workspace. The inflow of fresh air with lower CO2 concentration (380 ppm) 
prevents the CO2 accumulation inside the workspace. Occupant densities below 75 m3/person (and those 
listed red colour) never reach a CO2 concentration of 1000 ppm for any given infiltration rate. Hence, a 
workspace with the above conditions may not require any ventilation strategy. 

Table 1 – CO2 concentration in ppm after 3 hours    

Infiltration 
rate (h-1) 

Occupant density (m3/person) 
100 75 50 25 15 10 

0.1 860 1020 1330 2270 3530 5100 
0.3 730 850 1085 1780 2710 3870 
0.5 650 740 910 1450 2170 3060 
0.7 590 660 810 1230 1800 2500 
0.9 550 610 720 1070 1530 2110 

However, the CO2 concentration increases beyond 1000 ppm with time for higher occupant densities. 
An increase in the infiltration rate or providing ventilation would reduce the CO2 concentration. 
Providing a constant air change rate would lead to loss of high volume of conditioned air even though 
the concentration is maintained below the threshold limit. Energy savings could be achieved if the 
ventilation is provided during the required period and hence, adaptive ventilation strategy has to be 
implemented.  

2.2 Adaptive ventilation design 
The adaptive ventilation is designed to exhaust air from the workspace when the CO2 concentration 
attains the threshold limit of 1000 ppm (as per ASHRAE 62.1, 2016). The ventilation is provided until 
the CO2 concentration reaches a fixed lower threshold limit. The ventilation cycle time defined as the 
summation of time (time period obtained from methodology proposed by Ai. et al. 2016) required for 
CO2 accumulation (lower threshold to higher threshold limit) and decay (higher threshold to lower 
threshold limit). The energy savings in adaptive ventilation design is based on the ventilation cycle 
time and volume of exhausted air across 8-hour duration. The ASHRAE 62.1 (2016) provides a 
method for estimation of ventilation rates in workspace based on the type of building and occupant 
density. The ventilation rate is converted into ACH rate and compared with the various ACH rates 
provided in the parametric study for energy saving analysis. Energy savings are calculated based on 
the difference in the volume of exhaust air by ASHRAE ventilation rate limits and the design 
ventilation rates. The ventilation load for the excess volume of air is denoted in terms of energy 
savings (%). 
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The adaptive ventilation design is influenced by exhaust rate, infiltration rate, occupant density, 
threshold limits for CO2 concentration. For the parametric study, the CO2 lower threshold limit of 600 
ppm, 700 ppm, 800 ppm and 900 ppm and 3 occupant densities (75, 50 and 25 m3/person) were 
included. The infiltration rate from 0.1 to 1 ACH and exhaust rates of 3, 4, 5 and 6 ACH was 
considered for the parametric study. 

3 RESULTS 

3.1 Ventilation cycle time 
For a particular lower CO2 threshold limit, increase in infiltration rate delays the CO2 accumulation 
and hence increases the ventilation cycle time (Figure 1a to 1d). The effect is more evident i.e. up to 
an order of 10 when the lower CO2 threshold limit has a lower value (600 and 700 ppm). As observed 
from Table 1 for lower occupant densities, higher infiltration rates prevent CO2 accumulation to 1000 
ppm and hence no ventilation cycle time provided for such conditions. The exhaust ventilation rate 
provided to reduce the CO2 concentration has an only marginal influence on the ventilation cycle time 
for a given occupant density and lower threshold limit.  
Variation in the occupant density has a significant influence on the ventilation cycle time. An increase 
in the occupant density will lead to quicker CO2 accumulation and delayed CO2 decay. It is observed 
that ventilation cycle time reduces by an order of 1 to 3 when the occupant density increases from 
75 m3/person to 25 m3/person across infiltration rates and lower threshold limits. Variation of 
ventilation cycle time has a direct influence on the energy savings obtained from the adaptive 
ventilation strategy. 

3.2 Energy savings 
For lower occupant densities (from Table 1), ventilation is not required and hence, 100% energy 
savings can be achieved. The increase in the infiltration rate increases the energy savings significantly 
for higher occupant densities (Figure 2). This effect is due to the prevalence of higher ventilation 
cycle time and therefore exhausting lower volume of conditioned air. The energy savings vary by an 
order of 3 when infiltration rate increases from 0.1 to 1 ACH for various occupant densities and lower 
threshold limits. The exhaust rate has an only marginal influence on the energy savings for given 
occupant density and lower threshold limit. However, it is observed for 3 ACH ( at infiltration rate 
below 0.5 ACH), occupant density of 25 m3/person and 600 ppm lower CO2 threshold limit, the 
energy savings is negative as the volume of exhaust is much higher than the ASHRAE requirements. 
Higher occupant density (with lower infiltration rates) with lower exhaust rates lead to delayed CO2 
decay which causes a higher volume of air exhausted. Ventilation design strategy with negative 
energy savings should be neglected.  
Energy savings is more when the lower threshold limit is set at a higher value (900 ppm) as only 
lesser volume of air is exhausted as shown in Figure 2. An increase of up to 25% is observed when the 
lower threshold limit is increased to 900 ppm from 600 ppm for a particular occupant density and 
infiltration rate. However, reducing the CO2 concentration to lower limit (600 or 700 ppm) would 
reduce the intensity of exposure and also reduce the number of ventilation cycles.  
The adaptive ventilation design provides various alternatives to varying lower threshold limit which 
influences the indoor air quality as well as the energy savings. The building management personnel 
can choose from these alternatives to choose a strategy for the implementation. The alternative can 
vary depending upon the aim to reduce average CO2 concentration inside the workspace or improve 
energy savings. 
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the concentration is maintained below the threshold limit. Energy savings could be achieved if the 
ventilation is provided during the required period and hence, adaptive ventilation strategy has to be 
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Figure 1. Ventilation cycle time for lower threshold limits with the influence of occupant density and 
infiltration rate 
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a) Lower CO2 threshold limit=600 ppm   b) Lower CO2 threshold limit=700 ppm 
 

 

   
 

c) Lower CO2 threshold limit=800 ppm  d) Lower CO2 threshold limit=900 ppm 

Figure 2 Energy savings (%) for lower threshold limits with the influence of occupant density and 
infiltration rate 

4 CONCLUSIONS 
The following are the conclusions from the parametric study on adaptive ventilation strategy in split 
air-conditioned space 

1. Lower occupant densities above 75 m3/person will not reach upper threshold limit of 1000 
ppm (for 8-hour duration) for all infiltration rates and hence do not require any ventilation 
strategy. 

2. Variations in occupant density and infiltration rate are the influencing parameter in the 
ventilation design strategy. 

3. An increase in energy savings of about 10-25% is observed when the lower threshold limit is 
increased from 600 ppm to 900 ppm. 
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ABSTRACT 

Demand response can be utilized within heating and ventilation of buildings to reduce CO2 emissions 
and energy costs on both utility and consumer level. During demand response control, some of the 
indoor environmental parameters (room air temperature or CO2 concentration) are either increased or 
decreased. Hence, the demand response is a bargaining process between energy cost savings and 
acceptable impact on indoor environmental quality.  

This study determined the real-time pricing-based demand response impact on indoor air temperature 
and CO2 concentration during occupied time in an educational office building. Additionally, the annual 
energy cost savings were calculated. Both CAV and VAV ventilation designs were included in the 
study. The following system parameters were controlled: space heating, supply air temperature and 
airflow rate. The study was conducted by dynamic energy and indoor environmental simulations with 
the software IDA-ICE 4.7.1. 

The simulations showed that demand response of space heating, supply air temperature and airflow rate 
can be utilized without significantly affecting the indoor environmental quality (room temperature and 
CO2 concentration) and still achieve energy cost savings.  

Keywords: Demand response, heating, ventilation, indoor environmental quality

1 INTRODUCTION 

Demand response can be utilized within heating and ventilation of buildings to reduce CO2 emissions 
and energy costs on both utility and consumer level. It can either have an incentive or price based 
structure. According to Borenstein et. al (2002) and Hu et. al (2015), real-time pricing is the most 
efficient pricing structure within demand response and therefore it was chosen for this study. 

As pointed out by e.g. Wargocki & Wyon (2017) and Seppänen et al. (1999), the indoor environmental 
quality is strictly related to the performance of workers and sick building symptom. Due to this the 
impact from demand response should preferably not be noticed by the occupants, but it should at least 
remain on an acceptable level (Motegi et al., 2007). According to Dreáu & Heiselberg (2016), studies 
focusing on heating are usually conducted with a simplified model of the building, where the real 
thermodynamic behavior is not considered. The aim with this study was to conduct a detailed building 
model simulation with a dynamic simulation tool to provide realistic results on indoor environmental 
conditions and cost savings. 
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2 METHODS 

The research was conducted by building model simulations of one floor of an educational office building 
using the software IDA-ICE. The demand response control was executed by two rule-based algorithms. 
The control algorithms decision-making was based on the outdoor and indoor temperature, the CO2 
concentration in the room air and the control signal generated from the dynamic price information. The 
control signal was defined according to the moving average method presented by 
Alimohammadisagvand et al. (2017). The hourly price data used was obtained from Rinne (2017). The 
space heating was regulated by electronic radiator valves. The indoor air temperature range 20 – 24.5°C 
was determined as acceptable, with 21°C as the desirable baseline temperature. The supply air 
temperature during periods out of demand response was defined according to return air temperature (see 
Figure 1). During demand response control the supply air temperature was 17, 20 or 22 °C depending 
on heat energy price trend. For the VAV-controlled cases the indoor air CO2 concentration set-point 
was 800 or 1200 PPM depending on energy price trend. The ventilation airflow range used was 0.15 – 
2.1 l/s, m2. In the CAV ventilated cases the airflow rate was constantly 2.1 l/s, m2. 

Figure 2 presents an overview of the floor plan. The results from the simulations have been extracted 
from office room 10. This room was chosen since it is a corner room with much outer wall area and 
hereby represent the worst-case scenario from a thermal comfort point of view. The building model 
information and its internal gains are presented in Table 1 and 2 respectively. 

Figure 1. Supply air temperature 
control

Figure 2. Floor layout of the case study building during 
periods out of demand response

Table 1. Properties of different structures

U-values (W/m2, K) Glazing properties Air tightness Ventilation 
External wall Roof Windows g ST n50 (ACH) qv (l/s, m2) Schedule 
0.38 0.3 1 0.38 0.32 1.6 ~2 24/7 

 

Table 2. Internal heat gains 
Schedule

Occupancy ratio 100 % 70 % 40 % 

08–16 
Total number of occupants present 40 28 16 
Lighting 7.5 W/m2 
Equipment 50 W/occupant 

Figure 3 presents the algorithm, which controls space heating, supply air temperature and airflow rate 
either separately or combined. The limiting outdoor temperature (Tlim, out) is a parameter used to prevent 
overheating of the building during warmer outdoor conditions and it was set to 0°C. If the 24-hour 
moving average outdoor temperature (Tavr, 24 out) is below the limiting outdoor temperature (Tlim, out) 0°C 
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and the district heat price trend is increasing, heat charging of the building mass is allowed. Heat 
charging occurs by increasing the space heating set-point (TSH, set) to maximum (TSH, max = 24.5°C). If 
the price trend is decreasing or flat, the minimum (20°C) or the normal (21°C) set-point is used 
respectively. If the Tavr, 24 out is warmer than Tlim, out, heat loading is not allowed.  

When supply air temperature is regarded in the control, the same logic follows as for the space heating. 
The supply air temperature (Tsup) is varying between maximum, minimum and medium (Tsup. max, Tsup. 

min and Tsup, med) when Tavr, 24 out is below Tlim, out. Otherwise it follows the normal supply air temperature 
definition (Tsup. norm., see Figure 1). When VAV ventilation and airflow control is regarded, the algorithm 
includes a condition allowing cooling by ventilation if both room air (Troom) and 24-hour moving 
average outdoor temperature (Tavr, 24 out) rises above their respective threshold values. Then airflow (Qair) 
is set to maximum (Qair, max). If cooling is not needed, the airflow rate is adjusted according to the indoor 
air CO2 set-point (CCO2, set). If the price trend of either district heat or electricity is decreasing the CO2 
set-point is increased to maximum (CCO2 max). Otherwise the set-point is kept at design value (CCO2 design). 

 

Figure 3. Control algorithm – Space heating, supply air temperature and airflow rate

3 RESULTS 

The simulation cases included in this study are presented in Table 3. There is one reference for the CAV 
ventilated cases and three references for the VAV ventilated cases depending on occupancy ratio. 
Additionally, another constant temperature set-point case (TSH, set = 20°C) was included in the CAV 
cases for comparison of room air temperature behavior. The abbreviations used are the following; SH 
for space heating, Tsup. for supply air temperature and Qair for airflow rate. 

Figure 4 shows the impact from occupancy ratio on indoor air temperature during occupied time in the 
heating season when the space heating is controlled either by a constant set-point (21°C) or according 
to the algorithm (space heating control only, see Figure 4). The temperature duration for the two 
different occupancy ratios are practically identical. Occupancy ratio has a negligible impact on the 
indoor air temperature during DR-control. 

 

2 METHODS 

The research was conducted by building model simulations of one floor of an educational office building 
using the software IDA-ICE. The demand response control was executed by two rule-based algorithms. 
The control algorithms decision-making was based on the outdoor and indoor temperature, the CO2 
concentration in the room air and the control signal generated from the dynamic price information. The 
control signal was defined according to the moving average method presented by 
Alimohammadisagvand et al. (2017). The hourly price data used was obtained from Rinne (2017). The 
space heating was regulated by electronic radiator valves. The indoor air temperature range 20 – 24.5°C 
was determined as acceptable, with 21°C as the desirable baseline temperature. The supply air 
temperature during periods out of demand response was defined according to return air temperature (see 
Figure 1). During demand response control the supply air temperature was 17, 20 or 22 °C depending 
on heat energy price trend. For the VAV-controlled cases the indoor air CO2 concentration set-point 
was 800 or 1200 PPM depending on energy price trend. The ventilation airflow range used was 0.15 – 
2.1 l/s, m2. In the CAV ventilated cases the airflow rate was constantly 2.1 l/s, m2. 

Figure 2 presents an overview of the floor plan. The results from the simulations have been extracted 
from office room 10. This room was chosen since it is a corner room with much outer wall area and 
hereby represent the worst-case scenario from a thermal comfort point of view. The building model 
information and its internal gains are presented in Table 1 and 2 respectively. 

Figure 1. Supply air temperature 
control

Figure 2. Floor layout of the case study building during 
periods out of demand response

Table 1. Properties of different structures

U-values (W/m2, K) Glazing properties Air tightness Ventilation 
External wall Roof Windows g ST n50 (ACH) qv (l/s, m2) Schedule 
0.38 0.3 1 0.38 0.32 1.6 ~2 24/7 

 

Table 2. Internal heat gains 
Schedule

Occupancy ratio 100 % 70 % 40 % 

08–16 
Total number of occupants present 40 28 16 
Lighting 7.5 W/m2 
Equipment 50 W/occupant 

Figure 3 presents the algorithm, which controls space heating, supply air temperature and airflow rate 
either separately or combined. The limiting outdoor temperature (Tlim, out) is a parameter used to prevent 
overheating of the building during warmer outdoor conditions and it was set to 0°C. If the 24-hour 
moving average outdoor temperature (Tavr, 24 out) is below the limiting outdoor temperature (Tlim, out) 0°C 
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Table 3: Simulation cases 

Case Demand response control TSH set 
Range 

Occupancy 
ratio SH Tsup. Qair 

CAV 
1 REFERENCE, No demand response 21 40 % 
2 x 

  
20–24.5 

3 
 

x 
 

21 
4 x x 

 
20–24.5 

5 No demand response 20 
VAV 

5a REFERENCE, No demand response 21 40 % 
6a 

  
x 

 

5b REFERENCE, No demand response 
 

70 % 
6b 

  
x 

 

5c REFERENCE, No demand response 
 

100 % 
6c 

  
x 

 

 

 
Figure 4. Occupancy ratio impact on indoor air temperature in office room 10

Figure 5 presents the impact of different demand response control elements on indoor air temperature 
in the CAV ventilated cases compared to the constant temperature set-point cases. Additionally, the 
annual change in heat energy and cost is shown. 

 

Figure 5. CAV ventilated cases, algorithm A – Impact of demand response control method on indoor 
air temperature in office room 10
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Figure 5 shows that the temperature in the demand response controlled cases (2 – 4) was constantly 
lower than in the reference case 1 (TSH, set = 21°C). Supply air temperature control (case 3) did not have 
any significant impact on the room air temperature due to heat compensation from the radiators. The 
demand response controlled cases (2 & 4) have significantly higher thermal comfort than case 5 (TSH, 

set = 20°C) at the same time as the heat cost savings are higher.  

Figure 6 presents the CO2-concentration duration curve in the VAV controlled cases for different 
occupancy ratio. Additionally, the algorithms CO2-set-point duration is plotted. 

 

Figure 6. CO2-concentration in office room 10 during demand response controlled airflow rate for 
different occupancy ratio

Figure 6 shows that the CO2 set-point during demand response remains at 1200 PPM for almost 90 % 
of the occupied time. Regardless of the constantly high set-point, the heat and electricity savings 
achieved are quite modest. The reason is that the initial ventilation demand is low and hereby an 
increment in CO2 set-point does not have a huge impact on the already low airflow rate. The effect from 
demand response on VAV ventilated systems is strongly related to the number of occupants and the 
initial ventilation base demand.  
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nearly 90 % of the occupied time. This still maintain acceptable level of iAQ, but is not favorable. It is 
a result from the control signal generation based on the energy price trends. The high set-point is 
however not a problem in this particular building, since obviously the realized CO2 concentration in the 
room stays below 1200 PPM for 100 %, 70% and 60% of the occupied time depending on occupancy 
ratio. However, since this feature is building and occupancy dependent it would be wise to include a 
time constraint regarding how long the CO2 set-point can be at maximum per day (e.g. 4 hours). 
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5 CONCLUSIONS 

The study showed that space heating and supply air temperature control can be utilized within heating 
demand response without drastically sacrificing the thermal comfort of the occupants. The temperature 
during occupied time was kept within the acceptable range. One significant observation was that by demand 
response of space heating the indoor temperature was kept close to 21°C for over 50 % of the occupied time, 
while energy cost savings were slightly higher than for a constant temperature set-point case of 20°C.

Regarding demand response control of airflow rate, the determination of the CO2 set-point should 
consider a daily time limit for how long the set-point or measured concentration can be at maximum 
level, otherwise it may result in too long periods with low ventilation rates. In this study the set-point 
remained at 1200 PPM for 90 % of the occupied time, but the actual room air concentrations stayed at 
the limit for 1 % – 40 % of the time, depending on occupancy ratio. Energy cost savings increased with 
higher occupancy ratio due to the higher ventilation base-load while the CO2 set-point remained 
unchanged. Demand response controlled airflow rate showed some positive result, but further studies 
are needed to determine the effect on potential depending on occupancy ratio and ventilation base-load.
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SUMMARY 
In data centers with free cooling, the major part of the energy demand is used for the air transport. This 
creates the necessity for lowering the volume flow to a feasible minimum. A bidirectional hot-wire 
anemometer is used to measure the overflow velocity between the server rack containment, which is 
used as a control variable for the volume flow. In this paper, the impact of leakages within the server 
area on the efficiency of this control method is experimentally investigated. A contained server room is 
equipped with 24 thermocouples in order to measure the temperature field in front and in back of the 
server under the effect of different leakage sizes. A temperature criterion is defined to determine the 
minimum required volume flow for a sufficient cooling operation. It is shown that the more air tight the 
containment is, the less volume flow is needed to maintain a save cooling operation. 
Keywords: data center cooling, energy efficiency, volume flow control, hot-wire, leakage 

1 INTRODUCTION 
The energy demand for data centers worldwide experienced a significant increase over the last years and 
is still ongoing (IDE for EMC, 2014). Effective and efficient cooling is crucial for a safe and economic 
data center operation. The energy saving potential of free cooling is considerably large, especially for data 
centers located in cool climate zones (Lee & Chen, 2012). Within a chiller-free, air-cooled data center, 
the air transport is the major consumer for cooling. Lowering the energy consumption of the air transport 
is achieved by lowering the system resistance and therefore the energy demand of the fans. Another way 
is to decrease the supplied volume flow. The waste heat over the racks is described by: 

 �̇�𝑄𝑄𝑄 = �̇�𝑉𝑉𝑉𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑝𝑝𝑝𝑝Δ𝑇𝑇𝑇𝑇. (1) 

�̇�𝑄𝑄𝑄 is the waste heat from the servers, 𝜌𝜌𝜌𝜌 is the density of the air, 𝜌𝜌𝜌𝜌𝑝𝑝𝑝𝑝 is the specific heat capacity, Δ𝑇𝑇𝑇𝑇 is the 
temperature rise over the servers and �̇�𝑉𝑉𝑉 the volume flow over the servers. Raising Δ𝑇𝑇𝑇𝑇 in equation (1) 
causes a more efficient cooling in terms of lowering the supplied volume flow. The minimum volume 
flow for a safe operation is determined by the server fans. In many data centers, the server fans run at 
100 % fan speed. State-of-the-art servers control their fan speed depending on the CPU-temperature. 
Still, a common method is to operate the server fans at 100 % (Yoshi & Kumar, 2012). Supplying less 
volume flow comes at hand with increasing the risk of creating hot spots. To precisely meet the 
minimum volume flow, the overall demand of all servers at every discrete point in time must be met by 
the recirculation fans. An efficient way to control the supplied volume flow is to measure the differential 
pressure between cold aisle and hot aisle, which is a state-of-the-art method. Based on Torricelli’s law, 
a hot-wire anemometer is used to measure the overflow velocity through a hole between cold aisle and 
hot aisle instead, which is corresponding to the differential pressure: 

 𝑣𝑣𝑣𝑣SR = �2Δ𝑝𝑝𝑝𝑝
𝜌𝜌𝜌𝜌

.   (2) 
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Δ𝑝𝑝𝑝𝑝 is the differential pressure and 𝑣𝑣𝑣𝑣SR is the overflow velocity. According to equation (2) and under the 
assumption of an ideal, homogeneous pressure field in front of the server racks, three possible states are 
defined: 

1. 𝑣𝑣𝑣𝑣SR  >  0 m s−1: Flow from cold aisle to hot aisle, �̇�𝑉𝑉𝑉 is larger than necessary. 
2. 𝑣𝑣𝑣𝑣SR  =  0 m s−1: Flow from cold aisle to hot aisle, �̇�𝑉𝑉𝑉 ideal. 
3. 𝑣𝑣𝑣𝑣SR  <  0 m s−1: Backflow from hot aisle to cold aisle. 

State 2. is desired in terms of energy efficiency. In reality, the pressure field is not homogenous due to 
pressure fluctuations and therefore the operational characteristic needs to be determined in an 
experimental investigation. This means that by measuring an overflow velocity of 𝑣𝑣𝑣𝑣SR  =  0 m s−1 this 
has not to be the most efficient setpoint. In order to define a more suitable evaluation parameter for a 
sufficient cooling operation, a temperature criterion is defined. It specifies a maximum temperature that 
must not be exceeded and states a limit of reducing the volume flow. It is assumed that leakages cause 
a local backflow of warm air, which leads to a violation of the temperature criterion. In the experiment, 
the minimum volume flow for a sufficient cooling operation for the cold aisle contained server racks is 
examined for different leakage sizes by reducing the setpoint for the overflow velocity and measuring 
stationary conditions. Then, each measurement series is evaluated in terms of the temperature criterion. 

2 METHODS 

2.1 Test- and research data center 
The test- and research data center at the Hermann-Rietschel-Institute (HRI) is a full-scale data center 
with free, indirect and adiabatic evaporative cooling. The core component of the cooling system is a 
cross-flow heat exchanger. Two radial fans supply the recirculating volume flow, which is controlled 
by the overflow velocity. Another two radial fans supply the outside air for heat removal. They are 
controlled by the supply air temperature 𝑇𝑇𝑇𝑇SUP. The server room is built on a raised floor with a height 
of 1 m. The server room consists of five 42U racks, which are mostly equipped with 1U and 2U servers. 
The racks are cold aisle contained and organized in a single row. 

2.2 Experimental setup 
The experimental setup is shown in Figure 1. 

 

Figure 1. Experimental setup of the server racks at the HRI Test and Research Data Center 
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24 thermocouples are attached to the mesh of the server rack housing. 12 are located in the front and 
the other 12 in the back of the server rack on the very right, in the center and on the very left. The 
thermocouples are equally distributed at a height of 0.15 m, 0.55 m, 1.2 m and 1.85 m. The 
anemometer is located between the cold aisle and the hot aisle above the server racks at a height of 
2.3 m. �̇�𝑉𝑉𝑉 is measured against the static pressure at the recirculation fans. All servers are running at a 
stationary total load of 𝑃𝑃𝑃𝑃IT =  20 kW. The server fans are running at maximum fan speed. The supply 
air temperature is regulated to 𝑇𝑇𝑇𝑇SUP = 25 °C. The leakage within the server rack area is described as 

 𝜙𝜙𝜙𝜙 = 𝐴𝐴𝐴𝐴Leakage

𝐴𝐴𝐴𝐴SRA
, (3) 

with the total leakage area 𝐴𝐴𝐴𝐴Leakage and the total front area of the server racks 𝐴𝐴𝐴𝐴SRA. All empty spaces, 
even threaded holes, are covered with tape and inserts to achieve maximum air tightness. Therefore, a 
leakage of 𝜙𝜙𝜙𝜙 =  0 % is presumed. 
The temperatures and the volume flow are measured and averaged at overflow velocities between 
 0 m s−1 ≥ 𝑣𝑣𝑣𝑣SR ≥ −0.7 m s−1 with a step size of Δ𝑣𝑣𝑣𝑣SR = 0.1 m s−1 for a period of Δ𝑡𝑡𝑡𝑡 =  3600 s each, 
as a result of a prior investigation of finding a suitable measurement matrix for the investigation. For 
each continuing measurement series leakages are generated by additionally removing four randomly 
chosen inserts to create a bigger leakage. Figure 2 shows the generated leakages within the server rack 
area.  

 

Figure 2. Leakages within the server rack area. Each removed group of inserts is marked with a 
color, starting from bright to dark 

2.4 Temperature criterion 
A criterion in terms of sufficient cooling inside the server room is defined to determine the minimum 
volume flow for all configurations. Therefore, the control method needs to ensure a stable temperature 
profile in front of the server racks. As for the investigation, 𝑇𝑇𝑇𝑇SUP = 25 °C is regulated via a measurement 
point inside the raised floor, this temperature must not be exceeded by 𝑇𝑇𝑇𝑇SUP = 25 °C ± 1 °C inside the 
cold aisle. A setpoint for 𝑣𝑣𝑣𝑣SR at a specific configuration is considered invalid, if a single measurement 
point or more are violating this condition. 

3 RESULTS 

3.1 Effect on the volume flow  

In Figure 3, the average volume flow at each 𝑣𝑣𝑣𝑣SR is plotted for all leakages. Between the overflow 
velocities of 0.0 m s−1 ≤ 𝑣𝑣𝑣𝑣SR ≤ −0.3 m s−1 an increased leakage comes with an increased supply of 
volume flow. By increasing the leakage from 𝜙𝜙𝜙𝜙 =  0 % to 𝜙𝜙𝜙𝜙 =  9.5 % at 𝑣𝑣𝑣𝑣SR = 0.0 m s−1 the supplied 
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volume flow is increased by 800 m3 h−1, which is an increase of 10 %. The volume flow values for 
𝜙𝜙𝜙𝜙 =  0 % show the slightest incline. By increasing the leakage, the incline becomes bigger, caused by 
a growing pressure equalization between cold aisle and hot aisle. 

 

Figure 3. Volume flow �̇�𝑉𝑉𝑉 over the overflow velocity 𝑣𝑣𝑣𝑣𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  
Table 1 shows the validity of all setpoints for all investigated configurations under the aspect of the 
temperature criterion. It is shown, that bigger leakages violate the condition at higher overflow 
velocities, which is caused by hotspots due to local backflow. Therefore, with 𝜙𝜙𝜙𝜙 =  0 % it is valid to 
decrease the overflow velocity to 𝑣𝑣𝑣𝑣SR = −0.6 m s−1 without violating the temperature criterion 𝑇𝑇𝑇𝑇SUP =
25 °C ± 1 °C. This leads to a decreased volume flow by 10.7 % compared to 𝑣𝑣𝑣𝑣SR = 0.0 m s−1. A 
leakage of 𝜙𝜙𝜙𝜙 =  9.5 % limits the valid set point to 𝑣𝑣𝑣𝑣SR  = −0.3 m s−1. When comparing the required 
volume flows for the ideal setpoints of 𝜙𝜙𝜙𝜙 =  0 % and 𝜙𝜙𝜙𝜙 =  9.5 % in Table 1, the required volume flow 
is increased by 12.2 % due to the leakages. The results show, that this method is suitable for a precise 
determination of the minimum volume flow.  

Table 1. Overview of the validity of all setpoints for all configurations 

𝜙𝜙𝜙𝜙
𝑣𝑣𝑣𝑣SR  0.0 −0.1 −0.2 −0.3 −0.4 −0.5 −0.6 −0.7 

0.0 % ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ 

1.9 % ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ 

3.8 % ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ 

5.7 % ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ 

7.6 % ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ 

9.5 % ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ 

PROCEEDINGS  — Roomvent & Ventilation 2018142  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 1 – Personal conditions: Demand controlled ventilation (DCV)

142  |



Figure 5 shows the average temperatures 𝑇𝑇𝑇𝑇SUP at the front and 𝑇𝑇𝑇𝑇ETA at the back of the server racks in 
relation to the overflow velocity 𝑣𝑣𝑣𝑣SR for all measurement series. Transferring the temperature criterion 
to the average temperatures in front of the server racks, it is shown that the smaller the leakages, the 
more temperature-stable conditions are prevailed. Up to 𝑣𝑣𝑣𝑣SR = −0.3 m s−1 all temperature profiles are 
equal. The configurations with bigger leakages significantly exceed the allowed temperatures from 
𝑣𝑣𝑣𝑣SR = −0.4 m s−1 downwards. The configurations with no or small leakages are more temperature-
stable and do not exceed the allowed temperature. Also, the smaller the leakage, the higher Δ𝑇𝑇𝑇𝑇 over the 
servers, which means a more efficient use of the supply air regarding equation (1).  

 

Figure 5. Average temperatures 𝑇𝑇𝑇𝑇� over the overflow velocity 𝑣𝑣𝑣𝑣𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  

5 CONCLUSION 
A volume flow control method for a cold aisle contained data center with a hot-wire anemometer is 
investigated. The emphasis of the investigation is to determine the minimum volume flow for a 
sufficient cooling operation for different leakages within the server racks. Each measurement series is 
evaluated in terms of a suitable temperature criterion for a sufficient cooling operation. It was shown 
that with an increasing leakage, the required volume flow for a sufficient cooling operation increases 
too. The required volume flow for 𝜙𝜙𝜙𝜙 =  9.5 % is increased by 12.2 % towards the required volume flow 
for 𝜙𝜙𝜙𝜙 =  0 %. Additionally, a cooling operation with the minimum of leakages ensures an overall more 
temperature-stable condition inside the cold aisle. The average temperature rise over the servers 
increases with decreasing leakages. Thus, the supply air is used more efficiently.  
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𝜙𝜙𝜙𝜙 =  0 % show the slightest incline. By increasing the leakage, the incline becomes bigger, caused by 
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is increased by 12.2 % due to the leakages. The results show, that this method is suitable for a precise 
determination of the minimum volume flow.  

Table 1. Overview of the validity of all setpoints for all configurations 
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0.0 % ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ 

1.9 % ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ 
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7.6 % ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ 
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SUMMARY  
There is a complex relationship between indoor air quality, health, personal comfort and building 
energy use. A personalised ventilation (PV) system creates a micro-climate around an individual, and 
has the potential for improving personal comfort, indoor air quality and productivity of building 
occupants. Computational Fluid Dynamics simulations model the delivery of clean air to a seated 
computational thermal manikin (CTM) in a mechanically ventilated chamber. This parametric study 
considers the temperature of the PV flow and the distance of the PV nozzle from the CTM breathing 
zone. Results are presented in terms of thermal comfort levels, with air quality assessed by the mean 
age of air calculated in the breathing zone. The thermal comfort metrics on the CTM are fairly 
constant with the exception of the facial area influenced by the PV jet. Here, they are found to change 
more with PV temperature than with PV distance (and hence air velocity). PV flows are consistent 
with the empirical laws governing jet development, impacting not only the air in the breathing zone, 
but also within the wider room environment. A poorly located PV jet can cause a significant 
deterioration in air quality compared to no PV, yet still improve the thermal comfort. 
Keywords: CFD, personalised ventilation, indoor air quality, thermal comfort. 

1 INTRODUCTION  
Worldwide on average 40% of the total energy consumed is by non-industrial buildings (such as 
homes and offices), primarily for heating and ventilation (Ward, 2004). Although improvements to the 
thermal efficiency of a building can be made by increasing the air-tightness and reducing ventilation 
rate, this can also be detrimental to the indoor air quality (IAQ), which in turn can have a significant 
impact on human health (Sundell, 2004) and affect productivity in office environments (Wargocki et 
al., 2000). Current ventilation standards for IAQ are largely based on occupants’ perception (Sundell 
et al., 2011). 
Perceived air quality and work performance are also influenced by an individual’s thermal comfort 
(Seppänen et al., 2005). Six factors are known to influence thermal comfort: four are environmental 
(air temperature, mean radiant temperature, humidity and air speed) whilst two are personal 
(activity/metabolic rate and clothing levels) (CIBSE, Guide A, 2015; Fanger, 1972). A basic standard 
to quantify thermal comfort is the thermal sensation scale (British Standards Institute, 2002, 2006) 
which assigns an index on a seven-point scale to a thermal sensation, ranging from cold (-3) to neutral 
(0) to hot (3). The Predicted Mean Vote (PMV) (Fanger, 1972) equation estimates the average thermal 
sensation of a population of people for a given set of factors.  There is a growing body of work with 
more sophisticated models that couple human thermos-regulatory systems to the indoor environment 
that can deal with localised thermal sensations (Katić et al., 2016; Veselá, 2017), but these models 
may not yield superior results to the PMV model when considering the body as a whole (Schweiker et 
al., 2017).  Any evaluation of thermal comfort is influenced by the choice of thermal sensation model 
(Koelblen et al., 2017), however there is currently no method for direct comparison between the 
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models (Koelblen et al., 2018) and no standard approach has been adopted yet (Koelblen et al., 2017).  
Whilst these more complex models are still in research, PMV remains widely used as an international 
standard (d’Ambrosio Alfano et al., 2017) which is extensively validated with known limitations. 
The aim of personalised ventilation (PV) is to create such a micro-climate around an individual, 
delivering clean air more directly to the breathing zone than traditional ventilation methods (Faulkner 
et al., 1999). The air travels over a shorter distance, acquiring less pollutants on the journey, thereby 
improving IAQ (Melikov, 2004). Furthermore, improvements to thermal comfort can be found whilst 
reducing the overall energy consumed (facilitating more economical and sustainable buildings) by 
decreasing the background ventilation rates and maintaining a higher (or lower) ambient temperature 
(Melikov, 2004).  While PV is known to bring IAQ and comfort benefits, existing studies measure or 
model only a selected set of potential configurations. This paper presents a parametric study 
modelling the delivery of clean air through a PV system to a seated computational thermal manikin 
(CTM) in a mechanically ventilated chamber, via computational fluid dynamics (CFD) simulations. 
The purpose of the work is to investigate the relationship between thermal comfort and air quality in 
the breathing zone, with variations in PV temperature and location. 

2 METHODS 
Thermal, pseudo transient steady state simulations were run in 3D using a double precision solver with 
ANSYS Fluent. Figure 1(a) depicts the computational domain for the simulations, based on an 
experimentally validated benchmark test case of PV (Russo et al., 2009). An unclothed CTM is centered 
within a room of dimensions 2.03m wide, 2.64m long and 2.49m high. The domain is split into a 
predominantly hexahedral mesh of 5.4 million cells, see Figure 1(b), to enable it to be aligned with the 
flow from the PV and wall diffuser inlets for greater accuracy. To capture the thermal boundary layer, 
the surface of the CTM is split into an unstructured mesh with 166,000 cells, clustered around the 
breathing zone with inflation layer ten cells deep as shown in Figure 1 (c), resulting in a y+~1. 
 

(a)  (b)    (c)   
Figure 1. (a) Simplified computational domain.  (b) Mesh on centre plane.  (c) Close up of mesh of 

surface mesh on CTM face and corresponding inflation layer 

 
The purpose of the study is to consider the effect of alterations to the PV temperature and locations.  
All other parameters were based on the values in the benchmark case (Russo et al., 2009).  The wall 
diffuser supplies air at 20.5°C to the room at 16.5ls-1 with a turbulent intensity of 5% (Russo et al., 
2009). The PV supplies air at 21°C, 23.5°C and 26°C through a circular face of diameter 0.05m at a 
rate of 2.4l s-1 with a turbulent intensity of 1.7% (Russo et al., 2009). Air is exhausted through a 
pressure outlet on the ceiling. The CTM has a constant surface heat flux of 58.1Wm-2 (1 Met), the 
walls and ceiling are set at 23.5°C and the floor at 22°C (Russo et al., 2009). Large areas of the room 
contain stagnant air so turbulence is not fully developed throughout; the transition from laminar to 
turbulent flow is modelled with the Transitional SST turbulence model. Radiation is modelled with 
the Discrete Ordinates model, whilst the Boussinesq approximation accounts for buoyancy forces and 
second order discretisation schemes are used for the remaining CFD equations. 
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In this work, thermal comfort is presented in terms of the PMV index, whilst mean age of air 
(MAOA) is used as a proxy for air quality. These metrics are calculated as a post-process to the 
simulations, utilizing a user defined function (UDF). For the thermal comfort, volume average 
radiation temperature is used in the calculations; with relative humidity set at 50%; clothing and 
activity modelled as consistent with office attire (1 Clo) and energy expenditure (1 Met). For the 
MAOA calculation, air is specified with a low diffusivity (1×10-5m2 s-1), with a zero age at the inlets.  
Initially, a baseline case is run with no PV flow. For the parametric study, the CTM remains fixed 
with the PV tube moved to six equally spaced locations in the range 0.086m-0.636m from the CTM 
breathing zone (BZ). Each of the three PV temperatures are simulated at all PV locations. 
Temperature and PMV are calculated on the surface of the CTM; MAOA at the CTM mouth and 
nostrils. 

3 RESULTS AND DISCUSSION 

3.1 Mean age of air in the breathing zone 
Without the benefit of a PV system in this displacement ventilated test case, the air entering at the 
wall diffuser situated behind the CTM takes in the region of 6 minutes to reach the CTM mouth and 
nostrils.  Figure 2 shows contours on the centre plane for both velocity magnitude and the mean age of 
air.  It can be clearly seen in Figure 2(a) that the air movement is fastest when entering the room 
through the diffuser, in the thermal plume located directly over the CTM and when exiting through the 
outlet.  Figure 2(b) shows the relationship between the air velocity and the MAOA – air is freshest 
when entering the room, and shows reasonably stratified layers of air age except for near the CTM 
where the air is drawn up around the CTM due to buoyancy and exits. The contours also highlight a 
large region of the room of very old air with little or no air movement, which encroaches into the BZ.  
The purpose of the PV is to improve on this baseline case and deliver fresher, cleaner air to the 
breathing zone. 

 (a)      (b)      
Figure 2. No PV: Contours on the centre plane for (a) velocity magnitude (m/s) and (b) MAOA (s). 

The flows from the PV nozzle are consistent with the empirical laws governing jet development, 
impacting not only the air in the breathing zone, but also within the wider room.  The air is freshest 
within the cone of establishment of the flow, which is in the region of 0.3m from the nozzle exit.  
Outside the cone, the entrained air that moves with the flow is older.  Figure 3 shows the impact of the 
PV flows on the MAOA in the room.  As the PV is moved further from the BZ, the stratified layers of 
air become more mixed and the cone of fresh air moves further from the breathing zone.  Small 
perturbations to the thermal boundary conditions in the room have negligible effect in the areas 
dominated by the PV flow.  Contours of MAOA on the CTM face are also shown in Figure 3.  It can 
be seen that the closer the PV nozzle is, the fresher (younger) the air reaching the CTM face, 
irrespective of PV temperature.   In all cases, the freshest air is found on the lower part of the CTM 
face, with older air higher up the face.   
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within a room of dimensions 2.03m wide, 2.64m long and 2.49m high. The domain is split into a 
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The purpose of the study is to consider the effect of alterations to the PV temperature and locations.  
All other parameters were based on the values in the benchmark case (Russo et al., 2009).  The wall 
diffuser supplies air at 20.5°C to the room at 16.5ls-1 with a turbulent intensity of 5% (Russo et al., 
2009). The PV supplies air at 21°C, 23.5°C and 26°C through a circular face of diameter 0.05m at a 
rate of 2.4l s-1 with a turbulent intensity of 1.7% (Russo et al., 2009). Air is exhausted through a 
pressure outlet on the ceiling. The CTM has a constant surface heat flux of 58.1Wm-2 (1 Met), the 
walls and ceiling are set at 23.5°C and the floor at 22°C (Russo et al., 2009). Large areas of the room 
contain stagnant air so turbulence is not fully developed throughout; the transition from laminar to 
turbulent flow is modelled with the Transitional SST turbulence model. Radiation is modelled with 
the Discrete Ordinates model, whilst the Boussinesq approximation accounts for buoyancy forces and 
second order discretisation schemes are used for the remaining CFD equations. 
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The surface area weighted mean values of the MAOA taken at the CTM mouth and nostrils are shown 
in Table 1.  With the PV flow, the MAOA on the CTM mouth and nostrils show that very close to the 
CTM (when the breathing zone is located well inside the cone of establishment of the PV jet), the 
three PV temperature configurations exhibit very similar distribution functions, with air much younger 
at the mouth than the nostrils, with a larger range of age of air at the nostrils. Moving the PV further 
slightly away, the cooler air is more likely to be older and the warmer air has a slightly smaller range 
of air ages. This trend continues until the end of the cone. Out-side of the jet cone, the profiles of the 
distribution functions for each PV temperature become more distinct and their range of air ages 
reduces. The difference between the age of air at the mouth and nostrils becomes less pertinent as the 
PV jet flow becomes established and entrains local air from the bulk flow (mainly sourced from the 
wall diffuser and hence significantly older).  Even with the end of the cone touching the CTM 
between the nose and mouth, the MAOA is close to 2 minutes old at the mouth and nostrils. This rises 
rapidly to close to 10 minutes for the furthest PV distance simulated.  It should be noted that these 
simulations are steady state and in reality, variations in toplogy, breathing flows including buoyancy 
effects along with human movement will make the numbers less certain. 

Figure 3. Contours of MAOA (s) on the centre plane and CTM face for the different PV distances and 
PV temperatures. 

Table 1. Mean MAOA values at CTM mouth and nostrils for the different PV distances and PV 
temperatures. 

  Mean MAOA (s) 

  mouth nostrils mouth nostrils mouth nostrils 
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0.086m 0.18 39 0.18 43 0.18 40 
0.196m 5 119 3 112 3 101 
0.306m 123 283 107 276 104 221 
0.416m 344 401 333 370 366 393 
0.526m 441 475 476 501 498 508 
0.636m 501 521 572 593 565 572 

  (PV = 21°C ) (PV = 23.5°C ) (PV = 26°C ) 

3.1 Thermal comfort on the CTM 
With no PV flow, the surface temperature on the CTM is within the experimental range measured by 
Chaudhuri et al. (2018), for example.  The CTM is cooled by the incoming air from the wall diffuser, 
creating cooler areas on the hands, feet and lower legs, as seen in Figure 4(a).  Warmer areas are 
found where body parts are close together.  In the presence of a PV flow, the surface temperature on 
the CTM remains consistent with the no PV case, with the exception of the facial, neck and upper 
chest areas which are influenced by the PV jet. Here, they are found to change more with PV 
temperature than with PV distance (and hence air velocity), as shown in Figure 4(b). 

PV
 d

is
ta

nc
e 

fr
om

 C
T

M
 B

Z
  

PV temperatures

 
21°C 26°C

0.
08

6m

          

0.
63

6m

          

PROCEEDINGS  — Roomvent & Ventilation 2018148  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 1 – Personal conditions: Demand controlled ventilation (DCV)

148  |



In the baseline case with no PV, the CTM has a whole body PMV index of 0.8172.  Table 2 shows the 
effect of the localised PV flow on the whole body, with greater improvements found for the cooler PV 
temperatures (closer to a neutral value of 0) than with PV distances.  The effect of the PV flow on the 
whole body is considerably less than the localised effect seen in Figure 4(b).  Small perturbations in 
the boundary conditions have a greater effect on the PMV index than the PV flow, however 
improvements of the same magnitude are found through use of PV. 

 

(a)          (b) 
Figure 4. Contours of temperature (°C ) on the CTM surface (a) with no PV flow and (b) with PV flow 
at different locations and flow temperatures. 

Table 2. Whole body PMV index and percentage change from the no PV case for the different PV 
distances and PV temperatures. 

  Whole body PMV Index 

  PMV % change PMV % change PMV % change 
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0.086m 0.789 -3.5 0.800 -2.1 0.810 -0.9 
0.196m 0.793 -3.0 0.802 -1.9 0.811 -0.8 
0.306m 0.797 -2.5 0.805 -1.5 0.812 -0.6 
0.416m 0.798 -2.4 0.805 -1.5 0.812 -0.6 
0.526m 0.801 -2.0 0.807 -1.2 0.815 -0.3 
0.636m 0.803 -1.7 0.810 -0.9 0.817 0.0 

  (PV = 21°C ) (PV = 23.5°C ) (PV = 26°C ) 

4 CONCLUSIONS 
The mean age of air was found to be more sensitive to the distance between the PV nozzle and 
breathing zone than small variations in temperature.  A PV system located too far from the breathing 
zone can disrupt a displacement ventilation strategy, causing a change towards mixed ventilation for 
the entire domain.  A poorly located PV jet can cause a significant deterioration in air quality 
compared to no PV, yet still improve the thermal comfort.  PMV considers the thermal state for the 
whole body, other methods may be used to determine local thermal comfort which may important, 
depending on local sensitivities such as the face.  Irrespective of this, achieving thermal comfort and 
improving perceived air quality (through greater air movement around the face and breathing zone due 
to the PV jet flow) does not guarantee actual improvements in air quality where the fresh supply air 
reaches the breathing zone. 
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The surface area weighted mean values of the MAOA taken at the CTM mouth and nostrils are shown 
in Table 1.  With the PV flow, the MAOA on the CTM mouth and nostrils show that very close to the 
CTM (when the breathing zone is located well inside the cone of establishment of the PV jet), the 
three PV temperature configurations exhibit very similar distribution functions, with air much younger 
at the mouth than the nostrils, with a larger range of age of air at the nostrils. Moving the PV further 
slightly away, the cooler air is more likely to be older and the warmer air has a slightly smaller range 
of air ages. This trend continues until the end of the cone. Out-side of the jet cone, the profiles of the 
distribution functions for each PV temperature become more distinct and their range of air ages 
reduces. The difference between the age of air at the mouth and nostrils becomes less pertinent as the 
PV jet flow becomes established and entrains local air from the bulk flow (mainly sourced from the 
wall diffuser and hence significantly older).  Even with the end of the cone touching the CTM 
between the nose and mouth, the MAOA is close to 2 minutes old at the mouth and nostrils. This rises 
rapidly to close to 10 minutes for the furthest PV distance simulated.  It should be noted that these 
simulations are steady state and in reality, variations in toplogy, breathing flows including buoyancy 
effects along with human movement will make the numbers less certain. 

Figure 3. Contours of MAOA (s) on the centre plane and CTM face for the different PV distances and 
PV temperatures. 

Table 1. Mean MAOA values at CTM mouth and nostrils for the different PV distances and PV 
temperatures. 
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3.1 Thermal comfort on the CTM 
With no PV flow, the surface temperature on the CTM is within the experimental range measured by 
Chaudhuri et al. (2018), for example.  The CTM is cooled by the incoming air from the wall diffuser, 
creating cooler areas on the hands, feet and lower legs, as seen in Figure 4(a).  Warmer areas are 
found where body parts are close together.  In the presence of a PV flow, the surface temperature on 
the CTM remains consistent with the no PV case, with the exception of the facial, neck and upper 
chest areas which are influenced by the PV jet. Here, they are found to change more with PV 
temperature than with PV distance (and hence air velocity), as shown in Figure 4(b). 
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SUMMARY  
The aim was to study the effect of cooling jets from the ceiling on thermal comfort, symptoms and 
perception in warm office environment in two separate human subject experiments. The room air 
temperature in the laboratory was 29.5°C. The experiment I had two thermal conditions: (1) no cooling 
jet and (2) a cooling jet with constant velocity. Thermal conditions in the experiment II were: (1) no 
cooling jet and (2) an adjustable velocity jet, respectively. Subjects’ work performance was measured 
with two different tasks: short term memory task and working memory task. Whole body thermal 
comfort, local thermal comfort, symptoms and subjects perception were assessed with questionnaires. 
The results suggest that providing local cooling with a ceiling based cooling jet can improve thermal 
comfort, perceived indoor air quality and perceived working conditions in warm office environment. 
Additionally, symptoms, subjective workload and cognitive fatigue might be reduced with jet. Adding 
the possibility to adjust the airflow seems to increase the positive effects of cooling jet on occupants’ 
perception and comfort. 
Keywords: ventilation, thermal comfort, air velocity, perception, performance 

1 INTRODUCTION 
Poor indoor air quality (Maula et al., 2017a) and too high room air temperature (Maula et al., 2016a) in 
offices can negatively affect occupants’ perceived indoor air quality, thermal comfort and work 
performance. Air movement can be used to provide local cooling. Standards allow elevated air speed to 
be used in order to increase the maximum operative temperature for acceptability (ASHRAE 55, 2010; 
ISO 7730, 2005). According to the ASHRAE standard, if sedentary office occupants do not have the 
control over the local air speed in their space, the upper limit to air speed should be 0.8 m/s for operative 
temperatures above 25.5°C. 
Increased air movement from air terminal device installed on the desk has been found to reduce the 
negative impact of increased air temperature, relative humidity, and pollution level on perceived air 
quality by Melikov and Kaczmarczyk (2012). They noticed that recirculated room air did not reduce the 
intensity of SBS symptoms, but clean outdoor air did so. Therefore, using clean outdoor air in local 
ventilation jet applications may be beneficial. Lipczynska et al. (2014) studied the impact of 
personalized ventilation installed in to the desk combined with chilled ceiling on eye irritation with 
twenty four subjects in warm office environment. They suggested that the use of individual control over 
the airflow might be one of the main solutions to avoid possible eye symptoms caused by elevated air 
movement. However, installing an air terminal unit and ducting providing clean outdoor air into the 
desk might complicate the layout changes in offices. Integrating the cooling jet to the HVAC system 
and placing the air terminal unit into the ceiling, enables layout changes with less effort and individual 
control over the airflow can still be provided. 
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Our aim was to study in two separate human subject experiments the effect of cooling jets from the 
ceiling on thermal comfort, symptoms and perception in warm office environment. 

2 METHODS 

2.1 Laboratory conditions 
The studies were carried out in warm office conditions (room temperature 29.5°C) as two separate 
human subject experiments in two different laboratories (Figure 1). Experiment I was done in open-
plan office laboratory (Figure 1a) and experiment II was done in private office laboratory (Figure 1b). 
Experiment I had two thermal conditions: (1) no cooling jet and (2) a cooling jet with constant velocity. 
Thermal conditions in experiment II were: (1) no cooling jet and (2) an adjustable velocity jet, 
respectively. Fresh outdoor air in Experiment II was supplied with one terminal unit installed in the 
middle of the ceiling and with one cooling jet above the other workstation, i.e. workstation 2 (Figure 
1b). The inlet duct was divided into two branches outside the office laboratory: main branch into 
terminal unit and secondary branch into workstation 2. A duct fan was installed outside the laboratory 
into the secondary branch and a remote control was brought into workstation 2 (Figure 1b). The 
adjustment of the velocity jet did not affect the total amount of supply air (27 l/s per person). Screens 
with a height of 1.3 meters were installed between workstations for visual privacy. Fresh outdoor air 
was supplied with terminal units installed in the ceiling and with one cooling jet. Table 1 shows the 
mean values of indoor environment parameters in both experiments. Noise level and lighting conditions 
met current recommendations for office environment. 

a)    

b)    
Figure 1. a) Open-plan office laboratory in experiment I (A=acclimatization, 1=No cooling jet, and 
2=Cooling jet). b) Office laboratory in experiment II (S=Supervisor, 1=No cooling jet, and 
2=Adjustable cooling jet). Acclimatization in experiment II was done in workstation 1. Right: Remote 
control of the duct fan in experiment II. 

PROCEEDINGS  — Roomvent & Ventilation 2018152  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 1 – Personal conditions: Demand controlled ventilation (DCV)

152  |



Table 1. The mean values of indoor environment parameters in both experiments 
Experiment Temperature 

(°C) 
Velocityair,cooling jet (m/s) Qsupply air 

(l/s per person) 
Relative humidity 

(%) Condition I Condition II 
I 29.5 - 0.8 93 20 
II 29.4 - 0.3-1.5 27 15 

2.2 Cooling jets  
The cooling jet was introduced from an air terminal device with seven adjustable nozzles installed 
symmetrically into one of the inlet ducts in the ceiling. The same system was used in both experiments. 
The direction of the cooling jet was not changed during the experiment, but the jet was directed slightly 
differently between the experiments. The jet was directed towards participants face in experiment I and 
towards participants´ upper body in experiment II. The jet had a constant velocity (maximum 0.8 m/s) 
and the temperature difference between supply air in the jet and room air was -3.5°C in experiment I, 
while participants were able to adjust the airflow (maximum from 0.3 m/s to 1.5 m/s; Maula et al., 
2017b) and the jet was isothermal in experiment II. 

2.3 Participants 
Table 2 shows the basic information regarding the participants in both experiments. The participants 
were advised to wear trousers, short sleeve shirt, socks and ankle-length shoes. The estimated clothing 
insulation including the office chair (0.1 clo) was 0.71 clo (ISO 7730, 2005). The main activity of the 
participants during the study was typing. The estimated activity level was 1.1 met (ISO 7730, 2005). 

2.4 Procedure 
Both experiments had a repeated measures design, i.e. each subject was exposed to both thermal 
conditions (with and without the cooling jet) and served as their own control minimizing the effect of 
individual differences on results. The order of thermal conditions were counterbalanced between 
participants to control possible order effects concerning, for example, learning and fatigue. 
The experimental session was similar in both experiments. The whole session lasted for 110 min (Figure 
2). It included an acclimatization phase (30 min) and both thermal conditions (40 min per sub-session). 
During acclimatization the participants filled questionnaires and practiced the performance tasks. 
Questionnaires were filled in the beginning and at the end of the acclimation phase and during both sub-
sessions. The sub-sessions were carried out right after another without a break. 
Participants performed two different tasks in both sub-sessions: short-term memory task (serial recall 
task; Maula et al., 2016b) and working memory task (N-back task; Owen et al., 2005). Whole body 
thermal comfort, local thermal comfort, symptoms, subjective performance ratings and overall 
experience of the environment were assessed with questionnaires, which were repeated throughout the 
session. In addition, the perception of the cooling jet was assessed in workstation 2. Exact questions and 
response scales are presented in Maula et al. (2016b). 
 

Table 2. The number of participants, gender distribution and median age of participants in 
experiments I (cooling jet with constant air velocity) and II (adjustable cooling jet). 

Experiment The number of participants Female Male Median age 
I 29 16 13 24 
II 32 23 9 24 
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Figure 2. Procedure of the whole experimental session containing both thermal conditions (first sub-
session had one thermal condition and the second sub-session had the other thermal condition). 

2.5 Statistical analyses 
Statistical analyses were conducted with IBM SPSS Statistics for Windows, Version 20.2 (Armonk, 
NY: IBM Corp.) with a confidence interval of 95 %. The normality of the data was tested with Shapiro-
Wilk test. A repeated measures ANOVA or t-test (two-tailed) was used when data was normally 
distributed or when distributions were similarly skewed. Wilcoxon's test was used for variables that 
were not normally distributed if they also differed in the direction of skewness. 

3 RESULTS 
Table 3 shows the results of both experiments, in which the difference between the thermal conditions 
is statistically significant.  

Table 3. The results, in which the differences between the thermal conditions I (reference condition 
without the jet) and II (cooling jet) are statistically significant either in Experiment I or II. Mark “+” 
means that the condition with cooling jet is significantly better for occupant than the reference 
condition (without the jet), and mark “−“ means the opposite. 

Questionnaire Experiment 
I (cooling jet, v=const.) II (adjustable cooling jet) 

p direction p direction 
Thermal 
comfort 

Whole body thermal sensation <.001 + <.001 + 
Local thermal sensation <.05 + <.05 + 

Symptoms 

 
  

Sweating <.05 + <.001 + 
Headache ns  <.01 + 

Nasal symptoms ns  <.05 + 
Feeling of being unwell ns  <.05 + 

Difficulties in concentration ns  <.01 + 
Eye symptoms <.05 − ns  

Cognitive 
fatigue 

Tiredness <.05 + <.05 + 
Lack of energy ns  <.01 + 

Lack of motivation ns  <.001 + 
Subjective 
workload 

Workload during the most difficult task ns  <.05 + 
Exertion ns  <.01 + 

Frustration <.05 + ns  
Performance <.01 + ns  

Disturbance 
of 

performance 

Heat <.05 + <.001 + 
Draught <.01 − <.001 − 

Stuffiness <.01 + <.001 + 
Perceived 

work 
environment 

Pleasantness of environment <.05 + <.001 + 
Draughtiness <.001 − <.001 − 

Stuffiness <.001 + <.001 + 
Overall experience ns  <.001 + 

The possibility to work effectively ns  <.001 + 
Perceived air quality <.001 + <.001 + 
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Figure 3 shows the distributions of the whole body thermal sensation at the end of the sub-session in 
both experiments. In experiment II, 65% of the subjects adjusted the jet so that at the end of session the 
target velocity was 1.1−1.3 m/s. 
In experiment I (cooling jet with constant air velocity), thermal condition with the jet improved the 
speed in the N-back task with increasing exposure time (p<.05, effect size with Cohen’s d is 0.15). 
However, considering the small time unit (ms) and a very small effect size, the practical meaning of the 
increment in speed is negligible. No effect of thermal condition was seen on objective work performance 
in experiment II. 
 

 

Figure 3. The distributions of the whole body thermal sensation at the end of each sub-session in both 
experiments. The percentage of dissatisfied with thermal environment at the end of sub-session in 
experiment I was 72% without the jet, and 38% with the jet. In experiment II, 72% of participants 
were dissatisfied without the jet and 22% of participants were dissatisfied with the jet, respectively. 

4 DISCUSSION 
The use of a cooling jet improved thermal comfort, symptoms, cognitive fatigue, subjective workload, 
and perceived work environment. Providing adjustment over the airflow resulted in greater amount of 
subjective measures in which the positive effect of cooling jet on occupants’ perception was seen.  
Eye symptoms were minor in both experiments, yet the significant difference between with and without 
the jet seen in experiment I was absent in experiment II with adjustable cooling jet. This is in agreement 
with the findings of Lipczynska et al. (2014), that the use of individual control over the airflow might 
be one of the main solutions to avoid possible eye symptoms caused by elevated air movement. 
However, the orientation of the jet was slightly lower in experiment II than in experiment I, which might 
also have an effect on eye symptoms. 
The cooling jet (in either experiment I or II) was not able to restore the performance loss found in N-
back task in room temperature 29.5°C compared to performance in room temperature 23.5°C (Maula et 
al., 2016a). Also, the mean thermal sensation vote did not reach neutral with cooling jet in neither 
experiment. Therefore, it seems that the room temperature should not be allowed to rise up to 29.5°C 
even when local cooling with the adjustable cooling jet is provided. 
The participants were exposed to the cooling jet for a shorter time than a normal 8-h workday. The 
results cannot therefore be applied directly to an 8-h workday. The temperatures used in these two 
studies represents offices with inefficient air conditioning during summer season. There are numerous 
ways of providing local air movement with different combinations of jet parameters (air temperature, 
relative humidity, orientation of the jet, etc.), environment parameters (room temperature, relative 
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humidity, etc.) and personal factors such as clothing insulation and activity level. There is a need to 
study occupants’ perception of the jet with different variations of above-mentioned parameters. 

5 CONCLUSIONS 
The aim was to study the effect of cooling jet from the ceiling on thermal comfort, symptoms and 
perception in warm office environment. The results suggests that providing local cooling with a ceiling 
based cooling jet can improve thermal comfort, perceived indoor air quality and perceived working 
conditions in warm office environment. Additionally, symptoms, subjective workload and cognitive 
fatigue might be reduced with the jet. Providing personal control over the airflow seems to increase the 
benefits gained from the jet. These findings can be utilized in the development of energy-efficient air 
conditioning systems for offices where overheating occurs. Yet, the effect of individual control over the 
flow direction should be studied in otherwise similar measurement design. 
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SUMMARY 
Personal Comfort Systems (PCS) are appliances aimed at controlling the indoor environmental 
parameters just in the near field of a person. The ultimate goal is to create a “comfort bubble” around 
the occupants. These systems are widespread on the market and are used, since long time, as a secondary 
equipment to back up or support centralized heating/cooling systems. This explains why, so far, the 
research done on PCS is relatively limited and the design procedures are typically and frequently 
borrowed from the sector of centralised HVAC systems. Nevertheless, needs, features and the 
perception of the occupants are quite different if PCS and centralized systems are compared. The paper 
will present and discuss the activity done on two Bladeless Fan Heater/Coolers and their performance 
analysis. The attention will be focussed on the subjective characterization of the thermal comfort. 
Firstly, an overview of the procedure adopted to prepare a questionnaire specifically devoted to study 
the PCS is given. Secondly, the results of the questionnaires, which involved more the 40 subjects for 
each appliance, will be given. Finally, a critical discussion will be developed to highlight the needs for 
the future research and the development of the design procedures of PCS.
Keywords: Personal Comfort Systems, bladeless fan, subjective analysis, thermal comfort, draft risk. 

1 INTRODUCTION 
In a context where the attention to lower the energy consumption of the buildings is increasing, the 
development of new technologies isn’t only linked to the accomplishment of this objective, but also to 
improve occupants’ wellness. An example of these technologies are the Personalized Comfort Systems 
(PCS), whose adoption may lead to a reduction of the energy needs, in comparison to traditional 
HVACs. In addition, they allow to the flexibly control just the microclimate surrounding the person 
thus ensuring subjective thermal comfort conditions (Bauman et al., 1998). 
This paper is focused on assessing the thermal sensations and satisfaction perceived by a hypothetic 
PCS’s user. At the present, procedures usually adopted to assess the thermal comfort have limitations 
when applied to Personal Comfort Systems. Moreover, studies aimed at understanding the effect on the 
local and global comfort of the thermal and fluid dynamic fields related to PCS (which are characterized 
by high variation of the environmental parameter over the body) are few and not systematic (e.g. Veselý 
and Zeiler , 2014, Zhang et al., 2010 and 2015). In order to close this gap, subjective comfort analyses 
should be developed along with thermo fluid dynamic studies. In particular, in the present paper a 
questionnaire (taking its basis form Deng et al., 2017 and Veselý et al., 2017) and a survey procedure 
were developed and tested on a real case study. For this sake, two different bladeless fan heaters were 
selected as being representative of a family of PCSs, whose market penetration is becoming quite 
noticeable (P/A and P/B acronyms will be used to identify such appliances). 

humidity, etc.) and personal factors such as clothing insulation and activity level. There is a need to 
study occupants’ perception of the jet with different variations of above-mentioned parameters. 

5 CONCLUSIONS 
The aim was to study the effect of cooling jet from the ceiling on thermal comfort, symptoms and 
perception in warm office environment. The results suggests that providing local cooling with a ceiling 
based cooling jet can improve thermal comfort, perceived indoor air quality and perceived working 
conditions in warm office environment. Additionally, symptoms, subjective workload and cognitive 
fatigue might be reduced with the jet. Providing personal control over the airflow seems to increase the 
benefits gained from the jet. These findings can be utilized in the development of energy-efficient air 
conditioning systems for offices where overheating occurs. Yet, the effect of individual control over the 
flow direction should be studied in otherwise similar measurement design. 
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The first phase of the research was spent to 
set-up the questionnaire and to conceive and 
optimize the experimental survey. Then, the 
subjective measurements were carried out. A 
total of about 90 subjects were selected for 
the test (interview), about 45 for each 
product. Finally, a statistical analysis of the 
collected data and a comparison between the 
subjective thermal sensations related to 
various people in regards to the single 
appliance and to various subjects and the 
inter-appliance comparison were done. 
 

2 METHODS 

2.1 Test room 
The room used for the tests is a, typical, real, 
single office of 18 m2. It has rectangular 
shape and is located inside the Politecnico di 

Torino. The north-east wall is facing to the outdoor and it presents a window (whose surface is about 6 
m2). All the other three walls are bordering with heated rooms. During the test, the subjects were asked 
to sit on a chair, head-on to the PCS and to the windows. As can be seen in Figure 1, the bladeless fan 
heater was located in axis with the subject, at a distance of 2.3 m. Inside the room there were just few 
office’s furniture, that did not interfere with the air flow. The outdoor air temperature and RH were 
monitored during all the tests.  

2.2 The survey – methods and data 
The questionnaire is structured in three parts. The first (part “A”) collects the info about the 
environmental conditions (objective measurements near the subject, plus the measured value of the PM 
by means of the 1212 Bruel and Kjaer apparatus) and was filled in by the research team at the beginning 
of each phase. The second part (“B”) is filled at the beginning of the procedure by the person under test 
and deals with the personal subjective variables (i.e. gender, age, height, weight, clothing and metabolic 
activity), it also asks for some specific questions about sensibility to air temperature or velocity. Finally, 
the third part (“C”) focuses on the sensations perceived by the individuals and is filled at the end of the 
period of exposure of the subject to the various environmental conditions when the PCS is on.  
In order to reproduce realistic conditions during the surveys (performed in the winter season, e.g. in 
heating mode) each test was divided into three steps. Firstly, the room was cooled (by opening the 
window) to an indoor temperature of about 15 °C. Then the subjects were asked to enter the room and 
to sit on the chair for 5 minutes (during which they were briefed on the questionnaire and on the test 
procedure). After 5 minutes, the subjects were asked to fill in, for the first time, the part “C” of the 
questionnaire; moreover, an IR picture of their body surface temperature was taken and the indoor 
environmental conditions (near the person) were recorded. After these 5 minutes the PCS was switched 
on at its full nominal power (max. heating power and max. flow are). The subjects were asked to stay 
still on the chair (just doing office activity) for 15 minutes and, at the end of this period, the data 
collection procedure was repeated (subjects filling in the questionnaire part “C”, while an operator 
gathered information about indoor conditions and took the IR image of the body).  
For about 20% of the surveys the test stopped at this point, while for the remaining 80% of the 
experiments it continued for another 45 minutes, during which the appliances were adjusted in order to 

 

Figure 1. Test room rendering. 
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keep a set point temperature of about 20 – 21 °C (therefore, the PCS modulated and did not operated at 
maximum power). After 45’ the data collection (Part “A” and “C”) was repeated with the same process 
as the one followed after the first 5 and 15 minutes. Table 1 resumes schematically the phases and of 
the experimental methodology used for each test.  
Finally, a statistical analysis has been carried out on the results of the survey. The Shapiro-Wilk test 
was applied to determine whether the data were normally distributed or not. Data failing to meet the 
normality criterion were subjected to the non-parametric Friedman test and Wilcoxon test to verify the 
significance of the difference between two sets of answers.  

Table 1. Layout of a single test 
Duration 5 min 15 min 45 min 

Place Inside chamber test Inside chamber test Inside chamber test 
PCS’ power Switched off On at max power On modulating at fix S.P. 

Activity Acclimatization 
 

Studying or talking when 
seated 

Studying or talking when 
seated 

Approaching to 
the end   

1.Survey 
2.PMV is detected from the 

Thermal Comfort Meter 
3. An IR picture of the 

subject is taken 

1. Survey 
2.PMV is detected from the 

Thermal Comfort Meter 
3. An IR picture of the 

subject is taken 

1. Survey 
2.PMV is detected from the 

Thermal Comfort Meter 
3. An IR picture of the 

subject is taken 

3 RESULTS 

3.1. Overall thermal sensation 
and comfort 
Fig 2, 3 and 4 show the results of 
the subjective analysis. Thermal 
sensation, comfort, air movement 
preferences etc. generated by P/A 
and P/B have been compared using 
the Friedman test. The p-value 
returned by Friedman test are 
shown in Table 2 and on the plots. 
A 95 % probability was chosen as 
the discriminant for the 
significance of the statistical data 
(e.g. if p < 0.05 there is a significant 
difference between two group of 
answers). The thermal sensation at 
the beginning of each survey lied 

between slightly cool to neutral. The use of the fans heaters for 15 minutes significantly increased (Fig. 
2A, p < 0.05) the overall thermal sensation. On the average, the thermal sensation did not change for 
both the appliances at the end of the test session (60 minutes). Nevertheless, about 50% of the 
interviewed systematically declared a slightly cool thermal sensation (slightly) with the P/B, whilst for 
the P/A case the sensation was almost symmetrically spread between the slightly cool and the slightly 
warm. The overall comfort somewhat improves after the use of the P/A for 15’, while it substantially 
improves after the use of the P/B. The thermal preferences of the subjects are shown in Fig 3. After 15 
minutes of use of P/A and P/B the majority of the subjects are satisfied and do not ask for any change. 
The same happens, on the average, after 60 minutes, but the degree of satisfaction is higher with P/B; 
while for P/A there is a non-negligible percentage of individuals that ask for a slightly warmer 
environment. 

 

Figure 2. Overall thermal sensation and comfort after the  
                           the three phases. 
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The first phase of the research was spent to 
set-up the questionnaire and to conceive and 
optimize the experimental survey. Then, the 
subjective measurements were carried out. A 
total of about 90 subjects were selected for 
the test (interview), about 45 for each 
product. Finally, a statistical analysis of the 
collected data and a comparison between the 
subjective thermal sensations related to 
various people in regards to the single 
appliance and to various subjects and the 
inter-appliance comparison were done. 
 

2 METHODS 

2.1 Test room 
The room used for the tests is a, typical, real, 
single office of 18 m2. It has rectangular 
shape and is located inside the Politecnico di 

Torino. The north-east wall is facing to the outdoor and it presents a window (whose surface is about 6 
m2). All the other three walls are bordering with heated rooms. During the test, the subjects were asked 
to sit on a chair, head-on to the PCS and to the windows. As can be seen in Figure 1, the bladeless fan 
heater was located in axis with the subject, at a distance of 2.3 m. Inside the room there were just few 
office’s furniture, that did not interfere with the air flow. The outdoor air temperature and RH were 
monitored during all the tests.  

2.2 The survey – methods and data 
The questionnaire is structured in three parts. The first (part “A”) collects the info about the 
environmental conditions (objective measurements near the subject, plus the measured value of the PM 
by means of the 1212 Bruel and Kjaer apparatus) and was filled in by the research team at the beginning 
of each phase. The second part (“B”) is filled at the beginning of the procedure by the person under test 
and deals with the personal subjective variables (i.e. gender, age, height, weight, clothing and metabolic 
activity), it also asks for some specific questions about sensibility to air temperature or velocity. Finally, 
the third part (“C”) focuses on the sensations perceived by the individuals and is filled at the end of the 
period of exposure of the subject to the various environmental conditions when the PCS is on.  
In order to reproduce realistic conditions during the surveys (performed in the winter season, e.g. in 
heating mode) each test was divided into three steps. Firstly, the room was cooled (by opening the 
window) to an indoor temperature of about 15 °C. Then the subjects were asked to enter the room and 
to sit on the chair for 5 minutes (during which they were briefed on the questionnaire and on the test 
procedure). After 5 minutes, the subjects were asked to fill in, for the first time, the part “C” of the 
questionnaire; moreover, an IR picture of their body surface temperature was taken and the indoor 
environmental conditions (near the person) were recorded. After these 5 minutes the PCS was switched 
on at its full nominal power (max. heating power and max. flow are). The subjects were asked to stay 
still on the chair (just doing office activity) for 15 minutes and, at the end of this period, the data 
collection procedure was repeated (subjects filling in the questionnaire part “C”, while an operator 
gathered information about indoor conditions and took the IR image of the body).  
For about 20% of the surveys the test stopped at this point, while for the remaining 80% of the 
experiments it continued for another 45 minutes, during which the appliances were adjusted in order to 

 

Figure 1. Test room rendering. 
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Table 2. P/A and P/B comparison: p-value of the Friedman ANOVA test (95 % confidence interval,; if 
p-value < 0.05 then there is a significant difference). 

Parameters Time [min] 
15 60 

Thermal sensation 0,208 0,694 
Thermal Comfort 0,563 0,275 

Thermal preference 0,563 0,038 (*) 
Comfort related to air movement 0,432 0,852 

Air movements preference 0,715 0,161 
 

3.2. Air movement
Comfort and preferences related to air 
movement are shown in Fig 4. Half of 
the subjects declares that the air 
movement after 15 minutes is slightly 
uncomfortable for both fan heaters. At 
the end of the test (60 minutes) the 
comfort related to air movement gets 
worst with P/B, for which about 50 % 
of people affirms to be between “just 

uncomfortable” to “uncomfortable”. While for P/A the same percentage of subjects lies between “just 
uncomfortable” to “just comfortable”.  Air movement preferences match what users expressed about 
air movement comfort. 

3.3. Skin temperature and sensation 
The average temperature of feet, hands and face of the volunteers after 15 minutes of test have been 
assessed from the IR pictures. Fig 5 shows the statistics of the local temperature of various body parts. 
As it is possible to see, the temperature of face, arms, chest and legs are lower with P/A (with a statistical 
significance). While no substantial differences were observed in the local temperature of hands and feet 
between the two products. 

3.4. Subjective and measured PMV 
During the test session PMV was also measured by means of a 1212 Bruel and Kjaer Comfort Meter, 
as shown in Table 1, at the same time when the subjects were asked to express their thermal sensations 
in the EN-ISO 7730 seven-point scale. In total 258 data pairs were collected. In Fig 6 the subjective 
PMV is plotted versus the measured PMV. Should the comfort theory of the well-known EN ISO 7730 
standard (aimed at analyzing general HVAC systems) be able to accurately represent the thermal 
comfort of people, all the points in the plot should lie along the bisector of the first quadrant. Instead, 
as it can be seen from figure 6, as much as the thermal sensation moves away from the neutrality as 
much becomes larger the difference between subjective and measured PMV. That is, the perception of 
people tends to be worst then the one predicted by the Fanger theory when discomfort arises.  

4 DISCUSSION & CONCLUSIONS 
This paper was focused on the investigation of PCS in relation to their thermal comfort performances. 
So far the research related to PCS is quite limited and the experience on the design, use and 
characterization of these appliances is far from that gained for centralized HVAC during decades of 
studies and of R&D. The literature reports some interesting and detailed studies, but the information are 
still fragmented and there are no generally recognized and accepted procedures and theories for 
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assessing the thermal comfort when 
PCS as used instead of centralized 
systems. In a first phase of the 
research, the activity was focused on 
objective measurements and on the 
definition of the flow and thermal 
fields (see e.g. Casalegno et al., 
2018). However, as a subsequent 
step, it became essential to determine 
what were the thermal responses of 
people in regards to those physical 
stimuli (e.g. the thermo fluid dynamic 
fields).     
In order to develop and validate a 
methodology, and to gather useful 
information about the subjective 
perceptions and the users preferences 
in relation to PCS, two “Bladeless 
Fan Heater”, operating in heating 
mode, were chosen as a case study. 
A specific questionnaire was set up 
and a total of about 90 subjects were 
involved in the interview. The 
questionnaire and the structure of the 
tests proved to be valid and able to 
offer interesting information.  
The results of the subjective tests 
demonstrated that Bladeless PCS 
may improve the overall thermal 
sensation as well as local thermal 
comfort during the winter season. No 
significant differences have been 
found between the two appliances as 

far as the thermal sensation and the discomfort caused 
by the high air velocity perceived during the test are 
concerned after 15’ from their activation. Nevertheless, 
the number of subjects who felt thermal discomfort 
during the use of P/A was somewhat higher than with 
P/B. The differences increases after one hour of use of 
the products. The thermal satisfaction of the subjects 
using P/A differs significantly after 60 minutes from 
the one of those using P/B. However, it must be pointed 
out that P/B was a market ready product, equipped with 
a thermostat (which was set at a fixed temperature after 
15’ of test) that could effectively modulate the 
temperature and the air velocity. Instead, P/A was a 
prototype and did not have any possibility to actively 
and accurately control the air speed and velocity on the 
base of a fixed set-point. Therefore, all the tests 
performed with P/A were done just manually lowering 

  
Figure 4. Overall preferences and comfort related to air  
               movement over the whole session 
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Figure 5. Local temperature of the same subjects with P/A   
               and P/B. 
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Figure 6. Relation between subjective PMV 
and measured PMV. 
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Table 2. P/A and P/B comparison: p-value of the Friedman ANOVA test (95 % confidence interval,; if 
p-value < 0.05 then there is a significant difference). 

Parameters Time [min] 
15 60 

Thermal sensation 0,208 0,694 
Thermal Comfort 0,563 0,275 

Thermal preference 0,563 0,038 (*) 
Comfort related to air movement 0,432 0,852 

Air movements preference 0,715 0,161 
 

3.2. Air movement
Comfort and preferences related to air 
movement are shown in Fig 4. Half of 
the subjects declares that the air 
movement after 15 minutes is slightly 
uncomfortable for both fan heaters. At 
the end of the test (60 minutes) the 
comfort related to air movement gets 
worst with P/B, for which about 50 % 
of people affirms to be between “just 

uncomfortable” to “uncomfortable”. While for P/A the same percentage of subjects lies between “just 
uncomfortable” to “just comfortable”.  Air movement preferences match what users expressed about 
air movement comfort. 

3.3. Skin temperature and sensation 
The average temperature of feet, hands and face of the volunteers after 15 minutes of test have been 
assessed from the IR pictures. Fig 5 shows the statistics of the local temperature of various body parts. 
As it is possible to see, the temperature of face, arms, chest and legs are lower with P/A (with a statistical 
significance). While no substantial differences were observed in the local temperature of hands and feet 
between the two products. 

3.4. Subjective and measured PMV 
During the test session PMV was also measured by means of a 1212 Bruel and Kjaer Comfort Meter, 
as shown in Table 1, at the same time when the subjects were asked to express their thermal sensations 
in the EN-ISO 7730 seven-point scale. In total 258 data pairs were collected. In Fig 6 the subjective 
PMV is plotted versus the measured PMV. Should the comfort theory of the well-known EN ISO 7730 
standard (aimed at analyzing general HVAC systems) be able to accurately represent the thermal 
comfort of people, all the points in the plot should lie along the bisector of the first quadrant. Instead, 
as it can be seen from figure 6, as much as the thermal sensation moves away from the neutrality as 
much becomes larger the difference between subjective and measured PMV. That is, the perception of 
people tends to be worst then the one predicted by the Fanger theory when discomfort arises.  

4 DISCUSSION & CONCLUSIONS 
This paper was focused on the investigation of PCS in relation to their thermal comfort performances. 
So far the research related to PCS is quite limited and the experience on the design, use and 
characterization of these appliances is far from that gained for centralized HVAC during decades of 
studies and of R&D. The literature reports some interesting and detailed studies, but the information are 
still fragmented and there are no generally recognized and accepted procedures and theories for 
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the fan speed and switching off one of the electrical heaters. This indeed had a negative impact on the 
accuracy with which the temperature was controlled and affected, to some extent, the subject sensations. 
This highlight the fact that also the control strategies with which the PCS are managed play an important 
role on the final thermal comfort conditions. The number of subjects who felt discomfort related to air 
velocity during the use of P/B was higher than with P/A. The speed of the air at the inlet of P/A is lower 
than the speed of the air outgoing from P/B. The increase of the air velocity produces more discomfort 
but, at the same time, it allows warm air to reach greater distances. The value of the air temperature and 
speed need to be carefully optimized to assure the best conditions for occupants. Thermographic 
measurements turned out to be a useful tool in order to help assessing local and overall thermal 
discomfort. The observed average temperatures of the body ranged between 26 and 27 °C. An analysis 
done comparing the average body temperature with the local temperature of hands and face showed that 
there is a certain correlation between these two quantities. Moreover, it was found that the local 
temperatures of the subjects using P/A were lower than those of the same subjects using P/B. This 
explains why, after one hour of exposure, the thermal sensations with the latter were slightly better than 
those with the first. The relationships between IR pictures and subjective measurements must be further 
investigated as it is a useful tool for assessing local and global discomfort when using PCS.  
In the same way a deeper statistical analysis is being done on the data collected during the interviews, 
integrating, in the near future, also the results of an analogous investigation done with the same products 
but in “cooling mode” (e.g. for the summer operations). 
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SUMMARY 
In offices, employees differ in their degrees of comfort based on their attire, physical condition, and 
activity level. Further, they have different preferences for thermal comfort. Therefore, it is difficult to 
mitigate the dissatisfaction of employees in a homogenous thermal environment governed by 
conventional air-conditioning systems. To overcome this challenge, this paper presents a “personal air-
conditioning system” in the form of an office chair redesigned as a “Cool Chair” with its own personal 
air-conditioning system. The system presented in this paper, called the Cool Chair 2016 model, and 
which improves on a previously presented Cool Chair 2013 model, complements any office layout and 
can quickly and easily cool or heat the body as a result of its expansive contact surface. The Cool Chair 
2016 model consists of three fans installed in the chair seat, creating an isothermal airflow through a 
flexible hose. Further, it has a comprehensive and extensive selection of features to satisfy user 
preferences. The results of a physical performance test and a subjective experiment indicate that the 
Cool Chair 2016 model enables users to respond more precisely to their environment and is perceived 
as highly effective as it provides more thermal comfort than a normal office chair. 
Keywords: Personal air-conditioning system, Cool Chair, thermal comfort, isothermal airflow 

1 INTRODUCTION 
Evaluation of thermal comfort based on conventional indexes involves consideration of a single person 
in a room as a representative of a group of people with common characteristics. Therefore, conventional 
air-conditioning systems endeavor to provide comfortable and thermally uniform environments by 
preventing temporal and spatial variations in the thermal environment. However, in offices, employees 
differ in their degrees of comfort based on their attire, physical condition, and activity level. Therefore, 
even if the indoor thermal environment is categorized as comfortable, workers who are sensitive to cold 
or heat will presumably complain of discomfort. Recently, as a solution to this problem, personal air-
conditioning systems have been attracting much attention as a means of improving the thermal comfort 
of office workers. With a personal air-conditioning system, each worker can adjust the thermal 
environment to his or her desired preference.  
To create a personal air-conditioning system, we focused on an office chair with an airflow generator 
that has an environment adjustment function and have developed it as a “Cool Chair” since 2003 (Nobe 
et al. 2004; Shoji et al. 2005; Washinosu et al. 2012; Ukai et al. 2014). Mounting the system on a chair 
has the following advantages: a) air can be blown out from outlets near the body, offering high flexibility 
in their positions and directions; b) air intake and exhaust can be adjusted such that heat does not build 
up on the seat or backrest; and c) it complements any office layout. Studies conducted on the Cool Chair 
2013 model indicated that its seat was too stiff and uncomfortable for the user, and it had a flawed 
design because the chair-mounted airflow generator was too large. Consequently, we redesigned an 
improved the 2013 model to get the “Cool Chair 2016 model,” which provides an extensive selection 
of features to satisfy the preferences of users.  
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2 DEVELOPMENT OF THE COOL CHAIR 2016 MODEL 

2.1 Fundamental performance 
Table 1 shows the exterior and specifications of the Cool Chair 2013 and 2016 models. The Cool Chair 
2016 model is based on an office chair whose backrest has a mesh and a seat made from urethane. A 
urethane seat is adopted in this case as sitting in such a seat is more comfortable than a mesh seat.  Three 
air outlets, attached on both the sides and back using a flexible hose, are available on the seat. Further, 
three fans are installed in the seat. Air sucked from the seat is fed through the fan to the flexible hoses 
as isothermal airflow. Figure 1 shows the cooling possibility for the body. The flexible hoses are 
stretchable and bendable; hence, they can be individually adjusted to point in various directions from 
the head to the leg. At maximum fan output, the air volume is 46.8 m3/h, which is the sum of both the 
side volume values, and 23.4 m3/h at the back, for a total air volume of 70.2 m3/h. 
 
Table 1. Specification of the Cool Chair 2013 and 2016 models (left: 2013 model, right: 2016 model) 

 
 
 

Exterior 
 
 
 

 

 
 
 

Airflow movement Blown from fan Flexible hose: Blown from fan 
Seat: Sucked from fan 

Airflow velocity 0–3.0 m/s 0–9.2 m/s 

Maximum air volume Flexible hose: 14.0 m3/h  
Seat, backboard: 3.0 m3/h 

Sum of both sides: 46.8 m3/h  
Back: 23.4 m3/h 

Air volume control No-step dial No-step dial 
Location of fan Under backrest Inside seat 

Power consumption of fan  Maximum of 3 W  Maximum of 10.8 W 
Continuous air-movement time 12 h at maximum air volume 55.6 h at maximum air volume 

Battery 
Li-ion battery USB type 

8.1 Ah, DC 5.0 V 
Rated output: 1.5 A 

Li-ion polymer battery 
50 Ah, DC 12–20 V 

Maximum output: 3.0 A 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Air velocities on the body surface 
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2.2 The cooling unit in the seat 
Figure 2 shows the details of the cooling unit in the seat. Three fans are installed inside the seat. A 20-
mm three-dimensional air-permeable layer is installed in the seat over the three fans. Air sucked from 
all over the seat is fed through the fan to the flexible hoses. Therefore, the heat from a human body does 
not build up on the seat. 

2.3 Controller and operating method 
Figure 3 shows the controller. The air volume can be gradually adjusted using a dial attached to the 
right side of the seat. The air volume at the side and back can be individually controlled using a no-step 
dial. The control method employs pulse width modulation because its energy consumption is superior 
when low air volume is used. The fans are also automatically stopped by a seat sensor when the user 
leaves his or her seat with the power supply switched on. A 50-A·h Li-ion polymer battery is installed. 
When the battery is fully charged, the fan can move air at maximum output for approximately 56 h. 

           
Figure 2. Details of the cooling unit of the seat                        Figure 3. Controller 

 

3 EVALUATION OF THE COOL CHAIR 2016 MODEL USING A THERMAL MANIKIN 

3.1 Outline of the investigation 
The investigation was conducted in the Kogakuin Twin Chamber Laboratory, Japan. The experimental 
conditions, namely, operative temperature, relative humidity, and wind speed, were 27°C, 50%, and 
below 0.1 m/s, respectively. The thermal manikin sat on the Cool Chair and wore summer clothes (0.56 
clo). The air volume of the Cool Chair was set to maximum, and the air direction was measured under 
two conditions: towards the face and towards the leg. The thermal manikin was set in comfort mode. 
The skin surface temperature, heat loss, and air velocities on the body surface of the thermal manikin 
were measured. 

3.2 Air velocities on the body surface 
Figure 4 shows the air velocities on the body surface of the thermal manikin at maximum airflow. The 
initial speed direct from the flexible hose at the side was 7.2 m/s, and that at the back was 7.5 m/s. The 
air velocity on the head was 1.0–1.2 m/s, and that on the chest was 1.7 m/s. The airflow from the flexible 
hose at the back reached the neck because of the Coanda effect, and the air velocity from the lower back 
to the neck was 3.2–0.5 m/s. In the case of the air directed towards the leg, the air velocity on the foreleg 
was 2.1 m/s. 
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Figure 4. Air velocities on the body surface of the thermal manikin 

 

3.2 Equivalent temperature 
The most accurate method of evaluating how the personal air-conditioning system affects the thermal 
manikin is by calculating the equivalent temperature. Figure 5 shows the definition of the temperature 
that produces a thermal loss from the thermal manikin in an environment where the equivalent 
temperature is real, and an equivalent amount of thermal loss exists. The whole-body (total) equivalent 
temperature in the case where the air direction was towards the head was 25.5°C, and that when the air 
direction was towards the leg was 25.4°C. This indicates that the cooling effect of the Cool Chair was 
approximately -1.5°C compared with ambient operative temperature. In other words, the clothing 
insulation fell by 0.31 clo. Consequently, using the Cool Chair 2016 model is equivalent to removing 
one layer of clothing (e.g., a long-sleeved shirt). The effective part with high cooling was at the seat 
contact. The equivalent temperature from the back thigh to the back side was 19.0–20.6°C. Therefore, 
to cool the body, sucking the air from all over the seat is highly effective. Moreover, in the air direction 
towards the head, the cooling effect was on the upper parts of the body. In the air direction towards the 
leg, the cooling effect was on the lower parts of the body. 
 

 
Figure 5. Equivalent temperature (°C) of each body part 
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4 EVALUATION BY USERS IN SUBJECTIVE EXPERIMENT 

4.1 Outline of the subjective experiment 
The subjective experiment was conducted December 2016 in the Kogakuin Twin Chamber Laboratory, 
Japan. The experiment was conducted with 10 male and seven female participants, with clothing 
insulation of 0.51 clo and 0.46 clo, respectively. The following procedure was used in the experiment: 
1) Subjects adapted themselves to the indoor thermal environment, with temperature 30°C and relative 
humidity 50 % (Chamber A). 2) Subjects subsequently performed step up/down training assuming 2.6 
met in Chamber A. 3) Subjects were transferred immediately to the other indoor thermal environment, 
with temperature 27°C and relative humidity 50 % (Chamber B) from chamber A, and placed on the 
Cool Chair for 45 min. The Cool Chair was also used with free air volume and wind direction. A 
questionnaire was subsequently used to assess both the cooling effect of the Cool Chair and also the 
subjects’ impression of the Cool Chair. 

4.2 Equivalent cooling temperature 
Figure 6 shows the equivalent cooling temperature when the subjects used the Cool Chair 2016 model. 
The calculation was carried out as follows: a) the subjects were asked to recall their Thermal Sensation 
Vote (TSV) at three- or five-minute intervals while sitting in the chair, and b) we calculated the 
Predicted Mean Vote (PMV) temperature, which has the same value as TSV, and defined the difference 
between this result and indoor temperature (Chamber A: 27°C) as the equivalent cooling temperature. 
It is clear from Figure 6 that the Cool Chair’s cooling effect for users is approximately -5.0°C, and it 
provides instantaneous cooling. 
 

 
Figure 6. Equivalent cooling temperature (°C) 

 

4.3 Subjects’ impression of the Cool Chair 
Figure 7 shows the five-grade itemized evaluation and degree of satisfaction obtained from users. 
Overall, it reveals that the female subjects had a better impression of the Cool Chair 2016 model than 
the male subjects. However, no one expressed dissatisfaction with the Cool Chair 2016 model. 
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Figure 7. Five-grade itemized evaluation and degree of satisfaction by users 

 

5 CONCLUSIONS 
This paper presented the 2016 model of a “personal air-conditioning system” in the form of an office 
chair called “Cool Chair.” The Cool Chair 2016 model has an enhanced cooling supply with an 
extensive selection of features to satisfy the preferences of users. The study results can be summarized 
as follows: 
The Cool Chair 2016 model has three air outlets on the seat attached to both sides and at the back via 
flexible hoses. Air sucked from all over the seat is fed through the fan to the flexible hoses. The flexible 
hoses are stretchable and bendable and, hence, can be individually adjusted to point in various 
directions, from the head to the leg. 
In a physical performance test using a thermal manikin, the effect of the Cool Chair 2016 model was 
that of a lowering of the ambient operative temperature by approximately -1.5°C. Moreover, it has a 
high cooling effect on the parts of the body in contact with the seat (e.g., back thigh and backside). 
Subjective experimental results also indicate that the Cool Chair 2016 model has high cooling effect. 
Consequently, the Cool Chair 2016 model is able to improve its user’s thermal environment on a 
personal basis. 
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SUMMARY 
The impact of airflow interaction on air temperature and velocity measured at the breathing zone (BZ) 
of a seated person was studied. A breathing thermal manikin was used to resemble the flow of breathing 
and the free convection flow (FCF) around the human body. Personalized ventilation (PV) supplied 
flow from front against the face of the manikin increased the complexity of the interaction. 
Experiments were performed in a climate chamber where a quiescent environment was maintained. The 
chair below the manikin was covered with a local air exhaust called Ventilated Cushion (VC), which 
aimed to weaken the FCF. The personalized flow was supplied isothermally. The manikin was inhaling 
through the nose and exhaling through the mouth. Instruments with short response time were used to 
measure temperature and velocity. 
The jet exhaled from the mouth increased the temperature and the velocity at the breathing zone compared 
to FCF alone. The VC could be used to control the strength of the FCF. The PV flow at 0.4 m/s could 
penetrate the FCF. The results indicated that the exhalation flow was dominant to the PV flow. 
Keywords: airflow interaction, breathing zone, velocity, temperature, breathing thermal manikin 

1 INTRODUCTION 
Understanding the flow interaction at the breathing zone (BZ) is an important issue because it affects 
occupant’s exposure to the indoor air pollution and the perceived air quality (PAQ). 
An upward free convection flow (FCF) is established around occupants when difference exist between 
the surrounding air temperature and the body surface temperature (Melikov, 2015). Its shape and 
strength depends on how big is the difference, body posture, clothing, presence of the furniture, etc. The 
temperature and velocity of the FCF, which transports pollution to the BZ, have been studied (Licina et 
al., 2015, Licina et al., 2014, Rim and Novoselac, 2009). Exhaled flows with different direction and 
strength are generated during breathing (Melikov and Kaczmaryk, 2007). 
It has been documented that increase of air temperature, relative humidity and pollution level has 
negative impact on PAQ (Fang et al., 1998, Melikov and Kaczmarczyk, 2012). Air movement with 
elevated velocity from front improves PAQ and diminishes the negative impact of elevated temperature, 
humidity and pollution level (Melikov and Kaczmarczyk, 2012).  
Personalized Ventilation (PV), especially when supplied at the breathing zone, is one of the strategies 
to improve inhaled air quality (IAQ) and PAQ (Kaczmarczyk et al. 2012). Bivolarova et al. (2016) 
reported on the use of chair placed ventilated cushion (VC) for the removal of bioeffluents generated 
by a seated person. The VC weakened the FCF and reduced the pollution at the breathing zone. Thus, 

 
Figure 7. Five-grade itemized evaluation and degree of satisfaction by users 

 

5 CONCLUSIONS 
This paper presented the 2016 model of a “personal air-conditioning system” in the form of an office 
chair called “Cool Chair.” The Cool Chair 2016 model has an enhanced cooling supply with an 
extensive selection of features to satisfy the preferences of users. The study results can be summarized 
as follows: 
The Cool Chair 2016 model has three air outlets on the seat attached to both sides and at the back via 
flexible hoses. Air sucked from all over the seat is fed through the fan to the flexible hoses. The flexible 
hoses are stretchable and bendable and, hence, can be individually adjusted to point in various 
directions, from the head to the leg. 
In a physical performance test using a thermal manikin, the effect of the Cool Chair 2016 model was 
that of a lowering of the ambient operative temperature by approximately -1.5°C. Moreover, it has a 
high cooling effect on the parts of the body in contact with the seat (e.g., back thigh and backside). 
Subjective experimental results also indicate that the Cool Chair 2016 model has high cooling effect. 
Consequently, the Cool Chair 2016 model is able to improve its user’s thermal environment on a 
personal basis. 
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control of the airflow interaction at the breathing zone will help for providing occupants with clean air 
for breathing and improve the PAQ.  
The complexity of airflow interaction at the breathing zone of a sedentary person has been studied by 
performing tracer gas concentration measurements (Bivolarova et al., 2017, Kierat et al., 2018). 
Understanding the flows is important for their control, and in this way for improvement of the inhaled 
air quality. The aim of this study was to investigate and understand the interaction of the FCF, the flow 
of exhalation and PV flow at the breathing zone based on velocity and temperature measurements. The 
effect of the VC on control of the FCF and thus on the airflow interaction was studied as well. 

2 METHODS 

2.1 Chamber and setup 
Climate chamber with dimensions of 4.7 m x 6 m x 2.5 m (W x L x H) was used to perform full-scale 
experiments. Piston flow was supplied upwards through the perforated floor of the chamber. Its velocity 
was kept lower than 0.06 m/s, i.e. close to quiescent environment. The air was exhausted through an 
opening (0.38 x 0.38 m2) in the ceiling (Figure 1a). The chamber had six ceiling light fixtures. The air 
temperature inside the chamber was kept at 23°C with 40% of relative humidity. The same temperature 
was maintained on the surfaces of the chamber’s ventilated walls in order to avoid temperature 
asymmetry and additional air movement.  
A breathing thermal manikin was used to resemble a seated person. The manikin was placed in the 
center of the chamber. A table was positioned in front of the manikin at distanced 10 cm from its 
abdomen. The breathing thermal manikin was positioned with its hands on the table and inclined 
backwards (Figure 1b).  
The breathing thermal manikin had 23 body segments. It was simulating an average Scandinavian 
woman (height 1.7 m) with realistic body size and shape. The surface temperature of manikin’s body 
was kept similar to the skin temperature of an average person in a state of thermal comfort at the studied 
conditions (room temperature and activity). Thus realistic FCF around the manikin was established. The 
manikin was wearing a tight clothing (T-shirt, underwear, tights, socks and sports shoes) with a total 
clothing insulation of 0.40 clo. Below the setup there was a wooden plate (2 m x 1.21 m) preventing the 
piston flow to interfere with the free convection flow around the manikin’s body (Figure 1b). 
The manikin was inhaling and exhaling with the help of artificial lung. The exhaled air was heated to 
34°C and was not humidified. The pulmonary ventilation rate for light sedentary activity, 6 L/min, was 
adjusted. The breathing cycle was repeated with frequency of 10 times per minute. It consisted of 2.5 sec 
inhalation through the nose, 2.5 sec exhalation through the mouth and 1 sec of pause. Experiments 
without breathing and with the breathing were performed and compared. 

A VC was placed on the chair. It sucked air through 8 pairs of openings and rejected it outside the 
chamber. The air was sucked at flow rates of 1.5 L/s, 3.0 L/s and 5.0 L/s.  
A PV, named round movable panel (RMP) (Bolashikov et al., 2003), was used during some of the 
experiments to supply air transverse to the FCF and opposing to the flow of exhalation. The supply air 
terminal device (ATD) of the PV was with round shape (diameter of 0.185 m) and supplied the air 
through a honeycomb. The RMP supplied the air with low turbulence intensity and little mixing with 
the surrounding air. The RMP was fixed on the table and the ATD was positioned 30 cm away from the 
manikin’s mouth. It was supplying the clean air from outside the chamber at 23°C. The ATD supplied 
the air with flow rate of 3 L/s and 6 L/s with velocities measured 30 cm away from the manikin’s mouth 
0.2 and 0.4 m/s, respectively. 
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Figure 1. a) The sketch of the experimental setup (Kierat et al., 2018) and b) The photo of the setup 

(Bivolarova et al., 2017) 

 

 

The air temperature was measured with a micro bead VECO thermistor (time constant 0.12 s) with a 
sampling frequency of 16 Hz (accuracy less than ±0.1 K). The multichannel low velocity thermal 
anemometer AirSpeedSys 5000 with omnidirectional velocity sensor was used to measure the air speed, 
which is referred in this paper as air velocity (sensor Electronic, 2017). Its sampling frequency was 8 
Hz (accuracy of 0.02 m/s ±1%). 
The thermometer and anemometer were placed 1 cm away from the lips of the manikin, symmetrically 
and slightly to the sides below the nostrils, in a way to capture the exhalation jets from the nose (see 
Figure 2 a and b). 
 

 
 

Figure 2. a) front view of the manikin with designated locations of the measuring locations of the 
velocity and temperature sensors and b) side view of the manikin with the generated airflows in the BZ. 

 

The temperature and velocity were measured continuously at different combination of interacting flows, 
i.e. FCF, exhalation flow and PV flow. Because of the fast response of the measuring instruments it was 
possible to recognise and select only the exhalation periods of the breathing cycle. The data were 
analysed only for the exhalation periods of the breathing cycles (Figure 3). Averaged data obtained for 
at least 52 breathing cycles are presented in the following chapter. 
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woman (height 1.7 m) with realistic body size and shape. The surface temperature of manikin’s body 
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piston flow to interfere with the free convection flow around the manikin’s body (Figure 1b). 
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34°C and was not humidified. The pulmonary ventilation rate for light sedentary activity, 6 L/min, was 
adjusted. The breathing cycle was repeated with frequency of 10 times per minute. It consisted of 2.5 sec 
inhalation through the nose, 2.5 sec exhalation through the mouth and 1 sec of pause. Experiments 
without breathing and with the breathing were performed and compared. 

A VC was placed on the chair. It sucked air through 8 pairs of openings and rejected it outside the 
chamber. The air was sucked at flow rates of 1.5 L/s, 3.0 L/s and 5.0 L/s.  
A PV, named round movable panel (RMP) (Bolashikov et al., 2003), was used during some of the 
experiments to supply air transverse to the FCF and opposing to the flow of exhalation. The supply air 
terminal device (ATD) of the PV was with round shape (diameter of 0.185 m) and supplied the air 
through a honeycomb. The RMP supplied the air with low turbulence intensity and little mixing with 
the surrounding air. The RMP was fixed on the table and the ATD was positioned 30 cm away from the 
manikin’s mouth. It was supplying the clean air from outside the chamber at 23°C. The ATD supplied 
the air with flow rate of 3 L/s and 6 L/s with velocities measured 30 cm away from the manikin’s mouth 
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Figure 3. The selection of the exhalation periods from the breathing cycle for which the analysisof the 
measured temeprature and velocity was made. 

3 RESULTS AND DISCUSSION 
The effect of the Exhalation jets from the Mouth (ExMo), the VC exhaust flow and the PV transverse 
flow as well as their combinations on the measured temperature and velocity are presented in Figures 4 
and 5. The bars with black filling mark the averaged values of temperature and velocities measured 
during the experiments with No Breathing (NoBr) and the columns with oblique lines show the average 
values of the velocity and temperature during the exhalation periods only. 

 

Figure 4. The effect of the ExMo, VC and PV combined on the Temperature in the BZ 

 

 

Figure 5. The effect of the ExMo, VC and PV combined on the Velocity in the BZ 
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In the figures, the first two bars compare the effect of the FCF (‘NoBr’) and ExMo on the temperature 
(Figure 4) and velocity (Figure 5). The temperature of the upward FCF was 25.1°C with velocity of 
0.21 m/s when the manikin in not breathing and the VC and the PV were switched OFF. When the 
manikin was exhaling, the temperature and velocity increased to 27.5°C and 0.47 m/s, respectively. It 
is visible that the exhalation jets from the mouth in the BZ were stronger compared to the FCF flow 
alone, because they were warmer, faster and could transversely brake the FCF (Figures 4 and 5, bars 1 
compared to bars 2). 
There was a slight effect of the VC visible when the VC worked at 1.5 L/s. The VC at 1.5 L/s combined 
with only the FCF showed almost no difference in the results compared to the reference case “NoBr” 
(Figures 4 and 5, bars 1 compared to bars 3). 
Combined with breathing, the presence of the VC was investigated at three different flowrates (1.5 L/s, 
3.0 L/s and 5.0 L/s), However the measured temperatures and velocities between the three flow rates 
were similar to VC 1.5 L/s. The temperature at VC 3.0 L/s and 5.0 L/s were 28.5°C and 28.6°C and the 
velocity 0.45 and 0.42 m/s, respectively. When the ExMo were present, it was possible to observe an 
increase in the velocities compared to the case, where the VC was OFF (Figure 5, bar 2 compared to 
bar 4). The presence of the VC decreased the temperature in the BZ, because the FCF was weakened 
by the VC and cooler surrounding air was entrained (Figure 4, bar 1 compared with bar 3). The upward 
FCF was slower and thus the downward exhalation jets from the mouth could achieve higher velocities 
in the BZ when the VC was in operation (Figure 5, bar 2 compared to bar 4). Previous studies 
(Bivolarova et al., 2017 and Kierat et al., 2018) showed the importance of the VC but with regard to the 
concentration of body generated pollution. 
When PV was ON without breathing, the temperature decreased with increasing flowrate of the PV, 
because the PV applied cool air at 23°C into the BZ and thus in proportion to its flow rate’s strength 
penetrated the FCF (Fig. 4 and 5, bars 5 and 6 compared to 1). With PV working at 0.2 m/s the velocities 
at the breathing zone slightly dropped compared to the case without PV (Fig. 5, bar 5 comp. to 1). The 
PV flow (transverse to FCF) was blocking the FCF, which resulted in lower velocities at the measuring 
point. When the PV supplied the air at 0.4 m/s the velocities at the BZ again increased because the PV 
flow became stronger than FCF (Fig. 5, bar 6 comp. to 5). The results showed that the PV flow at 0.2 m/s 
did not penetrate the FCF and but was able to penetrate it at 0.4 m/s. 
The addition of ExMo to the cases of PV (0.2 and 0.4 m/s) increased both the temperatures and velocities 
at the breathing zone compared to its absence (Fig. 4 and 5, bars 5 comp. to bars 7 and bars 6 comp. 
bars 8). This indicated that the opposing exhalation jets form the mouth were stronger compared to the 
flow form the PV. The temperatures and velocities were higher in case of PV at lower flowrate (Fig. 4 
and 5, bars 7) compared to the PV at higher flow rate (Fig. 4 and 5, bars 8). This confirmed that the 
opposing PV flow reached deeper to the BZ, where it cooled and blocked the exhalation jets. 
The use of the PV flow at 0.2 m/s combined with the VC at 1.5 L/s compared to the VC alone at 1.5 L/s 
decreased the temperatures and velocities compared to the VC at 1.5 L/s (Fig. 4 and 5, bars 9 comp. to 
bars 3). This was because the cool transverse PV flow was applied in the BZ. ‘NoBr VC1.5 L/s 
PV0.2 m/s’ compared to the PV at 0.2 m/s showed that the VC almost didn’t affect the temperatures 
and velocities (Fig 4 and 5, bars 5 comp. to 9). The effect of the PV flows was stronger compared to the 
effect of the VC flows. 
By adding the ExMo to ‘NoBr VC1.5 L/s PV0.2 m/s’ the temperatures and velocities increased 
compared to their absence (Fig. 4 and 5, bars 9 and 10). Compared to ‘ExMo’ and ‘ExMo VC1.5 L/s’, 
the velocities and temperatures decreased (Fig. 4 and 5, bars 10 comp. to bars 2 and 4). This reveals the 
importance of the PV flows for IAQ and PAQ even at lower flowrates of the PV. Interestingly, when 
bars 10 were compared to ‘ExMo PV 0.2 m/s’ – bars 7, the temperatures remained the same, however 
the velocities dropped. The combination of VC at 1.5 L/s and PV at 0.2 m/s was less effective when 
penetrating into the BZ and reaching PAQ and IAQ compared to the PV at 0.4 m/s, with or without 
exhalation flows (Fig. 4 and 5, bars9 compared to bars 10).  
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measured temeprature and velocity was made. 
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4 CONCLUSIONS 
The exhalation jet from the mouth was stronger compared to FCF flow alone. The results showed that 
the simulation of the exhalation flow is important when studying temperature and velocity field at the 
breathing zone. The VC can be used to control the strength of the FCF. However, in the present design 
the amount of the exhausted flowrate wasn’t important. The PV penetrated the FCF at 0.4 m/s but not 
at 0.2 m/s. The results indicated that the exhalation flows were dominant to the PV flows. The VC at 
1.5 L/s didn’t affect the performance of the PV at 0.2 m/s. The use of the PV alone at 0.4 m/s was able 
to penetrate effectively the FCF and improve IAQ and PAQ compared to PV at 0.2 m/s combined with 
VC at 1.5 m/s. 
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SUMMARY 
In terraced assembly rooms with open rows, some of the fresh (and cooler) air drops down from 
higher seating areas to lower ones. With closed rows, the air stream to lower tiers is blocked and 
lingers in the designated zones. CFD investigations show the difference of closing the rows, when the 
lecture hall is ventilated globally and locally. An improvement in the ventilation is only partially 
successful. In most cases, the temperature in the occupation zone can be reduced but the indoor air 
quality declines. 
Keywords: computational fluid dynamics (CFD), UFAD, local displacement ventilation, lecture hall, 
venue 

1 INTRODUCTION 
In order to increase the efficiency of displacement ventilation in large rooms, e.g. in auditoriums or 
cinemas, the MinMax Ventilation project of the Hermann-Rietschel-Institut (HRI) at the Technische 
Universität Berlin is working on the development of a zoned ventilation and air conditioning system 
which adapts the fresh air supply to the current occupancy of the room. For this purpose, adjustable 
flaps are installed in front of the fresh air intakes under the seats, which are closed when the seats are 
not occupied. This concept of local air injection promises the same or even better comfort and air 
quality with a lower supply air flow rate than conventional displacement ventilation.  
The lecture hall, in which the zoned auditorium ventilation is to be used, consists of ten rows of seats 
with twelve seats each. The supply air is flowing in below the seats. Occupants generate a convection 
current bringing a small part of the fresh air in their breathing zone. The rest is dropping down (see 
Figure 1). The consequence is the common stratification – the temperature is rising, and indoor air 
quality is decreasing with the stair levels. In the REHVA Guide Book on Displacement Ventilation, it 
is recommended to “trap the fresh air between the rows” (Skistad et al., 2004). 

 
Figure 1. Supply air under the seats in terraced assembly rooms, left) Supply air is contained between 
the rows, right) Supply air is floating down the stairways (Skistad et al., 2004) 

4 CONCLUSIONS 
The exhalation jet from the mouth was stronger compared to FCF flow alone. The results showed that 
the simulation of the exhalation flow is important when studying temperature and velocity field at the 
breathing zone. The VC can be used to control the strength of the FCF. However, in the present design 
the amount of the exhausted flowrate wasn’t important. The PV penetrated the FCF at 0.4 m/s but not 
at 0.2 m/s. The results indicated that the exhalation flows were dominant to the PV flows. The VC at 
1.5 L/s didn’t affect the performance of the PV at 0.2 m/s. The use of the PV alone at 0.4 m/s was able 
to penetrate effectively the FCF and improve IAQ and PAQ compared to PV at 0.2 m/s combined with 
VC at 1.5 m/s. 
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With this numerical investigations of the lecture hall at the HRI the improvement by closing the rows is 
checked, in particular for local ventilation systems like the MinMax-Ventilation. First, by limiting the 
effective range of the fresh air, it becomes easier to identify potent air distribution strategies without 
time-consuming and cost-intensive optimization approaches. When the rows are open, the dropping air 
from higher tiers has to be taken into account. A multi-objective optimization approach is presented in 
(Brockmann and Kriegel, 2017). Second, the thermal comfort and air quality for occupants in the upper 
rows increases without causing draft risks for others. This has an overall positive effect on the 
productivity and health of all occupants. Third, for partly occupied lecture halls, energy savings are 
possible because of the “air lingering” effect resulting from the closed rows. The buoyancy-driven flow 
generated by the occupants lifts a larger quantity of allocated fresh air. Thus, the total volume flow rate 
can be reduced while maintaining the same levels of air quality in the user zone. 

2 METHODS 
The investigations are performed numerically with STAR-CCM+ Version 12.06.010, for details see 
Table 1. The geometry represents the auditorium of the HRI. Thermal wall effects are neglected. 
There is a supply air inlet under each seat which can be opened and closed. There are four exhaust 
outlets in the ceiling. Heat and carbon dioxide sources are determined by the Computer Simulated 
Persons (CSP) in the room. The number n and positions of the CSPs depend on the occupation 
scenario. 
Table 1. Details of boundary conditions and numerical methods 

Supply air   Inlet (�̇�𝑉𝑉𝑉sa = n 30 m3 /h, 𝑡𝑡𝑡𝑡sa = 20 °C) 
Exhaust   Outlet 

Ceiling, floor, walls, windows   Adiabatic wall 
Occupants  Heat load and CO2 source, (P = n 90 W, �̇�𝑉𝑉𝑉CO2 = n 20 l /h)  

Turbulence model  Realizable k-ε Two-Layer All y+ 
Radiation model  Surface-to-Surface Radiation 

Solver  Segregated Flow and Fluid Temperature 
Other  Multi-component ideal gas (Air + CO2), gravity 
Mesh  2…4∙106 polyaeder cells 

Prism Layer  Wall 3 layers with y+ < 2, CSP 10 layers with y+ < 1 

Six different occupation scenarios are chosen. Three of the scenarios selected correspond to a realistic 
allocation of 10, 30 and 50 people in the lecture hall. They are correspondingly named P10, P30 and 
P50. The other three scenarios are intended to reflect extreme cases with an average of 30 users. All 
persons sit in the lower part of the room – P30low. All persons are seated in the upper part – P30up. 
And finally, all persons sit homogeneously distributed over the entire auditory system – P30mix.  

For the evaluation, the normalized local air temperature 𝑡𝑡𝑡𝑡a∗ in the occupation zone is used (see 
Equation (1) with 𝑡𝑡𝑡𝑡a,occ local air temperature in the occupation zone, 𝑡𝑡𝑡𝑡sa supply air temperature and 
𝑡𝑡𝑡𝑡ea exhaust air temperature). Low temperatures are significant for a good air quality using 
displacement ventilation. 

 𝑡𝑡𝑡𝑡a∗ =  𝑡𝑡𝑡𝑡a,occ−𝑡𝑡𝑡𝑡sa
𝑡𝑡𝑡𝑡ea−𝑡𝑡𝑡𝑡sa

 (1) 

Additionally, the normalized local carbon dioxide concentration 𝑐𝑐𝑐𝑐CO2∗  in the breathing zone is used 
(see Equation (2) with 𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 average local carbon dioxide concentration in the breathing zone and 𝑐𝑐𝑐𝑐ea 
exhaust carbon dioxide concentration). 

 𝑐𝑐𝑐𝑐CO2∗ =  𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
𝑐𝑐𝑐𝑐ea

 (2) 
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3 RESULTS 
The results of each occupation scenario for global ventilation are plotted in Figure 2. The open row 
case is shown besides the closed row case. These comparisons are shown in form of box plots (Tukey 
1977) for all CSPs in the room. The upper plot shows the normalized air temperature and the plot 
below the normalized carbon dioxide concentration. Figure 3 shows the results equivalent for local 
ventilation.  
 

 

Figure 2. Comparison of the resulting normalized local air temperatures 𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎∗  and the normalized local 
carbon dioxide concentrations 𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2∗  using open (oR) or closed rows (cR) for different occupation 
scenarios with global ventilation 

 

Closing the rows reduces the normalized air temperature by an average of 0.37 % … 8.64 % 
depending on the occupancy scenario. An exception is the globally ventilated P30up scenario. 
However, it should be noted here that the energy balance and mass balance for the simulation with 
open rows shows higher inconsistences for unknown reasons. Thus, the calculated temperature and 
concentration values are too low. 
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checked, in particular for local ventilation systems like the MinMax-Ventilation. First, by limiting the 
effective range of the fresh air, it becomes easier to identify potent air distribution strategies without 
time-consuming and cost-intensive optimization approaches. When the rows are open, the dropping air 
from higher tiers has to be taken into account. A multi-objective optimization approach is presented in 
(Brockmann and Kriegel, 2017). Second, the thermal comfort and air quality for occupants in the upper 
rows increases without causing draft risks for others. This has an overall positive effect on the 
productivity and health of all occupants. Third, for partly occupied lecture halls, energy savings are 
possible because of the “air lingering” effect resulting from the closed rows. The buoyancy-driven flow 
generated by the occupants lifts a larger quantity of allocated fresh air. Thus, the total volume flow rate 
can be reduced while maintaining the same levels of air quality in the user zone. 

2 METHODS 
The investigations are performed numerically with STAR-CCM+ Version 12.06.010, for details see 
Table 1. The geometry represents the auditorium of the HRI. Thermal wall effects are neglected. 
There is a supply air inlet under each seat which can be opened and closed. There are four exhaust 
outlets in the ceiling. Heat and carbon dioxide sources are determined by the Computer Simulated 
Persons (CSP) in the room. The number n and positions of the CSPs depend on the occupation 
scenario. 
Table 1. Details of boundary conditions and numerical methods 

Supply air   Inlet (�̇�𝑉𝑉𝑉sa = n 30 m3 /h, 𝑡𝑡𝑡𝑡sa = 20 °C) 
Exhaust   Outlet 

Ceiling, floor, walls, windows   Adiabatic wall 
Occupants  Heat load and CO2 source, (P = n 90 W, �̇�𝑉𝑉𝑉CO2 = n 20 l /h)  

Turbulence model  Realizable k-ε Two-Layer All y+ 
Radiation model  Surface-to-Surface Radiation 

Solver  Segregated Flow and Fluid Temperature 
Other  Multi-component ideal gas (Air + CO2), gravity 
Mesh  2…4∙106 polyaeder cells 

Prism Layer  Wall 3 layers with y+ < 2, CSP 10 layers with y+ < 1 

Six different occupation scenarios are chosen. Three of the scenarios selected correspond to a realistic 
allocation of 10, 30 and 50 people in the lecture hall. They are correspondingly named P10, P30 and 
P50. The other three scenarios are intended to reflect extreme cases with an average of 30 users. All 
persons sit in the lower part of the room – P30low. All persons are seated in the upper part – P30up. 
And finally, all persons sit homogeneously distributed over the entire auditory system – P30mix.  

For the evaluation, the normalized local air temperature 𝑡𝑡𝑡𝑡a∗ in the occupation zone is used (see 
Equation (1) with 𝑡𝑡𝑡𝑡a,occ local air temperature in the occupation zone, 𝑡𝑡𝑡𝑡sa supply air temperature and 
𝑡𝑡𝑡𝑡ea exhaust air temperature). Low temperatures are significant for a good air quality using 
displacement ventilation. 

 𝑡𝑡𝑡𝑡a∗ =  𝑡𝑡𝑡𝑡a,occ−𝑡𝑡𝑡𝑡sa
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Additionally, the normalized local carbon dioxide concentration 𝑐𝑐𝑐𝑐CO2∗  in the breathing zone is used 
(see Equation (2) with 𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 average local carbon dioxide concentration in the breathing zone and 𝑐𝑐𝑐𝑐ea 
exhaust carbon dioxide concentration). 
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For global ventilation, the largest temperature reductions are in the P10, P30, P30low scenarios and 
for local ventilation in the P10, P30 and P50. The smallest temperature reduction is for the P30up 
cases. The uniformity of the temperature distribution can only be improved in the blocked occupancy 
scenarios P30low and P30up. 
The normalized local CO2 concentration in the breathing zone increases by 1.95 to 39.23 % on 
average in all cases by closing the rows with two exceptions. In turn, the uniformity of the CO2 
distribution is improved. In the locally ventilated P30low scenario, the average local CO2 
concentration could be reduced by 15 % and in the locally ventilated P50 scenario it could be reduced 
by 1 %. 
 

 

Figure 3. Comparison of the resulting normalized local air temperatures 𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎∗  and the normalized local 
carbon dioxide concentrations 𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2∗  using open (oR) or closed rows (cR) for different occupation 
scenarios with local ventilation 
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4 DISCUSSION 
When fresh air is brought in where the user needs it, an improvement in air quality can be expected. 
According to the results, this is true for reducing the air temperature in the occupation zone but not for 
the displacement of the exhaled CO2. Closing the rows of seats leads to larger fresh air lakes. However, 
this does not mean that more fresh air is also pumped into the respiratory area through natural 
convection at the person (see Figure 4). The buoyancy flow at the legs of the persons is too small. 

 
Figure 4. Comparison of the normalized carbon dioxide concentration using open or closed rows for 
the locally ventilated P30 occupation scenario 

 

Streamline plots make the action of the air baffles visible (see Figure 5) – closing the rows leads to 
more upward flowing supply air at the CSPs, but generally, redirects the air to the sides before the air 
is falling down the stairs. As a result, a typical air stratification develops and is decisive for the air 
quality level.  

 
Figure 5. Comparison of the supply air flow from the inlets in the room using open or closed rows for 
the locally ventilated P30 occupation scenario  

 

The impact using local ventilation is small. The P30low scenario shows huge differences between 
local and global ventilation. In this extreme case, the local air injection does not have to work against 
the air stratification. 
An earlier investigation (Klemke et al., 2017) has shown that the numerically determined temperature 
values deviate by approx. 17 % and the CO2 values by approx. 30 % from the measured values in the 
lecture hall. The discretization error for the used mesh is around 0.5 % for the temperature values and 
2.1 % for the carbon dioxide concentration values. The residuals are converged and oscillate at a 
sufficiently low level. Thus a stationary solution is given, with a small iteration error beneath 1 %.  

For global ventilation, the largest temperature reductions are in the P10, P30, P30low scenarios and 
for local ventilation in the P10, P30 and P50. The smallest temperature reduction is for the P30up 
cases. The uniformity of the temperature distribution can only be improved in the blocked occupancy 
scenarios P30low and P30up. 
The normalized local CO2 concentration in the breathing zone increases by 1.95 to 39.23 % on 
average in all cases by closing the rows with two exceptions. In turn, the uniformity of the CO2 
distribution is improved. In the locally ventilated P30low scenario, the average local CO2 
concentration could be reduced by 15 % and in the locally ventilated P50 scenario it could be reduced 
by 1 %. 
 

 

Figure 3. Comparison of the resulting normalized local air temperatures 𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎∗  and the normalized local 
carbon dioxide concentrations 𝑐𝑐𝑐𝑐𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2∗  using open (oR) or closed rows (cR) for different occupation 
scenarios with local ventilation 
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The deviation between simulation and analytical (index: ana) results for the balancing of temperature 
𝑒𝑒𝑒𝑒t and CO2-concentration 𝑒𝑒𝑒𝑒c above the system boundaries (see Equations (3) and (4)) are shown in 
Table 2. Especially, the globally ventilated cases with 10 persons and as already mentioned the 
globally ventilated open row P30up and P30low scenarios have an increased inconsistency in the 
energy balance and CO2 balance. The cause is unclear. 
 

 𝑒𝑒𝑒𝑒t =  �𝑡𝑡𝑡𝑡ea
ana−𝑡𝑡𝑡𝑡ea
𝑡𝑡𝑡𝑡eaana

� ⋅ 100 %  (3) 

 

 𝑒𝑒𝑒𝑒c =  �𝑐𝑐𝑐𝑐ea
ana−𝑐𝑐𝑐𝑐ea
𝑐𝑐𝑐𝑐eaana

� ⋅ 100 %  (4) 

 
Table 2. Deviation between numerical and analytical results for the exhaust air temperature and CO2 
concentration. 

Deviation in % P10 P30 P30mix P30low P30up P50 

et ec et ec et ec et ec et ec et ec 

open 
rows 

Global 0.57 18.2 0.25 4.09 0.18 2.13 0.28 4.69 0.43 5.89 0.16 2.59 

Local 0.45 0.93 0.13 0.48 0.16 0.33 0.24 0.48 0.04 0.48 0.02 0.48 

closed 
rows 

Global 0.49 15.0 0.09 1.53 0.08 1.08 0.19 2.28 0.18 2.59 0.19 2.28 

Local 0.44 1.32 0.11 0.48 0.12 0.48 0.20 0.48 0.04 0.48 0.20 0.48 

5 CONCLUSIONS 
An improvement in the ventilation of stepped lecture halls by closing the rows of seats is only 
partially successful. In most cases the temperature in the occupation zone can be reduced but the 
indoor air quality declines. This means that the desired goals are not being achieved, but the results 
have not yet been validated. A validation of the results by means of experimental studies and sample 
surveys will follow. 
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SUMMARY 
Experimental investigation of ceiling turbulent asymmetrical air jets was conducted in a full-scale 
entirely controlled test room (6.2 x 3.1 x 2.5 m). Our realistic case study introduces architectural 
elements which make the air jet interacted with the room: a plenum box, a grille diffuser, air exhausts 
and a side wall near the air inlet. Deviations concerning the trajectory of the studied jet were observed 
and analysed. Combined effects of room architectural elements have significantly deviated and 
deformed the air jet development. A method has been proposed to quantify the jet deformation based 
on a so-called deformation indicator. These results obtained allow for further cases studies under non-
isothermal and moisture conditions with condensation. Detailed experimental data could be used as a 
benchmark study for CFD models evaluation for configurations with rupture of symmetry. 
Keywords: asymmetrical jet, interaction, architectural elements, full-scale, deformation indicator 

1 INTRODUCTION 
Understanding room air distribution is essential to the buildings ventilation systems design and 
occupants’ thermal comfort and indoor air quality controls. Indoor air distribution investigation 
involves two common methods: numerical simulation and full-scale measurements. Numerical 
simulation using CFD models is most convenient and efficient for predicting airflow distributions and 
for assessing ventilation performances in buildings (Chen, 2009). However, their accuracy and 
reliability remain a major concern, given the lack of proper and thorough validation studies, 
particularly from full-scale validation studies that can provide valuable and relevant data concerning 
room airflow characteristics, including the turbulent flow characteristics. 
In the literature, in order to investigate the indoor air distribution and the air jet characteristics for 
evaluating mixing ventilation systems performances, numerous research have been undertaken, either 
by empirical methods (Grimitlyn and Pozin, 1993), (Li and al., 1993); by experiments and CFD 
methods (Sun et al., 2004), (Kuznik et al., 2007), (Nielsen et al., 2010), (Hurnik et al., 2015). 
Although configurations of non-isothermal air jets, effects of obstructions or internal heat sources 
have been considered, one could remarks a common problem in the location of supply and exhaust air 
outlets. They were all located symmetrically with respect the room geometry. This arrangement was 
probably made in purpose for which the air jet is believed to have a quasi-free and symmetrical 
distribution behaviour; and thus investigations were carried out merely in the axis of the room, i.e. the 
median-plane. In fact, while this configuration could be sufficient for a fundamental basis study, or for 
simpler modelling/experiments, it does not represent a realistic configuration in which the air jet is not 
developed freely and symmetrically; hence the intention of this experimental study. The main 
objective is to characterize an asymmetrical vertical air jet issued from a ceiling grille diffuser in a 
full-scale room. The air jet interacts with room architecture elements and thus has its trajectory 
deviation and its shape deformation. Dealing with such air jets, an advanced analysis of the 3-D 

The deviation between simulation and analytical (index: ana) results for the balancing of temperature 
𝑒𝑒𝑒𝑒t and CO2-concentration 𝑒𝑒𝑒𝑒c above the system boundaries (see Equations (3) and (4)) are shown in 
Table 2. Especially, the globally ventilated cases with 10 persons and as already mentioned the 
globally ventilated open row P30up and P30low scenarios have an increased inconsistency in the 
energy balance and CO2 balance. The cause is unclear. 
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Table 2. Deviation between numerical and analytical results for the exhaust air temperature and CO2 
concentration. 
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Local 0.44 1.32 0.11 0.48 0.12 0.48 0.20 0.48 0.04 0.48 0.20 0.48 

5 CONCLUSIONS 
An improvement in the ventilation of stepped lecture halls by closing the rows of seats is only 
partially successful. In most cases the temperature in the occupation zone can be reduced but the 
indoor air quality declines. This means that the desired goals are not being achieved, but the results 
have not yet been validated. A validation of the results by means of experimental studies and sample 
surveys will follow. 
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airflow structures is strongly recommended. Detailed measurements from full-scale experiments 
accompanied by well-known boundary conditions could be reliable enough to serve as benchmark test 
for CFD models validation, in particular for airflow configurations with rupture of symmetry. 

2 EXPERIMENTAL APPARATUS AND METROLOGY 

2.1 MINIBAT test room and flow configuration 
Experimental investigation was conducted in a full-scale test cell entitled "MINIBAT", which its 
environment is entirely controllable. MINIBAT is located at the CETHIL laboratory – INSA de Lyon, 
France. It consists of three distinct parts: a test room, a thermal buffer zone and a climatic chamber. 
The test room, with dimensions L x W x H = 6.20 x 3.10 x 2.50 m, is the place where experiments are 
carried out (c.f. Figure 1). The South facade is a glazing, which is in contact with a climatic chamber. 
It acts like a weather generator, which is capable of simulating outdoor temperature. Five other 
facades are in contact with a thermal buffer zone that allows maintaining a stable temperature. A 
detailed description of the test cell was given in (Teodosiu and al., 2017). 
 

 
Figure 1. Scheme of MINIBAT test room with flow configuration 

The indoor air is ventilated using a closed-loop air handling unit. The ceiling supply air diffuser 
(Ø160 mm) is located 1.0 m from the East and 4.2 m from the North walls. It is equipped with fixed 
grille fins, which their direction is parallel to the X-direction (effective/free area ratio of 76% 
(ASHRAE, 2017)). The two air exhausts (Ø100 mm) are located in the North wall, distanced by 0.3 m 
from the floor and 0.65 m from the adjacent vertical walls. Our configuration approaches realistic 
cases in buildings. Indeed, considering the space availability above a suspended ceiling, a plenum box 
could be installed before the air inlet.  Given the room limited dimensions, the supply air inlet could 
be subsequently located near a vertical side wall and thus the air jet would not develop symmetrically. 
These architecture elements will necessarily have an impact on the jet behaviour and characteristics. 
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2.2 Metrology and experimental protocol 
For the boundary conditions, a network of 180 Pt100 probes was implemented on both external and 
internal sides of six walls to measure their temperature on the different test cases. The air supply flow 
rate and temperature were regulated using a propeller flow meter and Pt100 probes respectively. 
As for the indoor air metrology, we have designed and programmed a mobile robot (c.f. Figure 2) 
with sensors equipped. The exact position of the robot inside the room can be determined thanks 
to a LiDAR (laser detection and ranging) (1). The air speed was measured using hot-sphere 
anemometers (2) with a measuring range of [0.15 – 5] m/s and an expanded absolute accuracy of 
[±0.03 – ±0.15] m/s accordingly. The air temperature was measured using calibrated fast-response K-
type thermocouples (3) (Ø25 μm) with an accuracy of ±0.06 °C in mean value. 

 
Figure 2. Mobile robot equipped with various sensors  

(1) – LiDAR; (2) – Hot-sphere anemometers; (3) – Thermocouples; (4) – Remote controlled mini-PC 

For each measurement campaign, three days are required in order to obtain steady state within the test 
room. During this stage, airflow rate, air temperature and humidity set points are fixed depending on 
the configuration test cases. Once the steady state reached, the mobile robot is used to examine the 
area of interest (1 x 1 m around the air inlet with a mesh of 0.05 m). For each robot position, air 
velocity and temperature are measured with an acquisition frequency of 10 Hz (100 ms between each 
measure). Recorded values are averaged over 2000 samples, i.e. 200 s in order to reduce fluctuations. 

3 RESULTS AND DISCUSSIONS 
In the present paper, the case of an isothermal jet is analysed. The experimental conditions (wall 
temperatures, air supply parameters) are summarized in the Table 1. The empirical free jet model will 
not be described in order to not overload the paper. They were based on the publications of 
(Goodfellow, 2001), (Awbi, 2003) and are detailed in (Nguyen et al., 2017). Experimental results 
were analysed and visualized using Python programmation and ParaView software. 

Table 1. Isothermal jet case study – Experimental conditions 
 Ceiling Floor S

(°C)
N E W Flow rate 

(m3/h)
U0

(m/s)
Re0

(-)
T0

(°C)
Mean value 20.7 20.9 20.9 20.6 20.5 20.5 119.99 2.1 17268 19.98 

SDEV 0.2 0.2 0.1 0.2 0.2 0.2 0.75 0.01 - 0.06 

airflow structures is strongly recommended. Detailed measurements from full-scale experiments 
accompanied by well-known boundary conditions could be reliable enough to serve as benchmark test 
for CFD models validation, in particular for airflow configurations with rupture of symmetry. 

2 EXPERIMENTAL APPARATUS AND METROLOGY 

2.1 MINIBAT test room and flow configuration 
Experimental investigation was conducted in a full-scale test cell entitled "MINIBAT", which its 
environment is entirely controllable. MINIBAT is located at the CETHIL laboratory – INSA de Lyon, 
France. It consists of three distinct parts: a test room, a thermal buffer zone and a climatic chamber. 
The test room, with dimensions L x W x H = 6.20 x 3.10 x 2.50 m, is the place where experiments are 
carried out (c.f. Figure 1). The South facade is a glazing, which is in contact with a climatic chamber. 
It acts like a weather generator, which is capable of simulating outdoor temperature. Five other 
facades are in contact with a thermal buffer zone that allows maintaining a stable temperature. A 
detailed description of the test cell was given in (Teodosiu and al., 2017). 
 

 
Figure 1. Scheme of MINIBAT test room with flow configuration 

The indoor air is ventilated using a closed-loop air handling unit. The ceiling supply air diffuser 
(Ø160 mm) is located 1.0 m from the East and 4.2 m from the North walls. It is equipped with fixed 
grille fins, which their direction is parallel to the X-direction (effective/free area ratio of 76% 
(ASHRAE, 2017)). The two air exhausts (Ø100 mm) are located in the North wall, distanced by 0.3 m 
from the floor and 0.65 m from the adjacent vertical walls. Our configuration approaches realistic 
cases in buildings. Indeed, considering the space availability above a suspended ceiling, a plenum box 
could be installed before the air inlet.  Given the room limited dimensions, the supply air inlet could 
be subsequently located near a vertical side wall and thus the air jet would not develop symmetrically. 
These architecture elements will necessarily have an impact on the jet behaviour and characteristics. 
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3.1 Jet trajectory and maximum velocity decay 
Firstly, mean air velocity data were interpolated to determine the true maximum velocity values in 
each of the six measured horizontal planes. A qualitative 3D visualization of the trajectory of the jet as 
well as the line of the maximum velocity decay is given in the Figure 3. 
It is possible to observe an asymmetrical trajectory of the experimental jet. The jet develops in the 
North-West direction, towards the exhausts mouths (North side) and towards the far West wall. This 
behaviour of the experimental jet is probably due to the near side wall, the exhaust mouths as well as 
the plenum box. One could make a first statement that the jet trajectory is deviated under the 
combined effects of the disturbance of the near wall and the aspiration of the two exhausts mouths. 

 
Figure 3. Jet trajectory deviation and maximum velocity decay 

With: red – free jet; blue – interacted jet; value taken for contour drawing: 0.2 m/s 

 
Figure 4. Jet maximum velocity decay – Amplitude and angle of deviation of the jet 

The Figure 4 gives a quantitative description of the amplitude and the angle of deviation of the 
experimental jet. The maximum velocity decay of both the free jet and interacting jet is also presented. 
In the region near the diffuser, the jet does not deviate visibly, the deviation amplitude remains 
minimal (1 cm to 2 cm). Nevertheless, in the jet fully developed region (Z = 0.75 m and 0.5 m), the jet 
deviation is much more visible with an amplitude reaching 15 cm and an angle of 45°. As for the jet 
maximum velocity decay, despite the behaviour of the air jet, the decay curve does not differ much 
from that of the free jet. It is therefore possible to deduct that the architectural elements might have 
deviated the jet trajectory but about the same max velocity values are found compared to a free jet. 
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3.2 Jet velocity contours and cross-section velocity distribution 
In this section, one analyses the distribution and the deformation of the velocity profiles in the jet 
cross-section. The air jet was spread asymmetrically, one needs a method to quantify this deformation. 
For this purpose, the jet mean velocity contours with air speed exceeding 0.2 m/s, according to the six 
measured planes, have been plotted (c.f. Figure 5). The coordinates (X, Y) = (0; 0) corresponds to the 
center of the grille diffuser. It is possible to notice a non-circular spread of the jet following the X-
direction (East-West) in the jet flow-development region. This deformation is probably due to the fins 
direction of the grille. In the fully developed region, the air jet spread is clearly asymmetrical and its 
shape seems to rather deform upon the room geometry impacts than the grille diffuser direction. 

 
Figure 5. Jet mean velocity contours following Z 

In the literature, for jet cross-sectional velocity profiles characterization, it is well known to evaluate 
u/um in terms of dimensionless coordinates r/b(z), providing that the jet is totally axisymmetrical 
(Awbi, 2003). However, since our studied jet does not have a preferred direction with respect to the 
others, an analysis according to the X and Y directions is incomplete. Therefore, we define the 
hydraulic radius (rh) and the disk-equivalent radius (rDeq), which are given by the following formulas: 

𝒓𝒓𝒓𝒓𝒉𝒉𝒉𝒉 = 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐
𝑷𝑷𝑷𝑷

  ;  𝒓𝒓𝒓𝒓𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 = �𝟐𝟐𝟐𝟐
𝝅𝝅𝝅𝝅
   (S and P are respectively the contour area and perimeter) 

These formulas were applied to determine the hydraulic and disk-equivalent radius of the normalized 
velocity contours presented in Fig.5, i.e. for contours u/um = (0.2…1). We define the jet profiles 
deformation indicator (DI) as the ratio rh/rDeq. A value of DI = 1 means a circular contour. 
The plot of velocity distribution profiles u/um in terms of rDeq/bDeq(z) are given in the Figure 6. The 
free jet profile can be expressed by a single Gauss error-function curve. It is possible to remark the 
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profiles Z = 0.76 and 0.51 show a smaller spread than the others, probably due to the momentum loss.  
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four planes Z = 1.25…2.00 m, their DI-values vary between 0.9 and 0.98. The last two planes show a 
greater variation: their values vary between 0.78 and 0.95. It is then possible to conclude that for a 
normalized velocity contour, the more the DI-value is smaller than 1, the greater the deformation. 
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each of the six measured horizontal planes. A qualitative 3D visualization of the trajectory of the jet as 
well as the line of the maximum velocity decay is given in the Figure 3. 
It is possible to observe an asymmetrical trajectory of the experimental jet. The jet develops in the 
North-West direction, towards the exhausts mouths (North side) and towards the far West wall. This 
behaviour of the experimental jet is probably due to the near side wall, the exhaust mouths as well as 
the plenum box. One could make a first statement that the jet trajectory is deviated under the 
combined effects of the disturbance of the near wall and the aspiration of the two exhausts mouths. 

 
Figure 3. Jet trajectory deviation and maximum velocity decay 
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Figure 4. Jet maximum velocity decay – Amplitude and angle of deviation of the jet 

The Figure 4 gives a quantitative description of the amplitude and the angle of deviation of the 
experimental jet. The maximum velocity decay of both the free jet and interacting jet is also presented. 
In the region near the diffuser, the jet does not deviate visibly, the deviation amplitude remains 
minimal (1 cm to 2 cm). Nevertheless, in the jet fully developed region (Z = 0.75 m and 0.5 m), the jet 
deviation is much more visible with an amplitude reaching 15 cm and an angle of 45°. As for the jet 
maximum velocity decay, despite the behaviour of the air jet, the decay curve does not differ much 
from that of the free jet. It is therefore possible to deduct that the architectural elements might have 
deviated the jet trajectory but about the same max velocity values are found compared to a free jet. 
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Figure 6. Velocity distribution in the jet cross-section – Deformation indicator of jet velocity profiles 

4 CONCLUSIONS 
• While axisymmetrical free air jets have been widely studied in the past, few studied a realistic air 

jet having interaction with the room. Therefore, the present paper presents a full-scale 
experimental characterization of an asymmetrical vertical air jet. The air jet interacts with room 
architecture elements and thus has its trajectory deviation and its shape deformation. 

• The disturbance of the side wall near the air inlet, the aspiration of exhausts mouths, the presence 
of the plenum box and the grille of fins have significantly deviated the jet trajectory and deformed 
the shape of the jet, especially in the fully developed jet region. 

• A method has been proposed to quantify the jet cross-sectional profiles and their deformation. It 
is a graphical-based method by using the so-called hydraulic radius and disk-equivalent radius. 

• Following this study, experimental results of non-isothermal jets as well as the indoor turbulent 
dynamic fields are being analysed. On the other hand, the encouraging results obtained allow for 
more thorough experimental test cases with the presence of moisture and the condensation on a 
cold wall; knowing that the experimental set-up for the latter is already in preparation. 

• Detailed data issued from this study could be reliable enough to serve as benchmark test for CFD 
models validation, in particular for airflow configurations with rupture of symmetry. 
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SUMMARY 
People spend a significant part of their time in an indoor environment, whether at home, school or 
workplace. The aim of this paper is to experimentally study the ventilation effectiveness (mean age of 
air, MAA) and thermal comfort (PMV and PPD) of three different ventilation supply devices, i.e., 
mixing supply device (MSD), displacement supply device (DSD) and wall confluent jet supply device 
(WCJSD) in an office room. 
This paper is based on analysis from full-scale measurements performed in a laboratory at University 
of Gävle. The size of the room corresponds to a typical office module for one person. The test room has 
dimensions of 4.2 × 3.0 × 2.4 m with a volume of 31.24 m3, with the size of the room corresponding to 
a typical office. Different heat sources are used to simulate the office environment, which corresponds 
to 31.75 W/m2.  
The PMV and PPD are comparable to MSD, WCJSD and DSD as it turns out that MSD has poorer 
comfort than DSD and WCJSD. DSD and WCJSD have more or less the same thermal comfort 
performance. When comparing the local mean age of air (MAA) for the studied supply devices, the air 
is significantly much younger for the DSD and WCJSD than for MSD. 
Keywords: Mixing ventilation, Displacement ventilation, Wall confluent jet ventilation, Thermal 
comfort, Ventilation effectiveness 

1 INTRODUCTION  
People spend a significant part of their time in an indoor environment, whether at home, school or 
workplace. Analysing air quality and thermal comfort has thus been the aim of many research studies 
(Huizenga et al., 2006) (Frontczak and Wargocki, 2011). The pollutants in indoor air originate mainly 
from people, building materials and production activities. The main objective of building ventilation is 
to take care of these pollutants and lower their concentration, but it is also used to cool or heat indoor 
air. However, exchanging air in a room creates indoor air movements, which can have a major influence 
on the perception of thermal comfort. The use of ventilation system is also an energy issue, including 
the corresponding CO2 emissions to the environment. Since many countries in the EU already have 
achieved the goal for 2020 (reduce greenhouse gas (GHG) emissions by 20%) (Anger and Zannier, 
2017), the focus for EU is now to reduce energy use and GHG emissions by 40% by 2030 and by 80-
95% by 2050. Therefore, it is important to optimize ventilation systems with respect to both indoor 
climate and energy demand. 

 
Figure 6. Velocity distribution in the jet cross-section – Deformation indicator of jet velocity profiles 
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is a graphical-based method by using the so-called hydraulic radius and disk-equivalent radius. 

• Following this study, experimental results of non-isothermal jets as well as the indoor turbulent 
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The ventilation of an office room is primarily designed for the number of people normally present in 
the room. If the room is intended for one person, the system will probably be designed to cool the room 
due to the heat sources. Choosing the best way for airflow to be supplied to the room is restricted to 
parameters such as the size of the room, cooling demand in the room, heating systems and other sources 
of natural drafts such as downdraft from the window and drafts from heat sources.  
Historically the most common way to supply air to a room is by using a mixing supply device (MSD) 
but in the past thirty years, displacement supply devices (DSD) have also become common. MSD is the 
traditional method for supplying air to buildings. Air is blown in from the ceiling or wall and dilutes the 
room air in an attempt to provide a given temperature and contaminant level throughout the space. If 
the ventilation efficiency is around 50%, the room can be considered to be well mixed (Etheridge and 
Sandberg, 1996). In ventilation system using DSD the idea is to let the air enter the room at a low height 
close to the floor. Because of buoyancy effects, the cold inlet air will fall down to the floor and then 
spread across the floor until it comes to the heat source. When the flow reaches the heat source the air 
will be heated and start to rise to the exhaust device located above the occupied zone – preferably close 
to the ceiling. The air will build up a stratification with fresh air and polluted air.  

DSD have difficulties ventilating areas farther away, due to the low momentum at the supply device 
(Awbi, 2008). However, to penetrate air farther away from the air supply device another system has 
recently been studied for ventilation purposes (Chen et al., 2015). The system is a hybrid between the 
mixing ventilation system and displacement ventilation system. This combination meets a criterion that 
displacement ventilation systems are not able to fulfil, that the system has a limitation in the distance 
air can penetrate into the room from the inlet device (Cao et al., 2014) and (Janbakhsh, S. and Moshfegh, 
B. 2014). Systems using wall confluent jet supply devices (WCJSD) are considered such a hybrid 
system. The confluent jet system can be defined as a number of free jets supplied in a plane, parallel to 
each other. In the vicinity of the diffuser, the confluent jets behave as separate jets, but downstream the 
jets start to merge with each other and finally behave as a single jet (Ghahremanian and Moshfegh, 
2014). 

The aim of this paper is to experimentally study the ventilation effectiveness (mean age of air, MAA) 
and thermal comfort (PMV and PPD) of three different ventilation supply devices, i.e., mixing supply 
device, displacement supply device and wall confluent jet supply device, in an office room. The 
measurements for the present paper have been carried out in a special test room at the University of 
Gävle, Sweden. 

2 METHODS 

2.1 Experimental set-up 
This paper is based on analysis from full-scale measurements performed in a laboratory at University 
of Gävle. The size of the room corresponds to a typical office module for one person. The parameters 
that will be analysed are thermal comfort and air exchange effectiveness.  
The test room has dimensions of 4.2 × 3.0 × 2.4 m with a volume of 31.24 m3 (see Figure 1), with the 
size of the room corresponding to a typical office. To produce a heat load corresponding to an occupied 
office room, one person-simulator was placed in the middle in the room. To produce the heat load two 
switched-on computers were also placed inside. The lighting system was on inside the office room 
during all the experiments. The different heat loads included in the office room were lighting 70 W, PC 
screen 70 W, PC tower 75 W, laptop 60 W, logger 30 W and person-simulator 95 W, which corresponds 
to 31.75 W/m2.  
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The supply air device shown in the figure is the mixing ventilation system, located 2.2 m from the floor. 
Figure 1 also shows pictures of all three devices used in the measurements. The displacement device is 
located on the floor right below the mixing device shown in the figure and the wall confluent jet device 
is located 2.2 m from the floor or at a height of 1.7 m from the floor.  
The measuring positions of the thermal comfort are at six points in the room. The positions were chosen 
to cover six different areas in the room. The studied area was obtained subtracting 30 cm from each side 
of the room (unoccupied areas) and then dividing the room in six parts. In addition, the measurements 
were taken at 3 heights: 0.1 m, 1.1 m and 1.7 m. So, to measure the thermal comfort there were 18 
different points. For the analysis of thermal comfort, four devices called transducers are used which 
provide necessary input for the thermal comfort evaluation. The transducers are connected to a data 
logger (INNOVA 1221) to collect data and analyse the thermal comfort results. The thermal comfort 
will be presented by PMV and PPD.  
The measuring position of ventilation effectiveness has been done in one position in the room, in front 
of the person (see Figure 1), but at three heights, 0.1 m, 1.1 m and 1.7 m. Measuring the ventilation 
efficiency was done by a tracer gas analysis following the decay method where tracer gas is injected 
into a room and mixed with the room air to a uniform concentration. Injecting the gas in the jet from a 
mixing fan is most often necessary. In smaller rooms, one mixing fan is sufficient, but in larger spaces 
several fans may be required. For the analysis of the tracer gas part, the equipment used is the Brüel & 
Kjaer Multipoint Sampler and Doser Type 1303. For more detailed information about the method and 
the set-up, see (Larsson and Moshfegh, 2017).  
 
 
 
 

 
 
Figure 1. Layout of the office room with heat sources and ventilation supply devices. The right side 
shows, from top to bottom: mixing supply device (MSD), wall confluent jet supply device (WCJSD) 
displacement supply devices (DSD). 
  

The ventilation of an office room is primarily designed for the number of people normally present in 
the room. If the room is intended for one person, the system will probably be designed to cool the room 
due to the heat sources. Choosing the best way for airflow to be supplied to the room is restricted to 
parameters such as the size of the room, cooling demand in the room, heating systems and other sources 
of natural drafts such as downdraft from the window and drafts from heat sources.  
Historically the most common way to supply air to a room is by using a mixing supply device (MSD) 
but in the past thirty years, displacement supply devices (DSD) have also become common. MSD is the 
traditional method for supplying air to buildings. Air is blown in from the ceiling or wall and dilutes the 
room air in an attempt to provide a given temperature and contaminant level throughout the space. If 
the ventilation efficiency is around 50%, the room can be considered to be well mixed (Etheridge and 
Sandberg, 1996). In ventilation system using DSD the idea is to let the air enter the room at a low height 
close to the floor. Because of buoyancy effects, the cold inlet air will fall down to the floor and then 
spread across the floor until it comes to the heat source. When the flow reaches the heat source the air 
will be heated and start to rise to the exhaust device located above the occupied zone – preferably close 
to the ceiling. The air will build up a stratification with fresh air and polluted air.  

DSD have difficulties ventilating areas farther away, due to the low momentum at the supply device 
(Awbi, 2008). However, to penetrate air farther away from the air supply device another system has 
recently been studied for ventilation purposes (Chen et al., 2015). The system is a hybrid between the 
mixing ventilation system and displacement ventilation system. This combination meets a criterion that 
displacement ventilation systems are not able to fulfil, that the system has a limitation in the distance 
air can penetrate into the room from the inlet device (Cao et al., 2014) and (Janbakhsh, S. and Moshfegh, 
B. 2014). Systems using wall confluent jet supply devices (WCJSD) are considered such a hybrid 
system. The confluent jet system can be defined as a number of free jets supplied in a plane, parallel to 
each other. In the vicinity of the diffuser, the confluent jets behave as separate jets, but downstream the 
jets start to merge with each other and finally behave as a single jet (Ghahremanian and Moshfegh, 
2014). 

The aim of this paper is to experimentally study the ventilation effectiveness (mean age of air, MAA) 
and thermal comfort (PMV and PPD) of three different ventilation supply devices, i.e., mixing supply 
device, displacement supply device and wall confluent jet supply device, in an office room. The 
measurements for the present paper have been carried out in a special test room at the University of 
Gävle, Sweden. 

2 METHODS 

2.1 Experimental set-up 
This paper is based on analysis from full-scale measurements performed in a laboratory at University 
of Gävle. The size of the room corresponds to a typical office module for one person. The parameters 
that will be analysed are thermal comfort and air exchange effectiveness.  
The test room has dimensions of 4.2 × 3.0 × 2.4 m with a volume of 31.24 m3 (see Figure 1), with the 
size of the room corresponding to a typical office. To produce a heat load corresponding to an occupied 
office room, one person-simulator was placed in the middle in the room. To produce the heat load two 
switched-on computers were also placed inside. The lighting system was on inside the office room 
during all the experiments. The different heat loads included in the office room were lighting 70 W, PC 
screen 70 W, PC tower 75 W, laptop 60 W, logger 30 W and person-simulator 95 W, which corresponds 
to 31.75 W/m2.  
 
 

|  189PROCEEDINGS — Roomvent & Ventilation 2018 |  189PROCEEDINGS — Roomvent & Ventilation 2018

Track 2 – Air Distribution: Air Distribution (AD1)



The measurements have been performed for twelve different cases, see Table 1 for more detailed 
information about each of the cases.  
 
Table 1. The twelve studied cases 

 Supply device Installation height 
(m) 

Airflow rate (l/s) Supply temperature (℃) 

Case 1 WCJSD 2.2 20 14 
Case 2 WCJSD 1.7 20 14 
Case 3 WCJSD 1.7 25 16 
Case 4 WCJSD 2.2 25 16 
Case 5 WCJSD 1.7 30 18 
Case 6 WCJSD 2.2 30 18 
Case 7 DSD Floor level 20 14 
Case 8 DSD Floor level 25 16 
Case 9 DSD Floor level 30 18 
Case 10 MSD 2.2 20 14 
Case 11 MSD 2.2 25 16 
Case 12 MSD 2.2 30 18 

3 RESULTS AND DISCUSSION 

3.1 Thermal comfort 
In Figure 2 the PPD and PMV for WCJSD mounted at two heights (1.7 m and 2.2 m) are presented. The 
cases with the same boundary conditions such as airflow rate and supply air temperature are compared 
to each other two by two at three different heights, 0.1 m, 1.1 m and 1.7 m. The highest and lowest PMV 
and the PPD for all six positions in the room are presented and the median value is also shown. Figure 
2 shows only small differences between the two heights, and the biggest difference is shown for the 
case with airflow rate at 25 l/s. The same tendency is also seen for PPD, where the biggest difference 
between the two heights is for 25 l/s. 

 
Figure 2. PMV and PPD for two different heights of WCJSD 

Figure 3 compares the PMV for different supply devices at different boundary conditions and at 
different heights in the room. PMV for all six positions in the room are presented, and the median value 
is also shown. PMV for DSD is lower in every case and at all heights than the other supply devices. At 
a height of 0.1 m the value is always below the neutral value (0). WCJSD is close to the DSD at 0.1 m 
but always above the neutral value. There is also a tendency that MSD in all cases has a higher PMV 
then WCJSD and DSD. At the higher airflow rates this tendency is rather strong. 
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Figure 3. PMV for different cases 

Figure 4 compares the PPD for different supply devices at different boundary conditions and at different 
heights in the room. PPD for all six positions in the room is presented and the median value is shown. 
There are small differences between the supply devices at 20 l/s but at higher flows and especially at 25 
l/s there is a big difference. WCJSD shows the lowest value and best comfort in most of the cases.  
 

 

Figure 4. PPD for different cases 

Table 2 shows the local mean age of air for different supplies at one position in the room but at different 
heights, 0.1 m, 1.1 m and 1.7 m. Two different boundary conditions are presented. WCJSD mounted at 
different heights shows small differences but differences are bigger for higher airflow rates. DSD has the 
youngest air in all cases and at all heights but for higher airflow rates the MAA for DSD approaches the 
MAA for WCJSD. However, the MAA for MSD is much higher than for DSD and WCJSD in all cases.  

 
Table 2. Local mean age of air (min) at different heights. 

 0.1 m 1.1 m 1.7 m 0.1 m 1.1 m 1.7 m 
WCJSD (1.7 m) 24.4 25.3 23.5 18.3 17.4 17.6 
WCJSD (2.2 m) 24.6 24.6 24.1 19.5 20.1 19.4 
DSD 8.3 19.4 17.1 14.6 16.4 15.8 
MSD 34.2 33.2 32.4 28.0 28.0 30.7 
 Case 1, 2, 7 and 10 Case 3, 4, 8 and 11 

The measurements have been performed for twelve different cases, see Table 1 for more detailed 
information about each of the cases.  
 
Table 1. The twelve studied cases 

 Supply device Installation height 
(m) 

Airflow rate (l/s) Supply temperature (℃) 

Case 1 WCJSD 2.2 20 14 
Case 2 WCJSD 1.7 20 14 
Case 3 WCJSD 1.7 25 16 
Case 4 WCJSD 2.2 25 16 
Case 5 WCJSD 1.7 30 18 
Case 6 WCJSD 2.2 30 18 
Case 7 DSD Floor level 20 14 
Case 8 DSD Floor level 25 16 
Case 9 DSD Floor level 30 18 
Case 10 MSD 2.2 20 14 
Case 11 MSD 2.2 25 16 
Case 12 MSD 2.2 30 18 

3 RESULTS AND DISCUSSION 

3.1 Thermal comfort 
In Figure 2 the PPD and PMV for WCJSD mounted at two heights (1.7 m and 2.2 m) are presented. The 
cases with the same boundary conditions such as airflow rate and supply air temperature are compared 
to each other two by two at three different heights, 0.1 m, 1.1 m and 1.7 m. The highest and lowest PMV 
and the PPD for all six positions in the room are presented and the median value is also shown. Figure 
2 shows only small differences between the two heights, and the biggest difference is shown for the 
case with airflow rate at 25 l/s. The same tendency is also seen for PPD, where the biggest difference 
between the two heights is for 25 l/s. 

 
Figure 2. PMV and PPD for two different heights of WCJSD 

Figure 3 compares the PMV for different supply devices at different boundary conditions and at 
different heights in the room. PMV for all six positions in the room are presented, and the median value 
is also shown. PMV for DSD is lower in every case and at all heights than the other supply devices. At 
a height of 0.1 m the value is always below the neutral value (0). WCJSD is close to the DSD at 0.1 m 
but always above the neutral value. There is also a tendency that MSD in all cases has a higher PMV 
then WCJSD and DSD. At the higher airflow rates this tendency is rather strong. 
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4 CONCLUSIONS 
The results show that the mounting height of the WCJSD has only relatively small influence on the 
perception of thermal comfort. However, the most significant difference in PMV and PPD is in the case 
with 25 l/s and supply temperature of 16 ℃. With the case at 30 l/s, the supply temperature has also 
increased to 18 ℃, where the difference between the heights is smaller, which shows that the supply 
temperature has the biggest influence. When the PMV and PPD are compared to other supply devices 
it turns out that MSD has poorer comfort than DSD and WCJSD. DSD and WCJSD have more or less 
the same thermal comfort performance. 
When comparing the local mean age of air (MAA) for the studied supply devices, the air is significantly 
much younger for the DSD and WCJSD than for MSD. The area where the occupant in the room is 
located is much more ventilated with stratified supply devices than with mixing devices. 
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SUMMARY  
Active chilled beam cooling is a solution with an efficient use of space due to the high heat capacity 
of water used as heat transfer medium. This paper describes the prediction of the room air distribution 
in a room with an active chilled beam. It also shows a design chart that makes it possible to assess 
variables such as air quality, air velocity and the temperature gradient as a function of flow rate and 
temperature difference in the supply system and this paper gives the limits for the use of the system. 
The paper shows that an active chilled beam system can generate a thermal comfort level at a given 
heat load and heat load distribution that can be compared with the thermal comfort obtained by the 
different mixing ventilation systems. The air distribution is dependent of the heat load distribution, 
and the system has a limited capacity with respect to fresh air supply. The system is compared with 
seven other air distribution systems. The paper is based on both full-scale measurements and CFD 
predictions.    
Keywords: room air distribution, active chilled beam, comfort conditions, design chart, CFD 

1 INTRODUCTION  
This paper is based on a special design chart for the cooling case, Nielsen (1980 and 2007). The 
design chart for different air distribution systems, Figure 1A, gives the temperature differences ΔTo 
between return air and supply air versus the airflow rate qo to the room. The curves show the 
combination of ΔTo and qo that enclose an area, which meets thermal comfort requirements with a 
maximum mean air velocity of 15 cm/s and a maximum vertical temperature gradient of 2.5 K/m. The 
minimum flow rate of 20 l/s (restricted by the vertical line) is selected to maintain acceptable air 
quality for two persons in the room, Nielsen (2007). 
Previously, seven other air distribution systems were analysed in the same room geometry 
(3.6 x 4.2 x 2.5 m, length, width, height respectively) at the same heat load distribution (two 
office workplaces). The systems were as follows: mixing ventilation from a wall-mounted 
diffuser, mixing ventilation from a ceiling-mounted diffuser, mixing ventilation from a ceiling-
mounted diffuser with a swirling flow, displacement ventilation from a wall-mounted low velocity 
diffuser, two low impulse systems based on textile terminals in the ceiling and a system with 
diffuse ceiling inlet.  
Comparisons between all the systems made it possible to address the individual characteristics with 
respect to air quality and comfort, and in this paper, the chilled beam system is analysed in the same 
set-up. The size and layout of all systems are considered to be typical as practical solutions for the 
room geometry used and they reflect the product design guidelines for the different systems.  
 

4 CONCLUSIONS 
The results show that the mounting height of the WCJSD has only relatively small influence on the 
perception of thermal comfort. However, the most significant difference in PMV and PPD is in the case 
with 25 l/s and supply temperature of 16 ℃. With the case at 30 l/s, the supply temperature has also 
increased to 18 ℃, where the difference between the heights is smaller, which shows that the supply 
temperature has the biggest influence. When the PMV and PPD are compared to other supply devices 
it turns out that MSD has poorer comfort than DSD and WCJSD. DSD and WCJSD have more or less 
the same thermal comfort performance. 
When comparing the local mean age of air (MAA) for the studied supply devices, the air is significantly 
much younger for the DSD and WCJSD than for MSD. The area where the occupant in the room is 
located is much more ventilated with stratified supply devices than with mixing devices. 
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Figure 1. A) Design chart for the air distribution in a room with the height of 2.5 m. The curves show 
limitations for the flow rate and the temperature difference for the different systems, which ensures 
thermal comfort in the room. Nielsen and Jakubowska (2009). B) Thermal load consisting of two 
manikins, two PCs and two table lamps.  
 

The product of 𝛥𝛥𝛥𝛥To and qo represents the heat load removed by the air distribution system. It is 
obvious that systems covering the upper right area of the design graph are systems with a high 
capacity for removing heat without creating draught or large temperature differences. Diffuse ceiling 
ventilation and vertical ventilation (for example from large ceiling-mounted textile diffusers) are such 
systems. For both systems, the heat load typically generates the air movement due to the buoyant 
plume, while the momentum flow from the opening is very small at normal flow rates. Room height 
higher than 2.5 m will reduce the efficiency of air distribution systems based on buoyancy-generated 
flow, Nielsen et al. (2015).  
The test room is considered to be occupied by two persons, and the flow rate of 0.02 m3/s is therefore 
selected as a typical minimum flow rate for sufficient air quality. 
The design graph for all the seven systems have been addressed in Jacobsen et al., (2002), Nielsen et 
al. (2003, 2005, 2006, 2015, 2017), Nielsen (2007) and Nielsen and Jakubowska (2009). The design 
graph in general is addressed in Nielsen (1980), Müller et al. (2013) and Kosonen et al. (2017). 

2 METHODS 
Figure 2 shows the active chilled beam (ACB) unit selected for the experiments. The unit will supply 
cooled air to the room. This primary air will create induction in the unit and also generate recirculation 
of room air which will be water cooled as well, Virta et al. (2004).   

 
Figure 2. Chilled beam unit used in the experiments and predictions. 
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A chilled beam system, therefore, uses both air and water as heat transfer mediums. For comparison 
with the other systems in Figure 1, the system could be considered as a mixing ventilation system with 
external recirculation, see Figure 3B. 
 

 
A 

 
B 

Figure 3. A) Mixing ventilation air distribution system with external recirculation. B) Chilled beam 
air distribution system. The dotted lines indicate the system boundaries used for the two systems. 
 
The flow rate to the room with a chilled beam is both the fresh air supply q and the internal 
recirculation qrec generated as induction in the chilled beam unit, in total qo. The temperature 
difference 𝛥𝛥𝛥𝛥To is the difference between return air TR and supply air temperature To in the jet from the 
chilled beam. By using those variables, it is possible to compare the characteristics of the systems in 
the design graph. The system boundaries are indicated in Figure 3A and Figure 3B. 
The actual chilled beam was first tested in a small room (2.75 x 3.6 x 2.76 m, length, width, height 
respectively) with a thermal load consisting of a manikin, a desk lamp and a computer. A CFD prediction 
was made in the same room to optimise the selection of boundary conditions and other parameters in the 
CFD program. Comparison with the measurements shows good agreement. Both the k-ε, k-ε RNG and k-ω 
SST model worked sufficiently well and the k-ε RNG model was selected for further work.  
 

 
Figure 4. Boundary conditions for the squared chilled beam in the CFD predictions. The ratio 
between q and qrec was selected from measurements on the product.  
The following predictions were made in the large room (3.6 x 4.2 x 2.5 m, length, width, height 
respectively) so that the results could be compared with the other seven air distribution systems. The 
chilled beam was located in the middle of the ceiling, Figure 4. 
  

3 RESULTS AND DISCUSSION 
Figure 5 shows the design chart for the active chilled beam (ACB). The CFD predictions were made 
in the room with the same load distribution that was used in the measurements in Figure 1A for the 
seven other air distribution systems. The design chart shows that the actual chilled beam solution was 
unable to remove heat load up to the level obtained with mixing ventilation at low total flow rates. At 
high flow rates, qo, the system was able to remove a large heat load without draught, and it even 
surpasses the capacity of the ceiling diffuser with swirl. It must be taken into consideration that the 
location of the individual characteristic lines in the figure is measured or predicted for practical 
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manikins, two PCs and two table lamps.  
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capacity for removing heat without creating draught or large temperature differences. Diffuse ceiling 
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systems. For both systems, the heat load typically generates the air movement due to the buoyant 
plume, while the momentum flow from the opening is very small at normal flow rates. Room height 
higher than 2.5 m will reduce the efficiency of air distribution systems based on buoyancy-generated 
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The design graph for all the seven systems have been addressed in Jacobsen et al., (2002), Nielsen et 
al. (2003, 2005, 2006, 2015, 2017), Nielsen (2007) and Nielsen and Jakubowska (2009). The design 
graph in general is addressed in Nielsen (1980), Müller et al. (2013) and Kosonen et al. (2017). 

2 METHODS 
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Figure 2. Chilled beam unit used in the experiments and predictions. 
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solutions with relevant products. We might be able to improve all the systems if, for example, we 
allow more diffusers in the room or more advanced products. The line for draught (blue line) is based 
on the velocity at ankle and neck levels like for all other systems shown in the figure.  

 
Figure 5. Design chart for the air distribution in a room with a chilled beam and a room height of 2.5 
m. The curves show limitations for the air distribution system to ensure thermal comfort in the 
occupied zone. The chilled beam system is compared with the other air distribution systems in the 
same room with the same load geometry.  
Figures 1 and 5 show that the minimum flow rate for all systems – except chilled beam system – is 
0.02 m3/s if the systems are used without recirculation. This flow rate gives a necessary fresh air 
supply for the two persons present in the room. But in the case of a chilled beam system, only a part of 
the supply airflow qo can be fresh outdoor air. This is due to the induction of room air in the active 
chilled beam. In our case, the minimum flow rate is 0.074 m3/s (the green line in Figure 5, IAQ 
(ACB)) and the possible active area for the system in the design chart is therefore on the right side of 
the green line and below the blue line (ACB) in Figure 5. That means qo > 0.074 m3/s and 𝛥𝛥𝛥𝛥To < 3 – 
4°C. There will also be an upper limit for the flow rate qo due to draught.  
 

 
Figure 6. Velocity distribution in the room (m/s). The cross section was made through the thermal 
manikins. Fresh air supply, q, was 20 l/s and mixed air flow rate, qo, was 74 l/s. 
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Figure 7. Velocity distribution in the room (m/s) when all thermal loads are located closes the one 
end wall. The cross section was made through one of the thermal manikins. Fresh air supply, q, was 
20 l/s and mixed air flow rate, qo, was 74 l/s.  
 
Figure 6 shows the velocity distribution in the room with symmetrical location of the thermal heat 
loads. The flow rate, qo, was 74 l/s and the radial wall jet from the active chilled beam followed the 
surfaces of the room. The flow was asymmetrical in the sense that the plume from the one manikin is 
entrained into the room flow, while the plume from the other manikin was partly entrained into the 
induction area of the ACB. Figure 7 shows an asymmetrical load distribution with all loads at one end 
of the room. The flow rate was 74 l/s. This location of the heat loads generated a large area in the 
occupied zone with increased air velocities compared to the symmetrical case, but the manikins were 
not so much influenced by this increased draught.   

4 CONCLUSIONS 
An active chilled beam system can generate a thermal comfort level at a given heat load and heat load 
distribution that can be compared with the thermal comfort obtained by different mixing ventilation 
systems.  
The air distribution in the room with a chilled beam system is controlled by the supply air momentum 
flow – like mixing ventilation – and is in principle not strongly influenced by the location of the heat 
load in the occupied zone. However, asymmetrical load distribution with all loads at one end of the 
room shows, in this case, an increased velocity level in the occupied zone although the actual location 
of the heat loads in the test does not cause much increase in draught around the positions of the 
manikins. 
The active chilled beam system has a limited capacity compared with other air distribution systems 
with respect to fresh air supply because it only uses external supply air as a part of the cooling 
capacity while another part is based on cold water supply. The water cooling is transferred to the room 
air by internal induction into recirculating room air. This will in practice give a larger velocity level in 
the room compared to other systems. 
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SUMMARY 
Although a number of laboratory studies were conducted to evaluate the thermal performance of 
mixing ventilation which is widely used for indoor heating in winter, a field study into the thermal 
environment and occupant comfort in office buildings served by mixing ventilation is lacking. This 
paper did researches in 4 open-plan offices in a typical office building, the occupants working there 
were asked to fill in the questionnaires carefully designed while the researchers doing the field 
measurements on the parameters of indoor environment. Results showed that the predicted mean vote 
(PMV) values were close to the actual mean thermal sensation votes, indicating that the PMV model 
can be used to evaluate thermal comfort of mixing ventilation in winter. The vertical air temperature 
differences existed in the environments, which resulted in higher percentage of dissatisfied occupants 
than expected. Eighty-four percentage of occupants felt discomforts due to the unsuitable temperature. 
Keywords: office building, mixing ventilation, thermal comfort, vertical air temperature difference 

1 INTRODUCTION 
Mixing ventilation is a most widely used air distribution. It sends conditioned air from the upper part 
of a room, fully mixing with indoor air to regulate indoor air parameters. Its design is relatively simple 
and mature due to indoor uniform environment. And it can be used for both heating in winter and 
cooling in summer (Serra N et al., 2009). Probably, due to these, there has not appeared an air 
distribution to replace mixing ventilation yet, despite that some advanced air distributions have been 
demonstrated to be more efficient (Melikov AK, 2016).  
Although the heating performance of mixing ventilation has been proved to have some drawbacks on 
the indoor thermal environment, most of these experiments were conducted in the laboratory (Wang Q, 
Zhen Z, 2006). The real situation is more complex. In an environment of an office, people can take 
measures to adapt to the environment. Furthermore, each person's difference on physiological 
parameters and cultural background can lead to their different preferences for environmental 
parameters (Indraganti M, Rao K, 2010). Thus, the results derived from the laboratory studies might 
be inappropriate to the reality.  
In the south of China, the office buildings often use air conditioning systems with mixing ventilation 
for indoor heating in winter. The office is a place where people stay for a large proportion of time, and 
the quality of indoor environments can have significant impact on occupants’ working performance 
(M. Brill et al., 1984). Therefore, it is of important significance to investigate indoor thermal 
environment of office buildings served by mixing ventilation in winter.  

REFERENCES 
Jacobsen, TS, Nielsen, PV, Hansen, R, Mathiesen, E & Topp, C (2002), 'Thermal Comfort in a 
Mixing Ventilated Room with High Velocities Near the occupied Zone' ASHRAE Transactions, bind 
108, s. 1090-1096. 
Kosonen, R (red), Melikov, A, Mundt, E, Mustakallio, P, Nielsen, PV (2017), Displacement 
Ventilation. REHVA Guidebook. nr. 23, REHVA: Federation of European Heating and Air-
conditioning Associations.  
Müller, D (red.), Kandzia, C, Kosonen, R, Melikov, AK & Nielsen, PV (2013), Mixing Ventilation: 
Guide on mixing air distribution design. REHVA Guidebook, nr. 19, REHVA: Federation of 
European Heating and Air-conditioning Associations. 
Nielsen, PV, (1980), 'The influence of ceiling-mounted obstacles on the air flow pattern in air-
conditioned rooms at different heat loads' Building Services Engineering Research & Technology, 
bind 1, nr. 4, s. 199-203. DOI: 10.1177/014362448000100406 
Nielsen, PV, Larsen, TS & Topp, C (2003), Design Methods for Air Distribution Systems and 
Comparison between Mixing Ventilation and Displacement Ventilation. i Wai, T.K.: Sekhar, C.: 
Cheong, D. (red.), Proceedings of the 7th International Conference on Healthy Buildings 2003, 
Singapore, December 2003, Vol. 2. Stallion Press 
 
Nielsen, PV, Topp, C, Sønnichsen, M & Andersen, H (2005), Air Distribution in Rooms Generated by 
a Textile Terminal – Comparison with Mixing Ventilation and Displacement Ventilation. i ASHRAE 
Transactions: 2005 Annual Meeting; Volume 111, Part 1. 111(1):733-39. 
 
Nielsen, PV, Heby, T & Moeller-Jensen, B (2006), 'Air Distribution in a Room with Ceiling-Mounted 
Diffusers: Comparison with Wall-Mounted Diffuser, Vertical Ventilation and Displacement 
Ventilation' ASHRAE Transactions, bind 112, nr. 2, s. 498-504. 
 
Nielsen, PV (2007), Analysis and design of room air distribution systems, HVAC and R Research, vol 
13, nr. 6, s. 987-997. 
 
Nielsen, PV & Jakubowska, E (2009), The Performance of Diffuse Ceiling Inlet and other Room Air 
Distribution Systems, in COLD CLIMATE HVAC 2009, Sisimiut Greenland, 16-19 March 2009. 
Nielsen, PV, Vilsbøll, RW, Liu, L & Jensen, RL (2015), Diffuse Ceiling Ventilation and the Influence 
of Room Height and Heat Load Distribution. i Proceedings of Healthy Buildings 2015., 413, 
International Society of Indoor Air Quality and Climate, Eindhoven, Holland, 18/05/2015. 
Nielsen PV, Vilsbøll RW, Liu Li & Jensen RL (2017), Diffuse Ceiling Ventilation, Load Distribution 
and Ceiling Design, Healthy Buildings 2017 Europe, Lublin, Poland. 
Virta, M (red), Butler, D, Gräslund, J, Hogeling, J, Kristiansen, EL, Reinikainen, M, Svensson, G 
(2004), Chilled Beam Application Guidebook, REHVA Guidebook. nr. 5, REHVA: Federation of 
European Heating and Air-conditioning Associations.  
 

|  199PROCEEDINGS — Roomvent & Ventilation 2018 |  199PROCEEDINGS — Roomvent & Ventilation 2018

Track 2 – Air Distribution: Air Distribution (AD1)



2 METHODS 

2.1 Information on the research site 
The office spaces we investigated are located on the 6 and 7 floors of a 30-storey office building in 
Chongqing, China. The relative humidity in Chongqing is very high all year around. Four open-plan 
offices are surveyed in this study, each of which is similar in size. All four offices have one wall full 
of windows, the other three walls are interior walls. Air supply inlets of mixing ventilation is 
relatively uniform distributed in the ceiling. The layout of the office is shown in Figure 1 (a).  

 
(a) (b) 

Figure 1. (a) The layout of the office (b) The layout of the instruments 

As a field survey, the indoor environment is changeable and complex with the variation of outdoor 
meteorological parameters, the people’s activities, etc. It is difficult to determine the heating demand 
accurately. Occupants indoors can adjust the ventilation rates by controlling the air-conditioning 
system. From the results of CO2 measurement (around 768 ppm), ventilation rate is sufficient. 

2.2 Measurement instruments 
The air velocity was measured using SWEMA anemometers, the measurement range is 0.05-3.0 m/s; the 
accuracy is ±0.02 m/s for 0.07-0.50 m/s and ±0.03 m/s for 0.50-3.0 m/s; the dynamic response time is 
0.2 s. The air temperature is measured using TMC6 - HD thermocouple temperature sensor, and connect 
it with the HOBO U12-006 type 4 channel data recorder. The measurement range is between -40 and 
+100°C and the measurement error is ±0.2°C. The CO2 concentration instrument is the GE Telaire-7001 
CO2 gas detector. The measurement range is 0-10000 ppm, the precision is ±50 ppm, and the response 
time is less than 60 s. The relative humidity (RH) is measured by Kimo’s HD 110 handheld thermo-
hygrometer. The measuring range is 5% to 95% RH. The black-globe temperature is measured by 
JTR04 with the range between -20 and +125°C, with the measurement error of ±0.1°C. 

2.3 Measurement procedure 
The experiment involves four rooms, each of which is investigated for two days, and is tested twice in 
a single day. The research lasts from December, 2017 to January, 2018. The outdoor temperatures 
were similar during the studies, ranging from 7.7°C to 9.3°C. During one investigating day, indoor 
parameters were measured and questionnaires were filled out respectively at 10~12 a.m. and 3~5 p.m. 
The air temperature, black ball temperature, air velocity and CO2 concentration were measured. The 
air temperatures at 0.1 m, 0.6 m, 1.1 m and 1.7 m on a single location were measured by attaching the 
temperature instrument to a vertical bar. The layout of the instruments can be seen in Figure 1 (b).  
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Each survey was carried out with the same batch of people, but there was a case where once a few 
people were not in the office and came back at the followed time for personal reasons. Because we are 
willing to investigate the situations closest to reality, we try to keep quiet during the survey and 
measurement, so that the office is most likely to keep the same condition as usual. 

2.4 Subjective thermal comfort survey 
The questionnaire covered 3 sections. The first section concentrates on worker’s personal information 
such as age, gender, weight. The second section deals with worker’ wearing. And the third section 
pays attentions to the perceptions of thermal sensation, the satisfaction degree to the air quality and 
noise, and the uncomfortable symptoms. The measures include overall and local thermal sensation 
ranging from hot (+3) to cold (-3), according to ASHRAE 7-point thermal sensation scale, velocity 
sensation ranging from very windy (+3) to no wind (0), and humidity sensation ranging from damp 
(+3) to dry (-3). The respondents were also asked to answer the expectation with the temperature, 
humidity, velocity and ways to improve their comfort.  
The respondents all have worked in the building over 3 months, which is to say they have been there 
since the heating began. As we are informed, the people working in the company mostly begin 
working at 9:00 and have a rest between 12:00 to 14:30 O’clock, so they were not tired or exhausted 
when we conduct our tests. In this research, most of the staff indoors filled in the questionnaire. The 
number of people participated is 45, and a total of 142 valid questionnaires were recycled. 

3 RESULTS AND DISCUSSION 

3.1 Characteristics of the respondents and indoor environmental parameters 
Table 1 shows the characteristics of the respondents and measured indoor environmental parameters. 
The clothing thermal resistance is calculated from Standard ISO 9920-2007. The distribution of 
respondents according to gender was almost equal. 

Table 1. Information on characteristics of the respondents and indoor environmental parameters 
Characteristic/Parameter Average  Maximum  Minimum  S.D. 

Age (year) 28.9 38 22 3.9 
Clothing thermal resistance (clo) 1.05 1.82 0.54 0.21 

Room air temperature (°C) 23.26 24.70 21.72 0.74 
Air speed (m/s) 0.049 0.110 <0.05 0.028 

CO2 concentration (ppm) 768 1055 559 134 
Relative humidity (%) 40.2 46.7 36.2 2.6 

Black-globe temperature (°C) 22.02 23.30 20.90 0.66 

3.3 Overall thermal sensation and PMV 
Based on the measurements, the PMV value is calculated. The metabolic rate is 1.1 met as the 
occupants are typing as an office activity. The mean radiant temperature is calculated from the globe 
temperature (Tg, °C) and the air temperature (Ta, °C), by applying the following equation from 
Standard ISO 7726-1998:  

 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟� = ��𝑇𝑇𝑇𝑇𝑔𝑔𝑔𝑔 + 273�4 + 0.4 × 108�𝑇𝑇𝑇𝑇𝑔𝑔𝑔𝑔 − 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎�
0.25�𝑇𝑇𝑇𝑇𝑔𝑔𝑔𝑔 − 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎��

0.25
− 273, (1) 

The acceptable PMV range for general comfort is between -0.5 to +0.5 according to ASHRAE 55-
2013. The distributions of PMV value and the actual overall thermal sensation score for each room are 
presented in Figure 2. The PMV values are close to the actual thermal sensation. Furthermore, both 
indicators show that the thermal sensation is between thermally neutral and slightly warm.  
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relatively uniform distributed in the ceiling. The layout of the office is shown in Figure 1 (a).  
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As a field survey, the indoor environment is changeable and complex with the variation of outdoor 
meteorological parameters, the people’s activities, etc. It is difficult to determine the heating demand 
accurately. Occupants indoors can adjust the ventilation rates by controlling the air-conditioning 
system. From the results of CO2 measurement (around 768 ppm), ventilation rate is sufficient. 

2.2 Measurement instruments 
The air velocity was measured using SWEMA anemometers, the measurement range is 0.05-3.0 m/s; the 
accuracy is ±0.02 m/s for 0.07-0.50 m/s and ±0.03 m/s for 0.50-3.0 m/s; the dynamic response time is 
0.2 s. The air temperature is measured using TMC6 - HD thermocouple temperature sensor, and connect 
it with the HOBO U12-006 type 4 channel data recorder. The measurement range is between -40 and 
+100°C and the measurement error is ±0.2°C. The CO2 concentration instrument is the GE Telaire-7001 
CO2 gas detector. The measurement range is 0-10000 ppm, the precision is ±50 ppm, and the response 
time is less than 60 s. The relative humidity (RH) is measured by Kimo’s HD 110 handheld thermo-
hygrometer. The measuring range is 5% to 95% RH. The black-globe temperature is measured by 
JTR04 with the range between -20 and +125°C, with the measurement error of ±0.1°C. 

2.3 Measurement procedure 
The experiment involves four rooms, each of which is investigated for two days, and is tested twice in 
a single day. The research lasts from December, 2017 to January, 2018. The outdoor temperatures 
were similar during the studies, ranging from 7.7°C to 9.3°C. During one investigating day, indoor 
parameters were measured and questionnaires were filled out respectively at 10~12 a.m. and 3~5 p.m. 
The air temperature, black ball temperature, air velocity and CO2 concentration were measured. The 
air temperatures at 0.1 m, 0.6 m, 1.1 m and 1.7 m on a single location were measured by attaching the 
temperature instrument to a vertical bar. The layout of the instruments can be seen in Figure 1 (b).  
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Figure 2. (a)The overall thermal sensation vote for each room (b)The PMV value for each room 

3.4 Vertical air temperature differences and people’s perception 
In each room, the average air temperature measured at different heights is shown in Figure 3. It can be 
seen clearly that the air temperature increases with increasing the height, indicating a stratification of 
temperature.  

 

Figure 3. The temperature at different heights for each room 

The average air temperature at 1.1 m height of four rooms and 0.1m are close to each other, with the 
average value of 23.25°C, 21.32°C and the standard deviation of 0.51°C, 0.14°C, respectively. The 
similarity on air temperature makes the thermal sensation on head and feet of four rooms comparable. 
The air temperature difference between 1.1 m and 0.1 m are 2.83°C, 1.57°C, 1.43°C and 1.91°C 
respectively, the values between 1.7 m and 0.1 m are 4.63°C, 2.16°C, 1.69°C and 2.37°C. 
The percentage of occupants giving different thermal sensation votes on head and feet of each room 
are presented in Figure 4. To be convenient, use “TSV-H=(number)” to represent “The percentage of 
people scoring (number) on thermal sensation vote on head”, and “TSV-F=(number)” to represent 
“The percentage of people scoring (number) on thermal sensation vote on feet”.  
As seen from Figure 4, while most occupants voted 0 for thermal sensation on head, there is 13% to 
23% of people voted slightly warm, and 5% to 8% of the voters gave warm or hot, which is out of the 
comfortable range. As for the thermal sensation on feet, there are fewer votes on thermally neutral, the 
percentage of occupants giving votes on slightly cool and cool are increased significantly compared to 
thermal sensation on head. Referring to ASHRAE 55-2013, the percentage of residents dissatisfied is 
predicted to be 0%~5% within the range of air temperature difference between head and feet 
according to our survey. However, the predicted value is significantly lower than the subjective votes, 
indicating a higher percentage of dissatisfied occupants than expected.  
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Figure 4. (a) The percentage of people giving different thermal sensation vote on head (b) The 
percentage of people giving different thermal sensation vote on feet 

 

3.5 Discomforts caused by temperature 
As can be seen from Figure 5, the workers have different kinds of discomfort symptoms. Only 16% of 
the workers report they have no these symptoms. 
 

 
Figure 5. The percentage of people having the symptoms 

 
These uncomfortable symptoms related to dryness of the air indoors as uncomfortable eyes and noses, 
feeling of mouth parched and tongue scorched and dry skin can be caused by many different reasons. 
However, the company serve drinking water in the offices. The air indoors is almost stagnant. The 
building did its decoration years ago, the PM2.5 concentration we tested is lower than 75 μg/m3 

(GB3095-2012). And the indoor CO2 concentration is around 768 ppm, showing good indoor air 
quality. A sensation of dryness is confirmed to have correlation with increased air temperature 
(Andersson et al. 1975; Fang L et al, 2004). The room air temperature in the four rooms is between 
22.82°C and 23.94°C, the relative humidity is 40.2±2.6%. The discomforts can have correlation with 
the high temperature, which may result in uncomfortable relative humidity for the occupants living in 
a city in high-relative-humidity region. 
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are presented in Figure 4. To be convenient, use “TSV-H=(number)” to represent “The percentage of 
people scoring (number) on thermal sensation vote on head”, and “TSV-F=(number)” to represent 
“The percentage of people scoring (number) on thermal sensation vote on feet”.  
As seen from Figure 4, while most occupants voted 0 for thermal sensation on head, there is 13% to 
23% of people voted slightly warm, and 5% to 8% of the voters gave warm or hot, which is out of the 
comfortable range. As for the thermal sensation on feet, there are fewer votes on thermally neutral, the 
percentage of occupants giving votes on slightly cool and cool are increased significantly compared to 
thermal sensation on head. Referring to ASHRAE 55-2013, the percentage of residents dissatisfied is 
predicted to be 0%~5% within the range of air temperature difference between head and feet 
according to our survey. However, the predicted value is significantly lower than the subjective votes, 
indicating a higher percentage of dissatisfied occupants than expected.  
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4 CONCLUSIONS 
The calculated PMV values are similar to the subjective thermal sensation votes, both of which are 
between neutral to slightly warm. For all rooms, the air temperature was stratified due to thermal 
buoyancy. The relatively higher percentage of dissatisfied occupants appears even though the vertical 
air temperature difference between head (1.1 m for sedentary) and ankle (0.1 m) levels is less than 3K. 
Up to 84% of the occupants report they have kinds of uncomfortable symptoms. Thus, reducing both 
of the room air temperature and temperature stratification is recommended.  
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SUMMARY 
Though displacement ventilation (DV) system has obvious advantages over conventional air-
conditioning systems in respects of indoor air quality and human thermal comfort, it cannot undertake 
large air-conditioning load due to the restriction of supply air temperature and velocity. However, the 
wall attached duct multi-directional jet supply (WADMDJ) system in the occupied zone brought out by 
the authors can undertake much larger air-conditioning load than the DV system on the basis of nearly 
the same human thermal comfort level. In the paper, the simulation models of a WADMDJ and DV 
systems are established utilizing the AIRPAK software. Then an office room is taken as a case study to 
compare the two ventilation systems. For the DV system under the supply air exchange rate of 4 h-1 and 
the average air temperature of the occupied zone being about 25℃, both the temperature difference 
between an occupant’s head and foot level and the air velocity at an occupant’s ankle level are all within 
an acceptable thermal comfort range; but when the air exchange rate is raised to 8 h-1, not only the air 
velocity at the ankle level (0.19m/s) will cause some air draft, but also the temperature difference of an 
occupant’s head and foot level (3.6℃) will fail to satisfy the thermal comfort standard of ISO 7730. On 
the contrary, for the WADMDJ system, the upper acceptable air exchange rate is about 11 h-1 in the 
case study. It is found from the research that the cooling load capacity of the WADMDJ system can be 
doubled compared with the DV system, which makes the WADMDJ system have a better prospect than 
the DV system. 
Keywords: ventilation, jet supply system, displacement ventilation, thermal comfort 

1 INTRODUCTION 
Modern people spend more than 80% of their time indoors, so improper room ventilation will easily 
cause sick building syndrome (SBS) (Geng, 2001). It is obvious that reasonable indoor airflow 
organization is very important in improving the indoor air quality (IAQ) and satisfying the occupants’ 
thermal comfort. Generally speaking, there are two typical ventilation types in the buildings: mixing 
ventilation and DV (Shan, 2016). The mixing ventilation seeks to totally mix the supply and the indoor 
air, so it can provide large volume of treated air and thus can undertake large air conditioning load for 
an air-conditioning room; however, it also results in poor IAQ and low ventilation efficiency as the 
occupied zone is usually in the air recirculation zone (Seppänen,2008 and Lin, 2005). On the contrary, 
the DV has the advantages of better IAQ and higher ventilation efficiency, however the upper air-
conditioning load intensity that the DV system can undertake is usually lower than 40-50W/m2, and it 
can hardly be used in the space heating situation either (Ma, 1997, Li, 2000 and Hamilton, 2004).  So 
as to solve the problems of DV, the authors brought out a novel ventilation system that is WADMDJ 
(Liu, 2017). Figure 1 is the schematic diagram of this ventilation system in the cooling mode. The supply 
air duct is placed on a side wall of a room and the air outlets can be opened on both sides of the lower 
part of the duct and on the bottom of it. When the supply air outlets are on both sides of the duct, the 
wall attached air jet will be formed during the operation. The supply air then mixes with the indoor air 

4 CONCLUSIONS 
The calculated PMV values are similar to the subjective thermal sensation votes, both of which are 
between neutral to slightly warm. For all rooms, the air temperature was stratified due to thermal 
buoyancy. The relatively higher percentage of dissatisfied occupants appears even though the vertical 
air temperature difference between head (1.1 m for sedentary) and ankle (0.1 m) levels is less than 3K. 
Up to 84% of the occupants report they have kinds of uncomfortable symptoms. Thus, reducing both 
of the room air temperature and temperature stratification is recommended.  
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as the air jet develops, thus the supply air is delivered to the occupied zone soon after it comes out of 
the air outlet. If the air velocity is high enough, the air jet will reach the opposite wall and impinge on 
it, and then the attached air will move forward along the opposite wall. As the air velocity decreases, 
the air will get closer to the floor and an “air lake” will be formed subsequently. After heated by the 
indoor heat sources, the supply air will rise slowly under the effect of buoyancy and then exhaust from 
the air outlet on the ceiling. For the typical DV system, the supply air velocity should be very low 
(usually less than 0.25m/s) in order to avoid draft sensation of the occupants and this results in low air 
conditioning load undertaking capacity of the DV system. However, the WADMDJ system brought out 
by the authors can overcome this shortcoming of the DV system. 

 
Figure 1. Schematic diagram of WADMDJ 

In the paper, the authors take an office room as an example where the DV and WADMDJ systems are 
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about 40~50W/m2 to 92 W/m2 in the simulations. Then the cooling load undertaking capacities of both 
ventilation systems are raised by increasing the supply air volume accordingly. 

2.1 Physical model 

 
Figure 2. Physical model of the office room (left: WADMDJ system right: DV system) 

PROCEEDINGS  — Roomvent & Ventilation 2018206  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 2 – Air Distribution: Air Distribution (AD1)

206  |



The dimensions of the office room are 5.16m×3.65m×2.43m (L×W×H) (Refer to Figure 2).  Inside the 
room there are two occupants, two desks, two computers, two filing cabinets and six fluorescent lamps. 
There is a window on the right wall and an exhaust air outlet (0.43m×0.43m) in the center of the ceiling. 
All the objects mentioned above are the same for both ventilation systems (Figure 2). The dimensions 
of the supply air outlet of the DV system are 1.1m×0.5m. As for the WADMDJ system, the dimensions 
of the supply air outlets on both sides of the duct are 0.8m×0.15m and the supply air outlet on the bottom 
of the duct are 0.7m×0.15m. 
In the simulation, the surfaces’ temperatures of the office room were used as the fixed temperature 
boundary conditions just as in Yuan’s experiment (Yuan, 1999). And the surfaces’ temperatures of the 
window, the wall with window, the wall with supply air duct on, the side walls, the ceiling and the floor 
were 27.80℃，26.15℃，25.37℃， 25.50℃， 25.05℃，25.56℃ and 23.75℃ respectively. 

The design indoor air temperature is 25℃ and the supply air temperature is 17℃ with the air exchange 
rate of 4 h-1. Then it was calculated that the supply air velocity of the outlets of DV, the side and bottom 
outlets of WADMDJ were 0.085m/s, 0.100m/s, and 0.133m/s respectively. 

2.2 Mathematical model 
Here, the air is regarded as a three-dimensional incompressible continuous fluid, and the density varies 
with temperature which is complied to the Boussinesq hypothesis. For the turbulent indoor airflow, the 
fluid transport equations are described as below： 

Mass continuity: 

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑈𝑈𝑈𝑈𝑖𝑖𝑖𝑖
𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖

= 0 （1） 

Momentum conservation: 
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= −
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+
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥𝑗𝑗𝑗𝑗

�𝜇𝜇𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 �
𝜕𝜕𝜕𝜕𝑈𝑈𝑈𝑈𝑖𝑖𝑖𝑖
𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥𝑗𝑗𝑗𝑗

+
𝜕𝜕𝜕𝜕𝑈𝑈𝑈𝑈𝑖𝑖𝑖𝑖
𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥𝑗𝑗𝑗𝑗

�� + 𝜕𝜕𝜕𝜕𝜌𝜌𝜌𝜌𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖(𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑇𝑇𝑇𝑇) （2） 
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+
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗𝑇𝑇𝑇𝑇
𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥𝑗𝑗𝑗𝑗

=
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥𝑗𝑗𝑗𝑗

�Γ𝑇𝑇𝑇𝑇,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝜕𝜕𝜕𝜕𝑇𝑇𝑇𝑇
𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥𝑗𝑗𝑗𝑗

� +
𝑞𝑞𝑞𝑞
𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝

 （3） 

𝜇𝜇𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜇𝜇𝜇𝜇𝑙𝑙𝑙𝑙 + 𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡 （4） 

Γ𝑇𝑇𝑇𝑇,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =
𝜇𝜇𝜇𝜇𝑙𝑙𝑙𝑙
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙

+
𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡

（5） 

where 𝜕𝜕𝜕𝜕 is the air density; 𝑈𝑈𝑈𝑈𝑖𝑖𝑖𝑖 is the mean velocity component in 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖-direction; 𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗 is the mean velocity 
component in 𝑥𝑥𝑥𝑥𝑗𝑗𝑗𝑗 -direction; 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖 𝑥𝑥𝑥𝑥𝑗𝑗𝑗𝑗 are the coordinates (for ,  j = 1,2,3, 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖 , 𝑥𝑥𝑥𝑥𝑗𝑗𝑗𝑗  correspond to three 
perpendicular axes); 𝜕𝜕𝜕𝜕 is the mean pressure; 𝜇𝜇𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is the effective viscosity; 𝜇𝜇𝜇𝜇𝑙𝑙𝑙𝑙 is the laminar viscosity; 
𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡 is the turbulent viscosity; 𝜌𝜌𝜌𝜌 is the thermal expansion coefficient of air; 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is the temperature of a 
reference point; 𝑇𝑇𝑇𝑇 is the mean temperature; 𝑔𝑔𝑔𝑔𝑖𝑖𝑖𝑖 is the gravity acceleration in the i-direction; Γ𝑇𝑇𝑇𝑇,𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is the 
effective diffusion coefficient for 𝑇𝑇𝑇𝑇; 𝑞𝑞𝑞𝑞 is the thermal source; 𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 is the specific heat; 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑙𝑙𝑙𝑙 is the laminar 
Prandtl number; 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡 is the turbulent Prandtl number. 
Airpak software was used to perform the simulation in the research. After the physical model was set 
up in the software, hexahedral structured grid was adopted to discretize the space, and meshes were 
refined around the air outlets, air jet area and the occupied zone so as to improve the accuracy of 
calculation. The total number of meshes was 2,606,620 and 2,521,141 respectively in the two systems 
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indoor heat sources, the supply air will rise slowly under the effect of buoyancy and then exhaust from 
the air outlet on the ceiling. For the typical DV system, the supply air velocity should be very low 
(usually less than 0.25m/s) in order to avoid draft sensation of the occupants and this results in low air 
conditioning load undertaking capacity of the DV system. However, the WADMDJ system brought out 
by the authors can overcome this shortcoming of the DV system. 
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In the paper, the authors take an office room as an example where the DV and WADMDJ systems are 
adopted separately to study the difference in air conditioning load undertaking capacity of the two 
systems under the same conditions of the room. 

2 METHODS 
In order to compare the DV and WADMDJ systems quantitatively, the AIRPAK software was used to 
simulate the airflow and the temperature distribution of the two systems under different working 
conditions. The main purpose of the research is to evaluate the increment of the air conditioning load 
undertaking capacity of the WADMDJ system over the DV system while satisfying the requirements of 
the occupants’ thermal comfort. Here the cooling load of the office room is increased by adding more 
internal heat sources (i.e. computers and occupants), and the cooling load intensity is increased from 
about 40~50W/m2 to 92 W/m2 in the simulations. Then the cooling load undertaking capacities of both 
ventilation systems are raised by increasing the supply air volume accordingly. 

2.1 Physical model 

 
Figure 2. Physical model of the office room (left: WADMDJ system right: DV system) 
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after the grid independence verification. Here, indoor zero equation turbulence model was used in which 
Chen and Xu (Chen, 1998) used the assumption of uniform turbulence intensity and derived an algebraic 
function to express turbulent viscosity 𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡 as a function of local mean velocity U and a length scale L: 

𝜇𝜇𝜇𝜇𝑡𝑡𝑡𝑡 = 0.03874𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜌𝜌𝜌𝜌                                                            （6） 

The solver of the software used the pressure-based implicit format, and the pressure interpolation format 
was set up as Body Force. And the SIMPLE algorithm was used to solve the discrete equations (Zhao, 
2003 and Srebric, 2002). The mathematical and simulation models in the paper were verified by the 
experimental data of Yuan et al (Yuan, 1999). 

3 RESULTS AND DISCUSSION 

3.1 Simulation results at the air exchange rate of 4 h-1 

• Temperature field
The comparison of temperature field formed by the WADMDJ and DV systems is shown in figure 3 (It 
is actually the longitudinal direction section profile in the middle of the room). As the cooling air is 
delivered to the room from the lower level by the WADMDJ system, the vertical temperature gradient 
formed in the room is just like the DV system. The mean temperature in the occupied zone of the two 
systems are about 24℃ and 25℃ respectively, and the temperature difference between an occupant’s 
head and foot level (e.g. 1.1m and 0.1m height) are 2.4℃ and 3.0℃ respectively. They both meet the 
common thermal comfort standard. 

     

                     (a)The WADMDJ system                  (b) The DV system 
Figure 3. Temperature field on longitudinal direction section in the middle of the room（4 h-1） 

• Air velocity field
As the ankle is very sensitive to the air velocity for a human body, much attention is paid to the air 
velocity at the height of 0.1m. The comparison of air velocity field formed by the WADMDJ and DV 
systems is shown in figure 4 (It is the same longitudinal direction section as in figure 3). The air velocity 
at occupants’ ankle level is about 0.10m/s and 0.12m/s in the WADMDJ and DV systems respectively. 
Both are within the acceptable thermal comfort range. 

   

                     (a)The WADMDJ system                  (b) The DV system 
Figure 4. Air velocity field on longitudinal direction section in the middle of the room（4 h-1） 
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3.2 Simulation results at the air exchange rate of 8 h-1 
In order to compare the air conditioning load undertaking capacity of the two systems, both the internal 
heat load and the supply air volume doubled in this case. (i.g. The numbers of occupants and desktop 
computers both increase to 4.) With the supply air temperature being at 20℃, the indoor air temperature 
and velocity fields are simulated and shown in figure 5 and 6.  

     

(a) The WADMDJ system                     (b) The DV system 
Figure 5. Temperature field on longitudinal direction section in the middle of the room（8 h-1） 

    

(a) The WADMDJ system                      (b) The DV system 
Figure 6. Air velocity field on longitudinal direction section in the middle of the room（8 h-1） 

Under the air exchange rate of 8 h-1, the air temperature is about 22.8℃ and the air velocity is about 
0.10m/s at the ankle level, and the temperature difference between an occupant’s head and foot level is 
2.8℃ in the WADMDJ system, which is within the acceptable thermal comfort range. But in the DV 
system, the air temperature is about 21.8℃ and air velocity is a little more than 0.19m/s at the ankle 
level which will cause some air draft sensation, and the temperature difference of an occupant’s head 
and foot level is about 3.6℃ which cannot satisfy the thermal comfort standard according to the 
international standard (BS EN ISO 7730:2005).  

3.3 Simulation results at the air exchange rate of 11 h-1 
From section 3.2, we can see that the indoor air environment created by the DV system under the air 
exchange rate of 8 h-1 will cause an occupant’s thermal discomfort, however the WADMDJ system will 
not. So as to explore the upper limit of supply air volume of the WADMDJ system in the case study, 
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kept at 20℃. The simulation results show that except the corners at the height of 0.1m, the air velocity 
is less than 0.18m/s in most area, and the temperature difference between an occupant’s head and foot 
level is about 2.5℃, which are within the acceptable thermal comfort range of an occupant. 
In the case study, the largest cooling load undertaking capacity of the WADMDJ system is 92W/m2, 
and that of the DV system is about 40~50W/m2. That means the cooling load undertaking capacity of 
the WADMDJ system doubles compared with the DV system under the same thermal comfort level in 
the case study. 

4 CONCLUSIONS 
In the research, the WADMDJ (the wall attached duct multi-directional jet supply) system brought out 
by the authors is compared with the DV system through simulation as they both have the ‘air lake’ 
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systems are about 24℃ and 25℃ respectively, and the temperature difference between an occupant’s 
head and foot level (e.g. 1.1m and 0.1m height) are 2.4℃ and 3.0℃ respectively. They both meet the 
common thermal comfort standard. 
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• Air velocity field
As the ankle is very sensitive to the air velocity for a human body, much attention is paid to the air 
velocity at the height of 0.1m. The comparison of air velocity field formed by the WADMDJ and DV 
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phenomenon. The emphasis is put on their cooling load undertaking capacity. After comparing the two 
systems under different supply air volumes while keeping other operation conditions the same, it is 
found that both systems can produce an acceptable indoor air environment under the cooling load 
intensity of 40~50W/m2, however if the cooling load becomes higher, the DV system can no longer 
maintain a comfortable indoor air environment, meanwhile the WADMDJ system can still preserve a 
comfortable indoor air environment even the cooling load goes up to 92W/m2 just by increasing the 
supply air velocity. So, it is demonstrated by the research that the WADMDJ system has much higher 
cooling load undertaking capacity over the DV system while still maintaining an acceptable occupants’ 
thermal comfort level.  
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SUMMARY 
In the present study, a commercial vortex diffuser (VD) is compared under the same experimental 
conditions to a previously validated innovative lobed diffuser (LD). The VD is described in the scientific 
and technical literature as the best diffuser in terms of mixing efficiency, being thereby a reference for 
the LD. Flow pattern and thermal comfort are analyzed in a room under mixing ventilation in cooling 
mode. The results demonstrate that the VD does not produce the expected swirling effect. The rotation 
of the jet is prevented by the immediate attachment of the flow to the ceiling due to the Coanda effect. 
The jet behaves as a radial ceiling-attached flow having a poor mixing performance. It is believed that 
such a diffuser would be efficient when mounted on a long duct far away from the ceiling. Hence, it 
will be better suited for high ceilings, such as in industrial or commercial spaces. In this case, the 
proposed lobed diffuser LD becomes an appropriate and efficient mixing ventilation solution for rooms 
having low ceiling heights. 
Keywords: Mixing ventilation, vortex diffuser, lobed diffuser, PIV measurements, thermal comfort 

1 INTRODUCTION 
In mixing ventilation, the way in which the air introduced into the room circulates and reaches the 
occupied zone, depends strongly on the geometry of the diffuser and its position in the room. In cooling 
mode, thermal discomfort and draft are mainly due to the fact that it is difficult to master the trajectory 
of the ventilation cold jet. The high jet induction principle is probably a solution to overcome this 
problem. High induction allows the mitigation of stagnation regions given the optimal mix of the air jet 
with indoor air. As a result, the occupants would be more satisfied in terms of thermal comfort and air 
quality. The improvement of thermal comfort by using lobed inserts (Vialle, Leroy et al. 2015) was 
demonstrated in our previous work (Bragança, Sodjavi et al. 2016). No additional energy cost and no 
noise level increase were observed. The concept of lobed inserts (Vialle, Leroy et al. 2015), consists in 
introducing vortices promoters in any type of commercial air diffuser without changes in its 
manufacturing process. The large-scale vortices generated by the lobed diffuser (Nastase and Meslem 
2010) improve mixing of the ventilation jet with the ambient air. It results in better distribution of the 
heating or cooling loads, reducing local discomforts related to dead pockets and draftiness due to high 
air velocities and/or to large temperature gradients in the occupied zone. The proposed concept of lobed 
inserts (Vialle, Leroy et al. 2015) could be considered as a competitor to the vortex diffuser widely 
marketed and recognized nowadays for its high mixing efficiency. In fact, the vortex diffuser is 
described in the scientific (Shakerin and Miller 1996; Chuah, Hu et al. 2000) and technical literature 
related with mixing ventilation, as the best air diffuser in terms of mixing efficiency. The VD produces 
a spiral rotating (or swirling) jet, enhancing mixing between the jet and the ambient air. The swirling 
effect is ensured by a special design of the fixed swirl impellers arranged at the diffuser outlet. The 
claimed high mixing efficiency of the VD (Shakerin and Miller 1996; Chuah, Hu et al. 2000; Awbi 
2003) makes it a reference for the proposed innovative LD (Bragança, Sodjavi et al. 2016). It is worth 

phenomenon. The emphasis is put on their cooling load undertaking capacity. After comparing the two 
systems under different supply air volumes while keeping other operation conditions the same, it is 
found that both systems can produce an acceptable indoor air environment under the cooling load 
intensity of 40~50W/m2, however if the cooling load becomes higher, the DV system can no longer 
maintain a comfortable indoor air environment, meanwhile the WADMDJ system can still preserve a 
comfortable indoor air environment even the cooling load goes up to 92W/m2 just by increasing the 
supply air velocity. So, it is demonstrated by the research that the WADMDJ system has much higher 
cooling load undertaking capacity over the DV system while still maintaining an acceptable occupants’ 
thermal comfort level.  
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noting that the efficiency of the VD in the context of mixing ventilation of buildings, is not supported 
by detailed experimental investigations. 
The present study is dedicated for the first time to a direct comparison under a cooling mode, of a multi-
cone ceiling diffuser equipped with lobed inserts LD (Bragança, Sodjavi et al. 2016, to a commercial ceiling 
vortex diffuser VD. An experimental investigation is made on the airflow pattern and the thermal comfort 
generated in a full-scale model room equipped with a heated manikin simulating an occupant. The climatic 
chamber is used to simulate summer mode under steady state thermal conditions. Having regard to the 
complexity of the swirling jet, velocity fields were acquired using 2D Particle Image Velocimetry (PIV), 
which gives two velocity components in the observed plane, without influence of the out-of-plane third 
component. As for thermal dissatisfaction and draft effect, the analysis is based on traditional pointwise 
measuring probes and the standards (ISO 2005) and ASHRAE 55 (ANSI/ASHRAE 2013). 

2 METHODS 
The experiments were carried out in a cubic laboratory model room of an edge length of 3470 mm, 
coupled to an air diffusion circuit including an air handling unit (Figure 1 a). The six inside surfaces are 
thermally controlled, using a hydraulic circuit composed of capillary tubes inserted in the walls and 
connected to a heat pump. To simulate a standard volume of residential or office building, a dropped 
ceiling was installed at height 2500 mm. The mean ambient temperature (Ta) at the extraction of the test 
chamber (see Figure 1 a) is controlled with the hydraulic circuit. The jet flow is generated by the air 
handling unit equipped with a fan, a heater and a chiller, followed by a plenum box. A simplified seated 
manikin (HM) of 8 heated parts and a total power of 81W was used to simulate an occupant located at 
the center of the room (Figure 1 b). The manikin was designed to have a mean skin temperature of 32 
°C in a room with ambient temperature at 26°C and with still air. The diffuser centered on the ceiling is 
installed at the extremity of a plenum box, which ensure at the outlet without diffuser, a top-hat mean 
velocity profile and a very weak turbulence intensity of 2% (Bragança, Sodjavi et al. 2016).  
The initial flowrate, Q0=200 ±6 m3/h and the initial jet temperature T0 (Table 1) are controlled with sensors 
placed between the air handling unit and the plenum box and again measured at the jet exit using a balometer 
from ACIN (Flowfinder mk2). The accuracy in flow rate measurement is ±3% of the reading. Figure 1 (c 
and d) shows the two air diffusers considered. The first LD (Figure 1 c) is a commercial multi-cone diffuser 
in which we have introduced lobed inserts, to enhance the jet mixing with the ambient air. The reader will 
find in reference (Bragança, Sodjavi et al. 2016) the geometrical details of this diffuser and of the introduced 
lobed inserts. The advantage of the LD has been demonstrated in cooling mode with respect to its counterpart 
without inserts. The LD is compared in the present study to the commercial ceiling vortex diffuser VD 
(Figure 1 d). This diffuser is designed especially for cooling and isothermal supply air pattern and is suitable 
to be flush-mounted in ceiling up to 4 m high, without causing draft in the occupied zone. The manufacture 
specify that the supply air enters the room horizontally and the increased induction allowed by the impellers 
causes the temperature difference and velocity to be rapidly reduced. To compare the efficiency of the VD 
to the one of the LD, the jet flow field and the resulting thermal comfort in the occupied zone were 
characterized in cooling mode with a difference between the ambient air temperature (Ta) and the jet 
temperature (T0) of about 10 °C (Table 1). Thermal comfort was investigated using the method proposed by 
Fanger (Fanger 1970) for non-uniform environments. Environmental parameters were measured using 
thermocouples (type K, accuracy of ±0.3 °C) and hot-sphere anemometers (TSI 8475, accuracy of ±3% of 
the reading). The occupied zone was meshed with 16 vertical canes (Figure1 b), each including 4 sensors 
located as specified in ASHRAE 55-2013 standard (ANSI/ASHRAE 2013), at 0.1 m, 0.6 m, 1.2 m and 1.8 
m relatively to the room floor. Mean values ( airT  and airV ) of the 64 measurement points in the occupied 
zone are given in Table 1. Wall-surface temperature (Tp) measurements were also performed. Each wall 
including the floor and the ceiling is divided into 4 subzones of equal dimensions. Each one is equipped with 
a thermocouple located in its center. Each wall surface has almost uniform temperature. The corresponding 
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mean value pT  is given in Table 1. For mean radiant temperature (Tmrt) calculation, the method described in 
(Fanger 1970) and in (ISO 1998) based on wall-surface temperatures of the 6 surfaces and a seated manikin 
with unknown azimuthal angle is applied. 

 

Figure 1. (a) Sketch of the climatic chamber - 1 perforated plate, 2 honeycomb, 3 diffuser, 4 dropped 
ceiling, P1 and P2 acoustic measurement points; (b) positions in the horizontal plane of the room of the 
heated manikin (HM), and of 16 verticals canes of hot-sphere anemometers and thermocouples; (c) multi-
cone diffuser equipped with lobed inserts LD (Bragança, Sodjavi et al. 2016); (d) vortex diffuser VD 
 

Table 1. Experimental conditions 

Diffuser LD VD 

T0 (°C) 13.4±0.2 13.5±0.2 

Ta (°C) 23.8±0.4 23.2±0.4 

Tmrt (°C) 24.6±0.7 24.0±0.7 

pT  (°C) 25.0±0.7 24.3±0.7 

Top (°C) 24.1±0.5 23.0±0.5 

airT  (°C) 22.4 ± 0.4 22.0± 0.2 

airV  (m/s) 0.070± 0.017 0.091± 0.023 

Vair min /Vair max (m/s) 0.05/0.13 0.02/0.27 

RH (%) 42±2 42±2 

Qt (W/m²) 58.0 54.0 

 
For each experiment, the duration to achieve steady-state conditions is about 6 h. After this period, 
environmental parameter measurements were carried out for a minimum duration of 8 h with a sampling 

Ø 158 mm 

Ø 240 mm 

184 mm 

3mm 

R20 mm 

(d) Vortex diffuser -VD 
Ø 160 mm (c) Lobed diffuser - LD 

Ø 355 mm 

(a) Climatic chamber –vertical view (b) Climatic chamber – horizontal view 

noting that the efficiency of the VD in the context of mixing ventilation of buildings, is not supported 
by detailed experimental investigations. 
The present study is dedicated for the first time to a direct comparison under a cooling mode, of a multi-
cone ceiling diffuser equipped with lobed inserts LD (Bragança, Sodjavi et al. 2016, to a commercial ceiling 
vortex diffuser VD. An experimental investigation is made on the airflow pattern and the thermal comfort 
generated in a full-scale model room equipped with a heated manikin simulating an occupant. The climatic 
chamber is used to simulate summer mode under steady state thermal conditions. Having regard to the 
complexity of the swirling jet, velocity fields were acquired using 2D Particle Image Velocimetry (PIV), 
which gives two velocity components in the observed plane, without influence of the out-of-plane third 
component. As for thermal dissatisfaction and draft effect, the analysis is based on traditional pointwise 
measuring probes and the standards (ISO 2005) and ASHRAE 55 (ANSI/ASHRAE 2013). 

2 METHODS 
The experiments were carried out in a cubic laboratory model room of an edge length of 3470 mm, 
coupled to an air diffusion circuit including an air handling unit (Figure 1 a). The six inside surfaces are 
thermally controlled, using a hydraulic circuit composed of capillary tubes inserted in the walls and 
connected to a heat pump. To simulate a standard volume of residential or office building, a dropped 
ceiling was installed at height 2500 mm. The mean ambient temperature (Ta) at the extraction of the test 
chamber (see Figure 1 a) is controlled with the hydraulic circuit. The jet flow is generated by the air 
handling unit equipped with a fan, a heater and a chiller, followed by a plenum box. A simplified seated 
manikin (HM) of 8 heated parts and a total power of 81W was used to simulate an occupant located at 
the center of the room (Figure 1 b). The manikin was designed to have a mean skin temperature of 32 
°C in a room with ambient temperature at 26°C and with still air. The diffuser centered on the ceiling is 
installed at the extremity of a plenum box, which ensure at the outlet without diffuser, a top-hat mean 
velocity profile and a very weak turbulence intensity of 2% (Bragança, Sodjavi et al. 2016).  
The initial flowrate, Q0=200 ±6 m3/h and the initial jet temperature T0 (Table 1) are controlled with sensors 
placed between the air handling unit and the plenum box and again measured at the jet exit using a balometer 
from ACIN (Flowfinder mk2). The accuracy in flow rate measurement is ±3% of the reading. Figure 1 (c 
and d) shows the two air diffusers considered. The first LD (Figure 1 c) is a commercial multi-cone diffuser 
in which we have introduced lobed inserts, to enhance the jet mixing with the ambient air. The reader will 
find in reference (Bragança, Sodjavi et al. 2016) the geometrical details of this diffuser and of the introduced 
lobed inserts. The advantage of the LD has been demonstrated in cooling mode with respect to its counterpart 
without inserts. The LD is compared in the present study to the commercial ceiling vortex diffuser VD 
(Figure 1 d). This diffuser is designed especially for cooling and isothermal supply air pattern and is suitable 
to be flush-mounted in ceiling up to 4 m high, without causing draft in the occupied zone. The manufacture 
specify that the supply air enters the room horizontally and the increased induction allowed by the impellers 
causes the temperature difference and velocity to be rapidly reduced. To compare the efficiency of the VD 
to the one of the LD, the jet flow field and the resulting thermal comfort in the occupied zone were 
characterized in cooling mode with a difference between the ambient air temperature (Ta) and the jet 
temperature (T0) of about 10 °C (Table 1). Thermal comfort was investigated using the method proposed by 
Fanger (Fanger 1970) for non-uniform environments. Environmental parameters were measured using 
thermocouples (type K, accuracy of ±0.3 °C) and hot-sphere anemometers (TSI 8475, accuracy of ±3% of 
the reading). The occupied zone was meshed with 16 vertical canes (Figure1 b), each including 4 sensors 
located as specified in ASHRAE 55-2013 standard (ANSI/ASHRAE 2013), at 0.1 m, 0.6 m, 1.2 m and 1.8 
m relatively to the room floor. Mean values ( airT  and airV ) of the 64 measurement points in the occupied 
zone are given in Table 1. Wall-surface temperature (Tp) measurements were also performed. Each wall 
including the floor and the ceiling is divided into 4 subzones of equal dimensions. Each one is equipped with 
a thermocouple located in its center. Each wall surface has almost uniform temperature. The corresponding 
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time of 1 min. The corresponding 480 samples are used to calculate statistical mean values given in 
Table 1. Personal parameters such as metabolic rate, mechanical work and clothing insulation, were 
fixed at 1.2 met, 0 W/m2 and 0.7 clo respectively, to evaluate the thermal comfort of a seated occupant, 
wearing a working clothing ensemble and having a sedentary activity. Calculations of thermal comfort 
indices were performed with a home-made software and the obtained PMV-PPD values were verified 
using the ASHRAE 55 Comfort tool (ASHRAE 2011; ANSI/ASHRAE 2013). 
The total pressure loss was measured for the two diffusers and in each case, the sound pressure levels 
were recorded at two locations P1 and P2 (see Figure 1 a), with and without the diffusers. The related 
detailed procedures are described in (Bragança, Sodjavi et al. 2016). 

3 RESULTS AND DUSCUSSION 

3.1 Jet flow 
The jet flow from the diffuser is characterized using a 2D2C Dantec Dynamics PIV system of 2 Hz 
acquisition rate. It is composed of a Dantec HiSense 11M CCD camera with a sensor of 4000×2672 
pixels, and a dual-cavity 2×200 mJ laser. The reader will found the technical details of this campaign 
in (Bragança, Sodjavi et al. 2016). As previously shown (Bragança, Sodjavi et al. 2016), the LD (Figure 
1 c) generates a conical ceiling attached jet. The flow is axisymmetric and therefore does not require 
any special precaution when vertical cross section is made. Conversely, the VD equipped with impellers 
(Figure 1 d) generates a discontinuous radial flow with a potential rotating effect around the Z-axis. 
Figure 2 a gives a schematic of the VD with expected flow trajectory in the horizontal plan due to 
impellers orientation. If not well chosen, a vertical 2D view of the flow can lead to misinterpretations. 
Hence, before choosing vertical cross section of the jet coming from VD, horizontal cross-sections at 
different heights Z ranging from 25 mm to 80 mm have been performed. From an elementary jet field 
(Figure 2, b and c), tangential velocity component V and radial velocity component U (Figure 2 c) are 
extracted. It is observed that near the diffuser outlet, the tangential component V reaches in absolute 
value 15% of the maximum velocity Umax of the radial component U (Figure 2 d and e), but falls down 
and approaches zero very quickly. It could be observed in Figure 2 e, that the position of Umax do not 
change anymore beginning with X=120 mm. 
The present results show on the one hand, that there is no swirling effect around Z, and indicate on the 
other hand, the persistence of a multi-jet behavior. Thus, a vertical section along one elementary jet will 
be sufficient to describe the dynamics of the VD flow. The corresponding PIV field, which is not given 
for brevity, confirms the immediate attachment of the jet to the ceiling. Higher velocities were observed 
in the jet flow from VD compare to the one from LD due to the multi-jet configuration (Figure 2 b) 
resulting from impellers imprint (Figure 1 d), which is persistent as the jets do not merge over the 
observation distance. 
Despite the observations made above on the behavior of the jet issued from VD flush-mounted in the 
ceiling, which is not in line with expectations, we wanted to enrich the comparison of the two diffusers 
LD and VD, by addressing in the next section the issue of thermal comfort conditions generated in the 
occupied zone. 

3.2 Thermal comfort, noise generation, and pressure loss
The assessment of global thermal comfort is based on the PMV/PDD indices (Fanger 1970) considering 
a seated occupant, wearing a working clothing ensemble and having a sedentary activity. The 
corresponding personal parameters are 1.2 met for metabolic rate, 0 W/m2for mechanical work and 
0.7 clo for clothing insulation. The environmental parameters (Tair, Vair, RH et Tmrt) have been measured 
in the 64 nodes of the occupied zone (Figure 1 b).Spatial distributions of the 64 nodes in terms of thermal 
comfort levels (A, B, C) provided in ISO 7730 standard (ISO 2005) (Figure 3) for VD and LD reveal 
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that all the points fall into the category A for LD, compared to 77% for VD. The VD case exhibits higher 
air speeds and lower air temperatures (not shown for brevity), leading to negative mean PMV-value 
corresponding to a slightly cold sensation. In the Table 1, velocity ranges (Vair min /Vair max) in the occupied 
zone are given for the two cases. Velocity range (0.02/0.27 m/s) for VD compare to (0.05/0.13 m/s) for 
LD could be related to the corresponding jet behavior (§3.1).  
Finally, it was observed that the difference in pressure loss generation between VD and LD increases 
with Q0. For Q0= 200 m3/h, the pressure loss of VD (47 Pa) is almost eight times higher than the one 
generated by LD (6 Pa). As for the sound pressure levels related to the diffuser noise generation, a very 
important difference, from 7 to 10 dBA, was recorded with an advantage for LD. 
 

 
Figure 2. Rotation analysis of the jet from the VD using horizontal PIV fields; (a) Schematic of vortex 
diffuser impellers and expected flow trajectory in the horizontal plan, (b) considered elementary jet, 

(c) local coordinate system and corresponding velocity components, (d) axial evolution of the 
tangential component V, (e) profiles of the radial component U 
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Figure 3. Statistic distributions of PPD in the occupied zone 
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time of 1 min. The corresponding 480 samples are used to calculate statistical mean values given in 
Table 1. Personal parameters such as metabolic rate, mechanical work and clothing insulation, were 
fixed at 1.2 met, 0 W/m2 and 0.7 clo respectively, to evaluate the thermal comfort of a seated occupant, 
wearing a working clothing ensemble and having a sedentary activity. Calculations of thermal comfort 
indices were performed with a home-made software and the obtained PMV-PPD values were verified 
using the ASHRAE 55 Comfort tool (ASHRAE 2011; ANSI/ASHRAE 2013). 
The total pressure loss was measured for the two diffusers and in each case, the sound pressure levels 
were recorded at two locations P1 and P2 (see Figure 1 a), with and without the diffusers. The related 
detailed procedures are described in (Bragança, Sodjavi et al. 2016). 

3 RESULTS AND DUSCUSSION 

3.1 Jet flow 
The jet flow from the diffuser is characterized using a 2D2C Dantec Dynamics PIV system of 2 Hz 
acquisition rate. It is composed of a Dantec HiSense 11M CCD camera with a sensor of 4000×2672 
pixels, and a dual-cavity 2×200 mJ laser. The reader will found the technical details of this campaign 
in (Bragança, Sodjavi et al. 2016). As previously shown (Bragança, Sodjavi et al. 2016), the LD (Figure 
1 c) generates a conical ceiling attached jet. The flow is axisymmetric and therefore does not require 
any special precaution when vertical cross section is made. Conversely, the VD equipped with impellers 
(Figure 1 d) generates a discontinuous radial flow with a potential rotating effect around the Z-axis. 
Figure 2 a gives a schematic of the VD with expected flow trajectory in the horizontal plan due to 
impellers orientation. If not well chosen, a vertical 2D view of the flow can lead to misinterpretations. 
Hence, before choosing vertical cross section of the jet coming from VD, horizontal cross-sections at 
different heights Z ranging from 25 mm to 80 mm have been performed. From an elementary jet field 
(Figure 2, b and c), tangential velocity component V and radial velocity component U (Figure 2 c) are 
extracted. It is observed that near the diffuser outlet, the tangential component V reaches in absolute 
value 15% of the maximum velocity Umax of the radial component U (Figure 2 d and e), but falls down 
and approaches zero very quickly. It could be observed in Figure 2 e, that the position of Umax do not 
change anymore beginning with X=120 mm. 
The present results show on the one hand, that there is no swirling effect around Z, and indicate on the 
other hand, the persistence of a multi-jet behavior. Thus, a vertical section along one elementary jet will 
be sufficient to describe the dynamics of the VD flow. The corresponding PIV field, which is not given 
for brevity, confirms the immediate attachment of the jet to the ceiling. Higher velocities were observed 
in the jet flow from VD compare to the one from LD due to the multi-jet configuration (Figure 2 b) 
resulting from impellers imprint (Figure 1 d), which is persistent as the jets do not merge over the 
observation distance. 
Despite the observations made above on the behavior of the jet issued from VD flush-mounted in the 
ceiling, which is not in line with expectations, we wanted to enrich the comparison of the two diffusers 
LD and VD, by addressing in the next section the issue of thermal comfort conditions generated in the 
occupied zone. 

3.2 Thermal comfort, noise generation, and pressure loss
The assessment of global thermal comfort is based on the PMV/PDD indices (Fanger 1970) considering 
a seated occupant, wearing a working clothing ensemble and having a sedentary activity. The 
corresponding personal parameters are 1.2 met for metabolic rate, 0 W/m2for mechanical work and 
0.7 clo for clothing insulation. The environmental parameters (Tair, Vair, RH et Tmrt) have been measured 
in the 64 nodes of the occupied zone (Figure 1 b).Spatial distributions of the 64 nodes in terms of thermal 
comfort levels (A, B, C) provided in ISO 7730 standard (ISO 2005) (Figure 3) for VD and LD reveal 
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5 CONCLUSIONS 
The vortex diffuser VD specially manufactured for efficient mixing ventilation of buildings was 
compared to a ceiling lobed multi-cone diffuser LD, proposed in a recent published work as an 
innovative high mixing performance diffuser. The VD is equipped with fixed swirl impellers arranged 
at the diffuser outlet, to ensure high mixing performance due to the subsequent flow rotation around the 
diffuser axis. The VD was flush-mounted in the ceiling as recommended by the manufacturer. The 
analysis was carried out under cooling mode in a thermally controlled test chamber. The study shows 
that the expected swirling effect of VD vanishes rapidly near the diffuser exit due to the Coanda effect 
and the subsequent jet attachment to the ceiling. The jet behaves as a radial ceiling attached flow having 
a poor mixing performance. 
Thermal comfort is less satisfactory for VD than in the case of LD. For pressure drop and sound pressure 
level, the vortex diffuser VD is significantly less efficient than the lobed diffuser LD. For Q0 = 200 
m3/h, the pressure loss of VD is almost eight times higher than the one generated by LD, with a 7 dBA 
increase in sound pressure level in the occupied zone. 
Based on this study, it is believed that the vortex diffuser will really generate a swirling jet if mounted 
on a long duct far away from the ceiling. Hence, it will be better suited for high ceilings, such as in 
industrial or commercial spaces, where, in addition, the occupants would likely be less sensitive to 
noise. In this case, the proposed lobed diffuser becomes an appropriate and efficient mixing ventilation 
solution for rooms having low ceiling heights. 
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SUMMARY  
Energy performance evaluation is the base of design and operation optimizations of the air conditioning 
system. Spacing cooling load is essential for the energy performance evaluation. The non-uniform air 
temperature distribution of stratum ventilation contributes to system energy saving, but challenges the 
space cooling load calculation. This is because most building energy simulation tools calculate space 
cooling load using the mixing air mode, which assumes that the air temperature distribution is uniform. 
This paper proposes a concept of equivalent mixing air temperature (EMAT), with which the space 
cooling load calculated from the mixing air mode can accurately represent that of stratum ventilation. 
EMAT is in a function of the supply air temperature and room air temperature of stratum ventilation. 
With an experimentally validated nodal model, it is found that the root mean square error of the spacing 
cooling load of stratum ventilation calculated by the mixing air mode with the room air temperature of 
stratum ventilation is 28.6%. The mixing air mode with EMAT reduces the root mean square error to 
2.0%. Thus, with the proposed method, the space cooling load of stratum ventilation can be conveniently 
and practicably calculated by building energy simulation tools with the mixing air mode. 
Keywords: Stratum ventilation; Non-uniform; Space cooling load; Equivalent mixing air temperature  

1 INTRODUCTION  
The vertical air temperature distribution of stratum ventilation forms a “sandwich”, with the lowest air 
temperature at the head level (Lin, 2017). Since the head level is the most sensitive part of the body to 
thermal comfort, stratum ventilation can efficiently cool the body and provide thermal comfort (Lin, 
2017). However, the non-uniform air temperature distribution of stratum ventilation challenges the 
space cooling load calculation when conducting energy performance evaluation for the air conditioning 
system with variable outdoor weather conditions (Schiavon et al., 2011). The space cooling load is a 
dominant parameter of the energy performance of the air conditioning system (Chen and Van Der Kooi, 
1990).  Moreover, the space cooling load is the base for the calculation of cooling load in the occupied 
zone for thermal comfort (Cheng et al., 2018). Most building energy performance tools (e.g., TRNSYS) 
calculate the space cooling load with the mixing air mode (Klein, 2007). The mixing air mode assumes 
that the air temperature in the space is uniformly distributed (Klein, 2007). Using the mixing air mode, 
the building energy performance tools might over-estimate/under-estimate the space cooling load 
thereby the energy performance of the air conditioning system with a non-uniform air temperature 
distribution (Griffith and Chen, 2004).  
The co-simulation with indoor airflow simulation tools (e.g., CFD) and building energy simulation tools 
(e.g., TRNSYS) is conventionally used to calculate the space cooling load with a non-uniform air 
temperature distribution (Du et al., 2015). The indoor airflow simulation tools provide the air 
temperature distribution for the building energy simulation tools to calculate the space cooling load; 
and the calculated space cooling load by the building energy simulation tools, in turn, is used an input 

5 CONCLUSIONS 
The vortex diffuser VD specially manufactured for efficient mixing ventilation of buildings was 
compared to a ceiling lobed multi-cone diffuser LD, proposed in a recent published work as an 
innovative high mixing performance diffuser. The VD is equipped with fixed swirl impellers arranged 
at the diffuser outlet, to ensure high mixing performance due to the subsequent flow rotation around the 
diffuser axis. The VD was flush-mounted in the ceiling as recommended by the manufacturer. The 
analysis was carried out under cooling mode in a thermally controlled test chamber. The study shows 
that the expected swirling effect of VD vanishes rapidly near the diffuser exit due to the Coanda effect 
and the subsequent jet attachment to the ceiling. The jet behaves as a radial ceiling attached flow having 
a poor mixing performance. 
Thermal comfort is less satisfactory for VD than in the case of LD. For pressure drop and sound pressure 
level, the vortex diffuser VD is significantly less efficient than the lobed diffuser LD. For Q0 = 200 
m3/h, the pressure loss of VD is almost eight times higher than the one generated by LD, with a 7 dBA 
increase in sound pressure level in the occupied zone. 
Based on this study, it is believed that the vortex diffuser will really generate a swirling jet if mounted 
on a long duct far away from the ceiling. Hence, it will be better suited for high ceilings, such as in 
industrial or commercial spaces, where, in addition, the occupants would likely be less sensitive to 
noise. In this case, the proposed lobed diffuser becomes an appropriate and efficient mixing ventilation 
solution for rooms having low ceiling heights. 
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of the indoor airflow simulations to generate the air temperature distribution (Zhang et al., 2013). 
Different coupling approaches (e.g., static coupling and quasi-dynamic coupling) between the indoor 
airflow simulation tools and building energy simulation tools for the co-simulation have been studied 
in terms of the accuracy and computational load (Zhai et al., 2002). Particularly, Chen and Van Der 
Kooi (1990) proposed to model the air temperature distribution as a function of the supply air parameters 
and cooling load based on database from indoor airflow simulations. With the model of the air 
temperature distribution, the building energy simulation tools could computational efficiently and 
reasonably accurately calculate the space cooling load (Chen and Van Der Kooi, 1990). A similarly 
method has been developed by Zhang et al. (2013) based on the model of Contribution Ratio of Indoor 
climate (CRI). However, the effectiveness of the co-simulation has been tested only for the mature 
ventilation technologies, e.g., displacement ventilation and underfloor air distribution. The applicability 
of the co-simulation to the novel ventilation technology, i.e., stratum ventilation, is unknown (Lin, 2017). 
Moreover, the co-simulation requires knowledge on both indoor airflow simulations and building 
energy simulations, which could be a challenge for designers and operators of the air conditioning 
system in practice (Schiavon et al., 2011). 
It would be more convenient and practical to calculate the space cooling load using the mixing air mode 
(Schiavon et al., 2011). Therefore, this paper proposes and validates a space cooling load calculation 
method for stratum ventilation using the mixing air mode.  

2 METHODS 
The proposed method calculates the space cooling load of stratum ventilation using the mixing air mode 
based on equivalent mixing air temperature (EMAT). EMAT is an innovatively proposed concept with 
which the space cooling load calculated by the mixing air mode equals to that of stratum ventilation. 
EMAT is in a function of the supply air temperature, supply airflow rate and room air temperature of 
stratum ventilation. Air temperature at height of 1.1 m is adopted as the room air temperature because 
the air temperature at height of 1.1 m is adequate for thermal comfort evaluation of stratum ventilation 
(Lin, 2017).  
EMAT is determined as follows (Figure 1a). First, the experimentally validated nodal model of stratum 
ventilation is used to calculate the space cooling load with inputs of supply air temperature, supply 
airflow rate and room air temperature. With inputs of the space cooling load by the nodal model of 
stratum ventilation, and the same supply air temperature and supply airflow rate, the nodal modal of 
mixing ventilation (i.e., mixing air mode) outputs the room air temperature, which is identified as 
EMAT. Essentially EMAT is the exit air temperature of stratum ventilation. This is because the space 
cooling load is determined by the supply air temperature, supply airflow rate and exit air temperature 
(Equation 1). With the same supply air temperature and supply airflow rate as inputs, to obtain the same 
cooling load, the exit air temperature of stratum ventilation should equal to that of the mixing air mode. 
Since the mixing air mode regards the air temperature distribution as uniform, the room air temperature 
of the mixing air mode (i.e., EMAT) equals to its exit air temperature thereby the exit air temperature 
of stratum ventilation. EMAT can be model as a function of the supply air temperature, supply airflow 
rate and room air temperature by the multiple regression technology (Equation 2), because the supply 
air temperature, supply airflow rate and room air temperature determine the exit air temperature (Chen 
and Van Der Kooi, 1990).  

𝑄𝑄𝑄𝑄cl = 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌p𝑉𝑉𝑉𝑉s(𝑇𝑇𝑇𝑇e − 𝑇𝑇𝑇𝑇s)                                                         (1) 
 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑇𝑇𝑇𝑇 = 𝑓𝑓𝑓𝑓(𝑇𝑇𝑇𝑇s,𝑉𝑉𝑉𝑉s,𝑇𝑇𝑇𝑇r)                                                         (2) 
 

where 𝜌𝜌𝜌𝜌p is specific heat capacity of air; 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑇𝑇𝑇𝑇 is equivalent mixing air temperature; 𝑓𝑓𝑓𝑓 is function; 𝜌𝜌𝜌𝜌 
is density of air; 𝑇𝑇𝑇𝑇e, 𝑇𝑇𝑇𝑇r and 𝑇𝑇𝑇𝑇s are temperatures of exit air, room air and supply air; 𝑉𝑉𝑉𝑉s is supply airflow 
rate. 
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With the model of EMAT, the proposed method calculates the space cooling load as follows (Figure 
1b). Firstly, EMAT is calculated from the supply air temperature, supply air temperature rate and room 
air temperature of stratum ventilation. Secondly, with EMAT and the same supply air temperature and 
supply airflow rate, the space cooling load is calculated by the mixing air mode. The proposed method 
is validated by comparing the space cooling load calculated by the proposed method and that by the 
nodal model of stratum ventilation. Moreover, the space cooling load calculated by the proposed method 
is also compared with that by the conventional method, which uses mixing air mode with the same room 
air temperature as that of stratum ventilation instead of EMAT. It is noted that the supply air temperature, 
supply air temperature and room air temperature of stratum ventilation for both the determination of 
EMAT and validation of the proposed method are from data commonly encountered in practice for 
stratum ventilation. However, the supply air temperature, supply air temperature and room air 
temperature of stratum ventilation for the determination of EMAT are different from those in the 
validation of the proposed method (Figure 1 and Table 1). 

 
Figure 1. (a) Determination of equivalent mixing air temperature (EMAT); and (b) validation of 
proposed cooling load calculation method. 

It is noted that nodal model is a coupling of the indoor airflow model and energy balance equations of 
inside surfaces of the enclosure (Huan et al., 2018). The nodal model of stratum ventilation has four air 
nodes (i.e., the air layer near floor, air layer near ceiling, air layer near exterior wall and core zone of 
air), while the nodal modal of mixing ventilation (i.e., mixing air mode) only has one air node (i.e., the 
air temperature is uniformly distributed) (Huan et al., 2018; Klein, 2007). The nodal model can output 
space cooling load with inputs of supply air temperature, supply airflow rate and room air temperature; 
or output room air temperature with inputs supply air temperature, supply airflow rate and space cooling 
load. To validate the space cooling load calculated by the proposed method, the space cooling load 
calculated by the experimentally validated nodal model of stratum ventilation is regarded as credible 
and used as a reference.  The closer the space cooling load calculated by the proposed method to that 
from the nodal modal of stratum ventilation, the more accurate of the proposed method.   

3 RESULTS 
The experimentally validated nodal model for a typical office room is used in this paper. This office is 
located at Xi’an Jiaotong University, with the dimensions of 3.8 m (length) × 2.8 m (width) × 2.6 m 
(height). The internal heat sources are 430W from two occupants, two computers and two lamps. There 
is only one exterior wall with heat gain simulated by the electric heating film. The details of the nodal 
model can refer to the study of Huan et al. (2018). The considered supply air temperature, supply airflow 
rate and room air temperature of stratum ventilation are from 17⁰C to 21⁰C, 5 ACH to 15 ACH, and 
25⁰C to 28⁰C respectively (Huan et al., 2018; Lin, 2017). Data 1 with Cases 1-13 identified by Box–
Behnken design are used for the determination of EMAT (Table 1). The determined EMAT is in a 
function of supply air temperature and room air temperature, with a regression coefficient 𝑅𝑅𝑅𝑅2 close to 1 

Data 1
Supply air temperature (𝑇𝑇𝑇𝑇s)

Supply airflow rate (𝑉𝑉𝑉𝑉s)
Room air temperature (𝑇𝑇𝑇𝑇r)

Nodal model of stratum 
ventilation (SV) 

Nodal model of mixing 
ventilation (MV)

(i.e., Mixing air mode) 

Equivalent mixing air 
temperature (EMAT)

Space cooling load EMAT=𝑓𝑓𝑓𝑓(𝑇𝑇𝑇𝑇s,𝑉𝑉𝑉𝑉s,𝑇𝑇𝑇𝑇r)

Data 2
Supply air temperature (𝑇𝑇𝑇𝑇s)

Supply airflow rate (𝑉𝑉𝑉𝑉s)
Room air temperature (𝑇𝑇𝑇𝑇r)

EMAT=𝑓𝑓𝑓𝑓(𝑇𝑇𝑇𝑇s,𝑉𝑉𝑉𝑉s,𝑇𝑇𝑇𝑇r)

Space cooling load comparisons 
Nodal model of SV

Conventional method
Proposed method

Nodal model of SV
Mixing air mode

VS.
VS.

(a) (b)

of the indoor airflow simulations to generate the air temperature distribution (Zhang et al., 2013). 
Different coupling approaches (e.g., static coupling and quasi-dynamic coupling) between the indoor 
airflow simulation tools and building energy simulation tools for the co-simulation have been studied 
in terms of the accuracy and computational load (Zhai et al., 2002). Particularly, Chen and Van Der 
Kooi (1990) proposed to model the air temperature distribution as a function of the supply air parameters 
and cooling load based on database from indoor airflow simulations. With the model of the air 
temperature distribution, the building energy simulation tools could computational efficiently and 
reasonably accurately calculate the space cooling load (Chen and Van Der Kooi, 1990). A similarly 
method has been developed by Zhang et al. (2013) based on the model of Contribution Ratio of Indoor 
climate (CRI). However, the effectiveness of the co-simulation has been tested only for the mature 
ventilation technologies, e.g., displacement ventilation and underfloor air distribution. The applicability 
of the co-simulation to the novel ventilation technology, i.e., stratum ventilation, is unknown (Lin, 2017). 
Moreover, the co-simulation requires knowledge on both indoor airflow simulations and building 
energy simulations, which could be a challenge for designers and operators of the air conditioning 
system in practice (Schiavon et al., 2011). 
It would be more convenient and practical to calculate the space cooling load using the mixing air mode 
(Schiavon et al., 2011). Therefore, this paper proposes and validates a space cooling load calculation 
method for stratum ventilation using the mixing air mode.  

2 METHODS 
The proposed method calculates the space cooling load of stratum ventilation using the mixing air mode 
based on equivalent mixing air temperature (EMAT). EMAT is an innovatively proposed concept with 
which the space cooling load calculated by the mixing air mode equals to that of stratum ventilation. 
EMAT is in a function of the supply air temperature, supply airflow rate and room air temperature of 
stratum ventilation. Air temperature at height of 1.1 m is adopted as the room air temperature because 
the air temperature at height of 1.1 m is adequate for thermal comfort evaluation of stratum ventilation 
(Lin, 2017).  
EMAT is determined as follows (Figure 1a). First, the experimentally validated nodal model of stratum 
ventilation is used to calculate the space cooling load with inputs of supply air temperature, supply 
airflow rate and room air temperature. With inputs of the space cooling load by the nodal model of 
stratum ventilation, and the same supply air temperature and supply airflow rate, the nodal modal of 
mixing ventilation (i.e., mixing air mode) outputs the room air temperature, which is identified as 
EMAT. Essentially EMAT is the exit air temperature of stratum ventilation. This is because the space 
cooling load is determined by the supply air temperature, supply airflow rate and exit air temperature 
(Equation 1). With the same supply air temperature and supply airflow rate as inputs, to obtain the same 
cooling load, the exit air temperature of stratum ventilation should equal to that of the mixing air mode. 
Since the mixing air mode regards the air temperature distribution as uniform, the room air temperature 
of the mixing air mode (i.e., EMAT) equals to its exit air temperature thereby the exit air temperature 
of stratum ventilation. EMAT can be model as a function of the supply air temperature, supply airflow 
rate and room air temperature by the multiple regression technology (Equation 2), because the supply 
air temperature, supply airflow rate and room air temperature determine the exit air temperature (Chen 
and Van Der Kooi, 1990).  

𝑄𝑄𝑄𝑄cl = 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌p𝑉𝑉𝑉𝑉s(𝑇𝑇𝑇𝑇e − 𝑇𝑇𝑇𝑇s)                                                         (1) 
 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑇𝑇𝑇𝑇 = 𝑓𝑓𝑓𝑓(𝑇𝑇𝑇𝑇s,𝑉𝑉𝑉𝑉s,𝑇𝑇𝑇𝑇r)                                                         (2) 
 

where 𝜌𝜌𝜌𝜌p is specific heat capacity of air; 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑇𝑇𝑇𝑇 is equivalent mixing air temperature; 𝑓𝑓𝑓𝑓 is function; 𝜌𝜌𝜌𝜌 
is density of air; 𝑇𝑇𝑇𝑇e, 𝑇𝑇𝑇𝑇r and 𝑇𝑇𝑇𝑇s are temperatures of exit air, room air and supply air; 𝑉𝑉𝑉𝑉s is supply airflow 
rate. 
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(Equation 3). The supply airflow rate is excluded from the model of EMAT because Analysis of 
Variance shows that the supply airflow rate does not statistically significantly affect EMAT with a 𝑝𝑝𝑝𝑝 
value lager than 0.05.   

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑇𝑇𝑇𝑇 = −31.49 − 0.39𝑇𝑇𝑇𝑇s + 2.60𝑇𝑇𝑇𝑇r                                                        (3) 

Data 2 with Cases 14-27 (i.e., cases identified by full factorial design excluding the cases in Data 1) are 
used to validate the proposed method (Table 1). The root mean square error (Equation 4) of space 
cooling load calculation by the conventional method is 28.6%, which is unacceptable for in practice. 
The large root mean square error of the conventional method is caused by the non-uniform air 
temperature distribution of stratum ventilation. Due the non-uniform air temperature distribution as a 
“sandwich”, the exit air temperature is larger than the room air temperature (at height of 1.1 m) by up 
to 4.5⁰C (Huan et al., 2018; Lin, 2017). However, the conventional method with mixing air mode 
assumes that the exit air temperature equals to the room air temperature. Thus, the conventional method 
largely under-estimates the space cooling load as shown in Figure 2. The deficiency of the conventional 
method demonstrates the necessity to take in consideration the effects of the non-uniform air 
temperature distribution of stratum ventilation. Figure 2 shows that the space cooling load calculated 
by the proposed method reasonably agrees with that calculated by the nodal model of stratum ventilation, 
with a root mean square error of 2.0%. Thus, the proposed method is accurate and acceptable.  

𝑅𝑅𝑅𝑅𝐸𝐸𝐸𝐸𝑅𝑅𝑅𝑅𝐸𝐸𝐸𝐸 = �∑ �𝑚𝑚𝑚𝑚𝑗𝑗𝑗𝑗 − 𝑝𝑝𝑝𝑝𝑗𝑗𝑗𝑗�
2𝑛𝑛𝑛𝑛

𝑗𝑗𝑗𝑗𝑗𝑗

𝑛𝑛𝑛𝑛
                                                                     (4)

where 𝑅𝑅𝑅𝑅𝐸𝐸𝐸𝐸𝑅𝑅𝑅𝑅𝐸𝐸𝐸𝐸 is root mean square error; 𝑚𝑚𝑚𝑚 is value from the nodal model of stratum ventilation; and 𝑝𝑝𝑝𝑝 
is value from the conventional method or the proposed method; 𝑛𝑛𝑛𝑛 is number of samples; j is the 𝑗𝑗𝑗𝑗𝑡𝑡𝑡𝑡𝑡 
sample. 
 

Table 1. Data for determination of equivalent mixing air temperature (EMAT) and validation of 
proposed method  

 
Cases 

(Data 1) 
𝑇𝑇𝑇𝑇s 

(⁰C) 
𝑉𝑉𝑉𝑉s 

(ACH) 
𝑇𝑇𝑇𝑇r 

(⁰C) 
Cases 

(Data 2) 
𝑇𝑇𝑇𝑇s 

(⁰C) 
𝑉𝑉𝑉𝑉s 

(ACH) 
𝑇𝑇𝑇𝑇r 

(⁰C) 
1 21 10 25 14 17 5 25 
2 17 15 26.5 15 17 5 28 
3 21 15 26.5 16 17 10 26.5 
4 17 10 25 17 17 15 25 
5 17 10 28 18 17 15 28 
6 19 15 28 19 19 5 26.5 
7 19 15 25 20 19 10 25 
8 21 10 28 21 19 10 28 
9 19 5 28 22 19 15 26.5 
10 17 5 26.5 23 21 5 25 
11 21 5 26.5 24 21 5 28 
12 19 5 25 25 21 10 26.5 
13 19 10 26.5 26 21 15 25 
        27 21 15 28 
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Figure 2. Comparisons of space cooling loads calculated by nodal model of stratum ventilation (SV), 
conventional method and proposed method 

 

4 DISCUSSION 
The nodal model of stratum ventilation is used in this paper to produce the accurate space cooling load 
as reference for the validation of the proposed method. However, the nodal model cannot be used to 
calculate the space cooling load with variable outdoor weather conditions, because it includes only the 
energy balance equations of the inside surface of the enclosure and the indoor airflow model (Huan et 
al., 2018). The nodal model can be coupled with the building energy simulations tools to calculate the 
space cooling load with variable outdoor weather conditions (Huan et al., 2018). This coupling will 
cause the similar problems shared by the co-simulation of indoor airflow simulation tools and building 
energy simulation tools (Section 1).  
Since the EMAT method is validated for a wide range of the cooling load from 193 W to 2432 W (i.e., 
from 18 W/m2 to 229 W/m2) which covers the cooling load commonly occurred in practice, the EMAT 
method can be used in practice with variable outdoor weather conditions. There are two scenarios for 
the energy performance evaluation of the air conditioning system with variable outdoor weather 
conditions: (1) the room air temperature is controlled at the fixed room air temperature, and (2) the room 
air temperature is allowed to float. The proposed method can be applied to both these two scenarios. 
Under Scenario 1, EMAT can will be calculated from the fixed room air temperature as an input of 
mixing air mode in the building energy simulation tools for the space cooling load calculation. Under 
Scenario 2, the floating room air temperature of stratum ventilation can be inversely calculated from 
that of mixing air mode in the building energy simulation tools by the model of EMAT, and the space 
cooling load calculated by the mixing air mode corresponds to that of the inversely calculated room air 
temperature of stratum ventilation. Since EMAT is calculated from the room air temperature at height 
of 1.1 m of stratum ventilation which is adequate for the thermal comfort evaluation, the floating room 
air temperature in the mixing air mode can be limited to a specific range to make the inversely calculated 
room air temperature of stratum ventilation is floating within a thermal comfort zone (e.g., from 26.5⁰C 
to 27.5⁰C). It is noted that similar to the nodal model and most co-simulations, the EMAT method is 
developed based on the quasi-steady condition (Huan et al. 2018; Zhai et al. 2002). Thus the EMAT 
method is proposed for the hourly cooling load calculation, rather than for the dynamical conditions 
(Cheng et al. 2018). 
 

0

500

1000

1500

2000

2500

14 15 16 17 18 19 20 21 22 23 24 25 26 27

Sp
ac

e 
co

ol
in

g 
lo

ad
 (W

)

Cases

Nodal model of SV
Proposed method
Conventional method

(Equation 3). The supply airflow rate is excluded from the model of EMAT because Analysis of 
Variance shows that the supply airflow rate does not statistically significantly affect EMAT with a 𝑝𝑝𝑝𝑝 
value lager than 0.05.   

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑇𝑇𝑇𝑇 = −31.49 − 0.39𝑇𝑇𝑇𝑇s + 2.60𝑇𝑇𝑇𝑇r                                                        (3) 

Data 2 with Cases 14-27 (i.e., cases identified by full factorial design excluding the cases in Data 1) are 
used to validate the proposed method (Table 1). The root mean square error (Equation 4) of space 
cooling load calculation by the conventional method is 28.6%, which is unacceptable for in practice. 
The large root mean square error of the conventional method is caused by the non-uniform air 
temperature distribution of stratum ventilation. Due the non-uniform air temperature distribution as a 
“sandwich”, the exit air temperature is larger than the room air temperature (at height of 1.1 m) by up 
to 4.5⁰C (Huan et al., 2018; Lin, 2017). However, the conventional method with mixing air mode 
assumes that the exit air temperature equals to the room air temperature. Thus, the conventional method 
largely under-estimates the space cooling load as shown in Figure 2. The deficiency of the conventional 
method demonstrates the necessity to take in consideration the effects of the non-uniform air 
temperature distribution of stratum ventilation. Figure 2 shows that the space cooling load calculated 
by the proposed method reasonably agrees with that calculated by the nodal model of stratum ventilation, 
with a root mean square error of 2.0%. Thus, the proposed method is accurate and acceptable.  

𝑅𝑅𝑅𝑅𝐸𝐸𝐸𝐸𝑅𝑅𝑅𝑅𝐸𝐸𝐸𝐸 = �∑ �𝑚𝑚𝑚𝑚𝑗𝑗𝑗𝑗 − 𝑝𝑝𝑝𝑝𝑗𝑗𝑗𝑗�
2𝑛𝑛𝑛𝑛

𝑗𝑗𝑗𝑗𝑗𝑗

𝑛𝑛𝑛𝑛
                                                                     (4)

where 𝑅𝑅𝑅𝑅𝐸𝐸𝐸𝐸𝑅𝑅𝑅𝑅𝐸𝐸𝐸𝐸 is root mean square error; 𝑚𝑚𝑚𝑚 is value from the nodal model of stratum ventilation; and 𝑝𝑝𝑝𝑝 
is value from the conventional method or the proposed method; 𝑛𝑛𝑛𝑛 is number of samples; j is the 𝑗𝑗𝑗𝑗𝑡𝑡𝑡𝑡𝑡 
sample. 
 

Table 1. Data for determination of equivalent mixing air temperature (EMAT) and validation of 
proposed method  

 
Cases 

(Data 1) 
𝑇𝑇𝑇𝑇s 

(⁰C) 
𝑉𝑉𝑉𝑉s 

(ACH) 
𝑇𝑇𝑇𝑇r 

(⁰C) 
Cases 

(Data 2) 
𝑇𝑇𝑇𝑇s 

(⁰C) 
𝑉𝑉𝑉𝑉s 

(ACH) 
𝑇𝑇𝑇𝑇r 

(⁰C) 
1 21 10 25 14 17 5 25 
2 17 15 26.5 15 17 5 28 
3 21 15 26.5 16 17 10 26.5 
4 17 10 25 17 17 15 25 
5 17 10 28 18 17 15 28 
6 19 15 28 19 19 5 26.5 
7 19 15 25 20 19 10 25 
8 21 10 28 21 19 10 28 
9 19 5 28 22 19 15 26.5 
10 17 5 26.5 23 21 5 25 
11 21 5 26.5 24 21 5 28 
12 19 5 25 25 21 10 26.5 
13 19 10 26.5 26 21 15 25 
        27 21 15 28 
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5 CONCLUSIONS 
This paper provides a space cooling load calculation method for stratum ventilation based an innovative 
concept of EMAT. With EMAT, the space cooling load calculated by the mixing air mode is the same 
as that of stratum ventilation. EMAT is modeled as a function of the supply air temperature and room 
air temperature at the height of 1.1 m of stratum ventilation. Since the mixing air mode is widely used 
in building energy simulation tools, the proposed method can be conveniently and practicably used by 
building energy simulation tools for the space cooling load calculation thereby energy performance 
evaluation of the air conditioning system with stratum ventilation. Moreover, since EMAT is correlated 
to the room air temperature at 1.1 m of stratum ventilation which is adequate for thermal comfort 
evaluation of stratum ventilation, with the proposed method, the energy performance evaluation can be 
conducted with thermal comfort. Compared with the experimentally validated nodal model of stratum 
ventilation, the root mean square error of the space cooling load calculated by the proposed method is 
2.0%, while that of the conventional method is 28.6%. Thus, the proposed method is accurate for the 
space cooling load calculation of stratum ventilation. Due to the convenience, practicability and 
accuracy, the proposed method contributes the energy performance evaluation for the design and 
operation optimizations of the air conditioning system with stratum ventilation.  
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SUMMARY 
This study reports the results from an experimental comparison of two cooling systems. The studied 
systems were a radiant cooling system (radiant ceiling panels and mixing ventilation), and a combined 
radiant and convective cooling system (combination of a different kind of ceiling panels and diffuse 
ceiling ventilation). The experiments were conducted in a climate chamber under controlled conditions. 
Two systems were compared under the cooling loads of 36 W/m2 and 62 W/m2. Both systems kept the 
room temperature constant at 26°C. The combined radiant and convective cooling system was tested 
additionally to keep the Predicted Mean Vote (PMV) between ±0.2, which essentially corresponded to 
a lower room temperature since the experiments were carried out under steady-state conditions. Air 
temperatures, globe temperatures (operative at 0.6 m and 1.1 m heights), and air velocities were 
measured at different heights and at different locations in the climate chamber. 
Both systems created very similar and uniform thermal indoor environments and flow fields. Radiant 
ceiling cooling compensated for the presence of warm surfaces in the chamber, resulting in very close 
air and globe (operative) temperatures. It is important not to create local thermal discomfort for the 
occupants while trying to achieve better overall thermal comfort with a PMV control strategy. 
The final system selection in practice would depend on factors such as energy performance, costs (initial 
and operational), available space, control possibilities and so forth, since both systems created very 
similar thermal indoor environments.
Keywords: experimental comparison, chilled ceiling, radiant cooling, convective cooling, radiant 
diffuse ceiling ventilation 

1 INTRODUCTION 
Buildings are often cooled by mechanical cooling systems, which have different energy use 
characteristics and create different thermal indoor environments. The created thermal indoor 
environment is strongly dependent on the chosen indoor terminal unit. Indoor terminal units are active 
building components that emit or remove heat and moisture to indoor spaces. Indoor terminal units 
mainly rely on convection (natural or forced), radiation or both (Kazanci and Olesen, 2015).  
Several studies recently compared the thermal indoor environment created by radiant and convective 
systems by climate chamber studies (Bolashikov et al., 2013, Mustakallio et al., 2016, 2017) and by 
field studies (Imanari et al., 1999, Sastry and Rumsey, 2014). A recent literature review (Karmann et 
al., 2017) focused on the thermal comfort resulting from radiant and all-air systems and concluded that 
there was a need for more studies to be able to provide a definitive conclusion on which system provides 
a more satisfactory thermal indoor environment. 

5 CONCLUSIONS 
This paper provides a space cooling load calculation method for stratum ventilation based an innovative 
concept of EMAT. With EMAT, the space cooling load calculated by the mixing air mode is the same 
as that of stratum ventilation. EMAT is modeled as a function of the supply air temperature and room 
air temperature at the height of 1.1 m of stratum ventilation. Since the mixing air mode is widely used 
in building energy simulation tools, the proposed method can be conveniently and practicably used by 
building energy simulation tools for the space cooling load calculation thereby energy performance 
evaluation of the air conditioning system with stratum ventilation. Moreover, since EMAT is correlated 
to the room air temperature at 1.1 m of stratum ventilation which is adequate for thermal comfort 
evaluation of stratum ventilation, with the proposed method, the energy performance evaluation can be 
conducted with thermal comfort. Compared with the experimentally validated nodal model of stratum 
ventilation, the root mean square error of the space cooling load calculated by the proposed method is 
2.0%, while that of the conventional method is 28.6%. Thus, the proposed method is accurate for the 
space cooling load calculation of stratum ventilation. Due to the convenience, practicability and 
accuracy, the proposed method contributes the energy performance evaluation for the design and 
operation optimizations of the air conditioning system with stratum ventilation.  
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This study reports the results from an experimental comparison of the thermal indoor environment 
created by a radiant cooling system (radiant ceiling panels and mixing ventilation), and a combined 
radiant and convective cooling system (a novel combination of a different kind of ceiling panels and 
diffuse ceiling ventilation) (Kazanci et al., 2017). In addition to the results reported in this study, further 
results including local thermal discomfort, results from thermal manikin measurements and results from 
human subject experiments are also available and will be reported in later publications. 

2 METHODS 
The experiments were carried out at one of the climate chambers (Chamber 5) at the International Centre 
for Indoor Environment and Energy (ICIEE), Technical University of Denmark (DTU). Two systems 
were tested, a chilled ceiling and mixing ventilation (CCMV) system and a combined radiant and 
convective system (radiant diffuse ceiling ventilation system, RDCV). 
Both systems were tested under usual (low) and design (high) cooling loads. Both systems were 
operated to keep a room temperature of 26°C during the experiments (corresponding to Category 2 of 
EN 15251:2007). In addition to this, a Predicted Mean Vote (PMV) control (-0.2 < PMV < 0.2, 
corresponding to Category A of ISO 7730:2005 and Category 1 of EN 15251:2007) condition was tested 
for the RDCV system (which essentially corresponded to a lower room temperature since the 
experiments were carried out under steady-state conditions). The ventilation rate was determined 
according to Category 2 of EN 15251:2007 corresponding to two persons and a low-polluting building. 
The climate chamber had the dimensions of 4.12 m x 4.2 m x 2.89 m, corresponding to a floor area of 
17.3 m2. For the purposes of this study, the climate chamber was configured as a two-person office 
room with the corresponding internal heat loads. Table 1 summarizes the internal heat loads and 
Figure 1 shows the experimental setup in the climate chamber. 

Table 1. Cooling load components and the corresponding total cooling load. 

Cooling load component Load [W]
Two occupants (Manikin 60 W + Dummy 80 W) 140 

Two computers (49 + 52 W) 101 
Lighting 168 

Heated window surface (6.3 m2, 30 or 34°C) 202 (low load) or 404 (high load) 
Direct solar radiation on the floor (only high load case) 250 

Low cooling load 36 W/m2

High cooling load 62 W/m2

 

 
Figure 1.  Panoramic view of the experimental setup. 

2.1 Main characteristics of the radiant diffuse ceiling ventilation (RDCV) system 
In the RDCV system, the cold air was supplied into the plenum (between the suspended ceiling and the 
real ceiling of the climate chamber), which then diffused into the climate chamber.  Room air was 
extracted through four exhausts in the corners at the floor level. Two of these exhausts were for the 
indoor unit (recirculation) and two of them were for the air-handling unit (fresh air). 
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The suspended ceiling consisted of thin metal panels of 0.6 m x 0.6 m. These metal panels were placed 
in rows so that there was a row of panels with holes and next to that, there was a row of panels without 
holes and so forth. In total, there were seven rows, four rows of panels with holes and three rows of 
panels without holes. These metal panels were cooled when there was cold air supply into the plenum, 
therefore creating a combined radiant and convective cooling effect through the ceiling. The supply air 
was a mixture of fresh and recirculated air (26.5 L/s & 48.1 L/s, respectively). Total airflow rate was 
74.6 L/s, corresponding to 5.4 ACH. The supply airflow rate was constant and the temperature in the 
climate chamber was controlled by varying the supply air temperature. Figure 2 shows a panoramic 
view of the ceiling with the RDCV system. 

 
Figure 2. b) Panoramic view of the ceiling with the RDCV system. 

2.2 Main characteristics of the chilled ceiling and mixing ventilation (CCMV) system 
This is the same system defined previously by Mustakallio et al. (2016). Fresh air was supplied to the 
climate chamber through two linear slot diffusers positioned in the middle of the ceiling. The airflow 
rate was 26.4 L/s (1.9 ACH) and the supply air temperature was 16°C (design conditions). In both 
systems, the airflow rate was set slightly higher than the initial design condition of 26 L/s to compensate 
for possible leakages. There were two exhausts located in the corners at the opposite side of the 
simulated windows. The exhausts were at the ceiling level.  
The radiant ceiling panels had the dimensions of 1.2 m x 0.6 m and covered 77% of the ceiling area. 
The water flow rate was 385 L/h. The supply and return water temperatures were 23.0 and 23.6°C in 
the low cooling load condition, respectively, and were 16.9 and 18.6°C in the high cooling load 
condition, respectively. Figure 3 shows a panoramic view of the ceiling with the CCMV system. 

 
Figure 3. Panoramic view of the ceiling with the CCMV system. 

2.3 Physical measurement procedure and measuring instruments 
All measurements were carried out under steady-state conditions. A movable stand was used to measure 
the thermal indoor environment conditions in 22 different locations in the chamber. All measurements 
were averaged over 10-min periods for each measurement location. 
On the measurement stand, air and globe temperatures were measured at the heights of 0.05, 0.1, 0.6, 
1.1, 1.7, 2.2, 2.7 and 2.8 m. Air temperature sensors were shielded from the radiation effects by a metal 
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cylinder placed around them. Globe temperatures were measured with a matt grey globe sensor, 40 mm 
in diameter. This sensor has the same relative influence of air- and mean radiant temperature as on a 
person (Simone et al., 2007) and, thus, at 0.6 m and 1.1 m heights will represent the operative 
temperature of a sedentary or a standing person, respectively. Both the globe and air temperature sensors 
had an accuracy of ±0.3°C. Low-velocity thermo-anemometers (omnidirectional hot-sphere type) were 
used to measure air velocity (speed in this case), turbulence intensity, and air temperature at the heights 
of 0.1, 0.6, 1.1, 1.7, and 2.8 m. These velocity sensors had an accuracy of ±0.02 m/s with an additional 
1% of the reading. All measuring instruments were calibrated before the measurements. 

3 RESULTS AND DISCUSSION 
A summary of the main results related to the overall thermal indoor environment are presented and 
discussed. Further results are provided in Kazanci et al. 2017. 
Table 2 summarizes the air and globe temperatures at 0.1, 0.6, 1.1 and 1.7 m heights and Table 3 
summarizes the air and operative temperatures at 0.6 and 1.1 m heights. 

Table 2. Summary of air and globe temperatures at 0.1, 0.6, 1.1 and 1.7 m heights. 

Heat load Low load (36 W/m
2
) High load (62 W/m

2
) 

System RDCV CCMV RDCV CCMV 
System Mode T=26

o
C PMV T=26

o
C T=26

o
C PMV T=26

o
C 

General parameters 
(at 0.1, 0.6, 1.1 and 1.7 m heights) 

                             

Av. air temperature  
[°C] 25.8 24.7 26.1 25.9 24.8 26 

Min. air temperature difference compared  
to Tref  [°C] -0.5 -0.5 -0.5 -0.6 -0.7 -0.5 

Max. air temperature difference compared  
to Tref [°C] 0.4 0.4 0.4 1.1 0.9 1.1 

       
Av. globe temperature  

[°C] 25.9 24.9 26.1 26.1 25 26.1 

Min. globe temperature difference compared 
to Tref  [°C] -0.4 -0.4 -1.3 -0.5 -0.6 -0.5 

Max. globe temperature difference compared 
to Tref [°C] 0.6 0.6 0.6 1.3 1.3 1.4 

Table 3. Summary of air and operative temperatures at 0.6 and 1.1 m heights. 

Heat load Low load (36 W/m
2
) High load (62 W/m

2
) 

System RDCV CCMV RDCV CCMV 
System Mode T=26

o
C PMV T=26

o
C T=26

o
C PMV T=26

o
C 

General parameters (at 0.6 m height)                              
Av. air temperature [°C] 25.8 24.7 26 25.8 24.7 25.9 

Av. operative temperature [°C] 25.9 24.9 26 26.1 25.1 26.2 
Av. operative-air temperature [°C] 0.1 0.2 0 0.3 0.4 0.3 

General parameters (at 1.1 m height)       
Av. air temperature [°C] 25.9 24.8 26.1 26 24.9 26 

Av. operative temperature [°C] 26 24.9 26.2 26.1 25.1 26.2 
Av. operative-air temperature [°C] 0.1 0.1 0.1 0.1 0.2 0.2 
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Results in Table 2 and Table 3 show that both systems created very similar and uniform thermal indoor 
environments in terms of air and operative temperatures. As expected, average air and operative 
temperatures were lower for the PMV control (-0.2 < PMV < 0.2). 
The difference between air and operative temperatures, and differences in air and globe temperatures 
were higher for the high cooling load compared to the low cooling load cases. 
One of the main reasons for very close air and globe (operative) temperatures is the cooled radiant 
ceiling; radiant ceiling cooling compensates for the presence of warm surfaces (i.e. heated window and 
heated floor) in the chamber. 
Table 4 summarizes the air velocities, turbulence intensities, and draught rates for all cases. 
 

Table 4. Summary of air velocities, turbulence intensities, and draught rates. 

Heat load Low load (36 W/m
2
) High load (62 W/m

2
) 

System RDCV CCMV RDCV CCMV 
System Mode T=26

o
C PMV T=26

o
C T=26

o
C PMV T=26

o
C 

Air movement (at 0.1, 0.6, 1.1 
and 1.7 m heights) 

                             

Av. air velocity [m/s] 0.07 0.08 0.08 0.09 0.1 0.11 
Max. air velocity [m/s] 0.14 0.14 0.13 0.19 0.2 0.17 

       
Av. turbulence intensity [%] 56 53 48 50 49 43 

       
Av. draught rate [%] 5 6 4 6 7 6 

Max. draught rate [%] 9 12 11 12 18 12 

 
The results in Table 4 show that the two systems created uniform and similar flow fields in the chamber. 
The average air velocities were very close for all cases. Maximum velocities at 0.1, 0.6, 1.1 and 1.7 m 
heights were similar for both systems for the same cooling load conditions. Observed maximum 
velocities were higher under the high cooling load conditions. The average air velocities for all systems 
fulfilled Category A of ISO 7730:2005 (0.12 m/s). 
Observed turbulence intensities were slightly higher for the RDCV system; this might be due to the 
overall lower air velocities with the RDCV system. Turbulence intensities were close to the 40% 
assumption for CCMV cases. 
Average draught rates for all systems were very close to each other and within the 10% limit suggested 
for Category A of ISO 7730:2005. Maximum draught rates were within the 20% limit suggested for 
Category B of ISO 7730:2005. The observed maximum draught rate was highest for PMV control under 
high cooling load conditions, which may be due to the lower air temperature in the chamber and possible 
influence of the low supply air temperature on the flow conditions in the chamber. This might require 
further considerations; it is important not to create local thermal discomfort while trying to achieve 
better overall thermal comfort with the PMV control strategy. 
Since both systems created very similar thermal indoor environments, the final system selection in 
practice would depend on factors such as energy performance, costs (initial and operational), available 
space, control possibilities and so forth. A broader list of factors for indoor terminal unit selection is 
provided in Kazanci, 2016. 
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2
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2
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o
C T=26

o
C PMV T=26

o
C 

General parameters 
(at 0.1, 0.6, 1.1 and 1.7 m heights) 

                             

Av. air temperature  
[°C] 25.8 24.7 26.1 25.9 24.8 26 

Min. air temperature difference compared  
to Tref  [°C] -0.5 -0.5 -0.5 -0.6 -0.7 -0.5 

Max. air temperature difference compared  
to Tref [°C] 0.4 0.4 0.4 1.1 0.9 1.1 

       
Av. globe temperature  

[°C] 25.9 24.9 26.1 26.1 25 26.1 

Min. globe temperature difference compared 
to Tref  [°C] -0.4 -0.4 -1.3 -0.5 -0.6 -0.5 

Max. globe temperature difference compared 
to Tref [°C] 0.6 0.6 0.6 1.3 1.3 1.4 

Table 3. Summary of air and operative temperatures at 0.6 and 1.1 m heights. 

Heat load Low load (36 W/m
2
) High load (62 W/m

2
) 

System RDCV CCMV RDCV CCMV 
System Mode T=26

o
C PMV T=26

o
C T=26

o
C PMV T=26

o
C 

General parameters (at 0.6 m height)                              
Av. air temperature [°C] 25.8 24.7 26 25.8 24.7 25.9 

Av. operative temperature [°C] 25.9 24.9 26 26.1 25.1 26.2 
Av. operative-air temperature [°C] 0.1 0.2 0 0.3 0.4 0.3 

General parameters (at 1.1 m height)       
Av. air temperature [°C] 25.9 24.8 26.1 26 24.9 26 

Av. operative temperature [°C] 26 24.9 26.2 26.1 25.1 26.2 
Av. operative-air temperature [°C] 0.1 0.1 0.1 0.1 0.2 0.2 
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4 CONCLUSIONS 
 Both systems created very similar and uniform thermal indoor environments and flow fields in 

the chamber. This finding was confirmed by the results from the thermal manikin measurements 
and the results from the human subject experiments (Kazanci et al., 2017); 

 The difference between air and operative temperatures, and differences in air and globe 
temperatures were higher for the high cooling load compared to the low cooling load cases; 

 Radiant ceiling cooling compensates for the presence of warm surfaces (i.e. heated window and 
heated floor), resulting in very close air and globe (operative) temperatures; 

 It is important not to create local thermal discomfort for the occupants while trying to achieve 
better overall thermal comfort with a PMV control strategy. The observed maximum draught 
rate was highest for PMV control under high cooling load, mainly due to the lower air 
temperature and the influence of the low supply air temperature on the flow conditions.  
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SUMMARY 
Although the ventilation theory was developed for several decades, it does not exist a proper calculation 
formula for the ventilation rate in non-uniform indoor environment. In order to solve the problem, a 
general formula for ventilation rate in non-uniform indoor environment oriented to the local zone was 
deduced based on the steady accessibility of contaminant source (SACS) in this study. The general 
formula revealed that the amount of ventilation rate is dependent on the SACS. If we keep less influence 
of contaminant source on the target zone (i.e. less SACS), less ventilation rate is needed. Seven cases 
were studied by CFD simulation to further analyse the influence of air distribution system, contaminant 
source distribution and target zone on the ventilation rate. The results show that the three factors have a 
large impact on ventilation rate. The differences resulting from varying the three factors were as much 
as 106.5%, 50.9%, and 4.6% in the simulated cases, respectively. 
Keywords: non-uniform indoor environment, contaminant source, air distribution, local zone, ventilation 

1 INTRODUCTION 
The most important role of ventilation is to satisfy the air quality in ventilated space. Traditionally, 
mixing ventilation (MV) is used to build an acceptable indoor environment, which leads to large 
amount of fresh air and huge energy consumption. Displacement ventilation (DV) and underfloor air 
distribution (UFAD) (Sodec et al., 1990; Skistad et al., 2004) was later applied to only guarantee the 
occupied zone, which results less ventilation rate and energy savings. In the last two decades, 
researchers paid more attention to personalized ventilation (Fanger, 2001) because of its high 
ventilation efficiency and adjustable local environment. It can be seen that building non-uniform 
indoor environment has become a trend in the field of ventilation (Melikov, 2016). 
Ventilation rate is commonly meant the amount of air supplied to a building or room, i.e., the nominal 
ventilation rate. The determination of ventilation rate is significant to design the ventilation systems 
and air terminals. For the conventional uniform indoor environment created by MV, ventilation rate 
was directly calculated based on the air quality that the whole room is required. For the non-uniform 
indoor environment created by DV, UFAD or PV, the series indices for ventilation were introduced to 
evaluate the ventilation efficiency. For example, the effective ventilation rate (EVR) based on the 
average air age of the whole room was proposed by Sandberg et al. (1983) to assess the ability of air 
exchange. EVR is to reflect the overall concentration level in the whole room at given nominal 
ventilation rate. Then, local ventilation rate (LVR) based on the average air age of the local zone was 
developed by Shao et al. (2011) in the non-uniform environment oriented to the local zone. However, 
both EVR and LVR only consider the influence of air distribution systems, ignoring the influence of 
contaminant sources distribution. Another index, local purging flow rate (LPR), proposed by Zvirin 
and Shinnar (1976) for evaluating the purification of liquid, was introduced in the building ventilation 
area. Although LPR can consider the influence of the contaminant sources in the target zone, it 
neglects the influence of the contaminant sources in the other zones. All the above existing indices, on 
the one hand, are mainly used to evaluate the ventilation efficiency, instead of calculating the 
ventilation rate. On the other hand, these indices ignore the influence of contaminant source 
distribution on the ventilation efficiency. Therefore, there is no proper formula for calculating the 

 

4 CONCLUSIONS 
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and the results from the human subject experiments (Kazanci et al., 2017); 
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ventilation rate in non-uniform indoor environment oriented to the local zone, although the ventilation 
theory has been there for almost one hundred years. 
In this paper, the analytical expression of contaminant concentration distribution under steady flow 
field is firstly introduced to reveal the transfer law of indoor contaminant. Then, a general formula for 
calculating ventilation rate in the non-uniform indoor environment oriented to local zone is deduced. 
Next, the influence of air distribution system, contaminant source distribution and target zone on the 
ventilation rate is analysed based on the formula. At last, seven cases are simulated by computational 
fluid dynamics (CFD) to illustrate the formula and further analyse the three influencing factors.  

2 GENERAL FORMULA OF VENTILATION RATE 
2.1 Steady indoor contaminant concentration distribution 
In a room with the mechanical ventilation, the indoor airflow field does not change much so that it can 
be treated as steady. When the flow field is steady, the transportation equation of contaminant 
becomes linear and the superposition theorem is practicable. Therefore, the transient concentration at 
an arbitrary point equals to the linear sum of three parts: the contribution of contaminant concentration 
of supply air, the contribution of contaminant sources and the contribution of initial contaminant 
concentration distribution, which can be expressed analytically with Equation 1 (Ma et al., 2012). 
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where ( )pC τ is the concentration of point p at moment τ; 0C  is the average initial contaminant 
concentration; ( )p

Ia τ is the transient accessibility of initial condition, which quantifies the contribution 
of initial concentration distribution at moment τ; Sn

SC is the supply air concentration of the Sn th inlet; 
, ( )Sn p

Sa τ is the transient accessibility of supply air, which quantifies the contribution of supply air 
concentration of the Sn th  inlet at moment τ;  CnJ  is the emission rate of the Cn th  contaminant source, 
Q is the ventilation rate; , ( )Cn p

Ca τ  is the transient accessibility of contaminant source, which quantifies 
the contribution of the Cn th  contaminant source at moment τ. 

In the steady state, i.e., the time is infinite, the accessibility of initial condition will be 0. Then, 
Equation 1 becomes Equation 2: 
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where ,Sn p
SA is the steady accessibility of the Sn th  supply air to point p at infinite time∞ ; ,Cn p

CA is the 
steady accessibility of the Cn th contaminant source to point p at infinite time∞ . 

Normally, the design of ventilation rate is based on a steady condition. Thus, the indoor contaminant 
concentration distribution and ventilation rate in the steady state will be studied in this paper. 

2.2 General formula of ventilation rate 
In the non-uniform indoor environment, only the concentration in the target zone localC is needed to be 
controlled. If we divide the target zone into localP  small control volumes in which the parameters can 
be treated as uniform, the average concentration in the target zone ( localC ) is equal to the arithmetic 
mean value of the concentration of localP control volumes ( pC ), the steady accessibility of supply air 
(SASA) ( ,

Sn
S localA ) and the steady accessibility of contaminant source (SACS) ( ,

Cn
C localA ) on the target 

zone is equal to the arithmetic mean value of the SASA and SACS on Plocal control volumes ( ,Sn p
SA and

,Cn p
CA ), as shown below:  

1

1 localP

local p
plocal

C C
P =

 =  ∑ ; ( ),
,

1

1 local
S S

P
n n p
S local S

plocal

A A
P =

= ∑ ; ( ),
,

1

1 local
C C

P
n n p
C local C

plocal

A A
P =

= ∑  (3) 

PROCEEDINGS  — Roomvent & Ventilation 2018230  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 2 – Air Distribution: Air Distribution (AD2)

230  |



Therefore, in the steady state, the analytic expression of average concentration in the target zone can 
be obtained with the Equation 2, as shown below: 
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In the steady state, the sum of SASA from all the inlets is identically equal to 1. If the concentration of 
supply air in each inlet is supposed as the same (i.e., Sn

S SC C= ), Equation 4 becomes: 
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When the concentration in the target zone localC is controlled as the set value setC , the ventilation rate 
Q in the non-uniform environment oriented to the local requirements is obtained, as shown below: 
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Equation 6 is a general formula for calculating the ventilation rate in non-uniform indoor environment 
oriented to the local requirements, which is a simple algebraic form. The concentration in the target 
zone and the emission rate of contaminant source are usually known. If the concentration of supply air 
is also given, the ventilation rate is only related to the SACS according to Equation 6. The influence 
of air distribution system, contaminant source and target zone on the ventilation rate can be reflected 
quantitatively with SACS. When SACS is less than 1, the ventilation rate in the non-uniform indoor 
environment is smaller than that in the uniform indoor environment. When SACS is greater than 1, the 
ventilation rate in the non-uniform indoor environment is greater than that in the uniform indoor 
environment. When SACS is equal to 1, the ventilation rate in the uniform and non-uniform indoor 
environment are the same. 

3 CASES STUDY 

3.1 Geometry and CFD model 
Cases study was conducted with CFD to illustrate the general formula of ventilation rate. The 
geometry for CFD model was identical to a climate chamber with 4.12m × 2.89m × 4.2m at Technical 
University of Denmark (Mustakallio et al., 2016). Three different types of ventilation systems were 
selected: MV, Short circuit ventilation (Short), and DV, as shown in Figure 1. 

   
(a) Mixing ventilation (MV) (b)Short circuit ventilation (Short) (c) Displacement ventilation (DV) 

Figure 1. CFD model 
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becomes linear and the superposition theorem is practicable. Therefore, the transient concentration at 
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where ( )pC τ is the concentration of point p at moment τ; 0C  is the average initial contaminant 
concentration; ( )p

Ia τ is the transient accessibility of initial condition, which quantifies the contribution 
of initial concentration distribution at moment τ; Sn
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Sa τ is the transient accessibility of supply air, which quantifies the contribution of supply air 
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the contribution of the Cn th  contaminant source at moment τ. 
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where ,Sn p
SA is the steady accessibility of the Sn th  supply air to point p at infinite time∞ ; ,Cn p

CA is the 
steady accessibility of the Cn th contaminant source to point p at infinite time∞ . 

Normally, the design of ventilation rate is based on a steady condition. Thus, the indoor contaminant 
concentration distribution and ventilation rate in the steady state will be studied in this paper. 

2.2 General formula of ventilation rate 
In the non-uniform indoor environment, only the concentration in the target zone localC is needed to be 
controlled. If we divide the target zone into localP  small control volumes in which the parameters can 
be treated as uniform, the average concentration in the target zone ( localC ) is equal to the arithmetic 
mean value of the concentration of localP control volumes ( pC ), the steady accessibility of supply air 
(SASA) ( ,

Sn
S localA ) and the steady accessibility of contaminant source (SACS) ( ,
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zone is equal to the arithmetic mean value of the SASA and SACS on Plocal control volumes ( ,Sn p
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The space below 1.5m in the chamber was divided evenly into nine local zones, as shown in Figure 
2(a). Zone E, Zone B or Zone H was the target zone, in which the average CO2 concentration needs to 
be kept at 1000 ppmv. The emission intensity of CO2 source is the same 70 mg/s, but there are three 
different kinds of CO2 source distribution. The CO2 source with size of 4.12m×2.89m×4.2m is 
distributed uniformly, as shown in Figure 1. The CO2 source with size of 0.5m×1.2m×0.5m is located 
in Zone E, as shown in Figure 2(b). The CO2 sources with size of 0.5m×1.2m×0.5m is located in Zone 
H, as shown in Figure 2(c). 

   
(a) Target zone (b) CO2 source in Zone E (c) CO2 source in Zone H 

Figure 2. Target zone and CO2 source 

3.2 Cases design 
Seven cases with different air distribution system, CO2 source distribution and target zone were 
designed, as listed in Table 1. 

Table 1. Seven Cases 
 Air distribution Contaminant sources distribution Target zone 

Case MV-1-1 

MV 

Uniform distribution 
4.12 m×2.89 m×4.2 m, 70 mg/s 

Zone E, Cset=1000 ppmv 
Case MV-1-2 Zone B, Cset=1000 ppmv 
Case MV-1-3 Zone H, Cset=1000 ppmv 
Case MV-2-1 Zone H, 0.5 m×1.2 m×0.5 m, 70 mg/s 

Zone E, Cset=1000 ppmv Case MV-3-1 Zone E, 0.5 m×1.2 m×0.5 m, 70 mg/s 
Case Short-1-1 Short Uniform distribution 

4.12 m×2.89 m×4.2 m, 70 mg/s Case DV-1-1 DV 

In Table 1, Case MV-1-1 is the basic case, which was used to be compared with the other cases. 
Comparison of Case MV-1-1, Case MV-1-2, and Case MV-1-3 is intended to analyse the effect of 
target zone, comparison of Case MV-1-1, Case MV-2-1, and Case MV-3-1 is to analyse the effect of 
contaminant source distribution, and comparison of Case MV-1-1, Case Short-1-1, and Case DV-1-1 
is to analyse the effect of air distribution system. 
3.3 Simulation settings 
In the steady-state CFD simulation, Boussinesq approximation was used to model the buoyancy force. 
The RNG κ-ε turbulence model, which is widely used in indoor airflow computations, was employed 
to consider the turbulent flow. The body-force-weighted scheme for pressure and the second-order 
upwind scheme for others were adopted. The discrete equations were solved under the imposed 
boundary conditions with an iterative procedure and the SIMPLE algorithm. The grid had 
approximately 476,000 hexahedral cells (varying slightly with different ventilation systems), which 
resulted from a grid sensitivity analysis. 
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4 RESULTS AND DISCUSSIONS 

4.1 Steady accessibility of contaminant source 
After several rounds of iterations by modifying the ventilation rate, the average CO2 concentration in 
the target zone in all the seven cases was adjusted to 1000 ppmv. Then, the final ventilation rate and 
SACS in the seven cases were obtained, as listed in Table 2. 

Table 2. Final SACS and ventilation rate in the seven cases 
 Case 

MV-1-1 
Case 

MV-1-2 
Case 

MV-1-3 
Case 

MV-2-1 
Case 

MV-3-1 
Case 

Short-1-1 
Case 

DV-1-1 
SACS 1.00 1.02 0.98 1.02 1.50 1.85 0.78 

Q (ACH) 4.3 4.4 4.2 4.4 6.5 8.0 3.4 

There was a significant difference in the SACS among the seven cases, which resulted in the different 
amounts of ventilation rate. 

4.2 Influential factor of ventilation rate 
A detailed analysis on the three influencing factors is conducted, and the results are shown in Figure 3. 

   
(a) Influence of air distribution (b) Influence of CO2 source (c) Influence of target zone 
Figure 3. Influence of air distribution, contaminant source and target zone on the ventilation rate 

In Figure 3, the nominal ventilation rate in the ideal uniform environment is 4.32 ACH, which will be 
used to compare with that in the seven cases. 
Figure 3(a) illustrates the ventilation rate in Case MV-1-1, Case Short-1-1, and Case DV-1-1 with 
three different air distribution systems. It is evident that the air distribution system has a huge impact 
on the ventilation rate. In Case DV-1-1 with DV, the inlet is closest to the target zone (Zone E) so that 
the CO2 in the target zone is easiest to be removed. Therefore, the ventilation rate is the lowest at 3.4 
ACH (21.3% lower than the nominal ventilation rate). In Case Short-1-1 with Short, the supplied air is 
short circuit and exhausted directly by the outlet. Therefore, the CO2 in the target zone is hardest to be 
removed so that the ventilation rate is the highest at 8.0 ACH (85.2% higher than the nominal 
ventilation rate). For Case MV-1-1, the amount of ventilation rate is in the middle range. 
Figure 3(b) illustrates the ventilation rate in Case MV-1-1, Case MV-2-1, and Case MV-3-1 with three 
different CO2 source distributions. In Case MV-1-1 with uniform distributed CO2 source, the 
ventilation rate is almost same with the nominal ventilation rate in the ideal uniform indoor 
environment. In Case MV-3-1, the CO2 source was located in the target zone (Zone E). Therefore, the 
target zone is easiest be polluted by the CO2 source so that the ventilation rate is the highest at 6.5 
ACH. For Case MV-2-1, the amount of ventilation rate is in the middle range. 
Figure 3(c) illustrates the ventilation rate in Case MV-1-1, Case MV-1-2, and Case MV-1-3 with three 
different target zones. In Case MV-1-3, the target zone (Zone H) is close to the outlet so that the CO2 

The space below 1.5m in the chamber was divided evenly into nine local zones, as shown in Figure 
2(a). Zone E, Zone B or Zone H was the target zone, in which the average CO2 concentration needs to 
be kept at 1000 ppmv. The emission intensity of CO2 source is the same 70 mg/s, but there are three 
different kinds of CO2 source distribution. The CO2 source with size of 4.12m×2.89m×4.2m is 
distributed uniformly, as shown in Figure 1. The CO2 source with size of 0.5m×1.2m×0.5m is located 
in Zone E, as shown in Figure 2(b). The CO2 sources with size of 0.5m×1.2m×0.5m is located in Zone 
H, as shown in Figure 2(c). 

   
(a) Target zone (b) CO2 source in Zone E (c) CO2 source in Zone H 

Figure 2. Target zone and CO2 source 

3.2 Cases design 
Seven cases with different air distribution system, CO2 source distribution and target zone were 
designed, as listed in Table 1. 

Table 1. Seven Cases 
 Air distribution Contaminant sources distribution Target zone 

Case MV-1-1 

MV 

Uniform distribution 
4.12 m×2.89 m×4.2 m, 70 mg/s 

Zone E, Cset=1000 ppmv 
Case MV-1-2 Zone B, Cset=1000 ppmv 
Case MV-1-3 Zone H, Cset=1000 ppmv 
Case MV-2-1 Zone H, 0.5 m×1.2 m×0.5 m, 70 mg/s 

Zone E, Cset=1000 ppmv Case MV-3-1 Zone E, 0.5 m×1.2 m×0.5 m, 70 mg/s 
Case Short-1-1 Short Uniform distribution 

4.12 m×2.89 m×4.2 m, 70 mg/s Case DV-1-1 DV 

In Table 1, Case MV-1-1 is the basic case, which was used to be compared with the other cases. 
Comparison of Case MV-1-1, Case MV-1-2, and Case MV-1-3 is intended to analyse the effect of 
target zone, comparison of Case MV-1-1, Case MV-2-1, and Case MV-3-1 is to analyse the effect of 
contaminant source distribution, and comparison of Case MV-1-1, Case Short-1-1, and Case DV-1-1 
is to analyse the effect of air distribution system. 
3.3 Simulation settings 
In the steady-state CFD simulation, Boussinesq approximation was used to model the buoyancy force. 
The RNG κ-ε turbulence model, which is widely used in indoor airflow computations, was employed 
to consider the turbulent flow. The body-force-weighted scheme for pressure and the second-order 
upwind scheme for others were adopted. The discrete equations were solved under the imposed 
boundary conditions with an iterative procedure and the SIMPLE algorithm. The grid had 
approximately 476,000 hexahedral cells (varying slightly with different ventilation systems), which 
resulted from a grid sensitivity analysis. 
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in the target zone is relatively easy to be removed. Therefore, the ventilation rate is the lowest at 4.2 
ACH. In Case MV-1-2, the target zone (Zone B) is far away from the outlet so that the ventilation rate 
is the highest at 4.4 ACH. For Case MV-1-1, the amount of ventilation rate is in the middle range. 

5 CONCLUSIONS 
 (1) A general formula of ventilation rate in the non-uniform indoor environment oriented to the local 
requirements was derived based on the steady accessibility of contaminant source (SACS).  
(2) The general formula revealed that the amount of ventilation rate is dependent on the SACS. If we 
keep less influence of contaminant source on the target zone (i.e. less SACS), less ventilation rate is 
needed.  
(3) The air distribution system, contaminant source distribution, and target zone have a large impact 
on ventilation rate. The differences resulting from varying the three factors were as much as 106.5%, 
50.9%, and 4.6% in the seven simulated cases, respectively. 
This study will help practitioners to design more efficient ventilation system oriented to local demand 
for residential, commercial and industrial buildings. 
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SUMMARY 
High occupant density, intermittent occupancy patterns, and the impact of classroom environment on 
teaching and learning, make energy efficient classroom air distribution a challenging task. 
Performance data of different classroom air distribution systems, during their service life, remains 
scarce. The current study was hence undertaken to examine performance of three different, demand 
controlled, air distribution systems, in three in-use lecture rooms: mixed, thermal displacement, and a 
50:50 combination of the mixing and displacement schemes. Air temperature and humidity were 
measured at 20 different heights, at two different locations, in all three rooms. Occupancy was 
recorded during each scheduled lecture. The vertical temperature gradients varied with air-distribution 
system type and actual occupancy. Stratification magnitude was remarkably more for the 
displacement system, compared to the other two. For displacement ventilation temperature 
stratification was primarily limited closer to the floor. Temperature stratification progressively 
increased through a class hour, gradually returning towards the initial state once students leave. In the 
occupied zone, temperature gradients stayed within ~4 °C, thus allaying concerns of local discomfort 
due to temperature stratification.  
Keywords: classrooms, temperature stratification, local discomfort, ventilation,   

1 INTRODUCTION  
Classroom thermal conditions and air quality have a firmly established relation with student 
performance (Wargocki & Wyon, 2007; Haverinen-Shaughnessy & Shaughnessy, 2015) and student 
absenteeism and health (Mendell et al., 2013). At the same time, nature of air distribution system 
employed in a classroom has a major impact on air quality and distribution and occupant thermal 
comfort perception (Fong et al., 2011). Fully mixed ventilation (MV) may not be the most efficient 
when it comes to heat or pollutant removal (Muller et al., 2013). For MV to achieve the same 
temperature in occupied space as a displacement ventilation system (DV), higher supply air flow rates  
are typically required, leading to greater energy consumption (Qiu-Wang & Zhen, 2006). Similarly, 
DV may lead to draft discomfort close to adjacent zone of supply unit and thermal stratification 
issues. While DV is normally effective in removing pollutants from breathing zone, if there are 
contaminant sources near the floor, DV may start introducing them into the breathing zone, which 
could require modifications to the system (Holmberg & Chen, 2003; Kosonen et al., 2017). Yet, data 
on the performance of air distribution systems in actual classrooms is scarce. Keeping this in mind, a 
series of measurements were carried out in classrooms on the campus of Aalto University, covering 
three different systems: MV, DV, and a 50:50 combination of MV and DV. In the current work, we 
focus on the vertical temperature profiles measured in the three classrooms and and how the 
temperature profiles are affected by the transitional nature of occupancy. The methods used can 
inform further studies conducted in field condition to evaluate classroom air distribution systems. 
Data gathered can also prove to be useful for validating numerical models developed for both energy 
simulation and CFD models of air distribution. 

in the target zone is relatively easy to be removed. Therefore, the ventilation rate is the lowest at 4.2 
ACH. In Case MV-1-2, the target zone (Zone B) is far away from the outlet so that the ventilation rate 
is the highest at 4.4 ACH. For Case MV-1-1, the amount of ventilation rate is in the middle range. 

5 CONCLUSIONS 
 (1) A general formula of ventilation rate in the non-uniform indoor environment oriented to the local 
requirements was derived based on the steady accessibility of contaminant source (SACS).  
(2) The general formula revealed that the amount of ventilation rate is dependent on the SACS. If we 
keep less influence of contaminant source on the target zone (i.e. less SACS), less ventilation rate is 
needed.  
(3) The air distribution system, contaminant source distribution, and target zone have a large impact 
on ventilation rate. The differences resulting from varying the three factors were as much as 106.5%, 
50.9%, and 4.6% in the seven simulated cases, respectively. 
This study will help practitioners to design more efficient ventilation system oriented to local demand 
for residential, commercial and industrial buildings. 
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2 METHODS 

2.1 Organization of the measurements 
Three classrooms – hereon referred to as R1, R2, and R3 – on the first floor of the Otakari 1 building, 
in the Otaniemi campus of Aalto University were chosen for these measurements carried out between 
27th of October and 1st of December 2017. Classroom relevant features have been summarized in 
Table 1. Rooms’ images and sketched layout have been provided in Figure 1. For all three rooms, 
exhaust grilles are near ceiling height and located along the back walls. All the rooms have demand 
based ventilation. The supply air flow rate has maximum value when occupancy sensors detect any 
presence. But ventilation rate does not change with number of students present.  While R3 is a 
completely internal room, R2 has its west and south walls and R1 has its east and south walls exposed 
to the outdoors.  

Table 1. Classroom Features  
Room Floor Space 

(m2) 
Seating 

Capacity 
Air distribution 

system 
Max. air 

supply (l/s) 
Supply diffusers Exhaust 

R1 94 70 Mixed + 
Displacement 

260 + 500 24 underfloor, 3 in 
ceiling 

4 grilles 

R2 156 156 Mixed  1500  3 in ceiling 5 grilles 
R3 108 65 Displacement 600 50 underfloor 5 grilles 

Table 2. Measuring Instrument  
Instrument Parameters Range Accuracy 

TinyTag Plus 2 Dual Channel 
Temperature/RH logger 

Temperature 
Humidity 

-25 to 85 °C 
0 to 100% RH 

0.4-0.5 °C 
± 3.0% 

    
Swema 3000md Manometer Flow differential pressure -300 to 1500 Pa ±0.3% (> ±0.3 

Pa) 

Two measuring masts were assembled with 20 TinyTag Plus 2 Dual Channel loggers. Seventeen 
TinyTags were located at 10 cm separation, starting from 0.1 to 1.7 m, followed by three more at 2, 
2.5, and 3 m respectively. An image of this assembled stand has also been given in Figure 1. A 
Swema 3000md manometer was used for measuring flow rates from individual diffusers. Instrument 
specifications and accuracy have been provided in Table 2. During measurements, two measuring 
masts were placed in each classroom. Mast locations have been marked in the layout sketches in 
Figure 1. One of the masts was kept close to the wall while the other was placed close to the students, 
to investigate the effect of occupancy and occupancy transitions on the temperature profile. It is data 
from this second mast that is discussed in this work, the focus being on occupant thermal comfort and 
implications of stratification and temporal changes in occupancy. 

2.2 Analysis of measured data 
Data logged by the TingTags were pre-processed and collated using MS Excel 2010. Each room’s 
data was analysed independently. In this work, focus was kept on the vertical temperature profiles for 
each classroom on the day it had its maximum occupancy during the study. Percentage dissatisfaction 
due to temperature stratification was calculated using Equation 1 (ISO, 2005), where PD is the 
percentage dissatisfied and ΔTa,v is the vertical air temperature difference.  

 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (%) = 100
1+exp (5.76−0.856 ∙ ∆𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎,𝑣𝑣𝑣𝑣)

   (1) 

Since occupants were sitting, head height is approximated at 1.1 m and feet are assumed to be at 0.1 
m. As the sensor accuracy is 0.4 to 0.5 °C, the accuracy of temperature differences measured is [(0.5)2 
+ (0.5)2]1/2 = 0.7 °C. 
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Figure 1. Rooms studied: a) & d) R1; b) & e) R2; c) & f) R3. g) Mast h) close up of sensor 
arrangement. The stars in the room layout sketches represent where the masts were located during 
measurements. Results have been presented for the mast location highlighted with a red circle.  

3 RESULTS AND DISCUSSIONS 
On the days for which we present the data, the occupancy was 54, 60, and 47 students in rooms R1, 
R2, and R3 respectively. This implies a near 70% occupancy in R1 and R3 but just 38% in R2.  

2 METHODS 

2.1 Organization of the measurements 
Three classrooms – hereon referred to as R1, R2, and R3 – on the first floor of the Otakari 1 building, 
in the Otaniemi campus of Aalto University were chosen for these measurements carried out between 
27th of October and 1st of December 2017. Classroom relevant features have been summarized in 
Table 1. Rooms’ images and sketched layout have been provided in Figure 1. For all three rooms, 
exhaust grilles are near ceiling height and located along the back walls. All the rooms have demand 
based ventilation. The supply air flow rate has maximum value when occupancy sensors detect any 
presence. But ventilation rate does not change with number of students present.  While R3 is a 
completely internal room, R2 has its west and south walls and R1 has its east and south walls exposed 
to the outdoors.  

Table 1. Classroom Features  
Room Floor Space 

(m2) 
Seating 

Capacity 
Air distribution 

system 
Max. air 

supply (l/s) 
Supply diffusers Exhaust 

R1 94 70 Mixed + 
Displacement 

260 + 500 24 underfloor, 3 in 
ceiling 

4 grilles 

R2 156 156 Mixed  1500  3 in ceiling 5 grilles 
R3 108 65 Displacement 600 50 underfloor 5 grilles 

Table 2. Measuring Instrument  
Instrument Parameters Range Accuracy 

TinyTag Plus 2 Dual Channel 
Temperature/RH logger 

Temperature 
Humidity 

-25 to 85 °C 
0 to 100% RH 

0.4-0.5 °C 
± 3.0% 

    
Swema 3000md Manometer Flow differential pressure -300 to 1500 Pa ±0.3% (> ±0.3 

Pa) 

Two measuring masts were assembled with 20 TinyTag Plus 2 Dual Channel loggers. Seventeen 
TinyTags were located at 10 cm separation, starting from 0.1 to 1.7 m, followed by three more at 2, 
2.5, and 3 m respectively. An image of this assembled stand has also been given in Figure 1. A 
Swema 3000md manometer was used for measuring flow rates from individual diffusers. Instrument 
specifications and accuracy have been provided in Table 2. During measurements, two measuring 
masts were placed in each classroom. Mast locations have been marked in the layout sketches in 
Figure 1. One of the masts was kept close to the wall while the other was placed close to the students, 
to investigate the effect of occupancy and occupancy transitions on the temperature profile. It is data 
from this second mast that is discussed in this work, the focus being on occupant thermal comfort and 
implications of stratification and temporal changes in occupancy. 

2.2 Analysis of measured data 
Data logged by the TingTags were pre-processed and collated using MS Excel 2010. Each room’s 
data was analysed independently. In this work, focus was kept on the vertical temperature profiles for 
each classroom on the day it had its maximum occupancy during the study. Percentage dissatisfaction 
due to temperature stratification was calculated using Equation 1 (ISO, 2005), where PD is the 
percentage dissatisfied and ΔTa,v is the vertical air temperature difference.  

 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (%) = 100
1+exp (5.76−0.856 ∙ ∆𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎,𝑣𝑣𝑣𝑣)

   (1) 

Since occupants were sitting, head height is approximated at 1.1 m and feet are assumed to be at 0.1 
m. As the sensor accuracy is 0.4 to 0.5 °C, the accuracy of temperature differences measured is [(0.5)2 
+ (0.5)2]1/2 = 0.7 °C. 
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3.1 Temperature profiles in the rooms 
The temperature profile, for each of the room, has been presented in Figure 2. Even with the vertical 
temperature gradient around student sitting locations, temperature for all three rooms, in occupied 
zone, kept within the design range of 20 to 24.5 °C. Temporal variation of temperature, at the same 
height, was least for R2 (MV), followed by R1 (MV+DV) and was largest for R3 (DV). Thus, as 
expected, student influx and exit affected temperature profiles the most for DV and least for MV, with 
the MV-DV combination being in-between and closer to MV. In R2, even though 66% of the 
ventilation air came in at floor level, the temperature profiles were closer to that of the MV system. 
An explanation could be that occupancy was at only 38% of design value, leading to convection flows 
in the occupied zone being not strong enough. 
The temperature ramps in R1 and R3 reached magnitudes of about 1.5 °C per hour at 1.1 m level. 
Such temperature variations, in classrooms, have not been known to be perceived or cause discomfort 
(Mishra et al., 2017). For R2, at the same height, temporal variations over an hour were within ranges 
of instrument accuracy, indicating good mixing in the room space. At any time-point, stratification, 
for MV, could reach as much as 1 °C (Figure 1 (b)), leading to PD of 0.7%, using Equation 1. For the 
MV-DV combination, stratification always kept within 0.5 °C (Figure 1 (a)), i.e., within the limits of 
instrument accuracy. For the DV room, stratification was the most conspicuous and by the end of the 
lecture, temperature difference between head and feet levels reached 3.4 °C (Figure 1 (c), 11:00), 
indicating a PD of 5.5%. Some points at below 0.5 m height in R3 could have temperature in the 
range of 19.5 to 20 °C, raising concerns of cold discomfort for lower body parts. Stratification 
increased as students come in and reached the maximum level at the end of lectures. As expected, the 
most conspicuous example of this evolution of vertical temperature profiles was the DV room.  Once 
the lecture is over and students start exiting, the temperature profiles started moving back towards the 
ones prevalent in the unoccupied classroom. 
The three air distribution systems presented distinct vertical temperature profiles. The MV-DV 
combination led to vertical temperature profiles closer to MV but temporal variations similar to the 
DV case. Stratification magnitude in DV could pose some risks of local discomfort due to vertical 
temperature gradients, especially towards the end of the lecture. The MV-DV system produces 
vertical temperature profiles with very little stratification. This may be attributed to air streams, at 
similar temperatures, being introduced from both the ceiling and floor.  
The MV-DV is an interesting example since it may not be planned as part of initial construction but 
retrofits, requiring higher ventilation rates, may lead to this curious combination. More such systems 
would be encountered as existing building get retrofitted and ventilation requirements are revised. 
Performance of MV-DV system needs more extensive examination and further careful consideration 
of its control strategy – for example, what fraction of air needs to be introduced from ceiling diffusers, 
depending on occupancy. In addition to the temperature stratification, the other aspect of note was 
temporal variations in temperature and vertical temperature profiles. Temperatures were within winter 
comfort limits. But, if a conditioning system is maintaining temperatures closer to the upper thermal 
comfort limit, overheating may become an issue. This is an aspect typical to classrooms because of the 
transitional nature of occupancy and high occupant density. Keeping these occupancy related aspects 
in mind, we had focused measurement location close to student seating positions. 

3.2 Study Limitations 
The classrooms were of different sizes and different actual occupancy, making an unbiased 
comparison of the air distribution systems difficult. The classrooms had a few other differences, 
including orientation and external walls and windows. However, each of the classrooms is quite large 
(90 m2 or larger) and held over 50 students during the measurements discussed. Keeping these 
differences in mind, discussions have been limited to temperature profile near student seating 
positions. The type of load has a significant effect on temperature gradients (Muller et al., 2013; 
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Kosonen et al., 2017). In most cases, the major portion of thermal gradient occurs within the occupied 
zone, as does it in this case as well. However, additionally, there were also some significant gradients 
between 2 and 3 m. This may be attributed to the positioning of light fixtures.   

 

Figure 2.Vertical temperature profiles in the investigated rooms on the day when maximum 
occupancy was observed for each room. Vertical temperature profiles at different time points, from 
beginning to end of lecture, have been provided:  a) R1; b) R2; c) R3 
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3.1 Temperature profiles in the rooms 
The temperature profile, for each of the room, has been presented in Figure 2. Even with the vertical 
temperature gradient around student sitting locations, temperature for all three rooms, in occupied 
zone, kept within the design range of 20 to 24.5 °C. Temporal variation of temperature, at the same 
height, was least for R2 (MV), followed by R1 (MV+DV) and was largest for R3 (DV). Thus, as 
expected, student influx and exit affected temperature profiles the most for DV and least for MV, with 
the MV-DV combination being in-between and closer to MV. In R2, even though 66% of the 
ventilation air came in at floor level, the temperature profiles were closer to that of the MV system. 
An explanation could be that occupancy was at only 38% of design value, leading to convection flows 
in the occupied zone being not strong enough. 
The temperature ramps in R1 and R3 reached magnitudes of about 1.5 °C per hour at 1.1 m level. 
Such temperature variations, in classrooms, have not been known to be perceived or cause discomfort 
(Mishra et al., 2017). For R2, at the same height, temporal variations over an hour were within ranges 
of instrument accuracy, indicating good mixing in the room space. At any time-point, stratification, 
for MV, could reach as much as 1 °C (Figure 1 (b)), leading to PD of 0.7%, using Equation 1. For the 
MV-DV combination, stratification always kept within 0.5 °C (Figure 1 (a)), i.e., within the limits of 
instrument accuracy. For the DV room, stratification was the most conspicuous and by the end of the 
lecture, temperature difference between head and feet levels reached 3.4 °C (Figure 1 (c), 11:00), 
indicating a PD of 5.5%. Some points at below 0.5 m height in R3 could have temperature in the 
range of 19.5 to 20 °C, raising concerns of cold discomfort for lower body parts. Stratification 
increased as students come in and reached the maximum level at the end of lectures. As expected, the 
most conspicuous example of this evolution of vertical temperature profiles was the DV room.  Once 
the lecture is over and students start exiting, the temperature profiles started moving back towards the 
ones prevalent in the unoccupied classroom. 
The three air distribution systems presented distinct vertical temperature profiles. The MV-DV 
combination led to vertical temperature profiles closer to MV but temporal variations similar to the 
DV case. Stratification magnitude in DV could pose some risks of local discomfort due to vertical 
temperature gradients, especially towards the end of the lecture. The MV-DV system produces 
vertical temperature profiles with very little stratification. This may be attributed to air streams, at 
similar temperatures, being introduced from both the ceiling and floor.  
The MV-DV is an interesting example since it may not be planned as part of initial construction but 
retrofits, requiring higher ventilation rates, may lead to this curious combination. More such systems 
would be encountered as existing building get retrofitted and ventilation requirements are revised. 
Performance of MV-DV system needs more extensive examination and further careful consideration 
of its control strategy – for example, what fraction of air needs to be introduced from ceiling diffusers, 
depending on occupancy. In addition to the temperature stratification, the other aspect of note was 
temporal variations in temperature and vertical temperature profiles. Temperatures were within winter 
comfort limits. But, if a conditioning system is maintaining temperatures closer to the upper thermal 
comfort limit, overheating may become an issue. This is an aspect typical to classrooms because of the 
transitional nature of occupancy and high occupant density. Keeping these occupancy related aspects 
in mind, we had focused measurement location close to student seating positions. 

3.2 Study Limitations 
The classrooms were of different sizes and different actual occupancy, making an unbiased 
comparison of the air distribution systems difficult. The classrooms had a few other differences, 
including orientation and external walls and windows. However, each of the classrooms is quite large 
(90 m2 or larger) and held over 50 students during the measurements discussed. Keeping these 
differences in mind, discussions have been limited to temperature profile near student seating 
positions. The type of load has a significant effect on temperature gradients (Muller et al., 2013; 
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5 CONCLUSIONS 
While temperature stratification due to DV and MV systems is a well explored subjected, in this work, 
we have touched upon two other compelling aspects: a hybrid of DV-MV systems for air distribution 
and the temporal variations due to transient occupancy. Our results showed that vertical variations are 
dependent on the ventilation type but all three systems had temporal variations that tracked the student 
influx and exit patterns. Unlike the DV or MV system, even though 66% of the supply air is released 
in the occupied zone, MV-DV showed very little stratification of air temperature. For the DV system, 
some risks of local discomfort due to vertical temperature gradients and draft exposure to lower body 
parts were noted.      
The study also yielded a significant volume of practical data on performance of three different air 
distribution systems in classrooms. While we have focused on aspects of temperature stratification 
and temporal variations due to occupancy in this work, successive works would be presenting more 
detailed analysis and other aspects of temperature variations across the classrooms.    
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SUMMARY 
The aim of this study is to evaluate the performance of a generic air curtain configuration when it is 
exposed to cross-jet forces derived from systematic variations in environmental conditions, namely 
pressure gradients between the indoor and outdoor environments. The analysis is performed based on 
computational fluid dynamics (CFD) simulations on verified computational grids and validated with 
water-tank experiments and field measurements. Preliminary CFD simulations of the air curtain using 
the 3D steady Reynolds-averaged Navier-Stokes (RANS) equations indicate the existence of an 
optimum air curtain separation efficiency –based on infiltration and exfiltration– for a particular jet 
momentum (i.e., effective nozzle width and discharge velocity) and a given pressure gradient. In favor 
of optimizing the air curtain separation efficiency under variable environmental conditions, the observed 
results motivate the implementation of a dynamically controlled jet momentum depending on cross-jet 
pressure gradients.  
Keywords: Air curtain, infiltration, impinging jets, CFD, energy efficiency 

1 INTRODUCTION  
Air infiltration is responsible for a major share of building energy losses, which can account for 25% of 
the total heating loads in commercial buildings (Younes et al., 2012; Emmerich & Persily, 1998). 
Furthermore, air infiltration can contribute to the transport of contaminants and negatively affect the 
thermal comfort conditions in indoor environments (Lstiburek et al., 2002; Liddament, 1986). For this 
reason, air curtains are typically used at entrance doors to provide an aerodynamic barrier to minimize 
infiltration losses, reduce local thermal discomfort (i.e., draft and air temperature differences) and limit 
the transport of pollutants to indoor spaces (e.g., Zhai & Osborne, 2013; Hu et al., 2008), while allowing 
an uninterrupted access of people or vehicles. The performance of air curtains is commonly assessed based 
on the heat or mass exchange occurring between the separated environments through the criterion known 
as ‘separation efficiency’. Considering that external forces can be present which alter the flow pattern of 
a jet and therefore influence the transport of heat and mass across the jet, these external forces can have a 
significant effect on the separation efficiency of air curtains. Very frequently the external forces are a 
consequence of environmental parameters such as direct pressure differences (wind pressures and 
building/room pressurization), and cross-jet temperature (natural draught) and concentration differences 
which also induce pressure loads on the air curtain. For the optimization of state-of-the-art air curtains and 
the development of new air curtains, it is essential to understand the effect of these external forces on the 
separation efficiency. For that purpose, numerical simulations using computational fluid dynamics (CFD) 
were conducted to analyze the fundamental flow behavior and systematically evaluate the performance of 
an air curtain under different environmental pressure conditions. CFD simulations using the 3D steady 
Reynolds-averaged Navier-Stokes (RANS) equations were accompanied with water tank experiments 
(Khayrullina et al., 2017) and field measurements (Biddle B.V., 2016) for validation. 

5 CONCLUSIONS 
While temperature stratification due to DV and MV systems is a well explored subjected, in this work, 
we have touched upon two other compelling aspects: a hybrid of DV-MV systems for air distribution 
and the temporal variations due to transient occupancy. Our results showed that vertical variations are 
dependent on the ventilation type but all three systems had temporal variations that tracked the student 
influx and exit patterns. Unlike the DV or MV system, even though 66% of the supply air is released 
in the occupied zone, MV-DV showed very little stratification of air temperature. For the DV system, 
some risks of local discomfort due to vertical temperature gradients and draft exposure to lower body 
parts were noted.      
The study also yielded a significant volume of practical data on performance of three different air 
distribution systems in classrooms. While we have focused on aspects of temperature stratification 
and temporal variations due to occupancy in this work, successive works would be presenting more 
detailed analysis and other aspects of temperature variations across the classrooms.    
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2 METHODS 
2.1 Verification and validation of the CFD model 
In order to ensure reliable CFD simulation results in the present analysis, the computational parameters 
and settings of the numerical simulations were validated with dedicated experimental data. The data 
derived from particle image velocimetry (PIV) measurements of an isothermal plane impinging jet in a 
water tank (Khayrullina et al., 2017) were used for validation. In particular, the experimental data 
obtained at a Reynolds number of 13,500 and a jet width Wjet = 8 mm were considered since it 
approximates the mean operational conditions of the reference air curtain that was selected for this 
analysis (operating at a Reynolds number between 8,000 and 21,200).  
The 3D geometry and boundary conditions in the experimental setup were replicated as closely as 
possible in a computational model (Figure 1). A grid-sensitivity analysis was performed to ensure that 
the computed solutions of the numerical simulations do not change significantly with different levels of 
grid refinement, thus minimizing the associated spatial discretization errors. The resulting high-quality 
and high-resolution computational grid with 1,209,630 cells consisted entirely of structured hexahedral 
cells with expansion ratios below 1.12 (Figure 2). To capture the flow at the jet discharge, 12 cells were 
used across the half nozzle contraction represented in the computational geometry, yielding a maximum 
y+ of 33 at the contraction. 

Figure 1. a) Scheme of the experimental setup in a water tank (Khayrullina et al., 2017), b) Replicated 
geometry and boundary conditions in the computational domain.  

 
Figure 2. Computational grid for the validation study consisting of 1,209,630 hexahedral cells.  
For the validation study, the ANSYS Fluent 18.0 code was configured to solve the 3D steady RANS 
equations. The near-wall regions were solved by the incorporation of scalable wall functions, pressure-
velocity coupling was carried out by means of the SIMPLE algorithm, and second-order discretization 
schemes were used for all flow variables. Whereas the suitability of distinct computational parameters 
was evaluated, the focal point of the validation study was the selection of an appropriate turbulence 
model for steady RANS simulations. The emphasis in the validation study was on the dimensionless 
velocity magnitude |V|/V0 and dimensionless turbulent kinetic energy values k/V02 along the jet 
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centerline, with V0 the jet inlet velocity in the streamwise direction, with the objective to evaluate the 
decay of the jet (Figure 3). As the overall quantified deviations – in terms of a normalized mean-square 
error– for the standard k-ε turbulence model compared to the PIV measurements were the lowest among 
the tested turbulence models (3.2% for the velocity in the centerline and 12.1% for the turbulence kinetic 
energy), this model was considered appropriate for the numerical simulation of the reference air curtain. 

Figure 3. a) Contour of dimensionless mean velocity magnitude |V|/V0 obtained through 3D steady 

RANS simulations using the standard k-ε turbulence model, with an indication of the jet centerline. b-
c) Comparison of the CFD results along the jet centerline with experimental PIV data from Khayrullina 
et al. (2017). b) Dimensionless mean |V|/V0 velocity magnitude. c) Dimensionless turbulent kinetic 
energy k/V0

2
.   

2.2 Computational configuration of the reference air curtain 
The air-curtain’s operational parameters used for reference (i.e., discharge velocity profiles, effective 
nozzle width and typical installation height) correspond to those of the commercial air curtain SensAir 
‘SR S-200-A’, from the manufacturer Biddle, operating at ambient air conditions (isothermal jet 
discharge). A realistic and uniform description of the discharge velocity profiles under isothermal and 
isobaric conditions of the reference air curtain was obtained by fitting field velocity measurements to a 
modified Gaussian distribution – implemented as a boundary condition in the CFD model – capable of 
describing the velocity regime in the initial jet regions, as proposed by Lee at al. (2011): 

𝑉𝑉𝑉𝑉𝑦𝑦𝑦𝑦 = 𝑉𝑉𝑉𝑉0,𝑦𝑦𝑦𝑦 ∙ 𝑒𝑒𝑒𝑒
�𝑎𝑎𝑎𝑎𝑎(𝑥𝑥𝑥𝑥 𝑥𝑥𝑥𝑥0.5⁄ )2�𝜉𝜉𝜉𝜉(𝑦𝑦𝑦𝑦)� (1) 

where V0,y is the centerline velocity, δ0.5 the jet half-width, a is a constant (= -1), and ξ(y) is the spread 
adjusting coefficient. The computational domain for the reference air curtain was modeled in such a 
way that it represents the installation of a typical air curtain at the entrance of a commercial building. 
Thus, the indoor space was represented by an enclosure with a height of 3.5 m and a pressure opening 
to the right side of the domain where the indoor pressure was set. On the other hand, the outdoor space 
was represented by pressure openings on the left side and top of the domain, where the outdoor pressure 
was set. Both, indoor and outdoor sides, extended up to 6.5 m in lateral direction to allow the 
development of the curtain flow. The installation height of the curtain between the sections, which 
corresponds to the entrance height, was the optimal as recommended in the data sheet for this particular 
curtain, i.e., 2.2 m. The computational domain encompassed the region of a single fan of the air curtain 
in the spanwise direction (i.e., region with a length of 0.5 m). Symmetry was assumed in the spanwise 
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and settings of the numerical simulations were validated with dedicated experimental data. The data 
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geometry and boundary conditions in the computational domain.  

 
Figure 2. Computational grid for the validation study consisting of 1,209,630 hexahedral cells.  
For the validation study, the ANSYS Fluent 18.0 code was configured to solve the 3D steady RANS 
equations. The near-wall regions were solved by the incorporation of scalable wall functions, pressure-
velocity coupling was carried out by means of the SIMPLE algorithm, and second-order discretization 
schemes were used for all flow variables. Whereas the suitability of distinct computational parameters 
was evaluated, the focal point of the validation study was the selection of an appropriate turbulence 
model for steady RANS simulations. The emphasis in the validation study was on the dimensionless 
velocity magnitude |V|/V0 and dimensionless turbulent kinetic energy values k/V02 along the jet 
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direction to account for the presence of neighboring fans. A grid-sensitivity analysis was performed to 
determine the appropriate level of grid refinement, resulting in a fully-structured hexahedral mesh with 
896,750 cells, 14 cells across the discharge nozzle and an average expansion ratio of 1.1 (Figure 4a,b). 
The creation of computational grids and fitting of boundary conditions was performed for the reference 
air curtain considering its valve/fan setting #6 (effective discharge nozzle width Wjet 65 mm and bulk 
airflow rate 2,310 m3/s), which resulted in a jet momentum flux Mjet = ρWjetVjet2 (per unit curtain length) 
of 6.5 kg/s2. Since it is the goal of this study to determine the specific influence of environmental 
pressure on the performance of the air curtain, this environmental factor was isolated and analyzed 
independently from other simultaneous environmental parameters (e.g., temperature and concentration), 
which can also introduce variations in the pressure field. Therefore, the simulations were carried out 
introducing isothermal cross-jet pressure variations. The curtain jet itself was treated as isothermal 
throughout the numerical experiments, thus representing the operation of the air curtain without heating 
coils (i.e., ambient air discharge). Systematic variations of pressure were implemented in steps of 1 Pa, 
until a maximum difference of 5 Pa.  

Figure 4. a,b) Visualization of the created grid and the configuration of the computational domain for 
the 3D RANS simulation of the reference air curtain, where ‘p’ represents the pressure of the indoor 
(subscript ‘i’) and outdoor (subscript ‘o’) side. c) Representation of the setup for the determination of 
mass flow rates 𝑚𝑚𝑚𝑚𝑚 , where the subscripts ‘in’ and ‘out’ relate to the indoor and outdoor air, respectively, 
and subscripts ‘ac’ and ‘ref’ relate to the opening with and without the air curtain, respectively. 
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2.3 Estimation of separation efficiencies 
The main criterion adopted to evaluate the performance of the air curtain is the separation efficiency. 
By definition, the separation efficiency relates to the amount of mass (or heat) exchange across an 
opening (or entry door) when an air curtain is implemented in comparison with the same opening under 
the same environmental conditions yet without the air curtain. In this study, a distinction was made 
between the separation efficiency derived from the infiltration of outdoor air (ηs,inf) and the separation 
efficiency derived from both, i.e. the infiltration of outdoor air and the exfiltration of indoor air (ηs,tot) 
(Figure 4c).  

3 RESULTS AND DISCUSSION 
An evident decreasing trend in the separation efficiency based on infiltration (ηs,inf) is observed with an 
increase in the cross-jet load exerted on the curtain resulting from larger pressure gradients (Figure 5a). 
This finding is consistent and can be visualized with the purple line in Figure 5b. For the separation 
efficiency when infiltration and exfiltration are simultaneously considered (ηs,tot), an optimal value has 
been found for the given fan/valve setting of the air curtain. Essentially, if the cross-jet load on the 
curtain is small compared to the jet momentum flux of the air curtain (given by the width and velocity 
of the jet), then the curtain tends to discharge indoor air to the outdoor space, resulting in exfiltration. 
On the contrary, when the cross-jet load is large compared to the jet momentum flux of the air curtain, 
breakthrough occurs in the lower section of the curtain occasioning infiltration. In the optimal situation, 
the curtain jet strength is sufficient to counteract the cross-jet pressure load without providing excessive 
momentum near the stagnation point, which is then translated into a high-velocity wall stream towards 
indoor and outdoor spaces. This overall trend can be observed with the blue line in Figure 5b. Moreover, 
at a definite point above a certain pressure difference, both computed efficiencies become virtually the 
same since exfiltration of indoor air becomes insignificant. The graphical visualization of the air 
distribution between the spaces as presented in Figure 5a shows the three conditions mentioned above 
with an indication of the air curtain performance: 1) excessive exfiltration in the upper graph, 2) optimal 
condition in the middle graph, and 3) excessive infiltration in the bottom graph. 

Figure 5. a) Visualization of the effect of variations in pressure gradients (1 Pa ≤ ΔP ≤ 5 Pa) on the concentration 
of outdoor air for an opening with an air curtain with Mjet=6.5 kg/s2. b) Separation efficiencies for the reference 
air curtain when exposed to environmental pressure variations. 

direction to account for the presence of neighboring fans. A grid-sensitivity analysis was performed to 
determine the appropriate level of grid refinement, resulting in a fully-structured hexahedral mesh with 
896,750 cells, 14 cells across the discharge nozzle and an average expansion ratio of 1.1 (Figure 4a,b). 
The creation of computational grids and fitting of boundary conditions was performed for the reference 
air curtain considering its valve/fan setting #6 (effective discharge nozzle width Wjet 65 mm and bulk 
airflow rate 2,310 m3/s), which resulted in a jet momentum flux Mjet = ρWjetVjet2 (per unit curtain length) 
of 6.5 kg/s2. Since it is the goal of this study to determine the specific influence of environmental 
pressure on the performance of the air curtain, this environmental factor was isolated and analyzed 
independently from other simultaneous environmental parameters (e.g., temperature and concentration), 
which can also introduce variations in the pressure field. Therefore, the simulations were carried out 
introducing isothermal cross-jet pressure variations. The curtain jet itself was treated as isothermal 
throughout the numerical experiments, thus representing the operation of the air curtain without heating 
coils (i.e., ambient air discharge). Systematic variations of pressure were implemented in steps of 1 Pa, 
until a maximum difference of 5 Pa.  

Figure 4. a,b) Visualization of the created grid and the configuration of the computational domain for 
the 3D RANS simulation of the reference air curtain, where ‘p’ represents the pressure of the indoor 
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4 CONCLUSIONS 
Preliminary steady RANS simulations on the influence of environmental parameters on the air curtain 
performance indicate the existence of an optimum air curtain separation efficiency determined as a 
function of the cross-jet pressure gradient for a given jet momentum flux of the air curtain. For the 
specified range of cross-jet pressure gradients, exfiltration dominates when the jet momentum flux is 
excessive, while significant infiltration takes place when the jet momentum flux is insufficient. The 
presence of this optimum efficiency suggests the implementation of a dynamically controlled air-curtain 
jet strength (momentum) based on existent environmental pressure conditions. 
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SUMMARY 
PIV (Particle Image Velocimetry) analysis using the real scale model, and non-steady CFD analysis 
LES (Large Eddy Simulation) were executed to figure out the characteristics of the vortex ring which 
was supplied from the air-gun, which will be installed as the supply outlet of the new TAC (task and 
ambient air-conditioning) system. Vortex ring is easy to go straight and has more stability and less 
diffusivity than normal jet. Therefore, wind can be felt even if the TAC device is not set on the office 
worker’s desk etc. And the amount of the supplied air can be easily controlled by adjusting the suppling 
interval of the vortex ring (pulse airflow), which leads to the climate control corresponding to office 
worker’s favor and effective airflow for cooling. With these control methods with air-gun TAC, 
personal microclimate with high thermal comfort can be created. 
In this paper, the characteristics of the vortex ring were figured out using PIV and LES. The speed of 
the rotation and progression was derived, the process of the collapse of the vortex ring was reproduced, 
and the optimization of the air flow around the vortex ring was able to be attempted. 
Keywords: PIV, CFD, LES, TAC, Visualization 

1 INTRODUCTION 
Because of the improving the human comfort and easing the pre-set temperature of the room for the 
conservation of energy, various TAC (task and ambient air-conditioning) systems were proposed. TAC 
system is a method for providing office workers with control of a local supply of air to control their 
individual thermal and air environment. TAC system can provide the conditioned air to the individual 
space, not to all the room, which leads to easy control of the occupied environment with low energy.  
The authors have also conducted investigation on various performances of the TAC for developing the 
new systems and effective control methods, e.g. TAC system which provide 100 % fresh and 
conditioned air to the individual space from the task unit on the desk in naturally ventilated room (hybrid 
ventilation) with low energy consumption and high productivity (Chikamoto 2001, Chang et al. 2004), 
TAC system which is a desktop packaged air conditioning unit and supplies both direct air flow against 
human and wide covered air flow around human (Chikamoto et al. 2004), TAC system which uses 
multi-flow ceiling cassette type packaged air-conditioner which is widely used in office and is not likely 
to be detached at the layout change, though it is likely detached at the layout change when applying it 
to furniture (Ishiguro et al. 2011) and TAC system on the ceiling which can supply directional or 
diffusible airflow selected by each office worker using his or her PC (Lee et al. 2016).  
Controlled variables are air temperature, velocity, direction of the supply air etc., however supply air 
flow is always jet created by fan. Therefore, vortex ring supplied from air-gun and its pulse flow control 
technic were paid attention as the new air flow of TAC. Vortex ring is easy to go straight and has more 
stability and less diffusivity than normal jet. Therefore, wind can be felt even if the TAC device is not 
set on the office worker’s desk etc. And high rotating speed of the vortex ring also can be felt by office 
worker. The amount of the supplied air can be easily controlled by adjusting the suppling interval of the 
vortex ring (pulse airflow), which leads to the climate control corresponding to office worker’s favor 

4 CONCLUSIONS 
Preliminary steady RANS simulations on the influence of environmental parameters on the air curtain 
performance indicate the existence of an optimum air curtain separation efficiency determined as a 
function of the cross-jet pressure gradient for a given jet momentum flux of the air curtain. For the 
specified range of cross-jet pressure gradients, exfiltration dominates when the jet momentum flux is 
excessive, while significant infiltration takes place when the jet momentum flux is insufficient. The 
presence of this optimum efficiency suggests the implementation of a dynamically controlled air-curtain 
jet strength (momentum) based on existent environmental pressure conditions. 
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and effective airflow for cooling (Figure 1). With these control methods with air-gun TAC, personal 
microclimate with high thermal comfort can be created.  
 
 
 
 
 
 
 
However, it is necessary to understand the airflow characteristic of the vortex ring to use as air-
conditioning system, and to control it. Therefore, the characteristic of the vortex ring was verified by 
PIV (Particle Image Velocimetry) analysis using the real scale model. The device sending vortex ring 
with piston operation was made for the experiment.  
And non-steady CFD analysis (Large Eddy Simulation) was also carried out to figure out the 
characteristics of the vortex ring which was supplied from the air-gun, which will be installed as the 
supply outlet of the new TAC system. 

2 PIV ANALYSIS 

2.1 Outline of PIV analysis 
PIV analysis and visualization of the vortex ring supplied from air-gun was done to verify the rotating 
speed and progression speed of the vortex ring. Figures 2 shows the external views of the air-gun. This 
device is a little large type which will be used in large space, e.g. factory, the diameter of the opening 
is 17 cm. The air-gun have the squeezed shape at the nozzle. Squeezing angle is 17.5o which was 
optimized by the experiment (Moriwaki 2017). When the air pushed out is converted into the same 
column as the diameter of the opening, ratio L/D of L (height of the column) and D (diameter of the 
column) is 1.4. Sheet rubber is put on the opposite side of the opening, and the vortex ring is sent by 
beating the sheet rubber mechanically. 
 
 
 
 
 
 
 
 
The smoke was supplied into the device, and the vortex ring was sent. The section of the vortex ring 
was visualized by irradiating the laser light sheet, and it took a picture with high-speed camera (200 
fps). The velocity of the wind and the wind direction in two dimensions were confirmed by analyzing 
PIV from the image and calculating the velocity distribution of the vortex ring. The progression speed 
of the vortex ring is calculated from the number of frames (0.05 sec per frame) that required it between 
100 mm since the moment when the vortex ring passed the measurement point. 
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Figure 1 Pulse air flow control using vortex ring 
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2.2 Visualization of the vortex ring 
Figures 3 show the visualization of the vortex ring at each point from the gun. The shape immediately 
after sending was like the mass of air. A ring part remained with progress, and the vortex ring was 
formed clearly. The amount of air that remained along with the ring decreased gradually. It could be 
confirmed that the diameter of the vortex ring was about 33 cm immediately after sending. It has been 
understood the same diameter at 7 m point, and hardly changeable though the shape of the vortex ring 
has changed with progress. 

2.3 PIV analysis of the vortex ring 
At first, the vector appeared only around the vortex ring by the PIV analysis, and the whole flow of the 
vortex ring was not able to be analyzed. The reason is the speed of the vortex ring was too fast for the 
PIV analysis. Therefore, the progression speed of the vortex ring was set slowly as much as possible, 
and PIV was analysed. Figures 4 show the results of PIV analysis of the vortex ring; the progression 
speed is 1.5 m/s at the position of 2 m from the gun. 
 
 
 
 
 
 
 
 
 
The biggest vector appeared around of the center of the vortex ring. However, there is the little 
difference of the position of the center of the actual vortex ring and the center of the vortex ring of the 
vector. This is because the rotating speed of the vortex ring has been synthesized to the progression 
speed of the vortex ring. In a word, the speed vanishes at the shifting position of the center of the vortex 
because the progression speed of the vortex is synthesized to the rotating speed of the vortex. The 
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Figures 4 Results of PIV analysis of the vortex ring 
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rotating angle for the vortex was calculated from the progression speed of the vortex ring, 1.5 m/s. It 
was about 43 rad/s. And, it has been understood that the vortex rotated in the maximum at the speed of 
3.0 m/s. It is faster than progression speed. 

3 NON-STEADY CFD ANALYSIS, LES (LARGE EDDY SIMULATION) 

3.1 Outline of LES analysis 
The structural characteristics of the vortex ring were not verified sufficiently by the PIV, because of the 
high-speed rotation of the vortex ring. Therefore, the vortex ring sending device was modelled on CFD, 
and the structural characteristics of the vortex ring were analyzed by non-steady CFD, LES. It aimed to 
verify the shape variation of the vortex ring at each time and point, and it also aimed to verify the 
attenuation of the speed, and to understand the detailed structure of the vortex ring. 
 
 
 
 
 
 
 
 
 
Figures 5 show the model analyzed. An actual air-conditioning outlets device proposed by us was 
reproduced. In the center of the device, outlet of a vortex ring was set, and around it, other outlets were 
also set to reduce the shear force between vortex ring and the air around the vortex. And cold air was 
supplied from the outlet around the vortex opening to cool the surrounding of the vortex opening, 
because the cold air would be provided continuously, and drawn into the piston hole in the device. 
Analytical object is the space of width 600 mm (X), depth 600 mm(Y) and height 1,300 mm (Z). Supply 
openings were installed on the ceiling. The turbulence model is non-compression LES Smagorinsky 
model. Mesh size is 5 mm in X direction, 5 mm in Y direction, 2.5 mm in Z direction in the entire area. 
In the progress route area of the vortex ring, each mesh was divided into 3 meshes further in the direction 
of X and Y. The buoyancy effect was not considered. The calculation interval of time was decided in 
each step for the Courant number not to exceed 0.5. 

3.2 Outline of LES analysis 
Table 1 shows the cases analyzed. The time of the piston drive was 0.14 sec, and air flow volume from 
the vortex opening changed from 0 m3 (at 0 sec) to 0.005 m3 (at 0.14 sec) linearly, which were derived 
from the experiment using real scale device. Turbulent or laminar flow condition of the air surrounding 
vortex ring was compared. And the velocity of the air surrounding vortex ring was also compared.  

Table 2. Cases analyzed 
Case Condition of the air surrounding vortex Velocity of the air surrounding vortex 

1 Turbulent flow 0.1 m/s 
2 Turbulent flow 0.3 m/s 
3 Laminar flow 0.1 m/s 
4 Laminar flow 0.3 m/s 
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4 RESULTS OF THE LES ANALYSIS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.1 Vorticity 
The point where vorticity became the maximum was different (Figures 6). In Case 1 and 4, the shape 
of the vortex ring has changed greatly at the point where the vorticity became the maximum on the 
result of isosurface distribution of pressure (Figures 7). A similar tendency was also seen in other cases. 
It is thought that there is relationship between the rise of vorticity and the collapse of the vortex ring. 
Therefore, points where vorticity became the maximum were compared. In turbulent flow cases, the 
point was 600 mm (Case 1: 0.1m/s), and 300 mm (Case 1: 0.3m/s). In laminar flow cases, the point was 
600 mm (Case 3: 0.1m/s), and 500 mm (Case 4: 0.3m/s) (Figures 6). When the velocity of the 
surrounding air was larger, the vortex collapsed earlier in both conditions. However, in laminar flow 
condition, the amount of the change was small. The vortex core of Case 2 transformed larger than that 

0
100
200
300
400
500
600
700

0
0,2
0,4
0,6
0,8

1
1,2
1,4

0 200 400 600 800 1000

V
or

tic
ity

 [-
]

Distance from the ceiling [mm]

0
100
200
300
400
500
600
700

0
0,2
0,4
0,6
0,8

1
1,2
1,4

0 200 400 600 800 1000

V
el

oc
ity

 [m
/s

]

Distance from the ceiling [mm]

0
100
200
300
400
500
600
700

0
0,2
0,4
0,6
0,8

1
1,2
1,4

0 200 400 600 800 1000

V
or

tic
ity

 [-
]

Distance from the ceiling [mm]

0
100
200
300
400
500
600
700

0
0,2
0,4
0,6
0,8

1
1,2
1,4

0 200 400 600 800 1000

V
el

oc
ity

 [m
/s

]

Distance from the ceiling [mm]

(2) Case 2 
Turbulent flow, 
0.3 m/s 
 

(1) Case 1 
Turbulent flow, 
0.1 m/s 
 

(3) Case 3 
Laminar flow, 0.1 m/s 
 

(4) Case 4 
Laminar flow, 0.3 m/s 
 

Vorticity has 
maximum  
value 
 

Vorticity 
  

Rotating speed Progression speed 

Figures 6 Vorticity, rotating speed and progression speed at each point 

-0.5 

600 mm 
 (at maximum vorticity） 

700 mm 

500 mm 400 mm 
0 [Pa] 

(1) Case 1 

(4) Case 4 

(2) Case 2 

(3) Case 3 

500 [s-1] 0 

500 mm 
 (at maximum vorticity） 

600 mm 

Figures 7 Isosurface distribution of pressure 
(1) Case 1 (2) Case 4 Figures 8 Isosurface distribution of vorticity at 

300 mm from the ceiling 

rotating angle for the vortex was calculated from the progression speed of the vortex ring, 1.5 m/s. It 
was about 43 rad/s. And, it has been understood that the vortex rotated in the maximum at the speed of 
3.0 m/s. It is faster than progression speed. 

3 NON-STEADY CFD ANALYSIS, LES (LARGE EDDY SIMULATION) 

3.1 Outline of LES analysis 
The structural characteristics of the vortex ring were not verified sufficiently by the PIV, because of the 
high-speed rotation of the vortex ring. Therefore, the vortex ring sending device was modelled on CFD, 
and the structural characteristics of the vortex ring were analyzed by non-steady CFD, LES. It aimed to 
verify the shape variation of the vortex ring at each time and point, and it also aimed to verify the 
attenuation of the speed, and to understand the detailed structure of the vortex ring. 
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also set to reduce the shear force between vortex ring and the air around the vortex. And cold air was 
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model. Mesh size is 5 mm in X direction, 5 mm in Y direction, 2.5 mm in Z direction in the entire area. 
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of X and Y. The buoyancy effect was not considered. The calculation interval of time was decided in 
each step for the Courant number not to exceed 0.5. 
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from the experiment using real scale device. Turbulent or laminar flow condition of the air surrounding 
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of Case 1 at the 300 mm point (Figures 8). However, the shape of the vortex core of Case 3 and 4 did 
not have large difference at that point (Figures 8). It is thought that in case of laminar flow around vortex 
ring, it is easy to maintain the vortex shape longer. 

4.2 Progression speed and rotating speed 
A large difference is not seen in the progression speed of each case at 300 mm point (Figures 6). At 900 
mm point, progression speed became about 0.1 m/s under turbulent flow condition, and about 0.2 m/s 
under laminar flow condition (Figures 6). Concerning progression speed, there was little difference 
between two air speed cases of surrounding flow, however turbulent surrounding flow affected the 
progression speed of the vortex ring. Rotating speed was larger than progression speed (Figures 6). And 
the rotating speed became the maximum near the point where vorticity became the maximum. 

5 DISCUSSION 
The structure of the vortex ring in deformation process were investigated by LES. Just after generating 
a vortex ring, the surface of the vortex ring was smooth. However, the circumferential distortion 
appeared regularly on the surface of the vortex ring and became the polygon shape. The phenomenon 
was reported by Okude (Okude et al. 2000), and it was reproduced by LES conducted by us. 

6 CONCLUSIONS 
The characteristics of the vortex ring were figured out using PIV and LES. The speed of the rotation 
and progression of the vortex ring was derived, the process of the collapse of the vortex ring was 
reproduced, and the optimization of the air flow around the vortex ring was able to be attempted. 
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SUMMARY 
The purpose of the paper is to discuss the performance of air distribution systems intended for dilution 
of contaminants and those intended for delivery of clean air to local regions within rooms. At first the 
systems are distinguished by their visiting frequency behaviour. The performance of the systems with 
respect to their possibility to influence the concentration due to contaminants is dealt with by the concept 
dilution capacity for mixing systems and by introduction of the concept delivery capacity for systems 
intended for delivery of clean air locally. Various ways of realizing systems for supply of clean air to 
regions within a room are presented and their pros and cons are discussed.  The most important single 
parameter is the entrainment of ambient air into the primary flow that drives the airflow in the room.   
Keywords: probability to return, visitation frequency, dilution capacity, delivery capacity, entrainment, 
mixing factor due to entrainment,  

1 INTRODUCTION  
Traditionally, an air distribution system serving a whole room is viewed as a system where the supplied 
flow rate provides a dilution capacity that lowers the concentrations of contaminants generated in the 
room. During the last decades systems are introduced or suggested that are marked as systems that are 
providing clean air to regions within a room. One type is called personalized systems (Melikov, 2004). 
Optimal performance of dilution capacity is obtained with a large entrainment that contrasts with the 
requirement of a low entrainment for optimal performance of delivering clean air. This calls for the 
need to introduce concepts that discriminates between the performances of the different air distribution 
systems. We hope that this paper will contribute to introduce a fruitful discussion. 

2 BASIC CONCEPTS CHARACHTERIZING AIR DISTRIBUTION - DRIVING FLOW 

2.1 Return probability, visitation frequency and two population fluid   
Generally, the flow in a room has a recirculation. Therefore, contaminants and air leaving a region may 
come back to the same region, see Fugure1. (ṁ is the generation rate of a contaminant). The probability 
to return is r (Chunga et al., 2017) and subsequently the probability to leave for never returning is (1-r).  
The corresponding flowrates associated with these probabilities are given in Table 1. Thus, air in a 
ventilated room is a two-population fluid, one population returning and one leaving for never returning. 
The measuring methods used within fluid mechanics cannot discriminate between the two populations. 
Only tracer gas technique can discriminate between the populations, because it reacts to dilution which 
is the property associated with the population leaving for never returning.   

of Case 1 at the 300 mm point (Figures 8). However, the shape of the vortex core of Case 3 and 4 did 
not have large difference at that point (Figures 8). It is thought that in case of laminar flow around vortex 
ring, it is easy to maintain the vortex shape longer. 

4.2 Progression speed and rotating speed 
A large difference is not seen in the progression speed of each case at 300 mm point (Figures 6). At 900 
mm point, progression speed became about 0.1 m/s under turbulent flow condition, and about 0.2 m/s 
under laminar flow condition (Figures 6). Concerning progression speed, there was little difference 
between two air speed cases of surrounding flow, however turbulent surrounding flow affected the 
progression speed of the vortex ring. Rotating speed was larger than progression speed (Figures 6). And 
the rotating speed became the maximum near the point where vorticity became the maximum. 

5 DISCUSSION 
The structure of the vortex ring in deformation process were investigated by LES. Just after generating 
a vortex ring, the surface of the vortex ring was smooth. However, the circumferential distortion 
appeared regularly on the surface of the vortex ring and became the polygon shape. The phenomenon 
was reported by Okude (Okude et al. 2000), and it was reproduced by LES conducted by us. 

6 CONCLUSIONS 
The characteristics of the vortex ring were figured out using PIV and LES. The speed of the rotation 
and progression of the vortex ring was derived, the process of the collapse of the vortex ring was 
reproduced, and the optimization of the air flow around the vortex ring was able to be attempted. 
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Figure 1. Top: Definition of probabilities; Bottom: Visiting frequency and probability to return 

Table 1 Probabilities and associated flow rates   

Probability  Notation Corresponding flow rate Magnitude  

Probability to return  r Recirculating flow rate  Any 

Probability to leave  for never returning  (1-r) Purging flow rate ≤ qv 

 
Visitation frequency (Kato et al., 2003) expressed in terms of the return probability (Chunga et al., 2017) 
is  

                                          Visitation frequency = 𝟏𝟏𝟏𝟏
(𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏)

                                               (1) 

When the probability to return is zero the visitation frequency is equal to 1 and in other cases it is larger 
than 1 so there is more than one visit.  This leads to the following natural classification of air distribution 
systems; Systems with the probability to return equal to zero are system with unidirectional flow and 
the other systems are mixing systems. Subsequently, mixing in a room in the context of ventilation 
means that the air and/or the contaminant returns to the actual region. 

2.2 Driving flow and mixing factor due to entrainment 
The driving flow is the element controlling the airflow in a ventilated room. This concept is introduced 
because the driving flow does not need to be the ventilation flow rate. It may be a plume, or the boundary 
flow generated by buoyancy sources. An example of this is displacement ventilation. The flow elements 
controlling the air flow in a room are in contact with the surrounding air by entrainment of ambient air. 
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The flow rate qEntrained(x) entrained into the driving flow along the distance between the supply point to 
the location x from the supply is 

qEntrained(x) = (q(x) - qSupply)                                                              (2) 
The mixing factor due to entrainment at location x is defined as the amount of ambient air entrained at 
the position x divided by the flow rate,q(x), at position x.  

 MixEntrain (x) = qEntrain(x)/q(x) = (1-qSupply/q(x))       (3) 
This mixing factor gives the fraction of the flow consisting of ambient room air. With increasing 
distance, the fraction of entrained air increases and the theoretical limit of the mixing factor is 1, see 
Fugure2.  In case the driving flow is starting from zero, air in the flow consists from the very beginning 
of entrained air, see Figure 5, then qEntrain(x) =q(x) and MixEntrain (x) =q(x)/q(x) = 1. The range of the 
mixing factor is 0 ≤ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(x) ≤ 1. MixEntrain (x) = 0 is the ideal condition for delivery systems.  

 

 

Figure 2. The mixing factor due to entrainment as a function of distance from the supply 

3 AIR DISTRIBUTION SYSTEMS  

3.1 Mixing systems and their dilution capacity  
Figure 3 shows a typical air distribution system for mixing ventilation. By entrainment, an internal flow 
rate larger than ventilation flow rate is setup. Therefore, the air within the room has to queue before it 
can leave the room through the extract air terminal.  The queueing is manifested in such a way that the 
air is going round several times within the room before it leaves the room. The air visits the indicated 
region four times before it leaves the room. According to Equation 1 the probability to return is r = 0.75. 
 

 
 Figure 3. Left: Archetype of a mixing system; Right: Dilution curve (L: Low flowrate H: High flowrate) 
The dilution curve highlights the fact that ventilation at conditions indicated by L is very important. A 
small increase in the ventilation flow rate (∆q) significantly reduces the concentration and vice versa 
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Figure 1. Top: Definition of probabilities; Bottom: Visiting frequency and probability to return 

Table 1 Probabilities and associated flow rates   

Probability  Notation Corresponding flow rate Magnitude  

Probability to return  r Recirculating flow rate  Any 

Probability to leave  for never returning  (1-r) Purging flow rate ≤ qv 

 
Visitation frequency (Kato et al., 2003) expressed in terms of the return probability (Chunga et al., 2017) 
is  

                                          Visitation frequency = 𝟏𝟏𝟏𝟏
(𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏)

                                               (1) 

When the probability to return is zero the visitation frequency is equal to 1 and in other cases it is larger 
than 1 so there is more than one visit.  This leads to the following natural classification of air distribution 
systems; Systems with the probability to return equal to zero are system with unidirectional flow and 
the other systems are mixing systems. Subsequently, mixing in a room in the context of ventilation 
means that the air and/or the contaminant returns to the actual region. 

2.2 Driving flow and mixing factor due to entrainment 
The driving flow is the element controlling the airflow in a ventilated room. This concept is introduced 
because the driving flow does not need to be the ventilation flow rate. It may be a plume, or the boundary 
flow generated by buoyancy sources. An example of this is displacement ventilation. The flow elements 
controlling the air flow in a room are in contact with the surrounding air by entrainment of ambient air. 
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i.e., a small reduction in flow rate increases the concentration drastically. On the other hand, at condition 
H an increase in the flow rate only marginally decreases the concentration and vice versa.     

3.2 Air distribution systems for supply of clean air within a zone a room 
Fugure4 shows the air distribution systems that are generating a unidirectional flow at the beginning. 
Case a show a standard jet supply with a small core region (region downstream were supply conditions 
are sustained). In this paper, the region with supply air conditions is called the core region, henceforth. 
One possibility to expand the core region is to supply air over the whole floor areathrough nozzles with 
the aim to prevent entrainment into the supply air, see case b. However, the lack of entrainment keeps 
the flow rate constant which give rise to an adverse pressure gradient, a well-known “trouble maker” in 
fluid mechanics.  Due to the expansion of the cross-sectional area of the airflow from the total area of 
the nozzles Anozzle to the area of the room Aroom, the velocity decreases. This decrease is compensated 
by an increase in pressure Δp (ρ is the density of air); 

∆𝑝𝑝𝑝𝑝 = 𝜌𝜌𝜌𝜌(𝑞𝑞𝑞𝑞𝑣𝑣𝑣𝑣)2(𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟−𝐴𝐴𝐴𝐴𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐴𝐴𝐴𝐴𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

)   (4) 

This causes an unstable air distribution in the room which may result in that supply air being focused to 
smaller regions (break through), a well-known phenomenon from supply from perforated ceilings, 
Rydberg (1963). The remedy for this is shown in case c, where entrainment is made possible by 
supplying over an area less than the floor area (Huesmann, 1966).  Case d is displacement ventilation 
where the air is driven by a plume from a heat source. Now the core region is extended to the height 
where the flowrate in the driving flow rate (qp) is equal to the supply flow rate (qv) of ventilation air 
(Etheridge & Sandberg, 1996 p. 425). Finally, case e is where the supply of air is close to the target with 
a separation distance (s), which is the idea behind personalized ventilation. 

 
 

Figure 4. Direct supply of clean air. a-d) expanding the core region, e) Supply close to target  
These systems also have a dilution capacity for some contaminant sources.  For example, displacement 
ventilation has a dilution capacity for sources located within the driving flow because ambient 
ventilation air is entrained into the driving flow, see Figure 5. 
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Figure 5. Due to entrainment of ambient ventilation air the dilution capacity is equal to the flow rate 
qp in the plume 

 3.3 Delivery capacity of clean air 

One way of defining the delivery capacity is to state the distance to the end of the core region, refer to 
Figure 4. A natural question to ask is; how clean is the air when it arrives at the target? This question 
can be answered by introducing a test case with polluted air and explore the resulting concentration. 
Such a test case is shown in Figure 6. Clean air is supplied into a room with a uniform ambient 
concentration, CAmb.      

 
Figure 6.  Supply of clean air, Cin = 0, into a room filled with a pollutant of uniform concentration     
 
At distance x we have the mass flow balance  

𝑞𝑞𝑞𝑞𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (𝑀𝑀𝑀𝑀)𝐶𝐶𝐶𝐶 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = (𝑞𝑞𝑞𝑞(𝑀𝑀𝑀𝑀) − 𝑞𝑞𝑞𝑞𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆)𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 =  𝑞𝑞𝑞𝑞(𝑀𝑀𝑀𝑀)𝐶𝐶𝐶𝐶(𝑀𝑀𝑀𝑀)                             (5)     

Which gives the concentration in the air stream    

                                              𝐶𝐶𝐶𝐶(𝑀𝑀𝑀𝑀) =  𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ∗ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝑀𝑀𝑀𝑀) = 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑞𝑞𝑞𝑞𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑟𝑟𝑟𝑟𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝑥𝑥𝑥𝑥)

𝑞𝑞𝑞𝑞(𝑥𝑥𝑥𝑥)
                                       (6) 

The concentration in the air stream is controlled by qEntrain(x)/q(x)) in contrast to mixing system where 
the concentration is controlled by the supply flow rate qSupply. Therefore, in delivery capacity systems 
the only way to improve the situation is to reduce the entrainment.  The delivery capacity can be defined 
as the distance to where the concentration in the air stream is a certain fraction of the ambient 
concentration, say 50 % or 90%.  
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i.e., a small reduction in flow rate increases the concentration drastically. On the other hand, at condition 
H an increase in the flow rate only marginally decreases the concentration and vice versa.     

3.2 Air distribution systems for supply of clean air within a zone a room 
Fugure4 shows the air distribution systems that are generating a unidirectional flow at the beginning. 
Case a show a standard jet supply with a small core region (region downstream were supply conditions 
are sustained). In this paper, the region with supply air conditions is called the core region, henceforth. 
One possibility to expand the core region is to supply air over the whole floor areathrough nozzles with 
the aim to prevent entrainment into the supply air, see case b. However, the lack of entrainment keeps 
the flow rate constant which give rise to an adverse pressure gradient, a well-known “trouble maker” in 
fluid mechanics.  Due to the expansion of the cross-sectional area of the airflow from the total area of 
the nozzles Anozzle to the area of the room Aroom, the velocity decreases. This decrease is compensated 
by an increase in pressure Δp (ρ is the density of air); 

∆𝑝𝑝𝑝𝑝 = 𝜌𝜌𝜌𝜌(𝑞𝑞𝑞𝑞𝑣𝑣𝑣𝑣)2(𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟−𝐴𝐴𝐴𝐴𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐴𝐴𝐴𝐴𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

)   (4) 

This causes an unstable air distribution in the room which may result in that supply air being focused to 
smaller regions (break through), a well-known phenomenon from supply from perforated ceilings, 
Rydberg (1963). The remedy for this is shown in case c, where entrainment is made possible by 
supplying over an area less than the floor area (Huesmann, 1966).  Case d is displacement ventilation 
where the air is driven by a plume from a heat source. Now the core region is extended to the height 
where the flowrate in the driving flow rate (qp) is equal to the supply flow rate (qv) of ventilation air 
(Etheridge & Sandberg, 1996 p. 425). Finally, case e is where the supply of air is close to the target with 
a separation distance (s), which is the idea behind personalized ventilation. 

 
 

Figure 4. Direct supply of clean air. a-d) expanding the core region, e) Supply close to target  
These systems also have a dilution capacity for some contaminant sources.  For example, displacement 
ventilation has a dilution capacity for sources located within the driving flow because ambient 
ventilation air is entrained into the driving flow, see Figure 5. 
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4 DISCUSSION 
The most central findings in studies involving delivery capacity should be put into perspective with the 
prior knowledge. Possible sources of error, which may have distorted the results, should also be discussed. 
Emphasis should be placed on the appropriate testing methods, as applying traditional methods commonly 
used in dilution capacity systems may not accurately rate or estimate the system performance. Discussions 
should also present authors' interpretation of the meaning of the results. The authors are encouraged to 
make recommendations based on the earlier knowledge and the present results. 
System designers and researchers should also consider that delivery systems will also be bound to 
limitations such as the distance at which the jet concentration becomes close the room ambient 
concentration. Other factors, will involve jet exit conditions were low Reynold numbers (low flow 
force) will reduce the penetration distance and increase jet oscillation (Kabanshi et al, 2017), and high 
target velocities or low temperatures may increase the risk of thermal discomfort (Melikov, 2004).    

5 CONCLUSIONS 
Mixing systems are systems where air and contaminants return (visit) the same region several times. 
After that the contaminant has been diluted to the concentration level admitted by the dilution capacity, 
controlled by the supplied ventilation flow rate, the contaminant is spread over the whole volume of the 
room. In systems intended to deliver clean the delivery capacity at distance x from the supply is 
governed by the ratio between the flow rate of entrained air qEntrain(x) and the flow rate q(x) in the air 
stream, qEntrain(x)/q(x)supply.  The deliver capacity can be defined as the distance to the end of the core 
region (maximum delivery capacity) or the distance to where the concentration is a given fraction of the 
ambient concentration, let’s say 50 % or 90 %. Development of systems for delivery of clean air calls 
for a need of methods for measuring the entrainment. An example of a method is reported in Kabanshi 
et al (2018). Entrainment of ambient air can be diminished by using the properties of stable stratified 
flow by either supplying cold air at floor level or warm air at ceiling level.  
There is a need of a more precisely definition of what is meant by personalized ventilation. At what 
distance between supply and target do we have “personalized” ventilation?   Should the core region just 
reach the mouth of a person or should the person perhaps “swallow” a fraction of the core region? 
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SUMMARY 
Strength and location of heat loads have a significant effect on air distribution. Symmetrical and 
asymmetrical heat load distributions were studied at 40 W/floor-m2 (C40) and at 80 W/floor-m2 (C80) 
with diffuse ceiling ventilation. Experiments were carried out in a test chamber (5.5x3.8x3.2 m3, 
LxWxH) by conducting experiments with omnidirectional anemometers. In the symmetrical case (SC), 
cylindrical heat sources were located evenly on the floor. In the asymmetrical case (AC), double office 
layout including a seated-dummy with a laptop and a monitor was conducted next to warm window 
panels in the perimeter area. The results show that AC produces stronger circulating airflow pattern that 
SC from perimeter area to opposite corridor side, because heat load was equally distributed in SC. In 
AC, the air temperature was higher (0.5°C, 0.9°C) and the air speed was lower (0.02 m/s, 0.04 m/s) in 
the perimeter area than in the corridor side regarding the seated person zone at C40 and C80, 
respectively. In SC, significant horizontal temperature difference was not obtained between the 
perimeter and corridor sides. Thermal environment is classified as the category B defined by the EN 
ISO 7730:2005 for common heat load conditions and category C for peak load conditions. 
Keywords: thermal environment, heat load, buoyancy flows, airflow interaction, diffuse ceiling ventilation  

1 INTRODUCTION 
Several studies have shown that high performance ventilation is essential for good indoor environmental 
quality (Seppänen, 2008). Furthermore, ventilation is essential for well-being of occupants (Mundt et 
al., 2004). In addition, thermal conditions have been shown to affect the performance of users on office 
work and schoolwork (Wargocki and Wyon, 2017). Consequently, air distribution is one of the major 
factors for health, comfort and performance (Müller et al., 2013). However, controlling room airflows 
can be challenging. The buoyancy flows and air jets may usually provide an airflow field that involves 
spatial and temporal gradients that are difficult to predict. Therefore, local thermal discomfort is a 
common complaint in modern offices. The main objective is to investigate the effects of high heat load 
on thermal conditions and draught with diffuse ceiling ventilation, in which an even supply of perforated 
suspended ceiling penetrates supply air down to occupied zone instead of local supply openings (Zhang 
et al., 2014). The diffuse ceiling ventilation is reported to be able to handle high heat loads without 
significant draught (Nielsen, 2011), hence disturbing only little the buoyancy flows from heat sources. 
Novelty of this study comes from detailed analysis of time and spatial averaged dataset records to 
discover effects on the occupied zone with symmetrical and asymmetrical heat load setup. 

2 METHODS 
Internal dimensions of test chamber were length 5.5 m, width 3.8 m and height 3.2 m. Thus, the floor 
area of the test chamber was 21 m2. The conditions of two test cases are shown in Table 1. 
The symmetrical set-up consisted of 12 cylindrical heat sources, which have a diameter of 0.4 m and a 
height of 1.1 m (Figure 1a and Figure 2a). Every cylinder had a similar heat power such that total heat 
load was either at 40 W/floor-m2 or at 80 W/floor-m2. The asymmetrical set-up consisted of a double 
office layout. Heat sources of a workstation were a seated test dummy (90±5 W), a laptop (48±3 W) 

4 DISCUSSION 
The most central findings in studies involving delivery capacity should be put into perspective with the 
prior knowledge. Possible sources of error, which may have distorted the results, should also be discussed. 
Emphasis should be placed on the appropriate testing methods, as applying traditional methods commonly 
used in dilution capacity systems may not accurately rate or estimate the system performance. Discussions 
should also present authors' interpretation of the meaning of the results. The authors are encouraged to 
make recommendations based on the earlier knowledge and the present results. 
System designers and researchers should also consider that delivery systems will also be bound to 
limitations such as the distance at which the jet concentration becomes close the room ambient 
concentration. Other factors, will involve jet exit conditions were low Reynold numbers (low flow 
force) will reduce the penetration distance and increase jet oscillation (Kabanshi et al, 2017), and high 
target velocities or low temperatures may increase the risk of thermal discomfort (Melikov, 2004).    

5 CONCLUSIONS 
Mixing systems are systems where air and contaminants return (visit) the same region several times. 
After that the contaminant has been diluted to the concentration level admitted by the dilution capacity, 
controlled by the supplied ventilation flow rate, the contaminant is spread over the whole volume of the 
room. In systems intended to deliver clean the delivery capacity at distance x from the supply is 
governed by the ratio between the flow rate of entrained air qEntrain(x) and the flow rate q(x) in the air 
stream, qEntrain(x)/q(x)supply.  The deliver capacity can be defined as the distance to the end of the core 
region (maximum delivery capacity) or the distance to where the concentration is a given fraction of the 
ambient concentration, let’s say 50 % or 90 %. Development of systems for delivery of clean air calls 
for a need of methods for measuring the entrainment. An example of a method is reported in Kabanshi 
et al (2018). Entrainment of ambient air can be diminished by using the properties of stable stratified 
flow by either supplying cold air at floor level or warm air at ceiling level.  
There is a need of a more precisely definition of what is meant by personalized ventilation. At what 
distance between supply and target do we have “personalized” ventilation?   Should the core region just 
reach the mouth of a person or should the person perhaps “swallow” a fraction of the core region? 
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and a monitor (35±2 W). Workstation was located 0.6 m from the heated window panels in a perimeter 
area (Figure 1b and 2b). Lights (116±6 W) were at the suspended ceiling at height 3.2 m. Heating foil 
(420±21 W, 5x1 m2, LxW) was installed on the floor 0.8 m from the window wall. At the peak load 
condition, a cubic heat source (103±5 W) of 0.4x0.4x0.4 m3 was located under the table of the 
workstation (Figure 2, rectangle near the location 13). The surface temperature of the window panel 
was adjusted to be between 30-40°C such that the target heat load levels were achieved. 
Table 1. The test cases. 
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the perforation rate of 0.50±0.02 %. 

Supply air was discharged through the diffused ceiling straight down to the occupied zone. The 
perforation rate of ceiling was 0.50±0.02 % and the nozzle diameter was 14 mm (Figure 1c). The 
outermost row near each wall was sealed. In the symmetrical heat load set-up, the air was extracted at 
0.4 m level above the floor (Figure 2a, circle at length 5 m, width 2.4 m). The diameter of exhaust duct 
was 0.16 m. In the asymmetrical set-up, the air was extracted correspondingly at the height of 3.2 m 
(Figure 2b, circle near location 11).  
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2.9 m recommended in the standard EN ISO 7726:2001 (CEN, 2001).  
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In the symmetrical set-up, the sampling rate was 1 Hz in the occupied zone from 0.1 m to 1.1 m, and 0.5 Hz in 
the upper zone from 1.4 m to 2.9 m. In the asymmetrical set-up, the sampling rate was 10 Hz and 0.5 Hz, 
respectively. The measuring intervals were 0.5 h and 1 h in the symmetrical and asymmetrical set-ups. 

The considered variables were air temperature, air speed and draught rate (CEN, 2005) that is expressed as 

 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = �34 − 𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎,𝑙𝑙𝑙𝑙��𝑈𝑈𝑈𝑈�𝑎𝑎𝑎𝑎,𝑙𝑙𝑙𝑙 − 0.05�0.62�0.37 ∙ 𝑈𝑈𝑈𝑈�𝑎𝑎𝑎𝑎,𝑙𝑙𝑙𝑙 ∙ 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 3.14� (1) 

where 𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎,𝑙𝑙𝑙𝑙 [°C] is the local air temperature, 𝑈𝑈𝑈𝑈�𝑎𝑎𝑎𝑎,𝑙𝑙𝑙𝑙 [m/s] is the local mean air velocity and 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 [%] is the 
local turbulence intensity. Turbulence intensity is defined as 

 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 =
𝑈𝑈𝑈𝑈SD
𝑈𝑈𝑈𝑈�

 × 100 (2) 

where 𝑈𝑈𝑈𝑈SD is the standard deviation of air speeds and 𝑈𝑈𝑈𝑈� is the mean air speed.  

3 RESULTS 

3.1 Air temperature 
In the symmetrical heat load set-up (SC), a range of mean air temperatures was 0.9°C at the heat load 
of 40 W/floor-m2 (C40) in the seated person zone below the height of 1.1 m. The corresponding range 
was higher i.e. 1.3°C at 80 W/floor-m2 (C80). In the asymmetrical set-up (AC), the corresponding range 
was 1.7°C at C40 and 2.0°C at C80. Hence, the range of air temperatures was about 0.8°C larger in AC 
than in SC. In SC, the standard deviation (std) of mean air temperatures was 0.2°C and 0.3°C at C40 
and C80. In AC, the corresponding deviation was little bit higher i.e. 0.3°C and 0.5°C, respectively. 
Furthermore, in the asymmetrical case, the air temperature was on average 0.5°C and 0.9°C higher in 
the perimeter area than in the corridor side, respectively (Figure 3). In SC, a significant temperature 
difference was not obtained between the corridor side and the other locations of the room, because the 
heat load was equally distributed on the floor. In addition, the vertical air temperature difference was 
small with both heat load set-ups. In SC, the average temperature increased 0.3°C in the seated person 
zone and decreased 0.1°C in the upper zone. In AC, the corresponding differences were 0.3°C and 
−0.3°C, respectively.  

 
Figure 3. The air temperature between the window side (location 12-15), the corridor side (location 
1-4) and the middle (location 5-8) in the asymmetrical heat load setup: a) at 40 W/floor-m2 and b) at 
80 W/floor-m2. Error bars indicate the uncertainty in measurement. 
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The mean air speed and the deviation of air speeds increased with heat load (Figure 4). In the occupied 
zone at height 0.1-1.1 m, the average of mean air speeds was 0.12±0.03 m/s (±std) in SC and 
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and a monitor (35±2 W). Workstation was located 0.6 m from the heated window panels in a perimeter 
area (Figure 1b and 2b). Lights (116±6 W) were at the suspended ceiling at height 3.2 m. Heating foil 
(420±21 W, 5x1 m2, LxW) was installed on the floor 0.8 m from the window wall. At the peak load 
condition, a cubic heat source (103±5 W) of 0.4x0.4x0.4 m3 was located under the table of the 
workstation (Figure 2, rectangle near the location 13). The surface temperature of the window panel 
was adjusted to be between 30-40°C such that the target heat load levels were achieved. 
Table 1. The test cases. 
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outermost row near each wall was sealed. In the symmetrical heat load set-up, the air was extracted at 
0.4 m level above the floor (Figure 2a, circle at length 5 m, width 2.4 m). The diameter of exhaust duct 
was 0.16 m. In the asymmetrical set-up, the air was extracted correspondingly at the height of 3.2 m 
(Figure 2b, circle near location 11).  
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large-scale circulating airflow pattern that was also observed using a marker smoke visualization. It 
should be noted that the lowest average air speed was obtained at the height of 1.1 m that is at a head 
level of seated person (Figure 4). 
 

 
Figure 4. The average air speed at 40 W/floor-m2 and 80 W/floor-m2: a) symmetrical setup, b) 
asymmetrical setup. Error bars indicate the standard deviation of air speeds. 

 
In SC as the horizontal temperature differences indicate, the significant air speed difference was not 
obtained between the perimeter and the corridor sides. In AC, the average air speed was 0.02 m/s and 
0.04 m/s in the corridor side than in the window side at C40 and C80, respectively. The lowest air speeds 
were at the heights of 0.6-2.3 m in the corridor side and in the middle of the room. On the contrary, the 
air speeds were mainly highest at those heights in the window side (Figure 5). However, the absolute 
maximum air speed located in the middle at the height of 0.1 m. The reason for that was the return flow 
from corridor wall side.  
 

 
Figure 5. The air speed difference between the window side (location 12-15), the corridor side 
(location 1-4) and the middle (location 5-8) in the asymmetrical heat load setup: a) at 40 W/floor-m2, 
b) at 80 W/floor-m2. Error bars indicate the uncertainty in measurement. 

 

3.3 Draught rate 
Average draught rates were greater with SC than AC (Figure 6). In AC, a local maximum of draught 
rates (DR) were between 10-20 % at 40 W/m2 and slightly over 20 % with 80 W/m2 (Figure 7). 
Consequently, the results indicate category B defined by EN ISO 7730:2005 (CEN, 2005) for a common 
heat load conditions and category C for a peak load conditions. Furthermore, the average draught rate 
was higher in the corridor than in the window side, because the air speed was higher and the air 
temperature was lower in the corridor side than in the window side. In those cases, the average 
turbulence intensity was at the same level in both sides.  
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Figure 6. The average draught rate at 40 W/floor-m2 and 80 W/floor-m2: a) symmetrical setup, b) 
asymmetrical setup. Error bars indicate the standard deviation of draught rates. 

 
Figure 7. The category of thermal environment below the height of 1.1 m in the asymmetrical setup: 
a) at 40 W/floor-m2 and b) at 80 W/floor-m2 based on the maximum local draught rate defined by EN 
ISO 7730:2005. The grey-color scale: light grey is category A (DR<10 %), medium grey is category 
B (DR<20 %) and dark grey is category C (DR<30 %). Maximum draught rate is shown at the 
corresponding location (Figure 2b). 

4 DISCUSSION 
The results show that the air speed levels increase with heat load. This is because the supply airflow 
rate will increase when the heat load will increase, thus the indoor airflow motion increase due to larger 
buoyancy flows and supply airflow. The study shows that the asymmetrical heat load setup (AC) 
provides a large-scale circulating airflow pattern from the heat sources to the other side of the room. 
This is because buoyancy forces accelerate the airflow upwards and turn the main flow towards corridor 
side. In AC, the air temperature was on average 0.5°C and 0.9°C higher in the perimeter area than in 
the corridor side at C40 and C80, respectively. That is because the heat sources heated up the 
surrounding air in the perimeter area. Consequently, the supply air decreased the air temperature at the 
lower level in the corridor side. Furthermore, the average air speed increased both near the floor and 
near the ceiling zone due to circulating airflow pattern. In addition, the average air speed was higher in 
the corridor side than in the perimeter area. In SC, significant air temperature or air speed differences 
were not obtained between the corridor side and the other locations of the room, because the heat load 
was equally distributed on the floor. The deviation of mean air speeds and mean air temperatures 
increase with heat load, most probably because the gradients may increase with heat load. The buoyancy 
flows dominate the air distribution with diffuse ceiling ventilation, regardless of the change in heat load 
distribution. The study indicates that it is difficult to achieve the category A defined by EN ISO 
7730:2005 (CEN, 2005) even with a common heat load conditions and diffuse ceiling ventilation. 
However, a reasonable uncertainty in measurement can be around 5 % p.p. (Melikov et al., 2007), thus 
uncertainty in category exists correspondingly. A risk of discomfort can effectively only be minimized 
by reducing heat sources. The results are valid only with the given experimental set-ups, and therefore, 
further studies are recommended with advanced cooling systems and heat load layouts.  
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5 CONCLUSIONS 
The results indicate that heat loads should be reduced in modern indoor environments. Otherwise, the 
risk of draught will increase that has been shown to have an effect on sensation with thermal 
environment.  
AC provided a large-scale circulating airflow pattern from the perimeter area to the opposite corridor 
side. Furthermore, the air temperature was 0.5°C and 0.9°C higher and the air speed was 0.02 m/s and 
0.04 m/s lower in the perimeter area than in the corridor side regarding the seated person zone at C40 
and C80, respectively. SC provided rather uniform thermal conditions and therefore, the significant air 
temperature or air speed differences were not obtained between the corridor side and the other locations 
of the room, because of the evenly distributed heat load.  
One alternative method could be to direct the buoyancy flows immediately into the exhaust at the ceiling 
zone or dampen the flows locally. In addition, the properly designed internal architecture may improve 
thermal conditions and draught discomfort such that the airflow patterns are reasonable at workstations. 
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SUMMARY 
Airflow characteristics were studied with asymmetrical heat load distribution and diffuse ceiling 
ventilation. The heat load was increased from 40 W/floor-m2 to 80 W/floor-m2, while the average air 
temperature was kept at 26±0.5°C. Experiments were carried out in a test chamber of 5.5 m length x 
3.8 m width x 3.2 m height with omnidirectional anemometers by 1-hour interval. The heat loads 
consisted of two opposite workstations next to warm window panels in the perimeter area. The other 
side of the room was an open area describing a corridor zone. Both workstations had a seated test 
dummy with a laptop and a monitor. The results indicate that the mean air speed and the airflow 
fluctuation increase with heat load. Consequently, also the turbulent kinetic energy and the turbulence 
dissipation increase. However, the increased heat load had only a small effect on turbulence intensity. 
Therefore, draught rate increased significantly with mean air speed. In addition, the smallest length-
scale decreased towards increased heat load. This thermal environment would be classified as the 
category B-C defined by the European Standard EN ISO 7730:2005, because the mean air speed levels 
were too high at increased heat load conditions. 
Keywords: thermal environment, heat load, buoyancy flows, airflow interaction, diffuse ceiling 
ventilation 

1 INTRODUCTION 
Understanding building characteristics may provide healthier and more comfortable buildings 
(Sakellaris et al., 2016). This includes also thermal conditions and draught. Draught is defined as an 
unwanted local cooling of a person (Fanger, 1970). An airflow with high turbulence causes more 
complaints of draught than an airflow with low turbulence at the same mean velocity and air temperature 
(Fanger et al., 1988). The risk of draught increases when the airflow temperature decreases and the 
mean velocity and the turbulence intensity increase (Müller et al., 2013). Consequently, advanced air 
distribution methods can improve thermal comfort and energy efficiency (Melikov, 2016). In addition, 
thermal conditions has been shown to affect the performance and learning (Wargocki and Wyon, 2017).  
Scientific evidence shows that ventilation is essential for good indoor environmental quality (Seppänen, 
2008). Consequently, air distribution is one of the major factors for health, comfort and performance 
(Müller et al., 2013). In addition, draught has been a common complaint in the buildings (Kosonen et 
al., 2011; Sakellaris et al., 2016). Generally, the room airflow pattern depends on the relative locations 
of air distribution units and heat sources (Koskela et al., 2010). Furthermore, indoor airflows are difficult 
to predict in advance. Therefore, the draught can be a common complaint also in the modern offices.  
In this study, the objective is to investigate the effects of increased heat load on airflow characteristics 
with diffuse ceiling ventilation, in which an even supply of perforated suspended ceiling penetrates 
supply air down to the occupied zone instead of local supply openings (Zhang et al., 2014). The diffuse 

5 CONCLUSIONS 
The results indicate that heat loads should be reduced in modern indoor environments. Otherwise, the 
risk of draught will increase that has been shown to have an effect on sensation with thermal 
environment.  
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and C80, respectively. SC provided rather uniform thermal conditions and therefore, the significant air 
temperature or air speed differences were not obtained between the corridor side and the other locations 
of the room, because of the evenly distributed heat load.  
One alternative method could be to direct the buoyancy flows immediately into the exhaust at the ceiling 
zone or dampen the flows locally. In addition, the properly designed internal architecture may improve 
thermal conditions and draught discomfort such that the airflow patterns are reasonable at workstations. 

ACKNOWLEDGEMENTS 
The authors wish to acknowledge Foundation LVY for financial support, Professor Dr. Arsen Melikov 
from the Technical University of Denmark and Professor Dr. Mats Sandberg from the University of 
Gävle, Sweden for discussion and comments. The authors would also like to express gratitude to Mr. 
Etienne Daviet from the Institute National des Sciences Appliquées in Lyon, France, for contributing to 
the measurement of asymmetrical heat load distribution. 

REFERENCES 
CEN (2001). European Standard EN ISO 7726:2001, Ergonomics of the thermal environment. 
Instruments for measuring physical quantities. 
CEN (2005). European Standard EN ISO 7730:2005, Ergonomics of the thermal environment — 
Analytical determination and interpretation of thermal comfort using calculation of the PMV and PPD 
indices and local thermal comfort criteria. 
Melikov, A. K., Popiolek, Z., Silva, M. C. G., Care, I., and Sefker, T. (2007). Accuracy limitations for 
low-velocity measurements and draft assessment in rooms. HVAC&R Research, 13(6), 971-986. 
Müller, D., Kandzia, C., Kosonen, R., Melikov, A. K., and Nielsen, P. V. (2013). Mixing Ventilation. 
Guide on mixing air distribution design. Federation of European Heating and Air-Conditioning 
Associations, REHVA. 
Mundt, E., Mathisen, M. H., Nielsen, P. V., and Moser, A. (2004). Ventilation effectiveness. REHVA 
Guidebook no. 2, Federation of European Heating and Air-conditioning Associations. 
Nielsen, P. V. (2011). The" Family Tree" of Air Distribution Systems. In Roomvent 2011. TAPIR 
Akademisk Forlag. ISBN 978-82-519-2812-0. 
Seppänen, O. (2008). Scientific basis for design of ventilation for health, productivity and good energy 
efficiency. In Proceedings of the international conference on indoor air quality and climate, 
Copenhagen, Denmark. 
Wargocki, P., and Wyon, D. P. (2017). Ten questions concerning thermal and indoor air quality effects 
on the performance of office work and schoolwork. Building and Environment, 112, 359-366. 
Zhang, C., Heiselberg, P., and Nielsen, P. V. (2014). Diffuse Ceiling Ventilation-A Review. 
International Journal of Ventilation, 13(1), 49-63. 

|  265PROCEEDINGS — Roomvent & Ventilation 2018 |  265PROCEEDINGS — Roomvent & Ventilation 2018

Track 2 – Air Distribution: Air Distribution (AD3)



ceiling inlet can handle high heat loads without a significant draught, hence disturbing only a little the 
buoyancy flows from the heat sources (Nielsen, 2017). Novelty of the study comes from systematic 
investigation and detailed analysis of time and spatial averaged dataset records to discover effects on 
seated person zone with asymmetrical heat load setup. 

2 METHODS 
Internal dimensions of the test chamber were 5.5 m length, 3.8 m width and 3.2 m height. The test case 
parameters are shown in Table 1. 

Table 1. Test case parameters. Floor area 21 m2. 
Test cases C40 C80 

Heat load [W/floor-m2] 40±2 80±4 
Average air temperature [°C] 26±0.5 26±0.5 
Supply airflow rate [l/s,m2] 3.6±0.2 7.3±0.4 
Supply air temperature [°C] 17±0.1 17±0.1 

The experimental set-up consisted of double office layout (Figure 1ab). The workstation consisted of a 
seated test dummy (90±5 W) with a laptop (48±3 W) and a monitor (35±2 W). A table was located 
0.6 m from the heated window panels at width-coordinate of 3.8 m (Figure 1ab). Lights (116±6 W) 
were installed in the middle of the workstations at height 3.2 m. Heating foil (420±21 W, 5x1 m2, LxW) 
was installed on the floor 0.8 m from the windows. A heat source of 0.4x0.4x0.4 m3 (103±5 W) was 
located under the table for a peak load (Figure 1a, rectangle near loc. 13). A window panel dimensions 
were 0.6x1.8 m2, WxH. The window surface temperature was set at 30-40°C such that a target heat load 
was achieved. 

 
Figure 1. Test chamber: a) the measurement locations 1-15, b) the workstation and c) the diffuse 
ceiling inlet with the perforation rate of 0.50±0.02 %. 

Supply air was discharged through the diffused ceiling down to the occupied zone. The perforation rate 
was 0.50±0.02 % with a nozzle diameter of 14 mm (Figure 1c). The nozzle row closest to each wall was 
sealed. The air was extracted from the height of 3.2 m (Figure 1a, circle at loc. 11). The anemometers 
(Table 2) were installed at heights 0.1 m, 0.6 m, 1.1 m, 1.4 m, 1.7 m, 2.3 m and 2.9 m recommended by 
EN ISO 7726:2001 (CEN, 2001). The sampling rate was 10 Hz in the seated person zone below the 
height of 1.1 m and 0.5 Hz in the upper zone. The averaging interval was 1 hour.  

Table 2. Measuring equipment. 
Variable Meter Model Accuracy 

Air temperature 
Air speed 

(at height 0.1 m-1.1 m) 

Omnidirectional 
anemometer 

Dantec dynamics 
Vivo Draught 20T31 

Air speed (v) 
±0.01 m/s±0.025v 

Air temperature ±0.15°C 
STDerr < 10 % to 2 Hz 

Air temperature 
Air speed 

(at height 1.4 m-2.9 m) 

Omnidirectional 
anemometer 

Sensor electronic 
SensoAnemo 5100SF 

Air speed (v) 
±0.02 m/s±0.015v 

Air temperature ±0.2°C 
STDerr < 10 % to 1.5 Hz 
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The draught rate defined by EN ISO 7730:2005 is expressed as 

 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = �34 − 𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎,𝑙𝑙𝑙𝑙��𝑈𝑈𝑈𝑈�𝑎𝑎𝑎𝑎,𝑙𝑙𝑙𝑙 − 0.05�0.62�0.37 ∙ 𝑈𝑈𝑈𝑈�𝑎𝑎𝑎𝑎,𝑙𝑙𝑙𝑙 ∙ 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 3.14� (1) 

where 𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎,𝑙𝑙𝑙𝑙 [°C] is the local air temperature, 𝑈𝑈𝑈𝑈�𝑎𝑎𝑎𝑎,𝑙𝑙𝑙𝑙 [m/s] is the local mean air velocity, and 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 [%] is the 
local turbulence intensity. The turbulence intensity 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇, turbulent kinetic energy 𝑘𝑘𝑘𝑘𝑡𝑡𝑡𝑡, turbulence 
dissipation 𝜀𝜀𝜀𝜀 and the Kolmogorov length scale 𝑙𝑙𝑙𝑙𝜂𝜂𝜂𝜂 are written as  

 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 =
𝑈𝑈𝑈𝑈std
𝑈𝑈𝑈𝑈�

 × 100;   𝑘𝑘𝑘𝑘𝑡𝑡𝑡𝑡 = 1
2
𝑈𝑈𝑈𝑈′𝑈𝑈𝑈𝑈′������;    𝜀𝜀𝜀𝜀 = 𝑘𝑘𝑘𝑘𝑡𝑡𝑡𝑡3/2

𝑙𝑙𝑙𝑙
;    𝑙𝑙𝑙𝑙𝜂𝜂𝜂𝜂 = �𝜈𝜈𝜈𝜈

3

𝜀𝜀𝜀𝜀
�

1/4
 (2) 

where 𝑈𝑈𝑈𝑈std is the standard deviation of instantaneous air speed, 𝑈𝑈𝑈𝑈� is the mean air speed. 𝑈𝑈𝑈𝑈𝑈 is the 
fluctuating component of air speed, 𝑙𝑙𝑙𝑙 is the largest length scale (here 𝑙𝑙𝑙𝑙=3 m) and 𝜈𝜈𝜈𝜈 is the kinematic 
viscosity. 

3 RESULTS 
The room average air temperature was 25.6°C at 40 W/floor-m2 (C40) and 26.0°C at 80 W/floor-m2 
(C80) (Figure 2a). The mean air temperatures ranged from 25.1°C to 26.9°C at C40 and from 24.6°C to 
27.1°C at C80, thus the range was 1.8°C and 2.5°C, respectively (Figure 2b). In the seated person zone 
(below 1.1 m), the corresponding ranges were lower 1.7°C and 2.0°C, respectively. The air temperature 
was higher in the window side than in the corridor side (Figure 2c) and the average vertical difference 
was small. However, local differences existed. The maximum difference between the heights was 1.1°C 
at C40 at location 13 (Figure 1) and 0.8°C at C80 at location 8 in the seated person zone. 
 

 
Figure 2. The air temperature: a) The average air temperature at C40 and C80, error bars indicate 
±std. b) The air temperature statistics at C80. c) The maximum air temperature in the seated person 
zone below 1.1 m at the locations 1-15 (Figure 1a). The light grey at T≤25.5°C, the medium grey at 
25.5<T<26.5°C and the dark grey at T≥26.5°C. 

The mean air speed and the deviation of mean air speed increased with heat load (Figure 3a). In the 
seated person zone, the average air speed was 0.12±0.05 m/s (±std) at C40 and 0.16±0.07 m/s at C80. 
The highest air speed was observed near the floor and lowest at the head level in the seated person zone. 
The vertical mean air speed gradient was greater in the middle of the test chamber than in the window 
side or in the corridor side (Figure 3b). In addition, the maximum air speed level was higher in the 
corridor side than in the window side regarding the seated person zone (Figure 3c). 
The heat load had only a small effect on the turbulence intensity (Figure 4a). However, the lowest 
average intensity was obtained near the floor and the highest intensity was found near the head level in 
the seated person zone at the height or 1.1 m. Furthermore, the average turbulence intensity was higher 
in the middle of the test chamber (loc. 5-8) than in the window side (loc. 12-15) or in the corridor side 
(loc. 1-4) (Figure 4b). The local maximums ranged from 40 % to 84 % at C80 in the seated person zone 
(Figure 4c).  
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ceiling inlet can handle high heat loads without a significant draught, hence disturbing only a little the 
buoyancy flows from the heat sources (Nielsen, 2017). Novelty of the study comes from systematic 
investigation and detailed analysis of time and spatial averaged dataset records to discover effects on 
seated person zone with asymmetrical heat load setup. 

2 METHODS 
Internal dimensions of the test chamber were 5.5 m length, 3.8 m width and 3.2 m height. The test case 
parameters are shown in Table 1. 

Table 1. Test case parameters. Floor area 21 m2. 
Test cases C40 C80 

Heat load [W/floor-m2] 40±2 80±4 
Average air temperature [°C] 26±0.5 26±0.5 
Supply airflow rate [l/s,m2] 3.6±0.2 7.3±0.4 
Supply air temperature [°C] 17±0.1 17±0.1 

The experimental set-up consisted of double office layout (Figure 1ab). The workstation consisted of a 
seated test dummy (90±5 W) with a laptop (48±3 W) and a monitor (35±2 W). A table was located 
0.6 m from the heated window panels at width-coordinate of 3.8 m (Figure 1ab). Lights (116±6 W) 
were installed in the middle of the workstations at height 3.2 m. Heating foil (420±21 W, 5x1 m2, LxW) 
was installed on the floor 0.8 m from the windows. A heat source of 0.4x0.4x0.4 m3 (103±5 W) was 
located under the table for a peak load (Figure 1a, rectangle near loc. 13). A window panel dimensions 
were 0.6x1.8 m2, WxH. The window surface temperature was set at 30-40°C such that a target heat load 
was achieved. 

 
Figure 1. Test chamber: a) the measurement locations 1-15, b) the workstation and c) the diffuse 
ceiling inlet with the perforation rate of 0.50±0.02 %. 

Supply air was discharged through the diffused ceiling down to the occupied zone. The perforation rate 
was 0.50±0.02 % with a nozzle diameter of 14 mm (Figure 1c). The nozzle row closest to each wall was 
sealed. The air was extracted from the height of 3.2 m (Figure 1a, circle at loc. 11). The anemometers 
(Table 2) were installed at heights 0.1 m, 0.6 m, 1.1 m, 1.4 m, 1.7 m, 2.3 m and 2.9 m recommended by 
EN ISO 7726:2001 (CEN, 2001). The sampling rate was 10 Hz in the seated person zone below the 
height of 1.1 m and 0.5 Hz in the upper zone. The averaging interval was 1 hour.  

Table 2. Measuring equipment. 
Variable Meter Model Accuracy 

Air temperature 
Air speed 

(at height 0.1 m-1.1 m) 

Omnidirectional 
anemometer 

Dantec dynamics 
Vivo Draught 20T31 

Air speed (v) 
±0.01 m/s±0.025v 

Air temperature ±0.15°C 
STDerr < 10 % to 2 Hz 

Air temperature 
Air speed 

(at height 1.4 m-2.9 m) 

Omnidirectional 
anemometer 

Sensor electronic 
SensoAnemo 5100SF 

Air speed (v) 
±0.02 m/s±0.015v 

Air temperature ±0.2°C 
STDerr < 10 % to 1.5 Hz 
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Figure 3. a) The average air speed at C40 and C80, error bar denotes ±std. b) The average air speed 
in the corridor side (loc. 1-4), middle (loc. 5-8) and window side (loc. 12-15), error bar denotes 
uncertainty in measurement. c) Maximum mean air speed of the locations 1-15 (Figure 1a) below 
1.1 m. The light grey at 𝑈𝑈𝑈𝑈�<0.2 m/s, the medium grey at 0.2≤𝑈𝑈𝑈𝑈�<0.3 m/s and the dark grey at 
𝑈𝑈𝑈𝑈�≥0.3 m/s. 

 

 
Figure 4. a) The turbulence intensity at C40 and C80, error bars ±std. b) The average turbulence 
intensity in the corridor side (loc. 1-4), middle (loc. 5-8) and window side (loc. 12-15), error bar 
denotes uncertainty in measurement. c) The maximum turbulence intensity below 1.1 m. The light grey 
at Tu≤40 %, the medium grey at 40<Tu<60 % and the dark grey at Tu≥60 %. 

 
The average draught rate was largest near the floor and smallest at the head level in the seated person 
zone (Figure 5a). The draught rate and the deviation increased with heat load (Figure 5b). Furthermore, 
the local maximum ranged 9-21 % at C80 in the seated person zone (Figure 5c). The average draught 
rate was higher in the corridor side than in the window side near the heat sources. 

 
Figure 5. a) The draught rate at C40 and C80 in the seated person zone, error bars ±std. b) The 
statistics of draught rate below 1.1 m. c) The maximum draught rate below 1.1 m. The light grey is 
category A (DR<10 %), medium grey is category B (DR<20 %) and dark grey is category C 
(DR<30 %) defined by EN ISO 7730:2005 (CEN, 2005). 
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The average turbulent kinetic energy increased with heat load (Figure 6a). The highest turbulent kinetic 
energy level was observed near the floor in which the average air speed level was highest. Consequently, 
also the turbulence dissipation increased correspondingly (Figure 6b). The turbulence length scales ranged 
from the room size down to the millimetres. The largest length scale was around the room height based on 
marker smoke visualization. The smallest length scale decreased towards increased heat load (Figure 6c). 

 
Figure 6. a) The turbulent kinetic energy at C40 and C80. b) The turbulence dissipation at C40 and 
C80. c) The Kolmogorov length scale at C40 and C80. The error bars denote ±std. 

4 DISCUSSION 
The ranges of mean air temperatures were 1.7°C and 2.0°C in the seated person zone at C40 and C80, 
respectively. This indicates significant air temperature differences with peak load conditions. The 
maximum vertical difference of air temperatures was observed above and below the table at the location 
13 at C40 such that the lower air temperature was below the table. Most probably, this is due to relative 
locations of heat sources and tables, which block the airflow patterns. Therefore, further question is 
settled to consider a detailed flow field of workstation in the future. The mean air speed and the deviation 
of mean air speed increased with heat load. The greatest averaged air speed gradients were observed in 
the middle of the chamber (loc. 5-8). Most probably, this is due to the large-scale circulating airflow 
pattern from the window side to the opposite corridor side that was obtained with marker smoke. The 
head load had a small effect on turbulence intensity, probably because both the standard deviation of 
air speed and the mean air speed increased with heat load. Furthermore, the lowest intensity was 
obtained in the high air speed conditions and the corresponding highest intensity in the low air speed 
conditions, because the deviation of air speed may decrease less than the mean air speed under the low 
air speed conditions. The heat load increased the turbulent kinetic energy and dissipation. The highest 
turbulent kinetic energy level was observed near the floor where the mean air speed level was highest, 
because the velocity fluctuation increased with mean air speed. Therefore, also the average turbulence 
dissipation increased. The largest length scale was around room height based on marker smoke 
visualization. The smallest length scale decreased towards increased heat load, because the turbulence 
dissipation increased with heat load. The draught rate increased with heat load indicating the category 
B at C40 and the category C at C80 defined by EN ISO 7730:2005 (CEN, 2005). However, an 
uncertainty in measurement can be around 5 % p.p. (Melikov et al., 2007), thus uncertainty in category 
exists correspondingly. The category A was not achieved, because the air speed was too high with the 
given heat loads. Consequently, the design criteria is proposed to be further considered for the indoor 
environments with increased heat loads, e.g. for the kindergartens in the standard EN ISO 7730:2005.  

5 CONCLUSIONS 
The temperature variation was significant in the seated person zone, although the average air 
temperature reached the target level. The mean air speed and the deviation of mean air speed increased 
with heat load. However, the heat load had a small effect on turbulence intensity. The local maximum 
of draught rate indicates that this thermal environment has category B at C40 and category C at C80 
defined by EN ISO 7730:2005. The category A was not achieved, because the air speed was too high 
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Figure 3. a) The average air speed at C40 and C80, error bar denotes ±std. b) The average air speed 
in the corridor side (loc. 1-4), middle (loc. 5-8) and window side (loc. 12-15), error bar denotes 
uncertainty in measurement. c) Maximum mean air speed of the locations 1-15 (Figure 1a) below 
1.1 m. The light grey at 𝑈𝑈𝑈𝑈�<0.2 m/s, the medium grey at 0.2≤𝑈𝑈𝑈𝑈�<0.3 m/s and the dark grey at 
𝑈𝑈𝑈𝑈�≥0.3 m/s. 

 

 
Figure 4. a) The turbulence intensity at C40 and C80, error bars ±std. b) The average turbulence 
intensity in the corridor side (loc. 1-4), middle (loc. 5-8) and window side (loc. 12-15), error bar 
denotes uncertainty in measurement. c) The maximum turbulence intensity below 1.1 m. The light grey 
at Tu≤40 %, the medium grey at 40<Tu<60 % and the dark grey at Tu≥60 %. 

 
The average draught rate was largest near the floor and smallest at the head level in the seated person 
zone (Figure 5a). The draught rate and the deviation increased with heat load (Figure 5b). Furthermore, 
the local maximum ranged 9-21 % at C80 in the seated person zone (Figure 5c). The average draught 
rate was higher in the corridor side than in the window side near the heat sources. 

 
Figure 5. a) The draught rate at C40 and C80 in the seated person zone, error bars ±std. b) The 
statistics of draught rate below 1.1 m. c) The maximum draught rate below 1.1 m. The light grey is 
category A (DR<10 %), medium grey is category B (DR<20 %) and dark grey is category C 
(DR<30 %) defined by EN ISO 7730:2005 (CEN, 2005). 
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with the given heat loads. Both the turbulent kinetic energy and dissipation increased with heat load. In 
addition, the smallest turbulence length scale decreased when the heat load increased. 
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SUMMARY 
Indoor air quality has a significant effect on performance of building occupants. In this paper, indoor 
air quality was studied when the heat load was located asymmetrically with diffuse ceiling ventilation. 
The test chamber was furnished like an office room with two laptops and two monitors, a heated 
manikin and a heated dummy.  The highest heat load was 53 W/m² and reduced to 27 W/m² in three 
cases. The outdoor air was supplied through diffuse ceiling. The air flow rate used was 4.8 l/s∙ m², 
3.9 l/s∙m² and 2.0 l/s∙ m² in the cases of 53 W/ m², 41 W/ m² and 27 W/ m². In term of the air change 
efficiency, the value of efficiency varied between 50% and 54.7%. Those values of air change 
efficiency are slightly better than the standard mixing ventilation. The observations indicate that the 
highest value of the mean age of air (67.7 minutes) is for 27 W/ m² and the lowest value of the mean 
age of air (21.6 minutes) is for 53 W/ m². The convection flows have a significant influence on air 
distribution. However, air change efficiency was above 50% in every measured location and the 
performance of the diffused ceiling ventilation is like fully mixed ventilation.  
 Keywords: diffuse ceiling ventilation, age of air, air change efficiency, indoor air quality 

1 INTRODUCTION 
It is recognized that sedentary workers represent the majority of the labour market worldwide. They 
spend 90% of their time indoors and expect to have a good indoor environment that could satisfy their 
need for indoor air quality.  The primary purpose for ventilation is to supply clean air to occupied 
zone and improve the indoor air quality by extract contaminants and create a health indoor 
environment (Mundt et al., 2004). In many cases, ventilation is also used for cooling especially in 
public buildings. 
The earlier studies have shown that ventilation is essential for good indoor quality. In turn, improving 
indoor air quality has been shown to affect significantly on learning and productivity (Wargocki and 
Wyon, 2017). With excellent designing ventilation and air distribution, it is possible to guarantee 
excellent indoor conditions (Seppänen, 2008; Haverinen-Shaughnessy et al., 2015).  
Diffuse ceiling ventilation is an innovative ventilation concept where the suspended ceiling serves as 
an air diffuser to supply fresh air into the room. Because of the large opening area, air is delivered to 
the room with very low velocity. Hviid and Terkildsen (2012) stated that air distribution system of 
diffuse ceiling ventilation can handle high heat load without significant draught, because the air flow 
is determined by the heat sources and not by momentum flow from the supply openings. 
Fan et al. (2013) reported that the ventilation effectiveness by diffuse ceiling ventilation is between 
0.9 and 1 in the breathing zone. These results correspond well with the studies by (Nielsen et al., 
2010; Chodor and Taradajko, 2013; Nielsen and Jakubowska, 2009). Hviid et al. (2013) investigated 
the air exchange efficiency and the result was in agreement with the finding of good mixing with 
diffuse ceiling ventilation. Also, there was no evidence of any stagnant zone or short-circuiting 
ventilation in the room based on the experiment and simulation. Kristensen et al. (2017) reported that 
ventilation effectiveness was comparable to conventional mixing ventilation.  

with the given heat loads. Both the turbulent kinetic energy and dissipation increased with heat load. In 
addition, the smallest turbulence length scale decreased when the heat load increased. 
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The air distribution patterns in rooms with diffuse ceiling inlets may be controlled either by buoyancy 
flows from heat sources or by momentum flow depending on the air change rate. In the case of an air 
distribution pattern controlled by momentum flow a high air change rate is needed (e.g. 50 - 100 h-1), 
which creates piston-flow. For air change rates ranges from 1 to 15 h-1, the air distribution pattern in 
the room is controlled by the buoyancy flow generated by heat source and this could be defined as 
mixing ventilation. 
In this paper, the effect of three asymmetric heat loads levels on indoor air quality was analysed in a 
typical office layout. 

2 METHODS 

2.1 Test room 
The measurements were carried out in a test room of the internal dimensions of 5.5 m length, 3.8 m 
width, 3.2 m height. A double office-layout with a thermal-manikin and a sitting dummy was 
investigated near heated window panels in the perimeter area. Both workstations equipped with a 
laptop and a monitor. The manikin, dummy, laptop, monitor and lighting were simulated as internal 
heat loads. The layout was modelled to simulate an asymmetrical heat load distribution. 
Two workstations were located 0.6 m from the heated window panels in the middle of the room. 
Lights were installed in the middle of the workstations at the ceiling. A laptop and a monitor were 
located on the both tables. Between the workstations, there was a partition wall. Fig 1 shows the 
workplace set-up with the thermal manikin and the seated dummy. 

 

Figure 1.  Workstation set-up:  a) thermal 
manikin and b) seated dummy with laptop 
and monitor 

2.2 The experimental set-up 
Figure 2 shows a sketch of the test room with all the measurement locations (TL1-TL15). The air-
flow field was measured by conducting omnidirectional anemometers for air temperature and air 
velocity. Gas-analysator is used to measure and log concentration values of CO2 at locations (IL1-
IL5). IL1 and IL2 were close to breathing zone, IL3 was close to the heated window, IL4 was mirrored 
location with respect to IL3, and IL5 was close to exhaust location. 

 
Figure 2. Test chamber layout seen during 
the tracer gas measurement 
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CO2 was chosen as tracer gas as it is a real contaminant in occupied spaces, easy to measure and 
behaves like air. Gas-analysator is able to measure concentration values and the measurement interval 
was 1 minute at each location. For all the chosen locations, the measured height was 1.1 m (occupied 
zone), except for the exhaust location, that was at the suspended ceiling at height 3.2 m. 
 In the occupied zone of the test chamber, air temperature and air velocity were measured in three 
heights (0.1 m, 0.6 m, 1.1 m) above the floor level. 
The goal of the ventilation system was to maintain an internal set location temperature of 26±0.5°C 
in the occupied zone at the high of 1.1 m from the floor. Consequently, the supply air flow rate was 
adjusted for providing sufficient cooling power in responding to heat load change. The supply air 
temperature in the room is set to 17°C. 
All the measurement instruments that will be used during the experiments are summarized in Table 1. 

Table 1.  The measuring instruments and visualization equipment 

Variable Meter-type Model Accuracy

Temperature 
Air velocity  

Hot-sphere 
anemometer 

Dantec dynamics 
Vivo Draught 20T31 

Air velocity: 
Range 0.05-1.0 m/s 

±0.01 m/s±0.025 vmeans 
Temperature: Range 0-45°C ±0.15°C 

Tracer gas 
concentration gas-analysator 

Bruel Kjaer Multi-gas 
Monitor Gas Analyzer Type 

1302 

Detection threshold:10-3ppt-1ppt 
Range: upper detection limit=100000 

times the lower detection limit 

The supply air was distributed through a suspended ceiling down to the room. Supply air is released 
inside the upper plenum chamber by a six meters long ductwork and then flows slowly into the room 
through perforations in the suspended ceiling. In Fig. 3, the diffuse ceiling panel has dimensions of 
600x600x20 mm and is made of glass-wool-plate elements. Each hole has a diameter of 14 mm and 
the overall degree of perforation was approximately 0.5%. The diffuse ceiling ventilation can produce 
rather equal supply air distribution with low pressure drop, which forces the airflow through the 
suspended ceiling down to the occupied zone. 

 
Fig .3 (a) Diffuse ceiling inlet structure, (b) hole density as 0.5% of the entire roof area,(c) duct 
diffuser located in the plenum chamber 

2.3 Test cases 
In the test chamber, the solar heat load was simulated using warm window panels that were heated 
up to 30-35°C to have typical window temperatures in practice. In the study, three heat load levels 
were measured. The measured specific heat loads were: 27 W/ floor-m2, 41 W/ floor-m2 and 53 W/ 
floor-m2. 
The parameters of the test cases are summarized in Table 2. 
Table 3 shows the used heat loads in different measurement cases. Occupancy, computers and lighting 
have a constant value during all the measurement. The heat flow of the window panels has to be 
adjusted to cover the cooling load required.  

The air distribution patterns in rooms with diffuse ceiling inlets may be controlled either by buoyancy 
flows from heat sources or by momentum flow depending on the air change rate. In the case of an air 
distribution pattern controlled by momentum flow a high air change rate is needed (e.g. 50 - 100 h-1), 
which creates piston-flow. For air change rates ranges from 1 to 15 h-1, the air distribution pattern in 
the room is controlled by the buoyancy flow generated by heat source and this could be defined as 
mixing ventilation. 
In this paper, the effect of three asymmetric heat loads levels on indoor air quality was analysed in a 
typical office layout. 

2 METHODS 

2.1 Test room 
The measurements were carried out in a test room of the internal dimensions of 5.5 m length, 3.8 m 
width, 3.2 m height. A double office-layout with a thermal-manikin and a sitting dummy was 
investigated near heated window panels in the perimeter area. Both workstations equipped with a 
laptop and a monitor. The manikin, dummy, laptop, monitor and lighting were simulated as internal 
heat loads. The layout was modelled to simulate an asymmetrical heat load distribution. 
Two workstations were located 0.6 m from the heated window panels in the middle of the room. 
Lights were installed in the middle of the workstations at the ceiling. A laptop and a monitor were 
located on the both tables. Between the workstations, there was a partition wall. Fig 1 shows the 
workplace set-up with the thermal manikin and the seated dummy. 

 

Figure 1.  Workstation set-up:  a) thermal 
manikin and b) seated dummy with laptop 
and monitor 

2.2 The experimental set-up 
Figure 2 shows a sketch of the test room with all the measurement locations (TL1-TL15). The air-
flow field was measured by conducting omnidirectional anemometers for air temperature and air 
velocity. Gas-analysator is used to measure and log concentration values of CO2 at locations (IL1-
IL5). IL1 and IL2 were close to breathing zone, IL3 was close to the heated window, IL4 was mirrored 
location with respect to IL3, and IL5 was close to exhaust location. 

 
Figure 2. Test chamber layout seen during 
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Table 2. Heat load per floor area, air flow rate and temperatures 
Case Heat load per floor area(W/m²) Air flow rate(l/s∙m²) Supply air temperature 

(°C) 
Indoor air 

temperature (°C) 
1 53 4.8 17 26 
2 41 3.9 17 26 
3 27 2.0 17 26 

Table 3. Used heat loads in the tests 
Case Dummy 

(W) 
Manikin 

equipment 
(W) 

Manikin 
(W) 

2 laptops 
(W) 

2 monitors 
(W) 

2 lights 
(W) 

Window 
plates 
(W) 

Total heat 
load 
(W) 

Total heat 
flux 

(W/m²) 
1 85 67 83 96 70 116 584 1099 53 
2 85 67 83 96 70 116 340 857 41 
3 85 67 83 96 70 116 56 573 27 

The concept of age of air is introduced by Sandberg (Sandberg, 1981). The age of air in a space can 
be considered as a measure of the freshness of the environment and it is defined as the time that has 
elapsed since the air entered the space through an opening (Etheridge, 2015).  
The ventilation efficiency within the building was also investigated using the air change efficiency. 
The air change efficiency is a measure of how quickly the air in a room can be replaced with the clean 
air compared to the shortest possible time it takes to replace the air with the same ventilation airflow 
in the room (Etheridge, 1996). 
The definition of the air change efficiency can be explained as the ratio between the theoretically 
shortest possible air change time τn and of the average time it takes to replace the air in the room 𝜏𝜏𝜏𝜏𝑟𝑟𝑟𝑟, 
Equation (1) 

 ϵa = τn
τr
∙ 100%  .                                         (1)  

The actual air change time 𝜏𝜏𝜏𝜏𝑟𝑟𝑟𝑟 can be derived from the room mean age of air 〈τ〉 by Equation (2)  

 𝜏𝜏𝜏𝜏𝑟𝑟𝑟𝑟 = 2〈τ〉 .                                                      (2)  

where ϵa is air change efficiency, 〈τ〉 is mean age of air, 𝜏𝜏𝜏𝜏𝑟𝑟𝑟𝑟 is actual air change time. So air change 
efficiency also is the ratio between τn and τr, Equation (1) becomes 

 ϵa = τn
2〈τ〉

∙ 100%  .                                        (3)  

3 RESULT 

3.1 Age of air 
From the tracer-gas experiments, the air change efficiency of the room and the mean age of air were 
calculated. The mean age of air for five measurement locations is illustrated in Figure 3. The highest 
value of 67.7 minutes was obtained for the heat load of 27 W/m². 

 Figure 3. Mean age of air for three heat loads 
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The difference between the cases of 53 W/m² and 41 W/m² was insignificant. At those heat loads, the 
age of air reduced to 22 and 32minutes, respectively. It should be noted that the differences of mean 
age of air between the locations were very small for each case, which indicates good mixing was 
achieved in the room space. 
It could be expected that with the lowest heat load conditions, the supply air flow rate is not 
dominating the air movement. When the hear load increased, the flow structure changed and the 
convection flow dominates and that causes well-mixing in the room space.  

3.2 Air change efficiency 

The effect of the heat load on air change efficiency is shown in Figure 4. The average room air 
temperature is presented in Figure 5, respectively. The average of air change efficiency increased 
when the heat load increased from 27 W/m² to 53 W/m². The value of the average air change 
efficiency varied between 50% and 55 % with all cases.  
The air exchange efficiency showed the same trend than the mean age of air. The highest air exchange 
efficiency was achieved at the highest heat load when the air flow rate is also highest. However, the 
difference of air exchange efficiency between the cases of 53 W/m² and 41 W/m² is insignificant. The 
air change efficiency values were 50% in every measurement location in the case of 27 W/m².  
For IL1 and IL2 at the breathing zone, the air change efficiency was at the same level than in the 
other locations.  Thus, with the asymmetric load located, the air change efficiency is the same in all 
locations of the room spaces.  

  
Figure 4. Air change efficiency Figure 5. The average room air temperature 

4 DISCUSSION 
The air change efficiency of diffuse ceiling ventilation was quite close to mixing ventilation. The 
measured air change efficiency values did not much change when the heat load levels varied between 
27 and 53 W/m2. It should be also noted that the air change efficiency is the same level over the whole 
room space and asymmetric load distribution does not have any effect on air change efficiency.  
However, the amount of the supply air flow rate has effect on age of air. Still when the load is higher 
than 41 W/m², the increase of air flow rate does not change anymore age of air.   
Diffuse ceiling ventilation seems to be a good solution for providing a good indoor air quality by 
avoiding the formation of stagnation zones and with a good air replacement in all the locations of the 
room. The results indicate that there is a specific threshold value of heat loads where the flow structure 
changed and also the age of air changed. Further investigation should be conducted on the different 
layout and different size of office installed with the diffuse ceiling ventilation. The different boundary 
conditions also should be studies in future.
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Table 2. Heat load per floor area, air flow rate and temperatures 
Case Heat load per floor area(W/m²) Air flow rate(l/s∙m²) Supply air temperature 

(°C) 
Indoor air 

temperature (°C) 
1 53 4.8 17 26 
2 41 3.9 17 26 
3 27 2.0 17 26 

Table 3. Used heat loads in the tests 
Case Dummy 

(W) 
Manikin 

equipment 
(W) 

Manikin 
(W) 

2 laptops 
(W) 

2 monitors 
(W) 

2 lights 
(W) 

Window 
plates 
(W) 

Total heat 
load 
(W) 

Total heat 
flux 

(W/m²) 
1 85 67 83 96 70 116 584 1099 53 
2 85 67 83 96 70 116 340 857 41 
3 85 67 83 96 70 116 56 573 27 

The concept of age of air is introduced by Sandberg (Sandberg, 1981). The age of air in a space can 
be considered as a measure of the freshness of the environment and it is defined as the time that has 
elapsed since the air entered the space through an opening (Etheridge, 2015).  
The ventilation efficiency within the building was also investigated using the air change efficiency. 
The air change efficiency is a measure of how quickly the air in a room can be replaced with the clean 
air compared to the shortest possible time it takes to replace the air with the same ventilation airflow 
in the room (Etheridge, 1996). 
The definition of the air change efficiency can be explained as the ratio between the theoretically 
shortest possible air change time τn and of the average time it takes to replace the air in the room 𝜏𝜏𝜏𝜏𝑟𝑟𝑟𝑟, 
Equation (1) 

 ϵa = τn
τr
∙ 100%  .                                         (1)  

The actual air change time 𝜏𝜏𝜏𝜏𝑟𝑟𝑟𝑟 can be derived from the room mean age of air 〈τ〉 by Equation (2)  

 𝜏𝜏𝜏𝜏𝑟𝑟𝑟𝑟 = 2〈τ〉 .                                                      (2)  

where ϵa is air change efficiency, 〈τ〉 is mean age of air, 𝜏𝜏𝜏𝜏𝑟𝑟𝑟𝑟 is actual air change time. So air change 
efficiency also is the ratio between τn and τr, Equation (1) becomes 

 ϵa = τn
2〈τ〉

∙ 100%  .                                        (3)  

3 RESULT 

3.1 Age of air 
From the tracer-gas experiments, the air change efficiency of the room and the mean age of air were 
calculated. The mean age of air for five measurement locations is illustrated in Figure 3. The highest 
value of 67.7 minutes was obtained for the heat load of 27 W/m². 
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5 CONCLUSIONS 
The purpose of this study was to investigate the indoor air quality of a diffuse ceiling ventilation in 
asymmetric load conditions. With three different heat load levels, air change efficiency was above 50% 
in all measured locations. This indicates that the condition of fully mixing ventilation was achieved in all 
location of the room. The asymmetric load distribution does not have any effect on air change efficiency. 
With higher heat loads levels, the required higher of the supply air flow rate reduced the age of air. 
However, when the heat load changed from 41 W/m2 to 53 W/m2, the age of air is not thereafter improved.  
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SUMMARY 
This paper reports on a comparative study of the indoor environment in two adjacent classrooms, one 
renovated, and the other non-renovated. The aim of the study was to investigate the positive 
consequences of renovating classrooms, but also to disclose unanticipated side-effects. 
The non-renovated classroom was without mechanical ventilation, fitted with woodwool ceiling plates 
for acoustics and lighting fixtures with horizontal illuminances of 200-300 lux on the tables. 
The renovated classroom was retrofitted with a new acoustic ceiling made from perforated gypsum 
tiles and suspended lighting fixtures and mechanical ventilation via decentral room unit mounted 
below the ceiling. The ventilation air was supplied in the void above the acoustic ceiling, which 
distributes air through perforations and joints in the ceiling to the occupied zone – a concept often 
referred to as diffuse ventilation. In this setup, the acoustic ceiling also acted as silencer for the 
ventilation inlet. 
Different indoor environmental parameters were comparatively measured in each classroom, 
including longterm CO2-concentration, temperature and noise levels as well as reverberation time and 
technical noise from the ventilation equipment. In all respects, the objective measurements improved 
in the renovated classroom. 
Interviews with pupils and questionnaire surveys were conducted, and – while showing less evidence 
of the improvements than expected – did indicate increased user satisfaction with the retrofit. 
Keywords: ventilation, schools, indoor environmental quality, air distribution 

1 INTRODUCTION 
Education of younger generations is a major societal task and the quality of the teaching and learning 
in schools receives greater attention than ever from politicians, governmental bodies, authorities, 
teachers, and parents alike.  
The indoor environmental quality plays a key role in the abilities of pupils to absorb, process and use 
knowledge. Several studies indicate a positive relationship between the quality of the indoor 
environment in classrooms and the score of school children when doing tests in reading, math, 
comprehension and cognitive abilities (Wargocki & Wyon, 2017). At the same time young pupils 
spend more time in school than in any other environment besides their home.  The increased attention 
on the importance of the indoor environment in schools, has intensified the pace of classroom 
renovation in Denmark, which has earlier been limited. Multiple studies have investigated and 
compared retrofit solutions with regard to IAQ and energy (Heebøll et al., 2018), but fewer has taken 
on a holistic approach (Dhalluin & Limam, 2014). This study reports on a concurrent all-round indoor 
environmental quality comparison of two classrooms, located side-by-side, one renovated, and the 
other non-renovated. 

5 CONCLUSIONS 
The purpose of this study was to investigate the indoor air quality of a diffuse ceiling ventilation in 
asymmetric load conditions. With three different heat load levels, air change efficiency was above 50% 
in all measured locations. This indicates that the condition of fully mixing ventilation was achieved in all 
location of the room. The asymmetric load distribution does not have any effect on air change efficiency. 
With higher heat loads levels, the required higher of the supply air flow rate reduced the age of air. 
However, when the heat load changed from 41 W/m2 to 53 W/m2, the age of air is not thereafter improved.  
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2 METHODS 

2.1 Description of classrooms 
Two adjacent classrooms, room 15 (renovated) & 16 (non-renovated), were identified in a school in a 
suburb to Copenhagen in Denmark. The classrooms are of equal size with the dimensions 6.1x8.0 m. 
The room height was initially 3.1 m but later reduced to 2.9 m in the renovated classroom. Three 
windows in each classroom of size 2.3x2.0 m (h x w) are oriented towards East, see Figure 1. There is 
an overhang of 1.2 m and also manually controlled external grey-woven screens for solar protection. 
The insulation level in the parapet is estimated to be approx. 75 mm. The windows have double layer 
glazings but without low-energy coatings. The U-value is estimated to be 3.0 W/m2K. There are three 
operable windows in each classroom, but only two radiators, i.e. no radiator below the window in the 
middle. The façade was not renovated nor changed. 
Initially the two classrooms did not have sufficient ventilation, but in Jan/Feb 2017, room 15 was 
renovated with mechanical ventilation, new acoustics ceiling made from white-painted gypsum tiles, 
and new lighting system. Room 16, the non-renovated one, kept the old lighting systems and the 
wood-wool acoustic ceiling. 
In room 15, the air change is handled by a decentral mechanical ventilation unit suspended below the 
ceiling, see Figure 2b. The unit has a counterflow heat exchanger with an efficiency of 82% at 
nominal flow rate 950 m3/h and the specific fan power is 800 W/(m3/s). Thus, we consider the 
ventilation unit to be quite energy efficient. The unit is fitted with internal CO2 and temperature 
sensors and demand-control. 
The new acoustic ceiling was suspended 20 cm, in effect embedding the air handling unit partly and 
creating a void above the acoustic ceiling where the two inlet jets from the air handling unit exit. Thus 
the acoustic ceiling forms a pressure chamber permitting to distribute air evenly to the occupied zone 
below. 
This combined solution was selected because in rooms with high-density occupancy such as 
classrooms it can be challenging to renew the air without a high risk of draught sensations and/or 
noise from the technical installations. 2x20 mm of soft non-fibrous sound absorbing material is placed 
on top of the gypsum tiles to reduce noise. 
The lighting system was changed to six lighting fixtures suspended 40 cm below the acoustic ceiling. 
The fixtures distribute artificial light both downwards and upwards, where the reflections with the 
white gypsum tiles together with the micro-prismatic optics in the fixtures create a uniform lighting 
level in the room. The color temperature is 3000 K and CRI>90. Five downlights along the walls 
creates a wall-wash effect. 
Based on the class schedules, occupancy is from 8-15 and counts a maximum of 18 pupils in each of 
the rooms. The pupils are grade 6, approx. 12 years old. 

2.2 Measurements 
The following investigations and comparisons are reported in this paper: 

• CO2-concentration 
• Temperature 
• Noise levels and reverberation time in the classrooms 
• Sound pressure level from decentral ventilation unit 
• Lighting level 
• Air velocities 
• Perceived IEQ based on questionnaires & interviews 
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Figure 1. Plan view and cross-section of renovated classroom 

 
(a) Classroom 16, non-renovated 

 
(b) Classroom 15, renovated 

Figure 2. Picture of non-renovated room 16 (a) and renovated classroom 15 (b). Acoustic ceilings, 
partly embedded decentral ventilation unit and lighting systems are visible. 

2.3 Equipment 
The following equipment was used to measure the different parameters.  
IC-Meter is an IoT-enabled measuring device that uploads 5 min logged IEQ data to the cloud. The 
accuracy of the CO2-sensor is ±30 ppm or ±3%, whichever is highest, of the reading. The IC-Meter 
temperature sensor has an accuracy of ±0.3°C and max <0.4°C in normal comfortable operating 
conditions. The relative humidity sensor has an accuracy ±2% and max ±3% in normal comfortable 
operating settings. The microphone has a range of 32-104 dB. The accuracy is unknown but for these 
measurements, the location of the sensor on the wall will in it-self produce biased values in absolute 
terms. However, IC-Meters are placed alike on the walls in each of the classrooms and therefore data 
is comparable relatively. 
Air velocity are measured by four omnidirectional thermal anemometers SenseAnemo5100SF from 
Senseelectronic. The accuracy of the anemometers is ±0.02 m/s in the interval 0.05-5 m/s.  
Reverberation time and noise from technical installations are measured with a handheld sound level 
meter from Brüel & Kjær model 2270 in the frequency interval 50-10 kHz. The same instrument was 
used to measure the reverberation time. 
Light intensity was measured using Testo 540 handheld light-meter. 

2 METHODS 

2.1 Description of classrooms 
Two adjacent classrooms, room 15 (renovated) & 16 (non-renovated), were identified in a school in a 
suburb to Copenhagen in Denmark. The classrooms are of equal size with the dimensions 6.1x8.0 m. 
The room height was initially 3.1 m but later reduced to 2.9 m in the renovated classroom. Three 
windows in each classroom of size 2.3x2.0 m (h x w) are oriented towards East, see Figure 1. There is 
an overhang of 1.2 m and also manually controlled external grey-woven screens for solar protection. 
The insulation level in the parapet is estimated to be approx. 75 mm. The windows have double layer 
glazings but without low-energy coatings. The U-value is estimated to be 3.0 W/m2K. There are three 
operable windows in each classroom, but only two radiators, i.e. no radiator below the window in the 
middle. The façade was not renovated nor changed. 
Initially the two classrooms did not have sufficient ventilation, but in Jan/Feb 2017, room 15 was 
renovated with mechanical ventilation, new acoustics ceiling made from white-painted gypsum tiles, 
and new lighting system. Room 16, the non-renovated one, kept the old lighting systems and the 
wood-wool acoustic ceiling. 
In room 15, the air change is handled by a decentral mechanical ventilation unit suspended below the 
ceiling, see Figure 2b. The unit has a counterflow heat exchanger with an efficiency of 82% at 
nominal flow rate 950 m3/h and the specific fan power is 800 W/(m3/s). Thus, we consider the 
ventilation unit to be quite energy efficient. The unit is fitted with internal CO2 and temperature 
sensors and demand-control. 
The new acoustic ceiling was suspended 20 cm, in effect embedding the air handling unit partly and 
creating a void above the acoustic ceiling where the two inlet jets from the air handling unit exit. Thus 
the acoustic ceiling forms a pressure chamber permitting to distribute air evenly to the occupied zone 
below. 
This combined solution was selected because in rooms with high-density occupancy such as 
classrooms it can be challenging to renew the air without a high risk of draught sensations and/or 
noise from the technical installations. 2x20 mm of soft non-fibrous sound absorbing material is placed 
on top of the gypsum tiles to reduce noise. 
The lighting system was changed to six lighting fixtures suspended 40 cm below the acoustic ceiling. 
The fixtures distribute artificial light both downwards and upwards, where the reflections with the 
white gypsum tiles together with the micro-prismatic optics in the fixtures create a uniform lighting 
level in the room. The color temperature is 3000 K and CRI>90. Five downlights along the walls 
creates a wall-wash effect. 
Based on the class schedules, occupancy is from 8-15 and counts a maximum of 18 pupils in each of 
the rooms. The pupils are grade 6, approx. 12 years old. 

2.2 Measurements 
The following investigations and comparisons are reported in this paper: 

• CO2-concentration 
• Temperature 
• Noise levels and reverberation time in the classrooms 
• Sound pressure level from decentral ventilation unit 
• Lighting level 
• Air velocities 
• Perceived IEQ based on questionnaires & interviews 
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3 RESULTS 
By comparing the CO2 concentration, Figure 3 shows that the mechanical ventilation system has 
significantly improved the indoor air quality and that the demand-control functions correctly. 

 
March (a) 

 
June (b) 

Figure 3. CO2-concentration in March (a) and June (b) in classrooms 15 (renovated) and 16 (non-
renovated). 

 
March (a) 

 
June (b) 

Figure 4. Indoor air temperature in March (a) and June (b) in the classrooms (solid lines, left y-axis) 
along with the outdoor temperatures (dashed line, right y-axis). 

 
Figure 5. Sorted mean and peak noise levels in renovated and non-renovated classrooms in March. 

Figure 4 shows the indoor air temperature in a winter (March) and summer scenario (June). The 
outdoor temperature is also shown. The March values show that the temperature of the renovated 
classroom is much more within the comfort range of 21-23°C. The fluctuating temperature of the non-
renovated room is probably due to manual airing, by opening windows. In the summer time, the 
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mechanical ventilation is able to reduce the peak temperatures. It is unknown how much this is 
attributable to the day ventilation, and how much to the automatic night ventilation control. Relative 
humidity even in ventilated plenum was never above 60% (data not shown). Figure 5 shows lower 
maximum peak levels for the renovated room but remains rather inconclusive. More sophisticated 
sound measurements are necessary to quantify the acoustic performance accurately. 
Figure 6a shows the sound pressure level from the technical installations (air handling unit). Some of 
the ceiling (2 m2 below the ventilation inlets) was removed to evaluate the effect of embedding the 
AHU in the acoustic ceiling. The technical noise was approx. 30-34 dB in the occupied zone of which 
approx. 1 dB was attributable to the extra silencing effect of the acoustic/ventilation ceiling. The 
reverberation time was approx. the same in both renovated and non-renovated classroom (0.53 vs 
0.56). The lighting level (Figure 6b) was overall increased from 200-300 to 600-700 lux. 

 
Mean sound pressure level (a) 

 
 

Lighting level (b) 
Figure 6. The 3 min mean sound pressure level (a) from the mechanical ventilation in room 15 in four 
points at height 1.35 m. Lighting level (b) has doubled in the renovated classroom. 

 
(a) 

 
(b) 

Figure 7. Air velocities (a) and air temperature (b) at different heights in renovated classroom 15. 

The air velocities and temperature gradient are reported in Figure 7. In general the air speeds are as 
expected below 0.10 m/s, and the ones above are due to local explainable phenomena. The airflow 
rate is indirectly calculated from the CO2-peak, number of pupils and space volume to be approx. 700 
m3/h. The gradient on Figure 7b shows very little stratification. 
Lastly, Figure 8 shows the questionnaire responses, where pupils were asked before and after the 
renovation in both rooms (average of approx. 17 pupils’ answers). ’All pupils’ denotes the mean 
response of all pupils asked in 9 classrooms, incl. room 15 & 16. 

3 RESULTS 
By comparing the CO2 concentration, Figure 3 shows that the mechanical ventilation system has 
significantly improved the indoor air quality and that the demand-control functions correctly. 

 
March (a) 

 
June (b) 

Figure 3. CO2-concentration in March (a) and June (b) in classrooms 15 (renovated) and 16 (non-
renovated). 
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Figure 4. Indoor air temperature in March (a) and June (b) in the classrooms (solid lines, left y-axis) 
along with the outdoor temperatures (dashed line, right y-axis). 

 
Figure 5. Sorted mean and peak noise levels in renovated and non-renovated classrooms in March. 

Figure 4 shows the indoor air temperature in a winter (March) and summer scenario (June). The 
outdoor temperature is also shown. The March values show that the temperature of the renovated 
classroom is much more within the comfort range of 21-23°C. The fluctuating temperature of the non-
renovated room is probably due to manual airing, by opening windows. In the summer time, the 
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Figure 8. The questionnaire responses in the classrooms during winter.   

Selected student quotes: “We are less tired”, “Air is normal”. Teacher quotes: “I think the ventilation 
does what it is supposed to do, I just don’t notice”, “It is more the lighting and acoustics you notice”, 
“Actually, there are fewer complaints on headache”, “The light makes it easier to see”. 

4 DISCUSSION 
The objective measurements show that the indoor environmental conditions have improved for all 
parameters in the renovated classroom. The questionnaire survey and interview show that the pupils 
are paying little attention to the indoor environment, both before and after, which is positive, because 
it means that bringing mechanical ventilation into renovated classrooms can be achieved with success. 
From the interview quotes we may learn that there is in fact increased user satisfaction with the new 
conditions among some pupils. 

5 CONCLUSIONS 
Retrofitting classrooms is inherently associated with the risk that the new solutions perform 
inadequately or even poorly compared to the former conditions. Despite introducing a mechanical air 
handling unit in the renovated classroom with an ACH of 5 h-1, changing the acoustic ceiling from 
dark woodwool to a light-colored perforated gypsum tile and changing the lighting system, the 
measurements and the pupils responses prove the efforts to be successful in terms of IEQ and energy. 

ACKNOWLEDGEMENTS 
The authors wish to extend their gratitude to the public (EUDP programme, Danish Energy Agency, 
grant 64014-0153) and private project partners that made this study possible. 

REFERENCES 
Dhalluin, A. and Limam, K. (2014). Comparison of natural and hybrid ventilation strategies used in 
classrooms in terms of indoor environmental quality, comfort and energy savings, Indoor and Built 
Environment, 23, 4, pp 527-542, DOI: 10.1177/1420326X12464077 
Heebøll, A., Wargocki, P. and Toftum, J. (2018). Window and door opening behavior, carbon dioxide 
concentration, temperature, and energy use during the heating season in classrooms with different 
ventilation retrofits - ASHRAE RP1624, DOI: 10.1080/23744731.2018.1432938 
Wargocki, P., and Wyon, D. P. (2017). Ten questions concerning thermal and indoor air quality 
effects on the performance of office work and schoolwork. Building and Environment, 112, 359-366. 
DOI: 10.1016/j.buildenv.2016.11.020 

PROCEEDINGS  — Roomvent & Ventilation 2018282  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 2 – Air Distribution: Air Distribution (AD3)

282  |



ASSESSMENT OF E-CIGARETTE SMOKING USING IN SILICO HUMAN 
RESPIRATORY TRACT MODEL INTEGRATED WITH COUPLED PBPK-CFD 

ANALYSIS 
Kazuki Kuga1*, Sung-Jun Yoo1, Kazuhide Ito1, Wenhao Chen2, Ping Wang2,  

Jeff Fowles3, Dennis Shusterman4, Kazukiyo Kumagai2 
1Interdisciplinary Graduate School of Engineering Sciences, Kyushu University 

2Indoor Air Quality Program, Environmental Health Laboratory Branch, California Department of 
Public Health 

3Exposure Assessment Section, Environmental Health Investigation Branch, California Department of 
Public Health 

4Division of Occupational and Environmental Medicine, School of Medicine, University of 
California, San Francisco 

*Corresponding email: 2ES16326P@s.kyushu-u.ac.jp  

SUMMARY 
The overarching purpose of this study is to develop a numerical prediction method for assessment of 
human health risks caused from the inhalation exposure of various contaminants generated by 
electronic cigarettes (e-cigarettes). In this study, a coupled physiologically based pharmacokinetic 
(PBPK)–computational fluid dynamics (CFD) model was adapted to a numerical respiratory tract 
model to estimate quantitatively the inhalation exposure to contaminants (formaldehyde and 
acetaldehyde), generated from e-cigarette smoking. Heterogeneous contaminants concentration 
distributions inside the respiratory tract were predicted through transient CFD simulations. For 
evaluating adsorption flux onto respiratory tissue surface, tissue surface contaminants concentrations 
of respiratory tract were calculated by using two concepts: partition coefficient between air-phase and 
tissue-phase and analogy of flux conservation. Contaminants concentration distributions inside the 
tissue were analyzed by using PBPK model. Through the coupled PBPK-CFD analysis, we indicated 
total fractions of aldehydes inhaled from e-cigarette: (i) adsorbed onto tissue surface of respiratory 
tract, (ii) transported to deeper bronchial regions, and (iii) released into the indoor environment by 
exhalation. This coupled PBPK–CFD analysis has potential to contribute to the development of the 
health risk assessment of inhalation exposure to e-cigarettes. 
Keywords: PBPK, CFD, E-cigarettes, Inhalation Exposure, Numerical respiratory tract model 

1 INTRODUCTION  
Electronic cigarettes (e-cigarettes) have recently attracted considerable attention throughout the world 
because of the existing illusion that they are safe for human health in terms of first-, second-, and 
third-hand exposure to smoking. The e-cigarette is a portable heating device used to evaporate “e-
liquid,” which contains various chemicals. Given that e-cigarettes are not based on tobacco 
combustion, they appear to reduce the health risks associated with traditional smoking. Although the 
vapor they generate comes from a non-combustion process, contaminants are still generated owing to 
the chemical reaction of the e-liquid. In addition to direct inhalation from first-hand smoking, we 
consider the vapor exhaled from e-cigarette users as a new source of contaminants that affect the 
quality of indoor air. Thus, it is essential to develop a numerical prediction method of health risk 
assessment of e-cigarette vapor exposure in human respiratory tract (first-hand exposure) and in 
indoor environments (second-hand exposure). Correspondingly, this study focuses on a qualitative and 
quantitative assessment of e-cigarette vapor exposure in the human respiratory tract using coupled 
PBPK–CFD analyses. 

  
Figure 8. The questionnaire responses in the classrooms during winter.   

Selected student quotes: “We are less tired”, “Air is normal”. Teacher quotes: “I think the ventilation 
does what it is supposed to do, I just don’t notice”, “It is more the lighting and acoustics you notice”, 
“Actually, there are fewer complaints on headache”, “The light makes it easier to see”. 

4 DISCUSSION 
The objective measurements show that the indoor environmental conditions have improved for all 
parameters in the renovated classroom. The questionnaire survey and interview show that the pupils 
are paying little attention to the indoor environment, both before and after, which is positive, because 
it means that bringing mechanical ventilation into renovated classrooms can be achieved with success. 
From the interview quotes we may learn that there is in fact increased user satisfaction with the new 
conditions among some pupils. 

5 CONCLUSIONS 
Retrofitting classrooms is inherently associated with the risk that the new solutions perform 
inadequately or even poorly compared to the former conditions. Despite introducing a mechanical air 
handling unit in the renovated classroom with an ACH of 5 h-1, changing the acoustic ceiling from 
dark woodwool to a light-colored perforated gypsum tile and changing the lighting system, the 
measurements and the pupils responses prove the efforts to be successful in terms of IEQ and energy. 
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2 METHODS 

2.1 Numerical respiratory tract model for coupled PBPK–CFD analyses 

Our numerical respiratory model used for the CFD analyses has already been developed and reported 
with respect to the airflow and temperature fields and their validations. This numerical airway model 
had been generated using computer tomography (CT) data extracted from a healthy human male. In 
this study, this respiratory tract model reproduces the complicated three-dimensional geometry and the 
respiratory tissue (mucus, epithelium, and subepithelium) by generating prism layers from the 
respiratory surface in order to apply the PBPK model. The combined thickness of the mucus and 
epithelium layers is 65 μm and that of subepithelium is 15 μm. The external and internal geometries of 
the respiratory tract model are shown in Figure 1. 

2.2 Coupled PBPK–CFD analyses 

In this study, we focused on formaldehydes and acetaldehydes as representative contaminants of e-
cigarette vapors, and we applied the coupled PBPK–CFD model proposed by Corley et al. to the 
numerical respiratory tract model. In the coupled PBPK–CFD model, the convection and diffusion of 
the contaminants in the airway are analyzed using CFD, while their absorption/diffusive transport, 
metabolic clearance, and elimination in the respiratory tissue, are predicted by the PBPK model. The 
concept and governing equations of the coupled PBPK–CFD analyses are shown in Figure 2. 

 
The aldehyde concentrations in air (Ca [μg/m3]) and in tissue (Ct and Cb [μg/m3]) have different 
concentration units (the unit of the former compound [m3] represents volume of air, while the 
corresponding unit of the latter [m3] represents volume of tissue). However, each concentration unit 
should be unified in the calculation, and the following relationship between the concentrations on the 
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In this simulation, in order to analyze the adsorption/desorption fluxes with numerical stability, we 
applied the double boundary film theory based on the partition coefficient and the flux conservation 
between the air and tissue phases as the Dirichlet boundary condition in the wall surface of the air and 
tissue zones, as represented by equations (1) and (2). Based on equations (1) and (2), the wall surface 
concentrations of the air and tissue phases can be represented by equations (3) and (4), respectively: 
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where Ca,0 and Ct,0 are wall surface contaminant concentrations of the air and tissue phases, and Ca,1 and 
Ct,1 are defined as the concentrations of the closest elements to the wall surface of the air and tissue zones. 
The wall surface contaminant concentrations are calculated using a sufficient number of iterations. 
The numerical and boundary conditions used for the inhalation exposure analyses are summarized in 
Table 1. The chemically relevant parameters shown in Table 2 and used in the coupled PBPK–CFD 
analyses conducted in this study. 
Table 1. Numerical and boundary conditions for inhalation exposure analyses. 

Turbulence Model Low Re number type k–ε model (Abe–Kondoh–Nagano Model) 
Mesh 9.0 m mesh elements (unstructured and prism) 
Algorithm SIMPLE (unsteady) 
Scheme Convection term: Second upwind scheme 

Inflow boundary 
Qin = transient cigarette smoking profile  
kin = 3/2 (Uin  0.1)2, ε in = Cµ 

3/4kin
3/2lin 

Tin = 45 °C Cin = 9.23 mg/m3 (formaldehyde), 1.846 mg/m3 (acetaldehyde) 
Outflow boundary Boundary type: Pressure boundary 

Wall treatment 
Velocity: no slip  
Temperature: Twall surface =36.4 °C  
Contaminant: calculated by equations (3) and (4) 

Table 2. Chemically specific parameters used in the PBPK–CFD model. 
Target chemicals Formaldehyde (HCHO) Acetaldehyde (CH3CHO) 

Diffusivity 
Da = 0.15 × 10−4 [m2/s] 
Dt = 8.08 × 10−10 [m2/s] 
Db = 1.62 × 10−9 [m2/s]  

Da = 0.124 × 10−4 [m2/s] 
Dt = 3.33 × 10−10 [m2/s] 
Db = 3.33 × 10−9 [m2/s] 

Partition 
coefficient 

Pt:air = 101.5 [ m3/m3] 
Pb:t = 1.0 [ m3/m3] 

Pt:air = 190.0 [ m3/m3] 
Pb:t = 1.0 [ m3/m3] 

Metabolism 
Km1 = 2.01 × 105 [μg/m3] 
Vmax1C = 1.96 × 107 [μg/m3/s] 
Kf = 1.8 × 10−2 [s−1] 

Km1 = 3.3 × 109 [μg/m3] 
Vmax1C = 7.66 × 105 [μg/m3/s] 
Km2 = 4.41 × 105 [μg/m3] 
Vmax2C = 1.73 × 105 [μg/m3/s] 

Nonspecific 
binding Kb = 1.07 × 10−7 [s−1] - 

Blood flow 

CO (Cardiac output) = 9.868 × 10−5 [m3/s] (= 5920.6 [mL/min]) 
Qb = 9.868 × 10−7 [m3/s] (brood flow to nasal subepithelial tissues) 
Qb /Vb = 2.542 [s-1] 
Qb = 3.749 × 10−6 [m3/s] (brood flow to pharynx, larynx, trachea, bronchi, and bronchiole subepithelial tissues) 
Qb /Vb = 7.921 [s-1] 

×

2 METHODS 

2.1 Numerical respiratory tract model for coupled PBPK–CFD analyses 

Our numerical respiratory model used for the CFD analyses has already been developed and reported 
with respect to the airflow and temperature fields and their validations. This numerical airway model 
had been generated using computer tomography (CT) data extracted from a healthy human male. In 
this study, this respiratory tract model reproduces the complicated three-dimensional geometry and the 
respiratory tissue (mucus, epithelium, and subepithelium) by generating prism layers from the 
respiratory surface in order to apply the PBPK model. The combined thickness of the mucus and 
epithelium layers is 65 μm and that of subepithelium is 15 μm. The external and internal geometries of 
the respiratory tract model are shown in Figure 1. 
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the contaminants in the airway are analyzed using CFD, while their absorption/diffusive transport, 
metabolic clearance, and elimination in the respiratory tissue, are predicted by the PBPK model. The 
concept and governing equations of the coupled PBPK–CFD analyses are shown in Figure 2. 
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3 RESULTS 
Figure 3 shows the time series of the concentration distributions in the vapor of e-cigarettes 
(formaldehyde and acetaldehyde) in the respiratory tract model under transient inhalation/exhalation 
smoking conditions, and Figure 4 shows the time series of the adsorption flux distributions in the vapor 
of e-cigarettes on the epithelial tissue surface of the respiratory tract model. The mass rate of 
acetaldehyde transported to the 4th generations of the bronchial tube and exhaled to the indoor 
environment was relatively high compared to formaldehyde because of the low adsorption rate on the 
respiratory tissue surface. The effects of partition coefficient, diffusion coefficient in tissue, and 
metabolic rate have influences on the adsorption rate. From a qualitative aspect, the increased values of 
the partition coefficient, diffusion coefficient in tissue, and metabolic rate, promote adsorption. The 
adsorption flux of acetaldehyde decreases with inhalation time because the diffusion resistance in tissue 
increases owing to the limits of the permeable dose. However, higher metabolic rate of formaldehyde 
maintains the value of the adsorption flux. Most of the e-cigarette vapors that remain in the lumen that 
are not being adsorbed into the respiratory tract during inhalation are immediately exhaled from the 
mouth opening within approximately 1s. The local distributions of desorption fluxes of the contaminants 
are confirmed after the exhalation of most of the e-cigarette vapors from the respiratory tract. Figure 5 
shows the time series of e-cigarette vapor mass flow rates (μg/s) during inhalation, exhalation, and 
adsorption onto the epithelial tissue surface, and the subsequent transportation of the vapor to the 4th 
generations of the bronchial tube (lungs). The integration and averaged values of each contribution in 
Figure 5 for one puff of e-cigarette smoke are summarized in Table 3. Approximately 38.8% of the 
inhaled formaldehyde mass was estimated to be adsorbed on the respiratory tissue surface, 47.0% was 
delivered to the deeper regions of the bronchial tube, 10.9% was exhaled to the indoor environment, and 
little formaldehyde remaining in respiratory tract was neither exhaled nor adsorbed. 

(a)  (b)  
Figure 3. Time series of concentration distributions of e-cigarette vapor in the respiratory tract 
model: (a) formaldehyde and (b) acetaldehyde. 

(a)  (b)  
Figure 4. Time series of adsorption flux distributions e-cigarette vapor on the epithelial tissue surface 
of the respiratory tract model: (a) formaldehyde and (b) acetaldehyde. 
 

Table 3. Distributions/contributions of aldehydes generated from e-cigarette smoking. 
Total mass of 

inhalation 
(μg)

Total mass of 
exhalation from 

mouth (μg)

Total mass of adsorption 
on tissue surface of 

respiratory tract (μg)

Total mass of contaminants passing 
through the 4th generations of the 

bronchial tube (μg)

Formaldehyde 4.76 (100%) 0.52 (10.9%) 1.85 (38.8%) 2.24 (47.0%)

Acetaldehyde 0.952 (100%) 0.229 (24.1%) 0.194 (20.4%) 0.529 (55.5%)
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(a)  (b)  
Figure 5. Time series of e-cigarette vapor mass flow rate (μg/s) during inhalation and exhalation, 
adsorption onto the epithelial tissue surface, and transportation to the 4th generations of the 
bronchial tube (lungs). (a) Formaldehyde and (b) acetaldehyde. 
 

4 DISCUSSION 
We have been tackling the development of numerical respiratory tract model for coupled PBPK–CFD 
analyses and have reported preliminary analysis results (Kuga, et al., 2017). In our previous study, we 
analyzed the formaldehyde adsorption flux distribution using the normalized partition coefficient 
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metabolic rate have influences on the adsorption rate. From a qualitative aspect, the increased values of 
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delivered to the deeper regions of the bronchial tube, 10.9% was exhaled to the indoor environment, and 
little formaldehyde remaining in respiratory tract was neither exhaled nor adsorbed. 
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SUMMARY 
This study focuses on the development of a quantitative assessment method for dermal exposure in 
indoor environments. In this regard, we developed a simplified dermal tissue model, which consists of 
the stratum corneum (SC), viable epidermis (VE), and dermis (D), and a mathematical expression that 
reproduces the internal diffusion and elimination of contaminants based on the physiologically based 
pharmacokinetic (PBPK) model. This dermal tissue model was integrated into a computer simulated 
person (CSP) as the boundary condition of the skin surface. As a first step in this analysis, we conducted 
demonstrative numerical simulations with computational fluid dynamics (CFD) and CSP for targeting 
dispersion of nicotine generated by electronic cigarettes (e-cigarettes) in indoor environments, and 
demonstratively analyzed the subsequent dermal tissue dosimetry. Heterogeneous air flow patterns and 
nicotine concentration distributions surrounding the human body were calculated in a simplistic 
modeled indoor environment while considering metabolic heat generation from the human body. For 
the adsorption flux analysis, we used the double boundary film theory based on flux conservation and 
the partition coefficient at the interface between the air and tissue phases. Through this analysis, we 
quantified the nicotine absorbed into the skin surface.  
Keywords: PBPK, CFD, Dermal Exposure, Computer Simulated Person  

1 INTRODUCTION  
Dermal absorption has often been overlooked as an exposure path of gas-phase contaminants associated 
with cigarette smoking and/or emissions from building materials. In reality, the dermal exposure path 
is possibly a major contributor to the total uptake of contaminants. According to the measurements of 
dermal exposure reported by Piotrowski (1967, 1971), the dermal absorption of phenol in the gas phase 
occupies 38% of the total absorption quantity (dermal plus inhalation), while the dermal absorption 
quantity of nitrobenzene of the gas phase occupies 30% of the total absorption quantity. Therefore, in 
regard to the dermal exposure assessment, the prediction methods used for the dermal exposure path 
and the quantitative estimation of the dermal adsorption rate should be first developed. In this context, 
it is essential to develop a numerical prediction method that overcomes the ethical issues and restrictions 
of in vivo studies. In regard to the impact on human health, use of e-cigarettes is a better choice 
compared with conventional cigarettes owing to the absence of second-hand smoke. However, 
contaminants from e-cigarettes are released by the e-cigarette user during exhalation into the indoor 
environment. Thus, there is a need to assess second-hand exposure of e-cigarette smoke. In this study, 
nicotine, which is generated/emitted through e-cigarette smoking, is assumed to be the target 
contaminant in indoor environments. Correspondingly, herein, we simulated the dermal exposure under 
hypothetical case using an integrated PBPK–CSP–CFD analysis as a preliminary investigation.  

2 METHOD 
2.1 PBPK–CFD model 
In this study, we developed a prediction method to assess the adsorption phenomenon of gas-phase 
contaminants onto the human skin and their diffusion to skin tissue (stratum corneum (SC), viable 
epidermis (VE), and dermis (D)) using the coupled PBPK–CFD model. In the coupled PBPK–CFD 
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model, the convection and diffusion of the contaminants in indoor environments surrounding the human 
body are analyzed using CFD, while their absorption/diffusive transport and elimination owing to blood 
flow in the dermal tissue are predicted by the PBPK model. The concept and governing equations of the 
PBPK–CFD analysis are shown in Figure 1. SC is consisted of two types of components, namely, 
keratinocytes and lipids, which have different diffusivity values. To reasonably analyze the diffusion 
transport in SC, we determined the diffusion coefficient of SC by an approximation method proposed 
by Kushner et al. The simplified diffusion coefficient is given by: 

lipid
sc

flux volume

D
D

τ τ
=      (1) 
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The nicotine concentrations in air (Cair [μg/m3]) and in SC (Csc [μg/m3]) have different concentration 
units (the units of the former variable [m3] represent the volume of air, and the units of the latter variable 
[m3] represent the volume of SC). However, each concentration unit should be unified in the calculation, 
and the following relationship between the concentration on the air-side (indoor environment) and that 
on the SC-side generally applies.  

_sc sc air airC K C=       (4) 

where Ksc_air is the partition coefficient [m3(air)/m3 (SC)] and is equivalent to Henry’s coefficient for 
the linear type adsorption isotherm.  
In this model, the nicotine adsorption/deposition flux or the equilibrium concentration at the wall 
surfaces was calculated using the CFD simulation. This result was subsequently applied as the boundary 
condition of the PBPK analysis, and the one-dimensional diffusion transport in the tissue was analyzed.  
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In this study, the specific chemical parameters are shown in Table 1 and are subsequently used in the 
coupled PBPK–CFD analysis. 
In this simulation, in order to analyze the adsorption/desorption fluxes with numerical stability, we 
applied the double boundary film theory based on the partition coefficient and the flux conservation 
between the air and the SC phases, as the Dirichlet type boundary condition in the wall surface of the 
air and the SC zone represented by equations (4) and (5). Based on these equations, the wall surface 
concentrations of air and the SC phase are represented by equations (6) and (7), respectively: 
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where Cair,0 and Csc,0 are the wall surface contaminant concentrations of the air and SC phase, and Cair,1 
and Csc,1 are defined as the concentrations in the closest elements to the wall surface of the air and the 
SC zone. The wall surface contaminant concentrations are calculated using sufficient iterations. 
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Figure 1. Concept of PBPK–CFD analysis for 
dermal exposure 

2.2 Computer Simulated Person (CSP) 
To accurately analyze the dermal exposure in indoor environments, we need to use realistic and detailed 
geometries of the human body to simulate the environments around the human body at the microclimate 
level. We have already developed a computer simulated person (CSP) which integrates a thermal 
regulation mechanism to estimate the temperature of the skin surface, and a numerical airway model to 
analyze the inhalation exposure through the respiratory tract. Based on this CSP, we created additional 
skin layers onto the CSP surface and integrated the PBPK model for dermal exposure analyses. Herein, 
we adopted CSP based on detailed shape data for an adult male.  
We assumed the case of dermal exposure owing to nicotine inhaled by a passive smoker who is exposed 
to cigarette smoke exhaled by an e-cigarette user. The grid design inside the analytical domain is shown 
in Figure 2. The CSP of the passive smoker has at least 10 prism meshes for each of the SC, VE, and 
dermis layers in the tissue side. To obtain detailed environmental data around CSPs, both CSPs need 
some prism meshes in the air side. Except for the vicinity of the skin surfaces of CSP, we adopted tetra 
meshes as unstructured grids.  
 

 
Figure 2. Grid design inside the analytical domain 

2.3 Outline of dermal exposure analysis in indoor environments 
As a first step of this study, we conducted a demonstrative simulation for the quantitative assessment of 
dermal exposure of nicotine-generated risks through the exhalation of e-cigarette users. In this analysis, 
transient analyses were conducted for the exhalation of air and nicotine dispersion to reproduce second-
hand smoking. These analyses were conducted using two CSPs (one was an e-cigarette user and the other 
was a passive smoker) in a simplified room model (27 m3) under a displacement ventilation condition 
with a small supply inlet opening and an exhaust outlet opening. The outline of the analytical domain, 
including the CSPs, is shown in Figure 3. The general air change rate (n=Oin/Vroom) of the displacement 
ventilation system was assumed to be equal to 0.5 h-1. The CSP was associated with e-cigarette smoking 
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flow in the dermal tissue are predicted by the PBPK model. The concept and governing equations of the 
PBPK–CFD analysis are shown in Figure 1. SC is consisted of two types of components, namely, 
keratinocytes and lipids, which have different diffusivity values. To reasonably analyze the diffusion 
transport in SC, we determined the diffusion coefficient of SC by an approximation method proposed 
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The nicotine concentrations in air (Cair [μg/m3]) and in SC (Csc [μg/m3]) have different concentration 
units (the units of the former variable [m3] represent the volume of air, and the units of the latter variable 
[m3] represent the volume of SC). However, each concentration unit should be unified in the calculation, 
and the following relationship between the concentration on the air-side (indoor environment) and that 
on the SC-side generally applies.  
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where Ksc_air is the partition coefficient [m3(air)/m3 (SC)] and is equivalent to Henry’s coefficient for 
the linear type adsorption isotherm.  
In this model, the nicotine adsorption/deposition flux or the equilibrium concentration at the wall 
surfaces was calculated using the CFD simulation. This result was subsequently applied as the boundary 
condition of the PBPK analysis, and the one-dimensional diffusion transport in the tissue was analyzed.  
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In this study, the specific chemical parameters are shown in Table 1 and are subsequently used in the 
coupled PBPK–CFD analysis. 
In this simulation, in order to analyze the adsorption/desorption fluxes with numerical stability, we 
applied the double boundary film theory based on the partition coefficient and the flux conservation 
between the air and the SC phases, as the Dirichlet type boundary condition in the wall surface of the 
air and the SC zone represented by equations (4) and (5). Based on these equations, the wall surface 
concentrations of air and the SC phase are represented by equations (6) and (7), respectively: 
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where Cair,0 and Csc,0 are the wall surface contaminant concentrations of the air and SC phase, and Cair,1 
and Csc,1 are defined as the concentrations in the closest elements to the wall surface of the air and the 
SC zone. The wall surface contaminant concentrations are calculated using sufficient iterations. 
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and nicotine release contained in the e-cigarette vapor to the indoor environment of the selected room 
model. A transient flow rate was set in accordance to the cigarette smoking profile during the exhalation 
period, as the inflow boundary condition during the opening of the mouth, as shown in Figure 4. Although 
the actual concentrations of the exhaled contaminants change with exhalation time, in this simulation, the 
nicotine concentration was hypothetically set to the normalized constant concentration of 1.0. On the other 
hand, for the evaluation of dermal exposure, the CSP of a passive smoker was used who absorbs the 
contaminants exhaled from an e-cigarette user through the skin surface. The numerical and boundary 
condition for dermal exposure analysis is summarized in Table 2. 

  
Figure 3. Outline of analytical domain including CSPs Figure 4. Cigarette smoking profile during exhalation period 

 

Table 1. Chemically specific parameters used in the PBPK–CFD model. 

Diffusion coefficient Dair=7.0×10-6 [m2/s] (Nicotine in air), Dsc=4.19×10-14 [m2/s] (SC), Dve=2.36×10-10 

[m2/s] (VE), Dd=2.36×10-10 [m2/s] (Dermis), Dlipid=1.43×10-11 [m2/s] 

Partition coefficient Ksc_air=70.12 [-] (SC: wall surface on air side), Kve_sc=7.73 [-] (VE: SC), 
Kd_ve=1 [-] (Dermis: VE), Kb_d=0.96 [-] (Blood: dermis) 

Number of corneocyte layers in 
stratum corneum N=12 

Height of the corneocyte h=0.88 [μm] 
Thickness of lipid g=0.075 [μm] 
Corneocyte offset ω=8 
Length of corneocytes d=40 [μm] 
Blood flow volume in dermis Qblood=4.6×10-9 [m3/s] 

Volume of dermis Vd=2.16×10-3 [m3] 

Table 2. Numerical and boundary conditions for dermal exposure analyses. 
Turbulence Model Low Reynolds number type k–ε model (Abe–Kondoh–Nagano model, 3D Cal.)
Mesh 6.0 million mesh elements (Unstructured and prism)
Algorithm SIMPLE (Unsteady)
Scheme Convection Term: second upwind scheme
Inflow boundary (Room inlet) Uin = 0.05 m/s, kin = 3/2 (Uin  0.1)

2
, ε in = Cµ 

3/4
kin

3/2
lin, Tin = 25

o
C, Cin = 0

Outflow boundary (Room outlet) Uout, kout , ε out = gradient zero
Wall treatment of the room model Velocity: no slip, Temperature: adiabatic, Contaminant: gradient zero
Inflow boundary of CSP Uin = Transient cigarette smoking profile (Exhalation), Cin = 1.0 (Normalized) 

Wall (Skin) treatment of CSP
Velocity: no slip, Temperature: calculated by Fanger model (Tsk)
Contaminant: adsorption model (Linear model with Partition coefficient)
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3 RESULTS AND DISCUSSIONS 
Figure 5 shows the time series of the concentration distributions in the vapor of nicotine in the indoor 
environment. Figure 6 shows the time series of the adsorption flux distributions in the vapor of e-
cigarettes on the skin surface of the CSP for a passive smoker. The contaminant that remained in the 
respiratory tract of the e-cigarette user is released to the indoor environment, and diffuses toward the 
passive smoker within 2 s after the beginning of the exhalation process. Owing to the effect of thermal 
plume grown by the heat generated by the passive smoker, this smoke stream spreads upward. Nicotine 
is absorbed around the face of the passive smoker in accordance to the spread of nicotine vapor in the 
indoor environment. Figure 7 shows the mass flow rate of nicotine at the skin surface of the passive 
smoker. Within 1.8 s after the beginning of the exhalation process, the passive smoker begins to absorb 
nicotine. The mass flow rate rapidly increases until approximately 3.1 s. It then decreases with time 
because of the increased value of diffusion resistance in the dermal tissue and the decreased nicotine 
concentration surrounding the human body owing to the dilution of the e-cigarette vapor. Figure 8 shows 
the time series of the nicotine concentration distributions in SC and VE. The concentration of nicotine 
in SC gradually decreases with time, whereas the concentration of nicotine in VE is too small compared 
with the concentration in SC. 
 
 

Figure 5. Time series of nicotine concentration distributions in indoor environments 

 
 

 

Figure 6. Time series of nicotine adsorption flux distributions on the skin surface of CSP for a passive 
smoker 
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Figure 7. Mass flow rate of nicotine at  
the skin surface of a passive smoker  

Figure 8. Time series of the nicotine concentration 
distribution in SC and VE  

4 CONCLUSIONS 
In this study, we developed a quantitative prediction method for dermal exposure risks in indoor 
environments using a CSP integrated with a coupled PBPK–CFD model. We conducted demonstrative 
and preliminary simulations assuming that a passive smoker absorbs nicotine through the skin surface 
which was released by an e-cigarette user into the indoor environment by exhalation. Through this 
simulation, we indicated that the amount of adsorption onto the skin surface is considerably smaller 
during short exposure times associated with e-cigarette smoking. 
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ABSTRACT 
This paper presents regional and total deposition prediction in two realistic human upper airway 
geometries and demonstrates the effects of intersubject variations on deposition fraction. Both of airway 
geometries were studied at flow rates of 7.5, 15 and 30 L/min and particle aerodynamic diameters 
(aerodynamic diameters) of 1–10 µm. The models were obtained using CT imaging scans. 
Computational fluid dynamics technique was used to predict particle deposition. The models were 
subdivided into regions corresponding to the vestibule, main passage, pharynx–larynx and trachea. Main 
passage regions were found to be sites of preferential deposition for model A over the range of particle 
sizes and flow rates used. Predicted results indicates that model B, which are higher deposition mostly 
in the vestibule region caused by the particle inertia since the airway exhibits curvatures, and accelerated 
flow regions act as a natural filter to high inertial particles. Evaluation of the two human upper airway 
models found that wider area in right cavity produced more deposition for large particles (5–10 µm). 
The results indicate that both total and regional deposition exhibit large intersubject differences. 
Keywords: Human upper airway, inter–subject, morphology, Lagrangian method, deposition fraction. 

1 INTRODUCTION
The respiratory system is one of the “ventilation system” which exchange inhaled air (oxygen) and 
exhaled air (carbon dioxide) and then the main portal of entry for aerosol particles, many of which are 
recognized as being harmful to human health. A number of in vivo and in vitro experimental studies 
have investigated aerosol depositions in replicas of human upper airway (Cheng, 2003; Hsu & Chuang, 
2012; Kelly, Asgharian, Kimbell, & Wong, 2004). Hence, significant differences in particle deposition 
have been observed in experimental studies in which human subjects were exposed to particulate 
matters (Grgic, Finlay, Burnell, & Heenan, 2004). Variations in particle deposition between different 
individuals has been found to be related to the airway’s morphological, and physiological parameters 
(Hofmann, Asgharian, & Winkler-Heil, 2002). Compare to experimental studies, Computational Fluid 
Dynamics (CFD) method is advantageous in its ability to provide detailed data that are normally difficult 
to produce through in vivo experiments due to ethical issues. Numerical efforts by using CFD to 
simulating nasal airflow and aerosol dynamics have significantly improved understanding of the 
complex factors influencing deposition of aerosol particles in upper human airways (Inthavong, Choi, 
Tu, Ding, & Thien, 2010; Longest & Xi, 2007). However, to the authors’ knowledge, there are still lack 
of computational studies that are associated with intersubject differences of upper human airways 
including filtering efficiency and localized deposition patterns.  

In this study, we further examined the contribution of the variation in upper airway morphometry from 
individual to individual (intersubject variability); limited studies have been conducted on this topic. Two 
different morphometric models of the human upper airway were used herein to investigate the effects of 
intersubject variations in related particle deposition patterns. This study applied CFD technique to predict 
flow patterns, particle depositions and compares the results with experimental data that are available in 
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Figure 8. Time series of the nicotine concentration 
distribution in SC and VE  
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literature. Since similar modelling methods are applied for each model, it is anticipated that any 
differences in particle deposition can be attributed to corresponding differences in airway morphology.  

2 METHODS 

2.1 Computational model generation 
Upper human airway data were obtained using a Toshiba 64 multi-detector-row computed tomography 
(MDCT) scanner. The subjects include a nonsmoking, healthy Asian male, so called Model A, and 
European male, called model B, of almost the same age and height. Both models include the left and right 
cavity, central (main) passage, pharynx, larynx, and trachea. The details of the model reconstruction were 
reported in a previous paper (Phuong, Yamashita, Yoo, & Ito, 2016). To implement the airflow simulation 
under realistic conditions, the facial features and the surrounding environment (cylinder) near the face 
were created using ANSYS ICEM 16.0. Figure 1 shows the models reconstructed from CT images, with 
four major nasal anatomical regions, and the area distribution for the left and right cavities in the nose. 

  

Model A Model B 
Figure 1. Human upper airway models labeled with four major nasal anatomical regions: (1) 
vestibule, (2) central (main) passage, (3) pharynx–larynx, and (4) trachea.  Area distributions in the 
nose for the left and right cavities are indicated separately for models A and B. 

2.2 Outline of CFD simulation 
A low Reynolds type k-ε (Abe Kondo Nagano) model was used to analyze the inner flow profile of 
viscous sub-layer under steady state conditions. Incompressible flow conditions can be assumed at 
normal physiological flow rates. Average inlet velocities were set to 0.6 m/s (7.5 L/min), 1.2 m/s 
(15 L/min) and 2.3m/s (30 L/min) at the end of trachea outlet for both models. The turbulent kinetic 
energy at the inlet, i.e., at the nostril, was specified with a 10% turbulence intensity. The SIMPLE 
algorithm was used for the pressure–velocity coupling; a second-order upwind difference scheme was 
used for the convection terms, and a central difference scheme was used for the other terms. The 
simulation was conducted under isothermal condition. The Lagrangian method was applied to predict 
the trajectory of discrete phase particles. The particle transport in fluid flows is treated as a discrete 
phase composed of spherical particles, which are dispersed in the continuous phase. The particle volume 
loading is usually assumed to be negligible so that particles have no feedback effect on the carrier gas, 
and particle-particle interactions are also neglected. The Lagrangian approach starts by solving the 
transient momentum equation for each particle: 
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The left-hand side of the equation represents the inertial force per unit particle mass (m/s2), where pu  is 
the particle velocity. The first term on the right-hand side is the drag force, where dp is the particle 
diameter, µ the fluid viscosity, Rep the relative Reynolds number, and CD the drag coefficient defined in 
equations (2) and (3). The second term in equation (1) represents the gravity and buoyancy, where ρ  and 

pρ  are the densities of the air and particles, respectively. The third term, SF


, is the Saffman’s lift force on 
a unit mass basis and is modeled in equation (4). In equation 4, dij is the rate of the deformation tensor. 
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In this study, particles were assumed to be spherical in shape and introduced from the nostrils of the 
upper airway and transported to the trachea outlet. To ensure a good statistical sample, an equal number 
of 10,000 particles (Cin) was allocated for each size fraction to allow random variations to be minimized 
in the predictions. Particle concentrations were assumed to be sufficiently low such that the particle-
particle interactions can be neglected. Particles with different sizes have different aerodynamic 
mechanisms; thus, the behaviors of dispersed particles of 1, 2.5, 5, 7.5, and 10 µm in diameter are 
reported in this paper. Particle density was assumed to be 1 × 103 kg/m3. Particles were defined by an 
injection file specifying the particle properties, position, free stream temperature, and initial velocity. 
Two types of boundary conditions were set for the wall surface treatment inside the models: escaped, 
in which particles pass through the inlet and outlet; and trapped, in which particles are completely 
deposited on the airway surface. The details of the modeling parameters are described in Table 1. 

Table 1. Major dimensions of the models, and numerical and boundary conditions 

 Model A Model B 
Number of mesh 9.6×106 cells 9.3×106 cells 
Total length (cm) 31 27 

Total volume (cm3) 144 113 
Outflow boundary (trachea) Q = 7.5, 15, 30 L/min, TI=10% 
Inflow boundary  Nasal Opening, Uin = kin = ε in = gradient zero 
Wall treatment No slip (continuous phase), escape, trap (discrete phase) 

2.3 Inertial parameter and particle deposition fractions 
The deposition of micron size particles can be approximately predicted by the inertial parameter (IP), 
which considers the particle mass median diameter to the square power, and the inhaled flow rate (Q). 
It is commonly used in previous studies regarding particle deposition efficiency (Hsu & Chuang, 2012). 
The inertial parameter (IP) is defined in equation (5) as follow:  

 2.pIP d Q=  (5) 
The deposition fraction (η) is defined as the ratio of the number of particles depositing onto the airway 

to the total number of particles inhaled; this is expressed in equation (6):  
  

 1 100%out
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where Cout is the number of particles escaping from the outlet of the airways, and Cin is the number of particles 
entering from the inlet of the airways. 
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3 RESULTS AND DISCUSSION 

3.1 Deposition Efficiency 
Due to the limitation space and graphic, the airflow pattern of both models were not presented here, but 
this information can be referred in Phuong et al., 2016. The simulation results were validated by 
experimental data to confirm the prediction accuracy. Figure 2 shows the simulation results of both 
models (model A and model B) with in vivo data of Hsu and Chuang, (2012). Experiments were 
conducted using nine healthy male and female volunteers from Taiwan in the age range from 23 to 45. 
Then, deposited data of two males named A and E were selected for validation with predicted results. 
It is clear that both the in vivo and numerical upper airway models can be described by an S-shaped 
curve. The predicted curves are consistent with that obtained using IP of in vivo data. Furthermore, the 
studies performed for in vivo deposition of particles in humans suggest that inertial impaction is the 
dominant mechanism of deposition in human upper airways. In addition, the predicted results of model 
B have a greater correlation with the experimental data than model A. The difference between the 
morphology of the two models might have significant impact on changes in flow characteristics in the 
vicinity of the interior surface of the models. In general, these comparisons demonstrate that the 
numerical prediction results are considered to be reliable and highly applicable. 

  
Figure 2. Predicted particle deposition in model A and B compared with in vivo data.  

3.2 Deposition Location 
The percentage of deposition fraction of each section/region, which is included within these counting 
models, requires discussion. Figure 3 shows the results of the percentage deposition within the counting 
regions for each model. Both models A and B have a significant variation in deposition site 
corresponding to large particles (5–10 μm), indicating that the main passage and vestibule were the 
main deposition regions in model A and B, respectively. In case of 30 L/m, the highest and lowest ratios 
occurred in the main passage and vestibule, respectively, for model A. In contrast, we found that certain 
vestibules were consistent sites of greater deposition in model B than model A. As a result, the 
percentage of deposition fraction within a model occurring in each region does reflect preferential 
deposition within an individual human subject. The greater amount of deposition in model B could be 
attributed to differences in morphology and anatomy. The percentage of deposition fraction within the 
upper airways counting varies between the left and right cavity. It is evident from Figure 4 that the right 
cavity often includes sites of preferential deposition within both model A and B, throughout the entire  
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Figure 3. Local deposition fractions in model A 
and model B (Deposition regions are in 
corresponding to nasal anatomical regions in 
Figure 1).  
 

 
 

Figure 4. Particle deposition patterns in the front 
view of the vestibule and main passage. Particle 
sizes are colored based on the low (1 µm, green), 
medium (5 µm, blue), and high inertial (10 µm, 
red) according to their recorded deposition 
fractions. 
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3 RESULTS AND DISCUSSION 

3.1 Deposition Efficiency 
Due to the limitation space and graphic, the airflow pattern of both models were not presented here, but 
this information can be referred in Phuong et al., 2016. The simulation results were validated by 
experimental data to confirm the prediction accuracy. Figure 2 shows the simulation results of both 
models (model A and model B) with in vivo data of Hsu and Chuang, (2012). Experiments were 
conducted using nine healthy male and female volunteers from Taiwan in the age range from 23 to 45. 
Then, deposited data of two males named A and E were selected for validation with predicted results. 
It is clear that both the in vivo and numerical upper airway models can be described by an S-shaped 
curve. The predicted curves are consistent with that obtained using IP of in vivo data. Furthermore, the 
studies performed for in vivo deposition of particles in humans suggest that inertial impaction is the 
dominant mechanism of deposition in human upper airways. In addition, the predicted results of model 
B have a greater correlation with the experimental data than model A. The difference between the 
morphology of the two models might have significant impact on changes in flow characteristics in the 
vicinity of the interior surface of the models. In general, these comparisons demonstrate that the 
numerical prediction results are considered to be reliable and highly applicable. 

  
Figure 2. Predicted particle deposition in model A and B compared with in vivo data.  

3.2 Deposition Location 
The percentage of deposition fraction of each section/region, which is included within these counting 
models, requires discussion. Figure 3 shows the results of the percentage deposition within the counting 
regions for each model. Both models A and B have a significant variation in deposition site 
corresponding to large particles (5–10 μm), indicating that the main passage and vestibule were the 
main deposition regions in model A and B, respectively. In case of 30 L/m, the highest and lowest ratios 
occurred in the main passage and vestibule, respectively, for model A. In contrast, we found that certain 
vestibules were consistent sites of greater deposition in model B than model A. As a result, the 
percentage of deposition fraction within a model occurring in each region does reflect preferential 
deposition within an individual human subject. The greater amount of deposition in model B could be 
attributed to differences in morphology and anatomy. The percentage of deposition fraction within the 
upper airways counting varies between the left and right cavity. It is evident from Figure 4 that the right 
cavity often includes sites of preferential deposition within both model A and B, throughout the entire  
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range of flow rates and particle sizes used in this study. The calculations in Figure 1 show that the right 
cavity is wider than the left cavity, which explains the biased distribution between the left and the right 
nasal cavities. 

4 CONCLUSIONS  
This paper describes an analysis of particle deposition in upper airways, which is found to have high 
intersubject variability. The highest particle deposition occurred in the main passage for model A in 
high flow rate. The modelling indicates that model B has higher deposition mainly in the vestibule 
region caused by particle inertia since the airway exhibits curvatures, and accelerated flow regions.
Evaluation of the two human upper airway models found that wider area in the right cavity produced 
more deposition for 5–10 µm particles. In general, two factors impact the regional deposition fraction: 
sudden changes in flow direction and local cross-sectional areas. This confirms inertial impaction as the 
governing mechanism of deposition in complex geometries such as human airways. 
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SUMMARY 
Indoor air quality is a critical factor to maintain the safety and comfort of residents, particularly in the 
case of industrial workers who spend most of their time in the industrial microenvironment. An 
integrated analysis joining numerical weather prediction, which analyses meteorological and 
topographical conditions, and computational fluid dynamics to analyse micro-urban, indoor and 
human parameters, is performed for a transient solution. The study of urban wind change in terms of 
velocity and direction over a determined period of time is analysed through surface wind pressure 
coefficient variation at the windows of a target building. The changes in ventilation rate during the 
day directly impact indoor contaminant concentration distributions and the amount of intake into the 
human body. This study proposes a comprehensive analysis that joins urban wind conditions to the 
inside of a target factory building with an attached computer simulated person for an inhalation 
exposure risk analysis of a factory worker over an eight-hour period. 
Keywords: indoor air quality, health assessment, transient analysis, I/O analysis, CSP 

1 INTRODUCTION 
Indoor air quality has been recognized as a critical factor to be managed in order to improve the health 
of residents inside a room, particularly in a society that spends most of its time indoors. Air pollutant 
exposure can vary according to the microenvironment of residence, being especially high in cases of 
industrial labour. The control of indoor air quality inside a working space can improve air pollution 
levels and minimize occupational diseases, contributing to the safety and comfort of workers (Stabile 
et al., 2017). 
Building ventilation can assess comprehensive air parameters inside and around the immediate 
surroundings of a building to evaluate air movements and the consequent contaminant concentrations 
generated. One of the recent tools used to proficiently analyse building and ventilation design – 
natural and mechanical – is computational fluid dynamics (CFD) (Ito, 2014). 
In terms of cross-ventilation, the most common form of natural ventilation, outside urban parameters 
also need to be assessed for an exhaustive airflow analysis. From this point of view, numerical 
weather prediction (NWP) can be used to predict meteorological mesoscale properties that include the 
effect of topology on wind and other urban factors. NWP weather results can then be merged to CFD 
analysis through a quasi-coupling method to predict detailed urban airflow features based on 
representative mesoscale conditions (Mitchell et al., 2008). 

For a precise urban airflow analysis, not only mean wind velocity and direction need to be considered 
but also their time-dependent fluctuations that directly affect ventilation rate variability and 
performance inside a building and, thus, indoor contaminant behaviour. These fluctuations and their 
effects on indoor air quality can be correctly analysed through the diurnal change of wind pressure 
coefficient (Cp) (Kato et al., 2006; Ji et al., 2011). 

range of flow rates and particle sizes used in this study. The calculations in Figure 1 show that the right 
cavity is wider than the left cavity, which explains the biased distribution between the left and the right 
nasal cavities. 

4 CONCLUSIONS  
This paper describes an analysis of particle deposition in upper airways, which is found to have high 
intersubject variability. The highest particle deposition occurred in the main passage for model A in 
high flow rate. The modelling indicates that model B has higher deposition mainly in the vestibule 
region caused by particle inertia since the airway exhibits curvatures, and accelerated flow regions.
Evaluation of the two human upper airway models found that wider area in the right cavity produced 
more deposition for 5–10 µm particles. In general, two factors impact the regional deposition fraction: 
sudden changes in flow direction and local cross-sectional areas. This confirms inertial impaction as the 
governing mechanism of deposition in complex geometries such as human airways. 
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The present study proposes, therefore, and integrated CFD transient analysis to predict wind airflow 
interaction from the urban to the indoor environment based on NWP-predicted meteorological 
conditions via analysis of wind velocity, wind direction and Cp variability. A computer simulated 
person (CSP) was incorporated to the target factory building in order to analyse the impact of changes in 
urban airflow parameters on inhalation exposure risk of a worker over an occupational period of time. 

 
Figure 1.Geometry and design of a) Urban domain for Cp calculation b) Target factory with 
integrated CSP (c) detailed design of integrated of CSP and d) multizone network model 

2 METHODS 

2.1 Analysis approach 
As a first step, an NWP mesoscale analysis was performed on four nested mesoscale domains, which 
spanned from thousands to tens of square kilometres. The country of El Salvador was at the centre 
point of the domains. A previously reported study describes how global parameters were calculated 
through NWP modelling in these four domains. This previously reported mesoscale results will be 
used in the CFD part of the present study (Murga et al., 2017). 
Ensemble-averaged mesoscale results (30-day average) of wind direction were carefully analysed and 
compiled in various prevailing wind directions throughout the day (24-hour period). Thereafter, 
representative mesoscale wind velocity and temperature results were used to calculate Cp along the 
walls and windows of a target building located in an urban domain. 
Urban parameters were then transported to the inside of a target factory through Cp concept. Finally, a 
transient analysis that studies changes in outside wind variation, diurnal ventilation rate and their 
impact on indoor contaminant concentration change over an eight-hour period (from 8:00 to 17:00) 
was conducted. The final aim of this study is the prediction of inhalation exposure risk of a factory 
worker in an occupational microenvironment. 
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2.2 Variability analysis of diurnal wind pressure coefficient (Cp) 
In order to calculate Cp distribution along the walls and windows of the target factory envelope, an 
urban CFD domain was designed. Dimensions of this region were of 200 m², and represented real 
urban topology. The target factory building was situated at the centre; height of the domain was of 100 
metres above ground level. Further details can be seen in Figure 1 (a). 
Mesoscale results of air temperature, wind velocity and other turbulence parameters were input as 
boundary conditions in a semi-coupled NWP-CFD approach. Cp was calculated at each wall and 
window of the building envelope for every prevailing wind direction through Equation (1): 

 
21

2

wall
p

p p
C

vρ

−
=  (1) 

Where pwall–p represents the pressure difference between two selected points, ρ portrays air density 
and v is the representative mesoscale wind velocity calculated in the NWP analysis. The shear stress 
transport (SST) k-ω model was used as the turbulence model due to its superior performance, 
accuracy and advantages when simulating cross-ventilation (Menter, 1994; Ramponi and Blocken, 
2012). 

2.3 Transient indoor air quality analysis 
Finally, urban parameters of every prevailing wind direction were transported to the inside of the 
building for a transient analysis. In order to analyse indoor air quality, a factory space under cross-
ventilation conditions was designed. Thirty-eight windows were set and a CSP was integrated into the 
geometry for a local and inhalation exposure analysis. Further explanation of the design can be seen in 
Figure 1 (b) and 1 (c). 
Six indoor-only contaminant sources were input in the form of printing machines. Contaminant was 
assumed to have a constant generation rate of 8.5 g/s from 8:00 to 12:00 and from 13:00 to 17:00 
while having zero generation rate from 12:00 to 13:00, according to an occupational schedule of eight 
working hours in the case of a factory worker. 
SST k-ω model was also applied for turbulence in this region while the surface-to-surface (S2S) 
model was used for heat transfer analysis in terms of long-wave radiation. Finally, transient results of 
ventilation rate, indoor contaminant concentration and local CSP contaminant concentration during an 
eight-hour period were calculated. 

2.4 Comparison between a full-CFD and hybrid-CFD approach. 
Here two types of transient indoor air quality analyses were considered: (i) full-CFD approach, and 
(ii) hybrid CFD approach. A full-CFD approach in this study is defined as transient CFD simulation 
with 1-minute time-step and time dependent Cp distributions are adopted as pressure inlet/outlet 
conditions. 
While a full-CFD transient approach has proven to be of higher accuracy, it can be computationally 
overloading in terms of long-term analysis when used for occupational applications. From this point 
of view, multizone network modelling can be introduced for a hybrid approach, where CFD is used to 
predict parameters near flow paths and then inputting them into multizone calculations as boundary 
conditions (Schaelin et al., 1993). 
In this study, CONTAM 3.0 was used as the multizone network modelling software, which has been 
previously used to link wind pressure information to the inside of a building, for a hybrid-CFD 
approach that eases computational load (Wang et al., 2010; Wang and Chen, 2007). Factory 
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As a first step, an NWP mesoscale analysis was performed on four nested mesoscale domains, which 
spanned from thousands to tens of square kilometres. The country of El Salvador was at the centre 
point of the domains. A previously reported study describes how global parameters were calculated 
through NWP modelling in these four domains. This previously reported mesoscale results will be 
used in the CFD part of the present study (Murga et al., 2017). 
Ensemble-averaged mesoscale results (30-day average) of wind direction were carefully analysed and 
compiled in various prevailing wind directions throughout the day (24-hour period). Thereafter, 
representative mesoscale wind velocity and temperature results were used to calculate Cp along the 
walls and windows of a target building located in an urban domain. 
Urban parameters were then transported to the inside of a target factory through Cp concept. Finally, a 
transient analysis that studies changes in outside wind variation, diurnal ventilation rate and their 
impact on indoor contaminant concentration change over an eight-hour period (from 8:00 to 17:00) 
was conducted. The final aim of this study is the prediction of inhalation exposure risk of a factory 
worker in an occupational microenvironment. 
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dimensions and conditions were maintained although the gabled roof design and the CSP were 
excluded. The building was further divided into 4 zones (Zone 1 to Zone 4) (Figure 1 (d)). 
In terms of boundary conditions, the exterior diurnal wind pressure information calculated through Cp 
variability analysis explained in section 2.2 was used to build Cp profiles at each window. NWP 
mesoscale representative results of wind velocity and direction (expressed in degrees from North), air 
temperature and outside pressure at every hour were input through an external file for a transient 
analysis from 08:00 to 17:00 hours. For a successful coupling, ventilation rate for both the full-CFD 
and hybrid-CFD approach was ensured to be maintained and zonal contaminant concentration at the 
target zone (Zone 1) was calculated. 

 
Figure 2. Results of a) mesoscale diurnal variation of wind direction and representative wind velocity 
and b) variation of Cp in terms of wind direction 

3 RESULTS AND DISCUSSIONS 

3.1 Results of Cp diurnal variability 
NWP mesoscale ensemble-averaged results in terms of wind direction and representative wind velocity 
change during the day are presented in Figure 2 (a). Further results of air temperature, relative humidity, 
wind velocity and wind direction at the innermost domain that show the meteorological conditions in the 
urban area surrounding the factory have already been reported by Murga et al. (2017). 
These data were input as the boundary conditions of a CFD domain for a semi-coupled analysis. 
Figure 2 (b) summarizes the diurnal wind direction study and the corresponding surface wind pressure 
coefficient values at the outside walls of the building envelope. Changes in urban wind velocity and 
direction parameters during the day were found to have a direct impact in Cp calculations, which 
varied accordingly. 
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3.1 Indoor air quality analysis results  
Cp was used to transfer urban wind conditions into the enclosure. Diurnal variation of wind was 
confirmed to affect factory ventilation rate. Figure 3 (a) shows results of air change per hour from 
8:00 to 17:00 hours for both full-CFD and hybrid-approaches. Although some discrepancies are still 
present, ventilation rate for both cases was overall well matched. Contaminant concentration was also 
found to change during the day, depending on the occupational schedule established before and 
ventilation rate of the factory. Figure 4(b) presents results contaminant concentration inside of the 
factory and at the local region around the CSP (as depicted in Figure 1 (c)), which were calculated 
through the full-CFD approach. This figure also shows hybrid-CFD results of contaminant 
concentration inside Zone 1, where this study has focused due to the presence of contaminant sources 
and the target CSP. The final aim of this study is to present inhaled contaminant concentration through 
both of the approaches in order to compare their feasibility. A discrepancy of contaminant 
concentration between both approaches was found, especially between 8:30 and 11:30 hours. Further 
analysis and a detailed study of the coupling method during this period needs to be conducted. 

 
Figure 3. Results of a) air change per hour for full-CFD and hybrid-CFD approach b) contaminant 
concentration inside the factory, around the local CSP space and inside Zone 1 

4 CONCLUSIONS 
In this paper, an integrated NWP-CFD analysis with the aim to analyse transient inhalation exposure 
risk in a cross-ventilated factory was discussed. Ensemble-averaged mesoscale parameters of wind 
velocity and direction, wind and ground temperature and other turbulence parameters were used as 
boundary conditions of a CFD urban domain for a semi-coupled NWP-CFD approach. 
Thereafter, surface wind pressure coefficient at the walls and windows of the target factory was 
calculated for all prevailing wind directions during the day. These wind direction analyses were 
studied through steady-state conditions and then joined for a transient full-CFD analysis. 
Corresponding results showed that variability in wind direction and urban parameters have a direct 
impact in the change of wind pressure coefficient. 
Finally, indoor conditions of flow and contaminant concentration were analysed over an eight-hour 
period (08:00 to 17:00 hours) based on variability of diurnal wind direction and an occupational 
contaminant schedule. Airflow rate was found to change during the day depending on urban conditions; 
furthermore, both full-CFD and hybrid-CFD approaches were found to have similar ventilation rate 
results. Variation of ACH had a direct effect in indoor airflow and building and local contaminant 
concentration. When comparing the both approaches this study has presented, an overestimation of 
contaminant concentration can be appreciated in the case of the hybrid-CFD approach for Zone 1 in 
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wind velocity and wind direction at the innermost domain that show the meteorological conditions in the 
urban area surrounding the factory have already been reported by Murga et al. (2017). 
These data were input as the boundary conditions of a CFD domain for a semi-coupled analysis. 
Figure 2 (b) summarizes the diurnal wind direction study and the corresponding surface wind pressure 
coefficient values at the outside walls of the building envelope. Changes in urban wind velocity and 
direction parameters during the day were found to have a direct impact in Cp calculations, which 
varied accordingly. 

|  305PROCEEDINGS — Roomvent & Ventilation 2018 |  305PROCEEDINGS — Roomvent & Ventilation 2018

Track 2 – Air Distribution: CFD simulation (CFD1)



terms of CFD results. Further analysis needs to be conducted. Future steps include calculating 
contaminant concentration at the nostrils of the CSP to report inhalation exposure risk. 
Finally, although this paper has presented an innovative way to link NWP, CFD and variation of wind 
pressure coefficient depending on wind direction in a full-CFD analysis, one of the demerits of this 
approach includes the computational resources and time needed to perform a transient CFD 
calculation during eight hours for an occupational application, which may present a considerable 
obstacle in some cases. Therefore, this paper has also presented an alternative hybrid-CFD approach 
that integrates multizone network modelling for the transient steps of this analysis. Overall 
consistency was found for both cases, proving the importance of this study. 
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SUMMARY 
Unlike heat transport on the surface of skin, respiration heat and vapor exchange may have a direct 
influence on the heat balance of core parts in our body, thus affecting our heat regulation. In this study, 
a coupling analysis method of the Stolwijk thermal regulation model (STRM) and airway mucosal heat 
exchange model in respiratory tract is proposed; furthermore, a newly designed mucosal dynamic heat 
and moisture transport model is also developed and adopted into a numerical respiratory tract model, 
which is integrated with a computer simulated person (CSP). Because the results present an obvious 
difference between the mucosal surface temperature and the body core part temperature, we confirm 
that a more detailed analysis for the heat transport in respiration process and validation is required. 
Keywords: Computer Simulated Person, Numerical Respiratory Tract, Thermo-regulation model, CFD 

1 INTRODUCTION  
One of the important physiological functions of the airway system is to control the inhaled air to a nearly 
alveolar condition before it is inhaled into the lungs (Naftali et al., 2005). During this process, air with 
relatively low temperature and moisture will directly exchange heat and moisture with core parts in the 
body through the air-mucus interface, thus influencing the thermal balance of these parts (Stolwijk, 1971). 
However, recent studies show that, unlike the steady model based on metabolic rate and the difference of 
water mass fraction between exhalation and inhalation air, the real heat exchange is more complex, with 
its amount differing during the respiration cycle (Yoo and Ito, 2015). On the other hand, the change in the 
core temperature may also influence heat exchange in the airway. Furthermore, the heat and moisture 
exchange inside the human airway itself is a complex process, as many factors working together (Wolf 
et.al., 2006). From this point of view, a more detailed study is required in order to understand the detail 
mechanism of hygrothermal transfer in the respiratory tract and improve prediction accuracy of human 
thermal regulation models. Therefore, a coupling analysis method between the Stolwijk thermal regulation 
model (STRM) and dynamic airway mucosal heat exchange model is proposed. A newly designed 
mucosal dynamic heat and moisture exchange model is also proposed. Finally, coupled numerical analysis 
of CSP with STRM and computational fluid dynamics (CFD) were completed, followed by a discussion 
of the performance of the proposed model compared to experimental data. 

2 METHODS 

2.1 Coupling analysis of STRM and numerical airway model 
As the human body can be an emission source of heat and humidity (Clark and Cox, 1973), the presence 
of a human body can affect the surrounding microenvironment, especially through skin surface and 
respiration. From this point of view, we have developed a computer simulated person (CSP) for indoor 
CFD analysis, which integrates a human body geometry (Virtual Manikin) and respiratory tract (Virtual 
Airway). In order to account for the interaction between the human body and its surrounding indoor 
environment, we integrate the classic STRM into CSP and develop the coupling procedure of 
hygrothermal transfer analysis in respiratory tract with the classic STRM.  

terms of CFD results. Further analysis needs to be conducted. Future steps include calculating 
contaminant concentration at the nostrils of the CSP to report inhalation exposure risk. 
Finally, although this paper has presented an innovative way to link NWP, CFD and variation of wind 
pressure coefficient depending on wind direction in a full-CFD analysis, one of the demerits of this 
approach includes the computational resources and time needed to perform a transient CFD 
calculation during eight hours for an occupational application, which may present a considerable 
obstacle in some cases. Therefore, this paper has also presented an alternative hybrid-CFD approach 
that integrates multizone network modelling for the transient steps of this analysis. Overall 
consistency was found for both cases, proving the importance of this study. 
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The coupling analysis of CSP and CFD was completed by calculating heat transport and maximum 
moisture transport in each face cell on the surface of the CSP. Then, total amount of sensible heat 
transport in surface cells of six skin areas (head, trunk, arms, hands, legs, and feet) were summarized 
and used as the amount of heat exchange in the skin nodes of the classic STRM (Stolwijk, 1971). 
According to the moisture transfer in each face cell on the surface of the CSP, an area average value of 
the total evaporation heat exchange in each skin part was calculated based on the STRM. This was then 
compared with the maximum moisture transfer rate in order to confirm the result is below the maximum 
rate. Similar to sensible heat transfer, the amount of latent heat transfer could also be predicted by 
moisture transport in face cells of each body part and used in the STRM model. (Figure 1) 
In our model, detailed geometry of the respiratory tract has been reproduced for CFD analysis. 
Therefore, heat exchange in the numerical respiratory tract (virtual airway) could also be calculated 
through the heat and water vapor transport model (hygrothermal transfer model) in the same manner as 
the skin surface boundary. The calculated result of heat exchange in the respiratory tract was directly 
used as the input of respiration heat exchange in STRM model. (Figure 1) 

 
Figure.1 Flowchart of coupling analysis model of STRM and virtual airway model  

2.2 Airway mucosal heat exchange model 
In previous studies, the mucous surface temperature either was defined as the core temperature (Elad 
et.al., 2006) or was calculated from a steady heat and moisture transport model (Kumahata et al., 2013). 
However, according to experimental data, there might be an obvious difference between mucous surface 
temperature and the core temperature in some locations of the airway (Lindemann et al., 2002). 
Therefore, we designed a new dynamic heat and moisture exchange model based on fundamental 
physiological hygrothermal transfer theory. 
It is difficult to analyze the process of the heat and moisture transport in mucous membrane, as several 
biotical and physical processes work together. Therefore, several reasonable assumptions were adopted 
in order to simplify the prediction model. The assumptions used in the present study are listed next: 
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a) The structure of the airway surface is simplified as a three-layer model. (Figure 2) 

 
 

Figure 2. Model for heat exchange on airway wall 
b) One-dimensional heat and moisture transfer in the direction perpendicular to the epithelial surface is 
assumed. 
c) The mass fraction of water vapor on the mucosal surface is defined as the saturated vapor mass 
fraction under the mucosal surface temperature.  
d) The temperature distribution inside the mucous membrane is assumed as a quadratic function. 

  (1) 

where 𝑇𝑇𝑇𝑇1|𝑥𝑥𝑥𝑥 is temperature in a certain point in mucous membrane and x is the vertical distance 
between the point and epithelial tissue. 
e) The amount of water secreted from cells inside epithelial tissue is equal to the amount of water lost 
through the evaporation process on the mucosal surface, and distributed in the mucous membrane 
homogeneously. 
The temperature inside the mucous membrane is controlled by the equation for the conservation of 
thermal energy: 

  (2) 

where 𝜆𝜆𝜆𝜆𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 is the thermal conductivity of mucous membrane (0.6 W/K∙m), 𝑆𝑆𝑆𝑆 is the thermal storage 
rate in an unit volume in mucous membrane, 𝑄𝑄𝑄𝑄𝑊𝑊𝑊𝑊0 is the energy of water secreted by epithelial tissue in 
a certain mucous membrane cell, 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is the area of a certain cell in mucous membrane, and 𝐷𝐷𝐷𝐷1 is the 
thickness of mucous membrane layer (3 mm). 
The other controlled equations inside the mucous membrane are listed below: 

   (3) 

   (4) 

where 𝑊𝑊𝑊𝑊𝐷𝐷𝐷𝐷1 is moisture transport during evaporation process, ℎ|𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is the enthalpy of water under 
the temperature of mucosal surface, 𝑇𝑇𝑇𝑇𝑛𝑛𝑛𝑛𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛 . 𝐿𝐿𝐿𝐿|𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  is the latent heat of evaporation, 𝑄𝑄𝑄𝑄𝐷𝐷𝐷𝐷1𝑎𝑎𝑎𝑎  is heat 
conduction in air, 𝑊𝑊𝑊𝑊0 is water secreted by epithelial tissue, 𝐷𝐷𝐷𝐷𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 is the diffusion rate of water vapor 
in air (2.88 × 10−5𝑚𝑚𝑚𝑚2/𝑠𝑠𝑠𝑠), 𝐷𝐷𝐷𝐷𝑣𝑣𝑣𝑣 is the thickness of the air layer cell, ∅𝑣𝑣𝑣𝑣 is the mass fraction of water vapor 
in air cell, 𝜌𝜌𝜌𝜌𝑣𝑣𝑣𝑣 is density of air cell, and 𝐹𝐹𝐹𝐹 𝑠𝑠𝑠𝑠 is saturated vapor volume fraction under the mucous surface 
temperature. 

𝑇𝑇𝑇𝑇1|𝑥𝑥𝑥𝑥 = a + b𝑥𝑥𝑥𝑥 + 𝑐𝑐𝑐𝑐𝑥𝑥𝑥𝑥2 

𝜆𝜆𝜆𝜆𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝜕𝜕𝜕𝜕2𝑇𝑇𝑇𝑇1
𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥2

= 𝑆𝑆𝑆𝑆 − 𝑄𝑄𝑄𝑄𝑊𝑊𝑊𝑊0/(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 × 𝐷𝐷𝐷𝐷1) 

−𝜆𝜆𝜆𝜆𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
𝜕𝜕𝜕𝜕𝑇𝑇𝑇𝑇1
𝜕𝜕𝜕𝜕𝑥𝑥𝑥𝑥

|𝐷𝐷𝐷𝐷1 = 𝑊𝑊𝑊𝑊𝐷𝐷𝐷𝐷1 × �ℎ|𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 𝐿𝐿𝐿𝐿|𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚� + 𝑄𝑄𝑄𝑄𝐷𝐷𝐷𝐷1𝑎𝑎𝑎𝑎 

𝑊𝑊𝑊𝑊0 = 𝑊𝑊𝑊𝑊𝐷𝐷𝐷𝐷1 =
𝐷𝐷𝐷𝐷𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
𝐷𝐷𝐷𝐷𝑣𝑣𝑣𝑣

× (𝐹𝐹𝐹𝐹 𝑠𝑠𝑠𝑠 − ∅𝑣𝑣𝑣𝑣 × 𝜌𝜌𝜌𝜌𝑣𝑣𝑣𝑣) 

The coupling analysis of CSP and CFD was completed by calculating heat transport and maximum 
moisture transport in each face cell on the surface of the CSP. Then, total amount of sensible heat 
transport in surface cells of six skin areas (head, trunk, arms, hands, legs, and feet) were summarized 
and used as the amount of heat exchange in the skin nodes of the classic STRM (Stolwijk, 1971). 
According to the moisture transfer in each face cell on the surface of the CSP, an area average value of 
the total evaporation heat exchange in each skin part was calculated based on the STRM. This was then 
compared with the maximum moisture transfer rate in order to confirm the result is below the maximum 
rate. Similar to sensible heat transfer, the amount of latent heat transfer could also be predicted by 
moisture transport in face cells of each body part and used in the STRM model. (Figure 1) 
In our model, detailed geometry of the respiratory tract has been reproduced for CFD analysis. 
Therefore, heat exchange in the numerical respiratory tract (virtual airway) could also be calculated 
through the heat and water vapor transport model (hygrothermal transfer model) in the same manner as 
the skin surface boundary. The calculated result of heat exchange in the respiratory tract was directly 
used as the input of respiration heat exchange in STRM model. (Figure 1) 

 
Figure.1 Flowchart of coupling analysis model of STRM and virtual airway model  

2.2 Airway mucosal heat exchange model 
In previous studies, the mucous surface temperature either was defined as the core temperature (Elad 
et.al., 2006) or was calculated from a steady heat and moisture transport model (Kumahata et al., 2013). 
However, according to experimental data, there might be an obvious difference between mucous surface 
temperature and the core temperature in some locations of the airway (Lindemann et al., 2002). 
Therefore, we designed a new dynamic heat and moisture exchange model based on fundamental 
physiological hygrothermal transfer theory. 
It is difficult to analyze the process of the heat and moisture transport in mucous membrane, as several 
biotical and physical processes work together. Therefore, several reasonable assumptions were adopted 
in order to simplify the prediction model. The assumptions used in the present study are listed next: 
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Through an integration method at space scale and finite-difference method at time scale, the temperature 
of mucosal surface at the current time step can be calculated as:  

 𝑇𝑇𝑇𝑇𝑛𝑛𝑛𝑛𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛
𝑛𝑛𝑛𝑛 = 𝑓𝑓𝑓𝑓(𝑇𝑇𝑇𝑇𝑛𝑛𝑛𝑛𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛

𝑛𝑛𝑛𝑛𝑛𝑛,𝑇𝑇𝑇𝑇𝑣𝑣𝑣𝑣𝑛𝑛𝑛𝑛,𝑇𝑇𝑇𝑇𝑣𝑣𝑣𝑣𝑛𝑛𝑛𝑛𝑛𝑛,𝑇𝑇𝑇𝑇𝑣𝑣𝑣𝑣𝑛𝑛𝑛𝑛,𝑇𝑇𝑇𝑇𝑣𝑣𝑣𝑣𝑛𝑛𝑛𝑛𝑛𝑛,∅𝑣𝑣𝑣𝑣
𝑛𝑛𝑛𝑛, 𝜌𝜌𝜌𝜌𝑣𝑣𝑣𝑣𝑛𝑛𝑛𝑛) (5) 

where 𝑇𝑇𝑇𝑇𝑣𝑣𝑣𝑣  is the temperature of air cell, 𝑇𝑇𝑇𝑇𝑣𝑣𝑣𝑣  is the temperature of epithelial tissue, parameters with 𝑛𝑛𝑛𝑛 
indicate the current value, and those with 𝑛𝑛𝑛𝑛 𝑛 1 indicate the value in the previous time step. 

The calculated 𝑇𝑇𝑇𝑇𝑛𝑛𝑛𝑛𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛
𝑛𝑛𝑛𝑛 and 𝐹𝐹𝐹𝐹 𝑠𝑠𝑠𝑠 were used as temperature and vapor species mass fractions (the volume 

fraction is changed into mass fraction) boundary conditions in the CFD analysis, which were updated 
every iteration of a time step. (Figure 1) 

2.3 Breathing cycle model and other numerical and boundary conditions for CFD analysis 
An unsteady breathing cycle model based on experimental data (Gupta et al., 2009) was adopted in the 
present study. The dynamic profile of flow rate for one breathing (inhalation and exhalation) is shown 
in Figure 3. 

Figure 3. Dynamic breathing cycle model 
  

 
                 Figure 4. CFD simulation model 
Analytical methods were established and applied in this CFD analysis based on previous study (Yoo 
and Ito, 2015). Water vapour loss on skin surface was analysed by using species transport model, where 
water vapour loss from the skin surface works as a species source in the cells adjacent to skin face cells, 
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and the breathing cycle model was applied into nostril surface as a boundary condition for time-variant 
inflow/outflow velocity. 

3 RESULTS 
The temperature distributions around the human body and inside the respiratory tract are presented in 
Figure 5. From these results, we confirmed that the thermal plume surrounding the human body had a 
relatively high temperature when compared to the representative indoor air, which directly influenced 
the inhaled air temperature. 

 

 

 

 

 
Figure 5. Air temperature distribution during respiration cycle 

 

Figure 6 shows the mucous surface temperature at different times during the breathing cycle. An 
obvious difference was found between mucous surface temperature and epithelial tissue temperature, 
e.g. core temperature, especially in the inhalation process. 

 

 

 

 

 

Figure 6. Mucosal temperature distribution during respiration cycle 
 

 
Figure 7. Mucosal temperature values at defined detection sites at the end of inhalation and exhalation 

t=1.0sec t=2.0sec t=3.0sec t=4.0sec 

t=1.0sec t=2.0sec t=3.0sec t=4.0sec 

Through an integration method at space scale and finite-difference method at time scale, the temperature 
of mucosal surface at the current time step can be calculated as:  

 𝑇𝑇𝑇𝑇𝑛𝑛𝑛𝑛𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛
𝑛𝑛𝑛𝑛 = 𝑓𝑓𝑓𝑓(𝑇𝑇𝑇𝑇𝑛𝑛𝑛𝑛𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛

𝑛𝑛𝑛𝑛𝑛𝑛,𝑇𝑇𝑇𝑇𝑣𝑣𝑣𝑣𝑛𝑛𝑛𝑛,𝑇𝑇𝑇𝑇𝑣𝑣𝑣𝑣𝑛𝑛𝑛𝑛𝑛𝑛,𝑇𝑇𝑇𝑇𝑣𝑣𝑣𝑣𝑛𝑛𝑛𝑛,𝑇𝑇𝑇𝑇𝑣𝑣𝑣𝑣𝑛𝑛𝑛𝑛𝑛𝑛,∅𝑣𝑣𝑣𝑣
𝑛𝑛𝑛𝑛, 𝜌𝜌𝜌𝜌𝑣𝑣𝑣𝑣𝑛𝑛𝑛𝑛) (5) 

where 𝑇𝑇𝑇𝑇𝑣𝑣𝑣𝑣  is the temperature of air cell, 𝑇𝑇𝑇𝑇𝑣𝑣𝑣𝑣  is the temperature of epithelial tissue, parameters with 𝑛𝑛𝑛𝑛 
indicate the current value, and those with 𝑛𝑛𝑛𝑛 𝑛 1 indicate the value in the previous time step. 

The calculated 𝑇𝑇𝑇𝑇𝑛𝑛𝑛𝑛𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛
𝑛𝑛𝑛𝑛 and 𝐹𝐹𝐹𝐹 𝑠𝑠𝑠𝑠 were used as temperature and vapor species mass fractions (the volume 

fraction is changed into mass fraction) boundary conditions in the CFD analysis, which were updated 
every iteration of a time step. (Figure 1) 

2.3 Breathing cycle model and other numerical and boundary conditions for CFD analysis 
An unsteady breathing cycle model based on experimental data (Gupta et al., 2009) was adopted in the 
present study. The dynamic profile of flow rate for one breathing (inhalation and exhalation) is shown 
in Figure 3. 

Figure 3. Dynamic breathing cycle model 
  

 
                 Figure 4. CFD simulation model 
Analytical methods were established and applied in this CFD analysis based on previous study (Yoo 
and Ito, 2015). Water vapour loss on skin surface was analysed by using species transport model, where 
water vapour loss from the skin surface works as a species source in the cells adjacent to skin face cells, 
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And in Figure 7, the simulated mucosal temperature was compared with data in the experiment 
previously reported (Lindemann et al., 2002). In which 15 volunteers’ mucosal temperatures of 4 sites 
(A: Nasal vestibule B: Nasal valve area C: Anterior turbinate area D: Nasopharynx) were continuously 
recorded during breathing. 

4 DISCUSSIONS AND CONCLUSIONS 
According to the summarized analysis results as shown in Figures 6 and 7, a difference between mucous 
surface temperature and the core temperature was confirmed. This may decrease prediction accuracy 
when using the constant temperature boundary treatment. However, more study would be needed to 
reveal the influence of mucous membrane on heat exchange during the respiration process. Moreover, 
the mucous surface temperature acquired in this study is still higher than previous experimental data, 
especially during exhalation process. The cause may be the assumption that all the areas from the nasal 
vestibule to the ending parts inside airway share the same epithelial tissue temperature, which may make 
epithelial tissue temperature in nasal areas higher than in reality. Nevertheless, experimental data in this 
field has yet to be obtained. 
From our results, we concluded that more accurate treatment for temperature boundary condition should 
be considered when analyzing the heat and moisture transport inside the human airway. Finally, a more 
detailed study should be completed regarding the heat exchange in respiration process. 
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SUMMARY 
In ventilated rooms, contaminants are spread by airflows, driven by heat sources and ventilation jets. 
Thus, to predict a VOC distribution, we have to simulate the room airflows using Computational Fluid 
Dynamics (CFD). The simulation should be time-accurate to capture the spreading mechanisms and 
concentration fluctuations. Presentation of these results is a challenge, since indoor air may contain 
several constituents, each with its own complicated spreading route and time-dependent distribution. 
In the present work, we have modelled VOC distributions in real hospital office and patient rooms. 
Localized sources are represented by point sources, and for distributed sources we suggest using the 
local mean age of air to represent VOC concentrations. This presentation concentrates on the 
visualization of the results, and applies smoke videos to make the complicated VOC dynamics visible. 
They make it possible to visualize the spreading routes of VOCs or fresh inlet air, and to find stagnant 
locations with a high mean age of air. Smoke simulation is based on drawing nested, translucent 
concentration isosurfaces whose transparency correlates negatively with concentration. If positive 
correlation is used instead, lower concentration is seen as thicker smoke. This way, a tracer gas dosed 
into the inlet air can be used to demonstrate air exchange efficiency in different parts of the room. 
Keywords: VOC transport simulation, indoor contaminants, CFD, smoke visualization, VOC dynamics 

1 INTRODUCTION 
The emphasis of the present research was on measuring and modelling of distribution and transport of 
indoor VOCs in hospital surroundings, where they are a possible contributor to the sick building 
syndrome (Norbäck et al. 1990). Concerning the modelling part, reported here, we tested simulated 
smoke as a novel approach to present and analyze the results. This paper reports the method and the 
outcome of these tests. 
Real smoke is an airborne cloud of solid and liquid particulates that scatters light, making it visible. We 
can imagine that a cloud of smoke consists of nested concentration layers whose light scattering is 
increasing and transparency decreasing towards volumes with higher particulate concentrations. When 
animating smoke videos, this property can be discretized by drawing a set of concentration isosurfaces 
with increasing concentration and decreasing transparency (Saarinen et al 2015). This approach is 
simpler than more refined methods, such as soft particles or volumetric lightning, used to simulate 
smoke in computer games. (See Larsson 2010, and references therein.) If we use the concentration of a 
VOC instead, its distribution becomes visible as if it were smoke.  
When using CFD to predict indoor dispersion of VOCs, the outcome is a set of complicated and 
simultaneous time and position dependent concentration distributions of the VOCs. To visualize these 
multifaceted results, we suggest using simulated smoke videos. 

And in Figure 7, the simulated mucosal temperature was compared with data in the experiment 
previously reported (Lindemann et al., 2002). In which 15 volunteers’ mucosal temperatures of 4 sites 
(A: Nasal vestibule B: Nasal valve area C: Anterior turbinate area D: Nasopharynx) were continuously 
recorded during breathing. 

4 DISCUSSIONS AND CONCLUSIONS 
According to the summarized analysis results as shown in Figures 6 and 7, a difference between mucous 
surface temperature and the core temperature was confirmed. This may decrease prediction accuracy 
when using the constant temperature boundary treatment. However, more study would be needed to 
reveal the influence of mucous membrane on heat exchange during the respiration process. Moreover, 
the mucous surface temperature acquired in this study is still higher than previous experimental data, 
especially during exhalation process. The cause may be the assumption that all the areas from the nasal 
vestibule to the ending parts inside airway share the same epithelial tissue temperature, which may make 
epithelial tissue temperature in nasal areas higher than in reality. Nevertheless, experimental data in this 
field has yet to be obtained. 
From our results, we concluded that more accurate treatment for temperature boundary condition should 
be considered when analyzing the heat and moisture transport inside the human airway. Finally, a more 
detailed study should be completed regarding the heat exchange in respiration process. 
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Simulated smoke videos have several advantages: 

• The complicated three-dimensional concentration distribution of a VOC can be illustrated 
simultaneously in the entire volume modelled. 

• The distributions are time-dependent, even in the stationary state. This temporal behavior is 
well brought forward by a smoke video. 

• Distributions of two or more VOCs or other quantities (e.g. fresh inlet air) can be 
demonstrated simultaneously, even in the same position. 

• The thickness of the simulated smoke and the minimum concentration that is visible can be 
freely adjusted. 

• Simulated smoke can also be used to reveal air flows, inlet jets, tracer gases, age of the air etc. 

Previously, the method has been used in validating flow simulations and visualizing leakage of 
pathogen-laden air from an isolation room (Saarinen et al., 2015; 2018). 

2 METHODS 

2.1 Flow and VOC simulation by CFD 

For an inviscid flow, the momentum equation is simply the Newton’s second law 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑭𝑭𝑭𝑭 with mass 
replaced by density and force replaced by density of pressure forces, or 𝜌𝜌𝜌𝜌 D𝒗𝒗𝒗𝒗

D𝑡𝑡𝑡𝑡
= −∇𝑝𝑝𝑝𝑝. Flow simulation 

is based on discrete solution of the Navier-Stokes momentum equation, obtained by adding viscous 
force density ∇ ∙ 𝑻𝑻𝑻𝑻 into the right-hand side of the inviscid momentum equation, giving 

  𝜌𝜌𝜌𝜌 D𝒗𝒗𝒗𝒗
D𝑡𝑡𝑡𝑡

= −∇𝑝𝑝𝑝𝑝 + ∇ ∙ 𝑻𝑻𝑻𝑻 . (1) 

Here, 𝑻𝑻𝑻𝑻 is the viscous stress tensor. This equation is always solved in connection with the mass 
conservation equation. If the problem contains heat transfer or the fluid is considered compressible, an 
energy conservation equation is also needed. Moreover, if the flow is assumed compressible, an 
equation of state is required, since density is then dependent on pressure. 
In indoor air, VOC concentrations are usually so low that their effect on the physical properties of air 
can be neglected. Therefore, they can be modelled by simple passive scalars that are merely transported 
by the flow, without having any effect on it. A simple transport equation is then enough to solve a VOC 
distribution, if the flow field and VOC sources are given. 
Time-accurate flow simulation is normally done by using either LES or URANS method. In LES, the 
turbulent velocity fluctuations are explicitly modelled down to the grid resolution. The effects of 
unresolved, small eddies on the resolved scales are modelled abstractly by using a SubGrid-Scale (SGS) 
model, adding an extra viscosity term, so-called eddy viscosity ∇ ∙ 𝑻𝑻𝑻𝑻sgs, into Eq. (1). Its purpose is to 
repair the energy cascade, dissipating kinetic energy from larger vortices through smaller and smaller 
ones into thermal energy. To avoid unwanted numerical dissipation, Central Differencing (CD) scheme 
should be used when solving numerically the Navier-Stokes momentum equation in LES. If applied to 
the transport equations, however, pure CD scheme easily produces negative VOC concentrations, and 
should be replaced e.g. by bounded CD. Due to the explicit turbulence modelling, LES produces a very 
detailed concentration distribution, resulting in realistic smoke, see the earlier smoke visualizations 
(Saarinen et al. 2015; 2018). LES was nevertheless computationally too expensive to be used in the 
present study, so it was replaced by URANS, based on applying abstract turbulence models to 
approximate the entire turbulent viscosity. A sparser mesh and a longer time step can then be used, but 
this results in unnaturally smooth smoke fronts as compared to those obtained using LES.
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2.2 Smoke animation 
As was mentioned in Section 1, animating a VOC concentration as smoke is based on drawing a set of 
nested concentration isosurfaces, see Figure 2 in Saarinen et al. (2015). Instead of color, the 
concentration value is coded with transparency. Below a selected threshold concentration, the surface 
is fully transparent (i.e. the smoke is not visible), and above a selected saturation value it is completely 
opaque. Thus, it is possible to see the volumes of denser smoke through the layers of sparser smoke. 
The result is better, if shadowing is applied to a few innermost isosurfaces. Generally, the more surfaces 
are drawn, the more realistic is the result. The color of the surfaces is constant, so it is possible to display 
several VOCs or tracer gases simultaneously using different colors. 
A practical example is shown in Figure 1. Naturally, the room walls between the smoke and the observer 
are not drawn. Since the isosurfaces in Figure 1 are calculated using a URANS solver, they are 
unrealistically smooth, and the layer edges are visible at the wall. To reduce this effect, it is worthwhile 
to draw a contour map of the concentration on the wall, using the same color and transparency scale as 
in drawing the isosurfaces. 

 

Figure 1. In case of a URANS simulation, the concentration isosurfaces are smooth and are 
unnaturally truncated by a transparent wall. Therefore, the surfaces should be closed by drawing a 
contour map on the wall. Note the transparency scale used instead of a color scale. 

Simulated smoke videos have several advantages: 

• The complicated three-dimensional concentration distribution of a VOC can be illustrated 
simultaneously in the entire volume modelled. 

• The distributions are time-dependent, even in the stationary state. This temporal behavior is 
well brought forward by a smoke video. 

• Distributions of two or more VOCs or other quantities (e.g. fresh inlet air) can be 
demonstrated simultaneously, even in the same position. 

• The thickness of the simulated smoke and the minimum concentration that is visible can be 
freely adjusted. 

• Simulated smoke can also be used to reveal air flows, inlet jets, tracer gases, age of the air etc. 

Previously, the method has been used in validating flow simulations and visualizing leakage of 
pathogen-laden air from an isolation room (Saarinen et al., 2015; 2018). 

2 METHODS 

2.1 Flow and VOC simulation by CFD 

For an inviscid flow, the momentum equation is simply the Newton’s second law 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑭𝑭𝑭𝑭 with mass 
replaced by density and force replaced by density of pressure forces, or 𝜌𝜌𝜌𝜌 D𝒗𝒗𝒗𝒗

D𝑡𝑡𝑡𝑡
= −∇𝑝𝑝𝑝𝑝. Flow simulation 

is based on discrete solution of the Navier-Stokes momentum equation, obtained by adding viscous 
force density ∇ ∙ 𝑻𝑻𝑻𝑻 into the right-hand side of the inviscid momentum equation, giving 

  𝜌𝜌𝜌𝜌 D𝒗𝒗𝒗𝒗
D𝑡𝑡𝑡𝑡

= −∇𝑝𝑝𝑝𝑝 + ∇ ∙ 𝑻𝑻𝑻𝑻 . (1) 

Here, 𝑻𝑻𝑻𝑻 is the viscous stress tensor. This equation is always solved in connection with the mass 
conservation equation. If the problem contains heat transfer or the fluid is considered compressible, an 
energy conservation equation is also needed. Moreover, if the flow is assumed compressible, an 
equation of state is required, since density is then dependent on pressure. 
In indoor air, VOC concentrations are usually so low that their effect on the physical properties of air 
can be neglected. Therefore, they can be modelled by simple passive scalars that are merely transported 
by the flow, without having any effect on it. A simple transport equation is then enough to solve a VOC 
distribution, if the flow field and VOC sources are given. 
Time-accurate flow simulation is normally done by using either LES or URANS method. In LES, the 
turbulent velocity fluctuations are explicitly modelled down to the grid resolution. The effects of 
unresolved, small eddies on the resolved scales are modelled abstractly by using a SubGrid-Scale (SGS) 
model, adding an extra viscosity term, so-called eddy viscosity ∇ ∙ 𝑻𝑻𝑻𝑻sgs, into Eq. (1). Its purpose is to 
repair the energy cascade, dissipating kinetic energy from larger vortices through smaller and smaller 
ones into thermal energy. To avoid unwanted numerical dissipation, Central Differencing (CD) scheme 
should be used when solving numerically the Navier-Stokes momentum equation in LES. If applied to 
the transport equations, however, pure CD scheme easily produces negative VOC concentrations, and 
should be replaced e.g. by bounded CD. Due to the explicit turbulence modelling, LES produces a very 
detailed concentration distribution, resulting in realistic smoke, see the earlier smoke visualizations 
(Saarinen et al. 2015; 2018). LES was nevertheless computationally too expensive to be used in the 
present study, so it was replaced by URANS, based on applying abstract turbulence models to 
approximate the entire turbulent viscosity. A sparser mesh and a longer time step can then be used, but 
this results in unnaturally smooth smoke fronts as compared to those obtained using LES.
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To bring out temporal phenomena, the smoke image described above must be drawn at a series of time 
steps, which are then combined into a video. In this way, it is possible e.g. to visualize concentration 
fluctuations, to follow the spreading routes of contaminants, or to illustrate the differences of ventilation 
effectiveness at different positions by monitoring the exit of old air. To enable a better view of the 
indoor space, and to aid the viewer to perceive the 3D structures, it is beneficial if instead of a fixed 
viewing angle the simulation is turned during the video. 

3 RESULTS AND DISCUSSION 
Even though simulated smoke could be used to illustrate a steady state VOC concentration and its 
fluctuations, it turned out to be more useful in analyzing the spreading routes of contaminants in case 
of localized sources. For distributed sources, the concentrations usually correlate positively with the 
local mean age of air. It is then important to find the stagnant locations where the air exchange is poor. 
A helpful aid for this is using scale inversion. Below, both cases will be demonstrated by an example. 
Other applications of smoke simulation will be considered in the Conclusions section. 
 

 
 

Figure 2. Three viewpoints of the same situation: Steady state concentration measurements (bar 
chart) and simulation (time series curves, curve colors refer to the bar colors), and smoke simulation 
(frames of a video) illustrating the flow of the VOC (red smoke) and the inlet air (white smoke). 

PROCEEDINGS  — Roomvent & Ventilation 2018316  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 2 – Air Distribution: CFD simulation (CFD2)

316  |



3.1 Visualization of contaminant dynamics; an example 
Figure 2 shows an example of using simulated smoke to explain an unexpected experimental behavior. 
An evaporation container at a corner under an office desk acts as a point source of a VOC 
(ethylbenzene). The concentration is measured at four sampling points sp1 ̵ sp4 (collection into a 
polymer adsorbent, followed by gas chromatograph analysis and repeated 4 – 6 times). According to 
the measurements, even though point sp2 is nearest to the source, in the steady state the concentration 
there stays lower than in sp1 and most of the time even lower than in sp4. Similar behavior may be seen 
in simulated steady state concentrations (top left of Figure 2). In order to see what is going on, a smoke 
test with two different smokes was simulated. To this end, after the steady state simulation (top left), an 
auxiliary VOC source was added in the same position as the ethylbenzene source. In addition, inlet air 
was marked by mixing another imaginary VOC in it. A smoke video, represented by a series of 
snapshots, is shown in Figure 2. Time t starts after the steady state simulation, at the beginning of the 
smoke test. While the ethylbenzene emitted after t = 0 is drawn by red smoke, white smoke is used to 
represent the tracer gas released in the inlet air. It is seen that the VOC spreads through three main 
routes. The strongest flow (A) hits the chair, where it turns upward. Another branch (B) travels along 
the lower surface of the desk towards sp4. Finally, a small flow (C) proceeds near the window wall (top 
right), occasionally turning between the desk and a small auxiliary table (bottom right). The flow is 
unable to advance on the auxiliary table, where sp2 locates, since it is flushed by an inlet jet (D). In the 
final snapshot (bottom left), some ethylbenzene has finally been mixed into the inlet air (faint red hue 
in the inlet jet D) and is being conveyed to sp2. 

3.2 Scale inversion; an example 
Let us assume we want to use flow simulation to locate the parts of the room with the poorest ventilation 
efficiency. This is equivalent to finding the locations where the mean age of air is highest. In case of 
distributed VOC sources, these are also the locations with the highest contaminant concentration. One 
approach would be to simulate a tracer gas mixed in the inlet air after a certain moment t = 0, illustrate 
it as smoke and monitor the spread of smoke into the room. However, the locations with poor air 
exchange would then be volumes with lower smoke concentration in a room filled with smoke. As such, 
it would be impossible to localize them. This problem can be solved by inverting the transparency scale 
(see Figure 1 top) so that the transparency of concentration isosurfaces increases with increasing 
concentration. The result then is that in the beginning of the simulation the room seems to be filled with 
smoke, which gradually fades away as new inlet air arrives. The positions where the smoke, i.e. the old 
air, stays the longest are the ones with the poorest ventilation efficiency. An application example of 
inverted transparency scale is shown in Figure 3. 

4 CONCLUSIONS 
Simulated smoke videos offer an intuitive, easy-to-conceive way to present and analyze the complex 
raw results of a time-accurate flow simulation containing scalar constituents. A characteristic property 
to smoke is that it is possible to see through layers of thinner smoke into volumes with thicker smoke. 
Previously, simulated smoke has been applied to visualize simulated tracer gas experiments, and to 
validate flow simulations by comparing experimental and simulated smoke experiments. Here, we have 
extended the area of use to the analysis of indoor contaminant dynamics. By using imaginary tracer gas 
dosed into the inlet air, the inlet jet can also be made visible. Further, by using color coding, the inlet 
jet can be monitored simultaneously with a VOC transport. This is useful when trying to understand the 
reasons behind the details of the VOC distribution. 
In addition to making air impurities visible, simulated smoke videos could be used to illustrate the 
temporal behavior of any scalar quantity related to air or air flows. For example, an inlet jet and its 
fluctuations could be illustrated by displaying velocity as smoke. Since the entire simulation domain 

To bring out temporal phenomena, the smoke image described above must be drawn at a series of time 
steps, which are then combined into a video. In this way, it is possible e.g. to visualize concentration 
fluctuations, to follow the spreading routes of contaminants, or to illustrate the differences of ventilation 
effectiveness at different positions by monitoring the exit of old air. To enable a better view of the 
indoor space, and to aid the viewer to perceive the 3D structures, it is beneficial if instead of a fixed 
viewing angle the simulation is turned during the video. 

3 RESULTS AND DISCUSSION 
Even though simulated smoke could be used to illustrate a steady state VOC concentration and its 
fluctuations, it turned out to be more useful in analyzing the spreading routes of contaminants in case 
of localized sources. For distributed sources, the concentrations usually correlate positively with the 
local mean age of air. It is then important to find the stagnant locations where the air exchange is poor. 
A helpful aid for this is using scale inversion. Below, both cases will be demonstrated by an example. 
Other applications of smoke simulation will be considered in the Conclusions section. 
 

 
 

Figure 2. Three viewpoints of the same situation: Steady state concentration measurements (bar 
chart) and simulation (time series curves, curve colors refer to the bar colors), and smoke simulation 
(frames of a video) illustrating the flow of the VOC (red smoke) and the inlet air (white smoke). 
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can be rendered simultaneously, it is easy to detect the locations of the highest value of the rendered 
quantity, e.g. flow noise source strength or temperature. 
 

 

Figure 3. Beginning at time t = 0, inlet air is dosed with a simulated tracer gas, which is visualized as 
smoke using inverted transparency scale. Then, old air is seen as smoke and the locations where the smoke 
stays the longest (encircled in the last frame), are the ones where the mean age of air is the highest. 
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SUMMARY 
The paper presents Large Eddy Simulation (LES) data on mixing ventilation in a test isothermal room 
with a sidewall jet. The focus in the LES-results discussion is on the accuracy of mean speed and 
corresponding rms data prediction in the occupied zone of the room: the speed distributions computed 
with LES are compared in this region with the omnidirectional low velocity thermal anemometer data 
obtained by Hurnik et al. (2015). As LES computations provide directly both the speed and velocity 
components data, the difference between the mean speed and velocity values is computed and discussed. 
The results obtained are used to assess the velocity-to-speed conversion procedures developed in the 
literature for the Reynolds-Averaged Navier-Stokes data processing. 

Keywords: mixing ventilation, Large Eddy Simulation, mean velocity, mean speed 

1 INTRODUCTION 
Detailed air distribution analysis is required to design efficient heating, ventilation and air conditioning 
(HVAC) systems providing comfortable and safety conditions for occupants. Computational Fluid 
Dynamics (CFD) modeling of turbulent airflow in ventilated indoor spaces allows predicting 3D 
velocity, temperature and contaminant concentration distributions. Nowadays CFD modeling based on 
the Reynolds-Averaged Navier-Stokes (RANS) equations solution is widely used in various industrial 
applications related to HVAC system design. Less empirical, vortex-resolving Large Eddy Simulation 
(LES) approach is still not widely used in the engineering practice, but it is expected to be a helpful tool 
in the nearest future (Piomelli, 2014). Both RANS and LES results demand comprehensive validation, 
as there are many sources of uncertainties in CFD data. To validate CFD results, well-documented 
benchmark experimental data obtained in simplified room configurations are required. The present 
study deals with a 3D test for the room with a sidewall jet considered recently by Hurnik et al. (2015). 
For this mixing ventilation system, the flow pattern is divided into the quasi-free jet zone and the low-
velocity occupied zone. LES results for the jet zone are compared with the Laser-Doppler Anemometry 
(LDA) velocity measurements in (Zasimova and Ivanov, 2018). The current paper deals with the 
occupied zone airflow where the velocity field was measured with the omnidirectional low velocity 
thermal anemometer (LVTA) technique (Hurnik et al., 2015). 
LVTA measures the local velocity magnitude, or the “speed” values; time-averaging gives the mean 
speed <V> = <(Vx2+Vy2+Vz2)0.5> ≡ Va. The mean speed and the turbulence intensity based on the speed 
are the quantities required for the thermal comfort and draught risk indexes assessment. However, 
RANS computations provide the absolute magnitude of the local mean velocity, or simply “velocity”, 
abs<V> = (<Vx>2+<Vy>2+<Vz>2)0.5 ≡ Vm; velocity values are measured with the LDA technique. To use 
the RANS data in the ventilation system design, it is necessary to perform a proper conversion of the 
Vm data into the Va fields. Empirical correlations derived from ultrasonic anemometer measurements 
were suggested for mean speed evaluation in (Koskela et al., 2001). Correlations for RANS velocity 
processing based on the LDA measurements were proposed later in (Popiolek and Melikov, 2008). 
Contrary to RANS, LES computations give both the velocity and the speed data directly, and it is 
possible to use the LES data for Vm data processing procedure development and testing. It has been done 

can be rendered simultaneously, it is easy to detect the locations of the highest value of the rendered 
quantity, e.g. flow noise source strength or temperature. 
 

 

Figure 3. Beginning at time t = 0, inlet air is dosed with a simulated tracer gas, which is visualized as 
smoke using inverted transparency scale. Then, old air is seen as smoke and the locations where the smoke 
stays the longest (encircled in the last frame), are the ones where the mean age of air is the highest. 
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already in (Smirnov et.al., 2004) where a theoretically-developed procedure of Vm processing has been 
examined using both the LES and the cabin ventilation qualification test data for the International Space 
Station pressurized module. The current paper presents a comparison of correlation application. 

2 PROBLEM FORMULATION 

2.1 Test room geometry and boundary conditions 
Figure 1a illustrates the computational domain that reproduces the test facility geometry. The room 
dimensions are H = 3 m, L = 6 m, W = 6 m. Rectangular inlet with the width b = 0.144 m and the height 
h = 0.096 m (equivalent diameter De = 0.133 m) is located at the sidewall; its center is positioned at the 
distance of Hin = 2.35 m from the floor, at the mid-line with respect to transversal direction. The outlet 
located at the same sidewall just above the floor has the same dimensions as the inlet.  
The LVTA measurement data are available at 200 measurement points located in the occupied zone at 
heights from 0.1 m to 1.8 m. The current paper presents a comparison of the computed data with the 
experiment at the points that are located in the left half of the room, namely, along fifteen vertical lines 
located at z = 0.5 m, z = 1.75 m and z = 3 m, see Figure 1a and Table 1.  

 
Figure 1. (a) Computational domain; isolines of mean velocity magnitude at sections y = 2.35 m, 
y = 0.048 m are shown; (b) the ratio of SGS to resolved kinetic energy at mid-section z = 3 m 

Table 1. The x-coordinate values of lines with the measurement data 
k1, k2, k3 l1, l2, l3 m1, m2, m3 n1, n2, n3 p1, p2, p3 

0.5 m 1.75 m 3 m 4.25 m 5.5 m 

Air was assumed as an incompressible fluid with constant physical properties (ρ = 1.2 kg/m3, 
μ = 1.8×10–5 kg/m×s). According to the experimental conditions, the bulk velocity at the inlet slot was 
Ubulk = 5.16 m/s that corresponded to the Reynolds number Re = ρDeUbulk/μ = 4.57×104. In order to set 
the inlet velocity profile, turbulent airflow in the nozzle with rectangular cross-section and contraction 
ratio equal to three was computed. The resulting profile corresponded to the experimental data; the 
measured inlet flow rate and mean velocity are well reproduced in the CFD boundary conditions. 

2.2 Turbulence modeling and computational aspects 
Calculations were carried out with the ANSYS Fluent 16.2 software using the LES approach that solves 
the filtered Navier-Stokes equations resolving large scales of motion, while small scales are modeled 
with an appropriate subgrid-scale (SGS) model. The overview and outlook of LES could be found, e.g., 
in (Piomelli, 2014). The algebraic Wall-Modeled LES (WMLES) S-Omega SGS model available in 
ANSYS Fluent was applied in the current study. According to (Shur et al., 2008), the SGS viscosity is 
calculated using a hybrid length scale and the wall-damping function: 
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 νSGS = min{(кdw)2, (CS∆)2}|S – Ω|(1 – exp{(–y+/25)3}), (1) 
where S and Ω are the strain rate and vorticity magnitude, CS = 0.2 is the Smagorinsky constant, к = 0.41 
is the von Karman constant, dw is the distance to the nearest wall, y+ is the normal to the wall inner 
scaling. The grid scale, ∆, is defined as follows:  

 ∆ = min{max(Cwdw, Cw∆max, Δwn), ∆max}, (2) 
where Δmax and Δwn are the maximum local grid spacing and the grid step in the wall-normal direction, 
and Cw = 0.15 is an empirical constant.  
To specify the time-evolving inflow conditions with superimposed perturbations on inlet mean velocity 
profiles, the vortex method available in ANSYS Fluent was used. 
The computational grid created with the ANSYS ICEM CFD 16.2 mesh generator consisted of 
hexahedral mesh elements clustered to the walls and to the inlet and outlet sections. The height of the 
first near-wall cell was 0.005 m at x = 0 m wall (with the supply diffuser) and at y-walls. It was two 
times higher, 0.01 m, at x = 6 m wall and z-walls. The grid contained 216×242×304 elements that 
corresponded to about 16 million cells. The normalized distance from the center of the first 
computational cell to the wall, y+, is in the range from 5 to 30. The grid dimension choice was based on 
the mesh-sensitivity analysis of LES solutions performed by Ivanov and Zasimova (2018) for the well-
known Nielsen et al. test problem described, e.g., on the website www.cfd-benchmarks.com. 
The computational mesh used provided the ratio of the SGS to molecular viscosity in the range from 30 
to 50 in the jet zone (and even higher in the mixing layers); this ratio is less than five in the occupied 
zone. The SGS kinetic energy can be estimated as kSGS = C∆2 | S |2, C = 0.1. Figure 1b shows the 
distribution of an instantaneous field of kSGS related to the resolved kinetic energy defined as 
<k> = (<Vx′2>+<Vy′2>+<Vz′2>)/2. It is visible that in the jet zone the resolved kinetic energy contributes 
more than 90% to the total turbulence kinetic energy (equal to <k> + kSGS). In the occupied zone the 
level of the SGS kinetic energy is even lower; the contribution of kSGS here does not exceed 5%. 
The spatial discretization was performed with the central-differencing scheme for convective terms. The 
second order pressure interpolation was used. The non-iterative time advancement scheme (NITA) 
based on the fractional step method was chosen. The second order implicit time integration was used. 
The time step value Δt = 6×10-4 s provides the Courant number in the computational domain less than 
one. To accumulate representative statistics, it was required to calculate the sample of about 0.8 million 
time steps (500 s). Though the sample used for averaging was two times shorter than previously in 
(Zasimova and Ivanov, 2018), it was verified that it has been sufficient to get statistically steady data.  
All computations were carried out using the resources of the Peter the Great St.Petersburg Polytechnic 
University supercomputer center (scc.spbstu.ru). The computational resources used included 11 nodes 
of the Polytechnic RSC Tornado cluster, 308 cores were used in total for the parallel computations. 

3 RESULTS AND DISCUSSION 

3.1 Mean velocity and mean speed distributions 
The global airflow pattern is illustrated in Figures 1a and 2. In accordance with the experimental 
observations (Hurnik et al., 2015), the jet formed at the rectangular inlet behaves as a free circular jet, 
moving straight onto the opposite sidewall. After interaction with the wall in the impingement region, 
air spreads along the sidewall and returns towards the outlet forming the secondary recirculation airflow 
with relatively low velocities (the occupied zone). The return flow is more intensive on the periphery, 
near the z-walls, while in the mid part of the room, below the jet, the return flow is weak.  
Both the mean speed and mean velocity distributions are given in Figure 2 for the middle cross-section 
of the room. The mean speed is larger than the mean velocity everywhere in the domain. The difference 
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between Vm and Va does not exceed 10% in the jet core with the predominant flow direction that is in 
accordance with the discussion in (Zasimova and Ivanov, 2018). The difference between Va and Vm is 
higher in the mixing layers and especially in the occupied zone: air velocities there are lower, and the 
flow could locally change its direction. The difference between the mean velocity and speed for the 
sections considered is given in Figure 3a: on the average, it is about 50%, and locally it exceeds 80%.  

 
Figure 2. LES data on (a) mean speed and (b) mean velocity at mid-section z = 3 m 

 
Figure 3. (a) The difference between the LES-obtained mean velocity and mean speed; (b-d) mean 
speed evaluation with three various Vm correction procedures; data are given at mid-section z = 3 m 

Figure 3 shows also the results of the Vm data processing using three correction procedures available in 
the literature. The difference between the LES-obtained Va field and the Va distribution computed with 
the correction procedure proposed by Smirnov et al. (2004) 
 VaSmirnov = (Vm2 + 5/3<k>)0.5 (3) 
is given in Figure 3b. The same distribution for the correction by Popiolek and Melikov (2008) 

 VaPopiolek = Vm(1 – 0.044 Tum + 1.195Tum2 – 0.329 Tum3), if Tum ≤ 1.3, (4a) 
 VaPopiolek = Vm(0.287 + 1.502 Tum), if Tum > 1.3 (4b) 
is given in Figure 3c; the turbulence intensity Tum = (2<k>/3)0.5/Vm is used instead of <k> in (4a), (4b). 
Finally, application of the correction procedure proposed by Koskela et al. (2001)  

 VaKoskela = Vm(1 + Tum2), if Tum ≤ 0.45, (5a) 

 VaKoskela = Vm[(1.596Tum2 + 0.266Tum + 0.308)/(0.173 + Tum)], if Tum > 0.45 (5b) 
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results in the distribution shown in Figure 3d. Note that white lines in Figures 3c,d correspond to the 
Tum values where transition from one correlation piece to another occurs.  
The distributions shown demonstrate the efficiency of the Va estimation if the Vm and <k> data are 
available (i.e. when RANS modeling is applied). Relatively large difference between the Va data and 
the result of the correction procedure application is visible in the mixing layer only: locally it achieves 
10% and even more. For the occupied zone under consideration, all correction procedures resulted in 
accurate Va estimation: the difference does not exceed 5%. 

3.2 Comparison of LES results with experimental data  
Figure 4 compares computed velocity profiles (both Va and Vm) and correspondent fluctuations (Va′ and 
Vm′ = {(<Vx′2>+<Vy′2>+<Vz′2>)/3}0.5) in the occupied zone with the measured data from (Hurnik et al., 
2015). Note that detailed comparison of the LES results with the LDA measurement data on both mean 
and rms values of the longitudinal and transversal velocity components in the jet zone discussed in 
(Zasimova and Ivanov, 2018) demonstrated perfect agreement with very small difference. The 
difference between the Va LES data and the LVTA data in the occupied zone is larger, especially at the 
mid-section of the room, where typical velocities of weak airflow are about 0.1 m/s (Figure 4e, lines k3, 
l3, m3). The difference between the computed and measured fluctuations at the center of the occupied 
zone is also relatively high, it reaches 50% and even more (Figure 4f, lines k3, l3, m3).  

 
Figure 4. Comparison of LES results with the experimental data (Hurnik, 2015): (a, c, e) mean and 
(b, d, f) rms values of velocity and speed along fifteen vertical lines located in the occupied zone 
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On the periphery, near the vertical wall (Figure 4a) the agreement between the computed and measured 
data is better, probably due to the airflow pattern that is more intensive there. Almost complete match 
of the blue curves and the correspondent symbols is visible in Figure 4c, slight mismatch between the 
measured and computed data is detected at the region close to the jet mixing layer (y > 1.5 m) and near 
the outlet region (line k2, at y < 0.8 m). The same degree of agreement of the computed data with the 
experiment demonstrate the pulsation profiles (Figure 4d). 

4 CONCLUSIONS 
Wall-modeled LES of indoor airflow in the isothermal ventilated room with a quasi-free sidewall jet at 
conditions of the benchmark test experiments at Re of 4.57×104 have been performed using the ANSYS 
Fluent 16.2 CFD package. The focus of the study was on the airflow characteristics in the occupied 
zone where omnidirectional low velocity thermal anemometer measurement data were available. 
Detailed comparison of the LES computational results with the LVTA test measurement data on the 
mean and rms speed values showed that the computations overestimate the mean speed and pulsations 
at the mid-section of the room. On the contrary, good agreement of the measured and computed data is 
obtained on the periphery of the occupied zone. Overall, the structure of the low-velocity secondary 
flow formed in the occupied zone is predicted quite well. 
Both the mean speed and mean velocity data were extracted from the LES solution. According to the 
computational data, in the jet core the difference between the mean speed and mean velocity is about 
10%, while in the occupied zone on the average it is about 50%, and locally it exceeds 80%. Based on 
the LES data, evaluation of the mean velocity processing procedures available in the literature was 
performed. All correction procedures considered resulted in reasonable Va-data processed from LES-
obtained mean velocity and turbulence kinetic energy fields. The processed Va-fields are very close to 
the mean speed distributions extracted directly from the LES data. The difference does not exceed 5% 
everywhere except the regions of the mixing layers where it locally achieves the level of 10%. 
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SUMMARY 
In this study, a CFD environment is presented, which is able to simulate decentralized ventilation 
systems in domestic buildings considering different wind pressure loads as well as the characteristic 
behaviour of internal and external ventilation components. This is achieved by a prepended Modelica 
multi zone model that transfers all the diverse boundary conditions into unified volume flow rates at 
each opening of the building. 
It follows that the external airing components are considered only in the Modelica multi zone model 
while the internal components and their ventilation behaviour have to be respected in Modelica as well 
as in CFD. Accordingly, this leads to a higher flexibility and numerical stability for CFD simulation. 
We found that the transferability of the internal component’s behaviour between Modelica and CFD 
can be satisfied by using a porous media approach. The porous media is used to account for arbitrary 
pressure losses of ventilation components or ventilation openings, which allows to adjust the pressure 
drop in CFD to be set approximately as in Modelica. Therefore, the combination of a Modelica multi 
zone model and CFD is very feasible. 
The CFD environment is validated by literature and verified by a grid study.  
Keywords: CFD, multi zone, CFX, Modelica 

1 INTRODUCTION 
Over the last years, decentralized ventilation systems have become popular for domestic buildings. 
Since these units need local fans for supplying the requested volume flow, pressure loads have a 
significant impact on the delivered volume flow rates and consequently on the airflow distribution in 
the entire building. Of course, not only the volume flow supplied by fan units is influenced by pressure 
differences but also the infiltration rate through external walls and the airflow through internal leakages 
like door slits or air vents. 
Often, the evaluation of indoor airflow and resulting criteria like ventilation effectiveness is performed 
by CFD simulations. Thus, the in- and outcoming volume flow rates have to be determined precisely as 
boundary conditions within the CFD environment. 
In the past, in many CFD simulations where wind loads were taken into account e. g. for naturally driven 
ventilation, not only the building itself but also the surrounding area were considered in the CFD model 
(Nikas et. al., 2010). In order to focus on flow patterns inside the building only, this approach is not 
well suited in some cases. It causes a high amount of mesh cells and therefore leads to higher 
computational effort. On the other hand, pressure loads on the façades and volume flow rates through 
the building can be simulated precisely. 
A more convenient technique would be to specify pressure boundary conditions directly at the openings 
of the building. Unfortunately, a weakness of CFD simulation is its numerical instability, if in- and 
outlet boundaries are both based on static pressure conditions. Instead, volume/mass flow boundary 
conditions at the in- and outlet would be more robust (ANSYS, 2016). 

On the periphery, near the vertical wall (Figure 4a) the agreement between the computed and measured 
data is better, probably due to the airflow pattern that is more intensive there. Almost complete match 
of the blue curves and the correspondent symbols is visible in Figure 4c, slight mismatch between the 
measured and computed data is detected at the region close to the jet mixing layer (y > 1.5 m) and near 
the outlet region (line k2, at y < 0.8 m). The same degree of agreement of the computed data with the 
experiment demonstrate the pulsation profiles (Figure 4d). 

4 CONCLUSIONS 
Wall-modeled LES of indoor airflow in the isothermal ventilated room with a quasi-free sidewall jet at 
conditions of the benchmark test experiments at Re of 4.57×104 have been performed using the ANSYS 
Fluent 16.2 CFD package. The focus of the study was on the airflow characteristics in the occupied 
zone where omnidirectional low velocity thermal anemometer measurement data were available. 
Detailed comparison of the LES computational results with the LVTA test measurement data on the 
mean and rms speed values showed that the computations overestimate the mean speed and pulsations 
at the mid-section of the room. On the contrary, good agreement of the measured and computed data is 
obtained on the periphery of the occupied zone. Overall, the structure of the low-velocity secondary 
flow formed in the occupied zone is predicted quite well. 
Both the mean speed and mean velocity data were extracted from the LES solution. According to the 
computational data, in the jet core the difference between the mean speed and mean velocity is about 
10%, while in the occupied zone on the average it is about 50%, and locally it exceeds 80%. Based on 
the LES data, evaluation of the mean velocity processing procedures available in the literature was 
performed. All correction procedures considered resulted in reasonable Va-data processed from LES-
obtained mean velocity and turbulence kinetic energy fields. The processed Va-fields are very close to 
the mean speed distributions extracted directly from the LES data. The difference does not exceed 5% 
everywhere except the regions of the mixing layers where it locally achieves the level of 10%. 
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In the current study, a new method is presented on how to determine these volume flow rates under 
given pressure conditions for the CFD simulation. Besides predicting the ventilation rates, a verification 
of the CFD model is also done in terms of relative pressure differences between the building’s rooms. 
Achieving this, a Modelica multi zone simulation is executed additionally to the CFD. It allows to 
calculate all the volume flow rates efficiently from the pressure conditions and to provide them as 
boundary conditions for the CFD model. Thus, the CFD model can be reduced only to the interior 
airflow and interior ventilation components. 
However, the interior components have to be modelled and simulated both in Modelica and in CFD. 
The internal component’s behaviour must be the same either way, although its calculation principle 
differs extremely. 
In the following, the new workflow is introduced outlining the two different environments of Modelica 
and CFD and their interaction between each other. 

2 METHODS 
For this kind of investigation, an exemplary apartment with five rooms is used as seen in Figure 1. The 
rooms are equipped with external and/or internal airing components. Each airing component has a 
determined physical behaviour, which describes the delivered volume flow rate under various static 
pressure differences. 

 
Figure 1. Scheme of an apartment equipped with airing systems 

External airing components are ventilation units and external walls through which infiltration can occur. 
Internal ones like ventilation openings inside the doors connect the rooms to each other. 

2.1 Modelica multi zone model 
The multi zone model, which is described in this paper, is part of the Modelica library AixLib (Müller 
et al., 2016). Modelica is an object-oriented modelling language especially used for physical models. 
Its strength is that the equations implemented in each object model do not describe assignment but 
equality. 
In the case described in this paper, a so-called high-order model is developed from the apartment scheme 
as seen in Figure 2. The structure and functionality is similar to preliminary work in this field (Wetter, 
2006). There are blocks of models representing each room, which are further divided into sub-models 
that either contain the specific airing systems or represent the air volume of this room. The air volume 
acts as ideal gas, while the airing systems are based mathematically on an individual function of the 
volume flow rate and pressure difference. The solid lines in Figure 2 represent a mathematical 
connection between the single models’ equation. 
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Figure 2. Modelica multi zone model of the apartment within the actual workflow 

 

Additionally, Figure 2 points out that the room pressure 𝑝𝑝𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 and volume flow rate �̇�𝑉𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 are both 
output parameters of the Modelica multi zone model. Initially, static pressure conditions are known only 
on the outer side of the external walls and ventilation units, which depend on wind conditions (wind 
pressure coefficient, wind direction and wind speed) as well as on ambient pressure. The room pressure 
and the volume flow rate are simulated by solving the set of mathematical equation iteratively. 

2.2 CFD model 
In analogy to the Modelica multi zone model, a CFD model of the apartment is created. A simplified 
CFD model is set up in advance for validating the internal airing components. The geometries are 
illustrated in Figure 3. The study is carried out with the widely used k-ω-SST RANS model under 
isothermal conditions. 

In the current study, a new method is presented on how to determine these volume flow rates under 
given pressure conditions for the CFD simulation. Besides predicting the ventilation rates, a verification 
of the CFD model is also done in terms of relative pressure differences between the building’s rooms. 
Achieving this, a Modelica multi zone simulation is executed additionally to the CFD. It allows to 
calculate all the volume flow rates efficiently from the pressure conditions and to provide them as 
boundary conditions for the CFD model. Thus, the CFD model can be reduced only to the interior 
airflow and interior ventilation components. 
However, the interior components have to be modelled and simulated both in Modelica and in CFD. 
The internal component’s behaviour must be the same either way, although its calculation principle 
differs extremely. 
In the following, the new workflow is introduced outlining the two different environments of Modelica 
and CFD and their interaction between each other. 

2 METHODS 
For this kind of investigation, an exemplary apartment with five rooms is used as seen in Figure 1. The 
rooms are equipped with external and/or internal airing components. Each airing component has a 
determined physical behaviour, which describes the delivered volume flow rate under various static 
pressure differences. 

 
Figure 1. Scheme of an apartment equipped with airing systems 

External airing components are ventilation units and external walls through which infiltration can occur. 
Internal ones like ventilation openings inside the doors connect the rooms to each other. 

2.1 Modelica multi zone model 
The multi zone model, which is described in this paper, is part of the Modelica library AixLib (Müller 
et al., 2016). Modelica is an object-oriented modelling language especially used for physical models. 
Its strength is that the equations implemented in each object model do not describe assignment but 
equality. 
In the case described in this paper, a so-called high-order model is developed from the apartment scheme 
as seen in Figure 2. The structure and functionality is similar to preliminary work in this field (Wetter, 
2006). There are blocks of models representing each room, which are further divided into sub-models 
that either contain the specific airing systems or represent the air volume of this room. The air volume 
acts as ideal gas, while the airing systems are based mathematically on an individual function of the 
volume flow rate and pressure difference. The solid lines in Figure 2 represent a mathematical 
connection between the single models’ equation. 
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As mentioned for the apartment, all external airing components can be neglected in the CFD 
environment after applying the corresponding volume flow rates that result from the Modelica multi 
zone model. Nevertheless, the internal components still have to be considered. 
The validation case is used for an investigation of the ventilation opening without any disturbing 
influences. For that reason, the geometry of the ventilation opening is reduced to an extruded rectangular 
shape (length × width × height). 

 
Figure 3. CFD model of the apartment and validation case with a close-up on the ventilation opening 

While the pressure loss is based on a single mathematical equation in the multi zone model, it depends 
on the flow field and thus on the dimensions of the ventilation openings in the CFD model. 
To achieve the same behavior in CFD as in Modelica, the additional pressure loss is implemented in the 
CFD model by the porous media approach. This module acts as a momentum sink and allows the user 
to define a pressure loss term depending on the local velocity magnitude in each mesh cell and the length 
of the porous media. The pressure loss is given according to Forchheimer in Equation 1 (ANSYS, 2016). 

 𝑆𝑆𝑆𝑆 = 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= −�𝐶𝐶𝐶𝐶𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 · 𝑣𝑣𝑣𝑣 + 𝐶𝐶𝐶𝐶𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 · 𝑣𝑣𝑣𝑣2� (1) 

The constants 𝐶𝐶𝐶𝐶𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 and 𝐶𝐶𝐶𝐶𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 can easily be modified to suit to a desired pressure loss. Consequently, 
the total pressure loss is the sum of the flow field loss and the artificial loss from the porous media 
approach. 

3 RESULTS 
The results are split up in two parts. First, the CFD environment is validated, and then the verification 
and transferability between the Modelica multi zone and CFD model are shown. 

3.1 Validation 
To validate the CFD environment the flow through the ventilation opening is examined. The pressure 
drop over the ventilation opening is simulated under different volume flow rates and heights ℎ of the 
ventilation opening. In the literature the pressure loss coefficient of a fluid, which has to constrict and 
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expand flowing through a small orifice is approximated to 𝜁𝜁𝜁𝜁 = 1.5 (Albers, 2017). This value is chosen 
as a reference for the validation case. 
The deviation of the simulation results from the literature value is shown in Figure 4. It is given for four 
different mesh refinements. To assess the mesh refinement concerning the number of mesh cells a 
scaling factor is introduced referenced on “mesh 1” and ℎ = 1 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. 

 
Figure 4. Absolute deviation from ζ=1.5 depending on mesh refinement and height of the ventilation 
opening 

Since the deviation is smaller than 1% in case of ℎ > 1 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, mesh 3 and mesh 4 are considered to be 
validated. For these cases, the number of mesh cells is still in an acceptable range. 
In the next step, the adjustment of the porous media is presented to ensure the verification and 
transferability. 

3.2 Verification and transferability 

In contrast to the given pressure drop coefficient above, it is set to 𝜁𝜁𝜁𝜁 𝜁 2 over a ventilation opening in 
German Standards (DIN, 2009). To ensure a corresponding behaviour between the CFD and Modelica 
multi zone model, a ∆𝜁𝜁𝜁𝜁 = 0.5 must be implemented to the CFD calculation. Considering Equation 1, 
the two constants 𝐶𝐶𝐶𝐶𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 and 𝐶𝐶𝐶𝐶𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 are resulting from Equation 2 with a coefficient comparison. 

 𝑆𝑆𝑆𝑆 = 𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑
𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑

= −∆𝑑𝑑𝑑𝑑
𝑙𝑙𝑙𝑙

= −
∆𝜁𝜁𝜁𝜁𝜁𝜌𝜌𝜌𝜌2𝑣𝑣𝑣𝑣

2

𝑙𝑙𝑙𝑙
= −�𝐶𝐶𝐶𝐶𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 · 𝑣𝑣𝑣𝑣 + 𝐶𝐶𝐶𝐶𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 · 𝑣𝑣𝑣𝑣2� (2) 

The constants are given to 𝐶𝐶𝐶𝐶𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 0 and 𝐶𝐶𝐶𝐶𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = ∆𝜁𝜁𝜁𝜁𝜁𝜁𝜁𝜁𝜁
2𝑙𝑙𝑙𝑙

. 

CFD simulations are performed with and without the formulated adjustment under random ambient 
pressure conditions. The relative pressure level in each room is compared to the results from the 
Modelica multi zone model summarized in Table 1. The reference pressure is set to 0 Pa in the hall. 

Table 1. Comparison of the relative pressure levels of each room 
  without CFD adjustments with CFD adjustments 

room Modelica CFD abs. difference CFD abs. difference 
hall (reference) 0 0 - 0 - 

kitchen  3.35 2.65 0.70  3.31 0.04 
bath -1.03 -0.80 0.23 -1.04 0.01 

room1 -0.18 -0.14 0.04 -0.18 0.00 
room2  0.96 0.73 0.23  0.97 0.01 

all values in [Pa]      

As mentioned for the apartment, all external airing components can be neglected in the CFD 
environment after applying the corresponding volume flow rates that result from the Modelica multi 
zone model. Nevertheless, the internal components still have to be considered. 
The validation case is used for an investigation of the ventilation opening without any disturbing 
influences. For that reason, the geometry of the ventilation opening is reduced to an extruded rectangular 
shape (length × width × height). 

 
Figure 3. CFD model of the apartment and validation case with a close-up on the ventilation opening 

While the pressure loss is based on a single mathematical equation in the multi zone model, it depends 
on the flow field and thus on the dimensions of the ventilation openings in the CFD model. 
To achieve the same behavior in CFD as in Modelica, the additional pressure loss is implemented in the 
CFD model by the porous media approach. This module acts as a momentum sink and allows the user 
to define a pressure loss term depending on the local velocity magnitude in each mesh cell and the length 
of the porous media. The pressure loss is given according to Forchheimer in Equation 1 (ANSYS, 2016). 

 𝑆𝑆𝑆𝑆 = 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= −�𝐶𝐶𝐶𝐶𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 · 𝑣𝑣𝑣𝑣 + 𝐶𝐶𝐶𝐶𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 · 𝑣𝑣𝑣𝑣2� (1) 

The constants 𝐶𝐶𝐶𝐶𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 and 𝐶𝐶𝐶𝐶𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑 can easily be modified to suit to a desired pressure loss. Consequently, 
the total pressure loss is the sum of the flow field loss and the artificial loss from the porous media 
approach. 

3 RESULTS 
The results are split up in two parts. First, the CFD environment is validated, and then the verification 
and transferability between the Modelica multi zone and CFD model are shown. 

3.1 Validation 
To validate the CFD environment the flow through the ventilation opening is examined. The pressure 
drop over the ventilation opening is simulated under different volume flow rates and heights ℎ of the 
ventilation opening. In the literature the pressure loss coefficient of a fluid, which has to constrict and 
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The results show a very good agreement between the Modelica multi zone and the CFD model. The 
maximum pressure difference is located at the kitchen’s ventilation opening, which is based on its small 
cross-sectional area. As shown in Figure 4, it can be seen that this fact is caused by the applied mesh 
size in the CFD model. A further optimization of the mesh quality may reduce the difference to a 
minimum if it is necessary in terms of accuracy. 

4 DISCUSSION 
Although the presented workflow is able to deliver the CFD input parameters quickly from the Modelica 
multi zone model, one limitation is that the allocation of these values is done manually. Consequently, 
it is currently not possible to run transient simulations with time dependent input parameters. 

5 CONCLUSIONS 
In this paper, three main goals were pursued: In the first step, a new methodology of a connected 
Modelica multi zone and a CFD model was introduced for providing appropriate boundary conditions 
for the CFD model. Afterwards, the CFD model of the ventilation opening inside the door was validated 
followed by a verification of the room pressure levels within the Modelica and CFD model. 
All goals were achieved successfully, therefore, the transferability of the results from Modelica and 
CFD is satisfied. The pressure drop with a porous media approach can be adjusted to be similar in both 
models. 
Apart from that, the simulation effort in CFD could be reduced by neglecting the surrounding area. 
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SUMMARY 
The purpose of this study is to investigate the possibility of replacing a time-varying jet with the steady 
jet as a boundary condition for steady CFD simulation. The analysis space is targeted at a free space. 
The isothermal and unsteady CFD simulation using boundary conditions with changing the rate and 
range of airflow direction as parameters was conducted. The airflow distributions with time averaged 
results of unsteady CFD simulation were compared with that of the steady CFD simulation using RANS. 
It is expected that the diffusion caused by the fluctuation of the airflow direction can be simulated in 
RANS by increasing the turbulent kinetic energy of the jet prescribed as a boundary condition at the 
outlet. The authors also attempted to apply the jet model equation to the time-averaged transient jet. The 
K-factor is a characteristic constant depending on the jet's blow distance and diffusion width in the jet 
theory. The K-factor value is approximately 5.0 for the most cases, but it is expected that the K-factor 
for a jet with a change of airflow direction over time will increase. Therefore, the time-averaged 
transient jet was modelled as a pseudo-steady jet by the jet equation with increasing the K-factor. The 
K-factor for outlet airflow in swinging motion could be identified by applying the jet equation to the 
time-averaged velocity distribution. It was also found out that the time-averaged velocity distribution 
with changing the maximum swing angle and angular velocity significantly diffused and decreased, 
compared with that in the case of non-swinging. 
Keywords: CFD, modelling, jet, jet theory, RANS 

1 INTRODUCTION 
The direction and speed of airflow from an air-conditioning outlet may change over time. Due to the 
computational load of CFD simulation, a steady-state simulation is conducted under a fixed outlet 
boundary condition in most cases. Kubo et al (2005) conducted an unsteady CFD simulation on an air 
outlet with a movable nozzle. Cao et al (2009) carried out the detailed experiment for plane turbulent 
jet to validate the model. Li (2017) performed large-scale PIV measurements of the airflow with swing 
motions and oscillations in a cabin mockup. However, no attempt was made to predict and evaluate 
indoor airflow and temperature distributions by handling the time-averaged air distribution. This 
research aims to review the possibility of replacing an unsteady outflow where the airflow changes 
direction over time with a steady outflow boundary condition, for the swinging operation of the four-
way outflow in the indoor unit of a VRF system. This paper first simply predicts the unsteady air 
distribution caused by letting the supply airflow direction fluctuate over time, with the unsteady CFD 
simulation. Secondly, the results were averaged over time, to acquire the central and horizontal 
distributions of air velocity. Lastly, we apply the jet theory to the time-averaged distribution of outgoing 
airflow, and identify the K-factor in the equation to study whether the jet theory is applicable. By giving 
the K-factor a larger value than its normal value, it is expected that the diffusion due to fluctuation in 
wind direction can be simulated (Figure 1). 

The results show a very good agreement between the Modelica multi zone and the CFD model. The 
maximum pressure difference is located at the kitchen’s ventilation opening, which is based on its small 
cross-sectional area. As shown in Figure 4, it can be seen that this fact is caused by the applied mesh 
size in the CFD model. A further optimization of the mesh quality may reduce the difference to a 
minimum if it is necessary in terms of accuracy. 

4 DISCUSSION 
Although the presented workflow is able to deliver the CFD input parameters quickly from the Modelica 
multi zone model, one limitation is that the allocation of these values is done manually. Consequently, 
it is currently not possible to run transient simulations with time dependent input parameters. 

5 CONCLUSIONS 
In this paper, three main goals were pursued: In the first step, a new methodology of a connected 
Modelica multi zone and a CFD model was introduced for providing appropriate boundary conditions 
for the CFD model. Afterwards, the CFD model of the ventilation opening inside the door was validated 
followed by a verification of the room pressure levels within the Modelica and CFD model. 
All goals were achieved successfully, therefore, the transferability of the results from Modelica and 
CFD is satisfied. The pressure drop with a porous media approach can be adjusted to be similar in both 
models. 
Apart from that, the simulation effort in CFD could be reduced by neglecting the surrounding area. 
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2 METHODS 
Figure 2 outlines the targeted domain. The analysis domain is assumed to be free space, set as 
sufficiently high space. A slot opening with a width of 50 mm at the center of the ceiling as an outlet 
was set. The air velocity of the outlet was fixed to 1 m/s and a free outflow condition with no pressure 
gradient were set at the floor. To reduce the computational load, the total number of meshes used was 
434,000 making it fine near the air outlet and coarse away from it (Figure 3).  
Analysis conditions are shown in Table 1. An isothermally unsteady simulation was conducted using 
the standard k-ε model for the turbulence model. The analysis cases are shown in Table 2. As a boundary 
condition, the range and speed of change in airflow direction were used as parameters. There are 3 
conditions for the maximum swinging angle θ to be set at 15°, 30°, 60°, and other 3 conditions that 
angular velocity ω to be set at 3°/s, 6°/s, 12°/s. Hereinafter each condition will take the expression: 
maximum swinging angle θ [°] - swing period T [s] (= θ /ω). A case where no change happened to the 
wind direction was also studied. The total analysis cases are 10 conditions. The calculation was 
conducted until the 42nd period in which all cases became steady state.  

 

  

Figure 1. The conceptual diagram. 
The time-averaged air distribution 
is expected to diffuse due to the 
fluctuation in the wind direction. 

Figure 2. The analysis domain 
without obstacle to the flow 
direction. The airflow from a 
slot is a two-dimensional flow. 

Figure 3. The mesh layout. 
The number of meshes is 
shown on the right side and 
the bottom of the figure.  

i) Instant velocity distribution in swing motion

ii) Time-averaged velocity distribution in swing
     motion
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Table 1. Analysis conditions Table 2. Analysis cases 
CFD code Cradle STREAM V13 

Turbulence model Standard k-ε model 
Analysis domain 3m(W) x 0.1m(D) x 10m(H) 

Meshes 140(W) x 10(D) x 310(H) 
Algorithm SIMPLE 

Advection term difference Upwind difference scheme 

Boundary condition of 
supply air 

Velocity: v0=1.0m/s 
(Outlet width: d=0.05m) 

Direction: Temporal change 
Boundary condition of 

exhaust air 
Ceiling: no slip, adiabatic 
Wall: free slip, adiabatic 

Thermal condition Isothermal 
 

Case 
Name 

Maximum 
swinging 

angle θ [°] 

Angular 
velocity ω 

[°/s] 
0 0 - 

15-5 15 12 
15-10 15 6 
15-20 15 3 
30-10 30 12 
30-20 30 6 
30-40 30 3 
60-20 60 12 
60-40 60 6 
60-80 60 3 
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3 RESULTS 
Figure 4 shows the time-averaged analysis results for the last period of all cases. The result is the time-
averaged velocity distribution for the position: z= 0.05 m. The reason the contour line does not have a 
smooth curve is thought to be because the time-averaged value was outputted with an interval of 0.25 
m for the convenience of the data capacity. For all of the analysis conditions, when comparing the case 
of swinging the outflow with the condition of not swinging it, there is a tendency for the decrease of the 
outlet air velocity to be rapid and for the diffusion range to expand. When comparing the characteristics 
of airflow among the same angular velocity conditions, it was found out that the wider the maximum 
swinging angle is, the air velocity in the vicinity of the outlet decreases. Also when comparing with the 
same maximum swing angle, there is a tendency for the blow distance of the air jet to slightly extend, 
under the condition that the swing period is long. 

 
Figure 4. The time-averaged velocity distribution for the last period of all cases 

4 DISCUSSION 

4.1 Central velocity distribution 
Figure 5 shows a comparison of the central distribution of the time-averaged velocity. Furthermore, 
Figure 6 shows the results of the regression with the jet theory for the analysis results of cases 15-10, 
30-20, and 60-40. The outflow from the slot opening can be expressed as a free turbulent jet shown in 
Figure 7. Fully developed isothermal two-dimensional free jet is given by the following equations, see 
e.g. Rajaratnam (1976). 
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sufficiently high space. A slot opening with a width of 50 mm at the center of the ceiling as an outlet 
was set. The air velocity of the outlet was fixed to 1 m/s and a free outflow condition with no pressure 
gradient were set at the floor. To reduce the computational load, the total number of meshes used was 
434,000 making it fine near the air outlet and coarse away from it (Figure 3).  
Analysis conditions are shown in Table 1. An isothermally unsteady simulation was conducted using 
the standard k-ε model for the turbulence model. The analysis cases are shown in Table 2. As a boundary 
condition, the range and speed of change in airflow direction were used as parameters. There are 3 
conditions for the maximum swinging angle θ to be set at 15°, 30°, 60°, and other 3 conditions that 
angular velocity ω to be set at 3°/s, 6°/s, 12°/s. Hereinafter each condition will take the expression: 
maximum swinging angle θ [°] - swing period T [s] (= θ /ω). A case where no change happened to the 
wind direction was also studied. The total analysis cases are 10 conditions. The calculation was 
conducted until the 42nd period in which all cases became steady state.  
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the bottom of the figure.  
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Table 1. Analysis conditions Table 2. Analysis cases 
CFD code Cradle STREAM V13 

Turbulence model Standard k-ε model 
Analysis domain 3m(W) x 0.1m(D) x 10m(H) 

Meshes 140(W) x 10(D) x 310(H) 
Algorithm SIMPLE 

Advection term difference Upwind difference scheme 

Boundary condition of 
supply air 

Velocity: v0=1.0m/s 
(Outlet width: d=0.05m) 

Direction: Temporal change 
Boundary condition of 

exhaust air 
Ceiling: no slip, adiabatic 
Wall: free slip, adiabatic 

Thermal condition Isothermal 
 

Case 
Name 

Maximum 
swinging 

angle θ [°] 

Angular 
velocity ω 

[°/s] 
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Therefore, the air velocity for areas up to 3 m far from the outlet is relatively high. That may be because 
the angular velocity is low, and so the swing is unlikely to cause air turbulence, therefore the blow 
distance of the jet extends. In the conditions where the maximum swing angle is wide, air velocity 
decreases rapidly, and large difference is not observed among various swing period conditions. Because 
when the maximum swing angle is wide, the change in the velocity component in the x-axis direction 
becomes large, and the time-averaged central velocity decreases. In the condition where the maximum 
swing angle is 15°, and the airflow distribution was almost the same when the swing period is 10 seconds 
and when it is 20 seconds. Because the swing angle is too narrow, there is almost no difference in the 
changes in velocity components in the x-axis and y-axis directions.  

 
Figure 5. The central vertical distribution of the time-averaged velocity 

  
Figure 6. The regression curve with the jet 
equation for the analysis results of cases 15-
10, 30-20, and 60-40 

Figure 7. The model of the two-dimensional free 
turbulent  jet for the airflow from the slot opening 
in the jet theory 
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4.2 Horizontal velocity distribution 
Figure 8 shows the horizontal velocity distribution for all conditions at the distance of 1, 2, and 3 m 
from the outlet. For all the conditions, when Y = 2 and 3 m, the velocity of airflow from the outlet 
decreased below 2.0 m/s and no clear velocity distribution such as Gaussian distribution was observed. 
There, for the horizontal velocity distribution, regression curve was applied to the analysis results with 
the jet equation only when Y = 1 m. In the condition where the swing period is short, it becomes 
impossible to apply the jet model equation in areas distant from the center of the outlet. For the condition 
where the maximum swing angle is wide, even when Y = 1 m, the regression with the jet model equation 
becomes difficult. 

 
Figure 8. The horizontal velocity distribution and the regression curve with the jet model equation 

4.3 Comparison of K-factor in jet model equation 
Using the central and horizontal distributions of the time-averaged velocity shown in Figure 6 and 
Figure 8, Table 3 shows the results of identifying K-factor and y0. The K-factor value calculated from 
central velocity was 6.57 when there was no swinging, and as small as 0.82 to 1.07 when the maximum 
swing angle was 15° and 30°. As the swing period got longer when the maximum swing angle was 60°, 
the K-factor value became larger. When the maximum swing angle was 60°, the decrease of velocity 
got faster and the K-factor became to be extremely small. The K-factor calculated from the horizontal 
velocity distribution was 1.08 to 2.4, when the maximum swing angle was 15° or 30°, which is larger 
than the one calculated from the central velocity. 
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Therefore, the air velocity for areas up to 3 m far from the outlet is relatively high. That may be because 
the angular velocity is low, and so the swing is unlikely to cause air turbulence, therefore the blow 
distance of the jet extends. In the conditions where the maximum swing angle is wide, air velocity 
decreases rapidly, and large difference is not observed among various swing period conditions. Because 
when the maximum swing angle is wide, the change in the velocity component in the x-axis direction 
becomes large, and the time-averaged central velocity decreases. In the condition where the maximum 
swing angle is 15°, and the airflow distribution was almost the same when the swing period is 10 seconds 
and when it is 20 seconds. Because the swing angle is too narrow, there is almost no difference in the 
changes in velocity components in the x-axis and y-axis directions.  
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in the jet theory 
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Table 3. The identification results of K and y0 
1) K calculated from the central velocity distribution  2) K calculated from the horizontal velocity distribution 

θ \ ω 12°/s 6°/s 3°/s  θ \ ω 12°/s 6°/s 3°/s 
0° 6.57  0° 1.33 

15° 0.84 0.88 0.86  15° 2.40 1.74 1.10 
30° 0.71 0.82 1.07  30° 2.19 2.03 1.08 
60° 0.13 0.16 0.29  60° 0.02 0.10 0.62 

         
3) y0 calculated from the central velocity distribution  4) y0 calculated from the horizontal velocity distribution 

θ \ ω 12°/s 6°/s 3°/s  θ \ ω 12°/s 6°/s 3°/s 
0° 0.00  0° 0.82 

15° 0.16 0.15 0.15  15° 0.00 0.00 0.20 
30° 0.08 0.03 0.00  30° 0.00 0.00 0.24 
60° 0.17 0.18 0.12  60° 0.82 0.00 0.00 

5 CONCLUSIONS 
Unsteady CFD simulation for swinging outflow was conducted. The K-factor for outflow in swinging 
motion could be identified by applying the jet equation to the time-averaged velocity distribution. It was 
also found out that the time-averaged velocity distribution with changing the maximum swing angle 
and angular velocity significantly diffused and decreased, compared with that in the case of non-
swinging. For the horizontal velocity distribution in the condition where the swing period is long, the 
diffusion of outflow caused by the swing can be expressed with the jet equation.  
In the future, unsteady CFD simulation using LES will be carried out. The possibility that the time-
averaged velocity distribution can be expressed by superimposing the instant jet equation will be 
studied. 
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SUMMARY 
Current building energy models are weak in the representation of the neighbourhood effect in cities, as 
the adopted algorithms for convective heat transfer coefficient (CHTC) in building energy simulation 
(BES) tools were developed with assumption of simplified wind flow. Computational Fluid Dynamics 
(CFD) techniques are known for their powerful capability of modelling the airflow, however, it cannot 
be used directly in building energy simulation. 
This work aims to develop a framework to couple CFD and BES techniques using the strength of both 
domains to compensate for each other’s limitations, and to capture more accurately the CHTC of 
outdoor surfaces in the urban context. A microclimate CFD model is validated before the coupling stage 
by comparing with measurements of a wind tunnel experiment by Architectural Institute of Japan. The 
proposed framework is then tested using a case study developed form benchmark by US Department of 
Energy (DOE) through the modelling a typical hot day. Fully-converged results are guaranteed on an 
hourly basis to explore the designed city community with nine commercial blocks. The results highlight 
the importance of considering the neighbourhood effect because the prediction of community 
convection throughout the test day can be improved by 82% by using the coupling method over that 
period solved by conventional algorithms. 
Keywords: CFD, BES, CHTC, neighbourhood, coupling 

1 INTRODUCTION 
Buildings consume more than one fifth of the global delivered energy and the share is continuing to 
grow especially in emerging countries (Energy Information Administration, 2017). Rapid urbanization 
can be one of the main reason of increasing energy demand in building sector. To understand, manage 
and improve the building energy performance in cities, powerful calculation or prediction tools are 
required. 
There are many packages to simulate building energy, including ENERGYPLUS, REVIT, DOE-2, 
EQUEST, etc. All of them solve set of conservations equations of mass and energy for finite number of 
zones to obtain the heating/cooling load. For this reason, the zones are relatively larger than that required 
to represent behaviour of airflows in domain. Convections, which is critically related to the airflows, 
plays an important role at building’s exterior facades. The current building energy simulation (BES) 
packages use empirical convective heat transfer coefficient (CHTC) algorithms that neglected the 
neighbourhood effects. Simulations using such simplified outdoor airflow models can misestimate total 
energy demand by 20–40% (Buchanan, 2011; Emmel, et al., 2007). The need of enhancement in capture 
of dynamic microclimate is clear and it can be achieved with aid of computational fluid dynamics (CFD) 
technique. CFD technique is known as its strength in air flow modelling and has been applied on many 
urban studies (Mirzaei and Haghighat, 2011; Shirzadi, et al., 2018). However, it has hardly been directly 
used in building performance assessment as its lack of communication with building service systems. 
The coupling of BES and CFD can compensate each other’s limitations and offer more accurate 
assessment of the built environment. CFD discretize the fluid domain while the latter discretize the 
building load. 

Table 3. The identification results of K and y0 
1) K calculated from the central velocity distribution  2) K calculated from the horizontal velocity distribution 
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5 CONCLUSIONS 
Unsteady CFD simulation for swinging outflow was conducted. The K-factor for outflow in swinging 
motion could be identified by applying the jet equation to the time-averaged velocity distribution. It was 
also found out that the time-averaged velocity distribution with changing the maximum swing angle 
and angular velocity significantly diffused and decreased, compared with that in the case of non-
swinging. For the horizontal velocity distribution in the condition where the swing period is long, the 
diffusion of outflow caused by the swing can be expressed with the jet equation.  
In the future, unsteady CFD simulation using LES will be carried out. The possibility that the time-
averaged velocity distribution can be expressed by superimposing the instant jet equation will be 
studied. 
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Application of coupled CFD-BES technique was mostly focused on CHTC at indoor surfaces in past 
studies (Beausoleil-Morrison, 2002; Negrão, 1998; Zhai, et al., 2001). The existing studies employing 
outdoor coupling are very limited. Both Allegrini, et al. (2015) and Mochida, et al. (2006) selected static 
one-step coupling strategy in their studies. The former obtained the boundary conditions of CFD from 
the outputs of BES program whilst the latter undertook a reverse process that use CFD to aid BES. The 
executed coupling lacked iterative calculation between two programs and therefore, dynamic coupling 
is recommended for better accuracy. Nikkho, et al. (2017) proposed a wind emulator by CFD results as 
a medium to modify weather data for BES tools. However, the medium cannot fully represent the 
differences between individual surfaces or zones. 
This study aims to develop a practical general framework of CFD and BES coupling to improve energy 
modelling in the urban neighbourhoods so that can be applied to projects with random urban 
morphologies in future. A case study on a typical hot day in Los Angeles is thus undertaken after 
obtaining a valid CFD model and a BES model developed from benchmark building by Department of 
Energy. Comparison is performed for the exterior convective heat transfer and cooling load to proof the 
importance of sheltering effect in neighbourhoods. 

2 METHODS 
External method is adopted for the integration of BES and CFD. Buildings are tested through a fully 
dynamic approach to ensure that the convergence is guaranteed for each time-step. For this study, both 
domains should achieve the same (or with accepted slight difference) convective heat flux (𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐,,) at 
outdoor surfaces in every time-step before moving to the next one. 

 
Figure 1. Framework of coupling BES-CFD for convection at exterior surfaces  

Figure 1 provides the schematic of the coupling process for building energy assessment. The home-
made code works as a transfer station between two domains as well as the meteorological data and 
customized inputs, including site data and building specifications. It passes all the configurations to 
BES domain in an acceptable format and generates journal file with console commands for CFD 
domain. Pre-simulation is performed for a short period of time (can be a few hours) earlier than the test 
day to include the time lag effect in thermal calculations and to obtain the initial guess of CHTC. In this 
stage, CHTC profiles are calculated using the embedded algorithms in commercial BES packages. The 
domination of BES convection calculation is then shifted to ‘customization’ instead when dynamic 
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simulation starts. The core of dynamic modelling is the iterative process between CFD and BES 
domains in each time (seen as the blue part in Figure 2). Building surface temperature (Ts) in energy 
model and the connective heat transfer coefficient (hc) are selected as the exchanged media. Ts from 
BES is forward to CFD as boundary conditions while CFD returns the hc to BES via home-made code. 
Within each time step, CHTC schedules are updated at each iteration and so are the Ts profiles to reach 
the convergence. An appropriate residual criterion should be assigned for the media so that the loop will 
be continually executed if residuals do not achieve the desired level.  
Meteorological data for CFD domain are transited in developed profiles by home-made code to capture 
same vertical features as in BES. The real value of hc by CFD is regarded to the temperature difference 
between the solid surface (Ts) and its adjacent flow (Ta,s). However, ENERGYPLUS calculates the 
surface convective heat transfer based on the Ta,z, which is a fixed value at a certain height in a given 
weather data. The principle of coupling process is to achieve unified convective heat flux ( 𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐

,,) in two 
programs. So, the following equation can be written to achieve 𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

,, =  𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐,𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
,, : 

 𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
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,, ,   (4) 

where h* is a virtual hc that works as an adapter helping ENERGYPLUS to receive the same amount of 
convective heat gain as generated in the CFD domain. In the iterative process, it can be calculated via: 

 ℎ𝑖𝑖𝑖𝑖𝑖𝑖
∗ =

𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
′′

𝑖𝑖𝑖𝑖
�𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖−𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎,𝑧𝑧𝑧𝑧�

,   (5)  

where i specifies the current iteration index.  

Table 1. CFD boundary conditions for coupling modelling 
Boundary Type Treatment 
Ground Wall No-slip, Constant temperature, Tg from weather data 

Building surfaces Wall No-slip, Constant Temperature, Ts from BES 
Non-inflow/outflow fetches, Sky Wall No-slip and adiabatic 

Inflow Velocity inlet 
Components specified velocity method: 

Velocity components, Temperature and k and ε from 
the vertical profile  

Outflow Pressure outlet Gauge pressure = 0 Pa 
Temperature, k and ε from the vertical profile  

(a) (b) 
Figure 2. a) Computational domain and b) computational grids for AIJ-Case C CFD validation 

Table 1 shows the boundary conditions for CFD domain during the iterative calculation. Tg is the ground 
temperature from weather data file. The CFD model was validated using the experiment measurement 
provided by Architectural Institution of Japan (AIJ, Case C, which consists of nine cubes in 3 x 3 array 
as seen in Figure 2. The model was created following the strategy of directionally independent circular 
microclimate domain proposed by Mirzaei and Carmeliet (2013). Reynolds Average Navier-Stokes 
(RANS) equations with standard turbulence model was used to dominate CFD simulation. The vertical 
profiles of the inflow velocity, kinetic energy and turbulence dispersion rate were obtained from the 

Application of coupled CFD-BES technique was mostly focused on CHTC at indoor surfaces in past 
studies (Beausoleil-Morrison, 2002; Negrão, 1998; Zhai, et al., 2001). The existing studies employing 
outdoor coupling are very limited. Both Allegrini, et al. (2015) and Mochida, et al. (2006) selected static 
one-step coupling strategy in their studies. The former obtained the boundary conditions of CFD from 
the outputs of BES program whilst the latter undertook a reverse process that use CFD to aid BES. The 
executed coupling lacked iterative calculation between two programs and therefore, dynamic coupling 
is recommended for better accuracy. Nikkho, et al. (2017) proposed a wind emulator by CFD results as 
a medium to modify weather data for BES tools. However, the medium cannot fully represent the 
differences between individual surfaces or zones. 
This study aims to develop a practical general framework of CFD and BES coupling to improve energy 
modelling in the urban neighbourhoods so that can be applied to projects with random urban 
morphologies in future. A case study on a typical hot day in Los Angeles is thus undertaken after 
obtaining a valid CFD model and a BES model developed from benchmark building by Department of 
Energy. Comparison is performed for the exterior convective heat transfer and cooling load to proof the 
importance of sheltering effect in neighbourhoods. 

2 METHODS 
External method is adopted for the integration of BES and CFD. Buildings are tested through a fully 
dynamic approach to ensure that the convergence is guaranteed for each time-step. For this study, both 
domains should achieve the same (or with accepted slight difference) convective heat flux (𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐,,) at 
outdoor surfaces in every time-step before moving to the next one. 

 
Figure 1. Framework of coupling BES-CFD for convection at exterior surfaces  

Figure 1 provides the schematic of the coupling process for building energy assessment. The home-
made code works as a transfer station between two domains as well as the meteorological data and 
customized inputs, including site data and building specifications. It passes all the configurations to 
BES domain in an acceptable format and generates journal file with console commands for CFD 
domain. Pre-simulation is performed for a short period of time (can be a few hours) earlier than the test 
day to include the time lag effect in thermal calculations and to obtain the initial guess of CHTC. In this 
stage, CHTC profiles are calculated using the embedded algorithms in commercial BES packages. The 
domination of BES convection calculation is then shifted to ‘customization’ instead when dynamic 
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wind tunnel measurement. Standard function was applied as the wall treatment. All the equations were 
solved by SIMPLE algorithm. The discretization of pressure equation was conducted by the second 
order scheme whilst the rest by the second order upwind method. Validation of CFD model was 
performed for the velocity field. Comparisons took place at the same set of 120 measurement points at 
0.02 m above the ground to study the boundary layer effect inside the street canyons. During the 
validation stage, the convergence was achieved below six orders of magnitude for all equations except 
the continuity, which was guaranteed in values less than 5 × 10−6. However, during the coupling stage, 
the criteria were compromised to 1 × 10-4 for all these equations to conserve computational cost. Energy 
equation was turned on for CHTC with convergence criterion set as 1 × 10-6. 
In this study, new small street community (seen in Figure 3) was developed from the referencing mall 
office model provided by U.S. Department of Energy. The new model consists of nine cuboid commercial 
buildings (L × W × H = 10 m × 10 m × 10 m) in a 3×3 array. The distance between any two buildings 
was designed as 10m, which means the aspect ratio of every street canyon inside the community would 
be 1 similar to AIJ Case C. Each building was divided into three storeys and the height of each floor was 
designed as 3.4m, 3.3m and 3.3m from bottom to the top. Fenestrations were situated at south and north 
façades of each floor of nine buildings to capture cross-ventilation with the same window to wall ratio as 
employed in the benchmark case. The benchmark door height was employed in new buildings. The 
buildings on the selected site were oriented to the south for the optimum design in terms of the energy 
conservation and indoor comfort. DOE-2 algorithm was adopted for CHTC at exterior surfaces. The 
validated CFD model was enlarged to geometrically match the features of BES domain. Case study was 
projected on the 25th of September, the hottest work day in Los Angeles. Therefore, pre-simulation was 
executed for a few hours on 24th of September and 25th of September to get initial CHTC. 

 
Figure 3. Nine-cube ENERGYPLUS model from south-east and view 

3 RESULTS & DISCUSSION 
Convergence of iterative coupling was based on the residual of Ts by BES or h* by CFD between two 
iterations reaches the customized level. In this study, the convergence criterion was set as three orders 
of magnitudes for both Ts and h*. Take the first hour of test day as an example, Figure 4 shows residuals 
of Ts and h* of convergence process of the fully dynamic one-time-step coupling in that hour. The 
residuals are displayed in logarithm to base 10 for better presentation. In ENERGYPLUS, the effect of 
wind direction is simply taken into account by dividing walls into two conditions of windward or 
leeward, even in some relatively more advanced algorithms, such as TARP, MoWiTT and DOE-2. The 
differences between buildings were ignored by these algorithms. With the aid of airflow analysis by 
CFD, this aspect can be significantly improved. Figure 5 shows the maximum, minimum, median and 
average enhancements of the 𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐′′ prediction for each building during the first hour of the simulation day. 
The amendment of an individual surface can be up to 313%. All the average values are larger than the 
corresponding median values, which means for each building, more or most surfaces have been 
modified by a higher value than its average level. The average change to the daily community 
convective energy is found exceeding 82%. 
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Figure 4. Example of convergence of BES-CFD iterative calculations in 1st hour  

 
Figure 5. Change in 𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐

′′ at exterior surfaces by the coupling CFD-BES method in the 1st hour  

 
Figure 6. Total cooling load of nine buildings by different CHTC-calculation methods 

Table 2. Comparison of daily cooling demand by different CHTC-calculation methods 
Cooling demand 

(kWh) 
DOE-2 SimpleCombined TARP MoWiTT Adaptive Coupled 
2048.7 2149.3 2132.5 2261.4 1646.0 2603.9 

After completing the fully dynamic coupling for the simulation day, the newly created dynamic CHTC 
profiles are compared to those obtained using embedded algorithms inside ENERGYPLUS, including 
DOE-2, TARP, MoWiTT, SimpleCombined and Adaptive model. Figure 6 presents the comparison of 
total cooling demand of nine buildings between the embedded algorithms and the coupled BES-CFD 
model. Table 2 provides the daily energy demand by different methods. Underestimations exists in all 
existing algorithms comparing to the coupled results. Even with MoWiTT option, the smallest gap of 
daily cooling demand can be approximately 343 kWh. The largest error is by Adaptive model and equals 
to 958 kWh exceeding 50% of the initial value.  
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wind tunnel measurement. Standard function was applied as the wall treatment. All the equations were 
solved by SIMPLE algorithm. The discretization of pressure equation was conducted by the second 
order scheme whilst the rest by the second order upwind method. Validation of CFD model was 
performed for the velocity field. Comparisons took place at the same set of 120 measurement points at 
0.02 m above the ground to study the boundary layer effect inside the street canyons. During the 
validation stage, the convergence was achieved below six orders of magnitude for all equations except 
the continuity, which was guaranteed in values less than 5 × 10−6. However, during the coupling stage, 
the criteria were compromised to 1 × 10-4 for all these equations to conserve computational cost. Energy 
equation was turned on for CHTC with convergence criterion set as 1 × 10-6. 
In this study, new small street community (seen in Figure 3) was developed from the referencing mall 
office model provided by U.S. Department of Energy. The new model consists of nine cuboid commercial 
buildings (L × W × H = 10 m × 10 m × 10 m) in a 3×3 array. The distance between any two buildings 
was designed as 10m, which means the aspect ratio of every street canyon inside the community would 
be 1 similar to AIJ Case C. Each building was divided into three storeys and the height of each floor was 
designed as 3.4m, 3.3m and 3.3m from bottom to the top. Fenestrations were situated at south and north 
façades of each floor of nine buildings to capture cross-ventilation with the same window to wall ratio as 
employed in the benchmark case. The benchmark door height was employed in new buildings. The 
buildings on the selected site were oriented to the south for the optimum design in terms of the energy 
conservation and indoor comfort. DOE-2 algorithm was adopted for CHTC at exterior surfaces. The 
validated CFD model was enlarged to geometrically match the features of BES domain. Case study was 
projected on the 25th of September, the hottest work day in Los Angeles. Therefore, pre-simulation was 
executed for a few hours on 24th of September and 25th of September to get initial CHTC. 

 
Figure 3. Nine-cube ENERGYPLUS model from south-east and view 

3 RESULTS & DISCUSSION 
Convergence of iterative coupling was based on the residual of Ts by BES or h* by CFD between two 
iterations reaches the customized level. In this study, the convergence criterion was set as three orders 
of magnitudes for both Ts and h*. Take the first hour of test day as an example, Figure 4 shows residuals 
of Ts and h* of convergence process of the fully dynamic one-time-step coupling in that hour. The 
residuals are displayed in logarithm to base 10 for better presentation. In ENERGYPLUS, the effect of 
wind direction is simply taken into account by dividing walls into two conditions of windward or 
leeward, even in some relatively more advanced algorithms, such as TARP, MoWiTT and DOE-2. The 
differences between buildings were ignored by these algorithms. With the aid of airflow analysis by 
CFD, this aspect can be significantly improved. Figure 5 shows the maximum, minimum, median and 
average enhancements of the 𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐′′ prediction for each building during the first hour of the simulation day. 
The amendment of an individual surface can be up to 313%. All the average values are larger than the 
corresponding median values, which means for each building, more or most surfaces have been 
modified by a higher value than its average level. The average change to the daily community 
convective energy is found exceeding 82%. 
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4 CONCLUSIONS 
A framework for the fully dynamic coupling of BES and CFD domain was developed to enhance the 
prediction heat convection at buildings’ exterior surfaces. The framework was tested by a sheltered 
neighbourhood-block case study on the hottest working day in Los Angeles. After a fully dynamic 
coupling simulation was modelled for a single day, the sheltering effect of neighbourhood environment 
on building performance in cities is considered significant. The daily cooling load by coupled method 
is compared to those obtained using embedded algorithms in ENERGYPLUS. The difference in the two 
predicted energy demands can be up to 958 kWh.  
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SUMMARY 
Multi-nozzle diffuser is a supply air distribution unit that is commonly used in various types of spaces 
in buildings. In this kind of unit, the nozzles can be freely rotated giving a great degree of freedom for 
adjusting the supply air jet. However, the flow patterns are normally known only for a limited number 
of standard nozzle setups, based on measurements. Using other possible nozzle setups can lead to 
unpredictable flow patterns and draught problems in the room. 
CFD simulation can be used to predict diffuser flow patterns that are not known from measurements. A 
successful simulation, however, requires properly tested boundary conditions for the diffuser. In this 
paper four methods that could be used to predict the flow patterns with arbitrary nozzle settings are 
studied. The methods were tested for one typical multi-nozzle diffuser in an exposed installation and 
validated against laboratory measurements. 
The methods range from detailed geometry of the diffuser to a simplified geometry with slot inlet model. 
The main differences between the methods are the level of details in the geometry and the information 
needed for the boundary conditions. All tested methods succeeded in predicting the flow pattern with 
adequately accuracy. 
Keywords: CFD, simulation, nozzle diffuser, flow pattern 

1 INTRODUCTION  
Multi-nozzle diffuser is a supply air distribution unit that is commonly used in various types of spaces 
in buildings (Figure 1). In this kind of unit, the nozzles can be freely rotated giving a great degree of 
freedom for adjusting the supply air jet. While the manufacturers typically recommend certain standard 
nozzle setups, the number of possible setups and flow patterns is in principle unlimited. 

  
Figure 1. Multi-nozzle diffuser with a typical symmetrical nozzle setup 

4 CONCLUSIONS 
A framework for the fully dynamic coupling of BES and CFD domain was developed to enhance the 
prediction heat convection at buildings’ exterior surfaces. The framework was tested by a sheltered 
neighbourhood-block case study on the hottest working day in Los Angeles. After a fully dynamic 
coupling simulation was modelled for a single day, the sheltering effect of neighbourhood environment 
on building performance in cities is considered significant. The daily cooling load by coupled method 
is compared to those obtained using embedded algorithms in ENERGYPLUS. The difference in the two 
predicted energy demands can be up to 958 kWh.  

ACKNOWLEDGEMENTS 
The authors would like to acknowledge the financial support from the Faculty of Engineering of The 
University of Nottingham, UK. 

REFERENCES  
Allegrini, J., Dorer, V., and Carmeliet, J. (2015). Influence of morphologies on the microclimate in urban 
neighborhoods. Journal of Wind Engineering and Industrial Aerodynamics, Vol. 144, pp 108-117. 
Architectural Institute of Japan. Guidebook for practical applications of CFD to pedestrian wind 
environment around buildings. from Architectural Institute of Japan 
Beausoleil-Morrison, I. (2002). The adaptive conflation of computational fluid dynamics with whole-
building thermal simulation. Energy and Buildings, Vol. 34(9), pp 857-871. 
Buchanan, C. (2011). CFD simulation of infiltration heat recovery. Lawrence Berkeley National Laboratory. 
Emmel, M. G., Abadie, M. O., and Mendes, N. (2007). New external convective heat transfer coefficient 
correlations for isolated low-rise buildings. Energy and Buildings, Vol. 39(3), pp 335-342. 
Energy Information Administration (2017). International Energy Outlook: U.S. Government Printing 
Office. 
Nikkho, S.K., Heidarinejad, M., Liu, J., and Srebric, J. (2017). Quantifying the impact of urban wind 
sheltering on the building energy consumption. Applied Thermal Engineering, Vol. 116(Supplement 
C), pp 850-865. 
Mirzaei, P. A., and Carmeliet, J. (2013). Dynamical computational fluid dynamics modeling of the 
stochastic wind for application of urban studies. Building and Environment, Vol. 70, pp 161-170. 
Mirzaei, P. A., and Haghighat, F. (2011). Pollution removal effectiveness of the pedestrian ventilation 
system. Journal of Wind Engineering and Industrial Aerodynamics, Vol. 99(1), pp 46-58. 
Mochida, A., Yoshino, H., Miyauchi, S., and Mitamura, T. (2006). Total analysis of cooling effects of 
cross-ventilation affected by microclimate around a building. Solar Energy, Vol. 80(4), pp 371-382. 
Negrão, C. O. R. (1998). Integration of computational fluid dynamics with building thermal and mass 
flow simulation. Energy and Buildings, Vol. 27(2), pp 155-165. 
Shirzadi, M., Mirzaei, P. A., and Naghashzadegan, M. (2018). Development of an adaptive discharge 
coefficient to improve the accuracy of cross-ventilation airflow calculation in building energy 
simulation tools. Building and Environment, Vol. 127(Supplement C), pp 277-290. 
Zhai, Z., Chen, Q., Klems, J. H., and Haves, P. (2001). Strategies for coupling energy simulation and 
computational fluid dynamics programs. 

|  343PROCEEDINGS — Roomvent & Ventilation 2018 |  343PROCEEDINGS — Roomvent & Ventilation 2018

Track 2 – Air Distribution: CFD simulation (CFD2)



When designing the room air distribution, the flow patterns and throw lengths of the diffusers should 
be known. These are normally given by the manufacturer, based on measurements. However, the 
measurements can be done for a limited number of diffuser nozzle setups in practice, and for 
nonstandard nozzle setups there usually is no measurement data available. Thus, using other possible 
nozzle setups can lead to unpredictable flow patterns and draught problems in the room. 
CFD simulation can be used to predict diffuser flow patterns that are not known from measurements. A 
successful simulation, however, requires properly tested boundary conditions for the diffuser. Several 
modelling methods for defining the diffuser boundary conditions can be applied ranging from a detailed 
diffuser geometry to a rough box model (Nielsen et al., 2007). This paper studies the properties and 
performance of different methods compared to laboratory measurements. 

2 METHODS 
A typical multi-nozzle diffuser with a standard nozzle setup was selected for the study. The dimensions 
of the diffuser’s lower surface were 0.45 m x 0.45 m. The nozzles with an inner diameter of 45 mm 
were installed in the surface symmetrically with a distance of 64 mm. The flow pattern with one airflow 
rate was measured in laboratory using an ultrasonic velocity sensor Kaijo Denki WA-590 (accuracy 
±0.02 m/s.) and an automated traversing system (Koskela et al., 2013). The diffuser was installed at 3.0 
m height in a laboratory room with dimensions 10 m x 4 m and height 6 m.  
Measurements were done with free installation, isothermal flow and a flow rate of 100 l/s at three 
distances from the diffuser center: 0.3m, 0.6 m and 0.9 m (Figure 3). The results from the closest 
distance near the edge of the diffuser were used for determining the boundary conditions for the slot 
model. Validation of the simulation results was done using the results in the measurement plane at the 
distance of 0.9 m (dimensions 1.8 m x 0.5 m). The measurement grid was 0.01 m x 0.025 m (horizontal 
x vertical) at the nearest distance and 0.03 m x 0.05 m at the validation distance. Averaging time of the 
velocity measurement was 60 s. 

 
Figure 2. Measurement setup in the laboratory with an ultrasonic anemometer. 

The simulations were done with ANSYS CFX CFD software applying four methods: 

• detailed geometry of the diffuser 
• basic diffuser geometry with simplified nozzle model 
• basic diffuser geometry with circular openings replacing nozzles 
• simplified geometry with slot inlet model 
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The main differences between the methods were then the number, size and shape of the inlet openings 
and the inlet velocity profile, while the total airflow rate was kept the same as in the laboratory 
measurement. Steady state analyses with Reynolds-averaged Navier-Stokes (RANS) equations 
approach was used. 
The slot model (Figure 4a) was created by taking the inlet boundary conditions from the measurement 
results of the nearest measurement plane at the distance of 0.3 m. The velocities and momentum flow rates 
were average for each of the four sides in six parts shown in the figure. The height of the inlet boundaries 
was adjusted to give both the correct airflow rate and momentum flow rate (Table 1) for the inlets. 
The circular opening model consisted of circular openings instead of nozzles at the surface of the 
diffuser (Figure 4b). The diameter of the openings was 50 mm, which is slightly larger than the nozzle 
opening area. The vertical velocity component was calculated by dividing the flow rate with the total 
opening area. The horizontal velocity components were chosen to 1) give the correct flow direction 
based on the nozzle direction, and 2) to give the correct momentum flow rate at the validation plane. 
The real momentum flow rate from individual nozzles is, however, not known. Also, part of the 
momentum is lost in the complex near flow field of the diffuser. Therefore, the vertical direction of the 
inlet velocity was defined by testing different angles and comparing them to the measurements. The 
best vertical angle was found to be 30 degrees.  
The simplified nozzle model (Figure 4c) was created to test a more realistic but still simplified nozzle 
model. The inlet surface is curved to give more spreading to the inlet jet compared to the unidirectional 
flow from the circular model openings. The inlet surface is smaller and the momentum flow rate is 
higher compared to the circular model (Table 1).  
The real geometry model (Figure 4d) was created using a 3D CAD-drawing of the nozzle as a starting 
point. Very small modifications were made to the geometry to ensure that a creation of a good quality 
mesh was possible. Only one inlet was needed in this model with a normal speed boundary condition, 
giving a flow rate of 100 l/s. 
The computational grids for the three simplified models had around 500 000 nodes. The mesh sizing 
was 0.01 m at inlet boundary, 0.03 m around the diffuser and 0.1 m in the room. SST turbulence model 
was used for the simulations. The gird of the real geometry model had about 10 000 000 nodes. The 
mesh sizing was 0.001 m at the nozzles, 0.03 m around the diffuser and 0.1 in the room. In the real 
geometry model, the SST turbulence model failed to predict the correct air flow direction from nozzles, 
and k-Epsilon turbulence model was used instead. 

 
Figure 3. Measured velocity vectors around the diffuser (left) at three distances (0.3 m, 0.6 m and 0.9 
m) from the diffuser centre and measured normal velocity component in a measurement plane at the 
distance of 0.3 m (right). 

  
  

When designing the room air distribution, the flow patterns and throw lengths of the diffusers should 
be known. These are normally given by the manufacturer, based on measurements. However, the 
measurements can be done for a limited number of diffuser nozzle setups in practice, and for 
nonstandard nozzle setups there usually is no measurement data available. Thus, using other possible 
nozzle setups can lead to unpredictable flow patterns and draught problems in the room. 
CFD simulation can be used to predict diffuser flow patterns that are not known from measurements. A 
successful simulation, however, requires properly tested boundary conditions for the diffuser. Several 
modelling methods for defining the diffuser boundary conditions can be applied ranging from a detailed 
diffuser geometry to a rough box model (Nielsen et al., 2007). This paper studies the properties and 
performance of different methods compared to laboratory measurements. 

2 METHODS 
A typical multi-nozzle diffuser with a standard nozzle setup was selected for the study. The dimensions 
of the diffuser’s lower surface were 0.45 m x 0.45 m. The nozzles with an inner diameter of 45 mm 
were installed in the surface symmetrically with a distance of 64 mm. The flow pattern with one airflow 
rate was measured in laboratory using an ultrasonic velocity sensor Kaijo Denki WA-590 (accuracy 
±0.02 m/s.) and an automated traversing system (Koskela et al., 2013). The diffuser was installed at 3.0 
m height in a laboratory room with dimensions 10 m x 4 m and height 6 m.  
Measurements were done with free installation, isothermal flow and a flow rate of 100 l/s at three 
distances from the diffuser center: 0.3m, 0.6 m and 0.9 m (Figure 3). The results from the closest 
distance near the edge of the diffuser were used for determining the boundary conditions for the slot 
model. Validation of the simulation results was done using the results in the measurement plane at the 
distance of 0.9 m (dimensions 1.8 m x 0.5 m). The measurement grid was 0.01 m x 0.025 m (horizontal 
x vertical) at the nearest distance and 0.03 m x 0.05 m at the validation distance. Averaging time of the 
velocity measurement was 60 s. 

 
Figure 2. Measurement setup in the laboratory with an ultrasonic anemometer. 

The simulations were done with ANSYS CFX CFD software applying four methods: 

• detailed geometry of the diffuser 
• basic diffuser geometry with simplified nozzle model 
• basic diffuser geometry with circular openings replacing nozzles 
• simplified geometry with slot inlet model 
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Figure 4. a) Diffuser models with slot inlets (top left), b) circular openings (top right), c) simplified 
nozzles (bottom left) and d) real nozzle geometry (bottom right). 

 

Table 1. Inlet boundary conditions 
Inlet area 

(m2) 
Number of 
openings 

Inlet momentum flow rate 
(N) 

Slot model 0.0486 24 0.291 
Circular opening model 0.0707 36 0.334 
Simplified nozzle model 0.0275 36 0.420 

Real nozzle geometry 0.0643* 36 0.269* 

* calculated at the upper circular opening surface of the nozzle 
 

3 RESULTS 
Figure 3 shows measured velocity vectors around the diffuser and measured normal velocity component 
in a measurement plane. Figure 5 visualizes the flow pattern of two calculated cases with an isosurface. 
The results were validated against the measurement results by comparing a) the airflow rates and 
momentum flow rates in the jet (Table 2), b) graphically the velocity distributions in a plane (Figure 6) 
and c) velocity magnitude curves along the jet centerline (Figure 7). 
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Figure 5. Flow pattern calculated with the slot model (left) and real nozzle geometry (right) 
(isosurface 0.4 m/s). 

 

Table 2. Flow rates in the jet at 0.9 m 
 

 Air flow rate 
(m3/s) 

Difference to 
measured 

Momentum flow 
rate (N) 

Difference to 
measured 

Measurement 0.141  0.0666  
Slot model 0.145 2.7 % 0.0698 4.9 % 

Circular opening model 0.141 -0.4 % 0.0656 -1.4 % 
Simplified nozzle model 0.139 -1.4 % 0.0655 -1.6 % 

Real nozzle geometry 0.144 2.1 % 0.0802 20.5 % 
 

 

  

  
Figure 6. Velocity distribution in the vertical plane 0.9 m from the centre of the diffuser: measurement 
(top), slot model (middle left), simple circular opening model (middle right), simplified nozzle model 
(bottom left) and real nozzle geometry (bottom right). 

  

  

Figure 4. a) Diffuser models with slot inlets (top left), b) circular openings (top right), c) simplified 
nozzles (bottom left) and d) real nozzle geometry (bottom right). 

 

Table 1. Inlet boundary conditions 
Inlet area 

(m2) 
Number of 
openings 

Inlet momentum flow rate 
(N) 

Slot model 0.0486 24 0.291 
Circular opening model 0.0707 36 0.334 
Simplified nozzle model 0.0275 36 0.420 

Real nozzle geometry 0.0643* 36 0.269* 

* calculated at the upper circular opening surface of the nozzle 
 

3 RESULTS 
Figure 3 shows measured velocity vectors around the diffuser and measured normal velocity component 
in a measurement plane. Figure 5 visualizes the flow pattern of two calculated cases with an isosurface. 
The results were validated against the measurement results by comparing a) the airflow rates and 
momentum flow rates in the jet (Table 2), b) graphically the velocity distributions in a plane (Figure 6) 
and c) velocity magnitude curves along the jet centerline (Figure 7). 
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Figure 7. Vertical (left) and horizontal (right) distributions of normal velocity in the centreline 0.9 m 
from the diffuser.  

4 DISCUSSION 
Graphical comparison of the results in Figure 6 shows that the shape and velocity distribution were best 
predicted by the slot mode. The simplified nozzle models and real geometry model predicted also the 
shape well. The circular opening model produced a narrower jet compared to the other methods.  
The measured velocity profile was also rather well predicted by all methods. The circular opening model 
produced a sharper profile in the horizontal direction. The maximum velocity in the real geometry model 
was higher than the measured one and those of the other methods. This was due to the higher initial 
momentum in the nozzle. 
The benefit of the slot model is the simple geometry description and the possibility to use a coarse grid. 
On the other hand, the boundary conditions must be obtained either from a detailed simulation or from 
measurements, which is an important deficiency for the usability of the model with different nozzle 
adjustments.  
In the other models the adjustment of nozzle direction can be done rather easily either by modifying the 
geometry (real geometry model and simplified nozzle model) or by modifying the velocity boundary 
conditions (circular opening model). 

5 CONCLUSIONS 
The flow pattern of a freely adjustable multi-nozzle diffuser is normally known only for basic nozzle 
setups. This paper presents three methods that can be used to predict the flow pattern with arbitrary 
nozzle setups. All tested methods succeeded in predicting the flow pattern with adequately accuracy. 
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SUMMARY 
It is essential to measure the air infiltration rate in buildings for potential reduction of energy use and 
improving the indoor air quality. This study presented the development of a novel diagnostic technology 
for air infiltration in buildings using an infrared camera. A thermographic image of a building envelope 
produced by an infrared camera and the measured indoor/outdoor air parameters (velocity, temperature, 
and pressure) had been used to identify the effective crack size and air infiltration rate by theoretical 
heat transfer and fluid mechanics analyses. The developed method was validated by the experimental 
measurements in an IAQ (indoor air quality) chamber. The experiment in an IAQ chamber built a small-
scale building with known crack size. The experiment setup was comparable with actual conditions. 
The developed method was able to predict the crack size within 20% relative error of the actual value 
when the air infiltration rate was no more than 50 L/min.  
Keywords: air infiltration, infrared camera, thermography 

1 INTRODUCTION 
The traditional method of measuring air infiltration has been the use of a blower door (Caffey, 1977). A 
blower door is a powerful fan that is mounted on the frame of an exterior door. The fan pulls air out of or 
pushes air into a building, lowering or increasing the air pressure inside, which leads to airflow through 
buildings cracks and openings. By measuring the airflow rate through the blower under a given pressure 
difference between the indoor and outdoor spaces, one can determine the air infiltration rate through the 
building envelope (ASTM, 2011). Although the blower door method has been widely used, it 

• is disruptive to building occupants, 
• cannot provide the locations of infiltration, 
• cannot be used to measure infiltration through a section of the envelope, and 
• requires considerable effort for setup and tear-down. 

Recently, new methods were developed to remedy the above-mentioned problems. Infrared 
thermography was integrated with the blower door method to identify the locations of building cracks 
(Kalamees, 2007). Dufour et al. further used infrared thermography to determine the size of artificial 
cracks. Since artificial cracks differ significantly from real cracks in buildings, knowing the size of an 
artificial crack is insufficient for determining the air infiltration rate. Qi (2012) developed an inverse 
modelling method for estimating the air infiltration rate by comparing the monitored boiler gas 
consumption with the value calculated by use of the EnergyPlus model. However, the predicted air 
infiltration rate differed greatly from that measured by the blower door test. To fully remedy the above-
mentioned problems, further investigation is required. Therefore, this study has developed a novel 
diagnostic technique for air infiltration in buildings using an infrared camera. To validate the method, 
we obtained experimental data on the infiltration rate in an environmental chamber. 

   
Figure 7. Vertical (left) and horizontal (right) distributions of normal velocity in the centreline 0.9 m 
from the diffuser.  

4 DISCUSSION 
Graphical comparison of the results in Figure 6 shows that the shape and velocity distribution were best 
predicted by the slot mode. The simplified nozzle models and real geometry model predicted also the 
shape well. The circular opening model produced a narrower jet compared to the other methods.  
The measured velocity profile was also rather well predicted by all methods. The circular opening model 
produced a sharper profile in the horizontal direction. The maximum velocity in the real geometry model 
was higher than the measured one and those of the other methods. This was due to the higher initial 
momentum in the nozzle. 
The benefit of the slot model is the simple geometry description and the possibility to use a coarse grid. 
On the other hand, the boundary conditions must be obtained either from a detailed simulation or from 
measurements, which is an important deficiency for the usability of the model with different nozzle 
adjustments.  
In the other models the adjustment of nozzle direction can be done rather easily either by modifying the 
geometry (real geometry model and simplified nozzle model) or by modifying the velocity boundary 
conditions (circular opening model). 

5 CONCLUSIONS 
The flow pattern of a freely adjustable multi-nozzle diffuser is normally known only for basic nozzle 
setups. This paper presents three methods that can be used to predict the flow pattern with arbitrary 
nozzle setups. All tested methods succeeded in predicting the flow pattern with adequately accuracy. 
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2 METHOD 
Air infiltration through cracks in a section of a building envelope is a function of the surface temperature 
and the pressure and temperature differences between indoor and outdoor spaces. The function can be 
determined by heat transfer and fluid mechanics analyses. This study first assumed a simplified building 
crack as shown in Figure 1. The dimensions of the crack are D × Lc (length × height) in this two-
dimensional figure. 

Figure 1. Simplified model for a 
crack in a section of a building 
envelope 

 

The flow through the crack is assumed to be: 

• Steady-state: 𝜕𝜕𝜕𝜕()/𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 = 0 
• Two-dimensional planar flow: w = 0, 𝜕𝜕𝜕𝜕()/𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 = 0, where z is the third direction 
• Fully developed flow, since D >> Lc: 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕/𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 = 0, 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕/𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 = 0 
• Constant properties: ρ, µ 

where u, v, and w are the air velocity in the x, y, and z directions, respectively, t is time, ρ is the air density, 
and µ is the dynamic viscosity. Then the Navier-Stokes equations that govern the airflow through the 
crack can be simplified as 

 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

= 0  (1) 

 ρv 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

= 𝜇𝜇𝜇𝜇 𝜕𝜕𝜕𝜕2𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕2

− 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

  (2) 

 ρv 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

= 𝜇𝜇𝜇𝜇 𝜕𝜕𝜕𝜕2𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕2

− 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

  (3) 

The corresponding boundary conditions are: u(y = 0, y = 𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐) = 0, v(y = 0, y = 𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐) = 0, P(x = 0) =
𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, and P(x = D) = 𝑃𝑃𝑃𝑃𝑜𝑜𝑜𝑜𝜕𝜕𝜕𝜕𝑜𝑜𝑜𝑜. With all the above assumptions and boundary conditions, we have 

 𝜕𝜕𝜕𝜕𝑚𝑚𝑚𝑚 = ∫ 𝜕𝜕𝜕𝜕(𝑦𝑦𝑦𝑦)𝑑𝑑𝑑𝑑𝑦𝑦𝑦𝑦/𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐
𝜕𝜕𝜕𝜕=𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐
𝜕𝜕𝜕𝜕=0 = − ∆𝜕𝜕𝜕𝜕𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐2

12𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇
  (4) 

At the same time, the flow through the crack would affect the temperature distribution on the wall. This 
investigation assumed the heat dissipated by the leaked air to be equal to the summation of the heat 
convection between the wall and the indoor/outdoor air. We neglected the heat conduction in the vertical 
direction within the wall and the effect of solar radiation. Thus, we have 

 𝜕𝜕𝜕𝜕𝑚𝑚𝑚𝑚𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑝𝑝𝑝𝑝(𝑇𝑇𝑇𝑇𝑙𝑙𝑙𝑙,𝑜𝑜𝑜𝑜𝜕𝜕𝜕𝜕𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑇𝑇𝑙𝑙𝑙𝑙,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) = 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑄𝑄𝑄𝑄𝑜𝑜𝑜𝑜𝜕𝜕𝜕𝜕𝑜𝑜𝑜𝑜  (5) 

 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝐴𝐴𝐴𝐴(𝑇𝑇𝑇𝑇∞,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)  (6) 

 𝑄𝑄𝑄𝑄𝑜𝑜𝑜𝑜𝜕𝜕𝜕𝜕𝑜𝑜𝑜𝑜 = ℎ𝑜𝑜𝑜𝑜𝜕𝜕𝜕𝜕𝑜𝑜𝑜𝑜𝐴𝐴𝐴𝐴(𝑇𝑇𝑇𝑇∞,𝑜𝑜𝑜𝑜𝜕𝜕𝜕𝜕𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤,𝑜𝑜𝑜𝑜𝜕𝜕𝜕𝜕𝑜𝑜𝑜𝑜)  (7) 
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where Tl,in and Tl,out are the leaked air temperature at the left and right ends of the crack, respectively 
(refer to Figure. 1), hin and hout are heat convective coefficients, A is the wall area, T∞,in and T∞,out are 
the ambient indoor and outdoor air temperature, and Tw,in and Tw,out are the inside and outside mean wall 
temperature. From Eq. 5, we have 

 𝑄𝑄𝑄𝑄𝑓𝑓𝑓𝑓 = 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖+𝑄𝑄𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑝𝑝𝑝𝑝(𝑇𝑇𝑇𝑇𝑙𝑙𝑙𝑙,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−𝑇𝑇𝑇𝑇𝑙𝑙𝑙𝑙,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)

  (8) 

By combining Eq. 4 with Eq. 5 to eliminate um, we obtain the crack height Lc: 

 𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐 = � 12𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇(𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖+𝑄𝑄𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜)
∆𝜕𝜕𝜕𝜕𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑝𝑝𝑝𝑝𝑊𝑊𝑊𝑊(𝑇𝑇𝑇𝑇𝑙𝑙𝑙𝑙,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝑇𝑇𝑇𝑇𝑙𝑙𝑙𝑙,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜)

�
1/3

  (9) 

where W is the width of the crack. To apply Eqs. 8 and 9, one must measure the following parameters: 

• Wall temperature distribution by infrared camera to obtain Tw,in and Tw,out, 
• Indoor and outdoor ambient air temperature T∞,in and T∞,out, 
• Indoor-outdoor pressure difference ∆P, and 
• Indoor and outdoor air velocity V∞,in and V∞,out in order to calculate hin and hout 

The specific measurement locations are hard to identify, but we recommend measuring multiple 
locations that are close to the target building envelop and using the average value. To determine the 
wall heat convection coefficient, the room height, H, is used as the characteristic length. Then the 
Reynolds number is 

 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌∞,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝐻𝐻𝐻𝐻
𝜇𝜇𝜇𝜇

  (10) 

 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑜𝑜𝑜𝑜𝜕𝜕𝜕𝜕𝑜𝑜𝑜𝑜 = 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌∞,𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝐻𝐻𝐻𝐻
𝜇𝜇𝜇𝜇

  (11) 

This study assumed the flow over the wall surface to be parallel flow over an isothermal flat plate, and 
the critical Reynolds number to be Rec = 105~3×106. The following two empirical correlations (Eq. 12 
for laminar flow and Eq. 13 for mixed boundary layer conditions) (Bergman et al., 2011) can be applied 
to determine the average Nusselt number 𝑁𝑁𝑁𝑁𝜕𝜕𝜕𝜕����: 

 𝑁𝑁𝑁𝑁𝜕𝜕𝜕𝜕 = ℎ𝐻𝐻𝐻𝐻
𝑘𝑘𝑘𝑘

= 0.644𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐻𝐻𝐻𝐻
1/2𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃1/3  (12) 

 𝑁𝑁𝑁𝑁𝜕𝜕𝜕𝜕 = ℎ𝐻𝐻𝐻𝐻
𝑘𝑘𝑘𝑘

= (0.037𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐻𝐻𝐻𝐻
4/5 − 𝐵𝐵𝐵𝐵)𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃1/3  (13) 

 𝐵𝐵𝐵𝐵 = 0.037𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐
4/5 − 0.644𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐

1/2  (14) 

where k is the heat conduction coefficient and Pr is the Prandtl number. Hence, the heat convection 
coefficient hin and hout can be determined. Please note that the wall can be vertical, horizontal, or angled. 

3 RESULTS 
To validate the infiltration determination method above, this study conducted experimental 
measurements of the infiltration rate in an environmental chamber, which was able to create ideal, desirable 
indoor/outdoor environments. The environmental chamber was located in the Ray W. Herrick 
Laboratories at Purdue University. Figure 2 shows the overall layout of the facility, which consisted of 
two rooms. The larger room was a test chamber with dimensions of 4.8 m × 4.2 m × 2.4 m that was used 
to simulate the outdoor environment in this experiment. Two air supply diffusers on the floor of the 
chamber and one exhaust on the ceiling were used to maintain a stable thermo-fluid environment. Inside 
the test chamber, we constructed a box with dimensions of 0.5 m × 0.5 m × 0.5 m to simulate a small 
indoor environment. One of the walls of the box had an artificial crack with dimensions of 0.5 m × 
18 mm × 1 mm (x × y × z). The box was connected to the climate chamber by a duct, through which 

2 METHOD 
Air infiltration through cracks in a section of a building envelope is a function of the surface temperature 
and the pressure and temperature differences between indoor and outdoor spaces. The function can be 
determined by heat transfer and fluid mechanics analyses. This study first assumed a simplified building 
crack as shown in Figure 1. The dimensions of the crack are D × Lc (length × height) in this two-
dimensional figure. 

Figure 1. Simplified model for a 
crack in a section of a building 
envelope 

 

The flow through the crack is assumed to be: 

• Steady-state: 𝜕𝜕𝜕𝜕()/𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 = 0 
• Two-dimensional planar flow: w = 0, 𝜕𝜕𝜕𝜕()/𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 = 0, where z is the third direction 
• Fully developed flow, since D >> Lc: 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕/𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 = 0, 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕/𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 = 0 
• Constant properties: ρ, µ 

where u, v, and w are the air velocity in the x, y, and z directions, respectively, t is time, ρ is the air density, 
and µ is the dynamic viscosity. Then the Navier-Stokes equations that govern the airflow through the 
crack can be simplified as 

 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

= 0  (1) 

 ρv 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

= 𝜇𝜇𝜇𝜇 𝜕𝜕𝜕𝜕2𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕2

− 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

  (2) 

 ρv 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

= 𝜇𝜇𝜇𝜇 𝜕𝜕𝜕𝜕2𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕2

− 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

  (3) 

The corresponding boundary conditions are: u(y = 0, y = 𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐) = 0, v(y = 0, y = 𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐) = 0, P(x = 0) =
𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, and P(x = D) = 𝑃𝑃𝑃𝑃𝑜𝑜𝑜𝑜𝜕𝜕𝜕𝜕𝑜𝑜𝑜𝑜. With all the above assumptions and boundary conditions, we have 

 𝜕𝜕𝜕𝜕𝑚𝑚𝑚𝑚 = ∫ 𝜕𝜕𝜕𝜕(𝑦𝑦𝑦𝑦)𝑑𝑑𝑑𝑑𝑦𝑦𝑦𝑦/𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐
𝜕𝜕𝜕𝜕=𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐
𝜕𝜕𝜕𝜕=0 = − ∆𝜕𝜕𝜕𝜕𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐2

12𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇
  (4) 

At the same time, the flow through the crack would affect the temperature distribution on the wall. This 
investigation assumed the heat dissipated by the leaked air to be equal to the summation of the heat 
convection between the wall and the indoor/outdoor air. We neglected the heat conduction in the vertical 
direction within the wall and the effect of solar radiation. Thus, we have 

 𝜕𝜕𝜕𝜕𝑚𝑚𝑚𝑚𝐿𝐿𝐿𝐿𝑐𝑐𝑐𝑐𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑝𝑝𝑝𝑝(𝑇𝑇𝑇𝑇𝑙𝑙𝑙𝑙,𝑜𝑜𝑜𝑜𝜕𝜕𝜕𝜕𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑇𝑇𝑙𝑙𝑙𝑙,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) = 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑄𝑄𝑄𝑄𝑜𝑜𝑜𝑜𝜕𝜕𝜕𝜕𝑜𝑜𝑜𝑜  (5) 

 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝐴𝐴𝐴𝐴(𝑇𝑇𝑇𝑇∞,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)  (6) 

 𝑄𝑄𝑄𝑄𝑜𝑜𝑜𝑜𝜕𝜕𝜕𝜕𝑜𝑜𝑜𝑜 = ℎ𝑜𝑜𝑜𝑜𝜕𝜕𝜕𝜕𝑜𝑜𝑜𝑜𝐴𝐴𝐴𝐴(𝑇𝑇𝑇𝑇∞,𝑜𝑜𝑜𝑜𝜕𝜕𝜕𝜕𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤,𝑜𝑜𝑜𝑜𝜕𝜕𝜕𝜕𝑜𝑜𝑜𝑜)  (7) 
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air at different temperatures in the climate chamber was supplied to the box; the air then leaked back 
into the test chamber through the crack. 

 
Figure 2. Schematic view of the experimental setup in an environmental chamber 

Figure 3(a) shows an external view of the small box and duct. The duct was insulated with foam core 
and aluminum foil. The duct contained a flow meter, a valve, an air compressor, and a heater. Figure 
3(b) shows the other side of the box, which was made of plexiglass. The upper part of the plexiglass 
wall was removable, so that the temperature distribution on the inside wall of the box could be measured. 
This study installed eight thermocouples to monitor the inside wall temperature of the box and four 
thermocouples along the duct to monitor the supply air temperature. A manometer was used to measure 
the inside-outside pressure difference. We conducted repeated measurements for six scenarios with 
varying air infiltration rate and heater power (Table 1). For all the scenarios, the airflow rate for the test 
chamber was 7.7 ACH, and the air supply temperature for the test chamber was controlled at 15°C. 

 
Figure 3. Details of the experimental setup: (a) the box and duct and (b) removable wall made of 
plexiglass 

Table 1. Summary of the experimental scenarios 
Scenario 1 2 3 4 5 6 

Heater power (W)  25   40  
Air infiltration rate (L/min) 25 50 75 25 50 75 

ACH (h-1) 1.2 2.4 3.6 1.2 2.4 3.6 

Using Scenario 1 as an example, Figure 4 shows the box wall temperature and the supply air temperature 
from the duct. We ran the system for at least five hours before conducting the measurements at 16:30. 

(a) (b) 
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This study also measured the outside air velocity and temperature with the use of omni-directional hot-
sphere anemometers, the inside-outside pressure difference with a manometer (range: ±0.2 inch of water 
and accuracy: ±1% of range), and the temperature distribution on the box wall with the crack with an 
infrared camera. 

 
Figure 4. The box wall temperature and the supply air temperature from the duct 

We obtained the following data: 

• Wall temperature distribution: Figure 5 shows the outside and inside temperature distributions on 
the surfaces of the wall with the crack. The outside and inside mean wall temperatures were Tw,out 
= 24.2°C and Tw,in = 25.7°C, respectively. 

• Indoor and outdoor ambient air temperatures: T∞,in = 26.8°C and T∞,out = 23.1°C. 
• Indoor-outdoor pressure difference: ∆P = 1.0 Pa. The inside air pressure was higher than the 

outside air pressure, and thus exfiltration occurred. Therefore, this study assumed that Tl,in = T∞,in 
and Tl,out = 25.4°C, which was determined from the thermographic image in Figure 5(a). 

• Indoor and outdoor air velocities: The measured mean air velocity outside the box was V∞,out = 
0.1 m/s. For the indoor velocity, it was impossible to place a hot-sphere anemometer inside the box. 
We estimated the mean air velocity by dividing the air infiltration rate by the area of the box wall 
and obtained V∞,in = 0.019 m/s. Using the box height as the characteristic length, H = 0.5 m, yielded 
Reynolds numbers of Rein = 630 and Reout = 3300. The flow was laminar, and Eq. 13 was applied 
to determine the average Nusselt number. The calculated convective heat coefficients were hin = 
0.74 W/(m2K) and hout = 1.69 W/(m2K). 

Using the above-mentioned numbers and Eq. 9, we calculated the crack height as Lc,calculated = 1.15 mm 
for Scenario 1, while the actual size was Lc,actual = 1.0 mm. The relative error was 15%. Table 2 
summarizes the crack height as calculated by Eq. 9 for the six scenarios. When the air exfiltration rates 
were 25 L/min and 50 L/min, our proposed method was able predict the crack height with a relative error 
of less than 20%. When the air exfiltration rate was 75 L/min, the method failed to accurately predict the 
crack height. Possible reasons for this failure will be presented in the discussion section of this paper. 
 

Table 2. Crack height for the various scenarios as calculated by the proposed method 
Scenario 1 2 3 4 5 6 

Lc,calculated (mm) 1.15 0.92 0.63 1.05 0.93 0.62 
Relative error∗ 15% 8% 37% 5% 7% 38% 
∗Lc,actual = 1.0       
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into the test chamber through the crack. 
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the inside-outside pressure difference. We conducted repeated measurements for six scenarios with 
varying air infiltration rate and heater power (Table 1). For all the scenarios, the airflow rate for the test 
chamber was 7.7 ACH, and the air supply temperature for the test chamber was controlled at 15°C. 
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plexiglass 

Table 1. Summary of the experimental scenarios 
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Air infiltration rate (L/min) 25 50 75 25 50 75 
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Figure 5. Temperature distribution on the box wall surfaces with the crack: (a) outside and (b) inside 

4 CONCLUSIONS 
This study developed a novel method for measuring the air infiltration rate in buildings. The proposed 
method is able to determine the effective crack size and air infiltration rate by using the air temperature 
distributions on the interior and exterior surfaces of a wall containing a crack, indoor and outdoor air 
temperatures, indoor-outdoor pressure difference, and indoor and outdoor air velocities. 
The proposed method was validated by the measured crack size in a small box installed in an environmental 
chamber. The proposed method was able to predict the crack size with a relative error of less than 20% 
when the air infiltration rate was low. For a higher infiltration rate, the error was larger, possibly because 
of inaccurate estimation of the leaked air temperature.  
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SUMMARY 
In this paper a calibration bench for the calibration of a low air velocity sensor for velocities from 0 to 
0.73 m/s is presented. The calibration bench is operated with compressed air and produces a laminar 
flow. It has already been built in the presented version and is working. A full flow testing showed good 
results that are also presented in this paper. 
Keywords: low speed test bench, calibration, 2D thermoanemometer, indoor comfort  

1 INTRODUCTION 
People spend a large amount of their life time indoors. Therefore, the air quality in these rooms plays a 
major role and is often ensured by air conditioners. Unfortunately, air conditioners also produce airflow 
that can result in discomfort due to draft if the air velocity exceeds 0.2 m/s. To continuously monitor 
the air velocity in interiors, a two-dimensional airflow sensor is developed. This device is capable of 
measuring not only the air velocity but also the direction of the airflow. As the sensor measures in two 
dimensions, it must be properly positioned into the airflow. For the validation of this sensor a calibration 
for low velocities is required.  
According to the European norm EN 13182 (Ventilation for buildings – Instrumentation requirements 
for air velocity measurements in ventilated spaces) sensors can be calibrated by two different methods, 
either in an airflow with defined velocity (method I) or by producing a known relative velocity between 
the moving test sensor and the stagnant air (method II). 
Method I could be realized in a wind channel. However, most of the wind channels are designed for 
velocities higher than 0.5 m/s. For the calibration below 0.5 m/s technically and financially extensive 
modifications would be necessary. 
It is also possible to produce defined air velocities with test benches using compressed air. For that 
matter the air can be released either horizontally (Lee and Budwig, 1991) or vertically (Grandchamp et 
al., 2010) through a nozzle as an open-jet. However, both two test benches are designed for ordinary 
hot-wire anemometers. The sensor developed in this project has, relative to the nozzle, large dimensions 
which may falsify the measurements due to the blockage effect. Furthermore, the measurement in open-
jet can be falsified by ambient influences. 
A procedure using method II is also possible. The velocity sensor can be moved in a housing in stagnant 
air (Chua et al., 2000). This possibility is unsuitable for the calibration, if the test sensor has a long 
response time or if a one-minute continuous measurement is required. The measuring section would 
have to be too long. 
The velocity sensor can also oscillate vertically (Guellouz and Tavoularis, 1995) or horizontally (Al 
Garni, 2006) around a pivot. Because of the directional sensitivity of the sensor, these two possibilities 
are also unsuitable for the calibration of the test sensor. 
After extensive researches a combination between wind channel and the test bench using compressed 
air was chosen. This is similar to the principle of Grandchamp et al. The calibration bench is shielded 
from ambient influences by a housing and the airflow is produced by compressed air. 

|  355PROCEEDINGS — Roomvent & Ventilation 2018 |  355PROCEEDINGS — Roomvent & Ventilation 2018

Track 2 – Air Distribution: Measurement and Visualization Methods (MVM1)



2 METHODS 

Figure 1 shows the construction of the calibration bench. The compressed air is produced with a 
compressor in a different part of the building. That’s why figure 1 begins with the compressed air 
connection (5 bar) (a). As the compressor does not work oil-free, the air must be cleaned from oil 
droplets and oil vapours with an active carbon filter (b). Then follows the volumetric flow controller (c) 
to regulate the air velocity. The requested volumetric flow can be adjusted by a computer. 
Then a temperature regulation system (d-f) is installed. It was mounted after the first flow tests had 
shown that temperature differences may lead to a layering of the air. Warm air with a lower density 
rises to the top of the channel while cold air sinks to the bottom. As the measuring plane of this 
calibration bench is larger than the measuring planes of test benches with nozzles, layering can easily 
occur. The heating tape (d) tempers the airflow at a constant temperature, but also regulates the air at 
23 °C. Therefore, a temperature exchange between the airstream in the channel and the ambient air (air-
conditioned at 23 °C) is prevented. The temperature control system includes a heating tape (d), a power 
control (e), and a PID-controller (f) as well as temperature probes to measure the temperature of the 
heating tape (o) and the air in the pipe (p). 
To regulate the temperature of the airflow, it is led in a thin pipe. Within the pipe, the airflow is turbulent. 
By enlarging the diameter of the pipe with a diffusor (g), the gas expands. To support the crossover to 
a laminar flow, a 2 m calming section (Ø 200 mm) (h) was installed, which is equipped with screens 
and honeycombs. A perspex pipe (Ø 100 mm) (j) is mounted 1 m from the measuring plane. To connect 
the different diameters a reducer (i) is used. The change of the diameter is required to homogenise the 
airflow and to realize a maximum air velocity of 0.73 m/s. There are two reasons to use a perspex pipe 
at the end of the calibration bench. First the perspex pipe is required to run the initial flow test with 
smoke, second it can also be used for the reference measuring with a laser doppler anemometer (LDA). 
To homogenise the airflow there are several screens in the perspex pipe. In addition, a temperature 
probe (q) is installed into the perspex pipe to measure the temperature at the measuring plane (k). If 
using a transfer standard, the reference sensor (thermo-anemometer) can be slid into the perspex pipe. 

a: compressed air connection (p = 5 bar) 
b: oil filter  
c: volumetric flow controller 
d: heating tape 
e: power control 
f: PID controller 
g: diffuser 

h: calming section, screens and honeycombs 
i: reducer 
j: perspex pipe with screens 
k: measuring plane in the perspex pipe 
l: electrical turntable 
m: data logger 
n: data processing 
o, p, q: temperature probes 

Figure 1. Sketch of the test bench 
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The test sensor can be mounted here too. The Perspex pipe is rotatable in axial direction in order to 
position and test the test sensor not only horizontally but also vertically.  
As the test sensor measures also the direction of the air flow in a two-dimensional plane, it should also 
be tested in different inflow directions. For that, the test sensor can be fixed on an electric turntable (l). 
The turntable is computer controlled and adjustable with an accuracy of 1°. For all the tested velocities, 
a full turn of the sensor in steps of 15° should be done. This procedure enables a comprehensive 
reflection of the sensors direction sensitivity and the measurement accuracy in different inflow 
directions.  
All the data is collected by the data logger (m). This includes the data of the test sensor, the reference 
sensor, all the temperature probes and the setting of the PID controller. 
To run reproducible measurements, several parameters should be well defined, and their tolerances must 
be fulfilled. The room temperature and the temperature at the measuring plane are 23 °C ± 1 K. The 
pressure of the compressed air is 5 bar. Small pressure fluctuations can be balanced by the volumetric 
flow controller so that they play a tangential role. The humidity of the compressed air is 5 %. 
Comparable measurements can first be run if all parameters are within their tolerance, and then only it 
is recommended to calibrate the test sensor. 
Before one can start with the calibration, an extensive flow testing must be performed to ensure that the 
calibration bench is appropriate for the calibration. The flow testing includes a visual inspection with 
smoke, a determination of the grade of turbulence, grid measurements, the analysis of the 
reproducibility, and finally the calculation of the measurement uncertainty. 

3 RESULTS AND DISCUSSION 

3.1 Visual inspection 
As shown in figure 2, the airflow does not show any whirling in the smoke, which implies a laminar 
flow.  

3.2 Determination of the grade of turbulence 
A method to quantify the laminarity is the calculation of the grade of turbulence. Therefore, equation 1 
was used. 

The data was averaged over 60 s at a measuring rate of 1/s. The measurement point was in the centre of 
the measuring plane. The result is summarised in table 1. 

𝑇𝑇𝑇𝑇𝑈𝑈𝑈𝑈 =
1
�̅�𝑣𝑣𝑣
∙ �
∑ (𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖′)2𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖=1
𝑛𝑛𝑛𝑛 − 1

∙ 100 % (1) 

Figure 2. visual inspection with smoke shows a laminar flow 

2 METHODS 

Figure 1 shows the construction of the calibration bench. The compressed air is produced with a 
compressor in a different part of the building. That’s why figure 1 begins with the compressed air 
connection (5 bar) (a). As the compressor does not work oil-free, the air must be cleaned from oil 
droplets and oil vapours with an active carbon filter (b). Then follows the volumetric flow controller (c) 
to regulate the air velocity. The requested volumetric flow can be adjusted by a computer. 
Then a temperature regulation system (d-f) is installed. It was mounted after the first flow tests had 
shown that temperature differences may lead to a layering of the air. Warm air with a lower density 
rises to the top of the channel while cold air sinks to the bottom. As the measuring plane of this 
calibration bench is larger than the measuring planes of test benches with nozzles, layering can easily 
occur. The heating tape (d) tempers the airflow at a constant temperature, but also regulates the air at 
23 °C. Therefore, a temperature exchange between the airstream in the channel and the ambient air (air-
conditioned at 23 °C) is prevented. The temperature control system includes a heating tape (d), a power 
control (e), and a PID-controller (f) as well as temperature probes to measure the temperature of the 
heating tape (o) and the air in the pipe (p). 
To regulate the temperature of the airflow, it is led in a thin pipe. Within the pipe, the airflow is turbulent. 
By enlarging the diameter of the pipe with a diffusor (g), the gas expands. To support the crossover to 
a laminar flow, a 2 m calming section (Ø 200 mm) (h) was installed, which is equipped with screens 
and honeycombs. A perspex pipe (Ø 100 mm) (j) is mounted 1 m from the measuring plane. To connect 
the different diameters a reducer (i) is used. The change of the diameter is required to homogenise the 
airflow and to realize a maximum air velocity of 0.73 m/s. There are two reasons to use a perspex pipe 
at the end of the calibration bench. First the perspex pipe is required to run the initial flow test with 
smoke, second it can also be used for the reference measuring with a laser doppler anemometer (LDA). 
To homogenise the airflow there are several screens in the perspex pipe. In addition, a temperature 
probe (q) is installed into the perspex pipe to measure the temperature at the measuring plane (k). If 
using a transfer standard, the reference sensor (thermo-anemometer) can be slid into the perspex pipe. 

a: compressed air connection (p = 5 bar) 
b: oil filter  
c: volumetric flow controller 
d: heating tape 
e: power control 
f: PID controller 
g: diffuser 

h: calming section, screens and honeycombs 
i: reducer 
j: perspex pipe with screens 
k: measuring plane in the perspex pipe 
l: electrical turntable 
m: data logger 
n: data processing 
o, p, q: temperature probes 

Figure 1. Sketch of the test bench 
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Table 1. Grade of turbulence for different volumetric flow settings and the reference speed. 

According to DIN EN 12599 the grade of turbulence for a laminar flow between 0.05 and 0.73 m/s should 
be less than 5 %. So, the calibration bench complies with the national standard. With a deviation of less 
than 1% for velocities equal or higher than 0.09 m/s it is event better than the national standard determines. 

3.3 Grid measurement 
As mentioned in the introduction, a uniform flow velocity profile is preferable. The differences in the 
air temperature cause a layering of air with higher and lower density respectively. Without a regulation 
of the temperature the cold compressed air sinks so the maximum velocity occurs in the lower part of 
the pipe. But if the heating tape is adjusted too hot the warm air rises and the maximum velocity occurs 
in the upper part of the pipe. To achieve a uniform flow velocity profile, the regulation of the temperature 
must be well adjusted. 
Only a uniform, reproducible velocity profile guarantees that the output voltage of the test sensor 
matches the airflow velocity measured with the reference sensor. To verify a uniform velocity profile a 
grid measurement is used. The measurement points are evenly distributed over the measurement plane. 
Only in a square (40 x 40 mm) in the centre of the measurement plane the measurement points are set 
closer. For this centred square the analysis is presented in figure 3 for three different volumetric flows. 

The contour plot presents the deviation of the velocity related to the centre of the measuring plane. The 
brighter the shade of grey, the lower is the velocity variation. Figure 3 shows that the absolute deviation 
is not higher than 0.03 m/s for the evaluated area. Furthermore, it is important to stress that the absolute 
deviation for a velocity of 0.154 m/s is around 0.007 m/s. In addition, the measurements have shown, 
that the centre square (40 x 40 mm) is less sensitive to the layering effected caused by temperature 
variations than the periphery. 
It was found that the velocity profile is sufficiently uniform. Especially compared with other test 
benches, the use of a larger measuring plane is to highlight. Therefore, it is certainly more difficult to 
achieve a uniform velocity profile, but the blockage effect is significantly reduced. For the calibration 
of the test sensor, the measurements must be run in the centre of the measurement plane. The exact 
position is quite important. 

flow setting: % 5 10 20 40 60 80 100 

velocity: m/s 0.05 0.09 0.16 0.32 0.47 0.61 0.73 

grade of turbulence: % 4.09 0.95 0.31 0.12 0.10 0.08 0.07 

Figure 3. velocity profile in the centre of the measurement plane for 20 %, 60 % and 100 % of the   
 volumetric flow (0.154, 0.467. 0.73 m/s)  
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3.4 Reproducibility 
The reproducibility was also tested. It is important, that the calibration bench generates the same 
velocities whenever the same parameters are set. Especially when using a transfer standard, the 
reproducibility is important, because the velocity must only change in close tolerances when the 
reference sensor is replaced with the test sensor. 

Table 2. Reproducibility of flow rate 

flow setting 
 (%) 

reference speed (m/s) standard deviation 
 (m/s) 08/08/2017 27/09/2017 22/11/2017 15/01/2018 

5 0.047 0.049 0.048 0.046 0.001 

10 0.086 0.085 0.085 0.085 0.001 

20 0.162 0.160 0.154 0.155 0.004 

40 0.316 0.314 0.311 0.308 0.003 

60 0.471 0.469 0.467 0.465 0.003 

80 0.606 0.606 0.606 0.607 0.001 

100 0.727 0.737 0.725 0.737 0.006 

The reproducibility is guaranteed as shown in table 2. Furthermore, the standard deviation is small 
enough to be disregarded in the calculation of the measurement uncertainty. 

3.5 Measurement uncertainty  
To calculate the measurement uncertainty all elements installed in the calibration bench were analysed 
on its contribution. Table 3 presents the results of the analysis. 

Table 3. Relevant measurement range and corresponding uncertainties of instruments 

 instruments measurement range uncertainties 

flow rate Bronkhorst EL-Flow 0 – 250 ln/min ± (0.5 % Rd + 0.1 % FS) 

fluid temperature ALMEMO ZA9030-FS2 10 – 50 °C ±0.1 K 

room temperature ALMEMO ZA9030-FS2 10 – 50 °C ±0.1 K 

reference speed Schiltknecht ThermoAir6 0.01 – 1 m/s ± (1.5 % Rd + 1.0 % FS) 

data acquisition system ALMEMO 2890-9 -3 – 3 V ± (0.02 % Rd + 2 digits) 

The influence of the temperature variation on the measurements is insignificant, so its contribution on 
the measurement uncertainty was disregarded. As the reference sensor is a thermo-anemometer, the 
impact of natural convection, which is generated by the heated sensor, must be taken into account 
together with other error sources, described by Melikov et.al. (2007). The estimated uncertainty of the 
reference sensor is shown in table 3.  
The maximum measurement uncertainty of the calibration bench amounts to 0.02 m/s for a confidence 
level of 95 %. This measurement uncertainty is sufficiently low so that the calibration bench can be 
used to calibrate air velocity sensors. 
In addition to the accuracy of the calibration bench other error sources related to the test sensor, like 
temperature compensation, natural convection and positioning must be considered. For the calibration 
of various test sensor these error sources will be calculated individually when necessary but are not 
included in this paper. 

Table 1. Grade of turbulence for different volumetric flow settings and the reference speed. 

According to DIN EN 12599 the grade of turbulence for a laminar flow between 0.05 and 0.73 m/s should 
be less than 5 %. So, the calibration bench complies with the national standard. With a deviation of less 
than 1% for velocities equal or higher than 0.09 m/s it is event better than the national standard determines. 

3.3 Grid measurement 
As mentioned in the introduction, a uniform flow velocity profile is preferable. The differences in the 
air temperature cause a layering of air with higher and lower density respectively. Without a regulation 
of the temperature the cold compressed air sinks so the maximum velocity occurs in the lower part of 
the pipe. But if the heating tape is adjusted too hot the warm air rises and the maximum velocity occurs 
in the upper part of the pipe. To achieve a uniform flow velocity profile, the regulation of the temperature 
must be well adjusted. 
Only a uniform, reproducible velocity profile guarantees that the output voltage of the test sensor 
matches the airflow velocity measured with the reference sensor. To verify a uniform velocity profile a 
grid measurement is used. The measurement points are evenly distributed over the measurement plane. 
Only in a square (40 x 40 mm) in the centre of the measurement plane the measurement points are set 
closer. For this centred square the analysis is presented in figure 3 for three different volumetric flows. 

The contour plot presents the deviation of the velocity related to the centre of the measuring plane. The 
brighter the shade of grey, the lower is the velocity variation. Figure 3 shows that the absolute deviation 
is not higher than 0.03 m/s for the evaluated area. Furthermore, it is important to stress that the absolute 
deviation for a velocity of 0.154 m/s is around 0.007 m/s. In addition, the measurements have shown, 
that the centre square (40 x 40 mm) is less sensitive to the layering effected caused by temperature 
variations than the periphery. 
It was found that the velocity profile is sufficiently uniform. Especially compared with other test 
benches, the use of a larger measuring plane is to highlight. Therefore, it is certainly more difficult to 
achieve a uniform velocity profile, but the blockage effect is significantly reduced. For the calibration 
of the test sensor, the measurements must be run in the centre of the measurement plane. The exact 
position is quite important. 

flow setting: % 5 10 20 40 60 80 100 

velocity: m/s 0.05 0.09 0.16 0.32 0.47 0.61 0.73 

grade of turbulence: % 4.09 0.95 0.31 0.12 0.10 0.08 0.07 

Figure 3. velocity profile in the centre of the measurement plane for 20 %, 60 % and 100 % of the   
 volumetric flow (0.154, 0.467. 0.73 m/s)  
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4 CONCLUSIONS 
As a result of the flow testing it was found out that the operating principle of the calibration bench is 
suitable to calibrate two-dimensional velocity sensors for flow velocities between 0 and 0.73 m/s.  
The use of compressed air as working fluid has the advantage that it is provided with almost defined 
parameters (humidity, temperature, pressure). Furthermore, it has been shown that a uniform velocity 
profile can be realized across a relatively large measurement plane, which is required to reduce the 
blockage effect. Then a decisive role is played by the temperature regulation both in the calibration 
bench and in the ambient. For this, a suitable solution was found. 
The use of a transfer standard has proved to be suitable too. Whereas the differential pressure 
measurement is unsuitable for such low airflow velocities, the use of a transfer standard is the right 
solution as it is more precise, more feasible and the reference sensors can be chosen individually. For 
instance, the currently used thermo-anemometer could be replaced by an LDA. LDAs are more precise, 
if they are well adjusted and properly operated. However, the injection of the tracer particles is still a 
challenge. But by using an LDA, an even smaller measurement uncertainty of the calibration bench 
might be expected. For the current research project, a thermo-anemometer as reference sensor is 
sufficient. The error sources of the test sensor will increase the measurement uncertainty slightly. These 
aspects are not described comprehensively in this paper as they are not influenced by the calibration 
bench.  
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SUMMARY 
The tracer gas experimental method has been widely used to evaluate the ventilation effectiveness or 
the contaminant removal efficiency of a space. This experimental technique can only be applied to open-
air systems, where the supplied air concentration is kept at a level irrespective of the exhaust air 
concentration. We developed a novel tracer gas experimental approach that can be applied to measure 
the effectiveness of the ventilation of air recirculation systems, such as dust removal efficiency of air 
purifier or conditioned air delivery efficiency from a room air-conditioner. The proposed experiment 
method consists of two stages of measurement with a source inside a room and a counter source in the 
air recirculation part of the room, and we can obtain a steady state concentration subtracting each time-
dependent concentration because of the linear characteristics of concentrations. It must also be stressed 
that the latter concentration distribution corresponds to that of mean age of air. This paper gives a 
theoretical background of the proposed method. The feasibility of the method is verified through CFD 
simulation. 
Keywords: tracer gas experiment, age of air, air recirculation system, CFD 

1 INTRODUCTION 
Experimental methods using tracer gas have been widely used for understanding the distribution of 
outside air throughout a ventilated room or the exhaust efficiency of contaminated air (Etheridge and 
Sandberg, 1996). It would be desirable to be able to use tracer gas experiments to investigate distribution 
of conditioned air from air-conditioners with no outside air, or the heat removal process efficiency at 
data centers; however, tracer gas experimental methods have not been established for air recirculation 
systems, where exhaust air is returned as supplied air. In this paper, we propose a tracer gas experimental 
method based on a so called dynamic steady state concentration, which can be applied to such air 
recirculation systems, and we report the results of our verification of the feasibility of the method by 
CFD analysis.  

2 OUTLINE OF TRACER GAS EXPERIMENT METHOD 

2.1 Application to complete mixing room 
Figure 1 shows an air recirculation room with a flow that has a recirculation part that resupplies air 
exhausted from the room back into the room. In this case, air leakage in the room and recirculation part 
can be ignored. A method for extending this experimental method to conditions where leakage cannot 
be ignored has been discussed (Kurabuchi et al., 2017). In a room with an open-air system of volume 

4 CONCLUSIONS 
As a result of the flow testing it was found out that the operating principle of the calibration bench is 
suitable to calibrate two-dimensional velocity sensors for flow velocities between 0 and 0.73 m/s.  
The use of compressed air as working fluid has the advantage that it is provided with almost defined 
parameters (humidity, temperature, pressure). Furthermore, it has been shown that a uniform velocity 
profile can be realized across a relatively large measurement plane, which is required to reduce the 
blockage effect. Then a decisive role is played by the temperature regulation both in the calibration 
bench and in the ambient. For this, a suitable solution was found. 
The use of a transfer standard has proved to be suitable too. Whereas the differential pressure 
measurement is unsuitable for such low airflow velocities, the use of a transfer standard is the right 
solution as it is more precise, more feasible and the reference sensors can be chosen individually. For 
instance, the currently used thermo-anemometer could be replaced by an LDA. LDAs are more precise, 
if they are well adjusted and properly operated. However, the injection of the tracer particles is still a 
challenge. But by using an LDA, an even smaller measurement uncertainty of the calibration bench 
might be expected. For the current research project, a thermo-anemometer as reference sensor is 
sufficient. The error sources of the test sensor will increase the measurement uncertainty slightly. These 
aspects are not described comprehensively in this paper as they are not influenced by the calibration 
bench.  
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V, where outside air is supplied and room air is 
exhausted, the concentration C at time t under 
complete mixing condition is given by the following 
Equation (1), where the supply concentration Cs 
and the room initial concentration is set to 0, and 
taking the inside source as M. 
 

𝐶𝐶𝐶𝐶 =  𝑀𝑀𝑀𝑀
𝑄𝑄𝑄𝑄

 [1−𝑒𝑒𝑒𝑒�−
𝑄𝑄𝑄𝑄
𝑉𝑉𝑉𝑉t�]      (1) 

 
By contrast, in an air recirculation system, the exhaust concentration CE becomes C; thus, the 
concentration balance is expressed by Equation (2). Because the supply concentration expressed in 
Equation (3) is considered constant in an air recirculation system, the negative source MN of the 
recirculation part can be set as in Equation (4) and considered to cancel the concentration increase from 
the indoor source. However, if the change in concentration over time is not considered, Equation (5) is 
used in place of Equation (4), and a steady state concentration that satisfies the condition of Equation 
(3) is immediately obtained. In conditions where there is an inside source but no recirculation part source, 
Cs = C in Equation (2); thus, the change in concentration over time will be described by Cp in equation 
(6). Where there is no inside source and only a source in the recirculation part, then M = 0 in Equation 
(2), and using Equations (3) and (5), the concentration over time will be CN, as defined by Equation (7). 
Thus, in the cases where there is only an inside source or a recirculation part source, the room 
concentration increases or decreases at a constant rate; however, the sum of both is a constant 
representing the steady state concentration because of the linearity of the problem. The concentrations 
that comprise a steady state concentration that changes over time as in Equations (6) and (7), are called 
dynamic steady state concentration.  
 

𝑉𝑉𝑉𝑉 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝑄𝑄𝑄𝑄 + 𝑀𝑀𝑀𝑀 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄   (2) 

𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝑄𝑄𝑄𝑄 = 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄 + 𝑀𝑀𝑀𝑀𝑁𝑁𝑁𝑁  (3) 

𝑀𝑀𝑀𝑀𝑁𝑁𝑁𝑁 = −𝑀𝑀𝑀𝑀[1 − 𝑒𝑒𝑒𝑒�−
𝑄𝑄𝑄𝑄
𝑉𝑉𝑉𝑉t�]     (4) 

𝑀𝑀𝑀𝑀𝑁𝑁𝑁𝑁 = −𝑀𝑀𝑀𝑀    (5) 

𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃 = 𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑃 + 𝑀𝑀𝑀𝑀
𝑉𝑉𝑉𝑉
𝑡𝑡𝑡𝑡      (6) 

𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁 = 𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝑃 −
𝑀𝑀𝑀𝑀
𝑉𝑉𝑉𝑉
𝑡𝑡𝑡𝑡     (7) 

 

2.2 Application to non-complete mixing room 
The above consideration can be extended to room concentration 
under a non-complete mixing condition. The steady state 
concentration distribution generated by an inside source under a 
constant supply concentration condition is expressed as the sum of 
concentrations where there are single inside and recirculation part 
sources in an equivalent air recirculation system. The change in 
concentration where there are single indoor and recirculation part 
sources must conform with the dynamic steady state concentration shown in Equations (8) and (9) and 

indoor source recirculation 
part source 

Q : flow rate 

V : room volume 

CS : supply concentration 

CE : exhaust 
 

Figure 1. Flow model for air recirculation system   

Figure 2. Dynamic steady state 
concentration under non-
complete mixing condition 
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Figure 2. In other words, the rate of increase or decrease of the concentration is equal throughout the 
entire room, and the sum of the intercepts CP0,i+CN0,i shows the steady state concentration of point i.  

𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃,𝑖𝑖𝑖𝑖 = 𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑃,𝑖𝑖𝑖𝑖 + 𝑀𝑀𝑀𝑀
𝑉𝑉𝑉𝑉

t   (8)  𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁,𝑖𝑖𝑖𝑖 = 𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝑃,𝑖𝑖𝑖𝑖 −
𝑀𝑀𝑀𝑀
𝑉𝑉𝑉𝑉
𝑡𝑡𝑡𝑡  (9) 

 
Now, we consider the problem of concentration transport using a block model where the room is divided 
into microscopic volumes vi. Taking the flow rate from component i to component j as Qij and the inside 
source for component i as mP,i the concentration balance equation for a single indoor source is expressed 
by Equation (10). Substituting Equation (8) into this and transforming it using the relationship ΣjQij=
ΣjQji yields Equation (11). Equation (11) is a linear simultaneous equation with CP0,i as the unknown 
quantity. If Equation (11) is composed for every i, both sides become 0. This indicates that the supply 
and the exhaust concentration match, because the actual source and the pseudo source derived from 
time-derivative term offset each other over the entire room.  
 

𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑃𝑃𝑃𝑃,𝑖𝑖𝑖𝑖
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= ∑ 𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗 𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃,𝑗𝑗𝑗𝑗 − ∑ 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃,𝑖𝑖𝑖𝑖 + 𝑚𝑚𝑚𝑚𝑃𝑃𝑃𝑃,𝑖𝑖𝑖𝑖          (10) 

−∑ 𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗 𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑃,𝑖𝑖𝑖𝑖 + ∑ 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑃,𝑗𝑗𝑗𝑗 = 𝑚𝑚𝑚𝑚𝑃𝑃𝑃𝑃,𝑖𝑖𝑖𝑖 − 𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖
𝑀𝑀𝑀𝑀
𝑉𝑉𝑉𝑉

             (11) 

 

2.3 Relationship between age of air and dynamic steady state concentration 
The same consideration can be applied to the case of a recirculation part source. Equation (12) is 
obtained if the negative source represented by mN,i is put for in the block where the supply is connected 
for the boundary condition, showing that the supply concentration becomes lower than the air exhausted 
by the negative source in the recirculation part. Substituting Equation (9) into this yields Equation (13). 
In Equation (13), the decrease in time-derivative concentration is a positive constant term in the 
concentration equation; however, this element is proportional to the volume of the microscopic 
component. Thus, where there are uniform sources for each unit volume, the steady state concentration 
is the age of air. That is, where there is a negative recirculation part source, the dynamic steady state 
concentration intercept is the age of air.   
 

𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑁𝑁𝑁𝑁,𝑖𝑖𝑖𝑖
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= ∑ 𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗 𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁,𝑗𝑗𝑗𝑗 − ∑ 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁,𝑖𝑖𝑖𝑖 + 𝑚𝑚𝑚𝑚𝑁𝑁𝑁𝑁,𝑖𝑖𝑖𝑖           (12) 

−∑ 𝑄𝑄𝑄𝑄𝑗𝑗𝑗𝑗𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗 𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝑃,𝑖𝑖𝑖𝑖 + ∑ 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝑃,𝑗𝑗𝑗𝑗 = 𝑚𝑚𝑚𝑚𝑁𝑁𝑁𝑁,𝑖𝑖𝑖𝑖 + 𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖
𝑀𝑀𝑀𝑀
𝑉𝑉𝑉𝑉

                (13) 

 

3 OUTLINE OF CFD SIMULATION  
To confirm the feasibility of the proposed tracer gas experimental method using a dynamic steady state 
concentration, open-air and recirculating-air room models were envisaged, with one supply inlet and 
two exhaust outlets provided in a room of dimensions 3.6 m × 3.6 m × 3.0 m as shown in Figure 3. 
Table 1 shows the analysis conditions, and Table 2 the analysis cases. Cases 1 and 2 in Table 2 represent 
a comparison between open-air and air recirculation systems where the inside source is distributed 
uniformly through the entire room; Cases 3 and 4 show the cases where the indoor source is located in 
the middle of the room; Cases 5 to 7 show the cases where the indoor source is located near exhaust 
outlet 1; and Case 8 shows the case where a negative source is located in the recirculation part. To 

V, where outside air is supplied and room air is 
exhausted, the concentration C at time t under 
complete mixing condition is given by the following 
Equation (1), where the supply concentration Cs 
and the room initial concentration is set to 0, and 
taking the inside source as M. 
 

𝐶𝐶𝐶𝐶 =  𝑀𝑀𝑀𝑀
𝑄𝑄𝑄𝑄

 [1−𝑒𝑒𝑒𝑒�−
𝑄𝑄𝑄𝑄
𝑉𝑉𝑉𝑉t�]      (1) 

 
By contrast, in an air recirculation system, the exhaust concentration CE becomes C; thus, the 
concentration balance is expressed by Equation (2). Because the supply concentration expressed in 
Equation (3) is considered constant in an air recirculation system, the negative source MN of the 
recirculation part can be set as in Equation (4) and considered to cancel the concentration increase from 
the indoor source. However, if the change in concentration over time is not considered, Equation (5) is 
used in place of Equation (4), and a steady state concentration that satisfies the condition of Equation 
(3) is immediately obtained. In conditions where there is an inside source but no recirculation part source, 
Cs = C in Equation (2); thus, the change in concentration over time will be described by Cp in equation 
(6). Where there is no inside source and only a source in the recirculation part, then M = 0 in Equation 
(2), and using Equations (3) and (5), the concentration over time will be CN, as defined by Equation (7). 
Thus, in the cases where there is only an inside source or a recirculation part source, the room 
concentration increases or decreases at a constant rate; however, the sum of both is a constant 
representing the steady state concentration because of the linearity of the problem. The concentrations 
that comprise a steady state concentration that changes over time as in Equations (6) and (7), are called 
dynamic steady state concentration.  
 

𝑉𝑉𝑉𝑉 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝑄𝑄𝑄𝑄 + 𝑀𝑀𝑀𝑀 − 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄   (2) 

𝐶𝐶𝐶𝐶𝑆𝑆𝑆𝑆𝑄𝑄𝑄𝑄 = 𝐶𝐶𝐶𝐶𝑄𝑄𝑄𝑄 + 𝑀𝑀𝑀𝑀𝑁𝑁𝑁𝑁  (3) 

𝑀𝑀𝑀𝑀𝑁𝑁𝑁𝑁 = −𝑀𝑀𝑀𝑀[1 − 𝑒𝑒𝑒𝑒�−
𝑄𝑄𝑄𝑄
𝑉𝑉𝑉𝑉t�]     (4) 

𝑀𝑀𝑀𝑀𝑁𝑁𝑁𝑁 = −𝑀𝑀𝑀𝑀    (5) 

𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃 = 𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑃 + 𝑀𝑀𝑀𝑀
𝑉𝑉𝑉𝑉
𝑡𝑡𝑡𝑡      (6) 

𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁 = 𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝑃 −
𝑀𝑀𝑀𝑀
𝑉𝑉𝑉𝑉
𝑡𝑡𝑡𝑡     (7) 

 

2.2 Application to non-complete mixing room 
The above consideration can be extended to room concentration 
under a non-complete mixing condition. The steady state 
concentration distribution generated by an inside source under a 
constant supply concentration condition is expressed as the sum of 
concentrations where there are single inside and recirculation part 
sources in an equivalent air recirculation system. The change in 
concentration where there are single indoor and recirculation part 
sources must conform with the dynamic steady state concentration shown in Equations (8) and (9) and 

indoor source recirculation 
part source 

Q : flow rate 

V : room volume 

CS : supply concentration 

CE : exhaust 
 

Figure 1. Flow model for air recirculation system   

Figure 2. Dynamic steady state 
concentration under non-
complete mixing condition 
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investigate the influence of the 
initial concentration distribution, 
we examine Case 7. For the 
analysis conditions, in the open-air 
systems of Cases 1, 3 and 5, the 
supply concentration was fixed at 
0. However, in Cases 2, 4, 6, and 7, 
the mean exhaust concentration at 
exhaust outlets 1 and 2 was set as 
the supply concentration and a 
time dependent analysis was 
conducted. Furthermore, in Case 8, 
the supply concentration is set by 
adding a negative source in the 
recirculation part to the mean exhaust concentration at supply inlets 1 and 2 in a recirculation system.  

4 RESULTS AND DISCUSSION 
In Figure 4, (1) shows the steady state distribution of an open-air system where the inside source is 
uniformly distributed; (2) shows the dynamic steady state concentration in an air recirculation system; 
and (3) shows the dynamic steady state concentration with a negative source in the recirculation part. 
Here, the dynamic steady state concentration in an air recirculation system is shown with the supply and 
exhaust concentrations set to 0, and the concentration difference standardized with a scalar intensity 
(M)/flow rate (Q). The dynamic steady state concentration in the case where the inside source is 
uniformly distributed in an air recirculation system is the uniform room concentration distribution. The 
concentration distributions of (3) and (1) are equal, and the dynamic steady state concentration in an air 
recirculation system with a negative source in the recirculation part is the age of air distribution.  
Figure 5 (3) and Figure 6 (3) show the sum of the dynamic steady state concentration in an air 
recirculation system where there is an inside source and the dynamic steady state concentration in an 
air recirculation system with a negative source in the recirculation part. This matches with Figure 5 (1) 
and Figure 6 (1), which are the steady state concentration distributions in the case of an open-air system 
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Dimensions in [mm] 

Table 1. Analysis conditions 
Flow domain 3.6 m × 3.6 m × 3.0 m 
Turbulence model Standard k-ε model 
Finite difference scheme First order upwind scheme 
Wall boundary condition Generalized log law 
Supply and exhaust condition Supply outlet :1.98 m/s(0.75 m × 0.15 m) 
 Exhaust inlet 1: 1.11 m/s(0.4 m × 0.25 m/s) 
 Exhaust inlet 2: 1.11 m/s(0.4 m × 0.25 m/s) 

Table 2. Analysis cases 
Case number Open air system/ 

Air recirculation system 
Initial concentration 

distribution 
Source position Positive / 

negative source 
Case 1 Open  Uniform Uniform Positive 
Case 2 Recirculating Uniform  Uniform Positive 
Case 3 Open Uniform  In the middle Positive 
Case 4 Recirculation Uniform  In the middle Positive 
Case 5 Open Uniform  Near exhaust 1 Positive 
Case 6 Recirculating Uniform  Near exhaust 1 Positive 
Case 7 Recirculating Not uniform Near exhaust 1 Positive 
Case 8 Recirculating Uniform Recirculating part Negative 
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with sources concentrated in the same location. In other words, the concentration distribution in an 
open-air system 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(1) Case 1                                     (2) case 2                                    (3) case 8 
Figure 4. Concentration distribution for uniformly distributed source condition and dynamic 
steady state concentration distribution when negative source located in the recirculation part of 
the air recirculation system (section A-A’) 

(1) Case 3                                     (2) Case 4                                    (3)Case 4 + 8 
Figure 5. Concentration distribution for source located in the middle of the room for open-air 
system, dynamic steady state concentration distribution in the air recirculation system and the 
sum with room age distribution (section A-A’) 

(1) Case 5                                     (2) Case 6                                    (3) Case 6 + 8 
Figure 6. Concentration distribution for source located near exhaust 1 for open-air system, 
dynamic steady state concentration distribution in the air recirculation system and the sum with 
room age distribution (section A-A’) 
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investigate the influence of the 
initial concentration distribution, 
we examine Case 7. For the 
analysis conditions, in the open-air 
systems of Cases 1, 3 and 5, the 
supply concentration was fixed at 
0. However, in Cases 2, 4, 6, and 7, 
the mean exhaust concentration at 
exhaust outlets 1 and 2 was set as 
the supply concentration and a 
time dependent analysis was 
conducted. Furthermore, in Case 8, 
the supply concentration is set by 
adding a negative source in the 
recirculation part to the mean exhaust concentration at supply inlets 1 and 2 in a recirculation system.  

4 RESULTS AND DISCUSSION 
In Figure 4, (1) shows the steady state distribution of an open-air system where the inside source is 
uniformly distributed; (2) shows the dynamic steady state concentration in an air recirculation system; 
and (3) shows the dynamic steady state concentration with a negative source in the recirculation part. 
Here, the dynamic steady state concentration in an air recirculation system is shown with the supply and 
exhaust concentrations set to 0, and the concentration difference standardized with a scalar intensity 
(M)/flow rate (Q). The dynamic steady state concentration in the case where the inside source is 
uniformly distributed in an air recirculation system is the uniform room concentration distribution. The 
concentration distributions of (3) and (1) are equal, and the dynamic steady state concentration in an air 
recirculation system with a negative source in the recirculation part is the age of air distribution.  
Figure 5 (3) and Figure 6 (3) show the sum of the dynamic steady state concentration in an air 
recirculation system where there is an inside source and the dynamic steady state concentration in an 
air recirculation system with a negative source in the recirculation part. This matches with Figure 5 (1) 
and Figure 6 (1), which are the steady state concentration distributions in the case of an open-air system 
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Table 1. Analysis conditions 
Flow domain 3.6 m × 3.6 m × 3.0 m 
Turbulence model Standard k-ε model 
Finite difference scheme First order upwind scheme 
Wall boundary condition Generalized log law 
Supply and exhaust condition Supply outlet :1.98 m/s(0.75 m × 0.15 m) 
 Exhaust inlet 1: 1.11 m/s(0.4 m × 0.25 m/s) 
 Exhaust inlet 2: 1.11 m/s(0.4 m × 0.25 m/s) 

Table 2. Analysis cases 
Case number Open air system/ 

Air recirculation system 
Initial concentration 

distribution 
Source position Positive / 

negative source 
Case 1 Open  Uniform Uniform Positive 
Case 2 Recirculating Uniform  Uniform Positive 
Case 3 Open Uniform  In the middle Positive 
Case 4 Recirculation Uniform  In the middle Positive 
Case 5 Open Uniform  Near exhaust 1 Positive 
Case 6 Recirculating Uniform  Near exhaust 1 Positive 
Case 7 Recirculating Not uniform Near exhaust 1 Positive 
Case 8 Recirculating Uniform Recirculating part Negative 
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is equal to the result of the concentration distribution in the case of Figure 4 (1) or (3), where the indoor 
source is uniformly distributed with the same total source intensity (that is, the age of air), with an added 
correction by Figure 5 (2) and 6 (2), which are dynamic steady state concentration distributions in the 
case of an air recirculation system with a concentrated source.    
Figure 7 shows the transient concentration at each point in the case where there is no initial 
concentration and in the case with an initial concentration assigned to half of the room. The presence 
and absence of an initial concentration distribution shown in Figure 7 (1) and (2) converge on the 
same dynamic steady state concentration as the impact of the initial concentration is lost after a certain 
elapsed time. The time to reach the dynamic steady state concentration in (3) was shorter than the 
nominal time constant.  

5 CONCLUSIONS 
This study yielded the following insights: 
1) The steady state concentration can be obtained from the sum of the dynamic steady state 

concentrations in the case of a positive source inside and a negative source in the recirculation part; 
and in the case where there is a negative source in the recirculation part, the dynamic steady state 
concentration becomes the age of air.  

2) In the case where the inside source is uniformly distributed, the dynamic steady state concentration 
is the uniform room concentration distribution.  

3) The time taken to reach a dynamic steady state concentration was shorter than the nominal time 
constant in the case investigated here.  
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LOAD FOR STUDIES OF CONVECTION-DRIVEN VENTILATION SYSTEMS 
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SUMMARY 
We present a cost-effective and easy-to-apply measurement method to gather information about the 
thermal passenger comfort using a specially developed thermal manikin. With the objective to verify the 
local equivalent temperatures, the thermal manikin was calibrated in a dedicated temperature-controlled 
box providing homogeneous isothermal boundary conditions with satisfactorily low air velocities and 
temperature differences. Using infrared thermography in combination with temperature detectors, the 
surface temperature of different body parts and the surrounding temperature in the chamber were 
acquired. Based on this data, calibration coefficients were determined revealing almost linear 
dependencies of the mean surface temperatures on the mean surrounding temperature. As a result, a 
comfort manikin was simplified, which costs only a fraction of commercially available systems. Hence, 
the installation on all seats in passenger cabins is feasible, allowing to obtain an instantaneous survey of 
thermal comfort and cost-effective usage of expensive test facilities. As the manikin provides the 
obstruction and the spatially realistic distributed heat release of real humans, it is especially suitable for 
studies of ventilation systems operating in the mixed or natural convection regime. 
Keywords: thermal manikin, equivalent temperature, thermal comfort, convection-driven ventilation 
systems, thermal loads 

1 INTRODUCTION 
With the aim to improve thermal passenger comfort, ventilation efficiency and air quality, the 
optimization of climatic conditions in occupied spaces and passenger compartments has been in the 
focus of research for decades. Besides instrumentation with local sensors, human comfort manikins 
are used to access integral measures for rating the thermal comfort. However, as the purchasing costs 
of such manikins can be tremendous (up to 105 $), they are mostly employed solitarily. As a 
consequence, investigations of different seat positions are carried out in a serial way making the 
measurements time-consuming and expensive test-facility wise. For examinations where a high 
density of passengers is considered (e.g. aircraft and train cabins) on the other hand, simplified heat 
sources are used in many cases, which can only provide the absolute heat load. More advanced 
implementations (thermal manikins) provide realistic obstructions and a homogeneous distribution of 
the heat over the manikin surface (Wang et al., 2008), (Schmeling and Bosbach, 2017). In this case, 
further solitary measurement systems are employed to access the comfort-determining quantities. 
Since the thermal sensation of humans is influenced by interaction of different thermal parameters, 
such as e.g. fluid temperature, air velocity and radiant temperature, the single and pointwise 
acquisition of thermal quantities is often insufficient for robust evaluation of the thermal comfort. 
Furthermore, pointwise measurements often just allow for a localized estimation of the thermal 
behavior restricted by the sensor spot. These are just a few reasons why economic as well as precise 
measurement systems, which provide the opportunity of simultaneous data acquisition at many 
different locations in the interior space, are highly desired. In the present study, we introduce a cost-

is equal to the result of the concentration distribution in the case of Figure 4 (1) or (3), where the indoor 
source is uniformly distributed with the same total source intensity (that is, the age of air), with an added 
correction by Figure 5 (2) and 6 (2), which are dynamic steady state concentration distributions in the 
case of an air recirculation system with a concentrated source.    
Figure 7 shows the transient concentration at each point in the case where there is no initial 
concentration and in the case with an initial concentration assigned to half of the room. The presence 
and absence of an initial concentration distribution shown in Figure 7 (1) and (2) converge on the 
same dynamic steady state concentration as the impact of the initial concentration is lost after a certain 
elapsed time. The time to reach the dynamic steady state concentration in (3) was shorter than the 
nominal time constant.  

5 CONCLUSIONS 
This study yielded the following insights: 
1) The steady state concentration can be obtained from the sum of the dynamic steady state 

concentrations in the case of a positive source inside and a negative source in the recirculation part; 
and in the case where there is a negative source in the recirculation part, the dynamic steady state 
concentration becomes the age of air.  

2) In the case where the inside source is uniformly distributed, the dynamic steady state concentration 
is the uniform room concentration distribution.  

3) The time taken to reach a dynamic steady state concentration was shorter than the nominal time 
constant in the case investigated here.  
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effective human comfort manikin, which enables the measurement of local equivalent temperatures 
and further simulates the heat impact of real passengers at the same time. This is particularly useful, if 
flows driven by thermal convection are considered (Bosbach et al., 2013 and Dehne et al., 2017). 
Hereto, we turned a thermal passenger manikin into a thermal comfort manikin employing a dedicated 
calibration procedure with the aim to determine the local equivalent temperatures by means of infrared 
thermography. The paper is divided into two parts. The first part is dedicated to the description of the 
complete calibration procedure including the limitations of this method. In the second part, a sample 
application of the thermal comfort manikin in a generic car mock-up is described and discussed.  

2 COST-EFFECTIVE MANIKIN FOR ACQUISITION OF THERMAL COMFORT 

2.1 Thermal manikin 
To ensure realistic heat loads and obstructions, which are important for the generation of buoyancy 
forces and dissipations of momentum, thermal manikins were used during experimental studies. 
Figure 1a) shows the shape of a single manikin and Figure 1b) the application of the manikins during 
flight tests in an A320 cabin (Bosbach et al., 2012). The thermal manikins (TM) consist of a foam 
core, which is wrapped with a resistance wire and a thin layer of black heat-conductive aluminum. 
Each TM, with a volume of 0.05m3 and a surface of 1.52m2, can be heated by an external power 
supply to realize a constant sensible heat release in a range of 0 to about 150W.  
 

a)  b)  

Figure 1. a) CAD model of the thermal manikin. b) thermal manikins in a test facility of an aircraft. 

2.2 Equivalent temperature 
For inhomogeneous and transient thermal conditions, the passenger sensation is determined by the 
interaction of various parameters such as air temperature, air velocity and thermal radiation. As a 
means to quantify thermal comfort, the equivalent temperature (𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒) is commercially used combining 
the effect of all comfort-relevant influences into a single quantity. Following the description of 
(ISO14505-2, 2006), the calculation is defined by equation (1). Here, 𝑇𝑇𝑇𝑇𝑆𝑆𝑆𝑆 denotes the surface 
temperature, 𝑞𝑞𝑞𝑞𝑞  the heat flux density and ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 the combined heat transfer coefficient of radiation and 
convection: 

 Teq = TS −
𝑒𝑒𝑒𝑒𝑞

ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 . (1) 

2.3 Calibration method 
According to ISO14505-2 (2006), the calibration of a thermal manikin as an equivalent temperature 
sensor should be carried out under homogeneous thermal conditions with a maximum temperature 
difference (along a height of 1m) of Δ𝑇𝑇𝑇𝑇 = 0.4𝐾𝐾𝐾𝐾 and air velocities lower than 0.1m/s. With the 
objective to meet these requirements, we performed the calibration in a box with isothermal 
temperature-controlled inner surfaces, see Figure 2a). As illustrated in Figure 1a), the TM is in a 
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seated position during the calibration. The dimensions of the box are determined in such way that 
large-scale flow structures caused by thermal concevtive flows are avoided. The calibration of the TM 
is conducted at a constant heat release of 𝑃𝑃𝑃𝑃𝐻𝐻𝐻𝐻 = 75𝑊𝑊𝑊𝑊 for seven different wall temperatures (𝑇𝑇𝑇𝑇𝑊𝑊𝑊𝑊) in a 
range of 10 to 35°C. The boundary conditions, like fluid (red dots) and surface temperature (blue 
dots), see Figure 2b), are monitored by 25 resistance temperature detectors (RTDs) with an accuracy 
of ±0.15𝐾𝐾𝐾𝐾. Further, the setup is equipped with eight combined omnidirectional velocity and 
temperatures probes (velocity accuracy: ±0.02 m/s, temperature accuracy: ±0.2K), which are 
positioned in 5cm distance of the surface of the TM to determine the fluid temperatures and air 
velocities in the vicinity of the TM, see Figure 2c). 
 

   
Figure 2. a) photo of the calibration box with open front section and the TM highlighted in gray.  
b) sensor position of the temperature detectors. c) sensor position of the velocity probes. 

The mean air temperature in the box (𝑇𝑇𝑇𝑇�𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵) is determined at the state of equilibrium. Hence, the air 
temperature corresponds to the equivalent temperature 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒. In addition, the averaged surface 
temperatures (𝑇𝑇𝑇𝑇�𝑆𝑆𝑆𝑆) of 15 body parts are recorded using a high-definition infrared (IR) camera with a 
sensitivity of 0.08𝐾𝐾𝐾𝐾 and an accuracy of ±1.5𝐾𝐾𝐾𝐾. Figure 3a), b) and c) show the process chain of the 
calibration including the result of the thermography and the mean surface temperatures (𝑇𝑇𝑇𝑇�𝑆𝑆𝑆𝑆).  

   
Figure 3. Process chain of the calibration method. a) TM placed in the chamber at a specific 
surrounding temperature. b) IR view of 𝑇𝑇𝑇𝑇𝑆𝑆𝑆𝑆. c) areas of 𝑇𝑇𝑇𝑇𝑆𝑆𝑆𝑆�  for different body parts. 

To improve the accuracy of the acquisition of 𝑇𝑇𝑇𝑇𝑆𝑆𝑆𝑆 using infrared thermography, a linear correction to 
the factory calibration was elaborated for the relevant temperature range by comparing the IR images 
with the signal of a local RTD on the TM surface. The corresponding error of the adjustment was 
calculated using equation (2), where the error of the ordinate 𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿 includes the uncertainty of the RTD. 
For the examined parameter range the maximum 𝛿𝛿𝛿𝛿𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠 amounts 0.3K. 

 𝛿𝛿𝛿𝛿𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠 = ��𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑆𝑆𝑆𝑆
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑚𝑚𝑚𝑚

𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿�
2

+ �𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑠𝑠𝑠𝑠
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑏𝑏𝑏𝑏

𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿�
2

 (2) 

To validate the calibration method in accordance with the requirements given in ISO14505-2 (2016), 
the air velocities near the TM are measured at several body parts (see Figure 2c)). The results of the 
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effective human comfort manikin, which enables the measurement of local equivalent temperatures 
and further simulates the heat impact of real passengers at the same time. This is particularly useful, if 
flows driven by thermal convection are considered (Bosbach et al., 2013 and Dehne et al., 2017). 
Hereto, we turned a thermal passenger manikin into a thermal comfort manikin employing a dedicated 
calibration procedure with the aim to determine the local equivalent temperatures by means of infrared 
thermography. The paper is divided into two parts. The first part is dedicated to the description of the 
complete calibration procedure including the limitations of this method. In the second part, a sample 
application of the thermal comfort manikin in a generic car mock-up is described and discussed.  

2 COST-EFFECTIVE MANIKIN FOR ACQUISITION OF THERMAL COMFORT 

2.1 Thermal manikin 
To ensure realistic heat loads and obstructions, which are important for the generation of buoyancy 
forces and dissipations of momentum, thermal manikins were used during experimental studies. 
Figure 1a) shows the shape of a single manikin and Figure 1b) the application of the manikins during 
flight tests in an A320 cabin (Bosbach et al., 2012). The thermal manikins (TM) consist of a foam 
core, which is wrapped with a resistance wire and a thin layer of black heat-conductive aluminum. 
Each TM, with a volume of 0.05m3 and a surface of 1.52m2, can be heated by an external power 
supply to realize a constant sensible heat release in a range of 0 to about 150W.  
 

a)  b)  

Figure 1. a) CAD model of the thermal manikin. b) thermal manikins in a test facility of an aircraft. 

2.2 Equivalent temperature 
For inhomogeneous and transient thermal conditions, the passenger sensation is determined by the 
interaction of various parameters such as air temperature, air velocity and thermal radiation. As a 
means to quantify thermal comfort, the equivalent temperature (𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒) is commercially used combining 
the effect of all comfort-relevant influences into a single quantity. Following the description of 
(ISO14505-2, 2006), the calculation is defined by equation (1). Here, 𝑇𝑇𝑇𝑇𝑆𝑆𝑆𝑆 denotes the surface 
temperature, 𝑞𝑞𝑞𝑞𝑞  the heat flux density and ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 the combined heat transfer coefficient of radiation and 
convection: 

 Teq = TS −
𝑒𝑒𝑒𝑒𝑞

ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 . (1) 

2.3 Calibration method 
According to ISO14505-2 (2006), the calibration of a thermal manikin as an equivalent temperature 
sensor should be carried out under homogeneous thermal conditions with a maximum temperature 
difference (along a height of 1m) of Δ𝑇𝑇𝑇𝑇 = 0.4𝐾𝐾𝐾𝐾 and air velocities lower than 0.1m/s. With the 
objective to meet these requirements, we performed the calibration in a box with isothermal 
temperature-controlled inner surfaces, see Figure 2a). As illustrated in Figure 1a), the TM is in a 
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mean velocities |𝑢𝑢𝑢𝑢�⃗ | are summarized in the second column of Table 1. At foot level up to the upper 
arms, air velocities significantly lower than 0.1m/s are recorded. However, due to buoyancy, the air 
velocities increase up to 0.13m/s and 0.16m/s at chest and head level, respectively. These values are 
not strictly conforming to the standard. Since higher air velocities lead to an increased heat transfer 
coefficient, the 𝑇𝑇𝑇𝑇𝑆𝑆𝑆𝑆 of the head and chest were additionally corrected by equation (3). Here, α is the 
estimated heat transfer coefficient for the higher velocities, which are measured at the corresponding 
body parts. 𝛼𝛼𝛼𝛼𝑁𝑁𝑁𝑁 represents the heat transfer coefficient for a maximum air velocity of 0.1m/s. Both 
coefficients are calculated using the approximation in Kuchling (2004):  
 𝑇𝑇𝑇𝑇�𝑆𝑆𝑆𝑆 = 𝛼𝛼𝛼𝛼

𝛼𝛼𝛼𝛼𝑁𝑁𝑁𝑁
⋅ (𝑇𝑇𝑇𝑇𝑆𝑆𝑆𝑆 − 𝑇𝑇𝑇𝑇𝑊𝑊𝑊𝑊) + 𝑇𝑇𝑇𝑇𝑊𝑊𝑊𝑊. (3)  

Subsequently, the uncertainty of propagation for the surface temperature is calculated by equation (4). 
Here, the measurement uncertainty of the RTD as well as the adjustment concerning higher air 
velocities is considered. Dependent on the investigated body part and the wall temperature within the 
box, 𝛿𝛿𝛿𝛿TS is always less than 0.4𝐾𝐾𝐾𝐾. 

 𝛿𝛿𝛿𝛿T�S = ��𝜕𝜕𝜕𝜕𝜕
�S
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑠𝑠𝑠𝑠

𝛿𝛿𝛿𝛿𝑇𝑇𝑇𝑇𝑆𝑆𝑆𝑆�
2

+ �𝜕𝜕𝜕𝜕𝜕
�S

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑊𝑊𝑊𝑊
𝛿𝛿𝛿𝛿𝑇𝑇𝑇𝑇𝑊𝑊𝑊𝑊�

2
 (4)  

  
Figure 4. a) linear regression of the data for two different body parts. b)comparison of heat transfer 
coefficients for the experiment and a numerical model according to (Fiala et al.,1999). 

Table 1. Results of air velocities, fit parameters of the linear regression (slope, ordinate) and 
calibrated as well as computed heat transfer coefficients. 

body part |𝑢𝑢𝑢𝑢�⃗ | 
[m/s] 

m: slope  
[-] 

b: ordinate 
[°C] 

ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 experiment 
[W/m2K] 

ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (Fiala et al., 
1999) [W/m2K] 

head 0.163 0.955±0.004 9.78±0.09 7.91±0.07 8.44 
chest 0.134 0.953±0.003 8.85±0.07 5.24±0.04 7.36 

abdomen - 0.958±0.003 8.91±0.06 5.21±0.04 7.37 
upper arm L 0.027 0.965±0.003 8.36±0.07 5.55±0.05 7.04 
upper arm R - 0.966±0.004 8.10±0.11 5.73±0.08 7.04 
lower arm L 0.026 0.971±0.001 7.66±0.04 6.06±0.03 6.97 
lower arm R - 0.969±0.002 7.61±0.06 6.09±0.05 6.97 

hand L 0.033 0.973±0.001 6.71±0.04 6.91±0.04 7.51 
hand R - 0.969±0.004 6.91±0.09 6.71±0.09 7.51 

upper leg L 0.034 0.959±0.002 8.44±0.06 5.49±0.04 6.39 
upper leg R - 0.957±0.003 8.59±0.08 5.40±0.05 6.39 
lower leg L 0.033 0.945±0.004 7.74±0.10 5.99±0.08 6.59 
lower leg R - 0.941±0.006 7.94±0.16 5.84±0.12 6.59 

foot L 0.028 0.942±0.010 6.82±0.24 6.80±0.24 7.24 
foot R - 0.937±0.010 6.99±0.24 6.64±0.23 7.24 

Calibration curves were generated based on the adjusted surface temperatures of different body parts 
and the mean surrounding temperature within the box. The curves reveal linear dependencies between 

b) a) 
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both temperatures, exemplarily shown for two selected body parts in Figure 4a). The error bars 
represent the standard deviation of the mean surface temperature and mean box temperature, 
respectively. The latter indicates temperature homogeneity, which ranges from 0.28 to 0.45K, 
depending on the surrounding temperature in the box. The fitting parameters (slope and ordinate) of 
all investigated body parts are summarized in Table 1. The results of all body parts differ primarily in 
their offsets while the slopes are all close to unity. Depending on the actual body part, the error of the 
slope parameter is less than 1%, whereas the error of the ordinate is less than 3%. This underlines the 
linear relation between 𝑇𝑇𝑇𝑇�𝑆𝑆𝑆𝑆 and 𝑇𝑇𝑇𝑇�𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵. Taking the error of the linear regression and the above described 
uncertainty of the surface temperature into account, the total uncertainty of the equivalent temperature 
(𝛿𝛿𝛿𝛿𝑇𝑇𝑇𝑇𝐸𝐸𝐸𝐸𝑒𝑒𝑒𝑒) is calculated by the following equation: 

 𝛿𝛿𝛿𝛿𝑇𝑇𝑇𝑇𝐸𝐸𝐸𝐸𝑒𝑒𝑒𝑒 = ��𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕�𝑠𝑠𝑠𝑠
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2
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𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑏𝑏𝑏𝑏𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
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𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑚𝑚𝑚𝑚𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝛿𝐸𝐸𝐸𝐸𝑒𝑒𝑒𝑒�
2

. (5) 

Based on the ordinate parameter and the heat flux density provided by the TM, the combined heat 
transfer coefficient (ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) was calculated (see Table 1, 4th column). The highest value is detected for the 
head segment, whereas the values of the remaining body parts range from 5.2 to 6.9W/m2K. 
Furthermore, heat transfer coefficients are calculated according to the equations given in Fiala et al. 
(1999) in order to compare the calibrated coefficients with a numerical thermal comfort model. Hereto, 
the measured data (𝑇𝑇𝑇𝑇�𝑆𝑆𝑆𝑆 and 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒) are applied as initial values for an iterative computation to calculate the 
surface temperature and the corresponding heat transfer coefficient for the occurred air velocities in the 
calibration box. Figure 4b) depicts the results of the two different methods to determine the heat transfer 
coefficients. However, the computed values are always higher than the calibrated coefficients. 
Especially for the chest and abdomen, the values of the experimental results are smaller by a factor of 
about 1.5. We ascribe this difference to the fact, that this model uses cylindrical shapes to approximate 
different body parts such as the torso or arms. We conclude that the influence of the geometry of the TM 
has to be taken into account with a dedicated calibration procedure and that the coefficients given in 
Fiala et al. (1999) are not to be considered to be universally applicable. 

3 ACQUISITION OF THERMAL PASSENGER COMFORT IN A CAR MOCK-UP 

 
Figure 5. a) Illustration of the CDV concept. b) IR image of the driver manikin. c) 𝑇𝑇𝑇𝑇�𝑆𝑆𝑆𝑆 of solitary body 
parts. d) local 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 of different body parts. e) thermal comfort analysis based on (ISO14505-2,2006). 
The process chain defined above is applied to IR images of measurements in a generic car mock-up. 
The dimensions of the mock-up correspond to a medium-class passenger vehicle. To simulate 
different ambient temperatures representing the seasons: winter, summer and spring/fall, the structure 
is equipped with a jacket heating/cooling to obtain isothermal temperatures on the car’s outer casing. 
In addition, a multitude of temperature, velocity and humidity probes is placed in the cabin to study 
comfort-relevant parameters as well as the energy efficiency for novel ventilating concepts, see 
(Dehne et al., 2017). In this study, the air conditioning is provided by cabin displacement ventilation 
(CDV). Here, low-momentum air outlets under the seats supply the air near the floor, the air is heated 
by the thermal manikin, rises due to buoyancy and leaves the car at the ceiling. A sketch of the mock-
up and the schematic depiction of the CDV are given in Figure 5a). In this study, a winter scenario 
was investigated. Here, the ambient temperature, speaking the temperature on the outer shape, is 7°C. 

mean velocities |𝑢𝑢𝑢𝑢�⃗ | are summarized in the second column of Table 1. At foot level up to the upper 
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body parts. 𝛼𝛼𝛼𝛼𝑁𝑁𝑁𝑁 represents the heat transfer coefficient for a maximum air velocity of 0.1m/s. Both 
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Figure 4. a) linear regression of the data for two different body parts. b)comparison of heat transfer 
coefficients for the experiment and a numerical model according to (Fiala et al.,1999). 

Table 1. Results of air velocities, fit parameters of the linear regression (slope, ordinate) and 
calibrated as well as computed heat transfer coefficients. 

body part |𝑢𝑢𝑢𝑢�⃗ | 
[m/s] 

m: slope  
[-] 

b: ordinate 
[°C] 

ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 experiment 
[W/m2K] 

ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (Fiala et al., 
1999) [W/m2K] 

head 0.163 0.955±0.004 9.78±0.09 7.91±0.07 8.44 
chest 0.134 0.953±0.003 8.85±0.07 5.24±0.04 7.36 

abdomen - 0.958±0.003 8.91±0.06 5.21±0.04 7.37 
upper arm L 0.027 0.965±0.003 8.36±0.07 5.55±0.05 7.04 
upper arm R - 0.966±0.004 8.10±0.11 5.73±0.08 7.04 
lower arm L 0.026 0.971±0.001 7.66±0.04 6.06±0.03 6.97 
lower arm R - 0.969±0.002 7.61±0.06 6.09±0.05 6.97 

hand L 0.033 0.973±0.001 6.71±0.04 6.91±0.04 7.51 
hand R - 0.969±0.004 6.91±0.09 6.71±0.09 7.51 

upper leg L 0.034 0.959±0.002 8.44±0.06 5.49±0.04 6.39 
upper leg R - 0.957±0.003 8.59±0.08 5.40±0.05 6.39 
lower leg L 0.033 0.945±0.004 7.74±0.10 5.99±0.08 6.59 
lower leg R - 0.941±0.006 7.94±0.16 5.84±0.12 6.59 

foot L 0.028 0.942±0.010 6.82±0.24 6.80±0.24 7.24 
foot R - 0.937±0.010 6.99±0.24 6.64±0.23 7.24 

Calibration curves were generated based on the adjusted surface temperatures of different body parts 
and the mean surrounding temperature within the box. The curves reveal linear dependencies between 

b) a) 
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The incoming air, with a volume flow of V=1680 l/min, has a temperature of 25°C and the heating 
power of the thermal manikin amounts to 75 W. Figure 5b) depicts the temperature of the inner shape 
in the car mock-up and the TM for the state of equilibrium. Using a mask for the different body zones 
the mean temperature of each zone is calculated, see Figure 5c). The uncertainty of all temperature 
zones is calculated by equation (4) and amounts to 0.3K. In comparison to the corresponding right 
body parts, lower temperatures for the left arm, hand and leg are found. These are the result of the 
cool sidewalls. Figure 5d) shows the corresponding 𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 of the body zones. The error of the equivalent 
temperatures, according to equation (5), for all zones is less than 0.4K. Finally, Figure 5e) displays the 
appraisal of the thermal comfort based on ISO14505-2 (2006). Here, empiric comfort zones, ranging 
from too cold (1) via neutral (3) to too warm (5), served as evaluation criteria. The upper body parts 
are comfortable but warm and the legs as well as the hands are neutral comfortable. 

4 CONCLUSIONS 
We introduced a process chain for the calibration of a thermal manikin to become a human comfort 
manikin allowing to evaluate the thermal passenger comfort in densely occupied spaces by means of a 
cost-effective approach. Possible fields of applications are: the thermal passenger comfort in trains, 
aircraft, cars or buildings. The thermal passenger model is calibrated at constant heat release using a 
temperature-controlled box, which provides low air velocities and small temperature differences. The 
surface temperatures of the manikin, which serve as measure for equivalent temperatures, are acquired via 
IR thermography for different surrounding temperatures. The accuracy is determined by the uncertainties 
of the used measurement system as well as the recorded air velocities, which are slightly higher than 
0.1m/s at chest and head level. Taking these facts into account, the surface temperatures are detected with 
an accuracy always less than 0.4K. The main advantage of the proposed method is the data acquisition at 
many different locations by using the whole body surface of the manikin. Simultaneously, the manikin 
provides a heat load which simulates the thermal impact of real passengers, which is a necessary 
precondition if ventilation cases driven by thermal convection are considered. The sole acquisition of 
surface temperatures and the easy handling (without any local probes etc.) provides high flexibility. Due to 
a cost-effective approach, a large number of manikins can be employed in a test campaign allowing to 
efficiently use expensive test facilities, especially if densely occupied spaces are considered. 
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SUMMARY 
This study demonstrates the feasibility of conducting on-site large-scale image-based measurements 
for indoor airflows characterization. We chose to study the suction flow generated by a laboratory 
fume hood in operating conditions. As a matter of fact laboratory fume hoods are frequently subject to 
routine checks during which air speed measurements by hot-wire anemometry are performed. 
However classical point-to-point hot-wire anemometry may not be sufficient to detect and localize 
potential leakages. To improve these controls we developed and tested a new method based on particle 
image velocimetry principles, which is non-intrusive and authorizes a good spatio-temporal analysis. 
To face large-scale and on-site issues we had to make some adaptations. For this reason, we used 
tracers like bubbles or smoke which have good scattering properties. We also developed our own low-
cost light system. To compute velocities from image sequences we developed an optical flow 
algorithm based on a large-scale flow model instead of using traditional correlation. The tested 
method gave good results with a good agreement with sparse HWA measurements but with a wider 
spatial distribution. In addition the method provided turbulence intensity estimation and a good 
monitoring of dynamic flow features, which is important for leakages detection. 
Keywords: fume hood, large-scale PIV, optical flow 

1 INTRODUCTION 
Laboratory fume hoods are protection devices generally used in places where harmful substances are 
handled. They are aimed at limiting the exposure of humans to contaminants by capturing and 
removing hazardous fumes or dust generated inside the enclosure thanks to a suction flow. To insure 
their good performance through time, fume hoods are subject to periodical controls. These controls 
usually consist of a three-part evaluation process composed by a face flow rate evaluation, a smoke 
visualization and a tracer gas test. This protocol does not give any information on the presence or the 
location of potential leakages. To detect potential pollutants leakages it is necessary to understand the 
aerodynamics features of the fume hood. It can be done by flow visualization as shown by some 
studies (Tseng et al., 2006 and Chen et al., 2016). However in these studies flow visualization is only 
qualitative. In fact it is possible to extract quantitative flow motion estimation from flow visualization 
(Heitz et al., 2010). This is what we propose in this paper. 
In this study we propose to perform image-based air velocities measurements on a laboratory fume 
hood in operating conditions. Traditionally particle image velocimetry (PIV) is carried out to estimate 
fluid motion. This method is widely used to study turbulent flows in fluid mechanics community. PIV 
principles and advancements have been carefully explained and detailed in the book Particle Image 
Velocimetry (Adrian and Westerweel, 2011). Image-based velocimetry techniques like PIV are non-
intrusive and provide instantaneous velocity fields. PIV was originally designed for laboratories and 
well-controlled flows, and its transposition to an on-site measurement tool is not immediate. Some 
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provides a heat load which simulates the thermal impact of real passengers, which is a necessary 
precondition if ventilation cases driven by thermal convection are considered. The sole acquisition of 
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ventilation or air conditioning systems inside cars, planes or rooms were investigated by PIV (Cao et 
al., 2014) but experiments were mostly carried out in research laboratories on specifically designed 
models and rarely in real conditions. Thus performing PIV in real conditions needs some adaptations. 
As fields of investigation are getting bigger, classical particles like oil droplets cannot be used as 
tracer, they are too small. Two options are then possible: using bigger particles like Helium Filled 
Soap Bubbles (HFSB) or using smoke. The advantage of HFSB is that they are big enough (diameter 
around 300 μm) to strongly scatter the light and being visible from far. Secondly thanks to the helium, 
bubbles have the neutral buoyancy needed to follow the flow with high fidelity (Scarano et al., 2015). 
The interest of employing a smoke generator is it simplicity and availability. Smoke is compound of a 
high density of oil droplet haze scattering the light and providing smooth images, difficult to analyse 
with correlation techniques but from which fluid motion can estimated via optical flow approaches 
(Heitz et al., 2010).  
The following study is aimed at demonstrating the feasibility of an on-site PIV-like measurement of a 
fume hood airflow in operating conditions. We will compare the two kinds of tracers mentioned 
above: HFSB and smoke, in order to determine what tracer is the best suited for large-scale on-site 
flow characterization. The rest of this paper is organized as follows. In Section 2, the image-based 
method is described in detail. Then results and performances of the method are presented and 
commented in Section 3. Finally, conclusion is discussed in Section 4. 

2 METHODS 
The method consists of bringing to light the invisible airflow generated by a laboratory fume hood. To 
make it possible, the flow is seeded with a tracer (particles or smoke). In the same time a light sheet is 
emitted by an illumination system in order to enlighten the tracers in the zone of interest. The light 
scattered by the tracer is recorded by a camera at a given frame rate. By computing tracer’s 
displacements between successive frames thanks to a motion estimation method it is possible to obtain 
an estimation of the velocity field in the illuminated slice. Naturally as we only illuminate a plane and 
use only one camera we can only retrieve two components of the velocity in two directions (2D2C). 
However 2D2C PIV is relevant for strongly bidimensional flows, as it is the case for fume hood. 

2.1 Experimental setup 
Usually, to perform a PIV measurement a Nd:YAG pulsed laser at 532 nm combined with a cylindrical 
lens is employed in order to generate a light sheet. The light delivered by the laser is powerful enough 
for large-scale applications but the whole light system is not easy to move everywhere and is very 
expensive. Therefore we have chosen to develop our own illumination system more transportable, easy 
handling and less expensive. Our device consists of an array of LEDs coupled with a linear Fresnel lens 
that produces a collimated light sheet. LEDs were chosen to emit at 432 nm because of their better 
efficiency at this wavelength. The LEDs array generates a 1 m high and about 10 mm thick light sheet. 
The illumination system can be run both in trigger mode and in continuous mode. The advantage of 
trigger mode is the possibility of scaling up the light power for a short duration. In our configuration the 
LEDs array was placed vertically facing the fume hood front opening. 
The HFSB generator that we used produces small bubbles down to 300 μm diameter size with a high 
seeding density (up to 2 million bubbles per second). 
Image recordings were acquired with a CCD camera equipped with a 35 mm focal lens and storing 
1024 x 1024 pixels images at 60, 125 and 250 fps. The camera was positioned perpendicular to the 
illuminated plane at a distance of 1,5 m from it. 
The laboratory fume hood used for this study was located at the Irstea center of Rennes. We were 
constrained by the geometry of the room. Experiments were conducted at sash window heights of 500 
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mm. For this study the fume hood was unoccupied. We think that performing our method with a 
manikin should be relevant to see the influence of human body on the flow, but this will be carried out 
in further studies. 

2.2 Motion estimation from image sequences method 
As mentioned above, we seeded the region of interest with a tracer in order to make the fluid flow 
visible. With a well-chosen tracer that can closely follow the fluid motion, we can assume that the 
tracer motion equals the fluid motion. In this section we expose our strategy to estimate the fluid 
motion from observations of tracer displacements during an image sequence. This issue is frequently 
addressed, in PIV community, by a correlation based processing between two images. Here, to 
compute the motion from two successive snapshots we used an optical flow method. Optical flow is a 
method that comes from the computer vision community (Horn and Schunck, 1981). Precisely what is 
called optical flow is the apparent motion between two successive images. Optical flow is based on an 
observation model that links the spatio-temporal tracer luminance variations to the apparent fluid 
motion field. One of the benefits of using optical flow is that it provides a dense motion field (1 
vector/pixel), much better than correlation resolution limited to 0.13 vector/pixel in the best case. 
Moreover, compared to correlation approaches optical flow provides a framework to use physical-
based models (Heitz et al., 2010), which improves the estimation. Several observation models have 
been investigated to cope with complex fluid motion. In our case we developed a largescale 
observation model that takes into account the effects of unresolved scales and errors, on the scale of 
the measured velocity. In this model introduced by Mémin (2014), non-observed scales are expressed 
thanks to stochastic formalism. Based on the passive scalar transport equation where subpixel scales 
are assumed random, this model is well suited for large-scale observations encountered in real world. 
This new stochastic multiscale data term has already shown good performances for the motion 
estimations of turbulent flows (Cai et al., 2017). Concerning the optimization strategy we chose a 
local resolution scheme exposed by Lucas and Kanade (1981), which is well-suited for parallelization 
(because each pixel is processed independently), this is interesting for real-time in situ applications.

3 RESULTS AND DISCUSSION 

3.1 Mean flow analysis 
Figure 1 shows two mean velocity fields obtained from HFSB seeding and smoke seeding. As we can 
see, the two presented fields are not exactly the same although they are supposed to represent the same 
flow. In the central region of the sash opening the two mean fields are quite similar, but at the bottom 
and at the top the two vector fields differ. It comes from the fact that the smoke was not well 
distributed everywhere during the image acquisition process. As a matter of fact the smoke generator 
was driven manually and it was not easy to constantly cover the entire zone of interest. Moreover 
images need to have a lot of luminance gradients, so the smoke generation should be pulsed in order 
to create smoke structures and not a diffuse haze. For this reasons some regions like bottom or top of 
the fume hood were not always well seeded leading to underestimated vectors. In opposition the 
HFSB generation was run automatically so it was easier to insure a dense homogeneous and 
continuous seeding in the whole field of observation. 
Figure 2 shows vertical profiles of the mean velocity magnitude taken between the fume hood 
workbench (height = 0 mm) and the glass inferior edge (height = 500 mm). The goal is to compare our 
method to a typical measurement that is commonly done during periodical controls namely spot hot-
wire anemometry. As we can see, the HFSB seeding gave results close enough to the HWA (except at 
extremities where the airspeed was too weak to be measured by the hot-wire anemometer) but with a 
clearly better spatial resolution. As expected, the smoke gave the global trend but slightly 
underestimated the velocity for the reasons mentioned above. 
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Figure 1. Mean velocity fields obtained for an opening height of 500 mm with a continuous light. 
Results for two kinds of seeding are shown: HFSB (left) and smoke (right). 

 

Figure 2. Vertical profiles of the Ux mean velocity component taken at the glass door position on the 
x-axis. Results from HFSB seeding (red line and orange dashed-line) and Smoke seeding (blue line) 
are compared to sparse hot-wire anemometry measurements (green errorbars). 
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3.2 Turbulent flow features analysis 
Figure 3a is a map of the flow turbulence intensity defined as <u’2>/Uout2 where <u’2> stands for the 
quadratic time average of instantaneous fluctuations defined as u’(t)=u(t)-Umean. We can clearly 
distinguish areas where the turbulence is stronger. The obvious one is located just behind the edge of 
the bench where the flow is highly turbulent due to the corner wake and bench boundary layer. 
Another area, but with lower intensity, corresponds to the wake of the bottom edge of the sash. Finally 
a third big area at the top inside the fume hood behind the glass seems to present a high level of 
turbulence. As we will see next, turbulence activity is a sign of flow unsteadiness, which can give rise 
to eddies and in the worst case cause leakages. The main interest of an image-based method compared 
to HWA is the possibility of visualizing the space and time flow evolution and thus following 
dynamic flow features, which is difficult with HWA. Figure 3b and 3c shows instantaneous 
streamlines and vorticity fields taken from the HFSB sequence. As we can see we can retrieve flow 
features that were already observed through visualization by Tseng et al. (2006) and by Chen et al. 
(2016), like recirculation area behind the bench corner or vortex shedding in the bottom edge of sash 
wake. The intensity and persistence in time of such flow structures give an indication about the 
location of potential leakages.  

                        (a)                                           (b)                                      (c)                                                     

 
Figure 3. From the left to the right: (a), mean turbulence intensity; (b), instantaneous streamlines; (c), 
instantaneous vorticity fields obtained with HFSB seeding. Uout/H normalizes vorticity where H stands for 
the opening height (here 500 mm) and Uout stands for the global mean suction velocity (here 0.254 m/s). 

5 CONCLUSIONS 
In this study we have demonstrated the possibility of performing on-site large-scale PIV 
measurements on an operating fume hood. We tested two seeding systems: HFSB and smoke. Results 
were better with bubbles than with smoke. However the smoke generator can be improved and when 
the smoke distribution is well structured the vector fields can be quite good (Heitz et al., 2010). 
Thanks to our method we could first retrieve the mean velocity field over an extended area. There are 
clear advantages over HWA: we got a large distribution of two-components velocities on a whole 
plane when for HWA we only got one-component sparse spot measurements. We also could quantify 
the turbulence intensity and some aerodynamic features of the flow like recirculation bubbles or 
coherent flow structures, which is very important for leakages detection. 

 
Figure 1. Mean velocity fields obtained for an opening height of 500 mm with a continuous light. 
Results for two kinds of seeding are shown: HFSB (left) and smoke (right). 

 

Figure 2. Vertical profiles of the Ux mean velocity component taken at the glass door position on the 
x-axis. Results from HFSB seeding (red line and orange dashed-line) and Smoke seeding (blue line) 
are compared to sparse hot-wire anemometry measurements (green errorbars). 
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To complete this study, the next step could be to perform our method on several planes (vertical and 
horizontal) in order to have a 3D map of the flow features. We also would like to test the method with 
a manikin standing in front the opening to see the effect of the presence of a human body on the flow. 
In conclusion, this study let us believe that the exposed method could be widely applied for periodical 
control of laboratory fume hoods or other ventilation system inside buildings. To our minds it delivers 
a much more complete flow characterization than actual periodical controls based on hot-wire 
anemometry. 
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SUMMARY 
There are various tracer methods to measure the local mean age of air inside the room ventilated 
mechanically: step-up method, step-down, pulse methods. It is, however, impossible to apply the usual 
formula if there is return air from the room in the supply air. In this study, a new method to identify the 
local mean age of air is presented. That is based on the pulse response theory using the measured tracer 
gas concentration of the local concentration and supply air concentration under constant emission of 
tracer gas. For this purpose, the ideal response function in the case of pulse method is defined, which is 
delayed exponential function. Based on the least square method, a few parameters should be identified 
from the measured data in the certain local point inside the room. From the response function, the local 
mean age of air can be calculated numerically. 
In this study, this new method was applied to some ventilation system, that is, the sick room with four 
beds installed with ceiling induction diffusers, the sick room with a single bed ventilated by textile 
diffusers. As a result, it is proved that this method is quite useful to the room with return air in the supply 
air. The results of identified distribution of local mean age of air in these room with various diffusion 
units are presented.  
Keywords: local mean age of air, tracer gas method, impulse response function, return air 

1 INTRODUCTION 
Ventilation Effectiveness is quite important for saving energy and indoor air quality. The local mean 
age of air is a representative index to evaluate the fresh air distribution and useful index for the 
prediction of contaminant concentration under uniform generation of contaminant in the space. As 
measurement methods, various methods are known such as step-up method, step-down method and 
pulse method. It is, however, impossible to measure the local mean age of air if there is return air 
included in supply air from the diffusers, because the tracer gas concentration of the supply air is not 
constant. The pulse method is valid if the response of tracer gas ends before the increase of supply air 
concentration, but this is not easily attained in all area in the ventilated room.  
The authors, therefore, conceive of new method to calculate the local mean age of air at a specific point 
in the room based on the idea of pulse response function. The idea is so simple that anyone can apply 
this method to the measurement of age distribution in a room. The required measurement is almost the 
same as a step-up method. After the start of tracer gas emission at the supply opening, the concentration 
change of tracer gas at supply opening and an arbitrary point in the room should be measured 
continuously. From the measured concentration data, the impulse response function could be identified 
by least square method. The first moment of the impulse response is equal to the local mean age of air. 
In this paper the delayed exponential function is used for the impulse response function. The 
applicability of this function is turned out the be quite good, and three constants in the equation of 
impulse response can be identified by the least squares method. This method was applied to two kinds 
of ventilation system, that is, ceiling induction diffusers and textile diffusers. Finally, the vertical 
distributions of local mean age of air were calculated by this method in sick rooms with these two kind 
of ventilation system. 

To complete this study, the next step could be to perform our method on several planes (vertical and 
horizontal) in order to have a 3D map of the flow features. We also would like to test the method with 
a manikin standing in front the opening to see the effect of the presence of a human body on the flow. 
In conclusion, this study let us believe that the exposed method could be widely applied for periodical 
control of laboratory fume hoods or other ventilation system inside buildings. To our minds it delivers 
a much more complete flow characterization than actual periodical controls based on hot-wire 
anemometry. 
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2 METHODS 

2.1 Impulse response function 
As a response function in the case of a unit impulse at a supply opening (supply diffuser), a delayed 
exponential function at a point P in the room  is assumed as shown in Equation (1).  

    ( )  

    ( ) (1) 
This function of Equation (1) is illustrated as shown in Figure 1. 

 
Figure 1. Impulse response function assumed for a unit pulse at supply opening 

 

Using this , the concentration variation at point P Cp (t) under the tracer gas emission at supply 
opening MS (t) can be expressed by Equation 2. 

  (2) 

If the supply air flow rate QS is constant, substituting  for , Equation 2 can be 
written as Equation 3. 

  (3) 

Here, CS (t) is the tracer gas concentration of supply air.  
If CS (t) and Cp (t) are measured and QS is known, Rp(t) can be determined by presuming three constants 
a, b, c in Equation 1 with the least squares method using solver of Excel by Microsoft. After Rp(t) is 
determined, the local mean age of air is derived by Equation 4 below. 

  (4) 

The suitability of Rp (t) expressed by Equation 1 will be tested by comparing the measured concentration 
at the point P and calculated concentration based on the identified constants of a, b and c. 

2.2 Application to ventilation system for sickroom air conditioning 
In order to investigate the applicability of the method presented above to measure the local mean age of 
air, some experiments were conducted. 
The first example is the sick room with four beds installed with ceiling induction diffusers, and the 
second example is the sick room with a single bed ventilated by textile diffusers. Figure 2 and 3 shows 
the section of ceiling induction diffuser and the plan of four-bed sickroom, and Figure 4 and 5 shows 
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the section and plan of single-bed sickroom with textile diffusers. In each case, there is increase of 
supply air concentration under constant emission of tracer gas at the supply diffuser due to return air 
from the room. In detail, see the previous papers (Li, 2018)(Honda, 2017) 
 

 
Figure 2. Section of ceiling induction unit 

 

 
Figure 3. Plan of four-bed sickroom installed with ceiling induction units 

 

 
Figure 4. section of single-bed sickroom installed with low velocity textile diffusers 

2 METHODS 

2.1 Impulse response function 
As a response function in the case of a unit impulse at a supply opening (supply diffuser), a delayed 
exponential function at a point P in the room  is assumed as shown in Equation (1).  

    ( )  

    ( ) (1) 
This function of Equation (1) is illustrated as shown in Figure 1. 

 
Figure 1. Impulse response function assumed for a unit pulse at supply opening 

 

Using this , the concentration variation at point P Cp (t) under the tracer gas emission at supply 
opening MS (t) can be expressed by Equation 2. 

  (2) 

If the supply air flow rate QS is constant, substituting  for , Equation 2 can be 
written as Equation 3. 

  (3) 

Here, CS (t) is the tracer gas concentration of supply air.  
If CS (t) and Cp (t) are measured and QS is known, Rp(t) can be determined by presuming three constants 
a, b, c in Equation 1 with the least squares method using solver of Excel by Microsoft. After Rp(t) is 
determined, the local mean age of air is derived by Equation 4 below. 

  (4) 

The suitability of Rp (t) expressed by Equation 1 will be tested by comparing the measured concentration 
at the point P and calculated concentration based on the identified constants of a, b and c. 

2.2 Application to ventilation system for sickroom air conditioning 
In order to investigate the applicability of the method presented above to measure the local mean age of 
air, some experiments were conducted. 
The first example is the sick room with four beds installed with ceiling induction diffusers, and the 
second example is the sick room with a single bed ventilated by textile diffusers. Figure 2 and 3 shows 
the section of ceiling induction diffuser and the plan of four-bed sickroom, and Figure 4 and 5 shows 
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Figure 5. Plan of single-bed sickroom installed with low velocity textile diffusers 

In the case of the sick room with four beds as is shown in Figure 3, four ceiling induction units are installed 
on the ceiling and the exhaust duct are installed just below ceiling. In experiment, exhaust opening is 
installed just below the ceiling at the center of four beds. The supply airflow rate and exhaust airflow rate 
are 450 m3/h and 380 m3/h, respectively. This discrepancy of supply and exhaust flow rate might be caused 
by the returning air to the equipment room through the crack and the exfiltration flow through the other 
gaps. Under the cooling condition, the effect of the curtains around beds on the vertical distribution of 
local mean age of air is investigated. The tracer gas (CO2) is emitted at the red circle in Figure 2, while 
the concentration of primary air is monitored. After the start of tracer gas emission, the concentration of 
primary air is growing due to return air across the gap below the door of equipment room in Figure 3. 
In the case of the single-bed sickroom as is shown in Figure 4 and 5, two kinds of supply diffusers are 
installed on the ceiling. One is low velocity textile diffusers and the other is line type diffuser. The 
supply airflow rate is 310 m3/h in each case and return airflow rate is 212 m3/h. The airflow rate of 
outdoor air and exhaust air is 98 m3/h. Two exhaust outlets are installed on the ceiling. The tracer gas 
(CO2) is emitted at the return air to increase the tracer gas concentration of the supply air. Under the 
heating condition, the vertical distribution of local mean age of air are measured in order to see the 
difference of the two kinds of diffusers, that is, low velocity textile diffusers and a line type diffuser.  
In both cases, portable CO2 recorder (RTR-576, T&D Corporation) was used.  

3 RESULTS 

3.1 Concentration change of tracer gas at supply air diffusers and inside sick room 
Figure 6 shows the example of the change of tracer concentration of tracer gas (CO2) at supply air 
diffusers in the case of ceiling induction diffusers in four-bed sick room. As the tracer gas emission 
point is below the supply nozzle of primary air from AHU, the supply air concentration is simulated by 
adding the increase of concentration due to tracer gas emission.  
The example of comparison of measured concentration and calculated concentration of a certain point 
in the sick room was shown in Figure 7. Good agreement can be seen between measured and calculated 
concentrations. This agreement was almost the same through all points, although the amount of 
disagreement differ to some extent. The impulse response function was determined by the least square 
method based on the concentrations measured at supply air diffuser and a target point inside the room.  
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Figure 6. Change of supply air concentration at ceiling induction diffusers 

 

 
Figure 7. Change of measured tracer gas concentration and calculated one at a certain point inside 

the sick room with ceiling induction diffusers 
In Figure 8, the example of the tracer gas concentration at Point 2 (see Figure 5) measured and 
calculated. As is similar to Figure 7, a good agreement can be seen.  
 

 
Figure 8. Change of tracer gas concentration measured and calculated at point P2 (in figure 5) inside 

single-bed sick room. 
As is shown in Figure 7 and 8, the simulation of concentration change of tracer gas inside sick rooms is 
quite successful and it can be said the presented function for impulse response is quite appropriate. It is, 
however, not clear whether this function is suitable for any points in any kinds of ventilation systems. 
It is the future subject to investigate the validity of this function to various conditions of ventilation. 

3.2 Distributions of local mean age of air inside two kinds of sick rooms 
In Figure 9 and 10, the distributions of local mean age of air of four-bed sick room and single-bed sick 
room were illustrated respectively. From Figure 9, the local mean age of air is almost uniform vertically 
in the case of ceiling induction diffuser under cooling, and the effect of curtain is slightly observed. On 
the other hand, in the case of low velocity fabric diffusers under heating, large vertical gradient is formed 
and there seems to be a stagnant area at the lower part of the room. This is considered to be caused by 
the large vertical temperature gradient inside the room. As for the line diffuser, vertical distribution is 
rather uniform and demonstrate the mixing capacity.  

  
Figure 5. Plan of single-bed sickroom installed with low velocity textile diffusers 

In the case of the sick room with four beds as is shown in Figure 3, four ceiling induction units are installed 
on the ceiling and the exhaust duct are installed just below ceiling. In experiment, exhaust opening is 
installed just below the ceiling at the center of four beds. The supply airflow rate and exhaust airflow rate 
are 450 m3/h and 380 m3/h, respectively. This discrepancy of supply and exhaust flow rate might be caused 
by the returning air to the equipment room through the crack and the exfiltration flow through the other 
gaps. Under the cooling condition, the effect of the curtains around beds on the vertical distribution of 
local mean age of air is investigated. The tracer gas (CO2) is emitted at the red circle in Figure 2, while 
the concentration of primary air is monitored. After the start of tracer gas emission, the concentration of 
primary air is growing due to return air across the gap below the door of equipment room in Figure 3. 
In the case of the single-bed sickroom as is shown in Figure 4 and 5, two kinds of supply diffusers are 
installed on the ceiling. One is low velocity textile diffusers and the other is line type diffuser. The 
supply airflow rate is 310 m3/h in each case and return airflow rate is 212 m3/h. The airflow rate of 
outdoor air and exhaust air is 98 m3/h. Two exhaust outlets are installed on the ceiling. The tracer gas 
(CO2) is emitted at the return air to increase the tracer gas concentration of the supply air. Under the 
heating condition, the vertical distribution of local mean age of air are measured in order to see the 
difference of the two kinds of diffusers, that is, low velocity textile diffusers and a line type diffuser.  
In both cases, portable CO2 recorder (RTR-576, T&D Corporation) was used.  

3 RESULTS 

3.1 Concentration change of tracer gas at supply air diffusers and inside sick room 
Figure 6 shows the example of the change of tracer concentration of tracer gas (CO2) at supply air 
diffusers in the case of ceiling induction diffusers in four-bed sick room. As the tracer gas emission 
point is below the supply nozzle of primary air from AHU, the supply air concentration is simulated by 
adding the increase of concentration due to tracer gas emission.  
The example of comparison of measured concentration and calculated concentration of a certain point 
in the sick room was shown in Figure 7. Good agreement can be seen between measured and calculated 
concentrations. This agreement was almost the same through all points, although the amount of 
disagreement differ to some extent. The impulse response function was determined by the least square 
method based on the concentrations measured at supply air diffuser and a target point inside the room.  
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Figure 9. Vertical distribution of local mean age of air inside the sick room with ceiling induction diffusers. 

 

 
Figure 10. Vertical distribution of local mean age of air inside the single-bed sick room 

4 CONCLUSIONS 
It was turned out the new method to identify the local mean age of air in the room with return air flow 
based on the impulse response function is quite useful method. 
Further examination of the validity of presented impulse function would be necessary to widen the 
application, and the assessment method of error of the local mean age of air should be established in the 
near future. 
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SUMMARY  
Velocity distributions above a commercial cooking gas stove were studied using particle image 
velocimetry (PIV). A gas stove equipped with a 14.5-kW burner was situated in a test room composed 
of a ventilation system that guarantees undisturbed flow from the system. The cooking mode was 
evaluated with boiling water in a pot with a diameter of 390 mm. Two different PIV measurement 
regions were used to study the development of the thermal plume above the cooking stove. A two-
dimensional PIV test was performed using a vertical cross-section across the center of the burner in 
order to reveal the development of the thermal plume. A stereo PIV test was performed using a 
horizontal cross-section at a height of 1000 mm from the top of the gas stove in order to study the 
developed flow. The measured velocity distributions revealed the process of the plume development. 
The vertical mean velocity distribution was well approximated with Gaussian curves at heights above 
700 mm from the top of the stove. In addition, the Reynolds stress and turbulence energy distributions 
were obtained. The results obtained in these measurements should be useful for validating simulated 
flow fields calculated by computational fluid dynamics analysis models. 
Keywords: gas stove, particle image velocimetry, thermal plume, Reynolds stress, turbulent energy 

1 INTRODUCTION 
Computational fluid dynamics (CFD) analysis is often used to design the ventilation in commercial 
kitchens. The heat and vapor released during cooking negatively affect the environment in the kitchen. 
Therefore, appropriate ventilation must be designed to balance environmental degradation with 
efficient utilization of energy. For the design of appropriate ventilation, CFD analysis can be used to 
calculate the capture efficiency of hood for different types of kitchen appliances and different 
disturbance conditions. Several CFD models for calculating the capture efficiency have been studied 
(Kondo et al., 2008; Momose et al., 2003; Sakaguchi et al., 2008; Tsumura et al., 2009). 
Measurement of the thermal plumes released from a gas stove is needed to construct a CFD model in 
order to accurately predict the capture efficiency. The velocity distributions above the gas stove must 
be obtained to construct the CFD model because the capture efficiency depends on the flow rate in the 
thermal plume. Momose et al. (2003) carried out measurements of flow rate in the thermal plume with 
a hot wire anemometer. Kosonen et al. (2006a, 2006b) revealed the velocity profiles above a gas range 
with ultrasonic probes. However, there are few studies on plume turbulence characteristics. Shimura et 
al. (2017) included turbulence models in a CFD analysis to determine its effect on the capture 
efficiency, revealing that the turbulence characteristics of the plume are non-negligible.  
In this study, the velocity distributions above a gas stove have been measured with particle image 
velocimetry (PIV). The development process of a thermal plume above a stove is revealed. Moreover, 
the turbulence energy and Reynolds stress where the convection flow is fully developed were obtained. 

 
Figure 9. Vertical distribution of local mean age of air inside the sick room with ceiling induction diffusers. 

 

 
Figure 10. Vertical distribution of local mean age of air inside the single-bed sick room 

4 CONCLUSIONS 
It was turned out the new method to identify the local mean age of air in the room with return air flow 
based on the impulse response function is quite useful method. 
Further examination of the validity of presented impulse function would be necessary to widen the 
application, and the assessment method of error of the local mean age of air should be established in the 
near future. 
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2 METHODS 
A gas stove (900 mm × 600 mm with a height of 800 mm; RSB-096SV/RINNAI) was set at the center 
of a test room. The convection plumes from a 14.5-kW burner were studied. The cooking mode of the 
stove was arranged with boiling water in a pot whose diameter was 390 mm.  

2.1 Measurement methods for velocity distributions 
Figure 1 shows schematic diagrams of the methods used to measure the velocity distributions. Two 
different measurement regions were set for PIV measurement in order to reveal the detailed 
development of a thermal plume. A vertical cross-section, two-dimensional PIV test was performed. A 
mirror was placed far from the camera lens reflecting the measuring section in order to measure the 
velocity distribution where the convection flow is not yet fully developed as well as at a wide range. 
The shooting area was 600 mm × 800 mm. For a horizontal cross-section at a height of 1000 mm 
from the top of the gas stove, a stereo PIV test was performed. The plume of the region directly 
affects the capture efficiency because ventilation hoods for gas stoves are set at this height in 
commercial kitchens. Therefore, we measured the detailed velocity composition at this region. The 
shooting area was 600 mm × 800 mm. The velocity plumes were fully developed at a height of 1000 
mm from the top of the gas stove. 

The frame straddling technique was used for measurement. A double pulse laser (LS-2145PIV; 
LOTIS TII, Minsk, Belarus) and a double shutter camera (FtrNPC; Flowtech Research Inc., 
Yokohama, Japan) equipped with a 50-mm lens (AF Micro-Nikkor; Nikon, Tokyo, Japan) were set up. 
The laser and the cameras were synchronized with a pulse generator (VSD2000; Flowtech Research 
Inc.) and software (FtrPIV Ver.3.2; Flowtech Research Inc.) in order to record matched pairs of 
particle images. The laser frame-straddle time was adjusted to ensure that a tracer particle moved no 
more than 5 pixels during this time; consequently, it was set to 1300 μs for the vertical cross-section 
and 500 μs for the horizontal cross-section. The laser pulse frequency was 10 Hz, which was the 
maximum value permitted by the device. The statistical data comprised 2000 images for the two-
dimensional PIV test and 4000 images for the stereo PIV test. The result was arranged into a time-
averaged flow field. 
In order to reduce the effect of the surrounding environment, the experiment was carried out 10 min 
after the test room was closed to ensure the stability of its flow. The supply airflow rate was released 
from the displacement ventilation system (FLOORMASTER; Takasago Thermal Engineering Co., 

 

 

 

(a) Two-dimensional PIV test for vertical cross-section (b) Stereo PIV test for horizontal cross-section 
Figure 1. Schematic diagram of methods used to measure velocity distributions with PIV (u is the velocity 
component of x direction, v is the velocity component of y direction, and w is the velocity component of z 
direction). 
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Ltd., Tokyo, Japan), which guaranteed an undisturbed convection flow from the ventilation system. In 
order to reduce the laser reflection effect, the top of the pot was painted black. Olive oil mist was 
selected for the tracer particles. Olive oil mist particles were released from three oil mist generators in 
the cooking mode.  

2.2 Measurement method for air temperature above the stove 
The difference between the plume temperature at a height of 1000 mm from the top of the gas stove 
and room temperature was measured with hot wire anemometers. The measurement was not 
performed simultaneously with PIV because the anemometers would disturb the fluid velocity. The 
flow rate of the input gas was measured with a mass flow meter (CMG500; Azbil, Fujisawa).  

3 RESULTS AND DISCUSSION 

3.1 Development process of velocity profiles above the stove 
Figure 2 shows the development process of the velocity distribution. The results include approximated 
Gaussian curves of the velocity profile for heights. Above 700 mm from the top of the stove, the 
approximated curves are in good agreement with the results, namely, the correlation coefficients are 
over 0.9. Near the boiling pot, the measured velocity was different from the velocity predicted by the 
Gaussian curves.  
Figure 3 shows the velocity distribution near the pot. At heights less than 350 mm from the stove, 
there was circulating flow toward the inside of the pot. There are areas where flow travels inward, 
upward, or downward; when these regions collide, they form a complicated flow field. Therefore, it 
was confirmed that the velocity profile of the thermal plume was different from the velocity predicted 
by the Gaussian curves at the height of less than 600 mm. 

 
(a) z=500 mm     (b) z=600 mm      (c) z=700 mm      (d) z=800 mm      (e) z=900 mm     (f) z=1000 mm 

Figure 2. Vertical velocity distributions at heights up to 1000 mm from the top of the stove (the closed 
triangle is experimental data from the left half of the image, the opened triangle is experimental data 
from the right half of the image, the solid line is an approximated curve using the Gaussian curve, r is 
the distance from center of the burner, r0.5 is the full-width at half maximum (FWHM) of the vertical 
velocity, and R is the correlation coefficient between the measurement and approximated curve). 
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2 METHODS 
A gas stove (900 mm × 600 mm with a height of 800 mm; RSB-096SV/RINNAI) was set at the center 
of a test room. The convection plumes from a 14.5-kW burner were studied. The cooking mode of the 
stove was arranged with boiling water in a pot whose diameter was 390 mm.  

2.1 Measurement methods for velocity distributions 
Figure 1 shows schematic diagrams of the methods used to measure the velocity distributions. Two 
different measurement regions were set for PIV measurement in order to reveal the detailed 
development of a thermal plume. A vertical cross-section, two-dimensional PIV test was performed. A 
mirror was placed far from the camera lens reflecting the measuring section in order to measure the 
velocity distribution where the convection flow is not yet fully developed as well as at a wide range. 
The shooting area was 600 mm × 800 mm. For a horizontal cross-section at a height of 1000 mm 
from the top of the gas stove, a stereo PIV test was performed. The plume of the region directly 
affects the capture efficiency because ventilation hoods for gas stoves are set at this height in 
commercial kitchens. Therefore, we measured the detailed velocity composition at this region. The 
shooting area was 600 mm × 800 mm. The velocity plumes were fully developed at a height of 1000 
mm from the top of the gas stove. 

The frame straddling technique was used for measurement. A double pulse laser (LS-2145PIV; 
LOTIS TII, Minsk, Belarus) and a double shutter camera (FtrNPC; Flowtech Research Inc., 
Yokohama, Japan) equipped with a 50-mm lens (AF Micro-Nikkor; Nikon, Tokyo, Japan) were set up. 
The laser and the cameras were synchronized with a pulse generator (VSD2000; Flowtech Research 
Inc.) and software (FtrPIV Ver.3.2; Flowtech Research Inc.) in order to record matched pairs of 
particle images. The laser frame-straddle time was adjusted to ensure that a tracer particle moved no 
more than 5 pixels during this time; consequently, it was set to 1300 μs for the vertical cross-section 
and 500 μs for the horizontal cross-section. The laser pulse frequency was 10 Hz, which was the 
maximum value permitted by the device. The statistical data comprised 2000 images for the two-
dimensional PIV test and 4000 images for the stereo PIV test. The result was arranged into a time-
averaged flow field. 
In order to reduce the effect of the surrounding environment, the experiment was carried out 10 min 
after the test room was closed to ensure the stability of its flow. The supply airflow rate was released 
from the displacement ventilation system (FLOORMASTER; Takasago Thermal Engineering Co., 

 

 

 

(a) Two-dimensional PIV test for vertical cross-section (b) Stereo PIV test for horizontal cross-section 
Figure 1. Schematic diagram of methods used to measure velocity distributions with PIV (u is the velocity 
component of x direction, v is the velocity component of y direction, and w is the velocity component of z 
direction). 
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Figure 3. Two-dimensional velocity distribution 
near the pot (photograph in background). 

Figure 4. Vertical velocity distribution at a height 
of 1000 mm from the top of the stove [m/s]. 

3.2 Developed velocity profile above the stove 
Figure 4 shows the velocity distribution at a height of 1000 mm from the top of the stove. The center 
of the plume lays only 57 mm away from the center of the burner. Furthermore, the shape of the 
plume is nearly circular. 

3.3 Thermal profile of the stove 
Figure 5 compares the temperature distribution with the vertical velocity distribution at a height of 
1000 mm from the top of the stove. The results provide an approximated curve of the thermal profile 
that is strongly correlated with the velocity plumes. The thermal flux across the horizontal cross-
section was calculated with the Gaussian curves obtained from the above section. 

The thermal flux across the horizontal cross-section can be described as 

 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋′𝑑𝑑𝑑𝑑𝜋𝜋𝜋𝜋′ × 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚2−�𝑎𝑎𝑎𝑎′ 𝑎𝑎𝑎𝑎𝑤𝑤𝑤𝑤,0.5
′� �

2
× 𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝜃𝜃𝜃𝜃𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚2−�𝑎𝑎𝑎𝑎′ 𝑎𝑎𝑎𝑎𝜃𝜃𝜃𝜃,0.5

′� �
2
, (1) 

where ρ is a density, 𝜌𝜌𝜌𝜌𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 is the maximum vertical velocity obtained from the stereo PIV test, 𝜋𝜋𝜋𝜋′𝑤𝑤𝑤𝑤,0.5 
is the half-width at half-maximum of 𝜌𝜌𝜌𝜌𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚, cp is the specific heat, 𝜃𝜃𝜃𝜃𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 is the maximum difference 
temperature between the combustion gas and room, and 𝜋𝜋𝜋𝜋′𝜃𝜃𝜃𝜃,0.5 is the half-width at half-maximum of 
𝜃𝜃𝜃𝜃𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚. If ρ and cp are assumed constants, Eq. (1) can be integrated to yield 

 𝑑𝑑𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝𝑤𝑤𝑤𝑤𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝜃𝜃𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

�1 𝑎𝑎𝑎𝑎𝑤𝑤𝑤𝑤,0.5
′ 2⁄ −1 𝑎𝑎𝑎𝑎𝜃𝜃𝜃𝜃,0.5

′ 2⁄ � ln4
. (2) 

Thus, the thermal flux was calculated as 6430 W. 

The thermal energy contained in the plume of combustion gas was estimated according to the formula 
by Omori et al. (2013): 

 𝑑𝑑𝑑𝑑𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = (1 − 𝜂𝜂𝜂𝜂)𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔 − 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛 − 𝑑𝑑𝑑𝑑𝑛𝑛𝑛𝑛𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡, (3) 

where 𝜂𝜂𝜂𝜂 is the thermal efficiency of the stove, 𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔 is the input energy calculated from the flow rate and 
lower calorific heating value of natural gas, 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛 is radiation heat loss from the pot, and 𝑑𝑑𝑑𝑑𝑛𝑛𝑛𝑛𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡 is the 
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radiation heat loss and the conduction heat loss from the stove surface. Therefore, the net input gas 
energy was calculated as 6380 W. The agreement between the two calculated values confirms the 
accuracy of the PIV measurement results. 

 

 

Figure 5. Comparison of temperature distribution 
with vertical velocity distribution at a height of 
1000 mm from the top of the stove. 

Figure 6. Distribution of turbulence energy at a 
height of 1000 mm from the top of the stove [m2/s2]. 

3.4 Turbulence energy and Reynolds stress of the stove 
Figure 6 shows the distribution of turbulence energy. The results show that the turbulence energy is 
high along a diameter within the pot. The maximum turbulence energy is 0.21 m2/s2, which is resulted 
mainly from the vertical component of the turbulence energy.  

Figure 7 shows distributions of Reynolds stress. The results show that the vertical components of the 
Reynolds stresses are stronger than the horizontal components. Each result with vertical components 
is rotationally symmetric around the center of the plume, and the maximum and minimum points are 
at a diameter of the pot. 

   

(a) u’v’   (b) v’w’   (c) w’u’   

Figure 7. Distributions of Reynolds stresses at a height of 1000 mm from the top of the stove [m2/s2]. 
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Figure 3. Two-dimensional velocity distribution 
near the pot (photograph in background). 

Figure 4. Vertical velocity distribution at a height 
of 1000 mm from the top of the stove [m/s]. 

3.2 Developed velocity profile above the stove 
Figure 4 shows the velocity distribution at a height of 1000 mm from the top of the stove. The center 
of the plume lays only 57 mm away from the center of the burner. Furthermore, the shape of the 
plume is nearly circular. 

3.3 Thermal profile of the stove 
Figure 5 compares the temperature distribution with the vertical velocity distribution at a height of 
1000 mm from the top of the stove. The results provide an approximated curve of the thermal profile 
that is strongly correlated with the velocity plumes. The thermal flux across the horizontal cross-
section was calculated with the Gaussian curves obtained from the above section. 

The thermal flux across the horizontal cross-section can be described as 
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where ρ is a density, 𝜌𝜌𝜌𝜌𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 is the maximum vertical velocity obtained from the stereo PIV test, 𝜋𝜋𝜋𝜋′𝑤𝑤𝑤𝑤,0.5 
is the half-width at half-maximum of 𝜌𝜌𝜌𝜌𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚, cp is the specific heat, 𝜃𝜃𝜃𝜃𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 is the maximum difference 
temperature between the combustion gas and room, and 𝜋𝜋𝜋𝜋′𝜃𝜃𝜃𝜃,0.5 is the half-width at half-maximum of 
𝜃𝜃𝜃𝜃𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚. If ρ and cp are assumed constants, Eq. (1) can be integrated to yield 
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�1 𝑎𝑎𝑎𝑎𝑤𝑤𝑤𝑤,0.5
′ 2⁄ −1 𝑎𝑎𝑎𝑎𝜃𝜃𝜃𝜃,0.5

′ 2⁄ � ln4
. (2) 

Thus, the thermal flux was calculated as 6430 W. 

The thermal energy contained in the plume of combustion gas was estimated according to the formula 
by Omori et al. (2013): 

 𝑑𝑑𝑑𝑑𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 = (1 − 𝜂𝜂𝜂𝜂)𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔 − 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛 − 𝑑𝑑𝑑𝑑𝑛𝑛𝑛𝑛𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡, (3) 

where 𝜂𝜂𝜂𝜂 is the thermal efficiency of the stove, 𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔 is the input energy calculated from the flow rate and 
lower calorific heating value of natural gas, 𝑑𝑑𝑑𝑑𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎𝑛𝑛𝑛𝑛 is radiation heat loss from the pot, and 𝑑𝑑𝑑𝑑𝑛𝑛𝑛𝑛𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡 is the 
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4 CONCLUSIONS 
The velocity distributions above a commercial cooking gas stove were studied using PIV. A gas stove 
equipped with a 14.5-kW burner was arranged to boil water in a pot with a diameter of 390 mm.  
The vertical mean velocity distribution could be approximated with Gaussian curves at heights above 
700 mm from the top of the stove. A circulating flow toward the inside of the pot caused a difference 
between the measured velocity profile and the velocity predicted by the Gaussian curves. The 
accuracy of the PIV measurement results was confirmed using the approximated curves of the thermal 
profile, which are strongly correlated with the velocity plumes. The turbulence energy and Reynolds 
stresses profiles were measured. 
The results obtained in these measurements should be useful for validating simulated flow fields 
calculated by CFD analysis models. 
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SUMMARY 
Schlieren imaging system is a technique used to visualize density variation in transparent media. The main 
objective of this study is to introduce the concept of schlieren imaging system, a new setup and the first 
results. In this study, a thermal manikin is used to simulate heat release from human body. This heat 
release results in a convective air flow (thermal plume) to be visualized. Using the new setup, a schlieren 
video of the air flow was recorded. From the recorded video, 3 video frames were selected. The selected 
video frames (schlieren images) were analyzed using MATLAB’s opticalFlowFarneback algorithm. This 
algorithm is an approach to estimate the direction and speed of objects in motion from one image or video 
frame to another. After analyzing the images, the velocity of the thermal plume above manikin’s head is 
approximately comparable to measurements with conventional methods. In general, even if there are some 
uncertainties, for example the accuracy of estimation by the algorithm, the schlieren imaging system and 
OpticalFlowFarneback algorithm are proved to be a promising approach to visualize and quantify air 
flows, in this case a human thermal plume. 
Keywords: schlieren imaging, human thermal plume, thermal manikin, opticalFlowFarneback 

1 INTRODUCTION  
The human body can be viewed as an engine using food as fuel. Similar to any other engine, it generates 
waste heat being rejected to the environment. The rate of heat generation mainly depends on the level 
of activity. At an ordinary level of activity , the average person can generate between 160W and 200W 
of thermal energy (Auliciems, Szokolay 1997). Human body releases this heat to the environment 
through a combination of conduction, radiation, convection, evaporation and respiration. Convection 
depends on the temperature difference between the body’s surface and the surrounding air and results 
in a thermal plume (Craven, Settles 2006).  The thermal plume generated from a human body due to 
natural convection has a significant impact on indoor air quality and thermal comfort. To make this air 
flow visible, schlieren imaging system is a promising application. Schliere (singular) is a German word 
meaning Streak. Schlieren imaging system is a method used to visualize density variation in transparent 
media. Originally, it was invented by the German physicist August Toepler in 1864 to study fluid flow 
and shock waves. Nowadays, it is for example used in aeronautical engineering to visualize the flow of 
air around objects. Recently, it has been used in different areas, such as human exhalation (Xu et al. 
2017), Background-oriented schlieren visualization of heating and ventilation flows (Hargather, Settles 
2011), human cough for aerosol infection (Tang et al. 2009) and investigation of gas jets (Zheng et al. 
2016).  In this paper, schlieren imaging system is used to visualize the flow of thermal plume. And then, 
using MATLAB algorithm the optical flow and velocity of the thermal plume was measured. 

2 BASIC CONCEPT OF LIGHT PROPAGATION 
Schlieren imaging capitalizes the refraction of light to visualize air flow. Refraction is the bending of a 
wave when it enters a medium in which its speed is different. If the media through which light propagates 
is homogeneous (such as a vacuum) the light ray is straight and undisturbed, it travels uniformly at a 

4 CONCLUSIONS 
The velocity distributions above a commercial cooking gas stove were studied using PIV. A gas stove 
equipped with a 14.5-kW burner was arranged to boil water in a pot with a diameter of 390 mm.  
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between the measured velocity profile and the velocity predicted by the Gaussian curves. The 
accuracy of the PIV measurement results was confirmed using the approximated curves of the thermal 
profile, which are strongly correlated with the velocity plumes. The turbulence energy and Reynolds 
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constant velocity. But, when the media are inhomogeneous, light rays refract and deflect from their 
continuous path creating a schliere. When light rays travel from a low dense medium to a high dense 
medium, it bends toward the normal to the boundary between the two media. The level of bending depends 
on the indices of refraction of the two media; it is described quantitatively by Snell's Law. The refractive 
index is defined as n = c0/v, where n is the refractive index, c0 is universal speed of light, 3x108 m/s and v 
is the local light speed. 

 

Figure 1. Light from medium 1, point Q, enters medium 2, refraction occurs, and reaches point P finally. 

Figure 1 shows, the refractive index of medium 1 and medium 2 are 𝑛𝑛𝑛𝑛1 and 𝑛𝑛𝑛𝑛2 respectively. Light rays 
enter medium 2 from medium 1 through point o. Where, ε1 is the angle of incidence, and ε2 is the angle 
of refraction. 

Thus, the traveling velocities of light in medium 1 and 2 are; 𝑣𝑣𝑣𝑣1 = 𝑐𝑐𝑐𝑐0/𝑛𝑛𝑛𝑛1  and  𝑣𝑣𝑣𝑣2 = 𝑐𝑐𝑐𝑐0/𝑛𝑛𝑛𝑛2 respectively.  

Assume, t is the time required for the light to travel from point Q to point P. 

𝑡𝑡𝑡𝑡 = �𝑞𝑞𝑞𝑞2+𝑎𝑎𝑎𝑎2

𝑣𝑣𝑣𝑣1
 + �𝑏𝑏𝑏𝑏

2+(𝑝𝑝𝑝𝑝𝑝𝑞𝑞𝑞𝑞)2

𝑣𝑣𝑣𝑣2
                                                             (1) 

 
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑞𝑞𝑞𝑞

 = 𝑞𝑞𝑞𝑞
𝑣𝑣𝑣𝑣1�𝑞𝑞𝑞𝑞2+𝑎𝑎𝑎𝑎2

 + 𝑝(𝑝𝑝𝑝𝑝𝑝𝑞𝑞𝑞𝑞)
𝑣𝑣𝑣𝑣2�(𝑝𝑝𝑝𝑝𝑝𝑞𝑞𝑞𝑞)2+𝑏𝑏𝑏𝑏2

 = 0 (stationary point)                   (2) 

 
Also,  𝑞𝑞𝑞𝑞

�𝑞𝑞𝑞𝑞2+𝑎𝑎𝑎𝑎2
 = sin ε1 and   (𝑝𝑝𝑝𝑝𝑝𝑞𝑞𝑞𝑞)

�(𝑝𝑝𝑝𝑝𝑝𝑞𝑞𝑞𝑞)2+𝑏𝑏𝑏𝑏2
 = sin ε2 

 
By combining these expressions,  
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Finally, 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜀𝜀𝜀𝜀1
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From equation (6), it can be summarized as the ratio of the sines of the angles of incidence and refraction 
is equivalent to the reciprocal of the ratio of the indices of refraction or is equivalent to the ratio of phase 
velocities in the two media, known as Snell’s law. 
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3 SCHLIEREN IMAGING SYSTEM SETUP 
For this study the schlieren imaging system at the Department of Building Physics, Bauhaus-University 
Weimar is used. This setup is called single mirror optical system, because it uses a single spherical field 
mirror (see Figure 2). The setup consists of four elements, (1) single concave spherical mirror (for 
properties see Table 1), (2) LED light source, (3) knife-edge and (4) a digital camera. 

 
Figure 2. Setup of single mirror schlieren imaging system,  

(where 2f = 6000mm, twice of the focal length of the mirror). 
 
In this setup (see figure 2), a 550 lumen LED 
light source is positioned behind a 1000-
micron pinhole (if the light source is small in 
size, the light rays projected from the light 
source to the test area will have less 
possibility to be refracted before it reaches the 
test object, as a result the better schlieren 
effect to be captured). This light source is 
placed on-axis of a concave spherical mirror 
at its radius of curvature (R = 2f, where f is 
the focal length of the mirror, f ≈ 3000mm). 
Then the diverging light beam from the light 
source fills the mirror and returns along the 
coincident path. Some rays are refracted on 
the way back from the mirror, also they do not 
end up at the focal point, but this minor 
difficulty is overcome by using a knife-edge 
to deflect those rays. Then the returning light 
rays enters to the imaging machine (camera) where the schlieren image is captured (in this case, using 
a Canon EOS5DR with a 50mm f/2.0 lens). The test area lies directly in front of the mirror. 

4. MEASUREMENTS

4.1 Capturing sample data
The human thermal plume was investigated as an example in this study. A thermal manikin was used 
to simulate heat release from human body. The thermal manikin has a complex male body shape with 
1.23m in the upright sitting posture (Voelker, Alsaad 2018) (Alsaad, Voelker 2018). For this study, the 
sitting posture is preferred. The manikin surface temperature was manually set to 34°C to simulate the 
surface temperature of a human body (skin), with a precision of ±0.2°C., (see Figure 3a). 
Figure 3 shows the placement of thermal manikin at test area. The thermal manikin was placed 
approximately 20 cm in front of the Schlieren mirror and at the centre of the test area. The elevation of 
the crown height is 1.4m above the floor. The centre of mirror is positioned at 1.3m above the floor, which 
is the same as the height of light source, knife edge and camera. The distance between the mirror and light 
source is 6m (2f). The knife edge has the same distance as the light source from the mirror and it is 

Table 1. The schlieren mirror specification 

No Parameter Specification 

1 Material Astrositall 

2 Type Concave spherical 

3 Mechanical Ø 1014.8mm 

4 Optical Ø 1002mm 

5 Focal Length 3001.5mm 

6 Radius curvature 6003mm 

7 Coating Al + SiO2 

8 Edge thickness 114.4mm 

9 Surface accuracy Λ / 9.75 @ 633 nm 

10 Micro roughness 2.7nm rms 

11 Cleanliness 100/80 scratch / dig 

constant velocity. But, when the media are inhomogeneous, light rays refract and deflect from their 
continuous path creating a schliere. When light rays travel from a low dense medium to a high dense 
medium, it bends toward the normal to the boundary between the two media. The level of bending depends 
on the indices of refraction of the two media; it is described quantitatively by Snell's Law. The refractive 
index is defined as n = c0/v, where n is the refractive index, c0 is universal speed of light, 3x108 m/s and v 
is the local light speed. 

 

Figure 1. Light from medium 1, point Q, enters medium 2, refraction occurs, and reaches point P finally. 

Figure 1 shows, the refractive index of medium 1 and medium 2 are 𝑛𝑛𝑛𝑛1 and 𝑛𝑛𝑛𝑛2 respectively. Light rays 
enter medium 2 from medium 1 through point o. Where, ε1 is the angle of incidence, and ε2 is the angle 
of refraction. 

Thus, the traveling velocities of light in medium 1 and 2 are; 𝑣𝑣𝑣𝑣1 = 𝑐𝑐𝑐𝑐0/𝑛𝑛𝑛𝑛1  and  𝑣𝑣𝑣𝑣2 = 𝑐𝑐𝑐𝑐0/𝑛𝑛𝑛𝑛2 respectively.  

Assume, t is the time required for the light to travel from point Q to point P. 

𝑡𝑡𝑡𝑡 = �𝑞𝑞𝑞𝑞2+𝑎𝑎𝑎𝑎2

𝑣𝑣𝑣𝑣1
 + �𝑏𝑏𝑏𝑏

2+(𝑝𝑝𝑝𝑝𝑝𝑞𝑞𝑞𝑞)2

𝑣𝑣𝑣𝑣2
                                                             (1) 

 
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑞𝑞𝑞𝑞

 = 𝑞𝑞𝑞𝑞
𝑣𝑣𝑣𝑣1�𝑞𝑞𝑞𝑞2+𝑎𝑎𝑎𝑎2

 + 𝑝(𝑝𝑝𝑝𝑝𝑝𝑞𝑞𝑞𝑞)
𝑣𝑣𝑣𝑣2�(𝑝𝑝𝑝𝑝𝑝𝑞𝑞𝑞𝑞)2+𝑏𝑏𝑏𝑏2

 = 0 (stationary point)                   (2) 

 
Also,  𝑞𝑞𝑞𝑞

�𝑞𝑞𝑞𝑞2+𝑎𝑎𝑎𝑎2
 = sin ε1 and   (𝑝𝑝𝑝𝑝𝑝𝑞𝑞𝑞𝑞)

�(𝑝𝑝𝑝𝑝𝑝𝑞𝑞𝑞𝑞)2+𝑏𝑏𝑏𝑏2
 = sin ε2 

 
By combining these expressions,  
 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑞𝑞𝑞𝑞

 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜀𝜀𝜀𝜀1
𝑣𝑣𝑣𝑣1

 - 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜀𝜀𝜀𝜀2
𝑣𝑣𝑣𝑣2

 = 0                                                                  (3) 
 

𝑠𝑠𝑠𝑠1𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜀𝜀𝜀𝜀1
𝑐𝑐𝑐𝑐0

=   𝑠𝑠𝑠𝑠1𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜀𝜀𝜀𝜀2
𝑐𝑐𝑐𝑐0

                                                                       (4) 
 

𝑛𝑛𝑛𝑛1𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛𝑛𝑛 𝜀𝜀𝜀𝜀1  = 𝑛𝑛𝑛𝑛2𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛𝑛𝑛 𝜀𝜀𝜀𝜀2                                                                     (5) 
 

Finally, 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜀𝜀𝜀𝜀1
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝜀𝜀𝜀𝜀2

 =  𝑠𝑠𝑠𝑠2
𝑠𝑠𝑠𝑠1

 = 𝑣𝑣𝑣𝑣1
𝑣𝑣𝑣𝑣2

                                                             (6) 

From equation (6), it can be summarized as the ratio of the sines of the angles of incidence and refraction 
is equivalent to the reciprocal of the ratio of the indices of refraction or is equivalent to the ratio of phase 
velocities in the two media, known as Snell’s law. 

|  393PROCEEDINGS — Roomvent & Ventilation 2018 |  393PROCEEDINGS — Roomvent & Ventilation 2018

Track 2 – Air Distribution: Measurement and Visualization Methods (MVM2)



positioned as close as possible to the light source, in this case 6.5cm to the left. During the experimental 
investigation, the laboratory (room) air temperature was around 21 °C and there are no reasons for natural 
or forced convection besides the manikin and measuring person (the latter being far from the test area). 
Therefore, the air velocity tended to be almost 0m/s which was controlled by measurements using an 
anemometer. 
 

a)                b)               

Figure 3. (a)manikin placed 20 cm in front of schlieren mirror, (b) schlieren imaging system setup at 
the Department of Building Physics, Bauhaus-University Weimar 
 

4.2 Analyzing sample data 
When the light beam from the light source propagates through the test area it travels through two media 
with different air density: (1) the thermal plume above the manikin with temperature 28.8°C , less denser 
medium and lower refractive index (𝑛𝑛𝑛𝑛1) and (2) the air in the laboratory with around 21°C, denser medium 
and higher refractive index (𝑛𝑛𝑛𝑛2). This light refraction due to varying densities of the air lead to the 
occurrence of schlieren, which helps to visualize the convective heat release of the thermal manikin (see 
figure 4). To the capture the occurrence of schlieren, the camera was set manually to shutter speed: 1/1600 
second, ISO: 1000 and aperture F2.0, these settings are chosen to shoot high quality images with a correct 
exposure in low light (indoor light) and while the object is in motion (in this case the convective heat 
release of the thermal manikin). Then, a 45 seconds schlieren video was recorded with frame rate: 
50frame/second, frame width 1280 pixel and 720 pixels in height. The recorded video has 2,250 frames 
(45 seconds x 50 frames). From this video, image_01(at time t = 20 seconds), image_02 (at time t = 20.02 
seconds), and image_03 (at time t = 20.04 seconds) are randomly and sequentially selected for optical 
flow estimation, (see figure 4). Then the selected images were analysed using MATLAB’s 
opticalFlowFarneback algorithm to estimate the motion and velocity of the thermal plume above the 
thermal manikin, (see figure 5 and figure 6, respectively). 
OpticalFlowFarneback algorithm is a MATLAB algorithm used to estimate the direction and speed of an 
object’s motion from one image or video frame to another. It generates an image pyramid, where each 
level has a lower resolution compared to the previous level (Farnebäck 2002). The algorithm forms each 
pyramid level by down sampling the previous level. The tracking begins at the lowest resolution level, 
and continues tracking until convergence. The optical flow algorithm propagates the result of that level to 
the next level as the initial guess of the point locations. This way, the algorithm refines the tracking with 
each level, ending with the original image. Using the pyramid levels enables the optical flow algorithm to 
handle large pixel motions, which can be distances greater than the neighbourhood size. 
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a)   b)    c)   
Figure 4. a) image_01, b) image_02, c) image_03; schlieren images (width 1280 pixel and 720 pixels 
in height) selected from the recorded video targeted to visualize the thermal plume above the manikin. 
 

a)   b)  
Figure 5. a) optical flow between image_01 and image_02, b) optical flow between image_02 and image_03. 

 
Figure 6. vertical air velocity (Vy) of figure 5(b). 
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Furthermore, Figure 6 shows, there is a displacement of pixels between image_02 and image_03. Each 
curve shows the displacement of each pixel of image_02 per frame. In this case the average 
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and higher refractive index (𝑛𝑛𝑛𝑛2). This light refraction due to varying densities of the air lead to the 
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exposure in low light (indoor light) and while the object is in motion (in this case the convective heat 
release of the thermal manikin). Then, a 45 seconds schlieren video was recorded with frame rate: 
50frame/second, frame width 1280 pixel and 720 pixels in height. The recorded video has 2,250 frames 
(45 seconds x 50 frames). From this video, image_01(at time t = 20 seconds), image_02 (at time t = 20.02 
seconds), and image_03 (at time t = 20.04 seconds) are randomly and sequentially selected for optical 
flow estimation, (see figure 4). Then the selected images were analysed using MATLAB’s 
opticalFlowFarneback algorithm to estimate the motion and velocity of the thermal plume above the 
thermal manikin, (see figure 5 and figure 6, respectively). 
OpticalFlowFarneback algorithm is a MATLAB algorithm used to estimate the direction and speed of an 
object’s motion from one image or video frame to another. It generates an image pyramid, where each 
level has a lower resolution compared to the previous level (Farnebäck 2002). The algorithm forms each 
pyramid level by down sampling the previous level. The tracking begins at the lowest resolution level, 
and continues tracking until convergence. The optical flow algorithm propagates the result of that level to 
the next level as the initial guess of the point locations. This way, the algorithm refines the tracking with 
each level, ending with the original image. Using the pyramid levels enables the optical flow algorithm to 
handle large pixel motions, which can be distances greater than the neighbourhood size. 
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small turbulences within the vertical flow, as a result displacement along x-axis not considered. Only 
the velocity along y-axis, the vertical flow (thermal plume) is calculated. From the recorded video, 50 
frames are equal to one second, with simple calculation, the average vertical velocity component (Vy) 
of thermal plume is around 0.04m/s.  Even though this result is measured at 21°C and computed by 
opticalFlowFarneback algorithm is failed to confirms the study by (Voelker et al. 2014), the velocity 
of plume above human head is between 0.2m/s - 0.3m/s at 30°C and 18°C respectively, the algorithm 
has shown that, the potential of optical flow to estimate motion and speed from schlieren images.  

5 CONCLUSION 
In this study, (1) the concept of schlieren imaging system and setup was discussed.  (2) As an example, 
the air velocity of a thermal plume was investigated. To estimate the air velocity and direction of flow 
of thermal plume above manikin, optical flow visualization using opticalFlowFarneback algorithm was 
implemented. The velocity of the thermal plume was measured 0.04m/s. In future, different approaches 
of image analyzing method will be investigated. In general, the result shows schlieren imaging system 
is a promising approach to visualize and measure convective air flows. 
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SUMMARY 
The current extended abstract is a pilot study of an ongoing experimental and theoretical investigation 
of ambient entrainment of room air into an axisymmetric free jet using temperature as a tracer. The 
project aims to investigate, by revisiting the concepts and fundamentals of axisymmetric free Jets and 
entrainment in ventilation applications, particularly focusing on how to optimize performance of low 
mixing air distribution systems and to test methods of measuring entrainment in such systems. The study 
aims to explore a scalar field method using temperature as a tracer to estimate entrainment in 
axisymmetric free Jets. The results obtained show jet characteristics that slightly differ from what is 
reported in velocity field measurements and other scalar field studies. Thus, a call is made herein for 
further investigations to understand entrainment and appropriate methods to determine jet 
characteristics and its mixing effect. Additionally, more studies are needed to verify whether earlier 
results are representative of entrainment conditions for low mixing ventilation systems whose operation 
mode depend on near-filed characteristics of jets. 
Keywords: Entrainment, jets, near-field, passive tracer, temperature, delivery capacity 

1 INTRODUCTION  
Over the past century empirical studies have demonstrated the fundamental characteristics of jet flow 
issuing from different engineering nozzles or geophysical flows like volcanic eruptions or rivulets etc. 
One interest characteristic of jet flows is entrainment. Depending on industrial applications, problems 
of entrainment can vary from requirements of high entrainment (e.g., to enhance mixing in chemical 
processes) to those requiring low entrainment (e.g., impingement cooling). Not limiting the issue to 
industrial processes, entrainment is a universal problem and particularly of high importance in 
ventilation applications. Sandberg et al. (2018) have discussed the basic concepts characterising 
ventilation flow and air distribution highlighting their differences and the role of entrainment in different 
air distribution systems. 
Traditional air distribution systems have sought higher entrainment to increase the systems dilution 
capacity (Etheridge & Sandberg, 1996), and recently, with more research done perhaps in the last 
decade, systems have been proposed whose optimal operation depend on low entrainment i.e., 
personalized ventilation systems (Melikov, 2004). Many studies and research methods have been done 
and developed on ventilation requiring mixing or dilution due to increased entrainment, yet there is little 
done on ventilation systems that work with low entrainment. One reason could be that these systems 
are new and have not yet been commercialized (except in the sense used in vehicles and aeroplanes) 
compared to their counterpart systems which are widely used in ventilation. Thus, there is an 
opportunity to explore easier methods of determining entrainment rate and consequently testing system 
performance into low mixing requirements for ventilation jets. 

small turbulences within the vertical flow, as a result displacement along x-axis not considered. Only 
the velocity along y-axis, the vertical flow (thermal plume) is calculated. From the recorded video, 50 
frames are equal to one second, with simple calculation, the average vertical velocity component (Vy) 
of thermal plume is around 0.04m/s.  Even though this result is measured at 21°C and computed by 
opticalFlowFarneback algorithm is failed to confirms the study by (Voelker et al. 2014), the velocity 
of plume above human head is between 0.2m/s - 0.3m/s at 30°C and 18°C respectively, the algorithm 
has shown that, the potential of optical flow to estimate motion and speed from schlieren images.  

5 CONCLUSION 
In this study, (1) the concept of schlieren imaging system and setup was discussed.  (2) As an example, 
the air velocity of a thermal plume was investigated. To estimate the air velocity and direction of flow 
of thermal plume above manikin, optical flow visualization using opticalFlowFarneback algorithm was 
implemented. The velocity of the thermal plume was measured 0.04m/s. In future, different approaches 
of image analyzing method will be investigated. In general, the result shows schlieren imaging system 
is a promising approach to visualize and measure convective air flows. 
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The aim of the current pilot study, presented here as an extended abstract, is to explore the passive scalar 
method for determining entrainment, with temperature as a tracer at low Reynolds numbers (Re) in the 
near field (≤10 nozzle diameters downstream from the nozzle exit) of an axisymmetric round jet.   

2 METHODS/MATERIALS 
The study was conducted in a climate chamber at the university of Gavle. The experimental setup is 
shown in Figure 1. Temperature measurements were performed with 18 T-type thermal couples spaced 
10 mm apart and each had a tip diameter of 1 mm, configured on a test rig as shown in Figure 1.C. The 
thermal couples were calibrated and had an accuracy of ± 0.03°C with measurements done at a sampling 
rate of 1 second. The test rig was connected to a traversing system which was controlled in two 
directions, radial (r) and the axial (x) planes of the jet flow. Measurements were done with a resolution 
of 2.5 mm for all points with r/D ≤ 1.85 and with a resolution of 10 mm for r/D ≥ 1.85 across the jet, 
while downstream resolution was 25 mm (0.5D) for x/D ≥ 1.  
A specially designed nozzle of diameter (D) = 50 mm was used, details of the nozzle are presented in 
(Todde, Linden, & Sandberg, 1998). The nozzle is of a 5th polynomial with the exit section coinciding 
with the point where the tangent is parallel to the nozzle axis. Two Re were investigated: 2540 and 4760. 
The Reynolds numbers were scaled with a constant kinematic viscosity of 14.8 x 10-6 m2/s and the 
mean nominal exit velocities estimated by the airflow measurements with the orifice plate. 
 

 

Figure 1. Experimental setup: (A)plan view (B)side view (C)centring of the thermal couple’s test rig 
 
The system was setup to work with a nominal temperature difference(∆T) of about 4°C between the jet 
centreline exit temperature and the average room temperature outside the jet (measured at about 
r/D = 5.3). This was to minimize the differences on the influence of buoyance between the considered 
Re. This was achieved by lowering the supply temperature relative to the room temperature. The 
resulting experimental temperature difference across conditions was 4±0.3°C.  
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3 RESULTS 

3.1 Mean scalar field  
Figure 2 show the radial profiles of the normalized temperature distribution for both Re at different axial 
distances up to x/D = 5, beyond which the jets behaviour begins to show similarity. The axial 
temperature difference ∆T(x), difference between the axial station (x) and the average room temperature 
measured outside the jet at a radial distance (r = 5.3D). ∆T(x) is normalized by jet maximum centreline 
temperature difference ∆T(max). The cross-sectional profiles differ with those observed in velocity 
measurements and the top-hat profile is not observed although profiles up to x/D = 1 suggests that the 
flow is laminar. At x/D ≥ 2, the profiles begin to wobble in such a way that it deviates from the parabolic 
profile dominant in velocity measurements. We speculate that this happens due to the mixing effect at 
the shear layers of the potential core region. This appeared in both cases of Re but the wobbling effect 
was much wider in the higher Re because the effect of shear stresses increases with Re, thus the mixing 
effect is higher (Viggiano et al., 2018). Additionally, Figure 2. also show that for Re = 2540 the 
normalized centreline temperature difference shows signs of decaying x/D= 3.5 while this is observed 
much earlier (at x/D = 2.5D) with Re = 4760. This is confirmed in Figure 3 which shows the centreline 
decay of normalized temperature difference 
 
 

 

Figure 2. Radial profiles of the normalized mean temperature difference 
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10 mm apart and each had a tip diameter of 1 mm, configured on a test rig as shown in Figure 1.C. The 
thermal couples were calibrated and had an accuracy of ± 0.03°C with measurements done at a sampling 
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(Todde, Linden, & Sandberg, 1998). The nozzle is of a 5th polynomial with the exit section coinciding 
with the point where the tangent is parallel to the nozzle axis. Two Re were investigated: 2540 and 4760. 
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In Figure 3, we see that Re = 4670 begins to decay much earlier than Re = 2540, however at about 
x/D = 7.5 they attain similarity. Earlier studies (Pitts, 1991) had suggested that the local entrainment 
rate of surrounding fluid into an axisymmetric jet can be correlated with the centreline mixing 
behaviour. Further studies with more Reynold number variations are required to substantiate this 
deduction with passive scalar entrainment measurements.    
 

 

Figure 3. Centreline decay of normalized temperature difference 
 
A detailed qualitative demonstration of the potential core and dilution of the jet temperature into the 
ambient is shown in Figure 4 with the contour plot of the normalized mean temperature difference 
across the 2-dimensional measurement plane. No distinctive differences were noticed between the two 
cases considered although there is a suggestion that shows a slightly longer potential core for Re = 2540.  

 

Figure 3. Contour plot of the normalized mean temperature difference across the 2-dimensional 
measurement plane. 
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4 DISCUSSION 
The results obtained here, especially for the passive scalar cross-sectional profiles differ substantially 
from those reported in early research regarding velocity fields and temperature measurements, both in 
the shape of the profiles and the level of entrainment(Mi, Nathan, & Nobes, 2001). Some researchers 
(Mi et al., 2001; Trabold, Esen, & Obot, 1987) had shown that entrainment is independent of Reynolds 
number in the initial region but the effect is observed in the zone of established flow. The results herein 
for the two Reynolds numbers suggest that there might be a dependence particularly in the 
transformational downstream region of a Reynolds numbers. This calls for further near-field 
investigation to verify the findings reported in earlier studies and to check if the observations made 
herein are general and valid for other Reynolds numbers. This is important because ventilation 
applications like personalized ventilation have an optimal mode of operation in the near-field of 
turbulent jets. 
The methods of using a scalar field like temperature to test the air delivery capacity for proposed low 
missing air distribution holds potential as it differentiates the method from those used in dilution 
capacities, e.g., tracer gas decay methods, which may not entirely be representative of the measure of 
the delivery of supply air but rather dilution of room ambient air. With such systems shown to have 
higher performance (Arsen Krikor Melikov, 2016; Yang, Melikov, & Sekhar, 2009), perhaps it is time 
we revisited the concepts of ventilation and jet characteristics so as to optimize air distribution with low 
mixing systems. This will also help introduce testing methods and guidelines for practice when 
implementing low mixing air distribution systems such as personalized ventilation in buildings.  

5 CONCLUSIONS 
The current study has investigated temperature as a passive scalar tracer in jets at two low Reynolds 
numbers. It is shown that although Literature suggests that entrainment maybe independent of Reynolds 
numbers in the near field, the results reported here shows a level of dependence and more interestingly 
that cross-sectional scalar profiles may differ from those observed in velocity field measurements. 
Further work is required to understand whether the observations are general and apply to various 
Reynolds numbers. This understanding will help establish guidelines, performance testing methods and 
limits of air distribution with low mixing systems.   
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SUMMARY  
The vertical air temperature distribution in indoor environments is an important parameter concerning 
satisfaction of occupants with their thermal environment. In this publication, we present a method for 
determination of the vertical air temperature distribution close to the wall by measurement of wall 
surface temperatures with LWIR thermography. It is based on an analytical approach considering the 
relevant heat fluxes that affect the walls surface temperature. Preliminary tests conducted in a test room 
show a good correlation between the results obtained by LWIR thermography measurements and 
validation measurements with air temperature sensors. In wall areas with high influence of heat 
conduction through the wall as well as high ingoing or outgoing radiation the method significantly 
improves the estimation. Options for improvement of the method such as more spatially detailed 
resolution of radiation influence and the consideration of thermal inertia of the wall are discussed.  
Keywords: vertical air temperature distribution, infrared thermography, air temperature stratification 

1 INTRODUCTION 
Thermal comfort in buildings is an essential prerequisite for a healthy indoor climate. Especially when 
increasing requirements for energy efficiency lead to higher variations in air temperature and other 
comfort related parameters, it becomes more important to assess those parameters to guarantee thermal 
comfort. Many parameters are not detected in most state of the art sensor systems. According to ISO 
7730, mean radiant temperature, radiant temperature asymmetry and the vertical air temperature 
difference are important parameters for the assessment of satisfaction with thermal indoor environments 
(ISO  7730:2005). Long-wave infrared (LWIR) sensing technology is already a common technique in 
building diagnostics and holds the potential to monitor several of these parameters even in real-time 
tracking systems. As the cost-resolution ratio of LWIR sensor arrays decreases, they become more 
economically suitable for employment in indoor environments for HVAC control systems to substitute 
or complement current sensors. 
One of the drawbacks of LWIR thermography is the inability to measure temperature of most gaseous 
materials including air, as its emissivity is too low. Therefore, a direct measurement of air temperature 
is not possible with LWIR thermography. In an indoor environment with low temporal air temperature 
gradients and knowledge about several boundary conditions, LWIR thermography can be used to 
measure surface temperature of walls and deduce spatial air temperature distribution on this basis.  
Some research has already been conducted in order to determine vertical air temperature stratification 
based on LWIR measurements. Special mock targets show good correlation between air temperature 
measurements with thermocouple technology and the surface temperature measured by LWIR sensors 
(Fokaides et al. 2016). The attachment of specifically developed measuring screens to indoor wall 
surfaces has also proven to be a practicable way for measurement of indoor air temperature with LWIR 
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thermography (Porras-Amores et al. 2013). However, both of these methods require an alteration of the 
wall surface to estimate the air temperature distribution.  

2 METHODS 
The goal of the experimental investigation is to measure the correlation between air temperature 
stratification in front of the wall and surface temperature stratification at the wall. We carried out the 
preliminary tests published in this paper at a single wall in a. dedicated test room. 

2.1 Test facility 
The measurement facility is a generic test room as depicted in Figure 1. The wall, that was object of the 
conducted measurements, is located at the northwestern side of the room next to the door. Both, the 
room itself as well as the adjacent rooms were heated and the air temperature stratification is kept at a 
constant level. The southeastern wall is equipped with several windows. We shielded the walls against 
direct exposure by solar radiation by curtains in front of the windows. The wall construction is an 
insulated drywall with a thickness of 22 cm. Due to the influence of exceptionally low outdoor 
temperature at the time of measurements; the surface temperature of the façade wall was significantly 
lower than the temperatures of the other walls.  
 

  

Figures 1 and 2: Layout of the test room and measurement setup  
 

2.2 Measurement equipment 
We equipped the room with three tripods (1-3), which have several Pt100 air temperature sensors 
attached at heights of 0.1 m, 0.6 m, 1.1 m, 1.7 m and 2.3 m. The tripods were located at a distance of 
20 cm from the wall as depicted in Figure 1. The temperature stratification in the room adjacent to the 
wall was also measured with a tripod of the same configuration (4). Furthermore, we placed Pt100 
surface temperature sensors (5) at the investigated wall at the same heights for validation of LWIR 
thermography measurements. For the LWIR thermographic data acquisition, we used an Infratec 
VarioCam HD (6) with a resolution of 640 by 480 pixels, which was positioned in the center of the 
room, so that it covers the complete investigated wall. A calibration procedure has been used to 
compensate for the emissivity of the wall surface. 

PROCEEDINGS  — Roomvent & Ventilation 2018404  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 2 – Air Distribution: Measurement and Visualization Methods (MVM2)

404  |



2.3 Calculation method 

 

Figure 3. Simplified schematic of the relevant heat flows from and to the surface of the wall 
 
In order to deduce the local air temperature from the local surface temperatures of the wall, we use an 
analytical approach with consideration of the boundary conditions and heat transfer processes. By 
adjusting approximated steady state conditions, leading to low temporal temperature gradients and 
insignificant vertical air movement, a simplified steady state energy balance can be applied for the 
surface of the wall: 
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The radiation temperature 𝑇𝑇𝑇𝑇𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤𝑟𝑟𝑟𝑟 corresponds to the mean radiation temperature of each individual other 
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3 RESULTS  
The thermographic image in Figure 4 illustrates the temperature distribution at the observed wall. The 
vertical temperature stratification is clearly visible in the image. There are slight differences in the 
spatial distribution that we attribute to local differences of incident radiation from adjacent walls. The 
vertical lines at the measured walls result from the material related thermal bridges in the substructure 
of the drywall.  
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2.2 Measurement equipment 
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Figure 4. Spatial wall surface temperature distribution measured with LWIR thermography 
 
The measured and estimated spatial temperature distributions are provided in Figure 5. The surface 
temperature stratification at the wall measured with Pt100 sensors and the LWIR camera both only show 
low gradients over the measured height. Besides from a deviation of approx. 0.2 K at 0.6 m and 1.1m 
both are almost identical. The temperature gradient of both is between 0.1 and 0.6 K/m. 

 

Figure 5.Measured and calculated temperature distribution at the wall 
 
The measured air temperature gradient in contrast is bigger in the lower half (1.3 K/m) and gets smaller 
in the upper half of the room (0.4 K/m). The measured air temperature gradients in the adjacent room 
are smaller than the air temperature gradients inside the test room apart from the top section. The mean 
air temperature in the adjacent room is significantly higher than in the test room.  
Using the data from the LWIR thermography measurements and the air temperature of the adjacent 
room, we calculate the spatial distribution of the air temperature. The depicted spatial distribution based 
on the proposed method corresponds well to the measured air temperature distribution. Close to the 
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floor at 0.1 m and 0.6m, the air temperature is overestimated. At 1.1 m and 1.7 m, the temperature is 
underestimated by the calculation. At all evaluated heights the estimated air temperature is closer to the 
validation measurement data than the surface temperature of the wall. The biggest difference between 
measured and calculated air temperature values occurs at a level of 0.1 m with a deviation of 0.4 K.  

4 DISCUSSION 
The results of the observed measurement case prove that, with knowledge of the relevant boundary 
conditions, an estimation of the vertical air temperature distribution can be conducted by measurement 
of a wall’s surface temperature. The proposed method overall improves the estimation for air 
temperature distribution in comparison to using the wall surface temperature for estimation as the 
influence of incident radiation and the heat conduction through the wall are considered. Above 1.1 m, 
the influence of incident radiation is more dominant in the energy balance as the temperature difference 
between the wall surface temperature and the air temperature in the adjacent room is smaller than in the 
lower part of the measured heights. Below 1.1 m, the influence of the heat flux through the wall becomes 
more dominant as the temperature difference grows. As a result, the estimated air temperature shifts to 
lower temperatures.  
Several potential sources of error have to be further analysed to improve the method’s accuracy. Heat 
sources, such as electric devices and people, were present in the test room during the tests. We did not 
consider their radiation in the calculation. By measuring their surface temperatures and assessing the 
location, their influence can be included in the calculation and improve the estimation. Additionally, 
the calculation of the radiation temperature based on the mean surface temperature is an estimation, as 
each wall, as well as ceiling and floor, have inhomogeneous temperature distributions. Because local 
view factors can differ significantly, the method could be improved by considering radiation of 
subdivided parts of the surrounding walls individually with their according view factors. Other potential 
sources of error are the heat transfer coefficient at the surface of the wall and the thermal resistance of 
the wall, which we assumed constant. Especially the thermal resistance of the wall can vary depending 
on geometric and material-related thermal bridges. Furthermore, we did not assess the uncertainty of 
the used measurement equipment. 
The significance of the presented results is restricted, as we examined only one preliminary setup. The 
results should serve as proof of concept of the proposed method. Further, we will conduct measurements 
at different boundary conditions such as different types of walls and different air temperature 
distributions for advanced validation of the proposed method. In addition, the distance of the tripod to 
the wall will be subject of further examinations. Consideration of thermal inertia of wall can enhance 
the accuracy of calculation at transient conditions and thus improve the applicability for comfort control 
of HVAC systems. 

5 CONCLUSIONS 
In principle, this publication demonstrates the functionality of the proposed method for a single wall at 
steady-state conditions. With further adjustment and validation of the method as well as improved 
modelling of radiation exchange, the method can be extended to several walls to estimate the 
stratification in a whole room. For practical application, the implications of higher uncertainties due to 
lower resolution and lower accuracy of an economically suitable sensor must be considered.  
The insights from the application of the method with an infrared camera cannot just help to avoid 
dissatisfaction of occupants, but can also be used for control of displacement ventilation systems. Here 
the temperature stratification is usually more critical than in mixing ventilation systems and can be 
monitored and adjusted based on the data obtained by the proposed method.  
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SUMMARY 
Indoor health and thermal comfort in airplane cabins should be ensured by appropriate mechanical 
ventilation, preferably with an optimised ventilation efficiency to limit the energy consumption. The 
ventilation efficiency depends on the induced ventilation flow, which is determined by complex flow 
phenomena such as transient interaction between supply jets, jet attachment of the supply jets to the 
cabin geometry and interaction between supply jets and buoyancy plumes. Knowledge on these flow 
components can thus be crucial in ventilation system optimisation. This paper, as part of a larger 
ongoing research project, presents the first results of a particle image velocimetry (PIV) measurement 
campaign in a newly developed reduced-scale experimental set-up that represents a simplified model of 
an airplane cabin. Literature demonstrates that the in-cabin ventilation flow can be highly transient and 
unstable, thereby easily adopting asymmetric flow states despite the symmetric supply configuration. 
Therefore, the presented preliminary measurements are performed in a configuration with asymmetric 
supply conditions, in which the flow field is forced into an asymmetric state. The long-term objective 
of the project is to provide both detailed insights into the typical flow features inherent to airplane 
ventilation and high-quality validation data for computational fluid dynamics simulations. 
Keywords: 2D PIV, measurements, simplified airplane cabin, reduced scale, mixing ventilation 

1 INTRODUCTION 
Ventilation of airplane cabins is essential for passenger comfort and well-being. It should prevent 
airborne contaminants to build up while preserving thermal comfort; both requirements rely on the 
complex mixed-convection airflow field in the airplane cabin (e.g. Kühn et al., 2009). In mixing 
ventilation systems fresh (filtered) air is supplied to the upper part of the cabin at relatively high 
momentum with the aim to mix the supplied air with cabin air. The airflow field is typically established 
by the transient interaction between supply jets, jet attachment to the ceiling and overhead stowage 
compartments (OHSC), and interaction of supply jets and buoyancy plumes. Insight into such flow 
phenomena provides essential knowledge on the airflow field, which can be of use to ventilation system 
optimisation. 
A common way to investigate the in-cabin airflow is by computational fluid dynamics (CFD) 
simulations (e.g. Zhang et al., 2009), however, the CFD model accuracy should still be verified by 
validating the numerical outcomes against experimental data. Experimental studies are available with a 
variety of measurement techniques, most often particle image velocimetry (PIV). The measurements 
can be performed in an actual airplane or in an airplane mock-up, the latter being either a reduced-scale 
or a full-scale realistic or simplified model (e.g. Liu and Chen, 2013). Although these studies present 
experimental data of the in-cabin airflow (including measurements of velocity, temperature and 
contaminant concentrations) and, sometimes, use the data to validate CFD calculations, the majority of 
the studies is often not suitable enough for detailed benchmark tests. Yin and Zhang (2009), for example, 
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validated their CFD outcomes using experimental data obtained in a small office due to the lack of 
suitable in-cabin airflow data.
This paper, as a preliminary study in a larger research project, presents the first 2D PIV measurements 
of the mixing ventilation flow in a newly developed reduced-scale simplified cabin mock-up shown in 
Figure 1. The generic set-up allows to investigate the most important flow phenomena that constitute 
the flow field, such as the transient interaction between the supply jets as well as the jet attachment of 
the lateral jets to the OHSC. The long-term purpose of the research project is to provide high-quality 
experimental data of the velocity and turbulence levels in the entire vertical midplane of the mock-up 
for different inlet Reynolds numbers to support the validation of CFD simulations of airplane cabin 
ventilation. 

 

Figure 1. Simplified sketch of the vertical midplane of the reduced-scale experimental set-up. 
Dimensions are in mm. 

2 METHODS 
The experimental set-up, depicted in Figure 2a, is a reduced-scale water-filled enclosure with 
dimensions L x W x H = 300 x 300 x 200 mm³ and represents a simplified airplane cabin. It is constructed 
from anodised aluminium parts and transparent PMMA panels. Four full-width inlet openings (two 
ceiling inlets and two lateral inlets) with a height of 10 mm supply water (isothermal) to the upper part 
of the enclosure and two full-width outlet openings with a height of 20 mm are present adjacent to the 
floor (see also Figure 1). Conditioning sections similar as in van Hooff et al. (2012) are present in front 
of each inlet and the volume flow rate (and thus the supply velocity) at each inlet/outlet can be 
individually controlled by STAD DN 40 valves (Figure 2b). Different configurations can thus be 
obtained by opening or multiple inlets. In addition, the size and geometry of the OHSC can be altered 
and they can be omitted as well. This paper focusses on the situation with an OHSC of a quarter cylinder 
and with all four inlets open. The flow is driven by a centrifugal pump (Wilo-VeroLine-IP-E50). 
The PIV system consist of a solid-state frequency-doubled Nd:Yag laser as a light source (wavelength 
532 nm and repetition rate 15 Hz), and a charge coupled device (CCD) camera for image recordings 
(1600 x 1200 pixels resolution, with up to 30 frames/s). The light sheet illuminates the vertical centre 
plane of the set-up from below using a set of mirrors and cylindrical and spherical lenses, as shown in 
Figure 2c-d. Seeding is provided by polyamide particles (diameter 50 μm, density 1,030 kg/m3) added 
to the water. 
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The instantaneous PIV images are processed according to guidelines found in literature (e.g. Keane and 
Adrian 1990; Prasad 2000; Raffel et al. 2007) using PIVview. Three passes are applied from 64 x 64 
pixels to 16 x 16 pixels with 50% overlap and on the final pass sub-pixel image shifting is performed 
using B-spline interpolation. Correlation peaks are fitted by the least squares Gauss fit (3x3 points). 
Outlier detection filters are applied in order to disable erroneous vectors: a value of 3.0 is set for the 
normalised median displacements and the correlation peak ratio is set to 1.3. Detected outliers are 
replaced using interpolation of the surrounding valid vectors or via re-evaluation with a larger window 
interrogation size. The time separation between pulses is chosen according to the general guideline for 
particle displacement, which states that the particle displacement should be limited to 25% of the 
interrogation area. 
 

 

Figure 2. Impression of the set-up: (a) perspective view; (b) board with valves, ducts and centrifugal 
pump (in green); (c) measurement region illuminated by the laser sheet; (d) PIV set-up. 
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of each inlet and the volume flow rate (and thus the supply velocity) at each inlet/outlet can be 
individually controlled by STAD DN 40 valves (Figure 2b). Different configurations can thus be 
obtained by opening or multiple inlets. In addition, the size and geometry of the OHSC can be altered 
and they can be omitted as well. This paper focusses on the situation with an OHSC of a quarter cylinder 
and with all four inlets open. The flow is driven by a centrifugal pump (Wilo-VeroLine-IP-E50). 
The PIV system consist of a solid-state frequency-doubled Nd:Yag laser as a light source (wavelength 
532 nm and repetition rate 15 Hz), and a charge coupled device (CCD) camera for image recordings 
(1600 x 1200 pixels resolution, with up to 30 frames/s). The light sheet illuminates the vertical centre 
plane of the set-up from below using a set of mirrors and cylindrical and spherical lenses, as shown in 
Figure 2c-d. Seeding is provided by polyamide particles (diameter 50 μm, density 1,030 kg/m3) added 
to the water. 
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supply jet and buoyancy plumes. Also, Poussou et al. (2010) reported flow asymmetry in their PIV 
measurements in a reduced-scale simplified water-based cabin model. It stated that the inherent 
instability of the existent vortex structures might induce asymmetry in the overall flow patterns, even 
in case a perfectly symmetric experimental set-up is used. 
Similar observations might be expected in this project, with two pairs of opposite interacting supply jets 
trying to displace each other. An unstable flow field may also cause the time-averaged data to be very 
sensitive to the oscillations between different flow states, even after long averaging times. In order to 
circumvent problems related to oscillatory unstable flow fields, such as very long averaging times, huge 
data files and long post-processing times, the preliminary PIV measurements in this project are 
performed in a configuration with asymmetric supply conditions that force the flow field into an 
asymmetric state. Figure 3 shows the contour plots of the time-averaged 2D velocity magnitude and its 
root-mean-square (rms) value according to a 20% increase in supply velocity of inlets 1 and 3 with 
respect to inlets 2 and 4. The inlet Reynolds number based on the maximum supply velocity and the 
height of the inlet is Re0 ≈ 2,500. The flow field is clearly asymmetric, characterised by a larger and a 
smaller recirculation cell, but non-oscillatory which leads to time-averaged measurement data suitable 
for CFD validation purposes in this early stage of the large research project. 
 

 

Figure 3. Time-averaged PIV measurements: contour plots (25 minutes average) of the 2D velocity 
magnitude (a) and its rms value (b) in the vertical midplane of the enclosure with a 20% higher 
supply velocity at the left inlets (1 and 3) with respect to the right inlets (2 and 4). 
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Of course, the experimental set-up being an empty enclosure not including geometrical details such as 
seats, passengers and aisles nor non-isothermal conditions (heat sources), remains a simplified 
representation of an airplane cabin. A generic geometry, however, allows for obtaining high-quality 
measurement data in the first place, as also mentioned by e.g. Wang and Chen (2009). The 
measurements can be used to validate CFD models in the prediction of the (aforementioned) complex 
flow phenomena, i.e. validation through sub-configuration (Blocken, 2015), after which ventilation 
flows in more realistic geometries can be investigated by the validated CFD models. 

4 CONCLUSIONS 
This paper presents preliminary 2D particle image velocimetry measurements of the isothermal mixing 
ventilation flow in a newly developed reduced-scale water-filled experimental set-up that represents a 
simplified model of an airplane cabin. The flow is driven by four full-width supply jets, consisting of 
opposite pairs of ceiling and lateral jets. Literature indicates that the flow field can be very unstable, 
oscillating between asymmetric flow states, when a symmetric supply configuration is used. This 
suggests the need for very long measurement series in order to fully capture the unstable flow patterns 
and to provide high-quality time-averaged PIV data. Therefore, as a first step, the supply velocities at 
one side are increased by 20% to force the flow field into a stable state. Although the set-up is a 
simplified model of an airplane cabin, it allows to investigate the most important flow phenomena that 
constitute the flow field, such as the transient interaction between the supply jets as well as the jet 
attachment of the lateral jets to the OHSC. In addition, its genericity supports the need of high-quality 
benchmark data for CFD simulations related to airplane ventilation, which will be provided in the near 
future. Future work also consists of CFD simulations in the simplified mock-up. 
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SUMMARY  
Once a building has been designed and the technical systems have been installed then the energy 
consumption is largely dictated by the building users and the technical control systems. The control 
systems provide the required conditions when they are needed and they aim to reduce the conditions to 
as low as possible when they are not needed. However, it is very difficult to accurately calculate when 
they are needed or not needed as it is difficult to accurately measure occupancy at any one time in the 
life-cycle of an office building. This article considers the benefit that having occupancy measurement 
systems can bring to the building managers of office buildings. The research employs a case study 
research design and a pattern-matching logic is used to analyse the empirical data from an office 
building in Helsinki, Finland. The article shows that people counting data gives a helpful insight into 
energy efficiency calculations and supports decisions related to workplace management strategies. The 
building is underutilised during large portions of the year and there is a cost and an environmental 
impact related to this.
Keywords:  user behaviour; person hours; energy efficiency; activity-based working,  

1 INTRODUCTION  
A great deal of attention has been paid to the environmental impact of buildings and it is clear that the 
construction and real estate sector should continue to be an important focus area for societies who aim 
to reduce their carbon emissions (Dascalaki et al., 2010). Commercial office buildings are a relevant 
study area as they represent the largest commercial building sector in terms of floor space and energy 
use in most countries (Nguyen and Aiello, 2013; Labeodan, 2015). The current European Union 
guidelines on how to deliver nearly zero energy buildings focuses primarily on the design of building 
and the technical systems therein. These guidelines emphasise a well-designed façade that limits the 
need for heating and cooling, energy efficient systems such as lighting and ventilation and renewable 
energy production systems. However, once the building has been designed and the technical systems 
have been installed then the energy consumption is largely dictated by the building users and the 
technical control systems. The technical control systems in office buildings that mostly impact on 
energy consumption can be summarised as being related to heating, cooling, ventilation, lighting, small 
power (electrical equipment) and general electricity. General electricity is often related to electricity 
that is shared across the whole building such as elevators and external lighting. The control systems 
should ensure that the correct indoor environmental conditions are provided to the building users while 
also aiming to reduce energy consumption. The reduction of energy consumption has the dual benefit 
of reducing environmental impact and running costs.  
Office buildings are only partially occupied during opening hours and the British Council for Offices 
reports that that occupancy levels are typically between 60-70% during the core office working hours 
(BCO, 2013). This means that on average in office buildings 30-40% of the desks are empty during the 
core working hours. The occupancy level is even lower in the early morning and the evening when the 
office building is still open to facilitate a small portion of workers. It is particularly difficult to balance 
the configuration of technical control systems so that they meet the correct indoor environmental 
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conditions while also being energy efficient. The control systems should provide the required conditions 
when they are needed and reduce them to as low as possible when they are not needed. However, it is 
very difficult to accurately calculate when they are needed or not needed as it is difficult to accurately 
measure occupancy at any one time in the life-cycle of an office building. It is possible to know the total 
number of building users (static data) who work in a particular office building but it is difficult to know 
when those building users (dynamic data) are occupying the building in real-time.  
Labeodan et al. (2015) explain that a substantial number of commercial buildings still use assumed 
occupancy profiles and schedules “with little or no consideration at all of the energy implications and 
savings accruable at periods when spaces are partially occupied or unused”. The same authors have 
also extensively described the various ways to dynamically measure occupancy and this includes 
systems that measure CO2 concentrations, that use camera images or that study energy consumption 
patterns (Labeodan, 2015). One thing that is clear is that the real-estate industry has not settled on a 
dominant design for the dynamic occupancy measurement system.  
Furthermore, it is becoming even more difficult to predict the occupancy profiles of office buildings as 
the industry shifts towards more flexible working models. One of these models is activity-based working 
(also referred to as desk-sharing, flexi-desk, hot desking, or non-territorial working) which enables the 
employees to choose the space which is best suited for the task at hand (Kim et al, 2016; Korolija et al., 
2013). Activity-based working implies that there are no assigned workstations and that desks are shared 
amongst the employees. It also recognises that there are many different working styles needed 
throughout a typical working day and seeks to accommodate these both inside and outside the office. 
Employees might want to occupy a quiet space when they need to concentrate or occupy a space in an 
open office for other tasks. An array of alternative spaces are also needed to facilitate various forms of 
group work. 
In recent years a number of new technological solutions have emerged without widespread adoption. 
The new systems all use new internet of things (IoT) or smartphone technology which makes the 
solutions less expensive than previous generations and they are all supported by software user interfaces 
which aim to make them easier to use. The three leading examples of these solutions are described in 
the following paragraphs. 
Location App: This solution requires building users to download a smartphone application which 
communicates their location at all times via local infrastructure. This infrastructure can for example be 
provided by wifi routers or ibeacons. Typically this is used in an activity-based working office buildings 
and the building users can sit in any location in the building and the location app enables their colleagues 
to find them. An advantage of this solution is that it is predominately a software solution which is 
inexpensive to put into practice. A disadvantage is that building users may reject the technology by 
turning the software off due to privacy concerns and thus the data may be untrustworthy. Examples of 
companies that provide this solution are Proximi (www.proximi.io) and Flowscape (www.flowscape.se) 
Bluetooth Low Energy Tags: This solution is very similar to the location app described above except 
that the smart phone app is replaced by a bluetooth low energy tag that is worn around the neck of the 
users. Once again it is marketed as a practical way of finding people in a large activity-based working 
office. Examples of a company that provides this solution is Quuppa (www.quuppa.com). The 
requirement to invest in electronic tags for each building user makes the solution more expensive than 
the location app. Also, in similar fashion  
People Counting Cameras: Instead of tracking individual building users, people counting cameras count 
the number of people that pass beneath them. They can be used to track the number of people entering 
or exiting a particular area over a period of time. The technology was originally developed for the 
security industry and in recent years the price of the technology has decreased and over this time it has 
been utilised for an increasing number of use cases. The main advantage is that the cameras that are 
positioned to point vertically down have no impact on the privacy of the building users. The 
disadvantage is that the data is more coarse (occupancy within the relevant zone) than the fine grained 
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location accuracy (commonly accurate to 1 - 2 m) that can be achieved with the two previous examples. 
Examples of companies that provide this solution are Axis Communications (www.axis.com), Modcam 
(www.modcam.com) and Jaska Retail. (www.eurosec.fi) 
If future generations of these technologies do reach widespread adoption in the real-estate industry then 
this research examines the benefit that could be delivered to the industry and in the commercial office 
sector in particular. To add to the understanding on these topics this article asks: How does occupancy 
pattern data add value to the building managers of office buildings? 

2 METHODS 

2.1 Data Collection Method 
The research setting is an office building in Helsinki, Finland. The building has a net floor area of 
approximately 7,000 m2 and the data has been collected for a 7 month period from the beginning 
February 2017 to the end of August 2017. During this period, a people counting system was installed at 
each the four exists on one floor of this building so that the occupancy of the floor could be accurately 
measured. The people counting system for each exit consisted of a camera and a software programme 
that processed the video images. The study also utilised the existing energy consumption measurement 
system of the building. The building had separate metering for heating, cooling, general electricity, 
small power and lighting. The energy consumption of the focal floor has been calculated by using the 
measured energy consumption for the whole building and proportioning this by area. It is important to 
note that the cameras were installed in the ceiling and they were configured to point straight down. This 
meant that the building users’ faces could not be seen which was important from a privacy point of 
view. Previous research has claimed that privacy concerns are a strong inhibitor which prevents vision 
based occupancy monitoring from being widely implemented (Li et al., 2012). 
The case study building opens at 06:00 and closes at 22:00 and thus it can be assumed that the there are 
no occupants after 22:00. During the course of this research it was commonly observed that the results 
reported a number of occupants that was greater or less than zero after 22:00. This meant that the 
software was not correctly detecting all of the people that had arrived or left the focal floor during the 
day. In order to account for this error, it was assumed that the error was relatively evenly distributed 
over the whole day. This assumption is based on the researchers’ previous experience with similar vision 
based occupancy monitoring systems (Dooley, 2017). It was previously observed that the error was 
caused during the times of the day when large groups of people simultaneously enter or leave the floor 
such as the start of the working day, at the beginning or end of lunchtime or in the evening. The case 
study floor has one large zone with 55 desks where an activity-based working policy has been 
implemented and it is expected that more people on the floor will work this way in the future. 
The data that has been collected on the number of occupants and energy consumption have been grouped 
into three categories which are the average work day, the average summer work day and the average 
weekend day. The average work day is calculated using data from all of the weekdays except for July, 
the average summer work day is calculated using data from all of the weekdays in the month of July 
and the average weekend day is calculated using data from all of the weekend days during the 7 months 
period. 

2.2 Research Design  
The research employs a case study research design and a pattern-matching logic is used to analyse the 
empirical data that is collected. Creswell (2014) states that a pattern-matching logic is one of the most 
desirable techniques for case study analysis. This kind of logic is suitable when comparing a predicted 
pattern with an empirical one (Yin, 2009). 
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3 RESULTS 
The buildings opening hours are 06:00-22:00 and the control strategy provides the targeted internal 
conditions at all times when the building is open. The people counting system provides an understanding 
of when the building is used and how many people are using it and this data allows a new perspective 
on the energy efficiency to be considered. 

 
Figure 1. Number of occupants and energy consumption for the average work day. 

 

 

Figure 2. Number of occupants and energy consumption for the average summer work day. 
 

Table 1. Daily totals for person hours, heating energy & electrical energy for each of the 3 day types 
for 1 floor of the case study building.   

 Average work 
day 

Average summer 
work day 

Average 
weekend day 

Total Number of Person Hours 655 319 5 
Heating Energy Consumption (kWh) 366.1 54.8 410.7 
General Electrical Energy Consumption (kWh) 203.4 207.4 58.6 
Energy Consumption from Lighting (kWh) 98.4 73.7 7.5 
Energy Consumption from Cooling (kWh) 11.6 20.7 0 
Energy Consumption from Small Power (kWh) 190.1 167.6 76.6 
Energy per Area per Occupied Hours 
(kWh/person hours) 

1.33 2.12 110.7 
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Figures 1 and 2 can be seen above and they show the energy consumption and occupancy rate for each 
of the three typical days. These curves show how much energy is being consumed relative to how 
densely populated the building is. The average summer day is interesting as the office building is fully 
open during this time but the occupancy rate is relatively low due to a large portion of the staff being 
on holidays during this period. From table 1 it can be seen that the daily occupied person hours of the 
average summer day is only 48.7% of that of the average work day. The average weekend day is 
interesting as the office building is fully open during this time but the occupancy rate is extremely low 
as staff rarely work at the weekends. From table 1 it can be seen that the daily occupied person hours of 
the average summer day is less than 1% of that of the average work day. 

4 DISCUSSION 
The people counting system allows the building services configuration and the workplace arrangement 
strategy to be interrogated. Before this data was collected the building managers did not know how 
many people were working in the building late at night or at weekends. They could tell from the access 
control system a small number of people were entering the building at weekends but the access control 
systems could not tell them how many were there or how long they stayed. As a result of not knowing 
when people visited and wishing to provide the target conditions for all opening hours the control 
strategy was conservative. There is a financial and environmental impact cost to this as for example the 
average weekend day heating energy consumption was higher than the average work day energy 
consumption even though the occupied hours were less than 1 % of the average weekday. In the month 
of July the energy consumption per occupied hours is 2.12 kWh/person hours per day which is160% of 
that of a normal working day.  
It is important to note that it is difficult to for the heating energy consumption curve to match the 
occupancy curve. This is because the building must be background heated even when it is closed and 
heating controls aren’t flexible like other building systems such as lighting. If a room is dark a flick of 
a switch can change that situation almost instantaneously whereas heating needs a period of time to heat 
the room from cold to warm. Also, if you want to heat one space in a building then all other adjacent 
spaces will also need to be heated as they all form part of the same internal building volume. In contrast 
the electrical energy consumption curve should be a closer match to the occupancy curve. However, on 
the case study floor the electrical energy consumption is relatively high considering that the daily 
occupied person hours of the average summer day is only 48.7% of that of the average work day. This 
can be seen in table 1 above. Although the floor is “half occupied” in July the general electricity 
consumption is still 102% of the typical work day, lighting electricity consumption is 75% of the typical 
work day and small power electricity consumption is 88% of the typical work day. The cooling energy 
consumption for the average summer day is 180% of the typical work day but it can be assumed that 
this is mostly related to higher external temperatures. 
From figure 1 and 2 it can also be seen that the energy consumed in the early morning matches the 
people entering the building and it can be assumed that the control system is correctly configured. 
However, these figures also show that as people begin to leave the office building in the afternoon the 
control system does not reduce the energy consumption in proportion to the number of people that 
remain in the building. From observations made in the building this large amount of energy consumption 
per occupant is not caused by an unsuitable control system but rather the result of people being scattered 
all over the building and thus conditions needed to be maintained in all areas. 
The case study floor area is already using activity-based working and one way to reduce energy 
consumption could be to consider an alternative work-place management strategy for the evenings, 
summer months and weekend days. For example a small portion of the building, such as one floor or 
half of one floor could be the only space open during these times. The rest of the building would then 
be configured to out of hours mode during those hours.  

3 RESULTS 
The buildings opening hours are 06:00-22:00 and the control strategy provides the targeted internal 
conditions at all times when the building is open. The people counting system provides an understanding 
of when the building is used and how many people are using it and this data allows a new perspective 
on the energy efficiency to be considered. 

 
Figure 1. Number of occupants and energy consumption for the average work day. 

 

 

Figure 2. Number of occupants and energy consumption for the average summer work day. 
 

Table 1. Daily totals for person hours, heating energy & electrical energy for each of the 3 day types 
for 1 floor of the case study building.   

 Average work 
day 

Average summer 
work day 

Average 
weekend day 

Total Number of Person Hours 655 319 5 
Heating Energy Consumption (kWh) 366.1 54.8 410.7 
General Electrical Energy Consumption (kWh) 203.4 207.4 58.6 
Energy Consumption from Lighting (kWh) 98.4 73.7 7.5 
Energy Consumption from Cooling (kWh) 11.6 20.7 0 
Energy Consumption from Small Power (kWh) 190.1 167.6 76.6 
Energy per Area per Occupied Hours 
(kWh/person hours) 

1.33 2.12 110.7 
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5 CONCLUSIONS 
The people counting data gives a helpful insight into energy efficiency calculations and supports 
decisions related to workplace management strategies. The building is extremely underutilised during 
large portions of the year and there is a cost and an environmental impact related to this. Strategies that 
reduce energy consumption in these times or ways to increase utilisation in these times would add value 
to building owners. There is a large amount of focus on the technical aspects of low energy buildings, 
however, once the building has been designed and the technical systems have been installed then the 
energy consumption is largely dictated by the building users and the technical control systems. Further 
research should consider the user impact on the building energy consumption and the concept of energy 
per unit per person hours. 
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SUMMARY  
The main goal of the paper is to develop wireless sensor network test-bed that collects information from 
a set of sensors and forwards information to the remote server. The data on the server will be processed 
by the software created in Python. A new wireless sensor system will be announced in this work that 
will have autonomous power source. To organize wireless network, modern standards, such as IEEE 
802.11n will be used. The article also describes the architecture of designing a wireless sensor network 
complex system, which has the connection in real time (online) with automatics and engineering 
systems of the building. This complex system helps to collect data for the effective intellectual analysis. 
This work presents the method of creating self-learning system, which is capable to inform about 
negative influence of different control algorithms using wireless sensor network. 
Keywords: Weather prediction, Kalman filter, IEE802.11n, heating control, self-learning system  

1 INTRODUCTION  
According to the 2010 European Performance of Building Directive member states they shall ensure 
that all new buildings constructed after 2020 should be “near zero energy” and building heating systems 
are now accounting for 40% of the total energy consumption. Increasing the effectiveness of HVAC 
system’s performance by 25% will lead to 10% decrease in energy consumption in all buildings. Main 
restriction of optimum control algorithms of heating systems in buildings is the lack of HVAC system’s 
fast adaptation to changing weather conditions, which leads to a non-optimal expense of electricity 
consumption. The article presents the concept of centralized control system of microclimate in 
commercial buildings, which realizes the control algorithm for HVAC system by means of management 
method with prediction models based on weather forecast usage. The management with prediction 
models in microclimate control algorithm allows increasing the effectiveness of HVAC system in large 
buildings. 
Predictive control is not a single strategy, but a set of control methods with predictive model of the 
process expressed in specific order to obtain a control signal by minimizing objective’s function 
subjection to some constraints. In building’s control, one would aim to optimize delivered energy (or 
cost of the energy released) subjecting to constraints.  The performance of such approach depends on 
accuracy of weather predictions which have an inherent uncertainty. Therefore, a tractable stochastic 
predictive control approach for building climate control was developed, that explicitly takes into 
account the uncertainty in the problem in order to improve the control performance. 
Despite the large number of valuable research work that describes different types of management, there 
is no such management system, which could increase the effectiveness in existing buildings by using 
predictions. As described below, there are control algorithms developed for such research, which are 
based on weather forecast and designed and used in a real building. 

5 CONCLUSIONS 
The people counting data gives a helpful insight into energy efficiency calculations and supports 
decisions related to workplace management strategies. The building is extremely underutilised during 
large portions of the year and there is a cost and an environmental impact related to this. Strategies that 
reduce energy consumption in these times or ways to increase utilisation in these times would add value 
to building owners. There is a large amount of focus on the technical aspects of low energy buildings, 
however, once the building has been designed and the technical systems have been installed then the 
energy consumption is largely dictated by the building users and the technical control systems. Further 
research should consider the user impact on the building energy consumption and the concept of energy 
per unit per person hours. 
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2 METHODS 

2.1 Wireless Sensor Network architecture  
Buildings which initially were not planned to integrate buildings control systems raises a complex 
problem condition for modernization. Installation of wired sensor system in such buildings becomes 
impractical or even impossible. Therefore, effective wireless sensor systems are necessary to be able to 
provide measurement delivery considering specifics of building. To optimize the building heating unit 
we had to add temperature sensors. For this action we chose wireless ESP controllers and sensors 
connected to them. This system allowed establishing sensors quickly and integrates them with existing 
BMS.  
The Wireless Sensor Network (WSN) was implemented by using a topology in beacon mode where 
sensors collect data and deliver them to base station which is the concentrator of network. This system 
works in the 25 meter range from the base station and it is suitable for monitoring. The IEEE 802.11 
devices are capable to transfer data for long distances by passing them through intermediate devices 
reaching longer transmission range for data. The main feature of ESP-8266 technology is the fact that 
at small energy consumption it supports not only simple network topologies, but also self-organized and 
self-recovering mesh topology with the re-transferring and routing of messages.  
Data from developed sensor network are automatically transferred to Matlab and SQL Database. The 
program is written in Matlab have analysis algorithm for calculating the necessary heating power and 
work conditions of Heating systems. The energy consumption calculation program is the first step for 
the development of good building areas climate control system. The program graphically analyzes the 
processes and gives information about the necessity of adjusting. The heating units power calculations 
shows the necessary power requirements for different regimes.  In this test bed prototype architecture 
(see Figure 1) the Sensor node senses the data from the sensor and that data are received at the end base 
station (Raspberry Pi):  

 
 
Figure 1. Wireless test bed prototype in real building 

 

By using Matlab and OPC standard we managed to integrate into building’s old automatic equipment.  
A self-learning algorithm was created to adjust automatic equipment of the building by analyzing 
weather prediction for the next day and the database with data of wireless temperature sensors. To 
optimize the heating unit we had to add temperature sensors. For this action we chose wireless ESP 
controllers and sensors connected to them. This system allowed establishing sensors quickly and 
integrates them with existing BMS.  
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2.2 Predictive control modelling  
The control model is based on weather forecast, with the main task to analyse heating unit’s work 
conditions and energy efficiency. Determined necessary supply parameters of the flow and the use of 
energy calculation program allow choosing the correct configuration of the heating unit. The supply 
parameters of the flow and its effect on the heating unit's configuration and control system should be 
investigated further. Necessary supply parameters of the flow can be adjusted according to comfort zone 
in rooms. The adjusting according to comfort zone requires a higher control system level comparing to 
temperature regulation with deadbands, but it gives the opportunity to calculate optimal supply 
parameters, which requires minimum energy consumption. Developed heating energy calculation 
program can be supplemented with the calculation of optimal supply parameters. This option will allow 
calculating the potential of energy savings, which can be achieved by high-level control system. To 
create an effective management model it is necessary to obtain the data on weather forecast in advance. 
Such dynamic model is developed by taking into account the system of heating of a single building 
presented in Figure 2. It was developed in Matlab & Python language. Python is a high-level 
programming language for general-purpose programming.   

 
Figure 2. Weather prediction with Kalman filter algorithm for heating control  

The main problem from the aspect of using meteorological data, consists in their inherent uncertainty 
caused by stochastic nature of atmospheric processes, the imperfect knowledge of initial conditions of 
weather model and also in modelling errors. To solve this problem, it is offered to use Kalman filter, 
which will gather the data from three meteorology networks, such us:  AccuWeather (ACCW) forecasts, 
National Weather Service (NWS), MetCheck (MCHK). 
The Kalman filter is widely used in various engineering applications, see Figure 1. The algorithm works 
in two stages. At the forecasting stage, the Kalman filter extrapolates values of state variables, as well 
as their uncertainties. At the second stage the extrapolation result is refined, according to the 
measurement data (obtained with some error). Due to its step-by-step nature, the algorithm can monitor 
the state of the object in real time (without looking ahead and using only current measurements and 
information about the previous state and its uncertainties).  
State vector of the system includes parameters that are estimated by using the Kalman filter, and it can 
be written in the following way: 

kk t=x     (1) 

Where kt  is the air temperature.  

2 METHODS 

2.1 Wireless Sensor Network architecture  
Buildings which initially were not planned to integrate buildings control systems raises a complex 
problem condition for modernization. Installation of wired sensor system in such buildings becomes 
impractical or even impossible. Therefore, effective wireless sensor systems are necessary to be able to 
provide measurement delivery considering specifics of building. To optimize the building heating unit 
we had to add temperature sensors. For this action we chose wireless ESP controllers and sensors 
connected to them. This system allowed establishing sensors quickly and integrates them with existing 
BMS.  
The Wireless Sensor Network (WSN) was implemented by using a topology in beacon mode where 
sensors collect data and deliver them to base station which is the concentrator of network. This system 
works in the 25 meter range from the base station and it is suitable for monitoring. The IEEE 802.11 
devices are capable to transfer data for long distances by passing them through intermediate devices 
reaching longer transmission range for data. The main feature of ESP-8266 technology is the fact that 
at small energy consumption it supports not only simple network topologies, but also self-organized and 
self-recovering mesh topology with the re-transferring and routing of messages.  
Data from developed sensor network are automatically transferred to Matlab and SQL Database. The 
program is written in Matlab have analysis algorithm for calculating the necessary heating power and 
work conditions of Heating systems. The energy consumption calculation program is the first step for 
the development of good building areas climate control system. The program graphically analyzes the 
processes and gives information about the necessity of adjusting. The heating units power calculations 
shows the necessary power requirements for different regimes.  In this test bed prototype architecture 
(see Figure 1) the Sensor node senses the data from the sensor and that data are received at the end base 
station (Raspberry Pi):  

 
 
Figure 1. Wireless test bed prototype in real building 

 

By using Matlab and OPC standard we managed to integrate into building’s old automatic equipment.  
A self-learning algorithm was created to adjust automatic equipment of the building by analyzing 
weather prediction for the next day and the database with data of wireless temperature sensors. To 
optimize the heating unit we had to add temperature sensors. For this action we chose wireless ESP 
controllers and sensors connected to them. This system allowed establishing sensors quickly and 
integrates them with existing BMS.  
 

|  423PROCEEDINGS — Roomvent & Ventilation 2018 |  423PROCEEDINGS — Roomvent & Ventilation 2018

Track 3 – Energy and Ventilation: Energy Performance of Buildings (EPB1)



The system state equation for Kalman filter can be described as follows: 

kkkkk+k w+uB+xF=x 1     (2) 

Where kx - system state vector, kw - vector of system noise. kB - the control-input matrix, ku control 
vector. The measurement model can be described as follows: 

kkkk v+xH=Z    (3) 

where  kx  is system state vector, kv  is vector of measurement noise. Other elements are described 
below: 

][ 321 mmmk ttt=Z    (4) 

where kZ  is measurement vector that includes the data received from the weather stations. 

m3-1mt  - the air temperature from 1-3 weather station. 

Estimation of temperature forecast is given according to predictive data obtained from three weather 
stations with weather prediction error < 5%. Of course, by improving the forecast with this filter, it 
would be more accurate if forecasting errors from meteorological stations would have a character close 
to white Gaussian noise. 
The classical system of building’s heating works as follows. The temperature of supplied water is 
adjusted according to change in external air temperature. This heating system can't predict external air 
temperature in the future (for example, in one hour), thus, the system can give wrong supply water 
temperature to the heating system. And that is why we offer a new logic of management, which 
considers meteorological data. This management logic is based on degree-minute parameter (DP). 

( )
t
TT=DP Fs −    (5) 

Where sT  - actual supply water temperature (ºС), FT  – predicted supply water temperature (ºС), t  
– time (minutes). From simulation t=10 minutes. Therefore, the actual supply water temperature setting 
(TA) will be: 

DP+T=T SA    (6) 
On condition: 

DB+TS=TS SA ; 601 <t<                    (7) 

Where ATS - wanted room temperature in the building (ºС). ATS - average room temperature of the 

building. DB  -  room temperature deadband. oldε  - old reading of heating energy meter (Kwh); 
Degree-minute control logic has been introduced among simple heating control techniques to guarantee 
the lowest annual energy usage. 
To model this control system we used Matlab & Python. The program written in Python has analysis 
algorithm for calculating the necessary heating power for systems.  The program analytically analyzes 
the processes and gives information about the necessity to adjust. The object in this model is room 
temperature, see Figure 3. 

This model needs an optimization of Q  functionality, which characterizes the effectiveness of object’s 
functionality in X  environment with known statistical parameters )(Xp . Then Q  is gained as follows: 

∫ Y)p(X)dXq(X,=Q(U)    (8) 
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Where q(X,Y) – instant assessment of object’s effectiveness at given conditions of X environment and 
object Y. Having model F of the object F0, connecting its exit Y to environment X and optimized by U 
factors of the object F0, and inserting  U)F(X,=Y   we have: 

∫ U))p(X)dXF(X,q(X,=Q(U)                                                                                      (9) 

 

Figure 3. The self-learning system for building heating control 
 

However, in real conditions during object’s functioning, there are no information on models of the 
environment and the object. Developed control system is capable to adjust the curve of building’s 
heating according to the forecast of ambient temperature. The idea of developed management logic 
consists in adjusting the heating curve depending on future state. This research describes the shifted 
profile of ambient temperature, and the changed curve of heating is calculated according to a set of 
parameter settings for the whole heating season. There were several Weather forecast tests performed, 
to select the best time period for the shift, and finally, the period of one hour standby was selected. The 
results during the modelling were obtained in Matlab & Python. 

3 RESULTS 
Previously described control system has been introduced in a real object by using the developed 
simulation model Matlab & Python. To create the management logic the parameter of actual room 
temperature deviation from settings has been created by ± 0.5ºС. This parameter controls operation time 
of the pump and heating-node’s valve; the more DB, the less stable room temperature is. But also due 
to this, the consumption of thermal energy decreases as the operation time of the pump and valve 
decreases. December and January were selected for the research, to determine potential improvement 
of energy efficiency. Figure 4 show the corresponding results of consumption of thermal energy 
depending on predicted external air temperature and the temperature of water supply in heating-node: 

 
Figure 4. Results of heating energy consumption depending on external air temperature keeping 
actual room temperature at 21 °C 
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The system state equation for Kalman filter can be described as follows: 

kkkkk+k w+uB+xF=x 1     (2) 

Where kx - system state vector, kw - vector of system noise. kB - the control-input matrix, ku control 
vector. The measurement model can be described as follows: 

kkkk v+xH=Z    (3) 

where  kx  is system state vector, kv  is vector of measurement noise. Other elements are described 
below: 

][ 321 mmmk ttt=Z    (4) 

where kZ  is measurement vector that includes the data received from the weather stations. 

m3-1mt  - the air temperature from 1-3 weather station. 

Estimation of temperature forecast is given according to predictive data obtained from three weather 
stations with weather prediction error < 5%. Of course, by improving the forecast with this filter, it 
would be more accurate if forecasting errors from meteorological stations would have a character close 
to white Gaussian noise. 
The classical system of building’s heating works as follows. The temperature of supplied water is 
adjusted according to change in external air temperature. This heating system can't predict external air 
temperature in the future (for example, in one hour), thus, the system can give wrong supply water 
temperature to the heating system. And that is why we offer a new logic of management, which 
considers meteorological data. This management logic is based on degree-minute parameter (DP). 

( )
t
TT=DP Fs −    (5) 

Where sT  - actual supply water temperature (ºС), FT  – predicted supply water temperature (ºС), t  
– time (minutes). From simulation t=10 minutes. Therefore, the actual supply water temperature setting 
(TA) will be: 

DP+T=T SA    (6) 
On condition: 

DB+TS=TS SA ; 601 <t<                    (7) 

Where ATS - wanted room temperature in the building (ºС). ATS - average room temperature of the 

building. DB  -  room temperature deadband. oldε  - old reading of heating energy meter (Kwh); 
Degree-minute control logic has been introduced among simple heating control techniques to guarantee 
the lowest annual energy usage. 
To model this control system we used Matlab & Python. The program written in Python has analysis 
algorithm for calculating the necessary heating power for systems.  The program analytically analyzes 
the processes and gives information about the necessity to adjust. The object in this model is room 
temperature, see Figure 3. 

This model needs an optimization of Q  functionality, which characterizes the effectiveness of object’s 
functionality in X  environment with known statistical parameters )(Xp . Then Q  is gained as follows: 

∫ Y)p(X)dXq(X,=Q(U)    (8) 
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Results show the potential increase in energy savings by 6-8%, at equal temperatures. Old readings were 
taken from data base saved over one year period. The developed control system, which is based on 
prediction of ambient temperature, minimizes the DB parameter and, therefore, decreases jumps in room 
temperature in the building. 

5 CONCLUSIONS 
The proposed self-learning system in this paper is designed with WSN and Raspberry Pi as a base 
station, ESP-8266 as a sensor node. This kind of wireless sensor and self-learning algorithms control 
system improves the effectiveness and efficiency of consumed heating resources.  
This article describes the additional entrance variables are considered based on the forecast of energy 
consumption. The article uses a new method of gathering of meteorological data from different sources.  
A self-learning system was designed in this work, which adapts the heating control by using the method 
of meteorological data gathering for the upcoming one hour, resulting in decrease of heating energy 
loses. The predictive methodology is based on parameter refinement procedures and it is able to adjust 
the heating curve in order to obtain required supply temperature consistent to the actual demand for 
building’s heating. Adjustment coefficients for modulating the heating curve have been refined by the 
test and error procedure. Overall results show the potential of energy savings increase by ~7% at 
significant decrease in room temperature deviation from settings. 
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SUMMARY 
Active chilled beams are commonly used high temperature cooling and low temperature heating systems 
in modern office buildings, which are usually considered to be fully mixing ventilation systems. The 
objective of this study was to investigate the potential of increasing energy efficiency of active chilled 
beam system by room air temperature stratification in cooling design conditions. Perimeter zone office 
room was simulated with full-scale test set-up, with high internal heat loads due to the almost fully 
glazed façade and high occupant density in design (peak load) conditions. Active chilled beams were 
integrated in suspended ceiling and installed perpendicular to the simulated windows. Two cases were 
measured, situation with typical design for studying the effect of the possible temperature stratification 
on the induction air temperature and situation when exhaust air opening is located in the ceiling near 
window surface. Thermal conditions in the occupied zone and chilled beam system operating values 
were measured in steady state conditions. Based on this research study, induction air temperature 0.5-
1.0 °C higher than room air temperature could be used for cooling design in perimeter zone office room 
in similar situations. The peak cooling demand was a bit over 10% lower due to the vertical temperature 
stratification when compared to the fully mixed conditions. 
Keywords: Chilled beam, energy efficiency, thermal conditions, office building 

1 INTRODUCTION 
Active chilled beams are commonly used high temperature cooling and low temperature heating systems 
in modern office buildings. They enable design of both excellent indoor climate conditions and energy 
efficient total system. The energy efficient total system can be achieved by using the cooling and heating 
water temperatures closer to room air temperature than in traditional systems, which gives possibility 
to utilize several heat generation methods in energy efficient manner. Due to the usage of high cooling 
water temperature level and operation without room air recirculation fan, and without condensation of 
room air moisture in cooling coil of chilled beam, maintenance of the system is very easy. (Woollett, 
2015) 
Usually active chilled beam systems are considered to be fully mixing ventilation systems due to air 
supplied from ceiling level and the recirculation of induced room air back to chilled beam though the 
cooling coil (operating principle of active chilled beam is shown in Figure 3A). This means that room 
air is fully mixed and induction air temperature is assumed to be equal to the room air temperature 
without any vertical temperature stratification.  
The objective of this study is to investigate the potential of increasing energy efficiency of active chilled 
beam system by room air temperature stratification in cooling design conditions. That could be 
generated when chilled beams integrated into suspended ceiling are installed perpendicular to the façade 
and supply air jets leaving the beam are not blown against windows. In that case convection flow from 

Results show the potential increase in energy savings by 6-8%, at equal temperatures. Old readings were 
taken from data base saved over one year period. The developed control system, which is based on 
prediction of ambient temperature, minimizes the DB parameter and, therefore, decreases jumps in room 
temperature in the building. 

5 CONCLUSIONS 
The proposed self-learning system in this paper is designed with WSN and Raspberry Pi as a base 
station, ESP-8266 as a sensor node. This kind of wireless sensor and self-learning algorithms control 
system improves the effectiveness and efficiency of consumed heating resources.  
This article describes the additional entrance variables are considered based on the forecast of energy 
consumption. The article uses a new method of gathering of meteorological data from different sources.  
A self-learning system was designed in this work, which adapts the heating control by using the method 
of meteorological data gathering for the upcoming one hour, resulting in decrease of heating energy 
loses. The predictive methodology is based on parameter refinement procedures and it is able to adjust 
the heating curve in order to obtain required supply temperature consistent to the actual demand for 
building’s heating. Adjustment coefficients for modulating the heating curve have been refined by the 
test and error procedure. Overall results show the potential of energy savings increase by ~7% at 
significant decrease in room temperature deviation from settings. 
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window surface and heat loads very close to the façade may rise freely to the ceiling level, towards 
induction opening of the chilled beams. If induction temperature rises above the occupied zone 
temperature, chilled beam operates more efficiently and less cooling may be needed due to stratification. 
This means that warmer cooling water temperature can be used, and energy efficiency of total system 
would increase. Also the peak cooling demand could be smaller. The study is performed with simulated 
perimeter zone office room by using full-scale test setup. The effect of locating the exhaust air opening 
to the ceiling near the simulated window is studied, which may be used to capture part of the heat loads 
directly to exhaust and further reduce the cooling demand. 

2 METHODS 
Office room with dimensions 4.4 m (length) x 4.2 m (width) x 2.7 m / 3.15 m (suspended ceiling / total 
room height) was simulated with full-scale test set-up in steady state conditions. Geometry of the test 
set-up is shown in Figures 1 and 2. Simulated office room was divided from bigger test room with one 
wall (3 mm Mdf board) opposite to the simulated window. Suspended ceiling was constructed of typical 
30 mm thick mineral wool tiles. Cooling design temperature in the reference point (Tr in Figure 2A) 
was 24 °C. Office room had 3 simulated windows with 34.8 °C internal surface temperature and direct 
solar load simulated with heated foils in the floor. Occupant, equipment and lighting heat loads and 
other test conditions are presented in Table 1. Full-scale test simulated perimeter zone office room with 
high internal heat loads (105 W/m2floor)) due to the almost fully glazed façade (72% of façade) and 
high occupant density (6 m2/occupant) in design (peak load) conditions. Sensible heat load level from 
three occupants (90 W/occupant) constructed according to the EN 14240 standard corresponded to high 
metabolic rate level (~2.0 MET), and could represent also heat load level of four occupants with low 
metabolism (~1.0 MET) in office work. 

  
Figure 1. A) Geometry of the full-scale test setup (Case 2 with exhaust above suspended ceiling 
shown). Photos of the test setups B) in Case 1 with exhaust below suspended ceiling and C) in Case 2 
with exhaust above suspended ceiling (100 mm wide slot at 600 mm from the simulated window in the 
suspended ceiling for directing room air to exhaust shown). 

Two active chilled beams were ventilating and cooling the office room. Ventilation airflow rate (primary 
supply air in Figure 1) was 40 l/s (13 l/s/occupant). Chilled beams were installed perpendicular to the 
simulated window. Operating principle of active chilled beam is presented in Figure 3A and supply 

A) B)

C)
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airflow pattern visualized with smoke is shown in Figure 3B. The ambient environment was maintained 
at the same temperature as the average occupied zone temperature (+/- 0.2 °C, measured from two 
locations: from the middle of short wall and long wall) during the test for minimizing heat transfer 
between measurement room and ambient space. The ambient environment was separated from test room 
(shown in Figure 1) with 13 mm plywood (walls and ceiling above suspended ceiling) and 22 mm 
particle board (floor shown in Figure 1). On one side there was observation window (window heat 
transfer coefficient 1.3 W/(m2·K)). 

 
Figure 2. Geometry of the full-scale test setup A) from top with measurement pole locations, B) from 
side, towards simulated window, C) from side in Case 1 exhaust under the suspended ceiling and D) 
from side in Case 2 exhaust above suspended ceiling. 

Table 1. Full-scale test data and heat loads in the test room. 
Office room test setup data   Heat loads   
Design room temperature 24 C Window - surface temperature 34.8 C 

Floor area 18.5 m2                - approx. heat load 744 W 
Window area 8.5 m2 Direct solar load on floor 366 W 

         - fraction of ext.wall area 72%  Occupants 3 pers. - 90 W/occupant 270 W 
Occupant density 6 m2/occ. Lighting 180 W 

Ventilation airflow rate 40 l/s Equipment 3 pcs - 125 W/eq. 375 W 
 13 l/s, occ. Total (105 W/m2) 1935 W 

window surface and heat loads very close to the façade may rise freely to the ceiling level, towards 
induction opening of the chilled beams. If induction temperature rises above the occupied zone 
temperature, chilled beam operates more efficiently and less cooling may be needed due to stratification. 
This means that warmer cooling water temperature can be used, and energy efficiency of total system 
would increase. Also the peak cooling demand could be smaller. The study is performed with simulated 
perimeter zone office room by using full-scale test setup. The effect of locating the exhaust air opening 
to the ceiling near the simulated window is studied, which may be used to capture part of the heat loads 
directly to exhaust and further reduce the cooling demand. 

2 METHODS 
Office room with dimensions 4.4 m (length) x 4.2 m (width) x 2.7 m / 3.15 m (suspended ceiling / total 
room height) was simulated with full-scale test set-up in steady state conditions. Geometry of the test 
set-up is shown in Figures 1 and 2. Simulated office room was divided from bigger test room with one 
wall (3 mm Mdf board) opposite to the simulated window. Suspended ceiling was constructed of typical 
30 mm thick mineral wool tiles. Cooling design temperature in the reference point (Tr in Figure 2A) 
was 24 °C. Office room had 3 simulated windows with 34.8 °C internal surface temperature and direct 
solar load simulated with heated foils in the floor. Occupant, equipment and lighting heat loads and 
other test conditions are presented in Table 1. Full-scale test simulated perimeter zone office room with 
high internal heat loads (105 W/m2floor)) due to the almost fully glazed façade (72% of façade) and 
high occupant density (6 m2/occupant) in design (peak load) conditions. Sensible heat load level from 
three occupants (90 W/occupant) constructed according to the EN 14240 standard corresponded to high 
metabolic rate level (~2.0 MET), and could represent also heat load level of four occupants with low 
metabolism (~1.0 MET) in office work. 

  
Figure 1. A) Geometry of the full-scale test setup (Case 2 with exhaust above suspended ceiling 
shown). Photos of the test setups B) in Case 1 with exhaust below suspended ceiling and C) in Case 2 
with exhaust above suspended ceiling (100 mm wide slot at 600 mm from the simulated window in the 
suspended ceiling for directing room air to exhaust shown). 

Two active chilled beams were ventilating and cooling the office room. Ventilation airflow rate (primary 
supply air in Figure 1) was 40 l/s (13 l/s/occupant). Chilled beams were installed perpendicular to the 
simulated window. Operating principle of active chilled beam is presented in Figure 3A and supply 
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Two cases were measured. Exhaust air valve was located in the suspended ceiling and near the wall 
opposite to the simulated window in Case 1 (Figures 2C and 1B). In Case 2, Exhaust air duct opening 
was located above the suspended ceiling (Figures 2D, 1A and 1C) and there was 100 mm wide slot at 
600 mm from the simulated window in the suspended ceiling. Case 1 represented typical design for 
exhaust air location and Case 2 situation for instance when there would be a narrow niche in the ceiling 
with exhaust air grille for capturing convection flow from warm window surface directly to the exhaust.    
Air velocity, turbulent intensity and temperature were measured in 15 pole locations (Figure 2A) at 6 
different heights (0.1, 0.5, 0.8, 1.1, 1.5 and 1.8 m). Velocity and turbulent intensity were measured with 
omni-directional hot sphere anemometers HT412 (accuracy +/- 0.02m/s and +/- 1 % of readings with 
velocities 0.05 - 1.0m/s), and temperature with PT100 sensors (accuracy +/-0.2 °C). Readings are three 
minutes average values. Ventilation supply, exhaust, reference room and ambient environment air 
temperatures were measured with PT100 sensors. Induction air, and cooling water inlet and outlet 
temperatures of chilled beams were measured also with PT100 sensors. Cooling water flow rate was 
measured with electromagnetic flow meter (accuracy < ± 0.5 % of reading). Airflow was measured with 
orifice plate with differential pressure transmitter (accuracy < 5 % of reading). 
 

 

 
Figure 3. A) Operating principle of active chilled beam and B) supply air flow pattern visualized with 
smoke. 

 

3 RESULTS 
Temperatures, cooling water mass flow rates and cooling capacities of the ventilation air and induction 
air through water circulated cooling coil are presented in Table 2. Occupied zone temperature 
distribution is presented in Table 3. Induction air temperature in the middle of opening was 1.0 °C 
higher than reference room air temperature 24 °C in both cases. The area-average temperature of 
induction air was still slightly cooler (24.7 °C). The required cooling demand was 12-14% smaller (1711 
W in Case 1 and 1662 W in Case 2) than simulated heat loads (1935 W).  
 
Average temperature in the occupied zone (24.3 °C) was close to the reference room temperature (24 
°C). There was almost no vertical temperature stratification in the occupied zone (0.2 °C average 
stratification). The horizontal temperature gradient was also reasonable (0.8-0.9 °C average difference 
at 1.1 m height). Average velocity in the occupied zone was 0.14 m/s and average draught rate 12% in 
both cases. Some higher readings were measured in one location caused by the collision of the supply 
air jets. 
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Table 2. Chilled beam cooling system data in tested cases. 
Cooling of ventilation air and water coil Case 1 Case 2 

Supply air temperature [°C] 20.0 20.0 
Reference room temperature [°C] 24.0 24.0 

Exhaust air temperature [°C] 23.8 25.3 
Average cooling power of supply air(1 [W] 192 192 

Induction air temperature(2 [°C] 25.0 25.0 
Water flow rate in cooling coil [kg/s] 0.176 0.148 

Water inlet temperature [°C] 15.0 15.0 
Water outlet temperature [°C] 17.1 17.4 
Water coil cooling power [W] 1519 1470 

Required total cooling power(3 [W] 1711 1662 
Heat loads [W] 1935 1935 

Heat loads "short circuit" to exhaust(4 [W] -10 62 
Reduction of peak cooling power(5 [W] 224 273 

 12% 14% 
1) Based on temperature difference of supply and reference room temp. 
2) Measured from the center of induction air opening, when measured  

    0.05 m from both ends 25.1 / 24.0 °C (window/door wall) and 0.5 from 
    door wall 24.3 °C, area average 24.7 °C (coil length 2.1 m).  

3) Calculated from water temperature difference and massflow rate. 
4) Based on temperature difference of supply and exhaust air.  

5) Calculated from difference of heat loads and required total cooling. 

Table 3. Measured temperature distribution in the occupied zone. 
Occupied zone temperature measurement results 

[°C] 
Case 1 Case 2 

Average temperature 24.3 24.3 
Minimum temperature 23.6 23.7 
Maximum temperature 25.7(1 25.9(2 

Average temperature at 1.1 m height  24.3 24.3 
Minimum temperature at 1.1 m height  23.7 23.8 
Maximum temperature at 1.1 m height  24.9 24.8 

Reference room temperature 24.0 24.0 
Average temperature at 0.1 m height  24.3 24.3 
Average temperature at 1.8 m height  24.4 24.4 

Average vertical temperature gradient 0.2 0.1 
Average temperature near simul. window 24.7 24.7 

Average temperature near door wall 23.8 23.9 
Average horizontal temperature gradient 0.9 0.8 

1) Maximum temperature in pole location 9 at 0.10 m level near electric  
   foil and simulated window.   

2) Maximum temperature in pole location 5 at 0.10 m level near electric  
   foil and simulated window.   
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4 DISCUSSION 
 Very significant increase in the induction air temperature couldn’t be reached. Still maximum about 
1.0 °C higher induction air temperature could be used in similar situation. In the test setup chilled beams 
were installed a bit further from simulated window, moving the chilled beams closer could increase 
induction air temperature slightly. This could still only increase area-average induction air temperature 
from 0.7 °C to 1.0 °C above the reference room air temperature. Also when average occupied zone 
temperature at 1.1 m was 24.3 °C, so 0.5-1.0 °C increase in induction air in similar situations would be 
justified based on this research. 
The cooling demand reduction due to the stratification in Case 1 and 2 was quite clear, a bit over 10%. 
Main reduction was gained due to the vertical temperature stratification, which increased the induction 
air temperature. The effect of exhaust air opening in the ceiling near simulated window in Case 2 was 
very small (about 2 % when compared to Case 1). This was caused by the small exhaust air flow rate. 
If cooling system would be all-air variable air volume system with significantly bigger supply and 
exhaust airflow rate in cooling design condition, the peak cooling demand reduction due to location of 
the exhaust air opening could be increased clearly.   
The overall thermal conditions in the occupied zone were good. Some higher velocities were caused by 
the high cooling design load increasing interaction of convection flows with supply air jets from chilled 
beams. This could be regulated with induction air control devices in the chilled beams or by design of 
chilled beams with lower cooling power per coil length (Mustakallio, 2017).  

5 CONCLUSIONS 
Based on this research study induction air temperature 0.5-1.0 °C higher than room air temperature 
could be used for cooling design of ceiling integrated chilled beams installed perpendicular to the façade 
in the perimeter zone office room near window surface with high solar heat load. 
The peak cooling demand can be a bit over 10% lower due to the vertical temperature stratification 
when compared to the fully mixed conditions. 
The effect of exhaust air opening in the ceiling near window surface on the peak cooling demand 
reduction is small due to small exhaust air flow rate. 
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SUMMARY  
This paper presents an experimental analysis on night ventilation with wall-attached jet system. In this 
night ventilation scheme, wall jet is generated by the induced cool outdoor air flowing downward over 
the inner surface of concrete wall. Full-scale experiments have been performed to study the cooling 
effect of night ventilation system in Chongqing, China. The velocity gradient of the air curtain in the 
near wall region is measured. Obvious decline of inner wall surface temperature and room air 
temperature is observed at the moment when ventilation starts. The wall surface cooling efficiency index 
and room air distribution efficiency index are defined and calculated. The experimental results reveal 
that high momentum of wall jet contributes to the cooling effect of walls and room air. 
Keywords: night ventilation, air jet, cooling efficiency 

1 INTRODUCTION  
For the office buildings without air conditioning system, ventilation is a typical strategy to supply fresh 
air into the room and adjust the indoor thermal environment. In the daytime, the building envelope 
receives and stores heat from the ambient environment and solar radiation. However, it is not easy for 
the heat stored in walls to be discharged at night due to the widespread use of exterior insulation in 
China. Thus, night ventilation can be employed to eliminate the heat stored in walls and further maintain 
indoor climate of the next day. Many studies (Artmann 2009; Kubota 2009; Irulegi 2016) have shown 
that night ventilation has great promise as an important passive cooling technique.  
Mechanical ventilation is considered to exalt the proper attitude of night ventilation. Compared with the 
conventional ventilation techniques such as Mixing Ventilation (MV) and Displacement Ventilation 
(DV), air jet over inner wall surface is a promising airflow pattern with its higher momentum of air flow 
(Cho 2008; Cao 2009). Combined with concrete wall as thermal mass, the air jet contributes to good 
heat exchange with wall surface and room air. Research work in this paper is focused on experimental 
study of wall jet ventilation during night time. 

2 METHODS 

2.1 Experimental setup 
The experiments are conducted in Chongqing, China, a city by the Yangtze River in southwest of China 
and presents subtropical monsoon humid climate. During the experimental period, a test chamber (3.6 × 
3.3 × 3 m3) is used to carry out the measurements. In the chamber shown in Fig.1, the air supply system 
is established to supply outdoor air into the test room. During night time, ambient air is induced by a 
supply fan into the chamber through the inlet opening (0.4 × 0.4 m2) located at the north corner, and flows 
through an air duct (0.25 × 0.2 × 3 m3). Afterwards, the air flows over the inner surface of vertical west 
wall from a long and narrow opening (0.02 × 2.8 m2) at the bottom of the air duct. Finally, the air is 

4 DISCUSSION 
 Very significant increase in the induction air temperature couldn’t be reached. Still maximum about 
1.0 °C higher induction air temperature could be used in similar situation. In the test setup chilled beams 
were installed a bit further from simulated window, moving the chilled beams closer could increase 
induction air temperature slightly. This could still only increase area-average induction air temperature 
from 0.7 °C to 1.0 °C above the reference room air temperature. Also when average occupied zone 
temperature at 1.1 m was 24.3 °C, so 0.5-1.0 °C increase in induction air in similar situations would be 
justified based on this research. 
The cooling demand reduction due to the stratification in Case 1 and 2 was quite clear, a bit over 10%. 
Main reduction was gained due to the vertical temperature stratification, which increased the induction 
air temperature. The effect of exhaust air opening in the ceiling near simulated window in Case 2 was 
very small (about 2 % when compared to Case 1). This was caused by the small exhaust air flow rate. 
If cooling system would be all-air variable air volume system with significantly bigger supply and 
exhaust airflow rate in cooling design condition, the peak cooling demand reduction due to location of 
the exhaust air opening could be increased clearly.   
The overall thermal conditions in the occupied zone were good. Some higher velocities were caused by 
the high cooling design load increasing interaction of convection flows with supply air jets from chilled 
beams. This could be regulated with induction air control devices in the chilled beams or by design of 
chilled beams with lower cooling power per coil length (Mustakallio, 2017).  

5 CONCLUSIONS 
Based on this research study induction air temperature 0.5-1.0 °C higher than room air temperature 
could be used for cooling design of ceiling integrated chilled beams installed perpendicular to the façade 
in the perimeter zone office room near window surface with high solar heat load. 
The peak cooling demand can be a bit over 10% lower due to the vertical temperature stratification 
when compared to the fully mixed conditions. 
The effect of exhaust air opening in the ceiling near window surface on the peak cooling demand 
reduction is small due to small exhaust air flow rate. 
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exhausted through the north outlet opening. The supply fan is regulated by a frequency converter. The 
four external walls of the test chamber are constructed using perforated brick walls with thermal mortar 
as external insulation. The details of materials used in the experiments are summarized in Table 1. 

 
Figure 1. Schematic of the mechanical wall-attached ventilation system

Table 1. Characteristic of envelope components of the test chamber
Envelope 

component Material thickness 
[m] 

density  
[kg/m3] 

conductivity 
[W/(m·K)] 

capacity
[J/(kg·K)] 

Roof 
Cement, 0.015 1800 0.93 1050 

Cystosepiment, 0.2 20 0.031 1470 
Iron sheet 0.002 7272 52 420 

Exterior 
Wall 

Cement, 0.015 1800 0.93 1050 
Thermal mortar, 0.025 400 0.085 1050 

Ceramic concrete hollow brick, 0.2 1100 0.334 1050 
Cement 0.015 1800 0.93 1050 

Floor 

Cement, 0.015 1800 0.93 1050 
Asphalt, 0.004 1700 0.5 1000 
Cement, 0.015 1800 0.93 1050 

Reinforced concrete,  0.2 2300 1.9 840 
Cement 0.015 1800 0.93 1050 

2.2 Measurements 
In the measurements, wall surface temperatures of both external surface and internal surface are detected 
by type T thermocouples (Figure 2(a)). As shown in Figure 2(b), five thermocouples are installed at the 
central plane (Y=1.5 m) to measure room air temperature, also, air velocity and temperature of supply 
air duct, inlet, outlet are measured by sensors (Figure 2(b)). All the temperatures are scanned every 
minute, and the data are logged by a data recorder. In order to evaluate the vertical velocity gradient of 
air curtain in the near wall region, velocity detectors are distributed at the plane of Y=0.01 m and Y=0.1 
m as shown in Figure 3. The accuracy of the instruments used in the experiments are summarized in 
Table 2. 

                             
Figure 2. Locations of thermocouples for measuring (a) wall surface temperatures, (b)room air
temperatures 
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Figure 3. Placements of velocity sensors for measuring air velocity at the plane of (a) Y=0.01 m (b) 
Y=0.1 m
Table 2 The accuracy and range of the instrumentation used in this study.

Parameter Instrument Range Accuracy 

Temperature Type T thermocouple -50°C to +500°C ±0.15°C 

Air velocity Testo thermal anemometer  0 to 20 m/s ±0.03 m/s  

Local climate Tinytag data recorder −25°C to +85°C; 0–95% RH ±0.2°C; ±3% RH 

Power consumption Multifunction power meter 0.01 kW to 600 kW ±3% 

2.3 Experimental procedure 
All the experiments are carried out in the natural environment to study the cooling effect of night 
ventilation with wall-attached jet. During the night ventilation period, the supply duct velocity is set 
constant as 1.63 m/s. Three cases with similar outdoor climate and different conditions are presented in 
Table 3.  
Table 3 Experimental conditions

 Ventilation schedule Outdoor air 
temperature (°C) 

Average duct air 
velocity (m/s) 

ACR(-h) 

Case 1 22:00– next day 8:00 32.01±4.68 1.63 10.27 
Case 2 23:00– next day 8:00 33.12±4.42 1.63 10.27 
Case 3 24:00– next day 8:00 31.46±4.78 1.63 10.27 

3 RESULTS 

3.1 Wall surface temperature  
In order to evaluate the variation of wall surface temperatures in a wall jet night ventilation room, the 
surface temperatures of four outer walls are recorded for 24h for each case. The temperature differences 
between outer wall surfaces and inner wall surfaces of three cases are illustrated in Figure 4. The 
presented three cases have similar weather conditions in day time. The temperature differences of outer 
wall surface and inner wall surface are close to 0 at 20:00. After 20:00, the values of Tsur,out - Tsur,in are 
less than 0, which means the inner wall surface temperatures are higher than the outer wall surface 
temperatures. The gap between the outer wall surface temperature and inner wall surface temperature 
is narrowed when wall jet night ventilation is applied to cool down the inner wall surface at different 
moments in three cases. 

exhausted through the north outlet opening. The supply fan is regulated by a frequency converter. The 
four external walls of the test chamber are constructed using perforated brick walls with thermal mortar 
as external insulation. The details of materials used in the experiments are summarized in Table 1. 

 
Figure 1. Schematic of the mechanical wall-attached ventilation system

Table 1. Characteristic of envelope components of the test chamber
Envelope 

component Material thickness 
[m] 

density  
[kg/m3] 

conductivity 
[W/(m·K)] 

capacity
[J/(kg·K)] 

Roof 
Cement, 0.015 1800 0.93 1050 

Cystosepiment, 0.2 20 0.031 1470 
Iron sheet 0.002 7272 52 420 

Exterior 
Wall 

Cement, 0.015 1800 0.93 1050 
Thermal mortar, 0.025 400 0.085 1050 

Ceramic concrete hollow brick, 0.2 1100 0.334 1050 
Cement 0.015 1800 0.93 1050 

Floor 

Cement, 0.015 1800 0.93 1050 
Asphalt, 0.004 1700 0.5 1000 
Cement, 0.015 1800 0.93 1050 

Reinforced concrete,  0.2 2300 1.9 840 
Cement 0.015 1800 0.93 1050 

2.2 Measurements 
In the measurements, wall surface temperatures of both external surface and internal surface are detected 
by type T thermocouples (Figure 2(a)). As shown in Figure 2(b), five thermocouples are installed at the 
central plane (Y=1.5 m) to measure room air temperature, also, air velocity and temperature of supply 
air duct, inlet, outlet are measured by sensors (Figure 2(b)). All the temperatures are scanned every 
minute, and the data are logged by a data recorder. In order to evaluate the vertical velocity gradient of 
air curtain in the near wall region, velocity detectors are distributed at the plane of Y=0.01 m and Y=0.1 
m as shown in Figure 3. The accuracy of the instruments used in the experiments are summarized in 
Table 2. 

                             
Figure 2. Locations of thermocouples for measuring (a) wall surface temperatures, (b)room air
temperatures 
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Figure 4. Temperature differences between outer wall surface and inner wall surface

3.2 Room air temperature  
Figure 5 illustrates the experimental results of room air temperature during night time. The mean value 
and standard deviation of the five room air temperature sensors (c.f. Figure 3) indicate that the room air 
temperature is evenly distributed. Obvious decline of room air temperature is observed when the night 
ventilation is employed in each case. The room air temperature in Case 3 shows the largest and sharpest 
reduction with the application of wall jet. After one hour’s ventilation, the decreases of room air 
temperature in three cases are 1.24 °C, 1.33 °C and 1.7 °C, respectively. 
 

 
Figure 5. Room air temperature profiles during night time (20:00-8:00) 
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3.3 Vertical velocity gradient in the near wall region (Y=0.01 m and Y=0.1 m) 
In the research work of this paper, the supply velocity of night ventilation is kept constant as 6 m s-1. 
During the ventilation period, the room is not occupied. The velocity distribution at different height of 
the air curtain in the near wall region is measured and presented in Figure 6.  

Figure 6. velocity gradient of air curtain in the near wall region (a) Y=0.01 m (b) Y=0.1 m

The measured velocity profiles (Figure 7) show that there is an evident decay in a very short distance 
of 0.1m from the vertical wall. High velocities are found at the upper space (Z>1.7 m) of the room. High 
speed air flow of the air curtain at the plane of Y=0.01 m contribute to a quick heat removal of the walls. 
Even though the room is assumed non-occupied during night time, the low speed of air flow in the lower 
space (Z>1.7 m) can ensure the safety and comfort of the room. 

4 DISSCUSSION 

4.1 Definitions of cooling efficiency 
In this study, wall jet is employed to cool the inner wall surface and room air during night time. Thus, 
surface cooling efficiency sur and air distribution efficiency air  are defined in following equations: 

outlet amb
sur

sur amb

T T
T T

 −
=

−  
(1) 

ex amb
air

room amb

T T
T T

 −
=

−  
(2) 

where outletT  is the exhaust air temperature, ambT  is the ambient air temperature, surT  is the inner surface 
temperature of cooled wall and roomT  is the room air temperature.  

4.2 Calculation of cooling efficiency 
Considering the west wall is cooled by wall jet ventilation during night ventilation period, the surface 
cooling efficiency of west wall is calculated. Air distribution efficiency of the ventilated room is also 
considered. Figure 7 shows the dynamic results of two cooling effectiveness index. Generally, sharp 
increase for all the efficiencies can be observed at the time when the ventilation started. Case 1 shows 
the best cooling efficiencies, which are 1.84 for mean room air distribution efficiency and 1.39 for mean 
surface cooling efficiency. During the ventilative period, the surface cooling efficiency shows small 
fluctuation, while the air distribution efficiency decreases gradually to 1.6 at 6:00 in the morning. After 

 
Figure 4. Temperature differences between outer wall surface and inner wall surface

3.2 Room air temperature  
Figure 5 illustrates the experimental results of room air temperature during night time. The mean value 
and standard deviation of the five room air temperature sensors (c.f. Figure 3) indicate that the room air 
temperature is evenly distributed. Obvious decline of room air temperature is observed when the night 
ventilation is employed in each case. The room air temperature in Case 3 shows the largest and sharpest 
reduction with the application of wall jet. After one hour’s ventilation, the decreases of room air 
temperature in three cases are 1.24 °C, 1.33 °C and 1.7 °C, respectively. 
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6:00 the ambient temperature is rising so the ventilation is heating the room, the cooling efficiency is 
invalid actually. It is recommended that night ventilation should be closed at 6:00. 

 
Figure 7. surface cooling efficiency sur of west wall and air distribution efficiency air of room air

5 CONCLUSIONS 
The cooling effect of wall jet night ventilation is experimentally investigated. The characteristic of wall 
surface temperature, room air temperature and air velocity in the near wall region is achieved. Obvious 
decline of both inner wall surface temperature and room air temperature is observed at the moment 
when ventilation starts. While sharp increase of both the wall surface cooling efficiency and room air 
distribution efficiency is achieved. room air distribution efficiency of the studied cases can reach 2.2 
and the highest surface cooling efficiency is 1.4. The effectiveness of wall jet ventilation reveals that 
the air flow pattern can be employed in a night ventilation system. 
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SUMMARY 
Actual performance is rarely monitored continuously throughout the life-time of a building. 
Performance assessment is typically governed by planned maintenance, minimum inspection 
requirements, or user complaints. As a result, energy is often wasted and occupant productivity affected 
by sub-optimal indoor environment quality (IEQ). 
Continuous monitoring of HVAC systems’ key parameters affecting energy performance and IEQ 
enables continuous performance optimisation and could facilitate ongoing commissioning as well as 
timely fault detection and prevention (down to component level) through graphical visualization (i.e. 
carpet plots) of measured data. 
This paper is based on data from four different case studies located in Sweden (office buildings). The 
performance of all four buildings was continuously monitored and optimised for periods of one to five 
years within the period 2010-2016. Collected data covers simulated, measured, fine-tuned (optimised), 
and normalized building performance. 
By carefully analysing measured data through graphical visualization, valuable insights are gathered in 
terms of possible improvements to be implemented. Performance pattern analysis was found to have 
convincing potential for continuously optimising building performance and could be further applied for 
ongoing commissioning and, fault detection and prevention. 
Based on collected data, continuously optimising building performance was found to result in energy 
savings in between 12-20 kWh/(m2∙a), as well as minimised deviations (during workdays between 8:00 
and 18:00) in the values of key IEQ parameters e.g. landscape office air temperature (during an entire 
heating seasons 35 hours/a < 21℃ and during an entire cooling seasons 45 hours > 25.5℃), air flow 
rate (during an entire year 2187 hours between 1.2 and 1.7 l/(s∙m2) or higher). (with likely positive 
impact on occupant productivity). 
The results of this study highlight the importance of continuous and efficient performance management 
throughout the operational phase of buildings. Even though, the optimisation process is for the time 
being “manual” and relies on acquired expertise it presents solid prospective for automatic recognition 
of pattern deviations from baseline operational performance and machine learning applications. 
Keywords: building performance, visualization, optimisation, case studies 

1 INTRODUCTION 
Timely recognition of sub-optimal building performance is crucial for both energy performance and 
occupant satisfaction with building functionality. In practice, performance optimisation and fault 
detection are complex and time-consuming processes which are mostly delivered as a reactive service. 

6:00 the ambient temperature is rising so the ventilation is heating the room, the cooling efficiency is 
invalid actually. It is recommended that night ventilation should be closed at 6:00. 
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Current performance optimisation and fault detection practices at their best rely on measured building 
performance. 
According to previous research (Lițiu et el., 2018) carpet plots enable identification of building specific 
patterns and baseline operational performance, thus opening the possibility of utilising carpet plots for 
continuous building performance optimisation, ongoing commissioning and, fault detection and 
prevention and facilitating the shift of facility management from a reactive service to a proactive service.   
The four case studies presented in this paper are office buildings located in Sweden: Hagaporten III 
(33,265 m2 conditioned area excluding the area of the underground garage, Solna), Gångaren 11 
(31,809 m2 conditioned area excluding the area of the underground garage, Stockholm), Gångaren 16 
(11,919 m2 conditioned area excluding the area of the underground garage, Stockholm), Entre 
Lindhagen hus C (21,244 m2 conditioned area excluding the area of the underground garage, 
Stockholm). The heating, ventilation and air conditioning (HVAC) systems are similar as those 
described in a previous publication (Lițiu et el., 2018), except Entre Lindhagen hus C which is not 
connected to the district cooling system and runs on free cooling from the ground with vertical collectors 
placed in boreholes. 
Data from the following measurement periods and the related energy follow-up reports have been used: 
Hagaporten III (1 January 2010 – 31 December 2014), Gångaren 11 (1 January 2011 – 31 December 
2011), Gångaren 16 (1 January 2012 – 31 December 2012), Entre Lindhagen hus C (1 January 2015 
– 31 December 2016). 

2 METHODS 
As per the Swedish building code (BBR) (Boverket, webpage retrieved 2018) requirements, the energy 
use of each office building was measured for at least a continuous 12 months period (in total 12 months 
for Gångaren 11 and Gångaren 16, 24 months for Entre Lindhagen hus C and 60 months for 
Hagaporten III) completed within 24 months after commissioning. The measured energy use was then 
adjusted retrospectively if deviations occurred in AHUs scheduled operating hours (Sveby, webpage 
retrieved 2018) and in climate data (compared to the reference year). Energy signature was used 
proactively for calculating in combination with a climate file in MATLAB, the normalized predicted 
energy use (after several months of operation) and the actual normalized energy use (at the end of the 
measurement period). Moreover, the performance of each building was assessed for Green Building 
certification (energy performance at least 25% better than BBR requirements). Regular energy follow-
up reports have been compiled for each building, at first for performance fine-tuning and checking 
compliance with BBR and Green Building requirements and then for continuous optimisation of HVAC 
systems’ operation. 
The building management system (BMS) was used for collecting relevant performance data for 
calculating energy use, in kWh/(m2∙a) per building service, and for visualizing in carpet plots key 
performance parameters during selected measurement periods as described in a previous publication 
(Lițiu et el., 2018). Measured data analysis focused on checking deviations from baseline operational 
performance and lead to the formulation of improvements to be implemented, thus facilitating the 
continuous optimisation of the HVAC systems’ operation.  

3 RESULTS 
All four office buildings comply with BBR requirements (Hagaporten III BFS 2006:12 BBR 12 2006-
07-01, Gångaren 11 BFS2008:20 BBR 16 2009-02-01, Gångaren 16 BFS 2008: 6 BBR 15 2008-07-
01, Entre Lindhagen hus C BFS 2008: 6 BBR 15 2008-07-01) and with Green Building requirements 
having the following normalised energy use, in kWh/(m2∙a), during the measurement period: 
Hagaporten III 2010 81.5 (48 space heating, 0.5 domestic hot water, 14 comfort cooling, 19 building 
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auxiliary electricity) and 85 Green Building requirements, 2011 78 (44.9 space heating, 0.8 domestic 
hot water, 12.6 comfort cooling, 19.7 building auxiliary electricity) and 84 Green Building 
requirements, 2012 76 (43.7 space heating, 0.7 domestic hot water, 12.5 comfort cooling, 18.9 building 
auxiliary electricity) and 84 Green Building requirements,  2013 69 (35.6 space heating, 0.8 domestic 
hot water, 13.7 comfort cooling, 19.0 building auxiliary electricity) and 82 Green Building 
requirements, 2014 64 (32.8 space heating, 0.9 domestic hot water, 12.3 comfort cooling, 18.3 building 
auxiliary electricity) and 82 Green Building requirements; Gångaren 16 2012 63.7 (29.1 space heating, 
1.4 domestic hot water, 11.2 comfort cooling, 22.0 building auxiliary electricity) and 84.6 Green 
Building requirements; Entre Lindhagen hus C 2015 38.2 (22.4 space heating, 2.0 domestic hot water, 
13.8 building auxiliary electricity) and 86 Green Building requirements, 2016 42.3 (24.3 space heating, 
2.0 domestic hot water, 16 building auxiliary electricity) and 91 Green Building requirements. 

   
Figure 1. Carpet plot of purchased district heating power (kW) colour-coded according to the right-
hand side scale (blue means a power close to 0 kW and white means a power over 600 kW). The hours 
of the day according to the left-hand side scale are represented as a function of the days of the year 
(Hagaporten III 2009) 

 
Figure 2. Carpet plot of the purchased district cooling power (kW) colour-coded according to the 
right-hand side scale (blue means a power close to 0 kW, white means a power of more than 600 kW). 
The hours of the day according to the left-hand side scale are shown as a function of the days of the 
year (Hagaporten III 2009) 

Carpet plots have been prepared for space heating, ground heating, domestic hot water, comfort cooling, 
process cooling, building auxiliary electricity, occupant electricity and the air flow rates for each of the 
four office buildings throughout the monitoring period. The utilised visualization software (Isakson & 
Eriksson, 2007) was developed partly during the work of IEA EBC Annex 40 (Visier et al., 2010). The 
carpet plots illustrate values (colour-coded according to a defined scale) of selected parameters in 
relation to the hour of the day (y-axis) and the day of the year (x-axis). 
Only a selection of carpet plots is presented in this paper that illustrates the usefulness of visualizing 
building performance for continuous optimisation. The carpet plots (Figure 1, Figure 2, Figure 3 and 
Figure 4) illustrate measured data during year 2009 for office building Hagaporten III. 

Current performance optimisation and fault detection practices at their best rely on measured building 
performance. 
According to previous research (Lițiu et el., 2018) carpet plots enable identification of building specific 
patterns and baseline operational performance, thus opening the possibility of utilising carpet plots for 
continuous building performance optimisation, ongoing commissioning and, fault detection and 
prevention and facilitating the shift of facility management from a reactive service to a proactive service.   
The four case studies presented in this paper are office buildings located in Sweden: Hagaporten III 
(33,265 m2 conditioned area excluding the area of the underground garage, Solna), Gångaren 11 
(31,809 m2 conditioned area excluding the area of the underground garage, Stockholm), Gångaren 16 
(11,919 m2 conditioned area excluding the area of the underground garage, Stockholm), Entre 
Lindhagen hus C (21,244 m2 conditioned area excluding the area of the underground garage, 
Stockholm). The heating, ventilation and air conditioning (HVAC) systems are similar as those 
described in a previous publication (Lițiu et el., 2018), except Entre Lindhagen hus C which is not 
connected to the district cooling system and runs on free cooling from the ground with vertical collectors 
placed in boreholes. 
Data from the following measurement periods and the related energy follow-up reports have been used: 
Hagaporten III (1 January 2010 – 31 December 2014), Gångaren 11 (1 January 2011 – 31 December 
2011), Gångaren 16 (1 January 2012 – 31 December 2012), Entre Lindhagen hus C (1 January 2015 
– 31 December 2016). 

2 METHODS 
As per the Swedish building code (BBR) (Boverket, webpage retrieved 2018) requirements, the energy 
use of each office building was measured for at least a continuous 12 months period (in total 12 months 
for Gångaren 11 and Gångaren 16, 24 months for Entre Lindhagen hus C and 60 months for 
Hagaporten III) completed within 24 months after commissioning. The measured energy use was then 
adjusted retrospectively if deviations occurred in AHUs scheduled operating hours (Sveby, webpage 
retrieved 2018) and in climate data (compared to the reference year). Energy signature was used 
proactively for calculating in combination with a climate file in MATLAB, the normalized predicted 
energy use (after several months of operation) and the actual normalized energy use (at the end of the 
measurement period). Moreover, the performance of each building was assessed for Green Building 
certification (energy performance at least 25% better than BBR requirements). Regular energy follow-
up reports have been compiled for each building, at first for performance fine-tuning and checking 
compliance with BBR and Green Building requirements and then for continuous optimisation of HVAC 
systems’ operation. 
The building management system (BMS) was used for collecting relevant performance data for 
calculating energy use, in kWh/(m2∙a) per building service, and for visualizing in carpet plots key 
performance parameters during selected measurement periods as described in a previous publication 
(Lițiu et el., 2018). Measured data analysis focused on checking deviations from baseline operational 
performance and lead to the formulation of improvements to be implemented, thus facilitating the 
continuous optimisation of the HVAC systems’ operation.  

3 RESULTS 
All four office buildings comply with BBR requirements (Hagaporten III BFS 2006:12 BBR 12 2006-
07-01, Gångaren 11 BFS2008:20 BBR 16 2009-02-01, Gångaren 16 BFS 2008: 6 BBR 15 2008-07-
01, Entre Lindhagen hus C BFS 2008: 6 BBR 15 2008-07-01) and with Green Building requirements 
having the following normalised energy use, in kWh/(m2∙a), during the measurement period: 
Hagaporten III 2010 81.5 (48 space heating, 0.5 domestic hot water, 14 comfort cooling, 19 building 
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Figure 1 illustrates the effect of implementing night setback. Around 16 February the night setback was 
introduced between 5 p.m. and 5 a.m. This was later further improved to between 4 p.m. and 5 a.m. 
Figure 2 shows the effect of improvements in room temperature setpoints. It can be observed that 
comfort cooling was running during winter mornings in January despite the existing free cooling system. 
This disappeared after slightly increasing the room temperature setpoint for cooling. 

 
Figure 3. Carpet plot of supply air flow l/(s·m2) for all AHUs. The hours of the day are shown as a 
function of the days of the year (Hagaporten III 2009) 

 
Figure 4. Carpet plot of landscape office indoor air temperature at the top floor. The hours of the day 
are shown as a function of the days of the year (Hagaporten III 2009) 

The air flow rates as illustrated in Figure 3 can be analysed in relation to IEQ for checking if values are 
within optimal IEQ ranges. The air flow rate for Gångaren 11 throughout 2011 during workdays 
between 8:00 and 18:00 has the following breakdown by operating hours (Figure 5): 72 hours <0.7 
l/(s∙m2) due to public holiday during weekdays, 276 hours between 0.7 and 1.2 l/(s∙m2) deliberately 
lowered during periods with low outdoor temperature, 2187 hours between 1.2 and 1.7 l/(s∙m2) and 65 
hours above 1.7 l/(s∙m2), which qualifies for IEQ category II for landscape office in a low polluted 
building according to EN 15251:2007 i.e. at least 1.2 l/(s∙m2). 
The air flow rate for Hagaporten III during five consecutive years (2010-2014) during workdays 
between 8:00 and 18:00 has the following breakdown by operating hours (Figure 5): 0 hours <0.7 
l/(s∙m2), 1540 hours between 0.7 and 1.2 l/(s∙m2) deliberately lowered during periods with low outdoor 
temperature, 7250 hours between 1.2 and 1.7 l/(s∙m2) and 0 hours above 1.7 l/(s∙m2), which qualifies for 
IEQ category II for landscape office in a low polluted building according to EN 15251:2007 (CEN, 
webpage retrieved 2018) i.e. at least 1.2 l/(s∙m2). (at the time of writing this paper the superseding EN 
16798-1 was under approval) 
Based on carpet plots as shown in Figure 4, deviations in the values of indoor air temperature can be 
evaluated in relation to IEQ for checking if values are within optimal IEQ ranges. Such carpet plots can 
be generated for all indoor air temperature sensors thus also enabling the exact localisation of potential 
improvements or faults. For all indoor air temperature sensors, installed in Gångaren 11, during 2011 
the minimum logged temperature was 20.1℃ and the maximum logged temperature was 26.8℃. For 
all indoor air temperature sensors during workdays between 8:00 and 18:00, throughout 2011, the 
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following deviations occurred (Figure 6): during heating season 0 hours/a < 20℃ and 35 hours/a < 21℃ 
and during cooling season 0 hours/a > 27℃, 2 hours/a > 26℃ and 43 hours > 25.5℃. This implies that 
the building qualifies for IEQ category I open plan office according to EN 15251:2007 (CEN, webpage 
retrieved 2018) i.e. minimum for heating 21℃, maximum for cooling 25.5℃. (at the time of writing 
this paper the superseding EN 16798-1 was under approval) 
For all indoor air temperature sensors, installed in Hagaporten III, throughout five consecutive years 
(2010-2014) during workdays between 8:00 and 18:00 the following deviations occurred (Figure 6): 
during heating season 0 hours/a < 20℃ and 498 hours/a < 21℃ and during cooling season 0 hours/a > 
27℃, 0 hours/a > 26℃ and 10 hours > 25.5℃. This implies that the building qualifies for IEQ category 
I open plan office according to EN 15251:2007 i.e. minimum for heating 21℃, maximum for cooling 
25.5℃. 

4 DISCUSSION 
Comparing key building performance parameters with baseline operational performance for longer 
measurement periods (minimum 12 months) provides insights in occupant behaviour including 
deviations from SVEBY standard (e.g. Figure 3 illustrating air handling units are running outside 
“scheduled operating hours” being manually triggered by users) and in building operation setpoints (e.g. 
Figure 1 illustrating the AHUs running time and the night setback temperature, Figure 3 showing the 
changed starting hour for the AHUs as of September). Furthermore, the periods with higher energy use 
can signal deviations from reference year climate conditions and/or operational faults (e.g. Figure 1 
illustrating colder days in December). Further investigation could lead to formulating and implementing 
improvements for continuously optimising HVAC systems’ operation. Lastly, deviations in values of 
key IEQ parameters can be assessed (e.g. Figure 3, Figure 4) thus facilitating the continuous 
improvement of the working environment conditions with likely positive impacts on occupant 
productivity. 
As mentioned in a previous publication (Lițiu et el., 2018) the limitations of the BMS’s components 
should be treated with caution. For example, the missing data breakdown by year for Hagaporten III is: 
2010 6%, 2011 0.3%, 2012 10%, 2013 4%, 2014 3%). Another relevant example is the breakage of the 
air supply flow sensor for about 10 months in Hagaporten III. 
For Hagaporten III the measurement period was long enough to properly assess the effects of actions 
triggered by continuously optimising performance through graphical visualization. The detailed 
measurements made it possible to draw conclusions about the building’s performance. The length of 
the measurement period allowed applying one improvement at a time and quantifying the individual 
effect in energy savings e.g. 5 kWh/(m2∙a) comfort cooling turned off during night-time and weekends, 
7 kWh/(m2∙a) night setback for space heating. Initial optimisations resulted in 20% energy savings and 
continuous optimisation resulted in additional 10-15% energy savings. In absolute value, the reduction 
is around 20 kWh/(m2∙a). It could be estimated that for similar buildings the average achievable energy 
savings are in the range 12 – 20 kWh/(m2∙a). It should be noted that actions have been taken only in the 
BMS e.g. time intervals for night setback, water temperature for the radiators heating circuit, water 
temperature for the comfort cooling system, supply air temperatures, air flow rate during periods with 
low outdoor temperature, operation schedule of the pumps of the comfort cooling system, water 
temperature for the process cooling system, outdoor air temperature for the start-up of the ground 
heating system. 

5 CONCLUSIONS 
Based on collected data, continuously optimising building performance was found to result in energy 
savings in between 12-20 kWh/(m2∙a), as well as minimised deviations (during workdays between 8:00 
and 18:00) in the values of key IEQ parameters e.g. landscape office air temperature (during an entire 

Figure 1 illustrates the effect of implementing night setback. Around 16 February the night setback was 
introduced between 5 p.m. and 5 a.m. This was later further improved to between 4 p.m. and 5 a.m. 
Figure 2 shows the effect of improvements in room temperature setpoints. It can be observed that 
comfort cooling was running during winter mornings in January despite the existing free cooling system. 
This disappeared after slightly increasing the room temperature setpoint for cooling. 

 
Figure 3. Carpet plot of supply air flow l/(s·m2) for all AHUs. The hours of the day are shown as a 
function of the days of the year (Hagaporten III 2009) 

 
Figure 4. Carpet plot of landscape office indoor air temperature at the top floor. The hours of the day 
are shown as a function of the days of the year (Hagaporten III 2009) 

The air flow rates as illustrated in Figure 3 can be analysed in relation to IEQ for checking if values are 
within optimal IEQ ranges. The air flow rate for Gångaren 11 throughout 2011 during workdays 
between 8:00 and 18:00 has the following breakdown by operating hours (Figure 5): 72 hours <0.7 
l/(s∙m2) due to public holiday during weekdays, 276 hours between 0.7 and 1.2 l/(s∙m2) deliberately 
lowered during periods with low outdoor temperature, 2187 hours between 1.2 and 1.7 l/(s∙m2) and 65 
hours above 1.7 l/(s∙m2), which qualifies for IEQ category II for landscape office in a low polluted 
building according to EN 15251:2007 i.e. at least 1.2 l/(s∙m2). 
The air flow rate for Hagaporten III during five consecutive years (2010-2014) during workdays 
between 8:00 and 18:00 has the following breakdown by operating hours (Figure 5): 0 hours <0.7 
l/(s∙m2), 1540 hours between 0.7 and 1.2 l/(s∙m2) deliberately lowered during periods with low outdoor 
temperature, 7250 hours between 1.2 and 1.7 l/(s∙m2) and 0 hours above 1.7 l/(s∙m2), which qualifies for 
IEQ category II for landscape office in a low polluted building according to EN 15251:2007 (CEN, 
webpage retrieved 2018) i.e. at least 1.2 l/(s∙m2). (at the time of writing this paper the superseding EN 
16798-1 was under approval) 
Based on carpet plots as shown in Figure 4, deviations in the values of indoor air temperature can be 
evaluated in relation to IEQ for checking if values are within optimal IEQ ranges. Such carpet plots can 
be generated for all indoor air temperature sensors thus also enabling the exact localisation of potential 
improvements or faults. For all indoor air temperature sensors, installed in Gångaren 11, during 2011 
the minimum logged temperature was 20.1℃ and the maximum logged temperature was 26.8℃. For 
all indoor air temperature sensors during workdays between 8:00 and 18:00, throughout 2011, the 
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heating seasons 35 hours/a < 21℃ and during an entire cooling seasons 45 hours > 25.5℃), air flow 
rate (during an entire year 2187 hours between 1.2 and 1.7 l/(s∙m2) or higher). (with likely positive 
impact on occupant productivity). 
Graphical visualization of building performance, while knowing the baseline operational performance, 
makes it easy to spot deviations from expected behaviour, enabling continuous performance 
optimisation and facilitating ongoing commissioning and, fault detection and prevention. For the time 
being this is done “manually” through gained experience i.e. feedback loops relevant mostly for a single 
building or for any building with similar solutions in terms of HVAC systems. 
By carefully analysing measured data through graphical visualization, valuable insights are gathered in 
terms of possible improvements to be implemented. Performance pattern analysis was found to have 
convincing potential for continuously optimising building performance and could be further applied for 
ongoing commissioning and, fault detection and prevention. 
The results of this study highlight the importance of continuous and efficient performance management 
throughout the operational phase of buildings. Even though, the process is for the time being “manual” 
and relies on acquired expertise it presents solid prospective for automatic recognition of pattern 
deviations from baseline operational performance and machine learning applications. While the work 
presented in this paper focused on building performance optimisation, further research will address key 
issues related to ongoing commissioning and, fault detection and prevention. 
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SUMMARY  
In the area of building air conditioning, a demand-driven room air conditioning is essential, which 
requires an individual adaptation to partially occupied or unused building zones in order to save energy. 
Decentralized air conditioning systems offer large potential for this. Against this background, 
comparative studies for centralized and decentralized air conditioning systems in a complex office 
building are carried out by means of thermal-energetic simulation (using the software TRNSYS). In 
coupled building and plant simulations, the basic functional properties of these two air conditioning 
concepts are mapped, whereby the ventilation (all-air system) dissipates the entire loads. Higher thermal 
loads can be covered by secondary air in recirculation mode, for which a control strategy is developed. 
The application example (office building) shows an energy saving potential for heating and cooling 
compared to the central HVAC system due to the flexible, zonal adaptation. The saving potential for 
cooling is greater as the outdoor air can be used for free cooling in individual zones, especially during 
the transition period. The energy demand for air transport is also lower in the decentralized air-
conditioning system as the static pressure drop is considerably lower due to the not required air duct 
network. Despite the energy-saving potential, the range of application remains limited, not least because 
of the rather small implementation of full air conditioning in decentralized HVAC systems. 
Keywords: coupled building and plant simulation, energy efficiency, office building  

1 INTRODUCTION  
Not least because of the German Federal Government's climate guidelines, the issue of energy efficiency 
is becoming more important than ever before in the focus of industry and research. In Germany, the 
building sector currently accounts for around 35% of final energy consumption, with heating, 
ventilation, cooling and air-conditioning systems accounting for the lion's share. Statistics show that 
mechanical ventilation has increased significantly in recent years and this growth is expected to continue 
(Interconnection Consulting Market research, 2016). A demand-driven room air conditioning system is 
regarded as particularly energy-efficient, whereby an individual adaptation to partially occupied or 
unused building zones or the corresponding benefit requirements is aimed at. In order to meet these 
requirements, a current trend in room and building air conditioning shows that decentralized, room-by-
room air conditioning systems are increasingly installed (Interconnection Consulting Market research, 
2016). In addition to advantages such as high flexibility and controllability during operation, the limited 
implementation of full air-conditioning, increased intake temperatures on the building façade and higher 
maintenance costs, for example, argues against the use of this technology. In a previous study (Franzke 
et al., 2003), the total costs of both systems for an office building were compared and it was shown that 
they are similarly. Another study (Mahler et al., 2007) shows that the space efficiency of decentralized 
systems is higher and thus the functional areas of a building can be reduced to 5-8 % by using 
decentralized systems. In this study, for the first time a thermal-energetic simulation (TRNSYS) is used 
to compare a centralized and a decentralized air conditioning system in a multi-zone model (office 
complex). The simulation model maps the functional properties of both systems. The thermal loads are 
dissipated completely through the HVAC systems, for which an additional recirculation mode is used 
in both systems. In addition, decentralized systems can increase the proportion of fresh air due to their 
zone-wise arrangement and thus use free cooling. A control strategy is developed to regulate these 
functions in both systems. Subsequently, both systems are compared in terms of energy demand. 
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2 METHODS 

2.1 Energy consumption of HVAC systems 
Due to internal and external thermal loads, a heating or cooling demand usually occurs in a building 
zone. This thermal load �̇�𝑄𝑄𝑄0,𝑁𝑁𝑁𝑁 can be understood as an energy flow, which must be supplied or dissipated 
to the room in order to be able to meet the requirements at any time. The temporal integral over a certain 
period of observation, usually one year, leads to an amount of energy that designates the reference 
energy requirement of a building zone.  

𝑄𝑄𝑄𝑄0,𝑁𝑁𝑁𝑁 = � �̇�𝑄𝑄𝑄𝑂𝑂𝑂𝑂,𝑁𝑁𝑁𝑁(𝜏𝜏𝜏𝜏)𝑑𝑑𝑑𝑑𝜏𝜏𝜏𝜏
𝑡𝑡𝑡𝑡

𝑡𝑡𝑡𝑡=0

 2.1 

Due to the energy requirements of the air transport, the treatment and by control deviation, an energy 
effort e of the benefit transfer Q1 occurs, which is calculated according to the German guideline VDI 
2067 (VDI 2067-10, 2013) as 

𝑒𝑒𝑒𝑒 = 𝑄𝑄𝑄𝑄1
𝑄𝑄𝑄𝑄0,𝑁𝑁𝑁𝑁

. 2.2 

2.2 General boundary conditions 
The comparative calculations are carried out on a complex office building (net floor space 2297 m2) 
with six different usage conditions (Fig. 1), which namely group and open-plan offices, meeting rooms, 
toilets and sanitary facilities as well as storage, technical and archive rooms. 

 
Figure 1: Building model - complex office building: left) floor plan and right) 3D-model 

The investigated building 
model is located on the 
first floor. More bound-
ary conditions of the sim-
ulation model are listed in 
Table 1.  

2.3 All-air system 
In the considered all-air 
system, the thermal load 
in the room is covered by 

Table 1: General boundary conditions 
Boundary condition  Assumptions 
Weather German Test Reference Year (TRY) 

User behaviour Presence profile (DIN EN 15251, 2012) 

Set temperature (heating, cooling) 20°C … 26 °C (DIN EN 15251, 2012) 

Heat emission (Persons, light, 
equipment) 

Heat output: Person (70 W)/ Device (100 W) 

Minimum air exchange Minimum hygienic outdoor air rate (DIN EN 
15251, 2012) 

Sun protection Global radiation intensity > 120 W/m2 
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the supplied outside air or by the use of circulating air. A control strategy is developed for this purpose, 
which is more thoroughly explained below. Thus, the reference energy demand on the subsystems is 
divided as follows. 

𝑄𝑄𝑄𝑄0,𝑁𝑁𝑁𝑁 = 𝑄𝑄𝑄𝑄0,𝑁𝑁𝑁𝑁(𝑓𝑓𝑓𝑓𝑄𝑄𝑄𝑄,𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 + 𝑓𝑓𝑓𝑓𝑄𝑄𝑄𝑄,𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑂𝑂𝑂𝑂) 2.3 

In which fQ,ODA represents part of the thermal load that is covered by the outdoor air and fQ,RCA represents 
the part that is covered by means of circulating air. Figure 2 shows the concept of centralized as well as 
decentralized HVAC systems. Both system concepts have the following functions: heating, cooling, 
recirculation mode and heat recovery. With the decentralized model, it is possible to supply additional 
fresh air �̇�𝑉𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 for the air conditioning.  

 
Figure 2: Schematic representation of a zone with centralized (left) and decentralized (right) HVAC-
System to cover the reference energy demand 
This function is particularly beneficial during the transitional seasons, as it can be used for cooling. Due 
to the piping network, this function cannot be fulfilled by the central system, as the air is always supplied 
from a central location. Therfore a weighted mean room temperature TR, m considering all extract 
airflows is calculated in the central system for controlling the temperature. 

𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅,𝑚𝑚𝑚𝑚 =
∑ �̇�𝑚𝑚𝑚𝑖𝑖𝑖𝑖 ∙ 𝑇𝑇𝑇𝑇𝑅𝑅𝑅𝑅,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
∑ �̇�𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

 2.4 

Here �̇�𝑚𝑚𝑚𝑖𝑖𝑖𝑖 represents the air mass flow and TR, i the temperature of a zone. In the decentralized HVAC 
model it is assumed that all functions are combined in one unit, whereas in the central model, the 
recirculation is realized by roomwise air heating and cooling units. Figure 3 shows the control strategy 
of the simulation model. First, a decision is based on the outside temperature and the set point 
temperature in the room to determine whether heating or cooling is needed. Accordingly, the heat 
recovery rate is controlled by an ideal bypass depending on the outside air condition. The maximum 
possible heat recovery efficiency is assumed to be Φ=0,8. If the supply air temperature or thermal power 
�̇�𝑄𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is sufficient to maintain the set temperature in the room, the air is directed immediately into the 
room. If this is not sufficient, it is pre-treated thermally in the heating or cooling coil. In case of higher 
thermal loads, it is possible to increase the volume flow of the outside air (only with the decentralized 
system) or to use additional recirculation air. This is done by requesting the temperature after heat 
recovery ϑHR and the room temperature ϑR. 
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Heat output: Person (70 W)/ Device (100 W) 

Minimum air exchange Minimum hygienic outdoor air rate (DIN EN 
15251, 2012) 

Sun protection Global radiation intensity > 120 W/m2 
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Figure 3: Control strategy for the HVAC-System 
Particularly in summer, the supply temperature increases with decentralized systems due to the heating 
of the façade. This temperature increase is taken into account by means of a calculation model (Mörtel, 
M., 2013). Besides that, frost protection is realized by the bypass of the heat recovery. The heat recovery 
rate is controlled so that the exhaust air temperature does not fall below 5 °C. For the decentralized 
HVAC model, the supply mass flowrate and supply air temperature are controlled continuously (PI-
control) using the fans and the heating and cooling unit. The centralized model is controlled similarly. 
Here, the supply air mass flow corresponds to the minimum hygienic outdoor volume flow and therefore 
stays constant, whereas the circulating air mass flow is regulated continuously (PI-control). No 
antifreeze strategy is assumed for the central system. For the fan systems (backward curved EC-fans) 
operating curves are implemented for both HVAC systems in the simulation, which are used to calculate 
the necessary fan power.

3 RESULTS 
Figure 4 shows the monthly heating and cooling energy demand of the building. It can be seen that the 
energy effort of the benefit transfer in the centralized system is generally higher than for the 
decentralized system, especially during the cooling period. The centralized system uses the middle 
temperature for all zones and is not capable of supplying additional outside air during the transitional 
season. This is clearly visible in the months of May, April and October. In addition, the degree of heat 
recovery in the decentralized system is worse due to frost protection, which leads to a higher heating 
energy demand.  
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Figure 4: Monthly heating and cooling effort of the building 
Figure 5 shows the auxiliary energy demand for the ventilation of both air conditioning systems divided 
in outdoor air, circulating air and exhaust air. Overall, the ventilation energy demand for the central 
model is higher, since the fan system has a lower efficiency due to the air duct network. 

  
Figure 5: Monthly ventilation energy effort of the centralized and dezentralized system 
The proportion of recirculated air decreases to a very low level in the transition seasons.  

 
Figure 6: Annual energy demand for heating, cooling and ventilation 
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Figure 3: Control strategy for the HVAC-System 
Particularly in summer, the supply temperature increases with decentralized systems due to the heating 
of the façade. This temperature increase is taken into account by means of a calculation model (Mörtel, 
M., 2013). Besides that, frost protection is realized by the bypass of the heat recovery. The heat recovery 
rate is controlled so that the exhaust air temperature does not fall below 5 °C. For the decentralized 
HVAC model, the supply mass flowrate and supply air temperature are controlled continuously (PI-
control) using the fans and the heating and cooling unit. The centralized model is controlled similarly. 
Here, the supply air mass flow corresponds to the minimum hygienic outdoor volume flow and therefore 
stays constant, whereas the circulating air mass flow is regulated continuously (PI-control). No 
antifreeze strategy is assumed for the central system. For the fan systems (backward curved EC-fans) 
operating curves are implemented for both HVAC systems in the simulation, which are used to calculate 
the necessary fan power.

3 RESULTS 
Figure 4 shows the monthly heating and cooling energy demand of the building. It can be seen that the 
energy effort of the benefit transfer in the centralized system is generally higher than for the 
decentralized system, especially during the cooling period. The centralized system uses the middle 
temperature for all zones and is not capable of supplying additional outside air during the transitional 
season. This is clearly visible in the months of May, April and October. In addition, the degree of heat 
recovery in the decentralized system is worse due to frost protection, which leads to a higher heating 
energy demand.  
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Especially during warm and cold months, the proportion of recirculated air increases significantly. The 
total annual energy demand (Figure 6) is significantly lower for the decentralized air conditioning 
system, since it is able to react quickly to load changes in the respective rooms due to its high operational 
flexibility, even though the heat recovery efficiency is lower than for the central system. 

4 DISCUSSION 
The numerical investigations carried out on the multizone office building show that decentralized air 
conditioning systems show great potential for energy savings, not only because of their lower ventilation 
energy requirements but also due to their flexible mode of operation. The investigation also shows that 
the temperature control with additional fresh air is particularly useful in the transition seasons, which 
can be seen in the low proportion of recirculated air. In summer and winter, on the other hand, the 
proportion of recirculated air increases, as it is more advantageous to use the room air for air 
conditioning. On the other hand, however, the area of application of decentralized systems is limited, 
since full air-conditioning, as an example, can only be achieved at a very high cost. Therefore, in some 
cases, the use of these devices is uneconomical or technically unfeasible.  

5 CONCLUSIONS 
In order to obtain better comparative data, the simulation results of the decentralized system should be 
compared with additional centralized system variants. In addition, the accuracy of the model could be 
improved at some aspects. For example, the energy losses during heat transfer, or in the case of an air-
water system, the pump performance, should be taken into account. The thermal loss and air leakage of 
the air duct network are not taken into account in the central system either. In the further course of the 
research project, the flexibility potential for load management is to be investigated, since decentralized 
HVAC systems have great potential here due to the high number of switchable loads.  
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SUMMARY 
The existing built environment is one of the highest consumers of energy and a significant source of 
greenhouse gases emissions in Europe. At the same time retrofit rate for existing building stock in EU 
remains insufficient. Furthermore the buildings which are retrofitted, often don’t meet their design 
expectations.  
In the recent years building information models (BIMs) are increasingly being used in new construction, 
while usage of BIM in retrofitting projects is still very rare. BIM in retrofit used for analysis and decision 
making is almost non-existent even though usage of it would add many benefits. One of the benefits 
that BIM based approach enables is explored in this work. That is selecting the optimal solution for 
retrofit by analysis of large number of possible design variants and as well considering the future 
uncertainty. If future uncertainties are not properly considered, they could lead to selecting suboptimal 
design solution by incorrectly estimating return on investment, energy consumption, emissions or 
indoor comfort.  
This research aims to solve this problem by using uncertainty analysis of parameterized building 
performance simulation (BPS) results through the interactive web-based multi-KPI (key performance 
indicator) analysis tool. Pilot building which is used for this research is one college building located in 
the city of Seinäjoki, Finland.  
Through this research, method for selecting the optimal building retrofit design variant which takes into 
account future uncertain parameters is presented.  
Keywords: BIM, retrofit, uncertainty, multi-KPI, optimization 

1 INTRODUCTION  
Broadly known fact is the amount of energy consumed (40 %) and CO2 emitted (36 %) by European 
existing building stock (European Commission, n.d.). Old buildings tend to consume significantly more 
energy than those recently built. The need to reduce CO2 footprint and energy consumption has 
stimulated the development of many advanced technologies, such as insulation materials, efficient 
HVAC systems, etc. But despite the availability of needed technologies and directives set by the 
European Union, the average retrofitting rate in the EU still remains at only 1 - 2 % per year (“Ambition 
and Objectives - Renovate Europe,” n.d.). The low rate of building retrofits could be explained by many 
problems faced in these projects. Lack of: decision-making process, risk assessment and failure to learn 
from successful projects were identified as problems by Naarnoja and Uden (Naaranoja & Uden, 2007). 
For the existing building substantial issue is the problem of missing information about the sources of 
energy inefficiency in specific building and possible energy efficiency measures with their costs and 
savings.  
The use of BIM is becoming a norm in development of new buildings, but in the retrofitting projects 
BIM has been seldom used. Using BIM has many benefits, including improved visualization, easier 

Especially during warm and cold months, the proportion of recirculated air increases significantly. The 
total annual energy demand (Figure 6) is significantly lower for the decentralized air conditioning 
system, since it is able to react quickly to load changes in the respective rooms due to its high operational 
flexibility, even though the heat recovery efficiency is lower than for the central system. 
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energy requirements but also due to their flexible mode of operation. The investigation also shows that 
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conditioning. On the other hand, however, the area of application of decentralized systems is limited, 
since full air-conditioning, as an example, can only be achieved at a very high cost. Therefore, in some 
cases, the use of these devices is uneconomical or technically unfeasible.  

5 CONCLUSIONS 
In order to obtain better comparative data, the simulation results of the decentralized system should be 
compared with additional centralized system variants. In addition, the accuracy of the model could be 
improved at some aspects. For example, the energy losses during heat transfer, or in the case of an air-
water system, the pump performance, should be taken into account. The thermal loss and air leakage of 
the air duct network are not taken into account in the central system either. In the further course of the 
research project, the flexibility potential for load management is to be investigated, since decentralized 
HVAC systems have great potential here due to the high number of switchable loads.  
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collaboration between stakeholders, easy retrieval of information and more effective design process. 
For this work benefit of BIM-based approach is that it can be used as a data source for BPS.  
Performance gap between theoretical and actual energy savings of building retrofits, according to recent 
study, is in the range 30 % to 65 % (Khoury, Hollmuller, & Lachal, 2016). One of the reasons is that 
decision on building retrofit design was done usually without optimization and based on analysis which 
used standard or average conditions. This work will present the BIM based approach focused on 
exploring high number of retrofit variants and selecting the optimal variant based on uncertainty 
analysis of future building lifecycle.  

2 METHODS 

2.1 Method description 
In order to test the retrofit decision making method that takes uncertain parameters in consideration, we 
have used a pilot building, located in the city of Seinäjoki, Finland which was built in 1930. Building 
currently serves music school and university of applied sciences.  
Initially extensive data collection was done, building model was created following the method from 
Stjelja (Stjelja, 2016). BIM was created just for BPS purpose, that way the problems with modelling an 
existing building were minimized. After the BPS model was calibrated with real building’s 
performance, simulations with different combinations of retrofit solutions (creating retrofit variants) 
could be calculated.    
Finding optimal building retrofit variant based on multiple criteria from a large set of simulation results, 
can be very difficult without the good visualization of results. In this work selecting the best retrofit 
variants was done using interactive web-tool for multi-criteria based decision making – Key Point 
Analysis (KPA) tool (Laine, Forns-Samso, & Kukkonen, 2016). KPA tool enables visualization, 
combining and weighting of simulation results related to energy, emissions, indoor climate and cost. 
Selection of variant in multi-criteria approach is additionally aided with decision value, which rates 
every retrofit variant with a score (0-100), calculated as a weighted sum of decision values assigned to 
each KPI of a design solution. KPA tool is presented on Figure 1, where number in the circle shows a 
decision value, while bars on the circle show how good is the variant in certain KPI group (energy, cost, 
comfort, emissions, etc.).  
Using the filtering of the results and decision value score, best variants could be selected for final 
analysis. Already in this stage the final retrofit variant could be selected, but all the variants in this stage 
are calculated using typical and static values for parameters that are most likely going to change over 
the time. Some of those parameters can be weather, interest rates, energy prices, occupancy, etc. This 
is why several equivalently good cases were selected for further uncertainty analysis. 
In the final stage of this work’s method was to simulate selected several retrofit variants through 
different conditions which couldn’t be directly affected with this retrofit, those parameters are here 
called future uncertain parameters. KPA tool used in this work, has ability to visualize the results of 
uncertainty analysis of different retrofit variants, as it can be seen in Figure 2. Through analysis of future 
uncertainty and its effect on different KPIs, final (optimal) building retrofit variant was selected.  

3 RESULTS AND DISCUSSION 

3.1 Retrofit simulations 
After the energy simulation model for the existing building was created and calibrated, different retrofit 
variants could be simulated. From the comparison between retrofit variants themselves and existing 
state, best variants can be selected for the further analysis, which includes future uncertainties.   
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Table 1. Chosen retrofit alternatives for the advanced mode simulations 
Parameter Alternatives Combinations

External wall 
type 

 

Original: no insulation (U = 0,90 W/m²K) 

5 

EW1: 50 mm mineral wool (U = 0,38 W/m²K) 
EW2: 100 mm mineral wool (U = 0,24 W/m²K) 
EW3: 150 mm mineral wool (U = 0,18 W/m²K)  
 
EW4: 200 mm mineral wool (U = 0,14 W/m²K)  
 

Window type 
Original: double-glazed window (U = 3,3 W/ m²K and g = 48 %)  

3 W1: triple-glazed window with argon filling (U = 1,0 W/ m²K, g = 50 %)  
W1: triple-glazed window with argon filling (U = 0,8 W/ m²K, g = 34 %)  

Roof type 

Original: 200 mm mineral wool (U=0,19 W/ m²K)  

5 
RF1: 250 mm mineral wool (U=0,15 W/ m²K)  
RF2: 300 mm mineral wool (U=0,12 W/ m²K)  
RF3: 350 mm mineral wool (U=0,10 W/ m²K)  
RF4: 400 mm mineral wool (U=0,09 W/ m²K)  

Ventilation 
system type 

Case 0: Current ventilation system (CAV)  

5 

Case 1: CAV system, air flows to satisfy current regulations, no cooling  
Case 2: CAV system, air flows to satisfy current regulations, with cooling 
of supply air  
Case 3: DCV system (average 40 % lower air flows assumed), no cooling 
Case 4: DCV system (average 40 % lower air flows assumed) with 
cooling of supply air  

Total combinations 375 

In the Table 1 proposed retrofit variants can be seen and besides new interventions, analysis contains 
technology already available on the building as well. Total number of retrofit design combinations 
which were simulated is 375.  
The following three KPIs were chosen as the primary reference values for the retrofit design 
alternatives: primary energy need, life cycle costs (LCC) through period of 25 years and comfort index. 
Primary energy need takes into account both heating and electricity energy demands in one KPI, which 
makes the comparison much easier. Moreover, it also takes the environmental impact into account by 
multiplying the energy carriers with specified weighing factors (0,7 for district heating and 1,7 for 
electricity). In this work primary energy is set as requirement to maximum of 170 kWh/m²a, while 
comfort index limitation is set to be at least 90 % (percentage of building yearly schedule under wanted 
IAQ conditions).  

3.2 Selection of best retrofit variants 
Selection of best retrofit variants was done using KPA tool, as described in methods section. KPI’s have 
been grouped in groups and weights have been given which can be seen in the Table 2. 

Table 2. KPI groups and KPI weights assigned in this project 
KPI group KPI group weight KPIs included KPI weight 

Energy 35 Primary energy need [kWh/m²] 100 

Cost 35 
Purchased energy cost [EUR/m²] 10 

LCC [EUR] 70 
Investment cost [EUR] 20 

Emissions 10 Purchased energy CO2 [kg 
CO2/m²] 100 

Comfort 20 Comfort index [%] 100 
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Selection of variant in multi-criteria approach is additionally aided with decision value, which rates 
every retrofit variant with a score (0-100), calculated as a weighted sum of decision values assigned to 
each KPI of a design solution. KPA tool is presented on Figure 1, where number in the circle shows a 
decision value, while bars on the circle show how good is the variant in certain KPI group (energy, cost, 
comfort, emissions, etc.).  
Using the filtering of the results and decision value score, best variants could be selected for final 
analysis. Already in this stage the final retrofit variant could be selected, but all the variants in this stage 
are calculated using typical and static values for parameters that are most likely going to change over 
the time. Some of those parameters can be weather, interest rates, energy prices, occupancy, etc. This 
is why several equivalently good cases were selected for further uncertainty analysis. 
In the final stage of this work’s method was to simulate selected several retrofit variants through 
different conditions which couldn’t be directly affected with this retrofit, those parameters are here 
called future uncertain parameters. KPA tool used in this work, has ability to visualize the results of 
uncertainty analysis of different retrofit variants, as it can be seen in Figure 2. Through analysis of future 
uncertainty and its effect on different KPIs, final (optimal) building retrofit variant was selected.  

3 RESULTS AND DISCUSSION 

3.1 Retrofit simulations 
After the energy simulation model for the existing building was created and calibrated, different retrofit 
variants could be simulated. From the comparison between retrofit variants themselves and existing 
state, best variants can be selected for the further analysis, which includes future uncertainties.   

|  453PROCEEDINGS — Roomvent & Ventilation 2018 |  453PROCEEDINGS — Roomvent & Ventilation 2018

Track 3 – Energy and Ventilation: Energy Performance of Buildings  (EPB2)



 
Figure 1. LCC value and decision value for simulated retrofit variants presented in KPA tool 

On the Figure 1 simulated retrofit variants are presented as points with their decision value (X-axis and 
the value in the square) and LCC value (Y-axis). This has together with limitations mentioned in 3.2 
helped to narrow down selection to six variants (purple circles on Figure 1) which are presented in 
following Table 3 with main input, KPI values and calculated decision value. Selection was based on 
decision value and as described before, idea was to check how good variant will be when performing 
future uncertainty analysis. This means that not only one variant with highest decision value was 
selected, but several of them and with different features.  

Table 3. Input, output and decision values of the chosen six variants 
 Input values Output values - KPIs  

Retrofit 
alternat

ive 

Ventilat
ion type 

Window Wall Roof 
Primary 
energy 
need 

LCC Com
fort 

Emissi
ons 

Decision 
value 

U-value 
[W/(m²·

K)] 

g-
value 
[%] 

U-value 
[W/(m²·

K)] 

U-value 
[W/(m²·

K)] 

[kWh/m
²] [k€] [%] [kgCO

2/m²] 

DV [-] 

1 DCV, 
no 

cooling 

3,3 48 0,14 0,19 166 1874 96 37,2 69 
2 3,3 48 0,14 0,1 165 1877 96 36,6 70 
3 0,8 34 0,14 0,19 147 1904 95 31 75 
4 0,8 34 0,14 0,09 145 1910 95 30,3 75 
5 DCV 

with 
cooling 

1 50 0,14 0,19 151 1970 96 31,6 73 

6 1 50 0,14 0,09 149 1976 96 31 73 

Current Current 3,3 48 0,9 0,19 208 1888 80 48,4  
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3.3 Uncertainty analysis and selection of the final retrofit variant 
Before selecting of the best retrofit variant, uncertainty analysis is performed on the chosen six retrofit 
variants with different uncertainty scenarios. In this work, seven different uncertain parameters were 
included in the uncertainty analysis: weather, occupancy schedules, people internal load, interest rate, 
as well as energy price escalation for heating energy and electricity, with values available from Table 
4.  

Table 4. Three scenarios for the seven uncertain parameters 
Uncertain parameter Scenario 1 (base case)  Scenario 2  Scenario 3  

Weather (average 
temperature)  

Vantaa TRY 2012  
(Tave = 5,6°C)  

Jyväskylä TRY2012 
(Tave = 3,4°C)  

Vantaa TRY2030 (Tave = 
6,8°C)  

Occupancy schedules 
(peak hours = hours ∙ 

utilization rate) 

Current state schedule 
(1968h)  

Low utilization, standard 
schedule (1252h)  

High utilization rate 
(2448h)  

People load [W/m²]  14  10  18  
District heating energy 

price escalation  
0,0 %  1,5 % 3,0 % 

Electricity price 
escalation  

0,0 %  -3,0 % 3,0 % 

Interest rate  3,0 %  3,5 %  4,0 %  

This has resulted with 13122 cases to be simulated, with most of the cases differing just in cost 
parameters, which speeded up the analysis as computationally heavy energy calculations were not 
needed in all cases. Six retrofitting variants with their future uncertainties considered have been 
visualized using scatter plot with marked minimum, maximum and average value of the considered KPI 
which is visible on y-axis and retrofit variant ID on x-axis, as can be seen on the figure below. Figure 
2. shows how uncertainty of each variant considered affects primary energy, comfort and cost KPI.  

 
Figure 2. Uncertainty analysis of six chosen retrofit variants and KPIs: primary energy need, comfort 

index and life cycle cost 

Analysing the plots of the uncertainty analysis throughout different KPIs, retrofit variant #6 was chosen 
as the best one. Variants #1 and #2 have higher primary energy need than wanted 170 kWh/m² in many 
cases, with higher variation between min and max values, both #1 and #2 variant have old windows 
which explains this variation. Comparing the comfort plot, variants #3 and #4 have the poorest comfort, 
where in many cases comfort falls under required 90% level. Variant #5 has performed very similar to 
the chosen case, the highest difference between #5 and #6 was in primary energy, where the latter one 
had slightly better values. In this example, performing the future uncertainty analysis for building 
retrofit has changed the optimal retrofit variant from #4 to #6, or from the solution without cooling to 
the solution with cooling.  

 
Figure 1. LCC value and decision value for simulated retrofit variants presented in KPA tool 

On the Figure 1 simulated retrofit variants are presented as points with their decision value (X-axis and 
the value in the square) and LCC value (Y-axis). This has together with limitations mentioned in 3.2 
helped to narrow down selection to six variants (purple circles on Figure 1) which are presented in 
following Table 3 with main input, KPI values and calculated decision value. Selection was based on 
decision value and as described before, idea was to check how good variant will be when performing 
future uncertainty analysis. This means that not only one variant with highest decision value was 
selected, but several of them and with different features.  

Table 3. Input, output and decision values of the chosen six variants 
 Input values Output values - KPIs  

Retrofit 
alternat

ive 

Ventilat
ion type 

Window Wall Roof 
Primary 
energy 
need 

LCC Com
fort 

Emissi
ons 

Decision 
value 

U-value 
[W/(m²·

K)] 

g-
value 
[%] 

U-value 
[W/(m²·

K)] 

U-value 
[W/(m²·

K)] 

[kWh/m
²] [k€] [%] [kgCO

2/m²] 

DV [-] 

1 DCV, 
no 

cooling 

3,3 48 0,14 0,19 166 1874 96 37,2 69 
2 3,3 48 0,14 0,1 165 1877 96 36,6 70 
3 0,8 34 0,14 0,19 147 1904 95 31 75 
4 0,8 34 0,14 0,09 145 1910 95 30,3 75 
5 DCV 

with 
cooling 

1 50 0,14 0,19 151 1970 96 31,6 73 

6 1 50 0,14 0,09 149 1976 96 31 73 

Current Current 3,3 48 0,9 0,19 208 1888 80 48,4  
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4 CONCLUSIONS 
In this work BIM-based method for finding optimal building retrofit variant which takes in 
consideration future uncertainties is presented. Method was tested on a college building located in 
Finland. First BPS were done for all combinations of proposed retrofitting measures and results were 
viewed using web-based multi-criteria KPI tool. Simulation results were analysed through four main 
KPIs (energy, cost, comfort and emissions) which were given weight. Using weighted KPIs each 
simulated variant had a calculated decision value (0-100), based on which six best retrofit variants were 
chosen for uncertainty analysis. Uncertainty analysis included parameters which are going to affect 
building life cycle in the future, such as: weather energy prices, interest rates, occupancy rates, etc. By 
simulating selected retrofit variants through this uncertain parameters, optimal building retrofit variant 
was selected. Uncertainty analysis over different KPIs (energy, comfort and cost) has led to selection 
of a different variant from the variant that seamed optimal in the analysis using typical conditions.  
Greatest challenge in using uncertainty analysis was to correctly define the range of each uncertain 
parameter. It is important to define ranges not too narrow nor too wide. In this work, discrete values 
with equal probability were used for the parametrization. However, some sources claim that it would be 
best to use normal probability distributions for the input parameters (Hopfe & Hensen, 2011). This 
might offer more reliable results, but then problem would be defining the standard deviations and 
averages for these distributions. Another simplification in this work is that during calculation of 25-year 
LCC value in uncertainty analysis, same uncertain parameter value was used for the whole period. For 
example, the cases with the coldest weather scenario is calculated with that weather file throughout all 
the years, even though in reality it is unlikely that all years would be equally cold or warm. This causes 
the uncertainty ranges to be even wider.  
Future work is needed on this matter as topic proved to be extensive. More work is needed on creating 
database of typical uncertainty scenarios, with probability distributions if possible. This way same 
uncertain scenarios could be used on projects from same type and location, which would make them 
comparable. This should be accompanied by improving visualization of uncertainty, where dispersion 
of the cases could be seen, such as with box plot diagrams.  
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SUMMARY 
Ventilation systems can provide the required minimum air flow to remove humidity and air pollutants 
from buildings and maintain an acceptable Indoor Air Quality (IAQ). While determining these air 
flows, the type and the location of the supply and exhaust air outlets are often not investigated. As a 
result, the local ventilation effectiveness remains mainly unconsidered.  
In this work, different types and positions of supply and exhaust air outlets for a living room were 
explored. The ventilation effectiveness of these systems was determined using Computational Fluid 
Dynamics (CFD). A part of these systems was examined experimentally in the indoor air flow 
laboratory in order to validate the computational results. The annual heating and auxiliary energy 
demands of different variations of the same room model were determined by means of thermal-
energetic building simulations. 
The results indicate that an optimized air distribution makes it possible to improve the ventilation 
effectiveness in the occupied zone. This leads to an improvement of the IAQ or to a potential supply 
air flow reduction. This reduction has a positive impact on the energy demand of the air conveyance 
and air treatment subsystems.  
Keywords: ventilation effectiveness, computational fluid dynamics, air outlets, room air flow, indoor 
air quality 

1 INTRODUCTION  
To minimize the unwanted ventilation heat losses through infiltration, the new building regulations 
demand an increasingly airtight building envelope. Therefore, pollutant and humidity loads can no 
longer be removed from the buildings solely by means of natural ventilation. This may lead to mould 
growth and have negative effects on the IAQ. Ventilation systems can ensure the required minimum 
air exchange independent of user behaviour. Furthermore, by including a heat recovery unit, these 
systems can minimize the ventilation heating demand and consequently the total heating demand. 
Assuming an ideal mixed air flow in the room, the systems are designed according to air change rates 
from where corresponding air flows are resulting. The behaviour of the room air flow is complex and 
there are many causes that can prevent adequate ventilation despite compliance with the standards for 
the air change rates. The degree of fulfilment with which a ventilation system meets the ventilation 
requirements is called ventilation effectiveness. While sizing the system, the type and the location of 
the supply and discharge air outlets and consequently the effectiveness of air distribution remain 
mostly unconsidered. Through a precisely directed supply air and effective removal of the pollutants 
the desired ventilation effectiveness is maintained which leads to reduction of the required air flows. 
Thus, a potential energy saving with regard to the total energy demand can be achieved. 
This work studies different types and positions of supply air outlets, exhaust air outlets and air flow 
patterns in the room. The ventilation effectiveness of these systems is determined by Computational 
Fluid Dynamics (CFD). The energy saving potential achieved by reducing the design air flow for 
systems with optimal ventilation effectiveness as well as by implementing heat recovery ventilation is 
described. A part of these systems is examined experimentally in the room-air-flow laboratory to 
validate the computational results. 

4 CONCLUSIONS 
In this work BIM-based method for finding optimal building retrofit variant which takes in 
consideration future uncertainties is presented. Method was tested on a college building located in 
Finland. First BPS were done for all combinations of proposed retrofitting measures and results were 
viewed using web-based multi-criteria KPI tool. Simulation results were analysed through four main 
KPIs (energy, cost, comfort and emissions) which were given weight. Using weighted KPIs each 
simulated variant had a calculated decision value (0-100), based on which six best retrofit variants were 
chosen for uncertainty analysis. Uncertainty analysis included parameters which are going to affect 
building life cycle in the future, such as: weather energy prices, interest rates, occupancy rates, etc. By 
simulating selected retrofit variants through this uncertain parameters, optimal building retrofit variant 
was selected. Uncertainty analysis over different KPIs (energy, comfort and cost) has led to selection 
of a different variant from the variant that seamed optimal in the analysis using typical conditions.  
Greatest challenge in using uncertainty analysis was to correctly define the range of each uncertain 
parameter. It is important to define ranges not too narrow nor too wide. In this work, discrete values 
with equal probability were used for the parametrization. However, some sources claim that it would be 
best to use normal probability distributions for the input parameters (Hopfe & Hensen, 2011). This 
might offer more reliable results, but then problem would be defining the standard deviations and 
averages for these distributions. Another simplification in this work is that during calculation of 25-year 
LCC value in uncertainty analysis, same uncertain parameter value was used for the whole period. For 
example, the cases with the coldest weather scenario is calculated with that weather file throughout all 
the years, even though in reality it is unlikely that all years would be equally cold or warm. This causes 
the uncertainty ranges to be even wider.  
Future work is needed on this matter as topic proved to be extensive. More work is needed on creating 
database of typical uncertainty scenarios, with probability distributions if possible. This way same 
uncertain scenarios could be used on projects from same type and location, which would make them 
comparable. This should be accompanied by improving visualization of uncertainty, where dispersion 
of the cases could be seen, such as with box plot diagrams.  
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2 METHODS 
A typical living room with dimensions of 4.65 m × 4.20 m × 2.40 m (L × W × H) as presented in 
Figure 1 has been studied. The outside wall consists of a large window and a heating panel beneath it. 
The supply outlet is positioned above the door which delivers the required flow rate of outside air into 
the room using a centralized ventilation system with heat recovery. A rectangular ventilation grille is 
considered at the bottom of the door to transfer air from the room to the corridor. At first, two typical 
supply outlets were investigated. These include a long throw jet nozzle (Figure 2.a) and a radial 
supply valve (Figure 2.b). 

 
Figure 1. 3D representation of the model  Figure 2. The studied outlet types 

In addition to these typical outlets, the following two novel solutions were also investigated: A 
combination slot air diffuser (Figure 2.c), providing both supply and exhaust air in a single device. 
The next solution is a decentralized supply and extract air unit (Figure 2.d) with heat recovery for 
vertical installation on the outside wall adjacent to window. 
A cylindrical dummy at the centre of the room represents a sitting occupant. The heat dissipation of 
the dummy and its CO2 emission have been assumed as 85 W and 18 l/h, respectively. The supply air 
flow rate for all studied cases equals 72 m3/hr according to the requirements of DIN EN 15251. The 
same amount of air will be extracted through the exhaust opening through a balanced ventilation 
system. All enclosing room surfaces except the outside wall are assumed to be adiabatic. The outside 
wall includes a large window with a U-Value of 1.3 W/m2K. Winter conditions with an outdoor air 
temperature of 0°C have been considered for the simulations. The heating panel with 260 W capacity 
maintains the average room air temperature around 20°C. The supply air temperature to the room is 
14°C which represents the preheated outside air after the heat recovery unit with an efficiency of 70%. 
For the CFD simulations the commercial software ANSYS-Fluent has been implemented. 
There are different ways and definitions to specify the effectiveness of the ventilation in a space. For 
the purpose of this study the methods defined by Mundt et al. (Mundt, E et al., 2004) were 
implemented. These include the Contaminant Removal Effectiveness, local air quality index and local 
air change index. The corresponding equations are summarized in Table 1. 
According to Mundt et al., the Contaminant Removal Effectiveness (CRE) is a measure of how 
quickly an air-borne contaminant is removed from the room. It is defined as the ratio between the 
steady state concentration of contaminant in the exhaust air and the steady state mean concentration of 
the room. The air quality index for the occupied zone (OZ) is defined as the ratio between the steady 
state concentration of contaminant at the exhaust air and the average steady state concentration in the 
occupied zone. The local air change index is defined as the ratio between the nominal time constant 
and the local mean age of air at point P. 

Table 1. Summary of ventilation effectiveness equations 

(b) (a) 

(c) (d) 
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Contaminant Removal Effectiveness air quality index in the OZ local air change index 

ε𝐶𝐶𝐶𝐶 =
𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
〈𝐶𝐶𝐶𝐶〉

 𝜀𝜀𝜀𝜀𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶 =
𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂

 𝜀𝜀𝜀𝜀𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎 =
𝜏𝜏𝜏𝜏𝑛𝑛𝑛𝑛
𝜏𝜏𝜏𝜏̅𝑃𝑃𝑃𝑃
∙ 100 [%] 

In order to determine the energy saving potential of different cases, thermic-energetic building 
simulations were carried out. For this purpose, the subject room of Figure 1 with corresponding 
boundary conditions was studied in the building performance simulation program TRNSYS. The 
location Stuttgart in Germany was selected for the variant study. The implemented ventilation system 
consists of a cross-flow heat exchanger as a heat recovery (HR) unit, an electric preheater for frost 
protection of the heat exchanger, as well as a supply and an exhaust fan. In addition, a bypass of the 
heat exchanger has been considered, to enable a passive cooling operation during summer. In order to 
investigate the influence of different ventilation concepts on the heating or auxiliary energy demand, a 
parameter study was conducted with the input values air flow rate and efficiency of the heat recovery 
unit. Here, the case with a recovered heat coefficient of 0 denotes ventilation without heat recovery.  
Measurements were carried out in a test room with a 1:1 scale of the simulation model as represented 
in Figure 1. The local air exchange index was specified at different points using the trace gas 
measurement method according to ASHRAE Standard 129 (ASHRAE, 2002). For this purpose, tracer 
gas concentrations were acquired at a height of 1.1 m and 1.7 m, which represent the breathing level 
of a sitting and a standing person respectively. Four measuring points were considered at each height 
with 1 m distance around the dummy, 8 points for the concentration in total (Figure 3). The tracer gas 
concentration in the supply and exhaust ducts was also measured. All boundary conditions such as air 
flow rate, supply temperature and dummy heat dissipation rate were set according to the simulation 
boundary conditions. 

 
Figure 3. Trace gas measuring points  Figure 4. Concentration measurement line-up 

For concentration measurements a Fourier Transform Infrared (FTIR) gas analyser was implemented. 
As for tracer gas, nitrous oxide (N2O) was used. N2O has the same molar mass of the CO2 and its 
background concentration in the ambient air is negligible. A multiplexer device was set to switch 
between different measuring points in the room. Figure 4 represents the line-up of the experiment. For 
the experimental studies, the supply outlets (a) and (b) of Figure 2 were used. 
To ensure the reproducibility of the measurements, a cyclic sequence of step-up and step-down 
procedures is recommended. This allows verifying the temporal stability of the local air exchange at 
each measuring point and the stability of the air flow pattern (Jung & Zeller, 1994). Furthermore, for 
each outlet type, the step-up process followed by the step-down process is repeated three times. This 
results in a total of six measured values for each measuring point of Figure 3. The arithmetic mean of 
these six values and the corresponding standard deviation are determined. To validate the numerical 
simulations, the mean values are compared with the simulation results. 

2 METHODS 
A typical living room with dimensions of 4.65 m × 4.20 m × 2.40 m (L × W × H) as presented in 
Figure 1 has been studied. The outside wall consists of a large window and a heating panel beneath it. 
The supply outlet is positioned above the door which delivers the required flow rate of outside air into 
the room using a centralized ventilation system with heat recovery. A rectangular ventilation grille is 
considered at the bottom of the door to transfer air from the room to the corridor. At first, two typical 
supply outlets were investigated. These include a long throw jet nozzle (Figure 2.a) and a radial 
supply valve (Figure 2.b). 
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In addition to these typical outlets, the following two novel solutions were also investigated: A 
combination slot air diffuser (Figure 2.c), providing both supply and exhaust air in a single device. 
The next solution is a decentralized supply and extract air unit (Figure 2.d) with heat recovery for 
vertical installation on the outside wall adjacent to window. 
A cylindrical dummy at the centre of the room represents a sitting occupant. The heat dissipation of 
the dummy and its CO2 emission have been assumed as 85 W and 18 l/h, respectively. The supply air 
flow rate for all studied cases equals 72 m3/hr according to the requirements of DIN EN 15251. The 
same amount of air will be extracted through the exhaust opening through a balanced ventilation 
system. All enclosing room surfaces except the outside wall are assumed to be adiabatic. The outside 
wall includes a large window with a U-Value of 1.3 W/m2K. Winter conditions with an outdoor air 
temperature of 0°C have been considered for the simulations. The heating panel with 260 W capacity 
maintains the average room air temperature around 20°C. The supply air temperature to the room is 
14°C which represents the preheated outside air after the heat recovery unit with an efficiency of 70%. 
For the CFD simulations the commercial software ANSYS-Fluent has been implemented. 
There are different ways and definitions to specify the effectiveness of the ventilation in a space. For 
the purpose of this study the methods defined by Mundt et al. (Mundt, E et al., 2004) were 
implemented. These include the Contaminant Removal Effectiveness, local air quality index and local 
air change index. The corresponding equations are summarized in Table 1. 
According to Mundt et al., the Contaminant Removal Effectiveness (CRE) is a measure of how 
quickly an air-borne contaminant is removed from the room. It is defined as the ratio between the 
steady state concentration of contaminant in the exhaust air and the steady state mean concentration of 
the room. The air quality index for the occupied zone (OZ) is defined as the ratio between the steady 
state concentration of contaminant at the exhaust air and the average steady state concentration in the 
occupied zone. The local air change index is defined as the ratio between the nominal time constant 
and the local mean age of air at point P. 

Table 1. Summary of ventilation effectiveness equations 

(b) (a) 

(c) (d) 
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3 RESULTS 
The contours shown in Figure 5 and Figure 6 represent the CO2 concentration distribution (above the 
outdoor air content) on a longitudinal surface through the middle of the room for the different outlet 
types of Figure 2. 

 

  
Figure 5. CO2 concentration distribution contours for the long throw jet nozzle (left) and the radial 
supply valve (right) 

The supply air flow of the long throw jet nozzle (Figure 5, left) has enough momentum to compensate 
the thermal plume of the dummy. The CO2 distribution in room for this case is almost uniform. With 
the radial supply valve (Figure 5, right), the supply flow distributes radially over the back wall in all 
directions. The room air flow is less turbulent and the thermal plume of the dummy rises unaffected 
toward the ceiling. The CO2 distribution in the room is not uniform for this case. Some part of the 
supply air will be extracted through the exhaust opening which leads to a short circuit. 
The supply air of the combination slot air diffuser (Figure 6, left) has less turbulence than the previous 
mixing flow outlets, so that a mixed/displacement air flow forms in the room. With the decentralized 
vertical ventilation unit (Figure 6, right) the openings are integrated in the outside wall. The supply air 
flows with very low turbulence from the lower part to the room. The formation of a displacement flow 
is clearly observable. 

 

  
Figure 6. CO2 concentration distribution contours for the combination slot air diffuser (left) and the 
decentralized vertical ventilation unit (right) 

Table 2 summarizes the average CO2 Concentration in the occupied zone, the CRE value as well as 
the air quality index in the occupied zone for different systems. 

Table 2. Ventilation effectiveness and CO2 Concentration in the occupied zone for different systems 
Outlet type C𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 (ppm) ε𝐶𝐶𝐶𝐶  𝜀𝜀𝜀𝜀𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶  
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long throw jet nozzle 228 1,00 0,99 
radial supply valve 248 0,90 0,91 
combination slot air diffuser 179 1,20 1,30 
decentralized vertical ventilation unit 149 1,40 1,50 

The experimental results show a good quantitative and qualitative agreement with the simulation 
results. The diagrams of Figure 7 show the simulation and measurement results together with the 
standard deviation of the measurements. 

  
Figure 7. Comparing the measurement and simulation results 

The specified 72 m3/h outside air is required in the occupied zone based on the assumption of a 
homogeneous mixing of contaminants in the air (𝜀𝜀𝜀𝜀𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶 = 1). For this reason, the ventilation 
effectiveness of different ventilation systems can also influence the calculation of required outside air 
flows. The required outside air flow at the supply air outlet can be calculated by dividing the 
normative value by the air quality index for the occupied zone (ASHRAE, 2010). In addition to the 
normative air flow for complete mixing, two reduced flow rates of 55 m3/h (for 𝜀𝜀𝜀𝜀𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶 = 1.3) and 48 
m3/h (for 𝜀𝜀𝜀𝜀𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶 = 1.5) are studied. The reduction of the outside air flow also reduces the energy demand 
of the following subsystems air transport and air treatment. Figure 8 (left) shows the auxiliary energy 
requirement for the supply and exhaust air fan in addition to the electric preheater for various outside 
air flows. The heating energy demand of a system with a heat recovery efficiency of 70% for different 
air flow rates is represented in Fig 8 (right). 

  
Figure 8. Auxiliary and heating energy demand for different air flows 
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toward the ceiling. The CO2 distribution in the room is not uniform for this case. Some part of the 
supply air will be extracted through the exhaust opening which leads to a short circuit. 
The supply air of the combination slot air diffuser (Figure 6, left) has less turbulence than the previous 
mixing flow outlets, so that a mixed/displacement air flow forms in the room. With the decentralized 
vertical ventilation unit (Figure 6, right) the openings are integrated in the outside wall. The supply air 
flows with very low turbulence from the lower part to the room. The formation of a displacement flow 
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Table 2 summarizes the average CO2 Concentration in the occupied zone, the CRE value as well as 
the air quality index in the occupied zone for different systems. 

Table 2. Ventilation effectiveness and CO2 Concentration in the occupied zone for different systems 
Outlet type C𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 (ppm) ε𝐶𝐶𝐶𝐶  𝜀𝜀𝜀𝜀𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶  
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4 DISCUSSION 
With the long throw jet nozzle, the CRE and air quality index in the occupied zone are near one (Table 
2), which indicates a perfect mixing. For the radial supply valve, these values are around 0.90 which 
represent a short circuit. This leads to a higher level of CO2 concentration in the room. The air quality 
index in the occupied zone for the combination slot air diffuser and the decentralized vertical 
ventilation unit are 1.30 and 1.50 respectively. These values are greater than one and imply formation 
of displacement ventilation in the room, which allows a reduction of the required outside air flow. The 
CO2 concentration in the occupied zone is 179 ppm and 149 ppm for these two systems respectively, 
which is considerably lower than the values with mixing ventilation systems (Table 2). 
By reducing air flows from 72 m3/h to 55 m3/h and 48 m3/h, between 24% and 34% of auxiliary 
energy demand can be saved respectively. Most of the auxiliary energy is required for the fans. Beside 
the auxiliary energy demand, the heating demand can be also decreased by reducing the air flow, so 
that energy savings of 14% to 20% can be realized. 

5 CONCLUSIONS 
There is a great interest in improving the energy efficiency of residential ventilation systems while 
maintaining a desired IAQ. In this study, several CFD simulations supported by experimental studies 
were conducted in a typical room to investigate how the ventilation effectiveness of different 
ventilation systems is affected by the position and type of the air outlets in the room. Contaminant 
Removal Effectiveness together with the air quality index have been considered as key indicators. 
Whereas typical outlets lead to mixing ventilation with CRE values near to one in best cases, the 
displacement ventilation outlets are capable to achieve stratification with CRE values higher than one. 
This indicates that with these systems there is a potential to either improve the IAQ, or to reduce the 
energy demand by reducing the supply air flow while maintaining the same IAQ. Great care shall be 
taken to avoid any short circuit between supply and exhaust outlets. The outcome of this study 
contributes to the building designers at the basic phases to design a more efficient ventilation system 
by choosing and positioning of the system components in an optimum manner. More studies shall be 
done to evaluate the effect of room geometry, occupancy and seasonal operating conditions.  
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SUMMARY 
Pumps supply central air handing units (AHU) with thermal energy via hydronic networks. They usually 
operate on the constant speed of their design point, are not controllable and therefore consume more 
electric energy than necessary. In order to reduce the energy consumption of those pumps, we built a 
testing facility with controllable pumps and investigated intelligent control concepts (e.g. pump controls 
air temperature) with the aim to reduce the pump energy consumption as much as possible. Results 
reveal that electric energy reductions of up to 86 % with no significant change of control quality are 
possible for the test facility. The saving potential depends on weather conditions and time profiles of 
air volume flow. 
Keywords: hydronic, control, pump, ahu, energy consumption 

1 INTRODUCTION  
In most cases, hydronic networks supply the water to air heat exchangers (e.g. cooler, preheater) of air 
handling units (AHU) with thermal energy for heating, cooling, dehumidification or humidification 
purposes. The hydronic networks consist of pumps, pipes and valves, which are designed to fulfil the 
full load case. Table 1 illustrates the ratio of a typical full load case for a preheater with adiabatic 
humidification and enthalpy control compared to lower load cases. Operation points that are close to 
the full load cases occur infrequently in real operation. Consequently, the systems usually work in part 
load operation using inefficient control strategies as shown later in more detail.  

Table 1. Comparison of design load and low load cases for a preheater 
Component Temperature air in °C 

inlet/outlet 
Absolute humidity of 
air in g/kg inlet/outlet 

Volume flow air in 
% 

Thermal power in 
% 

Full load 
Low load 
Lower load 

           -15/20 
            17/20 
            17/20 

0/6 
5/5 
5/5 

100 
100 
25 

100 
11 
2.8 

Single heat exchangers, valves and pipes can be arranged in different hydronic configurations, which 
are called hydronic standard circuits (fig. 1) (Roos, 2002). Those circuits either control the water volume 
flow at a constant supply temperature (1, 4) or the water inlet temperature in the heat exchanger with a 
constant volume flow (2, 3). Today, the only actuators in the circuits are valves controlling the control 
variable (temperature, humidity, enthalpy) of the air downstream of the heat exchanger. In this case, the 
pump operates with its constant maximum speed (older pumps) or varies its pressure with the volume 
flow internally (newer pumps).  Typical valves for building technology have low lift velocities (1-2 
minutes for full valve lift), which needs to be considered in operation and control parameter settings. 
 

4 DISCUSSION 
With the long throw jet nozzle, the CRE and air quality index in the occupied zone are near one (Table 
2), which indicates a perfect mixing. For the radial supply valve, these values are around 0.90 which 
represent a short circuit. This leads to a higher level of CO2 concentration in the room. The air quality 
index in the occupied zone for the combination slot air diffuser and the decentralized vertical 
ventilation unit are 1.30 and 1.50 respectively. These values are greater than one and imply formation 
of displacement ventilation in the room, which allows a reduction of the required outside air flow. The 
CO2 concentration in the occupied zone is 179 ppm and 149 ppm for these two systems respectively, 
which is considerably lower than the values with mixing ventilation systems (Table 2). 
By reducing air flows from 72 m3/h to 55 m3/h and 48 m3/h, between 24% and 34% of auxiliary 
energy demand can be saved respectively. Most of the auxiliary energy is required for the fans. Beside 
the auxiliary energy demand, the heating demand can be also decreased by reducing the air flow, so 
that energy savings of 14% to 20% can be realized. 

5 CONCLUSIONS 
There is a great interest in improving the energy efficiency of residential ventilation systems while 
maintaining a desired IAQ. In this study, several CFD simulations supported by experimental studies 
were conducted in a typical room to investigate how the ventilation effectiveness of different 
ventilation systems is affected by the position and type of the air outlets in the room. Contaminant 
Removal Effectiveness together with the air quality index have been considered as key indicators. 
Whereas typical outlets lead to mixing ventilation with CRE values near to one in best cases, the 
displacement ventilation outlets are capable to achieve stratification with CRE values higher than one. 
This indicates that with these systems there is a potential to either improve the IAQ, or to reduce the 
energy demand by reducing the supply air flow while maintaining the same IAQ. Great care shall be 
taken to avoid any short circuit between supply and exhaust outlets. The outcome of this study 
contributes to the building designers at the basic phases to design a more efficient ventilation system 
by choosing and positioning of the system components in an optimum manner. More studies shall be 
done to evaluate the effect of room geometry, occupancy and seasonal operating conditions.  

ACKNOWLEDGEMENTS 
This project was funded by the Graduate and Research School Efficient use of Energy Stuttgart 
(GREES), Germany. 

REFERENCES 
Mundt, E, Mathisen, H M, Nielsen, P V, Moser A. (2004). Ventilation effectiveness. REHVA 
guidebook, Finland. 
Jung, A., Zeller, M. 1994. Analysis and testing of methods to determine indoor air quality and air 
change effectiveness. Rheinisch-Westfälische Technical University of Aachen, Aachen, Germany. 
ASHRAE. 2002. ANSI/ASHRAE Standard 129-1997. (2002). Measuring Air-Change Effectiveness. 
Atlanta, GA, American Society of Heating, Refrigerating and Air-Conditioning Engineers. 
ASHRAE. ANSI/ASHRAE Standard 62.1. (2010). Ventilation for acceptable indoor air quality. 
Atlanta, GA, American Society of Heating, Refrigerating and Air-Conditioning Engineers. 

|  463PROCEEDINGS — Roomvent & Ventilation 2018 |  463PROCEEDINGS — Roomvent & Ventilation 2018

Track 3 – Energy and Ventilation: Energy Performance of Buildings  (EPB2)



 

Figure 1. Hydronic standard circuits 

For good control quality in part load cases, valves are dimensioned via the valve authority criteria (Roos, 
2002). This leads to pressure losses even with fully open valves, which are as high as the entire pressure 
loss over the water to air heat exchanger. Altogether, our working hypothesis is that current control 
quality can be improved considerably and energy dissipation in hydronic networks resulting in a 
decrease of electric pump energy consumption can be reduced. 
Therefore, a possibility of operating the systems more efficiently is to use controllable pumps with 
intelligent control concepts. Depending on the hydronic circuit, the pump could control the air 
temperature downstream the heat exchanger by manipulating its speed so that valve pressure losses 
decrease. If the lowest pump speed is insufficient to achieve the set temperature, the valve takes the 
control task. A further concept would be to control the heat exchanger always via the pump. In this case, 
the task of the valve is to adjust the pressure loss of the system in low load cases, in order to enable the 
pump to operate above minimum speed so that the pump can fulfill its control task.  
The aim of our experimental study is to show pump energy savings as well as a good control quality for 
intelligent control concepts. Therefore, we compare new and current control concepts regarding 
controllability and pump energy consumption. 

2 METHODS 
For the evaluation of different hydronic circuits and the current as well as new control strategies, we 
built a testing facility and developed test cycles for single components (preheater, cooler, reheater) in 
order to evaluate the energetic performance over a period of one year. 

2.1 Description of Testing Facility 
The testing facility consists of two AHUs (AHU1 and AHU2), whereby AHU1 conditions ambient air 
and supplies AHU2 with a design volume flow of 3000 m³/h and certain temperature conditions in order 
to represent different ambient air conditions. Our study focusses on AHU2, which consists of the 
components preheater, sorption wheel, cross flow heat exchanger, cooler, two humidifiers, two fans as 
well as a reheater and an exhaust air heater as seen in fig. 2.  

 
Figure 2: Illustration of testing facility AHU2 and air supply with AHU1 

For our investigation, we replaced the pre-installed constant speed pumps of AHU2 with controllable, 
bus-connected pumps, added new valves as well as precise measurement equipment and changed the 
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piping network for the single heat exchangers in order to represent different hydronic standard circuits 
(Fig. 3). Additionally to the local pumps 1 - 4 we are able to control the supply pumps 5 and 6. 

 

Figure 3. Hydronic configuration of air handling unit and its energy supply system 

As illustrated in the technical design data of the heat exchanger systems (table 2), the new pumps offer 
a high ratio of minimum to maximum speed (max/min= 3.8 to 9.6), which makes them suitable for 
control purposes. The high ratio of minimal to maximal power (14 to 30) illustrates the saving potential.  

Table 2. Technical Design Data of AHU  
Component Humidity 

air g/kg 
Temp. 

air in °C 
Thermal 

power in kW 
Pump speed 

min/max in 1/min 
Pump power  

min/max in W 
Hydr. temp. 

in °C 
Preheater 
Cooler 
Reheater 

0/0 
23.8/13.3 

0/0 

-15/42 
45/20 
-13/9 

57.7 
53.4 
22.3 

800/3700 
750/2900 
500/4800 

5/120 
75/1100 

2/60 

70/50 
6/12 

70/50 

Summing up, this testing facility enables us to evaluate current and new control concepts for different 
hydronic standard circuits of different AHU components. 

2.2 Evaluation of different concepts 
In order to compare different concepts, we need to evaluate them regarding controllability and energy 
consumption for a representative period. For this purpose, we developed a methodology to get 
representative operation points for certain components (e.g. preheater) from weather data. For the 
investigation of the preheater, we assumed an adiabatic humidification with enthalpy control and no 
heat recovery system, cooler or reheater. The minimum supply air temperature is 20 °C and minimum 
absolute humidity 6 g/kg. For these boundary conditions, the operational states of the preheater can be 
either just “heating” or “heating and heating for humidification” or “off”.  
To get the representative operation points, we group the data points of the test reference year (TRY) of 
Essen (West Germany) into “heating” or “heating and heating for humidification” (T < 20 °C and 
X < 6 g/kg) and “off” (T > 20 °C and X > 6 g/kg). We segmented each group in temperature steps of 
5 K. Each segment is clustered with the k-medoid method (Kaufman et al, 2002) to find an existing 
representative operation point including temperature and humidity. Table 3 illustrates the determined 
ambient air properties and their quantity per year. In more than 90 %, the needed power is less than 50 
% of the preheater’s design power. 
  

 

Figure 1. Hydronic standard circuits 

For good control quality in part load cases, valves are dimensioned via the valve authority criteria (Roos, 
2002). This leads to pressure losses even with fully open valves, which are as high as the entire pressure 
loss over the water to air heat exchanger. Altogether, our working hypothesis is that current control 
quality can be improved considerably and energy dissipation in hydronic networks resulting in a 
decrease of electric pump energy consumption can be reduced. 
Therefore, a possibility of operating the systems more efficiently is to use controllable pumps with 
intelligent control concepts. Depending on the hydronic circuit, the pump could control the air 
temperature downstream the heat exchanger by manipulating its speed so that valve pressure losses 
decrease. If the lowest pump speed is insufficient to achieve the set temperature, the valve takes the 
control task. A further concept would be to control the heat exchanger always via the pump. In this case, 
the task of the valve is to adjust the pressure loss of the system in low load cases, in order to enable the 
pump to operate above minimum speed so that the pump can fulfill its control task.  
The aim of our experimental study is to show pump energy savings as well as a good control quality for 
intelligent control concepts. Therefore, we compare new and current control concepts regarding 
controllability and pump energy consumption. 

2 METHODS 
For the evaluation of different hydronic circuits and the current as well as new control strategies, we 
built a testing facility and developed test cycles for single components (preheater, cooler, reheater) in 
order to evaluate the energetic performance over a period of one year. 

2.1 Description of Testing Facility 
The testing facility consists of two AHUs (AHU1 and AHU2), whereby AHU1 conditions ambient air 
and supplies AHU2 with a design volume flow of 3000 m³/h and certain temperature conditions in order 
to represent different ambient air conditions. Our study focusses on AHU2, which consists of the 
components preheater, sorption wheel, cross flow heat exchanger, cooler, two humidifiers, two fans as 
well as a reheater and an exhaust air heater as seen in fig. 2.  

 
Figure 2: Illustration of testing facility AHU2 and air supply with AHU1 

For our investigation, we replaced the pre-installed constant speed pumps of AHU2 with controllable, 
bus-connected pumps, added new valves as well as precise measurement equipment and changed the 
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Table 3. Determined representative air conditions for heating and humidification cases of TRY Essen 
Temperature sector in °C -10 to  -5 -5 to 0 0 to 5 5 to 10 10 to 15 15  to 20 

Heating case
Temperature in °C 
Absolute humidity in g/kg 
Quantity in hours 
Thermal power Preheater 
Humidification + heating case
Temperature in °C 
Absolute Humidity in g/kg 
Quantity in hours 
Humidification temperature in °C 
Thermal power preheater in kW 

 
- 
- 
- 
- 
 

-6.9 
1.7 
39 

30.7 
38.4 

 
- 
- 
- 
- 
 

-1.5 
2.8 
458 
28 

30.2 

 
- 
- 
- 
- 
 

2.6 
3.8 

1456 
25.5 
23.4 

 
8.8 
6.5 
491 
11.4 

 
      7.2 

5 
1700 
22.7 
15.8 

 
12.6 
7.8 

1723 
7.6 

 
11.9 

5 
388 
22.7 
10.9 

 
17.2 
9.3 

1426 
2.9 

 
17.1 

5 
125 
22.7 
5.6 

Using AHU1 at an air volume flow of 3000 m³/h, we emulate each determined operation case (heating 
and humidification) except the lowest temperature for a duration of 2 hours each, which results in a 
testing cycle of 16 hours. In the heating case, the preheater’s set temperature is 20 °C and 31 °C in the 
humidification case. As the absolute humidity stays on the level of German winter ambient air of around 
2-4 g/kg, we underestimate the heat capacity and preheater power for the heating case. In order to 
prevent this for the humidification case, we chose the maximum temperature needed for humidification 
as the preheater’s set temperature. As this leads to an overestimation of the preheater power and to 
higher loads as well as to less potential pump energy savings, it will generate conservative results. In 
order to estimate the yearly pump energy consumption, we weight the average pump power of the 
representative operation points with their quantity throughout the year. Finally, we evaluate the 
controllability using the root mean square error (RMSE) for the testing cycle. 

2.3 Description of experiment 
In this paper, we focus on different possibilities for the throttling circuit of the preheater of AHU2 as a 
proof of concept. We operate just the local pump 1 while the supply pump 6 is shut off. However, for 
reasons of frost protection this circuit is unusual for preheaters. 
As a first step, we determined the maximal power of the preheater system with maximal pump speed 
and fully open valve at an air inlet temperature of -5 °C and hydronic supply temperature of 57 °C to 
36 kW. The smaller power (27 % less compared to the design case) is caused by a smaller water air 
temperature spread of the same magnitude. 
Then we investigated the following three concepts using the described test cycle and constant water 
supply temperature. 

Table 4. Description of different tested control concepts 
Concept Pump Valve 
1 
2 
3 

Max. speed 
Max. varying differential pressure 

Controls until min. pump speed 

Controls heat exchanger 
Controls heat exchanger 

Controls if pump operates on min. speed 

The pump works with either maximal speed (1), maximal varying differential pressure (2) or controls 
the heat exchanger (3) until minimal pump speed. The valve either controls the heat exchanger or is 
fully open. 
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3 RESULTS AND DISCUSSION 

3.1 Results 
Table 4 shows that compared to concept 1, concept 2 can save 53.7 % and the intelligent concept 3 can 
save 86.3 % of pump energy for the test cycle. The control quality of the concepts does no differ 
significantly. 

Table 4. Comparison of different control concepts  
Control Strategy Pump energy  in kWh Average pump speed in 1/min Control quality (RMSE) 
1 
2 
3 

492 
228 (-53.7 %) 
68 (-86.3 %) 

3699 
2716 
1258 

0.86 
0.77 
0.78 

Figure 4 illustrates the test cycle for the pump control concepts. This concept works better for higher 
temperature spreads, where the oscillation amplitude decreases by 0.8 K. Here, compared to the other 
concepts, the oscillations of the outlet temperature are higher, but the response of a changing set and 
inlet temperature until it reaches the new set temperature for the first time is much faster (up to 80%). 
Resulting of a sudden reduction of the water inlet temperature by 8 K caused by a malfunction of the 
building supply system after 10 hours experimental time, the air outlet temperature of the preheater 
decreases by 8 K for 10 minutes and then reaches the set point again (downward facing peak in fig 4, 
left) and the pump power increases by 5 W at that point in time (fig 4, right). As seen in the illustration 
of the electric pump power (4-15 W) in fig. 4, the pump controlled the system all the time, the valve 
being fully open 

Figure 4. Temperatures for pump control concept and electric power consumption of pump 

3.2 Discussion 
Our study shows that in comparison to the state of the art, pump energy savings of 70% percent are 
possible for the investigated system, which strongly depends on diverse boundary conditions. Thus, 
transferring the results to other systems should be done with care. One important requirement for all 
concepts are good control parameter settings, which we determined manually for each case.  
The percentage of preheater energy saving is high, but small with regard to total energy amount of the 
AHU. For the cooler, where maximal power of the pump is higher by the factor of 10 compared to the 
other components and a high share of up to 50 % of the thermal design power is for dehumidification 
purposes, higher absolute energy savings are possible. For the reheater, where the absolute thermal 
power is smaller, the energy saving potentials are lower.  
In our study, we considered an AHU, which operates always on design air volume flow for German 
weather conditions. If the AHU operated on lower volume flow during nighttime, the part load 

Table 3. Determined representative air conditions for heating and humidification cases of TRY Essen 
Temperature sector in °C -10 to  -5 -5 to 0 0 to 5 5 to 10 10 to 15 15  to 20 

Heating case
Temperature in °C 
Absolute humidity in g/kg 
Quantity in hours 
Thermal power Preheater 
Humidification + heating case
Temperature in °C 
Absolute Humidity in g/kg 
Quantity in hours 
Humidification temperature in °C 
Thermal power preheater in kW 

 
- 
- 
- 
- 
 

-6.9 
1.7 
39 

30.7 
38.4 

 
- 
- 
- 
- 
 

-1.5 
2.8 
458 
28 

30.2 

 
- 
- 
- 
- 
 

2.6 
3.8 

1456 
25.5 
23.4 

 
8.8 
6.5 
491 
11.4 

 
      7.2 

5 
1700 
22.7 
15.8 

 
12.6 
7.8 

1723 
7.6 

 
11.9 

5 
388 
22.7 
10.9 

 
17.2 
9.3 

1426 
2.9 

 
17.1 

5 
125 
22.7 
5.6 

Using AHU1 at an air volume flow of 3000 m³/h, we emulate each determined operation case (heating 
and humidification) except the lowest temperature for a duration of 2 hours each, which results in a 
testing cycle of 16 hours. In the heating case, the preheater’s set temperature is 20 °C and 31 °C in the 
humidification case. As the absolute humidity stays on the level of German winter ambient air of around 
2-4 g/kg, we underestimate the heat capacity and preheater power for the heating case. In order to 
prevent this for the humidification case, we chose the maximum temperature needed for humidification 
as the preheater’s set temperature. As this leads to an overestimation of the preheater power and to 
higher loads as well as to less potential pump energy savings, it will generate conservative results. In 
order to estimate the yearly pump energy consumption, we weight the average pump power of the 
representative operation points with their quantity throughout the year. Finally, we evaluate the 
controllability using the root mean square error (RMSE) for the testing cycle. 

2.3 Description of experiment 
In this paper, we focus on different possibilities for the throttling circuit of the preheater of AHU2 as a 
proof of concept. We operate just the local pump 1 while the supply pump 6 is shut off. However, for 
reasons of frost protection this circuit is unusual for preheaters. 
As a first step, we determined the maximal power of the preheater system with maximal pump speed 
and fully open valve at an air inlet temperature of -5 °C and hydronic supply temperature of 57 °C to 
36 kW. The smaller power (27 % less compared to the design case) is caused by a smaller water air 
temperature spread of the same magnitude. 
Then we investigated the following three concepts using the described test cycle and constant water 
supply temperature. 

Table 4. Description of different tested control concepts 
Concept Pump Valve 
1 
2 
3 

Max. speed 
Max. varying differential pressure 

Controls until min. pump speed 

Controls heat exchanger 
Controls heat exchanger 

Controls if pump operates on min. speed 

The pump works with either maximal speed (1), maximal varying differential pressure (2) or controls 
the heat exchanger (3) until minimal pump speed. The valve either controls the heat exchanger or is 
fully open. 
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percentage would increase as well as the pump energy savings. If the AHU were off during certain 
periods, the energy savings would decrease. Therefore, the air volume flow time profile as well as the 
weather conditions play an important role for potential savings. 
If we include a heat recovery system ahead of the preheater in our investigation, the thermal power 
demand of the preheater will decrease. If the design data of the preheater does not change, the potential 
savings will probably increase and if it changes, probably decrease. However, this needs to be further 
investigated. 
As one major limitation we determined other pumps of the energy supply (e.g. pump 7 in fig. 3), which 
push water through the local AHU heat exchangers in case of poor hydronic design, even when the local 
pumps are off. In this case, the local valve has to control the volume flow again. If the speed of pump 7 
is too low, the local pumps need high speeds of up to 2500 1/min to deliver a volume flow. This leads 
to poor controllability and higher energy consumptions. We assume, that reasons for this effect are 
certain installations in the pipes or a change of the pressure condition caused by other pumps connected 
to the heat distributor in the hydronic network. 
As we used precise volume flow and temperature measurement equipment, we do not show the 
measurement accuracy here. However, even with high measurement faults the general statement of our 
study would not change. Further factors of uncertainty are the inaccuracy or oscillations of AHU1 
temperature control and the slightly varying hydronic supply temperature (65-72°C) caused by the 
building energy supply system. 

5 CONCLUSIONS AND OUTLOOK 
With our study, we demonstrated that intelligent control concepts for pumps of hydronic AHU systems 
could save up to 86.3 % of electrical pump energy, while the control quality does not change 
significantly. However, these results strongly depend on boundary conditions such as air volume flow 
profiles, components (e.g. cooler) and weather data. Implementing those new concepts in real AHU 
systems requires careful design and operation of the entire hydronic system including other pumps. 
In further research, we will focus on optimized control for other concepts as well as hydronic circuits 
and harmonized pump operation for circuits with more than one pump. For instance, we will test a 
concept, where the pump controls the temperature directly in each case. If the speed is close to the 
lowest pump speed, the valve closes slightly and enables the pump to fulfill its control task. This could 
lead to new dimensioning criteria for valves resulting in smaller pumps and in further pump energy 
savings. As a last step, we want to operate heat exchangers without any valve and control the 
temperature directly via pump speed, whereby in low load cases the pump is in pulsing (on/off) 
operation. This would lead to even lower pump energy consumption. Furthermore, we will investigate 
the control concepts regarding effects on frost protection for the preheater and on temperature 
distribution downstream the single heat exchangers. Apart from that, we will show effects of hydronic 
circuits and control strategies for the cooler with regard to dehumidification.  
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SUMMARY 
A Breathing Wall is a building structure based on porous materials (e.g. pervious concrete, mineral wool 
or cellulose) crossed by an airflow, acting both as building envelope and ventilation system component. 
When operating in contra-flux configuration (heat flowing outwards and air flowing inwards) it behaves 
as a heat recovery system, while in pro-flux (heat and air mass both flowing outwards) it enhances 
building passive cooling. Therefore, in climates where both heating and cooling needs are relevant, both 
configurations might be alternated during the year or even the day. Understanding and modelling the 
Breathing Walls stationary and dynamic behaviour is thus fundamental, in order to optimize their design 
and fully exploit their energy saving potential.  
To this purpose, in this experimental study a small scale no fines concrete Breathing Wall is 
investigated. The steady-state contra-flux tests are used to derive the heat recovery efficiency of the 
sample as a function of the crossing airflow velocity. Effectiveness of this technology is then evaluated 
on a virtual case study. Dynamic tests, performed assuming a sinusoidal variation of the operative 
temperature on one side of the sample, show how airflow velocity affects the Breathing Wall inertia and 
dynamic behaviour. 
Keywords: Breathing Wall, Dynamic Insulation, heat recovery efficiency, experimental study, periodic 
boundary conditions 

1 INTRODUCTION 
Breathing Wall technology has been studied since the past decades: it has been considered a promising 
technical solution to reduce building energy needs. Its operating principles have already been 
thoroughly discussed (Taylor et al., 1996, Taylor and Imbabi, 1998). 
Its behavior has been investigated from the theoretical standpoint both in steady and periodic conditions 
(Taylor and Imbabi, 1998, Krarti, 1994). In previous works by the authors, the temperature distribution 
across a no fines concrete Breathing Wall sample has been measured in contra-flux conditions (airflow 
and heat flux have opposite directions), and the collected data have been used to validate the steady 
state analytical model (Alongi et al., 2017a, 2017b). 
In the present study, the aforementioned data are further processed in order to estimate the overall 
performance of the component (both in terms of conductive heat losses and heat recovery efficiency) as 
a function of the airflow velocity crossing the sample. These results are subsequently used to evaluate 
the performance of the component under discussion in the context of a simple virtual room, with the 
main purpose of finding the optimal design criteria to achieve the lowest possible energy losses under 
given working conditions. 
Finally, a new set of tests have been performed, with a sinusoidal fluctuation of the temperature 
boundary condition on one side of the sample. The most relevant data collected are presented in this 
paper. 

percentage would increase as well as the pump energy savings. If the AHU were off during certain 
periods, the energy savings would decrease. Therefore, the air volume flow time profile as well as the 
weather conditions play an important role for potential savings. 
If we include a heat recovery system ahead of the preheater in our investigation, the thermal power 
demand of the preheater will decrease. If the design data of the preheater does not change, the potential 
savings will probably increase and if it changes, probably decrease. However, this needs to be further 
investigated. 
As one major limitation we determined other pumps of the energy supply (e.g. pump 7 in fig. 3), which 
push water through the local AHU heat exchangers in case of poor hydronic design, even when the local 
pumps are off. In this case, the local valve has to control the volume flow again. If the speed of pump 7 
is too low, the local pumps need high speeds of up to 2500 1/min to deliver a volume flow. This leads 
to poor controllability and higher energy consumptions. We assume, that reasons for this effect are 
certain installations in the pipes or a change of the pressure condition caused by other pumps connected 
to the heat distributor in the hydronic network. 
As we used precise volume flow and temperature measurement equipment, we do not show the 
measurement accuracy here. However, even with high measurement faults the general statement of our 
study would not change. Further factors of uncertainty are the inaccuracy or oscillations of AHU1 
temperature control and the slightly varying hydronic supply temperature (65-72°C) caused by the 
building energy supply system. 

5 CONCLUSIONS AND OUTLOOK 
With our study, we demonstrated that intelligent control concepts for pumps of hydronic AHU systems 
could save up to 86.3 % of electrical pump energy, while the control quality does not change 
significantly. However, these results strongly depend on boundary conditions such as air volume flow 
profiles, components (e.g. cooler) and weather data. Implementing those new concepts in real AHU 
systems requires careful design and operation of the entire hydronic system including other pumps. 
In further research, we will focus on optimized control for other concepts as well as hydronic circuits 
and harmonized pump operation for circuits with more than one pump. For instance, we will test a 
concept, where the pump controls the temperature directly in each case. If the speed is close to the 
lowest pump speed, the valve closes slightly and enables the pump to fulfill its control task. This could 
lead to new dimensioning criteria for valves resulting in smaller pumps and in further pump energy 
savings. As a last step, we want to operate heat exchangers without any valve and control the 
temperature directly via pump speed, whereby in low load cases the pump is in pulsing (on/off) 
operation. This would lead to even lower pump energy consumption. Furthermore, we will investigate 
the control concepts regarding effects on frost protection for the preheater and on temperature 
distribution downstream the single heat exchangers. Apart from that, we will show effects of hydronic 
circuits and control strategies for the cooler with regard to dehumidification.  
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2 METHODS 
This work consists firstly in experimental investigations and then in analytical calculations based on the 
relevant experimental outcomes.  

2.1 The experimental measurements 
Measurements were performed on a no fines concrete wall, using the Dual Air Vented Thermal Box 
(DAVTB) apparatus developed in the Building Physics Laboratory of the Energy Department at the 
Politecnico di Milano. Both the sample and the experimental setup are thoroughly described in previous 
publications (Alongi et al., 2017a, 2017b). The DAVTB apparatus is based on two insulated chambers 
(or boxes) divided by the sample (1 m x 1 m x 0.15 m wall), a hydraulic plant (used to control operative 
temperature in both boxes separately) and an air recirculation loop, which allows to control airflow 
velocity through the sample, both in verse and magnitude. In all tests the temperature distribution across 
the sample and the average airflow velocity were measured every 5 seconds. 
With regard to thermal boundary conditions, tests can be divided in two groups. In the first one, steady-
state boundary conditions were set on both sides of the sample (namely in both chambers), with 
operative temperature set points of 15 °C (outdoor) and 40 °C (indoor). This group of tests was already 
presented and discussed in (Alongi et al., 2017a, 2017b), and its outcomes are used here to obtain surface 
temperatures and heat recovery efficiency of the sample Breathing Wall. The second group of 
measurements featured a steady-periodic (sinusoidal) pattern on one side (average temperature 26 °C 
and amplitude 6 °C - outdoor) and a steady-state condition on the other (26 °C - indoor), to replicate 
summer boundary conditions in Milan. Considering the airflow through the sample, in the first group 
five different average air velocities were assumed (0.001 m/s, 0.003 m/s, 0.006 m/s, 0.009 m/s and 
0.012 m/s), while for the second one only three were considered (0.003 m/s, 0.006 m/s and 0.012 m/s). 
Moreover, for both groups a reference test without airflow was performed. In each test air flows from 
Box 1 (outdoor) to Box 2 (indoor). As a consequence, the steady-state tests are carried out in contra-
flux condition, while the pro-flux and contra-flux conditions are alternated in the dynamic tests.  

2.2 The virtual case study 
The energy saving potential of the experimentally investigated Breathing Wall was then assessed using 
a virtual case study: a box-shaped room with a single external 4 m x 3 m surface S (all the others are 
assumed adiabatic) made of no fines concrete, like the one experimentally investigated, and a third 
dimension assumed equal to 4 m, 6 m and 8 m alternatively, leading to three different volumes V and 
S/V ratios. Finally, a constant indoor-outdoor temperature difference of 25 °C and air change rate of 
0.5 h-1 were assumed. Data for the three cases are summarized in Table 1. 

Table 1. main data used in the calculations based on the reference room. 
 Case 1 Case 2 Case 3 

height H [m] 3 3 3 
side L1 [m] 4 4 4 
side L2 [m] 4 6 8 

envelope S [m2] 12 12 12 
volume V [m3] 48 72 96 

S/V [m-1] 0.250 0.167 0.125 
air change rate nV [h-1] 0.5 0.5 0.5 
airflow rate �̇�𝑉𝑉𝑉 [m3/h] 24 36 48 

temperature difference ∆T [°C] 25 25 25 

The case study was used in synergy with the outcomes of the steady state measurements illustrated 
above to calculate the overall heat losses. Going more in detail, they can be defined as: 

 �̇�𝑄𝑄𝑄𝐿𝐿𝐿𝐿 = �̇�𝑄𝑄𝑄𝑇𝑇𝑇𝑇 + �̇�𝑄𝑄𝑄𝑉𝑉𝑉𝑉 (1) 
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where �̇�𝑄𝑄𝑄𝑇𝑇𝑇𝑇 and �̇�𝑄𝑄𝑄𝑉𝑉𝑉𝑉 are the conduction and ventilation losses respectively. Heat transfer through the 
external surface was calculated considering that part of it can work as a Breathing Wall (SBW) and part 
as a traditional airtight one (Strad). �̇�𝑄𝑄𝑄𝐿𝐿𝐿𝐿 was calculated for increasing values of the average airflow velocity 
through the Breathing Wall up to 0.013 m/s, in order to identify the optimal working conditions. The 
airflow velocity was also used to evaluate the amount of external surface working as a Breathing Wall. 
Therefore, since the external surface is  

 𝑆𝑆𝑆𝑆 = S𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 + S𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡, (2) 
we can define the Breathing wall area as 

 S𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ��̇�𝑉𝑉𝑉
𝑢𝑢𝑢𝑢

; 𝑆𝑆𝑆𝑆𝑆, (3) 

where �̇�𝑉𝑉𝑉 is the required airflow rate and u is the airflow velocity through the Breathing Wall. Whenever 
u is too low to guarantee that the airflow through the Breathing Wall covers the required airflow rate 
entirely (i.e. SBW = S), the missing airflow is provided by a traditional ventilation system (namely, 
without passing through the Breathing Wall). Therefore, conduction heat losses are calculated as: 

 �̇�𝑄𝑄𝑄𝑇𝑇𝑇𝑇 = S𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ∙ �̇�𝑞𝑞𝑞𝑇𝑇𝑇𝑇,𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 + S𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∙ �̇�𝑞𝑞𝑞𝑇𝑇𝑇𝑇,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡, (4) 

where the subscript BW represents the Breathing Wall section of the envelope and trad represents the 
airtight one. The heat flux density at the inner surface is calculated using the suitable analytical model 
according to the working condition (Taylor and Imbabi, 1998), as in the following equation: 

 �̇�𝑞𝑞𝑞𝑇𝑇𝑇𝑇,𝑖𝑖𝑖𝑖 = −𝜆𝜆𝜆𝜆 ∙ 𝑡𝑡𝑡𝑡𝑇𝑇𝑇𝑇
𝑡𝑡𝑡𝑡𝑑𝑑𝑑𝑑
�
𝑖𝑖𝑖𝑖

= �
−𝜆𝜆𝜆𝜆 ∙ 𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿−𝑇𝑇𝑇𝑇0

𝐿𝐿𝐿𝐿
                                                       (traditional wall)

−𝜆𝜆𝜆𝜆 ∙ 𝐴𝐴𝐴𝐴∙(𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿−𝑇𝑇𝑇𝑇0)
𝑒𝑒𝑒𝑒𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿−1

∙ 𝑒𝑒𝑒𝑒𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿 𝐴𝐴𝐴𝐴 = 𝜌𝜌𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑢𝑢𝑢𝑢
𝜆𝜆𝜆𝜆

      (breathing wall)
 (5) 

where the thermal conductivity λ of the no fines concrete wall is equal to (1.24 ± 0.09) W/(mK). Surface 
temperatures TL (indoor) and T0 (outdoor) were calculated as a function of airflow velocity across the 
wall using a correlation based on the steady state measurements. Ventilation heat losses are calculated 
as: 

 �̇�𝑄𝑄𝑄𝑉𝑉𝑉𝑉 = �̇�𝑚𝑚𝑚𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ∙ 𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝,𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡 ∙ 𝜂𝜂𝜂𝜂𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ∙ �𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡,𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡,𝑒𝑒𝑒𝑒� + 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(0; �̇�𝑚𝑚𝑚𝑉𝑉𝑉𝑉 − �̇�𝑚𝑚𝑚𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵) ∙ 𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝,𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡 ∙ �𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡,𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡,𝑒𝑒𝑒𝑒� (6) 

where mass airflow is treated according to its path (�̇�𝑚𝑚𝑚𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 if it crosses the Breathing Wall section or 
�̇�𝑚𝑚𝑚𝑉𝑉𝑉𝑉 − �̇�𝑚𝑚𝑚𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 if it is a complementary flow entering directly into the room), calculated as: 

 �̇�𝑚𝑚𝑚𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = S𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 ∙ 𝑢𝑢𝑢𝑢 ∙ 𝑢𝑢𝑢𝑢𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡 (7) 

 �̇�𝑚𝑚𝑚𝑉𝑉𝑉𝑉 = 𝑚𝑚𝑚𝑚𝑉𝑉𝑉𝑉 ∙ 𝑉𝑉𝑉𝑉 (8) 

Moreover, according to Eq. (6), a heat recovery efficiency is considered when the airflow passes through 
the porous matrix of the no fines concrete wall, defined as: 

 𝜂𝜂𝜂𝜂𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = �𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿−𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎,𝑒𝑒𝑒𝑒�
�𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎,𝑎𝑎𝑎𝑎−𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎,𝑒𝑒𝑒𝑒�

 (9) 

where TL is the temperature of the inner surface of the wall, and Ta,e and Ta,i are the outdoor and indoor 
air temperature respectively. All their values are taken from the steady state measurements. 

3 RESULTS AND DISCUSSION 
As a first step data resulting from the steady state experimental tests were interpolated to obtain 
correlations to evaluate the superficial temperatures TL and T0 and the heat recovery efficiency ηBW as 
function of the specific airflow crossing the no fines concrete sample. Average experimental data (Table 
2) have been used to derive polynomial interpolation such as: 

2 METHODS 
This work consists firstly in experimental investigations and then in analytical calculations based on the 
relevant experimental outcomes.  

2.1 The experimental measurements 
Measurements were performed on a no fines concrete wall, using the Dual Air Vented Thermal Box 
(DAVTB) apparatus developed in the Building Physics Laboratory of the Energy Department at the 
Politecnico di Milano. Both the sample and the experimental setup are thoroughly described in previous 
publications (Alongi et al., 2017a, 2017b). The DAVTB apparatus is based on two insulated chambers 
(or boxes) divided by the sample (1 m x 1 m x 0.15 m wall), a hydraulic plant (used to control operative 
temperature in both boxes separately) and an air recirculation loop, which allows to control airflow 
velocity through the sample, both in verse and magnitude. In all tests the temperature distribution across 
the sample and the average airflow velocity were measured every 5 seconds. 
With regard to thermal boundary conditions, tests can be divided in two groups. In the first one, steady-
state boundary conditions were set on both sides of the sample (namely in both chambers), with 
operative temperature set points of 15 °C (outdoor) and 40 °C (indoor). This group of tests was already 
presented and discussed in (Alongi et al., 2017a, 2017b), and its outcomes are used here to obtain surface 
temperatures and heat recovery efficiency of the sample Breathing Wall. The second group of 
measurements featured a steady-periodic (sinusoidal) pattern on one side (average temperature 26 °C 
and amplitude 6 °C - outdoor) and a steady-state condition on the other (26 °C - indoor), to replicate 
summer boundary conditions in Milan. Considering the airflow through the sample, in the first group 
five different average air velocities were assumed (0.001 m/s, 0.003 m/s, 0.006 m/s, 0.009 m/s and 
0.012 m/s), while for the second one only three were considered (0.003 m/s, 0.006 m/s and 0.012 m/s). 
Moreover, for both groups a reference test without airflow was performed. In each test air flows from 
Box 1 (outdoor) to Box 2 (indoor). As a consequence, the steady-state tests are carried out in contra-
flux condition, while the pro-flux and contra-flux conditions are alternated in the dynamic tests.  

2.2 The virtual case study 
The energy saving potential of the experimentally investigated Breathing Wall was then assessed using 
a virtual case study: a box-shaped room with a single external 4 m x 3 m surface S (all the others are 
assumed adiabatic) made of no fines concrete, like the one experimentally investigated, and a third 
dimension assumed equal to 4 m, 6 m and 8 m alternatively, leading to three different volumes V and 
S/V ratios. Finally, a constant indoor-outdoor temperature difference of 25 °C and air change rate of 
0.5 h-1 were assumed. Data for the three cases are summarized in Table 1. 

Table 1. main data used in the calculations based on the reference room. 
 Case 1 Case 2 Case 3 

height H [m] 3 3 3 
side L1 [m] 4 4 4 
side L2 [m] 4 6 8 

envelope S [m2] 12 12 12 
volume V [m3] 48 72 96 

S/V [m-1] 0.250 0.167 0.125 
air change rate nV [h-1] 0.5 0.5 0.5 
airflow rate �̇�𝑉𝑉𝑉 [m3/h] 24 36 48 

temperature difference ∆T [°C] 25 25 25 

The case study was used in synergy with the outcomes of the steady state measurements illustrated 
above to calculate the overall heat losses. Going more in detail, they can be defined as: 

 �̇�𝑄𝑄𝑄𝐿𝐿𝐿𝐿 = �̇�𝑄𝑄𝑄𝑇𝑇𝑇𝑇 + �̇�𝑄𝑄𝑄𝑉𝑉𝑉𝑉 (1) 
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 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥) = 𝑝𝑝𝑝𝑝1 ∙ 𝑥𝑥𝑥𝑥3 + 𝑝𝑝𝑝𝑝2 ∙ 𝑥𝑥𝑥𝑥2 + 𝑝𝑝𝑝𝑝3 ∙ 𝑥𝑥𝑥𝑥 + 𝑝𝑝𝑝𝑝4 (10) 
where x is the air velocity normalized subtracting the mean (0.005185 m/s) and dividing by the standard 
deviation (0.004715 m/s). Coefficients p1 to p4 are reported in Table 3. 

Table 2. average surface temperatures and heat recovery 
efficiencies from experimental data.  

Table 3. polynomial interpolations coefficients 
for the surface temperatures and the heat 
recovery efficiency. 

velocity T0 TL ηBW  coeff. T0 TL ηBW 
0 (airtight) 22.8 °C 32.6 °C 72.46%  p1 -0.2147 °C -0.2069 °C -0.00753 
0.001 m/s 21.4 °C 31.3 °C 67.11%  p2 0.9834 °C 0.732 °C 0.02868 
0.003  m/s 19.9 °C 29.5 °C 60.02%  p3 -2.703 °C -3.645 °C -0.1441 
0.006  m/s 17.8 °C 26.7 °C 49.14%  p4 18.26 °C 27.46 °C 0.5208 
0.009  m/s 16.6 °C 24.9 °C 42.09%      
0.012  m/s 15.8 °C 23.1 °C 34.84%      

Results are represented in Figure 1 and Figure 2. It is important to notice that the heat recovery 
efficiency of the airtight wall represents the ideal upper limit of this quantity, and was calculated using 
temperatures measured during the reference test at null airflow velocity. 

 

 

 
Figure 1. measured indoor and outdoor surface 
temperatures vs specific airflow rate across the no 
fines concrete sample. 

 Figure 2. heat recovery efficiency vs specific 
airflow rate across the no fines concrete sample. 

Furthermore, T0 and TL were used in Eq. (5) to calculate the conductive heat flux density through the 
external wall. The result is represented by the red line in Figure 3 and is compared with the experimental 
outcomes of the first tests group defined using the incremental ratio as: 

 𝑞𝑞𝑞𝑞𝑞𝑇𝑇𝑇𝑇,𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = −𝜆𝜆𝜆𝜆 ∙ 𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿−𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝐿𝑑𝑑𝑑𝑑

 (11) 

where the TL_∆x represents the measured temperature at a node located ∆x = 0.015 cm inward from the 
L (indoor) surface. The agreement between experimental and analytical results is acceptable, also 
because the measurement errors (error bars in Figure 3) are relevant, due to the small temperature 
difference 𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿−𝐿𝑑𝑑𝑑𝑑.The overall heat losses 𝑄𝑄𝑄𝑄𝑞𝐿𝐿𝐿𝐿 were then calculated for the three virtual rooms (case 
1, 2 and 3), through the analytical procedure previously discussed. Results are represented in Figure 4, 
as a function of the average airflow rate through the air permeable section of the external wall, whose 
size changes according to Eq. (3). The decreasing part of each line is characterized by the requirement 
of an additional air supply, since the Breathing Wall airflow rate does not cover the whole need. Then, 
a minimum point representing the optimal solution can be observed. It is the smallest possible specific 
airflow through the Breathing Wall section that covers the overall demand without any addition. In this 
way the heat recovery efficiency, that decreases when the specific airflow rate grows (Figure 2), is 
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maximized. Also, the rise of conduction heat losses with respect to the null velocity (Figure 3) is low, 
since the deviation from linearity of the temperature distribution along the wall section is small (Alongi 
et al., 2017a, 2017b). The optimal specific airflow rate across the Breathing Wall is then 
0.0006 m3/(m2s), 0.0009 m3/(m2s) and 0.0012 m3/(m2s) for cases 1 to 3 and corresponds to an energy 
saving, compared to the traditional solution (SBW = 0 m2, u = 0 m/s) equal to 8.8 %, 11.8 % and 14.2 % 
respectively. 

 

 

 
Figure 3. conductive heat flux density vs specific 
airflow rate across the no fines concrete sample. 

 Figure 4. overall heat losses vs specific airflow rate 
across the air permeable section of the external wall. 

Considering now the second group of experimental tests, namely dynamic tests, Figure 5 compares the 
instantaneous boundary conditions (sinusoidal in Box 1 and constant in Box 2) to the average 
instantaneous surface temperature toward Box 2. Two main effects of the increasing airflow velocity 
through the sample can be observed: first of all, the time delay between the outdoor and inside surface 
peaks is reduced from 4.3 h (null velocity) to 3.0 h (maximum velocity). Secondly, the surface 
temperature pick amplitude grows from the 28 % (null velocity) to 56 % (maximum velocity) of the 
outdoor operative temperature one Therefore, the increase in airflow velocity through the sample brings 
the indoor surface temperature closer to the outdoor boundary condition, namely reduces the sample 
thermal inertia. This is also demonstrated by Figure 6 representing the temperature distribution along 
the sample section, going from outside (x = 0 m – Box 1) to inside (x = 0.15 m – Box 2), during a 24 h 
period, both for the airtight condition (top) and for the maximum specific airflow rate condition 
(0.012 m3/(m2s), bottom).  

 
Figure 5. comparison between boundary conditions and each internal surface temperatures measured. 

 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥) = 𝑝𝑝𝑝𝑝1 ∙ 𝑥𝑥𝑥𝑥3 + 𝑝𝑝𝑝𝑝2 ∙ 𝑥𝑥𝑥𝑥2 + 𝑝𝑝𝑝𝑝3 ∙ 𝑥𝑥𝑥𝑥 + 𝑝𝑝𝑝𝑝4 (10) 
where x is the air velocity normalized subtracting the mean (0.005185 m/s) and dividing by the standard 
deviation (0.004715 m/s). Coefficients p1 to p4 are reported in Table 3. 

Table 2. average surface temperatures and heat recovery 
efficiencies from experimental data.  

Table 3. polynomial interpolations coefficients 
for the surface temperatures and the heat 
recovery efficiency. 

velocity T0 TL ηBW  coeff. T0 TL ηBW 
0 (airtight) 22.8 °C 32.6 °C 72.46%  p1 -0.2147 °C -0.2069 °C -0.00753 
0.001 m/s 21.4 °C 31.3 °C 67.11%  p2 0.9834 °C 0.732 °C 0.02868 
0.003  m/s 19.9 °C 29.5 °C 60.02%  p3 -2.703 °C -3.645 °C -0.1441 
0.006  m/s 17.8 °C 26.7 °C 49.14%  p4 18.26 °C 27.46 °C 0.5208 
0.009  m/s 16.6 °C 24.9 °C 42.09%      
0.012  m/s 15.8 °C 23.1 °C 34.84%      

Results are represented in Figure 1 and Figure 2. It is important to notice that the heat recovery 
efficiency of the airtight wall represents the ideal upper limit of this quantity, and was calculated using 
temperatures measured during the reference test at null airflow velocity. 

 

 

 
Figure 1. measured indoor and outdoor surface 
temperatures vs specific airflow rate across the no 
fines concrete sample. 

 Figure 2. heat recovery efficiency vs specific 
airflow rate across the no fines concrete sample. 

Furthermore, T0 and TL were used in Eq. (5) to calculate the conductive heat flux density through the 
external wall. The result is represented by the red line in Figure 3 and is compared with the experimental 
outcomes of the first tests group defined using the incremental ratio as: 

 𝑞𝑞𝑞𝑞𝑞𝑇𝑇𝑇𝑇,𝑒𝑒𝑒𝑒𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = −𝜆𝜆𝜆𝜆 ∙ 𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿−𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝐿𝑑𝑑𝑑𝑑

 (11) 

where the TL_∆x represents the measured temperature at a node located ∆x = 0.015 cm inward from the 
L (indoor) surface. The agreement between experimental and analytical results is acceptable, also 
because the measurement errors (error bars in Figure 3) are relevant, due to the small temperature 
difference 𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿 − 𝑇𝑇𝑇𝑇𝐿𝐿𝐿𝐿−𝐿𝑑𝑑𝑑𝑑.The overall heat losses 𝑄𝑄𝑄𝑄𝑞𝐿𝐿𝐿𝐿 were then calculated for the three virtual rooms (case 
1, 2 and 3), through the analytical procedure previously discussed. Results are represented in Figure 4, 
as a function of the average airflow rate through the air permeable section of the external wall, whose 
size changes according to Eq. (3). The decreasing part of each line is characterized by the requirement 
of an additional air supply, since the Breathing Wall airflow rate does not cover the whole need. Then, 
a minimum point representing the optimal solution can be observed. It is the smallest possible specific 
airflow through the Breathing Wall section that covers the overall demand without any addition. In this 
way the heat recovery efficiency, that decreases when the specific airflow rate grows (Figure 2), is 
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Figure 6. temperature distribution along the section of the no fines concrete sample (x = 0 m facing Box 1 and 
x = 0.15 m facing Box 2) vs time. 

5 CONCLUSIONS 
Starting from the outcomes of steady state experimental tests on a Breathing Wall sample, the superficial 
temperatures on both sides and the heat recovery efficiency of the sample were correlated to the airflow 
velocity through it. These quantities were used to calculate the overall heat losses for a virtual case 
study, as a function of the velocity of the airflow crossing the Breathing Wall section of the only external 
surface (up to 0.013 m/s), and of the volume of the room investigated (case 1 to 3). The optimal 
condition is obtained when air moves with the lowest possible velocity able to provide the overall 
airflow rate required, since it ensures the highest possible heat recovery efficiency, while minimizing 
the drop of insulating performance of the wall. 
The second set of experimental measurements shows the dynamic behaviour of the wall sample at 
various specific airflow rates: the increase of air velocity reduces both time delay (from 4.3 h down to 
3. h) and attenuation (from 28 % up to 56 %) of the external thermal fluctuation.  
These findings will be used in future works to address the heat recovery efficiency of no fines concrete 
Breathing Walls undergoing variable boundary conditions. Such investigation will potentially lead to a 
control strategy allowing to optimize the performance of the Breathing Wall, as both an envelope and a 
ventilation system component in a real context. 
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SUMMARY 
The purpose of this study is to evaluate the primary energy saving potentials of an organic Rankine 
cycle (ORC) integrated with a liquid desiccant indirect and direct evaporative cooling-assisted 100% 
outdoor air system (LD-IDECOAS), using various ORC heat sources. This is a type of cooling system 
driven thermally owing to the liquid desiccant system because it requires a relatively low-grade heat 
source in regenerating the weak desiccant solution. Therefore, this air conditioning system is expected 
to provide energy benefits if the supplied heat comes from the waste heat of the combined heat and 
power systems generated during the cooling season. The ORC is one of the combined heat and power 
systems and the heat source is required to operate it. A solar thermal system and a district heat source 
(DHS) are applied to the 2 kW ORC. The heat and power generated from the ORC are assumed to be 
used to provide operation energy for the system. The primary energy consumption of each case is 
compared when the same air conditioning system is used that is served by the conventional grid power 
and a boiler. In conclusion, the solar ORC LD-IDECOAS and DHS-ORC LD-IDECOAS saved 28% 
and 30% of the primary energy consumption compared to the same air conditioning system that was 
served by the conventional grid power and a boiler during the cooling season. 
Keywords: organic Rankine cycle, liquid desiccant, evaporative cooling, solar thermal system, district 
heat source 

1 INTRODUCTION 
Recent studies proposed a liquid desiccant evaporative cooling-assisted 100% outdoor air system, 
termed as an LD-IDECOAS and evaluated its energy saving potential (Kim et al., 2013, 2014, 2015). 
The LD-IDECOAS is a thermally driven cooling system owing to the liquid desiccant (LD). When the 
LD system operates in the summer, it requires a relatively low-grade heat source to regenerate a weak 
desiccant solution. The regeneration energy accounts for the majority of energy consumption in the 
liquid desiccant-assisted evaporative cooling system. Therefore, a renewable energy or a combined 
heat and power system acts as an alternative heat source. Kim et al. (2016) revealed that the LD-
IDECOAS integrated with a proton exchange membrane fuel cell saved 21% of the primary energy 
when compared to that of the system powered by the grid power and a boiler. Dong et al. (2017) 
evaluated the applicability of a district heat source that was applied to a desiccant-enhanced 
evaporative (DEVap) cooling system by comparing its energy consumption with the same system 
served by the boiler. The findings indicated that the DEVap with the district heat source reduced the 
primary energy consumption by 46.2%.  
Consequently, the current study was conducted to evaluate the primary energy saving potential of an 
organic Rankine cycle (ORC) integrated with LD-IDECOAS when various ORC heat sources were 
used. A solar thermal system and a district heat source were chosen as the heat source of the ORC. 
The primary energy consumption of the LD-IDECOAS served by the ORC was compared to an LD-
IDECOAS served by a conventional grid power and a boiler. A simulation study was conducted 
during the cooling season that showed an adequate performance for the cooling system.  

 
Figure 6. temperature distribution along the section of the no fines concrete sample (x = 0 m facing Box 1 and 
x = 0.15 m facing Box 2) vs time. 
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2 METHODS 

2.1 LD-IDECOAS overview 
Figure 1 shows a schematic diagram of the LD-IDECOAS. The proposed system consists of a liquid 
desiccant (LD) system, an indirect evaporative cooler (IEC), and a direct evaporative cooler (DEC). A 
heating coil and a sensible heat exchanger are installed for the heating mode operation. The supply air 
flow rate is modulated based on the zone load as in a conventional variable air volume (VAV) system. 
In the cooling season, the hot and humid outdoor air (OA) is dehumidified by the LD unit and is 
sensibly cooled by the IEC. Subsequently, the supply air (SA) is additionally cooled by the DEC to 
satisfy the SA set temperature (i.e., 15°C). In the heating season, the IEC operates as a sensible heat 
exchanger by recovering heat from the exhaust air (EA). The LD and DEC are deactivated during the 
heating season.    

 
Figure 1. Schematic diagram of LD-IDECOAS 

The LD system was integrated to enhance the cooling effects of the indirect and direct evaporative 
coolers. This system consists of an absorber and a regenerator. A lithium chloride aqueous solution is 
used as a desiccant solution. Water-side free cooling with a cooling tower is introduced to reduce the 
cooling energy consumption of the absorber. Conversely, the heating device was required to maintain 
the regenerator’s performance.  
The IEC is composed of primary and secondary channels. During the cooling season, the SA that 
flows through the dry channels is cooled by transferring its sensible heat to the secondary air that in 
turn undergoes evaporative cooling in the secondary channel. The DEC isentropically cools the SA to 
meet the SA set temperature. The air exiting the DEC is humidified rather than initially dehumidified 
supply air in the LD system. 

2.2 Simulation overview 
First, the model building was introduced to calculate the building load. The latter was used for the 
energy calculation of the air conditioning system. The model building was an office building located 
in Seoul in the Republic of Korea. Table 1 lists the details of the model building. Energy simulations 
were conducted during the cooling season (i.e., June, July, and August). The hourly cooling load 
profile of the model building was obtained by using the building energy simulation software (i.e., 
TRNSYS 17). The operating energy consumption of the LD-IDECOAS was calculated by a 
commercial equation solver program (i.e., Engineering Equation Solver (EES)) by using each 
component model. In this study, the designed SA flow rate for this building was 2000 m3/h. 
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Table 1. Building information 
Weather Seoul weather data 

Occupancy density (ASHRAE, 
2016a) Five people/100 m2 

Schedules 
(ASHRAE, 2016b) 

Occupancy ASHRAE Standard 90.1 
HVAC ASHRAE Standard 90.1  

Volume 900 m3 (20 m W × 15 m D × 3 m H, single zone) 
Room set point  

(Kim et al., 2014) 
Temperature 24 °C 

Relative humidity 55% 
Supply air set point  
(Kim et al., 2014) Temperature 15°C 

Internal heat gain People 75 W/person (sensible, latent) 
Electronics PC: 230 W/person (sensible) 

U-values 
(Window to wall ratio: 17%) 

Floor 0.952 W/ m2·K 
Roof 0.630 W/ m2·K 

Exterior wall 0.468 W/ m2·K 
Window 5.68 W/ m2·K 

2.3 Simulation model 
Liquid desiccant 
The LD performance is represented by the moisture-transfer-effectiveness value. The absorber 
effectiveness model proposed by Chung and Luo (1999) was used for the absorber. The liquid-to-gas 
ratio of the absorber was set to four. In this study, the model proposed by Martin and Goswami (2000) 
was applied in the regenerator side. The liquid-to-gas ratio of the regenerator was set to unity. 
The dimension or the inlet parameter of the LD system used in the simulation was based on the LD-
IDECOAS pilot system (Kim et al., 2015). The specific surface area of both the absorber and 
regenerator were 223 m2/m3. The inlet solution concentration of the absorber was set to 40%. The 
initial desiccant cooling and heating temperatures were set to 30°C and 55°C, respectively. It was 
assumed that the dehumidification and regeneration rates were equal.  
Evaporative coolers 
There are two evaporative coolers, namely the IEC and DEC. The leaving air conditions of each 
evaporative cooler were calculated by Equations 1 and 2. The effectiveness of the indirect and direct 
evaporative coolers were assumed to be 80% and 95% (Kim et al., 2014), respectively. 

εIEC = DBTabs,out−DBTIEC,out
DBTabs,out−WBTIEC,s,in

   (1) 

εDEC = DBTIEC,out−DBTDEC,out
DBTIEC,out−WBTIEC,out

   (2) 

Organic Rankine cycle 
The ORC is composed of a turbine, a compressor, a condenser, and a pump. The ORC is based on a 
conventional Rankine cycle. In this study, the simplified model developed by Quoilin (2011) was 
used. R245fa was used as the working fluid. The ORC operated at a full load (i.e., 2 kW power) based 
on the HVAC schedule. Water was used for the cooling fluid for the condenser as well as the heating 
fluid for the evaporator. The efficiency for turbine and pump were assumed to be 90%. The 
evaporating and condensing temperatures were set to 110°C and 60°C, respectively. The ORC 
efficiency was calculated to be 9.1%. The power generated from the ORC can be supplied to the 
building for air-conditioning or lighting, and the heat recovered from the ORC can be used as solution 
heating or building space heating.  
Figure 2 shows each case based on the various heat sources of the ORC. A solar thermal system was 
used as the heat source for the ORC (Figure 2(a)). The evacuated tube collector (ETC) was applied to 
the solar collector to achieve a relatively high temperature. The auxiliary boiler was activated when 
the evaporator’s heating fluid temperature that existed in the storage tank of the solar thermal system 
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energy calculation of the air conditioning system. The model building was an office building located 
in Seoul in the Republic of Korea. Table 1 lists the details of the model building. Energy simulations 
were conducted during the cooling season (i.e., June, July, and August). The hourly cooling load 
profile of the model building was obtained by using the building energy simulation software (i.e., 
TRNSYS 17). The operating energy consumption of the LD-IDECOAS was calculated by a 
commercial equation solver program (i.e., Engineering Equation Solver (EES)) by using each 
component model. In this study, the designed SA flow rate for this building was 2000 m3/h. 
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required additional heating to satisfy the target fluid temperature (i.e., 120°C). The heat from the ETC 
was collected in the storage tank. The efficiency for the collector was assumed to be 70%. The ETC 
was operated based on the ORC schedule. The useful energy (qu) was estimated using Equation 3 to 
evaluate the performance of the collector. The useful energy was modified by using an incidence 
angle modifier. The incidence angle modifier (κατ ) for the ETC was defined in accordance to 
Equation 4 in this study. The incident angle (θ) was 42°, which represents Seoul’s latitude (37°) plus 
15°. The expressions are as follows: 

qu = AcFR[Gtτα − UL�Tf,i − Toa�]          (3) 

κατ = 1 + 0.29( 1
cosθ

− 1)                (4) 

where Ac is collector area, FR is the heat removal factor, Gt is total solar energy, τα is the transmittance-
absorptance product, UL is the solar collector heat transfer loss coefficient, and Tf,i is the temperature of 
the fluid entering the collector. The temperature of the district heat source (DHS) was assumed to be 
120°C, and the district heat was assumed to have a distribution heat loss of 5% (Figure 2(b)). 

   
(a) Solar driven ORC                                (b) District heat source driven ORC 
Figure 2. Schematic diagram of ORC  

Boiler and cooling tower 
To compare the energy consumption of the ORC with that of a conventional gas boiler, it was 
assumed that a hot water boiler located inside the building was used for the regenerator solution 
heating. The theoretical efficiency of the boiler was set to 82% in the study (EnergyPlus, 2013). The 
cooling tower was operated to cool the solution in both the ORC and conventional LD-IDECOAS. 
The cooling tower approach and range were set to 2°C and 10°C, respectively.   
Fans and pumps 
The LD-IDECOAS includes three variable air volume fans, namely supply, return, and cooling tower 
and regenerator fans. The fan efficiency (ηfan), air flow rate (V̇fan), and pressure loss (ΔP) are the 
required variables (Equation 5) for the calculation of fan power (Pfan). The pressure loss of the fan 
from Kim et al. (2016) was based on a flow rate of 1000 m3/h, and thus, the actual pressure loss for 
the study (i.e., 2000 m3/h) was calculated based on the fan affinity law for pressure loss. 
Pumps are required for the absorber, regenerator, cooling tower, IEC, and DEC. When these were 
integrated with the ORC or the solar thermal systems, it was necessary to also install the circulation 
pumps. With respect to the pump power (Ppump) calculation, the pump efficiency (ηpump), fluid 
density (ρ), flow rate (V̇pump ), gravity acceleration (g), and head loss (H), corresponded to the 
required variables (Equation 6). The head loss of pump was based on the study by Kim et al. (2016). 
The expressions can be expressed as follows: 

Pfan = (V̇fanΔP)/ηfan                      (5) 

Ppump = ρgV̇pump H/1000ηpump               (6) 
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2.4 Primary energy factor 
The power and heat consumptions of each component were converted into primary energy 
consumptions. It is assumed that the electricity was supplied from the existing power grid in both 
cases, and the LNG was used for the gas boiler. The regional condition was considered, and the 
primary energy factors for each energy source recommended by the Korean Energy Agency are 
introduced. The local primary energy factors correspond to 2.75 for electricity, 1.1 for fuel, and 0.728 
for district heat.  

3 RESULTS AND DISCUSSION 
The energy performance evaluation of the LD-IDECOAS driven by ORC was conducted during the 
cooling season (i.e., June, July, and August). Figure 3 shows a comparison of the energy consumption 
between the solar ORC (SORC) LD-IDECOAS, district heat source ORC (DHS-ORC) LD-IDECOAS, 
and base LD-IDECOAS. The power consumption consisted of the fan and pump power consumptions 
that differed from those of the conventional variable air volume system in which the chiller energy 
constituted the largest part of the consumed power. This is because the LD-IDECOAS corresponded 
to a type of a non-vapor-compression system that provided both sensible and latent cooling without or 
with the minimum use of a chiller. The load of the electricity for LD-IDECOAS was the same in all 
three cases. However, the SORC with LD-IDECOAS required a load that equaled 1.22 times the load 
required by the base LD-IDECOAS owing to the SORC operation. The DHS-ORC with LD-
IDECOAS also used a load that equaled 1.20 times the load required by the base LD-IDECOAS 
owing to the ORC operation.  
The heating load was required for solution heating and air reheating, and additional heating was 
required in a SORC LD-IDECOAS solar thermal system. To operate the ORC, a heat source was also 
needed in the evaporator. Both the SORC and DHS-ORC integrated with the LD-IDECOAS saved a 
solution heating load of 32.73% when compared to that of the base case. However, they required an 
ORC heat source, whereas the SORC needed additional heat to satisfy the set temperature of the target 
fluid. Finally, the SORC LD-IDECOAS and DHS-ORC LD-IDECOAS required 1.16 and 1.07 times 
the heating load required by the base.  
Consequently, the SORC LD-IDECOAS and DHS-ORC LD-IDECOAS respectively saved 28% and 
30% of the primary energy consumption compared to the same air conditioning system served by a 
conventional grid power and a boiler.  

 
Figure 3. Comparison of energy consumption of LD-IDECOAS 
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The LD-IDECOAS includes three variable air volume fans, namely supply, return, and cooling tower 
and regenerator fans. The fan efficiency (ηfan), air flow rate (V̇fan), and pressure loss (ΔP) are the 
required variables (Equation 5) for the calculation of fan power (Pfan). The pressure loss of the fan 
from Kim et al. (2016) was based on a flow rate of 1000 m3/h, and thus, the actual pressure loss for 
the study (i.e., 2000 m3/h) was calculated based on the fan affinity law for pressure loss. 
Pumps are required for the absorber, regenerator, cooling tower, IEC, and DEC. When these were 
integrated with the ORC or the solar thermal systems, it was necessary to also install the circulation 
pumps. With respect to the pump power (Ppump) calculation, the pump efficiency (ηpump), fluid 
density (ρ), flow rate (V̇pump ), gravity acceleration (g), and head loss (H), corresponded to the 
required variables (Equation 6). The head loss of pump was based on the study by Kim et al. (2016). 
The expressions can be expressed as follows: 

Pfan = (V̇fanΔP)/ηfan                      (5) 

Ppump = ρgV̇pump H/1000ηpump               (6) 
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4 CONCLUSIONS 
This study was conducted to evaluate the primary energy consumption of the ORC applied to the LD-
IDECOAS when compared to the LD-IDECOAS served by conventional grid power and a boiler 
during the cooling season. The results indicated that the solar ORC LD-IDECOAS and DHS-ORC 
LD-IDECOAS respectively saved 28% and 30% of the primary energy consumption compared to the 
same air conditioning system served by conventional grid power and a boiler during the cooling 
season. Therefore, the LD-IDECOAS achieved energy saving when driven by the ORC, and a district 
heat source was more feasible than the solar thermal system as the ORC heat source. Additional 
studies are required to estimate sizes the ORC and solar collectors and analyze the annual energy 
consumption. 
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SUMMARY 
Recently, liquid desiccant system integrated with a ventilation system such as a dedicated outdoor air 
system (DOAS) has been attracting increasing research attention due to its energy saving potentials in 
controlling latent loads from indoor air in hot and humid climate. This study experimentally investigates 
the dehumidification performance of a packed bed counter-flow type liquid desiccant system using 
structured packing material with a specific surface area (229 m2 m-3). In this study, lithium chloride 
aqueous solution was used as the desiccant solution and CELdek structured packing was selected. The 
enthalpy efficiency, dehumidification efficiency, and moisture removal rate were adopted as the 
dehumidification performance indices. To investigate the impact of air and solution conditions on the 
three indices, five parameters were measured: the liquid to gas ratio, the inlet air temperature and 
humidity ratio, and the solution temperature and concentration. Experimental results show that the 
dehumidification efficiency and enthalpy efficiency varied from 24.32% to 73.45% and from 30.91% 
to 68.31%, respectively under experimental inlet conditions. Similarly, the range of the moisture 
removal rate varied from 0.43 g/s to 0.93 g/s. The characteristics of the dehumidification performance 
in various inlet air and desiccant solution conditions are presented in this paper. 
Keywords: liquid desiccant dehumidifier, counter-flow, dehumidification, experimental analysis 

1 INTRODUCTION 
Air-conditioning systems are designed to provide suitable indoor environment in relation to 
temperature, humidity, and fresh air. In recent years, independent control of latent loads in buildings 
has attracted research attention due to its advantages such as energy saving potentials and carbon dioxide 
emission reduction. Liquid desiccant systems are effective means of controlling moisture in humid air 
with reduced energy consumption compared to conventional vapor compression systems (Goetzler et 
al., 2014 and Rambhad et al., 2016). Moreover, liquid desiccant systems can operate in a relatively low 
regeneration temperature range of 60–75°C, which indicates that liquid desiccant systems have the 
potential for the efficient use of solar energy, waste heat, and other energy saving sources (Lowenstein, 
2003). 
The dehumidifier is a key component in a liquid desiccant-based air conditioning system, in which the 
heat and mass transfer processes directly affect the entire dehumidification performance. When process 
air flows into the dehumidifier and comes in contact with the desiccant solution, coupled heat and mass 
transfer processes occur simultaneously, and the heat transfer and mass transfer processes affect each 
other. The moisture in process air is then absorbed by the desiccant solution because of the vapor 
pressure difference between process air and the desiccant solution, while vaporization heat is released 
from humid air to the desiccant solution during the dehumidification process. 
The heat and mass transfer performance in a dehumidifier is determined by six parameters: the 
temperature and humidity ratio of the inlet air, the temperature and concentration of the inlet desiccant 
solution, and the mass flow rate of the inlet air and desiccant solution. To predict the system 
performance and optimize the design and operational parameters, reliable mathematical models of the 
liquid desiccant dehumidifier are essential. A number of heat and mass transfer mathematical models 

4 CONCLUSIONS 
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of the dehumidifier have been proposed (Liu et al., 2006; Park et al., 2016). However, the 
dehumidification performance of a liquid desiccant dehumidifier also varies with the dimension of the 
dehumidifier, the type of desiccant solution, packing material, and the relative flow direction between 
the process air and desiccant solution. Therefore, predicting the coupled heat and mass transfer 
processes in the dehumidifier is so complicated that the theoretical model need to be verified by 
experimental results. Experimental study on liquid desiccant dehumidifier is also necessary to clearly 
understand and enhance the coupled heat and mass transfer of a specific type of dehumidifier.  
Consequently, this study experimentally investigated the dehumidification performance of a packed bed 
counter-flow type liquid desiccant system using structured packing material with a specific surface area 
(229 m2 m-3). In this study, lithium chloride (LiCl) aqueous solution was used as the desiccant solution. 
CELdek packing, which is well-known for its wettability (Potnis and Lenz, 1996), was adopted as the 
packing material. The enthalpy efficiency, dehumidification efficiency, and moisture removal rate were 
adopted as the dehumidification performance indices. The influence of various inlet parameters on the 
dehumidification performance was investigated, and the characteristics of the dehumidification 
performance are described in this paper. 

2 METHODS 

2.1 Experimental setup of counter-flow liquid desiccant dehumidifier 
The schematic of the experimental setup is shown in Figure 1. LiCl aqueous solution was used as the 
desiccant solution. CELdek structured packing with overall height, width, and length of 0.70 m, 0.35 m, 
and 0.35 m, respectively was used in the dehumidifier with a specific surface area of 229 m2 m-3 and flute 
height of 7 mm. In this research, the dehumidifier system consists of strong and weak solution tanks, a 
constant flow pump, a variable air volume fan, air-cooled cooler, and an electric heating coil. The test 
chamber was served by a constant temperature and humidity unit to maintain the target inlet air conditions. 
When the inlet air flows through the dehumidifier, strong solution from the strong solution tank was 
sprayed simultaneously. The sprayed solution was collected in the solution sump, and this diluted solution 
was transferred to the weak solution tank. The outlet air was exhausted to the outside. 

 
Figure 1. Schematic design of experiment for the packed bed counter-flow dehumidifier 

Solution 
Sump

Dehumidifier

Inlet 
air

Outlet 
air

Fan

T H

T

H
F

T

F

T Temperature H Humidity Ratio F Flow rate D Density

Solution 
Pump

Strong Solution 
Tank

Weak Solution 
Tank

T

D

T

D

Solution- 
heater or 

cooler

PROCEEDINGS  — Roomvent & Ventilation 2018482  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 3 – Energy and Ventilation: Energy Performance of Buildings (EPB2)

482  |



2.2 Experimental conditions and instruments 
In this study, 32 sets of experiments were carried out to investigate the dehumidification performance 
of the packed bed counter-flow type liquid desiccant dehumidifier. The measured values were used to 
analyze the dehumidification performance variation of the absorber with respect to five operating 
parameters: the temperature and humidity ratio of the inlet air, the temperature and concentration of the 
inlet solution, and the liquid to gas (LG) ratio, which is defined as the mass flow rate ratio of the 
desiccant solution to the process air. Table 1 presents the operating range of the inlet parameters. The 
experiment was conducted in summer conditions because liquid desiccant systems are mostly used in 
hot and humid conditions. In this study, a constant flow pump with a flow rate of 8.1 l/min was adopted 
in the dehumidifier. Therefore, based on the operating ranges of the LG ratio, the mass flow rate of the 
process air varied from 0.065 kg/s to 0.112 kg/s.  
Experimental test was carried out to analyze the dehumidification performance of the packed bed 
counter-flow type liquid desiccant dehumidifier with CELdek structured packing material. The 
measurement parameters for the test were the inlet air dry-bulb temperature and humidity ratio, outlet 
air dry-bulb temperature and humidity ratio, air volume flow, solution density, and inlet and outlet 
solution temperatures; the measurement points are shown in Figure 1. The inlet and outlet dry-bulb 
temperature and humidity ratio were measured using a humidity/temperature probe. The temperature of 
the desiccant solution was measured using a k-type immersion thermometer. The concentration of the 
desiccant solution was determined by measuring the density of the solution with a density meter. The 
mass flow rate of the dehumidified air was determined by the velocity of the outlet air, which was 
measured using a vane sensor. Table 2 lists the range and accuracy of each sensor. 

Table 1. Operating ranges of experimental conditions 
Parameter Symbol Low High 

Inlet air temperature [℃] Ta,in 27 33 
Inlet air humidity ratio [kg/kg] ωa,in 0.0107 0.0201 
Inlet solution temperature [℃ ] T𝑠𝑠𝑠𝑠,in 15 30 
Inlet solution concentration [%] X𝑠𝑠𝑠𝑠,in 32.1 38.4 

Liquid to gas ratio [-] LG 1.5 2.5 

Table 2. Specifications of different measuring devices 
Variable Device Characteristics 

Dry-bulb temperature 
and humidity ratio of 

humid air 

High-precision 
humidity/temperature 

probe 

Range Temperature -20–60 ℃ 
Humidity 0–100% 

Accuracy 

Temperature ±0.2 ℃ (<30 ℃) 
±0.5 ℃ (>30 ℃) 

Humidity ±(1.8%RH 
+0.7% of m.v.) 

Air flow rate Differential 
pressure sensor 

Range Pressure 0–1250 Pa 
Accuracy ±0.30% 

Solution temperature K-type immersion 
temperature probe 

Range Temperature -60–1000℃ 
Accuracy ±1.5 ℃ 

Solution flow rate Ultrasonic flow 
meter (TFM 100) 

Range Velocity 0–32 m/s 
Accuracy ±1.00% 

Solution density Glass hydrometer Range Density 
1.00–1.4 
kg/m3 

Accuracy ±2 kg/m3 

of the dehumidifier have been proposed (Liu et al., 2006; Park et al., 2016). However, the 
dehumidification performance of a liquid desiccant dehumidifier also varies with the dimension of the 
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2.2 Dehumidification performance indices 
The dehumidification efficiency, enthalpy efficiency, and moisture removal rate are adopted to describe 
the combined heat and mass transfer performances of the dehumidifier. The enthalpy and 
dehumidification efficiency are defined as the ratio of the actual enthalpy or the humidity ratio variance 
of air passing through the dehumidifier to the variance under ideal conditions, as given in Equations 1 
and 2, respectively. The moisture removal rate of air can be calculated as given in Equation 3. Knowing 
these three indices and the inlet air and solution conditions, the outlet air and solution conditions can be 
determined, which are essential to determine the performance of the dehumidifier and the hybrid system.

 εent = ha,in−ha,out
ha,in−ha,eq

        (1) 

 εdeh = ωa,in−ωa,out
ωa,in−ωa,eq

        (2) 

 ṁdeh = ṁa�ωa,in − ωa,out�        (3) 

In Equation 2, the equilibrium humidity ratio (ωa,eq) can be defined using the solution pressure (Ps) and 
the atmospheric pressure (Patm) as given in Equation 4. To obtain the solution pressure (Ps) at saturation 
condition of the desiccant solution, a second order polynomial proposed by Fumo and Goswami (2002) 
was used.

 ωa,eq = 0.622 × P𝑠𝑠𝑠𝑠
Patm−Ps

        (4) 

3 RESULTS AND DISCUSSION 
The effects of five inlet parameters of the air and desiccant on the dehumidification performance were 
experimentally investigated. The five inlet parameters are the inlet air temperature, inlet air humidity 
ratio, inlet desiccant solution temperature, inlet desiccant solution concentration, and the mass flow rate 
ratio between the process air and desiccant solution. The inlet conditions of the air and desiccant solution 
are listed in Table 3. The effect of each factor on the dehumidification efficiency, enthalpy efficiency, 
and moisture removal rate is analyzed. 

Table 3 Experimental inlet conditions of air and desiccant solution 

Case 
Air Desiccant solution Liquid to 

gas ratio 
Ta,in [℃] ωa,in [kg/kg] ṁa [kg/s] Ts,in [℃] Xs,in [%] ṁs,in [kg/s] LG [-] 

2 (a) - 0.01462-0.01653 0.1050-0.1070 15.2-18.3 32.1-31.2 0.167-0.168 1.56-1.60 
2 (b) 27.2-30.2 - 0.1030-0.1067 14.9-18.5 31.8-31.2 0.167-0.168 1.62-1.63 
2 (c) 27.2-31.2 0.01561-0.01783 0.0850-0.1023 - 32.1-33.1 0.167-0.168 1.64-1.97 
2 (d) 26.8-30.2 0.01691-0.01830 0.0910-0.1052 16.8-19.5 - 0.167-0.168 1.59-1.84 
2 (e) 27.8-31.3 0.01129-0.01965 - 15.8-22.5 30.6-35.4 0.167-0.168 - 

3.1 Influence of inlet parameters on dehumidification performance 
The effects of the five inlet parameters of the air and desiccant on the dehumidification efficiency, 
enthalpy efficiency, and moisture removal rate are shown in Figure 2 and Figure 3, respectively. Under 
the given experimental inlet conditions, the dehumidification efficiency and enthalpy efficiency varied 
from 24.32% to 73.45% and from 30.91% to 68.31%, respectively. Similarly, the range of the moisture 
removal rate is from 0.43 g/s to 0.93 g/s. Figure 2 shows that the increase in the inlet air humidity ratio 
and the LG ratio increases the dehumidification efficiency, while the increase in the inlet air and inlet 
desiccant solution temperature decreases the dehumidification efficiency. For the enthalpy efficiency, 
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the positive influencing parameter is the inlet air temperature, while the negative influencing parameters 
are the inlet desiccant temperature and the LG ratio. Figure 3 shows that the inlet air and desiccant 
solution temperature have negative effects on the moisture removal rate, while the other three 
parameters have positive effects on the moisture removal rate. Decreasing the LG ratio, that is, 
increasing the inlet air flow rate, increases the mass transfer coefficient between air and the desiccant 
solution. However, the dehumidification efficiency decreases with decreasing LG ratio because of the 
shorter contact time. Increasing the inlet desiccant solution temperature can lead to higher surface vapor 
pressure of the desiccant solution, which reduces the mass transfer potential between air and the 
desiccant solution and then reduces the dehumidification efficiency and the moisture removal rate. In 
contrast, increasing the inlet desiccant solution concentration increases the moisture removal rate due 
to the decrease in the surface vapor pressure. However, a higher desiccant solution concentration leads 
to a higher surface tension, which reduces the wettability of the desiccant solution (Moon et al., 2009). 
This effect counteracts the increase in the mass transfer potential, which results in minimal change in 
the dehumidification efficiency. 

 
Figure 2. Influence of inlet parameters on dehumidification efficiency and enthalpy efficiency 

 

 
Figure 3. Influence of inlet parameters on moisture removal rate 
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enthalpy efficiency, and moisture removal rate are shown in Figure 2 and Figure 3, respectively. Under 
the given experimental inlet conditions, the dehumidification efficiency and enthalpy efficiency varied 
from 24.32% to 73.45% and from 30.91% to 68.31%, respectively. Similarly, the range of the moisture 
removal rate is from 0.43 g/s to 0.93 g/s. Figure 2 shows that the increase in the inlet air humidity ratio 
and the LG ratio increases the dehumidification efficiency, while the increase in the inlet air and inlet 
desiccant solution temperature decreases the dehumidification efficiency. For the enthalpy efficiency, 
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4 CONCLUSIONS 
This study experimentally investigated the dehumidification performance of packed bed counter-flow 
type liquid desiccant system using CELdek packing material with a specific surface area (229 m2 m-3). 
The experiment was conducted in summer conditions because liquid desiccant systems are mostly used 
in hot and humid conditions. In this study, a constant flow pump with a flow rate of 8.1 l/min was 
adopted in the dehumidifier. The enthalpy efficiency, dehumidification efficiency, and moisture 
removal rate were adopted as dehumidification performance indices. These indices were used to analyze 
the characteristics of the dehumidification performance in various inlet air and desiccant solution 
conditions. The main conclusions of the study are summarized below.  
The dehumidification efficiency and enthalpy efficiency were mainly influenced by the inlet air 
temperature, the inlet solution temperature, and the LG ratio. Experimental results also indicate that the 
air inlet humidity ratio influences only the dehumidification efficiency, while the desiccant 
concentration influences only the enthalpy efficiency. In terms of the moisture removal rate, the inlet 
air and desiccant solution temperature have negative influence on the moisture removal rate, while the 
other three parameters have positive influence on the moisture removal rate. This study also shows that 
this type of dehumidifier operates more effectively when air with high humidity ratio is used; hence, 
this compact dehumidifier is suitable for humid regions. The dehumidification efficiency is sensitive to 
a wide range of desiccant inlet temperatures, which indicates that the desiccant inlet temperature is a 
suitable control variable for adjusting the supply air humidity. 
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SUMMARY 
In the following paper, the pressure drop of air duct fittings in ventilation networks under varying 
operation conditions is examined. The investigation focusses on a quantification of the economic and 
energetic relevance of inaccuracies in standardized pressure loss estimations. Therefore, a 90° round 
bend is investigated experimentally. In contrast to actual design guidelines, a strong dependency of the 
dimensionless pressure drop coefficient Zeta (ζ) on the Reynolds number becomes obvious in the range 
of 104 < 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 < 2 ∙ 105, which is the most relevant for air handling applications. Based on the 
measurement data, a lifecycle calculation shows a strong impact of varying Zeta values on the optimum 
design velocity, the resulting annuity and the transportation energy demand. Depending on the usage 
profile, the real energy demand can easily be 30 to 50 % above the planned level. Subsequently, variable 
Zeta values, the usage profile and part load conditions should necessarily be considered in air duct 
network design processes. Otherwise, variations in the total yearly costs between 10 and 40 % are 
probable.
Keywords: Zeta value, ventilation duct, pressure drop, network design, economic analysis 

1 INTRODUCTION 
The Pressure drop of ventilation duct fittings is characterized by the dimensionless pressure drop 
coefficient Zeta (ζ). The evaluation of the pressure drop of a ventilation duct network and thus its design 
(dimensions, proportions etc.) are determined through the Zeta coefficients of its parts. In design 
guidelines (ASHRAE, 2009), (VDI, 2006), Zeta values are given for each fitting shape, e.g. bends, T-
branchings or transitions, depending on bending radius, volume flow ratio or opening angles. Further 
literature differs between deflection and friction losses of duct fittings, where the friction losses have 
significantly lower proportions (ζfriction ≪ 0.1). However, many investigations show that the Zeta values 
given in the design guidelines are merely suitable for 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 > 2 ∙ 105 (Idelchik, 2008), (Rákóczy, 1979), 
(Esdorn, 2008). For design velocities of up to 6 m/s, this only applies to air duct network sections with 
volume flow rates higher than about 5 500 m³/h. Below that, not only geometric parameters, but also a 
strong dependence of deflection losses on the Reynolds number seem to be relevant. Hence, in the 
present paper, the Reynolds number dependency of Zeta values and possible effects on the economically 
optimized design velocity of air duct networks are investigated. 

2 METHODS 
Basically, a regression of measured Zeta values of bends at different Reynolds numbers is used to 
calculate the energy demand and the economic annuity of an air duct network for different design 
velocities. 

2.1 Experimental setup 
The major subject of the experimental investigation is the determination of the total Zeta values of a 
90° round bend. Therefore, a test network section for duct fittings with a diameter of 300 mm has been 
set up following (ASHRAE, 2008), as illustrated schematically in Figure 1. 

4 CONCLUSIONS 
This study experimentally investigated the dehumidification performance of packed bed counter-flow 
type liquid desiccant system using CELdek packing material with a specific surface area (229 m2 m-3). 
The experiment was conducted in summer conditions because liquid desiccant systems are mostly used 
in hot and humid conditions. In this study, a constant flow pump with a flow rate of 8.1 l/min was 
adopted in the dehumidifier. The enthalpy efficiency, dehumidification efficiency, and moisture 
removal rate were adopted as dehumidification performance indices. These indices were used to analyze 
the characteristics of the dehumidification performance in various inlet air and desiccant solution 
conditions. The main conclusions of the study are summarized below.  
The dehumidification efficiency and enthalpy efficiency were mainly influenced by the inlet air 
temperature, the inlet solution temperature, and the LG ratio. Experimental results also indicate that the 
air inlet humidity ratio influences only the dehumidification efficiency, while the desiccant 
concentration influences only the enthalpy efficiency. In terms of the moisture removal rate, the inlet 
air and desiccant solution temperature have negative influence on the moisture removal rate, while the 
other three parameters have positive influence on the moisture removal rate. This study also shows that 
this type of dehumidifier operates more effectively when air with high humidity ratio is used; hence, 
this compact dehumidifier is suitable for humid regions. The dehumidification efficiency is sensitive to 
a wide range of desiccant inlet temperatures, which indicates that the desiccant inlet temperature is a 
suitable control variable for adjusting the supply air humidity. 
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Figure 1. Experimental setup for pressure loss measurement of duct fittings 

The total static pressure drop due to friction and deflection in the test section was measured for different 
velocities respectively Reynolds numbers. With a comparative measurement of an undisturbed duct 
section, the friction proportion of the in- and outlet section was eliminated. The ratio of the remaining 
pressure drop and the dynamic pressure results in the total Zeta value of the fitting (eq. 1). 

 𝜁𝜁𝜁𝜁total = ∆𝑝𝑝𝑝𝑝static − ∆𝑝𝑝𝑝𝑝friction,inlet+outlet section
𝜌𝜌𝜌𝜌
2� ∙ 𝑣𝑣𝑣𝑣2

  (1) 

The air velocity was detected using an orifice gauge. Here, as well as for the measurement of the static 
pressures of the test section, a precision manometer (Furness Controls FCO560) was used. The overall 
measurement uncertainty of the experimental setup was calculated to approximately 2 to 5 %, depending 
on the boundary conditions of each measurement. 

2.2 Calculation procedure 
The economically optimized design velocity of air duct networks is affected by the investment costs for 
the duct material amount and the resulting energy costs for air transport (Kriegel and Schaub, 2015). 
Based on the material and energy prices, interest and price increase rates and maintenance costs listed 
in Table 1, the total annuity per meter of a duct network was calculated for a lifecycle of 30 years. 

Table 1. Economic boundary conditions 
electricity 0.18 €/kWh interest 3 %/a 

duct 25 €/m² price increase 2 %/a 
fittings 35 €/m² maintenance 1 %Invest/a 

In addition, the fan efficiency was set to a constant value of 65 % and the proportion of fittings was 
assumed to be 30 % of the material amount of the air duct network. In case of rectangular ducts, material 
costs are usually surface-specific and thus, in a first approximation, a continuous function of the 
geometric dimensions. In round ducts, discontinuous price steps depending on the nominal size are 
common. In order to avoid an influence of this discontinuous pricing structure, the economic calculation 
was carried out based on rectangular ducts with an aspect ratio of 1. 
As a base variant, the total annuity of the air duct network was calculated for the design volume flow 
rate during the whole operation time (full load) and compared to varying volume flow rates during the 
operation time (part load). However, mentioned velocities always refer to the design volume flow rate. 
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In a second step, the measured dependency of Zeta values on the Reynolds number was considered 
instead of constant Zeta values from design guidelines. This leads to four investigation cases: 
- full load operation with constant Zeta values, 
- part load operation with constant Zeta values, 
- full load operation with variable Zeta values and 
- part load operation with variable Zeta values. 
The investigation cases were applied to a duct network section with a design volume flow rate of 
1 000 m³/h and three different usage profiles, as shown in Table 2. 

Table 2. Usage profiles 
usage operation time 24 h mean part load airflow 

auditorium 12 h/d 150 d/a 229 m³/h 
office 13 h/d 250 d/a 365 m³/h 

production (2 shifts) 16 h/d 250 d/a 567 m³/h 

For an exemplary network section, all Zeta values were cumulated in a single length specific Zeta value 
(ζ quota), whose Reynolds number dependency is assumed to be equivalent to that of a bend. 
Independent of the applied Zeta values, the pressure drop proportion of the fittings varies in each 
investigation case with the design velocity due to shifting duct dimensions for constant volume flow 
rates. Essentially, two Zeta value quotas were analyzed. Thereby, a low Zeta value quota leads to 
pressure drop proportions of the fittings between 40 and 75 % for design velocities between 
1 and 8 m/s. With a high Zeta value quota, fittings cause 63 to 88 % of the overall pressure losses. 

3 RESULTS 

3.1 Experimental results 
Figure 2 shows the measurement results of the total Zeta value of a 90° round bend with an r/D ratio of 
1 and a diameter of 300 mm in comparison to literature values and design guidelines. 

 
Figure 2. Reynolds number dependency of Zeta values (90° round bend, r/D = 1, D = 300 mm) 

 
Figure 1. Experimental setup for pressure loss measurement of duct fittings 

The total static pressure drop due to friction and deflection in the test section was measured for different 
velocities respectively Reynolds numbers. With a comparative measurement of an undisturbed duct 
section, the friction proportion of the in- and outlet section was eliminated. The ratio of the remaining 
pressure drop and the dynamic pressure results in the total Zeta value of the fitting (eq. 1). 

 𝜁𝜁𝜁𝜁total = ∆𝑝𝑝𝑝𝑝static − ∆𝑝𝑝𝑝𝑝friction,inlet+outlet section
𝜌𝜌𝜌𝜌
2� ∙ 𝑣𝑣𝑣𝑣2

  (1) 

The air velocity was detected using an orifice gauge. Here, as well as for the measurement of the static 
pressures of the test section, a precision manometer (Furness Controls FCO560) was used. The overall 
measurement uncertainty of the experimental setup was calculated to approximately 2 to 5 %, depending 
on the boundary conditions of each measurement. 

2.2 Calculation procedure 
The economically optimized design velocity of air duct networks is affected by the investment costs for 
the duct material amount and the resulting energy costs for air transport (Kriegel and Schaub, 2015). 
Based on the material and energy prices, interest and price increase rates and maintenance costs listed 
in Table 1, the total annuity per meter of a duct network was calculated for a lifecycle of 30 years. 

Table 1. Economic boundary conditions 
electricity 0.18 €/kWh interest 3 %/a 

duct 25 €/m² price increase 2 %/a 
fittings 35 €/m² maintenance 1 %Invest/a 

In addition, the fan efficiency was set to a constant value of 65 % and the proportion of fittings was 
assumed to be 30 % of the material amount of the air duct network. In case of rectangular ducts, material 
costs are usually surface-specific and thus, in a first approximation, a continuous function of the 
geometric dimensions. In round ducts, discontinuous price steps depending on the nominal size are 
common. In order to avoid an influence of this discontinuous pricing structure, the economic calculation 
was carried out based on rectangular ducts with an aspect ratio of 1. 
As a base variant, the total annuity of the air duct network was calculated for the design volume flow 
rate during the whole operation time (full load) and compared to varying volume flow rates during the 
operation time (part load). However, mentioned velocities always refer to the design volume flow rate. 
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For the present measurement data, a very strong dependency of the fitting’s Zeta value on the Reynolds 
number becomes evident. Especially in the range below 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ≈ 105, a sharp increase of Zeta can be seen 
with a decreasing Reynolds number. Investigations by (Idelchik, 2008) show the same basic tendency, 
although a good agreement only occurs for measurements in rectangular air ducts (Sprenger, 1969). 
Compared to design guidelines, the measured pressure loss is two to three times higher for 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 < 2 ∙ 105. 

3.2 Calculation results 
Figures 3 and 4 show the economic calculation results for the auditorium and the two-shift production. 

 
Figure 3. Duct annuity as function of the design velocity (auditorium, high ζ quota) 

 
Figure 4. Duct annuity as function of the design velocity (two-shift production, high ζ quota) 
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As the fluid mechanical power in turbulent flows depends on the velocity with the power of three, the 
depicted results basically represent a cubic function, which is damped by the influence of the investment 
costs. The damping increases with decreasing operation time respectively mean airflow rate. 
For all other investigated cases, Table 3 gives an overview of the calculation results for the economically 
optimized design point. 

Table 3. Quantities of the economically optimized design point 

usage Auditorium Office Production 
(two shifts) 

velocity | annuity | energy m/s €
m a 
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va

r. full load 3.6 2.50 2.16 2.8 2.82 2.44 2.6 2.94 2.54 
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ns
t. full load 5.0 2.08 1.64 4.0 2.32 1.84 3.7 2.41 1.91 

part load 7.5 1.69 1.33 5.4 1.99 1.57 4.2 2.25 1.79 

ζ 
va

r. full load 4.5 2.20 1.83 3.6 2.47 2.06 3.3 2.57 2.14 

part load 6.9 1.78 1.46 4.9 2.10 1.74 3.8 2.40 2.00 

For the calculated cases, the economically optimized design velocity varies in a range of 2.6 to 7.5 m/s, 
depending on the usage profile and the design approach. The yearly annuity of the duct section thereby 
amounts between 1.69 and 2.94 €/(m a), whereas the energy demand results among 1.33 and 
2.54 kWh/(m a). 

4 DISCUSSION 
The exemplary demonstrated Zeta value’s Reynolds number dependency of a 90° round bend shows the 
biggest impact in the flow regime of 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 < 2 ∙ 105, which is in fact the most relevant for air handling 
applications. Thus, constant Zeta values solely depending on fittings geometry, as proposed in actual 
design guidelines, lead to significant deviations between planned and real pressure losses in air duct 
networks. In this context, it is remarkable that the design guidelines refer directly (ASHRAE, 2009) or 
indirectly (VDI, 2006) via (Rákóczy, 1979) to (Idelchik, 2008), but do not take into account the 
Reynolds number dependency of Zeta values, which is already shown there. For the deviations between 
the measured fittings pressure losses of this investigation and the database of (Idelchik, 2008), two 
effects are assumed to be relevant. Firstly, the measurements by (Idelchick, 2008) refer to fittings 
without flange-connectors. Since nearly all ventilation systems are equipped with flanges, the present 
measurements, however, were carried out with flanges. Secondly, a possible difference between the 
roughness values of the duct material assumed for the calculation and the real ones of the present 
experimental setup does not only affect the resulting frictional pressure losses, but also the flow 
separation in a bend and thus its deflection losses. Here, (Idelchik, 2008) specifies the influence of even 
small roughness variations on the deflections losses with a factor of up to 2 for 4 ∙ 104 < 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 < 2 ∙ 105. 

Regarding the economic effects of the Zeta value’s Reynolds number dependency compared to constant 
Zeta values, the lifecycle approach shows an increase of the annuity between 5 % in the case of an 
auditorium usage profile with low Zeta quota and 10 % for the two-shift production usage with a high 

For the present measurement data, a very strong dependency of the fitting’s Zeta value on the Reynolds 
number becomes evident. Especially in the range below 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ≈ 105, a sharp increase of Zeta can be seen 
with a decreasing Reynolds number. Investigations by (Idelchik, 2008) show the same basic tendency, 
although a good agreement only occurs for measurements in rectangular air ducts (Sprenger, 1969). 
Compared to design guidelines, the measured pressure loss is two to three times higher for 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 < 2 ∙ 105. 

3.2 Calculation results 
Figures 3 and 4 show the economic calculation results for the auditorium and the two-shift production. 
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Figure 4. Duct annuity as function of the design velocity (two-shift production, high ζ quota) 
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Zeta quota. In addition, taking the measured Zeta value’s variability into account results in a 30 to 35 % 
higher real transportation energy demand in the case of an auditorium with a low Zeta value quota 
compared to a dimensioning based on actual design guidelines. For the two-shift production with a high 
Zeta value quota, this difference increases up to 60 %. Subsequently, the real economic optimum of the 
air duct design velocity decreases by 0.4 to 0.8 m/s due to a consideration of the Zeta value’s Reynolds 
number dependency. 
As expected, the higher the mean airflow rate respectively the transport energy demand of a usage 
profile is, the more a deviation from the optimal design velocity increases the total costs. In the case of 
an office with a low Zeta value quota and part load operation, a design velocity of 2 m/s above or below 
the optimum increases the annuity in a range of 10 to 15 %. Whereas the same variation of the design 
velocity for the two-shift production usage profile causes a higher annuity in a magnitude of 40 %. 
Furthermore, it can be noted that a consideration of part load conditions in the life cycle calculation 
tends to allow higher design velocities. 

5 CONCLUSIONS 
The investigation results show that Zeta values solely depending on air duct fittings geometry, as 
suggested in actual design guidelines, are not sufficiently accurate for the relevant fluid mechanical 
regimes of air handling applications. Especially in the range of 104 < 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 < 2 ∙ 105, a strong Reynolds 
number dependency of the deflection pressure losses should be considered. Thus, the applied Zeta 
values for design calculations are two to three times too small, depending on the Reynolds number. This 
leads to 30 to 60 % higher energy demands and 5 to 10 % higher life cycle costs in the actually built air 
duct networks compared to the planned amounts. Generally, the investigations clearly show that the 
usage profile has a crucial role in the selection of the design velocity. 
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SUMMARY 
This objective of this study was to investigate suitable methods of evaluating the leakage characteristics 
related to the airtightness of condominiums. 
Leakage modeling of the constituent openings made from the leakage characteristics (relationship 
between air flow rate and pressure difference) of rooms and buildings were compared with 
measurements. Rooms and buildings can be considered as networks of openings that can be combined 
either in series or in parallel. An exponential equation, commonly known as the power law, has often 
been used for building envelope openings.
The parallel combination model consists of combination of openings in parallel by (long) narrow 
openings at low Reynolds numbers (e.g. adventitious openings – cracks in walls, etc.) and (short) large 
openings (e.g. purpose-provided openings – air inlet, etc.). The parallel combination model has 
precision equivalent to that of the power law, and indication of the narrow opening ratio of openings of 
building envelope is possible. New buildings and retrofitted buildings have high narrow opening ratios, 
and the leakage characteristics are similar to those of narrow and deep openings. 
Keywords: Building airtightness, Leakage characteristics, Combination of openings, Condominiums 

1 INTRODUCTION 
In terms of international trends, the promotion of approximately zero energy building deeply related for 
building and duct airtightness, and the use of energy efficient ventilation systems, are required by 
countries of the European Union. It is necessary to acknowledge the importance of airtightness. Methods 
of evaluation using only effective leakage area which is without a conventional coefficient of leakage 
characteristics require a considerable amount of time for measurement, in cases where the airtightness 
measurement must be carried out for each part, such as when deciding the parts for retrofitting and 
verifying. 
The present study considered the appropriateness of the leakage models from the viewpoint of the 
measurement models. The objective was to use polynomial models in the leakage models in order to 
determine the relationship between the coefficients of the leakage characteristics and the constituent 
openings in the residences (ratio of narrow and deep openings, and wide and shallow openings). 
Thereby, we can clarify the leakage characteristics resulting from factors such as building completion, 
building structure, and construction method, and use this information in order to evaluate the retrofitting. 
This study focused specifically on condominiums. 

Zeta quota. In addition, taking the measured Zeta value’s variability into account results in a 30 to 35 % 
higher real transportation energy demand in the case of an auditorium with a low Zeta value quota 
compared to a dimensioning based on actual design guidelines. For the two-shift production with a high 
Zeta value quota, this difference increases up to 60 %. Subsequently, the real economic optimum of the 
air duct design velocity decreases by 0.4 to 0.8 m/s due to a consideration of the Zeta value’s Reynolds 
number dependency. 
As expected, the higher the mean airflow rate respectively the transport energy demand of a usage 
profile is, the more a deviation from the optimal design velocity increases the total costs. In the case of 
an office with a low Zeta value quota and part load operation, a design velocity of 2 m/s above or below 
the optimum increases the annuity in a range of 10 to 15 %. Whereas the same variation of the design 
velocity for the two-shift production usage profile causes a higher annuity in a magnitude of 40 %. 
Furthermore, it can be noted that a consideration of part load conditions in the life cycle calculation 
tends to allow higher design velocities. 

5 CONCLUSIONS 
The investigation results show that Zeta values solely depending on air duct fittings geometry, as 
suggested in actual design guidelines, are not sufficiently accurate for the relevant fluid mechanical 
regimes of air handling applications. Especially in the range of 104 < 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 < 2 ∙ 105, a strong Reynolds 
number dependency of the deflection pressure losses should be considered. Thus, the applied Zeta 
values for design calculations are two to three times too small, depending on the Reynolds number. This 
leads to 30 to 60 % higher energy demands and 5 to 10 % higher life cycle costs in the actually built air 
duct networks compared to the planned amounts. Generally, the investigations clearly show that the 
usage profile has a crucial role in the selection of the design velocity. 
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2 METHODS 

2.1 Airtightness measurement methods 
To measure the airtightness, a fan was utilized in order to produce a pressure difference between the 
interior and exterior of the building. Then, the air flow rate was measured. Because ventilation systems 
can cause both positive and negative pressure, this study used data obtained by measuring airtightness 
both with a pressurization and depressurization method. 

2.2 Leakage models 
Table 1 shows a leakage model. With regard to the relationship of the pressure difference of the air flow 
passing through the openings and the air flow volume, the regular part of Equation (1) is frequently 
expressed as an exponential power law equation. It is well known that the leakage characteristics are 
based on the Reynolds number, similar to the opening shape. Figure 1 shows a combination image of 
the opening shape and the opening. 
The leakage characteristic coefficients of the narrow and deep openings, with a Reynolds number of 
low passing air flow (adventitious openings, such as narrow openings and wall cracks) approach the 
value of one, while those of comparatively large openings (functional openings, including large 
openings, openings around air inlets, and other openings) approach the value of 0.5. For the square law 
expressed by Equation (2), while n = 0.5 in the power law, the coefficient of the building (dwelling 
units) leakage characteristics is usually not equal to two. Additionally, actual buildings combine 
multiple openings. 

Symbols 
q Air flow rate [m3/h] 
C Coefficient of the power law [m3/(h Pan)] or leakage of the opening at 1Pa [m3/h] 
Δp Pressure difference [Pa] 
n Coefficient of leakage characteristics or exponent in the power law 
AF Floor area [m2] 
ELA10 Effective leakage area at 9.8Pa [cm2] 
ELAF10 Specific leakage area per the floor area at 9.8Pa = ELA10/AF [cm2/m2] 
ρ Air density [kg/m3] 
ELA10N ELA10 of narrow opening at low Reynolds numbers [cm2] 
ELA10L ELA10 of large opening [cm2] 
a, b, c, d, D Experiment coefficient 

Table 1. Models for leakage 
Power law for narrow openings

      𝑞𝑞𝑞𝑞 = C(∆𝑝𝑝𝑝𝑝)𝑛𝑛𝑛𝑛 (1) 
Square law

      𝑞𝑞𝑞𝑞 = 3 600
10 000
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2
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Parallel combination model
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(3a) 

Quadratic equation 
      ∆𝑝𝑝𝑝𝑝 = c𝑞𝑞𝑞𝑞 + d𝑞𝑞𝑞𝑞2  (4) 

In this regard, we attempted to apply building openings by using the parallel combination model 
expressed by Equation (3), which considers the parallel combinations of narrow openings (n = 1 in the 
power law) and large openings (n = 0.5 in the power law), and the quadratic equation expressed by 
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Equation (4), which considers the parallels. Moreover, the parallel combination model assumes that 
narrow and large openings exist in parallel. Furthermore, it considers the effective leakage area 
additively in the same way as in the part airtightness measurement for buildings. However, the quadratic 
equations assume that the narrow and large openings exist in series and regard the building openings as 
a single opening. 

2.3 Comparison of measurement-based leakage models 
Eight condominiums built in Japan between 1961 and 2007 were measured, and the measurements are 
presented in Table 2. Moreover, Figure 2 shows a typical side corridor type F condominium plan. By 
applying the power law expressed by Equation (1), the parallel combination model in Equation (3), and 
the quadratic in Equation (4), to the measurement values of the pressure difference ΔP and the air flow 
rate Q, we can obtain the coefficients through the least squares method. 

Table 2. Building characteristics of studied condominiums
Condominium
(#ID)

Location
in Japan

Year Built
(Retrofitted)

Type Structure Stories Units

A Kanagawa 1971 
(2006) 

Central 
corridor 

Steel reinforced concrete  
(SRC) 

15 143 

B Tokyo 1967 
(2006) 

Stairs room Reinforced concrete 
(RC) 

5 30 

C Kanagawa 1970 
(2007) 

Side corridor 
(Skip floor) 
+Stairs room 

RC 10 97 

D Kanagawa 2004 Side corridor RC   5 101 
E Tokyo 2007 Void RC 28 329 
F Kanagawa 2003 Side corridor RC   7 110 
G Tokyo 1979 Side corridor RC 12 158 
H Tokyo 1961 Stairs room RC   4 32 
Note 1 Windows were retrofit (Condominium A and Condominium C). 
Note 2 Windows and entrance door were retrofit (Before retrofitting Steel window frame) (Condominium B). 
Note 3 Double glazed soundproof windows (Condominium E). 

  
Figure 2. Plan of dwelling 
unit F1 (Condominium F)  
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3 RESULTS AND DISCUSSION 

3.1 Leakage model application and suitability 
Figure 3 presents the results of the measurement results application to the leakage models. Within the 
scope of measuring the pressure difference, all of the formulas corresponded well with the measured 
values and a difference was not observed. However, outside of the scope of measurement, differences 
were observed in the formulas. Table 3 presents some of the dwelling unit airtightness measurement 
results for the condominiums listed in Table 2, which were used to compare the suitability of the 
formulas. 

Table 3. Measured data of determination of air leakage by fan pressurization method (Extracted) 
ID Ti[K] To[K] AF Δp q Method  E5 291.1 281.7 65.0 27.8 85 Pressurization 

([℃]) ([℃]) [m2] [Pa] [m3/h] (Remarks)   (17.9) (8.5)  33.9 93  
A1 294.1 290.6 42.7 8.7 316 Pressurization      44.9 119  
 (20.9) (17.4)  20.7 519       59.6 154  
    28.9 628       83.0 196  
    40.6 760       98.0 217  
    50.7 858   F1 305.2 304.9 66.0 21.1 239 Pressurization 
    60.0 952    (32.0) (31.7)  31.6 312  
A1r 293.8 292.7 42.7 9.3 258 Pressurization      39.9 385  
 (20.6) (19.5)  21.2 437 (after retrofitting)      49.5 424  
    31.8 554       59.8 473  
    40.3 631   G1 298.2 296.8 45.5 10.5 310 Depressurization 
    49.2 706    (25.0) (23.6)  20.1 429  
    58.4 778       28.2 518  
A2 294.8 297.3 42.7 19.1 393 Pressurization      39.0 620  
 (21.6) (24.1)  29.8 519       51.8 720  
    41.2 631   G2 299.5 298.2 45.5 18.4 319 Depressurization 
    48.8 682    (26.3) (25.0)  25.1 376  
    62.0 795       33.5 444  
A2r 292.0 287.2 42.7 20.7 292 Pressurization      43.3 507  
 (18.8) (14.0)  29.9 369 (after retrofitting)      51.3 566  
    39.9 440   H1 298.1 294.1 26.5 9.3 498 Depressurization 
    50.6 508    (24.9) (20.9)  14.5 655  
    60.2 555       19.3 777  
B1 285.4 280.9 43.3 9.1 476 Depressurization      25.8 923  
 (12.2) (7.7)  17.7 670       29.6 1000  
    28.3 869   H2 299.5 297.6 26.5 10.6 329 Depressurization 
    36.9 1007    (26.3) (24.4)  20.4 481  
    45.1 1111       31.3 622  
    52.0 1195       42.1 744  

To be continued      50.5 822  
Note 1 Ti: Indoor air temperature, To: Outdoor air temperature. 
Note 2 Converted the measured flow rate to air flow rate, q 
Note 3 Subscript r in the ID shows after retrofitting. 

Accordingly, we considered the suitability of the formulas by comparing the linear residual sums of 
squares for the measurement value q. The analysis results are presented in Fig. 4. The values in the 
parenthesis are the residual sums of squares in the formulas after being standardized by the power law 
residual sum of squares. The quadratic equations were the most compatible to the measurement values. 
The parallel combination model was comparable to the quadratic equations in terms of suitability, since 
it exhibited characteristics similar to those exhibited by the power law. 
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3.2 Coefficient of leakage characteristics, effective leakage areas, and narrow opening ratios 

We evaluated the leakage characteristics by using the power law and the parallel combination model 
(Table 4). In the table, ELAF10 (specific effective leakage area per floor area) represents the effective 
leakage area (ELA10) for the floor space, while ELA10N/(ELA10N+ELA10L) defines the narrow opening 
ratio and indicates the rate occupied by ELA10N in the effective leakage area calculated by the parallel 
combination model. Moreover, ELA10, which is calculated by the power law, and ELA10N+ELA10L, 

which is calculated by the parallel combination model, were highly compatible. 

Table 4. Correspondence of the values in two equations 
ID eq.(1) Power law eq.(3) Parallel

ELA10

[cm2]
C

[m3/(h Pan)]
n ELAF10

[cm2/m2]
a b ELA10N

[cm2]
ELA10L

[cm2]
ELA10N +
ELA10L[cm2]

ELA10N /
(ELA10N+ELA10L)

A1 233 338.59 0.57 5.5  2.88 100.56 19 216 236 8% 
A1r 186 270.04 0.60 4.4  2.92 80.30 20 173 193 10% 
A2 183 266.12 0.59 4.3  2.78 79.15 19 170 189 10% 
A2r 129 186.92 0.61 3.0  2.17 55.39 15 120 134 11% 
B1 348 493.49 0.53 8.0  1.95 152.42 13 336 349 4% 
B2r 125 178.47 0.56 2.9  1.16 54.43 8 120 128 6% 
C1 151 219.60 0.62 3.5  3.94 57.76 27 124 151 18% 
C1r 117 169.84 0.62 2.7  2.25 49.67 15 107 122 12% 
C2r 132 191.40 0.63 3.0  3.26 52.85 22 114 136 16% 
C3r 89 127.43 0.65 2.1  2.14 36.02 15 78 93 16% 
C4 168 240.94 0.65 3.9  4.49 66.19 31 144 175 18% 
D1 43 62.45 0.81 0.6  2.78 13.26 19 29 48 40% 
E3 50 71.71 0.66 0.6  1.34 19.79 9 43 52 18% 
E4 28 40.60 0.80 0.4  1.63 9.57 11 21 32 35% 
E5 25 36.81 0.78 0.4  1.37 8.75 9 19 28 33% 
F1 98 144.86 0.67 1.5  2.71 41.08 18 87 105 17% 
G1 203 296.58 0.53 4.5  1.34 90.51 9 194 203 4% 
G2 153 223.93 0.56 3.4  1.58 67.29 11 144 154 7% 
H1 355 515.54 0.60 13.4  8.09 140.40 55 302 357 15% 
H2 215 313.56 0.59 8.1  3.74 89.73 25 192 217 12% 
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3 RESULTS AND DISCUSSION 

3.1 Leakage model application and suitability 
Figure 3 presents the results of the measurement results application to the leakage models. Within the 
scope of measuring the pressure difference, all of the formulas corresponded well with the measured 
values and a difference was not observed. However, outside of the scope of measurement, differences 
were observed in the formulas. Table 3 presents some of the dwelling unit airtightness measurement 
results for the condominiums listed in Table 2, which were used to compare the suitability of the 
formulas. 
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Accordingly, we considered the suitability of the formulas by comparing the linear residual sums of 
squares for the measurement value q. The analysis results are presented in Fig. 4. The values in the 
parenthesis are the residual sums of squares in the formulas after being standardized by the power law 
residual sum of squares. The quadratic equations were the most compatible to the measurement values. 
The parallel combination model was comparable to the quadratic equations in terms of suitability, since 
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Fig. 5 shows the relationship between the effective leakage area per the floor area (ELAF10) in Table 4 
and the coefficient of leakage characteristics (n). However, a strong correlation was not observed. Even 
if the effective leakage areas per floor area had the same value, the coefficients of the leakage 
characteristics would vary based on the ratio of the window opening surface area to the floor surface 
area, since the opening and background opening characteristics were different. 
Fig. 6 shows the result of formulating the relationship between the coefficient of the leakage 
characteristics (n) and the narrow opening ratio as a cubic equation. To obtain the results presented in 
Table 4, the coefficients were calculated through the least squares method by adding the constraints that 
go through the two points, where the narrow opening ratio is 0% when n = 0.5, and 100% when n = 1. 
Regardless of the airtightness measurement method (pressurization method, depressurization method), 
the measured value was compatible with the third-order regression equations. The exponent n becomes 
growing in the order of stock condominiums (+), retrofitted stock condominiums (▲ ), and new 
construction condominiums between 2003 and 2007 (●), and the narrow opening ratio becomes high 
in the same order. If we use Equation (5) for RC and SRC condominiums, we can estimate the narrow 
opening ratio merely by substituting the coefficient of the leakage characteristics. Additionally, from 
the relationship between the coefficients of the leakage characteristics and the constituent openings, we 
can investigate the effectiveness of retrofitting around the openings, and also check for changes related 
to retrofitting in the resulting leakage characteristics. 

4 CONCLUSIONS 
In this study, we investigated the evaluation methods of dwelling units and leakage characteristics of 
each part with regard to condominiums. The following conclusions were drawn: 
To evaluate leakage characteristics, we proposed a parallel combination model, which enables the 
division of the effective leakage area into narrow and deep openings, where the depth measurement is 
larger than the opening measurement and the large openings with a shallow depth measurement. As a 
result of evaluating the leakage models by using the airtightness measurement values, the quadratic 
equations considering the narrow and large openings as a series coupling were determined as the most 
suitable. Therefore, the parallel combination model exhibited characteristics similar to those exhibited 
by the power law. 
The flow characteristics of openings around doors and window frames are similar to those of purpose-
provided openings. 
Although the narrow opening ratio in the stock condominiums of the 1960s and 1970s was 
approximately 5–20%, new condominiums built after the year 2000, had a high narrow opening ratio of 
approximately 20–40%. Therefore, the coefficients of the leakage characteristics tend to be: stock 
buildings → retrofitted stock buildings → new construction buildings, in descending order. 
Although a strong correlation was observed between the coefficients of the leakage characteristics and 
the narrow opening ratio which was formulated as a cubic equation, no correlation was observed when 
the relationship between the coefficients of the leakage characteristics and the effective leakage areas. 
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SUMMARY 
Vertical temperature gradient prediction is essential for displacement ventilation system design, since 
it directly relates to the calculation of supply air flow rate. Several simplified nodal models were 
developed and implemented in the various building simulation programmes in order to estimate the 
temperature stratification in rooms with displacement ventilation. However, the error between the 
calculated with the commonly used models and measured temperature in the occupied zone can reach 
2-3°C. It results in poor thermal comfort and inadequate sizing of the displacement ventilation system. 
The aim of the study is to compare four commonly used simplified models and a novel nodal model to 
calculate the temperature gradient in a room with various single flow elements and combinations of 
them. The measurement data were compared with the existing nodal models and the proposed novel 
nodal model in terms of predicting the occupied zone temperatures. The proposed nodal model 
provides a simplified and accurate technique to predict the temperature gradient for typical indoor heat 
loads. 
Keywords: displacement ventilation, thermal plume, mixing height, nodal model, temperature 
gradient 

1 INTRODUCTION 
In displacement ventilation (DV) systems cool air is supplied into the occupied zone of the room near 
the floor at low velocity and then entrained by buoyant plumes over any warm objects. As a result, a 
two layer room air temperature profile, stratified and mixed, is developed. Ideally, the air movements 
induced by thermal plumes transport heat and pollutants to the layer above the occupied zone, 
promoting a vertical temperature and contaminants stratification. The transition level between a mixed 
upper layer and stratified layer is called mixing height, which is related to the height where the inflow 
rate matches the airflow induced by the thermal plumes in the occupied zone. Controlling the mixing 
height position is one of the most challenging tasks in DV system design, since it directly related to 
the calculation of supply air flow rate. 
Two different approaches are applied to control the supply airflow rate: a temperature based design 
where the design criterion is the room air temperature in the occupied zone; and an air quality based 
design where the design criterion is contaminant level over the occupied zone. An air quality based 
approach is typically used in industrial applications where the contaminant stratification is significant 
for DV design. In commercial buildings where the thermal comfort is the main issue, the temperature 
based design is the most common method. The present research focuses on commercial buildings 
where the temperature gradient calculation is applied to calculate an air flow rate of DV systems. 
Nodal models treat the thermal stratification of the indoor air as an idealised network of nodes 
connected with flow paths. Such models vary according to the application, number of nodes, flow and 
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can investigate the effectiveness of retrofitting around the openings, and also check for changes related 
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4 CONCLUSIONS 
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each part with regard to condominiums. The following conclusions were drawn: 
To evaluate leakage characteristics, we proposed a parallel combination model, which enables the 
division of the effective leakage area into narrow and deep openings, where the depth measurement is 
larger than the opening measurement and the large openings with a shallow depth measurement. As a 
result of evaluating the leakage models by using the airtightness measurement values, the quadratic 
equations considering the narrow and large openings as a series coupling were determined as the most 
suitable. Therefore, the parallel combination model exhibited characteristics similar to those exhibited 
by the power law. 
The flow characteristics of openings around doors and window frames are similar to those of purpose-
provided openings. 
Although the narrow opening ratio in the stock condominiums of the 1960s and 1970s was 
approximately 5–20%, new condominiums built after the year 2000, had a high narrow opening ratio of 
approximately 20–40%. Therefore, the coefficients of the leakage characteristics tend to be: stock 
buildings → retrofitted stock buildings → new construction buildings, in descending order. 
Although a strong correlation was observed between the coefficients of the leakage characteristics and 
the narrow opening ratio which was formulated as a cubic equation, no correlation was observed when 
the relationship between the coefficients of the leakage characteristics and the effective leakage areas. 
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heat load configuration and mixing height consideration. The most common linear temperature 
modelling with two room air nodes has been proposed by Mundt (Mundt, 1996). The multi nodal 
models that introduced the temperature profile composed by variable slopes between three nodes were 
proposed by Nielsen (Nielsen, 2003) and Mateus and da Graça (Mateus at al.,2015). Several nodal 
models are currently available in thermal energy simulation tools. Mundt and Mateus and da Graça 
models are implemented in EnergyPlus and Mundt model is also available in IDA ICE.   
The multi-node models usually provide the accurate temperature gradient prediction. However, for 
cases with high level flow elements, which are typical for commercial spaces, all the current models 
provide the incorrect results. In addition, the distribution of heat loads between the nodes still needs a 
deeper comprehension for better gradient prediction. The new model, proposed in the present study, is 
developed and validated as a result of comparison and reconsideration of current nodal models. 

2 METHODS 
Two-nodal models are not able to predict the temperature gradient, which is logical considering two-
layer structure of the room with DV. The layer that divides is called a mixing height. It can be found 
from the plume theory as a height where the air flow rate of the plume is equal to the room air flow 
rate. 

2.1 Plume theory methods to calculate the mixing height  
Since fluid flow in displacement ventilation is driven by convective flows from the heat sources, 
plume theory is widely applied in the temperature gradient calculation. The sources of indoor heat 
loads normally differ in geometrical shape, heat loss and location. Plumes in rooms are most 
commonly have a circular cross-section, since heat sources are three-dimensional. Therefore, point 
source method can be applied to the heat sources close to cylindrical and rectangular shape:  

,  ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 23.5 ∙ �𝑞𝑞𝑞𝑞𝑣𝑣𝑣𝑣

𝑛𝑛𝑛𝑛
�
3
5 ∙ Φ𝑐𝑐𝑐𝑐

−15 + ℎ0𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣          (1) 

where: qv – volume flux (m3/s), Φc – convective heat (W), n – amount of plumes, ℎ0𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 – virtual origin 
height (m). 
The location of the virtual point source is dependent on geometrical parameters of the source and 
model of virtual origin correction. In the case of vertical heat source conical correction with the 
opening angle 25° and 80% of the source diameter (Skistad, 1994) is applied:  

ℎ0𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠 − 1.47 ∙ 𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠            (2) 

where: Hs and Ds are correspondently the height and the diameter of the source (m). 
To calculate the thermal plume from the rectangular source, the diameter is replaced by hydraulic 
diameter of the top of the source. 
The plume height in the case horizontal heated surfaces is dependent on the shape of this source. The 
point source formulae better works with round shape sources or the rectangular ones with the aspect 
ratio greater than 2 (Devienne et al., 2012): 

ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
ℎ𝑜𝑜𝑜𝑜𝑣𝑣𝑣𝑣 = 23.5 ∙ (𝑞𝑞𝑞𝑞𝑣𝑣𝑣𝑣)

3
5 ∙ Φ𝑐𝑐𝑐𝑐

−15 + ℎ0ℎ𝑜𝑜𝑜𝑜𝑣𝑣𝑣𝑣          (3) 

In the case when the aspect ratio in less than 2, the formulae corresponding to a linear source must be 
considered: 

ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
ℎ𝑜𝑜𝑜𝑜𝑣𝑣𝑣𝑣 = 85.5 ∙ 𝑞𝑞𝑞𝑞𝑣𝑣𝑣𝑣 ∙ (𝑙𝑙𝑙𝑙)−

2
3 ∙ Φ𝑐𝑐𝑐𝑐

−13 + ℎ0ℎ𝑜𝑜𝑜𝑜𝑣𝑣𝑣𝑣          (4) 

where: l – length of the source (m). 
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The virtual origin for the horizontal area source of buoyancy still is a subject of the various studies, 
the most of which agree with the following correlation: 

  ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
ℎ𝑜𝑜𝑜𝑜𝑣𝑣𝑣𝑣 = 2.2 ∙ 𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠/2          (5) 

The mixing height from the convection vertical surface usually happens in a high zone of a room. 
However, first temperature near the heated vertical surface happens due to the flow transition from 
laminar to turbulent regime (Cooper et al., 2001). The transition level can be estimated considering the 
condition for changing the flow regime: Gr∙Pr = 7·108: 

ℎ𝑡𝑡𝑡𝑡𝑣𝑣𝑣𝑣
𝑣𝑣𝑣𝑣.𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑣𝑣𝑣𝑣𝑠𝑠𝑠𝑠 = � 7∙108∙𝜈𝜈𝜈𝜈∙𝜈𝜈𝜈𝜈

g×β×(θ𝑤𝑤𝑤𝑤 – θsur)·𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝·ρ
�
1/3

+ 𝐻𝐻𝐻𝐻𝑤𝑤𝑤𝑤          (6) 

where: ν - kinematic viscosity (m2/s); k – thermal conductivity (W/(m·K); g – gravity acceleration 
(m/c2); θw – temperature of the window surface (°C); θw – surrounding temperature (°C); cp – heat 
capacity (W/(m2·°C); Hw – height of the bottom of the window (m). 
When several types of heat sources are located in the room with DV, the mixing height is obtained 
using the weight factors of the corresponding heat loads: 

  ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
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Φ𝑐𝑐𝑐𝑐
         (7) 

Thus, the mixing height of the room can be found for all the typical heat sources.  

2.2 Nodal models to predict the temperature gradient 
Nodal models are the analytical energy balance models with lumped parameters that treat the building 
room air as an idealized network of nodes connected with flow paths. They are widely applied in 
building design because of their simplicity, flexibility and applicability. They differ in the number of 
nodes, flow and heat load configuration and mixing height consideration. Three nodal models with 
different approaches were chosen to be analysed and compared with the proposed one: Mundt, Nilsen 
and Mateus 3-nodal model. 
Mundt (Mundt, 1996) proposed the 2-nodel model where temperature gradient is calculated to be 
linear over the room height. In this model the radiative energy flux from the floor is balanced by 
convective heat transfer from the floor surface to the air. In Nielsen model (Nielsen 2003) the linear 
vertical temperature gradient between floor and the height of mixing layer is predicted with 
Archimedes number and the type of heat gain. The mixing height is calculated for a point source in 
stratified environment. A simplified three-nodal modal was proposed by Mateus and da Graca 
(Mateus et. al., 2015) with the use of load separation and low zone mixing factor. In addition, tis 
model calculates the temperatures of wall surfaces: floor, ceiling, high and low levels of the walls. 
The novel nodal model (Fig.1) predicts room air temperature at four heights: at the height of 0.1 m, at 
the height of the mixed layer (hmx) and the height of the exhaust air temperature that is equal to the 
room height. Heat load distribution determines the convection heat transfer connection between the 
wall and air nodes. The model consists of the set of 3 convection and 3 radiation heat balance 
equations assuming 50% split between convective and radiative heat loads. 

heat load configuration and mixing height consideration. The most common linear temperature 
modelling with two room air nodes has been proposed by Mundt (Mundt, 1996). The multi nodal 
models that introduced the temperature profile composed by variable slopes between three nodes were 
proposed by Nielsen (Nielsen, 2003) and Mateus and da Graça (Mateus at al.,2015). Several nodal 
models are currently available in thermal energy simulation tools. Mundt and Mateus and da Graça 
models are implemented in EnergyPlus and Mundt model is also available in IDA ICE.   
The multi-node models usually provide the accurate temperature gradient prediction. However, for 
cases with high level flow elements, which are typical for commercial spaces, all the current models 
provide the incorrect results. In addition, the distribution of heat loads between the nodes still needs a 
deeper comprehension for better gradient prediction. The new model, proposed in the present study, is 
developed and validated as a result of comparison and reconsideration of current nodal models. 

2 METHODS 
Two-nodal models are not able to predict the temperature gradient, which is logical considering two-
layer structure of the room with DV. The layer that divides is called a mixing height. It can be found 
from the plume theory as a height where the air flow rate of the plume is equal to the room air flow 
rate. 

2.1 Plume theory methods to calculate the mixing height  
Since fluid flow in displacement ventilation is driven by convective flows from the heat sources, 
plume theory is widely applied in the temperature gradient calculation. The sources of indoor heat 
loads normally differ in geometrical shape, heat loss and location. Plumes in rooms are most 
commonly have a circular cross-section, since heat sources are three-dimensional. Therefore, point 
source method can be applied to the heat sources close to cylindrical and rectangular shape:  
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where: qv – volume flux (m3/s), Φc – convective heat (W), n – amount of plumes, ℎ0𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 – virtual origin 
height (m). 
The location of the virtual point source is dependent on geometrical parameters of the source and 
model of virtual origin correction. In the case of vertical heat source conical correction with the 
opening angle 25° and 80% of the source diameter (Skistad, 1994) is applied:  

ℎ0𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 𝐻𝐻𝐻𝐻𝑠𝑠𝑠𝑠 − 1.47 ∙ 𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠            (2) 

where: Hs and Ds are correspondently the height and the diameter of the source (m). 
To calculate the thermal plume from the rectangular source, the diameter is replaced by hydraulic 
diameter of the top of the source. 
The plume height in the case horizontal heated surfaces is dependent on the shape of this source. The 
point source formulae better works with round shape sources or the rectangular ones with the aspect 
ratio greater than 2 (Devienne et al., 2012): 

ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
ℎ𝑜𝑜𝑜𝑜𝑣𝑣𝑣𝑣 = 23.5 ∙ (𝑞𝑞𝑞𝑞𝑣𝑣𝑣𝑣)

3
5 ∙ Φ𝑐𝑐𝑐𝑐
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In the case when the aspect ratio in less than 2, the formulae corresponding to a linear source must be 
considered: 

ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
ℎ𝑜𝑜𝑜𝑜𝑣𝑣𝑣𝑣 = 85.5 ∙ 𝑞𝑞𝑞𝑞𝑣𝑣𝑣𝑣 ∙ (𝑙𝑙𝑙𝑙)−
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where: l – length of the source (m). 
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a) b) 

Figure 1. Novel modal model scheme. a) The most of heat loads located in the lower zone of the room; 
b) The most of heat loads located in the upper zone of the room. 
 
Therefore, the proposed novel nodal model increases modelling accuracy by reconsidering mixing 
height calculation and high level heat loads. 

2.3 Validation of the nodal models 
The test setup consists of displacement diffusers with perforated front face and ceiling exhaust in 
well-insulated room with 20.8 m2 floor area and room height of 5.12 m. The internal heat loads 
(Table 1) consist of heated cylinders representing persons, heated cube-shaped boxes representing 
computers, heated foils in one wall and ceiling representing solar load on window at different levels 
and fluorescent lighting units. 

Table 1. Simulated head loads for the presented cases 
Case Heat loads from the simulators, W Total 

heat 
loads, 

W 

Supply 
tempera

ture, 
°C 

Suppl
y air 
flow 
rate 
m3/h 

 

Cyllinders Boxes Foils on 
the wall 

Foils on 
the floor 

Foils on 
the ceiling 

Lighting 
units 

Single loads 
6 people 450 – – – – – 450 20.6 0.05 
6 computers – 720 – – – – 720 21.2 0.05 
Floor heat loads – – – 466 – – 466 20.6 0.05 

Combinations of heat loads 
10 people, window* 
and floor heat loads 750 – 520 466 – – 1736 16.3 0.1 

6 people, 
6 computers 450 720 – – – – 1170 18.1 0.1 

10 people, ceiling 
heat loads, light 750 – –  466 232 1148 16.7 0.1 

* Height 3.6 m at initial level of 0.8 m over the floor. 

In the present cases vertical temperature profiles are measured from four locations at ten heights with 
calibrated PT100 sensors (accuracy ± 0.2°C).  Surface temperatures were measured with Testo 830-
TI-infrared thermometer (accuracy ± 0.1°C). Supply and exhaust air flows were measured with air 
flow rate measurement device MSD 100, that was calibrated with an orifice plate to reach the 
accuracy ±3%. 
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3 RESULTS 
The measured data of the temperature gradient for the typical indoor heat loads (Table 1) were 
compared with the calculation results of the selected simplified nodal models: Mundt, Nielsen, Mateus 
and novel nodal model. The results of the corresponding measurements and calculations are presented 
at the Figure 2. 
 
a) 

 

b)  

 

c) 

 

d)  

 

e) 

 

f) 

 

 

Figure 2. Comparison of the different nodal model with the measurement data for single (a – c) heat 
loads and combinations of heat loads (d – f) 
 
The two-nodal Mundt model is not able to calculate the temperature gradient for all the cases. Nielsen 
model is able to predict the temperature near the floor, however overestimates the mixing height level. 
Unlike the cases with high level heat gains, such as heated ceiling, high window computers, Mateus 
model accurately calculates the temperature gradient in the occupied zone of the room. The proposed 
novel nodal model demonstrates the most accurate prediction for all the types of indoor heat loads. 

4 DISCUSSION 
The results represent typical temperature stratification in rooms with displacement ventilation, when 
the main gradient happens in low zone. Two-nodal models that do not count the level of stratification 
are not able to predict the temperature gradient. For the accurate temperature gradient prediction in 
displacement ventilation the minimum number of nodes is 3: the temperature along the floor, mixing 
height and exhaust temperatures. 
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Figure 1. Novel modal model scheme. a) The most of heat loads located in the lower zone of the room; 
b) The most of heat loads located in the upper zone of the room. 
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well-insulated room with 20.8 m2 floor area and room height of 5.12 m. The internal heat loads 
(Table 1) consist of heated cylinders representing persons, heated cube-shaped boxes representing 
computers, heated foils in one wall and ceiling representing solar load on window at different levels 
and fluorescent lighting units. 

Table 1. Simulated head loads for the presented cases 
Case Heat loads from the simulators, W Total 

heat 
loads, 

W 

Supply 
tempera

ture, 
°C 

Suppl
y air 
flow 
rate 
m3/h 

 

Cyllinders Boxes Foils on 
the wall 

Foils on 
the floor 

Foils on 
the ceiling 

Lighting 
units 

Single loads 
6 people 450 – – – – – 450 20.6 0.05 
6 computers – 720 – – – – 720 21.2 0.05 
Floor heat loads – – – 466 – – 466 20.6 0.05 

Combinations of heat loads 
10 people, window* 
and floor heat loads 750 – 520 466 – – 1736 16.3 0.1 

6 people, 
6 computers 450 720 – – – – 1170 18.1 0.1 

10 people, ceiling 
heat loads, light 750 – –  466 232 1148 16.7 0.1 

* Height 3.6 m at initial level of 0.8 m over the floor. 

In the present cases vertical temperature profiles are measured from four locations at ten heights with 
calibrated PT100 sensors (accuracy ± 0.2°C).  Surface temperatures were measured with Testo 830-
TI-infrared thermometer (accuracy ± 0.1°C). Supply and exhaust air flows were measured with air 
flow rate measurement device MSD 100, that was calibrated with an orifice plate to reach the 
accuracy ±3%. 
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Despite their simplicity and applicability, nodal models are not universal in predicting the temperature 
gradient, since they are not able to count all the variety of factors affecting the indoor air flows. In the 
case of complicated unconventional heat load sources, uneven distribution of heat and momentum 
fluxes, CFD methods are more applicable.  
In addition, since the model is steady-state, it is not able to count the effect of dynamic loads and 
thermal mass on the temperature gradient. The novel model should be validated in dynamic mode. 
Due to the increase of computational power, the attention for simplified models has decreased. 
However, through the years it became clear that simplified models have benefits over complex models 
user friendliness, straight forward and fast calculation. 

5 CONCLUSIONS 
The study compares and validates four nodal models in terms of their ability to calculate vertical 
temperature gradient in room with displacement ventilation and different heat sources. Heat load 
distribution and accurate mixing height calculation are the most essential factors to predict the 
temperature stratification for the DV design conditions. Even though the main temperature gradient 
happens in low zone of the room with DV, the high level heat loads in high-ceiling premises decrease 
the mixing height temperature. The proposed method of weight-averaged mixing height calculation 
allows counting the heat gains of typical indoor heat sources. The proposed nodal model with heat 
load division and weight-averaged mixing height calculation provides an accurate prediction for all 
types and combinations of heat loads.  
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SUMMARY 
Modelling the indoor thermal environment of a room heated by a wood stove is a complex task. 
Simple models with an acceptable level of accuracy and computational time are needed. Therefore, it 
is important to characterize the plume of stoves as it strongly influences the thermal environment such 
as the temperature stratification. The aim of this study is to investigate whether the standard plume 
theory applied to a pure plume generated by a point heat source in a quiescent environment is 
applicable for wood stoves by measuring the air velocity and temperature fields of the free plume 
generated by two electric stoves in a large 8 m high laboratory facility. 
Velocity and temperature profiles became self-similar after 1.5-2.0 reference lengths above the stove 
top surface, and thus before reaching the ceiling height of a typical room (~3 m). This enables 
applying the standard plume theory above this region. However, most of the measured plumes were 
lazy and did not converge to a pure plume before the height of a typical room. Thus there was a 
momentum deficit in the plumes for lower heights. Nonetheless, for practical applications, the 
measured temperature excess and flow rates corresponded well enough with the theory.
Keywords: plume model, wood stove, lazy plume. 

1 INTRODUCTION 
Wood stoves are widely used and offer a good opportunity to use biomass for space-heating and 
reduce CO2 emissions. Modelling the indoor thermal environment of a room heated by a wood stove 
is a complex task. Nevertheless, simple models are needed to evaluate the thermal comfort during the 
entire space-heating season with an acceptable level of accuracy and computational time. A major 
phenomenon that needs to be captured by a simulation to evaluate thermal comfort is the thermal 
stratification (Georges and Skreiberg, 2016). The thermal plume of the wood stove has a major impact 
on this stratification and the air distribution inside the room. Therefore, it is important to characterize 
this plume, starting from the ideal case of a free plume, and compare it to standard plume theory. 
The standard plume theory is largely based on the work of Morton et al. (1956), here referred as the 
MTT model. They introduced the assumption of an entrainment factor α (that they assumed constant) 
and established three conservation equations for three integral quantities (mass, momentum and 
buoyancy flux) for a turbulent plume in a quiescent environment. These conservation equations were 
obtained by integrating the boundary layer equations in the direction perpendicular to the main flow 
direction. The equations are solved assuming that velocity and temperature profiles become self-
similar after a certain establishment distance above the convective heat source, see Figure 1. 
Therefore, the MTT model should in theory not be used in the near-source region, as it was derived 
for slender flows using an assumption of self-similarity. Given the size of a stove, this establishment 
distance may be large compared to the typical room height (~3m). Pham et al. (2005) concluded based 
on experiments that the plume of a hot disk becomes self-similar at the height of 4 diameters of the 
disk. Pham et al. (2007) managed to reproduce this experiment using direct numerical simulation. 
Typically, the plume of a wood stove reaches the ceiling of a usual room of ~3 m height after ~4 times 

Despite their simplicity and applicability, nodal models are not universal in predicting the temperature 
gradient, since they are not able to count all the variety of factors affecting the indoor air flows. In the 
case of complicated unconventional heat load sources, uneven distribution of heat and momentum 
fluxes, CFD methods are more applicable.  
In addition, since the model is steady-state, it is not able to count the effect of dynamic loads and 
thermal mass on the temperature gradient. The novel model should be validated in dynamic mode. 
Due to the increase of computational power, the attention for simplified models has decreased. 
However, through the years it became clear that simplified models have benefits over complex models 
user friendliness, straight forward and fast calculation. 

5 CONCLUSIONS 
The study compares and validates four nodal models in terms of their ability to calculate vertical 
temperature gradient in room with displacement ventilation and different heat sources. Heat load 
distribution and accurate mixing height calculation are the most essential factors to predict the 
temperature stratification for the DV design conditions. Even though the main temperature gradient 
happens in low zone of the room with DV, the high level heat loads in high-ceiling premises decrease 
the mixing height temperature. The proposed method of weight-averaged mixing height calculation 
allows counting the heat gains of typical indoor heat sources. The proposed nodal model with heat 
load division and weight-averaged mixing height calculation provides an accurate prediction for all 
types and combinations of heat loads.  
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the reference length of the top surface of the stove (Lref). The first question (Q1) is thus to know 
whether the stove plume could ever be fully established in a room of standard height and whether the 
MTT could still provide valuable predictions.  
MTT equations are most often solved assuming the concept of virtual origin. It is defined as the point 
at which an infinitesimal buoyancy source would be located to give the flow equivalent to the plume 
in question (Etheridge and Sandberg, 1996). In addition, the virtual origin is often combined with the 
assumption of pure plume leading to a mass and momentum flux equal to zero at the origin. 
Combined, this leads to a convenient approach, as simple engineering approaches have been proposed 
to locate this virtual origin, e.g. the so-called minimal and maximal approaches reported by 
Goodfellow (2001). Pure plumes are characterized by a laziness factor (Γ) of 1 that remains constant 
all over the axial development of the plume. In reality, in the near-source region of the stove, the 
plume would have a deficit of momentum compared to buoyancy, a so-called lazy plume (Γ > 1). 
Fortunately, theory and experience show that Γ converges towards a pure plume with increasing 
height (Carlotti and Hunt, 2017). The second question is thus to evaluate the typical height required 
by a stove plume to converge to a pure plume (Q2). Alternatively, if the virtual origin concept is used 
with the MTT equations, then, after which distance from the source does it provide valuable integral 
quantities? Finally, most of the plume research has been realized for quiescent environments. A real 
environment would inevitably contain some background turbulence, especially a room. The third 
question is if this background turbulence would significantly alter the characteristics of the plume 
compared to the MTT model (Q3). 
The aim of this paper is to characterize the free plume of wood stoves and answer the three 
aforementioned questions (Q1 to Q3). Experiments were performed using two electrical stoves with 
dimensions (width x depth x height) of 0.6 m x 0.6 m x 1.2 m and 0.4 m x 0.4 m x 0.6 m with Lref 
being the width. They were built to emulate the behavior of real wood stoves, which typically have 
average surface temperatures up to 150-200 °C, and by placing them in a large 8 m high laboratory 
facility. Air velocities and temperatures were measured above the stoves using a 3D traverse system. 

 

Figure 1 Standard plume theory (left) and the experimental set-up (right). 
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2 METHODS 

2.1 MTT model 
The buoyancy flux B(z), the momentum flux M(z) and mass flux G(z) (where z denotes the height 
above the physical source at z = 0) is defined as 

 𝐵𝐵𝐵𝐵(𝑧𝑧𝑧𝑧) = ∬𝑔𝑔𝑔𝑔𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑎𝑎𝑎𝑎
𝜌𝜌𝜌𝜌𝑎𝑎𝑎𝑎

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊, 𝑀𝑀𝑀𝑀(𝑧𝑧𝑧𝑧) = ∬𝜌𝜌𝜌𝜌𝑊𝑊𝑊𝑊2𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 , 𝐺𝐺𝐺𝐺(𝑧𝑧𝑧𝑧) = ∬𝜌𝜌𝜌𝜌𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊, (1) 

where W denotes the vertical velocity of the plume, ρ the local density, ρa the ambient density, g the 
acceleration due to gravity and the double integral means the integration over on horizontal plane S. In 
the absence of stratification (such as in the large 8 m high laboratory hall where experiments where 
performed), the MTT plume conservation equations leads to 

 𝑊𝑊𝑊𝑊𝐵𝐵𝐵𝐵 𝑊𝑊𝑊𝑊𝑧𝑧𝑧𝑧⁄ = 0 ,  𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 𝜌𝜌𝜌𝜌𝑎𝑎𝑎𝑎
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵
𝑑𝑑𝑑𝑑

,  𝑑𝑑𝑑𝑑𝐵𝐵𝐵𝐵
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= 2�𝜋𝜋𝜋𝜋𝜌𝜌𝜌𝜌𝑎𝑎𝑎𝑎𝑀𝑀𝑀𝑀𝛼𝛼𝛼𝛼. (2) 

The buoyancy force is thus constant. These equations are most often solved assuming a virtual origin 
and a pure plume (meaning B(0) ≠ 0, M(0) = G(0) = 0). The laziness factor (Γ) is defined as 

 𝛤𝛤𝛤𝛤 = 5
8�

𝜌𝜌𝜌𝜌𝑎𝑎𝑎𝑎
𝜋𝜋𝜋𝜋

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵2

𝛼𝛼𝛼𝛼𝑑𝑑𝑑𝑑5 2⁄ . (3) 

converging to 1 (i.e. pure plume) with increasing height from the source. Above the zone of flow 
establishment, the velocity (U) and temperature excess (∆T) profiles of the plumes are self-similar and 
experience shows that they are fairly well represented by a Gaussian curve (Etheridge and Sandberg, 
1996). These profiles are characterized by a centerline value (Uc and ΔTc) and a width (bU and bT) 
defined as the distance from centerline, where the air velocity and temperature excess are e-1 (i.e. 
37%) of the centerline value (see Figure 1). 

2.2 Experiment set-up 
The experiments were carried out in a large 8 m high laboratory hall with two electric stoves designed 
to emulate real wood stoves by controlling the surface temperatures. The small and large stoves are 
boxes of dimensions 0.6 m × 0.6 m ×1.2 m and 0.4 m × 0.4 m × 0.6 m respectively, where all six 
surfaces of the stoves were heated except for the bottom of the large one. The maximum powers of the 
stoves are 15.5 and 4.1 kW, respectively. Further information about the design and control of the 
stoves is given in Georges and Skreiberg (2016). A total of 7 steady-state experiments (at constant and 
uniform surface temperatures equal for all surfaces) were carried out, 5 with the large and 2 with the 
small stove (Table 1). The stove temperature was kept constant using PID controllers monitoring the 
heated stove surfaces using type K thermocouples. The air temperature of the hall remained relatively 
constant during the experiments and no significant thermal stratification was identified according to 
Pt100 temperature sensors placed at different heights. All used sensors are described in Table 2. 
The measurements of the plume were conducted with a 3D traverse system with 10 omni-directional 
air velocity transducers and 10 type T thermocouples. These sensors were attached with a 10 cm 
interval on a horizontal beam moved by the traverse system. The probes/tips of sensors were installed 
vertically and placed ~10 cm downstream from the beam to minimize impact of the construction on 
the measured flow. The traverse system had a pre-programmed movement in 3 spatial directions and 3 
minutes duration measurements were made in each position. Experience has shown that this sampling 
period is long enough to reach statistically confident data. The right side of Figure 1 illustrates the 
positions of the sensors. To validate the measurement procedure, a compact heat source of limited 
dimensions was created. Being compact and strong, it enabled to limit the length of the establishment 
zone and to create velocities magnitudes well above the background turbulence. Measurements 
showed self-similar temperature and velocity profiles at a short distance above the source, confirming 
the validity of the overall experimental setup.  
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whether the stove plume could ever be fully established in a room of standard height and whether the 
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Goodfellow (2001). Pure plumes are characterized by a laziness factor (Γ) of 1 that remains constant 
all over the axial development of the plume. In reality, in the near-source region of the stove, the 
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being the width. They were built to emulate the behavior of real wood stoves, which typically have 
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Figure 1 Standard plume theory (left) and the experimental set-up (right). 
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Table 1 The heat emission of the stoves as a function of surface temperature and the corresponding 
hall air temperature during experiments.  

Stove surface 
temperature, °C 

Air temperature in test hall, °C Stove heat emission (total/convective), W 
Large stove Small stove Large stove Small stove 

80 20.6 - 2260 / 920 - 
100 19.7 - 3360 / 1370 - 
120 22.3 20.3 4470 / 1780 1800 / 720 
140 20.6 - 5910 / 2330 - 
160 20.8  20.7 7430 / 2850 2940 / 1130 

Table 2 Description of measurement equipment. TC- thermocouple, AV – air velocity transducer. 
Type/name Position Physical 

variable 
Accuracy Frequency 

AV TSI 8475 Plume Air velocity ±3.0% of reading1,2 2 sec 
AV SensoAnemo 5100LSF Plume Air velocity 0.02 m/s ±1.5% of reading3 2 sec 

TC type T Plume Temperature ±2.2 K 2 sec 
TC type K Stove surface Temperature ±2.2 K 5 sec 

Pt100 Test hall Temperature ±0.15 K 1 min 
1 – additional ±1.0 of selected full scale range (1.0 m/s during experiments of the study) 
2 – response time to flow: 5 seconds 
3 – sampling rate: 8 Hz 

2.3 Post-processing measurement data 
The measured data logged at each height was analysed separately and it became evident that the 
plume was not axisymmetric due to background flow in the test hall i.e. highest temperature and 
velocity was not measured exactly at the stoves' centreline. Therefore, the temperature and air velocity 
at each height was analysed as a function of horizontal distance from the plume centreline, which was 
assumed to be the location of the highest temperature. Consequently, the characterization of plumes 
was done as follows. The air velocity and temperature distribution at each height was identified using 
the least squares regression method assuming that the profiles were Gaussian: the centreline air 
velocity and temperature as well as the respective profile's width (bc and bT) were calibrated omitting 
temperature excess and air velocity magnitude below 0.05 K and 0.2 m/s, respectively, to ignore the 
background noise. The virtual origin of the plume and its entrainment factor (α) were identified by 
fitting the width evolution of the measured temperature profile far away from the source, bT(z). Based 
on the fitted profiles, the flow rate and the plume laziness were calculated at each height according to 
equations 1, 2 and 3. Finally, the local quantities (centreline air velocity and temperature) and integral 
quantities (flow rate) were compared to the MTT theory. 

3 RESULTS 
For the sake of the conciseness, only figures for the small stove with surface temperature of 120 °C 
(SS120) and the large stove with surface temperature of 160 °C (LS160) are presented. However, the 
text corresponds to all measured cases. Figure 2 illustrates the temperature and air velocity fields at 
heights 0.16 to 2.16 m from the stove top surface. At the first horizontal plane straight above the stove 
(0.16 m), the velocity and temperature fields do not have a clear structure. It corresponds to a detached 
flow right above the stove. However, the Gaussian shape is qualitatively found at a height of 1.16 m 
and 0.66 m above the stove top surface for the large and small stove, respectively. Non-
dimensionalized by Lref, this gives a value between 1.5 and 2. Therefore, this indicates that the MTT 
model is valid above these levels (Q1). Hence, the level of the ceiling would almost be reached in the 
case of the large stove and about half of the room height would have been passed for the small stove. 
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Even though Gaussian profiles are found after a certain distance, the discrepancy with the MTT model 
assuming a virtual horizon is still large. The measured centreline excess temperature converges 
quickly to the modelled one but the measured centreline velocity is significantly lower when moving 
closer to the stove. As expected, the plume is lazy above the stove, as shown in Figure 3(c) with Γ > 1. 
With increasing heights, the measured velocity field progressively converges to the theoretical one. 
This is translated by a decreasing Γ(z) as function of z. For the small stove, Γ is close to 1 (i.e. a pure 
plume) from 1.66 m above the stove. In this case, one can see that velocity and temperature fields fit 
well with the MTT model with virtual origin, see Figures 2(g) and 2(h). In the case of the large stove, 
the convergence is never really reached for all the measured horizontal planes. In all cases (thus 
including the small stove), these distances to reach a pure plume are not small compared to the room 
height. Therefore, one should consider that the stove plume is mostly lazy in a typical room (Q2). The 
MTT model with virtual origin will thus overestimate the mass flow, but this difference is in practice 
not large as depicted by Figure 3(b). The virtual origin may thus be considered as a practical 
engineering approach to evaluate integral quantities even though its theoretical foundation is not met 
in reality. 
The velocity fields in Figure 2 do not converge to zero when the radial distance from the plume 
centreline is increased. The velocity magnitude found far away from the stove centreline corresponds 
to the background turbulent flow in the laboratory, i.e. an average air velocity 0.05 m/s with standard 
deviation 0.02 m/s. As already mentioned, this flow alters the shape of the plume, which is not strictly 
axisymmetric. Nevertheless, one can see that most of the expected properties of a plume in a quiescent 
environment have been retained (Q3). 

 

Figure 2 The measured and theoretical temperature excess and air velocity profiles of the SS120 and 
LS160 cases as a function of horizontal distance from the plume centreline for different heights: 0.16 
m (a,b), 0.66 m (c,d), 1.16 m (e,f) and 2.16 m (g,h) from the stove top surface. 
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Table 1 The heat emission of the stoves as a function of surface temperature and the corresponding 
hall air temperature during experiments.  

Stove surface 
temperature, °C 

Air temperature in test hall, °C Stove heat emission (total/convective), W 
Large stove Small stove Large stove Small stove 

80 20.6 - 2260 / 920 - 
100 19.7 - 3360 / 1370 - 
120 22.3 20.3 4470 / 1780 1800 / 720 
140 20.6 - 5910 / 2330 - 
160 20.8  20.7 7430 / 2850 2940 / 1130 

Table 2 Description of measurement equipment. TC- thermocouple, AV – air velocity transducer. 
Type/name Position Physical 

variable 
Accuracy Frequency 

AV TSI 8475 Plume Air velocity ±3.0% of reading1,2 2 sec 
AV SensoAnemo 5100LSF Plume Air velocity 0.02 m/s ±1.5% of reading3 2 sec 

TC type T Plume Temperature ±2.2 K 2 sec 
TC type K Stove surface Temperature ±2.2 K 5 sec 

Pt100 Test hall Temperature ±0.15 K 1 min 
1 – additional ±1.0 of selected full scale range (1.0 m/s during experiments of the study) 
2 – response time to flow: 5 seconds 
3 – sampling rate: 8 Hz 

2.3 Post-processing measurement data 
The measured data logged at each height was analysed separately and it became evident that the 
plume was not axisymmetric due to background flow in the test hall i.e. highest temperature and 
velocity was not measured exactly at the stoves' centreline. Therefore, the temperature and air velocity 
at each height was analysed as a function of horizontal distance from the plume centreline, which was 
assumed to be the location of the highest temperature. Consequently, the characterization of plumes 
was done as follows. The air velocity and temperature distribution at each height was identified using 
the least squares regression method assuming that the profiles were Gaussian: the centreline air 
velocity and temperature as well as the respective profile's width (bc and bT) were calibrated omitting 
temperature excess and air velocity magnitude below 0.05 K and 0.2 m/s, respectively, to ignore the 
background noise. The virtual origin of the plume and its entrainment factor (α) were identified by 
fitting the width evolution of the measured temperature profile far away from the source, bT(z). Based 
on the fitted profiles, the flow rate and the plume laziness were calculated at each height according to 
equations 1, 2 and 3. Finally, the local quantities (centreline air velocity and temperature) and integral 
quantities (flow rate) were compared to the MTT theory. 

3 RESULTS 
For the sake of the conciseness, only figures for the small stove with surface temperature of 120 °C 
(SS120) and the large stove with surface temperature of 160 °C (LS160) are presented. However, the 
text corresponds to all measured cases. Figure 2 illustrates the temperature and air velocity fields at 
heights 0.16 to 2.16 m from the stove top surface. At the first horizontal plane straight above the stove 
(0.16 m), the velocity and temperature fields do not have a clear structure. It corresponds to a detached 
flow right above the stove. However, the Gaussian shape is qualitatively found at a height of 1.16 m 
and 0.66 m above the stove top surface for the large and small stove, respectively. Non-
dimensionalized by Lref, this gives a value between 1.5 and 2. Therefore, this indicates that the MTT 
model is valid above these levels (Q1). Hence, the level of the ceiling would almost be reached in the 
case of the large stove and about half of the room height would have been passed for the small stove. 
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Figure 3 The theoretical and measurement-based plume width (a), flow rate (b), and laziness (c) as a 
function of vertical distance from the virtual origin for cases SS120 and LS160. 

4 CONCLUSIONS 
Plume measurements of two electrical stoves in a large 8 m high laboratory facility were conducted to 
study whether the standard plume theory applied to a pure plume generated from a point heat source 
can be applied for wood stoves. The stove plumes became self-similar after 1.5-2.0 reference lengths 
from the stove top surfaces, i.e. before reaching the ceiling height of a typical room (~3 m). This 
enables applying the standard plume theories above this region. However, most of the measured 
plumes were lazy and did not converge to a pure plume before the height of a typical room. Thus, 
there was a momentum deficit in the plumes for lower heights. For practical applications, the 
measured temperature excess and flow rates still corresponded well enough with the standard plume 
theory and the results can also be used to validate CFD models for simulating real wood stove plumes. 
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SUMMARY 
Using wood stoves is a common space-heating strategy in the Nordic countries. The power oversizing 
of a stove for a given building might deteriorate the indoor thermal environment, for instance with large 
thermal stratification. This thermal environment is difficult to model and, in practice, a simple modelling 
approach is needed with acceptable accuracy and computational time. The aim of this study is to validate 
a zonal model against experiments conducted in a test cell laboratory, which was heated using an electric 
stove mimicking real wood stoves. The model combines the Togari zonal model, the standard plume 
theory and detailed modelling of longwave radiation between internal surfaces in the zone. 
The transient model managed to well reproduce the time evolution of temperatures, the vertical air 
temperature profiles and the internal surface temperatures. The present test case required the assumption 
of a constrained plume due to the small dimensions of the room. However, in reality, installing a wood 
stove of several kilowatts in a small room is unlikely and a free plume is a better candidate for real life 
applications. In addition, stoves are usually placed near walls and in the future it is important to 
characterize the plume interaction with vertical walls. 
Keywords: zonal model, thermal stratification, building simulation, wood stoves. 

1 INTRODUCTION 
Using wood stoves is a common space-heating strategy in the Nordic countries. Currently, the lowest 
available nominal power of wood stoves is still significantly oversized compared to the design space-
heating load (Pn) of highly-insulated houses (as it is difficult to reduce the mean combustion power 
below 3-4 kW while these houses typically require ~2 kW of Pn). This oversizing might deteriorate the 
indoor thermal environment by causing overheating and a large vertical temperature stratification. 
Modelling the indoor thermal environment of rooms heated with a wood stove is a complex task. 
Georges and Skreiberg (2016) conducted experiments with an electric stove in a Norwegian passive 
house and compared measurements to dynamic simulations using TRNSYS. They reached good 
agreement for the operative temperature. Nevertheless, this isothermal room model was not able to 
predict the thermal stratification, while stratification was large enough to impair the thermal comfort. 
To simulate this effect during the entire space-heating season, a simple modelling approach is needed, 
giving acceptable computational time and accuracy. Zonal models are good candidates to evaluate 
thermal stratification but they are in general not universal, so they need to be validated for each type of 
flow or application. In addition, they are currently not implemented in commercial building performance 
simulation (BPS) packages, at least not in their publicly available versions. 
The zonal model of Togari et al. (1993) is here considered as its formulation is general enough to support 
many types of airflows. In addition, it has been selected by the software company EQUA to be the zonal 
model in their BPS tool IDA-ICE (Eriksson et al., 2012), widely used in Scandinavia. The Togari model 
is a one-dimensional model and splits the room into several horizontal layers with uniform air 
temperature (i.e. a one-dimensional vertical air temperature field). The mass and heat transfer between 

 

Figure 3 The theoretical and measurement-based plume width (a), flow rate (b), and laziness (c) as a 
function of vertical distance from the virtual origin for cases SS120 and LS160. 

4 CONCLUSIONS 
Plume measurements of two electrical stoves in a large 8 m high laboratory facility were conducted to 
study whether the standard plume theory applied to a pure plume generated from a point heat source 
can be applied for wood stoves. The stove plumes became self-similar after 1.5-2.0 reference lengths 
from the stove top surfaces, i.e. before reaching the ceiling height of a typical room (~3 m). This 
enables applying the standard plume theories above this region. However, most of the measured 
plumes were lazy and did not converge to a pure plume before the height of a typical room. Thus, 
there was a momentum deficit in the plumes for lower heights. For practical applications, the 
measured temperature excess and flow rates still corresponded well enough with the standard plume 
theory and the results can also be used to validate CFD models for simulating real wood stove plumes. 
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layers are computed using so-called flow elements. Flow elements are simplified analytical models for 
generic flows, such as wall boundary layers, plumes or jets. The Togari model has been implemented 
in TRNSYS by De Backer et al. (2014) and in IDA-ICE (Eriksson et al., 2012) with promising results. 
Nevertheless, the Togari model only computes the air temperature and needs to be complemented to 
account for longwave radiation, which strongly affects the indoor thermal environment generated by a 
stove. Following EQUA (Eriksson et al., 2012), it is here computed using the radiosity method and 
detailed view factors are computed numerically. This enables to account for non-convex geometries, 
such as L-shaped rooms or the stove itself when integrated inside the 3D virtual room model.  
This work aims to validate this zonal model for a strong punctual heat source such as a wood stove. 
Preliminary results were already performed by Thalfeldt et al. (2018) with the alpha version of IDA-
ICE 5. Simulations results were compared with measurements in a laboratory room heated using an 
electric stove developed to mimic the heat release of real wood stoves. However, using default 
parameters of the Togari model, the model failed to correctly predict the stratification profile even 
though the overall magnitude was in fact correct. The purpose of this study is to further analyse the 
accuracy of this zonal model and determine whether the modelling assumptions led to inaccurate results 
or a better selection of the input parameters of the model would lead to acceptable accuracy. 

2 METHODS 

2.1 The test cell and experiments 
The experiments were performed in a test cell located in Trondheim (Norway), which is described in 
Figure 1. These experiments were already used in an earlier attempt of model validation by Thalfeldt et 
al. (2018). The test cell has one external wall with a window while the other walls are surrounded by a 
guard zone inside a building. The air in the guard zone was circulated with fans to assure uniform 
temperature distribution. The electric stove was installed in the middle of the test cell.  Two vertical 
poles equipped with 7 Pt100 temperature sensors and 1 Pt100 sensor inside a black globe were 
respectively placed near the door and near the window (see Figure 1). The window was covered with a 
fixed opaque shading to reduce the impact of solar radiation. The space between the shade and window 
was ventilated with 20 mm vertical air gaps. Detailed information about the test cell envelope is given 
in Tables 1 and 2. A triple pane window was installed in the external wall. The total thermal 
transmittance of the glazing and frame are 0.66 and 2.7 W/(m2·K), respectively, resulting in total value 
of 0.95 W/(m2·K) with the frame ratio of 14%. The solar heat gain coefficient of the glazing is 0.34 and 
0.03 with and without shading, respectively. The specific heat loss of the combined external wall and 
window was 2.54 W/K out of which 0.36 W/K were linear thermal bridges. The specific heat loss of 
the internal structures was 13.46 W/K. The emissivity of all internal surfaces was 0.9. T-type 
thermocouples were installed on all internal surfaces of the test cell (1 to 5 sensors per surface). 
Additional T-type thermocouples were installed on the outside surface of the test cell in the guard zone 
to monitor the ambient conditions around the test cell. The outdoor temperature, relative humidity, wind 
speed and direction as well as the solar radiation were measured by a weather station on site. Global 
solar radiation was measured on horizontal and vertical south-facing planes. The parameters of the 
measurement equipment are given in Table 3. The mix of temperature sensor types is adapted to the 
different ranges of temperature measured and also results from the combination of two different 
experimental setups (i.e. the test cell and the movable electric stove).  
The test cell was heated with an electric stove with maximum electric power of 4 kW and with 
dimensions of 0.4 x 0.4 x 0.6 m (Figure 2). The stove is equipped with electric heating plates on each 
surface mounted on 50 mm of heatproof insulation and an aluminium base structure. All stove surfaces 
were painted to get a uniform emissivity of 0.9, which was verified using an infrared camera. A type K 
thermocouple was attached in the middle of each stove surface. They were used to impose the stove 
surface temperature controlled by PID that modulates the electric output of thyristors. 
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Figure 1 The ZEB test cell geometry, the location of the stove and the Pt100 temperature sensors. 

Table 1 The description of internal structures of the test cell. 
Material Thickness, mm Thermal conductivity, 

W/(m·K) 
Density, kg/m3 Specific heat, 

J/(kg·K) Wall/Ceiling Floor Door 
Layer order: Test cell to outdoor air 

Wood - 15 - 0.15 1250 1200 
Steel 0.6 0.6 0.6 62 7800 500 

PUR foam 98.8 98.8 78.8 0.03a 35 1600 
Steel 0.6 0.6 0.6 62 7800 500 

a – the thermal conductivity of polyurethane (PUR) foam was increased from 0.024 to 0.03 W/(m·K) to take 
into account the thermal bridges in the internal structures. 

Table 2 The description of the external wall. R of air cavity means the thermal resistance of the layer. 
Material Thickness, mm Thermal conductivity, W/(m·K) Density, kg/m3 Specific heat, J/(kg·K) 

Layer order: Test cell to outdoor air 
Wood 5 0.15 1250 1200 

Glasswool 300 0.035 32 670 
Air cavity 0.02 R=0.18 (m·K)/W 1.2 1007 
Cladding 5 0.5 1250 1200 

Table 3 The description of measurement equipment. TC- thermocouple. 
Type Position Physical variable Accuracy Frequency 
Pt100 Test cell Air temp. ±0.1 K 1 min 

TC type K Stove surface Surface temp. ±2.2 K 5 sec 
TC type T Test cell surface Air/surface temp. ±0.4 K 5 sec/1 mina 

Pt100 Weather station Air temp. ±0.15 K 5 sec/1 mina 
Pyranometer Weather station Global irradiance 2nd Class 5 sec/1 mina 

a – during experiments 5 seconds, and 1 minute between experiments. 

The stove heat emission by convection as a function of temperature difference between the stove surface 
and ambient air was established. The correlation is based on experiments in a large hall, where the stove 
electric power in steady-state was measured at different surface temperatures. As the hall is large and 
can be considered isothermal, the fraction of heat emitted as thermal radiation can be easily evaluated 
so that heat emitted by convection can be deduced. 

layers are computed using so-called flow elements. Flow elements are simplified analytical models for 
generic flows, such as wall boundary layers, plumes or jets. The Togari model has been implemented 
in TRNSYS by De Backer et al. (2014) and in IDA-ICE (Eriksson et al., 2012) with promising results. 
Nevertheless, the Togari model only computes the air temperature and needs to be complemented to 
account for longwave radiation, which strongly affects the indoor thermal environment generated by a 
stove. Following EQUA (Eriksson et al., 2012), it is here computed using the radiosity method and 
detailed view factors are computed numerically. This enables to account for non-convex geometries, 
such as L-shaped rooms or the stove itself when integrated inside the 3D virtual room model.  
This work aims to validate this zonal model for a strong punctual heat source such as a wood stove. 
Preliminary results were already performed by Thalfeldt et al. (2018) with the alpha version of IDA-
ICE 5. Simulations results were compared with measurements in a laboratory room heated using an 
electric stove developed to mimic the heat release of real wood stoves. However, using default 
parameters of the Togari model, the model failed to correctly predict the stratification profile even 
though the overall magnitude was in fact correct. The purpose of this study is to further analyse the 
accuracy of this zonal model and determine whether the modelling assumptions led to inaccurate results 
or a better selection of the input parameters of the model would lead to acceptable accuracy. 

2 METHODS 

2.1 The test cell and experiments 
The experiments were performed in a test cell located in Trondheim (Norway), which is described in 
Figure 1. These experiments were already used in an earlier attempt of model validation by Thalfeldt et 
al. (2018). The test cell has one external wall with a window while the other walls are surrounded by a 
guard zone inside a building. The air in the guard zone was circulated with fans to assure uniform 
temperature distribution. The electric stove was installed in the middle of the test cell.  Two vertical 
poles equipped with 7 Pt100 temperature sensors and 1 Pt100 sensor inside a black globe were 
respectively placed near the door and near the window (see Figure 1). The window was covered with a 
fixed opaque shading to reduce the impact of solar radiation. The space between the shade and window 
was ventilated with 20 mm vertical air gaps. Detailed information about the test cell envelope is given 
in Tables 1 and 2. A triple pane window was installed in the external wall. The total thermal 
transmittance of the glazing and frame are 0.66 and 2.7 W/(m2·K), respectively, resulting in total value 
of 0.95 W/(m2·K) with the frame ratio of 14%. The solar heat gain coefficient of the glazing is 0.34 and 
0.03 with and without shading, respectively. The specific heat loss of the combined external wall and 
window was 2.54 W/K out of which 0.36 W/K were linear thermal bridges. The specific heat loss of 
the internal structures was 13.46 W/K. The emissivity of all internal surfaces was 0.9. T-type 
thermocouples were installed on all internal surfaces of the test cell (1 to 5 sensors per surface). 
Additional T-type thermocouples were installed on the outside surface of the test cell in the guard zone 
to monitor the ambient conditions around the test cell. The outdoor temperature, relative humidity, wind 
speed and direction as well as the solar radiation were measured by a weather station on site. Global 
solar radiation was measured on horizontal and vertical south-facing planes. The parameters of the 
measurement equipment are given in Table 3. The mix of temperature sensor types is adapted to the 
different ranges of temperature measured and also results from the combination of two different 
experimental setups (i.e. the test cell and the movable electric stove).  
The test cell was heated with an electric stove with maximum electric power of 4 kW and with 
dimensions of 0.4 x 0.4 x 0.6 m (Figure 2). The stove is equipped with electric heating plates on each 
surface mounted on 50 mm of heatproof insulation and an aluminium base structure. All stove surfaces 
were painted to get a uniform emissivity of 0.9, which was verified using an infrared camera. A type K 
thermocouple was attached in the middle of each stove surface. They were used to impose the stove 
surface temperature controlled by PID that modulates the electric output of thyristors. 
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Figure 2 The set-point profiles of the stove surface temperature used in experiments. 
8 different set-point profiles of the stove surface temperature were investigated in order to create a large 
range of thermal stratifications and cycle lengths. These profiles and their corresponding experiment 
numbers are given in Figure 2. During experiments, the outdoor temperature ranged between 0.9 and 
10.5 °C. The guard zone temperature was stable, ranging between 19.8 and 22.3 °C. Solar radiation did 
not have significant impact on experiments due to the shaded window and well-insulated external wall. 

2.2 Modelling principles 
In order to quickly modify the model structure or compare alternative formulations, it was decided to 
temporarily implement the model in MATLAB for testing. The Togari model is well explained in the 
original paper (Togari et al., 1993) and the extension by EQUA (Eriksson et al., 2012). The reader is 
invited to read these documents for extended information. Nevertheless, the flow element for the stove 
plume deserves more explanations. It is based on the well-known plume model of Morton et al. (1956) 
for a fully-developed turbulent free plume in a quiescent environment. Three ordinary differential 
equations are formulated to express the evolution with height of the plume mass flow, momentum and 
buoyancy fluxes. The model also resorts to the concept of virtual origin defined as the location of an 
infinitesimal buoyancy source that reproduces the same plume. Finally, the plume is assumed to be pure 
(i.e. the virtual origin is only a source of buoyancy). In order to establish the three conservation 
equations, the plume shape has to be defined. In the default model in IDA-ICE and in the first 
investigations of Thalfeldt et al. (2018), the plume was considered as 3D and free which is a sound 
assumption for a stove located in the middle of a room. Nevertheless, further analysis showed that the 
test cell size cannot be considered as large (a width of 2.5 m) compared to the stove size (a width of 0.4 
m). Computational Fluid Dynamics (CFD) indeed confirms that the test cell geometry constrained the 
spread of the plume. In practice, CFD shows that the plume develops like a two-dimensional plume 
originating from a virtual line source (here referred as constrained 2D plume). The plume parameters 
(i.e. the location of the virtual origin and entrainment factor) have been calibrated using CFD. 
Simulation results with the free and constrained plumes are thus compared.  

3 RESULTS AND DISCUSSION 
For the sake of conciseness, only results for experiment 5 with the most intensive heat release to the 
room are presented. However, the text corresponds to all measured test cases. Figure 3 illustrates the 
time evolution of the measured air temperatures just above the floor (0.13 m), just below the ceiling 
(3.23 m) and for the middle height (1.67 m) of the test cell. Measured temperatures are compared with 
the zoning model using the 3D and 2D plume formulas. The temperatures modelled using the 2D 
formula followed measurements slightly better than using the 3D formula. This is confirmed by Figure 
4, showing the measured and computed stratification profiles at different times during the stove cycle. 
The agreement with the zonal model using the 2D plume is remarkably good, especially in periods with 
increasing stove surface temperature. A larger deviation appears during the decay phase when the stove 
temperature decreases. The Togari model is transient and Figure 3 proves that the model can correctly 
reproduce the time evolution of the stratification during the transient heat release of the stove. The time 
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evolution of the room surface temperatures is reported in Figure 5. Experiments showed that the intense 
stove heat release by thermal radiation leads to non-uniform wall temperatures while the zonal model 
assumes isothermal walls. Nevertheless, neglecting measurement points located closest to the stove, 
surface temperatures predicted with the zonal model are in good agreement with measurements. 

 
Figure 3 The measured and modelled air temperatures at different heights for experiment 5: distance 
in the legend means the height from the floor in meters. 

 
Figure 4 The measured and modelled vertical air temperature profiles of experiment 5 at different 
times (1500, 3000, 4000 and 6000 s after experiment start). 

 

Figure 5 The measured and modelled (2D plume formula) internal surface temperatures during 
experiment 5 for the East and West oriented walls and the ceiling. 

 
Figure 2 The set-point profiles of the stove surface temperature used in experiments. 
8 different set-point profiles of the stove surface temperature were investigated in order to create a large 
range of thermal stratifications and cycle lengths. These profiles and their corresponding experiment 
numbers are given in Figure 2. During experiments, the outdoor temperature ranged between 0.9 and 
10.5 °C. The guard zone temperature was stable, ranging between 19.8 and 22.3 °C. Solar radiation did 
not have significant impact on experiments due to the shaded window and well-insulated external wall. 

2.2 Modelling principles 
In order to quickly modify the model structure or compare alternative formulations, it was decided to 
temporarily implement the model in MATLAB for testing. The Togari model is well explained in the 
original paper (Togari et al., 1993) and the extension by EQUA (Eriksson et al., 2012). The reader is 
invited to read these documents for extended information. Nevertheless, the flow element for the stove 
plume deserves more explanations. It is based on the well-known plume model of Morton et al. (1956) 
for a fully-developed turbulent free plume in a quiescent environment. Three ordinary differential 
equations are formulated to express the evolution with height of the plume mass flow, momentum and 
buoyancy fluxes. The model also resorts to the concept of virtual origin defined as the location of an 
infinitesimal buoyancy source that reproduces the same plume. Finally, the plume is assumed to be pure 
(i.e. the virtual origin is only a source of buoyancy). In order to establish the three conservation 
equations, the plume shape has to be defined. In the default model in IDA-ICE and in the first 
investigations of Thalfeldt et al. (2018), the plume was considered as 3D and free which is a sound 
assumption for a stove located in the middle of a room. Nevertheless, further analysis showed that the 
test cell size cannot be considered as large (a width of 2.5 m) compared to the stove size (a width of 0.4 
m). Computational Fluid Dynamics (CFD) indeed confirms that the test cell geometry constrained the 
spread of the plume. In practice, CFD shows that the plume develops like a two-dimensional plume 
originating from a virtual line source (here referred as constrained 2D plume). The plume parameters 
(i.e. the location of the virtual origin and entrainment factor) have been calibrated using CFD. 
Simulation results with the free and constrained plumes are thus compared.  

3 RESULTS AND DISCUSSION 
For the sake of conciseness, only results for experiment 5 with the most intensive heat release to the 
room are presented. However, the text corresponds to all measured test cases. Figure 3 illustrates the 
time evolution of the measured air temperatures just above the floor (0.13 m), just below the ceiling 
(3.23 m) and for the middle height (1.67 m) of the test cell. Measured temperatures are compared with 
the zoning model using the 3D and 2D plume formulas. The temperatures modelled using the 2D 
formula followed measurements slightly better than using the 3D formula. This is confirmed by Figure 
4, showing the measured and computed stratification profiles at different times during the stove cycle. 
The agreement with the zonal model using the 2D plume is remarkably good, especially in periods with 
increasing stove surface temperature. A larger deviation appears during the decay phase when the stove 
temperature decreases. The Togari model is transient and Figure 3 proves that the model can correctly 
reproduce the time evolution of the stratification during the transient heat release of the stove. The time 
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The comparison with measurements enables us to conclude to that the zonal model is able to well 
reproduce the complex thermal environment generated by a wood stove. A condition for success is to 
have a consistent modelling of the stove thermal plume. In the present application, the room is relatively 
small compared to the stove size, leading to a constrained plume. Nevertheless, it is very unlikely that 
a wood stove of several kilowatts nominal power will be installed in such a small room. Therefore, a 
3D free plume is still a better candidate to represent the stove plume in general applications. In reality, 
the stove is usually not located in the middle of a room but close to a wall. In future work, it will be 
important to characterize the interaction of the plume with walls to evaluate the stratification accurately.  

4 CONCLUSIONS 
The performance of a zonal model based on the Togari model in combination with the standard plume 
theory and detailed modelling of the longwave radiation was investigated in the context of the space-
heating using wood stoves. The model managed to well reproduce the time evolution of temperatures, 
the vertical air temperature profiles and internal surface temperatures. The present test case required the 
assumption of a constrained 2D plume due to the small dimensions of the laboratory room. However, 
in reality, the use of a wood stove emitting several kilowatts of heat in a small room is unlikely to 
happen. Therefore, a 3D free plume is a better candidate for real life applications. In addition, stoves 
are usually placed near walls and, for future research, it is important to characterize the plume interaction 
with vertical walls. 
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SUMMARY  
In general, a typical assumption used to design a ventilation system is to control parameters of 
thermally-treated supply air in a function of external air. A consequential design solution is 
straightforward to apply but not at a lowest energy cost, especially in the context of systems with fan 
coils operating in multi-room buildings. There is an obvious lack of individual approach towards 
designing ventilation systems with fan coils, which should account for local external and internal 
conditions, particularly for a random variation of thermal loads. A question arises of how to improve 
existing control strategies to account for individual features of ventilation systems with fan coils. Our 
research response consists of identifying parameters governing the energy consumption and proposing 
design enhancements aimed at reducing the energy consumption. We perform a dynamic simulation of 
the system operation in a yearly cycle. We recognise two dominant parameters: the external air 
temperature and the chilled water temperature set-points, both of which govern annual energy 
consumption. To moderate impact of these parameters and to reduce the energy consumption, we 
propose a dynamic-response control of temperature set-points in multi-room buildings. Our results 
form a set of guidelines to design an intelligent control system for ventilation systems with fan coils. 
In future applications, our research approach can also be used as a criterion to examine the actual 
performance of the control system compared to the predicted design performance.
Keywords: fan coils, ventilation, energy efficiency, building performance, dynamic simulation  

1 INTRODUCTION  
To set the air parameters in rooms, ventilation systems are used that are distinguishable based on the 
technical design solutions applied and thermal air treatment selected. Ventilation systems should 
always be designed to ensure that thermal comfort is achieved with a minimum primary energy 
demand (Przydróżny, 2007). This is particularly challenging in multi-room buildings, such as hotels 
and office buildings, where occupancy is variable and random.  At any given time instance, both 
internal and external conditions of individual rooms can vary and ventilating airflows supplied to each 
room should thus be set individually either to assimilate heat gains or to compensate for heat losses. 
The control system should be designed to enable individual setting of both volume flow rates and air 
parameters, i.e. temperature set-points. Ventilation systems with two-stage treatment of ventilating air, 
e. g. with fan coil units (FCUs), are suitable to ensure thermal comfort in many rooms with different 
and variable thermal loads (Przydróżny & Ruszel, 2006). Figure 1 shows a schematic of a ventilation 
system with four-pipe FCUs. The system consists of a central air handling unit (AHU) and individual 
ventilation devices - FCUs. In the central AHU, the external air is thermally treated and subsequently 
supplied to all the rooms. In FCUs, the circulating air, extracted from the room, is thermally treated to 
be supplied again to the room. AHUs and FCUs can work independently by performing separate 
individual tasks. AHUs are used to ensure the air quality in ventilated rooms by supplying fresh, 
thermally-treated, air. In addition, the airflow may be used to set and maintain the minimum relative 
humidity in rooms during the winter period and partially assimilate heat gains or compensate for heat 
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3D free plume is still a better candidate to represent the stove plume in general applications. In reality, 
the stove is usually not located in the middle of a room but close to a wall. In future work, it will be 
important to characterize the interaction of the plume with walls to evaluate the stratification accurately.  

4 CONCLUSIONS 
The performance of a zonal model based on the Togari model in combination with the standard plume 
theory and detailed modelling of the longwave radiation was investigated in the context of the space-
heating using wood stoves. The model managed to well reproduce the time evolution of temperatures, 
the vertical air temperature profiles and internal surface temperatures. The present test case required the 
assumption of a constrained 2D plume due to the small dimensions of the laboratory room. However, 
in reality, the use of a wood stove emitting several kilowatts of heat in a small room is unlikely to 
happen. Therefore, a 3D free plume is a better candidate for real life applications. In addition, stoves 
are usually placed near walls and, for future research, it is important to characterize the plume interaction 
with vertical walls. 

ACKNOWLEDGEMENTS 
The authors acknowledge the financial support by the Research Council of Norway and a number of 
industrial partners through the research project WoodCFD (“Clean and efficient wood stoves through 
improved batch combustion models and CFD modelling approaches”, 243752/E20). 

REFERENCES 
De Backer, L., Laverge, J., Janssens, A. et al. (2014). The use of a zonal model to calculate the 
stratification in a large building. In the Proceedings of the 35th AIVC Conference. 
Eriksson, L., Grozman, G., Grozman, P. et al. (2012). CFD-free, efficient, micro indoor climate 
prediction in buildings. In the Proceedings of the First Building Simulation and Optimization 
Conference. 
Georges, L. and Skreiberg, Ø. (2016). Simple modelling procedure for the indoor thermal environment 
of highly insulated buildings heated by wood stoves. Journal of Building Performance Simulation. Vol 
9 (6), pp 663-679. 
Morton, B. R., Taylor, G. and Turner, J. S. (1956). Turbulent gravitational convection from maintained 
and instantaneous sources. Proceedings of the Royal Society. Vol 234 (1196), pp 1-23. 
Thalfeldt, M., Georges, L. and Skreiberg, Ø. (2018). Validation of a zonal model to capture the detailed 
indoor thermal environment of a room heated by a stove. In the proceedings of the 9th International 
Cold Climate HVAC Conference.  
Togari, S., Arai, Y. and Miura, K. (1993). A simplified model for predicting vertical temperature 
distribution in a large space. ASHRAE Transactions. Vol 99 (1), pp 84-99. 

|  517PROCEEDINGS — Roomvent & Ventilation 2018 |  517PROCEEDINGS — Roomvent & Ventilation 2018

Track 3 – Energy and Ventilation: Models for Ventilation and Energy Performance (VEP1)



losses. FCUs are used to maintain the temperature set-points in rooms. This is achieved by either 
heating or cooling the circulating air in FCUs. Thermal treatment in FCUs is controlled individually 
for each room and occurs when the room temperature set-point differs from the measured temperature. 
Simultaneously, in different rooms, the circulating air in FCUs can be heated, cooled or thermally-
untreated. The treatment of the circulating air is controlled directly by the signal of the room air 
temperature sensor, which when compared with the set-point temperature, determines the thermal 
treatment in FCUs. This means that the thermal treatment in each FCU is a response to instantaneous 
thermal conditions and heat balance in a room. The fresh external air of similar parameters, 
established during thermal treatment in the AHU, is supplied to all rooms. To reduce the total energy 
demand of the entire system (AHU + FCUs) simultaneous cooling and heating in the AHU and FCU 
should be avoided. Due to the specificity of the system, such unfavorable situations will not be 
avoided, but they should be minimised. 

 
Figure 1. Schematic of ventilation system with fan coil units. Key: D – damper, F- filter, H – heating 
coil, CH – cooling coil, SF – supply fan, EF – extract fan, TW – thermal wheel, C – sensor, t – 
temperature, R – regulator, e – external, i – internal, s – supply, p – pressure, FCU – fan coil unit.     
Przydróżny & Trybulec (2014) discuss two-stage thermal treatment in systems with a central AHU 
and individual FCUs (Przydróżny & Trybulec, 2014). They show that benefits of both central and 
local units can contribute to the significant decrease in the system’s energy demand for air treatment 
and transport. The analysis of energy performance of systems with FCUs should account for the 
preparation of heating medium and refrigerant (Przydróżny & Ruszel, 2003a; Przydróżny & Ruszel, 
2003b). Systems with variable water flow appear to improve energy performance of spaces, 
particularly under variable heat loads (Przydróżny & Ruszel, 2003c). However, the energy savings are 
only achieved by ensuring that the system control is optimal and designed to maximise energy savings 
while ensuring comfort conditions of the occupants. In recent years, in the light of strict energy 
policies targeting commercial buildings, simulations of HVAC operation have become crucial even 
during early design stages (Korolija, et al., 2013). Diagnostic methods for HVAC subsystems, such as 
FCUs, have been developed to improve fault detection and to simulate the effects of these faults on 
system performance (Pourarian, et al., 2017). A question remains regarding the parameters primarily 
influencing the energy performance of systems with FCUs. 
In this paper, we identify parameters governing the energy consumption of systems with FCUs. 
Subsequently, we propose design enhancements aimed at reducing the energy consumption. We verify 
performance enhancements by comparing dynamic simulations of the system operation in a yearly 
cycle in a hotel building and an office building, respectively. 
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2 METHODS 

 
Figure 2. Variations in temperature of centrally-tempered external air tpp and efficiency of heat 
recovery for different thermal treatment strategies, based on instantaneous heat load: a) for tw = ti ;  
b) for tw > ti.   

Subfigures 2a and b show examples of temperature changes of the tempered external airflow and the 
thermal efficiency of heat recovery. These variables are represented as functions of external air 
temperature. The t-te diagrams in Subfigures 2a and b are prepared based on the assumption of the 
maximum efficiency of heat recovery ηt = 0.75, which is defined as: 

𝜂𝜂𝜂𝜂𝑡𝑡𝑡𝑡 =  𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒−𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒
′

𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒−𝑡𝑡𝑡𝑡𝑤𝑤𝑤𝑤
      (1) 

where: te is the external air temperature, t’e is the tempered external air temperature after the heat 
recovery exchanger, tw is the extract air temperature. An additional assumption, used to prepare Figure 
2a, is that the extract air temperature is equal to the room air temperature (e.g. extract from office 
rooms), while to prepare Figure 2b the extract air temperature is assumed to be higher than in the 
ventilated room (e.g. extract air in a hotel room WC). These t-te diagrams show that the time interval 
during which the heat recovery exchanger operates with maximum thermal efficiency is limited, 
depending on the extract air temperature, the efficiency of heat recovery and the external air supply 
temperature set-point. This indicates that the recoverable energy from the extract air is not fully 
utilised. The variations in external air temperature, shown in Figure 2, although these are examples, 
are often undertaken in design practice. The temperature of this airflow is lower than the room 
temperature, so throughout the airflow exploitation, the airflow has the ability to assimilate heat. 
Energetically, it is beneficial when: 

𝑉𝑉𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑝𝑝𝑝𝑝�𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 − 𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝� = (𝑄𝑄𝑄𝑄𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧)𝜏𝜏𝜏𝜏,     (2) 

where (𝑄𝑄𝑄𝑄𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧)𝜏𝜏𝜏𝜏 is an instantaneous heat balance of the room, kW; 𝑉𝑉𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the airflow of thermally-
treated external airflow supplied into the room, m3/s; 𝜌𝜌𝜌𝜌 - air density, kg/m3; 𝜌𝜌𝜌𝜌𝑝𝑝𝑝𝑝 - specific heat of the 
air, kJ/(kg K); 𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 – room air temperature, K; 𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 - tempered external air temperature supplied into the 
room, K. In this case, the treated external air assimilates the heat balance of the room completely. If:  

𝑉𝑉𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑝𝑝𝑝𝑝�𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 − 𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝� < (𝑄𝑄𝑄𝑄𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧)𝜏𝜏𝜏𝜏     (3) 

losses. FCUs are used to maintain the temperature set-points in rooms. This is achieved by either 
heating or cooling the circulating air in FCUs. Thermal treatment in FCUs is controlled individually 
for each room and occurs when the room temperature set-point differs from the measured temperature. 
Simultaneously, in different rooms, the circulating air in FCUs can be heated, cooled or thermally-
untreated. The treatment of the circulating air is controlled directly by the signal of the room air 
temperature sensor, which when compared with the set-point temperature, determines the thermal 
treatment in FCUs. This means that the thermal treatment in each FCU is a response to instantaneous 
thermal conditions and heat balance in a room. The fresh external air of similar parameters, 
established during thermal treatment in the AHU, is supplied to all rooms. To reduce the total energy 
demand of the entire system (AHU + FCUs) simultaneous cooling and heating in the AHU and FCU 
should be avoided. Due to the specificity of the system, such unfavorable situations will not be 
avoided, but they should be minimised. 

 
Figure 1. Schematic of ventilation system with fan coil units. Key: D – damper, F- filter, H – heating 
coil, CH – cooling coil, SF – supply fan, EF – extract fan, TW – thermal wheel, C – sensor, t – 
temperature, R – regulator, e – external, i – internal, s – supply, p – pressure, FCU – fan coil unit.     
Przydróżny & Trybulec (2014) discuss two-stage thermal treatment in systems with a central AHU 
and individual FCUs (Przydróżny & Trybulec, 2014). They show that benefits of both central and 
local units can contribute to the significant decrease in the system’s energy demand for air treatment 
and transport. The analysis of energy performance of systems with FCUs should account for the 
preparation of heating medium and refrigerant (Przydróżny & Ruszel, 2003a; Przydróżny & Ruszel, 
2003b). Systems with variable water flow appear to improve energy performance of spaces, 
particularly under variable heat loads (Przydróżny & Ruszel, 2003c). However, the energy savings are 
only achieved by ensuring that the system control is optimal and designed to maximise energy savings 
while ensuring comfort conditions of the occupants. In recent years, in the light of strict energy 
policies targeting commercial buildings, simulations of HVAC operation have become crucial even 
during early design stages (Korolija, et al., 2013). Diagnostic methods for HVAC subsystems, such as 
FCUs, have been developed to improve fault detection and to simulate the effects of these faults on 
system performance (Pourarian, et al., 2017). A question remains regarding the parameters primarily 
influencing the energy performance of systems with FCUs. 
In this paper, we identify parameters governing the energy consumption of systems with FCUs. 
Subsequently, we propose design enhancements aimed at reducing the energy consumption. We verify 
performance enhancements by comparing dynamic simulations of the system operation in a yearly 
cycle in a hotel building and an office building, respectively. 
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then the circulating air is cooled in the FCU. However, if:  

𝑉𝑉𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑝𝑝𝑝𝑝�𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 − 𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝� > (𝑄𝑄𝑄𝑄𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧)𝜏𝜏𝜏𝜏,     (4) 

then the circulating air is heated in the FCU. In this case, increasing the temperature of the treated 
external airflow may reduce the need to treat the circulating airflow. Maintaining a constant 
temperature of the treated external air in the winter and transitional periods is achieved by reducing 
the efficiency of heat recovery from the extract air. This results in a part of the recoverable energy 
from the extract air being removed outside with the exhaust air. In Subfigures 2a and b, hatched areas 
indicate thermal energy available to recover from the extract airflow. Partial recovery of this energy 
can be energetically unviable, due to cooling of circulating airflow. However, if:  

                     𝑉𝑉𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑝𝑝𝑝𝑝�𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 − 𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝜏𝜏𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚� ≥ (𝑄𝑄𝑄𝑄𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧)𝜏𝜏𝜏𝜏     (5) 

where 𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝜏𝜏𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚is the external air temperature heated in the heat recovery exchanger, K, it is beneficial to 
recover heat from the extract air with the maximum thermal efficiency.   

3 RESULTS & DISCUSSION 
Now that we have an appreciation of the method undertaken, we consider an application of our 
simulation method. In Figure 3 thermal loads are shown for a sample room of an area 20 m2 and 
volume of 60 m3. The estimation of thermal loads was based on the following assumptions: the 
internal air temperature in the room 20°C; - the extract air temperature of 20°C and 24°C; - the 
maximum thermal efficiency of heat recovery from extract air 0.75; - the supply airflow of 80m3/(h); -
the minimum supply air temperature of tpp = 13°C. For the case under consideration, two parameters 
have been established, namely: the unitary heat loss through the external partition (related to the unit 
temperature difference) 10 W/K and the unitary ability to assimilate heat through supply external air 
27 W/K. Figure 3 shows the heat loads and the heat balance of the considered room as functions of 
external air temperature. The following variables are considered: QL - heat gains from two people, W, 
QW - heat gains from internal sources, W, Qpp1 - heat losses induced by supply airflow heated to the 
temperature tpp = 13°C, W, Qpp2 - heat losses induced by the tempered external air, which is heated 
both in the heat recovery exchanger (by the extract air at tw = 20°C) and in the heating coil to a 
minimum temperature of tpp = 13°C, Qpp3 - heat gains/losses induced by thermally-treated external 
airflow heated in the heat recovery exchanger by the extract air (at tw = 24°C), W, Qs - heat losses 
through the building envelope, W, Qzbj1 - room heat balance for Qpp1, W, Qzbj2 - room heat balance for 
Qpp2, W, Qzbj3 – room heat balance for Qpp3, W, A - heat balance without QL and QW, W, B - heat 
balance without QW, W, C – total heat balance, W. In the diagram, Qzbj = 0 corresponds to heat gains 
being assimilated by heat losses through building envelope and the tempered external airflow. Under 
these conditions, there is no need to thermally treat the circulating airflow in FCU. The intersection of 
lines Qzbj and Qzbj = 0 occurs at different external air temperatures, which depend on the external and 
internal conditions. When Qzbj > 0, the assimilation capacity of the treated external air has to be 
increased, either by reducing the efficiency of heat recovery from the extract air or cooling the 
circulating air in FCU. However, when Qzbj <0, the efficiency of heat recovery from the extract air is 
required to heat the supply air and/or to heat the recirculating air in FCU. The basis for the 
development of diagrams in Figure 2 is the assumption of a constant temperature difference between 
the room airflow and the thermally-treated external airflow. Variations in the instantaneous 
temperature of the tempered external air and the efficiency of heat recovery are also shown for the 
heat balances indicated in Figure 3. These heat balances provide the minimum energy requirement for 
room heating (i.e. thermally treating external and circulating airflows). 
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Figure 3.Functions of external air temperature: a) heat gains; b) heat balances for a room. 
 

The upper subfigure in Figure 4 shows the diagram of the external air temperature duration in 
Wrocław (Poland) in the annual cycle for a daily operation of ventilation systems for 10, 16 and 24-
hours a day, respectively. The bottom subfigure in Figure 4 shows a diagram indicating the additional 
recoverable thermal energy from the extract air to heat 1 kg/s of external air, assuming the constant 
maximum efficiency of heat recovery from the extract air. These are calculated from the expression: 
𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖 =  𝑉𝑉𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑝𝑝𝑝𝑝�𝑡𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒 − 𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝�𝜏𝜏𝜏𝜏𝑖𝑖𝑖𝑖, kWh/year, where τi- the duration of i-th external temperature (h/year), Ei – 
the annual heat recovered under i-th temperature.  The a-curve corresponds to the extract air 
temperature tw = 20°C and the b-curve corresponds to the extract air temperature tw =24°C. The fields 
under the curves shown refer to the increase of the primary air temperature from tpp = 13°C. These are 
maximum values, which in real applications may be lower (see curves derived from points 1, 2, 1’, 2’ 
and 3’), but nevertheless significant. Results marked in Figure 2 indicate possible changes in the 
primary air temperature and the corresponding efficiencies of heat recovery from extract air. The 
increase in the heat recovery to heat the primary external airflow requires a dynamic control of the 
temperature set-points. This design solution can be achieved via the BMS system monitoring the 
operation of the central system and all the FCUs. 

5 CONCLUSIONS 
Ventilation systems with FCUs, for individual air treatment of circulating air, are commonly used to 
set air parameters in multiple rooms. The additional use of recoverable energy from the extract air is 
fully justified. The design solution is applicable when the temperature set-points are dictated by 
monitoring the entire ventilation system and on this basis the temperature of the tempered external air 
is set. Particular attention should be given to acquiring cooling energy (to FCUs) in the winter in free 
cooling refrigeration systems. This is especially important when there are significant variations in 
heating loads in the room. When considering the entire ventilation system, it may be beneficial to 
maximise heating the external air in the heat recovery exchanger and cooling the circulating airflow in 
the selected FCUs. 
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then the circulating air is cooled in the FCU. However, if:  

𝑉𝑉𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑝𝑝𝑝𝑝�𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 − 𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝� > (𝑄𝑄𝑄𝑄𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧)𝜏𝜏𝜏𝜏,     (4) 

then the circulating air is heated in the FCU. In this case, increasing the temperature of the treated 
external airflow may reduce the need to treat the circulating airflow. Maintaining a constant 
temperature of the treated external air in the winter and transitional periods is achieved by reducing 
the efficiency of heat recovery from the extract air. This results in a part of the recoverable energy 
from the extract air being removed outside with the exhaust air. In Subfigures 2a and b, hatched areas 
indicate thermal energy available to recover from the extract airflow. Partial recovery of this energy 
can be energetically unviable, due to cooling of circulating airflow. However, if:  

                     𝑉𝑉𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑝𝑝𝑝𝑝�𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 − 𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝜏𝜏𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚� ≥ (𝑄𝑄𝑄𝑄𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧)𝜏𝜏𝜏𝜏     (5) 

where 𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝜏𝜏𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚is the external air temperature heated in the heat recovery exchanger, K, it is beneficial to 
recover heat from the extract air with the maximum thermal efficiency.   

3 RESULTS & DISCUSSION 
Now that we have an appreciation of the method undertaken, we consider an application of our 
simulation method. In Figure 3 thermal loads are shown for a sample room of an area 20 m2 and 
volume of 60 m3. The estimation of thermal loads was based on the following assumptions: the 
internal air temperature in the room 20°C; - the extract air temperature of 20°C and 24°C; - the 
maximum thermal efficiency of heat recovery from extract air 0.75; - the supply airflow of 80m3/(h); -
the minimum supply air temperature of tpp = 13°C. For the case under consideration, two parameters 
have been established, namely: the unitary heat loss through the external partition (related to the unit 
temperature difference) 10 W/K and the unitary ability to assimilate heat through supply external air 
27 W/K. Figure 3 shows the heat loads and the heat balance of the considered room as functions of 
external air temperature. The following variables are considered: QL - heat gains from two people, W, 
QW - heat gains from internal sources, W, Qpp1 - heat losses induced by supply airflow heated to the 
temperature tpp = 13°C, W, Qpp2 - heat losses induced by the tempered external air, which is heated 
both in the heat recovery exchanger (by the extract air at tw = 20°C) and in the heating coil to a 
minimum temperature of tpp = 13°C, Qpp3 - heat gains/losses induced by thermally-treated external 
airflow heated in the heat recovery exchanger by the extract air (at tw = 24°C), W, Qs - heat losses 
through the building envelope, W, Qzbj1 - room heat balance for Qpp1, W, Qzbj2 - room heat balance for 
Qpp2, W, Qzbj3 – room heat balance for Qpp3, W, A - heat balance without QL and QW, W, B - heat 
balance without QW, W, C – total heat balance, W. In the diagram, Qzbj = 0 corresponds to heat gains 
being assimilated by heat losses through building envelope and the tempered external airflow. Under 
these conditions, there is no need to thermally treat the circulating airflow in FCU. The intersection of 
lines Qzbj and Qzbj = 0 occurs at different external air temperatures, which depend on the external and 
internal conditions. When Qzbj > 0, the assimilation capacity of the treated external air has to be 
increased, either by reducing the efficiency of heat recovery from the extract air or cooling the 
circulating air in FCU. However, when Qzbj <0, the efficiency of heat recovery from the extract air is 
required to heat the supply air and/or to heat the recirculating air in FCU. The basis for the 
development of diagrams in Figure 2 is the assumption of a constant temperature difference between 
the room airflow and the thermally-treated external airflow. Variations in the instantaneous 
temperature of the tempered external air and the efficiency of heat recovery are also shown for the 
heat balances indicated in Figure 3. These heat balances provide the minimum energy requirement for 
room heating (i.e. thermally treating external and circulating airflows). 
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Figure 4. Top: Average duration of external air temperature as a function of yearly operation of 
ventilation system ( from Przydróżny 2007, Przydróżny et al. 2018); Bottom: Additional energy, 
recoverable from the extract air, to heat 1 kg/s of external air in heat recovery exchanger under 
dynamic temperature set-point adjustment. 
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SUMMARY 
The concept of urban heat islands has recently become a critical issue in high density cities, and in 
response, people have proposed building greeneries as an effective way to mitigate the effects of the 
urban heat island. Previous evidence has shown that applying vertical greenery on walls can improve 
thermal comfort and reduce energy consumption, especially in tropical and subtropical regions like 
Taiwan. However, most prior studies have focused on the shading and insulation effects of greenery, 
while few have discussed the effects of temperature reduction through the evaporation or transpiration 
rate on balconies. 
The purpose of this study is to develop composite models of Computational Fluid Dynamics (CFD) 
for a vertical greenery system with reduced wind velocity and crossing air flow temperature, as well 
as the shading effect. Wild Allamanda (Urechites lutea) was selected as the potted plant for the 
vertical greenery system, and we used an evapotranspiration model from a field measurement in a 
previous study. Both a full-scaled experiment in a climate chamber and a field measurement were 
carried out to verify the system.  
The results indicated that the CFD models of wind velocity reduction and solar transmittance of the 
potted plant of the simulation were considerably consistent with that of the field measurement. The 
plant model, which included evapotranspiration, shading, and ventilation, can be used for future CFD 
simulation studies, as well as studies on building energy consumption. 
Keywords: Computational Fluid Dynamics, Vertical Greenery, Mean Radiant Temperature, Flow 
Designer 

1 INTRODUCTION 
Recently, the heat island effect caused by rapid urban development has become a serious problem in 
many living environments, particularly subtropical regions like Taiwan. Much research has proposed 
increasing green spaces to be a main strategy for improving the heat island problem, and vertical 
greenery systems have been suggested as an effective design strategy for high-density cities like 
Taipei, Hong Kong, and Singapore.  
Vertical greenery systems can be divided into rooftop greenery, façade (external walls) greenery, and 
balcony greenery. In urban areas within subtropical/tropical regions, where the amount of horizontal 
radiation is greater than vertical radiation, façade/balcony greenery is considered more effective than 
roof greenery because a larger surface area of external walls/windows can be installed. 
A vertical greenery system provides shading and evapotranspiration, which refers to the combination 
of evaporation and transpiration, to reduce indoor/outdoor temperatures. Zhang et al. (2001) 
quantified evapotranspiration via experimentation and proposed a prediction equation for 
evapotranspiration as a function of solar radiation and vapour pressure difference. Sunakorn et al. 
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Figure 4. Top: Average duration of external air temperature as a function of yearly operation of 
ventilation system ( from Przydróżny 2007, Przydróżny et al. 2018); Bottom: Additional energy, 
recoverable from the extract air, to heat 1 kg/s of external air in heat recovery exchanger under 
dynamic temperature set-point adjustment. 
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(2011) studied a vertical greenery system with ventilation (living wall) in Thailand via field 
measurement and found it to provide a significant temperature reduction during the daytime.  
Vine plants are a species of high evapotranspiration ideal for vertical greenery systems. Perez et al. 
(2011) carried out the field measurement of four types of vine plants and studied the performance of 
green facades in the Mediterranean Continental climate of Barcelona. On the other hand, five species 
of vine plants with expended metal mesh were studied to determine their shading and evaporation 
cooling effect in Japan (Koyama et al., 2013). Most of these studies indicated that the shading effect 
of reducing solar radiation is the most important parameter for improving thermal comfort. 
In urban areas of such subtropical/tropical regions as Singapore and Hong Kong, a well-designed 
vertical greenery system on high-rise buildings can provide energy conservation benefits via the 
shading effect, while the reduction of mean radiant temperature (MRT) also improved thermal 
comfort (Pan et al., 2015; Tan et al., 2015). 
In order to study the improvement of the vertical greenery system with ventilation on the balcony, the 
effect of shading, evapotranspiration, and wind velocity reduction should be considered. Many studies 
using field measurements to establish plant models have been carried out, but most of the studies that 
simulated energy consumption and thermal comfort used building performance analysis software like 
EnergyPlus, which cannot easily assess the influence of vertical greenery systems on ventilation rate. 
This study aims to develop composite models of CFD for a vertical greenery system with reduced 
wind velocity and crossing air flow temperature and to discuss the influences of porosity, shading, and 
the evapotranspiration rate on indoor thermal comfort.  

2 METHODS 

2.1 Simulation models of CFD 
In this study, we selected Wild Allamanda (Urechites lutea), a local vine plant, to be the potted plant 
for the vertical greenery systems, and the evapotranspiration model was obtained from a field 
measurement in a previous study (Lin et al., 2016).  In order to quantify the wind velocity reduction 
and shading effect, we performed both a full-scale experiment and a field measurement to establish 
and verify the simulation models. 
we adopted the CFD software program Flow Designer (Ver.12) in this study. In the software, a 
canopy model proposed by Mochida et al. (2008) was used to evaluate wind velocity reduction. The 
parameter of leaf area index (LAI) was calculated by dividing the leaf into three different sizes (small, 
medium, large) and counting the leaf area, as shown below in Figure 1. The drag coefficient and 
model coefficient, which described the resistance force of the porous structure, were established using 
a similar type of plant as a reference (Murakami et al., 2003).  

 
Figure 1. The process of calculating LAI 
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Measurement Points of Wind Velocity and Temperature  

The system’s shading effect model was established via field measurement, and the shading coefficient 
was then used for the boundary condition of CFD simulation. The software can also provide MRT 
distribution, which can be used to assess system performance with regard to improving thermal 
comfort. 
However, a vertical greenery system with the Wild Allamanda potted plant has been rarely studied in 
the past, so the verification of CFD models were performed in this study. 
Furthermore, Energy Plus was used for CFD and building energy simulation. The shading effect and 
evapotranspiration rate models were obtained via field measurement, while we used the porous model 
of wind reduction through the plants from Mochida’s porous model, which we verified through a full-
scale experiment in a climate chamber. 

2.2 The Full-scale Experiment  
In order to verify the canopy model that represents the phenomena of wind velocity reduction, a full-
scale experiment was carried out in a climate chamber at Tokyo Polytechnic University Wind 
Engineering Research Center. The climate chamber featured an external chamber that controlled the 
ambient temperature and humidity through two air handling units (AHU) and an internal chamber 
with 48 plug fans that can simulated natural crosswind fluctuations and wind distributions. 

A full-scale room (W300 cm ㄌ L300 cm ㄌ H280 cm) with a window (W160 cm ㄌ H150 cm) made out 
of cardboard was built inside the internal chamber, as shown in Figure 2. Experiments were performed 
with two wind velocity speeds (0.8 m/s and 1.6 m/s) and four different quantities of potted plants (0, 
12, 24, and 36 pots) (Figure 4), and the temperature and wind velocity were measured both in front of 
the potted plants and behind the window. 

2.3 Field Measurement for the Shading Effect Model 
We carried out the field measurement at National Cheng-Kung University, Tainan, Taiwan using a 
balcony that faced west and was not blocked by the surrounding buildings. The outdoor environmental 
parameters, including solar radiation, temperature, and wind velocity, were measured at a nearby 
weather station. Air temperature, global temperature, and wind velocity were measured behind the 
potted plants. We used the solar radiation levels measured in front of and behind the potted plants to 
develop the shading effect (solar transmittance) model, and the MRT value was also calculated to 
evaluate thermal comfort. 
 

 

 

 

 
 

Figure 2. The experiment setup in the climate chamber 
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(2011) studied a vertical greenery system with ventilation (living wall) in Thailand via field 
measurement and found it to provide a significant temperature reduction during the daytime.  
Vine plants are a species of high evapotranspiration ideal for vertical greenery systems. Perez et al. 
(2011) carried out the field measurement of four types of vine plants and studied the performance of 
green facades in the Mediterranean Continental climate of Barcelona. On the other hand, five species 
of vine plants with expended metal mesh were studied to determine their shading and evaporation 
cooling effect in Japan (Koyama et al., 2013). Most of these studies indicated that the shading effect 
of reducing solar radiation is the most important parameter for improving thermal comfort. 
In urban areas of such subtropical/tropical regions as Singapore and Hong Kong, a well-designed 
vertical greenery system on high-rise buildings can provide energy conservation benefits via the 
shading effect, while the reduction of mean radiant temperature (MRT) also improved thermal 
comfort (Pan et al., 2015; Tan et al., 2015). 
In order to study the improvement of the vertical greenery system with ventilation on the balcony, the 
effect of shading, evapotranspiration, and wind velocity reduction should be considered. Many studies 
using field measurements to establish plant models have been carried out, but most of the studies that 
simulated energy consumption and thermal comfort used building performance analysis software like 
EnergyPlus, which cannot easily assess the influence of vertical greenery systems on ventilation rate. 
This study aims to develop composite models of CFD for a vertical greenery system with reduced 
wind velocity and crossing air flow temperature and to discuss the influences of porosity, shading, and 
the evapotranspiration rate on indoor thermal comfort.  

2 METHODS 

2.1 Simulation models of CFD 
In this study, we selected Wild Allamanda (Urechites lutea), a local vine plant, to be the potted plant 
for the vertical greenery systems, and the evapotranspiration model was obtained from a field 
measurement in a previous study (Lin et al., 2016).  In order to quantify the wind velocity reduction 
and shading effect, we performed both a full-scale experiment and a field measurement to establish 
and verify the simulation models. 
we adopted the CFD software program Flow Designer (Ver.12) in this study. In the software, a 
canopy model proposed by Mochida et al. (2008) was used to evaluate wind velocity reduction. The 
parameter of leaf area index (LAI) was calculated by dividing the leaf into three different sizes (small, 
medium, large) and counting the leaf area, as shown below in Figure 1. The drag coefficient and 
model coefficient, which described the resistance force of the porous structure, were established using 
a similar type of plant as a reference (Murakami et al., 2003).  

 
Figure 1. The process of calculating LAI 
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Note that since the simulation model divided a potted plant into a pot (solid) and a plant (porous), the 
average transmittance was measured and calculated using the method proposed by Ip et al. (2010), as 
shown in Figure 5. 
 

         
Figure 3. The installation rate of the balcony in the climate chamber (12/ 24/ 36 potted plants) 

 
Figure 4. The balcony used for the field measurement 

 

     
           a)  b) 
Figure 5. The solar radiation measurement points of a) the leaf and b) the plot  
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3 RESULTS 

3.1 Verification of the Canopy Model 
The results of both the wind velocity measurements and simulation are shown in Figure 6. The R2 
value of the wind velocity in the experiment and in the simulation was 0.938, which indicated high 
consistency. Although the canopy model was not originally developed for potted plants, our results 
suggest that the model can be used in this study. 

 
Figure 6. The comparison of wind velocity of the simulation and that of the experiment 

 

3.2 Verification of the Shading Model 
The solar transmittance of the potted plants of the field measurement was used to establish the 
boundary conditions of the CFD simulation. The MRT comparison of the field measurement and 
simulation is shown in Table 1. The difference percentage of MRT was around 0.9-5.5%, and root-
mean-square deviation (RMSD) was 1.2 °C, demonstrating good consistency. 
 

Table 1. The MRT comparison of the field measurement and simulation 

Simulation (°C) Field Measurement (°C) Difference Percentage (%) RMSD (ΡC) 

33.4 31.8 5.0 

1.2 

32.7 31.5 3.6 

33.4 32.3 3.5 

33.1 32.7 0.9 

33.8 32.0 5.5 

44.2 43.6 1.4 
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Note that since the simulation model divided a potted plant into a pot (solid) and a plant (porous), the 
average transmittance was measured and calculated using the method proposed by Ip et al. (2010), as 
shown in Figure 5. 
 

         
Figure 3. The installation rate of the balcony in the climate chamber (12/ 24/ 36 potted plants) 

 
Figure 4. The balcony used for the field measurement 

 

     
           a)  b) 
Figure 5. The solar radiation measurement points of a) the leaf and b) the plot  
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4 CONCLUSION 
In this study, we carried out a full-scale experiment in a climate chamber and a field measurement in 
order to develop and verify the CFD models for evaluating wind velocity reduction and shading effect. 
We found that when Wild Allamanda was installed in a vertical greenery system on a balcony, the 
canopy (porous) model of the potted plant showed strong consistency (R2=0.938) between the 
simulation and the experiment. The results of the shading effect model also demonstrated good 
consistency with the MRT difference percentage around 0.9-5.5% and a RMSD of 1.2 °C between the 
simulation and field measurement. The plant model, which included evapotranspiration, shading, and 
ventilation, can be used for CFD simulation studies, as well as studies on building energy 
consumption, in the future. 
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SUMMARY  
Fast prediction of indoor temperature distribution is valuable for control of indoor thermal 
environment. In this study, a linear superposition approach for temperature distribution based on the 
assumption of fixed flow field is investigated regarding the prediction accuracy at the steady state. 
Twenty numerical cases are designed by combining four air distribution patterns and five heat source 
locations. The prediction results are compared with the computational fluid dynamics (CFD) results. It 
is concluded: (1) the accuracy is closely related to the deviation of the fixed flow field adopted in the 
proposed method; (2) in the case of a 40% discrepancy in the heat intensity used to build the fixed 
flow field, the temperatures at most positions can be predicted accurately for different airflow patterns 
except displacement ventilation. There exist a few positions with greater prediction deviations for 
each of the airflow patterns, which are primarily located in the vicinity of the supply air jet or the heat 
source; and (3) in the case of a 80% discrepancy in the heat intensity, the prediction deviations are 
acceptable for most of the heat source locations under side up supply and side down return, and down 
supply and up return patterns. 
Keywords: ventilation, fast prediction, temperature distribution, air distribution, buoyancy effect 

1 INTRODUCTION 
The fast prediction of non-uniform distribution of indoor air temperature is necessary when the 
localized thermal environment is designed and evaluated, and online control of the local temperature 
is conducted. Traditionally, the lumped parameter method is adopted for temperature prediction; 
however, the assumption for uniform temperature is not suitable for actual air distribution patterns, 
such as displacement ventilation (DV) , underfloor air distribution (UFAD), personalized ventilation 
(PV), etc., for which the parameters differ in different locations (Xing et al, 2001; Melikov, 2004). As 
representative methods, the jet theory, nodal model and CFD (computational fluid dynamics) are 
utilized to predict the temperature distribution (Gagneau and Allard, 2001; Villafruela et al., 2013); 
however, it is not realizable to produce more detailed distribution information for jet theory and nodal 
model. Although CFD can provide three-dimensional information, the repeated iteration routine make 
it time consuming. 
 One way of fast prediction is based on linear superposition theory. In mechanically ventilated rooms, 
if the indoor airflow does not change a lot during a period of time, the flow field can be treated to be 
steady and the indoor air parameter distribution can be obtained by the superposition of contributions 
from different boundary conditions. Shao et al. (2017) proposed a superposition expression to predict 
the temperature distribution based on the index of transient accessibility. The temperature distribution 
can be predicted quickly once the transient accessibility is obtained because the algebraic calculation 
is utilized instead of the iterative calculation of CFD. As the indoor airflow field is easily to be 
influenced by the buoyancy effect, the significant change in the heat source intensity may change the 
airflow field, further influencing the reliability of the assumption of fixed flow field. The reliability of 
the proposed expression at steady state was studied by Shao et al. (2017) based on a typical modelling 
room with mixed ventilation and different source locations and intensities; however, it is necessary to 
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In this study, we carried out a full-scale experiment in a climate chamber and a field measurement in 
order to develop and verify the CFD models for evaluating wind velocity reduction and shading effect. 
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canopy (porous) model of the potted plant showed strong consistency (R2=0.938) between the 
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consistency with the MRT difference percentage around 0.9-5.5% and a RMSD of 1.2 °C between the 
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extensively verify the adaptability of the method for more types of air distributions. The fully 
validated fast prediction model will provide a more convenient tool for design of localized 
environment and online control of air parameters. In this study, the reliability of the prediction method 
is studied numerically for four types of air distribution patterns.  

2 METHODS 

2.1 Fast prediction of indoor temperature distribution  
If the airflow field does not have a significant variation, the linear superposition theory can be applied 
for temperature prediction. That is, the transient temperature at an arbitrary position is equal to the 
summation of three contributions, as shown in Equation 1 (Shao et al., 2017).  
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On the right side of Equation 1, the first, second and third terms represent the temperature variations 
caused by the variations in the supply air temperature from different air supply inlets, the heat sources 
and initial temperature distribution, respectively. In Equation 1, ,
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Iaθ τ  are three 
characteristic indices (so-called transient accessibility), which are closely related to the flow field and 
need to be obtained in advance by running a limited number of simulations. Once the above indices 
are calculated, the fast prediction of the temperature can be accomplished due to the simplified 
algebraic expression form of Equation 1.The detailed information about the prediction method can 
refer to Shao et al. (2017). Equation 1 predicts both the transient and steady temperature distribution, 
while in this study the steady temperature is mainly concerned. At the steady state, the effect of initial 
temperature distribution (i.e., the third term) is zero.   

2.2 Basic parameters 
The cases were based on CFD method. A geometry model was built as a common room with thermal 
insulation walls and dimensions of 4 m (X) ×2.5 m (Y) ×3 m (Z). Four air distribution patterns, i.e., 
side up supply and side down return (Pattern 1), side down supply and up return (Pattern 2), down 
supply and up return (Pattern 3) and displacement ventilation (Pattern 4), were designed, as shown in 
Figure 1.  

  
(a) Patterns 1 & 2 (b) Patterns 3 & 4 

Figure 1. Schematic of different airflow patterns   

The size of the air inlets for displacement ventilation is 0.5 m×0.4 m, while the remaining air outlets 
and inlets are 0.2 m×0.2 m. The supply air temperature was kept at 20 oC. Five heat sources were 
arranged in the room, and the locations are listed in Table 1. There was only one heat source in each 
case, and therefore a total of twenty cases were designed by combining four airflow patterns and five 
source locations. The heat intensity in each case was 1000 W. Eighteen positions were selected 
uniformly in two planes (Z=0.5 m and Z=1.5 m) to monitor the temperature, as shown in Figure 2.  

Pattern 1: side up supply and side down return
Pattern 2: side down supply and up return

      
   

        
       

Pattern 3: down supply and up return
Pattern 4: displacement ventilation
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Table 1 Heat source locations 

Source location 
Start point End point 

XS/m YS/m ZS/m XE/m YE/m ZE/m 

1 0.95 1.50 1.45 1.05 1.60 1.55 
2 2.45 0.90 1.45 2.55 1.00 1.55 
3 1.95 0.30 1.45 2.05 0.40 1.55 
4 0.45 0.30 1.45 0.55 0.40 1.55 
5 3.95 0.05 0.00 4.00 2.50 3.00 

  
Figure 2. Locations of monitoring points (Z=0.5m and Z=1.5m) 

The airflow rate was 0.08 3 /m s  in each case. The air supply velocity was 1 m/s for Patterns 1 to 3, 
and 0.2 m/s for Pattern 4. To utilize the proposed method, the transient accessibility should be 
calculated in advance based on a fixed flow field, and the heat intensity for simulating the fixed flow 
field needs to be specified according to the experience, because the actual heat intensity cannot be 
known until the real prediction for temperature happens. The fixed flow field was first simulated by 
using heat intensities of 0 W, 200 W, and 600W, respectively. After that, the same 1000 W was 
utilized in the prediction for each case. The proposed method, i.e, Equation 1, can realize the fast 
prediction due to the characteristic of linear superposition; however, since the purpose of this study is 
to explore the reliability of the method for various conditions, the predicted temperature discrepancy 
rather than fast prediction process was primarily presented in the results.  

2.3 Numerical method 
Software Airpak with the RNG turbulent model was utilized to simulate the numerical cases. 
Considering the buoyancy effect, the Boussinesq assumption was adopted. The discrete method was 
the finite volume method and the difference format was the second order upwind scheme. The 
SIMPLE algorithm and the non-uniform staggered grid are selected in this simulation. The accuracy 
of the simulation has been validated in the previous work (Shao et al, 2017). After the grid 
independence test, the room was discretized by using 202,852 hexahedral control volumes. The 
temperature at the steady state was predicted by using both proposed method and CFD simulation. 
The prediction accuracy was characterized by the relative deviation (RD) given by Equation 2. 

 RD = |t̃p−tp|
t̅e−ts

(2)

Where t̃p is the predicted temperature by fast prediction method, oC;  tp is the temperature of the CFD 
simulation, oC; t ̅e is the average exhaust temperature, oC; ts is the supply air temperature, oC. 
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Figure 1.  

  
(a) Patterns 1 & 2 (b) Patterns 3 & 4 

Figure 1. Schematic of different airflow patterns   

The size of the air inlets for displacement ventilation is 0.5 m×0.4 m, while the remaining air outlets 
and inlets are 0.2 m×0.2 m. The supply air temperature was kept at 20 oC. Five heat sources were 
arranged in the room, and the locations are listed in Table 1. There was only one heat source in each 
case, and therefore a total of twenty cases were designed by combining four airflow patterns and five 
source locations. The heat intensity in each case was 1000 W. Eighteen positions were selected 
uniformly in two planes (Z=0.5 m and Z=1.5 m) to monitor the temperature, as shown in Figure 2.  

Pattern 1: side up supply and side down return
Pattern 2: side down supply and up return

      
   

        
       

Pattern 3: down supply and up return
Pattern 4: displacement ventilation
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3 RESULTS AND DISCUSSION 

3.1 Effect of the fixed flow fields adopted in the proposed method 
The relative prediction deviations for different airflow patterns at heat source Location 1 are shown in 
Figure 3, where ‘0 W flow’, ‘200 W flow’ and ‘600 W flow’ indicate that the fixed flow field for the 
method is built based on heat intensities of 0 W, 200 W, and 600W, respectively. 

  
(a) Pattern 1: side up supply and side down return (b) Pattern 2: side down supply and up return 

  
(c) Pattern 3: down supply and up return (d) Pattern 4: displacement ventilation 

Figure 3. Relative deviations for different airflow patterns at source Location 1 

The overall deviation is the largest when the fixed flow field is constructed without heat source. When 
the fixed flow field is built by using the heat intensity of 600 W, which is closer to the real intensity of 
1000 W (compared with 200 W), the prediction deviation has a significant decrease. This finding has 
been verified by Shao et al. (2017) for the up supply and up return pattern and is suitable for various 
types of airflow patterns as well. Since the prediction deviation is large when the flow field is built 
without the heat intensity, the results for ‘0 W flow’ are not presented in the following sections.  

3.2 Prediction deviation distributions for different airflow patterns 
The relative deviations for different heat locations under the side up supply and side down return 
(Pattern 1) are shown in Figure 4. 
From Figure 3(a) and Figure 4, the relative deviations are acceptable at most of the positions for 
predictions based on both 200 W and 600 W flow fields, regardless of heat source location. However, 
due to non-uniform characteristics of indoor temperature distribution, the prediction accuracy levels at 
different positions are quite different and large deviations occur at some positions. The number of 
positions with the large deviation for predictions based on 600 W flow field is less than that of 200 W 
flow field. The large deviation occurs primarily at positions close to the supply air jet or the thermal 
plume around the heat source. Since the deviations at different positions for side down supply and up 
return (Pattern 2) and down supply and up return (Pattern 3) are similar to Pattern 1, the 
corresponding results are not presented here. 
The relative prediction deviations for different heat locations under the displacement ventilation 
(Pattern 4) are shown in Figure 5. 
From Figure 3(d) and Figure 5, the relative deviations are large at most of the positions for predictions 
based on both 200 W and 600 W flow fields, when the heat source is placed at Locations 1, 2 and 5. 
The deviations are acceptable for source Location 4, which is because the supply air jet passes through 
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the source location, and the influence of the thermal plume is weakened. Therefore, the prediction 
accuracy for displacement ventilation is sensitive to the location of the heat source.  

  
(a) Source Location 2 (b) Source Location 3 

  
(c) Source Location 4 (d) Source Location 5 

Figure 4. Relative deviations for Pattern 1 
 

  
(a) Source Location 2 (b) Source Location 3 

  
(c) Source Location 4 (d) Source Location 5 

Figure 5. Relative deviations for Pattern 4 

3.3 Average deviation of different airflow patterns 
By taking average of the relative deviation at each position, the averaged relative deviation was 
obtained, as shown in Figure 6. The relative deviation greater than 100% in each case was removed 
during the averaging process, to better reflect the average accuracy for most of the positions. 
For prediction based on 600 W flow field, the averaged relative deviations are less than 10% for 
Patterns 1 and 3, less than 15% for most of the heat source locations of Pattern 2, and around 15% for 
one heat source location of Pattern 4 only. Although the heat intensity (600 W) in building the fixed 
flow field has a discrepancy of 40% compared with the real intensity (1000 W), a reliable prediction is 
still achieved for various airflow patterns and heat source locations. In case of 80% discrepancy in the 
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3 RESULTS AND DISCUSSION 

3.1 Effect of the fixed flow fields adopted in the proposed method 
The relative prediction deviations for different airflow patterns at heat source Location 1 are shown in 
Figure 3, where ‘0 W flow’, ‘200 W flow’ and ‘600 W flow’ indicate that the fixed flow field for the 
method is built based on heat intensities of 0 W, 200 W, and 600W, respectively. 
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Figure 3. Relative deviations for different airflow patterns at source Location 1 

The overall deviation is the largest when the fixed flow field is constructed without heat source. When 
the fixed flow field is built by using the heat intensity of 600 W, which is closer to the real intensity of 
1000 W (compared with 200 W), the prediction deviation has a significant decrease. This finding has 
been verified by Shao et al. (2017) for the up supply and up return pattern and is suitable for various 
types of airflow patterns as well. Since the prediction deviation is large when the flow field is built 
without the heat intensity, the results for ‘0 W flow’ are not presented in the following sections.  
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heat intensity (200W) adopted in building flow field, the relative deviation is controlled around 15% 
for Patterns 1 and 3, but is a bit greater for Patterns 2 and 4. Through the analysis on the effects of 
airflow patterns and heat source locations, it is believable that the fast prediction method can be 
applied in a large number of room ventilation and heat source scenarios, if the heat source intensity is 
considered within a suitable discrepancy range.    

  
(a) Pattern 1 (b) Pattern 2 

  
(c) Pattern 3 (d) Pattern 4 

Figure 6 Averaged relative deviations  

4 CONCLUSION 
The heat source should be considered in simulating the fixed flow field used for the calculation of the 
characteristic index. By using the heat intensity within an appropriate discrepancy range (40% in this 
study) from the real one, the accuracy is acceptable for side up supply and side down return, side 
down supply and up return, and down supply and up return patterns, regardless of the heat source 
locations. The prediction does not always perform well for displacement ventilation. A careful pre-
assessment of the accuracy is needed when applying the method in displacement ventilation. 
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SUMMARY 
The aim of this study is to investigate the dehumidification performance and energy conservation of a 
two-stage liquid desiccant dehumidifier and a single-stage dehumidifier. To enhance the 
dehumidification performance, a cascade liquid desiccant (CLD) system was applied in an outdoor air 
unit to adjust the target humidity condition of the induced outdoor air. The CLD consists of a two-stage 
liquid desiccant dehumidifier unit to carry out deep dehumidification of process air. Process air is 
dehumidified twice by the CLD system to improve the dehumidification performance of process air 
compared to a single dehumidifier. The single and cascade liquid desiccant systems were integrated 
with water-side free cooling using cooling towers for desiccant solution cooling. The energy 
consumption performance of both systems was evaluated through simulation when operating in an 
office space as a dedicated outdoor air system (DOAS). The thermal load of a model office space was 
estimated using TRNSYS 17, and the cooling coil load of DOAS was predicted using a commercial 
equation solver program. The results show that compared to a single dehumidifier system, CLD requires 
a lower cooling coil load. 
Keywords: Liquid desiccant system, Cascade liquid desiccant, Dedicated outdoor air system 

1 INTRODUCTION 
Liquid desiccant (LD)-based air conditioning systems have been proposed as alternatives to 
conventional vapor compression (i.e., CFC, HCFC) heating, ventilating, and air conditioning (HVAC) 
systems. In addition, a dedicated outdoor air system (DOAS) has been proposed to enhance energy 
conservation and indoor air quality. DOAS is a decoupled system, which supplies 100% outdoor air 
(OA) with minimum ventilation air for sensible and latent cooling applications. 
Recently, LD integrated DOAS has been studied to enhance the dehumidification performance and 
energy conservation of DOAS. An LD system has an advantage over conventional dehumidification 
applications in terms of the dehumidification of OA using low-grade heating source. Ge et al. (2011) 
proposed LD-assisted DOAS. In addition, Ge et al. (2011) also investigated an LD-assisted DOAS 
simulator built on a TRNSYS platform. They evaluated the dehumidification performance of the LD 
system at varying system parameters. Xiao et al. (2011) carried out a simulation study of LD-assisted 
DOAS at different operating conditions.  
In this study, a single-stage LD-assisted DOAS (case 1: LD-DOAS) and a multi-stage LD-assisted 
DOAS (case 2: CLD-DOAS) are proposed based on previous studies. This study compared the 
dehumidification performance of case 1 and case 2 for varying humidity ratio at the outlet of the LD 
unit in each system case. The supply air (SA) condition of DOAS was estimated according to its design 
procedure. The energy consumption and indoor thermal comfort of LD-assisted DOAS were evaluated 
using a model-based control strategy. To evaluate the system energy conservation, the remained sensible 
cooling load of OA was calculated using the enthalpy difference between the inlet and the outlet of the 

heat intensity (200W) adopted in building flow field, the relative deviation is controlled around 15% 
for Patterns 1 and 3, but is a bit greater for Patterns 2 and 4. Through the analysis on the effects of 
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applied in a large number of room ventilation and heat source scenarios, if the heat source intensity is 
considered within a suitable discrepancy range.    
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4 CONCLUSION 
The heat source should be considered in simulating the fixed flow field used for the calculation of the 
characteristic index. By using the heat intensity within an appropriate discrepancy range (40% in this 
study) from the real one, the accuracy is acceptable for side up supply and side down return, side 
down supply and up return, and down supply and up return patterns, regardless of the heat source 
locations. The prediction does not always perform well for displacement ventilation. A careful pre-
assessment of the accuracy is needed when applying the method in displacement ventilation. 
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cooling coil. Results from this study show that LD-assisted DOAS can improve the system energy 
performance. 

2 SYSTEM OVERVIEW 

2.1 Case 1 (LD-DOAS) 
LD-DOAS is divided into two main parts. As shown in Figure 1, an LD unit is installed upstream of the 
process air for dehumidification of OA, whereas a cooling coil is installed for remained sensible cooling 
of ventilation air to meet design conditions (i.e., 15 °C, 6.26 g/kg). Induced ventilation air is 
dehumidified by the LD system, and then sensible cooling is implemented through the cooling coil. The 
sensible heat exchanger (SHE) is located in the SA duct to maintain SA conditions for using waste heat 
reclaimed from room air. The SA flow rate is maintained according to the required minimum ventilation 
air flow recommended in the ASHRAE standard 62.1 (ASHRAE 2013). 

 
Figure 1. Schematic diagram of the LD-DOAS 

2.2 Case 2 (CLD-DOAS) 
A cascade LD (CLD) unit is applied in case 1 of LD-DOAS configuration; CLD-DOAS focuses on the 
retrofitting process of LD-DOAS. The cascade LD unit can achieve deep dehumidification to a specified 
level of induced ventilation air humidity. Following this dehumidification process, the cooling coil 
operates to meet the design conditions. Under hot and humid OA conditions, LD-DOAS cannot 
dehumidify OA to meet the target design conditions. This is because the single absorber unit did not 
generate suitable dehumidification effect. In this case, the cascade absorber tower can remove sufficient 
moisture from ventilation air. 

 
Figure 2. Schematic diagram of the CLD-DOAS 

In CLD operation, the operating conditions of the primary absorber tower are the same as those of the 
single absorber tower in case 1. However, the conditions of the process air entering the secondary 
absorber tower depends on the primary absorber tower operation. The regeneration energy consumption 
in CLD is the total heating energy used for the regeneration of the diluted solution from the primary and 
secondary absorber towers. 
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The OA introduced in CLD operation should be dehumidified to a suitable humidity ratio while passing 
through the CLD unit. A suitable ratio is defined as the attained humidity ratio of process air to the 
target humidity ratio of 3. Moreover, the target humidity ratio of process air is the humidity ratio of the 
required design SA condition of DOAS (i.e., 6.26 g/kg). 
The proposed CLD operating strategy used to achieve the target humidity ratio of process air is as 
follows. If the humidity ratio of process air entering CLD is higher than the target humidity ratio, the 
process air should be initially dehumidified in the primary absorber tower. Then, if the humidity ratio 
remains higher than the target humidity ratio, the secondary absorber tower should further dehumidify 
the process air. Otherwise, the process air will bypass the secondary tower. Similarly, when the humidity 
ratio of process air entering CLD is lower than the target humidity ratio, the process air will bypass the 
CLD unit. 
In addition, for CLD operation of the case 2 system, an absorber tower was designed by using a suitable 
system sizing method. The CLD absorber tower packing for each stage is assumed to be half that of the 
single absorber of LD-DOAS (Table 1). The liquid-to-gas ratio of each CLD unit was maintained at 
0.75 in the absorber tower because the supply of the desiccant solution was split in the single desiccant 
solution line (Figure 3). To estimate the dehumidification performance, the Chung and Luo model can 
be used for both the primary and secondary absorbers. The outlet desiccant solution conditions from the 
CLD unit was mixed at the single desiccant solution return line. 

Table 1. Liquid desiccant unit assumption parameters 
 Single LD unit CLD unit 

Specific surface area (𝑎𝑎𝑎𝑎) [m2/m3] 223 223 (111.5 each) 
Liquid-to-gas ratio [-] 1.5 1.5 (0.75 each) 

Solution concentration [-] 0.4 0.4 

 
Figure 3. Schematic diagram for CLD unit 

3 SIMULATION OVERVIEW 

3.1 Thermal load estimation 
The thermal loads for the model space were estimated using TRNSYS 17 (TRNSYS 17. 2009) software 
with IWEC summer weather data in Seoul, Korea (ASHRAE 2013). The model space was two open 
plan office spaces; each office was assumed to have a floor area of 84 m2 with ten occupants. The space 
conditions were maintained at dry-bulb temperature (DBT) of 24 °C with relative humidity of 60% 
(11.24 g/kg humidity ratio) during cold season. The internal heat gain from the occupants was assumed 
to be 75 W of the sensible and latent heat from each person, respectively. Electronic devices were 
assumed to produce sensible heat of 15 W/m2 from lighting and 70 W/m2 from a personal computer. 
The hourly cooling load profile of the model space was obtained using a dynamic building energy 
simulation software during a period in the cooling season in Seoul (e.g., July to August). For simplicity, 
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In CLD operation, the operating conditions of the primary absorber tower are the same as those of the 
single absorber tower in case 1. However, the conditions of the process air entering the secondary 
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infiltration and leakage of the model space were not considered in the thermal load calculation. Table 2 
summarizes the physical parameters of the model space used in the thermal load estimation. 

Table 2. Thermal load parameters 
Floor area 84 m2 
Occupants 10 persons 
Schedule ASHRAE Standard 90.1 

Room conditions 24°C, 60% 
Design SA temperature 15 °C  
Window to wall ratio  18% 

U-value  
Exterior wall 0.52 W/m2K  

Ceiling And  Floor 0.84 W/m2K 
Window 5.68 W/m2K 

Internal heat gain 

Sensible 75 W/person 
Latent 75 W/person 

lighting 15 W/m2 
PC 70 W/m2 

3.2 Supply air condition of DOAS 
The required minimum ventilation outdoor air flow of DOAS is designed according to ASHRAE 
Standard 62.1 (ASHRAE 2013). The volume flow of ventilation air was calculated using Equation (1) 
based on the floor area and number of occupants. In this study, the required minimum ventilation 
outdoor air was calculated as 50.2 l/s according to the floor area and the number of occupants listed in 
Table 2 (0.06 kg/s mass flow rate). 

 V𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑅𝑅𝑅𝑅𝑝𝑝𝑝𝑝 · 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏 + 𝑅𝑅𝑅𝑅𝐴𝐴𝐴𝐴 · 𝐴𝐴𝐴𝐴𝑏𝑏𝑏𝑏 (1) 

 Where, V𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 : Breathing zone ventilation rate [l/s] 

 𝑅𝑅𝑅𝑅𝑝𝑝𝑝𝑝 : Ventilation rate per occupant [l/person] 

 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏 : Number of occupants [person] 

 𝑅𝑅𝑅𝑅𝐴𝐴𝐴𝐴 : Ventilation rate per floor area [l/m2] 

 𝐴𝐴𝐴𝐴𝑍𝑍𝑍𝑍 : Floor area [m2] 

The SA temperature of DOAS was set as 15 °C of DBT, which is the cooling season SA temperature 
condition for a typical DOAS. In addition, the humidity ratio of the conditioned outdoor air supplied by 
DOAS was calculated using Equation (2). The design SA humidity ratio was calculated as 6.26 g/kg 
using the calculation result from Equation (2); thus, case 1 and case 2 should be operated to meet the 
target SA conditions using the LD unit and cooling coil operation. 

 W𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴 = 𝑊𝑊𝑊𝑊𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑄𝑄𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
3.0 ·𝑉𝑉𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

 (2) 

 Where, W𝑆𝑆𝑆𝑆𝐴𝐴𝐴𝐴 : Humidity ratio of the supply air [g/kg] 

 𝑊𝑊𝑊𝑊𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 : Humidity ratio set-point in the room [g/kg] 

 𝑄𝑄𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 : Latent load in the room [W] 

 𝑉𝑉𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 : Breathing zone ventilation rate [l/s] 

3.3 Liquid desiccant system 
The dehumidification effectiveness of the LD unit was determined using established models proposed 
in the literature. Chung and Luo (1999) proposed a dehumidification effectiveness model for an LD unit 
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with LiCl solution, which was expressed by Equations. The thermodynamic properties of the LiCl 
solution were also obtained from existing literature (Klein 2004). 

 𝜀𝜀𝜀𝜀𝐷𝐷𝐷𝐷𝑙𝑙𝑙𝑙ℎ  =   �1−(0.024(ṁ𝑣𝑣𝑣𝑣𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙/ṁ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙𝑙𝑙)0.6 exp(1.057 (𝑇𝑇𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂/𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙𝑙𝑙)))/((𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)−0.185𝜋𝜋𝜋𝜋0.638)�
[1−(0.192exp(0.615 (𝑇𝑇𝑇𝑇𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂/𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠l)))/(𝜋𝜋𝜋𝜋−21.498)]  (3) 

The LD absorber operated with an initial condition of the desiccant solution, that is, 40% LiCl solution 
at a solution inlet temperature of 30 °C. The specific surface area (a) of the absorber tower was assumed 
to be 223 m2/m3 in case 1 for a single tower and 111.5 m2/m3 in case 2 for each tower. The mass flow 
of the desiccant solution was supplied at 0.09 kg/s, so that the liquid-to-gas ratio was maintained at 1.5 
in the single LD unit of case 1 and 0.75 in the CLD unit of case 2 (Table 1.). 

3.4 Performance evaluation 
To determine the dehumidification performance of the single absorber tower in case 1 and the cascade 
absorber tower in case 2, the humidity ratio of process air at the outlet LD unit was compared for the 
two cases during the cooling season in Seoul (e.g., July to August). Process air condition from the LD 
unit was evaluated in hourly operating steps based on outdoor air conditions. Furthermore, the variation 
of the humidity ratio of process air from the LD unit was also evaluated in hourly operating steps based 
on outdoor air conditions. Both systems should meet the design SA humidity ratio of the DOAS unit, 
which was set as 6.26 g/kg in the previous section. 
In addition, the cooling coil load for case 1 and case 2 was estimated to compare the remained cooling 
energy to meet SA conditions. The available cooling load on the cooling coil was calculated using the 
enthalpy difference between the inlet and outlet of the cooling coil. Thus, process air conditions at the 
outlet of the LD unit and the SA conditions were converted to enthalpy values, respectively. 

4 SIMULATION RESULTS 
Figure 4 shows a comparison of the humidity ratio variation at the outlet of the LD unit in each system 
case. The simulation results show that the average humidity ratio of each system case is 7.32 g/kg for 
case 1 and 4.61 g/kg for case 2. It can be observed that the humidity level of case 2 was maintained at 
a lower value than the design SA humidity ratio of DOAS during operation. In contrast, the humidity 
level of case 1 was higher than the design SA humidity ratio of DOAS. This process is inefficient in 
terms of meeting the target SA humidity ratio. 

 

Figure 4. Humidity ratio variatioin at outlet of the LD unit  
Figure 5 shows a comparison of the cooling coil load in each system case. It can be observed that case 
2 required a lower cooling coil load compared to that of case 1 during operation. Given OA condition, 
case 1 could not meet the design SA humidity ratio owing to inadequate dehumidification in the LD 
unit. Therefore, after the dehumidification process, the remained cooling load of outdoor air was higher 
than that of case 2. 

infiltration and leakage of the model space were not considered in the thermal load calculation. Table 2 
summarizes the physical parameters of the model space used in the thermal load estimation. 
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 Where, V𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 : Breathing zone ventilation rate [l/s] 
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 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏 : Number of occupants [person] 
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 𝐴𝐴𝐴𝐴𝑍𝑍𝑍𝑍 : Floor area [m2] 

The SA temperature of DOAS was set as 15 °C of DBT, which is the cooling season SA temperature 
condition for a typical DOAS. In addition, the humidity ratio of the conditioned outdoor air supplied by 
DOAS was calculated using Equation (2). The design SA humidity ratio was calculated as 6.26 g/kg 
using the calculation result from Equation (2); thus, case 1 and case 2 should be operated to meet the 
target SA conditions using the LD unit and cooling coil operation. 
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 (2) 
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 𝑄𝑄𝑄𝑄𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 : Latent load in the room [W] 
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3.3 Liquid desiccant system 
The dehumidification effectiveness of the LD unit was determined using established models proposed 
in the literature. Chung and Luo (1999) proposed a dehumidification effectiveness model for an LD unit 
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5 CONCLUSIONS 
In this study, the dehumidification performance of LD-DOAS and CLD-DOAS were evaluated through 
detailed energy simulation. During cooling season, CLD-DOAS satisfied the required humidity level of 
DOAS, while LD-DOAS could not meet the target humidity level of DOAS owing to inadequate 
dehumidification in the LD unit. In addition, results obtained from the cooling coil load calculation 
indicate that CLD-DOAS required a cooling coil load lower than that of LD-DOAS. 
Consequently, during hot and humid season, the CLD unit can be applied to generate deep 
dehumidification of induced OA. Moreover, results of this study indicate that CLD-DOAS successfully 
conditioned OA to the target SA condition while consuming lower cooling coil energy compared to the 
energy consumption of LD-DOAS. 
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SUMMARY 
Natural convection flow is a common means to heat rooms, e.g. with radiators. The heat transfer from 
the solid to the surrounding air is of crucial importance, as it defines the efficiency of the used amount 
of costly material – most likely steel – to deliver a specific heat power to the room. Thus, it is of great 
interest to use as little solid material as possible by heat transfer enhancement of the natural convection 
flow in these devices. 
In this paper, we examine the influence of Kármán vortex streets on the heat transfer in free convection 
flows in vertical 3D-channels that are heated from two sides. Different cylinder shapes at different 
channel height positions as well as the influence of different channel depths are considered. Studies are 
done numerically via CFD with a laminar and LES approach as well as experimentally. 
We found a strong influence of the channel depth. With decreasing channel depths, the effect of heat 
transfer improvement by triggering vortex streets is decreasing, as less space for developing the vortices 
is available and the unheated partitioning walls act like convector fins due to radiation exchange with 
the heated walls. The different cylinder shapes do not have a significant influence on the heat transfer 
enhancement, instead, the blockge ratio is the decisive parameter. In addition, the installation height 
shows an optimum. A maximum of 12.9% of heat transfer enhancement is presented for a 3D channel. 

Keywords: heat transfer enhancement, natural convection, channel, Kármán vortex street 

1 INTRODUCTION 
Heat transfer by natural convection in vertical channels is a common means to deliver heat to indoor 
environments via radiators, for example. Typically, modern flat plate heat radiators deliver the larger 
amount of their heating (approximately two thirds) via convector channels, the rest by radiation. The 
importance of convection is growing, as heating systems tend to move to lower temperatures, thus 
decreasing the radiative amount even more. Enhancing the heat transfer in vertical convection channels 
yields a significant improvement in performance. 
In a previous simulative investigation of natural convection flows in vertical channels (Mathis et al., 
2014) we showed a great potential of increasing the heat transfer from the walls to the fluid by placing 
a vortex promoter into the flow path and by that triggering a Kármán vortex street. The vortices 
separating from blunt bodies cause convective mixing of the flow, bringing cooler fluid from the center 
of the channel to the heated walls, thus increasing the temperature gradient and by that the heat transfer.  
We then showed experimental results of heat transfer enhancement (HTE) in vertical 2D-channels 
(Mathis et al., 2016), meaning that the flow was confined by two heated vertical walls only. Significant 
HTE of up to 41.9% was found, depending on the blockage ratio and the installation position of the 
cylinder in the channel. In this study, we show experimental and numerical results of HTE by vortex 
streets in vertical 3D-channels with two heated walls and partitioning walls, separating the channels 
from each other. We examine different cylinder shapes like circular, half-circular, thin cuboid, square 
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5 CONCLUSIONS 
In this study, the dehumidification performance of LD-DOAS and CLD-DOAS were evaluated through 
detailed energy simulation. During cooling season, CLD-DOAS satisfied the required humidity level of 
DOAS, while LD-DOAS could not meet the target humidity level of DOAS owing to inadequate 
dehumidification in the LD unit. In addition, results obtained from the cooling coil load calculation 
indicate that CLD-DOAS required a cooling coil load lower than that of LD-DOAS. 
Consequently, during hot and humid season, the CLD unit can be applied to generate deep 
dehumidification of induced OA. Moreover, results of this study indicate that CLD-DOAS successfully 
conditioned OA to the target SA condition while consuming lower cooling coil energy compared to the 
energy consumption of LD-DOAS. 
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and bended, partly at different channel height positions, as well as the influence of different channel 
depths. 
So far, HTE by vortex streets in channels with heated walls has not gained much attention in the 
literature. Also, it is limited to forced convection only, indicating a high potential but at high cost in 
terms of pressure drop and thus propelling energy demand (Abbassi et al., 2002; Biswas et al., 1990; 
Icoz and Jaluria, 2006; Meis et al., 2010). In contrast, the system presented here is of natural convection 
type and thus needs no additional propelling energy. 

2 METHODS 

2.1 Problem description 
The vertical channel consists of two vertical aluminium walls, which are heated by attached water 
capillary mats. The vertical channel is 640 mm high, 42 mm wide and has a depth of 470 mm. Wooden 
plates (5 mm thickness) are placed in-between at a constant distance of 25, 32.5 or 39.4 mm, 
respectively. Thus, 3D-channels are formed. In those channels, we inserted cylinders of different shapes 
in the central channel position at a channel height of 𝑧𝑧𝑧𝑧 =  80 mm (Figure 1). By that, a Kármán vortex 
street is triggered, leading to heat transfer enhancement due to improved mixing of the flow downstream 
the cylinder. We also varied the channel height position 𝑧𝑧𝑧𝑧 for the cylinder of diameter 𝑑𝑑𝑑𝑑 =  16 mm for 
the 39.4 mm channel width. 

 
Figure 1. Channel geometry and boundary conditions 

 
Figure 2. Investigated cylinder shapes 
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In Figure 2, the investigated cylinder shapes are shown. In total, heat delivery measurements are done 
for six different cylinder shapes at a channel depth of 32.5 mm and for one cylinder shape at all three 
channel depths. The cylinder z-position was varied for the 39.4 mm channel depth only. The blockage 
ratio is the ratio between maximum cylinder extension perpendicular to the flow direction (e.g. diameter 
for the circular) and the channel width (42 mm). Table 1 gives an overview: 

Table 1. Investigated cases with experimental (EXP) and numerical (CFD) heat delivery results 
channel 
depth

cylinder 
shape

blockage
ratio

position 
z

heat delivery
(EXP)

heat delivery
(CFD)

PIV

mm - - mm W/m % W/m %  
         

39.4 reference 0.00 - 254.7 0% 265.3 0% yes 
circular 0.38 0 280.6 10.2% 289.1 9.0%  
circular 0.38 80 282.8 11.0% 290.5 9.5% yes 
circular 0.38 200 287.6 12.9% 284.7 7.3%  
circular 0.38 400 279.1 9.6% 278.3 4.9%  

          

32.5 reference 0.00 - 254.6 0% 265.7 0% yes 
circular 0.38 80 269.4 5.8% 280.8 5.7% yes 

bended thin 0.36 80 274.4 7.8% 284.5 7.1% yes 
thin 0.36 80 271.5 6.6% 286.7 7.9% yes 

triangle 0.33 80 273.3 5.8% 282.3 6.3% yes 
round top 0.36 80 271.5 6.6% 286.7 7.9% yes 

flat top 0.36 80 275.4 8.2% 277.3 4.4% yes 
          

25 reference 0.00 - 263.0 0.0% 265.1 0.0% yes 
circular 0.38 80 267.1 1.6% 285.2 7.6% yes 

2.2 Thermo-hydraulic heat delivery measurements 
The methodology of the thermo-hydraulic heat delivery measurements is described in detail in (Mathis 
et al., 2016). Summarizing, in the test facility two vertical walls are heated to a wall temperature of 
63.5 °C. The test bench is placed in a climate chamber with a controlled air temperature, so that 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ≈
19.4 °C, resulting in a Δ𝜃𝜃𝜃𝜃 = 𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤 − 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 44.1 K. The heat delivery is obtained from the water flow 
through the capillary mats, after subtracting the idle heat output from the measured value. The idle heat 
output represents the thermal losses of the test bench to the surrounding in case the air flow in the 
channel is blocked. 

2.3 PIV measurements 
Velocity data is acquired in a two-dimensional, two-component PIV (Particle Image Velocimetry) 
setup. The laser plane is positioned perpendicular to the heated walls with the laser light entering the 
channel from the top, working at a frequency of 13 Hz. Upstream the cylinders, no data can be acquired 
in the shadow area. The data presented is a composition of three overlapping sections (section 1, 2 and 
3 in Figure 1), where the measurements were performed independently due to camera focusing limits. 
More details of the PIV arrangement are described in (Mathis et al., 2016). 

2.4 CFD calculations 
CFD simulations are performed with the CFX® code in transient mode with a time step of 0.01 s. In a 
sensitivity analysis, also a time step of 0.002 s is chosen for laminar and LES-WALE turbulence 
modelling, respectively. The total calculation time is 10 s, with an averaging time of about 5 s. Wall 
and air temperatures are set to the same values like in the experiments, with static pressure boundary 
conditions on all inlets and outlets, so that the mass flow is calculated from the buoyant forces during 
the calculation. Density changes are accounted for with the ideal gas law. Radiation is modelled with 
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the discrete transfer approach, as the heated walls emit radiative heat to the surrounding wooden 
separation walls, which are not heated directly. Emissivity is set to 0.95 for the heated aluminum plates 
(due to black painting) and to 0.85 to the wooden plates. Due to Rayleigh numbers lower than 109, the 
flow is assumed to be of laminar type. The mesh size is 1 mm in the region of vortex formation with a 
resolved boundary layer, the first layer thickness being 0.1 mm. For the cylinder shapes with a 
separation edge like bended thin, triangle etc. we needed to decrease the mesh size to 0.5 mm to get 
closer to the measurements. For the circular cylinder shape, no mesh adaption was needed. 

3 RESULTS AND DISCUSSION 
In general, CFD results in terms of absolute values (W/m) tend to be higher by 3…6% (Table 1). The 
HTE compared to the corresponding reference case (%) is generally of the same magnitude, in some 
cases deviating from the measured value. Moreover, in the PIV plots, we observe fewer gradients 
(Figure 4) compared to CFD calculations. There, the vortex structures appear more distinct. Also, near 
the heated walls higher velocity peaks are simulated than measured, especially in the upper channel 
part. Apparently, in reality more diffuse mixing occurs and also, a pre-mixing due to unstable inlet 
boundary conditions might appear, as the air is drawn to the channel inlet from a climate chamber with 
its own room flow structures. 

 
Figure 3. HTE for the investigated cases 

3.1 Influence of channel depth 

For the different channel depths, the blockage ratio of 0.38 (𝑑𝑑𝑑𝑑 =  16 mm) and channel position of 𝑧𝑧𝑧𝑧 =
80 mm are kept constant. With larger channel depths, the HTE increases: 1,5% for 25 mm, 6,0% for 
32.5 mm and 11.2% for 39.4 mm. The reason is that with larger channel depths, the distance between 
the temperature boundary layers increases and the enhancement effect of convective mixing increases, 
as more cold air from the central channel region is brought to the heated walls. The trend is captured 
with CFD as well, except for the 25 mm case. This is due to the fact, that a lower heat delivery is 
calculated for the 25 mm reference case compared to the other reference cases, probably resulting from 
unrealistic perfectly homogenous inlet boundary conditions. 

3.2 Influence of cylinder shape 

For the different cylinder shapes, which are all investigated at a constant position of 𝑧𝑧𝑧𝑧 =  80 mm and 
a blockage ratio in the range of 0.33-0.38, the achieved HTE is in the range of 6…8%. No clear trend 
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is observed. Also, the PIV measurements (Figure 4) indicate a similar flow field for the different 
cylinder shapes. We conclude that not the shape itself, but more likely the blockage ratio defines the 
intensity of the mixing and thus the HTE for a 3D-confined vertical channel. 

 

 
Figure 4. PIV (left picture) and CFD (right picture) for different cylinder shapes. Instantaneous (top) 
and averaged (bottom) velocity plots 

3.2 Influence of channel position 

For the channel depth of 39.4 mm, we varied the 𝑧𝑧𝑧𝑧-position of a circular cylinder. The HTE rises until 
𝑧𝑧𝑧𝑧 =  200 mm, reaching 12.9 % and then decreasing again for higher 𝑧𝑧𝑧𝑧-positions. The same trend is 
observed in the CFD calculations, however with a maximum of HTE amounting to 9.5% at 𝑧𝑧𝑧𝑧 =
80 mm. The maximum is found at the optimum combination of HTE due to the leading edge effect and 
convective mixing, like discussed in (Mathis, 2014). 
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3.3 Influence of scale-resolving approach 

For the channel depths of 39.4 and 32.5 mm and blockage ratio of 0.38 at 𝑧𝑧𝑧𝑧 =  80 mm, we numerically 
examined the influence of a finer resolving of the turbulent structures without changing the mesh. We 
found that by decreasing the time step to 0.002 s in order to apply the LES-WALE model at a Courant 
number less than one, the vortex structures developed even more distinctly with smaller structures 
(Figure 5), resulting in an HTE of 26% and 21% for the 39.4 and 32.5 mm channel depths (Figure 3). 
This is more than the double amount of the measured value. The laminar calculation with a time step to 
0.002 s yields around 16…17% more than the measured value (Figure 3). Again, we conclude that in 
the simulation, the perfectly homogenous inlet conditions and thus undisturbed flow lead to higher 
gradients, whereas in reality, the upstream mixing of the inlet air distorts the vortex formation. 

Figure 5. Influence of scale-resolving in terms of time step and turbulence modelling 

4 CONCLUSIONS 
We found that channel depth influences HTE more intensively than cylinder shape. The installation 
position of the cylinder in the channel shows a clear optimum. In CFD, the trends are captured with a 
laminar approach, but the exact values are not easy to obtain. The LES approach seems not to be a 
promising approach. Uncertainties in the CFD calculations seem to be found especially with regard to 
the inlet boundary condition, as the room air flow in the experimental setup may influence the inlet 
condition in terms of additional pre-mixing of the flow, which is not considered in CFD, where perfectly 
uniform inlet conditions are applied. Further investigation is needed in the area of exact inlet boundary 
conditions as well as more parameter variations like multiple cylinder configurations. 
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SUMMARY  
Dual-duct ventilation systems have been developed principally to deliver, in-spite of energy cost, 
simultaneous thermal comfort of many occupants in buildings with many rooms of widely varying 
thermal characteristics. With the worldwide trend towards energy-efficient buildings, the dual-duct 
ventilation systems have undergone technological changes. However, current design solutions still 
miss opportunities created by technological advances, thus failing to ensure energy-efficient dual-duct 
systems. Our research is driven by the necessity to reduce energy costs of dual-duct systems in 
operation. Dynamic simulations of system operation in a yearly cycle are performed to detect 
inefficiencies in operation and to objectively compare different design solutions. We identify that 
current principles for warm and cold air temperature set-points lead to energy wastage and inefficient 
operation of dual-duct ventilation systems. We propose a new dynamic method for determining 
instantaneous temperatures of warm and cold airflows, which is set to account for the instantaneous 
heat loads, while reducing energy cost of thermal treatment of supply air. We also recognise a 
qualitative (temperature), instead of quantitative (volume flow rate), control to be more energy 
efficient and leading to improved airflow distribution in the system. Our new method of setting 
temperatures in dual-duct systems can be readily applied under different external and internal 
conditions, in different climates and for different thermal requirements of buildings.
Keywords: ventilation, dual duct system, energy reduction, air recirculation, temperature set-points 

1 INTRODUCTION 
Dual-duct ventilation systems are used to establish the required temperature set-points in multiple 
rooms with different thermal loads. Various technical and technological design solutions are proposed 
to ensure the design temperature set-points of thermally-treated supply airflow (Przydróżny, 2007). 
The idea of dual-duct systems’ operation is to centrally prepare two supply airflows, namely a warm 
airflow and a cold airflow (Przydróżny, 1983a; Przydróżny, 1983b). A mixture of these airflows 
comprises an airflow supplied to a room. Mixing of airflows occurs in individual mixing boxes. Warm 
and cold air is supplied to each mixing box in portions ensuring both the required supply air volume 
flow rate and the temperature set-point. Dual-duct systems can be either with constant or variable 
airflows. In order to reduce the energy demand for thermal treatment of the airflow, systems with 
recirculation of the extract air or heat recovery from extract air are designed and used (Przydróżny, et 
al., 2018). To transport supply airflow within dual-duct systems a single or dual-fan configurations are 
used.  
In recent years, a body of research have been conducted aimed at improving energy performance of 
dual-duct systems. Liu and Claridge (1998) show that in a dual-duct VAV system substantial energy 
savings (up to 20%) can be achieved by improving the temperature reset schedules of warm and cold 

3.3 Influence of scale-resolving approach 

For the channel depths of 39.4 and 32.5 mm and blockage ratio of 0.38 at 𝑧𝑧𝑧𝑧 =  80 mm, we numerically 
examined the influence of a finer resolving of the turbulent structures without changing the mesh. We 
found that by decreasing the time step to 0.002 s in order to apply the LES-WALE model at a Courant 
number less than one, the vortex structures developed even more distinctly with smaller structures 
(Figure 5), resulting in an HTE of 26% and 21% for the 39.4 and 32.5 mm channel depths (Figure 3). 
This is more than the double amount of the measured value. The laminar calculation with a time step to 
0.002 s yields around 16…17% more than the measured value (Figure 3). Again, we conclude that in 
the simulation, the perfectly homogenous inlet conditions and thus undisturbed flow lead to higher 
gradients, whereas in reality, the upstream mixing of the inlet air distorts the vortex formation. 

Figure 5. Influence of scale-resolving in terms of time step and turbulence modelling 

4 CONCLUSIONS 
We found that channel depth influences HTE more intensively than cylinder shape. The installation 
position of the cylinder in the channel shows a clear optimum. In CFD, the trends are captured with a 
laminar approach, but the exact values are not easy to obtain. The LES approach seems not to be a 
promising approach. Uncertainties in the CFD calculations seem to be found especially with regard to 
the inlet boundary condition, as the room air flow in the experimental setup may influence the inlet 
condition in terms of additional pre-mixing of the flow, which is not considered in CFD, where perfectly 
uniform inlet conditions are applied. Further investigation is needed in the area of exact inlet boundary 
conditions as well as more parameter variations like multiple cylinder configurations. 
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airflow (Liu & Claridge, 1998). Liu et al. (2002) also demonstrates that significant energy savings can 
be achieved by modifying control of mixing boxes and including a reset option (Liu, et al., 2002). Wei 
et al (2003) discusses reducing energy costs of operation by improving volume control strategies of 
dual-duct single-fan VAV systems through ensuring separate pressure set-points of cold and warm 
airflow (Wei, et al., 2003). Przydróżny (2007) discusses the influence of control strategies on the 
energy consumption and proposes new methods of adjusting temperature set-points to ensure energy 
conservation in a yearly cycle of operation of dual-duct systems with a single- and dual-fan 
configuration (Przydróżny, 2007). Przydróżny and Szczęśniak (2014) propose to reduce energy 
consumption in dual-duct systems through a close control of supply air temperature set-points in a 
function of either external air temperature or the design assimilation heat loads (Przydróżny & 
Szczęśniak, 2014). Przydróżny et al. (2018) discusses methods of reducing the energy consumption in 
dual-duct dual-fan systems and show that the configuration of the warm and cold air installation 
influences the yearly energy demand for air treatment (Przydróżny, et al., 2018). They show that 
individual recirculation of the airflow to each installation requires the smallest energy demand. This 
design solution is, however, not applicable to dual-duct systems with a single supply fan.     
Our research has been driven by the necessity to reduce energy demand for operation of dual-duct 
ventilation systems. The research goal is to propose design solutions that lead to energy savings 
through the reduction of energy consumption and the enhancement of system control. This paper 
discusses methods of reducing the energy demand for thermal-treatment of airflow in dual-duct 
single-fan systems.   

2 METHODS 

 
Figure 1. Schematic of dual-duct ventilation system with a single supply fan and extract air 
recirculation.  

Figure 1 shows a schematic of a typical dual-duct single-fan ventilation system with extract air 
recirculation. The idea of system’s operation is the preparation of two supply airflows, warm and cold, 
with significantly different temperature set-points. These two supply airflows are distributed around 
the building to individual mixing boxes, in which the thermally-treated warm and cold airflows are 
mixed in portions ensuring the individual supply air temperature set-point for each room: 

𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖 = 𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖        (1) 

The sum of warm and cold airflows is the supply airflow. The total airflow, thermally-treated in the 
system, is defined as: 

𝑉𝑉𝑉𝑉 = 𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖 + 𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖, where  𝑉𝑉𝑉𝑉 = ∑ 𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖𝑖𝑖 ;   𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖 = ∑ 𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖𝑖𝑖 ;   𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖 = ∑ 𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖𝑖𝑖      (2-5) 
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Portions of warm and cold air in a ventilating airflow are calculated for individual rooms (6-7) and the 
system (8-9) based on the expressions: 

𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖 =  𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖

;  𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖 =  𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖

; 𝑐𝑐𝑐𝑐 =  𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖
𝑉𝑉𝑉𝑉

;  𝑤𝑤𝑤𝑤 =  𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖
𝑉𝑉𝑉𝑉

         (6-9) 

The supply air temperature set-point for individual rooms can be determined from: 

𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖
𝜏𝜏𝜏𝜏 =  𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝜏𝜏𝜏𝜏 − (𝑄𝑄𝑄𝑄𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧)𝑖𝑖𝑖𝑖
𝜏𝜏𝜏𝜏

𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝
; 𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖

𝜏𝜏𝜏𝜏 =  𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝜏𝜏𝜏𝜏  +  𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝜏𝜏𝜏𝜏 ;     (10-11)      

whereas for the entire system from: 

𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝜏𝜏𝜏𝜏 =  𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝜏𝜏𝜏𝜏 −

∑ (𝑄𝑄𝑄𝑄𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧)𝑖𝑖𝑖𝑖
𝜏𝜏𝜏𝜏𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖𝑖𝑖
𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖𝑝𝑝𝑝𝑝

; 𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝜏𝜏𝜏𝜏 =  𝑐𝑐𝑐𝑐𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝜏𝜏𝜏𝜏  +  𝑤𝑤𝑤𝑤𝜏𝜏𝜏𝜏𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝜏𝜏𝜏𝜏 .     (12-13) 

The above relationships indicate that a wide range of warm and cold temperature set-points can be 
achieved, which ensures the required supply air temperature set-points. The warm and cold air 
temperature set-points determine portions of both airflows in the entire system and also in each 
individual mixing box. To ensure the required supply air temperature set-points for individual rooms, 
the temperature of the warm and cold airflows must meet the conditions: 

𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝜏𝜏𝜏𝜏 >  (𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠𝜏𝜏𝜏𝜏 )𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚;   𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝜏𝜏𝜏𝜏 <  (𝑡𝑡𝑡𝑡𝑗𝑗𝑗𝑗𝑠𝑠𝑠𝑠𝜏𝜏𝜏𝜏 )𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖.     (14-15) 

These conditions apply continuously during the system operation. However, the temperature set-
points of warm and cold air may vary in a yearly cycle. For instance, the cold air temperature may be 
set as constant in a yearly cycle, whereas the warm air temperature set-point may vary in a function of 
external air temperature. The temperature set-points of warm and cold air should always be selected to 
reduce energy costs of supply air treatment and transport. Simultaneously, the assumed warm and cold 
air temperature set-points influence portions at which both airflows mix to form the supply airflow. 
When designing air ducts, the maximum portion of both warm and cold airflow is used directly to size 
the ductwork. The ductwork is sized, based on the maximum volume flow rates. The warm and cold 
temperature set-points should be carefully selected based on a given application. Temperature set-
points reported in the literature are often no longer applicable due to highly-insulated building 
envelopes and thus lower heat losses.   
We show the methods to determine temperature set-points of warm and cold airflow, which are 
thermally-treated in a heating or cooling coil, in a ventilation system schematically represented in 
Figure 1.1 We invoke the following assumptions: - the system provides ventilation for four rooms; - 
the minimum external air portion in the ventilating airflow Ve / V = 0.25; - the minimum cold air 
temperature tc = 12 (10)°C; - the warm air temperature under the design winter conditions tw = 35°C; - 
ventilating airflows are constant in a yearly cycle; thermal balances of individual rooms (1-4 and 
cumulative) are presented as a function of external air temperature in Figure 2; - the ventilating 
airflows are calculated  for the maximum heat gains with the temperature increase of 7 ° C.  

                                                 
1 The method is based on the steady state calculations for the characteristic design parameters (external air parameters). 
The results for the other external air parameters are interpolated using t-te, see Figures 3 – 4.  

airflow (Liu & Claridge, 1998). Liu et al. (2002) also demonstrates that significant energy savings can 
be achieved by modifying control of mixing boxes and including a reset option (Liu, et al., 2002). Wei 
et al (2003) discusses reducing energy costs of operation by improving volume control strategies of 
dual-duct single-fan VAV systems through ensuring separate pressure set-points of cold and warm 
airflow (Wei, et al., 2003). Przydróżny (2007) discusses the influence of control strategies on the 
energy consumption and proposes new methods of adjusting temperature set-points to ensure energy 
conservation in a yearly cycle of operation of dual-duct systems with a single- and dual-fan 
configuration (Przydróżny, 2007). Przydróżny and Szczęśniak (2014) propose to reduce energy 
consumption in dual-duct systems through a close control of supply air temperature set-points in a 
function of either external air temperature or the design assimilation heat loads (Przydróżny & 
Szczęśniak, 2014). Przydróżny et al. (2018) discusses methods of reducing the energy consumption in 
dual-duct dual-fan systems and show that the configuration of the warm and cold air installation 
influences the yearly energy demand for air treatment (Przydróżny, et al., 2018). They show that 
individual recirculation of the airflow to each installation requires the smallest energy demand. This 
design solution is, however, not applicable to dual-duct systems with a single supply fan.     
Our research has been driven by the necessity to reduce energy demand for operation of dual-duct 
ventilation systems. The research goal is to propose design solutions that lead to energy savings 
through the reduction of energy consumption and the enhancement of system control. This paper 
discusses methods of reducing the energy demand for thermal-treatment of airflow in dual-duct 
single-fan systems.   

2 METHODS 

 
Figure 1. Schematic of dual-duct ventilation system with a single supply fan and extract air 
recirculation.  

Figure 1 shows a schematic of a typical dual-duct single-fan ventilation system with extract air 
recirculation. The idea of system’s operation is the preparation of two supply airflows, warm and cold, 
with significantly different temperature set-points. These two supply airflows are distributed around 
the building to individual mixing boxes, in which the thermally-treated warm and cold airflows are 
mixed in portions ensuring the individual supply air temperature set-point for each room: 

𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖 = 𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖        (1) 

The sum of warm and cold airflows is the supply airflow. The total airflow, thermally-treated in the 
system, is defined as: 

𝑉𝑉𝑉𝑉 = 𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖 + 𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖, where  𝑉𝑉𝑉𝑉 = ∑ 𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖𝑖𝑖 ;   𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖 = ∑ 𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖𝑖𝑖 ;   𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖 = ∑ 𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖𝑖𝑖      (2-5) 
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Figure 2. Functions of external air temperature. Top: room heat load; bottom: room air temperature 
increment.  

3 RESULTS 
Figure 3a shows variations in the temperatures of the supply air, room air, warm and cold air as a 
function of the external air temperature. Warm and cold air temperature set-points are in accordance 
with the current design standards. The average supply air temperature is a mixture of warm and cold 
airflows in portions shown  in subfigure 3a(c). Subfigure 3a(b) shows the portion of external air in 
ventilating airflow. Changes in temperatures of heated and cooled air are marked in subfigure 3a(a). 
The entire ventilation system is controlled by varying the warm and cold airflows. This solution 
requires the design of air ducts for the maximum warm and cold airflows. Figures 3b and 4a present 
temperature variations in dual-duct systems  with the dynamic control of the warm air temperature set-
point and in the case of Figure 4a also the dynamic control of cold air temperature set-point.The 
implementation of the temperature set-point control, as shown in Figures 3b and 4a, requires the use 
of an optimizing module in the ventilation system shown in Figure 1. This optimizing module should 
guarantee similar warm and cold airflows in dual-duct system.2 The temperature of the warm air in the 
summer, at external  temperatures exceeding 17°C, should be either below the external air temperature 
or equal the temperature of the mixture of: cold and external airflows (at  ≤ 20°C) or external and 
extract airflows (at > 20°C).  
In order to determine achievable energy savings when preparing warm airflow, the following 
assumptions are invoked: - airflow of 2kg/s; - three-shift operation of dual-duct system; the duration 
of the temperatures as in subfigure 4b; - warm air temperature variations as in subfigures 3a, 3b and 
4a respectively. The yearly demand for energy for heating the thermal air is calculated based on: 
𝑄𝑄𝑄𝑄𝑁𝑁𝑁𝑁 =  ∑ [𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑝𝑝𝑝𝑝(𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑡𝑡𝑡𝑡1𝑖𝑖𝑖𝑖)𝜏𝜏𝜏𝜏𝑖𝑖𝑖𝑖]𝑛𝑛𝑛𝑛

𝑖𝑖𝑖𝑖𝑖1 , kWh/year. 

Figure 4c shows a bar graph with calculated energy demand for heating the warm air in a dual-duct 
ventilation system, where the total ventilating airflow is 2 kg/s. The results in subfigure 4c show that 
the dynamic control of the warm and cold air temperature set-points leads to significant energy 
savings for air treatment in the yearly cycle. 

                                                 
2 The optimizing module corresponds to the regulator leading to the equalisation of warm and cold flow rates in function 
of external air temperature. 
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ventilating and portions of cold and warm air, in a function of external air temperature.   
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Figure 4. a: variations in treated (hot, cold, supply) air temperature set-points, portion of external air 
in ventilating and portions of cold and warm air, in a function of external air temperature; b) average 
duration of external air temperature as a function of yearly operation of ventilation system ( from 
Przydróżny 2007, Przydróżny et al. 2018) c) energy demand for warm air heating in dual-duct system.    

  
Figure 2. Functions of external air temperature. Top: room heat load; bottom: room air temperature 
increment.  

3 RESULTS 
Figure 3a shows variations in the temperatures of the supply air, room air, warm and cold air as a 
function of the external air temperature. Warm and cold air temperature set-points are in accordance 
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Figure 4c shows a bar graph with calculated energy demand for heating the warm air in a dual-duct 
ventilation system, where the total ventilating airflow is 2 kg/s. The results in subfigure 4c show that 
the dynamic control of the warm and cold air temperature set-points leads to significant energy 
savings for air treatment in the yearly cycle. 

                                                 
2 The optimizing module corresponds to the regulator leading to the equalisation of warm and cold flow rates in function 
of external air temperature. 
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5 CONCLUSIONS 
Ventilation systems are commonly used to adjust and maintain thermal comfort in many rooms. A 
suitable ventilation system should be selected to ensure rational and energy-efficient operation. There 
are systems with single- or two-stage air treatment with central external air treatment and individual 
devices for thermal treatment of circulating air. Dual-duct systems are central systems with single-
stage air treatment with various technological solutions available for treatment and transport of supply 
airflow. The simplest dual-duct system configuration, with one supply fan and extract air 
recirculation, is shown in Figure 1. The design set-points of the supply air can be achieved through 
various methods of adjusting the warm and cold air set-points. The rational adjustment of the 
temperature set-points may lead to significant energy savings. To dynamically adjust the temperature 
set-points of the warm and cold airflow, an optimizing module should be used. The purpose of the 
optimizing module is to minimize the energy demand for heating the warm air and for equalisation of 
the heat and cold airflows. The solutions, proposed in the paper, may reduce the yearly energy 
demand for heating by up to 20%. In addition, it is possible to reduce the size of ductwork to 
accommodate Vw = Vc = 0.5V. 
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SUMMARY 
From the point of view to reduce energy consumption, door open while air conditioner running on 
buildings have a problem. Although many facilities for entrance with revolving door, air curtain, and 
door closer are utilized to reduce the energy loss, there are few exact measured or calculated data. The 
purpose of this study is to evaluate the infiltration rate across the single-side opening with air 
temperature differences between areas. Moreover, this study has also evaluated the effectiveness of non-
recirculating air curtain for decreasing the infiltration rate. Then, this study has also evaluated the energy 
loss with several cases, such as closed door, opened door, door swinging, and opened door with the air 
curtain operating case while air conditioner running using a commercial store model by building energy 
simulation. To achieve this goal, by transient CFD simulation, fundamental design data were acquired 
concerning the influence of door opening and closing action and effectiveness of air curtain on the 
infiltration rate with the temperature difference. In addition, to evaluate the energy loss through door 
while air conditioner running, the commercial store model was set up and several cases were compared 
by using building energy simulation. By comparisons of the theoretical value and CFD simulation, the 
CFD simulation model was validated. Using the CFD simulation model, fundamental design data were 
acquired concerning the influence of door opening. The result shows the infiltration rate has increased 
before reaching the steady state of indoor air distribution, and the safety factor for deflection modulus 
of the non-recirculating air curtain was calculated 2.5. Moreover, using the commercial store model, the 
energy loss was increased approximately 19% by door open while air conditioner running in summer. 
Keywords: door, infiltration, energy loss, air curtain, computational fluid dynamics(CFD) 

1 INTRODUCTION 
While air conditioner is running, leaving doors and windows open is a great way to reduce operating 
efficiency and undermine the air conditioning system's ability to bring the indoor to a comfortable 
temperature. Thus, in commercial stores on the sidewalks, the door open while air conditioner running 
causes a problem against the global trend toward an energy-saving society. However, merchants want 
to business with open the door to attract more customers and to increase sales. 
Several countries have established policies to impose fines on commercial store with the door open 
while air conditioner running. New York in the United States is a law passed in 2015 to keep store and 
restaurant doors closed when their air conditioning is on. According to law, violators face fines of $250 
for a first offense and up to $1,000 for an egregious violation. Korea has also imposed penalties of up 
to $3,000 for violators on commercial store, shops, and shopping malls through crackdown. 
Although many facilities for entrance with vestibule, revolving door, air curtain, and door closer are 
utilized to reduce the energy loss, there are few exact measured or calculated data. The purpose of this 
study is to evaluate the infiltration rate across the single-side opening with air temperature differences 
between areas. Moreover, this study has also evaluated the effectiveness of non-recirculating air curtain 
for decreasing the infiltration rate. Then, the energy loss with several cases, such as closed door, opened 
door, door swinging, and opened door with air curtain while air conditioner running was evaluated by 
energy simulation using a commercial store model. 

5 CONCLUSIONS 
Ventilation systems are commonly used to adjust and maintain thermal comfort in many rooms. A 
suitable ventilation system should be selected to ensure rational and energy-efficient operation. There 
are systems with single- or two-stage air treatment with central external air treatment and individual 
devices for thermal treatment of circulating air. Dual-duct systems are central systems with single-
stage air treatment with various technological solutions available for treatment and transport of supply 
airflow. The simplest dual-duct system configuration, with one supply fan and extract air 
recirculation, is shown in Figure 1. The design set-points of the supply air can be achieved through 
various methods of adjusting the warm and cold air set-points. The rational adjustment of the 
temperature set-points may lead to significant energy savings. To dynamically adjust the temperature 
set-points of the warm and cold airflow, an optimizing module should be used. The purpose of the 
optimizing module is to minimize the energy demand for heating the warm air and for equalisation of 
the heat and cold airflows. The solutions, proposed in the paper, may reduce the yearly energy 
demand for heating by up to 20%. In addition, it is possible to reduce the size of ductwork to 
accommodate Vw = Vc = 0.5V. 
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2 METHODS 

2.1 Infiltration rate across the single-side opening 
The steady-state infiltration calculation method of single-side opening is proposed by various 
experimental and numerical studies and it is used to calculate the heat loss in the opening. However, the 
calculation error should be considered because the air flow behavior varies from time to time. The 
purpose of this section is to investigate the infiltration rate across the single-side opening by using 
transient CFD simulation quantitatively and to compare with the steady-state calculation method. 
Figure 1 shows the numerical calculation model in this investigation. The calculation model consists of 
the indoor space of 2.5(x) x 2.5(y) x 2.5(z) m and the outdoor space of 10.0(x) x 10.0(y) x 10.0(z) with 
the door of 2.1(y) x 0.8(z) m. Table 1 shows the boundary conditions and calculation cases. The 
calculation cases are examined in four cases of indoor and outdoor temperature differences of 5, 10, 15 
and 20 °C with the indoor temperature fixed at 20 °C. The infiltration rate through the doorway was 
calculated based on the concentration decay as shown in Eq. 1. Equation 1 is generally used to solve for 
the infiltration rate by measuring the tracer gas concentration periodically during the decay and fitting 
the data to the logarithmic form. 

 C(t) = C0∙e
-Q
Vt (1) 

Here, t [s] is the time, C0 [ppm] is the concentration of the tracer in the indoor area at t = 0, C(t) [ppm] is the 
tracer gas concentration at time t, Q [m3/s] is the infiltration rate out of the indoor area, V [m3] is the volume 
of the indoor area. 
The calculation results are also compared with the steady-state infiltration calculation method of single-
side opening as shown in Eq. 2 proposed by Pham and Oliver (1983).  

   Q = 0.226A(gH)0.5 [ρi-ρo
ρi

]
0.5

[ 2

1+(ρo/ρi)
0.333]

1.5

   (2) 

Here, A [m] is the area of opening, g [m/s2] is the acceleration of gravity, H [m] is the height of the 
opening, ρ [kg/m3] is the air density of indoor and outdoor. 

 
Figure 1. Calculation model 

Table 1. Solver settings and boundary conditions 
Item Contents 

Meshes Approximately 600,000 
Turbulence model High-Reynolds number k–epsilon model 
Time dependence Transient (Courant number < 1) 

Buoyancy Boussinesq approximation 
Mass diffusivity 1.6 × 10-5 m2/s 
Initial condition k = 0.0 m2/s2, ε = 0.0 m2/s3 

C0 (indoor) = 1.0, C0 (outdoor) = 0.0 
Calculation cases Tindoor = 20 °C, Toutdoor = 20, 15, 10, 5 °C 

 

2.2 Heat blocking efficiency by non-recirculating air curtain and its optimal discharge velocity 
The air curtain cuts off the indoor and outdoor air by discharging the wide air surrounding the front of the 
opening, thereby preventing the heat loss from the indoor or preventing dust, noxious gas and insect from 
the outdoor as shown in Fig. 2(a), 2(b). Thus, it is mainly used in shops, department stores, banks, hotels, 
history, factories, etc. where many persons and objects are in and out. This section is to investigate the heat 
blocking efficiency by non-recirculating air curtain and to find its optimal discharge velocity. 
The factors determining the heat blocking efficiency of the air curtain are the height and width of the 
opening, the discharge velocity, the discharge flow rate, the indoor and outdoor temperature differences, 
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and the pressure differences. By these factors, the heat blocking efficiency of the air curtain is expressed 
as shown in Eq. 3. 

 η = 1 - q/q0   (3) 
Here, q [W] is the infiltration load when air curtain is not used, and q0 [W] is the infiltration load when 
the air curtain is used. 
To increase this value, the discharge air flow momentum of the air curtain should be made larger than 
the pressure difference due to the temperature difference between indoor and outdoor. As the discharge 
velocity is increased, the heat loss due to natural convection is reduced as shown in Fig. 2(c). However, 
if the discharge velocity increases above an optimal value, the heat loss is increased rapidly. 

    
(a) Principle of air curtain (b) Detail of air curtain (c) Characteristic of heat loss (d) Deflection modulus 

Figure 2. Non-recirculating air curtain and deflection modulus 
Hayes and Stoecker (1969) were proposed mathematical model as shown in Eq. 4 for non-recirculating 
air curtain. This model expresses the momentum of the discharged air from the air curtain against the 
pressure difference caused by the temperature difference, and this value is called deflection modulus. 

 Dm = bu2

gH2(To
Tc

-To
Tw

)
= ρobu2

gH2(ρc-ρw)   (4) 

Here, Dm [-] is the deflection modulus, b [m] is the inlet width of the air curtain, u [m/s] is the discharge 
air velocity, T [°C] is the air temperature. The subscript ‘o’ used in this equation means air curtain, ‘c’ 
means low temperature area, and ‘w’ means high temperature area. 
Hayes and Stoecker were proposed that the minimum deflection modulus of the air curtain as shown in Fig. 
2(d) does not lose its blocking function. The minimum deflection modulus should be considered a safety 
factor from the viewpoint of heat transfer, because it is to calculate the minimum discharge air velocity to 
maintain the air flow stably. They also suggested that it is generally useful to consider the safety factor of 
1.3 to 2.0. In this section, the safety factor is evaluated to determine the optimal discharge air velocity. 

2.3 Energy loss through door open while air conditioner running 
The purpose of this section is to evaluate energy loss through door open while air conditioner running 
in summer by using building energy simulation. The building energy simulation used in this study is 
the transient system simulation tool, TRNSYS. It is a dynamic multi-zone simulation application used 
for studies on indoor climate and whole year energy consumption by using meteorological data. 
Using a commercial store model located in Seoul, Korea (longitude 126.967, latitude 37.567, altitude 
86), as shown in Fig. 3, the energy loss is calculated with several cases such as closed door (case 1), 
opened door (case 2), 10 times/h door opening (case 3), 60 times/h door opening (case 4), and opened 
door with air curtain (case 5). The show window on the south including the door was applied to a single 
window of 12 mm with 0.5 as shade factor and it is also considered heat transfer by solar radiation. The 
ceiling and the wall are assumed to be adiabatic, and adjacent rooms are assumed in the same cooling 
condition. Evaluated period was limited to a total of 68 days from July 3 to September 8, 2017, and the 
store was assumed to operate from 10:00 am to 10:00 pm. The cooling set point temperature was fixed 
at 26 °C, and the person, the lighting and appliance load were set at 0.2 person/m2, 23 W/m2. 
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2.1 Infiltration rate across the single-side opening 
The steady-state infiltration calculation method of single-side opening is proposed by various 
experimental and numerical studies and it is used to calculate the heat loss in the opening. However, the 
calculation error should be considered because the air flow behavior varies from time to time. The 
purpose of this section is to investigate the infiltration rate across the single-side opening by using 
transient CFD simulation quantitatively and to compare with the steady-state calculation method. 
Figure 1 shows the numerical calculation model in this investigation. The calculation model consists of 
the indoor space of 2.5(x) x 2.5(y) x 2.5(z) m and the outdoor space of 10.0(x) x 10.0(y) x 10.0(z) with 
the door of 2.1(y) x 0.8(z) m. Table 1 shows the boundary conditions and calculation cases. The 
calculation cases are examined in four cases of indoor and outdoor temperature differences of 5, 10, 15 
and 20 °C with the indoor temperature fixed at 20 °C. The infiltration rate through the doorway was 
calculated based on the concentration decay as shown in Eq. 1. Equation 1 is generally used to solve for 
the infiltration rate by measuring the tracer gas concentration periodically during the decay and fitting 
the data to the logarithmic form. 
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Here, t [s] is the time, C0 [ppm] is the concentration of the tracer in the indoor area at t = 0, C(t) [ppm] is the 
tracer gas concentration at time t, Q [m3/s] is the infiltration rate out of the indoor area, V [m3] is the volume 
of the indoor area. 
The calculation results are also compared with the steady-state infiltration calculation method of single-
side opening as shown in Eq. 2 proposed by Pham and Oliver (1983).  
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Here, A [m] is the area of opening, g [m/s2] is the acceleration of gravity, H [m] is the height of the 
opening, ρ [kg/m3] is the air density of indoor and outdoor. 
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Table 1. Solver settings and boundary conditions 
Item Contents 

Meshes Approximately 600,000 
Turbulence model High-Reynolds number k–epsilon model 
Time dependence Transient (Courant number < 1) 

Buoyancy Boussinesq approximation 
Mass diffusivity 1.6 × 10-5 m2/s 
Initial condition k = 0.0 m2/s2, ε = 0.0 m2/s3 

C0 (indoor) = 1.0, C0 (outdoor) = 0.0 
Calculation cases Tindoor = 20 °C, Toutdoor = 20, 15, 10, 5 °C 

 

2.2 Heat blocking efficiency by non-recirculating air curtain and its optimal discharge velocity 
The air curtain cuts off the indoor and outdoor air by discharging the wide air surrounding the front of the 
opening, thereby preventing the heat loss from the indoor or preventing dust, noxious gas and insect from 
the outdoor as shown in Fig. 2(a), 2(b). Thus, it is mainly used in shops, department stores, banks, hotels, 
history, factories, etc. where many persons and objects are in and out. This section is to investigate the heat 
blocking efficiency by non-recirculating air curtain and to find its optimal discharge velocity. 
The factors determining the heat blocking efficiency of the air curtain are the height and width of the 
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To evaluate the energy loss in several cases by the energy simulation, the infiltration rate through door 
open while air conditioner running is used Eq. 2, and the infiltration rate by operating the air curtain is 
used the calculated result in section 2.2. Moreover, the infiltration rate due to the opening and closing 
of the door is based on Eq. 5. Lee et al., (2016) proposed an estimating equation by using indoor and 
outdoor temperature difference and door opening and closing time as independent variables. 

   Qd = 0.0013∆T∙ttotal
2 + 0.317ttotal

0.054   (0 ≤ ttotal ≤ 8, 0 ≤ ΔT ≤ 25) (5) 

Here, Qd [m3] is the infiltration volume, ΔT [˚C] is the temperature difference, ttotal [s] is the total cycle time. 

  
(a) Calculation model (b) Calculation flow chart for energy simulation 

Figure 3. Calculation model for energy simulation 

3 RESULTS 

3.1 Results of Infiltration rate across the single-side opening 
Figure 4 shows the calculation result when the temperature difference between indoor and outdoor is 20, 
15, 10, 5 °C. The infiltration rate increases rapidly in the initial state for about 2 to 3 seconds, and then 
increases to 16 to 17 seconds. After 20 seconds, it is maintained at almost the same value as the steady 
state infiltration rate. This means that the air flow from the outside causes a sudden heat loss until the 
indoor flow becomes steady state. The numerical error of the infiltration rate was consistent within 10% 
by comparing with the theoretical value of the steady-state method and the transient CFD result. 

    
(a) ΔT = 20 ˚C (b) ΔT = 15 ˚C (c) ΔT = 10 ˚C (d) ΔT = 5 ˚C 

Figure 4. Results of infiltration rate across the single-side opening 

3.2 Results of heat blocking efficiency by the air curtain and its optimal discharge velocity 
Figure 5 shows the calculation results of the pathline with the discharge air velocity of the air curtain, 
when the temperature difference between indoor and outdoor is 20 °C. The results show that the 
discharged air from the air curtain causes a deflection from the high temperature area to the low 
temperature area, and the deflection decreases with increasing the discharge air velocity. Figure 6 shows 
the calculation results of the infiltration rate, the heat loss, and the heat blocking efficiency with the 
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discharge air velocity of the air curtain, respectively. As the results, an optimal discharge air velocity of 
the air curtain is the point at which the outflow to the outdoor is minimized by natural convection. This 
point was that the air barrier is formed without any deflection as shown in Fig. 5. 

     
(a) 1 m/s (b) 2 m/s (c) 3 m/s (d) 4 m/s (e) 5 m/s 

Figure 5. Calculation results of the pathline with the discharge air velocity of the air curtain 

   
(a) Infiltration rate (b) Heat loss (c) Heat blocking efficiency 

Figure 6. Calculation results of the infiltration rate, the heat loss, and the heat blocking efficiency 

3.3 Results of energy loss by door open while air conditioner running 
Figure 7(a) shows the result of the infiltration load and cooling load on door open while air conditioner 
running (case 2). As the results, the room temperature from 10:00 am to 10:00 pm was found to satisfy 
the set temperature of 26 °C, and the infiltration and cooling load are increased or decreased according to 
the outdoor temperature. Figure 7(b), 7(c), 7(d), 7(e) show the integrated infiltration load, infiltration rate, 
infiltration load, and cooling load on all cases. Figure 7 (f) shows the percentage of cooling load on case 
2. During the evaluated period, the infiltration load of the closed door (case 1) was calculated as 0 MJ, the 
opened door (case 2) was calculated as 1,286 MJ, the 10 times/h door opening (case 3) was calculated as 
27 MJ, the 60 times/h door opening (case 4) was calculated as 164 MJ, and the opened door with air 
curtain (case 5) was calculated as 353 MJ.  

  
(a) Infiltration load and cooling load on case 2 (b) Integrated infiltration load on all cases 

 
(c) Infiltration rate (d) Infiltration load (e) Cooling load (f) Cooling load on C2 

Figure 7. Calculated results for energy simulation 
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To evaluate the energy loss in several cases by the energy simulation, the infiltration rate through door 
open while air conditioner running is used Eq. 2, and the infiltration rate by operating the air curtain is 
used the calculated result in section 2.2. Moreover, the infiltration rate due to the opening and closing 
of the door is based on Eq. 5. Lee et al., (2016) proposed an estimating equation by using indoor and 
outdoor temperature difference and door opening and closing time as independent variables. 

   Qd = 0.0013∆T∙ttotal
2 + 0.317ttotal

0.054   (0 ≤ ttotal ≤ 8, 0 ≤ ΔT ≤ 25) (5) 

Here, Qd [m3] is the infiltration volume, ΔT [˚C] is the temperature difference, ttotal [s] is the total cycle time. 

  
(a) Calculation model (b) Calculation flow chart for energy simulation 

Figure 3. Calculation model for energy simulation 

3 RESULTS 

3.1 Results of Infiltration rate across the single-side opening 
Figure 4 shows the calculation result when the temperature difference between indoor and outdoor is 20, 
15, 10, 5 °C. The infiltration rate increases rapidly in the initial state for about 2 to 3 seconds, and then 
increases to 16 to 17 seconds. After 20 seconds, it is maintained at almost the same value as the steady 
state infiltration rate. This means that the air flow from the outside causes a sudden heat loss until the 
indoor flow becomes steady state. The numerical error of the infiltration rate was consistent within 10% 
by comparing with the theoretical value of the steady-state method and the transient CFD result. 

    
(a) ΔT = 20 ˚C (b) ΔT = 15 ˚C (c) ΔT = 10 ˚C (d) ΔT = 5 ˚C 

Figure 4. Results of infiltration rate across the single-side opening 
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4 DISCUSSION 
In this study, the infiltration rate across the single-side opening with air temperature differences between 
areas was evaluated by numerical simulation. Although the infiltration rate has a high value before 
reaching the steady state of indoor air distribution, it was kept a value similar when the air distribution 
reaches the steady state with the theoretical value by Pham and Oliver. 
The effectiveness of non-recirculating air curtain was also evaluated. The safety factor for deflection modulus 
of the non-recirculating air curtain was calculated 2.5. This value was higher than the proposed value as 2.2 by 
Foster et al. (2006), and value as 1.3~2.0 by Hayes and Stoecker (1969). Using this value and the estimated 
regression equation from Fig. 2(d), the optimal discharge air velocity could be expressed as Eq. 6. 

 ρobu2

gH2(ρc-ρw)  ≅ [-0.016∙ln (H
b
)+0.2162] ×2.5   (6) 

In this study, the energy loss is evaluated using a commercial store model by building energy simulation 
with several cases, such as closed door, opened door, 10 times/h door opening, 60 times/h door opening, 
and opened door with air curtain while air conditioner running. The result of cooling load was calculated 
as 6,759 MJ, 8,045 MJ, 6,787 MJ, 6,924 MJ, 7,113 MJ, respectively. This means that the energy loss was 
increased approximately 19% by door open. 

5 CONCLUSIONS 
This paper has investigated the infiltration rate across the single-side opening and the effects of non-
recirculating air curtain. Moreover, this paper has also evaluated energy loss by door open while air 
conditioner running in summer. The following conclusions can be drawn from the results of the study: 
(1) The infiltration rate across the single-side opening has a high value before reaching the steady state 

of indoor air distribution, and it was kept a value similar when the air distribution reaches the steady 
state with the theoretical value. 

(2) The safety factor for deflection modulus of the non-recirculating air curtain was calculated 2.5. 
(3) Using the commercial store model, the energy loss was increased approximately 19% by door open 

while air conditioner running, and it was reduced by approximately 12% by the air curtain. 
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SUMMARY 
Early design provides the opportunity to assess whether to implement low energy technologies in 
buildings, and get an estimate of potential energy savings. Left to later in the process, these technologies 
might become an afterthought, or interfere with the already fixed building design. This paper discusses 
an early design tool for earth tubes in Canada. The design tool is based on the model by Hollmuller and 
Lachal, implemented in TRNSYS. Simulations were run to populate a database of likely design options 
for various locations in Canada. A simple spreadsheet interface is used, and drop down menus allow 
users to select design parameters such as: tube diameter, length, amount of tubes, tube spacing, etc. 
Outputs are: average hourly inlet and outlet air temperatures for every month, monthly heating and 
cooling energy, and monthly condensation potential. This paper discusses the methodology, and shows 
the effects of various parameters on monthly energy outputs. 
Keywords: earth tubes, design tool, early design 

1 INTRODUCTION 
Earth tubes are a passive means that use the ground thermal inertia to precondition ventilation air. 
Ventilation air is driven into tubes buried in the ground. While moving through the tubes, air absorbs or 
releases heat depending on the temperature difference between it and the surrounding soil. In much of 
Canada the temperatures vary greatly between summer and winter which allows this simple technology 
to potentially reduce energy requirements for conditioning of ventilation air. 
In Canada, despite the lack of guielines, designers have attempted to design these systems. 
Unsurprisingly, the resulting systems sometimes perform poorly. Although some earth tube models 
exist, they are generally expensive, and/or require labour-intensive building simulation tools. 
Many parameters can affect earth tube systems performance. In a review of the literature Peretti et al. 
(2013) enumerated 12 parameters. These were: tube length, depth, diameter, material, spacing, soil cover, 
soil composition, surface conditions, amount of tubes, air velocity, seasonal variations, and controls. 
An early design tool can provide a simple and useful method to estimate many of these early design 
parameters and assess the viability of an earth tube system. The aim of this work is not to provide the 
most accurate solution possible, but to provide comparative estimates of performance for various design 
decisions. This paper presents the methodology used for the development of this tool, as well as the 
effects of various parameters on monthly energy outputs. 

1.1 Existing design tools and models 
A few earth tube design tools are mentioned and/or described in the literature (Hollmuller & Lachal, 2014; 
Muehleisen, 2012; Ahmed, et al., 2009; Benkert, et al., 1997), but they are either still under development, 
not readily available to the general public, too complex for an early design tool, or use models that have 
not been validated with experimental data. The authors of this paper aim for the resulting early design tool 
to be user friendly, and use a validated model as the underlying simulation engine. 

4 DISCUSSION 
In this study, the infiltration rate across the single-side opening with air temperature differences between 
areas was evaluated by numerical simulation. Although the infiltration rate has a high value before 
reaching the steady state of indoor air distribution, it was kept a value similar when the air distribution 
reaches the steady state with the theoretical value by Pham and Oliver. 
The effectiveness of non-recirculating air curtain was also evaluated. The safety factor for deflection modulus 
of the non-recirculating air curtain was calculated 2.5. This value was higher than the proposed value as 2.2 by 
Foster et al. (2006), and value as 1.3~2.0 by Hayes and Stoecker (1969). Using this value and the estimated 
regression equation from Fig. 2(d), the optimal discharge air velocity could be expressed as Eq. 6. 

 ρobu2

gH2(ρc-ρw)  ≅ [-0.016∙ln (H
b
)+0.2162] ×2.5   (6) 

In this study, the energy loss is evaluated using a commercial store model by building energy simulation 
with several cases, such as closed door, opened door, 10 times/h door opening, 60 times/h door opening, 
and opened door with air curtain while air conditioner running. The result of cooling load was calculated 
as 6,759 MJ, 8,045 MJ, 6,787 MJ, 6,924 MJ, 7,113 MJ, respectively. This means that the energy loss was 
increased approximately 19% by door open. 

5 CONCLUSIONS 
This paper has investigated the infiltration rate across the single-side opening and the effects of non-
recirculating air curtain. Moreover, this paper has also evaluated energy loss by door open while air 
conditioner running in summer. The following conclusions can be drawn from the results of the study: 
(1) The infiltration rate across the single-side opening has a high value before reaching the steady state 

of indoor air distribution, and it was kept a value similar when the air distribution reaches the steady 
state with the theoretical value. 

(2) The safety factor for deflection modulus of the non-recirculating air curtain was calculated 2.5. 
(3) Using the commercial store model, the energy loss was increased approximately 19% by door open 

while air conditioner running, and it was reduced by approximately 12% by the air curtain. 
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Many earth tubes models with varying levels of detail are found in the literature. They range from simple 
heat exchanger equation models (with tubes not having an effect on ground temperature) such as the 
model found in EnergyPlus (Lee & Strand, 2008), to complex three-dimensional models considering 
thermal mass, soil moisture transfer, and phase change in the soil (Gan, 2014). Analytical models also 
exist, but they require simplifications and assumptions (Hollmuller, 2002; Moncef & Kreider, 1996). 
The model chosen for the current work is discussed in Section 2. 

2 EARLY DESIGN TOOL 

2.1 Model by Hollmuller and Lachal 
Hollmuller and Lachal (Hollmuller, 2002; Hollmuller & Lachal, 1998) developed a transient 3D finite 
difference earth tube model for TRNSYS (Type 460). The model allows for nonhomogeneous ground 
properties, and various boundary conditions. This model had been validated against an analytical model 
and in-situ measurements with good results. It was also readily available, and relatively complete in 
terms of capabilities so it was chosen for this work. 

2.2 Design tool parametric sweep and outputs 
Multiple Canadian locations were chosen based on geographic diversity and population. Using the 
model by Hollmuller and Lachal briefly described above, a parametric sweep was conducted for each 
of the geographic locations and the parameters shown in Table 1. Two years were simulated to allow 
for the ground temperatures to stabilize, and only the second year of results were used. The TRNSYS 
time step is set to 0.5 hours, but Type 460 may use a smaller internal time step to ensure convergence. 
The simulations were run for straight, equidistant tubes, of equal depth, and flow rate, without thermal 
interaction from nearby buildings. 

Table 1. Parameters for parametric sweep 
Parameter Values evaluated Notes
Climate file Various Using CWEC 2016 files 

Inner diameter Di (m) 0.10, 0.19, 0.27, 0.46, 0.76, 1.07 - 
Material PE, Concrete, GS Concrete and GS only for 1.07 m dia. 
Soil Type  

Heavy soil saturated 
Heavy soil damp 
Heavy soil dry 
Light soil dry 

k (W m-1K-1) and ρCp (J m-3K-1): 
2.42,  2.6770x106 
1.30,  2.0155 x106 
0.865,  1.6764 x106 
0.346,  1.2357 x106  

Depth (m) 1.5, 3, 5 From grade to top of tube 
Tube Spacing 1Do, 2Do, 3Do  

Length (m) 15, 40, 65, 100  
Air velocity (m/s) 1, 2, 3, 4, 5  

Schedule Always ON, Schedule Schedule: ON weekdays 7AM to 8PM 

Simulation outputs were: average hourly inlet and outlet temperature profiles for each month, monthly 
cooling and heating energy to the air stream and, monthly percentage of time when moisture is extracted 
from the air stream. The output data for every geographic location (as defined by the climate files) were 
saved as a comma separated text file, which we will refer to as a database. Each geographic location 
has its own database. This modular approach allows the user to only download the data for required 
location(s) from a future website. In order to use the design tool, a database (for the right location) must 
then be imported to a main design tool spreadsheet. This spreadsheet is set up for easy analysis of results 
with the help of drop down menus, graphics and formatted data. 
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2.3 Segmentation of model space 
As discussed in Section 2.2, parametric sweeps were required to populate the databases. As earth tube 
systems may contain varying amounts of tubes, a method was developed and tested to greatly reduce 
the amount of simulation runs required, still allowing users of the tool the freedom to choose the amount 
of tubes that they wish assessed. This was done by first assuming that all tubes were equidistant, at the 
same depth, and that the air flowed equally to each of them with the same inlet conditions. Fig. 1 shows 
an array of five equidistant tubes at equal depths. Assuming that all tubes in the central section (in the 
case depicted in Fig. 1, three tubes) are surrounded by a similar temperature field, they can all be 
modelled as a single tube with adiabatic side boundary conditions. The result of this simulation can then 
be multiplied by the amount of tubes in the central section to obtain the energy output for the total of 
the central section. Similarly, assuming that the temperature fields surrounding both end sections are 
also similar, and that the temperature field between them and the nearest tube to them (central section 
tube) is similar, we can also only model one of the side tubes with an adiabatic boundary condition 
between the side tube and the nearest centre tube, and multiply those results by two. This method was 
compared with modelling the entire field for a case with five tubes in Montréal and found annual 
percentage differences of 1% in heating energy output and 2% in cooling energy output between the 
two methods. 

 
Figure 1. Example segmentation of model for array of 5 tubes – 2 end tubes, and 3 central tubes 

2.4 Sensitivity analysis to meshing and boundary width 
An initial mesh sensitivity analysis was performed on a relatively uniform mesh. It was found that a 
very fine mesh was required, and that this would take too long to run for a parametric analysis. Since 
the highest temperature gradients occur near the tubes, a mesh inflation was applied around the tube and 
a refinement was applied until the solution converged. In this manner, a solution with 2288 nodes for 
the side mesh and 1040 nodes for the centre mesh were found to give acceptable solutions (within 2% 
difference in heating and cooling energy of a mesh with approximately two times more nodes). It is 
worth noting that mesh refinement in the x-axis showed very small changes in the solution. 
The sensitivity of results to the distance modelled from the bottom of the tubes to the bottom of the 
ground field, and from the side of the side tubes to the side of the ground field was assessed. It was 
found that modelling a distance of 14 m below the tubes and 10 m laterally was enough to represent the 
system, with additional distance in either direction not having significant impact on the results. The 
boundary conditions on the side and bottom were set to adiabatic. This is probably an acceptable 
assumption for the bottom boundary as the heat flux coming up from the earth is generally small 
(approx. 0.065 W m-2) (Pollack, et al., 1993). Hollmuller and Lachal (2014) present a heat penetration 
depth, which describes the distance over which heat will charge and discharge in a semi-infinite ground, 
with a sinusoidal inlet air temperature input, constant flow rate, and adiabatic ground surface. This can 
be useful in estimating the distance after which the tubes have little effect on the ground temperature 
profile. For the ground properties defined in Table 1, this yields a daily penetration depth of between 
0.09 and 0.16 m and an annual penetration depth of between 1.677 and 3.012 m. This means that after 
approximately 3 m, the temperature gradients in the ground are expected to be small. 

Many earth tubes models with varying levels of detail are found in the literature. They range from simple 
heat exchanger equation models (with tubes not having an effect on ground temperature) such as the 
model found in EnergyPlus (Lee & Strand, 2008), to complex three-dimensional models considering 
thermal mass, soil moisture transfer, and phase change in the soil (Gan, 2014). Analytical models also 
exist, but they require simplifications and assumptions (Hollmuller, 2002; Moncef & Kreider, 1996). 
The model chosen for the current work is discussed in Section 2. 

2 EARLY DESIGN TOOL 

2.1 Model by Hollmuller and Lachal 
Hollmuller and Lachal (Hollmuller, 2002; Hollmuller & Lachal, 1998) developed a transient 3D finite 
difference earth tube model for TRNSYS (Type 460). The model allows for nonhomogeneous ground 
properties, and various boundary conditions. This model had been validated against an analytical model 
and in-situ measurements with good results. It was also readily available, and relatively complete in 
terms of capabilities so it was chosen for this work. 

2.2 Design tool parametric sweep and outputs 
Multiple Canadian locations were chosen based on geographic diversity and population. Using the 
model by Hollmuller and Lachal briefly described above, a parametric sweep was conducted for each 
of the geographic locations and the parameters shown in Table 1. Two years were simulated to allow 
for the ground temperatures to stabilize, and only the second year of results were used. The TRNSYS 
time step is set to 0.5 hours, but Type 460 may use a smaller internal time step to ensure convergence. 
The simulations were run for straight, equidistant tubes, of equal depth, and flow rate, without thermal 
interaction from nearby buildings. 

Table 1. Parameters for parametric sweep 
Parameter Values evaluated Notes
Climate file Various Using CWEC 2016 files 

Inner diameter Di (m) 0.10, 0.19, 0.27, 0.46, 0.76, 1.07 - 
Material PE, Concrete, GS Concrete and GS only for 1.07 m dia. 
Soil Type  

Heavy soil saturated 
Heavy soil damp 
Heavy soil dry 
Light soil dry 

k (W m-1K-1) and ρCp (J m-3K-1): 
2.42,  2.6770x106 
1.30,  2.0155 x106 
0.865,  1.6764 x106 
0.346,  1.2357 x106  

Depth (m) 1.5, 3, 5 From grade to top of tube 
Tube Spacing 1Do, 2Do, 3Do  

Length (m) 15, 40, 65, 100  
Air velocity (m/s) 1, 2, 3, 4, 5  

Schedule Always ON, Schedule Schedule: ON weekdays 7AM to 8PM 

Simulation outputs were: average hourly inlet and outlet temperature profiles for each month, monthly 
cooling and heating energy to the air stream and, monthly percentage of time when moisture is extracted 
from the air stream. The output data for every geographic location (as defined by the climate files) were 
saved as a comma separated text file, which we will refer to as a database. Each geographic location 
has its own database. This modular approach allows the user to only download the data for required 
location(s) from a future website. In order to use the design tool, a database (for the right location) must 
then be imported to a main design tool spreadsheet. This spreadsheet is set up for easy analysis of results 
with the help of drop down menus, graphics and formatted data. 
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2.5 Surface boundary condition 
The 2016 version of the Canadian Weather Year for Energy Calculation (CWEC) data files were used 
for climate data (Meteorological Service of Canada, 2018a). The dry bulb temperature and relative 
humidity were used as inlet conditions for the earth tubes, and the total horizontal incident solar 
radiation, wind speed, and dry bulb temperature were used to calculate the sol-air temperature and 
impose this temperature as the top surface temperature. Average monthly snow depth data 
(Meteorological Service of Canada, 2018b) was used to estimate thermal resistance caused by the snow 
at the surface. An average density of 300 kg m-3 (representative of settled snow) was assumed (Patterson, 
1994) to calculate a thermal conductivity of 0.126 W m-1K-1 (Sturm, et al., 1997). 

3 DESIGN TOOL USE AND EFFECT OF PARAMETERS 
This section demonstrate the potential of the design tool, by showing the effects of the various input 
parameters on the performance of the earth tubes. A fictitious base case was defined for Ottawa, with a 
desired ventilation rate of 5000 m3/h continuous operation at 3 m depth, 40 m length, 0.273 m diameter, 
and 2 diameter spacing. The closest flowrate to the desired flowrate achievable by the tool was 5057 
m3/h. Fig. 2-4 show results, gathered from the early design tool, for varying tube diameter, air velocity, 
tube spacing, depth, soil type, and tube length. 
Fig. 2 shows that diameter and air velocity have a great impact on the performance of earth tubes. 
Additionally, for the same ventilation air flow rate (which would likely be a fixed parameter for a 
specific building design), these parameters have a great impact on the amount of tubes used. The added 
tube surface area (from more tubes) accounts for the increased performance for the lower velocity case. 
However, for the varying diameter case, the total tube surface area is approximately the same for all 
cases. The increased performance for smaller diameter comes from higher convective heat transfer 
coefficients for smaller tubes.  
Fig. 3 shows higher tube spacing and depth correlates with higher performance, as was expected. Higher 
spacing prevents tubes from interacting with each other and reducing their performance, while higher 
depths provides a steadier undisturbed ground temperature and is less responsive to extreme outside 
conditions. 
Fig. 4 shows that soil conditions affect performance with heavier, more conductive soils providing better 
performance, and lighter less conductive soils providing poorer performance. Tube length also has a 
great effect on performance. In Fig. 4, monthly energy performance is shown normalized with unit tube 
length. Although performance improves with total tube length, the normalized values show that there 
are diminishing returns with longer tubes. 

 
Figure 2 Monthly results using early design tool for varying tube diameter (a) and air velocity (b). 
The results for the varying tube diameter (a) are normalized with volumetric flow rate since it was not 
possible to exactly match the flow rates for the three cases with the early design tool. 
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Figure 3 Monthly results using early design tool for varying tube spacing (a) and depth (b) 

 
Figure 4 Monthly results using early design tool for varying soil type (a) and depth (b). The results for 
the varying tube lengths are normalized with total unit length of tube (length · number of tubes) to 
highlight the diminishing returns of longer tubes. 

4 ADVANTAGES AND DISADVANTAGES OF EARLY DESIGN TOOL 
Performing simulations ahead of time, and providing the entire set of results to the user comes with pros 
and cons. Advantages include the possibility of using a very simple excel spreadsheet with a few drop 
down menus. Additionally, the results are instantaneous, the users do not interact with the model, there 
are no possibilities of crash, and the inputs to the model and the outputs from the model are verified by 
skilled energy simulation professionals. The disadvantages are mainly that this tool is absolutely rigid 
in its inputs and outputs. Users interested in parameters, or boundary conditions, or outputs not included 
in the tool will have to use a different design method. 
Furthermore, this tool is meant for early design only, and it is recommended that designers use 
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known. 

5 CONCLUSIONS 
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for climate data (Meteorological Service of Canada, 2018a). The dry bulb temperature and relative 
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3 DESIGN TOOL USE AND EFFECT OF PARAMETERS 
This section demonstrate the potential of the design tool, by showing the effects of the various input 
parameters on the performance of the earth tubes. A fictitious base case was defined for Ottawa, with a 
desired ventilation rate of 5000 m3/h continuous operation at 3 m depth, 40 m length, 0.273 m diameter, 
and 2 diameter spacing. The closest flowrate to the desired flowrate achievable by the tool was 5057 
m3/h. Fig. 2-4 show results, gathered from the early design tool, for varying tube diameter, air velocity, 
tube spacing, depth, soil type, and tube length. 
Fig. 2 shows that diameter and air velocity have a great impact on the performance of earth tubes. 
Additionally, for the same ventilation air flow rate (which would likely be a fixed parameter for a 
specific building design), these parameters have a great impact on the amount of tubes used. The added 
tube surface area (from more tubes) accounts for the increased performance for the lower velocity case. 
However, for the varying diameter case, the total tube surface area is approximately the same for all 
cases. The increased performance for smaller diameter comes from higher convective heat transfer 
coefficients for smaller tubes.  
Fig. 3 shows higher tube spacing and depth correlates with higher performance, as was expected. Higher 
spacing prevents tubes from interacting with each other and reducing their performance, while higher 
depths provides a steadier undisturbed ground temperature and is less responsive to extreme outside 
conditions. 
Fig. 4 shows that soil conditions affect performance with heavier, more conductive soils providing better 
performance, and lighter less conductive soils providing poorer performance. Tube length also has a 
great effect on performance. In Fig. 4, monthly energy performance is shown normalized with unit tube 
length. Although performance improves with total tube length, the normalized values show that there 
are diminishing returns with longer tubes. 

 
Figure 2 Monthly results using early design tool for varying tube diameter (a) and air velocity (b). 
The results for the varying tube diameter (a) are normalized with volumetric flow rate since it was not 
possible to exactly match the flow rates for the three cases with the early design tool. 
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SUMMARY 
The objective of limiting energy losses in winter and gains in summer through buildings’ envelope, 
especially due to windows and ventilation, can be achieved without damaging the indoor air quality and 
the occupants’ thermal comfort using airflow windows. These windows combine functions of 
conventional ones and of air renewal pre-heating (or cooling) systems. The airflow window considered 
here is a triple-glazed one with a single airflow, from outside to inside, induced by the building’s 
mechanical exhaust ventilation system. Thus, in winter, the entering fresh air is preheated from both 
heat losses recovery and solar radiation absorbed by glazing. 
Using a two-dimensional model of this window, coupled to the simulation code TRNSYS©, a numerical 
study has been conducted on heating and cooling needs of a single house equipped with airflow 
windows for various conditions (climate, windows exposure, envelope insulation and air tightness, 
ventilation). Results point out that the use of airflow windows instead of conventional double-glazed 
ones leads to a decrease in heating needs ranging from 28 (French continental climate) to 46 % 
(Mediterranean climate). In summer, cooling needs can also be reduced but results highlight that air 
inlet bypass and efficient solar protections are crucial when airflow windows are used. 
Keywords: airflow window; building; indoor air change; heating and cooling needs; dynamic 
simulations. 

1 INTRODUCTION 
Buildings’ energy consumption and CO2 emission reductions require to limit energy losses in winter 
and gains in summer, in particular through windows and ventilation. For passive buildings, thermal 
losses through windows and ventilation are predominant, accounting for almost 60 and 20 % 
respectively (Feist and Schnieders, 2009). This limitation can be achieved, without damaging the indoor 
air quality and the occupants’ thermal comfort, using airflow windows. These windows combine 
functions of classical windows (natural lightning and insulation) and of air renewal pre-heating (or 
cooling) systems. Thermal performances of such windows have been investigated from both 
experiments (McEvoy et al., 2003) (Appelfeld and Svendsen, 2011) (Carlos et al., 2010) and numerical 
studies (Carlos et al., 2011) (Chow et al., 2009) (Gosselin and Chen, 2008) (Kim and Yang, 2002) (Wei 
et al., 2010). 
Figure 1 describes the airflow window considered here whose thermal performances have been 
previously investigated from both experiments and numerical simulations (Greffet et al., 2013) (Greffet 
et al., 2015) (Greffet, 2016) (Michaux et al., 2016). It consists in a triple-glazed window with a single 
airflow, from outside to inside, induced by the building’s mechanical exhaust ventilation system. The 
fresh outdoor air moves downward between the first two glass panes and then upward between the 
second and third glass panes before entering the building. Thus, in winter, it is preheated from both heat 
losses recovery and solar radiation absorbed by the glazing. 
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A model of the studied airflow window has been previously developed and validated from experiments 
and, then, implemented to the building simulation code TRNSYS©. We report here numerical results 
in terms of heating and cooling needs obtained for a single house equipped with airflow windows in 
comparison to conventional double-glazed ones. Numerical simulations have been performed by 
varying: (i) the climate (French cities of La Rochelle, Trappes, Metz and Marseille); (ii) the windows 
exposure; (iii) the envelope quality (insulation and air tightness); and (iv) the mechanical ventilation 
system (exhaust, humidity-controlled exhaust, and exhaust and supply with heat recovery). 

  
Figure 1. Schematic views of the studied airflow window and of its working principle 

2 MODELLING AND IMPLEMENTATION OF THE AIRFLOW WINDOW IN THE BUILDING 
SIMULATION CODE TRNSYS© 

2.1 Airflow window modelling 
A two-dimensional nodal model has been previously developed with Matlab© in order to simulate heat 
and mass transfers within and through the studied airflow window (Greffet et al., 2013). This model has 
been then satisfactorily validated from experiments (Greffet et al., 2015). 

2.2 Building modelling 
The building, modelled with TRNSYS© code, is one of low energy single houses built in the 
experimental platform INCAS (INES, Le Bourget du Lac, France) (Spitz, 2006). Figure 2 gives its 
plans. Its envelope is composed by cast concrete walls and a tiled roof, with thermal resistances of 3.3 
and 8.0 m2.K.W-1 respectively, and a high air tightness (French indicator (Q4) of 0.4 m3.h-1.m-2, 
corresponding to an air change rate indicator at 50 Pa (n50) of 1.8 h-1). It is assumed that the house is 
occupied all over the year, from 9 am to 5 pm the week and all the time during the weekend, and is 
heated from October 1 to May 20 with set-point temperatures of 20 and 16°C at day and night 
respectively. The house is cooled the remainder of the year and set-point temperatures are 26 and 28°C 
at day and night respectively. In order to avoid overheating, roller shutters are half closed in July and 
August when windows are exposed to direct solar radiation. 
In a first case, defined as the reference case, all windows are conventional double-glazed ones (4/16/4, 
Low-E coating, Argon filled). In the second one, windows of main rooms equipped with air inlets, 
marked in red in Figure 2, are airflow ones (4/15/4/15/4, Low-E coating). Airflows between zones are 
also specified in Figure 2. Flow rate values correspond to French Regulation ones for mechanical 
exhaust ventilation. Note that this one and other ventilation systems have been tested and results are 
presented in Subsection 3.4. In prior Subsections, humidity-controlled exhaust mechanical ventilation 
system, whose airflow rates are specified by technical advices, is considered (reference case). 
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Figure 2. Single house's plans, airflows and location of airflow windows 

2.3 Coupling between airflow windows and the building 
Coupling between airflow windows and the building has been done, in terms of heat and mass transfers, 
using TRNSYS©. Table 1 specified inputs and outputs of the airflow window model that were coupled 
to the building one. Airflow windows have been assimilated to wall whose temperature is computed by 
the window model (first output in Table 1). To take into account the blown air preheating through the 
window, entering fresh air temperature and humidity are also computed by the model (second and third 
outputs in Table 1). Finally, direct solar radiation transmitted by each window (fourth output in Table 
1) has been equally distributed to floor and internal walls. 

Table 1. Airflow window model's inputs and outputs coupled to TRNSYS© 
Input variables Output variables 
Outdoor air temperature 
Outdoor radiative temperature 
Indoor air temperature 
Indoor radiative temperature 
Incident solar radiation 
Wind speed 
Solar azimuth direction 
Sun elevation 
Window exposure 
Outdoor air relative humidity 

Window's inner face temperature 
Blown air temperature 
Blown air relative humidity 
Transmitted direct solar radiation 

Flow rate through window sashes  

3 PERFORMANCES STUDY OF AIRFLOW WINDOWS COUPLED TO THE BUILDING 
We present here results of simulations, obtained for an entire year and a time step of one hour, for a 
house equipped with airflow windows (AW) and for various conditions. Results are systematically 
compared to those obtained in the reference case, i.e. with conventional double-glazed window (CW). 

3.1 Effect of the location (climate) 
Figure 3 shows that, for all tested locations, the use of airflow windows leads to a significant decrease 
in heating needs, in particular for temperate climates (Marseille and La Rochelle). For more rigorous 
continental climates (Metz and Trappes), the gain is about 30 % anyway and, in that case, air preheating 
mainly comes from thermal losses recovering and less from solar radiation on glazing. However, 
cooling needs increase with airflow windows. Indeed, for warm periods but outdoor temperature lower 
than indoor one (typically at night), windows induce air preheating due to thermal losses recovery. A 

A model of the studied airflow window has been previously developed and validated from experiments 
and, then, implemented to the building simulation code TRNSYS©. We report here numerical results 
in terms of heating and cooling needs obtained for a single house equipped with airflow windows in 
comparison to conventional double-glazed ones. Numerical simulations have been performed by 
varying: (i) the climate (French cities of La Rochelle, Trappes, Metz and Marseille); (ii) the windows 
exposure; (iii) the envelope quality (insulation and air tightness); and (iv) the mechanical ventilation 
system (exhaust, humidity-controlled exhaust, and exhaust and supply with heat recovery). 

  
Figure 1. Schematic views of the studied airflow window and of its working principle 

2 MODELLING AND IMPLEMENTATION OF THE AIRFLOW WINDOW IN THE BUILDING 
SIMULATION CODE TRNSYS© 

2.1 Airflow window modelling 
A two-dimensional nodal model has been previously developed with Matlab© in order to simulate heat 
and mass transfers within and through the studied airflow window (Greffet et al., 2013). This model has 
been then satisfactorily validated from experiments (Greffet et al., 2015). 

2.2 Building modelling 
The building, modelled with TRNSYS© code, is one of low energy single houses built in the 
experimental platform INCAS (INES, Le Bourget du Lac, France) (Spitz, 2006). Figure 2 gives its 
plans. Its envelope is composed by cast concrete walls and a tiled roof, with thermal resistances of 3.3 
and 8.0 m2.K.W-1 respectively, and a high air tightness (French indicator (Q4) of 0.4 m3.h-1.m-2, 
corresponding to an air change rate indicator at 50 Pa (n50) of 1.8 h-1). It is assumed that the house is 
occupied all over the year, from 9 am to 5 pm the week and all the time during the weekend, and is 
heated from October 1 to May 20 with set-point temperatures of 20 and 16°C at day and night 
respectively. The house is cooled the remainder of the year and set-point temperatures are 26 and 28°C 
at day and night respectively. In order to avoid overheating, roller shutters are half closed in July and 
August when windows are exposed to direct solar radiation. 
In a first case, defined as the reference case, all windows are conventional double-glazed ones (4/16/4, 
Low-E coating, Argon filled). In the second one, windows of main rooms equipped with air inlets, 
marked in red in Figure 2, are airflow ones (4/15/4/15/4, Low-E coating). Airflows between zones are 
also specified in Figure 2. Flow rate values correspond to French Regulation ones for mechanical 
exhaust ventilation. Note that this one and other ventilation systems have been tested and results are 
presented in Subsection 3.4. In prior Subsections, humidity-controlled exhaust mechanical ventilation 
system, whose airflow rates are specified by technical advices, is considered (reference case). 
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possible solution should be to bypass the window in order to bring fresh air directly in the building as 
for double glazed windows equipped with conventional air inlets. Note that, for Mediterranean climate 
(Marseille), cooling needs decrease since the temperature variation between day and night in summer 
is lower. Thus, the air preheating is lower too. 

  
Figure 3. Annual heating and cooling needs in the reference case (CW) and with airflow windows 
(AW) for various climates 

3.2 Effect of the windows exposure 
Initially, most of airflow windows are South-facing (Figure 2). Figure 4 shows that, for a given climate 
(La Rochelle), the windows exposure has also a significant effect on heating needs. Those decrease 
from 21 % (North-facing) to 40 % (South-facing) since, besides heat losses recovery, South-facing 
airflow windows also enhance solar gains, heat absorbed by glazing being partially recovered by the 
entering fresh air. Here again, cooling needs increase with airflow windows, except for North-facing 
airflow windows since air preheating is lower (no direct solar radiation on glazing). Conclusion is that, 
besides the use of a bypass, well-suited and efficient solar protections are crucial, especially with airflow 
windows. 

 
Figure 4. Annual heating and cooling needs in the reference case (CW) and with airflow windows 
(AW) for various windows exposures 

3.3 Effect of the envelope quality (thermal insulation and air tightness) 
For a given climate (La Rochelle) and windows exposure specified by Figure 2, three envelop qualities 
have been tested, namely efficient (reference case), medium and low. For these last, thermal insulation 
is reduced by 40 and 80 % respectively, and the French air tightness indicator Q4 is increased to 1.5 and 
3.0 m3.h-1.m-2 respectively (corresponding to air change rate indicator at 50 Pa (n50) of 6.75 and  
13.5 h-1). Figure 5 points out that heating gains using airflow windows increase with the envelop quality. 
Indeed, more tight the envelop is, more fresh air enters the building through airflow windows and is 
preheated (Michaux et al., 2016). However, here again, cooling needs increase with airflow windows. 
Indeed, more insulated the envelop is, more indoor temperature frequently exceeds outdoor one during 
sunny periods, due to high solar gain and low uncontrolled air leakage. Therefore, well-suited and 
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efficient solar protections are crucial, especially with airflow windows but also for buildings with 
efficient envelop. 

 
Figure 5. Annual heating and cooling needs in the reference case (CW) and with airflow windows 
(AW) for various envelop qualities 

3.4 Effect of the mechanical ventilation system 
The association airflow windows / humidity-controlled exhaust mechanical ventilation (SF hygro A) 
has been compared, for a given climate (La Rochelle), windows exposure specified by Figure 2 and an 
efficient envelop to other associations specified in Figure 6. Simulations have been performed, for both 
conventional (CW) and airflow windows (AW), using exhaust (SF auto) and humidity-controlled 
exhaust mechanical ventilation (SF hygro A and SF hygro B). Mechanical exhaust and supply 
ventilation systems with heat recovery, without and with humidity control (DF auto and DF hygro), 
have also been tested with conventional windows for global heat recovery efficiencies of 40, 60 and 
90 %. Figure 6 shows that associations AW / SF auto and AW / SF hygro lead to a decrease in heating 
needs in comparison to associations CW / DF auto and CW / DF hygro. This is particularly interesting 
from technical and economical points of view since first associations using airflow windows are cheaper 
and easier to implement in comparison to last associations using conventional windows. However, here 
again, results point out that cooling needs are higher if airflow windows are used. Indeed, as previously 
discussed, there is an overheating risk during warm periods when outdoor temperature is lower than 
indoor one (typically at night) or if solar protections are not efficient enough. Also note that, for cases 
with heat recovery ventilation and since the heat exchanger is bypassed in summer in order to avoid 
overconsumptions, cooling needs are limited to 5.5 (DF auto) and 6.2 kWh.m-2.an-1 (DF hygro). 

 
Figure 6. Annual heating and cooling needs in the reference case (CW) and with airflow windows 
(AW) for various mechanical ventilation systems 

4 CONCLUSIONS 
In order to evaluate heating and cooling gains using airflow windows, numerical simulations have been 
performed for a single house using TRNSYS© for various climates, windows exposures, envelop 
qualities and mechanical ventilation systems. Results point out that, in comparison to conventional 
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airflow windows since air preheating is lower (no direct solar radiation on glazing). Conclusion is that, 
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Figure 4. Annual heating and cooling needs in the reference case (CW) and with airflow windows 
(AW) for various windows exposures 

3.3 Effect of the envelope quality (thermal insulation and air tightness) 
For a given climate (La Rochelle) and windows exposure specified by Figure 2, three envelop qualities 
have been tested, namely efficient (reference case), medium and low. For these last, thermal insulation 
is reduced by 40 and 80 % respectively, and the French air tightness indicator Q4 is increased to 1.5 and 
3.0 m3.h-1.m-2 respectively (corresponding to air change rate indicator at 50 Pa (n50) of 6.75 and  
13.5 h-1). Figure 5 points out that heating gains using airflow windows increase with the envelop quality. 
Indeed, more tight the envelop is, more fresh air enters the building through airflow windows and is 
preheated (Michaux et al., 2016). However, here again, cooling needs increase with airflow windows. 
Indeed, more insulated the envelop is, more indoor temperature frequently exceeds outdoor one during 
sunny periods, due to high solar gain and low uncontrolled air leakage. Therefore, well-suited and 
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double-glazed windows, airflow ones allow to significantly reduce heating needs, especially for 
efficient buildings envelop. Windows exposure also affects this heating needs decrease, south-facing 
being particularly adapted to airflow windows since solar radiation absorbed by glazing are enhanced. 
Then, the association airflow windows / mechanical exhaust ventilation leads to a decrease in heating 
needs in comparison to the association conventional windows / mechanical exhaust and supply 
ventilation with heat recovery. However, results confirm that airflow windows can become 
disadvantageous in terms of cooling needs if they are not efficiently protected from solar radiation in 
summer and if they are not equipped with air inlet bypass. 
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SUMMARY 
This paper investigates the capabilities of an up to date building energy simulation (BES) program to 
compute the performance of ventilated residential buildings. To allow the adequate design of ventilation 
systems, correct modelling of the air behaviour must be assured. It is a challenging task to overcome 
the drawbacks of high computational costs associated with computational fluid dynamics (CFD) and 
the simplifications made by using one-node models. The zonal method represents an intermediate 
approach that helps solving this dilemma. This paper uses experiments and CFD as a benchmark to 
compare zonal model results and show the potential of the respective modelling technique. Focus is put 
on the air exchange between zones. A first experiment performed in the Minibat testcell at INSA Lyon 
is used to assure the correct mass flow exchanged by doors. This is followed by a second study that 
analysis the ventilation performance of a naturally ventilated house to test the model in a more realistic 
environment. Results show the benefit of the zonal model for the simple case. Further testing is needed 
to prove this finding for a mixed natural- and forced convection scenario. 
Keywords: zonal model, building energy simulation, interzonal air exchange, ventilation performance 

1 INTRODUCTION 
Ventilation systems are gaining importance in the residential sector as they can help to improve the 
indoor air quality (IAQ), which is a critical issue especially for energy efficient homes. The performance 
of these systems is dependent on a variety of factors, such as user behaviour, climatic conditions, the 
implemented control strategy and even the building itself (Fitzner, 2008). This makes system design a 
challenging task and creates the demand for a tool that allows the testing of a large amount of different 
scenarios in a time and cost efficient way. The interaction of a building and the implemented systems 
can be predicted, even for long periods like a year, with the help of BES. This restricts simulation models 
to be as simple as possible to keep computational times low. A common method is the use of “one-
node” models such as CONTAM, that assume the air in each zone to be well-mixed. Studies suggest 
that critical flow driving factors are omitted (Megri, 2014). CFD on the other hand isn’t suited for whole 
year simulations due to the high computational effort. A promising solution to this dilemma can be seen 
in the “zonal-modelling” approach. Zonal models are an intermediate approach, combining the 
advantages of the one-node technique (fast computation time) and CFD (exact and refined result). The 
principle and early history can be found in (Megri and Haghighat, 2007). Using the zonal method, the 
accuracy of BES tools can be improved, which allows to make better use of margins in system design. 
However, up to now no running model is included in a commercially available BES tool. A cooperation 
was established with a leading company that plans to implement a zonal model in an upcoming version 
of their software. Prior to its release, comprehensive testing is required to assure the correct functionality 
of the model. The goal of this study is to show the potential of the zonal-modelling technique and 
highlight gaps to improve the model by comparing results with CFD and experiments used as a 
benchmark. Whereas former studies were limited to simple problems, this study extends the scope to a 
more realistic scenario of a naturally ventilated test house. The used BES tool also enables the use of a 
one node model, which allows to see how the zonal model competes against a proved approach. 
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2 METHODS 

2.1 The implemented zonal model 

 
Figure 1: Principle of the zonal model 

The principle of the implemented zonal model is portrayed in Figure 1. The zone is split in n layers of 
uniform temperature. Estimation of the vertical temperature gradient can be compared to the 
computation of the stratification of a thermal storage tank. The model is based on fundamental 
conservation equations for mass, heat and species concentrations. An interaction takes place between 
layers and between layers and walls. The exchanged mass flow is influenced by turbulence in the air as 
well as inversion. State variables computed for each layer can be interpreted as the background level 
solution. To regard other flow driving factors, air flow elements (AFE) are used, whose impact comes 
on top of this information. These elements include the effect of the following physical aspects: Wall 
currents (stratified air flow due to hot or cold walls), mechanical ventilation terminals, plumes created 
by occupants or equipment and flow openings such as windows, doors or leaks. Temperature and air 
velocity are determined by the respective AFE model within the reach of each flow element. If multiple 
AFE cross paths, the most dominant model is determined by the higher velocity. Multiple AFE are 
rowed up to form the path of an air stream, entraining air from the layers crossed. The trajectory of the 
path is dependent on the initial momentum of the flow as well as buoyancy forces, respecting also the 
Coanda-effect and friction. Reaching a velocity of 0,1 m/s, the AFE is terminated. The mass flow 
transported is then passed on to the respective layer. 

2.2 The Minibat testcell 

Table 1: Boundary conditions of the Minibat testcell (Boukhris et al. 2008) 

 

 Temperature Conv. Heat transfer 
coefficient 

Cold wall (left) 22,50 °C 4,1 Wm-2K-1 
Hot wall (right) 28,00 °C 4,1 Wm-2K-1 

Ceiling cold 24,81 °C 5,7 Wm-2K-1 
Ceiling hot 25,00 °C 5,7 Wm-2K-1 

Floor 24,58 °C 1,0 Wm-2K-1 
All other walls 24,63 °C 4,1 Wm-2K-1 

Investigations performed by Limam in the Minibat testcell (Limam, 1993) at CETHIL (INSA de Lyon, 
France) serve as a first benchmark to prove that the zonal model is able to correctly predict the air 
temperature and exchanged mass flow between two zones for a simple natural convection scenario. The 
study has been used to test the performance of zonal models in the past (Wurtz et al. 1999) (Boukhris 
et al. 2008). Originally the Minibat cell was introduced by Allard (Allard et al. 1987). The boundary 
conditions used by Limam are summed up in Table 1. The surrounding walls have fixed temperature. 
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The internal wall is 5cm thick with a thermal conductivity of 0,17 W/m-1K-1 (fibreboard). A steady state 
is assumed. Each zone is split in 25 layers with a respective height of 0,1 m. A series of 9 doors has 
been used to model the doorway, as the default model only allows the exchange of two mass flows. This 
way each of the first 18 layers receives its own mass flow. The Cd factor has been set to 0,37 according 
to (Boukhris et al. 2008). CFD results are computed using Ansys Fluent 18.2. 

2.3 Natural ventilation of a multi-zone test house 

 
Figure 2: Floor plan and sensor positions of the multi-zone test house (Lo and Novoselac, 2012) 

Studies performed by Lo (Lo and Novoselac, 2012) serve as a second benchmark to analyse the 
performance of the zonal model in a realistic natural ventilation scenario. The authors examine the 
ventilation performance of a test house using four different window opening scenarios under isothermal 
conditions and CO2 as tracer gas. The wind is coming from a prevailing south direction. The house is 
located in an open area with no obstructions in its close proximity. A floor plan can be found in Figure 
2. The CO2 concentration is measured in each room (C1-C7). Wind direction and velocity is measured 
with anemometers (W1-W5). The in- and outflow due to wind is measured in the open windows with 
the help of flow grids (FM1-FM3). To limit the scope, this paper only regards the South-West opening 
scenario. A follow up study analysed the influence of thermally induced buoyancy flows on the air 
distribution in the building (Lo and Novoselac, 2013). Here a small perforated storage box containing 
heat lamps (700 W) is placed in Bedroom 2. The measured wind conditions serve as boundary condition 
for the BES program. To assure the correct volumeflow through the windows, pressure coefficients for 
the façade of the house and the underlying wind profile have been adjusted. Additionally the Cd-factor 
of the windows was set to 0,48. The duration of the measurements is about 30min. The layer height is 
set to 0,5 m. Doorways are modelled using a series of two or three doors respectively, to assure that 
each layer gets its own mass flow. A Cd-factor of 0,65 is chosen for the doors. CFD results are computed 
using Ansys Fluent 18.2 as a second reference. 

3 RESULTS AND DISCUSSION 

3.1 Minibat 

Table 2: Air mass flow rate exchanged between the zones – Difference towards CFD 
 CFD Zonal model Difference One-node Difference 

Top flow 0,03191 kg/s 0,03222 kg/s +0,96 % 0,0232 kg/s -27,36 % 
Bottom flow 0,03183 kg/s 0,03222 kg/s +1,22 % 0,0232 kg/s -27,18 % 

Table 2 shows the mass flow rate exchanged in either direction over the door for the CFD computation, 
the zonal model and a one-node model. The zonal model is in good agreement with the CFD results 
whereas the simple  model shows larger deviations. Figure 3 shows the air velocity over the room height 
measured in the middle of the doorway. Whereas zonal model and CFD results are in good agreement, 
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experimental results differ slightly. The experiment suggests the neutral plane at a height of 0,8 m 
compared to 1 m in the simulations. Also there are greater deviations for the predicted velocity near the 
ceiling and floor. This is the area where the stratified flow propagates. The velocity is underpredicted 
in this area which suggests that the model fails to correctly respect the momentum resulting from 
stratification. Figure 4A and B show the air temperature over the room height measured in the middle 
of the room. CFD results are in good agreement with (Wurtz et al. 1999) near the floor but show a higher 
temperature near the ceiling. 

 
Figure 3: Air velocity in the doorway 

The air temperature computed with the zonal model lies between the experimental and CFD results for 
the cold room. In the hot room it is slightly overpredicted for the upper part and matches well for the 
lower part. The consistency of the shape and the small deviations to the CFD results encourage to use 
the zonal model for performance predictions. Building a mean value for each room based on these 
results, the zonal model is closer to the experiment than the one-node method (not depicted). 

  
A-Cold room B-Hot room 

Figure 4: Air temperature in the middle of each room 

3.2 Natural ventilation of a multi-zone building 
Figure 5A shows the volume flow rate at the inlet window for the duration of the experiment. The 
resulting total volume supplied to the building is illustrated in Table 3 (same value for zonal model and 
one-node). Results show a good agreement between experiment and simulation for the south window, 
which proves that the program is able to correctly compute the supply rate based on weather data and 
that the Cd-factor was chosen properly for the windows. For the west window deviations are higher 
indicating the influence of the flow direction. Here the air stream is parallel to the opening creating a 
situation where simultaneous in- and outflow occurs. This increases the measurement error (Lo and 
Novoselac, 2012). Figure 5B shows the age of air (AOA) for each zone of the test house. Zonal model 
results are in good agreement with the experiment and CFD for overflowed zones. 
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For the other zones the AOA is overpredicted indicating a too low air exchange. This is confirmed by 
Table 4 that shows the total amount of air exchanged by the doorways. 

  
A-Inlet air flow (isothermal case) B-Age of air (isothermal case) 

Figure 5: Boundary condition for the zonal model and resulting condition in the building 

Table 3: Supplied air volume – difference towards the experiment (isothermal case) 
 Experiment Zonal 

model 
CFD Difference 

Zonal model 
Difference 

CFD 
South window 1229,29 m³ 1226,13 m³ 1233,38 m³ -0,25 % +0,33 % 
West window 1113,99 m³ 1209,47 m³ 1233,93 m³ +8,57 % +9,72 % 

Table 4: Total air mass exchanged by each doorway for the duration of the entire measurement (iso-
thermal case) 

  Bedroom 1 Bath 1 Kitchen Bedroom 2 Bath 2 Bedroom 3 
CFD In 1464,42 kg 98,28 kg 583,33 kg 55,06 kg 49,30 kg 0,00 kg 

Out 0,00 kg 98,32 kg 583,51 kg 55,13 kg 49,28 kg 1469,12 kg 
Zonal model In 1409,01 kg 25,65 kg 165,82 kg 32,64 kg 14,94 kg 0,00 kg 

Out 0,00 kg 24,07 kg 159,20 kg 33,12 kg 13,86 kg 1424,09 kg 
One-node In 1398,30 kg 25,02 kg 149,09 kg 36,44 kg 9,98 kg 0,00 kg 

Out 0,00 kg 23,45 kg 142,59 kg 36,91 kg 8,92 kg 1413,17 kg 
Difference 

Zonal model 
In -3,78 % -73,90 % -71,57 % -40,72 % -71,87 % x 

Out x -75,52 % -72,72 % -39,92 % -69,70 % -3,06 % 
Difference 
One-node 

In -4,52 % -74,54 % -74,44 % -33,82 % -79,77 % x 
Out x -76,15 % -75,56 % -33,05 % -81,90 % -3,81 % 

  
A-Bedroom 1 (C1, overflow zone, isothermal) B-Kitchen (C3, non-overflow zone, isothermal) 

Figure 6: CO2 concentration for the measurement duration (one-node and zonal model equal) 

Figures 6A and B illustrate the CO2 decay curves for Bedroom 1 and the Kitchen. The BES program is 
able to correctly predict the CO2 concentration of a zone, if the supplied air flow is correct. The benefit 
of the zonal model lies in the treatment of thermal effects. Since there are no buoyancy effects in the 
isothermal case, the zonal model and one-node result are similar. To show the different performance of 
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experimental results differ slightly. The experiment suggests the neutral plane at a height of 0,8 m 
compared to 1 m in the simulations. Also there are greater deviations for the predicted velocity near the 
ceiling and floor. This is the area where the stratified flow propagates. The velocity is underpredicted 
in this area which suggests that the model fails to correctly respect the momentum resulting from 
stratification. Figure 4A and B show the air temperature over the room height measured in the middle 
of the room. CFD results are in good agreement with (Wurtz et al. 1999) near the floor but show a higher 
temperature near the ceiling. 
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resulting total volume supplied to the building is illustrated in Table 3 (same value for zonal model and 
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the zonal model for the case including the heat source, Table 5 compares the total mass supplied to 
Bedroom 2. As the experimental conditions (wind) differs between the thermal and isothermal case, the 
air mass is made non-dimensional with the total mass supplied to the house for each scenario. According 
to the findings of Lo (Lo and Novoselac, 2013), thermal stratification improves the interzonal air 
exchange rate. Whereas for the isothermal case zonal model and one-node results are close, the 
difference is considerable for the case including the heat source. 

Table 5: Air supplied to Bedroom 2 as a percentage of the total air mass supplied to the building.  
 Zonal model One-node 

SW – isothermal 2,33 % 2,58 % 
SW – 700W 51,31 % 46,29 % 

4 CONCLUSION 
The minibat test case shows the ability of the zonal model to predict air temperature and interzonal mass 
exchange for a simple natural convection scenario with reasonable accuracy. The result is closer to the 
experiment compared to the one-node method and needs fewer computational resources than CFD. For 
the multi-zone building the BES program correctly predicts the inflow, presumed the boundary 
conditions have been set accordingly. The internal air flow distribution shows greater deviations to CFD 
for both, zonal model and one-node method. A reason for this is seen in the high wind velocities, leading 
to air supply rates well above guideline values for mechanical ventilation. As cross ventilation under 
such conditions is not assumed to be a design case, deviations for some zones can’t be avoided. The 
high air flow rates also mitigate the impact of the thermal effect on the air distribution. Prior to a release 
of the zonal model further testing of a mixed forced- and natural convection case is advised. It is planned 
to carry out a follow up study including lower air speeds and higher thermal output.  
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SUMMARY 
The paper presents a study performed on the pavilion in castle park in Duchcov, where the historical 
fresco was removed and deposited. However, the newly constructed pavilion is designed as a constant 
ventilation space leading to the fresco destruction. In order to understand overall hygrothermal 
conditions in the space around fresco, the monitoring of air temperature and relative humidity of interior 
and exterior was carried out. The measures data was used as the basis for the calibration on the 
simplified numerical model, which in works on the physical principles and heat balance method. A 
suitable algorithm for timing of natural ventilation was applied, thus a presumed influence on the indoor 
environmental quality. The aim of the paper is to verify the hypothesis by numerical model that the 
quality of the indoor environment can be improved by applying a suitable ventilation algorithm.  
Keywords: adaptive ventilation, indoor environmental quality, regression-based numerical model, 
historical fresco 

1 INTRODUCTION  
The key factor to ensure appropriate internal environment consists mainly in a moisture balance between 
hydroscopic material in the interior and ambient air, where the change in the specific humidity of 
materials reflects on their dimension. Exposing the interior to air with high relative humidity causes a 
volume increase of material and, thus, its destruction (Pavlogeorgatos, 2003). On the other hand, 
constant natural ventilation leads to significant fluctuation in relative humidity, causing damages due to 
the frequent shrinkage and increased volume of the materials and increasing of condensation risk on 
indoor surfaces (Holmberg, 2001). Adaptive ventilation takes into account the change in air temperature 
and level of air moisture in the exterior and interior and, based on the evaluation of the current condition, 
recommends the supply of fresh air. Adaptive ventilation cannot replace full air control system, which 
is used for accurate environmental management. It only tries to improve the condition from not 
satisfying to yet acceptable. 
Parameters of the indoor environment for historical interior are defined in the ASHRAE standard 
(ASHRAE, 2017), which divides the indoor environment into several categories according to the degree of 
preservation risk. An acceptable risk is defined by values with ±10 % RH and ±5 K deflection from ideal 
values of 50 % RH and 20 °C. Extremely high risk is defined for relative humidity values higher than 75 % 
(ASHRAE, 2017). At the same time, it is necessary to check the maximum fluctuation during the day, when 
critical values are considered those with a larger difference than 15 % RH throughout the day. 

2 CASE STUDY 
The historical fresco of the Assumption of the Virgin Mary by V. V. Reiner was removed and deposited, 
after the demolition of the chapel, in the castle park in Duchcov in Czech Republic in 1959. The newly 
constructed pavilion, however, is designed as semi-open space with extensive exposure to exterior 
climatic condition. The fresco is directly affected by significant air temperature and relative humidity 

the zonal model for the case including the heat source, Table 5 compares the total mass supplied to 
Bedroom 2. As the experimental conditions (wind) differs between the thermal and isothermal case, the 
air mass is made non-dimensional with the total mass supplied to the house for each scenario. According 
to the findings of Lo (Lo and Novoselac, 2013), thermal stratification improves the interzonal air 
exchange rate. Whereas for the isothermal case zonal model and one-node results are close, the 
difference is considerable for the case including the heat source. 

Table 5: Air supplied to Bedroom 2 as a percentage of the total air mass supplied to the building.  
 Zonal model One-node 

SW – isothermal 2,33 % 2,58 % 
SW – 700W 51,31 % 46,29 % 

4 CONCLUSION 
The minibat test case shows the ability of the zonal model to predict air temperature and interzonal mass 
exchange for a simple natural convection scenario with reasonable accuracy. The result is closer to the 
experiment compared to the one-node method and needs fewer computational resources than CFD. For 
the multi-zone building the BES program correctly predicts the inflow, presumed the boundary 
conditions have been set accordingly. The internal air flow distribution shows greater deviations to CFD 
for both, zonal model and one-node method. A reason for this is seen in the high wind velocities, leading 
to air supply rates well above guideline values for mechanical ventilation. As cross ventilation under 
such conditions is not assumed to be a design case, deviations for some zones can’t be avoided. The 
high air flow rates also mitigate the impact of the thermal effect on the air distribution. Prior to a release 
of the zonal model further testing of a mixed forced- and natural convection case is advised. It is planned 
to carry out a follow up study including lower air speeds and higher thermal output.  
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fluctuations leading to its destruction. In response to the deterioration state of fresco the visitors limit 
and closing part of the ventilation holes have been proposed as immediate solutions. However, there is 
a request for better measure, which would open the space for visitors again and be acceptable in term 
of operation cost. In this case, the use of adaptive ventilation is provided.  

  
Figure 1. The pavilion in castle park in Duchcov, with historical fresco in its dome (Teplice city)   

3 MONITORING DATA 
In order to understand hygrothermal conditions in the interior, the monitoring of air temperature and 
relative humidity of interior and exterior was carried out during the period of February 2017 to October 
2017 in 15 minutes time step. The 8 dataloggers were used in the pavilion and space between roof and 
dome, which is the first space exposure to the exterior climatic condition (Fig. 2).  

 
Figure 2. The air distribution diagram inside the pavilion and the scheme of dataloggers position 

The evaluation of the monitoring results confirmed the assumption of the considerable influence of the 
outdoor air on the indoor environmental parameters, which is the most obvious in the upper part of dome. 
Sensor 1, which is located near to the historical fresco, shows an enormous fluctuation during the short 
time. Graph (fig. 3) represents maximal differences of relative humidity within 24 hours, which are usually 
ranged between 10 to 25%. Such an extensive fluctuation has a destructive impact to the fresco. 

 
Figure 3. Graph of relative humidity fluctuation within 24 hours. Sensor was located close the fresco. 
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4 NUMERICAL MODEL 

4.1 Model method and aim 
In order to verify the effect of adaptive ventilation, the numerical model was created. The simplified 
numerical model works on the principle of the regression method.  
Calculation of dependent variables Ti (air temperature) and Tm (temperature of construction) was 
determined on the principle heat balance method, which is based on the law of energy conservation. 
This law expresses that heat fluxes must always be in equilibrium with the total heat energy of the space. 
Thermal equilibrium is valid at each time step. For this reason, it is possible to say that total energy of 
space at time τ (x-1) with the count of all heat fluxes is equal to the total thermal energy of the space at 
time τ (x). The heat balance of the space can be written according to formula (1).  

𝑄𝑄𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝜏𝜏𝜏𝜏(𝑥𝑥𝑥𝑥𝑥𝑥) + 𝑄𝑄𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 +  𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖 + 𝑄𝑄𝑄𝑄𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑄𝑄𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 + 𝑄𝑄𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑄𝑄𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝜏𝜏𝜏𝜏(𝑥𝑥𝑥𝑥)  (1) 

The calculation of dependent variable xi  take into account the amount of outdoor humidity by ventilation 
and infiltration and ability of the material to absorb moisture. Due to the complexity of the issue related 
to the accumulation of the moisture in the structures, the parameter of moisture accumulation was 
determined by the regression method from measured data as a function relative humidity in previous 
time step. 
Choice of appropriate time step is required for proper model operation. The above described model 
works with 5-minutes time step. The model is not able to take into account the possibilities and limits 
of natural ventilation in terms of buoyancy-drive and wind drive ventilation and is only set to two modes 
(constant ventilation, or adaptive ventilation). 

3.2 Model calibration 
The model was calibrated based on measured data for a period of 10 days and subsequently verified for 
other period with measured data. The graphs (Fig. 4 and 5), show the results of the model verification 
for randomly selected period of the 10 days. The results are almost identical to the measured values in 
all periods that have been verified after calibration. The acceptable deviations in air temperature can be 
attributed to the considerable simplification of solar radiation. The tolerable differences in specific 
humidity can be explained by simplification of the extensive problem of moisture accumulation in the 
construction. 

 
Figure 4. Comparison of measured and calculated air temperature values in the pavilion 

 

Figure 5. Comparison of measured and calculated specific humidity values in the pavilion 

fluctuations leading to its destruction. In response to the deterioration state of fresco the visitors limit 
and closing part of the ventilation holes have been proposed as immediate solutions. However, there is 
a request for better measure, which would open the space for visitors again and be acceptable in term 
of operation cost. In this case, the use of adaptive ventilation is provided.  

  
Figure 1. The pavilion in castle park in Duchcov, with historical fresco in its dome (Teplice city)   

3 MONITORING DATA 
In order to understand hygrothermal conditions in the interior, the monitoring of air temperature and 
relative humidity of interior and exterior was carried out during the period of February 2017 to October 
2017 in 15 minutes time step. The 8 dataloggers were used in the pavilion and space between roof and 
dome, which is the first space exposure to the exterior climatic condition (Fig. 2).  

 
Figure 2. The air distribution diagram inside the pavilion and the scheme of dataloggers position 

The evaluation of the monitoring results confirmed the assumption of the considerable influence of the 
outdoor air on the indoor environmental parameters, which is the most obvious in the upper part of dome. 
Sensor 1, which is located near to the historical fresco, shows an enormous fluctuation during the short 
time. Graph (fig. 3) represents maximal differences of relative humidity within 24 hours, which are usually 
ranged between 10 to 25%. Such an extensive fluctuation has a destructive impact to the fresco. 

 
Figure 3. Graph of relative humidity fluctuation within 24 hours. Sensor was located close the fresco. 
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3.3 Boundary conditions 
After verifying the functionality of the model, it was possible to apply the boundary conditions 
determining the appropriate time for increasing the outdoor air supply. Two conditions mentioned in 
(5) and (6) were applied in order to move the parameters of air temperature and relative humidity closer 
to the tolerance zone. The boundary condition (7) avoid undesirable fluctuations of relative humidity in 
the interior during the day. The last boundary condition (8) prevent an increase in the risk of 
condensation on the interior surfaces.  

𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖  <  𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠 ˄ 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖  <  25 ⇔  „𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂“      (5) 
𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖 > 𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠 ∧ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖  > 60 ⇔  „𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂“     (6) 
�𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑥𝑥𝑥𝑥(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝜏𝜏𝜏𝜏,0 − 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝜏𝜏𝜏𝜏,30𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖� − 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 �𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝜏𝜏𝜏𝜏,0 − 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝜏𝜏𝜏𝜏,30𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖�|  > 1,5 ⇔ "𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂"     (7) 
𝑇𝑇𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 > 𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚 ⟺ "𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂"      (8) 

In case the model evaluated at least one of the conditions as a “CLOSE” mode, it considers only 
infiltration.  

4 RESULTS 
The numerical model results assess the impact of adaptive ventilation in three modes: 

• Current ventilation mode responding to reality:  constant ventilation 0,5 ach, no occupants. 
• Current ventilation mode with occupants: constant ventilation 0,5 ach, 20 visitors each hour and 

8 hours per days. 
• Adaptive ventilation mode with occupants: only infiltration 0,2 ach or ventilation 2 ach depend 

on situation, 20 visitors each hour and 8 hours per days. 
The adaptive ventilation effect assessment was based on Performance Index (PI) determination, defined 
as the percentage of time in which the parameters (in this case air temperature and relative humidity) 
lie within the required (tolerance) parameters. (Corgnati et al., 2006) 
The numerical model evaluated parameters of indoor environment based on climatic conditions 
measured during the monitoring. For this reason, the following assessment represent the period from 
1. February to 25. October.  
Graphs on fig. 6 show two variants if the existing ventilation system is maintained. The graphs show a 
significant range of fluctuation of relative humidity in both cases. Moreover, a significant part of relative 
humidity value reach more than 75 %, which is characterized by extremely high preservation risk for 
interior.  

   
Figure 6. Graph of calculated T and RH value within ventilation system responding to reality (left: no 
occupants, right: with occupants) 
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On the contrary, the graph of adaptive ventilation application (fig. 7) shows significant reduction in the 
relative humidity fluctuation. The fundamental positive effect of adaptive ventilation is representing by 
moving relative humidity value out of critical zone in almost all time.   

 

Figure 7. Graph of calculated T and RH value with application of adaptive ventilation 

The assessment of indoor environmental quality for all three evaluated variants is represent in tab. 1. 
The adaptive ventilation application allows to increase the amount of parameter in the tolerated zone, 
eliminated critical relative humidity exceeding 75 % and reduced average daily fluctuation of relative 
humidity almost twice.  

Table 1. Comparison  

  air change tolerated zone 
reaching            

out of critical zone 
(>75 % RH)  

 average daily  
RH fluctuation 

(ach) (%) (%)  (%) 
current situation 

(no occupants) const. 0,5  17,1 91,5  13,7 

current ventilation  
(with occupants) const. 0,5  11,5 82,3  16,6 

adaptive ventilation  
(with occupants) 0,2/2 19,1 99,8 

 
8,5 

 

5 DISCUSSION 
The general knowledge about the need for ventilation of interiors is quite widespread. However, the 
proper timing of natural ventilation is essential and failure to observe the basic conditions can cause a 
negative effect for preservation. 
As expected, adaptive ventilation is not able to offer significant change in the quality of the indoor 
environment. However, the results achieve improving parameters with minimal energy input. It can be 
assumed that the influence of adaptive ventilation on the quality of the indoor environment will not be 
similar for building with different operations. A positive effect is expected especially in buildings with 
some added source of moisture, which can be characterized by occupants or structural defect. In this 
case, adaptive ventilation could provide a way to cheaply achieve still acceptable parameters that would 
not destruct the interior.
Subsequent development of the numerical model will be address to the issue of natural ventilation limits 
and value of air change intensity.

3.3 Boundary conditions 
After verifying the functionality of the model, it was possible to apply the boundary conditions 
determining the appropriate time for increasing the outdoor air supply. Two conditions mentioned in 
(5) and (6) were applied in order to move the parameters of air temperature and relative humidity closer 
to the tolerance zone. The boundary condition (7) avoid undesirable fluctuations of relative humidity in 
the interior during the day. The last boundary condition (8) prevent an increase in the risk of 
condensation on the interior surfaces.  

𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖  <  𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠 ˄ 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖  <  25 ⇔  „𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂“      (5) 
𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖 > 𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠 ∧ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑖𝑖𝑖𝑖  > 60 ⇔  „𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂“     (6) 
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In case the model evaluated at least one of the conditions as a “CLOSE” mode, it considers only 
infiltration.  

4 RESULTS 
The numerical model results assess the impact of adaptive ventilation in three modes: 

• Current ventilation mode responding to reality:  constant ventilation 0,5 ach, no occupants. 
• Current ventilation mode with occupants: constant ventilation 0,5 ach, 20 visitors each hour and 

8 hours per days. 
• Adaptive ventilation mode with occupants: only infiltration 0,2 ach or ventilation 2 ach depend 

on situation, 20 visitors each hour and 8 hours per days. 
The adaptive ventilation effect assessment was based on Performance Index (PI) determination, defined 
as the percentage of time in which the parameters (in this case air temperature and relative humidity) 
lie within the required (tolerance) parameters. (Corgnati et al., 2006) 
The numerical model evaluated parameters of indoor environment based on climatic conditions 
measured during the monitoring. For this reason, the following assessment represent the period from 
1. February to 25. October.  
Graphs on fig. 6 show two variants if the existing ventilation system is maintained. The graphs show a 
significant range of fluctuation of relative humidity in both cases. Moreover, a significant part of relative 
humidity value reach more than 75 %, which is characterized by extremely high preservation risk for 
interior.  

   
Figure 6. Graph of calculated T and RH value within ventilation system responding to reality (left: no 
occupants, right: with occupants) 
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6 CONCLUSIONS 
The presented simplified numerical model demonstrates that if a suitable algorithm is chosen, adaptive 
ventilation can have a positive effect on the quality of the indoor environment. The model was created 
by regression method using the measured data of air temperature and relative humidity in the interior 
and exterior. The paper describes the boundary conditions ensuring that the interior will not be damaged 
due to the sudden change of internal parameters and large amount of outside air. The results of the 
numerical model confirmed the positive effect of adaptive ventilation on buildings with some additional 
source of moisture (e.g. occupants). At the same time, the assumption of different efficiency in 
individual periods was verified. 
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SUMMARY 
New ways to improve the air tightness of the building envelope have been put into action. Due to these 
changes there are new challenges in managing the air flows and pressure relations in buildings. 
The building regulation provides guidance on adjusting the airflows in the same way as in the 1970s, 
even though the tightness of buildings has increased.  
The regulations still allow a +/- 10% error in airflows, although the building pressure may remain very 
unbalanced unless the pressure ratios are measured over the envelope during adjustment. The example 
calculations show how a 10 % error in air flow adjustment affects a large school building and single-
family house with different q50 values. In single-family house or school building with q50 over 4 m3/h 
m2 or more, the pressure difference will remain under 10 Pa. When q50 value is 2 or less, the 10 % 
difference in air flows could produce a pressure difference over 15 Pa.  
Airflow imbalance causes uncontrolled airflows in the building, as well as leakage air flows, that can 
lead to energy loss and indoor air problems.  
In cold climate conditions, new ways of measuring and adjusting the airflows of airtight buildings are 
needed. 
Keywords: ventilation, airtightness, pressure difference  

1 INTRODUCTION 
In Finland, attention has been paid to airtightness of buildings from the beginning of the early 2000s. 
The relationship between airtightness and energy efficiency has been subject of several studies 
(Ruotsalainen et al 1992, Hamlin et al 1997, Jokisalo et al 2009).  
The Energy Performance of Buildings Directive (EPBD) of the European Union requires the energy 
performance of buildings to be enhanced (Council Directive 2010/31/EU of 19 May 2010). The 
European countries need to find ways to increase energy performance of buildings according to the 
EPBD. The two directives (EPBD and RES) specify that all new buildings must be nZEB buildings 
after the year 2020. 
The influence of this development has had an impact on the National Building Code of Finland, The 
Energy Efficiency of New Buildings 2012. This code includes orders and guidelines concerning energy 
efficiency in all heated or cooled buildings (D3).  
For new and existing buildings there are several ways to reduce energy consumption. One way is to 
improve the properties of the building’s envelope. In cold climate this means that the building’s thermal 
insulation needs to be improved and envelope must have better air tightness than before. 
In Finland, the airtightness of new buildings, presented as a q50 value, should be 4 m³/(m²·h) or less. If 
a lower value than 4 is used in the energy efficiency calculation (E-value), the airtightness of the 
building envelope must be measured or otherwise demonstrated. (Energy efficiency of a new Building) 

6 CONCLUSIONS 
The presented simplified numerical model demonstrates that if a suitable algorithm is chosen, adaptive 
ventilation can have a positive effect on the quality of the indoor environment. The model was created 
by regression method using the measured data of air temperature and relative humidity in the interior 
and exterior. The paper describes the boundary conditions ensuring that the interior will not be damaged 
due to the sudden change of internal parameters and large amount of outside air. The results of the 
numerical model confirmed the positive effect of adaptive ventilation on buildings with some additional 
source of moisture (e.g. occupants). At the same time, the assumption of different efficiency in 
individual periods was verified. 
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The new Building Codes and development of construction techniques and quality control have 
dramatically improved the airtightness in Finland during the last 20 years. In the oldest buildings, the 
q50 value might exceed 10 m³/(m²·h) (Eskola et al 2015, Ruotsalainen et al, 1992, Vinha et al 2004). 
Currently it is normal to set a target value for airtightness (q50) value of new buildings to 1 m3/ (h m2) 
or less. 
Better airtightness of the envelope will reduce uncontrolled leakage. This also means increased heat 
recovery and energy savings. In Finland, practically all new buildings, residential buildings of all types 
included, are equipped with mechanical supply and exhaust ventilation with heat recovery.   
In the National Building Code there are requirements for air flow control accuracy of the ventilation 
systems. Flow rates of air handling units should not deviate from design values for more than 10 %. In 
separate rooms the flow rate accuracy requirement is ±20 %. 
In practice, increased tightness of structures also means that more attention should to be paid to adjusting 
the ventilation system and balancing the airflows. The challenge here is to adjust the airflow and 
pressure ratios because there is not enough guidance for the contractors. 
This article presents a theoretical point of view of the problem and assesses its significance in the use 
of the building. We calculate how much air tightness of the structure and unbalance of air flows affect 
building pressure relations. We also present the situation in terms of pressure relationships measured in 
real buildings. 
The hypothesis is that if the airtightness of the structures is improved, the unbalanced ventilation causes 
high pressure differences across the buildings shell. This means that there are new challenges for 
ventilation. 

2 METHODS 
Building airtightness can be defined as the resistance to inward or outward air leakage through 
unintentional leakage points or areas of the building envelope. Building airtightness levels can be 
measured by using a fan temporarily installed in the building envelope (a blower door) to pressurize the 
building. The measurement can also be done with a building ventilation unit. 
The relationship between pressure and leakage air flow rate is defined by the power law between the 
airflow rate and the pressure difference across the building envelope as follows 

 qL = CLΔpn (1) 

• qL means the volumetric leakage airflow rate expressed in m3h−1 
• CL means the air leakage coefficient expressed in m3h−1Pan 
• ∆p means the pressure difference across the building envelope expressed in Pa 
• n means the airflow exponent (0.5 ≤ n ≤ 1) 
• The leakage air flow can be also calculated with pressure ratio equation 

 𝑞𝑞𝑞𝑞 = � ∆𝑝𝑝𝑝𝑝
∆𝑝𝑝𝑝𝑝50

�
𝑛𝑛𝑛𝑛
𝑞𝑞𝑞𝑞50 (2) 

With this equation we can estimate air leakage and pressure difference over the envelope.  

• q means the volumetric leakage airflow rate expressed in m3h−1 
• q50 means the volumetric leakage airflow rate expressed in m3h−1 in +/- 50 Pa.  
• ∆p means the pressure difference across the building envelope expressed in Pa 
• ∆p50 nominal pressure difference, either + 50 or -50 Pa  
• n means the airflow exponent (0.5 ≤ n ≤ 1) 
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2.2 Ventilation rates 
Since the 1970’s, ventilation in Finnish buildings has been planned according to building regulations. 
The building regulations of ventilation and indoor climate have been updated four times. The last change 
was made in 2018, when the indoor climate and ventilation of buildings were made a new regulation, 
which entered into force on January 1st, 2018. 
Although the regulations have been updated, the airflows used in the planning have not changed much.  
According to previous studies, the guidelines for air flow values in Building Codes have also been 
followed in practice. (Jokisalo et al, 2003, Eskola et al, 2007) 
The 1987 regulations determined that airflows may differ by up to +/-10% per system and +/-20% per 
room. This result was due to inaccuracies in the field measurements during the adjustment process. In 
2003, the building regulations provided guidelines for air flow planning. 
Usually, buildings shall be designed for slightly negative pressure in relation to outdoors in order to 
avoid any moisture damage to the structures and any health hazards that might be caused by microbes. 
However, such negative pressure shall generally not exceed 30 Pa. (D2 2003) 
This guidance has been used as a rule of thumb when adjusting the systems. 
In 2018 regulation gives guidelines for planning the airflows and airtightness or new buildings as 
follows 21 §:  
The engineer responsible must design the outdoor and exhaust air flows of the building so that in excess 
pressure there does not exist any long-term moisture exposure that could cause damage to the structures 
and in under pressure it is not possible for pollutants to spread into indoor air. Chief designer, Special 
Designer and the construction contractor shall, in accordance with his / her duties, design the building 
's envelope and the integrity of the interior structures and the chimney effect in such a way that the 
conditions for ventilation operation can be ensured. Impurities in the structure, contaminants in the soil 
and radon and moisture should be avoided and not be allowed to be released into indoor air. (The 
indoor climate and ventilation in a new building, 2018) 
Even though the design phase emphasizes the management of airflows, lower pressure relations between 
spaces and over envelope, the airflow measurement uncertainties accepted in 1987 remain the same. 

2.3 Pressure relations 
Building pressure relations and airtightness of structures affect airflows in buildings. There are three 
basic factors that have an impact on the pressure relations on the building: ventilation air flows, air 
temperature (density, chimney effect) and wind. Also, the location and the size of the air leakage routes 
influence the airflows.  
Pressure ratio of the building can be measured at several points. At the moment there are no guidelines 
in The Finnish Building Code for measuring the pressure ratios for the whole building.   
It is shown on the measurement curves that the pressure difference can vary a lot (fig 1). Changes in 
pressure levels are caused by changes in operating times and airflows of ventilation units. All class 
rooms are in -5 to -30 Pa under pressure. Temperature difference (tin – tout) was over 30 degrees Celsius 
during the measurement period. Fast changes and fluctuations are caused by the wind and the movement 
of people inside the building. Also walking in and out of the outside doors or opening the windows 
temporarily affect the pressure ratio. 
 

The new Building Codes and development of construction techniques and quality control have 
dramatically improved the airtightness in Finland during the last 20 years. In the oldest buildings, the 
q50 value might exceed 10 m³/(m²·h) (Eskola et al 2015, Ruotsalainen et al, 1992, Vinha et al 2004). 
Currently it is normal to set a target value for airtightness (q50) value of new buildings to 1 m3/ (h m2) 
or less. 
Better airtightness of the envelope will reduce uncontrolled leakage. This also means increased heat 
recovery and energy savings. In Finland, practically all new buildings, residential buildings of all types 
included, are equipped with mechanical supply and exhaust ventilation with heat recovery.   
In the National Building Code there are requirements for air flow control accuracy of the ventilation 
systems. Flow rates of air handling units should not deviate from design values for more than 10 %. In 
separate rooms the flow rate accuracy requirement is ±20 %. 
In practice, increased tightness of structures also means that more attention should to be paid to adjusting 
the ventilation system and balancing the airflows. The challenge here is to adjust the airflow and 
pressure ratios because there is not enough guidance for the contractors. 
This article presents a theoretical point of view of the problem and assesses its significance in the use 
of the building. We calculate how much air tightness of the structure and unbalance of air flows affect 
building pressure relations. We also present the situation in terms of pressure relationships measured in 
real buildings. 
The hypothesis is that if the airtightness of the structures is improved, the unbalanced ventilation causes 
high pressure differences across the buildings shell. This means that there are new challenges for 
ventilation. 

2 METHODS 
Building airtightness can be defined as the resistance to inward or outward air leakage through 
unintentional leakage points or areas of the building envelope. Building airtightness levels can be 
measured by using a fan temporarily installed in the building envelope (a blower door) to pressurize the 
building. The measurement can also be done with a building ventilation unit. 
The relationship between pressure and leakage air flow rate is defined by the power law between the 
airflow rate and the pressure difference across the building envelope as follows 

 qL = CLΔpn (1) 

• qL means the volumetric leakage airflow rate expressed in m3h−1 
• CL means the air leakage coefficient expressed in m3h−1Pan 
• ∆p means the pressure difference across the building envelope expressed in Pa 
• n means the airflow exponent (0.5 ≤ n ≤ 1) 
• The leakage air flow can be also calculated with pressure ratio equation 

 𝑞𝑞𝑞𝑞 = � ∆𝑝𝑝𝑝𝑝
∆𝑝𝑝𝑝𝑝50

�
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With this equation we can estimate air leakage and pressure difference over the envelope.  

• q means the volumetric leakage airflow rate expressed in m3h−1 
• q50 means the volumetric leakage airflow rate expressed in m3h−1 in +/- 50 Pa.  
• ∆p means the pressure difference across the building envelope expressed in Pa 
• ∆p50 nominal pressure difference, either + 50 or -50 Pa  
• n means the airflow exponent (0.5 ≤ n ≤ 1) 
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Figure 1. Pressure relations in school building. Actual measurement result of pressure relations over 
envelope in five different classrooms during one-week period in February. 

3 RESULTS 
When we combine the pressure relationships created by airtightness, leakage and ventilation, we can  
review the overall situation for airflows and pressure ratios. The calculations with pressure relation 
equation (2) are presented in fig. 2 and 3. The building's pressure relations are affected by the ventilation 
air flows in buildings with different air tightness (q50) values.  

3.1 Air leakage calculation 
A relation of air leakage, air tightness and pressure relationship for modern school building is presented 
in fig 2. Calculations are for three different q50 values (0,5, 2 and 4 m3/h m2). Total ventilation airflow 
is 50 m3/s.  

 
Figure 2. Air leakage through envelope in modern school building. Air flow +/- 50 m2/s. Equation 2. 
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A 10 % imbalance in total air flows will result in about 5 Pa pressure difference when air tightness of 
the building meets minimum requirements (q50 = 4 m3/m2 h). Same under pressure level is reached when 
imbalance is on 1% level in a building with q50 = 0.5 m3/m2 h.  
A similar pressure difference calculation for a single-family house is presented in fig 3.  

 
Figure 3. Air leakage through envelope in modern school building. Equation 2. 

Typical air flow rates of single-family houses: +60 / -70 l/s (mechanical supply air exhaust), -70 l/s 
(mechanical exhaust), up to -100 l/s for a separate kitchen hood (not used continually). When 
airtightness of the building is in average (4.0 m³/(h·m²)), negative pressure will remain within 
acceptable limits even in the case of mechanical exhaust systems or when the kitchen hood is in use. 
However, in a very airtight building the kitchen hood will not work as designed. Many contractors are 
inclined to adjust exhaust air flows of small systems 10-20 % higher than supply air flows in order to 
avoid positive pressure which might damage the building envelope in cold climate. 

4 DISCUSSION 
Nowadays the ventilation systems are balanced based on airflow measurements only. The error margin 
for adjusting the airflows is 10%. As the air tightness of the building envelope increases, there is a risk 
that building pressure ratios are in great imbalance.  
Should the methods of adjustment and measurement methods be developed further? There is imbalance 
of the airflows almost in all buildings in Finland. Can the ventilation of the building be adjusted based 
on pressure ratios or is the change too rapid? 
In any case, the pressure relations of the building should be measured during the adjustment of the 
supply and exhaust airflows. 

5 CONCLUSIONS 
In general, there is some imbalance in the airflows in all buildings with mechanical supply and exhaust 
ventilation. Better air tightness of the building envelope and imbalance of the airflows is causing 
problems with building pressure relations.  
The theoretical calculations with different air leakage values indicate how airflow imbalance affects the 
pressure ratios.  

 
Figure 1. Pressure relations in school building. Actual measurement result of pressure relations over 
envelope in five different classrooms during one-week period in February. 

3 RESULTS 
When we combine the pressure relationships created by airtightness, leakage and ventilation, we can  
review the overall situation for airflows and pressure ratios. The calculations with pressure relation 
equation (2) are presented in fig. 2 and 3. The building's pressure relations are affected by the ventilation 
air flows in buildings with different air tightness (q50) values.  

3.1 Air leakage calculation 
A relation of air leakage, air tightness and pressure relationship for modern school building is presented 
in fig 2. Calculations are for three different q50 values (0,5, 2 and 4 m3/h m2). Total ventilation airflow 
is 50 m3/s.  

 
Figure 2. Air leakage through envelope in modern school building. Air flow +/- 50 m2/s. Equation 2. 
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The challenge is that it is not possible to tighten the measurement accuracy of the air flows with current 
measuring instruments and adjustment methods.  
The new approach might be needed for the adjustment and maintenance of the ventilation systems. 
When adjusting the systems, more attention must be paid to the building's pressure relations  
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SUMMARY  
Tracer gas methods are widely used to characterize the performance of ventilation systems, by indirectly 
measuring the Air Change Rate (ACR). These methods are based on assumptions, including one hardly 
suitable for natural ventilation: steady airflows. This assumption is often bypassed by assuming airflows 
are steady during the measurement, which can last from a few minutes to several hours, depending on 
the ACR. Natural ventilation is driven by temperature differences and wind, creating unsteady airflows, 
even in the laps of the measurement time.  
The present work aims at analyzing experimentally the impact of unsteady airflows on the accuracy of 
the concentration decay method. The experiment is performed in a laboratory cell. The experiment’s 
ventilation system is mechanical in order to be able to control the variation of airflows. ACR Variation 
profiles are based on meteorological data applied in analytical formula specific to passive stack 
ventilation ducts. ACR measured by the CO2 decay method are compared to a reference ACR measured 
by a flowmeter in the mechanical ventilation’s duct. The influence of the variation profile is discussed. 
Keywords: Natural Ventilation, Tracer gas methods, Concentration Decay Measurement, Variable airflow 

1 INTRODUCTION 
Measuring ventilation performance is a challenging task. Plurality of openings, diversity of ventilation 
systems and the intrusive nature of flow meters prevent from directly measure ventilation’s 
performance.  Indirect methods, called “tracer gas methods” are commonly used to characterize the 
performance of ventilation systems as they provide an estimation of the Air Change Rate (ACR) without 
interfering with the flow pattern. ACR is well suited for characterizing ventilation performance as it 
indicates the effectiveness to remove a pollutant (Dhalluin, 2012). These methods rely on the analysis 
of the evolution of the tracer gas concentration, after or during its injection in the studied chamber. The 
injection as well as the interpretation of results depend on the chosen tracer gas method. There are three 
main types of tracer gas methods: the constant injection, the concentration decay, and the constant 
concentration methods. The constant injection and the constant concentration methods both consist in 
dosing the gas continuously during the measurement, with the distinction that the latter is closed-loop 
to a concentration value enabled by an automated mass flow controller, whereas the first releases the 
gas in a constant flow. The concentration decay method requires the injection of the gas before the 
measurement, and the evolution of the concentration of the gas provides the ACR. Descriptions of 
methods were realized by Roulet & Vandaele and are now subject to international standards such as 
ISO 12569 (Roulet, 1991);(AFNOR, 2017). Laussmann & Helm also presented a description of each 
method (Laussmann, 2011). The concentration decay method, thanks to its ease of implementation, is 
the most used tracer gas method (Chao, 2004);(Nikoloupolos, 2012);(Cui, 2014). There are four 
different results’ interpretations concerning the decay method, but we will focus on two of them: the 2-
points method and the multi-points method. The 2-points method uses only 2 measurement points. The 
multi-points method is the least squares method applied to the 2-points method, conducting to more 
than 2 measurement points. It allows to smooth measurement uncertainties. Cui et al. compared results 
from both methods and found a better accuracy of about 6% for the multi-points method (Cui, 2014). 

The challenge is that it is not possible to tighten the measurement accuracy of the air flows with current 
measuring instruments and adjustment methods.  
The new approach might be needed for the adjustment and maintenance of the ventilation systems. 
When adjusting the systems, more attention must be paid to the building's pressure relations  
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Tracer gas methods are based on assumptions, which may differ from a method to another (Roulet, 
1991);(AFNOR, 2017). The homogeneity of the tracer gas in the chamber is an assumption common to 
each method. This is considered as the main source of uncertainty as it is difficult to obtain in large 
spaces (Sherman, 1990). The use of a fan as well as averaged multiple sensors allow minimizing the 
influence of the homogeneity assumption’s underlying. Cui et al. investigated the spatial distribution of 
multiple sensors and drew recommendations (Cui, 2014).  
Another important assumption, resultant of the simplification of the equation model proper to some 
tracer gas methods, as the multi-points concentration decay method, implies steady airflows during the 
measurement (Sherman, 1990). The standard ISO 12569 prescribes therefore that the 2-points decay 
method should be preferred over the multi-points decay method when airflows are likely to be 
fluctuating (AFNOR, 2017). Yet, natural ventilation systems imply variable airflows. Indeed, airflows 
are induced by atmospheric conditions, specifically by the wind and temperature differences between 
the inside and the outside. Thus, this work aims at analyzing the impact of unsteady airflow on the 
accuracy of both methods: 2-points and multi-points methods, in order to estimate the extra-uncertainty 
that may occur on the characterization of natural ventilation systems. The deviation of methods 
performed with steady airflow will be compared to those performed with variable airflows.   

2 METHODS 

2.1 Experimental setup 
The test was conducted in a laboratory cell with a volume of 21 m3. A mechanical ventilation system 
was used, featured with a controllable fan, which allows simulating a variable airflow profile. An 
airflow-meter was installed in the mechanical duct to provide a reference value of the ACH. The airflow-
meter has an uncertainty of 5.5 m3/h in the airflow range of interest. The tracer gas concentration decay 
method was then conducted as described in the standard ISO 12569 (AFNOR, 2017). Each experiment 
was realised three times to assure the repeatability of the results. The CO2 tracer gas has been chosen, 
as there is no internal source of CO2 in the studied chamber. Laussmann & Helm proved the suitability 
of the CO2 tracer gas by comparing CO2 tracer gas results with SF6 tracer gas results, as the latter was 
widely used before the awareness of environmental issues (Laussmann, 2011). Two Vaisala in-situ CO2 
sensors in the cell and one located at the outside measured CO2 concentration every 10 seconds with an 
uncertainty of 4%. The outside concentration was averaged during the measurement period. Figure 1 
shows a picture and schematics of the laboratory cell. 

  
Figure 1 : Picture of the laboratory cell and schematics of the cell with the instrumentation 

2.2 Determination of airflow profile 
The objective was to reproduce a variation scheme consistent with natural ventilation airflow. We only 
considered the passive stack system for two reasons. The first reason is that stack airflow are mainly 
induced by buoyancy effects, which gives a relatively linear nature to the variation profile, on the 
contrary of cross-ventilation characterised by important random fluctuations. The second reason 
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concerns the experimental material, especially the fan controller, which was not designed for very small 
airflow involved in single-sided systems without open windows.  
Airflow variation profiles have been determined using meteorological data from a local weather station, 
located on the roof of a facility in Lyon for the period of February 2017. The stack was chosen to 
measure 3m, with a 5cm circular opening section and the month. We used the following equation, which 
concerns buoyancy effects to characterise the flow through passive stack ventilation (Larsen, 2006):  
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   (1) 

Qv [m3/h] is the airflow, CD [ ] is the discharge coefficient, A [m2] is the effective area, ρo and ρi [kg/m3] 
are the outdoor and indoor density, ΔT [°C] is the temperature difference and ΔH [m] is the height of 
the stack. 
Figure 2 shows the evolution of the calculated airflow through a day. We were only interested in the 
order of magnitude because airflows are induced by random atmospheric conditions. For this reason, 
we simplified the airflow profile between 8 am and 8 pm into three linear periods: the morning during 
which airflow is assumed to be linearly decreasing, between 12 am and 4 pm where the airflow is stable, 
and between 4 pm and 8 pm where airflow is assumed to be linearly increasing.  

 
Figure 2 : Estimation of airflow through a passive stack, winter day in Lyon, France 
The three linear simplifications aforementioned become the three variation profiles, which have been 
tested in order of magnitude. Each tests were performed during an hour. The decreasing profile starts at 
70 m3.h-1 and decreases during one hour until 60 m3.h-1 representing a loss of 14%. This represents a 
small variation. The increasing profile is the reverse. The steady profile is at 57 m3/h. 

2.3 Determination of extreme measurement points 
For the concentration decay method, careful consideration should be given on the choice of the first, 
and the last measurement points. Indeed, when the extracting fan is turned on at the beginning of the 
experiment, a transient period occurs before the tracer gas concentration starts to decrease exponentially 
proper to the concentration decay method. To find the first measurement point, we traced CO2 
concentration in a logarithmic scale and an inflection point signs the boundary between the transient 
and the steady state period. A period of 6 minutes ensured every experiment to have reach the transient 
state.  
For the last measurement point, it is more complicated. Okuyama et Onishi mathematically determined 
an optimum decay period which is likely to give the most accurate ACR result (Okuyama, 2011). The 
optimum decay period, is at 1.25 air changes when there are more than 60 measurement points. The 
condition implies that this notion is not suited for the 2-points methods. In natural ventilation, one can 
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not precisely estimate the ACR. An iterative procedure is proposed when the ACR is not previously 
known (Okuyama, 2011). The first nominal time constant used in the iterative process is found by 
considering that 1 air change removes 63% of the gas (Laussmann, 2011). To take into account the 
uncertainty of the experimental determination of the optimum decay period plus the lack of 
recommendations in the literature, especially for the 2-points method, we decided to analyse the relative 
deviation between 1 and 2 air changes, testing each points separated from 10 seconds. 

3 RESULTS 

3.1 Concentration decay ACH with steady airflows 
Figure 3 shows the evolution of the deviation between the measured and the reference ACH, for the 2-
points and the multi-points decay methods. The average of the three experiments with steady airflow 
(57 m3/h) is considered. As stated before, we observed the evolution of the relative deviation for points 
10 seconds apart, between 1 and 2 air changes. The multi-points method provides a mean value of the 
deviation of 0.7% (0.4 m3/h) with a maximum value of 2.3% (1.4 m3/h). The gap between the minimum 
and the maximum is of 2.3%. The deviation at the experimentally determined optimum decay period is 
about 1.3%, which is above the mean value, but remains very low considering measurement errors. The 
relative deviation is stable and low. Concerning the 2-points method, the mean value of the deviation is 
1.8%. However, the deviation is more spread, resulting to a higher maximum value of 5.1% (3 m3/h). 
The gap between the minimum and the maximum deviations is more than 2 times larger than the multi-
points’ one.  

 
Figure 3: Relative deviation's evolution with steady airflow for 2-points and n-points methods. *Air 
Change (AC) 

3.2 Comparison of ACH decay measurement with airflow variation profiles 
Figure 4 represents the distribution of the deviation of the 2 and multi-points decay methods, for the 
three airflow schemes between 1 and 2 air changes. The average of the three experiments of each airflow 
schemes are considered. A box-and-whisker plot has been chosen to view the results. The box is defined 
by the 1st and the 3rd quartiles. 
For the multi-points method, the interval between the minimum and the maximum are from 2% for the 
increasing profile to 2.7% for the decreasing one, similar to the steady profile. However, the median 
value of the increasing and the decreasing profiles are respectively 2 and 3 points higher than the steady 
airflows’ (2.5% and 3.5% ~ 1.7 m3/h and 2.3 m3/h). The experimentally determined optimum decay 
period, specific to the multi-points method, shows a good result for the increasing airflow profile as the 
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deviation is one of the lowest. However, the optimum decay period’s deviation of the decreasing profile 
is above the maximum value, representing 4.9% (3.3 m3/h).  
For the 2-points method, the median values of the increasing and the decreasing profiles are respectively 
0.8 and 0.6 points below multi-points’ median values. The 3rd quartile of the increasing profile is 
equivalent to the multi-points one, whereas for the other profile, the 3rd quartile is similar to the multi-
points’ median. 

 
 (a) (b) 

Figure 4 : Comparison of multi-points (a) and 2-points (b) deviations' distribution between 1 and 2 air 
changes 

4 DISCUSSION 
The experiment was made under controlled conditions, with a concentration acquisition made every 10 
seconds in a small volume. Variation profiles were simplified into linear variations. Results in these 
conditions show that variable airflow leads to extra-deviations for the multi-points method, that remain 
under 5%, which is reasonable for a tracer decay method. However, the 2 points method seems to 
tolerate variable airflows.  
The method aiming to experimentally determine the optimum decay period did not show good results 
for the decreasing airflow profile as well as the steady airflow, by providing errors above the 3rd quartile. 
However, the deviation at the optimum decay period for the steady airflow is below 1.5%, relative to 
measurement errors computed with the error propagation law, whereas it reaches 5% for the decreasing 
airflow. It seems even more difficult to draw recommendations in natural ventilation for the last 
measurement point when airflow is decreasing.  
We questioned the recommendation of the international standard, which prescribes to use the 2-points 
method when airflow is variable. Indeed, for the steady airflow’s experiment, the median values as well 
as the standard deviation were lower for the multi-points method which enhance to prefer the latter. For 
variable airflows, conclusions may differ but should be taken with caution, in view of low deviations 
between experiments. The median as well as the 3rd quartiles are lower for the 2-points method. The 
maximum value of the increasing profile is higher than the multi-points one, whereas the decreasing 
profile shows similar maximum values. The 2-points method, in these conditions, seems to be more 
suited for variable airflows than the multi-points method.  
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5 CONCLUSIONS 
The concentration decay method was performed in a 21 m3 laboratory cell, with 1 steady airflow and 2 
linearly variable airflows. Airflows variation schemes were determined in the order of magnitude of 
passive stack ventilation installed in France during winter. The accuracy of the concentration decay 
tracer gas method was studied under steady and variable airflows. Results, under these conditions, show 
that variable airflow does lead to some extra-deviations for the multi-points method, which remain 
reasonable according to the usual accuracy of tracer gas methods. Recommendation about the multi-
points optimum decay period appears not to be suited for decreasing airflow. The optimum decay period 
seems to allow minimizing the deviation for increasing profiles, while accentuating it for decreasing 
profiles. The multi-points method leads to less deviations than the 2-points method under steady airflow. 
However, under variable airflows, it is difficult to draw conclusions: results are more spread for the 2-
points method but the median value is lower than the multi-points’ one. The 2-points method seems to 
tolerate variable airflows, which is in accordance with the recommendation of the standard ISO 12569. 
It would be interesting to investigate other variation profiles in order to analyse the effects of more 
natural ventilation systems’ airflows, like a turbulent airflow. Moreover, performing in-situ tests in 
natural ventilated buildings may lead to more realistic results but it requires being able to have a 
reference value of the natural airflow which is complicated for the reasons stated in the introduction.  
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SUMMARY 
The final purpose of this study is to propose a simple estimation method of natural ventilation 
(hereinafter referred to as NV) rate for mid- to high-rise office buildings. In this study, flow rate of the 
existing NV building is evaluated by two types of wind pressure coefficient (Cp value), i.e., database 
values and experimental values obtained from wind tunnel test with its scaled model. In the previous 
study, the database was organized by wind tunnel test with the simplified city block model, which was 
aimed to obtain Cp values for various business districts with ease. Comparing the flow rate calculated 
by database Cp values and that by the Cp values from the wind tunnel test for actual city block, the 
usefulness of the database was investigated for shaft type NV system. However, in the shaft type NV 
system, the main driving force is buoyancy, and Cp value is not dominant. In this paper, therefore, the 
validity of the database is studied also for other types of NV system utilizing wind. Namely, three 
different ventilation types, cross-vent type, shaft type, and combined type are studied. It is finally shown 
that the Cp value database arranged in the previous study can work well to predict NV rate even for 
cross-vent type and combined type NV systems.  
Keywords: natural ventilation, wind pressure coefficient, wind tunnel test, airflow network, flow rate 

1 INTRODUCTION 
Natural ventilation (NV) in mid- to high-rise office buildings attracts remarkable attention in recent 
environmental concern of energy savings. In designing NV buildings, it is common to evaluate NV rate 
using the airflow network model. For its calculation, the wind pressure coefficient (Cp value) is needed 
to determine the boundary condition. In general, there are two methods to obtain Cp values, i.e., 
conducting the wind tunnel test simulating the actual city block, and referring to the literature value or 
database. The former seems to be reliable, but it requires plenty of time and effort. On the other hand, 
the literature value or empirical database facilitates the estimation of ventilation rate without conducting 
experiments, which can however lead to the estimation error. Kawawake et al. (2017) evaluated NV 
rate of the existing building by these two Cp values. Comparing the NV rates by two types of Cp values, 
the possibility to predict typical ventilation rate using database was shown. However, this study targeted 
on only shaft-type NV buildings. In this study, to compare the usefulness of the database in predicting 
NV rate for different ventilation systems, three types of NV system, the cross-vent type, shaft type, and 
combined type of wind and buoyancy, are studied. By repeating the similar investigation to the previous 
study, the difference in estimation accuracy using database is studied among these three NV types. 

2 TARGET BUILDING OF THIS STUDY 
The target building of this study is an office building located in a business district of Tokyo. As shown 
in Figure 1, the NV system is installed in 3rd to 11th floor. Each floor has 20 NV inlets, 8 of which are 
located on the north side of the office room and the rest of them are on the opposite side. Due to the 
difference in ventilation route, 3rd to 8th floor is called “lower floor” and three floors above 8th floor 
are called “upper floor”. In the lower floors, fresh air comes from the NV inlets, and flows into the 
plenum space above the ceiling, and then exhausted from the top of the shaft. In this building, a staircase 
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is used as the lower shaft. The upper floors have almost the same ventilation route as lower floors, but 
before entering the shaft, the air passes through a duct in the plenum space. Thus, the target building 
has the combined type NV system of wind and buoyancy. The shaft type and cross-vent type NV 
systems are also analyzed by changing the ventilation route. In this study, these three types of NV 
system are investigated and NV rate is evaluated by the flow network calculation. 

 

(a)Schematic of Cross-Section    (b) Typical Floor Plan         (c) Intended Ventilation Route 
Figure 1. Schematic of the Target Office Building 

3 CP VALUES FOR AIR FLOW NET WORK MODELS 

3.1 Two conditions of Cp values  
In this study, as mentioned above, NV rate is evaluated by two types of Cp value, database value and 
experimental value obtained from the wind tunnel test. Since both Cp values are obtained in our previous 
study, this chapter explains the outline of the procedures. 

3.2 Wind tunnel test of the actual city block  
In the previous study (Tanaka et al. (2016)), the Cp values of the target building were obtained through 
the wind tunnel test simulating the actual city block. Figure 2 shows the cross-section of the wind tunnel 
and the scaled city block model. As shown in Figure 3, the model is made in a scale of 1/400, and the 
size of the turn table corresponds to 480m in a full-scale diameter. To obtain Cp values at NV inlets, six 
measurement points are provided for each floor, three of which are for north side and other three points 
for south. Since there are exhaust windows on the top of the shafts, Cp values are also obtained at these 
points. Figure 4 shows the measurement points, which are all measured for 16 wind directions. 

3.3 Preparation of Cp value database 
The general Cp value database for mid- to high-rise office buildings has been arranged by the wind 
tunnel test with a simplified city block model. As shown in Figure 5, the block was composed of a 60-
mm cube and arrayed in a grid pattern. To obtain Cp values, the measurement model was placed at the 
centre of this simplified city block. Aiming to produce Cp value database available for different 
situations, the measurement model was designed in three different heights, 60, 120, 180 mm. According 
to the height, the model were named Model 1, 2, and 3 respectively. As shown in Figure 6, each model 
was provided with the pressure taps on mutually opposed side surfaces (A and C side) at 8-mm intervals 
in height. On the top of the model, there provided a cube assumed to be the penthouse with 5 pressure 
taps on each side and top surface. As well as the case of actual city block, all three models were 
measured in 16 wind directions. Figure 7 shows the arranged Cp values of Model 2. The vertical axis 
indicates the dimensionless height that is divided by the measurement model height. For the airflow 
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network calculation, it is assumed that the Cp value of 0° corresponds to that of SSW in the actual city 
block. 
 

 
 (a)Cross-section (Stream wise)        (b) Cross-section (Crosswise)           (c) Floor Plan 

Figure 2. Cross-section of the Wind Tunnel (Dimensions in [mm]) 
 

 
 (a) City Block Plan       (b) Measurement Model        (a) City Block Plan        (b) Measurement Model 
Figure 3. Model Arrangement for Actual City Block      Figure 5. Model Arrangement for Cp database 
 

 
          (a)Elevation (South and North Side)       (a) Perspective View       (b) Elevation (A and C Side) 
Figure 4. Studied Model for Actual City Block  Figure 6. Model Arrangement for Cp database 

 

 
Figure 7. Cp Value Distribution for Model 2 extracted from the Versatile Database 
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4 NETWORK CALCULATION OF THE TARGET BUILDING 

4.1 Three airflow network models based on the target building 
To verify the accuracy of the flow rate predicted by the Cp value database, three types of the flow 
network models were made and analysed, i.e., the cross-vent, combined, and shaft type. Figure 8 shows 
the schematics of the network models. The combined type was made simulating the target building. By 
amending this, the cross-vent type model was made, where the flow path between the room and shaft 
was removed. The shaft type model was made as well by transferring all the NV inlets on the north side 
to the south side to assume the single-sided openings. Table 1 summarises the effective opening area 
(discharge coefficient multiplied by opening area) for three types of the network model. As for the cross-
vent type, the only airflow resistance considered was NV inlets. However, for other two types, the 
airflow resistance between the office room and the shaft was added. Regarding the airflow resistance 
inside the lower shaft, the literature value of the staircase (Matsushita et al (1985)) was referred to. 
 

 
Figure 8. Analyzed airflow network Models of Natural Ventilation System 

Table 1. Cp Value Distribution for Model 2 extracted from the Versatile Database 

 

4.2 Brief summary of network simulation 
The thermal and airflow network calculation was performed under the following steady state conditions, 
outdoor air temperature was 20 °C, indoor heat generation rate was 36.6 W/m2, and external wind speed 
at the roof height of the target building was 4.1 m/s. This external wind speed was obtained from the 
meteorological data (expanded AMeDAS Weather Data) in Tokyo that was the average wind speed 
over the NV operating period. For simplicity, the solar radiation was ignored assuming that it was 
included in indoor heat generation. 

4.3 Comparison of input Cp values 
For three types of NV system, as described above, the NV rates are estimated by using two Cp values, 
i.e., database Cp value and experimental Cp value from the wind tunnel test, and obtained NV rates are 
compared. The Cp value was inputted into all NV inlets at every floor from 3rd to 11th floor as the 
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boundary condition. In the experiment for actual city block, the scaled model was provided with 3 
measurement points for each of north and south side every floor. For each side, the 3-point average Cp 
value was adopted as the input values. In the case using the database, the input value for each height of 
the target building was obtained through the linear interpolation. For the exhaust windows, Cp values 
of the penthouse in the database were used. Since there existed a wind screen in front of the exhaust 
window of the lower shaft, the database value of the leeward situation was always given for all wind 
directions. Figure 9 shows the inputted Cp value profiles based on the database and actual block for the 
wind direction of SSW and NNE. Comparing two types of Cp value, the database and actual block, the 
distribution is relatively similar in the case of SSW, but resulted in the different profile in NNE.  
 

 

Figure 9. Cp value profile obtained from the actual city block and database (Left: SSW, Right: NNE) 

4.4 Estimated NV rate and discussion 
Figure 10 shows the NV rate estimated by the flow network calculation for three models under the 
condition of SSW and NNE wind direction. Since there is no great difference between two Cp value 
profiles, in the case of SSW, all models show small difference in estimated flow rate. In other words, 
the NV rate predicted based on the Cp database agrees well with that based on the actual city block 
wind tunnel test for this wind direction. As for the result of NNE, the shaft type and combined type 
resulted in almost the same NV rate between two methods to determine Cp value. However, in the case 
of cross-vent type for NNE, NV rate differs greatly because of the difference in Cp value. It is obvious 
that Cp value makes more significant impact on NV rate in the cross-vent type NV system if compared 
with the shaft type or combined type. 

 

Figure 10. Estimated Natural Ventilation Rate (SSW and NNE, External Wind Speed: 4.1 m/s) 
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compared. The Cp value was inputted into all NV inlets at every floor from 3rd to 11th floor as the 

|  599PROCEEDINGS — Roomvent & Ventilation 2018 |  599PROCEEDINGS — Roomvent & Ventilation 2018

Track 4 – Applications: Natural Ventilation (NV1)



Figure 11 shows the average NV rate of 16 wind directions, which is weighted by the wind direction 
occurrence frequency during the operating period of NV. The average NV rate of these models shows 
small difference between the two types of Cp values. This shows the validity of the database for this 
case study, and suggests the possibility of estimating typical NV rate by using the database without 
conducting wind tunnel tests. 

 
Figure 11. Estimated Natural Ventilation Rate (Average Ventilation Rate, External Wind Speed: 4.1 m/s) 

5 CONCLUSIONS 
In this paper, the natural ventilation rate was evaluated for three different NV systems by using two 
methods to determine Cp value, i.e., the database and wind tunnel experimental value. It was shown 
that the accuracy of the estimated NV rate is different depending on the wind direction, especially for 
the cross-vent type NV system where the effect of Cp value is dominant. If the Cp value profile quoted 
from the database is similar to that of the actual building, it is of course possible to accurately predict 
the NV rate of three models regardless of the NV system. By evaluating average NV rate weighted by 
wind direction frequency, it was finally shown that the Cp value database can be useful at least in 
predicting the typical NV rate during the operation period. 
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SUMMARY 
The urban densification growth is a major energy stake in tropical zones. A poor urban design results 
in energy consumption increase with the use of air-conditioning. However, natural ventilation can be 
an alternative to maintain thermal comfort for inhabitants as long as a suitable urban morphology is 
planned accounting for surrounded environment and interactions between buildings. The aim is to 
propose a methodology using CFD modeling to assess the natural ventilation potential in an urbanized 
area and to validate it by wind tunnel tests. The developed methodology aims to provide a better 
understanding of the impact on natural ventilation of a densification urban project which is in progress 
around the studied case. The method to assess the wind flow in the urban area is presented by defining 
the modeled area, the mesh, the obstacles, the ground and boundary conditions and then solving the 
3D steady RANS equations. This results in determining pressure coefficients on façades. This 
approach is consolidated by wind tunnel tests. Experimental and numerical results are compared in 
order to insure the consistence of the numerical model. Such model can then be used to compare the 
natural ventilation potential in existing and future urban environments after densification. 
Keywords: CFD, Wind tunnel, Urban aerodynamics, Thermal comfort, Guideline 

1 INTRODUCTION 
The issue of cross natural ventilation is the thermal comfort for inhabitants by introducing an air flow 
improving natural convection on the skin, heat load discharge and night cool storage in walls. The 
studied case is a set of 4 buildings (Figure 1) from 18 to 24 m 
height. It is an eco design project called “Malacca Florès” at Le 
Port, Reunion Island in the Indian Ocean. The buildings are 
designed to improve the aeraulics of the housings with an 
optimization of the façades orientation (Figure 1). New buildings 
(Figure 2) are planned on the west side of Malacca Florès. The 
objective is to rely on this concrete case to calibrate a numerical 
model on a wind tunnel experiment and provide a systematic 
method to assess the ventilation potential on façades before and 
after densification considering an isothermal environment. 

2 METHODS 

2.1 Meteorological study 
To determine the wind potential on site and most of all the 
prevailing wind directions which are crucial, a meteorological 

 
Figure 1: CAD of Malaca Florès 

 

Figure 2: Physical model - Blue: 
Densification - Grey: Existing 
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study was needed. Data from a synoptic station at 1 km in SW of the site providing average wind 
speed and direction every hour in a standard scarce field at a reference height of 10 m were exploited. 
Nevertheless, this station is not necessarily representative of the wind on the target and a wind 
characteristics adjustment from (Santamouris 1998) to assess wind potential on the site is required. 
This correction must take into account the development of internal boundary layers due to the change 
of ground roughness, the relative position between the station, the target and the upstream wind 
direction, an eventual topographic effect and a vertical extrapolation of the data to obtain a complete 
wind profile. The analysis showed preferential situations coming from the specific location of Le Port 
undergoing a constant thermal wind from the sea at day with an inversion at night all year long and a 
synoptic contribution at a greater meteorological scale during the austral summer, increasing the 
average wind contribution from NE when the temperature is the warmest. The 3 prevailing cases are 
sum up below (Table 1) with a representation of the 2 cases at day (Figure 3) with data averaged on 
the summer period. 

 
Figure 3: Wind rose at day in 
summer 

 

Table 1: Presentation of the 3 chosen scenarios 

Sector [°] Average speed at a 
height of 10 m [m/s] 

Percentage per 
year [%] 

Percentage per year 
velocities > 3m/s [%] 

20-60 4 19 14 

100-140 1.8 29 4 (but cooler air) 

220-260 3.5 16 12 
 

2.2 Numerical settings for a non stratified atmospheric boundary layer (ABL) 
Buildings are located in the lower part of the atmosphere called the atmospheric boundary layer where 
the wind is mostly driven by its interaction with the ground and undergoes a speed decrease and a 
turbulent increase with the obstacles densification growth. (Richards et Hoxey 1993) proposed an inlet 
boundary conditions setting reproducing a non stratified boundary layer in which thermal transfers are 
neglected in front of fluid inertia, vertical speed is zero and the turbulent kinetic energy is constant 
with altitude. A CFD parametric study has been performed at the beginning of the project based on the 
work of (Hargreaves et Wright 2007) and shown that k- ε turbulent model was the most accurate with 
RANS method. The horizontal mean velocity U, turbulent kinetic energy k and turbulent dissipation 
rate ε are respectively: 

U(z) = uABL
∗

κ
ln �z+z0

z0
� (1) 

k(z) = (U(z)I(z))² ≈ cst (2) 

ε(z) = uABL
∗ 3

κ(z+z0)
 (3) 

With; 
uABL*: The friction velocity in the boundary layer [m/s] 
κ: The Karman constant (=0.4) 
z0: The aerodynamic roughness of the field [m] 
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(« EUROCODE-1-Action-du-vent » 2005) standard establishes a field typology to evaluate the 
corresponding z0 and turbulent intensity I(z) in the boundary layer depending on ground occupation 
characteristics. Boundary conditions were set as follows (Figure 4) to insure no confinement problems 
and an homogenous ABL through the domain with the advices of the COST (Franke 2006).  

 
Figure 4: Boundary conditions 

 
Figure 5: Wall function problem 

The problem of non homogeneity is treated in the literature (Blocken, Stathopoulos et Al 2007) and 
can lead to a not representative  wind potential estimation in the town. Under some conditions this 
phenomenon has been reduced with a suitable couple (ks, Cs) verifying: 

ks = 9,793
Cs

z0  (4) 

(4) is the continuity condition between (1) and the universal log law for a turbulent rough boundary 
layer with ks the roughness height [m], a solver parameter. Added to an adjacent bottom meshing 
verifying yp> ks, (yp the height of the center of the cell) the ABL adapts on a ground representative of 
the inlet z0 (Figure 5). 

2.3 Validation  
The experiments have been performed in the atmospheric wind tunnel of Laboratoire Aérodynamique 
Eiffel which is able to recreate the ABL. A 3 m diameter rotating plate in the open section allowed to 
model the surroundings around the target in a radius about 250 m scaled at 1:180. The acquisition of 
the pressure on the façades is measured on a 30 s period at 250 Hz to obtain an average pressure and 
let the time to the system to reach stationary. 
The aerodynamic parameter used in this study is: 

Cp = Pw−Pref
1
2� ρUref

2   (5) 

With; 
Pw: The static wall pressure [Pa] 
Pref: The reference static pressure set as the atmospheric pressure at the inlet of the domain [Pa] 
Uref: The reference wind speed set as the inlet velocity at a reference height of 10 m, adjusted from the 
literature [m/s] 
A non dimensional pressure has the serious advantage in an urban context to be independent on the 
reference speed, by 2-2.5 m/s, a threshold which insures the critical Reynolds number Rec about 1M to 
be reached and therefore flow fluid to be fully turbulent. Combination of turbulent regime and rough 
angles on buildings leads to boundary detachments and an independency of aerodynamic phenomena 
on the inlet reference speed. For each wall and roof, pressure field is described by one Cp,av which is 
the space average of pressure coefficients calculated on relevant positions coinciding on both wind 
tunnel and CFD models. They were strategically placed to only take into account the pressure 
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contribution of significant aerodynamic phenomena. For this purpose, a minimum distance of L/2 (L 
depth of a building) from surface borders was insured to avoid strong non stationary areas not 
representative of the mean field. The horizontal space between pressure calculating and measuring 
positions was set to approximately L/2 and a row at 1/3 and 2/3H (H the height of the building) 
vertically. This setting provides a good space statistics representation with concretely 4 positions to 16 
positions for the smallest and the biggest surfaces respectively avoiding a too important weight given 
to a non representative value in an unexpected high locally pressure gradient. The pressure 
measurement in the wind tunnel is local which makes no sense in the numerical model. An 
assumption consisted to consider that in the very close neighborhood of the probe the pressure 
gradient is low with the precautions explained above so that the pressure can be considered as quite 
uniform and compared with a numerical Cp averaged on a 4m2 square centered on the probe position.  

2.4 Indicators 
The ventilation potential is assessed through 3 indicators: 

‒ An indicator to characterize the option of cross ventilation potential between 2 main walls 
given by: 

ΔCp,CV = Cp,leeward wind − Cp,downwardwind (6) 

‒ Two indicators characterizing the option of low pressure draw ventilation potential  
This option which is almost not referred in the literature proved itself to be a good option in projects at 
Ile de la Réunion. It consists in benefiting of the low pressure on the roof due to the total pressure loss 
in the flow fluid detachment to create an air circulation in the building from the lower parts of the 
building to the upper parts, characterized by: 

ΔCp,DV = Cp,roof − Cp,leeward wind (7) 

ΔCp,DV = Cp,roof − Cp,downwardwind (8) 

3 RESULTS AND DISCUSSION 
CFD and experience were confronted in the 3 prevailing sectors, without environment, with the 
existing environment and with the densification program. The reference speed at 10 m (0.055 m on 
models) has been fixed at 6.1 m/s for a town gradient (IIIa – z0=0.0022 m) and 10 m/s for a sea 
gradient (0 – z0=0.000027 m), keeping the same turbulent intensity and non dimension vertical speed 
profile as at real scale. The criterion of comparison between CFD and experimental is: 

Relative deviation (%) = 100 �ΔCpcfd−ΔCpexp�
�ΔCpexp�

 (9) 

ΔCp under 0.25 are not considered in the comparison because experience showed that they do not 
develop a stable significant flow in the building. Tendencies are respected; CFD does not predict 
potential while experience does not and reciprocally. The average relative deviation is 25% (Figure 
6). Using the correlation from (Santamouris 1998) linking pressure to the cross air flow rate, flow rate 
relative deviation is 19%. Results for low pressure draw ventilation potential are less accurate 
especially for ΔCp < 1with a deviation of 47% but gets better for very important potential with an 
error of 29%. In average, the CFD under predicts the potential for 83% of the cases with an average 
attenuation of 32%. When comparing the effect of gradient change it shows slight better results with a 
sea based gradient and almost no effects on the Cp,roof. The study of the densification impact shows a 
global attenuation mostly for a SW wind of 75% for A, 11% for B, 87% for C and 21% for D. The 
potential and wind rose below confirm for example that the actual configuration of building C is 
optimized (Figure 7); its intrinsic potential to develop ventilation linked to its ground plan location is 
the best when the occurrence and wind speed are the most interesting. For all the buildings the low 
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pressure draw potential seems to be as good as cross ventilation potential or better. A particular 
attention must be drawn to the ΔCp arithmetic directional average to sum up by a potential per sector, 
it depends highly on the ground plan and the average may have no sense for strong changes like for 
160-200°, potentially representative of a south sector. 

 
Figure 6: Comparison of the CFD and wind 
tunnel ΔCp,av for cross ventilation for existing 
and densified environment on all buildings 

 
Figure 7: Ventilation potential rose for C 
building in existing environment. 
0<ΔCp<1.75(orange: cross ventilation, purple: 
low pressure draw. Wind probability at day in 
summer(U>3 m/s): Light blue (less than 3%) to 
dark blue (6% and more) 
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The same phenomenon explains why the low pressure draw potential is under predicted, as the energy 
in the roof boundary layer is over predicted, the boundary layer detachment is retarded or delayed and 
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especially for ΔCp < 1with a deviation of 47% but gets better for very important potential with an 
error of 29%. In average, the CFD under predicts the potential for 83% of the cases with an average 
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5 CONCLUSIONS 
In this study, the ΔCp distribution in different scenarios showed interesting fittings between CFD and 
experience down to 15% of deviation for cross ventilation. The steady RANS model showed more 
weakness in low pressure draw ventilation and for very dense areas with unsteady flows. Low 
pressure draw ventilation revealed to be a very good option especially when the windward face is 
involved. The authors warn that developed pressure fields on building predictions is a combination of 
a proper ABL modelling based on the target’s environment and the consideration of local 
aerodynamics interactions between the target and the very closed buildings which requires a 3D 
modelling in a 150 m radius minimum. The project densification will have a significant impact on the 
cross ventilation in Malacca Florès with a reduction of the potential up to 87%. The next step will be 
to propose densification options at iso-built surface to preserve the potential on Mallaca Florès in 
order to elaborate urban rules furthering natural ventilation in tropical climates. 
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SUMMARY  
Natural ventilation can be applied as a sustainable and energy-efficient technique to maintain a healthy 
and comfortable indoor environment and to reduce energy use for cooling (i.e. ventilative cooling). 
Windows can be equipped with opaque or transparent louvers to reduce solar heat gains or to prevent 
rain penetration and unauthorized access of buildings by persons. These louvers guide the incoming 
natural ventilation flow and can significantly influence the overall flow pattern in an enclosure. This 
paper presents a validation study of steady Reynolds-averaged Navier-Stokes (RANS) computational 
fluid dynamics (CFD) simulations of natural cross-ventilation flow inside a generic enclosure through 
louvered window openings. Wind-tunnel experiments in a boundary layer wind tunnel are conducted 
for different window opening configurations using 2D particle image velocimetry (PIV). A 
configuration with window openings in the center of the building is considered in this study. The louvers 
are positioned under an angle of 15° from a horizontal position and are present in both the windward 
and leeward window openings. Measured time-averaged streamwise velocities are compared with the 
results obtained from three different RANS turbulence models: the RNG k-ε model, the SST k-ω model 
and a Reynolds stress model (RSM). The grid resolution is based on a grid-sensitivity study using three 
different grids. The validation study shows that for this particular window-opening configuration all 
three RANS turbulence models provide a good overall agreement with the experimental data.   
Keywords: cross-ventilation, PIV measurements, CFD simulations, validation 

1 INTRODUCTION  
Cross-ventilation driven by wind (natural ventilation) is commonly applied to maintain a healthy indoor 
environment with respect to pollutants. In addition, natural cross-ventilation can be employed to reduce 
the cooling demand of buildings in a passive way. In order to maximize the efficiency of natural 
ventilation, the facade and building openings need to be properly designed. For example, architectural 
louvers can be applied to allow the opening of windows without risking rainwater penetration, large 
solar heat gains, and unauthorized access to the building, for example. The application of louvers will 
also influence the incoming airflow and the resulting indoor flow pattern should be assessed to prevent 
draught issues, short-circuiting, etc. Past studies on cross-ventilation in an enclosure through louvered 
windows by Tablada et al. (2009) and Chandrashekran (2010) indeed confirmed that the application of 
louvers and the angle at which these are applied can strongly influence the resulting indoor airflow 
pattern.  
One of the methods to analyze ventilation flows in detail is numerical simulation using computational 
fluid dynamics (CFD). However, this powerful approach is very sensitive to the chosen approach, 
turbulence model and boundary conditions and validation efforts are therefore imperative. This study 
presents wind-tunnel experiments and CFD simulations of natural cross-ventilation in a generic isolated 
building equipped with louvers. The objective of the study to validate 3D steady Reynolds-averaged 
Navier-Stokes (RANS) CFD simulations of cross-ventilation through a generic building equipped with 
louvers using reduced-scale wind-tunnel experiments. The 3D steady RANS simulations are performed 

5 CONCLUSIONS 
In this study, the ΔCp distribution in different scenarios showed interesting fittings between CFD and 
experience down to 15% of deviation for cross ventilation. The steady RANS model showed more 
weakness in low pressure draw ventilation and for very dense areas with unsteady flows. Low 
pressure draw ventilation revealed to be a very good option especially when the windward face is 
involved. The authors warn that developed pressure fields on building predictions is a combination of 
a proper ABL modelling based on the target’s environment and the consideration of local 
aerodynamics interactions between the target and the very closed buildings which requires a 3D 
modelling in a 150 m radius minimum. The project densification will have a significant impact on the 
cross ventilation in Malacca Florès with a reduction of the potential up to 87%. The next step will be 
to propose densification options at iso-built surface to preserve the potential on Mallaca Florès in 
order to elaborate urban rules furthering natural ventilation in tropical climates. 
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in combination with three different turbulence models: RNG k-ε (Yakhot et al., 1992), SST k-ω (Menter, 
1994) and RSM (Wilcox, 1998). In addition, the impact of louvers on the indoor flow pattern is 
analyzed.   

2 METHODS 

2.1 Geometry 
The wind-tunnel experiments and the CFD simulations are performed for a cubical single-zone building 
at a scale of 1:50. The building dimensions are 0.15 x 0.15 x 0.15 m3 and it has a rectangular opening 
at both the windward and leeward facade of 0.07 x 0.04 m2, resulting in a facade porosity of 12%. The 
openings are equipped with three ventilation louvers (0.5 mm thick) positioned at a 15° angle. The 
building walls are 0.01 m thick and constructed out of polymethylmethacrylate (PMMA). 

2.2 Experiments 
Particle image velocimetry (PIV) measurements are conducted in the open-circuit wind-tunnel at the 
University of Southampton. The dimensions of the test section are 0.6 x 0.9 x 4.5 m3 (H x W x L) and 
an atmospheric boundary layer (ABL) approach flow is created using roughness elements and spires 
(Fig. 1a). The 2D PIV measurements are conducted in the vertical center plane. The laser (200-15 PIV 
Nd:YAG) provided a laser sheet and seeding is provided by smoke from a solution of glycol and 
demineralized water. A CCD (charged coupled device) camera is positioned perpendicular to the flow 
direction. Measurements are acquired at a rate of 0.7 Hz and 500 statistically independent vector fields 
are obtained for each measurement set. DaVis 8.2.0 is used to post-process the results using an 
interrogation window size of 32 x 32 pixels and 50% overlap. The PIV measurements are carried out 
using the guidelines by Prasad (2000). The measurements are performed for a wind direction 
perpendicular to the facades with the louvered openings and a reference streamwise velocity (Uref) of 
1.9 m/s at building height (H). 

 
Figure 1. (a) View of upstream part of boundary layer wind tunnel at University of Southampton 
including roughness elements and spires. (b) Details of the facade of the building model with location 
of the window opening. (c) Cross section of the window and the ventilation louvers inside the 
windows. All dimensions in mm.   

2.3 CFD simulations 
The computational geometry in the CFD simulations is exactly the same as the reduced-scale model 
used in the wind-tunnel experiments. The thickness of the building walls, floor, and ceiling are explicitly 
included, while the ventilation louvers are included as zero-thickness walls. The size of the 
computational domain is based on the best practice guidelines by Tominaga et al. (2008), Franke et al. 
(2007) and Blocken (2015), with a reduced upstream length of the domain (i.e. 3H, with H the building 
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height) to avoid unintended streamwise gradients in the approach flow profiles (Fig. 2a). The domain 
dimensions are 1.65 x 2.85 x 0.9 m3 (W x L x H). The surface grid-extrusion technique proposed by van 
Hooff and Blocken (2010) is used to create the computational grid resulting in 942,270 hexahedral cells 
with an increased spatial resolution in regions with expected high velocity gradients. The grid size is 
determined based on a grid-sensitivity analysis using three grids that are made by systematically 
coarsening/refining the basic grid with a factor of √2 in each direction: (a) coarse grid with 324,820 
cells; (b) basic grid with 942,270 cells and (c) fine grid with 2,648,972 cells (Fig. 2b).  
The boundary conditions are chosen to reproduce the conditions during the wind-tunnel experiments as 
much as possible as well. A logarithmic velocity profile is imposed at the inlet, based on a fit with the 
experimental data: U = (u*ABL)/κ . ln(y/y0), with u*ABL the ABL friction velocity equal to 0.195 m/s, κ = 
0.42 the von Karman constant and y0 the aerodynamic roughness length equal to 0.0024 m.   

 
Figure 2. (a) Computational domain with dimensions; H = 150 mm (building height). (b-d) 
Computational grid used for the grid-sensitivity analysis. (a) Coarse grid. (b) Basic grid. (c) Fine 
grid.  

The inlet profile for turbulent kinetic energy is based on the assumption that σu2 ≈ σv2 + σw2. The 
turbulence dissipation rate profile at the inlet is calculated using ε = u*ABL3/(κ(y+y0)), while the specific 
dissipation rate profile for the SST k-ω model is given by ω = ε/(Cμk), where Cμ is an empirical constant 
equal to 0.09. Zero static gauge pressure is imposed at the outlet plane. Zero normal gradients and zero 
velocities are imposed at the top and lateral sides of the domain. 
The isothermal 3D steady RANS simulations in ANSYS Fluent are performed with three different 
turbulence models: RNG k-ε (Yakhot et al., 1992), SST k-ω (Menter, 1994) and RSM (Wilcox, 1998). 
For the ground surface either enhanced wall treatment is used (for the RNG k-ε model and RSM), or an 
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2.3 CFD simulations 
The computational geometry in the CFD simulations is exactly the same as the reduced-scale model 
used in the wind-tunnel experiments. The thickness of the building walls, floor, and ceiling are explicitly 
included, while the ventilation louvers are included as zero-thickness walls. The size of the 
computational domain is based on the best practice guidelines by Tominaga et al. (2008), Franke et al. 
(2007) and Blocken (2015), with a reduced upstream length of the domain (i.e. 3H, with H the building 
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automated wall treatment (for SST k-ω model). The SIMPLE algorithm is used for pressure-velocity 
coupling. Second-order discretization schemes are used for convective and viscous terms of the 
governing equations and for pressure. The streamwise velocity is monitored in three points in order to 
assess the convergence of the solution. The convergence is reached when the scale residuals level off 
and reach a minimum of 10-4 for momentum, 10-5 for turbulent kinetic energy, 10-5 for turbulence 
dissipation rate and 10-5 for x-, y- and z- velocity.  

3 RESULTS 
Figure 3 shows vertical profiles of dimensionless mean streamwise velocity (U/Uref; with Uref the 
reference velocity at roof height H) at x/H = 0.2, 0.5 and 0.8, enabling a comparison between 
experimental data and the steady RANS CFD results using three different turbulence models. At x/H = 
0.2, the influence of the louvers is visible in the measurement results and the results obtained with the 
SST k-ω model, while it is not visible for the other two models (Fig. 3a). Further downstream, at x/H = 
0.5 and x/H = 0.8, all three turbulence models appear to capture the general trend, although the RSM 
model shows some deviations around y/H = 0.7 at x/H = 0.8 (Fig. 3c).  

 
Figure 3. Comparison of measured dimensionless mean streamwise velocity (U/Uref) along three 
vertical lines with results predicted by three different RANS turbulence models. (a) x/H = 0.2. (b) x/H 
= 0.5. (c) x/H = 0.8.  

To quantify the agreement, the factor of 2 of observations (FAC2) is calculated along nine vertical lines 
in the vertical center plane (x/H = 0.1 until x/H = 0.9) for all three turbulence models using Eq. (1).  

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 2 =  1
𝑁𝑁𝑁𝑁
∑ 𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖 =𝑁𝑁𝑁𝑁
𝑖𝑖𝑖𝑖𝑖1 �   1  𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 0.5 ≤ 𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖

𝑂𝑂𝑂𝑂𝑖𝑖𝑖𝑖
≤ 2

0  𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒                       
�  (1) 

The results for the dimensionless mean streamwise velocity are depicted in Table 1 and indicate that all 
turbulence models assessed provide fairly similar results and thus a fairly similar agreement to the 
experimental results.  
Figure 4 shows the velocity vector field in the vertical center plane obtained from the PIV measurements 
(Fig. 4a) and from the steady RANS CFD simulations with the RSM turbulence model (Fig. 4b). The 
velocity vector fields show a good agreement and indicate a clear upward flow direction due to the 
application of the ventilation louvers. Note that in previous studies on cross-ventilation flows in similar 
generic buildings but without louvers (e.g. Karava et al. 2011, Ramponi and Blocken 2012, van Hooff 
et al. 2017), the flow direction of the incoming jet was downwards, indicating that the louvers have a 
significant effect on the indoor flow pattern.  
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Table 1: Factor of 2 observations (FAC2) for dimensionless mean streamwise velocity (U/Uref). 
FAC2 

Ideal 1 

Range >0.5 

RNG 0.65 

SST 0.67 

RSM 0.66 

 

 
Figure 4. Velocity vector fields in the vertical center plane. (a) PIV result. (b) Result from CFD 
simulation with RSM model.  

4 DISCUSSION 
This study provides insights into cross-ventilation in buildings equipped with louvers and the numerical 
modeling of these flows using steady RANS CFD. A limitation of this study is the fact that the presented 
measurements and simulations were performed for an isothermal case. Future work will focus on non-
isothermal cases as well. In addition, more realistic geometries will be analyzed in future studies. 
Finally, this study focused on one single angle of the louvers; i.e. 15° and future work will therefore 
focus on different louver angles, or combinations of angles.  

5 CONCLUSIONS 
This study presented both wind-tunnel experiments using PIV and steady RANS CFD simulations of 
cross-ventilation in a generic cubic building of which the window openings are equipped with 
ventilation louvers. The experiments and simulations were carried out for one opening in the middle of 
the windward facade and one opening in the middle of the leeward facade. The 3D steady RANS 
simulations were carried out in combination with three different turbulence models: RNG k-ε, SST k-ω 
and RSM. The results showed that the three RANS turbulence models provided very similar results and 
showed a good agreement with the experimental data (FAC2 around 0.66). The best agreement with the 
experimental data was achieved by SST, closely followed by RSM and the RNG k-ε model. The flow 
was directed upwards due to the specific ventilation louver configuration, which is in contrast with the 
flow direction in similar buildings as found in literature.   

automated wall treatment (for SST k-ω model). The SIMPLE algorithm is used for pressure-velocity 
coupling. Second-order discretization schemes are used for convective and viscous terms of the 
governing equations and for pressure. The streamwise velocity is monitored in three points in order to 
assess the convergence of the solution. The convergence is reached when the scale residuals level off 
and reach a minimum of 10-4 for momentum, 10-5 for turbulent kinetic energy, 10-5 for turbulence 
dissipation rate and 10-5 for x-, y- and z- velocity.  

3 RESULTS 
Figure 3 shows vertical profiles of dimensionless mean streamwise velocity (U/Uref; with Uref the 
reference velocity at roof height H) at x/H = 0.2, 0.5 and 0.8, enabling a comparison between 
experimental data and the steady RANS CFD results using three different turbulence models. At x/H = 
0.2, the influence of the louvers is visible in the measurement results and the results obtained with the 
SST k-ω model, while it is not visible for the other two models (Fig. 3a). Further downstream, at x/H = 
0.5 and x/H = 0.8, all three turbulence models appear to capture the general trend, although the RSM 
model shows some deviations around y/H = 0.7 at x/H = 0.8 (Fig. 3c).  

 
Figure 3. Comparison of measured dimensionless mean streamwise velocity (U/Uref) along three 
vertical lines with results predicted by three different RANS turbulence models. (a) x/H = 0.2. (b) x/H 
= 0.5. (c) x/H = 0.8.  

To quantify the agreement, the factor of 2 of observations (FAC2) is calculated along nine vertical lines 
in the vertical center plane (x/H = 0.1 until x/H = 0.9) for all three turbulence models using Eq. (1).  

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 2 =  1
𝑁𝑁𝑁𝑁
∑ 𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖 =𝑁𝑁𝑁𝑁
𝑖𝑖𝑖𝑖𝑖1 �   1  𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 0.5 ≤ 𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖

𝑂𝑂𝑂𝑂𝑖𝑖𝑖𝑖
≤ 2

0  𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒                       
�  (1) 

The results for the dimensionless mean streamwise velocity are depicted in Table 1 and indicate that all 
turbulence models assessed provide fairly similar results and thus a fairly similar agreement to the 
experimental results.  
Figure 4 shows the velocity vector field in the vertical center plane obtained from the PIV measurements 
(Fig. 4a) and from the steady RANS CFD simulations with the RSM turbulence model (Fig. 4b). The 
velocity vector fields show a good agreement and indicate a clear upward flow direction due to the 
application of the ventilation louvers. Note that in previous studies on cross-ventilation flows in similar 
generic buildings but without louvers (e.g. Karava et al. 2011, Ramponi and Blocken 2012, van Hooff 
et al. 2017), the flow direction of the incoming jet was downwards, indicating that the louvers have a 
significant effect on the indoor flow pattern.  
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SUMMARY 
The goal of this study is to propose a new prediction method of the wind-induced natural ventilation 
rate that works well for minute wind pressure difference. In this study, a rectangular single room 
model provided with two openings is studied by Large Eddy Simulation (LES). First, the flow rate is 
measured by tracer gas method in a wind tunnel, and it is simulated by LES to verify the accuracy. 
Then, a parametric study is performed by varying the opening position and corresponding wind 
pressure coefficient difference (ΔCp). Finally, a equation to estimate the flow rate is proposed where 
the standard deviation of ΔCp and mean velocity in the vicinity of the opening are considered as a key 
parameter to account for the effect of the turbulence on flow rate. 
Keywords: natural ventilation, CFD, LES, wind tunnel, wind pressure coefficient 

1 INTRODUCTION 
Generally, the wind-induced natural ventilation rate is estimated using orifice equation shown in Eq.1 

 𝑄𝑄𝑄𝑄 = 1

�
1

�𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑1𝐴𝐴𝐴𝐴1�
2+

1

�𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑2𝐴𝐴𝐴𝐴2�
2

𝑉𝑉𝑉𝑉�𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝1 − 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑝 = 𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴�����𝑉𝑉𝑉𝑉�∆𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝  (1) 

where, Cd is the discharge coefficient and A is the opening area, and CdA with overbar is the connected 
value of the effective opening area. V is the reference velocity, and Cp is the wind pressure coefficient 
that is usually regarded as time-averaged value. Although the flow rate is estimated to be 0 when ΔCp 
is 0, it not true in reality because of the turbulence. Haghighat et al. (1991) illustrated fluctuating 
component of flow rate with two phenomena, i.e., eddy flow and pulsation flow, and studied both 
single-opening and two-opening cases. To date, many studies are seen regarding the prediction of the 
flow rate caused by turbulence including both single and multiple openings. For example, Warren 
(1978), Yamanaka et al. (2006), Kato et al. (2006), da Graça (2018) for single opening, and recently, 
Daish et al. (2016) analysed the case of single sided two openings. Since more knowledge needs to be 
accumulated, this paper analyses a simple room model provided with two openings. By using Large 
Eddy Simulation (LES), a simplified estimation method of the flow rate is finally proposed. 

2 VALIDATION OF COMPUTATIONAL FLUID DYNAMICS 

2.1 Studied model and flow rate measurement in wind tunnel to obtain true value for CFD 
The basic configuration of the studied model is a rectangular room model of which length, depth, and 
height are all 200 mm. The model is provided with two openings of which size is 40 × 40 mm2, and 
the position of these openings are changed in this study. Since LES is mainly used, its accuracy is first 
verified by comparing the flow rate between wind tunnel measurement and LES. The cases studied for 
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accuracy verification is depicted in Figure 1. In this study, flow rate is compared. Because it is 
difficult to measure instantaneous flow rate infiltrating/exfiltrating through each opening, the flow rate 
based on concentration, the purging flow rate, is evaluated for both wind tunnel test and CFD in this 
validation. CO2 was used as tracer gas in the measurement, and it was injected from 4 points in the 
room model as shown in Figure 2. The concentration was measured by sucking the room air through a 
sampling tube where 12 small holes were provided. This was intended to measure average 
concentration within the room. The test model was located on the floor of an open-circuit wind tunnel 
and exposed to the boundary layer flow as shown in Figure 3. The wind speed was set at 10 m/s at the 
height of the pitot tube. The emission rate was controlled at 250 sccm by mass flow controller, and the 
steady-state concentration was measured by using multi-gas monitor (LumaSence Technologies, 
Innova 1312). The purging flow rate (PFR) is then estimated based on measured concentration as 

 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑚𝑚𝑚𝑚
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶−𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

   (2) 

where, m is the emission rate. Cr and Co are indoor and outdoor concentration respectively.  

 
          Figure 1. Studied cases for accuracy verification      Figure 2. Dosing and sampling points 

 
(1) YZ cross-section                               (2) XY cross-section                                (3) Approaching flow 

Figure 3. Experimental setup of wind tunnel test 

2.2 CFD simulation 
LES is mainly used for investigation of the fluctuating flow field because it is beneficial in evaluating 
instantaneous flow. Before the parametric study, its accuracy is verified by comparing results between 
measurement and numerical simulation. The above-mentioned wind tunnel test was simulated by CFD 
using LES. The height and width of the domain is the same as wind tunnel, and the length set at 3,200 
mm as shown in Figure 4. Ansys Fluent 17.0 was used, and the result of the standard k-ε model was 
regarded as the initial condition for LES. The time step of LES was set at 0.0005 s. The results of the 
first 2,000 time steps were discarded as a preliminary calculation, and 20,000 time steps were 
calculated as the main calculation. Table 1 summarises the CFD setting. The profile of mean velocity 
and turbulent intensity of the experiment was used with the method of Smirnov et al. (2001) to give 
the boundary conditions of instantaneous inlet velocity. To obtain the flow rate that is comparable to 
the wind tunnel measurement, the internal concentration needs to be evaluated, so that particles are 
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emitted from four points corresponding to the dosing points in the tracer gas measurement at every 
time step of the calculation, i.e., emission rate of 8,000 particles per second. Figure 5 shows the 
examples of emitted particles. By counting the number of particles existing inside the room model, the 
time series of number concentration is obtained and the purging flow rate can be estimated. 

 
Figure 4. Computational domain and example of mesh layout 

 

 

2.3 Results of accuracy verification 
Figure 6 shows the response of the number concentration inside the model obtained from LES. 
Although the calculation for 10 seconds is not sufficient to obtain steady-state concentration, the air 
change rate, n, is estimated based on Eq.(3) by using least square method.  

 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) = 𝑚𝑚𝑚𝑚
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟

(1 − 𝑒𝑒𝑒𝑒−𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛)   (3) 

By multiplying estimated air change rate, n, by room air volume Vr, PFR is obtained. Figure 7 
compares the air change rate (PFR divided by room air volume) between measurement and LES, and 
the results shows good agreement. Although many other factors like velocity fluctuation and flow 
pattern are important and they are not compared in this study, it was verified that LES performed has 
relatively good accuracy regarding flow rate that is the most important parameter in this study. 

 
 

Figure 5. Particle tracing to estimate PFR 

Table 1. Summary of CFD setting 

Figure 6. Number concentration of LES Figure 7. PFR obtained from measurement and CFD 

accuracy verification is depicted in Figure 1. In this study, flow rate is compared. Because it is 
difficult to measure instantaneous flow rate infiltrating/exfiltrating through each opening, the flow rate 
based on concentration, the purging flow rate, is evaluated for both wind tunnel test and CFD in this 
validation. CO2 was used as tracer gas in the measurement, and it was injected from 4 points in the 
room model as shown in Figure 2. The concentration was measured by sucking the room air through a 
sampling tube where 12 small holes were provided. This was intended to measure average 
concentration within the room. The test model was located on the floor of an open-circuit wind tunnel 
and exposed to the boundary layer flow as shown in Figure 3. The wind speed was set at 10 m/s at the 
height of the pitot tube. The emission rate was controlled at 250 sccm by mass flow controller, and the 
steady-state concentration was measured by using multi-gas monitor (LumaSence Technologies, 
Innova 1312). The purging flow rate (PFR) is then estimated based on measured concentration as 

 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑚𝑚𝑚𝑚
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   (2) 

where, m is the emission rate. Cr and Co are indoor and outdoor concentration respectively.  

 
          Figure 1. Studied cases for accuracy verification      Figure 2. Dosing and sampling points 

 
(1) YZ cross-section                               (2) XY cross-section                                (3) Approaching flow 

Figure 3. Experimental setup of wind tunnel test 

2.2 CFD simulation 
LES is mainly used for investigation of the fluctuating flow field because it is beneficial in evaluating 
instantaneous flow. Before the parametric study, its accuracy is verified by comparing results between 
measurement and numerical simulation. The above-mentioned wind tunnel test was simulated by CFD 
using LES. The height and width of the domain is the same as wind tunnel, and the length set at 3,200 
mm as shown in Figure 4. Ansys Fluent 17.0 was used, and the result of the standard k-ε model was 
regarded as the initial condition for LES. The time step of LES was set at 0.0005 s. The results of the 
first 2,000 time steps were discarded as a preliminary calculation, and 20,000 time steps were 
calculated as the main calculation. Table 1 summarises the CFD setting. The profile of mean velocity 
and turbulent intensity of the experiment was used with the method of Smirnov et al. (2001) to give 
the boundary conditions of instantaneous inlet velocity. To obtain the flow rate that is comparable to 
the wind tunnel measurement, the internal concentration needs to be evaluated, so that particles are 
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3 PARAMETRIC STUDY AND SIMPLIFIED ESTIMATION OF FLOW RATE 

3.1 Studied cases and method 
A parametric study is performed, where opening position is changed. Studied cases are roughly vidied 
into 4 opening arrangement shown in Figure 8, i.e., 1 double-sided two openings (Case DS) and 3 
single-sided two openings (Case SS-L, Case SS-F, and Case SS-B). Table 2 gives the detailed 
information, and 22 cases were analysed in total by using LES based on the simulation method 
presented in the previous section. In addition, the case of the sealed room model was analysed to 
obtain ΔCp, and its standard deviation (σΔCp), which are also shown in the Table 2 for each case. 

 
Figure 8. Classification of analysed cases in the parametric study 

 
Table 2. Detailed information of the studied Cases 

 
In this section, the airflow rate (AFR) based on instantaneous velocity is evaluated, because this study 
focuses on the accuracy of the orifice equation that can only consider air volume. In all cases, 64 
(8×8) virtual points were set at each opening to monitor instantaneous velocity perpendicular to the 
opening. This allows to instantaneous inflow rate (Qin) and outflow rate (Qout) separately. Although 
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Qin and Qout are balanced instantaneously, the average of absolute value for these two flow rates are 
taken. By taking time average value for this instantaneous flow rate, AFR is evaluated as, 

 𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = �|𝑄𝑄𝑄𝑄𝚤𝚤𝚤𝚤𝚤𝚤𝚤𝚤|+|𝑄𝑄𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜|
2

����������������𝑛𝑛𝑛𝑛   (4) 

3.2 Results and discussion 
Figure 9 gives the correlation between ΔCp and AFR obtained from all 22 cases where the flow rate 
estimated by conventional orifice equation is also shown. It is obvious that the orifice equation does 
not work well when ΔCp is less than approximately 0.1. In such a condition, difference in mean wind 
pressure between two openings cannot be regarded as main driving force of ventilation. In other 
words, the effect of the airflow turbulence is dominant in this region.  
To explore parameters related to the flow rate caused by turbulence, the standard deviation of 
instantaneous wind pressure coefficient difference (σΔCp) is first focused on in this paper. Figure 10 
shows the relation between AFR and σΔCp, and as a tendency a positive correlation can be seen. The 
simple rationale is that when σΔCp is large, instantaneous cross-ventilation occurs though its direction 
varies depending on time, i.e. pulsation flow between two openings.  
 

 
       Figure 9. Relation between ΔCp and AFR           Figure 10. Relation between σΔCp and AFR 

Although it is obvious that σΔCp can affect AFR, it is also important that AFR can be different even 
when σΔCp and ΔCp are both almost the same. For instance, comparing Case SS-F and SS-B in Figure 
10, different AFR is obtained when σΔCp is almost the same. In addition, in these cases, ΔCp is also 0 
because of symmetric opening arrangement. Therefore, there must be additional parameter other than 
ΔCp and σΔCp which can determine AFR. Considering the basic mechanisms the ventilation caused by 
turbulence, both the pulsation flow and eddy flow should be taken into account, the former of which is 
often explained by local mean velocity according to the mixing layer theory (For example, see Warren 
(1978), Yamanaka (2006), da Graça (2018)). As a simplified estimation method, in this study, the 
following equation is proposed which is regarded as a modified equation from Eq.(1). 

 𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴�����𝑉𝑉𝑉𝑉�𝑎𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝 + 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑎𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝 + ΣcA𝑈𝑈𝑈𝑈𝑤𝑤𝑤𝑤 (5) 

where, a, b, and c are all model constants and determined by the least square method (a=0.149, 
b=0.262, and c=0.053). A is the opening area. Uw is the local velocity in the vicinity of the opening, 
and it was obtained from the sealed building model in this study. Namely the velocity magnitude at 20 
mm away from the location that the opening was assumed to be was adopted. The basic concept of 
this estimation is similar to that by Daish et al. (2016), but the last term to explain the effect of the 
eddy flow is added. Figure 11 shows the correlation between AFR obtained from LES and that 
estimated from Eq.(5), where upper and lower dashed lines indicate ±30% error. By considering the 
third term accounting for the eddy flow, Case SS-B and Case SS-F resulted in the different flow rate 

3 PARAMETRIC STUDY AND SIMPLIFIED ESTIMATION OF FLOW RATE 

3.1 Studied cases and method 
A parametric study is performed, where opening position is changed. Studied cases are roughly vidied 
into 4 opening arrangement shown in Figure 8, i.e., 1 double-sided two openings (Case DS) and 3 
single-sided two openings (Case SS-L, Case SS-F, and Case SS-B). Table 2 gives the detailed 
information, and 22 cases were analysed in total by using LES based on the simulation method 
presented in the previous section. In addition, the case of the sealed room model was analysed to 
obtain ΔCp, and its standard deviation (σΔCp), which are also shown in the Table 2 for each case. 

 
Figure 8. Classification of analysed cases in the parametric study 

 
Table 2. Detailed information of the studied Cases 

 
In this section, the airflow rate (AFR) based on instantaneous velocity is evaluated, because this study 
focuses on the accuracy of the orifice equation that can only consider air volume. In all cases, 64 
(8×8) virtual points were set at each opening to monitor instantaneous velocity perpendicular to the 
opening. This allows to instantaneous inflow rate (Qin) and outflow rate (Qout) separately. Although 
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even when σΔCp is almost the same. As for Case SS-L, 
all six studied cases resulted in almost the same flow 
rate because σΔCp is almost the same among these 
case. The agreement is not for some cases of double-
sided openings, but the error of the estimated AFR by 
Eq.(5) is less than 30%. Thus, the concept of 
considering both the eddy flow and pulsation flow 
can lead to a simplified estimation method that works 
well even for minute wind pressure difference, 
though there must be some more careful 
consideration for the parameters accounting for 
phenomena and model constants. 

CONCLUSIONS 
In this paper, the wind-induced natural ventilation rate was analysed by using Large Eddy Simulation 
for the cases of minute time-averaged wind pressure coefficient difference (ΔCp). It was shown that 
the conventional orifice equation cannot work well when ΔCp is approximately less than 0.1 at least 
for the case of single room model studied. As an alternative simple estimation method of the flow rate, 
a modified equation from the orifice equation was proposed considering both the standard deviation of 
ΔCp (σΔCp) and local velocity around opening that were corresponding to the pulsation flow and eddy 
flow. To improve the accuracy, further consideration regarding these parameters is needed. 

ACKNOWLEDGEMENTS 
A part of this work is financially supported by JSPS KAKENHI, Grant number JP16K14347 
(principal investigator, Tomohiro KOBAYASHI). 

REFERENCES 
da Graça, G.C. (2018). A technical note on simplified modeling of turbulent mixing in wind-driven 
single sided ventilation, Building and Environment, Vol.131, pp.12-15. 
Daish, N.C. et al. (2016). Impact of aperture separation on wind-driven single-sided natural 
ventilation, Building and Environment, Vol.108, pp.122-134. 
Haghighat, F. et al. (1991). The Influence of Turbulent Wind on Air Change Rate – a Modelling 
Approach, Building and Environment, Vol.26, No.2, pp.95-109. 
Kato, S. et al. (2006). A Wind Tunnel Experimental Analysis of the Ventilation Characteristics of a 
Room with Single-Sided Oopening in Uniform Flow, International Journal of Ventilation, Vol. 5, 
No.1, pp.171-178. 
Smirnov, A., et al. (2001). Random Flow Generation Technique for Large Eddy Simulations and 
Particle-Dynamics Modeling, Journal of Fluid Engineering, Vol.123, Issue 2, pp.359-371. 
Warren, P.R. (1978). Ventilation through openings on one wall only, Proceedings of the International 
Centre for Heat and Mass Transfer Conference – Energy Conservation in Heating, Cooling and 
Ventilative Buildings, Volume 1, pp. 189-206, Hemisphere Publishing Corporation, Washington. 
Yamanaka, T. et al. (2006). Natural, Wind-Forced Ventilation caused by Turbulence ain a Room with 
a Single Opening, International Journal of Ventilation, Vol. 5, No.5, pp.179-187. 

Figure 11. Comparison of AFR obtained 
from LES and simplified estimation method 

PROCEEDINGS  — Roomvent & Ventilation 2018618  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 4 – Applications: Natural Ventilation (NV1)

618  |



EVALUATION OF THE THERMAL ENVIRONMENT AND EFFECT OF THE 
NATURAL VENTILATION IN THE GREEN BUILDING  

WITH LARGE THERMAL CAPACITY  

Hiroshi Muramatsu1,*, Tatsuo Nobe1 
1 Kogakuin University, Tokyo, Japan 

*Corresponding email: muramatsu@nikken.jp 

SUMMARY 
The authors investigated an office building in Japan incorporating energy-saving features and 
environmental technologies. This building has large thermal capacity, because there is a concrete 
ceiling. Two air-conditioning systems were installed in this building, one was a ceiling radiation air-
conditioning system and the other was a whole floor-blow off air conditioning system. Also a natural 
ventilation system was installed.  
The authors surveyed the thermal environment of this building from 2015 through 2016. The ceiling 
using the heat storage amount of concrete maintains constant temperature in the workplace in the office 
hours and after too. The natural ventilation system of this building reduces the indoor temperature by 
opening the window during the early morning, and the concrete ceiling with large thermal capacity 
performs heat storage. 
The authors investigated the indoor thermal environment of this building and report the result that 
evaluated stability of the thermal environment. In addition, the authors investigated natural ventilation 
during the early morning and report the effect of making heat storage to concrete ceiling.  
 
Keywords: Green Building, Radiant Air-Conditioning, Natural Ventilation, Heat Capacity 

1 INTRODUCTION 
On March 11, 2011, The Great East Japan Earthquake occurred. Ceilings fell in many buildings even 
in Tokyo. Rationing of electricity forced offices to cut back on lighting and air-conditioning. Office 
windows that do not open became a problem.  
The subject of this research is the way how to make the building that will integrate the latest green 
building technologies, making the most of the lessons learned after the earthquake. It features a green 
façade, natural ventilation, a concrete slab with no suspended ceilings, and the combination of a ceiling 
radiation air-conditioning system and a whole floor-blow off air conditioning system. 
The radiation air-conditioning system using a ceiling with the large thermal capacity made of a concrete 
slab raises the comfort and stability of the indoor thermal environment.  
Additionally, the floor plan of the building has the open hallway along the windows as a "perimeter 
aisle", and the elevation of the building has a green façade. These function as a thermal buffer zone. 
The people walking through the perimeter aisle can enjoy the greenery and have easy access to the 
windows and blinds. 
Some windows can be opened or closed by an automatic operation system according to the indoor and 
outdoor temperature and humidity. Also, the automatic opening and closing occurs during the early 
morning without any person. Therefore the concrete ceiling with large thermal capacity can perform 
heat storage of early-morning cool air. This natural ventilation technique is a part of air-conditioning 
system. It is one of the green building technologies integrated into the building. 
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can lead to a simplified estimation method that works 
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CONCLUSIONS 
In this paper, the wind-induced natural ventilation rate was analysed by using Large Eddy Simulation 
for the cases of minute time-averaged wind pressure coefficient difference (ΔCp). It was shown that 
the conventional orifice equation cannot work well when ΔCp is approximately less than 0.1 at least 
for the case of single room model studied. As an alternative simple estimation method of the flow rate, 
a modified equation from the orifice equation was proposed considering both the standard deviation of 
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2 METHODS 

2.1 Investigated Building  
Table 1 lists information on the measured building. Figure 1 shows the east side view of C Plaza. This 
building incorporates various energy-saving features and environmental technologies which are shown 
in Figure 2.  

Table 1. Building Summary 
Building name C Plaza 

Location Tokyo, Japan 
Lot Area 1,556.80 m2 

Total Floor Area 8,652.86 m2 
Number of stories 8 stories above ground and 2 stories below ground 

Structure SRC 
Base Isolating Device And Base Isolating Foundation Structure  

Completion of construction April, 2015 

 
Figure 1. East side view of C Plaza 

 
Figure 2. Environmental technologies of C Plaza 

PROCEEDINGS  — Roomvent & Ventilation 2018620  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 4 – Applications: Natural Ventilation (NV1)

620  |



2.2 Air-conditioning systems 
Figure 3 shows the air-conditioning systems. Figure 4 shows the interior of this building.  
The ceiling radiation air-conditioning system uses the reverse slab structure. In this system, ceiling 
radiation is performed by flowing cold or heat water through a pipe buried in a ceiling slab. Using the 
underfloor space occupied by the reverse slab structure, the whole floor-blow off air conditioning 
system is formed by installing a fan coil unit under the floor. The floor plan of the building has the open 
hallway along the windows as a "perimeter aisle", and has a green façade. These function as a thermal 
buffer zone. Therefore the air-conditioning system for perimeter zones is not necessary. 

 
Figure 3. Air-conditioning systems 

 
Figure 4. View of interior 

2.3 Natural ventilation system 
Figure 5 shows the plan of this building. Figure 6 shows the windows of this building.  
The natural ventilation system in this building operates by automatically opening and closing four places 
of windows installed on each floor. These windows are opened and closed automatically by temperature, 
humidity inside and outside the room, outside wind velocity, having rain or not. Fifteen places of 
windows opened and closed by manual operation by an office worker are installed. When the natural 
ventilation system is in operation, the air-conditioning systems are stopped. 

2 METHODS 
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Total Floor Area 8,652.86 m2 
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Completion of construction April, 2015 
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Figure 5. Plan of this building                                       Figure 6. Windows of this building 
 

2.4 Measurement 
Figure 7 shows the measurement points. Table 2 summaries the measuring devices. Thermal 
environmental measurement devices for air temperature, globe temperature, relative humidity, and air 
speed were placed on desks.  

 
Figure 7. Measurement Points 

Table 1. Measuring devices 
Device name Thermal environment 

measuring  device 
Vertical temperature distribution 

measuring device  
Heat flux meter 

Appearance 

   
Installation Personal desk Workplace Ceiling surface 

Measurement 
interval 

Air temperature: 5min 
Globe temperature: 5min 
Relative humidity: 5min 

Vertical temperature distribution: 
5min 

Heat flux: 1min 
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3 RESULTS 

3.1 Thermal environment in operating air-conditioning systems 
Figure 8 shows the average values of indoor temperature and outside temperature in summer and winter.  
In summer, the average air temperature in operating air-conditioning systems throughout office hours 
was 26.7°C. Perimeter and Interia difference of temperature are less than 1°C. After 18:00 when air 
conditioning was stopped, the indoor temperature is stable at around 26°C because of using thermal 
capacity. In winter, the average indoor temperature in operating air-conditioning systems throughout 
office hours was 24.7°C. Perimeter and Interia difference of temperature are less than 0.5°C. After 18:00 
when air conditioning was stopped, the indoor temperature gradually decreased, but it was around 2°C. 
It was confirmed in summer and winter to become the very stable thermal environment because the 
thermal capacity of this building was large. 

 
Figure 8. Indoor and outdoor temperature in summer and winter 
Figure 9 shows vertical temperature distribution according to the time of representative day in summer 
and winter. In summer, the temperature near the ceiling was around 24.5°C in office hours, because the 
ceiling radiation air conditioning was operated so that the ceiling surface temperature reached 22°C. 
The temperature of other height was around 26°C, and vertical temperature distribution was small. In 
winter, except 9:00 to start air conditioning, vertical temperature distribution of the occupied zone was 
around 1.5°C. It was confirmed in summer and winter that the thermal environment of small vertical 
temperature difference was made. 

  
Figure 9. Vertical temperature distribution in summer and winter 

3.2 Thermal environment and heat flux of ceiling surface in operating the natural ventilation 
system 
Figure 10 shows the average values of indoor temperature, outdoor temperature and window opening 
rate in operating the natural ventilation system. The automatic opening and closing windows was left 
open during 6:00-9:00, and the indoor temperature decreased about 2°C. Afterward, the indoor 

 
Figure 5. Plan of this building                                       Figure 6. Windows of this building 
 

2.4 Measurement 
Figure 7 shows the measurement points. Table 2 summaries the measuring devices. Thermal 
environmental measurement devices for air temperature, globe temperature, relative humidity, and air 
speed were placed on desks.  

 
Figure 7. Measurement Points 

Table 1. Measuring devices 
Device name Thermal environment 

measuring  device 
Vertical temperature distribution 

measuring device  
Heat flux meter 

Appearance 

   
Installation Personal desk Workplace Ceiling surface 

Measurement 
interval 

Air temperature: 5min 
Globe temperature: 5min 
Relative humidity: 5min 

Vertical temperature distribution: 
5min 

Heat flux: 1min 

|  623PROCEEDINGS — Roomvent & Ventilation 2018 |  623PROCEEDINGS — Roomvent & Ventilation 2018

Track 4 – Applications: Natural Ventilation (NV1)



temperature rose slowly, but kept around 27°C, and the window opening rate was around 20%. It was 
confirmed that the indoor temperature was relatively stable in operating natural ventilation system 
during the office hours. 
Figure 11 shows the heat flux of ceiling surface in operating the natural ventilation. The figure expresses 
ascending heat flux with plus. The automatic opening and closing windows are opened during 6:00-
8:00 so that cool outdoor air is introduced, and the concrete ceiling with large thermal capacity 
performed heat storage. The heat flux at that time was approximately 10W/m2. During 10:00-18:00, it 
was confirmed to be radiated the heat which was stored to the concrete ceiling. 

 

 Figure 10. Measurement Points                                     Figure 11. Heat flux of ceiling surface 

4 DISCUSSION 
The authors think that the building with large thermal capacity greatly contributes to thermal 
environmental stability and comfort. Also we think that the air conditioner capacity can be reduced 
because start-up load decreases. To say one more thing, we at the same time think that it is possible to 
reduce the energy consumption because an effect of the natural ventilation increases.  

5 CONCLUSIONS 
When there was the concrete ceiling with large thermal capacity in the workplace, it was confirmed that 
the indoor thermal environment was stable, and that there were few changes of the indoor temperature 
after having stopped air conditioning.  
It was confirmed that the thermal environment with a little vertical temperature distribution was made 
by a combination of the ceiling radiation air-conditioning system and the whole floor-blow off air 
conditioning system. 
In addition, it was confirmed that the concrete ceiling with large thermal capacity can perform heat 
storage of early-morning cool air by using automatically opening and closing windows. 
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SUMMARY  
Nydalen Vy will be a high-rise building in Nydalen in Oslo, Norway. The building will consist of 
restaurant and café in the lower 2 floors, 5 floors with office space and on top 10 apartment floors. The 
building is planned with only natural ventilation in the office floors and hybrid ventilation in the 
restaurant and the apartments. This paper investigates different solutions to avoid draft risk, especially 
in high occupancy meeting rooms which is the main challenge in natural ventilated office spaces. A 
solution with a specifically designed “climate canoe” for inlet air is proposed. Simulation and 
measurements indicate that this “canoe” should be placed on the interior walls with nearly uniform 
distributed holes, with a wall heating system below to oppose the down draft.   

1 INTRODUCTION  
The aim of this project is to reduce the technical installations to a minimum and produce more renewable 
energy during the year than used for ventilation, heating and cooling of the offices defined as “Triple 
Zero”. Renewable energy will be produced by building integrated PV. 
To achieve this goal, a purely natural ventilation strategy for the office space has been developed. The 
heating and cooling system is based on a low exergy floor system based on geothermal energy system 
with heat pump and free cooling. 
For cold Nordic climates there is almost no experience with pure natural ventilation in modern office 
buildings, therefore a lot of analysis, experiments and product development has been done. To validate 
the solution, especially to avoid draft problems in the coldest periods of the year (minus 15-20 °C), 
CFD-analysis, laboratory experiments and field experiments have been conducted.  
This paper focus on the analysis and experiments made for natural ventilation for the office floors with 
special focus on meeting rooms. Because of the high occupational loads in meeting rooms a relatively 
high air flow rate is necessary to maintain good air quality in the meeting room. Therefore, there has 
been special focus on solutions to avoid draft from the inlet air in the coldest periods of the year. 
Different solutions to avoid draft has been tested out, among them a solution we call “the climate canoe” 
in various designs, which is described and tested in this paper.     

2 METHODS 
To design and validate the natural ventilation system for the meeting rooms especially to avoid drafts 
in the coldest periods of the year, CFD-analysis, laboratory experiments and field measurements have 
been conducted. A slightly different design of the “climate canoe”, see figure 1, has been tested in the 
field, in the lab and with CFD-analysis.     
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2.1 Field experiments 
Field experiments were conducted in a 16 m² large meeting room at Ellingsrud school in Oslo. The 
room was occupied with 4 persons. The meeting room was ventilated with motor controlled high 
mounted windows in the room. The mechanical ventilation was shut down. A mockup of the “climate 
canoe” was constructed and mounted beneath the motor controlled windows. The “canoe” was mounted 
60 cm down from the ceiling and 100 cm deep into the room from the façade, and given a curved shape 
as shown on figure 1. The “canoe” was perforated with 120 holes, each with a diameter of 20 mm. Air 
velocities and air temperatures were measured 0,6 meters from the façade in accordance with the 
conventional definition of the occupation zone (ISO7730, 2005). The measurements were done in the 
heights of 20, 90, 120, 170 and 180 cm above the floor. The air flow rate was estimated based on 
measured CO2-consentration, based on a standard 20 l/h CO2-production per person (EN15251, 2007) 
and a linear regression of the dilution equation.    

  
Figure 1. Room at Ellingsrud school. Climate canoe mounted in the right picture. 

2.2 Laboratory experiments 
The steady-state experiments were conducted in a thermally insulated test room with inner dimensions 
of 7,0 x 3,0 x 2,4 m, with a cold "outdoor" section, and a warm “office” section with inner dimensions 
of 3,6 x 3,0 x 2,4 m. A partition wall, simulating the building facade, was made of 200 mm XPS (U-
value 0,17 W/m²K). An area of 1,8 x 1,8 m of 30 mm XPS (U-value 0,93 W/m²K) represented a glazed 
façade. The opening was a bottom-hinged inward-opening window with clear opening of 900 x 470 mm 
(0,43 m²). The “Climate Canoe” was built as a light-weight structure of 4 mm bended plywood with 
sanded 45 holes of 20 mm diameter (total area 0,141 m²) in the upper third of the plywood.  
The supply air temperature was kept at 6,8 °C and the mean room temperature at 25,8 °C, giving a 
temperature difference (inside-outside) of 19 K. For case C.3a+h, an electric heating foil with 220 W 
was mounted at the lower 60 cm over the entire width of the façade to reduce the sensed downdraught. 
Case 3.a was without wall heating, only floor heating.  
Exhaust airflow rates were at 29 l/s, while supply airflow rate through vent and “Climate Canoe” was 
calculated to 23 l/s. Measurements without “Climate Canoe” resulted in a slightly higher supply airflow 
rate of 24 l/s. Measurements were carried out with hot-globe anemometers SensoAnemo 5100SF and 
thermocouples type T mounted at a pole that was moved during the measurements by the operator. In 
total, 42 (36 in case C.3a) measuring points at 10, 90, and 170 cm above the floor, in the center axis and 
60 cm offset, at 10, 35, 60, 85, 110, 135 (not case C.3a), and 160 cm distance from the façade were 
evaluated. Each position was measured for at least 10 min with the operator keeping still in the back of 
the room, of which (the last) 5 min were used. In addition, temperatures were measured at 6 holes at 
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different heights of the “Climate Canoe”. Internal heating loads were assigned to 1 operator, and 3 
laptops (total ca. 250 W) with AC adapters along the back wall of the room. 

2.3 CFD 
The simulations has been done for a real sized meeting room (in Nydalen Vy) with the size of 4,59 m x 
6,78 m x 3,5 m (WxLxH). The room is placed with two exterior facades with an U-value of 0,14 W/m²K 
and with a window U-value of 0,65 W/m²K. For the simulations was used an external wind speed of 1 
m/s, and an exhaust air rate of 194,4 m³/h. The room was set for 12 persons with a heat load of 90 
W/person and an equipment load of 20 W/person (PC) and additional 200 W. Lighting was set for 4 
W/m². For heating was used 20 W/m² for floor heating and the internal wall heating was modelled with 
a constant surface temperature of 23 °C. In contrast to the field- and laboratory experiments the Climate 
Canoe is placed on the internal walls with inlet into the Canoe via a hole of the size of 0,09 m2 in the 
exterior facades. The reason for this is to reduce draft from the inlet air by the opposing the convective 
air flow from wall heating. The Climate Canoe is designed with evenly distributed holes (Ø20 mm). 
The layout of the Climate Canoe is shown in figure 3.   
The fluid flow analysis is performed in SOLIDWORKS Flow Simulation 2016. The standard K-epsilon 
(k-ε) turbulence model is used for the turbulence model in the CFD model. There are more than 400.000 
cubic cells mainly located in the room.  

  
Figure 2: The meeting room used in the CFD-simulations.  

3 RESULTS AND DISCUSSION 
Since the size of the rooms, the boundary conditions, airflow rates and internal loads is different between 
the field test, the laboratory test and CFD-simulations, the results can’t directly be compared. However, 
other CFD-simulation has been compared to laboratory experiments to validate the CFD-model with 
good results (results not shown in this paper).    

3.1 Field experiments  
Based on linear regression of the measured CO2-level and the assumptions of full mixing, the natural 
air flow rate was estimated to be approximately 86 m3/h, or ca. 6 l/s per person. The average outdoor 
temperature during the experiment was -8 °C with a measured wind speed of 2-3 m/s. Figure 4 shows 
the measured air velocities, and calculated draft rate based on ISO7730. The results seems promising 
with rather low velocities in the occupation zone, but with a somewhat higher velocities close to the 
“canoe” surface. The measured draft rate (DR) in the seated occupied zone (0-1,2 meter above the floor) 
is well below the normal requirement of 20 % (EN 15251:2007) nearly all the time, except a few outliers 
in the start of the test. The test was running for approximately 40 minutes.   

2.1 Field experiments 
Field experiments were conducted in a 16 m² large meeting room at Ellingsrud school in Oslo. The 
room was occupied with 4 persons. The meeting room was ventilated with motor controlled high 
mounted windows in the room. The mechanical ventilation was shut down. A mockup of the “climate 
canoe” was constructed and mounted beneath the motor controlled windows. The “canoe” was mounted 
60 cm down from the ceiling and 100 cm deep into the room from the façade, and given a curved shape 
as shown on figure 1. The “canoe” was perforated with 120 holes, each with a diameter of 20 mm. Air 
velocities and air temperatures were measured 0,6 meters from the façade in accordance with the 
conventional definition of the occupation zone (ISO7730, 2005). The measurements were done in the 
heights of 20, 90, 120, 170 and 180 cm above the floor. The air flow rate was estimated based on 
measured CO2-consentration, based on a standard 20 l/h CO2-production per person (EN15251, 2007) 
and a linear regression of the dilution equation.    

  
Figure 1. Room at Ellingsrud school. Climate canoe mounted in the right picture. 

2.2 Laboratory experiments 
The steady-state experiments were conducted in a thermally insulated test room with inner dimensions 
of 7,0 x 3,0 x 2,4 m, with a cold "outdoor" section, and a warm “office” section with inner dimensions 
of 3,6 x 3,0 x 2,4 m. A partition wall, simulating the building facade, was made of 200 mm XPS (U-
value 0,17 W/m²K). An area of 1,8 x 1,8 m of 30 mm XPS (U-value 0,93 W/m²K) represented a glazed 
façade. The opening was a bottom-hinged inward-opening window with clear opening of 900 x 470 mm 
(0,43 m²). The “Climate Canoe” was built as a light-weight structure of 4 mm bended plywood with 
sanded 45 holes of 20 mm diameter (total area 0,141 m²) in the upper third of the plywood.  
The supply air temperature was kept at 6,8 °C and the mean room temperature at 25,8 °C, giving a 
temperature difference (inside-outside) of 19 K. For case C.3a+h, an electric heating foil with 220 W 
was mounted at the lower 60 cm over the entire width of the façade to reduce the sensed downdraught. 
Case 3.a was without wall heating, only floor heating.  
Exhaust airflow rates were at 29 l/s, while supply airflow rate through vent and “Climate Canoe” was 
calculated to 23 l/s. Measurements without “Climate Canoe” resulted in a slightly higher supply airflow 
rate of 24 l/s. Measurements were carried out with hot-globe anemometers SensoAnemo 5100SF and 
thermocouples type T mounted at a pole that was moved during the measurements by the operator. In 
total, 42 (36 in case C.3a) measuring points at 10, 90, and 170 cm above the floor, in the center axis and 
60 cm offset, at 10, 35, 60, 85, 110, 135 (not case C.3a), and 160 cm distance from the façade were 
evaluated. Each position was measured for at least 10 min with the operator keeping still in the back of 
the room, of which (the last) 5 min were used. In addition, temperatures were measured at 6 holes at 
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However, the person densities (4 m²/person) and hence the air flow rates per m² is somewhat lower than 
expected in Nydalen Vy, and in addition the outdoor temperatures for design winter conditions will be 
lower (-20 °C) than during the experiment.      

   
Figure 4. Measured air velocities and draft rate (DR) at different heights above floor (0,2 m, 0,9 m, 1,2 
m, 1,7 m, 1,8 m)  

 

3.2 Laboratory experiments  
Temperature measurements show that the “Climate Canoe” elevates the supply air temperature by ca. 
5-7 °C compared to the temperature entering the canoe. Measured air temperatures in the room were 
otherwise not less than 1,5 K lower than the temperature in the center point of the room. 
Figure 4 summarizes the measured air velocities for the two cases. Figure 5 shows qualitative 
visualizations of the flow patterns, revealed by smoke tests and the measured velocities. 
 

 
Figure 3. Measured air velocities at measuring points V.1, V.4, V.10 are 10, 90, 160 cm above the floor 
in the center axis of the room. V.3, V.7, V.8 are the measuring points 60 cm offset the center axis (resp. 
10, 90 and 160 cm above floor). The top row gives the measuring distance from the façade (10-160 cm 
from the façade). Case C.3a – without heating foil under the window. Case C.3a+h with heating foil 
under the window. 

 
Both cases show a distinctive flow pattern. In case C.3a, velocities are highest directly under the 
“Climate Canoe”, a small distance from the façade and at the floor. In case C.3a+h, air velocities are 
elevated under the “Climate Canoe”, while velocities at the flor decrease. However, the velocities at 
neck height (90 cm above floor) increases, and is too high compared to normal requirements.  
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Figure 4. Flow pattern, revealed by smoke test. To the left Case C.3a, to the right Case C.3a+h. 
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Figure 6. Air velocity plot from the CFD simulations.  

 

4 CONCLUSIONS 
Based on the field tests, laboratory experiments and the CFD-simulation the following conclusions can 
be drawn:  

- Pure natural ventilation in modern office buildings in cold Norwegian climate, even in high 
occupancy meeting rooms, seems to be possible with the right design measures.  

- A specifically designed “climate canoe” can to some degree passively preheat the inlet air and 
reduce the inlet air velocities.  

- But to achieve normally allowed air velocities in the occupied zone, a solution with the canoe 
on the interior walls with wall heating below seems to give the best and most robust result.  

 
Before this natural ventilation solution is implemented in the Nydalen Vy project, a parametric hole 
distribution design will be carried out, and a few more CFD sensitivity analysis will be conducted.  A 
full scale on-site test of the meeting room is also planned during the construction phase.     
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SUMMARY  
Bacterial Meningitis is a large-scale health problem in Sub-Saharan Africa, with up to 200,000 cases 
every year across 14 countries including Northern Nigeria (Bassey et al 2009). There are suggestions 
that poor air quality, including in houses where numerous family members both congregate and sleep 
contribute negatively to infection transmission.  According to the World Health Organisation, cities in 
Nigeria are considered the most polluted in the world with PM10 values regularly over thirty times 
recommended levels (WHO, 2016).  The objective of this study is to investigate relationship between 
indoor air quality parameters, housing design and reported health of local residents.  
Health questionnaires and overnight monitoring of CO2, temperature, PM2.5 and PM10 were conducted 
in 115 houses separated into eight districts in Bauchi, central north-eastern Nigeria. Air quality 
parameters were measured using Airnode sensors (Airvisual, USA) whose CO2 values were calibrated 
against a Rotronic CL11 (Rotronic, BSRIA, Bracknell, UK). Questionaires included demographics, 
reported health issues and symptoms and operation of the building. A building audit recorded room and 
window sizes, location and orientation and aspects such as cooking fuel sources.  
Preliminary results suggest that buildings tend to be well ventilated, with average CO2 levels in 
bedrooms rarely surpassing 1000ppm over an eight-hour period. Houses were often in fenced 
compounds or a courtyard design so inhabitants could safely leave their windows open. On the other 
hand, PM10 values often surpassed 1000μm/m3 and PM2.5 ranged from 10 to 1800μm/m3. Analysis 
will be reported to correlate the indoor air measurements to the occupant survey. Pending health survey 
analysis, a simplified tick-box style questionnaire framework could, in future, provide a meningitis risk 
analysis tool for local healthcare workers based on building type and window size assessment. This 
could potentially dispense with lengthy health questionnaires or environmental monitoring. 
Keywords: indoor air quality, health, natural ventilation, residential buildings, meningitis 

1 INTRODUCTION  
Urbanization is a global phenomenon rapidly occurring in developing countries such as Nigeria; a 
lower-middle-income and Africa’s most populous country (approximately 193 million). Within these 
populations, the poorest socioeconomic groups of about 50.2 per cent of its urban populace 
disproportionately suffer from inadequate supply of urban housing thereby living in slums (UN-Habitat, 
2016). Consequently, this has led to growing millions of sub-standard/poorly design houses resulting in 
ill-health of most occupants. Natural ventilation and indoor air quality in millions of the houses are 
often poor, resulting in the prevalence of airborne disease transmission. Among the health related 
problems is the prevalence and incidence of increasing meningitis outbreaks. The World Health 
Organisation (WHO) estimates that at least 1.2 million cases of bacterial meningitis occur each year out 
of which 135,000 are fatal (Rouphael et al., 2012; Jafri et al., 2013).  In 2017, a total of 14,513 cases 
with 1,166 deaths were reported particularly in Northern Nigeria. Although part of the efforts to prevent 
meningitis outbreak was reactive vaccination however, the immunization strategy for meningitis control 
is insufficient to reduce the burden of the disease. Further, the prevention of the disease is also faced 
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with challenges of insufficient funding for vaccine supply and unaffordability of multivalent conjugate 
vaccines making them not routinely available (McVernon et al., 2004a, b; Segal and Pollard 2004). 
Despite significant advances in vaccine administration and the gains achieved from meningitis control 
through immunization strategy interventions, little still is known about the dynamics of the indoor 
environment and building characteristics influencing the transmission of meningitis leaving an 
enormous unmet public health’s need.  
 
According to Kembel et al., (2012) buildings are complex ecosystems that house trillions of 
microorganisms interacting with each other, with humans and with their environment. Previous work 
on indoor air in buildings shows that poor indoor air quality contain various bacteria, viruses, and fungi 
leading to increase the risk of infections (Emmenlin, 2007; Kovesi, et al. 2007; Ishihama et al., 2009). 
WHO (2005) identified indoor air quality as the eight most important risk factor and responsible for 
2.7% of the global burden of disease. Similarly, poor ventilation, accumulation of biological pollutants, 
and infection potential have been reported to seriously deteriorate indoor environments (Graudenz et 
al., 2005). The indoor air quality causes more concern as places are crowded with people are at risk of 
spreading diseases caused by airborne bacteria. Although several studies  demonstrates the significant 
health impact of housing and socioeconomic characteristics on the burden of meningitis and other 
diseases in developing countries; most studies failed to investigate association between indoor air 
pollutants and building characteristics and infectious diseases risks such as meningitis outbreak. This 
paper seeks to address this knowledge gap; it aims to investigate relationship between indoor air quality 
parameters, housing design and reported health of local residents living in naturally ventilated 
residential buildings (NVRBs) in Nigeria.  

2 METHODS 

2.1 Study design and population  
This study employed a cross-sectional study design that reflected in the data collection methods. It 
involves a household survey, building audit, PM and CO2 monitoring. The study took place in a low 
income urban setting of area of Bauchi metropolis, Northern Nigeria (Figure 1). One hundred and fifty 
(150) households were invited to participate and 115 agreed to take part in the study. All the 115 
consented for indoor air quality monitoring. Approval for the study was granted by the University of 
Leeds Research Ethics Committee, United Kingdom and a signed informed consent was obtained from 
each participating household. The cross-sectional survey was conducted between 13th and 31st October 
2017. 
 

             
Figure 1. Area map and photographic view of the study area showing the residential layouts

2.2 Data collection 
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Households were randomly selected and a health questionnaire developed by the researchers was 
administered to the head of the household. The survey was carried out with the help of local community 
health workers and architectural technologists recruited and trained to administer the questionnaire in 
English and local language. The questionnaire consisted of two sections. Section one collected 
demographic data and information on household’s health such as their experience of Tuberculosis (TB), 
Meningitis, Measles, and Chicken pox, Influenza, Asthma, Pneumonia and Malaria along with their 
symptoms in the last 5 years. Section two gathered information related to the building design 
characteristics (e.g. room and window sizes, window location and orientation etc.) and operation of the 
building by the occupants such as cooking fuel sources, indoor smoking and alternative source of 
lighting at night in the absence of electricity. Overnight monitoring of CO2, temperature, PM2.5 and 
PM10 were conducted in all the houses from eight neighborhoods. Air quality parameters were measured 
using Airnode sensors (Airvisual, USA) whose CO2 values were calibrated against a Rotronic CL11 
(Rotronic, BSRIA, Bracknell, UK). The environmental samplers were placed from a height of 1.3 m 
above the floor. Microsoft Excel 2010 was used to record, store, and organize all survey results and PM 
measurement data.  
 
2.3 Statistical methods 
In this study, incidence of occupant’s health complaints were the main outcomes and were recoded as 
binary variables (1 = Yes for diseases/symptoms, 0 = No for disease/symptoms). Independent variables 
such as including housing design characteristics, building operation, PM and CO2 variables were 
analysed using descriptive statistics generated for the outcome and independent variables. Bivariate 
analyses, including cross-tabulations and chi-squares tests, were performed for assessing unadjusted 
associations between the independent variables and the reported diseases/symptoms as outcome 
variables. As the current study is cross-sectional with common occurred health outcomes, a 
multivariable regression analysis to examine the adjusted association between diseases/symptoms and 
housing design characteristics and operation and PM and CO2, were conducted. The multivariable 
modelling was carried out reporting in the paper variables found to be significantly associated with the 
health outcomes in the univariate analysis with p < 0.05. In each model, the goodness of fit (Nagelkerke 
R2 value) and significance were evaluated. A Fisher exact or χ2 test was used for categorical variables. 
Further analyses of significant results involved calculating raw odds ratios (ORs) and 95% CIs. 
Statistical analysis was performed using the IBM SPSS Version 23.0 for windows. The critical level of 
significance of 5% for all statistical tests (two-tailed) was used in this study. 

3 RESULTS 
The majority (47.6%) of the respondents in this study had a monthly income less than N20, 000 ($50) 
(i.e. about $ 1.25 per day) for a household with an average size of four family members in Nigeria. 
About 50% of the households use kerosene (0.7%), firewood (24.6%), charcoal (2.6%) and combination 
of the three (14%) for cooking purposes in the house. These produces more toxic fumes than other 
energy types (e.g. electricity and gas). Elevated concentrations of PM were observed in most (79.5%) 
of the houses. The mean concentrations of PM2.5 (63 μm/m3) and PM10 (228 μm/m3) ranged from 10 
μm/m3 - 231 μm/m3 (PM2.5) and 20 μm/m3 - 1667 μm/m3 (PM10). This result demonstrates that the 
majority of the households were exposed to higher than the WHO guideline value of 25 μm/m3 and 50 
μm/m3. The mean concentrations of CO2 (584 ppm) indicated that the ventilation was adequate having 
a range from 403ppm - 2201ppm. The mean temperature (28.9 °C) slightly exceeded the ASHRAE 
(2014) recommended guideline values (21°C - 26°C) and while the relative humidity (40.7%) is within 
recommended guideline values (30%–70%). Results from the analysis carried out found weak positive 
correlations between PM2.5 the main building orientation and orientation of window opening). 
Meanwhile, weak negative relationship was found between PM2.5 and the type of housing unit, type of 
window, window size and other variables such as type of cooking fuel, main source of lighting and size 
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of household. In the case of PM10, weak positive relations were observed with only the main building 
orientation, orientation of window opening and other variables such as type of cooking fuel and main 
source of lighting. For CO2, weak positive relationship were only noted for main building orientation 
and type of housing unit. PM2.5, PM10 and CO2 were subjected to Point Biserial Correlation with the 
reported ailments (Table 1). Findings shows that PM2.5 was negatively correlated to the occurrence of 
most of the ailments but was positively correlated to TB, meningitis and chicken pox. However, none 
of the relationship has p-value less than 0.05; thus not significantly correlated to PM2.5. 
 
       Table 1: Correlation between PM2.5, PM10, CO2 and incidence of health complaints. 

Variables Participants’  
Responses F % PM2.5 PM10 CO2 Remarks 

Rpb Sig Rpb Sig Rpb Sig No response Total 

Tuberculosis No 63 45.3 0.093 0.452 0.097 0.431 -0.047 0.703 48 116 Yes 5 4.3 

Pneumonia No 52 44.8 -0.080 0.510 -0.044 0.714 0.136 0.257 45 
116 Yes 19 16.4 

Asthma No 63 54.3 -0.074 0.541 -0.068 0.577 0.085 0.482 46 yes 7 6.0 
Meningitis No 52 44.8 

0.050 0.683 0.003 0.982 -0.008 0.948 48 116 
Yes 16 13.8 

Measles No 48 41.4 -0.35 0.777 -0.114 0.360 0113 0.362 49 116 
Yes 19 16.4 

Chickenpox No 49 42.2 0.177 0.133 0.285 0.014 0.081 0.494 43 116 
Yes 24 20.7 

Influenza No 28 24.1 -0.115 0.299 0.055 0.622 -0.161 0.146 33 116 
Yes 55 47.4 

Malaria No 3 2.6 
-0.072 0.470 0.022 0.827 -0.008 0.939 12 116 

Yes 100 86.2 

 
Similarly, PM10 was negatively correlated to the occurrence of Pneumonia, Asthma and Measles but 
positively correlated to the incidence of other reported ailments. In most of the cases none of the 
relationship has its p-value less than 0.05 except for chicken pox where Rpb = 0.285, p < .05. This 
implies that most of the disease occurrences are not significantly correlated to PM10 except for Chicken 
pox. The result for CO2 is also similar to PM2.5. The occurrences of some of the ailments were negatively 
correlated with CO2 while others were positively correlated with none of the correlation values possess 
values less than 0.05 and hence are not significant. The building characteristics were cross-tabulated 
with the incidence of the reported diseases to explore the association between them; Chi-square values 
and Fishers’ exact test were computed at 0.05 level of significance. The results show that that the main 
building orientation is significantly associated with the incidence of Measles (p<0.02), Meningitis (p< 
0.03) and TB (p< 0.04). Meanwhile the building floor materials are significantly associated with 
Meningitis (p<0.01), Measles (p<0.02) and influenza (p<0.002) the materials used for floor covering. 
Their odds ratio are less than 1 implying  that as the floor material improves from earth, wood, cement 
and to rug, the odds of incidence of the three ailments are reduced. Meanwhile, logistic regression 
analyses of the diseases along with indoor air quality shows no relationship with CO2. However, PM10 
shows significant relationship with chicken pox (Wald = 4.029, p = .045) and Influenza (Wald = 4.002, 
p = .045); while PM2.5 (Wald = 6.263, p = 0.012) is significantly related to Influenza. Similar result was 
found with the number of bedrooms available in the building. PM10 shows significant relationship with 
chicken pox (Wald = 3.890, p = .049) and Influenza (Wald = 3.987, p = .046); while PM2.5 (Wald = 
5.726, p = 0.017) only show significantly relationship with Influenza.  
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4 DISCUSSION 
This cross-sectional survey is a pilot study employed to uncover the prevalent factors in NVRBs design 
associated with PM, CO2 and occupant’s health with particular reference to meningitis and other 
diseases. In this study, elevated indoor concentration of PM was recorded and the possible explanation 
for this could be as a result of source of energy used by the households for cooking (i.e. firewood, 
charcoal and kerosene). Other major particle sources could also have been from the use of candles for 
lighting, unpaved roads and lack of green areas around the buildings. Although this study did not 
measure PM over a long-term period, however, the levels of PM within the buildings exceeded the 
WHO Guidelines (i.e. 24-h mean) for PM2.5 (25μg/m3) and PM10 (50μg/m3) respectively. 
Surprisingly, this study did not find any significant association between the elevated PM in the indoor 
environment and several reported illness except for Chicken pox and influenza.  This agrees with the 
findings of Bruce (2000) that most studies from developing countries failed to demonstrate a significant 
association between indoor air pollutants and certain illnesses. This is due to some reasons such as 
methodological limitations and small sample size to detect a strong association between the variables 
investigated; this the authors believe is the case in the current study. Other possible limitations that 
could have also affected the results is the fact that indoor air quality and CO2 was monitored between 
8-12hr in contrast to 24hr recommended by WHO. Further, findings in this study also suggests the 
buildings tend to be well ventilated, with average CO2 levels in bedrooms rarely surpassing 1000ppm. 
This reason for this could be as a result of multiple interacting factors such as the way the occupants 
operated their buildings, many houses are within a secured fenced and around a courtyard.  This allows 
households to leave their windows opened for long hours both night and day. This behaviour is common 
especially with occupants of NVRBs in Nigeria due to its tropical climate. Hence, PM from biomass 
and kerosene used in the buildings could become easily diluted by natural ventilation thereby reducing 
its effect on occupant’s health. While at the same time the ambient air pollution from the surroundings 
could adversely impact indoor air quality.   

5 CONCLUSIONS 
This pilot study demonstrates association between certain building characteristics (i.e. the building 
orientation, wall and floor materials, housing type and number of rooms) as potential risk factors in 
NVRBs for certain diseases (i.e. Meningitis, Measles, Chicken pox and Influenza). Meanwhile, the PM 
were associated with Chicken pox and Influenza. Findings from this study can be used for future 
intervention studies. However, a large-scale with large sample size is recommended along with 
continuous measurements of indoor PM and CO2. This is essential to capture the full range of air quality 
measurements and their association with occupant’s health outcomes over time and space. Intervention 
studies have proved that poor indoor air quality can be improved significantly by using different 
intervention strategies such as improved ventilation through enlarged windows and introducing 
chimneys and smoke hoods into the kitchen design. Such intervention studies could improve scientific 
basis for developing a simplified tick-box style assessment framework, which in future could provide a 
meningitis risk analysis tool for local healthcare workers based on building type and window size 
assessment. This could potentially dispense with lengthy health questionnaires or environmental 
monitoring. 
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of household. In the case of PM10, weak positive relations were observed with only the main building 
orientation, orientation of window opening and other variables such as type of cooking fuel and main 
source of lighting. For CO2, weak positive relationship were only noted for main building orientation 
and type of housing unit. PM2.5, PM10 and CO2 were subjected to Point Biserial Correlation with the 
reported ailments (Table 1). Findings shows that PM2.5 was negatively correlated to the occurrence of 
most of the ailments but was positively correlated to TB, meningitis and chicken pox. However, none 
of the relationship has p-value less than 0.05; thus not significantly correlated to PM2.5. 
 
       Table 1: Correlation between PM2.5, PM10, CO2 and incidence of health complaints. 

Variables Participants’  
Responses F % PM2.5 PM10 CO2 Remarks 

Rpb Sig Rpb Sig Rpb Sig No response Total 

Tuberculosis No 63 45.3 0.093 0.452 0.097 0.431 -0.047 0.703 48 116 Yes 5 4.3 

Pneumonia No 52 44.8 -0.080 0.510 -0.044 0.714 0.136 0.257 45 
116 Yes 19 16.4 

Asthma No 63 54.3 -0.074 0.541 -0.068 0.577 0.085 0.482 46 yes 7 6.0 
Meningitis No 52 44.8 

0.050 0.683 0.003 0.982 -0.008 0.948 48 116 
Yes 16 13.8 

Measles No 48 41.4 -0.35 0.777 -0.114 0.360 0113 0.362 49 116 
Yes 19 16.4 

Chickenpox No 49 42.2 0.177 0.133 0.285 0.014 0.081 0.494 43 116 
Yes 24 20.7 

Influenza No 28 24.1 -0.115 0.299 0.055 0.622 -0.161 0.146 33 116 
Yes 55 47.4 

Malaria No 3 2.6 
-0.072 0.470 0.022 0.827 -0.008 0.939 12 116 

Yes 100 86.2 

 
Similarly, PM10 was negatively correlated to the occurrence of Pneumonia, Asthma and Measles but 
positively correlated to the incidence of other reported ailments. In most of the cases none of the 
relationship has its p-value less than 0.05 except for chicken pox where Rpb = 0.285, p < .05. This 
implies that most of the disease occurrences are not significantly correlated to PM10 except for Chicken 
pox. The result for CO2 is also similar to PM2.5. The occurrences of some of the ailments were negatively 
correlated with CO2 while others were positively correlated with none of the correlation values possess 
values less than 0.05 and hence are not significant. The building characteristics were cross-tabulated 
with the incidence of the reported diseases to explore the association between them; Chi-square values 
and Fishers’ exact test were computed at 0.05 level of significance. The results show that that the main 
building orientation is significantly associated with the incidence of Measles (p<0.02), Meningitis (p< 
0.03) and TB (p< 0.04). Meanwhile the building floor materials are significantly associated with 
Meningitis (p<0.01), Measles (p<0.02) and influenza (p<0.002) the materials used for floor covering. 
Their odds ratio are less than 1 implying  that as the floor material improves from earth, wood, cement 
and to rug, the odds of incidence of the three ailments are reduced. Meanwhile, logistic regression 
analyses of the diseases along with indoor air quality shows no relationship with CO2. However, PM10 
shows significant relationship with chicken pox (Wald = 4.029, p = .045) and Influenza (Wald = 4.002, 
p = .045); while PM2.5 (Wald = 6.263, p = 0.012) is significantly related to Influenza. Similar result was 
found with the number of bedrooms available in the building. PM10 shows significant relationship with 
chicken pox (Wald = 3.890, p = .049) and Influenza (Wald = 3.987, p = .046); while PM2.5 (Wald = 
5.726, p = 0.017) only show significantly relationship with Influenza.  
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SUMMARY 
A natural ventilation system, which uses buoyancy force, is one of the key ventilation systems in 
Japan. A crawl space is required for use as an air inlet or ventilation chamber and to save space for 
any heating and cooling equipment. The crawl space is necessary to maintain a proper hygrothermal 
environment throughout the year. A whole building heat, air, and moisture transfer simulation study of 
the hygrothermal condition in a crawl space being used as a ventilation chamber has been carried out 
to clarify the requirements to avoid microbial pollution. 
From the simulation results, heating in the crawl space during winter had little effect on the yearly 
humidity cycle. In the summer, the frequency ratio of the relative humidity in the crawl space 
becomes 95% or more of the natural ventilation system and is higher than the mechanical exhaust 
ventilation system during the summer. It was also found that the moisture flux of the concrete slab is 
relatively large and depends on the humidity conditions of the regional climate, the thermal 
performance of the slab, and the ground conditions. 
Keywords: crawl space; ventilation chamber; whole building heat, air and moisture simulation 

1 INTRODUCTION 
In anticipation of future compliance with the energy conservation standards of Japan, the use of the 
vertical edge insulation method is expected to become even more widespread. However, in areas of 
moderate climate, it has been pointed out that a foundation wall employed in the vertical edge 
insulation method is prone to mildew growth within a year of completion. Because the natural 
ventilation system based on the stack effect utilizes the buoyancy due to the temperature difference 
between indoors and outdoors, the installation of a ventilation inlet in the crawl space and a high-rise 
extraction chimney are required. From the viewpoint of IAQ control, the vertical edge insulation 
method requires a set of measures or design rules to maintain a steady temperature and humidity in 
that space. Simulation studies of the hygrothermal behavior of houses under regional weather 
conditions in Japan were carried out. The premises used a natural ventilation system based on the 
stack effect, and the characteristics of the hygrothermal condition in the crawl space were 
investigated.  
 

2 METHODS 
2.1 Simulation outline  
For predicting the hygrothermal condition of the crawl space, a simulation program that considered 
the multizone heat, air, and moisture balance coupled with the airflow network analysis was used. The 
heat and moisture balance equations of each room are shown in equations (1) and (2). 
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Each site constituent material was handled as a one-dimensional model for heat and moisture transport 
in the building envelope in the hygroscopic region. The material located in the crawl space, the 
foundation concrete, the wood sleeper, and so forth greatly affect the moisture absorption and 
desorption, and thus, it should be calculated as simply as possible without any loss in accuracy. So a 
homogeneous flat board as a simplified model was considered, which takes into account the intensity 
and the surface area of the materials. The simulation is run for three successive years, and the result 
after the third year was analyzed in this study. 
 
2.2 Model used for simulation, material property, and general inputs 
Figure 1 shows the plan of the model used for the simulation. The model is based on a constructed 
house with a natural ventilation system based on the stack effect with crawl space heating. The 
thermal and airtight performance is based on data measured at the house.  
Heating and ventilation of the rooms by natural air distribution via the stack effect using a crawl space 
heater is very effective because the residential humid air returns into the crawl space and establishes 
the hygrothermal condition. 
The following three kinds of heating and ventilation methods were investigated in this study. (a) 
natural ventilation system based on the stack effect with crawl space heating (using an underfloor 
temperature setting of 20 °C) (hereinafter abbreviated to NVSwH system), (b) natural ventilation 
system based on the stack effect without crawl space heating (hereinafter abbreviated as NVS system), 
and (c) exhaust mechanical ventilation system without using underfloor heating (hereinafter 
abbreviated as EMV system). 
Because the starting situation varies according to the ventilation method, two types of ventilation 
network models were used: a 7-zone and 91-node model for the NVSwH system and NVS system and 
a 7-zone and 89-node model for the EMV system. The general inputs for the calculation, including the 
distribution of gaps in each part of the house and the generation of indoor heat and moisture are shown 
in Table 1. Sapporo (annual average outdoor air temperature 8.9 °C, latitude 43.06°N, longitude 
141.328°E), Sendai (12.4 °C, 38.262°N, 140.897°E), Tokyo (15.4 °C, 35.692°N, 139.75°E), and 
Kochi (17.0 °C, 33.567°N, 133.548°E) were the cities selected for the simulation study, which 
examined in detail the areas with the highest risk for mould growth.  
 

  
 
  

General input of Thermal Properties, 
 Ventilation, Air leakage distribution 

Thermal Properties of the envelope 
Vertical edge insulation: XPS 3b 100 mm (outside), Wall: XPS 
25 mm+HGW16k 100 mm, Roof: HGW16k 300 mm, UA Value 
0.449 W/(m2K). 
Rooms：Crawl Space (Room1), Bedroom (Room2), Study room 
(Room3), Japanese Style Room(Room4), UT(Room5), 
 Hall (Room6), 2F room(Room7) 
Air leakage distribution: (Total Equivalent Leakage Area 40 cm2) 
Windows, Doors Total: 16 cm2, Floor total: 12 cm2, Roof total: 
16 cm2 
Air Inlet Duct Size and Height：150φ×2 at G.L.+250 mm 
Exhaust Pipe Size and Height ：150φ×2 at G.L.+9400 mm 
Heat generation total：14.8 kWh/day, Moisture generation 
total：10.5 kg/day 
Metrological data ：EA AMEDAS data (Standard year),Sapporo，
Sendai，Tokyo，Kochi
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Figure 1 Plan used during the simulation
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Where  
W(t):moisture generation (kg/s), H(t):heat generation (W), 
Tr: room temperature (°C), Xr: room humidity ratio 
(kg/kgDA), Si: surface area (m2), G: air flow volume 
(kg/s), Γ : volume of air in a room (kgDA), c: heat 
capacity of room air (J/kgDA/K) 
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3. SIMULATION RESULTS  
3.1 Annual relative humidity fluctuation in the crawl space  
As an example of the annual simulation results, Figure 2 shows the relative humidity fluctuation in the 
crawl space of the NVSwH system, NVS system, and the EMV system in Sendai. During the winter 
season, the relative humidity in the crawl space in the NVSwH system and the NVS system decreases 
because of dry outdoor air entering the system. This is especially pronounced in the NVSwH system 
that saw the relative humidity drop down to below 20% within the crawl space. On the other hand, the 
EMV system had a relative humidity of about 50%.  
During the summer months, the major effect of the outdoor air on the NVSwH system and the NVS 
system was to create a relatively high humidity condition, which varied little between all three 
ventilation systems. 
Figure 3 shows the relative humidity frequencies of each area and each ventilation system. In the 
NVSwH system and the NVS system, the frequency ratio that the relative humidity becomes 95% or 
over is higher than the EMV system, and it is found that Sendai has the highest humidity frequency 
among the four selected areas. Grounded on this result, the detailed analysis is performed using the 
Sendai climatic data in particular. 

 
 

 
 
 
 
3.2 Amount of air flow in the crawl space during the summer  
In the summer season, when the outdoor air temperature rises, the rate of ventilation increases by the 
opening of a window, which also affects the air flow path and its volume. The computation 
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Figure 2 Simulated yearly relative humidity variation in the crawl space (Sendai) 

Figure 3 Frequency distribution of the simulated relative humidity across the four areas studied in 
Japan
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Each site constituent material was handled as a one-dimensional model for heat and moisture transport 
in the building envelope in the hygroscopic region. The material located in the crawl space, the 
foundation concrete, the wood sleeper, and so forth greatly affect the moisture absorption and 
desorption, and thus, it should be calculated as simply as possible without any loss in accuracy. So a 
homogeneous flat board as a simplified model was considered, which takes into account the intensity 
and the surface area of the materials. The simulation is run for three successive years, and the result 
after the third year was analyzed in this study. 
 
2.2 Model used for simulation, material property, and general inputs 
Figure 1 shows the plan of the model used for the simulation. The model is based on a constructed 
house with a natural ventilation system based on the stack effect with crawl space heating. The 
thermal and airtight performance is based on data measured at the house.  
Heating and ventilation of the rooms by natural air distribution via the stack effect using a crawl space 
heater is very effective because the residential humid air returns into the crawl space and establishes 
the hygrothermal condition. 
The following three kinds of heating and ventilation methods were investigated in this study. (a) 
natural ventilation system based on the stack effect with crawl space heating (using an underfloor 
temperature setting of 20 °C) (hereinafter abbreviated to NVSwH system), (b) natural ventilation 
system based on the stack effect without crawl space heating (hereinafter abbreviated as NVS system), 
and (c) exhaust mechanical ventilation system without using underfloor heating (hereinafter 
abbreviated as EMV system). 
Because the starting situation varies according to the ventilation method, two types of ventilation 
network models were used: a 7-zone and 91-node model for the NVSwH system and NVS system and 
a 7-zone and 89-node model for the EMV system. The general inputs for the calculation, including the 
distribution of gaps in each part of the house and the generation of indoor heat and moisture are shown 
in Table 1. Sapporo (annual average outdoor air temperature 8.9 °C, latitude 43.06°N, longitude 
141.328°E), Sendai (12.4 °C, 38.262°N, 140.897°E), Tokyo (15.4 °C, 35.692°N, 139.75°E), and 
Kochi (17.0 °C, 33.567°N, 133.548°E) were the cities selected for the simulation study, which 
examined in detail the areas with the highest risk for mould growth.  
 

  

 
  

General input of Thermal Properties, 
 Ventilation, Air leakage distribution 

Thermal Properties of the envelope 
Vertical edge insulation: XPS 3b 100 mm (outside), Wall: XPS 
25 mm+HGW16k 100 mm, Roof: HGW16k 300 mm, UA Value 
0.449 W/(m2K). 
Rooms：Crawl Space (Room1), Bedroom (Room2), Study room 
(Room3), Japanese Style Room(Room4), UT(Room5), 
 Hall (Room6), 2F room(Room7) 
Air leakage distribution: (Total Equivalent Leakage Area 40 cm2) 
Windows, Doors Total: 16 cm2, Floor total: 12 cm2, Roof total: 
16 cm2 
Air Inlet Duct Size and Height：150φ×2 at G.L.+250 mm 
Exhaust Pipe Size and Height ：150φ×2 at G.L.+9400 mm 
Heat generation total：14.8 kWh/day, Moisture generation 
total：10.5 kg/day 
Metrological data ：EA AMEDAS data (Standard year),Sapporo，
Sendai，Tokyo，Kochi
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Figure 1 Plan used during the simulation
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Where  
W(t):moisture generation (kg/s), H(t):heat generation (W), 
Tr: room temperature (°C), Xr: room humidity ratio 
(kg/kgDA), Si: surface area (m2), G: air flow volume 
(kg/s), Γ : volume of air in a room (kgDA), c: heat 
capacity of room air (J/kgDA/K) 
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incorporated the logic of opening a window for ventilation when the average temperature of the living 
rooms, except the underfloor space, exceeded 26 °C in this simulation. 
The period of analysis was 4 months, from June 1 to September 30. Figure 4 shows the average air 
flow volume around the floor in the “Window Closed” case and the “Window Open” case in all three 
ventilation modes. A positive value represents air flowing into, and a negative value represents air 
flowing out of, the underfloor ventilation chamber. The hygrothermal condition in the crawl space of 
the NVSwH system and of the NVS system does not change greatly, and when the window is closed, 
there is an inflow from the air supply inlet and a return from the 2F room, which influenced large 
amount of stack effect flow through the hall to 2F room, then exhaust from 2F room to outdoor air, as 
it flows to rooms 2, 3, and 4; the UT; and the hall. On the contrary, by opening the window, inflows 
from room 4 occurred, mostly out to room 3. In the case of the EMV system, the inflow from the 2F 
room, accounts for the majority of the air movement and flows into the crawl space from the outdoor 
inlet. The air volume of outflow to rooms 2, 3, and 4; UT; and the hall is about 1/10 compared with 
the NVSwH and NVS systems, and the influence of the window opening is diminished. However, 
because the direction of the outdoor air flow is sometimes reversed, the introduction of outdoor 
moisture into the crawl space is examined in the next section. 
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3.3 Influence of an open window on the humidity ratio in the crawl space  
Figure 5 shows the relationship between the humidity of the outdoor air and the crawl space air in the 
window closed and open situations. The NVSwH and NVS systems had a high correlation, with 
almost no change in the average humidity ratio in the crawl space and that of outdoor air in the 
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Figure 4 Average air flow volume around the crawl space in the three ventilation modes
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window closed mode. The outflow to room 2 in the window closed mode changes to an inflow of air 
from room 2 when the window is open; nevertheless, the correlation coefficient is also higher because 
there is an inflow from outdoors at a small flow rate. Yet when looking at the average value of the 
humidity ratio in the crawl space, it is lower than the mean value of the outside air humidity ratio by 
around 0.5 g/kgDA. No difference due to winter heating in the crawl space was observed, and even if 
the drying of the component materials was promoted in winter, it was found that there was no effect in 
the annual cycle. Essentially, the EMV system does not easily influence the hygrothermal condition in 
the crawl space by the outdoor air, so the degree of tilt of the regression line is smaller than the other 
systems, and also the correlation coefficient is relatively depressed. 
 
 
 
 
 
 
 
 
 
 
 

3.4 Effect of a concrete slab and foundation wall on the hygrothermal behavior in the 
crawl space  
The amount of moisture absorption and desorption of the component materials in the underfloor space 
humidity is discussed. Figure 6 shows the monthly moisture absorption and desorption volume of 
concrete slabs and the northern foundation wall. 
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Figure 6 The monthly moisture absorption and desorption volumes of concrete slabs, and the 
northern foundation wall
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incorporated the logic of opening a window for ventilation when the average temperature of the living 
rooms, except the underfloor space, exceeded 26 °C in this simulation. 
The period of analysis was 4 months, from June 1 to September 30. Figure 4 shows the average air 
flow volume around the floor in the “Window Closed” case and the “Window Open” case in all three 
ventilation modes. A positive value represents air flowing into, and a negative value represents air 
flowing out of, the underfloor ventilation chamber. The hygrothermal condition in the crawl space of 
the NVSwH system and of the NVS system does not change greatly, and when the window is closed, 
there is an inflow from the air supply inlet and a return from the 2F room, which influenced large 
amount of stack effect flow through the hall to 2F room, then exhaust from 2F room to outdoor air, as 
it flows to rooms 2, 3, and 4; the UT; and the hall. On the contrary, by opening the window, inflows 
from room 4 occurred, mostly out to room 3. In the case of the EMV system, the inflow from the 2F 
room, accounts for the majority of the air movement and flows into the crawl space from the outdoor 
inlet. The air volume of outflow to rooms 2, 3, and 4; UT; and the hall is about 1/10 compared with 
the NVSwH and NVS systems, and the influence of the window opening is diminished. However, 
because the direction of the outdoor air flow is sometimes reversed, the introduction of outdoor 
moisture into the crawl space is examined in the next section. 

 
NVSwH: Natural Ventilation 

System based on Stack Effect with 
Crawl Space Heating 

NVS: Natural Ventilation System 
based on Stack Effect without Crawl 

Space Heating 

EMV: Exhaust Mechanical 
Ventilation System for living space 

only  

Window 
Closed 
 Case 

 
(6/1 to 9/30) 

 

 

 

 

 

 

 

 

 

  

Window 
Open  
Case 

 
(6/1 to 9/30) 

 
(when the average 
 temperature value of 
the living rooms 
exceeded 26 °C) 

 

 

 

 

 

 

 

 

 

  

 

3.3 Influence of an open window on the humidity ratio in the crawl space  
Figure 5 shows the relationship between the humidity of the outdoor air and the crawl space air in the 
window closed and open situations. The NVSwH and NVS systems had a high correlation, with 
almost no change in the average humidity ratio in the crawl space and that of outdoor air in the 
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Figure 4 Average air flow volume around the crawl space in the three ventilation modes
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In winter, 241.4 and 83.6 g/m2 of moisture is released and absorbed respectively, from the concrete 
slab on average each month. The amount of moisture absorption and desorption is almost the same as 
the northern foundation wall. In summer, the moisture absorption/desorption of the concrete slab 
greatly increases up to 1675.2 and 477.6 g/m2, respectively. The northern foundation wall also 
increases the amount of moisture it absorbs and desorbs, but the change is not as large as the concrete 
slab (625.7 g/m2 for moisture absorption and 533.1 g/m2 for moisture desorption). It is seen that the 
moisture flux occurs because of the temperature gradient created by the low temperature on the earth 
side of the concrete slab. However, because of the moisture absorption, the surface of the concrete 
slab also forms condensation, which leads to an increased risk of mold problems. To control the 
surface humidity, it is necessary to improve the thermal insulation performance under the concrete 
slab or to insulate the slab surface directly. Also, the fact that the moisture absorption is large means 
that there is a high possibility that moisture absorption and desorption at the concrete slab surface can 
control the hygrothermal condition in the crawl space. However, for the EMV system during the 
winter month of January, only 10.4 and 121.7 g/m2 of moisture is released and absorbed respectively 
from the concrete slab. At the northern foundation wall, the moisture absorption and desorption values 
were 13.4 and 106.4 g/m2 respectively. In August, the concrete slab exhibited values of 375.9 g/m2 for 
absorption and 178.9 g/m2 for desorption, whereas the northern foundation wall's equivalent values 
were 314.0 and 150.5 g/m2. Therefore, the moisture transfer effect of the northern foundation wall did 
not vary much between seasons. 
 
4. CONCLUSIONS  
It is found that the NVSwH and NVS systems increase the risk of humidification in the underfloor 
ventilation chamber during the summer season, which depends on the humidity conditions of the 
regional climate, the thermal performance of the slab, and the ground conditions. 
As an outcome of a detailed study using the Sendai meteorological data, it is found that the presence 
or absence of winter heating in the crawl space has little consequence on the long-term humidity 
regulating function using these materials. In the summer, it was found that the humidity ratio in the 
crawl space is almost equal to or slightly lower than the humidity ratio of the outdoor air. 
Furthermore, as an outcome of examining the moisture absorbing and desorbing characteristics of the 
concrete in the underfloor ventilation chamber, it is evident that the concrete slab has an influence on 
the NVSwH system and the NVS system. This finding is particularly important in ventilation systems 
that introduce fresh air into the crawl space. In terms of criteria for environmental control in using the 
crawl space as a ventilation chamber, it is possible to devise an effective absorbent material as another 
alternative. 
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SUMMARY  
The phenomenon of condensation is well known, and the principle of preventing method is simple. 
However, condensation on residential space has been longstanding problems. The result of condensation 
derived by a complex combination of following factors; inappropriate design of the building, poor 
construction, and lifestyle habits of residents. The purpose of this study is to prevent condensation in a 
residential space where condensation may occur due to the influx of bathroom moisture transfer into 
the dressroom. In this study, analyzed the risk of condensation according to the controlled experiment 
and monitoring occupancy situation with Raspberry pi sensor alarming algorithm. As a result, the risk 
of condensation significantly reduced by following the alarming algorithm prevention method. However, 
the possibility of condensation was lower during occupancy situation compares with the controlled 
experiment. Besides the insulation and ventilation schemes determined at the design stage, this result 
confirmed that the presence or absence of condensation is determined according to the various factors 
applied during the building usage stage.  
Keywords: Condensation Prevention Algorithm, Occupancy Behaviour, Field Measurement, 
Raspberry Pi  

1 INTRODUCTION  
The phenomenon of condensation is well known, and the principle of preventing method seems quite 
simple. However, condensation on occupied space has been longstanding problems. About 14 % of 
apartment building flaw related to condensation, which are 3rd ranking followed by noise complaint 
issues and malfunction of system reported by Korean government between 2010 to 2015 (Housing 
Defect Assessment and Dispute Resolution Committee of the Ministry of Land, Transport and Maritime 
Affairs). In order to prevent condensation, many countries such as Austria, Switzerland, France, 
Netherlands, and Japan use the temperature difference ratio of wall nearby thermal bridge area as design 
criteria to prevent condensation (Jeong, 2013). A similar regulation in Korea called “Design Criteria for 
Prevention of Condensation of Apartment Buildings” suggests a temperature difference ratio for 
condensation reduction. The TDR(Temperature Difference Ratio) value to be observed in each area is 
a value that can maintain a surface temperature higher than the dew point temperature at 25°C and 50% 
of the room temperature and humidity. Therefore, even following the design criteria, the condensation 
will occur if the room humidity exceeds over 50%.  
The result of condensation is derived by a complex combination of following factors; inappropriate 
design of the building, poor construction, and lifestyle habits of residents. Dressroom in Korea is usually 
located next to the bathroom of the master bedroom for allows the convenience of the changing clothes 
and taking a bath. Even though this space is designed with TDR values, it is vulnerable to excessive 
amounts of uncontrolled moisture generation from the bathroom (Kim et al., 2017). The goal of this 

In winter, 241.4 and 83.6 g/m2 of moisture is released and absorbed respectively, from the concrete 
slab on average each month. The amount of moisture absorption and desorption is almost the same as 
the northern foundation wall. In summer, the moisture absorption/desorption of the concrete slab 
greatly increases up to 1675.2 and 477.6 g/m2, respectively. The northern foundation wall also 
increases the amount of moisture it absorbs and desorbs, but the change is not as large as the concrete 
slab (625.7 g/m2 for moisture absorption and 533.1 g/m2 for moisture desorption). It is seen that the 
moisture flux occurs because of the temperature gradient created by the low temperature on the earth 
side of the concrete slab. However, because of the moisture absorption, the surface of the concrete 
slab also forms condensation, which leads to an increased risk of mold problems. To control the 
surface humidity, it is necessary to improve the thermal insulation performance under the concrete 
slab or to insulate the slab surface directly. Also, the fact that the moisture absorption is large means 
that there is a high possibility that moisture absorption and desorption at the concrete slab surface can 
control the hygrothermal condition in the crawl space. However, for the EMV system during the 
winter month of January, only 10.4 and 121.7 g/m2 of moisture is released and absorbed respectively 
from the concrete slab. At the northern foundation wall, the moisture absorption and desorption values 
were 13.4 and 106.4 g/m2 respectively. In August, the concrete slab exhibited values of 375.9 g/m2 for 
absorption and 178.9 g/m2 for desorption, whereas the northern foundation wall's equivalent values 
were 314.0 and 150.5 g/m2. Therefore, the moisture transfer effect of the northern foundation wall did 
not vary much between seasons. 
 

4. CONCLUSIONS  
It is found that the NVSwH and NVS systems increase the risk of humidification in the underfloor 
ventilation chamber during the summer season, which depends on the humidity conditions of the 
regional climate, the thermal performance of the slab, and the ground conditions. 
As an outcome of a detailed study using the Sendai meteorological data, it is found that the presence 
or absence of winter heating in the crawl space has little consequence on the long-term humidity 
regulating function using these materials. In the summer, it was found that the humidity ratio in the 
crawl space is almost equal to or slightly lower than the humidity ratio of the outdoor air. 
Furthermore, as an outcome of examining the moisture absorbing and desorbing characteristics of the 
concrete in the underfloor ventilation chamber, it is evident that the concrete slab has an influence on 
the NVSwH system and the NVS system. This finding is particularly important in ventilation systems 
that introduce fresh air into the crawl space. In terms of criteria for environmental control in using the 
crawl space as a ventilation chamber, it is possible to devise an effective absorbent material as another 
alternative. 
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study is to understand the complexity of the condensation occurrence in the occupied environment and 
suggest a proper solution for preventing the condensation. Previous research, we classified and analysis 
the condensation prevention on the dressroom in Korean apartment with building simulation program. 
As the result of the analysis, it was confirmed that closing the bathroom door while ventilating the 
bathroom is the most effective method for preventing condensation. However, controlling the door and 
turn on the ventilation fan in the bathroom requires the occupant’s intention for awareness of 
condensation problem in the building. This unconsciousness of the occupancy action influence on the 
indoor humidity changes. In this study, analyzed the risk of dew condensation according to the 
controlled condition and the case where the control is responsive to the occupant free will. 

2 METHOD  
The measurement has done under condensation prevention alarm algorithm with controlled and 
occupancy situation. The condensation prevention algorithms are embedded in Raspberry pi 
microprocessor, which receives the temperature and RH (Relative Humidity) values from bathroom and 
dressroom. During the controlled condition, experimenter carefully followed the condensation 
prevention algorithm with door openness and ventilation fan operation after 10 minutes of hot water 
shower. During the occupancy situation, the condensation prevention control leaves on user’s intention.  

2.1 Field Measurement Installation  
Three Raspberry Pi micro-processers are located in dressroom, bathroom, and balcony for sensing the 
temperature and RH changes to determine the possibilities of condensation and notify with light and 
buzzer alarms. Pi microprocessor in dressroom collects the zone data of dressroom and additionally 
receives the temperature and RH data installed in the bathroom. This Raspberry Pi calculates the 
dewpoint temperature near the lowest temperature of the wall surface in the dressroom. Raspberry Pi in 
the balcony area set up for collecting the local outdoor temperature and RH. All of the devices are 
accessible with Wi-Fi in the house and able to modify the data collection and control alarm method. 
The installed equipment types and specification described in table 1.  

 
Figure 1. Monitoring and Control Sensors Location  
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Table 1. Monitoring and control sensors type and specification  
 Product Name Detailed Specification 

Main Board Raspberry Pi 3 Version 3 

Sensor DHT 22 Temperature & Relative 
Humidity Sensor 

Relative Humidity Range:0-100% 
Temperature Range: -40~80°C  

Accuracy: ± 2%, 0.5°C 
Thermo Couple  K Type T/C Temperature Range:-200~1300°C 
Digital Analog 

Converter Max 31856 T/C Amplifier Only for K Type T/C 
Power Supply Voltage: 3.3~5V 

Buzzer MAB-GE05S Active Buzzer Power Supply Voltage:3~5V 
Wi-Fi Router ip TIME A2004NS-R - 

2.2 Condensation Prevention Algorithm  
The algorithm for the condensation prevention derived from the former study of condensation on the 
dressroom in Korean apartment. The former study concluded that closing the bathroom door and 
ventilating the bathroom efficiently prevents the condensation than increasing the insulation thickness 
or increasing the radiant floor surface temperature (Kim at al. 2017). The alarm-warning algorithm to 
encourage action to control the bathroom door and bathroom fan operation has created. The 
condensation control algorithm as shown on figure2 embedded in the Raspberry Pi with Python code. 
When the dressroom RH sensor located near bathroom door increase larger than RH 70%, it sends 
warning signal for the occupant to close the bathroom door. If the calculated dew point temperature 
near the window wall is higher than surface temperature, it alerts the condensation and user may have 
to close the bathroom door and turn on the ventilation fan.   
 

 

Figure 2. Dressroom condensation prevention algorithm  
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3 RESEARCH RESULT  

3.1 Controlled Experiment  
During the controlled experiment, the former study of simulation review on dressroom condensation 
preventions is verified. As shown in figure 3-a, condensation is completely prevented with control 
action of the closing door and ventilating fan operation after 10minues of shower activity. However, as 
an occupancy behaviour that the consciously controlling the door may barely happen that we added the 
door openness variation to understand whether the bathroom door openness influences the increase of 
the condensation on the dressroom. The result shows in figure 3-b and 3-c the Raspberry Pi alarm notify 
the experimenter approximately 4minutes during door openness is 15 degree and 6minutes for 90-
degree. This experiment shows that controlling the bathroom door to diminish the moisture transfer 
from the bathroom is the important factor for decrease the possibility of condensation on the dressroom.  

3.2 Occupant Situation 
Monitoring occupancy situation did for understanding the user behavior influence on the condensation 
occurrence. Researcher instructed the condensation algorithm embedded in sensor equipment and 
suggested to follow the control action by the light and alarm notification. However, the occupants were 
under no compulsion to follow the direction. The result of occupancy monitoring shown in figure 4 
shows that the possibility of condensation was much safer than controlled experiment even the occupant 
behavior was controversy to the suggested prevention method. The highest absolute humidity reaches 
the dressroom space 10.9 g/m3 while controlled experiment it reaches average 16.0g/m3 when bathroom 
door has 90-degree openness experiment.  
This different result concluded because of the amount of moisture generation and volume space for 
moisture diffusion. During the controlled experiment, the moisture generated for 10 minutes of shower, 
however, tenant took a shower about 6 to 8 minutes. Controlled experiment closed the master’s bedroom 
to limit the boundary of the experiment, however; when tenant uses the shower, the bedroom door was 
opened that moisture may diffuse to the larger space volume. Uncountable parameter and scenario 
increased under the occupancy situation rather than controlled experimental condition. The parameter 
condition classification is shown in table 2.  

Table 2. Parameter classification of controlled experiment and occupant situation 
Parameter Controlled 

Experiment 
Occupant 
Situation 

Seasonal influence Experiment Time Feb 15th 2018 Feb 23rd 2018 
Time Experiment Duration 1hour Monitoring 

Main Moisture 
Generation Shower Duration 10min Approx. 6min to 8min 

Temperature Influence Shower water temperature 38°C Approx. 38°C 

Volume range of 
Moisture Spread 

Bathroom Door Control Closed, Open 15°, 
Open 30°, Open 90° Open 

Bedroom Door Control Closed Open 
Built-in wardrobe Door Control Closed Open 

Ventilation Control Ventilation Fan Control On Off 
Natural Ventilation Control Window Closed Window Closed 

Additional Moisture 
Generation 

Number of Occupant of 
Bedroom 1 Adult 

1 Adult (possibility of 
the additional person 

occasional entrance to 
the room) 

Miscellaneous Moisture 
Generation Equipment None None 
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a. Door Closed, Fan ON  

 
b. Door open 15degree, Fan On  

 
c. Door open 90degree, Fan On  

 
d. Door Open 90degree, Fan OFF 

Figure 3. Field Measurement Result of by followed controlled algorithm 

 

 

Figure 4. Occupant Behavior Monitoring (Door Open, Fan OFF) 
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4 DISCUSSION & CONCLUSION 
The purpose of this study is to prevent condensation in a residential space where condensation may 
occur due to the influx of bathroom moisture transfer into the dressroom. The experiment has conducted 
the controlled situation and uncontrolled, occupant situation. During the controlled experiment, the 
amount of water vapor transferred to the dressroom decreased as the opening area of the bathroom door 
decreased. As a result, the risk of condensation significantly reduced when moisture vapor blocked by 
bathroom door and ventilation in the bathroom according to the simulation result of the former study. 
During the occupancy situation, the tenant has introduced to control the bathroom door and operate the 
ventilation fan by Raspberry Pi microprocessor sensor on the bathroom and dressroom. Even tenant 
have not followed the suggested control prevention method, the risk of dew condensation significantly 
reduced. Besides the insulation and ventilation schemes determined during the design stage, the 
occupancy behavior influences the presence or absence of moisture to create condensation in the 
dressroom. In order to prevent effective condensation, it is necessary to consider the control reflecting 
the occupancy behaviour influencing the temperature and humidity inside the building. This study may 
apply to build up Smart Residential operation with IoT sensor to creating the condensation free 
residential environment.   
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SUMMARY  
The most common natural ventilation (NV) system used in non-residential buildings is single sided (SS) 
ventilation. The popularity of this system is due to its easy integration in the building layout since, 
unlike in cross-ventilation (CV), SS systems do not require access to two façades or a central stack. 
Current knowledge about the capability of SS NV flows to penetrate into the office space, away from 
the façade, can be found in building regulations and design rules of thumb. Examples of these rules 
include California’s Title 24 20 ft rule, that limits the use of natural ventilation to office areas that are 
less than 20 ft (6 m) away from a façade with operable windows, and the CIBSE recommendations of 
maximum room depth of up to 2.5 room floor to ceiling heights (2.5H) for SS NV systems. The 
experimental study presented in this paper tries to fill the existing knowledge gap on the effectiveness 
of single sided natural ventilation beyond 20 ft or 2.5 floor to ceiling heights in open plan office spaces. 
The study used three rooms with SS ventilation and different internal dimensions and depths, varying 
between 3.5H and 5.7H. In all of these spaces the internal CO2 concentrations, air and surface 
temperatures were measured in 3 hour periods with typical NV office space occupation densities (7-12 
m2 per occupant) and internal gains (25-30 W/m2). The results indicate that the current regulation 
limitations are overly conservative. In all rooms the average internal CO2 concentrations were 
approximately constant up to a depth of 4H. 
Keywords: natural ventilation, single sided, ventilation effectiveness, room depth. 

1 INTRODUCTION  
Implementing natural ventilation (NV) systems in non-residential buildings is difficult due to the intense 
use of the spaces and the dependence of NV on building geometry and outdoor conditions. NV airflow 
is driven by pressure differences generated by buoyancy effects, wind or a combination of these two 
mechanisms. These pressure differences drive airflow from high to low pressures zones, across different 
zones inside the building or between indoor and outdoor environment.  The simplest way to implement 
natural ventilation (NV) strategies in non-residential buildings is through single sided systems (SS). 
These systems are easy to implement, since, unlike cross-ventilation (CV), SS system do not require 
access to two facades or a central chimney. In most cases, SS systems are able to provide a controllable 
airflow but often suffer from limited airflow rates that can result in low cooling power and low 
ventilation efficiency in room areas that are away from the façade with the SS openings.  
Among researchers and buildings designers there is a belief that SS NV flows have limited capability 
to remove heat and pollutants in room areas that are not near the façade (figure 1). These beliefs are 
reflected in several design regulations and rules of thumb such as California’s Title 24  20ft rule (CEC 
Title 24, 2013), that limits the use of natural ventilation to office areas that are less than 20 ft (6 m) 
away from a façade with operable windows, and the CIBSE recommendations of maximum room depth 
of up to 2.5 room floor to ceiling heights (2.5H, CIBSE, 2015). In spite of these limitations, there are 
many know examples of tall rooms (H>3.5m) where SS NV provides adequate fresh air and cooling in 
room zones that are more than 6 m away from the facade.  

4 DISCUSSION & CONCLUSION 
The purpose of this study is to prevent condensation in a residential space where condensation may 
occur due to the influx of bathroom moisture transfer into the dressroom. The experiment has conducted 
the controlled situation and uncontrolled, occupant situation. During the controlled experiment, the 
amount of water vapor transferred to the dressroom decreased as the opening area of the bathroom door 
decreased. As a result, the risk of condensation significantly reduced when moisture vapor blocked by 
bathroom door and ventilation in the bathroom according to the simulation result of the former study. 
During the occupancy situation, the tenant has introduced to control the bathroom door and operate the 
ventilation fan by Raspberry Pi microprocessor sensor on the bathroom and dressroom. Even tenant 
have not followed the suggested control prevention method, the risk of dew condensation significantly 
reduced. Besides the insulation and ventilation schemes determined during the design stage, the 
occupancy behavior influences the presence or absence of moisture to create condensation in the 
dressroom. In order to prevent effective condensation, it is necessary to consider the control reflecting 
the occupancy behaviour influencing the temperature and humidity inside the building. This study may 
apply to build up Smart Residential operation with IoT sensor to creating the condensation free 
residential environment.   
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These ad hoc rules have a large impact in NV system use since whenever the room depth exceeds these 
limits designers must use CV or a central stack. CV is difficult to use due to the internal partitions and 
corridors that can often block the flow and a central stack takes up valuable space. In this context, 
designers tend to opt for mechanical cooling and ventilation systems for this part of the space. Since the 
coexistence of natural and mechanical systems is very challenging it can happen that mechanical cooling 
and ventilation ends up being used in the whole space simply because the room depth exceeded the 
2.5H or 20ft limit. 
The alternative to these rules is a performance compliance approach based on computational simulation 
or reduced scale modelling. It is interesting to note that existing experimental (White & Walker, 1992, 
1996) and numerical (Gouhui, 2000) studies of fresh air penetration depth in SS systems indicate that 
these limits may be overly conservative. In all studies the average penetration depth, defined as the point 
beyond which the mean age of air exceeds the age of air at the exhaust, exceeded 3H. These existing 
studies are limited by the use of low internal gains and fully open windows (or no windows at all). 
Clearly, the limits used in current design guidelines and building regulations have not been validated 
by research and may be overly conservative. The study presented in this paper addresses the need for 
further research to assess the impact of internal gain distribution and window configuration and develop 
more sophisticated rules that hopefully may guide designers to produce better SS system that in some 
cases may extend beyond the current limits. With this goal, this paper presents an experimental study 
of the capability of SS NV to provide fresh air in small open plan office spaces with variable depth. 
 

 
Figure 1: Simplified illustration of the CIBSE and California’s Title 24 limitations in a single sided 
small office room. 

2 CASE STUDIES 
The measurements of internal temperatures and CO2 concentrations were performed in two to three-
hour periods in three rooms located in the Faculdade de Ciências da Universidade de Lisboa (FCUL) 
campus (figure 2). The rooms are in southeast oriented buildings, built in the late 80’s (Large and 
Medium offices) and 90’s (Long Office) ,with a heavy concrete based construction (no insulation), 
single glazing (λ=1.2 W/m.K; τ=0.84) and external shading to avoid direct solar heat gains. All rooms 
have SS ventilation with inward opening vertical axis windows, as shown in figure 3. The three rooms 
studied allow for an investigation of different nuances of SS flow penetration problem and have depths 
scaled by room height of 3.5 or more (therefore exceeding CIBSE and Title 24 limits). The main 
characteristics of the rooms are shown in table 1. The large office room has the largest floor to ceiling 
height (3.5m), and a square footprint that allowed for an analysis of spatial asymmetries in indoor 
conditions not only along the room depth but also along the room width. The medium office has a 
smaller footprint and a lower, more typical floor to ceiling height and a similar scaled depth (3.5H). The 
third room is more uncommon due to its large depth, allowing for an investigation of the penetration 
depth limit up to 5.7H. 
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The large office is located in the first floor of a large building with an exterior façade oriented towards 
N-NW. The Medium office is located directly in front of the large office and is oriented towards S-SE. 
The long office is located in a basement floor and accesses the outside in an external patio. During the 
measurements, the were made air tight to ensure that all the ventilation airflow occurring in a given 
room was due to the SS NV opening. This included the sealing of doorways and all ventilation grilles. 
Table 1 shows the dimensions and approximate internal gains of the three rooms used in this study. Heat 
gains were doe to lighting, computers and occupants. CO2 was emitted by the occupants. 
 
Table 1. Dimensions and internal gains of the three rooms used in this study. 

Room Height 
(H, m) 

Area 
(Af, m2) 

Opening to room floor 
area ratio (AWin/Af) 

Internal gains 
(W/m2) 

Room depth 
(scaled by H) 

Large Office 3.5 158 1.0 % 25 3.6H 

Medium Office 2.6 52 1.2 % 27 3.5H 

Long Office 2.6 41 1.5 % 28 5.7H 

 
During the experiments the predominant wind direction was NW (typical of the Spring and Summer 
afternoons in Lisbon), with a maximum average speed of 2 m/s (measured near the SS openings). 
 

 
Figure 2: Locations and dimensions of the three office rooms studied. Lisbon, Portugal. Source: Google 
Maps. 

 

3 MEASUREMENT SETUP 
To evaluate the room temperature and CO2 distribution multiple sensors were used in each room. The 
location of the temperature and CO2 sensors used is shown in figure 3. The sensors (K-33 ELG, CO2 
Meter) were placed along the room depth so that the variation of the room temperature and CO2 levels 
could be assessed. Two rows of sensors are also placed in each room in order to capture the vertical 
thermal and/or CO2 stratification. The internal gains and occupants were evenly distributed along the 
rooms so that the results would not be affected by uneven distributions. The measurements were 
performed in July 2017, in periods of 2-3 hours with the room with evenly distributed occupation and 
internal gains.  
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conditions not only along the room depth but also along the room width. The medium office has a 
smaller footprint and a lower, more typical floor to ceiling height and a similar scaled depth (3.5H). The 
third room is more uncommon due to its large depth, allowing for an investigation of the penetration 
depth limit up to 5.7H. 
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Figure 3: Interior view, CO2 and temperature sensor positions in the three office spaces studied. 

 

4 RESULTS 
Figures 4-6 show the time evolution and spatial variation of the room air temperatures and CO2 
concentrations in the three experiments. The temperature results obtained in all rooms shown 
insignificant differences along the room depth and space height (0.29-0.41ºC), revealing a completely 
mixed air conditions. This fact could result from the air-surface radiative heat exchange that smooth the 
expected differences along the room depth.  When analyzing the CO2 concentration (that is not affected 
by radiative heat exchanges) it is possible to verify that only in the Long Office (5.7H) we found a 
stagnation zone where the CO2 concentration is 311ppm higher than in the rest of the space. 
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Figure 4: Internal air temperatures and CO2 concentrations in the large office. 

 

 

 
Figure 5: Internal air temperatures and CO2 concentrations in the medium office. 
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Figures 4-6 show the time evolution and spatial variation of the room air temperatures and CO2 
concentrations in the three experiments. The temperature results obtained in all rooms shown 
insignificant differences along the room depth and space height (0.29-0.41ºC), revealing a completely 
mixed air conditions. This fact could result from the air-surface radiative heat exchange that smooth the 
expected differences along the room depth.  When analyzing the CO2 concentration (that is not affected 
by radiative heat exchanges) it is possible to verify that only in the Long Office (5.7H) we found a 
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Figure 6: Internal air temperatures and CO2 concentrations in the long office. 

5 CONCLUSION 
The results obtained for the Large and Medium offices show that SS NV can be effective up to depths 
of 3.5H. The measurements show approximately uniform indoor conditions along the two rooms: 
(ΔT) =0.3ºC (ΔCO2) = 31ppm. As expected, the results obtained in the Long Office (5.7xH) revealed 
the limits of flow penetration in very long rooms. For this case, the accumulation of CO2 in the 5H 
measurement point indicates that, in this room, SS NV stagnation point is located between 4-5H. In all 
existing studies the average penetration depth, defined as the point beyond which the mean age of air 
exceeds the age of air at the exhaust, exceeded 3.5H. Clearly, the limits used in current design guidelines 
and building regulations are overly conservative.  
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SUMMARY  
In this study a systematic approach for improving the accuracy of the airflow network (AFN) model in 
EnergyPlus (EP) is proposed with introducing an adaptive discharge coefficient for cross-ventilation 
calculations. At first step, a CFD model validation and calibration was performed by exploiting 
experimental measurements. In the next step, a CFD database was created for different design 
parameters, including the openings geometry and vertical positions and wind angle. Results of the 
CFD database for airflow rate and experimental data for surface wind pressure were passed to the 
orifice model to obtain the adaptive discharge coefficient. Approximation techniques based on the 
radial basis function (RBF) model were utilized to create a model for the adaptive discharge 
coefficient and modify the AFN model. 
The developed methodology was applied to a small cross-ventilated building which was placed in two 
different arrangements of unsheltered and sheltered conditions. Results showed that assuming a 
constant discharge coefficient is an important source of error in AFN model which results in 
unreliable predictions for airflow rate and energy saving potential of cross-ventilation strategy for the 
building in both unsheltered and sheltered scenarios. Deviations up to 70% and 30% were found in 
airflow rate and energy-saving potential estimations by the default and modified AFN and EP models.
Keywords: cross-ventilation, adaptive discharge coefficient, approximation model, building energy 
saving, airflow network 
 
1 INTRODUCTION  
Natural ventilation techniques have been used extensively in many traditional and modern buildings 
because of their high energy saving potential and noticeable impact on the air quality and comfort 
level of occupants (Aydin and Mirzaei, 2016) . Cross-ventilation is one of the most attracting forms of 
the natural ventilation which has quite simple application while its mechanism is very complex. 
Among different methods for cross-ventilation analysis, including wind tunnel and on-site 
measurement techniques, the airflow network (AFN) methods based on the orifice equation are 
frequently used by many designers for engineering applications. Despite the popularity of the AFN 
models, their accuracy and reliability require more considerations for accurate design of buildings to 
benefit from cross-ventilation potentials specifically for sheltered conditions and large openings.  
The inaccuracy of the AFN models is related to two different sources. Results of the numerical 
(Shirzadi et al, 2017b) and experimental (Tominaga and Blocken, 2016) studies show that the required 
conditions for validity of the orifice-based equation is not generally satisfied in cross-ventilation 
because the openings affect the pressure distribution over the envelope and kinetic energy doesn’t 
fully dissipate in downstream of the inlet opening. On the other hand, there is a noticeable uncertainty 
in the value of the AFN model parameters such as the surface wind pressure (𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃), openings discharge 
coefficient (𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷), and wind velocity profile. Specifically, assuming a constant value for 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷 in AFN 
models is a major source of error because 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷 is a function of the opening porosity and Reynolds 

 

 
Figure 6: Internal air temperatures and CO2 concentrations in the long office. 

5 CONCLUSION 
The results obtained for the Large and Medium offices show that SS NV can be effective up to depths 
of 3.5H. The measurements show approximately uniform indoor conditions along the two rooms: 
(ΔT) =0.3ºC (ΔCO2) = 31ppm. As expected, the results obtained in the Long Office (5.7xH) revealed 
the limits of flow penetration in very long rooms. For this case, the accumulation of CO2 in the 5H 
measurement point indicates that, in this room, SS NV stagnation point is located between 4-5H. In all 
existing studies the average penetration depth, defined as the point beyond which the mean age of air 
exceeds the age of air at the exhaust, exceeded 3.5H. Clearly, the limits used in current design guidelines 
and building regulations are overly conservative.  
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number, wind direction, turbulence parameters, pressure difference across the openings, and building 
geometry (Shirzadi et al, 2017a).     
In this study, a systematic approach is proposed to enhance the accuracy of the AFN model for cross-
ventilation. In the proposed method, different data sources and techniques, including design sampling 
methods, approximation models, experimental measurements, and CFD simulations are integrated in a 
systematic manner to introduce an adaptive discharge coefficient which is a function of openings 
geometry and vertical location, sheltering conditions, and wind angle. The developed method is then 
applied to a small cross-ventilated office building placed in two different sheltered and unsheltered 
conditions.  
 
2 THE SYSTEMATIC APPROACH FOR DEVELOPING THE ADAPTIVE DISCHARGE 
COEFFICIENT  
The proposed methodology for model improvement of the cross-ventilation is shown in Figure 1. At 
the first step, experimental data for the crossing airflow rate (𝑄𝑄𝑄𝑄), velocity (𝑈𝑈𝑈𝑈), and turbulent kinetic 
energy (𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇) are used to validate the CFD model. If required, the stochastic optimization 
methodology proposed by Shirzadi et al (2017b) will be performed to calibrate the closure coefficients 
of the turbulence model for CFD simulations. In the second step, a parametric geometry model of the 
buildings and their openings is created, which is coupled to a mesh generation software and a CFD 
solver. The parametric model is used in the next step to generate a database for the crossing airflow 
rate which is a function of the openings’ geometry and vertical position, sheltering condition, and 
wind angle. The predicted values of the crossing airflow rates by the CFD model and the local-surface 
wind pressure coefficients from experimental measurements are then passed into the orifice equation 
to calculate the adaptive discharge coefficient (𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷∗ ): 

𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷∗ = 𝑄𝑄𝑄𝑄𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

𝑈𝑈𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝐴𝐴𝐴𝐴𝑜𝑜𝑜𝑜𝑜�𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑜
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸−𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

      (1) 

𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =
𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑜
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸+�𝐴𝐴𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝐴𝐴𝐴𝐴𝑜𝑜𝑜𝑜𝑜
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𝑜
𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑜
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

1+�𝐴𝐴𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝐴𝐴𝐴𝐴𝑜𝑜𝑜𝑜𝑜
�
𝑜      (2) 

where 𝑄𝑄𝑄𝑄𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷 is the airflow rate prediction by the CFD model while 𝑈𝑈𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟, 𝐴𝐴𝐴𝐴𝑜𝑜𝑜𝑜1, and 𝐴𝐴𝐴𝐴𝑜𝑜𝑜𝑜𝑜 are the free-
stream velocity at a reference height and area of the windward and leeward openings, respectively. 
𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃1
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 and 𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑜

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 are respectively the local-surface wind pressure coefficients at the windward and 
leeward openings obtained from the experimental measurement, and 𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 is the internal pressure 
coefficient. In the next step, approximation techniques are used to develop correlations for 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷∗  as a 
function of the buildings and openings’ geometry and vertical position, sheltering condition, and wind 
angle. Finally, the developed correlations (Meta-models) are used to calibrate the AFN model 
embedded in EnergyPlus (EP) which will be used to calculate the building thermal performance.  
 
3 CASE STUDY DESCRIPTIONS 
Two case studies are considered to demonstrate the applicability of the proposed method for accuracy 
improvement of the AFN and EP models for the airflow rate and energy saving potential calculations. 
The first case is an unsheltered small-office building located in Rasht city, which is subjected to a 
cross-ventilation through two similar openings on the windward and leeward façades. The building 
has a dimension of 𝐿𝐿𝐿𝐿 × 𝐷𝐷𝐷𝐷 × 𝐻𝐻𝐻𝐻 = 4 × 4 × 3.2 𝑚𝑚𝑚𝑚3 (see Figure 2(a)). The wind direction is normal to 
the windward façade in this case. The second case is a sheltered building with the same geometry and 
construction materials properties as the case one, but it is placed inside a street canyon formed by 
eight similar buildings with an urban area density of 0.25 (see Figure 2(b)).  
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Figure 1 Systematic methodology for 
developing the adaptive discharge 

coefficient 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷∗  

 

 

 

3.1 CFD model validation and calibration (step 1) 
The CFD validation study for the unsheltered building was conducted based on the wind tunnel 
measurements by Tominaga and Blocken (2016) in which the velocity and TKE distributions were 
measured inside a building model with 1/20 scale using a constant temperature anemometry probe 
(CTA) and a split fibre probe (SFP) while the tracer gas method was utilized for airflow 
measurements. For the sheltered building model the closure coefficients of the CFD model were 
calibration using a stochastic optimization method proposed by Shirzadi et al (2017b). The average 
relative error of the CFD models in prediction of the airflow were around 10% and 7% for the 
unsheltered and sheltered building models, respectively.  
3.2 Outlines of the CFD database generation (steps 2 and 3) 

The windward and leeward openings’ dimensions (𝑊𝑊𝑊𝑊𝑤𝑤𝑤𝑤, 𝐿𝐿𝐿𝐿𝑤𝑤𝑤𝑤,𝑊𝑊𝑊𝑊𝑙𝑙𝑙𝑙 , 𝐿𝐿𝐿𝐿𝑙𝑙𝑙𝑙) and their vertical positions 
(𝐻𝐻𝐻𝐻𝑤𝑤𝑤𝑤,𝐻𝐻𝐻𝐻𝑙𝑙𝑙𝑙) were considered as design variables for the unsheltered case (see Figure 2). For the sheltered 
building model, the wind angle (𝜃𝜃𝜃𝜃) was considered as the design variable while other geometrical and 
flow parameter were assumed  to be constant at their reference value. The ranges of the design 
parameters are shown in Table 1. The wall porosity variation for the windward and leeward façades 
was in the range of 3% ≤ 𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟 ≤ 25% for the unsheltered building model while a constant wall porosity 
of 10% was considered for the sheltered building model. The optimal Latin hypercube sampling 
technique was used to generate 150 and 36 CFD samples for the unsheltered and sheltered building 
models, respectively.  
The parametric geometry model of the buildings was created using the ANSYS DesignModeler while 
mesh generation was done using the ICEM CFD meshing package (see Figure 2(c) and Figure 2(d)). 
The created mesh model for each database sample was then handled to the ANSYS CFX in which pre-
processing, processing, and post- processing were done automatically. The 𝑘𝑘𝑘𝑘 𝑘 𝑘𝑘𝑘𝑘 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑇𝑇𝑇𝑇  and 𝑘𝑘𝑘𝑘 𝑘 𝜀𝜀𝜀𝜀 
models were used in isothermal CFD simulations of the unsheltered and sheltered building models, 
respectively. For the inlet boundary condition, a power-law profile with an exponent of 𝛼𝛼𝛼𝛼 = 0.22 and 
a reference velocity of 𝑈𝑈𝑈𝑈𝐻𝐻𝐻𝐻 = 7𝑚𝑚𝑚𝑚/𝑠𝑠𝑠𝑠 were considered for all simulations while the vertical profiles of 
TKE and TKE dissipation were obtained in accordance with recommendations in AIJ guidelines. For 
solid surfaces and top boundary, no-slip and symmetric boundary conditions were implemented, 
respectively. A zero static pressure was further applied at the outlet boundary condition. The output of 
CFD database samples, i.e., the airflow rate, was then passed to the AFN model for calculation of the 
adaptive discharge coefficient.  
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number, wind direction, turbulence parameters, pressure difference across the openings, and building 
geometry (Shirzadi et al, 2017a).     
In this study, a systematic approach is proposed to enhance the accuracy of the AFN model for cross-
ventilation. In the proposed method, different data sources and techniques, including design sampling 
methods, approximation models, experimental measurements, and CFD simulations are integrated in a 
systematic manner to introduce an adaptive discharge coefficient which is a function of openings 
geometry and vertical location, sheltering conditions, and wind angle. The developed method is then 
applied to a small cross-ventilated office building placed in two different sheltered and unsheltered 
conditions.  
 
2 THE SYSTEMATIC APPROACH FOR DEVELOPING THE ADAPTIVE DISCHARGE 
COEFFICIENT  
The proposed methodology for model improvement of the cross-ventilation is shown in Figure 1. At 
the first step, experimental data for the crossing airflow rate (𝑄𝑄𝑄𝑄), velocity (𝑈𝑈𝑈𝑈), and turbulent kinetic 
energy (𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇) are used to validate the CFD model. If required, the stochastic optimization 
methodology proposed by Shirzadi et al (2017b) will be performed to calibrate the closure coefficients 
of the turbulence model for CFD simulations. In the second step, a parametric geometry model of the 
buildings and their openings is created, which is coupled to a mesh generation software and a CFD 
solver. The parametric model is used in the next step to generate a database for the crossing airflow 
rate which is a function of the openings’ geometry and vertical position, sheltering condition, and 
wind angle. The predicted values of the crossing airflow rates by the CFD model and the local-surface 
wind pressure coefficients from experimental measurements are then passed into the orifice equation 
to calculate the adaptive discharge coefficient (𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷∗ ): 

𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷∗ = 𝑄𝑄𝑄𝑄𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
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where 𝑄𝑄𝑄𝑄𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷 is the airflow rate prediction by the CFD model while 𝑈𝑈𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟, 𝐴𝐴𝐴𝐴𝑜𝑜𝑜𝑜1, and 𝐴𝐴𝐴𝐴𝑜𝑜𝑜𝑜𝑜 are the free-
stream velocity at a reference height and area of the windward and leeward openings, respectively. 
𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃1
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 and 𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑜

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 are respectively the local-surface wind pressure coefficients at the windward and 
leeward openings obtained from the experimental measurement, and 𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 is the internal pressure 
coefficient. In the next step, approximation techniques are used to develop correlations for 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷∗  as a 
function of the buildings and openings’ geometry and vertical position, sheltering condition, and wind 
angle. Finally, the developed correlations (Meta-models) are used to calibrate the AFN model 
embedded in EnergyPlus (EP) which will be used to calculate the building thermal performance.  
 
3 CASE STUDY DESCRIPTIONS 
Two case studies are considered to demonstrate the applicability of the proposed method for accuracy 
improvement of the AFN and EP models for the airflow rate and energy saving potential calculations. 
The first case is an unsheltered small-office building located in Rasht city, which is subjected to a 
cross-ventilation through two similar openings on the windward and leeward façades. The building 
has a dimension of 𝐿𝐿𝐿𝐿 × 𝐷𝐷𝐷𝐷 × 𝐻𝐻𝐻𝐻 = 4 × 4 × 3.2 𝑚𝑚𝑚𝑚3 (see Figure 2(a)). The wind direction is normal to 
the windward façade in this case. The second case is a sheltered building with the same geometry and 
construction materials properties as the case one, but it is placed inside a street canyon formed by 
eight similar buildings with an urban area density of 0.25 (see Figure 2(b)).  
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3.3 Approximation model settings and AFN model calibration (steps 4 and 5)  

The radial basis function (RBF) model is used in this study to create approximation models for 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷∗ . 
RBF is a type of neural networks technique and is used for the interpolation in highly non-linear 
multiple-dimensional spaces. Details of the approximate model settings are given in (Shirzadi et al, 
2017a). EnergyPlus was used for analyzing the thermal performance of the building models while an 
AFN model with two external nodes over the windward and leeward façades was utilized for the 
airflow rate calculations. Details of the building’s material properties are given in (Shirzadi and 
Nagashzadeghan, 2015).  

Table 1 Ranges of design parameters for 
database generation  

 Unsheltered building Sheltered 
building 

Opening 
length 0.3𝐻𝐻𝐻𝐻 ≤ 𝐿𝐿𝐿𝐿𝑤𝑤𝑤𝑤, 𝐿𝐿𝐿𝐿𝑙𝑙𝑙𝑙 ≤ 𝐻𝐻𝐻𝐻 𝐿𝐿𝐿𝐿𝑤𝑤𝑤𝑤, 𝐿𝐿𝐿𝐿𝑙𝑙𝑙𝑙 = 0.58𝐻𝐻𝐻𝐻

Opening 
width 

0.12𝐻𝐻𝐻𝐻 ≤ 𝑊𝑊𝑊𝑊𝑤𝑤𝑤𝑤 ,𝑊𝑊𝑊𝑊𝑙𝑙𝑙𝑙
≤ 0.38𝐻𝐻𝐻𝐻 𝑊𝑊𝑊𝑊𝑤𝑤𝑤𝑤 ,𝑊𝑊𝑊𝑊𝑙𝑙𝑙𝑙 = 0.22𝐻𝐻𝐻𝐻

Opening 
height 

0.25𝐻𝐻𝐻𝐻 ≤ 𝐻𝐻𝐻𝐻𝑤𝑤𝑤𝑤 ,𝐻𝐻𝐻𝐻𝑙𝑙𝑙𝑙
≤ 0.75𝐻𝐻𝐻𝐻 𝐻𝐻𝐻𝐻𝑤𝑤𝑤𝑤 ,𝐻𝐻𝐻𝐻𝑙𝑙𝑙𝑙 = 0.5𝐻𝐻𝐻𝐻

Wind 
angle 𝜃𝜃𝜃𝜃 = 0° 0° ≤ 𝜃𝜃𝜃𝜃 ≤ 90°

 

 

Figure 3 Histogram of adaptive discharge coefficient 
for unsheltered building model 

 
4 RESULTS 
4.1 Approximation models for the adaptive discharge coefficient 

A histogram of the adaptive discharge coefficient and the vertical position of the windward opening 
for the unsheltered building scenario is shown in Figure 3. It can be seen that the 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷∗  increases when 
the vertical position of the windward opening increases toward the building’s roof. The vertical 
position of the leeward façade has lower impact on 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷∗ , hence its variation is not shown. In the 
sheltered building database, 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷∗  varis in a wider range than the unsheltered building from 0.68 to 0 
(see Figure 5).  A cross-validation method over 30% of the database samples was used to evaluate the 
accuracy of the RBF models for 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷∗ . The accuracy of the RBF models is shown in Table 2 in terms of 
different errors. Definition of the errors are given in (Montgomery, 2017). The average, maximum, 
and RMS (round mean square) errors of the approximation models for the unsheltered and sheltered 
cases are respectively 0.05, 0.31, 0.07, and 0.03, 0.11, 0.05, which are acceptable for engineering 
calculations.        

 

Table 2 Accuracy of RBF models for 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷∗  

RBF model Average 
error 

Maximum 
error 

RMS 
error 

Unsheltered 
building 0.05 0.31 0.07 

Sheltered 
building 0.03 0.11 0.05 

 

 
 
 
 
 

 
 
 
 

 
 

Figure 4 Variations of the crossing airflow rate and adaptive 
discharge coefficient for the unsheltered building model 
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4.2 Crossing airflow rate  

The variation of the non-dimensional airflow rate (𝑄𝑄𝑄𝑄𝑛𝑛𝑛𝑛 = 𝑄𝑄𝑄𝑄
𝐴𝐴𝐴𝐴𝑜𝑜𝑜𝑜1𝑈𝑈𝑈𝑈𝐻𝐻𝐻𝐻

) crossing through the building openings 
and the adaptive discharge coefficient (𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷∗) are depicted in Figure 4 for different opening positions in 
the unsheltered building model. For case A, the windward and leeward openings are close to the roof 
at a vertical position of 𝐻𝐻𝐻𝐻𝑤𝑤𝑤𝑤 =  𝐻𝐻𝐻𝐻𝑙𝑙𝑙𝑙 = 0.75𝐻𝐻𝐻𝐻. Case B, is similar to case A, but the leeward opening is 
near the ground (𝐻𝐻𝐻𝐻𝑤𝑤𝑤𝑤 = 0.75𝐻𝐻𝐻𝐻, 𝐻𝐻𝐻𝐻𝑙𝑙𝑙𝑙 = 0.25𝐻𝐻𝐻𝐻). The vertical positions of the windward and leeward 
openings for case C and case D are 𝐻𝐻𝐻𝐻𝑤𝑤𝑤𝑤 = 𝐻𝐻𝐻𝐻𝑙𝑙𝑙𝑙 = 0.25𝐻𝐻𝐻𝐻 and 𝐻𝐻𝐻𝐻𝑤𝑤𝑤𝑤 = 0.25𝐻𝐻𝐻𝐻,𝐻𝐻𝐻𝐻𝑙𝑙𝑙𝑙 = 0.75𝐻𝐻𝐻𝐻, respectively. 
For case E both the openings are located at the mid of the building’s height (𝐻𝐻𝐻𝐻𝑤𝑤𝑤𝑤 =  𝐻𝐻𝐻𝐻𝑙𝑙𝑙𝑙 = 0.5𝐻𝐻𝐻𝐻). The 
default value of the discharge coefficient in EP is 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷 = 0.7 which is constant for all opening 
positions. In contrast, the value of 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷∗  varies as a function of the openings positions. The values of 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷∗  
for cases A, B, C, D, and E are 0.83, 0.75, 0.84, 0.7, and 0.76, respectively. The prediction values of 
the crossing airflow rates (𝑄𝑄𝑄𝑄𝑛𝑛𝑛𝑛) by the default EP model and the modified EP model, in which 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷∗  is 
used, are noticeably different for different openings positions. For cases A, B, C, D, and E, the airflow 
rate predictions are 0.35, 0.35, 0.28, 0.31 and 0.35 for the default EP model and 0.59, 0.50, 0.44, 0.41 
and 0.50 for the modified EP model.  

For the sheltered building scenario the prediction values of 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷∗  against the wind angles of  0°, 30°, 60°, 
and 90° are 0.68, 0.74, 0.54, and 0, respectively while a constant value of 0.7 is used in default EP 
model. The calculated values for the crossing airflow rates by the default and modified EP models are 
respectively 0.42, 0.39, 0.45, 0 and 0.31, 0.36, 0.35, 0, against the wind angles of 0°, 30°, 60°, and 
90°. It can be observed that the default EP model over-estimates the crossing airflow in comparison 
with the modified model in which sheltering effects are considered. In Figure 4 and Figure 5, the 
calculated values by the modified EP model are also compared with the CFD model results. It can be 
seen that the average deviation between the results is less than 5%.           

 

 

Figure 5 Variations of crossing airflow rate and 
adaptive discharge coefficient for sheltered 

building model  

Table 3 The energy saving potential for the 
unsheltered and sheltered building models 

Unsheltered building Sheltered building

Energy saving (%) Energy saving (%) 

Case # Default 
EP 

Modified 
EP 

Wind
angle 

Default 
EP 

Modified 
EP 

Case A 73.3 94.7 0° 67.2 49.9 

Case B 67.9 80.5 30° 63.4 59 

Case C 58.0 71.4 60° 73.1 56.8 

Case D 64.3 65.9 90° 0 0 

Case E 72.8 79.4    
 

4.3 Energy saving potential of the cross-ventilation strategy  
The energy saving potential of the cross-ventilation strategy was evaluated by comparing the cooling load 
of the target building when both openings are closed (𝑞𝑞𝑞𝑞𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢) and the cooling load when both openings are 
fully open (𝑞𝑞𝑞𝑞𝑢𝑢𝑢𝑢) and it is defined as 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = (𝑞𝑞𝑞𝑞𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 − 𝑞𝑞𝑞𝑞𝑢𝑢𝑢𝑢)

𝑞𝑞𝑞𝑞𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢� × 100. Values of the energy saving for the 
unsheltered and sheltered buildings are shown in Table 3. For the unsheltered building model, the 
estimated energy saving by the default and modified EP models are respectively 73.3%, 67.9%, 58.0%, 
64.3%, 72.8% and 94.7%, 80.5%, 71.4%, 65.9%, 79.4% for cases A, B, C, D and E. it can be seen that, the 
energy saving potential of the cross-ventilation strategy is under-predicted by the default EP model when 
the windward opening is located near the roof (case A and case B). It is due to the lower airflow rate 
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3.3 Approximation model settings and AFN model calibration (steps 4 and 5)  

The radial basis function (RBF) model is used in this study to create approximation models for 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷∗ . 
RBF is a type of neural networks technique and is used for the interpolation in highly non-linear 
multiple-dimensional spaces. Details of the approximate model settings are given in (Shirzadi et al, 
2017a). EnergyPlus was used for analyzing the thermal performance of the building models while an 
AFN model with two external nodes over the windward and leeward façades was utilized for the 
airflow rate calculations. Details of the building’s material properties are given in (Shirzadi and 
Nagashzadeghan, 2015).  

Table 1 Ranges of design parameters for 
database generation  

 Unsheltered building Sheltered 
building 

Opening 
length 0.3𝐻𝐻𝐻𝐻 ≤ 𝐿𝐿𝐿𝐿𝑤𝑤𝑤𝑤, 𝐿𝐿𝐿𝐿𝑙𝑙𝑙𝑙 ≤ 𝐻𝐻𝐻𝐻 𝐿𝐿𝐿𝐿𝑤𝑤𝑤𝑤, 𝐿𝐿𝐿𝐿𝑙𝑙𝑙𝑙 = 0.58𝐻𝐻𝐻𝐻

Opening 
width 

0.12𝐻𝐻𝐻𝐻 ≤ 𝑊𝑊𝑊𝑊𝑤𝑤𝑤𝑤 ,𝑊𝑊𝑊𝑊𝑙𝑙𝑙𝑙
≤ 0.38𝐻𝐻𝐻𝐻 𝑊𝑊𝑊𝑊𝑤𝑤𝑤𝑤 ,𝑊𝑊𝑊𝑊𝑙𝑙𝑙𝑙 = 0.22𝐻𝐻𝐻𝐻

Opening 
height 

0.25𝐻𝐻𝐻𝐻 ≤ 𝐻𝐻𝐻𝐻𝑤𝑤𝑤𝑤 ,𝐻𝐻𝐻𝐻𝑙𝑙𝑙𝑙
≤ 0.75𝐻𝐻𝐻𝐻 𝐻𝐻𝐻𝐻𝑤𝑤𝑤𝑤 ,𝐻𝐻𝐻𝐻𝑙𝑙𝑙𝑙 = 0.5𝐻𝐻𝐻𝐻

Wind 
angle 𝜃𝜃𝜃𝜃 = 0° 0° ≤ 𝜃𝜃𝜃𝜃 ≤ 90°
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for unsheltered building model 
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for the unsheltered building scenario is shown in Figure 3. It can be seen that the 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷∗  increases when 
the vertical position of the windward opening increases toward the building’s roof. The vertical 
position of the leeward façade has lower impact on 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷∗ , hence its variation is not shown. In the 
sheltered building database, 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷∗  varis in a wider range than the unsheltered building from 0.68 to 0 
(see Figure 5).  A cross-validation method over 30% of the database samples was used to evaluate the 
accuracy of the RBF models for 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷∗ . The accuracy of the RBF models is shown in Table 2 in terms of 
different errors. Definition of the errors are given in (Montgomery, 2017). The average, maximum, 
and RMS (round mean square) errors of the approximation models for the unsheltered and sheltered 
cases are respectively 0.05, 0.31, 0.07, and 0.03, 0.11, 0.05, which are acceptable for engineering 
calculations.        

 

Table 2 Accuracy of RBF models for 𝐶𝐶𝐶𝐶𝐷𝐷𝐷𝐷∗  

RBF model Average 
error 

Maximum 
error 

RMS 
error 

Unsheltered 
building 0.05 0.31 0.07 

Sheltered 
building 0.03 0.11 0.05 

 

 
 
 
 
 

 
 
 
 

 
 

Figure 4 Variations of the crossing airflow rate and adaptive 
discharge coefficient for the unsheltered building model 

Sample #

0 20 40 60 80 100 120

C
D

*

0.6

0.7

0.8

0.9

1
C

D

*

H
w w

H
w

w

0

0.2

0.4

0.6

0.8

|  659PROCEEDINGS — Roomvent & Ventilation 2018 |  659PROCEEDINGS — Roomvent & Ventilation 2018

Track 4 – Applications: Natural Ventilation (NV2)



predictions by the default EP model in comparison with the modified EP model in which higher airflow 
rates were predicted for case A and B (see Figure 4). Results also reveal that the maximum energy saving 
can be achieved by locating the windward and leeward openings near the roof (Case A). For the sheltered 
building model, the prediction values for energy saving by the default and modified EP models against the 
wind angles of 0°, 30°, 60°, and 90° are 67.2%, 63.4%, 73.1%, 0 and 49.9%, 59%, 56.8%, 0, respectively. 
In this case, the default EP model over-predicted the energy saving potential because the crossing airflow 
predictions were higher than the predictions by the modified model (see Figure 5). 
 
5 CONCLUSIONS 
A systematic methodology was proposed aiming to increase the accuracy of the AFN model in 
EnergyPlus. Different experimental and numerical data were integrated for developing the adaptive 
discharge coefficient, which is a function of the buildings’ and openings’ geometry and morphological 
parameters. The methodology was then applied to a small cross-ventilated office building which was 
placed in unsheltered and sheltered conditions. Results of the default and modified EP models showed 
noticeable differences in prediction of the crossing airflow rate and energy saving potential of the 
cross-ventilation strategy. It was shown that the discharge coefficient is a function of the openings 
geometry and vertical position and wind angle; hence, considering a constant value for the discharge 
coefficient can be an important source of error in EnergyPlus. The default EP model under predicted 
the energy saving potential of the cross-ventilation in the unsheltered building scenario, but it over 
predicted the energy saving in the sheltered building model. The sensitivity of the energy saving 
potential in the sheltered condition was lower than the unsheltered condition which is due to the lower 
airflow rate crossing through the sheltered building in comparison with the unsheltered building. It is 
concluded that accurate perdition of the building thermal performance by using building energy 
simulation tools still requires more technical considerations and model accuracy improvement 
techniques are necessary for sustainable design of buildings.  
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SUMMARY 
Operating room air quality has a major impact on patient safety as microbes are often transported to the 
surgical wound via indoor air. Currently there is no valid standard for operating room ventilation design 
or implementation in Finland. Additionally after commissioning the air quality is not required to be 
monitored or verified. However, European Committee for Standardization (CEN) is working on 
European-wide standard “CEN/TC156 WG 18”. It focuses on hospital air quality and ventilation design. 
In the standard the indoor air quality is determined on the basis of the microbial concentration, and 
according to it, operating rooms are divided into two purity classes. 
In this research, the microbial concentration of indoor air in Finnish operating rooms was studied during 
actual surgeries. Samples were taken in ten hospitals in a total of 32 operating rooms. The results were 
compared to the limits set by the standard in order to determine how well the operating rooms meet the 
requirements. 
Based on the results, the operating rooms meet the limits of the standard well. Most of the samples were 
inside the Ultra Clean Air limit. Clean Air limit proved out to be so high that all the samples met the 
value distinctly. 
Keywords: ventilation, operating room, microbe, measurements, hospital 

1 INTRODUCTION 
Operating room air quality has a great influence on patient safety. Microbes are often carried to the 
surgical wound via operating room indoor air. (Wang et al. 2010) The basis for designing operating 
room ventilation is to protect the patient from contaminants from other people. Properly functioning 
ventilation also protects personnel and the surrounding environment from microbes of the surgical 
wound. (Dascalaki et al. 2008) 
Currently in Finland there is no valid standard for design and implementation of operating room 
ventilation. Additionally the air quality is not required to be monitored or verified after commissioning. 
The National Building Code of Finland D2 (2012) determines the minimum requirements for ventilation 
and indoor climate. However it does not define specific limits for operating rooms. Instead it states that 
operating room ventilation must be designed individually. Also Finnish Indoor Air Classification (2008) 
instructs and defines classes for the indoor climate but there are no separate criteria for the ventilation 
of operating rooms. 
However, European Committee for Standardization (CEN) is working on a European-wide standard 
“CEN/TC156 WG 18” (2017). Its objective is to create common practice for the hospital and healthcare 
indoor climate in Europe and to set minimum requirements for it. In the standard, the quality of 
operating room indoor air is determined on the basis of the microbial concentration both operational 
and at rest. In addition the standard defines acceptable recovery times during which the microbial 
concentration level must revert back to the rest mode level after the contamination spike of an operation. 
CFU (Colony forming unit) concentration has been chosen to represent the operating room air quality. 
A CFU is considered to be a microbe emitted from a person (excluding the surgery patient). 
Operating room air quality has been studied mostly during At Rest mode or simulated surgery. 
Operational CFU concentration has been seldom measured. Thus it is unknown what the level of CFU 

predictions by the default EP model in comparison with the modified EP model in which higher airflow 
rates were predicted for case A and B (see Figure 4). Results also reveal that the maximum energy saving 
can be achieved by locating the windward and leeward openings near the roof (Case A). For the sheltered 
building model, the prediction values for energy saving by the default and modified EP models against the 
wind angles of 0°, 30°, 60°, and 90° are 67.2%, 63.4%, 73.1%, 0 and 49.9%, 59%, 56.8%, 0, respectively. 
In this case, the default EP model over-predicted the energy saving potential because the crossing airflow 
predictions were higher than the predictions by the modified model (see Figure 5). 
 
5 CONCLUSIONS 
A systematic methodology was proposed aiming to increase the accuracy of the AFN model in 
EnergyPlus. Different experimental and numerical data were integrated for developing the adaptive 
discharge coefficient, which is a function of the buildings’ and openings’ geometry and morphological 
parameters. The methodology was then applied to a small cross-ventilated office building which was 
placed in unsheltered and sheltered conditions. Results of the default and modified EP models showed 
noticeable differences in prediction of the crossing airflow rate and energy saving potential of the 
cross-ventilation strategy. It was shown that the discharge coefficient is a function of the openings 
geometry and vertical position and wind angle; hence, considering a constant value for the discharge 
coefficient can be an important source of error in EnergyPlus. The default EP model under predicted 
the energy saving potential of the cross-ventilation in the unsheltered building scenario, but it over 
predicted the energy saving in the sheltered building model. The sensitivity of the energy saving 
potential in the sheltered condition was lower than the unsheltered condition which is due to the lower 
airflow rate crossing through the sheltered building in comparison with the unsheltered building. It is 
concluded that accurate perdition of the building thermal performance by using building energy 
simulation tools still requires more technical considerations and model accuracy improvement 
techniques are necessary for sustainable design of buildings.  
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in operation rooms is. It raises a question how well Finnish operating rooms align with the limits of the 
standard.  
In this study, the microbial concentration of indoor air in Finnish operating rooms was examined during 
actual surgeries. The objective was to measure various rooms extensively throughout Finland and 
survey the current operational CFU concentration level in Finland. Then the results were supposed to 
be compared with the limits of the standard. The results would possibly provide more information to 
the CEN draft standard project group about the critical CFU levels. Also they might reveal if ventilation 
system type or supply air flow affect the CFU concentration level in operating rooms. 

2 METHODS 

2.1 Draft Standard CEN/TC156 WG 18 
“CEN/TC156 WG 18” (2017) is a draft standard whose purpose is to create European-wide standards 
and regulations for healthcare indoor air. Part 2 of the standard examines the specialties of operating 
rooms and can be further divided into two parts based on the content. The first part defines common 
performance requirements for operating rooms. It defines the design criteria for the ventilation and the 
purity criteria for the rooms. The second parts aims to unify the verification and testing methods of the 
operating room ventilation. Thus it orders hospitals to monitor, test and maintain the whole operating 
suite system often enough in order to ensure that everything functions correctly. 
“CEN/TC156 WG 18” classifies operating rooms into two levels according to the microbe concentration 
of the indoor air. Those levels are normal risk of infection level “Clean Air” and high risk of infection 
“Ultra Clean”. The health care personnel, often a surgeon, decides which level of purity is required. The 
maximum CFU concentration limits during operation are set for both levels. Those levels are: 

• Clean Air < 100 CFU/m3 
• Ultra Clean Air < 10 CFU/m3 

The standard also defines operational microbe concentration as the factor for designing the ventilation 
of the operating room. When the ventilation is functioning properly and as designed, people are the only 
source of contamination in the surgery. Thus the number of personnel and the quality and type of 
clothing have a huge effect on the supply air flow rate. 

2.2 Research methods 
Air quality was measured in 32 operating rooms in ten hospitals throughout Finland. The measurements 
were performed in 2017 and 2018. The primary measuring parameter was operational CFU 
concentration but in addition other supportive surveys were performed. The purpose of the support 
surveys was to ensure that the ventilation is working as planned. 
The hospitals allowed only one sampling person to enter the operating room during surgeries. This 
person was wearing a clean room suit and under it a surgical clothing provided by the hospital. Prior 
entering the operating room each sampling device was purified with A12t 80% ethanol mixture. Also 
the overall shape of the operating room and its ventilation were inspected. 
Multiple samples were taken in each operating room. The actual amount of samples depended on the 
duration of the surgery. Only three samples were taken during short operations and they were all 
obtained from the critical protected zone which is situated around the operating table. During longer 
operations up to six samples per room were taken. Two of those were from the operating table, two 
from the instrument table (also protected zone) and two from the periphery area.  
The air sampler was positioned on a table (h=0,7m) and a gelatin filter was attached to it. After that, the 
table was transferred to the desired location and the sampler was started. The air sampler suctioned 
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indoor air for 10 minutes (50L/min, total of 500 liters) through the gelatin filter. During that time 
microbes stuck to the filter. When the sampling was finished the filter was removed from the sampler 
and put carefully to an agar plate. The agar plate was then put to a insulated box. Once all the samples 
were taken the measurement was finished and the sampling person exited the room. 
The objective was to place the sampler as close to the operating table as possible but due to patient 
safety the surgeon allowed the sampler to be placed approximately 1 – 1,5 meter from the surgical 
wound. The periphery area samples were taken from notably farther off the table where the air was 
considered to be as diluted as possible. However the sampling locations varied considerably due to 
variation in operating room layout, fittings and activities. Instrument table is considered to be protected 
zone in accordance with the draft standard. 
After the sampling the filter filled agar plates were transferred to a laboratory where they were incubated 
in 35 °C for 48 hours. After that the cultured colonies were counted and analyzed. A closed reference 
plate was incubated along with the samples from each operating room. This was done to ensure that the 
samples were not contaminated during the process. Air sampler suctioned 500 liters of air during one 
sampling so the smallest observable microbe concentration was 2 CFU/m3. If the sample did not contain 
any cultured microbes, the concentration could only be deduced to be less than 2 CFU/m3. 

3 RESULTS AND DISCUSSION 
The study conducted measurements in a total of 32 operating rooms, 21 of which were laminar air flow 
systems and 11 dilution mixing systems. A total of 92 samples were taken from laminar operating rooms 
and 45 from dilution mixing rooms. These systems differ greatly from each other, but the draft standard 
imposes same operational CFU concentration demands for both systems. The results are displayed 
anonymously as the information regarding individual hospitals is confidential. 
The operating rooms that were measured differed from each other also in other ways: age, size and 
supply air flow varied plenty. However the air change rate of all the operating rooms exceeded the 
exchange of 17 (experience-based recommendation,). The supply air flows and air change rates are 
shown in the Figure 1 below. 

 
Figure 1. Supply air flows and air change rate of the operating rooms 
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Operating room has to maintain a positive air pressure compared to its surroundings in order to ensure 
that the leak air moves away from the room and not vice versa. A suggested positive pressure level is 
10–15 Pa. This was achieved in seven operating rooms. Most of these rooms had tight doors which 
probably helped to reach this level of pressure differential.  However most rooms had a clear 1–2 cm 
door gap which allowed the leak air to flow through.  However, the pressure differentials were positive 
with the exception of four rooms, two of which was slightly negative pressure and the other two in 
balance with the surrounding space. The pressure differentials compared to surroundings are presented 
in Figure 2 with a recommended pressure differential level for operating rooms (10 Pa). 

 
Figure 2. Operating room pressure differentials compared to surrounding area 

Air change rate explains how many times indoor air changes during an hour. Thus it is a good indication 
of the level of ventilation.  The higher the air change rate, the greater the amount of air in the room 
processed through the ventilation system. (Seppänen 2008) It could therefore be assumed that the 
operating rooms with large air change rate would have a lower CFU content. The measurements showed 
the indicated assumption to be true, although a direct relationship does not seem to occur.  It was also 
possible to reach very low microbe concentrations with lesser air change rate values. 
Every operating room measured reached the Clean Air purity class with considerable margin, based on 
both average value and peak value. Only two of the rooms had clearly higher values and exceeded the 
limits of Ultra Clean Air purity class with both average and peak value. The averages of all the other 
operating rooms were below the limit, and only a few individual samples surpassed it. The mean values 
and the highest values of the measurement results are shown in Figure 3 together with the limit values 
of the draft standard. 
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Figure 3. CFU concentrations of the operating rooms and CEN/TC156 WG 18 purity class limits 
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All but two operating rooms reached the Ultra Clean class based on mean value. Seven rooms had a 
peak value of over 10 CFU/m3. In many of these cases the peak values were only anomalies as the other 
samples indicated very low concentration levels.  
If the results had indicated high CFU concentration levels, a thorough investigation on an operating 
room is required. In that case it is not enough to examine only the ventilation or cleanliness. Additionally 
staff behaviour and clothing has to be taken into account as those have a significant impact on the air 
purity level of an operating room.  
Generally the air purity level of Finnish operating rooms is at a good level compared to the draft 
standard. The results suggest even that Clean Air limit seems to be unnecessary high. The whole topic 
requires a more specific further research related to microbe concentration, surgical clothing and more 
in-depth analysis of causal relationship. Additionally it would be advisable to develop clear guidelines 
which would help to resolve what could be the cause for high microbe concentrations. 
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SUMMARY 
The purpose of this study is to estimate indoor environments and influenza air-borne infection risks 
using an index which are calculated from temperatures, humidity and CO2 concentrations in facilities 
for the elderly in Japan and Finland. This index is the ratio of influenza virus concentration in the air 
toward the influenza generation rate from a patient. The infection risk changed daily with the 
movements of dwellers in the facilities and also changed with indoor humidity and ventilation rate. 
Humidity is lower in Finnish facilities than Japanese facilities. Ventilation rates are higher in Finnish 
facilities than Japanese facilities. Calculated influenza infection indices are lower in Finnish facilities 
because of higher ventilation rates with need higher energy consumption. These results showed that 
ventilation control is very important to minimize both influenza infection risks and energy consumption.  
Keywords: facility for the elderly, influenza airborne infection, humidity, ventilation, energy load 

1 INTRODUCTION 
Influenza infection increases in winter particularly in facilities for the elderly in Japan. Therefore, the 
Japanese health centres recommend that these facilities should be highly ventilated and humidified. In 
the former studies, indoor temperatures, humidity and CO2 concentrations were measured through a 
year in Japan. The results showed that the temperatures were controlled almost well in winter, but the 
humidity was very low and the averages were lower than RH40% (the standard value in AMSB1970 / 
the Act on the Maintenance of Sanitation in Buildings established in 1970). The indoor humidity was 
lower especially in cold regions. The results of the analyses showed that high ventilation rates and the 
lack of humidification made indoor humidity very low.  
In this study, the indoor environments were measured in Finland Espoo city, which is near to the arctic 
circle in order to control influenza infection risks considering energy saving. The influenza infection 
indices and energy loads for ventilation and humidification were calculated using the measured data 
and they were compared with the results in Japan. These comparison results may contribute to the 
improvement of dwellers’ health in facilities for the elderly and of energy consumption.  

2 METHODS 

2.1 Index for influenza infection control  
Influenza infection through the air depends on ventilation rates and indoor humidity as shown in figure1. 
G.J.Harper showed the influence of temperature and relative humidity upon the survival ratios of viruses 
in chambers. Jeffry Sharman et al. showed that the survival rates of influenza viruses in the air depends 
on absolute humidity.  

All but two operating rooms reached the Ultra Clean class based on mean value. Seven rooms had a 
peak value of over 10 CFU/m3. In many of these cases the peak values were only anomalies as the other 
samples indicated very low concentration levels.  
If the results had indicated high CFU concentration levels, a thorough investigation on an operating 
room is required. In that case it is not enough to examine only the ventilation or cleanliness. Additionally 
staff behaviour and clothing has to be taken into account as those have a significant impact on the air 
purity level of an operating room.  
Generally the air purity level of Finnish operating rooms is at a good level compared to the draft 
standard. The results suggest even that Clean Air limit seems to be unnecessary high. The whole topic 
requires a more specific further research related to microbe concentration, surgical clothing and more 
in-depth analysis of causal relationship. Additionally it would be advisable to develop clear guidelines 
which would help to resolve what could be the cause for high microbe concentrations. 

ACKNOWLEDGEMENTS 
This study was done with the help of Halton Oy, Granlund Oy and Finnish hospitals. SSTY ry (Finnish 
Hospital Technology Association) provided a scholarship for the study. 

REFERENCES 
CEN/TC 156/WG 18. (2017) EN 16244-2. Version 21. Draft Standard revised and alligned with Part 1. 
Dascalaki, E. G., Lagoudi, A., Balaras, C. A. & Gaglia, A. G. (2008) Air quality in hospital operating 
rooms. Building and Environment, Vol. 43:11. S. 1945–1952. 
Seppänen, O. (2008) Ilmastointitekniikka ja sisäilmasto. 
Sisäilmayhdistys & Rakennustieto. 2008. Sisäilmastoluokitus 2008. Finnish Indoor Air Classification. 
Wang, F., Lai, C., Cheng, T. & Liu, Z. (2010) Performance investigation for the cleanroom 
contamination control strategy in an operating room. ASHRAE Transactions, Vol. 116 Part 1. S. 74–
80. 
Ympäristöministeriö. (2012) Suomen rakentamismääräyskokoelma D2. National Building Code of 
Finland. Rakennusten sisäilmasto ja ilmanvaihto: määräykset ja ohjeet. 
 
 

|  667PROCEEDINGS — Roomvent & Ventilation 2018 |  667PROCEEDINGS — Roomvent & Ventilation 2018

Track 4 – Applications: Hospital Ventilation and Infection Control (HV1)



Figure 2 shows the data by G.J.Harper on the decrease of the survival ratios of influenza viruses. 
Approximation lines using the survival ratios when the value is above 10% are shown in this figure. 
The survival ratios decrese first in the case of high absolute humidity. These correlation coefficients are 
high (R2 = 0.49 - 0.94). 

 
Figure 3 shows the relationship between the humidity and the exponents of approximate equations β. 
The exponent β depends on relative humidity. However the exponent differsis with temperature. The 
figure shows that the exponent β depends on absolute humidity. However the approximate equation of 
β when temperatures are 7.0-8.0 deg-C is not similar to that of 20.5-24 deg-C. Therefore, the following 
equation of β (20.5-24 deg-C) is thought to be suitable for the estimation in heated spaces. 

β  = 0.0142 e 0.4011 xi                                                            (1) 
where, xi: indoor absolute humidity (g/kg’) 
When the generation rate of influenza viruses is 0, the indoor concentration of influenza viruses C inf 
(n/m3) is shown as the next equation (2). C inf (n/m3) is the number of influenza viruses in the air of 1m3. 

Cinf (t)  = Cinf (0) e – β t                                                       (2) 
This equation shows that the exponent β coresponds to ventilation time. Therefore, the concentration of 
influenza viruses is calculated using the next equation (3) considering the effect of ventilation and 
absolute humidity.  

Cinf  = Minf / (N+β)                                                         (3) 

Where, Minf: genaration rate of influenza viruses in the air of 1 m3 (n/(m3h)), N: ventilation time (1/h） 

 
Figure 1. Mechanisms of influenza airborne infection in a space 

 
Figure 2. Exponential approximations of Influenza                        Figure 3. Relationship between the 

virus survival ratios in the tests by G.J.Harper                               survival ratio β and humidity 
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When the generation rate of influenza viruses from a person Minf p is used, the next equation is given. 
Cinf  = Minf p / (Qp+βVp)                                                    (4) 

Where,Qp: ventilation rate a person(m3/hp), Vp: space volume a person(m3/p) 
The ratio of the concentration of influenza viruses to the generation rate of influenza virrses from a 
person Γ is shown as the next equation. The ratio is thought to be an index of influenza infection control.  

Γ = Cinf / Minf p = 1/ (Qp+βVp)                                          (5) 
The index of influenza infection control Γ is 0.027 when the indoor temperature is 24 deg-C and the 
indoor relative humidity is 40 RH%. The index of influenza infection control Γ is 0.031 when the indoor 
temperature is 17 deg-C (AMSB1970) and the indoor relative humidity is 40 RH% (AMAB1970). 
The ventilation rate a person Qp is calculated using the next equation. 

Qp = MCO2 p／DCO2                                                     (6) 
Where, DCO2: the difference between the indoor concentration and the outdoor concentration of CO2, 
MCO2 p: the generation rate of CO2 from a person 
The energy loads for ventilation and humidification Lvh are calculated using the next equation. 

Lvh = (kt×Dt + kx×Dx)・Qp                                          (7) 
Where, kt: coefficient of ventilation (=0.34), kx:coefficient of humidification (=0.834), Dt: the difference 
between indoor temperature and outdoor temperature, Dx:the difference between indoor absolute 
humidity and outdoor absolute humidituy. 

2.2 Investigated facilities for the elderly in Japan and Finland 
The state of influenza infection control was investigated using the measured temperatures, humidity and 
concentrations of carbon dioxide in the facilities for the elderly as shown in table 1.  Japanese facilities 
are located in northern area of Japan (Hokkaido and Miyagi) and Finnish facilities are located in 
southern area of Finland (Espoo). 
In the case of Japanese facilities, indoor spaces are heated with central heating systems in Hokkaido and 
room air-conditioners are used in Miyagi both heating and cooling the room. Mechanical ventilations 
are used in all facilities. The windows are double glazing or double sash. The insulation level depends 
on the year of construction. In relatively new facilities, an exhaust and supply ventilation equipment 
with a latent heat recovery type heat exchanger is used. In all Japanese facilities, one or two portable 

humidifiers are used in every room. Water supply and cleaning these humidifiers are burdens on nursing 

Table 1. Summary of investigated facilities in Japan and Finland 

 

Figure 2 shows the data by G.J.Harper on the decrease of the survival ratios of influenza viruses. 
Approximation lines using the survival ratios when the value is above 10% are shown in this figure. 
The survival ratios decrese first in the case of high absolute humidity. These correlation coefficients are 
high (R2 = 0.49 - 0.94). 

 
Figure 3 shows the relationship between the humidity and the exponents of approximate equations β. 
The exponent β depends on relative humidity. However the exponent differsis with temperature. The 
figure shows that the exponent β depends on absolute humidity. However the approximate equation of 
β when temperatures are 7.0-8.0 deg-C is not similar to that of 20.5-24 deg-C. Therefore, the following 
equation of β (20.5-24 deg-C) is thought to be suitable for the estimation in heated spaces. 

β  = 0.0142 e 0.4011 xi                                                            (1) 
where, xi: indoor absolute humidity (g/kg’) 
When the generation rate of influenza viruses is 0, the indoor concentration of influenza viruses C inf 
(n/m3) is shown as the next equation (2). C inf (n/m3) is the number of influenza viruses in the air of 1m3. 

Cinf (t)  = Cinf (0) e – β t                                                       (2) 
This equation shows that the exponent β coresponds to ventilation time. Therefore, the concentration of 
influenza viruses is calculated using the next equation (3) considering the effect of ventilation and 
absolute humidity.  

Cinf  = Minf / (N+β)                                                         (3) 

Where, Minf: genaration rate of influenza viruses in the air of 1 m3 (n/(m3h)), N: ventilation time (1/h） 

 
Figure 1. Mechanisms of influenza airborne infection in a space 

 
Figure 2. Exponential approximations of Influenza                        Figure 3. Relationship between the 

virus survival ratios in the tests by G.J.Harper                               survival ratio β and humidity 
 

|  669PROCEEDINGS — Roomvent & Ventilation 2018 |  669PROCEEDINGS — Roomvent & Ventilation 2018

Track 4 – Applications: Hospital Ventilation and Infection Control (HV1)



care staff. Humidification units which are included in air conditioning systems are also used in J2/H and 
J6/M.  
In the case of Finnish facilities, all spaces are heated with floor heating systems. The insulation levels 
are higher than Japanese facilities. Exhaust and supply ventilation systems are used. No humidification 
equipment is used in Finnish facilities. 
Temperatures, humidity and CO2 concentrations were measured using TR-76 (T&D Corporation) in 
common spaces and rooms. Temperatures and humidity were measured using TR-72 (T&D 
Corporation) in outdoor spaces. 

3 RESULTS 

3.1 Characteristics of indoor environment 
In this study, the data of the winter term (12/12-2/11 in Japan, 12/1-1/30 in Finland) was used for the 
following analyses. 
Figure 4 shows the indoor temperatures in J5/M. The indoor temperature changes when staffs operate 
room air conditioner (AC) to keep indoor temperature suitable to the elderly. The temperatures are low 
at night in rooms and a common space. Figure 5 shows the indoor temperatures in F1. The indoor 
temperatures are steady with the exception of some temperature falls. The temperature falls are thought 
to be caused by temporally opening windows. In the case of Japanese facilities, temporal temperature 
falls are seen more frequently.  
Figure 6 shows the averages and the standard deviations of this term (two months). Average outdoor 
temperatures are 0.6 (deg-C) in Finland, -0.9 (deg-C) in Hokkaido and 3.6 (deg-C) in Miyagi. Averages 
of indoor temperatures are from 22 to 24 (deg-C). The standard deviations are larger in Japanese 
facilities. Especially, that is very large in J5/M. The temperatures are well controlled in Finnish facilities. 
CO2 concentrations were higher in Japanese facilities. Humidity is also higher in Japanese facilities. 
Humidity is thought be kept higher by humidification in Japanese facilities but the average humidity 
does not reach RH40%. In Finnish facilities, indoor absolute humidity (g/kg’) is almost the same as 
outdoor absolute humidity. 

3.1 Analysis on influenza infection risks and energy loads 
Figure 7 shows the relationship between ventilation rate a person (Qp) and humidity. Qp was calculated 
from CO2 concentration using equation (6). In Japanese facilities, the humidity is higher and Qp is lower 
with the exception of J1/H. In the case of J1/H, because staff open windows frequently when they 
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change diapers and humidifiers are not used at night in order to clean and dry them, Qp is thought to be 
higher and humidity is thought to be lower than these in other facilities.  

In Finnish facilities, humidity is low and Qp is high. Because humidifiers are not used and ventilation 
rate is kept high by a mechanical ventilation system, indoor air is thought to be kept well and dry. 

Figure 8 shows the relationship between energy load (Lvh) and influenza infection index (Γ). Γ is in 
inverse proportion to Lvh on the whole.  This frequency is significant in the case of Japanese facilities. 
In Finnish facilities, Γis kept low by high ventilation rates and high energy consumption. 

4 DISCUSSION 
Influenza infection control is an important task for facilities for the elderly. Therefore it is necessary to 
keep indoor temperature and humidity good, and it is also necessary to take countermeasures toward 
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J6/M.  
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equipment is used in Finnish facilities. 
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common spaces and rooms. Temperatures and humidity were measured using TR-72 (T&D 
Corporation) in outdoor spaces. 
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room air conditioner (AC) to keep indoor temperature suitable to the elderly. The temperatures are low 
at night in rooms and a common space. Figure 5 shows the indoor temperatures in F1. The indoor 
temperatures are steady with the exception of some temperature falls. The temperature falls are thought 
to be caused by temporally opening windows. In the case of Japanese facilities, temporal temperature 
falls are seen more frequently.  
Figure 6 shows the averages and the standard deviations of this term (two months). Average outdoor 
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high energy consumption, vapour condensation and the cost of their installation and maintenance of 
humidifiers. In Finland, although the humidity is very low, enough ventilation way contribute to the 
decrease of influenza air-borne risks. Because low humidity damages the mucous membrane of throat, 
it is necessary to investigate the influence of indoor environment, nursing care, living styles and 
patients’ physical constitution toward the risk of influenza infection.  

5 CONCLUSIONS 
The results of this study shows the importance of a well-balanced design of air-conditioning and 
building performance considering both energy saving and infection control. This study may contribute 
to a new guideline for the design of the facilities for the elderly. 
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SUMMARY 
Indoor air distribution is shaped mainly by room air pattern and ventilation airflow rate. It is one of 
the key factors influencing the airborne spread of expiratory droplet nuclei and thus the risk of cross-
infection between occupants. This paper first reviews past studies of the influence of indoor air 
distribution on the airborne spread of expiratory droplet nuclei between occupants and second presents 
some new findings of our on-going studies on this topic. The review covers two main topics, 
including the influence of total volume air distribution and the influence of advanced air distribution. 
It was confirmed that air distribution plays a significant role in influencing airborne transmission. 
However, some inconsistent findings have been obtained on the performance of various total volume 
ventilation methods. The excellent performance of Personalized Ventilation (PV) and Personalized 
Exhaust (PE) in reducing the risk of cross-infection has been widely documented. However, the use of 
PV to the infected individual can increase the dispersion of expiratory flows and so should be avoided. 
The use of PE for the infected individual only is much better than PV for the healthy individual only. 
Few studies have investigated the influence of the direction of the indoor airflow pattern. In general, 
including the influence of the direction of the indoor airflow pattern modify our current understanding 
of the relationship between the risk of cross-infection and the factors that affect it. Under a 
horizontally distributed airflow pattern, the relationship between the risk and the separation distance is 
no longer the same with that based on Displacement Ventilation (DV) or Mixing Ventilation (MV).
Keywords: airborne transmission, indoor air distribution, mechanical ventilation, review, airflow 
direction  

1 INTRODUCTION 
The spread of droplet nuclei between occupants of the same indoor space is strongly influenced by the 
complex interaction of ventilation flow, human body boundary layer flow, and respiratory flow. 
Ventilation is widely recognized as the most influential engineering method for controlling airborne 
transmission indoors (Li et al, 2007; Beggs et al., 2008). Room air distribution mode and ventilation 
airflow rate are two key factors shaping indoor air distribution. Although many consistent findings 
regarding the air distribution method have been obtained from past studies, some inconsistent aspects 
and even unexplored areas still await investigation. A good understanding of airborne transmission is 
fundamental for formulating effective control measures for an outbreak of infectious disease. The first 
objective of this paper is to provide a review of past studies of the influence of indoor air distribution 
on the airborne spread of expiratory droplet nuclei between occupants. It must be pointed out that the 
focus of the review is on the spread of expiratory droplet nuclei from mouth/nose to mouth/nose for 
non-specific diseases. Neither microbiological and medical studies on the mechanisms of droplet 
generation from mucus to mouth/nose and the deposition from mouth/nose onto mucus, nor the 
viability and infectivity of infectious agents have been included. The second objective of this paper is 
to present some new findings of our on-going experimental studies on this topic, specifically the 
influence of indoor airflow pattern on airborne spread of droplet nuclei between occupants. 
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2. REVIEW OF THE INFLUENCE OF INDOOR AIR DISTRIBUTION  

2.1 Influence of total volume air distribution 
Past studies that have evaluated the influence of MV, DV and Under Floor Air Distribution (UFAD) 
on airborne transmission reported some inconsistent findings. Some studies (Cermak et al., 2006; Li et 
al., 2013, 2011; Yang et al., 2015) suggested that DV and UFAD are better at reducing the risk of 
cross-infection than MV, whereas other studies (Qian et al., 2006; Zhao et al., 2005) show that MV 
performs better than DV and UFAD. Studies finding that DV and UFAD perform better than MV 
demonstrated that the vertical diluting function of DV and UFAD can reduce the horizontal dispersion 
of exhaled flows and can thus reduce the risk of cross-infection. This finding was found to be valid 
not only for tracer gas (Yang et al., 2015; Li et al., 2011) but also for small particles less than 5 µm in 
diameter (Li et al., 2011).  
The studies reporting that MV performs better than DV and UFAD were usually based on two 
findings. First, that droplet nuclei could travel a longer distance indoors with DV than with MV (Li et 
al., 2011; Qian et al., 2006). Second, that expiratory droplet nuclei could be more easily trapped in the 
breathing zone by the thermal stratification created by DV and UFAD (Gao et al., 2008; Qian et al., 
2006). Both findings imply that a lower exposure risk for co-occupants can be achieved with MV. The 
different findings may be attributed to the different airflow interactions in the two types of air 
distribution and to the boundary conditions used in the different studies. It should be highlighted that 
the influence of boundary conditions could be comparable to that of the air distribution methods. In 
addition, the relative importance of the two functions of DV, namely diluting pollutants vertically and 
increasing pollutants dispersion horizontally, may change with distance (Li et al., 2011) and vertical 
location of the exhaust opening (Yi et al., 2009). It is therefore important to clarify the exact boundary 
conditions when interpreting a specific finding.  

2.2 Influence of advanced air distribution 
The excellent performance of PV in reducing the risk of airborne infection between occupants in 
indoor spaces conditioned by various background ventilation methods has been widely documented in 
the literature (Cermak et al., 2006; Lipczynska et al., 2015) which suggests that PV can be a suitable 
supplement to traditional methods of infection control. The efficiency of PV in mitigating airborne 
transmission is influenced by the type of PV and the air terminal devices used (Cermak et al., 2007; Li 
et al., 2011,2013). Pantelic et al. (2015) reported that, compared to MV, desk-based PV could reduce 
the intake of cough-released droplets by 41-99%. This efficiency is higher when the distance between 
the exposed individual and the cough generator is small (Pantelic et al., 2009). However, their studies 
were limited to situations in which the PV is used only by the exposed individual, not the infected 
source. 
Obviously, the use of PV by the infected individual would increase the dispersion of exhaled 
pollutants, and the resultant risk of cross-infection would then depend on the background air 
distribution pattern and the relative distance and orientation of the infected and exposed individuals. 
Li et al. (2013) investigated the risk of cross-infection between two face-to-face individuals with a 
separation distance of 2 m. They found that when only the infected individual uses PV, the cross-
infection risk is still lower than that when DV is used alone but is slightly higher than when MV is 
used alone. However, for a face-to-back arrangement with the infected individual in front (Cermak et 
al., 2006; Licina et al., 2015), the use of PV by the infected individual could result in a significant 
increase in the risk of cross-infection with DV, even when the exposed individual also uses PV (see 
Figure 2 (a)). In general, these findings imply that the use of PV by an infected individual should be 
avoided.  
Various types of PE devices have been investigated in different situations, including top-PE and 
shoulder-PE for a patient in a consultation room (Yang et al., 2015), wearable PE for an infected 
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doctor (Bolashikov et al., 2015), a bed integrated local exhaust system for a supine patient (Melikov et 
al., 2011) and seat-mounted local exhaust in an aircraft cabin (Melikov and Dhartov, 2013). In 
general, all types of PE showed excellent performance in controlling the source of airborne 
transmission, although their efficiency was influenced by other factors, including their relative 
orientation to the infected individual. The use of PE for an infected individual shows much better 
performance when compared to the use of PV for a healthy individual only (see Figure 2 (b)). It is 
important to realise that the use of PV helps a little when PE is already used, although the combination 
of PV-PE can achieves the lowest cross-infection risk. Such a PV-PE combination is also effective in 
capturing the expiratory flow and thus reducing the risk of cross-infection in aircraft cabins. For PV 
and PE and their combination, a systematic investigation of the influential factors and their increased 
flexibility in various situations, such as different background ventilation methods and relative 
orientation of occupants, is necessary to improve their performance in controlling airborne 
transmission. 

 
Figure 2 Percentage reduction (compared to the case with no PV) in the intake of the expiratory flow 
from the infected individual (yellow) by the exposed individual (blue) when using PV (Cermak et al., 
2006) (a)  and using PV and/or PE (Yang et al., 2015) (b), where RMP denotes a round movable panel 
mounted on a movable arm-duct attached to a desktop. 
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indoor spaces conditioned by various background ventilation methods has been widely documented in 
the literature (Cermak et al., 2006; Lipczynska et al., 2015) which suggests that PV can be a suitable 
supplement to traditional methods of infection control. The efficiency of PV in mitigating airborne 
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the intake of cough-released droplets by 41-99%. This efficiency is higher when the distance between 
the exposed individual and the cough generator is small (Pantelic et al., 2009). However, their studies 
were limited to situations in which the PV is used only by the exposed individual, not the infected 
source. 
Obviously, the use of PV by the infected individual would increase the dispersion of exhaled 
pollutants, and the resultant risk of cross-infection would then depend on the background air 
distribution pattern and the relative distance and orientation of the infected and exposed individuals. 
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separation distance of 2 m. They found that when only the infected individual uses PV, the cross-
infection risk is still lower than that when DV is used alone but is slightly higher than when MV is 
used alone. However, for a face-to-back arrangement with the infected individual in front (Cermak et 
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|  675PROCEEDINGS — Roomvent & Ventilation 2018 |  675PROCEEDINGS — Roomvent & Ventilation 2018

Track 4 – Applications: Hospital Ventilation and Infection Control (HV1)



3 INFLUENCE OF DIRECTION OF INDOOR AIRFLOW PATTERN 

3.1 Experimental methods 
Experiments were conducted in a full-scale climate chamber with dimensions of 4.4 m × 4.7 m × 2.6 
m (x × y × z). Six fluorescent light fixtures at 6 W each were mounted on the ceiling to provide 
lighting. Two breathing thermal manikins were used to simulate one infected person and one exposed 
person, respectively. The sensible heat power of each manikin was 80 W. A schematic view of the 
climate chamber is provided in Figure 3. During the experiments, 100% outdoor air was supplied 
horizontally into the chamber from one sidewall through four perforated diffusers, while the exhaust 
of the air from the chamber was accomplished similarly from four perforated diffusers mounted on the 
opposite wall. This ventilation method was called stratum ventilation by Lin et al. (2011). Note that 
the air distribution designed in the present study was intended only to provide a horizontal airflow 
pattern, which, therefore, did not exactly follow the design criteria suggested by Lin et al. (2011). 
The two breathing thermal manikins had an accurate body shape and size of an average adult woman 
of 1.7 m in height. The surface temperature of the manikins was controlled to be close to the skin 
temperature of a person in a state of thermal comfort at standing position. The manikins were dressed 
with T-shirt, trousers, apron, underwear, ankle-high light socks and light shoes, which gave 
approximately 0.5 Clo in total. Both manikins were connected with artificial lungs to simulate human 
breathing. The pulmonary ventilation flow rate was 6 L/min and the breathing frequency was 10 
times/min. Each breathing cycle included typically 2.5 s inhalation, 2.5 s exhalation, and 1 s break. 
The breathing mode of the infected manikin was inhalation through nose and exhalation through 
mouth and that of the exposed manikin was inhalation through mouth and exhalation through nose. 
Figure 3 presents the different layouts and postures of the two manikins. The air temperature in the 
chamber was always kept at 24 ℃, and the relative humidity was measured to be approximately from 
30% to 40%.  

 
Figure 3 Full-scale climate chamber configuration and different layouts of the two breathing thermal 
manikins. 

Tracer gas N2O (nitrous oxide) was used to simulate the exhaled virus-laden droplet nuclei from the 
infected manikin. It was dosed directly into the exhaled flow of the infected manikin through the 
artificial lung. The dosing rate was 0.5 L/min, which corresponded to 3.47% of the breathing flow rate 
14.4 L/min. Tracer gas concentration was monitored continuously at five locations: the mouth and the 
nose of both manikins, and the exhaust of the ventilation system. The instrumentations include Fast 
Gas Meter (FGM, Kierat and Popiolek, 2016, 2017) and INNOVA Multi-gas Sampler and Monitor 
(1312). In this paper, only the results obtained from INNOVA are presented. 
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3.2 Experimental results and analysis 
Figure 4 presents the influence of ACH on the normalized inhaled concentration of the exposed 
manikin at different separation distances when the layout was A. In general, under this horizontally 
distributed airflow pattern, the relationship between the exposure and the separation distance is no 
longer the same with that based on DV or MV, where the latter is always a decreased exposure with 
the increase of distance. This new finding on this relationship may indicate that some local or overall 
airflow patterns with an obvious direction would modify considerably the exposure characteristics of 
the exposed manikin. This should be paid special attention, considering that the occurrence of the 
horizontal airflow pattern could result in the failure of the control strategy that is based on the 
conventional knowledge of the DV- or MV-based indoor air distribution. Another important finding 
that can be seen from Figure 4 is that the exposure does not necessarily decrease with the increase of 
ACH, particularly when the ACH changes from 3 to 6. The reasons behind this phenomenon is worthy 
of further investigation. Because of the limited space of a conference paper, the influence of the layout 
of the two manikins on the exposure is not presented. 

 
Figure 4 Influence of ACH on the inhaled concentration as a function of separation distance for the 
layout A. 

4 CONCLUSIONS 
Air distribution plays a significant role in influencing airborne transmission. However, some 
inconsistent findings have been obtained on the performance of various total volume ventilation 
methods, probably due to the different boundary conditions used, such as the relative distance between 
individuals and the aerosol size investigated. The excellent performance of PV and PE in reducing the 
risk of cross-infection has been widely documented. However, the use of PV to the infected individual 
can enhance the dispersion of expiratory flows and so should be avoided. The use of PE for the 
infected individual only is much better than PV for the healthy individual only.  
Under a horizontally distributed airflow pattern, the relationship between the exposure and the 
separation distance is no longer the same with that obtained based on DV or MV, where no an obvious 
decrease in exposure with the increase of distance can be observed. This new finding should be paid 
special attention, considering that the occurrence of the horizontal airflow pattern could result in the 
failure of the control strategy that is based on the conventional knowledge of the DV- or MV-based 
indoor air distribution. 
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the air distribution designed in the present study was intended only to provide a horizontal airflow 
pattern, which, therefore, did not exactly follow the design criteria suggested by Lin et al. (2011). 
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of 1.7 m in height. The surface temperature of the manikins was controlled to be close to the skin 
temperature of a person in a state of thermal comfort at standing position. The manikins were dressed 
with T-shirt, trousers, apron, underwear, ankle-high light socks and light shoes, which gave 
approximately 0.5 Clo in total. Both manikins were connected with artificial lungs to simulate human 
breathing. The pulmonary ventilation flow rate was 6 L/min and the breathing frequency was 10 
times/min. Each breathing cycle included typically 2.5 s inhalation, 2.5 s exhalation, and 1 s break. 
The breathing mode of the infected manikin was inhalation through nose and exhalation through 
mouth and that of the exposed manikin was inhalation through mouth and exhalation through nose. 
Figure 3 presents the different layouts and postures of the two manikins. The air temperature in the 
chamber was always kept at 24 ℃, and the relative humidity was measured to be approximately from 
30% to 40%.  
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SUMMARY 
Modern operating rooms (ORs) focus on improving air cleaning strategies in order to reduce the 
infection risk during surgeries. Clean air and a good air distribution scheme are major factors in 
achieving this purpose and avoiding infection with airborne germs. This study analyses a unidirectional 
air flow (UAF) ventilation in a OR by means of numeric simulation (CFD). The numerical case consists 
in a OR with a patient and two surgeons, all with humanoid shape, and a UAF diffuser. Experimental 
measurements regarding the thermal plume of the patient and of the surgeon were made to validate the 
numerical case. The velocities values due to thermal plumes have been in the same range of velocities 
values with those of the fresh air supplied from the UAF diffuser. The purpose of the study is to observe 
how a UAF system can influence the air distribution near the operating area, at different air velocities 
values.
Keywords: Computation Fluid Dynamics, Operating Room, Unidirectional Air Flow, Thermal Plume, 
Particle Image Velocimetry 

1 INTRODUCTION 
ORs have an essential role in the modern society. For a long time, they have been classified as clean 
rooms and they tend to evolve along with the medical and technological field (Holbrook 2010, English 
Travis R. 2015, English 2016). The complexity of the ORs have been studied over time by numerical 
and experimental approaches, establishing classification criteria that are strong correlated with the 
ventilation system and the activities that take place (Memarzadeh 2002, M A Melhado 2006, Thool and 
Sinha 2014, Fischer, Thieves et al. 2015, Jankowski and Młynarczyk 2016, Peter Bischoff 2017). The 
general goal of these studies is to make guidelines that can help in reducing the risk of interoperating 
infections with germs, but also achieving at least decent thermal comfort conditions for the medical 
personal. It is well known that if the medical devices and the instruments are sterile, then the major 
factor of risk for the patient is the pollution generated by the medical staff. The medical staff, due to the 
activities they have in the OR, have a significant release of heat and mass with the environment(Abreu, 
Ribeiro et al. 2017). The mass generally represents droplets and aerosols from transpiration, 
perspiration, hair or skin particles which can travel by air into the open wound of the patient. The heat 
generated, also called in the literature as a thermal plume, can reach significant velocities and can affect 
the air circulation of the ventilation system. The ventilation system in the OR has a key role in reducing 
the risks of infection with germs by air. In modern ORs, two major types of ventilation strategies are 
followed: while the most often used is the UAF ventilation (Barbadoro, Bruschi et al. 2016), the second 
most used is a mixed ventilation system that usually has implemented diffusers which deflects the air 
in four directions. UAF ventilation strategy is sometimes found with small variations, like peripheral 
curtains or different ceiling shapes (like hexagonal). A UAF ceiling will be often named laminar air 
flow (LAF) ceiling, but both are representing the same concept (Ritter, Eitzen et al. 1977). Sometimes, 
both strategies can be found in a OR. This study analyses the most used type of ventilation system that 
is implemented in ORs, the UAF. Different air velocity values were tested, all in the usual used ranges 
and observations on air circulation were made. 
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2 METHODS 

2.1 Numerical methods 
The numerical study was performed in Ansys Fluent 18. The numeric case consists in a OR with a 
classical UAF system, lateral outlets, two surgeons and a patient. The two persons from the medical 
staff and a patient have a humanoid shape. The numerical models have been compared with 
experimental data from infrared thermography (IR) measurements and Particle Image Velocimetry 
(PIV) measurements of the thermal plumes. Two thermal manikin prototypes developed in our 
laboratory were used in the experimental measurements to generate the thermal plumes. The 
computational grid of the interest domain (Figures 2) is composed of 18.3 million of tetrahedral 
elements with a boundary layer that consists of 8 layers. A grid independency test of the solution was 
performed on five different meshes: 10, 11.8, 13.75, 18.3, 20.3 million tetrahedral elements. We chose 
the 18.3 million elements mesh because the difference between this grid and the 20.3 million was 
insignificant. To determine the boundary layer for the thermal manikins it was used a first layer high of 
0.35 mm and a growth rate of 1.2. Face size was used for modifying the cell size of the inlets and outlets 
to 1mm.The maximum wall y+ value was 0.91. The virtual manikin has a height of 1.85 m and a body 
surface of 1.8 m². 

 
Figure 1. – Sketch of the OR configuration 

a)  b)  
Figure 2. – Mesh details for a) surgeon b) patient 
For the pressure-velocity coupling we utilized the Coupled algorithm. A second order upwind scheme 
was used to calculate the convective terms in the equations, integrated with the finite volume method. 
The turbulence model used for the numerical simulation was SST k-ω, given that the overall 
performance of this model is one of the best for the indoor environment modelling (Stamou and Katsiris 
2006). The air temperature and the walls temperature were the same for both cases (20°C), experimental 
and numerical. Both thermal manikins had different imposed body parts temperatures: ϴhead=34°C, 
ϴhead=32°C, ϴarms=30°C, ϴlegs=27°C. For the experimental validation of the thermal plumes of the 
bodies we considered a stationary case, with no air flow on the ventilation system. Several air flows 
were considered corresponding to inlet velocities of respectively 0.1m/s, 0.2m/s, 0.3m/s and 0.4m/s. 

PROCEEDINGS  — Roomvent & Ventilation 2018680  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 4 – Applications: Hospital Ventilation and Infection Control (HV1)

680  |



2.2 Experimental methods 
The experimental study was made in a climatic chamber that has a similar air distribution system and 
dimensions with the CFD model. The climatic chamber simulates a real scale OR, which has the 
dimensions of 3.5m x 3.5m x 2.5m (lxLxH), an automatic system for temperature control on each wall, 
including door, and an air ventilation system with a UAF diffuser and outlets. The walls temperature of 
the climatic chamber during IR and PIV measurements was set at 20°C and controlled via a automation 
system. 
The thermal manikin used to simulate the patient is presented in (Dan 2017). Its working principle is to 
control the surface temperature of each individual zone by controlling the electric current and to record 
the electrical power consumption as an indication of the thermal state of each zone. The manikin is 
controlled thru a dedicated software interface that is allowing the user to specify set-point values for 
each surface temperature of the zones, to monitor the evolution of each temperature of the 395 available 
sensors, to record the electric power consumption of the segments and to assess the thermal sensation 
in using equivalent temperature (teq) evaluation as presented in the standard EN ISO 14505/2 (ISO 
2006). The monitoring system can run and record in real-time independently from the computer user 
interface, with the limitation of maintaining the last (or default) requested set point of temperature. The 
prototype used in this study as a surgeon has 36 individually controlled heating zones (Nastase, Croitoru 
et al. 2016). It has also a dedicated software interface that allow the user to set and monitor the 
temperature values and power consumption on each zone.  
The PIV measurements were made with a classical system that has a dual pulsatory laser with a central 
unit, a command panel and a synchronizer, while the frames were captured with a CMOS camera. The 
setup of the system can be seen in Figure 3 (1 - CMOS camera, 2 - double pulsatory laser, 3 - laser unit, 
4 - synchronizer, 5 - external command panel, 6 - PC, 7 - smoke generator, 8 - compressor, 9 - manikin, 
10 – UAF diffuser). The smoke generator used olive oil and an air compressor.  
The assessment of the temperature fields was performed with an infrared camera using an extremely 
thin black cardboard which was passed in the median plane of the manikin (Figure 4).  

 
Figure 3. – Equipment placement for the PIV thermal plume measurements: a) patient; b) surgeon 

3 RESULTS 
Measurements of the temperature and velocity distributions in the sagittal planes of the manikins were 
performed and compared with the numerical results. Measurements with the IR camera from 
experimental campaign are displayed in Figure 4 and their numerical counterparts are shown in Figure 
5 and 7. The distributions of the velocities from CFD and PIV measurements in the same sagittal planes 
are displayed in Figures 6 and 8. This case are corresponding to a stagnant situation where there is no 
air flow from the ventilation system.  

2 METHODS 

2.1 Numerical methods 
The numerical study was performed in Ansys Fluent 18. The numeric case consists in a OR with a 
classical UAF system, lateral outlets, two surgeons and a patient. The two persons from the medical 
staff and a patient have a humanoid shape. The numerical models have been compared with 
experimental data from infrared thermography (IR) measurements and Particle Image Velocimetry 
(PIV) measurements of the thermal plumes. Two thermal manikin prototypes developed in our 
laboratory were used in the experimental measurements to generate the thermal plumes. The 
computational grid of the interest domain (Figures 2) is composed of 18.3 million of tetrahedral 
elements with a boundary layer that consists of 8 layers. A grid independency test of the solution was 
performed on five different meshes: 10, 11.8, 13.75, 18.3, 20.3 million tetrahedral elements. We chose 
the 18.3 million elements mesh because the difference between this grid and the 20.3 million was 
insignificant. To determine the boundary layer for the thermal manikins it was used a first layer high of 
0.35 mm and a growth rate of 1.2. Face size was used for modifying the cell size of the inlets and outlets 
to 1mm.The maximum wall y+ value was 0.91. The virtual manikin has a height of 1.85 m and a body 
surface of 1.8 m². 

 
Figure 1. – Sketch of the OR configuration 

a)  b)  
Figure 2. – Mesh details for a) surgeon b) patient 
For the pressure-velocity coupling we utilized the Coupled algorithm. A second order upwind scheme 
was used to calculate the convective terms in the equations, integrated with the finite volume method. 
The turbulence model used for the numerical simulation was SST k-ω, given that the overall 
performance of this model is one of the best for the indoor environment modelling (Stamou and Katsiris 
2006). The air temperature and the walls temperature were the same for both cases (20°C), experimental 
and numerical. Both thermal manikins had different imposed body parts temperatures: ϴhead=34°C, 
ϴhead=32°C, ϴarms=30°C, ϴlegs=27°C. For the experimental validation of the thermal plumes of the 
bodies we considered a stationary case, with no air flow on the ventilation system. Several air flows 
were considered corresponding to inlet velocities of respectively 0.1m/s, 0.2m/s, 0.3m/s and 0.4m/s. 
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Figure 4. – IR measurements set up and temperature fields 

a) b)  
Figure 5. – Thermal plume gradient temperature for patient: a) CFD; b)IR measurements 

a) b)  
Figure 6. – Thermal plume velocity vectors of the patient: a) CFD; b) PIV 

a) b)  
Figure 7. – Thermal plume gradient temperature for surgeon: a) CFD; b) PIV  
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a) b)  
Figure 8. – Thermal plume velocity vectors of the surgeon: a) CFD; b) PIV  

 
Figure 9. – Velocity vectors from the UAF at different speeds 

4 DISCUSSIONS AND CONCLUSION 
A good correlation between the results from the numerical case and the results from the experimental 
campaigns were found. Velocity vectors in the same range and approximately at the same height were 
found in both approaches. Also, the same observation was found in the analysis regarding the gradient 
temperature. The numerical and the experimental studies have pointed that the surgeon thermal plume 
can reach velocities up to 0,35 m/s. Even higher velocities were seen in some instantaneous PIV 
captures. The thermal plume of the patient was seen to have lower velocities then the surgeon, but it can 
reach around 0,2 m/s. These high velocities that the thermal plumes can have is showing the need of 
higher velocities of the treated air from the UAF ceiling. It was seen that velocities higher than 0.2 m/s 
from the UAF can overcome the thermal plumes from the medical staff, allowing the treated air to reach 
the operating table. However, applying higher velocities can lead to thermal discomfort for the medical 
staff or the patient, and this is depending on the level of clothing of each individual, the activity that it 
has and the high of the room. Recirculation areas were seen to be form after any object that was in the 
path of the air flow, like the hands of the surgeons, near the peripheral of the LAF, at the extremities of 
the operating table and after it. Thus, avoiding as much as possible placing objects in the path of the air 
flow will be recommended. Although a UAF ventilation system seems to provide a higher degree of 
cleanliness in the operating area then a mixed ventilation system, it’s still rises questions if this solution 
is effective or may worsen the situation when medical equipment’s, medical staff enter in the path flow 
of the treated air. 

 
Figure 4. – IR measurements set up and temperature fields 

a) b)  
Figure 5. – Thermal plume gradient temperature for patient: a) CFD; b)IR measurements 

a) b)  
Figure 6. – Thermal plume velocity vectors of the patient: a) CFD; b) PIV 

a) b)  
Figure 7. – Thermal plume gradient temperature for surgeon: a) CFD; b) PIV  
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SUMMARY  
This experimental study analyses the contaminants exposure of a health worker (HW) to the 
contaminants exhaled by a lying patient (P) inside a hospital room using breathing thermal manikins. 
The two possible exhalation ways of P, though the nose (N) or through the mouth (M) are considered 
while HW always inhales through its nose. In addition, two different respiration functions are tested for 
P breathing, one corresponding to a 1,8 m height and 80 kg weight male (H) and another corresponding 
to a 1,5 m height and 50 kg weight female (L). The room is ventilated using a mixing ventilation strategy 
with 6 ACH as ventilation rate. A tracer gas (R134A) is used to surrogate the contaminants emitted 
through P exhalation, being the only source of contaminants inside the room. Using field measurements 
data, the value of contaminant exposure (𝑒𝑒𝑒𝑒𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐 ) and the intake fraction (𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼) are obtained together with 
the peak concentration intensity and frequency as the indices to compare the different experimental 
combinations. Results are intended to be extrapolated, considering the limitations, to the possible 
exposition of HW to the pathogens released by P exhalation. 
Keywords: Hospital, Human breathing, Personal exposure, Exhalation airway, Breathing functions 

1 INTRODUCTION  
It is well known that hospitals are risky places for cross infection. This is because patients that suffer 
from contagious illnesses are in close contact with other patients and health workers. Airborne cross 
infections can spread quickly in these indoor spaces because their occupants move from a place to the 
other constantly interacting with different people, especially the medical staff. So it is important to avoid 
the possible infection of their personnel. 
Pathogens that are responsible of the contagion can be emitted in respiratory events such as cough, 
sneezing and breathing (Fabian et al. 2008). They are expelled in droplets, falling if their size is higher 
than 60 𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇 (Liu et al. 2016) or following the air current if not (Ji et al. 2018). Once these droplets get 
out the body they start to lose mass because of evaporation and can be transformed in droplets nuclei. 
These low mass particles can reach further distances following ventilation flows (Liu et al. 2016). 
This study uses a tracer gas (R134A) to study the diffusion of these particles as they were contaminants. 
It is performed in a typical hospital room set-up (Bivolarova et al. 2014).  Inside the averaged size 
hospital room, two thermal breathing manikins surrogate the presence of a patient (P) as a source of 
pathogens and a health worker (HW) as the target. P lies on a bed while HW stands close to it. Two 
different exhalation functions, female 1,5 m height 50 kg weight (L) and male 1,8 m height and 80 kg 
weight (H) and two airways, nose (N) and mouth (M) are tested for P exhalation.  
This study uses two different contaminant exposition indices to determine the exposition of HW to the 
contaminants exhaled by P. Contaminants exposure (𝑒𝑒𝑒𝑒𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐 ) determines the amount of contaminants 
present in HW inhalation referred to the exhaust. On the contrary the intake fraction (𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼) determines 
contaminants quantity in HW airway referred to the contaminants emitted into the room. Furthermore, 
the peak concentrations registered in HW are analysed so that its frequency and scale are compared in 
order to describe in which cases HW is more exposed to the contaminants released by P. Since between 
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these contaminants could be infectious pathogens, the exposure values obtained could be related with 
HW cross infection risk. 

2 METHODS 
The experiments have been performed in an experimental chamber of 4.5 m length, 3.3 m wide and 2.8 
m height. The chamber is ventilated using mixing ventilation strategy with a ventilation rate of 6 air 
changes per hour (ACH). Fresh air is introduced through S and exhausted through E grilles. Figure 1 
show the experimental set-up. 

 
Figure 1. Experimental setup. (a) Side view of the experimental chamber. (b) Plane view of the 
experimental chamber. (c) Detail view of the positions of the exhaling points of the thermal manikins. 

Two thermal manikins (Berlanga et al. 2015) represent a lying patient (P) and an standing health worker 
(HW). The body of the manikins is heated to reach a surface temperature of 34 ºC. The manikins head 
is equipped with two different airways a 12 mm diameter circular mouth and two 6 mm diameter circular 
nostrils. The nostrils and its conduct are oriented following the indications of previous studies (Gupta 
et al. 2010). An illustration of manikin airways is shown in Figure 1 (c). 
The manikins perform different breathing functions as is summarized in Table 1. P manikin performs 
two different exhalation functions, H corresponding to a 1.8 m 80 kg male and L corresponding to a 1.5 
m 50 kg  female, exhaling through the nose (N) and through the mouth (M). Its breathing is heated to 
obtain 34 ºC just in the airway opening. On the contrary, HW manikin only performs HW inhalation 
function, always inhaling through the mouth. The nomenclature of the experiments performed are the 
combination of the P exhaust possibilities. 

Table 1. Breathing function properties of the three different exhalations present in the experiment.  

Manikin which perform 
the breathing 

Breathing 
function 

Respiration frequency 
(min-1) Minute volume 

(l/min) 
Tidal Volume 

(l) In Out 
HW HW 17.90 16.43 9.46 0.552 

P L 18.16 16.25 6.62 0.387 
P H 17.22 14.26 10.43 0.669 

Apart from the heat gains that the manikins represent (85 W HW manikin and 75 W P manikin), a 
radiant wall is present in the room behaving like an external wall load (Figure 1). This element represent 
a heat gain of 500 W. Thus, the total heat gains in the chamber amount to 660 W. In order to compensate 
the heat gains, ventilation air is supplied at 18.2 ºC, this way the exhaust temperature reaches 25 ºC.  
To obtain the room temperature conditions, J thermocouples (2% accuracy in the range of 20-40ºC) are 
installed along the height of the chamber. Dimensionless temperatures are obtained at a specific height 
(𝑇𝑇𝑇𝑇𝑧𝑧𝑧𝑧) using the supply (𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖) and the exhaust (𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒) temperatures. Results are presented against the 
dimensionless height respect to the total height of the chamber (𝐻𝐻𝐻𝐻).  
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In pursuance of analyse the dispersion of the exhalation droplets, a constant amount of tracer gas 
(R134a) is seeded into P exhalation. To dose and measure the tracer gas a dosing and measurement 
equipment is used (Innova 1303 and 1412, LumaSense Technologies, California). Tracer gas 
concentration is registered in four different points, ventilation supply (𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠), and exhaust (𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒), P 
exhalation airway �𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝� and in HW inhalation airway (𝑐𝑐𝑐𝑐𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻). The value of 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 is always null because the 
tracer gas used in this study can’t be found naturally in the atmosphere and the air renovation rate is 
zero. These individual values are averaged to obtain the corresponding mean concentration values 
(𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠, 𝑐𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒, 𝑐𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝 and 𝑐𝑐𝑐𝑐𝑐𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻).  

Peak concentrations registered in the airway the of HW are defined as the measurements that exceed 
the 25% the value of 𝑐𝑐𝑐𝑐𝑐𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻. These values are averaged to obtain the mean peak concentration in HW 
airway �𝑐𝑐𝑐𝑐𝑐𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻,125%�. The frequency of the occurrence of these peaks (𝑓𝑓𝑓𝑓125%) is quantified so that the 
periodicity of these events could be studied. 
Using the average concentration values, four different indices are defined to describe HW mean and 
peak tracer gas exposure.  

The exposure to contaminants (𝑒𝑒𝑒𝑒𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐 ) is an index that express the punctual exposure referred to the one 
in the exhaust. This index is also obtained for the value of  𝑐𝑐𝑐𝑐𝑐𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻,125% to study the peaks occurred. The 
equations used to obtain the values are shown in the Equation 1. 

 𝑒𝑒𝑒𝑒𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐 = 𝑐𝑐𝑐𝑐𝑐𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻−𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠
𝑐𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒−𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠

  , 𝑒𝑒𝑒𝑒𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻,125%
𝑐𝑐𝑐𝑐 = 𝑐𝑐𝑐𝑐𝑐𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻,125%−𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠

𝑐𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒−𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠
   (1) 

The intake fraction (𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼) is an index that is used to determine the effective amount of contaminants 
inhaled by HW. The value corresponding to the peak concentrations (𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼125%) is also obtained. The 
equations used to obtain the indices are shown in the Equation 2. 

 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = ∫𝑄𝑄𝑄𝑄𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻·𝑐𝑐𝑐𝑐𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻·d𝑡𝑡𝑡𝑡
∫𝑄𝑄𝑄𝑄𝑃𝑃𝑃𝑃·𝑐𝑐𝑐𝑐𝑃𝑃𝑃𝑃·d𝑡𝑡𝑡𝑡

= 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻·𝑐𝑐𝑐𝑐𝑐𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃·𝑐𝑐𝑐𝑐𝑐𝑃𝑃𝑃𝑃

  , 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼125% = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻·𝑐𝑐𝑐𝑐𝑐𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻,125%
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃·𝑐𝑐𝑐𝑐𝑐𝑃𝑃𝑃𝑃

 (2) 

Being 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 and 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃 the minute volume (L/min) of the breathings performed by HW and P 
respectively. 

3 RESULTS AND DISCUSSION 
Dimensionless temperature along the height of the room in three different positions, PA, PB and PC, 
Figure 1, is shown in Figure 2. The data were obtained during the performance of the four tests carried 
out for this study. 

 
Figure 2. Dimensionless temperature profiles along the height of the room in the three positions 
considered  

Figure 2 show that the temperature registered inside the chamber is quite homogeneous no matter the 
height where is registered nor the plane position inside the chamber chosen. This situation is typical for 

these contaminants could be infectious pathogens, the exposure values obtained could be related with 
HW cross infection risk. 

2 METHODS 
The experiments have been performed in an experimental chamber of 4.5 m length, 3.3 m wide and 2.8 
m height. The chamber is ventilated using mixing ventilation strategy with a ventilation rate of 6 air 
changes per hour (ACH). Fresh air is introduced through S and exhausted through E grilles. Figure 1 
show the experimental set-up. 

 
Figure 1. Experimental setup. (a) Side view of the experimental chamber. (b) Plane view of the 
experimental chamber. (c) Detail view of the positions of the exhaling points of the thermal manikins. 

Two thermal manikins (Berlanga et al. 2015) represent a lying patient (P) and an standing health worker 
(HW). The body of the manikins is heated to reach a surface temperature of 34 ºC. The manikins head 
is equipped with two different airways a 12 mm diameter circular mouth and two 6 mm diameter circular 
nostrils. The nostrils and its conduct are oriented following the indications of previous studies (Gupta 
et al. 2010). An illustration of manikin airways is shown in Figure 1 (c). 
The manikins perform different breathing functions as is summarized in Table 1. P manikin performs 
two different exhalation functions, H corresponding to a 1.8 m 80 kg male and L corresponding to a 1.5 
m 50 kg  female, exhaling through the nose (N) and through the mouth (M). Its breathing is heated to 
obtain 34 ºC just in the airway opening. On the contrary, HW manikin only performs HW inhalation 
function, always inhaling through the mouth. The nomenclature of the experiments performed are the 
combination of the P exhaust possibilities. 

Table 1. Breathing function properties of the three different exhalations present in the experiment.  

Manikin which perform 
the breathing 

Breathing 
function 

Respiration frequency 
(min-1) Minute volume 

(l/min) 
Tidal Volume 

(l) In Out 
HW HW 17.90 16.43 9.46 0.552 

P L 18.16 16.25 6.62 0.387 
P H 17.22 14.26 10.43 0.669 

Apart from the heat gains that the manikins represent (85 W HW manikin and 75 W P manikin), a 
radiant wall is present in the room behaving like an external wall load (Figure 1). This element represent 
a heat gain of 500 W. Thus, the total heat gains in the chamber amount to 660 W. In order to compensate 
the heat gains, ventilation air is supplied at 18.2 ºC, this way the exhaust temperature reaches 25 ºC.  
To obtain the room temperature conditions, J thermocouples (2% accuracy in the range of 20-40ºC) are 
installed along the height of the chamber. Dimensionless temperatures are obtained at a specific height 
(𝑇𝑇𝑇𝑇𝑧𝑧𝑧𝑧) using the supply (𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖) and the exhaust (𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒) temperatures. Results are presented against the 
dimensionless height respect to the total height of the chamber (𝐻𝐻𝐻𝐻).  
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mixing ventilation strategies such the used in this case. The error bars show a low variability of the 
temperature during the data gathering. This assure that the tracer gas measurements recollected for each 
test are comparable. 

The values of the variables 𝑐𝑐𝑐𝑐𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 and 𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒 obtained during the complete test period (6 h) of each 
experimental case are shown in Figure 3. Not all the registered data are considered, the measurements 
obtained before to reach a stationary concentration in each point are not included in the index 
calculations. The data are considered from time = 50 min.  

 
Figure 3. Contaminant concentrations measured over time. (a) Inhalation of  HW. (b) Ventilation 
exhaust. 

Results show that once the contaminant is seeded into P airway, the concentration in the considered 
points increase progressively. This process ends once the contaminants reach a definite concentration 
in each point. Once that happens the average value of the concentration remains nearly constant over 
time. This phenomenon is more evident for 𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒. Nearly no difference is obtained for 𝑐𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒 between 
experiments, that the contaminants are removed to the exhaust in the same amount for all the tests. In 
contrast to the homogeneous data obtained in 𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒, instantaneous sudden high registers that break the 
uniformity of the records appears for 𝑐𝑐𝑐𝑐𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 though time. These peak concentration registers are not 
obtained with the same intensity nor the same frequency in all the tests.  
To determine the average and peak HW exposition differences between the experiments carried out, the 
average (𝑒𝑒𝑒𝑒𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐 , 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼) and peak (𝑒𝑒𝑒𝑒𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻,125%

𝑐𝑐𝑐𝑐 , 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼125%) exposition indices are shown in Figure 4 together with 
the peak occurrence frequency (𝑓𝑓𝑓𝑓125%). Peak values are shown in form of error bars over the average 
bars. 

 
Figure 4. Contaminant exposure. (a) Average (𝑒𝑒𝑒𝑒𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐 ) and maximum (𝑒𝑒𝑒𝑒𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻,125%

𝑐𝑐𝑐𝑐 ) contaminants 
exposure. (b) Intake Fraction, average (𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼) and maximum (𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼125%). (c) Peak frequency (𝑓𝑓𝑓𝑓125%).  
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Contaminant exposure (𝑒𝑒𝑒𝑒𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐 ) maintain values slightly over the unit for all the tests. That means that the 
value obtained for 𝑐𝑐𝑐𝑐𝑐𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 is always higher than the one obtained for 𝑐𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒, which indicates that HW is 
overexposed respect to the exhaust. Being 𝑒𝑒𝑒𝑒𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐  value very homogeneous between the cases tested, a 
slight tendency to be higher in L cases is obtained. It is also noticeable that the exposition to contaminans 
is higher in M cases. So, the higher exposition is found for LM case.  

The values obtained for 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 reveals the same tendency observed for 𝑒𝑒𝑒𝑒𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐 , being again LM case the worse 
in terms of contaminants exposition. The amount of contaminant effectively inhaled by HW stands 
always around 1% of the contaminants seeded into the chamber thouth P exhalaton.  

The values obtained for 𝑒𝑒𝑒𝑒𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻,125%
𝑐𝑐𝑐𝑐  and 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼125% reveal higher differences between the cases studied. The 

worst situation appears again for LM case where 𝑒𝑒𝑒𝑒𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻,125%
𝑐𝑐𝑐𝑐  reveals peak concentrations till nearly 3 

times higher than the obtained in the exhaust and that reach nearly the 4% of the contaminants seeded 
through P exhalation. In general peak indices reinforces the differences shown by the mean indices. 
Nevertheless, it is noticeable that under HM experimental configuration any peak is registered.  
The higher exposure values obtained for the LM case could be explained by two facts. L exhalation 
cases high HW exposition could be related with the lower momentum of the breathing. In contrast with 
H cases, contaminants diffusion is lower, promoting higher concentrations in HW inhalation 
surroundings.  When M is used, contaminants are projected directly upwards by P exhalation in unlike 
in N cases. This shorten the distance to reach HW airways. 

Peak occurence, 𝑓𝑓𝑓𝑓125%, show higher values for N cases, even in HM case any peak is reached. It can be 
observed that the higher the peak frequency is the lower the peak exposure indices are. The different 
values obtained for this index show that the parameters modified between experiments have an influence 
on this value. When N airway is used, 𝑓𝑓𝑓𝑓125% is higher, but at the same time the scale of the peaks is 
lower. That could be related with the fact that, in this case, contaminanst are projected in a oblique 
direction that move contaminans away from HW body. 

4 CONCLUSIONS 
Considering the obtained results, a number of conclusions can be stated: 

• A certain correlation has been found between the exposition indices 𝑒𝑒𝑒𝑒𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐  and 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼. Both indices 
provide exposure information but referred to different reference concentrations. While 𝑒𝑒𝑒𝑒𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐  is 
referred to the exhaust, 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 refers to the source of contaminants. The correlation found between 
them suggests that both can be used to describe HW exposition to a punctual indoor contaminant 
emission in ventilated spaces.  

• HW exposition depends on the P exhalation airway and its breathing function performed. P 
exhalation through the mouth (M) and a low momentum exhalation function (L) increase HW 
exposition. The differences are slight but the results are consistent between the two parameters 
considered. This reveals the importance of the way contaminants are released by the source into 
their distribution inside the indoor space and thus the exposure of the rest of the occupants. 

• Peak and average exposure indices show differences in the information retrieved. A more precise 
description of the HW exposure characteristics is obtained when peak exposition and the 
exposition frequency are considered. These values contribute to better describe the phenomenon 
and should be considered in future exposure studies. In addition, since infectious pathogens can 
be found between the contaminants released through exhalation the average, peak and peak 
frequency exposure values can be directly related with cross infection risk. 

• Since a number of peak exposure records are registered during the measurements, the use of 
quicker response sensors would provide useful information about the transient processes that 
seems to appear in situations like the presented. 
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The conclusions stated for the presented hospital room setup could be extrapolated to different indoor 
scenarios since breathing is a constant activity for humans and the indoor ventilation strategy performed 
is quite common. Exhaled air is continuously released through breathing and have an influence on the 
rest of occupants of indoor environments. The exhaled air could contain infectious pathogens, so the 
exposure values obtained could be related with cross infection risk of the occupants. Therefore, a more 
precise description of the exposure of the occupants under different situations could aid to design more 
effective ventilation systems for indoor spaces reducing the problems created by a poor ventilation 
design. 
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SUMMARY 
Operating room ventilation plays a significant role in reducing bacteria carrying particles 
concentration and preventing post-operative infections. The ventilation airflow may be disturbed by 
objects and heat loads in the operating room and the effectiveness of ventilation can thus be reduced. 
Surgical lamps are one of the major disturbances in an operating room. This study numerically 
investigated the influence of lamp shapes on airflow patterns and dispersion of airborne bacteria.  
Two different shapes of lamps were studied: a closed-shape and an open-shape lamp. The simulation 
was performed based on the physical configuration of two operating rooms ventilated respectively by 
laminar airflow and temperature controlled airflow. Results show that the closed-shape lamp severely 
obstructs the airflow and results in high bacteria concentration in the laminar airflow, whereas the 
open-shape lamp has a negligible impact on the particle dispersion. The temperature controlled 
airflow is less sensitive to obstructions and maintains a clean surgical site with both types of lamps. 
Keywords: operating room ventilation, surgical lamp, laminar airflow, temperature controlled airflow 

1 INTRODUCTION 
Air with a low concentration of viable bacteria is one of the key factors in the prevention of surgical 
site infections (Lidwell et al., 1983). Operating room (OR) ventilation plays an important role in 
minimizing airborne contamination and thus reducing the risk of infections (Charnley, 1970). 
Modern ORs are commonly equipped with a laminar airflow (LAF) system. The clean air is 
discharged through a ceiling diffuser above the operation zone at a high velocity. While the airflow is 
not truly laminar, a unidirectional flow field is expected to be established aiming to directly wash 
bacteria away from the patient. However, the washing effect can be significantly weakened by local 
disturbances, such as thermal plumes from heat sources and objects existing in the flow (Whyte and 
Shaw, 1974). The surgical lamp is deemed as one of the major disturbances in an OR that impairs the 
proper functioning of a LAF system. Chow et al. (2006) indicated that the medical lamp configuration 
in a LAF system could have a serious impact on the motion of infectious particles and hence increases 
the infection risk. Zoon et al. (2010) conducted experimental and numerical studies and found that the 
infection risk was proportional to the projected area of the surgical lamp. 
Recently, a new ventilation strategy that controls airflow based on temperature gradient has been 
proposed and tested (Alsved et al., 2017). This alternative ventilation, known as temperature 
controlled airflow (TAF), supplies air at two different temperature levels. The cooler air is introduced 
into the operation zone from the ceiling, whereas the 1.5 degree warmer air is discharged into the 
periphery of OR. The cooler air falls down to the operating table due to buoyancy, which counteracts 
local thermal plumes and circumvents obstacles. Few studies have been conducted to investigate the 
sensitivity of the airflow pattern to disturbances under this new ventilation strategy. Therefore, the 
present study applies Computational Fluid Dynamics (CFD) to quantify the influence of the shape of 
surgical lamps on the airflow pattern and airborne contaminant dispersion in ORs. Two distinct shapes 
of surgical lamps are investigated. Comparisons are made between two existing ORs ventilated 
respectively by temperature controlled airflow and laminar airflow.  

The conclusions stated for the presented hospital room setup could be extrapolated to different indoor 
scenarios since breathing is a constant activity for humans and the indoor ventilation strategy performed 
is quite common. Exhaled air is continuously released through breathing and have an influence on the 
rest of occupants of indoor environments. The exhaled air could contain infectious pathogens, so the 
exposure values obtained could be related with cross infection risk of the occupants. Therefore, a more 
precise description of the exposure of the occupants under different situations could aid to design more 
effective ventilation systems for indoor spaces reducing the problems created by a poor ventilation 
design. 

ACKNOWLEDGEMENTS  
The authors acknowledge the financial support received from the Ministerio de Economia y 
Competitividad, Secretaría de Estado de Investigación, Desarrollo e Innovación, Spain, to the National 
R&D project TRACER with reference DPI2014- 55357- C2- 2- R, entitled “Ventilation system 
influence on airborne transmission of human exhaled bioaerosols. Cross infection risk evaluation.” This 
project is cofinanced by the European Regional Development Fund (ERDF). 

REFERENCES  
Berlanga, F.A., M. Ruiz de Adana, and I. Olmedo. 2015. “Diseño Y Construcción de Maniquíes 

Térmicos Para La Realización de Ensayos Experimentales de Sistemas de Climatización.” In 
Proceedings of IX Congreso Nacional de Ingeniería Termodinámica, 1–8. Cartagena. 

Bivolarova, M. P., Arsen Krikor Melikov, Monika Kokora, Chiyomi Mizutani, and Zhecho Dimitrov 
Bolashikov. 2014. “Novel Bed Integrated Ventilation Method for Hospital Patient Rooms.” 13th 
SCANVAC International Conference on Air Distribution in Rooms, 49–56. 

Fabian, Patricia, James J. McDevitt, Wesley H. DeHaan, Rita O. P. Fung, Benjamin J. Cowling, Kwok 
Hung Chan, Gabriel M. Leung, and Donald K. Milton. 2008. “Influenza Virus in Human Exhaled 
Breath: An Observational Study.” PLoS ONE 3 (7): e2691.  

Gupta, J. K., Chao-Hsin Lin, and Q. Chen. 2010. “Characterizing Exhaled Airflow from Breathing and 
Talking.” Indoor Air 20 (1): 31–39. 

Ji, Yichen, Hua Qian, Jin Ye, and Xiaohong Zheng. 2018. “The Impact of Ambient Humidity on the 
Evaporation and Dispersion of Exhaled Breathing Droplets: A Numerical Investigation.” Journal 
of Aerosol Science 115 (October 2017). Elsevier Ltd: 164–72.  

Liu, Li, Yuguo Li, P. V. Nielsen, Jianjian Wei, and Rasmus L Jensen. 2016. “Short-Range Airborne 
Transmission of Expiratory Droplets between Two People.” Indoor Air, no. February: 1–11.  

 

|  691PROCEEDINGS — Roomvent & Ventilation 2018 |  691PROCEEDINGS — Roomvent & Ventilation 2018

Track 4 – Applications: Hospital Ventilation and Infection Control (HV1)



2 METHODS 

2.1 The Case Study 
Two existing ORs of identical size in Helsinborg Genearl Hopital (Helsinborg, Sweden) were selected 
for this study. They are ventilated by LAF and TAF respectively. The dimensions are 6.4 m × 6.3 m × 
3 m (Length × Width × Height). The internal constellation was chosen in accordance with the German 
guideline DIN1946-4. The physical configuration of the two ORs is presented in Figure 1.  

 
Figure 1. An overview of the OR configuration: a) LAF and b) TAF 

The OR with LAF is shown in Figure 1 a). Air is discharged to the operation zone of the OR from a 
ceiling diffuser. Contaminated air is exhausted through eight top vents and three complementary vents 
on one of the sidewalls. In the OR with TAF shown in Figure 1 b), cooler air is supplied to the 
operation zone through eight annularly distributed diffusers, whereas warmer air is introduced into the 
periphery of the OR from eight additional diffusers in parallel arrangement. Four exhaust vents are 
located on the bottom of two opposite-facing sidewalls to extract the contaminated air. 
Two different lamp shapes were investigated: a cylinder-like closed-shape lamp (as shown in Figure 
1-a) and an open-shape lamp (as in Figure 1-b) composed of five individual spots connected to a 
central hub. Both lamps have the same outer diameter of 0.6 m, which results in a projected area of 
0.28 m2 for the closed-shape lamp and 0.08 m2 for the open-shape lamp. The lamps were horizontally 
positioned under the ceiling diffuser, with the bottom face at a distance of 1.3 m from the operating 
table. The centre of the lamps coincides with the centre Y-Z plane of the OR.  
The most important source of airborne contamination in an OR is related to the infectious particles 
released from the surgical staff (Hoffman et al., 2002). The amount of disseminated microorganisms, 
measured as Colony Forming Unit (CFU), varies widely between individuals, activity levels, and 
clothing. In this study, a source strength of 5 CFU/s is adopted for each person assuming an ordinary 
scrub suite is worn, with 4 CFU/s from the head and 1 CFU/s from the body.  

2.2 Numerical Modelling 
The commercial CFD code ANSYS Fluent 18.2 was used to solve both the airflow field and the 
particle dispersion. The turbulent flow was modelled by the realizable 𝑘𝑘𝑘𝑘 𝑘 𝑘𝑘𝑘𝑘 model. The Lagrangian 
particle tracking method was employed to compute the trajectories of particles.  Detailed description 
and validation of the numerical models can be found in the authors’ previous studies (e.g. Sadrizadeh 
et al., 2016). 
In experimental studies, two approaches are widely used to evaluate the microbiological quality of the 
air: the passive air sampling (PAS) and the active air sampling (AAS). The passive sampling gives the 
number of bacteria carrying particle that sediment out onto a unit area of surface (e.g. the operating 
table) over a period of one hour (in the form of CFU/m2 ∙ h), whereas the active air sampling reports 
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the volumetric concentration of bacteria carrying particles at specified locations (in the form of 
CFU/m3). Both the active and passive air sampling approaches were mimicked in the simulation. 

Figure 2. Velocity contour plot at two perpendicular cross-sections passing the centre of the surgical 
lamps for a) LAF with closed-shape lamp; b) LAF with open-shape lamp; c) TAF with closed-shape 
lamp; d) TAF with open-shape lamp (left: Y-Z plane; right: X-Z plane) 
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positioned under the ceiling diffuser, with the bottom face at a distance of 1.3 m from the operating 
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The most important source of airborne contamination in an OR is related to the infectious particles 
released from the surgical staff (Hoffman et al., 2002). The amount of disseminated microorganisms, 
measured as Colony Forming Unit (CFU), varies widely between individuals, activity levels, and 
clothing. In this study, a source strength of 5 CFU/s is adopted for each person assuming an ordinary 
scrub suite is worn, with 4 CFU/s from the head and 1 CFU/s from the body.  

2.2 Numerical Modelling 
The commercial CFD code ANSYS Fluent 18.2 was used to solve both the airflow field and the 
particle dispersion. The turbulent flow was modelled by the realizable 𝑘𝑘𝑘𝑘 𝑘 𝑘𝑘𝑘𝑘 model. The Lagrangian 
particle tracking method was employed to compute the trajectories of particles.  Detailed description 
and validation of the numerical models can be found in the authors’ previous studies (e.g. Sadrizadeh 
et al., 2016). 
In experimental studies, two approaches are widely used to evaluate the microbiological quality of the 
air: the passive air sampling (PAS) and the active air sampling (AAS). The passive sampling gives the 
number of bacteria carrying particle that sediment out onto a unit area of surface (e.g. the operating 
table) over a period of one hour (in the form of CFU/m2 ∙ h), whereas the active air sampling reports 
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Table 1. Simulated CFU count settled on the operating table (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶/𝑚𝑚𝑚𝑚2 ∙ ℎ) 

 Closed-Shape Lamp Open-Shape Lamp 
LAF 104 < 0.1 
TAF 9.6 3.1 

4 DISCUSSION 
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improved by using the open-shape lamp with reduced projected area. The findings that surgical lamps 
obstruct the airflow and negatively influence the bacteria concentration in a LAF system are in line 
with previous studies (Whyte and Shaw, 1974; Zoon et al., 2010).  
TAF shows good performance in reducing the concentration of airborne contaminant with both 
closed-shape and open-shape lamps. The cooler air falls down to the surgical site from the supply 
diffusers, forming a relatively unidirectional flow over the surgical site. This buoyancy-driven 
downward flow is capable of washing off bacteria carrying particles from their sources and preventing 
them from reaching the patient. The presented airflow patterns and CFU concentration indicate that 
TAF is less sensitive to the shape of objects in the airflow path. Regardless of the lamps used, TAF is 
capable of providing a clean zone over the entire surgical site. The airflow passes around the surgical 
lamp, which implies that the buoyancy-driven flow utilized by TAF might be more effective in 
circumventing obstacles than the inertia-driven flow used by LAF. Although a small stagnant zone is 
also observed under the closed-shape lamp in TAF, it is confined and surrounded by the clean supply 
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that TAF utilizing the buoyancy effect has the advantage of overcoming obstructions in the airflow 
over LAF that relies on strong momentum. However, heavy heat loads in the operating room may 
have an impact on the buoyancy effect. Therefore, how temperature controlled airflow is influenced 
by thermal loads will be investigated in future studies. 
Based on these findings, using a lamp of a small enough projected area and proper positioning of the 
lamp are strongly recommended in a LAF ventilated operating room. In the present study, the lamps 
were placed horizontally over the operating table. Positioning the lamp at an angle or outside the 
surgical area may give different results, which is most likely the case in reality. The positioning of the 
lamps in this study can however be considered as the worst case scenario and thus the overall 
observations can shed valuable light on the design and usage of operating room ventilation.  
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SUMMARY 
Healthcare workers (HCWs) protect themselves against airborne infections with personal protective 
equipment (PPE) such as masks, gloves, gowns, etc. in isolation rooms. Additionally, effective 
ventilation should mix and dilute the airborne contaminants emitted by any potential sources (e.g. a 
patient) and hence provide complementary protection to HCWs. In this study, HCW exposure to patient-
exhaled airborne tracers was examined using a full-scale isolation room model with overhead mixing 
ventilation. Both the HCW and the patient were simulated with breathing thermal manikins in the 
experiments. The performance of the ventilation and the effect of face masks were assessed using smoke 
visualizations and tracer gas measurements. The tracer gas experiments showed that: i) closer proximity 
to the patient exposed the HCW to higher concentrations of the exhaled tracer; ii) increasing the 
ventilation rate only slightly reduced the HCW intake fraction of the patient exhaled tracer close to the 
patient; iii) masking the patient with a face mask was more effective than masking the HCW in reducing 
the HCW exposure. 
Keywords: isolation rooms, ventilation, airborne contaminants, exposure, face masks. 

1 INTRODUCTION 
Typically patients with airborne infections (such as SARS, measles, chickenpox and mycobacterium 
tuberculosis) are placed to airborne infectious isolation rooms (AIIRs). These rooms are in negative 
pressure compared to adjacent spaces. The negative pressure directs the flow towards the isolation room 
through small openings in the structures. Hence the negative pressure prevents the airborne infections 
from spreading out of the space. However, the negative pressure does not control the airflow patterns 
inside the isolation rooms where the flows are essentially dominated by supply air distribution and 
convection flows from heat sources and to some extent by the location of the exhausts. Healthcare 
workers (HCWs) protect themselves against airborne infections with personal protective equipment 
(PPE) such as masks, gloves, gowns, etc. in AIIRs. Although there seems to be limited evidence 
supporting the efficacy of face masks in reducing airborne transmission of infections (Cowling et al., 
2010), the masks can decrease the penetration of the patient exhalation jet and hence reduce the HCW’s 
direct exposure to it. However, the use of PPEs does not guarantee complete protection (masks can be 
leaky, eyes may be unprotected etc.). Hence, adequate ventilation is also required to avoid cross-
infection.  
Effective ventilation should mix and dilute the airborne contaminants readily close to patients in AIIRs. 
Typically overhead mixing ventilation and sufficient ventilation rate (for efficient mixing and dilution) 
are recommended for AIIRs (e.g. ASHRAE, 2013). However, this method may not always be optimal 
for protecting HCWs from direct exposure to airborne pathogens especially close to source. This study 
examines the exposure of the HCW to patient exhalation at different distances from the patient, the 
effect of different ventilation rates on the exposure and efficacy of face masks on HCW and patient.
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2 METHODS 

2.1 Isolation room model
The experiments were carried out in a full-scale isolation room model. The model was made out of 
clean room elements and the test room was 4.7 m wide, 4.0 m long and 2.6 m high. Overhead mixing 
ventilation with 12 ACH (air changes per hour) ventilation rate was used in the baseline experiments. 
The supply air was distributed through two multi-nozzle diffusers located in the ceiling in the middle 
of the room. The air was extracted through grilles in three different locations inside the model (two 
ceiling exhausts and one floor level exhaust). The locations of the supply air diffusers and exhausts 
grilles are shown in Figure 1 A. The supply air temperature was 19 °C. A total of 600 W heat load was 
applied to the room (including patient, HCW, lighting, equipment and solar load) raising the room air 
temperature to 22 °C.  
Both the HCW and the patient were simulated with breathing thermal manikins (Figure 1 B). The HCW 
was simulated with a realistic thermal manikin and the patient with a simpler dummy. Both manikins 
were heated and had artificial lung (i.e. pumps connected to manikins mouth and nose with tubes) to 
simulate the tidal breathing. The HCW manikin was set to inhale through nose and exhale through 
mouth. The patient manikin was set to inhale and exhale through nose. The minute volume of the 
breathing was set to 10 L/min and the respiratory frequency to 14 1/min with both manikins. These 
values correspond to typical adult breathing parameters (Gupta et al. 2010). The exhaled air was heated 
to 34 °C (but was not humidified) which was close to typical exhalation temperature (Höppe 1981). 
During the experiments the patient was lying on her back on the patient bed with backrest tilted 20° 
upwards from the horizontal plane. 
 
 

  
Figure 1. The layout of the isolation room model with four different HCW locations (1.-4.) is shown 
on the left (A). The HCW (at location 1) and the patient manikins used in the experiments are shown 
on the right (B). 
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2.2 Smoke visualizations 
The exposure of the HCW to patient exhalation was assessed qualitatively using smoke visualizations. 
In the visualizations the smoke was generated with a smoke machine (Martin Magnum 550, Martin, 
Denmark). The smoke was dosed to the exhalation of the patient manikin prior to being exhaled to the 
room. A vertical light sheet covering the patient bed and part of the HCW manikin was used to 
illuminate the smoke flow. The smoke flow inside the room was recorded with a digital camera (Canon 
7D, Canon Inc., Japan). The camera and the lights were positioned as far as possible from the patient 
and the HCW manikins not to interfere with the exhalation flows.

2.3 Tracer gas measurements 
The exposure of the HCW to patient exhalation was quantitatively assessed using tracer gas 
measurements. The exposure was quantified by calculating the susceptible exposure index from the 
tracer gas concentration measurements. This exposure index has been used in many studies lately as an 
estimate for exposure to airborne contaminants (Qian et al. 2010, Olmedo et al. 2012, Liu et al. 2017). 
The susceptible exposure index ε is defined as 

𝜀𝜀𝜀𝜀 = 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖−𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠
𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒−𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠

, (1) 

where Ci is the tracer gas concentration measured from the inhalation of the HCW, Cs is the tracer 
concentration in the supply air and Ce is the exhaust concentration. In steady state conditions, the 
average concentrations can be used in the equation. The susceptible exposure index of the HCW was 
measured in four locations: far away from the patient, at the foot of the bed, on the bed side and close 
to the patient (slightly leaning over the patient).  
The exposure with different ventilation rates was assessed with the inhaled intake fraction (IF) index 
(Bennett et al. 2002). The index value describes the mass intake of pollutant by an individual scaled 
with mass released into the environment and is defined as  

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = ∫𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
∫𝑄𝑄𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

 , (2) 

where Qi is the HCW inhalation flow rate, Ci the HCW inhaled tracer concentration, Qexh is the patient 
exhalation flow rate and Cexh the patient exhalation concentration. The effect of different ventilation 
rates (6, 12 and 18 ACHs) and FFP2 respirators on the HCW exposure was assessed only on the “worst 
case scenario” i.e. when the HCW was leaning over the patient. During the tracer gas experiments, the 
tracer gas (SF6) was supplied to the isolation room model through the patient’s nose. Prior to release 
the tracer was mixed with fresh air to form a mixture of air and SF6 (98.5 % of air and 1.5 % of SF6). 
During the tracer gas measurements, the patient exhaled mixture was heated to 50°C to compensate the 
density difference (caused by the high concentration of SF6) between a normal exhaled air and that of 
the tracer gas mixture used to simulate exhaled air. 
After the tracer concentration in the isolation room model had reached the steady state, the tracer 
concentration was measured for 30 minutes from the exhausts. After that the HCW inhalation 
concentration was monitored for an hour. At the end of each experiment the exhaust concentrations 
were again monitored for 30 minutes. The tracer concentrations were measured with photoacoustic gas 
analyser (Brüel&Kjær model 1312, Brüel&Kjær, Denmark) with c. 0.025 Hz sampling frequency. The 
monitoring time was long enough to produce low uncertainty of the concentration averages and standard 
deviations (Kierat et al. 2018).  
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3 RESULTS AND DISCUSSION 

3.1 Smoke visualizations 
A smoke visualization of the dispersion of the patient exhalation can be seen in Figure 2. The upper part 
of the Figure 2 shows a still image of the dispersion of the exhalation without a respirator on the patient. 
On the lower image, the same scenario is pictured with the patient manikin wearing a mask. Both smoke 
visualizations shown in the figure were carried out with 12 ACH ventilation rate. The upper part of the 
figure shows that the exhaled air can penetrate far into the isolation room and directly to the breathing 
zone of the HCW. The lower part of the figure shows that the patient exhalation jet is effectively 
suppressed by the respirator and hence notably less exhaled air is flowing directly to the breathing zone 
of the HCW. Thus it seems that masking the patient can possibly reduce the direct exposure of the HCW 
to the patient exhaled airborne contaminants. 
 

 

 
Figure 2. Smoke visualizations of the dispersion of the patient exhalation with and without the face 
mask (12 ACH ventilation rate was used in both visualizations). 
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3.2 Tracer gas measurements 
The tracer gas measurement results are shown in Figure 3 A-D. Figure 3 A shows the HCW susceptible 
exposure index (to the patient exhaled airborne tracer) in four different locations. It can be seen from 
the figure that the exposure increases while getting closer to the patient. The exposure was found to be 
especially high when the HCW was leaning slightly over the patient. This implies that the supply air 
distribution was not able to mix and dilute the patient exhaled air close to the source effectively.  
Figure 3 B shows the HCW intake fraction index close to the patient (HCW leaning over the patient) 
with three different ventilation rates: 6, 12 and 18 ACHs. It can be seen that the index values do not 
change much even though the ventilation rate is increased. This also indicates that higher ventilation 
rates alone do not always guarantee better mixing and quicker dilution.   
Figure 3 C shows the HCW IF index with different respirator using scenarios with 12 ACH ventilation 
rate. The figure shows that the masking of the patient seems to reduce notably the HCW’s direct 
exposure to patient exhalation.  
Figure 3 D shows the effect of masking the patient on the HCW IF index value under different 
ventilation rates. It can be seen that the masking significantly reduces the IF index with each ventilation 
rate compared to the case without face mask (i.e. Figure 3 B). As in Figure 3 B, the intake fraction index 
values stay virtually on the same level with different ventilation rates. 
 

 
Figure 3. Tracer gas measurement results: A) susceptible exposure index with the HCW in four 
different locations, B) intake fraction index with different ventilation rates with the HCW leaning over 
the patient, C) intake fraction index with different masking scenarios and D) intake fraction index 
with masked patient with different ventilation rates. 

 

3 RESULTS AND DISCUSSION 

3.1 Smoke visualizations 
A smoke visualization of the dispersion of the patient exhalation can be seen in Figure 2. The upper part 
of the Figure 2 shows a still image of the dispersion of the exhalation without a respirator on the patient. 
On the lower image, the same scenario is pictured with the patient manikin wearing a mask. Both smoke 
visualizations shown in the figure were carried out with 12 ACH ventilation rate. The upper part of the 
figure shows that the exhaled air can penetrate far into the isolation room and directly to the breathing 
zone of the HCW. The lower part of the figure shows that the patient exhalation jet is effectively 
suppressed by the respirator and hence notably less exhaled air is flowing directly to the breathing zone 
of the HCW. Thus it seems that masking the patient can possibly reduce the direct exposure of the HCW 
to the patient exhaled airborne contaminants. 
 

 

 
Figure 2. Smoke visualizations of the dispersion of the patient exhalation with and without the face 
mask (12 ACH ventilation rate was used in both visualizations). 
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5 CONCLUSIONS 
The smoke visualizations and tracer gas experiments showed that: i) closer proximity to the patient 
exposed the HCW to higher concentrations of exhaled tracer; ii) increasing the ventilation rate did not 
seem to affect the HCW intake fraction significantly close to the patient; iii) masking the patient with a 
respirator was more effective than masking the HCW to reduce the HCW exposure to the tracer. 
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SUMMARY 
In recent years there have been close, productive collaborations between engineers and infectious 
disease and control specialists in hospital infection control-related studies. Such studies have included 
projects on optimizing existing ventilation designs/parameters to reduce the risk of 
nosocomial/hospital-acquired infections between patients and staff, as well as air-sampling studies to 
detect the presence of airborne pathogens. The live, attenuated influenza virus (LAIV) vaccine has 
already been used in some infection control-related studies as a surrogate tracer to assist in 
understanding the transmission properties of the wild-type influenza virus. However, several steps are 
required before it can be usefully applied as a quantitative tracer in an engineering laboratory context. 
These include the design and optimization of an accurate and reliable (i.e. repeatable) air-sampling 
system which can distinguish between different concentrations of the airborne tracer virus when 
sampled under different ventilation set-ups. In addition, a realistic manikin patient ‘source’ and 
healthcare worker (HCW) ‘recipient’ is required as part of the experimental set-up to mimic real-life 
hospital staff-patient encounter situations, to make the results directly applicable to the related clinical 
environment. Our experience to date with using such a live vaccine virus tracer is described and 
discussed. 
Keywords: aerosol; infection control; vaccine virus tracer; manikin; isolation room 

1 INTRODUCTION 
Recent research efforts by teams around the world have sought to demonstrate the aerosol 
transmission of tuberculosis (TB), influenza and other respiratory viruses. Most of these studies take 
the form of environmental air-sampling in a healthcare environment where there are patients known to 
be infected with these pathogens – but the most work has been performed on influenza (Tellier et al. 
2009; Milton et al. 2013; Yan et al. 2018). The problem is that although many teams have 
demonstrated the presence of influenza RNA and even viable virus in the air in these environments, 
none of them has been able to show exactly how much air and virus is actually inhaled by exposed 
HCWs or patients in that environment (Tang et al. 2018). Thus, whilst these studies have all 
demonstrated the potential exposure to airborne influenza, it has not been possible to show that they 
have subsequently developed influenza infection from breathing air in from that environment at that 
time. 
The aims of this patient-HCW isolation room study are two-fold. First, to develop a sensitive source-
recipient manikin model to represent an infected patient (the source) exhaling airborne virus (using the 
live-attenuated influenza virus – LAIV - vaccine in this case), which can be detected within the 
exposed HCW (the recipient) standing at various positions around the patient bed. Secondly, using 
this sensitive manikin source-recipient manikin model, we aim to vary the geometry (i.e. relative 
positions) of the supply/exhaust vents in the isolation room model to see which arrangement limits the 
HCW’s exposure to the patient exhaled aerosols the most. In this paper, we concentrate on the 
development and testing of the experimental and analytical methods. 

5 CONCLUSIONS 
The smoke visualizations and tracer gas experiments showed that: i) closer proximity to the patient 
exposed the HCW to higher concentrations of exhaled tracer; ii) increasing the ventilation rate did not 
seem to affect the HCW intake fraction significantly close to the patient; iii) masking the patient with a 
respirator was more effective than masking the HCW to reduce the HCW exposure to the tracer. 
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2 METHODS 
The first step was to develop a sensitive source-recipient manikin model – capable of demonstrating 
the differences produced by different relative positions of the patient and HCW manikins, as well as 
the different relative positions of the ventilation supple and exhaust vents.  
We used the LAIV vaccine Fluenz Tetra - FT (also known as FluMist elsewhere) as a tracer (as 
described elsewhere, Bischoff et al. 2011). This was obtained from vaccine syringes with 200 µl doses 
containing known amount (~107 FFU – fluorescent focus units) of each of the 4 virus types. For each 
experiment, the content of one vaccine syringe was diluted (1:100) to 20 ml volume as required for the 
Collison nebuliser (as described elsewhere, Brown et al. 2015). It was used to mimic an exhaled 
aerosol produced by the patient manikin, and an air-sampler (the SKC biosampler) to collect samples 
from air.  
There are advantages to using the LAIV as a tracer, as this is a more realistic tracer than tracer gas, 
like SF6, or smoke, and the results may be more applicable to a healthcare environment. However, 
this also has some limitations, particularly due to the relatively stressful methods used to nebulise 
(‘exhaling’) and sample (‘inhaling’) the aerosolised virus, which can cause the amounts of detectable 
virus to decrease. 
All of these experiments are currently ongoing, so only early, preliminary findings can be presented 
here, but the aim is to have all of these completed by the beginning of 2018. 

2.1 Experimental set-up – calibrating the vaccine virus tracer detection sensitivity 
The set-up for the test chamber experiments using the live-attenuated vaccine tracer are shown in 
Figure 1. The intention with this was to determine the sensitivity of the sampling system to assess 
whether it could detect small differences (at least within 1 log10) of vaccine virus sampled from the air 
from a nebulised source (simulating human exhalation). 
 

 

Figure 1. Experimental set up for chamber experiments. Photos (top), schematic (bottom). A- chamber 
overview. B- Collison nebuliser ‘source’ to aerosolise the vaccine. C- biosampler ’recipient’ to collect 
the aerosolised vaccine virus. 
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The biosampler was filled with 20 ml virus transport medium (VTM), and set to sample at 12.5 L/min 
for 30 mins, to mimic healthcare worker inhalation, as per manufacturer’s instructions. The pressure 
of the vacuum pump was monitored with a pressure gauge to ensure that the minimum vacuum of 0.5 
bar for sonic flow in the biosampler nozzles was maintained. The nebuliser was set to 12 L/min for 30 
mins, to produce the vaccine virus aerosols, mimicking patient exhalation. The biosampler was first 
turned on followed by the nebulizer. Temperature (T) and relative humidity (RH) inside the chamber 
were monitored continuously. 
At the start of each experiment, the Collison nebuliser was loaded with a known volume and 
concentration of the FT vaccine virus. After the required period of nebulisation was completed, the 
amount of virus solution remaining in the Collison nebuliser bottle was measured. This allowed the 
amount of virus nebulised into the chamber to be calculated.  
The reported aerosol production of the nebulizer with 12 L/min flow rate is 8 ml/hour. During the 
30 min test period, 4 ml (20 %) of the 20 ml fluid in the nebulizer was expected to be aerosolized.  
Similarly, at the end of each experiment, the amount of virus captured into the 20 ml VTM in the 
biosampler was tested and quantified using both PCR and viral culture (FFU) methods. The difference 
between these two amounts (starting in the Collison nebuliser minus any residual vaccine fluid) would 
indicate the amount of virus remaining in the chamber.  
The volume of the test chamber was 0.540 m3 (1.5 m x 0.6 m x 0.6 m). With the airflow rate of 
12.5 L/min, the ventilation time constant of the chamber was 43 min. If complete mixing of the 
produced aerosol in the chamber is assumed, the theoretical maximum portion of produced aerosol 
that was collected to the biosampler during 30 mins was 30 %. The theoretical maximum portion of 
the original virus count in the nebulizer that could be collected by the biosampler during the 30 min 
test period was then expected to be around 6 %. In a full-scale test room with a volume of 49 m3 and 
ventilation time constant of 5 min (corresponding to 12 ACH), the sampled portion is expected to drop 
down to 0.1 % and the total collected portion of virus to 0.02%. 
These losses in our experimental chamber set-up would essentially mimic the amount of virus in the 
patient’s oral cavity prior to exhalation (i.e. in the Collison nebuliser), then the amount actually 
exhaled (nebulised - leaving some residual virus), and then any environmental loss in the healthcare 
environment (i.e. within the chamber) before being inhaled (i.e. captured by the biosampler) by the 
exposed healthcare worker. 

2.2 Influenza virus detection and quantitation – by PCR and culture 
Influenza virus RNA was measured by using quantitative reverse-transcription polymerase chain 
reaction (qRT-PCR) in a multiplex reaction for influenza A, influenza A/H1, and influenza B viruses 
with earlier described primers and probes (Jokela et al. 2015). Nucleic acids were extracted from 
thawed samples using MagnaPure 96 (Roche, Penzberg, Germany) automated extractor. Multiplex 
qRT-PCR was performed with 1 x NxtScript DNA Master (Roche), 21 U NxtScript reverse 
transcriptase (Roche), 0.5 µM each primer, and 0.125 µM each probe. Amplifications were run in a 
Mic PCR instrument (Bio Molecular Systems, Queensland, Australia) with the following steps: 50°C 
for 10 min, 95°C for 30 s, 45 cycles of 95°C for 5 s and 60°C for 30 s). Extracts of dilution series of 
FT were detectable at ≤1 FFU/µl with an average amplification efficiency of 100%, which was used 
for calculation of relative yield of virus in the experiments (example shown in Figure 2). Negative 
controls for the extraction, and RT-PCR steps, and positive controls for the influenza A (H1N1), 
influenza A (H3N2) and influenza B for RT-PCR, were included in each run. 
Viral culture was used to assess the viability of any virus collected via the air-sampler. The amount of 
live, viable virus was assessed using Madin-Darby canine kidney cell monolayers in multi-well plates. 
Briefly, cell cultures were inoculated with serial dilutions of the virus sample, overlaid with 
microcrystalline cellulose (Avicel). After incubation for 48-72 hrs at 33°C, cultures were fixed and 
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the differences produced by different relative positions of the patient and HCW manikins, as well as 
the different relative positions of the ventilation supple and exhaust vents.  
We used the LAIV vaccine Fluenz Tetra - FT (also known as FluMist elsewhere) as a tracer (as 
described elsewhere, Bischoff et al. 2011). This was obtained from vaccine syringes with 200 µl doses 
containing known amount (~107 FFU – fluorescent focus units) of each of the 4 virus types. For each 
experiment, the content of one vaccine syringe was diluted (1:100) to 20 ml volume as required for the 
Collison nebuliser (as described elsewhere, Brown et al. 2015). It was used to mimic an exhaled 
aerosol produced by the patient manikin, and an air-sampler (the SKC biosampler) to collect samples 
from air.  
There are advantages to using the LAIV as a tracer, as this is a more realistic tracer than tracer gas, 
like SF6, or smoke, and the results may be more applicable to a healthcare environment. However, 
this also has some limitations, particularly due to the relatively stressful methods used to nebulise 
(‘exhaling’) and sample (‘inhaling’) the aerosolised virus, which can cause the amounts of detectable 
virus to decrease. 
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2.1 Experimental set-up – calibrating the vaccine virus tracer detection sensitivity 
The set-up for the test chamber experiments using the live-attenuated vaccine tracer are shown in 
Figure 1. The intention with this was to determine the sensitivity of the sampling system to assess 
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Figure 1. Experimental set up for chamber experiments. Photos (top), schematic (bottom). A- chamber 
overview. B- Collison nebuliser ‘source’ to aerosolise the vaccine. C- biosampler ’recipient’ to collect 
the aerosolised vaccine virus. 
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stained with crystal violet for plaque counting. Alternatively, inoculated cells were cultured without 
overlay and subjected to immunoperoxidase staining with specific antibodies for examination under 
an inverted microscope, to identify and quantify the number of influenza virus-infected cells. 
 

 
Figure 2. Example of the plaque titration assay, to allow quantification of white plaques of destroyed, 
virus-infected cells among crystal violet stained intact cells of cells. 

3 RESULTS 
There were substantial losses in detectable virus when assessed by viral culture, though less so by 
PCR methods. This was not unexpected (Brown et al. 2015). The main aim of these initial studies was 
to quantify this loss and to compensate for this when expanding the study to the full-scale isolation 
room mock-up with the two life-size manikins.  
Preliminary estimates of the yields (100%-loss%) are shown in Figure 3. The experimental procedure 
from the original vaccine virus to the analysis of samples is shown on the left. The estimates of the 
yields are shown in the three columns. The experimental yield estimates in the first two columns are 
based on the volume of the aerosolised fluid and the airflow rate in the chamber. These two estimates 
should therefore be relatively reliable.  
In the test chamber, the total experimental yield was estimated to be 6% (20% of 30%). The first PCR 
results have been consistent with this, on average 5-7%. This indicates, that there are no significant 
extra losses in the experiment and analysis related to PCR. However, the number of experiments is not 
yet sufficient for final conclusions. 
In the actual full-scale test room, the experimental losses are much higher, since only a small portion 
of the aerosolised virus tracer can be collected within 30 minutes. The estimated yield for sampling is 
0.1% assuming total mixing of room air and ventilation rate of 12 ACH.  
In the viability analysis of the samples, however, there are several additional sources of losses. 
Already the dilution of the vaccine to the nebulizer fluid seems to cause an initial loss of 70-80% in 
viability. The aerosolisation process in the nebuliser circulates the fluid through the nozzles, which 
created losses in the order of 50%. This could be caused by the shear stresses in the nozzles and in the 
jet hitting the container wall. 
The total yield of viable virus in the first experiments was in the order of 0.04%. The biggest losses, 
around 90%, seemed to be related to the culture method itself. The storage of samples before the 
culture was estimated to cause a loss of 10-50%. These two, together with the experimental losses, 
seemed to be responsible of almost all the losses. Therefore, the yields were estimated to be around 
90% for the remaining experimental steps (test chamber and biosampler). The number of cultured 
samples, however, is at this point still too small and the variation too large to get reliable estimates. 
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Figure 3. Experimental procedure with preliminary estimates of yields in different steps in a 30 min 
experiment. 

4 DISCUSSION 
As can be seen from the above, the optimisation of the LAIV tracer system is not straightforward. The 
main issue appears to be how to deal with the loss of detectable virus tracer in a large air volume 
environment, and developing and optimising the detection (PCR) assays to be able to reliably detect 
low copy number variability in the different source-recipient manikin exposure scenarios. One simple 
solution would be increase the amount of starting virus concentration.  
Yet, assuming that we find an optimum ventilation geometry to protect HCWs in an isolation room 
setting in the experimental laboratory, how will this impact on existing hospitals and future hospital 
designs? At the most obvious level, for new hospitals, we would design an isolation room with the 
supply/exhaust vents in this optimum configuration and ensure that the patient bed to positioned 
accordingly – to reduce the HCW exposure to exhaled aerosols in a patient’s breath, whilst he/she is 
lying on the bed. The isolation room environment is relatively easy to control and patients tend to be 
lying static when visited by various HCWs.  
For existing hospitals, where it is more difficult to change existing ventilation supply/exhaust vent 
positions, HCWs would be required to wear a face mask to protect themselves from inhaling 
potentially infectious aerosols exhaled by the patient. This is already current practice – and this will 
still be required even in new build hospitals designed with these optimum HCW protection ventilation 
geometries. Therefore, these new optimal ventilation geometries will merely add to the protection of 
HCWs at an engineering level – but will still make a difference, as very often HCWs do not use their 
aerosol personal protective equipment (PPE), e.g. masks, face visors, eye goggles, in the most optimal 
manner. 
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5 CONCLUSIONS 
Further experiments are required to optimise the use of this live attenuated influenza vaccine virus as 
an effective, sensitive environmental tracer in full-size manikin exhalation-exposure experiments. 
However, if successful, this will be the most realistic tracer for healthcare infection control studies. In 
addition, uniquely, this manikin-tracer set up also allows us to detect and quantify the amount of virus 
actually inhaled by the recipient manikin – an experiment that cannot be practically performed on 
human volunteers. This data will help to inform infection control guidelines on potential aerosol 
exposure from airborne viruses, and assist the development of appropriate interventions – including 
engineering level interventions to reduce overall airborne pathogen concentration using ventilation 
systems. 
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SUMMARY 
Health care workers (HCW) are exposed to the infectious airborne bioaerosols released by the patients 
when working in the hospital isolation rooms. The highest exposures occur when the HCW is close to 
the patient and can directly inhale the patient’s exhaled air. This is a typical situation when the HCW is 
treating the patient who is lying in the bed. Direct exposure can be reduced by controlling the airflow 
pattern with air distribution or local ventilation solutions. In this study, computational fluid dynamics 
was used in order to study healthcare worker’s exposure in hospital isolation rooms. Simulation results 
were compared to experimental results for validation. The exposure was evaluated in several locations 
in the isolation room with four different exhaust grille locations. Unsteady RANS was found to produce 
a realistic patient exhalation flow pattern and HCW exposure. The simulation results were found to 
produce consistent results compared to measurements. The exhaust grille position was found to notably 
affect the HCW exposure. 
Keywords: CFD simulation, isolation rooms, healthcare worker, exhalation, exposure,  

1 INTRODUCTION 
Health care workers (HCW) are exposed to infectious airborne bioaerosols released by the patients when 
working in the hospital isolation rooms. The highest exposures occur when the HCW is close to the 
patient and can directly inhale the patient’s exhaled air. This is a typical situation when the HCW is 
treating the patient who is lying in the bed. Direct exposure can be reduced by controlling the airflow 
pattern with air distribution or local ventilation solutions.  
The well-mixed assumption of mixing ventilation suggested by many guidelines for airborne infectious 
isolation rooms, e.g. ASHRAE (2013), may not always be valid even though high ventilation rates are 
utilized (Richmond-Bryant et al. 2006). Lowest exposure is in principle achieved when the exhaled air 
is carried away from the HCW’s breathing zone by the room airflows. Furthermore, lowest room 
concentration is achieved when the exhaled air flows directly to the exhaust.  
There is no clear consensus on the optimal position of the exhaust locations inside the isolation rooms. 
Some researchers have argued that low-level exhausts should be used (Cheong and Phua, 2006) and 
some that ceiling level exhausts should be used instead (Qian and Li, 2010).  
CFD simulations can be utilized in order to characterize the local airflow patterns and to find the most 
effective ventilation solutions. In this study, CFD was used to study the healthcare worker’s exposure 
in hospital isolation room and the simulation results were compared to experimental results for 
validation. The HCW exposure was evaluated in several locations in the isolation room with four 
different exhaust grille positions/arrangements. The study was a part of a larger research project where 
the HCW exposure to patient released airborne contaminants was assessed using different methods and 
experimental setups. 

5 CONCLUSIONS 
Further experiments are required to optimise the use of this live attenuated influenza vaccine virus as 
an effective, sensitive environmental tracer in full-size manikin exhalation-exposure experiments. 
However, if successful, this will be the most realistic tracer for healthcare infection control studies. In 
addition, uniquely, this manikin-tracer set up also allows us to detect and quantify the amount of virus 
actually inhaled by the recipient manikin – an experiment that cannot be practically performed on 
human volunteers. This data will help to inform infection control guidelines on potential aerosol 
exposure from airborne viruses, and assist the development of appropriate interventions – including 
engineering level interventions to reduce overall airborne pathogen concentration using ventilation 
systems. 
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2 METHODS 

2.1 Full-scale experiments 
Full-scale experiments were carried out in an isolation room model built to ventilation laboratory at 
Turku University of Applied Sciences. The model consisted of 4.0 m x 4.7 m x 2.6 m (L x W x H) sized 
test chamber. Overhead mixing ventilation was applied with supply airflow rate of 170 L/s and exhaust 
airflow rate of 185 L/s corresponding to 12 ACH (air changes per hour) ventilation rate. The supply air 
temperature was 19 °C. A heat load of 600 W was applied to the room raising the room air temperature 
to 22 °C. Fresh air was supplied through two multi-nozzle diffusers installed to the middle of the ceiling. 
Air was extracted through three exhausts: one close to floor level simulating the toilet exhaust and two 
larger extract grilles in two corners of the test chamber. The HCW and the patient were simulated with 
breathing thermal manikins.   
Smoke visualizations were carried out to qualitatively assess the patient exhalation and the exposure of 
the HCW to it. Tracer gas measurements were carried out to assess the exposure quantitatively. The 
tracer gas was supplied to the isolation room model through the patient’s nose. The tracer concentrations 
were measured from several locations inside the isolation room model including the inhalation of the 
HCW manikin. A more detailed description of the full-scale isolation room model and the experimental 
methods can be found in Kalliomäki et al. (2018).  

2.2 CFD model 
This section gives a description of the applied computational models and how the airflows and the 
spreading of the patient exhaled air were simulated with CFD. All the simulations were carried out with 
ANSYS CFX-software. 

2.2.1 Numerical methods 
The simulations were carried out with transient uncompressible solver using SIMPLE algorithm. SST 
model was applied for turbulence. The buoyance-driven effects were simulated with Boussinesq-
approximation. A passive scalar was set to model the dispersion of the patient exhaled tracer gas. A 
second-order high resolution spatial discretization was used for all governing equations. Second order 
implicit discretization was used with respect to time was used in the simulations. 

 
Figure 1. Model geometry with the HCW manikin, monitoring points and different exhaust locations 
(A). The mesh for the baseline test case with 2.28 million tetrahedral cells (B). 

2.2.2 Geometry and mesh 
The computational geometry was a copy of the full-scale isolation room model used in experiments (see 
Figure 1 A). It consisted of model room, HCW manikin, patient manikin, bed, bed table, and a lighting 
panel running across the wall above the patient bed. Mesh consisted purely of tetrahedral cells. Mesh 
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refinement was used near the critical boundaries like HCW nose and mouth, patient nose and mouth, 
supply diffusers etc. Additionally two refinement volumes were defined above the patient bed close to 
the HCW breathing zone in order to accurately model the exhalation flow patterns (see Figure 1 B). 
Five different mesh sizers between 0.2-5.3 million nodes were tested to examine the effect of different 
mesh densities on the dispersion of the patient exhalation and the subsequent HCW exposure to them.  
In the simulations, the HCW was positioned standing next to the patient bed. The HCW exposure was 
also examined in three additional locations for comparison: HCW leaning over the patient (giving care), 
HCW at the end of the bed (checking the patient chart) and HCW far away from the patient (getting 
equipment). However, in these locations the HCW manikin was replaced only with monitoring points 
(yellow points in Figure 1 A).  

2.2.3 Boundary and initial conditions 
The boundary conditions were set to simulate the conditions of the full-scale experiments. The time step 
of the simulations was set to 0.1 s. Before the actual simulations, an initial simulation was carried out 
to stabilize the airflow patterns and concentration. It was let run for 36 000 time steps (one hour) before 
the conditions reached a fully developed state, and was then used as initial conditions.  
The air was supplied to the room with two multi nozzle diffusers located in the ceiling in the middle of 
the room. Both diffuser units consisted of 81 individual adjustable nozzles. In the simulations, circular 
openings were used to simulate the nozzles at the surface of the supply air diffuser for simplicity 
(Kanerva 2018). The horizontal velocity components in the openings were chosen to give the correct 
flow direction based on the nozzle direction as well as the correct momentum flow rate of the jet.   
The air was extracted from the room through three rectangular exhaust openings. Two of the exhausts 
were larger in area and were considered to be the main exhausts. The third exhaust was smaller in size 
and was located at a low level near the floor simulating a toilet exhaust.  
The HCW was set to exhale through mouth and inhale though nose. The patient exhaled and inhaled 
though nose. Otherwise both manikins had the same breathing boundary conditions. The exhalation 
temperature was set to 34 °C. The respiratory frequency was set to 14 times/min. The breathing cycle 
consisted of 1.9 s exhalation, 0.2 s pause, 1.9 s inhalation and 0.2 s pause with a minute volume of 
10 L/min. These values are close to typical adult breathing parameters (Gupta et al. 2010).  
A heat load of 600 W was applied to the model consisting of the patient 90 W, HCW 90 W, lighting 
110 W, and equipment and solar load 300 W simulated with four heating panels in each corner of the 
room. It was assumed that 50 % of the heat load was convective which was set directly as heat output 
to heat source surfaces, and 50 % was considered as radiation to other surfaces. 

2.3 Simulation cases 
Unsteady Reynolds Averaged Navier-Stokes (URANS) modelling method was used to simulate the 
transient patient exhalation and airflows. The exposure was quantified by susceptible exposure index 
(Qian and Li, 2010, Liu et al. 2017) which is defined as 

𝜖𝜖𝜖𝜖 =
𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 − 𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠
𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒 − 𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠

, 

where Ci is the HCW inhaled tracer gas concentration, Cs is the supply air tracer gas concentration and 
Ce is the exhaust tracer gas concentration. Eight test cases were simulated in order to examine the impact 
of HCW position and the exhaust grille location on HCW exposure to the patient exhaled air. The test 
cases are described in Table 1. Test cases 1-5 were carried out with the basic setup to examine the effect 
of the mesh density on the dispersion of the patient exhalation and the exposure of the HCW to the 
patient exhalation. Test cases 6-8 were carried out to study the effect of different exhaust locations on 
the HCW exposure. 

2 METHODS 

2.1 Full-scale experiments 
Full-scale experiments were carried out in an isolation room model built to ventilation laboratory at 
Turku University of Applied Sciences. The model consisted of 4.0 m x 4.7 m x 2.6 m (L x W x H) sized 
test chamber. Overhead mixing ventilation was applied with supply airflow rate of 170 L/s and exhaust 
airflow rate of 185 L/s corresponding to 12 ACH (air changes per hour) ventilation rate. The supply air 
temperature was 19 °C. A heat load of 600 W was applied to the room raising the room air temperature 
to 22 °C. Fresh air was supplied through two multi-nozzle diffusers installed to the middle of the ceiling. 
Air was extracted through three exhausts: one close to floor level simulating the toilet exhaust and two 
larger extract grilles in two corners of the test chamber. The HCW and the patient were simulated with 
breathing thermal manikins.   
Smoke visualizations were carried out to qualitatively assess the patient exhalation and the exposure of 
the HCW to it. Tracer gas measurements were carried out to assess the exposure quantitatively. The 
tracer gas was supplied to the isolation room model through the patient’s nose. The tracer concentrations 
were measured from several locations inside the isolation room model including the inhalation of the 
HCW manikin. A more detailed description of the full-scale isolation room model and the experimental 
methods can be found in Kalliomäki et al. (2018).  

2.2 CFD model 
This section gives a description of the applied computational models and how the airflows and the 
spreading of the patient exhaled air were simulated with CFD. All the simulations were carried out with 
ANSYS CFX-software. 

2.2.1 Numerical methods 
The simulations were carried out with transient uncompressible solver using SIMPLE algorithm. SST 
model was applied for turbulence. The buoyance-driven effects were simulated with Boussinesq-
approximation. A passive scalar was set to model the dispersion of the patient exhaled tracer gas. A 
second-order high resolution spatial discretization was used for all governing equations. Second order 
implicit discretization was used with respect to time was used in the simulations. 

 
Figure 1. Model geometry with the HCW manikin, monitoring points and different exhaust locations 
(A). The mesh for the baseline test case with 2.28 million tetrahedral cells (B). 

2.2.2 Geometry and mesh 
The computational geometry was a copy of the full-scale isolation room model used in experiments (see 
Figure 1 A). It consisted of model room, HCW manikin, patient manikin, bed, bed table, and a lighting 
panel running across the wall above the patient bed. Mesh consisted purely of tetrahedral cells. Mesh 
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Table 1. CFD simulation test cases. 
Test case 
number 

Cell type Mesh size 
(nodes) 

Exhaust positions 

1 tetrahedrons 0.2M 2x corners of the room, 1x floor level, 
2 tetrahedrons 0.5M 2x corners of the room, 1x floor level, 
3 tetrahedrons 1.0M 2x corners of the room, 1x floor level, 
4 tetrahedrons 2.3M 2x corners of the room, 1x floor level, 
5 tetrahedrons 5.3M 2x corners of the room, 1x floor level, 
6 tetrahedrons 2.3M 2x above patient head (ceiling), 1x floor level 
7 tetrahedrons 2.3M 2x at lighting panel, 1x floor level 
8 tetrahedrons 2.3M 2x at low level, 1x floor level 

3 RESULTS AND DISCUSSION 

3.1 Grid sensitivity 
The results in the basic setup with different grid densities are shown in Figure 2. As can be seen from 
the figure, the results are quite similar far away from the patient and at the end of the bed. The simulated 
values are slightly higher than the measured ones. However, when the HCW is getting closer to the 
patient, the exposure increases both in the simulations and in the measurements.  
At the bed side, the modelled exposure is higher than the measured one. There, slightly surprisingly, the 
densest mesh overestimates the exposure the most. When the HCW manikin is leaning over the patient, 
the meshes with 0.2M, 0.5M and 1.0M grid nodes substantially underestimate the exposure whereas the 
denser meshes with 2.3M and 5.3 M grid nodes produce more accurate results. It was decided to use the 
2.3M grid throughout the rest of this study as it was computationally much faster than the 5.3M grid. 

 
Figure 2. The effect of grid density on the HCW exposure to patient exhaled air. 

3.2 Visualization of the dispersion of the patient exhalation 
Figure 3 shows the smoke visualizations of the patient exhalation. Figure 1 A shows a transient situation 
in the experiments and figure 1 B shows the corresponding CFD smoke visualization. The exhalation 
flow patterns seems to be similar close to the patient. Due to the turbulence model, the URANS method 
is not able to simulate the detailed concentration variations realistically. The exhaled airborne tracer 
seems to be spreading to the room as a volume with smooth surfaces whereas more detailed small scale 
flow structures can be seen in the experimental smoke visualizations. The ventilation does not seem to 
flush and mix the patient exhalation zone effectively and hence the exhalation jet seems to penetrate to 
the breathing zone of the HCW and expose the HCW to high concentrations of the patient exhaled air. 
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Figure 3. Comparison of experimental smoke visualization (A) and CFD-smoke visualization (B). The 
still images were taken from the same patient exhalation phase. 

The dispersion of the patient exhaled airborne tracer with different exhaust grille locations can be seen 
in Figure 4 A-D. The contour plots of the average tracer concentration show that in the most of the 
studied cases the location of the exhaust grilles do not affect the average flow patterns significantly 
close to the patient (Figure 4 A-C). A small change can be seen when the exhausts were in the lighting 
panel (Figure 4 D) where the high concentrations are more effectively carried to the exhausts. Also the 
average room concentration is reduced compared to the other exhaust grille locations. Thus the HCW 
exposure is expected to decrease when the exhausts are located on the lighting panel. 

 
Figure 4. Contour plots of the patient exhaled tracer gas concentration (one hour average) with 
different exhaust grille locations: A – exhausts in the corners of the room, B – exhausts close to floor 
level under the patient bedhead, C – exhausts in the ceiling above the patient head, D – exhausts in 
the lighting panel close to patient head. 

 
Figure 5. The effect of exhaust location on the HCW exposure in different positions.  

Table 1. CFD simulation test cases. 
Test case 
number 

Cell type Mesh size 
(nodes) 

Exhaust positions 

1 tetrahedrons 0.2M 2x corners of the room, 1x floor level, 
2 tetrahedrons 0.5M 2x corners of the room, 1x floor level, 
3 tetrahedrons 1.0M 2x corners of the room, 1x floor level, 
4 tetrahedrons 2.3M 2x corners of the room, 1x floor level, 
5 tetrahedrons 5.3M 2x corners of the room, 1x floor level, 
6 tetrahedrons 2.3M 2x above patient head (ceiling), 1x floor level 
7 tetrahedrons 2.3M 2x at lighting panel, 1x floor level 
8 tetrahedrons 2.3M 2x at low level, 1x floor level 

3 RESULTS AND DISCUSSION 

3.1 Grid sensitivity 
The results in the basic setup with different grid densities are shown in Figure 2. As can be seen from 
the figure, the results are quite similar far away from the patient and at the end of the bed. The simulated 
values are slightly higher than the measured ones. However, when the HCW is getting closer to the 
patient, the exposure increases both in the simulations and in the measurements.  
At the bed side, the modelled exposure is higher than the measured one. There, slightly surprisingly, the 
densest mesh overestimates the exposure the most. When the HCW manikin is leaning over the patient, 
the meshes with 0.2M, 0.5M and 1.0M grid nodes substantially underestimate the exposure whereas the 
denser meshes with 2.3M and 5.3 M grid nodes produce more accurate results. It was decided to use the 
2.3M grid throughout the rest of this study as it was computationally much faster than the 5.3M grid. 

 
Figure 2. The effect of grid density on the HCW exposure to patient exhaled air. 

3.2 Visualization of the dispersion of the patient exhalation 
Figure 3 shows the smoke visualizations of the patient exhalation. Figure 1 A shows a transient situation 
in the experiments and figure 1 B shows the corresponding CFD smoke visualization. The exhalation 
flow patterns seems to be similar close to the patient. Due to the turbulence model, the URANS method 
is not able to simulate the detailed concentration variations realistically. The exhaled airborne tracer 
seems to be spreading to the room as a volume with smooth surfaces whereas more detailed small scale 
flow structures can be seen in the experimental smoke visualizations. The ventilation does not seem to 
flush and mix the patient exhalation zone effectively and hence the exhalation jet seems to penetrate to 
the breathing zone of the HCW and expose the HCW to high concentrations of the patient exhaled air. 
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3.3 The effect of HCW and exhaust locations on the exposure 
The simulation results of the effect of different exhaust locations on the HCW exposure are shown in 
Figure 5. With all the studied exhaust locations, the concentration increases close to the source. This 
also implies that despite the high ventilation rates, the area close to the source is not effectively mixed 
and diluted. However, there were notable differences in the tracer concentrations between the 
monitoring points with different exhaust locations. When the exhausts were located in the lighting panel 
close to the patient bed head, the exhausts acted as a local exhausts and were able to capture directly 
some of the exhalation. This affected the whole room as the room concentrations further away from the 
patient were also significantly reduced. 

5 CONCLUSIONS 
CFD simulations were used to analyse HCW exposure to patient exhaled airborne contaminants in 
hospital isolation room with different HCW and exhaust grille locations. The applied URANS method 
was able to simulate the dispersion of the patient exhalation reasonably well. The exposure of the HCW 
to the patient exhalation seemed to vary notably with the HCW location inside the isolation room. 
Especially high exposure was found when the HCW was leaning over the patient giving care. The 
exhausts were able to directly capture some of the high concentrated patient exhalation when they were 
located in the lighting panel close to the bed-head. This configuration also decreased the tracer 
concentration further away in the room. In the future, this study will be extended to include large eddy 
simulation (LES) of the dispersion of the patient exhalation and the HCW exposure. LES is expected to 
give more realistic results of the dispersion of airborne contaminants and hence to provide a more 
accurate exposure assessment. 
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SUMMARY 
Standard patient rooms are occupied by patients with different medical conditions. Some of them are 
recovering after complicated treatments, interventions or surgeries. Therefore, indoor environment 
parameters in patient rooms should meet the highest requirements, also in respect of thermal conditions. 
Studies have shown that thermal environment in patient rooms can influence patients' recovery self-
assessment process hence the issue merits more attention.  
The studies aimed to analyse the patients’ perception of the thermal environment in some selected Polish 
hospital wards and verify the current methods for the prediction of the indoor thermal conditions. To 
this end, the thermal environment parameters in patients' rooms were measured and the data on patients’ 
subjective assessment of the thermal environment collected.  
The results show that the patients generally prefer a warmer environment than would be expected from 
the standard. It was also found that the model based on PMV serves as a better predictor of thermal 
environment, although it requires certain improvements to better adjust the results to the subjective 
feelings of the patients. 
Keywords: patient, hospital, thermal comfort, thermal environment 

1 INTRODUCTION 
Hospital patient rooms should be comfortable in terms of thermal and humidity conditions, ensuring at 
the same time safe and hygienic environment for work and hospitalization. Achieving the above 
condition is possible by, among others, observing the minimum requirements set out in local legal 
regulations. One of documents that point criteria that should be meet in patient rooms is the EN 15251 
standard, currently being replaced by EN 16798-1. The above mentioned documents classify the patient 
rooms under the A-category, i.e. rooms dedicated to users with special requirements. For this reason, 
the PMV value should range from -0.2 to +0.2. While using the above solutions, however, it is necessary 
to bear in mind that the comfort ranges were based on research involving students or office staff, i.e. 
physically sound volunteers, and currently are dedicated to people who can easily adjust the insulation 
of their clothing or open the window and worked mainly in a sitting position. In the case of a moderate 
environment, the maladjustment of the individual air parameters will not affect the users’ health or 
safety; it can only trigger the feeling of discomfort and, consequently, result in a decrease of 
productivity. There are, however, rooms in which the well-being and the health of their occupants can 
be directly related to the prevailing thermal environment. Such places include hospitals where people - 
patients and the elderly - with a weakened immune system or otherwise sensitive are staying in. 
The studies aimed to analyse the patients’ perception of the thermal environment in some selected Polish 
hospital wards and to verify the current methods used to predict the indoor thermal comfort.  

3.3 The effect of HCW and exhaust locations on the exposure 
The simulation results of the effect of different exhaust locations on the HCW exposure are shown in 
Figure 5. With all the studied exhaust locations, the concentration increases close to the source. This 
also implies that despite the high ventilation rates, the area close to the source is not effectively mixed 
and diluted. However, there were notable differences in the tracer concentrations between the 
monitoring points with different exhaust locations. When the exhausts were located in the lighting panel 
close to the patient bed head, the exhausts acted as a local exhausts and were able to capture directly 
some of the exhalation. This affected the whole room as the room concentrations further away from the 
patient were also significantly reduced. 

5 CONCLUSIONS 
CFD simulations were used to analyse HCW exposure to patient exhaled airborne contaminants in 
hospital isolation room with different HCW and exhaust grille locations. The applied URANS method 
was able to simulate the dispersion of the patient exhalation reasonably well. The exposure of the HCW 
to the patient exhalation seemed to vary notably with the HCW location inside the isolation room. 
Especially high exposure was found when the HCW was leaning over the patient giving care. The 
exhausts were able to directly capture some of the high concentrated patient exhalation when they were 
located in the lighting panel close to the bed-head. This configuration also decreased the tracer 
concentration further away in the room. In the future, this study will be extended to include large eddy 
simulation (LES) of the dispersion of the patient exhalation and the HCW exposure. LES is expected to 
give more realistic results of the dispersion of airborne contaminants and hence to provide a more 
accurate exposure assessment. 
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2 METHODS 
The studies into thermal sensations of patients were carried out in 23 hospitals throughout Poland in the 
years 2016-2017. Following interviews with doctors and nurses, it was decided that the study would 
only cover adult patients and wards where patients will in no way be disturbed. The following hospital 
units were selected: internal medicine, general surgery, endocrinology, diabetology, hematology, 
oncology (including surgery), cardiology (including surgery) and orthopedic surgery. In total, over 800 
patients were examined. The tests consisted of measuring the parameters of the thermal environment in 
the patients' room (temperature, air velocity and humidity, and radiation temperature), as well as the 
assessment of thermal insulation of patients’ clothing and patient metabolic rate. In the case of thermal 
insulation of clothing, the type of patient cover was also taken into account (according to information 
provided by Lin & Deng, 2008). Patients were also asked to define their sensation regarding the thermal 
environment according to EN ISO 28802: 7-point sensation scale and 4-point uncomfortable scale. This 
was the basis for determining the value of the PMV index, which was then compared with the responses 
given by the patients.  

3 RESULTS 

3.1 Figures and Tables 
A summary of the results for the calculated values of the PMV index and the thermal sensations of 
patients is shown in Figure 1. The majority of patients (44.7%) assessed the environment as neutral, 
although the PMV values varied from -2.1 to +1.4. Patients who perceived the thermal environment 
as cold accounted for 0.45% of the total number of respondents, and PMV determined for them 
ranged between -1.2 and 0.07. Patients assessing the environment as cool represented 1.8% of the 
respondents and PMV in their case ranged from -1.5 to +1.3. Patients who described the 
environment as slightly cool represented 2.6% of the respondents and the calculated PMV ranged 
from -1.3 to +1.0. However, a slightly warm sensation was noted for 7.6% of patients, with PMV 
ranging from -1.4 to 0.8; a warm sensation for 34.7% of patients and PMV in the range of -2.6 to 
1.5; the sensation of hot was recorded for 8.1% of patients and PMV in the range of -1.5 to 1.24. In 
the case of 82% of patients, the thermal environment was assessed as warmer and much warmer 
than what would result from PMV measurements. Only in the case of about 4% of patients, the 
PMV values corresponded to the responses they indicated. 
The study showed that within the PMV range between -0.2 and +0.2 there were 18.3% of patients, 
with 49.7% of them assessing thermal conditions as slightly warm, warm and hot, while 46.4% 
described them as neutral. In the PMV range between -1.0 and -0.2 there were 40.9% of patients, 
with 48.9% of them assessing conditions as slightly warm, warm and hot, and 45.9% as neutral. In 
the PMV range between -3.0 and -1.0 there were 15.6% of patients, with about 46% of them 
perceiving conditions as slightly warm, warm and hot as well as neutral. In the PMV range between 
+0.2 and +1.0 there were 19.1% of patients, with 28.2% of them describing conditions as slightly 
warm, warm and hot and 38.8% as neutral. 
At the same time, as shown in Figure 2, for a significant number of patients’ comfortable thermal 
conditions were those described as neutral (36% of respondents) or warm thermal sensation (20% 
of respondents). The environment described as slightly warm (3.9%) and hot (1%) was also 
perceived as comfortable, however by a much smaller group of patients. The environment described 
as warm (10.8%), neutral (7.3%), slightly warm (3.3%), hot (2.8%) and slightly cool (1.5%) was 
assessed as slightly uncomfortable. In other cases, the share of patients indicating a specific answer 
did not exceed 1%. The environment felt as hot (3.1%) and warm (2.5%) was assessed as 
uncomfortable. 
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Figure 1. PMV values vs. patients’s thermal sensations 

 

 
Figure 2. Patients’ thermal sensations regarding the perception of warm environment and its 
assessment  
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4 DISCUSSION AND CONCLUSIONS 
The studies found that patients perceive the thermal environment as warmer than what would follow 
from PMV measurements. Most patients assessed the thermal environment as neutral or warm. The 
PMV values for these assessments varied from -2.4 to +1.6. The lowest number of patients indicated 
the slightly cool and cool responses, with the PMV values for those assessments ranging from -1.6 to 
1.4. At the same time, 36% of the respondents rated it as a comfortable sensation of neutral and 20% - 
a warm sensation. 
This finding is also in line with the results obtained by Verheyen et al. (2011). It is important to note, 
however, that patients do not expect the thermal environment in patients' rooms to be limited only to 
neutral temperature. The study did not analyse the correlation between the self-assessment regarding 
physical strength of patients and their thermal sensations because this assessment was recorded only by 
the researcher conducting the study. At the same time, the accuracy of calculating the PMV value raised 
some doubts. The examined patients assumed different body positions, used very different clothing, 
often not included in any standards or publications. Furthermore, hospital bed sheets differed in type of 
quilts, blankets or pillows etc. As Hasan (et al. 2016) has shown, these aspects have a significant impact 
on the value of PMV. For this reason, further research is needed to examine in greater detail thermal 
insulation of clothing and bedding, measured for sitting and lying persons. 
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SUMMARY  
Airborne diseases such as influenza A/H1N1 or SARS have significantly increased the last years, 
increasing the demand for isolation rooms. An ongoing research project aim to achieve a 90% reduction 
of transferred particles using 10% of the cost compared to the strictest class of airborne infection 
isolation rooms. The effect of door opening on air volume transfer across a hinged door with and without 
human passage between an anteroom and a normal bed ward has been examined. The first case was 
with isothermal condition and balanced ventilation. The results show that the average air volume 
migration was 760 liters with door opening without passage and 770 liters with passage. The air volume 
transfer differed notably depending on passage direction (i.e. exiting or entering). Also, a temperature 
difference of 2 K was applied and the door opening with and without passage was repeated. The results 
show that the average air volume migration was the same as in the isothermal case (760 liters) with door 
opening without passage, but increased to 820 liters with passage. The paper also shows the importance 
of air exchange rate (ACH) and waiting time in anteroom. Later on, the laboratory experiments will be 
used to validate CFD simulations.  
Keywords: Isolation rooms, airborne infections, tracer gas, door opening, passage  

1 INTRODUCTION 

Airborne infection isolation rooms are commonly used to limit the spread of airborne infections in 
healthcare facilities. Pressure difference between the isolation rooms and the corridor ensures that 
persons who stay outside the isolation are protected against the infected person. The challenge today is 
that there is only a limited number of airborne infection isolation rooms in each hospital. The rooms are 
expensive to build and airflow control to avoid contamination is often complicated because of strict 
requirements to designing and construction of the isolation rooms. Among the requirements in the 
Norwegian isolation guidelines are no recirculation of air and an installation of a backup system in case 
of power outage. In severe cases these requirements are without doubt necessary. However, the 2009 
H1N1 influenza pandemic showed how quickly a new virus can spread to every corner of the world. 
SARS spread most efficiently in wealthy urban areas and in sophisticated hospital settings (WHO, 
2003). In such disease outbreaks there will be a risk of a shortage of available isolation rooms, increasing 
the need for simplified solutions. These simplified solutions can also limit the spread of less severe 
airborne deceases, increasing the safety and health of even more people. This study will investigate such 
simplified ventilation solutions. The aim is a 90% reduction of transferred infectious particles using 
10% of the cost compared to the strictest class of (Norwegian) airborne infection isolation rooms.  

Several studies in the last few years have examined air flow movements causing containment failures 
in airborne infection isolation rooms. Although airborne infection isolation rooms are in negative 
pressure related to adjacent spaces, the door opening removes the pressure difference and hence the air 
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(and airborne contaminants) is (are) free to escape to the surrounding space. It has been estimated that 
door opening and passage through the doorway is among the main factors causing containment failures 
(Tang et al. 2006). For instance, Hayden et al. (1998), Saarinen et al (2015) and Kalliomäki et al. (2016) 
have mapped air flows generated by a door opening with and without passage and showed that opening 
of a hinged door can induce a substantial air volume transfer across the isolation room doorway.  In the 
previously mentioned studies, a moving manikin has been used to simulate the passage which might not 
always simulate a human passage realistically. However, in this study, both balanced ventilation and 
pressure differences will be applied, and a real person will be walking through the door instead of a 
manikin.  
In this paper, the baseline measurements are presented. As this is an ongoing study, the results will be 
presented consecutively in different papers. During the study, three ventilation alternatives will be 
examined. The different alternatives consist of simplified methods to create negative pressure in the 
patient room and the anteroom compared to the surrounding areas, to significantly reduce the amount 
of contaminated air that escapes from the patient room. All the different alternatives will primarily be 
tested by carrying out simulations using Computational Fluid Dynamics (CFD). To ensure and verify 
the results, it was considered necessary to carry out laboratory measurements to validate the CFD 
simulation model.  
In this first paper we focus on laboratory tests to investigate the baseline measurements to which the 
following simulations and experiments will be compared. The baseline consists of door opening of a 
hinged door in a normal bed ward with balanced ventilation and isothermal conditions. Temperature 
difference has been shown to contribute substantially to air flow between rooms, especially if the door 
is left open for some time (Kalliomäki et al. (2016), Saarinen et al. (2017)). Measurements with 
temperature differences are therefore included in the initial measurements to determine if temperature 
difference should be added in the following cases. The four experiments presented in this paper are: 

1. Balanced ventilation and isothermal conditions – door opening without passage  
2. Balanced ventilation and isothermal conditions – door opening with passage 
3. Balanced ventilation and ∆T=2 K between patient room and anteroom – door opening without 

passage 
4. Balanced ventilation and ∆T=2 K between patient room and anteroom – door opening with passage 

2 METHODS 

2.1 Full-scale test Chamber 
The experiments were carried out in an isolation room model built into ventilation laboratory at Turku 
University of Applied Sciences. The model consisted of a patient room (isolation room), an anteroom 
and a corridor space. The door between the anteroom and the patient room was 2.04 m high, 1.22 m 
wide and 0.04 m thick. There was a small gap under the door allowing a weak inleakage towards the 
room generated by the flow rate differential in the patient room. The door opened towards the patient 
room. The supply air flow rate was set to 50 L/s (4 ACH) in the patient room and to 15 L/s (4 ACH) in 
the anteroom. The exhaust flow rates for the patient room and for the anteroom were 57 L/s and 14 L/s 
correspondingly. The supply air temperature was 18.5 °C and the room air temperature 22.5 °C in both 
the patient room and the anteroom. There was 300 W heat load inside the patient room (patient 90 W, 
lighting 110 W, equipment and solar load 100 W) and 40 W heat load inside the anteroom (lighting 40 
W). Sketch of the model layout, along with supply air diffuser and exhaust grille locations, can be seen 
from Figure 1. 
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Figure 1. Schematic of the full-scale test chamber (not in scale). 

2.2 Measurement methods 
Tracer gas measurements were carried out to quantitatively assess the air volume exchange between the 
patient room and the anteroom generated by the door opening and passage. In the experiments the tracer 
gas (SF6) was continuously supplied to the supply air duct of the patient room. The first door opening 
was performed 2 hours after the tracer release was started to ensure that the tracer concentration reached 
steady state before any door openings were carried out. The tracer concentrations were measured with 
a photo acoustical infrared gas analyzer (Gasera ONE, Gasera, Finland). The sampling frequency of the 
monitor was set to 0.05 Hz. The tracer concentrations were measured from the exhaust in both rooms. 
The door was opened and closed by an automatic door operator. The door opened to a 45 degree angle 
and the opening cycle consisted of opening (duration 2 s), hold open (1 s) and closing (4 s). Each case 
(with or without passage) consisted of eight door openings. In the case with passage the test person 
walked through the doorway four times to both directions. After each door operation the tracer gas 
concentration in the anteroom was allowed to dilute for 20 minutes before the next door opening was 
carried out. After each case (i.e. after eight door openings the tracer supply was stopped and the rooms 
were flushed with fresh air before new measurement with different test case was started. In these 
baseline experiments the rooms were in isothermal conditions (i.e. there were no temperature difference 
between the rooms). The room temperatures were monitored throughout the experiments with 
thermometers (Craftemp thermistors, Craftemp, Sweden) located at 1 m and 2 m above the floor in both 
rooms. In the test case with 2 K temperature difference between the rooms, the patient room heat load 
was increased by 300 W. This was sufficient to increase the room air temperature by 2 K. Otherwise 
the experimental set-up was the same with the isothermal test case.  
2.3 Tracer gas analysis methods 
The air volume transferred from the patient room to the anteroom was calculated by integrating the area 
under the tracer gas decay curve in the anteroom exhaust and by multiplying it with effective exhaust 
flow rate. Hence the air volume transfer was calculated as 

𝑉𝑉𝑉𝑉 = 𝑄𝑄𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
∫ 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒(𝑡𝑡𝑡𝑡)𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡∞
0

𝐶𝐶𝐶𝐶0
,   (1) 

where Qeff is the effective airflow rate of the anteroom, Ce is the measured tracer concentration in the 
anteroom exhaust and C0 is the steady state tracer concentration in the patient room. The effective 
airflow rate was defined based on the mean age of air calculated from the exponential decay of the tracer 
concentration inside the anteroom. The relative concentration of the tracer gas in the anteroom compared 
to the patient room was recorded during the door openings as shown in Figure 2. After each opening, 
the concentration was recorded typically for 20 minutes (over one ventilation time constant). After that, 
the concentration decay can be expected to follow an exponential curve as shown by the red curves in 
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Figure 2. The constants of the exponential curve were fitted with the least squares method to the 
concentration decay curve as shown in Figure 2. The area under each decay curve was calculated in two 
parts: the measured part and the curve-fitted part. When calculating the next door opening, the curve-
fitted part of the previous opening was treated as background concentration and was first subtracted 
from the measured concentration curve. 

 

Figure 2. Relative concentration in the anteroom compared to the patient room during the door 
opening experiment.  
The measured air volume transfer due to door opening and passage in the isothermal case has been used 
as input to theoretically calculate of how much of the contaminated air in the patient room is transferred 
all the way to the corridor. This depends both on the air volume transferred between the rooms and on 
how much the air is dilluted, i.e. air changes per hour (ACH). The dillution of air in turn depends on the 
visiting time in the patient room and on the waiting time in the anteroom. The concentration decay rate 
in the anteroom was calculated as 

𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) = 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒 𝑒𝑒𝑒𝑒
−𝑡𝑡𝑡𝑡
𝑇𝑇𝑇𝑇 ,   (2) 

where 𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡)is the tracer gas concentration in the anteroom as a function of time (t), 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒 is the maximum 
tracer concentration measured in the exhaust and T is the time constant.  

3 RESULTS AND DISCUSSION 
The tracer gas measurement results are shown on in Figure 3 on the next page. The average air volume 
transferred from the patient room to anteroom is sorted in to four categories: average when entering the 
patient room (Average entry), average when exiting the patient room (Average exit), average with both 
passage directions (Average all) and average from door opening without any human passage (Door 
only). Standard deviations are shown as error bars (black bars on top of each column) estimating the 
fluctuation of the measured values around the average. As one can see from the results in the figure to 
the left, the average air volume transfer from the patient room to anteroom induced by the door opening 
without passage was around 760 litres in the isothermal case. The average air volume transfer induced 
by a person entering the patient room was around 800 litres, while exiting the patient room induced 730 
litres. The average air volume transfer from both entry and exit was 770 litres. There are not many 
published studies to which these findings could be compared. One of the few studies examining air 
volume exchange generated by human passage through hinged doors was carried out recently by Chang 
et al. (2017). They found that the door opening and subsequent human passage through the doorway 
with similar door cycle time used here (7 s), induced c. 940 litre air volume exchange. The exchange 
volume is slightly bigger than found here. However, in our case the door was opened only 45 degrees 
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and hence could explain the differences in the results. The results show that the air volume differs 
slightly depending on if the passage is from the anteroom to the patient room (entry) or from the patient 
room to the anteroom (exit). This could possibly be explained by the test person amplifying the air flow 
as he walks parallel to the door opening direction when entering the patient room. When exiting the 
patient room, the test person walks against the door opening direction causing a suppression of air 
transfer. 

   
Figure 3. The tracer gas measurement results with and without passage (left) and with 2 K temperature 
difference between the rooms (right). 
The results with the 2 K temperature difference between the rooms are shown on the right in Figure 3. 
The average air volume transfer for door opening without passage (Door only) was found to be 760 L, 
which is the same as in the isothermal case. Typically, temperature difference increases the air volume 
transfer (Kalliomäki et al. (2016), Saarinen et al. (2017)), but in our case, it seemed that the door opening 
generated flows were the dominating factor because of the relative short door opening time. However, 
it seemed that passage with temperature difference increased the air volume transfer, i.e. air volume 
transfer increased from 760 L without passage to 820 L with passage. The effect of passage direction 
with temperature difference was found to be quite small, i.e. 800 L with exit and 850 L with entry.  

Figure 4 Left: Relative concentration in anteroom and corridor. Right: Relative concentration in the 
corridor highlighted. 
The theoretically calculated air volume transferred to the corridor relative to the patient room after a 
visit to the patient room can be seen in Figure 4 above. The four graphs represent calculations of decay 
depending on four different air exchange rates. The results from 4 ACH, which are the air exhange rates 
used in the experiments, are presented here. The relative concentration in the anteroom initially rises to 
5,7% relative to the patient room as 800 litres of air is exchanged between the rooms when entering 
patient room in the isothermal case. The concentration decays to 3,3% during the 8 minute visit (1), and 
then increases to 8,5% when reentering the anteroom as 730 litres of air is transferred between the 
rooms. After reentering the anteroom, 4 minute waiting time in the anteroom results in a decay of the 
concentration from 8,5% to 6,5% relative to the patient room (2). The air volume transfer when opening 
the door from the anteroom to the corridor is assumed similar to the measured air volume from entry of 
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Figure 2. The constants of the exponential curve were fitted with the least squares method to the 
concentration decay curve as shown in Figure 2. The area under each decay curve was calculated in two 
parts: the measured part and the curve-fitted part. When calculating the next door opening, the curve-
fitted part of the previous opening was treated as background concentration and was first subtracted 
from the measured concentration curve. 

 

Figure 2. Relative concentration in the anteroom compared to the patient room during the door 
opening experiment.  
The measured air volume transfer due to door opening and passage in the isothermal case has been used 
as input to theoretically calculate of how much of the contaminated air in the patient room is transferred 
all the way to the corridor. This depends both on the air volume transferred between the rooms and on 
how much the air is dilluted, i.e. air changes per hour (ACH). The dillution of air in turn depends on the 
visiting time in the patient room and on the waiting time in the anteroom. The concentration decay rate 
in the anteroom was calculated as 

𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡) = 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒 𝑒𝑒𝑒𝑒
−𝑡𝑡𝑡𝑡
𝑇𝑇𝑇𝑇 ,   (2) 

where 𝐶𝐶𝐶𝐶(𝑡𝑡𝑡𝑡)is the tracer gas concentration in the anteroom as a function of time (t), 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒 is the maximum 
tracer concentration measured in the exhaust and T is the time constant.  

3 RESULTS AND DISCUSSION 
The tracer gas measurement results are shown on in Figure 3 on the next page. The average air volume 
transferred from the patient room to anteroom is sorted in to four categories: average when entering the 
patient room (Average entry), average when exiting the patient room (Average exit), average with both 
passage directions (Average all) and average from door opening without any human passage (Door 
only). Standard deviations are shown as error bars (black bars on top of each column) estimating the 
fluctuation of the measured values around the average. As one can see from the results in the figure to 
the left, the average air volume transfer from the patient room to anteroom induced by the door opening 
without passage was around 760 litres in the isothermal case. The average air volume transfer induced 
by a person entering the patient room was around 800 litres, while exiting the patient room induced 730 
litres. The average air volume transfer from both entry and exit was 770 litres. There are not many 
published studies to which these findings could be compared. One of the few studies examining air 
volume exchange generated by human passage through hinged doors was carried out recently by Chang 
et al. (2017). They found that the door opening and subsequent human passage through the doorway 
with similar door cycle time used here (7 s), induced c. 940 litre air volume exchange. The exchange 
volume is slightly bigger than found here. However, in our case the door was opened only 45 degrees 
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patientroom (800 litres). The calculated concentration in the corridor is 0,3% relative to the 
concentration in the patient room right after the door opening. The graph shows that the relative 
concentration in the corridor is less than 0,1% after 38 minutes with 4 ACH in the corridor (3). These 
calculations show the influence of the initial air volume exhange due to door passage, the influence of 
air exchange rate and of the waiting time in the anteroom.  

4 CONCLUSIONS 
In this study, air flows induced by opening of a hinged door between a patient room and an anteroom 
with and without passage were examined using experimental methods. Both isothermal conditions and 
a temperature difference of 2 K was tested. Based on the results it seemed that door opening generated 
flows dominated the air volume transfer across the doorway. Approximately 760-820 liters of air was 
transferred across the doorway, slightly depending on the tested case. Passage and 2 K temperature 
difference between the rooms had surprisingly small effect on air volume transfer. However, short 
opening cycle time and small opening angle might have suppressed the effects of passage and 
temperature difference. These results are interesting in themselves and will also serve as baseline 
measurements for further research on this topic when applying simplified methods to create negative 
pressure in the patient room and anteroom and increasing the air exchange rate. 
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SUMMARY 
This study investigates the sensitivity of airflow and air-change effectiveness to varying design factors 
in a bay-designed patient ward. We applied Taguchi orthogonal array (OA) method to evaluate airflow 
quality and effectiveness. Three influencing factors were selected to include air distribution systems 
(mixing, downward, and stratum), room pressurisation (negative, neutral and positive), and room 
temperature (24, 26 and 28 °C). Using an OA with L9(34) experimental design, we carried out series of 
experiments in a full-scale three-bed general patient ward  fitted with dedicated outdoor air system 
(DOAS) and room air recirculation.  Five simplified thermal manikins were used to simulate the 
patients, healthcare worker, and a seated visitor. Air change effectiveness was measured using SF6 
tracer gas decay technique. Results show that room airflow and air change effectiveness are more 
sensitive to air distribution system than room pressurisation. Findings also revealed that stratum 
ventilation provides higher room airflow and air-change effectiveness. Further, it is shown that under 
the test conditions, the effectiveness coefficient (i.e. local air-change effectiveness) were close to or 
higher than unity, suggesting uniform environment. The implications of the findings on ventilation 
design and performance in the bay-designed multibed ward were also discussed.  
Keywords: Room pressurisation, air-change effectiveness, bay-designed ward, Taguchi orthogonal 
array, tracer gas decay  

1 INTRODUCTION 
The provision of an aseptic indoor environment remains a significant concern due to the high incidence 
of nosocomial cases in hospital environments. Ward layout plays substantial roles not only in the 
ventilation performance but also the care-delivery (Hurst, 2008; Stichler, 2001). Hospital ventilation 
design standard (e.g., ASHRAE, 2013) recommends the use of room air recirculation with separate 
outdoor ventilation. However, such approach requires a proper balancing of varying intervening factors, 
which underscores adequate design considerations for optimal performance.  
Ventilation systems mostly have a dual role of heat and pollutant control; however, they may be energy 
inefficient if improperly designed, installed or operated. A trade-off therefore exists on efficient 
performance of ventilation system and its energy usage. Air change effectiveness (Ez) measures the 
effective utilisation of delivered air into an occupied space. There is often a deviation between the 
designed air flow rates and actual airflow rates of a space. An adjustment method is described in both 
ASHRAE 62.1 (2013) and ASHRAE 129 (1997) where effective (actual) air flow rates (Qeff) is 
described as the ratio of the designed air flow rates (Qdes) and air change effectiveness (Ez). Although 
S62.1 provides Ez values for selected air distribution systems, it further recommends the determination 
of Ez for different systems and environments not covered by its provision. Various influencing factors 

patientroom (800 litres). The calculated concentration in the corridor is 0,3% relative to the 
concentration in the patient room right after the door opening. The graph shows that the relative 
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calculations show the influence of the initial air volume exhange due to door passage, the influence of 
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with and without passage were examined using experimental methods. Both isothermal conditions and 
a temperature difference of 2 K was tested. Based on the results it seemed that door opening generated 
flows dominated the air volume transfer across the doorway. Approximately 760-820 liters of air was 
transferred across the doorway, slightly depending on the tested case. Passage and 2 K temperature 
difference between the rooms had surprisingly small effect on air volume transfer. However, short 
opening cycle time and small opening angle might have suppressed the effects of passage and 
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of Ez include space layouts, air distribution, air flow rates and room temperature (ASHRAE, 1997). To 
this end, ASHRAE 129 (ASHRAE, 1997) recommends the need for Ez measurement in a mock-up of a 
space under consideration. Also, It is desirable that an ideal ventilation system should prevent side 
effects, such as draught, noise, dry air, etc. (Sandberg, Lundström, Nilsson, & Stymne, 2008). Hence, a 
good ventilation system should maintain a balanced environment devoid of side-effects. The need for 
energy efficiency has also led to introduction of dedicated outdoor air system (DOAS), where latent 
heat load is handled by a primary outdoor units and the sensible load by parallel terminal units (Mumma, 
2001). Combining DOAS with other terminal units may influence not only the overall air diffusion 
performance but all also air change effectiveness. Hence, there is need to assess influence of all these 
intervening factors on indoor airflow and air change effectiveness, especially in healthcare facilities 
with distinct requirements for thermal and air quality provisions. The effects of design variables on 
performance variables may require large number of experimentations. As such good experiments must 
be efficient by deriving the required information with the least expenditure of resources. Design of 
experiment (DOE) provides a systematic approach of effective experimentation in which control factors 
are varied so as to observe their effects on the response parameters. Nonetheless, many indoor air studies 
focus on one-factor-at-a-time experimental design, which ignores the simultaneous effects of changes 
in two or more parameters on the results (Chen, Moshfegh, & Cehlin, 2013). Executing designed 
experiments can be achieved from laboratory and/or field experiments as well as with numerical 
simulation. This study, using Taguchi orthogonal array DOE method, investigates the sensitivity of 
airflow and air-change effectiveness to varying design factors in a bay-designed patient ward. 

2 METHODS 

2.1 Experimental design  
The experiments were designed, conducted and analysed using Taguchi Orthogonal array technique, a 
statistical design of experiment approach. Four 3-level design factors were selected to include the (a) 
air distribution systems (mixing, downward, and stratum), (b) room pressurisation (negative, neutral 
and positive), and room temperature (24, 26 and 28 °C). An L9(34) experiments were conducted to 
examine the influence of the design factors on airflow and air change effectiveness. Table 1 shows the 
experimental design matrix. It should be noted that the experiment is orthogonal with all the factors 
repeated at equal number of times in each of the factors’ columns. The experimental design matrix also 
serve as the experimental log to conduct the series of experiments. 

2.2 Experimental setup  
The mock-up experiments were conducted in the intelligent green building studio (IGBS), a controlled 
environment chamber measuring 8.8 m (L) × 6.6 m (W) × 2.4 m (H), located in the City University of 
Hong Kong (See Figure 1). The chamber is equipped with a dedicated heating, ventilation, and air 
conditioning (HVAC) system that is integrated with intelligent building management system (BMS). 
The BMS allows customised control of air distribution systems, air temperature, and total air flow rate 
into the room. The primary ventilation air for the chamber comes from a dedicated outdoor system 
(DOAS) which supply preconditioned outdoor air into the space. The secondary (room recirculation) 
ventilation is provided by an air handling unit (AHU) located within the ceiling void. The chamber is 
equipped with six ceiling mounted air supply and three ceiling mounted return air registers. The ceiling 
supply outlets can be utilised for mixing and downward ventilation systems. It also consist of wall 
mounted registers on the longer sides of the room. On both walls, the registers are arranged in an array 
of two rows across the wall height at a distance of 0.3 m and 1.3 m above the finished floor level. The 
wall outlets are configurable for displacement and stratum ventilation settings. Also, the wall outlets are 
interchangeable as supply and/or return pathways depending on the desirable configurations. 
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Table 1. Experimental log for airflow and air change effectiveness assessment in the test room 

Exp. 
No 

Factors Responses 
(i) 

AirDist 
(ii) 

Tm 

(iii) 
ACH 

(iv) 
RmPress 

(v) 
s (m/s) 

 (vi) 
Ez (-) 

(vii) 
e (-) 

1 MV 24 4 POS 0.07 0.90 1.04 
2 MV 26 6 NEU 0.05 0.99 1.01 
3 MV 28 8 NEG 0.05 0.93 1.02 
4 SV 24 6 NEG 0.14 0.98 0.98 
5 SV 26 8 POS 0.24 1.01 1.01 
6 SV 28 4 NEU 0.13 1.09 1.11 
7 dV 24 8 NEU 0.06 0.90 1.33 
8 dV 26 4 NEG 0.05 0.92 0.96 
9 dV 28 6 POS 0.05 0.95 0.96 

AirDist: Air distribution, SV: Stratum ventilation, MV: Mixing ventilation, dV: 
Downward ventilation, Tm: Room temperature, ACH: Air change rates, 
RmPress: Room pressurization, s: air speed, Ez: Air change effectiveness, and 
e: effectiveness coefficient (local air change index). 

With the use of modulating dampers, it is also possible to obtain positive and negative pressurisation of 
the room. All the six ceiling mounted outlets supply room air in mixing ventilation and downward 
ventilation. However, while ceiling returns were used in mixing ventilation, wall outlets (at 0.3 m height 
above the floor) were employed in downward ventilation. In the stratum ventilation, the air was supplied 
and extracted from the room through the outlets at 1.3 m height from the floor level on each longer sides 
of the chamber. The air flow rates were set using the variable frequency drive equipped with the HVAC 
system. In all the experiments, we represent human occupancy with five simplified identical human 
simulators to model the patients, healthcare workers and/or visitors. 
 

 
Figure 1. The experimental layout of the three-bed patient ward (L1 – L6 are the measurement 
locations for both airflow and tracer gas measurement) 

of Ez include space layouts, air distribution, air flow rates and room temperature (ASHRAE, 1997). To 
this end, ASHRAE 129 (ASHRAE, 1997) recommends the need for Ez measurement in a mock-up of a 
space under consideration. Also, It is desirable that an ideal ventilation system should prevent side 
effects, such as draught, noise, dry air, etc. (Sandberg, Lundström, Nilsson, & Stymne, 2008). Hence, a 
good ventilation system should maintain a balanced environment devoid of side-effects. The need for 
energy efficiency has also led to introduction of dedicated outdoor air system (DOAS), where latent 
heat load is handled by a primary outdoor units and the sensible load by parallel terminal units (Mumma, 
2001). Combining DOAS with other terminal units may influence not only the overall air diffusion 
performance but all also air change effectiveness. Hence, there is need to assess influence of all these 
intervening factors on indoor airflow and air change effectiveness, especially in healthcare facilities 
with distinct requirements for thermal and air quality provisions. The effects of design variables on 
performance variables may require large number of experimentations. As such good experiments must 
be efficient by deriving the required information with the least expenditure of resources. Design of 
experiment (DOE) provides a systematic approach of effective experimentation in which control factors 
are varied so as to observe their effects on the response parameters. Nonetheless, many indoor air studies 
focus on one-factor-at-a-time experimental design, which ignores the simultaneous effects of changes 
in two or more parameters on the results (Chen, Moshfegh, & Cehlin, 2013). Executing designed 
experiments can be achieved from laboratory and/or field experiments as well as with numerical 
simulation. This study, using Taguchi orthogonal array DOE method, investigates the sensitivity of 
airflow and air-change effectiveness to varying design factors in a bay-designed patient ward. 

2 METHODS 

2.1 Experimental design  
The experiments were designed, conducted and analysed using Taguchi Orthogonal array technique, a 
statistical design of experiment approach. Four 3-level design factors were selected to include the (a) 
air distribution systems (mixing, downward, and stratum), (b) room pressurisation (negative, neutral 
and positive), and room temperature (24, 26 and 28 °C). An L9(34) experiments were conducted to 
examine the influence of the design factors on airflow and air change effectiveness. Table 1 shows the 
experimental design matrix. It should be noted that the experiment is orthogonal with all the factors 
repeated at equal number of times in each of the factors’ columns. The experimental design matrix also 
serve as the experimental log to conduct the series of experiments. 

2.2 Experimental setup  
The mock-up experiments were conducted in the intelligent green building studio (IGBS), a controlled 
environment chamber measuring 8.8 m (L) × 6.6 m (W) × 2.4 m (H), located in the City University of 
Hong Kong (See Figure 1). The chamber is equipped with a dedicated heating, ventilation, and air 
conditioning (HVAC) system that is integrated with intelligent building management system (BMS). 
The BMS allows customised control of air distribution systems, air temperature, and total air flow rate 
into the room. The primary ventilation air for the chamber comes from a dedicated outdoor system 
(DOAS) which supply preconditioned outdoor air into the space. The secondary (room recirculation) 
ventilation is provided by an air handling unit (AHU) located within the ceiling void. The chamber is 
equipped with six ceiling mounted air supply and three ceiling mounted return air registers. The ceiling 
supply outlets can be utilised for mixing and downward ventilation systems. It also consist of wall 
mounted registers on the longer sides of the room. On both walls, the registers are arranged in an array 
of two rows across the wall height at a distance of 0.3 m and 1.3 m above the finished floor level. The 
wall outlets are configurable for displacement and stratum ventilation settings. Also, the wall outlets are 
interchangeable as supply and/or return pathways depending on the desirable configurations. 
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The simulated persons were fitted with light bulbs whose power outputs are controlled by light dimmer 
switches in conjunction with RS-330 AC power clamp meter to adjust the metabolic heat of the manikin. 
An average of 76 W was set to represent sedentary activities of the occupants. Additional room heater 
was used to improve the room temperature to the required values.  

2.3 Airflow and tracer gas measurement  
Individual outlets flow rates were measured during the test using ALNOR flow hood EBT731, with an 
accuracy of ±3% of readings (42 - 4250 m3/h). The positive and negative pressure was set up by varying 
the supply and return air volumes. Also, for the thermal environment, we measured airspeed and 
temperature at six measurement locations with four levels (0.1m, 0.6m, 0.9m, 1.1m and 1.7m) per 
location, using SWEMA anemometer, with accuracy as: velocity: 0.05-3.0m/s; ±0.02m/s and 0.07-
0.5m/s, ±0.03m/s; temperature: 10 to 40°C; ± 0.2°C. We performed the tracer gas experiment with 
INNOVA Bruel & Kjaer Type 1303 Multipoint doser and sampler together with INNOVA 1312 multi-
gas analyser. The accuracy of the INNOVA instrument is ±2%. Tracer gas experiment was conducted 
with constant injection and concentration-decay method, using SF6 tracer gas. A constant volume of 
SF6 was released into the chamber at a flow rate of 0.18 l/min over a period of 15 minutes from a 3 mm 
Teflon™ tubing. The dosing automatically stopped, and concentration decay continues until the end of 
decay period. We measured SF6 concentrations at six locations with two measurement points located 
at 0.9 m and 1.7 m representing the breathing zones of sleeping and standing person respectively. As 
the breathing zone height of a seated person (about 1.1 m) falls in-between 0.9 m and 1.7 m, we assumed 
that the two measurement points covers seated conditions. The device samples room air through 
Teflon™ tubing connected to each sampling channels. The sampler toggles between each sampling 
locations to acquire concentration data thereby reduces probable error from manual sampling. 

2.4 Data analysis 
We compute average airflow over the measurement period. Also, we calculate air change effectiveness 
(ACE) by ASHRAE 129 (ASHRAE, 1997) specifications. The computed airflow and ACE are further 
used in the Taguchi OA analysis. Taguchi provides a unique parameter to analyse experimental data - 
the signal-to-noise ratio (S/N). The goal is to maximise the S/N characteristics, which implies system 
robustness. There are three common S/N ratio in use: Nominal-the-Best (NTB), Smaller-the-Better 
(STB), Larger-the-Better (LTB). The goal of our experiments is to maximise the air change 
effectiveness and airflow; we select LTB criteria in this study. LTB is computed from Equation (1): 
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Where yi is the observed quality characteristics, i.e., airflow and air change effectiveness. Further 
analysis of variance (ANOVA) is conducted to aid the selection of significant design parameters. 
ANOVA analysis involves the estimation of the sum of squares values from different factors. Response 
charts are developed for visual aid in the decision-making process. To select the significant factor for 
each of the airflow and air change effectiveness, we used a combination of percentage contribution and 
F-values. We first determine the F-critical at an α level of 0.10 and error degree of freedom. Factors 
with F-values ≥ F-critical are considered important. Details of statistical computation involved are well 
documented in statistical design of experiment texts (e.g., Fowlkes & Creveling, 1995). 

3 RESULTS 
Table 1 (columns v - vii) shows the room airflow, air change effectiveness and effectiveness coefficient 
(i.e. local air change effectiveness) for the experimental runs. The results of room airflow and air change 
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effectiveness are used to compute the S/N ratio and plot the graphs shown in Figure 2. Analysis of 
variance is conducted to investigate the significance of the effects the factors. The ANOVA results for 
the S/N ratios are shown in Table 2. The critical values of the F-criterion at a significance level of α = 
0.10 equals F(0.10, 2, 2) = 9. Table 2 shows that for both airflow (F-value = 27.95) and air change 
effectiveness (F-value = 14.12), room air distribution has the highest significant effects on S/N ratios. 
Air distribution contributes up to of 90 % and 61 % respectively for room airflow and air change 
effectiveness. For room airflow, room temperature and room pressure appear insignificant with less than 
5 % contribution. However, for air change effectiveness, although both room temperature and room 
pressure are still insignificant, the room temperature appear more significant (about 22 % contribution) 
than room pressure (about 13 % contribution).  

Table 2. ANOVA table for SN ratios of room airflow and air change effectiveness 
 Factors DF Sum of 

Squares Contribution (%) Mean 
Square F-Value 

S/N ratio 
Air 

Speed 

Air Distribution 2 186.984 90.11 93.492 27.95
Room 

Temperature 
2 7.213 3.48 3.607 1.08 

Room Pressure 2 6.627 3.19 3.314 0.99 
Error 2 6.691 3.22 3.345    
Total 8 207.516 100.00       

S/N ratio 
Ez 

Air Distribution 2 1.4434 61.10 0.72170 14.12
Room 

Temperature 
2 0.5128 21.71 0.25642 5.02 

Room Pressure 2 0.3039 12.86 0.15195 2.97 
Error 2 0.1022 4.33 0.05110    
Total 8 2.3623 100.00       

F(0.10, 2, 2) = 9, significant factor underlined and bold 

To further determine levels of the design with high impacts on the system robustness, we used response 
diagram shown in Figures 2(a) and 2(b). As would be seen, comparing all the design parameters, air 
distribution has the highest magnitude, hence increased influence on the performance characteristics. 
For air distribution, stratum ventilation has the highest contribution to the room air distribution 
robustness. Its effects are superior to mixing and downward ventilation.  

 
Figure 2. Factors effects plot of S/N ratios for (a) Room airflow, (b) Air change effectiveness, and (c) 
Effectiveness coefficient for the experimental trials 
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The simulated persons were fitted with light bulbs whose power outputs are controlled by light dimmer 
switches in conjunction with RS-330 AC power clamp meter to adjust the metabolic heat of the manikin. 
An average of 76 W was set to represent sedentary activities of the occupants. Additional room heater 
was used to improve the room temperature to the required values.  

2.3 Airflow and tracer gas measurement  
Individual outlets flow rates were measured during the test using ALNOR flow hood EBT731, with an 
accuracy of ±3% of readings (42 - 4250 m3/h). The positive and negative pressure was set up by varying 
the supply and return air volumes. Also, for the thermal environment, we measured airspeed and 
temperature at six measurement locations with four levels (0.1m, 0.6m, 0.9m, 1.1m and 1.7m) per 
location, using SWEMA anemometer, with accuracy as: velocity: 0.05-3.0m/s; ±0.02m/s and 0.07-
0.5m/s, ±0.03m/s; temperature: 10 to 40°C; ± 0.2°C. We performed the tracer gas experiment with 
INNOVA Bruel & Kjaer Type 1303 Multipoint doser and sampler together with INNOVA 1312 multi-
gas analyser. The accuracy of the INNOVA instrument is ±2%. Tracer gas experiment was conducted 
with constant injection and concentration-decay method, using SF6 tracer gas. A constant volume of 
SF6 was released into the chamber at a flow rate of 0.18 l/min over a period of 15 minutes from a 3 mm 
Teflon™ tubing. The dosing automatically stopped, and concentration decay continues until the end of 
decay period. We measured SF6 concentrations at six locations with two measurement points located 
at 0.9 m and 1.7 m representing the breathing zones of sleeping and standing person respectively. As 
the breathing zone height of a seated person (about 1.1 m) falls in-between 0.9 m and 1.7 m, we assumed 
that the two measurement points covers seated conditions. The device samples room air through 
Teflon™ tubing connected to each sampling channels. The sampler toggles between each sampling 
locations to acquire concentration data thereby reduces probable error from manual sampling. 

2.4 Data analysis 
We compute average airflow over the measurement period. Also, we calculate air change effectiveness 
(ACE) by ASHRAE 129 (ASHRAE, 1997) specifications. The computed airflow and ACE are further 
used in the Taguchi OA analysis. Taguchi provides a unique parameter to analyse experimental data - 
the signal-to-noise ratio (S/N). The goal is to maximise the S/N characteristics, which implies system 
robustness. There are three common S/N ratio in use: Nominal-the-Best (NTB), Smaller-the-Better 
(STB), Larger-the-Better (LTB). The goal of our experiments is to maximise the air change 
effectiveness and airflow; we select LTB criteria in this study. LTB is computed from Equation (1): 
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Where yi is the observed quality characteristics, i.e., airflow and air change effectiveness. Further 
analysis of variance (ANOVA) is conducted to aid the selection of significant design parameters. 
ANOVA analysis involves the estimation of the sum of squares values from different factors. Response 
charts are developed for visual aid in the decision-making process. To select the significant factor for 
each of the airflow and air change effectiveness, we used a combination of percentage contribution and 
F-values. We first determine the F-critical at an α level of 0.10 and error degree of freedom. Factors 
with F-values ≥ F-critical are considered important. Details of statistical computation involved are well 
documented in statistical design of experiment texts (e.g., Fowlkes & Creveling, 1995). 

3 RESULTS 
Table 1 (columns v - vii) shows the room airflow, air change effectiveness and effectiveness coefficient 
(i.e. local air change effectiveness) for the experimental runs. The results of room airflow and air change 
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These results complement the finding from ANOVA analysis. Figure 2(c) shows that overall, the 
effectiveness coefficient in the mock-up ward is approximately 1.0, suggesting that the room can be 
assumed to be well-mixed. However, it should be noted that well-mixed assumption does not necessarily 
imply uniform exposure to contaminant, especially near-plume field. The well-mixed assumption 
portends two-meanings: dilution ventilation and a basis for developing numerical solutions. It is 
interesting to note from results in Figures 2(a) and 2(b) that effects of all the factors are non-linear. Of 
specific interest is the curvature effects in room pressurisation. This suggests that changing room pressure 
from positive to negative may have counter-intuitive effects on air change effectiveness. The results herein 
presented also show that room air distribution is more significant than room airflow rates and/or 
pressurisation in ward air diffusion system design. Care should, therefore, be taken to select air distribution 
layouts when designing ventilation system. Additional insight from this study is that Taguchi orthogonal 
array design experiment approach can unlock hidden information that may be impossible with a one-
factor-at-a-time experiment that is mostly employed in building performance assessments. 

4 CONCLUSIONS 
In this study, we investigate the effects of three design factors on the airflow and air-change 
effectiveness in a three-bed patient ward with dedicated outdoor air system. We employed tracer gas 
and air flow measurement in a full-scale experiment. Taguchi orthogonal array methods were applied 
to design and analyse the experiments. Signal-to-noise ratio, analysis of variance and response graphs 
were used to analyse the results. Our findings revealed that air distribution is more significant than 
temperature and room pressurisation and by extension, air change rates. We also found that effects of 
the three design parameters are non-linear and that Taguchi orthogonal array technique can provide 
better design information than one-factor-at-a time experiment. 
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SUMMARY  
The indoor quality of an occupied space is very important for the well-being of its occupants, especially 
in the case of young children. Little children spend a lot of their time in day-care centres while parents 
are at work, while little is known about the effects of different indoor environmental factors present in 
these day-care centres, especially inside their baby cots. Therefore this research investigated the quality 
of the accommodation of a Dutch day-care centre.  Measurements and experiments were performed to 
find out the importance of the configuration and types of baby cots. This research investigated the 
quality of the accommodation of three Dutch day care centres in detail. The results of our detailed 
studies were compared with the results of earlier more global studies in day care centres, in which more 
than 60 centres were investigated. The results proved that the situation in day care centres is even worse 
than that of schools within the Netherlands. More attention is needed to improve the current situation 
in day care centres.  
Keywords: Indoor Air Quality, day care centres, baby cots, CO2 concentrations 

1 INTRODUCTION  
Babies and little children spend a lot of their time in day-care centres while parents are at work. Around 
300.000 Dutch children in the age of 0 to 4 attend day-care centres. The infants normally stay at a child 
day-care centre until their fourth birthday. Strangely enough little is known about the effects of different 
indoor environmental factors present in these day-care centres [Ruotsalainen et al. 1993, Daisey et al. 
2003, Nafstad et al.  2004, Haans and Boerstra 2005, Zurami et al 2007, Stankevica et al 2011, Roda et 
al 2011, Mendes et al 2014, Pagliano et al 2016, Wargocki et al 2016] and the actual quality of the 
buildings in which these day-care centres are accommodated. This while a healthy environment is very 
important for the development of infants since they are the most vulnerable group. The body of a young 
child, and its immune system, is continuously under development. Adverse conditions could influence 
this development [Ruotsalainen et al. 1995], or might even increase the risk of sudden infant death 
[Corbyn 1993, 2000]. Children are more vulnerable to airborne pollution due to the fact that their 
airways are narrower than adults, they have markedly increased needs for oxygen relative to their seize, 
they breathe more rapidly and inhale more pollutants per pound of body weight [Etzel 1996].  
In 2009 LBP|Sight performed a research in 60 Dutch daycare centers and 20 host families [Versteeg 
2009]. This research was commissioned by the Dutch government and focused on air quality, daylight 
access, sound and climate. The overall conclusion of this research was that the indoor air quality in 
Dutch daycare centers is insufficient. This applied to both common areas and bedrooms. This not only 
the case in the Netherlands, table 1 provides an overview of some international studies, in most cases 
between 20 up to 75% of all measured daycare centers had CO2 concentrations well above the 
recommended level by the Dutch government of 1000 ppm in class rooms and 800 ppm in sleeping 
rooms.  

These results complement the finding from ANOVA analysis. Figure 2(c) shows that overall, the 
effectiveness coefficient in the mock-up ward is approximately 1.0, suggesting that the room can be 
assumed to be well-mixed. However, it should be noted that well-mixed assumption does not necessarily 
imply uniform exposure to contaminant, especially near-plume field. The well-mixed assumption 
portends two-meanings: dilution ventilation and a basis for developing numerical solutions. It is 
interesting to note from results in Figures 2(a) and 2(b) that effects of all the factors are non-linear. Of 
specific interest is the curvature effects in room pressurisation. This suggests that changing room pressure 
from positive to negative may have counter-intuitive effects on air change effectiveness. The results herein 
presented also show that room air distribution is more significant than room airflow rates and/or 
pressurisation in ward air diffusion system design. Care should, therefore, be taken to select air distribution 
layouts when designing ventilation system. Additional insight from this study is that Taguchi orthogonal 
array design experiment approach can unlock hidden information that may be impossible with a one-
factor-at-a-time experiment that is mostly employed in building performance assessments. 

4 CONCLUSIONS 
In this study, we investigate the effects of three design factors on the airflow and air-change 
effectiveness in a three-bed patient ward with dedicated outdoor air system. We employed tracer gas 
and air flow measurement in a full-scale experiment. Taguchi orthogonal array methods were applied 
to design and analyse the experiments. Signal-to-noise ratio, analysis of variance and response graphs 
were used to analyse the results. Our findings revealed that air distribution is more significant than 
temperature and room pressurisation and by extension, air change rates. We also found that effects of 
the three design parameters are non-linear and that Taguchi orthogonal array technique can provide 
better design information than one-factor-at-a time experiment. 
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Table 1. Overview of CO2 concentrations in daycare centers from different studies 

Year Location Number Average CO2 [ppm] Reference

1982 Sweden 1 880 Berglund 
1992 Canada 91 1505 Daneault et al.  
1993 Finland 30 810 Routsalainen et al. 
2002 Midwest 

USA 
26 1142 Ferng and Lee 

2005 Netherlands 51 
62 

920(bedrooms) 
1297 (class room) 

Haans and Boerstra 

2009 Netherlands 60 1452 Versteeg 
2011  Latvian 4 731 Stanvica and 

Lesinskis 
2011 Paris 28 933 Roda et al. 
2012 Montreal 21 1333 St-Jean et al. 
2014 Portugal 52 1563 Mendes et al 
2015 Italy 1 1100 Pagliano et al  
2016 Europa 4 1128 Wargocki et.al      

 

In most studies the overall CO2 level is measured in the class rooms and in some also in the bedroom. 
In the study by it was observed that in multipurpose rooms (for general activities and nap), the nap-time 
average CO2 level was about 60 ppm higher, compared to the non-nap time average CO2 level. In study 
by Ferng and Lee [2002] in Midwest US daycare centers they found a  24.3% CO2 increment from non-
nap time to nap-time in the daycare center’s bedrooms. Therefor it was decided to examine especially 
the ventilation of the daycare bedrooms in detail. The objective of our research is to determine the 
influence of the type of baby cot used in child daycare center’s bedrooms on the CO2 concentration in 
the breathing zone of a sleeping infant.  A field study was done among the different types of baby cots 
to measure the difference in CO2 concentrations inside these baby cots and the difference with the CO2 
concentration of the surrounding air.   

2 METHODS 
As stated in section one, the goal of this research is to determine if there is an influence by the type of 
baby cot used in child daycare centers on the CO2 concentration near a sleeping infant. To determine 
the presence and size of this influence measurements are performed in different type of baby cots. The 
purpose of these measurements is to obtain enough CO2 data to compare the overall results and the 
results of each baby cot and determine if the differences between these baby cots are significant and 
assignable for possibly high CO2 concentrations.  

2.1 Measurement setup 
The rooms measured inside the daycare center are indoor areas with a mechanical exhaust ventilation 
system. Measurements took place in different bedrooms intended for infants of different ages. In each 
bedroom different type of baby cots were used. In total 4 types of baby cots are reviewed in this research. 
The measurements in daycare center 1 were performed in four different baby cots divided over two 
bedrooms in the child daycare center in two different configurations. 
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Figure 1. Plan of bedroom A configuration 1 & 2(left) and bedroom B configuration 1 & 2 (right) 

 
Figure 2. Plan of bedroom DDC1 (left) and bedroom DCC 2 (right) 
As stated before, 4 types of baby cots were monitored inside the daycare center, see Figure 3.  Not all 
baby cots were present in all bedrooms. The first type, a crib was only present in bedroom A and was 
used for children in the age of 2 -4 and which tend not to get out of bed while sleeping. The second 
type, the bedstead, was used by both newborns as children in the age of 2 -4. The last type was the bunk 
bed used, top and bottom, with children in the age of 10 weeks up to 2 years.  

    
Figure 3: Crib                             Bedstead                      Bottom bunk bed                   Top bunk bed  
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In most studies the overall CO2 level is measured in the class rooms and in some also in the bedroom. 
In the study by it was observed that in multipurpose rooms (for general activities and nap), the nap-time 
average CO2 level was about 60 ppm higher, compared to the non-nap time average CO2 level. In study 
by Ferng and Lee [2002] in Midwest US daycare centers they found a  24.3% CO2 increment from non-
nap time to nap-time in the daycare center’s bedrooms. Therefor it was decided to examine especially 
the ventilation of the daycare bedrooms in detail. The objective of our research is to determine the 
influence of the type of baby cot used in child daycare center’s bedrooms on the CO2 concentration in 
the breathing zone of a sleeping infant.  A field study was done among the different types of baby cots 
to measure the difference in CO2 concentrations inside these baby cots and the difference with the CO2 
concentration of the surrounding air.   

2 METHODS 
As stated in section one, the goal of this research is to determine if there is an influence by the type of 
baby cot used in child daycare centers on the CO2 concentration near a sleeping infant. To determine 
the presence and size of this influence measurements are performed in different type of baby cots. The 
purpose of these measurements is to obtain enough CO2 data to compare the overall results and the 
results of each baby cot and determine if the differences between these baby cots are significant and 
assignable for possibly high CO2 concentrations.  

2.1 Measurement setup 
The rooms measured inside the daycare center are indoor areas with a mechanical exhaust ventilation 
system. Measurements took place in different bedrooms intended for infants of different ages. In each 
bedroom different type of baby cots were used. In total 4 types of baby cots are reviewed in this research. 
The measurements in daycare center 1 were performed in four different baby cots divided over two 
bedrooms in the child daycare center in two different configurations. 
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For the placement of the CO2 sensors the breathing zone of a sleeping infant needs to be defined. The 
breathing zone is the zone around the head of a sleeping infant to which the exhaled air passes. For 
adults the range of exhaled air is between 0.6 and 0.8 m (respectively breathing through nose and 
mouth). The assumption is made that the range of exhaled air for infants is smaller than for adults. In 
this research the breathing zone of a sleeping infant is defined with a range for exhaled air of 0.3m, 
which results in the breathing zone around the head of a sleeping infant given. Different 
measurements are performed at the child day-care centre. To perform these measurements, correct 
equipment is required. To register the carbon dioxide concentration (CO2), relative humidity and 
temperature inside the bedrooms an EE80 sensor is used. The EE80 sensor is used for indoor 
measurements and has a wide range for CO2-measurements (0 – 5000ppm).  

The measurements took place during the spring. The measurements inside the bedrooms were done 
separately and took at least one week. This to make sure that the influence of accidental events were 
minimized. In each bedroom seven sensors were placed at different locations in the room. Each sensor 
recorded the CO2-concentration, relative humidity and temperature inside the room every 30 seconds. 
All date generated during the measurements were stored on a logger. Afterwards the logger can be 
read out and the data can be used for analysis. During the measurements the nursery staff was asked to 
keep a log of children present inside the bedrooms. During each day they needed to fill in a form with 
the number of infants sleeping inside the bedroom on that day and the period of time they slept inside 
the bedroom.  

3 RESULTS 
In this article only the results of room A are graphically presented, as those of B have a similar 
characteristic and only the data is represented of room A. 

 
Figure 4. Detailed characteristic CO2 concentrations of different baby cots in room A during the 
sleeping period in configuration 1 and 2. 
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Figure 5. Overall comparison of the outcome of the measured mean CO2 concentration inside the 
baby cots (de Waard 2004, Kruisselbrink 2015) compared to the overall condition of sleeping room of 
day centres from the research by Versteeg (2009) 

4 DISCUSSION AND CONCLUSIONS 
It should be pointed out that the results given here are only applicable to the measurement period used 
in this research:  Spring. Measurements at another time of the year, for instance during the winter, can 
lead to other results and possibly to other conclusions.  The results from the detailed measurements of 
CO2 concentrations within the breathing zones of the babies showed quite a difference in results caused 
by the location and the type of baby cot. It clearly shows the importance of these factors and why it is 
not sufficient to just measure an overall CO2-concentration as an indicator of the Indoor Air Quality 
within day-care centres. From the measurements on different moments is showed that unexpected 
changing circumstance also have a major impact on the measured CO2 concentrations with the sleeping 
room of day-care centres. This article presents the results of CO2 concentrations inside baby cots of day-
care centres and makes it clear why it is important to focus also on ventilation effectiveness inside of  
the baby cots and not only on the ventilation rates in general. The effects can lead to CO2 concentrations 
which can be on average around 25% (with in some situations even up to nearly 100% higher) than the 
average concentrations in the sleeping rooms of the day-care centres from the extensive research by 
Versteeg in 2009. Overall it can be concluded that a lot more attention is necessary for the assessment 
of the indoor environmental quality in Dutch day-care centres. Especially the effect of the type of baby 
cot and its location within the sleeping room is far more important than generally known. 
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SUMMARY 
It is important to avoid particle transmission from Air-Lock (adjacent room) to clean room during the 
door opening process. In this research the importance of temperature difference between air-lock and 
clean room on particle transmission was studied. The temperature in the clean room was maintained at 
4 oC higher or lower than the temperature in the Air-Lock. Both, the particle concentration during the 
door opening and closing and the constant concentration after the door was closed were measured. The 
ventilation system was shut off after the door was closed to see the effect of door opening and closing 
clearly.  Under the studied non-isothermal conditions, the dynamics of particle transportation during the 
door opening and closing were different. A short-time peak concentration of particles occured at 
different height depending on whether the clean room air temperature is higher or lower than the air 
temperature in the Air-Lock. 
Keywords: clean room, airborne particle transmission, door opening and closing, non-isothermal 
condition 

1 INTRODUCTION 
It is important to protect the products from pollutants in the pharmaceutical industries. Studies suggest 
that door opening has a large effect to pollutant distribution in clean room (NRC 2014). However, few 
experiments of door opening in case of a full-scale model are conducted. Most studies are performed 
by CFD simulations (Le Chang et al. 2016) or by using small water models (Thatcher et al. 2004). The 
full-scale experiments used tracer gas was conducted because it was simple to calculate the volume of 
transmission (Le Chang et al., 2016, and Petri et al. 2016). To verify the behavior of airborne 
transmission of particles concentration measurement is needed. In order to investigate the cross 
contamination during door opening, several factors has to be considered, e.g. temperature difference 
between clean room and Air-Lock (adjacent room), ventilation flowrate, speed of door opening, and 
movement of person between Air-lock and clean room.  It is known that the airflow between two rooms 
increases along with the difference of temperature (Whyte 2001). However, there is a lack of the 
research on the detailed particle transmission characteristics dominated by temperature difference 
during the door opening process. The effect of the non-isothermal conditions on the dynamics of particle 
transmission during opening and closing of door between air-lock and clean room was studied 
experimentally. Some preliminary findings are reported in this paper.  
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2 METHODS 

2.1 Experimental conditions 
Figure 1 shows the layout of the clean room (CR), the Air-Lock (AL) and the measuring points. Table 
1 shows the experimental conditions. Measurements at each condition were repeated three times. 
Two textile ducts were used to supply air in the clean room. One exhaust air terminal was used in the 
clean room, and two exhaust terminals in the Air-Lock. The clean room and Air-Lock were connected 
by bypass in the ceiling in order to adjust the pressure difference. The door type was a double-hinged 
one-leaf swing and was opened automatically as set by controller. The opening and closing speed can 
be changed. The pressure in the clean room was set 15 Pa higher than in the Air-Lock as recommended 
by the WHO 2011 (10-15Pa). In addition, the pressure in the Air-Lock was set 10 Pa higher than outside. 
In order to obtain an air flow through the door with direction from the clean room to the adjacent room 
an air change per hour (ACH) of at least 24 is necessary (Tang et al. 2005). Thus, ACH=24 with 
corresponding airflow rate of 210 L/s was selected. 
The effect of the temperature difference (ΔT) between the clean room and the Air-Lock on the particle 
transmission was studied at ΔT =+4oC (temperature in clean room higher than in Air-Lock) and ΔT =-
4 oC (temperature in clean room lower than in Air-Lock). For this purpose a large electric heater was 
installed in the supply duct. A small electric heater was also used but only in the condition ΔT = -4oC 
to increase the temperature in the Air-Lock.  
The importance of the temperature difference was studied by measurements at one location (location 
P1, Figure 1) and two heights, 0.2 m and 2.25 m above the floor. The non-uniformity of the particle 
distribution in the clean room was studied at ΔT = -4oC. In this case measurements at four location and 
three heights (0.2, 1 and 2.25 m above the floor) were performed at four locations, P1, P2, P3 and P4 
(Figure 1). Location P1 was in the center of clean room, location P2 - near the door opening, location 
P3 - at the almost directly under the bypass, and location P4 was directly under the exhaust. The 
locations P1, P3, P4  were almost on a diagonal line.  

 

Figure 1. Layout of Clean room, Air-Lock chamber, front view and measurement points. Sizes in mm. 
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Table 1. Experimental conditions 
ΔT location of measurement Height of measured points [m] 

-4oC 

P1 0.2 
1.1 

2.25 

P2 
P3 
P4 

+4oC P1 0.2 

2.2 Measuring instruments 
Optical Particle Sizer 3330 (OPS3330) produced by TSI Inc. was used to measure the particle 
concentration. Atomiser 9302 (Aerotrack) produced by TSI Inc. was used to generate particles. It was 
placed in the Air-Lock as a pollution source. A salt solution composed by 2% NaCl industrial salt in 
100g of pure water was used to generate particles. The pressure of pumping was 25 psi. The size of the 
generated particles with the Atomizer were in the range of 0.5 μm to 3.0 μm. The particles in the range 
of 0.5 μm and 1.0 μm were chosen and investigated because this range covered the most class of the 
ISO standard (ISO14644-1, 2015). 

2.3 Experimental procedure 
Figure 2 shows the experimental procedure. The heater was turned on and steady-state temperature 
was obtained, i.e. the temperature fluctuation at ΔT =±4oC became around ±0.3 oC. The experiment 
started 600 s (in Figure 2 indicated as time 0 s) after the steady-state temperature condition was 
obtained. The total measuring time was 1090 s and sampling time was 6 s. The background 
concentration was measured for 5 minutes. After that, the particle generator was started to release 
particles in the Air-Lock. Two and a half minutes (150 s) later (i.e. seven and a half minutes after the 
start of experiment), the door was opened (the opening lasted 22 s), then held for 11 s, and finally 
closed (the closing period was 7 s), i.e. a total time of 40 seconds. This duration time aimed to make 
smaller the influence of the speed of the door opening on the flow distribution. The heaters were 
turned off 20 seconds before the door opening in order to prevent influence from generated updraft. 
When the door was opened, the exhaust damper in the clean room and the bypass damper connected 
from clean room to the Air-Lock were shut off. After the door was closed, the supply fan, supply 
damper, and exhaust fan were shut off at the same time and the door beneath was sealed by tape. After 
the ventilation system was shut off, three small fans placed in the clean room were turned on in order 
to achieve a good mixing of the air in the clean room. The particle concentration measurement 
continued until the end of the experiment. For each experimental condition, tthe particle concentration 
measurements were repeated three times and the obtained data were averaged. Following the 
described procedure, two aspects of the particle transmission were primarily revealed and evaluated: 
(1) the dynamics in the particle concentration change at fix location and different heights in the clean 
room during the door opening and closing process, (2) the non-uniformity in the constant particle 
concentration distribution in the clean room when the door was closed. As already noted small fans 
were used to mix the air in the clean room when the door was closed and the ventilation system was 
shut off immediately in order to evaluate the average concentration of particles staying in the clean 
room. In the fully mixed conditions, the particle concentrations should be the same at different 
location. 

2 METHODS 

2.1 Experimental conditions 
Figure 1 shows the layout of the clean room (CR), the Air-Lock (AL) and the measuring points. Table 
1 shows the experimental conditions. Measurements at each condition were repeated three times. 
Two textile ducts were used to supply air in the clean room. One exhaust air terminal was used in the 
clean room, and two exhaust terminals in the Air-Lock. The clean room and Air-Lock were connected 
by bypass in the ceiling in order to adjust the pressure difference. The door type was a double-hinged 
one-leaf swing and was opened automatically as set by controller. The opening and closing speed can 
be changed. The pressure in the clean room was set 15 Pa higher than in the Air-Lock as recommended 
by the WHO 2011 (10-15Pa). In addition, the pressure in the Air-Lock was set 10 Pa higher than outside. 
In order to obtain an air flow through the door with direction from the clean room to the adjacent room 
an air change per hour (ACH) of at least 24 is necessary (Tang et al. 2005). Thus, ACH=24 with 
corresponding airflow rate of 210 L/s was selected. 
The effect of the temperature difference (ΔT) between the clean room and the Air-Lock on the particle 
transmission was studied at ΔT =+4oC (temperature in clean room higher than in Air-Lock) and ΔT =-
4 oC (temperature in clean room lower than in Air-Lock). For this purpose a large electric heater was 
installed in the supply duct. A small electric heater was also used but only in the condition ΔT = -4oC 
to increase the temperature in the Air-Lock.  
The importance of the temperature difference was studied by measurements at one location (location 
P1, Figure 1) and two heights, 0.2 m and 2.25 m above the floor. The non-uniformity of the particle 
distribution in the clean room was studied at ΔT = -4oC. In this case measurements at four location and 
three heights (0.2, 1 and 2.25 m above the floor) were performed at four locations, P1, P2, P3 and P4 
(Figure 1). Location P1 was in the center of clean room, location P2 - near the door opening, location 
P3 - at the almost directly under the bypass, and location P4 was directly under the exhaust. The 
locations P1, P3, P4  were almost on a diagonal line.  

 

Figure 1. Layout of Clean room, Air-Lock chamber, front view and measurement points. Sizes in mm. 
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Figure 2. Experimental operation  

3 RESULTS AND DISCUSSION 

3.1 Impact of temperature difference during door opening and closing 
Figure 3 shows the changing of the particle concentration measured in the clean room at the location P1 
during the time period from door opening (450 s) to door closing (490 s). For comparison, the particle 
concentration measured in the Air-Lock is shown in the figures. The figure shows the average particle 
concentration of three repeated measurements at the same experimental conditions. 
For the condition of ΔT= +4oC at 0.2 m height the concentration started to increase when the door was 
opened. For the condition ΔT= -4oC the concentration measured at 0.2 m height started to increase after 
the door was closed, while at the height 2.25 m it started to increase before the was closed, i.e. similar 
to the concentration measured at  ΔT= +4oC at 0.2 m.  
The particle concentration at 0.2 m height for ΔT= +4oC and that at 2.25m height for ΔT= -4oC had a 
peak concentration when the door was completely opened (472 s), i.e. before the door started to close. 
When the door started to close, the concentration decreased a little and increased again after the door 
was closed. Then, it took around 30 s to reach constant concentration level. Though the reached constant 
level of the particle concentration for the two temperature differences was not the same, the peak levels 
were similar. On the other hand, the particle concentration at 0.2 m height for ΔT= -4oC kept increasing 
without peak until it reached constant level. The peak did not exist because it took time for the induced 
particles to drop from upper level down to low height.  
In general it may be concluded that, if there is temperature difference between the two rooms, the 
warmer air is induced to the colder room from the upper side of the door opening and colder air induced 
to the warmer room from the lower side. Therefore, the particle concentration at 0.2 m height for ΔT= 
+4oC and at 2.25 m height for ΔT= -4oC started to increase when the door was opened (Figure 3 a, c). 
For ΔT= +4oC the polluted air from the air lock was induced in the clean room from lower door side 
and the clean air was pushed out from the upper side and vice versa for the case  ΔT= - 4oC. The door 
closing induced air in opposite direction, caused air mixing and increased the particle concentration at 
2.25 m in the case of ΔT= +4oC and at 0.2 m in the case of  ΔT= -4oC (Figure 3b).  
An important result is the observed peak concentration at 0.2 m height for ΔT= +4oC and at 2.25 m 
height for ΔT= -4oC. In these cases the particles, that entered the clean room were pushed out by the 
door closing process. As already discussed the peak levels in the two cases were almost the same, 
however the constant concentration levels reached after the door closing were different. The observed 
peaks reveal that analyses based only on the constant concentration may lead to incorrect evaluation 
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because there is a risk of a short-time non-uniformity of particle concentration distribution in the clean 
room during the door opening and closing.   

 
a) ΔT= -4oC, 2.25 m height,          b) ΔT= -4oC, 0.2 m height,          c) ΔT= +4oC, 0.2 m height 

Figure 3. Variation of the particle concentration at location P1. The time of the door opening starts 
(7:30 min) and is indicated by red line; the time when the door is completely closed (8:10 min) is 
indicated with green line. 

3.2 Particle distribution in the clean room 
The results of the measurements reveal that for the studied temperature differences the constant particle 
concentration level achieved in the clean room at the location P1 was different. After the door was 
closed the constant concentration level achieved in the case ΔT= +4oC (Figure 3c) was lower than in 
the case of ΔT= -4oC (Figure 3a,b). However, this was result of measurements only at one location (P1). 
The result could be affected by several reasons, namely non-uniformity of the particle distribution in 
the room, instability of the flow due to door opening and closing, etc. 
The non-uniformity of the particle concentration distribution was studied in the case ΔT= -4oC. Particle 
concentration measurements were performed at three heights (0.2, 1.1 and 2.25 m) at four locations in 
the clean room (Figure 1). Figure 4 shows the constant particle concentration achieved at the measured 
points under the non-isothermal condition of ΔT = -4oC after the door was closed. The values are 
average of five samples measured after a constant concentration level was achieved. The blue line on 
the figure shows the average concentration calculated from all measurements. 

 
Figure 4. Constant particle concentration at each measured point under the non-isothermal condition 
of ΔT = -4oC.  

 
Figure 2. Experimental operation  

3 RESULTS AND DISCUSSION 

3.1 Impact of temperature difference during door opening and closing 
Figure 3 shows the changing of the particle concentration measured in the clean room at the location P1 
during the time period from door opening (450 s) to door closing (490 s). For comparison, the particle 
concentration measured in the Air-Lock is shown in the figures. The figure shows the average particle 
concentration of three repeated measurements at the same experimental conditions. 
For the condition of ΔT= +4oC at 0.2 m height the concentration started to increase when the door was 
opened. For the condition ΔT= -4oC the concentration measured at 0.2 m height started to increase after 
the door was closed, while at the height 2.25 m it started to increase before the was closed, i.e. similar 
to the concentration measured at  ΔT= +4oC at 0.2 m.  
The particle concentration at 0.2 m height for ΔT= +4oC and that at 2.25m height for ΔT= -4oC had a 
peak concentration when the door was completely opened (472 s), i.e. before the door started to close. 
When the door started to close, the concentration decreased a little and increased again after the door 
was closed. Then, it took around 30 s to reach constant concentration level. Though the reached constant 
level of the particle concentration for the two temperature differences was not the same, the peak levels 
were similar. On the other hand, the particle concentration at 0.2 m height for ΔT= -4oC kept increasing 
without peak until it reached constant level. The peak did not exist because it took time for the induced 
particles to drop from upper level down to low height.  
In general it may be concluded that, if there is temperature difference between the two rooms, the 
warmer air is induced to the colder room from the upper side of the door opening and colder air induced 
to the warmer room from the lower side. Therefore, the particle concentration at 0.2 m height for ΔT= 
+4oC and at 2.25 m height for ΔT= -4oC started to increase when the door was opened (Figure 3 a, c). 
For ΔT= +4oC the polluted air from the air lock was induced in the clean room from lower door side 
and the clean air was pushed out from the upper side and vice versa for the case  ΔT= - 4oC. The door 
closing induced air in opposite direction, caused air mixing and increased the particle concentration at 
2.25 m in the case of ΔT= +4oC and at 0.2 m in the case of  ΔT= -4oC (Figure 3b).  
An important result is the observed peak concentration at 0.2 m height for ΔT= +4oC and at 2.25 m 
height for ΔT= -4oC. In these cases the particles, that entered the clean room were pushed out by the 
door closing process. As already discussed the peak levels in the two cases were almost the same, 
however the constant concentration levels reached after the door closing were different. The observed 
peaks reveal that analyses based only on the constant concentration may lead to incorrect evaluation 
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The constant concentration levels measured at the points were not exactly the same, even if three fans 
were used to enhance the mixing of air in the clean room. Because of the limited number of particle 
meters, the particle concentration at one position only was measured at the time. The strong instability 
of air flow during the door opening and closing process may cause the inevitable differences.  
There could not be seen the clear relationship between different locations and different heights.  The 
average value (blue line on the figure) and the standard deviation were calculated for the constant 
concentrations at the 12 points. The coefficient of variance, i.e. the standard deviation divided by the 
average value, was around 0.39, indicating a certain non-uniformity for the constant concentration. 
However, the comparison of the constant particle concentration at location P1 in the case of ΔT= +4oC 
and ΔT= -4oC shows much larger differences (Figure 3a,b and Figure 3c). This indicates that the 
temperature difference may have impact on the particle transport between the Air-Lock and the clean 
room. To identify this impact, more detail experiments are needed. The use of other air supply mode 
may also affect the dynamics and uniformity of the particle distribution. This needs to be studied. 

5 CONCLUSIONS 
Under non-isothermal conditions, i.e. air temperature difference in the Air-Lock and the clean room the 
dynamics of particle concentration during the door opening and closing are different. This may result 
in a short-time peak concentration of particles. The peak concentration occurs at different height 
depending on whether the clean room air temperature is higher or lower than the air temperature in the 
Air-Lock. 

ACKNOWLEDGEMENTS 
This study was supported by Ramboll Foundation, Denmark, and the International Centre for Indoor 
Environment, Technical University of Denmark. 

REFERENCES 
ISO14644-1(2015), Clean rooms and associated controlled environments, Part1: Classification of air 
cleanliness by particle concentration 
Le Chang et al. (2016), Control room contaminant inleakage produced by door opening and closing: 
Dynamic simulation and experiments, Building and Environment, Vol. 98, pp11-20. 
Le Chang et al. (2016), Experimental determination of air inleakage to pressurized main control room 
caused by personnel entering, Building and Environmnet, Vol. 99, pp 142-48. 
NRC (2014), Standard Review Plan for the Review of Safety Analysis Reports for Nuclear Power 
Plants: LWR Edition, U.S. Nuclear Regulatory Commission. 
Petri et al. (2016), airflow patterns through single hinged and sliding doors in hospital isolation rooms 
– Effect of ventilation, flow differential and passage, Vol. 107, pp154-68. 
T.L. Thatcher, D.J. Wilson et al. (2004), Pollutant dispersion in a large indoor space: part1 -scaled 
experiments using a water-filled model with occupants and furniture, Indoor Air Vol. 14, pp-258-71. 
WHO (2011), Good Manufacturing Particles for Sterile Pharmaceutical Products. 
Tang JW et al. (2005), Door opening motion can potentially lead to a transient breakdown in negative-
pressure isolation conditions: the importance of vorticity and buoyancy airflows, Journal of Hospital 
Infection, Vol. 4(61), pp 283-86 
W. Whyte (2001), Clean room Technology -Chapter 4 Information Sources, 

PROCEEDINGS  — Roomvent & Ventilation 2018742  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 4 – Applications: School Ventilation (SV)

742  |



HEALTHY LOW ENERGY REDESIGNS FOR SCHOOLS IN DELHI: INVENTORY 
STUDY OF THE CURRENT CONDITIONS 

Jill Vervoort1,*, Atze Boerstra2, Maija Virta3, Asit Mishra4, Marcel Loomans1,  
Arjan Frijns1, Jan Hensen1,  

1Eindhoven University of Technology, Eindhoven, Netherlands 
2BBA Binnenmilieu, Den Haghue, Netherlands 

3Santrupti Engineers, Delhi, Netherlands 
4Department of Mechanical Engineering, Aalto University, Espoo, Finland 

*Corresponding email: j.w.p.vervoort@student.tue.nl  
 

SUMMARY  
India's capital, New Delhi, struggles with high outdoor air pollution and extreme temperatures during 
summer and winter. Together they are liable to adversely affect health and learning of children in 
classrooms without mechanical ventilation and cooling. This work targets to provide a guideline on how 
to sustainably improve the indoor climate quality in such classrooms with a weighing of the measures 
against investment cost and energy needs. The current conditions in classrooms of 5 schools located in 
the National Capital Territory of Delhi were analysed. Major parts of these schools were completely 
reliant on natural ventilation. Thus indoor to outdoor PM2.5 concentration ratio remained close to 1. 
During summer, indoor temperature rises up to 40 °C. During winter, indoor CO2 concentration can 
exceed 1150 ppm. Using monitored conditions as input, a TRNSYS base model was created for the 
classrooms. This model functions as a test environment for proposed interventions towards improving 
indoor climate quality. The proposed solutions target CO2 level ≤ 1150 ppm, PM2.5 ≤ 25μg/m3 and 
temperatures within 80% acceptability range of the Indian adaptive thermal comfort model.   
Keywords: Particulate matter, thermal comfort, classrooms, passive cooling, building performance 
simulation 

1 INTRODUCTION  
Classroom indoor environmental quality (IEQ) has a close relation with absenteeism, health, and 
learning performances. For example, a lack of ‘fresh’ air supply negatively affects the learning 
performance (Shaughnessy et al., 2006, de Gids, 2006, Wargocky at al., 2007, Bakó-Biró, 2008). New 
Delhi, India's capital city, is burdened with highly polluted outdoor air and an extreme climate. These 
conditions can adversely affect health and learning of children in classrooms without mechanical 
ventilation and cooling.  
Since their lungs are still developing, children are more vulnerable than adults to air pollution. 
Continuous exposure to polluted air can disrupt lung development (CPCB, 2008), leading to reduced 
lung function and even chronic respiratory diseases. While government shuts down schools on days 
with high air pollution, this is not a long-term solution for the over 600 000 Indian schools (MHRD, 
2018). Even a small step to improve indoor air quality (IAQ) in these schools can have a major impact 
on the life of millions of children.  
The objective of the current study is to provide well-defined guidelines for sustainably improving IAQ 
and thermal comfort in naturally ventilated classrooms in India. In the guidelines, the effectiveness of 
different interventions are weighted against their energy demand and required investment. The focal 
point was kept on the schools of the National Capital Territory of Delhi. The current work discusses the 
field measurements, corresponding base case simulation, and preliminary strategies based on the 
measurements and simulations.  

The constant concentration levels measured at the points were not exactly the same, even if three fans 
were used to enhance the mixing of air in the clean room. Because of the limited number of particle 
meters, the particle concentration at one position only was measured at the time. The strong instability 
of air flow during the door opening and closing process may cause the inevitable differences.  
There could not be seen the clear relationship between different locations and different heights.  The 
average value (blue line on the figure) and the standard deviation were calculated for the constant 
concentrations at the 12 points. The coefficient of variance, i.e. the standard deviation divided by the 
average value, was around 0.39, indicating a certain non-uniformity for the constant concentration. 
However, the comparison of the constant particle concentration at location P1 in the case of ΔT= +4oC 
and ΔT= -4oC shows much larger differences (Figure 3a,b and Figure 3c). This indicates that the 
temperature difference may have impact on the particle transport between the Air-Lock and the clean 
room. To identify this impact, more detail experiments are needed. The use of other air supply mode 
may also affect the dynamics and uniformity of the particle distribution. This needs to be studied. 

5 CONCLUSIONS 
Under non-isothermal conditions, i.e. air temperature difference in the Air-Lock and the clean room the 
dynamics of particle concentration during the door opening and closing are different. This may result 
in a short-time peak concentration of particles. The peak concentration occurs at different height 
depending on whether the clean room air temperature is higher or lower than the air temperature in the 
Air-Lock. 
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2 METHODS 

2.1 Overview 
To design suitable improvement guidelines for naturally ventilated schools in India, a good inventory 
of the current condition is necessary. Due to the limited research on IEQ in Indian schools an on-field 
study was deemed necessary. Since Delhi area suffers from the worst air quality challenges in India and 
being the capital city, it is well connected to the rest of the world, these studies focused on evaluating 
school conditions in Delhi. We hypothesize that solutions developed for Delhi conditions could be 
extrapolated to other regions of India by taking into account climatic differences for indoor thermal 
conditions while IAQ concerns would remain similar in different regions.   

2.2 Field work 
Between 10 September and 11 October 2017, end of monsoon season, five schools in and around Delhi 
have been visited. During those visits, the school building characteristics were analysed, usage profile 
was inventoried, and short and long term indoor measurements were performed in 10 different 
classrooms. At three out of five schools teachers were surveyed regarding their perception of the 
classrooms’ IEQ through subjective questionnaire covering thermal perception, thermal satisfaction, air 
movement, humidity, air quality, noise, and lighting. Feedback was obtained from 15 respondents. The 
measured parameters were indoor air temperature (Tin), outdoor air temperature (Tout), relative humidity 
(RH), surface temperature, indoor air velocity, carbon dioxide (CO2) concentration, and particulate 
matter PM2.5 concentration. The indoor air velocities were measured at window and door openings and 
in the middle of the classroom by a Hot Wire Anemometer. The T (+/- 0.4-0.6°C) , RH (+/- 2-3%), and 
CO2 (+/- 50 ppm) and PM2.5 concentrations were measured with both a manual hand devices (Rave and 
AZ7755), Eltek sensors, ClarityAir monitor, and particle counter Dylos DC1700.  

2.3 Numerical Model 
The numerical model needs to function as a test environment to roughly estimate the performance of 
the proposed interventions. Therefore, the numerical model is designed with a relatively low resolution, 
as this already gives sufficient information to evaluate the necessary interventions to achieve a healthier 
and more comfortable IEQ (Djunaedy, 2012). The field measurement results, together with the 
corresponding inventory led to the boundary settings for the base model. The model is executed in 
TRNSYS 18 using the building model Type 56.  
The National Building Code of India (NBC, 2016) in combination with IEQ standard (ISHRAE, 2016), 
led to the IEQ performance goals for this research. The thermal comfort was evaluated using the 
simulated operative temperatures and the adaptive thermal comfort (ATC) model for mixed mode and 
naturally ventilated buildings. The IAQ was evaluated based on ISHRAE standards Class C (ISHRAE, 
2016). The threshold value for CO2 in Class C is 750 ppm above the ambient concentration. Note, the 
ISHRAE standard for fine particles PM2.5 is related to the air quality guidelines as given by the World 
Health Organisation (WHO, 2005), which advise a daily average of <10 μg/m3 and a yearly average of 
<25 μg/m3. Since the ISHRAE standard does not clarify if they have provided daily or annual average 
exposure values, it is assumed to be daily average threshold. This value is given to be <25 μg/m3 for 
Class C. In addition, the Exceedance Factor (EF) as defined by Central Pollution Control Board (CPCB) 
has been used to subdivide the pollution level into four categories:  

• Low pollution (L)    EF < 0.5 
• Moderate pollution (M) 0.5 > EF < 1.0 
• High pollution (H)  1.0 > EF < 1.5 
• Critical pollution (C)  EF > 1.5 
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EF is the observed annual mean of respective pollutant, which is approximately 100 μg/m3 for PM2.5 in 
Delhi.  The solutions would be assessed by means of over and under heating hours, CO2 exceedance 
hours, pollution level categories L, M, H, and C, increased energy demand, and corresponding 
investment costs.   

2.4 Boundary conditions 
The boundary conditions within the TRNSYS model were primarily based on the data from field 
measurements. For example the CO2 measurements were used to assess the ventilation and infiltration 
rate. The outdoor CO2 concentration are assumed to be fixed at 450 ppm. Additionally the following 
occupancy profiles are used: on schooldays the classrooms are occupied from 08:00 to 17:00 with a 
lunch break from 12:00 to 13:00, the fans are activated whilst the operative temperature (Top) exceeds 
25°C, and window shutters are closed whilst Top drops below 21°C. However, the shutters are opened 
again whilst the sun radiation exceeds 1200 kJ/h.m2.  

2.5 Sensitivity analysis 
In order to evaluate the reliability of the base model and the performance assessment a sensitivity 
analysis is iteratively executed.  During this analysis several parameters and set points are changed 
within the model as shown in Table 1, while exploring the effect on the performance indicators. 

Table 1. Sensitivity analysis variables 
Building model parameters Set points 

Construction thickness  +/- 25% Fans operative temperature switch 
point 

+/- 2 °C 
Solar absorbance - 33% 

Ventilation +/- 25% Windows operative temperature 
switch point 

+/- 2 °C 
Occupancy +/- 25% 
Air velocity +/- 50% Windows solar radiation switch point +/- 200 kJ/h.m2 

3 RESULTS 

3.1 Field Measurement results 
At the time of measuring the outdoor temperature varied from 31°C to 35°C during occupancy hours. 
The corresponding subjective data on the classroom’ IEQ showed that the roughly 70% of the teachers 
was at least slightly warm, though still 80% of all was satisfied with the thermal conditions. Most 
teachers expressed some dissatisfaction regarding the thermal condition in hot summer and cold winter. 
Even though the study fell during monsoon, 53% was satisfied with humidity conditions. Additionally, 
80% does not experience dissatisfaction with the IAQ. It seemed that the teacher were having a hard 
time judging the IAQ conditions, while they were only able to associated it with coarse dust and ‘fresh’ 
outdoor air. Also, 80% was satisfied with the lighting conditions, while only 60% was satisfied with the 
acoustical conditions, while they suffer from sound disturbance (mostly traffic noise) 
During occupancy hours the difference in indoor and outdoor CO2 concentration was approximately 
100 ppm, in case of open doors and windows, running fans, and an occupancy rate of roughly 40 people. 
Simultaneously, the indoor PM2.5 concentrations indoors approached the outdoor concentration. 
Therefore, the indoor to outdoor ratio of PM2.5 is assumed to be roughly 1, as can be seen in Figure 1. 

2 METHODS 

2.1 Overview 
To design suitable improvement guidelines for naturally ventilated schools in India, a good inventory 
of the current condition is necessary. Due to the limited research on IEQ in Indian schools an on-field 
study was deemed necessary. Since Delhi area suffers from the worst air quality challenges in India and 
being the capital city, it is well connected to the rest of the world, these studies focused on evaluating 
school conditions in Delhi. We hypothesize that solutions developed for Delhi conditions could be 
extrapolated to other regions of India by taking into account climatic differences for indoor thermal 
conditions while IAQ concerns would remain similar in different regions.   

2.2 Field work 
Between 10 September and 11 October 2017, end of monsoon season, five schools in and around Delhi 
have been visited. During those visits, the school building characteristics were analysed, usage profile 
was inventoried, and short and long term indoor measurements were performed in 10 different 
classrooms. At three out of five schools teachers were surveyed regarding their perception of the 
classrooms’ IEQ through subjective questionnaire covering thermal perception, thermal satisfaction, air 
movement, humidity, air quality, noise, and lighting. Feedback was obtained from 15 respondents. The 
measured parameters were indoor air temperature (Tin), outdoor air temperature (Tout), relative humidity 
(RH), surface temperature, indoor air velocity, carbon dioxide (CO2) concentration, and particulate 
matter PM2.5 concentration. The indoor air velocities were measured at window and door openings and 
in the middle of the classroom by a Hot Wire Anemometer. The T (+/- 0.4-0.6°C) , RH (+/- 2-3%), and 
CO2 (+/- 50 ppm) and PM2.5 concentrations were measured with both a manual hand devices (Rave and 
AZ7755), Eltek sensors, ClarityAir monitor, and particle counter Dylos DC1700.  

2.3 Numerical Model 
The numerical model needs to function as a test environment to roughly estimate the performance of 
the proposed interventions. Therefore, the numerical model is designed with a relatively low resolution, 
as this already gives sufficient information to evaluate the necessary interventions to achieve a healthier 
and more comfortable IEQ (Djunaedy, 2012). The field measurement results, together with the 
corresponding inventory led to the boundary settings for the base model. The model is executed in 
TRNSYS 18 using the building model Type 56.  
The National Building Code of India (NBC, 2016) in combination with IEQ standard (ISHRAE, 2016), 
led to the IEQ performance goals for this research. The thermal comfort was evaluated using the 
simulated operative temperatures and the adaptive thermal comfort (ATC) model for mixed mode and 
naturally ventilated buildings. The IAQ was evaluated based on ISHRAE standards Class C (ISHRAE, 
2016). The threshold value for CO2 in Class C is 750 ppm above the ambient concentration. Note, the 
ISHRAE standard for fine particles PM2.5 is related to the air quality guidelines as given by the World 
Health Organisation (WHO, 2005), which advise a daily average of <10 μg/m3 and a yearly average of 
<25 μg/m3. Since the ISHRAE standard does not clarify if they have provided daily or annual average 
exposure values, it is assumed to be daily average threshold. This value is given to be <25 μg/m3 for 
Class C. In addition, the Exceedance Factor (EF) as defined by Central Pollution Control Board (CPCB) 
has been used to subdivide the pollution level into four categories:  

• Low pollution (L)    EF < 0.5 
• Moderate pollution (M) 0.5 > EF < 1.0 
• High pollution (H)  1.0 > EF < 1.5 
• Critical pollution (C)  EF > 1.5 
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Figure 1.Measured indoor and outdoor concentrations of fine particulate matter PM2.5 at school 1 
class A, compared to WHO guidelines 

The classrooms tend to be 0.5°C cooler compared to the hallway temperature, at least during the 
morning session. During the ‘long’ term measurement at school it seems that after the hottest time of 
the day, the classroom temperate is exceeding the hallway temperature as seen in Figure 2. However, 
the outdoor temperature is continuously lower compared to both the hallway and classroom 
temperatures. This is likely due to the high occupant density in the classrooms. 

  
 Figure 2.Measured classroom, hallway, and outdoor air temperature at school 1 class A 

3.2 Modelling results 
The TRNSYS base model behaves in line with the field measurements, though absolute agreement is 
not completely achieved. In addition the model responses in line with physical expectations when 
exposed to the sensitivity analysis. As expected the ground floor classroom stays cooler during summer 
and warmer during winter, compared to the first floor classroom, while they have similar CO2 profiles. 
Figure 3 shows that the base model is able to catch the right peak. 
The TRNSYS base model is most sensitive for the assumed ventilation rates. Mainly, this is occurring 
during winter time when the ventilation rate is assumed to be relatively low. An increase in air exchange 
rates (ACH) reduces the amount of CO2 exceedance hours. Additionally, a small change in ventilation 
rates also reasonably affects the under heating hours. Indirectly, changing the air velocity parameters 
also changes the ventilation rates. Therefore, the velocity parameter is also rather sensitive. Finally, a 
drop in occupancy rate or a change in occupancy behaviour (opening windows and turning on fans) 
notably affect the CO2 exceedance hours and the under heating hours.  
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Figure 3.Measured CO2 concentration in classroom and hallway, at school 1 class A, versus modelled 
CO2 concentration at the ground floor. Note: measured classroom was only occupied during afternoon. 

4 DISCUSSION 
Major part of the schools were completely reliant on natural ventilation, resulting in an indoor to outdoor 
PM2.5 concentration ratio of 1. Due to the openness of the classroom and the fans as a driving force, 
high ACH rates are reached, causing the CO2 concentration to be rather low. The subjective data showed 
that the teachers were warm, although thermally satisfied. At the point of measuring the indoor 
temperature was around 32°C while the outdoor temperature was around 33°C. This corresponds with 
the Indian ATC model for naturally ventilated buildings. 
The base model shows that during summer, indoor temperature might peak up to 40°C. During winter, 
the indoor temperature might easily drop below 20°C. The bottom classroom visibly encounters less 
solar load. Simultaneously, it loses less heat during winter. Regarding the air quality, the CO2 in summer 
and monsoon always stays under 1150 ppm, in winter this is expected to exceed 1150 ppm. The 
TRNSYS base model is able to ordinal distinguish the design solution as required. Though there still 
remain some unknowns in order to better estimate the occupancy and use of fans and windows. 
Furthermore, the model neglects the actual fluctuating ventilation and infiltration rate which might be 
relevant in the future for more detailed evaluation of the design solution. In order to better validate the 
model, more and longer measurements are necessary, preferably 2 weeks per season. Such extensive 
measures could not be conducted due to bureaucratic red-tape and time issues.  
In the upcoming project phase the intervention will be tested step by step, in order from passive to active 
within the TRNSYS base case. The design strategies consists of 5 steps: reduce entering pollution, 
reduce heat load, actively purify air, actively cool room, and produce solar electricity. This functions as 
a guideline to compose the final design packages. The final packages will be assessed based on the 
investment costs and IEQ performances.  

5 CONCLUSIONS AND FUTURE WORK 
As the outdoor fine particles are easily infiltrating into the classrooms the biggest health risk is occurring 
during hazardous winter time. Additionally, during the hot summer the ATC model shows quite some 
overheating hours while during winter there are little under heating hours (80% acceptance limit). While 
reducing the infiltrating air pollution the risk of CO2 exceedance hours is increasing. Additionally, the 
thermal load on the classroom is expected to increase. This is likely to be demonstrated by the TNRSYS 
model as it functions as a capable test environment to indicate the worst case scenario.  
Next step is to use the base model to test various suitable interventions, combining passive solution with 
active solutions in the most energy efficient way. Within the proposed solutions, the CO2 level is to be 
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The classrooms tend to be 0.5°C cooler compared to the hallway temperature, at least during the 
morning session. During the ‘long’ term measurement at school it seems that after the hottest time of 
the day, the classroom temperate is exceeding the hallway temperature as seen in Figure 2. However, 
the outdoor temperature is continuously lower compared to both the hallway and classroom 
temperatures. This is likely due to the high occupant density in the classrooms. 

  
 Figure 2.Measured classroom, hallway, and outdoor air temperature at school 1 class A 

3.2 Modelling results 
The TRNSYS base model behaves in line with the field measurements, though absolute agreement is 
not completely achieved. In addition the model responses in line with physical expectations when 
exposed to the sensitivity analysis. As expected the ground floor classroom stays cooler during summer 
and warmer during winter, compared to the first floor classroom, while they have similar CO2 profiles. 
Figure 3 shows that the base model is able to catch the right peak. 
The TRNSYS base model is most sensitive for the assumed ventilation rates. Mainly, this is occurring 
during winter time when the ventilation rate is assumed to be relatively low. An increase in air exchange 
rates (ACH) reduces the amount of CO2 exceedance hours. Additionally, a small change in ventilation 
rates also reasonably affects the under heating hours. Indirectly, changing the air velocity parameters 
also changes the ventilation rates. Therefore, the velocity parameter is also rather sensitive. Finally, a 
drop in occupancy rate or a change in occupancy behaviour (opening windows and turning on fans) 
notably affect the CO2 exceedance hours and the under heating hours.  
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kept under 1150 ppm, PM2.5 below 25μg/m3 and the ATC within the 80% acceptability range. Solutions 
easily available in local market and of “plug and play” type are preferred. However, entirely relying on 
passive solutions cannot suitably address the risks of exposure to particulate matter.  
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SUMMARY 
The purpose of this study is to discuss the halt possibility for ventilation equipment during unused 
periods and to present an efficient operation method for ventilation equipment based on CFD analysis 
of indoor air pollutants in classrooms. First, this paper presents the results of concentrations and 
emission rate of VOCs (Volatile Organic Compounds) diffused from building materials in two 
classrooms that are in two different primary schools built in recent years using active and passive 
sampling measurement methods, respectively. Next, according to the measurement results, this paper 
develops a highly precise CFD analysis method, aiming to analyze the average concentration 
distribution of VOCs in classroom air by calibrating the effective diffusion coefficient of VOCs in the 
building materials. Then, by utilizing the above highly precise CFD analysis method, this study clarifies 
the VOC concentration distribution and its influence on ventilation efficiency with the number of air 
changes, as well as diffuser inlet and outlet changes. Finally, this study presents economically efficient 
ventilation operation methods based on the values of indoor VOC concentrations, by which proper halt 
time and the amount of saved energy can be calculated.  
Keywords: VOCs, CFD, Effective diffusion coefficient, Intermittent operation, Electric consumption 

1 INTRODUCTION 
In Japan, Sick Building Syndrome has become a problem since 1990. At that time, guideline values for 
indoor VOC concentration were determined by the Ministry of Health, Labour and Welfare [1]. 
However, sick building syndrome is still reportedly occurring in primary schools. To avoid this, 24-
hour forced ventilation has been mandated in classrooms since 2003. However, this operation has 
resulted in increased total power consumption. Because classrooms are not used during certain periods, 
such as summer vacation, and because schools aim to take a leading role in zero-energy building 
maintenance, we should relieve the power consumption burden. In a previous paper [1], we have 
measured the emission rate of VOCs diffused from building materials and the concentrations of VOCs 
at one representative point in the indoor air of two classrooms. We also studied an efficient operation 
method of ventilation equipment based on the Gauss-Seidel method. When the average indoor air VOC 
concentrations were calculated by the Gauss-Seidel method, the measured concentration of the 
representative point needed to be calculated, using the measured emission rate of VOCs, to produce the 
VOC emission value from all building materials in classrooms. However, it seems that this emission 
value cannot be calculated accurately. It is also difficult to analyze the indoor average concentration 
distribution of VOCs without considering the effects of air convection in classrooms and the diffusion 
coefficient of VOCs in building materials and air. To discuss the intermittent mandatory ventilation 
method of ventilation equipment, the non-steady-state CFD analysis of indoor VOCs average 
concentration is also needed.  

The emission of VOC from building materials is characterized by three key parameters: the initial 
emittable concentration (C0), the partition coefficient (K), and the effective diffusion coefficient (Dc) 
[2]. In recent years, there have been more experimental methods for simultaneous determination of C0 
and K. However, it is technically very difficult to accurately measure the value of Dc inside building 

kept under 1150 ppm, PM2.5 below 25μg/m3 and the ATC within the 80% acceptability range. Solutions 
easily available in local market and of “plug and play” type are preferred. However, entirely relying on 
passive solutions cannot suitably address the risks of exposure to particulate matter.  
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materials through experiments. The reasons are that ① the VOC concentration inside the building 
material is at a very high level compared to that in indoor air, ② the value of Dc is at a very low order 
which may be 10-10 or less [2]. 

In this paper, first, the Active and Passive Sampling measurement methods are proposed for measuring 
the concentrations and emission rate of VOCs diffusing from building materials in two classrooms in 
two different primary schools built in recent years. Next, according to the measurement results, this 
paper develops a highly precise CFD analysis method, aiming to analyze the average concentration 
distribution of VOCs in classroom air by calibrating their effective diffusion coefficient (Dc) in the 
building materials. Then, by utilizing the above highly precise CFD analysis method, this study clarifies 
the average concentration distribution of VOCs and its influence on the ventilation efficiency with the 
number of air changes, as well as diffuser inlets and outlets change. Finally, this paper presents 
economically efficient ventilation operation methods based on the values of indoor VOC average 
concentration, by which proper stop time and the amount of saved energy can be calculated.  

2 METHODS 

2.1 Measuring targets, VOCs and process 
In this survey, the ventilation equipment halt period is one week, and the target is one normal classroom 
at each primary school (four and six years after construction, respectively, hereinafter referred to as H 
and M) in Kawasaki City, Kanagawa Prefecture. Measurements were made several times during the 
summer vacation period from July 27th to August 22nd in 2016. In the target classrooms, advanced 
measurement of the number of air changes in clearance ventilation was made using the step-down 
method, and measurement using dry ice and a CO2 densitometer, was also conducted (stoppage of 
ventilation/air conditioning equipment, closure of fittings/openings). Table 1 shows the outline of each 
target school and the measurement results of the number of air changes of clearance ventilation. 
The VOCs measured include six volatile organic compounds (Formaldehyde, Toluene, Xylene, 
Paradichlorobenzene, Ethylbenzene, Styrene) whose guideline values are indicated by the School 
Environmental Sanitation Standard [3] of the Ministry of Education, Culture, Sports, Science and 
Technology-Japan.  
Measurement was conducted after a 30-minutes ventilation of the target classrooms. In detail, 
measurement of concentrations, using the Active Sampling Method, was taken at 1200 mm above the 
floor at the center of the classroom, after stopping ventilation/air conditioning equipment and closing 
fittings/openings at 10:00 AM. Measurement timing was set 5 times, at 30 minutes per time, at 0, 5 
hours, 10 hours, 2 days, 3 days, and 7 days after stoppage. In addition, to measure the emission rate, 
passive samplers on floors, walls, ceilings and desks were sealed with 100-mm squares of aluminum 
foil and exposed for 5 hours immediately after stoppage of ventilation equipment. Table 1 shows the 
measurement schedule and results. 

2.3 Outline of CFD analysis by calibration of Dc 

2.3.1 The method of Dc calibration 
To obtain wall surface conditions in indoor concentration analysis, it is necessary to analyze the 
concentration of VOC in building materials. The profile of building material cross sections, 
concentration distribution and the algorithm of analysis method are shown in Figure 1. Analysis of 
diffusion in building materials and indoor air was performed based on the assumed mathematical model 
shown in Figure 1. In this development method, VOC concentration analysis of building materials and 
concentration analysis of Monitoring Volume (2m×2m×2m air surrounding the pump used in the 
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Active Sampling measurement methods, hereinafter referred to as Analyzed Concentration K2) is 
performed in two stages. At first, VOC boundary concentration A (provisional value) of the floor, wall, 
and ceiling, which is necessary for K2 calculation, will be calculated using the measured value of the 
emission rate, initial concentration of each building material and Dc (provisional value) of a previous 
study [4] (①, ② in Figure 1). Actual measurements are conducted when the classroom is sealed, and the 
number of air changes of clearance ventilation is also measured before actual measurement. It is 
considered that the difference between the amount of VOC generated and the amount of removal by 
clearance ventilation in the classroom at a certain time period, according to the law of conservation of 
mass, is equal to the amount of change in indoor VOC. Therefore, as K2, which is based on A, 
approaches K1 at one point of time, the accuracy of A increases (④ in Figure 1). By repeating this 
analysis, the effective diffusion coefficient is determined by correcting Dc (provisional value) (⑤ in 
Figure 1). In the same way, A (provisional value) is also corrected and approximates the actual boundary 
concentration until K2 matches K1 by calibration of Dc. CFD analysis of VOC using this final highly 
precise boundary concentration A can be said to be an analysis result that reproduces the real 
phenomenon.  

Table 1. Measurement schedule and result 
 Age Room area/Ceiling height Number of air changes 

H school 4 years 60.5 m2 /2.7 m 0.07 times/h 
M school 6 years 60.5 m2 /2.65 m 0.14 times/h 

Concentrations (H/M) 1st day-10 AM 1st -3 PM 1st -8 PM 3rd day-3 PM 7th -3 PM 
HCHO [μg/m3] 42/41 110/66 110/78 150/69 130/97 
C8H10   [μg/m3] 20/5.1 89/6.3 150/7.2 280/6.7 180/6.7 
C7H8    [μg/m3] 7/8 23/11 36/13 70/13 42/13 

Emission rate (H/M) Floor Wall Ceiling Desk 
HCHO [μg/m2

・s] 2.3/1.3 4.0/4.0 13.0/6.6 6.2/8.2 
C8H10   [μg/m2

・s] 0.68/0.1 3.6/0.36 7.8/0.34 0.25/0.06 
C7H8    [μg/m2

・s] 0.36/0.15 0.62/0.54 1.7/0.7 0/3.6 
 

 
 
 
 
 
 
 
 
 
 
 
 

2.3.2 Transportation by molecular diffusion (in building materials) 
As shown in Figure 1 Equation (1), it is assumed that the VOCs in the building materials are expressed 
by one-dimensional diffusion equation. 

 

Figure 1. Outline of CFD analysis by calibration of Dc 
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To obtain wall surface conditions in indoor concentration analysis, it is necessary to analyze the 
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2.3.3 Transportation at the surface of building materials and air interface 
As shown in Figure 1 Equation (2), the amount of flux (emission rate) from the inside of the building 
material to the surface of the building material equals the amount of emissions (emission rate in Table 
1) into the air from the surface of the building material. 

2.3.4 Transportation by convection and diffusion (in air) 
As shown in Figure 1 Equation (3), VOCs in the air are convected and diffused by the indoor air. In the 
CFD analysis by calibration of Dc, because the indoor airflow occurred only by clearance ventilation, 
the flow field was judged to be turbulent flow (turbulent flow Re>2000) by Reynolds number 
calculation, using the clearance ventilation speed and the clearance representative length. In addition, 
since forced convection did not occur inside the classroom when ventilation was stopped, the turbulence 
model adopted the low-Reynolds number k - ε turbulence model.  

2.4 Initial concentration of analysis target VOCs in building materials (initial condition) 
This study treats HCHO, C8H10 and C7H8 as analysis targets among VOCs whose guideline values are 
indicated in the School Environmental Sanitation Standard [3]. We chose one of the analysis targets, 
Formaldehyde, to conduct the calculation of concentration. As shown in Figure 1, the internal 
concentration C0 in building materials is extremely large compared with the surface concentration CB 
(concentration of Formaldehyde in the air at the building material surface), and the order of the 
concentration difference is 107 or more. Further, CB is close to indoor air concentration. Therefore, as 
the initial condition in and at surface of building material, CB is set as 42μg/m3 (Table 1, Formaldehyde 
Measured Concentration K1); C0 is set as 4.2×107μg/m3. 

2.5 Boundary concentration of analysis target VOCs (boundary condition) 
When calculating the VOC boundary concentrations of each building material, Dc and ∂x are unknown 
in Equation (2). In the case of Formaldehyde, the provisional value of Dc is set to 4.2×10 -14 m2/s (30 °C) 
in accordance with the results of Q. Chen [5]. Since, when solving Equation (1) according to the 
Difference Method, numerical stability can be maintained when Difference Time Step Δt =10-3s, 
Difference Scale Δx =10-8m, we set ∂x =10-8m. As shown in the algorithm of analysis method, highly 
precise boundary concentration A of Formaldehyde in each building material can be obtained by 
calibration of Dc.  

2.6 Study on validity of Dc analysis result 
Changes over time, from 10:00 AM to 8:00 PM, of K1 and K2 in HCHO, C8H10 and C7H8 are calculated. 
Table 2 shows K1 and K2 at 3:00 PM and 8:00 PM. The error of K2 with respect to K1 is 14.5% at the 
maximum and 0.6% at the minimum. Therefore, the value of Dc is considered to be generally reasonable.  
 
 
 

2.7 Outline of CFD analysis of intermittent operation 

2.7.1 Analysis cases and analysis space 
Total Heat Exchangers are installed in H and M classrooms, and a 24-hour ventilation system with a 
number of air changes 0.5 times/h is in operation for nights and vacations in order to address Sick House 
Syndrome. For H school, we set the case (case 1) as following: room temperature 30 °C, number of air 

School 3 PM (H school) 8 PM (H school) 3 PM (M school) 8 PM (M school) 
HCHO [μg/m3] (K2/K1) 99.4/110.0 117.2/110.0 69.6/66.0 78.5/78.0 
C8H10   [μg/m3] (K2/K1) 97.3/89.0 141.3/150.0 7.1/6.3 12.6/11.0 
C7H8    [μg/m3] (K2/K1) 23.7/23.0 31.1/36.0 12.6/11.0 14.6/13.0 

 

Table 2. Results of K2 and K1 at 10:00 AM and 8:00 PM respectively of the first measurement day 
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changes of ventilation 0.5 times/h, number of diffuser inlets and outlets 1 and 1, respectively, angle of 
inlet and outlet wind direction horizontal 45°. We set the number of air changes, the number of diffuser 
inlets and outlets (Figure 2), and wind direction (one round-trip change in the range of 0 to 70° from 
the wind vertical direction in 20 seconds) as change factors. We conducted a parameter study based on 
the above data. The analysis cases are shown in Table 3. A height of 2m from the floor in the classroom 
is analyzed as analysis space (hereinafter referred to as residential space). The halt time by intermittent 
operation of the ventilation equipment is calculated under the condition that concentration of residential 
space (hereinafter referred to as Analyzed Concentration K3) does not exceed the guideline value. 

2.7.2 Intermittent operation by CFD analysis 
To perform the intermittent operation, it is necessary to calculate the maximum value (the average 
concentration under steady state) of the average concentration of VOCs under the ventilation stop 
condition. Non-steady-state CFD analysis of the average concentration in the entire space of the 
classroom (hereinafter referred to as Analyzed Concentration K4) in H school under ventilation stop 
condition is conducted by analyzing Formaldehyde, whose concentration is highly likely to exceed the 
guideline value in actual measurement. As Figure 2 shows, K4 reaches a steady state (point P) after 
approximately 20 hours from 10:00 AM on the first day of actual measurement. In all analysis cases, 
the analysis started from 10:00 AM on the first day when the actual measurement began. The ventilation 
equipment was operated when K4 reached the steady state (point P) after 20 hours. Ventilation will be 
stopped when K3 reaches the steady value or below the minimum value (the steady state does not exist 
in the cases of wind direction change) and will resume operation if K3 exceeds the guideline value of 
100μg/m3. The process is repeated again and again. Based on the above process, the ventilation 
equipment halt time can be calculated. Table 3 shows the outline of CFD analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 Figure 2. Changes with time of K3 (in parentheses: the minimum value of K3) 

 

Analysis cases Number of air 
changes 

Number of diffuser 
inlets and outlets 

Wind direction Turbulence 
model 

Case1-1/Case2-1 0.5/5 Sample a of Figure 2 fixed High-Reynolds 
number k - ε 

turbulence model 
Case1-2/Case2-2 0.5/5 Sample b of Figure 2 fixed 
Case1-3/Case2-3 0.5/5 Sample b of Figure 2 change 
Case1-3/Case2-3 Case1-1: 190(x), 205(y), 71(z)     Case1-2, Case1-3: 190(x), 230(y), 71(z) 

Case2-1: 250(x), 219(y), 152(z)   Case2-2, Case2-3: 250(x), 253(y), 152(z) 
Dc / Dair 1.5×10-13 [m2

/s] (30°C) 1.7×10-5 [m2
/s] (30°C) 

 

Table 3. Outline of CFD analysis by calibration of Dc when ventilation equipment is operated. 
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3 RESULTS AND DISCUSSION 

3.1 Results and discussion of CFD analysis of intermittent operation 
Figure 2 shows the changes with time of K3, the minimum value of K3, the condition of operation and 
stoppage and the ventilation equipment halt time in each case. Although in the School Environmental 
Sanitation Standard [3], the number of air changes to address Sick House Syndrome in an unused period 
is not defined, as shown in Figure 2, the indoor concentration can always be kept below the guideline 
value, and the possibility of intermittent operation could also be confirmed in the condition of 0.5 
times/h and 24-hour ventilation. In addition, because in the case of 5 times/h, the case 2-2 costs the 
lowest operation time but enjoys longer halt time, the amount of energy saved is the maximum. As 
Figure 3 shows, although in case 2-3 of the wind direction change, the air age in the space is short, and 
the freshness of air is high, case 2-2, whose air life expectancy is long, can be considered as offering 
the possibility to discharge pollutants promptly. 
 
 
 
 
 

3.2 Proposal of intermittent operation method and calculation of reduced power consumption 
The proposal is an intermittent operation on long vacations (summer, autumn, winter, total 50 days), on 
weekends/holidays (120 days), and before the use time (9 hours per day) on weekdays (195 days) during 
which flushing is performed at 5 times/h of the ON time shown in Figure 2. Two Total Heat Exchangers, 
with the ventilation air volume of 435m3/h and power consumption of 190W (normal operation mode) 
and 62 W (weak operation mode), are installed in the classrooms (16 in total) of H school. In the 
proposal, the electricity charge is 15 yen/kWh. In case 2-2, the savings was the greatest, which was 
approximately 36.6% (saved 9,087kWh/year, 136,312yen) compared to the annual electricity charge of 
24-hour ventilation. By the same analysis process, case 2-2 in M school (26 rooms in total) enjoys the 
maximum savings, with operating electricity charge at 405,046yen, which saved 200,652yen 
(approximately 33.1%). 

4 CONCLUSIONS 
1) A highly precise CFD analysis method, aiming to analyze the average concentrations distribution of 
VOCs in indoor air by calibrating effective diffusion coefficient in building materials, is developed. 
2) If the number of air changes is 5 times/h, the number of diffuser inlets and outlets is 2 and 2, 
respectively, and the wind direction is fixed (case2-2), the electricity charge savings at both schools will 
be the largest, and pollutants can be promptly discharged. If the wind direction change (case2-3), the 
air age in the space is short and the freshness of air is high. 
3) Based on the analysis results, we propose to introduce intermittent operation on long vacations, on 
weekends/holidays, and before the use time on weekdays, during which flushing is performed 5times/h. 
4) In future tasks, the influence of temperature and of adsorption/desorption on the diffusion of VOCs 
are taken into consideration, and the ventilation operation method based on that should be discussed. 
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SUMMARY     
Comfort conditions in a classroom have been experimentally evaluated based on the PMV index, for 
two split-type equipment installed in two different positions. Experimental data and corresponding 
uncertainty analysis are presented in terms of temperature, velocity and PMV index for 9 
measurement locations within the classroom for the two different equipment positions. Preliminary 
results show the high variation of the thermal comfort index within the space - due mainly to high 
gradients of air velocity - and indicate the importance of research efforts towards a thermal-comfort 
control based system. 
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1 INTRODUCTION  
Non-ducted split-type systems are largely used for air-conditioning in schools, residential and 
commercial buildings in many populous countries such as China, Japan, Brazil, Indonesia and India. 
Due to their high cooling capacity relatively to the air supply area, the airflow enters the environment 
with relatively high velocities and produces an irregular air distribution, compounded with low supply 
temperatures. Consequently, the indoor environment is heterogeneous in terms of air velocity and 
temperature, and the occupants can perceive different thermal comfort conditions. A control system 
based on temperature and velocity of the indoor environment instead of the return air temperature 
seems then more appropriate for this type of equipment, to provide a thermally comfortable 
environment. 
The general purpose of this work is to obtain experimental data to validate the use of split airflow 
rates coupled to the air temperature, to control thermal comfort in a space conditioned by a split-type 
system through a single and representative point of the environment. Specifically, it aims at mapping 
the comfort conditions in a classroom environment, considering two positions of a ceiling non-ducted 
split-type equipment. The comfort conditions are evaluated according to ISO 7730 and ASHRAE 55 
Standards, that defines the thermal satisfaction in occupied environments based on the PMV 
(Predicted Mean Vote) index. It is important to notice that draft rate, radiation asymmetry and vertical 
air temperature asymmetry are not taking into account in this first study.  

3 RESULTS AND DISCUSSION 

3.1 Results and discussion of CFD analysis of intermittent operation 
Figure 2 shows the changes with time of K3, the minimum value of K3, the condition of operation and 
stoppage and the ventilation equipment halt time in each case. Although in the School Environmental 
Sanitation Standard [3], the number of air changes to address Sick House Syndrome in an unused period 
is not defined, as shown in Figure 2, the indoor concentration can always be kept below the guideline 
value, and the possibility of intermittent operation could also be confirmed in the condition of 0.5 
times/h and 24-hour ventilation. In addition, because in the case of 5 times/h, the case 2-2 costs the 
lowest operation time but enjoys longer halt time, the amount of energy saved is the maximum. As 
Figure 3 shows, although in case 2-3 of the wind direction change, the air age in the space is short, and 
the freshness of air is high, case 2-2, whose air life expectancy is long, can be considered as offering 
the possibility to discharge pollutants promptly. 
 
 
 
 
 

3.2 Proposal of intermittent operation method and calculation of reduced power consumption 
The proposal is an intermittent operation on long vacations (summer, autumn, winter, total 50 days), on 
weekends/holidays (120 days), and before the use time (9 hours per day) on weekdays (195 days) during 
which flushing is performed at 5 times/h of the ON time shown in Figure 2. Two Total Heat Exchangers, 
with the ventilation air volume of 435m3/h and power consumption of 190W (normal operation mode) 
and 62 W (weak operation mode), are installed in the classrooms (16 in total) of H school. In the 
proposal, the electricity charge is 15 yen/kWh. In case 2-2, the savings was the greatest, which was 
approximately 36.6% (saved 9,087kWh/year, 136,312yen) compared to the annual electricity charge of 
24-hour ventilation. By the same analysis process, case 2-2 in M school (26 rooms in total) enjoys the 
maximum savings, with operating electricity charge at 405,046yen, which saved 200,652yen 
(approximately 33.1%). 

4 CONCLUSIONS 
1) A highly precise CFD analysis method, aiming to analyze the average concentrations distribution of 
VOCs in indoor air by calibrating effective diffusion coefficient in building materials, is developed. 
2) If the number of air changes is 5 times/h, the number of diffuser inlets and outlets is 2 and 2, 
respectively, and the wind direction is fixed (case2-2), the electricity charge savings at both schools will 
be the largest, and pollutants can be promptly discharged. If the wind direction change (case2-3), the 
air age in the space is short and the freshness of air is high. 
3) Based on the analysis results, we propose to introduce intermittent operation on long vacations, on 
weekends/holidays, and before the use time on weekdays, during which flushing is performed 5times/h. 
4) In future tasks, the influence of temperature and of adsorption/desorption on the diffusion of VOCs 
are taken into consideration, and the ventilation operation method based on that should be discussed. 
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2 METHODOLOGY 

2.1 Experimental environment 
The experiments were carried out in a standard classroom of a technical school located in 
Florianópolis, Santa Catarina State, Brazil. As illustrated in Figure 1a, the studied room, whose 
dimensions are 900 x 600 x 300 cm, contains 30 desktops and a table for the teacher, i.e., 31 people in 
their maximum occupancy.  
Two split appliances of 36,000 BTU/h (10.5 kW) each were installed in positions A and B, with the 
position A being the original setting of the room and B the new positioning to be studied. For both 
positions, the velocity (Var), temperature (Tar), and relative humidity (RHar) of the air and the mean 
radiant temperature (Tg) of the room were measured for the three original supply velocities of the 
equipment (high, medium and low). The sensors were positioned at breathing height, 1.10 m, at nine 
locations inside the room (Figure 1b).. The calculated PMV value is recorded at each 30 seconds, the 
instrument get samples in each point for 20 minutes, and, it was observed that the maximum standard 
deviation for all measured points for PMV was 0.20. 
 

a)  b)  
Figure 1.  Studied classroom: a) Geometry, layout and position of the split-type systems tested; b) 
Measurement points. 

 

The tests were performed in summer (south hemisphere) with the equipment in cooling mode and a 
set point temperature of 24 °C, which was measured at the split air return and could vary between 23 
and 24 °C (-1 °C on/off control). The internal heating load provided by 30 people in sedentary activity 
was simulated by 2 electric heaters with 2000 W each, positioned near the floor in opposite corners of 
the room to promote a homogeneous distribution of the heat. The airflow rates corresponding to the 
low (4.2 m/s), medium (4.7 m/s) and high (5.2 m/s) supply velocities are 0.50, 0.56, 0.61 m3/s, 
respectively. 
The dependent variables (met, Clo) are defined according to ISO 7730 and ASHRAE 55 Standards. 
For summer conditions, the metabolic rate is equal to 1.2 met (sedentary activity - school) and the 
thermal insulation for daily wear clothing is equal to 0.50 corresponding to typical students clothes 
(underpants, shirt with short sleeves, light trousers, light socks and shoes).  
The apparatus used to measure the independent variables (Tar, RHar, Tg, Var) to obtain the PMV index is 
the Comfort meter AQUIS, model AQ-5, manufactured by SENSU LTDA. It is composed of five 
sensors with the characteristics indicated in Table 1. 
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Table 1.  Measurement characteristics of the Comfort meter AQUIS, Model AQ-5 
SENSOR CHARACTERISTICS 

Air Temperature 
Type: Thermoresistive, 36 KΩ 
measuring range: 10 to 50 °C 

measurement uncertainty: 0.2 °C 

Relative Humidity 
 

Type: Capacitive 
measuring range: 5 to 96% 

measurement uncertainty: 3% 

Air Velocity 
Type: Thermo-anemometer omnidirectional 

measuring range: 0 to 3 m/s 
measurement uncertainty: 0.04 + 3% MV 

Globe temperature 
Type: Thermoresistive, 36 KΩ 
measuring range: 10 to 50 °C 

measurement uncertainty: 0.2 °C 

2.2 Uncertainty analysis  

The uncertainty of a variable that cannot be measured directly can be estimated from the uncertainties 
of the variables on which it depends (Holman, 1995; ISO/IEC GUM 98-3, 2008). In the case of the 
PMV, dependent on the variables Tar, RHar, Tg, Var, M and Icl, its measurement uncertainty (IR) can be 
expressed by Equation 1. 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = ��𝜕𝜕𝜕𝜕𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝜕𝜕𝜕𝜕𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎�
2

+ �𝜕𝜕𝜕𝜕𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑔𝑔𝑔𝑔

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝜕𝜕𝜕𝜕𝑔𝑔𝑔𝑔�
2

+ �𝜕𝜕𝜕𝜕𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎�
2

+ �𝜕𝜕𝜕𝜕𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝜕𝜕𝜕𝜕𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎�
2

+ �𝜕𝜕𝜕𝜕𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝜕𝜕𝜕𝜕𝑃𝑃𝑃𝑃

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑃𝑃𝑃𝑃�
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+ �𝜕𝜕𝜕𝜕𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
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2
                    (1) 

 

with M being the metabolism in [met] and Icl the clothes resistance in [Clo].  
The uncertainties of the measured variables, Tar, RHar, Tg, Var, are those indicated in Table 1 
corresponding to the sensors of the measurement system (ISO 7726/88). The variables M and Icl being 
themselves dependent on other variables, their uncertainties should be calculated following the same 
procedure to calculate the PMV uncertainty. In this work, they were obtained from the available 
literature and assume respectively the following values: 0.10 met and 0.16 Clo (Oliveira, 2008; 
Trebian, 2008). 

A typical set of measurements results for the medium flow rate, for which IRPMV =  ± 0.50, is indicated 
in Table 2 with the uncertainty associated with each variable. 
 
Table 2. Typical Measurements for Split A at medium supply velocity 

Values  Variables uncertainty 

Measured Assigned 

Tar 
[°C] 

Tg 
[°C] 

RHar 
 [%] 

Var  
[m/s] 

M 
[met] 

Icl  
[Clo]  

[°C] 
 

[°C] 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  
[%] 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 
[m/s] 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑃𝑃𝑃𝑃 
[met] 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝜕𝜕𝜕𝜕𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  
[Clo] 

23.4 23.5 63 0.22 1.2 0.5 ±  0.2 ±  0.2 ±  3 ±0.05 ±0.10 ±0.16  

According to Table 3, the parameters whose uncertainties impact the most on the PMV uncertainty are 
Var, M and Icl, while the impact of Tar and Tg uncertainties are similar and moderate, and RHar that of 
is the less pronounced. The results above differ quite a lot from the analysis uncertainty obtained by 
Alfano et al (2011) specially with regards to the influence of the radiant temperature and air 
temperature, showing that it is important to analyse the uncertainties for PMV assessment.   

arTIR TgIR
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2.1 Experimental environment 
The experiments were carried out in a standard classroom of a technical school located in 
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instrument get samples in each point for 20 minutes, and, it was observed that the maximum standard 
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Figure 1.  Studied classroom: a) Geometry, layout and position of the split-type systems tested; b) 
Measurement points. 

 

The tests were performed in summer (south hemisphere) with the equipment in cooling mode and a 
set point temperature of 24 °C, which was measured at the split air return and could vary between 23 
and 24 °C (-1 °C on/off control). The internal heating load provided by 30 people in sedentary activity 
was simulated by 2 electric heaters with 2000 W each, positioned near the floor in opposite corners of 
the room to promote a homogeneous distribution of the heat. The airflow rates corresponding to the 
low (4.2 m/s), medium (4.7 m/s) and high (5.2 m/s) supply velocities are 0.50, 0.56, 0.61 m3/s, 
respectively. 
The dependent variables (met, Clo) are defined according to ISO 7730 and ASHRAE 55 Standards. 
For summer conditions, the metabolic rate is equal to 1.2 met (sedentary activity - school) and the 
thermal insulation for daily wear clothing is equal to 0.50 corresponding to typical students clothes 
(underpants, shirt with short sleeves, light trousers, light socks and shoes).  
The apparatus used to measure the independent variables (Tar, RHar, Tg, Var) to obtain the PMV index is 
the Comfort meter AQUIS, model AQ-5, manufactured by SENSU LTDA. It is composed of five 
sensors with the characteristics indicated in Table 1. 
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Table 3. Partial derivatives of the PMV 
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

 
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝑇𝑇𝑇𝑇𝑔𝑔𝑔𝑔

 
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝐼𝐼𝐼𝐼𝑅𝑅𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

 
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

 
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

 
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝐼𝐼𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 

0.200 0.130 5 x 10-3 -2.60 2.75 2.60 

3 RESULTS AND DISCUSSION 
The experimental results in terms of average PMV, air velocity and air temperature in each 
measurement point for the three airflow rates (high, medium and low), for the two equipment tested 
are shown in Figure 2. 
Analysing the temperature field, it is observed that for both equipment the temperatures are inferior to 
the temperature set-point (24°C) in the most part of the room, for the three flow rates. In the case of the 
highest flow rate (Split A & B), a difference of approximately 1°C can be observed between the highest 
and the lowest temperature, while the temperature is more homogeneous for the other two flow rates.  

 
Figure 2.  Average PMV, air velocity (m/s) and air temperature in each measurement point for the 
three flows, for Split A (right) and Split B (left) 
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Regarding the air velocity field, the highest velocities for the three flow rates are found in the 
positions in front of the cold jet (1, 2 and 3) for equipment B. In the case of equipment, A, even if 
some inconsistency is observed, the position just in front of the jet (4) is the most affected by the jet. 
In terms of the PMV, it is observed that the field of configuration A is more homogeneous than that of 
configuration B. Moreover, in both cases the largest PMV values were obtained at the points directly 
in front of the cold air jet: points 4 and 2 for configurations A and B, respectively. 
In this first phase, the heating load was provided by electric heaters – sensible heat load. In more 
advanced phases these preliminary results, obtained without occupation, will be compared with the 
results obtained through questionnaires and measurements of PMV with the room occupied. In the 
end, it is intended to establish a single simplified equation of comfort for a critical point of the 
environment and automatically control the airflow rate of the appliance adjusting the thermal comfort 
of the environment, for a given temperature set point. 

4 CONCLUSIONS 
The best PMV values were obtained in the corners of the room, point 3 for A and point 7 for configuration 
B. It is also observed that there was no coherence between the different airflow rates and the thermal 
comfort, that is, the variation in velocity alone did not generate adequate control of thermal comfort. It is 
therefore concluded that studies of other configurations and other airflow rates are required. 

The PMV measurement uncertainty due to the combination of the six parameters is ± 0.50, which is 
acceptable, if it is assumed a PMV variation between ± 0.5 acceptable for thermal comfort condition. 
According to table 3, the most sensitive parameters that contribute to the uncertainty of the result is 
the air velocity, metabolism and cloth resistance. Globe temperature and air velocity have quite the 
same impact. The variable to be controlled is the air velocity, by adjusting the air flow rate (high, 
medium or low), with relative humidity as the less significant parameter. 
Although in the analysis of errors, it was possible to establish that velocity is a significant parameter 
in the control of comfort, in the experimental measurements the variation of the airflow rates did not 
prove effective for the control of thermal comfort. That is, the proposed control method, based on the 
variation only of the flows was not effective, for the two configurations studied up to this moment. 
New analyses will be performed for different configurations and different temperature set-points. 
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are shown in Figure 2. 
Analysing the temperature field, it is observed that for both equipment the temperatures are inferior to 
the temperature set-point (24°C) in the most part of the room, for the three flow rates. In the case of the 
highest flow rate (Split A & B), a difference of approximately 1°C can be observed between the highest 
and the lowest temperature, while the temperature is more homogeneous for the other two flow rates.  

 
Figure 2.  Average PMV, air velocity (m/s) and air temperature in each measurement point for the 
three flows, for Split A (right) and Split B (left) 
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SUMMARY 
Maintaining a satisfactory thermal environment is of primary importance because affects well-being, 
health and productivity, and becomes more relevant when the goal is to maximize learning such as in 
schools or universities. This paper presents an experimental campaign conducted in Milan during 
summer 2017 in 16 classrooms of Politecnico di Milano, including both naturally ventilated and air-
conditioned environments. 985 students have been asked to report their thermal perception and the 
responses have been related to the measured thermal comfort parameters in order to assess the 
predictions of Fanger and Adaptive models, according to ASHRAE 55 and to EN 15251 standards. The 
results highlight how Fanger’s model confirms to predict occupants’ thermal sensations in air-
conditioned classrooms with a reasonable accuracy. In naturally ventilated classrooms the Adaptive 
model proved to be suitable for predicting students’ comfort zone according to ASHRAE 55 Standard, 
while the adaptive comfort temperatures recommended by EN 15251 resulted not acceptable or not 
applicable for a large number of students. 
Keywords: Thermal comfort; Field study; Fanger model; Adaptive model; Natural ventilation; 

1 INTRODUCTION 
Thermal comfort is a condition of mind that expresses satisfaction with the thermal environment 
(ASHRAE 55, 2013) and is known to influence both productivity and health (Parsons, 2003). Schools 
and universities students spend most of their daytime inside classrooms, highlighting the importance of 
a satisfactory and healthy thermal environment in order to maximize performances in terms of close 
attention and learning.  
Yao et al. (2010) performed a year-long field study in naturally ventilated university classrooms using 
measurements and surveys to investigate occupants’ adaptive response and thermal environment 
perception. The adaptive thermal comfort zone derived from that field study showed a comfort range 
broader than that of the ASHRAE Standard 55-2004 in general, but narrower in the extreme cold and 
hot months. 
Liuzzi et al. (2015) conducted an experimental study involving a total of 126 students in one air-
conditioned and one naturally ventilated classroom during spring. Fanger’s model and the Adaptive 
model results were compared to occupants’ votes and their thermal sensations were investigated 
considering the possibility to adjust indoor microclimatic conditions. The PMV and PPD values were 
found to be similar to the votes reported in the questionnaires, and the optimal operative temperature 
determined by the Adaptive model was found to be consistent with students’ thermal sensations. 
Furthermore, it was observed that when individual control decreased, the occupants were more 
dissatisfied. 
This paper presents the results of an experimental campaign conducted at Politecnico di Milano with 
the aim of assessing the predictions of Fanger’s model and the Adaptive model according to ASHRAE 
55 (2013) and EN 15251 (2007) standards compared to students’ thermal sensations in large naturally 
ventilated classrooms. 
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2 EXPERIMENTAL CAMPAIGN  
Politecnico di Milano is based in Milan, the capital of Lombardy. It’s a town located in the northern 
Italy with a warm temperate climate characterized by warm summers and mild winters. 
The experimental campaign was conducted during June 2017 in 12 naturally ventilated and 4 air-
conditioned classrooms. Almost every naturally ventilated classroom, except for ID number 2 and 4, 
had fans on the ceiling for increasing air velocity, whose activation and speed that can be regulated 
manually for the all room. In every naturally ventilated classroom windows and sometimes doors were 
fully opened, while n air-conditioned rooms where they were kept closed. 

2.1 Comfort survey   
A comfort survey was carried out in compliance with ASHRAE 55 standard (2013) to obtain students’ 
thermal comfort perception. Four direct questions were added to the questionnaire to assess actual 
degree of satisfaction or dissatisfaction about the thermal environment, the air quality, the visual and 
acoustic conditions (Table 1). 

Table 1. Indexes of dissatisfaction and their definition. 
Index Definition Method
PPD Predicted Percentage of Dissatisfied Fanger’s model 
APD Actual Percentage of Dissatisfied  | Vote | ≥ 2 

TEPD Thermal environment percentage of dissatisfied Direct question  
AQPD Air quality percentage of dissatisfied Direct question 
VCPD Visual conditions percentage of dissatisfied Direct question 
ACPD Acoustic conditions percentage of dissatisfied Direct question 

2.2 Measurements  
The following probes were used to measure classrooms environmental parameters: 

− Globe thermometer (Pt100, 150 mm diameter, accuracy: ±0.21 °C at 30 °C) 
− Omnidirectional hot-wire anemometer (Tungsten wire, 9.45 μm diameter, accuracy: ±0.05 m/s 

in 0 ÷ 0.5 m/s range) 
− Psychrometer (Pt100, forced ventilation, temperature accuracy: ±0.21 °C at 30 °C, relative 

humidity accuracy: 1% in 40 ÷ 70 % range) 
According to UNI EN ISO 7726 (2002), environmental parameters were measured at the height of 1.1 
m above the floor level, in a timespan of 45 minutes. Because of the instrumental time response of the 
globe thermometer and of the psychrometer, the first 15 minutes of data recording weren’t considered. 
Instruments and measurements were classified as Class II, according to the standard of instrumentation 
and procedures (de Dear, et al., 1997). 

2.3 Data collection 
The procedure used to measure environmental parameters and to gather thermal comfort surveys 
involved a total timespan of 1 hour and 15 minutes. The first 15 minutes were used to correctly position 
the measurement stations near the subjects, in places where they were more concentrated. Then, for the 
following 45 minutes, the environmental parameters were measured. When measurements ended, the 
thermal comfort questionnaires were given to the occupants, explaining how to compile them for 
evaluating the thermal sensations experienced in the last hour. 
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3 RESULTS AND DISCUSSION 

3.1 Fanger’s model 
Classrooms environmental parameters and the values of clothing insulation and metabolic rate from 
students’ surveys were used to calculate the PMV and the PPD according to UNI EN ISO 7730 (2005). 
Considering air-conditioned classrooms (Table 2), the model reasonably predicts occupants’ mean vote 
in almost every case, also considering that an uncertainty of 0.1 clo has an impact of about 0.2 on the 
PMV and of 4-6% on the PPD (when the PMV is around ±0.5). The actual percentages of dissatisfied 
are in line with model predictions, with slightly lower values, except for Classroom 10 where the 
students that expressed dissatisfaction for the thermal environment were considerably higher than 
predicted. This could be attributed to an ineffective ventilation as expressed by some occupants in the 
questionnaire’s free notes. 

Table 2. Fanger’s model and surveys results for air-conditioned classrooms. 
Classroom ID Nstudents PMV PPD (%) AMV APD (%)

6 24 -0.50 10.15 -0.88 8.33 
8 75 -0.86 20.45 -0.91 10.67 
10 60 0.25 6.29 0.57 28.33 
15 99 -0.68 14.77 -0.61 13.13 

Considering naturally ventilated classrooms (Table 3), in four cases (Classrooms 1, 4, 5 and 14) the 
differences between actual and predicted votes were below 0.1, in six cases (Classrooms 2,3,7,9, 11 and 
16) the actual mean thermal sensation vote was higher than predicted of about 0.4-0.8, and in only two 
cases (Classrooms 12 and 13) lower. The model correctly predicts the only two cases with a percentage 
of dissatisfied lower than 20% (Classrooms 1 and 12). In five situations, the dissatisfied were greater 
than expected by 20-40% (Classrooms 2, 3, 7, 9 and 11), and in only one case (Classroom 13) the 
dissatisfied were significantly lower than predicted of about 18%. Despite these quantitative differences, 
in all cases the model correctly predicts when the percentages of dissatisfied are greater than 20%. 

 Table 3. Fanger’s model and surveys results for naturally ventilated classrooms. 
Classroom ID Nstudents PMV PPD (%) AMV APD (%)

1 117 0.76 17.18 0.72 18.80 
2 38 1.25 37.59 1.92 76.32 
3 37 1.45 48.04 1.84 70.27 
4 52 1.30 40.25 1.38 51.92 
5 60 0.90 22.17 0.92 32.79 
7 41 1.35 42.88 1.73 63.41 
9 41 1.63 57.77 2.44 87.80 
11 39 1.33 41.87 1.69 66.67 
12 73 0.81 18.81 0.53 16.44 
13 26 1.67 60.17 1.12 42.31 
14 99 1.02 26.99 1.11 35.29 
16 90 1.91 72.75 2.49 87.91 

3.2 The Adaptive model 
The operative temperatures limits of the comfort zones were calculated according to ASHRAE 55 
(2013) and EN 15251 (2007) standards and were compared to the operative temperatures measured in 
the naturally ventilated classrooms (Figure 1). The mean outdoor temperature was calculated 
considering an interval of seven days before the one in which measurements were taken, in order to 
permit  the process of human adaptation to outdoor temperatures, giving more importance to the recent 
thermal experiences (Nicol, F. et al., 2012).  

2 EXPERIMENTAL CAMPAIGN  
Politecnico di Milano is based in Milan, the capital of Lombardy. It’s a town located in the northern 
Italy with a warm temperate climate characterized by warm summers and mild winters. 
The experimental campaign was conducted during June 2017 in 12 naturally ventilated and 4 air-
conditioned classrooms. Almost every naturally ventilated classroom, except for ID number 2 and 4, 
had fans on the ceiling for increasing air velocity, whose activation and speed that can be regulated 
manually for the all room. In every naturally ventilated classroom windows and sometimes doors were 
fully opened, while n air-conditioned rooms where they were kept closed. 

2.1 Comfort survey   
A comfort survey was carried out in compliance with ASHRAE 55 standard (2013) to obtain students’ 
thermal comfort perception. Four direct questions were added to the questionnaire to assess actual 
degree of satisfaction or dissatisfaction about the thermal environment, the air quality, the visual and 
acoustic conditions (Table 1). 

Table 1. Indexes of dissatisfaction and their definition. 
Index Definition Method
PPD Predicted Percentage of Dissatisfied Fanger’s model 
APD Actual Percentage of Dissatisfied  | Vote | ≥ 2 

TEPD Thermal environment percentage of dissatisfied Direct question  
AQPD Air quality percentage of dissatisfied Direct question 
VCPD Visual conditions percentage of dissatisfied Direct question 
ACPD Acoustic conditions percentage of dissatisfied Direct question 

2.2 Measurements  
The following probes were used to measure classrooms environmental parameters: 

− Globe thermometer (Pt100, 150 mm diameter, accuracy: ±0.21 °C at 30 °C) 
− Omnidirectional hot-wire anemometer (Tungsten wire, 9.45 μm diameter, accuracy: ±0.05 m/s 

in 0 ÷ 0.5 m/s range) 
− Psychrometer (Pt100, forced ventilation, temperature accuracy: ±0.21 °C at 30 °C, relative 

humidity accuracy: 1% in 40 ÷ 70 % range) 
According to UNI EN ISO 7726 (2002), environmental parameters were measured at the height of 1.1 
m above the floor level, in a timespan of 45 minutes. Because of the instrumental time response of the 
globe thermometer and of the psychrometer, the first 15 minutes of data recording weren’t considered. 
Instruments and measurements were classified as Class II, according to the standard of instrumentation 
and procedures (de Dear, et al., 1997). 

2.3 Data collection 
The procedure used to measure environmental parameters and to gather thermal comfort surveys 
involved a total timespan of 1 hour and 15 minutes. The first 15 minutes were used to correctly position 
the measurement stations near the subjects, in places where they were more concentrated. Then, for the 
following 45 minutes, the environmental parameters were measured. When measurements ended, the 
thermal comfort questionnaires were given to the occupants, explaining how to compile them for 
evaluating the thermal sensations experienced in the last hour. 
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Figure 1. ASHRAE 55 (2013) and EN 15251 (2007) standards comfort zones and surveys results. 

Employing ASHRAE 55 standard (2013), the Adaptive model correctly predicts the dissatisfaction 
observed in ten classrooms over twelve, with three points at the limits of the comfort zone. Considering 
the EN 15251 standard (2007), the results are compared with the indications given for the thermal 
comfort zones even if these are not defined in terms of the expected percentage of satisfaction. This 
makes more difficult the interpretation of surveys results and the test of buildings compliance with the 
standard as already observed by J. Fergus Nicol and Mike Wilson (2011). Nevertheless, survey results 
show that, even if most of the operative temperature conditions fall in the second and third category, 
the percentages of dissatisfied were very large, up to 67% for Category II and 88% for Category III, 
which actually reveal not acceptable conditions. 
These pictures and the results presented in the previous paragraph lead to conclude that in the monitored 
naturally ventilated classrooms it wasn’t observed any higher degree of occupants’ adaptability, as it 
would have been expected. This could be due to a lack of effective individual control of the 
environmental parameters in the university classrooms analyzed in this study, which are landscape 
spaces. 

3.3 Relations with other indexes of dissatisfaction 
Conventionally “the dissatisfied people” are the ones who vote -3, -2, +2 or +3 (APD). However, as 
observed by Von Grabe and Winter (2008) the people voting outside the comfort range aren’t always 
dissatisfied and vice versa. In order to assess  this behaviour, the students were additionally asked to 
answer to a direct question about their thermal satisfaction, from whom the related percentage of 
dissatisfied (TEPD) was determined for each classroom (Figure 2). 

 
Figure 2. APD and TEPD comparison for naturally ventilated classrooms. 

In seven cases, the TEPD resulted to be similar to the APD, with differences below 6% (Classrooms 1, 
2, 3, 5, 9, 12 and 16). In the other five cases, the TEPD was significantly lower than the APD, of about 
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15-25% (Classrooms 4, 7, 11, 13 and 14). However, in these situations the percentages of dissatisfied 
were still greater than 20%, expressing a high thermal dissatisfaction. Considering the answers to the 
direct questions, in the naturally ventilated classrooms, the 10% of the students that voted +3 and the 
46% that voted +2 were satisfied. Conversely, the 22% that voted +1, the 6% that voted 0 and the 12% 
that voted -1 were dissatisfied. 
In order to further investigate the possible influence of other sources of dissatisfaction, the percentages 
of dissatisfied from visual condition (VCPD), acoustic condition (ACPD) and air quality (AQPD) were 
reported from the students’ answers to the direct questions  (Figure 3).  

 
Figure 3. TEPD, AQPD, VCPD and ACPD for naturally ventilated classrooms. 

The VCPD is lower than 20% in every classroom. The ACPD is lower than 20% in all the classrooms 
except for two cases in which it’s equal to 54% and 31% (respectively in classrooms 4 and 11). This 
was due to the noise coming from the street near the two classrooms. Anyway, considering Figure 3, it 
isn’t observed any influence of the ACPD on thermal environment dissatisfaction indexes (APD and 
TEPD). The AQPD is higher than 20% in every classroom. CO2 measurements report most of the values 
in the range of 440-530 ppm, with two peak values at 670 ppm and 800 ppm (Respectively classrooms 
16 and 5). The peak in classroom 16 is associated with the highest percentage of dissatisfied for the air 
quality, but there is no evidence of a general correlation between CO2 levels and the AQPD. It has to 
be remarked that students’ notes in the questionnaires reported the lack of an effective ventilation, which 
might have influenced the answers to the air quality question. Indeed, Figure 3 shows a linear correlation 
between the AQPD and the TEPD (with R2= 83%) which might express the increase of air quality 
dissatisfaction associated to the request of higher air velocities to compensate higher temperatures. 

4 CONCLUSIONS 
This research work focused on the analysis of the dataset developed through an experimental campaign 
conducted during summer 2017 in 16 classrooms of Politecnico di Milano with a sample of 985 students. 
The comfort conditions were analysed using Fanger’s model and the Adaptive model according to both 
ASHRAE 55 (2013) and EN 15251 (2007) standards, and were compared to occupants’ thermal comfort 
perceptions. 
The results confirm that in the air-conditioned classrooms, Fanger’s model predicts occupants’ thermal 
sensations with a reasonable accuracy. In the naturally ventilated classrooms, both Fanger’s model and 
the Adaptive model based on ASHRAE 55 Standard (2013) proved to be suitable for predicting 
students’ comfort zone. In addition, the survey revealed that the adaptive comfort temperatures 
recommended by EN 15251 standard (2007) were not acceptable for a large number of students, 
meaning that it might not be applicable in such landscape spaces, in which students don’t have an actual 
individual control on their thermal environment.    

 
Figure 1. ASHRAE 55 (2013) and EN 15251 (2007) standards comfort zones and surveys results. 

Employing ASHRAE 55 standard (2013), the Adaptive model correctly predicts the dissatisfaction 
observed in ten classrooms over twelve, with three points at the limits of the comfort zone. Considering 
the EN 15251 standard (2007), the results are compared with the indications given for the thermal 
comfort zones even if these are not defined in terms of the expected percentage of satisfaction. This 
makes more difficult the interpretation of surveys results and the test of buildings compliance with the 
standard as already observed by J. Fergus Nicol and Mike Wilson (2011). Nevertheless, survey results 
show that, even if most of the operative temperature conditions fall in the second and third category, 
the percentages of dissatisfied were very large, up to 67% for Category II and 88% for Category III, 
which actually reveal not acceptable conditions. 
These pictures and the results presented in the previous paragraph lead to conclude that in the monitored 
naturally ventilated classrooms it wasn’t observed any higher degree of occupants’ adaptability, as it 
would have been expected. This could be due to a lack of effective individual control of the 
environmental parameters in the university classrooms analyzed in this study, which are landscape 
spaces. 

3.3 Relations with other indexes of dissatisfaction 
Conventionally “the dissatisfied people” are the ones who vote -3, -2, +2 or +3 (APD). However, as 
observed by Von Grabe and Winter (2008) the people voting outside the comfort range aren’t always 
dissatisfied and vice versa. In order to assess  this behaviour, the students were additionally asked to 
answer to a direct question about their thermal satisfaction, from whom the related percentage of 
dissatisfied (TEPD) was determined for each classroom (Figure 2). 

 
Figure 2. APD and TEPD comparison for naturally ventilated classrooms. 

In seven cases, the TEPD resulted to be similar to the APD, with differences below 6% (Classrooms 1, 
2, 3, 5, 9, 12 and 16). In the other five cases, the TEPD was significantly lower than the APD, of about 
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SUMMARY 
An innovative ventilation system which supplies air from individual displacement ventilation diffusers 
under the seat could possibly reduce the contaminant transport in aircraft cabins. To assess the 
performance of the new ventilation system in controlling contaminant transport, this study first used 
Wells-Riley integrated into CFD to obtain the SARS quanta based on the SARS outbreak on a flight 
from Hong Kong to Beijing during 2003 SARS epidemics. This investigation then assessed the 
performance of the new ventilation system in a seven-row section of the fully occupied, economy-
class cabin of Boeing 737 airplane. It was found that the new system could reduce the passengers’ 
infection risk compared with the mixing ventilation system. The performance of the system was 
related to the source location when compared with the displacement ventilation system. Generally 
speaking, the new ventilation system could better control contaminant transport compared with the 
mixing ventilation system. 
Keywords: computational fluid dynamics (CFD), aircraft cabin, contaminant transport, personalized 
displacement ventilation 

1 INTRODUCTION  
As more and more people travel by air (ACI 2007), it is crucial to improve the cabin air quality. In 
commercial airplanes, mixing ventilation systems are prevalently employed to control the cabin 
environment. In addition to mixing ventilation systems, small, circular, and adjustable vents above the 
seats called gaspers, are installed to improve thermal comfort. Studies have been carried out to 
investigate the performance of current ventilation systems in controlling the cabin air quality.  
The literature review showed that the current ventilation systems in airliner cabins cannot control the 
transport of airborne infectious disease viruses effectively. For example, Zhang and Chen (2007) 
found that the mixing ventilation system could spread infectious diseases, since the system resulted in 
a fairly uniform CO2 concentration distribution. You et al. (2017) found that even though gaspers 
provide fresh air directly to the passengers, the gaspers did not improve the cabin environment.  
To improve the cabin air environment, studies have been carried out to develop new ventilation 
systems in aircraft cabins. For instance, Schmidt et al. (2008) and Müller et al. (2011) compared 
mixing and displacement ventilation systems in an A320 mockup. They found that a displacement 
ventilation system in a cabin may be efficient in controlling the contaminant transport, but it may 
result in poor thermal comfort. You et al. (2018) proposed an innovative ventilation system with 
individual diffusers on the floor under seats supplying fresh air to the passengers in the back row, and 
the cabin air would be exhausted at ceiling level. They installed the proposed system in a seven-row 
cabin mockup, and found that the system demonstrated good contaminant removal potential and 
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acceptable thermal comfort by experiment. They also used computational fluid dynamics (CFD) to 
assess the proposed system in a one-row section of Boeing-737 cabin, and found that the new 
ventilation system decreased the averaged exposure to the contaminant compared with the mixing and 
displacement ventilation systems.  
To further investigate the impact of the innovative ventilation system by You et al. (2018) on 
contaminant transport, this study first used Wells-Riley integrated into CFD to obtain the SARS 
quanta based on the SARS outbreak on a flight from Hong Kong to Beijing during 2003 SARS 
epidemics. This investigation then assessed the performance of the new ventilation system in a seven-
row section of the fully occupied, economy-class cabin of Boeing 737 airplane.  

2 METHODS 

2.1 Risk assessment 
To simulate the contaminant transport in aircraft cabins, this study uses the Eulerian method (Zhang 
and Chen, 2007):  
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where ϕ is the contaminant concentration, Γϕ the diffusion coefficient, and Sϕ the mass flow rate of 
source per unit volume. A detailed description of all terms can be found in ANSYS (2010). Based on 
Wells-Riley equation and the calculated contaminant concentration, passenger’s infection risk was 
estimated as: 

i q,iP 1 exp( C pt)= − −                                                                                                                              (2) 

where Pi is the infection risk of a passenger, Cq,i the contaminant concentration of the passenger’s 
breathing zone, p the passenger’s breathing flow rate, and t the flight duration. Note that the source is 
set to the quanta of the disease.   

2.2 Parameters of the SARS outbreak on a flight 
The SARS quanta was calculated backward based on a SARS outbreak on the 3-hour flight on Boeing 
737 from Hong Kong to Beijing in March 15, 2003 (Olsen et al., 2003). This investigation focused on 
the SARS infection due to airborne transport, thus only passengers within three rows in front of or 
behind the index patient were considered. Figure 1 is a schematic of a seven-row section of the fully 
occupied, economy-class cabin of a Boeing 737 airplane with mixing ventilation system. The index 
patient was in seat 14E, and the total number of infected passengers in the 7-row cabin was 11. The 
detailed information on this case could be found in Olsen et al. (2003). 
As shown in Figure 1, the mixing ventilation system had two linear air-supply diffusers in ceiling 
center, and one on the upper side of each wall. The exhausts were located in each side wall near the 
floor. According to Boeing-737 specifications, the total air supply rate was 0.329 m3/s for the seven-
row section of economy-class cabin. The supply-air temperature was 19.3 oC. The surface 
temperatures of the walls and the passengers were set at 24.5 and 31 oC, respectively.  
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Figure 1. Schematic of the seven-row section of economy-class cabin of Boeing 737 with mixing 
ventilation system. 
 

2.3 Case setup 
To assess the performance of the new ventilation system, this investigation further calculated the risk 
of infection by SARS in Boeing 737 airplane based on the obtained SARS quanta in section 2.2. 
Figure 2 shows the schematic of the seven-row section of economy-class cabin of Boeing 737 with (a) 
the new ventilation system, and (b) displacement ventilation system. The mixing ventilation system as 
shown in Figure 1 and the displacement ventilation system were chosen for comparison to evaluate 
the new system’s performance in reducing contaminant transport. The new ventilation system 
supplied air from individual diffusers on the floor under the seats, and the displacement ventilation 
system supplied air through two linear diffusers on the side walls near the floor. Both systems 
extracted air through the ceiling center. For all the systems, the total air supply rate and surface 
temperatures were set the same as illustrated in section 2.2. The source locations were assumed to be 
at the mouths of passengers seated in 4D, 4E, and 4F.  

 

 
 
Figure 2. Schematic of the seven-row section of economy-class cabin of Boeing 737 with (a) the new 
ventilation system; and (b) the displacement ventilation system.  

acceptable thermal comfort by experiment. They also used computational fluid dynamics (CFD) to 
assess the proposed system in a one-row section of Boeing-737 cabin, and found that the new 
ventilation system decreased the averaged exposure to the contaminant compared with the mixing and 
displacement ventilation systems.  
To further investigate the impact of the innovative ventilation system by You et al. (2018) on 
contaminant transport, this study first used Wells-Riley integrated into CFD to obtain the SARS 
quanta based on the SARS outbreak on a flight from Hong Kong to Beijing during 2003 SARS 
epidemics. This investigation then assessed the performance of the new ventilation system in a seven-
row section of the fully occupied, economy-class cabin of Boeing 737 airplane.  

2 METHODS 

2.1 Risk assessment 
To simulate the contaminant transport in aircraft cabins, this study uses the Eulerian method (Zhang 
and Chen, 2007):  
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where ϕ is the contaminant concentration, Γϕ the diffusion coefficient, and Sϕ the mass flow rate of 
source per unit volume. A detailed description of all terms can be found in ANSYS (2010). Based on 
Wells-Riley equation and the calculated contaminant concentration, passenger’s infection risk was 
estimated as: 

i q,iP 1 exp( C pt)= − −                                                                                                                              (2) 

where Pi is the infection risk of a passenger, Cq,i the contaminant concentration of the passenger’s 
breathing zone, p the passenger’s breathing flow rate, and t the flight duration. Note that the source is 
set to the quanta of the disease.   

2.2 Parameters of the SARS outbreak on a flight 
The SARS quanta was calculated backward based on a SARS outbreak on the 3-hour flight on Boeing 
737 from Hong Kong to Beijing in March 15, 2003 (Olsen et al., 2003). This investigation focused on 
the SARS infection due to airborne transport, thus only passengers within three rows in front of or 
behind the index patient were considered. Figure 1 is a schematic of a seven-row section of the fully 
occupied, economy-class cabin of a Boeing 737 airplane with mixing ventilation system. The index 
patient was in seat 14E, and the total number of infected passengers in the 7-row cabin was 11. The 
detailed information on this case could be found in Olsen et al. (2003). 
As shown in Figure 1, the mixing ventilation system had two linear air-supply diffusers in ceiling 
center, and one on the upper side of each wall. The exhausts were located in each side wall near the 
floor. According to Boeing-737 specifications, the total air supply rate was 0.329 m3/s for the seven-
row section of economy-class cabin. The supply-air temperature was 19.3 oC. The surface 
temperatures of the walls and the passengers were set at 24.5 and 31 oC, respectively.  
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3 RESULTS 

3.1 Quanta number 
According to the CFD-integrated Wells-Riley equation, the total number of passengers infected with 
SARS was 11.07 during the three-hour flight when the quanta number was 108/h. Therefore, the 
108/h was set to be the SARS quanta number in the calculations in section 2.3.  

3.2 SARS infection risk 
Figure 3 compared the seatmap distribution of SARS infection risk with different ventilation systems for 
different source locations. For all source locations, the passengers’ infection risk with the new ventilation 
system was lower than that with the mixing ventilation system. This is because the mixing ventilation system 
was designed to create a uniformly distributed contaminant profile, thus resulted in lower efficiency in 
controlling contaminant transport.  For source 4D and source 4E, the passengers’ infection risk with the new 
ventilation system was higher than that the displacement ventilation. When the source is 4F, the 
displacement ventilation system had slightly higher infection risk than the new ventilation system. This is 
because the airflow was not uniformly distributed, and it might cause air stagnation in the window seat. 

 
                       (a)                                               (b)                             (c) 

 
                        (d)                                             (e)                             (f) 

 
                        (g)                                               (h)                             (i) 

Figure 3. Distribution of passengers’ SARS infection risk with mixing ventilation system for (a) source 4D, 
(d) source 4E, and (g) source 4F; with new ventilation system for (b) source 4D, (e) source 4E, and (h) 
source 4F; and with displacement ventilation system for (c) source 4D, (f) source 4E, and (i) source 4F. 
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To quantitatively assess the performance of the new system, Figure 4 compared the average number of 
passengers infected with SARS for three source locations in the seven-row section of Boeing 737 with 
different ventilation system. Compared with the mixing ventilation system (8.8), it is obvious that the 
new ventilation system (5.6) could reduce the number of infected passengers by 3.2 during the two-
hour flight. However, compared with the displacement ventilation system (3.8), the new system 
increased the number of passengers infected with SARS by 1.8. Therefore, the displacement 
ventilation system had the best performance, followed by the new ventilation system, and both could 
better control contaminant transport compared with the mixing ventilation system.  
 

 
Figure 4. Comparison of the average number of passengers infected with SARS in the seven-row 
section of Boeing 737 with different ventilation systems. 

 

4 CONCLUSIONS 
This investigation aimed to assess the performance of the new personalized displacement ventilation 
system in controlling contaminant transport. This study first used Wells-Riley integrated into CFD to 
obtain the SARS quanta based on the SARS outbreak on a flight from Hong Kong to Beijing during 
2003 SARS epidemics. The investigation then assessed the performance of the new ventilation system 
in a seven-row section of the fully occupied, economy-class cabin of Boeing 737 airplane. Within the 
scope of this study, the following conclusions could be made: 

(1) The predicted SARS quanta generation rate of the index patient was obtained using Wells–
Riley equation and could be used in future studies. 

(2) For all source locations, the passengers’ infection risk with the new ventilation system was 
lower than that with the mixing ventilation system. For aisle seat and middle seat source 
locations, the passengers’ infection risk with the new ventilation system was higher than that 
the displacement ventilation. For window source location, the displacement ventilation system 
had slightly higher infection risk than the new ventilation system. 

(3) In the 2-hour flight, the new ventilation system could reduce the number of infected 
passengers by 3.2 compared with the mixing ventilation system. The displacement ventilation 
could further reduced the number by 1.8.  

3 RESULTS 

3.1 Quanta number 
According to the CFD-integrated Wells-Riley equation, the total number of passengers infected with 
SARS was 11.07 during the three-hour flight when the quanta number was 108/h. Therefore, the 
108/h was set to be the SARS quanta number in the calculations in section 2.3.  

3.2 SARS infection risk 
Figure 3 compared the seatmap distribution of SARS infection risk with different ventilation systems for 
different source locations. For all source locations, the passengers’ infection risk with the new ventilation 
system was lower than that with the mixing ventilation system. This is because the mixing ventilation system 
was designed to create a uniformly distributed contaminant profile, thus resulted in lower efficiency in 
controlling contaminant transport.  For source 4D and source 4E, the passengers’ infection risk with the new 
ventilation system was higher than that the displacement ventilation. When the source is 4F, the 
displacement ventilation system had slightly higher infection risk than the new ventilation system. This is 
because the airflow was not uniformly distributed, and it might cause air stagnation in the window seat. 
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Figure 3. Distribution of passengers’ SARS infection risk with mixing ventilation system for (a) source 4D, 
(d) source 4E, and (g) source 4F; with new ventilation system for (b) source 4D, (e) source 4E, and (h) 
source 4F; and with displacement ventilation system for (c) source 4D, (f) source 4E, and (i) source 4F. 
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SUMMARY 
The influence of sensible heat release on the performance of displacement ventilation is studied and 
analysed in a generic laboratory, representing the lower cabin of the DLR’s next generation train 
(NGT). In a first step, tests at variable mean cabin temperatures were conducted with human subjects. 
These tests were analysed in terms of sensible and latent heat release of real humans. In a second step, 
the cabin was fully equipped with thermal manikins. For different amounts of sensible heat released 
by the manikins, the large-scale flow fields and the temperatures at selected positions were evaluated.  
We found that the amounts of sensible and latent heat released by the human subjects complies with 
the standard EN13129 within the errors, using the temperature on chest level as mean cabin 
temperature. Astonishingly, the mean local velocities are not influenced significantly, which we 
ascribe to the limited rate of fresh air available through the fresh air lake. However, the mean velocity 
fields show significant differences regarding the boundary layer thickness and the observed velocity 
distribution. Hence, the importance of field measurements to determine comfort-relevant quantities is 
underlined. The performance of the displacement ventilation system, quantified by the heat removal 
efficiency as a figure of merit decreased with increasing mean cabin temperature during the human 
subject test, while it stayed stable during the test with thermal manikins.  

Keywords: sensible heat release; human subjects; thermal manikins; displacement ventilation; train 
compartment 

1 INTRODUCTION 
It is well known that the human metabolism reacts on different ambient temperatures with a variation 
in the amount of released sensible and latent heat (EN13129, 2016). When it comes to valuation and 
benchmarking of ventilation systems, the amount of released heat becomes a key issue as it is one of 
the driving forces in indoor air flow, especially if low momentum ventilation scenarios are considered. 
However, contrary what might be expected, its impact on the performance of ventilation systems and 
the results of ventilation studies is not yet reported in the literature. To our best knowledge, currently 
measurements are either conducted at constant heat release (e.g. Bosbach et al., 2013), or with heating 
mats as described in EN13129 (2016), which do not simulate the shape and the blockage of the 
passengers.  Accordingly, we claim to report on the impact of sensible heat release on the performance 
of ventilation systems with the reported study for the first time. Herewith we focus on cabin 
displacement ventilation, which has shown significant benefits with respect to energy efficiency and 
draught rates over e.g. mixing ventilation in studies of aircraft cabin air flow in previous studies 
(Bosbach et al., 2013; Maier et al., 2017). With the current study, we aim at making these benefits 
applicable to other cabin environments as well – here precisely to modern train cabins.  

2 METHODS 
The study was conducted in a generic laboratory, representing the lower cabin of the DLR’s next 
generation train (NGT), see Figure 1(a). In a first step, tests at variable mean cabin temperatures were 
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conducted with human subjects. These were analysed in terms of sensible and latent heat release of 
real humans. In a second step, the cabin was fully equipped with thermal manikins. The used thermal 
manikins, see Figure 1(b), have a similar surface and blockage as real humans do. A more detailed 
description of the manikins can be found in Bosbach et al. (2013). A computer-controlled system 
allowed for a precise adjustment of the sensible heat released by each manikin. For different amounts 
of sensible heat released by the manikins, the large-scale flow fields and the temperatures at selected 
positions were evaluated. 
The applied measurement techniques comprise local temperature, humidity and omnidirectional 
velocity probes, IR thermography as well as large-scale Particle Image Velocity (PIV) using helium-
filled soap bubbles (HFSB) and LED illumination. Thereby, DIN B 1/3 PT100 local temperature 
probes are installed on all sidewalls, in all air in- and outlets, in the surrounding of the laboratory and 
at the comfort-relevant positions in accordance with EN13129 (2016). The latter comprise probes in 
the vicinity of the ankle, knee, chest, throat, shoulder and head of the seated manikins in three 
measurement rows, see Figure 1(b). In total, more than 180 resistance temperature detectors with a 
calibration accuracy of ±0.2K in the investigated parameter range are installed. The combined 
humidity and temperature probes, see Figure 1(d), are positioned in the main pipes of the air in- and 
outlet to acquire the amount of latent heat released by the subjects. Additionally, these probes are 
installed in the centre of the aisle on five heights: 0.1 m, 0.5 m, 1.1 m, 1.4 m and 1.7 m above the 
floor. These sensors have a calibration accuracy of 0.3°C and 1.8% regarding temperature and relative 
humidity, respectively. The omnidirectional velocity probes, see Figure 1(c), are used to capture the 
comfort-relevant flow velocities in the vicinity of the manikins on ankle, knee, shoulder and head 
level in accordance with EN13129 (2016). They provide an accuracy of ±0.04 m/s in the measurement 
range of 0.05 m/s ≤ u ≤ 1.0 m/s. 

 

 
(a) CAD sketch of the generic 
train compartement located on 
the lower level of the NGT-HST. 
A separation wall in front of the 
first seat row is shown with 
transparency. 

   
(b) Temperature probes (    ) 

installed on measurement racks 
(c) Combined omnidirectional 

velocity and temperature probes 
(d) Combined humidity and 

temperature probes 
Figure 1: Sketch of the generic train compartment and images of the installed measurement probes 

Air outlet above 
seats in ceiling 

CDV inlets below 
each seat 
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Additionally, IR thermography is used to visualize the similarities and differences between tests with 
thermal manikins and human subject trials, see Figure 2. Thereby, the camera provides a resolution of 
640 x 480 IR pixels with a thermal resolution better than 0.08 K. However, the absolute temperature 
accuracy depends strongly on a proper determination of the emissivity ε of the surfaces. The latter is 
found within the range from 0.92 to 0.99 within the generic train compartment. Such ε variation 
results in maximal surface temperature deviations of ±0.5 K. PIV acquisition is applied in the centre 
cross section in front of a thermal manikin to capture the flow field around the seated manikins. The 
field of view amounts to approx. 750 mm x 500 mm. An LED illumination and HFSB are used with a 
CCD-PIV camera with a resolution of 1392 x 1024 pixels, see Schmeling and Bosbach (2017). The 
recording frequency is set to 5 Hz. The evaluation is conducted with PIVview2C and the velocity 
fields have a spatial resolution of 9 mm. 
While solar radiation is expected to play an important role regarding the performance of the 
ventilation system, it is not yet regarded in the current study. Rather, we aim to study the impact of the 
TPD heating power under simplified boundary conditions in the first step. However, the effects of 
solar radiation and temperature gradients between the left and the right side are on our schedule and 
will be addressed in consecutive studies. 

3 RESULTS 
During all investigations the volume flow rate was set to 230(±10) l/s (≈10 l/s/PAX), that is about the 
amount of fresh air recommended for vehicles, waiting rooms and platforms, see ASHRAE (2001).  

    
(a) Thermal manikins  (b) Human subjects (c) Heat release 

Figure 2: (a) and (b) Surface temperatures in the generic train compartment at displacement 
ventilation, recorded using IR thermography. (c) Sensible and latent heat release recorded during the 
subjects tests compared with EN13129 (2016). Only values with a settling time longer than 1 h are 
taken into account. 
Figure 2 shows the surface temperatures obtained in the generic train laboratory at cabin displacement 
ventilation. The increased surface temperatures of the thermal manikins (Figure 2a) and of the human 
subjects (Figure 2b) are clearly visible. Thereby, the thermal manikins have rather homogeneous 
temperature distributions compared with the humans, which is mainly caused by the clothes and the 
hair of the subjects. Furthermore, the manikins are slightly warmer at the same sensible heat release 
due to a smaller surface compared to a “normal” test person. 

3.1 Comparison of Heat Release with the Standard EN13129 
Figure 2 (c) summarizes the mean latent and the sensible heat release of a subject as a function of the 
mean temperature at chest level. It was measured using the temperature and humidity probes in the in- 
and outlets, the volume flow rate and considers the heat loss through the sidewalls. Regarding both, 
the latent and the sensible heat, very good agreements with the values of the standard (EN13129, 
2016) were found. Herein, only the values of parameter combinations with a sufficiently long settling 
time, that is temperatures of the in- and outflowing air can be assumed as constant, are depicted. 
Further data are available for measurement runs with human subjects, where two temperatures were 
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conducted with human subjects. These were analysed in terms of sensible and latent heat release of 
real humans. In a second step, the cabin was fully equipped with thermal manikins. The used thermal 
manikins, see Figure 1(b), have a similar surface and blockage as real humans do. A more detailed 
description of the manikins can be found in Bosbach et al. (2013). A computer-controlled system 
allowed for a precise adjustment of the sensible heat released by each manikin. For different amounts 
of sensible heat released by the manikins, the large-scale flow fields and the temperatures at selected 
positions were evaluated. 
The applied measurement techniques comprise local temperature, humidity and omnidirectional 
velocity probes, IR thermography as well as large-scale Particle Image Velocity (PIV) using helium-
filled soap bubbles (HFSB) and LED illumination. Thereby, DIN B 1/3 PT100 local temperature 
probes are installed on all sidewalls, in all air in- and outlets, in the surrounding of the laboratory and 
at the comfort-relevant positions in accordance with EN13129 (2016). The latter comprise probes in 
the vicinity of the ankle, knee, chest, throat, shoulder and head of the seated manikins in three 
measurement rows, see Figure 1(b). In total, more than 180 resistance temperature detectors with a 
calibration accuracy of ±0.2K in the investigated parameter range are installed. The combined 
humidity and temperature probes, see Figure 1(d), are positioned in the main pipes of the air in- and 
outlet to acquire the amount of latent heat released by the subjects. Additionally, these probes are 
installed in the centre of the aisle on five heights: 0.1 m, 0.5 m, 1.1 m, 1.4 m and 1.7 m above the 
floor. These sensors have a calibration accuracy of 0.3°C and 1.8% regarding temperature and relative 
humidity, respectively. The omnidirectional velocity probes, see Figure 1(c), are used to capture the 
comfort-relevant flow velocities in the vicinity of the manikins on ankle, knee, shoulder and head 
level in accordance with EN13129 (2016). They provide an accuracy of ±0.04 m/s in the measurement 
range of 0.05 m/s ≤ u ≤ 1.0 m/s. 
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investigated with 30 min time in between for implementing the temperature jump (decrease of the 
inflow temperature by 2 K) and settling. However, such a short settling time allows for a change of the 
air temperatures of the inflowing air and the air in the vicinity of the subjects, only. The thermal 
inertia of the interior results in wrong values of the calculated mean sensible heat release of the 
humans, since the interior releases a significant amount of heat itself. This effect occurred during the 
subject tests only. Tests using the thermal manikins were conducted after much longer settling times 
of approx. 5 h. A detailed discussion of these cases can be found in Schmeling and Bosbach (2017). 

3.2 Influence of Heat Release on Temperature Distribution 
The influence of different amounts of sensible heat release on the temperature stratification between 
head and ankle, recorded in the vicinity of the thermal manikins, is depicted in Figure 3(a). Thereby, 
averaging was conducted over a time series of 1 h first and afterwards over all four manikins seated in 
the measurement row, which is equipped with the omnidirectional velocity probes. The error bars 
depict the spatially averaged temporal standard deviations; hence, they depict the turbulent 
fluctuations of the temperature rather than the spatial inhomogeneity within the measurement row. As 
expected, higher heat releases result in higher temperature differences, which increase from 5.4 K at 
75 W to 7.3 K for 105 W. These values pinpoint, the relevance of the load case to the comfort-relevant 
flow parameters – here the temperature stratification is prone to be comfort-critical according to EN 
13129 (2016). However, subject trials revealed that the limits given in the standards may be rated too 
tight if CDV is considered (Maier et al., 2017; Winter et al., 2017). A detailed analysis of the 
temperature stratification for different seats can be found in Schmeling and Bosbach (2017). 

  
(a) Temperature (b) Velocity 

Figure 3: Mean local values and their fluctuations in the vicinity of thermal manikins recorded 
using combined omnidirectional velocity and temperature probes.  

3.3 Influence of Heat Release on Fluid Velocities 
We start the discussion on the influence of increased heat release on the velocity distribution by 
evaluating the local velocity probes, which are installed in the vicinity of the manikins. The 
temporally and spatially averaged values are depicted in Figure 3(b). Again, the error bars depict the 
mean temporal fluctuations. The first main finding is that all flow velocities are well below 0.12 m/s, 
that is, no comfort-critical draughts are expected. Secondly, the velocity is highest next to the knee, 
while the largest turbulent fluctuations are observed on both, head and knee level. The third main 
finding comprises, that no significant changes are observed for different heat releases.  
In addition to the local velocity measurements, we applied large-scale PIV to obtain the velocity field 
in the centre cross section in front of a thermal manikin on an aisle seat. Exemplarily, the mean 
velocity fields obtained at a sensible heat release of 60 W and 105 W are shown in Figure 4 (a) and 
(b), respectively. The main structure of the mean velocity fields is not significantly influenced by the 
amount of sensible heat released by the manikin, however, locally the velocities deviate significantly. 

PROCEEDINGS  — Roomvent & Ventilation 2018776  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 4 – Applications: Airplane and Vehicle Ventilation (AVV)

776  |



In general, the advantages of the well-adjusted CDV are obvious in both velocity fields: relevant fluid 
velocities are observed in the vicinity of the heat sources only. Differences between the mean velocity 
fields are found regarding the thickness of the boundary layer in front of the manikin’s chest and in a 
region above the upper legs, where ≈10% higher velocities are observed at 105 W compared to 60 W.  
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(c) Series of instantaneous velocity fields (Δt = 1 s)  @ P = 60 W 

Figure 4: Velocity fields in the central plane in front of a thermal maninkin obtained by PIV using 
HFSB and LED illumination. All lengths given in mm. Dots in (a) and (b) mark the position of the 
omnidirection velocity probe in the vicinity of the head of the manikin.  
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(𝑇𝑇𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) ∙ (𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑏𝑏𝑏𝑏 − 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)−1. Following this definition, e.g. perfect mixing ventilation has an HRE of 
0.5. While under realistic conditions, MV is observed to reveal much lower values, displacement 
ventilation usually stands out with the largest HRE (Bosbach et al., 2013). In the present study, we 
observed an HRE of 0.64 during subject studies, and a slightly higher value of approx. 0.68 when 
using thermal manikins at comparable thermal conditions. For different sensible heat releases of the 
manikins, only a minor variation of the HRE in the range of 0.67 and 0.70 was found. A more detailed 
discussion of the analysis can be found in Schmeling and Bosbach (2017). 

4 DISCUSSION 
The comparison of the measured latent and sensible heat release by the human subjects unveils very 
good agreement with EN13129 (2016) in our Next Generation Train mock-up. However, a necessity is 
the adherence to sufficiently long settling times in order to prevent parasitical heat release or 
absorption by the interior monuments (Schmeling and Bosbach, 2017). We observed a clear and 
significant impact of the released heat on the local temperature stratifications, which was not reflected 
in the same way by the local fluid velocities. The latter did not expose a significant dependence on the 
heat release. While the velocity field measurements revealed a three-dimensional, unsteady flow field, 
no clear dependence of the fluid velocities on the heat release was found. However, we could prove 
that the fresh air rises mainly in the vicinity of the manikins and thus manifest the proper operation of 
our displacement ventilation system.  

5 CONCLUSIONS 
We conducted a series of experimental studies using thermal manikins and human subjects in a 
generic train compartment at cabin displacement ventilation. We found the sensible and latent heat 
release during human subject tests to agree very well with the values given in the standard. While the 
velocity field in the vicinity of the thermal manikins is not significantly influenced, the temperature 
gradient between head and ankle increases with rising sensible heat release. We conclude that the 
local flow fields in CDV are rather determined by the amount of fresh air available than by the 
thermal loads which just increase the thermal stratification.  
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SUMMARY  
One of the ways to improve the air quality in aircraft cabins is to use new personalized ventilation 
systems to provide the user options for controlling thermal conditions and cleaning air in the breathing 
zone. In the present work results for dispersion of expiratory droplets with the installation of 
personalized ventilation system in the seat in a mockup of 12 seats, 3 rows with 4 abreast, are presented. 
The tests were performed with air inflated in the cabin at 18 ° C and air inflated by the personalized 
system at 24 ° C, with a flow rate of 3.0 ℓ / s. Particles simulating a person sneezing were injected at 
two points at the cabin end, respectively, in the seat near the fuselage and in the set near the aisle, at 
1.10m from the floor (breathing zone). Particle counting was also carried out at 1.10m from the floor in 
the row seats immediately ahead of the point of injection of the particles, i.e. in the middle row of the 
mock-up, where the customized ventilation system is installed. The results showed that the dispersion 
of particles is strongly influenced by the personalized ventilation system and the point of injection of 
the particles. The amount of particles in the cabin was always lower when the injection was made near 
the fuselage. This occurs because the cabin ventilation system is the mixing system with air exhausted 
by the bottom near the fuselage. On the other hand, the injection of particles near the aisle is most 
favorable for the dispersion of expiratory particles in the cabin. 
Keywords: Air quality, ventilation systems, personalized ventilation system, aircraft mock-up, 
expiration droplets dispersion. 

1 INTRODUCTION  
Aircraft development has taken place, not only for flight safety, but also for the purpose of providing 
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diverse studies (Conceição, 2012; Fabichack et al., 2014; Li et al., 2016; Zhang et al. 2017). 
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ventilation system have not been efficient in terms of thermal comfort and control of airborne 
contaminants dispersion. The characteristic of this ventilation system is to achieve a nearly uniform 
temperature in the cabin. However, the mixing and recirculation of air in the cabin can further the 
dispersion of contaminants inside the aircraft (Zhang and Chen, 2007; Fabichack et al., 2014). 
Furthermore, personalized systems can improve the conditions of thermal comfort and air quality in an 
individualized way, as these systems provide the user with options for the control and adjustment of 
thermal conditions in order to offer individual thermal comfort, besides providing more air clean in the 
breathing zone, reducing the possibility of cross-contamination by contaminants dispersed in the 
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release during human subject tests to agree very well with the values given in the standard. While the 
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gradient between head and ankle increases with rising sensible heat release. We conclude that the 
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environment (Fang et al., 2015). The custom gasper valve system, however, has not satisfactorily 
performed this function. (Nielsen et al., 2007; Zhang, Li and Wang, 2012; Fang et al., 2015). 
It is important to emphasize the fact that the use of personalized systems can improve the thermal 
conditions and the quality of the air in the breathing zone of the user. However, they can also increase 
the possibility of contamination of other passengers due to the dispersion of the particles in the cabin. 
Object of study in the present work. 

2 METHODS 
The tests were performed in a mock-up with the mixing ventilation system (MV). The interior of the 
mock-up was constructed so as to adequately represent the interior of a commercial aircraft cabin 
section, containing 12 seats arranged in three rows of four seats and a central aisle. 
In the second row is located the personalized ventilation system (PV) installed on the back of the front 
seat, figure 1. In this study the personalized system was analyzed in the seat next to the corridor and 
next to fuselage. The system is independent of the mock-up cabin ventilation system. That is, the air 
supply temperature of the PV system may be different from the air supply temperature in the cabin. 
Thermal mannequins were used to simulate passengers inside the cabin. 
The geometry of the diffuser as an inverted “U” shape has been defined considering that a central 
multimedia display can be installed, fact that already occurs in aircrafts. 
 

 
Figure 1 – Personalized system (PV)  

The air was inflated by the cabin ventilation system at 18 ° C, corresponding to a light cold sensation in 
the Fanger model (Fanger, 1972). The airflow of the cabin was 20 cfm per person (ASHRAE 161, 2007), 
with total air renovation. The personalized system proposed inflated air at 24 ° C. The air flow of the 
PV system was 3.0 l / s. The particles simulating a person coughing were injected into the end of the 
cabin in the breathing zone, which corresponds to 1.10 m from the floor. The particles were injected 
simulating both a person sitting in the seat next to the fuselage, seat 3A, and the person sitting near the 
aisle, seat 3B, as showed in the figure 2.  
For the evaluation of the dispersion of the particles that simulate expiratory activities it is convenient 
that the particles to be generated have the same shape and quantity as the particles generated by people 
in normal situations. For this, the droplets distribution curve proposed by Duguid (1946) is the reference 
of the present work. 
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Figure 2 – Layout of mockup.  

To simulate expiratory particles was used an aerosol generator TSI Model 3475, figure 3, which operates 
with an aerosol flow of approximately 4 L / min, similar to the average air flow rate of inhalation / 
exhalation of people, Wan et al. (2009) ,with production of particles measuring 0.1 until   8 μm. In the 
present study it was simulated continuous aerosol generation equivalent to a person coughing with the 
largest amount of particles with a diameter of about 4 μm (±1μm), Duguid (1946). 
 

 
Figure 3 - generator TSI Model 3475 associated with the particulate monitoring indicator PAM 3375 
(TSI, 2010)  

 
The counting and particle size were made using optical particles counter Met one with six particle size 
ranges, from 1 to 2 μm, 2 to 3 μm, 3 to 5 μm, 5 to 7 μm, 7 to 10 μm, and greater than 10 μm. Considering 
that the particles of interest have a diameter of 4.0 μm ± 1.1μm (Duguid, 1946), the particle 
concentration data with range of diameters from 3 to 5 μm are presented.  
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As seen in figure 2, particle counting was also carried out at 1.10m from the floor in the row seats 
immediately ahead of the point of injection of the particles, i.e. in the middle row of the mock-up (seats 
2A, 2B, 2D and 2E), where the customized ventilation system is installed (seats 2A and 2B), in order to 
verify the influence of this combination on removal of expiratory droplets throughout the cabin.  

3 RESULTS 
As emphasized above, to analyse the influence of the PV system on the dispersion of particles, Figures 
4 to 6 show results of the concentration of particles along the seats of the second row, i.e, referring to 
passengers at the seats 2A, 2B, 2D and 2E, for the range of diameters from 3 to 5 μm.  
Figure 4 shows results considering only the cabin ventilation system MV in operation, with the 
personalized systems PV turned off, for the two points of particle injection, seats 3A and 3B. 
 

 
Figure 4 – Dispersion of particles with the cabin ventilation MV in operation only 
 
Figure 5 shows results considering injection of particles at seat 3B, near the aisle, for three situations: 
with the cabin ventilation system MV in operation only, with the personalized system PV next to the 
fuselage tuned on (MV + PV 2A), referring to the seat passenger 2A, and with the personalized system 
next to aisle turned on (MV + PV 2B), referring to the passenger 2B. 
Figure 6 also shows results for the three situations of Figure 5, but now with the injection of particles 
at seat 3A, near the fuselage. 
Data of Figure 5 and 6 show the influence of the position of the PV custom system on the dispersion of 
particles, i.e. how the concentrations of particles in the adjacent seats vary when a passenger switches 
on the personalized system of itself seat. 

4 DISCUSSION 
Analyzing figure 4, it is possible to verify that the injection point had no significant influence on the 
concentration of particles along the cabin, since the values in the two situations were similar for the 
particles with diameter around 4μm. Also by analyzing the concentration of particle, it is possible to 
verify that at the seat 2A occurred the lowest particle concentration. This occurs because the cabin 
ventilation system is the MV system with air exhausted by the bottom near the fuselage (Wan et al, 
2005, Fabichack Jr et al, 2014). It can also be observed at seat 2E 
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Figure 5 – Dispersion of particles considering point of injection – seat 3B. 
 

 
Figure 6 – Dispersion of particles considering point of injection – seat 3A. 
However, when the personalized system is switched on, the influence of the particle injection point is 
clearly noted. In Figure 5 it is possible to verify that when the injection occurs near the aisle, seat 3B, 
the particle concentration is higher independently of which personalized system is being used 
alternatively for both seat 2A and 2B. It is also possible to verify that even though it is not efficient, 
seats 2A and 2B are the ones with the lowest concentrations. On the other hand, seats on the other side 
of the aisle, seats 2D and 2E, are impaired having the highest concentrations of particles. 
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personalized system, it contributes to the removal of particles from both: himself seat and the seat next 
to him. However, it is not efficient in removing the particles in the seats 2D and 2E. On the other hand, 
the personalized system next to the aisle, relative to the seat passenger 2B, is less efficient in particle 
removal because it is near the corridor and further away from the cabin ventilation MV system air 
exhaust. 
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particles with diameter around 4μm. Also by analyzing the concentration of particle, it is possible to 
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5 CONCLUSIONS 
The results of the present study showed the need to perform much more researches to enable new 
personalized ventilation systems in aircraft. The results also show that the air flow characteristics related 
to the MV cabin ventilation system have strong influence on the dispersion of the particles in the cabin. 
So, besides more works considering PV systems with the cabin MV ventilation system, others cabin 
ventilation system should be considered. 
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SUMMARY 
We developed, implemented and investigated a novel system for multi-zonal temperature control of 
transient thermal loads in mixing ventilation of passenger aircraft cabins using the Dornier 728 aircraft 
cabin test facility of the German Aerospace Center in Göttingen as test environment. The system 
comprises lightweight, PID-controlled heating tubes installed in front of each air inlet with a network 
of reference sensors and allows for temperature zones as small as a single seat row. We considered 
seven different heat load scenarios using 73 thermal passenger dummies and a fast-switchable local 
heat source to simulate the heat release of the real passengers. By analysing the temperature signals of 
340 resistance temperature detectors, we studied the propagation of locally released thermal loads as 
well as the impact of locally varied inflow temperatures. Further, we developed and investigated 
different sensor and controller network concepts to identify and address missing, additional and 
transient sources of heat. Averaged over all load scenarios, we found that our baseline case with 
spatially homogeneous inflow-temperatures yielded 14% of seats with temperature deviations larger 
than 0.5°C from the column mean. By switching to multi-zonal control, we could reduce this number 
by almost one order of magnitude to 1.6%. 
Keywords: multi-zonal temperature control, aircraft cabin airflow, mixing ventilation, environmental 
control, heat propagation,  

1 INTRODUCTION  
Nowadays, ventilation systems for passenger aircraft are designed for the load case of a fully occupied 
cabin. However, with market-averaged passenger load factors in the range of 75 to 90%, incompletely 
occupied cabins are rather the rule than the exception (IATA, 2017). Herewith, typical temperature 
zones, controlled by one temperature sensor and controller, comprise as many as 50 to 100 passengers 
(Dechow, 2005). Hence, vacant passenger seats and additional passengers in the aisle or other heat 
sources cannot be compensated for. The impact of such inhomogeneous distribution of heat loads on 
the temperature fields in aircraft cabins has been subject of previous studies (Dehne, 2015; Bosbach, 
2016). Herewith, novel or alternative ventilation systems have been considered in addition to the state-
of-the-art mixing ventilation. Based on the corresponding results, we can state, that for heat loads 
resembling one or two passengers (< 200 W), excess or missing heat loads lead to significant 
deteriorations of the temperature distributions localized within +/- 1.5 seat rows for mixing 
ventilation. Hence, systems with single-zonal temperature control are prone to local discomfort by 
draught (“cold-spots”) and a waste of cooling energy in rows with missing passengers as well as an 
overshoot of local temperatures in rows with accumulated passengers (standing e.g. in the aisle) or 
further heat loads (IFE, handheld devices, solar radiation). Related to these investigations are studies 
of the influence of moving bodies in aircraft cabins on the containment transport (Mazdumar et al., 
2011) and studies of the propagation of pollutants in aircraft cabin airflow e.g. (Yan et al., 2009). 
While the pollutants could move as far as the body in the study of Mazumdar et al., Yan et al., 
employing fixed passenger models and sources, observed a distribution of up to two adjacent rows in 

5 CONCLUSIONS 
The results of the present study showed the need to perform much more researches to enable new 
personalized ventilation systems in aircraft. The results also show that the air flow characteristics related 
to the MV cabin ventilation system have strong influence on the dispersion of the particles in the cabin. 
So, besides more works considering PV systems with the cabin MV ventilation system, others cabin 
ventilation system should be considered. 
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flight direction. Regarding transient inflow boundary conditions, the study of the impact of unsteady 
air supply on the transient flow field by Wu et al. (2011) should be mentioned. With this method, 
temperature as well as CO2 concentration levels could be reduced within the whole domain and in 
typical breathing zones compared to the conventional steady-supply used in a periodic air supply. 
In the following, we report on an attempt to improve the temperature homogeneity in longitudinal 
cabin direction for a variety of load scenarios. We tried to compensate missing or additional heat loads 
with temporal and spatial variations of the inflow temperatures using a multi-zonal temperature 
control system. Different sensor and controller network concepts were developed and investigated to 
identify and address six different heat load scenarios under steady conditions in mixing ventilation.  

2 METHODS 

2.1 Test environment and ventilation concept 
As test environment, the Do 728 test facility of the German Aerospace Center in Göttingen was used. 
It provides a realistic and sound cabin structure of a short-range aircraft cabin. Figure 1a) depicts a 
cross section of the asymmetric single-aisle cabin which has a total length of 16.9 m, a width of 
3.25 m and a height of 2.14 m. An external heating, ventilation and air conditioning (HVAC) system 
provided fresh air at a nominal volume flow rate of 600 l/s (8.2 l/s/PAX) at atmospheric pressure 
yielding a nominal air exchange rate of 1/90 s. We used the mixing ventilation (MV) system of the 
Do 728 to provide 50% of the volume flow rate by the lateral and 50% by the ceiling outlets 
distributed equally among both sides of the cabin, see Figure 1a). The air was supplied with nominal 
mean entry velocities of 1.7 m/s into the cabin, whereby the resulting air jets ensured efficient mixing 
of fresh and recirculated air and generated the large-scale roll structures, which are characteristic for 
MV. The recirculated air was removed by active suction through air extraction. slits behind the dado 
panels.  
 
 
 
 
 
Figure 1. a) Cross section of cabin interior with illustration of investigated ventilation system (mixing 
ventilation) and b) cabin layout of measurement installation in the Do 728  

2.2 Cabin layout and measurement installation 
To ensure realistic heat loads and obstructions, 73 thermal passenger dummies (TPDs) were placed at 
a seat pitch of 33’’ in the passenger zone. The TPDs have a volume of 0.05 m³ and a surface of 1.5 m² 
each. They were operated at a constant heat flux of 75 W per PAX (Bosbach, 2013; Schmeling, 2017). 
To minimize boundary effects in longitudinal direction, the measurement section was separated by 
two styrofoam partition walls with a thickness of 0.1 m each, see Figure 1b). The cabin measurement 
installation comprised more than 340 resistance temperature detectors (RTDs) of type Pt100 (1/3 DIN 
B) with a calibration accuracy of 0.15 K in the relevant temperature range. The sampling rate 
amounted to 0.1 Hz. To measure the temperatures of the air flowing in and out of the cabin, 124 RTDs 
were used (96 for the MV inlets, 28 for the DADO extraction). We captured the resulting cabin 
temperature distributions with 70 RTDs installed at chest level (z = 880 mm) at a distance of 50 mm 
in front of each TPD. Instantaneous and constant heat release was simulated experimentally using a 
local heat source (Dehne, 2015; Bosbach, 2016). 
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2.3 Heating tubes and temperature control system 
In order to control the temperature of the air injected into the cabin, each of the 96 MV air outlets of 
the Do 728 was equipped with a specially developed heating tube. Although their first application is 
the environmental control of the Do 728 cabin, the design can be adapted and integrated into any 
mixing ventilation system of commercial aircraft. The tubes consist of thermoplastic plastic and are 
manufactured in an injection molding process. The air is tempered by a lightweight heating film 
selected to minimize the weight impact of the ventilation system. It is applied to the tube walls and the 
guiding blades. The film allows for fast heat-up rates with a grammage of only 85 g/m² and can easily 
be operated with the onboard voltage of aircraft. It consists of a non-woven carbon fiber that acts a 
heating resistor embedded in a thermoplastic matrix. By using high-performance thermoplastic matrix 
systems such as PEEK, the requirements for burning behavior and media resistance can be fulfilled. 
At a flow rate of 6.25 l/s, the tubes are able to increase the air temperature up to 5 K. Temperature 
differences of the order of 1-2 K can be adjusted within two air exchange rates (180 s). Flow tests of 
the heating tubes in combination with the Do728 air outlets showed a homogenous temperature 
distribution of the air outlet temperature. Pt100 temperature sensors are integrated into the heating 
tubes allowing to control every single air outlet temperature by a control system. The temperature 
control system for the testing plant consists of an ASI-bus system and an SPS control. This industrial 
established system provides the opportunity to connect many temperature sensors and to regulate each 
air outlet individually. Thanks to the bus system the wiring is comparably simple despite of the high 
quantity of sensors. 

2.4 Investigated scenarios 
For the evaluation of the performance of the multi-zonal temperature control system, we used mixing 
ventilation (Figure 1a), which is state-of-the-art for air conditioning of aircraft cabins, as flow 
scenario. In all investigated cases, the temperature control system described in 2.3 was active. As 
baseline, we chose a spatially homogeneous air inlet temperature of 17°C, which is referred to as case 
A in the following. Herewith, the reference sensors of the controller network were installed inside the 
mixing ventilation air outlets. For the other cases the reference sensors were positioned in the 
passenger zone, namely at the backsides of the seats (distance from surface 20 mm / floor height 1050 
mm), one for every PAX. During temperature control, the air outlets were controlled mutually in 
segments of single seat rows. Two controller cases are distinguished in the following, namely case B 
and case C. In case B, the temperature to be controlled was the spatial average of the five sensors of 
the actual seat row. In case C, the reference temperature for the controller was the average temperature 
in the actual seat row (weighted with 50%) and the averages of the sensors in the adjacent rows 
(weighted with 25% each). Cases B and C are illustrated by the magenta borders exemplarily for row 
4, 8 and 12 in Figure 3.  

 
 

 
Figure 2. Investigated scenarios with missing heat loads (switched off TPDs) in row 4, 8 and 12 (1-5) 
as well as an additional heat source at the aisle in row five (6)  

Besides the fully occupied cabin (scenario 0), five dedicated heat load scenarios were realized by 
switching off TPDs at every seat position in row 4, 8 and 12, see Figure 2 (1-5) (section 3.2). In 
scenario 6, an additional heat source of 100 W was located in the aisle section in row five (section 
3.3), to study the impact of passengers in the aisle. As a figure of merit, the homogeneity of the 
temperatures in the passenger zone, measured at chest level (height 88 cm), 5 cm in front of the 
thermal passenger dummies, is evaluated in the following. 

flight direction. Regarding transient inflow boundary conditions, the study of the impact of unsteady 
air supply on the transient flow field by Wu et al. (2011) should be mentioned. With this method, 
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B) with a calibration accuracy of 0.15 K in the relevant temperature range. The sampling rate 
amounted to 0.1 Hz. To measure the temperatures of the air flowing in and out of the cabin, 124 RTDs 
were used (96 for the MV inlets, 28 for the DADO extraction). We captured the resulting cabin 
temperature distributions with 70 RTDs installed at chest level (z = 880 mm) at a distance of 50 mm 
in front of each TPD. Instantaneous and constant heat release was simulated experimentally using a 
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3 RESULTS 

3.1 Homogenization of cabin temperatures  
We start the discussion of the fully occupied cabin (scenario 0). For case A0, see Figure 3a), a 
characteristic temperature distribution can be observed with different temperature levels for each seat 
column. These differences are system-inherent to mixing ventilation and also based on the cabin 
geometry and not subject of the current study. Moreover, we are interested in the temperature 
homogeneity in longitudinal direction of each seat column. Herewith, differences up to 1.5 K between 
maximal and minimal temperature were observed (left aisle column). As a figure of merit, we count 
the number of seats with temperatures deviating more than +/- 0.5 °C from the column average. In 
case A0, nine seat positions were outside this tolerance, see “X” labels in Figure 3a). By switching to 
controller case B and C (Figure 3 b) and c)), the value of seat positions outside the corresponding 
tolerance was significantly reduced from nine to two.  
 
 

 

 

Figure 3. Contour plots of temperatures at chest level in the vicinity of TPDs for cases A, B and C. 
The positions outside the corresponding tolerance in a seat column are marked with an X in magenta  

3.2 Compensation of dedicated load cases 
3.2.1 Missing heat loads 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Contour plots of temperatures at chest level with TPDs switched off (white O) in row 4, 8 
and 12 (load cases 1 - 5). The number of seat positions outside the corresponding tolerance (magenta 
X) were highlighted in magenta 
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Figure 4 summarizes the temperatures at chest level for controller cases A – C and load scenarios 1 – 
5 with TPDs switched off as outlined in Figure 2. To provide static thermal conditions, we waited at 
least 45 minutes before considering the respective temperature data, which we averaged over ten air-
exchange rates (900 s). In previous studies, we compared the difference between sitting TPDs and 
TPDs moving out of the cabin which revealed no difference in the temperature fields (Dehne, 2015). 
Hence, we switched off the TPDs for our further investigations. The impact of missing heat loads can 
be detected for all seat positions in case A. Further, the number of seat positions outside the 
corresponding tolerance ranges from 8 to 16, the corresponding percentages from 11% to 23%, 
depending on the actual scenario, which is 16% in average over the scenarios in Figure 4. For this 
evaluation, only the heated TPDs were considered. By switching to case B and C, this number could 
be decreased to values between zero and two seats, corresponding to a mean value of 1.3%, i.e. less 
than one seat in our test facility.

3.2.2 Additional heat load 

The contour plots for load scenario 6 are depicted in Figure 5 a) (absolute temperatures) and Figure 5 
b) (difference compared to temperatures without heat source). Hereto, the temperatures at chest level 
were time-averaged over 3.3 nominal heat exchange times (300 seconds) after a settling time of 25 
minutes.  
 
 
 
 
 
 
 

Figure 5. Heat release at chest level in the passenger zone for load scenario 6 and controller cases A, B 
and C. The filled circle (magenta) depicts the position of the heat source. a) Absolute temperatures and 
b), for the sake of comparability, temperatures with subtracted reference temperature (T0). The magenta 
lines indicate the 0.5 K iso-levels, respectively. The number of seat positions outside the corresponding 
tolerance are indicated with crosses (magenta) in a) and the actual numbers are given in b) 

The homogenous air inlet temperatures in case A unveil a dispersion of released heat by one to three 
adjacent rows, depending on the chosen threshold. This range can be significantly reduced with multi-
zonal temperature control, i.e. controller cases B and C. The comparison of seat positions outside the 
corresponding tolerance revealed a decrease from nine to two by switching to case B and C. 
Especially fo case C, the released heat remains localized in the very proximity of the heat source, 
impacting only seat positions of the left aisle.  
While the discussion of the temporal behavior of the multi-zonal temperature control system is 
beyond the scope of the current article, we would like to mention, that the temporal behavior of the 
system is very satisfactory as well. The system is able to maintain the local temperatures quasi-
instantaneously in cases B and C, preventing any temperature overshoot of the local air temperatures.  

4 CONCLUSIONS 
We report on the first multi-zonal temperature control system for aircraft cabins with temperature 
zones as small as one seat row. It consists of PID-controlled heating tubes and a network of reference 
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sensors, one per PAX. To evaluate its sensitivity and performance, seven representative load cases 
were investigated using 340 resistance temperature detectors as well as 73 thermal passenger 
dummies. Further, three different controller cases, namely homogeneous inflow temperature, control 
of single row average temperature and control of weighted three-row mean temperature were 
considered. As figure of merit, the number of seats with air temperatures at chest level deviating by 
more than 0.5°C were evaluated. Although more sophisticated means to access thermal passenger 
comfort are highly desirable, for the moment we stuck with this simple means . On average, 14% of 
the passenger seats revealed temperatures exceeding this criterion in the reference case. With the multi 
zonal control at single row level, the mean value could be reduced by almost one order of magnitude 
to 1.6% on average. Multi-zonal control of the weighted three-row temperature, which was considered 
to improve the spatial stability of the system, did not result in any further improvement but yielded a 
value of 1.8%. An open question, which will be addressed in further studies using the presented multi-
zonal temperature control system, is an improvement of temperature homogeneity inside the cross 
section. While only temperatures at chest level were observed, an evaluation on thermal comfort using 
thermal passenger dummies could be considered in further studies.  
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SUMMARY  
The paper focus on the air quality inside the Crew Quarters on board of the International Space Station. 
Several issues to improve were recorded by NASA and ESA and most important of them are the 
following: noise level reduction, CO2 accumulation reduction and dust accumulation reduction. The 
study in this paper is centred on a reduced scaled model used to provide simulations related to the air 
diffusion inside the CQ. It is obvious that a new ventilation system is required to achieve the three issues 
mentioned above, and the solutions obtained by means of numerical simulation need to be validated by 
experimental approach. First of all, we have built a reduced scaled physical model to simulate the flow 
pattern inside the CQ and the equipment inside the CQ has been reproduced using a geometrical scale 
ratio. The similarity criteria used was the Reynolds number to characterize the flow pattern and the 
length scale was set at value 1/4. Finally, the water has been used inside the model. Velocity profiles 
have been obtained using PIV measurement techniques. Numerical simulations have been performed 
on the scaled model considering gravitational conditions. The flow pattern was considered isothermal 
and incompressible. The experimental results have been used to validate the numerical models. 
Keywords: Similitude; PIV Measurements; Modeling and experimental techniques  

1 INTRODUCTION  
Several personal Crew Quarters (CQ) are installed on the International Space Station (ISS) to provide 
an acoustically quiet and visually isolated area in which crew members can sleep, relax, and retreat to 
a private area (Figure 1). 
Design and development efforts for long mission crew member’s accommodations started with the US 
Skylab CQ (Wieland 1998). Skylab featured visual private space for each crew member but lacked of 
acoustic and light isolation and had very limited ventilation control (Adams 1998, Broyan, Borrego et 
al. 2008). The Russian CQ Kayutas were introduced on Salyut 6 and the same configuration was used 
on MIR and on the ISS Service Module. Kayutas CQ provided an increased visually private volume and 
a 20 cm diameter window. However the window increased crewmember space radiation exposure.  The 
Kayutas CQ draw air from the module cabin but were generally found to be warm and not to provide 
enough acoustic attenuation of the cabin noise (Adams 1998). The crew uses the CQ primarily for 
sleeping, but also for performing tasks such as put on or remove clothing, using laptops, private 
communication, and some minimal personal hygiene. 
Each CQ was designed with an individual ventilation system, acoustic mitigation materials, laptop 
connections, and internet connection to allow crew members personal communication with family and 
friends (2010). Since their deployment in 2008, the CQ performance has been closely monitored to 
validate that the design continues to meet requirements.  
 

sensors, one per PAX. To evaluate its sensitivity and performance, seven representative load cases 
were investigated using 340 resistance temperature detectors as well as 73 thermal passenger 
dummies. Further, three different controller cases, namely homogeneous inflow temperature, control 
of single row average temperature and control of weighted three-row mean temperature were 
considered. As figure of merit, the number of seats with air temperatures at chest level deviating by 
more than 0.5°C were evaluated. Although more sophisticated means to access thermal passenger 
comfort are highly desirable, for the moment we stuck with this simple means . On average, 14% of 
the passenger seats revealed temperatures exceeding this criterion in the reference case. With the multi 
zonal control at single row level, the mean value could be reduced by almost one order of magnitude 
to 1.6% on average. Multi-zonal control of the weighted three-row temperature, which was considered 
to improve the spatial stability of the system, did not result in any further improvement but yielded a 
value of 1.8%. An open question, which will be addressed in further studies using the presented multi-
zonal temperature control system, is an improvement of temperature homogeneity inside the cross 
section. While only temperatures at chest level were observed, an evaluation on thermal comfort using 
thermal passenger dummies could be considered in further studies.  
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Figure 1 CQ on-orbit exterior view (left) and interior view (right) 
For the control of the airflow, the CQ provides a fan speed switch with three positions and adjustable 
guide vanes to allow the crew to customize the airflow levels and direction.  The crew reported that, in 
general, the variable fan speed and the guide vanes provided good adjustability although most crew 
members set the fan speed and the guide vanes to direct air in one direction and leave them in that 
position. Nominal fan speed varied from crew member to crew member, but most crew members 
reported that the fans were kept on medium or high speed for most of the time. Some crew members 
commented that fans on high speed produced too much noise inside the CQ, indicating the need for 
reducing the acoustic signature of fans at middle and high speed levels of the fans (Schlesinger, 
Rodriguez et al. 2013). Most crew members felt that the fan low speed did not provide enough airflow 
and, due to dust accumulation over time in the CQ ventilation system, the fans at low speed produced a 
low airflow situation that resulted in caution alarms in CQ. Finally, the noise level, the CO2
accumulation and the dust accumulation are the most important issues reported by NASA and ESA. 
The main purpose of the study is to propose an optimized concept of the existing CQ on board of the 
ISS with improved air distribution systems in terms of fans and acoustics. The air flow pattern inside 
the CQ and the air velocity distributions are of great importance for our study. A numerical model have 
been developed in one of our previous studies (Bode, Nastase et al. 2018) but this model need 
experimental validation. An experimental study was initiated, and we have identified many issues 
related to the similarity criteria to use and to the incompatibility between Reynolds criterion and Peclet 
criterion if we desired to simulate in the same time air distribution and CO2 diffusion (Sandu, Nastase 
et al. 2018). The aim of this paper is to continue the previous studies by improving the experimental 
setup and validating a reduced scale numerical model. The importance of the scale reduced numerical 
model is that once it is validated, it will be used to explore easier many configurations in order to decide 
which of them will be tested on the experimental setup knowing the fact that this one is more expensive 
in efforts and time than the numerical.  

2 METHODS 

2.1 Experimental setup 
The principles and the similarity criteria used to build the experimental setup are detailed in one of our 
previous paper (Sandu, Nastase et al. 2018). Finally, we have used water as working fluid to facilitate 
PIV measurements and we kept Reynolds as similarity criterion. In this case considering that the 
viscosity scale is Sν=1/15 and using SL = ¼ for the length it results a 4/15 scale for the velocity. 
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However, the values of these similarity scales are not very important for this paper because we will 
study here experimental and numerical at the same geometric, velocity and viscosity scale.  
The model was made of polycarbonate plates with a suitable refraction index to allow velocity 
measurement using PIV techniques as shown in figure 2b. The plans and the main dimensions of the 
reduced scaled model are showed in figure 2a: 

Figure. 2a,b. Main dimensions and shape of the reduced scale model 
The model was integrated in a closed water loop using a small pump for ensuring the water flow rate. 
The main purpose was to prove the feasibility of the model, precisely to demonstrate how to determine 
the velocity field inside the reduced scaled model. 
In this study, we have employed a Dantec Particle Image Velocimetry (PIV) system for the velocity 
field measurements. This system is composed of one high sensitivity Flow Sense 4M camera of 4x106 
pixels resolution and of a Dual Power 200 mJ laser having the wave length of 532nm.  The acquisition 
frequency of the PIV system was 7.5 Hz. The water flow was seeded with hollow glass spheres with a 
mean diameter of 50µm. The images calibration gave a spatial resolution of 100 µm per pixel which is 
corresponding to a  200 x 200 mm² field of view. 
The laser has been placed above the model and the camera from a lateral side of the model as in the 
figure 3 below.

Figure 3.a,b,c  Experimental setup 

2.2 Numerical simulations 
The Computational Fluid Dynamics is a powerful tool for the study of laminar and turbulent flow 
patterns. The numerical simulations were performed by using the commercial software ANSYS Fluent, 
in the context of Reynolds-averaged Navier-Stokes (RANS) modeling. The Reynolds number 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
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general, the variable fan speed and the guide vanes provided good adjustability although most crew 
members set the fan speed and the guide vanes to direct air in one direction and leave them in that 
position. Nominal fan speed varied from crew member to crew member, but most crew members 
reported that the fans were kept on medium or high speed for most of the time. Some crew members 
commented that fans on high speed produced too much noise inside the CQ, indicating the need for 
reducing the acoustic signature of fans at middle and high speed levels of the fans (Schlesinger, 
Rodriguez et al. 2013). Most crew members felt that the fan low speed did not provide enough airflow 
and, due to dust accumulation over time in the CQ ventilation system, the fans at low speed produced a 
low airflow situation that resulted in caution alarms in CQ. Finally, the noise level, the CO2
accumulation and the dust accumulation are the most important issues reported by NASA and ESA. 
The main purpose of the study is to propose an optimized concept of the existing CQ on board of the 
ISS with improved air distribution systems in terms of fans and acoustics. The air flow pattern inside 
the CQ and the air velocity distributions are of great importance for our study. A numerical model have 
been developed in one of our previous studies (Bode, Nastase et al. 2018) but this model need 
experimental validation. An experimental study was initiated, and we have identified many issues 
related to the similarity criteria to use and to the incompatibility between Reynolds criterion and Peclet 
criterion if we desired to simulate in the same time air distribution and CO2 diffusion (Sandu, Nastase 
et al. 2018). The aim of this paper is to continue the previous studies by improving the experimental 
setup and validating a reduced scale numerical model. The importance of the scale reduced numerical 
model is that once it is validated, it will be used to explore easier many configurations in order to decide 
which of them will be tested on the experimental setup knowing the fact that this one is more expensive 
in efforts and time than the numerical.  

2 METHODS 

2.1 Experimental setup 
The principles and the similarity criteria used to build the experimental setup are detailed in one of our 
previous paper (Sandu, Nastase et al. 2018). Finally, we have used water as working fluid to facilitate 
PIV measurements and we kept Reynolds as similarity criterion. In this case considering that the 
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5500 and the overall flow conditions lead to the use of the 𝑘𝑘𝑘𝑘 𝑘 𝑘𝑘𝑘𝑘 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 turbulence model. The Fluent 
solver is based on a finite-volume solution of the mean momentum and turbulent transport equations. 
The scheme selected to perform the computations was second order upwind.

The k-ω turbulence model is, along with k-ε, one of the most common model used in CFD to simulate 
mean flow characteristics for turbulent flow conditions. It is a two equation model which provides a 
description of turbulence by means of two transport equations: 

• the first transported variable determines the energy in the turbulence - turbulent kinetic energy (k). 
• the second transported variable is the specific rate of dissipation (ω) which determines the rate of 

dissipation of the turbulent kinetic energy. 

The shear stress transport (SST) formulation combines the k-ω turbulence model and k-ε turbulence 
model such that k-ω is used in the inner region of the boundary layer and switches to the k-ε in the free 
shear flow. 
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With the following signification of parameters: 

• G_k - the generation of turbulent kinetic energy due to average speed gradients; 

• G_ω - generation for ω 

• Γ_k and Γ_ω - diffusivity for k and ω; 

• Y_k and Y_ω - dissipation of k and ω due to turbulence; 

• D_ω - cross-diffusion; 

• S_k and S_ω - terms defined by the user. 

The mesh of the model has 5.19 million elements with 
15,75 million faces and 5,37 million nodes. There are 
5 layers elements in the boundary layer from 0,25 mm 
in the first viscous layer to 5 mm in the area with 
lower velocity gradients. The mesh is unstructured 
(pave) on faces with curved edges, and structured 
(map) on rectangular faces. 
The geometrical shape of the model and some details 
regarding the mesh are shown in figure 4: 
The calculations have been computed for water with 
an inlet flow rate of 3 l/min same as the flow rate that 
we have measured during the experimental tests. The 
velocity vectors and their values as resulted from the 
are indicated on the figure 5 a, b with focus on the 
inlet jet.  

 

Figure 4. Geometry and mesh
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3 RESULTS AND DISCUSSIONS 
The calculations have been computed for water with an inlet flow rate of 3 l/min same as the flow rate 
that we have measured during the experimental tests. The velocity vectors and their measured and 
calculated values are indicated on the figure 5 a,b with focus on the inlet jet.  
 

  
Figure 5a,b. Velocity vectors a - numerical, b – experimental 

 

Two sections have been identified inside the CQ were the velocity magnitude have been compared. One 
can see that there is a lack of experimental data in the section corresponding to the origin of the jet. We 
consider that this inconvenient is due to some bad reflections of the light during the PIV measurements. 
These two sections are illustrated on the figure 6a and the velocity profiles, experimental and numerical 
are compared on the figure 6b: 

  

Figure 6a,b. a – typical sections, b – velocity profiles 
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It is easy to see that the velocity profiles, numerical and experimental are correlated for the section in 
line-2 and there are important discrepancies in line -1 between numerical and experimental. These 
differences arise from the incomplete experimental data in section line 1. 

5 CONCLUSIONS 
Some conclusions and some interesting perspectives can be outlined of this work. The results have 
shown that it is possible to use water on the model to simulate the flow pattern with respect to Reynolds 
criterion. The use of the water is indicated for this case because the PIV measurement technique is easier 
and the insemination with particles is better. A scale reduced numerical model have been validated. Its 
main goal is to explore easier many configurations of the flow pattern inside the experimental setup in 
order to know which of them are significant for the studied phenomena. A reduced scaled model using 
gases as working fluids need to be tested also with respect to the Reynolds criterion. The advantage here 
is that the microgravity could be simulated better for this case. 
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SUMMARY 
Particulate matter (PM) has a strong effect on human morbidity and mortality and is thus currently one 
of the most dangerous forms of air pollution. In urban environments, road traffic has a significant 
contribution to the ambient PM concentrations and high PM concentrations can be found in semi-
enclosed parking garages. In this study, the indoor PM concentration reduction potential by local 
removal of PM by positive ionization units inside a parking garage is assessed by means of 
computational fluid dynamics (CFD) simulations. CFD analyses, using steady Reynolds-Averaged 
Navier-Stokes (RANS) in combination with the realizable k-ε turbulence model, are conducted on high-
quality and high-resolution grids. A simplified PM dispersion modeling method is applied using the 
Eulerian method. Although the study has some limitations, preliminary results show that application of 
positive ionization units can potentially reduce PM inside the parking garage with up to 59%. Further 
work will focus on validation of the results using on-site measurements. 
Keywords: air quality, particulate matter, CFD, electrostatic precipitation, urban physics  

1 INTRODUCTION 
The collection of all solid and liquid particles suspended in the atmosphere is known as particulate matter 
(PM). In urban environments, road traffic gives a major contribution (30-50% (WHO, 2005)) to PM 
pollution due to high traffic intensities and corresponding tailpipe emissions and tire and brake wear (e.g. 
Rogge et al., 1993; Sundvor et al., 2012). Parking garages and tunnels are examples of locations where 
emissions are high and PM accumulates (e.g. Kim et al., 2007; Zhang et al., 2008), which disperse into 
the surrounding urban environment. Worldwide, more than 80% of the people that live in urban areas are 
exposed to air quality levels that exceed the WHO limits (WHO, 2016). Furthermore, air pollution will 
become the world’s top environmental cause of premature mortality by 2050 when no drastic measures 
are taken. (OECD, 2012). PM is one of the most dangerous forms of air pollution; daily and long-term 
exposure to PM is strongly related to human morbidity and mortality (WHO, 2016). Several techniques 
are available to reduce ambient PM concentrations such as wet scrubbers, cyclonic separators, porous 
media filters (often known as high-efficiency particulate absorber) and electrostatic precipitators (ESPs). 
This preliminary computational fluid dynamics (CFD) study focuses on local removal of PM inside a 
parking garage by implementation of a positive ionization unit, which is part of the ESP category.  

2 METHODS 

2.1 Case study 
The parking garage under study is located in the Netherlands. The two-story garage is ventilated using 
a negative pressure system, i.e. air is exhausted from the garage using a vertical ventilation shaft 
positioned in one corner of the garage. Three jet fans per floor level are used to provide air circulation 

It is easy to see that the velocity profiles, numerical and experimental are correlated for the section in 
line-2 and there are important discrepancies in line -1 between numerical and experimental. These 
differences arise from the incomplete experimental data in section line 1. 

5 CONCLUSIONS 
Some conclusions and some interesting perspectives can be outlined of this work. The results have 
shown that it is possible to use water on the model to simulate the flow pattern with respect to Reynolds 
criterion. The use of the water is indicated for this case because the PIV measurement technique is easier 
and the insemination with particles is better. A scale reduced numerical model have been validated. Its 
main goal is to explore easier many configurations of the flow pattern inside the experimental setup in 
order to know which of them are significant for the studied phenomena. A reduced scaled model using 
gases as working fluids need to be tested also with respect to the Reynolds criterion. The advantage here 
is that the microgravity could be simulated better for this case. 
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in the garage. Locations of the jet fans and the parking garage exhaust are presented in Figure 1. Thermal 
effects are not taken into account. Furthermore, to reduce computational costs wind effects on the inlets 
and exhausts of the garage are not considered. Simulations are conducted for various configurations, 
including one, two or three ionization units. 

2.2 Computational model and boundary conditions 
Figure 1 presents the geometry of the garage for which the simulations are performed with its 
dimensions (90 m (L) x 70 m (W) x 6 m (H)). There are three entrances for pedestrians and one for cars. 
Due to the fact that wind effects are not taken into account, the dimensions of the computational domain 
are equal to the dimensions of the garage itself. Inside the garage some simplifications are made when 
creating the computational domain; i.e. except for the jet fans, no installations are modeled; doors at the 
entrances for pedestrians are assumed to be closed continuously.  
The garage is ventilated using axial fans in a vertical ventilation duct. The air is extracted through two 
ventilation openings (one at each floor level). According to the specifications of the ventilation system 
design, the ventilation duct should extract 21,500 m3/h under normal operation circumstances and a 
fixed volume flow rate is therefore assigned to this duct. The six jet fans continuously operate at 3,384 
m3/h (nozzle velocity = 10.8 m/s) per jet fan and are included in the domain using fixed velocities at the 
location of the fans. A pressure inlet is imposed at the garage entrance. 
PM10 emissions by the cars are included in the model by means of a source term imposed in a volume 
with a height of 1 m over the entire floor area of the parking garage (both floor levels). The PM10 
emissions are determined based on the procedure explained in Blocken et al. (2016). The resulting 
source terms are 1.97 10-11 kg/m3s (in a volume of 3,721 m3) for level 1 and 2.46 10-12 kg/m3s (in a 
volume of 3,306 m3) for level 2. A PM10 concentration of 20 µg/m3 is assigned to the pressure inlet to 
account for ambient values of PM10 (RIVM, 2016). 

 
Figure 1. Computational domain (and corresponding boundary conditions) of the parking garage 
including possible locations for the ionization units (yellow boxes). 

PROCEEDINGS  — Roomvent & Ventilation 2018798  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 5 – Contaminant Control: Ventilation Systems for Contaminant Control (CC1)

798  |



The possible positions of the ionization units are shown in Figure 1, indicating that most of the possible 
positions are located in the center of the garage (expected location of highest PM10 concentrations). 
Possible positions D, F and I are located in unused garage space and the others positions only occupy 
one parking space. The ionization units have a volume flow rate of 9,000 m3/h with a PM10 removal 
efficiency of 70%, which is implemented using a sink term in the CFD model. The simulated 
configurations can be found in the table in Figure 1. 

2.3 Computational grid 
The grid consists of approximately 11 million hexahedral cells (Fig. 2) and the grid-generation 
technique as presented by van Hooff and Blocken (2010) is applied to create a high-quality and high-
resolution grid that results in low discretization errors and good convergence properties and satisfies the 
international best practice guidelines (e.g. Franke et al., 2007; Tominaga et al., 2008; Blocken, 2015). 
The geometry of the jet fans is modeled explicitly to accurately take into account their effect on the flow 
pattern within the garage.  

 
Figure 2. Computational grid for level 1 of the parking garage. Total grid size is ≈ 11 million cells.  

2.4 Solver settings 
The 3D steady Reynolds-Averaged Navier-Stokes (RANS) equations are solved in combination with 
the realizable k-ε turbulence model (Shih et al., 1995) using the standard wall functions (Launder & 
Spalding, 1974). The SIMPLE algorithm is applied for pressure-velocity coupling. Second-order 
pressure interpolation scheme and second-order upwind discretization schemes are used. PM dispersion 
is modeled in a simplified way, i.e. with an Eulerian advection-diffusion equation and the standard 
gradient-diffusion hypothesis. This means that the particles are treated as a gas, excluding aerosol 
dynamics (e.g. chemical formation, coagulation, condensation). Simulations are conducted using a 
turbulent Schmidt number (Sct) of 0.7 (Tominaga and Stathopoulos, 2007). 

3 RESULTS 
Mean velocity magnitude and PM10 concentration reductions are assessed (for level 1) at garage mid-
height (z = 1.5 m). The focus is on level 1 since it is more intensively used than level 2. Note that the 
contour plots are presented using a logarithmic distribution. Figure 3a presents the velocity contours for 
the situation without ionization units (base case). The figure shows that in the center of level 1 there is 
a region with stagnant air due to the creation of a large recirculation cell by the jet fans. Note that the 
steady RANS simulations do not take into account the transient behavior of the flow inside the garage; 
it can be expected that the amount of mixing is higher and that the region with stagnant air will probably 
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be smaller in reality. Nevertheless, it can be expected that the middle part of the garage is the region 
with least ventilation. 

 
Figure 3. Contours of velocity (a) and PM10 concentration (b) at garage level 1 mid-height (z = 1.5 
m) for the base case configuration. 

The results of the base case simulations are used to determine the configurations for which the PM 
reduction potential is analyzed. Figure 3b shows that relatively high PM10 concentrations are present in 
the stagnation region. Furthermore relatively low PM10 concentrations are present near the garage 
entrance and air with relatively low PM10 concentrations is displaced from the second level over the 
slope to the first level. The absolute PM10 concentration values strongly depend on the chosen set of 
boundary conditions, however, the main aim of this study is to analyze the PM10 reduction potential. 
The impact of the ionization units on the PM10 concentrations in the parking garage and the 
corresponding volume averaged PM10 reduction are presented in Figure 4. The results indicate that 
significant reductions are achieved for the entire garage. However, the results vary significantly for the 
different configurations, since the ionization units affect the flow field inside the garage. 

 
Figure 4. Contours of PM10 reduction percentage at garage level 1 mid-height (z = 1.5 m) for all the 
configurations. Percentages mentioned represent the volume-averaged PM10 concentration reduction. 
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Please note that the volume-averaged PM concentration reduction percentages are not the only 
important performance indicator. As visible in the results, configuration 8 performs significantly better 
than configuration 7 (approximately 8% more PM10 reduction). However, the contour plots in Figure 4 
also show that configuration 7 covers a larger surface area of the garage. Due to the rotational flow in 
the center of the garage for configuration 8 (and due to the fact that the ionization unit is positioned in 
the center of this zone), all the PM removal is present in this zone and does not extend to the rest of the 
garage. In this case, a lower amount of PM removal but with a larger spread (configuration 7) might be 
more desirable. However, it can be expected that in reality there is more mixing and therefore 
configuration 8 is usable as well. Nevertheless, the results clearly show that the use of more than one 
ionization unit is advisable for this garage. 
Configuration 5 (including three ionization units at positions A-E-I) seems to be the most optimal 
configuration with a volume-averaged reduction of 59%. Configuration 5 might perform even better 
when ionization unit A is moved slightly more towards the entrance of the garage (in the same row of 
parking spots). The performance of configuration 6 (including three ionization units at positions A-F-
G) is almost identical to that of configuration 5. The results also show that the PM reduction potential 
is more sensitive to the placement of the ionization units when the amount of ionization units is reduced. 
The comparison between configuration 1 and 2 and configuration 7 and 8 clearly indicates this 
sensitivity. Generally, it can be concluded that the higher the amount of mixing in the garage (by making 
use of the ionization units) the higher the PM reductions are. The generation of regions with stagnant 
air (low air velocities) should be avoided. For this reason, the ionization units are placed in such a way 
that they do not counteract the airflow generated by the jet fans that are currently installed in the garage. 
It is important to note that these findings are based on steady state simulations. 

4 DISCUSSION AND CONCLUSIONS 
A CFD study is conducted to assess the PM10 reduction potential of the ionization units as applied in a 
parking garage. The results of the study show that there is a significant decrease in PM10 concentrations 
inside the parking garage studied. This also means that ambient PM10 concentrations around the parking 
garage would be reduced, since air from the parking garage is exhausted into its urban surroundings.  
For the studied ventilation scenario, the average (over the parking garage level 1 volume) PM10 
reduction for the best performing configurations with 1, 2 and 3 ionization units are 31%, 51% and 59% 
respectively. The results show that the PM10 reduction potential is rather sensitive to the position of the 
unit when one unit is applied. The exact positions become less relevant when the number of ionization 
units is increased. Although PM10 reduction is less sensitive to the positioning of the ionization units 
when more than one unit is considered, it should be noted that there are still significant differences in 
PM10 reductions between the configurations with the same number of ionization units. 
However, it is important to mention that the study has several limitations. The most significant one is 
the fact that steady RANS CFD simulations provide an approximation of the flow inside the garage and 
do not reproduce the specific transient nature of the flow. Future work will – among other things – focus 
on a more detailed inclusion of PM10 source terms, the influence of the use of steady RANS instead of 
e.g. unsteady RANS or large eddy simulation (LES), the interaction of outdoor wind flow with the 
airflow in the parking garage, and the impact of simplifications in the geometry. Furthermore, the results 
are not yet validated; currently full-scale measurements are currently being performed in the ‘lungs of 
the city’ project (Eindhoven) for the latter purpose. 
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SUMMARY  
A 5m×6m×6m large space chamber has been built. Sulfur hexafluoride (SF6) is used to simulate the 
heavy contaminant gas distribution in large spaces. Two kinds of air distribution, two air change rates, 
four contaminant gas emission rates and two contaminant releasing forms are performed. While the 
space is ventilated with a certain air distribution and air change rate throughout each of the experiments, 
the contaminant gas releases continuously only for a period and then stops, and the contaminant 
concentration at several places are recorded. The contaminant concentration distributions in different 
conditions are compared. When the contaminant releasing rate increases, the contaminant starts to 
accumulate in the lower place. 
Keywords: large space; heavy gas; accessibility of contaminant source; contaminant distribution 

1 INTRODUCTION  
Nowadays more and more large space buildings are built with the increase need in manufacturing and 
living, such as the factories, arenas, garages and so on. Besides, in the military respect, there are 
mechanically ventilated large spaces in the vessels with kerosene and other dangerous liquid or gases 
stored. In some researches when the contaminant emission rate increases, the density of the contaminant 
gas seems to play an important role in the contaminant distribution. Khan et al. simulated the light gas 
and heavy gas distribution in a small room with different air inlet and outlet positions. It shows that 
when the air change rate is less than 4 h-1, the effect of the density is obvious, while when the air change 
rate is higher than 8 h-1, only turbulent diffusion is needed to be considered. Ricciardi et al. took 
experiments with SF6 injections in a 36 m3 room and a 1500m3 large space. The experiment results 
showed that even when the contaminant level is not very high, there is still vertical stratification in 
contaminant concentration. It also showed that the distribution in small space is more influenced by the 
injection, while the distribution in large space is more influenced by the air distribution.  
In order to investigate the non-well-mixed environment, the horizontal and vertical contaminant 
concentration distribution, a series of experiments are designed and undertook in a newly-built 
experimental chamber. The aim of the experiments is to find the effect of the contaminant emission rate 
and the ventilation rate on the contaminant distribution. 

2 METHODS 
A 5m(length)×6m(width)×6m(height) large space chamber is constructed in the atrium of a building in 
Tongji University, as shown in Figure 1. The chamber is built with steel and glasses, which are sealed 
well to ensure the air tightness. Thirteen grilles are mounted on the chamber walls. Two of the grilles 
are chosen to perform the air distribution in this research, one is in the middle of the wall and the other 
is in the lower place of the same wall. Two air distribution plans are used, one is middle supply and low 
exhaust, the other is low supply and middle exhaust. 
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Figure 1. The large space chamber and the two grilles used in the experiments. 

 
The contaminant gas is released by a tube inside the chamber. Two kinds of contaminant sources are 
used in this series of experiments. One is assumed as point source. It is modelled by a table tennis ball 
with 288 0.5mm-diameter holes on it, which can be regarded as uniformly dispersing. The contaminant 
gas is transported by a long tube from the container to the releasing location and can be regarded as 
with the same temperature as the environment. The point source is shown in Figure 2(b). The other kind 
of source is jet source, which is performed by releasing through the tube directly without the ball on the 
top. The concentration samplers, the thermocouples and the anemometers are fixed on rigs, as shown in 
Figure 2(a).  
 

   
Figure 2(a). Contaminant sampler, thermocouple  Figure 2(b). Contaminant source. 
 and anemometer head.  
 
The contaminant concentration is measured at six points in each experiment condition. All the 
contaminant measure points are connected to a Photoacoustic Gas Monitor (INNOVA 1412i, 
LumaSense Technologies, Inc., Denmark, 0~500ppm, ±3%) to read and record concentration of a 
measure point at a time. Anemometers (0.05-30m/s, ±0.05m/s) are used to record the velocity at several 
places. Type T Thermocouples (-200~260C, ±0.5C) are used to measure the temperature in the room 
and the data are recorded by the data acquisition unit (Fluke 2638a Hydra Series III).  
The contaminant source location and the measure point locations are illustrated in Figure 3. As shown 
in Figure 3, the contaminant source is either at location A (3m from the floor) or B (1m from the floor) 
in the corner of the chamber in each of the experiments conducted, which makes the experiments 
asymmetrical.  
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Figure 3. Instrument and measured locations. 
 
In this research, the contaminant is only released for a period of time and then the releasing stops. By 
controlling the temperature difference between supply air and the air in the chamber below a certain 
value, the experimental conditions are controlled as isothermal. The experiment conditions are listed in 
Table 1, including details of each experiment condition. In realistic conditions, the ventilation rate of 
an industrial premise should be more than 1h-1. Therefore, the air change rate of 3h-1 and 1h-1 are used 
in this measurement. Each of the condition is reproduced twice, and the data of the three times are 
averaged in latter results. 
 
Table 1. List of experiment conditions 

Experiment 
Number 

Contaminant 
Position 

Point/jet 
source 

Contaminant 
emission 

rate(mL/s) 

Releasing 
period Air distribution 

Air 
change 

rate (h-1) 
A1 A Point 3 3600s Middle blow and 

low exhaust 
3 

B1 B Point 3 3600s 3 
A2 A Point 3 3600s Low blow and 

middle exhaust 
3 

B2 B Point 3 3600s 3 
A3 A Point 3 3600s Middle blow and 

low exhaust 
1 

B3 B Point 3 3600s 1 
B4 B Point 6 900s 

Middle blow and 
low exhaust 

1 
B5 B Point 10 900s 1 
B6 B Point 16 900s 1 

B7 B Jet 16 900s Middle blow and 
low exhaust 1 
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3 RESULTS AND DISCUSSIONS 
In condition A1 (Figure 4(a)) and B1 (Figure 4(b)), the air exhaust opening is in the lower part of the 
chamber, therefore, point 7 (which is not only close to the contaminant source but also in the lower 
plane) is the most polluted point.  
 

 
 (a)  (b) 
Figure 4. The contaminant concentration in A1 and B1 condition. 
 
In condition A2 (Figure 5(a)) and B2 (Figure 5(b)), the air exhaust opening is in the middle height, and 
the vertical airflow direction is opposite to the gravity direction. Therefore, the dense contaminant gas 
sinking is prohibited to some extent, and the concentration of all the measure points are relatively 
uniform (except for point 7, which is far from the contaminant source and in the lower plane). 

 
 (a)  (b) 
Figure 5. The contaminant concentration in A2 and B2 condition.  
 
In A3 and B3 conditions (Figure 6(a) and 6(b)), when decreasing the air change rate to 1 h-1 while the 
contaminant source emission rate is still 3mL/s, the overall concentration increases, but the contaminant 
concentration distribution is uniform in condition A3, which means that the supply air assists the 
contaminant gas to diffuse from the middle plane to the lower plane of the chamber. But in condition 
B3, point 11 and point 18 are more heavily polluted than other points. The difference between A3 and 
B3 is probably because of the local airflow around the contaminant source. 
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 (a)  (b) 
Figure 6. The contaminant concentration in A3 and B3 condition.  
 
Figure 7(a) to Figure 7(d) represent the concentration distributions in condition B4 to B7. Point 18 shows 
the highest concentration far beyond other measure points in all four conditions, because of both short 
horizontal distance from the contaminant source and the low distance from the floor. When the contaminant 
emission rate is not too high (in the condition B4, 6mL/s), concentration at point 11 is the second highest.  

  
(a) (b) 

 
(c) (d) 

Figure 7. The contaminant concentration in B4~B7 condition. 
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However, with the contaminant source emission rate increasing to 10mL/s in B5 and 16mL/s in B6, 
concentration at point 19 turns out to be the second highest, despite the fact that point 19 is far from the 
contaminant source horizontally, which is the evidence of the dense gas gravity effect. The four figures show 
that with the contaminant source emission rate increasing, the density effect of the contaminant source starts 
to appear, in both point source condition (B6) and injection source condition (B7). 

4 CONCLUSIONS 
This research focuses on the heavy gas contaminant distribution when the contaminant source is located 
in the corner of the room. When the contaminant emission rate is small, the pollution is heavier in the 
section close to the contaminant source. With the increase of emission rate, the heavily polluted section 
cannot be controlled around the contaminant source and begins to accumulate near the ground. The 
lower measure point far from the contaminant source shows even higher concentration than some of the 
measure points close to the contaminant source. 
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SUMMARY 
Multi-purpose large spaces can now be found in underground garages, indoor stadiums, or more 
commonly used seagoing ships, which are usually built for the carriage of a wide range of cargoes, as 
well as evacuation of people at overseas. The indoor environment in a multi-purpose cabin usually 
varies, in terms of pollutant emissions, hazardous levels and the corresponding ventilation requirements. 
A possible solution, in addition to a single regular HVAC system, is to use multiple induced jet fans. 
However, to pre-determine a universal design of fans, e.g., numbers, locations, directions, angles and 
flowrates, etc., may not be practical. In this preliminary work, methods to design the adjustable 
ventilation system were discussed. Effects of different arrangements of a 2×2 array of fans on achieving 
various purposes (e.g., dilution, air spilt or airflow pathway, etc.) were studied using both the numerical 
and experimental methods. Both regular and irregular arrangements of the induced fans were discussed.  
More studies are needed to further understand the design method for the adjustable ventilation. 
Keywords: jet, CFD, chamber, contaminant, hazardous 

1 INTRODUCTION 
Multi-purpose large spaces can now be found in underground garages, indoor stadiums, or more 
commonly used seagoing ships, which are usually built for the carriage of a wide range of cargoes (e.g., 
woods, materials and other relative smaller vehicles, etc.), as well as evacuation of people at overseas. 
Two related characteristics of a multi-purpose space are as follows: first, the indoor environment usually 
varies, in terms of heating sources, pollutant emissions, hazardous levels and so on.  Second, the 
corresponding ventilation requirements also vary, depending on the indoor environment.  To be more 
specific, ventilation requirements would be relative low for uninflammable goods, but high for volatile 
and hazardous gases, or high-density of occupants. Therefore, the make, maintain or readjust the indoor 
environment under various conditions using a single regular HVAC system could be difficult. 
A possible solution to provide adequate ventilation and appropriate airflow pattern is to use multiple 
induced jet fans.  However, to pre-determine a universal design of the fans, e.g., numbers, locations, 
directions angles, and flow-rates, etc., may not be practical.  Although overall dilution could be the most 
general goal for ventilation, other strategies, such as air curtain, air spilt or airflow short circuit, etc., 
are also common in accordance to the physical and chemical characteristics of the emissions, and/or the 
required airflow rate for occupants.  However, at present, methods to design an adjustable and scalable 
ventilation system using induced jet fans to achieve multiple purposes in a large space are still not clear. 

2 METHODS 

2.1 Overall approach 
In this preliminary work, the effects of a 2×2 array of fans on achieving four different purposes (i.e., 
dilution, air spilt or short-circuit airflow) were studied using the following steps.  First, a reduced-scale 
laboratory for contaminant control while using induced jet fans was employed to study the effects of an 
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array of fans, and also to validate the numerical (CFD) method.  Then, CFD method was used to further 
study the effects of the arrangements of fans on local contaminant dilution. Finally, future work is 
proposed to develop modular and adjustable ventilation for multi-purpose spaces. 

2.2 Experimental setup 
As shown in Fig. 1(a), a reduced-scale experimental chamber for contaminant control study using 
induced jet fans was used.  The dimensions of the chamber are 5 m × 6 m × 2 m.  The chamber has 
multiple air inlets and outlets that the airflows can be controlled and monitored.  Four induced jet fans, 
each has four suckers, were designed to be fixed on the ceiling, as shown in Fig. 1(b).  However, the 
directions of the airflow can be adjusted.  The distances between two adjacent jet fans are all set to be 
1.8m.  The outlet diameter, height and angle relates to horizontal level of the fans (center of air outlet) 
are 100mm, 1.8m and -30° (airflow are downwards, compared to the horizontal level), respectively. 

   

 

(a) A reduced-scale chamber (b) The induced jet fans (c) Emission source  
Figure 1. Experimental chamber for contaminant control study using four induced jet fans. 

SF6 was used as the tracer gas to study the effects of jet fans on the ventilation effectiveness and 
contamination distribution.  INNOVA 1303 and 1412i were used to release and monitor the 
concentrations of the tracer gas over time.  The emission source is shown in Fig. 1(c).  Temperature and 
airflow were also recorded using other portable devices, both on the walls and the holders. 
In this paper, three arrangements of the directions (i.e., clockwise, counterclockwise and air split mode) 
of the fans were tested as shown in Fig. 2.  Another case with no running jet fans was also dedicated to 
provide a benchmark (E1).  Detailed of the experimental case design are summarized in Table 1. 

   

 

(a) E2: clockwise (b) E3: counterclockwise (c) E4: air split mode  
Figure 2. Three arrangements of induced fans and measurement locations (see dots outside of fans).  
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Table 1. Experimental case design. 
Case ID Jet fan 

arrangements 
Air change rate 
of the chamber 

Jet fan velocity and angle 
relates to horizontal level 

Contaminant 
emission rate 

E1 No running 

~10 h-1 

- 

0.5 mL/s E2 Clockwise 4.7 m/s, -30° 
E3 Counter clockwise 4.7 m/s, -30° 
E4 Air split mode 4.7 m/s, -30° 

2.3 CFD method 
CFD method was used to study the effects of adjustable fans.  To validate the CFD method using 
experimental data, one model was used with similar geometry characteristics to the experimental 
chamber, as shown in Fig. 3(a).  Because the scale of the chamber is reduced, to fully study the 
adjustable ventilation using induced jet fans, a second CFD model was used, as shown in Fig. 3(b), with 
dimensions of a large multi-purpose space. Both models given in Fig. 3 were used to conduct simulation 
using CFD methods, e.g., meshing algorithm ((a): 0.8 million unstructured cells, (b): 0.2 million 
structure cells; and independence check), viscous model (realizable k-ε), Boussinesq approximation, 
boundary conditions, solver (SIMPLE scheme) and discretion method (second order upwind method 
for momentum, turbulent and energy terms), etc., that were kept as identical as possible, and using the 
same commercial CFD code.  Other details can be found in ref. (Wang, 2017) and were omitted here. 

  
(a) CFD model used to compare with experiments (b) CFD model used to study jet fan effects 

Figure 3. Two models used in CFD simulation (Wang et al., 2016(a)). 

3 RESULTS AND DISCUSSION 

3.1 Experimental results 
Measurements of SF6 concentrations at two locations are selected as examples, as shown in Fig. 4. 

  
(a) At location No. 1 (b) At location No. 4 

Figure 4. Measurements of SF6 concentrations at two measurement locations. 

array of fans, and also to validate the numerical (CFD) method.  Then, CFD method was used to further 
study the effects of the arrangements of fans on local contaminant dilution. Finally, future work is 
proposed to develop modular and adjustable ventilation for multi-purpose spaces. 

2.2 Experimental setup 
As shown in Fig. 1(a), a reduced-scale experimental chamber for contaminant control study using 
induced jet fans was used.  The dimensions of the chamber are 5 m × 6 m × 2 m.  The chamber has 
multiple air inlets and outlets that the airflows can be controlled and monitored.  Four induced jet fans, 
each has four suckers, were designed to be fixed on the ceiling, as shown in Fig. 1(b).  However, the 
directions of the airflow can be adjusted.  The distances between two adjacent jet fans are all set to be 
1.8m.  The outlet diameter, height and angle relates to horizontal level of the fans (center of air outlet) 
are 100mm, 1.8m and -30° (airflow are downwards, compared to the horizontal level), respectively. 

   

 

(a) A reduced-scale chamber (b) The induced jet fans (c) Emission source  
Figure 1. Experimental chamber for contaminant control study using four induced jet fans. 

SF6 was used as the tracer gas to study the effects of jet fans on the ventilation effectiveness and 
contamination distribution.  INNOVA 1303 and 1412i were used to release and monitor the 
concentrations of the tracer gas over time.  The emission source is shown in Fig. 1(c).  Temperature and 
airflow were also recorded using other portable devices, both on the walls and the holders. 
In this paper, three arrangements of the directions (i.e., clockwise, counterclockwise and air split mode) 
of the fans were tested as shown in Fig. 2.  Another case with no running jet fans was also dedicated to 
provide a benchmark (E1).  Detailed of the experimental case design are summarized in Table 1. 

   

 

(a) E2: clockwise (b) E3: counterclockwise (c) E4: air split mode  
Figure 2. Three arrangements of induced fans and measurement locations (see dots outside of fans).  
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Although four curves in Fig. 4(b) show similar results, Fig. 4(a) suggests that, case 4, which is the “air 
split mode”, performs the best, in terms of diluting SF6 concentrations. 

3.2 Validation of CFD method 
To validate the CFD method used in this study, the SF6 concentrations between experimental data and 
simulations at two measurement locations (due to the length limitation of this paper), i.e., Nos. 4 and 5, 
are compared, as illustrated in Fig. 5.  In this case, the first model (see Fig. 3(a)) was used, to represent 
the geometry of the experimental chamber.  The results of SF6 concentrations from Fig. 5 at the two 
locations coincide with each other, suggesting that the CFD method described in Section 2.3 can be 
used to further study the second CFD model. Although omitted in this paper, similar agreements can be 
found between the CFD method and experimental data in terms of spatial difference at various locations. 

  
(a) At location No. 4 (b) At location No. 5 

Figure 5. Comparison of SF6 concentrations between experimental data and simulations. 

3.3 The effects of induced jet fan arrangements on contamination control 
Seven cases are first dedicated to study the effects of arrangements on contaminant control.  Among the 
cases, as shown in Fig. 6, case 0 has no running jet fans, while the rest are “regular” arrangements, i.e., 
clockwise, counterclockwise, upward, downward, leftward and rightward, respectively (Wang, 2017). 

 Fan 
arrangement Airflow

Case 0

 

Case 1 

Case 2

Case 3

Case 4

Case 5

Case 6
 

  
(a) Case design (b) Mass fraction at 1.5m in height (c) air age distribution at 1.5m in height 

Figure 6. Comparison of “regular” arrangements of induced jet fans on contamination control. 
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Fig. 7 shows the areas that the mass fraction of contaminant is greater than 2×10-5, before running the 
induced fans (Wang et al., 2016(b)). 

 
Figure 7. The areas that the mass fraction is greater than 2×10-5 without induced fans. 

By combing Figs. 6 and 7, it can be found that, without the induced fans, the contamination could be 
accumulated in the central areas on the floor level of the space.  This is because, first, the air supply and 
air return of this space can act in a way that the air movement in the central areas can be low.  Second, 
the contaminant adopted in this study, SF6, is heavier than air.  Although only one contaminant is used 
in this paper, similar outcomes can be observed using other contaminants that are heavier than air.  
However, caution should be taken if H2 or any other pollutant that is lighter than air is of interest. 
By adding the induced fans (in a regular arrangement), the dilution of the contaminant can be better.  
Furthermore, since the air age range inside the space is mainly determined by air change rate of the 
space, in other words, the induced fans may not be able to increase or decrease the air age range to a 
great extent, see Fig.6(c), one of the main effects of using these induced fans is to eliminate areas that 
have potential high concentrations of contamination.  In this sense, cases 1 and 4 are showing better 
results in terms of averaging the concentrations of the contaminant. 
Another four cases that are designed to represent “irregular” arrangements of the induced fans are also 
used to study the effects on contaminant control.  Since there are hundreds of irregular arrangements 
can be made, only four are selected to demonstrate and are shown in Fig. 8. 

 Fan
arrangement Airflow Mass fraction of SF6

at 1.5m in height

Case 7

 

Case 8

Case 9

Case 10

Figure 8. Comparison of “irregular” arrangements of induced fans on contamination control. 

Although four curves in Fig. 4(b) show similar results, Fig. 4(a) suggests that, case 4, which is the “air 
split mode”, performs the best, in terms of diluting SF6 concentrations. 
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To validate the CFD method used in this study, the SF6 concentrations between experimental data and 
simulations at two measurement locations (due to the length limitation of this paper), i.e., Nos. 4 and 5, 
are compared, as illustrated in Fig. 5.  In this case, the first model (see Fig. 3(a)) was used, to represent 
the geometry of the experimental chamber.  The results of SF6 concentrations from Fig. 5 at the two 
locations coincide with each other, suggesting that the CFD method described in Section 2.3 can be 
used to further study the second CFD model. Although omitted in this paper, similar agreements can be 
found between the CFD method and experimental data in terms of spatial difference at various locations. 
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3.3 The effects of induced jet fan arrangements on contamination control 
Seven cases are first dedicated to study the effects of arrangements on contaminant control.  Among the 
cases, as shown in Fig. 6, case 0 has no running jet fans, while the rest are “regular” arrangements, i.e., 
clockwise, counterclockwise, upward, downward, leftward and rightward, respectively (Wang, 2017). 
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Among the four irregular arrangements of the induced fans, case 10 has the lowest average 
concentration at the interested area.  One of the common characteristics between cases 1 and 10 is that, 
in both cases, the airflow movements caused by the induced fans are acting as a strong force that are 
against the mainstream flow caused by the air supply/return of the space, forming a new “airflow 
pathway” (originally, the airflow pathway is determined by the air supply/return of the space and can 
be a short circuit in this case, see Fig. 3(b)), as shown in Fig. 9, to allow the air to mix with contaminant 
longer, in terms of the streamline.  By doing so, the potential areas that have low air movement can be 
minimized.  Therefore, resulting in lower average concentration at the interested area. 

 
Figure 9. The effect of “airflow pathway” using induced fans. 

4 CONCLUSIONS 
Preliminary discussions on effects of both the “regular” and “irregular” arrangements of an array of 2×2 
induced fans on contaminant control and the design method on the adjustable ventilation systems for 
multi-purpose large spaces were presented.  The results showed that adjustable ventilation using induced 
fans would be useful to provide various airflow environment for a large space, especially when the 
required ventilation strategies would be varied significantly under different circumstances.  More 
studies are needed to further understand the design method of induced fans (in arrays) for multi-purpose 
spaces, and also the possibilities of using induced fans in a multi-array fashion. 
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SUMMARY 
The main objective of this study is to characterize the emissions of airborne particles generated from a 
metal additive manufacturing machine. A complete measurement methodology involving direct-
reading instruments associated with conventional aerosol sampling was deployed around a Direct 
Metal Deposition (DMD) machine. The number and mass concentrations as well as the number size 
distribution profiles of airborne particles emitted during 6 manufacturing cycles were simultaneously 
measured at the source and in the near field (1.2 m away from the door). Different instruments were 
used to characterize the machine emission: 2 Nanoscan (TSI, 3910), 2 OPS (TSI, 3330), 3 Discmini 
(Testo). Therefore, a wide size range from 10 nm up to 10 µm is covered, and the number 
concentration of airborne particles can be measured up to 106 #/cm3. The same piece was produced for 
the six 30 minute cycles: the first 3 cycles were operated with a low deposition rate nozzle and the last 
3 cycles with a high deposition rate nozzle. The measurement was performed during both the 
manufacturing process and transient operating phases such as machine door opening and part removal 
by the operator. The extraction ventilation operating on the machine was recorded and analyzed. 
Number of particles and size distribution profiles obtained for the different machining phases show 
low exposure to airborne particles under normal conditions along with a higher rate of particle 
emission during transient phases. In addition, the results relative to the different deposition rate 
nozzles will be discussed. 
Keywords: emissions, metallic additive manufacturing, aerosols, exposure, ventilation  

1 INTRODUCTION 
Initiated in the early 1980s by laboratory work and the filing of some patents in 1984, additive 
manufacturing consists of adding material to form a part, rather than removing it as it is the case in 
current manufacturing processes. Additive manufacturing covers a very wide range of processes. Its 
rapid development in recent years and the potential of associated applications mean that 
manufacturers are investing in various technologies related to additive manufacturing or 3D printing 
(Stefaniak, 2017), (Weber, 2017), (Stephens, Azimi et al. 2013). From the general public to 
professionals in the industry, aeronautics and automotive sectors, the possibilities of parts production 
and manufacturing processes optimization generate opportunities in many areas and in many stages of 
producing process. 
The main advantages of additive manufacturing rely in the reduction of the cost of parts, the reduction 
of manufacturing times, the construction of functional prototypes, the production of complex shapes, 
the increase in material yield, the reduction of fixed costs related to the manufacture of molds and 
tools as well as the elimination of cutting fluids and chips. 
The additive manufacturing process can either produce parts based on polymer materials (ABS, PLA, 
nylon) (Azimi, Zhao et al. 2016) or based on metallic powders (Boisselier, Sankare 2012).  
 

Among the four irregular arrangements of the induced fans, case 10 has the lowest average 
concentration at the interested area.  One of the common characteristics between cases 1 and 10 is that, 
in both cases, the airflow movements caused by the induced fans are acting as a strong force that are 
against the mainstream flow caused by the air supply/return of the space, forming a new “airflow 
pathway” (originally, the airflow pathway is determined by the air supply/return of the space and can 
be a short circuit in this case, see Fig. 3(b)), as shown in Fig. 9, to allow the air to mix with contaminant 
longer, in terms of the streamline.  By doing so, the potential areas that have low air movement can be 
minimized.  Therefore, resulting in lower average concentration at the interested area. 

 
Figure 9. The effect of “airflow pathway” using induced fans. 

4 CONCLUSIONS 
Preliminary discussions on effects of both the “regular” and “irregular” arrangements of an array of 2×2 
induced fans on contaminant control and the design method on the adjustable ventilation systems for 
multi-purpose large spaces were presented.  The results showed that adjustable ventilation using induced 
fans would be useful to provide various airflow environment for a large space, especially when the 
required ventilation strategies would be varied significantly under different circumstances.  More 
studies are needed to further understand the design method of induced fans (in arrays) for multi-purpose 
spaces, and also the possibilities of using induced fans in a multi-array fashion. 
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In this paper, we will be focusing on a metallic additive manufacturing process. The objective of this 
study is to characterize the emissions generated from a fixed additive manufacturing cycle using 
stainless steel 316L powder.  
The different chemical risks come from the use of metals such as nickel, cobalt, titanium and 
associated alloys. These metals are mainly present in the form of powder size of less than 50 microns 
and whose degradation products during their fusion are not precisely studied. 
The emissions generated from metal additive manufacturing process are only partially covered in the 
literature and the effects of local exhaust ventilation on the process need to be precisely characterized. 

2 METHODS 
The process characterized in this study is part of the Direct Metal Deposition manufacturing method 
which consists of depositing molten metal powder layer after layer. The manufacturing process takes 
place in a sealed enclosure of the machine. In order to evaluate the particles emitted from the process, 
a series of real time instruments has been placed in two different locations: one at the source of the 
process inside the machine enclosure, the second in the near field of the machine close to the machine 
opening door (~1.2 m away from the machine enclosure door). 2 Nanoscan (TSI 3910, 0.75 l.min-1), 2 
Optical Particle Sizer (OPS, TSI 3330, 1 l.min-1), and 3 DiSCmini (Testo, 1 l.min-1) were used during 
this study. One critical operational phase consists in opening the door of the machine at the end of the 
manufacturing process in order to remove the piece produced from the enclosure. A DiSCmini was 
worn by the operator to record the signal during this transient phase (Figure1). 
 

 
 

Figure 1. Measurement locations around the additive manufacturing process 
 
Six operating cycles have been realised. The first three (series n°1 – cycles 1 to 3) were done with a 
low deposition nozzle (nozzle 1), the last three cycles (series n°2 – cycles 4 to 6) with a high 
deposition nozzle (nozzle 2). Each cycle has been defined to produce an identical part using stainless 
steel 316L powder. The duration of the cycle was set to 30 minutes. The size distribution of the 
powder was in the range from 45 µm to 106 µm. During the process, a filtered air ventilation is made 
within the machine enclosure (~ 300 m3.h-1) to remove the emitted fumes and particles towards the 
extraction system.  Sequential machining cycles were carried out to investigate the impact of the door 
opening phase on particle diffusion. At the end of the last cycle of each series (cycles 3 and 6), a time 
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delay of 8 minutes was set before opening the door was set. During this delay, the machining was 
completed and the air ventilation remained activated at 330 m3.h-1. 

3 RESULTS AND DISCUSSION 
The particle number size distributions measured at the source close to the metal deposition nozzle 
were plotted for the six different cycles (Figure 2). The particle size distribution inside the machine 
enclosure before the first manufacturing cycle presents a mode around 80 nm associated with a total 
number concentration of 8000 #/cm3. Cycles 1 to 3 were done with the low deposition rate nozzle, 
while cycles 4 to 6 were done with the high deposition rate nozzle. Cycles 1 to 3 lead to a particle size 
distribution centered around 50 nm compared to a particle size distribution centered around100 nm for 
cycles 4 to 6. On the contrary, the number concentration during the 6 cycles is quite constant, 
independent of the nozzle, and found in a range from 2.5.106 to 4.5.106 #/cm3. Therefore, this additive 
manufacturing process leads to high number values of emitted nanoparticles at the source (~ 1000-fold 
the concentration measured before the manufacturing process). 
 

 

Figure 2. Particle size distributions for cycles 0 to 6 
 
The particle number size distributions from the measurements done at the near field location (outside 
of the machine enclosure at 1.2 m from the opening door) were plotted Figure 3. Figure 3 represents 
the results averaged for each machining cycle (left) and for the door opening phase for the cycles 1 to 
6 (right). The number of particles at the near field is ~2000 times lower compared to the values 
measured in the vicinity of the additive process; this is due to the sealed enclosure of the machine. It 
can be seen that the distributions are slightly higher during the opening phase, this shows that when 
the door is opened, even if the process has already ended, some particles could be convected outside 
of the machine. Cycle 0 is plotted on both graphs and shows the particle size distribution in the near 
field before the first machining cycle. 
 
 

In this paper, we will be focusing on a metallic additive manufacturing process. The objective of this 
study is to characterize the emissions generated from a fixed additive manufacturing cycle using 
stainless steel 316L powder.  
The different chemical risks come from the use of metals such as nickel, cobalt, titanium and 
associated alloys. These metals are mainly present in the form of powder size of less than 50 microns 
and whose degradation products during their fusion are not precisely studied. 
The emissions generated from metal additive manufacturing process are only partially covered in the 
literature and the effects of local exhaust ventilation on the process need to be precisely characterized. 

2 METHODS 
The process characterized in this study is part of the Direct Metal Deposition manufacturing method 
which consists of depositing molten metal powder layer after layer. The manufacturing process takes 
place in a sealed enclosure of the machine. In order to evaluate the particles emitted from the process, 
a series of real time instruments has been placed in two different locations: one at the source of the 
process inside the machine enclosure, the second in the near field of the machine close to the machine 
opening door (~1.2 m away from the machine enclosure door). 2 Nanoscan (TSI 3910, 0.75 l.min-1), 2 
Optical Particle Sizer (OPS, TSI 3330, 1 l.min-1), and 3 DiSCmini (Testo, 1 l.min-1) were used during 
this study. One critical operational phase consists in opening the door of the machine at the end of the 
manufacturing process in order to remove the piece produced from the enclosure. A DiSCmini was 
worn by the operator to record the signal during this transient phase (Figure1). 
 

 
 

Figure 1. Measurement locations around the additive manufacturing process 
 
Six operating cycles have been realised. The first three (series n°1 – cycles 1 to 3) were done with a 
low deposition nozzle (nozzle 1), the last three cycles (series n°2 – cycles 4 to 6) with a high 
deposition nozzle (nozzle 2). Each cycle has been defined to produce an identical part using stainless 
steel 316L powder. The duration of the cycle was set to 30 minutes. The size distribution of the 
powder was in the range from 45 µm to 106 µm. During the process, a filtered air ventilation is made 
within the machine enclosure (~ 300 m3.h-1) to remove the emitted fumes and particles towards the 
extraction system.  Sequential machining cycles were carried out to investigate the impact of the door 
opening phase on particle diffusion. At the end of the last cycle of each series (cycles 3 and 6), a time 
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Figure 3. Particle size distributions at the near field for cycles 0 to 6 during the additive process 
(left). Particle size distributions at the near field during the machine door opening phase (right). 
 
In order to analyse the impact of the time delay set on the machine for cycles 3 and 6, we have plotted 
the particle size distributions measured at the near point for each cycle (Figure 4). The distribution is 
slightly higher during the opening phase, except for the cases where a time delay (8 minutes) is set 
(cycles 3 and 6). During the time delay, the ventilation inside the machine enclosure extracts the 
emitted particles and prevents their transport outside of the machine when opening the door. 
 

 
 

 

Figure 4. Particle size distributions for cycles 1 to 6 - Time delay effect (near-field). 
 
When the manufacturing process is completed, the emission from the source is stopped. As the 
ventilation in the machine enclosure is still active, we have measured for cycle 3 and cycle 6 the 
particle number concentrations inside the enclosure versus time. The curves are plotted Figure 5 and 
confirm the low number concentration of particle when an 8 minutes delay is fixed before opening the 
machine door.  
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Figure 5. Particle number concentrations during the time delay. 
 

The time profiles of the particle number concentration in the near field and on the operator are plotted 
Figure 6. The values in the near field location are relatively low during the whole day. The different 
cycles are shown on the graph and the measurements done on the operator present a clear increase 
after each cycle (up to 1.0.106 #/cm3), when the operator opened the door and removed the part inside 
the enclosure. Around 16:25, the highest values are recorded due to a dysfunction of the process, 
which required the operator to enter in the enclosure for approximately 15 minutes.  

 

 

Figure 6. Particle number concentration versus time at different locations 

 

Figure 3. Particle size distributions at the near field for cycles 0 to 6 during the additive process 
(left). Particle size distributions at the near field during the machine door opening phase (right). 
 
In order to analyse the impact of the time delay set on the machine for cycles 3 and 6, we have plotted 
the particle size distributions measured at the near point for each cycle (Figure 4). The distribution is 
slightly higher during the opening phase, except for the cases where a time delay (8 minutes) is set 
(cycles 3 and 6). During the time delay, the ventilation inside the machine enclosure extracts the 
emitted particles and prevents their transport outside of the machine when opening the door. 
 

 
 

 

Figure 4. Particle size distributions for cycles 1 to 6 - Time delay effect (near-field). 
 
When the manufacturing process is completed, the emission from the source is stopped. As the 
ventilation in the machine enclosure is still active, we have measured for cycle 3 and cycle 6 the 
particle number concentrations inside the enclosure versus time. The curves are plotted Figure 5 and 
confirm the low number concentration of particle when an 8 minutes delay is fixed before opening the 
machine door.  
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5 CONCLUSIONS 
Metal additive manufacturing is a growing technology with potential chemical risks associated. We 
have measured in the DMD machine enclosure a high ultrafine particle emission for different 
machining cycles. Transient phase of door opening has been evaluated with measurement performed 
on the operator. These results highlight the need for wearing protective equipment when intervention 
in the enclosure of the machine is needed. A ventilation system present on the machine allows 
evaluate a time delay between the end of the manufacturing process and the enclosure door opening. 
This possibility could be a solution to reduce/prevent an exposure of the operator. The other metal 
additive manufacturing processes will be evaluated in a subsequent study. 
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SUMMARY 
The stagnation characteristics of exhaust gas from a fuel cell unit was observed in a full-scale 
experimental setup where common hallway or alcove space in multi-story dwellings was reproduced in 
cope with possible separate installation conditions of the fuel cell unit and backup boiler. The stagnation 
conditions of the exhaust gas from the fuel cell unit were observed both with experiment and CFD 
simulation in case of opening area was 1 m² or more for the hallway and 2 m² or more for an alcove 
space. Our results showed that natural ventilation sufficiently diluted air in those public spaces, and that 
no significant stagnation was observed. 
Keywords: fuel cell, stagnation characteristic, multi-story dwelling, common hallway, alcove space  

1 INTRODUCTION  
When installing a fuel cell system in a common hallway, the installation standards for gas equipment 
are applied in Japan. It is conceivable to install only the fuel cell in a common hallway, by diversifying 
of the installation form. Because the fuel cell unit has small gas consumption, its exhaust gas doesn’t 
stagnate, and it may be possible to loosen the standard. 
In addition, there is no knowledge of the stagnation characteristics of exhaust gas from fuel cell units 
installed in an alcove with walls, stairs, etc. 
In this research, we aim to obtain knowledge about the stagnation characteristics of exhaust gas from 
fuel cell units installed in common hallways or alcoves. 

2 METHODS 

2.1 Experiment  
A fuel cell unit was reproduced in a full-scale experiment model of a common hallways or alcove. The 
concentration of CO2 in the air of the respiration area was measured at F.L. + 1500mm. A CO2 
concentration of 3,500 ppm was used as a reference value of SHASE (The Society of heating, Air-
conditioning and Sanitary Engineers of Japan) S-102” Ventilation Requirements for Acceptable Indoor 
Air Quality”. Experiments were conducted for the cases as shown in Figs.1, 2 and presented in Table 
1,2. The ceiling height was F.L. + 2700mm and the equipment exhaust port height was F.L. + 2200 mm 
in both cases. 
In Nos.1, 4, and 12, a laser light sheet was irradiated on a cross-section near the opening, and the exhaust 
jet flow was visualized when it passed through the-cross section. 
 
 

5 CONCLUSIONS 
Metal additive manufacturing is a growing technology with potential chemical risks associated. We 
have measured in the DMD machine enclosure a high ultrafine particle emission for different 
machining cycles. Transient phase of door opening has been evaluated with measurement performed 
on the operator. These results highlight the need for wearing protective equipment when intervention 
in the enclosure of the machine is needed. A ventilation system present on the machine allows 
evaluate a time delay between the end of the manufacturing process and the enclosure door opening. 
This possibility could be a solution to reduce/prevent an exposure of the operator. The other metal 
additive manufacturing processes will be evaluated in a subsequent study. 
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Figure 1. Models of common hallways 
 

 
Figure 2. Models of alcoves 
 

Table 1. Overview of common hallways(No.1-10) Table 2. Overview of alcoves(No.11-16) 
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2.2 Prediction of CO2 concentration in the case of only fuel cell units installed in a common 
hallway  
We aimed to develop a simple method for predicting CO2 concentration in a respiration area and examine 
the relationship between the CO2 concentration and the area of the ventilation opening. When the fuel cell 
unit was separately installed in the common hallway, we derived Eq.1 for obtaining the amount of 
ventilation, Q [m³/s], from the ventilation drive force, pressure loss, and calorie balance in the minute 
portion. Then we defined Cp [J/(kg/K)] as the specific heat at constant pressure of the air, ρ [kg/m³] as the 
density of the air, T0[K] as the outside air temperature, W[J/s] as the heat of the exhaust gas, α [-] as flow 
coefficient, g [m/s2] as the gravitational acceleration, L[m] as the opening height. In addition, we derived 
Eqs.2 and 3 for obtaining the CO2 concentration of both the upper part C1 [-] and the lower part C2[-] from 
the CO2 concentration distribution and total CO2 balance obtained in the experiment. Then, we defined 
M[m³/s] as the emission of CO2 from the fuel cell unit, C0 [-] as the CO2 concentration of the outside air. 
Assuming the inflow Q1 [m³/s] from the upper part to the lower part to be a constant multiple of Q, when 
the coefficient was tuned by examining reproducibility (described later), the optimum value was 0.09. 

 𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝜌𝜌𝜌𝜌0𝑇𝑇𝑇𝑇0𝑄𝑄𝑄𝑄3 − W𝑄𝑄𝑄𝑄2 − �𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼
3
�
2

WgL = 0  (1)

𝐶𝐶𝐶𝐶1 = 𝐶𝐶𝐶𝐶0𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄
𝑄𝑄𝑄𝑄

 (2)

𝐶𝐶𝐶𝐶2 = 𝐶𝐶𝐶𝐶0 + (𝐶𝐶𝐶𝐶1−𝐶𝐶𝐶𝐶0)𝑄𝑄𝑄𝑄1
𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄1

 (3)  
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2.3 CFD simulation  
A CFD simulation was carried out to determine the stagnation characteristics of exhaust gas from a fuel 
cell unit in a common hallway and alcove. 
For the common hallway models in the experiments, we used CFD simulation models. The CFD 
simulation conditions are presented in Table 3. For the boundary conditions of the fuel cell unit, we 
used the actual values measured from a fuel cell operating with a rated output. For the outside air 
conditions, we used the actual measurement values obtained from experiment No.1. The common 
hallway and air outlet of the gas water heater were reproduced in a large space. We also assumed an 
inflow of fresh outside air into the large space, and modelized this real phenomenon. The cases studied 
are shown in Fig.3 and presented in Tables.4 and 5. 
Table 3. CFD simulation conditions 

 

Figure 3. Plan of alcoves (No.42-44) 

Table 4. Overview of common hallways(No.17-35) Table 5. Overview of alcoves(No.36-44)
 

No. model Opening space 
[m²] 

Opening width 
[m] 

Opening height 
[m] 

x 
[m] 

17 a 
2 

6 0.33 0 
18 0.3 
19 

b 
1 1 0 20 2 0.5 21 0.3 

22 
a 

1 

6 0.17 0 
23 0.3 24 2 0.5 
25 

b 
1 0.5 0 26 2 0.25 27 0.3 

28 
a 0.25 0.5 0.5 

0.1 
29 0.2 
30 0.3 
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c 
2 4 0.5 0 

32 0.3 
33 

1 4 0.25 0 
34 0.3 
35 1 1 0.3 

No. model Opening 
space [m²] 

Opening 
width 

[m] 

Opening 
height 

[m] 

The 
position 
of the 

fuel cell 
36 d 

1 

1 0.5 

A 

37 0.5 1 
38 e 2 0.5 
39 1 

1 40 

f 

Aperture 
ratio 
25% 4 

41 Aperture 
ratio 
50% 

0.5 
42 

2 1 43 
44 

 

3 RESULTS 

3.1 Experiment results  
Fig.4 shows the experimental results obtained from the measurement of CO2 concentration in the 
respiration area of common hallways. When the total opening area of 1m², concentration tended to be 
higher than when the area was 2m². The concentration in No. 6, in which the opening height was 
smallest. However, concentration in every case was approximately 400 to 700 ppm and satisfied the 
reference value. 
Fig.5 show visible images of the exhaust jet flow passing through the cross section near the opening. In 
No. 1, the exhaust jet flow was not disturbed by the wall. However, in No. 4, it was in contact. It 

item Details
CFD code Code C

Turbulence model standard k-ε model
Analysis area 6×11×10(m)

boundary 
condition

air outlet of the gas 
water heater

velocity,temperature,
CO2 density based on 
actual measurement

outlet Flow distribution 
outlet

Difference scheme Secondary windward 
accuracy

No.42 No.43 No.44

an opening with 
lattices
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2.2 Prediction of CO2 concentration in the case of only fuel cell units installed in a common 
hallway  
We aimed to develop a simple method for predicting CO2 concentration in a respiration area and examine 
the relationship between the CO2 concentration and the area of the ventilation opening. When the fuel cell 
unit was separately installed in the common hallway, we derived Eq.1 for obtaining the amount of 
ventilation, Q [m³/s], from the ventilation drive force, pressure loss, and calorie balance in the minute 
portion. Then we defined Cp [J/(kg/K)] as the specific heat at constant pressure of the air, ρ [kg/m³] as the 
density of the air, T0[K] as the outside air temperature, W[J/s] as the heat of the exhaust gas, α [-] as flow 
coefficient, g [m/s2] as the gravitational acceleration, L[m] as the opening height. In addition, we derived 
Eqs.2 and 3 for obtaining the CO2 concentration of both the upper part C1 [-] and the lower part C2[-] from 
the CO2 concentration distribution and total CO2 balance obtained in the experiment. Then, we defined 
M[m³/s] as the emission of CO2 from the fuel cell unit, C0 [-] as the CO2 concentration of the outside air. 
Assuming the inflow Q1 [m³/s] from the upper part to the lower part to be a constant multiple of Q, when 
the coefficient was tuned by examining reproducibility (described later), the optimum value was 0.09. 
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𝐶𝐶𝐶𝐶1 = 𝐶𝐶𝐶𝐶0𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄
𝑄𝑄𝑄𝑄

 (2)

𝐶𝐶𝐶𝐶2 = 𝐶𝐶𝐶𝐶0 + (𝐶𝐶𝐶𝐶1−𝐶𝐶𝐶𝐶0)𝑄𝑄𝑄𝑄1
𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄1

 (3)  
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evacuated from the upper part of the opening, and so in both cases we consider the inflow of outside air 
to occur from the lower part of the opening. 
 

 
Figure 4. CO2 concentration of common hallways(No.1-10) 

(No.1) 

(No.4) 
Figure 5. The exhaust 

jet flow near the opening 

Fig.6 shows the experimental results obtained from the measurement of CO2 concentrations in the 
respiration area of alcoves. These concentrations were approximately 500 ppm and satisfied the 
reference value. Fig.8 show visible images of the exhaust jet flow passing the cross section shown in 
Fig.7. The exhaust gas moves along the ceiling and is exhausted from the upper part of opening. Outside 
air is then supplied from the lower part.  

 

Figure 6. CO2 concentration of alcoves(No.11-16) Figure 7. Overview of cross sections 

 
Figure 8. The exhaust jet flow(No.12) 

3.2 Prediction of CO2 concentration when only fuel cell units installed in common hallway  
Because the prediction formula uses assumptions (such as temperature distribution uniformity), it 
produces rough predictions. But it is possible to estimate the required opening area and opening height 
from the respiratory region CO2 concentration. Prediction was made assuming that CO2 concentration 
in the respiratory region was 1,000 ppm. It was predicted that a square opening shape with an opening 
area of 0.25 m 2 would be necessary. 

3.3 CFD simulation 

3.3.1 Reproducibility confirmation 
The results of the CO2 concentration in the respiration area by CFD simulation and prediction formula 
are shown Fig.4, along with the experiment results. The differences from the experimental results were 
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：cases which the opening shapes were the same and the opening 
positions were different

less than 100 ppm for both CFD and the prediction formula. It is almost reproduced about the CO2 
concentration in the respiration area.  

3.3.2 In common hallways 
Fig.9 shows the CO2 concentrations in the respiration area. Similar to the experiments, smaller openings 
led to higher CO 2 concentrations in the respiration area. However, these concentrations (approximately 
400-1,300 ppm) satisfied the reference standard in all cases. 
In Nos. 28, 29, and 30, the opening areas were 0.25 m² and the value 1,000 ppm predicted using the 
prediction formula was somewhat different in concentration from 1,000 ppm. The lower the opening 
position, the lower the CO2 concentrations in the respiration area. When cases with similar opening 
shapes and different opening positions were compared (even in cases with total openings area of 1m², 
2m²) similar cases were found for all combinations, expect for Nos. 22 and 23. 
With respect to case Nos. 18, 21, 27–30, 32, and 34, in which the opening shapes were the same and the 
opening positions were different, the height relationship between the equipment exhaust port and the 
opening was arranged as shown in Fig.10. This figure shows that the lower opening in each combination 
occurs at a position including the equipment exhaust port height (F.L. + 2200 mm). 
Therefore, we additionally studied the relationship between the positional relationship in the height 
direction of the equipment exhaust port and the opening portion and the relationship between the CO2 
concentrations in the respiration area. 
A CFD simulation was carried out under the same conditions as in No. 23 for a common hallway model, 
in which the opening was located in front of the equipment exhaust port, with an equipment exhaust 
port height of 2300 mm, while maintaining the common hallway No. 23. As shown in Fig.11, the CO2 
concentrations in the respiration area were lower than in Nos. 22 and 23.  
Therefore, it can be said that the CO2 concentrations in the respiration area are affected by the positional 
relationship in the height direction between the equipment exhaust port and the opening, rather than the 
position of the opening. Depending on the positional relationship in the height direction, the inflow of 
outside air from the lower part of the opening is considered to change. 
  

Figure 9. CO2 concentration of common hallways(No.17-35)  

  

Figure 10. the height relationship between the equipment and 
the opening 

Figure 11. CO2 concentration of 
common hallways (No.22,23,22-α) 
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evacuated from the upper part of the opening, and so in both cases we consider the inflow of outside air 
to occur from the lower part of the opening. 
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Fig.6 shows the experimental results obtained from the measurement of CO2 concentrations in the 
respiration area of alcoves. These concentrations were approximately 500 ppm and satisfied the 
reference value. Fig.8 show visible images of the exhaust jet flow passing the cross section shown in 
Fig.7. The exhaust gas moves along the ceiling and is exhausted from the upper part of opening. Outside 
air is then supplied from the lower part.  
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Figure 8. The exhaust jet flow(No.12) 
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from the respiratory region CO2 concentration. Prediction was made assuming that CO2 concentration 
in the respiratory region was 1,000 ppm. It was predicted that a square opening shape with an opening 
area of 0.25 m 2 would be necessary. 
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3.3.1 Reproducibility confirmation 
The results of the CO2 concentration in the respiration area by CFD simulation and prediction formula 
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3.3.3 In alcoves 
Fig. 12 shows the experimental results obtained from the measurement of CO2 concentrations in the 
respiration area. In all cases, the CO2 concentrations satisfied the reference value. 
In addition, when the opening shape patterns were compared, the CO2 concentrations in the respiration 
area were higher when the height was halved relative to the experimental case, and lower when the 
width was halved. 
Also, when comparing Nos. 42, 43, and 44, the CO2 concentrations were lowest in No. 44, which had 
an opening position closest to the alcove. 

 
Figure 12. CO2 concentration of alcoves(No.36-44) 

4 DISCUSSION 
We determined the relationship between the stagnation characteristics of exhaust gas and the opening 
shape, for cases where a fuel cell unit is installed in a common hallway or alcove. 
In the case of a common hallway, the reference value was satisfied even in the case with an opening 
area of 1 m 2 which is smaller than the installation standard by the experiment and predictive formula, 
CFD simulation. In addition, it was considered that the positional relationship in the height direction 
between the equipment exhaust port and the opening affects the retention characteristics of the exhaust 
gas. 
In the case of alcove, the reference value was satisfied even in the case with an opening area of 1 m 2 
by the experiment and CFD simulation. 
Also, it was confirmed that the exhaust was discharged from the upper part of the opening by the 
visualization experiment. 

5 CONCLUSIONS 
Regarding the exhaust gas of the fuel cell unit, from the experiment and the CFD simulation, the area 
of the ventilation opening which the fuel cell unit can be installed was clarified.  
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SUMMARY 
The ventilation and cooling requirements for deep underground mines are strongly influenced by the 
equipment fleet type and the cooling plant location. While mines with diesel fleets must typically abide 
by regulations dictating minimum air volumes, for mines with battery electric fleets the design is largely 
driven by workplace temperatures. As the mining depth increases, the associated cooling duty increases 
and it becomes more difficult to provide sufficient air cooling with a refrigeration plant on surface. 
This paper explores the synergies associated with a battery electric fleet and underground cooling plants. Of 
the four configurations studied, the combination of battery fleet and underground cooling has the lowest 
capital and operating costs. The savings are largely attributed to reductions in air flow and associated heat 
loads, as well as the improved positional efficiency of the cooling plant. These results are corroborated by 
two recent Glencore mining projects, where battery fleets with an underground cooling plant were 
determined to be the optimal configuration from both a technical and economic perspective. In addition to 
cost savings, battery electric vehicles also provide health and environmental benefits compared to a diesel 
fleet, including: improved underground air quality, less noise and reduced greenhouse gas emissions. 
Keywords: mine, ventilation, refrigeration, battery electric  

1 INTRODUCTION 
Mining companies are continually looking to develop new ore bodies with deeper mines being the trend. 
Similarly, expansions of existing mines are often to deeper ore bodies that were difficult to explore from 
surface. Deeper mines present many ventilation challenges related to: higher tock temperatures at depth, 
increased heat transfer and power requirements because of longer air passages, and more 
autocompression of the ventilation air. Of these, the autocompression heat, generated due to the 
compression of the air under its own weight, has the most significant impact. 
The mining industry and original equipment manufacturers (OEMs) are developing Battery Electric 
Vehicles (BEVs) for mines, with the industry likely continuing to move in this direction over the coming 
years. As BEVs have lower heat loads and are not subject to the same regulatory air volume 
requirements as diesel equipment, they present a unique opportunity to reduce the volume and costs 
associated with ventilation and refrigeration while improving working conditions for miners. Workplace 
contaminants and concentrations need to be considered, but workplace temperatures seem to be the 
major driver for the ventilation and refrigeration plant design in BEV mines. 
At the reduced ventilation volumes possible with electric fleets, surface refrigeration plants are limited 
in the amount of cooling that can be delivered to the workplace. This paper explores the interactions 
between the mobile equipment fleet type and cooling plant location on the mine design, ventilation 
volume, and cooling duty. Case studies for hard rock mines (both conceptual, simplified greenfield 
mines and in-development brownfield projects) are presented comparing the mine design for a diesel 
fleet versus a battery fleet with a focus on the ventilation and refrigeration systems. Impacts on working 
conditions, power consumption and greenhouse gas emissions (GHGs) are also discussed. 

3.3.3 In alcoves 
Fig. 12 shows the experimental results obtained from the measurement of CO2 concentrations in the 
respiration area. In all cases, the CO2 concentrations satisfied the reference value. 
In addition, when the opening shape patterns were compared, the CO2 concentrations in the respiration 
area were higher when the height was halved relative to the experimental case, and lower when the 
width was halved. 
Also, when comparing Nos. 42, 43, and 44, the CO2 concentrations were lowest in No. 44, which had 
an opening position closest to the alcove. 
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2 METHODS 

2.1 Cases Studied 
The impact of mobile equipment type and cooling plant location on the system design and overall capital 
and operating cost of a deep (2,700 m below surface) greenfield mine in Northern Ontario, Canada was 
examined. Four ventilation and cooling configurations were considered: 

• Diesel fleet with surface cooling plant, 
• Diesel fleet with underground cooling plant at 2,200 m below surface, 
• Battery electric fleet with surface cooling plant, 
• Battery electric fleet with underground cooling plant at 2,200 m below surface. 
The configuration for the conceptual, simplified greenfield mine studied is shown in Figure 1, with both 
the surface and underground cooling plant locations shown. The primary ventilation scheme involves 
two shafts: one for fresh air and one for exhaust air. Fresh air is distributed within the mining zone 
through a ramp network. Exhaust is directed from each level to the Exhaust Shaft via a series of return 
air raises. For cooling at surface, a typical design uses a bulk air cooler (BAC) to cool the air, 
refrigeration machines (i.e., chillers) to provide the cold water to the BAC, and evaporative cooling 
towers to reject the heat to ambient air. The underground cooling plant scenario operates on the same 
principles, but in this case the heat is rejected to the mine exhaust air in an open spray chamber. 

 
Figure 1. Greenfield Mine Schematic Showing Cooling Options on Surface and Underground 

2.2 Study Design Basis and Assumptions 
Design criteria used in the greenfield conceptual case study are summarized in Table 1. Other key 
assumptions used in the case study include: 

• Primary ventilation is accomplished mainly with a “pull” system, with the fresh air surface fans 
providing only a minimal pressure to deliver air through an adit.  

• The shafts are sized to meet the minimum practical air velocities, while respecting practical size 
limits for transportation of people, materials and ore in the fresh air shaft. 

• Lateral drifts at depth are sized to accommodate the largest piece of mobile equipment. Battery and 
diesel equipment are assumed to be similar in size, making drifts at depth consistent in all cases. In 
practice, drifts for diesel cases may be larger than the battery cases to accommodate larger ducts. 
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Table 1. Design Criteria for Conceptual Greenfield Study 

Area Parameter Unit Value
Mine Production mtpa 1.2 

Temperatures Design Summer Surface Temperature ⁰C WB/DB 20.0/24.0 
Maximum Underground Workplace Temperature ⁰C WB 26.0 

Ventilation 

Minimum Production Shaft Diameter m 7.0 
Maximum Velocity in Shafts (Fresh/Exhaust) m/s 12.5/20.0 
Minimum Velocity on Levels (Active/Inactive) m/s 0.50/0.25 
Minimum Air Flow for Diesel Mine m3/s / kW 0.06 

Refrigeration Refrigeration Machines COP (Surface/Underground) - 6.0/4.0 

2.3 Calculation Methodology 
The ventilation and cooling requirements for the four cases were quantified mainly through mass and 
energy balances developed by Hatch based on first principles. Some of the fresh air heat loads in the 
balances (i.e., strata heat) were obtained through mine ventilation modelling using Ventsim VisualTM. 
Minimum ventilation flow rates are either set by volume constraints or thermal constraints. With a diesel 
fleet, this volume constraint is typically dictated by regulatory requirements. With a battery fleet, the 
volume constraint is driven by minimum air velocities to remove dust from the levels. In both cases, the 
air flow must also have sufficient capacity to carry the “cooling” to the workplace and maintain 
acceptable thermal conditions for the workers. 
In  Figure 2A, the red solid line illustrates how the amount of cooling that is provided per unit of air 
decreases as the mining depth increases. This loss of cooling is due to autocompression of the air. As 
the air pressure increases with depth, the compression of the air generates heat, and the air has less 
capacity available to absorb heat from other sources prior to reaching the workplace temperature target. 
For this simplified example with no cooling, below about 1,500 m depth the air cannot absorb any other 
heat loads while staying below the target. As the dashed red line illustrates, the air flow that would be 
required to absorb 10 MWT of underground heat (net of autocompression) increases rapidly with depth. 
These calculations are based on an approach developed previously (Harris et al., 2017).  

 
Figure 2A) Air cooling capacity and minimum required air flows and 2B) cooling duty both as a function 
of mining depth assuming 20°C WB on surface, 6°C (saturated) cooling plant outlet temperature, 26°C 
WB workplace temperatures and heat loads of 10 MWT (excluding autocompression). 

The green lines illustrate the impact of a surface cooling plant with the air cooled to the practical 
minimum temperature of 6°C. Each mass of air carries significantly more cooling capacity than the 
uncooled case, and less air is required to absorb the other underground heat loads. Even with surface 
cooling, minimum air flow rates based on thermal constraints become high at depth. The blue lines 
illustrate further improvement if the air is cooled to 6°C in an underground cooling plant at a depth of 
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2.2 Study Design Basis and Assumptions 
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assumptions used in the case study include: 

• Primary ventilation is accomplished mainly with a “pull” system, with the fresh air surface fans 
providing only a minimal pressure to deliver air through an adit.  

• The shafts are sized to meet the minimum practical air velocities, while respecting practical size 
limits for transportation of people, materials and ore in the fresh air shaft. 

• Lateral drifts at depth are sized to accommodate the largest piece of mobile equipment. Battery and 
diesel equipment are assumed to be similar in size, making drifts at depth consistent in all cases. In 
practice, drifts for diesel cases may be larger than the battery cases to accommodate larger ducts. 
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2,200 m below surface. By providing the cooling after the bulk of the autocompression heat is generated, 
less air can carry the required cooling to the workplace. Note that typically underground plant outlet 
temperatures of 6°C are not needed to accommodate the mine heat loads. 
Figure 2B illustrates the effect of location on cooling plant duty for the surface and underground cooling 
cases as discussed above. The surface plant requires higher cooling duties due to the reduced cooling 
capacity of the air, higher flows, and higher associated autocompression heat. 
Note that these graphs do not consider how the underground heat loads change with depth, plant 
location, and fleet type; however, these factors are accounted for in the results presented in Section 3. 

3 RESULTS AND DISCUSSION 

3.1 Ventilation and Cooling System Sizing 
Heat load estimates have been developed for the four cases and are shown in Table 2, with the 
autocompression heat based on the flows in Table 3. The most significant heat loads are the fleet and 
autocompression, which are dependent on the fleet type and cooling plant location. 
Table 2. Fresh Air Heat Loads (kWT) 

Fleet Type Diesel Battery
Cooling Plant Location Surface Underground Surface Underground
Broken Rock and Strata 2,460 1,950 2,260 1,850 
Fans 1,480 1,240 1,070 760 
Mobile Equipment Incl. Battery Charging 5,330 5,330 2,410 2,410 
Fixed Equipment/Substations 940 1,520 970 1,390 
Autocompression 17,450 13,960 11,450 6,980 
Total 27,660 24,000 18,160 13,390

Using the design criteria and methodology outlined in Section 2, key parameters relating to the mine, 
ventilation, and cooling plant have been calculated, and are summarized in Table 3. Differences in 
ventilation flows between surface and the mining zone are related to both compression and leakage. 
Table 3. Ventilation and Cooling System Comparison 

Fleet Type Unit Diesel Battery
Cooling Plant Location Surface Underground Surface Underground
Ventilation Flow (Surface/Mining Zone) m3/s 625/376 500/300 410/247 250/147 
Shaft Diameter (Fresh/Exhaust) m 7.6/6.3 7.1/5.6 7.0/5.1 7.0/4.0 
Peak Cooling Plant Duty MWR 25.4 22.7 16.7 13.1 
Power (Fans/Cooling Plant Average) MWE 10.3/2.1 7.3/4.9 4.7/1.4 2.0/2.8 
Total Ventilation and Cooling Power MWE 12.4 12.2 6.1 4.9

A diesel fleet mine with a surface cooling plant has the largest air flow, airway sizes and cooling duty 
of the four cases. For the conditions studied, the air flow rate for the diesel fleet with surface cooling 
plant was set by the air flow required to carry the cooling to depth, which is higher than the minimum 
legislated flow of 300 m3/s based on the fleet. As presented in Section 2, the additional air flow required 
to carry the cooling to depth results in additional heat loads associated with autocompression of the air. 
For the diesel fleet case with the cooling plant located underground, the air flow rate can be reduced but 
only to the 300 m3/s regulated limit associated with the operating diesel equipment. 
Both battery cases have lower air flows, airway sizes and cooling duties compared to the diesel cases. 
Smaller airway sizes are achievable due to the reduced air flow volumes, apart from the Fresh Air Shaft, 
where a minimum 7.0 m diameter has been maintained to fit the cage and skips. With the battery fleet 
and surface cooling plant, the air flow rate is set by the minimum quantity of air at 6°C required to 
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transport the cooling underground. Only with a battery fleet and underground cooling plant can the 
airflows be fully reduced to the minimum required based on the workplace velocity criteria. 

3.2 Capital and Operating Cost Comparison 
Capital costs impacted by the study for the four cases have been estimated and are shown in Table 4. 
These are meant to provide a cost comparison between the options considered but are not all-inclusive 
costs associated with the mine. The diesel surface case has the highest capital and operating costs of the 
four options, mainly attributed to the large air volumes and cooling duties. Switching to a battery fleet 
or locating the cooling plant underground both offer savings. The largest savings are seen when both 
are used, even after considering the cost premium for the battery vehicles and the poorer COP due to 
limited air flows available for heat rejection for the underground refrigeration plant. The largest 
operating cost reduction for the battery option relates to ventilation and cooling system power savings.  
Table 4. Cost Summary Breakdown, Relevant Items Only. 

Fleet Type Diesel Battery
Cooling Plant Location Surface Underground Surface Underground
Capital Costs ($M USD) 647.5 621.0 635.7 599.0
     Mine Air Cooling Incl. U/G Developments 20.2 18.7 15.7 12.9 
     Fans and Mine Air Heaters 34.3 28.3 22.2 13.8 
     Shafts and Raises 242.7 232.8 226.8 215.2 
     Equipment Fleet 46.9 46.9 70.2 70.2 
     Diesel Distribution or Electrical Charging 2.6 2.6 4.4 4.4 
     Temporary Cooling for Shaft Sinking 0.0 1.6 0.0 1.6 
     Indirect Costs and Contingency 300.9 290.2 296.5 280.9 
Operating Cost ($M USD/ year) 11.2 10.8 6.0 4.7
     Power (Ventilation, Cooling and Charging) 7.9 7.9 4.3 3.6 
     Diesel/Natural Gas (Heating in Winter) 0.9/1.3 0.9/1.1 0.0/0.9 0.0/0.5 
     Ventilation and Cooling Maintenance  1.1 1.0 0.8 0.6 
Simplified NPV (Capital + 5x Operating) 703.6 675.2 665.8 622.7

3.3 Other Practical Considerations 
BEVs in mines provide advantages in addition to cost savings. Working conditions for miners are 
significantly improved through the elimination of diesel particulate matter, NOX and noise from diesel 
engines. Lower air volumes and elimination of diesel fuel also significantly reduce GHGs, with a 65% 
and 75% reduction in CO2 going from the diesel to its equivalent battery case (with surface and 
underground cooling plants respectively) in the case study. Despite these advantages, as BEVs are a 
new technology, there are some concerns regarding their implementation in underground mining. 
Specifically, the logistics of fleet usage are more complicated when having to factor in battery charging 
and duty cycles; however, this can be addressed through mine design and detailed shift planning 
designed to accommodate equipment capabilities and limitations. As per GMSG’s Recommendations, 
potential fire risks associated with lithium ion batteries are mitigated through several measures, 
including battery thermal management systems with automatic shutdown for thermal runaway and fire 
suppression systems in the battery pack. 
There are practical limitations on the minimum air temperature achievable with a surface cooling plant 
using traditional water chillers to prevent freezing in the evaporator, with 6°C selected for this study. 
This low setpoint is difficult to operate in spring and fall when temperatures drop below freezing at 
night, and is uncomfortable for workers traveling in the shaft. Locating the cooling underground gives 
a better “positional efficiency” (less strata heat and more driving force for heat transfer in the BAC). 
With underground plants, ensuring that there is sufficient air available for heat rejection, selecting non-
toxic refrigerants, and diligent water treatment are other critical design aspects. 

2,200 m below surface. By providing the cooling after the bulk of the autocompression heat is generated, 
less air can carry the required cooling to the workplace. Note that typically underground plant outlet 
temperatures of 6°C are not needed to accommodate the mine heat loads. 
Figure 2B illustrates the effect of location on cooling plant duty for the surface and underground cooling 
cases as discussed above. The surface plant requires higher cooling duties due to the reduced cooling 
capacity of the air, higher flows, and higher associated autocompression heat. 
Note that these graphs do not consider how the underground heat loads change with depth, plant 
location, and fleet type; however, these factors are accounted for in the results presented in Section 3. 

3 RESULTS AND DISCUSSION 

3.1 Ventilation and Cooling System Sizing 
Heat load estimates have been developed for the four cases and are shown in Table 2, with the 
autocompression heat based on the flows in Table 3. The most significant heat loads are the fleet and 
autocompression, which are dependent on the fleet type and cooling plant location. 
Table 2. Fresh Air Heat Loads (kWT) 

Fleet Type Diesel Battery
Cooling Plant Location Surface Underground Surface Underground
Broken Rock and Strata 2,460 1,950 2,260 1,850 
Fans 1,480 1,240 1,070 760 
Mobile Equipment Incl. Battery Charging 5,330 5,330 2,410 2,410 
Fixed Equipment/Substations 940 1,520 970 1,390 
Autocompression 17,450 13,960 11,450 6,980 
Total 27,660 24,000 18,160 13,390

Using the design criteria and methodology outlined in Section 2, key parameters relating to the mine, 
ventilation, and cooling plant have been calculated, and are summarized in Table 3. Differences in 
ventilation flows between surface and the mining zone are related to both compression and leakage. 
Table 3. Ventilation and Cooling System Comparison 

Fleet Type Unit Diesel Battery
Cooling Plant Location Surface Underground Surface Underground
Ventilation Flow (Surface/Mining Zone) m3/s 625/376 500/300 410/247 250/147 
Shaft Diameter (Fresh/Exhaust) m 7.6/6.3 7.1/5.6 7.0/5.1 7.0/4.0 
Peak Cooling Plant Duty MWR 25.4 22.7 16.7 13.1 
Power (Fans/Cooling Plant Average) MWE 10.3/2.1 7.3/4.9 4.7/1.4 2.0/2.8 
Total Ventilation and Cooling Power MWE 12.4 12.2 6.1 4.9

A diesel fleet mine with a surface cooling plant has the largest air flow, airway sizes and cooling duty 
of the four cases. For the conditions studied, the air flow rate for the diesel fleet with surface cooling 
plant was set by the air flow required to carry the cooling to depth, which is higher than the minimum 
legislated flow of 300 m3/s based on the fleet. As presented in Section 2, the additional air flow required 
to carry the cooling to depth results in additional heat loads associated with autocompression of the air. 
For the diesel fleet case with the cooling plant located underground, the air flow rate can be reduced but 
only to the 300 m3/s regulated limit associated with the operating diesel equipment. 
Both battery cases have lower air flows, airway sizes and cooling duties compared to the diesel cases. 
Smaller airway sizes are achievable due to the reduced air flow volumes, apart from the Fresh Air Shaft, 
where a minimum 7.0 m diameter has been maintained to fit the cage and skips. With the battery fleet 
and surface cooling plant, the air flow rate is set by the minimum quantity of air at 6°C required to 
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3.4 Example Installations 
The case study examples presented above are based on a simplified mine developed from surface for 
illustrative purposes. In practice, it is common for deep ore bodies to be discovered and developed from 
existing shallower nearby mines. This complicates the analysis conducted but results in similar findings, 
as presented below for two Glencore projects currently underway in Northern Ontario, Canada. Key 
parameters from the ventilation and cooling plant design for the two projects (both with a peak mine 
depth ~2,750 m below surface) are summarized in Table 5. Both cases compare a diesel and battery 
powered fleet with underground cooling plants. Surface cooling was examined for both projects and 
was deemed not feasible from a technical and economic perspective. For both projects, use of a battery 
powered fleet provided capital and operating cost savings compared to a diesel fleet, which can be 
mainly attributed to the lower air volumes possible with a BEV mine. 
Table 5. Glencore Ventilation and Cooling System Comparisons 

Project Unit Onaping Depth Nickel Rim Depth
Fleet Type Diesel Battery Diesel Battery
Mine Production mtpa 1.2 1.2 0.4 0.4 
Cooling Plant Depth m below surf. 1,915 1,915 1,700 1,700 
Ventilation Flow (at Depth) m3/s 300 180 180 125 
Shaft (Winze) Dia. (Fresh/Exhaust) m 6.5/5.0 5.0/3.8 4.9/3.7 4.9/3.1 
Peak Cooling Duty MWR 19.2 13.3 12.2 8.1 
Power (Fans/Cooling Plant Average) MWE 10.9/3.3 6.1/2.3 4.3/2.8 1.4/1.9 
Total Ventilation and Cooling Power MWE 14.2 8.4 7.1 3.2 
Cost Savings (CAPEX/Annual OPEX) $M USD - 11.8/4.3 - 2.0/2.9 

4 CONCLUSIONS 
While each mine is unique and must be evaluated separately, it is apparent that BEVs present 
opportunities to reduce ventilation, cooling and mine development, all while improving working 
conditions for miners and overall project economics and reducing environmental and GHG emissions. 
For deep mines, selecting an underground cooling plant rather than a traditional surface plant can also 
present both practical and economic advantages. A synergy is achieved when combining a battery fleet 
with an underground cooling plant, where the overall cost savings are greater than if either opportunity 
is pursued in isolation. This paper presents the basic methods that can be used to evaluate potential 
improvements associated with selecting a battery fleet and underground cooling plant at other mines. 

ACKNOWLEDGEMENTS 
The authors would like to thank Glencore’s Sudbury Integrated Nickel Operations for partnering with 
us on this work and allowing us to present data related to their on-going projects. 

REFERENCES 
Deziel, M. (2016). Effects of a battery powered fleet on underground mine design, Presentation at 
MINExpo® 2016, Las Vegas, 26-28 September. 
Harris, W, Arsenault, S, McGuire, C, Rogers, B and Witow, D. (2017). Diesel to electric – creating a 
positive paradigm in underground ventilation and cooling. The Australian Mine Ventilation Conference. 
Underground Mining Working Group – Electric Mine: Battery Electric Vehicles Underground Sub-
Committee of the Global Mining Standards and Guidelines Group. Burke, J. (Editor) (2017). GMSG 
Recommended Practices for Battery Electric Vehicles in Underground Mining. 

PROCEEDINGS  — Roomvent & Ventilation 2018832  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 5 – Contaminant Control: Ventilation Systems for Contaminant Control (CC1)

832  |



NUMERICAL STUDY ON A NOVEL VORTEX SIDE HOOD FOR HIGH-
TEMPERATURE POLLUTANT CONTROL 

Zhixiang Cao, Yi Wang, Meng Wang, Chao Zhai 
School of Environmental and Municipal Engineering, Xi’an University of Architecture and 

Technology, No. 13 Yanta RD., Xi’an, Shaanxi 710055, PR China 
*Corresponding email: ahman_6@126.com 

 

SUMMARY 
Side hoods are widely used to prevent pollutant emissions from thermal process like charge ports, tap 
holes and many other openings in mineral processing and smelting vessels, over which the canopy hoods 
cannot be set. Due to the highly buoyant nature of the fume, it is difficult for the traditional side hood 
to control the thermally induced air flow. Thus, to improve the capture efficiency of high-temperature 
pollutant, a new type of vortex side hood is presented, which is derived from the principle of the tornado-
like column vortex by combining a local side exhaust and angular momentum jets. It is characterized 
by strong suction that can overcome the thermal buoyancy of the high-temperature pollutants.  
In this paper, the flow pattern, velocity and pressure distribution of the vortex side hood are studied 
respectively. The results show that obvious pressure gradient and axial velocity are found around the 
vortex core. Then two influence factors on high-temperature pollutant capture efficiency, exhaust 
velocity and supply velocity, are evaluated numerically. It turns out that the capture efficiency decreases 
as the pollutant temperature increases. Meanwhile, the capture efficiency increases as the exhaust 
velocity increases. However, the capture efficiency does not show positive correlation with the supply 
velocity, which has the optimal range. The study indicates that it is effective for the vortex side hood 
on control pollutant in different temperature when the parameters are in appropriate range, which 
provided a new method for the further research of improving high-temperature pollutant capture 
efficiency.
Keywords: side hood, numerical simulation, pollutant movement efficiency, high-temperature 
pollutant, vortex ventilation 

1 INTRODUCTION 
Local exhaust ventilation system implies an attempt to remove the pollutants near the polluted source, 
it is the most effective ventilation method to prevent emissions into the indoor environment (Huang et 
al., 2017). The local exhaust hood is an important component of the local exhaust system, which is 
divided into different categories like canopy hood, side hood, push-pull hood, etc. (ASHRAE, 2015). 
Side hoods typically draw pollutant away from the operator’s breathing zone. In practical production, it 
usually occurs that the canopy hood restricts the work process like crane operation, and here the side 
hood is the most effective method to capture the pollutant. 
In work process, the pollutant plume is usually in high initial temperature. In this condition, the side 
hood requires much higher exhaust volumetric flow rate to overcome the buoyant force of the pollutant 
plume. Nevertheless, the control efficiency of side hood cannot be guaranteed when the pollutant area 
is large or the distance between the pollutant source and side hood is large. Considering the electric or 
mechanical power needed for ventilation is approximately proportional to the power of the exhaust flow 
rate, lower exhaust flow rate implies much smaller energy consumption for ventilation system and gas 
cleaning system. Thus, new method of improving the performance of side hood need to be developed. 

3.4 Example Installations 
The case study examples presented above are based on a simplified mine developed from surface for 
illustrative purposes. In practice, it is common for deep ore bodies to be discovered and developed from 
existing shallower nearby mines. This complicates the analysis conducted but results in similar findings, 
as presented below for two Glencore projects currently underway in Northern Ontario, Canada. Key 
parameters from the ventilation and cooling plant design for the two projects (both with a peak mine 
depth ~2,750 m below surface) are summarized in Table 5. Both cases compare a diesel and battery 
powered fleet with underground cooling plants. Surface cooling was examined for both projects and 
was deemed not feasible from a technical and economic perspective. For both projects, use of a battery 
powered fleet provided capital and operating cost savings compared to a diesel fleet, which can be 
mainly attributed to the lower air volumes possible with a BEV mine. 
Table 5. Glencore Ventilation and Cooling System Comparisons 

Project Unit Onaping Depth Nickel Rim Depth
Fleet Type Diesel Battery Diesel Battery
Mine Production mtpa 1.2 1.2 0.4 0.4 
Cooling Plant Depth m below surf. 1,915 1,915 1,700 1,700 
Ventilation Flow (at Depth) m3/s 300 180 180 125 
Shaft (Winze) Dia. (Fresh/Exhaust) m 6.5/5.0 5.0/3.8 4.9/3.7 4.9/3.1 
Peak Cooling Duty MWR 19.2 13.3 12.2 8.1 
Power (Fans/Cooling Plant Average) MWE 10.9/3.3 6.1/2.3 4.3/2.8 1.4/1.9 
Total Ventilation and Cooling Power MWE 14.2 8.4 7.1 3.2 
Cost Savings (CAPEX/Annual OPEX) $M USD - 11.8/4.3 - 2.0/2.9 

4 CONCLUSIONS 
While each mine is unique and must be evaluated separately, it is apparent that BEVs present 
opportunities to reduce ventilation, cooling and mine development, all while improving working 
conditions for miners and overall project economics and reducing environmental and GHG emissions. 
For deep mines, selecting an underground cooling plant rather than a traditional surface plant can also 
present both practical and economic advantages. A synergy is achieved when combining a battery fleet 
with an underground cooling plant, where the overall cost savings are greater than if either opportunity 
is pursued in isolation. This paper presents the basic methods that can be used to evaluate potential 
improvements associated with selecting a battery fleet and underground cooling plant at other mines. 
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The column vortex can be formed by proper use of angular momentum supply airflow and updraft 
exhaust flow (Rotunno 2013). The tornado-like vortex has strong suction force, which has been studied 
by experiments (M. Refan and H. Hangan, 2016; N.B. Ward, 2010) and numerical simulations (Z. Liu, 
2015; Cao et al, 2017). There has been some studied on using vortex in ventilation field in different 
ways (Lim Y B, et al.; Cao et al, 2017). However, the vortex using in side hood has not been studied 
yet. In this paper, a novel vortex side hood by using the principle of tornado-like vortex is presented 
and the capture efficiency of vortex side hood for different temperature pollutant is studied. Based on 
CFD methods validation, the characteristic and the influence of temperature difference on capture 
efficiency for the vortex side hood are studied. 

2 METHODS 

2.1 Geometric model 
The geometric model of the vortex side hood is shown in Fig. 1. In this vortex side hood, four circular 
arcs supply vents are set around the pollutant source, as shown in Fig. 1(a). The supply inlet openings 
on these supply vent are 5 cm wide, which are all set in the same clockwise direction to provide angular 
momentum flow. Meanwhile, these supply air curtains can also reduce the pollutant entrainment of the 
ambient air and prevent the escape of the pollutant plume, as shown in Fig. 1(b). The exhaust outlet 
(d=30 cm) is set on one baffle near the pollutant source (d=100 cm), which will not affect the work 
process in vertical direction of pollutant source. Moreover, the vortex side hood can be closed by turning 
the rear baffle on the pollutant source plane with proper design of angular momentum flow vent. 

  
1- angular momentum flow supply vent, 2- inlet openings, 3- exhaust outlet, 4- main supply vent, 5-
pollutant source, 6-  rear baffle 

Figure 1. The geometric model of the vortex side hood 

2.2 Boundary conditions 
In this study, due to the asymmetry of the four angular momentum flow supply vents, the airflow 
velocities of each inlet openings are different to form the curved vortex. In order to simplify the 
calculation, the supply airflow velocity of each angular momentum flow supply vent is equal, and the 
supply airflow temperature is constant as room temperature (300K). In the case which concerns this 
study, SF6 is selected as representative indoor pollutants of high density, which is similar to a large 
majority of the VOCs, fine particles and pollutant steam, etc. To simplify, the pollutant emission is 
uniform and constant. The release velocity of pollutant source is set as 0.1 m/s and the mass fraction of 
pollutant is 0.1%. Moreover, the initial temperatures range of pollutant plume in different cases is 300K-
473K in this study. The numerical cases were conducted, as listed in Table 1. 
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Table 1. List of numerical simulations of pollutant airflow in different temperatures 
Supply velocity vs 

m/s 
Exhaust velocity ve 

m/s 
Pollutant temperature Tp 

K 
0.5/0.5/0.5/0.5 7 

300 373 473 

1/1/1/1 7 
1.5/1.5/1.5/1.5 7 

2/2/2/2 7 
2/2/2/2 3 
2/2/2/2 5 
2/2/2/2 10 

 

2.3 Numerical Approach 
To obtain a numerical solution for the flow field, the continuity equation and the Reynolds-averaged 
Navier–Stokes equation were solved simultaneously, using commercial software ANSYS FLUENT (). 
As there was obvious rotation movement in the process, the turbulence of air flow, heat and mass 
transfer were described by the RNG k-ε model with the swirl dominated flow. The corresponding 
theoretical model of indoor air is as the following equation: 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

(𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌) + 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌) = div�𝛤𝛤𝛤𝛤𝜙𝜙𝜙𝜙𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑑𝑑𝑑𝑑𝜌𝜌𝜌𝜌� + 𝑆𝑆𝑆𝑆𝜙𝜙𝜙𝜙                                                                                      (1) 

where 𝜌𝜌𝜌𝜌  is the common variable, ρ is air density, U is the water velocity, Γф is the diffusion 

coefficient, Sф is the source term.  

The total number of grids was about 1.2 million, which seems sufficient for a reasonable resolution of 
the flow field. When a single case was solved again with a finer grid system of about 2.1 million grid 
points, the maximum difference in velocity caused by the grid refinement was less than 2%. A 
tetrahedral mesh was used for satisfactory convergence. The pressure and velocity is coupled by the 
SIMPLE algorithm. The pressure is discretized by PRESTO! scheme. The convection term and 
diffusion term are discretized by the second-order upwind difference and second-order centre difference 
scheme respectively. The convergence criterion was set such that the sum of absolute residuals of 
sources for velocities, turbulence kinetic energy, turbulence-dissipation rate are all less than 10−3 and 
the volume difference between inflow and outflow is less than 1%. 

3 RESULTS AND DISCUSSION 

3.1 Flow field 
This part studies the flow field of curved vortex side hood of vs=2 m/s, ve=7 m/s, Tp=300 K. Figure 2 
represents the pressure and velocity distribution of the vortex side hood on side view and top view. It 
shows that there is obvious pressure gradient along the vortex core from the pollutant source plane to 
the exhaust. The airflow near the pollutant source plane converge from the edge to the vortex core and 
move along the vortex core with large axial velocity, which means the pollutant released from the source 
plane will be entrained into the vortex rapidly.  

The column vortex can be formed by proper use of angular momentum supply airflow and updraft 
exhaust flow (Rotunno 2013). The tornado-like vortex has strong suction force, which has been studied 
by experiments (M. Refan and H. Hangan, 2016; N.B. Ward, 2010) and numerical simulations (Z. Liu, 
2015; Cao et al, 2017). There has been some studied on using vortex in ventilation field in different 
ways (Lim Y B, et al.; Cao et al, 2017). However, the vortex using in side hood has not been studied 
yet. In this paper, a novel vortex side hood by using the principle of tornado-like vortex is presented 
and the capture efficiency of vortex side hood for different temperature pollutant is studied. Based on 
CFD methods validation, the characteristic and the influence of temperature difference on capture 
efficiency for the vortex side hood are studied. 

2 METHODS 

2.1 Geometric model 
The geometric model of the vortex side hood is shown in Fig. 1. In this vortex side hood, four circular 
arcs supply vents are set around the pollutant source, as shown in Fig. 1(a). The supply inlet openings 
on these supply vent are 5 cm wide, which are all set in the same clockwise direction to provide angular 
momentum flow. Meanwhile, these supply air curtains can also reduce the pollutant entrainment of the 
ambient air and prevent the escape of the pollutant plume, as shown in Fig. 1(b). The exhaust outlet 
(d=30 cm) is set on one baffle near the pollutant source (d=100 cm), which will not affect the work 
process in vertical direction of pollutant source. Moreover, the vortex side hood can be closed by turning 
the rear baffle on the pollutant source plane with proper design of angular momentum flow vent. 

  
1- angular momentum flow supply vent, 2- inlet openings, 3- exhaust outlet, 4- main supply vent, 5-
pollutant source, 6-  rear baffle 

Figure 1. The geometric model of the vortex side hood 

2.2 Boundary conditions 
In this study, due to the asymmetry of the four angular momentum flow supply vents, the airflow 
velocities of each inlet openings are different to form the curved vortex. In order to simplify the 
calculation, the supply airflow velocity of each angular momentum flow supply vent is equal, and the 
supply airflow temperature is constant as room temperature (300K). In the case which concerns this 
study, SF6 is selected as representative indoor pollutants of high density, which is similar to a large 
majority of the VOCs, fine particles and pollutant steam, etc. To simplify, the pollutant emission is 
uniform and constant. The release velocity of pollutant source is set as 0.1 m/s and the mass fraction of 
pollutant is 0.1%. Moreover, the initial temperatures range of pollutant plume in different cases is 300K-
473K in this study. The numerical cases were conducted, as listed in Table 1. 
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Figure 2. (a) Pressure distribution and (b) velocity distribution of vortex side hood. 

Figure 3(a) shows the pathlines of fluid elements released from the pollutant source. It indicates that the 
curved vortex formed under the effect of the exhaust flow and the angular momentum flows. In this 
study, the supply airflows provide the critical angular momentum to maintain and bend the column 
vortex. Furthermore, the supply flows also close the local ventilate space, which reduce the dispersion 
of the pollutant and the exhaust flow volume from the ambient air. However, Figure 3(a) also shows 
that there are some fluid elements escape from the control of the vortex, which means that the parameters 
of supply flows may not achieve the optimal condition in this case. As shown in Figure 3 (b), one of the 
supply flow is effect by another supply flows, which leads to the deviation of the airflow. 

 

Figure 3. Pathlines of the pollutant source. 

3.2 Capture efficiency of pollutant at different temperatures 
In this study, the capture efficiency η is used in the discussion, which is defined as 

η = 𝑄𝑄𝑄𝑄𝑒𝑒𝑒𝑒
𝑄𝑄𝑄𝑄𝑠𝑠𝑠𝑠

                                                                                                                                                     (2) 

where Qe is the pollutant volume captured by the hood; Qs is the pollutant volume released initially from 
the pollutant source. 
3.2.1 Effect of exhaust velocity
The traditional exhaust openings can be assumed as a point sink, which means the capture efficiency 
decreases rapidly with the distance from the pollutant source. The traditional side hood needs much 
higher exhaust velocity to overcome the buoyance force to change the direction of high-temperature 
pollutant plume into the exhaust hood. For vortex side hood, the pollutant is transported by the curved 
vortex from the source to the exhaust opening, which may reduce the requirement of exhaust velocity. 
Figure 4 shows the capture efficiency changes with the exhaust velocity in different pollutant 
temperatures. It indicates that the capture efficiency of vortex side hood will also reduce as temperature 
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increases. It turns out that the exhaust velocity of vortex side hood should also be guaranteed to ensure 
capture efficiency. 

 

Figure 4. Capture efficiency variations with temperature difference. 
3.2.2 Effect of supply velocity
The angular momentum supply flows are one of the most important part in the vortex side hood, which 
effect the formation of curved vortex and the capture efficiency of the hood. To achieve the optimum 
performance, the opening size, direction, position and velocity of the supply flow are all need to be 
attention. In this paper, the effect of supply velocity on capture efficiency is studied.  

 

Figure 5. Capture efficiency variations with temperature difference. 
As shown in Figure 5, when the emission temperature is low, the case with low supply velocity reach 
the highest capture efficiency (almost 100%). However, as the temperature increases, the capture 
efficiency of vortex side hood with low supply velocity decreases rapidly, especially when the angular 
momentum is not enough for the high-temperature plume to form vortex (vs = 0.5 m/s). Moreover, the 
supply velocity is not the bigger the better, as shown in Figure 5, the capture efficiency of vs = 2.0 m/s 
is lower than that of vs = 1.0 m/s. It is mainly because that the excessive supply velocity have the risk 
to entrain part of the pollutant into the room. 

4 CONCLUSIONS 
To overcome the limitation of traditional side hood on high-temperature pollutant control, this paper 
proposed a novel vortex side hood by using the principle of tornado-like vortex with numerical 
simulation method. The vortex side hood is composed of four curved angular momentum flow supply 
vents and an exhaust outlet opening. The main conclusions of this study are as follows. 

    
Figure 2. (a) Pressure distribution and (b) velocity distribution of vortex side hood. 

Figure 3(a) shows the pathlines of fluid elements released from the pollutant source. It indicates that the 
curved vortex formed under the effect of the exhaust flow and the angular momentum flows. In this 
study, the supply airflows provide the critical angular momentum to maintain and bend the column 
vortex. Furthermore, the supply flows also close the local ventilate space, which reduce the dispersion 
of the pollutant and the exhaust flow volume from the ambient air. However, Figure 3(a) also shows 
that there are some fluid elements escape from the control of the vortex, which means that the parameters 
of supply flows may not achieve the optimal condition in this case. As shown in Figure 3 (b), one of the 
supply flow is effect by another supply flows, which leads to the deviation of the airflow. 

 

Figure 3. Pathlines of the pollutant source. 

3.2 Capture efficiency of pollutant at different temperatures 
In this study, the capture efficiency η is used in the discussion, which is defined as 

η = 𝑄𝑄𝑄𝑄𝑒𝑒𝑒𝑒
𝑄𝑄𝑄𝑄𝑠𝑠𝑠𝑠

                                                                                                                                                     (2) 

where Qe is the pollutant volume captured by the hood; Qs is the pollutant volume released initially from 
the pollutant source. 
3.2.1 Effect of exhaust velocity
The traditional exhaust openings can be assumed as a point sink, which means the capture efficiency 
decreases rapidly with the distance from the pollutant source. The traditional side hood needs much 
higher exhaust velocity to overcome the buoyance force to change the direction of high-temperature 
pollutant plume into the exhaust hood. For vortex side hood, the pollutant is transported by the curved 
vortex from the source to the exhaust opening, which may reduce the requirement of exhaust velocity. 
Figure 4 shows the capture efficiency changes with the exhaust velocity in different pollutant 
temperatures. It indicates that the capture efficiency of vortex side hood will also reduce as temperature 
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(1) The curved vortex is formed by proper use of angular momentum flow and exhaust flow. The 
pressure distribution and velocity distribution of the vortex side hood are studied, the pressure gradient 
and axial velocity are observed close to the vortex core. 
(2) The pathlines from the pollutant source show that the local ventilate space should be closed and the 
emission will be restricted by the vortex and extracted by the exhaust opening in optimal condition. 
However, the pollutant have potential risk to escape when the parameters of supply airflows are 
unreasonable. 
(3) Two influence factors on high-temperature pollutant capture efficiency are evaluated, which are 
exhaust velocity and supply velocity. It indicates that the high-temperature will also influence the 
pollutant capture efficiency of vortex side hood and the lowest exhaust velocity should be guaranteed. 
Meanwhile, the supply velocity should be in the appropriate range to reach the optimal pollutant capture 
efficiency. 
In future research, the other influence factors need to be further optimized to reduce the escape of high-
temperature pollutant, such as the direction of the angular momentum supply flows and the air 
distribution of angular momentum supply flows in different parts of the supply vent. 
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SUMMARY  
To prevent exposures during asbestos abatement process in buildings, it is often required to create a 
dynamic containment zone through the development of a depressurized area. The magnitude of the 
required depressurization is calculated for steady wind conditions and varies in the national 
regulations of each country. 
In current practice, the differential pressure between the containment zone’s outer surface and its 
interior is monitored to ensure that containment is ensured. However, wind is an unsteady 
phenomenon that has an impact on the external pressures acting on a building. This paper highlights 
the necessity for standard practice to take the effects of unsteady wind into account. 
For this paper, the effects of wind-induced pressure fluctuations on the performance of a containment 
zone were monitored in an asbestos abatement site in a high-rise building. Full-scale measurements 
were performed, simultaneously measuring pressure differences between the containment zone and its 
adjacent zones, and the wind velocity above the building’s rooftop. 
Although the measurements showed that for low wind velocities containment was ensured, it was 
momentarily breached for moderate wind velocities. It is also shown that the measurement location of 
pressure differences between the containment zone and its exterior is therefore important. 
Keywords: pressure difference, ventilation, containment, asbestos, measurements 

1 INTRODUCTION 
Asbestos is a fibrous material that was broadly used in buildings in the past century, until it was 
identified as a serious health hazard. Inhalation of asbestos fibres can lead to various forms of lung 
cancer (Racine, 2010, Takahashi and Landrigan, 2016). Asbestos abatement is the process of 
removing asbestos from potentially hazardous surfaces. Release of asbestos fibres in the air is a form 
of community wide exposure.  During its abatement process in buildings, a containment zone is 
generally created through the development of a negative air gauge pressure field at the area to be 
sealed (i.e. pressure lower than atmospheric pressure). This is achieved with the use of negative air 
pressure units, mechanically extracting air from the containment zone and filtering potential asbestos 
fibres released in the air during its removal by HEPA filters. Fresh air is imported from the building’s 
exterior in the containment zone via ventilation inlet pipes, typically equipped with a backflow 
damper. The magnitude of the required depressurization and air flow rate is calculated for steady wind 
conditions and varies in the national regulations of each country (Greek Ministry of Social Security, 
2009, Health and Safety Executive, 2006, Legifrance, 2013). 
Wind is an unsteady phenomenon that has an impact on pressures acting on a building, creating an 
overpressure field on windward surfaces and a depressurized field on side and leeward surfaces 

(1) The curved vortex is formed by proper use of angular momentum flow and exhaust flow. The 
pressure distribution and velocity distribution of the vortex side hood are studied, the pressure gradient 
and axial velocity are observed close to the vortex core. 
(2) The pathlines from the pollutant source show that the local ventilate space should be closed and the 
emission will be restricted by the vortex and extracted by the exhaust opening in optimal condition. 
However, the pollutant have potential risk to escape when the parameters of supply airflows are 
unreasonable. 
(3) Two influence factors on high-temperature pollutant capture efficiency are evaluated, which are 
exhaust velocity and supply velocity. It indicates that the high-temperature will also influence the 
pollutant capture efficiency of vortex side hood and the lowest exhaust velocity should be guaranteed. 
Meanwhile, the supply velocity should be in the appropriate range to reach the optimal pollutant capture 
efficiency. 
In future research, the other influence factors need to be further optimized to reduce the escape of high-
temperature pollutant, such as the direction of the angular momentum supply flows and the air 
distribution of angular momentum supply flows in different parts of the supply vent. 
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(Richards and Hoxey, 1992, Cóstola et al., 2009). The differential pressure between the building’s 
outer surfaces and the interior of the containment zone is monitored to ensure that pressure inside the 
containment zone is lower than its surroundings. However, the effect of unsteady wind around 
buildings is not dynamically evaluated in the containment zones. The single location where the 
pressure difference is monitored may lead to completely ignoring the effects of wind. Moreover, 
current practice monitors the depressurization of the containment zone at low frequency (0.07 Hz), 
while the fluctuations of external wind pressure range from low to high frequencies (0.001-1000 Hz) 
(Richardson and Surry, 1992, Ricci et al., 2017). Therefore, instantaneous peaks of wind pressure can 
remain undetected, leading to instantaneous breaching of the mechanically induced containment and 
to potential dispersion of asbestos fibres out of the containment zone. An illustration of this effect is 
shown in Figure 1. 

 
Figure 1. Illustrative example of how wind could influence the airflow direction, due to fluctuating 
pressures, for containment in a high-rise building 

Especially for wind-exposed high-rise buildings, the accurate prediction of wind pressure statistics on 
the building façade can provide insight on the measures that need to be taken in order to ensure the 
containment of asbestos fibres during its abatement. The robustness of the ventilation system in a 
containment zone with respect to unsteady wind-induced disturbances and wind intensity has been 
rarely studied (Le Roux et al., 2013).  
Given the large environmental, societal and occupational health issues associated with asbestos, there 
is a clear need to evaluate the efficiency of current exposure prevention techniques and determine in 
which way these can be improved. For this paper, full-scale measurements were performed in 
February 2017 at an asbestos abatement high-rise building site in Arcachon, France, in order to 
observe whether containment is ensured under any conditions during an actual project. 

2 METHODS 

2.1 Description of the building site 
The selected building to perform the measurements was a 16-storey, with 17 m width x 25 m depth x 
43 m height dimensions, formerly residential building, to be demolished. It was the tallest building in 
its vicinity at a residential urban environment in Arcachon, France. During the field measurements it 
was exposed to wind from directions with only low-rise buildings and vegetation obstructions. As 
asbestos was broadly used in the building (ducts, insulation, wall coverings, etc.), the asbestos 
abatement procedure via containment had to take place before the demolition process.  

2.2 Description of the containment zone 
During the two days of field measurements, the contained zone in the building contained parts of the 
first 8 building floors (including the ground floor). The contained zones of each floor were connected 
with each other via a central building staircase. As not all the rooms of the building contained 

Containment of one floor Airflows without wind (top view) Airflows with wind (top view)
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asbestos, the contained zone in each floor varied and, therefore, the area of the floors was not 
uniformly contained, as shown in Figure 2. For each floor, the numerous ventilation inlets and the 
exhaust ventilation outlets were allocated by the asbestos abatement contractor. The magnitude of the 
depressurization of the containment was monitored by the contractor next to the entrance to the 
containment zone at the ground floor, in a location inside the ground floor. 

2.3 Measurements setup 
Measurements of wind velocity magnitude and direction, pressure difference, air dry-bulb temperature 
and relative humidity took place during two days in the asbestos abatement site. Due to time, safety 
and on-site limitations, only 35 minutes of parallel pressure and wind velocity measurements were 
performed the first day and 30 minutes the second day. 
2.3.1 Wind velocity magnitude and direction 
In order to evaluate the influence of wind direction and velocity magnitude on the pressure 
fluctuations the local wind velocity was measured. A 3D sonic anemometer was placed 8.4 m above 
the height of the building (51.4 m above the ground). The measurements took place with a frequency 
of 4 Hz during the same periods as the differential pressure measurements. 
2.3.2 Pressure difference
Differential pressure sensors were implemented in order to monitor the pressure difference, ΔP = 
Pinterior – Pexterior, between the interior and the exterior of the containment zone, with a minimum 
frequency of 2.5 Hz. In this paper, results of pressure measurements are compared for the first day of 
the measurements at the ground floor interior, which is the location where the contractor is obliged to 
monitor the pressure difference, and at a location at floor 6, where the pressure difference between the 
exterior and the interior of the containment zone was the most significant. 
2.3.3 Temperature and humidity 
In order to determine the potential significance of thermal effects, air dry-bulb temperature and 
relative humidity sensors where placed at different floors and the exterior of the building. As several 
of the building’s exterior windows were already removed and other ventilation openings and cavities 
where present, the interior temperature and relative humidity did not vary significantly and, therefore, 
thermal effects are neglected. 
 
 
 

 
Figure 2. Overview of the containment zone in two floors of the high-rise building  
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buildings is not dynamically evaluated in the containment zones. The single location where the 
pressure difference is monitored may lead to completely ignoring the effects of wind. Moreover, 
current practice monitors the depressurization of the containment zone at low frequency (0.07 Hz), 
while the fluctuations of external wind pressure range from low to high frequencies (0.001-1000 Hz) 
(Richardson and Surry, 1992, Ricci et al., 2017). Therefore, instantaneous peaks of wind pressure can 
remain undetected, leading to instantaneous breaching of the mechanically induced containment and 
to potential dispersion of asbestos fibres out of the containment zone. An illustration of this effect is 
shown in Figure 1. 

 
Figure 1. Illustrative example of how wind could influence the airflow direction, due to fluctuating 
pressures, for containment in a high-rise building 

Especially for wind-exposed high-rise buildings, the accurate prediction of wind pressure statistics on 
the building façade can provide insight on the measures that need to be taken in order to ensure the 
containment of asbestos fibres during its abatement. The robustness of the ventilation system in a 
containment zone with respect to unsteady wind-induced disturbances and wind intensity has been 
rarely studied (Le Roux et al., 2013).  
Given the large environmental, societal and occupational health issues associated with asbestos, there 
is a clear need to evaluate the efficiency of current exposure prevention techniques and determine in 
which way these can be improved. For this paper, full-scale measurements were performed in 
February 2017 at an asbestos abatement high-rise building site in Arcachon, France, in order to 
observe whether containment is ensured under any conditions during an actual project. 

2 METHODS 

2.1 Description of the building site 
The selected building to perform the measurements was a 16-storey, with 17 m width x 25 m depth x 
43 m height dimensions, formerly residential building, to be demolished. It was the tallest building in 
its vicinity at a residential urban environment in Arcachon, France. During the field measurements it 
was exposed to wind from directions with only low-rise buildings and vegetation obstructions. As 
asbestos was broadly used in the building (ducts, insulation, wall coverings, etc.), the asbestos 
abatement procedure via containment had to take place before the demolition process.  

2.2 Description of the containment zone 
During the two days of field measurements, the contained zone in the building contained parts of the 
first 8 building floors (including the ground floor). The contained zones of each floor were connected 
with each other via a central building staircase. As not all the rooms of the building contained 

Containment of one floor Airflows without wind (top view) Airflows with wind (top view)
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3 RESULTS AND DISCUSSION 

3.1 Wind velocity magnitude and direction 
The results of the velocity magnitude and direction of the first and the second day for the duration of 
the measurements are presented in Figure 3. 

    

    
Figure 3. Wind magnitude and direction for the two periods of measurements 

What can be observed in Figure 3 is that the velocity magnitude during the first day of the 
measurements was significantly higher compared to the second day, with an average velocity 
magnitude of 7.3 m/s, which is considered moderate in terms of magnitude, compared to 2.5 m/s 
during the second day of measurements. What is clear is that wind is a highly unsteady phenomenon, 
both in terms of direction and magnitude. 
It is noted that for the second day, due to the fact that instantaneous velocity magnitude approached 
values close to zero, the wind direction estimated by the magnitude of the three velocity components, 
was even less stable. 

3.2 Pressure difference 
The results of pressure difference measurements for the duration of the measurements for the first day 
of measurements are presented in Figure 4. The blue continuous line depicts the differential pressure 
signal. The red dotted line depicts the regulatory barrier is France, required as minimum pressure 
difference between the containment zone and its exterior. The black dotted line depicts the ‘physical’ 
pressure difference requirement for which reverse flow from the interior to the exterior of the 
containment could occur and, therefore, containment asbestos can be breached.  
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Figure 4. Differential pressures measured at two locations for the first day of measurements 

During the 35 minutes of measurements at the location where the contractor monitors the 
containment, the pressure signal never surpasses neither the regulatory nor the ‘physical’ barriers. In 
contrary, at the location of the measurements at the 6th floor, more often the regulatory barrier (in total 
2.78% of the measurements duration) and in several occasions the ‘physical’ barrier (in total 1.03% of 
the measurements duration) is breached.  
The average pressure difference at the location where the contractor monitors the containment is close 
to the designed pressure difference of 40 Pa and the standard deviation value is 3.8 Pa, while the 
average pressure difference at the 6th floor is 10 Pa less than the designed pressure difference and the 
standard deviation is 2.3 times higher compared to the location of mandatory measurements by the 
contractor.  
Although the containment should never be breached, the duration of breaching can have significance 
on the inertia and amount of asbestos fibres that could potentially escape the containment through 
leakage through the facade or the ventilation inlets. Based on the containment breaching results 
analysis, the duration of breaching can exceed 4 seconds. 
A summary of all the measurement point results is provided in Table 1, taking into account the 
accuracy of pressure sensors. 

Table 1. Statistics of the differential pressure for all measurement locations 
Position ΔPaver [Pa] σ [Pa] ΔP < 10 Pa [%] ΔP < 0 Pa [%] 

Floor 0 (contractor check point) 43 ± 1 4 ± 1 0.00 0.00 
Floor 6, ZE 19 (sideward point) 30 ± 1 9 ± 1 2.78 1.03 
Floor 6, ZE 23 (windward point) 61 ± 1 9 ± 1 0.00 0.00 
Floor 6, ZE 22 (windward point) 62 ± 1 8 ± 1 0.00 0.00 
Floor 6, ZE 20 (sideward point) 36 ± 1 7 ± 1 0.39 0.08 
Floor 6, ZE 22 (sideward point) 42 ± 1 7 ± 1 0.24 0.07 
Floor 7, ZE 28 (windward point) 64 ± 1 9 ± 1 0.00 0.00 
Floor 7, ZE 27 (sideward point) 32 ± 1 8 ± 1 1.14 0.11 

What can be observed in Table 1 is that pressure difference varies significantly throughout the 
containment zones, either surpassing or falling behind the designed depressurization value. As 
expected, at windward locations the pressure difference between the depressurized interior due to 
mechanical exhaust ventilation units and the over pressurized exterior due to wind effects is the 
largest. At sideward points compared to the wind direction though, containment breaching is visible. 
During the second day of pressure measurements, due to the low wind velocity magnitude that was 
measured locally, containment was not breached at any of the measurement points.  
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3 RESULTS AND DISCUSSION 

3.1 Wind velocity magnitude and direction 
The results of the velocity magnitude and direction of the first and the second day for the duration of 
the measurements are presented in Figure 3. 

    

    
Figure 3. Wind magnitude and direction for the two periods of measurements 

What can be observed in Figure 3 is that the velocity magnitude during the first day of the 
measurements was significantly higher compared to the second day, with an average velocity 
magnitude of 7.3 m/s, which is considered moderate in terms of magnitude, compared to 2.5 m/s 
during the second day of measurements. What is clear is that wind is a highly unsteady phenomenon, 
both in terms of direction and magnitude. 
It is noted that for the second day, due to the fact that instantaneous velocity magnitude approached 
values close to zero, the wind direction estimated by the magnitude of the three velocity components, 
was even less stable. 

3.2 Pressure difference 
The results of pressure difference measurements for the duration of the measurements for the first day 
of measurements are presented in Figure 4. The blue continuous line depicts the differential pressure 
signal. The red dotted line depicts the regulatory barrier is France, required as minimum pressure 
difference between the containment zone and its exterior. The black dotted line depicts the ‘physical’ 
pressure difference requirement for which reverse flow from the interior to the exterior of the 
containment could occur and, therefore, containment asbestos can be breached.  
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Further evaluation of wind effects on containment zones will be performed with a combination of 
transient computational fluid dynamics simulations and ventilation network modelling. In order to 
accurately predict wind-induced pressure fluctuations, the LES approach has shown the potential to 
obtain realistic pressure signals in terms of spectral analysis and pressure coefficient statistics for a 
wind-tunnel validation case study. 

4 CONCLUSIONS 
The measurement data extracted and analysed have validated the research’s hypothesis that wind can 
cause containment breaching during asbestos abatement. It was shown that containment is not uniform 
but varies significantly depending on wind direction and position of measurements due to the effect of 
wind. Although average pressure difference was within the regulatory and physical margins, for some 
sensors the containment can be momentarily breached for moderate wind velocity magnitude; 
however, this did not occur at low wind velocities. Even if asbestos abatement contractor complies 
with the existing regulations, those are not sufficient to ensure asbestos containment under any wind 
conditions at all locations of containment, especially on high-rise buildings. 
It is also proved that the measurement location of pressure differences between the containment zone 
and its exterior is important, despite that in current practice wind flow is not taken into account. 
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SUMMARY 
Machinists have commonly respiratory symptoms although the machining centres are usually equipped 
with air cleaners to purify the recycled air. The reason for this may be the semivolatile contaminants 
originating from metal working fluids (MWF) which penetrate the particulate filters in the air cleaners. 
The aim of the study was to find out how particulate and semivolatile compounds can be removed from 
recycled exhaust air. Experiments with different kind of air cleaning units including a new type of 
purification unit were introduced. Total concentrations of both alkanolamines and volatile organic 
compounds were chosen as indicators of indoor air quality and performance of air cleaning systems.  
The results indicate that semivolatile components penetrate the traditionally used particulate filters in 
air cleaners as vapours and thus increase the workers’ exposure to harmful volatile contaminants of the 
MWF aerosol. The usage of additional activated carbon filters effectively removed the volatile 
impurities from the recycled air. It was also shown that with the new type of air purification unit the life 
of activated carbon could be increased. The results showed that the multi-stage particulate filtration 
combined with treatment of volatile contaminants might be the best choice for the cleaning of the 
exhaust air of the machining centres. 
Keywords: metalworking fluids, air filtration, recycled air, exposure, alkanolamines 

1 INTRODUCTION 
Metalworking fluids (MWF) are crucial in machining operations. They lubricate and cool tools and the 
workpiece, and flush away chips. During machining MWF aerosol is formed containing both particulate 
and volatile compounds harmful to health (Michalek et. al. 2003, Jaakkola et al. 2009). Machinists may 
have respiratory symptoms although the machining centers are usually equipped with air filtration units 
for purifying the recycled air (Suuronen 2009, Hannu et al. 2013)). The reason for this could be the 
semivolatile compounds found in the MWF aerosols. Cooper and Leith (1998) and Leith et al. (2003) 
found that the vapours of semivolatile MWF components will penetrate the air filters.  
Concentrations of single contaminants, such as oil mist, are usually well below the occupational 
exposure limits (Suuronen 2009). Kim et al. (2010) found that e.g. ethanolamines, especially 
monoethanolamine, used in metalworking operations can easily evaporate from the MWF.  Thus, 
Henriks-Eckerman and Suuronen (2009) suggest the use of total alkanolamine concentration as an 
indicator for metalworking fluid aerosol exposure. They suggested that the total alkanolamine 
concentration of 0.1 mg/m3 should be used as a health based benchmark level. In this study we use this 
Finnish benchmark concentration as a reference for healthy indoor air quality. 
The aim of the study was to find out how the harmful particulate and volatile compounds can be removed 
from recycled exhaust air and how this will influence the indoor air quality. 

Further evaluation of wind effects on containment zones will be performed with a combination of 
transient computational fluid dynamics simulations and ventilation network modelling. In order to 
accurately predict wind-induced pressure fluctuations, the LES approach has shown the potential to 
obtain realistic pressure signals in terms of spectral analysis and pressure coefficient statistics for a 
wind-tunnel validation case study. 

4 CONCLUSIONS 
The measurement data extracted and analysed have validated the research’s hypothesis that wind can 
cause containment breaching during asbestos abatement. It was shown that containment is not uniform 
but varies significantly depending on wind direction and position of measurements due to the effect of 
wind. Although average pressure difference was within the regulatory and physical margins, for some 
sensors the containment can be momentarily breached for moderate wind velocity magnitude; 
however, this did not occur at low wind velocities. Even if asbestos abatement contractor complies 
with the existing regulations, those are not sufficient to ensure asbestos containment under any wind 
conditions at all locations of containment, especially on high-rise buildings. 
It is also proved that the measurement location of pressure differences between the containment zone 
and its exterior is important, despite that in current practice wind flow is not taken into account. 
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2 METHODS 
The performance of air cleaners against MWF aerosol were studied in two machining shops (site 1 and 
site 2). Six machining centers representing four different types of stand-alone local air cleaners were 
studied. The total number of air filtering units measured was eight. MWFs in both sites were semi-
synthetic fluids with medium mineral oil content.  
At site 1 two machining centers equipped with two air cleaners each (total 4 air filtration units, AFU) 
were chosen for investigation. All air filtration units were equipped with HEPA filters. The measured 
air flow rate for all four similar units was 0.23 m3/s. In this site experiments with activated carbon (AC) 
afterfilters were also introduced. After studying baseline concentration, AC filters were installed on the 
top of the air filtration units (Figure 1). The performance of AC filters and their effect on indoor air 
quality was measured. 

 
Figure 1. Air filtration units (AFU) installed on the machining centres at site 1. In this picture 
activated carbon filter were installed on top of the HEPA filters. 

At site 2 four machining centers containing four different type of air cleaners were investigated (total 4 
air filtration units, AFU). All the units were equipped with HEPA filter stage and their measured air 
flow rates varied between 0.18 – 0.70 m3/s. In this site a method to increase the life of the activated 
carbon filters was also studied with a new type of purification unit. After the baseline concentration 
study the exhaust air from the machining centers were treated with a new central air handling unit 
(AHU). The AHU contained a new type of air purification system together with traditional HEPA and 
AC filters (Figure 2).  
Total concentrations of both alkanolamines and volatile organic compounds were chosen as indicators 
of indoor air quality and performance of air purification systems. Sampling of airborne alkanolamines 
were done using sulphuric acid treated glassfiber filters with air flow rate of 2 l/min. The concentration 
of total alkanolamines was measured with LC-MS/MS. Total volatile organic compounds (TVOC) were 
sampled in ATD tubes packed with Tenax TA sorbent using the air flow rate of 100 cm3/min. The 
samples were analyzed using thermodesorption-gas chromatographic-mass spectrometric (TD-GC-MS) 
method. The TVOC was defined as those found in the chromatogram between n-hexane and n-
hexadecane and the total concentration was analyzed as toluene equivalent. Samples were taken from 
the exhaust air, from the occupied zone in the workplace (area sample) and from different exhaust air 
stages of the new air handling unit (AHU).  
The air flow rate of each studied air filtration unit was measured. Based on these air flow rates and 
TVOC and alkanolamine concentrations we calculated the indoor emission of volatiles caused by the 
recycled air. After that we calculated the fresh supply air flow rate needed to dilute the contaminant 
emission down to the desired level. This air flow rate is compared to the air flow rate of the air filtering 
units. If the supply air flow rate needed for dilution is higher than that of the filtering unit it can be 
concluded that recycling of the air is not profitable.  
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Figure 2. Picture of new central air handling unit (AHU) containing new air purification unit which 
decrease the load of the activated carbon filter. 

3 RESULTS 
The results indicate that volatile contaminants penetrate the traditional air filtering units and thus 
increase the workers’ exposure to harmful components of the MWF aerosol (Figure 3). Concentration 
of total alkanolamines and volatile organic compounds in recycled air were about 1-5.4 times higher 
than that found in the occupied zone. Concentrations of total alkanolamines in the occupied zone varied 
between 1.31 mg/m3 – 2.04 mg/m3 being much higher that the concentration recommended (0.1 mg/m3) 
based on health effects of alkanolamines.  

 
Figure 3. Total alkanolamine and TVOC concentrations in recycled air of air filtering units (AFU) 
and area samples located in the occupied zone. Baseline studies. 
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The performance of air cleaners against MWF aerosol were studied in two machining shops (site 1 and 
site 2). Six machining centers representing four different types of stand-alone local air cleaners were 
studied. The total number of air filtering units measured was eight. MWFs in both sites were semi-
synthetic fluids with medium mineral oil content.  
At site 1 two machining centers equipped with two air cleaners each (total 4 air filtration units, AFU) 
were chosen for investigation. All air filtration units were equipped with HEPA filters. The measured 
air flow rate for all four similar units was 0.23 m3/s. In this site experiments with activated carbon (AC) 
afterfilters were also introduced. After studying baseline concentration, AC filters were installed on the 
top of the air filtration units (Figure 1). The performance of AC filters and their effect on indoor air 
quality was measured. 

 
Figure 1. Air filtration units (AFU) installed on the machining centres at site 1. In this picture 
activated carbon filter were installed on top of the HEPA filters. 

At site 2 four machining centers containing four different type of air cleaners were investigated (total 4 
air filtration units, AFU). All the units were equipped with HEPA filter stage and their measured air 
flow rates varied between 0.18 – 0.70 m3/s. In this site a method to increase the life of the activated 
carbon filters was also studied with a new type of purification unit. After the baseline concentration 
study the exhaust air from the machining centers were treated with a new central air handling unit 
(AHU). The AHU contained a new type of air purification system together with traditional HEPA and 
AC filters (Figure 2).  
Total concentrations of both alkanolamines and volatile organic compounds were chosen as indicators 
of indoor air quality and performance of air purification systems. Sampling of airborne alkanolamines 
were done using sulphuric acid treated glassfiber filters with air flow rate of 2 l/min. The concentration 
of total alkanolamines was measured with LC-MS/MS. Total volatile organic compounds (TVOC) were 
sampled in ATD tubes packed with Tenax TA sorbent using the air flow rate of 100 cm3/min. The 
samples were analyzed using thermodesorption-gas chromatographic-mass spectrometric (TD-GC-MS) 
method. The TVOC was defined as those found in the chromatogram between n-hexane and n-
hexadecane and the total concentration was analyzed as toluene equivalent. Samples were taken from 
the exhaust air, from the occupied zone in the workplace (area sample) and from different exhaust air 
stages of the new air handling unit (AHU).  
The air flow rate of each studied air filtration unit was measured. Based on these air flow rates and 
TVOC and alkanolamine concentrations we calculated the indoor emission of volatiles caused by the 
recycled air. After that we calculated the fresh supply air flow rate needed to dilute the contaminant 
emission down to the desired level. This air flow rate is compared to the air flow rate of the air filtering 
units. If the supply air flow rate needed for dilution is higher than that of the filtering unit it can be 
concluded that recycling of the air is not profitable.  
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While the exhaust air of the air filtration units contains significant concentrations of hazardous 
contaminants it is questionable to recirculate it back to the workplace air.  Contaminated exhaust air 
needs more supply air to dilute contaminants down to desired level than it saves by returning it 
(Figure 4). Depending on the targeted contaminant level in the occupied zone the additional supply air 
needed for dilution might be about 3.5 to 90 time higher compared to air flow rate of the filtration unit. 

 
Figure 4. Comparison of air flow rates of the air filtration units (AFU) saved by recycling and supply 
air flow rate needed to dilute the alkanolamine concentration of the recycled air to the targeted (0.5 
mg/m3) level.  

At site 1 the air filtration units of the two investigated machining centers were equipped with activated 
carbon (AC) filters containing about 15 kg of AC. Both the total alkanolamines and TVOC 
concentrations in the recycled air were reduced to very low level, <0.02 mg/m3 and <0.1 mg/m3 
respectively. Also contaminant concentrations in the nearby area sampling points were reduced by 35-
42 %. It is worth to notice that only two machining centers in the area were equipped with molecular 
filters while others had particulate filters only. However, AC filters were saturated quite fast. After 3 
weeks the concentrations of alkanolamines and TVOC measured downstream of the AC filters were 
about 60-70 % of that measured without activated carbon.  
At site 2 a new central air handling unit (AHU) was tested. The exhaust air from the all four investigated 
machining centers was collected and treated in this AHU. This air handling unit was equipped with a 
new type of air purification unit, HEPA filters and compact activated carbon filters (about 3.3 kg of 
AC). Total alkanolamine concentrations in the upstream of the AHU varied from 3.5 mg/m3 to 7.8 
mg/m3 and that of TVOC from 5.1 mg/m3 to 6.0 mg/m3. The new air purification unit in AHU reduced 
the concentration of total alkanolamines by 70-85% before the activated carbon filter (Figure 5). For 
TVOC concentrations the reduction varied between 40-65%. New activated carbon filters captured the 
rest of the contaminants quite effectively downstream concentrations being <0.15 mg/m3 for both total 
alkanolamines and TVOC. After two months of continuous use of AHU the measured concentrations 
of the total alkanolamines downstream of the AHU was 20% compared to those in the upstream.   
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Figure 5. Measured concentrations of total alkanolamines in different parts of the air handling unit 
and in area samples.  

4 DISCUSSION 
Concentrations of semivolatile compounds (alkanolamines and TVOC) were much higher (about 2-5 
times) in the recycled air than in the general workroom air. This is in agreement with findings of Cooper 
and Leith (1998) who reported that about 8-13% of the aerosolized metalworking fluid compounds 
penetrate the particulate filters. The emission of volatile compounds continues even if there is no aerosol 
formation (Cooper and Leith, 1998, Sutter et al. 2010). Vapor concentrations measured as room air 
passed through mist-loaded collector components were 5–10 times greater downstream than upstream 
for the laboratory collectors (Cooper and Leith, 1998).  
Recirculating extracted air is thought to save energy and reduce heating costs. However, the high 
concentrations of volatile air impurities observed in the recycled air increase the need for fresh 
diluting supply air. Depending on the targeted contaminant level the required diluting air could be up 
to 90 times higher than the recycled air flow rate. This high value was based on recommended Finnish 
benchmark level for total alkanolamines. If more ease up benchmark is used, e.g. 0.5 mg/m3 
(approximately 1/10 OEL of the many single alkanolamines) the dilution air needed is still 4-18 times 
higher than recycled air. 
The use of activated carbon (AC) filters in air cleaners reduced both alkanolamine and TVOC emissions 
to the workplace air, as expected. However, the life of the AC filters turned out to be very short. The 
use of the new type of air purification unit reduces the contaminant load which the AC filter suffers and 
thus extends AC life.{Hannu, 2013 #53}  
 
  

While the exhaust air of the air filtration units contains significant concentrations of hazardous 
contaminants it is questionable to recirculate it back to the workplace air.  Contaminated exhaust air 
needs more supply air to dilute contaminants down to desired level than it saves by returning it 
(Figure 4). Depending on the targeted contaminant level in the occupied zone the additional supply air 
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mg/m3) level.  

At site 1 the air filtration units of the two investigated machining centers were equipped with activated 
carbon (AC) filters containing about 15 kg of AC. Both the total alkanolamines and TVOC 
concentrations in the recycled air were reduced to very low level, <0.02 mg/m3 and <0.1 mg/m3 
respectively. Also contaminant concentrations in the nearby area sampling points were reduced by 35-
42 %. It is worth to notice that only two machining centers in the area were equipped with molecular 
filters while others had particulate filters only. However, AC filters were saturated quite fast. After 3 
weeks the concentrations of alkanolamines and TVOC measured downstream of the AC filters were 
about 60-70 % of that measured without activated carbon.  
At site 2 a new central air handling unit (AHU) was tested. The exhaust air from the all four investigated 
machining centers was collected and treated in this AHU. This air handling unit was equipped with a 
new type of air purification unit, HEPA filters and compact activated carbon filters (about 3.3 kg of 
AC). Total alkanolamine concentrations in the upstream of the AHU varied from 3.5 mg/m3 to 7.8 
mg/m3 and that of TVOC from 5.1 mg/m3 to 6.0 mg/m3. The new air purification unit in AHU reduced 
the concentration of total alkanolamines by 70-85% before the activated carbon filter (Figure 5). For 
TVOC concentrations the reduction varied between 40-65%. New activated carbon filters captured the 
rest of the contaminants quite effectively downstream concentrations being <0.15 mg/m3 for both total 
alkanolamines and TVOC. After two months of continuous use of AHU the measured concentrations 
of the total alkanolamines downstream of the AHU was 20% compared to those in the upstream.   
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5 CONCLUSIONS 
1. Commonly used high efficiency particulate filtration alone is not satisfactory method for 

handling of metalworking fluid aerosols originating from machining centres. Volatile 
compounds penetrating the particulate filters may partly cause the health effects associated with 
the metal working fluids. 

2. Current practise of recycling the HEPA-filtered exhaust air from air filtration units is not 
beneficial in machining centres utilising metalworking fluids. Diluting the airborne 
contaminants penetrating the particulate filters needs much more supply air than it is saved by 
recycling it back to the workplace air. Other reasons, e.g. problems in ductwork installation, 
may support the use of the recycling type air filtration units. 

3. The usage of additional activated carbon (AC) filters effectively removed the alkanolamines and 
volatile organic compounds from the recycled air. The reduction was also seen in the indoor air 
concentrations. The life of the AC filters was, however, very short when combined with 
particulate filters only. Utilisation of the  new type of the air purification unit decreased the load 
of the AC filter and thus may increase it’s life. Thus, the results showed that the multi-stage 
particulate filtration combined with treatment of gaseous contaminants might be the best choice 
for the cleaning of the exhaust air of the machining centers. 
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SUMMARY  
Water mist fire suppression systems have been widely used in the past decade with primary 
extinguishing mechanisms summarized to be heat extraction or displacement of oxygen and dilution of 
fuel vapor. There are difficulties for water mist to extinguish small shielded or obstructed fires. 
Therefore, fires are extinguished by diluting oxygen with the generated water vapor with the room 
closed. In suppressing fire by a water mist system, reduction in oxygen concentration by burning the 
fuel and increasing water vapor in the compartment is the key mechanism. A cycling mode for the water 
mist discharge system improves the performance, as demonstrated before in studying building fires.  
In this presentation, a single-zone model for evaluating the performance of water mist suppression 
systems with cycling discharge in a room under limited ventilation will be further discussed, with 
special focuses on the mechanisms of suppressing oxygen consumption by the fire and dilution by water 
vapor.  The effects of water mist discharge in both cycling and continuous modes under different fire 
scenarios were studied. The frequency of water mist cycling discharge was varied to determine the 
optimal design value. 
Keywords: cycling and continuous discharge, water mist, fire extinguishing, zone modeling 

1 INTRODUCTION  
Water mist fire suppression systems have been widely used in the past decade (Liu and Kim, 2000). 
Extinguishing mechanisms of water mist (Liu and Kim, 2000) included heat extraction and 
displacement of oxygen and dilution of fuel vapor.  
A cycling mode for the water mist discharge system improves the performance and has been applied to 
study building fires (Li and Chow, 2004, 2006, 2008). The cycling discharge involves a continuous 
alternation of the on and off cycle of discharging water mist. Water mist is discharged for a short period 
of time; it is stopped temporarily and starts discharging again. The cycle is repeated until the system 
stops to operate.   
In this presentation, a one-layer zone model (Li and Chow, 2004, 2006, 2008) for evaluating the 
performance of water mist suppression systems in a room with limited ventilation with cycling 
discharge will be further discussed, with special focuses on the mechanisms of suppressing oxygen 
consumption by the fire and dilution by water vapor. The effects of water mist discharge in both cycling 
and continuous modes under different fire scenarios were studied. The frequency of water mist cycling 
discharge was varied to determine the optimal design value. 

5 CONCLUSIONS 
1. Commonly used high efficiency particulate filtration alone is not satisfactory method for 

handling of metalworking fluid aerosols originating from machining centres. Volatile 
compounds penetrating the particulate filters may partly cause the health effects associated with 
the metal working fluids. 

2. Current practise of recycling the HEPA-filtered exhaust air from air filtration units is not 
beneficial in machining centres utilising metalworking fluids. Diluting the airborne 
contaminants penetrating the particulate filters needs much more supply air than it is saved by 
recycling it back to the workplace air. Other reasons, e.g. problems in ductwork installation, 
may support the use of the recycling type air filtration units. 

3. The usage of additional activated carbon (AC) filters effectively removed the alkanolamines and 
volatile organic compounds from the recycled air. The reduction was also seen in the indoor air 
concentrations. The life of the AC filters was, however, very short when combined with 
particulate filters only. Utilisation of the  new type of the air purification unit decreased the load 
of the AC filter and thus may increase it’s life. Thus, the results showed that the multi-stage 
particulate filtration combined with treatment of gaseous contaminants might be the best choice 
for the cleaning of the exhaust air of the machining centers. 
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2 ONE-ZONE MODEL 
Small and obstructed fires are more difficult to be suppressed by water mist, particularly in rooms of 
limited ventilation. The effectiveness of using two different modes of water mist discharge systems to 
put out small obstructed fires will be discussed in this presentation. 
“Stirring” is caused by the momentum of the water sprays. In full-scale fire tests in machinery space 
(Back, 2001), a well-stirred environment with steady temperature is created after discharging water mist 
in a continuous mode. It is more effective to treat the fire enclosure as a well-stirred reactor, i.e. to treat 
one zone instead of two zones. 
In the cycling discharge mode, fire is suppressed under the water-on phase and it recovers quickly in 
the off phase.  As a result, gas temperature in the compartment fluctuates to induce mixing.  A two-
layer fire model might not be applicable.  Further, water mist droplets affect the stability of the smoke 
layer.  Therefore, a one-zone model is better for simulating the effects of water mist on the gas 
temperature and oxygen concentration in a small obstructed fire, a topic studied in this presentation. 
The one-zone model for simulating the total flooding water mist fire suppression system in 
compartments has two major improvements, which were different from other one-zone models reported 
in the literature (Chow and Li, 2002-2003; Vaari, 2002):  
First, the water discharge rate of a sprinkler is characterized by the volume mean diameter (VMD) of 
droplets. VMD is defined as the diameter of a droplet, and when it is multiplied by the number of 
droplets, the volume of the water flow rate can be calculated.   
Secondly, this model is different from the quasi-steady state model (Back, 2000) and transient model 
(Wighus and Brandt, 2001). These water mist systems have similar discharge rates, but their spray 
characteristics cannot be distinguished. A 1550 K flame temperature for hydrocarbon fires was selected 
as the criterion in the model developed by Vaari (2002). However, the paper used critical oxygen volume 
concentration (0.14) to predict fire extinguishment. In fires that are obstructed or partially blocked, some 
droplets might not reach the flame to induce a cooling effect. Therefore, oxygen displacement would be 
the key fire extinguishing mechanism, as reported experimentally (Back et al., 1998; Kung, 1977). Since 
the limits of adiabatic flame temperature for hydrocarbon fuel vary, the use of the critical oxygen 
volume concentration as the basis might be better for wider application. However, the criterion of 
oxygen concentration used in this model was different from that of Back (2000), therefore, the air inside 
the room was assumed to be well-mixed and saturated with water vapor.  
The advantages of this one-zone model are:  

• It can easily predict different fire scenarios. 

• It can be modified for special situations.  

• It can be used to describe the characteristics of different water mist systems since there is a relation 
between the volume mean diameters of different water mist systems and the geometrically similar 
sprinkler nozzles (Kung, 1977). 

For the cycling discharge, the prediction is the same as that for continuous discharge during the water 
mist on phase.  When the water mist is off, the water flow rate is set to zero in both the mass and energy 
balance equations. 
Taking the control volume of a fire compartment as a one-dimensional coordinate, the governing 
equation for gas species density is: 
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In equation (1), xm  is the mass of gas species in the fire compartment; the subscript x  would be vap  for 
water vapor, ox  for oxygen and N  for nitrogen; u ���⃗  is the velocity vector of gas flow through the opening 
of the fire compartment, V  is the volume of the fire compartment, S  is the surface area of the opening; 
and 𝑚𝑚𝑚𝑚𝑚 𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠   is the source term of gas species in the fire compartment. The source term 𝑚𝑚𝑚𝑚𝑚 𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠   is given by )(tmwβ , 
𝑄𝑄𝑄𝑄𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓/𝐻𝐻𝐻𝐻𝑐𝑐𝑐𝑐, and it is zero for water vapor, oxygen and nitrogen respectively.  wm  is the water mist mass, 

)t(β  is the logarithmic rate of evaporation of a single droplet, 𝑄𝑄𝑄𝑄𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is the heat release rate of fire, and 
cH  is the heat released by consuming 1 kg of oxygen, i.e. 13.1 MJ per kg of oxygen consumed.   

The water droplets traveling downward in air, under gravity and viscous force, would have a terminal 
velocity. There are empirical formulas to calculate the terminal velocity in the literature. In the model 
developed by Varri (2002), water droplets are assumed to fall from the ceiling to floor at their terminal 
velocities. The effects of the changes in diameters due to evaporation are not taken into consideration. 
In this presentation, it was assumed that the droplets’ diameters would not change while falling. The 
number of droplets changed so that the mass of the droplets removed would be equal to the mass of the 
evaporated water. Although smaller droplets would take a longer time to reach the floor due to 
evaporation, this assumption is reasonable because the kinematical coagulation of droplets of different 
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3 SIMULATIONS 
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fire heat release rate 𝑄𝑄𝑄𝑄𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 was 0.5 MW, the volume of the fire compartment was 100 m3 and the 
ventilation factor was 2.4 m5/2. The water mist system was at 13 bar pressure and 1.3 kg/s flow rate. The 
Sauter mean diameter of the water mist system was 350 µm and the VMD of the water droplets were 
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in a continuous mode. It is more effective to treat the fire enclosure as a well-stirred reactor, i.e. to treat 
one zone instead of two zones. 
In the cycling discharge mode, fire is suppressed under the water-on phase and it recovers quickly in 
the off phase.  As a result, gas temperature in the compartment fluctuates to induce mixing.  A two-
layer fire model might not be applicable.  Further, water mist droplets affect the stability of the smoke 
layer.  Therefore, a one-zone model is better for simulating the effects of water mist on the gas 
temperature and oxygen concentration in a small obstructed fire, a topic studied in this presentation. 
The one-zone model for simulating the total flooding water mist fire suppression system in 
compartments has two major improvements, which were different from other one-zone models reported 
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First, the water discharge rate of a sprinkler is characterized by the volume mean diameter (VMD) of 
droplets. VMD is defined as the diameter of a droplet, and when it is multiplied by the number of 
droplets, the volume of the water flow rate can be calculated.   
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concentration (0.14) to predict fire extinguishment. In fires that are obstructed or partially blocked, some 
droplets might not reach the flame to induce a cooling effect. Therefore, oxygen displacement would be 
the key fire extinguishing mechanism, as reported experimentally (Back et al., 1998; Kung, 1977). Since 
the limits of adiabatic flame temperature for hydrocarbon fuel vary, the use of the critical oxygen 
volume concentration as the basis might be better for wider application. However, the criterion of 
oxygen concentration used in this model was different from that of Back (2000), therefore, the air inside 
the room was assumed to be well-mixed and saturated with water vapor.  
The advantages of this one-zone model are:  

• It can easily predict different fire scenarios. 

• It can be modified for special situations.  

• It can be used to describe the characteristics of different water mist systems since there is a relation 
between the volume mean diameters of different water mist systems and the geometrically similar 
sprinkler nozzles (Kung, 1977). 

For the cycling discharge, the prediction is the same as that for continuous discharge during the water 
mist on phase.  When the water mist is off, the water flow rate is set to zero in both the mass and energy 
balance equations. 
Taking the control volume of a fire compartment as a one-dimensional coordinate, the governing 
equation for gas species density is: 
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calculated as 290 µm. The pre-burn period was 60 s. During the pre-burn period, the gas in the fire 
compartment was heated to about 130 oF.  When water mist was discharged from the ceiling, the 
calculated gas temperature would see a sharp drop. In a continuous water mist discharge, the fire was 
controlled and the room temperature would probably stay at 58 oF throughout the compartment. With 
such a small fire and a low room temperature, less water vapor could be generated in the continuous 
water mist discharge, retarding the efficacy of water mist in fire suppression. 

  
a) Gas temperature (Li and Chow, 2004) 

 
b) Oxygen concentration in the fire compartment  

 
c) Water mist density 

Figure 1. Oxygen concentration, gas temperature and water mist density for a spray fire 
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Using a cycling water discharge, gas temperatures fluctuated significantly during the test period. When 
the water mist discharge was in the water-off phase, the gas temperature increased to about 90°C. More 
water vapor could be contained easily in higher temperature because the saturated water vapor content 
became much larger with increased air temperature (Keenan et al., 1696). For example, the water vapor 
content of saturated air was 0.0862 kg per kg with dry air at 55°C , while the value was 1.4 kg per kg 
dry air when the temperature was 90°C. The water vapor content at 90°C was almost 16 times the value 
at 55°C. As a result, when water mist was discharged again, more water vapor could be produced in the 
interaction of water mist, hot gas and hot surface. In addition, water droplets left in the compartment 
were able to convert into water vapor during the water-off phase.  
The changes in oxygen concentration between the usage of the cycling discharge and the continuous 
discharge are shown in Figure 1(b). Three curved lines are plotted, where curves 1 and 2 represent the 
changes of oxygen concentration under continuous and cycling discharge modes respectively, without 
considering the combustion products. Curve 3 represents the changes of oxygen concentration under 
the cycling discharge mode, and it also takes into account the combustion products, including water 
vapor and carbon dioxide. It was observed that oxygen concentration in the compartment also fluctuated 
with the cycling discharge.  Comparing curves 1 with 2, the oxygen concentration in the cycling 
discharge is lower than that in the continuous discharge for most of the time. Since the heat release rate 
was constant, oxygen consumption by the fire did not change in the simulation. When compared with 
the continuous discharge, the cycling water mist discharge could produce more water vapor to dilute 
oxygen, enhancing the effectiveness of water mist in fire suppression. In this fire scenario, the 
extinguishment time was about 130 s after the discharge of water mist in the cycling discharge mode, 
while the extinguishment time was about 180 s in the continuous discharge mode.  Moreover, the total 
amount of water used was greatly reduced: it went down from 234 kg in the continuous discharge to 
130 kg in the cycling discharge. The average quantity per floor area dW  was reduced from 6.69 kgm-2 
in a continuous discharge to 3.71 kgm-2 in cycling discharge. 
Water mist densities (calculated by dividing the suspended water droplet mass wm  by the volume of fire 
compartment V in two discharge modes) were also calculated and the results are illustrated in Figure 
1(c). In the cycling discharge, the water mist density fluctuated quickly. During the off phase, many 
droplets discharged in the former water-on phase remained in the air and were converted into water 
vapor by hot air. The change in water mist density was related to the diameter of the water droplet. The 
smaller the diameter, the higher the water density in the room air, and more water droplets would be 
converted into water vapor in the off period. 

4 CONCLUSIONS 
A one-zone model was developed to study fire extinguishment using water mist system with both 
continuous and cycling discharge modes. The model was based on the conservation of mass and energy 
of the fire enclosure. The water mist system was characterized by water flow rate and volume mean 
diameter of the droplets. Limiting oxygen concentration was used to predict fire extinguishment. The 
model was developed to predict extinguishment times in both spray and pool fires, and it should only 
be applied when oxygen depletion is the dominant mechanism for fire extinguishment. It was validated 
by a set of spray fire tests using continuous water mist discharge, and the predicted results were 
qualitatively in agreement with the experimental data. Since the water-off phase in a cycling discharge 
was short, the two-layer distribution of air could not be formed during this period. In addition, the 
suspended water droplets would evaporate and cool the room air. Therefore, it is more practical to use 
this one-zone model to simulate the whole process of cycling discharge. 
Two water mist discharge modes for extinguishing fires were calculated using the one-zone model. The 
results showed that the cycling discharge mode put out fire in a shorter time with less water than the 
continuous discharge mode. Water mist capability against fires under ventilation conditions was also 
improved.    
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It was found that the effect of a cycling discharge on fire extinguishment was related to fire size, 
ventilation conditions and water mist system characteristics.  
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SUMMARY 
The super large space coal storage domes have been widely applied and developed. However, Due to 
its huge storage space and strong sealing, it will lead to inadequate ventilation. And because of the lack 
of special ventilation design standards in China, it is easy to cause coal dust pollution and coal 
spontaneous combustion. Besides, there are potential explosion hazards due to the high concentration 
of combustible gas or dust. In this paper, according to the theory of ventilation engineering, the 
structural characteristics of coal storage domes and the CFD numerical simulation method, the influence 
of the form, position and quantity on the coal storage dome ventilation openings, the coal stockpile 
forms, and the wind direction are investigated under the condition of natural ventilation. The study 
shows that the opening form is the main factor affecting the ventilation rate, and it is necessary to 
increase the number of openings in order to improve the internal environment of the dome effectively. 
The research results can provide the method and the basic data reference for the optimization design of 
the ventilation opening structure parameters in the super large space coal storage dome. 
Keywords: Large space coal storage dome; natural ventilation; ventilation opening structure; CFD 
numerical simulation; coal stockpile 

1 INTRODUCTION  
Due to the enhancement of environmental protection requirements, the exposed coal fields in China 
must be closed for renovation since 2014. Among of the ways of renovation, the super large space coal 
storage dome has good environmental protection effect. Besides, because there are no partitions in its 
inner space (Montes, 2001), the dome has large storage capacity, and thus has been developed rapidly 
in recent years. As the lack of standard and target design, designers usually design it following the 
concept of small silos or using similar building norms analogue grain silos and so on. Presently, there 
are many problems in the super large space coal storage domes. The ventilation condition in storage 
dome is awful, which will deteriorate the internal environment. Toxic and harmful gas released from 
coal cannot be excluded in time, so there even exists spontaneous combustion of coal and gas explosion 
hazards. 
At present, the main research direction about storage dome is on material, structure and wind resistance 
(Montes, 2001; Mazzolani, 2012), gas generate regular and spontaneous combustion (Jin et al., 2014). 
There are too many uncertain factors in the ventilation effect of super large space buildings under 
practical conditions, usually by CFD simulation (Zhou et al., 2014) or scale model test (Wang et al., 
2010). Zhang, et al., (2017) used CFD analysis the ventilation characteristics of the rectangle closed-
shaped coal yard building. Zhu et al. (2017) conducted a CFD simulation analysis for the mechanical 
ventilation system, which was operated in air supporting rectangle coal storage dome. Zhou et al. (2014) 

It was found that the effect of a cycling discharge on fire extinguishment was related to fire size, 
ventilation conditions and water mist system characteristics.  
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used CFD simulation and other manners, in terms of building’s orientation, spacing and window setting 
to optimize the natural ventilation design in residential buildings. Chiu and Etheridge (2007) studied 
the ventilation resistance coefficient with different opening form. Zhang et al. (2017) conducted model 
tests and practical tests for lateral ventilation performance impact on grain warehouses. Wang et al. 
(2014) predicted the ventilation flow under natural ventilation condition, and judged the window’s 
ventilation resistance coefficient by static pressure difference and ventilation flow.   
In summary, there is almost no special research on ventilation characteristics of super large space 
storage dome. So this study will focus on its natural ventilation characteristics utilizing simulation 
method. Under the condition of full storage, the project will study the regularity of wind-driven natural 
ventilation under the conditions of different opening forms, locations, wind direction and coal stockpile 
conditions inside the dome. The results provide technical guidance on the optimization design of 
ventilation structural parameters of large storage domes and the basic data on ventilation design. 

2 METHODS 

2.1 Physical model 
Super large space coal storage dome usually consists of two parts, the bottom and the upper. The bottom 
is a cylindrical structure made of steel reinforce concrete, and the upper is the hemispherical dome of 
the grid structure. In this paper, a wide and moderately-sized 100m storage dome is selected as a typical 
prototype. The height of cylindrical steel reinforces concrete wall is 15m. The entire height of this dome 
is 55m. The structural schematic diagram of the building is shown in Figure 1. Depending on the 
criterion of storage bunker, the dome storage needs to set a circular ring-shaped opening between the 
retaining wall and the dome structure. The door is just set in one place, width and height are both 6m. 
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2.2 Numerical modelling and parameters 
1) Computational domain and grid 
The upper region, bottom one and the width one of model are respectively three times, ten times and 
six times longer than the storage dome width, and the height region is 4 times higher than the storage 
height. Refer to the physical model as shown in Figure 2, and the internal structure of storage dome as 
shown in Figure 1. Optimize the mesh design following the principle that the large external space uses 
structural mesh, internal adapt non-structural mesh. The number of mesh is 3.8 * 105. According to 
standard for wind tunnel test of buildings and structures, the blockage ratio of the domain should be 
below 5%, which is about 4% in the present study. 
2) Numerical calculation method 
The height of the coal storage dome still belongs to near-surface range, which is the focus point of the 
building structure. The profile of wind speed is approximately in accord with the exponent law. 
According to the wind test standard and the geomorphic characteristics of the surrounding area of the 
Beijing, formula 1 is chosen as the profile expression of wind speed. 

𝑉𝑉𝑉𝑉𝐻𝐻𝐻𝐻 = 2 ∗ (𝐻𝐻𝐻𝐻/10)0.15 ,                                                   (1)
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Further, using Equation 1 velocity(VH)-height(H) variation equation, a UDF program is formulated as 
the boundary velocity inlet condition. The rest of the atmosphere is set as free-flow. According to the 
characteristics of large space buildings, a turbulence model (RNG) k-ɛ model is used (Yakhot et al., 
1992). SIMPLE algorithm is used to calculate the coupling between velocity and pressure in simulation. 

2.3 Calculation conditions and evaluation methods 
Opening forms, setting positions, the number of openings of the dome(Case1-4), the internal coal 
storage conditions (Case 4-6) and outdoor wind directions (Case4, 7, 8) have a direct impact on storage 
dome operation. Therefore, this paper set eight calculation conditions. In all cases, the dome is equipped 
with a 12m diameter top opening. The lateral opening conditions, the coal pile forms and the wind 
direction relative to the door, see table 1. For the opening forms in Case1 and Case2, which are two 
typical annular openings currently used in storage domes, the former has horizontal openings, which 
means the bottom edge of the dome is parallel to the retaining wall; And the latter set a lateral opening, 
setting annular opening vertically along the grid structure. Additional conditions are set to change the 
position of the lateral opening(Case3), as well as to add a ring-shaped opening in dome(Case4). 

Table 1. Calculation cases 
Cases The form of lateral openings coal stockpile Wind direction 
Case1 One lateral horizontal opening（H=15m） Full storage Leeward 
Case2 One lateral opening（H=15m～17m） Full storage Leeward 
Case3 One lateral opening（H=18m～20m） Full storage Leeward 
Case4 Two lateral openings（H=15m～17m and H=31m～33m） Full storage Leeward 
Case5 Two lateral openings（H=15m～17m and H=31m～33m） Half storage Leeward 

Case6 Two lateral openings（H=15m～17m and H=31m～33m） Beneath the 
retaining wall Leeward 

Case7 Two lateral openings（H=15m～17m and H=31m～33m） Full storage windward 
Case8 Two lateral openings（H=15m～17m and H=31m～33m） Full storage Lateral wind 

Because there are different coal storage stages in actual engineering, the form of coal stockpile inside 
storage dome is not fixed. In modern technology, dome set up one door, around which there are no coal, 
leaving the door space to let personnel and overhaul equipment go through the gate freely. The case4 
are full warehouses with annular coal stockpile. The Case5 is a half storehouse form, with one side to 
store the coal, as the intermediate transition form to see the ventilation change situation. Case6 is another 
typical case where the amount of coal is less thick and the height is lower than the retaining wall. As 
mentioned above, due to the formation of the dome and the orientation of the door, the storage 
orientation of the dome is formed. Changes in the mainstream of the wind cause different wind 
directions of the dome. Case 4 is the ventilation feature in the case of a leeward. Case 7 is the lateral 
90° direction, Case 8 is the windward direction.  
Ventilation effectiveness of this evaluation index focuses on the ventilation rate, including the amount 
of air intake and air output. Because the ventilation rate reflects the ventilation capacity of the openings 
(Zhou et al., 2014), it can also reflect the air changes. 

3 RESULTS AND DISCUSSION 
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opening formed a partial short flow, so the actual effective ventilation quantity was not high. For Case 
2, lateral opening was nearly vertical, which would make fresh air flow into the dome more easily. In 

used CFD simulation and other manners, in terms of building’s orientation, spacing and window setting 
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method. Under the condition of full storage, the project will study the regularity of wind-driven natural 
ventilation under the conditions of different opening forms, locations, wind direction and coal stockpile 
conditions inside the dome. The results provide technical guidance on the optimization design of 
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prototype. The height of cylindrical steel reinforces concrete wall is 15m. The entire height of this dome 
is 55m. The structural schematic diagram of the building is shown in Figure 1. Depending on the 
criterion of storage bunker, the dome storage needs to set a circular ring-shaped opening between the 
retaining wall and the dome structure. The door is just set in one place, width and height are both 6m. 
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The upper region, bottom one and the width one of model are respectively three times, ten times and 
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structural mesh, internal adapt non-structural mesh. The number of mesh is 3.8 * 105. According to 
standard for wind tunnel test of buildings and structures, the blockage ratio of the domain should be 
below 5%, which is about 4% in the present study. 
2) Numerical calculation method 
The height of the coal storage dome still belongs to near-surface range, which is the focus point of the 
building structure. The profile of wind speed is approximately in accord with the exponent law. 
According to the wind test standard and the geomorphic characteristics of the surrounding area of the 
Beijing, formula 1 is chosen as the profile expression of wind speed. 
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Case2, the ventilation rate increased markedly, about 35% higher than case1. But it is still not enough 
to change the condition of poor ventilation from the actual operational results. In Case3, the lateral 
opening position was adjusted to 18-20m high, higher than the 15-17m in Case2. In Case3, the 
ventilation rate increased about 20%. However, compared with Case1 and Case2, the overall increase 
in ventilation capacity was not sufficient to change the dome ventilation environment completely. In 
Case1-Case3, there was only one lateral opening, so the ventilation effect is not obvious. In Case4, the 
number of ring-shaped openings was increased in the middle of the dome. Ventilation rate increased 
significantly, which was about 90% higher in Case4 than that in Case2. Through the simulation study, 
it was found that under the Case 1-Case3, the airflow in the upper part of the dome was still weak. When 
the case 4 was modified, the upper air was promoted to flow and the ventilation effect could be better.

      
Figure 3. Case1-Case4 supply air rate               Figure 4. Case1-Case4 exhaust air rate 
In Case1 to Case4, the door was on the leeward side, as shown in Figure 1. The door position was lower 
as well as the external wind pressure on the leeward side. The internal flow field formed a rotational 
flow consistent with the flow direction, causing the door to be an inlet. Figure 3, in the first three cases, 
the overall ventilation was not large, the inlet air through the door was about 10%, while in case4, the 
overall ventilation became larger, the proportion of the inlet air decreased significantly. 
It is generally considered that the air outlet is the top opening and the air inlet is an annular area between 
the dome and the annular retaining wall. However, the top opening can exhaust wind, but it is not the 
main opening but the secondary exhaust outlet. The lateral opening is not only the inlet, but also the 
outlet. In general, in the ring-shaped opening, the inlet is in the windward side, accounting for 1/3 of 
the ring, while the other 2/3 is the outlet (Montes, 2001). Most wind was excluded from the 2/3 area of 
the leeward side. In Figure. 4, under wind-driven, the top opening of the exhaust air rate is small, 
accounting for less than 25% of the total ventilation in the first three cases. The worse the ventilation 
was, the larger the excluding air flow in the top of the opening would be, such as case1. In Case4, the 
ratio of the top opening ventilation was less than 5%.  If there was thermal-driven, air volume excluded 
from the top opening would increase. But as the overall opening area was limited, its proportion was 
not too high. Therefore, the relative position of inlet and outlet should be fully considered in design, 
and the effect of parallel flow inlet and parallel outflow wind on the elimination of indoor harmful gas 
or dust should be taken into account. 

3.2 Analysis of the influence of coal stockpile forms on ventilation rate 
In Figure 5, the ventilation rate in the three cases is increasing slowly, indicating that after the reduction 
of the internal coal stockpile volume, the wind flows more fully to form a better cross ventilation. From 
another point of view, reducing the amount of coal stored in storage domes increases the internal net 
space and reduces the actual air changes rate. From a practical engineering point of view, the overall 
volume of air entering and leaving changes slightly, which indicates the coal stockpile form has a 
negligible impact on the storage dome. In Figure 6, when coal stockpile is set below the retaining wall, 
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there is no blockage of coal at the same height of the openings, and the amount of air at the top opening 
is higher than in the former two cases. 

    
Figure 5. coal stockpile forms on supply air rate Figure 6. coal stockpile forms on exhaust air rate 

3.3 Analysis of the influence of Wind direction on ventilation rate 
In Figure 7, for case4, door inlet air volume was very small. Compared to Case4, the wind direction 
changed from leeward to windward in Case7. The ventilation increased as the gate became the 
windward side of the air inlet. In Case8, wind blew laterally. The internal airflow field was not 
symmetrical, and in the outflow field, the door was located in the 90°negative pressure area-similar to 
the same position of the annular outlet. Unlike other cases, the door became an outlet, as shown in 
Figure. 8. For Case8, Ventilation was higher than that in Case4, but slightly lower than that in Case7. 
So for case7, which windward blew, the ventilation rate was greater. As shown in Figure. 8, the 
ventilation rate reaches the maximum when the wind is in the lateral direction. 

   
Figure 7. Wind directions on supply air rate Figure 8. Wind directions on exhaust air rate 

4 CONCLUSIONS 
This topic comes from practice, based on the CFD method to determine the reasonable ventilation 
scheme. It is studied the influence of the opening forms on the ventilation characteristics and discussed 
the influence of coal stockpile forms and external wind direction on the natural ventilation of dome. 
The results provide an optimal design approach to ventilation and structural design.  
1) The ventilation rate of setting two lateral openings within one dome is the highest, which can 
completely change the ventilation characteristics of the dome. The increased annular opening should be 
located in the middle, and the volatilization height of coal dust should be considered. 
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Case2, the ventilation rate increased markedly, about 35% higher than case1. But it is still not enough 
to change the condition of poor ventilation from the actual operational results. In Case3, the lateral 
opening position was adjusted to 18-20m high, higher than the 15-17m in Case2. In Case3, the 
ventilation rate increased about 20%. However, compared with Case1 and Case2, the overall increase 
in ventilation capacity was not sufficient to change the dome ventilation environment completely. In 
Case1-Case3, there was only one lateral opening, so the ventilation effect is not obvious. In Case4, the 
number of ring-shaped openings was increased in the middle of the dome. Ventilation rate increased 
significantly, which was about 90% higher in Case4 than that in Case2. Through the simulation study, 
it was found that under the Case 1-Case3, the airflow in the upper part of the dome was still weak. When 
the case 4 was modified, the upper air was promoted to flow and the ventilation effect could be better.

      
Figure 3. Case1-Case4 supply air rate               Figure 4. Case1-Case4 exhaust air rate 
In Case1 to Case4, the door was on the leeward side, as shown in Figure 1. The door position was lower 
as well as the external wind pressure on the leeward side. The internal flow field formed a rotational 
flow consistent with the flow direction, causing the door to be an inlet. Figure 3, in the first three cases, 
the overall ventilation was not large, the inlet air through the door was about 10%, while in case4, the 
overall ventilation became larger, the proportion of the inlet air decreased significantly. 
It is generally considered that the air outlet is the top opening and the air inlet is an annular area between 
the dome and the annular retaining wall. However, the top opening can exhaust wind, but it is not the 
main opening but the secondary exhaust outlet. The lateral opening is not only the inlet, but also the 
outlet. In general, in the ring-shaped opening, the inlet is in the windward side, accounting for 1/3 of 
the ring, while the other 2/3 is the outlet (Montes, 2001). Most wind was excluded from the 2/3 area of 
the leeward side. In Figure. 4, under wind-driven, the top opening of the exhaust air rate is small, 
accounting for less than 25% of the total ventilation in the first three cases. The worse the ventilation 
was, the larger the excluding air flow in the top of the opening would be, such as case1. In Case4, the 
ratio of the top opening ventilation was less than 5%.  If there was thermal-driven, air volume excluded 
from the top opening would increase. But as the overall opening area was limited, its proportion was 
not too high. Therefore, the relative position of inlet and outlet should be fully considered in design, 
and the effect of parallel flow inlet and parallel outflow wind on the elimination of indoor harmful gas 
or dust should be taken into account. 

3.2 Analysis of the influence of coal stockpile forms on ventilation rate 
In Figure 5, the ventilation rate in the three cases is increasing slowly, indicating that after the reduction 
of the internal coal stockpile volume, the wind flows more fully to form a better cross ventilation. From 
another point of view, reducing the amount of coal stored in storage domes increases the internal net 
space and reduces the actual air changes rate. From a practical engineering point of view, the overall 
volume of air entering and leaving changes slightly, which indicates the coal stockpile form has a 
negligible impact on the storage dome. In Figure 6, when coal stockpile is set below the retaining wall, 
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2) The coal stockpile and wind direction have little influence on the ventilation efficiency. However, it 
should be noted that the amount of coal storage will impact the air changes rate, and if the wind direction 
changes, wind direction of the ventilation openings will also change. 
Under the situation of wind-driven, the optimization strategy of the ventilation opening structural 
parameters must take into account the factors including the influence on the form, position and number 
of the openings on the natural ventilation of the structure. Therefore, when design the natural openings, 
local wind field situation, coal quality and the shape of coal stockpile must be put into comprehensive 
consideration. If necessary, the number of openings need to be increased to improve ventilation rate and 
discharge indoor harmful gas. 
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SUMMARY 
Transport of aerosols and particles is a fundamental phenomenon in many environmental and 
industrial applications. Efficiency is a well-established indicator used by most occupational hygienists 
for evaluating the performance of local exhaust ventilation (LEV) systems. The present work is 
intended to help workers in the reduction of quartz dust exposure arising in the granite processing 
industry. Specifically, the case of dry rotational polishing is addressed. To study dust distribution as 
well as the efficiency of local capture systems, two simulations of the polishing process, experimental 
and numerical, have been carried out. The experimental simulation is performed in the laboratory 
using tracer particles (NaCl). The numerical simulation is realized by means of Computational Fluid 
Dynamics (CFD) using (CO2) as the tracer gas. In this work, the efficiency of three LEV systems 
designed to contain and remove dust emitted from the polishing process is evaluated: Push-pull LEV 
system, dust shroud LEV system and integrated suction slots LEV system. The results of the study 
indicate that dust emitted from materials polishing process can be well controlled using grinding disc 
with integrated suction. It has been found that the application of the three LEV systems contribute to a 
significant removal of dust with efficiency greater than 95%. The numerical results obtained using 
CFD, have been found in good agreement with the experimental simulation data. Finally, the results 
highlight that the performance of the three LEV systems is very sensitive to the suction air flow and 
rotational speed of the disc, which shows the complexity of dust emission removal associated to 
polishing process in the industrial environment.  
Keywords: rotational polishing, experimental simulation, UFPs dust dispersion, LEV system, 
efficiency  

1 INTRODUCTION 
In industry, there are a considerable number of workers who are exposed to the hazard of quartz dust. 
Indeed, several studies show a relationship between lung disease and worker’s mortality and their 
exposure to quartz dust (Liu et al, 2013; Verma et al., 2011). Exposure to high levels of quartz dust 
can lead to lung diseases like silicosis and cancer (Steenland and Ward, 2014). Quartz dust ultrafine 
particles ʺUFPsʺ are more harmful to lung cells than fine particles ʺFPsʺ (Ahmad et al., 2011). These 
UFPs can easily reach the alveolar lung region and transmit toxic substances.  
Most workers manufacturing countertops are exposed to quartz rate exceeding the permissible 
exposure limits (PELs) (Phillips et al., 2013). In this case, the dust released during dry polishing is the 
most difficult to control because the various trajectories are dictated by the rotational movement of the 
tool. To reduce the exposure to quartz dust during rotational polishing commercial solutions like the 

2) The coal stockpile and wind direction have little influence on the ventilation efficiency. However, it 
should be noted that the amount of coal storage will impact the air changes rate, and if the wind direction 
changes, wind direction of the ventilation openings will also change. 
Under the situation of wind-driven, the optimization strategy of the ventilation opening structural 
parameters must take into account the factors including the influence on the form, position and number 
of the openings on the natural ventilation of the structure. Therefore, when design the natural openings, 
local wind field situation, coal quality and the shape of coal stockpile must be put into comprehensive 
consideration. If necessary, the number of openings need to be increased to improve ventilation rate and 
discharge indoor harmful gas. 
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push-pull and dust shroud LEV systems are proposed (ACGIH, 2010). Using the general ventilation to 
reduce quartz dust exposure is insufficient and expensive to perform especially in small and medium-
sized enterprises (Goyer et al., 2010). This exposure can be reduced by dust shroud LEV system and 
water. Nevertheless, but quartz rate still exceed PELs (Johnson et al., 2017; Akbar-khanzadeh et al., 
2007). It has been shown that using water during the granite polishing process is efficient to reduce 
FPs but not to UFPs (Songmene et al., 2018). This result led us to conclude that it is important to 
investigate LEV systems efficiency to reduce FPs and UFPs dust generated during dry granite 
polishing (especially for the UFPs dust).  
This work aims to study the efficiency of three LEV systems: push-pull, dust shroud and integrated 
suction slots. Investigations of these systems are conducted using experimental simulation. The 
numerical simulation was done only for push-pull and dust shroud LEV systems. Working with 
simulations of dry granite polishing process helps to eliminate the exposure risk to the dangerous 
quartz dust. 

2 METHODS 

2.1 Experimental simulation 
To experimentally simulate the UFPs dispersion in the rotational polishing process, the test bench 
shown in Figure 1 was designed. It is composed of mini-milling machine (2000, SHERLINE) with a 
varied spindle speed (Vs) from 70 to 2800 rpm. This machine is equipped with abrasive disc 12.7 cm 
in diameter. The position of the disc is parallel to the table and 1 mm away from this. There are three 
control means to fix the disc position, as shown in Figure 1. To simulate the particle dispersion during 
the polishing process NaCl UFPs are supplied from an injection plate under the rotational disc. NaCl 
particles used in this work are with diameter size less than 300 nm. The dispersion plane is (D, h) as 
shown in the 3D picture. UFPs concentration number (CUFPs) is measured by a spectrometer of 
Scanning Mobility Particle Sizer (Model 3080, 3085 and 3775 of TSI). 

 
Figure 1. 3D drawing of the experimental simulation device 

2.2 Numerical simulation (CFD) 
The results found in the numerical simulation (CFD) are framed by results found in the experimental 
simulation for push-pull and dust shroud LEV systems. Two approaches, discrete phase and species 
transport have been used for the simulation models. The discrete phase model (Lagrangian approach) 
is used to mimic particles interacting with the air. The species transport model is used to describe 
particles dispersion by means of a tracer gas (CO2). Figure 2 shows the virtual geometrical model used 
to simulate the particle’s dispersion. The numerical simulation was performed using the commercial 
tool ANSYS-Fluent. For handling turbulence, the k-omega SST model was adopted. A typical mesh 
used for the calculations contains about 2.7 million cells. It takes approximatively 7 days to perform a 
numerical simulation using a computer with 4 processors. 
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Figure 2. Geometrical model used in the numerical simulation (b) Numerical tool model 
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In this part, three LEV systems are assessed. The first is the push-pull LEV system shown in Figure 
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Equation number (1) calculates efficiency as follows: 
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CUFPsWith LEV system
�  × 100 (1) 

 
Figure 3. LEV systems (a) push-pull, (b) dust shroud and (c) integrated suction slots 

3 RESULTS 

3.1 Push-pull LEV system 
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increases with the spindle speed augmentation. Therefore, the blowing flowrate must be increased to 
overcome the stronger UFPs motion. The results obtained by numerical and experimental simulations 
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Figure 4. Efficiency of the push-pull LEV system as function of blowing flowrate  
and spindle speed for suction flowrate of 2250 l/min (a) Experimental simulation (b) Numerical 
simulation 

Figure 5a shows the blowing flowrate as function of disc spindle speed and suction flowrate. As seen 
for the suction flowrate of 2250 l/min, blowing flowrate increases with the spindle speed in the case of 
Fs = 1750 and 1250 l/min. When suction flowrate of the exhaust hood decreases, the blowing flowrate 
needed to evacuate UFPs increases. In fact, the negative pressure increases with the suction flowrate, 
which yields NaCl UFPs moving faster to the exhaust hood. Figure 5a indicates a linear relationship 
between Fb and Vs. Equation (2) gives this relationship for each suction flowrate as follows: 

 Fb = 0.05 Vs −  f(Fs) (2) 

Where f(Fs) is a constant of equation number (2) which can be determined by Figure 5b as follows: 

 f(Fs) =  0.01 Fs + 11.48 (3) 
Replacing equation number (3) in equation number (2) gives the final relationship between Fb, Vs and 
Fs. Equation number (4) gives this final relationship as follows: 

 Fb = 0.05 Vs −  0.01 Fs − 11.48 (4) 

 
Figure 5. (a) Blowing flowrate Fb as function of spindle speed Vs and suction flowrate Fs (b) 
Determination of f(Fs) function 

3.2 Dust shroud LEV system 
Figure 6 displays the efficiency at 95% of the dust shroud LEV system as function of the spindle 
speed Vs and the suction flowrate Fs respectively, in the experimental and the numerical simulation. 
The experimental simulation (Figure 6a) indicates that a suction flowrate of 14 l/min should be used 
to evacuate the UFPs ejected by the rotational disc for each spindle speed. The UFPs supply flowrate 
is constant thus; the suction flowrate needed to evacuate these UFPs must be constant even if the 
spindle speed is changed. The results obtained by numerical simulation (Figure 6b) gives a suction 
flowrate of 13 l/min, which is very close to the result found for the experimental simulation (14 
l/min).  
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Figure 6. Efficiency of the dust shroud LEV system as function of suction flowrate and spindle speed 
(a) Experimental simulation (b) Numerical simulation 

3.3 Integrated suction slots LEV system 
Figure 7 shows the efficiency at 95% of the integrated suction slots LEV system as function of the 
spindle speed Vs and the suction flowrate Fs. To evacuate UFPs ejected by the rotational disc, the 
suction flowrate needed is 30 l/min for low spindle speed of 1500 rpm.   
The goal is to reach 95% efficiency evacuation regarding UFPs produced when high rotational speed 
(2500 rpm) takes place.  For high spindle speed, the velocity of ejected UFPs cannot be efficiently 
captured only with a suction hood. 

 
Figure 7. Efficiency of the integrated suction slots LEV system as function of suction flowrate  

4 DISCUSSION 
For the push-pull LEV system, the relationship found between Fb, Ns and Fs is valid for a spindle 
speed interval [1000, 2500] rpm. This relationship can help to design the push-pull LEV system, to be 
used during the polishing process (to reduce the dust exposure). For the dust shroud LEV system, the 
result of a constant suction flowrate (14 l/min) needed to evacuate UFPs for each spindle speed, must 
be taken with great caution. In fact, in the experimental simulation, the NaCl UFPs supply flowrate is 
constant but in the granite polishing processes, the dust UFPs generated increases with the spindle 
speed. Consequently, the suction flowrate needed to evacuate dust UFPs during the granite polishing 
process should be adjusted with the spindle speed. For the two LEV systems, numerical and 
experimental simulations are in very good agreement. For the integrated suction slots LEV system, it 
is recommended to add slots on the lateral side of the rotational tool to increase the suction velocity. 
By increasing the suction velocity, the capture of UFPs ejected by the rotational disc should be easier.  

5 CONCLUSIONS 
Removal of ultrafine particle and aerosol, especially during rotational polishing process, is an 
important challenge. To achieve this goal, three LEV systems have been studied in this work. These 
three complementary systems have shown to be efficient up to 90%.  To further reduce UFPs 
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concentration, these systems may be combined, although this would imply a higher cost. The 
efficiency of the three LEV systems is very sensitive to the suction flowrate and the spindle speed. 
Consequently, it is difficult to accurately predict the dust removal in the industrial environment in 
which particular configurations take place. The results regarding push-pull LEV system investigation, 
show that this approach can be used to tackle other sources of UFPs emission, as for example 
processes in the chemistry industry.  
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SUMMARY  
The subject of this study was the ceiling radiant panel. For the experiment, the temperature distribution 
near the radiant panel was actually measured and the convective heat transfer rate was calculated. In 
addition to this the shape factors of each surface of the laboratory from the ceiling radiant panel were 
analysed, and the radiant heat transfer rate was calculated from the analysed shape factors. The total 
heat transfer rate is the sum of the convective heat transfer rate and radiant heat transfer rate. 
The experimental results showed that the convective heat transfer rate was 5.08[W/(m2K)] and the 
radiant heat transfer rate was 7.41[W/(m2K)] during cooling. The convection heat transfer rate was 
1.78[W/(m2K)] and the radiant transfer rate was 6.82[W/(m2K)] during heating. The total transfer rate 
was 12.49[W/(m2K)] during cooling  and 8.60[W/(m2K)] during heating. 
Keywords: ceiling radiant panel, heat transfer, performance 

1 INTRODUCTION 
Radiant heating and cooling system is an air conditioning system that is popular in Europe, and in recent 
years, it has been adopted in offices and hospitals in Japan, too. While the design standards for radiant 
heating and cooling system are stipulated in ISO (EN14240) in Europe, there are no clear design criteria 
in Japan. As Japan is hot and humid, European standards do not apply. As an example of design of 
radiant heating and cooling system in Japan uses the radiant amount obtained from the return 
temperature difference and flow rate under the design conditions. For this reason, it is not taken into 
account for the radiation environment. 
In this study, in order to grasp the accurate radiant panel performance and to realize a highly accurate 
design, the total heat transfer rate was experimentally obtained by dividing it into components of 
convective heat transfer and radiant heat transfer. 

2 METHODS 

2.1 Experimental device 
Figure 1 shows a cross section of the radiant panel, and Figure 2 shows the plane of the radiant panel. 
The radiant panel is made up of five aluminum panels with an interval of 12 mm and a width of 90 mm, 
and its size is 600 mm × 1,800 mm. Three layer pipes (12 mm) with inner and outer surface coated with 
durable polyethylene is piped on aluminum panel. 
Figure 3 shows the outline of an industrial ovens temperature chamber (Espec co.). For the industrial 
ovens temperature chamber, use is made of a ready-made constant temperature and humidity chamber. 
The inside dimension is 1,970 mm×4,070 mm×2,100 mm (H). Also, the radiant panels are installed in 
three positions at a height of 1,200 mm. 

concentration, these systems may be combined, although this would imply a higher cost. The 
efficiency of the three LEV systems is very sensitive to the suction flowrate and the spindle speed. 
Consequently, it is difficult to accurately predict the dust removal in the industrial environment in 
which particular configurations take place. The results regarding push-pull LEV system investigation, 
show that this approach can be used to tackle other sources of UFPs emission, as for example 
processes in the chemistry industry.  
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2.2 Measurement point 
Figure 4 shows the A-A’ cross section and measurement points in the centre of the radiant panel of the 
industrial ovens temperature chamber. Measurement points were at air temperature of 600mm and 
1,450mm height from the floor surface. The surface temperature was on the floor surface, the radiant 
panel surface, a total of 7 points including the ceiling surface and the wall surface (2 points at a height 
of 600mm, 2 points at 1,450mm)

2.3 Measurement condition 
Experimental conditions during cooling were set to an indoor set temperature of 26℃, the water supply 
temperature of 18℃, and the water supply rate of 3L/min. Experimental conditions during heating were 
set to an indoor set temperature of 22℃, a feed water temperature of 31℃, and a water feed rate of 
3L/min.  
The amount of heat dissipation was obtained by multiplying the temperature difference (Δt=tin-tout) by 
the specific heat of water (Cp) and the flow rate (m) and compared with the experimental result. 

Heat dissipation of the industrial ovens temperature chamber:𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 = 𝑚𝑚𝑚𝑚 × 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝 × Δ𝑡𝑡𝑡𝑡 

 
 
 
 
 
 
Figure 1 Cross section of the radiant panel 
 

 
 
 
 
 
Figure 2 Plane of the radiant panel

 
 

 

 
 
 
 
 
 
 
 
Figure 3 Outline of the industrial ovens 
temperature chamber 
 
 
 

 
 
 
 
 
 
 
 
Figure 4 Measurement points  
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NOTE 
The time constant (τ) of the Kr 
bare wire used was 0.056 μ sec. 
Assuming that the form factor 
of the radiant panel from the 
bare wire is 0.7, the influence of 
the radiant heat transfer from 
the radiant panel during heating 
is about 0.0063 K, and the 
temperature can be measured 
well. 

 

2.5 Measurement method of convective heat transfer rate 
The convictive heat transfer rate of the lower surface of the ceiling radiant panel was measured. Figure 
5 shows the outline of measurement of convection heat transfer rate. Two pairs of ultra-fine 
thermocouples (50μm and 100μm) not susceptible to radiant heat transfer were used, and one pair was 
fixed at a position 100mm away from the ceiling radiant panel surface and was taken as the reference 
temperature (θref). At the bottom of the radiant panel, another set of thermocouple was attached to the 
tip of the traverse device and the digital voltammeter was measured. At the upper part of the radiant 
panel, measurements were taken at the position 21mm and 24mm from the centre of the radiant panel. 
The temperature difference dθ was measured. Measure the thermoelectromotive force 0.1mm to about 
5mm from the ceiling radiant panel surface at 0.1mm pitch and obtain the temperature gradient dθ/dx 
from the obtained thermoelectromotive force date regression line to calculate the equations (1) and (2). 
The convective heat transfer rate was calculated from the equation. 

 Convection heat transfer amount:    𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐 = 𝜆𝜆𝜆𝜆 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

       (1) 

Convection heat transfer rate:           𝛼𝛼𝛼𝛼𝑐𝑐𝑐𝑐 = 𝑞𝑞𝑞𝑞𝑐𝑐𝑐𝑐
𝑑𝑑𝑑𝑑𝑤𝑤𝑤𝑤−𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

        (2)

2.6 Measurement method of radiant heat transfer rate 
The wall surface temperature of the steady state and the surface temperature of the panel were measured 
with the water supply temperature set to 18℃ for cooling, 31℃ for heating and 3 L / min for water 
supply. Based on the difference between the wall surface temperature of the measured value and the 
panel surface temperature and the form factor, the radiant heat transfer rate was obtained from equation 
(3). Each surface form factor is 𝜑𝜑𝜑𝜑𝑛𝑛𝑛𝑛, reflectance is ε (=0.7), Stefan · Boltzmann constant is σ (= 5.67×10-

8), wall surface temperature is tw, panel surface temperature is tp. 

Radiant heat transfer rate:                𝛼𝛼𝛼𝛼𝑟𝑟𝑟𝑟 = ∑   (𝜑𝜑𝜑𝜑𝑛𝑛𝑛𝑛 × 𝜀𝜀𝜀𝜀 × 𝜎𝜎𝜎𝜎 × |𝑡𝑡𝑡𝑡𝑤𝑤𝑤𝑤4 − 𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝4|)    (3) 

Radiant heat transfer amount:          𝑞𝑞𝑞𝑞𝑟𝑟𝑟𝑟 = 𝛼𝛼𝛼𝛼𝑟𝑟𝑟𝑟 × 𝑆𝑆𝑆𝑆 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 Outline of measurement of convective heat transfer rate 
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2.2 Measurement point 
Figure 4 shows the A-A’ cross section and measurement points in the centre of the radiant panel of the 
industrial ovens temperature chamber. Measurement points were at air temperature of 600mm and 
1,450mm height from the floor surface. The surface temperature was on the floor surface, the radiant 
panel surface, a total of 7 points including the ceiling surface and the wall surface (2 points at a height 
of 600mm, 2 points at 1,450mm)

2.3 Measurement condition 
Experimental conditions during cooling were set to an indoor set temperature of 26℃, the water supply 
temperature of 18℃, and the water supply rate of 3L/min. Experimental conditions during heating were 
set to an indoor set temperature of 22℃, a feed water temperature of 31℃, and a water feed rate of 
3L/min.  
The amount of heat dissipation was obtained by multiplying the temperature difference (Δt=tin-tout) by 
the specific heat of water (Cp) and the flow rate (m) and compared with the experimental result. 

Heat dissipation of the industrial ovens temperature chamber:𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡 = 𝑚𝑚𝑚𝑚 × 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝 × Δ𝑡𝑡𝑡𝑡 

 
 
 
 
 
 
Figure 1 Cross section of the radiant panel 
 

 
 
 
 
 
Figure 2 Plane of the radiant panel

 
 

 

 
 
 
 
 
 
 
 
Figure 3 Outline of the industrial ovens 
temperature chamber 
 
 
 

 
 
 
 
 
 
 
 
Figure 4 Measurement points  
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3 RESULTS 

3.1 Experimental results during cooling 
Table 1 shows the measurement results of the convective heat transfer rate during cooling. Figures 6 to 
8 show the correlation between the distance dθ from the radiant panel and the temperature difference 
dx. From the experimental results, the convective heat transfer rate of the lower part of the radiant panel 
was 2.46[W/(m2K)]. 2.44[W/(m2K)] at the distance of 21mm from the centre of the radiant panel, 
2.77[W/(m2K)] at 24mm. And the average value of the convective heat transfer rate of the two 
measurement points was 2.61[W/(m2K)]. The room temperature in the industrial ovens temperature 
chamber was 24.9℃ and the radiant panel surface temperature was 20.8℃. From this result, the radiant 
heat transfer rate was 4.50[W/(m2K)] at the upper portion of the radiant panel and 2.91[W/(m2K)] at the 
lower portion of the radiant panel.  

Table 1 Measurement results of the convective heat transfer rate 

Measurement item Bottom panel 
Panel top 

21mm 24mm 
Temperature gradient [K/m] 448.1 379.4 428.6 

Panel surface temperature [℃] 20.8 20.8 20.8 
room temperature [℃] 24.9 24.9 24.9 

Convection heat transfer rate [W/(m2K)] 2.46 2.44 2.77 
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3.2 Experimental results during heating 
Table 2 shows the measurement results of the convective heat transfer rate during heating. Figures 9 to 
11 show the correlation between the distance dθ from the radiant panel and the temperature difference 
dx. From the experimental results, the convective heat transfer rate of the lower part of the radiant panel 
was 1.52[W/(m2K)]. 0.72[W/(m2K)] at the distance of 21mmfrom the centre of the radiant panel, 
0.96[W/(m2K)] at 24mm. And the average value of the convective heat transfer rate of the two 
measurement points was 0.84[W/(m2K)]. The room temperature in the industrial ovens temperature 
chamber was 24.9℃ and the radiant panel surface temperature was 20.8℃. From this result, the radiant 
heat transfer rate was 3.44[W/(m2K)] at the upper portion of the radiant panel and 3.38[W/(m2K)] at the 
lower portion of the radiant panel.  

Table2 Measurement result of convective heat transfer rate 

Measurement item Bottom panel 
Panel top 

21mm 24mm 
Temperature gradient [K/m] 463.6 222.1 295.8 

Panel surface temperature [℃] 27.7 27.8 27.8 
room temperature [℃] 19.7 19.7 19.7 

Convection heat transfer rate[W/(m2K)] 1.52 0.72 0.96 
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3 RESULTS 

3.1 Experimental results during cooling 
Table 1 shows the measurement results of the convective heat transfer rate during cooling. Figures 6 to 
8 show the correlation between the distance dθ from the radiant panel and the temperature difference 
dx. From the experimental results, the convective heat transfer rate of the lower part of the radiant panel 
was 2.46[W/(m2K)]. 2.44[W/(m2K)] at the distance of 21mm from the centre of the radiant panel, 
2.77[W/(m2K)] at 24mm. And the average value of the convective heat transfer rate of the two 
measurement points was 2.61[W/(m2K)]. The room temperature in the industrial ovens temperature 
chamber was 24.9℃ and the radiant panel surface temperature was 20.8℃. From this result, the radiant 
heat transfer rate was 4.50[W/(m2K)] at the upper portion of the radiant panel and 2.91[W/(m2K)] at the 
lower portion of the radiant panel.  

Table 1 Measurement results of the convective heat transfer rate 

Measurement item Bottom panel 
Panel top 

21mm 24mm 
Temperature gradient [K/m] 448.1 379.4 428.6 

Panel surface temperature [℃] 20.8 20.8 20.8 
room temperature [℃] 24.9 24.9 24.9 

Convection heat transfer rate [W/(m2K)] 2.46 2.44 2.77 
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3.3 Comparison of heat emission of radiant panel 
Figure 14 shows a comparison between the heat radiant amount of the industrial ovens temperature 
chamber and the heat amount of the radiant panel. The inlet temperature of cold water during was 18.4℃ 
and the outlet temperature was 19.5℃. The heat radiant amount of industrial ovens temperature chamber 
during cooling was 230[W/m2], and heat radiant amount of the radiant panel was 184[W/m2]. 
The inlet temperature of warm water during heating was 30.9℃ and the outlet temperature was 29.3℃. 
The heat radiant amount of industrial ovens temperature chamber during heating was 334[W/m2], and 
heat radiant amount of the radiant panel was 270[W/m2]. 
  

 

 

 

 

 

 

 

 

4 CONCLUSIONS 
In this study, the convective heat transfer rate and radiant heat transfer rate were measured separately. 
It was found that the design of radiant heating and cooling system has different convective heat transfer 
rate and radiant heat transfer rate depending on the shape and material of the radiant panel. For this 
reason, it is necessary to clarify the total heat transfer rate in the case of a characteristic radiant panel. 
The amount of heat radiation can be confirmed by the heat radiant amount of the industrial ovens 
temperature chamber obtained from the temperature difference between the inlet and the outlet of the 
water on the radiant panel and the heat radiation amount of the radiant panel obtained by the experiment. 
This difference is thought to be heat transfer to the contact surface. 
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SUMMARY 
Displacement ventilation (DV) has gained renewed interest in Norway, especially in high performance 
buildings. The fact that DV can remove contaminants and excess heat significantly more efficient than 
conventional mixing ventilation, leads to lower air flow rates and hence less demand for heating, 
cooling and fan energy. In this paper models for vertical temperature gradients in displacement 
ventilated rooms are proposed. The model is based on a two zone approach, assuming a lower clean 
and cool zone and a upper polluted and warm zone.  
Results from the model have been extensively compared to and validated against measured data from 
DV rooms. An inter-model comparison against other commonly used thermal stratification models has 
also been conducted. The two zone model predictions compare very well with the measured empirical 
data, both for stationary cases and transient cases. The two zone model also predicts better than the 
three other simplified models used for intermodel comparison in this paper.  
Keywords: Displacement ventilation, ventilation efficiency, stratification, validation, two-zone model.  

1 INTRODUCTION 
Displacement ventilation is an efficient system for removing surplus heat and contaminants. 
Experience from realized and closely monitored plus energy buildings with DV solutions also shows 
that the solution works in practice (Dokka et.al., 2015), to achieve both good indoor climate and high 
energy performance.       
To design accurate and good DV solutions it is necessary to predict the thermal comfort, the heating 
and cooling load and energy use during various conditions (e.g. winter, summer, fall and spring). With 
simulation tools and models different design solutions/options can be evaluated at a very low cost. In 
this paper models for vertical temperature gradients in displacement ventilated rooms are proposed. The 
model is based on a two zone approach, assuming a lower clean and cool zone and a upper polluted and 
warm zone. The proposed models can be used for design of displacement ventilation and evaluation of 
ventilation efficiency. They can also be implemented in transient building simulation tools. The two 
zone model is described and mathematically deduced in (Dokka, 2000). The two zone model is in this 
paper compared to other simplified models and also empirical experiments.     

2 METHODS 
For verification of the proposed two zone model both comparison against other simplified models 
(intermodel comparison) and comparison with measured data (empirical validation) has been 
conducted.  

3.3 Comparison of heat emission of radiant panel 
Figure 14 shows a comparison between the heat radiant amount of the industrial ovens temperature 
chamber and the heat amount of the radiant panel. The inlet temperature of cold water during was 18.4℃ 
and the outlet temperature was 19.5℃. The heat radiant amount of industrial ovens temperature chamber 
during cooling was 230[W/m2], and heat radiant amount of the radiant panel was 184[W/m2]. 
The inlet temperature of warm water during heating was 30.9℃ and the outlet temperature was 29.3℃. 
The heat radiant amount of industrial ovens temperature chamber during heating was 334[W/m2], and 
heat radiant amount of the radiant panel was 270[W/m2]. 
  

 

 

 

 

 

 

 

 

4 CONCLUSIONS 
In this study, the convective heat transfer rate and radiant heat transfer rate were measured separately. 
It was found that the design of radiant heating and cooling system has different convective heat transfer 
rate and radiant heat transfer rate depending on the shape and material of the radiant panel. For this 
reason, it is necessary to clarify the total heat transfer rate in the case of a characteristic radiant panel. 
The amount of heat radiation can be confirmed by the heat radiant amount of the industrial ovens 
temperature chamber obtained from the temperature difference between the inlet and the outlet of the 
water on the radiant panel and the heat radiation amount of the radiant panel obtained by the experiment. 
This difference is thought to be heat transfer to the contact surface. 
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2.1 Intermodel comparison 
Three different models for prediction of temperature stratification in displacement ventilated rooms 
under steady conditions have been chosen for the inter-model comparison. They are: 
• the “rule of thumb” model proposed by Skistad (Skistad, 1994) 
• the simplified model by Mundt (Mundt, 1996), where the floor temperature is deduced from the specific 

ventilation air flow 
• the simplified model by Nielsen (Nielsen, 1996), where the floor temperature is deduced from the 

Archimedes number. 

2.2 Empirical validation 
Empirical data sets (measured data) for validation and comparison of the models have been taken 
from the literature on displacement ventilation. There exist a lot of experimental investigations on 
temperature stratification in displacement ventilated rooms. Many of them, however, ignore, or fail to 
report, important parameters that influence thermal stratification. The cases chosen for validation of 
the models have detailed temperature measurements and most of the data needed for prediction.  
Data sets for the empirical validation and inter-model comparison of the steady state thermal model 
have been taken from Mattson (Mattson, 1999): two offices and two classroom cases. Li et.al.(Li, 
1992&1993): two office cases. Brohus & Nielsen (Brohus, 1996): one meeting room case.  These 
rooms differ in size from 15 m² to 60 m² and in ceiling height from 2.5 m to 4.2 m. The heat load 
varies from 8 W/m² to 48 W/m², and the specific air flow rates are in the range: 1.38 l/sm² to 3.16 
l/sm². This conditions are fairly representative for rooms in office and educational buildings. In 
addition a transient (time dependent) cases from Mattson (1999) have been used to verify the transient 
solution of the proposed two-zone model.  See Dokka (2000) for more details.    

2.3 Compared quantities 
To compare the models with measurements and the other three simplified models, the following three 
temperatures are compared: #1. The average temperature in the occupied zone, which in all cases is 
set to 1.2 meters above the floor, assuming seated activities. #2. The temperature in the non-occupied 
zone (above 1.2 meters). #3.The air temperature at floor level (10 cm above the floor) 
In addition, the following indices are compared:    
• the temperature effectiveness in the occupation zone, defined as the difference in extract- and supply 

temperature divided by the difference in temperature in the occupied zone and the supply temperature.   
• the normalized floor temperature, defined as the difference in floor temperature and supply temperature 

divided by the difference in extract- and supply temperature.   
• the mean temperature gradient, defined as the difference between the temperature in the upper polluted 

zone and the temperature in the lower clean zone, divided by half the ceiling height. 

3 RESULTS AND DISCUSSION 

3.1 Comparison of temperatures 
Figure 1 to 3 shows the compared temperatures in the occupied zone, the non-occupied zone and the 
floor temperature. In all 21 cases (3 x 7) the difference between the measured temperature and the 
prediction with the two-zone model is within 1 K, which is a reasonable demand for accuracy if the 
model should be used for design. The prediction with the model of Skistad is less good, where 8 cases 
is above 1K different from the measured value. The prediction with the model of Mundt is also less 
good, where 10 cases is above 1K different from the measured value. The model of Nielsen is somewhat 
better with 7 cases above 1K different from the measured value.     
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Figure 1. Average temperature in the occupied zone (1.2 m high).  

  

Figure 2. Average temperature in the non-occupied zone (above 1.2 m).  

 

Figure 3. Floor air temperature (0.1 m above floor).  

3.2 Comparison of temperature indices 
Figures 3 to 6 shows the compared temperature effectiveness, the normalised floor temperature and the 
mean temperature gradient. The difference between the measured temperature effectiveness and the 
prediction with the two-zone model is reasonable good for all cases. The prediction with the three other 
models is less good, especially the models of Skistad and Mundt predicts more than double the 
temperature effectiveness compared to the measured for several cases.   
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Three different models for prediction of temperature stratification in displacement ventilated rooms 
under steady conditions have been chosen for the inter-model comparison. They are: 
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Archimedes number. 
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Empirical data sets (measured data) for validation and comparison of the models have been taken 
from the literature on displacement ventilation. There exist a lot of experimental investigations on 
temperature stratification in displacement ventilated rooms. Many of them, however, ignore, or fail to 
report, important parameters that influence thermal stratification. The cases chosen for validation of 
the models have detailed temperature measurements and most of the data needed for prediction.  
Data sets for the empirical validation and inter-model comparison of the steady state thermal model 
have been taken from Mattson (Mattson, 1999): two offices and two classroom cases. Li et.al.(Li, 
1992&1993): two office cases. Brohus & Nielsen (Brohus, 1996): one meeting room case.  These 
rooms differ in size from 15 m² to 60 m² and in ceiling height from 2.5 m to 4.2 m. The heat load 
varies from 8 W/m² to 48 W/m², and the specific air flow rates are in the range: 1.38 l/sm² to 3.16 
l/sm². This conditions are fairly representative for rooms in office and educational buildings. In 
addition a transient (time dependent) cases from Mattson (1999) have been used to verify the transient 
solution of the proposed two-zone model.  See Dokka (2000) for more details.    

2.3 Compared quantities 
To compare the models with measurements and the other three simplified models, the following three 
temperatures are compared: #1. The average temperature in the occupied zone, which in all cases is 
set to 1.2 meters above the floor, assuming seated activities. #2. The temperature in the non-occupied 
zone (above 1.2 meters). #3.The air temperature at floor level (10 cm above the floor) 
In addition, the following indices are compared:    
• the temperature effectiveness in the occupation zone, defined as the difference in extract- and supply 

temperature divided by the difference in temperature in the occupied zone and the supply temperature.   
• the normalized floor temperature, defined as the difference in floor temperature and supply temperature 

divided by the difference in extract- and supply temperature.   
• the mean temperature gradient, defined as the difference between the temperature in the upper polluted 

zone and the temperature in the lower clean zone, divided by half the ceiling height. 

3 RESULTS AND DISCUSSION 

3.1 Comparison of temperatures 
Figure 1 to 3 shows the compared temperatures in the occupied zone, the non-occupied zone and the 
floor temperature. In all 21 cases (3 x 7) the difference between the measured temperature and the 
prediction with the two-zone model is within 1 K, which is a reasonable demand for accuracy if the 
model should be used for design. The prediction with the model of Skistad is less good, where 8 cases 
is above 1K different from the measured value. The prediction with the model of Mundt is also less 
good, where 10 cases is above 1K different from the measured value. The model of Nielsen is somewhat 
better with 7 cases above 1K different from the measured value.     
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The difference between the measured normalised floor temperature and the prediction from the three 
models is generally small and there is not much difference between the three. The same goes for the 
linear temperature gradient where the predictions is generally good, with a small exception of the model 
of Nielsen which underpredicts for case 6 and 7.  

 
Figure 4. Temperature effectiveness occupation zone (1.2 m high).  

 

 
 
Figure 5. Normalised floor temperature.  

 

Figure 6. Linear temperature gradient in the room.  
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3.4 Comparison transient cases 
Figure 7 and 8 shows the comparison of the measured temperature during an 18 hour transient 
experiment in a class room (Mattson, 1999) compared to the predicted temperatures from the transient 
two-zone model. The predicted transient temperature curve follows the measured ones very closely, 
both in the extract and in the occupied zone.        
 

 

Figure 7. Comparison of measured and predicted temperature in the extract.  
 
 

 

Figure 8. Comparison of measured and predicted temperature 1.2 meter above the floor in the 
classroom. 
 
 
 
 

The difference between the measured normalised floor temperature and the prediction from the three 
models is generally small and there is not much difference between the three. The same goes for the 
linear temperature gradient where the predictions is generally good, with a small exception of the model 
of Nielsen which underpredicts for case 6 and 7.  

 
Figure 4. Temperature effectiveness occupation zone (1.2 m high).  

 

 
 
Figure 5. Normalised floor temperature.  

 

Figure 6. Linear temperature gradient in the room.  
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5 CONCLUSIONS 
The following conclusions can be drawn from the experimental validation and from the inter-model 
comparison: 

• The presented two-zone model is predicting well for all the seven cases and the three compared 
temperatures, and also the three compared indices. The validity of the steady state thermal model 
can therefore be regarded as good for rooms similar to those tested here (small to medium large 
rooms).   

• The predictions of the proposed two zone model are closer to the experimental data than the 
predictions using the models of Skistad , Mundt and Nielsen. However, the two zone model is 
slightly more complex than the three other models, but can be defended by its better predictive 
capability. 

• The transient thermal two-zone model is in very good concordance with experimental data. 
However, the model should be compared to more transient cases before a final conclusion can be 
drawn about the validity of the model.    
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SUMMARY 
In recent years, it had been carried out that CFD (Computational Fluid Dynamics) enable us to have 
access to high precision reproduction in indoor thermal environment. When CFD users, like designers, 
researchers simulate the airflow of air conditioning with general CFD software, they may get confused 
that which CFD model should use to run the simulation at the stage of building simulation model. 
Besides, results may vary with CFD users for that whether they are experienced or not. To better use 
the CFD software, standard model must be made for designers to simulate indoor airflow in an easier, 
more convenient way. In this research, a four-way cassette type diffuser which is commonly used in 
offices for that its’ uniformly temperature and evenly jet are made. CFD models of four-way cassette 
type diffuser are made to better compare to the experiment data with CFD simulation. Model whose 
result of the simulation is nearest to the experiment one is selected. Base on the data, CFD models using 
simplified method such as MOMENTUM method is made to compare to the high accuracy CFD model.
Keywords: CFD analysis, Momentum method, four-way cassette diffuser

1 INTRODUCTION 
The CFD analysis was mainly used in the research and development field. With the development of 
computational technology, the cost of CFD analysis has greatly decreased. And CFD analysis is widely 
used by business such as proposal or the equipment design. However, the design of analytical models 
and the input of parameters requiring specialized knowledge which is heavy burden to the designer. In 
addition, the area requiring fine mesh division, such as the vicinity of the air outlet diffuser, is a factor 
that increases calculation cost. They are developing and considering specifications the outlet model that 
has adjusted boundary condition, one of for the purpose of the grasp of the space installing many air 
conditioners and the approximate warm temperature environment distribution in the early design stage. 
It has been proposed as an air conditioner model simplified method. Momentum method has been 
proposed as a simplified method of air conditioner model. The Momentum method is a method of 
thinking by separating momentum and mass boundary conditions from the diffuser by adding 
momentum to the blown air current. In this research, we investigated a CFD model applying the 
Momentum method for four-way cassette type outlets that are widely used in general. First, we 
measured the wind speed of the target air conditioner and collected data for accuracy validation. Next, 
made a CFD model in the fine mesh and compared and examined the measured value and the CFD 
analysis result of the fine mesh model. With reference to that data, we made CFD models applying the 
Momentum method and compared the analysis result with the fine mesh model. 

2 METHODS 

2.1 EXPERIMENT 
In order to better grasp the airflow properties such as airflow velocity and direction near the outlet 
diffuser of the air conditioner and to apply it for CFD analysis, we did an experiment to measure wind 

5 CONCLUSIONS 
The following conclusions can be drawn from the experimental validation and from the inter-model 
comparison: 

• The presented two-zone model is predicting well for all the seven cases and the three compared 
temperatures, and also the three compared indices. The validity of the steady state thermal model 
can therefore be regarded as good for rooms similar to those tested here (small to medium large 
rooms).   

• The predictions of the proposed two zone model are closer to the experimental data than the 
predictions using the models of Skistad , Mundt and Nielsen. However, the two zone model is 
slightly more complex than the three other models, but can be defended by its better predictive 
capability. 

• The transient thermal two-zone model is in very good concordance with experimental data. 
However, the model should be compared to more transient cases before a final conclusion can be 
drawn about the validity of the model.    
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speed in blowing mode. Outline of the conditioner is shown in Figure 1. Experiment room is located at 
Ikuta Campus, Meiji University, Japan. The central wind speed distribution in the operation mode of 
the four-way cassette type air conditioner (FXYFP 45M; Daikin Industries, Ltd.) as the experiment 
subject was measured. The angle of the air flow of the conditioner was fixed at 42 °.Experiments were 
conducted at midnight to avoid influence of other factors, such as airflow wind velocity, temperature 
and etc. The measurement range is shown in Figure 2. Outline of the measurement point is shown in 
figure 3. The measurement points were being set at intervals of 20 mm in the vicinity of the air 
conditioner outlet diffuser, and there are 1,008 points. A hot wire anemometer (model 1550, Japan 
Kanomax Co., Ltd.) was used for wind speed measurement. The average airflow velocity was calculated 
by averaging measurement data of 10 minutes obtained at 0.5 second intervals. 

   
Figure 1. Outline of the 
air conditioner 

Figure 2. measurement 
range 

Figure 3. Outline of measurement point  

2.2 CFD ANALYSIS OF FINE MESH MODEL 

Table 1. Analysis conditions 
Analysis STREAM Ver.13 

Calculation domain 4.5 × 6.7 × 2.7[m] 
Turbulence model Standard k-ε model 

Solution of pressure SIMPLEC 
Boundary condition of wall 

surface 
Generalized Log Law 

Inflow 
boundary 
condition 

Blowing wind 
speed 

Vin=4.41[m/s] 

Blowout width Lin=0.03[m] 
Influx 

conditions 
Uin=±cosω 

Win=-sinω(ω=42°) 
Turbulent flow 

rate 
kin=Vin

2/100[m2/s2] 
εin=0.093/4×k3/2/Lin[m2/s3] 

Outflow boundary 
condition 

900[m3/h] 

In order to verify the accuracy of CFD model with Momentum method, CFD model reproducing air 
conditioner “fine mesh model” was made and the accuracy of the model was studied. An outlet diffuser 
model was made based on the parameter from the catalogue of a four-way cassette type diffuser. 
Overview of fine mesh model is shown in figure 4. The CFD model has an outline of 950 × 950 × 50 
[mm], and a diffuser boundary of 15 × 500 [mm] is set on the end portion of each side of the model, 
two are in the horizontal direction and vertical direction to reproduce the diffuser. Air volume at 225 
[m 3 / h] was set to be jetted from an inlet boundary, and the angle of the air flow was set at the angle 
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of 42 ° Analysis conditions is shown in Table 1. The calculation domain is the east half of the 
measurement room, performed on one air conditioner. Analysis software used STREAM Ver.13 
(Software Cradle Co., Ltd.), and turbulent model used standard k-ε model. The values of turbulent 
kinetic energy and dissipation were determined from the blowing wind speed of the CFD model and the 
blowing width. Mesh layout is shown in Figure 5. The mesh at the inlet boundary was finely divided at 
the width of 15mm. The surroundings of the air conditioner model except the inlet boundary was equally 
divided into 25 mm, and the other areas are divided by the expand ratio of 1.1. 

2.3 EXAMINATION OF THE CFD MODEL THAT APPLIED MOMENTUM METHOD 
In the Momentum method, the missed momentum when rough grating is added as the source term of 
the equation of motion in the cell just under the inflow boundary. The momentum of the fine mesh is 
71.58 N / m 3 from the blowing area and the wind speed. If the mesh spacing is 0.1 m and the width of 
inflow boundary is increased, the momentum will be 19.14 N / m 3 momentum is insufficient at 52.44 
N / m 3. The size of Case 1 has 950 mm square and without thickness. For Case 2 and Case 3, we set 
the thickness in the model and change the size to fit the inflow boundary to the actual air flow position. 
Case 2 has a thickness of 100 mm and the size is 1500 mm square. Case 3 was 300 mm thick, 2100 mm 
square. In each case, the position where the missing momentum was added. In case A, the position 
where the momentum was added is the cell just under the blowing inlet. In case B, the position is second 
cell under the blowing inlet. The inlet boundary was equally divided at the width of 100 mm, and the 
other areas were divided by the expand ratio of 1.1. The other analysis conditions were the same as in 
section 2.2. 

 
Figure 6. Overview of CFD model with MOMENTUM method 
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model was made based on the parameter from the catalogue of a four-way cassette type diffuser. 
Overview of fine mesh model is shown in figure 4. The CFD model has an outline of 950 × 950 × 50 
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inlet, the speed goes down. And the state of diffusion was confirmed. Return air flow exceeding 1 m/s 
was also confirmed. 

 
Figure 7. Central wind speed distribution of Measurement and velocity distribution of fine mesh model 

3.2 RESULT AND DISCUSSION OF CFD ANALYSIS OF FINE MESH MODEL 
In the CFD analysis of the fine mesh model, similarly to the actual measurement, the attenuation of 
diffusion and the decay of air current velocity from the outlet boundary are confirmed. In addition, the 
wind velocity vector near the ceiling is being attracted and moving toward the inflow boundary. Under 
the outlet port, return air was also confirmed. 
Air velocity profile of experiment and analysis is shown in Figure 8. By experiment, the blown air 
current takes the maximum wind speed in the vicinity of the outlet. The wind speed became smaller 
toward the set angular direction as leaving the blowout opening, and the state of diffusion was 
confirmed. In the vicinity of the suction port, the suction air flow exceeding 1 m/s was also confirmed. 
In the fine mesh model, similarly to experiment, the airflow flowing in from the outlet boundary 
attenuates and diffuses. In addition, the wind velocity vector near the ceiling surface is moving toward 
the inflow boundary and attracted. Under the outflow port, outflow wind was also confirmed. 

 

Figure 8. Wind speed profile 
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3.3 RESULT AND DISCUSSION OF CFD ANALYSIS WITH MOMENTUM METHOD 
Figure 9 shows central wind velocity distribution of fine mesh model and each case with Momentum 
method. In case A in which the momentum was given in the cell below the inlet, the wind from the 
inlet became a flow adhering to the ceiling surface and showed properties different from fine mesh 
model. It is considered that this is due to the fact that the cell which the momentum was giving is in 
contact with the CFD model, therefore the momentum was not enough. In case B, giving the 
momentum in the cell two cells below the inlet, the same wind direction as fine mesh model was 
shown.  

 

Figure 9. Central wind velocity distribution of fine mesh model and cases 1B to 3B 

 
Figure 10. Wind speed profile for each case. 
Figure 10 shows wind speed profile of actual measurement results of fine mesh model, and case B. It 
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In the Case B, wind direction is match to the fine mesh model, however the wind speed is not. Thus to 
better confirmed the momentum, a parameter a was multiply to it. (a = 0.4, 0.6, 0.8) Figure 11 shows 
Correlation diagram of analysis of fine mesh model and case3B. It shows that in the original momentum 
(a = 1.0), the slope is 1.5, whereas in the case of a = 0.8 the slope shows a value close to 1. However, 
the standard deviation shows a value smaller than a = 1.0, so further study is required 

 

Figure 11. Correlation diagram of analysis of fine mesh model and case3B 

4 CONCLUSIONS 
In this paper, the analysis of the accuracy of the simple air conditioner model using the Momentum 
method was examined for a four-way cassette type diffuser. To verify the accuracy of the air conditioner 
model using Momentum method, air conditioner model with a fine mesh was made, and the result of 
CFD simulation was compared with the actual measurement to confirm the accuracy. From the results, 
it was found that the air current direction can be reproduced by applying thickness to the model using 
the Momentum method. However, the diffusion was larger than that of CFD model and the attenuation 
was small, and it was found that by adding the momentum derived from the calculation gives a stronger 
air current than the actual one. In momentum method, when adding the missing momentum just under 
the blowing inlet, the air flow was not reappeared the fine mesh model. On the other hand when the 
momentum was added to the cell, which is the second to the CFD model, wind direction was reappeared 
the fine mesh model. However, it turns out that the wind speed shows larger than the experiment, for 
the reason that the position where the momentum was added is far from the CFD model. 
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SUMMARY  

Ceiling radiant cooling panel system can provide high room environmental comfort and cooling of a 
thermal zone in a building. Chilled water temperatures and air supply parameters were determined as 
experimental variables that could affect ceiling radiative cooling performance. The effects of chilled 
water flows and heat source intensities on indoor thermal environment were simulated and investigated 
using previously validated CFD (Computational Fluid Dynamics) methods. The numerically simulated 
vertical temperatures and velocities profiles were validated by a comparison with experimental results. 
The average temperature difference was within a region of 10%. Experimental results showed that the 
uniform surface temperature distributions for chilled ceiling could be achieved by an increase in chilled 
water temperature and air supply velocities. Temperature differences between head (1.1 m) and ankle 
(0.1 m) was in the range of 2.0°C, which could meet the acceptable thermal comfort standards as 
prescribed by the ASHRAE handbook. 

Keywords: capillary ceiling panel, radiant cooling, CFD simulation, surface temperature, thermal 
environment 

1. INTRODUCTION 

Chilled water can be supplied at a higher temperature above the dew point of indoor air to capillary 
ceiling radiant cooling terminal system than conventional air conditioning system (Zhao, et al, 2017). 
Compared with conventional heating, ventilation and air conditioning (HVAC) system, radiant cooled 
ceiling systems can reduce the ductwork dimensions, fan size and energy consumption with 
approximately 20% of the air flow rate of conventional HVAC systems (Feustel and Stetiu, 1995). 
Simplified thermal methods had been developed to determine the distributions of surface temperature 
and the lowest surface temperature of radiant floor. Simulation model (Zhang, et al, 2012) and 
experiments (Li, et al, 2014) had been conducted to verify the simplified calculations for determination 
of surface temperature distribution with an absolute error within the range of 0.4°C. The semi-analytical 
modelling method for heat transfer calculation of cooling panels had been developed and heat transfer 
performance under relevant assumptions were discussed (Tye-Gingras and Gosselin, 2011). 
Experimental research on radiant cooling panels had been conducted to analyze heat transfer 
performance and water condensation phenomenon (Yin, et al, 2014). 

In the Case B, wind direction is match to the fine mesh model, however the wind speed is not. Thus to 
better confirmed the momentum, a parameter a was multiply to it. (a = 0.4, 0.6, 0.8) Figure 11 shows 
Correlation diagram of analysis of fine mesh model and case3B. It shows that in the original momentum 
(a = 1.0), the slope is 1.5, whereas in the case of a = 0.8 the slope shows a value close to 1. However, 
the standard deviation shows a value smaller than a = 1.0, so further study is required 

 

Figure 11. Correlation diagram of analysis of fine mesh model and case3B 
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air current than the actual one. In momentum method, when adding the missing momentum just under 
the blowing inlet, the air flow was not reappeared the fine mesh model. On the other hand when the 
momentum was added to the cell, which is the second to the CFD model, wind direction was reappeared 
the fine mesh model. However, it turns out that the wind speed shows larger than the experiment, for 
the reason that the position where the momentum was added is far from the CFD model. 
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For hydronic radiant cooling system, cooling performance and thermal environment were evaluated for 
its real application in buildings with a high percentage of sensible cooling load and low energy 
consumption. A series of experimental research on cooling performance of Ceiling Radiant Cooling 
Panel (CRCP) system had been performed to investigate the relevant heat transfer coefficients and 
actual cooling capacity under different working conditions (Chicote, et al, 2012). New experimental 
methodology was presented to show the effect of water supply temperature, mass flow rate and thermal 
load distribution on radiant ceiling capacity and comfort conditions (Fonseca, 2011). The mixing 
ventilation system (Tomasi, 2013) and displacement ventilation system (Rees and Haves, 2013) in a test 
room equipped with radiant cooling panels had been applied to study experimentally thermal comfort 
and airflow feature. Computational fluid dynamics (CFD) models combined with experimental 
measurements were effectively used and distribution of indoor temperature and velocity field could be 
accomplished by solving flow and heat transfer conjugate problems (Rees, et al, 2001).  

The present experimental work was conducted to evaluate ceiling panel surface temperature and indoor 
thermal environmental performance of capillary CRCP system. Chilled inlet water temperatures and air 
supply temperature and velocity were chosen as experimental variable factors for assessing the ceiling 
surface temperature and indoor thermal environment. The mean surface temperature (Xie, et al, 2016) 
was calculated to evaluate surface temperature distributions characterized by N discrete temperature 
points on ceiling surface. The conjugate heat transfer between ceiling panel model and room model was 
simulated using experimental methods to analyze indoor thermal environment under the influence of 
variable inlet water flow rates and internal heat intensities. A previously validated CFD (Computerized 
Fluid Dynamics) modelling method (Xie, 2016) was used for the simulation.  

2. EXPERIMENTAL STUDY 

2.1 Description of the test room installed with capillary CRCP system 

The test room installed with capillary ceiling radiant cooling panel was with a dimension of 3.8 m (L) 
× 4.0m (W) × 3.0 m (H). Test room enclosure was considered adiabatic with good thermal insulating 
property. Two side walls of the test room were fitted with an air supply inlet (0.4 m × 0.2 m) and air 
return outlet (0.7 m × 0.2 m). An electrothermal membrane of 0.95 m × 2.76 m was fitted to the façade 
side near the floor to simulate internal thermal loads. Capillary mats of U-type layout were installed to 
the ceiling panels including two group of pipes of 3200 mm × 1040 mm and 3200 mm × 750 mm, in 
respective dimensions. The capillary water pipes with external diameter of 4.3 mm were embedded in 
the 10 mm-thick gypsum plaster of radiant cooled ceiling. They were arranged in a parallel assembly 
and covered 90% of the ceiling area. 

Chilled water produced by air cooled heat pump units was transported to an intelligentized mixing water 
centre, which has the function of changing the mixing ratio of primary inlet water and return water to 
control water temperature flowing into CRCP. Water inside capillary pipes was supplied at a higher 
temperature between 14.5°C and 20.1°C to avoid moisture condensation from air near the ceiling 
surface. The manifold was applied to distribute water into capillary cooled ceiling panels.  

2.2 Measurement methods and experimental conditions 

Temperatures of indoor air and ceiling surface were measured with Pt100 temperature sensors in the 
test room. The measurement points were arranged at a vertical position located at the centre of the room 
space in order to determine the air temperature gradient. Six thermal sensors were arranged at different 
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vertical heights (0.3 m, 0.8 m, 1.4 m, 2.0 m, 2.4 m and 2.7 m above the floor). The layout of probe 
points in the radiant ceiling was distributed uniformly on the surface (H = 3 m). Chilled inlet water 
temperature was measured by ifm-TN7531 with a precision of 0.1°C, and chilled inlet water volume 
flow rates were measured by an intelligent turbine flowmeter LWGYB-20 with a precision of 0.5%. 
Indoor air velocity and supply air temperature were measured by thermal anemometer SwemaAir 40 
with a precision of 0.04 ms-1 and 0.2°C, respectively. Swema Y-Boat-100 multifunction test system was 
connected to a computer to record all temperature data and water flow rates.  

Chilled water temperatures (14.5, 16.0, 17.4, 18.6, 20.1°C) and air supply parameters (temperatures: 
18.7, 19.8°C and velocities: 0.53, 1.11 m/s) were determined as key factors that could affect ceiling 
panel cooling performance and indoor thermal environment. Air supply system was firstly operated to 
control indoor relative humidity of approximately 50%. Experimental data were obtained at every 20 
seconds interval to steady the indoor conditions after radiant cooling ceiling system was operated for 
about 60 minutes. Chilled water flow rate was kept at 0.57 m3/h and internal heat source intensity was 
set at 600 W. The average air temperature was calculated from recorded data during the testing period. 

3 RESULTS 

3.1 Surface temperature distributions of the cooling ceiling panel without air supply 

The temperature measurements were uniformly distributed on the panel surface under the chilled inlet 
water and outlet water pipes and at the central position between the chilled inlet and outlet water pipes. 
These could therefore represent the surface temperature distribution of the radiant panel. The mean 
surface temperature and temperature non-uniformity coefficient (TNC) (Xie, et al, 2016) was used to 
show the surface temperature distribution of the chilled ceiling radiant panel. The TNC was determined 
by equation (1): 
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Where N is temperature measurement points, Θt is the dimensionless temperature nonuniformity 
coefficient, σt is the root mean square deviation of temperature, t  is the average smoke temperature. 

As is shown in Figure 1, the mean surface temperature rose from 16.9°C ± 0.4°C to 21.5°C ± 0.3°C 
with a rise in the inlet chilled water temperate from 14.5°C to 20.1°C. These were in good agreement 
with simulated mean surface temperature with a maximum precision of 7%. Surface temperature 
distributions of different chilled water inlet temperatures at 9 positions on radiant ceiling surface were 
shown in Figure 2, showing a similar trend for surface temperature at each measuring point for different 
chilled inlet water temperature. The calculated TNCs were: 2.3 × 10-2, 1.99 × 10-2, 1.9 × 10-2, 1.69 × 10-2, 
1.63 × 10-2 with a chilled inlet water temperature of 14.5°C, 16°C, 17.4°C, 18.6°C, 20.1°C, respectively. 

For hydronic radiant cooling system, cooling performance and thermal environment were evaluated for 
its real application in buildings with a high percentage of sensible cooling load and low energy 
consumption. A series of experimental research on cooling performance of Ceiling Radiant Cooling 
Panel (CRCP) system had been performed to investigate the relevant heat transfer coefficients and 
actual cooling capacity under different working conditions (Chicote, et al, 2012). New experimental 
methodology was presented to show the effect of water supply temperature, mass flow rate and thermal 
load distribution on radiant ceiling capacity and comfort conditions (Fonseca, 2011). The mixing 
ventilation system (Tomasi, 2013) and displacement ventilation system (Rees and Haves, 2013) in a test 
room equipped with radiant cooling panels had been applied to study experimentally thermal comfort 
and airflow feature. Computational fluid dynamics (CFD) models combined with experimental 
measurements were effectively used and distribution of indoor temperature and velocity field could be 
accomplished by solving flow and heat transfer conjugate problems (Rees, et al, 2001).  

The present experimental work was conducted to evaluate ceiling panel surface temperature and indoor 
thermal environmental performance of capillary CRCP system. Chilled inlet water temperatures and air 
supply temperature and velocity were chosen as experimental variable factors for assessing the ceiling 
surface temperature and indoor thermal environment. The mean surface temperature (Xie, et al, 2016) 
was calculated to evaluate surface temperature distributions characterized by N discrete temperature 
points on ceiling surface. The conjugate heat transfer between ceiling panel model and room model was 
simulated using experimental methods to analyze indoor thermal environment under the influence of 
variable inlet water flow rates and internal heat intensities. A previously validated CFD (Computerized 
Fluid Dynamics) modelling method (Xie, 2016) was used for the simulation.  

2. EXPERIMENTAL STUDY 

2.1 Description of the test room installed with capillary CRCP system 

The test room installed with capillary ceiling radiant cooling panel was with a dimension of 3.8 m (L) 
× 4.0m (W) × 3.0 m (H). Test room enclosure was considered adiabatic with good thermal insulating 
property. Two side walls of the test room were fitted with an air supply inlet (0.4 m × 0.2 m) and air 
return outlet (0.7 m × 0.2 m). An electrothermal membrane of 0.95 m × 2.76 m was fitted to the façade 
side near the floor to simulate internal thermal loads. Capillary mats of U-type layout were installed to 
the ceiling panels including two group of pipes of 3200 mm × 1040 mm and 3200 mm × 750 mm, in 
respective dimensions. The capillary water pipes with external diameter of 4.3 mm were embedded in 
the 10 mm-thick gypsum plaster of radiant cooled ceiling. They were arranged in a parallel assembly 
and covered 90% of the ceiling area. 

Chilled water produced by air cooled heat pump units was transported to an intelligentized mixing water 
centre, which has the function of changing the mixing ratio of primary inlet water and return water to 
control water temperature flowing into CRCP. Water inside capillary pipes was supplied at a higher 
temperature between 14.5°C and 20.1°C to avoid moisture condensation from air near the ceiling 
surface. The manifold was applied to distribute water into capillary cooled ceiling panels.  

2.2 Measurement methods and experimental conditions 

Temperatures of indoor air and ceiling surface were measured with Pt100 temperature sensors in the 
test room. The measurement points were arranged at a vertical position located at the centre of the room 
space in order to determine the air temperature gradient. Six thermal sensors were arranged at different 
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Figure 1. A comparison between experimental 
and simulated mean surface temperatures on 
radiant panel as a function of different chilled 
water inlet temperatures 

Figure 2. Measured surface temperature 
distributions as a function of different chilled 
water inlet temperatures at 9 positions on the 
radiant ceiling surface 

3.2 Indoor air temperature distributions  

Temperature gradient in occupied zone caused by unbalance heat transfer is closely correlated with 
thermal comfort perception. ASHRAE 55-2010 (ASHRAE Handbook, 2008) prescribed a maximum 
temperature difference of 3.0°C between head and ankle levels for acceptable thermal comfort of 
occupants. The vertical air temperature profiles at central position were chosen to illustrate temperature 
gradient characteristics. As shown in Figure 3, the features of temperature profiles were similar with 
different chilled inlet water temperatures. There was a negative temperature gradient along vertical 
direction and temperature stratification was relatively significant in the upper part of the room above 2 
m high. The minimum air temperature between the floor and 2 m height occurred at a position of 70 
mm above the floor, under the influence of sinking cold air due to thermal buoyancy. This was consistent 
with previous findings of temperature profiles using displacement ventilation system with chilled 
ceiling (Rees, et al, 2001). When chilled water temperature varied from 14.5°C to 20.1°C with an 
average increment of 1.5°C, the panel surface temperature and indoor air temperature was raised by 
1°C. The temperature difference between the head (1.1 m) and ankle (0.1 m) was in a range of 2.0°C to 
meet thermal comfort standards of ASHRAE handbook (2008). 

Air supply conditions could pose an important effect to enhance convective heat transfer between the 
panel surface and air layer. As presented in Figure 4, the indoor air temperature declined due to the 
increasing air supply velocities as a result of indoor airflow disturbance. The air temperature was 
positively correlated with supply air temperature. The vertical thermal stratification was not significant, 
and the temperature gradient from the chilled ceiling to the floor was within 4.0°C. The temperature 
difference between the head and ankle was below 2.0°C. 
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Figure 3. A comparison of measured vertical air 
temperature profiles as a function of different 
chilled water inlet temperatures at the central 
position of the test room 

Figure 4. A comparison of measured vertical air 
temperature profiles as a function of different air 
supply conditions at the central position of the 
test room 

4. DISCUSSION 

The simulated numerical results (Xie, 2016) were compared with insitu measurements to validate the 
CFD model. The average temperature differences between simulated and measured data were within 
10%. TNCs was reduced due to a rise in chilled water temperatures and air supply velocities. The decline 
in the air supply temperatures could pose a reduction in TNCs of the ceiling surface. A negative 
temperature gradient along vertical direction and temperature stratification was relatively significant in 
the upper part of the room above 2 m high. The minimum air temperature difference between the floor 
and 2 m height ceiling occurred at 70 mm above the floor. The indoor air temperature has a positive 
correlation with chilled inlet water temperature, air supply temperature and internal heat load; but has a 
negative correlation with chilled water flow rate, air supply velocity. The temperature difference 
between the head (1.1 m) and ankle (0.1 m) was in range of 2.0°C, thus, meeting the acceptable the 
thermal comfort standard of the ASHRAE handbook. 

5. CONCLUSIONS 

The installation of a capillary ceiling radiation cooling panel (C-CRCP) can meet the cooling demand 
of a thermal zone, and can create a uniform temperature distribution for thermal comfort of occupants. 
Uniform surface temperature distributions for the chilled ceiling could be achieved by an increase in 
chilled water temperature and air supply velocities.  
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SUMMARY 
Thermal environments created by diffuse ceiling ventilation (DCV), chilled beam system (CB) and 
chilled ceiling with mixing ventilation (CCMV) were compared at different heat loads. Experiments 
were carried out in two test rooms (4.1 x 4.2 x 2.9 m3 and 5.5 x 3.8 x 3.2 m3, L x W x H). A double 
office layout where workstations were located in the perimeter area was investigated. The heat load 
was increased from a usual level of 38-40 W/floor-m2 to a peak load level of 57-64 W/floor-m2. Air 
temperature in the occupied zone was kept at 26 ± 0.5°C. Air velocity and temperature were measured 
with omnidirectional anemometers. Mean air speed, draught rate and temperature differences were all 
low at the usual load and increased slightly at peak load. The CB system produced more locations 
with draught rates higher than 10% than the CCMV or DCV systems. Thus, the study suggests using 
radiant systems with air distribution to reduce draught discomfort in the modern indoor environments.  
Keywords: thermal environment, heat load, buoyancy flows, airflow interaction, air distribution  

1 INTRODUCTION 
The concept of thermal comfort was originally defined to satisfy the human desire to feel thermally 
comfortable (Fanger, 1970). This definition has inspired several studies towards improving the 
knowledge and understanding of satisfaction within different thermal environments throughout the 
past five decades. Recently, local thermal comfort has been found to be a common complaint in 
various public buildings (Kosonen et al., 2011; Cao et al., 2012; Mustakallio et al., 2016). The room 
airflow pattern in cooling conditions depends on the relative locations of air distribution units and heat 
sources (Koskela et al., 2010). Consequently, one of the main challenges in modern offices is to 
distribute clean air to the workstations in an energy efficient manner without increasing the draught 
risk.  
Draught is often defined as unwanted local convective cooling of a person (Fanger, 1970). The 
draught risk increases when the airflow temperature decreases and the mean velocity and turbulence 
intensity increase (Müller et al. 2013). In this sense, radiant and convective cooling methods play a 
major role when responding to temporal and spatial airflow changes in modern user-centric 
environments. Furthermore, advanced personalized air distribution methods can improve thermal 
comfort and energy efficiency (Melikov, 2016).  
In this study, diffuse ceiling ventilation (DCV), chilled beam system (CB) and chilled ceiling 
combined with mixing ventilation (CCMV) were compared. The main objectives were to investigate 
the effects of usual and peak heat loads on thermal conditions and discomfort caused by draught. The 
main hypothesis was that combining radiant and convective cooling (i.e. CCMV system) could 
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improve the thermal comfort by reducing draught. Air temperature, air speed and draught rate in the 
occupied zone were all compared. The novelty of this study comes from the comparison of the 
aforementioned state of the art air conditioning systems at typical heat load levels. 

2 METHODS 
Experiments were carried out in two test chambers under stable thermal conditions (Figure 1). The 
first set of measurements (CCMV + CB) was made at the Technical University of Denmark and the 
DCV measurements were conducted at Aalto University in Finland. The internal dimensions of test 
chamber 1, where the CCMV and CB systems were studied, were 4.1 m (length), 4.2 m (width) and 
2.9 m (height) (Mustakallio et al., 2016). The corresponding dimensions of test chamber 2, where the 
DCV system was studied, were 5.5 m (length), 3.8 m (width) and 3.2 m (height). The test cases are 
shown in Table 1. The usual heat load was 8% higher and the peak load was 11% lower with the DCV 
than with the CCMV and CB systems, respectively. 

Table 1. Test case parameters at the test chambers. 
Test chamber 1: CB,CCMV  Usual 

load 
Peak 
load 

Test chamber 2: DCV Usual 
load 

Peak 
load 

Floor area, m2 17.3 17.3 Floor area, m2 21.0 21.0 
Heat load, W/floor-m2 37 64 Heat load, W/floor-m2 40 57 

2 x Thermal manikin, W 156 156 2 x Test dummy, W 176 176 
2 x computer, W 130 130 2 x computer, W 96 96 
2 x monitor, W 0 0 2 x monitor, W 70 70 

Lighting, W 160 160 Lighting, W 116 116 
Solar-load at window, W ~ 202 404 Solar-load at window, W ~ 381 317 

Solar-load at floor, W 0 250 Solar-load at floor, W 0 420 
Total heat load, W 648 1100 Total heat load, W 839 1195 

Supply airflow rate, l/s,m2 1.5 1.5 Supply airflow rate, l/s,m2 3.6 5.2 
Supply air temperature,°C 16 16 Supply air temperature,°C 17 17 
Room air temperature,°C 26 26 Exhaust air temperature,°C 26 26 

Supply air cooling, W/floor-m2 −18 −18 Supply air cooling, W/floor-m2 −40 −57 
Cooling demand from water −19 −46 Cooling demand from water 0 0 

 
A double office layout located at the perimeter area 0.6 m away from the heated window panels was 
studied in both test chambers (Figure 1). In test chamber 1, each workstation consisted of a thermal 
manikin and a laptop. In test chamber 2, test dummies were used instead of manikins and a monitor 
was added to each workstation. In the CCMV system, the cooling panels were integrated into the 
suspended ceiling tiles. The chilled ceiling covered 77% of the total ceiling area. The top surface of 
the tiles was not insulated. Thus, the chilled ceiling transferred heat also above the suspended ceiling. 
Two linear diffusers were used to distribute the supplied air in two directions (each 0.472 m x 
0.020 m). In the CB system, an exposed chilled beam with a total length of 3.0 m and a coil length of 
2.1 m was installed at the height of 2.5 m. In the DCV system, a uniformly perforated suspended 
ceiling was used to bring supply air down to occupied zone. The perforation rate was 0.50 % of the 
total ceiling area and the nozzles had a diameter of 14 mm each. The nozzle rows closest to walls were 
sealed. In test chamber 1, the air was extracted from near the corridor wall at the height of 2.5 m by 
using one valve at each corner (Figure 1a). In test chamber 2, the air was extracted from the ceiling at 
the height of 3.2 m near location 11 (Figure 1b). 
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Figure 1. a) Test chamber 1 with CB and CCMV and b) test chamber 2 with DCV. 

The omnidirectional anemometers were installed at the heights of 0.1 m, 0.6 m, 1.1 m, and 1.7 m 
recommended in the standard EN ISO 7726:2001 (CEN, 2001). In test chamber 1, the anemometers 
had an accuracy of ± 0.02 m/s ± 1% of the reading at the range of 0.05-0.5 m/s. In test chamber 2, the 
three lowest anemometers had an accuracy of ± 0.01 m/s ± 2.5% of the reading and the highest 
anemometer had an accuracy of ± 0.02 m/s ± 1.5% of the reading. The measurement duration was 
5 min for the CB and CCMV systems, and 1 h for the DCV system. The variables considered in the 
study were air temperature, air speed and draught rate (CEN, 2005) which can be expressed as 

 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = �34 − 𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎,𝑙𝑙𝑙𝑙��𝑈𝑈𝑈𝑈�𝑎𝑎𝑎𝑎,𝑙𝑙𝑙𝑙 − 0.05�0.62�0.37 ∙ 𝑈𝑈𝑈𝑈�𝑎𝑎𝑎𝑎,𝑙𝑙𝑙𝑙 ∙ 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 3.14�, (1) 

where 𝑡𝑡𝑡𝑡𝑎𝑎𝑎𝑎,𝑙𝑙𝑙𝑙 [°C] is the local air temperature, 𝑈𝑈𝑈𝑈�𝑎𝑎𝑎𝑎,𝑙𝑙𝑙𝑙 [m/s] is the local mean air velocity, and 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 [%] is the 
local turbulence intensity. The measurement uncertainty was 0.2°C for the air temperature and 5% 
p.p. for the draught rate (Melikov et al., 2007). 

3 RESULTS 

3.1 Air temperature 
The air temperature measurements are summarized in Table 2. The average of local mean air 
temperatures was quite similar with all systems. However, the range was largest with the DCV and 
smallest with the CCMV at the usual heat load conditions. At the peak load conditions, the situation 
changed with the CCMV having the largest and CB the smallest range. The standard deviation was the 
same for all systems at the usual load. However, at the peak load, the deviation increased and the 
largest deviation was obtained with CCMV and smallest with DCV. The horizontal temperature 
difference between the perimeter area and the corridor side was largest with CCMV and smallest with 
DCV at both heat load levels. With the usual heat load, the differences were between 0.5-0.7°C and in 
the peak load conditions between 0.8-1.1°C. Furthermore, the vertical air temperature differences 
were quite similar with all systems. These differences were slightly larger (between 0.1-0.4°C) in the 
usual load conditions than in the peak load conditions (0.0-0.3°C). To summarize, there were no 
significant differences in the temperature profiles between the different systems. 

a)
improve the thermal comfort by reducing draught. Air temperature, air speed and draught rate in the 
occupied zone were all compared. The novelty of this study comes from the comparison of the 
aforementioned state of the art air conditioning systems at typical heat load levels. 

2 METHODS 
Experiments were carried out in two test chambers under stable thermal conditions (Figure 1). The 
first set of measurements (CCMV + CB) was made at the Technical University of Denmark and the 
DCV measurements were conducted at Aalto University in Finland. The internal dimensions of test 
chamber 1, where the CCMV and CB systems were studied, were 4.1 m (length), 4.2 m (width) and 
2.9 m (height) (Mustakallio et al., 2016). The corresponding dimensions of test chamber 2, where the 
DCV system was studied, were 5.5 m (length), 3.8 m (width) and 3.2 m (height). The test cases are 
shown in Table 1. The usual heat load was 8% higher and the peak load was 11% lower with the DCV 
than with the CCMV and CB systems, respectively. 

Table 1. Test case parameters at the test chambers. 
Test chamber 1: CB,CCMV  Usual 

load 
Peak 
load 

Test chamber 2: DCV Usual 
load 

Peak 
load 

Floor area, m2 17.3 17.3 Floor area, m2 21.0 21.0 
Heat load, W/floor-m2 37 64 Heat load, W/floor-m2 40 57 

2 x Thermal manikin, W 156 156 2 x Test dummy, W 176 176 
2 x computer, W 130 130 2 x computer, W 96 96 
2 x monitor, W 0 0 2 x monitor, W 70 70 

Lighting, W 160 160 Lighting, W 116 116 
Solar-load at window, W ~ 202 404 Solar-load at window, W ~ 381 317 

Solar-load at floor, W 0 250 Solar-load at floor, W 0 420 
Total heat load, W 648 1100 Total heat load, W 839 1195 

Supply airflow rate, l/s,m2 1.5 1.5 Supply airflow rate, l/s,m2 3.6 5.2 
Supply air temperature,°C 16 16 Supply air temperature,°C 17 17 
Room air temperature,°C 26 26 Exhaust air temperature,°C 26 26 

Supply air cooling, W/floor-m2 −18 −18 Supply air cooling, W/floor-m2 −40 −57 
Cooling demand from water −19 −46 Cooling demand from water 0 0 

 
A double office layout located at the perimeter area 0.6 m away from the heated window panels was 
studied in both test chambers (Figure 1). In test chamber 1, each workstation consisted of a thermal 
manikin and a laptop. In test chamber 2, test dummies were used instead of manikins and a monitor 
was added to each workstation. In the CCMV system, the cooling panels were integrated into the 
suspended ceiling tiles. The chilled ceiling covered 77% of the total ceiling area. The top surface of 
the tiles was not insulated. Thus, the chilled ceiling transferred heat also above the suspended ceiling. 
Two linear diffusers were used to distribute the supplied air in two directions (each 0.472 m x 
0.020 m). In the CB system, an exposed chilled beam with a total length of 3.0 m and a coil length of 
2.1 m was installed at the height of 2.5 m. In the DCV system, a uniformly perforated suspended 
ceiling was used to bring supply air down to occupied zone. The perforation rate was 0.50 % of the 
total ceiling area and the nozzles had a diameter of 14 mm each. The nozzle rows closest to walls were 
sealed. In test chamber 1, the air was extracted from near the corridor wall at the height of 2.5 m by 
using one valve at each corner (Figure 1a). In test chamber 2, the air was extracted from the ceiling at 
the height of 3.2 m near location 11 (Figure 1b). 
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Table 2. Summary of the average air temperature results. 
Double office layout Usual heat load Peak heat load 

 CCMV CB DVC CCMV CB DVC 
Average air temperature [°C] 26.0 25.8 25.6 26.1 25.8 25.9 

Standard deviation of air temperature [°C] 0.3 0.3 0.3 0.6 0.5 0.4 
Range of mean air temperatures [°C] 1.3 1.4 1.7 2.7 1.8 2.1 

Std. dev. / avg  [%] 1.2 1.2 1.0 2.3 1.9 1.5 
Range / avg  [%] 5.0 5.4 6.8 10 7.0 8.0 

Std. dev. / range  [%] 23 21 15 22 28 19 
difference between window to corridor sides at 

height 1.1 m [°C] 
0.7 0.6 0.5 1.1 1.0 0.8 

difference of heights between 0.1 m to 1.7 m [°C] 0.3 0.4 0.1 0.0 0.3 0.1 

3.2 Air speed 
The air speed results are summarized in Table 3. The average air speeds were quite similar with all the 
studied systems. The maximum air speeds at the usual load were 0.27 m/s with the CB, 0.25 m/s with 
the DCV and 0.23 m/s with the CCMV. At the peak load conditions, the difference was slightly 
larger; the maximum air speeds were 0.29 m/s, 0.30 m/s and 0.24 m/s, respectively. 
The standard deviation ranged from 31 to 42% of the average air speed level, with the CCMV being 
the lowest and DVC the highest. This indicates that the CCMV creates a slightly more stable airflow 
field than the other systems. Furthermore, the average air speed was lower on the window side than on 
the corridor side of the room. This indicates a circulating airflow pattern from the heat sources to the 
other side of the room which was also observed with marker smoke visualisation. 
A smaller number of high air speed (>0.2 m/s) locations was obtained with the CCMV than with the 
other systems. However, at the peak load conditions, the CCMV and the CB were really close to each 
other. The largest value was observed with CB at the usual load and with DCV at the peak load. This 
closely follows the supply airflow rates which were the largest with DCV. All in all, the air velocities 
were slightly smaller with the CCMV system that with the CB and DVC systems.  

Table 3. Summary of the air speed results. 
Double office layout Usual heat load Peak heat load 

 CCMV CB DVC CCMV CB DVC 
Average air speed [m/s] 0.11 0.12 0.11 0.13 0.13 0.14 

Standard deviation of air speed [m/s] 0.04 0.05 0.05 0.04 0.05 0.06 
Max. air speed [m/s] 0.23 0.27 0.25 0.24 0.29 0.30 
Std. dev. / avg  [%] 36 42 41 31 38 42 

Avg. air speed in window side [m/s] 0.10 0.09 0.11 0.13 0.12 0.13 
Avg. air speed in corridor side [m/s] 0.14 0.14 0.12 0.17 0.14 0.16 

Percentage of measurement points where air 
speed higher than 0.2 m/s [%] 

3 11 5 8 9 13 

3.3 Draught rate 
The draught rate results are summarized in Table 4. The average draught rate was below 10 % in the 
studied cases except for the CB system at the peak load. The standard deviation was smallest with the 
CCMV, indicating more uniform conditions. The largest maximum draught rate was measured with 
CB and the smallest with CCMV. The range of maximum draught rates was 13-18 % at the usual load 
and 16-21 % at the peak load. Consequently, the results indicate category B defined by EN ISO 7730 
(CEN, 2005) for all the studied systems besides CB at the peak load conditions which falls into 
category C.  
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The draught rate was smaller on the window side than on the corridor side. This indicates the 
existence of airflow patterns from the heat sources to the other side of the room. The maximum 
draught rates were at a similar level with all the studied systems. However, the number of locations 
with draught rates below 10 % was the smallest with CCMV and the largest with CB. In addition, 
relatively high draught rates were obtained with the DCV, although the momentum flow of the supply 
air was low. This indicates that buoyancy flows are dominant and radiant cooling may decrease the 
draught discomfort more efficiently than convective cooling. 

Table 4. Summary of the draught rate results. 
Double office layout Usual heat load Peak heat load 

 CCMV CB DVC CCMV CB DVC 
Average draught rate [%] 6 8 7 8 10 9 

Standard deviation of draught rate [%] 3 5 4 3 5 5 
Max. draught rate [%] 13 18 18 16 21 19 

Std. dev. / avg  [%] 49 59 57 42 48 52 
Avg. draught rate in window side [%] 5 4 6 7 7 8 
Avg. draught rate in corridor side [%] 8 9 8 11 10 11 

Percentage of measurement points where DR 
higher than 10% [%] 

6 33 15 31 41 35 

4 DISCUSSION 
The idea behind this study was to compile and compare results from measurements of different 
thermal environment control systems conducted in two separate laboratories. As the measurements 
had already been done, there were some differences between the cases. Firstly, thermal conditions 
were slightly different between DCV and the other systems. In addition, the measurement period was 
longer for the DCV than for the CCMV and CB systems. However, neither of these differences had 
any significant impact on the results as the total heat load levels were very close between the cases 
and thus a valid comparison between the systems could be made.  
The results show that all the systems provided similar performance between the perimeter area and the 
corridor side of the room. Furthermore, the vertical air temperature differences were also quite similar. 
Thus, there were no significant differences in temperature profiles with the studied systems. However, 
the results indicate that the CCMV, including the radiant system, produced a smaller number of 
locations with draught rates above 10% than the other studied systems at usual load conditions. This 
confirms the original hypothesis and is an important finding for the future. However, in the peak load 
conditions, the corresponding numbers for all systems were closer to each other than with the usual 
load.  
It seems that low-momentum convective cooling with DCV leads to similar air speed levels as e.g. the 
convective cooling with CB system. This is due to the domination of buoyancy flows in the flow field 
and their interaction with convective cooling flows, which increases with increased heat load.  
None of the studied systems achieved the category A defined by EN ISO 7730 (CEN, 2005) even with 
the usual heat load. However, since the draught rate measurement uncertainty can be as high as 5% 
p.p, there is also uncertainty in the category assessment as the category boundaries are only 10% apart 
from each other. It is entirely possible that repeating the set of measurements would put CCMV into 
category A at the usual load and all systems into category C at the peak load, for example. 

5 CONCLUSIONS 
The spatial temperature differences were small between the studied systems. The maximum air 
temperature difference was around 1°C between the window side and the corridor side. 

Table 2. Summary of the average air temperature results. 
Double office layout Usual heat load Peak heat load 

 CCMV CB DVC CCMV CB DVC 
Average air temperature [°C] 26.0 25.8 25.6 26.1 25.8 25.9 

Standard deviation of air temperature [°C] 0.3 0.3 0.3 0.6 0.5 0.4 
Range of mean air temperatures [°C] 1.3 1.4 1.7 2.7 1.8 2.1 

Std. dev. / avg  [%] 1.2 1.2 1.0 2.3 1.9 1.5 
Range / avg  [%] 5.0 5.4 6.8 10 7.0 8.0 

Std. dev. / range  [%] 23 21 15 22 28 19 
difference between window to corridor sides at 

height 1.1 m [°C] 
0.7 0.6 0.5 1.1 1.0 0.8 

difference of heights between 0.1 m to 1.7 m [°C] 0.3 0.4 0.1 0.0 0.3 0.1 

3.2 Air speed 
The air speed results are summarized in Table 3. The average air speeds were quite similar with all the 
studied systems. The maximum air speeds at the usual load were 0.27 m/s with the CB, 0.25 m/s with 
the DCV and 0.23 m/s with the CCMV. At the peak load conditions, the difference was slightly 
larger; the maximum air speeds were 0.29 m/s, 0.30 m/s and 0.24 m/s, respectively. 
The standard deviation ranged from 31 to 42% of the average air speed level, with the CCMV being 
the lowest and DVC the highest. This indicates that the CCMV creates a slightly more stable airflow 
field than the other systems. Furthermore, the average air speed was lower on the window side than on 
the corridor side of the room. This indicates a circulating airflow pattern from the heat sources to the 
other side of the room which was also observed with marker smoke visualisation. 
A smaller number of high air speed (>0.2 m/s) locations was obtained with the CCMV than with the 
other systems. However, at the peak load conditions, the CCMV and the CB were really close to each 
other. The largest value was observed with CB at the usual load and with DCV at the peak load. This 
closely follows the supply airflow rates which were the largest with DCV. All in all, the air velocities 
were slightly smaller with the CCMV system that with the CB and DVC systems.  

Table 3. Summary of the air speed results. 
Double office layout Usual heat load Peak heat load 

 CCMV CB DVC CCMV CB DVC 
Average air speed [m/s] 0.11 0.12 0.11 0.13 0.13 0.14 

Standard deviation of air speed [m/s] 0.04 0.05 0.05 0.04 0.05 0.06 
Max. air speed [m/s] 0.23 0.27 0.25 0.24 0.29 0.30 
Std. dev. / avg  [%] 36 42 41 31 38 42 

Avg. air speed in window side [m/s] 0.10 0.09 0.11 0.13 0.12 0.13 
Avg. air speed in corridor side [m/s] 0.14 0.14 0.12 0.17 0.14 0.16 

Percentage of measurement points where air 
speed higher than 0.2 m/s [%] 

3 11 5 8 9 13 

3.3 Draught rate 
The draught rate results are summarized in Table 4. The average draught rate was below 10 % in the 
studied cases except for the CB system at the peak load. The standard deviation was smallest with the 
CCMV, indicating more uniform conditions. The largest maximum draught rate was measured with 
CB and the smallest with CCMV. The range of maximum draught rates was 13-18 % at the usual load 
and 16-21 % at the peak load. Consequently, the results indicate category B defined by EN ISO 7730 
(CEN, 2005) for all the studied systems besides CB at the peak load conditions which falls into 
category C.  
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The maximum air speed was slightly lower with CCMV than with CB or DCV at the peak load 
conditions. At the usual heat load there were next to no differences in maximum air speeds between 
the systems. 
The results indicate that the CB system caused slightly higher draught discomfort levels than the 
CCMV and DCV systems. The number of locations with draught rates over 10 % was very different 
between the systems. The system with the smallest number of locations with a DR higher than 10 % 
was CCMV. 
Overall, the study suggests using a radiant system combined with an air distribution system in modern 
indoor environments to minimize the draught discomfort. None of the studied systems achieved the 
category A defined by EN ISO 7730. However, all the systems can fulfill the demands of category B 
except for CB which falls to category C at peak load conditions. 
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SUMMARY  
The Diffuse Ceiling Ventilation (DCV) is one of the promising concepts to satisfy ventilation and 
thermal comfort requirements in modern buildings. This solution allows the injection of a high amount 
of ventilation air at lower speed and with a more even distribution than traditional air injection solutions. 
Office buildings often present a suspended ceiling realised with perforated sound-absorbing panels that 
are suitable to be used as air diffusers. However, fresh air is normally injected in the plenum through a 
duct or through one of the vertical surfaces of the plenum, causing an uneven velocity distribution in 
the air jets leaving the diffuser, which can lead to local thermal discomfort issues. The aim of this work 
is to use CFD as a tool to find a suitable perforation pattern, within the boundaries of existing, 
commercially available panels, to achieve a uniform air distribution in the room with low velocity. 
Three commercially available panel designs were considered. Three-dimensional steady state CFD 
calculations were repeated on different configurations to find an optimal perforation rate and 
distribution. The optimal distributions were identified and simulations repeated for a room section. This 
ventilation strategy proved a positive influence on the indoor comfort, ensuring the injection of an 
adequate ventilation air without drafts due both to the air injection and the resulting velocity field in the 
room. 
Keywords: Diffuse Ceiling Ventilation (DCV), sound-absorbing panels, CFD, OpenFOAM 

1 INTRODUCTION  
Diffuse Ceiling Ventilation (DCV) is a rather novel concept for ventilation in low and plus energy 
buildings. The space between the ceiling slabs and the suspended ceiling is used as a plenum for fresh 
air, and the whole ceiling surface, or a large part of it, is used as an air diffuser. It provides several 
advantages such as higher thermal comfort, low pressure loss and lower investment cost (Zhang et al. 
2016). DCV for comfort ventilation was at first presented as a solution to improve air quality in schools 
(Jacobs et al. 2008), but it has a longer history in livestock buildings (Van Wagenberg and Smolders 
2002). Through the last years scholars have conducted performance analysis on different configuration 
of ceiling ventilation (Fan, et al 2013; Petersen et al. 2014). Investigations were also conducted on the 
possibility of coupling the DCV with integrated conditioning systems (Zhang et al. 2015).  Hviid and 
Svendsen (Hviid and Svendsen 2013) pointed out the ceiling act as a radiant cooling surface. Their 
tracer gas experiments indicated a ventilation efficiency close to mixing ventilation. Zhang et al. (Zhang 
et al. 2014) conclude that due to the low velocities from the DCV it is thermal convection flows from 
heat sources in the room that decides the thermal comfort 
The use of CFD techniques to address the evaluation of DCV is present  in literature (Mikeska and Fan 
2015; Zhang et al. 2017). All these calculations though, model the passage from the plenum to the room 
with a porous medium model. This simplifies largely the numerical handling of the flow through the 
suspended ceiling. It takes into account the effect of perforation rate, but not the effect that the shape 
and dimension of the perforation have on the flow. 

The maximum air speed was slightly lower with CCMV than with CB or DCV at the peak load 
conditions. At the usual heat load there were next to no differences in maximum air speeds between 
the systems. 
The results indicate that the CB system caused slightly higher draught discomfort levels than the 
CCMV and DCV systems. The number of locations with draught rates over 10 % was very different 
between the systems. The system with the smallest number of locations with a DR higher than 10 % 
was CCMV. 
Overall, the study suggests using a radiant system combined with an air distribution system in modern 
indoor environments to minimize the draught discomfort. None of the studied systems achieved the 
category A defined by EN ISO 7730. However, all the systems can fulfill the demands of category B 
except for CB which falls to category C at peak load conditions. 
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In office buildings, suspended ceilings are often realized with perforated sound-absorbing panels, which 
are suitable to be used as air diffusers without particular design modifications. The characteristics of 
these panels makes them an ideal solution for DCV. They in fact present an even distribution of larger 
opening if compared to a porous panel. This implies a larger area to provide ventilation air, with the 
consequence of lower supply air velocity and lower pressure loss. The latter aspect is particularly 
interesting in connection with the use of natural ventilation mechanisms to enhance the ventilation 
airflow through the plenum (in a façade-supply mode). One of the known limitations of this solution is 
that, once the air is injected in a plenum from one side of the room, the deceleration of the fluid along 
the plenum volume causes an unevenness in the air velocity out of the perforation and therefore an 
uneven air distribution in the room (Zhang et al. 2016). A proper distribution of panels with different 
perforation size and rate can partially solve this problem. 
In the present work, CFD techniques were used to predict the outcome of different panels distribution 
and to identify the most suitable for a typical office room. 

2 METHODS 
Three different commercially available sound-absorbing ceiling panels were taken into consideration. 
All panels have dimension 0.6 x 0.6 m, square perforation, and differ for holes dimension and 
distribution. The main characteristics are summarised in Tab. 1. The investigation method is based on 
a two-steps numerical analysis. In the first one is simulated a narrow section of the plenum, in the second 
a wider section and the part of room below it. 

Table 1. Sound-absorbing panels characteristics 
Panel name Hole dimension 

[mm] 
Perforation distance 

[mm] 
Perforation rate 

[%] 
Panel dimension 

[mm] 
Panel 1 
Panel 2 
Panel 3 

3 x 3  
9 x 9 

12 x 12 

5.33 
10.5 
13 

11% 
18% 
18% 

600 x 600 
600 x 600 
600 x 600 

2.1 Plenum section with perforated ceiling 
The first series of simulations was conducted on a longitudinal section of the plenum with dimensions 
(W x L x H) 106 x 3600 x 350 mm to reduce the computational load associated to the full modelling of 
the perforated structure of the panels. The vertical side surface of this section, ideally towards the 
facade’s air inlet, is the inlet to the volume. The lower surface is composed by the section of 6 panels. 
The computational mesh is a hexahedral structured mesh. Since the perforation size differs from panel 
to panel, the mesh is gradually refined and the number of cell stretches from 750k cells to 10 million. 
The boundary conditions imposed at the inlet is constant velocity and it was calculated to provide an 
amount of ventilation air corresponding to 1.2 m3/h per square meter of room floor area. Atmospheric 
pressure level was imposed at the outlet of the plenum though the perforated panels. To take into account 
the possible turbulent flow eventual turbulence at the perforation, the k-ε model was used. Calculations 
were performed using the open source code OpenFOAM and the solver simpleFoam. 

2.2 Room section with perforated ceiling  
Through the results of the first series of simulations, two panel distribution were identified as best 
solutions to assure an even distribution of the air in the room. For these two, calculations were repeated 
on a larger computational domain which includes a wider plenum corresponding to the width of a whole 
panel, and the relative room volume considering a room height of 3 m. As outlet, it was set an area with 
the same width of the room section and a height of 50 mm at the bottom of the room, opposite to the 
façade inlet. To contain the grid dimension, a coarser mesh was used for the room volume. It was then 
necessary to introduce a non-conformal mesh interface between the perforated panel and the ceiling of 
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the room section. These simulations were conducted using the commercial software Ansys Fluent for 
reasons related to the treatment of the non-conformal mesh interface. The same boundary conditions of 
the previous case were used: vinlet = 0.0034 m/s at the plenum inlet and poutlet = 0 Pa at the outlet in the 
bottom corner of the computational domain.Both the room and the plenum were discretized using a 
structured hexahedral mesh, with dimension 17.7 and 17.9  millions cells in the two cases. Both series 
of simulations were carried out in steady state and under isothermal conditions, i.e. no heat sources in 
the room. 

3 RESULTS 
 

 
Case 1) 

 
Case 2) 

 
Case 3) 

Figure 1. Velocity vectors in the plenum and velocity distribution  
at the plenum outlet for cases 1, 2 and 3 

In office buildings, suspended ceilings are often realized with perforated sound-absorbing panels, which 
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opening if compared to a porous panel. This implies a larger area to provide ventilation air, with the 
consequence of lower supply air velocity and lower pressure loss. The latter aspect is particularly 
interesting in connection with the use of natural ventilation mechanisms to enhance the ventilation 
airflow through the plenum (in a façade-supply mode). One of the known limitations of this solution is 
that, once the air is injected in a plenum from one side of the room, the deceleration of the fluid along 
the plenum volume causes an unevenness in the air velocity out of the perforation and therefore an 
uneven air distribution in the room (Zhang et al. 2016). A proper distribution of panels with different 
perforation size and rate can partially solve this problem. 
In the present work, CFD techniques were used to predict the outcome of different panels distribution 
and to identify the most suitable for a typical office room. 
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Three different commercially available sound-absorbing ceiling panels were taken into consideration. 
All panels have dimension 0.6 x 0.6 m, square perforation, and differ for holes dimension and 
distribution. The main characteristics are summarised in Tab. 1. The investigation method is based on 
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2.1 Plenum section with perforated ceiling 
The first series of simulations was conducted on a longitudinal section of the plenum with dimensions 
(W x L x H) 106 x 3600 x 350 mm to reduce the computational load associated to the full modelling of 
the perforated structure of the panels. The vertical side surface of this section, ideally towards the 
facade’s air inlet, is the inlet to the volume. The lower surface is composed by the section of 6 panels. 
The computational mesh is a hexahedral structured mesh. Since the perforation size differs from panel 
to panel, the mesh is gradually refined and the number of cell stretches from 750k cells to 10 million. 
The boundary conditions imposed at the inlet is constant velocity and it was calculated to provide an 
amount of ventilation air corresponding to 1.2 m3/h per square meter of room floor area. Atmospheric 
pressure level was imposed at the outlet of the plenum though the perforated panels. To take into account 
the possible turbulent flow eventual turbulence at the perforation, the k-ε model was used. Calculations 
were performed using the open source code OpenFOAM and the solver simpleFoam. 

2.2 Room section with perforated ceiling  
Through the results of the first series of simulations, two panel distribution were identified as best 
solutions to assure an even distribution of the air in the room. For these two, calculations were repeated 
on a larger computational domain which includes a wider plenum corresponding to the width of a whole 
panel, and the relative room volume considering a room height of 3 m. As outlet, it was set an area with 
the same width of the room section and a height of 50 mm at the bottom of the room, opposite to the 
façade inlet. To contain the grid dimension, a coarser mesh was used for the room volume. It was then 
necessary to introduce a non-conformal mesh interface between the perforated panel and the ceiling of 
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3.1 Plenum 
The velocity distribution in the plenum and at the ceiling outlet was first calculated for cases in which 
the suspended ceiling is composed of only one type of panel, as reference cases. In Fig. 1 the results are 
reported for  Panel 1 (case 1), Panel 2 (case 2) and Panel 3 (case 3). In all the cases, the outlet velocity 
decreases with the distance from the plenum inlet. The velocity profile gets more constant when the 
perforation size and rate are reduced (case 1). On the other hand, the pressure drop introduced by this 
configuration is higher and could be a non-optimal situation when coupling this solution with natural 
ventilation. Several other configuration were considered, and not presented herewith for the sake of 
brevity. The present work presents only the two that showed an interesting velocity profile: case 4 with  
3 panel 1 , 2 panel 2 and 1 panel 3 starting from the plenum inlet, and case 5 with 2 panel 1 , 2 panel 2 
and 2 panel 3. The vector representation and the outlet velocity plot are reported in Fig. 2. 
 

 
Case 4) 

 
Case 5) 

Figure 2. Velocity vectors and outlet velocity distribution for case 4 and 5. 

 

3.2 Room section 
To represent the velocity fields, a vector plot was realised considering two planes simultaneously. The 
first plane is the room middle section, the second corresponds to the outlet of the suspended ceiling. 
Figure 3 shows the velocity field for the configurations previously indicated as case 4 and case 5.  
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                                       Case 4)                                                                Case 5) 

Figure 3. Vector representation for the velocity conditions in the room section 

4 DISCUSSION 
The ceiling configurations shown in Figure 2 have a balanced velocity distribution comparable with 
case 1. However, the presence of larger area perforation translates into a lower pressure drop across the 
ceiling panels, which is especially beneficial if natural ventilation is adopted. Furthermore, the peak in 
the velocity pattern in both case 4 and 5 is located at the centre of the room, which is more likely to 
have presence of occupants. However, it is important to state that the velocity field for the airflow in 
both cases is way far from values that can lead to dissatisfaction due to draft – mean air values are 
recommended to be, according to ISO 7730 (7730:2005), in the range 0.1 ÷ 0.3 m/s. 
As far as the room section simulations are concerned, both cases show the same air circulation pattern 
in the room.  The velocity pattern at the suspended ceiling results slightly different between the full 
room and the plenum calculation both for case 4 and case 5, and especially in the part of plenum opposite 
to the inlet. The modifications seem to be consistent with the flow pattern in the room. A larger number 
of simulation is required to evaluate the actual influence that the choice of room outlet and the flow 
pattern in the room have on the ventilation air velocity distribution. 

5 CONCLUSIONS 
The study here reported confirms that DCV is a promising strategy for ventilation in energy efficient 
office buildings. A proper distribution of perforated panels can provide an evenly distributed ventilation, 
and concentrate the higher amount of air in the central part of the room, thus improving the air quality 
in the spaces where occupant are more likely to stay. In none of the calculated configurations there is a 
presence of draft, due to high air speed. The acoustic performance of the sound-absorbing panels is 
slightly reduced when they are used as air diffuser. This is aspect, which is not part of this work, 
represents itself an interesting future investigation. 
CFD demonstrates to be a valuable tool for a-priori prediction of a suitable perforation distribution. The 
model described gives acceptable numerical results. An experimental validation of the model is planned 
for the near future. The main challenge connected with the experimental campaign is to develop an 
experimental procedure capable of offering reliable data given the extremely low velocity values of the 
air flow.  Particular interest will be reserved for the interaction between ventilation air pattern and room 
air circulation. 

3.1 Plenum 
The velocity distribution in the plenum and at the ceiling outlet was first calculated for cases in which 
the suspended ceiling is composed of only one type of panel, as reference cases. In Fig. 1 the results are 
reported for  Panel 1 (case 1), Panel 2 (case 2) and Panel 3 (case 3). In all the cases, the outlet velocity 
decreases with the distance from the plenum inlet. The velocity profile gets more constant when the 
perforation size and rate are reduced (case 1). On the other hand, the pressure drop introduced by this 
configuration is higher and could be a non-optimal situation when coupling this solution with natural 
ventilation. Several other configuration were considered, and not presented herewith for the sake of 
brevity. The present work presents only the two that showed an interesting velocity profile: case 4 with  
3 panel 1 , 2 panel 2 and 1 panel 3 starting from the plenum inlet, and case 5 with 2 panel 1 , 2 panel 2 
and 2 panel 3. The vector representation and the outlet velocity plot are reported in Fig. 2. 
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Figure 2. Velocity vectors and outlet velocity distribution for case 4 and 5. 

 

3.2 Room section 
To represent the velocity fields, a vector plot was realised considering two planes simultaneously. The 
first plane is the room middle section, the second corresponds to the outlet of the suspended ceiling. 
Figure 3 shows the velocity field for the configurations previously indicated as case 4 and case 5.  
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SUMMARY  
Tendency toward green building materials with low environmental impact is one of the most interesting 
solutions, which can respond to the required recommendations of actual thermal regulations in Europe, 
especially in France, concerning energy reduction and greenhouse gas emissions in the building sector. 
Therefore, modelling hemp concrete hygrothermal behavior is undergoing a notable evolution. Studies 
are conducted on physical phenomena occurring within the wall, including hysteresis, isotherms 
temperature dependency and their impacts on heat and moisture transfers through the envelope. 
However, interior and exterior coatings are of great importance in multilayered hemp concrete wall 
cases, depending on both permeability and water absorption. As well, inhabitants behavior is a major 
factor to control indoor conditions. Nevertheless, the hemp concrete used as internal or external 
insulator is scarcely studied in the literature at both wall and building scales. In this scope, a numerical 
model is created and simulated using SPARK simulation tool at both scales. The impact of switching 
the insulator position in the wall (from outside to inside) on heat flux and inner surface temperature is 
studied. Then, at room scale, the same impact is also evaluated on indoor comfort conditions of a virtual 
office taking into account a constant flowrate ventilation strategy.
Keywords: hemp concrete, insulation, modelling, wall scale, room scale  

1 INTRODUCTION  
Energy savings and environmental sustainability in buildings have notoriously reached a significant 
importance at both national and European levels. In the next thirty years, France is looking to reduce by 
38% the energy consumption in building sector, and to raise the use of vegetal fiber materials in 
constructions to 10%. The European Union is committed also to insure a reduction in greenhouse gases 
emission of 40% by 2030 in comparison with the last two decades (European Commission, 2016). 
Therefore, this uptake of energy-efficiency measures in new and retrofitted dwellings will arise the 
demand for thermal insulation. The latter is fundamental to improve housing comfort by reducing heat 
transfer through building envelope.  
In this scope, the bio-based material hemp concrete has become a new trend in building sector. Being a 
low-carbon product with good insulation properties, it is particularly suitable to projects where design 
calls for a rendered or rain-screened external finish, and minimal thermal bridges. At wall scale, most 
of studies are carried out on several physical phenomena occurring within simple hemp concrete layer. 
For instance, hysteresis between adsorption and desorption curves (Promis et al., 2018), and isotherms 
temperature dependency (Le et al., 2015). (Lelievre, Colinart and Glouannec, 2014) and (Costantine et 
al., 2016) highlighted the fact that taking hysteresis into account could improve hemp concrete 
hygrothermal behavior prediction. In Addition, (Aït Oumeziane et al., 2016) and (Colinart et al., 2017) 
showed the isotherms temperature dependency influence on temperature and relative humidity within 
the wall while (Costantine et al., 2017) added a numerical approach of the sorption curves temperature 
dependency at wall and room scales. Multilayered walls are also investigated including plastering 
impact on hemp concrete moisture buffering potential (Piot et al., 2017).  
However, hemp concrete position in the wall (inner or outer side) is scarcely studied in the literature.   
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In addition, at room and building scales, hemp concrete behavior is rarely identified. Except (Costantine 
et al., 2018), (Gourlay, 2017) and (Moujalled et al., 2015) approaches in France and few studies in UK 
(Sutton, Black and Walker, 2011) on hemp-lime building insulation, hemp concrete use in buildings 
needs further work and investigations. In that context, the paper aims to fill these gaps via a numerical 
model validated, developed and tested using SPARK simulation tool.  For this purpose, the impact of 
switching hemp concrete layer from outside to inside is studied at both wall and room scales. Firstly, 
on thermal heat flux and inner surface temperature of a multilayered wall. Secondly, on indoor comfort 
conditions and energy consumption for heating and cooling of a virtual office using a constant flowrate 
ventilation strategy. 

2 MODELLING 

2.1 Wall scale 
A multilayered hemp concrete wall is tested. It is composed of four layers as shown in Table 1. Materials 
properties are inferred from literature. Hemp-lime interior plaster is used whereas exterior one is a lime-
sand mixture. It should be noted that lime-sand plaster is less hygroscopic, insulating and permeable 
than lime-hemp finishing (Piot et al., 2017). Hemp concrete layer is the thermal insulator firstly set at 
outer side. Brick ® is the load-bearing material chosen in the study.  
Table 1 : Description of materials properties 

SPARK software is used to simulate the wall hygrothermal behavior. A simple heat and moisture 
transfer model (without hysteresis and temperature dependency) based on Philipe and De Vries theory 
is adopted. The latter approach is detailed in Costantine et al. (Costantine et al., 2018). Weather data 
including external temperature, relative humidity, and radiations served as inputs to the model. External 
heat transfer coefficient is fixed at ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 16  to consider solar radiations. Indoor convective heat 
transfer coefficient is calculated using the following equation: 

ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒 = 1.33 �|𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖|
𝐻𝐻𝐻𝐻

4
 

(1) 

Tsi is the inner wall surface temperature, Tsi the indoor air temperature and H the wall height. Convective 
heat flux per unit surface is given by:   

𝜑𝜑𝜑𝜑 = ℎ(𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖) (2) 

D: outdoor side 

Material 
 

Thickness 
(m) 

Density 

(Kg.m–3) 
Thermal conductivity 

(W.m–1.K–1) 
Thermal capacity 

(J.Kg–1.°C–1) 

A: Lime-hemp 0.020 930 0.20 1000 

B: Brick® 0.20 700 0.1869 850 

C: Hemp 
concrete 0.13 450 0.095 1000 

D: Lime-sand 0.015 1650 0.40 830 
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h is the global heat transfer coefficient which accounts for convective flux and long wave length 
radiative exchanges. In addition, as the tested envelope is a multilayered wall, a particular attention 
should be considered at the interface between the layers (Tran Le et al., 2010). Therefore, several 
hypotheses are assumed: first, the contact between layers is assumed perfect. Second, moisture and 
thermal resistances at the interfaces are neglected. Finally, temperature T and capillary pressure Pc  are 
considered continuous. According to Kelvin’s law, it can be deduced that 𝜑𝜑𝜑𝜑𝐴𝐴𝐴𝐴 = 𝜑𝜑𝜑𝜑𝐵𝐵𝐵𝐵, which means that 
relative humidity is continuous between the layers in contrary to the moisture content, which depends 
on material properties, and pore structure. Indoor surface temperature is set to 23°C between April and 
September and 20°C elsewhere. Indoor surface vapor density is calculated based on the correlation 
proposed by (Perier-Muzet et al., 2015): 

2.2 Room scale 
In this part, a virtual office of 24m2 × 3m is studied. The room south-façade is a multilayered hemp 
concrete wall similar to one studied at wall scale. Otherwise, a width of 20 cm for hemp concrete instead 
of 13 cm is considered in order to respect 2012 thermal standards and to provide a wall U value higher 
than 3 m2.K/W (RT, 2012). Only south façade is exposed to external weather conditions of Nancy city. 
Remaining walls are considered as partition made of cork (12cm) and gypsum (external and internal 
coatings of 1 cm).  Two persons are supposed to occupy the office during working days (except Sunday) 
for 8 hours per day (8 a.m. to 12 a.m. – 14 p.m. to 18 p.m.). From November to April, temperature is set 
at 20°C during occupation period and 17°C during vacancy time. For the rest of the year, a free-floating 
period, where the temperature is allowed to fluctuate between 17°C and 28°C, is applied. Heating and 
cooling loads are calculated using a proportional-integrator PI controller. Simulations are run with a 
constant air flowrate (36 m3/h) which takes into account the mechanical ventilation (0.5 vol.h–1) and the 
infiltration rate (0.2 vol.h–1) based on the norm NF EN 12831.  

3 RESULTS AND DISCUSSION 

3.1 Wall scale 
Comparison is carried out between inner wall surface temperature (Figure 1) and heat flux (Figure 2) 
when hemp concrete layer is shifted to indoor side.    

Figure 1. Inner surface temperature vs time

𝜌𝜌𝜌𝜌𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒 = 𝜌𝜌𝜌𝜌𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 0.003 (3) 

In addition, at room and building scales, hemp concrete behavior is rarely identified. Except (Costantine 
et al., 2018), (Gourlay, 2017) and (Moujalled et al., 2015) approaches in France and few studies in UK 
(Sutton, Black and Walker, 2011) on hemp-lime building insulation, hemp concrete use in buildings 
needs further work and investigations. In that context, the paper aims to fill these gaps via a numerical 
model validated, developed and tested using SPARK simulation tool.  For this purpose, the impact of 
switching hemp concrete layer from outside to inside is studied at both wall and room scales. Firstly, 
on thermal heat flux and inner surface temperature of a multilayered wall. Secondly, on indoor comfort 
conditions and energy consumption for heating and cooling of a virtual office using a constant flowrate 
ventilation strategy. 

2 MODELLING 

2.1 Wall scale 
A multilayered hemp concrete wall is tested. It is composed of four layers as shown in Table 1. Materials 
properties are inferred from literature. Hemp-lime interior plaster is used whereas exterior one is a lime-
sand mixture. It should be noted that lime-sand plaster is less hygroscopic, insulating and permeable 
than lime-hemp finishing (Piot et al., 2017). Hemp concrete layer is the thermal insulator firstly set at 
outer side. Brick ® is the load-bearing material chosen in the study.  
Table 1 : Description of materials properties 

SPARK software is used to simulate the wall hygrothermal behavior. A simple heat and moisture 
transfer model (without hysteresis and temperature dependency) based on Philipe and De Vries theory 
is adopted. The latter approach is detailed in Costantine et al. (Costantine et al., 2018). Weather data 
including external temperature, relative humidity, and radiations served as inputs to the model. External 
heat transfer coefficient is fixed at ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 16  to consider solar radiations. Indoor convective heat 
transfer coefficient is calculated using the following equation: 

ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒 = 1.33 �|𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖|
𝐻𝐻𝐻𝐻

4
 

(1) 

Tsi is the inner wall surface temperature, Tsi the indoor air temperature and H the wall height. Convective 
heat flux per unit surface is given by:   

𝜑𝜑𝜑𝜑 = ℎ(𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖) (2) 

D: outdoor side 

Material 
 

Thickness 
(m) 

Density 

(Kg.m–3) 
Thermal conductivity 

(W.m–1.K–1) 
Thermal capacity 

(J.Kg–1.°C–1) 

A: Lime-hemp 0.020 930 0.20 1000 

B: Brick® 0.20 700 0.1869 850 

C: Hemp 
concrete 0.13 450 0.095 1000 

D: Lime-sand 0.015 1650 0.40 830 
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Figure 2. Heat flux vs time 

Switching hemp concrete layer to inner side slightly arises indoor wall surface temperature 
(approximately 0.2 to 0.5°C) and reduces therefore the heat flux through the wall since the latter is 
proportional to temperature gradient between environmental air and inner surface wall temperature. It 
can be related to the effusivity of hemp concrete, lower than the brick, making the envelope heat 
absorption lower when hemp concrete is placed from the inner side. For greater understanding, vapor 
density of environmental air and wall inner surface in both cases are plotted for 10 days in Figure 3.  

Figure 3. Water vapor density vs time 

One can easily infer that the envelope is globally adsorbing vapor during the day and desorbing it during 
the night, since environmental air vapor density is higher than inner wall surface vapor density in both 
cases during the day and vice versa in the night. Although, adsorption is obviously more important when 
hemp concrete is from the inner envelope side, due a higher gradient of water vapor density. Moreover, 
desorption is more important when hemp concrete is from the outside. The adsorption exothermic aspect 
and desorption endothermic aspect make the wall inner surface temperature higher in this case.   

3.2 Room scale 

Indoor comfort conditions including air temperature and relative humidity are compared. It should be 
noted that when hemp concrete is shifted to the inner side, condensation occurs in brick and hemp 
concrete layers. Therefore, results are presented with vapor barriers within the wall in this case. It could 
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be done by reducing convective mass transfer coefficient. For schemes clarity reasons, the period 
between April and May is depicted and shown in Figure 4 and Figure 5 because in this period 
temperature is allowed to fluctuate while in the winter, it is set to 20°C or 17°C as described in the 
previous section.  

 

Figure 4. Room indoor air temperature between April and May 

Figure 5. Room indoor relative humidity between April and May 

At room scale, temperature varies slightly (slight increase) when hemp concrete is shifted to the inner 
side (Figure 4). The result is coherent with relative humidity behavior, since it is slightly higher when 
the hemp concrete is used as external insulator (Figure 5). Lower indoor air humidity is important for a 
better air quality and reduces energy consumption for air renewal when a sensitive air relative humidity 
ventilation is applied. Therefore, observations at wall scale are validated at office scale.    

5 CONCLUSIONS AND PERSPECTIVES  
In this paper, the impact of hemp concrete use as internal or external insulator is studied. A multilayered 
wall is simulated and tested at two different scales under the numerical tool SPARK. At wall scale,  
results show that switching hemp concrete to the indoor side arises slightly the inner surface wall 
temperature and contributes then to reduce heat losses through the wall. At room scale, similar 
observations are deduced for indoor air temperature which allows to reduce indoor air relative humidity 
when hemp concrete is from the inner side. A particular attention should be paid on the condensation 
phenomenon within hemp concrete and brick layers in this case. Further work is needed on this level to 
identify sources of condensation. Investigations on different occupancy scenarios and ventilation 
strategies are conducted too to identify their impact when coupled to hemp concrete insulator from the 
inner side.      

Figure 2. Heat flux vs time 

Switching hemp concrete layer to inner side slightly arises indoor wall surface temperature 
(approximately 0.2 to 0.5°C) and reduces therefore the heat flux through the wall since the latter is 
proportional to temperature gradient between environmental air and inner surface wall temperature. It 
can be related to the effusivity of hemp concrete, lower than the brick, making the envelope heat 
absorption lower when hemp concrete is placed from the inner side. For greater understanding, vapor 
density of environmental air and wall inner surface in both cases are plotted for 10 days in Figure 3.  

Figure 3. Water vapor density vs time 

One can easily infer that the envelope is globally adsorbing vapor during the day and desorbing it during 
the night, since environmental air vapor density is higher than inner wall surface vapor density in both 
cases during the day and vice versa in the night. Although, adsorption is obviously more important when 
hemp concrete is from the inner envelope side, due a higher gradient of water vapor density. Moreover, 
desorption is more important when hemp concrete is from the outside. The adsorption exothermic aspect 
and desorption endothermic aspect make the wall inner surface temperature higher in this case.   

3.2 Room scale 

Indoor comfort conditions including air temperature and relative humidity are compared. It should be 
noted that when hemp concrete is shifted to the inner side, condensation occurs in brick and hemp 
concrete layers. Therefore, results are presented with vapor barriers within the wall in this case. It could 
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SUMMARY 
In a research dealing with improving energy efficiency in residential buildings in Iraq, occupants were 
asked to participate in an online survey about their housing units in 2014; The survey results showed 
that 42% of the subjects found the protection against sandstorms bad, with the 34% finding it acceptable, 
and only 23% finding it good. Other indicators such as relative humidity in winter and summer showed 
that 46% found it good and only 18% found it bad. With bad protection against sand storms and external 
noise being the biggest complain of the subjects, together with the use of windows with single glazing 
and iron frames (about 70%) it is assumed that these buildings have high infiltration rates.  
In Iraq, there haven't been any tests performed to measure air-tightness and infiltration rates yet. A series 
of air-infiltration measurements using the tracer gas decay method were conducted in several residential 
buildings in Baghdad using tracer gas decay method. The measurements showed that using windows 
with PVC frames and double glazing reduced the infiltration rates in comparison to the widely used iron 
framed windows. CO2 was used as tracer gas. the CO2 concentration was measured in the room using 
an indoor air quality sensor with high accuracy. The measurements demonstrated the possibility of 
performing air infiltration measurements using simple, low-cost methods. 
Keywords: Iraq, tracer gas decay method, infiltration, low-cost method. 

1 INTRODUCTION  
As a part of the research related to energy optimization of residential buildings in Iraq, reducing energy 
loss through infiltration is an important aspect. However, it is necessary to be able to measure the 
buildings’ air infiltration rates to evaluate the current situation and propose some improvement. 
Infiltration rate is one of the main inputs in building simulation model through which the energy demand 
and optimization measures are calculated in the aforementioned research project. 
In Iraq, a review of the scientific literature regarding that topic shows that infiltration rates and air 
tightness have not been measured before. For heating and cooling calculations, Iraqi building code for 
cooling (Building code 404/2) states that the infiltration rates can be defined using the recommended 
values in table 12/4-4, or calculated from the cracks' lengths using the crack method which is based on 
the infiltration values defined by the windows’ manufacturer as shown in equation no. ( 1). As a result, 
equipment, and technical knowledge for measuring air infiltration are not available in Iraq. 
 Vinf = [ΣL ∙ VI] ∙ (10−3)  ( 1) 

Where: 
Vinf 

ƩL 

Vl 

 
air infiltration rate [m³/s] 

total effective length of cracks[m] 

Leakage value for windows and doors per unit length depending on the window type and 
tightness and wind velocity [dm³.s-1.m-1]  
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The target is to be able to define air-tightness in existing building stock as well as in new building to look 
for improvement possibilities. A more important goal is to introduce this measurement procedure to the 
engineers and stakeholders to improve the air quality and energy performance of buildings in Iraq. 
In Iraq, the draught of cold or hot air entering through the windows cracks can be felt during winter and 
summer respectively. To be able to evaluate the different conditions – including air change rates-, the 
author conducted an online survey in 2014. The survey included question related to the building size, 
occupants, heating and cooling, comfort, occupancy profile, and other physical parameters including 
humidity, protection against sand storms(infiltration), and bad odours (indoor air quality). From 600 
invited, a total of 257 subjects participated in the survey (Rashid et al. 2016). 
The indicator to infiltration rates was the satisfaction of subjects participating in the survey. The results 
related to sand storms, humidity, and odors refer to a higher infiltration rate. 43% of the subjects rated 
the protection against sandstorms as bad. 24% found it good and 33% were neutral. Bad odors and 
humidity did not represent points to complain about by the subjects, that sufficient air change took place 
through infiltration. Especially knowing that people do not open windows to ventilate the rooms during 
winter(Rashid et al. 2016). These results motivated the authors to further investigate the infiltration rates 
in Iraq and try to measure and quantify them. 

2 METHODS 
To measure the air-tightness and air infiltration for buildings or zones there are two basic methods; fan 
pressurization method and tracer gas decay method. Fan-pressurization method (also known as Blower-
door method) is the most widely used method by experts. Tracer gas method is less commonly used and 
rated by experts to be used less in the future according to the survey made among experts in the field of 
buildings’ air tightness. (Olofsson, Allard 2015)  
The measurements were performed using tracer gas method mainly because of the portability. Table 1 
below shows a comparison between both methods in terms of strengths and weaknesses. The accuracy 
of tracer gas method is about 11±6% (Sandberg, Blomqvist 1985). In the tracer gas method, a tracer gas 
is diffused in the building or the zone. With time that tracer gas is diluted by inflowing air. Based on 
the gas decay and knowing the building volume, the air tightness can be calculated (E 741-00).  

Table 1: methods of measuring air tightness; comparison of strengths and weaknesses  
Method Strengths Weaknesses 

Fan 
pressurization 
method 

- Higher accuracy 
- No greenhouse gas usage 
- Calculates air tightness for whole building or 

part of the building 

- Cost intensive 
- Large instruments 
- Applicable only for tight buildings 

Tracer gas 
decay method 

- Inexpensive 
- Measurements easy to perform 
- Highly portable 
- Applicable for tight and non-tight buildings 

- Less accurate 
- global warming potential (GHG) 
- measurement only for single zone 
- complexity when used to measure multiple zones 

3 MEASUREMENTS 
Air infiltration was measured in 4 rooms in different houses in Baghdad. Areas, volumes, construction 
years, construction materials, and window types for the different rooms are listed in Table 2. The 
procedure of the measurement was similar in all test rooms. CO2 was used as tracer gas. The rooms 
were prepared by measuring the interior air volume and calculating the amount of CO2 required for each 
measurement. After that, the CO2 sensor was placed in the middle of the room, then all the openings to 
other rooms were sealed with a tape to make sure that no CO2 will diffuse to other rooms.  
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Table 2: measured rooms; area, conditions, and material 
Room Construction 

Year 
Area [m²]/ 

Volume [m³] 
Construction 

Material 
Window Type 

Bedroom; House 1 2000 

 

15.18 / 39.77 24cm Brick Walls 
Concrete Roof 

Iron Frame 
Single Glazing 

Bedroom; House 2 1956 12.20 / 34.16 24cm Brick Walls  
Jack-Arch Roof 

Iron Frame 
Single Glazing 

Bedroom; House 3 2015 

 

18.00 / 55.44 24cm Brick Walls  
Concrete Roof 

PVC Frame 
Double Glazing 

Bedroom; House 4 2012 18.37 / 53.82 24cm Brick Walls 
Concrete Roof 

Iron Frame 
Single Glazing 

CO2 was then supplied from a gas cylinder. A fan was used to ensure that CO2 is well mixed in the air. 
The gas concentration was observed. The whole measurement lasted between 1 and 2 hours depending 
on the room. Figure 1 is a schematic diagram showing the layout of the room and instruments used in 
the measurements. 

 
Figure 1: A schematic diagram of the measurements 

CO2 was injected into the room until it reached a concentration of about 2000 ppm. The gas 
concentration was analyzed immediately (log rate: 1 second) in the room using a small indoor desktop 
air quality meter. The meter measures CO2 concentration with ±5 % accuracy, it also measures air 
temperature and relative humidity. The main specifications of the meter are listed in Table 3. 

Table 3: Indoor air quality meter specifications (Wöhler 2016)  
CO2 Sensor Non-dispersive infrared absorber 

CO2 Sensor Accuracy ± 5% or ± 50ppm 

CO2 Range 0 to 2000 ppm 

CO2 Resolution 1 ppm (0-1000 ppm), 5 ppm (>1000 ppm) 

 

  

The target is to be able to define air-tightness in existing building stock as well as in new building to look 
for improvement possibilities. A more important goal is to introduce this measurement procedure to the 
engineers and stakeholders to improve the air quality and energy performance of buildings in Iraq. 
In Iraq, the draught of cold or hot air entering through the windows cracks can be felt during winter and 
summer respectively. To be able to evaluate the different conditions – including air change rates-, the 
author conducted an online survey in 2014. The survey included question related to the building size, 
occupants, heating and cooling, comfort, occupancy profile, and other physical parameters including 
humidity, protection against sand storms(infiltration), and bad odours (indoor air quality). From 600 
invited, a total of 257 subjects participated in the survey (Rashid et al. 2016). 
The indicator to infiltration rates was the satisfaction of subjects participating in the survey. The results 
related to sand storms, humidity, and odors refer to a higher infiltration rate. 43% of the subjects rated 
the protection against sandstorms as bad. 24% found it good and 33% were neutral. Bad odors and 
humidity did not represent points to complain about by the subjects, that sufficient air change took place 
through infiltration. Especially knowing that people do not open windows to ventilate the rooms during 
winter(Rashid et al. 2016). These results motivated the authors to further investigate the infiltration rates 
in Iraq and try to measure and quantify them. 

2 METHODS 
To measure the air-tightness and air infiltration for buildings or zones there are two basic methods; fan 
pressurization method and tracer gas decay method. Fan-pressurization method (also known as Blower-
door method) is the most widely used method by experts. Tracer gas method is less commonly used and 
rated by experts to be used less in the future according to the survey made among experts in the field of 
buildings’ air tightness. (Olofsson, Allard 2015)  
The measurements were performed using tracer gas method mainly because of the portability. Table 1 
below shows a comparison between both methods in terms of strengths and weaknesses. The accuracy 
of tracer gas method is about 11±6% (Sandberg, Blomqvist 1985). In the tracer gas method, a tracer gas 
is diffused in the building or the zone. With time that tracer gas is diluted by inflowing air. Based on 
the gas decay and knowing the building volume, the air tightness can be calculated (E 741-00).  

Table 1: methods of measuring air tightness; comparison of strengths and weaknesses  
Method Strengths Weaknesses 

Fan 
pressurization 
method 

- Higher accuracy 
- No greenhouse gas usage 
- Calculates air tightness for whole building or 

part of the building 

- Cost intensive 
- Large instruments 
- Applicable only for tight buildings 

Tracer gas 
decay method 

- Inexpensive 
- Measurements easy to perform 
- Highly portable 
- Applicable for tight and non-tight buildings 

- Less accurate 
- global warming potential (GHG) 
- measurement only for single zone 
- complexity when used to measure multiple zones 

3 MEASUREMENTS 
Air infiltration was measured in 4 rooms in different houses in Baghdad. Areas, volumes, construction 
years, construction materials, and window types for the different rooms are listed in Table 2. The 
procedure of the measurement was similar in all test rooms. CO2 was used as tracer gas. The rooms 
were prepared by measuring the interior air volume and calculating the amount of CO2 required for each 
measurement. After that, the CO2 sensor was placed in the middle of the room, then all the openings to 
other rooms were sealed with a tape to make sure that no CO2 will diffuse to other rooms.  
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To measure air change rates using tracer gas decay method, the decline of CO2 concentration through 
the time is used calculate the infiltration rate as shown in the equations ( 2) and ( 3). 

 A� = [ln C(t2) − ln C(t1)]/ (t2 − t1) ( 2) 

 C(tn) = C�tn,i� − C(equi)  ( 3) 

Where: 
A�

      C(tn) 
      C(tn,i) 
     C(equi) 

 
Average air change rate     
Concentration of tracer gas (CO2) at time n [PPM] 
measured indoor concentration of CO2 at time n [PPM] 
CO2 concentration in the atmosphere [400 PPM] 

The following points must be mentioned as they might affect the accuracy of the results. 

- The sampling and analysis method: In most of the standards, the room air should be collected using 
gas suction pumps and special tubes to be analyzed later. In the measurements we made, CO2 
concentration was measured spontaneously within the room. The CO2 sensor complies with the 
standards' requirements. 

- Extrapolation: measurements were conducted in one room and used as a value for the whole building. 
- Sample size: Due to the limited time schedule, there was no enough time to repeat the measurements 

for a representative sample.  
- Free-running building: the rooms where the measurements were conducted were not heated or cooled and 

the weather was moderate, the infiltration rates could be higher if the difference in temperature was bigger.  

4 RESULTS AND DISCUSSION 

4.1. Tracer-Gas Measurements 
 The infiltration measurements showed that rooms with iron framed windows had an infiltration rate 
ranging between 0.512 h-1 and 0.545 h-1. On the other hand, the air tightness in the room with PVC double-
glazed windows was 0.144 h-1. Figure 2 shows a logarithmic display of CO2 decay in the different 
measured rooms for a period of 30 minutes of the measurements starting from a concentration of 2000 
PPM. Table 4 shows the measurements durations and the calculated air change rates caused by infiltration.  

 

*C:     measured CO2 
concentration [PPM] 

  Cequi: CO2 concentration in the 
atmosphere = 400 PPM 

Figure 2: a logarithmic display of CO2 decay in the measured rooms for a 30 minutes period  
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Table 4: Results of the air infiltration measurements in 4 rooms in Baghdad 
Room Duration 

t2-t1 [min] 
Concentration start 

C(t1) [PPM] 
Concentration end 

C(t2) [PPM] 
Average air change rate 

�̅�𝐴𝐴𝐴 [h-1] 

Bedroom; House 1 60 1606 946 0.529 

Bedroom; House 2 50 1740 1105 0.545 

Bedroom; House 3 60 1513 1310 0.144 

Bedroom; House 4 45 1293 881 0.512 

4.2. Infiltration requirements 
The American (ICC 2012) defines the infiltration rates for hot dry climates to be ≤ 5 h-1 at 50 pascals in 
the different climate zones. As a rule of thumb, the value of air change at 50 pascals can be converted 
to real time values by dividing it by 20 (Alan Meier 1994). The maximum allowed value of air change 
rate is 0.25 h-1; only the building with PVC windows will fulfil these requirements. 

4.3. Crack method 
The air change rates were calculated for the same rooms using the crack method described in the Iraqi 
building code. Data about infiltration rates through cracks are not available for the windows built in 
Iraq. In the ventilation modelling data guide there is a list of air leakage values for windows in different 
countries. These values ranged between 0.009 and 0.793 dm³.s-1.m-1 (Orme M. Leksmono N. 2002). 
Figure 3 shows a comparison between the measured and calculated air change rates using the crack 
method based on different values for air leakage in windows (Vi). The diagram shows that for the 
building built in 1956 (house 2), a window air leakage value of 0.86 dm³.s-1.m-1, the measurements and 
calculations were close. For the newer buildings, using the leakage value 0.43 dm³.s-1.m-1 should be 
used. The same calculation was used for the PVC window and the leakage value for that window should 
be 0.13 dm³.s-1.m-1.  

 
Figure 3: Comparison between measured and calculated air change rates with different Infiltration 
values 
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The following points must be mentioned as they might affect the accuracy of the results. 

- The sampling and analysis method: In most of the standards, the room air should be collected using 
gas suction pumps and special tubes to be analyzed later. In the measurements we made, CO2 
concentration was measured spontaneously within the room. The CO2 sensor complies with the 
standards' requirements. 
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- Free-running building: the rooms where the measurements were conducted were not heated or cooled and 

the weather was moderate, the infiltration rates could be higher if the difference in temperature was bigger.  

4 RESULTS AND DISCUSSION 

4.1. Tracer-Gas Measurements 
 The infiltration measurements showed that rooms with iron framed windows had an infiltration rate 
ranging between 0.512 h-1 and 0.545 h-1. On the other hand, the air tightness in the room with PVC double-
glazed windows was 0.144 h-1. Figure 2 shows a logarithmic display of CO2 decay in the different 
measured rooms for a period of 30 minutes of the measurements starting from a concentration of 2000 
PPM. Table 4 shows the measurements durations and the calculated air change rates caused by infiltration.  
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Figure 2: a logarithmic display of CO2 decay in the measured rooms for a 30 minutes period  
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5 CONCLUSIONS 
The measurements showed that it is possible to perform this kind of measurements in a relatively simple 
and cost-effective way. Including the air tightness measurements with in the building requirements will 
increase awareness of that issue and push the building industry towards more energy-efficient measures. 
Both the measurements, and the survey provided evidence that buildings in Iraq have higher infiltration 
rates.  
There is a need to build more air tight buildings in Iraq, to reduce energy demand especially with the 
continuous energy crisis. Moreover, the higher occurrence of sand storms due to desertation, increases 
the need for improving air-tightness. Not to mention the comfort advantages by reducing the effect air 
draught in winter. 
More measurements are required to validate the method and to define the infiltration rates for the 
different types of windows to be used in the crack method, for which there is no reference to be used. 
A validation in different seasons would be also helpful to reduce uncertainties. One more helpful method 
is to do the measurements using fan pressurization method and compare the results with those obtained 
from the measurements using tracer gas. 
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SUMMARY 
A building ventilation mode that couples the earth-to-air heat exchangers (EAHEs) and building thermal 
mass has the potential to regulate the fluctuating behaviours of indoor air temperature and improve the 
comfortable of indoor thermal environments. EAHEs utilizes the thermal storage capabilities of the 
underground and pre-cool the ventilation air in the summer and pre-heat it in the winter. This work 
develops an analytical model for the coupling of EAHEs and building thermal mass with respect to 
periodically fluctuating air temperatures. The explicit expressions for the transient profiles of the 
temperatures at the EAHE outlet and indoor air are presented in this paper. Then, the application 
examples corresponded to two typical cities, Chongqing (representing a hot-summer/cold-winter 
region) and Harbin (representing a cold region), are analysed.  
Keywords: EAHEs, thermal mass, indoor thermal environment, thermal storage 

1 INTRODUCTION 
In recent years, passive measures are encouraged to be employed in buildings for regulating indoor 
thermal environments (Hollmuller and Lachal, 2014; Yang et al. 2013). The implementation of EAHE 
in buildings was an air-conditioning scheme in ancient buildings (Sulaiman, 1995), but it has aroused 
recent attention from both engineers and researchers (Badescu and Isvoranu, 2011; Ozgener 2011). The 
coupling ventilation system (as shown in Fig. 1) is to intake the outdoor air into the EAHE pipes using 
a fan and the driven airflow passes through the EAHE pipes and exchanges heat with the pipe walls, 
and then the air is supplied into the building interior. To quantity the efficient applications of EAHEs 
on the fluctuating behaviours of indoor air temperature, many works have been conducted by 
researchers. Sulaiman (1995) studied the cooling effect of underground heat pipes theoretically. A 
detailed numerical model considering the effect of the thermal stratification in soil was presented by 
Mihalakakou et al. (1994), which was developed inside the TRNSYS simulation program. Hollmuller 
and Lachal (2003) analyzed the variation of air temperature of EAHEs in the case with a constant airflow 
rate and a sinusoidal temperature input. Dehghan et al. (2014) and Rashidi et al. (2015) developed 
mathematical models for analyzing the local thermal non-equilibrium condition Khabbaza et al. (2016) 
concluded that the amplitude dampening of air temperature fluctuation is characterized by pipe length. 
It is noted that most of the existing studies are static and steady-state models. However, both the ambient 
air temperature and the soil temperature could fluctuate periodically. Further, the soil temperature 
fluctuates with dampened amplitudes and amplified phase shifts with respect to outdoor air temperature. 
To evaluate the performance of EAHEs, the phase-shifting effects induced by the transient heat transfer 
process of EAHEs should be quantified. On the other hand, the building thermal mass could also affect 
the indoor air temperature (Yam et al. 2003). The existing of building thermal mass, e.g., internal 
concrete partitions and furniture, could influence the efficiency of EAHEs. The aim of this paper is to 
couple the newly developed EAHE model (Yang et al. 2016) and the model for building thermal mass. 
Explicit solutions of indoor air temperature variations under their coupling effects are then obtained. 

5 CONCLUSIONS 
The measurements showed that it is possible to perform this kind of measurements in a relatively simple 
and cost-effective way. Including the air tightness measurements with in the building requirements will 
increase awareness of that issue and push the building industry towards more energy-efficient measures. 
Both the measurements, and the survey provided evidence that buildings in Iraq have higher infiltration 
rates.  
There is a need to build more air tight buildings in Iraq, to reduce energy demand especially with the 
continuous energy crisis. Moreover, the higher occurrence of sand storms due to desertation, increases 
the need for improving air-tightness. Not to mention the comfort advantages by reducing the effect air 
draught in winter. 
More measurements are required to validate the method and to define the infiltration rates for the 
different types of windows to be used in the crack method, for which there is no reference to be used. 
A validation in different seasons would be also helpful to reduce uncertainties. One more helpful method 
is to do the measurements using fan pressurization method and compare the results with those obtained 
from the measurements using tracer gas. 
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Figure 1. Schematic of the coupling between EAHE and a building  

2 METHODS 

2.1 Heat transfer in EAHE 
We assume that both the temporal profile of the ambient air temperature, pipe air temperature and soil 
temperature are represented as the sum of the time-averaged and harmonic components: 
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The temperature of the soil surrounding the EAHE pipes could be changed; however, the effects of 
EAHEs on the soil temperature become smaller as the distance increases. The excess fluctuating 
temperatures is used to represent the difference between a certain fluctuating temperature and the 
undisturbed fluctuating soil temperature, ,s zT : 

,o o s zT Tθ = −   ， ,n n s zT Tθ = −   ， , , ,s r s r s zT Tθ = −    (4) 

The thermal balance between the ambient environment and the soil is achieved in an annual cycle. Hence, 
the average soil temperature at all buried depths in an annual cycle, ,s zT  and the averaged pipe air 
temperature are approximately equal to the annually averaged outdoor air temperature: ,s z n oT T T≈ ≈ . 

 
Figure 2. Schematic of the heat transfer between an EAHE pipe and the surrounding soil 

If the EAHE pipes are cylindrical (Fig.2), the soil heat conduction equation can be represented in a 
cylindrical coordinate system. The fluctuating component of the equation and the corresponding 
boundary and initial conditions are represented by the excess fluctuating temperature as follow: 
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where 1h  is the convective heat transfer coefficient, 1 ah Nu dλ= × . 

The Nusselt number of a pipe flow is 

1/2 2/3

             4.36                     Re 2300
( / 8)(Re 1000) Pr Re 2300

1 12.7( / 8) (Pr 1)

if
Nu f if

f

<
= − > + −

 (6) 

where f  is the friction factor, 2(1.82ln Re 1.64)nf −= − , and Pr is the Prandtl number, e.g., 0.703 for air. 

We apply the Laplace transformation in Eq. (5) to obtain the complex form of the excess fluctuating 
pipe wall temperature is (Yang et al. 2016): 

1 0 1 0 1( , ) ( ) [ ( ) ( )]s n s
s s s s

i i i it R h K R h K R K Rω ω ω ωθ θ λ
α α α α

= × +   (7) 

The heat balance equation for the EAHE pipe air is 

( )2 2
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The fluctuating component of Eq. (8) can be rearranged as 
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where aV  is the averaged air velocity across the pipe and 1 / a a ah C Vδ ρ′ = . 

The solution of the fluctuating component of the outlet air temperature is (Yang et al. 2016) 
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The normalized fluctuation amplitude and phase shift of pipe air temperature with respect to the outdoor 
air temperature are 
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n n o n oA A abs A Aκ = =  (11)

  

( )'( 1)n nangle Aϕ = − ×  (12)
  

where the symbols abs and angle represent the complex modulus and phase angle, respectively. 
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The temperature of the soil surrounding the EAHE pipes could be changed; however, the effects of 
EAHEs on the soil temperature become smaller as the distance increases. The excess fluctuating 
temperatures is used to represent the difference between a certain fluctuating temperature and the 
undisturbed fluctuating soil temperature, ,s zT : 
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The thermal balance between the ambient environment and the soil is achieved in an annual cycle. Hence, 
the average soil temperature at all buried depths in an annual cycle, ,s zT  and the averaged pipe air 
temperature are approximately equal to the annually averaged outdoor air temperature: ,s z n oT T T≈ ≈ . 
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If the EAHE pipes are cylindrical (Fig.2), the soil heat conduction equation can be represented in a 
cylindrical coordinate system. The fluctuating component of the equation and the corresponding 
boundary and initial conditions are represented by the excess fluctuating temperature as follow: 
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2.2 Thermal coupling between EAHE and building thermal mass 
In this paper, we mainly focus on their coupling effects in an annual cycle. Both the external envelopes 
and the internal thermal mass are considered. The energy equations for indoor air and internal thermal 
mass are (Yang and Zhang, 2014; Yang and Zhang 2015) 

( ) ( ) ( )2
i

a a n i e e o i M M i i a a
TC q T T K S T T h S T T E V C
t

ρ ρ ∂
− + − + − + =

∂
 (13)

  

( )2 0M
M M M i

TMC h S T T
t

∂
+ − =

∂
 (14)

  

where 
eK  and 

eS  are the effective heat transfer coefficient and surface area of the building external 

envelopes, respectively. 
MS  and 

2h  are the surface area and  convective heat transfer coefficient of the 

surface of the internal thermal mass, respectively. 
iV  is the volume of the building, q  is the ventilation 

flow rate of the building. E  is the effective cold or heat input of the building. 

The time-averaged indoor air temperature is (Yang and Zhang, 2014) 
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The phase shift and the normalised fluctuation amplitude of the indoor air temperature are 
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where = iD V qω , ( )= M a aMC C qτ ω ρ , ( )2= M a ah S C qλ ρ . 

3 RESULTS AND DISCUSSION 
Two hypothetical building cases are employed in this section for comparing the effects of the proposed 
ventilation strategy in cities of Chongqing and Harbin, China. The climate parameters corresponded to 
Chongqing (representing a hot-summer/cold-winter region) and Harbin (representing a cold region) 
were the input climate parameters and are illustrated in Table 1. The building has a height of 3 m and a 
flat area of 100 m2. In the case, six pipes were contained in the EAHE system. The buried depths of the 
pipes were 3 m. The length and radius of the pipes are 100 m and 0.1 m, respectively. The heat-transfer 
coefficient of the external walls is set as 0.51 W/ (m2 K).The effective heat-transfer area of the external 
walls is 200 m2.The ACH of the building is 2.5, and the heat input given to the building is 2000 W. The 
properties of the building thermal mass are shown in Table 2. 
 
Table 1 The parameters of climate and soil corresponded to Chongqing and Harbin.  

 
 
 

  

 sλ  W/(m·K) sα  (m2/s) oT  (℃) oA (℃) 
Chongqing 1.1 7.1e-07 17.84 

4.12 
10.1 

Harbin 1.1 7.1e-07 20.47 
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Table 2 Building thermal mass properties. 
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Figure 3. Comparisons the temperatures variation in the annual cycle of Chongqing and Harbin. 
 
Fig. 3(a) and (b) shows the annual profiles of indoor air temperature and outlet air temperature of EAHE 
in Chongqing and Harbin. It is shown that the use of EAHEs has obvious improving effects on the 
indoor thermal environment. The phase shift between indoor and outdoor air temperatures is amplified 
by using the EAHEs; however, the fluctuation amplitude of indoor air temperature can be significantly 
decreased. This behavior leads to the indoor air temperatures in summer days getting lower and those 
in winter days becoming higher than those without EAHEs. The fluctuation amplitude of the EAHE 
outlet air temperature is smaller than that of outdoor air temperature, and the phase shift of the outlet 
air temperature of the EAHE is larger than that of outdoor air temperature.  

4 CONCLUSIONS 
This study shows a new building ventilation model to analyse the coupling effects of EAHE and the 
thermal mass existed in a building. Their coupling effects on the indoor thermal environment were 
investigated. The model mainly focuses on the dynamically fluctuating behaviour of indoor air 
temperature induced by the use of EAHEs. The model was applied in two hypothetical cases 
corresponded to Chongqing and Harbin located in a typical hot-summer/cold-winter region and a cold 
region. The analytical results indicated the phase shift between indoor and outdoor air temperatures is 
remarkably increased and the fluctuation amplitude of indoor air temperature is decreased by using 
EAHEs. This variation pattern of temperature fluctuation behaviour is beneficial for improving indoor 
thermal environment.  
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Internal thermal mass External thermal mass 
Material M  (kg) MS  (m2) MC  (J/kg K) eS  (m2) eK  (W/m2 K) 

Wood 1200 50 2510 200 0.51 

2.2 Thermal coupling between EAHE and building thermal mass 
In this paper, we mainly focus on their coupling effects in an annual cycle. Both the external envelopes 
and the internal thermal mass are considered. The energy equations for indoor air and internal thermal 
mass are (Yang and Zhang, 2014; Yang and Zhang 2015) 

( ) ( ) ( )2
i

a a n i e e o i M M i i a a
TC q T T K S T T h S T T E V C
t

ρ ρ ∂
− + − + − + =

∂
 (13)

  

( )2 0M
M M M i

TMC h S T T
t

∂
+ − =

∂
 (14)

  

where 
eK  and 

eS  are the effective heat transfer coefficient and surface area of the building external 

envelopes, respectively. 
MS  and 

2h  are the surface area and  convective heat transfer coefficient of the 

surface of the internal thermal mass, respectively. 
iV  is the volume of the building, q  is the ventilation 

flow rate of the building. E  is the effective cold or heat input of the building. 

The time-averaged indoor air temperature is (Yang and Zhang, 2014) 
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The phase shift and the normalised fluctuation amplitude of the indoor air temperature are 
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where = iD V qω , ( )= M a aMC C qτ ω ρ , ( )2= M a ah S C qλ ρ . 

3 RESULTS AND DISCUSSION 
Two hypothetical building cases are employed in this section for comparing the effects of the proposed 
ventilation strategy in cities of Chongqing and Harbin, China. The climate parameters corresponded to 
Chongqing (representing a hot-summer/cold-winter region) and Harbin (representing a cold region) 
were the input climate parameters and are illustrated in Table 1. The building has a height of 3 m and a 
flat area of 100 m2. In the case, six pipes were contained in the EAHE system. The buried depths of the 
pipes were 3 m. The length and radius of the pipes are 100 m and 0.1 m, respectively. The heat-transfer 
coefficient of the external walls is set as 0.51 W/ (m2 K).The effective heat-transfer area of the external 
walls is 200 m2.The ACH of the building is 2.5, and the heat input given to the building is 2000 W. The 
properties of the building thermal mass are shown in Table 2. 
 
Table 1 The parameters of climate and soil corresponded to Chongqing and Harbin.  

 
 
 

  

 sλ  W/(m·K) sα  (m2/s) oT  (℃) oA (℃) 
Chongqing 1.1 7.1e-07 17.84 

4.12 
10.1 

Harbin 1.1 7.1e-07 20.47 
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SUMMARY  
Under the concept of sustainable development, understanding climate’s impact on health risks and 
exploring opportunities for adaptation is vital for protecting humans from the threats of drastic climate 
change. Some researchers have observed a significant relationship between temperature and health risk. 
Furthermore, while, many studies have addressed energy consumption and thermal comfort factors in 
adaptation strategies, health risks have rarely been considered in such evaluations. 
We adopted the EnergyPlus software program to study the renovation strategies of a row-house. The 
indoor temperature threshold for seniors over the age of 65 years old and suffering from cardiovascular 
disease was used to evaluate health risks. Furthermore, sensitivity analyses were carried out to determine 
effective design strategies that would lessen the health risks of indoor environments. Finally, we used the 
number of days that exceeded the threshold to assess the benefits of various design strategies. 
In scenarios in which recent weather was considered, the results indicated that the shading coefficient, 
insulation, and ventilation performance played vital roles in improving the adjustments made to 
overheating and overcooling. In the 2030 scenario, which adopted dynamic downscaling weather data 
for its simulation, the results demonstrated that ventilation control was an effective strategy for reducing 
health risks. 
Keywords: susceptible population, health risk, reformed strategies, EnergyPlus 

1 INTRODUCTION 
IPCC AR5 defines the determination of risk as hazard, exposure, and vulnerability. The increase in 
nature disaster frequency will likely cause much more hazards and exposure with such climate change 
events as heat waves and cold surges. Therefore, susceptible populations, particularly those more 
vulnerable to temperature exposure, are most likely to be harmed by the effects of climate change. 
With the frequency of extreme events gradually increasing in many cities around the world, many recent 
studies have focused on the health risks caused by dramatic changes in climate. As shown in Table 1, 
considerable research has focused on the relationship between temperature and mortality and found that 
most of the effects of temperature on mortality are U-shaped or V-shaped, which suggests that extreme 
temperatures will lead to an increase in mortality, regardless of whether the countries are in temperate 
regions (Bunker et al., 2016; Braga et al., 2002) or subtropical areas (Ma et al., 2013; Lin et al., 2013). 
Furthermore, most research on the impact of climate change on indoor environment has focused on 
thermal comfort and policy suggestions for energy. Huang et al. (2016) analyzed the annual cooling 
energy using EnergyPlus and determined that cooling energy will increase 31%, 59%, and 82% in the 
2020s, 2050s, and 2080s, respectively. Then, we proposed five passive design strategies for building 
remodeling and discussed their potential for mitigating increased cooling energy usage.  
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Table 1. Reference review of extreme temperature and related diseases 

Period Location Researched 
disease Research result of mobility Reference 

1986~1993 US Cardiovascular 
disease 

RR of extreme cold is 5 times 
greater than extreme hot 

(Except myocardial infarction) 
Braga et al. 

(2002) 

1994~2003 Taiwan Cardiovascular 
disease 

Extreme hot > Extreme cold 
Country > City Wu et al. (2011) 

1994~2007 Taiwan Cardiovascular 
disease 

Extreme hot: RR 1.22 
Extreme cold: RR 2.04 Lin et al. (2013) 

However, research has rarely applied temperature-related health risks to assess the effect of residential 
adjusting strategies where susceptible populations spend most of their lives. As extreme events are 
expected to intensify in the future, evaluating the residential health risks associated with hot and humid 
climates, such as that in Taiwan, is a worthwhile venture. In this study, we quantified the effectiveness 
of multiple building envelope strategies on adapting indoor temperature and reducing health risks as 
countermeasures to climate change. 

2 METHODS 

2.1 The simulation building model 
In this study, EnergyPlus, dynamic building simulation software, was adopted to simulate the daily 
maximum temperature and minimum temperature of indoor environments throughout the year. We 
selected a row-house for this study, which is a typical townhouse in Taiwan in which the individual 
homes share adjacent walls and have a high window-wall ratio with a narrow and deep architectural 
design. The typical row-house layout is shown in Figure 1. This row-house is located in Taipei with a 
latitude of 25˚04’ north and longitude of 121˚507’ east.  
A unit located on the top floor and in the west was selected for the analysis to examine the most 
vulnerable case, which will have more exterior surface area exposed to the outdoor climate than the 
lower units in order to determine proposed countermeasures that can reduce health risk. The U-value of 
the roof was set as 1.08 W/m2K, which is equivalent to 150 mm of reinforced concrete construction and 
10 mm of waterproof material. The U-value of the exterior wall was set as 3.16 W/m2K, which is equal 
to 200 cm of reinforced concrete construction and 10 mm of tile. The glazing properties of the sliding 
sash window were 5.9 W/m2K for the U-value and 0.9 for the solar heat gain coefficient. The discharge 
coefficient of the window with screens was set as 0.4 in order to calculate natural ventilation, and the 
set-point for closing the window was set as 21˚C, which is equivalent to the overcooling threshold in 
this study. 

 
 

 

Figure 1. Plan and model of the simulated row-house 
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2.2 Weather data of the simulation 
In this study, we considered two weather scenarios. The first consisted of the 1990~2012 local weather 
data with the TMY3 format, which we used to simulate the current weather situation; the second was 
the simulated future weather data by dynamical downscaling, which were applied for the simulated 
2030 scenario. 
Taiwan is a small island with a complex geographic region, and using a global model to project future 
climate change is difficult due to its coarse resolution. Lin et al. (2015) performed a dynamic 
downscaling simulation of Taiwan’s climate for the near future of 2030. The WRF model adopted the 
MAX Plank Institute Hamburg global model, and ECHAM5/MPIOM. ECHAM5/MPIOM-WRF 
dynamic downscaling with a 5 km resolution was used to discuss the impact of Taiwan’s weather 
conditions under global warming. In this study, the hourly weather data predicted for the future, 
including dry-bulb temperature, humidity, and wind velocity, were provided by Lin et al.  

2.3 Indoor temperature threshold for risk evaluation 
To evaluate the risk of emergency visits for cardiovascular disease associated with indoor temperature, 
Lo et al. (2017) studied the related risk in Taiwan. As shown in Table 1, daily minimum temperatures 
below 21˚C in the cold season (November to April) and daily maximum temperatures above 30˚C in 
the hot season (May to October) were associated with an increased hospital emergency visit rate for 
cardiovascular disease.  

Table 2. Cardiovascular risk related to indoor temperature 
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Temperature CVD, RR (95%CI) 
24˚C Reference 19˚C 1.366 (1.278 - 1.460)
30˚C 1.134 (1.030 – 1.248) 20˚C 1.190 (1.140 - 1.242)
31˚C 1.268 (1.139 – 1.410) 21˚C 1.061 (1.039 – 1.084)
32˚C 1.459 (1.280 – 1.663) 22˚C Reference 

 

        
 

     

Table 3. Parameters of sensitivity analysis 

 
U-value  

(W/m2K) 
Window 

Shading 

(m) 

Discharge 

Coefficient 

 T-1 T-2-1 T-2-2 T-3-1 T-3-2 
T-4 T-5-1 T-5-2 

Part Roof RC wall Metal wall SHGC U-value 

Original 1.08 3.16 3.16 0.87 5.9 0 0.4 0.4 

Scenario 0.34 0.83 6.3 0.20 1.7 0.6 0.15 0.8 
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Extreme hot > Extreme cold 
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Extreme cold: RR 2.04 Lin et al. (2013) 

However, research has rarely applied temperature-related health risks to assess the effect of residential 
adjusting strategies where susceptible populations spend most of their lives. As extreme events are 
expected to intensify in the future, evaluating the residential health risks associated with hot and humid 
climates, such as that in Taiwan, is a worthwhile venture. In this study, we quantified the effectiveness 
of multiple building envelope strategies on adapting indoor temperature and reducing health risks as 
countermeasures to climate change. 

2 METHODS 

2.1 The simulation building model 
In this study, EnergyPlus, dynamic building simulation software, was adopted to simulate the daily 
maximum temperature and minimum temperature of indoor environments throughout the year. We 
selected a row-house for this study, which is a typical townhouse in Taiwan in which the individual 
homes share adjacent walls and have a high window-wall ratio with a narrow and deep architectural 
design. The typical row-house layout is shown in Figure 1. This row-house is located in Taipei with a 
latitude of 25˚04’ north and longitude of 121˚507’ east.  
A unit located on the top floor and in the west was selected for the analysis to examine the most 
vulnerable case, which will have more exterior surface area exposed to the outdoor climate than the 
lower units in order to determine proposed countermeasures that can reduce health risk. The U-value of 
the roof was set as 1.08 W/m2K, which is equivalent to 150 mm of reinforced concrete construction and 
10 mm of waterproof material. The U-value of the exterior wall was set as 3.16 W/m2K, which is equal 
to 200 cm of reinforced concrete construction and 10 mm of tile. The glazing properties of the sliding 
sash window were 5.9 W/m2K for the U-value and 0.9 for the solar heat gain coefficient. The discharge 
coefficient of the window with screens was set as 0.4 in order to calculate natural ventilation, and the 
set-point for closing the window was set as 21˚C, which is equivalent to the overcooling threshold in 
this study. 

 
 

 

Figure 1. Plan and model of the simulated row-house 
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3 RESULTS AND DISCUSSION 
To discuss the possibilities of row-house reforms to improve indoor thermal environments, we 
performed sensitivity analysis to determine design factors based on the number of days that inhabitants 
are exposed to health risks. As shown in Table 3, sensitivity analysis was carried out according to the 
important building parameters of energy conservation regulations for building envelopes of residential 
buildings in Taiwan, including the U-value of the roof, U-value of the exterior wall, U-value of glazing, 
solar heat gain coefficient (SHGC), exterior shading devices of fenestration and discharge coefficient 
of the window. 
The results of our sensitivity analysis are shown in Table 4, which shows the amount of change in risk 
days caused by every unit difference of each parameter. Our results demonstrated that the discharge 
coefficient, solar heating gain coefficient, roof insulation, and shading are more sensitive to indoor 
temperature adjustments. 
As the frequency of extreme events has gradually increased, the risks of the indoor thermal environment 
will obviously increase in the future. The sensitive design factors derived from the sensitivity analysis 
were combined into eight composite strategies to simulate the effect of reducing exposure risk using 
reformed strategies in 2030, and the results were compared to the original case of the TMY3 (1990-
2012), as shown in Table 5. These strategies are expected to keep the number of risk days close to the 
current level and mitigate the impact of climate change in 2030.  
Figure 2 shows the results of risk days in which the temperature exceeded 30˚C in the hot season. 
Comparing the number of risk days of T-0 in TMY3 and 2030, days exposed to the risk of overheating 
increased 17.4% in 2030. Furthermore, none of the reformed strategies were capable of reducing the 
exposed days close to T-0 in TMY3. However, they were all effective at reducing the number of risk 
days in the hot season compared to T-0 in 2030. The effect of decreasing solar heat gain from double 
low-e glass (T-DG-1) can reduce risk days that exceed the threshold of 30˚C (RR above 13.4%) by 
8.2%, while increasing the discharge coefficient can reduce the overheating days by another 2.7%. 
The simulation results of risk days in which the temperature was below 21˚C (RR above 6.1%) in the 
cold season are shown in Figure 3. The results indicated that improving the discharge coefficient would 
increase risk days in the cold season by 5.5%. However, the discharge coefficient was the only strategy 
that could be adjusted by human behavior. Furthermore, with the results of the overcooling and 
overheating risk days, the number of risk days in the cold season will clearly be much more than in the 
hot season in the future. Therefore, we proposed increasing the discharge coefficient. In the overcooling 
days, the discharge coefficient could be decreased by reducing the effective open area to prevent indoor 
heat loss. 
The results of risk days in 2030 show that if the temperature threshold is constant in the future climate, 
the health risk will increase, particularly in the hot season. Therefore, in addition to the strategy of 
replacing 3mm clear glass with double low-e glass, we also recommend increasing the discharge 
coefficient to improve the effect of ventilation and reduce the heat that accumulates in the room. 

Table 4. Results of townhouse sensitivity analysis 

 
Roof 

U-value 
Wall 

U-value 
SHGC 

Glass 
U-value 

Shading 
Discharge 
coefficient 

Whole year -6.5 2.7 9.0 -0.7 5.0 12.3

Hot season -7.7 2.7 19.4 -1.0 0.0 -27.7

Cold season 1.3 0.0 -10.4 0.2 5.0 40.0
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Table 5. Scenario parameters of composite simulation 

Scenario 
Glass Discharge 

Coefficient 
(-) 

Roof 
U-value 
(W/m2K) 

Shading 
(m) SHGC 

(-) 
U-value 
(W/m2K) 

T-0 0.87 5.9 0.4 1.08 0 
T-1 

0.28 2.6

0.4 

1.08 0 
T-2 0.36 0 
T-3 1.08 0.6
T-4 036 0.6
T-5 

0.62

1.08 0 
T-6 0.36 0 
T-7 1.08 0.6
T-8 0.36 0.6

 

 

Figure 2. Percentage of overheating days during the hot season in 2030 

 

Figure 3. Percentage of overcooling days during the cold season in 2030  
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3 RESULTS AND DISCUSSION 
To discuss the possibilities of row-house reforms to improve indoor thermal environments, we 
performed sensitivity analysis to determine design factors based on the number of days that inhabitants 
are exposed to health risks. As shown in Table 3, sensitivity analysis was carried out according to the 
important building parameters of energy conservation regulations for building envelopes of residential 
buildings in Taiwan, including the U-value of the roof, U-value of the exterior wall, U-value of glazing, 
solar heat gain coefficient (SHGC), exterior shading devices of fenestration and discharge coefficient 
of the window. 
The results of our sensitivity analysis are shown in Table 4, which shows the amount of change in risk 
days caused by every unit difference of each parameter. Our results demonstrated that the discharge 
coefficient, solar heating gain coefficient, roof insulation, and shading are more sensitive to indoor 
temperature adjustments. 
As the frequency of extreme events has gradually increased, the risks of the indoor thermal environment 
will obviously increase in the future. The sensitive design factors derived from the sensitivity analysis 
were combined into eight composite strategies to simulate the effect of reducing exposure risk using 
reformed strategies in 2030, and the results were compared to the original case of the TMY3 (1990-
2012), as shown in Table 5. These strategies are expected to keep the number of risk days close to the 
current level and mitigate the impact of climate change in 2030.  
Figure 2 shows the results of risk days in which the temperature exceeded 30˚C in the hot season. 
Comparing the number of risk days of T-0 in TMY3 and 2030, days exposed to the risk of overheating 
increased 17.4% in 2030. Furthermore, none of the reformed strategies were capable of reducing the 
exposed days close to T-0 in TMY3. However, they were all effective at reducing the number of risk 
days in the hot season compared to T-0 in 2030. The effect of decreasing solar heat gain from double 
low-e glass (T-DG-1) can reduce risk days that exceed the threshold of 30˚C (RR above 13.4%) by 
8.2%, while increasing the discharge coefficient can reduce the overheating days by another 2.7%. 
The simulation results of risk days in which the temperature was below 21˚C (RR above 6.1%) in the 
cold season are shown in Figure 3. The results indicated that improving the discharge coefficient would 
increase risk days in the cold season by 5.5%. However, the discharge coefficient was the only strategy 
that could be adjusted by human behavior. Furthermore, with the results of the overcooling and 
overheating risk days, the number of risk days in the cold season will clearly be much more than in the 
hot season in the future. Therefore, we proposed increasing the discharge coefficient. In the overcooling 
days, the discharge coefficient could be decreased by reducing the effective open area to prevent indoor 
heat loss. 
The results of risk days in 2030 show that if the temperature threshold is constant in the future climate, 
the health risk will increase, particularly in the hot season. Therefore, in addition to the strategy of 
replacing 3mm clear glass with double low-e glass, we also recommend increasing the discharge 
coefficient to improve the effect of ventilation and reduce the heat that accumulates in the room. 

Table 4. Results of townhouse sensitivity analysis 

 
Roof 

U-value 
Wall 

U-value 
SHGC 

Glass 
U-value 

Shading 
Discharge 
coefficient 

Whole year -6.5 2.7 9.0 -0.7 5.0 12.3

Hot season -7.7 2.7 19.4 -1.0 0.0 -27.7

Cold season 1.3 0.0 -10.4 0.2 5.0 40.0
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Figure 4. Percentage of risk days throughout the whole year in 2030 

4 CONCLUSIONS 
In this study, we discussed the effect of various adaptation strategies on indoor thermal health risks 
under climate change. According to the results of the sensitivity analysis, the insulation, SHGC of glass, 
shading, and discharge coefficient of the opening were all sensitive to indoor temperature. These 
strategies were then combined to perform additional simulation. The results indicated that an increased 
discharge coefficient should be suggested, which could be adapted according to the weather situation, 
to reduce the risk of overheating since the overheating days will clearly increase by 2030. 
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SUMMARY  
An increase in the cost of fuel used for buildings’ heating and growing environmental awareness have 
resulted in the necessity to seek solutions to reduce the energy demand of residential buildings. One of 
them is seeking building-construction solutions, with one of the effects being the emergence of passive 
building idea. Houses constructed in accordance with this conception are characterized by energy 
demand for heating at a level of 15 kWh/(m2⋅ year). The energy in such building has to be obtained in 
a passive way, i.e. without or with a minimal amount of users’ work. The main passive heat source for 
the passive building is solar radiation. Other improved elements of the building are heating and 
ventilation installations. As a part of this search, a variety of solutions was analyzed. One of the solutions 
was of passive heat acquisition for building’s heating is recovery exchanger in a form of recuperator. 
This device enables heat recovery from the building’s exhaust air and energy transfer to fresh air. Other 
the solutions is use the ground heat exchanger. It’s possible to specify various construction solutions: 
direct and with intermediary factor (glycol solution). Differences in structure and operation result in 
different efficiencies, energy demands, resistances of air flowing through the device. 
The assumptions of the passive building were formulated for the climate of Western Europe, i.e. a 
climate warmer than Poland. Therefore, one of the purposes of this work was to check whether the 
proposed solutions will be beneficial in the Polish climate.  
Analysis of different heating system (with radiator or warm air supply) recuperator and ground heat 
exchanger for passive building was presented. The research was related to the search for the most 
advantageous installation solution for building in the Polish climate.
Keywords: passive house, heat pump, heating, cooling, ventilation. 

1 INTRODUCTION  
As part of the search for the most advantageous heating and ventilation system, several possible 
subsystems from various components were created. These proposals were combined into groups that 
were created on the basis of analysis of the advantages and disadvantages of the systems used in practice. 
During the creation of these proposals special attention was paid to: 

• preliminary treatment of ventilation air in connection with establishing an economically 
effective protection of the continuous operation of the heat exchanger in winter, 

• the use of a proper central heating installation i.e. enabling the required functions to be fulfilled, 
and an effective system of preparation of the domestic hot water, 

• adoption of an effective source of heat for a passive building. 
 

 

Figure 4. Percentage of risk days throughout the whole year in 2030 

4 CONCLUSIONS 
In this study, we discussed the effect of various adaptation strategies on indoor thermal health risks 
under climate change. According to the results of the sensitivity analysis, the insulation, SHGC of glass, 
shading, and discharge coefficient of the opening were all sensitive to indoor temperature. These 
strategies were then combined to perform additional simulation. The results indicated that an increased 
discharge coefficient should be suggested, which could be adapted according to the weather situation, 
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The overriding criterion for creating subsystems was rational, for economic and environmental reasons, 
obtaining the required temperature and purity of the indoor air and the temperature of domestic hot 
water. At the same time, it was assumed that a reasonable shaping of the proper purity of the indoor air 
would require adjusting the ventilation air flow to the current pollution gains, including moisture in the 
building. 
In the case of the presentation of several subsystems of heating and ventilation systems, subsequent 
subsystems present solutions that eliminate some of the disadvantages of earlier systems or that allow 
to obtain additional, required effects of system functioning

2 PRELIMINARY ASSUMPTIONS 
The cooperation of the heating and ventilation system is necessary for the comfort of staying at home. 
Nowadays, and for buildings with very good thermal protection, it seems necessary to add a cooling 
system. The interaction of these three systems should guarantee maintaining the temperature in the 
desired range, protection against unfavorable influence of baffles with too low temperature, as well as 
maintaining adequate air cleanliness. An additional requirement imposed by the authors in the following 
analyzes is the cooperation of the above installations with the domestic hot water preparation system. 
 
According to the guidelines for passive buildings formulated by the institute in Darmstadt 
(www.passivehouse.com; Tąta and Foit, 2015), it is proposed to resign from the traditional heating 
system for heating by supplying warm ventilation air. This is due to the low heat demand of the rooms, 
which results in a low degree of heating system use. The heating installation is at the state of rest for a 
large part of the year.  
 
The assumption for the passive house construction is passive energy acquisition. The basic source of 
energy is solar radiation. Passive use of solar radiation consists in obtaining heat from solar radiation 
through transparent partitions - windows. The main part here is taken by windows installed in the 
southern elevation of the building. The results of the earlier analysis of the impact of passive house 
window sizes with shades on the energy demand for heating and cooling were presented in (Tąta and 
Foit, 2016; Tąta and Foit, 2017). The calculations showed that for the tested building in the climate of 
Central Poland, due to passive solar heating, the degree of glazing of the southern e 
levation is around 40-50%. Such a share of window surfaces allows to obtain significant heat gains in 
the winter period, at the same time heat gains with the use of appropriate shielding elements in the 
summer are so small that they can be removed with a relatively small amount of energy for cooling. 
Another way to obtain heat for a passive building in winter is to recover energy from the ventilated air 
in the recuperator. An effective source of heat is a ground that can be used in two ways: for preheating 
(cooling) the ventilation air in an air ground heat exchanger and heating the working medium used in 
the heater or as the heat source for the heat pump in the brine ground heat exchanger. 

3 AIR HEATING IN POLISH CONDITIONS 
A characteristic feature of air heating of passive buildings is central air preparation and the use of a 
constant stream of ventilation air and the same temperature of the supply air to different rooms, which 
is also a heating air. It is also connected among others with the problems of air temperature regulation 
in bathrooms.  

The use of a ventilation system as air heating seems to be quite problematic in Polish conditions. The 
main difficulty is the need to transfer a significant amount of heat through the ventilation air. Assuming 
that the maximum heat demand in a passive building can amount to 10 W/m2, the supply air temperature 
can reach ~ 50°C or even exceed it. Supplying air at this temperature to the occupied zone may cause 
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discomfort and dry distillation of dust deposited on the inner surfaces of the ducts or contained in the 
heated ventilation air. The construction of a passive house with a calculated heating power not 
exceeding 10 W/m2 means meeting more stringent requirements for thermal protection in Polish 
conditions than for a temperate climate in Western Europe, e.g. a typical German climate.  

One of the steps to reduce energy consumption in a passive building may be periodic weakening of 
ventilation intensity. Two cases can be considered here:  

• reduction of the ventilation air stream in the building during the absence of residents, 
• reduction of the ventilation intensity of specific rooms in which no-one currently resides, 

assuming a possible increase in the ventilation of rooms with a temporary increase in the number 
of users.  

4 PROPOSED SOLUTIONS FOR HEATING SYSTEMS IN POLISH CONDITIONS 

The performed analyzes of the types of heating of passive buildings have shown that under Polish 
conditions, heating with the use of water heaters may prove more efficient compared to heating by 
blowing hot air. Such a system does not preclude the need to properly prepare the ventilation air. A 
good solution for heating using radiators seems to be floor heating using capillary mats, which allow 
heating at a temperature of the supply medium at a level not exceeding 30°C. The advantage of plain 
surface radiators with capillary mats is the low thermal inertia of these radiators and the possibility of 
using this system for efficient cooling - in this case, the working medium supply temperature may not 
be less than 17°C, which while maintaining the room temperature at 26°C gives the temperature of the 
floors not lower than 20°C. 
 
When analyzing available heat sources, the most advantageous choice for passive buildings is an electric 
compressor heat pump. The pump allows the use of ambient heat, either ground heat (brine ground heat 
exchanger) or heat from the used ventilation air. In addition to heating, the heat pump can be used in 
the preparation of hot utility water. It seems necessary to use a reversible heat pump, i.e. a device that 
can also work in cooling mode.  
 
The first of the proposed solutions is a system with a hot water tank equipped with 3 coils (Figure 1). 
The solution combines different sources of energy in one container, thanks to which it is possible to 
optimize the work in order to use the heat sources in the best possible way. The disadvantage of this 
solution is the need to maintain a high water temperature in the hot water tank, close to 58°C, regardless 
of the instantaneous use of heat, whether for hot water or heating installation. The result will be a 
deterioration of the heat pump's efficiency index. The system constructed in this way does not have the 
ability to cool the building. For partial cooling of indoor air, a direct or indirect ground heat exchanger 
integrated in the ventilation system can be used into this solution. 
 
The second solution (Figure 2.) is more extensive. The steam from the electric heat pump is directed to 
the coil in the heat buffer in which it condenses and gives off heat to the water that fills the buffer. The 
buffer is a source of heat for central heating and hot water storage tank. The operating medium for the 
central heating system is taken directly from the heat buffer. Domestic hot water is heated in a flow 
plate heat exchanger located outside the hot water tank. The water heated in the exchanger goes to the 
storage tank, for which solar collectors and electric heater may be the additionally heat source. As in 
the previous case, there is also the problem of obtaining a high temperature in the buffer due to the 
heating of domestic hot water. The electric heater immersed in the hot water tank allows for periodic 
overheating of the factor to 70°C for disinfection of the storage tank- removal of legionella bacteria. 
The advantages of the solution are relatively good conditions for heat transfer in summer from solar 
collectors. This will cause the solar collector to operate more efficiently and reduce the number of 
stagnant states in the solar installation. Central heating installation may be water or air installation. 

The overriding criterion for creating subsystems was rational, for economic and environmental reasons, 
obtaining the required temperature and purity of the indoor air and the temperature of domestic hot 
water. At the same time, it was assumed that a reasonable shaping of the proper purity of the indoor air 
would require adjusting the ventilation air flow to the current pollution gains, including moisture in the 
building. 
In the case of the presentation of several subsystems of heating and ventilation systems, subsequent 
subsystems present solutions that eliminate some of the disadvantages of earlier systems or that allow 
to obtain additional, required effects of system functioning

2 PRELIMINARY ASSUMPTIONS 
The cooperation of the heating and ventilation system is necessary for the comfort of staying at home. 
Nowadays, and for buildings with very good thermal protection, it seems necessary to add a cooling 
system. The interaction of these three systems should guarantee maintaining the temperature in the 
desired range, protection against unfavorable influence of baffles with too low temperature, as well as 
maintaining adequate air cleanliness. An additional requirement imposed by the authors in the following 
analyzes is the cooperation of the above installations with the domestic hot water preparation system. 
 
According to the guidelines for passive buildings formulated by the institute in Darmstadt 
(www.passivehouse.com; Tąta and Foit, 2015), it is proposed to resign from the traditional heating 
system for heating by supplying warm ventilation air. This is due to the low heat demand of the rooms, 
which results in a low degree of heating system use. The heating installation is at the state of rest for a 
large part of the year.  
 
The assumption for the passive house construction is passive energy acquisition. The basic source of 
energy is solar radiation. Passive use of solar radiation consists in obtaining heat from solar radiation 
through transparent partitions - windows. The main part here is taken by windows installed in the 
southern elevation of the building. The results of the earlier analysis of the impact of passive house 
window sizes with shades on the energy demand for heating and cooling were presented in (Tąta and 
Foit, 2016; Tąta and Foit, 2017). The calculations showed that for the tested building in the climate of 
Central Poland, due to passive solar heating, the degree of glazing of the southern e 
levation is around 40-50%. Such a share of window surfaces allows to obtain significant heat gains in 
the winter period, at the same time heat gains with the use of appropriate shielding elements in the 
summer are so small that they can be removed with a relatively small amount of energy for cooling. 
Another way to obtain heat for a passive building in winter is to recover energy from the ventilated air 
in the recuperator. An effective source of heat is a ground that can be used in two ways: for preheating 
(cooling) the ventilation air in an air ground heat exchanger and heating the working medium used in 
the heater or as the heat source for the heat pump in the brine ground heat exchanger. 

3 AIR HEATING IN POLISH CONDITIONS 
A characteristic feature of air heating of passive buildings is central air preparation and the use of a 
constant stream of ventilation air and the same temperature of the supply air to different rooms, which 
is also a heating air. It is also connected among others with the problems of air temperature regulation 
in bathrooms.  

The use of a ventilation system as air heating seems to be quite problematic in Polish conditions. The 
main difficulty is the need to transfer a significant amount of heat through the ventilation air. Assuming 
that the maximum heat demand in a passive building can amount to 10 W/m2, the supply air temperature 
can reach ~ 50°C or even exceed it. Supplying air at this temperature to the occupied zone may cause 
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Assuming that during the summer the need for cooling occurs on very sunny days, then the domestic 
hot water can be fully heated by means of heat obtained in solar collector, the buffer cooperating with 
the reversible heat pump can be a source of cold for removal excess profits from the building's rooms 
by central heating installation.  
 

 
 
Due to the requirement of high water temperature in the hot water storage tank, in the next solution 
(Figure 3.) this element has become a central element, also fulfilling the role of a heat buffer. The hot 
water from the storage tank is directed to the flow (plate) heat exchanger feeding the heating installation. 
The heat pump condenser was placed in a heat storage tank. This system is in some measure a reverse 
of the previous solution. The advantage of the solution is the elimination of a separate heat buffer, 
however, the system constructed in this way does not allow cooling using the reverse operation of the 
heat pump.  
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The pursuit of using the heat pump in the cooling function was directed to the next system (Figure 4.) 
equipped with two condensers of the working medium from the heat pump. In this solution, the steam 
from the heat pump is directed to the heat buffer of the central heating installation or to the heat storage 
tank, charging these devices depending on the needs. This system makes it possible to use the central 
heating installation for cooling after switching the heat pump into a reverse operation mode, and the 
condenser in the heat buffer for the evaporator function. Because the need to collect heat from the 
building occurs on very warm and sunny days, therefore the work of the heat pump to load the central 
heating buffer with cooled water usually will not be intertwined with the need to heat the domestic hot 
water using heat from the heat pump. Heating of domestic hot water will be done by means of heat 
collected from solar collectors. Heat distribution to coils installed in the hot water tank and central 
heating buffer will be implemented by a three-way changeover valve controlled by an automation 
system or by two two-position shut-off valves mounted on the condensate conducting branches from 
the condensers to the heat pump's evaporator. The disadvantage of the solution is the lack of the 
possibility of using the heat obtained in solar collectors to supply the central heating in the winter time. 
Nevertheless, the solution is very good and recommendable and this solution is one of the outstanding 
systems in the group.  
 
The development of the above solution is a system provided with a typical heat pump with a compact 
design with all elements (also a condenser) inside a common housing (Figure 5.). In this system the 
condenser heats the water factor, which is the intermediate for the heat supply to the hot water tank and 
the factor filling the heat buffer and then working factor in the central heating installation. As before, 
in the analyzed solution the flow direction of the medium is controlled by a three-way valve. In this 
system, with the use of a reversible heat pump, it is possible to use the device for cooling purposes - in 
the cooling mode, the heat buffer can be charged with „cold”.  
 
The use of solar collectors in the presented systems may be associated with the problem of managing 
excess heat on very sunny and warm days (Dyrcz and Foit, 2015). In order to solve this problem, a 
system using photovoltaic cells in place of solar collectors is presented as the next solution. In this 
system for heating hot water heat from the heat pump and the electric heater will be used. Power supply 
to the hot water tank and heat buffer for central heating and possibly a heater, as well as supplying the 
central heating in cool water (for cooling in summer) is implemented by using heat pump. For preheating 
the ventilation air to a temperature higher than 0°C, the ground heat exchanger can be dispensed with 
and a heat-supplied heater from the heat buffer loaded by the heat pump must be used before the 
recuperator. The disadvantage of this solution is the need to separate the heater supply circuit from the 
buffer and to use a glycol water solution in this circuit as a liquid with a lower freezing point. The 
consequence of this solution to the heater's heat supply is the necessity of installing a separate circulation 
pump for the heater in relation to the central heating circulation pump. Another solution is to fill the 
central heating (including the buffer) and the heater with antifreeze liquid. This makes it possible to 
connect the central heating system and heater power supply by using a common circulation pump. The 
result of filling the central heating with glycol water solution will, however, increase the consumption 
of electricity for pumping the heating medium. An alternative solution to the use of a water heater is the 
installation of an electric heater in front of the heat exchanger. In order to reduce energy consumption 
for air circulation, heaters and a waste heat exchanger should be installed in bypass systems containing 
dampers. In this solution, supply and exhaust fans should be equipped with a rotor speed control system.  
 
The analysis presented below shows that an adequate stream of electricity should be provided by an 
installation with an area of 40 ÷ 50 m2. Such an installation can be mounted on the southern slope of a 
two-slope roof. The most favorable solution is on-grid installation.  
 

Assuming that during the summer the need for cooling occurs on very sunny days, then the domestic 
hot water can be fully heated by means of heat obtained in solar collector, the buffer cooperating with 
the reversible heat pump can be a source of cold for removal excess profits from the building's rooms 
by central heating installation.  
 

 
 
Due to the requirement of high water temperature in the hot water storage tank, in the next solution 
(Figure 3.) this element has become a central element, also fulfilling the role of a heat buffer. The hot 
water from the storage tank is directed to the flow (plate) heat exchanger feeding the heating installation. 
The heat pump condenser was placed in a heat storage tank. This system is in some measure a reverse 
of the previous solution. The advantage of the solution is the elimination of a separate heat buffer, 
however, the system constructed in this way does not allow cooling using the reverse operation of the 
heat pump.  
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5 CONCLUSIONS

The work presents selected heating, ventilation and hot water preparation systems for single-family 
passive buildings with a suitably shaped southern elevation, for Polish conditions. These buildings also 
require cooling down the building during the summer. The presented systems contain water central 
heating systems with the basic heat source in the form of an electric reversible compressor heat pump 
using a ground brine heat exchanger. The main active elements of the heat source in the analyzed 
systems are also air ground exchangers, recovery exchangers of the heat contained in the building's off-
air and water solar installations. Their advantages and disadvantages were given. As distinctive systems, 
a system with a factor mediating in transferring heat (cold) from the heat pump to the heat domestic 
water exchanger and heat buffer for central heating was indicated. As an alternative to systems with 
solar collectors, a photovoltaic cell system has been presented for which an analysis of obtaining electric 
energy by converting solar energy has been performed. 

 The presented solutions probably do not exhaust all possibilities of building heating and hot water 
systems supplied with a heat pump for energy-efficient buildings. However, they appear to be the most 
likely to be used in real buildings 

ACKNOWLEDGEMENTS 
The work was founded within 08/10/BKM-16/0019 supported by Polish Ministry of Science and Higher 
Education 

REFEREMCES 
Act from 20 February 2015 r. about renewable energy sources Dz.U. 2015 poz 478  

Dyrcz, P and Foit, H. (2015) Monitoring low-power solar system. Ciepłownictwo Ogrzewnictwo 
Wentylacja, nr 3, pp. 91-98 (in Polish) 

Tąta, D and Foit, H. (2015) Choosen construction technologies of passive houses Part 2, Heating 
systems, ventilation, electrical and water system,  Ciepłownictwo Ogrzewnictwo Wentylacja, tom 46, 
nr 11, pp. 436-441 (in Polish) 

Tąta, D and Foit, H. (2016) Research of optimum windows size in passive building, Journal of Civil 
Engineering, Environment and Architecture, tom 33, nr 4, pp. 497-506 (in Polish) 

Tąta, D and Foit, H. (2017) Optimization of passive building window's size. Healthy Buildings 
Europe 2017, Lublin  

„Passive House Institute,” [Online]. Available: http://www.passivehouse.com/. 

PROCEEDINGS  — Roomvent & Ventilation 2018934  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 6 – Excellent Indoor Climate and High Performing Ventilation

934  |



RECOVERING WASTE HEAT FROM FLUE GAS OF COMBINED HEAT AND 
POWER PLANTS FOR DISTRICT HEATING IN CHINA 

Haichao Wang1,2,*, Xiaozhou Wu1, Lin Duanmu1, Rämä Miika3 
1Dalian University of Technology, Dalian, China 

2Aalto University, Espoo, Finland 
3VTT, Technical research centre, Finland  

*Corresponding email: haichao.wang@aalto.fi 
 

SUMMARY 
Currently, the flue gas heat recovery rate is very low in China. But flue gas can contain a large amount 
of waste heat according to the heat balance of the boiler. In the meantime, flue gas heat loss also 
dominates different kinds of heat losses for a boiler. Therefore, it is necessary to reduce the flue gas 
temperature and recover sensible and latent heat for district heating purpose. This paper discusses the 
application mode of a flue gas scrubber for a combined heat and power (CHP) plant, calculate the flue 
gas recovery rate using absorption heat pumps and analyse the feasibility for a real case study in 
China. The results show that the maximum heat recovery rate is about 8% if the flue gas can be cooled 
down to 30°C, and the payback time for the flue gas scrubber is around 5 years. 
Keywords: waste heat, heat recovery, scrubber, combined heat and power (CHP), district heating 

1 INTRODUCTION 
In a CHP plant, flue gas heat loss usually account for 5%~8% of the boiler effect depending on the 
coal types, moisture contents and excess air rates. This amount of heat loss can be over 70% with 
respect to all heat losses of a coal-fired boiler. Therefore it is necessary to recover as much as possible 
the waste heat from the flue gas and use it as the heat source for the space heating, ventilation and hot 
water preparation in the buildings nearby. It thus increases the energy efficiency and reduces the 
pollutant emissions from the CHP plant.  
It is possible to combine the flue gas heat recovery with the district heating (DH) network. The DH 
return temperature is usually 40~50°C depending on the load profile of the DH system and the 
outdoor temperature. The dew point of the flue gas is usually about 57°C for gas-fired boilers and 
power plants, this means that the temperature difference could be not big enough for deep recovery 
through condensing heat exchanger or would lead to a very low energy saving efficiency. Therefore, 
the heat pump technology can be used for enhancing the heat transfer efficiency between the flue gas 
and DH return water. This is also supported by the ‘large temperature difference, small flow rate’ 
operating strategy that usually employed with heat pumps. Fu et al. (2003) proposed to use absorption 
heat pump to reduce the DH return water and use it to recover waste heat from flue gas for district 
heating. This study give one solution to the above problem caused by the high DH return water 
temperature and they reported that it can increase the energy saving efficiency by 5% compared to the 
traditional condensing heat recovery without absorption heat pumps. Sun et al. (2016) also 
implemented an energy efficiency analysis for a real case which adopts the absorption heat exchangers 
for flue gas heat recovery of a gas-fired boiler, and they reported that this can increase the heat 
capacity by 47% to the primary network and thus suitable for those DH system with insufficient heat 
sources. 

5 CONCLUSIONS

The work presents selected heating, ventilation and hot water preparation systems for single-family 
passive buildings with a suitably shaped southern elevation, for Polish conditions. These buildings also 
require cooling down the building during the summer. The presented systems contain water central 
heating systems with the basic heat source in the form of an electric reversible compressor heat pump 
using a ground brine heat exchanger. The main active elements of the heat source in the analyzed 
systems are also air ground exchangers, recovery exchangers of the heat contained in the building's off-
air and water solar installations. Their advantages and disadvantages were given. As distinctive systems, 
a system with a factor mediating in transferring heat (cold) from the heat pump to the heat domestic 
water exchanger and heat buffer for central heating was indicated. As an alternative to systems with 
solar collectors, a photovoltaic cell system has been presented for which an analysis of obtaining electric 
energy by converting solar energy has been performed. 

 The presented solutions probably do not exhaust all possibilities of building heating and hot water 
systems supplied with a heat pump for energy-efficient buildings. However, they appear to be the most 
likely to be used in real buildings 
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However, as far as we know, there are few studies or reports on the flue gas heat recovery from coal-
fired boilers or CHP plants. In this study, we propose to use a direct contact scrubber to recover the 
waste heat from coal combustion flue gas, and connect it with a plate heat exchanger to transfer the 
recovered heat to DH return water. In this paper, we build a model for the proposed heat recovery 
system with HP, and implement the thermodynamic analysis based on the models. We also investigate 
the factors that affect the heat recovery rate, and how they influence it. Then, we check the technology 
and economy feasibility in a case study in Dalian, China. In addition, the environmental gains are also 
evaluated for the case. 

2 METHODS 

2.1 Flue gas heat recovery rate and influencing factors 
It is widely acknowledged that latent heat is the big part in the flue gas the heat recovery, and sensible 
heat only accounts for a small share. Figure 1 shows the relationship between flue gas heat recovery 
rate for wood fuel and flue gas temperature, fuel moisture and flue gas oxygen concentration. Oxygen 
level is 4.5% and fixed; different curves correspond to different fuel moisture. It can be concluded that 
more hydrogen element (H) that one fuel contains, the higher moisture in the flue gas and thus lead to 
a higher heat recovery rate. But this does not mean that the higher moisture in the fuel would be better 
for the boiler effect. The fact is that, if one kind of fuel was born with high moisture e.g. wood and 
other biomasses, and it is difficult or uneconomical to dry it before combustion, then we have to burn 
it as it is and try to recover the heat accompanied with the high moisture.  

 
Figure 1. The relationship between flue gas heat recovery rate for wood fuel and flue gas temperature, 
fuel moisture and flue gas oxygen level. (Condens 2017) 
 
Different oxygen levels will affect the heat recovery rate as well. In fact, the oxygen in the flue gas 
mainly comes from the excess combustion air, and if more air are blowed in the combustion chamber, 
then the oxygen level in the flue gas will be higher. In some European countries e.g. Finland, the 
oxygen level in flue gas is about 4%~6%, but in China this could be 8%~10% or even more. This is 
because of the high excess combustion air rate and relatively low operating level.  High oxygen 
content in the flue gas is more or less like the dilution of flue gas by fresh air. Technically, because the 
moisture in the fresh air is usually much lower than the flue gas, so that the flue gas with high oxygen 
level will have lower partial pressure of water vapour, which will reduce the dew point. Further, the 
low dew point affects directly the possible highest water temperature after the direct contact heat and 
mass transfer in the scrubber. This temperature is very important, because if it is higher than the DH 
return water, then it can be used directly by a water-water heat exchanger, otherwise, a heat pump is 
used to reduce the return water and create large enough water temperature difference. 
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2.2 Basic flue gas heat recovery mode using a scrubber 
The basic flue gas heat recovery mode using a scrubber is shown in Figure 2. This mode is technically 
viable only when the water temperature in the bottom of the scrubber is higher than the DH return 
temperature, and the temperature difference is large enough for the water-water plate heat exchanger.  

 
Figure 2. The basic flue gas heat recovery mode using a scrubber. 

The hot flue gas enters the bottom of the scrubber, and the cooled circulating water is sprayed on the 
top of the scrubber. In this way, a high-efficient direct-contact heat and mass transfer process happens 
between the flue gas and the circulating water. During this process, the flue gas will be cooled down 
to a temperature under its dew point, in fact dew point is the maximum possible temperature that it 
can reach, provided the scrubber is high enough and the contact time is long enough. Therefore the 
latent heat of condensing water is transferred into the cold circulating water. This also makes it 
possible that the total energy efficiency of the boiler exceed 100%. Neutralization is also necessary 
before the warm circulating water flows into the plate heat exchanger because of the acids gases 
dissolved in the water and condensate treatment is also required.  

2.3 Flue gas heat recovery mode enhanced by absorption heat pump 
For most situations in China, the dew point of coal combustion flue gas is lower than 57°C, which is 
the dew point of gas combustion flue gas, and could be much lower because of less moisture. So that 
we propose to use the absorption heat pump driven by steam or hot water to enhance the heat recovery. 

 
Figure 3. The flue gas heat recovery mode enhanced by an absorption heat pump. 

As can be seen from Figure 3, the DH return water will be heated up by the heat pump, and in most 
cases the water flow will go to the network heater for further heating according to the DH need. And 
the heat pump can cool down the scrubber circulating water to 30°C for enhancing the heat and mass 
transfer in the scrubber.  
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However, as far as we know, there are few studies or reports on the flue gas heat recovery from coal-
fired boilers or CHP plants. In this study, we propose to use a direct contact scrubber to recover the 
waste heat from coal combustion flue gas, and connect it with a plate heat exchanger to transfer the 
recovered heat to DH return water. In this paper, we build a model for the proposed heat recovery 
system with HP, and implement the thermodynamic analysis based on the models. We also investigate 
the factors that affect the heat recovery rate, and how they influence it. Then, we check the technology 
and economy feasibility in a case study in Dalian, China. In addition, the environmental gains are also 
evaluated for the case. 

2 METHODS 

2.1 Flue gas heat recovery rate and influencing factors 
It is widely acknowledged that latent heat is the big part in the flue gas the heat recovery, and sensible 
heat only accounts for a small share. Figure 1 shows the relationship between flue gas heat recovery 
rate for wood fuel and flue gas temperature, fuel moisture and flue gas oxygen concentration. Oxygen 
level is 4.5% and fixed; different curves correspond to different fuel moisture. It can be concluded that 
more hydrogen element (H) that one fuel contains, the higher moisture in the flue gas and thus lead to 
a higher heat recovery rate. But this does not mean that the higher moisture in the fuel would be better 
for the boiler effect. The fact is that, if one kind of fuel was born with high moisture e.g. wood and 
other biomasses, and it is difficult or uneconomical to dry it before combustion, then we have to burn 
it as it is and try to recover the heat accompanied with the high moisture.  

 
Figure 1. The relationship between flue gas heat recovery rate for wood fuel and flue gas temperature, 
fuel moisture and flue gas oxygen level. (Condens 2017) 
 
Different oxygen levels will affect the heat recovery rate as well. In fact, the oxygen in the flue gas 
mainly comes from the excess combustion air, and if more air are blowed in the combustion chamber, 
then the oxygen level in the flue gas will be higher. In some European countries e.g. Finland, the 
oxygen level in flue gas is about 4%~6%, but in China this could be 8%~10% or even more. This is 
because of the high excess combustion air rate and relatively low operating level.  High oxygen 
content in the flue gas is more or less like the dilution of flue gas by fresh air. Technically, because the 
moisture in the fresh air is usually much lower than the flue gas, so that the flue gas with high oxygen 
level will have lower partial pressure of water vapour, which will reduce the dew point. Further, the 
low dew point affects directly the possible highest water temperature after the direct contact heat and 
mass transfer in the scrubber. This temperature is very important, because if it is higher than the DH 
return water, then it can be used directly by a water-water heat exchanger, otherwise, a heat pump is 
used to reduce the return water and create large enough water temperature difference. 
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3 RESULTS AND DISCUSSION 

3.1 Combined heat and power plant for case study 
One CHP plant in Dalian, China is planning to use the scrubber for flue gas heat recovery, because the 
current heat supply is insufficient due to the decommissioning of small coal-fired boilers and also 
because of the more rigid emission standard (Ministry of Environmental Protection of China 2017). 
The CHP has four high pressure coal-fired coal boiler (220t/h) and three steam turbine generators, 
including two back pressure steam turbine (25MW) and one extraction steam turbine (50MW). There 
are also two peak shaving gas-fired boilers; each has 35t/h capacity. The heating area is about 
7569,000 m2. The CHP has already equipped the dust remover, so that the scrubber will be installed 
after the dust remover. The design indoor and outdoor temperatures are 18°C and -9.5°C, respectively. 
District heating season is about 5 months.  

3.2 Design of the flue gas scrubber and heat pump 
Taking one of the four identical coal-fired boilers (220t/h) as an example, we can calculate that the 
maximum recovered heat energy can be 12.3MW provided the flue gas temperature can be cooled 
down to 30°C. The flue gas heat recovery rate is 8%. In order to reach this, the inlet temperature in 
low temperature side should be 25°C and the flow rate is 200kg/s. the flow rate in the high 
temperature side of the heat exchanger is 150kg/s.  
In order to recover 12.3MW heat, the capacity of the absorption heat pump can be calculated by, 

QHP=COP/(COP-1)QRecover                                                       (1) 

where COP is the coefficient of performance, and COP = 1.8 in this study; Qrecover is the heat that 
recovered from flue gas, MW.  It can be calculated that the capacity of heat pump is about 27.6MW, 
which means that the driven heat source should provide at least 15.3MW high grade heat (steam or water). 

3.3 Preliminary feasibility analysis 
The feasibility analysis mainly takes into account the added investment, operating cost and revenue 
from selling the heat released to the DH network. 
 Added investment
There are mainly two equipments, scrubber and heat pump. For a 220t/h coal-fired boiler the flue gas 
scrubber investment is about 2 million Euros according to Condens Heat Recovery Company. This 
investment already includes the pipes, pumps, heat exchangers, and condensate treatment facility, but 
not including construction and tax. We consider the import tax rate (5%) and the value added tax 
(17%) to the scrubber cost in this study. In addition, the construction cost is taken into account based 
on the local price level. In all, the investment for the flue gas scrubber system is around 20.29 million 
Chinese Yuan (CNY).The absorption heat pumps will be bought from China manufactures. The 
investment calculation can be found in Table 1. We can see that the total added investment is 20.29 + 
6.9 = 27.19 million CNY. 

Table 1. Investment and required parameters of the absorption heat pump. 
Heat pump Absorption heat pump, LiBr/H2O 
Main parameters 
 
Energy input 
Energy output 
Price level 

Investment  

Inlet water temperature in the heat exchanger side is 27~46 ° C; out let water 
temperature in the heat exchanger side is less than 25°C. COP = 1.8. 
Steam, 15.3MW 
27.6MW 
200,000~300,000 CNY/MW 

6.9 million CNY, including the commissioning 
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 Operating cost 
The operating cost for recovering the flue gas heat is mainly referred to the energy input for the heat 
pump. For the coal-fired CHP plant, steam will be extracted and used for driving the absorption heat 
pump. This part of steam will not be used for power generation as it would be, therefore, the 
electricity generated by the plant will be reduced to some extent. This is actually the cost for running 
the heat pump. The pumping cost for circulating the water in the scrubber and the heat exchanger is 
another operating cost, which is proved to be very small compared to the heat pump operating cost, so 
that we did not consider this part. However, the neutralization cost is considered in this analysis. The 
calculation of the operating cost can be found in Table 2. 

Table 2. Calculation of operating cost for flue gas heat recovery using a scrubber and an absorption 
heat pump. 

Heat pump capacity  27.6MW 
Maximum heat recovery 
Total heat recovery during the whole heating season 1 
Total heat released to the DH network 2 
Operating cost of heat pump during a heating season 3 

 

 

 

 

 

Neutralization system operating cost 4 

12.3MW 
103615GJ (28782MWh) 
232502GJ (64584MWh) 
Steam consumption: 
128887GJ (35801944kWh) 
Reduced electricity generation: 
12888700kWh 
Reduced revenue from selling electricity: 
5.53 million CNY 

400,000CNY for a whole heating season 
1. The heating season is five months, and the average DH load ratio is 65%, so that we assume the total 

average heat recovery rate is 65% of the maximum; 
2. Total heat released to the DH network includes the recovered heat from flue gas and the energy input for 

driving the absorption heat pump. 103615GJ + 128887GJ = 232502GJ. 
3. The boiler efficiency is 90%, and the average electricity efficiency for coal-fired power plants in Dalian 

area is 36% (which is calculated by the average coal consumption rate for power generation: 341g/kWh), 
the electricity uploading price is 0.4293CNY/kWh. 

4. Because the CHP has desulphurization tower, so the neutralization is used at minimum working load, and 
the estimated operating cost is based on a neutralization liquid consumption rate of 1ton/day. 

 
 Revenue from selling the heat and payback time
The profit from selling the heat released to the DH network is the main revenue of this flue gas heat 
recovery system. As can be seen from Table 2, the total useful heat is 232502GJ, and the local heat 
price level is 50CNY/GJ, so that the total revenue from selling heat would be: 11.63 million CNY. We 
did not consider the revenue from the emission reduction, CO2 saving, water saving et al. The 
calculation of the revenue and estimation of the payback time is shown in Table 3. 

Table 3. Calculation of the revenue and the payback time for the flue gas heat recovery system. 
Total investment  27.19 million CNY 
Operating cost 
 
Revenue from selling heat 

Payback time 

Heat pump: 5.53 million CNY 

Neutralization: 400,000 CNY 
5.93 million CNY 

11.63 million CNY 

4.77 years 

To conclude, the payback time will be 5 years, and this result shows that the flue gas heat recovery 
technology is viable in China, but the economic feasibility is affected by many other factors, e.g. the 
heat recovery rate, DH return water temperature and time of DH season. The payback time of the 
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One CHP plant in Dalian, China is planning to use the scrubber for flue gas heat recovery, because the 
current heat supply is insufficient due to the decommissioning of small coal-fired boilers and also 
because of the more rigid emission standard (Ministry of Environmental Protection of China 2017). 
The CHP has four high pressure coal-fired coal boiler (220t/h) and three steam turbine generators, 
including two back pressure steam turbine (25MW) and one extraction steam turbine (50MW). There 
are also two peak shaving gas-fired boilers; each has 35t/h capacity. The heating area is about 
7569,000 m2. The CHP has already equipped the dust remover, so that the scrubber will be installed 
after the dust remover. The design indoor and outdoor temperatures are 18°C and -9.5°C, respectively. 
District heating season is about 5 months.  

3.2 Design of the flue gas scrubber and heat pump 
Taking one of the four identical coal-fired boilers (220t/h) as an example, we can calculate that the 
maximum recovered heat energy can be 12.3MW provided the flue gas temperature can be cooled 
down to 30°C. The flue gas heat recovery rate is 8%. In order to reach this, the inlet temperature in 
low temperature side should be 25°C and the flow rate is 200kg/s. the flow rate in the high 
temperature side of the heat exchanger is 150kg/s.  
In order to recover 12.3MW heat, the capacity of the absorption heat pump can be calculated by, 

QHP=COP/(COP-1)QRecover                                                       (1) 

where COP is the coefficient of performance, and COP = 1.8 in this study; Qrecover is the heat that 
recovered from flue gas, MW.  It can be calculated that the capacity of heat pump is about 27.6MW, 
which means that the driven heat source should provide at least 15.3MW high grade heat (steam or water). 

3.3 Preliminary feasibility analysis 
The feasibility analysis mainly takes into account the added investment, operating cost and revenue 
from selling the heat released to the DH network. 
 Added investment
There are mainly two equipments, scrubber and heat pump. For a 220t/h coal-fired boiler the flue gas 
scrubber investment is about 2 million Euros according to Condens Heat Recovery Company. This 
investment already includes the pipes, pumps, heat exchangers, and condensate treatment facility, but 
not including construction and tax. We consider the import tax rate (5%) and the value added tax 
(17%) to the scrubber cost in this study. In addition, the construction cost is taken into account based 
on the local price level. In all, the investment for the flue gas scrubber system is around 20.29 million 
Chinese Yuan (CNY).The absorption heat pumps will be bought from China manufactures. The 
investment calculation can be found in Table 1. We can see that the total added investment is 20.29 + 
6.9 = 27.19 million CNY. 

Table 1. Investment and required parameters of the absorption heat pump. 
Heat pump Absorption heat pump, LiBr/H2O 
Main parameters 
 
Energy input 
Energy output 
Price level 

Investment  

Inlet water temperature in the heat exchanger side is 27~46 ° C; out let water 
temperature in the heat exchanger side is less than 25°C. COP = 1.8. 
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system varies case by case, it can be shorter when the DH return water temperature is lower, heat 
recovery rate is higher and DH period is longer and vice versa. 
Besides, this flue gas heat recovery system will also be able to reduce the particulate matter and SO2 
emissions, it also can save water. If these benefits are also considered and considering the local 
subsidies to the environmental protection project, then the payback time would be shorter. 

4 CONCLUSIONS 
Nowadays, most countries all over the world have to face the problem of the sustainable and reliable 
energy supply in the future and the CO2 emission control. In China, a huge amount of the hot flue gas is 
emitted directly to the atmosphere, leading to the waste of energy stored in the flue gas and causing the air 
pollution. However, the flue gas heat recovery rate is very low in China, especially for the coal-fired 
boilers and power plants. Therefore, we propose to use a scrubber in combination of the absorption heat 
pump to recover the sensible and latent heat stored in the flue gas and used for district heating purpose. 
Firstly, we introduced the basic principles for recovering the heat from flue gas, and also analysed the 
influencing factors of the heat recovery rate. Secondly, we described the basic flue gas heat recovery mode 
that uses only the scrubber and a water-water plate heat exchanger. But this mode is technically viable 
only when the water temperature in the bottom of the scrubber is higher than the DH return temperature, 
and the temperature difference is large enough for the water-water plate heat exchanger. However this 
prerequisite is difficult to satisfy in China since the dew point is usually lower than 50°C for the coal 
combustion flue gas. That is why we propose to use a scrubber in combination with an absorption heat 
pump to enhance the heat recovery process. For the enhanced heat recovery mode, we implemented the 
preliminary design and feasibility study for a coal-fired CHP plant in Dalian, China. The results show that 
the maximum heat recovery rate is about 8% provided the flue gas can be cooled down to 30°C, and the 
payback time for the flue gas scrubber is around 5 years. Besides, this flue gas heat recovery system will 
also be able to reduce the particulate matter and SO2 emissions, it also can save water.  
Next step, we will continue our work in two directions, the first one is to develop a detailed 
mathematical model for the flue gas heat recovery system, and to analyse the effects of influencing 
factors on the heat recovery rate. Second one is try to determine the dew point of the flue gas in a 
more rational way, because the dew point is a very important parameter for the flue gas heat recovery. 
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SUMMARY  
The study emphasis the concept of a ventilated solar façade for air preheating with thermal inertia 
elements integration. A Transpired Solar Collector (TSC) is made of metal cladding with perforations, 
installed at a certain distance from a building wall, thus creating a cavity through which the air is 
circulating. The metal cladding is heated by the solar radiation from the Sun and ventilation fans 
create negative pressure in the cavity, extracting the solar heated air through the perforated panel. The 
heat transfer between the fluid and the metal is intensified depending on the flow's characteristics and 
other external parameters like the special geometry of the perforation used in this case. An improved 
solar collector with innovative geometry is investigated, optimizing the heat accumulation with Phase 
Change Materials integration. The present study investigates different configurations for the PCM 
bars inside the collector for an enhanced heat transfer. 
Keywords: transpired solar collector, TSC, PCM, phase changing materials, energy efficiency, 
thermal energy storage, pressure and temperature distribution 

1 INTRODUCTION  
Considering the Energy Performance of Buildings Directive, from 2020 all the new buildings must be 
nZEB (nearly zero energy building) and a part of the energy consumption must be covered by systems 
using renewable energy sources because the buildings are responsible for 40% of the energy 
consumptions worldwide and more than 52% of these consumptions are because of the HVAC 
systems. These goals can be met only by using high performance materials, cost-effective energy 
efficient systems and systems based on renewable energy sources. 
According to the literature, the solar air collectors acting as a part of the building envelope are a 
promising strategy that could be used in order to reduce the energy consumption for heating the 
buildings or for the fresh air needed in the buildings, for drying systems or to improve the efficiency of 
HVAC systems (Dymond and Kutscher 1997, Alkilani, Sopian et al. 2011).  TSC are systems 
recommended because of their efficiency and reduced implementation/operating costs (Wang, Lei et al. 
2017). Many studies conducted by researchers are emphasizing that solar collectors could reach a rise in 
temperature (between inlet and outlet) from 3°C to 35°C and a collector efficiency from 25% to 75% 
depending of the air flow, solar radiation, absorber plate, orifices type, pitch etc. (Leon and Kumar 2007, 
Cordeau and Barrington 2011, Croitoru, Nastase et al. 2016, Croitoru, Nastase et al. 2016).  
Usually, the TSC are without thermal inertia materials integrated. According to different studies, the 
integration of thermal storage is essential in order to increase the operation time and efficiency of a 
solar air collector (Hami, Draoui et al. 2012) and also to stabilize the outlet temperature. The energy 
could be stored during the day and released during the night (Goyal, Tiwari et al. 1998). Thermal 
energy storage materials are classified as materials with: sensible heat storage, latent heat storage and 
chemical heat storage (Khadiran, Hussein et al. 2016). Materials with sensible heat storage are 
classical materials used on a large scale (concrete, water, bricks, granite etc.), materials with chemical 
heat storage are not used usually in the buildings due to their instability and materials with latent heat 
storage, also called Phase Changing Materials (PCM), have a higher storage capacity and can store 5 
to 14 times more energy than classical materials (Kuznik, Virgone et al. 2011, Soares, Costa et al. 

system varies case by case, it can be shorter when the DH return water temperature is lower, heat 
recovery rate is higher and DH period is longer and vice versa. 
Besides, this flue gas heat recovery system will also be able to reduce the particulate matter and SO2 
emissions, it also can save water. If these benefits are also considered and considering the local 
subsidies to the environmental protection project, then the payback time would be shorter. 

4 CONCLUSIONS 
Nowadays, most countries all over the world have to face the problem of the sustainable and reliable 
energy supply in the future and the CO2 emission control. In China, a huge amount of the hot flue gas is 
emitted directly to the atmosphere, leading to the waste of energy stored in the flue gas and causing the air 
pollution. However, the flue gas heat recovery rate is very low in China, especially for the coal-fired 
boilers and power plants. Therefore, we propose to use a scrubber in combination of the absorption heat 
pump to recover the sensible and latent heat stored in the flue gas and used for district heating purpose. 
Firstly, we introduced the basic principles for recovering the heat from flue gas, and also analysed the 
influencing factors of the heat recovery rate. Secondly, we described the basic flue gas heat recovery mode 
that uses only the scrubber and a water-water plate heat exchanger. But this mode is technically viable 
only when the water temperature in the bottom of the scrubber is higher than the DH return temperature, 
and the temperature difference is large enough for the water-water plate heat exchanger. However this 
prerequisite is difficult to satisfy in China since the dew point is usually lower than 50°C for the coal 
combustion flue gas. That is why we propose to use a scrubber in combination with an absorption heat 
pump to enhance the heat recovery process. For the enhanced heat recovery mode, we implemented the 
preliminary design and feasibility study for a coal-fired CHP plant in Dalian, China. The results show that 
the maximum heat recovery rate is about 8% provided the flue gas can be cooled down to 30°C, and the 
payback time for the flue gas scrubber is around 5 years. Besides, this flue gas heat recovery system will 
also be able to reduce the particulate matter and SO2 emissions, it also can save water.  
Next step, we will continue our work in two directions, the first one is to develop a detailed 
mathematical model for the flue gas heat recovery system, and to analyse the effects of influencing 
factors on the heat recovery rate. Second one is try to determine the dew point of the flue gas in a 
more rational way, because the dew point is a very important parameter for the flue gas heat recovery. 
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2013). PCM materials are implemented in passive systems (external walls, internal walls, floors, 
windows etc.) and in active systems (solar collectors, boilers, fan coils etc.) (Heier, Bales et al. 2015) 
and they have the potential to: reduce energy consumptions for heating (especially in low inertia 
buildings), reduce energy consumptions for cooling, reduce thermal loads and improve the efficiency 
of active systems. Usually PCM as thermal storage are implemented in the glazed solar air collectors 
such as Trombe walls in order to replace classic masonry to improve the efficiency and outlet 
temperature stability  but, according to the literature studied, we didn’t find a TSC with PCM 
integrated which acts like a solar wall (Alkilani, Sopian et al. 2011, Shukla, Nkwetta et al. 2012).  
This paper’s objective is to evaluate the airflow dynamics inside a TSC with and without PCM 
elements integrated in the system. 

2 METHODS 

2.1 Experimental set-up 
The solar collector consists of an absorbent metal plate with lobed perforations through which the 
outside air is aspired into a rectangular cavity with multi-layer walls, i.e.: OSB inside, thermal 
insulation (4cm) and OSB on the outside. The created gap has the following dimensions: 
2000x1020x280 mm. The air is collected at the top of the system through an opening of 830 x150 mm 
and further evacuated by an Embpapst variable speed fan (180 mm diameter). The TSC geometry can 
be observed in figure 1. 

 
Figure 1. Solar collector geometry front and section view, without and with PCM elements 

Inside the solar collector a mobile metal frame was mounted, representing the holder of the 
rectangular aluminium containers with embedded phase change materials. This will help to study the 
optimal positioning of inertial materials inside the cavity. The study was performed on one solar 
collector (with lobed perforations), in order to evaluate the pressure distribution in each collector in 
case with and without PCM bars inside. The solar collector is studied in real conditions while being 
mounted on the south wall of the laboratory. 

2.2 Measuring method 
In order to measure the temperature gradient inside the cavity, 6 K-type sensors were mounted which 
can be observed in figure 2a: T30, T65, T100, T135, T170 for the gradient and Tamb used in order to 
measure the ambient temperature. The data acquisition for air temperature inside the cavity was 
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performed via a data logger (AHLBORN ALMEMO 2890-9) at a time interval of 5 minutes and the 
data were processed. The weather data were measured using a meteorological station located on the 
outside of the laboratory. 

(a)   (b)   (c)   (d) 
Figure 2. Position of the 5 temperature sensors inside the cavity (a), position of the 8 pressure probes 
(b, c) and the scanivalve connected to the 8 pressure probes (d) 
The airflow was controlled by a RXN-602D continuous current source and is varied between 83m3/h 
and 125m3/h. As it can be observed in figures 2b, 2c and 2d, the pressure distribution was measured 
by a Sangari scanivalve equipped with 8 pressure transducers with properties presented in table 1. A 
pressure transducer, often called a pressure transmitter, is a transducer that converts pressure into an 
analog electrical signal. Pressure applied to the pressure transducer produces a deflection of the 
diaphragm which introduces strain to the gages. The strain will produce an electrical resistance change 
proportional to the pressure. 

Table 1. Sangari scanivalve properties 
Characteristic Value Unit 

Model AutoTran Incorporated, 750D-012 - 
Pressure range 0-124.72 Pa 

Output 1-5 V 
Accuracy ±0.25 % 

3 RESULTS AND DISCUSSION 
Initial studies were performed (Croitoru, Nastase et al. 2016, Croitoru, Nastase et al. 2016) in order to 
evaluate the thermal behaviour of the two different types of solar collectors, one with classical round 
perforations and the other one with lobed perforations.  

 
Figure 3. Temperature distribution in the cavity of the solar collector system (lobed case) 
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The investigations, in the case without the PCM bars, indicated that the temperature stratification, for 
both types of the solar collectors, is reversed, meaning that the lower temperature sensors measured 
higher temperatures. As it can be observed in figure 3, when the ambient temperature reaches a 
maximum of 24.3 °C, the temperature on the upper part of the cavity is around 26.9 °C (T170), while 
at lower part is around 28.9 °C (T30). One explication was that the fan influences directly the airflow 
inside the cavity and the air from the lower part is given more time to heat, which can decrease the 
collector’s efficiency.  
All these results lead us to the conclusion that the thermal stratification induced in the cavities of the 
collectors is determined by a difference of vertical pressure. This may be due to the air intake in the 
collector at the top and may result in the aspiration of an increased air flow through the orifices in the 
upper part of the absorbent metal plate, respectively a lower air flow intake through the orifices on the 
bottom of the absorbent metal plate. 
Taking all these aspects into account, we aimed to evaluate the influence on airflow when adding the 
PCM bars. The study intended to estimate the pressure distribution along the cavity. For the lobed 
geometry type of the solar collector, two situations were tested: with and without the PCM bars inside.  
In Figure 4 we can observe the pressure distribution for all 8 measuring points for different airflows in 
the 2 cases. The PCM bars induces a more balanced distribution of pressure on the vertical.  

 
Figure 4. Pressure distribution in the cavity a) without PCM; b) with PCM 
If we consider an airflow of 100 m3/h, we have analysed the influence of natural convection. In the 
case of 0 m3/h only the natural convection occurs, so subtracting the values found in this case from the 
values found at 100 m3/h, we can see the forced flow due to the fan. For the case with PCM the 
pressure distribution is more balanced over the vertical (purple curve).  
For the same situation, we have considered that the airflow distribution depends of the pressure in the 
zones considered. Figure 5 indicates an intensified airflow in the zone 4 and 5 for the PCM case. In 
this case, zones 4 and 5 point out the gap between the PCM bars, as seen in Figure 2b. However, the 
graphic also indicates that an important share of airflow is aspirated in zones 2-3 in the case without 
PCM, close to the aspiration, correlated with the stagnation zone found in the temperature distribution 
on the vertical. This stagnation zone is also indicated by the low pressure in zone 6-7 (Figure 6 a) 
purple curve). Considering that the airflow can be addressed in function of the pressure loss and a 
hydraulic resistance coefficient M and that this one is equal for all eight zones, than we can estimate: 

Δpn= MQn2               (1) 
Q=Q1+...+Q8                 (2) 

(a) (b) 
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∆𝑝𝑝𝑝𝑝1

          (3) 

where Δpn is the pressure loss for zone „n” [Pa] 
M- hydraulic resistance module [s2m5] 
Qn- airflow for zone „n” [m3/h]. 

In order to propose a better configuration, we have evaluated also the configuration when PCM bars 
are placed only in the upper part, forcing the air to go through the entire collector.  

 

 
Figure 5. Pressure distribution in the cavity for 100 m3/h (considering also the natural convection 
effect): a) without PCM; b) with PCM; c) partial filling with PCM  

Figure 6. Airflow distribution calculated in function of the characteristic pressure loss in each zone 

(a) (b) 

(c) 

The investigations, in the case without the PCM bars, indicated that the temperature stratification, for 
both types of the solar collectors, is reversed, meaning that the lower temperature sensors measured 
higher temperatures. As it can be observed in figure 3, when the ambient temperature reaches a 
maximum of 24.3 °C, the temperature on the upper part of the cavity is around 26.9 °C (T170), while 
at lower part is around 28.9 °C (T30). One explication was that the fan influences directly the airflow 
inside the cavity and the air from the lower part is given more time to heat, which can decrease the 
collector’s efficiency.  
All these results lead us to the conclusion that the thermal stratification induced in the cavities of the 
collectors is determined by a difference of vertical pressure. This may be due to the air intake in the 
collector at the top and may result in the aspiration of an increased air flow through the orifices in the 
upper part of the absorbent metal plate, respectively a lower air flow intake through the orifices on the 
bottom of the absorbent metal plate. 
Taking all these aspects into account, we aimed to evaluate the influence on airflow when adding the 
PCM bars. The study intended to estimate the pressure distribution along the cavity. For the lobed 
geometry type of the solar collector, two situations were tested: with and without the PCM bars inside.  
In Figure 4 we can observe the pressure distribution for all 8 measuring points for different airflows in 
the 2 cases. The PCM bars induces a more balanced distribution of pressure on the vertical.  

 
Figure 4. Pressure distribution in the cavity a) without PCM; b) with PCM 
If we consider an airflow of 100 m3/h, we have analysed the influence of natural convection. In the 
case of 0 m3/h only the natural convection occurs, so subtracting the values found in this case from the 
values found at 100 m3/h, we can see the forced flow due to the fan. For the case with PCM the 
pressure distribution is more balanced over the vertical (purple curve).  
For the same situation, we have considered that the airflow distribution depends of the pressure in the 
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4 CONCLUSIONS 
We can observe that the configuration of the PCM bars inside the solar collector is highly related to 
the airflow pattern. It is necessary that the airflow will have a uniform distribution over the whole 
collector, so supplementary obstacles need to be integrated.  
A solar collector can be easily integrated in the building façade and reduce the energy consumption 
for air pre-heating using passive methods.   
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SUMMARY 
In this paper a façade with switchable thermal insulation for auxiliary heating is examined. Switchable 
thermal insulation allows the thermal conductivity of the wall to be changed. One big advantage of such 
a system is that during the heating period high outside temperatures and high solar radiation can be used 
for heating the building if the insulation of the wall is reduced. Common insulation systems cannot use 
this energy source. The aim was to determine the potential of switchable insulation for auxiliary heating 
for different outdoor climates. For the simulations two different kinds of switching systems were used: 
a mechanical switch and a gas-pressure controlled switch. Simulations for different European cities 
were carried out. At the location of Milano the highest amount of energy saving by using a switchable 
thermal insulation was determined. The energy saving amounts to 5.2% for a building oriented towards 
south and not shaded by trees or nearby buildings. Switchable systems show promise in making use of 
available ambient heat. 
Keywords: switchable insulation, solar heating 

1 INTRODUCTION 
Directive 2010/31/EU is the latest European guideline concerning energy performance of buildings. The 
aim is to ensure that by 31st December 2020 all new buildings in Europe are nearly zero energy 
buildings (European Parliament, Council of the European Union 2010). Besides energy efficient 
technical building systems, high insulation layers are necessary to reach this goal. Using solar energy 
for auxiliary heating is a common way to reduce the energy demand. In general, the collectors are 
installed on the roof of the building, as during the summer the slope of the roof grants high collector 
efficiency. But in winter time the slope of the wall is more suitable for collecting solar energy than the 
roof. Using the façade as a collector is still a very uncommon way. In this paper a façade with switchable 
thermal insulation for auxiliary heating is examined. Switchable thermal insulation means that the 
thermal conductivity of the wall can be changed. A big advantage of such a system is that in times with 
low outside temperatures and high solar radiation this radiation can be used for heating the building by 
reducing the insulation of the wall. Common insulation systems cannot use this radiation. 
In the following text different kinds of systems for switchable thermal insulation will be presented and 
compared. A sample building with different kinds of switchable insulation will be simulated and the 
performance of the systems will be predicted. 

2 CONCEPTS FOR SWITCHABLE THERMAL INSULATION 
In general, there are three different concepts to realize a switchable insulation: a mechanical solution, 
active heat transfer and gas-pressure control. In this work the mechanical solution and the gas-pressure 
controlled system have been simulated. Pilot studies have shown that this two systems are quite 
promising (Ebert et al. 2015; Schilly et al. 2017). 

4 CONCLUSIONS 
We can observe that the configuration of the PCM bars inside the solar collector is highly related to 
the airflow pattern. It is necessary that the airflow will have a uniform distribution over the whole 
collector, so supplementary obstacles need to be integrated.  
A solar collector can be easily integrated in the building façade and reduce the energy consumption 
for air pre-heating using passive methods.   
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2.1 Mechanical switch insulation 
As the name suggests, the variation of the thermal conductivity using the mechanical switch is realized 
by a temporarily mechanical removal of the insulation. A possible implementation of the system is 
shown in figure 1. The system consists of several mobile insulation panels. The panels are placed on 
the outside of a massive wall. During insulation state (left hand side) all the panels are parallel to the 
wall forming an insulation layer. For higher thermal conductivity the panels rotate away from the wall. 
Now the solar radiation can reach the massive wall and heat it up (right hand side). 

  

Figure 1: schematic diagram of a mechanical switch insulation 

 

For a higher efficiency of the system the massive wall is coated with an absorber material. The biggest 
advantage of this system is that a reduction of the insulation of nearly 100% is possible if needed. This 
system has already been built and tested successfully (thermocollect 2017). 

2.2 Active heat transfer insulation 
For the active heat transport through the façade heat pipes can be used. As shown in figure 2 the heat 
pipes penetrate the entire wall cross section. When the outer side is heated, the fluid inside the pipe 
comes to a boil. The steam rises up to the colder inner side of the wall and condensates there (Ebert et 
al. 2015) (right-hand side). The heat transfer can be switched on and off with a valve placed between 
the wall surfaces. For high insulation the valve has to be closed (left-hand side). 
The efficiency of this system is closely linked to the amount of pipes per square meter, however, the 
thermal bridges caused by these pipes in the wall cross section are problematic. For best performance, 
a very dense grid is required due to the low influence range of the pipes, which in addition to the costs 
also increases the thermal bridge effects. 

Insulation state Heat transfer state 
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Figure 2: schematic diagram of an active heat transfer insulation 

2.3 Gas pressure controlled insulation 
In the last years vacuum insulation has become more important. Basic requirement for a vacuum 
insulation is a gas-proof cover of the insulation layer. There are two ways to change this static insulation 
system into a dynamic one.  
The first one is to combine the insulation panels with a vacuum pump. For higher thermal conductivity 
the vacuum insulation is ventilated with ambient air. For lower thermal conductivity the vacuum-
insulation is re evacuated using the pump. By using this method, an increase of the thermal conductivity 
of about six times is possible (Schilly et al. 2017).  

  

Figure 3: schematic diagram of gas pressure controlled insulation 

The second possibility requires the use of a so called getter material. A getter material is a metal-
hydroxide based material. When voltage is applied to this material it emits hydrogen. As soon as the 
voltage is gone the hydrogen is absorbed by the getter material again. Hydrogen has a very high thermal 
conductivity so that a small amount of emitted gas is sufficient to increase the thermal conductivity 
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significantly. A thermal conductivity which is 56 times higher than the standard vacuum insulation is 
possible using this method (ZAE Bayern 2003).  
Figure 3 shows the second method schematically. During insulation state (left-hand side) the wall works 
like a normal wall. After the activation of the getter material the thermal conductivity increases and it 
is possible to use the solar radiation for auxiliary heating (right-hand side). 

3 SIMULATION STRUCTURE 

3.1 Modelling the switchable insulation 
The switchable insulation was modelled using the transient thermal building simulation program 
TRNSYS (TRaNsient SYstems Simulation Program). The software is able to include additional gains 
on the inside and outside surfaces of a wall. Using these gains the heat transfer caused by switching off 
the insulation was modelled. The only difference between the three shown systems is the inside gain 
value, respectively the outside loss. 
The criteria for increasing the thermal conductivity was set to: 
 Tsurface outside – Tsurface inside ≥ 3 K  (1) 

 Tair,inside < Tair,inside,max  (2) 
The first criteria ensures that there will be an energy gain. The difference between outside surface 
temperature of the wall (Tsurface outside) and the inside surface temperature of the wall (Tsurface inside) needs 
to be at least 3 K or greater. The second criteria is a comfort criterion and ensures an indoor air 
temperature (Tair,inside) underneath an uncomfortable level. This ambient air temperature (Tair,inside,max) 
was set to 26 °C. 
The resetting criteria was set to: 
 Tsurface outside – Tsurface inside ≤ 1 K  (3) 
The difference between the increasing (1st and 2nd) and resetting criteria (3rd) leads to a hysteresis of 2 
K. Without the hysteresis, a lot of switching operations lower the performance of the system (Schilly et 
al. 2018). 
Table 1 gives a short summary of the thermal resistance of the two simulated wall types. 

Table 1: Thermal transmittance of the different wall types in W/m²K 
 Gas pressure controlled insulation Mechanical switch insulation 

Insulation state 0.035 0.035 
Heat transfer state 1.68 4.0 

3.2 Modelling the building 
A single room with a floor area about 24 m² and 3 m height was simulated. Only one wall is facing the 
outside climate, the other surfaces are linked to adiabatic boundary conditions. Different variations of 
the outside wall have been implemented. Two different surfaces were used to simulate the wall with the 
gas pressure controlled switch: a common plaster surface and a black coated metal surface.  While the 
plaster surface has an average absorption coefficient for solar radiation of about 0.5, the black coated 
metal surface has a high one of about 0.9. A window ratio of 30% has been simulated. The orientation 
was variated among the four cardinal points, however, only the values for southern orientation are 
presented here. Internal loads were chosen according to the German standard DIN EN 18599-10 (DIN 
V 18599-10, 2016). Table 2 gives an overview over the boundary conditions of the simulation. 
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For comparison, this building was simulated with common vacuum insulation panels (VIPs). The 
thermal conductivity of the panels is about 0.007 W/mK, so that a thermal transmission coefficient of 
0.035 W/m²K is possible for this walls. 

Table 2: Boundary conditions of the simulation 
Infiltration 0.6 1/h 
Ventilation 1.3 1/h 

Heating 21 °C 
Night setback heating 18:00 - 07:00 down to 17 °C 

Internal loads 73 Wh/m²d 
External shading closed 140 W/m², opened 120 W/m² 

Three different European locations were simulated: London (UK), Potsdam (Germany) and Milano (Italy). 

4 RESULTS AND CONCLUSIONS 
The heating energy demand of the room in a building constructed with VIPs was compared to the 
heating energy demand of the room with a switchable insulation on the outer wall. During insulation 
state the thermal resistance of the building with vacuum insulation panels and the building with a 
switchable insulation system were the same. The realized thermal transmittance was considerably lower 
than demanded by the German energy saving ordinance EnEV (Deutscher Bundestag 2015). The results 
of this comparison are shown in table 3. 

Table 3: Energy savings in % compared with a building with vacuum insulation 
 Gas pressure control switch Mechanical switch 

Plaster surface Metal surface 
London 0.2 1.1 3.5 
Potsdam 0.2 1.6 2.4 
Milano 0.4 2.4 5.2 

It emerges that the mechanical switch has a higher efficiency than the gas pressure controlled system. 
This is understandable, as the differences between insulation state and heat transfer state are much 
bigger when using the mechanical switch. The possible raise of the thermal conductivity with the gas 
pressure control is about factor 48, while using the mechanical switch factor 114 is possible. 

 
Figure 4: operating hours of the switching system 

significantly. A thermal conductivity which is 56 times higher than the standard vacuum insulation is 
possible using this method (ZAE Bayern 2003).  
Figure 3 shows the second method schematically. During insulation state (left-hand side) the wall works 
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the insulation was modelled. The only difference between the three shown systems is the inside gain 
value, respectively the outside loss. 
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temperature (Tair,inside) underneath an uncomfortable level. This ambient air temperature (Tair,inside,max) 
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The difference between the increasing (1st and 2nd) and resetting criteria (3rd) leads to a hysteresis of 2 
K. Without the hysteresis, a lot of switching operations lower the performance of the system (Schilly et 
al. 2018). 
Table 1 gives a short summary of the thermal resistance of the two simulated wall types. 

Table 1: Thermal transmittance of the different wall types in W/m²K 
 Gas pressure controlled insulation Mechanical switch insulation 

Insulation state 0.035 0.035 
Heat transfer state 1.68 4.0 

3.2 Modelling the building 
A single room with a floor area about 24 m² and 3 m height was simulated. Only one wall is facing the 
outside climate, the other surfaces are linked to adiabatic boundary conditions. Different variations of 
the outside wall have been implemented. Two different surfaces were used to simulate the wall with the 
gas pressure controlled switch: a common plaster surface and a black coated metal surface.  While the 
plaster surface has an average absorption coefficient for solar radiation of about 0.5, the black coated 
metal surface has a high one of about 0.9. A window ratio of 30% has been simulated. The orientation 
was variated among the four cardinal points, however, only the values for southern orientation are 
presented here. Internal loads were chosen according to the German standard DIN EN 18599-10 (DIN 
V 18599-10, 2016). Table 2 gives an overview over the boundary conditions of the simulation. 
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The surface condition of the outer surface has a big influence on the efficiency of the gas pressure 
controlled system. A common plaster surface is not suitable for this system at all. Figure 4 shows the 
influence of the surface. The gas pressure controlled system with plaster surface has only a third of the 
operating hours then the optimized metal surface with black coating. The operating time of the system 
begins when the insulation is switched off and ends when it is switched on again. Due to the two 
different surfaces for insulation state and heat transfer state the mechanical switch does not exhibit this 
problem. For high efficiency an optimized surface with a high solar absorption factor is necessary. 
The climatic influence to the performance of the system is not very significant, however, Milano shows 
the highest energy savings for all systems. 
It may be assumed that the achieved energy saving in nonresidential buildings is significantly higher 
than in residential buildings. The main reason is that the energy demand of nonresidential buildings is 
at its height during the day concurrent with the peak of available ambient energy. Switchable systems 
show promise in making use of available ambient energy. An idealized application for switchable 
heating systems would be a south oriented nonresidential building. 
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SUMMARY  
The energy performance of a liquid desiccant and evaporative cooling-assisted 100% outdoor air system 
(LD-IDECOAS) combined with a thermoelectric module integrated proton exchange membrane fuel 
cell (TEM-PEMFC) is investigated. During the cooling season, the heat produced by the PEMFC was 
used to regenerate a weak desiccant solution, and the generated electricity was used to operate the LD-
IDECOAS. TEMs were operated as auxiliary heaters to supply the additional heat when the heat for 
regeneration was not enough in the cooling season. In the off-cooling season, a PEMFC was operated 
to generate electricity, and the generated heat was used to generate electricity again using TEMs. In this 
study, detailed energy simulations were conducted to compare the energy saving potentials of the 
proposed system comprising the LD-IDECOAS with the PEMFC. Using a TEM as a heater, it can 
operate with a mean coefficient of performance of 2.0 in the cooling season. Further, as an electricity 
generator, it showed a mean generation efficiency of 0.9%. Finally, the proposed system showed annual 
primary energy savings of 10.6% compared with an LD-IDECOAS without a TEM-PEMFC. Therefore, 
the advantages of using TEM integrated fuel cells as heating and energy-harvesting components were 
validated. 

Keywords: Thermoelectric module, Fuel cell, Liquid desiccant, Evaporative cooling, Waste heat 
recovery 

1 INTRODUCTION  
The liquid desiccant and indirect/direct evaporative cooling-assisted 100% outdoor air system (LD-
IDECOAS) was suggested as a non-vapor compression heating, ventilation, and air-conditioning 
(HVAC) system in previous studies (Kim et al., 2014). It showed good performance with energy savings; 
however, it still has potential uses that can save energy using waste heat recovery because the LD-
IDECOAS uses a considerable amount of heat for cooling. The concept of using heat for cooling is 
defined as combined cooling, heating, and power (CCHP), such as a fuel cell (Ratlamwala et al., 2012). 
Further, the polymer electrolyte membrane fuel cell (PEMFC) has been applied in buildings for its high 
power density, cogeneration efficiency, and fast startup time owing to its low operating temperature 
(Adam et al., 2015). However, its low operating temperature also makes it difficult to use directly in a 
liquid desiccant system (Kim et al., 2015). Therefore, a thermoelectric module (TEM) is integrated with 
a PEMFC as a heater and generator in this study. Finally, operating strategies for the LD-IDECOAS 
with the PEMFC are suggested, and its energy performance is investigated based on a detailed energy 
simulation using theoretical and empirical models. To compare the energy performance of the suggested 
system with another, a conventional LD-IDECOAS was simulated as a reference case. It was operated 
based on the grid power and gas boiler for heating the weak solution in the regenerator of the LD system.  

The surface condition of the outer surface has a big influence on the efficiency of the gas pressure 
controlled system. A common plaster surface is not suitable for this system at all. Figure 4 shows the 
influence of the surface. The gas pressure controlled system with plaster surface has only a third of the 
operating hours then the optimized metal surface with black coating. The operating time of the system 
begins when the insulation is switched off and ends when it is switched on again. Due to the two 
different surfaces for insulation state and heat transfer state the mechanical switch does not exhibit this 
problem. For high efficiency an optimized surface with a high solar absorption factor is necessary. 
The climatic influence to the performance of the system is not very significant, however, Milano shows 
the highest energy savings for all systems. 
It may be assumed that the achieved energy saving in nonresidential buildings is significantly higher 
than in residential buildings. The main reason is that the energy demand of nonresidential buildings is 
at its height during the day concurrent with the peak of available ambient energy. Switchable systems 
show promise in making use of available ambient energy. An idealized application for switchable 
heating systems would be a south oriented nonresidential building. 
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2 SYSTEM DESCRIPTION 

2.1 LD-IDECOAS  
Figure 1 shows a schematic of the LD-IDECOAS that consists of an LD system, an indirect evaporative 
cooler (IEC), and a direct evaporative cooler (DEC). For heating-mode operation, a heating coil and 
sensible heat exchanger (SHX) are installed. It is a variable air volume system without a mixing process; 
therefore, the supply air flow rate is modulated based on the load in the model space.  
In the cooling season, an LD system operated to dehumidify the process air, and an IEC sensibly cooled 
the process air to meet the supply air (SA) condition of 15°C. If additional cooling was necessary, a 
DEC adiabatically cooled the process air. In the intermediate season, the IEC and DEC operate to meet 
the SA condition without operating the LD system using mild and dry outdoor air. In the heating season, 
the IEC operates as a sensible heat exchanger by reclaiming the heat from the exhausted air (EA). If the 
SA condition (i.e., a neutral temperature of 20°C) cannot meet with recovered heat from the EA, the 
heating coil operates to heat the EA to meet the supply air condition. The sensible load is accommodated 
using a parallel heating unit in the space in the heating season. Consequently, it has four operating 
strategies according to the outdoor air conditions (Kim et al., 2014).  
The LD system is composed of an absorber and a regenerator. We used a lithium-chloride aqueous 
solution (LiCl) with a 38% concentration. The dehumidification process in the absorber is exothermic; 
therefore, the strong desiccant solution is cooled to maintain its dehumidification efficiency before 
entering the absorber using cooling water from the cold-water storage tank connected with a cooling 
tower. The target cooling temperature for a strong solution was 25°C. However, the weak solution 
should be regenerated in the regenerator by heating the solution entering the regenerator using a heating 
coil to maintain the regeneration efficiency. It is assumed that a gas boiler produces the hot water for 
heating the weak desiccant solution to 60°C. The liquid-to-gas ratio was assumed to be 1.2 in this study.  
The IEC has primary and secondary channels. When it operates for cooling, the SA enters the primary 
channels for transferring its sensible heat to the secondary channel by evaporative cooling in the 
secondary channel. The air that enters the secondary channel can be outdoor air and exhausted air 
according to the wet-bulb temperature. During the heating season, both channels operate as dry channels 
without sprayed water, and the SA only sensibly exchanges its heat to the secondary air. In the DEC, 
the SA is insentropically cooled to meet the SA condition.  
 

  
Figure 1. Schematic of LD-IDECOAS  
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2.2 LD-IDECOAS with a TEM-PEMFC 
The proposed LD-IDECOAS with a TEM-PEMFC is shown in Figure 2. We suggested using the TEM-
PEMFC for heating the weak solution at the regenerator in the cooling season. When using a PEMFC, 
the generated heat can be reclaimed; however, its temperature is not high enough to be used. Therefore, 
a TEM can be operated as a heater for a weak solution based on recovered heat from the PEMFC. At 
the hot side of the TEM, the weak solution was heated to meet the target temperature, and the heated 
40℃ water entered the cold side of the TEM. Therefore, the recovered heat was absorbed and transferred 
to the hot side of the TEM by Peltier effects.  
In the off-cooling season, the TEM is operated as an electricity generator. Owing to the Seebeck effect, 
a TEM can generate electricity based on the temperature difference between its hot and cold sides. When 
the heat is transferred through a TEM, part of the thermal energy is converted into electricity. At the hot 
side of a TEM, the heated water from the PEMFC maintains the temperature of the hot side. However, 
the cold water from the storage enters the cold side of the TEM to maintain surface temperature and 
remove the transferred heat from the hot side of the TEM.  

  
Figure 2. Schematic of LD-IDECOAS with a TEM-PEMFC 

3 SIMULATION OVERVIEW 

3.1 Model space  
The sensible and latent loads of the simulated space were calculated by using TRNSYS 17. The two 
rooms whose floor area is 200 m2 with a 3-m height have two windows at the south and west exterior 
walls with an area corresponding to 10 m2. The selected window-to-wall ratio corresponded to 0.17. 
The sensible and latent heat generation rates of an occupant were selected as 75 W and 45 W, 
respectively, according to the ASHRAE Standard 90.1. Typical occupancy and system schedules for an 
office building were used to calculate the typical loads. The set points of the indoor temperature and 
relative humidity were 25°C and 50% for the cooling mode and 20°C for the heating mode. All U-
values for the roof, ceiling, wall, and windows were used based on the local regulation of South Korea. 

3.2 LD-IDECOAS  
The LD performance was defined using an effectiveness value that was derived using an empirical 
model (Park et al., 2016) and a simulation method from a previous study (Lim et al., 2017). The IEC 
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tower. The target cooling temperature for a strong solution was 25°C. However, the weak solution 
should be regenerated in the regenerator by heating the solution entering the regenerator using a heating 
coil to maintain the regeneration efficiency. It is assumed that a gas boiler produces the hot water for 
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and DEC were simulated using Eq. (1) based on the effectiveness, and they were assumed to be 0.7 and 
0.95 (Kim et al., 2014), respectively. The wet-bulb temperature (𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤−𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) in Eq. (1) is for the process 
air in the DEC and for the secondary channel air in the IEC.  

 𝑇𝑇𝑇𝑇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐼𝐼𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷,𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤 = 𝑇𝑇𝑇𝑇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐼𝐼𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝜀𝜀𝜀𝜀𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐼𝐼𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑇𝑇𝑇𝑇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐼𝐼𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤−𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) (1) 

3.3 PEMFC  
The empirical model used for the PEMFC was from a previous study (Ham et al., 2015). In this model, 
the input parameters were the part load ratio for operation and inlet water temperature for cooling the 
fuel cell stack. Then, the generated AC power, recovered heat, and amount of fuel consumed were 
derived according to the rated power capacity. In this study, we selected the capacity of the PEMFC to 
meet the peak heating loads of the LD-IDECOAS, and its rated power capacity was 10 kW. In addition, 
we used a part load ratio of 1.0 when the system was operated and 0.6 when the system was not operated 
according to the HVAC schedule. The inlet water temperature was set to be 33.8°C to obtain an outlet 
water temperature of 40°C. This is because the maximum outlet water temperature was 40℃ to prevent 
the breakdown of the stack in the fuel cell, and it was better to have the water temperature to be as high 
as possible in terms of heating the weak solution.  

3.4 TEM 
A TEM was simulated using a previously developed semi-black-box model (Chen and Snyder, 2013). 
The following thermophysical properties were derived using Eqs. (2) to (4): Seebeck coefficient (S), 
electrical resistivity (R), and thermal conductivity (K) These equations involve the maximum heat 
capacity (Qmax), temperature of the hot side (Th), maximum temperature difference between the cold 
and hot sides of the TEM (∆𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚), maximum input current of the TEM (Imax), uniform cross-sectional 
area of the entire TEM (A), and height of the thermoelement (l). With respect to the TEM that was used 
in the study, the packing fraction of the total TEM area was covered by a thermoelement (f) 
corresponding to 0.5, and the number of thermocouples in a TEM (N) corresponded to 127.  

 S= 2𝑄𝑄𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑇𝑇𝑇𝑇ℎ−∆𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)
𝑇𝑇𝑇𝑇ℎ
2𝐼𝐼𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

 (2) 

 𝑅𝑅𝑅𝑅 = 8𝑁𝑁𝑁𝑁4𝑏𝑏𝑏𝑏2𝐼𝐼𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
2 𝑇𝑇𝑇𝑇ℎ

2

𝐴𝐴𝐴𝐴2𝑓𝑓𝑓𝑓2𝑄𝑄𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑇𝑇𝑇𝑇ℎ−∆𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)2
 (3) 

 𝐾𝐾𝐾𝐾 = (𝑇𝑇𝑇𝑇ℎ−∆𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)2

𝑇𝑇𝑇𝑇ℎ
2

𝑄𝑄𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
∆𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

 (4) 

When the TEM was used for heating the weak solution in the cooling season, the hot-side surface 
temperature of the TEM (𝑇𝑇𝑇𝑇ℎ) that can heat the weak solution up to 60°C when the heat exchange 
effectiveness was assumed to be 0.7 according to Eq. (5) was determined. The heating load of the TEM 
(�̇�𝑄𝑄𝑄ℎ𝑤𝑤𝑤𝑤𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒) and input current (I) to accommodate the heating load can be derived using Eqs. (6) and (7) 
(Lim et al., 2017). The mass flow rate of the weak solution (�̇�𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤 𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) was determined based on 
a liquid-to-gas ratio of 1.2. The total number of TEMs (n) was assumed to be 216, and the cold-side 
temperature of the TEM (𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐) was 31.5°C lower than the hot side of the TEM (𝑇𝑇𝑇𝑇ℎ).  

 𝑇𝑇𝑇𝑇ℎ = 𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤 𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + (60 − 𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤 𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)/0.7 (5) 

 �̇�𝑄𝑄𝑄ℎ𝑤𝑤𝑤𝑤𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒 = �̇�𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤 𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 × 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝,𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏 × (60 − 𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤 𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) (6) 

 𝐼𝐼𝐼𝐼 =  
−𝑆𝑆𝑆𝑆∆𝑇𝑇𝑇𝑇𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝛼𝛼𝛼𝛼

2𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐2

𝑙𝑙𝑙𝑙𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
�𝑆�(𝑆𝑆𝑆𝑆∆𝑇𝑇𝑇𝑇𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝛼𝛼𝛼𝛼

2𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐2

𝑙𝑙𝑙𝑙𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
�)2𝑆4(𝑅𝑅𝑅𝑅−𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝛼𝛼𝛼𝛼2𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐2

2𝑙𝑙𝑙𝑙𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2 )(
�̇�𝑄𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝑒𝑒𝑒𝑒 𝑆𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴∆𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑙𝑙𝑙𝑙 )

2(𝑅𝑅𝑅𝑅−𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝛼𝛼𝛼𝛼2𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐2

2𝑙𝑙𝑙𝑙𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2 )
 (7) 
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In the off-cooling season, the TEM operated as an electricity generator according to the temperature 
difference. The generated power was calculated using Eq. (8) when the load resistance (Rload) was 0.02 
Ω. The DC-to-AC conversion efficiency (𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤) was assumed to be 0.95. The heat absorption and 
rejection from the hot and cold sides of the TEM were derived using Eqs. (9) and (10) (Lee, 2017).  

 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝐷𝐷𝐷𝐷 = 𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
𝑆𝑆𝑆𝑆2ΔT2𝑅𝑅𝑅𝑅𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑚𝑚𝑚𝑚𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖

2𝑅𝑅𝑅𝑅(1+𝑅𝑅𝑅𝑅𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑚𝑚𝑚𝑚𝑙𝑙𝑙𝑙𝑅𝑅𝑅𝑅 )2
 (8) 

 𝑄𝑄𝑄𝑄ℎ,𝑇𝑇𝑇𝑇𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇 = 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 �𝑆𝑆𝑆𝑆𝑇𝑇𝑇𝑇ℎ𝐼𝐼𝐼𝐼
2𝑁𝑁𝑁𝑁

− 1
2
𝐼𝐼𝐼𝐼2𝑅𝑅𝑅𝑅 + 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 (9) 

 𝑄𝑄𝑄𝑄𝑐𝑐𝑐𝑐,𝑇𝑇𝑇𝑇𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇 = 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝑆𝑆𝑆𝑆𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐𝐼𝐼𝐼𝐼
2𝑁𝑁𝑁𝑁

+ 1
2
𝐼𝐼𝐼𝐼2𝑅𝑅𝑅𝑅 + 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾) (10) 

4 RESULTS 
The annual primary energy consumptions of two LD-IDECOAS systems are compared in Table 1. The 
primary energy conversion coefficient was 1.1 for gas and 2.75 for electricity according to the local 
regulation in Korea. In an LD-IDECOAS with a TEM-PEMFC, there is more pump energy from the 
cooling tower, SHX, and water circulation for the PEMFC. For electricity generation by the TEM, the 
cooling tower operated for a year, and more energy consumption occurred in the pump and fan.  
The highest difference in terms of the consumed energy was shown in heating for regeneration. For 
heating the weak solution in summer, 27.0 MWh of primary energy was consumed using the TEM, 
while 33.4 MWh of primary energy was necessary when using the gas boiler. As a result, 10.6% of the 
primary energy could be saved using the TEM-PEMFC in the LD-IDECOAS instead of a gas boiler.  
In addition, 72.9 MWh of electricity was generated from the PEMFC and 462.3 kWh of electricity was 
additionally generated from the TEM. This means that the amount of generated electricity was much 
more than needed, so the surplus electricity can be transmitted to the public grid for sale.  

 Table 1. Comparison of annual primary energy consumption  
Unit: kWh 

Component LD-IDECOAS LD-IDECOAS with a TEM-PEMFC 

Pump 

DEC 12 12 
IEC 9 9 
LD 4 4 

Cooling tower 8 36 
Storage – Cooling tower 110 571 

Storage – SHX 0 85 
Storage – TEM 0 196 

Storage – Absorber 203 410 
PEMFC pump 0 1,062 

Gas boiler pump 72 0 

Fan 

Supply air 1,645 1,645 
Return air 1,645 1,645 

Cooling tower 21 108 
Regenerator 103 103 

Heating 

Heating coil 1,415 1,415 
Reheating coil 797 797 

Gas boiler 33,389 0 
Parallel heating coil 1,838 1838 

TEM (Heater) 0 26,960 

and DEC were simulated using Eq. (1) based on the effectiveness, and they were assumed to be 0.7 and 
0.95 (Kim et al., 2014), respectively. The wet-bulb temperature (𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤−𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) in Eq. (1) is for the process 
air in the DEC and for the secondary channel air in the IEC.  

 𝑇𝑇𝑇𝑇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐼𝐼𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷,𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤 = 𝑇𝑇𝑇𝑇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐼𝐼𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝜀𝜀𝜀𝜀𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐼𝐼𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑇𝑇𝑇𝑇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐼𝐼𝐼𝐼𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤−𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) (1) 

3.3 PEMFC  
The empirical model used for the PEMFC was from a previous study (Ham et al., 2015). In this model, 
the input parameters were the part load ratio for operation and inlet water temperature for cooling the 
fuel cell stack. Then, the generated AC power, recovered heat, and amount of fuel consumed were 
derived according to the rated power capacity. In this study, we selected the capacity of the PEMFC to 
meet the peak heating loads of the LD-IDECOAS, and its rated power capacity was 10 kW. In addition, 
we used a part load ratio of 1.0 when the system was operated and 0.6 when the system was not operated 
according to the HVAC schedule. The inlet water temperature was set to be 33.8°C to obtain an outlet 
water temperature of 40°C. This is because the maximum outlet water temperature was 40℃ to prevent 
the breakdown of the stack in the fuel cell, and it was better to have the water temperature to be as high 
as possible in terms of heating the weak solution.  

3.4 TEM 
A TEM was simulated using a previously developed semi-black-box model (Chen and Snyder, 2013). 
The following thermophysical properties were derived using Eqs. (2) to (4): Seebeck coefficient (S), 
electrical resistivity (R), and thermal conductivity (K) These equations involve the maximum heat 
capacity (Qmax), temperature of the hot side (Th), maximum temperature difference between the cold 
and hot sides of the TEM (∆𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚), maximum input current of the TEM (Imax), uniform cross-sectional 
area of the entire TEM (A), and height of the thermoelement (l). With respect to the TEM that was used 
in the study, the packing fraction of the total TEM area was covered by a thermoelement (f) 
corresponding to 0.5, and the number of thermocouples in a TEM (N) corresponded to 127.  

 S= 2𝑄𝑄𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑇𝑇𝑇𝑇ℎ−∆𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)
𝑇𝑇𝑇𝑇ℎ
2𝐼𝐼𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

 (2) 

 𝑅𝑅𝑅𝑅 = 8𝑁𝑁𝑁𝑁4𝑏𝑏𝑏𝑏2𝐼𝐼𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
2 𝑇𝑇𝑇𝑇ℎ

2

𝐴𝐴𝐴𝐴2𝑓𝑓𝑓𝑓2𝑄𝑄𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑇𝑇𝑇𝑇ℎ−∆𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)2
 (3) 

 𝐾𝐾𝐾𝐾 = (𝑇𝑇𝑇𝑇ℎ−∆𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)2

𝑇𝑇𝑇𝑇ℎ
2

𝑄𝑄𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
∆𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

 (4) 

When the TEM was used for heating the weak solution in the cooling season, the hot-side surface 
temperature of the TEM (𝑇𝑇𝑇𝑇ℎ) that can heat the weak solution up to 60°C when the heat exchange 
effectiveness was assumed to be 0.7 according to Eq. (5) was determined. The heating load of the TEM 
(�̇�𝑄𝑄𝑄ℎ𝑤𝑤𝑤𝑤𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒) and input current (I) to accommodate the heating load can be derived using Eqs. (6) and (7) 
(Lim et al., 2017). The mass flow rate of the weak solution (�̇�𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤 𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) was determined based on 
a liquid-to-gas ratio of 1.2. The total number of TEMs (n) was assumed to be 216, and the cold-side 
temperature of the TEM (𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐) was 31.5°C lower than the hot side of the TEM (𝑇𝑇𝑇𝑇ℎ).  

 𝑇𝑇𝑇𝑇ℎ = 𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤 𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + (60 − 𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤 𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)/0.7 (5) 

 �̇�𝑄𝑄𝑄ℎ𝑤𝑤𝑤𝑤𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒 = �̇�𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤 𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 × 𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝,𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏 × (60 − 𝑇𝑇𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤 𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖,𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) (6) 

 𝐼𝐼𝐼𝐼 =  
−𝑆𝑆𝑆𝑆∆𝑇𝑇𝑇𝑇𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝛼𝛼𝛼𝛼

2𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐2

𝑙𝑙𝑙𝑙𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
�𝑆�(𝑆𝑆𝑆𝑆∆𝑇𝑇𝑇𝑇𝑆𝑆𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝛼𝛼𝛼𝛼

2𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐2

𝑙𝑙𝑙𝑙𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
�)2𝑆4(𝑅𝑅𝑅𝑅−𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝛼𝛼𝛼𝛼2𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐2

2𝑙𝑙𝑙𝑙𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2 )(
�̇�𝑄𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑚𝑚𝑚𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝑒𝑒𝑒𝑒 𝑆𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴∆𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑙𝑙𝑙𝑙 )

2(𝑅𝑅𝑅𝑅−𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝛼𝛼𝛼𝛼2𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐2

2𝑙𝑙𝑙𝑙𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚2 )
 (7) 
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5 CONCLUSIONS 
This study proposed an LD-IDECOAS with a TEM-PEMFC for heating the weak desiccant solution 
using a TEM in the cooling season and reclaiming the waste heat from the PEMFC in the off-cooling 
season. Through a detailed energy simulation, the annual energy consumption and generation were 
investigated and compared with the conventional LD-IDECOAS based on the gas boiler and grid power. 
From the results, the TEM as a heater combined with the PEMFC can operate with an average 
coefficient of performance of 2.0, and 10.6% energy savings can be achieved. Further, the heat from 
the PEMFC can be recovered as electricity using the TEM, and it was 462 kWh, which was 0.63% of 
the electricity generated from the PEMFC. Therefore, the possibility of using a TEM-PEMFC with an 
LD-IDECOAS was revealed. In future studies, the operation characteristics of the TEM-PEMFC will 
be evaluated for optimizing the proposed system. 
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SUMMARY  
The main objective of this study is to evaluate the energy saving potential of a dedicated outdoor air 
system (DOAS). A desiccant wheel was used to control the humidity of outdoor air and a thermoelectric 
module (TEM), which is a solid heat pump, served as the heat regeneration source for the desiccant 
wheel and sensible cooling source for process air, respectively. The annual thermal performance and 
operating energy consumption of the proposed system were compared with those of a reference DOAS 
(comprising a desiccant wheel, boiler, and chiller) to examine the energy saving potential of the 
proposed system. The results show that the cooling coefficient of performance (COP) of the TEM 
ranged from 0.4 to 0.7 and the heating COP of the TEM ranged from 1.4 to 2.5, respectively. 
Consequently, it was found that the proposed system consumed 9.8% less operating energy compared 
to that of the reference DOAS.  
Keywords: thermoelectric module (TEM), dedicated outdoor air system (DOAS), energy simulation 

1 INTRODUCTION 
A dedicated outdoor air system (DOAS) is a ventilation system that supplies conditioned outdoor air, which 
is cooled and dehumidified, to meet the ventilation demand and support all the latent loads in an energy 
conservation manner (Jeong et al, 2003). In many existing DOAS configuration, a solid desiccant 
dehumidifier is used to support the latent load of the conditioned zone, and a conventional cooling coil has 
been commonly considered to control the air cooling process. Desiccant wheels have been conventionally 
employed as solid desiccant dehumidifier to prevent condensation in the ventilation system unit. 
The use of DOAS with the desiccant wheel type to reduce regeneration heat energy in dehumidifying 
outdoor air has been studied because regeneration heat energy takes a large position for operating the 
DOAS. In a previous study, a solar thermal system was employed to supplement regeneration heat 
energy in DOAS with desiccant wheel (Khan et al, 2017). Analysis of the primary energy consumption 
indicates that compared with the DOAS chiller, the DOAS integrated with a solar thermal system 
exhibited energy saving potential owing to reduction in the regeneration heating load. A hybrid DOAS 
comprising an active desiccant wheel and sensible heat exchanger has also been proposed (Liu et al, 
2007). In this study, the regeneration flow rate ratio of a hybrid DOAS is analyzed and compared with 
that of DOAS with a chiller for various regeneration heat sources in terms of the coefficient of 
performance (COP) and energy consumption. 
Active desiccant wheel combined with a heat pump can be employed as heat source for regeneration 
heat and cooling source for supply air. A high temperature heat pump was proposed with desiccant 
wheel, and the energy saving potential when a heat pump is used as the conventional vapor compressor, 
which is condensation cooling of the process air, was analyzed (Sheng et al, 2015). Since heat is 
recovered from the hot side of the condenser, the regeneration load decreased, and the total system 
energy saving decreased by approximately 51% compared to conventional vapor compression. A hybrid 

5 CONCLUSIONS 
This study proposed an LD-IDECOAS with a TEM-PEMFC for heating the weak desiccant solution 
using a TEM in the cooling season and reclaiming the waste heat from the PEMFC in the off-cooling 
season. Through a detailed energy simulation, the annual energy consumption and generation were 
investigated and compared with the conventional LD-IDECOAS based on the gas boiler and grid power. 
From the results, the TEM as a heater combined with the PEMFC can operate with an average 
coefficient of performance of 2.0, and 10.6% energy savings can be achieved. Further, the heat from 
the PEMFC can be recovered as electricity using the TEM, and it was 462 kWh, which was 0.63% of 
the electricity generated from the PEMFC. Therefore, the possibility of using a TEM-PEMFC with an 
LD-IDECOAS was revealed. In future studies, the operation characteristics of the TEM-PEMFC will 
be evaluated for optimizing the proposed system. 

ACKNOWLEDGMENTS 
This work was supported by the Korea Agency for Infrastructure Technology Advancement (KAIA) 
grant (17CTAP-C116268-02), and the Korea Institute of Energy Technology Evaluation and Planning 
(KETEP) (No. 20164010200860). 

REFERENCES 
Kim, M.H., Park, J.Y., Sung, M.K., Choi, A.S., Jeong, J.W. (2014). Annual operating energy savings 
of liquid desiccant and evaporative-cooling-assisted 100% outdoor air system. Energy and Buildings. 
Vol. 76, pp 538-550. 
Ratlamwala, T.A.H., Gadalla, M.A., Dincer, I. (2012). Thermodynamic analyses of an integrated 
PEMFC-TEARS-geothermal system for sustainable buildings. Energy and Buildings. Vol. 44, pp 73-
80. 
Adam, A., Fraga, E. S., Brett, D.J.L. (2015). Options for residential building services design using fuel 
cell based micro-CHP and the potential for heat integration. Applied Energy. Vol. 138, pp 685-694. 
Kim, M.H., Dong, H.W., Park, J.Y., Jeong, J.W. (2015). Primary energy savings in desiccant and 
evaporative cooling-assisted 100% outdoor air system combined with a fuel cell. Applied Energy. Vol. 
180, pp 446-456. 
Park, J.Y., Yoon, D.S., Lee, S.J., Jeong, J.W. (2016). Empirical model for predicting the 
dehumidification effectiveness of a liquid desiccant system. Energy and Buildings. Vol. 126, pp 447-
454. 
Lim, H., Choi, E., Jeong, J.W. (2017). Basic study on the possible application of a thermoelectric 
module in a liquid desiccant system. Proceedings of the 10th International Symposium on Heating, 
Ventilation and Air Conditioning. 

Ham, S.W., Jo, S.Y., Dong, H.W., Jeong, J.W. (2015). A simplified PEM fuel cell model for building 
cogeneration applications. Energy and Buildings. Vol. 107, pp 213-225. 
Chen, M., Snyder, G.J. (2013). Analytical and numerical parameter extraction for compact modeling of 
thermoelectric coolers. International Journal of Heat and Mass Transfer. Vol. 60, pp 689-699. 
Lee, H.S. (2016). Thermoelectrics: Design and Materials. John Wiley & Sons. pp 1-440. 

|  959PROCEEDINGS — Roomvent & Ventilation 2018 |  959PROCEEDINGS — Roomvent & Ventilation 2018

Track 6 – Excellent Indoor Climate and High Performing Ventilation



desiccant air source heat pump (ASHP) system was proposed, and analyzed energy saving potential of 
proposed system by comparing the conventional ASHP system, which was conventional vapor 
compression system as process air to be cooled below the dew point and reheating process (Ge et al, 
2011). The study showed that the primary energy consumption can be reduced by more than 14.4% in 
dehumidification mode compared to the conventional ASHP. 
Recently, a thermoelectric module (TEM) has been studied to implement a non-vapor compression heat 
pump as a solid heat pump system (Lee et al, 2015). TEM, which is integrated with HVAC systems, has 
several advantages compared to a vapor compression heat pump such as no moving part, no noise, and no 
refrigerant (Daly, 2006). In this research, TEM integrated DOAS, which is a combined active desiccant 
wheel, is proposed and the energy benefit of integrating TEM into DOAS with desiccant wheel was 
investigated using energy simulation. The energy saving potential of the proposed system was analyzed 
by comparing it with that of a conventional DOAS, which is a conventional vapor compressor system. 

2 METHODS 

2.1 System configuration 
Figure 1-a shows the configuration of a dedicated outdoor air system integrated with thermoelectric 
modules (TEM-DOAS). The proposed system is composed of desiccant wheel (DW), heat exchanger, 
TEM, and boiler. The DW is used for dehumidification of outdoor air, the heat exchanger is used to 
reduce the cooling and heating load of TEM, while TEM controls the supply air temperature condition. 
The main role of the boiler is to supply heat to the regeneration air part. Figure 1-b shows the detailed 
configuration of TEM, which is composed of heat fin for air heat transfer and water jacket for water 
heat transfer. In the cooling mode, the cold side of TEM is the heat fin side for air cooling, while the 
hot side of TEM is the water jacket side for heat recovery. In the heating mode, the reverse of the cooling 
mode occurs: the hot side of TEM is the heat fin side for air heating and the cold side of TEM is the 
water jacket side for controlling the heating part of TEM. 

 
a. Dedicated outdoor air system with 

thermoelectric modules 
b. Detailed configuration of thermoelectric 

module 

Figure 1. Schematic diagram of proposed system (TEM-DOAS) 

Figure 2 shows the schematic of the thermoelectric element and Peltier effect. The thermoelectric 
element is composed of n-type and p-type semiconductors. As shown in figure 2, cooling and heating 
occur simultaneously by applying direct current (DC) to the TEM. Electrons and poles flow by 
electromotive force, and heating and cooling occur on each side of TEM by the Peltier effect. When the 
direction of the DC is changed, heating and cooling is reversed at each surface. 
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Figure 2. Schematic of thermoelectric element and Peltier effect 
 
Figure 3 shows the configuration of the dedicated outdoor air system with DW and chiller as 
conventional DOAS with active desiccant wheel. Similar to the TEM-DOAS, the procedures for the 
operation of the DW and the heat exchanger are same. The main difference between TEM-DOAS and 
conventional DOAS is that the supply air is controlled using different methods: in TEM-DOAS, it is 
controlled using TEM (non-vapor compression system), while in conventional DOAS, it is controlled 
using the chiller (vapor compression system). To investigate the energy saving potential of the proposed 
system, its thermal performance and operating annual energy consumption were compared with those 
of the reference DOAS. 
 

 
Figure 3. Dedicated outdoor air system with desiccant wheel and chiller (conventional DOAS) 
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desiccant air source heat pump (ASHP) system was proposed, and analyzed energy saving potential of 
proposed system by comparing the conventional ASHP system, which was conventional vapor 
compression system as process air to be cooled below the dew point and reheating process (Ge et al, 
2011). The study showed that the primary energy consumption can be reduced by more than 14.4% in 
dehumidification mode compared to the conventional ASHP. 
Recently, a thermoelectric module (TEM) has been studied to implement a non-vapor compression heat 
pump as a solid heat pump system (Lee et al, 2015). TEM, which is integrated with HVAC systems, has 
several advantages compared to a vapor compression heat pump such as no moving part, no noise, and no 
refrigerant (Daly, 2006). In this research, TEM integrated DOAS, which is a combined active desiccant 
wheel, is proposed and the energy benefit of integrating TEM into DOAS with desiccant wheel was 
investigated using energy simulation. The energy saving potential of the proposed system was analyzed 
by comparing it with that of a conventional DOAS, which is a conventional vapor compressor system. 

2 METHODS 

2.1 System configuration 
Figure 1-a shows the configuration of a dedicated outdoor air system integrated with thermoelectric 
modules (TEM-DOAS). The proposed system is composed of desiccant wheel (DW), heat exchanger, 
TEM, and boiler. The DW is used for dehumidification of outdoor air, the heat exchanger is used to 
reduce the cooling and heating load of TEM, while TEM controls the supply air temperature condition. 
The main role of the boiler is to supply heat to the regeneration air part. Figure 1-b shows the detailed 
configuration of TEM, which is composed of heat fin for air heat transfer and water jacket for water 
heat transfer. In the cooling mode, the cold side of TEM is the heat fin side for air cooling, while the 
hot side of TEM is the water jacket side for heat recovery. In the heating mode, the reverse of the cooling 
mode occurs: the hot side of TEM is the heat fin side for air heating and the cold side of TEM is the 
water jacket side for controlling the heating part of TEM. 
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Figure 1. Schematic diagram of proposed system (TEM-DOAS) 

Figure 2 shows the schematic of the thermoelectric element and Peltier effect. The thermoelectric 
element is composed of n-type and p-type semiconductors. As shown in figure 2, cooling and heating 
occur simultaneously by applying direct current (DC) to the TEM. Electrons and poles flow by 
electromotive force, and heating and cooling occur on each side of TEM by the Peltier effect. When the 
direction of the DC is changed, heating and cooling is reversed at each surface. 
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2.2 Simulation models 
DOAS is a ventilation system suppling minimum ventilation flow to a conditioned zone. The minimum 
ventilation flow is calculated using the ASHREA Standard 62.1 (Equation (1)). The conditioned zone 
area is 1000 m2 and there are 20 people in the office building. The zone area factor and people factor 
for calculating the minimum ventilation are also obtained using the ASHREA Standard 62.1. 

 �̇�𝑉𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑅𝑅𝑅𝑅𝑝𝑝𝑝𝑝  × 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏 + 𝑅𝑅𝑅𝑅𝐴𝐴𝐴𝐴  × 𝐴𝐴𝐴𝐴𝑏𝑏𝑏𝑏 (1) 

One objective of DOAS is to control the latent load of the conditioned zone. To meet the comfortable 
air condition, DW is used to dehumidify outdoor air.  DW has two main streams, namely the process 
air stream, which is the dehumidification of humid air, and the secondary air stream, which is the 
regeneration process for dehumidification. The outlet air conditions (temperature and humidity) are 
affected by seven parameters: rotation wheel speed, process air temperature, wheel thickness, 
regeneration air temperature, process air humidity ratio, and air velocity. The rotation wheel speed, air 
channel diameter, and solid thickness of the desiccant wheel are assumed to be 20 rpm, 2.33 mm, and 
0.2 mm, respectively. The outlet air conditions are predicted using numerical analysis models as given 
by Equations (2)–(4) (Nia et al, 2006).  
 

 T𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑝𝑝𝑝𝑝𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 =  𝑔𝑔𝑔𝑔1(𝑁𝑁𝑁𝑁)𝑔𝑔𝑔𝑔2(T𝑖𝑖𝑖𝑖)𝑔𝑔𝑔𝑔3(d𝑜𝑜𝑜𝑜)𝑔𝑔𝑔𝑔4(T𝑅𝑅𝑅𝑅)𝑔𝑔𝑔𝑔5(ωi)𝑔𝑔𝑔𝑔6(Dℎ)𝑔𝑔𝑔𝑔7(𝑈𝑈𝑈𝑈), (2) 
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To predict the thermal property and energy consumption of TEM, a semi black-box model of TEM was 
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(α), electric resistance (ρ), thermal conductivity (κ)) (Lee et al, 2015). The thermal and electric 
properties are different depending on the material used in TEM. The lumped TEM properties are 
estimated using the thermal and electric properties of compact TEM as given in Equations (5)–(7) (Lim 
and Jeong, 2018). To calculate the thermal cooling capacity of TEM, heating, and electric power, 
Equations (8)–(10) are used.  
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3 RESULTS AND DISUSSION 

3.1 COP and energy consumption  
Figure 4 shows the average cooling COP of TEM and the chiller, as well as the boiler load under design 
conditions. The COP for the cooling mode of TEM is 0.74, which is 4.46 times lower than that of the 
chiller. It means that the more energy consumption is occurred for handing cooling load of air to supply 
neutral temperature. However, heat from the hot side of TEM, which is attached using water-jacket, is 
recovered through circulating water. By recovering heat from the hot side of TEM, the boiler load for 
regeneration is reduced from 14.28 kW to 4.99 kW when operating with desiccant wheel. 

 
a. Cooling COP of TEM and chiller b. Boiler load in design condition 

Figure 4. Cooling COP and boiler load in design condition 

 

Figure 5 shows the energy consumption of TEM-DOAS and reference DOAS. The electric and boiler 
energy consumption to convert the primary energy is 2.75 and 1.1, respectively. The results show that 
the TEM-DOAS consumed 9.8% less operating energy compared to the reference DOAS. Although the 
cooling COP of TEM is less than that of a conventional chiller system, the TEM-DOAS saved 48% of 
the boiler energy by heat recovery from TEM heating in the desiccant wheel operated mode because the 
highest energy consumption process is regeneration heating energy to dehumidify process air. The 
annual energy consumption of the TEM-DOAS is 56.38 MWh, which is 9.7% lower than that of the 
conventional DOAS. 
 

 
Figure 5. Annual energy consumption of TEM-DOAS and conventional DOAS 

2.2 Simulation models 
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ventilation flow is calculated using the ASHREA Standard 62.1 (Equation (1)). The conditioned zone 
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(α), electric resistance (ρ), thermal conductivity (κ)) (Lee et al, 2015). The thermal and electric 
properties are different depending on the material used in TEM. The lumped TEM properties are 
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4 CONCLUSIONS 
In this study, we analyzed energy consumptions and compared the latent load of a zone for a 
conventional DOAS and DOAS with TEM to evaluate the feasibility of using TEM in DOAS.  
The energy saving effect of the proposed system was mainly achieved in the regeneration part of the 
desiccant wheel by reclaiming waste heat using TEM. When heat was recovered using TEM, the load 
of the boiler used for regeneration was reduced by approximately 34%. When TEM was used for the 
cooling mode in the proposed system, the cooling COP of TEM is 4.7 times lower than the COP of the 
chiller; however, the total system primary energy was reduced by recovering heat using TEM. When 
TEM was used for the heating mode without operating the boiler, the heating COP of TEM was 
approximately 2.53, which is 3.1 times higher than the COP of the boiler. The COP of TEM was higher 
than that of the boiler, which resulted in the energy saving effect of the proposed system. Therefore, the 
proposed system achieved primary energy savings of approximately 9.7% compared with the 
conventional DOAS. These results show that although TEM has a lower COP than a chiller, energy 
savings was achieved compared to conventional vapor-compression systems through system 
configuration using recovered heat from TEM. 
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SUMMARY  
Radiant heating and cooling (RHC) systems are increasingly applied due to well-known technical 
advantages such as increased thermal comfort, space saving, and reduced energy use. The building 
sector is currently one of the largest consumers of fossil fuels; since there has been much concern on 
the energy use, many directives and legislations have been issued to deal with this problem.  
Although radiant systems provide remarkable energy savings, more effort is needed to fulfil the 
requirements stated by national and international standards and directives. Renewable Energy Sources 
(RES) are a suitable solution to tackle these issues, avoiding the use of finite fossil fuels and related 
geopolitical issues. Even though the ones commonly used in administrative and residential applications 
are mostly intermittent and have other limitations due to economical and regional variabilities, they 
provide temperature levels suitable for low temperature heating and high temperature cooling, which is 
a major characteristic of RHC systems. 
Studies usually present solar panels and heat pumps (ground coupled, water-to-water, and air-to-water) 
coupled with radiant systems; however, this paper aims to analyse different combinations of radiant 
heating and cooling systems with renewable energy sources, in order to understand the limitations and 
possibilities. This study summarizes the recent trends in coupling RHC systems with RES, identifies 
the limitations and potential, and provides recommendations based on case studies. Results confirm that 
low temperature heating and high temperature cooling systems are a natural match for renewable energy 
sources, mainly due to the matching temperature levels required by RHC systems and provided by RES. 
Keywords: Low Temperature Heating, High Temperature Cooling, Renewable Energy Sources 

1 INTRODUCTION  
Even if the industrial sector continues to be the largest consumer of the energy delivered, the residential 
sector is increasing the energy use by an average of 1.4%/year from 2012 to 2040, due to a strong 
economic growth and rising standards of living. Directive 2010/31/EU of the European Parliament and 
of the Council of 19 May 2010 states that in the European Union, buildings account for 40% of the total 
energy consumption. Therefore, sustainability analysis is needed in order to reduce the use of fossil 
fuels and promote Renewable Energy Sources (RES), facing problems related to the climate change.  
Besides the advantages related to the increased thermal comfort, adaptability to design integration with 
building elements, increased Indoor Air Quality (IAQ) due to reduced transportation of dust with respect 
to traditional convective systems and space saving compared to other conventional conditioning 
systems, Radiant Heating and Cooling systems (RHC) are being increasingly used to enhance energy 
conservation through energy efficiency in buildings. Furthermore, in proper conditions, the radiant heat 
transfer can prevent cold draught, mitigate the air-borne noise from the system operation and provide 
uniform thermal environment due to less air movement. These systems can also take advantage of the 

4 CONCLUSIONS 
In this study, we analyzed energy consumptions and compared the latent load of a zone for a 
conventional DOAS and DOAS with TEM to evaluate the feasibility of using TEM in DOAS.  
The energy saving effect of the proposed system was mainly achieved in the regeneration part of the 
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than that of the boiler, which resulted in the energy saving effect of the proposed system. Therefore, the 
proposed system achieved primary energy savings of approximately 9.7% compared with the 
conventional DOAS. These results show that although TEM has a lower COP than a chiller, energy 
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building mass, attenuating fluctuations and reducing peak heating and cooling loads, and eventually 
shifting the demand to night-time (Rhee et al., 2017). 
According to the Directive 2009/28/EC of the European Parliament on the promotion of the use of 
energy from RES, the increased energy efficiency is linked to the expanded application of renewables 
to supply electricity or thermal energy. Even though renewables are intermittent and have other 
limitations due to economical and regional variabilities, they provide temperature levels suitable for 
Low Temperature Heating (LTH) and High Temperature Cooling (HTC), which is a major characteristic 
of RHC systems. Hence, they avoid the use of fossil fuels and reduce carbon emissions. Worldwide 
associations have spent a great effort in the last years working on targets, protocols and guidelines to 
tackle climate change, recognizing the crucial role of reducing carbon emission and implementing 
different agreements. The European Union has worked even more specifically, considering various 
sectors of public life including energy efficiency in buildings. They adopted significant directives such 
as the EPBD 2002/91/EU (EU Commission and Parliament, 2002) and the Recast version 2010/31/EU 
(EU Commission and Parliament, 2010). 
Studies usually present radiant systems coupled with heat pumps (Ascione, 2016; Karytsas and 
Choropanitis, 2017) and solar panels (Ascione, 2016; Khalid et al., 2015 . One of the reasons of the 
growing interest in these technologies is the benefit of having low temperature heating and high 
temperature cooling systems. Therefore this study attempts to quantify and clarify limitation and 
possibilities, analyzing different combinations of radiant heating and cooling systems with RES, so that 
further research can be carried out.  

2 METHODS 

2.1 Review Approach 
Literature review started considering papers published in Building and Environment or Renewable and 
Sustainable Energy Reviews searched using online databases, including Science Direct. In the 
beginning, general keywords have been used to find gaps in knowledge and literature, such as “radiant 
systems”, “radiant heating and cooling systems”, “low temperature heating” and “high temperature 
cooling”, “radiant floor”, “radiant ceiling”, “radiant walls”, “TABS (Thermally Activated Building 
Systems)”, “Differences between RHC and conventional conditioning systems”, “Renewable Energy 
Sources (RES)”. In-depth search was carried out by adding several keywords as “thermal comfort”, 
“Indoor Environmental Quality”, “Couple RES with HVAC systems”, “energy saving in buildings”, 
“coupling PV/T and radiant systems”. From the list, papers not directly related to the research have been 
removed, whereas the others have been grouped in three, depending on the topics presented in the 
abstract: “Radiant Heating and Cooling Systems”, “Renewable Energy Sources”, “Combination of 
different types of RES and radiant systems”. Recent important case studies reporting calculations have 
been considered as a part of the literature, in order to provide evidences of the relevance of the system 
proposed with up-to-date developments. Critical standards and handbooks were also considered, to 
describe the background of the research and further useful suggestion to overcome current limitations. 
The review has been divided in the following three different sections. 

2.2 Research on current applications of RHC system 
Currently, many existing buildings are equipped with out-of-date conditioning systems, possibly 
inefficiently scheduled, which contributes  to the 40% energy consumption attributed to the residential 
and office buildings (Bojić et al., 2012; Directive 2009/28/EC).RHC systems have been increasingly 
used due to their well-known advantages, such as improved thermal comfort, quiet operation, space 
saving and so on. Moreover, they reduce energy use providing adequate thermal comfort at lower air 
temperature for heating and at higher air temperature for cooling (Rhee et al., 2017). Comparing RHC 
with different heating systems, Bojić et al. (Bojić et al., 2012) showed that the radiator heating system 
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in the house with additional insulation uses 28% more primary energy with respect to the radiant heating 
system in the same situation, whereas in the non-insulated house the primary energy used by radiators 
is 21% more than the radiative panels. The effect of the thermal insulation applied is a reduction of 
primary energy consumption by 22% for the radiative panels, and by 15% for radiators.  
RHC systems are water-based terminal units in which the radiant heat transfer covers more than 50% 
of heat exchange within a conditioned space (Watson et al., 2008).  They have been widely applied in 
office and residential buildings due to their energy saving potential and enhanced thermal comfort (Rhee 
et al., 2017). Experimental measurements and subjective surveys verify that radiant heating systems 
provide quiet operation, less air movement, which results in less draught risk, and reduced vertical 
temperature gradient (Lin et al., 2016). CFD study combined with boundary data from experiments 
confirmed that the use of cooling ceiling allows low vertical gradient and thermal comfort is obtained, 
according to the PMV scale (Tiberiu et al., 2009). Exploiting the radiant heat exchange between the 
human body and the radiant surfaces, RHC can provide the same thermal comfort of other conditioning 
systems, using lower temperatures for heating and higher temperatures for cooling. The implementation 
of these supply temperatures has the potential to increase energy efficiency, since the energy 
consumption is directly influenced by the temperature of the source (Jiang et al., 2015).  
RHC systems must satisfy indoor thermal comfort requirements to provide occupants’ well-being and 
consequently their performance in working sites. The quality and quantity of energy used in a building 
can be described by the concept of exergy. RHC systems are considered low exergy heating and cooling 
systems, being able to exploit energy close to the room temperature which has limited convertibility 
potential (Babiak et al., 2007). Kazanci et al. (Kazanci et al., 2016a) calculated the exergy consumption 
of different heating system. Radiators’ exergy consumption increases with increasing average water 
temperature, whereas radiant floor heating system had the lowest consumption among the compared 
systems. 

2.3 Research on current performances of renewable energy sources 
The raise of energy use and pollutant emissions up to the 30-50% of the global energy consumption 
(Singer and Peterson, 2016) due to heating and cooling systems of buildings, as a consequence of the 
increase of world population and of the quality of their lifestyle (Dincer, 1999), is enforcing the 
implementation of innovative technologies depending on RES. 
The Brundtland Report (United Nations, 1987) introduced in 1987 the concept of “sustainable 
development”, according to which humanity has to meet the present needs without compromising the 
ability of future generations to meet their own. Renewable energy sources are the best alternative to 
tackle these issues, being equally distributed and reducing society’s dependence on fossil fuels. Within 
the RES, geothermal energy is the most studied application, since it can be exploited either for electricity 
generation or for direct heating, or indirect heating and cooling, using geothermal heat pumps (GHP). 
As far as the temperature difference between inside and outside is not excessive, GHP take advantage 
of the constant temperature of the ground to heat a medium, usually air or water depending on the 
application, providing high COP values. The ground temperature remains almost constant and close to 
the building desired temperature during the year, being warmer during the winter and colder during the 
summer (Self et al., 2013). Hence, the exploitation of low temperature resources allows to utilize 
significantly less energy to heat a building with respect to other conditioning technologies.  
De Carli et al. (De Carli et al., 2014) used TRNSYS simulations to prove that the use of heat pumps to 
supply heating and cooling systems can provide a reduction of primary energy consumption up to 60% 
with respect to traditional systems. Additional implementations of ground source heat pumps (GSHP) 
coupled with PV cells lead to further reduction of primary energy, reaching 80% compared to traditional 
systems. In systems with RES coupled with more efficient LTH and HTC, replacing fossil energy 
resources provides a good match because of the temperature levels; moreover, RES can be stored in the 
building structure to overcome their intermittency. Lizana et al. (Lizana et al., 2017) applied the thermal 

building mass, attenuating fluctuations and reducing peak heating and cooling loads, and eventually 
shifting the demand to night-time (Rhee et al., 2017). 
According to the Directive 2009/28/EC of the European Parliament on the promotion of the use of 
energy from RES, the increased energy efficiency is linked to the expanded application of renewables 
to supply electricity or thermal energy. Even though renewables are intermittent and have other 
limitations due to economical and regional variabilities, they provide temperature levels suitable for 
Low Temperature Heating (LTH) and High Temperature Cooling (HTC), which is a major characteristic 
of RHC systems. Hence, they avoid the use of fossil fuels and reduce carbon emissions. Worldwide 
associations have spent a great effort in the last years working on targets, protocols and guidelines to 
tackle climate change, recognizing the crucial role of reducing carbon emission and implementing 
different agreements. The European Union has worked even more specifically, considering various 
sectors of public life including energy efficiency in buildings. They adopted significant directives such 
as the EPBD 2002/91/EU (EU Commission and Parliament, 2002) and the Recast version 2010/31/EU 
(EU Commission and Parliament, 2010). 
Studies usually present radiant systems coupled with heat pumps (Ascione, 2016; Karytsas and 
Choropanitis, 2017) and solar panels (Ascione, 2016; Khalid et al., 2015 . One of the reasons of the 
growing interest in these technologies is the benefit of having low temperature heating and high 
temperature cooling systems. Therefore this study attempts to quantify and clarify limitation and 
possibilities, analyzing different combinations of radiant heating and cooling systems with RES, so that 
further research can be carried out.  

2 METHODS 

2.1 Review Approach 
Literature review started considering papers published in Building and Environment or Renewable and 
Sustainable Energy Reviews searched using online databases, including Science Direct. In the 
beginning, general keywords have been used to find gaps in knowledge and literature, such as “radiant 
systems”, “radiant heating and cooling systems”, “low temperature heating” and “high temperature 
cooling”, “radiant floor”, “radiant ceiling”, “radiant walls”, “TABS (Thermally Activated Building 
Systems)”, “Differences between RHC and conventional conditioning systems”, “Renewable Energy 
Sources (RES)”. In-depth search was carried out by adding several keywords as “thermal comfort”, 
“Indoor Environmental Quality”, “Couple RES with HVAC systems”, “energy saving in buildings”, 
“coupling PV/T and radiant systems”. From the list, papers not directly related to the research have been 
removed, whereas the others have been grouped in three, depending on the topics presented in the 
abstract: “Radiant Heating and Cooling Systems”, “Renewable Energy Sources”, “Combination of 
different types of RES and radiant systems”. Recent important case studies reporting calculations have 
been considered as a part of the literature, in order to provide evidences of the relevance of the system 
proposed with up-to-date developments. Critical standards and handbooks were also considered, to 
describe the background of the research and further useful suggestion to overcome current limitations. 
The review has been divided in the following three different sections. 

2.2 Research on current applications of RHC system 
Currently, many existing buildings are equipped with out-of-date conditioning systems, possibly 
inefficiently scheduled, which contributes  to the 40% energy consumption attributed to the residential 
and office buildings (Bojić et al., 2012; Directive 2009/28/EC).RHC systems have been increasingly 
used due to their well-known advantages, such as improved thermal comfort, quiet operation, space 
saving and so on. Moreover, they reduce energy use providing adequate thermal comfort at lower air 
temperature for heating and at higher air temperature for cooling (Rhee et al., 2017). Comparing RHC 
with different heating systems, Bojić et al. (Bojić et al., 2012) showed that the radiator heating system 
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energy storage in different situations (e.g. free-cooling ventilation systems, solar energy storage 
solutions, demand-side management strategies towards zero energy buildings), reducing the energy 
consumption up to 30% compared to non-renewable energy consumption. 

2.4 Research on RHC and radiant systems 
Energy required by LTH and HTC radiant systems can be supplied for great part of the year, eventually 
using thermal mass or water tanks to store energy and overcome intermittence problems. Directive 
2009/28/EC regards as ‘energy from renewable source’ all energy provided by non-fossil fuels, 
including wind, solar, aerothermal, geothermal, hydrothermal, tides, hydropower, biomass, landfill gas, 
sewage treatment plant gas and biogases. Even if most of RES are intermittent, the temperature levels 
they provide are suitable for LTH and HTC radiant systems, they replace fossil fuels and allow 
corresponding energy savings. 
Besides the explained advantages, the supply water temperature (25-40°C in the heating season, 16-
20°C in the cooling season) is close to the room temperature, promoting several studies to evaluate the 
thermal performance of RHC combined with RES and to implement them for practical applications.  
Ren et al. (Ren et al., 2010) simulated a new type of low temperature radiant system, concluding that 
comparing to traditional conditioning systems, supply temperature can be decreased 15-20°C to meet 
space heating requirements and increased 10°C for the cooling mode. These temperature levels provide 
the opportunity to increase the solar energy utilization efficiency up to 40%.  
Even though Serbachievici and Sarbu (Serbachievici, Sarbu, 2015), demonstrated that the use of heat 
pumps in new or renovated buildings is a good alternative to conventional heating solutions, replacing 
fossil fuel energy use and providing energy savings, aerothermal and geothermal energy exploited using 
heat pumps is considered as sustainable and renewable when the Coefficient of Performance (COP) is 
significantly high. Soni et al. (Soni et al., 2016) reviewed different solutions that exploit solar energy, 
stating that even if building integrated solar thermal collectors have still drawbacks to deal with, they 
have the potential to become one of the major source of renewable energy, being efficient, 
environmental-friendly, and economically viable. Kazanci et al. (Kazanci et al., 2014) showed that a 
well-designed combination of electrical and thermal part could lead photovoltaic/thermal (PV/T) 
technology to achieve very high effectiveness with respect to other conventional systems that use 
photovoltaic and solar thermal collectors separately.  
The use of radiant heating/cooling as the indoor heat emission/removal system allows the ground source 
to be used and to be integrated, and due to the matching temperature levels, the use of radiant heating 
enables higher performance of heat pumps in heating and cooling mode, and possibly gives the option 
of using “free cooling”, using the ground without the heat pump for cooling. In climates with large 
diurnal temperature variations, the energy efficiency can be enhanced using the activation of the thermal 
mass to store thermal energy for heating and cooling purposes (Pavlov and Olesen, 2011). The 
integration of Thermally Active Building Systems (TABS) in the overall energy strategy of a new or 
renovated building allows the flattening of peaks in energy demand and the time shift of heating and 
cooling gains at power levels, that may be different from the actual demand (Pavlov et al., 
2012).Ongoing research activities on the application of TABS and Phase Change Materials (PCM) to 
RHC panels to incorporate them into buildings, in particular in renovation projects, highlight their 
advantages in terms of thermal energy storage and energy savings. Bourdakis et al. (Bourdakis et al., 
2015) evaluated the potential of night radiative cooling using photovoltaic/thermal panels (PV/T) and 
night time ventilation, using radiant ceiling panels with PCM. The simulations confirmed that the heat 
stored by the PCM panel could be removed by night cooling, which regenerates the panels.  

3 FUTURE DEVELOPMENTS 
In order to provide evidence to demonstrate the natural match between renewable energy sources and 
LTH and HTC radiant systems, the reduction of the energy use and the achievement of the required 
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thermal comfort by the conditioning systems must be studied. This will be done in the future research 
by means of simulation studies to compare the performance of radiant systems with other heating and 
cooling systems, both with unlimited and limited source in order to consider the intermittent nature of 
renewables. These considerations lead to a more accurate design of the systems and to obtain precise 
results of the amount of energy saved. Load calculations will be done trying to consider different 
uncertainties to avoid the oversizing of the related systems and the auxiliaries, checking results with 
standards, handbooks, and so forth. Field experiments will be designed in countries with different 
climate conditions, in order to prove the performances of different combined technologies in real 
applications. The adequacy to fulfil occupants’ thermal comfort and behavior in their working and living 
place must be ensured, since this is the main purpose of conditioning systems. Public and residential 
buildings will be preferred, due to their current state of art and availability (e.g. schools, offices). Further 
studies can exploit also unconventional resources that can be related to sustainable development. One 
of the interesting challenges in the urban society is the waste management. Emmi et al. (Emmi et al., 
2016) proposed an innovative solution using the heat extracted from a controlled landfill of municipal 
solid waste (MSW) as heat source, applying a horizontal ground source heat exchanger. The heat 
generation in the landfill can provide temperatures up to 60°C when not influenced by external climatic 
conditions. Results have been compared with a traditional Ground Source Heat Pump (GSHP), 
obtaining an increased seasonal COP of the heat pump of 12% and 19% for the two temperature levels 
tested at the condenser side, i.e. 35°C and 45°C, respectively. This solution can be tested in order to 
supply for example a low temperature district heating network, that can be used to satisfy LTH and HTC 
radiant systems. 
Thus, as a final step, a model of the building integrated system will be developed to predict the behavior 
of RHC systems working with different energy sources. After the validation using the experimental data 
acquired, the model can be used to design ready-made systems that integrate RES and RHC, depending 
on the needs of users. It will be useful in real applications, testing several buildings with different 
characteristics and studying the capability of LTH and HTC systems to control the demand of the 
buildings and to help the energy network.  Furthermore, the current need to consider buildings as 
components of a wider system such as a district, and no longer as a separate unit, imposes new standards 
and rules but offers also a great potential.  

4 CONCLUSION  
The integration between LTH and HTC radiant systems and RES has been investigated in this work. 
The main goal of the research was to demonstrate the natural match of these technologies to enhance 
thermal comfort and energy savings of the public and residential buildings sector. The different 
solutions analyzed deal with several combinations of plants providing heating and cooling; the papers 
analyzed showed positive energy savings and improved thermal comfort compared to traditional 
conditioning systems. Issues regarding pollutants and climate change are a primary objective for the 
future of energy and buildings sector, since both new and renovated buildings are continuously 
demanded by national and international associations to respect strict targets and protocols, recognizing 
the crucial role of reducing energy consumption. The literature review has shown that a good match is 
obtained between RES and the temperature levels provided by RHC systems. The principal objective is 
to integrate more or novel types of waste heat or RES to increase the usability that could easily be done 
because of the temperature levels required.  However, more detailed studies and advanced design 
strategies are required to improve the research accounting both energy and exergy performance as 
shown by Kazanci et al. (Kazanci et al., 2016a, 2016b). Different climatic conditions and different 
building types should be studied, and the findings should be supported with cost analyses, as this is 
usually the decisive factor. The achievement of new results obtained with further research would allow 
significant breakthroughs in the energy and buildings sector, providing sustainable solutions for many 
residential and public applications. 
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SUMMARY 
The energy used for buildings takes about 25% of the total energy consumption in Korea, and it is urgent 
to prepare the energy conservation policy for buildings consuming excessive energy. However, Neither 
the low-energy measures or CO2 reduction goal has been set for school buildings, which are educational 
facilities, and no survey on actual use of energy has been conducted. 
For this study, an investigation has been made on power, oil and gas consumption of 9 middle schools 
in 2016. This study aims at analyzing the energy consumption rate of middles schools in Korea based 
on the energy consumption, and analyzing the energy consumption pattern. 
Keywords: School, Educational facilities, Energy consumption 

1 INTRODUCTION 
In the 21st century, mankind faces the global environmental problems caused due to the use of fossil 
energy, such as global warming, regional abnormal weather and ozone layer destruction, and interest in 
low energy measures is increasing in each industrial sector. Especially, the energy used for buildings 
takes about 25% of the total energy consumption in Korea, and it is urgent to prepare the energy 
conservation policy for buildings consuming excessive energy. However, Neither the low-energy 
measures or CO2 reduction goal has been set for school buildings, which are educational facilities, and 
no survey on actual use of energy has been conducted. Energy facilities are increasing in accordance 
with the measures to modernize air-conditioning facilities, while there are insufficient measures to 
promote pleasant environment or to improve energy consumption in the classrooms. 
For this study, an investigation has been made on power, oil and gas consumption of 9 middle schools 
in 2016. This study aims at analyzing the energy consumption rate of middles schools in Korea based 
on the energy consumption, and analyzing the energy consumption pattern.  
The energy sources used in the educational facilities are electricity, gas and oil, and the measuring units 
of these energy sources are kWh, m3 and L, respectively. In order to comprehensively measure the 
amount of energy consumed by buildings and to promote distributed consumption of energy sources, it 
is necessary to understand the energy input per unit area converted into a single unit, and to analyze the 
pattern and structure of energy consumption in buildings. 

2 CONVERSION INTO ENERGY CONSUMPTION RATE 
Energy is divided into primary energy and final energy. The energy generated with conversion of 
primary energy sources, such as petroleum and natural gas, is called the final energy. The final energy 
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includes the petroleum products and electricity. In general, the level of energy consumption is based on 
the primary energy. Therefore, in order to understand the amount of energy consumed by school 
buildings, it is required to convert various types of energy units into a single unit. In this study, the 
energy consumption rate (MJ/m²·y) is calculated with the formula specified in Article 5 (Energy Units) 
of Chapter 2 of the Building Energy Management Standard (Ministry of Commerce, Industry and 
Energy, 1994). The energy consumption rate is calculated with the total calorific value of the 
calorimetric energy conversion table. <Table 1> shows the conversion standard. 

Table 1. The energy consumption rate of a building is calculated 
Energy 
Consumption rate Conversion Standard 

Fuel 
Consumption rate Annual fuel usage (L, kg, Nm²) × Conversion rate (Mcal/L, kg, Nm²) / Gross area (m²) 
Electric power 
Consumption rate Annual/monthly/hourly power usage (kWh) × Conversion (Mcal/kWh) / Gross area (m²) 

Energy 
Consumption rate Fuel consumption rate (MJ/m²・y) + Electric power consumption rate (MJ/m²・y) 

3 OVERVIEW OF THE SURVEYED SCHOOLS 
The building area of the surveyed middle schools was from 771m2 to 5,056 m2, and the building floor 
area was from 3,540 m2 to 11,939 m2. The difference between the max. and the min. values was 6.6 
times for building area and 3.4 times for building floor area. The difference between the max. and the 
min. area of cooling and heating area of the surveyed schools was 2.6 times from 3,510 m2 to 1,350 m2. 
It was surveyed that one to two air-conditioners/heaters were installed and operated in each classroom, 
and the schools used individual air-conditioners/heaters and fans. It was also surveyed that 29 to 72 air-
conditioners/heaters were used. Some schools were using electric fans in summer and electric/oil heaters 
in winter. The number of students of each middle school ranged from 292 to 1,120, showing the 
difference of 3.8 times.  The number of students in a class ranged from 31 to 35, showing the difference 
of 4 students between schools. The occupied gross building area per student was from 6.6 m² to 13.7 m². 
Therefore, the larger the occupied area per student, the higher the comfort of the indoor air is, but the 
lower the energy saving level.     

Table 2. General conditions of the surveyed middle schools 
 Building 

area(m2) 
Gross 

area(m2) 
Classroom Class Student The number of students in a 

class 
A-school 3,600 11,939 47 32 1,120 35 
B-school 2,823 9,221 52 21 672 32 
C-school 1,781 7,641 52 18 600 33 
D-school 3,772 10,819 45 30 950 31 
E-school 771 3,575 21 9 305 34 
F-school 5,056 7,170 51 33 1,089 33 
G-school 3,304 7,412 51 26 910 35 
H-school 3,176 7,590 52 22 748 34 
I-school 1,180 3,540 20 9 292 32 

The middle schools surveyed ran the after-school activities to supplement students’ academic 
performance and the art and physical education under the supervision of schools and education offices, 
and opened school facilities for local residents after school hours and during vacations. School facilities 
are opened actively in the schools with the area of 8,000 m² or larger. 
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Table 3. General conditions of the surveyed middle schools 
 Contract power (kW) Heating/Cooling area (m2) Air conditioner 

A-school 400 3,173 47 
B-school 700/30 3,510 72 
C-school 400 3,510 42 
D-school 700 3,038 58 
E-school 250 1,418 16 (electric fan) 
F-school 450 3,443 55 
G-school 300 3,443 29 
H-school 300 3,510 52 
I-school 400 1,350 16 (electric fan) 

3.1 Consumption by energy source 

• The consumption of electricity, gas and oil of the surveyed school was analyzed. The monthly 
average power consumption was 292MWh. Out of the middle schools surveyed, School F consumed 
the largest amount of 588MWh in 2016, while Schools E and I consumed 187MWh and 183MWh, 
respectively. This was due to the difference in the gross area of the school buildings, the number of 
students and the number of classes, and due to the use of electric fans in summer. The monthly 
average gas consumption was 11265.2 m³. Out of the middle schools surveyed, School G consumed 
the largest amount of 16,858 m³, while School I used only 406 m³. The monthly average oil 
consumption was 6758.6 L. School F consumed the largest amount of 16,325 L in 2016, while 
Schools D consumed only 500 L. 

 

  
Consumption of electricity Consumption of gas 

 
Consumption of oil 

Figure. 1 Consumption of electricity, gas and oil of middle schools in 2016 
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4 CALCULATION OF ENERGY CONSUMPTION RATE 

4.1 Consumption by energy source in 2016 
The analysis of energy consumption shows that middle schools used electricity the most (3,023,830MJ). 
They used 452,290MJ of gas, and 191,179MJ of oil, which was 5% of the total energy. [Table 4] shows 
the consumption by energy source in 2016. 
Table 4. Year-on-year total consumption by energy source 

Kind of Energy  2016yr(MJ/m²·year) 
Electricity 3,023,830 

Gas 452,290 
Fuel 191,179 
Total 3,667,299 

 

  

 
Figure. 2 Year-on-year total consumption by energy source (top), Monthly average consumption by 

energy source in 2016 (bottom) 
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Table 5. Monthly average consumption by energy source in 2016 

 Electricity(MJ) Gas(MJ) Fuel(MJ) Total(MJ) 
Jan. 226,022     10,753             -    236,776  
Feb.   206,834      19,322      33,037    259,193  
Mar.   213,058      49,809      22,022    284,890  
Apr.   223,692      53,113      11,015    287,820  
May   157,528      40,691             -    198,219  
Jun.   173,441      48,552             -    221,992  
Jul.   263,631      26,967             -    290,598  

Aug.   252,438      20,009             -    272,447  
Sep.   267,308      41,703      11,015    320,025  
Oct.   169,593      42,848      22,022    234,463  
Nov.   215,245      50,409      33,037    298,691  
Dec.   270,718      46,353      33,037    350,108  

 
Energy consumption was highest in January for electricity (95%) and June for gas (22%). It was found 
that oil was not used from May to August, and consumption of oil was highest in February. Therefore, 
Consumption rate varied between 4 seasons. The monthly average consumption of energy w4as 81% 
for electricity, 14% for gas and 5% for oil. [Table 5] shows the monthly consumption by energy source 
in 2016. 

4.2 Analysis of energy consumption pattern 
The analysis of monthly energy consumption pattern in middle schools shows that total energy 
consumption was the highest in December and the lowest in May. The energy consumption in July and 
September was higher than that from January to April except December. Therefore, energy consumption 
in middle schools was higher in summer than in winter. Figure 3 shows the monthly energy consumption 
pattern in 2016. 
 

 
Figure 3. Monthly average energy consumption pattern of middle schools in 2016 
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5 CONCLUSIONS 
For this study, an investigation has been made on power, oil and gas consumption of 9 middle schools 
in 2016. This study aims at analyzing the energy source of middles schools in Korea based on the energy 
consumption, and analyzing the energy consumption pattern. The results of the study are as provided 
below.  
Firstly, consumption of energy surveyed to calculate the energy consumption rate was 292MWh for 
electricity, 11265.2 m³ for city gas and 6758.6L for oil.  
Secondly, according to the analysis of energy consumption structure of middle schools, the energy 
consumption rate was highest in January (95%) for electricity, and in June (22%) for gas. It was found 
that oil was not used from May to August, and consumption of oil was highest in February (13%). 
Therefore, Consumption rate varied between 4 seasons. 
Thirdly, according to the analysis of monthly energy consumption structure of middle schools, the 
energy consumption rate was highest in January (95%) for electricity, and in June (22%) for gas. It was 
found that oil was not used from May to August, and consumption of oil was highest in February (13%). 
Fourthly, the analysis of monthly energy consumption in middle schools shows that energy consumption 
in July and September was higher than that from January to April except December. Therefore, energy 
consumption in middle schools was higher in summer than in winter. 
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SUMMARY 
Design of school buildings have been improved in accordance with the curriculum in Korea, while there 
are insufficient measures to promote pleasant environment or to improve energy consumption in the 
classrooms. The energy used for buildings takes about 25% of the total energy consumption in Korea, 
and it is urgent to prepare the energy conservation policy for buildings consuming excessive energy. 
However, Neither the low-energy measures or CO2 reduction goal has been set for school buildings, 
which are educational facilities, and no survey on actual use of energy has been conducted.  
In this study, in order to understand the energy consumption pattern of high schools in Korea, the usage 
of energy according to the change of educational facilities and school buildings has been surveyed, the 
energy consumption of school buildings in 2016 has been measured, and the energy consumption rate 
has been analyzed. 
Keywords: School, Educational facilities, Energy consumption 

1 INTRODUCTION 

1.1 Background and purpose 
Design of school buildings have been improved in accordance with the curriculum in Korea, while there 
are insufficient measures to promote pleasant environment or to improve energy consumption in the 
classrooms. This explains why the comfort of classrooms has not been improved, although information 
devices, such as TV and computers, have been supplied in order to improve the educational 
environment, and windows/doors and inner/outer wall materials have been changed to enhance thermal 
insulation property of school buildings. Energy facilities are increasing in accordance with the measures 
to modernize air-conditioning facilities. As a result, there is a steady increase in energy consumption in 
school buildings, and the energy consumption structure is also changing. The energy used for buildings 
takes about 25% of the total energy consumption in Korea, and it is urgent to prepare the energy 
conservation policy for buildings consuming excessive energy. However, Neither the low-energy 
measures or CO2 reduction goal has been set for school buildings, which are educational facilities, and 
no survey on actual use of energy has been conducted. 
In this study, in order to understand the energy consumption pattern of high schools in Korea, the usage 
of energy according to the change of educational facilities and school buildings has been surveyed, the 
energy consumption of school buildings in 2016 has been measured, and the energy consumption rate 
has been analyzed. 

5 CONCLUSIONS 
For this study, an investigation has been made on power, oil and gas consumption of 9 middle schools 
in 2016. This study aims at analyzing the energy source of middles schools in Korea based on the energy 
consumption, and analyzing the energy consumption pattern. The results of the study are as provided 
below.  
Firstly, consumption of energy surveyed to calculate the energy consumption rate was 292MWh for 
electricity, 11265.2 m³ for city gas and 6758.6L for oil.  
Secondly, according to the analysis of energy consumption structure of middle schools, the energy 
consumption rate was highest in January (95%) for electricity, and in June (22%) for gas. It was found 
that oil was not used from May to August, and consumption of oil was highest in February (13%). 
Therefore, Consumption rate varied between 4 seasons. 
Thirdly, according to the analysis of monthly energy consumption structure of middle schools, the 
energy consumption rate was highest in January (95%) for electricity, and in June (22%) for gas. It was 
found that oil was not used from May to August, and consumption of oil was highest in February (13%). 
Fourthly, the analysis of monthly energy consumption in middle schools shows that energy consumption 
in July and September was higher than that from January to April except December. Therefore, energy 
consumption in middle schools was higher in summer than in winter. 
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1.2 Method and scope of the research 
In this study, in order to analyze the energy consumption pattern of high school buildings in Korea, the 
energy consumption of 7 high school buildings has been measured. Firstly, the usage of each energy 
source (power, gas, oil) has been measured. The energy consumption rate per unit area, the energy 
consumption rate per cooling/heating area, the energy consumption rate per class, and the energy 
consumption rate per student have been analyzed. And finally, the energy consumption pattern has been 
analyzed based on the annual/monthly consumption of each energy source. 

2 THEORETICAL CONSIDERATION 
In general, the energy consumption rate of a building indicates the consumption of the primary energy per 
floor unit area according to the use of a building. The primary energy used in a building means the input 
energy, such as electric power, petroleum and gas, which are not processed or converted. In order to compare 
and analyze the consumption of the primary energy, it is required to indicate various types of energy in a 
single unit. In this study, the calorific value conversion standard specified in Paragraph 1 of Article 5 of the 
Energy Use Rationalization Act was used. The conversion standard is as shown in Table 1. 
 

Table 1. The energy consumption rate of a building is calculated 
Energy 
Consumption rate Conversion Standard 

Fuel 
Consumption rate Annual fuel usage (L, kg, Nm²) × Conversion rate (Mcal/ L, kg, N m²) / Gross area (m²) 
Electric power 
Consumption rate Annual/monthly/hourly power usage (kWh) × Conversion (Mcal/kWh) / Gross area (m²) 
Energy 
Consumption rate Fuel consumption rate (MJ/ m²・y) + Electric power consumption rate(MJ/ m²・y) 

 

3 THE ENERGY CONSUMPTION RATE OF THE SUBJECT OF RESEARCH  

3.1 Overview of the surveyed schools 
The building area of the surveyed high schools was from 1,065 m² to 4,450 m², and the building floor 
area was from 3,769 m² to 15,548 m². The difference between the max and the min. values was 4.2 times 
for building area and 4.1 times for building floor area. The difference between the max and the min. 
area of cooling and heating area of the surveyed schools was 2.1 times from 5,940 m² to 2,768 m². It 
was surveyed that one to two air-conditioners/heaters were installed and operated in each classroom, 
and the schools used individual air-conditioners/heaters and steam boilers. It was also surveyed that 33 
to 105 air-conditioners/heaters were used. 
The gross area of the surveyed high schools was from 3,769 m² to 15,548 m², and the difference between 
the max and the min. values was 4.1 times. According to the percentage of all schools, the gross area 
was 10,997 m² for 75%, 10,502 m² for 50%, 7,137 m² for 25% and the average value was 9,545 m². The 
difference between the max and the min. values of the heating/air-conditioning area was 2.1 times from 
5,940 m² to 2,768 m². According to the percentage of all schools, the heating/air-conditioning area was 
4,624 m² for 75%, 3,915 m² for 50%, 3,375 m² for 25% and the average value was 3,971 m². 
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Table 2. General conditions of the surveyed schools 
 Building area 

(m²) 
Gross area 

(m²) 
Classroom Class Student The number of 

students in a class 
A-school 3,062 11,096 78 36 1,398 38 
B-school 4,450 15,548 88 32 1,227 39 
C-school 3,465 10,897 58 30 1,204 38 
D-school 1,064 3,769 41 19 563 28 
E-school 4,354 10,502 59 27 890 30 
F-school 2,118 7,493 46 16 493 30 
G-school 1,272 6,780 54 21 721 32 

 

Table 3. Contents of Investigation 
 Electric power (kW) Heating/Cooling area (m²) Air conditioner/Heater 

A-school 900 5,265 105 
B-school 600 5,940 33/Steam boiler 1 
C-school 500 3,915 76/Steam boiler 1 
D-school 400 2,768 48 
E-school 500 3,983 57 
F-school 300 3,105 53 
G-school 300 3,645 50/Steam boiler 1 

 

3.2 Consumption by energy source of the surveyed schools 
To prepare the energy consumption rate, the consumption of electricity, gas and oil of the surveyed 
school was analyzed. Out of the high schools surveyed, School A consumed the largest amount of 
391MWh, while School F consumed 391MWh. This was due to the difference in the gross area of the 
school buildings, the number of students, and the number of classes. The monthly average power 
consumption of the surveyed high schools in 2016 was 550MWh. Out of the high schools surveyed, 
School B consumed the largest amount of 115,151 m³, while School D used only 20,040 m³. 
Consumption of city gas had been decreased in some high schools, but increased in other schools. This 
is due to the change of heat source for hot-water supply in the school restaurant and heating of night-
duty room. The annual average gas consumption of the surveyed high schools in 2016 was 55,280 m³. 
Out of the high schools surveyed, only 3 schools (D, E and G) used oil. Out of the 3 schools, School G 
used the largest amount of 22,019L, while School E used only 1,000L. Figure 1 shows the consumption 
of power, gas and oil in 2016. 

3.3 Analysis of energy consumption rate of the surveyed schools 
The energy consumption rate was analyzed per unit area, per heating/air-conditioning area, per class 
and per student. The average energy consumption rate per unit area was 831MJ/m²·year for the surveyed 
high schools, that per heating/air-conditioning area was 1,745MJ/m²·year, and that per student was 
117,789MJ/student · year. Figure 2 shows the average energy consumption rates in 2016. 
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Energy 
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Energy 
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3 THE ENERGY CONSUMPTION RATE OF THE SUBJECT OF RESEARCH  

3.1 Overview of the surveyed schools 
The building area of the surveyed high schools was from 1,065 m² to 4,450 m², and the building floor 
area was from 3,769 m² to 15,548 m². The difference between the max and the min. values was 4.2 times 
for building area and 4.1 times for building floor area. The difference between the max and the min. 
area of cooling and heating area of the surveyed schools was 2.1 times from 5,940 m² to 2,768 m². It 
was surveyed that one to two air-conditioners/heaters were installed and operated in each classroom, 
and the schools used individual air-conditioners/heaters and steam boilers. It was also surveyed that 33 
to 105 air-conditioners/heaters were used. 
The gross area of the surveyed high schools was from 3,769 m² to 15,548 m², and the difference between 
the max and the min. values was 4.1 times. According to the percentage of all schools, the gross area 
was 10,997 m² for 75%, 10,502 m² for 50%, 7,137 m² for 25% and the average value was 9,545 m². The 
difference between the max and the min. values of the heating/air-conditioning area was 2.1 times from 
5,940 m² to 2,768 m². According to the percentage of all schools, the heating/air-conditioning area was 
4,624 m² for 75%, 3,915 m² for 50%, 3,375 m² for 25% and the average value was 3,971 m². 
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Figure 1. Consumption of electric power, gas and oil of middle schools in 2016 

 

Figure 2. Average energy consumption rate per unit area (left), per heating/air-conditioning area 
(middle) and per class (right) 

4 ANALYSIS OF ENERGY CONSUMPTION STRUCTURE AND PATTERN OF HIGH 
SCHOOL BUILDINGS 

4.1 Analysis of energy consumption structure 
Table 4 shows the energy consumption structure of high schools in 2016. Table 5 shows the monthly 
energy consumption structure of high schools. The gas consumption rate was highest in January and 
April, and oil consumption rate was highest in November and December. Consumption rate varied 
between energy sources and between 4 seasons. The monthly average consumption of energy showed 
71% for electric power, 26% for gas and 2% for oil. 

Table 4. Consumption by energy source in 2016 
Kind of Energy  2016year (MJ/m²·year) 
Electric power 5,381,222 

Gas 2,094,311 
Fuel 162,209 
Total 7,637,743 
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Figure 3. Consumption by energy source in 2016 (left), Monthly average consumption by energy 
source in 2016 (right) 

Table 5. Monthly average consumption by energy source in 2016 

4.2 Analysis of energy consumption pattern 
Figure4 shows the energy the analysis of monthly energy consumption pattern in high schools shows 
that total energy consumption was higher in November, December, March and April than in July and 
September. This is due to the increase in the use of oil and gas for hot-water supply and heating of night-
duty rooms, and for of heat source for hot-water supply in the school restaurant and heating of night-
duty room, and for supply of hot food in winter. 
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Oct. 264,751 94,330 14,084 373,165 
Nov. 309,133 119,789 21,417 450,339 
Dec. 405,664 160,625 26,268 592,557 
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Figure 4. Monthly average energy consumption pattern of high schools 

5 CONCLUSIONS 
In this study, in order to understand the energy consumption pattern of high school buildings in Korea, 
the consumption of energy in high school buildings has been measured, and usage for each energy 
source and the energy consumption rate of each energy source has been analysed. The result of the study 
is as provided below. 
Firstly, consumption of energy surveyed to calculate the energy consumption rate was 550MWh for 
electric power, 55,280 m³ for city gas and 10,000L for oil. 
Secondly, it was analysed that the average energy consumption rate per unit area in high schools was 
831MJ/m²·year, that per heating/air-conditioning area was 1,745MJ/m²·year, and that per student was 
117,789MJ/student year. 
Thirdly, according to the analysis of energy consumption structure, the energy consumption rate was 
highest in January and April for gas, and in November and December for oil. The energy consumption 
varies between 4 seasons. The monthly average consumption structure was 71% for electric power, 26% 
for gas and 2% for oil. Analysis of the monthly energy consumption pattern showed that total energy 
consumption was higher in November, December, March and April than in July and September. 
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SUMMARY  
During the last decade different types of sustainable schools were built, from highly insulated to Passive 
House standard. However, there is danger that the focus on energy reduction leads to less attention 
towards the quality of the indoor environment and the thermal comfort as was found out from earlier 
research. This paper presents the most recent results of ongoing research towards nZEB schools in the 
Netherlands. Every year some of the most recent projects were investigated. To be able to draw 
conclusions about the IAQ and thermal comfort the results of these new schools during one week the 
most important parameters related to Indoor Air Quality and thermal comfort were measured.  Also 
questionnaires were held.  Results were compared with those of earlier measured schools. The 
evaluation of the ten measured recently finished sustainable schools enabled us to find out the possible 
effects of the sustainable design concepts which were more focussed on sustainability than normal for 
schools. Their energy use will be compared with other state-of-the-art schools.  It proved that in some 
situations the school did not met the performance level as defined by the design criteria. So more 
attention is needed for IAQ especially with sustainable design strategies for schools. 
Keywords: Indoor Air Quality, schools, nearly Zero Energy Schools 

1 INTRODUCTION  
In more than 40% of the existing schools, the Indoor Air Quality (Mydlarz et al 2013) is insufficient 
while the energy consumption is high. It was concluded that inadequate ventilation is a common 
problem in primary school classrooms all over the world (Hou et al. 2015,  Almeida et al.  2015).  Indoor 
Air Quality in schools is primarily evaluated by CO2-concentrations.  The new guideline ‘Freshly 
Schools’ (RVO 2015) states the required CO2 concentrations inside the classroom independed of the 
outside concentrations: Class A (very good <=800 ppm), Class B (good<=950 ppm) and Class C 
(acceptable<=1200 ppm). 
Every two year Rijksdienst voor Ondernemend Nederland (RVO) published a list with the top fifteen 
of most energy conscious schools. These are the most interesting projects in the field of net Zero Energy 
Buildings in the Netherlands. Innovative sustainable school building designs are needed which restricts 
the energy consumption and uses renewable energy sources.  However, the first series of nearly Zero 
Energy Building (nZEB) schools led to an intensive development in energy conscious schools and now 
there are even net positive energy schools. Next to the sustainable aspects, it is important and required 
to create a healthy and productive environment for education. In this article, both the energy 
performance and the IAQ performance of 15 highly rated sustainable schools are provided in the 
subsequent sections. This to look if there is a relation between the most energy conscious schools, their 
IAQ related to the CO2 concentration and some of their perceived IAQ aspects. 

 
Figure 4. Monthly average energy consumption pattern of high schools 

5 CONCLUSIONS 
In this study, in order to understand the energy consumption pattern of high school buildings in Korea, 
the consumption of energy in high school buildings has been measured, and usage for each energy 
source and the energy consumption rate of each energy source has been analysed. The result of the study 
is as provided below. 
Firstly, consumption of energy surveyed to calculate the energy consumption rate was 550MWh for 
electric power, 55,280 m³ for city gas and 10,000L for oil. 
Secondly, it was analysed that the average energy consumption rate per unit area in high schools was 
831MJ/m²·year, that per heating/air-conditioning area was 1,745MJ/m²·year, and that per student was 
117,789MJ/student year. 
Thirdly, according to the analysis of energy consumption structure, the energy consumption rate was 
highest in January and April for gas, and in November and December for oil. The energy consumption 
varies between 4 seasons. The monthly average consumption structure was 71% for electric power, 26% 
for gas and 2% for oil. Analysis of the monthly energy consumption pattern showed that total energy 
consumption was higher in November, December, March and April than in July and September. 
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2 METHODS 
Recently the RVO published their results on the Top 15 most energy conscious schools in the 
Netherlands 2016 (RVO 2016), see Fig. 1 

Figure 1. Overview Top 15 energy conscious schools (RVO 2016) 

2.1 IAQ measurements and questionnaires 
The CO2 Concentrations were measured by a SBA-5 CO2 Analyzer with a range of 0 - 2000 [ppm] and 
an accuracy of ± 20.0 [ppm] and stored on a data logger Squirrel SQ2010 (Grant) and processed with a 
laptop Lenovo ThinkPad W541. In addition, a questionnaire among the personnel of the school was 
taken. This included questions about the indoor air quality and thermal comfort experiences in the winter 
and summer period. The answers of the questionnaire were in a 7-point scale from 1 to 7, the indicator 
(CO2 concentration, temperature etc.).  
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2.2 Energy use 
The energy use of the top 15 schools, see Fig 2, with the lowest energy use was determined by the Dutch 
government by RVO (2016) and it gives the energy consumption of the examined schools, see Fig. 2, 
for heating, warm water, cooling, ventilators and lighting, as well as the amount of generated electricity 
by PV panels. 

 

Figure 2. Total energy use of the top 15 efficient schools in the Netherlands (RVO 2016) 
Quite remarkable is that the most energy conscious school one of the original NESK projects is school 
1. As can be seen from Fig. 4 there is quite a difference between the schools according to their energy 
use, ranging from 220 MJ/m2y towards 470 MJ/m2y. The situation changes due to the fact that the 
energy production of the PV-panels of the projects is taken into account, see Fig. 2. When we look at 
the diferent energy needed for heating there are also some quite remarkable difference, for example 
school 12 with 25 MJ/m2y compared to 118 MJ/m2y for school 4. This is than mainly due to the fact  
that some schools were built according to the Passive house standard which means high level of 
insulation accordingly low energy losses and low heating demand. In table 1 an overview is provided 
of the different heating concepts, as well is focus on the concept of the energy system. Quite remarkable, 
that beside the 4 schools which are connected to a district heating system, all other schools are using a 
heat pump often in combination with Aquifer Thermal Energy Storage (ATES).  

Table 1. Overview of different techniques used for heating/cooling 
School HP ATES Wood/pellet 

boiler 
Borehole heat 
exchanger 

District 
heating 

HR 107  
boiler 

Ventilation system 

1 X X X    MS+ME 
2 X X     MS+ME 
3 X     X MS+ME 
4 X      MS+ME 
5     X  MS+ME 
6 X X X    MS+ME 
7 X X     MS+ME 
8 X X     MS+ME 
9 X X X    MS+ME 
10 X   X   MS+ME 
11 X  X    MS+ME 
12 X      MS+ME 
13     X  MS+ME 
14     X  MS+ME 
15     X  MS+ME 
Total 12 6 4 1 4 1  

As can be seen from table 1 clearly there is a preference to use heat pumps in the highly energy efficient 
schools. Most in combination with an Aquifer Thermal Energy Storage system. The energy 
consumption for cooling schools is relative low, ranging between 5-35 MJ/m2y. When looking at the 

2 METHODS 
Recently the RVO published their results on the Top 15 most energy conscious schools in the 
Netherlands 2016 (RVO 2016), see Fig. 1 

Figure 1. Overview Top 15 energy conscious schools (RVO 2016) 

2.1 IAQ measurements and questionnaires 
The CO2 Concentrations were measured by a SBA-5 CO2 Analyzer with a range of 0 - 2000 [ppm] and 
an accuracy of ± 20.0 [ppm] and stored on a data logger Squirrel SQ2010 (Grant) and processed with a 
laptop Lenovo ThinkPad W541. In addition, a questionnaire among the personnel of the school was 
taken. This included questions about the indoor air quality and thermal comfort experiences in the winter 
and summer period. The answers of the questionnaire were in a 7-point scale from 1 to 7, the indicator 
(CO2 concentration, temperature etc.).  
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average yearly energy consumption for lighting of the different schools there is not too much difference 
with exception of school 11, see Fig. 2. For ventilation the situation is different and quite large difference 
occur: schools 1 & 13 only 35 MJ/m2y were as school 10 uses not less than 150 MJ/m2y, so more than 
4 times more, see Fig. 3. As ventilation has a direct relation to the Indoor Air Quality this became our 
main focus point. 

 

Figure 3. Expected power consumption for ventilation (RVO 2016) 

3 MEASUREMENT RESULTS  

3.1 Indoor Air Quality 
In 10 out of the 15 schools from the RVO (2016) top 15 list, the CO2 concentrations were measured and 
their P95value was determined which yields interesting results overall in Table 2. Some schools gave no 
permission to perform the measurements because they had been part of a measuring process by RVO and then 
values from RVO reports were included (*added). In the 3 other schools they gave no permission to perform 
the measurements because they still had some problems with the final commissioning. 
It is not recommended to focus purely on peak CO2 concentration alone to evaluate IAQ. In some 
situations, it showed that there was a sudden rise in CO2 concentration. However, it was corrected by 
the ventilation system and therefore it was not a permanent stage. However, it should be noticed since 
it might shed light on issues of ventilating a certain class room.  Table 2 presents the highest recorded 
CO2 concentration in the 12 schools. Another helpful factor are P95and  P50 shown in Table 2, P50 
which is the median value of CO2 concentration over a duration of tim and P5 represents the 
concentration which is not passed during 95% of the time in class.  When compared P50 and P95 results 
are significantly different and that's due to the vast and notable difference between empty and occupied 
classroom.  

Table 2. Results CO2 measurements of 12 schools 

*=result report RVO 

3.1 Results questionnaires perceived indoor air quality aspects  
Series of questions have been provided for the students to find out what was their experience during the 
measurements. The scoring system was based on 7 scores, 1 represents the best case scenario and 7 is 
the worst. Students have been questioned about various factors that could lead us to finding out the roots 
of the problems associating with IAQ. For example, insufficient ventilation rate could lead to “stuffy” 

CO2 
con 

School 
1 

School 
2 

School 
3* 

School 
6 

School 
7 

School 
9 

School 
10 

School 
11 

School 
12 

School 
13 

School 
14 

School 
15* 

Peak 820 950 980 1800 1200 1200 950 900 1290 950 1600 1600 
P95 654 860 n/a 1620 1074 1044 730 731 1207 837 1213 n/a 
P50 393 504 880 393 N/A 759 458 415 936 456 642 900 

PROCEEDINGS  — Roomvent & Ventilation 2018986  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 6 – Excellent Indoor Climate and High Performing Ventilation

986  |



air and increment in humidity levels.  These issues could have several causing going hand in hand and 
furthering research in perceived IAQ is as important as evaluating the measurement values from 
different factors. Table 3 presents the survey results from 10 of the schools and difference is quite 
noticeable. 

Table 3. Survey results from the top fifteen schools (scale 1-7) 

School 1 2 3* 6 7 9 10 11 12 13 14 15* 
Freshness 2 3 n/a 4 3 5 4 5 4 1 4 n/a 

Smell 2 1 n/a 5 2 4 3 6 3 1 5 n/a 
Satisfaction 2 2 1 4 3 5 3 6 4 2 5 3 
Respiration 3 1 n/a 1 1 4 3 2 1 1 2 n/a 

Humity 2 3 2 2 1 5 4 3 4 4 3 2 
Drowsiness 1 1 n/a 1 1 5 3 4 1 1 3 n/a 

*=result report RVO 

DISCUSSION AND CONCLUSIONS 
Part of evaluating of the top 15 energy conscious schools is to see whether these schools have met the 
designed requirements for ventilation according to the Frisse Scholen program of requirements (RVO 
2015). According to which there are three classifications of A, B and C, however the measurements 
proved that some of the schools exceeded the limit which can be seen in table 4. 

Table 4. Designed vs measured top fifteen schools according to the Frisse Scholen classification for 
ventilation 

School 1 2 3* 6 7 9 10 11 12 13 14 15* 

Designed  A B A A B B A A B A B A 

Measured A B A C B B A A C A C B 

 
In total 4 schools did not reach their intended quality class. There is a difficult relation between energy 
consumption and IAQ. The results of our research showed that still more attention is needed for aspects 
related to ventilation to be able to design and built, not only highly sustainable schools, but also with 
schools which will have a high level of perceived IAQ, especially freshness and odor. 
More and more schools are designed to the requirements of the Fresh schools. Besides the 10 schools 
of the top fifteen RVO list we did measurements is 14 other recently completed schools. The results of 
these schools during the last years were showing similar results as in this research. The schools are not 
always reaching the designed quality classification for their perceived IAQ. In Fig. 4 the schools are 
represented by increasing year and their classification. The color is changing from red (2011) to purple 
(2016). In the graph is no relation visible in an increasing classification by year, so the schools in 2015 
and 2016 are not scoring better than in previous years.  
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with exception of school 11, see Fig. 2. For ventilation the situation is different and quite large difference 
occur: schools 1 & 13 only 35 MJ/m2y were as school 10 uses not less than 150 MJ/m2y, so more than 
4 times more, see Fig. 3. As ventilation has a direct relation to the Indoor Air Quality this became our 
main focus point. 
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In 10 out of the 15 schools from the RVO (2016) top 15 list, the CO2 concentrations were measured and 
their P95value was determined which yields interesting results overall in Table 2. Some schools gave no 
permission to perform the measurements because they had been part of a measuring process by RVO and then 
values from RVO reports were included (*added). In the 3 other schools they gave no permission to perform 
the measurements because they still had some problems with the final commissioning. 
It is not recommended to focus purely on peak CO2 concentration alone to evaluate IAQ. In some 
situations, it showed that there was a sudden rise in CO2 concentration. However, it was corrected by 
the ventilation system and therefore it was not a permanent stage. However, it should be noticed since 
it might shed light on issues of ventilating a certain class room.  Table 2 presents the highest recorded 
CO2 concentration in the 12 schools. Another helpful factor are P95and  P50 shown in Table 2, P50 
which is the median value of CO2 concentration over a duration of tim and P5 represents the 
concentration which is not passed during 95% of the time in class.  When compared P50 and P95 results 
are significantly different and that's due to the vast and notable difference between empty and occupied 
classroom.  

Table 2. Results CO2 measurements of 12 schools 

*=result report RVO 

3.1 Results questionnaires perceived indoor air quality aspects  
Series of questions have been provided for the students to find out what was their experience during the 
measurements. The scoring system was based on 7 scores, 1 represents the best case scenario and 7 is 
the worst. Students have been questioned about various factors that could lead us to finding out the roots 
of the problems associating with IAQ. For example, insufficient ventilation rate could lead to “stuffy” 
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Figure 4.  Fresh school classification by year including 8 of the top fifteen schools from the RVO list 
of the most energy conscious schools (Jacobs 2017) 

 
Now only 6 (of which 5 nZEB schools) of the 22 recently completed schools reached quality level A. 
It seems that still often not enough attention is paid to the IAQ of schools. Maybe a design guideline is 
necessary and would help the designers to focus and support them to reach the required IAQ levels of 
the defined quality class of Frisse scholen (RVO 2015). 
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SUMMARY  
Dutch government encourages with guidelines sustainable design of schools. The guidelines contain 
requirements regarding the indoor air quality in the schools.   In order to evaluate the indoor air quality 
in the schools, measurements were performed in two new built primary schools. Both schools were 
designed on classification B of the Dutch government guidelines and have a CO2 based demand 
controlled ventilation system. To evaluate the indoor air quality, measurements were performed on CO2 
level and a questionnaire was held amongst the staff of the schools. Only one of the four measured 
classrooms met the design criteria while the other classrooms showed exceedances of 46 to 65% during 
occupancy hours. The measured air flow rates corresponded with the relatively high CO2 levels that 
were found. At one school, the CO2 levels measured by the local CO2 transmitter were strikingly low. 
Deviations of 300 to 800 ppm compared to the accurate CO2 transmitter of the measurement setup were 
found. Resulting high CO2 levels, which were caused by the deviations of the local transmitter, showed 
that the control strategy at both schools did not meet the design requirements. It is not possible to ensure 
a good indoor air quality with the current accuracy of the local transmitters.  
 Keywords: Indoor Air Quality, schools, CO2 transmitters, measured accuracy 

1 INTRODUCTION  
All humans exhale CO2 at a predictable rate, dependent on their age and activity level. Humans are the 
dominant source of CO2 pollution in buildings. That makes the CO2 level in a building a good indicator 
for the occupancy of the room at the time the CO2 level is measured. Therefore, real-time ventilation 
control on CO2 level can be used. High CO2 concentrations lead to multiple undesirable effects, such as 
health symptoms and a decrease of the performances. A correlation between CO2 level and the people’s 
health and between CO2 concentrations and performances is found in several research projects 
(Myhrvold et al 1996, de Gids et al 2006, Bakó-Biró Zs. et al 2007). For increasing CO2 concentrations, 
more health complaints were found, as well as lower performance-scores.  
When a sufficient amount of ventilation during occupied hours can be guaranteed, large undesirable 
concentrations of other pollutant emissions in the building can also be avoided during these occupied 
hours. The first CO2 based demand controlled ventilation (DCV) system was applied in 1992. Since 
then a lot of innovations took place regarding CO2 based ventilation (Shell and Inthout 2001). For 
instance the availability, accuracy, stability and price of the CO2 transmitters have radically changed 
(de Gids et al, 2010). Besides using CO2 based DCV to improve the health and performances of the 
occupants, CO2 based ventilation is also often used to reduce energy consumption. In buildings with 
occupancies that vary often below design values, unnecessary overventilation can be reduced by using 
the CO2 level as an indicator for the occupancy level. A risk analysis of Dougan and Damiano (2004) 
showed that energy benefits can be realized while retaining the indoor air quality. However, the energy 
consumption can only be reduced if the actual CO2 level ventilation rate can be determined with a 
reasonable accuracy. Therefore, field-research on the accuracy of the local transmitters is desirable.  

 

Figure 4.  Fresh school classification by year including 8 of the top fifteen schools from the RVO list 
of the most energy conscious schools (Jacobs 2017) 

 
Now only 6 (of which 5 nZEB schools) of the 22 recently completed schools reached quality level A. 
It seems that still often not enough attention is paid to the IAQ of schools. Maybe a design guideline is 
necessary and would help the designers to focus and support them to reach the required IAQ levels of 
the defined quality class of Frisse scholen (RVO 2015). 
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2 METHODS 

2.1 Research on the accuracy of CO2 transmitters 
Only some manufacturers of CO2 transmitters recommend periodic recalibration of the transmitters to 
maintain the accuracy. The interval for calibration varies from each year to once in 5 years of use. Some 
of the CO2 transmitters are provided with an Automatic Baseline Correction1, which is one of the 
reasons why recalibration is often considered as not necessary by the manufacturers. However, 
recalibration of the transmitters using a gas mixture with known CO2 concentration is highly 
recommended, for instance by Dougan S. (2004). The main reason to recalibrate the transmitter is to 
minimize the aging effect of the transmitter. Some manufacturers list an ageing effect to the product 
specifications, mostly 30 ppm deviation per year. In 2010 (Shresta S., Maxwell G., 2010), the ageing 
effect on the accuracy of 45 CO2 transmitters among 15 manufacturers was investigated. As a result, a 
wide variation of ageing effect was found. From a nominal effect of less than ±30 ppm to an ageing 
effect up to -376 ppm per year. For the transmitters with an automatic baseline adjustment algorithm, it 
was not possible to predict the long-term stability. Also in 2010, the actual accuracy according to a total 
of 208 transmitters in existing buildings was tested (Fisk W.J. et al., 2010). From the 208 CO2 

transmitters that were tested, 90 were tested at 1010 ppm. These 90 CO2 transmitters showed an absolute 
average error of 138 ppm. The accuracy of the other 118 transmitters was tested at concentrations of 
500 ppm and lower. These CO2 transmitters showed an average absolute error of 154 ppm, which is 
about 30% of the measured value.  
The high errors in the CO2 transmitters have multiple consequences. To give an indication of the 
consequences, an example of a 200 ppm error is treated. Based on an outdoor CO2 level of 400 ppm, 
the effects on the ventilation rate are calculated. Table 1 shows the consequences according to both a -
200 ppm error and a +200 ppm error. The consequences are expressed according to maximum CO2 
levels for schools designed on classifications A (CO2 below 800 ppm) and B (CO2 below 1000 ppm) of 
the Dutch guidelines. To satisfy classification A or B of the guidelines, the use of demand controlled 
ventilation is required.  

Table 1. Resulting ventilation deviations according to a transmitter error of ±200 ppm. 
Transmitter error Classification B Classification A 
Error of -200 ppm 27% less ventilation 33% less ventilation 
Error of +200 ppm 57% more ventilation 100% more ventilation 

2.2 Case studies 
To get an impression of the indoor air quality in new build schools in Holland, measurements are 
performed at two different schools. A proviso of the schools for the field study is that they are built 
according to classification A or B of the guidelines from the Dutch government, which means they are 
provided with a CO2 based demand controlled ventilation system. Both schools have a sustainable 
ambition, the directors stated they really want to achieve the low energy consumption and high indoor 
air quality as stated in the design phase.  Both school A and B were built in 2013 according to 
classification B.  

The ventilation of the classrooms of school A are controlled by local ventilation units. Each classroom 
has a local dedicated ventilation unit. The ventilation unit is placed above the ceiling and aspirates air 
via grills in the façade. Fresh air is supplied via the perforated ceiling, the outgoing air can leave via an 
overflow to the hallway. The unit controls the amount of air supply on the CO2 level, which is measured 

                                                 
1 Automatic Baseline Correction (ABC): An algorithm that constantly keeps track of the sensor’s lowest reading over a 
preconfigured time interval and slowly corrects for any long term drift by comparing this value to a preconfigured value 
(typically lowest CO2 concentration during night, which approaches the outdoor CO2 concentration ). 
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by a wall-mounted CO2 transmitter in the room. At outdoor temperatures lower than -10 °C, the CO2 
limit at which the system controls is set at 1200 ppm. Above 5°C outdoor, the system uses 800 ppm as 
limit. Between -10°C and 5°C, the CO2 limit increases linear with the temperature. Since there is no 
heat-recovery, it has no adverse effects when occupants open the windows.  

The classrooms of school B are provided with a CO2 based demand controlled ventilation system. The 
air is mechanically extracted out of each classroom via an air handling unit. The amount of extraction 
is per room controlled by the CO2 level inside the room. The CO2 level of the air is measured in the 
extraction duct, the ventilation system is programmed to keep the CO2 level beneath 800 ppm. By 
controlling the extraction, also the air inlet via grilles above the windows are controlled on the CO2 
level mechanically. The heat from the extracted air of the classrooms is recovered in the air handling 
unit and used to heat up the fresh air for the other rooms in the building, which are provided with 
balanced ventilation. To prevent the rooms from draught, the fresh air is supplied through a perforated 
ceiling. 

2.3 Measurement setup 
The field study performed, consisted of multiple measurements at the school and a questionnaire 
amongst the staff of the school. Two schools were used for the measurements, with at each school 
measurements in two different classrooms.  

 (1) CO2 level instantaneous 
The first measurement in the school is performed on the instantaneous CO2 level in each classroom of 
the school. For these measurements, the mobile CO2 transmitter CL11 from Rotronic was used. After 
the short measurements at each classroom, continuous measurements on the CO2 were done in the 
classroom which showed the highest CO2 level at the instantaneous measurements.  

(2) CO2 level continuous 
Continuous measurements were performed in the classroom which showed the highest CO2 
concentration during the instantaneous measurements. The continuous measurements were performed 
with the SBA-5 from PP-systems. The aspirate tube of the SBA-5 was split into three different tubes by 
a diverter valve which switches between the different tubes. To prevent a mixing of the different air 
flows, each tube was aspirated 20 seconds consecutive, thereafter the diverter valve switches to the next 
tube. The CO2 was measured at pupil’s height, nearby the CO2 transmitter of the ventilation system, and 
at the ceiling void (supply air). The CO2 level at each position is logged once per 80 seconds, during 
one week per classroom. To log the CO2, a GRANT SQ2020 IF8 was used. The important specifications 
of the measurement equipment are shown in table 2.  

Table 2. Important specifications measurement equipment 
Parameter Sensor type Range Accuracy

CO2 [ppm]
Rotronic CL-11 0-9999 ppm ± (30 +5%)ppm
PP-systems SBA-5 0-2000 ppm ± 20 ppm

Data logger Grant SQ2020 serie IF8 - ± 0.05%

The instantaneous measurements on the CO2 level were performed in every classroom of the school. 
The continuous measurements on CO2 level, temperature and humidity were performed during the 
complete measurement period (one week per classroom). In figure 1, the positions of the measurements 
performed are shown. Since there is no significant difference between the classrooms, only one 
classroom is shown.  

1) CO2 level instantaneous 
2) CO2 level continuous 
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air quality as stated in the design phase.  Both school A and B were built in 2013 according to 
classification B.  

The ventilation of the classrooms of school A are controlled by local ventilation units. Each classroom 
has a local dedicated ventilation unit. The ventilation unit is placed above the ceiling and aspirates air 
via grills in the façade. Fresh air is supplied via the perforated ceiling, the outgoing air can leave via an 
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Figure 1. Measurement setup for the continuous CO2 measurements 
 

The continuous measurements on the CO2 level are performed at three different positions, using one 
CO2 transmitter switching between these positions. The three measurement positions of the continuous 
CO2 measurement are shown in figure 1 (2A, 2B and 2C).  

3 RESULTS 
Two different types of measurements on the CO2 level are performed. Figure 2 shows the results of the 
instantaneous CO2 measurements at school A (left) and B (right). At school A it was possible to read 
the currently measured CO2 level of the ventilation system at the interface of the Building-Management-
System (BMS). The CO2 levels as obtained from the BMS are indicated by the red bar, as where the 
levels from the measurements are indicated by the blue bars. The two bars at the left side show the 
results of the measurements at the beginning of the first week, the right bars show the results from the 
beginning of the second week. The horizontal red line in the graph indicates the CO2 limit on which the 
ventilation is controlled. The right plot in figure 2 shows the results of the same measurements in school 
B. Results of a BMS couldn’t be obtained for this school.  

  
Figure 2. Results instantaneous CO2 measurements school A and B   
All four measurements show CO2 levels which are above the CO2 limit that is set as control limit for 
the ventilation system. At school A, the measured CO2 levels were about twice as high as indicated by 
the BMS. The measured CO2 level was also about 1.5 times the limit that was set in the ventilation unit. 
The measured CO2 level in school B is about 150 ppm higher than the control limit that is set in the 
ventilation system.  
The results of school A show much difference between the CO2 level measured by the measurement setup 
and measured by the local CO2 transmitter. Figure 3 shows both levels during Thursday 12th of June. 
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At both schools, the CO2 level over the week is too high. At school A the absolute CO2 level is most of 
the occupancy time above the limit of 800 ppm, even with most of the time the windows opened. At 
school B the CO2 level is less above the limit. Looking at Thursday 12 June (Figure 3), at school A, the 
CO2 level increases to almost 1800 ppm in the morning. After the high morning peak, the pupils left the 
room for the morning break. After the break (10 AM), the teacher opened the windows of the classroom. 
The CO2 level after the break is however still too high, especially in the morning. Notable is the CO2 
level measured by the local CO2 transmitter. According to the local transmitter, the CO2 level is far 
below the actual level. During the whole day, the ventilation unit controls the rate of air supply such 
that the CO2 limit of 800 ppm isn’t significantly exceeded (according to its measured CO2 level). The 
local CO2 transmitter shows deviations of 300 to 800 ppm compared to the actual measured CO2 level.  

 
Figure 3. CO2 level Thursday 12 June School A 
Table 3 indicates the percentage of occupied hours that the CO2 level exceeds the limit of 950 ppm, as 
it is listed in the government guidelines. An exceedance of 5% of the occupancy hours is accepted.  
 

Table 3. Exceedance hours CO2 level 

School A Room 11 49% 
  Room 14 65% 
School B Room D.06 0% 
  Room D.09 46% 

 

4 DISCUSSION  
The results on the instantaneous CO2 measurements can’t be considered very reliable. The CO2 
transmitter, CL11, was tested previous to the measurement periods and showed no errors. However, 
during the measurements the CL11 showed remarkable results. New tests after the measurement period 
showed a deviation of about 250 ppm where ±50 ppm was given by the manufacturer. Therefore, the 
results of the instantaneous CO2 measurements have to be taken with care. The results of the continuous 
CO2 measurements with the SBA-5 showed some minor inaccuracies. Although the CO2 transmitter 
itself can be considered accurate, the measurement setup caused small errors in the results. Due to 
mixing with external air in the measurement setup, the results on CO2 at other positions than the location 
of the sensor could there for not be used. Besides the effect of the CO2 transmitter on the poor indoor 
air quality there are of course other causes such as ventilation amount and effectiveness.  

 
Figure 1. Measurement setup for the continuous CO2 measurements 
 

The continuous measurements on the CO2 level are performed at three different positions, using one 
CO2 transmitter switching between these positions. The three measurement positions of the continuous 
CO2 measurement are shown in figure 1 (2A, 2B and 2C).  
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System (BMS). The CO2 levels as obtained from the BMS are indicated by the red bar, as where the 
levels from the measurements are indicated by the blue bars. The two bars at the left side show the 
results of the measurements at the beginning of the first week, the right bars show the results from the 
beginning of the second week. The horizontal red line in the graph indicates the CO2 limit on which the 
ventilation is controlled. The right plot in figure 2 shows the results of the same measurements in school 
B. Results of a BMS couldn’t be obtained for this school.  

  
Figure 2. Results instantaneous CO2 measurements school A and B   
All four measurements show CO2 levels which are above the CO2 limit that is set as control limit for 
the ventilation system. At school A, the measured CO2 levels were about twice as high as indicated by 
the BMS. The measured CO2 level was also about 1.5 times the limit that was set in the ventilation unit. 
The measured CO2 level in school B is about 150 ppm higher than the control limit that is set in the 
ventilation system.  
The results of school A show much difference between the CO2 level measured by the measurement setup 
and measured by the local CO2 transmitter. Figure 3 shows both levels during Thursday 12th of June. 
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5 CONCLUSIONS 
Demand controlled ventilation is applied in order to reduce the energy consumption due to ventilation 
and heating of a building. However, a transmitter error of +200 ppm will have huge effects on the 
ventilation flow-rate as can be seen in table 1, it will double the ventilation rate for schools build 
according to classification A of the Dutch guidelines. An increase of 100% of the ventilation rate will 
have large impacts on the energy consumption of the building. Such impacts directly tackle the most 
important advantage of DCV, which is reducing the energy consumption of the building. A negative 
error in the CO2 transmitter will decrease ventilation rate and directly lead to a lower level of indoor air 
quality. High negative errors can lead to concentration problems and even health symptoms, when CO2 
concentrations above 1500 ppm are reached. Given the design requirements on CO2 level, a school 
designed on classification A would possibly have the indoor air quality according to classification C 
when an error of -200 ppm occurs.  
In order to evaluate the indoor air quality at new built sustainable schools, measurements were 
performed at two different schools. At the school A, both classrooms did not meet the requirements on 
CO2 as set in the design specifications. In both classrooms, the CO2 level indicated by the local CO2 
transmitter was significantly lower than the actual CO2 level that was measured. The exceedance of the 
CO2 level seems to be caused by an error in the local CO2 transmitter. The local CO2 transmitters at 
school A showed errors of 300 to 800 ppm. At school B, only one of the two measured classrooms met 
the requirements on CO2 level as set in the design specifications. However, during the measurements in 
that room, the windows were often opened which might not be possible during winter.  The CO2 
transmitters used to control the ventilation at both schools did not meet the listed accuracy. With the 
actual accuracy of the transmitters it is not possible to ensure a good indoor air quality. The setup of 
classifications in the government guidelines with CO2 ranges of 150 and 250 ppm doesn’t make any 
sense with the current accuracy of CO2 transmitters. The actual accuracy of the local CO2 transmitters 
is too low to define classifications with ranges of 150 and 250 ppm.  
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SUMMARY 
Formaldehyde is a common indoor air pollutant. The compound may cause eye and airway irritation 
and asthmatic symptoms. The International Agency for Research on Cancer (IARC) has classified 
formaldehyde as a carcinogen for humans. In this study, the performance of a new portable instrument 
based on infrared spectroscopy was investigated. The field study was carried out at a course center in 
Southern Finland in autumn 2017. The survey included a total of eight buildings, where a total of 50 
individual rooms were investigated. Particle board in wall, floor and ceiling structures has abundantly 
been used in many of the studied buildings. The measured indoor air formaldehyde levels ranged from 
4 to 200 μg/m3. The obtained results were compared to the ones obtained with the conventional DNPH 
method. The results between the methods agreed reasonably well (R2 = 0.99). The study confirmed the 
capability of the tested instrument to perform quantification of very low outdoor air and a wide range 
of indoor air formaldehyde levels in field conditions. The measurement of the actual indoor 
formaldehyde levels is important because they may exceed the action levels decreed by the Finnish 
legislation as demonstrated in this study. 
Keywords: formaldehyde, real-time measurement, field study, infrared spectroscopy, particle board  

1 INTRODUCTION  
Formaldehyde is a toxic gaseous compound (Salthammer et al., 2010). Although the concentration of 
formaldehyde in indoor air is currently steadily decreasing in the Western world, it still constitutes a 
significant pollutant (Salthammer, 2013). Formaldehyde sources include building materials, particularly 
particle board (with urea formaldehyde adhesive), furniture and ozone-terpene reactions. The 
formaldehyde levels of indoor air are influenced by the abundancy of particle board in the building 
structures, the age of the building, relative humidity and temperature of the indoor air and ventilation 
efficiency (Huang, 2016). 
Formaldehyde causes irritation of the eyes and airways at very low concentrations. The conjunctiva of 
the eye is the most sensitive formaldehyde-responsive organ. For the most sensitive people, irritation 
may already occur at a concentration of 12 μg/m3 (Nordman and Hemminki, 1983). Long-term exposure 
to elevated formaldehyde levels correlates with increased asthma, respiratory tract infections, dyspnoea, 
allergies and atopia. The International Agency for Research on Cancer (IARC) has classified 
formaldehyde as carcinogenic to humans (IARC, 2012). The indoor air levels of formaldehyde are 
typically about 10 μg/m3 in offices and about 20 μg/m3 in homes in Finland (Järnström et al., 2006, 
Salonen et al., 2009). According to the Finnish legislation, the action level for formaldehyde is 50 μg/ 
m3 for average annual and 100 μg / m3 for short-term (30 min) exposure. 
The most commonly used method for the quantification of indoor air formaldehyde is the 2,4-
dinitrophenylhydrazine (DNPH) method in which the air sample is collected by a pump into the 
adsorbent (Barro et al., 2009). The sample is analyzed in the laboratory and the method shows the 
average concentration of formaldehyde during sampling. The duration of the sampling is typically 1.5 

5 CONCLUSIONS 
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performed at two different schools. At the school A, both classrooms did not meet the requirements on 
CO2 as set in the design specifications. In both classrooms, the CO2 level indicated by the local CO2 
transmitter was significantly lower than the actual CO2 level that was measured. The exceedance of the 
CO2 level seems to be caused by an error in the local CO2 transmitter. The local CO2 transmitters at 
school A showed errors of 300 to 800 ppm. At school B, only one of the two measured classrooms met 
the requirements on CO2 level as set in the design specifications. However, during the measurements in 
that room, the windows were often opened which might not be possible during winter.  The CO2 
transmitters used to control the ventilation at both schools did not meet the listed accuracy. With the 
actual accuracy of the transmitters it is not possible to ensure a good indoor air quality. The setup of 
classifications in the government guidelines with CO2 ranges of 150 and 250 ppm doesn’t make any 
sense with the current accuracy of CO2 transmitters. The actual accuracy of the local CO2 transmitters 
is too low to define classifications with ranges of 150 and 250 ppm.  
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hours, which results in a sensitivity of about 5 μg/m3. There are also several other sensors and devices 
for formaldehyde determination (Chung et al., 2013). However, the sensitivity or specificity of most of 
the sensors is not sufficient enough to record the formaldehyde concentration in indoor air. Recently, a 
continuously operating portable instrument based on infrared spectroscopy, with a sensitivity below 1 
μg/m3, was introduced (Gasera, 2018). The performance of the instrument was tested in this study. 
A field research campaign was carried out in a course center in Southern Finland in October 2017. The 
course center consists of eight separate buildings constructed between 1950s and 1990s. Buildings 
which were constructed in the 1970s and 1980s contain a great amount of particle board in their floor, 
wall and roof structures. The urea formaldehyde content of the adhesives used in the preparation of the 
particle boards was high especially during the 1970s. Consequently, there is a high risk of elevated 
indoor formaldehyde concentrations in the buildings of that era. There were significant deficiencies in 
the ventilation of the studied buildings: they typically had only mechanical exhaust and no active fresh 
air intake. In some cases, even the exhaust was out of operation. The ventilation or air change rates were 
not determined in this study and the results concerning the effect of ventilation are shown only to 
demonstrate the performance of the tested instrument in dynamic measurements. 

2 METHODS 
The continuously operating instrument is based on photoacoustic infrared spectroscopy with a quantum 
cascade laser (Gasera, 2018). The formaldehyde content of indoor air sampled by the instrument was 
determined once in a minute (user configurable from 10 seconds to a few minutes). This allows for e.g. 
to monitor dynamic phenomena in real time. According to the manufacturer, the accuracy of the 
instrument is better than 5 percent at the calibration concentration and is limited by the calibration gas 
accuracy. The dynamic range of the instrument is over 5 orders of magnitude. The unit measures 
simultaneously also humidity. 
It is possible to move the unit inside the building with a trolley (Figure 1). Different rooms of a building 
can be monitored with the help of a Teflon tube. In this study, samples were taken from the center of 
the room at a height of about one meter. DNPH sampling was performed in eight rooms simultaneously 
with the spectroscopic measurement for comparison.  

 
Figure 1. The equipment used in the study. The measuring spectroscopic instrument is on the trolley. 
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During the measurement campaign, the weather varied from rainy to sunny. The outdoor temperature 
varied between 8 and 12 ° C and the relative humidity (RH) between 61 and 99 percent. The temperature 
of the mapped premises varied between 21 and 23 ° C and RH varied between 32 and 50 percent. The 
outdoor formaldehyde concentration was approximately 1.6 μg/m3 according to the tested instrument.  

3 RESULTS 
The average measurement results (median) for each studied building are given in Table 1. Some of the 
results concerning individual rooms of building 2 are shown graphically in Figure 2. With the 
spectroscopic instrument, it was possible to map the premises significantly faster than with the DNPH 
method. Therefore, only a limited number of DNPH measurements were performed. This distorts the 
median concentration reported in Table 1 for the DNPH method. 
Table 1. The average concentration of formaldehyde (µg/m3) measured by spectroscopic and DNPH 
method. The number of samples or measurement points in parentheses. 

Building Construction 
year 

Amount of 
particle board Ventilation Spectroscopic 

method 
DNPH 
method 

1 1970s large exhaust 80 (6)  80 (2) 

2 1970s large exhaust* 134 (16) 116 (2) 

3 1984 large exhaust 16 (8) no sample 

4 1984 large exhaust 18 (3) no sample 

4, office 1984 large intake, exhaust 13 (1) 5 (1) 

Frida 1950s small natural 26 (1) 16 (1) 

Merituuli 1970s large exhaust* 32 (6) 20 (1) 

Multipurpose 1987 small intake, exhaust 7 (5) <5 (1) 

Restaurant 1994 small intake, exhaust 8 (2) no sample 

Outdoor air    2 (1) no sample 

*Ventilation was not operational during the measurement campaign. 
 

 
Figure 2. The formaldehyde levels in different rooms of building 2. The red line indicates the Finnish 
action level for average annual formaldehyde concentration. 

hours, which results in a sensitivity of about 5 μg/m3. There are also several other sensors and devices 
for formaldehyde determination (Chung et al., 2013). However, the sensitivity or specificity of most of 
the sensors is not sufficient enough to record the formaldehyde concentration in indoor air. Recently, a 
continuously operating portable instrument based on infrared spectroscopy, with a sensitivity below 1 
μg/m3, was introduced (Gasera, 2018). The performance of the instrument was tested in this study. 
A field research campaign was carried out in a course center in Southern Finland in October 2017. The 
course center consists of eight separate buildings constructed between 1950s and 1990s. Buildings 
which were constructed in the 1970s and 1980s contain a great amount of particle board in their floor, 
wall and roof structures. The urea formaldehyde content of the adhesives used in the preparation of the 
particle boards was high especially during the 1970s. Consequently, there is a high risk of elevated 
indoor formaldehyde concentrations in the buildings of that era. There were significant deficiencies in 
the ventilation of the studied buildings: they typically had only mechanical exhaust and no active fresh 
air intake. In some cases, even the exhaust was out of operation. The ventilation or air change rates were 
not determined in this study and the results concerning the effect of ventilation are shown only to 
demonstrate the performance of the tested instrument in dynamic measurements. 

2 METHODS 
The continuously operating instrument is based on photoacoustic infrared spectroscopy with a quantum 
cascade laser (Gasera, 2018). The formaldehyde content of indoor air sampled by the instrument was 
determined once in a minute (user configurable from 10 seconds to a few minutes). This allows for e.g. 
to monitor dynamic phenomena in real time. According to the manufacturer, the accuracy of the 
instrument is better than 5 percent at the calibration concentration and is limited by the calibration gas 
accuracy. The dynamic range of the instrument is over 5 orders of magnitude. The unit measures 
simultaneously also humidity. 
It is possible to move the unit inside the building with a trolley (Figure 1). Different rooms of a building 
can be monitored with the help of a Teflon tube. In this study, samples were taken from the center of 
the room at a height of about one meter. DNPH sampling was performed in eight rooms simultaneously 
with the spectroscopic measurement for comparison.  

 
Figure 1. The equipment used in the study. The measuring spectroscopic instrument is on the trolley. 
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Dynamic measurement of formaldehyde levels 
In the office of building 4, there was an adjustable air supply unit with both intake and exhaust provided 
with four operation settings (0 – off, 1 – min, 3 – max). Dynamic tests were performed by changing the 
ventilation settings. The formaldehyde level was decreased by about 30 percent when the ventilation 
operation setting was changed from 1 to 3 (figure 3). 

 
Figure 3. The effect of ventilation efficiency on the formaldehyde level. The setting of the air supply unit 
was changed from 1 (min) to 3 (max) at time 13:40. 

4 DISCUSSION 
The spectroscopic instrument and the DNPH method yielded comparable results (R2 = 0.99, Figure 4), 
taking into account the measurement uncertainty. The results obtained with the spectroscopic instrument 
were generally larger than the results obtained with the DNPH method. Especially at low concentrations 
below 20 μg/m3, the spectroscopic instrument gave significantly larger figures. The observed 
phenomenon may stem from the fact the DNPH sampling process is interfered by indoor ozone. When 
indoor ozone is high, in the DNPH method, it is recommended to capture ozone prior to air sampling. 
The ozone concentration of indoor air at the time of measurement was unknown and no ozone-capture 
technique was used. The spectroscopic method does not present a similar problem, because it is based 
on the determination of the spectral line strength characteristic of only formaldehyde. However, the 
amount of water vapor and possibly other compounds in the indoor air may interfere with the 
quantification of formaldehyde. They cause typically a measurement error of less than 1 μg/m3.  
The applicability of the spectroscopic instrument for practical indoor measurements was clearly 
demonstrated in this field study. The transfer of the equipment between the buildings and sampling of 
different rooms within a building was easy with the help of the trolley and Teflon tube.  It was 
comfortable to manage the unit with one control knob. The most significant limiting factor of the 
measurement was the adsorption of formaldehyde on the surface of the Teflon tube. This means that the 
air flow should be sustained at least ten minutes to obtain a reliable and accurate quantification of 
formaldehyde concentration. Due to practical issues, such as the mass of the device (about 20 kg), it is 
reasonable to use the instrument only in studies where several measurements are performed at a location. 
On the other hand, the real-time measurement of the device is particularly useful in situations where the 
conditions vary naturally or they are altered actively. Additionally, the instrument may be left alone for 
long periods of time. 
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Figure 4. Comparison between the real-time spectroscopic and DNPH method.  Reference method = 
DNPH method and Gasera = spectroscopic instrument. 
 

5 CONCLUSIONS 
Unusually high indoor air formaldehyde levels were measured in this study. The formaldehyde levels 
in almost all the rooms in two of the studied buildings exceeded the 50 μg/m3 action limit of the Finnish 
legislation. The highest measured concentration was about 200 μg/m3. The study unequivocally shows 
that unhealthy formaldehyde levels are still present in the Finnish building stock. Significant amounts 
of formaldehyde can be emitted decades after construction. Therefore, the quantification of indoor air 
formaldehyde is necessary in cases where odor, irritation symptoms or building materials indicate the 
possibility of elevated formaldehyde levels.  
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SUMMARY 
It has been known that the contamination of indoor hazardous chemicals affects the health of residents. 
According to the previous studies, the concentration of SVOC (Semi-Volatile Organic Compounds) in 
house-dust and on the PVC floor is by and large higher than that of SVOC in the air. In particular, in 
the case of a floor surface of a house using PVC building materials, it has been reported that the risk 
to children is higher. The purpose of the current study was to investigate the most effective cleaning 
method after cleaning pollutants deposited on the floor with various cleaning methods. As a result, 
2E1H, D6, DEP, DBP, TPP and DEHP were detected on the floor surface before cleaning. However, 
TBP, TCEP and DOA were not detected. The concentration of 2E1H on the surface of the specimen 
before cleaning was 45[ug/m2], those of DEP, DBP and TPP were 6.7, 4.0, and 8.9[ug/m2], 
respectively. Also, DEHP was 11000[ug/m2], showing the highest value among the chemical 
substances detected. The study found that using a vacuum cleaner with a wet rag was more effective 
method than using a vacuum cleaner only. In particular, the effect of steam cleaner on SVOC 
substances was high. In order to reduce the SVOC concentration on the floor surface, it is 
recommended to use building materials not containing plasticizer. 
Keywords: SVOC, Polyvinyl chloride, DEHP, Vacuum cleaner  

1 INTRODUCTION 
It has been reported that Semi-Volatile Organic Compounds (SVOC) adhere to house dust because of 
its high boiling point and low volatility (Wensing 2005). The SVOC pollutants indoor include 
plasticizers, flame retardants, insecticides, and the like. In particular, SVOC contained in house dust is 
DBP and DEHP (Hyuntae Kim 2010). It has also been found that the possibility of children’s 
phthalate intake from house dust is higher than for that of adults’ and the concentration of phthalate in 
house dust correlates with asthma and allergy in children. Since Japanese and Korean people have 
more opportunities to sit on the floor, lie down on the floor which come into contact with the floor 
surface, children's house dust intake is considered to be higher (Hyuntae Kim 2016). Thus, it is 
considered that reducing the SVOC concentration on the surface leads to the reduction in health risk. 
The purpose of the current study was to investigate the most effective cleaning method after cleaning 
pollutants deposited on the floor with various cleaning methods. 
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2 METHODS 

2.1 Overview of Measurement 
Figure 1 shows the outline of the laboratory, and Table 1 demonstrates the measurement outline. The 
floor area of the laboratory is 51(m2), and the volume is 122(m3). A ventilation fan (1000(m3/h) × 2 
units) is being constructed. The specimen (PVC building material) was set up north side not exposed 
to direct sunlight. Before beginning the experiment, the surface of the specimen was thoroughly 
cleaned and left as it was for three days. Three days later, the surface of the specimen using various 
cleaning methods was cleaned and then the concentration of SVOC remaining on the surface of the 
specimen was measured. The experimental condition ① is the initial SVOC concentration on the 
surface of the specimen before cleaning. The experimental conditions ②, ③, ④, ⑤ indicate each 
cleaning method. The test specimens used are commercial PVC building materials. The dust-cloth, 
vacuum cleaner, and steam cleaner were home appliances commonly used in general homes. The dust-
cloth was rinsed with water, and then squeezed by hand. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Measurement Overview 

Items ①Before 
cleaning 

②Dust-cloth 
(Squeezed after 

rinsing) 

③Only 
vacuum 
cleaner 

④Vacuum cleaner + 
dust cloth 

⑤Steam 
cleaner 

SVOC substance Measured once 

2.2 Sampling method 
Figure 2 displays a photograph cleaning the surface of the specimen. Figure 3 shows a photograph 
measuring the SVOC concentration remaining on the surface of the test specimen after cleaning. After 
cleaning, the concentration of SVOC remaining on the surface of the specimen was measured. The 
wiping area is 0.01(m2). A square frame (0.1m×0.1m) was made as shown in Figure 3. The sampler 
used for wiping was quartz wool (10 mg). Quartz wool is washed three times with ethanol before the 
measurement. The quartz wool after wiping was put in a thermal desorption apparatus and desorbed 
SVOC attached to the quartz wool. The Tenax TA tube was used for SVOC collection. Table 2 shows 
the conditions of the thermal desorption apparatus. 
 

Figure 1. The outline of the laboratory 

Specimen
(PVC building material

Ventilation fan
1000m3/h (2EA)

Setting temp.:28℃

Air conditioner

7.3m

7.
0m
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Figure2. The photograph of cleaning the surface 
of the specimen (left) 

Figure3. The measurement photograph of the 
SVOC concentration remaining on the surface of 
the test specimen after cleaning (right) 

 
Table 2. The condition of thermal desorption apparatus (MSTD-258M) 

Thermal desorption conditions 30℃ (5min)-(20℃/min) 
-220℃ (40min) 

Supply gas flow rate (He) 90 ml/min 
Outlet flow rate 60 ml/min 
Sampling time 60 min 
Sampling tube Tanex TA(60/80 mesh) 

 

2.3 Substances and analysis method 
Substances analyzed
Table 3 demonstrates the chemical substances analyzed. The chemical substances selected for the 
analysis were SVOC substances that are widely used in plastic products and in building materials. In 
addition, 2E1H, one of the volatile organic compounds, is included as an analysis substance since it is 
known to be produced by hydrolysis of DEHP. Table 4 shows the thermal desorption conditions of the 
Tenax TA tube, and Table 5 displays the GC/MS conditions. 
 

Table 3. Outline of analyzed chemical substances  

Substance analyzed Molecular weight 
(g/mol) 

Molecular 
structure 

Boiling point 
(°C) CAS number 

2-Ethyl-1-Hezanol (2E1H) 130.3 C8H18O 184∼ 185 104-76-7 
Dodecamethylcyclonexasiloxane(D6) 444.9 C12H36O6Si6 245 540-97-6 

Diethyl phthalate (DEP) 222.2 C12H14O4 295 84-66-2 
Tributyl phosphate (TBP) 266.3 C12H27O4P 289 126-73-8 

Tris(2-chloroethyl) phosphate (TCEP) 285.5 C6H12Cl3O4P 300 115-96-8 
Dibutyl phthalate (DBP) 278.3 C16H22O4 340 84-74-2 

Triphenyl phosphate (TPP) 326.3 C18H15O4P 370 115-86-6 
Dioctyladipate (DOA) 370.5 C22H42O4 335 103-23-1 

Di(2-ethylhexyl)phthalate (DEHP) 390.5 C24H38O4 385 117-81-7 
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Table 4. Thermal desorption conditions of Tenax TA  

Instrument used GERSTEL TDS A 
Thermal desorption conditions 280˚C × 10 min. 

Trap temperature  -60˚C 
Injection temperature 325˚C × 5 min 

Table 5. GC/MS analysis conditions 
Instrument used Agilent 6890N/5973inert 

Column InertCap1MS30m×0.25mm,df=0.25μm 
Temperature 50˚C(2min)→10˚C/min→320˚C(5min) 

Split ratio Splitless 
Measurement mode SCAN 

Detector temperature 230˚C 

SCAN parameter m/z 29 (Low) – 550 (high) 
 

3 RESULTS 

3.1 The concentration of SVOC on surface of specimen 
Table 6 shows the concentration of SVOC on the surface of specimen before and after cleaning. 
2E1H, D6, DEP, DBP, TPP and DEHP were detected on the floor surface before cleaning. However, 
TBP, TCEP and DOA were not detected. The concentration of 2E1H on the surface of the specimen 
before cleaning was 45[ug/m2], those of DEP, DBP and TPP were 6.7, 4.0, and 8.9[ug/m2], 
respectively. Also, DEHP was 11000[ug/m2], showing the highest value among the chemical 
substances detected. In the case of Dust cloth ②, the concentration of 2E1H was 46[ug/m2], and those 
of DEP, DBP and TPP were 2.5, 1.8, and 9.1[ug/m2], respectively. Finally, the concentration of DEHP 
was 7600 [ug/m2]. In case of the vacuum cleaner in the condition ③, the concentration of 2E1H was 
70 [ug/m2], which was higher than before cleaning① and dust cloth②. The DEHP concentration was 
9300 [ug/m2], which was higher than the dust cloth. In case of using dust cloth and vacuum cleaner, 
the concentration of DBP was 4.1[ug/m2], showing higher than that of the dust cloth. However, the 
concentration of DEHP was 6100[ug/m2], which was lower than that of the dust cloth and vacuum 
cleaner. The concentration of DEHP in the condition of steam cleaner was 4500[ug/m2], which was 
the lowest value compared with other cleaning methods. 

 
Table 6. The concentration of SVOC on surface of specimen[μg/m2] 

Items ①Before 
cleaning 

②Dust cloth (Squeezed 
after rinsing)  

③only vacuum 
cleaner 

④Vacuum cleaner + 
dust cloth 

⑤steam 
cleaner 

2E1H 45 46 70 45 40 
D6 1.2 - 2.1 3.7 8 

DEP 6.7 2.5 7.7 7 8 
TBP - - - - - 

TCEP - - - - - 
DBP 4 1.8 3.8 4.1 4.7 
TPP 8.9 9.1 8.8 8.1 5.6 
DOA - - - - - 
DEHP 11000 7600 9300 6100 4500 
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4 DISCUSSION 
In order to compare each condition, 2E1H, TPP, DBP and DEHP detected in all conditions were 
discussed. Figure 4 exhibits the concentration of 2E1H on the surface of specimen. The concentration 
of 2E1H after vacuum cleaning was detected higher than the initial concentration of 2E1H before 
cleaning. In addition, other cleaning methods were almost the same as the initial concentration before 
cleaning, and no concentration reduction effect by cleaning was observed. Figure 5 shows the 
concentration of DBP on the surface of specimen. Although the dust cloth was 55% lower than the 
initial DBP concentration before cleaning, the conditions ③ and ④ were almost the same as the initial 
concentration. Also, the concentration of DBP after the steam cleaner used was rather higher than the 
initial concentration. The reason for this result is the nozzles made of plastics are at high temperatures, 
and the DBP contained in the nozzles is likely to be emitted. Figure 6 displays the concentration of 
TPP on the surface of specimen. The concentration of TPP under the conditions ②, ③, and ④ were 
almost the same as the initial TPP concentration, and the cleaning effect was not observed. However, 
when steam cleaner was used, the concentration of TPP was decreased by 37% from the initial 
concentration. Figure 7 shows the concentration of DEHP on the surface of specimen. The initial 
concentration of DEHP on the surface of the specimen was detected higher than other chemicals. The 
initial concentration of DBP was 2750 times higher than that of DEHP, and was 1236 times higher 
than that of TTP. When the steam cleaner is used, the concentration of DEHP after cleaning was 
reduced by 60% compared to the initial concentration of DEHP, but the concentration of DEHP on the 
surface specimen was still detected high. By cleaning the surface of the specimen, the concentration of 
DEHP on the surface specimen could be reduced, but the products with high content of DEHP 
endlessly emitted it; therefore, it is considered difficult to clean the surface completely. 
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Table 4. Thermal desorption conditions of Tenax TA  

Instrument used GERSTEL TDS A 
Thermal desorption conditions 280˚C × 10 min. 

Trap temperature  -60˚C 
Injection temperature 325˚C × 5 min 

Table 5. GC/MS analysis conditions 
Instrument used Agilent 6890N/5973inert 

Column InertCap1MS30m×0.25mm,df=0.25μm 
Temperature 50˚C(2min)→10˚C/min→320˚C(5min) 

Split ratio Splitless 
Measurement mode SCAN 

Detector temperature 230˚C 

SCAN parameter m/z 29 (Low) – 550 (high) 
 

3 RESULTS 

3.1 The concentration of SVOC on surface of specimen 
Table 6 shows the concentration of SVOC on the surface of specimen before and after cleaning. 
2E1H, D6, DEP, DBP, TPP and DEHP were detected on the floor surface before cleaning. However, 
TBP, TCEP and DOA were not detected. The concentration of 2E1H on the surface of the specimen 
before cleaning was 45[ug/m2], those of DEP, DBP and TPP were 6.7, 4.0, and 8.9[ug/m2], 
respectively. Also, DEHP was 11000[ug/m2], showing the highest value among the chemical 
substances detected. In the case of Dust cloth ②, the concentration of 2E1H was 46[ug/m2], and those 
of DEP, DBP and TPP were 2.5, 1.8, and 9.1[ug/m2], respectively. Finally, the concentration of DEHP 
was 7600 [ug/m2]. In case of the vacuum cleaner in the condition ③, the concentration of 2E1H was 
70 [ug/m2], which was higher than before cleaning① and dust cloth②. The DEHP concentration was 
9300 [ug/m2], which was higher than the dust cloth. In case of using dust cloth and vacuum cleaner, 
the concentration of DBP was 4.1[ug/m2], showing higher than that of the dust cloth. However, the 
concentration of DEHP was 6100[ug/m2], which was lower than that of the dust cloth and vacuum 
cleaner. The concentration of DEHP in the condition of steam cleaner was 4500[ug/m2], which was 
the lowest value compared with other cleaning methods. 

 
Table 6. The concentration of SVOC on surface of specimen[μg/m2] 

Items ①Before 
cleaning 

②Dust cloth (Squeezed 
after rinsing)  

③only vacuum 
cleaner 

④Vacuum cleaner + 
dust cloth 

⑤steam 
cleaner 

2E1H 45 46 70 45 40 
D6 1.2 - 2.1 3.7 8 

DEP 6.7 2.5 7.7 7 8 
TBP - - - - - 

TCEP - - - - - 
DBP 4 1.8 3.8 4.1 4.7 
TPP 8.9 9.1 8.8 8.1 5.6 
DOA - - - - - 
DEHP 11000 7600 9300 6100 4500 
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5 CONCLUSIONS 
The SVOC contamination indoor has been reported extensively. In particular, it has been reported that 
the SVOC concentration in house dust deposited on the floor surface is higher than the SVOC 
concentration in the air. Because the lifestyle habits of Japan and Korea have many opportunities to 
contact with the floor surface, SVOC concentration on the floor surface was thought to have much 
influence on health damage. Therefore, in this study, the effect of reducing the SVOC contamination 
concentration on the floor surface was examined by a laboratory experiment using various cleaning 
methods. As a result, although the SVOC concentration on the floor surface could be reduced by each 
cleaning method, there was no satisfactory effect. In order to reduce the SVOC concentration on the 
floor surface, it is recommended to use building materials not containing plasticizer. 
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SUMMARY  

Retail stores contain multiple sources of indoor air contaminants that may cause health issues. This 
study characterizes indoor air quality (IAQ) in several retail stores and is a first step towards 
understanding worker exposure in this type of workplace. Ventilation is generally considered as an 
efficient way of reducing exposure to indoor air contaminants, so we compare IAQ with and without 
ventilation in a sports store. Several aldehydes and Volatile Organic Compounds (VOCs) are 
quantified at five locations in the store. Results show the impact of ventilation on IAQ at each 
measurement location. As expected, the two measurement campaigns reveal no difference in VOC 
concentrations in unventilated storage areas. In ventilated areas, a 65% reduction in VOC 
concentrations can be observed when the ventilation is switched on. Another important finding is that 
the measured formaldehyde and VOC concentrations do not follow the same behavior, the former 
being scarcely impacted by air renewal. We highlight a relationship between the local air change rate 
deduced by computer simulation and the measured VOC concentrations. 
Keywords: occupational health; volatile organic compounds; aldehydes; sports store; air change rate 

1 INTRODUCTION  

Indoor Air Quality (IAQ) determines both occupational and public health. Employees in shopping and 
storage areas work in environments, in which new manufactured products with high VOC emission 
capacities are stored. This chemical exposure may cause health issues. 
Although very few studies have investigated IAQ in such workspaces, Loh et al. (2006) and Nirlo et 
al. (2014) revealed the major impact of manufactured product variety on VOC and aldehyde 
concentrations. Loh et al. (2006) measured VOC concentrations in several non-residential 
microenvironments in the U.S. and showed that, among the nine investigated retail stores, the average 
formaldehyde concentration was the highest (53 µg/m3) in housewares. However, toluene proved to be 
the predominant compound, with an average concentration of 76 µg/m3, in multipurpose stores 
offering a wide variety of goods. Nirlo et al. (2014) measured VOC concentrations and ventilation 
rates at fourteen retail stores in Texas and Pennsylvania. They obtained indoor-to-outdoor 
concentration ratios, which demonstrate that indoor sources are the main contributors to indoor VOC 
concentrations for most compounds. For example, the highest formaldehyde concentrations were 
measured at office equipment and furniture stores. 
Indoor emissions are not the only factor that impacts IAQ: ventilation also has a significant effect. 
Zaatari et al. (2014) observed in their review of retail store ventilation and IAQ that, while half the 
stores tested comply with the U.S. ventilation standard, ventilation rates are insufficient to ensure that 
all pollutants remain below their lower threshold, respectively. These authors also noted that only four 
studies measured the influence of ventilation on indoor concentrations and their conclusions were 
contradictory. Nirlo et al. (2014) recorded lower indoor VOC concentrations, when air change rates 
were increased in two stores. This suggests that ventilation can be used to reduce concentrations at 
specific stores. Hotchi et al. (2006) reduced the ventilation rate by 30% in an American general 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5 CONCLUSIONS 
The SVOC contamination indoor has been reported extensively. In particular, it has been reported that 
the SVOC concentration in house dust deposited on the floor surface is higher than the SVOC 
concentration in the air. Because the lifestyle habits of Japan and Korea have many opportunities to 
contact with the floor surface, SVOC concentration on the floor surface was thought to have much 
influence on health damage. Therefore, in this study, the effect of reducing the SVOC contamination 
concentration on the floor surface was examined by a laboratory experiment using various cleaning 
methods. As a result, although the SVOC concentration on the floor surface could be reduced by each 
cleaning method, there was no satisfactory effect. In order to reduce the SVOC concentration on the 
floor surface, it is recommended to use building materials not containing plasticizer. 
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merchandise store and observed increases in VOC concentration ranging between 15% and 170%. 
Based on a specific radon study at a retail store, Marley (2000) suggests that appropriate ventilation 
can decrease radon concentration. On the other hand, Grimsrud et al. (2011) suggest that ventilation 
can be lowered, while maintaining acceptable IAQ.  
Little is known about VOC concentrations in French retail stores and their influencing factors, such as 
ventilation, in-store activity, type of goods sold and store layout. We therefore embarked on a study to 
characterize IAQ in shopping and storage areas. Its aim is twofold: firstly, to assess IAQ in different 
types of shopping and storage spaces and, secondly, to design an exposure forecasting tool. This tool 
will assist in developing prevention solutions embracing ventilation strategies, environmental 
parameters and spatial layout for this type of workspace; solutions that can be applied from design stage 
to end-product. This paper focuses on comparing IAQ with and without ventilation in a sports store.  

2 METHODS 

2.1 Sports store design and layout 

The investigated sports store is located in the northeast of France. The two measurement campaigns 
were conducted in June 2017 with similar outdoor conditions and types of articles sold. 
The store area is approximately 1000 m2 and 5 m high. The building is a steel frame structure and is 
mechanically ventilated. Its indoor volume is divided into three work areas as illustrated in Figure 1a: 
a storage area, a sales area and an office. The 900 m² sales area is the largest part. The sports articles 
are displayed on shelves or clothes racks. They vary but are arranged according to sport: clothes, 
equipment and miscellaneous products for running, camping, cycling, swimming and horse riding. 
The storage area is a long, narrow space at the back of the store. It is divided into two unventilated 
floors full of sport goods. A permanently open door allows employees to come and go between the 
sales and storage areas. The third workspace is a 20 m² office. 
The mechanical ventilation system is equipped with two air handling units, each of which delivers 
13,000 m3/h of fresh air. Each air handling unit supplies a separate, ceiling-based ventilation network 
with seven circular blower outlets (Figure 1b). The fresh air is humidified and heated before being 
delivered to the store to ensure occupant comfort. Only one of the two ventilation networks, on the 
storage area side, was switched on during the measurement campaign with ventilation. 

      a)         b) 

 
Figure 1. a) Overview of sports store layout b) One of the installed blower outlets 
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2.2 Sampling and analysis 

IAQ monitoring was conducted over a single working day and combined both real-time sensors and 
standardized air sampling at five indoor locations, 1.4 m above the floor, and one outdoor location. 
The indoor locations were in the sales and storage areas, and also in adjacent office areas. The real-
time sensors provided time series of temperature, relative humidity and CO2 at 30 s time intervals.  
Air sampling was ensured by two VOC sorbent tubes and a DNPH aldehyde cartridge connected to 
pumps. The sorbent tubes were analyzed for benzene (Carbograph 4 tube) and eleven other VOCs 
including toluene, tetrachloroethylene, o-xylene, m-xylene, p-xylene, ethylbenzene, styrene, α-pinene, 
limonene, 1,4-dichlorobenzene and 2-butoxyethanol (TENAX tube). Cartridges were analyzed for 
nine aldehydes including formaldehyde, acetaldehyde, acrolein, propionaldehyde, crotonaldehyde, 
butanal, isopentanal, pentanal and hexanal.  
The twenty VOCs with the highest concentrations were identified by VOC-screening at each location 
and their concentrations were semi-quantified with respect to the closest standard for their chemical 
family. The screening method also provided a toluene equivalent total VOC concentration for the 
eluted VOCs between n-hexane and n-hexadecane. 

2.3 Computer simulation setup 

The computer simulation was designed to estimate the mean age of air, expressing the local air change 
rate at the indoor measurement height of 1.4 m above the floor. The airflow was modeled in ANSYS 
Fluent 17.2 using a steady Reynolds-Averaged Navier-Stokes (RANS) framework, with k-ε 
turbulence equations and the RNG closure model. A second order QUICK numerical scheme was 
used for each solved variable. This approach is frequently adopted for simulating airflow in indoor 
environments. Three meshes ranging from one to eleven million hexahedral cells were evaluated to 
confirm the insensitivity of results to the mesh. Boundary conditions featured a 45° inclined, truncated 
conical velocity field imposed at each working blower outlet to give a total volume flow rate of 
13,000 m3/h, while a constant zero gauge pressure was set at the customer door openings (near the 
office in Figure 1a). An incoming airflow of 60 m3/h in the office and an extracted airflow of 200 m3/h 
in the toilets were also set, based on the real conditions involving a permanently open office door and 
a permanently closed toilet door. 
Once the airflow was fully converged, the passive scalar transport equation (1) was solved as: 

 
𝑈𝑈𝑈𝑈𝑖𝑖𝑖𝑖

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑖𝑖𝑖𝑖

− 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑖𝑖𝑖𝑖

�𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇
𝜌𝜌𝜌𝜌

𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑗𝑗𝑗𝑗
� = 1,  (1) 

 

where 𝜏𝜏𝜏𝜏 is the mean age of air, 𝑈𝑈𝑈𝑈𝑖𝑖𝑖𝑖 is the air velocity in direction 𝑖𝑖𝑖𝑖, 𝜌𝜌𝜌𝜌 is the air density and 𝐷𝐷𝐷𝐷𝑇𝑇𝑇𝑇 is the 
turbulent diffusion coefficient. Equation (1) gives the mean age of air, when associated with a zero-
value boundary condition at inlets and a zero-flux boundary condition elsewhere. It helps to identify 
where the air is potentially less renewed. 
 
 
 

merchandise store and observed increases in VOC concentration ranging between 15% and 170%. 
Based on a specific radon study at a retail store, Marley (2000) suggests that appropriate ventilation 
can decrease radon concentration. On the other hand, Grimsrud et al. (2011) suggest that ventilation 
can be lowered, while maintaining acceptable IAQ.  
Little is known about VOC concentrations in French retail stores and their influencing factors, such as 
ventilation, in-store activity, type of goods sold and store layout. We therefore embarked on a study to 
characterize IAQ in shopping and storage areas. Its aim is twofold: firstly, to assess IAQ in different 
types of shopping and storage spaces and, secondly, to design an exposure forecasting tool. This tool 
will assist in developing prevention solutions embracing ventilation strategies, environmental 
parameters and spatial layout for this type of workspace; solutions that can be applied from design stage 
to end-product. This paper focuses on comparing IAQ with and without ventilation in a sports store.  

2 METHODS 

2.1 Sports store design and layout 

The investigated sports store is located in the northeast of France. The two measurement campaigns 
were conducted in June 2017 with similar outdoor conditions and types of articles sold. 
The store area is approximately 1000 m2 and 5 m high. The building is a steel frame structure and is 
mechanically ventilated. Its indoor volume is divided into three work areas as illustrated in Figure 1a: 
a storage area, a sales area and an office. The 900 m² sales area is the largest part. The sports articles 
are displayed on shelves or clothes racks. They vary but are arranged according to sport: clothes, 
equipment and miscellaneous products for running, camping, cycling, swimming and horse riding. 
The storage area is a long, narrow space at the back of the store. It is divided into two unventilated 
floors full of sport goods. A permanently open door allows employees to come and go between the 
sales and storage areas. The third workspace is a 20 m² office. 
The mechanical ventilation system is equipped with two air handling units, each of which delivers 
13,000 m3/h of fresh air. Each air handling unit supplies a separate, ceiling-based ventilation network 
with seven circular blower outlets (Figure 1b). The fresh air is humidified and heated before being 
delivered to the store to ensure occupant comfort. Only one of the two ventilation networks, on the 
storage area side, was switched on during the measurement campaign with ventilation. 

      a)         b) 

 
Figure 1. a) Overview of sports store layout b) One of the installed blower outlets 
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3 RESULTS & DISCUSSION 

3.1 TVOC and formaldehyde concentrations and relations with ventilation 

Temperature, relative humidity and CO2 concentration were all almost constant over the measurement 
period. Their respective average values were approximately 25 °C, 50% and 450 ppm. 

Figure 2a illustrates the total VOC concentrations with and without mechanical ventilation at the five 
indoor locations and at the outdoor location. Together with the mean air age map shown in Figure 3, 
the impact of ventilation on the total VOC concentrations is clearly observable. The difference in total 
VOC concentrations between the two campaigns is lower in locations where the air is less renewed. 
Thus, in location P2 – sneakers, a decrease of more than 65% is obtained when the ventilation system 
is switched on. This result was expected because this area is directly supplied with fresh air. In 
location P4 – storage, the total VOC concentration remains similar because this area is not directly 
ventilated. The other locations exhibit intermediate behaviors. It is also clear in Figure 2a that the 
indoor VOC pollution is not related to the outdoor air; this highlights the presence of major VOC 
sources inside the sports store.  

Figure 2b illustrates the formaldehyde concentration ranging between 14 and 29 μg/m3 in the 
campaign without ventilation and between 14 and 26 μg/m3 in the campaign with ventilation. The 
relationship between formaldehyde concentration and air renewal is weaker than that between total 
VOC concentrations and air renewal, although the highest concentrations are still found in the storage 
area. The measured formaldehyde concentrations are all in the same range, whatever the air change 
rate. An explanation of our results may be that air renewal may promote formaldehyde desorption 
from its sources (Offermann et al., 2012). The competition between dilution and desorption 
phenomena could limit the overall influence of ventilation, if their kinetics are of the same order of 
magnitude. This requires further laboratory investigation. 

 

 

Figure 2. a) Total VOC concentrations and b) Formaldehyde concentrations for the two measurement 
campaigns without ventilation (C1) and with ventilation (C2) 
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Figure 3.Computed mean age of air in the horizontal plane of measurements  

 

 

3.2 Specific VOC concentrations and relations with ventilation 

Table 1 shows a comparison of compounds with significant concentrations identified by VOC 
screening during the two campaigns. The results are expressed in µg/m3 based on five intervals. We 
note a greater VOC presence in the unventilated storage area containing many new products. This 
screening reveals the presence of dimethylformamide, which is classified as reprotoxic by the EU. The 
high decamethylcyclopentasiloxane concentration, which exceeds 100 µg/m3 toluene equivalent 
especially at location P2 – sneakers,  is attributed to the application of waterproofing products to 
sports shoes. This family of compounds was observed to decrease significantly, when the ventilation 
was switched on. Finally, we noted the appearance of nonanal during the second campaign, although 
the ventilation was switched on. This seems to be due to a store cleaning operation just before the 
second measurement campaign. 

3 RESULTS & DISCUSSION 

3.1 TVOC and formaldehyde concentrations and relations with ventilation 

Temperature, relative humidity and CO2 concentration were all almost constant over the measurement 
period. Their respective average values were approximately 25 °C, 50% and 450 ppm. 

Figure 2a illustrates the total VOC concentrations with and without mechanical ventilation at the five 
indoor locations and at the outdoor location. Together with the mean air age map shown in Figure 3, 
the impact of ventilation on the total VOC concentrations is clearly observable. The difference in total 
VOC concentrations between the two campaigns is lower in locations where the air is less renewed. 
Thus, in location P2 – sneakers, a decrease of more than 65% is obtained when the ventilation system 
is switched on. This result was expected because this area is directly supplied with fresh air. In 
location P4 – storage, the total VOC concentration remains similar because this area is not directly 
ventilated. The other locations exhibit intermediate behaviors. It is also clear in Figure 2a that the 
indoor VOC pollution is not related to the outdoor air; this highlights the presence of major VOC 
sources inside the sports store.  

Figure 2b illustrates the formaldehyde concentration ranging between 14 and 29 μg/m3 in the 
campaign without ventilation and between 14 and 26 μg/m3 in the campaign with ventilation. The 
relationship between formaldehyde concentration and air renewal is weaker than that between total 
VOC concentrations and air renewal, although the highest concentrations are still found in the storage 
area. The measured formaldehyde concentrations are all in the same range, whatever the air change 
rate. An explanation of our results may be that air renewal may promote formaldehyde desorption 
from its sources (Offermann et al., 2012). The competition between dilution and desorption 
phenomena could limit the overall influence of ventilation, if their kinetics are of the same order of 
magnitude. This requires further laboratory investigation. 

 

 

Figure 2. a) Total VOC concentrations and b) Formaldehyde concentrations for the two measurement 
campaigns without ventilation (C1) and with ventilation (C2) 
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Table 1. Concentrations of other significant VOCs without ventilation (C1) and with (C2) ventilation 

 

 

4 CONCLUSIONS 
IAQ at a sports store has been investigated through two measurement campaigns conducted with and 
without mechanical ventilation. The simulated age of air in the measurement plane was used to 
explain the VOC and formaldehyde concentrations. 
VOC concentrations were lower when the ventilation system was switched on. Moreover the storage 
area presents the higher indoor concentrations due to the high density of new products in a small 
volume. The ventilation should be improved to ensure a better IAQ for the workers given that they 
spend most of their working time in this area.  
Another finding of this study is that the formaldehyde concentration appears to be little influenced by 
the air change rate; this could be explained by increased desorption flux near material surfaces. This 
aspect will be further studied both experimentally and numerically in a reduced scale model of a store. 
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SUMMARY 
Poor Indoor Air Quality in commercial buildings is a growing concern these days, with several studies 
suggesting that indoor air pollution is 2-5 times worse than outdoor air pollution. Most individuals spend 
approximately 8-10 hours a day at their workplace, exposing themselves to dangerous indoor air 
pollutants such as bacteria, mold, viruses, carcinogenic VOC’s (volatile organic compounds) generated 
within the office building. 
Micro-organisms and VOC’s are continuously released in commercial buildings and it is important to 
effectively keep the counts under control, since the generation of these pollutants are dynamic and cannot 
be predicted. It is practically not possible to sterilize the people entering commercial buildings and offices 
and expect them to wear sterile garments, gloves and masks used in clean room environments in the office. 
We also cannot avoid the use of cleaning agents, adhesives used for furniture and carpets, paints and 
sanitizers. This challenge sparked off the inspiration to design an innovative and effective solution that 
addresses the above issues and provides centralized decontamination at the source. 
To effectively do this, the solution needs to integrate with the AHU to ensure that all the air circulated 
within the building is treated and decontaminated. In most AHU designs, the air is recirculated 10 times 
in one hour and since the IAQ system is integrated with the AHU, it ensures that the air is 
decontaminated with every pass through the system. The efficacy of the system has been tested and its 
performance validated in the test facility by a NABL accredited firm, and the proof of concept 
established practically, with field tests at live installations in fully functional office buildings. 
Keywords: Indoor air quality, VOC, Micro-organisms, UVGI, Photocatalytic Oxidation. 

1 INTRODUCTION 
Poor Indoor Air Quality in commercial buildings is a growing concern these days and the air cleaners 
available in the market are expensive and have limitations in addressing the problem at its source. They 
are not capable of handling large volumes of air present in commercial office buildings, most of which 
are air-conditioned by central plants and air handling units, cooling and delivering large volumes of air 
through the ducted air distribution system. The AHU is a breeding ground for mold, fungus and bacteria 
and with air velocities at 500 FPM, these are blown off from the cooling coil into the air-conditioned 
area as respirable particles causing allergies and asthma. 
To conserve energy, people limit the supply of fresh air into an air-conditioned space as this will increase 
the cooling load. The centralized air conditioning system circulates the same air within the building and 
there is limited fresh air to dilute the air borne pathogens bought in by occupants of that building. 
Harmful VOC’s (volatile organic compounds), emitted by chemical cleaning agents, paints, varnish, 
and aerosols used daily in commercial buildings also contribute to poor indoor air quality. 
A combination of all these factors lead to accumulation and cross contamination of pollutants in 
different zones within the building, affecting the quality of indoor air and leading to Sick Building 
Syndrome, where occupants experience headaches, fatigue and drowsiness, eye, nose, and throat 
irritation leading to loss of productivity and absenteeism. 

Table 1. Concentrations of other significant VOCs without ventilation (C1) and with (C2) ventilation 

 

 

4 CONCLUSIONS 
IAQ at a sports store has been investigated through two measurement campaigns conducted with and 
without mechanical ventilation. The simulated age of air in the measurement plane was used to 
explain the VOC and formaldehyde concentrations. 
VOC concentrations were lower when the ventilation system was switched on. Moreover the storage 
area presents the higher indoor concentrations due to the high density of new products in a small 
volume. The ventilation should be improved to ensure a better IAQ for the workers given that they 
spend most of their working time in this area.  
Another finding of this study is that the formaldehyde concentration appears to be little influenced by 
the air change rate; this could be explained by increased desorption flux near material surfaces. This 
aspect will be further studied both experimentally and numerically in a reduced scale model of a store. 
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2 SYSTEM ARCHITECTURE 
The IAQ System is designed to decontaminate the surface of the cooling coil, which is the source of 
mold spores and bacteria forming biofilm on the coil, as well as decontaminate the air. When air passes 
through the UVGI and Photocatalytic reactor, all kinds of micro-organisms such as mold, bacteria, 
fungi, virus and dangerous carcinogenic VOC’s are destroyed, thereby enhancing Indoor Air Quality 
resulting in increased productivity and lower absenteeism. 
The system combines UVGI (ultra violet germicidal irradiation) and Photocatalytic oxidation 
technology in a module which aesthetically integrates with the AHU, housing all the components of the 
IAQ System such as UV-C emitters, Photocatalytic reactor, microprocessor controller, interconnecting 
cables and emitter drivers. The High Output UV-C irradiation at 254 nanometers produces germicidal 
rays which modify the DNA of harmful micro-organisms present (bacteria, mold spores, virus and 
pathogens) on the cooling coil surface as well as in the air passing through the Air handling unit, and 
eliminates the formation of biofilm on the cooling coil, effectively resulting in surface decontamination. 
When UV-C rays irradiate onto the photocatalytic reactor coated with Nano particles of titanium 
dioxide, hydroxyl radicals and super oxides are released, which react with the contaminants present in 
air and oxidize them into harmless by-products such as carbon dioxide and water vapor, thereby 
decontaminating the air. (Figure 1a. & 1b.). 
 

                            
Figure 1a. IAQ System (schematic diagram)          Figure 1b. IAQ System Integrated with AHU. 
The UV-C emitters are placed at an appropriate distance between the cooling coil and photocatalytic 
reactor, adjusted with the help of a sliding emitter assembly, so that adequate amount of UV-C 
irradiation covers both the cooling coil surface, as well as the photocatalytic reactor to facilitate effective 
dosage of UV-C. The unique upstream design of the system ensures optimal generation of UVC at 254 
nm without any deration at an operating temperature of 25º Celsius in the return air path. 
The Photocatalytic reactor is designed to maximize the contact of air molecules mixed with pollutants, 
passing through the system since this is critical for effective decontamination of air. To achieve this, the 
surface area of photocatalytic reactor is 30 times the face area of the cooling coil. This reduces by-pass 
and effective destruction of pollutants. The reactor has been specially designed to allow air to pass 
through with a minimal pressure drop, but prevent UVC rays from irradiating through making it safe 
for service personnel accessing the area as well as protects the degrading of the synthetic primary air 
filter. 
The system has an integrated microprocessor controller which monitors critical performance parameters 
like UVC 254 nm intensity, emitter and ballast run hours and life. The system integrates with the BMS 
and interlocks with the access panel for safety of service personnel. All parameters are logged and 
displayed on the LCD screen of controller to monitor system functionality & diagnostics, and generate 
alarms in the event of failure. This data can be transferred through the inbuilt RS 485 communication 
port for remote monitoring to ensure that the system performs as per design. 
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3 METHODOLGY 

3.1 Determining the efficacy of the system for micro-organisms. 
A third party NABL Certified Lab (National Accreditation Board for Testing & Calibration 
Laboratories) was engaged to determine the efficacy of the system. The testing facility was set up in a 
2000 Sq. Ft. sterilized room with a closed-circuit air-conditioning system, with ducted supply and return 
air flow (Figure.2 a & b). All openings were properly sealed to ensure that there were no leakages and 
no infiltration of outside air into the test area. The temperature was maintained at 24 deg. C and RH at 
55 % to simulate a commercial building environment. 
Two aluminum test plates, 24” X 24”, one coated with Nano TiO₂ (photocatalyst) and the other without, 
were sterilized to establish a zero count before application of micro-organisms. A mixture containing a 
consortium of 5 species of micro-organisms (Table 1.) was prepared by using 24 hours old broth culture 
for the bacteria, Presley sub-cultured Candida Albicans for Yeast, and Spore Suspension for Mold to 
simulate commonly prevalent airborne micro-organisms. 

Table 1. Micro-organisms and type of selective culture media. 

S. No Micro-Organisms  
Species Selective Culture Media Category 

1 Staphylococcus Aureus Vojel Johnson (V J) Agar Gram Positive Bacteria 
2 Escherichia Coli Eosin Methylene Blue Agar Gram Negative Bacteria 
3 Pseudomonas Aeruginosa Cetrimide Agar Gram Negative Bacteria 

4 Candida Albicans Sabourauds Dextrose Agar with 
Antibiotic 

Yeast 
5 Aspergillus Niger Mold 

 
The concentrated mixture of micro-organisms was spray coated onto both treated and untreated test 
plates, (Figure 3.) and placed inside the AHU at 12 inches from the IAQ system. The blower was started 
and regulated to air velocity of 500 FPM across the coil. 

        

Figure 2a. & 2b. Testing facility                                    Figure 3. Spraying Micro-organisms 
 
To monitor the reduction in colony forming units (CFU) of micro-organisms over a specified time 
interval, swab samples from the treated and untreated test plates are collected and spread over selective 
culture media (agar plates) to capture specific micro-organism counts and determine the kill rates for 
each species. (Table 1. & Figure 4 a. & 4b.) The samples are collected at intervals of 0 hour to get the 
initial baseline count and further samples are collected after 15 minutes and 180 minutes. Similarly, to 
monitor the reduction in CFU in air, air samples are collected with an Anderson sampler as well as 
manual Gravimetric method, with the same selective culture media plates used above. (Figure. 5) 
The air sampling was not done at 0 hour since it would take a few minutes for the micro-organisms to 
get airborne. Air sampling was started after 15 and 180 minutes. 

2 SYSTEM ARCHITECTURE 
The IAQ System is designed to decontaminate the surface of the cooling coil, which is the source of 
mold spores and bacteria forming biofilm on the coil, as well as decontaminate the air. When air passes 
through the UVGI and Photocatalytic reactor, all kinds of micro-organisms such as mold, bacteria, 
fungi, virus and dangerous carcinogenic VOC’s are destroyed, thereby enhancing Indoor Air Quality 
resulting in increased productivity and lower absenteeism. 
The system combines UVGI (ultra violet germicidal irradiation) and Photocatalytic oxidation 
technology in a module which aesthetically integrates with the AHU, housing all the components of the 
IAQ System such as UV-C emitters, Photocatalytic reactor, microprocessor controller, interconnecting 
cables and emitter drivers. The High Output UV-C irradiation at 254 nanometers produces germicidal 
rays which modify the DNA of harmful micro-organisms present (bacteria, mold spores, virus and 
pathogens) on the cooling coil surface as well as in the air passing through the Air handling unit, and 
eliminates the formation of biofilm on the cooling coil, effectively resulting in surface decontamination. 
When UV-C rays irradiate onto the photocatalytic reactor coated with Nano particles of titanium 
dioxide, hydroxyl radicals and super oxides are released, which react with the contaminants present in 
air and oxidize them into harmless by-products such as carbon dioxide and water vapor, thereby 
decontaminating the air. (Figure 1a. & 1b.). 
 

                            
Figure 1a. IAQ System (schematic diagram)          Figure 1b. IAQ System Integrated with AHU. 
The UV-C emitters are placed at an appropriate distance between the cooling coil and photocatalytic 
reactor, adjusted with the help of a sliding emitter assembly, so that adequate amount of UV-C 
irradiation covers both the cooling coil surface, as well as the photocatalytic reactor to facilitate effective 
dosage of UV-C. The unique upstream design of the system ensures optimal generation of UVC at 254 
nm without any deration at an operating temperature of 25º Celsius in the return air path. 
The Photocatalytic reactor is designed to maximize the contact of air molecules mixed with pollutants, 
passing through the system since this is critical for effective decontamination of air. To achieve this, the 
surface area of photocatalytic reactor is 30 times the face area of the cooling coil. This reduces by-pass 
and effective destruction of pollutants. The reactor has been specially designed to allow air to pass 
through with a minimal pressure drop, but prevent UVC rays from irradiating through making it safe 
for service personnel accessing the area as well as protects the degrading of the synthetic primary air 
filter. 
The system has an integrated microprocessor controller which monitors critical performance parameters 
like UVC 254 nm intensity, emitter and ballast run hours and life. The system integrates with the BMS 
and interlocks with the access panel for safety of service personnel. All parameters are logged and 
displayed on the LCD screen of controller to monitor system functionality & diagnostics, and generate 
alarms in the event of failure. This data can be transferred through the inbuilt RS 485 communication 
port for remote monitoring to ensure that the system performs as per design. 
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Figure 4a. - Selective Culture Media    Figure 4b.- Swab sampling           Figure 5.- Anderson Sampler 

3.2 Determining the efficacy of the system for TVOCs. 
The same test facility was fumigated, sterilized and used to determine the efficacy for TVOC’s. 
Measured quantities of Paint thinner, Varnish, Adhesives, Cleaning Chemicals, Insect repellant, 
Sanitary Deodorizer & Aerosols were introduced into the air-conditioned space, to represent the 
commonly prevalent TVOC’s present in commercial buildings. To test the efficiency of the system, 
TVOC counts above Toxic Limits were simulated. 
Graywolf IAQ Sensors were setup for monitoring and when the reading on the TVOC sensor was stable 
at 31500 µgm/m³, the data logger was started to record the TVOC count and monitor TVOC reduction 
with the IAQ system running, in real time. Data logging was stopped when the VOC count reached the 
permissible count of 500 µgm/m³. The process was repeated for the same timeframe without the IAQ 
system to determine the TVOC reduction count and establish the efficacy of the system. 

4 RESULTS 

4.1 Micro-organisms. 
The kill rates with the combination of the UVGI combined with the TIO2 Photocatalyst are clearly far 
more efficient than UVGI alone as seen in the surface sampling test, with the reduction of CFU (colony 
forming units) counts reducing to 0 within the first 15 minutes of exposure. The UVGI by itself was not 
able to reduce the fungal count to zero for one species even after 3 hours of exposure. 
The air sampling also clearly establishes that 100 % air decontamination is successfully carried out due 
to the efficient design of the photocatalytic reactor. The air samples collected after 15 minutes show 
that the micro-organisms were airborne after being blown off by the high air velocity in the AHU but 
after 3 hours the CFU counts reduced to 0. This substantiates the fact that there is minimal bypass due 
to the unique design of the reactor and that all the air circulated within the air-conditioned space is 
effectively decontaminated. (Refer table 2. for details on surface and air sampling) 

4.2: TVOC’s. 
The rapid decomposition rate of the TVOC’s passing through the system is observed when the air is 
circulated in the test area with the IAQ system installed, and the TVOC count reduced from a Toxic 
level of 31,500 µgm/m³ to the acceptable count of 500 µgm/m³ within 23 hours. However, when the 
test procedure was repeated without the IAQ system, the decomposition was slow and the TVOC count 
reduced to 6184 µgm/m³ for the same timeframe. The combination of TVOC concentration and the 
exposure time to humans, is what determines the impact on health of individuals. 
 This test clearly establishes the efficacy of the system and proves the effectiveness of the photocatalytic 
reactor in rapid decomposition of VOC’s. (Refer Figure 6.) 
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Table 2. Reduction of CFU in surface and air sampling tests. 

Sampling Type Surface Sampling Air Sampling 

 Test Plate Exposure Time Gravimetric 
(Manual) 

Anderson 
Machine 

Micro-organism 

0 Mins 15 Mins 180 Mins 15 
Mins 

180 
Mins 

15 
Mins 

180 
Mins 

Microbial 
Count in 

CFU 

Only 
UVGI 

UVGI 
+ PCO 

Only 
UVGI 

UVGI + 
PCO At Supply Grill At Centre of 

Room 

Staphylococcus 
Aureus >100000 21 0 0 0 0 0 NA 

E. Coli >100000 9 0 0 0 12 0 NA 

Pseudomonas 
Aeruginosa >100000 180 0 0 0 8 0 NA 

Candida Albicans >100000 20 0 12 0 22 0 34 0 

Aspergillus Niger >100000 8 0 3 0 3 0 14 0 

          

 

Figure 6. Decomposition of VOC’s. 

5 PRACTICAL VALIDATION IN FULLY FUNCTIONAL OFFICE BUILDINGS 
The IAQ system was commercially launched and 300 + units installed in a commercial property, 
housing several offices and spread over 2.75 million square feet. The units were installed on AHU’s 
with varying sizes and capacities ranging from 12,000 to 24,000 CFM. A pre-installation microbial 
analysis was done on the coils of 5 AHU’s selected by the client.  Swab samples were collected from 
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Figure 4a. - Selective Culture Media    Figure 4b.- Swab sampling           Figure 5.- Anderson Sampler 

3.2 Determining the efficacy of the system for TVOCs. 
The same test facility was fumigated, sterilized and used to determine the efficacy for TVOC’s. 
Measured quantities of Paint thinner, Varnish, Adhesives, Cleaning Chemicals, Insect repellant, 
Sanitary Deodorizer & Aerosols were introduced into the air-conditioned space, to represent the 
commonly prevalent TVOC’s present in commercial buildings. To test the efficiency of the system, 
TVOC counts above Toxic Limits were simulated. 
Graywolf IAQ Sensors were setup for monitoring and when the reading on the TVOC sensor was stable 
at 31500 µgm/m³, the data logger was started to record the TVOC count and monitor TVOC reduction 
with the IAQ system running, in real time. Data logging was stopped when the VOC count reached the 
permissible count of 500 µgm/m³. The process was repeated for the same timeframe without the IAQ 
system to determine the TVOC reduction count and establish the efficacy of the system. 

4 RESULTS 

4.1 Micro-organisms. 
The kill rates with the combination of the UVGI combined with the TIO2 Photocatalyst are clearly far 
more efficient than UVGI alone as seen in the surface sampling test, with the reduction of CFU (colony 
forming units) counts reducing to 0 within the first 15 minutes of exposure. The UVGI by itself was not 
able to reduce the fungal count to zero for one species even after 3 hours of exposure. 
The air sampling also clearly establishes that 100 % air decontamination is successfully carried out due 
to the efficient design of the photocatalytic reactor. The air samples collected after 15 minutes show 
that the micro-organisms were airborne after being blown off by the high air velocity in the AHU but 
after 3 hours the CFU counts reduced to 0. This substantiates the fact that there is minimal bypass due 
to the unique design of the reactor and that all the air circulated within the air-conditioned space is 
effectively decontaminated. (Refer table 2. for details on surface and air sampling) 

4.2: TVOC’s. 
The rapid decomposition rate of the TVOC’s passing through the system is observed when the air is 
circulated in the test area with the IAQ system installed, and the TVOC count reduced from a Toxic 
level of 31,500 µgm/m³ to the acceptable count of 500 µgm/m³ within 23 hours. However, when the 
test procedure was repeated without the IAQ system, the decomposition was slow and the TVOC count 
reduced to 6184 µgm/m³ for the same timeframe. The combination of TVOC concentration and the 
exposure time to humans, is what determines the impact on health of individuals. 
 This test clearly establishes the efficacy of the system and proves the effectiveness of the photocatalytic 
reactor in rapid decomposition of VOC’s. (Refer Figure 6.) 
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the cooling coils before installing the IAQ system and spread over culture media to establish the micro-
organism counts in CFU’s. This test was repeated 30 days post installation along with Anderson Air 
Sampling in the occupied air-conditioned area, and the results clearly show the effective reduction of 
micro-organisms. The TVOC analysis was also done post installation of the IAQ system and the results 
show that the TVOC counts are being controlled by the system effectively. (Refer Table 3.) Post 
installation of the IAQ system, these offices comply with the IGBC (Indian Green Building Council) 
Healthy Building Standard and qualify as Class A/B on these IAQ parameters. 

Table 3. Microbial &TVOC analysis Pre- & Post installation of IAQ System. 

Benchmark with IGBC –  Healthy Building Standards for Micro-organism and TVOC control. 

Customer 
 

Microbial Count (CFU) 
Sample Surface Area 25 Sq. cm² 

Microbial Count 
(CFU/m³) 
Air Sampling 

TVOC (µg/m³) 

Pre- 
Installation 
Oct 2017 

Post 
Installation 
Dec 2017 

Post 
Installation 
Mar 2018 

Post 
Installation 
Mar 2018 

IGBC 
Class 

Post 
Installation 
Dec 2017 

Post 
Installation 
Mar 2018 

IGBC 
Class 

Customer 1 1000++ 0 8 77 B 60 122 A 

Customer 2 1000++ 1 20 48 A 357 157 A 

Customer 3 1000++ 56 4 34 A 75 125 A 

Customer 4 1000++ 55 4 28 A 89 147 A 

Customer 5 1000++ 2 10 127 B 201 140 A 

IGBC Threshold values for Microbial Count & VOC: 50 CFU/m³ & 500 µg/m³ for “Class A “150 CFU/m³ & 650 µg/m³ 
for “Class B” respectively, as per IGBC Healthy Building Standard. 

 

6 CONCLUSION 
The IAQ system is an ideal solution to address the growing concern of poor indoor air quality, and can 
be easily integrated with AHU’s in new projects as well as retro-fitted in existing offices which makes 
it an effective and viable solution to improve Indoor Air Quality on a sustainable basis. The IAQ system 
has been evaluated and certified as a Green Product by the CII – Green Products and Services Council 
at the International Green Building Congress in Jaipur, India in October 2017. 
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ABSTRACT 

Indoor air filtration design in existing hotel is usually ordinary that has not adequately addressed to the 
issue about the cumulative concentration of indoor air pollutants – PM2.5 and TVOCs in a tightly 
enclosed environment. Such prevailing designs have beenascribed to a mix of factors including the 
motivation of reducing costs, unawareness of smog occurrence and assumption of low emissions from 
interior building materials. Facing these issues, a deluxe hotel with about 300 rooms in Shanghai (where 
is subject to the influence of smog in some months) retrofitted two branded air purifiers (A and W) near 
the fan coil on top the concealed ceiling area in hotel room as the first step in IAQ management. Thus, 
this study examines claimed pollutant removal ability of air purifier and the pollutants’ concentration 
before and after the operation. The tests find that their particle removal performance is in the range of 
40-60%. For TVOCs, their reduction rates are 30 - 45%. Hotel management has not become complacent 
with the result, they continued to develop a more stringent and systematic approach for IAQ 
management. 

Keywords: air purifier, removal, facilities, hotel design, PM2.5 

1 INTRODUCTION 

As companying the economic growth in China in recent decades, environmental issue the occurrence 
of long period of smog and outdoor air pollutants like have not only catch to the public attention but 
also have become regional concern. As usual, the heavily consumption of distinct heating and industry 
production trigger off the formation of dense concentration of PM2.5 in winter in North Eastern China. 
Then the southerly morning air mass bring the smoggy climate down to E. China in later days. In 2009, 
Shanghai (located in E.China) recorded 43% of haze days of which about 30% was classified as severe 
to moderate visibility (2-3 km) and occurred mainly in winter and spring (Wang et. al., 2014). The 
intermittent smoggy haze usually last from winter to spring. The team further found that the particle 
volume concentration and surface concentration in haze, photochemical smog and clean days were 102, 
49, 15 μm3/cm³ and 949, 649, 206 μm2/cm³, respectively. Indeed, the densely concentrated PM2.5 staying 
outdoor for a long period of time may infiltrate the hotel building via the fresh air inlet and air duct of 
the HVAC system. Fang et al. (2016) empirically provided evidence that the smog with daily average 
PM2.5 concentration (212 μg/m³) in East China was significantly associated with an increased risk of 
outpatient visits of coronary heart diseases.  

the cooling coils before installing the IAQ system and spread over culture media to establish the micro-
organism counts in CFU’s. This test was repeated 30 days post installation along with Anderson Air 
Sampling in the occupied air-conditioned area, and the results clearly show the effective reduction of 
micro-organisms. The TVOC analysis was also done post installation of the IAQ system and the results 
show that the TVOC counts are being controlled by the system effectively. (Refer Table 3.) Post 
installation of the IAQ system, these offices comply with the IGBC (Indian Green Building Council) 
Healthy Building Standard and qualify as Class A/B on these IAQ parameters. 

Table 3. Microbial &TVOC analysis Pre- & Post installation of IAQ System. 

Benchmark with IGBC –  Healthy Building Standards for Micro-organism and TVOC control. 

Customer 
 

Microbial Count (CFU) 
Sample Surface Area 25 Sq. cm² 

Microbial Count 
(CFU/m³) 
Air Sampling 

TVOC (µg/m³) 

Pre- 
Installation 
Oct 2017 

Post 
Installation 
Dec 2017 

Post 
Installation 
Mar 2018 

Post 
Installation 
Mar 2018 

IGBC 
Class 

Post 
Installation 
Dec 2017 

Post 
Installation 
Mar 2018 

IGBC 
Class 

Customer 1 1000++ 0 8 77 B 60 122 A 

Customer 2 1000++ 1 20 48 A 357 157 A 

Customer 3 1000++ 56 4 34 A 75 125 A 

Customer 4 1000++ 55 4 28 A 89 147 A 

Customer 5 1000++ 2 10 127 B 201 140 A 

IGBC Threshold values for Microbial Count & VOC: 50 CFU/m³ & 500 µg/m³ for “Class A “150 CFU/m³ & 650 µg/m³ 
for “Class B” respectively, as per IGBC Healthy Building Standard. 

 

6 CONCLUSION 
The IAQ system is an ideal solution to address the growing concern of poor indoor air quality, and can 
be easily integrated with AHU’s in new projects as well as retro-fitted in existing offices which makes 
it an effective and viable solution to improve Indoor Air Quality on a sustainable basis. The IAQ system 
has been evaluated and certified as a Green Product by the CII – Green Products and Services Council 
at the International Green Building Congress in Jaipur, India in October 2017. 
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Nevertheless, there is a paucity of information about severity of hotel IAQ. This hinders the 
improvement of IAQ in the industry. An existing guide book commissioned by the hotel trade 
association addresses general IAQ problems that link more with mold, asbestos, and radon, than with 
materials such as volatile organic compounds (Riedel, 1995). Teeters et al. (1995) claimed that facility 
managers in the hospitality sector have only reacted to those IAQ problems that have caused immediate 
irritation to guests or employees. Managers take the management of resources as a major role that 
inevitably leads to housekeeping’s greater emphasis on those tasks with visual satisfaction. However, 
hotels are public places accommodating a vast variety of international travelers including dignitaries 
and officials, therefore the demand for good IAQ should be higher than for other types of buildings. 

Shanghai located in the Eastern China, where is subject to the influence of northern air mass, have also 
experienced smog problem in late winter and early spring. Wang et al (2014) reported that the largest 
increase of particle number concentration was within 50–100 nm and 100–200 nm fractions during 
photochemical smog episodes, about 5.89 times and 4.29 times those of clean days.  Facing this issue, 
some hotels have considered retrofitting air purifiers, near the space of the fan coil on top the room 
ceiling so as to extenuate the pollutants concentration. Thus, a case study was performed to measure the 
two indoor air quality parameters, including, fine suspended particulates (PM2.5), and total volatile 
organic compounds (TVOCs) before and after applying air cleaner in three hotel rooms. It is anticipated 
the findings may give a crude picture of actual removal efficiency of pollutant in field in contrast with 
manufacturer’s claim. 

2 CASE 

The studied hotel is located in Shanghai city under the management of Guangdong International 
Management Holding Limited, Shanghai Guangdong Hotel was built on a five-star standard with 328 
luxurious and comfortable guestrooms. Authentic and high-quality Cantonese cuisine is one of the 
highlights in this hotel. Also, Guangdong hotel in Shanghai has also been famous for its 65 newly 
remodeled pure rooms with different kinds of IAQ enhancement measures, which is why this hotel was 
appropriate to conduct field testing.  Due to the escalating attention on the impact of PM2.5 on human 
health and the periodic smog happened in the area, the hotel management team has tried to learn the 
IAQ related knowledge on one hand and devised some methods to alleviate the impact of the penetration 
of PM2.5 to the hotel. 

3 METHOD 

DUSTTRAK Aerosol Monitor 8530 is a desktop monitor which is a battery-operated data-logging, 
light-scattering laser photometers that can provide real-time aerosol mass readings. The 8530 is capable 
of attaining simultaneously measurement of PM2.5 with aerosol concentration ranging 0.001 to 150 
mg/m3. TVOCs concentration will be measured by ppbRAE plus VOC detector monitor (model PGM-
7240; RAE systems, Inc., San Jose, CA, USA) with the detection limit of 1 ppb. 

3.1 Site description  

Total of 3 guest rooms were selected to investigate the indoor air quality. The mechanical ventilation 
system was turned on to maintain temperature and relative humidity in 25℃ and 60%, respectively. 
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Two air cleaners were used, i.e. Brand A and Brand W. The air cleaners have been installed onto air 
duct of two guest rooms above ceiling. The time period for sampling of PM2.5 and TVOCs was 24-hour.  

4 PM2.5 MEASUREMENT RESULT 

It is found that PM2.5 concentration in the room without air cleaner ranged from 0.049 mg/m³ to 0.243 
mg/m³, with averaged value of 0.090 ± 0.0317 mg/m³. The average concentration in the room with 
Brand A and W air cleaner is 0.031± 0.0043 and 0.051 ± 0.0049 respectively (Table 1). Whereas Brand 
A claims the equipped air purification technology may remove 99% of PM2.5 Brand W claims to be able 
to maintain PM2.5 concentration around 50 mg while its required electricity is only 30W. 

Table 1 Measured data in three rooms-PM2.5 with and without air cleaners (mg/m3) 

PM2.5 
(mg/m3) 

Room - 
Without air 

cleaner 

Room - 
Brand A 

Room - 
Brand W 

Average 0.090 0.031 0.051 

S.D. 0.0317 0.0043 0.0049 

Max 0.243 0.040 0.067 

Min 0.049 0.027 0.039 

Median 0.0836 0.0280 0.0510 

 

Three peaks are observed in the room without air cleaners, which may be due to outdoor air pollution 
and guest smoking in the other room (Figure 1). It is no clear diurnal variation with two air cleaners in 
the rooms.  

 

Figure 1 Diurnal variation of PM2.5 with and without air cleaners 
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5 TVOCS MEASUREMENT RESULT 

As shown in Table 2, TVOC concentration in room without air cleaner is 156 to 492 ppb, averaged with 
407 ± 50 ppb, which is ~1.5 times higher than the standard of China, Hong Kong (good class), U.S. 
ASHRAE and WHO (261 ppb). The average TVOCs concentration in the room with two cleaners have 
significantly decreased, 225 ± 35, 230 ± 20, 276 ± 38 ppb, respectively and reduction rate is around 30% 
to 45% . Brand A shows the highest reduction rate, ~45%, similar reduction rate is observed in Brand 
W, ~43%. But the average TVOCs concentration in the room with air cleaners is very close to the 
international standards.  

 

Table 2 Measured results in three rooms - TVOCs with and without air cleaners (ppb) 

TVOCs 
(ppb) 

Without air 
cleaner 

Brand A Brand W 

Average 407 225 230 

S.D. 50 35 20 

Max 492 317 280 

Min 156 169 160 

Median 413 211 231 

 

Figure 2 Diurnal variation of TVOCs with and without air cleaners 
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environment for China and Hong Kong. Compared with particle removal performance of two air 
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43% (Brand W). There is no significant diurnal variation for TVOCs concentration in the room with 
and without air cleaners (Figure 2). But rooms with air cleaners show relative low TVOCs concentration 
compared with room without air cleaner, indicating the two air cleaner products has certain degree of 
removal efficiency for TVOCs.  

 

Figure 3: Self-synthesized Approach to IAQ Enhancement 

 

While the commercial air purifiers may moderately reduce the PM2.5 and TVOCs, the management 
team has not become complacent with the result. After the discussion, the champion team came to a 
consensus that “Achieving a sustainable better IAQ environment in hotel, existing purification is not 
sufficient”. To deal with this situation, the team has conceptualized a more stringent and systematic 
approach to address the management of IAQ as shown in the Figure 3.  

As it can be seen from the Figure, the team appointed a longer-term monitoring agent like SGS in this 
case to test and detect the performance of the air purification system. Besides, there is a need to let the 
management and guest to have the instant grasp of situation that is the measured air quality on real time 
basis. Thus, hotel installed visually good monitoring screen on every floor’s lift lobby to display the 
measurement result both inside and outside the hotel. A dedicated software was developed for the 
linkage between measuring facilities and the display monitor. 

To raise the credibility of the approach and to provide an independent advice or check, the hotel invited 
the university air laboratory and the association of better environment quality to participate in the system 
to drive and advice on hotel’s endeavor to enhance IAQ.  
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Having consulted association and professors’ advice, hotel has initiated to develop the relevant 
standards and procedures. The standard includes two sections: monitoring action and maintenance/ 
solution section. The former covers facilities and staff. The latter covers engineering and material 
aspects of the duct and equipment. In addition, a handbook containing indoor and quality standard has 
been drafted. Thus, a systematic and formal \ the management system has emerged. Further field testing 
on other air purification equipment has been on-going. 

6 CONCLUSION  

In general, air cleaners can moderately reduce concentration of PM2.5 and TVOCs in the indoor 
environment, with reduction rate of 28-66% and 30%-45%, respectively. The averaged PM2.5 and 
TVOCs concentration in the room with air cleaners can meet the standard, 0.065 mg/m3 (U.S. 
ASHRAE), 1000 ppm (Hong Kong Good Class, U.S. ASHRAE, WHO) and 261 ppb (China, Hong 
Kong (good), (U.S. ASHRAE, WHO), respectively. Brand A shows better removal efficiency than 
Brand W. The results imply that there is a need for some official testing on the pollutant removal 
efficiency of air purifiers and setting rules for sampling purifier for testing. Future study may extend to 
examine the removal efficiency of other air pollutants – fungus and cigarette tar. Besides continuing 
field test and adoption of new air purification technology, the study also reported that hotel management 
team had developed a more systematic and unprecedented management approach to pursuit better IAQ 
by hiring monitoring firm, installing instant display of measured data, inviting industry council and 
university professors plus developing SOP. After recent completion on the above stage – development 
plus implementation of sustainable IAQ, the studied hotel has further proactively participated the 
development of sustainable IAQ standard for the industry.  
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SUMMARY  
This study aims to determine the changes in ambient CO2 concentration throughout the day depending 
on the weather conditions and sources behaviour in a building situated in Coimbra, Portugal. In order 
to improve the tracer gas technique by considering the variations in the outdoor CO2 concentration. The 
CO2 concentration and the meteorological observations were obtained from a sensor and a weather 
station set in the parking lot of the building and atmospheric stability parameters were consulted in 
NOAA Ready database. The variations and correlations of the outdoor CO2 concentration against 
various outdoor meteorological factors were studied. It was found that ambient CO2 concentration is 
negatively correlated to most of the meteorological parameters. While the correlation with the humidity 
parameters is not so clear as it has different effects on the vegetation. It was confirmed a relationship 
where ambient CO2 concentration decreases with most of the atmospheric stability parameters. All these 
parameters increase the turbulence augmenting the diffusion of CO2 in the atmosphere. On the other 
hand, the pressure has local and regional effects on the winds regime. Locally it can change shear stress 
and the turbulence. Regionally can advect air masses with different properties that change the ambient 
CO2 concentration. 
Keywords: tracer gas, air infiltration, atmospheric CO2, Meteorological conditions 

1 INTRODUCTION  
The poor indoor air quality has a strong and direct correlation with longer breaks taken by workers, 
increased sick leave, increased mistakes, complaints and accidents at the workplace. (Mahbob N. S. et 
al., 2011). Also, decision-making and work performance are affected by the pollutants and CO2 
concentrations increase (Satish U. et al., 2012). 
The indoor air quality is a result of the indoor pollutant sources and the infiltration and input by 
ventilation of outdoor air pollution (Chun Chen, 2011; Leung, 2015). A way of monitoring the rate in 
which air exchange occurs is using the tracer gas method. This method consists of injecting a gas trace 
into a zone and its evolution gives the ventilation rate. It is widely used as a tracer gas the metabolic 
CO2 generated by occupants, as it is safe, non-reactive, measurable, well-mixed in the air and 
homogeneously spread in the space as the people are distributed in the space of study (Hänninnen, 
2012). The CO2 in the air is assumed to be in a background concentration which is stable and steady so 
the injection of the CO2 in high concentration is easily measured (Sherman, 1990). But the ambient CO2 
concentration levels follows a diurnal cycle, the minimum level occurs in the early afternoon and the 
maximum level in the early morning. Peak-to-Peak amplitude can vary from 10 mg/m3 (6ppm) to 200 
mg/m3 (111 ppm), Fig. 1. This variation is according to sources behaviour, mainly vegetation and traffic. 
The climate factors, as could be geography, biosphere, hydrosphere, air composition and the interaction 
between them can modify the diurnal cycle. There is a growing body of literature that works on the 
effects of these factors on the outdoor CO2 concentration. Previous research has addressed several 
aspects of the effects of meteorology conditions on ambient CO2 concentration:  
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• the sources, anthropogenic and biogenic, are the first elements in shaping the concentration 
of ambient CO2 depending on the climate conditions (Sreenivas, 2016; Xueref-Remy, 
2016);  

• the evolution, stability, and intensity of the atmospheric boundary layer are also aspects 
widely discussed, for example by de Wekker, 2009 or Huang, 2015; 

• and wind patterns are also studied by Jiang, 2016 and Strong, 2011. 
This paper describes the investigation into the relationship of outdoor CO2 concentration under different 
meteorological conditions. The meteorological parameters were monitored in an attempt to study their 
effects on the outdoor CO2 concentration. Atmospheric stability and diffusion parameters were collected 
from the NOAA database. 

2 METHODS 

2.1 Theorical formulation 
Experimentally this technique consists in filling uniformly a close space with metabolic CO2 until it 
reaches a maximum level. Once there is no emission, unoccupied space, the CO2 will be diluted. In this 
case, the evolution of the indoor CO2 concentration has an exponential behaviour described by the Eq. 1.  

C(t) − Cequi = (C0 − Cequi)e−λt                                                  (1) 

Where: C(t): is the instant concentration in the room (mg·m−3); Cequi: is the equilibrium concentration 
that in the CO2 decay tracer method equals to the outdoor concentration (mg·m−3); C0: is the initial 
concentration (mg·m−3); λ: is the air change rate (h-1); t: is the time (h). 
An important assumption implied in this method is that the equilibrium concentration, in this case, the 
outdoor concentration is constant. However, the outdoor CO2 concentration follows a diurnal cycle as 
it is studied in the following sections.  

2.2 Experimental site description 
The study site is the Mechanical Engineering Department building within the university campus of Polo 
II (40.18N 8.41W, elevation 42m) located in the south of Coimbra city. It is an education building where 
the offices of professors and doctoral students are located. The climate is a temperate humid climate 
with dry, temperate summers. The average annual temperature is 15.5ºC. Over the course of the year, 
the temperature typically varies from 6ºC to 27ºC and is rarely below -1ºC or above 36ºC. Average 
monthly temperatures vary by 9.3ºC. Coimbra has mostly partly-cloudy days, only in summer, there are 
more clear days than cloudy days. Average annual rainfall amounts to 845 mm and the wetter season 
lasts 8 months, from October to May. The relative humidity is high, with an average annual of 73%. 
The lowest monthly average is 67% in August. Annual insolation amounts to 2480 hours and morning 
fogs and mists are very common. The average wind speed is 10.1 Km/h, with prevailing winds from the 
south and southwest in autumn and winter, due to fronts, and from the northwest in spring and summer. 
Although, the weather station is located on the southeast side of a hill. Consequently, there is mountain-
valley breeze, during the day the breeze is from the southeast and at night is from the northwest. 

2.3 Measurements and data processing 
The meteorological factors were measured with a Davis Vantage Pro2 Plus weather station mounted in 
the parking lot of the Mechanical Engineering Department of the University of Coimbra at height of 41 
m above the sea level. An acoustic spectrometer of mass, Brüel & Kjaer Type 1303-1302, placed in the 
south-faced of the building was used to record the outdoor CO2 concentration. All the variables were 
measured at a rate of one sample every 5 minutes. For the purpose of reducing random noise, the signal 
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of the different meteorological parameters and the atmospheric CO2 concentration was filtered using a 
1-hour window moving average filter.   
The stability parameters were downloaded from the dataset GDAS (Global Data Assimilation System) 
from NOAA (National Oceanic & Atmospheric Administration) database which has an output time step 
of 3 hours and a resolution of 0.5º. 
In order to estimate relationships between the outdoor CO2 concentration and the different 
meteorological conditions, linear regression was performed, calculating the R-square coefficient. In the 
section that follows, it will be argued the results obtained. 

3 RESULTS AND DISCUSSION 
The time evolution of the atmospheric CO2 concentration between September 1 and October 10 is 
presented in Fig. 1. Atmospheric CO2 concentration varies most days, as a result of photosynthesis- 
respiration cycle plant and traffic emissions.  

 
Figure 1: Outdoor CO2 concentration between September 1 and October 10. 

In some days the diurnal cycle of atmospheric CO2 concentration weakens or even disappears. To 
understand this behaviour, the correlation between the concentration of atmospheric CO2 and the 
different meteorological parameters is studied. These correlations are analyzed by calculating the 
Pearson coefficient and R-squared percentage. The results of the correlational analysis are summarised 
in Table 1. According to the R-square percent, the variation of the atmospheric CO2 concentration is 
due mainly to the variations in temperature, atmospheric stability, the planetary boundary layer depth 
and the shear stress velocity. The R-square percent shown in the table do not add up to 100 since the 
variables studied are not independent of each other. For example, high insolation leads to an increase in 
the air temperature that increases the thermal turbulence and with it the atmospheric instability. 
High temperatures increase the convection of the air next to the soil improving the dilution of CO2 in 
the air and thus reducing its concentration. This is reflected in the negative correlation coefficient. 
The Pasquill stability Index categorizes atmospheric turbulence in 6 classes, considering the surface 
wind speed and the incoming solar radiation. Stronger winds and more insolation provoke more 
turbulence resulting in an unstable atmosphere. The CO2 mixes with air in an unstable atmosphere, 
reducing its concentration.  
The boundary layer is the part of the atmosphere where the mixing takes place and it is topped by a 
stable layer that inhibits vertical movements. The depth of it is defined as the average base of the 
overlying stable layer. A shallow layer means less space to disperse CO2 and increase its concentration. 
The shear stress velocity is used to identify mechanical turbulence periods. During storms, stronger 
winds blow and there are stronger shears developing mechanical turbulence that boosts the dispersion 
of CO2. While sunny windless days bring less shear and higher CO2 concentrations. 

• the sources, anthropogenic and biogenic, are the first elements in shaping the concentration 
of ambient CO2 depending on the climate conditions (Sreenivas, 2016; Xueref-Remy, 
2016);  

• the evolution, stability, and intensity of the atmospheric boundary layer are also aspects 
widely discussed, for example by de Wekker, 2009 or Huang, 2015; 

• and wind patterns are also studied by Jiang, 2016 and Strong, 2011. 
This paper describes the investigation into the relationship of outdoor CO2 concentration under different 
meteorological conditions. The meteorological parameters were monitored in an attempt to study their 
effects on the outdoor CO2 concentration. Atmospheric stability and diffusion parameters were collected 
from the NOAA database. 

2 METHODS 

2.1 Theorical formulation 
Experimentally this technique consists in filling uniformly a close space with metabolic CO2 until it 
reaches a maximum level. Once there is no emission, unoccupied space, the CO2 will be diluted. In this 
case, the evolution of the indoor CO2 concentration has an exponential behaviour described by the Eq. 1.  

C(t) − Cequi = (C0 − Cequi)e−λt                                                  (1) 

Where: C(t): is the instant concentration in the room (mg·m−3); Cequi: is the equilibrium concentration 
that in the CO2 decay tracer method equals to the outdoor concentration (mg·m−3); C0: is the initial 
concentration (mg·m−3); λ: is the air change rate (h-1); t: is the time (h). 
An important assumption implied in this method is that the equilibrium concentration, in this case, the 
outdoor concentration is constant. However, the outdoor CO2 concentration follows a diurnal cycle as 
it is studied in the following sections.  

2.2 Experimental site description 
The study site is the Mechanical Engineering Department building within the university campus of Polo 
II (40.18N 8.41W, elevation 42m) located in the south of Coimbra city. It is an education building where 
the offices of professors and doctoral students are located. The climate is a temperate humid climate 
with dry, temperate summers. The average annual temperature is 15.5ºC. Over the course of the year, 
the temperature typically varies from 6ºC to 27ºC and is rarely below -1ºC or above 36ºC. Average 
monthly temperatures vary by 9.3ºC. Coimbra has mostly partly-cloudy days, only in summer, there are 
more clear days than cloudy days. Average annual rainfall amounts to 845 mm and the wetter season 
lasts 8 months, from October to May. The relative humidity is high, with an average annual of 73%. 
The lowest monthly average is 67% in August. Annual insolation amounts to 2480 hours and morning 
fogs and mists are very common. The average wind speed is 10.1 Km/h, with prevailing winds from the 
south and southwest in autumn and winter, due to fronts, and from the northwest in spring and summer. 
Although, the weather station is located on the southeast side of a hill. Consequently, there is mountain-
valley breeze, during the day the breeze is from the southeast and at night is from the northwest. 

2.3 Measurements and data processing 
The meteorological factors were measured with a Davis Vantage Pro2 Plus weather station mounted in 
the parking lot of the Mechanical Engineering Department of the University of Coimbra at height of 41 
m above the sea level. An acoustic spectrometer of mass, Brüel & Kjaer Type 1303-1302, placed in the 
south-faced of the building was used to record the outdoor CO2 concentration. All the variables were 
measured at a rate of one sample every 5 minutes. For the purpose of reducing random noise, the signal 
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In summary, most of the variations of the diurnal cycle of the concentration of atmospheric CO2 can be 
explained by the intensity of the mechanical or thermal turbulence or the combination of both, that is, 
the atmospheric stability. But there are episodes in our data that are not explained by these parameters. 
 
Table 1: Pearson Coefficient and R-square percetage between different meteorological parameters and 
atmospheric CO2 concentration. 

Pearson Coef.

(R-square %) 

Atm. CO2

concent.

Pearson Coef. 

(R-square%) 

Atm. CO2 concent.

Temperature -0.58 (33%) Solar Radiation -0.41 (17%) 

Dew Point -0.38 (14%) Average Cloud Cover -0.37 (14%) 

Dew Point depresion -0.40 (16%) P. Boundary Layer Depth -0.47 (22%) 

Pressure 0.33 (10%) Pasquill Stability Index -0.49 (24%) 

Wind Direction -0.44 (11%) Friction velocity -0.40 (16%) 

Wind Speed -0.44 (19%) Latent Heat -0.39 (15%) 

Wind Gust -0.40 (16%) Sensible Heat -0.37 (13%) 

Relative Humidity 0.43 (18%) Vertical Mixing Coef. -0.47 (18%)

Hourly Precipit. -0.05 (0.3%) Horizontal Mixing Coef. -0.34 (10%)

Daily Rainfall -0.10 (1%) Shear Stress Velocity -0.47 (22%) 

 
Other variables that influence the concentration of atmospheric CO2 to a lesser extent are those related 
to water in the atmosphere. Its relationship with the concentration of CO2 is more complex. In general, 
the covered sky paralyzes the photosynthesis-respiration cycle of the vegetation. The same happens 
with the weak rain. However, after a copious rain, the first reaction of the vegetation is to expel CO2, as 
happened on September 16, shown in Fig.2. (Williams et al., 2009) 

Figure 2: Outdoor CO2 concentration and hourly precipitation between September 1 and October 10. 
The shaded zones correspond to periods of an overcast sky. 

Other episodes, first days of September, September 21 and September 25 and 26, can be explained by 
regional processes. In all these cases the winds are from west or northwest, arriving air masses from the 
ocean that are cleaner than the ones from other directions. The trajectories of the air masses arriving 
during these episodes can be seen in Fig.4. These graphs were developed using the HYSPLIT model 
(Hybrid Single Particle Lagrangian Integrated Trajectory) from NOAA’s webpage based on GDAS 
dataset.  
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Figure 3: Backward trajectories arriving to our study site on September 1, 21 and 26. 

4 CONCLUSIONS 
The study building is isolated so that the only existing traffic is due to the students of the department. 
Then the main source of CO2 is the vegetation surrounding the building. During the night the vegetation 
produces CO2 that accumulates until dawn due to the absence of dispersive processes. Once the sun 
appears, vegetation begins photosynthesis and heat encourages turbulence and dispersive processes. 
This diurnal cycle can undergo variations due to lack of radiation (overcast day) that stops the 
respiration- photosynthesis cycle of plants and thermal dispersive processes. Or by the location of 
pressure centres and fronts that change the regimes of winds and with them the mechanical turbulence 
or even brings air masses with different properties. 
It is found that the atmospheric CO2 concentration is correlated especially to atmospheric stability, and 
so mechanical and thermal turbulence, the planetary boundary layer height and the wind regimes. On 
the other hand, other meteorological parameters like pressure or humidity seem either to have little 
effect or that their effects are subdued by the dominant ones. Their effects are assuming to be important 
only in singular occasions.  
This study is based on the assumption that the atmospheric CO2 concentration is linearly correlated with 
these meteorological parameters. This assumption is based on mathematical simplicity and previous 
literature and experience (Garcia-Talavera et al., 2001). Obviously, further measurements for longer 
periods and work on rigorous modelling of the outdoor CO2 concentration relationship with any 
parameters must be carried out in future.  
This work merely represents the first attempt to accomplish a more profound knowledge of indoor air 
quality and its relationship with weather conditions. 

ACKNOWLEDGEMENTS  
The presented work was framed under the Energy for Sustainability Initiative of the University of 
Coimbra and LAETA (Associated Laboratory for Energy, Transports and Aeronautics) Research 
Project MITP-TB/CS/0026/201 “SusCity: Modelação de sistemas urbanos para a promoção de 
transições criativas e sustentáveis, Urban data-driven models for creative and resourceful urban 
transitions, January 2015 to January 2018“. The first author wishes to acknowledge the Portuguese 
funding institution FCT – Fundação para a Ciência e Tecnologia, for supporting her research. 

In summary, most of the variations of the diurnal cycle of the concentration of atmospheric CO2 can be 
explained by the intensity of the mechanical or thermal turbulence or the combination of both, that is, 
the atmospheric stability. But there are episodes in our data that are not explained by these parameters. 
 
Table 1: Pearson Coefficient and R-square percetage between different meteorological parameters and 
atmospheric CO2 concentration. 

Pearson Coef.

(R-square %) 

Atm. CO2

concent.

Pearson Coef. 

(R-square%) 

Atm. CO2 concent.

Temperature -0.58 (33%) Solar Radiation -0.41 (17%) 

Dew Point -0.38 (14%) Average Cloud Cover -0.37 (14%) 

Dew Point depresion -0.40 (16%) P. Boundary Layer Depth -0.47 (22%) 

Pressure 0.33 (10%) Pasquill Stability Index -0.49 (24%) 

Wind Direction -0.44 (11%) Friction velocity -0.40 (16%) 

Wind Speed -0.44 (19%) Latent Heat -0.39 (15%) 

Wind Gust -0.40 (16%) Sensible Heat -0.37 (13%) 

Relative Humidity 0.43 (18%) Vertical Mixing Coef. -0.47 (18%)

Hourly Precipit. -0.05 (0.3%) Horizontal Mixing Coef. -0.34 (10%)

Daily Rainfall -0.10 (1%) Shear Stress Velocity -0.47 (22%) 

 
Other variables that influence the concentration of atmospheric CO2 to a lesser extent are those related 
to water in the atmosphere. Its relationship with the concentration of CO2 is more complex. In general, 
the covered sky paralyzes the photosynthesis-respiration cycle of the vegetation. The same happens 
with the weak rain. However, after a copious rain, the first reaction of the vegetation is to expel CO2, as 
happened on September 16, shown in Fig.2. (Williams et al., 2009) 

Figure 2: Outdoor CO2 concentration and hourly precipitation between September 1 and October 10. 
The shaded zones correspond to periods of an overcast sky. 

Other episodes, first days of September, September 21 and September 25 and 26, can be explained by 
regional processes. In all these cases the winds are from west or northwest, arriving air masses from the 
ocean that are cleaner than the ones from other directions. The trajectories of the air masses arriving 
during these episodes can be seen in Fig.4. These graphs were developed using the HYSPLIT model 
(Hybrid Single Particle Lagrangian Integrated Trajectory) from NOAA’s webpage based on GDAS 
dataset.  

|  1029PROCEEDINGS — Roomvent & Ventilation 2018 |  1029PROCEEDINGS — Roomvent & Ventilation 2018

Track 6 – Excellent Indoor Climate and High Performing Ventilation



REFERENCES   
Chun Chen, Bin Zhao, 2011: Review of relationship between indoor and outdoor particles: I/O ratio, 
infiltration factor and penetration factor. Atmospheric Environment 2011; 45: pp 275–288. 
De Wekker, F.J. et al., 2009: A Preliminary Investigation of Boundary Layer Effects on Daytime 
Atmospheric CO2 Concentrations at a Mountaintop Location in the Rocky Mountains, Institute of 
Geophysics, Polish Academy of Sciences, Acta Geophysica vol. 57, no. 4, pp. 904-922. 
Garcia-Talavera, et al., 2001: Studies on radioactivity in aerosols as a function of meteorological 
variables in Salamanca Spain. Atmospheric Environment 35, pp 221–229. 
Hänninen, O., 2012, Combining CO2 data from ventilation phases improves estimation of air exchange 
rates, Proceedings of Healthy Buildings Conference, Brisbane, July 8–12, 2012. 
Huang, X. et al., 2015: Temporal characteristics of atmospheric CO2 in urban Nanjing, China, Elsevier 
B.V., Atmospheric Research 153 (2015) pp 437–450. 
Jiang, X., et al., 2016, CO2 annual and semiannual cycles from multiple satellite retrievals and models, 
Earth and Space Science, 3, pp 78–87. 
Leung D.Y.C., 2015: Outdoor-indoor air pollution in urban environment: Challenges and opportunity. 
Frontiers in Environment Science; 69(2): pp 1–7. 
Mahbob N. S. et al., 2011: A Correlation Studies of Indoor Environmental Quality (IEQ) Towards 
Productive Workplace, 2nd International Conference on Environmental Science and Technology 
IPCBEE vol.6 (2011) IACSIT Press, Singapore. 
Satish U. et al., 2012: Is CO2 an Indoor Pollutant? Direct Effects of Low-to-Moderate CO2 
Concentrations on Human Decision-Making Performance, Environ Health Perspect 120: pp 1671–
1677. 
Sherman, M. H., 1990: Tracer-gas techniques for measuring ventilation in a single zone. Building and 
Environment, 25, pp 365-374. 
Sreenivas, G. et al., 2016: Influence of Meteorology and interrelationship with greenhouse gases, 
Copernicus Publications, Atmos. Chem. Phys., 16, pp 3953–3967. 
Strong, C. et al., 2011: Urban carbon dioxide cycles within the Salt Lake Valley: A multiple‐box model 
validated by observations, J. Geophys. Res., 116, D15307. 
Williams C.A. et al., 2009: Complexity in water and carbon dioxide fluxes following rain pulses in an 
African savanna, Oecologia, September 2009, Volume 161, Issue 3, pp 469–480. 
Xueref-Remy, I. et al., 2016: Diurnal, synoptic and seasonal variability of atmospheric CO2 in the 
Paris megacity area, Copernicus Publications, Atmos. Chem. Phys., pp 2016-218. 

PROCEEDINGS  — Roomvent & Ventilation 20181030  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 6 – Excellent Indoor Climate and High Performing Ventilation

1030  |



MATHEMATICAL MODELING OF PHOTOCATALYTIC OXIDATION PROCESS  
OF TOLUENE FOR BUILDING MATERIAL  

WITH LOCALLY DOPED TITANIUM DIOXIDE 

Koki Nakahara1,*, Shigeto Yamasaki1, Kazuhide Ito1 
1Interdisciplinary Graduate School of Engineering Sciences, Kyushu University 

*Corresponding email: 2es17306p@s.kyushu-u.ac.jp 
 

SUMMARY  
In this study, we discuss the passive air quality control method that supports or replaces contaminant 
concentration reduction effect by ventilation. Especially, this study proposes a mathematical model for 
the photocatalytic oxidation (PCO) of volatile organic compounds (VOCs) by titanium dioxide (TiO2)-
bound material. We focused on toluene as the representative indoor VOC. Here, we propose a newly 
developed mathematical model based on Langmuir-Hinshelwood type kinetics to reproduce the PCO 
of toluene considering contributions from the surface of TiO2 and the substrate (here, ceramic tile). 
Model parameters include coverage ratio of TiO2, toluene concentration, and illuminance. A 20 L 
chamber test was carried out under various conditions to investigate the toluene concentration reduction 
performance of the TiO2-bound building material. In addition, we conducted a computational fluid 
dynamics (CFD) analysis, in precisely simulated experimental conditions, to consider heterogeneous 
flow and concentration distribution. Finally, the parameters of our newly proposed model were 
identified through a hybrid identification procedure of the experimental results and CFD analysis.  
Keywords: Photocatalytic oxidation, Parameterization, Computational fluid dynamics 

1 INTRODUCTION 
Indoor air quality (IAQ) is vital for a healthy and sustainable indoor environment, and is greatly affected 
by emission, adsorption/desorption, and chemical reaction of contaminants, e.g., the effect of building 
materials on indoor volatile organic compounds (VOCs). Although increased ventilation rate is a direct 
solution for maintaining IAQ, it deteriorates the energy-saving performance of the building. Therefore, 
passive control methods for maintenance of the IAQ level have been recently developed as alternative 
solution. Correspondingly, photocatalytic oxidation (PCO) decomposes the VOC in indoor air to 
improve IAQ without degradation of energy-saving performance. In this study, we focused on the PCO 
by TiO2-bound building materials for toluene concentration reduction and developed a mathematical 
model for CFD analysis to discuss its efficiency and feasibility while reproducing PCO as functions of 
toluene concentration and visible light intensity. 

2 METHODS 

2.1 Modelling of PCO process on photocatalytic building material 
Here, TiO2-bound building materials with ceramic substrate were prepared and adopted for 
experimentation. The scanning electron microscopy (SEM) analysis results (Figure 1) showed that TiO2 
was heterogeneously distributed on the ceramic tiles, with mean coverage ratio of approximately 44%. 
This indicates that the surface of TiO2-bound materials consists of a combination of TiO2 and bare 
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ceramic tile. Therefore, the reaction rate of TiO2-bound materials can simply be expressed by 
considering the contributions of both TiO2 and the base material as follows: 

 1 2(1 )r ζr ζ n r     (1) 

where r [kg/(m2∙s)] is the total reaction rate, ζ [-] is the surface coverage of TiO2, r1 [kg/(m2∙s)] is the 
reaction rate of TiO2, r2 [kg/(m2∙s)] is reaction rate of ceramic tile. 
 

(a)  (b)  
Figure 1 (a) SEM image of photocatalytic building material and (b) element mapping of TiO2  
 

2.2 Modelling of reaction on TiO2, r1 

2.2.1 Concentration dependence 
The PCO on TiO2 is based on the surface reaction between adsorbed contaminants and reactive oxygen 
species, i.e., O2- from oxygen and OH∙ from water vapor. Obee and Brown (1995) reported experimental 
results which show that under low toluene concentration conditions (1 ppmv or below), PCO reaction 
rate can be constant regardless of the amount of OH∙. Thus, we focused on the reaction between toluene 
and oxygen. Generally, the PCO reaction mechanism can be described by a Langmuir-Hinshelwood-
type model, which is formulated as shown in Equation (2). Under low toluene conditions (1 ppmv or 
below), there is sufficiently more oxygen (order of %) than toluene. Consequently, when we assume 
θO2 to be constant, and the right side of Equation (2) transforms to the basic Langmuir isotherm formula. 
Here, kPCO is the reaction constant [kg/(m2∙s)], while θVOC [-] and θO2 [-] are the coverage factors of VOC 
and oxygen, respectively. 
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2.2.2 Illumination dependence
Based on work by Ollis et al. (2005) and other researchers, the reaction rate constant, k, can be expressed 
as a function of photon flux density, I [photons/(m2∙s)]. Moreover, we surveyed the relationship between 
photon flux density and illuminance of a fluorescent lamp and found that photon flux density can be 
expressed as a linear function of illuminance. As a result, equation (2) can be rewritten as equation (3) 
by assuming the condition of zero-illumination level. Here, a [kg/(m2∙s∙lx)] is a model constant, E [lx] 
is the illuminance, and b [kg/(m2∙s)] is the reaction rate constant on TiO2 under 0 lx condition. 
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2.3 Modelling of adsorption on ceramic tile (substrate), r2 
Generally, toluene concentration reduction performance of ceramic tile surfaces can be described as a 
function of the physical adsorption and the resistance of internal diffusion. Here, we assumed that the 
contribution of internal diffusion can be simplified to the surface adsorption flux and that the reaction 
rate, r2, can be written in same formula as that for r1, where b′ is the reaction rate constant [kg/(m2∙s)], 
and K′ [m3/kg] is the equilibrium constant of toluene on ceramic. 

 2
''

1 '
K Cr b

K C



 (4) 

2.4 Chamber experiments  
A 20 L chamber test according to ISO 16000-24 was carried out to measure the toluene concentration 
reduction performance of TiO2-bound building materials. Inlet toluene concentration, Cin [kg/m3], and 
outlet concentration, Cout [kg/m3], were measured to estimate the reaction rate under various 
experimental conditions. Experimental results were utilized to identify the parameters of our newly 
proposed mathematical model. By assuming perfect mixing in the chamber, reaction rate can be 
calculated from the experimental results using equation (5). Here, rEXP [kg/(m2∙s)] is the reaction rate 
derived from experimental results, which is substantially equal to the total reaction rate r. Furthermore, 
model parameters, namely b, b′, K, K′, and a were identified through linear approximations. 

 ( )EXP in out
Qr C C
A

    (5) 

 
Table 1 Numerical and boundary conditions of CFD analysis. 

Geometry 0.25 m (x) × 0.25 m (y) × 0.32 m (z) 
Meshes 306,456 (Structured hexahedral grids) 
Turbulence Model Low Re-type k–ε model (Abe–Kondoh–Nagano model) 
Scheme Convection term: QUICK 

Inflow Boundary 
Area: 0.005 m (x) × 0.005 m (y) 
Uin = 0.111 m/s (0.5 ACH), TI = 10%, lin = 0.005/7 m, Cμ = 0.09 
kin = 3/2 × (Uin × 0.1)2, εin = Cμ

3/4 × kin
3/2/lin 

Outflow Boundary Area: 0.005 m (x) × 0.005 m (y), Uext: Free slip, kext: Free slip, εext: Free slip 
Wall Treatment Velocity: No slip, Contaminant concentration: ∂C/∂x = 0 
Contaminant Passive contaminant 

2.5 Adjusting parameters through CFD analysis  
The identified parameters did not accurately reproduce the surface reaction rate due to the assumption 
of perfect mixing in the chamber. Therefore, CFD analysis was performed to consider the effects of 
non-uniformity of the flow and toluene concentration distribution, especially the heterogeneity of the 
boundary layer near the building material in the chamber. Reaction rate, r, was incorporated into the 
scalar transport equation as a sink term (S [kg/(m3∙s)]) at the closest cells of building material surface.  
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where the over-bar (–) expresses the ensemble-average value, C [kg/m3] is the toluene concentration, 
Uj [m/s] is the airflow velocity, νt [m2/s] is the kinematic eddy viscosity, and σt [-] is the turbulent 
Schmidt number. Figure 2 shows the geometry of the chamber. Other conditions of CFD analysis are 
shown in Table 1. Furthermore, the concentration distribution of toluene was calculated with each 
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where r [kg/(m2∙s)] is the total reaction rate, ζ [-] is the surface coverage of TiO2, r1 [kg/(m2∙s)] is the 
reaction rate of TiO2, r2 [kg/(m2∙s)] is reaction rate of ceramic tile. 
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2.2 Modelling of reaction on TiO2, r1 

2.2.1 Concentration dependence 
The PCO on TiO2 is based on the surface reaction between adsorbed contaminants and reactive oxygen 
species, i.e., O2- from oxygen and OH∙ from water vapor. Obee and Brown (1995) reported experimental 
results which show that under low toluene concentration conditions (1 ppmv or below), PCO reaction 
rate can be constant regardless of the amount of OH∙. Thus, we focused on the reaction between toluene 
and oxygen. Generally, the PCO reaction mechanism can be described by a Langmuir-Hinshelwood-
type model, which is formulated as shown in Equation (2). Under low toluene conditions (1 ppmv or 
below), there is sufficiently more oxygen (order of %) than toluene. Consequently, when we assume 
θO2 to be constant, and the right side of Equation (2) transforms to the basic Langmuir isotherm formula. 
Here, kPCO is the reaction constant [kg/(m2∙s)], while θVOC [-] and θO2 [-] are the coverage factors of VOC 
and oxygen, respectively. 
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Based on work by Ollis et al. (2005) and other researchers, the reaction rate constant, k, can be expressed 
as a function of photon flux density, I [photons/(m2∙s)]. Moreover, we surveyed the relationship between 
photon flux density and illuminance of a fluorescent lamp and found that photon flux density can be 
expressed as a linear function of illuminance. As a result, equation (2) can be rewritten as equation (3) 
by assuming the condition of zero-illumination level. Here, a [kg/(m2∙s∙lx)] is a model constant, E [lx] 
is the illuminance, and b [kg/(m2∙s)] is the reaction rate constant on TiO2 under 0 lx condition. 
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parameter iteratively optimized to reproduce the experimental results of the outlet toluene concentration 
using the proportional-control algorithm: 
 ( ) ( ) ( )1

, ,
n n

ext CFD ext EXPb b α C C+ = + × −   (7) 
where b(n) is the parameter for the current step, b(n+1) is the parameter for the subsequent step, and α is 
the empirical constant.  

(a)       (b)  
Figure 2 (a) Outline of the target small chamber and (b) the grid design inside the chamber  

3 RESULTS 

3.1 Chamber tests 
Table 2 shows the experimental conditions and toluene conversion, η [-]. Cases 1 to 5 were used for 
identifying b′ and K′, cases 6 to 9 were used for b and K, and cases 10 to 13 were used for a. 

Table 2. Experimental cases for evaluation of PCO by building materials. 

Case Temperature 
(K) 

Loading 
factor 

(m2/m3) 

Q 
(h-1) 

ζ 
(-) 

E 
(lx) 

Cin 
(μg/m3) 

η 
(-) 

rEXP 

(µg/m2/s) 

1 

301 2.2 0.5 

0 

0 

196 0.24 2.98 × 10-3 
2 275 0.09 1.65 × 10-3 
3 353 0.19 4.32 × 10-3 
4 358 0.13 2.96 × 10-3 
5 733 0.16 7.30 × 10-3 
6 

0.44 

84 0.29 1.06 × 10-3 
7 356 0.28 3.27 × 10-3 
8 477 0.21 3.90 × 10-3 
9 1428 0.30 6.24 × 10-3 

10 
600 

128 0.68 5.78 × 10-3 
11 131 0.69 5.62 × 10-3 
12 1000 134 0.92 7.89 × 10-3 
13 1500 163 0.96 1.01 × 10-2 

Supply inlet   

Test specimen 
0.147 m × 0.147 m 

Y 

X 

Z 

Stirring fan model φ = 0.03 m 
(Fixed velocity U

fan
 = 1.0 m/s) 

Outlet  
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3.2 Identification of model parameters b′, K′ 
As the reaction rate, rEXP, should be equal to r2 when ζ =0 (i.e., TiO2 was not applied on the ceramic 
tile), equation (2) can be transformed to: 

 1 1 1 1
' ' 'EXP EXP EXP EXPr b K C b

    (8) 

 
After plotting the inverse of rEXP, to the inverse of inlet concentration, b′ and K′ were estimated by using 
the linear approximation b′EXP = 8.95 × 10-3[µg/(m2∙s)] and K′EXP = 1.62 × 10-3 [m3/µg] (the subscript 
EXP indicates values from experimental results). These model parameters were incorporated into the 
CFD analysis. Subsequently, concentration distribution analysis was conducted under the supply inlet 
concentration of 300 µg/m3 and zero coverage ratio. Figure 4 shows the simulation results of the velocity 
distribution in the chamber. According to the results of toluene concentration distribution calculation 
(Figure 5-a), the outlet concentration was estimated to be 232 μg/m3, significantly higher than that 
predicted from experimental results (Cout predicted in the experiment was 220 μg/m3). This discrepancy 
was attributed to the assumption of perfect mixing as mentioned above. After an iterative modification 
using equation (8) with constant K′EXP, b′ was calibrated to 1.01 × 10-2 [µg/(m2∙s)]. Consequently, the 
calculated outlet toluene concentration fitted the experimental value (Figure 5-b). 

3.3 Identification of model parameters b, K
To identify b and K, reaction rate, r1, should be accurately estimated from rEXP. Therefore, r1 was 
optimized for each case using equation (8) as ζr1 +(1-ζ)r2 was matched with rEXP in the CFD analysis 
while incorporating the r2 model from the previous step. After this pretreatment, b and K were estimated 
accordingly (bEXP = 1.60 × 10-1[µg/(m2∙s)] and KEXP = 1.81 × 10-4 [m3/µg]) (Figure 5-c). Similarly, 
parameter b was adjusted to b = 2.17 × 10-1 [µg/(m2∙s)] under a supply inlet concentration of 300 µg/m3 
and coverage ratio of 0.44 (Figure 5-d) 

3.4 Identification a
As parameter a also needs to be identified, the model equation was rewritten as: 
 

 '(1 ) '
1 1 ' 1EXP EXP EXP EXP

KC K C KCr nb ζ b na E
KC K C KC

   
  

 (9)  

 
By optimizing the right side of equation (9) for each case, like the case of parameter b, parameter a can 
be estimated: aEXP = 6.10 × 10-4 [µg/(m2∙s∙lx)] (Figure 5-e). Eventually, parameter a was calibrated at a 
= 1.57 × 10-3 [µg/(m2∙s∙lx)] under a supply inlet concentration of 300 µg/m3, coverage ratio of 0.44, and 
illuminance of 600 lx (Figure 5-f). 

4 DISCUSSION AND CONCLUSIONS 
Here, we report the development of a novel mathematical model for reproducing PCO on locally TiO2-
bound building materials and its parameterization/identification using an experiment-CFD hybrid 
method. Our proposed mathematical model for CFD analysis enabled us to predict the effect of the PCO 
by TiO2-bound materials in indoor environment. The prediction accuracy can be validated from the 
results of a 20 L chamber experiment (i.e., C = 300 μg/m3 and E = 600 lx). Future work will include 
improvement in modeling the physical adsorption described in equation (4) and discussions regarding 

parameter iteratively optimized to reproduce the experimental results of the outlet toluene concentration 
using the proportional-control algorithm: 
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n n
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where b(n) is the parameter for the current step, b(n+1) is the parameter for the subsequent step, and α is 
the empirical constant.  
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3 RESULTS 

3.1 Chamber tests 
Table 2 shows the experimental conditions and toluene conversion, η [-]. Cases 1 to 5 were used for 
identifying b′ and K′, cases 6 to 9 were used for b and K, and cases 10 to 13 were used for a. 

Table 2. Experimental cases for evaluation of PCO by building materials. 

Case Temperature 
(K) 

Loading 
factor 

(m2/m3) 

Q 
(h-1) 

ζ 
(-) 

E 
(lx) 

Cin 
(μg/m3) 

η 
(-) 

rEXP 

(µg/m2/s) 

1 

301 2.2 0.5 

0 

0 

196 0.24 2.98 × 10-3 
2 275 0.09 1.65 × 10-3 
3 353 0.19 4.32 × 10-3 
4 358 0.13 2.96 × 10-3 
5 733 0.16 7.30 × 10-3 
6 

0.44 

84 0.29 1.06 × 10-3 
7 356 0.28 3.27 × 10-3 
8 477 0.21 3.90 × 10-3 
9 1428 0.30 6.24 × 10-3 

10 
600 

128 0.68 5.78 × 10-3 
11 131 0.69 5.62 × 10-3 
12 1000 134 0.92 7.89 × 10-3 
13 1500 163 0.96 1.01 × 10-2 

Supply inlet   

Test specimen 
0.147 m × 0.147 m 

Y 

X 

Z 

Stirring fan model φ = 0.03 m 
(Fixed velocity U

fan
 = 1.0 m/s) 

Outlet  
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direct identification of adsorption equilibrium constants (K and K′) by conducting additional 
experiments.  
 

 (a)    (b)  
Figure 4 The velocity distribution (a) at z = 0.125 m and (b) at x = 0.125 m 
 

(a) (b) (c) (d)  (e)  (f)  
 
Figure 5 The toluene concentration distribution series for (a) b′= 8.95×10-3,(b) b′ = 1.01 × 10-2,  
(c) b = 1.60 × 10-,1 (d) b = 2.17 × 10-1, (e) a = 6.10 × 10-4, and (f) a = 1.57 × 10-3. 
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SUMMARY 
In an ice rink arena, a series of complex flow phenomena takes place. Therefore, a Computational 
Fluid Dynamics (CFD) technique is used for scientific research in this field and it was applied in this 
study. The numerical model of actual ventilated ice rink in Poland was prepared with the use of the 
Ansys CFX software. It was previously experimentally validated and already numerically tested in 
winter and transition period conditions. The aim of this study was to investigate indoor thermal and 
humidity conditions for summer, at high temperature and high humidity of the outdoor air, with an 
additional influence of insolation on the heat balance of the building. So far, full studies like that have 
not been carried out. The factors like temperature, specific humidity and speed of indoor air were also 
taken into consideration. Particular attention was paid to the problem of excess moisture and that was 
dealt with by dehumidification. The research confirmed the thesis that it is very difficult to predict the 
effect of ventilation using traditional calculations in the ice rink arena. The calculated air temperature 
in the hall was in the range of recommended values and it was definitely higher than in winter 
conditions.
Keywords: ice rinks, ventilation, air distribution, dehumidification, CFD 

1 INTRODUCTION  
An ice rink arena is a perfect venue for sports such as hockey, curling, skating and recreational 
activities, team training sessions or company parties. This facility can be operated year-around or 
seasonally. An ice surface can be installed in a properly built space in any climate, however its design 
and exploitation are totally unique compared to standard buildings, due to the temperature of the ice 
sheet below 0°C.  
An ice rink arena is one of the places where the design of ventilation system poses difficulties and 
doubts. Ventilation should maintain adequate thermal and humidity conditions for users of the facility 
(task of ventilation/air heating) and remove excess moisture above the ice surface (task of 
dehumidification) (Lipska et al., 2011). The excess moisture is a very relevant and real problem. It 
leads to condensation of water vapour contained in the air onto the wall surfaces and the formation of 
fog above the ice surface. Fogging reduces visibility in the arena, which results in decreased safety for 
skaters. In addition, condensation leads to the growth of mould, decay of wooden structures and 
corrosion of metal. It also reduces the life expectancy of any mechanical equipment (Palmowska and 
Lipska, 2018). 
Recommended design indoor air conditions are as follows: the temperature of 10÷12°C and the speed 
above the ice ≤0.25 m/s (Sormunen et al., 2007). Moreover, the ventilation system should be designed 
to prevent fogging and surface condensation (ASHRAE Handbook, 2010). That is why air parameters 
should also be adjusted in order to ensure that dew point temperature of indoor air is lower than the 
temperature of the ice surface.  
 

direct identification of adsorption equilibrium constants (K and K′) by conducting additional 
experiments.  
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For the accomplishment of functions fulfilled by ventilation in the ice rink arena, there are two types 
of air distribution systems: the integrated system, which performs both tasks of ventilation/air heating 
and dehumidification (supply of ventilation air is accomplished by one installation); and the separated 
system, in which these functions are carried out separately by ventilation/heating air and drying air. 
Generally, in a separated system, the additional volume flow rate of drying air amounts to 7÷10% of 
the ventilation air volume flow rate (Lipska et al., 2011). 
In the design of ventilation system, the crucial point is heat and humidity balance, which in general 
includes: heat gains or losses through the building structure; heat losses from the ice surface; heat 
gains from the lighting system; sensible and latent heat gains from people; sources of moisture, which 
are people, temporary work of ice resurfacer, supply air and moisture flux between the ice surface and 
indoor air. Design ventilation calculations for summer differ from those from winter because of 
additional influence of heat gains from insolation and impact of high outdoor temperature and specific 
humidity of air. Therefore, the ventilation project for a year-round ice rink requires special attention. 
Due to complicated geometry and complex flow phenomenon of heat and moisture, it is difficult to 
predict the effects of a ventilation system by using conventional and simplified engineering techniques 
which are no longer yielding adequate values. The requirements to ice arena air parameters are 
generally considered in design calculations but not in actual conditions in which the facilities operate 
(Denisikhina et al., 2017). The Computational Fluid Dynamics (CFD) technique, based on the basic 
equations of fluid flow and heat, is a useful tool for scientific research in this field. It allows to assess 
the effectiveness of ventilation already at the design stage. In the literature, a few examples of CFD 
application to the design or study of ventilation systems for indoor ice rinks can be found (Bellache et 
al., 2005a), (Bellache et al., 2005b), (Lestinen et al., 2007), (Lipska et al., 2011), (Stobiecka et al., 
2013), (Koper, 2016), (Denisikhina et al., 2017). All this research, however, did not consider summer 
conditions. 
The aim of this paper was to investigate indoor thermal and humidity conditions in the mechanically 
ventilated real indoor ice rink for summer. The research was performed using the CFD technique, 
which needs to validate its accuracy using experimental data.  

2 METHODS 

2.1 Investigated facility 
The facility used in the research was the indoor ice rink belonging to Silesian University of 
Technology in Gliwice (Poland) (Fig. 1). The external dimensions of this structure are: length 66 m, 
width 37 m, and a maximum height of 11 m. Inside the building there is an ice rink with the 
dimensions 30×60 m. It is used seasonally (in winter and transitional period) for different kinds of 
sports and recreational activities, including curling. Mostly, the stands are empty and the ice rink is 
full of skaters (players). 

  
Figure 1. The indoor ice rink „Tafla” in Gliwice (Upper Silesia, Poland) (www.gliwice.eu) 
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2.2 CFD model 
The geometry of CFD model was prepared with the use of ANSYS Design Modeller. It was based on 
the real object and has been modified for research purposes (Fig. 2). Therefore, it took into account 
the overall dimensions and geometry of the hall. The ice rink, lighting system and stands were 
modelled. A separate air distribution system was applied, consisting of a ventilation and drying 
installations. The ventilation system consisted of 12 long-throw jet nozzles, which were modelled as 
circular supply openings with a diameter of Ø160 mm, all directed to the stands. Additionally, drying 
installation was modelled as 5 long-throw jet nozzles with a diameter of Ø120 mm, directed 
horizontally. The exhausts were set as rectangular grilles - separate for ventilation and drying 
installations. Skaters (players) were modelled in a simplified manner using a 3D subdomain. No 
spectators were included. Moreover, the XY symmetry plane was introduced because of the symmetry 
of the actual site, thus enabling for a further refinement of the discretization grid on the available 
server. 

 
Figure 2. Numerical model of half of the rink hall with marked directions X,Y,Z (left) and Mollier 
chart with the analysis of the air treatment processes (right) 

The numerical model, in the original mapping, was validated experimentally and tested in winter and 
transition period conditions (Palmowska and Lipska, 2016), (Palmowska and Lipska, 2018). Long-
term and short-term experimental research during the winter was carried out to obtain data for 
boundary conditions and for experimental validation of simulation results. 

2.3 Grid data and convergence conditions 
An unstructured grid was used to mesh numerical model of ice rink hall. The basic mesh size was 35 
cm, with a refinement over the ice surface up to 7 cm. Five layers consisting of prismatic elements, 
with a total maximum thickness of 17 cm in the boundary layer at the surface of the partitions were 
included. The total number of elements was 13413073, including 10577533 tetrahedral elements. The 
calculations were considered to reach convergence when the residuals become less than 1.0E-4 for 
heat transfer and mass fractions and 1.0E-6 for other variables. 

2.4 Boundary conditions and design assumptions 
The boundary conditions were based on the heat and humidity balance and stocktaking of the facility. 
Analysis of the air treatment processes using the Mollier chart was carried out in order to get 
information about air parameters in the supply openings (Fig. 2).  

For the accomplishment of functions fulfilled by ventilation in the ice rink arena, there are two types 
of air distribution systems: the integrated system, which performs both tasks of ventilation/air heating 
and dehumidification (supply of ventilation air is accomplished by one installation); and the separated 
system, in which these functions are carried out separately by ventilation/heating air and drying air. 
Generally, in a separated system, the additional volume flow rate of drying air amounts to 7÷10% of 
the ventilation air volume flow rate (Lipska et al., 2011). 
In the design of ventilation system, the crucial point is heat and humidity balance, which in general 
includes: heat gains or losses through the building structure; heat losses from the ice surface; heat 
gains from the lighting system; sensible and latent heat gains from people; sources of moisture, which 
are people, temporary work of ice resurfacer, supply air and moisture flux between the ice surface and 
indoor air. Design ventilation calculations for summer differ from those from winter because of 
additional influence of heat gains from insolation and impact of high outdoor temperature and specific 
humidity of air. Therefore, the ventilation project for a year-round ice rink requires special attention. 
Due to complicated geometry and complex flow phenomenon of heat and moisture, it is difficult to 
predict the effects of a ventilation system by using conventional and simplified engineering techniques 
which are no longer yielding adequate values. The requirements to ice arena air parameters are 
generally considered in design calculations but not in actual conditions in which the facilities operate 
(Denisikhina et al., 2017). The Computational Fluid Dynamics (CFD) technique, based on the basic 
equations of fluid flow and heat, is a useful tool for scientific research in this field. It allows to assess 
the effectiveness of ventilation already at the design stage. In the literature, a few examples of CFD 
application to the design or study of ventilation systems for indoor ice rinks can be found (Bellache et 
al., 2005a), (Bellache et al., 2005b), (Lestinen et al., 2007), (Lipska et al., 2011), (Stobiecka et al., 
2013), (Koper, 2016), (Denisikhina et al., 2017). All this research, however, did not consider summer 
conditions. 
The aim of this paper was to investigate indoor thermal and humidity conditions in the mechanically 
ventilated real indoor ice rink for summer. The research was performed using the CFD technique, 
which needs to validate its accuracy using experimental data.  

2 METHODS 

2.1 Investigated facility 
The facility used in the research was the indoor ice rink belonging to Silesian University of 
Technology in Gliwice (Poland) (Fig. 1). The external dimensions of this structure are: length 66 m, 
width 37 m, and a maximum height of 11 m. Inside the building there is an ice rink with the 
dimensions 30×60 m. It is used seasonally (in winter and transitional period) for different kinds of 
sports and recreational activities, including curling. Mostly, the stands are empty and the ice rink is 
full of skaters (players). 

  
Figure 1. The indoor ice rink „Tafla” in Gliwice (Upper Silesia, Poland) (www.gliwice.eu) 
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It was assumed that there were 100 skaters in the hall, that is 50 people on half of the ice rink. The 
designed air condition in the hall was: temperature of 12°C and specific humidity of 0.0026 kg/kg (P 
state), depending on the ice temperature, in order to keep the dew point temperature at most equal to 
the ice surface temperature (line of moisture content limit). The originally designed mass flow rate of 
supply air was taken into account. Outdoor air parameters (Z state) resulted from the climate curve for 
Poland. Recirculation with 10% amount of fresh air, only for hygienic reasons, was included. The 
supply air parameters of ventilation installation (N state) were reached after mixing the outdoor air 
with the recirculation air. To keep limit value of specific humidity of air in the hall, additionally the 
dried air was supplied (O state) by the drying installation. Its parameters were calculated assuming 
that the volume flow rate of drying air amounts to 18% of the ventilation air volume flow rate and 
based on the capacity of the selected desiccant dehumidifier. 
The calculated internal heat and moisture gains were referenced to the volume occupied by people 
model and lighting power to the surface occupied by the lighting model, with convective and radiation 
components division included. Mass flow rate, temperature and humidity were set for supply 
openings. Heat transfer coefficients and outside temperature were set to walls. The calculated heat 
gains from insolation were referenced to the roof surface. All boundary conditions were presented in 
Table 1. 

Table 1. Boundary conditions (related to half of the hall) 
Boundary condition Value Boundary condition Value 

Outdoor air temperature 30.0°C Sensible heat gains from skaters 11.29 kW 
Mass flow rate of supply air 3.683 kg/s Moisture gains from skaters 0.0028 kg/s 

Temperature of ventilation supply air 14.0°C Lighting power 4.80 kW 
Humidity of ventilation supply air 0.0033 kg/kg Walls heat transfer coefficient 0.187 W/m2K 

Mass flow rate of drying air 0.675 kg/s Floor heat transfer coefficient 0.203 W/m2K 
Temperature of drying air 20.5°C Heat gains from insolation 21.61 kW 

Humidity of drying air 0.0001 kg/kg Ground  temperature 16.0°C 
Ice surface temperature -5.0°C   

2.5 Numerical method 
CFD numerical calculations were made with the use of ANSYS CFX 14.5 software. The Reynolds-
averaged Navier-Stokes equations were solved by the Finite Volume Method. The high resolution 
discretization scheme and Rhie Chow redistribution algorithm were used and the turbulence was 
modeled with the Shear Stress Transport turbulence model. The thermal radiation was calculated by 
the Discrete Transfer Model. The simulations have been performed for steady-state, three-dimensional 
and non-isothermal conditions. Non-slip conditions in near-wall boundary layer were taken into 
account. Initial conditions of expected air humidity in the ice rink hall were in accordance with the 
assumption of earlier drying process resulting in air specific humidity of 0.0026 kg/kg. Furthermore, 
own improvement of the moisture emission numerical modelling was also taken into account. This 
was described by Palmowska and Lipska (2016).  

3 RESULTS AND DISCUSSION 
Figure 3 shows the distribution of particular air parameters in the ice rink arena: temperature, specific 
humidity and speed, in the vertical and horizontal plane. The indoor air temperature oscillated around 
10°C across almost the entire area of the ice rink arena. Its lower values occurred in the area over the 
ice surface. Mean value of this parameter was 7.3°C and 9.7°C at a height of 0.1 m and 1.5 m above 
the ice surface, respectively, and 10.2°C in the entire facility. A higher air temperature was only in the 
upper area of the ice rink and it was at most equal to about 11°C. Mean specific air humidity was 
0.0031 kg/kg in the entire ice rink and 0.0032 kg/kg at the height of 0.1 m and 1.5 m. The limit level 
of specific air humidity was awhile exceeded, especially on the ice surface level up to the height of 
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3 m. The mean value of air speed just above the ice surface was 0.06 m/s and 0.13 m/s in the occupied 
zone. The recommended values of this parameter for ice rinks as well as due to the thermal comfort of 
users were maintained. 

 

 

 
 

Figure 3. The distribution of air parameters in the ice rink arena in the vertical plane XY, Z = 15 m 
(left) and the horizontal plane ZX, Y = 1.5 m (right) 

4 CONCLUSIONS 
• In summer conditions, high outdoor air humidity and insolation strongly affects the indoor 

conditions in the ice rink hall, which is why a separate system with an additional drying 
installation was used in this research. In such conditions practically only gains of heat and 
moisture, excluding the losses of heat from the ice surface, appear. Moreover, it is problematic 
to specify realistic design conditions. Determination of these parameters is possible only by 
using CFD modelling.  

• In the ice rink arena, a vertical gradient of air temperature appears, in particular above the ice 
sheet. Therefore, it is difficult to establish one design temperature for entire facility. In the 
numerical research the air temperature of 11°C was achieved at the height of 5 m upwards and 
this value was close to assumed design temperature. In the occupied zone temperature of air 
was lower due to the high heat transfer between ice surface and air.  

It was assumed that there were 100 skaters in the hall, that is 50 people on half of the ice rink. The 
designed air condition in the hall was: temperature of 12°C and specific humidity of 0.0026 kg/kg (P 
state), depending on the ice temperature, in order to keep the dew point temperature at most equal to 
the ice surface temperature (line of moisture content limit). The originally designed mass flow rate of 
supply air was taken into account. Outdoor air parameters (Z state) resulted from the climate curve for 
Poland. Recirculation with 10% amount of fresh air, only for hygienic reasons, was included. The 
supply air parameters of ventilation installation (N state) were reached after mixing the outdoor air 
with the recirculation air. To keep limit value of specific humidity of air in the hall, additionally the 
dried air was supplied (O state) by the drying installation. Its parameters were calculated assuming 
that the volume flow rate of drying air amounts to 18% of the ventilation air volume flow rate and 
based on the capacity of the selected desiccant dehumidifier. 
The calculated internal heat and moisture gains were referenced to the volume occupied by people 
model and lighting power to the surface occupied by the lighting model, with convective and radiation 
components division included. Mass flow rate, temperature and humidity were set for supply 
openings. Heat transfer coefficients and outside temperature were set to walls. The calculated heat 
gains from insolation were referenced to the roof surface. All boundary conditions were presented in 
Table 1. 

Table 1. Boundary conditions (related to half of the hall) 
Boundary condition Value Boundary condition Value 

Outdoor air temperature 30.0°C Sensible heat gains from skaters 11.29 kW 
Mass flow rate of supply air 3.683 kg/s Moisture gains from skaters 0.0028 kg/s 

Temperature of ventilation supply air 14.0°C Lighting power 4.80 kW 
Humidity of ventilation supply air 0.0033 kg/kg Walls heat transfer coefficient 0.187 W/m2K 

Mass flow rate of drying air 0.675 kg/s Floor heat transfer coefficient 0.203 W/m2K 
Temperature of drying air 20.5°C Heat gains from insolation 21.61 kW 

Humidity of drying air 0.0001 kg/kg Ground  temperature 16.0°C 
Ice surface temperature -5.0°C   

2.5 Numerical method 
CFD numerical calculations were made with the use of ANSYS CFX 14.5 software. The Reynolds-
averaged Navier-Stokes equations were solved by the Finite Volume Method. The high resolution 
discretization scheme and Rhie Chow redistribution algorithm were used and the turbulence was 
modeled with the Shear Stress Transport turbulence model. The thermal radiation was calculated by 
the Discrete Transfer Model. The simulations have been performed for steady-state, three-dimensional 
and non-isothermal conditions. Non-slip conditions in near-wall boundary layer were taken into 
account. Initial conditions of expected air humidity in the ice rink hall were in accordance with the 
assumption of earlier drying process resulting in air specific humidity of 0.0026 kg/kg. Furthermore, 
own improvement of the moisture emission numerical modelling was also taken into account. This 
was described by Palmowska and Lipska (2016).  

3 RESULTS AND DISCUSSION 
Figure 3 shows the distribution of particular air parameters in the ice rink arena: temperature, specific 
humidity and speed, in the vertical and horizontal plane. The indoor air temperature oscillated around 
10°C across almost the entire area of the ice rink arena. Its lower values occurred in the area over the 
ice surface. Mean value of this parameter was 7.3°C and 9.7°C at a height of 0.1 m and 1.5 m above 
the ice surface, respectively, and 10.2°C in the entire facility. A higher air temperature was only in the 
upper area of the ice rink and it was at most equal to about 11°C. Mean specific air humidity was 
0.0031 kg/kg in the entire ice rink and 0.0032 kg/kg at the height of 0.1 m and 1.5 m. The limit level 
of specific air humidity was awhile exceeded, especially on the ice surface level up to the height of 
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• Even in summer conditions the calculated air temperature in the hall was not too high and it 
was in the range of recommended values, however it was definitely higher than in winter 
conditions, for which about 3.7°C was calculated in the case of separated system without 
spectators (Palmowska and Lipska, 2018). 

• Specific air humidity was exceed on average 0.0005 kg/kg in relation to the assumed value, 
which guaranteed that there would be no moisture condensation in the air above the ice. This 
excess occurred despite the use of recirculation and increased share of the drying air compared 
to the recommendations. Taking into account the model error, it can be concluded that such an 
excess was not very disturbing, however increasing the drying capacity could be considered in 
further studies. 
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SUMMARY  
The objective of this work is to evaluate the capability of eddy-viscosity models to describe the 
behaviour of the flow in elbows. The experimental study from Sudo et al. (1998), in which the air 
flows with a Reynolds number of 6×104 through a circular duct of 0.104 m diameter followed by a 90-
deg bend of curvature ratio equals 4, served as benchmark for the aimed analysis. Six turbulence 
models, k-ω, k-ω SST, LRN k-ε of Launder and Sharma, LRN k-ε of Lien and Leschziner, V2f and 
cubic k-ε of Lien, were compared in terms of mean velocity profiles and turbulence intensity contours. 
The turbulence models that performed better according to the adopted criteria were the k-ω SST, the 
LRN k-ε of Launder and Sharma and LRN k-ε of Lien and Leschziner. Although, none of them neither 
the other turbulence models tested were able to predict satisfactory the flow next to the inner wall at 
the bend outlet (90°).
Keywords: elbows, airflow, turbulence, CFD, eddy-viscosity models  

1 INTRODUCTION  
HVAC distribution systems are composed of straight ducts and fittings such as inlets, elbows, tees, 
etc. The flow field in these elements is more complex than in the straight parts because secondary 
flows appear and the flow can be detached from the solid surfaces. In the case of bends, a pair of 
counter-rotating vortices due to an adverse pressure gradient between the inner (convex) and the outer 
(concave) walls appears as the primary flow changes the direction. Other counter-rotating vortices 
aligned in the flow direction induced by the wall curvature can also appear in the boundary layer 
along the concave wall.  
These phenomena and their impact on the primary flow can be predicted in detail by computation 
fluid dynamics (CDF) tools, helping to limit/prevent undesirable effects on the ductwork such as noise 
and vibration. In spite of these tools being largely used to describe the flow behaviour in different 
engineering applications, selecting a turbulence model is still a delicate task when modelling turbulent 
flows. 
In this paper, the turbulent flow in a 90-deg bend was modelled, and the computed results were 
compared with the experimental results obtained by Sudo et al. (1998).  For this first step of our work, 
Reynolds Averaged Navier Stokes turbulence models based on an eddy viscosity (low Reynolds k-ε 
models, k-ω and k-ω SST models, the V2f model and a cubic low Reynolds number model) were 
selected. Our objective is to show the capability and limits of these models to provide the turbulent 
flow in several regions of the bend. 

• Even in summer conditions the calculated air temperature in the hall was not too high and it 
was in the range of recommended values, however it was definitely higher than in winter 
conditions, for which about 3.7°C was calculated in the case of separated system without 
spectators (Palmowska and Lipska, 2018). 

• Specific air humidity was exceed on average 0.0005 kg/kg in relation to the assumed value, 
which guaranteed that there would be no moisture condensation in the air above the ice. This 
excess occurred despite the use of recirculation and increased share of the drying air compared 
to the recommendations. Taking into account the model error, it can be concluded that such an 
excess was not very disturbing, however increasing the drying capacity could be considered in 
further studies. 
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2 MODEL DESCRIPTION 

2.1 Benchmark  
The steady and turbulent airflow in a circular-section 90-deg bend with smooth walls studied 
experimentally by Sudo et al. (1998) served as benchmark for the comparative analyses between the 
turbulence models. In their experiment, the air flows through a 90-deg bend of 0.104 m diameter and 
curvature ratio of 4 with a Reynolds number of 6×104, which is placed between two straight ducts as 
shown in Figure 1. In this figure: dt is the pipe diameter, αb is the angle of the bend and ϕb is the angle 
in the circumferential direction. 

 
Figure 1. Schematic representation of the benchmark experimental apparatus (Sudo et al., 1998) with 

the coordinate system 

2.2 Mathematical model 
Turbulent flow can be modeled by the well-known Reynolds Average Navier-Stokes (RANS) 
equations, in which mass and momentum conservation equations can be expressed by Equations (1) 
and (2) when the fluid is Newtonian and the flow is incompressible (Ferziger and Peric, 2002): 

 𝛻𝛻𝛻𝛻�⃗ ∙ 𝑢𝑢𝑢𝑢�⃗ = 0 (1) 

 ∂𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖
∂t

+𝛻𝛻𝛻𝛻�⃗ ∙ (𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖𝑢𝑢𝑢𝑢�⃗ ) = - 1
𝜌𝜌𝜌𝜌
𝛻𝛻𝛻𝛻�⃗ ∙ (𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖) +𝛻𝛻𝛻𝛻�⃗ ∙ �𝜈𝜈𝜈𝜈𝛻𝛻𝛻𝛻𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖 − 𝑢𝑢𝑢𝑢𝚤𝚤𝚤𝚤𝑢𝑢𝑢𝑢𝚥𝚥𝚥𝚥������+ 𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖

𝜌𝜌𝜌𝜌
   (2) 

where 𝑢𝑢𝑢𝑢�⃗  is the fluid velocity vector (ms-1), t is the time (s), 𝜌𝜌𝜌𝜌 is the fluid density (kgm-3), p is the static 
pressure (Pa), 𝜈𝜈𝜈𝜈 is the kinematic viscosity (m2s-1), 𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖 is the body forces component (N), 𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖 is the fluid 
velocity component (ms-1) and 𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖 is the Cartesian unit vector (the subscript 𝑖𝑖𝑖𝑖 indicates the direction of 
the coordinate 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖). 

In the case of eddy-viscosity turbulence models, the Reynolds stress tensor, the term 𝑢𝑢𝑢𝑢𝚤𝚤𝚤𝚤𝑢𝑢𝑢𝑢𝚥𝚥𝚥𝚥����� in Equation 
(2), is modeled assuming proportionality with the strain rate tensor. The relationship between the 
stress tensor and the mean flow can be linear or non-linear as indicated by Equations (3) and (4), 
respectively: 

 −𝑢𝑢𝑢𝑢𝚤𝚤𝚤𝚤𝑢𝑢𝑢𝑢𝚥𝚥𝚥𝚥����� = 𝜈𝜈𝜈𝜈𝑡𝑡𝑡𝑡[𝛻𝛻𝛻𝛻𝑢𝑢𝑢𝑢�⃗ + (𝛻𝛻𝛻𝛻𝑢𝑢𝑢𝑢�⃗ )𝑇𝑇𝑇𝑇] − 2
3
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖     (3) 

 −𝑢𝑢𝑢𝑢𝚤𝚤𝚤𝚤𝑢𝑢𝑢𝑢𝚥𝚥𝚥𝚥����� = 𝜈𝜈𝜈𝜈𝑡𝑡𝑡𝑡𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑓𝑓𝑓𝑓�𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ,𝛺𝛺𝛺𝛺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖� −
2
3
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  ,    (4) 

where 𝜈𝜈𝜈𝜈𝑡𝑡𝑡𝑡 is the turbulent kinematic viscosity (m2s-1), 𝑘𝑘𝑘𝑘 is the turbulent kinematic energy (m2s-2), 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  is 
the Kronecker delta, and 𝑓𝑓𝑓𝑓�𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ,𝛺𝛺𝛺𝛺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖� is a non-linear relationship involving the mean strain rate, 𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, and 
the mean vorticity, 𝛺𝛺𝛺𝛺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, given by: 

αb

x1/dt = -17.6
(reference value)

r
ϕb

x2

x1

x1/dt = -1

x2/dt = 2

αb = 60°

x2/dt = 5
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 𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑖𝑖𝑖𝑖
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑗𝑗𝑗𝑗

+ 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑗𝑗𝑗𝑗
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑖𝑖𝑖𝑖

  (5) 

 𝛺𝛺𝛺𝛺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑖𝑖𝑖𝑖
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑗𝑗𝑗𝑗

− 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑗𝑗𝑗𝑗
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝑖𝑖𝑖𝑖

 (6) 

As indicated in Table 1, six EVM were investigated in this work (5 linear and 1 non-linear). 
Table 1. Eddy-viscosity turbulence models investigated 

Model Type Reference 
LRN k-ε Launder and Sharma linear Launder and Sharma (1974) 
LRN k-ε Lien and Leschziner linear Lien and Leschziner (1993) 

k-ω 
k-ω SST 

linear 
linear  

Wilcox (1988) 
Menter (1992) 

v2f linear Lien and Kalitzin (2001) 
Lien cubic k-ε  non-linear Lien et al. (1996) 

2.5 Numerical approach 
The numerical solution of the governing equations was performed using the OpenFOAM® 
computational code with the solver simpleFoam (a steady state solver for incompressible turbulent 
flow based on the SIMPLE algorithm for solving the pressure field). The grid dependence study on 
the turbulent airflow has been carried out with the k-ω SST model. The Salome® v8.2.0 code was 
used to generate six meshes varying from 7.7x104 to 1.5x106 nodes. The resulting mesh (Figure 2) has 
approximatively 8x105 nodes, and average and maximum values for the dimensionless distance from 
the first node of grid to the wall (y+) equal respectively to 0.04 and 0.099.  
 

 
Figure 2. Computational mesh  

3 RESULTS AND DISCUSSION 
The turbulence models were compared for their ability to describe the behavior of the primary flow 
and the effects associated with the secondary flow. 
Regarding the fully developed turbulent flow in the circular duct, as indicated in Figure 3, 
comparatively to the experimental data of Klebanoff (1954): a) all turbulence models were able to 
predict fairly well the behavior of the viscous sublayer, the overlap layer and the turbulent layer; b) 
the k-ω SST and V2f turbulence model predicted better the behavior of the buffer layer than the other 
models. 

10
4 

m
m

104 mm

zn = 0.03 mm

2 MODEL DESCRIPTION 

2.1 Benchmark  
The steady and turbulent airflow in a circular-section 90-deg bend with smooth walls studied 
experimentally by Sudo et al. (1998) served as benchmark for the comparative analyses between the 
turbulence models. In their experiment, the air flows through a 90-deg bend of 0.104 m diameter and 
curvature ratio of 4 with a Reynolds number of 6×104, which is placed between two straight ducts as 
shown in Figure 1. In this figure: dt is the pipe diameter, αb is the angle of the bend and ϕb is the angle 
in the circumferential direction. 

 
Figure 1. Schematic representation of the benchmark experimental apparatus (Sudo et al., 1998) with 

the coordinate system 

2.2 Mathematical model 
Turbulent flow can be modeled by the well-known Reynolds Average Navier-Stokes (RANS) 
equations, in which mass and momentum conservation equations can be expressed by Equations (1) 
and (2) when the fluid is Newtonian and the flow is incompressible (Ferziger and Peric, 2002): 

 𝛻𝛻𝛻𝛻�⃗ ∙ 𝑢𝑢𝑢𝑢�⃗ = 0 (1) 

 ∂𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖
∂t

+𝛻𝛻𝛻𝛻�⃗ ∙ (𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖𝑢𝑢𝑢𝑢�⃗ ) = - 1
𝜌𝜌𝜌𝜌
𝛻𝛻𝛻𝛻�⃗ ∙ (𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖) +𝛻𝛻𝛻𝛻�⃗ ∙ �𝜈𝜈𝜈𝜈𝛻𝛻𝛻𝛻𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖 − 𝑢𝑢𝑢𝑢𝚤𝚤𝚤𝚤𝑢𝑢𝑢𝑢𝚥𝚥𝚥𝚥������+ 𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖

𝜌𝜌𝜌𝜌
   (2) 

where 𝑢𝑢𝑢𝑢�⃗  is the fluid velocity vector (ms-1), t is the time (s), 𝜌𝜌𝜌𝜌 is the fluid density (kgm-3), p is the static 
pressure (Pa), 𝜈𝜈𝜈𝜈 is the kinematic viscosity (m2s-1), 𝐹𝐹𝐹𝐹𝑖𝑖𝑖𝑖 is the body forces component (N), 𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖 is the fluid 
velocity component (ms-1) and 𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖 is the Cartesian unit vector (the subscript 𝑖𝑖𝑖𝑖 indicates the direction of 
the coordinate 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖). 

In the case of eddy-viscosity turbulence models, the Reynolds stress tensor, the term 𝑢𝑢𝑢𝑢𝚤𝚤𝚤𝚤𝑢𝑢𝑢𝑢𝚥𝚥𝚥𝚥����� in Equation 
(2), is modeled assuming proportionality with the strain rate tensor. The relationship between the 
stress tensor and the mean flow can be linear or non-linear as indicated by Equations (3) and (4), 
respectively: 

 −𝑢𝑢𝑢𝑢𝚤𝚤𝚤𝚤𝑢𝑢𝑢𝑢𝚥𝚥𝚥𝚥����� = 𝜈𝜈𝜈𝜈𝑡𝑡𝑡𝑡[𝛻𝛻𝛻𝛻𝑢𝑢𝑢𝑢�⃗ + (𝛻𝛻𝛻𝛻𝑢𝑢𝑢𝑢�⃗ )𝑇𝑇𝑇𝑇] − 2
3
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖     (3) 

 −𝑢𝑢𝑢𝑢𝚤𝚤𝚤𝚤𝑢𝑢𝑢𝑢𝚥𝚥𝚥𝚥����� = 𝜈𝜈𝜈𝜈𝑡𝑡𝑡𝑡𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑓𝑓𝑓𝑓�𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ,𝛺𝛺𝛺𝛺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖� −
2
3
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  ,    (4) 

where 𝜈𝜈𝜈𝜈𝑡𝑡𝑡𝑡 is the turbulent kinematic viscosity (m2s-1), 𝑘𝑘𝑘𝑘 is the turbulent kinematic energy (m2s-2), 𝑘𝑘𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  is 
the Kronecker delta, and 𝑓𝑓𝑓𝑓�𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ,𝛺𝛺𝛺𝛺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖� is a non-linear relationship involving the mean strain rate, 𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, and 
the mean vorticity, 𝛺𝛺𝛺𝛺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, given by: 

αb

x1/dt = -17.6
(reference value)

r
ϕb

x2

x1

x1/dt = -1

x2/dt = 2

αb = 60°

x2/dt = 5
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Along the duct bend, Figure 4 shows that all turbulence models predict accurately the dimensionless 
streamwise velocity profiles at angles 0° and 30°. The increase in the velocity close to the inner wall 
at angle 30° is well calculated by all models (Figure 4b). Such a behavior was showed by authors who 
developed non linear cubic models (Craft et al., 1996;  Leschziner, 2002). However the high distortion 
of the streamwise velocity profile that appears at angles 60° and 90° is not well predicted (Figures 4c 
and 4d). Although the cubic terms of cubic models can capture the effects of curvature on the 
turbulent stresses (Leschziner, 2002), the non-linear cubic model does not behave better in this region 
of the flow than the linear models. Maybe, the distortion is too high to be predicted by this cubic 
model.  

  
Figure 3. Dimensionless velocity profile along the duct radius at x1/dt = -1 (left) and zoom on the 
buffer layer (right) 

a) b) 

  

c) d) 

  

Figure 4. Streamwise velocity profile along the duct bend : at angle (a) 0° (bend inlet), (b) 30°, (c) 
60° and (d) 90° (bend outlet) 

According to the “hit rate” (Kim et al., 2014) criterion applied to the dimensionless streamwise 
velocity profiles (Figure 4), the number of points of the numerical prediction lying within the ±10% 
experimental error, only the k-ω SST, the LRN k-ε of Launder and Sharma and LRN k-ε of Lien and 
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Leschziner stay above an average hit rate of 75%, with the LRN k-ε of Launder and Sharma being the 
most accurate model. 

The comparison of turbulence intensity contours between numerical and experimental results at the 
bend inlet (not shown here) showed that all turbulence models were able to reproduce qualitatively 
and quantitatively quite well the flow behavior. However, as illustrated in Figure 5, even the models 
showing similarity with the experimental contours produced weaker values of turbulence intensity at 
the bend outlet than the experiments. 

a) k-ω b) k-ω SST 

  

c) LRN k-ε Launder and Sharma d) LRN k-ε Lien and Leschziner 

  

e) v2-f f) Cubic k-ε of Lien 

  

g) Sudo et al. (1998) 

 

Figure 5. Contours of turbulence intensity (𝑣𝑣𝑣𝑣𝑣2����) at the outlet of the bend (αb=90°) obtained: (a-f)  
numerically using the different turbulence models and (g) experimentally by  Sudo et al. (1998)  

5 CONCLUSIONS 
This work was focused on the numerical prediction of a turbulent flow in a circular sectioned curved 
duct, at a Reynolds number of 60000. The turbulent flow was modelled with linear eddy viscosity 
models (LRN k-ε models, k-ω and k-ω SST models, and the V2f model) and the cubic LRN k-ε model 
developed by Lien  et al., 1996), and the numerical results were compared with the experimental 
results obtained by Sudo et al. (1998).  

Along the duct bend, Figure 4 shows that all turbulence models predict accurately the dimensionless 
streamwise velocity profiles at angles 0° and 30°. The increase in the velocity close to the inner wall 
at angle 30° is well calculated by all models (Figure 4b). Such a behavior was showed by authors who 
developed non linear cubic models (Craft et al., 1996;  Leschziner, 2002). However the high distortion 
of the streamwise velocity profile that appears at angles 60° and 90° is not well predicted (Figures 4c 
and 4d). Although the cubic terms of cubic models can capture the effects of curvature on the 
turbulent stresses (Leschziner, 2002), the non-linear cubic model does not behave better in this region 
of the flow than the linear models. Maybe, the distortion is too high to be predicted by this cubic 
model.  

  
Figure 3. Dimensionless velocity profile along the duct radius at x1/dt = -1 (left) and zoom on the 
buffer layer (right) 

a) b) 

  

c) d) 

  

Figure 4. Streamwise velocity profile along the duct bend : at angle (a) 0° (bend inlet), (b) 30°, (c) 
60° and (d) 90° (bend outlet) 

According to the “hit rate” (Kim et al., 2014) criterion applied to the dimensionless streamwise 
velocity profiles (Figure 4), the number of points of the numerical prediction lying within the ±10% 
experimental error, only the k-ω SST, the LRN k-ε of Launder and Sharma and LRN k-ε of Lien and 
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When comparing the streamwise velocity profiles, all turbulence model yielded good results in the 
first part of the bend (at bend angles of 0° and 30°). However, a gap between experimental and 
numerical results was noticed at bend angles of 60° and 90° where the velocity profile exhibits a high 
distortion. This distortion could be too high to be predicted by the non- linear cubic model. 
Concerning the velocity fluctuations, the turbulent models did not either give satisfactory results in 
this part of the bend.  
Improvements on modelling the considered turbulent flow would include computations with Reynolds 
Stress Models (RSM). Even if it is more difficult to obtain converged results with RSM than with 
models based on an eddy viscosity, they are more general and can be applied to a wide range of flows. 
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SUMMARY  
In this study, thermal comfort by means of percent dissatisfaction (PD) in an office room is predicted by 
computing airflow and temperature fields in an office room with a table and a sitting person. The office 
room is ventilated with a wall type air conditioning unit for winter condition and the flow is considered to 
be turbulent, steady, incompressible, and three-dimensional. Governing equations are solved by using 
commercial computational fluid Dynamics (CFD) code of ANSYS15 Fluent. Firstly, grid independency 
study is evaluated by using Standard k-ε (Std. k-ε) model with Enhanced Wall Treatment, and then five 
RANS based two-equations turbulence models (Standard, RNG and Realizable models of k-ε group, and 
Standard, SST and BSL models of k-ω group) are compared and validated by using available experimental 
data for a mixed convection in a square chamber with a heated bottom wall. In general, predictions of k-
ε based models are slightly better than predictions of k-ω based models. Although all k-ε based models 
exhibit similar performance, Std. k-ε model with std. wall function approach was preferred due to common 
usage and its numerical robustness. Computations were performed for nine different cases including three 
different inlet velocities (1.5, 2.0, and 3.0 m/s) and three different inlet temperatures (298, 300, and 303 
K). For all cases velocity, temperature, and PD distributions were computed and discussed. Dissatisfied 
space increases with increasing inlet velocity for a specified inlet temperature, and decreases with 
decreasing temperature for a specified inlet velocity. 
Keywords: turbulence, thermal comfort, draft 

1 INTRODUCTION  
People spend 90 % of their time inside building (Klepeis et al., 2001). Fresh air supply is important in 
ventilated spaces to provide sufficient air quality and thermal comfort for the occupants, to maintain 
specified thermal conditions.  
Productivity and efficiency of office staff are dependent on the conditions of thermal environment 
(Akimoto et al., 2010)(Tanabe et al, 2014). If ventilation rates above minimum levels, productivity 
could be raised and It will pay for itself while decreasing the intensity of SBS (Sick Build Symptoms) 
symptoms and improving perceived air quality (Wargocki et al., 2000).  
Ventilation-related energy has an important role in energy consumption. This energy is increasing and 
may represent up to 50% of the total energy use of a building, particularly for certain typologies such 
as office buildings (European Commission Joint Research Centre, 2003).  
Indoor environment design requires details of air velocity and temperature distributions. In our previous 
study with two dimensions, velocity and temperature distributions factors were computed to predict the 
thermal comfort by means of percent dissatisfaction (PD) (ASHRAE, 2009)for an office room with a 
table and a sitting person (Yuce et al., 2016). In this study, it was detected different flow pattern of the 
lowest inlet velocity (1.5 m/s) for all inlet air temperatures as seen from Figure 3a. The aim of this study 
is to investigate velocity, temperature and PD distributions in three dimensions by inspecting whether 
different flow pattern (back-suction) is arised or not. 

When comparing the streamwise velocity profiles, all turbulence model yielded good results in the 
first part of the bend (at bend angles of 0° and 30°). However, a gap between experimental and 
numerical results was noticed at bend angles of 60° and 90° where the velocity profile exhibits a high 
distortion. This distortion could be too high to be predicted by the non- linear cubic model. 
Concerning the velocity fluctuations, the turbulent models did not either give satisfactory results in 
this part of the bend.  
Improvements on modelling the considered turbulent flow would include computations with Reynolds 
Stress Models (RSM). Even if it is more difficult to obtain converged results with RSM than with 
models based on an eddy viscosity, they are more general and can be applied to a wide range of flows. 
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2 METHODS 

2.1 Room Geometry 
Modeled room is designed and constructed for thermal comfort research in the thermal technology 
laboratory of mechanical engineering department and three-dimensional physical model and boundary 
conditions of this office room with a table and a sitting person are given in Figure 1. Dimensions of the 
length, height and depth of the room are 3.7 m, 2.4 m and 1.9 m.  
 

  
 

Figure 1. 3D model and its 2D projection boundary conditions (All dimensions are in mm) 

2.2 Numerical Methods 
Firstly, grid independency study is evaluated by using Standard k-ε (Std. k-ε) model with enhanced wall 
treatment approach by using three different cell numbers and as a result 3125566 elements is selected 
and details of  grid independency can be seen in (Yuce et al., 2015). Then six RANS based two-
equations turbulence models (Std. k-ε, RNG k-ε, Realizable k-ε, Std. k-ω, SST k-ω and BSL k-ω,  with 
enhanced wall treatment are compared and validated by using well known bottom heated mixed 
convection cavity flow  (Blay et al., 1992) as seen from Figure 2.  
 

 
Figure 2. a)  bottom heated 1 × 1 m2 cross-section geometry and boundry conditions b) Comparison of 
x-velocity profiles with experimental values  
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Velocity profiles at all measurement lines as seen from Figure 2-b are compared with experimental 
values for all turbulence models (Yuce et al., 2018). Although all k-ε based models exhibit similar 
performance, Std. k-ε was preferred due to common usage and its numerical robustness.  
 
The governing equations were solved using the ANSYS Fluent 15.0, which is based on the finite volume 
method. SIMPLE algorithm was used for the pressure-velocity coupling. Pressure and momentum were 
discretized by applying second order, and second order upwind respectively. First order upwind was 
applied for both turbulent kinetic energy and its dissipation rate. The convergence was achieved when 
the weighted residue of each of the governing equations was 10-6. Air was treated under the Boussinesq 
assumption. 
 
No-slip boundary condition was applied all surfaces and other boundary conditions are shown in Figure 
1. By considering mild winter condition in Bursa, wall surface temperatures are set to 293 K. Under 
thermal neutrality, by considering the heat loss from a human body (Qm), the mean skin temperature 
may be estimated by the following Fanger equation (Fanger, 1970), 

 
( )ms QT 028.077.35 −=        (2) 

 
Draft is defined as unwanted local cooling of the body caused by air movement, and percent 
dissatisfaction (PD) due to draft is determined according to ISO 7730 (ISO, 2005) by using following 
equation, 

 
( ) )14.337.0()05.0(34 62.0 +−−= VTuVTPD a       (3) 

 
where Ta is the local air temperature (20-26°C), V is the local mean air velocity(<0.5 m/s), and Tu is 
the local turbulence intensity in percent(10-60%) . Since CFD program provides the information about 
velocity, temperature, and turbulence, PD is computed by integration of above equation into the 
software platform by using Custom Field Functions option. 

 3 RESULTS AND DISCUSSION 

The nine cases shown in Table 1 are investigated. Vectoral velocity and temperature distributions are 
given in Figure 3 and 4. For comparison purpose, 2D velocity distributions are also given in Figure 3a. 
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Table 1. Investigated computational cases 
Case 
no 

Inlet vel. 
(m/s) 

Inlet 
temp. 
(K) 

Case 
no 

Inlet vel. 
(m/s) 

Inlet 
temp. 
(K) 

Case 
no 

Inlet vel. 
(m/s) 

Inlet 
temp. 
(K) 

1 1.5 303 4 1.5 300 7 1.5 298 
2 2 303 5 2 300 8 2 298 
3 3 303 6 3 300 9 3 298 
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Although all flow patterns can be treated as similar each other (there are two vortexes, one of them is 
counter clockwise direction on the table towards upper right corner and one of them is clockwise 
direction in the left of the table under the AC unit), only flow pattern is slightly different in IId case. In 
this case there are two vortexes in opposite directions (vortex just below the AC unit is ccw direction). 
This different flow pattern has no any effect on PD distribution as seen from Figure 5. PD distributions 
can not be predicted since velocity values are under the limit values as seen from figure 5 IIa and IIa. 
Dissatisfied space increases with increasing inlet velocity for a specified inlet temperature, and 
decreases with decreasing temperature for a specified inlet velocity. 

 

Figure 3. Vectoral velocity distributions for investigated cases a)1.5 m/s (2D) (Yuce B. E, 2016), b) 
1.5 m/s (3D), c) 2 m/s (3D), d) 3 m/s (3D) and I)298 K, II)300 K, III)303K 
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4 CONCLUSIONS 
Following points can be concluded as a result of this 3D numerical study. Dissatisfied space increases 
with increasing inlet velocity for a specified inlet temperature, and decreases with decreasing 
temperature for a specified inlet velocity by considering numerical maximum PD values. For low 
velocity value (1.5 m/s) 2D analysis can not capture the flow pattern obtained in 3D analysis.  

 

Figure 4. Temperature distributions for investigated cases a)1.5 m/s, b)2 m/s, c)3 m/s and I)298 K, 
II)300 K, III)303K 

 

 
Figure 5. Total Percent Dissatisfaction (PD) distributions for investigated cases a)1.5 m/s, b)2 m/s, 
c)3 m/s and I)298 K, II)300 K, III)303K 
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SUMMARY  
Over the past few years, the thermal insulation requirements of buildings envelopes have increased. 
Firstly, this leads to air-tight building envelopes, which cause low levels of air change due to infiltration 
- so the use of mechanical ventilation becomes necessary. Secondly, buildings overheat and higher 
cooling loads are needed in summer. This directly increases the energy cost of a comfortable climate. 
Air-based cooling and heating support is becoming the standard in buildings and the question rises, is 
it possible to minimize the costs, without reducing comfort levels? This work investigates the energy 
saving potential in residential buildings with a user identification system, for the case of heating. The 
system consists of two parts. The first part is a user identification application for mobile phones and the 
second is an intelligent controller. The application works via Bluetooth and identify users in several 
zones of a building. The intelligent controller learns the occupancy, the thermal behaviour of the 
building and to control the technical equipment of the building energy-efficiently. For this, the 
intelligent controller uses methods of machine learning.  
The energy saving potential with the user identification system is tested by thermal-energetic 
simulations with TRNSYS (transient simulation system).   
Keywords: Thermal-energetic building simulation, ventilation system, occupancy behaviour, 
predictive controller, machine learning  

1 INTRODUCTION  
In the past, several authors have discussed the impact of user behavior on building energy demand. It is 
well known that user behavior is an issue not to be neglected. A dominating factor of user behavior is 
the occupancy. The occupancy is particularly important at two different points. One is the energy 
demand calculation in the planning process of the building and the second is the building operation 
optimization. The first point is discussed in literature - e.g. (Delzendeh et al., 2017), (Gaetani et 
al., 2016) and (Akyildiz et al., 2018). This paper focuses the second point. Several different approaches 
are present in literature, showing energy saving potential, using occupancy data. Based on post-
occupancy field-based energy analysis, (Pisello et al., 2012) showed energy saving potential through 
scheduling in a non-residential building. We assume that occupancy of zones depends on a variety of 
factors. For residential buildings, the influencing factors are very complex. The occupancy of buildings 
constantly changes – only dynamic scheduling can be a satisfactory solution. (Ascionea et al., 2016) 
developed a simulation-based model predictive control for optimization of building energy performance 
and thermal comfort for a residential building. They use forecasts of occupancy profiles and weather 
data and optimize the hourly set point temperature. They conclude operating cost reduction up to 56%. 
Although this method shows satisfactory results, the effort is comparatively high, due to the used genetic 
algorithm method. The research presented in this article assume that the use of machine learning can 
reduce the effort in model predictive controls. For this reason, this research uses neural networks for the 
intelligent controller. (Reynolds et al., 2018) uses neural networks and genetic algorithms to predict 
heating energy demand and zone temperature, also regarding occupancy in a non-residential building. 
They conclude energy saving potentials of to 25%. Unlike this, in this paper the HVAC systems are 
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much more complex and detailed. Beside the energy saving potential, another focus is the thermal 
comfort – both for a complete heating period.  
The main aim of this paper is to investigate if it possible to use occupancy data, combined with the 
control of HVAC systems and the thermal behavior of buildings to improve energy efficiency without 
compromising thermal comfort. Most buildings with ventilation are supported by air heating or air-
cooling. An occupancy based on/off switching of the ventilation, which is commonly used, is not 
enough on its own to meet the target of thermal comfort and energy efficiency. One solution is needs-
based preconditioning. The shortening of the preconditioning time, will lead to energy efficient 
operation without reducing thermal comfort. This due to two aspects of research. The first aspect is the 
user identification and learning the occupancy of individual zones. The second aspect is efficient 
preconditioning, via intelligent controller.  
For the first aspect, this research investigates an occupancy identification application using mobile 
phones. The increased use of mobile electronic devices makes it possible to determine the occupancy 
in individual zones.  
This paper focuses mainly on the second aspect. Preconditioning with one or more combined HVAC 
systems is very complex – to get the desired temperature at a target time means to predict the interaction 
of the individual HVAC components over the preconditioning time. This leads to a non-linear problem 
which can be solved via parameter studies with thermal-energetic simulations. This approach is 
unfeasible in building operation. Neural networks can help to solve the problem. These methods learn 
the thermal behavior of a building via data from the operation. Using the building’s data, it is possible 
to create a machine learning model of the building, which can be used for predictions. Once the thermal 
behavior and the occupancy of the building is learnt, the operation of the building can be improved.   

2 METHODS 

2.1 Occupancy identification application 
The occupancy identification application for the mobile phone works with Bluetooth. Divers Bluetooth 
transmitters, also named beacons, are positioned in zones. These beacons are net transmitters. Since 
there are several beacons in each zone, any chosen reference point has a characteristic Bluetooth signal. 
It is, therefore, possible to calculate the position of a mobile phone or user in a room. This is done with 
the help of a positioning map, generated by an algorithm of the company “indoors”. On the positioning 
map, each reference point corresponds to the characteristic Bluetooth signal of that point. The 
positioning map is transferred to the application and used to determine the occupancy of the room 
online. This system is currently tested in a non-residential building from the company “indoors”. The 
occupancy data will be used by the intelligent controller, which ensure an energy efficient operation.  

2.3. Residential building model and thermal energetic simulations   
This work uses a modelled residential building to develop the intelligent controller. The modelled 
residential building is a typical detached house (Entwicklung…, 2010) with 145 m² living space. The 
specific data of the building are listed in Table 1. 
Table 1. Specific data of the residential building model 

Zones 1 U-value exterior walls 0,24 W
m2K

 

Living space 145 m² U-value roof 0,20 W
m2K

 

Gross volume 465 m² U-value base plate 0,30 W
m2K

 

Design type Heavy building U-value windows 0,95 W
m2K
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The building has a supply and return air installation with an exhaust air heat pump, as well as a gas 
boiler. The ventilation also acts as heating support. The equipment specifications are listed in Table 2. 
With this building configuration, the machine learning model is trained and applied to the intelligent 
controller. The performance of the controller is tested and the energy saving potential with the intelligent 
controller is calculated. The software TRNSYS is used for the simulations. The residential building is 
modelled with its building equipment. The building equipment is modelled partially as grey boxes and 
partially as white boxes. The residential building has one zone. The detailed description of the 
simulation model of the residential building with the equipment is described in Figure 1. 
 
Table 2. Technical description of the equipment’s of the residential building 

 

A stochastic approach is used to model the occupancy. The occupancy includes a probability presence 
and absence of building occupants. The stochastic model therefore has a high probability of occupancy 
(almost 100%) during the evening and night hours, and a very low probability of occupancy in the 
afternoons. In future, data from the user identification application system will be used, to model a non-
residential building. 
 

 
Figure 1. Structure of the simulation model for the residential building  
 

Supply and return air installation Exhaust-air heat pump 
Air change rate  0.5 1

ℎ
 Heat source /sink Exhaust-air/water 

Heat recovery None  Design temperature 35/15°C 
Gas boiler Rated capacity 1,9 kW 

Rated capacity 1,5 kW Adjustable Yes 
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Gross volume 465 m² U-value base plate 0,30 W
m2K

 

Design type Heavy building U-value windows 0,95 W
m2K
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2.2. Machine learning and intelligent controller  
This work uses methods of machine learning for the intelligent controller, which optimize the building 
operation. As described before, one necessary part of building optimization is the prediction of the 
thermal behaviour. This includes the building itself and its interaction with the HVAC components. One 
method for this is the use of thermal-energetic simulations. Considering the amount of simulations 
needed for the predictions, it is impossible to use this in practise. In addition, usually neither the 
complete information of the HVAC components and the building are available nor the technical and 
practical resources. One promising way to solve this problem is the use of machine learning. In this case 
neural networks are one promising method. Neural networks have the ability to model non-linear 
problems, which applies in this case.  
The first question is, what kind of neural network can be used. Prediction is a time-series problem. For 
this reason, non-linear autoregressive network with exogenous inputs has proven to be particularly 
robust. The second interesting question is the training parameters. The approach of this work is to use 
training data, which is easy to get in existing buildings. It is well known, that there are no analytical 
methods for characterizing ideal parameters to train a machine learning model. The results of this study 
characterized the following parameters to train a neural network of a building with HVAC systems: 
Time parameter, weather parameter, zone air temperature, on/off signals of the heat /cold generator(s), 
on/off switches for the air supply, or rather heat supply, and the temperature of the energy storage. In 
this study, these parameters are taken from thermal-energetic simulations. In practice these parameters 
can be easily obtained from the building management system.   
The intelligent controller uses the machine learning model to predict the zone air-temperature 
throughout the day and has the goal to reach the desired zone air temperature, shortly before occupancy. 
The intelligent controller is a higher controller, it only turns the systems on or off when preconditioning. 
The individual control mechanisms of the HVAC components are left untouched. When the building is 
occupied, the intelligent controller is not in operation. This configuration has the advantage, that for 
practical uses, the controller can be applied, without a large number of modifications.  

3 RESULTS 
Two control configurations are discussed. The first configuration is without the user identification 
application and intelligent controller – the HVAC equipment is in operation during the whole day and 
control for a set air temperature of 20°C. The second configuration is with the user identification 
application and intelligent controller. The target of the controller is to reach a 20°C indoor temperature 
shortly before the building is occupied. Therefore the intelligent controller predict a preheating time and 
switch on the floor heating and the ventilation.  
The results of this study suggest, that the best training method for the neural network is learning during 
operation. Usually the month November is taken to train the neural network model. Mostly the building 
is not occupied from 6 am to 6 pm. First, the intelligent controller saves the collected data of the 
interesting parameters – listed above. Every day the neural networks learns from the collected data and 
the prediction of the intelligent controller thereby improves. After November, the intelligent controller 
can be used for the other winter months. 
The preheating time which is set by the intelligent controller has a range of 1 to 3 hours. Furthermore, 
there are days, in which the controller does not force a preheating – depending on the month between 
10% to 30% of the days.   
To verify the thermal comfort of those two configurations, the number of days in which the target 
condition could not achieved are listed in Table 3. In those days, the minimum air temperature was       
19°C. The comparison of the heating energy demand outlines the potential of the user identification 
application and the intelligent controller, which is shown in Figure 2.  
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Table 3. Number of days in which the target air temperature could not achieved  
 Configuration 1  Configuration 2 

November 0 4 
December 0 6 

January 0 5 
February 0 1 

March  0 1 

 
 
 

 
Figure 2. Comparison of the energy demand  
 
 

4 DISCUSSION 
The results of chapter 3 prove, that the use of the intelligent controller leads to energy saving, while 
maintaining satisfactory thermal comfort.   
It is not surprising that configuration 1 can always achieve the target air temperature – which means it 
has the best thermal comfort. Configuration 1 also has the highest energy demand – a total of 6682 kWh 
over the whole heating period. Configuration 2 show a heating energy demand of 3728 kWh.  Compared 
with configuration 1, 45% lower. The thermal comfort of configuration 2 is not as good as configuration 
1, but with only 17 days (11% of the total), in which the target temperature just missed, the performance 
is sufficient.  
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2.2. Machine learning and intelligent controller  
This work uses methods of machine learning for the intelligent controller, which optimize the building 
operation. As described before, one necessary part of building optimization is the prediction of the 
thermal behaviour. This includes the building itself and its interaction with the HVAC components. One 
method for this is the use of thermal-energetic simulations. Considering the amount of simulations 
needed for the predictions, it is impossible to use this in practise. In addition, usually neither the 
complete information of the HVAC components and the building are available nor the technical and 
practical resources. One promising way to solve this problem is the use of machine learning. In this case 
neural networks are one promising method. Neural networks have the ability to model non-linear 
problems, which applies in this case.  
The first question is, what kind of neural network can be used. Prediction is a time-series problem. For 
this reason, non-linear autoregressive network with exogenous inputs has proven to be particularly 
robust. The second interesting question is the training parameters. The approach of this work is to use 
training data, which is easy to get in existing buildings. It is well known, that there are no analytical 
methods for characterizing ideal parameters to train a machine learning model. The results of this study 
characterized the following parameters to train a neural network of a building with HVAC systems: 
Time parameter, weather parameter, zone air temperature, on/off signals of the heat /cold generator(s), 
on/off switches for the air supply, or rather heat supply, and the temperature of the energy storage. In 
this study, these parameters are taken from thermal-energetic simulations. In practice these parameters 
can be easily obtained from the building management system.   
The intelligent controller uses the machine learning model to predict the zone air-temperature 
throughout the day and has the goal to reach the desired zone air temperature, shortly before occupancy. 
The intelligent controller is a higher controller, it only turns the systems on or off when preconditioning. 
The individual control mechanisms of the HVAC components are left untouched. When the building is 
occupied, the intelligent controller is not in operation. This configuration has the advantage, that for 
practical uses, the controller can be applied, without a large number of modifications.  

3 RESULTS 
Two control configurations are discussed. The first configuration is without the user identification 
application and intelligent controller – the HVAC equipment is in operation during the whole day and 
control for a set air temperature of 20°C. The second configuration is with the user identification 
application and intelligent controller. The target of the controller is to reach a 20°C indoor temperature 
shortly before the building is occupied. Therefore the intelligent controller predict a preheating time and 
switch on the floor heating and the ventilation.  
The results of this study suggest, that the best training method for the neural network is learning during 
operation. Usually the month November is taken to train the neural network model. Mostly the building 
is not occupied from 6 am to 6 pm. First, the intelligent controller saves the collected data of the 
interesting parameters – listed above. Every day the neural networks learns from the collected data and 
the prediction of the intelligent controller thereby improves. After November, the intelligent controller 
can be used for the other winter months. 
The preheating time which is set by the intelligent controller has a range of 1 to 3 hours. Furthermore, 
there are days, in which the controller does not force a preheating – depending on the month between 
10% to 30% of the days.   
To verify the thermal comfort of those two configurations, the number of days in which the target 
condition could not achieved are listed in Table 3. In those days, the minimum air temperature was       
19°C. The comparison of the heating energy demand outlines the potential of the user identification 
application and the intelligent controller, which is shown in Figure 2.  
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5 CONCLUSIONS 
This paper has shown the energy saving potentials and thermal comfort for a residential building with 
ventilation as heating support, using a potential user identification application with an intelligent 
controller. It has been proven, that the use of the intelligent controller leads to high energy saving, while 
maintaining satisfactory thermal comfort.  
Furthermore, the approach of using machine learning algorithms for the intelligent controller, was 
effective. It has been shown, that neural networks can learn the thermal behaviour of a building, 
including its HVAC equipment.  
Further research will focus on residential buildings. More randomized occupancy, several zones and 
also cooling will be considered. The approach of the intelligent controller will be advanced and the 
potential of user identification in buildings will be researched further.  
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SUMMARY 
At present, there is a standard procedure whereby the energy performance of buildings can be calculated, 
even before their realization. However, this process is based on certain simplifications of input data, 
parameters of operation of buildings and human factor. So the result often does not correspond to the 
real use of the building.  
Therefore, the paper deals with the evaluation of the actual operation of the building against the 
assumption set out in the energy performance certificate. At first, the energy performance certificate for 
an analyzed building is calculated. Then, an analysis of existing data is performed, and a set of 
parameters is compiled into the energy performance calculation. Subsequently, the impact of the use of 
buildings on their energy performance will be evaluated in the form of coefficients. These coefficients 
compare the calculated values in the energy performance certificate of the building with the actual 
values that come from the use of the building. The aim of the project is, on basis of calculated data and 
coefficients, to set out measures that would lead to a more realistic and accurate calculation of the energy 
performance of buildings.  
Keywords: Building energy performance certificate, building calculation 

1 INTRODUCTION 
Czech law requires the building energy certificate to be issued in cases of newly-developed buildings, 
reconstructions, sales or renting. The energy performance certificate is calculated in the basis of 
standard procedure, when the analysed building is compared with so-called “reference building”. The 
reference building has same shape, volume, building services but it has standard values of parameters 
entering the energy performance calculation.  The total energy delivered is evaluated and classified into 
categories A to G and is divided to heating, cooling, lighting, domestic hot water preparation, humidity 
adjustment, ventilation. Then the Non-renewable primary energy is counted from the total energy 
delivered by multiplication of each energy carrier by conversion factor. The Non-renewable primary 
energy is the energy that has not undergone by any transformation process. The Standard ČSN EN ISO 
13790 is used for the calculation model.  
However how the energy performance is affected by real operation of the building? This paper deals 
with comparison of the real operation of a family house with computational model. The aim of the study 
is to define, how the real operation of the building responds the model, which is calculated according 
to the standards.  
Similar study was published by Anthony Calderone In Building Simulation 2011: 12th Conference of 
International Building Performance Simulation Association, Sydney, 14-16 November, where 
simulations of 4 building were calculated and then compared with the real use. However the study 
doesn’t compare the real use with the law requirements. 

5 CONCLUSIONS 
This paper has shown the energy saving potentials and thermal comfort for a residential building with 
ventilation as heating support, using a potential user identification application with an intelligent 
controller. It has been proven, that the use of the intelligent controller leads to high energy saving, while 
maintaining satisfactory thermal comfort.  
Furthermore, the approach of using machine learning algorithms for the intelligent controller, was 
effective. It has been shown, that neural networks can learn the thermal behaviour of a building, 
including its HVAC equipment.  
Further research will focus on residential buildings. More randomized occupancy, several zones and 
also cooling will be considered. The approach of the intelligent controller will be advanced and the 
potential of user identification in buildings will be researched further.  
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2 CASE STUDY 

2.1 Description of the analysed building and its services 
The study follows up the family house in the town of Rymarov (Moravian-Silesian region). It is a 
prefabricated one-storey wooden building with hipped roof.  
The primary energy source is a stove with fireplace insert. The stove burns piece wood. The fireplace 
is equipped by heat exchanger which is connected to the hot water heating system. Part of the heat is 
radiated to the living room, where the stove is placed. The second heat source is electric boiler, which 
should serve for heating during time, when there are no users in the house. Both sources ale used for 
heating and domestic hot water (DHW) preparation. 
The DHW is prepared in a water 300-liter tank by two exchangers, one is connected to the heating 
system (described above) and the second one is connected to a circuit with two flat solar thermal 
collectors which are placed on the roof. There is also a heating cartridge, which is an additional source. 
The lighting is solved by standard systems – fluorescent or LED lamps. 
Whole house is equipped by numerous monitoring sensors, which scan temperatures of inside and 
outside air, electricity consumption (by electric boiler, heating cartridge, lighting). Then heat production 
by boiler, stove and solar collectors is measured. 

2.2 Energetic evaluation 
On the analysed building the energy performance certificate is calculated. The results of the certificate 
are shown in the Table 1. Within the certificate calculation the month simulation of energy consumption 
for heating, DHW preparation and lighting is calculated. This simulation is used in chapter 3.  
 

Table 1. Total energy delivered 
 Value Unit 

Total Energy Delivered 20,9 MWh/a
     Heating 15,1 MWh/a 
     DHW 4,8 MWh/a 
     Lighting 1,0 MWh/a 
   
All energy carriers 100 %
     Electricity 56 % 
     Piece wood 35 % 
     Solar energy 10 % 

3 RESULTS 
In the following subchapters there is a comparison of expected monthly energy consumption, which 
was calculated within the building energy certificate, and the real operation of the family house. The 
consumption is divided to sections – heating and DHW preparation (these two sections are counted 
together, because there is any calorimeter, which can measure energy used only for DHW preparation) 
and lighting. Then there is another division to each energy carrier (electricity, piece wood, solar energy). 
The results are represented by diagrams, that show the comparison of the calculated and real energy 
consumptions month by month. In the subchapter 3.3 the coefficients of building use ale shown. For the 
capacity reasons there are shown only the most important results. 
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3.1 Evaluation of sub-supplied energies 
The diagram on the Figure 1 represent monthly comparison of calculated and real energy consumption 
for heating and DHW preparation.   

 
Figure 1. Energy consumption for heating and DHW preparation per month 

The diagram show that the real energy consumption is significantly lower than the calculation. In the 
summer months the numbers are only for the DHW. The solar system was made in work in May 2016. 
The calorimeter apparently didn’t measure the proper data, therefore there is a very low energy 
consumption. It can be assumed, that the consumption may be similar to June 2017. 

3.2 The energy carrier evaluation 
In this subchapter the energy consumption is evaluated by each energy carrier. The style of diagrams is 
similar to the previous subchapter. 

 
Figure 2. Energy consumption covered by piece wood per month 
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The study follows up the family house in the town of Rymarov (Moravian-Silesian region). It is a 
prefabricated one-storey wooden building with hipped roof.  
The primary energy source is a stove with fireplace insert. The stove burns piece wood. The fireplace 
is equipped by heat exchanger which is connected to the hot water heating system. Part of the heat is 
radiated to the living room, where the stove is placed. The second heat source is electric boiler, which 
should serve for heating during time, when there are no users in the house. Both sources ale used for 
heating and domestic hot water (DHW) preparation. 
The DHW is prepared in a water 300-liter tank by two exchangers, one is connected to the heating 
system (described above) and the second one is connected to a circuit with two flat solar thermal 
collectors which are placed on the roof. There is also a heating cartridge, which is an additional source. 
The lighting is solved by standard systems – fluorescent or LED lamps. 
Whole house is equipped by numerous monitoring sensors, which scan temperatures of inside and 
outside air, electricity consumption (by electric boiler, heating cartridge, lighting). Then heat production 
by boiler, stove and solar collectors is measured. 

2.2 Energetic evaluation 
On the analysed building the energy performance certificate is calculated. The results of the certificate 
are shown in the Table 1. Within the certificate calculation the month simulation of energy consumption 
for heating, DHW preparation and lighting is calculated. This simulation is used in chapter 3.  
 

Table 1. Total energy delivered 
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Total Energy Delivered 20,9 MWh/a
     Heating 15,1 MWh/a 
     DHW 4,8 MWh/a 
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All energy carriers 100 %
     Electricity 56 % 
     Piece wood 35 % 
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3 RESULTS 
In the following subchapters there is a comparison of expected monthly energy consumption, which 
was calculated within the building energy certificate, and the real operation of the family house. The 
consumption is divided to sections – heating and DHW preparation (these two sections are counted 
together, because there is any calorimeter, which can measure energy used only for DHW preparation) 
and lighting. Then there is another division to each energy carrier (electricity, piece wood, solar energy). 
The results are represented by diagrams, that show the comparison of the calculated and real energy 
consumptions month by month. In the subchapter 3.3 the coefficients of building use ale shown. For the 
capacity reasons there are shown only the most important results. 
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The diagrams show that the real consumption of piece wood is higher than the calculated one. As shown 
below, the increase is compensed by lower electricity consumption. In the winter 2017-2018 there is a 
significant decrease of piece wood use. It is compensed by electricity. It can be caused by failure of 
wood supply or lower motivation to operate of the stove (maybe because of disease).  

 
Figure 3. Electricity consumption per month 

In the diagram showing the electricity consumption two phenomena are appreciable. At first the 
significantly lower real consumption versus the calculation. And secondly the above-mentioned 
increase of electricity consumption during last winter. 

3.3 Total energy delivered evaluation 
The diagram on the Figure 4 shows the comparison of calculation model and the real energy 
consumption in year 2016 and 2017 in terms of total energy delivered. On the diagram there is a 
difference in energy consumption between year 2016 and 2017. While first half-year of 2016 had 
slightly higher consumption than the first half-year of 2017, the second half-year the 2016 has lower 
consumption. It may be caused by above-mentioned lower outside temperatures or more frequent 
occupancy of the house. But both years 2016 and 2017 have significantly lower real energy consumption 
than the calculation model. 

0

500

1000

1500

2000

2500

En
er

gy
 p

ro
du

ct
io

n 
(k

W
h/

m
on

th
)

Month

Electricity consumption per month

Calculation Reality

PROCEEDINGS  — Roomvent & Ventilation 20181064  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 6 – Excellent Indoor Climate and High Performing Ventilation

1064  |



 
Figure 4. Electricity consumption per month 

3.4 Coefficients of building use 
On the basis of comparison of premised and real cumulative energy consumption the coefficients of 
building use are counted for each month. They show the increase or decrease and the trends of the 
energy consumption compared to the calculation model. 

Figure 5. and 6. Coefficients of annual building operation, Coefficient of annual energy carrier use 

As mentioned on the diagram, in the last months there is a slight increase of energy consumption. The 
total coefficient is essentially similar to the heating + DHW course because of small proportion of 
lighting. The total real energy consumption is on 50-60 % of the calculated values.  
The last diagram on Figure 6. shows the trends of coefficients of the energy carriers.  
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The diagrams show that the real consumption of piece wood is higher than the calculated one. As shown 
below, the increase is compensed by lower electricity consumption. In the winter 2017-2018 there is a 
significant decrease of piece wood use. It is compensed by electricity. It can be caused by failure of 
wood supply or lower motivation to operate of the stove (maybe because of disease).  
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4 DISCUSSION 
From the above-mentioned evaluations some new questions can arise. These questions can concern to 
the use of building by its owners. The study can be completed by an analysis of meteorological data 
(solar gains, outdoor temperatures…) which can affect the energetic flows inside the building. The 
quality and measurement accuracy of the sensors should also be discussed. 

5 CONCLUSIONS 
From the energy study of the Rymarov family house it is clear that the real use of the building does not 
have to correspond to the standard assumption. The standard calculation serves primarily to compare 
buildings with each other. It cannot include an inexplicable human factor. 
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SUMMARY 
The exploitation of solar thermal energy for innovative cooling systems is a fascinating solution to 
reduce the electricity consumptions for air conditioning during the summer season. One way to exploit 
solar thermal energy is to use it to regenerate adsorptive material: firstly the material dehumidifies air 
and then is dried up by heating it. During the dehumidification, the adsorption heat is generated. In 
standard adsorption system, such as rotary wheel, this heat must be rejected in a successive cooling 
process. In this paper, we present experimental results and a CFD model of a heat and mass exchanger 
where the air dehumidification and cooling are co-located. In fact, a granular silica gel packed bed heat 
exchanger is used allowing contemporary water vapor adsorption and air cooling. Low temperature 
solar system, such as evacuated tubes solar collector, provides the heat for the regeneration of the 
adsorbent material. This component showed good performances basing the control strategy on long 
adsorption/regeneration cycle, of around 1-2 hours. Experimental results and simulations gave 
promising insights on the use of these solutions for cooling of commercial and residential buildings 
driven by low grade heat solar systems.
Keywords: adsorption dehumidification, solar cooling, adsorption heat exchanger, experimental, CFD 

1 INTRODUCTION  
Reducing energy consumption and carbon footprint is one of EU guidelines in many research programs. 
One of the biggest energy consumer is the power sector (Werner, 2016). Besides, the electricity 
consumption by EU households (Eurostat, 2015) is constantly increased in time, due to the combination 
of two factors: growing spread of both electrical appliances and summer cooling and ventilation 
systems. Hence, the diffusion of passive and/or low energy ventilation technologies can give a 
significant contribution to lower the total EU energy consumption.  
Table 1. Additional potential residential cooling demand in EU-28 main countries. (Estimation of 
European Union residential sector space cooling potential, 2017). 

 Potential cooling demand, 
TWh/year 

Additional power capacity 
GW 

EU28 292.3 80 
France 30 16 
Greece 29 4 
Italy 83 13.3 
Portugal 16.3 3.3 
Spain 77.4 13.3 

Air Conditioning (AC) sector has continuously increased its relevance in the last decades, while more 
and more European buildings are provided with space cooling system to satisfy indoor comfort demand 
during warm and hot season. By 2025, the installed cooling capacity is likely to be 55-60 % higher than 
the 2010 capacity. The Institute of Energy and Transport of European Commission have estimated the 
total potential space cooling demand of the EU28 to be 292 TWh for the residential sector in an average 
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year. The electrical capacity needed in case of realization of estimated demand potential was evaluated 
in 80 GWel (Jakubcionis and Carlsson, 2017). The increase of cooling demand and the related electrical 
power, pose questions about: 

• environmental impacts from the increase of electricity consumption of traditional AC systems 
to supply cooling demand; 

• stress of the electricity grid in summer season, with specific attention to southern European 
countries; 

• investments needed for the additional power capacity. 
The use of renewable energy is mandatory to reduce environmental impacts of greenhouse gas emission 
related to air conditioning services. Heat driven cooling technologies coupled with solar thermal 
systems are an alternative interesting solution to electrically driven cooling system. Despite the fact that 
thermally driven system can still make use of electricity to feed circulation pumps and ventilation fans, 
their electricity demand is significantly lower than that of traditional vapor compressor chillers. Heat 
driven cooling systems include many technologies based on different physical and chemical processes 
to produce the cooling. This research focuses on Desiccant Evaporative Cooling (DEC) systems, based 
on solid adsorption (Finocchiaro and Beccali, 2014), (Simonetti et al, 2016). These are open cycles 
which directly treat external airflows, typically for the ventilation of indoor environments, performing 
two steps: i) Air dehumidification to remove water vapor from air, exploiting the affinity between 
adsorption materials like silica-gel, zeolite, etc…, and water vapor. This step removes the latent part of 
the cooling load; ii) Air sensible cooling, exploiting water evaporation to reduce air temperature. This 
step removes the sensible part of the cooling load. These devices can exchange contemporary heat and 
mass, the latter being the water vapor contained in the air mixture, thanks to the high affinity between 
the water vapor and the adsorption mean. The disposition of the adsorption material in a finned coil heat 
exchanger, typically used in air conditioning, can be different: surface coating on the fin, foam or 
granular dispersion in the void volume. The goal of this research is the use of thermal power, at 
temperature level between 55-80 °C, in order to satisfy the latent load of the air conditioning. This 
temperature level is compatible with a solar thermal collector like flat plate or evacuated tube. In this 
way renewable energy can be directly used, saving the electricity used for the water vapor condensation 
by the standard vapor compressor chillers. This article presents some experimental results of 
dehumidification performance of an adsorption heat exchanger based on silica gel and tested in 
laboratories of the Department of Energy at Politecnico di Torino. Also theoretical model of the 
component is here proposed, as useful instrument for the adsorption heat exchanger design. 

2 METHODS 

2.1 Adsorption heat exchanger  
The component here presented is a fin and tube heat exchanger, typically used in HVAC system, 
wherein the spaces between the fins are filled with silica gel grains. The advantage of this component, 
with respect to fixed packed bed, is the possibility to have contemporaneous heat and mass transfer 
between the air, the adsorptive mass, and a secondary thermal vector fluid. The 2 phases of the operation 
are represented in the scheme of Figure 1. During the regeneration, the heat is provided by a hot water 
circulation inside pipes of the heat exchanger. Then water vapor, stored inside pores of silica gel, is 
removed and transported by the air flow. The operation continues until silica gel is dried. After this 
operation starts the cooled adsorption phase: water vapor capture by silica gel produces heat, that is 
comparable with the latent heat of water evaporation. To avoid an increase of air temperature, to which 
corresponds a lower water  adsorption capacity, a cold water flux circulates through the pipes of the 
heat exchanger. Temperature level of water and flow rate regulates the equilibrium condition and the 
final temperature of the air at the outlet of the heat exchanger. In order to have an instrument to study, 
design and optimize that component, a CFD model has been built for a multicomponent gas as a mixture 
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of air and water vapor (supposed as an ideal gas). The fluid flow, mass transfer and thermal simulation 
of the silica packed bed system is performed using the CFD software STAR CCM+.  The main 
hypothesis of the model are: 

• The thin layer of the gas mixture surrounding silica gel grains is in equilibrium with the 
adsorption mean. This equilibrium condition are described using adsorption isothermal equation 
of water and silica gel, fitted by the following parametric equation (Ramzy et al, 2011) : 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅∗ = 𝑆𝑆𝑆𝑆1𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑞𝑞𝑞𝑞2 + 𝑆𝑆𝑆𝑆2𝑇𝑇𝑇𝑇𝑠𝑠𝑠𝑠𝑞𝑞𝑞𝑞 + 𝑆𝑆𝑆𝑆3𝑞𝑞𝑞𝑞4 + 𝑆𝑆𝑆𝑆4𝑞𝑞𝑞𝑞3 + 𝑆𝑆𝑆𝑆5𝑞𝑞𝑞𝑞2 + 𝑆𝑆𝑆𝑆6𝑞𝑞𝑞𝑞  (1) 

• In order to evaluate the effect of cooling on adsorption behaviour, on the metallic surface of the 
heat exchanger is imposed a Dirichlet condition T = Twall; 

• In the neighbourhood silica surface the adsorption heat is evaluated as a volumetric thermal 
generation: 𝑆𝑆𝑆𝑆𝐸𝐸𝐸𝐸 =  𝑞𝑞𝑞𝑞𝑞𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠 ∗

𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

. The specific adsorption heat, 𝑞𝑞𝑞𝑞𝑞𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠, is equal to the product between 
the adsorbed mass flux of water 𝑚𝑚𝑚𝑚𝑞 𝐻𝐻𝐻𝐻2𝐻𝐻𝐻𝐻 and latent heat of evaporation of water, 2500 kJ/kg; 

 
Figure 1. Scheme of working mode of the adsorption heat exchanger. 

• The water mass flux is driven both by the equilibrium condition, established on the surrounding 
surface of the grains, and the diffusion resistance of the water vapour inside the pore of silica 
gel. The related equation is: 

𝑚𝑚𝑚𝑚𝑞 𝐻𝐻𝐻𝐻2𝐻𝐻𝐻𝐻 =  −𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻�𝑃𝑃𝑃𝑃𝑣𝑣𝑣𝑣−𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒�
𝑅𝑅𝑅𝑅∗𝑅𝑅𝑅𝑅

∗ 𝐴𝐴𝐴𝐴  (2) 

Where 𝐷𝐷𝐷𝐷𝐻𝐻𝐻𝐻2𝐻𝐻𝐻𝐻 is the effective coefficient of diffusion of water in silica gel; 𝑃𝑃𝑃𝑃𝑣𝑣𝑣𝑣 is the local vapour 
pressure; 𝑃𝑃𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is the equilibrium condition derived from the first hypothesis; 𝐴𝐴𝐴𝐴 is a global 
coefficient that accounts for the molecular mass of water and the main average pore dimension; 

Combining this set of hypothesis with the conservation of energy, momentum and the equation of 
continuity, the CFD model is solved for the geometry reported in Figure 2. 

 
Figure 2. 3D simplified model geometry of the adsorption heat exchanger with silica gel grains 

2.2 Experimental set up 
The experimental facility is based on two AHUs (Air Handling Units), which can supply air flow rate 
in the range 100 ÷ 1500 m3/h, equipped with a set of sensors and control devices. Each AHU includes 
an electrical heating battery, a humidifier and calibrated flanges for airflow rate measurements. Air 
temperature, relative humidity and water temperature sensors are distributed along the adsorption unit, 
as showed in Figure 3. In Table 2, the list of sensors typology and their accuracy employed in the 
experimental activity is shown. The heat for regeneration is provided by hot water, produced by 10 m2 
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which directly treat external airflows, typically for the ventilation of indoor environments, performing 
two steps: i) Air dehumidification to remove water vapor from air, exploiting the affinity between 
adsorption materials like silica-gel, zeolite, etc…, and water vapor. This step removes the latent part of 
the cooling load; ii) Air sensible cooling, exploiting water evaporation to reduce air temperature. This 
step removes the sensible part of the cooling load. These devices can exchange contemporary heat and 
mass, the latter being the water vapor contained in the air mixture, thanks to the high affinity between 
the water vapor and the adsorption mean. The disposition of the adsorption material in a finned coil heat 
exchanger, typically used in air conditioning, can be different: surface coating on the fin, foam or 
granular dispersion in the void volume. The goal of this research is the use of thermal power, at 
temperature level between 55-80 °C, in order to satisfy the latent load of the air conditioning. This 
temperature level is compatible with a solar thermal collector like flat plate or evacuated tube. In this 
way renewable energy can be directly used, saving the electricity used for the water vapor condensation 
by the standard vapor compressor chillers. This article presents some experimental results of 
dehumidification performance of an adsorption heat exchanger based on silica gel and tested in 
laboratories of the Department of Energy at Politecnico di Torino. Also theoretical model of the 
component is here proposed, as useful instrument for the adsorption heat exchanger design. 

2 METHODS 

2.1 Adsorption heat exchanger  
The component here presented is a fin and tube heat exchanger, typically used in HVAC system, 
wherein the spaces between the fins are filled with silica gel grains. The advantage of this component, 
with respect to fixed packed bed, is the possibility to have contemporaneous heat and mass transfer 
between the air, the adsorptive mass, and a secondary thermal vector fluid. The 2 phases of the operation 
are represented in the scheme of Figure 1. During the regeneration, the heat is provided by a hot water 
circulation inside pipes of the heat exchanger. Then water vapor, stored inside pores of silica gel, is 
removed and transported by the air flow. The operation continues until silica gel is dried. After this 
operation starts the cooled adsorption phase: water vapor capture by silica gel produces heat, that is 
comparable with the latent heat of water evaporation. To avoid an increase of air temperature, to which 
corresponds a lower water  adsorption capacity, a cold water flux circulates through the pipes of the 
heat exchanger. Temperature level of water and flow rate regulates the equilibrium condition and the 
final temperature of the air at the outlet of the heat exchanger. In order to have an instrument to study, 
design and optimize that component, a CFD model has been built for a multicomponent gas as a mixture 
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of evacuated solar thermal collectors. The solar thermal circuit is connected to 500 liters of thermal 
storage, equipped with an auxiliary electrical resistance of 3 kW. The adsorption heat exchanger 
dimensions is reported in Table 3. The silica gel grains dispersed between the fins is a RD type, with a 
diameter range between 0.002 and 0.004 m. 

 
Figure 3. Scheme of the experimental set up for the test 
of the adsorption heat exchanger 

Table 2. Sensor types and related 
accuracies. 
Physical quantity Accuracy Unit

Air Pressure ± 0.2% Pa 
Air Temperature ± 0.4% °C 
Water Temperature ± 0.3°C °C 
Relative Humidity ± 2% RH  % 
Water flow rate ± 3% kg/s 
Air flow rate ± 7% m3/h 

 

Table 3. Dimensions of the finned coil 

d n p L D H
mm - mm m m m

Fins - 90 5 - 0.15 0.54 
Tubes 15 24 - 0.45 - - 
Battery - - - 0.45 0.15 0.54 

 

3 RESULTS 
In Figure 4 and Figure 5, the results of an experimental test of cooled adsorption dehumidification are 
showed. 

 
Figure 4. Behavior of the air and water physical parameters, temperature and moisture content, during 
an adsorption and regeneration test. The first half part is the adsorption phase; the second part is the 
regeneration phase. 

 
Figure 5. Thermal power and exchanged between air and the adsorption heat exchanger during the test 
in Figure 4. 
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In the first the behavior of air temperature, moisture content, and water temperature is depicted for both 
the adsorption and regeneration. In the second graph, starting from measured data, it has been estimated 
the thermal power exchanged between air and the adsorption heat exchanger. This test has been carried 
out using hot water for regeneration between 60-65 °C, and cold water at around 20 °C for the cooled 
adsorption. The air flow rate was 200 m3 per hour, with a total pressure drop through the bed of around 
190 Pa. The water flow during regeneration was 2.7 liters per minute and 22.4 liters per minute during 
adsorption. The CFD model was simulated under reference (inlet air 30°C, 16 g/kg) conditions and used 
to study the transient behavior of the dehumidification in the heat and mass exchanger. A sample of the 
results are showed in Figure 6 and Figure 7. Figure 6 shows the distribution of air moisture content 
during the crossing of the adsorption heat exchanger at two different time step of the transient 
simulation. This graph highlights how this distribution change in time due to the saturation of the 
adsorption material. The diagram on Figure 7  reports the average air temperature and moisture content 
at the outlet section of adsorption heat exchanger, as a function of time, during the adsorption phase. 

 

  
Figure 6. CFD simulation of the distribution of air moisture content among a cooled adsorption heat 
exchanger, with a depth of 15 cm, at two different time steps: after 15 minutes (left); 180 minutes (right) 

  
Figure 7. Simulation results of the CFD 3d model of the adsorption heat exchanger. The left side shows 
the differences in the behavior of the air moisture content at the outlet of the adsorption heat exchanger, 
with and without cooling. The right side shows the same behavior for air temperature. 

4 DISCUSSION 
The tested heat and mass exchanger showed good performance during the dehumidification tests. The 
average dehumidification effect, defined as the moisture content difference between inlet and outlet of the 
coil, was around 20 g. The up-taken water produces the progressive saturation of the adsorptive material 
and the dehumidification effect was reduced while the process is running. Nonetheless, the configuration 
of the system is characterized by high mass of absorbent material, and after 1 hour from the beginning of 
the test the heat-mass exchanger can still absorb more than 15 g of water per kg of dry air. The silica-
sphere packed coil can be considered a convenient configuration as far as robustness is concern. In fact, 
the stability of the dehumidification effect is relevant and can sustain long run before a regeneration of the 
adsorptive bed is needed. The CFD transient simulations present good agreement in terms of temporal 
evolution of the dehumidification effect and in terms of absolute values. Though the laboratory tests could 
not be run at the same reference condition originally considered by CFD simulation, yet the adsorption 
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of evacuated solar thermal collectors. The solar thermal circuit is connected to 500 liters of thermal 
storage, equipped with an auxiliary electrical resistance of 3 kW. The adsorption heat exchanger 
dimensions is reported in Table 3. The silica gel grains dispersed between the fins is a RD type, with a 
diameter range between 0.002 and 0.004 m. 

 
Figure 3. Scheme of the experimental set up for the test 
of the adsorption heat exchanger 
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3 RESULTS 
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Figure 5. Thermal power and exchanged between air and the adsorption heat exchanger during the test 
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model included in the CFD can be considered an effective tool, able to provide insights on the local 
variation of water mass uptake and of the moisture in the heat and mass exchanger. Moreover, the CFD 
simulations confirmed the positive effect of co-located heat and mass transfer that can be achieved by the 
presented configuration. In particular, as depicted in Figure 7, the dehumidification effect is around 30% 
higher in terms of instantaneous values and in term of total mass absorbed then in case of adiabatic 
adsorption. The positive effect of the co-located cooling is more evident during the first hour of the 
adsorption run, tackling the negative effect of adsorption heat release. Moreover, in all the adsorption 
simulations, the outlet air humidity and the temperatures are lower than the case without cooling. 

5 CONCLUSIONS 
The packed-coil configuration presented is able to exchange heat and mass with the same device. The 
tested prototype can sustain for around 1 hour a dehumidification effect in the range 15-20 g/kg. An 
adsorption model has been implemented in the CFD software Star-CCM+ that confirmed the transient 
evolution of the adsorption phase of the system. Contemporaneous cooling and adsorption increase the 
dehumidification effect by around 30% in comparison to a standard adsorption and successive cooling 
process. Similar device can be considered for future application in air-handling unit in order to reduce 
the latent cooling energy consumption. 
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ABSTRACT 
This paper presents an investigation of the Natural Ventilation Cooling Potential (NVCP) of residential 
buildings located in the Hot Summer Cold Winter (HSCW) climate zone of China by means of dynamic 
simulations. First, Hierarchical Agglomerative Clustering (HAC) analysis is used for sub-zoning the 
HSCW zone according to different wind speeds. Then, representative cities in each zone are selected to 
run simulations in EnergyPlus and work out their NVCP under both single-sided and cross ventilation 
regimes. The outcomes show that natural ventilation can help achieve comfort conditions for more than 
50% of time in the windiest city and for more than 40% of time in less windy areas. 
Keywords: natural ventilation, residential buildings, hierarchical agglomerative clustering, dynamic 
simulations, thermal comfort 

1 INTRODUCTION 
Natural ventilation is often considered to be the most energy efficient measure of cooling buildings in 
summer with the potential to reduce the energy costs required for air conditioning and to reduce CO2 
emissions (Yang et al., 2004). Adequate ventilation within a building is necessary to maintain the 
occupants’ health and comfort, as well as to improve the Indoor Air Quality (IAQ) of indoor spaces 
(Tong et al., 2016)(Costanzo & Donn, 2017). 
However, the potential to successfully exploit this passive cooling strategy strongly depends on the 
climate (temperature and wind), ventilation profiles and types, internal heat gains, the building’s thermal 
characteristics and human expectations of thermal comfort (Luo et al., 2007). 
Previous research on assessing natural ventilation in office buildings in the five climate zones of China 
demonstrates that the Natural Ventilation Cooling Potential (NVCP) depends on the multiple impacts 
of the climate characteristics, the building’s thermal characteristics, internal gains, ventilation profiles 
and strategies (Yao et al., 2009). 
This paper furthers this investigation by i) identifying cities located in the challenging Hot Summer and 
Cold Winter (HSCW) zone of China that are representative of different wind environments by means 
of Hierarchical Agglomerative Clustering (HAC) and ii) assessing the NVCP of a representative 
residential building by means of dynamic simulations run in EnergyPlus. 

2 METHODOLOGY  
A selection of cities representative of different wind speeds within the HSCW zone categorized in the 
Standard GB 50176-2016, is first proposed using clustering analysis. Then, according to the adaptive 
comfort theory (Nicol & Humphreys, 2002 and G.S.B. I, R.J. De Dear, 1998), indoor comfort is assessed 
in terms of NVCP index for a typical apartment flat by means of dynamic thermal simulations in 
EnergyPlus (Version 8.4, 2014). 
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2.1 Clustering analysis of wind velocities 
Daily average wind speeds from weather stations located in several cities of the HSCW zone have been 
acquired, for time period 2006-2015 (10 full-years measurements), from China Meteorological Data 
Service Center (http://data.cma.cn/).  
Each weather station in the database was located according to its longitude and latitude in order to identify 
whether the station is within the boundary of HSCW zone defined in the Standard GB 50176-2016, and to 
exclude those stations located on mountains whose data is quite different from surroundings due to their 
elevation. Furthermore, stations presenting more than 5% missing data have been excluded from the 
following analysis. In the end, wind speed data from 166 stations has been analysed and processed, using 
time equalized interpolation to ensure complete time-series data when needed.  
After data collection and cleaning, Hierarchical Agglomerative Clustering (HAC) was applied to divide 
the HSCW zone into sub-zones. HAC is a bottom-up algorithm that treats each station as a single cluster 
at the outset, and then starts merging pairs of clusters until all the clusters have been merged into a 
single one that contains all the stations. 
By using the Ward’s method, the extra sum of squares caused by agglomerating clusters is minimized 
at each agglomerative step by using the cluster update formula: 
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where dij, dik and djk are the squared Euclidean distance between two subscripts respectively, d(ij)k is the 
squared Euclidean distance between case k and the new cluster (ij), ni, nj and nk represents the number 
of cases in each cluster. 
Squared Euclidean distance, as expressed by the following equation, was selected as a dissimilarity measure: 
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Here dij is the squared Euclidean distance between case i and j, being t the sequence of data in a data 
set, m is the total volume of the data set, xit is the tth data of case i, and xj t is the tth data of case j. 
The clustering results are finally shown as a dendrogram, cut where the gap between two successive 
combination similarities is relatively large.  
The threshold of wind speed values for each cluster are generalized as clustering-trained classifier, which 
determined the final climate zoning scheme based on the concept of the continuity of spatial distribution. 

2.2 Thermal comfort analysis 
A recent paper reporting on a large scale survey about indoor comfort conditions of residential buildings 
located in the five different Chinese climate zones (Li et al., 2017) highlights that factors such as culture, 
climate, psychological and behavioural adaptation can be successfully accounted for using the adaptive 
comfort theory (Nicol & Humphreys, 2002 and G.S.B. I, R.J. De Dear, 1998). Follow on this approach, 
the adaptive Predicted Mean Vote (aPMV) defined in (Yao et al., 2009) has been used in this study to 
evaluate thermal comfort in naturally ventilated residential buildings: 

a
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Here λ is the adaptive coefficient, determined according to climate conditions as suggested in [11,12].   
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The other parameters to be input into the aPMV model such as mean air velocity, mean radiant temperature, 
clothing insulation and metabolic rate were obtained from the field survey carried out in (Li et al., 2017). 
The boundaries for comfort conditions in terms of relative humidity and indoor temperature are reported 
in Table 1 and calculated for aPMV values ranging from -0.5 to 0.5, which means that the thermal 
environment evaluation grade is assessed as I and 90% of occupants are satisfied with it (Zhang et al., 
2010). 
Table 1. Comfort boundaries in HSCW zone  

Relative humidity (%) 30 40 50 60 70 80 
Indoor temperature range (°C) 18.42-28.63 18.10-28.52 17.85-28.32 17.72-28.12 17.67-27.90 17.54-27.69 

Once the boundaries for thermal comfort are set, the Natural Ventilation Cooling Potential (NVCP) 
index, defined in (Yao et al., 2009) as the percent of comfort hours with respect to the occupied hours, 
is used as the metrics to assess comfort conditions due to the use of natural ventilation: 

_
_

comfort hoursNVCP
occupied hours

=  (4) 

2.3 Reference building and simulation assumptions 

The building used as reference for thermal simulations in EnergyPlus 
is a typical apartment block already described by the authors in another 
paper (see Figure 1, (Yao et al., 2017). More in detail, a middle floor 
of 28 x 13.6 m2 extension pertaining to a slab building with nine floors 
(no heat transfer is assumed with the lower and upper adjoining levels) 
is modelled under free running conditions (i.e. without any mechanical 
system in operation). The Window to Wall ratio is 0.2 on the north 
wall and 0.3 on the remaining walls, while the ceiling height is 3 m.  
The outer walls are made of concrete cellular blocks with an external 
insulation layer of EPS (U-value of 0.80 Wm-2K-1), the slabs are made 
of reinforced concrete and covered on both sides by a cement mortar 
layer (U-value of 1.33 Wm-2K-1), and the windows are double-glazed 
clear panes with PVC frame (U-value of 2.67 Wm-2K-1 and SHGC of 
0.34). 
Internal gains are made up of people heat losses (100 W per person under sedentary activities, 
occupancy density of 0.03 persons per square metre), lighting (6 Wm-2) and other electric equipment 
(4.3 Wm-2). All these components directly contribute to the indoor energy balance during the occupancy 
period, defined as from 18:00 to 8:00 during weekdays and 24h during weekends. 
In order to appreciate climate-induced differences on NVCP, this configuration is retained for every city 
except for the building orientation (the long axis facing the prevailing wind directions listed in Table 3 to 
maximize natural ventilation effects). 
Moreover, two different natural ventilation scenarios are considered: 
1. single-sided ventilation: windows opened just on the façade facing the prevailing wind direction); 
2. cross ventilation: windows opened on the façades that face the prevailing wind direction and on the 

opposite one. 

 

Figure 1. Axonometric view 
of the thermal model with 
highlighted the study floor. 

N 

Study 
floor
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In both cases, the control logic implemented allows to linearly modulate 
the opening of the windows – during the occupancy period and 
throughout the year – when the following conditions are met altogether: 

3 RESULTS AND DISCUSSION 

3.1 Wind zoning 

The yearly average wind values of the 166 weather stations analysed are shown in a dendrogram form in 
Figure 2. Based on these outcomes, the clustering process of monthly average wind speeds described in 
Section 2.1 helped identify four 
wind zones according to the 
thresholds listed in Table 2, being 
WS1 the windiest zone and WS4 
the zone with the lowest wind 
availability throughout the year. 
Table 2. Dividing criterion for 
sub-zoning  

Zones Average wind speed 
(m/s) 

WS1 WS ≥ 3.5 
WS2 2.0 ≤ WS < 3.5 
WS3 1.4 ≤ WS < 2.0 
WS4 WS < 1.4 

 

The physical division of the HSCW zone into the 
four wind sub-zones is shown in Figure 3: here it 
possible to appreciate how the most suitable wind 
zones for natural ventilation purposes are located on 
the eastern side, close to the Chinese sea. 
According to the wind zoning, the four cities listed 
in Table 3 (and reported in Figure 3 as well) have 
been chosen for detailed thermal simulations, using 
the weather data provided in the form of Typical 
Meteorological Year (TMY) format from the 
EnergyPlus website.  

 

Figure 3. Mapping of the five climate zones of China (on the left) and zoom of the proposed four sub-
zones of HSCW zone based on wind speed values 
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Figure 2. Dendrogram of the wind clustering for 166 weather stations 

Table 3. Representative cities for EnergyPlus 
simulation
Zone Province City Prevailing wind 

direction (clockwise 
degrees from north)

1 Zhejiang Wenzhou  SE (135°) 
2 Shanghai Shanghai  SE (135°) 
3 Hubei Wuhan  ENE (67.5°) 
4 Chongqing Chongqing  NNE (22.5°) 
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3.2 Natural ventilation cooling potential 
The outcomes of the thermal simulations reveal that natural ventilation significantly help contribute to 
indoor comfort conditions. In fact, from the calculation of the NVCP index reported in Figure 4, it is 
seen that comfort conditions are achieved for at least 40% of the occupancy time in Shanghai and Wuhan 
when single-sided ventilation is used. These figures raise up to 52% in Wenzhou and 48% in Chongqing 
respectively. 
When cross-ventilation is adopted, it is possible to further increase the NVCP index up to almost 60% 
in the windiest city of Wenzhou and to around 50% in the remaining cities, thus strongly reducing the 
operation time of mechanical systems to provide heating and cooling throughout the year. 

 

Figure 4. NVCP index under different ventilation regimes 
Interestingly, the achievement of these comfort conditions requires the same amount of opening time 
for the windows under both the ventilation regimes analysed: Figure 5 shows that for all the cities 
(except for Shanghai, maybe because of the lower outdoor temperatures) the windows have to be opened 
for 50% of the occupancy time.  
This means that further improvements have to be sought in different control logics for the opening of 
the windows (always considering for the occurrence of overcooling issues in transition periods), as well 
as in the windows design itself (size, position and opening type). 
These detailed measures are not the focus of this paper and will be analysed in future research by the 
authors.  

 

Figure 5. Windows opening time under different ventilation regimes 

4 CONCLUSIONS 
This paper analysed the Natural Ventilation Cooling Potential (NVCP) of a representative apartment 
flat located in the challenging Hot Summer and Cold Winter (HSCW) climate of China. First, a wind-
zoning classification of the HSCW zone based on annual wind velocity values gathered from 166 
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In both cases, the control logic implemented allows to linearly modulate 
the opening of the windows – during the occupancy period and 
throughout the year – when the following conditions are met altogether: 
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weather stations is proposed by using Hierarchical Agglomerative Clustering (HAC). The identified 
four wind zones have been used to select a representative city for each of them (Wenzhou, Shanghai, 
Wuhan and Chongqing, from the windiest to the least windy respectively) and to run dynamic thermal 
simulations in EnergyPlus. 
The outcomes of these simulations highlight how the use of natural ventilation as a passive cooling strategy 
help achieve indoor comfort conditions for about 50% of the occupancy time in the windiest city of Wenzhou 
and for 40% of the time in the less windy cities, under a single-sided ventilation regime. If cross-ventilation 
is used, these figures raise up to around 60% and 50% respectively. Interestingly, under both ventilation 
schemes, the predicted number of windows opening hours is the same (50% of time in all cities except for 
Shanghai), suggesting that further improvements in the use of natural ventilation have to be sought in 
different control strategies and windows design. These measures represent the subject of future research for 
the authors. 
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SUMMARY 
As a part of an ongoing study, we report measurements of air infiltration during winter conditions into 
two Decorated Farmhouses of Hälsingland designated as UNESCO World Heritage Sites. In winter 
these two-storied farmhouses are rarely heated, except for special occasions. In this measurement one 
farmhouse was unheated, whereas one room was heated for a brief period in the other one. The 
observed local mean ages of air measured with tracer gas techniques generally increase with height, 
both locally within each room and between floors. The average temperature and humidity also 
increases from the first to the second floor. The indoor temperature follows the outdoor temperature 
with a time lag. The differences in water content between inside and outside air correlate with changes 
of the indoor relative humidity. The correlation is stronger for humidity increase than for humidity 
decrease, possibly due to moisture absorption by interior textiles. 
Keywords: World Heritage, preservation, moisture, relative humidity, air infiltration, PFT tracer 

1 INTRODUCTION 
The Decorated Farmhouses of Hälsingland became World Heritage (WH) in 2012. The criterium for a 
cultural or natural heritage to obtain the status of WH is its Outstanding Universal Value (OUV) 
(UNESCO, 2005), which for the Farmhouses is expressed as follows: 
“The large, impressive Farmhouses with the richly decorated rooms for parties reflect an outstanding 
combination of timber construction and folk art tradition, the prosperity and the social status of the 
independent farmers who built them and represent the culmination of a long tradition in Hälsingland.” 
It is estimated that there are about one thousand decorated farmhouses and seven of these were 
selected as WH, see Akander & Morberg (2017). Many of these buildings (or parts of decorated 
farmhouses) have remained unchanged and have not been modernized in terms of thermal 
performance, HVAC systems or even electricity. As expressed in the OUV, rooms or buildings were 
made for having parties and feasts, but these were extraordinary occasions such as weddings or 
funeral feast, and thus they are seldom used. Many rooms are not fully heated and in some cases not 
heated at all. Whereas most of the WH houses have not been used for decades, the interiors have been 
more or less preserved. This is also true for many of the other decorated farmhouses. A major threat to 
decorations, and to the farmhouses in general, has been lack of maintenance of roofs. In some cases, 
intrusions of rain have left stains on the upper part of walls and ceilings. Other threats in terms of 
moisture are due to the fact that the buildings are not heated. Some owners have witnessed that quick 
natural shifts in weather (e.g. when a long term cold spell suddenly changes into warm weather), may 
create interior condensation to the extent that decorations/paintings temporarily have been dripping 
wet. A positive aspect is that winter and spring air is dry, allowing the paintings to dry fairly quickly 
after these occasions. A question that arises is how the natural ventilation of these unheated building 
affects the temperature (thermal mass) in the building, the amount of condensation and drying after 
the temperature swings? So far, these phenomena do not seem to have posed direct threats to the 

weather stations is proposed by using Hierarchical Agglomerative Clustering (HAC). The identified 
four wind zones have been used to select a representative city for each of them (Wenzhou, Shanghai, 
Wuhan and Chongqing, from the windiest to the least windy respectively) and to run dynamic thermal 
simulations in EnergyPlus. 
The outcomes of these simulations highlight how the use of natural ventilation as a passive cooling strategy 
help achieve indoor comfort conditions for about 50% of the occupancy time in the windiest city of Wenzhou 
and for 40% of the time in the less windy cities, under a single-sided ventilation regime. If cross-ventilation 
is used, these figures raise up to around 60% and 50% respectively. Interestingly, under both ventilation 
schemes, the predicted number of windows opening hours is the same (50% of time in all cities except for 
Shanghai), suggesting that further improvements in the use of natural ventilation have to be sought in 
different control strategies and windows design. These measures represent the subject of future research for 
the authors. 
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decorations. However, the WH should be preserved for all future generations of mankind – which is 
difficult when dealing with organic material. A greater and more immediate threat may be foreseen 
changes of climatic conditions. The projection for the region is that in year 2100, the annual 
temperature will have increased between 3-6 °C, precipitation by 25-35 % (primarily in summertime) 
and the vegetation period increased by 80-85 days (Länsstyrelsen Gävleborg, 2014) . A warmer and 
more humid climate is expected to increase mould and rot in wood constructions. Another threat in 
combination with humidity is soiling. Soiling particles may be airborne, but can also be carried or set 
in motion by visitors – a new circumstance in these previously unused buildings. Today, there are no 
recommendations to the owners on ventilation routines. Whether or not draught channels in chimneys 
should be blocked, internal door closed etc., for the sake of preserving the decorations has not been 
thoroughly investigated. A majority of the owners close chimney dampers and doors because this is 
the way it has been done traditionally.  
As a part of the general aim to put forth a recommendation on how to handle ventilation in view of 
preserving the decorations, measurements were performed to gain some insight in the ventilation rates 
in two of the WH farmhouses. In general, knowledge, experience, best practice and building 
regulations etc. in Sweden comes from heated buildings, but these are not applicable to unheated 
leaky buildings. The natural ventilation rates are necessary for analysis of the buildings and their 
exposure to soiling and climate change, for example made by means of numerical simulations with the 
purpose of minimizing risk of condensation, soiling and mould growth. Without knowledge of the 
natural air infiltration rates into the buildings, these types of analyses are meaningless. The Blower 
door method (ASHRAE, 1988) was not used due to risks of tearing wall paper and other fabrics in the 
constructions. Therefore a passive tracer gas method was chosen, but again experience in these 
measurements pertains primarily to heated buildings in cold climates.  

2 METHODS 
The average local mean age of air was measured using the homogeneous emission tracer gas 
technique described in NORDTEST Standard VVS 118 (1997) and ISO 16000-8 (2005). The 
underlying multi-zone approximation of buildings is described in Etheridge and Sandberg (1996). A 
perfluorocarbon tracer (PFT) (perfluorobenzene designated A below) was used and the emission of 
the tracer gas sources were adjusted to each zone volume to obtain a homogeneous rate of emission in 
all measurement zones of the office building. Passive sampling onto charcoal tubes were used for long 
term averages (Dietz et al, 1986; Säteri, 1991; Stymne and Boman, 1994 and Stymne, 1995). The 
samplers were extracted with toluene and the PFT concentrations in the extracts were analysed in a 
custom-built gas chromatograph with an ECD-detector. The temperature and relative humidity (RH) 
was logged in each room and on the exterior using Mitec loggers. The layout of the the two WH 
farmhouses and the locations of all samplers and TH loggers are presented in Figure 1. 
The saturated vapour content is estimated by 

𝑣𝑣𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 4.7815706 + 0.34597292 · 𝑡𝑡𝑡𝑡 + 0.0099365776 · 𝑡𝑡𝑡𝑡2 + 

0.00015612096 · 𝑡𝑡𝑡𝑡3 + 1.9830825 · 10−6 · 𝑡𝑡𝑡𝑡4 + 1.5773396 · 10−8 · 𝑡𝑡𝑡𝑡5 
(1) 

where t is the temperature (°C) and the error is less than 0.07 g/m3 (Bagge et al, 2014 and Johansson, 
2010). The moisture content in the internal (νi) and external (νe) air can then be calculated from each 
measured temperature and relative humidity. The difference  

 ∆𝑣𝑣𝑣𝑣 = 𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖 − 𝑣𝑣𝑣𝑣𝑒𝑒𝑒𝑒  (2) 

is commonly defined as the moisture supply in occupied buildings (Kalamees et al, 2005). This is a little 
confusing in unoccupied buildings, where moisture content of the internal air does not always exceed 
that of the external air. A negative ∆ν means that air infiltration transport moisture into the building. 
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Figure 1. Sampler(numerals) and TH-logger (alphabetical) locations: Kristofers (left)and Gästgivars 
(right). The entrance of Kristofers and Gästgivars face SE and SSW, respectively. 

 

 
Figure 2. Hanging tracer source with a part of the decorated walls from Kristofers in the background 
(left). Example of leakage in windows (right). 

3 RESULTS 
The measurements were conducted from January 22 to March 9 in 2015. The average outdoor 
temperature and relative humidity at Kristofers was -0.83±4.97 (SD) °C and 83.2±9.7 %RH. At 
Gästgivars the result was -0.61±4.16 (SD) °C and 84.2±7.9 %RH. The indoor temperature and relative 
humidity follow the outdoor with a time lag. The change of the indoor relative humidity roughly 
correlates with -∆ν: when it is negative the indoor RH rises and when it is positive the indoor RH 
falls. However, the correlation appears stronger in the former than in the latter case. Surprisingly, 
observed average of ∆ν is predominantly negative indicating that there is net transport of moisture 
into the farmhouses due to air infiltration during the measurement period. In Kristofers the only 
moisture production occurs in the entrance hallways and in the finest festive hall. The results from the 
measurements are presented in in Table 1 for Kristofers and in Table 2 for Gästgivars. A general 
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2 METHODS 
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technique described in NORDTEST Standard VVS 118 (1997) and ISO 16000-8 (2005). The 
underlying multi-zone approximation of buildings is described in Etheridge and Sandberg (1996). A 
perfluorocarbon tracer (PFT) (perfluorobenzene designated A below) was used and the emission of 
the tracer gas sources were adjusted to each zone volume to obtain a homogeneous rate of emission in 
all measurement zones of the office building. Passive sampling onto charcoal tubes were used for long 
term averages (Dietz et al, 1986; Säteri, 1991; Stymne and Boman, 1994 and Stymne, 1995). The 
samplers were extracted with toluene and the PFT concentrations in the extracts were analysed in a 
custom-built gas chromatograph with an ECD-detector. The temperature and relative humidity (RH) 
was logged in each room and on the exterior using Mitec loggers. The layout of the the two WH 
farmhouses and the locations of all samplers and TH loggers are presented in Figure 1. 
The saturated vapour content is estimated by 
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where t is the temperature (°C) and the error is less than 0.07 g/m3 (Bagge et al, 2014 and Johansson, 
2010). The moisture content in the internal (νi) and external (νe) air can then be calculated from each 
measured temperature and relative humidity. The difference  
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is commonly defined as the moisture supply in occupied buildings (Kalamees et al, 2005). This is a little 
confusing in unoccupied buildings, where moisture content of the internal air does not always exceed 
that of the external air. A negative ∆ν means that air infiltration transport moisture into the building. 
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observation is that the local mean ages of air roughly increase with height, both within each room and 
between floors. In Kristofers, the average local mean age of air for the ground and the second floor 
(except 33-34) is 0.88 h and 1.16 h, respectively. This corresponds to air infiltration rates of 1.14 h-1 
and 0.86 h-1. In Gästgivars, the infiltration rate of air is smaller and the average local mean age of air 
for the ground and second floor is 1.59 h and 1.93 h, respectively. This corresponds to air infiltration 
rates of 0.63 h-1 and 0.52 h-1. For ∆ν=-0.1 g/m3 a typical 80 m3 room would on the average receive an 
extra 192 g H2O per day in Kristofers and 110 g H2O per day in Gästgivars. 
 

Table 1. Kristofers. Time averages over the measurement period. The error for the local mean age of 
air is approximately 10%. 
Sampler Height 

[m] 
A [ng] τ [h]  Temp [°C] 

mean (SD) 
RH [%] 

mean (SD) 
∆ν [g(H2O)/m3] 

mean (SD) 
days with 
100% RH 

1-2 1.7 1.40 0.71      
A     -0.72 (3.61) 85.4 (5.5) 0.11 (0.55) 6 
3 1.8 1.28 0.64      

4-5 1.7 1.91 0.96      
6 1.7 1.22 0.61      

7-11 0.5 1.29 0.64      
12 0.2 1.03 0.52      
B     -0.82 (3.71) 78.9 (4.8) -0.21 (0.60) 0 
13 1.7 1.98 0.99      
14 0.6 1.87 0.93      
C     -1.14 (3.47) 80.2 (5.2) -0.23 (0.63) 1 

15-16 1.7 2.04 1.02      
17 0.4   2.16 1.08      
18 0.3   1.41 0.70      
D 1.6    -0.88 (3.52) 80.5 (4.4) -0.15 (0.66) 1 

19-20 1.7 2.96 1.48      
21 0.3 2.77 1.39      
E     -0.91 (3.47) 79.0 (4.5) -0.23 (0.70) 0 
22 1.8 2.05 1.02      
F     -0.35 (3.97) 82.1 (5.6) 0.07 (0.52) 4 
23 1.7 1.69 0.84      

24-25 1.8 2.06 1.02      
26 0.3 1.99 0.98      
G     -0.31 (4.13) 78.7 (5.3) -0.08 (0.61) 1 
27 1.9 2.30 1.15      
28 0.6 2.18 1.09      
H     -0.28 (3.95) 80.3 (6.2) 0.00 (0.51) 3 

29-30 1.9 3.04 1.52      
30 2.0 3.26 1.63      
31 0.8 2.48 1.24      
32 0.3 2.42 1.21      
I     -0.37 (3.86) 83.9 (5.5) 0.15 (0.61) 4 

33-34 2.0 0.26 0.13      
J     -0.67 (3.89) 77.9 (3.0) -0.20 (0.73) 0 
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Table 2. Gästgivars: Time averages over the measurement period. The error for the local mean age of 
air is approximately 10%. 
Sampler Height 

[m] 
A [ng] τ [h] Temp [°C] 

mean (SD) 
RH [%] 

mean (SD) 
∆ν [g(H2O)/m3] 

mean (SD) 
days with 
100% RH 

35 0.7 2.05 1.40     
K    0.65 (2.94) 69.8 (4.4) -0.40 (0.72) 0 

36-37 1.2 2.66 1.82     
38 0.8 2.29 1.81     
39 0.2 2.22 1.52     
L    0.47 (2.87) 69.9 (4.5) -0.44 (0.77) 0 
40 1.2 2.40 1.64     
M    1.42 (4.48) 69.6 (11.8) -0.29 (0.72) 0 

41-42 1.2 2.20 1.44     
43 0.7 2.15 1.47     
44 0.2 2.21 1.51     
N    0.14 (2.95) 70.7 (3.4) -0.49 (0.77) 0 
45 1.6 2.56 1.75     
46 0.8 2.31 1.58     
O    0.98 (3.14) 70.7 (3.5) -0.27 (0.77) 0 

47-48 1.5 2.81 1.92     
49 0.2   2.81 1.92     
P    0.83 (3.13) 73.1 (3.4) -0.19 (0.77) 0 
50 1.6 2.65 1.81     
51 0.8 2.76 1.89     
Q    0.72 (2.93) 73.4 (4.0) -0.20 (0.77) 0 

52-53 1.7 3.14 2.14     
54-55 0.8 2.84 1.94     

56 0.2 3.24 2.22     
X    0.70 (3.09) 71.7 (3.5) -0.29 (0.78) 0 
        

 

4 DISCUSSION 
The thermal and hygroscopic mass of the interior explains the observed time lag in the indoor 
temperature and relative humidity. The more sluggish response of the relative humidity in response to 
positive, as compared to negative, ∆ν could be due to a slower drying process of absorbed moisture in 
interior textiles and furniture that prolong the period of higher relative humidity. The spurious 
moisture production in Kristofers may perhaps be explained by snow that entered the building with 
visitors or the measurement crew. The air infiltration may be either driven by thermal forces or wind 
pressure and both are probably important for the decorated farmhouses. For one room (samplers 33-
34) in Kristofers the local mean age of air stands out by being considerably lower. This room was a 
kind of storage room where large cracks were visible in the walls. The lower local mean age of air 
may thus be explained by increased exposure to wind pressures through the large cracks. The thermal 
forces influence the difference of local mean ages of air between the floors. Warmer air will tend to 
rise to the second floor, especially via the open stairway, and this leads to a larger infiltration of fresh 
air to the ground floor and relatively older air on the second floor.  

5 CONCLUSIONS 
This is a unique measurement of air infiltration into unheated buildings. This will be helpful in the 
future challenges to preserve the WH decorated farm houses. We hope that our further measurements 
will result in recommendations for ventilation and heating to improve preservation. 
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22 1.8 2.05 1.02      
F     -0.35 (3.97) 82.1 (5.6) 0.07 (0.52) 4 
23 1.7 1.69 0.84      

24-25 1.8 2.06 1.02      
26 0.3 1.99 0.98      
G     -0.31 (4.13) 78.7 (5.3) -0.08 (0.61) 1 
27 1.9 2.30 1.15      
28 0.6 2.18 1.09      
H     -0.28 (3.95) 80.3 (6.2) 0.00 (0.51) 3 

29-30 1.9 3.04 1.52      
30 2.0 3.26 1.63      
31 0.8 2.48 1.24      
32 0.3 2.42 1.21      
I     -0.37 (3.86) 83.9 (5.5) 0.15 (0.61) 4 

33-34 2.0 0.26 0.13      
J     -0.67 (3.89) 77.9 (3.0) -0.20 (0.73) 0 
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SUMMARY  
Cleanrooms are widely used in many industries such as semiconductor, biotechnology, 
microelectronics, pharmaceuticals and nanotechnology. Biotechnology industries present a biological 
basis such as living organisms or their components (bacteria or enzymes) to produce useful medicine. 
However, pharmaceutical industries need a critical clean environment and contamination control is 
always a vital concern for manufacturing process. This study investigates a bio-tech cleanroom 
through a comprehensive field measurement and numerical analysis. Computational fluid dynamics 
(CFD) simulation were also conducted to validate the numerical results and to identify strategies for 
performance improvement of a bio-tech cleanroom. The result reveals that based on cleanroom 
standard of ISO and PIC/S, the field test results conform to the design specification satisfactorily, after 
the necessary adjusting. Higher air change rate per hour (ACH) results in higher cleanness level. 
Room pressurization conforms to a design specification and all HEPA filters have been tested 
extensively using PAO leak test. Performance improvement through CFD can be obtained through the 
layout arrangement for return air grille. Airflow patterns improve the contamination control through 
optimizing the ACH and supply air face velocity of HEPA filters extensively. 
Keywords: Biotechnology, Cleanroom, Field Measurement, Contamination Control, Computational 
Fluid Dynamics (CFD) 

1 INTRODUCTION 
Through with the development of technology industries nowadays, the need for more and better 
cleanrooms has been increased especially in life science industries. This increasing demand can be 
related with a larger number of semiconductor industry, research laboratory, biotechnology, 
microelectronics, pharmaceutical, and nanotechnology. The industries require their process with a 
specific environment to prevent contamination, because the manufacturing process or products are 
sensitive to indoor environmental parameters including temperature, relative humidity, airborne 
particles, room pressurization, and illumination (Yang and Gan 2007). To achieve all of the 
requirements, cleanroom is designed and built to control these environmental parameters. 
Cleanroom are classified according to the number and size of particle permitted per volume of air in a 
specific amount of time. There are three (3) levels of condition (states) for testing and characterizing 
the performance of cleanrooms: as-built; at-rest; and operational. The standards such as ISO (ISO 
2004); (ISO 2002) and GMP (ISO GMP 2007) are related to cleanroom and associated environments. 
Sometimes, the cleanroom’s owner will ask a stricter of the requirement. All of existing standards 
became the basic for the owner’s requirements. Field measurements are essential to assure a 
cleanroom performs satisfactorily and achieves the contamination standards. Tim (2016) reported that 
a contamination cannot be minimized but targeted monitoring should be undertaken through the data 
reviewed and examined for trends. A testing results would be a validation’s basic for a cleanroom. 
Nowadays, Computational fluid dynamics (CFD) represent an important tool to do simulation 
especially in the HVAC field like predicting of airflow pattern in a cleanroom and its ability to 
remove airborne particles (Sun and Wang 2009). Otherwise to full scale ventilation performance test, 
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the CFD methods is cheaper and less interfering than the traditional experimental test and it allows to 
investigate different case and solution without intrusive the original case (Romano et al. 2015). Some 
CFD studies of indoor ventilation systems have been already carried out. Memarzadeh and Manning 
(2002) have used CFD to represent that unidirectional flow conditions are the best option for an 
operating room through of controlling the risk of contamination. Swift et al. (2007) have discussed the 
impact of different air distribution on infection control and the effect lighting and equipment on 
laminar airflow system. Srebric et al. (2008) have demonstrated the accuracy of CFD simulation is 
depend on the considered obstacles in the room, e.g. occupants, equipment, the appropriate settings of 
boundary condition and numerical simulation parameters like heat flux and contaminant source. 
This study conducted comprehensive field measurement tests and numerical simulation for analyses of 
biotechnology cleanroom. The improvement of ventilation performance and contamination control of 
an industrial biotechnology cleanroom was presented extensively.  

2 SYSTEM DESCRIPTION AND FIELD MEASUREMENT 
The schematic diagram of HVAC system for the investigated bio-tech cleanroom is shown in Figure 
1. The HVAC system for this cleanroom is use a central air conditioning. Supply air was distributed 
from air handling unit (AHU) through ducts and HEPA filters above the cleanroom. A regulating 
damper was set on each room for adjusting the air flow rate. 
The layout of the investigated bio-tech cleanroom is displayed in Figure 2. The field measurement test 
were conducted for all of main room process. The dimension of a cleanroom is at length of 15.4 m, 
width of 16.35 m, height of 2.8 m, and total area of this room 524.2 m3. Based on ISO – 14644, this 
cleanroom has a cleanliness level of 10,000 and 100,000 (Grade C and D). Total of the grade C 
cleanroom is equipped with 5 pieces of small high efficiency particulate air (HEPA) filters and 10 pieces 
of large HEPA filters at the filtration efficiency over 99.97% (above 0.5 µm). The grade C room is used 
for a main manufacturing process such as weighing room, material storage, mixing raw material and 
take a material sample from bio-safety cabinet and fume hood. The grade D clean room is equipped with 
2 pieces of small HEPA filters. The Grade D room is used for garbing and hand washing. The last room 
is a changing room for a personnel and this room is equipped with 3 pieces of small HEPA filters. 

             

Figure 1. Schematic diagram of the HVAC system     Figure 2. The class grade of the investigated 
               for biotechnology cleanroom                                       biotechnology cleanroom 
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To examine the indoor environmental parameters of this investigated biotechnology cleanroom during 
unoccupied period (at-rest). By this inspecting, this study conducted a data validation with numerical 
simulation. All of the experiments were done after the construction including field measurements such 
as ventilation tests, HEPA leak tests, particle counts, room pressurization, temperature, relative 
humidity and illumination. Figure 3 (a) and (b) represents measurement point of ventilation test, 
HEPA leak test and particle count test. The specification of all apparatus shows in Table 1. 

  

(a) (b) 
Figure 3. (a) Airflow rate and HEPA leak test measurement point layout; (b) Particle counts 

measurement point layout 

Table 1. Apparatus for the field measurement 
Apparatus Model Operative range Accuracy 

TSI-8380 0.125 - 12.5 (m/s) 3% 
ATI TDA-2H 0.0001%-100ug/L 1% 
TSI-9555-P -3735 ~ +3735 Pa 1 Pa 

Beckman Counter 3413 0.3, 0.5, 1, 3, 5, 10 µm 5% 
TSI-9555-P -10 ~ 60 (乃), 

0 - 100 (%RH) 
0.3乃 
3%RH 

Metrel Poly 200 – 1999 Lux 1 Lux 

3 NUMERICAL SIMULATION 
The 3D model of the investigated bio-tech cleanroom is shown in Figure 4. This model is used for 
numerical simulation because these rooms are the main process room. Some manufacturing machines 
were sketched in the layout as well. The dimension of a cleanroom is at length of 6.8 m, width of 
11.05 m, height of 2.8 m, and total area of this room 210 m3. This room is equipped with 7 pieces of 
small HEPA filters. The dimension (L x W) of a large HEPA is about 1.2 m x 0.6 m. This investigated 
bio-tech cleanroom is used for main manufacturing process such as weighing room, material storage, 
mixing a raw material, and take a material sample from bio-safety cabinet.  
The CFD simulation has been proven to be powerful tool and efficient in airflow distribution and 
concentration profile case. In this study, steady state numerical simulation has been carried out using 
Ansys Fluent. The 3D computational domain of the bio-tech cleanroom has been discretized with a 
polyhedral mesh with 53,127 grids, made of tetrahedral elements. Semi-Implicit Method for Pressure-
Linked Equation (SIMPLE) was adopted to validate field measurement and numerical simulation and 
Pressure Implicit with Splitting of Operator (PISO) all the governing equation simultaneously.  
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Figure 4. The 3D model of the investigated biotechnology cleanroom (Room C-04) 

To evaluate the experiment results, the performance improvement strategy with adding a return air 
grille and initial velocity value were proposed and analyzed by numerical simulation. The temperature 
and velocity of the HEPA filters have been measured through field measurement test to provide 
reliable measurement data as the boundary condition of CFD simulation. Furthermore, all of the 
boundary conditions for solution domain were clearly defined according to the actual field 
measurement tests data to carry out the accurate solutions. The initial velocity of HEPA filters was 
kept at 0.2 m/s (40fpm). The supply air temperature was maintained at 292 K (19乃 or 66了). Heat 
flux for the production equipment is 30 w/m2. Rosin-Rammler models was adopted for describe 
particle size distribution. Numerical simulation of different approaches to improve performance of the 
bio-tech cleanroom was conducted and assessed comprehensively. 

4 RESULTS AND DISCUSSION 
The experimental of investigated biotechnology cleanroom was conducted during ‘at-rest’ occupancy 
state condition. This cleanroom has 3 level of room cleanliness i.e. Grade C (ISO Class 7), Grade D 
(ISO Class 8), and Grade E or unclassified class (ISO Class 9). The total rooms in this laboratory are 
10 rooms, which includes by 6 rooms of Grade C, 2 rooms of Grade D, and 2 rooms of unclassified 
class. The production machines were already in the investigated cleanroom during field measurement. 
The air flow rate for Grade C should be greater than 20 ACH or more and for Grade D should be 
greater than 10 ACH. As shown in Figure 5 (a), the results are appropriate with the standard. A higher 
particle counts occurs in the main process room because of production machines. A higher air flow 
rate is about 41 ACH occurs in the Grade C rooms. Actually, increase the ACH may increase the 
amount of filtration and cleanliness leve. Figure 5 (b) represent the field measurement data of a HEPA 
leak test. The maximum permissible leak is set at 0.01%. The leak test was performed twice. 

  
(a) (b) 

Figure 5. (a) Particle counts and air flow rate of biotechnology cleanroom; (b) HEPA leak test 
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To validate the field measurement result, the numerical simulation has been conducted. A037 room as 
a main production room is used for a numerical simulation in this case. The error rate result is shown 
in Figure 6 (a) and (b). The error between the numerical simulation and the measurement data must 
less from 10%. For error rate of the temperature between numerical simulation and field test are less 
from 7% and for error of the velocity is less than 8.5% as shown in Figure 6.  
According to the numerical simulation result, Figure 7 represents the contaminant concentration 
profile of the Case 1, Case 2, and Case 3 with the define face velocity. The accumulation of 
contamination appeared around a monitoring point A at Case 1 on 0.2 m/s face velocity. The 
concentration of contaminant is about 1084 ppm. The reduction of return air grille installation on the 
Case 2. The result showed that there was a slight improvement contamination control at biotechnology 
cleanroom with 853 ppm. Then, two return air grille was added at biotechnology cleanroom for Case 
3. On Case 3, it can be found that the situation of contamination accumulation is increase than Case 1. 
The concentration of contaminant is about 1586 ppm. Case 2 is more effective for contamination 
control performance than Case 1 and Case 3. While the concentration profile with 0.25 m/s of face 
velocity, Case 2 still shows a better contamination of removal than 0.2 m/s of face velocity. Due to the 
velocity increase, Case 3 is better than Case 1. The concentration profile with 0.3 m/s of adjustment 
velocity at 450 second is better than another face velocity in each case. From all section, the smaller 
velocity shown the unfavorable results of contamination control than other, but this velocity strategy 
may take away the contamination, but the effect is less obvious. The control of internal contamination 
in larger area may be more effective through the air-blowing dilution airflow. 

  
(a) (b) 

Figure 6. (a) Error of temperature variation  (b) Error rate of velocity variation 

 
Figure 7. Contaminant concentration result with different face velocity and different cases 

                   
Figure 4. The 3D model of the investigated biotechnology cleanroom (Room C-04) 
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amount of filtration and cleanliness leve. Figure 5 (b) represent the field measurement data of a HEPA 
leak test. The maximum permissible leak is set at 0.01%. The leak test was performed twice. 

  
(a) (b) 

Figure 5. (a) Particle counts and air flow rate of biotechnology cleanroom; (b) HEPA leak test 
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5 CONCLUSION 
This study investigated the improvement of ventilation performance and contamination control of 
biotechnology cleanroom through field measurement tests. The performance of indoor environment 
parameters has been evaluated comprehensively not only by air flow rate, room pressurization, HEPA 
leak test, and particle counts but also by the temperature, humidity, and illumination. All the field 
measurement results are going smoothly because no personnel under at-rest condition in the 
biotechnology room. The performance improvement is happened by adding one return air grille or 
Case 2. Case 2 with 0.3 m/s of velocity adjustment has a better contamination control result than other 
cases and velocity with an average contaminant concentration is about 440 ppm. Results of this study 
should provide valuable information to the facility engineer facing the contamination control 
consideration in the biotechnology cleanroom. 
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SUMMARY 
In modern hospitals among surgical patients are surgical-site infections the most common hospital-
acquired infections. The objective of this study is to characterize the airflow distribution in close 
proximity to the patient in an operating room with a laminar airflow system. Field measurements of air 
velocity were conducted at St. Olavs hospital, Norway. The patient was simulated by a person in supine 
position, while the indoor environmental conditions were set equal to those of a real surgery. The results 
show that the airflow above the patient is affected by the supply air from the ceiling being counteracted 
by the thermal plume of the patient, resulting in lower velocities above the patient than the surroundings. 
They also show that the presence of surgical lamps have a major impact on the airflow distribution. 
Keywords: ventilation, hospital, airflow, velocity, measurements.   

1 INTRODUCTION  
Nosocomial infections pose a major problem for both patients and hospitals, and calculations have 
indicated that the hospital stay for an affected patient may be prolonged by 4-7 days (Kjønniksen et al., 
2002). Among patients who have undergone surgery are surgical-site infections (SSIs) the most 
prevalent sort of nosocomial infections, accounting for 36 % (Poggio, 2013). Surgery involving knee or 
hip replacement is especially prone to SSIs due to the fact that a large amount of tissue is exposed to 
ambient air for a relatively long period of time. A recent study at St. Olavs hospital showed that of 587 
patients included in the study, 1.7 % had developed a deep and 1.7 % a superficial SSI following an 
orthopaedic procedure (Hagen, 2016). The total number of infected in the mentioned study of Hagen 
(ibid.) is higher than the national average in Norway of 1.8 % (Helsenorge, 2016) following surgery.  
Factors that may contribute to the risk of SSIs include among others; age and weight of the patient, 
underlying patient illness, the surgical staff’s abilities, attention to hygiene, and contamination levels of 
bacteria and particles in the operating room (OR) (Weinstein and Bonten, 2017). Also, the role of the 
ventilation system in the OR has been investigated in several studies. A large study executed in the 1970s 
and 1980s by Lidwell et al., stated that ultra-clean air provided through a laminar airflow (LAF) system 
and fine-meshed filters could reduce the risk of developing a deep sepsis following a knee or hip 
replacement from 1.5 % to 0.6 % (Lidwell et al., 1982). However, in a study by  McHugh et al. the authors 
concluded that the supposed correlation between LAF and lower rates of SSIs is uncertain, and that recent 
studies actually suggests LAF to be linked to higher rates (McHugh et al., 2015). A study performed by 
Bischoff et al. reviewed 12 previous studies comparing conventional ventilation with LAF ventilation, 
and concluded that LAF ventilation held no advantage regarding SSIs (Bischoff et al., 2017). 
During surgery, a patient in supine position will experience convective heat loss to the surrounding air. 
The heat loss caused by convection is due to the temperature of the skin being higher than the 

5 CONCLUSION 
This study investigated the improvement of ventilation performance and contamination control of 
biotechnology cleanroom through field measurement tests. The performance of indoor environment 
parameters has been evaluated comprehensively not only by air flow rate, room pressurization, HEPA 
leak test, and particle counts but also by the temperature, humidity, and illumination. All the field 
measurement results are going smoothly because no personnel under at-rest condition in the 
biotechnology room. The performance improvement is happened by adding one return air grille or 
Case 2. Case 2 with 0.3 m/s of velocity adjustment has a better contamination control result than other 
cases and velocity with an average contaminant concentration is about 440 ppm. Results of this study 
should provide valuable information to the facility engineer facing the contamination control 
consideration in the biotechnology cleanroom. 
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surrounding air, resulting in heating of the air close to the skin. The heated air will then rise due to 
reduced density, causing a thermal plume (Goodfellow and Tähti, 2001). As the air rises, more 
surrounding air will be entrained in the plume. The flow inside the plume will be turbulent (Zukowska 
et al., 2010). The amount of air that the plume entrains depends on the power and geometry of the heat 
source, and the temperature of the surrounding air (Goodfellow and Tähti, 2001). A thermal plume 
caused by a human in supine position is extremely individual due to the complex geometry of a human 
body, as well as biological differences like skin temperature, metabolism, age and height. The plume 
itself is elusive and sensitive to changes in the surroundings (Zukowska et al., 2010). 
When considering a wound and its healing process, a distinction between the internal and external 
wound microenvironment can be made. According to Kruse et al. the external microenvironment is the 
outer part of the wound which borders to wound surface (Kruse et al., 2015). Parameters in the external 
microenvironment that affect the wound healing are temperature, pressure, presence of certain gasses, 
microbes, hydration and pH (ibid.). The velocity and the turbulence intensity of the ambient air both 
affect the convective heat loss of the wound (Murakami et al., 1997). 
Based on this, the objective of this study was to investigate the air velocity distribution in the external 
microenvironment of the hip area during a mock-up surgery. The external microenvironment was 
defined as a square with a base area of 0.245 m2 and a height of 0.15 m.  

2 METHODS 

2.1 The operating room 
The OR in which the experiments took place was Operating Room of the Future’s OR, at the department 
of orthopaedic procedures. The OR features a LAF ventilation system including high efficiency 
particulate air (HEPA) filters, and air supply happens through filters in the ceiling. The ceiling height 
is 3 meters and the floor area 56.58 m2. In the middle of the room there is a clean zone of 11.56 m2, 
which is equal to and positioned directly beneath the supply area of the ventilation system. The OR is 
connected to a hallway with an automatic sliding door with an area of 3 m2. The door remained closed 
during the measurements. Relative humidity is regulated at the operation central of the hospital after 
common HVAC principles, while the air temperature can be controlled from a display inside the OR. 
The set point range of these parameters were set to 30 ± 7 % and 22 ± 1 °C, respectively. The supply 
air velocity is controlled centrally and set to 0.3 m/s.  

2.2 Instrumentation 
The air velocity measurements were performed using 8 copies of the omnidirectional 
thermoanemometer SENSOANEMO 5100FS.  

Table 1. Measurement range and accuracy of instruments 
 Measurement range Accuracy 

Air velocity [m/s] 0.05 – 5.00 ±0.02, ±1 % of readings 

The recording time was 3 minutes for each measurement, and for every two seconds a velocity was 
logged. 

2.3 Experimental set up 
The top of the femur was found for the patient, and then 25 cm up and down from that location were 
measured and indicated. Based on this a grid of 48 measurement points at each height above the patient 
was created, with 6 rows and 8 columns. The distance between each row and column, was set to 10 and 
7 cm respectively, meaning that the grid covered an area of 0.245 m2. Two heights, 10 and 15 cm above 
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the patient, were chosen for the measuring grid, resulting in a total of 96 measuring points. The vertical 
distances were measured from the top of the supine patient, at the same location as the top of the femur.  
Two scenarios were considered for this study. Scenario 1 included a patient in supine position and two 
persons mimicking the activity level and presence of surgeons. Scenario 2 was similar to scenario 1, but 
additionally featured specific surgical lighting. The patient was a 26-year-old male of 194 cm and 86 
kg. The surgeons were mimicked by the same persons for both scenarios. The patient and the surgeons 
were equally dressed, and the clothing included a protective hood, a short-sleeved shirt, light pants, 
socks, underwear and shoes, corresponding to 0.5-0.6 clo. The surgical lamps in scenario 2 were 
positioned according to the German standard DIN1946 as the abdomen was illuminated. The two lamps 
had a hemispherical shape and a diameter of 0.6 and 0.85 m respectively, and both featured halogen 
bulbs with filters preventing heat dissipation on the operating field.   

 
 

a) Arrangement in the OR at St. Olavs 
hospital in Trondheim, Norway 

b) Setup of the velocity distribution measurement 
points   

Figure 1. Visualization of experimental setup 

 
 

3 RESULTS 
The arithmetic mean for each measuring point and measurement was calculated and then plotted in 
contour plots. It can be seen from figure 2 and 3, that the velocities closer to the patient are in general 
lower and more varied. This could be caused by the fact that the supply laminar airflow is being 
counteracted by the upward air movement caused by the patient’s thermal plume. As a thermal plume 
rises from its source more ambient air is entrained, and the velocity of the plume is gradually reduced, 
resulting in a flatter velocity distribution in the plume.   
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of orthopaedic procedures. The OR features a LAF ventilation system including high efficiency 
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is 3 meters and the floor area 56.58 m2. In the middle of the room there is a clean zone of 11.56 m2, 
which is equal to and positioned directly beneath the supply area of the ventilation system. The OR is 
connected to a hallway with an automatic sliding door with an area of 3 m2. The door remained closed 
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common HVAC principles, while the air temperature can be controlled from a display inside the OR. 
The set point range of these parameters were set to 30 ± 7 % and 22 ± 1 °C, respectively. The supply 
air velocity is controlled centrally and set to 0.3 m/s.  

2.2 Instrumentation 
The air velocity measurements were performed using 8 copies of the omnidirectional 
thermoanemometer SENSOANEMO 5100FS.  

Table 1. Measurement range and accuracy of instruments 
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Air velocity [m/s] 0.05 – 5.00 ±0.02, ±1 % of readings 

The recording time was 3 minutes for each measurement, and for every two seconds a velocity was 
logged. 
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Figure 2. Velocity distributions measurements 10 cm for Scenario 1 above simulated patient in an 
operating room with laminar airflow. The plot had to be split in two due to two malfunctioning 
sensors.  

 
Figure 3. Velocity distribution measurements for Scenario 1 15cm above the simulated patient in an 
operating room with laminar airflow. 
 
In figure 4 one can observe that the velocities in general are higher closer to the patient.  

  

Figure 4. Velocity distribution measurements 10 cm (left) and 15 cm (right) for Scenario 2 above 
simulated patient in an operating room with laminar airflow. 
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4 DISCUSSION 
The plots for the scenario without surgical lighting show that the thermal plume of the patient 
decelerates the supply airflow, causing the air velocities in the external microenvironment to be lower 
than the supply air velocity of 0.3 m/s. The airflow patterns in figure 2 and 3 indicate that the thermal 
plume of the patient is strongest along the centreline of the x-axis, as that is where the lowest velocities 
are recorded.  
The airflow pattern in scenario 2 deviates from the one in scenario 1, as there is no sort of symmetry 
around the centreline of the x-axis. Also, unlike the figures for scenario 1, figure 4 shows higher 
velocities closer to the patient. This, in addition to the lack of symmetry, could indicate that the airflow 
distribution is fundamentally different for the two scenarios and that the direction of the airflow could 
be harder to predict in scenario 2. Since the surgical lamps interfere with and partly block the airflow, 
wakes form downstream of the lamps. The wakes change the airflow, and could explain the distributions 
shown in figure 4.  This would be in the accordance with the findings of both Chow and Yang (Chow 
and Yang, 2005) and Brohus et al. (Brohus et al., 2006), as they point to the positioning and presence 
of surgical lamps as one of the most influencing factors on the airflow distribution close to the patient. 
Another factor that could affect the airflow pattern in figure 4, is the fact that some of the light from the 
lamps could be absorbed as heat at the illuminated area and increase the local temperature. The increased 
temperature could then amplify the thermal plume.  
During both scenarios, clothing covered the intended wound area of the patient and the additional 
thermal resistance of the clothing could affect the results. In the scenario with surgical lighting the 
clothing will most likely absorb a larger part of the thermal radiation from the lamps, as the emissivity 
of skin is higher than cloth (Incropera et al., 2013). A factor influencing the interpretation of the results, 
is the accuracy of the instruments of ±0.02 m/s, ±1 % of readings. 
Real people were acting both surgeons and patient, and they could cause variations in the velocity 
recordings due to movement. The standard deviation for each measurement point in both scenarios was 
calculated, and it ranged from 0.00 to 0.05 m/s.  

5 CONCLUSIONS 
The laminar airflow from the ventilation system appears to be decelerated and disturbed by the thermal 
plume of the patient. Surgical lamps had a major impact due to their interference with and blocking of 
the airflow, and possibly by providing additional heat. As a result, the intended laminar airflow near the 
patient was altered and the characteristics became more complex than what the design was meant to 
provide. Hence, the effects of both thermal plumes and obstructions should be taken into account when 
making new guidelines and design specifications.  
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SUMMARY 
Our experimental investigations focused on non-stationary effects on the flow and temperature fields 
within a generic train compartment caused by a newly developed moving thermal manikin. This study 
is intended to demonstrate how this thermal manikin can be used for investigations in terms of effects 
on thermal comfort caused by passengers walking through the aisle of a train or an airplane. 
Therefore, a 6 m long traverse system was equipped with a standing thermal manikin. Using a control 
system, we can precisely adjust the moving speed of the manikin and its total amount of emitted 
sensible heat. Furthermore, the manikin provides a similar blockage as real humans. Accordingly, the 
moving manikin can be used to experimentally simulate walking passengers. The study was 
conducted in a generic laboratory, representing the lower cabin of the DLR’s next generation train 
(NGT). 24 thermal manikins were seated in six rows and the ventilation was realized by cabin 
displacement ventilation. Local temperature and omnidirectional velocity measurements as well as 
laser-smoke visualizations were conducted to capture the effect of the moving manikin.  
Keywords: moving manikin, sensible heat release, thermal manikins, displacement ventilation, train 
compartment 

1 INTRODUCTION 
Localized heat sources in the aisle of passenger trains or aircraft cabins are frequently occurring 
phenomena. In train cabins, the heat sources in the aisle might be standing passengers due to 
overbooking or walking passengers who are heading to the restaurant area or the lavatories. The latter 
are also present in aircraft cabins, wherein the catering process can be assumed as additional slow-
moving localized heat source in the aisle. The impact of these localized heat sources is twofold: first, 
the additional heat released at a specific location might lead to different flow states with increased 
temperatures in this row. Second, the movement induces draft, which might lead to comfort-critical 
conditions at the aisle seats and, furthermore, might facilitate the transport of contaminants like germs 
or odours over many rows.  
In previous investigations a stationary heat source was positioned in the aisle of the DO728, a ground-
based research aircraft of the DLR (Bosbach and Dehne, 2016). In this realistic environment, the heat 
source was operated alternatingly and the propagation of heat in the cabin was monitored. The studies 
revealed that the power of the additional heat source and the choice of the ventilation system have 
great influence on the heat distribution. The effects of scaling and different model shapes of a moving 
obstacle/passenger in the aisle of an aircraft cabin were investigated by Mazumdar et al. (2011) using 
CFD with respect to the spreading of SARS in 2003. Their study revealed that a) the scaled water-
model shows discrepancies of the flow with respect to a full-scale air cabin and b) the shape of the 
movement influences the contaminant transport. As a consequent continuation of the discussed 
studies, we developed a movable, full-scale thermal manikin. It comprises all of the above discussed 
features: heat release, human-shaped, full-scale, movement.   
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2 METHODS 

2.1 The Moving Thermal Manikin 
In order to study the effects of moving thermal loads, a controllable thermal manikin on a traverse 
system was developed (Meyenberg, 2017). This system comprises a traverse stage with additional 
load bearing capacity, a pre-configured control system for the stepping motor and a standing thermal 
manikin. These sub-systems will be presented briefly in the following. 
The main feature of the traverse system is a 6 m long linear unit with toothed belt drive and a direct 
drive stepper motor, see Figure 1 (a). The linear unit is supplemented by two carriages with double-
bearing units aligned parallel on both sides of the linear unit. These are designed to bear the load and 
the moments of the standing manikins in all phases of operation: standstill, linear movement, 
acceleration and deceleration.  

   
(a) Traverse system (b) Control unit (c) IR image of thermal manikin 

Figure 1: Key components of the moving thermal manikin 
 

The drive electronics are realized by a pre-configured control system (Meyenberg, 2017), see Figure 1 
(b). The key device is an Arduino Mega board combined with a self-designed shield. C-Scripts are 
used to control the output stage, which is connected with the stepper motor of the traverse system. 
Furthermore, an LCD screen and push buttons allow for stand-alone-use of pre-configured 
acceleration, constant velocity and deceleration sequences. An SD card slot and a USB port provide 
the opportunity to implement different sequences.  
All body parts of the standing thermal manikin except for the legs, which are made of polypropylene 
pipes with aluminum profiles inside, consist of a foam core. This inner structure is wrapped with a 
heating wire and a thin layer of black painted, high-heat conductivity material. As a result, the 
manikin provides a spatially homogeneous heat flux density, with increased values in the head region. 
A computer-controlled power supply is used to adjust and monitor the heating power, that is, the 
amount of sensible heat released by the manikin. Figure 1 (c) shows an infrared image visualizing the 
thermal fingerprint of the heated manikin in the generic train compartment at CDV. The colder feet 
and legs are a result of rather low inflow temperatures. 

2.2 The Generic Train Compartment 
In Figure 2 (a) a sketch of the generic train compartment is shown. 24 thermal manikins are seated in 
six rows. Here, the rows are numbered from 00 to 05 (front to rear) and the seats from A to D (left to 
right in driving direction), in accordance to the numbering in aircraft. Among others, cabin 
displacement ventilation (CDV) is installed as ventilation concept. Thereby, CDV is realized using air 
distribution bags made of a dense membrane to guarantee homogeneous air distribution. The bags are 
installed below each double seat, thus there are two bags in each row and twelve bags in total. 

PROCEEDINGS  — Roomvent & Ventilation 20181098  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 6 – Excellent Indoor Climate and High Performing Ventilation

1098  |



 

 

(a) CAD sketch of the generic 
train compartement located on 
the lower level of the NGT-HST. 
A separation wall in front of the 
first seat row is shown with 
transparency. 

  
(b) Picture of the moving manikin in the aisle of the generic train 
compartment  

(c) Combined omnidirectional 
velocity and temperature probes 

Figure 2: Sketch of the generic train compartment and images of the installed measurement probes. 
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particles and a video camera on a tripod was used to capture the images. These measurements were 
used to visualize the wake flow behind the moving manikin, see also Schaub et al. (2015). 
For the evaluation of the transport of contaminants, tracer gas measurements were applied. Therefore, 
the tracer gas was injected locally in the breathing zone of a manikin sitting in the second last row 
next to the aisle. The probes were located in the breathing zone of the other sitting manikins.  

3 RESULTS 

3.1 Induced Velocity   

  
(a) Laser-smoke visualization of the wake 
behind the moving manikin 

(b) Mean velocity time series recorded at four different 
locations next to sitting passengers.  

Figure 3: Investigation of the induced velocity 
 

Figure 3 (a) depicts the wake behind the moving thermal manikin. The formation of a vortex pair is 
clearly visible. These vortices induce a flow from the sitting passengers into the aisle. Furthermore, 
they are attached to the moving manikin and thus, possible contaminants released by a sitting 
passenger are transported through the passenger compartment. Additionally, the movement of the 
thermal manikin leads to increased flow velocities in the area of the seated passengers. This induced 
draft is prone to be comfort critical. Mean velocity-time series recorded close to the head and the 
shoulder, according to EN13129 (2016), of sitting thermal manikins on seats B03 and C03, are 
depicted in Figure 3 (b). The presented results are averaged over ten independent measurement runs. 
The effect of the passing thermal manikin is clearly visible in all evaluated measurement positions. 
However, its strength depends significantly on the position. The strong deviations between the 
shoulder probes are expected to be a result of an imbalance of the arm positions of the moving 
manikin. The magnitude of the velocity, even for the rather slow velocity of the manikin of 0.6 m/s, is 
above the mean velocity of CDV by a factor of approx. 3-10. Such high velocities are prone to result 
in comfort-critical draft effects for the sitting passengers. At measurement positions closer to the 
walking manikin, not shown for the sake of brevity, higher flow velocities above 1.0 m/s are recorded. 

3.2 Influence on the Temperature  
To determine the influence of the moving manikin on the temperature in the vicinity of the seated 
passengers, the combined velocity and temperature probes were used again. The measurement 
positions were chosen in accordance with EN13129 (2016), in the comfort zone of the sitting 
passengers. Figure 4 (a) depicts the temperature time series recorded next to the shoulder for ten 
measurement runs. When the moving passenger passes the measurement row, the temperature 
decreases about 0.6-1.1 K. Thereby, the strong deviations of the single measurement runs indicate the 
turbulent nature of the induced flow. Mean temperature time series, averaged over ten runs, are shown 
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in Figure 4 (b). Here, mean temperature drops of approx. 0.4 and 0.7 K were recorded on shoulder 
height. The deviation between the right (C) and the left (B) side of the aisle, again, is assumed to be a 
result of an imbalance of the arm positions of the moving manikin. Thereby, the stronger temperature 
drop (B) corresponds to the lower induced velocities, see Figure 3 (b). Accordingly, the effects of 
increased flow velocity and decreased temperature correlate with the passage of the moving manikin. 
However, a stronger change of the velocity does not correspond to a stronger change of the 
temperature. In contrast to the shoulder probes, the head probes did not record significant changes of 
the temperature.  

  
(a) Temperature time series on shoulder level next 
to a sitting passenger for ten individual runs 
(colour coded). 

(b) Mean temperature time series recorded at 
four different locations next to sitting passengers. 

Figure 4: Influence on the temperature 

3.3 Stopping Manikin  
In addition to the passage of the moving passenger, we investigated the effect of a stopping thermal 
manikin on the fluid temperature and velocity. Hence, the effect of an additional heat source in the 
aisle, similar to Bosbach and Dehne (2016) was experimentally simulated using the thermal manikin 
with P = 100 W sensible heat release. Therefore, the movable manikin starts at the rear of the cabin 
with its normal movement about t ≈ 300 s after the start of the measurement. As soon as it reaches the 
measurement row, its movement was stopped abruptly and the thermal manikin remains in this area 
for the rest of the measurement run.  

 
Figure 5: Velocity and temperature time series when the manikin stops in the measurement row.   

Figure 5 depicts the recorded temperature and velocity time series for the head and shoulder probes on 
both sides of the aisle. The moment when the manikin stops next to the probes is clearly visible in all 
signals. However, after a rather short time of less than 50 s, all curves reach their initial values again. 
Only the temperature on shoulder level is increased minimally by less than 0.1 K.  
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depicted in Figure 3 (b). The presented results are averaged over ten independent measurement runs. 
The effect of the passing thermal manikin is clearly visible in all evaluated measurement positions. 
However, its strength depends significantly on the position. The strong deviations between the 
shoulder probes are expected to be a result of an imbalance of the arm positions of the moving 
manikin. The magnitude of the velocity, even for the rather slow velocity of the manikin of 0.6 m/s, is 
above the mean velocity of CDV by a factor of approx. 3-10. Such high velocities are prone to result 
in comfort-critical draft effects for the sitting passengers. At measurement positions closer to the 
walking manikin, not shown for the sake of brevity, higher flow velocities above 1.0 m/s are recorded. 
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To determine the influence of the moving manikin on the temperature in the vicinity of the seated 
passengers, the combined velocity and temperature probes were used again. The measurement 
positions were chosen in accordance with EN13129 (2016), in the comfort zone of the sitting 
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4 DISCUSSION 
The negligible effect of the additional heat source in the aisle on the velocity and the temperature in the 
vicinity of the sitting passengers highlights one of the main advantages of CDV, which is, that each heat 
source induces its own flow from the ‘lake of fresh air’ in the floor region by thermal convection. As a 
result, for well-adjusted CDV, the local velocities and temperatures in the vicinity of heat sources are 
mainly determined by their own heat emission and are not disturbed by an additional heat source in the 
aisle. This is in good agreement with results of Dehne and Bosbach (2015), who presented the effect of a 
localized additional heat source in an aircraft cabin for different ventilation concepts. 

5 CONCLUSIONS 
We presented the suitability of a moving thermal manikin for the experimental simulation of the heat 
emission, blockage and movement of passengers in the aisle of a compartment. The application in a 
generic train served by a cabin displacement ventilation system was successfully demonstrated. 
Therefore, we presented first results of the effect of this moving thermal manikin on comfort-relevant 
quantities, such as temperature and velocity in the vicinity of the sitting passengers. These 
measurements comprised laser smoke visualizations, which revealed the existence of a vortex pair in 
the wake of the manikin. Furthermore, local probes on shoulder level of the sitting passengers 
detected a decrease of the temperature and an increase of the velocity magnitude, when the thermal 
manikin passed by. In contrast, on head level, the passage of the manikin had an effect on the velocity, 
only. An advantage of well-adjusted cabin displacement ventilation is highlighted, by stopping the 
thermal manikin in the measurement row. Here, after a short settling time, all velocities and 
temperatures in the vicinity of the sitting passengers reached their initial values again, unaffected by 
the existence of the additional heat source in the aisle. In upcoming measurements, the effect of the 
moving thermal manikin on the spreading of locally induced contaminants will be investigated. 
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SUMMARY 
The current concept of Crew Quarters (CQ) aboard the ISS has several issues as recorded by NASA and 
ESA, the most important ones pertaining to the noise levels and the accumulation of CO2. Currently, 
13% and 6%, respectively of the total mass and volume of a CQ are allocated to acoustic reductions. 
Interplanetary missions, unlike the low orbit ISS, would likely not allow this level of mass and volume 
penalty. 
This paper presents a numerical model of the airflow inside the CQ which was developed as a 
preliminary approach by our team to aid in the proposal of two different strategies for air distribution 
for the existing CQ on the ISS.  A larger project seeks an improved design for the CQ ventilation system, 
aiming to improve airflow and acoustic parameters while at the same time, increasing the space 
dedicated to crew members, reducing the total weight and eliminating the CO2 accumulation issues 
reported. The CFD model features a life-like thermal manikin which simulates the posture assumed by 
the human body in microgravity. The simulations are concerned mainly with the airflow parameters and 
temperature distributions inside the CQ. 
Keywords:  CFD; Modelling and experimental techniques; HVAC; Air quality; Thermal comfort. 

1 INTRODUCTION 
This study concerns the current concept of Crew Quarters (CQ) aboard the International Space Stations’ 
(ISS) Node 2 “Harmony”. With the advancements in space research and the experience gathered through 
years of exploration and study, the duration of space missions has steadily increased. This comes with 
a cost, however, as the spacecraft and systems aboard need to be efficient and robust in the long term. 
At the end of the day though, humans are at the centre of it all and thus they also need to operate at peak 
performance in a manner sustainable over long periods of time. Human error aboard a spacecraft 
presents as great a risk as any equipment malfunction. Although training can help deal with short term 
stressful situations, it is not a viable solution in the long term. Thus, the concept of the CQ was born. A 
place where the astronauts can relax and rest, offering some much-needed privacy akin to a home and 
a quiet place to sleep away from the general noisiness of the ISS aisleway. 
The design of a functional CQ must tackle several technical challenges (Fairburn, Walker 2001). First 
of all, it needs a functioning ventilation system to compensate the lack of natural convection found in 
microgravity. Second, since it can be compared to a confined space it needs good acoustic isolation in 
order to mitigate the vibrations felt throughout the structure of the CQ and the direct noise coming from 
the ventilation system. Last but not least, all of the systems need to be as energetically efficient as 
possible, while having a long lifespan and offering easy access to manual intervention as well as 
redundancy protection. 

4 DISCUSSION 
The negligible effect of the additional heat source in the aisle on the velocity and the temperature in the 
vicinity of the sitting passengers highlights one of the main advantages of CDV, which is, that each heat 
source induces its own flow from the ‘lake of fresh air’ in the floor region by thermal convection. As a 
result, for well-adjusted CDV, the local velocities and temperatures in the vicinity of heat sources are 
mainly determined by their own heat emission and are not disturbed by an additional heat source in the 
aisle. This is in good agreement with results of Dehne and Bosbach (2015), who presented the effect of a 
localized additional heat source in an aircraft cabin for different ventilation concepts. 

5 CONCLUSIONS 
We presented the suitability of a moving thermal manikin for the experimental simulation of the heat 
emission, blockage and movement of passengers in the aisle of a compartment. The application in a 
generic train served by a cabin displacement ventilation system was successfully demonstrated. 
Therefore, we presented first results of the effect of this moving thermal manikin on comfort-relevant 
quantities, such as temperature and velocity in the vicinity of the sitting passengers. These 
measurements comprised laser smoke visualizations, which revealed the existence of a vortex pair in 
the wake of the manikin. Furthermore, local probes on shoulder level of the sitting passengers 
detected a decrease of the temperature and an increase of the velocity magnitude, when the thermal 
manikin passed by. In contrast, on head level, the passage of the manikin had an effect on the velocity, 
only. An advantage of well-adjusted cabin displacement ventilation is highlighted, by stopping the 
thermal manikin in the measurement row. Here, after a short settling time, all velocities and 
temperatures in the vicinity of the sitting passengers reached their initial values again, unaffected by 
the existence of the additional heat source in the aisle. In upcoming measurements, the effect of the 
moving thermal manikin on the spreading of locally induced contaminants will be investigated. 
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The current CQ solution was designed to fit inside the standard rack spaces present on the ISS (Broyan 
2008). The ventilation system is composed of two axial fans, one used for the introduction of air into 
the CQ, the other for its extraction. Each of the two fans is individually capable of supplying the airflow 
parameters necessary for avoiding asphyxiation hazards in case one of the fans breaks down and the 
alarm system malfunctions. The interior of the CQ, as well as the ducting of the ventilation system, are 
acoustically isolated. Despite all this, reports consistently indicate the presence of the following issues. 
The astronauts wake up presenting symptoms of CO2 intoxication (James 2007, Law 2014). 
Temperature related issues are also reported but these may be correlated with on-board systems external 
to the CQ. A common solution for these problems is setting the fans to their highest speed setting, but 
this in turn causes acoustic levels to rise, hampering the astronauts’ sleep (Broyan 2010). 
In (Dogeanu, Croitoru et al. 2016) the authors point out the main issues related to human and technical 
adaptation to microgravity conditions, lack of space or strict resources management. An interesting 
experiment intended to simulate the microgravity conditions with water as the working fluid has been 
carried out in (Sandu, Nastase et al. 2018). The authors succeeded to simulate the flow pattern with 
respect to Reynolds criterion. The use of the water is indicated for this case because it is easier to 
measure using PIV technique and the insemination with particles is better than for gases.  A numerical 
simulation study in which the actual and a proposed ventilation solution for introducing the air in Cabin 
Crew compartment are compared in (Bode, Nastase et al. 2018). The conclusion was that with the 
proposed solution, the overall distributions of the velocity magnitudes is more uniform with lower 
values for the velocity for the same air flow rate. 
This paper studies the existing configuration of the ventilation system from a thermal comfort point of 
view, as a preliminary step in the design of an improved ventilation solution. This new system aims to 
increase the airflow without exceeding the acoustic limits, all the while freeing up some much-needed 
space inside the CQ. The system replaces the two axial fans with two tangential fans. This way, the 
ducting previously needed is removed freeing up space (Figure 1).  

 
Figure 1 Existing ventilation system (a,c) vs proposed system (b,d) 

The simulation is based on existing data available for the ISS CQ (Son 2002; Broyan 2009; Broyan 
2010; Schlesinger 2013). Air velocity and temperature values will be compared to the internal 
atmosphere recommendations made by NASA aboard spaceships (NASA HIDH 2014). 
The end goal is to obtain information which can be used to refine the improved ventilation solution. In 
a later stage of the project once experimental data is available, this study will be validated. The 
numerically validated model will be used to test different adjustments to the ventilation system aimed 
at optimizing the parameters of the internal artificial atmosphere and ensuring improved comfort levels. 
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2 METHODS 

2.1 Numerical model design 
A virtual model of the interior of the CQ has been created. A realistic human manikin resting in the 
neutral position assumed in microgravity (Fairburn, Walker 2001) has been placed inside. 
The ventilation solution uses four rectangular regions as inlets. Each region is equipped with 
independent vertical and horizontal guiding vanes (Adams, Constance 1998; Fairburn, Walker 2001; 
Broyan 2008), allowing for the adjustment of the flow entry direction. Air will be introduced through 
the linear diffuser for three different cases each matching the flow provided by the speed settings of the 
fans on the ISS (108 m3/h for the “low” speed setting, 138 m3/h for “medium” and 196 m3/h for “high”) 
at a temperature of 18°C, corresponding to the temperature maintained on the isle of the ISS. The surface 
temperature of the 10 body regions are indicated in Table 1. The results will be compared to the 
recommended temperature and velocity values for general ventilation found in Table 2. 

Table 1. Temperatures imposed on the manikin surface 
t thead tneck ttorso tshoulders tarms tforearms thands tthighs tshins tfeet 

°C 36 35 34 34 33 32 30 32 30 28 

Table 2 NASA recommended internal atmosphere parameters aboard spacecraft (NASA HIDH 2014) 
Air velocity Temperature 

66% of values between 0.076 – 0.6 m/s 18 – 27 °C 

2.2 Meshing and case data 
The mesh is composed of unstructured tetrahedrons, having a resolution of roughly 5.7 million cells, 
with 9 cells in the boundary layer region near the walls. The turbulence parameters are calculated using 
the SST k-ω model, as it is a reasonably appropriate model for describing both free stream and boundary 
layer flow behaviour. The four rectangular zones, with a surface of 0.0162 m2 each, were set as velocity 
inlets. For the three cases presented in this study, the inlet velocity was set at 0.46 m/s, 0.588 m/s and 
0.836 m/s, each corresponding to the required flow values of 108 m3/h, 138 m3/h and 196 m3/h 
respectively. A turbulent intensity of 5.19% and turbulent length scale of 0.018375 m are provided 
(Jaramilo 2008) and the flow direction is angled 45° towards the position of each of the four regions. 
The outlet was defined as an outflow with a flow rate weighing of 1. The Reynolds number at the 
velocity inlet is for Cases 1 through 3, Re=7856, Re=10042 and Re=14278 respectively. 
The manikin and its 10 body regions have an imposed temperature as stated in Table 1, while the heat 
flux from the walls of the cabin is equivalent to 150 W (corresponding to a wall temperature of 22°C). 
The solution was calculated using the coupled pressure-velocity model, chosen for its robust and 
efficient single-phase implementation for steady-state flows. A second order discretization scheme was 
used to calculate the convective terms of the equations. 

3 RESULTS AND DISCUSSION 
The recommendation is that 66% of velocity values fall within the 0.076-0.6 m/s range for spacecraft 
ventilation. As seen in Figure 2, for the three flow values considered (108 m3/h, 138 m3/h and 196 m3/h), 
the velocity is for the most part, below the recommended inferior limit. The third case presents higher 
values but appears to be overall unsatisfactory due to the fact that the manikin is placed in what is 
essentially a dead zone of airflow from the diffuser. The flow region most relevant for avoiding CO2 
intoxication is the face area and we can see that the first two cases do not appear to meet the minimum 
requirements. The third case has potential but needs to be further studied with a different diffuser 

The current CQ solution was designed to fit inside the standard rack spaces present on the ISS (Broyan 
2008). The ventilation system is composed of two axial fans, one used for the introduction of air into 
the CQ, the other for its extraction. Each of the two fans is individually capable of supplying the airflow 
parameters necessary for avoiding asphyxiation hazards in case one of the fans breaks down and the 
alarm system malfunctions. The interior of the CQ, as well as the ducting of the ventilation system, are 
acoustically isolated. Despite all this, reports consistently indicate the presence of the following issues. 
The astronauts wake up presenting symptoms of CO2 intoxication (James 2007, Law 2014). 
Temperature related issues are also reported but these may be correlated with on-board systems external 
to the CQ. A common solution for these problems is setting the fans to their highest speed setting, but 
this in turn causes acoustic levels to rise, hampering the astronauts’ sleep (Broyan 2010). 
In (Dogeanu, Croitoru et al. 2016) the authors point out the main issues related to human and technical 
adaptation to microgravity conditions, lack of space or strict resources management. An interesting 
experiment intended to simulate the microgravity conditions with water as the working fluid has been 
carried out in (Sandu, Nastase et al. 2018). The authors succeeded to simulate the flow pattern with 
respect to Reynolds criterion. The use of the water is indicated for this case because it is easier to 
measure using PIV technique and the insemination with particles is better than for gases.  A numerical 
simulation study in which the actual and a proposed ventilation solution for introducing the air in Cabin 
Crew compartment are compared in (Bode, Nastase et al. 2018). The conclusion was that with the 
proposed solution, the overall distributions of the velocity magnitudes is more uniform with lower 
values for the velocity for the same air flow rate. 
This paper studies the existing configuration of the ventilation system from a thermal comfort point of 
view, as a preliminary step in the design of an improved ventilation solution. This new system aims to 
increase the airflow without exceeding the acoustic limits, all the while freeing up some much-needed 
space inside the CQ. The system replaces the two axial fans with two tangential fans. This way, the 
ducting previously needed is removed freeing up space (Figure 1).  

 
Figure 1 Existing ventilation system (a,c) vs proposed system (b,d) 

The simulation is based on existing data available for the ISS CQ (Son 2002; Broyan 2009; Broyan 
2010; Schlesinger 2013). Air velocity and temperature values will be compared to the internal 
atmosphere recommendations made by NASA aboard spaceships (NASA HIDH 2014). 
The end goal is to obtain information which can be used to refine the improved ventilation solution. In 
a later stage of the project once experimental data is available, this study will be validated. The 
numerically validated model will be used to test different adjustments to the ventilation system aimed 
at optimizing the parameters of the internal artificial atmosphere and ensuring improved comfort levels. 
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configuration. While aiming the diffuser at the head of the manikin might alleviate CO2 accumulation 
issues, it will also increase the draught rate possibly leading to discomfort. 
Figure 3 shows a comparison of the temperature fields inside the CQ. The values shown on the right are 
considered by NASA to be comfortable for an indefinite period of time. It is of course normal that the 
surface of the manikin has higher temperature, but due to the lack of natural convection, in the absence 
of appropriate ventilation, so called “heat pockets” can form around elements that constantly generate 
heat. For the first case, the air around the manikin with a temperature of over 27°C extends over a larger 
area. This area diminishes as flow rate increases.  

 
a) 

 
b)  

c) 

   
Figure 2 Velocity magnitude fields for different flow rates: a) 108 m3/h, b)138 m3/h, c) 196 m3/h 

Finally, in Figure 4 the draught rate fields are shown. Since the draught rate is affected by velocity, the 
highest flow case is presented, corresponding to a worst-case scenario. It can be seen that the draught 
rates are inferior to values deemed uncomfortable. 
Judging by the results, a good ventilation solution would supply adequate airflow at the level of the 
head while maintaining a low draught rate. Results show that temperature values are within the desired 
range, however personal preference should be taken into account especially when considering sleeping 
situations. As such the system must ensure that the temperature doesn’t fall below, or surpass, the 
recommended limits. 
While the third case could be judged, by these criteria, as being the best available, results put emphasis 
on the necessity that the ventilation solution be highly adaptable. 
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Figure 3 Temperature fields inside the CQ: a) 108 m3/h, b)138 m3/h, c) 196 m3/h 

  

Figure 4 Draught rate fields for a flow of 196 m3/h 

4 CONCLUSIONS 
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Our team is set upon the course of designing such a system. Future research envisages the development 
of a full-scale cabin model which will provide experimental data necessary for the validation of current 
and future numerical models and upon which the proposed personalized ventilation system can be 
developed. 
This paper, regarding comfort aboard spacecraft, is also a means to bring to attention an avenue of 
research which hasn’t yet been fully explored and it is our team’s belief that said avenue cannot be 
tackled too soon. 
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SUMMARY 
The main declared goal of all car manufacturers is to ensure high comfort inside the cabin and to reduce 
the fossil fuel. It is well-known that the time spent by the people indoor has raised in the last decade. 
The distance between the home and the workplace increased due to diversity of activities and hence job 
diversity. The thermal comfort during the travel must to be ensured to reduce the occupant’s thermal 
stress. The present study is investigating a comparison between the measured data and the numerical 
simulation results in the case when the ventilation system is functioning. It was evaluated the effect of 
the boundary conditions air flow and air velocity distribution in a passenger compartment in two cases: 
first is the general used constant inlet flow and the second is a new approach of importing the measured 
data obtained during the experimental measurement session as a boundary condition. CFD simulations 
were made taking as input the measured data obtained during experimental session. We have observed 
differences between initial simulation results and the measured data, therefore, for more accurate results; 
a new approach is needed, to impose as boundary conditions the measured data. 
Keywords: Thermal comfort, CFD, Thermal manikin, Urban pollution, PMV 

1 INTRODUCTION 
Thermal comfort is a subjective concept depending which is difficult to define and to quantify. All 
thermal comfort definition underlines the user’s personal perceptions. For example ASHRAE[1]define 
it as the state of mind that expresses physical and psychological satisfaction with the thermal 
environment. One of the first studies was made in the first half of the 19th century, for the buildings 
environment by Haldane [2], after that several studies were performed and in the 1970 professor 
Fanger developed a thermal comfort assessment model Fanger[3]. The model was developed using 
data collected from human subjects evaluated in controlled laboratory conditions. Fanger’s PMV and 
PPD indexes were adopted by international standardization organization such as ISO[4] and 
ASHRAE. Fanger’s indexes were used as a start in the thermal comfort assessment and overtime 
several optimization and adjustments were added by researchers [5-7].Researchers focused their 
attention in direction of thermal comfort of car passengers in last decades due to increasing of 
personal and public number of cars. One of the main reasons was an attempt to improve the HVAC 
system air distribution to obtain the comfort state and in the same time to reduce the overall fuel 
consumption[8] and as a result to reduce the greenhouse gasses and other pollutants emissions with 
direct impact on the urban air quality.  
Occupant’s thermal comfort in vehicular cabin is gaining more importance due to the increasing of the 
distance between home and workplace[9] with direct impact on the growing time that people spend in 
vehicles[10]. It was demonstrated in several independent studies that in adequate thermal environment 
is having negative influence on the human body [11, 12].Vehicle environment is very different from 
buildings environment, mainly because the factor that influence the internal parameters such as solar 
radiation, air velocity, temperature differences [13] are having a high variability in very short period 

Our team is set upon the course of designing such a system. Future research envisages the development 
of a full-scale cabin model which will provide experimental data necessary for the validation of current 
and future numerical models and upon which the proposed personalized ventilation system can be 
developed. 
This paper, regarding comfort aboard spacecraft, is also a means to bring to attention an avenue of 
research which hasn’t yet been fully explored and it is our team’s belief that said avenue cannot be 
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of time. The internal environment is fast transient and non-uniform and cannot be assimilated with 
indoor build environment. We can observe that the main comfort evaluation indexes are not taking 
into consideration all these factors therefore we can observe that we should not take into consideration 
classical models to evaluate thermal comfort in cabin environment. 
The CFD simulation is a very powerful tool that increases in popularity in the last decade. The reason 
is mainly due to the high-performance calculation engines and the availability of computational power 
due to advances in the ICT technology. The simulation of flow patterns is still a challenge for 
nowadays researchers. First of all, the internal surfaces of the cabin are having a complex geometry. 
The ventilation system integration in this complex geometry is having a significant impact on light 
reflection[14], spatial management and noise propagation[15, 16]. Additionally, the air flow 
distributions are influenced by the surrounding surfaces temperatures [17]by the convective heat. The 
grilles design and fan characteristics are not taken into consideration by the manufacturers when 
designing the air conditioning system being a source of noise [18]with impact on passenger’s state of 
mind. This article is a part of a larger study, intended to deepen the knowledge on thermal comfort 
inside vehicles and its numerical methods of prediction. 

2 ASSESSMENT PROTOCOL 
In the previous studies [19, 20], the distribution of the velocity profile from the inlet grilles was 
considered to be uniform. A shortcoming of this work hypothesis is that the same velocity on the 
entire inlet surface is not a realistic case. In this paper are compared the effects of this uniform 
velocity profile with a real flow velocity distribution measured by Laser Doppler Velocimetry. In 
previous papers [19, 20], we presented the setup of the model of a Renault Megane cabin car and we 
showed that we can reproduce the in-cabin environment, finding values of indoor thermal variables 
from the CFD model that were similar to those of experimental measurements. The cabin was 
designed in Catia and then imported in Design Modeler from Ansys 18. Several meshes with 
tetrahedral elements where tested to check the independence of the solution. The numerical grid was 
realized in Ansys Workbench. A fine mesh consisting of 6.5 million elements was created based on 
the experience from the previous studies where we performed the grid dependence test [21] (Figure 
2a). The boundary layer consists in five layers, with the first cell height of 0.75mm and a growth 
factor of 1.2. The virtual manikin has a standard height of 1.70 m and its surface area is 1.81m2 being 
suitable for a standing posture and had a total surface area (1.20 m2) for a sitting posture. The rest of 
the total surface was contact with the solid surfaces of the automobile cabin. 

In this study we considered the isothermal situation, therefore the value of 23°C was imposed for the 
inlet air temperature, internal and external ambient temperature and on the cabin and manikin surfaces 
temperature.  In the Case 1 we imposed as boundary conditions for the ventilation flow a mass flow 
rate of 0,0057 on the central air vents and a mass flow rate of 0,0043 kg/s on the side air vents. These 
values are corresponding to the measured values for the first position on the manual control of the 
ventilation fan speed in the real car [19, 20].  

a) b) 
Fig. 2 a) Mesh detail, b) Considered measurement points at different levels: 

green – head; red – chest; blue – knee; yellow – foot 
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Fig. 3 Schematic presentation of 3D LDV setup 

The airflow directivity within a vehicle cabin is mainly influenced by the air duct orientation, number 
of air vents, shape and positions. Considering a uniform air velocity as boundary condition is 
changing the airflow distribution from the vehicle cabin and in turn the thermal sensation of 
passengers may differ. The competition for space in new vehicles is intense, so the HVAC ducts are 
often squeezed between different components and the ducts geometry is very complex. Considering 
those mentioned above, for the Case 2 the inlet velocity airflow velocity distribution was measured 
using a LDV 3D system. We used a separate dashboard of the same model of car with the entire 
ventilation system and the original fan. The dashboard was installed in the laboratory. A 5 mm step 
was imposed between the measurement points. The nearest measurement grid was at X = 14 mm from 
the diffuser grilles. The oval shape of the board did not allow getting closer. The LDV 3D – 
measurement equipment used, is manufactured by Dantec and is composed from a 2D FiberFlow laser 
with wavelengths of 527nm and 5651nm and 2D FlowLite with wavelengths of 532 nm. These are 
connected to a Burst Spectrum Analyzer BSA Processor F/P 60 is connected to a computer, used to 
setup the measurements planes. The two measurement probes were fitted on a traverse system. 

3 RESULTS AND DISCUSSIONS 

To evaluate the effects of these different boundary conditions, 16 comparison points were considered 
(Figure 2b), these points being positioned in at the head, chest, knee and foot levels in the place of the 
passengers.  

a) 

b) 
Fig. 4 Distribution of the axial velocity component at the outlets: a) Case 1; b) Case 2
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the total surface was contact with the solid surfaces of the automobile cabin. 
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a)  b) 
Fig. 5Distribution of the velocity magnitude and of the in plane vectors for the median plane of the 

driver: a) Case 1; b) Case 2

 a)  b) 
Fig.6 Distribution of the velocity magnitude and of the in plane vectors for the median plane of the 

passenger: a) Case 1; b) Case 2 
Figures 5 and 6 are presenting the distributions of the velocity magnitude and of the in-plane vectors 
for the median plane of the driver for both cases. One could observe that the global pattern of the flow 
inside the cabin is changing with the change of the boundary conditions. The distribution of the flow 
is dramatically changing. Even if the mean velocity at the air grilles is the same, the local velocity 
profiles on the surface of the grilles have a different aspect as shown in Figure 4. The black line is 
corresponding to the horizontal planes from Figure 6. 

a) b)

Fig.7 Velocity iso-contours: a) Case 1; b) Case 2, blue – 0.3 m/s green – 0.55 m/s; red – 0.75 m/s 
Knowing the air velocity magnitude values from the numerical model and considering the metabolic 
rate value of 1 met and clothing insulation of 0.7 clo, the Predicted Mean Vote (PMV) and the 
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Predicted Percentage of Dissatisfied (PPD) indexes were calculated. Tables 1 presents values for the 
PMV and PPD indexes obtained at the right of each passenger place in the cabin for respectively the 
head, the chest, the knees and the feet. We observe that even the mean velocity in the inlet is the same, 
the case when measurement data imposed as boundary conditions leads to a different airflow 
distribution inside the cabin. The jets have different jet throws, influencing the overall comfort, the 
percentage of dissatisfied increasing in the second case.  
Table 1.Comparison of cabin comfort parameters

Point/parameter
Case 1 Case 2 Ѳ Clothing 

insulation
Met.
rate RH Ѳmr

Case 1 Case 2 Case 1 Case 2
v PMV PPD

[m/s] [°C] [clo] [met] [%] [°C] - [%]
Driver Head 0.05 0.08 

23 0.7 1 57 23 

-0.5 -0.5 11.2 11.2 
Passenger Head 0.04 0.04 -0.5 -0.5 11.2 11.2 

Rear right pass head 0.07 0.12 -0.5 -0.6 11.2 13.7 
Rear left pass head 0.07 0.21 -0.5 -0.9 11.2 21.9 

Driver Chest 0.02 0.12 -0.5 -0.7 11.2 14.1 
Passenger Chest 0.02 0.06 -0.5 -0.5 11.2 11.2 

Rear right pass chest 0.05 0.13 -0.5 -0.7 11.2 14.6 
Rear left pass chest 0.06 0.08 -0.5 -0.5 11.2 11.2 

Driver Knee 0.01 0.13 -0.5 -0.7 11.2 14.9 
Passenger Knee 0.03 0.07 -0.5 -0.5 11.2 11.2 

Rear right pass knee 0.10 0.10 -0.6 -0.6 11.9 12.5 
Rear left pass knee 0.11 0.15 -0.6 -0.8 12.5 17.1 

Driver Foot 0.03 0.05 -0.5 -0.5 11.2 11.2 
Passenger Foot 0.02 0.03 -0.5 -0.5 11.2 11.2 

Rear right pass foot 0.05 0.05 -0.5 -0.5 11.2 11.2 
Rear left pass foot 0.05 0.06 -0.5 -0.5 11.2 11.2 

 
Ѳmr = mean radiant temperature 

4 CONCLUSIONS 
The study considered the effect of the boundary conditions on air distribution and air velocity insidea 
passenger compartment for two cases: using a constant inlet mean velocity and importing the 
measured data obtained during the experimental measurement session as a boundary condition. CFD 
simulations were made imposing as input the measured data obtained from the LDV measurements at 
inlet.The results indicate that imposing measurement data for the boundary conditions, for the same 
mean velocity, will lead to different airflow inside the cabin.  
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a)  b) 
Fig. 5Distribution of the velocity magnitude and of the in plane vectors for the median plane of the 

driver: a) Case 1; b) Case 2

 a)  b) 
Fig.6 Distribution of the velocity magnitude and of the in plane vectors for the median plane of the 

passenger: a) Case 1; b) Case 2 
Figures 5 and 6 are presenting the distributions of the velocity magnitude and of the in-plane vectors 
for the median plane of the driver for both cases. One could observe that the global pattern of the flow 
inside the cabin is changing with the change of the boundary conditions. The distribution of the flow 
is dramatically changing. Even if the mean velocity at the air grilles is the same, the local velocity 
profiles on the surface of the grilles have a different aspect as shown in Figure 4. The black line is 
corresponding to the horizontal planes from Figure 6. 

a) b)

Fig.7 Velocity iso-contours: a) Case 1; b) Case 2, blue – 0.3 m/s green – 0.55 m/s; red – 0.75 m/s 
Knowing the air velocity magnitude values from the numerical model and considering the metabolic 
rate value of 1 met and clothing insulation of 0.7 clo, the Predicted Mean Vote (PMV) and the 
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SUMMARY 
Due to growing concern on energy, sustainability and carbon emission, the application of low/zero 
energy ventilation strategies is essential. In Nigeria, the use of energy intensive strategies is not possible 
due to the prevalent energy shortages. To provide acceptable Indoor Air Quality (IAQ), sustainable 
ventilation is required. The main objective of the study is to provide acceptable IAQ and air change 
rates (ACR) in hospital wards with installed insect screen while excluding the prevalent Hamadan dust. 
CFD Fluent 13.0 was used for the simulation and particle tracking was conducted using Lagrangian 
approach of the Discrete Phase Model (DPM). To improve the ventilation rates, while excluding 
Harmattan dust, plenums have been introduced in the windward and leeward sides of the wards. The 
results show that, the introduction of the plenum to the windward side of the ward resulted in 83.7% 
increase in ACR, while introducing plenums to both the windward and the leeward sides resulted in 
127.9% and 133.7% increase in ACR respectively compared to the case without plenum. Thus, the 
installation of the insect screens on the plenums with larger surface area rather than directly installing 
on the openings increases ACR and acceptable ventilation will be achieved with lower porosity screens. 
Keywords: CFD Simulation, Air Change Rates, Insect Screen, Harmattan Dust, Plenum, Hospital Ward 

1 INTRODUCTION  
The protection of indoor environment from air contaminants is vital, as people spend 80 - 90% of their 
time indoors (Zhao et al. 2004b).  The indoor contaminants sources include construction materials, 
painting, furniture, combustion, etc. while the outdoor sources include vehicles, industrial activities, 
waste treatment plants and other sources that can discharge air contaminants (Santos et al. 2011). These 
pollutants are mainly suspended particles in air, such as dusts, smoke, fumes, and mists (ASHRAE 
Fundamentals, 1997). The interest of this study is pollutants with outdoor sources such as Harmattan 
dust, due to their significant effects on indoor environments and IAQ in the study area, Maiduguri – 
Nigeria. Harmattan is a fugitive dust originating from the Chad basin, transported by dry North-East 
trade wind that usually blows across Nigeria between November and March annually. The effects of 
dust particles concentration on human health is established, particularly linking cardiovascular and 
respiratory diseases to dust outbreaks (Kwon et al. 2002; Chen et al. 2004; Nazaroff 2004; Meng and 
Lu, 2007). Dust particles also create discomfort in terms of surfaces dirtying and affects productivity 
and health (Fanger, 2006; Wyon, 2004; Lu et al. 1996).   
Moreover, the perfect prediction of airflow characteristics in and around building is vital for particle 
assessments (Jiang and Wang, 2012). Ventilation systems should enhance air exchange between indoors 
and outdoors to exhaust the pollutants with internal sources and dilute the pollutants with external 
sources, preventing their accumulation (Santos et al. 2011). The ventilation system defines the airflow 
pattern indoors and determines the particle distribution and dispersion (Béghein et al. 2005). Numerical 
simulation is vital in examining the characteristics of pollutant dispersion indoors (Xia and Leung 2001). 
The application of CFD in IAQ studies is growing, as it can rapidly provide full data on airflow, particle 
concentration and movement in ventilated spaces with relatively low cost, (Jiang and Wang, 2012).  The 
effect of insect screens and plenums on dust concentration indoors was studied using CFD Fluent.   
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2 METHODS 
The simulation was conducted using CFD Fluent 13.0, with computational domain developed according 
to the guideline by Franke et al. (2007) and Tominaga et al. (2008). The details of boundary conditions 
used is shown in Table 1. Convergence were achieved when the scaled residuals reached 10-6 for x, y, 
and z momentums, 10-5 for k-ε  and continuity. The inlet velocity boundary conditions were set using 
wind speed data from the nearby meteorological station, based on corrected incident vertical profile 
wind speed. The vertical velocity profile (U), friction velocity (u*), turbulent kinetic energy (k) and 
turbulent dissipation rate (ɛ) were determined using equations 1, 2, 3 and 4 respectively. The correlation 
derived by Miguel et al. (1997) relating the screen permeability K and inertial factor Y to the porosity 
was adopted as shown in equations 5 and 6 respectively to set the characteristics of the insect screen. 
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K = 3.44 x 10-9α1.6 (5) 

Y = 4.3 x 10-2α-2.1
(6) 

Where:  Uref = reference wind speed at reference height z; u* = friction velocity; ƙ = 0.42(von Karman constant); z0 = ground 
roughness height; zref= reference height 3.3m; Cμ= 0.09 (standard k-ε  model constant); ɛ= turbulence dissipation rate; 
z= height above ground level; α is the screen porosity.  

Table 1: Summary of boundary conditions used for the simulations 

S/N Boundary Settings
1 Inlet profiles (U, u*, k and ɛ) Equations 1, 2, 3 and 4 (These equations were used as user-defined functions) 
2 outlet Relative static pressure is zero 
3 ground No slip rough wall  
4 Building surfaces No slip rough wall with zero roughness 
5 Upper and side domains  Free slip symmetry 
6 Domain size 44.8m x 75.86m x 19.80m 
7 Mesh type Hex-dominant structured grids  
8 Turbulence model  k-ɛ Realizable 
9 Discretization schemes Second order upwind 
10 Algorithm (pressure velocity coupling) COUPLED  
11 Pressure interpolation scheme PRESTO 
12 Time  Steady state simulation 
13 Near wall treatment  Standard wall functions 
14 Total number of cells (Average) 2.2 million 
15 Reference height  10m 
16 Roughness length (zo) According to Wieringa et al. (2001) 
17 Reference mean wind speed inlet  2.6 m/s (4.1 m/s airport value) 
18 Insect screen permeability (K) 1.77 x 10-09  
19 Insect screen inertial factor (Y) 297.5  
20 Insect screen porosity 0.66  
21 Gravity  -9.81 
22 Air density  1.842 
23 Air temperature  27.8oC  
24 Ground roughness constant (Cs) 5 
25 Ground roughness height (Ks) 0.98 
26 Wall motion  Stationary wall  
27 Heat transfer through walls/roof adiabatic 
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To simplify and reduce computational power, the following assumptions were applied, as used in 
previous studies (see Zhao et al. 2004a; Lu et al. 1996; Tian et al. 2009): a) Heat and mass transfer 
between air and particles are neglected; b) No particle rebounds on solid surfaces, such as walls, floors 
and ceilings; c) No particle coagulation in the particle deposition process; and d) All particles are in 
spherical solid shape. This study used the Lagrangian discrete particle model for the particle tracking, 
as used in many studies (Lu et al., 1996; Béghein et al., 2005; Jiang and Wang, 2012). The problem was 
initially solved as single phase flow, and then DPM was enabled. The particles used have density 
equivalent to dry sand of 2700 kg/m3. The stochastic tracking and Discrete Random Walk model (DRW) 
was used to account for the effect of turbulence in particle dispersion as used in Tian et al. (2009). 

2.1 Model validation and Grid Independency 
The validation was conducted using tracer gas measurements results of 9 cases from 4 hospital wards. 
The difference between the two measurements was found to be ≤15% as shown in Figure 1, which is 
within the acceptable error limit. As errors obtainable from full-scale measurements could be larger than 
well controlled wind tunnel test (Easom, 2000) and can reach 10-20% (Yang, 2004; Willemsen and 
Wisse, 2002). However, the Computational grids with fine resolution is required to represent important 
physical phenomena. Hirsch et al. (2002) recommended hexahedra shapes compared to tetrahedral, as 
the former is known for its smaller truncation errors, while displaying better iterative convergence. This 
study used, ‘Hex dominant’ mesh with about 77% hexahedral cells. To ensure that simulation results 
are not sensitive to grids, a grid independency test was conducted by refining the mesh until there is no 
change in the result, using 3 different grid alternatives ranging from about 1 million to 2.2 million cells. 
The difference between the three airflow rates is insignificant as shown in figure 2, suggesting the 
solutions are independent of the grids.  Hence, the fine grid was adopted in the present study. 

3 RESULTS AND DISCUSSIONS 
The influence of insect screens and Plenum on dust particles penetration indoors has been simulated 
using particles sizes of 1μm to100μm, considering three different cases including case 18 with one 
plenum at the windward side of the ward; case 19 with two plenums at the windward and leeward sides 
and case 20, which is the same with case 19 but with roof openings inside the leeward side plenum. The 
plenums have 2m width and the same height with the ward. The insect screens are moved away from 
the window openings and positioned on the plenum openings. Table 2 presents comparative analysis of 
cases 18, 19 and 20 with the case 16 without plenum. The result shows that, screen porosity has a 
significant influence on dust particles penetration indoors as the difference in concentration due to 
particle size is well pronounced in Figures 3 and 4. The larger the particle size, the fewer the particles 
concentration indoors, which agrees with findings of Zhao et al (2004a) and Béghein et al. (2005). The 
result also shows that, introducing: Plenum to the windward (Case_18); Plenums to both the windward 
and leeward sides (Case_19); and the inclusion of the roof openings into the leeward plenum (Case_20) 
resulted in 83.7%, 127.9% and 133.7% increase in ACR respectively compared to the case 16 without 
plenum. Thus, dust particle concentration indoors increases with increasing Air Change Rates (ACR), 
which agrees with the findings of Lu et al. (1996) and Zhao et al. (2004a). The ACR obtained in cases 
18, 19 and 20 are above the ASHREA requirement of 6-ach-1 in patient rooms.  
However, the dust particle concentration indoors decreased due to the Plenum in all the three cases (18, 19 
and 20) and the reduction compared to case 16 is higher in the Case_18 (single plenum), than both Cases 19 
and 20 (double plenums) as shown in Figure 5. This is due to the increasing concentration of dust particles 
indoors with higher ACR. The introduction of plenums (cases 18, 19 and 20) has effectively improved the 
airflow distribution in the simulated ward compared to the case 16 as shown in Table 2. Thus, the possibility 
of achieving acceptable IAQ with low outdoor wind speed, and lower insect screen porosity is high. Hence, 
for effective reduction of dust particles concentration indoors, lower screen porosity can be used without 
compromising standards of 6-ach-1. The dust concentration indoors is lower with larger size particles 
compared to smaller size particles as shown in Figure 5. The percentage of particles concentration is higher 

2 METHODS 
The simulation was conducted using CFD Fluent 13.0, with computational domain developed according 
to the guideline by Franke et al. (2007) and Tominaga et al. (2008). The details of boundary conditions 
used is shown in Table 1. Convergence were achieved when the scaled residuals reached 10-6 for x, y, 
and z momentums, 10-5 for k-ε  and continuity. The inlet velocity boundary conditions were set using 
wind speed data from the nearby meteorological station, based on corrected incident vertical profile 
wind speed. The vertical velocity profile (U), friction velocity (u*), turbulent kinetic energy (k) and 
turbulent dissipation rate (ɛ) were determined using equations 1, 2, 3 and 4 respectively. The correlation 
derived by Miguel et al. (1997) relating the screen permeability K and inertial factor Y to the porosity 
was adopted as shown in equations 5 and 6 respectively to set the characteristics of the insect screen. 
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Where:  Uref = reference wind speed at reference height z; u* = friction velocity; ƙ = 0.42(von Karman constant); z0 = ground 
roughness height; zref= reference height 3.3m; Cμ= 0.09 (standard k-ε  model constant); ɛ= turbulence dissipation rate; 
z= height above ground level; α is the screen porosity.  

Table 1: Summary of boundary conditions used for the simulations 

S/N Boundary Settings
1 Inlet profiles (U, u*, k and ɛ) Equations 1, 2, 3 and 4 (These equations were used as user-defined functions) 
2 outlet Relative static pressure is zero 
3 ground No slip rough wall  
4 Building surfaces No slip rough wall with zero roughness 
5 Upper and side domains  Free slip symmetry 
6 Domain size 44.8m x 75.86m x 19.80m 
7 Mesh type Hex-dominant structured grids  
8 Turbulence model  k-ɛ Realizable 
9 Discretization schemes Second order upwind 
10 Algorithm (pressure velocity coupling) COUPLED  
11 Pressure interpolation scheme PRESTO 
12 Time  Steady state simulation 
13 Near wall treatment  Standard wall functions 
14 Total number of cells (Average) 2.2 million 
15 Reference height  10m 
16 Roughness length (zo) According to Wieringa et al. (2001) 
17 Reference mean wind speed inlet  2.6 m/s (4.1 m/s airport value) 
18 Insect screen permeability (K) 1.77 x 10-09  
19 Insect screen inertial factor (Y) 297.5  
20 Insect screen porosity 0.66  
21 Gravity  -9.81 
22 Air density  1.842 
23 Air temperature  27.8oC  
24 Ground roughness constant (Cs) 5 
25 Ground roughness height (Ks) 0.98 
26 Wall motion  Stationary wall  
27 Heat transfer through walls/roof adiabatic 
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in the case 16 without plenum compared to the cases with plenum (18, 19 and 20), since larger particles are 
trapped in the plenum before reaching the ward opening due to pressure drop caused by the screen as shown 
in Figures 6 and 7. The percentage of particles deposited on the floor of the plenums before reaching the 
wards increases with increasing particles size as shown in figure 8. 

  

Figure 1: The Validation Results Comparing 
Air Change Rates of Full-Scale Measurement 
and CFD Simulation 

Figure 2: The Volumetric Flow rates of three 
different Mesh alternatives 

  
Figure 3: Concentration characteristics of dust 
particles for different insect screen porosities 
(1μm-100μm) 

Figure 4: Concentration characteristics of dust 
particles for different particle sizes (1μm-100μm) 

  

Figure 5: The influence of plenum on different 
sizes of dust particle concentration (1μm-
100μm)    

Figure 6: The influence of plenum on different 
sizes of dust particle concentration (1μm-100μm)
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Figure 7: Particles Deposited in the Windward 
Plenums 

Figure 8: Particles Deposited in the Windward 
Plenums 

 
Table 2: Airflow characteristics and pattern (Velocity magnitude) and 3D streamlines of cases 16, 18 and 19

 
 

4 CONCLUSIONS 
The objective of the study is to provide acceptable IAQ and ACR in hospital wards with insect screen 
while excluding Hamattan dust. Insect screens are installed to reduce dust particles infiltration, since 
dusts penetrate mainly through ventilation openings. But, installing the screens results in pressure drop 
across the openings and reduces the ACR. Thus, Plenums were introduced in the windward and leeward 
sides of the wards. The screens were installed on the Plenums instead of directly on the openings. The 
introduction of the plenums decreased the particles concentration indoors and the installation of the 
insect screens on the plenums with larger surface area rather than directly installing on the openings 
increased the ACR above the requirements. Hence, acceptable ventilation will be achieved using screen 
of lesser porosity that can filter higher quantity of dust compared to screens with larger porosity.  
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SUMMARY 
Tracer gas experimental methods have been widely used to evaluate the ventilation effectiveness or 
gaseous contaminant removal efficiency of a space. These experimental techniques can only be applied 
to open air systems, where the supplied air concentrations can be kept constant, irrespective of exhaust 
air concentrations. We developed a novel tracer gas experimental approach for measuring the ventilation 
effectiveness of air recirculating systems, such as the dust removal efficiency of an air purifier or the 
conditioned air delivering efficiency of a room air-conditioner. We reported the theory and CFD 
verification of this method in Part 1. In the study presented herein, we assess the feasibility of the method 
by experimental verification. Each point concentration in the room shows linear characteristics and 
increases at a constant pace in a relatively short period of time when a positive source is generated in 
the room with air recirculating systems. We obtain the same result when a counter source is generated 
in air recirculating part. These results show that we can obtain steady-state concentrations by subtracting 
each time-dependent concentration.  
Keywords: tracer gas experiment, age of air, air recirculating system,  

1 INTRODUCTION 
Tracer gas experimental methods have been widely used to evaluate the ventilation effectiveness of 
delivering fresh air to a ventilated system. Additionally, such methods have been used to assess gaseous 
contaminant removal efficiency in spaces with local exhaust systems. Such tracer gas experimental 
techniques can be only applied to open air systems, where supplied air concentrations are maintained at 
a constant level, irrespective of the exhaust air concentrations and the exhaust air that will be removed 
from the system. Therefore, we developed a novel tracer gas experimental approach that can be applied 
to air recirculating systems where the supply and exhaust air are coupled at the air recirculating part. 
We reported the theory and CFD verification of this method in Part 1. This present paper (Part 2) reports 
the feasibility of the method, assessed by experimental verification. 

2 OUTLINE OF DYNAMIC STEADY-STATE CONCENTRATION  

2.1 Concept of dynamic steady-state concentration  
When there is a single generating source in a room with an air recirculating system, the point concentrations 
in the room grow at a constant rate. Therefore, it is possible to synthesize each concentration distribution, 
because the phenomenon is linear. As can be seen from Figure 1, from the sum of a positive room source 
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and a counter negative source in an air recirculating part of a room, a steady-state concentration distribution 
can be achieved in an air recirculating room. We define the dynamic steady-state concentration as follows: 
each time-varying concentration consists of a steady-state concentration.  

 

 

V 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑃𝑃𝑃𝑃
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Figure 1. Dynamic steady-state concentrations in the room with complete mixing conditions 

2.2 Relationship between age of air and dynamic steady-state concentration  
The steady-state concentration distribution in a room with an air open system is the sum of the dynamic 
steady-state concentration in an equal room with an air recirculating system. As can be seen from 
Equations (1) and (2) in Figure 2, each point concentration grows at constant rate. This means that the 
sum of intercept is a steady-state concentration. From previous reports, the intercept of the dynamic 
steady-state concentration corresponds to the age of air that a single source generates in an air 
recirculating part of the room. 
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Figure 2. Dynamic steady-state concentrations in the room with incomplete mixing conditions 

3 VERIFICATION OF MEASURING DEVICES  
The proposed experimental method is susceptible to measurement errors, because the dynamic steady-
state concentration is obtained by synthesizing the unsteady concentration data in the case of a room 
source and an air recirculating part. One factor in measurement error is the problem of ensuring 
simultaneity by using measuring devices with different response speeds. Each device can have a different 
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measurement accuracy under the same concentrations. Therefore, as a preliminary confirmation of the 
validity of the experimental method, we verified the response speeds and measurement accuracies of the 
measuring devices to be used. Table 1 lists the manufacturer’s nominal densitometer values, and Figure 3 
shows the response performance measurement model. The CO2 data logger and gas analyzer used in this 
experiment are subject to these measurements. In Figure 3(a), The Active Method is used to detect the gas 
concentrations, by forcibly pumping the gas to the detection part of the CO2 data logger. In Figure 3(b), 
The Passive Method is used to detect the gas concentrations, by placing a CO2 data logger in a Tedlar bag 
filled with a constant concentration of CO2 span gas. In the gas analyzer, a tube is inserted into a Tedlar 
bag, and gas is sucked by a pump installed in the gas analyzer. 
 

Table 1. The manufacturer’s nominal densitometer values 

Equipment type CO2 data logger Gas analyzer 

Operating principle Non Dispersive Infrared 

Measurement range 0～9,999ppm 0～5,000ppm 

Measurement accuracy ±50ppm ±5%rdg 

Responsiveness Approximately 20 s (63%) Within 50 s (90%) 

 
(a) The Active Method                                                      (b) The Passive Method 

Figure 3. The response performance measurement model 
 

3.1 Verification of response speeds  
Figure 4 shows the measurement results for each densitometer. With respect to a 90% response time, 
Figure 4(a) (b) shows that the CO2 data logger is approximately 5 s faster in The Active Method, and 
Figure 4(a) (c) shows that the gas analyzer is approximately 22 s faster in The Passive Method. To 
ensure simultaneity, this experiment adopted The Passive Method because The Passive Method is 
relatively simple type of measurement. 

    
(a) Gas analyzer   (b) CO2 data logger (The Active Method)    (c) CO2 data logger (The Passive Method) 

Figure 4. The measurement results of response speeds 

and a counter negative source in an air recirculating part of a room, a steady-state concentration distribution 
can be achieved in an air recirculating room. We define the dynamic steady-state concentration as follows: 
each time-varying concentration consists of a steady-state concentration.  
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2.2 Relationship between age of air and dynamic steady-state concentration  
The steady-state concentration distribution in a room with an air open system is the sum of the dynamic 
steady-state concentration in an equal room with an air recirculating system. As can be seen from 
Equations (1) and (2) in Figure 2, each point concentration grows at constant rate. This means that the 
sum of intercept is a steady-state concentration. From previous reports, the intercept of the dynamic 
steady-state concentration corresponds to the age of air that a single source generates in an air 
recirculating part of the room. 
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3 VERIFICATION OF MEASURING DEVICES  
The proposed experimental method is susceptible to measurement errors, because the dynamic steady-
state concentration is obtained by synthesizing the unsteady concentration data in the case of a room 
source and an air recirculating part. One factor in measurement error is the problem of ensuring 
simultaneity by using measuring devices with different response speeds. Each device can have a different 
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3.2 Verification of measurement accuracy  
We used The Active Method for these measurements, in which three concentrations of CO2 gas (0, 1775, 
and 2994 ppm) are sprayed on the detection part of the 24 CO2 data loggers used in this experiment. 
Figure 5 shows the measurement results for the CO2 data logger and the relationship for the CO2 gas 
concentrations. As the concentrations detected by the CO2 data logger increase, the difference in CO2 
gas concentrations becomes large. Therefore, when using the CO2 data logger, it is necessary to pay 
attention to the concentration ranges that will be measured in the experiment. The calibration results for 
the measurement concentrations are represented by a linear function. Therefore, this experiment used a 
concentration-derived correction equation from an approximate straight line, because of device 
differences. 

 
Figure 5. The measurement results for the CO2 data logger and the relationship for the CO2 gas 

concentrations 

4 EXPERIMENTAL VERIFICATION  
Figure 6 shows an outline of the laboratory performing a tracer gas experiment. The experiment is 
conducted in a 3.5 × 3.5 × 2.8 m laboratory with a ventilation system that can be switched to 1) an open 
air system that exhausts indoor air to the outside of the system, and 2) an air recirculating system where 
the air supply and exhaust are coupled at air recirculating part. A total of 24 CO2 data loggers are 
installed in the vertical section, to measure concentration distributions and its time changes.  The supply 
inlet (SI) and exhaust outlet (EO) of the ventilation system are present in the same section. The room 
sources are installed in one location near the SI and the EO. Suction and discharge concentrations are 
measured with a gas analyzer, and tracer gas is the gas quantitatively mixed CO2 and helium from each 
generation position by mass flow. Table 2 shows experimental cases. For open air systems, the age of 
air was determined as follows: for Case A, the step-up and step-down methods were used. Cases B and 
C generated room sources near the SI or EO. In the air recirculating systems, Case AR is the generating 
source in the air recirculating part, and Cases BR and CR have the same source point as Cases B and C. 

 
Figure 6. Outline of the laboratory 
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Table 2. Experimental cases 

Case Ventilation system Source position Amount of generation (L/min) 

Case A 

Open air system 

In the SI 

1.5 

Case B Near the SI 

Case C Near the EO 

Case AR 

Air recirculating system 

In the air recirculating part 

Case BR Near the SI 

Case CR Near the EO 

5 RESULTS AND DISCUSSION  
Figure 7 shows the concentration transition of a dynamic steady-state concentration by tracer gas 
experiment. For open air and air recirculating systems, this experiment used concentrations corrected 
for differences in devices and response speeds. The measured concentrations are made dimensionless 
by dividing the generated amount (M) by the ventilation amount (Q), based on the outlet concentration. 
For Case AR, the concentration reverses sign after generating the positive source in the air recirculating 
part, because it is impossible to use a negative source in a tracer gas experiment. Figure 7(a) (b) shows 
that as the measured concentrations increase, the concentration increases at a generally constant rate. 
As shown in Figure 7(c), although the relationship between the subtraction of dynamic steady-state 
concentrations in the air recirculating system and the nominal ventilation times varies somewhat 
because of fluctuations in the actual spatial flow field, the concentration difference at each measurement 
point is approximately constant. In this case, each point concentration reaches a dynamic steady-state 
concentration at the nominal ventilation time. Figure 8 shows the measured concentration distribution 
in the vertical section. Figure 8(a) (b) (c) shows the concentration distribution that the source generated 
in the air recirculating part is the same as the age of air that the source generated in an equal room with 
an air open system. When comparing Case B and Case AR + BR, as well as Case C and Case AR + CR, 
the generally same tendencies are obtained—concentrations near the generating point are high. When 
comparing the concentration distributions of open air systems and the sum of air recirculating systems, 
the same tendencies are generally obtained. These tendencies show that the sum of the dynamic steady-
state concentration in a room with an air recirculating system correspond to the steady-state 
concentrations in an equal room with an open air system. Figure 8(f) (i) shows the results summarized 
the consistency of the open air and air recirculating systems. The index for the study is the root mean 
square (RMS) calculated from the data. Each consistency shows high correlations. 
 

   
           (a) Case AR                                (b) Case BR                                  (C) Case AR+ Case BR 

Figure 7. The concentration transition of a dynamic steady-state concentration 

3.2 Verification of measurement accuracy  
We used The Active Method for these measurements, in which three concentrations of CO2 gas (0, 1775, 
and 2994 ppm) are sprayed on the detection part of the 24 CO2 data loggers used in this experiment. 
Figure 5 shows the measurement results for the CO2 data logger and the relationship for the CO2 gas 
concentrations. As the concentrations detected by the CO2 data logger increase, the difference in CO2 
gas concentrations becomes large. Therefore, when using the CO2 data logger, it is necessary to pay 
attention to the concentration ranges that will be measured in the experiment. The calibration results for 
the measurement concentrations are represented by a linear function. Therefore, this experiment used a 
concentration-derived correction equation from an approximate straight line, because of device 
differences. 

 
Figure 5. The measurement results for the CO2 data logger and the relationship for the CO2 gas 

concentrations 

4 EXPERIMENTAL VERIFICATION  
Figure 6 shows an outline of the laboratory performing a tracer gas experiment. The experiment is 
conducted in a 3.5 × 3.5 × 2.8 m laboratory with a ventilation system that can be switched to 1) an open 
air system that exhausts indoor air to the outside of the system, and 2) an air recirculating system where 
the air supply and exhaust are coupled at air recirculating part. A total of 24 CO2 data loggers are 
installed in the vertical section, to measure concentration distributions and its time changes.  The supply 
inlet (SI) and exhaust outlet (EO) of the ventilation system are present in the same section. The room 
sources are installed in one location near the SI and the EO. Suction and discharge concentrations are 
measured with a gas analyzer, and tracer gas is the gas quantitatively mixed CO2 and helium from each 
generation position by mass flow. Table 2 shows experimental cases. For open air systems, the age of 
air was determined as follows: for Case A, the step-up and step-down methods were used. Cases B and 
C generated room sources near the SI or EO. In the air recirculating systems, Case AR is the generating 
source in the air recirculating part, and Cases BR and CR have the same source point as Cases B and C. 

 
Figure 6. Outline of the laboratory 
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(a) Case A                                 (b) Case AR                            (c) Consistency 

   
(d) Case B                         (e) Case AR+ Case BR                    (f) Consistency 

   
(g) Case C                         (h) Case AR+ Case CR                    (i) Consistency 

Figure 8. The measured concentration distribution 

6 CONCLUSIONS  
We obtained the following findings: 
1) Because there was a response speed difference between the CO2 data logger and gas analyzer, it was 

necessary to consider data simultaneity. In addition, because of differences in measurement 
accuracies, it was necessary to understand and correct for the measurement error of each device. 

2) The concentration distribution reversed sign when a positive source was generated in the air 
recirculating part corresponded to the age of air in a room with an open air system. 

3) The sum of the dynamic steady-state concentrations when sources generated in a room and air 
recirculating part corresponds to the steady-state concentration distribution in an equal room with 
an open air system. 
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SUMMARY  
This research aims to compare two approaches of evaluating the body cooling effect of a personalized 
ventilation system (PV): (a) using the measured surface temperature provided by a thermal manikin 
during empirical measurements; and (b) using CFD simulation of the human body and a coupled 
thermoregulation model. In both approaches, the cooling effect was determined as the difference in 
thermal sensation -calculated using Zhang’s thermal sensation model- when PV is used compared to 
reference cases without PV. The thermal sensation model was used instead of the widely-used manikin-
based equivalent temperature since the former accounts for sensitivity difference of different body parts 
to local heating and cooling.   
Results showed that the two approaches yielded slightly different values at body parts that are not 
exposed to the invading flow of PV (such as feet, legs, etc.). However, the head experienced 
significantly different cooling effect when the two approaches were compared, mainly due to increased 
evaporative heat loss caused by elevated air velocity. Therefore, evaluating the performance of PV using 
surface temperature calculated by thermal manikins should be taken with caution as evaporative heat 
loss is not accounted for in common non-sweating thermal manikins. 
Keywords: thermal sensation, thermal manikin, computational fluid dynamics, personalized ventilation  

1 INTRODUCTION  
Personalized ventilation systems (PV) provide clean air directly to the occupant’s breathing zone. They 
allow individual control over flow velocity, direction, and also temperature in some cases (Melikov, 
2004). In order to evaluate the performance of such systems, thermal manikins are widely used in 
literature to simulate a human body in experimental studies. Thermal manikins offer multiple control 
modes; the most commonly implemented mode is the so-called ‘comfort mode.’ The comfort mode 
simulates the thermal attributes of a human body; it utilizes the following equation: 

 
R

q skincore θθ −
= , q  >= 0 (1) 

Where q is the heat flux [W/m2], θcore is a default core temperature of 36.4°C, θskin is the surface 
temperature, and R is a preset thermal resistance of 0.054 m2K/W. Data recorded from the thermal 
manikin is used to quantify the cooling effect of PV in literature by calculating the difference in 
manikin-based equivalent temperature θeq compared to reference cases where no PV is used under the 
same conditions. Thus, the PV cooling effect is often derived from the simple equation (1) with no 
consideration of complex physiological mechanisms such as vasodilation, vasoconstriction, sweating, 
and metabolic rate. This paper discusses the accuracy of the comfort mode of thermal manikins in 
evaluating the cooling effect of PV. In order to achieve this goal, PV cooling effect was calculated and 
compared using surface temperature determined by two approaches: (a) measured skin temperature 
determined by a thermal manikin using equation (1), and (b) simulated skin temperature using the 
coupling of CFD and the University of California, Berkeley (UCB) thermal comfort model. The UCB 

   
(a) Case A                                 (b) Case AR                            (c) Consistency 

   
(d) Case B                         (e) Case AR+ Case BR                    (f) Consistency 

   
(g) Case C                         (h) Case AR+ Case CR                    (i) Consistency 

Figure 8. The measured concentration distribution 

6 CONCLUSIONS  
We obtained the following findings: 
1) Because there was a response speed difference between the CO2 data logger and gas analyzer, it was 

necessary to consider data simultaneity. In addition, because of differences in measurement 
accuracies, it was necessary to understand and correct for the measurement error of each device. 

2) The concentration distribution reversed sign when a positive source was generated in the air 
recirculating part corresponded to the age of air in a room with an open air system. 

3) The sum of the dynamic steady-state concentrations when sources generated in a room and air 
recirculating part corresponds to the steady-state concentration distribution in an equal room with 
an open air system. 
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model is an advanced thermoregulation system consisting of linked non-linear differential equations 
that describe the human body’s heat balance (Huizenga et al., 2001). It divides the body into 16 
segments; each segment in the model is divided into four layers: core, muscle, fat, and skin, in addition 
to a fifth layer for heat and moisture transfer through clothing (Voelker et al., 2009). Thus, it is can 
predict the human skin temperature under complex environments. More information about the model 
and its validation can be found in (Huizenga et al., 2001).  
After acquiring skin temperature from the two mentioned approaches, local and overall thermal 
sensation were estimated using Zhang’s thermal sensation model in order to quantify the PV cooling 
effect as the difference in local and overall thermal sensation compared to reference cases where no PV 
is implemented. Zhang’s model was used in this study because it accounts for the thermal sensitivity 
differences of different body segments in non-uniform environments (Zhang et al., 2010a, 2010b). 
Furthermore, it accounts for non-evaporative heat loss from the manikin’s body too, which makes 
Zhang’s model more suitable than the widely-used manikin-based equivalent temperature (Zhang et al., 
2015). In addition, Zhang’s model is built into the UCB thermal comfort model. This allows determining 
thermal sensation using environmental data provided by CFD simulations. Zhang’s model expresses 
thermal sensation on a 9-point scale, that ranges from “-4 = very cold” to “4 = very hot” where 0 = 
neutral. This scale is an extended version of the ASHRAE standard 7-point scale in order to express 
extreme thermal environments as well. 

2 METHODS 

Measurements and boundary conditions  
Measurements were conducted in the climate chamber of the Department of Building Physics at the 
Bauhaus-University Weimar. The chamber is a 3 x 3 x 2.44 m room situated in a laboratory hall to keep it 
isolated from the outdoor environment. A typical office setup was arranged inside the chamber (Figure 1). 

 
Figure 1. Left: the climate chamber. Right: Scheme of the experimental setup in the climate chamber. 
(1) Thermal manikin, (2) Personalized ventilation nozzle, (3) Computer monitors, (4) Computer case, 
(5) Ceiling lights, (6) Air inlet location, (7) Air outlet location. 

The setup consisted of one workstation desk equipped with a desktop computer with two screens. Three 
halogen light bulbs were mounted on the ceiling. An occupant was simulated using a thermal manikin 
set to the comfort mode (equation (1)). In order to simplify the study, the manikin was left bold, naked, 
and seated on an open chair to allow air movement around the body. The workstation was equipped 
with a personalized ventilation system (PV) with a round diffuser (opening diameter = 7.5 cm). Negative 
temperature coefficient thermistors (NTC) with an accuracy of ±0.1K of the measured values were used 
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along with hot-wire omni-directional anemometers with an accuracy of ±1.5% of the measured values 
in order to evaluate the thermal environment in the climate chamber. 
Two room air temperature settings were implemented: θair = 26 and 28°C measured at 1.1 m from the 
floor. The temperature of the air supplied by the PV system was lower than the room air temperature by 
3 K during the θair = 26°C cases and 4 K during the θair = 28°C cases. The chamber was tempered using 
a background mixing ventilation system and a personalized ventilation system.  The total ventilation 
flow rate was set to V̇ = 32 L/s using two variations: V̇chamber = 28 L/s with V̇PV= 4 L/s, and V̇chamber = 27 
L/s with V̇PV= 5 L/s. Reference cases with no PV were also conducted in order to calculate the PV 
cooling effect. Thus, measurements were carried out for a total of six cases (Table 1). Measurements 
were conducted under steady state; data was recorded for 1 hour with a sampling interval of t = 5 s. 
 

Table 1. Measurement and simulation cases. 
 Case name Case description  

1 26_0 θair = 26°C, no PV (reference case) 
2 26_4 θair = 26°C, V̇PV= 4 L/s 
3 26_5 θair = 26°C, V̇PV= 5 L/s 
4 28_0 θair = 28°C, no PV (reference case) 
5 28_4 θair = 28°C, V̇PV= 4 L/s 
6 28_5 θair = 28°C, V̇PV= 5 L/s 

 

PV cooling effect 
As mentioned earlier, the PV cooling effect was calculated twice: (a) ‘measured’ cooling effect as 
function of measured skin temperature during the experimental study, and (b) ‘simulated’ cooling effect 
using a coupling of the CFD and UCB models (Figure 2). In both approaches, the cooling effect was 
calculated as the difference in thermal sensation from a reference case with no PV, according to the 
following equation:  

 refiPVii SSS ,, −=∆  (2) 

Where ∆Si is the cooling effect of the PV system in sensation scale units, Si,PV is the thermal sensation 
with the PV system, Si,ref is the thermal sensation during the references cases without the PV system. 
Measured thermal sensation was calculated using Zhang’s steady state thermal sensation model (Zhang 
et al., 2010a) using the following equation: 
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Where θskin,i,set = skin temperature set point of the body segment i, where it is at a neutral thermal state, 
�̅�𝜃𝜃𝜃skin,set  = mean skin temperature set point, C1 - C3 = regression coefficients for slope of logistic curve, 
and K1 = factor for effect of body temperature on local sensation. Overall thermal sensation can then 
be evaluated from the local thermal sensation of the body parts using weighted averages depending on 
the results of local sensation (Zhang et al., 2010b; Zhao et al., 2014). The overall thermal sensation was 
calculated as a weighted average in accordance with instructions provided in (Zhang et al., 2010b).  

model is an advanced thermoregulation system consisting of linked non-linear differential equations 
that describe the human body’s heat balance (Huizenga et al., 2001). It divides the body into 16 
segments; each segment in the model is divided into four layers: core, muscle, fat, and skin, in addition 
to a fifth layer for heat and moisture transfer through clothing (Voelker et al., 2009). Thus, it is can 
predict the human skin temperature under complex environments. More information about the model 
and its validation can be found in (Huizenga et al., 2001).  
After acquiring skin temperature from the two mentioned approaches, local and overall thermal 
sensation were estimated using Zhang’s thermal sensation model in order to quantify the PV cooling 
effect as the difference in local and overall thermal sensation compared to reference cases where no PV 
is implemented. Zhang’s model was used in this study because it accounts for the thermal sensitivity 
differences of different body segments in non-uniform environments (Zhang et al., 2010a, 2010b). 
Furthermore, it accounts for non-evaporative heat loss from the manikin’s body too, which makes 
Zhang’s model more suitable than the widely-used manikin-based equivalent temperature (Zhang et al., 
2015). In addition, Zhang’s model is built into the UCB thermal comfort model. This allows determining 
thermal sensation using environmental data provided by CFD simulations. Zhang’s model expresses 
thermal sensation on a 9-point scale, that ranges from “-4 = very cold” to “4 = very hot” where 0 = 
neutral. This scale is an extended version of the ASHRAE standard 7-point scale in order to express 
extreme thermal environments as well. 

2 METHODS 

Measurements and boundary conditions  
Measurements were conducted in the climate chamber of the Department of Building Physics at the 
Bauhaus-University Weimar. The chamber is a 3 x 3 x 2.44 m room situated in a laboratory hall to keep it 
isolated from the outdoor environment. A typical office setup was arranged inside the chamber (Figure 1). 

 
Figure 1. Left: the climate chamber. Right: Scheme of the experimental setup in the climate chamber. 
(1) Thermal manikin, (2) Personalized ventilation nozzle, (3) Computer monitors, (4) Computer case, 
(5) Ceiling lights, (6) Air inlet location, (7) Air outlet location. 

The setup consisted of one workstation desk equipped with a desktop computer with two screens. Three 
halogen light bulbs were mounted on the ceiling. An occupant was simulated using a thermal manikin 
set to the comfort mode (equation (1)). In order to simplify the study, the manikin was left bold, naked, 
and seated on an open chair to allow air movement around the body. The workstation was equipped 
with a personalized ventilation system (PV) with a round diffuser (opening diameter = 7.5 cm). Negative 
temperature coefficient thermistors (NTC) with an accuracy of ±0.1K of the measured values were used 
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Figure 2. The methodology used in this study. 

The simulated PV cooling effect was obtained through a validated CFD model with the same geometry 
as the experimental setup (more information about the model and its validation can be found in (Alsaad 
& Voelker, 2018)). Subsequently, air temperature and velocity around each body segment was 
transferred from the CFD results to the UCB model software. The location of the macroclimate form 
which the transferred parameters were taken was fixed to 10 cm orthogonally to each body segment. 
This distance was selected in order to avoid transferring values from within the convective boundary 
layer surrounding the human body while simultaneously avoiding being too far from the body surface 
(Gao et al., 2006). Advanced approaches of determining undisturbed air temperature described in the 
literature (such as (Voelker & Alsaad, 2018)) were not utilized in this study. Air velocity and 
temperature at the head segment during the PV cases were transferred from about 2 cm from the nose 
as the convective layer was destroyed in that region when PV is used, which made a 10 cm distance 
from the head towards the PV outlet corresponded to inaccurately low temperature and high velocity. 
UCB simulations were conducted with a simulation time of t = 300 minutes using a standard Stolwijk 
human body (Stolwijk, 1971). The metabolic heat generation rate was left to its default value of 1.1 
met; relative humidity was set to φ = 40%, which corresponds to the average relative humidity during 
the empirical measurements. Since Zhang’s model is built into the UCB model software, thermal 
sensation was calculated automatically during the coupling.  

3 RESULTS AND DISCUSSION 
As shown in Figure 3, the body parts that were not exposed to the invading flow of PV (such as feet, 
legs, etc.) showed good agreement between calculated (measured) and simulated results. However, the 
simulated PV cooling effect at the head segment, which is the most affected segment by PV flow, did 
not agree with the calculated values. Consequently, the simulated overall thermal sensation difference 
of the whole body did not agree with calculation results. The difference was relatively small during the 
V̇PV= 4 L/s cases. The maximum disagreement during these cases was 0.69 at the head segment during 
the 26_4 case. When the PV flow was increased to V̇PV= 5 L/s, the disagreement significantly increased, 
up to 2.39 at the head segment during the 26_5 case.  
The same pattern can be observed in the effect of PV on skin temperature when comparing the measured 
skin temperature (from the thermal manikin) and the simulated skin temperature (from the UCB model). 
Figure 4 exhibits the changes in skin temperature ∆θskin when PV flow is applied compared to the 
reference cases. As shown in Figure 4, the difference in skin temperature ∆θskin when PV is used was 
the largest at the head segment during the 26_5 case, in which the disagreement between the measured 
and simulated value was as large as 0.8 K. In other words, the response of the manikin’s head surface 
temperature during the experimental study to the invading flow of PV was smaller than the value 
predicted by the UCB model by 0.8 K, which is relatively a big difference. The thermal manikin also 
underestimated the surface temperature changes in other body parts -such as the hands and the feet- 
which have different sensitivity to changes in the environmental parameters surrounding the body. Since 
the thermal manikin treats all body segments similarly, the response of these body segments was 
underestimated by up to 0.69 K on the right foot of the manikin during the 28_5 case. The response 
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variations of these body segments can be also observed in Figure 3, where the simulated cooling effect 
of PV at the right foot was larger than the measured values during the 28_5 case by 0.39. 
The deviation of the simulated results from the calculated results can be explained due to many factors 
included in UCB model, such as age, gender, metabolic rate, surrounding relative humidity, and other 
factors (Huizenga et al., 2001). However, an important difference between measurements and 
simulations was the heat release simulated by the thermal manikin. The thermal manikin simulates only 
the dry heat loss, i.e. the evaporative heat loss is not included. Thus, when the cool air supplied by the 
PV nozzle hit the manikin face, the decrease in skin temperature only corresponded to change in the 
convective and radiative heat release from the manikin head. This significantly affects the calculated 
thermal sensation since it was determined as function of skin temperature according to equation 3. On 
the other hand, the thermoregulation model included in the UCB computer tool calculates skin 
temperature using the environmental parameters imported from CFD before estimating thermal 
sensation. The model counts for evaporative heat loss, in addition to radiative, convective, and 
conductive heat loss. As elevated air velocity caused by PV promotes evaporative heat release from the 
body, it is necessary to include it in thermal sensation calculation. Since most available thermal 
manikins used in PV research are non-sweating, and since the so-called ‘comfort mode’ in the manikin 
control system is based on a simple estimation of the skin temperature, it is recommended to utilize a 
thermoregulation model when evaluating the thermal performance of PV systems in order to account 
for the complex physiological mechanism of the human body. 

 
Figure 3. Measured and simulated local and overall PV cooling effect ∆Si.  

 
Figure 4. Measured and simulated changes in manikin surface temperature ∆θskin when PV is used.  

  
Figure 2. The methodology used in this study. 

The simulated PV cooling effect was obtained through a validated CFD model with the same geometry 
as the experimental setup (more information about the model and its validation can be found in (Alsaad 
& Voelker, 2018)). Subsequently, air temperature and velocity around each body segment was 
transferred from the CFD results to the UCB model software. The location of the macroclimate form 
which the transferred parameters were taken was fixed to 10 cm orthogonally to each body segment. 
This distance was selected in order to avoid transferring values from within the convective boundary 
layer surrounding the human body while simultaneously avoiding being too far from the body surface 
(Gao et al., 2006). Advanced approaches of determining undisturbed air temperature described in the 
literature (such as (Voelker & Alsaad, 2018)) were not utilized in this study. Air velocity and 
temperature at the head segment during the PV cases were transferred from about 2 cm from the nose 
as the convective layer was destroyed in that region when PV is used, which made a 10 cm distance 
from the head towards the PV outlet corresponded to inaccurately low temperature and high velocity. 
UCB simulations were conducted with a simulation time of t = 300 minutes using a standard Stolwijk 
human body (Stolwijk, 1971). The metabolic heat generation rate was left to its default value of 1.1 
met; relative humidity was set to φ = 40%, which corresponds to the average relative humidity during 
the empirical measurements. Since Zhang’s model is built into the UCB model software, thermal 
sensation was calculated automatically during the coupling.  

3 RESULTS AND DISCUSSION 
As shown in Figure 3, the body parts that were not exposed to the invading flow of PV (such as feet, 
legs, etc.) showed good agreement between calculated (measured) and simulated results. However, the 
simulated PV cooling effect at the head segment, which is the most affected segment by PV flow, did 
not agree with the calculated values. Consequently, the simulated overall thermal sensation difference 
of the whole body did not agree with calculation results. The difference was relatively small during the 
V̇PV= 4 L/s cases. The maximum disagreement during these cases was 0.69 at the head segment during 
the 26_4 case. When the PV flow was increased to V̇PV= 5 L/s, the disagreement significantly increased, 
up to 2.39 at the head segment during the 26_5 case.  
The same pattern can be observed in the effect of PV on skin temperature when comparing the measured 
skin temperature (from the thermal manikin) and the simulated skin temperature (from the UCB model). 
Figure 4 exhibits the changes in skin temperature ∆θskin when PV flow is applied compared to the 
reference cases. As shown in Figure 4, the difference in skin temperature ∆θskin when PV is used was 
the largest at the head segment during the 26_5 case, in which the disagreement between the measured 
and simulated value was as large as 0.8 K. In other words, the response of the manikin’s head surface 
temperature during the experimental study to the invading flow of PV was smaller than the value 
predicted by the UCB model by 0.8 K, which is relatively a big difference. The thermal manikin also 
underestimated the surface temperature changes in other body parts -such as the hands and the feet- 
which have different sensitivity to changes in the environmental parameters surrounding the body. Since 
the thermal manikin treats all body segments similarly, the response of these body segments was 
underestimated by up to 0.69 K on the right foot of the manikin during the 28_5 case. The response 
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4 CONCLUSIONS 
Thermal manikins are widely used in literature to study the performance of personalized ventilation 
systems (PV). However, the manikin control system usually implements a simple approximation to 
calculate the manikin surface temperature. This paper discusses the accuracy of assessing the cooling 
effect of PV based on the surface temperature calculated in the manikin software. By comparing the 
cooling effect calculated using data provided by the manikin and simulated data provided by a 
thermoregulation model, it was found that thermal manikins’ comfort mode underestimates the cooling 
effect of PV. Furthermore, the response of surface temperature changes when PV used also showed a 
disagreement between measured and simulated data. This disagreement was up to 0.8 K at the head 
segment. Therefore, it is recommended to implement a thermoregulation model when studying the 
performance of PV.  
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SUMMARY 
Local exhaust ventilation method called Ventilated Seat Cushion (VSC) has been developed and proven 
to be efficient method for minimizing the spread of body released contaminants in the breathing zone 
of occupants. In this study, the VSC was assessed for its potential to save energy in mechanically 
ventilated buildings. The energy saving potential of the VSC was assessed by means of dynamic 
computer simulations. IDA ICE energy simulation program was used to calculate the energy use of a 
call-centre, which was air-conditioned with fourteen chairs each equipped with a VSC, variable air 
volume (VAV)room mechanical ventilation and radiant ceiling. The estimated annual energy use for 
the call-centre using the VSCs combined with VAV and radiant ceiling was compared to the annual 
energy use when the VSCs were not in operation. The obtained results show that combining the VSC 
with background VAV ventilation and radiant ceiling panels for cooling reduced the annual energy use 
by 7% compared to a system with only VAV ventilation.
Keywords: local exhaust ventilation, indoor air quality, local body cooling, energy saving 

1 INTRODUCTION 
Studies have shown that localized exhaust ventilation methods are more efficient to minimize the spread 
of contaminants in the breathing zone of occupants than the conventional mechanical ventilation of the 
entire room volume (Bolashikov et al., 2015; Melikov, 2011; Melikov and Dzhartov, 2013; Yang et al., 
2014). These previous studies, however, have mainly focused on controlling and preventing the airborne 
transmission of infectious diseases due to human expiratory activities or reducing exposure to room 
pollution. Recently, experimental studies (Bivolarova et al. 2016, 2017) investigated the effectiveness 
of using local exhaust ventilation to remove body generated bio-effluents while a person is seated on a 
chair and thus to reduce the indoor exposure to those pollutants. Ventilated Seat Cushion (VSC) was 
used as local exhaust ventilation. It was found that the VSC could remove bio-effluents released from 
the human body before the pollutants mixed with the room air (Bivolarova et al. 2016).  
Studies have reported that ventilated office chairs may provide thermal comfort to occupants at elevated 
ambient temperatures (Kogawa et al., 2007; Watanabe et al., 2009). As a result, the room air temperature 
can be elevated above the limits recommended in the standards. This suggests that such method has 
potential for energy savings. It has been reported that the air movement caused by the VSC’s exhaust 
flow rate provides also local body cooling (Bivolarova, 2017). As already discussed the potential of the 
ventilated seat cushion to improve occupants’ inhaled air quality has been documented as well. 
However, its performance with regard to energy saving is unknown and needs to be explored. 
The specific objective of this study was to identify the energy saving potential of the VSC in buildings 
with mechanical ventilation. 

4 CONCLUSIONS 
Thermal manikins are widely used in literature to study the performance of personalized ventilation 
systems (PV). However, the manikin control system usually implements a simple approximation to 
calculate the manikin surface temperature. This paper discusses the accuracy of assessing the cooling 
effect of PV based on the surface temperature calculated in the manikin software. By comparing the 
cooling effect calculated using data provided by the manikin and simulated data provided by a 
thermoregulation model, it was found that thermal manikins’ comfort mode underestimates the cooling 
effect of PV. Furthermore, the response of surface temperature changes when PV used also showed a 
disagreement between measured and simulated data. This disagreement was up to 0.8 K at the head 
segment. Therefore, it is recommended to implement a thermoregulation model when studying the 
performance of PV.  
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2 METHODS 

2.1 Simulation tool 
The energy simulations were carried out using the building energy performance simulation software 
IDA ICE 4.7 (EQUA Simulation, IDA Indoor Climate and Energy). 

2.2 Simulation model 

The simulated model in IDA ICE was a call-centre. The model was selected because call-centre operators  
usually perform seated work for long periods of time. The number of operators on duty, room size and 
time of operation (time spend by the desk) and building location were adopted by a field study of Wargocki 
et al. (2004). The study investigated the indoor air quality and work-performance in a call-centre located 
in Copenhagen, Denmark. The call-centre room was planned as an open-space office with a floor area of 
154 m2 (17.5 m x 8.8 m x 2.9 m, L x W x H). There were no internal partitions in the model. The external 
construction of the call-centre consisted of a brick wall (U-value = 0.26 W/m2K), roof (wooden 
construction with U-value = 0.10 W/m2K), internal lightweight concrete wall (U-value = 0.54 W/m2K) 
and internal floor (concrete slab with U-value = 2.9 W/m2K). The roof and two of the walls were 
considered external. The external walls were facing east and west. On each external wall there were seven 
windows (Figure 1). Each window had an area of 2.25 m2 
(in total 31.5 m2) and a window-to-floor surface ratio of 
20%. The windows were composed of three layers of 4 mm 
panes with two layers of 12 mm air gap in between. The 
overall U-value was 1.1 W/m2K, a g-value (solar heat gain 
coefficient) equal to 0.68, and a light transmittance equal to 
0.74. All windows of the call-centre had integrated blinds 
between the window panes. The blinds were descended 
when the incident light exceeded 100 W/m2 on the inside 
of the glass. 

2.3 Air-conditioning systems 
The call-centre was air-conditioned with variable air volume (VAV) system, water radiator and in some 
cases chilled ceiling to remove the excess heat. All HVAC systems for the call-centre were running one 
hour before the occupancy started and one hour after the occupancy ended resulting in the following 
schedules: Monday to Friday 6:00 to 24:00, Saturday 6:00 to 16:00, and Sunday 13:00 to 22:00. It was 
assumed a 70% of the total ceiling area to be covered with radiant heating and cooling panels in order 
to avoid radiant asymmetry. The radiant ceiling was dimensioned to keep the necessary thermal 
conditions in the models without causing water condensation on the panels. Condensation on the panels 
was avoided by limiting the supply water temperature to be above the indoor dew-point temperature. 
The input parameters of the radiant ceiling installed in the model are listed in Table 1. 

Table 1. Parameters for the radiant cooling panels in the call-centre. 
Maximum indoor air temperature 26°C 28°C 

Parameters - - 
Panel width [m] 1 1 
Panel length [m] 8 8 
Panel area [m2] 8 8 

Capacity per panel [W] 641 525 
Number of panels [m] 9 9 

Total capacity [W] 4724 5767 
dT(room operative-mean water) [°C] 7.9 9.2 

dT(outlet water-inlet water) [°C] 6.3 7.6 

 
Figure 1. IDA ICE model of the call 
center with external facade facing east. 
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2.4 Heat gains and occupancy schedule 
The room was occupied by 14 phone operators with activity level set to 1.2 met, which corresponds to 
70 W/m2. The operators were present in the call-centre from Monday to Friday, from 7:00 to 23:00 
including no breaks. On Saturday, the operators were present from 7:00 to 15:00 and on Sunday 14:00 
to 22:00 including no breaks either of the days. It was assumed that all operators were coming to the 
centre at the same time. No holidays were included in the simulations. The heat gain from general 
lighting was estimated to be 5 W/m2. The heat load from equipment (14 desk lamps, 6 wall monitors, 
and 28 personal monitors) was 1450 W in total. The use of lighting and other equipment followed the 
schedule of the occupants (they were turned off when the occupants were not present). IDA-ICE takes 
into account the emitted from the occupants sensible and latent heat. 

2.5 Simulated conditions 
The energy simulations were carried out with the VSC operating together with reduced background 
mixing ventilation (MV) and radiant ceiling panels used for cooling. The results were compared to MV 
alone at airflow rate based on the air quality requirements defined in the standard EN 15251 2007 for 
category II, very low polluting buildings. According to this category, the standard requires 7 L/s per 
occupant (qocc). In the simulations, it was assumed that the 7 L/s could be decreased by 53%, 81% and 
89% when the VSC exhaust flow rate was 1.5, 3 and 5 L/s, respectively. This assumption was based on 
the exhaust efficiency of the VSC to reduce bio-effluents from the body shown in the study by 
Bivolarova et al (2016). Therefore, when exhausting 1.5, 3 and 5 L/s through the VSC, the supply 
background ventilation rate per occupant was reduced to 3.2, 1.3 and 0.8 L/s, respectively. The 
ventilation rate for building emissions (qb) was selected to be 0.35 L/s.m2, which corresponds to the 
standard criteria of very low polluting buildings (EN 15251, 2007). Finally, the total airflow rate (qtot) 
was calculated for each case as follows: 
 

𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐴𝐴𝐴𝐴 ∙ 𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞 + 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 ∙ 𝑛𝑛𝑛𝑛 + 𝑞𝑞𝑞𝑞𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑜𝑜𝑜𝑜 ∙ 𝑛𝑛𝑛𝑛  (1)  

 
Where:  
qtot - Total volume ventilation rate of the room [L/s],  
 A – Room floor area [m2], 
 qb - Ventilation rate for emissions from buildings [L/s] 
 qocc - Ventilation rate per person from the MV [L/s],  
 n - Number of persons in the room,  
 qvsc - Ventilation rate per person from the VSC [L/s]. 
 
Since, VAV ventilation was used in the call-centre, the estimated qtot was the maximum possible supply 
ventilation rate. The VAV system adapted the airflow rate needed to keep the required CO2 level and 
operative temperature limits. The supply air temperature was kept constant for all simulations and it 
was set to 16°C. The lower limit of the indoor operative temperature set-point was always 20ᵒC and the 
upper limit was either 26ᵒC or 28ᵒC. The design indoor operative temperature range of 20-26°C 
complies with recommendations for thermal comfort conditions for category II in the EN 15251 (2007). 
The maximum allowed room temperature was expanded from 26°C to 28°C in order to study the 
importance of using the VSC cooling effect for possible energy-savings. The maximum CO2 level was 
set to 900 ppm (500 ppm above outdoors) which complies with category II in the EN 15251 (2007).The 
minimum airflow rate was set to 0.35 L/s.m2 (corresponding to airflow rate due to pollution from the 

2 METHODS 

2.1 Simulation tool 
The energy simulations were carried out using the building energy performance simulation software 
IDA ICE 4.7 (EQUA Simulation, IDA Indoor Climate and Energy). 

2.2 Simulation model 

The simulated model in IDA ICE was a call-centre. The model was selected because call-centre operators  
usually perform seated work for long periods of time. The number of operators on duty, room size and 
time of operation (time spend by the desk) and building location were adopted by a field study of Wargocki 
et al. (2004). The study investigated the indoor air quality and work-performance in a call-centre located 
in Copenhagen, Denmark. The call-centre room was planned as an open-space office with a floor area of 
154 m2 (17.5 m x 8.8 m x 2.9 m, L x W x H). There were no internal partitions in the model. The external 
construction of the call-centre consisted of a brick wall (U-value = 0.26 W/m2K), roof (wooden 
construction with U-value = 0.10 W/m2K), internal lightweight concrete wall (U-value = 0.54 W/m2K) 
and internal floor (concrete slab with U-value = 2.9 W/m2K). The roof and two of the walls were 
considered external. The external walls were facing east and west. On each external wall there were seven 
windows (Figure 1). Each window had an area of 2.25 m2 
(in total 31.5 m2) and a window-to-floor surface ratio of 
20%. The windows were composed of three layers of 4 mm 
panes with two layers of 12 mm air gap in between. The 
overall U-value was 1.1 W/m2K, a g-value (solar heat gain 
coefficient) equal to 0.68, and a light transmittance equal to 
0.74. All windows of the call-centre had integrated blinds 
between the window panes. The blinds were descended 
when the incident light exceeded 100 W/m2 on the inside 
of the glass. 

2.3 Air-conditioning systems 
The call-centre was air-conditioned with variable air volume (VAV) system, water radiator and in some 
cases chilled ceiling to remove the excess heat. All HVAC systems for the call-centre were running one 
hour before the occupancy started and one hour after the occupancy ended resulting in the following 
schedules: Monday to Friday 6:00 to 24:00, Saturday 6:00 to 16:00, and Sunday 13:00 to 22:00. It was 
assumed a 70% of the total ceiling area to be covered with radiant heating and cooling panels in order 
to avoid radiant asymmetry. The radiant ceiling was dimensioned to keep the necessary thermal 
conditions in the models without causing water condensation on the panels. Condensation on the panels 
was avoided by limiting the supply water temperature to be above the indoor dew-point temperature. 
The input parameters of the radiant ceiling installed in the model are listed in Table 1. 

Table 1. Parameters for the radiant cooling panels in the call-centre. 
Maximum indoor air temperature 26°C 28°C 

Parameters - - 
Panel width [m] 1 1 
Panel length [m] 8 8 
Panel area [m2] 8 8 

Capacity per panel [W] 641 525 
Number of panels [m] 9 9 

Total capacity [W] 4724 5767 
dT(room operative-mean water) [°C] 7.9 9.2 

dT(outlet water-inlet water) [°C] 6.3 7.6 

 
Figure 1. IDA ICE model of the call 
center with external facade facing east. 
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building). For the reference case of MV alone, the VAV system’s maximum supply airflow rate was 
calculated based on the total heat load in the call-centre for supply air temperature of 16°C and room 
temperature of 24°C. The total heat load due to occupants, equipment and solar gain was calculated to 
be 4044 W. The maximum supply airflow rates for the simulated cases are listed in Table 2. 
 

Table 2. Maximum supply airflow rates from the VAV system in the call-centre for different VSC 
exhaust flow rates and air-conditioning systems. 

VSC flow rate System Maximum total air flow rate 
VSC: 0 L/s MV 421 L/s 
VSC: 0 L/s MV/RC* 152 L/s 

VSC: 1.5 L/s MV/RC/VSC** 120 L/s 
VSC: 3 L/s MV/RC/VSC 114 L/s 
VSC: 5 L/s MV/RC/VSC 135 L/s 

*Mixing ventilation combined with radiant ceiling 
**Mixing ventilation combined with radiant ceiling and 
ventilated seat cushion 

 
Infiltration due to wind driven flow was taken into account and it was equal to 0.5 ACH at a pressure 
difference of 50 Pa. 
To estimate the annual use of primary energy delivered to the call-centre, several assumptions were 
made regarding the generation and transformation of the energy. District cooling with a COP value of 
4 was used to supply cold water to the air handling unit’s (AHU’s) cooling coil and the chilled ceiling. 
District heating with a primary energy factor equal to 0.6 was used to supply heat to the AHU’s heating 
coil and the radiators, and electricity with a primary energy factor equal to 1.8 was supplied to the 
electrical systems such as fans, circulation pumps and lighting. The selected COP and primary energy 
factor values complied with low energy class 2020 building according to the Danish Building 
Regulations 2015 (BR 15, 2015). 

3 RESULTS AND DISCUSSION 
The results of the energy simulations presented in Figure 2 show that energy savings can be achieved 
when applying sustainable heat removal, i.e. radiant ceiling panels for cooling (also known as chilled 
ceiling) combined with MV. In the MV/RC case and room operative temperature within 20  ̶  26°C, the 
use of the chilled ceiling (without the VSC) decreased the energy use with approximately 7% compared 
to the case with only MV. For this temperature set-points, 20/26°C, the results show that applying the 
VSC combined with reduced background ventilation (MV) and RC (i.e. case MV/RC/VSC) did not lead 
to further energy savings compared to the case MV/RC. However, neither the energy use increased in 
this case. Thus, removal of human body bio-effluents by means of the VSC (i.e. increase of air quality) 
can be achieved without the need to increase the energy use. The VSC operating at the three different 
airflow rates kept the energy use constant at 52 kWh/m2 and at 50 kWh/m2 for the temperature set-
points 20/26°C and 20/28°C, respectively. These results indicate that the increased airflow rate from 
the VSC, namely from 1.5 L/s to 3 L/s and 5 L/s, applied on the 14 workstations does not increase the 
energy use. This can be explained with the principle of the VAV control. Therefore, the supplied airflow 
rate was automatically reduced when the designed qtot (the maximum airflow rate) was not required to 
sustain the CO2 and the temperature set-points. If the ventilation system in the simulation model had 
been designed as a constant air volume (CAV) system, the increase in the energy use would have been 
proportional to the increase of the supply flow rate. A CAV system in general is more energy consuming 
compared to a VAV system and consequently the yearly energy use would be higher for all simulation 
cases. Further studies on energy saving potential may therefore comprise other control set-points of the 
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HVAC systems for CO2 in order to improve the demands for maximum airflow rates. As expected, 
when the set-points for the room operative temperature were expanded in the MV/RC/VSC cases 
(20/28°C) the energy use was decreased with about 10% compared to MV alone and with 4% compared 
to the MV/RC operating at set-points 20/26°C. This was because extended upper temperature set-point 
was achieved at reduced background ventilation rate (qtot reduced from 421 L/s in MV to 152 L/s in 
MV/RC and to the range 114-135 L/s in the conditions with MV/RC/VSC). At elevated room 
temperature thermal comfort can be improved by the local cooling provided by the ventilated seat 
cushion. 

  
Figure 2. Yearly primary energy use for all cases with room temperature set-points of 20/26°C and 
20/28°C.  

 

The findings from the performed dynamic energy simulations have important implications for 
improving the methods for delivery of conditioned air with regard to energy use in indoor environments, 
where people spend considerable amount of time sitting. However, these findings need to be interpreted 
with caution as they are specifically valid for the current simulated model comprising a specific room 
type, room temperature set-points, cooling and heating methods, equipment, etc. More realistic results 
on the energy performance of the VSC might be obtained by conducting human subject experiments 
during which individual control of the flow rate through the cushion is provided. As a result, energy 
calculations can be performed based on a more realistic energy use pattern that would be identified from 
such experiments. 

4 CONCLUSIONS 
The results of the performed energy simulations show that the ventilated cushion combined with 
background mixing ventilation and radiant ceiling panels has potential for energy saving by about 7% 
compared to a system with only mixing ventilation. Furthermore, increasing the maximum allowed 
room operative temperature and maintaining occupants’ thermal comfort due to the local cooling 
provided by the ventilated cushion is an effective energy-saving strategy. 
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building). For the reference case of MV alone, the VAV system’s maximum supply airflow rate was 
calculated based on the total heat load in the call-centre for supply air temperature of 16°C and room 
temperature of 24°C. The total heat load due to occupants, equipment and solar gain was calculated to 
be 4044 W. The maximum supply airflow rates for the simulated cases are listed in Table 2. 
 

Table 2. Maximum supply airflow rates from the VAV system in the call-centre for different VSC 
exhaust flow rates and air-conditioning systems. 

VSC flow rate System Maximum total air flow rate 
VSC: 0 L/s MV 421 L/s 
VSC: 0 L/s MV/RC* 152 L/s 

VSC: 1.5 L/s MV/RC/VSC** 120 L/s 
VSC: 3 L/s MV/RC/VSC 114 L/s 
VSC: 5 L/s MV/RC/VSC 135 L/s 

*Mixing ventilation combined with radiant ceiling 
**Mixing ventilation combined with radiant ceiling and 
ventilated seat cushion 

 
Infiltration due to wind driven flow was taken into account and it was equal to 0.5 ACH at a pressure 
difference of 50 Pa. 
To estimate the annual use of primary energy delivered to the call-centre, several assumptions were 
made regarding the generation and transformation of the energy. District cooling with a COP value of 
4 was used to supply cold water to the air handling unit’s (AHU’s) cooling coil and the chilled ceiling. 
District heating with a primary energy factor equal to 0.6 was used to supply heat to the AHU’s heating 
coil and the radiators, and electricity with a primary energy factor equal to 1.8 was supplied to the 
electrical systems such as fans, circulation pumps and lighting. The selected COP and primary energy 
factor values complied with low energy class 2020 building according to the Danish Building 
Regulations 2015 (BR 15, 2015). 

3 RESULTS AND DISCUSSION 
The results of the energy simulations presented in Figure 2 show that energy savings can be achieved 
when applying sustainable heat removal, i.e. radiant ceiling panels for cooling (also known as chilled 
ceiling) combined with MV. In the MV/RC case and room operative temperature within 20  ̶  26°C, the 
use of the chilled ceiling (without the VSC) decreased the energy use with approximately 7% compared 
to the case with only MV. For this temperature set-points, 20/26°C, the results show that applying the 
VSC combined with reduced background ventilation (MV) and RC (i.e. case MV/RC/VSC) did not lead 
to further energy savings compared to the case MV/RC. However, neither the energy use increased in 
this case. Thus, removal of human body bio-effluents by means of the VSC (i.e. increase of air quality) 
can be achieved without the need to increase the energy use. The VSC operating at the three different 
airflow rates kept the energy use constant at 52 kWh/m2 and at 50 kWh/m2 for the temperature set-
points 20/26°C and 20/28°C, respectively. These results indicate that the increased airflow rate from 
the VSC, namely from 1.5 L/s to 3 L/s and 5 L/s, applied on the 14 workstations does not increase the 
energy use. This can be explained with the principle of the VAV control. Therefore, the supplied airflow 
rate was automatically reduced when the designed qtot (the maximum airflow rate) was not required to 
sustain the CO2 and the temperature set-points. If the ventilation system in the simulation model had 
been designed as a constant air volume (CAV) system, the increase in the energy use would have been 
proportional to the increase of the supply flow rate. A CAV system in general is more energy consuming 
compared to a VAV system and consequently the yearly energy use would be higher for all simulation 
cases. Further studies on energy saving potential may therefore comprise other control set-points of the 
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SUMMARY 
This study aims to assess improvement of thermal comfort while using a toilet in which a personal 
heating device is operated in winter and a personal cooling device is operated in summer. A toilet room 
for the experiments was set up in an artificial climate chamber. An electrical fan heater was used as the 
personal heating device, which can be used as personal cooling device too. Healthy college-aged 
subjects were participated in the experiments. The subjects were requested to simulate defecation during 
stay in the toilet room. As physiological responses, the skin temperatures and blood pressure of the 
subjects were measured. The subjects were required to fill out questionnaires about thermal comfort. 
The findings are as follows. Use of personal heating device in the toilet mitigated the drop of mean skin 
temperature, especially simultaneous use of the heating device and toilet seat heating apparatus. It was 
still unclear if the rise of systolic blood pressure caused by defecation was suppressed when the personal 
heating device was operated in winter. It was found that thermal comfort was improved when the 
personal heating and cooling device was operated while using the toilet. 
Keywords: thermal environment, toilet, blood pressure, mean skin temperature, thermal comfort 

1 INTRODUCTION 
Most of toilets in poor insulated houses, which account for about half of all Japanese houses, are cold 
in winter and hot in summer. There are many toilets which have no heating and cooling devices in the 
poor insulated houses. Consequently, the resident in this house is subjected to great cold or heat stress 
while using the toilet. Yanagawa et al. (2004) showed results in emergency calls from patients who 
were voiding in the toilet. The results revealed that cerebrovascular disease was most likely to occur, 
syncope was likely to occur in high temperature condition and cardiovascular disease was likely to occur 
in low temperature condition. Moreover, many of the patients were elderly. Saito et al. (2004) reported 
physiological responses while using toilet. In this study, hip and thigh skin temperatures were lower and 
the change in systolic blood pressure was greater in the elderly subjects than in the young subjects, when 
the toilet was not heated. Therefore, improvement of thermal environment in the cold toilet in Japanese 
poor insulated houses should be needed. However, there have been few experimental studies on 
physiological and psychological responses related to the thermal condition while using the toilet. 
Especially, there have been very few studies concerning about heat stress during voiding in the toilet. 
This study aims to assess improvement effect on physiological and psychological responses while using 
the toilet through a series of subjective experiments. There are several strategies as means of the 
improvement of thermal condition in the toilet in Japanese poor insulated houses. This study focused 
on a personal heating and cooling device, which is a cheap product and easy to install at the toilet in 
Japanese poor insulated houses. 
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2 METHODS 

2.1 Experimental design 
The subjective experiments were conducted in an artificial climate chamber at Daido University in 
Japan. A toilet room for the experiments was set up in the chamber. The toilet room measures 1160 mm 
in width by 1450 mm in depth. A commercially available toilet basin (Panasonic: CH1101UZ) was 
installed in the toilet room. An electrical fan heater (dyson: HOT+COOL AM05) was used as the 
personal heating device, which can be used as personal cooling device too. The experiments were 
conducted during the winter and summer of 2015 and during the winter of 2016. During the winter 
experiment of 2016, the toilet seat heating apparatus was used. A series of experiments was carried out 
in a combination of air temperature and operation of heating or cooling device. The air temperature of 
the toilet room was set at 10 ˚C (assuming cold) and 20 ˚C (assuming neutral) in the winter experiment 
and set at 27 ˚C (assuming neutral) and 33 ˚C (assuming hot) in the summer experiment. The personal 
heating or cooling device was turned a switch on or off respective temperature conditions. When the 
heating device was operated, the temperature of hot air was set at about 40 ˚C. The relative humidity 
was set at 50% in all conditions. 

2.2 Subjects 
Eleven subjects (8 males and 3 females) in the winter of 2015, twenty subjects (9 males and 11 females) 
in the summer of 2015 and fifteen subjects (6 males and 9 females) in the winter of 2016 were 
participated in the experiments. All subjects were healthy college student. The subjects were required 
to wear a sweat shirt, sweat pants, T-shirt, underwear and socks in winter and to wear a T-shirts, shorts, 
underwear and socks in summer. The thermal insulation values of these ensembles were estimated to 
be 0.86 clo and 0.34 clo respectively. 

2.3 Procedure 
The subject who had already put on the designated clothing, stayed sedentary in 30 minutes at a pre-test 
room, which was located adjacent to the climatic chamber. The air temperature of the pre-test room was 
set at 20 ˚C in winter and at 27 ˚C in summer. After staying at the pre-test room, the subject moved to 
the toilet room and stayed in 10 minutes. In the toilet room, the subject was requested to put off the 
lower wear and to sit on the toilet seat. As a simulated defecation, the subject was requested to strain 
for 30 seconds. Thereafter, the subject moved to the pre-test room again and stayed in 10 minutes.  

2.4 Measurement 
Skin temperatures were measured at Hardy-DuBois’s 7 points (1938) with thermistors (NIKKISO-
THERM: ITP082-24) and recorded every 10 seconds by a data logger (NIKKISO-THERM: N543). 
Mean skin temperature was calculated using the Hardy-DuBois’s formula. Blood pressure was obtained 
at the wrist using blood pressure monitor (NISSEI: WSK-1011). As psychological responses, thermal 
sensation and thermal comfort were measured. These were recorded on a 7-point scale. The blood 
pressure and the psychological responses were measured at the time of after staying at the pre-test room, 
immediately after sitting on the toilet seat, immediately after the simulated defecation, just before 
moving back to the pre-test room and after staying at the pre-test room again. 

2.5 Statistical analysis 
Results of physiological and psychological responses were analysed by repeated-measures analysis of 
variance using SPSS Statistics ver. 23 (IBM). The factors were the combination of air temperature and 
operation of heating or cooling device and the data collection phase. Bonferroni method was used as 
multiple comparison technique. Differences at p<0.05 were significant for all statistical analysis. 
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3 RESULTS 

3.1 Mean skin temperature 
Figure 1 shows fluctuations in mean skin temperature (MST) under the four experimental conditions 
during winter of 2015. Each value shows the mean and standard deviation of the subjects. The MST 
under conditions of 10 ̊ C with using the heating device (10 ̊ C on) was higher than that of 10 ̊ C without 
using (10 ˚C off) during the toilet stay. Figure 2 shows fluctuations in MST during winter of 2016. The 
MST under conditions of ‘10 ˚C on’ was higher than that ‘10 ˚C off’ and rose during the toilet stay. 
Figure 3 shows fluctuations in MST during summer of 2015. The MST under conditions of 33 ˚C with 
using the cooling device (33 ˚C on) rose almost the same degree as that of 33 ˚C without using (33 ˚C 
off) during the toilet stay. 

  
Figure 1. Fluctuations in MST (winter of 2015) Figure 2. Fluctuations in MST (winter of 2016) 

  
Figure 3. Fluctuations in MST (summer of 2015) Figure 4. Changes in SBP (winter of 2015) 

3.2 Systolic blood pressure 
Figure 4 shows changes in systolic blood pressure (SBP) under the four experimental conditions during 
winter of 2015. Each value shows the mean and standard deviation of the subjects. After the simulated 
defecation, the elevation of SBP under the condition of 10˚C with using the heating device (10 ˚C on) 
was almost the same level as that of 20˚C without using (20˚C off). There was no significant difference 
in the SBP among the experimental conditions. Figure 5 shows changes in SBP during winter of 2016. 
After the simulated defecation, the elevation of SBP under the all experimental conditions was almost 
the same level. There was significant difference in the SBP among the experimental conditions 
(F(3,39)=3.67, p<0.01), but no difference between groups as the results of multiple comparison. Figure 

2 METHODS 

2.1 Experimental design 
The subjective experiments were conducted in an artificial climate chamber at Daido University in 
Japan. A toilet room for the experiments was set up in the chamber. The toilet room measures 1160 mm 
in width by 1450 mm in depth. A commercially available toilet basin (Panasonic: CH1101UZ) was 
installed in the toilet room. An electrical fan heater (dyson: HOT+COOL AM05) was used as the 
personal heating device, which can be used as personal cooling device too. The experiments were 
conducted during the winter and summer of 2015 and during the winter of 2016. During the winter 
experiment of 2016, the toilet seat heating apparatus was used. A series of experiments was carried out 
in a combination of air temperature and operation of heating or cooling device. The air temperature of 
the toilet room was set at 10 ˚C (assuming cold) and 20 ˚C (assuming neutral) in the winter experiment 
and set at 27 ˚C (assuming neutral) and 33 ˚C (assuming hot) in the summer experiment. The personal 
heating or cooling device was turned a switch on or off respective temperature conditions. When the 
heating device was operated, the temperature of hot air was set at about 40 ˚C. The relative humidity 
was set at 50% in all conditions. 

2.2 Subjects 
Eleven subjects (8 males and 3 females) in the winter of 2015, twenty subjects (9 males and 11 females) 
in the summer of 2015 and fifteen subjects (6 males and 9 females) in the winter of 2016 were 
participated in the experiments. All subjects were healthy college student. The subjects were required 
to wear a sweat shirt, sweat pants, T-shirt, underwear and socks in winter and to wear a T-shirts, shorts, 
underwear and socks in summer. The thermal insulation values of these ensembles were estimated to 
be 0.86 clo and 0.34 clo respectively. 
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The subject who had already put on the designated clothing, stayed sedentary in 30 minutes at a pre-test 
room, which was located adjacent to the climatic chamber. The air temperature of the pre-test room was 
set at 20 ˚C in winter and at 27 ˚C in summer. After staying at the pre-test room, the subject moved to 
the toilet room and stayed in 10 minutes. In the toilet room, the subject was requested to put off the 
lower wear and to sit on the toilet seat. As a simulated defecation, the subject was requested to strain 
for 30 seconds. Thereafter, the subject moved to the pre-test room again and stayed in 10 minutes.  

2.4 Measurement 
Skin temperatures were measured at Hardy-DuBois’s 7 points (1938) with thermistors (NIKKISO-
THERM: ITP082-24) and recorded every 10 seconds by a data logger (NIKKISO-THERM: N543). 
Mean skin temperature was calculated using the Hardy-DuBois’s formula. Blood pressure was obtained 
at the wrist using blood pressure monitor (NISSEI: WSK-1011). As psychological responses, thermal 
sensation and thermal comfort were measured. These were recorded on a 7-point scale. The blood 
pressure and the psychological responses were measured at the time of after staying at the pre-test room, 
immediately after sitting on the toilet seat, immediately after the simulated defecation, just before 
moving back to the pre-test room and after staying at the pre-test room again. 

2.5 Statistical analysis 
Results of physiological and psychological responses were analysed by repeated-measures analysis of 
variance using SPSS Statistics ver. 23 (IBM). The factors were the combination of air temperature and 
operation of heating or cooling device and the data collection phase. Bonferroni method was used as 
multiple comparison technique. Differences at p<0.05 were significant for all statistical analysis. 
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6 shows changes in SBP during summer of 2015. After the simulated defecation, the elevation of SBP 
under the condition of 27˚C with using the cooling device (27 ˚C on) was a little higher than the other 
conditions. There was significant difference in the SBP among the experimental conditions 
(F(3,57)=3.13, p<0.05). As the results of multiple comparison, there was significant difference between 
27˚C with using the cooling device (27 ˚C on) and 33˚C with using the cooling device (33 ˚C on). 

  
Figure 5. Changes in SBP (winter of 2016)  Figure 6. Changes in SBP (summer of 2015) 

  
Figure 7. Changes in TS (winter of 2015) Figure 8. Changes in TS (winter of 2016) 

3.3 Thermal sensation 
Figure 7 shows changes in thermal sensation (TS) under the four experimental conditions during winter 
of 2015. Each value shows the mean and standard deviation of the subjects. Under the condition of 10˚C 
with using the heating device (10 ˚C on), the TS warmed up from -1 (‘slightly cool’) to 0.5 (halfway 
between ‘slightly warm’ and ‘thermally neutral’) during stay at the toilet room, and finally was warmer 
than under the condition of 20˚C without using the heating device (20 ˚C off). Whereas the TS 
maintained 2.5 (halfway between ‘cool’ and ‘cold’) under the condition of 10˚C without using the 
heating device (10 ˚C off) during stay at the toilet room. There was significant difference in the TS 
among the experimental conditions (F(3,27)=14.25, p<0.01). As the results of multiple comparison, the 
TS of ‘10 ˚C on’ was significantly warmer than that of ‘10 ˚C off’ during the stay at the toilet room. 
Figure 8 shows changes in TS during winter of 2016. During stay at the toilet room, the subjects felt 
‘slightly cool’ (-1 on the scale) under the condition of ‘10 ˚C on’, whereas felt ‘cool’ (-2 on the scale) 
under the condition of ‘10 ˚C off’. There was significant difference in the TS among the experimental 
conditions (F(3,39)=44.60, p<0.01). As the results of multiple comparison, the TS of ‘10 ˚C on’ was 
significantly warmer than that of ‘10 ˚C off’ during the stay at the toilet room. Figure 9 shows changes 
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in TS during summer of 2015. During stay at the toilet room, the subjects felt ‘slightly warm’ (1 on the 
scale) under the condition of 33 ˚C with using the cooling device (33 ˚C on), whereas the subjects felt 
‘warm’ (2 on the scale) under the condition of 33 ˚C without using the cooling device (33 ˚C off). There 
was significant difference in the TS among the experimental conditions (F(2.1,39.4)=67.51, p<0.01). 
As the results of multiple comparison, the TS of ‘33 ˚C on’ was significantly cooler than that of ‘33 ˚C 
off’ during the stay at the toilet room. 

  
Figure 9. Changes in TS (summer of 2015) Figure 10. Changes in TC (winter of 2015) 

  
Figure 11. Changes in TC (winter of 2016) Figure 12. Changes in TC (summer of 2015) 

3.4 Thermal comfort 
Figure 10 shows changes in thermal comfort (TC) under the four experimental conditions during winter 
of 2015. Each value shows the mean and standard deviation of the subjects. Under the condition of 10˚C 
with using the heating device (10 ˚C on), the TC improved from -1 (‘slightly uncomfortable’) to 0 
(‘neither comfortable nor uncomfortable’) during stay at the toilet room, and finally was the same scale 
as under the condition of 20˚C without using the heating device (20 ˚C off). Whereas the TC maintained 
around -1 under the condition of 10˚C without using the heating device (10 ˚C off) during stay at the 
toilet room. There was significant difference in the TC among the experimental conditions 
(F(1.5,13.5)=7.41, p<0.05). As the results of multiple comparison, the TC of ‘10 ˚C on’ was 
significantly more comfortable than that of ‘10 ˚C off’ during the stay at the toilet room. Figure 11 
shows changes in TC during winter of 2016. The TC maintained -0.5 (halfway between ‘neither 
comfortable nor uncomfortable’ and ‘slightly uncomfortable’) under the condition of ‘10 ˚C on’ during 
stay at the toilet room. Whereas the TC dropped from -1 to -2 (‘uncomfortable’) under the condition of 
‘10 ̊ C off’ during stay at the toilet room. There was significant difference in TC among the experimental 
conditions (F(1.6,20.9)=33.22, p<0.01). As the results of multiple comparison, the TC of ‘10 ˚C on’ 
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27˚C with using the cooling device (27 ˚C on) and 33˚C with using the cooling device (33 ˚C on). 
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maintained 2.5 (halfway between ‘cool’ and ‘cold’) under the condition of 10˚C without using the 
heating device (10 ˚C off) during stay at the toilet room. There was significant difference in the TS 
among the experimental conditions (F(3,27)=14.25, p<0.01). As the results of multiple comparison, the 
TS of ‘10 ˚C on’ was significantly warmer than that of ‘10 ˚C off’ during the stay at the toilet room. 
Figure 8 shows changes in TS during winter of 2016. During stay at the toilet room, the subjects felt 
‘slightly cool’ (-1 on the scale) under the condition of ‘10 ˚C on’, whereas felt ‘cool’ (-2 on the scale) 
under the condition of ‘10 ˚C off’. There was significant difference in the TS among the experimental 
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was significantly more comfortable than that of ‘10 ˚C off’ during the stay at the toilet room. Figure 12 
shows changes in TC during summer of 2015. Under the condition of 33 ˚C with using the cooling 
device (30 ˚C on), during stay at the toilet room, the TC maintained -0.5. Whereas the TC dropped from 
-1 to -1.5 under the condition of 33 ˚C without using the cooling device (30 ˚C off) during stay at the 
toilet room. There was significant difference in TC among the experimental conditions (F(3,57)=14.59, 
p<0.01). As the results of multiple comparison, the TC of ‘33 ̊ C on’ was significantly more comfortable 
than that of ‘33 ˚C off’ during the stay at the toilet room. 

4 DISCUSSION 
Use of personal heating device in the toilet mitigated the drop of the mean skin temperature as 
physiological response, especially simultaneous use of the heating device and toilet seat heating 
apparatus. It was still unclear if the rise of systolic blood pressure caused by defecation was suppressed 
when the personal heating device was operated in winter. It was found out clearly that thermal sensation 
and comfort as psychological response was improved when the personal heating device was operated 
in winter and the personal cooling device was operated in summer while using the toilet. 

5 CONCLUSIONS 
This study aims to assess improvement effect on physiological and psychological responses while using 
a toilet in which a personal heating device is operated in winter and a personal cooling device is operated 
in summer. We found that use of personal heating device in winter may have potential to reduce the 
physiological load. Use of personal heating and cooling device improve the thermal comfort while using 
the toilet.  
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SUMMARY 
To clarify the influence of the relationship between the thermal environment and the physiological-
psychological responses on the work efficiency when fatigue, we measured the physiological-
psychological responses and the work efficiency for 13 young men under the normal sleep condition 
and the lack of sleep condition (2 hours less than normal sleep condition). 
As a result of having the subjects stay for 85 minutes in an artificial climate chamber set at 32oC/50%, 
no significant differences in thermal sensation were found between the normal sleep and the lack of 
sleep conditions. However, compared with the normal sleep condition, the lack of sleep condition 
showed a slight increase in the peripheral skin temperature after transition to a high-temperature 
environment, and this increase continued at a gentle pace until the end of the test. The amount of 
sweating was significantly smaller under the lack of sleep conditions.  
Keywords: Lack of sleep, High temperature environment, Amount of sweating, the skin temperature 
of the distal portion  

1 INTRODUCTION  
Iwahashi showed the survey result of the decrease on the working productivity by the electricity-saving 
measures in the office (Iwahashi, 2014). They reported that productivity decreased by an average of 
6.6%. In particular, the “temperature setting on air conditioning (44%)” was the single largest barrier to 
productivity due to power-saving being. A fatigue has been implicated in the reduction of the working 
efficiency, and the air temperature of the work environment is thought to be a major factor affecting 
fatigue and work efficiency. Therefore, we thought that the appropriate setting of the air temperature 
can decrease fatigue and increase work efficiency, thus leading to benefits for workers.  
In the present study, we examined the effect of the relationship between the thermal environment and 
the physiological-psychological responses on the work efficiency when fatigue in the high temperature 
environment.  

  

was significantly more comfortable than that of ‘10 ˚C off’ during the stay at the toilet room. Figure 12 
shows changes in TC during summer of 2015. Under the condition of 33 ˚C with using the cooling 
device (30 ˚C on), during stay at the toilet room, the TC maintained -0.5. Whereas the TC dropped from 
-1 to -1.5 under the condition of 33 ˚C without using the cooling device (30 ˚C off) during stay at the 
toilet room. There was significant difference in TC among the experimental conditions (F(3,57)=14.59, 
p<0.01). As the results of multiple comparison, the TC of ‘33 ̊ C on’ was significantly more comfortable 
than that of ‘33 ˚C off’ during the stay at the toilet room. 

4 DISCUSSION 
Use of personal heating device in the toilet mitigated the drop of the mean skin temperature as 
physiological response, especially simultaneous use of the heating device and toilet seat heating 
apparatus. It was still unclear if the rise of systolic blood pressure caused by defecation was suppressed 
when the personal heating device was operated in winter. It was found out clearly that thermal sensation 
and comfort as psychological response was improved when the personal heating device was operated 
in winter and the personal cooling device was operated in summer while using the toilet. 

5 CONCLUSIONS 
This study aims to assess improvement effect on physiological and psychological responses while using 
a toilet in which a personal heating device is operated in winter and a personal cooling device is operated 
in summer. We found that use of personal heating device in winter may have potential to reduce the 
physiological load. Use of personal heating and cooling device improve the thermal comfort while using 
the toilet.  
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2 METHODS 

2.1 Subject overview 
Table 1 shows the subject overview. 13 healthy adult males were selected for this study (mean age: 23 
years; mean height: 171.2 cm; mean weight: 66.5 kg). Due to the hypothesis that the time of the 
experiment may have an effect on the study results, we took the survey of the Morningness-Eveningness 
Questionnaire by Ishihara) and found the study population to contain 9 midday-type subjects, 3 
predominantly morning-type subjects, and 1 predominantly evening-type subject (Ishihara, 1986). The 
experiment was conducted only during morning hours, and because no wholly evening-type subjects 
were found among the subjects, all 13 subjects were included in analysis. 
 
 

Table.1 Subject overview

 
 

2.2 Clothing  
The subjects wore short-sleeve t-shirts and short pants over their underwear (0.29 Clo).

2.3 Experimental dates  
The experiments were conducted between August and October, 2015. Experiments were conducted 
between 8:30 am and 1:30 pm.  

2.4 Experimental location  
The experiments were conducted in two climate chambers. The two rooms were designated the pre-test 
room and the test room. Both rooms contained a desk and a chair. Both rooms equipped with laptop 
computers. Experiments were capped at two subjects per day, and a partition was erected between 
participants so that they could not view each other’s work. 

Subject Age Hegiht
(cm)

Weight
(kg)

Body surface
 area （m2

）
Morningness-Eveningness Type

Sub.A 23 160 61.6 1.60 Middle-type
Sub.B 24 178 77.0 1.90 Middle-type
Sub.C 24 160 61.3 1.60 Predominantly morning-type
Sub.D 22 165 72.6 1.76 Middle-type
Sub.E 22 176 60.9 1.70 Middle-type
Sub.F 24 184 73.8 1.90 Predominantly morning-type
Sub.G 24 171 77.2 1.85 Predominantly morning-type
Sub.H 22 171 62.1 1.68 Middle-type
Sub.I 21 176 67.4 1.77 Middle-type
Sub.J 22 172 64.4 1.71 Predominantly evening-type
Sub.K 23 167 61.3 1.64 Middle-type
Sub.L 21 172 51.7 1.55 Middle-type
Sub.M 27 174 73.3 1.83 Middle-type

Average (SD) 23.0 （1.63） 171.2（6.91） 66.5（7.70） 1.70（0.12） ―
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2.5 Measurement items and experimental schedule   
Table 2 shows the measurement items and the experimental schedule. A physical parameters of the air 
temperature, the relative humidity, the globe temperature, and the air velocity were measured every 30 
seconds. A physiological responses of the tympanic temperature, the skin temperature (Hardy & DuBois 
7 point method and the toe temperature), and the body weight loss was measured as the amount of the 
sweat. A part of the body weight loss is also caused by the evaporation of water via exhalation (by 
breathing). However, it could be assumed that the loss of water by breathing is about the same in both 
groups thus the saturation conditions of exhaled air is the same. So we defined the body weight loss as 
the amount of the sweat. In addition, the psychological responses of the thermal sensation and the 
thermal comfort sensation and so on were also measured. The experiments were conducted in two parts 
(Section 1 and Section 2) with a break in between. The front room was maintained at 25oC and 50% 
relative humidity, and a home air conditioner was used to precisely hold the temperature 0.5 m above 
the floor at 25oC. The experimental room was set to one of two different conditions, 28oC (Middle 
temperature condition) or 32oC (High temperature condition). Relative humidity was set at 50%. 
Identical temperature conditions were used for Sections 1 and 2. 

Table.2 Measurement items and experimental schedule

 
 
 

2.6 Fatigue conditions 
We created conditions of sleep deprivation by instructing the subjects go to sleep 2 hours later than their 
typical sleep time. And the subjects had also the normal sleep condition for a comparison purpose.  
Experimental order was randomized, with two temperature conditions (Middle temperature at 28oC and 
High temperature at 32oC) and two fatigue conditions (normal sleep condition and lack of sleep 
condition).
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3 RESULTS 
The experiments were conducted in two parts (Section 1 and Section 2) with a break in between. In this 
paper, the results of the Section 2 of the 32 oC condition are shown.

3.1 Skin temperature  
Fig.1 shows a comparison of the fluctuation conditions over time for average and toe-tip skin 
temperatures under the 32oC condition. The data presented are the average values. Entry into the test 
room was marked “−10 minutes.” 
No significant difference was observed in the average skin temperature between the normal sleep 
condition and the lack of sleep conditions. For the increase in toe-tip skin temperature, while no 
significant differences were observed between the conditions until 5 minutes after entering the test room 
(time: −5 minutes). After that time, the toe-tip skin temperature approached a peak 30 minutes after 
entry of the subjects to the test room (time: 20 minutes), where it changed between stable, decreasing, 
and increasing under the normal sleep condition. However, the toe-tip skin temperature moderately 
elevated continued to gradually increase until the end of the test under the lack of sleep condition.

3.2 Amount of the sweating  
Fig. 2 shows a result of the amount of the sweating under the 32 oC condition. The data is the average 
values. The amount of the sweating decline in body weight from the test start to its end was defined as 
the sweat generation quantity. The amount of the sweating of the lack of sleep condition was significant 
less than that of the normal sleep condition (P<0.05).

3.3 Thermal sensation 
When the thermal sensations reported according to body part for the test start and end times were 
compared by condition for average values, the head and upper body were evaluated as hotter when 
compared with the back of the hand, lower body, and back of the foot. However, there were no 
significant differences between the fatigue conditions.

4 DISCUSSION 
The amount of the sweating in the lack of sleep condition was significantly smaller than that in the 
normal sleep condition. Fujita has reported that lack of sleep is tied to a decrease of amount of sweating 
at the time of the foot bathing (Fujita, 2003). It showed the same tendency in the present study that the 
lack of sleep had a decrease on the subject’s amount of sweating. 
In general the heat loss is promoted by vasodilation in peripheral areas in high temperature 
environments, and body temperature adjustment is performed.  It thought that the increase of the toe-
tip skin temperature was vasodilation in the present study. In this experiment, the increase in toe-tip 
skin temperature was small under the lack of sleep condition. It may that the slow increase in toe-tip 
skin temperature until the test end was time delays in vasodilation.  It thought that the lack of sleep 
might lead the dulled vasodilation and the reduction in the amount of sweating. 
In the future, we will examine the of other measurement items and to proceed consider the effects of 
physiological and psychological quantities during the lack of sleep on work efficiency. 
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Figure 1. The change of the skin temperature under each condition 

 
Figure 2. The amount of sweating under each condition 
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The experiments were conducted in two parts (Section 1 and Section 2) with a break in between. In this 
paper, the results of the Section 2 of the 32 oC condition are shown.

3.1 Skin temperature  
Fig.1 shows a comparison of the fluctuation conditions over time for average and toe-tip skin 
temperatures under the 32oC condition. The data presented are the average values. Entry into the test 
room was marked “−10 minutes.” 
No significant difference was observed in the average skin temperature between the normal sleep 
condition and the lack of sleep conditions. For the increase in toe-tip skin temperature, while no 
significant differences were observed between the conditions until 5 minutes after entering the test room 
(time: −5 minutes). After that time, the toe-tip skin temperature approached a peak 30 minutes after 
entry of the subjects to the test room (time: 20 minutes), where it changed between stable, decreasing, 
and increasing under the normal sleep condition. However, the toe-tip skin temperature moderately 
elevated continued to gradually increase until the end of the test under the lack of sleep condition.

3.2 Amount of the sweating  
Fig. 2 shows a result of the amount of the sweating under the 32 oC condition. The data is the average 
values. The amount of the sweating decline in body weight from the test start to its end was defined as 
the sweat generation quantity. The amount of the sweating of the lack of sleep condition was significant 
less than that of the normal sleep condition (P<0.05).

3.3 Thermal sensation 
When the thermal sensations reported according to body part for the test start and end times were 
compared by condition for average values, the head and upper body were evaluated as hotter when 
compared with the back of the hand, lower body, and back of the foot. However, there were no 
significant differences between the fatigue conditions.

4 DISCUSSION 
The amount of the sweating in the lack of sleep condition was significantly smaller than that in the 
normal sleep condition. Fujita has reported that lack of sleep is tied to a decrease of amount of sweating 
at the time of the foot bathing (Fujita, 2003). It showed the same tendency in the present study that the 
lack of sleep had a decrease on the subject’s amount of sweating. 
In general the heat loss is promoted by vasodilation in peripheral areas in high temperature 
environments, and body temperature adjustment is performed.  It thought that the increase of the toe-
tip skin temperature was vasodilation in the present study. In this experiment, the increase in toe-tip 
skin temperature was small under the lack of sleep condition. It may that the slow increase in toe-tip 
skin temperature until the test end was time delays in vasodilation.  It thought that the lack of sleep 
might lead the dulled vasodilation and the reduction in the amount of sweating. 
In the future, we will examine the of other measurement items and to proceed consider the effects of 
physiological and psychological quantities during the lack of sleep on work efficiency. 
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SUMMARY  
For this paper, thermal demand in all the places in an office building was surveyed. The purpose of thes 
survey was to analyse the characteristics of thermal demand at various places, including the 
passageways. Descriptive type questionnaires are sometimes used for surveying conventional thermal 
demand. However, such questionnaire is not suitable for this survey. Therefore, we created a new type 
of questionnaire in which the responses can be recorded without writing. This questionnaire was created 
using bingo cards. Therefore, it is answered by just pressing down with a finger. This aimed at 
simplifying the answering process. The questionnaire survey was conducted in an office building during 
summer. This survey confirmed that there is a difference between thermal demands at each place in the 
office building. In addition, it was deduced that stay time, frequency of use, and gender were the causes 
of the difference. The results obtained in this study could be useful for reviewing the set temperatures 
for all the places in an office. In the future, it is necessary to widen the scope of the questionnaire survey 
and to include more detailed thermal demands. 
Keywords: questionnaire, thermal demand, answer, stay time, nonuniformity 

1 INTRODUCTION  
The conventional office air conditioning is designed for the purpose of the uniform environmental 
formation. Therefore a radiation air conditioning system that forms uniform environment is an effective 
air conditioning system. However, it is difficult to meets the needs of all office workers because the 
thermal comfortable feeling depends on the personal situation. In addition, there is two main spaces in 
the office building. One is a space premised on a long-time stay such as a work room. The other is a 
space premised on short-term stay such as a toilet and or an elevator. There are little studies about 
thermal comfort of the space premised on short-term stay. Therefore, the thermal demand in such space 
is not clear. The purpose of this research is to obtain suggestions on coexistence of comfort and energy 
saving performance in consideration of nonuniformity of air conditioning. Therefore, a questionnaire 
survey on a thermal demand in consideration of the personal situation was conducted. 
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2 METHODS 

2.1 Development of simple questionnaire 

Descriptive questionnaires are sometimes used for surveying conventional thermal demand. However, 
there are some problems with this type of questionnaire. The first problem is that it takes time to answer 
questions. The second problem is that these surveys have be answered while the employees are still in 
the office space. If these problems are not solved, it may not be possible to survey the thermal demand 
of each place in the office building. Therefore, for this survey, we created a simple questionnaire was 
created using bingo cards. It is answered by just pressing down with a finger. Further, it does not limit 
the number of answers and the time provided for each answer. Hence, this simple questionnaire enabled 
the office workers to answer at ease. Table 1 shows the question items. The answer time was shortened 
by selecting fewer question items. 

Table 1. Simple questionnaire item 
Question item Answer item 

Sex Male Female      
Time zone 7-9 

o'clock 
9-12 

o'clock 
12-13 

o'clock 
13-17 

o'clock 
   

Day of Week Monday Tuesday Wednesday Thursday Friday Saturday Sunday 
Demand for 

change in room 
temperature 

Over 
-3°C 

 
-2°C 

 
-1°C 

No 
change 

 
+1°C 

 
+2°C 

Over 
+3°C 

action taken 
5 minutes ago 

Office Changing 
room 

Dining 
room 

Outdoors In the car   

2.2 Survey building overview 
The questionnaire survey was carried out in an office building in Tokyo, Japan. This is a 5-story 
building. The second and the third floor have offices. The number of office workers is about 300. The 
estimated clo value of male clothing was 0.6 to 0.7, and female was 0.5 to 0.6. Because some men wore 
working clothes, the value of the male clothing was high. The survey was carried out between August 
23 and September 1 in 2017. 

2.3 Data collection 
Questionnaires were installed at various places in the office building. Table 2 shows the installation 
location on each floor. No questionnaires were installed on the 4th floor because there are no employees 
there. The questionnaire was installed with the distribution device shown in Figure 1. The one 
surrounded by the red line Figure 1 is a small temperature humidity data logger. This data logger 
compares the temperature humidity at the time of answering with the answer to the questionnaire. Figure 
2 shows a setting example of the distribution device of the office floor. Some distribution devices are 
installed in the office area. A number is added to the questionnaire of each place in the office. Therefore, 
they can be distinguished from each other after collection.  
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Table 2. Installation location on each floor 
1st Floor Entrance,   Elevator hall 

2nd, 3rd Floor Office,   Free space,   Conference room,   Toilet 
4th Floor - 
5th Floor Changing room,   Cafeteria 

 

       
Figure 1. Simple questionnaire                                Figure 2. Example of setting 

 

3 RESULTS 

3.1 The number of questionnaire sheets collected 
Table 3 shows the number of questionnaire sheets collected every day. The total number of collected 
sheets was 304 in total, 161 for men and 143 for women. Therefore, about once per person was obtained. 
Also, it was answered on the whole day except the holiday.  

Table 3. The number of sheets collected every day 
Week Sun Mon Tue Wed Thurs Fri Sat 
Day    8/23 8/24 8/25 8/26 

Collected number    92 59 52 0 
Day 8/27 8/28 8/29 8/30 8/31 9/1  

Collected number 0 0 30 35 18 18  

3.2 The characteristics of thermal demands at each place 
Figure 3 shows the room temperature change demands at each place. Figure 4 shows the actions taken 
five minutes ago at each place. Figure 5 shows the room temperatures and the demanded temperatures 
at each place. The demanded temperature is the measured room temperature plus the answer of -3 to 
+3. From the result of the demanded temperature, it was confirmed that there were demands to lower 
the room temperature in the building. In addition, it was confirmed that there was a difference in thermal 
demand at each place from the difference in the number of sheets collected. Many of the entrance and 
elevator answers were staying outdoors five minutes ago. The number of sheets collected of office, free 
space and toilet was big difference between male and female.  
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-3°C 

 
-2°C 

 
-1°C 

No 
change 

 
+1°C 

 
+2°C 

Over 
+3°C 

action taken 
5 minutes ago 

Office Changing 
room 

Dining 
room 

Outdoors In the car   

2.2 Survey building overview 
The questionnaire survey was carried out in an office building in Tokyo, Japan. This is a 5-story 
building. The second and the third floor have offices. The number of office workers is about 300. The 
estimated clo value of male clothing was 0.6 to 0.7, and female was 0.5 to 0.6. Because some men wore 
working clothes, the value of the male clothing was high. The survey was carried out between August 
23 and September 1 in 2017. 

2.3 Data collection 
Questionnaires were installed at various places in the office building. Table 2 shows the installation 
location on each floor. No questionnaires were installed on the 4th floor because there are no employees 
there. The questionnaire was installed with the distribution device shown in Figure 1. The one 
surrounded by the red line Figure 1 is a small temperature humidity data logger. This data logger 
compares the temperature humidity at the time of answering with the answer to the questionnaire. Figure 
2 shows a setting example of the distribution device of the office floor. Some distribution devices are 
installed in the office area. A number is added to the questionnaire of each place in the office. Therefore, 
they can be distinguished from each other after collection.  
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Figure 5. The room temperatures and the demanded temperatures at each place 

 

3.3 Calculation of primary energy consumption 
Figure 6 shows the primary energy consumption.  The change of the primary energy consumption when 
room temperature of the building was lowered by 0.5 degrees Celsius was calculated. Considering the 
present room temperature of the office, the standard room temperature was set to 25.7 degrees. 
Therefore, the demanded temperature was set to 25.2 degrees. In this research, it was calculated easily 
using the degree day. Degree day is the sum of the difference between the set temperature and the 
outside temperature over the period. The data used was BEMS for August in summer. From the results, 
it was confirmed that if the room temperature is lowered by 0.5 degrees, the primary energy 
consumption in August will increase by about 20%.  
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4 DISCUSSION 
The number of collected simple questionnaires was much larger than the writing type questionnaire. 
Therefore, it is thought that an active reply of the office workers was obtained.  
Many of the entrance and elevator answers were staying outdoors five minutes ago. Therefore, it is 
thought that rapid cooling immediately after entry is demanded. 
The number of sheets collected of office, free space and toilet was big difference between male and 
female. As a factor of this, difference in value of clothing and difference in staying time can be 
considered.  
If the room temperature is lowered by 0.5 degrees, the primary energy consumption in August will 
increase by about 20%. Since this increase in primary energy consumption is too large, it seems that it 
is necessary to adjust the room temperature at each place. 

5 CONCLUSIONS 
This survey established that there are differences in thermal demands at each place in the building. The 
results obtained in this survey are useful for reviews of room temperature settings at each place and for 
examination of addition of cooling points. Therefore, further comfort and energy saving-related 
coexistence are expected. 
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SUMMARY 
This study examined the effect of temperature and humidity ramps with small air movement, which can 
occur when a room air conditioner (AC) is turned on. Thirty-one young volunteers were exposed to 32 
°C operative temperature and a 21.1 g/kg humidity ratio for an initial 30 minutes. Thereafter, the AC 
started to blow air at Time 0. For the next 30 minutes, the temperature was lowered to 28 °C with 
constant humidity. For the last 60 minutes of the experiment, the humidity was lowered to 9.43 g/kg, 
while the temperature was kept at 28 °C. Mean skin temperature was measured continuously; thermal, 
comfort, and airflow sensations were measured every 3 minutes using 0–100 visual analogue scales. 
For the last 90 minutes, the overall and local thermal sensations were kept within a neutral range. There 
were few gender differences in the thermal sensations, although the foot skin temperature of women fell 
more rapidly than that of men. The foot airflow sensation of women kept increasing gently despite the 
decrease in air velocity. These results indicate that household residents may confuse a lowering body 
temperature with air movement. Such amplification of airflow sensation could be a sign of overcooling 
from excessive AC use.  
Keywords: ramp change, airflow overhead, airflow sensation 

1 INTRODUCTION 
In 2017, 91.1 % of Japanese households, comprising two or more people, were equipped with a room 
air conditioner (AC) according to the Statistics Bureau of Japan (Japanese Statistical Yearbook 2017). 
Hence most residents in Japan use AC to cool and dehumidify air during the hot and humid summer 
season. AC use involves exposure to rapid ramp changes in temperature and humidity upon entering a 
room from outdoors. In addition, there is exposure to drafts from overhead AC vents, which are typically 
located on the upper part of walls or on the ceiling. Few studies have examined the effects of human 
exposure to such thermal fluctuations, although the temperature and/or humidity ramp experiments have 
been conducted in still air (de Dear et al., 2013; Li et al., 2017). This study used human subjects to 
examine thermal, comfort, and airflow sensations in response to indoor conditions generated by AC use.  

2 METHODS 

2.1 Experimental conditions 
The experiment was conducted at Kyoto Prefectural University in a climate chamber in which the AC 
(Johnson Controls-Hitachi Air Conditioning RAS-X28G) was installed 2,000 mm above the floor. In 
order to reduce variation in temperature and humidity distribution within the chamber, the chamber was 
temperature- and humidity-controlled, despite the AC blowing air from overhead. Fig. 1 shows the 
location of the experiment. The chamber was maintained at a 32 °C operative temperature and 70 % 
relative humidity (RH) for 30 minutes before the AC started blowing air at Time 0. For the next 30 
minutes, the temperature was lowered to 28 °C and the humidity ratio was kept constant at 21.1 g/kg 

4 DISCUSSION 
The number of collected simple questionnaires was much larger than the writing type questionnaire. 
Therefore, it is thought that an active reply of the office workers was obtained.  
Many of the entrance and elevator answers were staying outdoors five minutes ago. Therefore, it is 
thought that rapid cooling immediately after entry is demanded. 
The number of sheets collected of office, free space and toilet was big difference between male and 
female. As a factor of this, difference in value of clothing and difference in staying time can be 
considered.  
If the room temperature is lowered by 0.5 degrees, the primary energy consumption in August will 
increase by about 20%. Since this increase in primary energy consumption is too large, it seems that it 
is necessary to adjust the room temperature at each place. 

5 CONCLUSIONS 
This survey established that there are differences in thermal demands at each place in the building. The 
results obtained in this survey are useful for reviews of room temperature settings at each place and for 
examination of addition of cooling points. Therefore, further comfort and energy saving-related 
coexistence are expected. 
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(70–88 %RH). Then, the humidity was lowered to 9.43 g/kg (40 %RH) for the final 60 minutes while 
the temperature was kept at 28 °C. Fig. 2 shows the schema of the experiment. 
 
 
 
 
 
 
 
 
 
 
Figure 1. Location of the experiment  Figure 2. Schema of the experiment 
 

2.2 Subjects 
The subjects included 16 Japanese men (age: 22.6 ± 1.4 years; height: 169.4 ± 5.7 cm; weight: 60.6 ± 6.5 kg; 
BMI: 21.1 ± 2.0) and 15 Japanese women (age: 21.8 ± 1.8 years; height: 158.5 ± 4.2 cm; weight: 49.1 ± 4.6 kg; 
BMI: 19.6 ± 1.7). Each subject gave his/her written informed consent prior to the experiment. All subjects 
participated voluntarily in the experiment and were compensated for their participation. 

2.3 Procedure 
The experiment was conducted from 17 July to 17 August 2017. To ensure that the subjects' metabolism 
was stable, the hour after subjects had eaten either lunch or breakfast was avoided in the experiment. 
The subjects wore typical summer clothing (T-shirt, shorts, and underwear, all made of cotton) with an 
insulation level estimated at 0.39 clo by ISO 9920 (ISO, 2007). Each subject walked into the chamber 
and sat in a chair located 3 meters in front of the AC. Measuring instruments were then attached to each 
subject within 20 minutes following entry into the chamber.  

2.4 Measurements 
By responding to visual analogue scales, the subject reported his/her thermal, comfort, air humidity, 
and airflow sensations every 5 minutes before the AC was started (Time 0), and every 3 minutes 
thereafter. His/her thermal and airflow sensations for foot were also reported in the same manner. 
A numerical value from 0–100 was assigned to each response on the scale. Welch's t-tests were used to 
look for gender differences in the responses. Air temperature and velocity were measured by 0.3 mm 
T-type thermocouples and anemometers (KANOMAX model 1550; accuracy: ±0.1 m/s) located 100, 
650, and 1,100 mm above the floor and 600 mm in front of each subject. Other measurements taken at 
650 mm above the floor included: globe temperature using a globe thermometer, wet bulb temperature 
using an aspirating psychrometer, and relative humidity using a hygrometer (SENSIRION SHT75; 
accuracy: ±1.8 %RH). Skin temperature and sensible heat flux at the forehead were measured using a 
heat flow meter (ETO S11A). Skin temperatures at the trunk, hand, upper arm, front thigh, front shin, 
and foot, and ear canal temperature were measured using a portable thermistor logger (NY Logger 
N542R_20d; accuracy: ±0.01 °C). Mean skin surface temperature was calculated using the method 
described by Hardy and DuBois (1938).  
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3 RESULTS 
Fig. 3 shows the time series of relative humidity, air temperature, and air velocity. Relative humidity 
reached 88 % at 30 minutes and gradually decreased to 43 %. The air temperatures at all three heights 
fell immediately from 32 °C to 28 °C at 0 minutes and then stayed stable, although the air temperature 
at 1,100 mm was slightly lower than those at 100 and 650 mm. The velocities at 100 mm and 650 mm 
were 0.3 m/s at 0 minutes, and gradually reduced to 0.25 and 0.2 m/s, respectively. They were 
consistently lower than that at 1,100 mm. Thus, the physical conditions were mostly controlled as 
intended. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Time series results of the environmental conditions 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Time series of mean skin temperature, and of thermal and comfort sensations 
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Fig. 4 shows the time series of mean skin temperature, whole body thermal sensation, and comfort 
sensation. The mean skin temperature of the women was higher than that of the men at the beginning 
of the experiment, but decreased more rapidly and was eventually lower than that of the men at the end 
of the experiment. From 0 to 90 minutes, thermal sensations of both women and men were within the 
neutral range of 40–60, although there was a gradual decrease within the range. The comfort sensations 
of women and men exceeded 50 at 6 minutes and 15 minutes, respectively, and both reached 70 by the 
end of the experiment. 
 
 
 
 
 
 
 
 
 
 
Figure 5. Time series of foot skin temperature, and of thermal and airflow sensations for foot 
 
Fig. 5 shows the time series of foot skin temperature, foot thermal sensation, and foot airflow sensation. 
In the same manner as the mean skin temperature, the foot skin temperature of the women was higher 
than that of the men at the beginning, then reduced more rapidly, and was lower than that of the men at 
the end of the experiment. After at time 0, foot thermal sensation was slightly higher than the global 
thermal sensation, and decreased from 63 to 43, while the airflow sensations of the women and the men 
increased from 40 to 60, and from 30 to 45, respectively. For the last 30 minutes, the airflow sensation 
of the women was significantly higher than that of the men. 

4 DISCUSSION 

4.1 Expansion of the comfort range 
In order to estimate the environmental conditions, the universal effective temperature ETU (Nagano 
and Horikoshi, 2011; Nagano Laboratory, 2017) was calculated. The predicted mean vote PMV (Fanger, 
1970; ISO 7730, 2005) was also calculated, since the air temperature and humidity changed moderately 
after 6 minutes, although the PMV is unsuitable for evaluating non-steady state conditions. For the 
calculation of ETU, the skin temperature and wettedness were estimated by the two-node model (Gagge 
et al., 1986; Fobelets and Gagge, 1988). The metabolic rate was set as 1.1 met (ASHRAE, 2013), as the 
subjects responded to the scales every 3 minutes while in a sedentary posture. Fig. 6 shows the time 
series of these indices.  
The comfort range for Japanese people in the summer, estimated by Shimura et al. (1996), was 
converted to an ETU of 26.06 to 28.49 °C. The ETU reached the upper limit of its range by 67 minutes. 
The PMV reached +0.5, which reflects the upper limit of Category B (ISO 7730, 2005) thermal comfort 
requirements by 59 minutes. Then, both indices remained stable to the end. The subjects, however, felt 
comfortable much earlier, by 15 minutes at the latest as shown in Fig. 4. Thus, the actual upper limit of 
the comfort range was raised to approximately 31 °C ETU and +1.1 PMV, corresponding to the values 
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at 15 minutes. A similar expansion of range has been reported by Nagano et al. (2005), in a study which 
exposed Japanese young men to step changes from an uncomfortably hot to a comfortably cool 
environment. It is suggested that those subjects preferred the hotter environment to the bigger down-
step change of the “feels like” temperature. 
 
 
 
 
 
 
 
 
Figure 6. Time series of ETU and PMV thermal indices  

4.2 Contradiction of foot airflow sensation 
Even though skin temperature, especially women's foot temperature, fell throughout the experiment, the 
subjects felt increasingly comfortable during the experiment and maintained a thermally neutral 
sensation. This means that the subjects did not notice the lowering of their skin temperature. However, 
there was an increase in airflow sensation at the subjects' feet, especially in women, in spite of a decrease 
in velocity 100 mm above floor level. This suggests that the subjects confused lowering skin 
temperature with air movement.  

5 CONCLUSIONS 
After the heat stress, the 31 °C ETU and +1.1 PMV, corresponding to levels above the upper limit of a 
conventional comfort range, should be perceived as adequately comfortable. Therefore, AC use can be 
reduced at such levels. However, this hotter condition can still chill the body, especially women's 
peripheral limbs. For residents' improved health and larger energy savings, it would be better to turn the 
thermostat up or stop dehumidifying the indoor environment. However, residents are unlikely to do this 
if they do not realize the necessity. Accordingly, the foot airflow sensation attracts attention to this 
matter. If it were known that the perception of airflow at the feet really reflects reduced body 
temperature, there would be beneficial implications for residents' health to prevent overcooling in 
summer. Consequently, foot airflow sensation could be key for solving problems associated with AC 
use. 
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SUMMARY 
The purpose of this study is to clarify the significance of incorporating visual stimulation by indoor 
floor plants into the office space. Using 28°C air conditioning as a reference point, we experimented on 
9 healthy adolescent female subjects in an environment with a temperature range that is slightly 
uncomfortable. The thermal environment conditions established were air temperature in 3 stages (25°C, 
28°C and 31°C), homogeneous with wall surface temperature equal to air temperature. The visual 
stimulations were 8 types of office space images: pachira, monstera, butterfly palm, yucca elephantipes, 
weeping fig, umbellata, snake plant, and the condition with no indoor floor plant visual stimulation. For 
an ETF below about 26℃, visual stimulation from indoor floor plants was shown to be effective on 
alleviating the sensation of being cool. This effect was found to be significant for umbellata and 
monstera that have rounded leaves and low leaf density. The visual stimulations were shown to alleviate 
the sensation of being cool due to visual stimulation from indoor floor plants. Visual stimulation from 
indoor floor plants was shown to improve the feeling of discomfort. This effect was shown to be 
significant for pachira, monstera, weeping fig and umbellata that all have rounded leaves. 
Keywords: ETF, Indoor floor plant, Thermal sensation, Thermal comfort, Visual stimulus 

1 INTRODUCTION 
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evolve adaptively to cause positive emotional response or actions in the human evolution process. When 
connected in an advantageous environment for survival, effective relaxation and recovery from fatigue 
are brought about as further physiological functions rather than a simple stress free situation. 
This Biophilia Hypothesis has been examined in many experiments. The physician, Selhub, and the 
natural therapist, Logan, gathered case studies from around the world in “Your Brain on Nature” (Selhub 
and Logan, 2012). The biophilia hypothesis had withstood scrutiny from scientific investigation. For 
example, the actions we take when walking on a woodland path, when walking on a pavement in a built 
up business district or when finding a stunning vista on a drive are all evidence of the biophilia 
hypothesis. 
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environment evaluation index ETF (Kurazumi et al., 2010) of around 27-29℃, was shown to improve 
thermal sensation resulting from the reports of the visual stimulation of small potted plant foliage. Also, 
an ETF of around 26-29℃ was shown to improve the feeling of comfort resulting from the reports of 
the visual stimulation of small potted plant foliage. This result shows that no feeling of pressure from a 
green covering factor of 0.75% to 4.67% is remarkable. Small indoor floor plants were included in the 
natural environment element of personal space and with the distance between the plant and human being 
relatively close it is necessary to ensure that the spread of the crown is not oppressive. Having small 
indoor floor plants on office desktops as part of the natural element is suggested to make an office space 
a more energy efficient amiable environment. 
Although research has been conducted on various states of greenery on visual stimulation, investigations 
with indoor floor plants are rare. In office or living space, indoor floor plants are utilized as an effective 
method to relax. Then, through experiments on subjects in mildly uncomfortable thermal environments 
with a set air-conditioning temperature of 28℃, a thermal environment evaluation index ETF 
(Kurazumi et al., 2010) was used to show that the greenery of indoor floor plants influenced cognitive 
stimulation. 

2 METHODS 
The experiment was similar to that conducted by Kurazumi et al. (2014, 2017) wherein we investigated 
the improving effects on thermal environment of visual stimulation from plants. The experiment was 
conducted in the artificial climate chamber. In order to bring the wall and air temperature into 
equilibrium, thick curtains were installed. The lab was colored white to minimize the effects of visual 
stimulation. The experiment was run using a screen installed in the lab to display visual stimulation. 
Thermal environment conditions were set using 3 values for air temperature, 25℃, 28℃ and 31℃ 
where the wall and air temperature were brought into equilibrium. The air velocity (still air at less than 
0.2m/s) and relative humidity (60% RH) were stabilized for each condition. 
The subjects were asked to change into whit e clothing to minimize the effects from visual stimulation 
in order to verify influences on the human body. The subjects were asked to sit at a desk and quietly 
work on a task during the experiment. 9 healthy adolescent female university students were used as the 
test subjects. The 9 females were 155.0±4.3cm tall and weighed 49.0±6.7kg. All of the test subjects 
were of standard physique. 
The subjects were initially asked to sit for over 45 min in an adjoining room that had settled to a 
homogeneous wall and air temperature equal to the experimental conditions. The subject then quickly 
moved to the experiment room and was immersed for over 15 min. Furthermore, the immersion time 
was over 60 min in order to acclimatize the subject and to cut off the climate history that might have 
influenced the body temperature. Then, once the set temperature environment conditions and set posture 
in the immersed conditions were met, the visual stimulation experiment began. 
Visual stimulation consisted of a total of 8 images, 7 of which were of 1.0-1.3m tall indoor floor plants 
on the office floor and one control image consisting of an office floor space with a green covering factor 
of 0%. The green covering factor is the percentage of the visual stimulation screen taken up by green 
from the potted plant. Characteristics of the visual stimulation are as follows. Each visual stimulation 
was presented for 180s, then 30s later the subject reported their physiological sensations. Visual 
stimulations were presented in a random order. 
Figure 1 shows the experimental indoor floor plants. 7 images included visual stimulation from the 
indoor floor plants, pachira, monstera, butterfly palm, yucca elephantipes, weeping fig, umbellata and 
snake plant, and 1 image of a space with no visual stimulation. Monstera and umbellata were selected 
for their large leaf surface area. Weeping fig was selected for its small leaf surface area. Pachira, 
butterfly palm, yucca elephantipes and snake plant were selected for their characteristic silhouette. They 
are each used as indoor floor plants for offices.  
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Furthermore, for an eye height of 1.2m for the subject, the solid angle ratio of visual stimulation when 
the line of sight is taken to be the center of the presentation screen are 0.09, 0.10 and 0.09 for Positions 
A, B and C, respectively. The variation of solid angle ratio of visual stimulation from the observer 
position is 0.01, which is not considered significant.  
 
 

 
Figure 1. Indoor floor plants. 

 
 

3 RESULTS AND DISCUSSION 

3.1 ETF and thermal sensation 
Figure 2 shows the relationship between ETF and thermal sensation. Thermal sensation has a large 
distribution. Therefore, this thermal sensation distribution verifies a trend that as ETF increases, thermal 
sensation increases correspondingly to the hot side.  There is a large overlap of thermal sensation since 
it is on a discrete graded scale, however in comparison with the study by Kurazumi et al. (2017) on 
visual stimulation from small indoor plants on office desktops, for a slightly cool set temperature of 
25℃, an effective improvement to thermal sensation was verified. 
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Figure 2. Relationship between ETF and thermal sensation. 

Focusing on the regressive curve, no large difference in thermal sensation due to visual stimulation was 
found for an ETF higher than about 27℃. However, when ETF was less than about 26℃, conditions 
with indoor floor plants as visual stimulation showed a trend of alleviating the cold sensation, compared 
to conditions without visual stimulation. 
The alleviation effect of the cold sensation by umbellata and monstera was significant for temperature 
ranges when ETF was lower than about 26℃. Each plant has fewer leaves, giving a smaller silhouette. 
However, plants with denser silhouettes, namely weeping fig, pachira, butterfly palm and snake plant 
had lower alleviation effects for the cold sensation. Also, each condition without visual stimulation from 
indoor floor plants on the floor showed a trend of alleviating the cold sensation, compared to conditions 
without visual stimulation. 
The visual stimulation from plants was better in physical thermal environments that were slightly warm 
and uncomfortable, also Kurazumi et al. (2014, 2017) studied the possibility of improvement by visual 
stimulation from plants in physical thermal environments that were slightly cool and uncomfortable. In 
previous studies, physical thermal environments that were slightly warm and uncomfortable, visual 
stimulation from plants was shown to be effective an alleviating the sensation of warmth. However, 
visual stimulation from plants in physical thermal environments that were slightly cool and 
uncomfortable was not shown to be effective an alleviating the sensation of cold. These studies showed 
the alleviation effects of thermal sensation by classifying the green covering factor of visual stimulation, 
however the indoor floor plants used in the studies resulted in no clear difference in the human response 
to green covering factor. 
Fukagawa et al. (2010) and Kurazumi et al. (2014, 2017) found that scenery with tall plants with a high 
green covering factor strengthened the sense of closeness, and spaces with a sense of openness 
contributed to improving thermal sensation for mildly uncomfortable thermal environments. Studies by 
Fukagawa et al. (2010) and Kurazumi et al. (2014) had distant visual stimulation, and target 
environmental stimulation conditions with the natural environment elements occupying a large solid 
angle in the field of view. However, studies by Kurazumi et al. (2017) looked at environmental 
stimulation that caused a sense of oppression using close up visual stimulation placed in the personal 
space of an office desktop.  
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The effect of visual stimulation of indoor floor plants in this study are thought to be influenced by 
awareness distance and partiality for the indoor floor plants. The variation in general thermal sensation 
due to higher cognitive processing surmised from the range of results in this study is considered that it 
is possible to organically improve the thermal sensation in an inorganic office work space by placing 
the potted plants, umbellata or monstera, which have a low leaf density silhouette, on the office floor. 
 

 

 

Figure 3. Relationship between ETF and thermal comfort. 

 

3.2 ETF and thermal comfort 
Figure 3 shows the relationship between ETF and comfort. Comfort has a large distribution. There is a 
large overlap of comfort since it is on a discrete graded scale yet an ETF of 26-27℃ showed a trend as 
being the most comfortable thermal environment. 
Focusing on the regression curves for each visual stimulation, thermal environments with an ETF of 
29-30℃ and an ETF of 23-24℃, were verified to improve the feeling of discomfort in conditions 
displaying visual stimulation from indoor floor plants on the floor, compared to conditions without 
visual stimulation. The quadratic coefficients for the butterfly palm, snake plant and yucca elephantipes 
which have dense foliage with long thin leaves differed from other visual stimulation conditions. Other 
visual stimulation showed a discernable peak in comfort. However, the results for butterfly palm, yucca 
elephantipes and snake plant showed no discernable peak. Conditions displaying pachira, monstera, 
weeping fig and umbellata were shown to improve feeling of discomfort, compared to conditions 
without visual stimulation from indoor floor plants.  
Preference for the indoor floor plants is considered to have an effect, however the dense foliage of 
butterfly palm, yucca elephantipes and snake plant are considered to have a difference in evaluation of 
comfort. 
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4 CONCLUSIONS 
The indoor floor plants are used a one means to effectively bring about relaxation. By quantitatively 
understanding the variation of human sensory perceptions on the human body through synergy with 
visual stimulation, we examined the effectiveness of a summertime air conditioning set temperature of 
28℃. With a base cooling temperature of 28℃, experiments were carried out on subjects placed in a 
mildly uncomfortable temperature range, and we clarified the cognitive stimulation of indoor floor 
plants on general human sensory perceptions using the thermal environment evaluation index, ETF 
(Kurazumi et al., 2010). 
For an ETF below about 26℃, visual stimulation from indoor floor plants was shown to be effective on 
alleviating the sensation of being cool. This effect was found to be significant for umbellata and 
monstera that have rounded leaves and low leaf density. Visual stimulation from indoor floor plants was 
shown to improve the feeling of discomfort. This effect was shown to be significant for pachira, 
monstera, weeping fig and umbellata that all have rounded leaves. 
This suggests that it is possible to make an amiable, environmentally friendly office by including natural 
elements from indoor floor plants in the office floor space. 
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SUMMARY 
This study investigated the capabilities of 18 major industrial glazing films available in Taiwan on 
the improvement of indoor thermal comfort and reduction of annual heat gains in an office 
environment by EnergyPlus simulation. To quantify the uncertainties of energy saving potential, 
Monte-Carlo Analysis was introduced to encompass a variety of building envelope conditions. 
Moreover, as overhang shadings and different type of glazing films would impose different degrees 
of mean radiation temperature reduction through fenestration as opposed to clear glass under 26°C 
cooling thermostat setting, hourly indoor thermal comfort conditions of window film case, as assessed 
by PMV index, was evaluated. The analysis indicated that 10% on average of cooling load could be 
reduced after the window film application. However, resulting from the different solar radiation 
blocking mechanism, window film would cause a maximum of +1.31 PMV higher than that of exterior 
shading on a typical October sunny day. Additionally, long-term overheat assessment proposed in 
ISO7730 was used to evaluate monthly overheating frequencies and overheating severities for better 
understanding their thermal performances.  
Keywords: glass film, cooling energy conservation, green building retrofit, PMV, office building 

1 INTRODUCTION  
Building envelope is a crucial factor affecting indoor thermal comfort and cooling energy 
consumption. Existing buildings, who seek for green building retrofitting to improve their energy 
efficiency, primarily utilize exterior shading over fenestrations to mitigate the solar heat gain in 
Taiwan. Since the Taiwanese green building labeling system was launch in 1999, 2380 cases have 
been label as green buildings. However, there are still over 97% of existing buildings exhibited high 
energy consumption characteristics, and their building envelope needs to be renovated in order to 
reduce the building heat gain. Utilizing exterior sunshade over the building fenestration had been 
proven to be an efficient way to mitigate building cooling energy use as well as to enhance indoor 
thermal comfort in the hot-and-humid climate context of Taiwan. However, the high initial cost of 
overhangs of installing exterior sunshades on existing buildings, especially for those with higher 
floors, lowering the willingness of building owners to install it. Moreover, the newly installed 
sunshades should also comply with the building regulations and may encounter construction obstacles 
when installing for higher buildings. These disadvantages have jeopardized the promotion of utilizing 
exterior sunshades as a mean for building envelope retrofit. In contrast to exterior sunshades, window 
film is relatively less be discussed. Applying window film would be a much more convenient method 
for existing building renovation on the construction point of view. Quantifying the energy saving 
effect of window film is then to be an important research interest and to assess whether it is a more 
appropriate envelope retrofit method for existing buildings. Absorbing and reflecting the incident 
solar radiation on the window surface are the two main mechanisms provided by window films to 

4 CONCLUSIONS 
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alleviating the sensation of being cool. This effect was found to be significant for umbellata and 
monstera that have rounded leaves and low leaf density. Visual stimulation from indoor floor plants was 
shown to improve the feeling of discomfort. This effect was shown to be significant for pachira, 
monstera, weeping fig and umbellata that all have rounded leaves. 
This suggests that it is possible to make an amiable, environmentally friendly office by including natural 
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reduce the radiation heat gain of the interior space. By this mean, the building cooling load can be 
controlled and the indoor thermal comfort may be lifted. In this research, we analyze the heat gain 
anatomy and the indoor thermal comfort improving capabilities of various commercially available 
window films by building energy simulation technique. We found that the absorption type of film 
may have the side effect of increasing the convection heat gain, thereby, resulting in excessive cooling 
load consequently.  

2 METHODS 
To evaluate the energy performances of window films, a typical ten-story office building before and 
after the application of various window films were simulated and analyzed. The simulation tool used 
herein is EnergyPlus v8.3. The exterior wall of the typical building is constructed with 15cm reinforced 
concrete in thickness with its U-value being 3.49 (W/m2K). The averaged window-to-wall ratio of the 
entire building is 40%. A 6mm clear glass with its solar heat gain coefficient (SHGC) being 0.82 is used 
as the baseline case. Both the constructions of exterior wall and roof were assumed according to the 
criteria limit suggested by the building energy conservation regulation in Taiwan (Taiwan Architects 
Association, 2005). The operation schedules and the density/intensity of the occupancy, lighting, and 
equipment were assumed based on the ASHRAE 90.1. The occupancy density is 0.15 (people/m2), the 
lighting and equipment densities are 15 (W/m2) and 10 (W/m2), respectively. The optic data of the 
commercially available films studied herein are tabulated in Table 1. Typical meteorological year 
(TMY3) of Taipei, Taichung and Kaohsiung were used for simulation to represent the climate of 
northern, central and southern Taiwan, respectively. The reflectivity and absorptivity are the two main 
properties of window films in reducing the building’s radiation heat gain. To analysis the 
amount/proportion of annual conductive and radiative heat gains from windows after applying films, a 
south oriented office space unit located in the middle floor of the building with its indoor thermostat set 
at 26°C constant was simulated. The annual total conduction heat gain and solar heat gain of the 
retrofitted cases were discussed. 
As the energy saving effect of window film varies with the building envelope performance, Monte Carlo 
method was introduced for generating simulation cases to encompass various building envelope 
combinations. A total of 1000 cases were generated considering the controlling factors including 
window-to-wall ratio, U-value of exterior wall, U-value of window and SHGC. The range and the 
statistical distribution used for generating the cases are shown in Table 2. For each case, the annual 
cooling load of the whole building after being applied with window film were simulated as opposed to 
the original situation in order to calculate each case’s energy saving potential. The film of F19, F23, F1, 
F27, and F2 were expected to have good performance when applying to an office building in surface 
heat gain mitigation perspective. 
Furthermore, concerning the effect of window film on the indoor thermal comfort, predicted mean 
vote (PMV) (Fanger, 1970) was used to quantify the indoor thermal environmental condition in this 
research. The comfort range is defined as the PMV value between 0.5 and -0.5. The window-to-wall 
ratio is assumed to 90% to analogue the situation of a glass curtain wall space to study the thermal 
comfort condition in the vicinity of the near-window area. The film F23 and F28 were chosen as better 
and worse window films, respectively, and were discussed. The thermal comfort improvement with 
respect to the original single glazing of the two cases was compared. A middle-floor space unit is 
assumed to investigate the thermal performance of the near window façade area when the indoor 
temperature is kept at 26°C constant. Aside from the evaluation of overheating frequency, a method 
to assess the indoor long-term thermal environment proposed in ISO 7730 standard (ISO, 2005) was 
adopted. The method uses weighting factor (wf) as a function of PPD to evaluate the overheating 
severity (I) over an extended period of time, as equation 1 and 2. The annual overheating severity can, 
therefore, be evaluated. 
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PMV it

PPDwf
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=   for PMVactual>PMVlimit, (1) 

 I wf t= ×∑ , (2) 

where PPDactualPMV is the PPD corresponding to the actual PMV; PPDPMVlimit is PPD corresponding to 
PMVlimit 

Table 1. Optics properties for the studied window films (applied on 6mm clear glass and calculated by 
Window 7.5) 

Window 
film SHGC Solar transmittance 

rate 
Solar reflectance 

rate 
Visible light 

transmittance rate 
Visible light 

reflectance rate 
F1 0.47 0.22 0.16 0.40 0.07 
F2 0.44 0.28 0.17 0.50 0.08 
F3 0.22 0.33 0.17 0.61 0.08 
F4 0.22 0.37 0.17 0.70 0.09 
F7 0.45 0.29 0.17 0.36 0.20 
F8 0.49 0.43 0.11 0.52 0.12 
F9 0.49 0.60 0.08 0.69 0.09 
F14 0.47 0.32 0.12 0.36 0.13 
F15 0.45 0.34 0.25 0.67 0.09 
F16 0.45 0.21 0.05 0.40 0.05 
F17 0.47 0.24 0.04 0.52 0.05 
F19 0.45 0.19 0.34 0.34 0.22 
F21 0.49 0.25 0.11 0.49 0.08 
F23 0.49 0.32 0.24 0.62 0.12 
F25 0.47 0.32 0.11 0.64 0.11 
F26 0.47 0.27 0.11 0.55 0.08 
F27 0.47 0.19 0.11 0.34 0.06 
F28 0.47 0.46 0.11 0.69 0.11 

 

Table 2. Factor setting of the Monte Carlo simulation 
Factor Minimum 

value 
Maximum 

value Distribution  

Window-to-wall ratio 0.2 0.9 Uniform distribution 
U-value of exterior wall 1.5 3.5 Uniform distribution 

U-value of window 1.8 6.16 According to (TAA, 2015) 
SHGC of window 0.4 0.82 Uniform distribution 

3 RESULTS AND DISCUSSION  

3.1 Radiative and conductive heat gain of a film 
When the indoor thermostat is kept at 26°C, more than 30% of heat gain mitigating capability is observed 
for the cases that the overall SHGC is smaller than 0.5 after the glazing retrofit by the window films. To 
be specific, both the solar radiation heat gain and the conductive heat gain can be effectively reduced. 
However, for the films whose heat gain reduction mechanism are emphasized on the heat absorption, F1, 
F16, and F17 for example, will have a higher ratio of conductive heat gain than the other films. The annual 
heat gain anatomy of each film is shown in Figure 1. The negative values indicate the heat flow is outward 
to the indoors. Relatively, some cases, such as F25, F14, F7, and F2, reveal an equilibrium of annual 
conductive heat transfer. Among all the cases, F16 and F27 demonstrate the lowest annual heat gain and 
is regarded as having better performance in perspective of saving cooling energy. 

reduce the radiation heat gain of the interior space. By this mean, the building cooling load can be 
controlled and the indoor thermal comfort may be lifted. In this research, we analyze the heat gain 
anatomy and the indoor thermal comfort improving capabilities of various commercially available 
window films by building energy simulation technique. We found that the absorption type of film 
may have the side effect of increasing the convection heat gain, thereby, resulting in excessive cooling 
load consequently.  

2 METHODS 
To evaluate the energy performances of window films, a typical ten-story office building before and 
after the application of various window films were simulated and analyzed. The simulation tool used 
herein is EnergyPlus v8.3. The exterior wall of the typical building is constructed with 15cm reinforced 
concrete in thickness with its U-value being 3.49 (W/m2K). The averaged window-to-wall ratio of the 
entire building is 40%. A 6mm clear glass with its solar heat gain coefficient (SHGC) being 0.82 is used 
as the baseline case. Both the constructions of exterior wall and roof were assumed according to the 
criteria limit suggested by the building energy conservation regulation in Taiwan (Taiwan Architects 
Association, 2005). The operation schedules and the density/intensity of the occupancy, lighting, and 
equipment were assumed based on the ASHRAE 90.1. The occupancy density is 0.15 (people/m2), the 
lighting and equipment densities are 15 (W/m2) and 10 (W/m2), respectively. The optic data of the 
commercially available films studied herein are tabulated in Table 1. Typical meteorological year 
(TMY3) of Taipei, Taichung and Kaohsiung were used for simulation to represent the climate of 
northern, central and southern Taiwan, respectively. The reflectivity and absorptivity are the two main 
properties of window films in reducing the building’s radiation heat gain. To analysis the 
amount/proportion of annual conductive and radiative heat gains from windows after applying films, a 
south oriented office space unit located in the middle floor of the building with its indoor thermostat set 
at 26°C constant was simulated. The annual total conduction heat gain and solar heat gain of the 
retrofitted cases were discussed. 
As the energy saving effect of window film varies with the building envelope performance, Monte Carlo 
method was introduced for generating simulation cases to encompass various building envelope 
combinations. A total of 1000 cases were generated considering the controlling factors including 
window-to-wall ratio, U-value of exterior wall, U-value of window and SHGC. The range and the 
statistical distribution used for generating the cases are shown in Table 2. For each case, the annual 
cooling load of the whole building after being applied with window film were simulated as opposed to 
the original situation in order to calculate each case’s energy saving potential. The film of F19, F23, F1, 
F27, and F2 were expected to have good performance when applying to an office building in surface 
heat gain mitigation perspective. 
Furthermore, concerning the effect of window film on the indoor thermal comfort, predicted mean 
vote (PMV) (Fanger, 1970) was used to quantify the indoor thermal environmental condition in this 
research. The comfort range is defined as the PMV value between 0.5 and -0.5. The window-to-wall 
ratio is assumed to 90% to analogue the situation of a glass curtain wall space to study the thermal 
comfort condition in the vicinity of the near-window area. The film F23 and F28 were chosen as better 
and worse window films, respectively, and were discussed. The thermal comfort improvement with 
respect to the original single glazing of the two cases was compared. A middle-floor space unit is 
assumed to investigate the thermal performance of the near window façade area when the indoor 
temperature is kept at 26°C constant. Aside from the evaluation of overheating frequency, a method 
to assess the indoor long-term thermal environment proposed in ISO 7730 standard (ISO, 2005) was 
adopted. The method uses weighting factor (wf) as a function of PPD to evaluate the overheating 
severity (I) over an extended period of time, as equation 1 and 2. The annual overheating severity can, 
therefore, be evaluated. 
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The amount of conductive heat gain can 
be observed from the surface 
temperature of the window. The 
absorption type films (e.g. F27) and the 
reflective type films (e.g. F19) 
demonstrate different thermal comfort 
results. Although the absorption type 
films produce less reflective visible 
light and thus reducing the glare 
problem that may induce by reflective 
type films, the excessive absorbed solar 
radiation in the glazing may raise the 
surface temperature and further 
exacerbates the indoor thermal comfort 
condition, especially for areas that are 
close by the windows. Take F19 and 
F27 for instance, the surface 
temperature of F19 is only 1°C higher 
than that of the original single glazing 
system at 13:00 on a typical sunny day, 
but the temperature difference is 
increased to 6°C if F27 is used.  

3.2 The cooling energy saving effect of window films 
To analyze the annual cooling energy saving potential of various window films, a 340 USRT constant 
air volume central air-conditioning system with its coefficient of performance (COP) being 6.1 is 
assumed for the typical ten-story office building. All the simulated annual cooling loads of Taipei, 
Taichung, and Kaohsiung with the better window films as well as the original 6mm clear glass cases 
were box-plotted in Figure 2. In general, the results reveal that the amount of cooling energy saving in 
southern Taiwan (Kaohsiung) is larger than the other areas due to its hotter climate. The average cooling 
energy saving ratio of Taipei, Taichung and Kaohsiung are 11%, 14%, and 14%, with the average energy 
saving being 13.2 (kWh/m2), 17.9 (kWh/m2) and 17.9(kWh/m2), respectively. 
 

 
Figure 2. Delta cooling load of selected films 

 
Figure 1. Analysis of annual heat gain in Taipei with 
South oriented windows 
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3.3 The thermal comfort performance 
The indoor thermal environment before 
and after the window retrofit is dis-
cussed using the same simulation model 
and by applying the best and the worst 
films selected from 3.1 section. The sim-
ulation results reveal that applying win-
dow films on 6mm clear glass window 
exhibits a positive effect on improving 
indoor thermal comfort when the indoor 
temperature is kept at 26°C. The 6mm 
clear glazing system will have a serious 
overheating problem on the typical 
sunny day, as shown in Figure 3(a). The 
application of window films can lower 
the PMV by 1.31 maximum in the after-
noon of a typical sunny day, while the 
improvement of PMV is limited in a 
cloudy day, as shown in Figure 3(b). 
This phenomenon confirms that the di-
rect solar radiation is the main contribu-
tor to indoor thermal comfort resulting 
different performances between sunny 
and cloudy day. Figure 4 demonstrates 
the monthly indoor overheating severity 
comparisons of cases after window film 
retrofitting against the original 6mm 
clear glass case. The results show that 
the overheating remediation is evident in 
hot seasons (June to October). The over-
heating remediation effect can be as large as 577 hours in October with an average of 519 hours in hot 
seasons. The annual overheating occurrence frequency of original clear glass case is 62% out of the 
occupied hours, suggesting an overwhelmingly high risk of overheating. The overheating occurrence 
frequency is decreased to 53% and the overheating severity is improved by 35% when the better window 
film is applied, as indicated in Table 3. 

 
Figure 4. Monthly weighted time for original case, better film and worse film 

(a) 

 
(b) 

 

Figure 3. (a) PMV performance on a typical sunny day in 
Taipei (b) PMV performance on a typical cloudy day in 
Taipei 

The amount of conductive heat gain can 
be observed from the surface 
temperature of the window. The 
absorption type films (e.g. F27) and the 
reflective type films (e.g. F19) 
demonstrate different thermal comfort 
results. Although the absorption type 
films produce less reflective visible 
light and thus reducing the glare 
problem that may induce by reflective 
type films, the excessive absorbed solar 
radiation in the glazing may raise the 
surface temperature and further 
exacerbates the indoor thermal comfort 
condition, especially for areas that are 
close by the windows. Take F19 and 
F27 for instance, the surface 
temperature of F19 is only 1°C higher 
than that of the original single glazing 
system at 13:00 on a typical sunny day, 
but the temperature difference is 
increased to 6°C if F27 is used.  

3.2 The cooling energy saving effect of window films 
To analyze the annual cooling energy saving potential of various window films, a 340 USRT constant 
air volume central air-conditioning system with its coefficient of performance (COP) being 6.1 is 
assumed for the typical ten-story office building. All the simulated annual cooling loads of Taipei, 
Taichung, and Kaohsiung with the better window films as well as the original 6mm clear glass cases 
were box-plotted in Figure 2. In general, the results reveal that the amount of cooling energy saving in 
southern Taiwan (Kaohsiung) is larger than the other areas due to its hotter climate. The average cooling 
energy saving ratio of Taipei, Taichung and Kaohsiung are 11%, 14%, and 14%, with the average energy 
saving being 13.2 (kWh/m2), 17.9 (kWh/m2) and 17.9(kWh/m2), respectively. 
 

 
Figure 2. Delta cooling load of selected films 

 
Figure 1. Analysis of annual heat gain in Taipei with 
South oriented windows 
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Table 3. Indoor overheating analysis before and after retrofitting with window films 

Index 6mm clear glazing system 
(original case) 

Retrofitted with the better 
window film 

Retrofitted with the 
worse window film 

Overheating severity (I) 10557 6886 8336 
Overheating frequency 62% 53% 55% 

 

4 CONCLUSIONS 
In this study, we evaluated both the energy saving potential and the thermal comfort of applying various 
commercially available window films as a mean for building envelope retrofitting in Taiwan. From the 
cooling energy saving analysis results, we found that the total window heat gain can be reduced by 30% 
when the overall SHGC of the retrofitted window is below 0.5 in Taipei, northern Taiwan. However, from 
thermal comfort point of view, the reflective window film is preferred as opposed to absorption film when 
deciding the type of films, as the absorption type of films, due to the trait of absorbing the solar radiation, 
may further degrade the indoor thermal comfort condition by lifting the surface temperature of the window 
resulting higher mean radiant temperature. Furthermore, the energy saving potential is higher in southern 
Taiwan regions where the climate is hotter than north Taiwan, a maximum of 49.5% cooling energy saving 
potential is observed. However, we also found that the indoor thermal condition failed to maintain at 
comfort level on a typical summer sunny day in Taiwan when the indoor cooling temperature setpoint is 
kept at 26°C even if the window is retrofitted with the best film. A PMV based thermostat control air 
conditioning system is needed to both consider the indoor thermal comfort and energy saving issue. Nev-
ertheless, the application of window film is capable of both improving the indoor thermal comfort and 
save cooling energy as compared to a clear glazing window system. An exterior sunshade over the 
fenestration is recommended to serve as an auxiliary add to the window film as a strategy for building 
envelope retrofitting is a more viable solution for application in hot-and-humid Taiwan. 
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SUMMARY  
The air distribution inside a sludge dewatering area, from an industrial wastewater treatment plant, is 
evaluated in this paper. Without a proper ventilation, the working environment is very unsuitable for 
human exploitation mainly due to ammonia and calcium oxide particles. The purpose of this study is to 
find the optimal ventilation solution for contaminant removal inside the industrial hall.  A preliminary 
solution was obtained by means of numerical simulation, but it needs validation by experimental 
approach. A reduced scaled physical model was built to simulate the flow pattern inside hall and the 
main equipment inside the building has been reproduced using a geometrical scale ratio. The flow 
pattern was considered isothermal and incompressible. The kinematic similarity rule was used to obtain 
the characterization of the flow pattern inside the enclosure. In a second approach a scaled numerical 
model was used for parametrical study of the optimal inlet velocity and for further local ventilation 
investigations. The main difference from the scaled model and reality arises from the jet throw length: 
on site the jet throw length corresponding to an inlet velocity of 9 m/s is about the half of the hall length 
while the jet throw in the model corresponding to an inlet velocity value imposed by the velocity scale 
issued from Re is longer than the entire length of the hall. The conclusion is that for this case the 
dynamic similarity using Reynolds is not appropriate and the kinematic similarity criteria must be used 
here. The air distribution is studied using different techniques: flow visualization, Particle Image 
Velocimetry (PIV) measurement and Computational Fluid Dynamics (CFD). 
Keywords: CFD, PIV, air distribution, ventilation 

1 INTRODUCTION  
Industrial ventilation represents a challenge for HVAC engineers when considering the contaminant 
released by the industrial process in order to obtain a proper environment for workers(Taylor, Angerer 
et al. 2007). The pollutant emissions must be controlled while the concentration in air should be under 
the values indicated by local norms. Specific ventilation measures are considered, like proper general 
ventilation and, if necessary, implementation of local ventilation systems (Zhang, Johnson et al. 2017). 
The wastewater issued from the municipal drainage systems must be treated in wastewater plants in 
order to be released back into nature without polluting the environment. Essentially, a common 
wastewater plant has two main lines, the water line and the sludge/biogas line. The water line includes 
mainly the processes like mechanical treatment with coarse and fine filters, grit removal channels, 
primary settlers and biological treatment, while the sludge/biogas line includes sludge thickening, 
digestion and dewatering stabilization, transformation of biogas into electricity and heat. Our goal here 
is to study how to improve the air quality inside the sludge dehydration building where the ammonia 
emissions from waste sludge are at very high level. The advanced dehydration hall has a metallic 
structure and is made of sandwich panels with polyurethane foam core, with dimensions of the building 
of 37.60m x 18.10m x 13.50m located adjacent to sludge thickening and dewatering hall. Inside the 
building there is a technical room used as a workstation for operating personnel. The three lines of 

Table 3. Indoor overheating analysis before and after retrofitting with window films 

Index 6mm clear glazing system 
(original case) 

Retrofitted with the better 
window film 

Retrofitted with the 
worse window film 

Overheating severity (I) 10557 6886 8336 
Overheating frequency 62% 53% 55% 

 

4 CONCLUSIONS 
In this study, we evaluated both the energy saving potential and the thermal comfort of applying various 
commercially available window films as a mean for building envelope retrofitting in Taiwan. From the 
cooling energy saving analysis results, we found that the total window heat gain can be reduced by 30% 
when the overall SHGC of the retrofitted window is below 0.5 in Taipei, northern Taiwan. However, from 
thermal comfort point of view, the reflective window film is preferred as opposed to absorption film when 
deciding the type of films, as the absorption type of films, due to the trait of absorbing the solar radiation, 
may further degrade the indoor thermal comfort condition by lifting the surface temperature of the window 
resulting higher mean radiant temperature. Furthermore, the energy saving potential is higher in southern 
Taiwan regions where the climate is hotter than north Taiwan, a maximum of 49.5% cooling energy saving 
potential is observed. However, we also found that the indoor thermal condition failed to maintain at 
comfort level on a typical summer sunny day in Taiwan when the indoor cooling temperature setpoint is 
kept at 26°C even if the window is retrofitted with the best film. A PMV based thermostat control air 
conditioning system is needed to both consider the indoor thermal comfort and energy saving issue. Nev-
ertheless, the application of window film is capable of both improving the indoor thermal comfort and 
save cooling energy as compared to a clear glazing window system. An exterior sunshade over the 
fenestration is recommended to serve as an auxiliary add to the window film as a strategy for building 
envelope retrofitting is a more viable solution for application in hot-and-humid Taiwan. 
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dehydration are identical, consisting of a decanter centrifuge, a unit for the preparation of the polymer, 
a storage tower for lime, a fixed inclined screw to transport and mix the sludge with lime and a horizontal 
swivel screw to discharge treated sludge in containers used for evacuation, two for each line of 
dehydration. The former ventilation system installed was not working properly for ensuring the required 
optimal parameters, and a new system was configured for an enhancement of indoor environmental 
conditions. The proposed ventilation system integrates 10 inlets with an airflow of 5000 m3/h each and 
10 exhaust grilles of 6000 m3/h each (Croitoru, Bode et al. 2017). However, a local ventilation system 
is envisaged to be integrated. CFD modelling can lead to finding an optimal solution, but only if the 
model is validated through experimental means. For this purpose, a scaled experimental model is used  

2 METHODS 
The experimental model is a scaled model of the industrial hall, obtained by similitude criteria, which 
helps us to validate the numerical model. The approach of this study is to find the appropriate scaled 
experimental model which can validate the CFD model in order to obtain optimal functioning 
parameters and characteristics of an industrial ventilation system   

2.1 Experimental set-up 
The geometric similitude requires the proportionality of the corresponding lengths and the equality of 
angles. The result of the geometric similitude is the length scale. The kinematic similitude requires that 
if the flow is made of particles, the corresponding particles take the same place inside the flow pattern 
at same moments in time. As a result, if the kinematic similitude is accomplished between the two 
phenomena there are a constant length scale and a constant velocity scale. The dynamic similitude 
implies also the proportionality of the corresponding forces between the phenomena in addition to the 
geometric and kinematic similitude (Yu, Jou et al. 2006). The result is obviously a constant force scale. 
For this study the dynamic similitude has been found as appropriate. However, the complete similitude 
between two phenomena of the same nature is impossible to be achieved, so we have to consider only 
the main forces that govern the flow. The airflow pattern has been considered under isothermal 
conditions. Considering that Fr number is normally used to the free surface flow and Eu criterion is not 
indicated to the airflow patterns under isothermal conditions the Reynolds similitude is used here. 
Considering the imposed constraints related to the velocity scale in order to avoid high velocities which 
could lead to a compressible flow pattern which is no more characterized by Re the maximum length 
scale that could be applied on the model is 1/10. It means that the dimensions of the model could not be 
reduced more than 10 times the actual size. In this case the overall dimensions of the model will be 3.76 
m x 1,81 m x 1.35 m. The model should be used at a later stage to measure velocity profiles using PIV 
techniques, but these model dimensions are too large for the equipment that we own. So, we thought of 
diminishing the model dimensions by using different viscosity scales which means different fluids, air 
on site and other fluid on the model. The possibility of using water on the model has been analyzed. 
The viscosity scale in this case is Sν=1/15 and the model dimensions could be reduced up to a 1/90 ratio. 
In this case the model dimensions will be 0.41 m x 0.20m x 0.15m which is suitable for the PIV system 
to be used but the problem here is that the flow rate on the model is calculated to be at 172.8 l/s. 
Technically it is very difficult to have such a water flow rate on the model because we should have in 
this case a very big pumping booster set and the energy consumption would be also at very high level. 
Regarding all these theoretical considerations above, we have decided to use air as fluid on the model 
but to reduce the experimental setup with a 1/45 ratio (length scale). It is obvious that we will not be 
able to reproduce on the model the onsite conditions for the ventilating system at parameters specified 
before in the paper. On the other hand, we should not forget that the main goal of the experimental setup 
is to validate the numerical model and this validation could be done at lower air flow rates values inside 
the enclosure. 
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The experimental setup was finally built using the length scale 1/45. The enclosure was made of 
transparent plexiglass in order to have the possibility to measure velocity profiles using non-intrusive 
techniques like PIV or LDV. The air pressure is ensured by an air compressor capable of delivering 
120liter/min at max. 8 bar which feeds the main distributor. There are 5 inlets on each side of the 
enclosure and each inlet is provided with its own air circuit from the main air distributor. The air hoses 
which feed the inlets are provided with flow rate regulators in order to set the pressure and with 
rotameters to measure the air flow rate corresponding to every inlet. There is also a general pressure 
regulator on the compressor discharge. The air exhaust from the enclosure is made using 10 outlets 
provided in the ceiling of the enclosure. All these outlets are collected into a plenum and from here the 
air is extracting with an air fan.  
For experimental part, we have used a Particle Image Velocimetry (PIV) system from Dantec Dynamics 
for the velocity field measurements. This system is composed of one high sensitivity Flow Sense 4M 
camera of 4x106 pixels resolution and of a Dual Power 200 mJ laser having the wave length of 532nm. 
The schema of the experimental setup is shown in figure 1 below: 

 
Figure 1.  Experimental set-up: functional scheme and the experimental model 

2.2 Numerical simulations 
The simulations were performed mainly to evaluate the efficiency of the air distribution when using 
different strategies and to evaluate the optimal velocity inlet imposed as a boundary condition for the 
reduced model to recreate the jet throw characteristics. The mesh of the model has 4.3 million tetrahedral 
elements and the turbulence model used was k-omega SST chosen for better results when predicting 
airflows in large areas (Hussain, Oosthuizen et al. 2012, Yu and Thé 2016), 5 layers elements in the 
boundary layer. Simulations were performed in ANSYS- Fluent.  

     
Figure 2.  Reduced numerical model: a) geometry used; b) mesh created 

dehydration are identical, consisting of a decanter centrifuge, a unit for the preparation of the polymer, 
a storage tower for lime, a fixed inclined screw to transport and mix the sludge with lime and a horizontal 
swivel screw to discharge treated sludge in containers used for evacuation, two for each line of 
dehydration. The former ventilation system installed was not working properly for ensuring the required 
optimal parameters, and a new system was configured for an enhancement of indoor environmental 
conditions. The proposed ventilation system integrates 10 inlets with an airflow of 5000 m3/h each and 
10 exhaust grilles of 6000 m3/h each (Croitoru, Bode et al. 2017). However, a local ventilation system 
is envisaged to be integrated. CFD modelling can lead to finding an optimal solution, but only if the 
model is validated through experimental means. For this purpose, a scaled experimental model is used  

2 METHODS 
The experimental model is a scaled model of the industrial hall, obtained by similitude criteria, which 
helps us to validate the numerical model. The approach of this study is to find the appropriate scaled 
experimental model which can validate the CFD model in order to obtain optimal functioning 
parameters and characteristics of an industrial ventilation system   

2.1 Experimental set-up 
The geometric similitude requires the proportionality of the corresponding lengths and the equality of 
angles. The result of the geometric similitude is the length scale. The kinematic similitude requires that 
if the flow is made of particles, the corresponding particles take the same place inside the flow pattern 
at same moments in time. As a result, if the kinematic similitude is accomplished between the two 
phenomena there are a constant length scale and a constant velocity scale. The dynamic similitude 
implies also the proportionality of the corresponding forces between the phenomena in addition to the 
geometric and kinematic similitude (Yu, Jou et al. 2006). The result is obviously a constant force scale. 
For this study the dynamic similitude has been found as appropriate. However, the complete similitude 
between two phenomena of the same nature is impossible to be achieved, so we have to consider only 
the main forces that govern the flow. The airflow pattern has been considered under isothermal 
conditions. Considering that Fr number is normally used to the free surface flow and Eu criterion is not 
indicated to the airflow patterns under isothermal conditions the Reynolds similitude is used here. 
Considering the imposed constraints related to the velocity scale in order to avoid high velocities which 
could lead to a compressible flow pattern which is no more characterized by Re the maximum length 
scale that could be applied on the model is 1/10. It means that the dimensions of the model could not be 
reduced more than 10 times the actual size. In this case the overall dimensions of the model will be 3.76 
m x 1,81 m x 1.35 m. The model should be used at a later stage to measure velocity profiles using PIV 
techniques, but these model dimensions are too large for the equipment that we own. So, we thought of 
diminishing the model dimensions by using different viscosity scales which means different fluids, air 
on site and other fluid on the model. The possibility of using water on the model has been analyzed. 
The viscosity scale in this case is Sν=1/15 and the model dimensions could be reduced up to a 1/90 ratio. 
In this case the model dimensions will be 0.41 m x 0.20m x 0.15m which is suitable for the PIV system 
to be used but the problem here is that the flow rate on the model is calculated to be at 172.8 l/s. 
Technically it is very difficult to have such a water flow rate on the model because we should have in 
this case a very big pumping booster set and the energy consumption would be also at very high level. 
Regarding all these theoretical considerations above, we have decided to use air as fluid on the model 
but to reduce the experimental setup with a 1/45 ratio (length scale). It is obvious that we will not be 
able to reproduce on the model the onsite conditions for the ventilating system at parameters specified 
before in the paper. On the other hand, we should not forget that the main goal of the experimental setup 
is to validate the numerical model and this validation could be done at lower air flow rates values inside 
the enclosure. 
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The k-ω SST model is similar to the standard model with respect to transport equations, except for the 
presence of the additional diffusion term in the ω equation (Menter 1994). For pressure velocity 
coupling we have used the coupled scheme, second order discretization. The inlet air temperature was 
considered as 25 °C, in isothermal conditions. 
The air has been introduced on the lateral walls of the hall using five grilles on each side. The grilles 
were positioned at 4.7 cm height., as in the experimental model. The evacuation of air is done at the 
ceiling using 2 rows with 5 grilles each one. After the step of validation, another inlet velocities values 
were used in order to find the velocity for which the reduced CFD model will have the same dynamic 
behaviour as the real situation. The velocity at inlet for model validation is 1.6 m/s. 

3 RESULTS AND DISCUSSION 

3.1 Validation of the numerical model 
The validation of the reduced numerical model was done by comparing the results of the PIV 
measurements for one of the jets issued by one of the inlets, with the valued extracted for the same jet 
from the CFD. The inlet velocity is 1.6 m/s for both cases. We can observe in the PIV measurements 
the airflow issued by the inlet .  

  
Figure 3. PIV measurements: a) whole set-up; b) interrogation area 

The CFD results extracted in a median plane of the inlet indicated the same values for the issued jet. 
We can see in figure 4 that the jet has the same values up to 5 cm distance from the inlet, up to 6.25 
equivalent diameters.  

 

Figure 4. Field velocity comparison for velocity inlet at 1.6 m/s: a) PIV measurements; b) CFD 
results  
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3.2 Parametrical study 
The numerical model, once validated, can be used for different parametrical studies, having the 
advantages of reduced means of time and resources. The CFD model was used to evaluate the 
appropriate inlet velocity which generates a similar jet throw as the real case. Several velocities were 
tested as boundary conditions: 0.5, 1, 2 and 3m/s. The purpose of the ventilation system is to remove 
the contaminant emission up to an acceptable value, while ensuring a proper velocity inside the 
environment. Usually, for inhabited environments, the accepted velocity around occupants is 0.2 m/s. 
Evaluating the iso-surface of 0.2 m/s velocity inside the enclosure, we can observe that the case with 1 
m/s generates a throw of 0.2 m/s in the vicinity of the middle of the hall, the envisaged situation for the 
general ventilation system, in order to be sure that the ventilations is performed appropriately.  

a)      b)   

c)   d)  
Figure 5. Iso-surfaces of 0.2 m/s inside the enclosure for a velocity inlet of: a) 0.5 m/s; b) 1 m/s; c) 2 
m/s; 3m/s;  

The results indicate that the proper velocity which needs to be imposed as a boundary condition for the 
reduced model (experimental and numerical), in order to obtain the envisaged airflow pattern, has a 
value of 1 m/s.  

4 CONCLUSIONS 
One of the main conclusions of this study is related to the similarity methods that we have used to build 
the reduced scaled model. We have started by investigating the main similarity criteria and we have 
decided that Reynolds is the most appropriate criterion for our case. We have built the model by respect 
to the scales imposed by Reynolds criterion, but during the tests we have found some discrepancies 
between the reality and the model. The main difference arises from the jet throw length: on site the jet 
throw length corresponding to an inlet velocity of 9 m/s is about the half of the hall length while the jet 
throw in the model corresponding to an inlet velocity value imposed by the velocity scale issued from Re 
is longer than the entire length of the hall. The conclusion is that for this case the dynamic similarity using 
Reynolds is not appropriate and the kinematic similarity criteria must be used here. Starting from this we 
have considered the jet throw as similarity condition and the challenge is to be able to find the inlet velocity 
value on the reduced model corresponding to this condition. The second step of the study was to conceive 
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The validation of the reduced numerical model was done by comparing the results of the PIV 
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a reduced scale numerical model in order to investigate different cases corresponding to different inlet 
velocities to identify the appropriate case to be tested on the experimental setup. The model was validated 
on a same scale experimental model through PIV methods. The reduced CFD model which had as a result 
a similar jet throw as in the reality was the model with an imposed inlet velocity of 1 m/s.  
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SUMMARY  
In this paper, we introduce an innovative solution for improving indoor air quality in machining 
workshops by purifying the recycled exhaust air from machine tools thoroughly. Practical tests have 
shown that a notable part of metal working fluid aerosols pass through the currently used particle filters 
as vapors that may cause health problems. Recirculation is used for energy efficiency and air balance in 
the factories. When recirculated air is used, proper filtration is essential to ensure that the airborne 
contaminants are not returned into the space with the supply air. This new innovation will improve air 
quality in workplace dramatically. 
Keywords: aerosol filtering, occupational hygiene, recycled air  

1 INTRODUCTION  
During machining metal working fluid (MWF) forms aerosol, that contains both particles and volatile 
compounds. Exposure to these volatile compounds is found to be one cause for respiratory symptoms to 
workers (Suuronen 2009).  Empirical findings suggests that although the concentrations of individual 
contaminants are under recommended levels, employees still suffer from health problems (Suuronen 
2009). Machining centers are usually equipped with different kinds of air filtering units in order to reduce 
exposure to airborne contaminants (Heitbrink et. al 2000a). Commonly used high efficiency particulate 
filters (HEPA filters) that are used for air filtration retain particulate contaminants but the contaminants 
found in the vapor phase, such as alkanolamines and volatile organic compounds, pass the filters and 
decrease the air quality in the workshops (Cooper & Leith 1998, Heitbrink et al. 2000b, Leith et al. 2003, 
Säämänen et al. 2018). The effectiveness and life cycle length of molecular filters is highly dependent on 
the pollutant concentration of the air, as well as the temperature and the humidity of the air. This makes it 
challenging to keep the air quality stable or estimate the coming problems in it. Penetrating contaminants 
accumulate easily into the ductwork, constituting risks for fire safety in the factory. 
In order to solve these problems our aim was to develop a new concept for traditionally machine 
workshops innovatively. The background for this project was the research idea from the innovation 
made in past project (Säämänen et al. 2016) where the performance of the exhaust air treatment methods 
commonly used in machining centers were examined.  

2 METHODS  
Firstly, a workshop for several stakeholder groups was arranged where advantages and disadvantages 
of the currently used machine tool exhaust air handling systems was discussed and possible solutions 
to overcome identified weaknesses was innovated. Based on the knowledge gained in this workshop a 
new type of air handling system was designed. 
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Molecular filters are typically used to eliminate well known gaseous contaminants. While we knew that 
there are several different pollutants in the air to be removed, and that the concentrations are varying 
because of the different MWF in use, we considered all these attributes when starting developing the 
new, more effective solution. At the same time we seek improvements to the fire-safety of the ductwork, 
and more efficient re-use of MWFs that would decrease the amount of hazardous waste.  
During the development of the solution, test run in three different locations were organized. In these 
tests, a strong co-operation and co-creation with the companies working in the field was achieved. The 
performance of three different pre-filter solutions from the current market (liquid entrainment separator, 
horizontally rotating arrester and vertically rotating arrester) were purchased and tested in Tampere 
University of Applied Sciences metal laboratory (Figure 1).  
 

 

Figure 1. Pre-filter solution pilot in the laboratory of Tampere University of Applied Sciences. 
 
The performance of these pre-filters was measured during the machining repeated similarly. Each of 
the pre-filter was tested twice. Particle concentrations after pre-filters was measured with electrical low 
pressure impactor (Classical ELPI, Dekati Ltd., Finland). Total mass concentrations assuming unity 
particle density was calculated based on measured particle size distribution. These relative 
concentrations were compared to evaluate the performance.    
Two complete solution pilots with pre-filter units inside the machining centers were installed and 
measured in a real machine workshop environment of a future customer representative. Environments 
for both multi-machine system and single machine solution were used. The total concentrations of both 
alkanolamines and volatile organic compounds (TVOC) were used as performance indicators of air 
purification systems. The alkanolamine and TVOC concentrations were analyzed using methods 
described by Säämänen et al. (2018).  
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The performance of these pre-filters was measured during the machining repeated similarly. Each of 
the pre-filter was tested twice. Particle concentrations after pre-filters was measured with electrical low 
pressure impactor (Classical ELPI, Dekati Ltd., Finland). Total mass concentrations assuming unity 
particle density was calculated based on measured particle size distribution. These relative 
concentrations were compared to evaluate the performance.    
Two complete solution pilots with pre-filter units inside the machining centers were installed and 
measured in a real machine workshop environment of a future customer representative. Environments 
for both multi-machine system and single machine solution were used. The total concentrations of both 
alkanolamines and volatile organic compounds (TVOC) were used as performance indicators of air 
purification systems. The alkanolamine and TVOC concentrations were analyzed using methods 
described by Säämänen et al. (2018).  

3 RESULTS 
 
In the stakeholder workshop, properties of different, currently used air handling solutions in machining 
center application were discussed. Possible advantages and disadvantages were identified (Table 1).  

Table 1. Identified pros and cons for different currently used air handling solutions. 
Solution Advantages Disadvantages  

A. Single machine  
recycling filtering unit 

 

• Minimal need of ducting 
• Enhanced fire safety 
• Improved flexibility to lay-out 

changes 
• Good energy efficiency  
• Moderate material efficiency 

• Recycled air deteriorate air 
quality 

• Several maintenance entities 

B. Collective handling 
with enhanced filtration 

• Reduced number of maintenance 
entities 

• Good energy efficiency 
• Good return air quality possible to 

achieved with enhanced filtration 

• Recycled  air deteriorate air 
quality if not filtered  properly 

• Need ducting 
• Contamination of ductwork 

causes need of maintenance 
• Fire safety 
• Ductwork limits flexibility of the 

lay-out changes 
• Ductwork hampers to usage of 

cranes 

C. Collective handling and 
leading out 
 

• Good indoor air quality 
• Reduced number of maintenance 

entities  

• Need ducting 
• Contamination of ductwork 

causes need of maintenance 
• Fire safety 
• Ductwork limits flexibility of the 

lay-out changes 
• Ductwork hampers to usage of 

cranes 
• Bad energy efficiency  
• Replacement air needed  

 
Based on this analysis a new innovative air handling system for machine tool environment was 
designed. We ended up with multi-stage solution that will be further developed to AerOff –solution 
(Pihlajamaa et al. 2017). The idea of the solution is described in Figure 2. The solution consists of pre-
filtering units (part 1) and integrated air handling unit (part 2). Pre-filtering unit is located close or even 
inside of the machine. It returns most of the captured MWF back to the machine to be re-used. After 
pre-filtering, the air is lead to the integrated air handling unit (dewatering unit), where the air is cooled 
and after heated, and various small particles and volatile compound are caught into the condense liquid. 
The last process in the integrated air handling unit is a molecular filter. The solution can be tailored to 
cover one or several machines, depending on the factory needs. 
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Figure 2. Simplified structure of the new solution 
 
In order to decrease the contaminant loading of the ductwork, three types of pre-filtering systems were 
compared. The results are represented in Figure 3. The results show, that the particle concentrations 
were significantly lowest after the vertically rotating arrester.  Impactor type liquid entrainment 
separator was seen as the least efficient in arresting liquid aerosol particles generated in machining 
operations. 
 

 

Figure 3. Comparison particle concentrations downstream of three tested pre-filtering units.  
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Figure 3. Comparison particle concentrations downstream of three tested pre-filtering units.  

The measurements of the airborne compounds after the new air handling solution showed the volatile 
compounds did not penetrate the system. Both alkanolamine and TVOC concentrations were very low 
(≤0.1 mg/m3) in the recycled air with unloaded molecular filters. The fate of airborne contaminants in 
the different processes of the solution was studied in the real factory environment with different filters 
(Figure 4).  
 

  

 

Figure 4. Relative reduction of airborne contaminants over different air handling processes. 
The results show that the dewatering unit removed alkanolamines quite well. Measured reduction in 
bigger collective handling unit varied between 70-90%. In single machine unit the measured reduction 
was 40-60% over dewatering unit. Thus the composition of the used MWF was different in these two 
cases. According to the measurements, TVOC was not removed as effectively as alkanolamines in 
dewatering unit. The TVOC reduction varied between 30-65 % in this handling process as it is seen in 
Figure 4.   
New molecular filters removed both alkanolamines and TVOC effectively (measured reduction 93-
96%). On the contrary, overloaded molecular filter can act as an emission source of contaminants as 
was the case of measured used filters. In the HEPA filters it was not observed significant reduction of 
volatile contaminants, as expected. However, contaminated HEPA filters can also be a source of 
contaminants as was seen in one used filter test. 

4 CONCLUSIONS & DISCUSSION  
Henriks-Eckerman and Suuronen (2009) suggest the use of total alkanolamine concentration as an 
indicator for metal working fluid aerosol exposure. They suggested that the total alkanolamine 
(EOHNH) concentration of 0.1 mg/m3 should be used as a health based benchmark level. The air quality 
after the new solution met these tight requirements.  
Our target was to develop a new solution for solving the current problems with the air quality in machine 
workshops. In the end, the results show, that the new air-cleaning solution for re-circulated exhaust air 
can bring dramatically improvements for the air quality of the machineries by decreasing the 
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alkanolamines and TVOC significantly. Also, our empirical findings from the pilots in the real factory 
environments seem to support our pre-assumption that this solution could also decrease the amount of 
lost MWF and improve the fire safety in the factory pipelines.  
Further studies are on-going to improve the capacity of the molecular filtration units as well as finding 
solutions to the remote monitoring system with semiconductor sensors.  

ACKNOWLEDGEMENTS 
We want to thank Finnish Funding Agency for Innovation, Business Finland, for making this project 
possible through the funding program “New business from research ideas”. 

REFERENCES  
Cooper, S.J. and Leith, D. (1998) Evaporation of Metalworking Fluid Mist in Laboratory and Industrial 
Mist Collectors, Am. Ind. Hyg. Assoc. J., vol. 59 (1), pp. 45-51. 
Heitbrink, W.A. et al (2000a). Mist Control at a Machining Center, Part 1: Mist Characterization, 
Am.Ind. Hyg. Assoc.J., vol. 61 (2), pp. 275-281. 
Heitbrink, W.A. et al (2000b): Mist Generation at a Machining Center, Am. Ind. Hyg. Assoc. J., vol. 
61(1), pp. 22-30. 
Henriks-Eckerman, M.-L. and Suuronen, K. (2009) Alkanolamines in metalworking fluids. (in 
Finnish) Tavoitetaso TY-02-2009. Työterveyslaitos, 9 p. Available: 
http://www.ttl.fi/fi/tyoturvallisuus_ja_riskien_hallinta/riskien_hallinta/ohjearvot_tavoitetasot_haittate
kij%C3%B6ille/tavoitetasot/Documents/alkanoliamiinit.pdf 
Leith, D. et al (2003) Control Methods for Mineral Oil Mists, Appl. Occup. Environ. Hyg., vol. 18(11), 
pp. 883-889. 
Pihlajamaa, P. et al (2017). A Method and Apparatus for Controlling Occupational Hygiene in Machine 
Tool Environment, Tampereen Ammattikorkeakoulu Oy. International application published under the 
patent cooperation treaty  WO 2017 / 140941 A1. 
Suuronen, K. (2009) Metalworking fluids – allergens, exposure, and skin and respiratory effects, People 
and work, Research reports, no 85,  Finnish Institute of Occupational Health, Tampere, 106 p. + 93 p. 
app. 
Säämänen, A. et al. (2016) Metallityöstön kohdepoistoilman hallinta. (in Finnish) TSR Loppuraportti 
NRO 113256.Työterveyslaitos 2016. 
Säämänen, A. et al. (2018) Control of exposure to both particulate and SEMIvolatile components of 
metalworking fluid aerosols. Roomvent & Ventilation 2018. 

PROCEEDINGS  — Roomvent & Ventilation 20181186  | PROCEEDINGS  — Roomvent & Ventilation 2018

Track 6 – Excellent Indoor Climate and High Performing Ventilation

1186  |

http://www.ttl.fi/fi/tyoturvallisuus_ja_riskien_hallinta/riskien_hallinta/ohjearvot_tavoitetasot_haittatekij%C3%B6ille/tavoitetasot/Documents/alkanoliamiinit.pdf

	Organisers and supporters
	Foreword
	Scientific Committee
	Proceedings
	Track 1 – Personal conditions: Thermal comfort (TC1)
	Required Temperature Distribution Based on a Clothing Insulation and Metabolic Rate Survey, Masanari Ukai
	Effects of Air Temperature Steps on Older People’s Thermal Comfort and Skin Temperature, Zi Wang
	A Study on the Influence of Environmental Adjustment Behaviour of Residents on the Thermal Environment Performance of Passive Town, Sinwon Jeong
	An Experimental Study on Airflow Control to Improve Intellectual Concentration, Soma Kawamoto
	Track 1 – Personal conditions: Thermal comfort (TC2)
	Gender Difference in Diurnal Change in Psychological and Physiological Responses to Consistent Relative Humidity, Naoshi Kakitsuba
	An Experimental Study on Integrated Thermal Control of Office Room and Break Room to Improve Intellectual Concentration, Kimi Ueda
	A Preliminary Study of Optimal Thermal Comfort Criteria in a New Nv Office Building in Norway, Niels Lassen
	Influence of Gender on Thermal Sensation and Comfort in Indoor Enironments with Displacement Ventilation, Kai Rewitz
	Factors Influencing the Evaluation of Bed Thermal Environment, Arsen Melikov
	Behavioural Adaptation Characteristics of Occupants in Urban and Suburban Parks, Junta Nakano
	Track 1 – Personal conditions: Air quality (AQ)
	Evaluation of Residential Ventilation Accompanied with Indoor Particle Filtration, Tengfei Zhang
	Emission of Chemicals After Experiencing Negative Pressure in Newly Built Detached Houses, Hoon Kim
	Particle Transfer Through a Heat Wheel in a Highly Insulated Building, Hans Martin Mathisen
	Water Vapour Mobilises Building Related Non-Volatile Chemicals and Mycotoxins and May Be Used to Remove Substances of Potential Health Hazard from Indoor Surfaces, Panu Harmo
	Study on IAQ of Residential Buildings Based on Site Investigation and Online Monitoring, Yu Zhao
	Track 1 – Personal conditions: Demand controlled ventilation (DCV)
	Improvement of Supply Air Temperature Reset Control by Targeting ATF for VAV Systems, Eikichi Ono
	Validation and Optimization of Air Quality Sensor Based Occupancy Detection Algorithms, Felix Nienaber
	Control Procedure for Demand Controlled Ventilation Performance, Mads Mysen
	The Influence of Indoor Air Flow on the Optimum Sensor Position, Ralf Gritzki
	A Parametric Study of Adaptive Ventilation Strategy in Workspaces with Ductless Split Air-Conditioners, S Shriram
	Demand Response of Space Heating and Ventilation - Impact on Indoor Environmental Quality, Kristian Martin
	Track 1 – Personal conditions: Personalized ventilation (PV)
	Investigation of the Reliability of an Efficient Supply Air Control Method in Air-Cooled Data Centers with Aisle Containment, Ken Jesse Lindenberg
	Computational Fluid Dynamics Simulations of Personalised Ventilation: The Effect of Distance and Temperature on Thermal Comfort and Air Quality., Natalie Gilkeson
	Perception of Constant and Adjustable Cooling Jets in Warm Office Environment, Henna Maula
	Characterization of Personal Comfort Systems by Means of Subjective Comfort Investigation, Marco Perino
	Development and Evaluation of the Cool Chair 2016 Model, Yusuke Doi
	Effect of Airflow Interaction on Temperature and Velocity at the Breathing Zone of Seated Person, Eva Zavrl
	Track 2 – Air Distribution: Air Distribution (AD1)
	Numerical Investigation of the Air Distribution in Terraced Assembly Rooms with Open and Closed Rows, Benjamin Zielke
	Ceiling Turbulent Asymmetrical Air Jets Under Interaction Effects of Room Architectural Elements – a Full-Scale Experimental Characterization, Chi-Kien Nguyen
	Comparison of the Thermal Comfort and Ventilation Effectiveness in an Office Room with Three Different Ventilation Supply Devices – a Measurement Study, Bahram Moshfegh
	Air Distribution in a Room with an Active Chilled Beam - and a Comparison with Other Ventilation Systems., Peter Nielsen
	A Field Study on Thermal Environments and Occupant Comfort in Open-Plan Offices with Mixing Ventilation in Winter, Yong Cheng
	Comparative Study of Wall Attached Duct Multi-Directional Jet Supply System and Displacement Ventilation System on the Capacity of Undertaking the Air-Conditioning Load, Haiwen Shu
	Track 2 – Air Distribution: Air Distribution (AD2)
	Mixing Ventilation Efficiency Using a Vortex Diffuser - Comparison to a Lobed Multi-Cone Diffuser, Amina Meslem
	A Cooling Load Calculation Method for Stratum Ventilation Based on Equivalent Mixing Air Temperature, Sheng Zhang
	Experimental Comparison of the Thermal Indoor Environment Created by a Radiant, and a Combined Radiant and Convective Cooling System, Ongun Berk Kazanci
	Influencing Factors of Ventilation Rate to Satisfy a Local Zone in a Ventilated Space, Xianting Li
	Performance Comparison of Air Distribution Systems for Lecture Room Ventilation and Their Influence on Vertical Temperature Gradients, Markku Virtanen
	CFD Analysis of the Effect of Pressure Gradients on the Separation Efficiency of a Generic Air Curtain, Claudio Alanis Ruiz
	Track 2 – Air Distribution: Air Distribution (AD3)
	Development of Air-Conditioning System and Its Control System Using Vortex Ring Type Pulse Airflow Control Device, Tomoyuki Chikamoto
	Is Building Ventilation a Process of Diluting Contaminants or Delivering Clean Air?, Mats Sandberg
	An Experimental Study of Diffuse Ceiling Ventilation with Symmetrical and Asymmetrical Heat Load Distributions, Risto Kosonen
	An Experimental Study on Airflow Characteristics and Thermal Environment with Asymmetrically Located Heat Loads and Low-Momentum Diffuse Ceiling Ventilation, Sami Lestinen
	The Effect of the Strength of Asymmetric Heat Load on Indoor Air Quality with Diffuse Ceiling Ventilation, Weixin Zhao
	A Comparative Study of the Indoor Environmental Quality in Renovated and Non-Renovated Classrooms, Christian Anker Hviid
	Track 2 – Air Distribution: CFD simulation (CFD1)
	Assessment of E-Cigarette Smoking Using in Silico Human Respiratory Tract Model Integrated with Coupled PBPK-CFD Analysis, Kazuki Kuga
	Integrated PBPK-CFD-CSP Analysis for Dermal Exposure Assessment in Indoor Environment, Hideaki Koyama
	Comparative Numerical Simulation of Inhaled Particles Transportation in Upper Human Airway for Intersubject Differences,
Nguyen Lu Phuong
	Estimation of Diurnally-Averaged Inhalation Exposure Risk in a Naturally Cross-Ventilated Factory by NWP-CFD Integrated Analysis, Alicia Murga
	Impact of Hygrothermal Transfer Analysis in Numerical Respiratory Tract on Skin Surface Temperature Evaluation by Stolwijk Model, Chong Wang
	Track 2 – Air Distribution: CFD simulation (CFD2)
	CFD Modelling of Indoor Contaminants and Their Visualization by Simulated Smoke Videos, Pertti Pasanen
	Large Eddy Simulation of Airflow in a Room with a Sidewall Jet: Comparison with Benchmark Test Data for Occupied Zone, Nikolay Ivanov
	Verification and Transferability of a Multizone Air Flow Model in Modelica to a CFD Environment for Decentralized Ventilation Systems, Tim Röder
	CFD Modelling for Transient Jet with Change of Airflow Direction, Yoshihisa Momoi
	Enhanced Energy Modelling of Buildings in Sheltered Scenarios Using Integrated CFD and Bes Method, Ruijun Zhang
	Simulation of the Airflow Pattern from Multi-Nozzle Diffuser, Pekka Kanerva
	Track 2 – Air Distribution: Measurement and visualization methods (MVM1)
	A Novel Diagnostic Technology for Air Infiltration in Buildings Using an Infrared Camera, Wei Liu
	Development of a Test Bench for the Calibration of a Two-Dimensional Velocity Sensor for Low Airflows, Yuanchen Wang
	Tracer Gas Experimental Method Applied for Air Recirculating Systems Part 1 Theory and CFD Verification, Takashi Kurabuchi
	Cost-Effective Human Comfort Manikin with Realistic Thermal Load for Studies of Convection-Driven Ventilation Systems,
Pascal Lange
	On-Site Airflow Measurement of a Laboratory Fume Hood Using Customized Large-Scale Image-Based Velocimetry,
Romain Schuster
	A New Method to Identify Local Mean Age of Air Using Pulse Response Theory Inside a Room with Return Air Flow in Supply Air, Toshio Yamanaka
	Track 2 – Air Distribution: Measurement and visualization methods (MVM2)
	Measurement of Velocity Above Commercial Cooking Gas Stove with Particle Image Velocimetry, Yuki Shimanuki
	New Schlieren Imaging System: Setup and First Results, Amayu Wakoya Gena
	Measurement of Entrainment into an Axisymmetric Jet Using Temperature as a Tracer: A Pilot Study, Alan Kabanshi
	Detection of Vertical Air Temperature Distribution by Long-Wave Infrared Thermography, Paul Seiwert
	Particle Image Velocimetry Measurements in a Reduced-Scale Simplified Airplane Cabin, Jo-Hendrik Thysen
	Track 3 – Energy and Ventilation: Energy performance of buildings (EPB1)
	User Behaviour and Office Building Energy Consumption, Ken Dooley
	Wireless Sensor Network for Building Management System on Energy Efficiency, Nikolajs Bogdanovs
	Potential for Peak Cooling Demand Reduction with Active Chilled Beam System by Temperature Stratification in Simulated Perimeter Zone Office Room, Panu Mustakallio
	Experimental Analysis on Wall Jet Night Ventilation System, Wenhui Ji
	Continuous Optimisation of HVAC Systems’ Operation Through Graphical Visualization of Performance, Andrei Litiu
	Investigation of Concepts and Control strategies for Centralized and Decentralized HVAC-Systems, Matthias Eydner
	Track 3 – Energy and Ventilation: Energy performance of buildings (EPB2)
	BIM Based Approach for Decision Making and Uncertainty in Building Retrofit Design, Davor Stjelja
	Ventilation Effectiveness of Residential Ventilation Systems - an Assessment of the Energy Saving Potential, Mohammad Reza Adili
	Reducing Energy Consumption of Air Handling Units by Optimized Pump Control, Jens Teichmann
	Measuring Breathing Walls Effectiveness and Dynamic Behaviour, Adriana Angelotti
	Energy Benefit of Organic Rankine Cycle in a Liquid Desiccant and Evaporative Cooling-Assisted Air Conditioning System,
Hye-Won Dong
	Empirical Analysis of the Dehumidification Performance of a Packed-Bed Counter-Flow Liquid Desiccant Dehumidifier, Hye-Jin Cho
	Track 3 – Energy and Ventilation: Models for ventilation and energy performance (VEP1)
	Dynamical Dimensioning of Air Duct Networks – an Energetic and Economic Optimization, Michael Schaub
	Evaluation Method of Building Leakage Characteristics Considering Geometry and Combination of Openings, Yoshihiro Toriumi
	Comparison of Simplified Models to Estimate Vertical Temperature Gradient in Rooms with Displacement Ventilation,
Natalia Lastovets
	Characterization of the Free Plume Created by Stoves Using Laboratory Measurements, Martin Thalfeldt
	Validation of a Zonal Model to Capture the Thermal Stratification in a Room Heated by a Stove, Martin Thalfeldt
	Influence of Operation Set-Points of Ventilation Systems with Fan Coils on Yearly Energy Consumption, Edward Przydrozny
	Track 3 – Energy and Ventilation: Models for ventilation and energy performance (VEP2)
	Study on the Simulation Model of a Balcony Greenery System with Ventilation in a Hot and Humid Climate, Yun-Hao Hsieh
	Fast Prediction of Temperature Distribution: Adaptability for Different Air Distribution Patterns, Xiaoliang Shao
	Comparison of Dehumidification Performance of a Single and Two Stage Dehumidifiers in a Liquid Desiccant-Assisted Dedicated Outdoor Air System, Joon-Young Park
	Heat Transfer Enhancement of Free Convection Flows with Kármán Vortex Streets in Vertical 3d-Channels Heated from Two Sides, 
Paul Mathis
	Warm and Cold Air Temperature Setpoints in Dual-Duct Ventilation Systems with Extract Air Recirculation, Aleksandra Przydrozna
	Numerical Study on Energy Loss Through Door Open While Air Conditioner Running, Sihwan Lee
	Track 3 – Energy and Ventilation: Models for ventilation and energy performance (VEP3)
	Early Design Tool for Earth Tubes in Canada, Sébastien Brideau
	Numerical Study of Thermal Performances of a House Equipped with Airflow Windows - Comparison to Conventional Double-Glazed Windows, Ghislain Michaux
	Assessment of Modelling Techniques for Interzonal Air Exchange in the Context of Residential Dwellings., Matthias Lux
	Preservation Risk Reduction by Adaptive Ventilation: The Case Study of Historical Fresco, Michala Lysczas
	The Challenges of Ventilation in Buildings with Tight Envelope in Cold Climate, Lari Eskola
	Track 4 – Applications: Natural ventilation (NV1)
	Tracer Gas Measurement of Natural Ventilation Systems: Impact of Unsteady Airflows, Gabriel Remion
	General Wind Pressure Coefficient Database and Its Application for Estimation of Natural Ventilation Rate of Mid- to High-Rise Office Building, Yoshiko Kawawake
	Methodology Approach for Natural Ventilation Potential Assessment at District Level in Tropical Climates, Valentin Delplanque
	Validation of Steady Rans for Natural Ventilation Flow Through Louvered Window Openings, Twan Van Hooff
	Simplified Estimation of Wind-Induced Natural Ventilation Rate Caused by Turbulence for a Room with Minute Wind Pressure Difference, Tomohiro Kobayashi
	Evaluation of the Thermal Environment and Effect of the Natural Ventilation in the Green Building with Large Thermal Capacity,
Hiroshi Muramatsu
	Track 4 – Applications: Natural ventilation (NV2)
	Nydalen Vy: A Nearly Zero Energy Building in Norwegian Climate with Natural Ventilation, Maria Myrup
	Indoor Air Quality and Health in Naturally Ventilated Residential Buildings in Nigeria, Catherine J Noakes
	Simulation Study on Optimizing the Hygrothermal Condition of an Underfloor Ventilation Chamber, Yoshinori Honma
	Condensation Prevention Algorithm Experiment by Controlled and Occupancy Situation, June Hae Lee
	Experimental Evidence of Effective Single Sided Natural Ventilation Beyond 20ft or 2.5 Floor to Ceiling Heights in Open Plan Office Spaces, Guilherme Carrilho Da Graça
	A Systematic Approach for Improving the Accuracy of Cross-Ventilation Airflow Calculation Using Adaptive Discharge Coefficient for Unsheltered and Sheltered Building Conditions, Parham Mirzaei Ahranjani
	Track 4 – Applications: Hospital ventilation and infection control (HV1)
	Operating Room Ventilation: CFU Concentration Measurements, Aleksanteri Setälä
	Indoor Environment and Influenza Air-Borne Infection Risks in Facilities for the Elderly in Japan and Finland, Motoya Hayashi
	The Influence of Indoor Air Distribution on Airborne Spread of Expiratory Droplet Nuclei Between Occupants: A Review and Some New Findings, Zhengtao Ai
	A Numerical Study of an Operating Room Ventilation with Unidirectional Flow Ceiling, Two Surgeons and a Patient,
Laurentiu Tacutu
	Experimental Measurements of the Exposition to Exhaled Contaminants from Different Breathing Modes,
Félix Antonio Berlanga Cañete
	Influence of the Shape of Surgical Lamps on the Airflow and Particle Distribution in Operating Rooms, Cong Wang
	Track 4 – Applications: Hospital ventilation and infection control (HV2)
	Healthcare Worker Exposure to Patient Exhaled Airborne Contaminants in Hospital Isolation Rooms, Petri Kalliomäki
	Use of a Live Vaccine Virus as a Tracer for Infection Control-Related Air-Sampling and Ventilation Studies, Julian Tang
	CFD Simulation of Health Care Workers’ Direct Exposure to Patient’s Exhaled Air in Hospital Isolation Rooms, Hannu Koskela
	Patients’ Perception of the Thermal Environment in Selected Hospital Wards, Anna Bogdan
	Door and Passage Induced Air Exchange Across Hinged Door, Trond Thorgeir Harsem
	Influence of Air Distribution and Room Pressurisation on Air Velocity and Air-Change Effectiveness in a Bay-Designed Ward with Dedicated Outdoor Air System, Majeed Oladokun
	Track 4 – Applications: School ventilation (SV)
	The Indoor Environmental Quality in a Dutch Day Care Centres: The Effects of Ventilation on the Conditions Within the Baby Cots,
Wim Zeiler
	Experimental Assessment of Airborne Transmission Through a Clean Room Door During the Door Opening and Closing at Non‑Isothermal Conditions, Kaho Hashimoto
	Healthy Low Energy Redesigns for School in Delhi: Inventory Study of the Current Conditions, Jill Vervoort
	A Study of an Improved Operation of Ventilation Equipment in Schools’ Classrooms Based on CFD Analysis of VOCs, Peng Ruichao
	Measurement of Thermal Comfort Field in a Classroom Conditioned by a Split-Type System, Anastacio Da Silva Junior
	Experimental Campaign on Thermal Comfort in Naturally Ventilated University Classrooms, Michael Fabozzi
	Track 4 – Applications: Airplane and vehicle ventilation (AVV)
	Assessment of a New Ventilation System for Commercial Aircraft Cabins Using Wells-Riley Equation, Yan Chen
	Influence of Sensible Heat Release on the Performance of Displacement Ventilation in a Train Compartment, Daniel Schmeling
	Experimental Analysis of the Influence of a Personalized Ventilation System on the Back of the Front Seat on the Dispersion of Expiratory Droplets in an Aircraft Cabin, Victor Barbosa Felix
	Multi-Zonal Temperature Control of Transient Thermal Loads in Aircraft Cabin Airflow, Tobias Dehne
	Scale Model Study for Air Diffusion Inside a Crew Quarter on Board of ISS, Ilinca Nastase
	Track 5 – Contaminant Control: Ventilation systems for contaminant control (CC1)
	Reduction of Particulate Matter Concentrations by Local Removal in a Semi-Enclosed Parking Garage, Rob Vervoort
	Experimental Study of Heavy Contaminant Gas Distribution in a Large Space Chamber, Qianru Zhang
	Adjustable Ventilation Using Induced Jet Fans for a Multi-Purpose Space, Wei Ye
	Additive Metal Manufacturing Emission Characterization, François-Xavier Keller
	Stagnation Characteristics of Exhaust Gas from Fuel Cell Unit Installed in Common Hallway and Alcove Space, Chihiro Ishihara
	Effects of an Electric Fleet on Mine Ventilation and Refrigeration with a Comparison to an Equivalent Diesel Mine, Melissa Brown
	Track 5 – Contaminant Control: Ventilation systems for contaminant control (CC2)
	Numerical Study on a Novel Vortex Side Hood for High-Temperature Pollutant Control, Zhixiang Cao
	Measurements of Wind Effects on the Efficacy of Asbestos Containment in a High-Rise Building, Roman Guichard
	Control of Exposure to Both Particulate and Semivolatile Components of Metalworking Fluid Aerosols, Arto Säämänen
	A Simple Zone Model for Water Mist Fire in a Chamber with Limited Ventilation, W.K. Chow
	Optimization Design of the Ventilation Opening Structure for a Super Large Space Coal Storage Dome Under the Condition of Natural Ventilation, Yaohua Hou
	Numerical and Experimental Simulation Study of the Efficiency of Local Exhaust Ventilation During Materials Polishing Process,
Ali Bahloul
	Track 6 – Excellent Indoor Climate and High Performing Ventilation
	Study on the Heat Transfer Performance of the Ceiling Radiant Panel, Yuki Ichikawa
	A Transient Two Zone Model for Thermal Stratification in Displacement Ventilated Rooms, Tor Helge Dokka
	A Study on CFD Modelling Method of Four Way Cassette Diffuser, Keiji Goshima
	Performance Evaluation of Capillary Ceiling Radiant Cooling Panel on Surface Temperature and Indoor Thermal Environment,
Dong Xie
	Experimental Comparison of Three Indoor Thermal Environment Control Methods: Diffuse Ceiling Ventilation, Chilled Beam System and Chilled Ceiling Combined with Mixing Ventilation, Simo Kilpeläinen
	Computational Fluid Dynamics Study of a Diffuse Ceiling Ventilation System Through Perforated Sound-Absorbing Ceiling Panels, Alessandro Nocente
	Numerical Study of a Hemp-Concrete Insulation Building, Georges Costantine
	A Review of the Current State of Air Tightness of Residential Buildings in Iraq, Saif Rashid
	The Use of Earth-to-Air Heat Exchanger (EAHE) and Thermal Mass for Building Thermal Environment Regulation, Dong Yang
	Adaptation Strategies of Row-Houses to Climate Change in Taiwan, Mei-Chen Lu
	The Search for the Best Possible Solutions of Heating System for Passive Building Located in Polish Climate., Dawid Tata
	Recovering Waste Heat from Flue Gas of Combined Heat and Power Plants for District Heating in China, Haichao Wang
	Airflow Study Inside an Enclosure with a Pcm Wall and a Solar Collector, Cristiana Croitoru
	Switchable Thermal Insulation for Auxiliary Heating, Tobias Schilly
	Energy Performance of Desiccant and Evaporative Cooling-Assisted 100% Outdoor Air System Combined with a Thermoelectric Module Integrated Fuel Cell, Hansol Lim
	Energy Saving Potential of a Dedicated Outdoor Air System with Desiccant Wheel Assisted by Thermoelectric Modules,
Seongyong Cheon
	Why Couple Renewable Energy Sources with Radiant Systems: Current Trends, Limitations and Potential, Laura Carnieletto
	A Study on Energy Consumption Pattern of Middle Schools in Korea, Byungjoo Kang
	A Study on Energy Consumption Characteristics of High Schools in Korea, Taewoo Kim
	Net Zero Energy Schools: Their Systems, Energy Use and Indoor Air Quality, Wim Zeiler
	Indoor Air Quality in Low Energy Schools: The Use of CO2 Based Demand Controlled Ventilation Evaluated, Wim Zeiler
	Real-Time Measurement of Indoor Air Formaldehyde, Olavi Vaittinen
	A Study on the Pollutant Removal Rate of Floor Surface Through Various Cleaning Methods, Hyuntae Kim
	Impact of Ventilation on Indoor Air Quality in a Sport Articles Store, Laurence Robert
	Indoor Air Quality Solutions for Commercial Buildings, Sean Menezes
	Air Purifiers’ Pollutants Removal Effectiveness and Further Action: Case Study of Shanghai Hotel, Xu Bin
	Effects of Meteorological Factors on CO2 Concentrations, Maria Marrero
	Mathematical Modelling of Photocatalytic Oxidation Process of Toluene for Building Material with Locally Doped Titanium Dioxide,
Koki Nakahara
	Numerical Prediction of Thermal and Humidity Conditions in the Ventilated Ice Rink Arena in Summer Conditions Using a Validated CFD Model, Agnieszka Palmowska
	Evaluating Eddy-Viscosity Turbulence Models to Predict the Airflow in Elbows, Kátia Cordeiro Mendonça
	Numerical Prediction of Indoor Air Distribution and Thermal Comfort for an Office Room, Bahadir Erman Yuce
	Energy Efficient Air Conditioning Via Occupancy Identification and a Higher-Level Intelligent Controller, Osman Akyildiz
	Predicted and Actual Energy Performance of Residential Buildings in Czechia. Case Study on Evaluation of Detailed Energy and IEQ Monitoring in Family House, Ondrej Horak
	Innovative Solar Desiccant Component for Direct Dehumidification and Cooling of Humid Air, Vincenzo Gentile
	Assessing the Natural Ventilation Cooling Potential of Residential Buildings in the Hot Summer and Cold Winter Zone of China,
Jie Xiong
	Infiltration of Air into Two World Heritage Farmhouses in Sweden During Winter Conditions, Mikael Björling
	Improvement of Ventilation Performance and Contamination Control for a Bio-Tech Cleanroom, Fu-Jen Wang
	Field Measurements of the Airflow Distribution in Close Proximity to a Patient in an Operating Room, Anders Mostrøm Nilssen
	A Moving Thermal Manikin for the Simulation of Walking Passengers in Aircrafts or Trains, Daniel Schmeling
	Numerical Study for the Improvement of the Ventilation System of the Crew Quarters on Board the International Space Station,
Florin Bode
	Developing a Realistic CFD Model of the Air Distribution Inside a Vehicle Cockpit, Angel Dogeanu
	CFD Simulation of Natural Ventilation in Hospital Wards: The Effect of Insect Screen and Plenum on Dust Particle Penetration, Mohammed Alhaji Mohammed
	Tracer Gas Experimental Method Applied for Air Recirculating Systems Part 2 Experimental Verification, Kazuya Nagashige
	Evaluating the Body Cooling Effect of Personalized Ventilation Systems, Hayder Alsaad
	Energy Saving Potential of a Ventilated Seat Cushion, Mariya Bivolarova
	Improvement Effect of Personal Heating and Cooling on Thermal Comfort While Using Toilet, Jin Ishii
	The Effect of the Lack of Sleep on the Thermoregulatory Responses in the High Temperature Environment, Ayako Yasuoka
	Proposal of a Method to Investigate the Thermal Demands of Office Workers, Naoki Katori
	Human Thermal and Airflow Sensations in Temperature and Humidity Ramps with Small Air Movement, Kazuo Nagano
	Effects of Office Indoor Floor Plants on the Human Sensory Perceptions, Yoshihito Kurazumi
	Indoor Thermal Comfort and Heat Gain Mitigation Capability of Utilizing Window Films for Building Envelope Retrofit, Yi-Jhen Li
	Ventilation System Optimization Inside a Sludge Dewatering Hall, Mihnea Sandu
	Innovative Solution for Improving Occupational Hygiene in a Machine Tool Environment



