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Comparison of the effects of symmetric and asymmetric heat
load on indoor air quality and local thermal discomfort with
diffuse ceiling ventilation

Weixin Zhaoa, Sami Lestinena , Simo Kilpel€ainena and Risto Kosonena,b

aDepartment of Mechanical Engineering, Aalto University, Espoo, Finland; bCollege of Urban Construction,
Nanjing Tech University, Jiangsu, China

ABSTRACT
In this study, indoor air quality and thermal conditions were studied
under laboratory conditions with the heat load that was located symmet-
rically or asymmetrically in the room. Diffuse ceiling ventilation (DCV)
was adopted to provide cooling and outdoor air to the room. CO2 con-
centration, room air temperature and air speed were measured in the
test chamber. This study gives insight of both thermal comfort and
indoor air quality with different heat load levels and load distribution.
The results show that the strength, distribution and the type of heat
load have a significant influence on air distribution and thermal comfort.
In all cases, the performance of the diffused ceiling ventilation was like
fully mixed ventilation. The mean air temperature and speed increase
with the heat load, as a result, also draught rate increases, which meant
the heat load distribution has effect on local thermal discomfort.
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Introduction

In modern cities and urban societies, most people spend more than 90% of their time indoors.
Occupants expect to have a satisfactory indoor environment that could fulfil their need for ther-
mal comfort as well as excellent indoor air quality. These conditions can be achieved by high
performance ventilation (Sepp€anen, 2008b).

Ventilation can be also used for heating and cooling purposes in buildings. The earlier studies
have shown that ventilation is essential for good indoor climate. In turn, improving indoor cli-
mate has been shown to affect significantly learning and productivity. With effective ventilation
and air distribution design, it is possible to guarantee excellent indoor conditions in an energy-
efficient manner (Bin & Sekhar, 2008; Haverinen-Shaughnessy et al., 2015; Sepp€anen, 2008a;
Wargocki & Wyon, 2017).

Diffuse ceiling ventilation (DCV) is an innovative ventilation concept in which the suspended
ceiling serves as an air diffuser to supply outdoor air into the room. The supply air of DCV is dis-
tributed evenly through the perforated suspended ceiling down to the occupied zone.

Fan et al. (2013) proposed that the local air change effectiveness with DCV range between
90% and 100% in the workstation zone, while the local air change effectiveness of ideal mixing
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ventilation is 100%. These results correspond well with the studies by Nielsen et al. (2010),
Chodor and Taradajko (2013) and Nielsen and Jakubowska (2009). Hviid and Svendsen (2013)
investigated air exchange efficiency and the results support the good mixing finding. Further,
there was no evidence of any stagnant zone or short-circuiting ventilation in the room based on
the experiment and simulation with proper system design. Kristensen et al. (2017) reported that
ventilation effectiveness was comparable to conventional mixing ventilation.

There are challenges to evaluate the air change efficiency with measurement where the loca-
tions of sampling points should be designed based on the application (Mundt et al., 2004). Wu
et al. (2012) indicated that when the tracer gas is CO2, the position of sampling points should be
close to the openings in naturally ventilated dairy cattle. To get better overview of air quality close
to the breathing zone, more sampling points are required in different workstations (ASHRAE, 2002).

The risk of draught increases when the airflow temperature decreases and the mean velocity
and the turbulence intensity increase. Melikov et al. (1988) proposed that the turbulence inten-
sity has a significant effect on the sensation of draught. In a subsequent study, Melikov et al.
(1997) showed that also temperature fluctuation increases draught sensation. Furthermore, the
airflow direction and the flow fluctuation can also have a substantial effect on local thermal sen-
sation, e.g. the rising natural convection flow may interact with downward supply airflow and
hence reduce the cooling of skin (Mayer, 1988; Toftum et al., 2000). In this way, the discomfort
due to draught at vertical downward airflows can be reduced.

Compared with the conventional ventilation system such as mixing or displacement ventilation sys-
tems, the DCV can significantly reduce draught risk in the occupied zone due to the low momentum
supply. DCV effectively reduces local thermal discomfort caused by draught, vertical temperature gra-
dient and the radiant temperature asymmetry. Hviid and Terkildsen (2012) stated that the air distribu-
tion system of DCV could manage high heat load without a significant risk of draught, because the
air movement is dominated by the heat sources and not by momentum flow from the supply.

It has generally been acknowledged that the convection flows cause by thermal loads may
significantly affect the airflow pattern. Kosonen et al. (2007) explored the effect of plumes from
heat sources on the supply airflow pattern from chilled beams. They found that plumes from
workstations were able to turn the supply jets and change the flow pattern notably. The location
of maximum velocity in the occupied zone depends on the heat load strength and the location,
as well as on the momentum flux of the supply airflow rate. Muller et al. (2004) investigated the
effect of uniformly distributed heat sources on room flow pattern by laboratory measurements
and CFD simulation. The maximum velocity in the occupied zone increased with the heat load.
They concluded that maximum velocity exceeds 0.2m/s when the heat load is above 60W/floor-
m2. The interaction of convection flows from heat sources with different strength and location
and from warm window with the airflow supplied by chilled beams is studied. The performance
of air distribution is a combination of the influence of the cold and warm surfaces, air diffusion
and thermal plumes of heat loads (Kosonen et al., 2010).

High internal heat loads increase the risk of draught (Kavgic et al., 2008; Zukowska-Tejsen
et al., 2016). Earlier studies have shown that large-scale circulating flow pattern generates from
the heat sources to the other side of the room with asymmetric thermal load distribution that
increases the temperature gradient between the perimeter and internal part (Bertheussen et al.,

Table 1. Used heat loads in asymmetric tests.

2 2 2 7
Light

Computer
at floor

Solar load
at floor

Total heat
load

Total
heat fluxCase Dummies Laptops Monitors Window plates

(W) (W) (W) (W) (W) (W) (W) (W) (W/m2)

1 188 75 78 693 116 103 420 1676 80
2 188 75 78 381 116 0 420 1258 60
3 188 75 78 381 116 0 0 838 40
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2013; Koskela et al., 2010; 2012; Lestinen, Kilpel€ainen, Kosonen, Jokisalo, & Koskela, 2018;
Mustakallio et al., 2016). Based on prior literature, the airflow pattern is strongly dependent on
the location of heat sources. From the view of minimising the draught risk, even distribution of
heat sources is superior concentrated placement (Zhang et al., 2016).

Venkatasubbaiah and Jaluria (2012) and Harish and Venkatasubbaiah (2013) conducted studies
on the buoyancy-induced flow with DCV using CFD simulations. They revealed that flow behav-
iour is significantly influenced by the size and location of heat source. This finding was verified
by Chodor and Taradajko (2013) by an experimental study. They observed that equally distrib-
uted heat source enable a higher cooling capacity of DCV than the asymmetric heat sources
locations, and that heat sources placed at the floor level give a higher draught risk than if placed
in the upper zone. Nielsen et al. (2015) further proved the benefit of an even distribution of heat
sources by comparing six dummies located in a centre position, at one end and evenly
distributed.

In spaces with DCV, indoor air flow is usually driven by buoyancy forces (Wu et al., 2019; Zhang
et al., 2014), which makes distribution of heat sources in the room rather important. Lestinen,
Kilpel€ainen, Kosonen, Jokisalo, Koskela, and Melikov (2018) measured the effect of heat load on
indoor airflow characteristics. The results indicate a cause-effect relationship of the heat load
strength and the heat load distribution on airflow characteristics that may also have effects on air
distribution. Lestinen, Kilpel€ainen, Kosonen, Jokisalo, Koskela, and Melikov (2018) studies focused
on the air flow fluctuation and turbulence scales in both symmetric and asymmetric conditions.
Together with thermal comfort is important to consider the possible effect of heat load types and
load distribution on air quality. So far, the previous studies are only focus on thermal comfort.

The novelty of this study is to compare both indoor air quality and thermal conditions with
symmetric and asymmetric load distributions at different heat load values. This paper examined
the effect of both symmetric and asymmetric heat loads on indoor air quality and local thermal
discomfort in a test chamber with DCV. Thus, this study provides a generic view of the perform-
ance of the diffused ceiling ventilation with different heat load conditions and setups.

Methods

The objective of the experiments was to measure the indoor air quality and local thermal dis-
comfort with symmetric and asymmetric heat load setups under DCV. Room air temperature,

Table 2. The measuring instruments and visualization equipment.

Variable Meter-type Model Accuracy

Temperature
Air speed
Turbulence intensity

Hot-sphere anemometer Dantec dynamics
Vivo Draught 20T31

Air speed: Range 0.05–1.0
m/s

±0.01 m/s ± 0.025 means
Temperature:
Range 0-45 �C ± 0.15 �C

Temperature
Air speed
Turbulence intensity

Hot-sphere anemometer Sensor electronic
SensoAnemo 5100SF

Air speed: Range 0.05–1.0
m/s ±0.01 m/s ± 0.025
means

Temperature: Range �10
to 50 �C ± 0.2 �C

Temperature
Relative humidity

Tinytag Tinytag ±0.5 �C (0…þ45 �C)

Surface temperature Infrared thermography ThermaCAMTM P60
Infrared camera

±2 �C or ±0.02�Tmeas

Tracer gas concentration Gas-analysator Bruel Kjaer Multi-gas
Monitor Gas Analyzer

Type 1302

Detection threshold:10-3ppt-
1ppt

Range: upper detection limit
¼ 100,000 times the
lower detection limit
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surface temperatures, humidity and air speed were measured to evaluate thermal environment
with different heat load levels. Local thermal comfort was analysed by draught rate. In addition,
tracer gas experiment based on step down method was employed to evaluate the air change
efficiency (Mundt et al., 2004).

Test chamber

The measurements were carried out in a test chamber of the internal dimensions of 5.5m length,
3.8m width and 3.2m height from floor up to suspended ceiling. The supply air was distributed
through a suspended ceiling panels into the room (Figure 1a). The panels were installed 0.35m
below the ceiling. The diffuse ceiling panel has dimensions of 600� 600� 20mm3 and the panel
was made of glass-wool-plate elements. Each tiny nozzle has a diameter of 14mm and the over-
all perforation ratio is approximately 0.5% (Figure 1b).

The test chamber was located inside a laboratory hall such that the outer environment was
stable. Two Ventiduct VSR duct-diffusers were installed sequentially above the suspended ceiling.
The combined duct diffuser of diameter 0.2m extended the entire length of the upper chamber
(Figure 1c). The supplied airflow was 180� upwards.

Experimental setup

The effect of symmetric and asymmetric heat load distributions on indoor air quality and local
thermal discomfort were compared and the heat load was increased from 40 to 80W/floor-m2.
This described the increase from a common heat load level in offices up to a peak load level.

Figure 2 presents the layout of symmetric and asymmetric setups. In the symmetric setup, 12
evenly distributed cylindrical heat sources of the diameter of 0.4m (Zukowska et al., 2012) and
the height of 1.1m (Cen, 2004) were installed (Figure 3a). Figure 2b shows the double office lay-
out and the measurement points were shown with the asymmetric setup. Two workstations
were located in the middle of the room 0.6m from the window panels in longwise direction
(Figure 3b). Both workstations equipped with a laptop and a monitor. Lights were installed in
the middle of the workstations at the ceiling. The simulation window panels were heated up to
30–40 �C that simulates solar load, as shown in Table 1. TL1–TL15 were temperature and speed
measured locations.

In this study, indoor air quality is evaluated by using tracer gas measurement. CO2 was
employed as a tracer gas because the background concentration of CO2 is constant. Four differ-
ent location closed to the workstations are analysed. IL1 and IL2 were attached to the face of
two heat dummies at the height of 1.1m to measure the indoor air quality at occupied zone. IL3
near the simulated window (more thermal plume) and IL4 (less thermal plume) were located at
unoccupied zone at the height of 1.1m. IL5 was located at the exhaust to measure the air
change efficiency for the whole room .

Measuring instruments

The air temperature and speed were measured by using seven hot-sphere anemometers. The ane-
mometers were installed into a measuring mast at the heights of 0.1, 0.6, 1.1, 1.7, 2.3 and 2.9

Table 3. Heat load per floor area, airflow rate and temperatures.

Case Air flow rate (l/s�m2) Supply air temperature (�C ) Total heat flux (W/m2) Room air temperature (�C)
1 3.7 17 40 26
2 5.6 17 60 26
3 7.3 17 80 26

4 W. ZHAO ET AL.



according to the recommendations the European Standard EN ISO 7726:1998 (International
Organization for Standardization, & International Electrotechnical Commission [ISO], 1998). Additional
measurement was conducted at the height of 1.4m. Three lowest sensors were the Vivo Draught
20T31 anemometers with the sampling rate of 10Hz. The four highest sensors were the wireless
Sensoanemo 5100SF anemometers with the sampling rate of 0.5Hz. The measuring interval was
1hour. The Tinytagplus-2-meters were installed on internal and outer walls to observe near-wall
temperature and humidity conditions. The detailed temperature differences at surfaces were meas-
ured with infrared camera. The indoor airflow pattern was visualised with marker smoke. The airflow
visualisations showed the indoor airflow patterns such that large-scale airflows could be realised.

Gas-analysator (Briiel, 1992) was conducted to measure concentration values of CO2 at loca-
tions (IL1–IL5) with two setups (Figure 2). In the occupied zone of the test chamber, CO2-concen-
tration was measured in height of 1.1m above floor.

All the measurement devices that were used during the experiments are summarised in Table
2. In addition, the parameters of test cases are summarised in Table 3. Moreover, Tables 1 and 4
showed the used heat loads in symmetric and asymmetric measurement cases, respectively. The
heating power of the window panels was adjusted to reach the set heat load levels.

Experimental methods

Indoor air quality was analysed by the concept of age of air introduced by Sandberg (1981). The
age of air is defined as the time that has elapsed since the air entered the space through an
opening (Etheridge, 2015). The air change efficiency is a measure of how quickly the air in a
room is replaced in comparison with the theoretically fastest rate with the same ventilation air-
flow (Etheridge & Sandberg, 1996).

The definition of the air change efficiency can be explained as the ratio between the theoret-
ically shortest possible air change time sn and of the average time it takes to replace the air in
the room sr and can be expressed as:

ea ¼ sn
sr

� 100% (1)

The actual air change time sr can be derived from the room mean age of air sh i :
sr ¼ 2 sh i (2)

where ea is air change efficiency, sh i is mean age of air, sr is actual air change time.
So air change efficiency also is the ratio between sn and sr , Eq. (1) becomes:

ea ¼ sn
2 sh i � 100% (3)

The local air change index, eaP , characterises the conditions at a particular point. It is defined
as the ratio between the nominal time constant and the local mean age of air, sP , at point P.

eaP ¼
sn
sP

� 100% (4)

Table 4. Used heat loads in the symmetric test.

Case
Heat load of cylindrical heat source

Number of cylindrical heat source
Total heat load Total heat flux

(W) (W) (W/m2)

1 70 12 840 40
2 105 12 1260 60
3 140 12 1680 80

INTERNATIONAL JOURNAL OF VENTILATION 5



The mean age of the room air is calculated from the weighted area under the curve using
Eq. (5).

sh i ¼
Pi¼n

i¼1
ciþci�1

2 � ti þ ti�1ð Þ � tiþti�1
2

� �þ cn
h � 1

h þ tn
� �

Pi¼n
i¼1

ciþci�1
2 � ti � ti�1ð Þ� �þ cn

h

(5)

The nominal time constant is calculated by Eq. (6).

sn ¼
Pi¼n

i¼1
ciþci�1

2 � ti � ti�1ð Þ� �þ cn
h

c0
(6)

where ci the concentration of CO2 is at the time t ¼ i, h is the absolute value of the slope of
the decay curve.

The normalised temperature is expressed as:

Tn ¼ ta, l�T in

T out � T in
(7)

where ta, l [�C] is the local air temperature, Tout [�C] is the exhaust air temperature, Tin [�C] is the
supply air temperature.

Draught is defined as an unwanted local cooling of the human body caused by air move-
ment, which is strongly related to local air speed. The Standard EN ISO 7730:2005 (International
Organization for Standardization [ISO], 2005) defines the draught rate as:

DR ¼ 34� ta, lð Þ ua, l � 0:05ð Þ0:62 0:37 � ua, l � Tuþ 3:14ð Þ (8)

where ua, l [m/s] is the local mean air speed from 0.05 to 0.5m/s, and Tu [%] is the local turbu-
lence intensity in percent from 10% to 60%. The turbulence intensity can be defined as:

Tu ¼ uSD
u

� 100 (9)

where uSD is the standard deviation of speed, u [m/s] is the mean air speed.

Results

Indoor air quality

Age of air
From the tracer-gas experiments, the air change efficiency and the age of air were calculated
based on the decay curve of CO2 concentration (Figure 4). The mean age of air for five measure-
ment points were presented with different heat load strength and load distribution (Figure 5). The
local mean age of air decreased with the increasing heat load, because a higher heat load requires
simultaneously a higher airflow rate. The mean age of air decreased 15% and 20% when the heat

Figure 1. (a) diffuse ceiling inlet structure, (b) tiny nozzle density as 0.5% of the entire panel area and (c) duct diffuser located
in the plenum chamber.
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load changed from 40 to 80W/floor-m2 under symmetric setup and asymmetric setup, respectively.
Thus, the difference between the symmetric and asymmetric conditions was very small. The local
mean age of air with asymmetric cases was only higher 8% (40W/floor-m2) and 2% (80W/floor-m2)
than with symmetric cases. As shown in Figure 5, compared with the fully mixing system, the
mean age of air of DCV at different heat loads was slightly higher with both symmetric and asym-
metric setups. The difference of mean age of air between the cases of 40 and 60W/floor-m2 was
significant with both the asymmetric and symmetric heat load distributions. This indicated that
when the heat load increases to 60W/floor-m2, the airflow structure changed. Afterwards, the
increase of airflow rate did not anymore reduce the local mean age of air.

Local air change index
The local air change index defined by Eq. (4) showed the same trend than the local mean age of
air (Figure 6). With both the symmetric and asymmetric heat load setups, the local air change
index was similar in all the locations in the room. Most of the measurement points were below
the fully mixing (100%), and the local air change index ranged from 80% to 108% in all the
measured cases. This indicated that DCV results in a degree of displacement effect at some
measurement points (IL2) with higher heat load.

Air change efficiency
The air change efficiency increased also when the heat load increased from 40 to 80W/floor-m2

(Figure 7). The value of the average air change efficiency varied between 41% and 49% with all
cases. That is slightly smaller than 50% of the fully mixing ventilation. The highest air exchange
efficiency (49%) was achieved at the highest heat load strength with asymmetric setup when the
airflow rate is also highest. The asymmetric setup caused slightly higher air change efficiency
than the symmetric setup. This is because that the thermal plums may accelerate the air replace-
ment when all the measured locations and heat load located near the workstations. The air
change efficiency are 43% and 40% at heat load of 40W/floor-m2 with asymmetric and symmet-
ric set-up. However, the corresponding values are nearly same with 80W/floor-m2. This means
the difference of air change efficiency between two heat distributions is insignificant with an
increasing heat load

Local thermal discomfort

Air temperature
Figure 8a shows that the vertical average normalised air temperature defined by Eq. (7) was 0.90
at 40 and 0.96 at 80W/floor-m2 in the symmetric setup. Thus, the average air temperature was

Figure 2. Test chamber layout (a) symmetric layout and (b) asymmetric layout.
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lower than the exhaust air temperature. The average dimensionless room air temperatures were
0.94 and 0.96 in the asymmetric case, respectively (Figure 8b). The absolute mean air tempera-
ture decreased by 6.4% and 2.4% from 40 to 80W/floor-m2 with the symmetric and asymmetric
setups in the whole room. Hence, the heat load had a limited effect on temperature level.

The highest temperatures were measured at 2.3m with all the three asymmetric heat load
cases. It also should be noted that the temperature difference between the three heat load levels
was smallest at 1.1m under the asymmetric cases. This reveals the fact that the thermal plume
of dummies at the workstations accelerates the surrounding air as well and enhances the mixing
in the occupied zone. The air temperature increased from the ankle up to the head height of
seated person in both the setups and then decreased up to the ceiling level due to mixing with
supply air. This characterised a general temperature profile with DCV in typical office layout
environments.

Figure 9a shows the horizontal air temperature distribution at the corridor side (TL1–4) and at
the window side (TL12–15) with asymmetric setup, and the temperature difference between the
heated window side and the corridor side also increased with the heat load from 0.4 to 0.7 �C.
Figure 9b illustrated the average air speed profile at horizontal level. The air speed difference
increased with an increasing heat load. This means the higher buoyancy flow enhance the air-
flow circulation from heated window side to corridor side.

Air speed profile
Figure 10 shows that the vertical air speed profiles were quite similar in the symmetric and
asymmetric cases. The mean air speed increased from 0.10 to 0.23m/s with symmetric setup and
from 0.09 to 0.21m/s with asymmetric setup under heat load changed from 40 to 80W/floor-m2.
Hence, the heat load had a significant effect on air speed profile. In general, the mean velocities
were low enough in the occupied zone and thermal condition were able to fulfil the category B
with some very small exceedances defined by the Standard EN ISO 7730:2005 (ISO, 2005).

The average air speed at the vertical level may characterise greatly the indoor airflow field
with DCV. In the asymmetric setup, Figure 10b shows that the characterising air speed profile
increased also at the ceiling zone that was not obtained with the symmetric setup in Figure 10a.
The highest average air speed were observed near the floor and ceiling zones whereas the low-
est ones were found at the level of 1.1m. This is most probably due to large-scale circulating
thermal plum of dummies which is rising up to the ceiling zone and returning along to floor
zone back to the workstations.

In the asymmetric case of 40W/floor-m2, the average mean air speed of the whole height
was 0.10m/s both at the window side and the corridor side. In the case of 60W/floor-m2, the
corresponding increase was 13% from the window side to the corridor side (Figure 9b).

Figure 3. Test chamber: (a) symmetric setup and (b) asymmetric setup with seated dummy, laptop and monitor.
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The marker smoke visualisation shows that the asymmetric heat load distribution generated a
large-scale circulating airflow pattern from the window side to the opposite corridor side along
to ceiling zone (Figure 11). The airflow pattern then returned to the workstations along to floor
zone across the room. Consequently, the air temperature was lower in the corridor side, because
the cooler supply air was turned to the corridor side. This circulating airflow pattern was not
found with the symmetric setup.

Draught rate
The average draught rate increased with heat load in both setups and the average draught rate
was higher in the symmetric setup than in the asymmetric setup with all heat load strengths
(Figure 12).

In the symmetric setup, Figure 12a shows that the maximum draught rate changed from 15%
to 21% when the heat load increased from 40 to 80W/floor-m2. Therefore, the thermal environ-
ment was classified as the category B at 40W/floor-m2 and the category C at 80W/floor-m2

according to the EN ISO 7730:2005 (ISO, 2005) with the symmetric heat load setup. Above the

Figure 4. Decay of the CO2 concentration of 80W/floor-m2 with asymmetric setup in a linear diagram.

Figure 5. Local mean age of air of (a) symmetric and (b) asymmetric heat load distribution.

INTERNATIONAL JOURNAL OF VENTILATION 9



Figure 6. Local air change index for three heat load levels in both symmetric and asymmetric cases.

Figure 7. Air change efficiency with three heat loads in symmetric and asymmetric cases.

Figure 8. Dimensionless air temperature as a function of room height: (a) symmetric setup and (b) asymmetric setup.

10 W. ZHAO ET AL.



height of 1.1m, the values of draught rate did not change considerably. This means that the
symmetric heat load distribution created more stable air distribution than asymmetric setup with
the DCV.

In the asymmetric case, Figure 12b) reveals that the maximum of draught rates changed from
17% to 21% when the heat load increased from 40 to 80W/floor-m2 in the investigated zone,
consequently, those values were very similar to symmetric setup. The thermal environment was
also classified as the category B and C with the asymmetric setup. The average draught values of
lower space was higher than upper space for both cases in the whole space, which corresponds
well to the relatively higher speed found at the lower part of the room.

Discussion

The demand for more energy-efficient ventilation systems is increasing with the rising concern
about the climate change. The equipment heat load and the increasing density of workspaces
have provoked a significant rise of the internal heat load in offices, which also results in high
ventilation demands. However, in the case of high ventilation demand and cold supplied air,
draught always occurs near the floor.

Figure 9. Horizon difference from corridor side to window side with asymmetric setup: (a) temperature difference and (b)
speed difference.

Figure 10. Average air speed as a function of room height: (a) symmetric setup and (b) asymmetric setup.
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The heat gains are normally located according to the functions and designs of the buildings,
which was uneven and flexible. Lyons et al. investigated when the heat gain from the glass wall
varied from zero to 1060W, the effectiveness for heat removal and local effectiveness for con-
taminant removal were improved with the increasing cooling load (Lyons et al., 2000). In this
paper, the results also indicated that air change efficiency increased with rising heat load.

Also, the results showed that air change efficiency was near to that of mixing ventilation with
a tendency toward displacement ventilation. These results correspond well with the study by
Kristensen et al. (2017), which based on the contaminant removal effectiveness.

Furthermore, the heat load distribution in the room strongly influences the airflow pattern. It
should be noted that maximum velocities increase with a rising thermal load in the whole space.
The airflow pattern in the room became more turbulent than at lower heat load densities and
the location and strength of the heat gain has a significant effect on the airflow pattern and
thermal comfort. Koskela et al. (2010) evidenced an increased draught risk in case of asymmetric
workstation layout and a high draught risk was found at the floor level.

The results indicate that DCV could be an appropriate air distribution method also for high
heat loads and variable load distribution, because the air temperature and the air speed were
reasonable, and the draught rate was moderate, i.e. mainly in the category B defined by the
European Standard EN ISO 7730:2005 (ISO 7730, 2005). The study indicates that it is difficult to
achieve the category A even with common heat load conditions. This agrees with the results by

Figure 11. Large-scale circulating airflow pattern observed with asymmetric setup.

Figure 12. Mean draught rate as a function of room height: (a) symmetric setup and (b) asymmetric setup.
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Nielsen and Jakubowska (2009) who concluded that supply airflow is not a large source of
draught with DCV. Consequently, most probable draught risk comes from convection flows from
heat sources. The convection flows caused by thermal loads may significantly affect the airflow
conditions in the room and assist the occurrence of high speed near occupants.

With the DCV, the heat load level and its distribution are the key factors that affect the local
thermal comfort. This means that the results are valid only with the given experimental set-up.
Therefore, better understanding of heat load distribution on air distribution is important with the
practical application of design DCV.

The individually controlled ventilation, which is designed to supply clean air where, when,
and as much as needed, makes it possible to efficiently achieve high-quality indoor environment
can be further studied.

Conclusions

The objective of this study was to investigate the indoor air quality and local thermal discomfort
under DCV with both the symmetric and asymmetric setups of thermal loads.

� With different heat load strengths and distributions, the tracer-gas investigations have shown
that air change efficiency was under 50% in each heat load level with two setups. This indi-
cates that the DCV generates close to the fully mixing condition.

� The heat load distribution does not have significant effect on air change efficiency. The
results also show that when the heat load increased from 40 to 60 W/floor-m2, there was a
specific threshold value of heat load where the airflow structure changed.

� As for the thermal conditions, the results show that the heat load had a limited effect on
temperature level, however, the mean air speed increased with heat load, which affects satis-
faction with thermal environment. The highest speed and draught rate were measured at
ankle level.

� The asymmetric setup resulted the significant air temperature and speed differences
between the heated window side and the other side of the room. The air temperature was
higher at the window side than at the corridor side. However, the air speed level was lower
at the window side than at the corridor side due to heat load asymmetrically distributed.
The asymmetrical heat load created a large-scale circulating airflow pattern from the heat
sources to the other side of the room. The draught rate was higher in the corridor side than
in the heated window side.

� Furthermore, increased ventilation rate will have a significant effect on the draught with
increasing heat load. The maximum draught rate was 15–17% with both heat load setups of
40 W/floor- m2 indicating the category B of thermal environment defined by the European
Standard EN ISO 7730:2005 (ISO, 2005). Hence, the thermal conditions at the investigated
heat load of 40–80 W/floor-m2 were not able to fulfil the category A.
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