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Abstract

Heat load distribution and supply air jets affect considerably indoor airflow patterns which may cause local
thermal discomfort. In this study, heat load distribution was studied at the heat load strength of 40 W/floor-
m? and 80 W/floor-m? with diffuse ceiling ventilation. Experimental measurements were carried out in a test
chamber of 5.5 x 3.8 x 3.2 m® by using omnidirectional anemometers and long averaging time. Indoor air
temperature of test chamber was 26+0.5°C. In symmetric setup, cylindrical heat sources were located evenly
on the floor. In asymmetric setup, two workstations were located near windows. This study recommends to
reduce buoyancy and momentum driven flows in the occupied zone. In symmetric setup, the local draught
rate exceeded 10% at least in one height at all the measured locations and heat load strengths in the occupied
zone. In asymmetric setup, 47% of measured locations exceeded 10% at 40 W/floor-m? and 87% at 80
W/floor-m?, correspondingly. Thus, thermal environment was classified as category B for 40 W/floor-m? and
category C for 80 W/floor-m? according to EN 1SO 7730 standard. Spatial differences increased with

asymmetric setup compared to symmetric one, and those differences increased with heat load.
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Introduction

Draught has been one of the largest thermal problem in modern offices. This is because low air speeds are
difficult to achieve under the ventilation jets and the buoyancy driven flows from heat sources and heat sinks
(Melikov et al., 2005; Kosonen et al. 2011, Koskela et al., 2012; Miiller et al., 2013). This can be associated
with understanding of different elements and their interaction which have shown to have a considerable effect
on healthy indoor environments (Wierzbicka et al., 2018). Generally, the draught has been defined as an
unwanted local convective cooling of a person (Fanger, 1970). Furthermore, high turbulence may cause
discomfort due to fluctuation which enhance heat transfer (Fanger and Pedersen, 1977; Fanger et al., 1988;
Melikov et al., 1997). In addition, cold vertical surfaces can provide downdraught to occupants (Heiselberg,
1994; Larsson and Moshfegh, 2002). Consequently, local thermal discomfort is usually caused by draught,
high vertical air temperature difference, warm or cool surfaces as well as thermal radiation asymmetry
(Olesen, 2000). Actually, the airflow direction affects significantly on draught perception (Mayer and
Schwab, 1988). For instance, the rising natural convection flow may interact with the vertical supply airflow
and reduce the convective cooling of skin (Toftum et al., 1997). The ventilation and air conditioning is
necessary for bringing fresh air to occupants and removing heated air and pollutants from the breathing zone.
However, heat loads and increased airflow rates may yield to a higher air speed levels and deviation, which
increase draught discomfort (Mdller et al., 2013). Therefore, it is not a surprise that draught has been a
common complaint indoors (Hanzawa et al., 1987; Kosonen et al., 2011; Sakellaris et al., 2016). However,
the ventilation requirements can be too low to prevent health and comfort problems (Seppénen et al. 1999;
Wargocki et al., 2002; Seppanen and Fisk, 2004). Consequently, new framework for ventilation requirements
has been proposed (Carrer et al., 2018). Generally, the acceptable thermal environments have been described
in the ASHRAE standards and in the European ISO standards (ASHRAE, 2017; CEN, 2005; CEN, 2007).
A reasonable amount of clean air must be provided for indoor occupants. Furthermore, the raised
temperatures may create a negative effect on health and performance (Wargocki and Wyon, 2007; Lan et al.,
2011; Cao and Deng, 2019). Consequently, air distribution is one of the major factors for health, comfort and
performance. A risk of draught increases when the airflow temperature decreases and the mean air velocity
and turbulence intensity increase. On the contrary, the office-workers may require air movement at higher

air temperature conditions. An earlier study shows that humans do not feel draught even at the air velocities



of 0.4 m/s if the air temperature is above 23°C (Toftum, 2004). This indicates that air speed can be perceived
comfortable at warm indoor conditions. One of the advantages in personalized ventilation systems is a user-
control while compared to common mechanical ventilation systems (Melikov, 2004). The user-control is
necessary, because a satisfaction with thermal environment is an individual feeling that is affected locally by
the natural and forced convection as well as the thermal radiation asymmetry.

The indoor airflow pattern depends on the relative locations of air distribution units and heat sources
(Koskela et al., 2010; Kosonen et al., 2010; Miller et al., 2013; Petersen et al., 2014). Therefore, different
heat load distributions are recommended to be evaluated while designing thermal environments (Nielsen,
2007; Shao et al., 2018; Yin et al., 2019). When a low-momentum ventilation is used, the buoyancy flows
drive the indoor air movement (Hagstrom et al., 2000; Nielsen et al., 2017). Generally, the human perception
of air movement may depend on the air speed, air speed fluctuations, air temperature, and personal factors
such as overall thermal sensation and activity level. In indoor climate, the kinetic energy will increase due to
buoyancy flows and ventilation jets. Consequently, the local mean air speeds and deviation will increase
(Hanzawa et al., 1987; Melikov et al., 1988; Hagstrom, 2002; Lestinen et al., 2018a). The indoor air velocity
has been found to fluctuate from a very low level up to 2 Hz frequency (Finkelstein et al., 1996). The indoor
airflows vary at different locations and heights and can be in a transitional state between the laminar and
turbulent flow conditions (Heiselberg and Nielsen, 1996; Cheong et al., 2007; Kandzia and Mller, 2016).
This means that the draught risk may rise even if the ventilation system provides locally a low-momentum
supply airflow. In addition, earlier studies have emphasized the effects of heat load distribution on indoor
airflows (Cho and Awbi, 2007; Koskela et al., 2012; Zhang et al., 2016; Nielsen et al., 2017). It follows that
asymmetric heat load creates often a large-scale airflow pattern from heat sources to opposite side of room
(Koskela et al., 2010; Bertheussen et al., 2013; Lestinen et al. 2018b). This large-scale airflow pattern
circulates and can increase air speed levels particularly at the ankle height that, in turn, has been shown to
increase a percentage of dissatisfied with draught (Liu et al., 2017).

Diffuse ceiling ventilation is a vertical air distribution system, in which an even supply of perforated
suspended ceiling penetrates fresh air down to the occupied zone (Zhang et al., 2014). In principle, the diffuse
ceiling ventilation may handle relatively large internal heat loads and improve thermal comfort (Jacobs et al.

2008; Jacobs and Knoll, 2009; Fan et al., 2013). The diffuse ceiling ventilation differs from a common piston



ventilation such as the total supply opening area is much smaller than with the piston flow, and therefore, the
air change rates can be reduced significantly (Cao et al., 2014). Furthermore, the diffuse ceiling may act as a
radiant cooling that can increase a cooling potential (Hviid and Svendsen, 2013). However, the most probable
draught risk comes from convection flows from heat sources (Nielsen, 2011). When the ventilation rate is
increased, the local effects on indoor airflow conditions will be smaller under the diffuse ceiling ventilation
than those with the traditional mixing ventilation or displacement ventilation systems. This is because a
supply inlet area is often larger in the diffuse ceiling ventilation than in those other air distribution methods.
For instance, a recent study shows that the mixing ventilation cannot provide a same cooling capacity without
draught risk than the diffuse ceiling ventilation (Zukowska-Tejsen et al., 2016). Therefore, the diffuse ceiling
ventilation can be a reasonable choice for open plan offices. However, recent studies have proposed that a
combination of convective and radiant systems, e.g. a chilled-ceiling system, may decrease draught
discomfort (Mustakallio et al., 2016; Mustakallio et al., 2017). In addition, a suggestive evidence has been
found that the radiant system may provide equal or better thermal comfort than the convective systems
(Karmann et al., 2017).

In this study, the motivation was to improve knowledge on airflow interactions and indoor air movement
under diffuse ceiling ventilation system with differrent heat load conditions. The air change efficiency was
measured as 40-50% in which nearly fully mixed conditions was obtained. Furthermore, the interaction of
air jets and thermal plumes was investigated. This is because new knowledge on indoor airflow interactions
are necessary for developing indoor environments in the future, in which the smart HVAC systems monitor
and control indoor climate such as a thermal environment is optimal and acceptable. The main objective was
to investigate the effects of heat load strength and heat load distribution on airflow interactions in the the
occupied zone. The study contributes to indoor airflow technologies and human impacts on thermal
environment. New knowledge are provided by conducting measurements and analysis in the controlled and
simplified indoor environment. Moreover, the study improves understanding on indoor airflows, air velocity
conditions and draught discomfort.

The novelty of this study lies on quantifying indoor airflow interactions under both the symmetric and
asymmetric conditions of heat load distributions. The study investigates also a peak heat load conditions by

using a long averaging time (h) and high sampling rate (Hz) that increase a reliability of measured dataset



records in the descriptive statistics. New contribution can be also related to the interaction of buoyancy flows
and equal low-momentum air distribution method, in which the horizontal and vertical flow profiles were
explored. Consequently, a systematic investigation of time and spatial averaged airflow field was carried out
in a controlled thermal environment such as the additional effective parameters were excluded. Furthermore,
the descriptive statistical analysis was made to discover spatial and temporal deviation of flow field that
indicated indoor air fluctuation and gradients in the thermal environment. Moreover, the given results can be
further utilized in validating CFD simulation models. Additionally, the acceptance of thermal environment
is discussed based on EN ISO 7730 draught rate model and how the heat load distribution may affect the
level of category. When understanding better the airflow interaction, the healthy and comfortable indoor
environments can be optimized more reliably than earlier by using the advanced and smart HVAC-

technology. Thus, assessing airflow interactions is an essential part of human well-being indoors.

Methods

Test chamber

The test chamber (Figure 1) was located inside a laboratory hall in which the environment was stable. The
test chamber internal dimensions were 5.5 m length, 3.8 m width and 3.2 m height. Above the suspended
ceiling (Figure 1a) was an upper plenum chamber of 0.35 m for the duct diffuser of supplied fresh air. The
diameter of duct diffuser was 0.2 m and the supply airflow pattern was 180° upwards. The suspended ceiling
was made of glass wool elements. The measured perforation rate was 0.50+0.02 % and the nozzle diameter

was 14 mm.



Figure 1. Test chamber: a) The diffuse ceiling inlet with a perforation rate of 0.50+0.02 %. b) The
symmetric setup. ¢) The asymmetric setup.

Experimental set-up

The symmetric and asymmetric heat load distributions were compared. The heat load strength was
40 W/floor-m? and 80 W/floor-m? that describes the growth from a common heat load level up to a peak load
level. The total heat load was adjusted to cover the set heat load. Thus, each heat source was measured and
adjusted to respond the desired set of heat load. Furthermore, the ventilative cooling power was measured
and adjusted to maintain the target room air temperature level. The indoor air temperature difference was
kept at 9°C between the supply air and exhaust air by controlling the ventilation rate and supply air
temperature. The supply air temperature was chosen as 17°C, because the cooler air is usually supplied into
the room at the temperature level of 10°C below the room air temperature while all-air conditioning system
is used. The exhaust air temperature was chosen as 26°C to characterize typical summer conditions. Table 1
summarizes the parameters of those setups.

Table 1. Parameters for the symmetric and asymmetric heat load setups (+accuracy). ACH is the air change
rate.

Test cases Case 40 W/floor-m? Case 80 W/floor-m?
Floor area [m?] 21+0.3 21+0.3
Heat load [W/floor-m?] 40+2 80+4
Exhaust air temperature [°C] 26+0.5 26+0.5
Supply air temperature [°C] 1740.1 17+0.1
Supply airflow rate [l/s,floor-m?] 3.6+0.2 7.310.4




| ACH [1/h] | 4.0£0.3 | 8.2+0.6 |

The symmetric set-up consisted of 12 cylindrical heat sources with a diameter of 0.4 m and a height of 1.1 m
(Figure 2a and Figure 2c). Each cylinder had two light bulbs and same setting for the heat power. The
asymmetric set-up consisted of a double office layout (Figure 2b and Figure 2d). The workstations contained
the seated dummy (88+5 W), laptop (48+3 W) and monitor (35£2 W). The workstations were located 0.6 m
from the heated window panels (Figure 2b). Light (116+6 W) was installed at the suspended ceiling in the
middle of the workstations (Figure 1c). Heating foil (420+21 W, 5x1 m?, length x width) was installed on the
floor 0.8 m from the parallel window wall to simulate direct solar radiation. The power of heating foil was
measured and adjusted to respond the desired heat load. At the peak load conditions, a cubic heat source of
0.4x0.4x0.4 m® (10345 W) was located under the table (Figure 2b, rectangle at the location 13). The
dimensions of each window panel were 0.60 m width and 1.79 m height. A surface temperature setting of the
window panels were adjusted to 30-40°C so that the target heat load level was achieved in the test chamber.
In the symmetric heat load set-up, the indoor air was extracted from the height of 0.4 m above the floor
(Figure 2a). In the asymmetric set-up, the indoor air was extracted at the suspended ceiling to follow a
common design practices in office environments (Figure 2d). In the symmetric setup, the airflow field was
rather similar in the different parts of test chamber. Consequently, the measured positions were located more
densely than in the asymmetric heat load setup, in which the considerable differences were obtained between
the different sides of the room. The detailed heat sources of the asymmetric setup are summarized in Table

2. Furthermore, Table 3 shows the boundary conditions of the measurements.

Table 2. Heat loads in the asymmetric set-up (xaccuracy).
Test case 40 W/m? 80 W/m?
2 X dummy [W] 1769 17649
2 X laptop [W] 965 9645
2 x monitor [W] 704 70+4
Cube load at floor [W] 0 1035
Light [W] 1166 11646
7 x window panel [W] 381+19 696+35
Heat load at floor [W] 0 420421
Total heat load [W] 839442 1677184
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Figure 2. The measurement locations (X) and the heat load distribution: a) The symmetric heat load setup
with the cylindrical heat sources. b) The asymmetric heat load setup with the workstations and windows. ¢)
Side-view of the symmetric setup. d) Side-view of the asymmetric setup.

Table 3. Average boundary conditions at surfaces (xaccuracy).

Test case Symmetric | Symmetric | Asymmetric | Asymmetric

Heat load strength 40 W/fl-m?2 | 80 W/fl-m? | 40 W/fl-m? | 80 W/fl-m?
Floor layer air temperature (offset 1.5 cm) 25+1°C 25+1°C 25+1°C 26+1°C
Wall layer air temperature, (offset 2 cm) 25+1°C 26+1°C 25+1°C 26+1°C
Window panel wall air temp (offset 2 cm) 25+1°C 25+1°C 28+1°C 30+1°C

Cylindrical dummy, chest temperature 32+2°C 3842°C - -

Seated dummy, chest temperature - - 36+2°C 36+2°C
Window panel temperature 25+2°C 26+2°C 33+2°C 39+2°C




Measuring instruments

The anemometers (Table 4) 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
according to recommendation by the standard EN ISO 7726 (CEN, 2001). In the symmetric set-up, the
sampling rate was 1 Hz in the lower zone from 0.1 m up to 1.1 m, and 0.5 Hz in the upper zone from 1.4 m
up to 2.9 m, because the main frequency level for human discomfort due to air velocity has been found to be
around 0.3-0.5 Hz (Fanger and Pedersen, 1977). The measuring interval was 0.5 h. In the asymmetric set-up,
the sampling rate was increased up to 10 Hz in the seated person zone to detect wider range of frequencies.
The sampling rate was kept at 0.5 Hz in the upper zone. The measuring interval was 1 h. The dynamic

response time for the air temperature was below 1 s in the seated person zone.

Table 4. Measuring instruments.

Meter type

Variable

Accuracy

Omnidirectional anemometer

Air temperature
Air speed
(at height 0.1 m-1.1 m)

Air speed:
+0.01 m/s £2.5% of reading
Air temperature:
+0.15°C
Sampling rate 10 Hz
STDerr<10 % up to 2 Hz
time-constant < 1 s (temperature)

Omnidirectional anemometer

Air temperature
Air speed
(at height 1.4 m-2.9 m)

Air speed:
+0.02 m/s +1.5% of reading
Air temperature:
+0.2°C
Sampling rate 8 Hz
STDerr<10% upto 1.5 Hz

Tinytag data logger

Air temperature

+0.5°C (0...+45°C)

Infrared camera

Surface temperature

+2°C or £2% of reading

Infrared thermometer

Surface temperature

+1°C or £1% of reading

Measuring instrument

Pressure difference

+0.3% of reading,
lowest £0.3Pa

Regulation and measuring device

Airflow rate

+5%




Airflow characteristics

The instantaneous air speed in the measured time series records can be divided into a time-averaged

component and a fluctuating component as

C.oo0)= o0+ ¢y ), 1)

where  [m/s] is the instantaneous air speed in the discrete data set, , , [m] refers to the length, width and
height coordinates at the measured location, [s] is the time, [m/s] is the time-averaged component of air
speed and ' [m/s] is the instantaneous fluctuating component of air speed. The time-averaged component is

expressed by

(.= s (.. .)a . @)

=1
where [s] is the time interval of measurements in the discrete dataset records, A [s] is the time-step size
between the readings and subscript  denotes the index notation for the discrete values. The sample standard
deviation is written correspondingly
— 2
=v: -V 3)

The local draught rate model of EN 1SO 7730 standard is defined as
(.. )=@4-)( —005)°%2(037- - +314), (4)

in which  [°C] is the local air temperature from 20°C to 26°C, B [m/s] is the local mean air speed from
0.05m/sto 0.5 m/s,and  [%] is the local turbulence intensity from 10 % to 60 %. The model is applicable
to people at light activity, e.g. to a sedentary person. However, the model may overestimate the predicted

draught rate at the arms and feet levels. The turbulence intensity is expressed as

_ (lv)x 0
G )= 100 [%] . ®)

The normalized air temperature is expressed as



e — (6)

where [°C] is the local mean air temperature. The seated person zone is defined as an indoor air volume
below the height of 1.2 m. The occupied zone is defined correspondingly below the height of 1.8 m. Hence,
the seated person zone included the anemometer positions of 0.1 m, 0.6 m and 1.1 m. The occupied zone
included the heights of 0.1 m, 0.6 m, 1.1 m, 1.4 m and 1.7 m. In the symmetric setup, the corridor side was
the locations 3 and 7. The middle of the room was locations 4 and 9 (Figure 2a). In the asymmetric setup, the
corridor side was locations 1-4, the middle of the room was locations 5-8 and the window side was locations

12-15 (Figure 2b).

Results

Air temperature

The air temperatures were at the same level in the room side and in the middle of the room while the
symmetric setup was investigated (Figure 3a and Figure 4a). In contrast, the average of local mean air
temperatures was different between the middle of the room and the room sides when the asymmetric setup
was observed (Figure 3b and Figure 4b). This was the main effect while changing the heat load distribution.
In double office layout, the air temperature was highest in the window side and lowest in the corridor side,
because the heat loads were in the perimeter area. However, both of those heat load distributions provided
the thermal conditions, in which the spatial average of mean air temperatures increased from the ankle height
up to the head height of seated person. Furthermore, the air temperature decreased from the head height up
to the ceiling zone due to colder supply air. This may characterize a vertical air temperature profile in an
office environments with diffuse ceiling ventilation. In the symmetric setup, the vertical mean air temperature
gradients were below 0.9°C/m in the occupied zone. In the asymmetric setup, the corresponding vertical
gradients were smaller, below 0.5°C/m. The vertical air temperature difference was within a degree, thus the

averaged effect on human thermal discomfort can be assumed small (ISO 7730).
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Figure 3. Dimensionless air temperature as a function of room height at 40 W/floor-m?: a) Symmetric
setup. b) Asymmetric setup. The horizontal and vertical error bars indicate the uncertainty in measurement.
c) Boxplot of symmetric setup. d) Boxplot of asymmetric setup. The box indicates the 25th percentile,
median and 75th percentile of the dimensionless mean air temperatures of measured locations at a given
height. The whiskers denote a range of those air temperatures and the outliers are plotted individually. The

dot in the box refers to the mean of dataset.



a) Symmetric setup, 80 W/m? b) Asymmetric setup, 80 W/m?
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Figure 4. Dimensionless air temperature as a function of room height at 80 W/floor-m?: a) Symmetric
setup. b) Asymmetric setup. The horizontal and vertical error bars indicate the uncertainty in measurement.
c) Boxplot of symmetric setup. d) Boxplot of asymmetric setup. The box indicates the 25th percentile,
median and 75th percentile of the dimensionless mean air temperatures. The whiskers denote a range and
the outliers are plotted individually. The dot in the box refers to the mean of dataset.

Consequently, the asymmetric heat load distribution provided a greater difference between the room
sides than the symmetric one. Furthermore, this difference increased with heat load. This means that an
attention should be given to the heat load management with higher internal heat load levels. In addition, the
marker smoke visualizations showed that the asymmetric setup generated a large-scale circulating airflow
pattern from the window side to the opposite corridor side along to ceiling zone. The airflow pattern returned
to the workstations along to floor zone across the room. However, this airflow can not be warm air, since the
warm air stays at the ceiling zone until cooled or extracted. Furthermore, the air temperature was lower in

the corridor side, because the supply air was turned sidewise down to the corridor volume due to the buoyancy

driven flows from perimeter area. This circulating airflow pattern was not found with the symmetric setup.



In the symmetric and asymmetric setups, both the temporal standard deviation of air temperatures and
the spatial standard deviation of local mean air temperatures increased with the heat load strength. However,
the spatial deviation was greater than the temporal deviation (Figure 5). Furthermore, the temporal deviation
was lower, but the spatial deviation was higher with the asymmetric setup than with the symmetric one.
Consequently, the results imply rather small temporal deviation with diffuse ceiling ventilation at the peak
heat load conditions, indicating a stable airflow field in the room. Hence, a larger average difference occurs
spatially between the measured locations than that of temporally in the airflow field. However, the average
deviation dampen the local fluctuations that may have considerable effects on sensation with thermal
environment at the workstations.

Figure 5 shows the spatial and temporal deviations of air temperature at the ankle height and at the head
height of seated person at 80 W/floor-m?. Those heights are essential when estimating a sensation of draught.
In the symmetric setup, the temporal deviation was slightly higher at the head height than at the ankle height.
In the asymmetric setup, the difference between the room sides was significant. This statistics supplement

the average result that temporal deviation was smaller in the asymmetric setup than in the symmetric one.



Figure 5. Spatial and temporal statistics of air temperature at 80 W/floor-m? in the seated person zone: a)
Symmetric setup at the head height. b) Asymmetric setup at the head height. ¢) Symmetric setup at the
ankle height. d) Asymmetric setup at the ankle height. The x-axis denotes the measuring locations (Figure
2). The box indicates the 25th percentile, median and 75th percentile of instantaneous air temperatures at a
given location. The whiskers denote a range of those air temperatures excluding outliers. The dot in the box
refers to the mean of dataset.

Air speed

Figure 6 and Figure 7 show the characterizing air speed profiles. In the symmetric setup, the average mean
air speed decreased from the ankle height up to the head height of seated person and then remained rather
similar up to the ceiling zone. In the asymmetric setup, the average mean air speed increased both at the floor
and at the ceiling levels. Most probably, this is due to large-scale circulating airflow pattern, which increases
the mean air speed levels also close to the ceiling zone. In both of those setups, approximately same amount
of Kinetic energy was released into the room. However, part of the Kinetic energy entered to the circulating

airflow pattern with the asymmetric heat load distribution. Therefore, the average mean air speed of seated



person zone was slightly lower in the asymmetric setup than in the symmetric one. Furthermore, the relative

difference between those setups increased with heat load.

Figure 6. Air speed at 40 W/floor-m? a) Symmetric setup. b) Asymmetric setup. c) Boxplot of symmetric
setup. d) Boxplot of asymmetric setup. The horizontal and vertical error bars indicate the uncertainty in
measurement. The box indicates the 25th percentile, median and 75th percentile of the mean air speeds of
measured locations at a given height. The whiskers denote a range of those air speeds and the outliers are
plotted individually. The dot in the box refers to the mean of dataset.



Figure 7. Air speed at 80 W/floor-m2: a) Symmetric setup. b) Asymmetric setup. c) Boxplot of symmetric
setup. d) Boxplot of asymmetric setup. The horizontal and vertical error bars indicate the uncertainty in
measurement. The box indicates the 25th percentile, median and 75th percentile of the mean air speeds.
The whiskers denote a range and the outliers are plotted individually. The dot in the box refers to the mean
of dataset.

In the symmetric setup, the average of local mean air speeds was 0.12 m/s in the seated person zone both
in the middle of the room and in the corridor side at 40 W/floor-m2. The corresponding averages were
0.18 m/s and 0.17 m/s at 80 W/floor-m?, respectively. In the asymmetric setup, the spatial air speed
differences mainly increased compared to symmetric one, and those differences increased with heat load.
Hence, the average air speed of the seated person zone was only 3.0 % lower in the asymmetric setup than in
the symmetric setup at 40 W/floor-m2. However, the corresponding relative difference increased up to 13 %
at 80 W/floor-m?. Thus, the average air speed was slightly higher with the equally located heat loads than

with the perimeter area heat loads, and the relative difference between those setups increased at the peak load

conditions.



On the contrary, the corresponding average of the corridor side was higher in the asymmetric setup than
in the symmetric setup. Most probably, this is also due to circulating airflow pattern with the asymmetric
setup, which increased the air speed levels locally and, as a consequence, increased the spatial differences
compared to symmetric one. Therefore, in the asymmetric setup, the spatial standard deviation of local mean
air speeds was significantly greater in the middle of the room than in the window side or in the corridor side.
In the symmetric setup, the corresponding spatial deviation was more near each other in the measured
locations.

In the testchamber, the air speed levels were higher at 80 W/floor-m? than at 40 W/floor-m?, similar to
that of the symmetric setup. However, the maximum mean air speed was higher in the asymmetric setup than
in the symmetric one both in the corridor side and in the middle of the room. In the asymmetric setup, the
vertical mean air speed gradients were greater in the middle than on the window side or on the corridor side,
in contrast to that obtained for the symmetric setup where the gradients were more similar. Furthermore, the
gradients increased with increasing of heat load. Therefore, the highest and the lowest mean air speed levels
were found in the middle of the room with the asymmetric setup.

In the symmetric setup, the temporal deviation was greater than the spatial deviation, in contrast to that
observed for the air temperature. Figure 8 shows the differences in spatial and temporal deviations between
the head height and the ankle height of the seated person. The results shed light on airflow fluctuation in both
the heat load setups. The results show that the air speeds were more equal in the symmetric setup than in the
asymmetric setup, because the heat load of symmetric setup was equally distributed on the floor.

The experiments show that the average of mean air speeds, the spatial deviation of mean air speeds and
the temporal deviation of instantaneous air speeds increased with heat load in both the symmetric and
asymmetric heat load distributions. Consequently, also the range and maximum of air speeds increased. The
temporal deviation of air speeds was higher in the symmetric setup than in the asymmetric setup. However,
the spatial deviation of mean air speeds was smaller in the symmetric setup than in the asymmetric one.
Thereby, the experiments reveal greater spatial gradients of the mean air speed with the asymmetric setup

than with the symmetric one, although the temporal air speed deviation was larger.



Figure 8. Spatial and temporal statistics of air speed in the seated person zone at 80 W/floor-m?: a)
Symmetric setup at the head height. b) Asymmetric setup at the head height. ¢) Symmetric setup at the
ankle height. d) Asymmetric setup at the ankle height. The box indicates the 25th percentile, median and
75th percentile of instantaneous air speeds at a given location. The whiskers denote a range of air speeds
excluding the outliers. The x-axis denotes the measuring locations (Figure 2). The dot in the box refers to
the mean of dataset.

Turbulence intensity

The heat load had only a small effect on the average turbulence intensity in both setups, because both the
temporal standard deviation of air speeds and the mean air speed increased with head load. However, the
turbulence intensity mainly increased towards the decreased mean air speed levels, because the mean air
speed decreased more than the temporal standard deviation of air speeds. Consequently, the lowest average
intensity was obtained near the ankle height at 0.1 m and the highest average intensity near the head height
of seated person at 1.1 m, in contrast to that obtained for the air speed conditions. This may increase heat

transfer at the head level although the average air speed was low (Figure 9 and Figure 10).



In the symmetric setup, the local turbulence intensity ranged from 37 % to 65 % at 40 W/floor-m?
(Figure 9c¢) and from 31 % to 59 % at 80 W/floor-m? (Figure 10c) in the seated person zone. Hence, those
ranges were at the same level in the both heat load strengths. In the asymmetric setup, the local turbulence
intensity ranged from 19 % to 85 % at 40 W/floor-m? (Figure 9d) and from 18 % to 84 % at 80 W/floor-m?
(Figure 10d) in the seated person zone. Thus, those ranges were rather equal and also the average intensity
was at the same level at both heat load strengths. However, those ranges were greater in the asymmetric setup
than in the symmetric one. This follows closely the corresponding results in the mean air speed and in the

deviation of air speeds such as the spatial differences increased with the asymmetric setup.

Figure 9. Turbulence intensity at 40 W/floor-m?: a) Average turbulence intensity in the symmetric setup. b)
Average turbulence intensity in the asymmetric setup. ¢) Boxplot of symmetric setup. d) Boxplot of
asymmetric setup. The horizontal and vertical error bars indicate the uncertainty in measurement. The box
indicates the 25th percentile, median and 75th percentile of the local turbulence intensities. The whiskers
denote a range and the outliers are plotted individually. The dot in the box refers to the mean of dataset.



Figure 10. Turbulence intensity at 80 W/floor-m?: a) Average turbulence intensity in the symmetric setup.
b) Average turbulence intensity in the asymmetric setup. ¢) Boxplot of symmetric setup. d) Boxplot of
asymmetric setup. The horizontal and vertical error bars indicate the uncertainty in measurement. The box
indicates the 25th percentile, median and 75th percentile of the local turbulence intensities. The whiskers
denote a range and the outliers are plotted individually. The dot in the box refers to the mean of dataset.

Draught rate

Figure 11 shows the maximum draught rate in the occupied zone at the given location. Generally, the draught
rate increased mainly with the mean air speed level. In the symmetric setup, 22% of all the measured points
exceeded the draught rate level of 10 % in the occupied zone at 40 W/floor-m2. This share increased up to
85% at 80 W/floor-m?. Hence, the evaluated draught discomfort increased with the combined effect of heat
load and airflow rate. In the asymmetric setup, the corresponding shares were 12% and 35%, under
40 W/floor-m? and 80 W/floor-m? conditions, respectively. In the symmetric setup, the local draught rate
exceeded 10% at least in one height at all the measured floor locations in the occupied zone at both heat load
strengths. Thus, the share of floor locations was 100%, in which a risk of thermal discomfort was above 10%
due to draught. This describes generally a thermal discomfort risk in the room, because even one location
around a human body can worsen the thermal sensation to a non-acceptable level. However, the model may
overestimate the predicted draught rate at the heights of 0.1 m and 0.6 m as defined by the ISO 7730 (CEN,

2005). In the asymmetric setup, 47% of floor locations exceeded 10% at 40 W/floor-m? and 87% of floor



locations at 80 W/floor-m?, correspondingly. Thus, those portions were smaller in the asymmetric setup than
in the symmetric one. However, the maximum draught rate was at the same level in the both setups. This
reveals that the draught discomfort was generally lower in the asymmetric setup than in the symmetric setup.
Most probably, this is because part of the momentum goes to the large-scale circulation airflow in the
asymmetric setup, which on the one hand, increase the spatial differences, and on the other hand, decrease
the draught rate levels in the middle of the room air volume. Therefore, a share of locations was higher and
more uniform with the symmetric setup than with the asymmetric setup.

In the symmetric setup, the maximum draught rates ranged from 11% to 15% under 40 W/floor-m?
condition and from 16% to 21% under 80 W/floor-m? condition in the occupied zone below the height of
1.7 m. In the asymmetric setup, the maximum of local draught rates ranged from 6% to 18% at 40 W/floor-
m?, and from 9% to 21% at 80 W/floor-m? in the occupied zone. Consequently, those ranges were greater in
the asymmetric setup than in the symmetric one, because asymmetry increased spatial differences in the
airflow field. The largest vertical gradient of average draught rates was obtained in the middle of the room at
the both head loads. With the both heat load distributions, a thermal environment would be classified as

category B at 40 W/floor-m? and category C at 80 W/floor-m? according to EN 1SO 7730 standard.
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Figure 11. The maximum draught rate [%] in the oc