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Abstract: The airflow distribution for a large space, such as a conference hall, is quite challenging
to achieve a good and uniform thermal distribution. In the recent study, insufficient quantitative
knowledge has been provided, notably for the appropriate supply air temperature and air velocity for
the conference hall environment. In this study, a full-scale conference hall was simulated extensively
for an expo building in Taiwan. A total of nine experiment numbers were carried out with various
supply air temperature and air velocity settings. Through the use of a CFD approach, this study
seeks to identify the ideal parameters for a comfortable and acceptable airflow distribution and
temperature, with an eye toward potential compromises with an energy-efficient approach. The
results demonstrate that the temperature distribution ranges from 18 to 26 °C, indicating an acceptable
indoor thermal environment, depending on the parameter settings. The best settings for providing a
pleasant indoor thermal environment are with a supply air temperature and air velocity of 15 °C and
1 m/s, which can keep the PMV index between —0.5 and 0.5. Utilizing a greater temperature setting
may save energy, but sufficient air velocity must be addressed in order to meet the indoor thermal
conditions. Furthermore, a greater air velocity may generate more noise and disrupt the situation in
the conference hall, so it must be selected specifically.

Keywords: thermal performance; airflow distribution; indoor environment; CFD; conference hall

1. Introduction

Thermal comfort studies in hot-humid climates are quite challenging. According to
the International Standard of ISO 7730 [1], environmental measurements are combined with
six parameters: air temperature, air velocity, relative humidity, mean radiant temperature,
metabolic rate, and clothing index to evaluate the predicted mean vote (PMV). Good
thermal comfort should present a neutral PMV for the average occupant’s thermal sensation.
Thermal comfort can be obtained by a cooling situation in which the human body can
readily release heat and receive a cooling sensation. The first approach to obtaining a
good thermal environment is adjusting the temperature set point [2]. Furthermore, the
cooling sensation can be achieved by adjusting the air velocity, which produces the “wind
chill” effect [3]. It has been widely employed in building environment conditioning as an
excellent cooling and air mixing approach [4]. In addition, Yu et al. [5] conducted a thermal
comfort study in Southern Taiwan. The indoor air quality can affect occupants” health,
comfort, productivity, and well-being. Maintaining a good indoor air quality (IAQ) has
proven to influence the occupants’ physical and mental health significantly. To contribute
to a better indoor comfort zone, maintaining a good IAQ has been recommended by experts
at the University of Bristol [6].
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The conference hall has a larger floor area compared to the other halls and factories.
Airflow and temperature distribution vary greatly in big spaces, particularly in the vertical
direction. Therefore, in order to obtain a good thermal environment in a large space, the
most critical thermal environment concerns are airflow and radiation distribution [7]. Sev-
eral studies have been carried out regarding airflow and thermal distribution in large spaces.
Ren et al. [8] found that the effects of the air supply angle, air supply rate, temperature
difference, and air supply spacing influence the thermal environment. The CFD approach
has been utilized in several studies to analyze the thermal performance and ventilation
strategies to achieve a good indoor thermal environment. CFD modeling can be used not only
to explore but also to improve thermal comfort, as demonstrated by Kamar et al. [9]. Oh and
Kato [10] demonstrated that every area of the human body exhibits varied convective heat
transfer reactions to varying air velocities, and as the air velocity increases, so does the
value of the convective heat transfer, which increases the human predisposition toward
feeling chilly. In addition, the study was conducted by Zhu et al. [11] to determine the
optimal ventilation mode based on a ventilation assessment to achieve automatic control
of IAQ to ensure the well-being of the occupants. Poor ventilation could cause airborne
contaminants to become trapped in the space and result in a build-up of carbon dioxide
and low oxygen levels [12]. Another ventilation mode was investigated by Fan et al. [13] of
underfloor air distribution (UFAD) systems that distribute conditioned air to the supply air
diffusers used for their advantage in improving IAQ, energy savings, and the thermal envi-
ronment. However, the pressure distribution and flow field in the plenum space directly
affect the air supply uniformity. They also found that impinging jet ventilation (IJV) can
distribute the supply air into occupied areas easier than the MV system [14]. On the other
hand, measuring the relationship between the estimated PMV and the thermal sensation
is possible. The coefficient of determination (r2) and the error terms between predicted
and observed values are used as accuracy measures. This method’s model performance
gets better when the regression slope gets closer to 1 and its intercept gets closer to 0 [15].
Thermal comfort is particularly difficult to measure and significantly impacts how hot an
environment feels to occupants. The linear relationship between PMV has been found to
differ greatly depending on location, building type, ventilation system, and season. To
create healthy and comfortable buildings, it is vital to integrate their qualities [16].

In recent studies, the issue of thermal comfort developed quickly, as reviewed by
Zhang et al. [17]. A number of experimental studies led to the development of models
for various settings regarding thermal comfort studies, as well as energy concerns, while
achieving an indoor thermal environment. Amoabeng et al. [18] investigated the set
point temperature of the AC in a hot-humid climate with the condition of high outdoor
temperatures at around 35 °C. According to studies, placing the AC thermostat in the
center of a conference room closer to the people who would be using it would result in
more comfortable temperature conditions (PMV of 1.1 as opposed to 1.8 for the summer
scenario) [19]. The thermal comfort was maintained at a high level throughout the year,
except for minor limitations in the winter due to the lack of humidity control. In the
winter, the outside air humidity ratios above the desired indoor comfort zone contributed
to increased thermal discomfort [20]. Furthermore, the building design and its material
properties could also influence the thermal environment and energy consumption. In the
building sector (including office buildings, conference rooms, etc.) worldwide, HVAC
systems spend almost 50% of the entire building’s energy use [21]. The Department of
Climate Change, Energy, the Environment, and Water of the Australian Government
released a Factsheet on energy breakdown that a typical system accounts for approximately
40% of the total building consumption [22]. As a result, HVAC systems are critical in
achieving energy efficiency and thermal comfort. In addition, Kiikrer [23] investigated
the multipurpose school building, including a large-scale lecture hall, seminar rooms, and
offices. As a result, discomfort hours were reduced by 17.6%. Increasing the ratio of the
building’s height to their distance from each other (H/W) ratio has a greater impact on
thermal comfort [24]. Other than that, the lighting level could also influence the thermal
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environment of the atrium in the summer [25]. The present study shows that the cooling
energy demand is high in several buildings with hot-humid climates [26-28]. Mixed-
mode cooling can successfully minimize the energy consumption of building cooling while
ensuring that occupant thermal comfort and indoor air quality criteria are met. The findings
of Duan et al. [29] indicated that, compared to an air-conditioned building, the mixed-mode
building uses about 45% lower cooling energy annually. In addition, mixed-mode cooling
proposed by Gokarakonda et al. [30] has a possibility that, during the air-conditioned time,
the cooling effect will be lessened due to an increase in the operating temperature, driven
by the usage of ceiling fans. Therefore, maintaining the highest AC set point and lowest fan
speed setting that is feasible is the best option to take. The precise location of the openings
improves the thermal comfort by enhancing the volume flow. Mechanical ventilation
offers a better performance than natural ventilation in providing better thermal comfort.
However, it requires higher energy consumption, a global concern, so energy conservation
has affected how buildings are fitted with mechanical ventilation systems [31,32].

This paper aims to determine the best parameters for a comfortable and acceptable
temperature and airflow distribution through the CFD approach, which could compromise
the energy-efficient approach. A total of nine experiments were carried out in this study
to investigate thermal performances at different supply air temperatures and airflow
velocity settings.

2. Methodology
2.1. System Description

This study investigates a conference hall, part of an expo building. The geometry and
schematic diagram of the conference hall is shown in Figure 1. It has dimensions with
a length of 50.3 m, a width of 42.35 m, and a ceiling height of 16.6 m, respectively. The
conference hall area is 2130 m?. It is designed to accommodate around 1000 occupants. The
expo building’s cooling system uses 3 screw-type chillers located in the basement level,
with a total cooling capacity of 560 tons of refrigeration (TR): two units with 100 TR each
and one unit with 360 TR. The air handling unit (AHU) distributes conditioned air to each
room in the expo building, one of which is distributed to the conference hall through supply
air (SA) grilles, with the temperature preset at 13 °C and the air velocity set at 2 m/s. The
total supply air grilles are 146 units with a linear diffuser type, and the supply air volume
is 1600 m3 /h. The dimension of the supply air diffuser is 1.5 m x 0.15 m. The total return
air (RA) grilles are 466 units located near the audience seat.

(a)

(b)
Figure 1. The investigated conference hall: (a) geometry and (b) schematic diagram.

2.2. Experiment Setup

The thermal environment in the conference hall may not be uniform, and the ceiling
height may vary from front to rear seat. Due to the considerable distance between the
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supply air diffuser and the occupants, the front seat area may produce a higher thermal
performance and perceive lesser airflow, while the rear seat might perceive a stronger
airflow. The entire parameter set is investigated using the minimum needed experiments.
The mean result of the performance measured at each parameter level is used to conduct
the primary effect analyses, which could be implemented in the constructed design in
a real environment. As a result, this study analyzes the various supply air temperature
and air velocity settings in order to accomplish the thermal environment condition for
the occupants.

Table 1 shows the number of experiments in this study using different temperature and
air velocity settings. It aims to find the optimal design for the indoor thermal environment
of the conference hall. This approach may contribute to a better understanding of how to
maintain thermal comfort while achieving energy conservation for a conference hall by
determining the ideal AC set point temperature and air velocity.

Table 1. Experimental plan settings.

Number of Experiment Temperature (°C) Air Velocity (m/s)
1 13 2
2 13 1.5
3 13 1
4 15 2
5 15 1.5
6 15 1
7 17 2
8 17 1.5
9 17 1

2.3. Airflow Modeling

The CFD is a powerful, useful tool with a flexibility, accuracy, and breadth of ap-
plication for state-of-the-art research. It is efficient in parametric studies, such as for air
and temperature distribution. In this study, the temperature and air distribution of the
conference hall was conducted by using a CFD code, ANSYS Fluent Version 2020 R2 [33]. It
examined and analyzed the conference hall and also found the optimal design for enhancing
the thermal environment and energy-saving potential.

ANSYS Fluent offers a number of equations to resolve issues, including those involving
laminar and turbulent fluid flow, incompressible and compressible fluid, and other issues.
It is three-dimensional steady-state turbulence, which is simulated by the most commonly
used standard k-epsilon (k-¢) turbulence model in the engineering flow field calculation,
and the continuity equation is solved by the Finite Volume Method (FVM), continuity
equation, momentum equation, energy equation, turbulence kinetic energy, and dissipation
rate transfer equation for simulating fluid and heat transfer phenomena, as follows in
Equation (1):

o) —
5t(09) + V-(oV —Tyor V) = 5, M

where p is the fluid density, @ is the variable of the different transfer equation, is the
velocity vector, is the diffusion coefficient, and is the source term. The above parameters @,
Lgeff, and Sy describe a continuous equation, momentum equation, energy equation, and
turbulence equation as follows:

Continuity equation:
Let@ =, Lyerr=0, and Sy = 0 be substituted into Equation (1), which can derive

9

5t T o (1) =0 @
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Momentum equation:

Leto =1, 1"4,,6 FF = He, and Sy = — % + F; be substituted into Equation (1), which can derive

d 0 _dp | 0, Ou ‘
ﬁ(PP‘z)"‘aij(pH]liz) = aTciJraTc]-(”eachHFl 3)

where the ye = p + p; of Equation (3) represents the sum of the laminar flow and the
turbulent viscous coefficient, i.e., the effective viscosity coefficient, and F represents the external
body forces in the I direction or the other user-defined source items such as porous media.

Energy equation:

Let @ =T, [yerr = ke, and Sy = S be substituted into Equation (1), which can derive

9 9 . au 9, T
ﬁ(pcpT) +a—xj(pcpTyt) = fp£+aij(keaij)+y¢+5e (4)

Turbulent flow energy transfer equation:

Let =Kk, Tyerr= g—l", and Sy = Gy — pe be substituted into Equation (1), which can derive

o I S A e
ot (PR g (Phue) = gLk g ) g 1 Gie— e (®)

0y 0%

Turbulent flow energy diffusion equation:

e(C1G—Cye)
k

Let @ =¢, FW fF= %, and Sy = be substituted into Equation (1), which can derive

Bui

9 9 _ i pry 9¢ (GG — Coe)
gt 0e) T g oeme) = 50 [( +

;j)aij] t— (6)
where G represents the turbulent flow energy produced by the average velocity gradient,
and the equation is defined as follows:

Gi= ~PITH g o
k t ]axtl

and Cy¢, Cy¢, Cy, 0y, and o, are empirical constants C,e = 1.44, C,, = 1.92, C,, = 0.09, 03 = 1.0,
and o, = 1.3, respectively.

2.4. Boundary Condition

The geometry model of the conference hall was created the same as the actual size
design conditions. For the boundary conditions, the supply air temperature is initially
at 13 °C, then increases to 15 °C and 17 °C. The air velocity of the supply air is initially
at 2 m/s, then reduced to 1.5 m/s and 1 m/s to examine the variations of the thermal
performance of the conference hall. The heat source in the conference hall is generated
by the occupants. A total of 500 occupants were simulated for this study. During seated
conditions, each person generates a heat of around 4.5 W/ m?2 /K for their whole body [34].
Additionally, the inside walls, seats, and ceiling were considered to be adiabatic with no
heat transfer, because the conference hall is a part of the expo building, which means there
is no external wall directly in contact with the outdoor environment.

2.5. Meshing and Grid Test

This study provided two types of mesh sizing: body sizing and face sizing. The body
sizing for the conference hall building was selected, including the wall, floor, and ceiling.
The face sizing was selected for the small parts, including supply air grilles, return air grilles,
and the occupants of the conference hall were simplified and sketched. Mesh refinement
is a very important factor for determining an accurate result. This study implemented



Buildings 2022, 12, 1418

6 of 16

a polyhedral mesh to generate the computational model. The number of grids is very
important, and it will relatively affect the simulation results [35]. In this study, five grid
numbers are selected for the simulation to verify the relative error of the temperature
under different element numbers. The boundary conditions of the grid test for the inlet
temperature are 13 °C, the air velocity is 2 m/s, and the outlet is set as the pressure outlet.
The grid numbers start from 511,496 elements, and the temperature at point 5 is 16.54 °C.
When the grid number is increased to 1,212,294 elements, the temperature at point 5
decreases to 15.59 °C. Along with increasing the number of mesh elements, the temperature
decreases and will present more accurate results. There has been little influence when
the grid numbers were increased from 1,850,751 to 2,408,250 and then to 3,282,910. The
temperature variations are slightly different in point 5, from 14.78 °C to 14.65 °C to 14.60 °C,
and in other monitoring points, as illustrated in Figure 2. After considering the simulation
time and accuracy, this study employs element number 2,408,250 for the simulation and a
skewness metric of 0.84921.

21

—&— 511,496 elements 8
20 4 —— 1,212,294 elements / 2 i
—m— 1,850,751 elements b le] Dol
—&— 2,408,250 elements = 5] 5
19 | —A— 3,282,910 elements % B —
—~ [1] 4 7
o \ 4
O 18 A
2
©
S 17t
€
)
'—
16 4
15
14 T T T T T T T T T

Monitoring Point
Figure 2. Grid independence test at supply air temperature 13 °C and air velocity 2 m/s.

2.6. Thermal Performance Evaluation

According to ASHRAE standard 55-2017 [36], thermal environmental conditions for
human occupancy temperatures range approximately from 19.4 °C (67 °F) to 27.8 °C (82 °F).
This standard recommends a specific percentage of occupants that constitutes acceptability
and values of the thermal environment associated. A comfort zone may be determined by
air temperature, radiant temperature, humidity, air velocity, metabolic rate, and clothing
insulation values. The comfort zone is defined as the operating temperature that provides
acceptable thermal environment conditions with the air temperature and mean radiant
temperature (tr). The PMV index can be determined when the activity (metabolic rate) and
the clothing (thermal resistance) are estimated. The following environmental parameters
measured are the air temperature, mean radiant temperature, relative humidity, and air
velocity. It is recommended to use the PMV index only for values between —1 and +1.

The PMV shows the level of comfort or discomfort of the human body to the thermal
environment and is expressed on a 7-values scale (3,2, 1,0, —1, —2, and —3). The PMV
value can be determined using Equation (8) as follows ISO 7730 [1]:

PMV = [0.303- exp(—0.036-M) + 0.028]
(M — W) —3.05-1073:[5733 — 6.99(M — W) — P,] — 0.42-[(M — W) — 58.15]
—1.7-1075-M-(5867 — P,) — 0.0014-M-(34 — t,) ®)
~3.96-1078-f- [(td +273)* — (4 + 273)4} — fy-he- (tg — ta)
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tg = 35.7 — 0.028-(M — W) — Id-{3.96-10’8-fd- [(td +273)* — (t +273)* + fy-he-(ty — ta)] )

{238 (tg — )%, for2.38-(ty — t)"% > 12.1-\Var 10)
¢ 121\ Var,  for 2.38-(tg — ta)"% < 12.1-\~Var
(= { L00+1291y, for Iy <0.078 m?k/W an
7 1.05+ 06451, for Iy > 0.078 m*k/W

where M is the metabolic rate (W/m?), W is the effective mechanical power (W/m?), I; is
the clothing insulation (m?. K/W), f,; is the clothing surface area factor, , is air temperature
(°C), t; is the mean radiant temperature (°C), P, water vapor partial pressure (Pa), k, is
the convective heat transfer coefficient (W/m?. K), t is the clothing surface temperature
(°C), and vy, is the relative air velocity (m/s). The value of ¢, h., and f; can be obtained by
iteration using Equations (9)—(11).

The PMV is calculated using four measured variables (air velocity, temperature, mean
radiant temperature, and relative humidity), as well as two estimated parameters (clothing
and metabolism rates). The conference hall temperature set point was set and maintained
at 25 °C. Initially, the indoor supply air temperature was set at 13 °C, and the supply air
velocity was set at 2 m/s, then changed to another parameter setting, as shown in Table 2,
to find the effect. The relative humidity was assumed to be 50% with the air conditioning
on. The mean radiant temperature was assumed to be set at 24 °C. The occupants’ clothing
insulation with skirts/dresses was set at 1.1 clo, and the human metabolic rate while seated
was set at 1.0 met based on ASHRAE Standard 55 [36].

Table 2. The boundary condition for the numerical simulations.

Parameter Type Temperature Air Velocity Heat Transfer Coeff.
. . 13 °C (base line case) 2 m/s (baseline case)
Supply Air Velocity Inlet 15°Cand 17 °C 1.5m/sand 1 m/s )
Return Air Pressure Outlet 20°C - -
Heat Transfer 2
Occupant Coefficient - - 45W/m*/K

Regarding analyzing and evaluating the results, the measurement points and cross-
section plane for the conference hall are shown in Figure 3a. The plane is divided into six
cross-sections sequenced under different supply air temperatures and supply air velocities.
Three cross-sections of A—A’, B-B/, and C—C’ represent the plane in the front view, while
another three cross-sections: D-D/, E-E/, and F-F’ show the plane in the side view. The
simulation will be set up with 9 sampling points. The coordinates of the simulating points
are also shown in Figure 3b.
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Figure 3. Testing location: (a) measurement points and cross-section plane and (b) coordinates points.

3. Results and Discussion

The temperature and air velocity are two variables that can influence thermal comfort
aside from clothing insulation, metabolic rate, humidity, and radiant temperature. Two
variables in this study were carried out numerically at different temperature and air
velocity settings. Three different temperature settings were distributed from supply air
grilles through the conference hall, starting from 13 °C, 15 °C, and 17 °C, and were analyzed
and evaluated through CFD simulation. In addition, three different supply air velocities
were also analyzed and evaluated, starting from 1 m/s, 1.5 m/s, and 2 m/s. A total of
nine scenarios were investigated in this study to find the ideal AC (cooling) set point
temperature and air velocity in order to maintain thermal comfort while conserving energy.

3.1. Temperature Distribution in Different Set Point

The total of six section measurement planes were carried out to investigate the tem-
perature distribution and thermal performance in the conference hall. Figure 4a shows
the simulation results with the supply air temperature setting at 13 °C and air velocity at
2m/s. In plane A-A/, the temperature is mostly uniform in the range of 13-15 °C. Some
of the temperatures are higher in the far back conference seat than in other locations. The
occupants generate heat, and in that location, it did not have return air grilles, which could
influence the temperature near that location. Another location is in the front seat of the
conference hall. Due to the high location of supply air grilles, the air velocity decreases
along with the distance from the supply air to the conference seat. However, the tempera-
ture is still around 20 °C, under the limit of comfort, which is around 25 °C. The planes
B-B’ and C-C' present almost the same trend as the cross-section in plane A-A’. The left
side of section B-B’ is near the wall. There is less airflow behind, presenting a temperature
slightly lower than in planes A-A’ and C-C'. In plane D-D’, the cross-section is located
between the supply air grilles so that the temperature distribution will be higher than in
the other cross-section plane. The temperature distribution is around 17 to 18 °C. In plane
E-E' located in the center of the conference seat, the temperature is mostly uniform around
14 °C. In addition, plane F-F’ located in the front seat of the conference hall presents a
temperature distribution at around 15 °C. The temperature will be slightly higher in that
location, because there is a buffer area in which the distance from the supply air grilles to
the conference seat is longer. In accordance with Dong et al. [37], the air supply height, air
supply velocity, and air temperature difference can all have an impact on thermal comfort
and air distribution.

Figure 4b shows the simulation results with the supply air temperature setting at 15 °C
and air velocity at 2 m/s. The temperature distribution in plane A-A’ is around 15-19 °C,
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‘
I‘
‘

plane B-B’ is 16-19 °C, and plane C-C’ is about 16-20 °C. Additionally, in the front view,
the temperatures for planes D-D’, E-E/, and F-F’ are about 19 to 20 °C, 17 to 18 °C, and 18
to 19 °C, respectively.

Figure 4c shows the simulation results with the supply air temperature setting at 17 °C
and air velocity at 2 m/s. It shows the results in the side view of plane A-A’, the indoor
temperature is 19-23 °C, the plane B-B’ temperature is around 19 to 20 °C, and the plane
C-C’ temperature is around 19-23 °C. The temperatures for planes D-D’, E-E’, and F-F'
are around 20-23 °C, 18 to 19 °C, and 18-21 °C, respectively.

Temperature (°C)

000000000000000

@)

(b) (0)

Figure 4. Temperature distribution results in different temperature and air velocity at 2 m/s. (a) tempera-
ture setting: 13 °C, (b) temperature setting: 15 °C, and (c) temperature setting: 17 °C.

3.2. Temperature Variation Results in Different Temperature and Air Velocity Settings

The HVAC systems with different supply air temperatures and air velocities have been
assessed by CFD simulation to investigate thermal comfort, as well as potential energy-
saving strategies for the conference hall. Figure 5a shows temperature variation results of
the conference hall with a total of nine sampling points selected to evaluate. The results
revealed that all of the sampling points demonstrated a temperature variation below 25 °C.
The design conditions under different supply air temperature settings at 13 °C, 15 °C,
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and 17 °C present the feasibility of energy-saving strategies by increasing the temperature
settings accordingly. Figure 5b shows the temperature variation results with the supply air
velocity settings at 1.5 m/s. The results reveal the trend is almost similar to the air velocity
settings at 2 m/s. The temperature variation is below 25 °C, except at points 1 and 3, with
the supply air temperature setting at 17 °C. The temperature is higher at that point because
of no return grille in that area. Figure 5c shows the temperature variation results with
the supply air velocity settings at 1 m/s. Some of the temperature distribution is below
25 °C. The higher temperature above 25 °C happens when the temperature settings are at
17 °C and air velocity is at 1 m/s. Sampling points 1, 2, 3, and 9 show higher temperatures
than the comfort level (25 °C), which presents an unacceptable thermal condition with
temperature variations around 27 to 28 °C. The design condition can achieve the thermal
condition of the conference hall for most cases under different supply air temperatures and
air velocities. The feasibility of reducing the air velocity from 2 m/sto 1.5m/sand 1 m/s is
possible. It also reveals the feasibility of increasing the supply air temperature from 13 °C
to 15 °C and supply air velocity from 2 m/s to 1 m/s to reduce the energy consumption for
the HVAC system to achieve energy efficiency.

40 b 40
(a) Supply air velocity =2 m/s Supply Air Temp ( ) Supply air velocity = 1.5 m/s Supply Air Temp
. 13°C . 13°C
15C 15°C
EEEE 17°C B 17°C
301 —— Limit 301 —— Limit

Temperature (°C)
]
Temperature (°C)
=3

1 2 3 8 9 1 2 3 5 6 7 8 9
Simulating Point
40
(C) Supply air velocity =1 m/s Supply Air Temp
15 N 13°C
15°C
B 17°C
30 1 — Limit
O |
2 / i
5
£ 20 i
o o -
£
15 +
2
10 ~
5 -
0 T T T T T T
1 2 3 4 5 6 7 8 9

Simulating Point

Figure 5. Temperature variation results in different temperature and air velocity settings. (a) supply
air velocity at 2 m/s, (b) supply air velocity at 1.5 m/s, and (c) supply air velocity at 1 m/s.

It is necessary to take energy consumption into consideration while enhancing the
occupants’ indoor thermal comfort. The indoor thermal environment design should con-
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sider the actual demands and needs for thermal comfort. Gong et al. [38] observed the
thermal comfort range at operating temperatures of 20.9-27.5 °C. The results demonstrated
that 24.2 °C was the neutrality temperature determined by the regression approach. In this
study, the findings show that the temperature distribution, depending on the parameter
selections, ranges from 18 to 26 °C, indicating a suitable indoor thermal environment. Fur-
thermore, the best parameters should be selected to achieve a comfortable and acceptable
indoor thermal environment. A configuration that delivers the supply air at a temperature
of 15 °C and a velocity of 1 m/s may allow creating a comfortable indoor environment and
present a neutral temperature when evaluating the PMV.

3.3. Thermal Performance

The overall thermal performance evaluation in the conference hall complies with
the ASHRAE standard 55 extensively. Six parameters should be taken to calculate the
thermal comfort of the PMV: supply air temperature, mean radiant temperature, air velocity,
humidity, clothing level, and metabolic rate. The PMV scale is —3, =2, —1,0, 1, 2, and 3,
respectively. The nine sampling points evaluated the thermal comfort of the PMV variations
under different supply air temperatures and airflow velocity settings. The PMV range
between —1 and +1 could lead to acceptable thermal satisfaction; however, the predicted
percentage dissatisfied (PPD) is higher than 20%. The recommended PMV index should be
in the range of —0.5 to +0.5 with a PPD of 10%, which may present a neutral temperature.
Similar to the study conducted by Mudher and Najeeb [39], the PMV level in the conference
hall was +0.17 with a PPD value of 6.79%.

Figure 6(1) shows the PMV results with the supply air temperature settings at 13 °C
and air velocity at 2 m/s. The PMV scale of sampling points 1, 3, and 9 is —0.90, which
means slightly cool. The PMV of sampling points 2, 4, 5, 6, 7, 8, and 9 is more than —1,
which means slightly cool. The PMV scale between —1 and 1 is still acceptable, but beyond
—1and 1 will fail to meet the requirements. When the supply air velocity is decreased to
1.5 m/s and the temperature is 13 °C (Figure 6(2)), the results show that sampling points 1
and 3 are around —0.55 and —0.6, which fall into the neutral PMV scale. Additionally, the
thermal comfort of sampling points 5, 6, 8, and 9 ranges from about —0.85 to —0.95, which
is slightly cool but still acceptable. The thermal comfort of sampling points 2 and 4 is about
—1 and —1.05, slightly more than the —1 PMV scale. Furthermore, decreasing the supply
air velocity is conducted to 1 m/s (Figure 6(3)) to present the PMV variation results. All the
sampling points are between —1 and 1, which is acceptable for thermal comfort.

Figure 6(4) shows the PMV results with the supply air temperature settings at 15 °C
and different supply air velocities. When the supply air velocity is at 2 m/s, the PMV
variation is around —1 to 1 at sampling points 1-6, 8, and 9. The thermal comfort of
sampling point 7 is —1.05, which means an unacceptable PMV. In addition, when the
supply air velocity decreases to 1.5 m/s (Figure 6(5)), all sampling points are about —1
to 1, which means an acceptable thermal comfort. Meanwhile, decreasing the supply air
velocity to 1 m/s (Figure 6(6)) shows the PMV variation is around —0.5 to 0.5, which means
acceptable and recommended compliance with ASHRAE standard 55.

Figure 6(7) shows the PMV results with the supply air temperature settings at 17 °C
and different supply air velocities. When the supply air velocity is at 2 m/s, the PMV
scale of sampling points 1-9 ranges from —0.35 to —0.6, which means an acceptable PMV
scale. In addition, decreasing the supply air velocity to 1.5 m/s at a constant temperature
of 17 °C (Figure 6(8)) revealed the PMV variation is about —0.3 to 0.55 with the supply air
temperature at 17 °C and air velocity at 1.5 m/s. Meanwhile, the PMV variation is around
0-1.1 under a temperature of 17 °C with the air velocity at 1 m/s (Figure 6(9)), which
means slightly warm and unacceptable. Overall, increasing the supply air temperature and
reducing the supply air velocity could be feasible in achieving the energy-saving concerns
within the concern of thermal comfort.
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v=1m/s v=1m/s v=1m/s
Temperature setting = 13 °C Temperature setting = 15 °C Temperature setting = 17 °C

Figure 6. Thermal comfort distribution results in different temperature and air velocity settings.

The PMYV level for the conference hall comfort was evaluated in different temperature
and air velocity settings. Figure 7a shows the PMV of the sampling points is less than —1
(slight cool) under different supply air temperatures at 15 °C and 17 °C, except for the
temperature setting at 13 °C, which has six sampling points larger than —1 (slight cool) and
is not acceptable on the PMV scale. In addition, Figure 7b presents the thermal comfort of
the PMV of the supply air velocity at 1.5 m/s under different supply air temperatures. The
results reveal that a PMV less than —1 is concurs with different supply air temperatures at
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15 °C and 17 °C, except with supply air temperatures at 13 °C in sampling points 2, 4, and 7,
and not acceptable on PMV higher than —1. Figure 7c revealed that setting the temperature
from 13 °C to 15 °C with the supply air velocity at 1 m/s is in the acceptable PMV scale
range and achieves the comfort zone recommended by ASHRAE Standard 55 between —0.5
and +0.5 on the PMV scale. It presents increasing the temperature distribution as feasible to
achieve the energy-saving concerns. The worst PMV is when the temperature distribution
isat 13 °C and 15 °C and the air velocity is at 2 m/s (Figure 7a), the temperature distribution
at 13 °C with the air velocity at 1.5 m/s (Figure 7b), and the temperature distribution at
17 °C and air velocity at 1 m/s (Figure 7c), which fail to meet the requirements of the PMV.

a b) 3
( ) : Supply air velocity =2 m/s Supply Air Temp ( ) Supply air velocity = 1.5 m/s Supply Air Temp
. 13°C . 13°C
2 15°C 2 15C
Bl 17°C B 17°C
—— Acceptable —— Acceptable
——- Recommended ——- Recommended

3 0 2
z Igli‘éllél IIIII llg’llél &
- i —& F 1
2 2 1
'3 T T T T T T T T T '3 T T T T T T T T T
1 2 3 4 5 6 7 8 9 1 2 3 4 5 5] 7 8 9
Simulating Point Simulating Point
( * pp ,
Supply air velocity = 1 m/s Supply Air Temp
I 13°C
2 15%C
B 17°C
—— Acceptable
——- Recommended

PMV

1 2 3 4 5 6 7 8 9
Simulating Point

Figure 7. PMV variation results in different temperature and air velocity settings. (a) supply air
velocity at 2 m/s, (b) supply air velocity at 1.5 m/s, and (c) supply air velocity at 1 m/s.

To find acceptable indoor environment conditions, some parameters of the temperature
and air velocity settings were examined. Table 3 shows the results of the PMV index for
thermal comfort. It shows the findings from the most comfortable to the most uncomfortable
thermal conditions. This study discovered that a temperature setting of 15 °C and air
velocity of 1 m/s distributed from supply air grilles to the conference hall could generate a
suitable indoor environment for thermal conditions. The PMV value could be kept between
—0.5 and 0.5. According to Espejel-Blanco et al. [40], utilizing a control zone of 0-0.5 PMV
index values and calculating comfort zones using the PMV approach results in energy
savings of 33-44%.
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Table 3. Experiment results of the indoor environment for the thermal conditions.

Number of Temperature  Velocity PMYV in Each Point
. o Note
Experiment o (m/s) PL P2 P3 P4 P5 P6 P7 P8 P9
1 13 2 -091 -113 -091 -115 -115 -115 -132 -—-111 -0.90 8
2 13 15 —052 -111 -052 -110 -092 —092 -107 -088 -—08 7
3 13 1 -005 -023 -0.05 -090 -073 -073 -057 -039 —0.22 5
4 15 2 —071 —091 —071 —096 —096 —096 —111 —090 —090 6
5 15 1.5 -052 -071 -033 -057 -039 -039 -051 -033 -0.33 2
6 15 1 046 —005 046 —021 —-021 —021 —022 030 030 1
7 17 2 -031 -071 -031 -042 -042 -042 -071 -052 -033 4
8 17 15 058 —013 058 —039 —022 —022 —014 004 004 3
9 17 1 1.12 0.95 112 -0.05 0.12 0.12 0.13 0.62 0.93 9

4. Conclusions
This study investigates the indoor thermal environment under different supply air

temperatures and air velocity settings in the conference hall. The results complied with the
international standard of ISO 7730 and ASHRAE 55 Standard for the thermal environmental
conditions for human occupancy. In addition to that, a lower temperature and a higher air
velocity setting could affect the thermal performance and energy issues, so they must be
selected optimally. The conclusions may be drawn as follows:

e  The different supply air temperature and air velocity settings influence the indoor ther-
mal distribution inside the conference hall, resulting in a variation of the temperature
distribution from around 18 °C to 27 °C in all the different settings.

e  The temperature setting of 15 °C and air velocity of 1 m/s in experiment 6 had the
optimal settings to achieve the thermal conditions.

e Using a higher temperature setting could attain energy savings; however, the right air
velocity should be considered in order could meet the indoor thermal conditions. In
addition, a higher air velocity could also generate more noise, and it could interrupt
the situation in the conference hall, so it must be selected optimally.
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