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condition achieves the highest temperature of T=310K. The lowest temperature is
obtained in the case with a relaxing condition where T=T,=294K. The efficiency of systems
reduces when the air conditioner and air ventilation system operate at the same time. The
efficiency of the air conditioner increases, and the ambient temperature achieves
minimum value when the air ventilation system remains off. The position of the air

Keywords: conditioner is closed to the air ventilation system causing the efficiency of the system to
Numerical simulation; ventilation; reduce. This is due to the air ventilation system drawing cold air out of the room before
room temperature; energy convective heat transfer occurs.

1. Introduction

Thermal comfort and energy efficiency are crucial to the design of engineering laboratory such as
heat transfer from the machine to the surrounding. Thermal comfort is defined as the condition of
mind that expresses satisfaction with the thermal environment [1]. It is also known as a condition for
someone is not feeling either too cold or too warm. Thermal comfort is not only a potential health
hazard but also an impact on a people to function efficiently and effectively. The cause of thermal
comfort failure is categorized to environmental and personal factors (personal factors are not
covered in current study). Three main components that have high impact to the thermal comfort are
the air flow (velocity of the air), human body or surrounding temperature and relative humidity (RH).
Muhieldeen and Kuang [2] conducted experimental and numerical study to investigate energy and
cost savings in a building. The result shows the percentage of energy saving able to be achieved with
increasing air temperature using greater air flow. The predicted mean vote (PMV) values of building
occupants decrease as increasing the air flow in the building with the least predicted percentage of
dissatisfied (PPD).
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The characteristic of air flow is important to achieve human comfort temperature and well-being
of an individual. Nielsen et al., [3,4] conducted experimental and numerical study to investigate the
velocity flow field in the modelled room with different geometric arrangement for isothermal
condition and with a heating floor [3-5]. Numerical calculation shows a good agreement with
experimental results. Daoud and Galanis [6] conducted three-dimensional numerical simulation using
Zonal model and had a good agreement with experimental results from Nielsen et al., [5]. Omri and
Galanis [7] conducted numerical simulation using Fluent with three different turbulence models
namely k - €, RNG k - € and k -w SST. The result is validated with ventilated isothermal cavity cases
from Nielsen et al., [4,5]. RNG k - € and k - w SST models show a good agreement while k - € model
overestimates the thickness of jet. Zhang et al., [8] perform numerical simulations with a total of
eight turbulence models to investigate the airflow and turbulence in an enclosed environment. The
simulation result is compared with experimental results from literature. RNG k - € model shows the
best performance compares to other turbulence models in terms of accuracy, computational
efficiency and robustness.

The indoor air quality (IAQ) and thermal comfort in a room or building has been widely studied.
Zhu et al., [9] conducted numerical study using ANSYS to investigate the flow field and heat transfer
around the building to enhance the indoor thermal environment and thermal efficiency at a rural
area in Ningxia, China. The efficiency of system is evaluated using local mean age such as forced
ventilation inside food plants and naturally ventilated office [10,11]. An investigation of thermal
comfort is carried out to study the turbulent mixed convection in an indoor ventilated ice rink.
Benderradji et al., [12] conducted three-dimensional incompressible flow of mixed convection
simulation with different Reynolds and Grashof numbers to investigate the air flow in a cavity. They
reported the flow regime is strongly dependent on both Grashrof and Reynolds numbers. Some other
studies have been carried out to investigate the air ventilation of an indoor atrium space or
badminton hall [16,17].

A rectangular cavity is commonly used in laboratory experiment or numerical simulation to study
the air flow in a modelled room. The study may predict the velocity characteristics in a room, but the
statistics are not applicable for a laboratory with two operating Capstone C30 micro gas turbine which
generates a large amount of heat to the surrounding. The purpose of this study is to investigate the
pattern of the air flow and heat transfer in the room with different quantity of heat source. This is to
determine if the room temperature is comfortable for occupant. Various condition of the room has
been simulated and the analysis of simulation will be presented in section 3.

2. Numerical Methodology
2.1 Governing Equation

The simulations were simulated using OpenFOAM [13] with the buoyantPimpleFoam solver with
the k - € turbulence model. The buoyantPimpleFoam solver is selected for the parametric study as
large temperature difference results in density variations in the simulation case. It is a transient solver
for buoyant, turbulent flow of compressible fluids for ventilation and heat transfer and the density is
solved using the ideal gas equation in Eq. (4) [14]. The governing equations employed in the study
take the form

[3]
a—S+V'(pu)=0 (1)

% + V- (puu) = —Vp + pg + V- (2uegD(w)) — V(g‘/eff(v ")) )
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where the p is the density of the fluid and u is the velocity vector. p is the pressure and g is the unit
vector for the direction of gravity. The effective viscosity, ves is the sum of the molecular and
turbulent viscosity. D(u) is the strain rate tensor and is defined as D(u) = 1/2(Vu + (Vu)"). h is the
enthalpy per unit mass and K = [u[?/2 is the kinetic energy per unit mass. g is the thermal effective
diffusivity and is the sum of the laminar and turbulent thermal diffusivities. R is the specific gas
constant and T is the temperature of the fluid.

2.2 Test Case Validation

The buoyantPimpleFoam (BPF) solver is validated with a test case from Nielsen et al., [3] and
Limane et al., [15]. The schematic of the rectangular cavity that used to validate the OpenFOAM code
is shown in Figure 1. The three-dimensional cavity has the wall-normal height, H = 127mm,
streamwise length, L = 3H and spanwise length W = 4.7H. The fresh is enter from an inlet with the
height, h = 0.056H where it is located at the top-left side (z = 0) and exit through an outlet with the
height, t = 0.16H at the bottom-right side (z = L). No slip boundary condition is employed to the front-
back walls, side walls along with ceiling and floor.

L
Fig. 1. Schematic of the cavity test case [3,15]

The fresh air with a speed of Up = 15.2m/s is introduced with the turbulence intensity of 5% (U’ =
0.05Up) and a temperature of 295.15K. The Reynolds number is fixed at Re = 7100 for all cases. All
the walls are considered adiabatic for all the simulation case expect the floor where a uniform heat
flux g = 563W/m2 (or Q = 128W) is applied to the floor. The computational grid domain is equally
spaced with the size of Ny, Ny and N; of 92 x 94 x 48. The Courant number is set at maximum of 0.5
to ensure the numerical stability and increase the accuracy of the simulation.

Figure 2 shows the normalized velocity distribution along the cavity height with x=2H and y =
W/2. The negative velocity shows the presence of recirculating air at that area. The velocity plot
shows a good agreement with experimental result from Nielsen [3] and simulation result from Limane
et al., [15]. However, deviation can be observed in the plot of the normalized temperature profile
along two horizontal lines with y = 0.67W and z = 0.25H (see Figure 2). Current result overestimates
the temperature compared to both experimental and simulation results.
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Fig. 2. Plot of the normalised (a) Velocity (b) Temperature compare with previous studies [3,4]

2.3 Parametric Study

Figure 3 shows the three-dimensional model of the room with the dimension of 8m x 5.3m x 2.9m
(Lxx Lz x Ly) with an ambient temperature of 298K. Two Capstone C30 with the dimension of 0.8m x
1.5m x 1.8m (Ix x I, x ly) is represented by a heat source. Two heat sources are installed on both sides
of the room with a constant temperate of 328K when it is operating. Two air ventilation with the size
of 0.5m x 0.5m is installed on top of each heat source and is shown in Figure 3(b). The air ventilation
system draws the hot air out of the room with a speed of 1.4m/s. The air-conditioning system with
the volumetric flow rate of 0.35m?3/s has the outer length (a,) of 0.5m with internal length (ai) of 0.3
and the internal surface is set to be a wall. No slip boundary condition is applied to all sides of the
wall. The computational grid domain is equally spaced with the size of N, Ny and N, of 80 x 29 x 53.
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Fig. 3. 3D model of the room in (a) Side view (b) Top view



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 107, Issue 1 (2023) 1-18

2.4 Grid Independent Study

The comparison of velocity streamline contour plot with different mesh size is shown in this
section. No refinement done throughout the domain in Figure 4(a) and Figure 5(a) and refinement is
applied to the whole computational domain in Figure 4(b) and Figure 5(b). The cells are divided in
streamwise (x), wall-normal (y) and spanwise (z) direction and resulting eight times the number of
cells. Case 4 is selected for grid independent study as the condition is extreme where all the heat
sources, air ventilation and air-conditioner are turned on. With the extreme set-up, we can know if
the mesh is sufficiently resolving all the required parameters.

Figure 4 shows velocity streamlines on the temperature contour. Maximum positive U,=1m/s is
observed at the centre of air ventilation system where the air is drawn out of the room vertically.
Multiple air recirculation can be observed in both the contours. The significant difference between
both the contours are the air flow pattern around the heat source. Streamlines for the case with no
refinement show that the air is flowing towards the heat source. However, the air flow in 4(b) is
flowing away from the heat source.

(al) t = 60s (b1) t =60s

(a2) t = 300s (b2 t = 300s

(b3) t = 600s

-1 -0.5 0 0.5 1 294 302.5 311 319.5 328
Fig. 4. Slice of temperature contour at L, - 2.25m with velocity streamlines for Case 4 at
respective time for (a) No refinement (b) Refinement

The x - z plane temperature contour in Figure 4(a) differ significantly compares to Figure 4(b). The
case without refinement overestimates the temperature around the heat source. Velocity
streamlines plot coloured by temperature is shown in Figure 5. Streamlines in Figure 5(a) are
significantly different compared to the streamline in Figure 5(b). The ambient temperature on the
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other hand is similar in both the cases where T < 302K. Based on the streamlines plot, we can capture
more flow patterns and accurate flow statistics. In this study, the refinement grid is selected to ensure
the simulation able to capture accurate flow statistics and temperature field around the room.

1 t = 60s bl t =60s
(al) 5 S (b1) 5 | 50s
1 . S0 \ ) 1 ~ o
2 ) 2- [ ]
23 i 23 - '
4 O 4
5 5
0 2 4 6 8 0 2 4 6 8
X X
(a2) t = 300s (b2) t = 300s
0 0
1- 8 | .\ 1 )
2 | 2- |
Z3 { |/ ZB =
4 AR 4 ‘
5 ' 5 :
0 2 4 6 8 0 2 4 6 8
X X
(a3) t = 600s (b3) t = 600s
0 0
1-§ PR 1. S TN
2 ‘ 2- (
%3 %3 :
4 ' j 4 \ 4
f’ —
5 5 - =
0 2 4 6 8 0 2 4 6 8
X X
T
[ . ..
294 302.5 311 319.5 328

Fig. 5. Slice of velocity streamlines plot at L, - 1.5m coloured by temperature for Case 4 at
respective time, t at (a) No refinement (b) Refinement

3. Result and Discussion

Total of 6 cases are simulated with various condition where the condition of air conditioner and
air ventilation system are manipulated and shown in Figure 3. The boundary condition of the
simulation is changing respectively with room condition. The simulation covers room condition from
relax (heat sources and air ventilation system is turned off, but the air conditioner is operating) to
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extreme condition (heat sources and air ventilation system is operating but the air-conditioner is
switched off) to study the relationship between airflow and heat transfer.

Table 1 shows the details of the cases with various room conditions in this study. Cases 0 and 3
represent the relax and extreme conditions. Cases 1 and 4 have different numbers of heat sources
with an operating air-conditioner and ventilation system, while cases 2 and 5 have only an air-
conditioner operating.

Table 1
Different room condition for the simulation
Cases GasTurb.A GasTurb.B AirVentA AirVentB AirCond.

0 Off Off Off Off On (Tac=294K)
1 On Off On On On (Tac=294K)
2 On Off Off Off On (Tac=294K)
3 On On On On Off

4 On On On On On (Tac=294K)
5 On on Off Off On (Tac=294K)

3.1 Effect of Heat Source(s)

In this section, the result of simulations is discussed by comparing the velocity streamlines and
ambient temperature under different room condition quantity of heat source. The velocity in wall-
normal direction, U, is rescaled to the range between -1 and 1. Negative velocity indicates the air is
recirculating or drawn out of the room.

Figure 6 shows the temperature contour with velocity streamlines for Case 1 and 4. Maximum
negative U, is observed at the centre of the air ventilation system where the air is drawn out of the
room vertically. Cold air is released from the air conditioner (located at the centre of the contour)
has a maximum positive U,. Multiple air recirculation can be observed in the midst of plot. Case 4 has
a higher temperature compared to Case 1 where two heat sources are enabled. Heat convection
occurs and increases the temperature around heat sources.

Velocity streamlines plot coloured by temperature is plotted at the wall-normal height, L, = 1.5m
(where it is the chest height of occupant). This allow the investigation of determining if the room
temperature is comfortable for occupant. Lowest temperature region is found located at the left side
in Figure 7(a) where only a heat source is enabled at the right side with the operating temperature
of 328K. The colour in Figure 7(b) is fading from blue to light blue indicates temperature is rising. The
colour of the contour in Case 1 is significantly darker compared to Case 4 indicates temperature is
lower. This is due to only a heat source is enabled in Case 1, but two heat sources are enabled in Case
4. The ambient temperature reaches constant at T < 298K and T < 302K for Case 1 and 4 at t = 600s
in Figure 7(a3) and Figure 7(b3) respectively.

Figure 8 shows the temperature contour with velocity streamlines for Case 2 and 5. The air
ventilation system is switched off in these simulations and the boundary condition is set to
inletOutlet. Maximum negative Uy is observed at the air vent where the air is flowing out of the room.
Maximum positive Uy is occurred at the center in Figure 8(a) and Figure 8(b) are the air flow from the
air conditioner in the spanwise direction, z. Recirculation of air is observed in the center of plot. It is
worth noting that different air recirculation pattern is observed in the midst of the contour when air
ventilation system is switched off. The temperature in Case 3 is higher than Case 0 where multiple
heat sources are enabled.

Velocity streamlines plot coloured by temperature for Case 2 and Case 5 are shown in Figure 9(a)
and Figure 9(b) respectively. The contour becomes darker in colour from t = 60s to t = 300s indicates
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the temperature is decreasing in Figure 9(al) and Figure 9(a2) respectively. The contour in Figure
9(a3) is significantly darker compares to Figure 9(b3). This indicates Case 2 has a lower ambient
temperature compared to Case 5 at t = 600s where only a heat source is enabled.

The room is compared from relax to extreme condition. For relax condition (see Figure 10(a)),
heat sources and air ventilation system are switched off. Air conditioner is set to be on in Case 3 (see
Figure 10(b)) to prevent simulation error where the room become a vacuum chamber when no air is
supplied from inlet. Maximum positive Uy is observed at the centre of air ventilation system. Cold air
releases from air conditioner have maximum negative U,. Both the cases have a significant different
pattern of air flow. The temperature of cold air is set to be 298K (equivalent to ambient temperature)
to increase the accuracy of simulation in Case 3. In Figure 11(a), the ambient temperature is
decreased and reached constant at t = 300s where T = Tac = 294K (see Figure 11(a2)). The colour
contour in Figure 11(b) is faded from blue to light-blue and the temperature increases to 305K in
Figure 9(b2) and Figure 9(b3) respectively.
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Fig. 6. Slice of temperature contour at L,-2.25m with velocity streamlines for Case 4 at respective
time, t for (a) Case 1 (b) Case 4
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Fig. 7. Slice of velocity streamlines plot at L, - 1.5m coloured by temperature for at respective

time, t for (a) Case 1 (b) Case 4
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(a2) t=300s (b2) t = 300s

-1 -0.5 0 0.5 1 294 302.5 311 319.5 328
Fig. 8. Slice of temperature contour at L,-2.25m with velocity streamlines for Case 4 at respective
time for (a) Case 2 (b) Case 5
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294 302.5 311 319.5 328
Fig. 9. Slice of velocity streamlines plot at L, - 1.5m coloured by temperature for at respective
time, t for (a) Case 2 (b) Case 5
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Fig. 10. Slice of temperature contour at L, - 2.25m with velocity streamlines for Case 4 at
respective time, t for (a) Case 0 (b) Case 3
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Fig. 11. Slice of velocity streamlines plot at L, -1.5m coloured by temperature for at respective
time for (a) Case 0 (b) Case 3

3.2 Effect of Air Ventilation with Operating Air Conditioner

The efficiency of air ventilation and/or air conditioner to achieve human comfort temperature in
the room with different quantity of heat source in this section. Case 1 and 2 is simulated with a heat
source and two heat sources is enabled in Case 4 and 5.

Figure 12 and Figure 13 shows the temperature contour of the room at t = 60s, 300s and 600s. In
all cases, the air conditioner is running with cold air (294K) supplied. The effects of with (case 1 and
4) and without (case 2 and 5) turning on the air ventilation on the quantity of heat sources are
investigated. The temperature contour in Case 2 and 5 (see Figure 13(b) and Figure12(b)) have darker
colour indicates the temperature is lower compared to Case 1 and 4 (see Figure 13(a) and
Figurel2(a)). The ambient temperature reaches the steady state where T = Tac = 294K at t = 300s in
Case 2 and 5. The temperature difference between Case 1 and 2 are approximately 3K at t = 600s in

13
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Figure 12(a3) and Figure 12(b3). When both heat sources are enabled, the temperature difference
between Case 4 and 5 increases to approximately 8K in Figure 13(a3) and Figure 13(b3).

The comparison of the contour in Case 2 and 5 at t = 600s shows that cold air able to reduce the
ambient temperature and achieves human comfort temperature in the room despite the quantity of
heat source increases in Case 5. However, the ambient temperature between Case 4 and 5 differ
significantly as the quantity of heat source increases. The usage of the air ventilation system is to
draw the hot air out of the room to maintain the human comfort temperature range. However, when
the air ventilation system and air conditioner are switched on at the same time, the efficiency of
systems are dropped compares to the case with an air conditioner is switched on. This may be due
to the position of the air condition is closed to the air ventilation system (see Figure 3). The air
ventilation system draws cold air out of the room and causes the drop of efficiency.
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Fig. 12. Slice of velocity streamlines plot at L, - 1.5m coloured by temperature for at respective
time, t for (a) Case 1 (b) Case 2
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Fig. 13. Slice of velocity streamlines plot at L,-1.5m coloured by temperature for at respective
time, t for (a) Case 4 (b) Case 5

3.3 Comparing the Importance of Air Conditioner and Air Ventilation System in Removing Heat

Air ventilation and temperature are crucial factors in thermal comfort. In this section, the
performance between air ventilation and air conditioner is compared with two heat sources are
enabled. In the first part, the air ventilation system is switched off. PressurelnletOutlet velocity
boundary condition is applied to the air conditioner. In the second part, the air ventilation system is
switched off with cooling from the air conditioner.

Figure 14 shows the temperature contour of the room with Figure 14(a) air ventilation system
and Figure 14(b) air conditioner is switched on. Both contours show the temperature reaches steady
state at t = 300s. Case 3 achieves the steady state temperature at T = 305K and the steady state
temperature of Case 5 is T < 295K where it is close to temperature of cold air. The ambient

15
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temperature for Case 3 increases from 298K to approximately 305K and it is significantly higher
compared to Case 5.

The comparison shows that the air conditioner able to reduce and maintain the ambient
temperature at the level of comfort. The air ventilation system able draws out the hot air around
heat sources, however, the ambient temperature does not meet the level of comfort. Therefore, it
can be concluded that the air conditioner able to reduce the temperature around the heat source
and further reduce the ambient temperature.

(al) t = 60s ‘ (b1) t = 60s
- 0 L

wos e

294 302.5 311 319.5 328
Fig. 14. Slice of velocity streamlines plot at L,- 1.5m coloured by temperature for at respective
time, t for (a) Case 3 (b) Case 5
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4. Conclusion

Numerical simulation of ventilation in a confined space is simulated with various room conditions
to investigate the air ventilation and heat transfer in a room. Different air recirculation pattern is
observed in the temperature contour with velocity streamline plot for the case with air ventilation
system is switched off with different quantity of heat source. Highest temperature is obtained in the
case with extreme condition where the temperature increases up to 305K. Lowest temperature on
the other hand is obtained in the case with relax condition where the temperature drops significantly
and reaches steady state at the cold air temperature. The efficiency of systems reduces when both
the air ventilation system and air condition are operating at the same time. This is due to the position
of air conditioner is closed to the air ventilation system. Cold air is drawn out of the room before
convective heat transfer is occurred. Hence, the temperature does not decrease significantly.
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