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The utilization of different types of air distribution systems in the installation of building air
conditioners has a positive impact on effective cooling. This effort is also capable of
enhancing the internal environmental quality and the welfare of the occupants. A numerical
method employing a 3D model using Computational Fluid Dynamics (CFD) investigates
the airflow temperature and velocity distribution in an air-conditioned cinema or theater.
Numerical simulations are executed using the commercial CFD software ANSYS Fluent.
This study aims to predict and identify the flow characteristics, temperature and velocity
distribution of the current overhead air diffuser system (OHAD) and the new arrangement of
the underfloor air diffuser system (UFAD) in an air conditioning system. In the system
evaluation, both the OHAD and UFAD systems were modeled and compared. The results
indicated that the use of the CFD numerical technique can accurately predict the airflow
temperature and velocity distribution in the conditioned space of a cinema. Furthermore,
the UFAD system was capable of creating smaller vertical variations in air temperature
and a more comfortable environment than the OHAD system under the supply
temperature and velocity of 18 °C and 0.8 m/s. The highest temperature achievable
using the UFAD system was 22 °C, falling within Malaysia's ASHRAE standard
recommendation of 18 - 27°C.

1. Introduction

The importance of reducing building energy consumption has increased since the greenhouse effect has
become a serious problem. For space heating and cooling; heating, ventilation and air-conditioning (HVAC)'s
air distribution strategy has a strong influence not only on internal thermal comforts, but also for energy
costs. The air distribution system also has direct influence on space organization, floor height, inland layout
and construction cost. All of the previous research achievements also show that the increasing developments
of computational fluid dynamics (CFD) in the recent years have opened the possibilities of low-cost yet
effective methods for improving HVAC systems in design phase, with less experiment required. The advantage
and disadvantage on conventional designs of HVAC systems, with or without using CFD techniques [1,19].
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Task/ambient conditioning (TAC) systems allow occupants to control temperature, air flow, and in some
cases lighting and sound to meet their individual needs. This technology has recently been gaining a foothold
in the United States. It is often implemented in conjunction with under floor air distribution, which opens
up opportunities for a number of efficiencies in building design and operation [2]. Under floor air
distribution (UFAD) systems have been applied as an alternative to conventional air distribution (CAD) systems
in recent years. This system was first introduced in the 1950’s to cool computer rooms. A major paradigm
of the UFAD system is that its air distribution characteristics are different from overhead CAD systems. It has
been suggested that new load calculation and design methods need to be developed to properly design and
implement this air distribution technology [8]. It is found that under floor system gives better performance
than overhead system in contaminant removal and significantly in energy saving while maintaining the same
thermal comfort condition [3,20].

The used numerical technique could accurately predict the air flow and temperature distribution in the high-
rise conditioned space. UFAD system is capable of creating smaller vertical variations of air temperature and
a more comfortable environment and energy saving than Overhead Air Diffuser system (OHAD) system,
the supply air velocity and temperature, number of diffusers and height of the space have a significant impact
on thermal comfort. The percentage of energy saving due to using UFAD system increases with increasing the
theater height [4,22]. In UFAD systems, the exhaust/return-split configuration is believed to be more
promising than the exhaust/return- combined arrangement in terms of energy efficiency. However, how to
properly position the return vents still remains an unanswered question when the thermal comfort and indoor
air quality (IAQ) need to be simultaneously considered [5,23]. In a study by Raluca Teodosiua et. al., [6] results
showed a decent agreement between measurements and numerical values in terms of velocity profile at the
inlet. In addition, the overall flow development in the air jet is well represented numerically.

Air infiltration through building entrances is one of the main sources of energy loss in modern buildings.
Previous studies have shown that air curtains, when used at building entrances, can reduce infiltration related
energy loss significantly [7,21]. Floor swirl diffuser is one of the commonly used diffusers in UFAD system.
Geometrical design of the floor swirl diffuser will affect the airflow pattern of the indoor environment [9,24].
Rahul Khatria et al., [10] concluded that minimum time taken and maximum temperature drop was achieved
with the installation of both the equipment on the same side of the room.

According to Hurnik et al., [11] identification of the evolution of the air mean velocity distribution with
distance from the supply opening were studied. In the distance of 15 to 30 equivalent diameters, the jet behaves
as a free turbulent axisymmetric jet; its momentum flux is conserved and fixed at approximately 80 % of the
inlet momentum flux. At higher distances from the inlet, the confinement effect of partitions is observed. The
CFD results validation and reporting methods applicable for the benchmark data are proposed.

Air flow mal-distribution has been identified as one of the causes for performance degradation of air to
refrigerant heat exchangers. The high computational cost of CFD makes it difficult to comprehensively
study the effect of multiple parameters impacting the air flow distribution and the heat exchanger
performance. An integrated CFD-segmented heat exchanger model based on a momentum resistance
model is developed that is computationally efficient and accurate. The CFD simulation process is fully
automated using script based open-source CFD code, Open FOAM [12].

Gan et al., [13], used CFD to predict the indoor environment of a mechanically ventilated room and overall
ventilation effectiveness of air distribution systems. It was found that the most effective air distribution system
for heating operation differs from that for cooling. It was shown that an air distribution system that results in
upward displacement ventilation performs better than others in terms of indoor air quality and energy use but
may cause local thermal discomfort.
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The above literature revealed that numerical studies succeed in predicting indoor airflow pattern and
temperature distribution with good accuracy and less difficulty, and consumed time. Moreover, the numerical
solutions can give more details in full study field and complete parametric study. Detailed comprehensive study
on the effects of the different operating and design parameters on the air flow pattern, temperature distribution
and thermal comfort can be studied through CFD. The importance of reducing the use of building energy is
increasing.

For space heating and cooling, the HVAC air distribution strategy has a strong influence not only on the
thermal comfort of room air but also on energy costs. The air distribution system also directly affects the
composition of the room, floor height, room layout, and construction cost. Therefore, based on this
statement the objectives of the current study are to develop numerical model for analyzing the flow in a

cinema as well as to predict the flow characteristics and temperature distribution under different current
OHAD and new method UFAD.

1.1 Mathematical Formulation and Numerical Method

The governing equations of fluid flow represent mathematical statements of the conservation laws of
physics. The air how considered in this study has very low velocity and the change in pressure is very small as
well. Therefore, the flow is assumed to be incompressible. The three-dimensional steady flows with heat
transfer continuity, momentum and energy equations can be written in Cartesian tensor notation as follows,

é'p B
Fraad (pu) =0 (1)

The fact that the rate of change of momentum is equal to the sum of the forces gives the momentum
equations,
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The fact that the rate of change of energy is equal to the sum of the rate of heat addition to and the work is
done on the fluid gives the energy equation,
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The terms on the left-hand side represent the rate of change of energy and the net rate of flow of energy
out of the volume, respectively. The terms on the first two rows on the right-hand side represent the total rate
of work done by surface stresses. The last two terms represent the rate of heat addition due to heat conduction
across the boundaries of the volume and the rate of change of energy due to sources [16].
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1.2 Turbulence Modelling

The Reynolds number (Re) is a measure of the relative importance of inertial forces and viscous forces [14]. It
is expressed as in below,

Re = pUL

U

The governing equations of the steady mean flow are called the Reynolds-Averaged Navier-Stokes
(RANS) equations,

u@@=u+u'@) v@)=v+v'(t) wi) =w+w'(t) p(t) =D+Dp'(®) (5)

Reynolds stresses are proportional to the mean velocity gradients according to Eq. (6),
i = (0T _2
puill; = M (Bx;- + ﬂxi) 3pk5u (6)

The RANS equations include additional stress terms called Reynolds stresses. A turbulence model is
needed to account for the Reynolds stresses and close the system of equations [15].

CFD using ANSYS FLUENT was used in the present study to simulate three-dimensional turbulence flow of
indoor air distribution in theater by using the realizable k-€ turbulence model at steady-state condition. The
governing equations are discretized by using the finite volume method. The near-wall region was solved by
using enhanced wall treatment. The pressure-velocity coupling was achieved by SIMPLE algorithm. First-order
upwind spatial discretization scheme was considered for turbulent dissipation rate and turbulent kinetic
energy, second order pressure, second-order upwind momentum and energy and energy equations
because it provides fast convergence and better results in the flow field and temperature distribution. The
solution is considered converged when the normalized residual of continuity, momentum, turbulence and
energy is less than 103, 104, 10 and 10, respectively for determining accurate results. The k-& turbulence
model with, near wall treatment use standard wall function. This selected because of this model is unsteady
and turbulent flow. Energy sources using people indoor usually sit or do some lighter physical labor. The
metabolic rate of sitting is 57 W/m?3[17].

Whereas the full 3D CFD analysis of the under-floor airflow yields useful results, a 1D idealization of the
flow can be used to get valuable insight have derived such a 1D model and provided an analytical solution of
the governing equations. The validity of the model is demonstrated with reference to a full three-dimensional
CFD solution [16].

2. Physical Model, Computational Domain and Boundary Conditions

The studied physical model has been selected to have typical operating conditions and geometrical
configuration to those found in the theaters. The selected section (i.e. repeated portion) from the total theater
was chosen as a computational domain to minimize the simulation time. The section dimension is 6 m length
x 4 m width x 4m height as shown in Figure 1. According to the international building codes, the theater
sections accommodate five rows of five seats. The conditioned air is delivered to the theater from supply
diffusers and returned through the ceiling return diffuser. Thirty simulators to simulate 30 seated human
bodies were placed on the seats. Human bodies were simplified as rectangular cuboids of dimensions 0.4 m x
0.4 m x 0.9 m. The supply air diffusers are defined as inlet uniform velocity and the return diffusers are set as
pressure outlet boundary condition. All the vertical walls are defined as symmetry and adiabatic wall conditions
are applied for the floor, ceiling and seats.

4
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In the base line case study (i) the finished ceiling height is varying from 4 m at the front and 3m at the
rear, (i) five supply diffusers are used and distributed on the floor such that one diffuser is located in the middle
of each row at front of seat, (iii) one return diffuser is placed in the center of the ceiling of the studied section,
(iv) circular supply diffusers of cross sectional area of 0.01 m? and circular return diffuser of 0.4 m diameter
are considered and (v) air is supplied to the theater at 18 °C with a velocity of 0.8m/s. The grid generation of
computational domain is described in Figure 1, where unstructured tetrahedral cells are chosen.

(a) (b)
Fig. 2. Meshing of (a) UFAD and (b) OFAD

2.1 Grid Independence Test

Models UFAD are built for the scale model with the same dimensions mentioned in Figure 1 (a). Three
different number of cells (39520, 89274 and 332593). For models OHAD are built for the scale model with the
same dimensions mentioned in Figure 1 (b). Three different number of cells (35473, 80212 and 244981). Both
number of cells are used to check the model solution convergence. To carry out the present study for accurate
simulations and less time consumptions. The solution was considered grid independent and the grid size of
89274 and 80212.
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2.2 Generate Meshing

Modelling of design was completed using Solid Work 2016 version, the next procedure modelling design will
be export to ANSYS Fluent for generating the mesh. During the process to generate a mesh for the model have
any setup need to change. For this model, sizing needs to insert on surface modelling. Sizing for this model

using 0.1 m for the element size and the unstructured tetrahedral cells are chosen. Figure 2 (a) and (b) above
show the setup mesh for this model.
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Fig. 3. Grid independence test (a) UFAD temperature distribution
and (b) UFAD velocity distribution
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Fig. 4. Grid independence test (a) OHAD temperature distribution
and (b) OHAD velocity distribution

3. Methodology

The aims for this study is to determine, the temperature and airflow distribution at several planes for both
the OHAD and UFAD system design as shown in Figure 5. Three vertical side view x-axis (Plane 1, Plane 2 and
Plane 3), three vertical front view z-axis (Plane 4, Plane 5 and Plane 6) and a horizontal top view x-axis are
(Plane 7) are selected for this study.

(b) (b)
Fig. 5. Plane distribution air flow (a) OHAD and (b) UFAD systems

4. Results and Discussion
4.1 Numerical Analysis

Figure 6 shows the contour result simulation on OHAD and UFAD system. The purpose of this study
is to observe the high temperature location. Temperature needs to be maintained at 18°C (291K) and 0.8
m/s followed by the previous study recommendation [7]. Contour profile of UFAD system shows a lower
temperature distribution in comparison with OHAD system. Detail simulation results will be explained in the
next section of this paper.
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(a) (b)
Fig. 6. Contour profile result (a) OHAD and (b) UFAD systems

4.2 Temperature and Velocity Distribution Contour
4.2.1 Temperature distribution contour

In UFAD system, air is diffused at ground level and gained heat due to thermal loads inside the room rising
its temperature and moves it upwards under the action of the supplying velocity and forced convection
affects. In the case where air is diffused at low temperature, it will cause a sense of coldness which is an
inconvenient issue. If the supply air is diffused at high temperature, it reaches people’s occupied levels at high
uncomfortable temperature which is also inconvenient according to ASHRAE Standard [18]. Therefore, the
supply temperature should be precisely chosen to satisfy the required thermal conditions.

Temperature distributions over the different selected planes and lines are represented in Figure 8 - 14. For
OHAD and UFAD model. In general, all figures show the temperature increases slowly with increasing height
measured from the supply level. The gradient of the temperature increases with height at the upper level
where the heat source (occupants) exist is much higher than the gradient in the lower part of the theater.
The well distribution of temperature for UFAD system shows a better cooling or lower surface temperature
of occupant in comparison with OHAD system as shown from different planes as in Figure 8 - 10. This effect
is clearly seen for occupants from row 1 - 4 with surface temperature slightly below 22 °C. Furthermore,
occupants in row 5 is still in comfort cooling effect with the surface temperature of 22 °C. Occupants in OHAD
system experiences less conducive environment due to the effect of unbalance temperature distribution. For
OHAD system, occupants below the diffuser which is at row 1 and 4 will feel prolonged cooling. On the contrary,
the middle rows occupants will feel slightly warmer where the maximum occupant surface temperature is 23
°C. The comfort level of front and back rows occupants of OHAD and UFAD system are shown in Figure 11 and
12 respectively. Occupants in front and back row of UHAD system experience the same comfort as the
temperature is not exceeding 22 °C. On the other hand, the less comfort effect is experiences by the OHAD
system of front rows’ occupants.

Figure 14 shows the comparison contour of temperature distribution between OHAD and UFAD system of
plane 7 or the top plane. All occupants in all rows of UFAD system is in comfort temperature due to well
temperature distribution in the space. In UFAD system, middle, second and third row occupants will
experience cooler temperature. On the other hand, mix occupants comfort zone for OHAD system s
observed. Occupants in third and last row experiencing slightly higher comfort temperature in comparison
to occupants in other rows. In conclusion, all the planes in UFAD system shows that the temperature in the
occupied level is 22 °C where it is lies within the ASHRAE standard recommendation. Therefore, UHAD system
is a better option in comfortable temperature range in the cinema or theatre as stated by ASHRAE Standard
[18].
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4.2.2 Velocity distribution contour

In ASHRAE comfort standard, the air velocity is an important factor in the calculation of thermal comfort
indices. Moreover, the standard also restricts the extent to which air velocity can be used to achieve comfort
by limiting it to a specified maximum level of 0.8 m/s in summer according to previous researches.
Researchers concluded that high supply air velocity is needed for more mixing in the occupied zone for UFAD
system [25]. Figure 8 - 14 show that the velocity distribution contours for OHAD and UFAD system. The figures
show that both OHAD and UFAD system will reach the optimum supply velocity of 0.8 m/s where the
temperature in the occupied level (about 22 °C) lies within Malaysia ASHRAE standard recommendation which
is 18 —27 °C.

Figure 8 - 13 illustrates a well distributed velocity distribution contour for UFAD system in comparison to
OHAD system. However, Figure 14 shows that velocity of UFAD system is better distributed at the fourth and
last row in the cinema.

It is also noticed from the figures that if the supply velocity decreased or increased from 0.8 m/s, the
temperature in the occupied zone increases (reaches above 27 °C) exceeding the comfort level.

i. Side View

UFAD

Ste 1

l 5 39104000
4.0430+000
2.6952+000

0.00084000
[ $4-1]

UFAD

(b)
Fig. 8. Comparison contour (a) Temperature distribution OHAD and UFAD system Plane 1 and (b)
Velocity magnitude OHAD and UFAD system Plane 1
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OHAD UFAD

(b)
Fig. 9. Comparison contour (a) Temperature distribution OHAD and UFAD system at Plane 2 and (b)
Velocity magnitude OHAD and UFAD system at Plane 2
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Fig. 10. Comparison contour (a) Temperature distribution OHAD and UFAD system at Plane 3 and (b)

Velocity magnitude OHAD and UFAD system at Plane 3
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ii. Front View

OHAD
(b)

Fig. 11. Comparison contour (a) Temperature distribution OHAD and UFAD system Plane 4 and (b) Velocity

magnitude OHAD and UFAD system Plane 4
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Fig. 12. (a) Comparison contour temperature distribution OHAD and UFAD system at Plane 5 and (b)
Comparison contour velocity magnitude OHAD and UFAD system at Plane 5
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iii. Back View
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Fig. 13. Comparison contour (a) Temperature distribution OHAD and UFAD system at Plane 6
(b) Comparison contour velocity magnitude OHAD and UFAD system at Plane 6
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iv.  Top View
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(b)
Fig. 14. Comparison contour (a) Temperature distribution OHAD and UFAD system Plane 7 (b) Velocity
magnitude OHAD and UFAD system Plane 7

4.3 Comparison Result OHAD vs UFAD System Temperature and Velocity with Distance

Figures 15 - 20 show the temperature and velocity with distance graphs for the UFAD and OHAD systems at
the 7 planes (Plane 1, Plane 2, Plane 3, Plane 4, Plane 5 and Plane 6 and Plane 7). The figures show that
for UFAD system the flow is uniform and stratified in the occupied zones. In addition, the temperature
levels of plane in case of using UFAD system are lower than OHAD system. As a result, for UFAD system, lower
temperature variation along the distance is achievable. In contrary, for OHAD model, air at the occupied
zone is slightly warmer in temperature. Velocity with distance graph for the UFAD and OHAD systems as
shown in Figure 15 - 20. All the results show that there is no discomfort level of air flow velocity occurs
in the whole space within ASHRAE recommendation where the threshold limit for discomfort due to air
velocity is 0.8 m/s. All the figures show that better temperature, velocity distributions and comfort levels can
be obtained using UFAD system.

15
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Fig. 15. Comparison (a) Temperature distribution OHAD and UFAD system
graph Plane 1 and (b) Velocity magnitude OHAD and UFAD system graph Plane 1
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Fig. 16. Comparison (a) Temperature distribution OHAD and UFAD system graph
at Plane 2 and (b) Velocity magnitude OHAD and UFAD system graph at Plane 2
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Fig. 17. Comparison (a) Temperature distribution OHAD and UFAD system graph
at Plane 3 (b) Velocity magnitude OHAD and UFAD system graph at Plane 3
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Fig. 18. Comparison (a) Temperature distribution OHAD and UFAD system
graph Plane 4 and (b) Velocity magnitude OHAD and UFAD system graph Plane 4
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Fig. 19. Comparison (a) Temperature distribution OHAD and UFAD system
graph Plane 5 (b) Velocity magnitude OHAD and UFAD system graph Plane 5

20



Journal of Advanced Research Design Penerbit

Volume 88, Issue 1 (2022) 1-23 Akademia Baru

294E+02

=—==temperature OHAD
== temperature UFAD

Temperature (K)

b W e | =W e |
Foro gt o

-3.00E+00-2.00E+00-1.00E+00 0.00E+00 1.00E+00 2.00E+00 3.00E+00

Distance (m)
(a)

2:50E-01—

2:00E-01

1.50E-01
=4=vyelocity OHAD

Velocity m/s

——velocity UFAD

oG

Distance (m)

(b)
Fig. 20. Comparison (a) temperature distribution OHAD and UFAD system
graph Plane 6 (b) velocity magnitude OHAD and UFAD system graph Plane 6

5. Conclusion

In this paper, the airflow temperature and velocity distribution within an air-conditioned cinema or theater
were numerically investigated under given geometrical, design conditions and configurations. A comparative
study between the underfloor air distribution (UFAD) system and the overhead air distribution systems (OHAD)
was conducted to assess their suitability for cinema applications, particularly in providing occupants with a
comfort zone. The noteworthy contribution of this work lies in the successful application of the numerical
technique, which accurately predicted the airflow temperature and velocity distributions within the air-
conditioned space of a cinema.

The key finding of the study indicates that the UFAD system is capable in providing effective air temperature
and velocity distribution compared to an OHAD system in a cinema application. The airflow temperature
and velocity distribution clearly demonstrate the positive impact of the UFAD system, resulting in a more
comfortable environment in the cinema. The UFAD system leads to finer temperature distributions and lower
mean temperatures. In this study, utilizing a supplied temperature and velocity of 18 °C and 0.8 m/s results
in the highest temperature of 22 °C, falling within Malaysia’s ASHRAE standard recommendation of 18 — 27
°C.
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