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Higher energy demands in favorable energy prices increasing people's affordability of 
the cooling devices, causing most building and residential areas to wear air 
conditioning systems. Higher energy saving, efficiency, and eco-friendly equipment 
have become a challenge for manufacturers and researchers. Also, Indonesia's 
government rules the energy efficiency by SKEM (Minimum Standard of Energy 
Performance) by air conditioning equipment's labeling. In this study, the use of 
perforated ceiling was selected due to the excellent air distribution performance of the 
panels. This study analyzes the air circulation distribution (air loop) in a psychometric 
chamber using computational fluid dynamics (CFD), especially placing the air 
conditioner test unit. The numerical studies are performed with porous media models. 
A CFD model was used to analyze the air distribution in the psychrometric chamber. 
The simulation results show that the higher value of C1 resulted in a higher value of 
velocity. Furthermore, the pressure drop in the test chamber did not show any 
significant influence. In all cases, the influence of C1 value did not significantly affect 
the air movement in the test chamber. 

Keywords: 

Air Conditioner; Diffuse Ceiling Panel; Air 
Loop; Psychrometric Chamber 

 
1. Introduction 
 

In Indonesia, total energy demand is growing around seven percent each year, according to the 
Green Policy Paper by the Ministry of Finance Republic Indonesia [1]. Higher energy demands in 
favorable energy prices increasing people's affordability of the cooling devices, causing most building 
and residential areas to wear air conditioning systems [2]. Air conditioning's future depends on local 
climatic conditions, population, people's income growth, electricity equipment prices, and energy 
efficiency and performance [3]. In developed countries, increased energy consumption was seen in 
the data of growing demand of HVAC system to achieve thermal comfort [4]. With 263.9 million of 
the total population and the annual average growth rate reached 1.31%, Indonesia's electrification 
rate raised from 52% in 2001 to 95% in 2017, which resulted in 6.31% of the annual electricity 
consumption rate [5]. Thermal comfort is an important factor in indicating a person’s satisfaction 
with the surrounding environment [6], [7]. Therefore, the government is adjusting the energy needs 
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due to the increased use of air conditioners by building additional power plants to satisfy extra 
electricity demands. Higher energy saving, efficiency, and eco-friendly equipment have become a 
challenge for manufacturers and researchers. Also, Indonesia's government rules the energy 
efficiency by SKEM (Minimum Standard of Energy Performance) by air conditioning equipment's 
labeling [8]. One of the tests is energy efficiency rating, which needs to be done in a psychrometric 
chamber. A psychrometric chamber is a chamber in which the room's temperature and humidity are 
controlled [9]. 

The improvement in the air distribution system in the psychrometric chamber needs to be 
uniform [10]. The study showed that non-uniform air velocity and temperature distribution lead to a 
measurement failure. ASHRAE Standard 41.1 [11] recommends adding several mixers for non-
uniform airflow to obtain heat balance. ASHRAE Standard 41.2 [12] suggests that the airflow 
measurement procedures need straighteners as a tool to produce uniform flow in measurements. In 
this study, the use of a perforated ceiling was selected due to the excellent air distribution 
performance of the panels. The air looped was supplied to ducting and distributed along with the 
clearance and the perforated ceiling. The perforated ceiling characteristic makes them suitable to act 
as a diffuser [13]. 

Furthermore, the large area of the air diffuser makes it possible to distribute the air ventilation 
compared to traditional mixing ventilation systems. Moreover, the diffuser has a lower pressure drop 
in the system, reducing air movement energy [13]. Despite several advantages in using perforated 
panels in the office or classroom, there is a need for the panel investigation on the psychrometric 
chamber application. Thus, this study analyzes the air circulation distribution (air loop) in a 
psychometric chamber using computational fluid dynamics (CFD), especially placing the air 
conditioner test unit. 
 
2. Methodology  
2.1 Computational Domain 
 

CFD simulations were performed on the computational domain shown in Figure 1. The volume 
consisted of a room with dimensions of (W x L x H) 3 m x 3.9 m x 2.9 m. The inlet to the plenum was 
a duct with the sizes listed in Figure 2 with the dimensions of the inlet (W x H) 0.35 m x 1.75 m. The 
outlet configuration was in the bottom section of the Air Handling Unit (AHU); respectively, it was 
the AHU inlet section. This study did not perform inside of the AHU but limited just in the chamber. 
The air supply through the inlet was assumed to have a uniform profile. A ventilation duct was placed 
above the Air Handling Unit specified in Table 1. The inlet and outlet were built with rectangular 
shapes to match the actual conditions to generate the high-quality mesh. 

A 3D geometry was developed to display the flow characteristic inside the chamber. The CFD 
simulations require a suitable model to specify the airflow through the diffuse ceiling panels. This 
CFD model also requires an appropriate turbulence model for solving the airflow and the 
temperature distribution in a closed space. The chamber consists of an Air Handling Unit and the 
perforated panels. The modeled Air Handling Unit is displayed in Figure 1(a) and the 3D visualization 
in Figure 1(b). The initial inlet velocity was set to 2 m/s, which corresponds to the JATL standard 
requirement. 
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(a) (b) 

Fig. 1. (a) Geometrical model of the psychrometric chamber, (b) Air Handling Unit 

 

 
Fig. 2. DCV Hole Dimension 

 
The diffuse ceiling panels used in this study had a porous model of air diffusion. Since it was 

impossible to simulate the porous design in the CFD modeling, a porous media model was chosen to 
prevent unnecessary mesh and increase the time efficiency. The porous media model was developed 
based on Darcy-Forchheimer Law which adding a momentum source term in the equation (ANSYS 
2009). When the flow goes through the porous media, the viscous term is dominant with very low 
velocity. Nevertheless, if the velocity were high-velocity flow, the inertial effects would take place. 
The governing equation can be expressed below 
 

𝛥𝑝 = − (
𝜇

𝛼
𝑣 + 𝐶2

1

2
𝜌𝑣2)            (1) 

 
where 1/𝛼 is the viscous resistance coefficient and the pressure jump coefficient 𝐶2 were determined 
by the equivalent perforation diameter then 𝑣 is the velocity normal to the porous face, and 𝛥𝑚 is 
the thickness of the medium. The use of perforated panels affects the porous medium equation. A 
porous model has been designed earlier to obtain the pressure jump coefficient and face 
permeability coefficient. The dimensions of the hole are shown in Table 1. 
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Table 1 
C1 Lengths variation (m) 
C11 C12 C13 C14 

0.02 0.04 0.06 0.08 

 
The airflow through diffuse ceiling panels could be laminar because of the very low velocity. 

However, the flow could be turbulent because of higher velocity from the inlet region. Chen et al., 
recommends the Re-normalized group (RNG) of k-ɛ turbulence model for indoor environment 
simulation [14]. Kuwata et al., proved that k-ɛ turbulence model prediction accuracy is satisfactory 
for porous media zone [15]. 

Several parameters were set during the computational simulation, such as the inlet velocity set 
into 2 m/s with the 0 Pa pressure outlet, which indicates pressure differences between the room 
pressure with the outlet pressure and the density of fluid which is air density 1,2 kg/m3 and the 
viscosity of air in the ambient temperature which showed in the Table 2. 
 

Table 2 
Analysis Parameter 
Parameter Values 

Inlet velocity (𝑉) 2 m/s 
Pressure outlet 0 𝑃𝑎 
Density of fluid (𝜌) 1,2 kg/m3 
Viscosity 0.0000179 kg/m 

 
2.2 Grid Convergence Index 
 

In the CFD, deciding the mesh is an important factor to predict and minimalize the errors. A 
massive amount of mesh may not be a good idea due to the immense of computational power 
needed [16]. Because of that, this study uses the mesh independency method to define the necessary 
mesh to this simulation. This study uses Richardson extrapolation by using Grid Convergence Index 
(GCI). This was chosen due to the need of accurate mesh and to prevent time consumption in 
simulations. Calculating spatial convergence of a simulation is a method for determining 
discretization error in the simulation [17]. It is currently the most practice method to predict 
numerical uncertainty and improve computational efficiency [18]. This method requires several mesh 
variations to predict which mesh is effective for the case. 

Five different mesh are created in order to examine the mesh independent solution based on 
predicting the pressure in the model. This method was performed to predict the mesh using Grid 
Refinement Ratio as 
 

𝑟 = (
𝑁𝑓𝑖𝑛𝑒

𝑁𝑐𝑜𝑎𝑟𝑠𝑒
)

1

𝑑
              (2) 

 
where, 𝑁 is the number of grid points that are used for the grid, and 𝑑 is the dimension of the model. 
This simulation is computed on five different number of meshes with a fine mesh setting. Then, the 
Grid Convergence Index (GCI) was calculated using the expression 
 

𝐺𝐶𝐼𝑎𝑏 = 𝐻 |
1

𝑝𝑎

𝑝𝑏−𝑝𝑎

𝑟𝑎𝑏
𝐾−1

| × 100%           (3) 
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where 𝐻 is safety factor of 1.25, and 𝑟 is the grid refinement ratio which is represented to the 
equation below 
 

𝑟𝑎𝑏 =  (
𝑀𝑎

𝑀𝑏
)

0.5

              (4) 

 
The GCI calculation on this study is shown in Table 3, resulting from average pressure slightly 

under the DCV. The comparison indicates that the calculation with the 1.2 million number of mesh 
was less than 0.2%. The increase in elements from 803.291 mesh elements to 1.2 million mesh 
elements did not significantly improve the result but cost more computing time. Consequently, this 
study's numerical uncertainty was 0.65%, with a number of elements of about 800.000 elements. 
 

Table 3 
Independency Test Result 
Normalized Grid Spacing Number of Elements Pressure [Pa] GCI 

1.74 424684 36.89 - 
1.43 628699 32.54 1.54% 
1.26 803291 33.17 0.65% 
1.09 1073865 33.81 0.45% 
1 1293035 33.89 0.14% 
0 Infinite 33.93 -  

 
2.3 Simulation Setup 
 

The computational method was using ANSYS® FLUENT 18.1™. The calculation used an isothermal 
unsteady Reynolds-averaged Navier-Stokes with a SIMPLE pressure velocity couplings and a second 
order upwind spatial discretization. This method is preferred to ensure a stable numerical 
performance of the calculation [13]. The standard k-ɛ model is also used in this simulation due to its 
reasonable accuracy in simulating flow characteristics with applications ranging from industrial to 
environmental flows. The governing equations for k-ɛ turbulence models are available in Eq. (5) and 
Eq. (6) 
 
𝜕(𝜌𝑘)

𝜕𝑡
+ 𝛻(𝜌𝑘𝑢) = ∇(

𝜇1
𝜌𝑘⁄ 𝛻𝑘) + 2𝜇, 𝐸𝑖𝐽𝐸𝑖𝐽 − 𝜌𝜖         (5) 

 
𝜕(𝜌𝑘)

𝜕𝑡
+ 𝛻 (

𝜇𝑡

𝜌𝑘
𝛻𝜖) + 𝐶𝑙𝜀

𝜀

𝑘
 2𝜇, 𝐸𝑖𝐽𝐸𝑖𝐽 −  𝐶2𝜀

𝜀2

𝑘
          (6) 

 
The boundary condition for the inlet was 2 m/s velocity inlet, and for the outlet was set to 0 gauge 

pressure outlet. A constant initial air density was used (𝜌𝑎𝑖𝑟 = 1225 𝑘𝑔/𝑚3). The initial temperature 
of the chamber was 284 K, this setup was referred to the air conditioner minimum outlet 
temperature. The simulations were conducted in the transient state with the set time step 𝛥𝑡 =
0.05 𝑠 and 5000 iterations. 

From the GCI’s calculation, five mesh size were estimated to find the suitable mesh size. From 
the mesh variations, the chosen mesh was 800k elements as seen in the Figure 3.  
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Fig. 3. Mesh number of elements about 800.000 elements 

 
3. Results  
3.1 Results 
 

This section will present the test chamber's computed airflow pattern along with the velocity 
contour and the streamline. The objective is to analyzes the air circulation distribution (air loop) in a 
psychometric chamber, especially for placing the air conditioner test unit. The results are presented 
as the average velocity in a plane that has been determined. Table 4 display the overview of the value 
calculated in the simulation. Table 4 shows the value of the average velocity component and the 
pressure drop along the determined plane. This option was due to the different diffusion rates of the 
perforated ceiling. It can figure out how the air velocity was behaving through the diffuser while the 
inlet air was constantly going through the plenum. 
 

Table 4 
The calculated value of air distribution and pressure drop along with 
the perforated panels 
Variations Average velocity (m/s) Pressure Drop (Pa) 

C11 0.86 5.40 
C12 0.88 5.44 
C13 0.91 5.49 
C14 1.01 5.52 

 
The pressure drop was calculated from the difference between the inlet and the outlet pressure 

value. The average velocity fields are shown in Figure 4 to Figure 7. The averaged velocity reported 
was from the highest average velocity of all time steps of the simulation. The chosen parameter 
referring to the JATL [17] standard with the air velocity conditions must be below 2.5 m/s. In all cases, 
the average velocity calculated in a plane that is located 0.01 m below the perforated ceiling, in the 
middle of the room, and the plane in the middle of the outlet surface. The location was chosen to 
measure and analyze the leaving airflow's behavior through the panels and the room itself. The 
contour shows the velocity values on three horizontal planes, while on the right side, a more detailed 
contour of the top plane is shown for each of the cases. 

Figure 8(a) to Figure 8(d) show each of C1 variations' vector, and the vector represents the flow 
from the inlet duct to the outlet. The XZ plane in the middle of the chamber was chosen because it 
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can represent the airflow in the chamber. Furthermore, the plane was placed respectively at the 
origin and roughly cutting the inlet and the outlet flow. 
 

 
Fig. 4. Velocity contour of three horizontal plane (left), the top plane below the ceiling (right) in C11 
configuration 

 

 
Fig. 5. Velocity contour of three horizontal plane (left), the top plane below the ceiling (right) in 
C12 configuration 

 

 
Fig. 6. Velocity contour of three horizontal plane (left), the top plane below the ceiling (right) in C13 
configuration 
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Fig. 7. Velocity contour of three horizontal plane (left), the top plane below the ceiling (right) in C14 
configuration 

 

  
(a) (b) 

 

  
(c) (d) 

Fig. 8. The velocity vector of the middle of the room (a) C11, (b) C12, (c) C13, (d) C14 

 
3.2 Discussions 
 

As we see in Table 4, the average velocity always reached a higher value when the C1 value is 
higher configurations. It was expected because of a different value of pressure drop in each 
configuration. The influence of higher pressure at the plenum, causing the air to be compressed and 
resulting in a higher average velocity in the first plane after the panels. The maximum pressure in the 
C14 was occurring due to the lowest quantity of holes in the perforated panels. This phenomenon 
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was causing the plenum to have a higher value of pressure drop. It is interesting to state that a 
significant difference in pressure could be seen for configurations with different C1 distances. This 
evidence suggested that the C1 distance in the perforated panels influenced the greater extent of 
pressure in the plenum. Furthermore, the simulations' maximum air velocity was below the limit of 
JATL standard for psychrometric chamber measurements [19]. 

The ceiling contours in Figure 4 to Figure 7 showed the room's velocity distribution and the 
perforated panels. A significant difference of each configuration was the flow of the C14 was slightly 
distributed along the panels first, then the airflow starts diffusing through the panels. This suggested 
that the choice of C1 distance influence the performance of perforated panels. Furthermore, as seen 
in the second plane, the velocity distribution was higher at the X>1.5 m, which means the high 
velocity of the air inlet was pushing through the wall then diffuse around the wall of the 
psychrometric chamber. However, the low-velocity region of the middle sections did not influence 
the air conditioning testing. This was because the air conditioner inlet location was near the wall, 
which has the higher velocity contours. 

The influence of the C1 distance could be seen on the distribution on airflow after it was going 
through the perforated panels. The flow patterns were comparable. From the vectors in Figure 8 we 
can see the vortex inside the chamber. This was expected because the flow was going through the 
perforated panels perpendicular to the ceiling panels. The airflow did not directly flow to the outlet 
area and tended to circulate around the chamber itself. The flow pattern may have an effect to the 
performance of the psychrometric chamber, but it was not an objective in this study. This study's 
importance was the effects of the C1 distance to the air distribution in the psychrometric chamber. 
Figure 4 to Figure 7 shown that the direct air velocity from the perforated panels resulted in a direct 
impact on the air conditioner test unit's inlet.  
 
4. Conclusions 
 

This perforated ceiling simulations have shown the diffuse ceiling ventilation character that plays 
a significant role in distributing the air to the chamber. The perforated ceiling significantly decreased 
the air inlet's velocity and ensured the lower velocity on the air conditioning test chamber. 

The comparison between the C1 distance showed that although the increasing value of C1 did 
not resulted in a significant increase in air velocity on the test chamber. The velocity was increasing 
along with the rising value of C1. Furthermore, the pressure drop in the test chamber did not show 
any significant influence. Even though the pressure drop was not showing much effect to the test 
chamber, the test chamber's geometry shown an air distribution on the C14 configuration plenum 
before it was going through the perforated ceiling. This phenomenon also occurs in the previous work 
by Nocente et al., [13] in the chessboard configuration DCV. The geometry of the perforated panels 
produces a significant effect on the air distribution in the test chamber.  
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