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Abstract: The thermal environment and air quality in a passenger car can affect driver's and passengers' health,
performance and comfort. Due to spatial and temporal variation of state variables and boundary conditions in the
vehicle cabin, the heating, ventilating and air-conditioning (HVAC) does not have to be designed to provide a
uniform environment. This are due to individual differences regarding to physiological and psychological response,
clothing insulation, activity, air temperature and air movement preference. Experimental study in vehicle HVAC
system can be very costly to be conducted. In order to analyze the air flow and temperature distribution in
passengers compartment, a numerical simulation was used in this study to analyze the air flow and temperature
distribution of HVAC unit inside Proton Exora passengers compartment, with the air blower speed and air
temperature used as parameter, to evaluate the airflow behavior and temperature distribution in the compartment.
The simulation data obtained is then compared to the experimental data, showing good agreement between these
two methods.
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1. Introduction

The enhancement of technology in automotive industry has led this sector to improve every aspect of the vehicle
performance, design, comfort, and safety. The environment inside the passenger compartment has also considered to
improve the comfort of the passenger. This is a crucial factor as people has spent more time in vehicle for mobility. A
good distribution of air temperature is important for providing a fresh and healthy air for passengers in the cabin as
poor ventilation can affect the passenger’s health [1-4]. Thus, it is necessary to improve the ventilation of air flow in
vehicles by its design process. Recently, the implementation of the computational dynamics (CFD) technique used in
this vehicle design development has greatly reduced the time and cost.

The purpose of this study was to evaluate the air flow and temperature distribution inside the passenger’s
compartment. The outside environment temperature was set to room temperature. the parameter of the air inlet vent is
taken according to the measured experimental value. The numerical simulation was conducted by using ANSYS 19.1.

2. Literature Review

Several vehicle model has been studied during the past in order to investigate the airflow behavior and temperature
distribution of the vehicle’s HVAC system. The studies are performed to understand the relation of vehicle’s design to
the environment of the passenger car compartment. Haslinda M. has performed a study of air-flow and temperature
field in a passenger car compartment on Proton Wira which is a sedan. The 3D model developed in this study included
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human models based on a male person with body weight of 65 kg and medium heght, set at 90 degrees posture. The air
flow condition and temperature distribution in the model was shown [1]. Paul Danca studied cabin thermal environment
by CFD simulation of Renault Megane. He states that the complex geometry of the interior cabin and the complexity of
the HVAC system itself are the obstacle for the researchers to understand the flow pattern formed [2]. Huajun Z.
studied the air flow and temperature fields inside passenger compartment of VVolkswagen Passat sedan. The result of the
numerical simulation model in this study are validated with the experimental result with the same parameter, that are
carried out in the environment test room. The measured and the predicted results in the study shows a good agreement
when compared [3].

Taeyoung H.list out seven steps in Virtual Thermal Comfort Engineering (VTCE) analysis for “soak and cool-
down simulation in the study. The parameter that needs to be considered for this scope of study was also shown [4]. Jin
Woon L. did a study focusing of spectral solar radiation, without adding virtual manikin in the simulation. The results
obtained by observing the air flow and thermal distribution of the numerical model in this study are discussed to
analyze the effect of solar radiation [5]. C.-H. Chien performed a study by using STAR-CD software to evaluate
thermal comfort of car passenger compartment using extended k-e as its turbulence model, Predicted Mean Value
(PMV) is used to show the rating of the thermal comfort of the passenger [6]. Jalal M. et al. analyse CFD simulation by
treating the flow as steady state to show the capability of CFD to predict the air flow in mobile cabin accurately [7].
Kilic M. did a study of a vehicle cabin CFD model with virtual manikin with real dimensions and physiological shape,
adding heat transfer between human body surface and cabin environment [8]-[10].

John P. Rugh did a study on reduction in vehicle temperature and fuel use from cabin ventilation, solar reflective
paint, and solar reflective glazing. Fluent and RadTherm software is used for thermal analysis, validated by quasi
steady-state soak data of the experimental test [11]. A. Fujita et al. did a study to predict thermal environment inside a
vehicle cabin. He claims that the cooling air tends to reach the rear seats more easily with the introduction of outside air
than with internal air circulation [12-14]. Joo H. M. et al. apply solar radiation effect in their parameter to analyse
thermal comfort in passenger compartment by using ANSY'S Fluent software with standard k-e as its turbulence model
[15-20].

inlet vents: 30mm x 150 mm

inlet vents: 85 mm x 55mm

Fig. 1 - Physical model of Proton Exora Bold

3. Experimental Setup

For experimental setup, the vehicle was parked at covered parking area where the ambient temperature is at 23°C.
the HVAC unit of the vehicle was turned on for 1 hour to achieve steady state condition inside the cabin. all the inlet air
vents were set to direct its flow direction normal to its surface. the HVAC temperature control knob is set to a fixed
position through the experiment. All four level of blower fan speed air velocity and temperature are recorded for
boundary conditions in numerical simulation.

The inlet air vent velocity and temperature in this experiment was recorded by using digital anemometer that
measures wind speed, wind volume and wind temperature. the measurement points are given in Figure 1. The
measurement points temperature is measured by using bimetallic thermometer.
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Points | Locations

P1 Head level (front passenger)

P2 Chest level (front passenger)

P3 Knee level (front passenger) / e S =l
P4 Feet level (front passenger) = | & i o
P5 Head level (driver) =

P6 Chest level (driver)

P7 Knee level (driver)

P8 Feet level (driver) : = . '4

Fig. 2 - Location of measurement temperature points for experiment and numerical analysis.

3.1 Numerical Simulation

Figure 1 presents the physical model used in this study, a seven-seater MPV model with eight inlet AC vent, and 2
outlet vents. The inlet vents are separated with two different blower fan, four inlets with cross sectional area of 85 mm
x 55mm, located at the slope of the dashboard of the model which are using primary blower fan. The remaining four
inlet vent are located at the roof of the compartment with cross sectional area of 30mm x 150mm, using secondary
blower fan. Two outlet vents are located at near to the rear passenger’s seat, with surface area of 0.01448 m2.

In this study, ANSYS Fluent was used to solve the numerical simulation to investigate airflow and temperature
distribution. This software was chosen for this study because most of previous studies that has been done are using this
software that gives good agreement between predicted and actual results. Steady state analysis was used in this study to
reduce the results that needed to be analyze. Only few researchers have used steady state type of flow to reduce the data
analysis and calculation at results and discussion. Standard k-e turbulent model is used in this study. This turbulence
model is generally used for such calculations due to stability and precision of numerical results. previous study also
claimed this turbulent model are more appropriate for indoor flow modelling. The wall conditions are treated as rigid
stationary wall and no slip shear condition.

3.2 Modelling Geometry

The 3D model for this study was developed by using SolidWorks 2017 software. The model in this study has
simplified geometry design compared to the physical model, as the geometry are complex. The 3D model is shown in
figure 3.

Fig. 3 - Simplified 3D model of Proton Exora Bold
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3.3 Meshing Structure

In numerical calculations, mesh structure of the computational domain is very important for getting predicted
results in good accuracy and reducing computing time. The volume of the dashboard, seats, and instrument panel were
excluded from the meshing process since they were treated as solid bodies. Car model was meshed by using ANSYS
software. In this study, 3-D tetrahedral mesh was used in the present computations. This mesh structure contains
triangular elements on the surfaces, tetrahedral elements in the volume region. The surface mesh had a maximum
skewness of 0.9 and max size of 0.40309m.

Ot‘;’ec'( Namel Mesh
State| Solved

Display
Display Style | Body Color

Defaults
Physics Preference CFD
Solver Preference Fluent
Element Order Linear
Element Size| Default (0.20155 m)
Export Format Standard
Export Preview Surface Mesh No
Sizing
Use Adaptive Sizing No
Growth Rate Default (1.2)
Max Size| Default (0.40309 m)
Mesh Def g Yes
Defeature Size | Default (1.0077e-003 m)
Capture Curvature Yes

Curvature Min Size | Default (2.0155e-003 m)
Curvature Normal Angle Default (18.0°)

Capture Proximity No
Bounding Box Diagonal 4.0309 m
Average Surface Area 9.1751e-002 m*
Mi Edge Length 8.651e-006 m
Quality
Check Mesh Quality Yes, Ermors
Target Skewness| Default (0.900000)
Smoothing Medium
Mesh Metric None

Fig. 4 - Information of solid mesh

3.4 Boundary Conditions

The CFD analysis of air flow and temperature distribution inside passenger compartment was performed in this
study with a specific boundary condition. The boundary condition in this study were based on the collected data
measured in experimental setup for this study. the parameter that are used in this simulation involves air velocity, air
temperature, heat gain through passenger’s compartment. The heat gain through passenger’s compartment was set to
room temperature at 23°C.

4.0 Results and Discussion

The results of air flow behavior and temperature distribution inside passenger’s compartment are presents. The
temperature value of specified points was compared between measured and predicted values to find the accuracy of the
simulation. Then, the air flow behavior and temperature distribution within the compartment were investigated and
discussed. The evaluation of the human comfort of the passenger were performed based on the results obtained.

To run this simulation, a three-dimensional steady state model of selected vehicle passenger’s compartment was
developed. This simulation was done on several inlet air velocity with its respective temperature based on table 1. The
parameter was kept constant are the wall temperature, Twall= 23°C.
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Table 1 - Parameter of Boundary Condition in Numerical Simulation

Blower Inlet air Flow Temperature (°C)
rate
Fan (m/s)
Speed
Front Roof Front Roof

1 251 2.06 14.6 17.6
2 3.79 2.83 12.9 17.3
3 5.63 3.64 12.1 16.8
4 7.93 5.63 11.6 16.6

4.1 Validation of the Predicted Results by Comparison
The validation of the predicted value was performed in this study to find the accuracy of the results. Temperature

predicted and measured value are taken at various point at the compartment. Location of the measurement points are

shown in figure 2. Table 2 and Table 3 shows the predicted and measured value at specified locations. The accuracy of
the simulation model was calculated by finding the percentage of accuracy between the predicted and measured value.
Figure 5 shows the graph of measured and predicted value.

Table 2 - Measured temperature value at specified locations

Points Locations Measured temperature value (°C)
Blower 1 Blower 2 Blower 3 Blower 4

P1 Head level (front passenger) 16.9 16.0 15.6 15.6

P2 Chest level (front passenger) 17.2 16.3 15.6 15.3

P3 Knee level (front passenger) 17.1 16.4 16.0 155

P4 Feet level (front passenger) 17.9 17.1 16.3 16.1

P5 Head level (driver) 17.0 16.1 155 15.3

P6 Chest level (driver) 17.2 16.3 15.6 15.2

P7 Knee level (driver) 17.2 16.5 15.9 15.6

P8 Feet level (driver) 17.7 16.9 16.1 154

Table 3 - Predicted temperature value at specified locations
Points Locations Predicted temperature value (°C)
Blower 1 Blower 2 Blower 3 Blower 4

P1 Head level (front passenger) 17.1 16.3 16.0 15.9
P2 Chest level (front passenger) 17.5 16.7 15.9 15.7
P3 Knee level (front passenger) 17.4 16.8 16.2 15.3
P4 Feet level (front passenger) 18.2 17.4 16.5 16.6
P5 Head level (driver) 17.2 16.2 15.9 15.8
P6 Chest level (driver) 17.5 16.7 15.9 15.5
P7 Knee level (driver) 17.9 16.8 16.1 15.4
P8 Feet level (driver) 18.1 17.2 16.7 16.3
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Fig. 5 - Graph comparison of predicted and measured values.

Table 4 - Accuracy percentage of error

Location Percentage of error (%)

point Blower 1 Blower 2 Blower 3 Blower 4

P1 4.5 4.1 3.6 4.2
P2 3.8 3.5 4.2 3.7
P3 3.9 3.4 4.7 7.3
P4 3.7 3.9 4.6 2.9
P5 4.4 5.3 3.6 3.1
P6 3.8 3.5 4.2 4.3
P7 1.7 4.0 4.7 7.2
P8 3.2 3.9 2.3 0.6

Table 4 shows the calculated percentage of accuracy between the predicted and measured value at specified points.
The maximum percentage of error obtained are 7.3% by blower 4 located at front passenger’s knee level. The minimum
percentage of error obtained are 0.6% by blower 4 located at driver’s feet level. The percentage of accuracy calculated
shows good agreement between both values. This is important in order to further the investigation of the numerical
simulation, as the accuracy of the predicted results is known.

4.2 Air Flow Behavior Inside Passenger’s Compartment

Table 5 and shows the results of air flow velocity vector by different air inlet velocity located at XY plane at the
middle of the compartment. The red area in the contour represents the maximum air velocity while the blue area
represents low air velocity vector. Table 6 shows the air streamline and volume rendering of air velocity by blower 4
within the passenger’s compartment to get 3D overview of air flow behaviour.
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Table 5 - Air velocity vector by different inlet blower fan speed

Blower 1 Blower 2

Blower 3 Blower 4

Table 6 - 3D volume rendering and air stream line of simulation
Volume Rendering Air stream line

From the observation, the magnitude of velocity flow of the inlet air from four different blower fan air speed shows
similar air flow behaviour in the passenger’s compartment in steady state conditions. in general, the air flows are
almost symmetrically distributed in the cabin. The air stream from the front air inlet vents were delivered to the rear
compartment and the air stream from inlet vent located at the roof of the cabin disrupts the air delivered to redirects the
air stream to the middle and rear compartment. Some of the air stream from the middle compartment flowed back to
front compartment through the gap between front seats and produce large recirculation vortices between the dashboard
and the front seats. Uniform air velocity distribution occurred at the rear of the compartment.

The concentration of velocity vectors can be seen at the rear seat of the compartment due to the outlet flow through
the outlet vent. The difference that can be observe by comparing blower fan speed to air flow distribution is higher inlet
air velocity can distribute cool air with much more effective by producing more turbulence and faster recirculation
vortices within the passenger’s compartment.

4.3 Temperature Distribution Inside Passenger’s Compartment

Table 6 shows the contour of temperature distribution by different air inlet velocity located at XY plane at the
middle of the compartment. The red area in the contour represents the high air temperature while the blue area
represents low air temperature.
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Table 6 - Temperature distribution contour by different inlet blower fan speed

Blower 1 | Blower 2

Blower 4

Based on Table 2, the temperature distribution of the passenger’s compartment from four different blower fan air
speed shows difference of temperature contour in steady state conditions. High surface temperatures were predicted at
the roof and floor of the compartment due to outside ambient temperature. As the air stream recirculates at the front
compartment, the temperature contour tends to follow the rotating vortices within the compartment. The decrease of
high temperature contour near the passenger’s feet at front compartment as higher inlet air velocity were due to the air
stream were obstructed by front seat to the area.

5.0 Conclusion

The purpose of this study was to create a numerical model to evaluate the air flow behaviour and temperature
distribution in Proton Exora passenger’s compartment, and to compare the numerical model’s results against those
obtained experimentally. In addition to considering the interior air flow and temperature field in the vehicle, the
environment thermal phenomenon and the vehicle’s HVAC system were also considered. Experiments were conducted
to verify the model’s accuracy.A 3-D model of heat transfer and fluid flow was developed to analyse the vehicle. It was
demonstrated that higher inlet air velocity can distribute cool air with much more effective by producing more
turbulence and faster recirculation vortices within the passenger’s compartment. The decrease of high temperature
contour near the passenger’s feet at front compartment as higher inlet air velocity were due to the air stream were
obstructed by front seat to the area. Different velocity and temperature distributions can be obtained by selecting
different blower fan speed for without changing HVAC cooling load. Comparing the experimental results with the
numerical analysis, the predicted temperature distribution of the air in the vehicle passenger compartment interior was
in good agreement with that obtained experimentally.
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