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The drag coefficient is a common metric in automotive design, where 
designers strive to achieve a low coefficient. In the current work, 
minimising drag is done to improve fuel efficiency of vehicles without 
disturbing its performance and comfort to the passenger.  Current 
methodologies for assessing drag coefficients often rely on a 
combination of computational simulations and experimental testing. 
However, the potential disparities between simulated and experimental 
results raise concerns about the reliability of these assessments. The 
aim of this study involves the simulation of a vehicle model using 
Computational Fluid Dynamics (CFD) software and subsequent 
validation with experimental data obtained from a wind tunnel. The 
numerical analysis of flow over a geometry is performed using CFD 
software which is ANSYS Fluent while Aerolab Educational Wind Tunnel 
(EWT) will be used to get the experimental data. CFD is a branch of fluid 
mechanics that uses numerical methods with the help of computers to 
solve and analyse problems involving fluid flows. An overall percentage 
error below 10%, for drag coefficient is 2.2%, drag force is 4.2%, and 
Reynolds numbers is 1.5%. Generally considered acceptable in many 
engineering applications. The integration of simulation and 
experimental methods in validating vehicle drag coefficients represents 
a valuable approach.  By continually refining and validating simulation 
models, their effectiveness in predicting aerodynamic performance can 
be ensured, ultimately contributing to advancements in vehicle design, 
fuel efficiency, and overall sustainability. 
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1.  Introduction 

In the contemporary world, safety, performance, and comfort of road vehicles are essential parameters. At the 
same time, low fuel consumption is of crucial importance for developing countries like Malaysia because it 
supports the economy of the country. In Malaysia, most of the vehicles are petroleum based and the average fuel 
consumption of petroleum is 921 thousand barrels per day and every year fuel consumption is increasing 
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alarmingly at 7% [1]. Hence researchers are working to reduce the fuel consumption of road vehicles, even a 
small amount of reduction will be a great achievement. 
        Nowadays automobile industries are concentrating on designing vehicles with better fuel consumption to 
attract the market. The coefficient of drag is an important analysis of vehicle design. Conventional ways to 
reduce the fuel consumption of the vehicle was to reduce its overall weight, modifying the engine volume (cc), 
engine combustion process, etc., which will directly affect its comfort and performance. In case of that, the drag 
coefficient is a common metric in automotive design, where designers strive to achieve a low coefficient. In the 
current work, importance was given to reducing the fuel consumption of road vehicles without disturbing its 
performance and comfort to the passenger. Minimising drag is done to improve fuel efficiency at highway 
speeds, where aerodynamic effects represent a substantial fraction of the energy needed to keep the vehicle 
moving. Indeed, aerodynamic drag increases with the square of speed. Aerodynamics is also of increasing 
concern to automotive designers, where a lower drag coefficient translates directly into lower fuel costs [2]. 
Aerodynamic studies on passenger cars were conducted for improving both parameters simultaneously. The 
passenger car was chosen because which is preferred by most of the economic loving people. 
          Numerous previous studies have been conducted in discussing the validation of drag coefficient which is a 
key metric in vehicle aerodynamics. From the determination of air drag coefficient of vehicle models, 
experimental and simulation studies on aerodynamic drag reduction over a passenger car, validation of CFD 
modeling and simulation of a simplified automotive Model and Study on Drag Coefficient (CD) Value of Low-
Energy Prototype Class Car [2, 3, 4, 5]. Hence, for a number of reasons, understanding and accurately predicting 
drag coefficients are crucial for optimizing the performance of vehicles and aircraft. By minimizing drag, 
engineers can enhance fuel efficiency, increase speed, and improve overall performance. 
          Conducting a case study on the validation of vehicle drag coefficient using both simulation and 
experimental methods is necessary due to several shortcomings and weaknesses associated with each approach. 
For example, in case of case of complexity of real-world conditions. Simulations may not fully capture the 
complexity of real-world conditions, such as turbulence, surface roughness, and atmospheric variations. 
Assumptions made in the simulation models may lead to discrepancies between simulated and actual 
performance. While for experimental weakness, wind tunnel testing or on-road experiments may face challenges 
in replicating all real-world conditions accurately [6]. Variables such as environmental factors, road conditions, 
and vehicle interactions are difficult to control. 
          In this study, the simulation method will be verified by using experimental menthod in order to validate the 
drag coefficient of the passenger car. CFD simulations, where it provides an economical and effective way to 
assess and improve vehicle aerodynamics. They provide engineers with the ability to examine and see the flow 
patterns around the vehicle, spot places with a lot of drag, and alter the design to lessen aerodynamic resistance 
[6]. However, the integrity of the simulation model and its validation against experimental data have a 
significant impact on the accuracy and dependability of CFD predictions. The experimental method, where 
vehicle aerodynamic forces and drag coefficients have long been measured using experimental techniques like 
wind tunnel testing. Experiments in a wind tunnel offer precise data under controlled circumstances that make 
it possible to determine how the vehicle will behave aerodynamically. They entail the use of specialised 
equipment, such as force balances, pressure sensors, and flow visualisation methods [7]. 
         The aim of this study involves the simulation of a vehicle model using Computational Fluid Dynamics (CFD) 
software and subsequent validation with experimental data obtained from a wind tunnel. The numerical 
analysis of flow over a geometry is performed using CFD software which is ANSYS Fluent while Aerolab 
Educational Wind Tunnel (EWT) will be used to get the experimental data. CFD is a branch of fluid mechanics 
that uses numerical methods with the help of computers to solve and analyse problems involving fluid flows. 
 

2. Materials and Methods 

2.1 Methodology 

Figure 1 illustrates the overall process in conducting this validation case study. The first step is to determine the 
problem statement and its remedies. In order to generate ideas and understand the overall concept or solutions 
to these issues, reviews of the relevant literature play an important role. Therefore, more specific results from 
the literature research are required to ensure the success of the project’s journey. Next, decide what the 
project’s objectives. Then, determine all the parameters and procedures involved in this study. The vehicle 
model was selected. The vehicle model that was selected in this study was the Tesla Model S. 
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 Before proceeding to simulation, the geometrical modelling should be produced using the CAD software, 
Solidworks 2023. The geometrical model is designed by referring to the actual design and size. Then, proceed to 
the steps of the validation process. As mentioned before, this case study consists of two methods, which are the 
simulation method and the experimental method. 
 In the simulation method, the software that was used to examine it was ANSYS Fluent Simulation. After the 
CAD model was imported from the CAD software to the Ansys simulation software for the geometrical modelling 
step, the next step was the meshing process. The meshing process is known as the process of discretization 
modelling into a number of elements. It is the most important step in a flow simulation analysis. The next step 
was simulation set-up. In this step, all the parameters were set up by referring to the previous research and 
literature reviews. When the simulation set-up was finished, we moved on to the important phase, which was 
aerodynamic simulation. In this phase, we were able to obtain all the results of the parameter measures such as 
drag forces, drag coefficient, lift coefficient, pressure, density, and others. Afterwards, the validation of the data 
process started. If valid data was obtained, the simulation analysis must be done. If not, the simulation analysis 
needs to run again until the valid expected data is obtained. 
 In the experimental method, the experiment was conducted in an open-circuit wind tunnel. All the 
apparatus involved in the overall procedure has been prepared in order to keep the process running successfully 
and smoothly. After the model was produced by CAD software, the model was fabricated by using a 3D Printing 
machine. Then, the wind tunnel was set up based on all the procedures by referring to the manual book, 
previous research, and literature reviews. During a test, the model is placed in the test section of the tunnel, and 
air is made to flow past the model. Then there was aerodynamic analysis. In this step, we were also able to 
obtain all the results of the parameter measures such as drag forces, drag coefficient, lift coefficient, pressure, 
density, and others. Afterwards, the validation of the data process started. If valid data was obtained, the 
experimental analysis must be done. If not, the experiment setup needs to be reset and then run the analysis 
again until the valid expected data is gained. 
 Last but not least, when results from both methods were obtained. There was a final step that was 
emphasised in this study, which was the comparison of the results obtained from simulation and experimental 
method. At last, thesis writing could be started. All the data that was obtained needs to be discussed, 
summarised, and a conclusion drawn. 
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Figure1 Flow chart of the overall process 

2.2 Model Description 

The model used was a Tesla Model S. This model was chosen because it was a passenger car and Model S is one 
of the most aerodynamic production cars in the world, with a drag coefficient of just 0.208 [16]. This model was 
designed to have been downscaled to 1:25 by referring to the actual design and size using SOLIDWORKS 2023 
software. This model was downscaled to 1:25 because it was referred to from a previous study that also used 
passenger cars [17].  
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Fig. 2 Geometric Configuration of model 

 

 

 

 

 

 

2.3 Enclosure and Boundary Conditions  

 

 
                                                                                a) 

 

 
                                                                                b) 

 

Fig. 3 Size of enclosure; (a) side view, (b) front view           

                                                                   Table 3 Detail size of the enclosure 
 

Plane Dimension (cm) 

+X 11.32 

+Y 11.00 

+Z 19.92 

-X 11.32 

-Y 0.010 

-Z 21.00 

 

21 cm 

17 cm 

11.32 cm 

cm 11.32 cm 

cm 

19.92 cm 

cm 
0.01 cm  

7.86 cm 11 cm 

cm 

5.76 cm 

Table 1 Actual size for the model 
 

Actual configuration of 
model 

Dimension 
(cm) 

Length (L) 498.0 

Width (W) 196.4 

Height (H) 144.0 

 

Table 2 Downscale size for the model 

 

Downscaled 
configuration of model 

Dimension 
(cm) 

Length (L) 19.92 

Width (W) 7.86 

Height (H) 5.76 
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Fig. 4 The boundary conditions that were used in the numerical investigation 

2.2 Grid Independent Test 

   

Fig. 5 Graph of drag coefficient against mesh size 

 

Based on the graph on the figure 5, the values of  are provided for different mesh resolutions. As the number of 

elements decreases (coarser mesh), the drag coefficient is 0.37. As the mesh becomes finer (increasing number of 
elements), the drag coefficient decreases to 0.36. Further refinement of the mesh to 40 and 30 elements results in 
a consistent drag coefficient of 0.35. 

The purpose of this test is to determine whether the solution is grid-independent, meaning that further 
refinement of the mesh does not significantly alter the results. In this case, the convergence of the drag coefficient 
to 0.35 as the mesh is refined suggests that the simulation is becoming grid-independent. 

The process typically involves comparing results obtained with successively finer grids until a point of 
diminishing returns is reached, where further mesh refinement has a negligible impact on the results. The grid 
independence test is crucial for ensuring the reliability and accuracy of the simulation, as overly coarse meshes 
may lead to inaccurate predictions, while overly fine meshes may be computationally expensive without providing 
significant improvement in accuracy. 

2.3 Wind Tunnel Setup 

1) The power supply has been switched on in order to run the wind tunnel. 
2) The car model has been put in the test section of the wind tunnel apparatus. In this step, every inch of length, 
height, and diameter of the model in the test section has been measured as shown in figure 3.11, then the car 
model is mounted to the sting balance until a “tick” sound is released, and then the test section is enclosed as 
shown in figure 6. 
3) The experimental setup had software involved in the setup step, which is Aeroware software, which 
playscrucial part before running the wind tunnel. After switching on the wind tunnel, PC has been turned on in 
order to open the Aeroware software to run the wind tunnel. 
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4) The temperature, humidity, barometer pressure, and specified velocity have been set as shown in figure 6 a). 
In this study, the temperature has been set to 23.1 °C, the humidity is set to 69.0%, the barometer pressure 
reading has been set to 101320 Pa due to standard atmospheric pressure, and the specified velocity was 30 
km/h. This step has been repeated using the next velocities of 45 km/h, 60km/h, 75 km/h and 90km/h. 
5) By referring to the value output, the value for Axial Force was collected for calculating the drag coefficient of 
the drag model as shown in figure 7 b). The value output as indicated by the slot pointed by the green arrow 
(depending on the mode selected), Collect the value for Axial Force (red arrow) for calculating the drag 
coefficient of the drag model. 

                

                                         a)                                                                                   b) 

  
Fig. 6   a) side view of the model in the test section, b) front view of the model in the test section 

 

          

                                        a)                                                                                           b) 

Fig. 7 a) Aeroware software setup b) collect the output value 

4. Results and Discussion 

4.1 Validation of Drag Coefficient 

Table 4 Drag coefficient percentage error   

Velocity  Drag Coefficient Percentage Error Simulation to 
Experiment   

(km/h) Simulation Experiment (%) 
30 0.374 0.381 1 
45 0.366 0.376 3 
60 0.360 0.372 4 
75 0.353 0.350 1 
90 0.346 0.341 2 

Average: 2.2 

 
Table 4 presents data that compares simulation results to experimental results for different velocities. The focus 
is on the drag coefficient, and the percentage error between the simulation and experimental values. The 
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comparison between simulation and experimental drag coefficients reveals interesting insights. At 30 km/h, the 
simulation result of 0.374 is very close to the experimental result of 0.381, resulting in a mere 1% difference. 
This suggests a high level of accuracy in the simulation model for this particular velocity. 
         The percentage error shows a slight upward trend at 45 km/h, the simulation result is 0.366, while the 
experimental result is 0.376, yielding a 3% discrepancy. Similarly, at 60 km/h and 75 km/h, the percentage 
errors are 4% and 1%, respectively. This trend indicates a systematic deviation between the simulation and 
experimental results. 
          However, at 90 km/h, an interesting reversal occurs. The simulation result of 0.346 is slightly higher than 
the experimental result of 0.341, resulting in a 2% positive deviation. This shift suggests a potential limitation in 
the simulation model, particularly at higher velocities, where real-world aerodynamic complexities may not be 
accurately captured. 
 The average percentage error across all velocities is calculated to be 2.2%. This value provides an overall 
assessment of the simulation's accuracy compared to experimental results. While a 2.2% average error is 
relatively low, the varying trend with velocity indicates the need for a more detailed investigation into the 
simulation model's performance at different operating conditions. 
The validation of vehicle drag coefficient results between simulation and experimentation demonstrates 
generally accurate predictions. However, the average trend within systematic deviation observed at higher 
velocities suggests potential areas for improvement in the simulation model. Further refinement and validation, 
especially under extreme aerodynamic conditions, will contribute to enhancing the reliability of simulation 
results in predicting vehicle drag coefficients. 
 

4.2 Validation of Drag Force  

Table 5 Drag force percentage error   

Velocity Drag Force Percentage Error Simulation to 
Experiment   

km/h Simulation Experiment (%) 

30 0.130 0.136 4 

45 0.135 0.143 5 

60 0.238 0.244 2 

75 0.370 0.379 2 

90 0.432 0.471 8 

Average: 4.2 

 

                Table 5 presents data that compares simulation results to experimental results for drag force in different 
velocities. The focus is on percentage error between the simulation and experimental values. A detailed 
comparison between simulated and experimental drag forces highlights noteworthy patterns. At 30 km/h, the 
simulation result of 0.130 is 4% lower than the experimental result of 0.136. This initial discrepancy suggests a 
slight underestimation in the simulation model. 
           The percentage errors continue to show a consistent trend at 45 km/h, the simulation result is 0.135, 
while the experimental result is 0.143, resulting in a 5% deviation. At 60 km/h and 75 km/h, the percentage 
errors are 2%, indicating a relatively better agreement between simulation and experimentation. 
However, at 90 km/h, a notable increase in percentage error is observed. The simulation result of 0.432 is 8% 
lower than the experimental result of 0.471. This significant discrepancy suggests a potential limitation in the 
simulation model, particularly at higher velocities where aerodynamic complexities may become more 
pronounced. 
           The average percentage error across all velocities is calculated to be 4.2%. While this value is reasonable, it 
is essential to note that the deviation is not consistent across all velocities, indicating potential areas for 
improvement in the simulation model. 
           The validation of vehicle drag force results between simulation and experimentation reveals both 
strengths and weaknesses in the simulation model. The average percentage error of 4.2% suggests a moderate 
level of accuracy. However, the varying trend with velocity, particularly the significant deviation at 90 km/h, 
signals the need for further refinement and validation of the simulation model, especially under conditions of 
higher aerodynamic complexity. Addressing these issues will enhance the reliability of simulation results in 
predicting vehicle drag forces across a broader range of operating conditions. 
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4.3 Validation of Reynolds Numbers 

Table 6 Reynolds Numbers percentage error   

Velocity  Reynolds Numbers Percentage Error Simulation to 
Experiment   

(km/h) Simulation Experiment (%) 
30 254193 254699 0.2 
45 381289 378880 0.6 

60 508386 507568 0.2 
75 635482 637392 0.3 

90 762625 763943 0.2 

Average: 0.3 

 
Reynolds numbers play a significant role in fluid dynamics and are particularly relevant when studying 
aerodynamics. They represent the ratio of inertial forces to viscous forces and are indicative of the flow regime. 
In this study, Reynolds numbers were computed for both simulation and experimental data, providing additional 
context for the analysis. 
            At 30 km/h, the Reynolds number for simulation is 254,193, while for experimentation, it is 254,699, 
resulting in a negligible percentage error of 0.2%. This suggests a high level of agreement between simulation 
and experimental results at this velocity. 
           The trend continues at 45 km/h, where the Reynolds numbers for simulation and experimentation are 
381,289 and 378,880, respectively, resulting in a slightly increased but still reasonable percentage error of 0.6%. 
The minor discrepancies may be attributed to the inherent uncertainties in experimental measurements and the 
assumptions made in the simulation model. 
           At 60 km/h, 75 km/h, and 90 km/h, the percentage errors remain low at 0.2%, 0.3%, and 0.2%, 
respectively. This consistency across various velocities indicates a robust simulation model that accurately 
predicts drag coefficients, even when considering variations in Reynolds numbers. 
The average percentage error across all velocities is calculated to be 1.5%, signifying an overall strong 
agreement between simulated and experimental results. This suggests that the simulation model effectively 
captures the aerodynamic behavior of the vehicle across a range of Reynolds numbers. 
           The validation of vehicle drags coefficient of simulation’s results by experimental results, considering 
Reynolds numbers, demonstrates a high level of accuracy. The consistently low percentage errors across 
different velocities indicate that the simulation model is robust and reliable. The average percentage error of 
1.5% reinforces confidence in the simulation results, highlighting the model's ability to predict drag coefficients 
with a high degree of precision. This study underscores the importance of considering Reynolds numbers in the 
validation process and showcases the effectiveness of the simulation model in replicating real-world 
aerodynamic behavior. 

5. Conclusion 

In conclusion, the validation of vehicle drag coefficient through the combined use of simulation and 
experimental methods is a critical process that enhances our understanding of a vehicle's aerodynamic 
performance. The comparison between simulated and experimental results provides valuable insights into the 
accuracy and reliability of computational models. The data presented in this study, which includes drag 
coefficients at various velocities, clearly illustrates the strengths and potential limitations of the simulation 
model. 
               The low average percentage error of 1.5% across different velocities indicates a generally high level of 
agreement between simulation and experimentation. This suggests that the simulation model effectively 
captures the complex aerodynamic interactions between the vehicle and the surrounding air. The inclusion of 
Reynolds numbers in the analysis further solidifies the assessment, considering the impact of different flow 
regimes on the accuracy of predictions. 
               However, it is crucial to recognize the varying trends in percentage errors at different velocities. The 
slight deviations observed at certain speeds, especially at higher velocities, warrant careful consideration. These 
deviations may signal areas where the simulation model might encounter challenges in accurately predicting 
drag coefficients, potentially due to unaccounted aerodynamic complexities at specific operating conditions. 
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              As we move forward, it is recommended to refine the simulation model, particularly focusing on 
improving its predictive capabilities at higher velocities. Conducting further validation studies under extreme 
aerodynamic conditions and incorporating additional real-world factors could contribute to enhancing the 
overall accuracy of the simulation results. 
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