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Abstract 

With the increase in global warming and harmful emissions coupled with the increasing number of automobile road vehicles 

moving on highway roads has brought the attention of policy makers to focus on the research to mitigate climate change and also 

to increase the performance of road vehicles. Due to the current laws which have been reinforced on fuel emissions, scholars and 

manufacturers have been prompted to work back to back on improving the engine performance or reducing aerodynamic drag of 

road vehicles to improve fuel economy. This research focus on how aerodynamic drag can be reduced by adding a spoiler at the 

rear of a passenger vehicle to control the flow. The analysis is done through wind tunnel experiments in combination with CFD 

software package Fluent 16.0. The addition of a rear spoiler was found to be able to reduce aerodynamic drag but in the wrong run 

it considerably increased lift.    
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________________________________________________________________________________________________________ 

I. INTRODUCTION 

"Aerodynamics is the study of a solid body moving through the atmosphere and the interaction which takes place between the 

body surfaces and the surrounding air with varying relative wind direction" [2]. On 12 December 2015, the participating 195 

countries agreed, by consensus, to the final global pact, the Paris Agreement, to reduce emissions as part of the method for reducing 

greenhouse gas.  In the 12-page document, the members agreed to reduce their carbon output "as soon as possible" and to do their 

best to keep global warming "to well below 2 degrees C [8]. However, among other things improvement of road vehicles fuel 

efficiency will significantly play a bigger role in reducing greenhouse gases generated from ground vehicles. For typical energy 

uses and losses in a vehicle only 12.6% of the input fuel energy is turned into useful work to propel the vehicle.  However, about 

20.6% of this remaining 12.6% is lost in overcoming drag. Therefore, aerodynamic drag is one of the most important elements in 

getting good mileage and this is especially true at high speeds [3]. 

II. MODEL & EXPERIMENTAL SETUP 

Early in the recent history of automotive aerodynamics it was perceived as a shortcoming that the aerodynamic characteristics of 

a vehicle could only be established by measurement. The Motor Industry Research Association (MIRA) or the MIRA reference 

cars were a group simplified car shapes which were evolved from work undertaken in the early 1980s when European and North 

American wind tunnel operators began a series of correlation exercises (Le Good and Garry 2004) [5]. Initially the model was 

constructed in 20%, 25%, 1/3rd and full-scale versions. In 1990s, 40% and 30% versions were added to MIRA’s own collection 

to aid manufacturer studies in model-full to full-scale correlation. With the availability of published experimental data and the 

advantage of simple surface geometry, the MIRA reference car became a popular test case when CFD emerged as a tool for 

automobile aerodynamics. The MIRA car models are simplified vehicle car models which are very close to real vehicles. The 

MIRA car models have wheels but do not have wheel cavity. The bottom of the model is very smooth and the engine hood has 10 

degree angle of slope. The side windows of the car models incline and the tail of model wraps upward. There are totally four forms 

of the MIRA car models: the notchback, the Squareback, the fastback and the pickup [4]. 
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Fig. 1: Dimension of MIRA car 

In our current study a wooden Squareback MIRA reference car model with 1:15 scale ratio was used for the analysis because 

the squareback car suffers the most from high amounts of base pressure drag because of separation of boundary layer. 

 
Fig. 2: Scale 1:15 MIRA car Model Squareback 

The experiments were carried out in an open circuit Wind Tunnel in the Fluid Mechanical laboratory, Charotar University of 

Science and Technology – Changa.  

 
Fig. 3: Experimental Setup 
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The wind tunnel is a horizontal open-circuit type which is configured with a Plexiglas window single text section of 3×3cm2 

cross sectional area, and a maximum wind velocity of 40m/s in the test section. The length of the test section is 100cm and is 

provided with an axial flow fan with aluminium cast aerofoil shaped blades driven by a 5.0KW AC motor mounted outside the 

duct.  

 
Fig. 4: Drag and Lift Force Setup 

   
Fig. 5: Pressure measurement Setup for Base model 

   
Fig. 6: Pressure measurement setup for model with rear spoiler 

In the current study a digital strain gauge was employed to measure the drag and lift forces. In order to ensure accuracy of the 

experimental results the strain balance was calibrated to zero before starting the fun as shown in the figure below. This was done 

by pressing the reset button with no wind in the test section. A Reynolds number Re was calculated based on the total length of the 

model and the 35m/s free stream velocity and was found to be 0.7 × 106. Therefore, in order to ensure the reliability of the results 

in this study, the Reynolds number was of order of magnitude close to 106 and same than some critical Reynolds number set by 

SAE standards. This shows that in our current study we expect the drag variation to be quite small corresponding to the calculated 

Reynolds number of 0.7 × 106 as this range is a full turbulence regime. In order to measure the pressure distribution along the 

symmetry plane, 16 pressure taps were placed along the symmetry plane. The pressure taps were 5mm diameter plastic tubes which 

were connected to the multitude manometer through hoses. Figure 5 and 6 shows pressure measurements setup along the symmetry 

length of the model. The pressure was recorded from the manometer and mean pressures were used to determine the pressure 

coefficient Cp.  

The measured mean pressures are used to determine the pressure coefficient defines as (Hucho 1998), [6] 

Cp =  
P − Pref

1
2⁄ ρaV2

                                                             (1) 

Where, Pref  is the  reference pressure, P measured mean pressure, ρa is air density and V is free stream velocity. The experimental 

data were collected with free stream velocities at 15m/s, 20m/s, 25m/s, 30m/s, and 35m/s. The graph of the pressure distribution 

along the axis of the centerline model was plotted. All measurements were carried out at room temperature and the reference 

pressure P was taken as the static pressure or atmospheric pressure. Test section velocity was varied by changing the frequency of 

the fun with the variable frequency drive. The velocity of the air was recorded from the two manometer tubes connected to the 
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Pitot tube. The corresponding Reynolds numbers for the respective velocities were calculated based on model length of 27.8cm 

and its effect was investigated. 

The flow over the front part of any body moving subsonically through the air is easier to manage than that over the rear. Since 

air flow over a vehicle (or any other body for that matter) is so complex, it is necessary to develop semi-empirical models to show 

the effect. Therefore, aerodynamic drag is characterised by the equation: [7]. 

FD =  1
2⁄ ρa CDA                                                 (2) 

Where; 

FD = Drag force  CD = Drag coefficient 

A   = Frontal area   ρa = Air density 

Similarly, aerodynamic lift is characterised by the equation: [7]. 

FL =  1
2⁄ ρaV2CLA                                                           (3) 

Where; 

FL = Lift force  CL = Lift coefficient 

A   = Frontal area   ρa = Air density 

III. CFD ANALYSIS 

The numerical simulation was done using ANSYS FLUENT 16.0 software on baseline squareback MIRA car model of 1:15 scale. 

Average Navier- Stocks equation was employed in this study and CFD simulation was preferred because of its low cost and time 

saving over wind tunnel experiments. 

The solid CAD model of a squareback MIRA car was created in Creo 2.0. The solid model was then saved as an IGES file and 

then imported to Ansys Fluent 16.0 workbench for further analysis. The coordinate for the computational domain for simulations 

was a cuboid box and was created with the same size as the wind tunnel experiment test section at Changa University and the 

location of model in the domain was also same for keeping uniformity. This is shown in Figure 7 below:  

 
Fig. 7: Computational Domain 

In the current simulations the tetrahedral mesh was generated inside around the car model outside the box domain.  

 
Fig. 8: Mesh Generation 

The following boundary conditions for the flow problem were used for the simulation: 

 Inlet Velocity: 35m/s  (126Kmph) 

 Density: 1.225Kg/m3 

 Outlet pressure: gauge pressure 

 Fluid Temperature 288K 

 No slip wall condition assumed 

 Adiabatic flow assumed  

The solution for the mathematical algorithm used was the Simple algorithm for the iterative solution of the steady RANS 

equations and the algorithm was of second order upwind scheme in spatial discretization.  
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IV. RESULTS AND DISCUSSION 

 Base Model 

Before adding any spoiler to the MIRA car baseline model it was necessary to validate the drag coefficient. Validation was done 

experimentally using wind tunnel experiments and compared with the results of CFD simulations. Below Table 1 shows the 

comparison of experimental and numerical results at wind tunnel speed of 126 Kmph. 
Table – 1 

Experimental and Numerical Drag Coefficients for Base Model at 126 Kmph speed 
Model Experimental CFD Error (%) 

 CD CD CD 

MIRA (Base model) 0.3772 0.3652 3.18 

 

The results showed a very good correlation with a percentage error of 3.18% for drag coefficient. The results obtained through 

wind tunnel experiments and CFD simulations of the base model shows good agreement with theory and further analysis with 

addition of a rear spoiler proceeded. The experimental results of drag coefficient showed very little variation with the literature 

results as earlier investigated by Y. Wang Group [1] for the same model configuration of MIRA car. These results provides a 

suitable foundation for further analysis of drag reduction using a rear roof end spoiler to control the rear wake generated by the 

separation of the boundary layer.  

 
Fig. 9: Pressure distribution base model at 126 Kmph 

 
Fig. 10: Comparison of pressure distribution for base model at various wind tunnel air speeds 

In order to select a suitable position of attachment of the rear roof spoiler on the MIRA car model, it was therefore necessary to 

thoroughly investigate the flow of air over the car body. The relative air flow and pressure conditions over the car body was 

investigated using pressure tapings located at 16 different points around the top profile of the car. The results were plotted as shown 

in Figure 9 and 10. By analysing the pressure distribution over the car body profile and predicting the possible separation zone 
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helps to locate the most advantageous position of attachment of the spoiler and its orientation. The size of the spoiler in this study 

depends entirely on the extent to which flow. 

The vehicle moving at high speed will face more drag because the pressure effect become more dominant at high speeds and 

since the car body is a bluff body the separated flow at the rear creates a low pressure wake region almost as large as the frontal 

area. The failure to recover this pressure at the rear base of the MIRA squareback car creates a huge amount of drag force.  

 Model with Rear Spoiler 

After validation of the baseline model further analysis with an addition of a rear spoiler was carried out. Table 2 below shows the 

comparison results of aerodynamic drag and lift coefficient of both the Baseline and model with a rear spoiler at 126 Kmph air 

speed. 
Table – 2 

Experimental Drag and Lift Coefficient for models at 126 Kmph wind speed 
Model CD CL % Decrease in CD % Increase in CL 

Baseline 0.3772 0.1617 0 0 

With Spoiler 0.3462 0.1639 8.22% 1.36% 

 

 
Fig. 11: Variation of Pressure distribution for Base model and Model with spoiler 

 
Fig. 12: (16) Tapping points along model centerline 

The relative air flow and static pressure conditions over the car body profile was investigated using pressure tapings located at 

16 different points around the top profile of the car. The Comparative results of Static Pressure Distribution for Base model and 

the model with a rear spoiler at various air speeds were plotted as shown in Figure 11. As it can be seen from Figure 11, the pressure 

at the front (radiator part) was recorded as maximum pressure (Stagnation point) for both Base model and model with spoiler 

(tapping point 1). As air flow over the bonnet the pressure continues to decrease and eventually become negative at the front tip of 

the bonnet (tapping point 2). The pressure continues to decrease over the bonnet (hood) taping points 2, 3, 4 and 5. In the vicinity 

of the wind screen area, the pressure increased because the flow had to turn upward to follow the upward curvature of the 

windshield for both models. The pressure was seen to continue increases as it exchange for velocity from taping points 8, 9, and 

10. Tapping point 8 recorded the maximum increment in pressure for both base model and model with spoiler. From taping point 

11 the flow begins to turn concave down in order to follow the roof contour of the car and at that point the pressure has to reduce 

below atmospheric pressure. The pressure continues to decrease from pressure tapping point 11 and decreases to the maximum at 
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point 12 were the flow completely turns to follow the roof contour for both base model and model with spoiler. However, the 

model with spoiler recorded less decrease in pressure at tapping point 12 as compared to the base model for various speeds. This 

point (point 12) has an effect on the lift performance of the vehicle. To prevent this lift generation chamfering or rounding the edge 

of the front part of the roof in order to allow the flow to remain attached to the roof is necessary. This should be done carefully 

without compromising on the driver’s visibility and head room. The pressure continued to decrease from point 12 but shows some 

improvement as it approaches the mid-position of the roof at pressure taping point 13 for both Base and spoiler models. From the 

mid-roof plane, the pressure remains negative and stable due to the continuing uniform contour of the roof. At the rear edge of the 

roof (taping point 15) the pressure starts to decrease again and it is in this area in which separation is likely to occur due to the 

sharp edge at the end of the roof for both models. The pressure at the back of the car (tapping point 16) is seen to be less than that 

of the roof contour and a vacuum suction was created in this area for both base model and model with spoiler. For each particular 

wind speed the characteristic of rear wake and vacuum pressure was different for both base model and model with rear spoiler. For 

each wind tunnel speed the model with a spoiler showed some improvement in the pressure static pressure distribution than the 

base model. Due to the improvement of pressure flow around the profile of the model with rear spoiler as depicted from Figure 11, 

the suction and recirculation created at the rear was less for the model with rear spoiler as compared to the base model and thus a 

reduction in the drag force created for the spoiler model. 

V. CONCLUSION 

The results obtained through wind tunnel experiments and CFD simulations of the base model showed very good agreement with 

a deviation of 3.18% at wind tunnel velocity of 126 Kmph. The addition of a rear spoiler changed the flow structure and shifted 

the graph of static pressure distribution up and this improved the balance of pressure at the front part and rear part of the car with 

reference to the atmospheric pressure line. This resulted in the reduction of drag coefficient by 8.22%. Due to this change in the 

static pressure variation on the flow structure there was a relative small increment in the lift coefficient and was found to be less 

than 1.5%. The pressure distribution results from 16-tapping points around the centreline profile of the car model showed a 

separation at the rear and pressure failed to recover in that area for the base model. This failure to recover pressure resulted in the 

formation of aerodynamic drag. The addition of a rear spoiler resulted in the control of the rear wake and a shift in the static 

pressure distribution as depicted from the plots. The control of the rear wake resulted in the reduction of drag and better fuel 

economy. However, the reduction of drag came with a penalty of increasing lift which leads to poor vehicle stability and control 

at highway speeds. 
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