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Abstract - A passenger vehicle experiences several resistive forces during its motion; the most prevalent being the 

aerodynamic and rolling resistive forces. A car is seen as a bluff body; which generally generates lift or very low down-force. 

Hence the present automobile technology focuses on optimizing the body surface geometry and/or adding aerodynamic 

devices to increase the tractive force of vehicle at relatively high speed. This tractive force assures improved vehicle handling 

and stability. 

This paper is based on the investigation of optimum wing profile and determining correct angle of attack and height to obtain 

maximum down-force to drag ratio without considerable increase in drag. The car model is taken of actual length scale, 

castellated-hexahedral structured mesh is used, turbulence model is selected as k-ℇ turbulence model and standard wall 

functions assuming steady flow in the domain. The wing is selected to be NACA 6412 at the stall angle obtained based on 

maximum down- force to drag ratio and its three different heights. 
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I. INTRODUCTION 

 

The present automobile technology offers numerous 

ways to increase the automobile handling and traction. 

These are most evident in open wheeled cars which 

are used in motorsport applications; namely Formula 

1, Formula E, etc. 

 

With increasing automotive technology, introduction 

to e-mobility and well-conditioned roads, the average 

speed of a passenger vehicle travels ranges from 

70km/h to 80km/h on highways (Wikipedia.org). For 

countries like India, additional methods are necessary 

to improve vehicle handling to minimise the 

probability of accident. 

 

One of the most important and common aerodynamic 

devices used is rear wing installed at the rear trunk of 

the vehicle. To determine the correct profile, angle 

and height of the wing, one method is to 

experimentally study aerodynamic performance using 

the actual car, assembling a rear wing on the car as per 

requirements and finally reassessing the aerodynamic 

performance. 

 

Other method includes making a scaled model of the 

car with the wing and testing it in a wind tunnel. 

Computational Fluid Dynamics is extensively used 

that decreases the effort and time. The CFD results 

performed with the rear wing results in vertical 

stability (Chein-Hsiung, 2009). 

 

The scope of this investigation is limited to determine 

the flow characteristics around the vehicle body and 

investigate the influence of different rear wing profiles 

without considering the wheel rotation. The flow has 

been determined for three different aerofoils and three 

different heights. This study has been done assuming 

steady-state conditions of air-flow. 

 

II. COMPUATATIONAL SETUP 

 

A. Vehicle Selection 

The vehicle chosen for this study in BMW E38 

(Buljac et al., 2016).The vehicle is modelled in 

SolidWorks® 2016 design software. The model is 

made with actual dimensions assuming the car as an 

isotropic solid. The intricate geometries including 

power train assembly, air intake grill, rear view 

mirrors, small body curves and underbody parts are 

not modelled to decrease the complexity of the 

computational domain. The car is assumed to be 

symmetrical on along xy-plane from middle (Figure 

1). Hence, only one side of model is used, to decrease 

the computational time. The underbody is kept planar 

and ramp angle is provided in accordance with the 

dimensions. 

 
Fig.1- Car model with symmetry plane 
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B. Computational Domain 

The computational domain is setup in Simscale® 

commercial software which is based on OpenFOAM 

computational software. The length of domain before 

the body is 30metre(Figure 2). The height is taken as 

4.5 metre above roof to keep the blockage below 6% 

(West and Apelt, 1982). The length of domain after the 

body is 20m and along with it, 6metre is provided in 

lateral direction. 

 
Fig. 2- Computational Domain 

 

The discretisation is carried out using castellated 

structured hexahedral mesh keeping the cell 

dimensions; x, y and z equal.(Figure 4). 

Finite Volume Method is used for computational 

domain generation and refinement is performed at 

relevant places. The refinement is performed in the 

highlighted area of Figure 2 as to capture the flow 

near the car body and where high gradients of physical 

properties are expected (Figure 3). Number of finite 

volumes range from 950,000 to 1,000,000. The 

boundary layer is not developed on the ground, but on 

the car (Buljacet al., 2016). 

The inlet velocity is given as 72km/h keeping vehicle 

stationary. The outlet wall has uniform pressure value 

of 101,320 Pascal which is roughly 1 atm. The road is 

defined as moving wall with 72km/h with no slip 

condition. 

 
Fig. 3- Geometrical discretisation of computational domain on 

smaller scale. The flow direction is from right to left. 

 

 
Fig. 4- Geometrical discretisation of computational domain on 

larger scale. The flow direction is from right to left. 

 

After addition of wing to the domain as shown in 

Figure 2, the car looks like Figure 5. The computation 

discretisation with wing is shown in Figure 6. 

 

Fig.5- Car model with wing at 0.39
𝒃

𝑯
 

 
Fig. 6- Geometrical discretisation of computational domain on 

larger scale with rear wing at 0.39
𝒃

𝑯
. The flow direction is from 

right to left. 

 

III. MATHEMATICAL MODELLING 

 

Forturbulent low-Reynolds number flow, Spalart-

Allmaras model (Spalart-Allmaras, 1992) with 

enhanced wall functions and k-epsilon model (Jones-

Launder, 1972) with standard wall functions; are the 

most common models. 

The Spalart-Allmaras model is a one equation model. 

As this is a primitive and newer equation, this is well 

suited for aerodynamic flow over simple bodies. 

Asthe vehicle is a complex body, the k-∈ turbulence 

model is chosen for computation by solving of 

equations using iterative methods and linear 

interpolation. The equations for turbulent and 

incompressible flow are- 

 

a) Continiuity equation 
𝜕𝑣𝑗

𝜕𝑥𝑗
= 0 

 

b) Turbulent kinetic energy, k 
𝜕(𝜌𝑘)

𝜕𝑡
+ 𝛻.  𝜌𝑘𝑣𝑖 =

𝜕

𝜕𝑥𝑗
[ 𝜇 +

𝜇𝑡

𝜎𝑘

 
𝜕 𝑘 

𝜕𝑥𝑗
] + 𝐶1 

 

c) Dissipation,∈ 

𝜕(𝜌 ∈)

𝜕𝑡
+ 𝛻.  𝜌 ∈ 𝑣𝑖 =

𝜕

𝜕𝑥𝑗
[ 𝜇 +

𝜇𝑡

𝜎𝑘

 
𝜕 ∈ 

𝜕𝑥𝑗
] + 𝐶2 

 

And, 

𝑘 =
3

2
 𝑢𝑜𝐼 

2 

∈  = 𝐶𝜇(
𝑘

2

3

𝑙
) 

Where, 

𝑢𝑜= free stream velocity 

𝐶𝜇=0.09 

𝐶1, 𝐶2 are functions of k and ∈. 

I= turbulence intensity = 0.1% 

l= characteristic length, taken as length of vehicle 

k= 0.00375
𝑚2

𝑠2  

∈ = 0.0125
𝑚2

𝑠3  

 

Iterations on the turbulence model were performed 

using Gauss upwinding scheme and Gauss-Seidel 

iterative method and the convergence criteria is set for 

k and ∈isresidual of the order of10−5 . 
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The wing profile selection is done using XFoilOpen 

Source aerofoil design tool on three profiles – non-

cambered (Figure 7), medium cambered (Figure 8) 

and high cambered (Figure 9). The velocity is 

assumed free stream and chord length is assumed to 

be c = 250mm and span to be 1550 mm. The chordal 

Reynolds number is turbulent in accordance to𝑅𝑒𝑐 =
𝑣∞𝑐

𝜗
 where 𝑣∞  is free stream velocity and 𝜗  is 

kinematic viscosity of air (Wang et al., 2014). 

 

 
Fig. 7- Non-cambered (NACA 0012) profile 

 

 
Fig. 8- Medium-cambered (NACA 4412) profile 

 

 
Fig. 9- High-cambered (NACA 6412) profile 

 

The coefficient of drag and coefficient of lift are 

analysed in form of dimensionless equations- 

𝐶𝑑 =
𝐹𝑑

1

2
𝜌𝑣∞

2𝐴𝑑

 

𝐶𝑙 =
𝐹𝑙

1

2
𝜌𝑣∞

2𝐴𝑙

 

Where, 

𝐹𝑑= Drag force 

𝐹𝑙= Lift force 

𝐴𝑑 , 𝐴𝑙= Reference area 

 

The angle of attack was varied from 0° to 20°at steps 

of 0.5° (Figure 10)and stall angle was obtained by 

plotting 
𝐶𝑙

𝐶𝑑
 vs. α for the three wings and wing with 

maximum 
𝐶𝑙

𝐶𝑑
was obtained. 

 
Fig. 10- NACA 6412 aerofoil varied from 0° to 20° 

 

Furthermore, the height of the selected profile wing 

was varied at three different heights (Figure 11) and 

the lift to drag ratio was obtained. 

 
Fig.11- Nomenclature of different heights 

 

IV. RESULTS AND DISCUSSION 

 

The computation was performed to investigate the 

effects of angle of attack on different aerofoils. Graph 

between 
𝐶𝑙

𝐶𝑑
 vs. α for different wing profiles are shown 

in Figures 12, 13 and 14. 

 

 

Fig.12- 
𝑪𝒍

𝑪𝒅
 vs. α for a non-cambered aerofoil 

 

 

Fig.13- 
𝑪𝒍

𝑪𝒅
 vs. α for a medium-cambered aerofoil 

 

 

Fig. 14- 
𝑪𝒍

𝑪𝒅
 vs. α for a high-cambered aerofoil 
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It was observed that the coefficient of down-force 

(negative coefficient of lift) increases higher than 

coefficient of drag when decreasing angle of attack 

(aerofoil dips). After a particular angle, the ratio gets 

“stalled” to a maximum value. Based on the above 

results, NACA 6412 is selected at 8° due to highest 

ordinate magnitude value. 

The flow characteristics, aerodynamic coefficients for 

the automobile without the presence of the rear wing 

are reported in Figure 15 and Figure 16 respectively. 

 

 
Fig. 15- Velocity field in the symmetry plane 

 

 
Fig. 16- Aerodynamic Coefficients without rear wing 

 

The drag force obtained is equal to 0.29 for the car 

without any rear wing. The results obtained are in 

good agreement with the data available of 0.3 

(Carfolio, 2015). Less drag is obtained due to 

elimination of intricate details from the car. The 

coefficient of lift is -0.1 with 
𝐶𝑙

𝐶𝑑
 ratio of -0.34 which is 

not enough to make the car stable. 

The wing with stall angle is designed and installed at 

the position where 
𝑏

𝐻
ratios are 0.17, 0.39 and 0.61 

respectively. (Buljac et. al., 2016). 

After addition of wing at different heights, the 
𝐶𝑙

𝐶𝑑
 ratio 

has increased by 2.79, 2.44 and 3.44 times 

respectively of its previous value of -0.34.The 

coefficient of drag remained the same. On an average, 

the negative coefficient of lift is 40% more than the 

value obtained with unstructured mesh used in Buljac 

et. al.,2016. Another factor was the increased chord 

length which resulted inthe increased down-force. 

 

 
(a)                (b)                       (c) 

Fig. 17- Velocity field in the symmetry plane where (a) 
𝒃

𝑯
 = 0.17; 

(b) 
𝒃

𝑯
 = 0.39; (c) 

𝒃

𝑯
 = 0.61 

 

 
Fig. 18- Aerodynamic Coefficients with rear wing 

 

Winglets and supports were also streamlined to 

prevent further increment of drag produced by rear 

wing. 

 

V. CONCLUSION 

 

Influence of various profile, flow characteristics 

around sedan and dependence of lift to drag ratio on 

angle of attack and height of the wing was studied. 

The computational grid used was refined around the 

wing and the car. The mathematical model used was 

the k- ∈  turbulence model with appropriate wall 

functions and iterative methods. 

The coefficients of drag and lift without rear wing 

were good enough to proceed further for installing 

rear wing. It was observed that the down-force to drag 

ratio increases up to3.44 times with rear wing without 

any considerable increase in coefficient of drag. 

Hence wing can best be placed at 0.61
𝑏

𝐻
 but it will 
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cause intrusion in rear viewing; so, wing at 0.17
𝑏

𝐻
 can 

also be used. Moreover, the wing at 0.17
𝑏

𝐻
 shows more 

uniform flow reattachment which is more like a 

spoiler. The winglets help to minimise vortices and 

the supports were also made in streamlined shape. 

However, the motor vehicle rules can limit the height 

of rear wing up to the point where the driver’s rear 

view remains unobstructed, hence rear wing at 

considerable heights should be used only in 

motorsports. A multi-layered wing or a wing with a 

flap can be also used for such purposes. 

 

Hence, the rear wing will add to stability and traction, 

increasing vehicle performance at increased speeds, 

without much increase in fuel consumption. 

 

Future work is needed to assess the vehicle 

performance in transient conditions and the influence 

of rotation of wheel with rims. Scaled experiments in 

wind tunnel can also play a vital role in validation of 

computational results. 

 

Future work is also necessary to find out the effect on 

fuel efficiency by increasing down-force on the 

vehicle. 
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