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ABSTRACT 

Computational model was developed to investigate aerodynamic forces acting on a closed-wheel race car. A 

particular focus was on the effects of ground clearance and rake angle on aerodynamic drag and lift forces. 

Computations were performed for a steady viscous fluid flow using the realizable k-ε turbulence model and 

non-equilibrium wall functions. The computational results indicate a strong influence of ground clearance and 

rake angle on aerodynamic loading of a race car. The largest drag force coefficient was obtained for the 

largest ground clearance. The drag force coefficient for the squatting car is larger by 5% compared to the 

reference case, where the both front and rear ground clearances are 100 mm. For the nose-diving car, the drag 

force coefficient is equal to the reference case. Increasing the ground clearance caused a negligible increase in 

the lift force coefficient in comparison with the reference case. A decrease in the ground clearance yielded an 

increase in the lift force coefficient. The largest positive lift force coefficient was obtained for a squatting car, 

whereas the largest negative lift force coefficient was observed for a nose-diving car. While the favorable 

aerodynamic downforce acting on front wheels is larger for a nose-diving car, for rear wheels it is larger for a 

squatting car. 

 

Keywords: Race car; Aerodynamic drag and lift forces; Ground clearance; Rake angle; Computational 

simulations. 

NOMENCLATURE 

A reference area 

CD aerodynamic drag force coefficient 

CL aerodynamic lift force coefficient 

Cp pressure coefficient 

FD aerodynamic drag force 

FL aerodynamic lift force 

hF front ride height 

hR rear ride height 

p static pressure 

patm atmospheric pressure 

p∞ freestream flow pressure 

v flow velocity 

v∞ freestream flow velocity 

I turbulence intensity 

y+ wall distance 

 

µm molecular viscosity 

µt turbulent viscosity 

ρ air density 

 

 

1. INTRODUCTION 

Traction and dynamic stability are important aspects 

for overall performance of race cars, e.g. Katz 

(1996), while increased downforce (negative lift 

force) enhances the car dynamic stability, McBeath 

(2011). These characteristics can be improved by 

employing various body shapes and add-on devices, 

e.g. Ha et al. (2011), Bruneau et al. (2012), Kang et 

al. (2012), Buljac et al. (2015). 

The general goal is to decrease the adverse 

aerodynamic drag force and to increase the 

favorable downforce (negative aerodynamic lift 

force). A decrease in the aerodynamic drag force 

reduces the energy consumption of a car, Paterson 

et al. (2016), Wang et al. (2016), while the rear 

shape of the car is particularly important for 

aerodynamic drag force, Wang et al. (2014).  

The ground clearance and flow incidence angle of 

the aerodynamic devices such as front wing prove 

to particularly affect aerodynamic forces  
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Fig. 1. Schematic view of the computational domain and the car model; dimensions are given with 

respect to the height of the car model. 
 

Table 1 Boundary conditions on the surfaces of the computational domain

 

 

experienced by race cars, e.g. Roberts et al. (2015). 

The front and rear parts of a car commonly have 

different ground clearances. This yields a certain 

rake angle of a car, which is important to enhance 

the favorable downforce of open-wheel race cars, 

Zhang et al. (2006). It is anticipated that the ground  

clearance and rake angle may influence 

aerodynamic forces for closed-wheel race cars as 

well, which topic is the focus of the present study. 

2. COMPUTATIONAL SETUP 

The studied vehicle is the XR GTR closed-wheel 

race car. Front and rear ground clearances of the car 

were determined in the center of the front and rear 

axles. Aerodynamic drag and lift forces were 

computed for ground clearance ranging from 60 

mm to 140 mm with respect to the ground surface, 

with an increment of 20 mm. This yields 25 

different test cases.  

Different front and rear ground clearances yield a 

non-zero rake angle, which may be positive in case 

the rear ground clearance is larger than the front 

ground clearance (nose-diving), whereas it is 

negative for larger front ground clearance 

(squatting). Nose-diving car position is 

characteristic for heavy braking, while the squatting 

position is characteristic for heavy acceleration of 

the car. 

As the computational model of the car and flow 

conditions were adopted to be symmetric in the 

lateral direction perpendicular to the main flow 

direction, the flow was simulated on one car side 

only. The obtained results were then implemented 

on the other car side. The dimensions of the 

computational domain are reported in Fig. 1 with 

respect to the car height H. 

The dimensions of the computational domain were 

large enough to assure that the domain boundaries 

did not influence the obtained results, in agreement 

with Hucho (1998). The blockage corrections were 

not performed, as the blockage calculated as a ratio 

of the frontal area of the car and the frontal area of 

the computational domain was only 0.35 % and thus 

could be neglected, e.g. West and Apelt (1982). The 

boundary conditions applied to the surfaces of the 

computational domain are summarized in Table 1. 

The bottom surface of the computational domain 

was treated as a translate-moving wall without the 

boundary layer development. The translational 

velocity of this wall was equal to the freestream 

flow velocity. This allowed for the development of 

the boundary layer on the vehicle surface, but not 

on the road surface, Elofsson and Bannister (2002), 

Huminic and Huminic (2017). As a matter of fact, a 

boundary layer development on the road may 

adversely influence the boundary layer on the 

vehicle body, which is particularly exhibited for 

vehicles with low ground clearances, Katz (1996). 

Computational domain discretization was 

conducted using the hybrid approach, i.e. the 

boundary layer was discretized using five layers of  

Inlet surface Outlet surface Top and lateral surfaces Bottom surface Car surface 

Uniform profile,  

v∞ = 40 m/s, 

I = 2 %, 

µt / µm = 10 

p = patm Symmetry walls 
Moving wall with v = v∞, 

without a boundary layer 
No-slip condition 
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Fig. 2. Details of the geometrical discretization of the computational domain. 

 

 

prismatic elements with a growth factor of 1.2, 

while a layer of tetrahedral elements connected the 

boundary layer mesh with the rest of the domain, 

which was discretized using hexahedral elements. 

Prismatic layer elements were geometrically placed 

in the main flow direction, as to reduce numerical 

diffusion, Fig. 2. The height of the first prismatic 

element and the subsequent centroid distance of the 

cell from the wall was determined by the size of the 

underlying surface mesh triangular element, using a 

First Aspect Ratio method with a value of 5 in 

TGrid, thus yielding the maximal non-dimensional 

wall distance y+ ≈ 150. The total number of control 

volumes was 6.2 millions. 

Non-equilibrium wall functions were used in the 

vicinity of the car surface, as to take into account 

local variations of the viscous layer thickness when 

calculating the turbulence kinetic energy. 

Computations were performed for steady viscous 

fluid flow using the Reynolds-averaged Navier 

Stokes (RANS) equations and the realizable k-ε 

turbulence model, as this model proved to be 

adequate for the analysis of the flow around cars, 

e.g. TienPhuc et al. (2016). The governing 

equations of the used RANS model are given as, 

a) Continuity equation: 

0,
j
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The mean air flow velocity is defined as ,
i

v  the 

coordinates are xi, p  is averaged air pressure, μt is 

turbulent viscosity, k  is averaged turbulence 

kinetic energy defined as 
' '

,
2

 i iv v
k the turbulence 

viscosity is defined as 
2

, 

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k
C  where   is 

averaged dissipation of turbulence kinetic energy, 

C was not constant but calculated using k and ε. 

This numerical model was used together with two 

additional transport equations of the realizable k- ε 

turbulence model, 
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G is generation of turbulence kinetic energy, C1ε, C2 
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and C3ε are standard model coefficients, 

1
2 ,  

2
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   

   

.  

Non-segregated pressure-based coupled solver was 

used together with the SIMPLE algorithm to allow 

for faster convergence of the results. Computations 

were performed using the ANSYS Fluent 

commercial software. The undisturbed freestream 

air velocity in all simulations was 40 m/s. The 

characteristic length for calculation of the Reynolds 

number was the car wheelbase of 2.45 m, as 

recommended by the SAE (Society of Automotive 

Engineers) convention for cars. This yielded the 

Reynolds number approximately equal to 6.7*106, 

which is larger than the critical Reynolds number 

for road vehicles, e.g. Hucho (1998). The 

aerodynamic lift FL and drag FD forces acting on the 

car are reported as dimensionless force coefficients, 

respectively, 

2
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Reference area A used to normalize aerodynamic 

forces was calculated as a frontal area of the vehicle 

perpendicular to the main (x) flow direction. The 

dimensionless pressure coefficient Cp was 

calculated as, 

2
,

1

2

p
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
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As to validate the developed computational model 

and used geometrical discretization, the grid 

dependence test was conducted for the commonly 

used generic Ahmed body, which is similar to the 

race car that was the focus of the present study. The 

dimensions of the Ahmed body are presented in Fig. 

3. The incidence angle of the rear surface was 25°, 

which corresponds to the shape of the studied race 

car. Computational domain discretization for the 

Ahmed body was conducted using the hybrid 

approach, i.e. the same approach as for the 

investigated race car, Figure 4. Four different 

meshes were created to analyze the grid 

independence of the obtained computational results. 

The realizable k-ε turbulence model was used, as 

suggested in Lanfrit (2005). The aerodynamic force 

coefficients in Meile et al. (2011) are CD = 0.299 

and CL = 0.345. In the present study they are CD = 

0.298 and CL = 0.364 for the most coarse grid used 

in the validation study with 1.1 million of control 

volumes, thus indicating a strong similarity with 

Meile et al. (2011). Due to the adopted hybrid 

approach for the discretization method, the 

computational results correspond well to Meile et 

al. (2011) even for the most coarse grid. 

Furthermore, the results for the configuration with 

enhanced wall functions and relatively small y+ did 

not yield satisfactory results, hence the non-

equilibrium wall functions were used for further 

analysis. 

 

Fig. 3. Generic Ahmed reference body used to 

validate the computational model. 

 

 
Fig. 4. Geometrical discretization of the Ahmed 

reference body using the hybrid approach. 

 
The experimentally obtained flow patterns in a, b 

and c planes in the wake of the Ahmed body 

obtained by Ahmed et al. (1984) were qualitatively 

compared to the results obtained in the present 

validation study, Fig. 5. The experimental results by 

Ahmed et al. (1984) are reported on the left-hand 

side of panels a, b and c, the computational results 

obtained in the present study are reported on the 

right-hand side of those same panels. 

The results show that the characteristic flow 

patterns reported in Ahmed et al. (1984) are 

successfully obtained in the present study as well. 

3. COMPUTATIONAL RESULTS 

The drag force coefficient of the studied car is 

reported in Fig. 6 for various front (hF) and rear (hR) 

ground clearances. The drag force coefficient for 

the reference case (hF = hR = 100 mm, zero rake 

angle) is 0.286. The drag force coefficient is 

influenced by the front and rear ground clearances 

of the car. The largest drag force coefficient is 

obtained for the largest ground clearance, while the 

minimal drag force coefficient is obtained for the 

smallest ground clearances. When compared to the 

reference case (hF = hR = 100 mm), the drag force 

coefficient increased by 8% for hF = hR = 140 mm, 

or decreased by 24% for hF = hR = 60 mm. This 

indicates that a simultaneous increase in hF and hR 

of similarly aerodynamically shaped closed-wheel  
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Fig. 5. Characteristic flow patterns around the Ahmed body reported for three different planes. 
 

 

race cars increases the drag force coefficient. The 

drag force coefficient for hF = 140 mm and 

hR = 60 mm (squatting car with maximum negative 

rake angle) is larger by 5% when compared to the 

reference case. On the other hand, the drag force 

coefficient for hF = 60 mm and hR = 140 mm (nose-

diving car with maximum positive rake angle) is 

equal to the drag force coefficient in the reference 

case. 

The maximum studied negative rake angle 

(hF = 140 mm, hR = 60 mm) can be reduced by 

decreasing hF, in which case the drag force 

coefficient decreases, or this can be obtained by 

increasing hR, in which case the drag force 

coefficient increases.  

The maximum studied positive rake angle 

(hF = 60 mm, hR = 140 mm) can be reduced by 

increasing hF, in which case the drag force 

coefficient increases. The same can be achieved 

by decreasing hR, in which case the drag force 

coefficient decreases.  

The lift force coefficients of the studied car are 

reported in Fig. 7 for various front (hF) and rear (hR) 

ground clearances. 
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Fig. 6. Drag force coefficient for various front and rear ground clearances of the car. 

 

 
Fig. 7. Lift force coefficient for various front and rear ground clearances of the car.

 

 

The lift force coefficient of the reference case is 

0.036. Increasing simultaneously hF and hR 

negligibly increases the lift force coefficient, while 

simultaneously decreasing hF and hR may 

significantly increase the lift force coefficient. This 

suggests that decreasing the ground clearance while 

maintaining the zero rake angle may increase the 

positive lift force coefficient and thus decrease the 

dynamic stability of the similarly aerodynamically 

shaped closed-wheel race cars.  

The lift force coefficient is significantly altered for 

the car with a non-zero rake angle.  

The largest positive lift force coefficient of 0.37 is 

obtained for the maximum negative rake angle 

(squatting car), while the largest negative lift force 

coefficient of -0.21 is obtained for the maximum 

positive rake angle (nose-diving car). 

If the maximum studied negative rake angle 

(hF = 140 mm, hR = 60 mm) is reduced by either 

decreasing hF, or by increasing hR, the absolute 

value of the positive lift force coefficient 

decreases. In case the maximum studied positive 

rake angle (hF = 60 mm, hR = 140 mm) reduced 

by either decreasing hR, or by increasing hF, the 

absolute value of the negative lift force 
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coefficient decreases and may become positive as 

well. 

Ground clearance and rake angle of the car thus 

prove to significantly influence the lift force 

coefficient of the studied car. This is likely due to 

the influence of hF and hR on the surface pressure 

distribution at the bottom surface of the car, Fig. 8. 

The Cp distribution at the bottom surface of the car 

is strongly affected by changes in hF and hR. 

 

 
Fig. 8. Cp pressure coefficient in the car 

symmetry plane along the car length. 

 

In the front part of the car (-2.3 < x < -1), the largest 

negative Cp values are obtained for a nose-diving 

car, while the absolute values of negative Cp results 

are smaller for a squatting car. This indicates that, 

for the similarly aerodynamically shaped race car, 

the aerodynamic downforce acting on front wheels 

is larger for a nose-diving car than for a squatting 

car. 

In the middle part of the car (-1 < x < 1), the 

differences in Cp values are not significant for 

various configurations, while the absolute values 

are generally negative and close to zero. 

In the rear part of the car (1 < x < 2.3), the largest 

negative Cp values are obtained for a squatting car, 

while the smallest absolute values of negative Cp 

results are observed for a nose-diving car. This 

suggests that, for a similarly aerodynamically 

shaped race car, the downforce acting on rear 

wheels is larger for a squatting car than for a nose-

diving car.  

The influence of the rake angle is observed on the 

Cp pressure coefficients at the bottom surface of the 

car (car undertray). On the left hand side of Fig. 9, 

the distribution of Cp pressure coefficients is 

presented for hF = 60 mm, hR = 140 mm, while on 

the right hand side Cp pressure coefficients are 

shown for hF = 140 mm, hR = 140 mm. 

The Cp pressure coefficients on the bottom surface 

of the car are influenced by the rake angle. The 

lower Cp pressure coefficients are obtained for  

hF = 60 mm, hR = 140 mm (nose-diving car) than 

for hF = 140 mm, hR = 140 mm, which is 

particularly exhibited in the windward part of the 

car undertray.  

 

 
Fig. 9. Cp pressure coefficient at the bottom 

surface of the car for two different rake angles. 

 

4. CONCLUSION 

Aerodynamic forces acting on a closed-wheel race 

car were studied using Computational Fluid 

Dynamics with a particular focus on the ground 

clearance and rake angle effects. Computations 

were performed for a steady viscous fluid flow 

using the realizable k-ε turbulence model and non-

equilibrium wall functions. The front and rear 

ground clearances proved to considerably influence 

aerodynamic drag and lift forces experienced by the 

car. 

The drag force coefficient is observed to increase 

with increasing the ground clearance. For a 

squatting car (hF = 140 mm, hR = 60 mm, negative 

rake angle), the drag force coefficient is larger by 

5% compared to the reference case 

(hF = hR = 100 mm, zero rake angle). On the other 

hand, the drag force coefficient obtained for a nose-

diving car (hF = 60 mm, hR = 140 mm, positive rake 

angle) is equal to the reference case. 

The lift force coefficient for the reference case is 

0.036. Increasing simultaneously hF and hR 

negligibly increases the absolute value of the lift 

force coefficient, while simultaneously decreasing 

hF and hR may notably increase the absolute value 

of the lift force coefficient. The largest positive 

lift force coefficient of 0.37 is obtained for a 

squatting car, while the largest negative lift force 

coefficient of -0.21 is calculated for a nose-diving 

car.  
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The pressure coefficient distribution indicates that, 

for a similarly aerodynamically shaped race car, the 

aerodynamic downforce acting on front wheels is 

larger for a nose-diving car than for a squatting car. 

The downforce acting on rear wheels is larger for a 

squatting car than it is for a nose-diving car.  
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