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Abstract 
 
The paper proposes the CFD study of a GT2 and a F1 racing car 
in a wind tunnel with movable ground and wheels. After a 
sensitivity analysis on the modelling of turbulence and the grid 
generation parameters, simulations are performed at different air 
speed to determine the pressure and shear contributions to the lift 
and drag coefficients. For the GT2 car, the drag and lift 
coefficients are around CD=0.4 and CL=-0.5 (down force). The 
down force is mostly the result of the under body diffuser and the 
rear wing. The rear wing contributes more than 85% of the lift 
force and 7-8% of the drag force. When reference is made to the 
low speed drag and lift coefficients, increasing the speed from 25 
to 100 m/s produces an increase of CD of more than 3 % and a 
reduction of CL of more than 2 %. For the F1 car, the drag and 
lift coefficients are strongly variable in between race track and 
race track, mostly adjusted by the front and rear wing incidence. 
For the particular set-up, CD is around 0.8 and CL is around -1.2 
(down force). The down force is mostly the result of the large 
front and rear wings immediately visible and the under body 
diffusers and vortex generators hidden below the car. These 
results suggest modifying the constant CD and CL values used in 
lap time simulation tools introducing the tabulated values to 
interpolate vs. the speed of the car. 
 
Introduction 
 
In recent years motor racing has become one of the most popular 
of sports. In all forms of racing, however, aerodynamics is a 
significant design parameter. The complexity of racing car 
aerodynamics is comparable to the aerodynamics of airplanes and 
it is not limited to drag reduction but also to the generation of 
aerodynamic down force and its effect on cornering speed [1-9, 
12-20]. In the process of designing and refining current racing 
car shapes, all available aeronautics design tools are used 
including CFD, wind-tunnel testing and track testing. The 
benefits of aerodynamic down force and the improved 
performance are basically a result of increasing the tire adhesion 
by simply pushing the tires more toward the ground. Because of 
this additional load, larger friction (traction) levels can be 
achieved, and the vehicle can turn, accelerate, and brake more 
quickly. By controlling the fore/aft down force ratio, vehicle 
handling can be easily modified to meet the needs of a particular 
race track. Down force may be generated by adding inverted 
wings or by using the vehicle body. Even small values of 
negative pressure under the vehicle can result in a sizable 
aerodynamic down force because of the large plan view area of 
the vehicle. The large front and rear wings are immediately 
visible. Under body diffusers and vortex generators are hidden 
below the car. Front wings operate very close to the ground, 
resulting in a significant increase in down force. This significant 
increase is due to the wing-in-ground effect. The effect does not 
come freely because a similar increase in drag is measured. Front 

wings mounted close to the ground are widely utilized in race-car 
design. Large rear wings are also commonly used. These wings 
have very small aspect ratio (span/chord ratio). The small aspect 
ratio translates in a significantly high drag, but with a delayed 
wing stall. This penalty is reduced by adding very large end 
plates improving the lift-to-drag ratio.  
 
Race-car wings exhibit a strong interaction between the lifting 
surface and the other body components. The combined down 
force increases as the wing approaches the vehicle's rear deck. At 
a very close proximity the flow separates between the rear deck 
and the wing and the down force is reduced. The horizontal 
positioning (such as fore-aft) of the wing also has a strong effect 
on the vehicle's aerodynamics and usually down force increases 
as the wing is shifted backward. The very large change in the 
down force is due to the increased under body diffuser flow. 
Creating down force with the vehicle's body is a very well known 
concept since Colin Chapman designed the famous Lotus 78 
where the vehicle's side pods had an inverted airfoil shape and 
the two sides of the car were sealed by sliding skirts to produce 
large down forces. Once the sliding skirts were banned the 
suction under the car was significantly reduced. A logical 
evolution of this concept led to under body tunnels formed under 
the side pods. The fore-aft shifting of the diffuser entrance also 
controls the location of the vehicle's centre of pressure through 
the pressure peak at the entrance. The down force usually 
increases with reduced ground clearances. Simple modifications 
can be added to an existing car to increase down force. One of 
the simplest add-ons is the vortex generator, usually small 
triangular plates or miniature wings. Adding such vortex 
generators at the front of the under body where their long vortex 
trails can induce low pressure under the vehicle.  
 
The computational domain is made of the wind tunnel and the 
car. The computational domain is bounded by inlet, outlet, 
ground, left, right and ceiling boundaries and by the car. The 
wheels of the car are moving as well as the ground changing the 
flow pattern under the body of the car resulting in significantly 
different lift and drag coefficients vs. the fixed ground and fixed 
wheels traditional wind tunnel experiments [1].  Simulations are 
performed with the STAR-CCM+ code [10]. Star-CCM+ is 
extensively used by many racing car departments. This code may 
tackle problems involving multi-physics and complex geometries 
producing results with minimum user effort. STAR-CCM+ fits 
easily within engineering process and allow automating the 
simulation workflow and performing iterative design studies with 
minimal user interaction.  
 
The grid size is very well known to affect the results, because 
this kind of industrial problems is clearly grid dependent.  
Especially the shear contributions are expected to change 
significantly with the grid size, while the pressure contributions 
are expected to change less. The turbulence modelling is 



expected to change especially the shear contributions. However, 
in case of more significant separated flows, the turbulence 
modelling may change also the pressure contribution in a 
significant extent. This paper studies the influence of the 
turbulence modelling on the computed drag and lift coefficients 
with grid densities of the order of 1 to 3 million cells for half the 
model, the minimum cell refinement to produce acceptable 
results even if not grid independent results [10, 27-30] for 
general aerodynamics.  
 
Turbulence is then modelled with the most popular one and two 
equations models, those making more sense with the adopted 
refinement, coupled to a Reynolds Averaged Navier-Stokes 
(RANS) solution. The Spalart-Allmaras model (SA here after) is 
the simplest model considered, and may therefore fails to 
reproduce the effects of turbulence up to an acceptable level of 
accuracy. The SA turbulence models solve a single transport 
equation that determines the turbulent viscosity [21-23]. The 
model is not well suited to applications involving jet-like free-
shear regions [23]. It is also likely to be less suited to flows 
involving complex recirculation and body forces (such as 
buoyancy) than two-equation models such as K-ε and K-ω. The 
realizable two layers K-ε model (k-ε here after) is a much more 
sophisticated model providing satisfactory results in many more 
applications of practical interests even if within the limits of a 
two equations model. The K-ε model adopted here is the 
realizable all y+ Two-Layer K-ε Model [24-25]. The SST K-ω 
model (k-ω here after) is a similarly sophisticated model 
providing satisfactory results in a significant number of 
applications of practical interests even if within the same limits 
of a two equations model [23]. The K-ω model adopted here is 
the SST K-ω model [26]. The SST model has seen fairly wide 
application in the aerospace industry, where viscous flows are 
typically well resolved and turbulence models are generally 
applied throughout the boundary layer but is possibly less 
reliable then the realizable all y+ Two-Layer K-ε Model.  
 
Closed wheels GT2 car model 
 
The GT2 cars are very close to street cars, differing at the most 
for the under body of the car that is flat and the downstream 
diffuser also flat. The GT2 aerodynamic is much less 
sophisticated that in other classes, for example Le Mans Racing 
Series cars, where there are many more opportunities to optimize 
drag and lift coefficients and consequently more complex fluid 
dynamic problems to be addressed. The computational mesh is 
made up of 0.9 million cells for half the model (880009 cells, 
2581088 faces, 1048242 verts). The equivalent full model 
resolution is 1.8 million cells. The unstructured mesh is refined 
close to the car body, in the wake and in the region under the car.  
 
Figure 1 presents the contour plots for velocity on the symmetry 
plane for the k-ω simulations at different car speeds. The 
pressure contours are very close each other, proving the 
assumption of constant CD and CL are generally a fair assumption 
to then compute the drag and lift forces of the car at different 
speeds.  Table 1 presents the drag and lift coefficients obtained at 
different car speeds with the three turbulence models k-ω, k-ε 
and SA with movable ground and rotating wheels. The level of 
reduction of residuals is the same for all the simulations. The 
wall y+ changes over the car body from values of the order of 0.1 
to values above 1000. The rear wing is the major source of down 
force, accounting for more than 80% of the lift coefficient. The 
under body of the car is responsible for less than the 20% of the 
lift coefficient. The penalty in drag due to the rear wing (without 
considering the supports) is about a 7-8%. 

 

 

 

 
Figure 1 – GT2 car - Velocity contour plots at 100, 75, 50 and 25 m/s 

speed with movable ground and k-ω modelling. 
 
The accuracy of the low speed assumption is more than 
reasonable, being the car aerodynamic on the track also affected 
by other factors like wakes and uneven ground. Changing the 
speed, both the Mach and the Reynolds number change. The 
Mach number influence is negligible. The Reynolds number 
influence is also modest.  The shear CD reduces increasing the 
velocity, but the shear contribution to CD is minimal if compared 
to the pressure contribution that is about constant. The same is 
true for the shear CL.  The module of the negative pressure CL is 
also reducing increasing the velocity. The k-ω and k-ε models 
produce pretty much the same results, even if the CD is generally 
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slightly larger with the k-ω while the module of the CL is 
generally slightly larger with the k-ε. The SA model performs 
quite well especially for what concerns the CD, while the module 
of the CL is generally underestimated. Within the routine 
computations of aerodynamic changes by using 1.2-1.5 million 
cells unstructured meshes for half a car (2.4-3 million cells total), 
it is therefore reasonable to use either the k-ω or the k-ε model of 
turbulence for race car optimisation, while the SA is possibly 
compromising the computation of the lift coefficient.  
 
Speed [m/s] 25 50 75 100  
CD total 4.19E-01 4.22E-01 4.27E-01 4.18E-01 k-ω 
CD shear 2.37E-02 2.16E-02 2.01E-02 1.96E-02 
CD pressure 3.95E-01 4.01E-01 4.07E-01 3.99E-01 

CL total -4.73E-01 -4.66E-01 -4.61E-01 -4.46E-01 
CL shear 5.01E-03 4.39E-03 4.10E-03 3.85E-03 
CL pressure -4.78E-01 -4.70E-01 -4.65E-01 -4.50E-01 
CD total 4.12E-01 4.14E-01 4.15E-01 4.12E-01 k-ε 
CD shear 2.62E-02 2.38E-02 2.23E-02 2.18E-02 
CD pressure 3.86E-01 3.90E-01 3.93E-01 3.90E-01 
CL total -4.79E-01 -4.82E-01 -4.77E-01 -4.71E-01 
CL shear 5.37E-03 4.86E-03 4.56E-03 4.32E-03 
CL pressure -4.85E-01 -4.87E-01 -4.82E-01 -4.75E-01 
CD total 4.13E-01 4.23E-01 4.30E-01 4.25E-01 SA 
CD shear 1.40E-02 1.32E-02 1.25E-02 1.17E-02 
CD pressure 3.99E-01 4.10E-01 4.18E-01 4.13E-01 
CL total -4.49E-01 -4.48E-01 -4.21E-01 -4.31E-01 
CL shear 1.19E-03 9.64E-04 7.73E-04 7.01E-04 
CL pressure -4.50E-01 -4.49E-01 -4.22E-01 -4.32E-01 

Table 1 – Lift and drag coefficient results for the GT2 car. 
  

Open wheels F1 car model 
 
Simulations have then been performed for a F1 racing car. This 
open wheels car is very far from street cars and has a very 
complex aerodynamics. The 1.35 m mesh has 1346427, 4009724 
and 1587546 cells, faces and verts. The 2.63 m mesh has 
2628665, 7803413 and 3076430 cells, faces and verts. The 
equivalent full model resolutions are 3.70 m and 5.3 m cells 
respectively. The unstructured mesh is refined close to the car 
body, in the wake and in the region under the car. The mesh 
refinement is much better than the one adopted for the GT2 car. 
However, the aerodynamics is now much more complex, and this 
level of mesh refinement may be not enough to capture all the 
most relevant features affecting the drag and lift phenomena. The 
wall y+ changes over the car body from values of the order of 0.1 
to values above 1000.   
 
Figure 2 presents the computed stream lines around the body of 
the car and the contour plots for pressure and velocity magnitude 
on the symmetry plane obtained at 90 m/s with the movable 
ground and rotating wheels by using the k-ε solver. Table 2 
presents the results obtained for the total drag and lift forces with 
the k-ω, k-ε and SA models same speed, movable ground and 
rotating wheels, and 2 mesh refinements. The level of reduction 
of residuals is the same for all the simulations. Clearly, for these 
cars with a much more complex aerodynamics made of separate 
jet flows the turbulence model is of paramount importance to the 
proper computation especially of the lift coefficient. The drag 
and lift coefficients are possibly underestimated by the SA.  The 
lift coefficient is much larger in module with the k-ε model than 
the k-ω and the SA (+25-35%). This is mostly due to the much 
different pressure distribution around the car obtained with the k-
ε. This result tells us that the 2 most reliable models, the k-ε and 
the k-ω, provide in this case better results than the SA, but there 
is still a large discrepancy in between the k-ω and the k-ε that 
deserves further investigation. Better mesh refinement may 
certainly reduce the discrepancies between the k-ε and the k- ω 
results.  

 

 

 

 

 
Figure 2 – F1 car - Streamlines and velocity and pressure contour plots at 
90 m/s speed with movable ground, k-ε modelling and 1.35 million cells 

mesh half model. 
 
For open wheels cars the minimum mesh requirements for a 
reasonable accuracy is possibly 4 times finer than the one 
adopted. The erratic behaviour may be certainly reduced 
increasing the number of mesh points. However, simulations 
done by increasing the mesh size from 1.35 to 2.63 million cells 
half model do not show any improvement as shown in Table 2. 
Low speed wind tunnel measurements of drag and lift forces on a 
model car without moving ground and wheels have shown the 
down force exceeding the drag force by a 40%. We may 
therefore conclude that the k-ε has a better accuracy than the k-ω 



and the SA models for this kind of applications dealing better 
with the mostly separated flows.  
 
Mesh size 1.35m  1.35m 2.63m  

Speed [m/s] 45 90 45 
CD total 7.57E-01 7.55E-01 7.58E-01 k-ω 
CD shear 2.48E-02 2.20E-02 2.52E-02 

CD pressure 7.32E-01 7.33E-01 7.32E-01 
CL total -7.64E-01 -8.00E-01 -7.11E-01 
CL shear 9.26E-04 9.40E-04 4.63E-04 

CL pressure -7.64E-01 -8.01E-01 -7.12E-01 
CD total 7.97E-01 7.83E-01 8.01E-01 k-ε 
CD shear 3.44E-02 3.04E-02 3.53E-02 

CD pressure 7.62E-01 7.52E-01 7.65E-01 
CL total -1.15E+00 -1.08E+00 -1.16E+00 
CL shear 2.00E-05 -2.27E-04 -4.29E-04 

CL pressure -1.15E+00 -1.08E+00 -1.16E+00 
CD total 7.85E-01 7.45E-01  SA 
CD shear 2.17E-02 1.99E-02 

CD pressure 7.63E-01 7.25E-01 
CL total -7.59E-01 -7.33E-01 
CL shear -9.73E-04 -7.72E-04 

CL pressure -7.58E-01 -7.33E-01 
Table 2 – Lift and drag coefficient results for the F1 car. 

 
Conclusions 
 
The aerodynamic of racing cars can be improved by using 
computational fluid dynamic (CFD) tools. These tools provide 
results quite accurate within very short time scales. Results of 
simulations are generally not grid independent and not model 
independent. However, once these limitations are properly 
understood, these tools may be used to reduce the design cycle 
that must also rely on wind tunnel and track testing. Without 
validation, results of simulations are indeed of no value. 
 
The set of results and observations included in this report 
suggests that CFD can be a very useful tool to support the 
aerodynamic design of race cars. The most important 
requirement for the production of accurate results is the mesh 
resolution, with a minimum advised for any calculations looking 
to determine the aerodynamic forces produced by the vehicle 
increasing with the complexity of the car aerodynamic. If 1.2-1.5 
million cells are reasonable for close to street cars configurations 
with closed wheels (the GT2 example), these meshes are not fine 
enough for open wheels as the F1 example.  
 
The choice of the appropriate turbulence model needs further 
investigation, as the different available formulations were not 
applied to the large meshes. However, the predicted flow patterns 
suggest that the specific k- ω and k-ε models perform better when 
predicting the separation point on the aerodynamic surfaces and 
when dealing with transition and separation effects in general 
than the basic k- ω and k-ε models as well as SA models. The 
addition of a transition model to these calculations could greatly 
improve the results. 
 
With the evolution of computational power and mesh generation 
algorithms, larger and better quality grids will be available 
increasing the quality of the simulations. It is then left to the 
designers to find the balance between the number of simulations 
they are able to run and the accuracy of these calculations. As the 
technology evolves, the importance of numerical methods in race 
car design is likely to increase, although experimental methods 
are still needed.  
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