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ABSTRACT 

A computational study of the turbulent flow around an open wheel racecar is developed 

to predict the aerodynamic forces and the vortexes structures formed in the wake and 

around of the vehicle. The baseline geometry was obtained from Nicolas Perrin F1 Team 

[1]. A hybrid mesh was developed using prisms near the vehicle surface and ten 

refinement boxes in the whole computational domain. Apart from a baseline geometry 

with a simplified aerodynamic package and no diffuser, 5 diffuser designs were realized 

to study the global effect that the diffuser has on the overall aerodynamic performance, 

aerodynamic coefficients and the local phenomena near the floor. The behavior of the 

front wing and its aerodynamic interaction with other elements of the vehicle, including 

diffuser and rear wing, was also studied. Overall drag and lift coefficients were found in 

good agreement with experimental data for these vehicles available in the literature. 

Velocity, pressure and vorticity contours are developed to explain the aerodynamic 

features in the wake of the vehicle produced by the diffuser, rotating front and rear 

wheels, front and rear wing and the diffuser.  
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INTRODUCTION 

Figure 1. . Evolution of the lateral acceleration through the decades [2] 

 

The study of the aerodynamic behavior of Open Wheel Racecars has been a key 

area in the overall performance of these vehicles in different competitions worldwide as 

seen in Figure 1 and on [3]. Research in this topic began around the 50’s when the 

importance to increase the cornering speed in the tracks became apparent to improve 

lap times. During the last decades, these studies were strictly experimental due to the 

lack of computational resources. Nowadays, CFD has become as a reliable and well-
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accepted tool to aid in the design process of any aerodynamic component, including 

aerodynamic packages for any motorsport category. 

Current designs of aerodynamic packages are enabled by a combination of data 

from computational and wind tunnel testing and new manufacturing techniques, which 

allow for complex geometries. 

The main components of the aerodynamic package of open wheel vehicles are the 

front wing, rear wing and diffuser. The front wing provides approximately between 20 to 

25% of the downforce, while the rear wing and the diffuser provide between 15 to 20 % 

and approximately 60 %, respectively. Improving the performance of these components 

may allow providing more downforce with less drag, and thus a lower lap time and fuel 

consumption.  

Several authors have investigated the performance of computer simulations for 

modeling and designing open wheel racecars. Huminic, A. and Huminic, G [4] studied the 

effect that the size of the computational domain has on the reliability and accuracy of the 

results.  These authors suggest using these dimensions for the computational domain: 

 Upstream and roof: 2x vehicle lengths 

 Width: 2.5x vehicle lengths 

 Downstream: 5x vehicle lengths  

 Lopez Mejia, O. D et al. [5] tested several combinations of domain size and mesh 

parameters and determined that a domain of size given by: 
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  Upstream: 3x vehicle lengths, 

 Width: 5x vehicle lengths, 

 Upstream: 7x vehicle lengths and 

  Roof: 5x vehicle lengths 

It is required to obtain accurate values of the drag coefficient as compared to 

experimental values. 

Huminic, A. & Huminic, G [4] suggest the use of Y+ values of about 200 for all the 

walls, while using the κ-ω SST turbulence model, because this model provides good results 

in “adverse pressure gradients and separating flows” [4]. Chandra, S. [6] recommends 

using the realizable κ-ϵ turbulence model with higher values for the Y+ as it incurred in 

less computational cost. The authors do not report this parameter explicitly but the height 

of the first layer of elements is reported to be 15 mm, which probably gives a value of Y+ 

greater than 100.  Buljac, A. et Al [7] recommend using values of Y+ ranging from 30 to 60 

to allow for “the precise modelling of the flow characteristics near the surface” [8]. That 

study mesh independence analysis suggests a wider range for the value of Y+ from 60 to 

300, which provide relatively small variation of the results.   

Different authors have suggested several appropriate boundary conditions for the 

simulations. For example, Huminic, A. & Huminic, G [4] suggest using: 

 Vehicle: No – slip wall condition according to SAE standards 

 Uniform free stream velocity over the inlet surface 
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 Zero (gauge) pressure over the outlet surface 

 Rotating wall condition for the wheels  

 Moving wall for the floor with the same velocity inlet value 

 Lateral and upper boundaries slip wall condition 

The conditions presented above were similar for the simulations presented by 

Chandra, S [6] and Buljac, A. et. al. [7]. These authors highlight the importance of using 

rotating walls for the tire surfaces and moving floor in order to avoid a boundary layer 

creation on the ground.  

The residuals reported from these studies are in the range from 0.001 to 0.0008, 

probably because all the simulations were performed in steady state. 

Chandra, S [6] study the downforce for several angles of attack and at 150 mph. Forces 

ranged from 1450 N to 1500 N for the downforce and 1600 N to 1700 N for the drag. 

Giving a L/D ratio lower than 1. 

Buljac, A. et Al [7] compares between flat floors and diffusers for an open wheel 

formula SAE racecar. The most important results on this study are the pressure contours 

shown in Figure 2.  
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Figure 2.  Distribution of the coefficient of pressure under the body of the vehicle [7] 

 

 

Based on the literature review presented above, it is the author’s believe that 

there is no set methodology for the creation of the mesh and model setup that gives 

consistent and accurate results, with residuals below 10-4. These with the purpose of 

making CFD simulations more reliable and robust as a tool to aid in the design of the 

aerodynamic packages of open wheel race cars. The methology will be evaluated and 

validated by studying the principal drag and lift sources and interpreting the results from 

a fluid dynamics point of view.  
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OBJECTIVES  

Main Objective 

• Evaluation of CFD models for the Design and Analysis for Open Wheel racecars. 

Specific objectives 

• Develop and evaluate a methodology for the creation of a mesh creation suitable 

for simulation and analysis of Open Wheel racecars. 

• Elaborate and verify a specific computational set up that accurately simulates fluid 

flow around open Wheel racecars. 

• Implement different diffusers to analyze the incidence of this device in the 

aerodynamic performance of an open wheel race car 

• Apply post–processing techniques to elaborate a detailed aerodynamic analysis of 

the flow over an open wheel racecar. 

COMPUTATIONAL SETUP 

Geometry and computational domain 

The base geometry used on this project was developed by Nicolas Perrin F1 Team 

who developed a model F1 racecar with all the FIA regulations for 2018 on the open 

source software OnShape freely available on his website [9]. This same geometry has 

been used in public projects on SimScale [10] and it has been the base for several 

webinars using this simulation platform. Mesh convergence analysis was done with a 
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baseline geometry with no diffuser and a simpler version of the front and rear wings.   The 

computational domain dimensions and refinement boxes were obtained from the study 

realized by Lopez Mejia O.D et al. [5] adjusted to the size of the reference length of the 

racecar. Table 1 shows the reference dimensions and the computational domain size. 

Table 1. Vehicle and computational domain dimensions 

Dimensions Value (m) 

Racecar Length 4,945 

Width 0,9625 

Height 0,9907 

Wheel base 3,125 

Frontal area 1,509 

Computational 
domain 

Model- incident Flow 3 x Vehicle length 

Model - Outflow 8 x Vehicle length 

Total width 5 x vehicle width 

Model - roof 5 x vehicle Height 

 

Some important considerations are that the vehicle does not have mirrors, 

cameras or any additional parts and there is no pilot. The computational domain has the 

shape of a box as shown in  

 

 

 

 

 

 

Figure 3. 
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Figure 3. Computational domain (dimensions in m) 

 

 

Mesh 

A hybrid mesh was generated with the commercial software Pointwise. This mesh 

has a combination of prisms near the surface, pyramids in the parts where the prisms 

fronts collide (for example in the front and rear wings) and tetrahedral elements away 

from the body. The prims layers were generated with an initial size of 0.3595 mm in the 

60.5 

5 

5 



 

 

12 

 

body and 0.1962 mm in the front and rear wing, with a growth rate of 1.2 and 15 layers 

over the surface. A total of 10 refinement boxes were made around the car to capture all 

the phenomena involved in the aerodynamic coefficients such as vorticity, and additional 

refinements were made in the front wing, front tire and rear tire. Figure 4 shows the 

locations of these boxes in the computational domain and Table 2 shows the element size 

in each box. 

Figure 4. Refinement boxes on the computational domain 

Table 2. Refinement boxes dimensions and average element size (dimension in m). 

Refinement boxes Element size  Refinement boxes Element size  

Box 1 

L  2,5 

0,048 Box 6 

L  2,5 

0,048 H  1,5 H  1,5 

W  1,5 W  1,5 

Box 2 

L  5,5 

0,036 Box 7 

L  5,5 

0,048 H  1,5 H  1,5 

W  1,5 W  1,5 

1 2 3 4 5 
6 7 8 9 10 
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Box 3 

L  5,5 

0,048 Box 8 

L  5,5 

0,08 H  1,5 H  1,5 

W  1,5 W  1,5 

Box 4 

L  5,5 

0,08 Box 9 

L  5,5 

0,14 H  1,5 H  1,5 

W  1,5 W  1,5 

Box 5 

L  5,5 

0,1 Box 10 

L  5,5 

0,14 H  1,5 H  1,5 

W  1,5 W  1,5 

 

 

Figure 5. Surface mesh and refinement boxes elements.  shows the surface mesh and the 

refinement boxes elements. The average size in the surface is shown in the table 3. 

Figure 5. Surface mesh and refinement boxes elements. 

 

 

Table 3. Surface mesh element average size (dimensions in mm) 

Surface Mesh  Element size 

Front Wing 10.96 

Body 8.73 

Rear Wing 6.85 
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Five meshes were created for the convergence analysis, with a coarse mesh near 

10 M element and an Extra-Fine mesh near 20 M element, drag coefficient was the 

selected variable to realize this analysis. Target average Y –plus change from 30 to 50 in 

the different meshes, changing in some cases the element size in the refinement boxes. 

After the mesh convergence analysis was finished, the mesh between 15.5 to 16 

Million of elements was selected to make the further meshes for the second and third 

geometry. The refinement boxes stay with the same dimensions for both second and third 

cases, in the figures and tables below the characteristics of the surface mesh are shown 

were the modified parts are colored with orange. 

Figure 6. Meshes for the second and third geometries (difference between them, the diffuser located in 

the bottom of the right image) 

 

 

Table 4. Surface mesh element average size (dimensions in mm) 

Surface Mesh  Element size 

Front Wing 10.96 

Body 8.73 

Rear Wing 6.85 
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Model assumptions and mesh convergence 

An incompressible, Newtonian flow was assumed, dry air with sea level 

conditions, and a Reynolds number of 1.852 x 10 7 using as reference the car total length. 

The boundary conditions implemented in the simulations are as follows: velocity inlet set 

to 60 m/s, a pressure outlet set to be the atmospheric pressure at sea level. The lateral 

and upper walls were set to constant shear (0 MPa). The floor was set as a moving wall 

(60 m/s). Tires were set with a rotating wall condition (177.709 rad /s equivalent to 60 

m/s). The body of the vehicle, the front wing and the rear wing were set to No- slip wall 

condition and finally a symmetry plane was included.  

This model was implemented on Ansys Fluent v17.0, with steady state conditions 

for the first geometry. Using the semi-implicit method for pressure linked equations 

(SIMPLE) as the pressure – velocity coupling, with a second order spatial discretization for 

all the variables. For turbulence the κ – ω SST according to [4], [7], [8] was used due to 

the target y – plus with an absolute convergence criterion set to be 10-6 (for all the 

residuals) and 12000 iterations. In the Figure 7 the results for the mesh convergence are 

shown. 

Figure 7.  Mesh convergence (size in millions) 
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Figure 8 shows that the boundary layer is contained by the prisms layers and Figure 

9 shows the velocity profile obtained from this modelling.  

The estimation of the boundary layer height was made by the flat plate theory for 

turbulent flow with the following equation  
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𝛿𝐿 =
0.382∗𝐿

𝑅𝑒
1
5

          (1) 

Where L is the reference length and Re is the Reynolds number. 

To obtain the non-dimensional wall distance called the Y+ the same theory applies 

and for the turbulent boundary layer the resulting equation for this parameters is 

𝑌+ =
𝑈+ℎ

𝜇
         (2) 

Where U+ is the local velocity on a cell, h is the cell height. 

Using both equations, we can find a relationship in order to find the number of 

layers required to contain all the boundary layer. 

 

 

 

 

 

 

 

 

Figure 8. Velocity and prisms over the surface 
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Figure 9. Velocity profile over the surface 

 

The Y+ for the selected mesh is reported to show that is in the functional range 

for the turbulence model and that the values can be used later to verify the result. 
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Figure 10. Y+ distribution over the vehicle´s surface. 

 

Diffuser design 

Parametric functions were used to generate 5 different diffuser configurations. 

These functions can be found in [11]. The geometric restrictions found in the FIA 

regulations gave the maximum length of each diffuser. After the length was established 

the parametric curves were applied and the results are shown in the Figure 11. Benzing, 

E [11] recommend angles for the diffuser and the reference plane between 5° and 7° and 

suggests the use of four order polynomial equations to generate the shapes. The main 

objective of the diffuser shape is to return the air to the far field in the smoothest way 

possible. The equation below shows the parametric curve for the diffusers and Table 5 

shows the coefficients for each parametric curve. 

𝑦(𝑥) = 𝐴𝑥 + 𝐵𝑥2 + 𝐶𝑥3 +𝐷𝑥4       (3) 
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Table 5. Coefficients of the parametric curves for each diffuser. [11] 

Diffuser A B C D 

1 0.233 1.084E-05 1.261E-05 -2.735E-09 

2 0.14 1.282e-03 -1.225E-05 1.401E-07 

3 6.642E-02 1.734E-03 -2.15E-05 1.866E-07 

4 0.131 1.204E-03 1.725E-05 2.711E-07 

5 5.203E-02 2.51E-03 -4.953E-05 4.725E-07 

 

Figure 11. xy coordinates for the 5 diffuser designs (dimensions in mm) 

 

Autodesk Inventor [12] was used to create the different geometries. Figure 12 

shows two of the diffusers for comparison. 
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Figure 12. Example of two diffusers created from parametric curves 

 

Figure 12 shows only the half from each diffuser since symmetry was exploited to 

reduce computational cost. Each diffuser has an average element size of near 10 mm. 

For the simulations performed with the second and third geometry show in Figure 6 

(geometry with no diffuser and diffuser). The computational setup change in the 

implementation because transient simulations were realized to all these models. The 

steps followed to obtain each result were 350 iterations in steady state with all the 

variables in first order, 150 iterations in steady state with all the variables in second order. 

For the transient simulations, the important variables are as follows: total physical time 

was set to be 2 seconds, with a delta time step of 7.7 x 10-4 s, equivalent to 2598 time 

steps with 30 internal iterations on each one or an absolute convergence criterion for all 

the residuals of 10-6. 

RESULTS 

In this section, the results obtained from all the simulations are presented; In 

Figure 14 the lift and drag coefficients for the base model and for the five diffusers are 

shown. 
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Figure 13 shows a typical Cl and Cd signal as a function of time. The values reported 

for each coefficient in 
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Table 6 is the time average of the signal using between 1 and 2 seconds once the 

coefficients began to show a steady state behavior. This procedure was realized for all the 

diffusers and the baseline geometry.  

Figure 13. Aerodynamic coefficients (for one diffuser) vs time 

 

Figure 14. Comparison for the lift and drag coefficients 
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Table 6. Lift and drag coefficients obtained for each configuration 

Diffuser  CL CD 

1 -0.4285 0.6767 

2 -0.4080 0.6781 

3 -0.4155 0.6688 

4 -0.4198 0.6846 

5 -0.3840 0.6859 

Base -0.2953 0.6844 

 

The wake analysis of race cars is important because it gives physical sense to the 

reported values of drag and lift coefficients. The different vortexes structures founded at 

certain distances behind the car are analyzed and it is identified which part of the car 

creates each one. 

 

The structures found in the Figure 15 are the following: A(+,-) are the vortexes 

generated from the rear tire. B(+,-) come from the front tire. C(+,-) are the ones created 

Figure 15. Vortexes structures found in the wake of the car (0.5 m behind the car) 
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from the endplates located in the rear wing with eliptical form. D(+,-) are created from 

the interaction of the car’s body and the rear wing. E(+,-) generate from the rear light and 

the car´s body and finally F (+,-) come from the diffuser. These vortexes have a direct 

implication in the most relevant component of the drag that is the boundary layer 

detachment. These structures are similar in all the diffusers geometries but the sizes from 

the vortexes F (+,-) change, in the next pages this sizes are analyzed more deeply.  The 

vortexes structures from the endplates arrives 14 meters behind the car as shown in  

Figure 16. 

Figure 16. Vortexes structures found in the wake 14 meters behind the car. 

 

The front wing has the most complex geomtries, because of these there are 

various vortexes structures found near this geometry. RANS as the implemented model 
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accomplish to capture the most important ones as shown in the Figure 17. As also said in 

[5]. 

Figure 17. Main vortexes structures found in the front wing 

 

One of the principal function of this device is to guide the air flow so that the diffuser and the rear wing 

diffuser and the rear wing can work the most efficient way possible. The vortexes found in the right 

in the right part of the Figure 17 help to reduce the drag produced by the front tire, and the vortex 

found to the left called Y250 help the flux entering the radiator and the air flow that goes under the 

vehicle  is seen in the  

 

 

 

 

 

 

 

Figure 18. 
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Figure 18. Top view from the different vortex structures around the car 

 

 

To see the effect of the diffuser it is important to compare it with the baseline 

simulation ( no diffuser ) where different contours images are presented in the following 

figures to understand the importance of these device. 
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Figure 19. Comparison between vorticity structures in a geometry with no diffuser (left) and diffuser 

(right) 

 

 

Figure 20. Comparison between the streamlines with no diffuser (left) and diffuser (right) 
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Figure 21. Vorticity structures around the wake of the car with no diffuser (left) and diffuser (right) 

 

 

In Figure 20 the streamlines show how the airflow goes upwards immediately 

leaves the diffuser, this effect causes additional downforce. In Figure 21, it can be seen as 

two vortexes leaving the diffuser while these do not exist in the baseline geometry. These 

vortexes are equally missing in the contour as shown in Figure 19.  This effect is reported 

in [7], [8] by the authors. 

Figure 22. Velocity contour with no diffuser (left) and diffuser (right) at 0.15m from the ground 
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Another important effect is the additional downforce generated by the diffuser. 

The next figure will explain how the change in the pressure under the car influences the 

result in the lift coefficient. 

Figure 23. Pressure contours under the body with no diffuser (left) and diffuser (right) 

 

 

In the right part of Figure 23 there is a low-pressure zone, which means high 

velocities are present; this zone is at the beginning of the diffuser and is the zone that 

gives downforce. This low-pressure area is not present with no diffuser and the airflow 

can´t return smoothly to the back part of the car therefore the baseline car has more drag. 

These zones are similar to the ones reported on [6] for the different diffuser geometries 

and show similar behavior as the contours found in [3]. 

A comparison between the geometries pressure in certain zones from the back 

part of the vehicle were performed. The objective of this was to quantify the phenomena 

found in Figure 23; the analyzed zone is shown in the next figure. 
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Figure 24. Pressure analysis zone 

 

 

Figure 25. Comparison of the pressure between no diffuser and diffuser 
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The overall pressure distribution over the diffuser can be seen in the Figure 26 and 

Figure 27, where the low-pressure zone is identified. 

Figure 26. Pressure contour on the vehicle’s floor. 

 

Figure 27. Pressure behavior on the vehicle´s floor. 
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CONCLUSIONS 

The mesh obtained with the proposed parameters gives a good result in terms of 

quality and stability this can be seen in the residuals’ behavior during the simulations. The 

convergence criteria with the transient set up is succesfully reached with all the residuals 

except continuity (arrive to 10-5),  probably with more iterations per time step this residual 

should arrive to 10-6.  

This way to mesh wings using an advance meshing option on Pointwise called T-

Rex is able to correctly capture the curvature presented in the wing profiles for both the 

front and rear wing. Besides this meshing option gives good quality pyramids in the 

collinding fronts from the wings that again can be seen in the results obtained with high 

quality resolution over the wings. It is necessary to make additional mesh refinements on 

the front wing and the tires because of all the complex phenomena found during post-

processing.  

The number of layers and first element height selected are able to correctly 

capture the velocity profile near the surface this give a good relation between number of 

elements and quality in the results. 

The computational set up selected with the κ-ω SST turbulence model and the 

specific values for the turbuelence variables alongside the values of the moving domains, 

and the imposed boundary conditions give high quality results in order to analyze the 

phenomena that is happening around the car. The transient set-up gives good residuals’ 
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behavior so the calculations for the necessary timestep and the total simulation time were 

correct in order to capture a good aproximate of the total vortexes structures taking into 

account the these simulations are RANS. 

The proposed diffusers design manage to accomplish to give additional downforce 

to the vehicle compared with the baseline simulation and decrease the drag coefficient 

value. The key is the smooth transition in the curvature in order for the flow to return to 

the farfield conditions without creating any additional flow separations or any other 

effect that could affect the drag value. It is important to note the the diffuser is the more 

efficient aerodynamic device (compared with the front wing and rear wing which both 

give downforce but raise the frontal area that increases the drag) giving an additional 40% 

of downforce without increasing the drag.  

The different post-processing techniques used during this investigation allowed to 

capture differences in the phenomena presented on the baseline model and the diffusers 

geometries as can be seen in the different images on all the article, once again this result 

have high quality visualiztions because of the high resolution mesh. 

RECOMMENDATIONS 

In Pointiwise is important to keep the aspects ratios on the mesh below 1000, the 

higher values are going to be found in the trailing edges of the wings. A good practice to 

find the correct dimension for the elements all around the body is to establish your 

element height according to the y-plus value you establish  (between 30-300 should 
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work). Once you do this your surface mesh should be 10 to 20 times your first element 

height in the body and the wings. The importance of using the T-rex tool in the surface 

mesh of the wings has two parts. The first one is becasuse you want to correclty model 

you wing curvature. The second one is because you are going to control your aspect ratio 

on the trailing and leading edge. It is important to keep the values of the T-Rex around 5 

times lower than your surface mesh.  

 When you finish your mesh you have to put special attention to the boundary 

conditions you are setting for all the parts, be aware of putting a wrong condition over 

some part. Some important parameters you might check out are the skewness (should be 

below 0,99 or very few elements over this value max 0,998) and the aspect ratio 

(mandatory below 1000). To acomplish these values is important to have a high quality 

surface mesh the variable that you can check is the area ratio that is the variable that 

relates the ratio between areas of adjacent elements ( this value should be less that 10 ). 

 On fluent is important to check you mesh dimensions , if your mesh was done in 

mm and on fluent you are working in m the first step for you is to scale your mesh. After 

you done these process you can follow the set up founded in this document. It is 

important to give the directions to fluent to export the data at certain time steps (if the 

simulation is transient). This is a time saving process because if you don’t set this once 

the simulation is complete you have to export each time step youself.  
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