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1. Introduction 
 Through the passing of years, aerodynamics has grown to become one of the most 

important aspects of performance car design, if not the most, as in the case of motorsport 

areas such as Formula 1, where minor details related to how different streamlined shapes are 

conceived can decide between a race winning car and a middle-pack running car.  This trend 

started with the concern of finding a way to make the tires generate more pressure against 

the road, thus increasing total available grip, without adding more weight to the car. The 

answer to this is what is known as downforce, created by the interaction between various 

elements of the car and the air flow passing through it.  

 

 
Figure 1. Comparison of cornering acceleration of cars with and without aerodynamic downforce [1]. 

Figure 1 shows how the cornering speed of race cars have improved with the addition of 

downforce. These values are shown relative to what a production 1993 Chevrolet Corvette 

can achieve. Starting from the 1960s, the dotted line starts to increase significantly for cars 

with aerodynamic downforce. This can be understood because, before this time, 
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aerodynamics was only directed to reducing drag [2] which, though it generated greater top 

speeds on a straightaway, the effect did not apply to corners. Therefore, the first vehicles to 

use wings or spoilers were introduced around this time, as in the case of the Ferrari 330 P3/4 

or the Chaparral 2F, shown in Figure 2 and Figure 3, respectively. Not only that, but it also 

could be seen how the cars’ shape were starting to become more streamlined in order to 

reduce front areas (thus reducing drag) while trying to maximize plan areas (thus increasing 

negative lift) [2]. 

 
Figure 2. Ferrari 330 P3/4 showing its small spoiler [3]. 

 

 
Figure 3. The winged Chaparral 2F [4]. 

Once wing development and optimization was developed and rules for various categories 

introduced in order to maintain safe maximum speeds, limiting the size and height of these 

as well as vehicle dimensions, loopholes in the regulations were starting to be found, 

developing new ways to generate downforce and reduce drag. Some examples are the 
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addition of sidepods, diffusers, endplates and modification of the undertrays, each one of 

them having their own advantages. 

Specifically speaking, endplates were introduced with the goal of not only hiding the 

transverse section of the wing (as can be seen in Figure 3), but also to reduce the effect of 

high pressure air from migrating to the low pressure side under it [2]. This phenomenon 

induces more generation of drag through the creation of vortexes at the tip of the wings as 

well as reduction of downforce. When the endplates are fitted on the sides of the aerofoils 

the pressure differential is maintained [2] and, although the vortexes are still being generated, 

now they start to form at the tips of the endplates, which in turn increases the wing’s 

efficiency by moving them away from it. This means: the larger the endplate, the better the 

efficiency of the wing. This idea normally cannot be applied in one direction due to the fact 

that the regulations of racing categories limit the height of the wings, which means that 

usually the trailing edge of it is at its highest allowable position, as well as the top part of the 

endplate, as shown in Figure 4. However, they can still be extended in the opposite direction 

(downwards) [2] which still helps in downforce creation and drag reduction. 

 These endplates can be further improved by various modifications that can be made 

to it. One of the most notorious one, mostly seen in high category racing, are the louvers. 

These are slots that are cut from the endplates, having different sizes and shapes (Figure 5). 

When they were introduced, it was believed that their only purpose was to reduce vortex drag 

by sacrificing pressure difference on the wing, which was a result of the air passing through 

the slots into the low-pressure area [2]. However, it was later discovered that their special 

shape, which resembled small aerofoils, also helped to increase downforce. Though this 

effect is relatively small, compared to other upgrades that can be made to the vehicle, they 

have the main advantage of being easily manufactured, which in turn results in a faster trial 

on a racetrack. 
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Figure 4. Simple endplate design for a V8 SuperTourer [5]. 

 

 
Figure 5. Louvers on endplate of a V8 SuperTourer [5]. 

This project is based on computer simulations of fluid flow, which is known as 

Computational Fluid Dynamics (CFD). This was starting to become available by the 1970s, 

becoming now one of the most important aspects of car design as it is a relatively fast way 

of evaluating different designs before they are actually manufactured and put to test. The 

general workflow when doing CFD consists of first, obtaining a computer aided drawing 

(CAD) model of the desired geometry which then is imported into a meshing software that 

generates cells over and around in which the fluid dynamic equations are calculated [2]. Once 

this is completed, the mesh is taken to a solver that carries out the process just described. 

Finally, a post-processor is used to view the results and enables visualization of various 

parameters and behavior of flow around the geometry.   

The work presented in this project is based on a race car prototype derived from the Radical 

SR3 (shown in Figure 6) called Salamandra (Figure 7). This vehicle is manufactured in 

Colombia by Niko Racing, a company which has created various of these types of race cars. 

The main difference between the Salamandra and the Radical is the suspension type: the first 
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one uses push-rod at the front while the second one has its own patented suspension. This 

precludes Niko Racing from using it, having to appeal to the one already mentioned. If one 

compares the two vehicles shown in the figures below, it would seem as if one is a replica of 

the other one. However, various upgrades have been developed in Colombia regarding the 

Salamandra, for example, the radical´s chassis is made of carbon steel [6] while the model 

produced in Colombia is now composed of chromoly (steel with addition of chrome and 

molybdenum), making it lighter.  

 

 
Figure 6. The Radical SR3 Supersport [7] . 

 

 
Figure 7. Salamandra prototype [8]. 

 

The work presented here is focused on the endplates of the Salamandra and the effects that 

are observed by adding louvers. By the time this document was written, the prototype was 

mounted with the simple endplates shown in Figure 8. One of the goals of the project is to 

develop different louver designs based on what is seen every weekend on different racing 

categories in order to determine which shows better drag and downforce improvement 

through CFD. In order to achieve this, a CAD of the vehicle is obtained to then develop a 
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computational model that is capable of replicating the aerodynamic behavior of the car under 

normal airflow conditions (i.e. traveling in a straight line without cars in the front that could 

alter the incoming flow). This model being generated through the meshing software 

Pointwise. Once this is completed, simulation of the situation can be done using Ansys Fluent 

and post-processing (result observation and analysis) carried out through Paraview. A more 

in-depth explanation of the entire process will be shown later in the document.  

  

 
Figure 8. End plates used in the actual car. 

 1.1 previous work 
 

Different types of work can be related to the work in question. A graduation project was 

conducted by Andrés Felipe Niño focused in characterizing the aerodynamic behavior of the 

Salamandra as well as evaluating different alternatives that would increase downforce [8]. 

This was done through CFD and experimentation, the latter consisting in building a prototype 

of the design evaluated in the simulations. For the computational model, the main parameters 

used were a velocity of 40.27 m/s with the flow domain dimensions shown in the table below. 

The vehicle geometry along with a slice of the mesh can be seen in Figure 9. This was done 

through the generation a hybrid mesh consisting of prisms near the surface, which define the 

boundary layer and tetrahedrons in the rest of the domain. For the simulation, the open-source 

software SU2 software was used running the 𝜅 − 𝜔 turbulence model, obtaining drag and lift 

coefficients of 0.8 and -1.04, respectively [8].  
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Figure 9. Geometry used in Niño's simulation with slice of mesh [8]. 

 
Table 1. Computational domain established by Niño. 

A similar work was done by Omar Lopez, Sergio Ardila, David Blanco and Luis Muñoz. In 

this case, the main objective was to study the vorticity in the near wake of a station wagon 

[9]. The general mesh layout was similar to what was mentioned in the previous paragraph, 

combining prisms and tetrahedrons. It should be noted, though, that the dimensions of the 

flow domain vary slightly to what is described in Table 1, with the only variations being the 

width and outlet, for which Niño used a value of four times and eight times the body length, 

respectively, while this case uses five times and eight times these values [9]. Apart from this, 

refinement boxes were established in order to capture more adequately flow behavior in the 

vicinity of the vehicle. The exact values were determined through iteration until the 

aerodynamic coefficients would not vary too much.  The result of this process are the sizes 

shown below: 

 

 
Figure 10. Refinement values used in [9] (mm). 
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Regarding the simulation, a velocity of 70 km/h was established, and the turbulence model 

used was the Spallart-Allmaras, arguing that this one provides capabilities to simulate 

external flows at high-Reynolds numbers while maintaining a low computational cost [9]. 

The convergence criterion used was of 10() with 5000 iterations [9]. 

 

A short research work done by Prathamesh Sankhe was done in order to start determining 

the adequate parameters that would need to be used in this project. To achieve this, he started 

developing a mesh for an Ahmed Body, which is a simple geometrical shape with a length 

of 1.044 m that allows to validate aerodynamic simulation tools [10]. The mesh parameters 

used were the same as the ones shown in Figure 10 for the refinements and the domain size 

was also created with the values determined in [9]. For the simulation, the 𝜅 − 𝜔 turbulence 

model was used with convergence criterion of 10). 

2. Objectives 

2.1 General objective 

- Study the capability that a computational model has to capture different end plate 

configurations, with the variations being relatively small with respect to the car’s general 

dimensions. 

 2.2 Specific objectives 

- Develop a computational model that is capable of replicating the aerodynamic behavior of 

a Salamandra prototype race car.  

- Evaluate and compare the aerodynamic coefficients obtained for each endplate 

configuration. 

- Visualize the results and analyze how the variables of interest behave around the endplates. 
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3. Theoretical framework 

 3.1 Basic terminology 

 
Figure 11. Laminar and turbulent flow [1]. 

 

In order to understand the various types of phenomena that will be analyzed in this work, it 

is first necessary to describe some of the terms that not only constitute but are the base of 

what will be shown further ahead. 

The first basic concept is that of what types of flow are present in any type of fluid mechanics 

situation. These are classified into laminar flow or turbulent flow. In short terms, the first one 

can be described as if one traces different air particles (or whatever fluid is question) and the 

trajectories that are described by these stay parallel to each other, as it is observed in the top 

image of Figure 11. On the other hand, turbulent flow is characterized by the streamlines 

shown in the lower part of Figure 11, following random paths and crossing with each other. 

The determination of a fluid falling on one type or the other depends one of the most used 

numbers in the field, which is the Reynlods number, a non-dimensional variable defined by 

the following equation [1]: 

𝑅𝑒 =
𝜌𝑉𝐿
𝜇 								(1) 

Where 𝜌 represents the fluid’s density, 𝑉 the velocity, 𝜇 the dynamic viscosity and 𝐿 is a 

characteristic length, which in this case is the car’s length. A flow having a Reynolds number 

between 104 and 10) is classified as laminar while, if this value is higher than 10), it is 

determined to be turbulent [11]. Race car aerodynamic problems fall into this type, in which 
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the fluid analyzed is air, having a density 𝜌 = 1.225	𝑘𝑔/𝑚4 and a viscosity of  𝜇 =

1.8 × 10(> ?@
A	B
	. 

The viscosity mentioned before also plays part in a different way over the geometry analyzed 

(the race car, in this case). If a car is travelling at a speed of 𝑉C and a close-up image of the 

instant velocity profile just on top of the surface is taken, a distribution like the one shown in 

Figure 12 will be obtained. It can be observed that the velocity gradually increases from zero 

to 𝑉C. This is a result of a property of fluids called the no-slip condition, in which the particles 

stick to the walls due to the viscosity just mentioned. This effect also slows down the particles 

in the layers above until the velocity is no longer altered and its value equals the so called 

free-stream velocity [1]. The thickness in which this variation in velocity happens is known 

as the boundary layer. There are various equations related to how to calculate this value, but 

one commonly used is based on the flat plate boundary layer theory, which defines two ways 

to calculate the thickness, depending on the type of flow. In this case, only the equation for 

turbulent flow is shown [11]: 

𝛿 =
0.16(𝐿)

𝑅𝑒
F
G

							(2) 

Where 𝛿 represents the boundary layer thickness. 

 
Figure 12. Velocity profile on top of the surface of a vehicle [1]. 

Regarding each different streamline, an expression relating local pressures and velocities 

can be derived which helps to understand how these variables behave through the length of 

the car. This is the Bernoulli equation [1], defined by: 

𝑝I
𝜌 +

𝑉IJ

2 =
𝑝K
𝜌 +

𝑉KJ

2 								(3) 
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Where the subscript ∞ makes reference to the free-stream variables and 𝐴 to a point 

somewhere along the line. From this equation it can be deduced that if the pressure decreases 

at 𝐴 then the local velocity has to increase in order to maintain the equality. Bernoulli’s 

equation can be reorganized and rewritten in a way such as that a new variable can be 

obtained. This is the pressure coefficient, shown in equation (4) [1]: 

𝐶P = 1 −
𝑉
𝑉K
						(4) 

The pressure coefficient is one of the most analyzed variables in race car aerodynamics 

because of the simplicity of it and how it relates to the values of local velocities and thus 

local pressures. For example, at places where local velocity is zero (stagnation point), the 

pressure coefficient will be 1 and, on the other side, if pressure coefficient is lower than zero, 

it means that velocity is higher than the free-stream values. This can be resumed in the 

following table: 

 

 
Table 2. Values for pressure coefficient [1]. 

Having presented the pressure coefficient concept, one can now analyze how this value 

typically behaves around the surface of a car. If Figure 13 is observed, it can be seen that at 

the front of the vehicle, where the local velocity becomes zero, pressure coefficient is one. 

As 𝑥/𝐿 grows, velocity starts to increase, meaning that 𝐶P decreases. When the surface of 

the car turns concave (i.e., windshield zone), the pressure rises again to then decrease in the 

rooftop zone, where local velocity is at its highest point. One would think that in the rear of 

the car the value of the pressure coefficient should go back to one again, which is not 

happening as it can be observed in the figure. Shown in the dotted circles are the zones called 

favorable and unfavorable pressure gradients: the first one taking place where the pressure 

goes from a high point to a low one, while the opposite happens in the latter. What was just 

mentioned is the reason why the pressure in the rear does not recover entirely. Favorable 

pressure gradients help to keep the flow “attached” to the vehicle while, in the other case, 

unfavorable pressure gradients lead to the flow “detaching” from the surface and generating 

a wake [1]. Having a pressure coefficient lower than one on the rear of the vehicle leads to a 
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pressure difference between the front and the back, slowing the car down. This effect is one 

of the components of drag force, called form drag [1]. Another type of wake will be explained 

later in the document, when wings are introduced.  
 

 
Figure 13. Distribution of pressure coefficient around a car [1]. 

Although much has been discussed regarding drag and lift coefficients, a formal definition 

in the form of an equation has not yet been introduced. If one knows the total forces acting 

on the car, it is possible to determine these values through the equations shown below [2], as 

usually one is interested not in knowing the value of the forces, but the coefficients associated 

with them, providing a way to compare directly with other vehicles or situations as these 

numbers are non-dimensional: 

𝐶S =
𝐷

1
2𝜌𝑉K

J𝐴
									(5) 

𝐶U =
𝐿

1
2𝜌𝑉K

J𝐴
										(6) 

𝐶S and 𝐶U are the drag and lift coefficients, respectively, while 𝐴 is a reference area. Typical 

values for these numbers associated to a 1985 generic prototype vehicle are 𝐶S = 0.74 and 

𝐶U = −1.79. 
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 3.2 Wings    
 

 
Figure 14. Wing terminology [2]. 

The main definitions related to wings are shown in Figure 14. The chord dimension refers to 

the length of the straight line that connects the leading and trailing edge. The angle of attack 

refers to angle that is formed between the chord and the freestream flow [2]. The wing’s 

width is the span which, divided by the chord, gives the aspect ratio: 

𝐴𝑅 =
𝑠𝑝𝑎𝑛
𝑐ℎ𝑜𝑟𝑑 =

𝑏
𝑐 									(7) 

The camber line is the one that divides the wing into equal separate parts through the chord 

and, finally, the maximum thickness 𝑡 is located where the maximum camber happens [2].  

Another definition related to wings is the lift to drag ratio, 𝐿/𝐷	, which can be classified as a 

measure of the profile’s efficiency, relating the drag and lift coefficients.  

Race car wings work the same as airplane wings but inverted. In this case, a pressure 

difference is generated due to the shape of the wing, creating low pressure on the bottom side 

and high pressure on the upper side, thus generating downforce. Typical pressure coefficient 

plots of wings are shown in Figure 15, in which aspect ratio is being varied.  
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Figure 15. Typical pressure coefficient plots along a wing with different aspect ratios [12]. 

If one desires to generate more downforce, a second wing can be added, which is normally 
called a flap [2]. The same terminology of Figure 14 applies but with some changes, as it can 
be seen in Figure 16. 

 
Figure 16. Dual-wing terminology [2]. 

 
As it was mentioned in section 3.1, there is another type of wake that is of interest, called the 

vortex wakes. They are normally observed starting at the trailing edge of wings and rotating 

for a large distance [1]. The pressure differences on a wing cause the flow on the upper side 

wanting to migrate to the lower side of the aerofoil. As this occurs, the streamlines then mix, 

and the behavior shown in Figure 17 is obtained. The effect that this has is to increase drag 

and reduce wing efficiency by also lowering the downforce [2]. In order to correct this and 

maintain the pressure differences along the wing, endplates are fitted at the sides of the 

aerofoil. The addition of these elements does not eliminate vortexes: as it was mentioned 

before, these help in a way such as that these are moved away from the wing, as they now 

form at the tips of the endplates.  
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Figure 17. Vortexes left by the rear wing [1]. 

 3.3 Computational Fluid Dynamics (CFD) 
 
The typical unknows related to a fluid dynamics problem are: velocity in every component 

(x, y and z), pressure distribution, density and temperature [2]. As air is considered 

incompressible in this case and temperature is not a variable of interest for the subject studied, 

only the first two are of concern. In order to obtain these variables, the software used solves 

the equations of conservation of mass and momentum (Navier-Stokes). Because flow in these 

cases is turbulent, one is constantly having fluctuating velocities so, in order to “simplify” 

these variations, the equations are averaged, which gives as a result the Reynolds-averaged 

mass and momentum conservation equations. The first one (also called continuity equation) 

is shown below [13]: 
𝜕𝑢d
𝜕𝑥 +

𝜕�̅�
𝜕𝑦 = 0							(8) 

Where 𝑢d is the Reynolds-averaged value of the velocity in the 𝑥 direction and �̅� represents 

the same value but in the 𝑦 direction. The Reynolds-averaged Navier-Stokes equations (also 

called RANS) can be written for the	𝑥 component form as it is shown ahead [13], being the 

𝑦 direction equation analogous to it: 

𝜌 g𝑢d
𝜕𝑢d
𝜕𝑥 + �̅�

𝜕�̅�
𝜕𝑦h = −

𝜕�̅�
𝜕𝑥 + 𝜇∇

J𝑢d + 𝑓k̅lmn,p								(9) 

Here q𝑢d rls
rp
+ �̅� rtd

ru
v represents the acceleration, rP̅

rp
 is the net pressure force, 𝜇∇J𝑢d being the 

net viscous force and 𝑓k̅lmn,p represents a viscous force generated due to turbulent stresses. 

The last term involves fluctuations that are multiplied by fluctuations [13], therefore, models 

are introduced that help to solve the equations.  
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One of the models used to solve 𝑓k̅lmn,p is the eddy-viscosity turbulence model. In general 

terms, this adds a variable 𝜇k called the eddy-viscosity and, in order to find that value, more 

equations have to be introduced. The main turbulence models used to determine this value 

are Spalart-Allmaras, which uses only one equation,  𝜅 − 𝜔 and 𝜅 − 𝜖 turbulence models, 

which use two equations. The main difference of the last two mentioned is that the first one 

predicts flow behavior adequately near walls (car surface, for example) and the second one 

does this well far from them [14].The 𝜅 and 𝜔 parameters can be calculated through the 

following equations [15]: 

𝜅 =
3
2
(𝑉K𝐼J)										(10) 

𝜔 = y
𝜅
𝑙 																(11)	 

Here, 𝐼 is the turbulence intensity, having a value under 1% for external flows around vehicles 

[16], and 𝑙 is the length scale, which can be estimated as [17]: 

𝑙 = 0.4𝛿						(12) 

This model has a variation, the 	𝑆𝑆𝑇	𝜅 − 𝜔, which provides similar benefits as the standard 

one, but shows slightly more accuracy and is less sensitive to inlet boundary conditions than 

𝜅 − 𝜔 [18]. 

The mesh generated will define the places where the solver will solve equations (8) and (9) 

until a convergence criterion is reached (due to the discretization of the domain and 

guesswork related to the turbulence models, leading to not having conservation at first). The 

mesh can be structured or unstructured [2], where the first one refers to the case in which one 

has only hexahedrall cells. These are “placed” in critical areas while tetrahedral cells are 

found in non-critical areas, leading to a hybrid mesh [2]. 

Various parameters can be used that define the quality of a mesh. Two of the most used ones 

are the aspect ratio and the skewness. The first one refers to the ratio of base versus height of 

an element while the second one measures how much “skewed” are the cells from being 

ideally fully hexahedral [2].  

Another mesh-related parameter is the y+. It describes how coarse or fine a mesh is near the 

walls for a particular flow pattern [19]. Not only that, but it also defines the height of the first 

element off the vehicles surface. This value has to be taken into account because it assures a 

proper prediction of boundary layer behavior. Having the y+ it is possible to determine the 
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size of the first element using equation (1) and the following expressions of the flat-plate 

boundary layer theory [11]: 

𝐶} =
0.026

𝑅𝑒
F
G
								(13) 

𝜏��UU =
𝐶}𝜌𝑉KJ

2 								(14) 

𝑈}m�� = �
𝜏��UU
𝜌 									(15) 

∆𝑠 =
𝑦�𝜇
𝑈}m��𝜌

									(16) 

Where 𝐶} is the skin friction coefficient, 𝜏��UU is the wall shear stress, 𝑈}m�� a friction velocity 

and ∆𝑠 the height of the first element.  

The determination of the 𝑦� depends on the turbulence model used and how it is desired to 

model the wall. A turbulent boundary layer is divided in the regions shown in Figure 18: 

 

 
Figure 18. Turbulent boundary layer regions [18]. 

When it is desired to know the forces on the wall then it is necessary to obtain an adequate 

solution of the viscous sublayer. In order to get this, the  𝑦� value should be about 1 [18]. 

Instead, if rather than this, it is wanted to see the mixing flow pattern in the middle of the 

domain, then 𝑦�should be between 30 and 100, resulting in an adequate location of the log-

layer [18]. 

 

Once these mesh parameters are established and the quality criteria achieved, the mesh is 

then exported to the solver format once it is finished. Here, boundary conditions are defined, 
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convergence criteria defined, and solution methods established. For the first mentioned, 

stationary walls, inlet, outlet and moving walls are defined. For the case analyzed, wheels are 

moving walls rotating at an angular velocity defined by: 

Ω =
𝑉K
𝑟 							(17) 

Where 𝑟 is the radius of the tire.  

It is necessary to determine the state of the simulation, being it steady state or transient. If 

the second one is used, the equations that define the time step partition and the flow 

simulation time are given by:  

∆=
𝐿m�}
𝑛 									(18) 

						∆𝑡 =
∆
𝑉K
												(19)				 

	𝑡� =
𝐿k�k�U
𝑉K

							(20) 

								𝑛� =
𝑡�
∆𝑡 												(21)						 

Here, ∆ is a parameter that defines the time step size ∆𝑡, 𝐿m�} is a reference length, 𝑛 defines 

the partitioning of 𝐿m�}, 𝐿k�k�U the domain length, 𝑡� the total simulation time and 𝑛� the 

number of time steps.  

The solver needs to be input of the methods it will use to calculate the solution. One of the 

main parameters is the gradient, which is needed in order to compute velocity derivatives and 

compute scalars at the cell faces [20]. These are Green Gauss Cell Based, Green Gauss Node 

Based and Least Squares. In simple terms, they differ on the computational cost and 

accuracy: The first one is the cheapest but less accurate while the other two provide better 

accuracy while generating more computational cost [21]. 

The next important parameter is the order of the discretization used. Generally, first and 

second order are the most used, with the first one having less accuracy with less cost and the 

latter being the opposite: better accuracy but more computation time. 

4. Methodology 

 4.1. Geometries defined 
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Figure 19. CAD model of the Salamandra. 

 
The first step in the simulation process was obtaining the geometry. In this case, a CAD 

model of a Radical SR3 was obtained by Niño and some adjustments were made to it in order 

to resemble the Salamandra prototype. The result is shown in Figure 19. It should be noted 

that this model does not have the figure of the driver in the cockpit. Also, it can be seen that 

the endplates it currently had were a simple model without louvers. 

 

 
Figure 20. Mid wing layout (dimension in mm). 
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Figure 21. Two-element wing layout (dimensions in mm). 

Regarding wing detail, Figure 20 shows the mid wing while Figure 21 shows the layout of 

the two elements composing the rear wing. It should be noted that these are not from any 

specific reference. Referring to the first one, the mid wing has a chord of 189.045 mm and, 

for the rear wing, the main element has a chord length of 225.86 mm, while the flap (or 

second element) has a corresponding value of 122 mm. This configuration gives a total chord 

of 317.27 mm with an angle of attack of 14.3º. 

As it was mentioned, one the objectives defined is to vary the endplate configuration in order 

to observe how the aerodynamics coefficient vary. As so, three different layouts were 

determined, each one based on what is normally observed in various racing categories. The 

first model was taken from the louvers seen on a Honda RA107 Formula 1 car (observed in 

Figure 22). As it is first wanted to see if the computational model is capable of detecting 

these openings, a simple louvered geometry was established similar to that of the Honda, 

which can be seen in Figure 23. The characteristics replicated were, primarily, slot inclination 

and relative length. Due to the fact that racing teams do not reveal exact details about these 

types of developments, no information is at hand related to exact dimensions and 

configurations of the louvers. The “blades” in between were made to resemble a simple wing, 

as this detail is the reason of the slight increase in downforce [2] when the feature is added. 

The angle was fixed such as it was similar to the Honda’s. 
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Figure 22. Louvers on a Honda RA107. 

 
Figure 23. Honda F1-based louvers. 

 

 
Figure 24. General dimensions of Honda based slots (dimensions in mm). 
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As it will be shown in the results section, no effect on the aerodynamic coefficients was 

observed when the first configuration was simulated. This led to trying a bigger slotted 

portion of the endplate, having more blades, although this time not resembling an aerofoil 

shape. The model (Figure 26) was based on a simpler version of the louvers seen on a 

Mercedes Formula 1 car, shown in Figure 25. 

 

 
Figure 25. Louvers on the Mercedes W04 [22]. 

 

 
Figure 26. Geometry based on Mercedes louvers. 

This time, as it can be seen in Figure 27, the main layout was made bigger than the previous 

geometry. Also, the “blades” placed did not have the intent of replicating the shape of an 

aerofil, as it was desired to just determine if this time any significant changes were observed 

in the aerodynamic coefficients. A total of six blades were added, each one spaced 6 mm 

from each other. The reason for this “small” separation between them lies in what is often 

observed in categories like Formula 1, where the slots observed are relatively small. In this 
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case, this was to be compensated by the increase in the amount of slots placed and their 

respective lengths.   

 
Figure 27. General dimensions used in the third geometry (mm). 

The results that will be presented further ahead showed no improvement with respect to the 

simple endplate, although it did show better numbers for the aerodynamic coefficients if one 

compares with the Honda-based endplate geometry. From this, the last geometry was 

determined, with the slotted portion of the endplate covering a greater part of the wing’s 

chord and also having less blades than before. This was made in order to observe if a 

significant reduction in drag was observed, even though downforce would be probably 

affected, as the smaller number of blades would not compensate the loss of pressure 

difference. The endplate configuration is shown in Figure 28 and Figure 29. 
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Figure 28. Slot dimensions used in fourth geometry (mm). 

 
Figure 29. Fourth geometry general layout. 

 4.2. Mesh generation 
 

 
Figure 30. Quilts defined on database. 
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The mesh generation was done in the Pointwise, primarily based on work done before on the 

software by Nicolas Rojas [23] and the research started by Prathamesh Sankhe, as it was 

mentioned before. The first step was assembling some of the quilts that came defined by 

default on the database. These quilts define the different surface meshes that will be created 

on the car. The quilts merged were selected by determining if no “aggressive” curvature 

changes were observed between two or more adjacent surfaces. One has to be careful as 

assembling quilts not taking into account what was just mentioned can lead to bad elements 

according to the criteria described earlier. On the other hand, not assembling some quilts can 

lead to increasing computational cost when generating the volumetric mesh. Some of the 

ones that were assembled include the wheel curvature for both tires, the endplate width 

section, undertray, sidepod and some of the details right under the nose of the car. Figure 30 

shows these quilts represented by the different colors on the car. 

Having defined this, the next step was to generate the surface mesh on the car, establishing 

an avergae spacing ∆𝑠 of 10 mm on it and defining an unstructured pattern, as a structured 

one was not capable of adjusting entirely to the vehicle’s geometry. After this, refinements 

were generated at the rear and middle wings through the use of the T-Rex feature, which 

allows to establish layers of hexahedrons in a defined area. Ten layers were used for both of 

the aerofoils with only the first one being full across the wingspan, with a boundary decay of 

0.8 and a growth rate of 1.2. As boundary conditions have to be defined when using this 

feature, a wall condition was defined for both front and rear ends of the wings with a ∆𝑠 of 1 

mm and rest of the aerofoils were made into match condition which, as its name implies, 

matches the mesh configuration of the adjacent elements. Once this was done, the feature 

distribute was the used on the places where three connectors merged, with an average spacing 

of 1, in order to better capture the shape of the wing. The comparison of the curves with and 

without this input is shown in Figure 31. The result of the T-Rex process is shown in Figure 

32 and Figure 33. 
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Figure 31. Rear wing front end comparison with and without Distribute. 

 

 
Figure 32. T-Rex on middle wing. 

 
Figure 33. T-Rex on rear wing. 

Once the surface mesh for the car is established the flow domain was then defined through 

the use of the Connectors feature of pointwise.  (it should be noted that this first surface mesh 

is then refined as it will be shown ahead in order to meet mesh quality criteria). The 
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dimensions for it were selected based on the work done by Omar Lopez [9], thus using the 

values shown in Table 1 but with the variations mentioned earlier. The connectors that 

defined the refinement boxes were dimensioned using an adequate distance such as their 

length was slightly longer than the cars’, this being the same case as with the width and height 

of them. For the case of the wheels, connectors were defined so that they would have separate 

refinement boxes because of the difficulty of generating prisms on the wheel’s surface [9]. 

These covered the entire tire housing. Having the dimensions shown in Table 3 and using the 

modified values for Table 1, the flow domain and refinement connectors are obtained with 

the dimensions shown in Figure 34 and Figure 35. 

 
Table 3. Vehicle's dimensions. 

 
Figure 34. Domain's general dimensions (side view). 

 
Figure 35. Domain's general dimensions (upper view). 

 
The following step was to create the refinement boxes over the zones where their respective 

connectors were established. This was done using the box geometry option offered by 

pointwise and setting it up as a source, which controls grid density inside the volumes defined 
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by these geometries. The spacing type was selected to be constant in order to have a single 

value throughout the box and a boundary decay of 0.8 was established. Regarding the 

refinement values used, the same parameters shown in Figure 10 were used for simulations 

using the Ahmed body and the results shown were adequate, it being approximately three 

times smaller than the vehicle analyzed.  This and the fact that, in this case, the simulation is 

run at an inlet velocity of 108 km/h (compared to the 70 km/h used in [9]) lead to use three 

times the refinement seen in Figure 10, obtaining the values shown in Figure 36. Once the 

sources are established, the connectors mentioned earlier are associated with the respective 

values of refinement presented in Figure 36. In order to do this, the feature Dimension is 

used, which allows to specify the number of grid points for a selected connector. This part of 

the meshing process is of special care, as the values for ∆𝑠 have to be assigned carefully in 

the following manner: if a connector shares two different refinement values, as is for example 

the case of a connector in between ∆𝑠 = 36	𝑚𝑚 and ∆𝑠 = 60	𝑚𝑚, the value assigned must 

be one with less magnitude (being 36 mm, in this case). This process was carried out for all 

the connectors of the domain, with the boundary connector having a ∆𝑠 = 225	𝑚𝑚. 

 
Figure 36. Refinements used in sources. 

Having set up mesh refinements, domains (surface meshes) were created from the connectors 

using the Assemble Domains Pointwise feature. These are defined through the values of ∆𝑠 

established earlier. Here, it was necessary to verify that no domain overlaps another one, 

which can be the case of the floor and symmetry wall which may overlap the domains 

established by the refinement connectors around the vehicle. Having this happened, the 

domains were deleted and then re-defined selecting manually the desired connectors that 

limit the domain, thus having the result shown in Figure 37.  Also, a similar process was 

carried out for the mesh domain that contains the vehicle’s cross-section, as the first one 

generated appears as seen in Figure 38 but here the feature Assemble Special-Domain was 

used in order to have elements only outside the car’s surface and not inside it. To obtain this 

result, the edges that define it are selected with the arrow direction pointing to the opposite 
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from the domain’s edges, as it is shown in Figure 39.  These edges were then saved and when 

applying, the domain created is as it can be seen in Figure 40. The same process is carried 

out for the domain that contains the tires’ contact patch. 

 
Figure 37. Symmetry and floor surface meshes highlighted. 

 
Figure 38. First car symmetry domain. 

 

 
Figure 39. Edge orientations using Assemble Special - Domain. 
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Figure 40. Assemble Special - Domain result. 

 
The following step was to model the boundary layer. This is done using the T-Rex feature 

already mentioned on the wall that contains the car’s shape. Knowing that air’s density and 

dynamic viscosity are 𝜌 = 1.225 ?@
A� and 𝜇 = 1.8375 × 10(> ?@

A∗B
, respectively, while the 

assumed flow velocity is 30 m/s and using as reference the car’s length shown in Table 3, the 

associated Reynolds number for this case is: 

𝑅𝑒 =
(1.225)(30)(3.868)
1.8375 × 10(> = 7736000 

Using this value, equation (2) can then be used to find the boundary layer thickness: 

𝛿 =
0.16(3.868)

7736000
F
G
= 0.0642	𝑚 = 64.2	𝑚𝑚 

To translate this into the mesh, it is necessary to establish the 𝑦� value and, with this, the 

size of the first element and the number of layers required to capture the boundary layer. A 

value of 30 for the 𝑦� is selected as it is not desired to analyze the forces near the wall and a 

growth rate of 1.2 is defined. Using equations (13), (14), (15) and (16): 

 

𝐶} =
0.026

𝑅𝑒
F
G
=

0.026

7736000
F
G
= 0.00269 

𝜏��UU =
𝐶}𝜌𝑉KJ

2 =
(0.00269)(1.225)(30J)

2 = 1.4099
𝑁
𝑚J 

𝑈}m�� = �
𝜏��UU
𝜌 = �1.4099

1.225 = 1.0728
𝑚
𝑠  

∆𝑠��m =
𝑦�𝜇
𝑈}m��𝜌

=
(30)(1.8375 × 10(>)
(1.0728)(1.0728) = 0.00408	𝑚 = 0.408	𝑚𝑚 

Using this and the growth rate, the layer sizes are as shown in the following table: 
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Table 4. Layer sizes and total thickness. 

This shows that a total of 20 layers are needed in order to capture the boundary layer, based 

on the car’s length. This was tried out and solving the mesh was not possible due to the high 

amount of bad elements observed, which led to use only 15 layers. The result of doing this is 

shown in the Results section. A boundary decay of 0.8 was used and, when defining boundary 

conditions, it is also necessary to specify de first element height for the middle wing and rear 

wing. Using the same procedure followed for ∆𝑠��m with the chord lengths depicted in Figure 

20 and Figure 21, it is obtained that: 

∆𝑠A�S	���@ = 0.329	𝑚𝑚         ∆𝑠m��m	���@ = 0.341	𝑚𝑚 
 

These values are wall-type boundary conditions, while the rest (domain borders) are match. 

This setup and the result is shown in Figure 41. 
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Figure 41. Boundary layer conditions (top) with associated connectors (bottom). 

 
Figure 42. Boundary layer detail observed in rear part of vehicle. 

 

Having defined the boundary layer, the block was created using the feature Assemble 

Special-Block, generating it with the automatic setup. 
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When the block is created, the next step was to solve for it, which means to generate the 

volumetric mesh. Here, the parameters established we a boundary decay of 0.8 with a total 

number of layers being the same as the value input for the boundary layer modeling (15, as 

it was mentioned before), a collision buffer of 2 and a maximum skewness angle of 170º for 

the volumes created. The second one is related to the gap left between colliding layers [24], 

as is the case for the ones related to the middle wing and the top part of the car. The boundary 

conditions established were set with the entire domain being match, including the wheels, 

and the car, mid wing and rear wing were associated to their respective wall conditions and 

their ∆𝑠 calculated earlier (Figure 41, top).  

When the block was solved for the first time, elements with aspect ratio as high as 20000 and 

skewness of 0.996 were observed. A criteria of a maximum aspect ratio of 800 and a 

skewness equiangle of 0.995 were determined to consider a mesh to be “good”.  These 

elements were concentrated principally under the nose, on the side pod, behind the wheels 

over the contact zone with the axles and on the wings. To fix the elements over the side pod 

and wheels, T-rex were used here: for the tires, the boundary conditions were set to wall for 

the axle base and for the side pod, this was input to the front edge of it, with both cases using 

a ∆𝑠 of 1 mm. The side pod’s edge was further refined to an average ∆𝑠 of 5 mm to have a 

better skewness equiangle. The results of this are shown in Figure 43. 

   
Figure 43. T-Rex on side pod and wheels. 

 

For the elements on the rear wing, the front and rear edge connectors were refined to an 

average ∆𝑠 of 4 mm while, for the middle wing, a value of 2 mm was used. This because the 
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first ∆𝑠 mentioned was not enough to remove the inadequate elements. On the other side, 

every connector associated to the lower part of the nose was refined to a ∆𝑠 of 3 mm. This 

refinement procedure was followed for some other lesser important zones of the vehicle that 

in some occasions presented element issues with also the use of the distribute features when 

bad elements formed near connectors merging. 

For the endplate modifications shown in the previous section, the refinement established for 

these areas were of 3.95 mm for the Honda based louvers, 1.87 mm for the third geometry 

and 2 mm for the final geometry defined, with the mesh behavior shown in Figure 44, Figure 

45 and Figure 46. 

 
Figure 44. Honda based endplate mesh. 

 
Figure 45. Third geometry endplate mesh. 
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Figure 46. Final geometry endplate mesh. 

 

With the tweaks done to the different meshes, the following quality parameters were obtained 

for every case: ∆𝑠 

 
Table 5. Maximum quality parameters obtained. 

In order to determine if the results obtained from the simulations were independent from the 

general mesh refinement used, a mesh convergence analysis was carried out. Here, four 

different mesh configurations were compared: the “base” one, using the refinements 

mentioned earlier in the methodology, one having 0.85 times these values, one with 1.5 times 

the refinements, and one lowering the 𝑦� to 20. For the last mentioned, the T-Rex related to 

the boundary layer has to be re-defined. The size of the first element off the wall for the 

vehicle are found to be of ∆𝑠��m = 0.340	𝑚𝑚   ∆𝑠A�S	���@ = 0.274	𝑚𝑚 and ∆𝑠m��m	���@ =

0.285	𝑚𝑚. A total of 9 layers were used in order to observe how this impacts the boundary 

layer development.  

Once the mesh was finished, the solver is selected in Pointwise which gives the option to 

establish the simulation boundary conditions, being in this case Fluent 17.0. These are 

defined manually, with Pointwise providing the different types of conditions, according to 

the solver selected. The conditions input are shown in Figure 47. When this process is done, 

the mesh is exported into a .cas file which is read by the solver. 
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Figure 47. Boundary conditions set for Fluent. 

 

 4.3. Simulation 

 
Figure 48. Fluent launcher parameters. 

As it was mentioned before, the selected solver was Fluent 17.0. The computation settings 

that were used are shown in Figure 48.  The solver type was selected to be pressure-based 

and, on first instance, steady-state.  It was necessary to scale the mesh, selecting that it was 

created in mm. For the turbulence model, 𝑆𝑆𝑇	𝜅 − 𝜔 was used, calculating these parameters 

through equations (10), (11) and (12) (assuming a turbulence intensity factor of 0.3%) : 

 

𝜅 =
3
2
(𝑉K𝐼J) =

3
2
(30)(0.3%J) = 0.011522

𝑚J

𝑠J  

𝑙 = 0.4𝛿 = (0.4)(0.0642) = 0.0256	𝑚 
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𝜔 = y
𝜅
𝑙 =

�0.011522
0.0256 = 4.179 

The next step was to establish the boundary conditions, which come pre-defined with the 

settings input in Pointwise. The inlet velocity was set to 30 m/s setting the turbulence model 

with the values just calculated. Farfield was set to wall with zero shear, the floor to moving 

wall with and absolute velocity of 30 m/s, with the wheels having the same input but, instead, 

they were set to moving wall rotating with a certain angular velocity. This requires inputting 

the coordinates of the rotation axis origin, which can be found using Autodesk Inventor, 

having thus the following values: 

 
Table 6. Rotation axis origin coordinates. 

On the other hand, the angular velocity can be calculated knowing that the radii values for 

the front and rear tires are 0.538 m and 0.568 m, respectively: 

Ω}m��k	k�m� =
𝑉K

𝑟}m��k	k�m�
=

30
0.538 = 55.762

𝑟𝑎𝑑
𝑠  

Ω}m��k	k�m� =
𝑉K

𝑟m��m	k�m�
=

30
0.568 = 52.817

𝑟𝑎𝑑
𝑠  

The pressure outlet was set to zero-gauge pressure with the turbulence model parameters 

already calculated, and the rest of the vehicle was set to stationary wall.  

The solution method used was Green-Gauss Cell Based, running everything on first order on 

first instance, as it can be seen on Figure 49.  
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Figure 49. Primary solution parameters. 

The convergence criteria for velocity components, residuals and 𝜅 and 𝜔 were set to 10(). 

In order to meet this, second order upwind simulations were carried out, followed by transient 

simulation, increasing accuracy. For the last one, in order to know the number of time steps 

and total simulation time, equations (18), (19), (20) and (21) were used. Setting 𝑛 = 100, 

𝐿m�} the car’s length and taking 𝐿k�k�U from Figure 34.  

∆=
𝐿m�}
𝑛 =

3.868
100 = 0.03868	𝑚 

						∆𝑡 =
∆
𝑉K

=
0.03868
30 = 0.001289	𝑠 

												𝑡� =
𝐿k�k�U
𝑉K

=
44.6
30 = 1.49	𝑠 

A total of 30 iterations per time step were defined. This parameter is, then: 

𝑛� =
𝑡�
∆𝑡 =

1.49
0.001289 = 1160 

Monitors were created for total drag, lift and zone drag and lift, generating results separately 

for each part of the car (car, front tire, rear tire, mid wing and rear wing). In order to compute 

the aerodynamic coefficients, the projected front area was used, calculated through fluent, 

which yields an area of 𝐴 = 0.614𝑚J. 

Finally, the simulation was initialized, then run on first order, then second order upwind and 

finally transient, with the first two running 2000 iterations.  
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5. Results 

 5.1 Mesh convergence analysis and boundary layer development 
 
Before getting into analyzing the various geometries defined, a mesh convergence analysis 

was done in order to determine if the simulations run were independent of the mesh used. As 

it was mentioned before, four different meshes were created, each one with the refinements 

mentioned earlier, and simulations were conducted with them, observing the behavior of the 

drag and lift coefficients. The results obtained are shown in the following figures:  

 

 
Figure 50. Drag coefficient convergence. 

 
Figure 51. Lift coefficient convergence. 

As it can be seen for both cases, the aerodynamic coefficients studied do not vary 

significantly with the numbers of elements used. The least amount of elements obtained was 

of 10.26 million for a refinement of x1.5, while the highest mesh used 15.7 million. The drag 

coefficient seems to stabilize to a value of around 0.550 while the lift does it at -0.900. The 

maximum discrepancy obtained was of 0.64% for drag and 2.66% for lift. 

One of the values in this analysis involved variation of 𝑦�. This was done not only to verify 

mesh convergence, but also to determine if a value of 𝑦� = 30 was appropriate for the 

boundary layer capturing. This process changes slightly the number of elements, as the base 
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case has 13.76 million, while reducing the 𝑦� to the value mentioned modifies it to 11.64 

million. As it was mentioned before, a ∆𝑠��m = 0.340	𝑚𝑚 was obtained and 9 layers were 

used with a growth rate of 1.2, yielding a total height of 7 mm. Having run the corresponding 

simulations, three different areas of the car were analyzed using post-processor Paraview: 

the nose, the cockpit and the rear part of the vehicle, observing how the layers defined 

replicated the velocity behavior near the wall. The results obtained are presented in the 

following figures. 

 
Figure 52. Front zone analyzed. 

 
Figure 53. Front zone boundary layer development (𝑦�= 30) 
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Figure 54. Front zone boundary layer development (𝑦�= 20). 

Comparing Figure 53 and Figure 54, it can be noted that, for the first one, the number of 

layers used is greater than the actual height of the boundary layer, which is of approximately 

8 mm. On the other hand, the second case shows that the layers used were adequate as the 

velocity vectors seem to stabilize at about the same height as the total layers used, being 

about 7 mm. Nevertheless, the same process was used for the other two zones to see if this 

behavior remained the same. 

 
Figure 55. Mid-zone analyzed. 
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Figure 56. Mid-zone boundary layer development (𝑦�= 30). 

 
Figure 57. Mid-zone boundary layer development (𝑦�= 20). 

This time, as it is observed in Figure 56, the use of a 𝑦�of 30 is adequate for the boundary 

layer development. Its height corresponds to about 20 mm, which is nearly what is observed 

in the number of layers used. For the case of Figure 57, the velocity distribution shows and 

abnormal behavior, presenting sudden changes in its magnitude once the height is above the 

7 mm mentioned earlier. This can be due to the low number of layers used in comparison 
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with the total height of the boundary layer. In this case, a use of 𝑦�= 20 is not adequate for 

the simulation. 

 
Figure 58. Rear zone analyzed. 

 
Figure 59. Rear zone boundary layer development (𝑦�= 30). 

 
Figure 60. Rear zone boundary layer development (𝑦�= 20). 
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Figure 59 shows that the number of layers used are of greater height than the actual boundary 

layer itself, which is not the case for Figure 60, where it can be seen that the 9 layers used 

correspond in average to the boundary layer height, being of about 11 mm. 

From the different cases analyzed, the use of a 𝑦�of 20 could be a better choice for the 

simulations, reducing in about 2 million elements the mesh used. However, the behavior 

observed in Figure 57 leads to a preference in the standard use of 𝑦� = 30, this due to the 

non-parabolic shape of velocity profile, possibly leading to inaccurate results when 

postprocessing data at a greater scale. 

 

 5.2. Computational model validation 
 

 
Figure 61. Residuals obtained in simulation. 

 
Having analyzed mesh convergence, the computational model generated for the base model 

was examined. Here, the general behavior of the car is observed and then an in-depth study 

of the endplate is done. Firstly, the residuals obtained in the simulation are presented in 

Figure 61. As it was mentioned before, the convergence criteria was defined to be 10(). As 

it can be seen, this is achieved for every parameter except continuity, which reaches an 

average of  10(�. In terms of computational cost, 16 processors were used in parallel, taking 

seven days to complete the transient simulation. This was the case for all the simulations 

carried out. 
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Figure 62. Pressure coefficient on vehicle. 

Figure 62 shows the imported EnSight Case File to paraview from the Fluent simulation. The 
pressure coefficient is presented, characterized by the stagnation points observed in the nose 
of the car, leading to a 𝐶𝑝 = 1 and the low 𝐶𝑝 values which are related to high local 
velocities.  
 

 
Figure 63. Flow around vehicle. 

In Figure 63 can be seen the flowlines around the car colored with the velocity magnitude. 

Recirculation zones can be seen where unfavorable pressure gradients are present, which is 

in zones where there are sudden changes in the geometry shape, for example the cockpit zone 

and the rear end of the prototype.  

The last two figures are presented as a way of determining if, in general terms, the 

computational model behaves accordingly to what is excepted, in this case being the pressure 

distribution along the car and how the flow behaves around it. 
 



50 
 

 5.3. Aerodynamic coefficients comparison 
 
As it was already mentioned, four different simulations were conducted, one for each 

endplate geometry presented in page 22. The lift and drag coefficients obtained were 

averaged from the transient simulation from the vehicle itself and only the rear wing. The 

results obtained are presented in the following tables: 

 
Table 7. Drag and lift coefficients for the vehicle. 

 

 
Table 8. Rear wing drag and lift coefficients for each case. 

As it can be seen in Table 7, the results obtained are not what was expected, as the addition 

of the louvers should slightly decrease drag and improve downforce. In fact, the data 

presented shows that the most adequate configuration would actually be with the simple 

endplate. Regarding the drag coefficient, the model that approaches the most to the original 

result is the third geometry defined (Figure 26), which has a Cd of 0.540. However, observing 

their respective lift coefficients, the discrepancy obtained is higher and, in this case, the 

model that is closest to the base geometry is the fourth one, which in turn has the lowest of 

the drag coefficients.  

Table 8 shows the aerodynamic coefficients obtained for the rear wing in each case. Here, 

the behavior observed is different from what is seen for the vehicle itself: the drag coefficient 

is improved by 0.001 through the use of the fourth geometry. Nevertheless, the best lift 

coefficient is still the one obtained using the simple endplate, with the configuration that is 

closest to this value being the honda-based endplate.  

 
Table 9. Lift over drag ratios and coefficient variations. 
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If Table 9 is analyzed, it can be further concluded that the base endplate has the best 

performance, presenting a lift to drag ratio of 1.66. The third and fourth geometry present the 

same performance, while the least is observed in the honda-based model.  

On the other hand, studying the percentage change in the coefficients and comparing them 

with the maximum errors observed in the mesh convergence analysis, which were of 0.64% 

for drag and 2.66% for lift, it is noted that the changes observed between the simulations are 

greater than the error that the drag has. Of this, it is discarded that the variations observed are 

due to the limitations of the model. What was just mentioned does not happen for the lift: the 

maximum change is of 2.13%, which can be said to be inside the error range that the model 

developed has within it. This can in turn be the reason of the not-expected changes in the 

downforce, being the cause of the “resolution” of the computational model, instead of actual 

variations of pressure generated by the blades. The discussion made here is compared with 

what is observed in the post-processing shown ahead. 

 

 5.4. Pressure coefficients over the rear wing 
 
In order to have a more detailed comparison of the downforce variations of each model, 

pressure coefficient plots were generated to observe if there were any significant changes 

between them. This was done using the Plot Over Sorted Lines Paraview feature, which plots 

the desired variables over the lines that a defined slice intersects. In this case, the cut plane 

was selected to be in a zone near the endplate. The distributions obtained for each geometry 

are shown in the following figure: 
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Figure 64. Pressure coefficient distributions in rear wing. From left to right, top to bottom: base endplate, Honda-based 
endplate, third geometry, fourth geometry. 

Figure 64 shows the pressure coefficient distribution along the rear wing, with the orange 

line corresponding to the first element and the blue one to the second. Comparing the graphs 

presented, it could be affirmed that the model is not capturing the changes made to the 

geometry. This because, at simple view, the pressure coefficient distribution remains 

unchanged in all cases. Only small changes are seen near the attack border, where a value of 

0.4 is obtained for the simple endplate configuration while, for the other cases, a value near 

0.6 is achieved. Also, it is also observed that at the same zone, a lower pressure difference is 

obtained due for the third geometry due to the fact that, for this case, the lower part of the 

first element reaches a value of -1.65, approximately, while the others go lower than -1.7. 

This means that higher local velocities are developed in the latter, thus reducing total 

pressure. However, these relatively small details may be only cause of the model’s resolution 

and not derived by the louvers added to the endplate. 

 5.5 Detailed visualization 
 
After analyzing the results shown previously, visualization was done in Paraview, applying 

different filters to the car and flow domain, in order to observe if any differences were 

observed here.  
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Figure 65. Pressure coefficient on endplate models. 

 
Figure 66. Slice view of pressure  around rear wing.  From left to right, top to bottom: base endplate, Honda-based endplate, 
third geometry, fourth geometry. 

In Figure 65 is observed a comparison of the pressure distribution around the endplates for 

each model studied. It can be told from the figure that higher local velocities are generated 

when the slots are made with a greater gap between them. This can be seen in the fourth 

geometry, where the pressure change is more significant than what is observed for the other 

cases. This can also be observed in Figure 66, where the differences in pressure are noted to 

the side of the endplates. Although this behavior does not have a direct impact on the wing’s 

downforce, it does show that the model is indeed capturing the relatively small variations 

that are made to the car. This high local velocity zone could also be due to the venturi effect 



54 
 

that the louver has, making the airflow pass from a free-stream to the small section in between 

the blades.  

 

  
Figure 67. Honda-based louvers detailed view. 

Figure 67 shows the top and bottom views of the Honda-based louver design. An important 

detail that can be made out of this is the pressure difference obtained between both sides of 

the blades. The upper side has an average Cp of about 0.5, while the lower side has 

approximately -0.2. From this it can be told that the detail of the blades having a simplified 

aerofoil shapes does have an impact on the model, although small compared to the effect of 

the rest of the prototype, which could be an explanation of not being able to observe this 

translated in the aerodynamic coefficients.  

  
Figure 68. Third geometry design louvered detail. 

For the third geometry designed, it can be seen that not making the blades with shape of a 

simplified wing does have an impact on the pressure coefficient. This time, the pressure 

difference obtained is lower than what was seen before. An average pressure coefficient of 

0.1 is obtained for the upper side, while having approximately -0.2 for the lower side. This 

could be related to the decrease of the wing’s lift coefficient already shown in Table 8. 
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Figure 69. Fourth geometry design louver detail. 

The figure on top shows the detail of the pressure coefficient on the fourth louver geometry 

established. Here, a more noticeable difference in pressure is observed than the previous case 

and, although the behavior is similar to what is seen in Figure 67, the results of Table 8 show 

that performance is actually decreased, compared to the Honda-based louver design. If the 

computational model is not the cause of this, then one reason could be the shape of the blades 

in this case, not providing enough downforce as what would be the case for a similar layout 

having wing-like blades. 

 

 
Figure 70. Streamlines comparison. 

Figure 70 presents the streamlines around the endplates. It can be seen that, for the Honda-

louvered endplate, there are some lines that behave in an abnormal way, suddenly changing 

direction when passing through the slots. For the case of the third geometry, the flow lines 

are not modified significantly in comparison to the previous case and, for the fourth one, a 

sudden change in direction is also observed, though not being as hard as the case of the 
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second geometry used. This behavior can be a cause of the drag not reducing its average 

value as it was expected, as more turbulence is induced, thus generating more form drag. 

 

 
Figure 71. Vorticity slice view behind rear wing. From left to right, top to bottom: base endplate, Honda-based endplate, 
third geometry, fourth geometry. 

Finally, Figure 71 presents a slice view of the vorticity right behind the rear wing. Following 

the same behavior as for the results shown to this point, no significant changes are observed. 

Only a slightly small reduction in vorticity can be seen on the upper zone of the vortex. This 

can be observed better for the fourth geometry and it is more concentrated for both the Honda-

based and third geometries established. However, in general terms, no difference is observed 

for the different cases analyzed, thus concluding that the vorticity was not reduced, leading 

to not being able to reduce drag caused by this phenomenon. 

 

 
Figure 72. Q-criterion around rear wing. 
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Figure 72 shows how the Q-criterion behaves around the rear wing for each configuration. It 

can be seen that vortexes are reduced for the final geometry around the slotted zone, while 

on the other hand, the Honda-based geometry seems to have the opposite effect, increasing 

the magnitude of the vortexes. However, following the behavior seen earlier, the effects are 

only observed at a local level, as the wake zone remains the same in general. 

                   

 
Figure 73. RANS and LES turbulence models comparison [25]. 

 
 
Having analyzed these results, one of the possible causes that led to them not being what was 

initially expected may be the turbulence model used. The RANS model used in this project 

has the characteristic that it averages the results obtained, thus what is seen is a steady vortex. 

On the other hand, a LES turbulence model simulates vortices of differet sizes and scales. 

These two can be observed in Figure 73. Although the LES model can be more accurate, the 

computational cost is higher, as it resolves directly more scales of energy than RANS, which 

is why the latter was used in this case. 
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6. Conclusions 
• A computational model that generates convergent models for a Salamandra race car 

was developed under the meshing and simulation methods established. 

• The changes made to the geometry are not significant in comparison to the vehicle’s 

overall dimensions, based on the aerodynamic coefficients obtained. 

• The model is able to capture the changes induced by the addition of the louvers, 

though they are subtle as it was observed in the visualization. 

• Through the post-processing it was observed that some features of the geometries 

defined have a slightly good impact on the pressure coefficient and vorticity, which 

leads to conclude that the designs established were not adequate enough in order to 

obtain the expected results, from which better designs may be developed. 

• The turbulence model used may have not been the most adequate for the simulation, 

this because of the reasons mentioned earlier related to the RANS model precision.  

7. Recommendations 
For future projects conducted with the Salamandra prototype and its endplate configuration, 

it is firstly recommended to run the simulations using the same average velocity that this car 

develops at the race track where it runs: Autodromo de Tocancipá. Where it reaches an 

average speed of 41 m/s. Also, from the last conclusion, it is recommended that a different 

turbulence model, for example a hybrid one as Large Eddy Simulation is used, which 

provides advantages of both RANS and LES models.  

Through comparison of the results obtained for the different louver designs, it is established 

that it would be ideal if a new design was tested out, being a “mix” of the different features 

that generated adequate behavior in the post-processing for the different models analyzed.  
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