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Abstract

In this thesis work, the development of a CFD model for the evaluation of the aero-
dynamic performances of a Formula Student race car in cornering is presented. The
project begins with the renovation of the straight-line condition pre-processing work-
flow, with the intent of increasing the accuracy of the results compared to the previous
model. This approach exploits an isolated front-wing model, enabling faster analysis of
the effects of meshing parameters on overall mesh quality and solution. Then, a com-
parison between wall-function and wall-resolved meshes is conducted to understand the
discrepancies between them. To conclude the renovation process, the model is validated
using wind-tunnel data, showing a more coherent behavior with respect to the exper-
imental values than the previous model, though with room for further improvements
in accuracy. Finally, the new model is applied to the cornering setup, which uses a
cake-shaped domain to simulate the cornering car by applying a rotational frame of ref-
erence. The results of the cornering model are then compared with a yawed-car model

to identify differences in aerodynamic forces and the flow structure around the car.



Sammandrag

I detta examensarbete presenteras utvecklingen av en CF'D-modell for utvirdering av de
aerodynamiska prestandana hos en Formula Student-racerbil i kurvtagning. Projektet
borjar med en forbattring av arbetsflodet for att sdatta upp berdkningarna vid rak korn-
ing, med avsikt att Oka resultatens noggrannhet jamfort med den tidigare modellen.
Denna metod utnyttjar en isolerad forenklad frontvingemodell, vilket mé6jliggor snab-
bare analys av effekterna av natparametrar pa den totala natkvaliteten och losningen.
Dérefter genomfors en jamforelse mellan nét med vaggfunktioner och vaggupplosta nét
for att forsta skillnaderna mellan dem. For att avsluta forbéttingsprocessen valideras
modellen med hjalp av vindtunneldata, vilket visar ett mer konsistent beteende med
avseende pa de experimentella virdena én den tidigare modellen, men med utrymme for
ytterligare forbattringar av noggrannheten. Slutligen tillimpas den nya modellen for
kurvtagning, med en kakformad domaén for att simulera bilen i kurvtagning genom att
applicera en roterande berdkningsvolym. Resultaten av kurvtagningsmodellen jamfors
sedan med en girad bilmodell for att identifiera skillnader i aerodynamiska krafter och

flodesstrukturen runt bilen.
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1 Introduction

1.1 Formula Student

Formula Student (F'S) is a global engineering competition for university students, cooperating
in a team, to design, build, test, and race a single-seater, open-wheel race car.
The competition consists of two sets of events to which the FS team must participate: the

Static Events and the Dynamic Events. The Static Events are:

o Business Plan Presentation: team members have to develop, present and defend a
business model in an investment round scenario that must offer a product or a service

integrating the teams specific prototype vehicle or a specific component of it.

e Cost and Manufacturing: team members must present the car costs and manufac-

turing choices, explaining the trade-offs that the team had to justify those choices.

o Engineering Design Event: team members have to present the car for its technical

properties and expose the design process that led to the choices made.
On the other hand, there are the Dynamic Events:

e Acceleration: the car has to run for 75m, starting from standstill, in the least possible

time.

o Skidpad: the car has to perform two rounds per circle inside a track shaped like an

eight, in the least possible time.

e Autocross: the car has to run on an articulated track for one lap, in the least possible

time.

e Endurance: the car has to run on an articulated track for 22 km, in the least possible

time.

Every event awards a certain number of points, and the team that collects the most wins the

competition.

UniBo Motorsport (UBM) is the F'S team from the University of Bologna that is committed



to building one internal combustion car and one electric car to bring to the different com-
petitions in the summer, at the end of every season. In Figure 1.1, the 2025 combustion
prototype "Genesi', racing at the Italian competition FS ATA, is shown, which will be the
subject of the project presented in this thesis.

Figure 1.1: UBM 2025 combustion prototype "Genesi" competing at FS ATA 2025. Photo courtesy of Unibo
Motorsport

1.2 Cornering Aerodynamics

The design of the aerodynamic components for UBM prototypes is handled by the team’s
aerodynamics department. The main task is to maximize downforce production to increase
tyre grip and reduce lap time.

In Figure 1.2, Genesi’s aero package is presented, which is composed of the following devices:

o Front wing

e Rear wing



Lateral Venturi channels

o Chassis wings
« Radiators sidepods

e Frontal nose and suspension cover

Figure 1.2: Genesi’s aero package

The aerodynamic performance is fundamental for a competitive race car and most of the
teams research and develop really complex devices to extract as much downforce as possible
from them, to minimize the lap time during the Dynamic Events and to get more points in

the Engineering Design Event.

The race tracks at the FS competitions are very narrow and very articulated, with many
turns of varying radii, meaning that the overall car’s cornering performance is the most in-
fluential factor in lap time.

Figure 1.3 shows the track layout for the endurance dynamic event at the 2025 Formula
Student Austria competition and it’s visible how the straight line sections are very limited

in number compared to the turning ones.



Figure 1.3: Formula Student Austria 2025 endurance track layout

The reason for this project is that the UBM aerodynamics departement didn’t have a
tool to address the behavior of the aero package in cornering, simulating only straight-line
conditions across different suspension setups.

The new cornering model that is presented in the next sections will be useful to the team
member to better understand the aerodynamic behavior of the car in cornering and to see
the differences with the straight-line conditions, such as the shift of the aero balance between
front and rear, or the movement of the center of pressure from the car centerline that generates
rolling and yawing moments, that determines the stability of the car in cornering.

Furthermore, including the cornering model in the Engineering Design Event presentation
can earn the team more points from the Static Events, increasing the likelihood of placing

higher in the rankings during the competitions.



2 Background Theory

In this section, a brief theoretical overview of the physics behind the Computational Fluid

Dynamics (CFD) simulations of race car external aerodynamics flows is provided.

The discussion is limited to the explanation of the incompressible Reynolds-Averaged Navier
Stokes (RANS) equations, since this project focuses on steady-state aerodynamic simulations

of FS race cars, where air compressibility is not required due to typical low operating speeds.

All the theoretical notions are taken from Schlichting[l], Johannson et al.[2], Davidson [3]

and Ansys Fluent theory and user guides [4, 5].

2.1 Governing Equations

RANS equations describe the motion of the mean part of a turbulent flow and they are
derived by the Reynolds decomposition and time-average of the incompressible Navier-Stokes

equations, which are:

aui
ﬁxi

P ot P Jal’j N 8@ (9xj8xj

The Reynolds decomposition for turbulent flow quantities consists of the definition of each

~0 (2.1)

(2.2)

term in the equations as composed of two terms, the mean flow part and the fluctuating
part,

where the capital letter identifies the mean flow part, obtained as the time-average of the

flow quantity.

Now, by the application of the time-average, and the corresponding mathematical rules,

to the Navier-Stokes equations 2.1 and 2.2, rewritten in the decomposed form 2.3, the in-



compressible RANS are obtained:

oU;
= 24
oz, " (2.4)
e = 4+ — | u—— — pul 2.
PU; 0z; oxi * 0z; (ﬂ 0z; pulu]) (25)

where the upper bar, =, denotes the time average of the below quantities.
Since the mean flow is assumed steady, the term pdU,; /0t is equal to zero. In the case of an
unsteady mean flow where the time derivative is not zero, then the equations become the

Unsteady Reynolds-Averaged Navier-Stokes (URANS) equations.

The momentum equation of the RANS (Equation 2.5) presents a term that depends on
the fluctuating part of the flow: the symmetrical Reynolds stress tensor —puju}, which is
an additional stress term due to the turbulent fluctuations that adds 6 extra unknowns to the

other 4 (U; and P), that with only 4 equations constitute the turbulence closure problem.

The closure problem is addressed by using turbulence models to approximate the un-

known Reynolds stress tensor with quantities that depend on the mean flow.

2.2 Turbulence Modeling

The most common approach for addressing the RANS closure problem is through Eddy
Viscosity Models (EVM), which use the Boussinesq hypothesis, which assumes that Reynolds
stresses are proportional to the mean velocity gradients, similar to how molecular viscosity
relates stress to strain in laminar flow, and to the turbulent kinetic energy. The turbulent or

"eddy" viscosity (p) is then defined as follows:

ou; U\ 2
3

The principal EVM differ on how they calculate the eddy viscosity (u):

o Zero-equation models
These are algebraic models that calculate eddy viscosity based on local flow properties

without solving extra transport equations. They are computationally cheap but less



accurate for complex flows.

e One-equation models
These models solve an additional transport equation, typically for a quantity such as
turbulent kinetic energy or eddy viscosity, to determine the turbulent viscosity. An

example is the Spalart-Allmaras (S-A) model

« Two-equation models
These models solve two additional transport equations for two different turbulent prop-

erties, allowing more complex physics to be modeled.

— k~¢ model: The first transport equation is for turbulent kinetic energy (), and

the second is for its dissipation rate (e).

— k-w model: The second transport equation is for the specific dissipation rate (w)

of the turbulent kinetic energy k, rather than for the dissipation rate e

— k~w SST model: The Shear Stress Transport (SST) model combines the k-w
and k-e models to exploit the strengths of both models in different flow regions.
The k-w formulation is used near the wall, and the k-¢ formulation is used in the

free-stream flow.

Another way to model the turbulent stresses is by the Raynolds Stress Models (RSM).

Unlike EVM, which uses a scalar eddy viscosity, RSM does not assume a relationship between
the Reynolds stress tensor and mean flow. It is based on the addition of 6 extra equations,
each of which describes the transport of one fluctuating quantity that composes the tensor.
This is more accurate than the EVM, but it’s more computationally intensive and less robust,

making it harder to converge to a solution.

The turbulence model used in this project is the x-w SST, which is the most versatile for
the project, as it applies to both refined meshes down to the wall surface and non-refined

meshes, as presented in the following sections.



2.3 Boundary Conditions

Navier-Stokes equations, and for extension RANS equations, are a set of partial derivative
equations, meaning that boundary conditions must be defined to allow for a single solution

for the flow that is simulated.

In the case of CFD simulation of a race car aerodynamics, it’s necessary to define a fluid do-
main, typically rectangular, that contains the car geometry inside it and then the boundary

conditions must be specified on every car and domain surface.

The typical boundary conditions used for incompressible external aerodynamics are:

« Velocity-Inlet: it specifies the velocity vector field on the face of the domain desig-
nated as inlet, which is the one in front of the body. The distance of the inlet face from
the body must be far enough so that the pressure warning generated by the presence

of the car doesn’t reach it.

e Pressure-Outlet: it specifies the value of the static pressure at the domain outlet face,
opposed to the inlet, behind the car. The outlet face in these cases has a pressure-outlet
condition that imposes the free-stream static pressure, meaning that the face must be
placed far enough from the body so that the wake is completely dissipated and the

flowfield resembles the free-stream conditions.

e Symmetry: it mirrors the flowfield with respect to the face where the condition is
applied. Typically, race cars are symmetrical, so dividing them in half and imposing

this condition on the symmetry plane halves the computational cost.

o Wall: it is applied to all the body faces and always imposes the non-permeability of

the surfaces from the fluid that interacts with it. Mathematically, it imposes:

o

5 =0 (2.7)



where n is the surface normal direction. Furthermore, the wall condition is also defined
by the specification of its slipping properties: on all the walls that are not supposed to

move, a no-slip condition must be imposed, which sets:
U warr = 0 (2.8)

while on moving walls, such as the wheels and the domain bottom surface that models
the road, the no-slip condition is modified by imposing the velocity vector that identifies
the respective movement. For example, the road will be modeled as a moving wall with
the same velocity vector as the inlet. Otherwise, the walls are defined as slipping walls,
implying that the velocity does not slow as it reaches the wall but remains equal to
the local flow velocity. This condition is typically applied to the top and the side
surfaces of the domain if they are not modeled as symmetry surfaces. These walls must
be placed far enough from the body so that the local flowfield is not affected by the
body’s presence, so modeling them as symmetry or slipping walls is the same, since the

flow is the free-stream one.

o Internal: this condition can be applied to regions of the mesh that model the behavior
of components such as fans and radiators. It allows specifying the fan pressure jump
and the porosity of the mesh volume that substitutes for the radiators. The internal

condition also allows for modeling the thermal properties of components.

2.4 'Wall Treatment

One of the most important aspects of CFD modeling is the discretization of the flowfield
close to walls, where boundary layers grow.

The Boundary Layer (BL) is a thin region close to a wall where the flow slows down due to
the friction forces that exist due to the viscosity of a fluid and the roughness of a surface,
which are the consequence of the no-slip condition that is applied to the flow at the surface,
too.

In figure 2.1, an example of the BL velocity profile for a turbulent flow over a flat plate is

reported.



Figure 2.1: Example of boundary layer velocity profile, where the speed decreases to zero as it gets closer to
the wall.

As already stated, in the analysis of race car external aerodynamics, the Reynolds Number
(Re) is high enough to define the flow as turbulent, meaning that the surface boundary layers

will also be turbulent. The Re is defined as:

_ pVRefLRef
v

Re (2.9)

where Lg.s and Vg.s are the reference length and velocity, which are typically around 1.5 m
and 15-20 m/s, bringing the Reynolds number over 10°.
Turbulent boundary layers are universally described by the turbulent velocity profile shown

in Figure 2.2 below:

Turbulent Boundary Layer Profile

Viscous Buffer ‘ Overlap
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20+ .
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Figure 2.2: Universal turbulent boundary layer velocity profile expressed in terms of non-dimensional wall
distance y* and non-dimensional velocity u*.
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The non-dimensional quantities are defined as follows:

+_ YU 2.10
Y V (2.10)
and
U
p— 2.11
w = (211)
with
Twall
w, = 2.12
p (2.12)

where 7,4y is the surface shear stress, p is the fluid density and they define u, called friction
velocity. U is the velocity, y is the dimensional distance from the wall and v is the fluid

kinematic viscosity.
Thanks to the universality of this velocity profile, turbulent boundary layers can always
be divided in 3 regions:

1. Viscous Sub-Layer (VSL) for 0 < y™ <5

2. Buffer Region (BR) for 5 < y™ < 30

3. Overlap Region (OL) for 30 < y*

The VSL and the OL regions can be fitted with two functions that are:

whe =yt (2.13)

and

1
ub; = p Iny* + B (2.14)

where k and BT are two constants, the first, named Von Karman constant, is ~ 0.41 and the
second is ~ 5.

There exist fitting functions covering the BR as well, but these will not be considered here.

How does this affect the simulations? Basically, a CFD solver builds the velocity profile

as a piecewise linear function starting from the value computed at the cell centroid of the
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first cell from the wall up to the centroids of the outer cells, but when it comes to define
the velocity profile between the first cell centroid and the wall, where the no-slip condition
is applied, the solver exploits the turbulent boundary layer functions.

Based on the first cell centroid distance from the wall, the fluid properties and the wall shear,
which is a function of the velocity gradient along the wall normal, the solver computes the
y™ and from its value it determines the shape of the velocity profile in the region between

the surface and the first cell.

In the case of Ansys Fluent, the solver automatically switches between the linear and the
logarithmic function when the y* is below or over 11.225. Additionally, Fluent provides the
user with the so-called Enhanced Wall Functions (EWF), which combines the VSL and the
OL functions with blending terms, experimentally obtained to achieve the best function fit,
also for the BR.

The EWF is defined as follow:

ut = elufg, + e%ugL
(2.15)
where .
a(y™)
T=—115 (2.16)

with ¢ = 0.01 and b = 5.

2.5 Moving Reference Frame (MRF)

In CFD the MRF model is an approach to solve steady-state simulations of objects that have
moving or rotating components.

To take into account the effects of the rotation of a component in a steady-state case, as it
could be the wheel spokes in a typical F'S race car or the blades of a radiator fan, avoid-

ing the use of unsteady formulations and sliding meshes, the MRF formulation can be applied.
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The principle is based on the definition of a mesh zone around the rotating component,
to which a reference frame with the corresponding rotation is assigned, implying that for
that region, the flow will be solved from a moving reference frame, which accounts for the
centrifugal acceleration and the Coriolis forces in the momentum equations, in relative ve-

locity terms.

This technique applies perfectly to the cornering case, where the mesh zone that exploits
the rotating frame formulation is the entire fluid domain, meaning that everything is solved
in a relative-velocity formulation, and the flow that interacts with the car accounts for the

extra terms that arise from the angular velocity.
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3 Methods

This section explains how the project has been structured, the purpose of each phase, and

the methodology chosen.

3.1 Project Organization

The project has been structured to develop the cornering model and related setups in ANSA
and Ansys Fluent, starting with a renovation of the base CFD setups used by the aerodynamic
department for meshing and simulating the aerodynamics package.

Here is a quick overview of the main steps:

e Front Wing Model
Reduced geometrical model to test different mesh and solver settings to achieve a high-

quality model, for an isolated front wing, keeping the computational cost low.

e Full Car Model
Application of the Front Wing Model setup to the full car geometry, adapting the

meshing parameters.

e Wind Tunnel Validation
Validation of the new full car model with wind tunnel data and comparison with the

old model.

e Cornering Model
Apply everything to the cornering model, with the proper adaptations and modifica-

tions, to correctly switch between straight and cornering conditions.

3.2 Softwares

The softwares used for this project are the following:
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« Beta CAE ANSA
ANSA is a Computer-Aided Engineering (CAE) pre-processor software for simulation
models. In this case, it is used to automate the generation of 3D CFD meshes and

ensure that their quality meets the solver’s criteria.

e Ansys Fluent
Fluent is a software of the Ansys suite that is used for CFD simulations of any kind.

In this case, it is used to solve the external aerodynamic flow around the car.

o Paraview
Paraview is an open-source post-processor for the analysis and visualization of simula-
tion results. In this case, it is used to generate contours of the solved flow field around

the car.

3.3 Front Wing Model

The front wing model is a simplified model that is used to try and test different meshing
parameters available in ANSA and their effects faster than using a full car geometry: in the
front wing geometry, the number of surfaces to discretize is reduced, but it still keeps a lot
of features that need attention while meshing, such as the endplate with the channel, the
slotting gaps between flaps and a lot of sharp edges.

By tuning the mesh parameters to adapt correctly to all the features of the front wing, the
extension to the full car is almost straightforward, since the latter is composed of very similar

types of features that need the same treatments.

Figure 3.1 shows the front wing geometry adopted for the study. The body is divided into
3 main zones: mainplane (green), flaps (yellow) and enplate (red), and it is just half of the
whole front wing, because it is wanted to exploit the symmetrical properties to save time in

all the phases of a CFD study process.
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Figure 3.1: Front wing geometry divided by ANSA PID colors: green mainplane, yellow flaps and red endplate

Figure 3.2 shows a section cut of the front wing with an XZ plane that passes through
the central part of the body in correspondence with the 3 flaps sequence, which is the part of
the wing that generates more downforce than the others, thanks to the 4th flap that further
increases the upwash.

The reference length used for the study of the front wing meshing parameters is the total

chord length of the flap sequence shown, which corresponds to 588mm.
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Figure 3.2: Section cut of the front wing with a plane passing through the sequence of 4 flaps

The front wing is enclosed within a domain that will serve as the fluid domain in the
simulation. Figure 3.3 shows the domain opened with the front wing inside, the different
walls that define the domain have the boundary condition written on and also the sizes are
reported, as well as in Table 3.1. The only domain wall not shown in the picture is the

symmetry wall that connects to the front wing mainplane and splits it in half.
The domain sizes and boundary conditions are the same that will be used for the full car

model and they come from a domain independence study performed by old team members,

so they will not be a subject of study of this project.
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Figure 3.3: Opened domain with main lengths and boundary conditions displayed. The main symmetry wall
has been hidden to see the front wing inside the domain.

Domain Sizes

Length 45000 mm
Height 12000 mm
Width 10000 mm

Inlet distance from the wing Leading Edge (LE) 7580 mm
Outlet distance from the wing Trailing Edge (TE) | 37020 mm
Ride height of the front wing 45 mm
Reference length 588 mm

Table 3.1: Domain sizes and relative distances of the front wing from the main walls of the domain

3.3.1 High-Quality Mesh Generation

The mesh generation process in ANSA is divided into three main steps: discretization of the
geometry with a surface mesh, growth of the inflation layers from the surface mesh and filling
of the rest of the domain with 3D volume cells.

These three steps are repeated iteratively since the final result, the volume mesh, reports a

good quality according to the Fluent criteria available in ANSA cell quality inspector and
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all the parameters are stored in what is called ANSA Batch Mesh [6] that will automatically
repeat the steps to build the mesh correctly.

1. Surface mesh

The surface mesh is the most important step in the whole process, because it strongly
influences the quality of the inflation layers generated by its extrusion and, conse-
quently, the quality of the volume cells.

The shell cells are a mixed type, between triangular and quadrilateral: where possible,
ANSA uses quadrilateral cells and supports triangular cells in areas of complex geom-
etry. All the shell cells are of the first order, implying that the nodes are only at the
vertices of the edges, while a second-order grid would have nodes also in the midpoints

of every shell edge.

Several parameters control the surface mesh: the main ones are minimum and maximum
shell size, max growth ratio and maximum distortion angle, while the secondary ones are
the refinement factors approaching sharp edges or high curvature zones and treatment

factors for special features, such as LEs, TEs and fillets.

The growth ratio is a factor that limits the sizes of two neighbouring cells, implying
that the ratio of their longest dimensions is below the factor, while the distortion
angle, measured in degrees, is the maximum angle allowed between the tangents to the
perimeter segments at two consecutive nodes. The growth ratio is usually contained
between 1 and 1.3 and the distortion angle is limited to 15 degrees, so that the surface

curvature is sufficiently discretized.

The special features are meshed as follows: TEs and fillets, defined both as quadrilateral
surfaces with one size a lot larger than the other, are meshed in a structured way with
minimum three rows of quadrilateral elements, while LEs, defined as surface edges
created on the surfaces’ curvature peaks, are meshed with an anisotropic structure
that is more refined along the streamwise direction and coarser along the other, to
capture better the stronger pressure gradients that exist along the former direction

rather than the latter.

All of these parameters can be adjusted for each Property ID (PID): in ANSA,
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components are grouped into different PIDs, allowing various parameters to be applied
to build a more efficient computational mesh. For example, the domain walls are PIDs
discretized with a coarser mesh than the wing surfaces PIDs, and in the Batch Mesh,

they belong to different meshing groups.

Lastly, the surface mesh is also controlled by size boxes: the zones within them have
constraints on maximum surface and volume sizes. They are very useful for refining
a particular part of the model, such as the volume zone behind the wing, where the
wake structure develops and must be sufficiently discretized, or in front of the wing to

correctly capture the pressure signal produced by the presence of an object in the flow.

. Inflation layers
Inflation layers are obtained by the extrusion of the surface mesh and they are needed

to discretize the BL structure that grows over a body surface immersed in a flow.

The layers are pentahedral or hexahedral cells that are generated by the combination
of the First Layer Height (FLH), the Layer Growth Ratio (LGR) and the Number of
Layers (NL). The layers’ structure needs to cover the entire BL region, so it’s essential
to set these three parameters correctly: the growth ratio is always kept between 1.1 and
1.2 to ensure sufficient discretization across the entire region, and the desired resolution
determines the other two. If the target is a low-y™ mesh (first cell’s centroid inside the
VSL of the BL) or a high-y™ mesh (first cell’s centroid inside the OL of the BL), the
NL will be different for the same LGR.

To set the value of for the FLH and for the NL, ANSA provides the users with a tool
that computes the total BL height and the FLH given as input the freestream speed,
the fluid density and viscosity, the desired y*, and a reference length, exploiting the
analytical results for the BL over a flat plate [1], that allows for an instant computation

of these values without iterating with the CFD results.

For the front wing, the computation of these values is repeated for the 3 PIDs, main-

plane, flaps and endplate, since they have a different reference length.

Additionally, there are controls on layer generation that ensure the desired quality is

achieved, such as the squeezing factor, which compresses layers into narrow zones to
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avoid intersections, but they are kept as defaults since they are already tuned for these

kinds of applications.

3. Volume mesh
Finally, to fill the remaining volume in the domain, hexahedral cells are generated. The
cell size is determined by both the user-defined maximum and minimum values and the

size boxes that already control the surface mesh size.

The last part of the pre-processing is setting up the simulation in Ansys Fluent and creating
the case file, which stores all the settings and can be reapplied to different meshes.

The case preparation consists of the subsequent phases:

1. General
First, the solver’s settings. Since the simulations are solved with RANS, the solver will
be steady-state rather than transient. The type of solver is set to be pressure-based
rather than density-based: the reason is that both the Ansys user and theory guides [5,
1] suggest the use of a pressure-based solver for low-speed aerodynamics simulations,
such as the ones run for this project, because the density variations are close to 0 and

it’s possible to assume the flow to be incompressible.

2. Models
In this section, the user must specify the model to simulate the case. As already said,
the flow can be considered subsonic, so the energy equation is deactivated and not
solved, leaving only the momentum and continuity equations. Then comes the turbu-
lence model. In section 2.2 it has been explained how RANS equations are structured
and why a turbulence model is needed and the choice is the kK — w SST developed by
Menter [7]. This choice is supported by Parekh et al. [8] and Igali et al. [9], whose
studies show that this turbulence model provides the best results for automotive aero-
dynamics. Furthermore, a versatile model that combines k — w and xk — € properties

is preferable for the part of the study where two meshing approaches with FLHs in
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different regions of the BL are compared.

. Cell zone conditions

The cell zone conditions need to be specified for the different mesh volume regions that
may be imported. For the front wing, the only region is the fluid volume outside the
body, which is air with density and viscosity of 1.225kg/m? and 1.7894e °kg/(ms),
respectively. For the full car configurations, the definition of the porous media that
are mesh volumes that model the influences of the radiators of the cooling circuit will
be added. This is a way to avoid discretizing the geometry of porous components,
replace them with their characterization obtained experimentally and account for the
internal flow effects that influence the external flow and the car performance, such as

the drag.

. Boundary conditions

Boundary conditions must be specified for each surface imported with the mesh to
simulate the flow correctly. For this project, all the faces that compose the body are
set as walls, meaning that on the surface, the flow speed is 0, as is the surface normal
component of the velocity vector field. The only wall with a different condition is the
ground, which has a sliding speed equal to the free-stream velocity to simulate the car
running on the road. This implies that, on the surface, the velocity component aligned
with the flow will have the same speed as the flow, rather than 0. On side and top walls,
the symmetry condition is applied: for the wall that divides the front wing in half the
front wing the condition is helpful in exploit the symmetrical properties of the body,
while the symmetry conditions on the other side wall and on the top one is needed to
mirror the pressure field, which at that distances can be considered as free-stream flow.
The conditions on these two latter surfaces can be altered using a slip-wall condition,
where the surface velocity equals the freestream velocity, and this will not affect the
results due to symmetry. Inlet and outlet are modeled as velocity-inlet, which imposes
the flow speed and direction, and pressure-outlet, which imposes a freestream pressure

field to assume that the wake is completely dissipated as the flow exits the domain .
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5. Reference values
Reference values are defined to compute the aerodynamic coefficients correctly. For
this project, the values to specify are: area, length, velocity, density, viscosity, and
pressure. The area that has been considered is the frontal projected area, the length
is the body total length with respect to the streamwise direction, the velocity is set
equal to the inlet velocity, the pressure is the atmospheric air pressure at sea level in
standard contidions (101325 Pa) and the air viscosity and density remain the same as

the one defined for the cell zone conditions.

6. Methods and controls
This section allows for specifying various parameters associated with the solution
method to be used in the calculation, such as pressure-velocity coupling, spatial dis-
cretizations, relaxation and correction factors. By default, Fluent uses a coupled, non-
segregated pressure-velocity scheme, which is suitable for steady-state simulations to
achieve faster convergence, as noted in the theory guide [1]. Also, the spatial discretiza-
tion algorithms are left as the default, with second-order upwind schemes for the mo-
mentum and turbulence equations and second-order for the pressure field as well. This
latter has been chosen among the other possible options following the suggestions in
the user guide [5] for external aerodynamics applications. For the Under-Relaxation
Factors (URF), which are parameters that control the change in a variable between
successive iterations to improve the stability and convergence of a simulation, Fluent
suggests exploiting the pseudo-transient option. The main difference is that explicit
UREF are factors (e.g., 0.7) that control the change in the variable between sub-iterations
in a steady-state simulation, whereas pseudo-transient is an implicit method that uses
an artificial time derivative to stabilize the steady-state solver. Explicit factors directly
limit the solution update, while pseudo-transient adds a "false" time step that is driven

to zero to find a steady state.

7. Report definitions
This step is needed to export and to plot numerical CFD data of any kind, from forces

and force coefficients to mass flow rates or surface and volume integrals. The reports
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defined for this purpose are the lift and drag coefficients; for the full-car simulation,

the pitching moment is also exported.

8. Initialization and run
The last step consists of initializing the flow, typically with a potential velocity solution

for the initial values, and starting the simulation for a specified number of iterations.

Figure 3.4 shows a part of the Ansys Fluent interface where the setup, with all the options

described above, are organized sequentially in a column.

= Setup
General
D Models
£¥ Materials
+ [ cell Zone Conditions
- [ Boundary Conditions
+ 2 Inlet
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=1 Outlet
B symmetry
— Wall
¥ Mesh Interfaces
22 Dynamic hMesh
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- Solution
2. Methods
Controls
-/ 1= Report Definitions
s cd
= o
= mass-flow-rate
-/ & Monitors
[ Residual
+ Y Report Files
+ | Report Plats
i+ Convergence Conditions
@ Cell Registers
2% Initialization
+ # Calculation Activities
(=) Run Calculation

+

+

()

+

Figure 3.4: Ansys Fluent setup column
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Once all steps have been completed and the simulation has been run, the results are

post-processed in either Ansys CFD-Post or Paraview for flowfield visualization.

3.3.2 Grid Convergence

The grid convergence study aims to find the maximum surface mesh cell size for which the
volume mesh built around it produces results that don’t depend on it.

The idea of using a reduced model for this type of analysis has been adopted in Minto’s thesis
project [10], where he exploits a 2-element wing to determine suitable mesh parameters.

To find the maximum surface size for the independence of the results, 4 cases of low-y™ meshes
of the front wing model have been prepared, each one with a different overall maximum shell

size:
e Fine: 2mm of maximum shell size
¢ Medium: 4mm of maximum shell size
e Coarse: 6mm of maximum shell size
e Very coarse: Smm of maximum shell size

All other parameters are left untouched, as they are tuned for the correct generation of
the layers and the volume mesh.
Independence is achieved when the variation in the lift and drag coefficients from one case

to another is below 1% for both.

3.3.3 Wall Treatment Comparison

The mesh parameters for the surface and the volume mesh obtained by the grid convergence
study are then exploited for the comparison between two meshing approaches, the low-y™

and the high-y*:

1. Low-y™: set the FLH such that the first cell centroid is inside the VSL of the turbulent
BL, and have the wall functions available in Fluent to interpolate the velocity profile

with the linear function, commonly named as the wall-resolved approach.
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2. High-y™: set the FLH such that the first cell centroid is inside the OL of the turbulent
BL, and have the wall function to interpolate the velocity profile with the logarithmic

function, commonly named as wall-function approach.

Their main differences are that the former is more accurate, as it discretizes the BL to a min-
imal distance from the wall, while the latter requires fewer layers; hence, the computational
cost is lower for the latter.

To compare the methods, the only parameters that are changed are the height of the first layer
and the number of layers, so that the total height of the layer structure remains unchanged
with respect to the standard configuration, which is the one used for the grid convergence
study. The surface mesh is kept unchanged.

The idea is to see whether the coarser approach, the high-y™, can produce results similar
to the more accurate one and follow its trends in the aerodynamic coefficient. Hence, the
expectation is that the absolute values will differ, but if the changes in the lift and drag
coefficients across the various configurations are captured, then using a high-y™ mesh can be
a good way to work faster, given lighter meshes.

Three sets of cases are prepared for this study:

1. Flaps configurations

The first set is composed of 3 different front wing geometries: standard front wing,
seen in Figure 3.1, only mainplane and endplate, and mainplane, endplate, and first
flap. Figure 3.5 shows on the left the second configuration and on the right the third

one.
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Figure 3.5: Front wing configuration with only mainplane and endplate (left) and front wing configuration
with only 1 flap (right) for the wall treatments comparisons

The configurations will produce different amounts of upwash, hence of downforce, due

to the different number of lifting surfaces.

2. Angle of Attack (AoA) configurations

For this set, the front wing has been rotated about its spanwise axis to modify its AoA,
from —4° to 4° relative to the standard configuration.

The rotation point selected for the modification of the AoA is the geometric center
of gravity of the profile, as shown in the following Figure 3.6 and the direction of the
axis of rotation is outward to the wing, meaning that a positive rotation points pitches
down the wing, compared to the standard configuration. The point is the same for all
the configurations, meaning that the ride height, defined as the minimum distance of

the mainplane suction side from the ground, will be slightly different for the AoA tests.
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Figure 3.6: Side view of the front wing with the mainplane profile highlighted in black with the associated
geometric center of gravity used as a reference point to define the rotation along the wing spanwise axis

This set of configurations is the most interesting, together with the ride heights one,
because the wing, when mounted on a car that’s subjected to accelerations, pitches
up and down, varying its performance, so it’s fundamental to be able to predict the

performances in different configurations correctly.

3. Ride heigth configuration

The last set shows the effects of varying the ride height of the front wing by +10mm

from the standard configuration.

3.4 Full Car Model

The full-car model is a direct application of the mesh and solver setups developed for the
front wing on the full-car configuration.

The meshing procedure has been repeated for every other component, from selecting the
surface mesh size to setting the FLH and NL based on their specific lengths. The surface
mesh sizing is the one chosen from the grid convergence study performed on the front wing.
The full-car setup is applied to both the 2025 UBM combustion prototype Genesi and the
2023 UBM combustion prototype Ultimae, whose geometries are reported in Figure 3.7. The
application of the new model to this latter older prototype geometry is needed for the wind

tunnel validation, because it is the last UBM prototype that has been able to be tested in a
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full-scale wind tunnel facility.

Figure 3.7: Full car geometries: 2023 UBM combustion prototype Ultimae (left) and 2025 UBM combustion
prototype Genesi (right)

3.5 Wind Tunnel Validation

The new CFD model is then validated using wind-tunnel data. The experimental data avail-
able for this part of the project come from an old wind tunnel session with the 2023 UBM
combustion prototype, so the mesh and solver setup are applied to the older car geometry.

The validation procedure positions the car into 15 different rear and front suspension setups

that modify the ride height at the front and rear axles.

Table 3.2 shows the combinations of the ride height of the car at the front and rear axles
that define the so-called targets. Target 5 is the standard configuration of the suspensions
and all the other targets are obtained by incrementing or decrementing the ride heights with
respect to the standard ones.

For example, the car in Target 1 setup has the ride height at the coordinates of the front and
rear axles set at +0 and +10 millimeters, respectively, compared to the standard configura-

tion (Target 5).
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Suspension Setup

+10mm | Target 3 | Target 2 | Target 1
Rear Axle 0 Target 7 | Target 6 | Target 5 | Target 4
Ride Height | -10mm | Target 11 | Target 10 | Target 9 | Target 8
-20mm | Target 15 | Target 12 | Target 11 | Target 10

Front Axle Ride Height

Table 3.2: Suspension setups table where all the wanted combinations of ride heights at front and rear axles
are reported and assigned to a target to be identified. The green column and the red indicate the increase or
decrease of the ride height, respectively, at the rear and front axles with respect to the default configuration
(Target 5)

The wind tunnel facility is a closed-loop system provided by the team’s sponsor. The test
chamber has been modeled in ANSA thanks to the geometrical properties given by the wind

tunnel operator, to reproduce the same conditions with CFD tools.

Figure 3.8 reports two pictures that show the wind tunnel test chamber replica created

in ANSA and in Table 3.3 there are the domain dimensions and flow specifications.

Figure 3.8: Wind tunnel replica in ANSA, isometric (left) and side (right) views

Wind Tunnel Specifications
Length 27000mm
Height 2350 mm
Width 7000 mm
Inlet wind speed 14 m/s
Inlet wind static pressure 1 atm
Inlet wind temperature 15°C

Table 3.3: Wind tunnel specifications

The wind tunnel test chamber has neither a boundary layer nor a blockage control device,

meaning that the values experimentally computed are not perfectly relatable to what can be
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the real downforce and drag, but for the validation of CFD models, what is essential is to
reproduce the same conditions, applying the no-slip condition to every wall. Additionally,

the wheels aren’t spinning because the facility doesn’t have the devices to do so either.

3.6 Cornering Model

Finally, once the mesh and solver setups have been sufficiently tested and validated, it’s time
to apply everything to the cornering model, created only around the 2025 UBM combus-

tion prototype Genesi geometry, but easily extendible to other car geometries.

The creation of this model follows the guidelines provided by Nayman et al. [11], a doc-
ument written in collaboration with Siemens for the development of a similar model in Star

CCM+, another commercial CFD software.

To pass from a straight-line case to a cornering one, firstly, it’s necessary to use the full
car geometry and not just half of it because the symmetrical properties are not valid any-
more; then, the domain must be modified with one that is more appropriate for the cornering
conditions and lastly the position of the car front tyres must be adjusted according to the
corner that is intended to be simulated, hence, according to a specified turn curvature radius

and speed.
The cornering situation wanted to simulate is the skidpad left turn. Figure 3.9 shows

the skidpad track layout. The centerline of the turn has a curvature radius of 9.125 m, which

is the one that it’s used for the simulations.
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Figure 3.9: Skidpad track layout with main dimensions [12]

3.6.1 Domain and Boundary Conditions

First of all, the domain. The shape of this domain has been determined by the study per-
formed by Siemens [13], which complement the paper written by Nayman et al. [11], where

it is suggested to use a cake-shaped.

Figure 3.10 shows two pictures of the domain: the left one is a top view with a zoom of
the car, also specifying the inlet and outlet positions, while on the right, there’s an isometric
view of the domain from the outsides, with main sizes, also reported in Table 3.4, and with
the boundary conditions. These latter are very similar to the ones for the straight-line cases
because they are still a velocity inlet, a pressure outlet, symmetry side and top walls and a

sliding wall for the road.
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Figure 3.10: Top view of the cake-shaped cornering domain with the car inside of it (left) and external view
of the cake-shaped cornering domain with main boundary conditions and sizes(right)

Cornering Domain Specifications
Radius 50000 mm
Height 16000 mm
Forward Angular Extension 94°
Rearward Angular Extension 174°
Distance between car Center of Gravity (COG) and domain center | 9.125 m

Table 3.4: Sizes and specifications of the cornering domain, also reported in Figure 3.10. The angular
extension reported are computed with respect to the COG of the car

Figure 3.11 represents the isometric and top views of the car in a cornering configuration,
which can be observed by the rotation of the tyres for a left turn. The vehicle dynamics
department provides the tyre rotation angles based on the output from the car’s dynamic
simulations of the intended turn. However, the rotation of the front wheels has been obtained

with the Ackermann Steering model with the assumption of tyre non-slip.

Figure 3.11: Isometric (left) and top (right) views of the car prepared for the cornering simulation
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A detail on the rotated front wheels from the top in the cornering setup is reported in
Figure 3.12: the left one is the corner internal wheel, while the other is the external one,
since the case study is a left turn. The internal wheel is more rotated than the external one
because the local turning radius is reduced, while the opposite holds for the external wheel.
The wheel rotations are described by #;,, and 0,,,, respectively, for the internal and external

angles.

Figure 3.12: Top view of the rotated front wheels

3.6.2 Fluent Case Setup

The preparation of the Fluent case for cornering simulations consists in the modification of

the case for straight-line simulations as follows:

1. Set the MRF
Section 2.5 explains how the MRF works and why it’s needed for this kind of simu-
lation. The rotation axis of the frame is set to be coincident to the one defined by
the edge that connects the inlet and the outlet, and the rotation direction must be set
such that the frame rotates from the outlet to the inlet, which, for a left turn, is a
counter-clockwise rotation seen from a top view.
The angular speed of the frame is defined as the ratio of the cornering speed and the

corner radius.
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2. Boundary conditions
The inlet speed is set to 0 m/s because everything is based on relative motion between
the car and the fluid and that has already been defined by the rotation of the frame.
The other boundary conditions are left as in the straight-line case: symmetry condi-
tions for side and top walls, pressure outlet and sliding wall for the bottom wall, to

simulate the road.

3. Tyre rotational speed
In the case setting, some User-defined functions have been defined to compute the
rotational speed of the wheels, which, in a corner, differ for everyone. Given as input
the cornering speed, corner radius, tyre rotation, car wheelbase, and front and rear
track widths, these functions compute the wheel speeds and the rotation axis direction

to accurately account for their effects.

The rest of the settings, such as the turbulence model, the discretization schemes and the

solving parameters, are kept untouched from the ones of the straight-line cases.

The main difference between the straight line and the cornering cases is the velocity for-
mulation: in the former, both the car and the reference frame are still, the flowfield and the
forces are computed in the absolute formulation, while in the latter the reference frame
and the car are in relative motion, meaning that the solution is computed in the relative
formulation.

This difference implies that when it comes to post-processing the results for the flow visu-
alization, the quantities useful for the cornering are the relative ones and not the absolutes,
because if we consider the absolute velocity, as an example, it will be 0 everywhere since
the inlet speed is 0 and the absolute frame is still, while the relative velocity has a radial
distribution as expected by a rotational motion generated between the rotating frame and

the car.
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3.6.3 Comparison with Yawed Car

The idea of this comparison is to see the differences in the forces and flow structures between
the cornering setup, where the flow is curved and the MRF effects are present in the compu-
tation of the aerodynamic forces, and a setup where the flow is straight-lined and the car is
yawed with respect to the flow.

The comparison is intended to find a bridge between the straight-line and cornering cases

that can be validated in a standard wind tunnel facility.

The yaw applied to the car to simulate cornering is the arithmetical average of the rotations
applied to the internal and external front wheels, applying the approach of the kinematic

bicycle model, reported in the following Equation 3.1.

Qin - eout

- (3.1)

ebicycle =

The angle Op;cyce by the average of the rotation is finally applied to a rectangular domain
obtained by the mirroring of the straight-line domain used for the front wing studies and the

full car model. In Figure 3.13 the rotated yaw domain is reported with the car placed inside.

Figure 3.13: Yaw configuration domain: the enclosure is rotated by an angle equal to Opicycie
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The boundary conditions are the same as in the straight-line cases:

Velocity-Inlet

Pressure-Outlet

« Sliding Wall for the road and the wheels

Fixed Wall for all the remaining car surfaces

e Symmetry on the side and top walls
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4 Results

In this section, the results of all project steps are presented.

The aerodynamic coefficients that are reported for all the following subsections are related to
the frontal area of the body in analysis (front wing or full car) with an arbitrary scale factor,
as well as the moment coefficients that are related to a factor of the car wheelbase. The

reason is to avoid releasing the details of the aerodynamic performance for our competitors.

4.1 Front Wing Model

Firstly, the work on the front wing is reported, including details on the mesh, grid conver-

gence, and a comparison between the low-y* and high-y* approaches.

4.1.1 High-Quality Mesh Generation

One of the most important parts of the result is the one about the mesh generated on the
front wing model, whose parameters are then extracted and used for the generation of the

surface and volume mesh around the straight line and cornering model.

The following group of pictures in Figure 4.1 visually resumes how the mesh on the front
wing model looks like and, for extension, what it looks like in the full car models.

The surface mesh is predominantly composed of square cells, even though the imposed type
of mesh to be generated is a mix of triangular and square cells, and the geometrical features

are correctly treated as explained in Section 3.3.1:

o The LE of the wing presents the streamwise anisotropy of the shell size, favoring a finer

discretization of the geometry along that direction.

o Sharp edges have a finer mesh around them to improve the resolution in these critical

zones.

o The rectangular faces are composed by an organized structure of the mesh in most of

the surface.

Layers and volume mesh built around the geometry follow the specification as well. The FLH

and the total number of layers are respected everywhere and the squeeze of these latter, in
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narrow and geometrically complex regions, allows for a better cell quality and for a better

generation of hexahedral mesh.
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Figure 4.1: Summary of the results on the generation of the mesh on the front wing model.

Top left: Surface mesh on the pressure side of the wing

Top right: Detail on the leading edge surface mesh where the control on the anisotropy of the sizing is applied:
more refinement on the streamwise direction rather than on the spanwise one

Bottom left: Layer structure around the complex front wind endplate geometry

Bottom right: Detail of the endplate layers near the wall, showing the squeeze of the layers in narrow regions
to maintain cell quality.

In the following Figures 4.2 and 4.3, and Tabels 4.1 and 4.2, are reported the outputs
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from the simulation of the front wing model: the y™ value of the layers’ first cell centroid
over the whole geometry is almost everywhere inside the limits of the viscous sublayer of the
BL delimited by the value of y* = 5, except for some local regions in the endplate.

Over the suction and pressure sides of the mainplane and the flaps, the y* distribution is
coherent with the physics of the problem: on the suction side, the local flow speed is higher
than the freestream velocity, causing an increase in the y*, due to the increase in the sur-
face friction in Favorable Pressure Gradient (FPG) flow zones. The opposite happens in the
pressure side.

The reason why the computed y* is higher in those regions lies in the flow structure around
the endplate zone that is typically very vorticose, and the combination of streamwise velocity
components with vortex results in a local increase of the velocity magnitude that, togheter
with the FLH, which is constant along the endplate geometry, is used to compute the y™.
The consequence is that in Fluent, the EWF, explained in Section 2.4 doesn’t interpolate the
velocity profile down to the wall as accurately as if the y* is inside the VSL, ending up in a
potential miscalculation of Adverse Pressure Gradient (APG) zones and separation points.
However, the presence of these zones doesn’t compromise the quality of the mesh and the
accuracy of the results because they are small in size and placed in zones where the separa-
tion is not likely to occur, and the most critical region, where the separation is important to
be captured and accurately computed, such as the zones in the mainplane and flaps suction

sides close to the trailing edge, are characterized by a lower y* values.

Other important mesh quality values that must be analyzed are the maximum cell as-
pect ratio and the minimum orthogonal quality, that is better kept below 300 and
above 0.01, respectively. The maximum aspect ratio threshold prevents overly elongated
cells, while the orthogonality threshold is a Fluent standard value [5], related to the relative

orthogonality of cells’ faces, to ensure overall high-mesh quality.
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Figure 4.2: yT contour plotted on the pressure side and on the upper parts of the endplate surfaces

Figure 4.3: y* contour plotted on the suction side and on the lower parts of the endplate surfaces

Max y* 8.48

Max Mainplane y* | 3.52
Max Enplate y™ | 8.48
Max Flaps y* 3.80
Average y™" 1.03

Table 4.1: Front wing y* values obtained at the convergence of the simulation

Max Aspect Ratio 258
Minimum Orthogonal Quality | 0.096

Table 4.2: Mesh quality report from Ansys Fluent before running the simulation

The following Figure 4.4 shows two detailed pictures of the endplate’s bottom region
where the y* value increases. The pressure coefficient contour shows how that zone is char-
acterized by a very low pressure that causes suction, indicating a high-speed flow, while the
skin friction coefficient contour, with the Paraview Surface LIC, is useful to identify the na-

ture of the flow in this region: the wall shear flow lines are not parallel to the freestream
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flow but they are tilted due to the combination of the streamwise flow and the vorticose flow
generated by the endplate channel. The LIC enables the visualization of the wall shear vector

field alongside the contour.

Figure 4.4: Detail on the endplate channel where the local vorticity increases the overall velocity magnitude
that eventually increases the y value. On the left, the pressure coefficient, which indicates the high suction
zone, and on the right, the skin friction coefficient with Paraview Surface LIC visualization that highlights
the shear line in those zones

Note that in the skin friction picture, the range goes from 0 to 0.05 instead of going from
0 to 0.02 as it does for all the other results pictures reported. The reason why the range has
been changed for this picture is to better highlight the effects of the vorticity in the internal
part of the endplate, where locally the y* reaches its peak.

Figures 4.5 and 4.6 show two contours on the suction and section sides of the wing. The
pressure coefficient Cp plotted on the wing highlights the region where the pressure reaches
its peaks and generates the downforce, while the skin friction coefficient Cy identifies the
zones where the flow separates from the surfaces, creating recirculation zones that can be
noticed by looking at where the coefficient drops to zero and the wall shear lines of the LIC
create spirals and tilt violentely.

The pressure coefficient is defined by Fluent as follows:

_P-P,

C 1peV2

Cp (4.1)

where P is the static pressure, p is the density and V is the velocity, and the subscript

ocindicates the reference value chosen by the user.
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The skin friction coefficient is defined as follows:

Twall
O, = 2% 4.2
f %Poono ( )

where 7,4 is the wall shear computed by the solver.

Figure 4.5: Aerodynamics results on the suction side of the front wing: on the left, the pressure coefficient
and on the right, the skin friction coefficient with Paraview Surface LIC visualization

Figure 4.6: Aerodynamics results on the pressure side of the front wing: on the left, the pressure coefficient
and on the right, the skin friction coefficient with Paraview Surface LIC visualization

4.1.2 Grid Convergence

Once the set of all mesh-generation parameters in ANSA has been successful and satisfac-
tory, the next step is to determine the correct mesh size that ensures the output results are
independent of the mesh. As explained in Section 3.3.2, four mesh sizes have been tested,

and the results are as follows.
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Shell Size Fine | Medium | Coarse | Very Coarse
Total final cell count | 3.01e7 1.78e7 1.40e7 1.20e7
Cr 8.578 8.583 8.476 8.315
Ch 1.379 1.381 1.376 1.354

Table 4.3: Absolute values of the lift and drag coefficient of the front wing obtained for different mesh sizes
that depend on the maximum shell size imposed on the surface mesh

Shell Size Fine | Medium | Coarse | Very Coarse
Total final cell count | 3.01e7 1.78e7 1.40e7 1.20e7
C variation / 0.06% 1.26% 1.94%
Cp variation / 0.19% 0.41% 1.61%

Table 4.4: Percentage variation of the lift and drag coefficient of the front wing, with respect to the most
refined case, obtained for different mesh sizes that depend on the maximum shell size imposed on the surface

mesh

(' and (' values for different sizes of the mesh

—o
—0

1.385

Cp

< 1.365

- 1.36

- 1.355

—_—— ],
—e—Cp

@

2.2 2.4

Mesh Cells Count

Figure 4.7: Front wing lift and drag coefficients, blue and black, respectively, values for different total number

of mesh cells

Figure 4.7 shows the variation of the aerodynamic lift and drag coefficient with the varia-

tion of the mesh sizes and Tables 4.3 and 4.4 report the numerical values and the percentage

variation, respectively.

All the values reported are obtained as an average of the last 200 iterations of the simu-

lation, and this extends to all the subsections of the results where numerical values are shown

and discussed.

44



The convergence has been obtained with the Medium mesh size, with the maximum shell
size allowed set to 4mm, where the percentage variation of the results is below 1% for both
coefficients, but also the Coarse mesh, 6mm of shell size, provides aerodynamic coefficients
that are satisfactory from the convergence point of view, since only the lift coefficient is
slightly above the 1% variation set as threshold for the independence of the results from

mesh.

The final surface mesh size chosen for the project is the Coarse size, because it provides
a mesh that is manageable by computers with 32Gb of RAM, available to the team to run

simulations.

4.1.3 Wall Treatment Comparison

The mesh parameters obtained from the grid convergence study have then been used for the
wall treatment comparison described in Section 3.3.3.
In both tables and plots reported, the nomenclatures "y* = 1" and "y™ = 30" represent the

results obtained with low-y* and high-y* meshes, respectively.

In Figures 4.8 and 4.9, it’s visible how the y* is distributed in high-y* meshes of the front
wing. As for the low-y* ones, the values are higher on the suction side of the wing where
the faster flow increases the wall shear stress and the y™ as well, while on the pressure side,
the low speed regions are such that the value drops below the threshold of 30, considered the
lower bound of the OL, and are identified by the out-of-scale gray color.
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Figure 4.8: y™ contour plotted on the pressure side and on the upper parts of the endplate surfaces, with

gray zones where the y* drops below 30

Figure 4.9: y contour plotted on the suction side and on the lower parts of the endplate surfaces, with gray

zones where the y* drops below 30

1. Flaps Configurations

Full FW ‘ No Flaps ‘ No Flap 2

yT =1 Configurations

Ch 1.376 0.323 0.646

Cr 8.476 2.621 5.962
y™ = 30 Configurations

Ch 1.394 0.307 0.652

Cr, 7.923 2.460 4.834

Deltas
Delta Cp (%) -1.3 5.0 -0.9
Delta C;, (%) | 6.7 62 | 189

Table 4.5: Lift and drag coeflicients values for flap configurations simulations using a mesh with a FLH inside
the viscous sublayer of the BL (y* = 1), using a mesh with a FLH inside the OL of the BL (y* = 30) and

the delta values in percentage between them
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Figure 4.10: Plot of the drag (left) and lift (right) coefficients for the different flap configurations for y+ =1
and y+ = 30

Table 4.5 and Figure 4.10 show how the coefficients change as the configuration changes:
the drag coefficient for the y™ = 30 meshes matches quite accurately the values of the
y* =1 ones.

The increase and decrease of aerodynamic performance with the variation of the number
of flaps is trivial: more flaps generate more upwash and more upwash generates more
downforce for Newton’s third law, and the correlation between the two methods was

expected, as the addition or removal of flaps is a macroscopical change in the geometry.

2. AoA Configurations

T3 -] [T ]> ¥ |~F
yT =1 AoA
Ch 1.177 | 1.177 | 1.233 | 1.308 | 1.376 | 1.434 | 1.473 | 1.516 | 1.633
Cr, 6.030 | 6.728 | 7.646 | 8.179 | 8.476 | 8.618 | 8.052 | 7.714 | 7.138
yt =30 AoA
Ch 1.149 | 1.208 | 1.270 | 1.327 | 1.394 | 1.461 | 1.497 | 1.544 | 1.607
Cr 6.476 | 6.984 | 7.423 | 7.715 | 7.923 | 7.954 | 7.647 | 7.004 | 6.836
Deltas
Delta Cp (%) | -2.3 -2.6 -2.5 -1.4 -1.3 -1.9 -1.6 -24 1.7
Delta C;, (%) | 74 | 35 | 29 | 57 | 67 | 7.7 | 125 | 102 | 42

Table 4.6: Lift and drag coeflicients values for AoA simulations using a mesh with a FLH inside the viscous
sublayer of the BL (y™ = 1), using a mesh with a FLH inside the OL of the BL (y™ = 30) and the delta
values in percentage between them
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Figure 4.11: Plot of the drag (left) and lift (right) coefficients for the different angle of attack configurations
for y* =1 and y+ = 30

The tables and plots of the coefficients for the AoA configurations, in Table 4.6 and
Figure 4.11, report more discrepancies between the two methods for different configu-
rations, but the trends are the same, meaning that the prediction of the behavior of

the flow is captured accurately enough, also for this test.

These results demonstrate the significant jumps in aerodynamic performance that oc-
cur when the front wing changes its attitude with respect to the free stream. These
jumps are due to the fragility of the flow around such geometries, where the flow is
highly bent and experiences strong adverse and favourable pressure gradients.

The most critical zone is the suction side, where the ground effect amplifies the pressure
gradients, and small variations in pitch result in significant aerodynamic differences.
Figure 4.12 and 4.13 report the differences in the C'p and the C of the suction side of
the wing when set to +4° with respect to the standard configuration contours seen in
Figure 4.5: increasing the angle of attack eventually produces a huge separation on the
suction side where the APG is too strong and the flow separates is very close to the
leading edge, while decreasing it reduces the suction because the convergent-divergent
geometry seen by the flow between the suction side and the road has a lower area
gradient along the streamwise axis that influences negatively the downforce generated

by the venturi effect.
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Figure 4.12: Pressure coefficient (left) and skin friction coefficient (right) contours of the front wing in the
—4° AoA configuration with low-y+ mesh

Figure 4.13: Pressure coefficient (left) and skin friction coefficient (right) contours of the front wing in the
+4° AoA configuration with low-y+ mesh

The same aerodynamic behavior is caught by the high-y™ meshes, as visible in Figure
4.14. However, in these cases, the match is not as accurate as the low-y™ ones, since
a higher distance of the cell from the wall implies that the solver must interpolate the
velocity profile and its dynamics as well.

Nonetheless, the macroscopical flow behavior is coherent between the two methods.
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Figure 4.14: View of the suction side of the front wing with a skin friction contours with LIC visualization
for high-y™ meshes of —4° (left) and +4° (right) AoA configurations

3. Ride Height Configurations

-10 mm ‘ 0 ‘ 10 mm

y™ =1 Ride Height
Ch 1.337 1.376 1.401
CL 7.973 8.476 | 8.417

yT = 30 Ride Height
Ch 1.365 1.394 | 1.428
Cr 7.868 7.923 | 8.004

Deltas

Delta Cp (%) | 2.1 | 1.3 | -1.9
Delta C, (%) 3.6 6.7 4.9

Table 4.7: Lift and drag coefficients values for ride height simulations using a mesh with a FLH inside the
viscous sublayer of the BL (y* = 1), using a mesh with a FLH inside the OL of the BL (y™ = 30) and the
delta values in percentage between them

Cp for Ride Height variations Cp, for Ride Height variations

——Cpy =1 1 g ——CrLy =1
——Cpy™ =30 —e—Cr y™ =30
1.32 . 7.5 :
-10 0 10 -10 0 10
Ride Height (mm) Ride Height (mm)

Figure 4.15: Plot of the drag (left) and lift (right) coefficients for the different ride height configurations for
yt =1and y+ =30
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Again, the ride height test gives results (Table 4.7 and Figure 4.15 that need the same
consideration as the flaps configurations and AoA ones: the coefficients are not the
same, but the trends are followed.

The two approaches are both able to capture the loss of downforce when the wing is
closer to the ground due to less mass flow under the wing that reduces the ground
effect. However, when the wing is positioned 10 mm above the standard configuration,
they differ in the trend of the lift coefficient: the high-y™ mesh computes an increase
in downforce when the wing is further from the ground, while the other computes a

decrease.

The difficulties of the high-y™ meshes in following the results produced by the low-y* ones
are mainly due to the inflation layer resolution that is needed to predict the boundary layer
dynamics. Using a high-y™ approach not only simplifies the interpolation of the velocity
profile close to the wall, assuming it is logarithmic, but it also uses a high inflation layer in
regions where the flow may not be turbulent.

In Figure 4.16, a slice of the front wing in standard configuration is reported with a contour

of the local longitudinal Reynolds number Re,, defined as:

_pVz
1

Re, (4.3)

where V is the velocity field.

Usually, the Re, is defined with the freestream velocity, but for the following considerations,
it’s better to use the local speed because of the too-low similarity between a front wing flap
sequence and a flat plate.

The contour of Re, is meant to identify what regions are below the fully laminar regime
threshold (2000) and the fully turbulent regime one (500000), typically identified in flows
over flat plates. The x = 0 point is identified on the leading edge and it is visible that only a
small and narrow region is below the laminar threshold, while big differences on the evolution
of the flow are present between the suction and the pressure sides, caused by the different
velocity magnitude in those regions: the higher speed on the suction side accelerates the

transition of the flow from laminar to turbulent, while the concave curvature of the pressure
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side slows down the freestream flow making the transition slower.

In any case, the global low-speed regime usually adopted for this project, causes the creation
of laminar flow typically around the leading edge of the wings, in particular of the ones that
are mostly exposed to free air (such as the front wing), and using a high-y™ mesh implies that
the boundary layer can be entirely capture by only one or two cells, leaving all the modeling
work to the turbulence model and the wall functions. However, these latter are supposed
to work with turbulent flows, so the addition of the laminar nature of the boundary layer
further complicates things which can lead to mispredictions of the aerodynamic forces.
Moreover, turbulence models in general cannot capture the physics of transition to turbu-
lence even with fine wall resolution. Hence, the influence of transition on the aerodynamic
performance data is not well captured and might be an important reason for the differences
seen. Further investigations of the influence of transitional flow is non-trivial and not further

considered in this study.

Figure 4.16: XZ slice of the front wing in standard configuration with a Re, contour plotted. The legend
goes from 2000 to 500000 and the out-of-scale colors are black and gray for the lower and the upper values,
respectively

Overall, the results on this comparison are satisfactory because it has been shown that
modeling the BL with a coarser mesh (FLH inside the OL) follows the trends in the increase
and decrease of the lift and drag coefficient delineated by the y* = 1 configurations.

By doing so, it’s a good way to save on the total cell counts due to the smaller number

of layers required to cover all the predicted BL height, and it’s important to note that the
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number of layers is the parameter that multiplies the cell counts of the surface mesh.

The y* = 30 approach eventually is the one chosen for the generation of the mesh on the full
car models for straight-line, wind tunnel and cornering simulations.

One additional reason for the use of this approach is of a more practical nature: the meshes
generated in this way have a final size that can be simulated on standard computers avail-
able to the members of the aerodynamics department!, with which the aerodynamic package

development is carried out throughout the season.

4.2 Full Car Model

This subsection shows the results of the full car, meshed with the same parameters used
for the front wing model, with the Coarse size resolution for the surface mesh, and the
aerodynamic features of the flow around the full car configuration.

The full car model exploits the symmetry properties of the geometry, similarly to the front
wing model and the post-processing pictures reported are obtained by a mirroring of both
the car geometry and the flow. In particular, the car side that is simulated is the left one, as

visible in the following pictures.

!The computers available have 32 Gb of RAM, so the meshes must be limited in size to be run
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Figure 4.17: Front view (left) and rear wing view (right) of the mesh of the complete car

In Figure 4.17, two pictures are reported showing the surface mesh generated on the entire
car configuration. The feature treatments applied to the front wing model are also recogniz-
able in other car components, such as the leading-edge refinement in the chassis wing, right
above the front wing, and in the rear wing mainplane and flaps, or the refinement around
sharp edges or high-curvature surfaces.

The simulation of the full car provided the following aerodynamics results:

Aerodynamic Coefficients
Chb 14.68
Cr 33.78

Aerobalance (%) 55.20

Table 4.8: Lift, drag and pitch moment coefficients of the full car model

Table 4.8 reports the aerodynamic coefficient of the car in straight configuration that will
be compared with the one generated by the cornering configuration to evaluate the variation

in performance due to the curved flow.
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Figure 4.18: Isometric (left) and bottom (right) views of the pressure coefficient contour plotted over the car
surfaces in straight configuration

Figure 4.19: Isometric (left) and bottom (right) views of the skin friction coefficient contour plotted over
the car surfaces in straight configuration with shear stress vector lines obtained with Paraview Surface LIC
visualization

Note that in the Cy contours of the full car results, the LIC lines may not be coherent
with the flow symmetry due to visualization errors in Paraview when the solution is mirrored.
The left side of the car is the one that is simulated and then mirrored; therefore, for detailed

consideration of the wall shear field, please refer to the left side.
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Figure 4.20: Isometric (left) and bottom (right) views of the y™ contour plotted over the car surfaces in
straight configuration. The scale is set to highlight the zones where the y* drops below 30

From Figure 4.20, it’s clear that the y* distribution has resulted as desired. Most of
the car has a first-cell centroid in the OL of the BL, indicating that Fluent has used the
logarithmic wall function to interpolate the velocity profile to the wall surface.

The regions where the y™ drops below 30 are, for the most part, stagnation or low-speed
zones, such as the pressure sides of front and rear wings or the head of the pilot, and this
is important because, even though the wall function may not work correctly for y* values
between 5 and 30, the flow is less likely to separate, in those zones, so the good prediction of
the APG zones is not fundamental.

The most critical zones to model correctly are the suction sides of the wings and the venturi

channels, as shown in the bottom view of the car.

Figure 4.21 is composed of two pictures that are both meant to visualize the flow struc-
ture around the car. In particular, they are plane cuts at 70 mm from the ground on which
the total pressure coefficient, on the left, and the velocity coefficient, on the right, are plotted

both enhanced by the LIC visualization of the velocity vector field.
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Figure 4.21: Total pressure coefficient (left) and velocity coefficient (right) contours plotted on a plane 70
mm from the ground in cornering configuration with velocity vector lines obtained with Paraview Surface
LIC

These two coeflicients are defined as follows:

Ptot V

Piot Poo + %pOOVOQO \% (4 4)

where P,,; = P + %pV2.

The total pressure coefficient is used as a measure of flow energy losses around the car as
the air is moved by the car, and helps to localize wake zones and to see at what kind of flow
the aerodynamic components are subjected to, while the velocity coefficient is rather used to
identify the high-speed and low-speed zones to understand where and how the downforce is
generated around the car. This latter can also be used to quantify the wake regions.

In these pictures, it’s visible how the inside wheel wake enters the left Venturi channel.

The decision to use coefficients rather than absolute quantities stems from the need to evalu-
ate the car’s performance at different speeds and cornering radii. Therefore, normalization of
velocity and relative dynamic pressure is fundamental for comparing different flow structures,

even when the general conditions differ.

4.3 Wind Tunnel Validation

The last section of the results regarding the mesh is the validation of the present CFD solu-
tions wind tunnel data and comparison with the old CFD model.
The data produced by the validation are lift and drag coefficients multiplied by the unit area

and the aerobalance. This latter is expressed as the percentage of the total downforce applied
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to the car’s front axle.

The plots for the comparison of these quantities are presented in two formats: the first shows
the results as 2D plots, where on the x-axis there are the suspension configurations labeled
as the target number assigned by Table 3.2 and on the y-axis there are the values, while the
second is a 3D map where the results are plotted against the front and rear ride heights at

the respective axles.

Figures 4.22, 4.24 and 4.26 show the 2D plots of Cf, Cp and Aerobalance, respectively,
as function of the suspension setup described in Table 3.2, while on their right, there are the
corresponding 3D maps, in Figures 4.25, 4.23 and 4.27, which are functions of the front and

rear ride height relative to the standard one.

It’s important to notice that the measure of aerodynamic forces is missing for the 6" sus-
pension target for the old CFD model, so it has been removed in the green lines of the 2D
plots, but in the 3D maps, it has not been possible to leave the hole caused by the missing

data because they are obtained by an interpolation of the provided data.
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Figure 4.22: Cp values obtained with the new CFD

model (red), the old CFD model (green) and with the Figure 4.23: 3D aeromaps of the Cp versus the front
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new (red) CFD model and wind tunnel (blue)

Looking at the plots in the figures, it’s visible that the new model is not as accurate as

wanted, because the trends of the coefficient from the wind tunnel are not followed, especially

in Cp, and Cp plots, and the CFD absolute values are still far from the experimental ones.
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On the other hand, the aerobalance results are better than those obtained with the old model,
since the trends are more similar, but there are still considerable differences between CFD
and the wind tunnel.

Further considerations on this part of the project are left for the discussion Section 5.2

4.4 Cornering Model

This section reports the cornering simulation’s output to analyze the aerodynamic results.

Aerodynamic Coefficient | Variation from straight [%]
Cho 14.59 -0.6
Cr 32.86 -2.8
Aerobalance (%) 54.16 -1.0

Table 4.9: Lift, drag and pitch moment coefficients of the cornering model with percentage variation with
respect to the straight model results in Table 4.8

Lateral Aerodynamic Coefficients
Cy 2.39
Chu, -1.78
Cor. -2.02

Table 4.10: Lateral force, rolling and yawing moments coefficients of the cornering model

Table 4.9 reports the main aerodynamic coefficients of the car in cornering and their
percentage variation with respect to the straight line case, while Table 4.10 reports the lat-
eral aerodynamic coefficients of the lateral forces generated when asymmetrical flows interact
with the car.

Concerning the main aerodynamic coefficient, it’s visible how there’s a reduction of the down-
force, probably because of the left Venturi channel that is directly exposed to the internal
wheel wake that negatively affects the downforce generation. Additionally, it’s important to

2 rearward, bringing more downforce to the rear

notice that there’s a shift of the aerobalance
axle, which helps to prevent the oversteer of the car.

The lateral force coefficient C), is positive when pointing inward the turn, the rolling moment
coefficient (', is positive if it induces the car to roll outward the turn and the yawing mo-

ment coefficient C), is positive if it induces the car to turn inside the corner.

2The aerobalance is defined as in the wind tunnel validation.
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This means that Genesi’s aerodynamic package is such that it generates a rolling moment
that counteracts the typical roll induced by the centrifugal acceleration, as well as a side
force that pushes the car inward the turn. The yawing moment is negative, meaning that it

leads the nose to turn outward, causing the car to tend to understeer.

Figure 4.28: Isometric (left) and bottom (right) views of the pressure coefficient contour plotted over the car
surfaces in cornering configuration

Figure 4.28 is composed by two pictures of the pressure coefficient Cp contour plotted
over the surfaces of the car during cornering. Especially in the picture on the right, it’s
visible how the low-pressure zone on the suction side of the front wing is shifted towards the
external part of the car relative to the corner, due to the higher dynamic pressure in the
outer regions.

The value chosen for the reference speed is the cornering speed and the reference pressure

and density are the atmospheric values at sea level in standard conditions.

Figure 4.29: Isometric (left) and bottom (right) views of the skin friction coefficient contour plotted over
the car surfaces in cornering configuration with shear stress vector lines obtained with Paraview Surface LIC
visualization
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Figure 4.29 shows the contours of the skin friction coefficient C'y plotted on the car sur-

faces, with the addition of Paraview LIC.

Figure 4.30: Total pressure coefficient (left) and velocity coefficient (right) contours plotted on a plane 70
mm from the ground in cornering configuration with velocity vector lines obtained with Paraview Surface

LIC

Figure 4.30 reports the flow structure around the car at 70 millimeters height from the

ground with the total pressure coefficient and the velocity coefficient, as in Figure 4.21.

Just by noting how the wake of the internal wheel is perfectly confined, when in a straight

line, while in cornering is ingested by the Venturi channel, it is clear that the aerodynamic

package of the car has not been designed for such conditions.

4.4.1 Comparison with Yawed Car

To conclude the cornering results subsection, the yawed-car results are presented.

Aerodynamic Coefficient | Variation from cornering [%]
Cho 13.86 -5.00
Cr 30.28 -7.8
Aerobalance (%) 56.05 1.9
c, 6.11 -355.6
Cu, 1.10 161.8
Cir. 20.23 ~88.6

Table 4.11: Lift, drag and pitch moment coefficients of the cornering model with percentage variation with
respect to the straight model results in Tables 4.9 and 4.10

Table 4.11 resumes the differences between the cornering and yaw simulations’ aerody-

namic coefficients outputs.
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The two approaches provide similar results for the main aerodynamic values (Cr, Cp and
Aerobalance) with a slight difference between them. On the other hand, when it comes to
the lateral aerodynamic coefficients, the yaw setup gives opposite values compared to the
cornering ones. In particular, the side force and the rolling moment have an opposite sign,
meaning that the physics of the yaw model is not coherent with the cornering ones from this
point of view.

The reason is that in the cornering model, the rotating flow changes its yaw angle along the
longitudinal direction of the car, whereas in the yaw model, the angle remains constant. In
the rear part of the car, behind the COG, positioned near the driver, the flow structures of
the two methods differ significantly. The curved flow points inward during the turn, while
the yawed one points outward, causing opposite reactions on the surfaces in that zone, which

in turn generate opposite forces and moments between the two methods.

Figure 4.31: Isometric (left) and bottom (right) views of the pressure coefficient contour plotted over the car
surfaces in yaw configuration

Figure 4.32: Isometric (left) and bottom (right) views of the skin friction coefficient contour plotted over
the car surfaces in yaw configuration with shear stress vector lines obtained with Paraview Surface LIC
visualization
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Figures 4.31 and 4.32 are the corresponding pressure coefficient and skin friction coef-
ficient contours of the cornering ones, seen in Figures 4.1 and 4.29. The main differences
between the two approaches used to evaluate the aerodynamic performance of a cornering
car can be appreciated in the Cy contour, in the bottom view, especially thanks to the LIC
visualization: whilst the forward part of the car sees a flow structure very similar to the
cornering one, in the central and rearward ones are subjected to a flow that goes outward
the car, for the yaw configuration, against the inward direction seen in the cornering case,

confirming what stated before.

Figure 4.33: Total pressure coefficient (left) and velocity coefficient (right) contours plotted on a plane 70
mm from the ground in yaw configuration with velocity vector lines obtained with Paraview Surface LIC

The same holds for the total pressure and velocity coefficient contours in Figure 4.33,
where the wake leaving the car points outward instead of inward, as it should in cornering.
However, the flow structures around the car are very similar, especially in the forward and
central parts, and this is why also the downforce, the drag and the aerobalance are similar

between the two models.
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Figure 4.34: Curved (left) and yawed (right) streamlines colored by the total pressure coefficient values

Figure 4.35: Curved (left) and yawed (right) isosurfaces of total pressure equal to 0 Pascal colored by the
velocity coefficient values

Figures 4.34 and 4.35 compare the streamlines and the isosurface of total pressure equal
to zero, respectively.
Again, the considerations to be made are the same: in the forward part of the car, the flows

look alike, but in the rearward zones the differences start to grow.

Table 4.12 below indicates that the yaw setup is faster in terms of computational time com-
pared to the cornering one, but the gain in time is not sufficient to justify the use of a model
that is more distant from reality. In terms of pre- and post-processing for the simulations,
the time required is almost the same, leaving the yaw setup as the least favourite.

Even though the yaw setup is not convenient in terms of physical accuracy, it is possible to
validate in a standard wind tunnel facility, whereas the cornering one is not, and this is very

important when it comes to addressing CEFD model accuracy.
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Time needed per iteration
cornering 54 s/iteration
yaw 51 s/iteration
Iterations needed for convergence
cornering 800 iterations
yaw 800 iterations

Table 4.12: Comparison of computational costs between cornering and yaw setups
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5 Discussion

This section is intended to review and further comment on the results, summarize the project,

and provide input for potential future development of the CFD models.

5.1 Front wing results

The front-wing model has proven to be an excellent tool for faster analysis of the effects of
certain parameters during meshing and solution, thanks to its reduced size while maintaining
sufficient geometric complexity. As a matter of fact, the passage from front wing to full car

model has caused no problems on the mesh generation.

The comparison between the two meshing approaches has helped to understand and quantify
the differences that exist when using a certain level of discretization of the BL rather than

another.

However, performing the grid convergence study on just the front wing may not guaran-
tee that the same mesh size yields grid-independent results for the full-car configuration; it’s
possible to assume that the level of geometry discretization achieved is sufficient. In addition,
this study has been performed with a low-y™ mesh, whereas the full-car results are obtained

with high-y* meshes.

5.2 Wind tunnel validation results

The model validation using wind tunnel experimental data yielded results that didn’t match
perfectly, neither in absolute values nor in trends.

The reasons for this behavior can be attributed to two main factors:

1. Incomplete modeling of the wind tunnel facility
The wind tunnel’s actual structure is a closed-loop circuit, and the test section mod-
eling does not account for all real features due to limited information provided by the
operators. For example, aspects that have not been modeled include the roughness of

the walls, which influences BL. growth, and the inlet flow turbulence intensity, which
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affects downforce and drag computations.
To all of that, it adds that the CFD model is simplified relative to the real geometry,
meaning that many flow interactions have not been captured, which alters the aerody-

namic forces.

. Misprediction of the CFD results due to RANS modeling

Simulating the wind tunnel configuration with RANS modeling will never produce ac-
curate and precise results that perfectly match the experimental ones and this is due
to different reasons. First of all, the meshing approach used for the simulations is the
high-y* one and the computation of the BL dynamics is expected to be inaccurate,
especially in those regions dominated by large APG zones. Further, when it comes
to using RANS simulations to estimate the downforce generated by a race car that
exploits ground effects with venturi channels and a diffuser, the tyre wake prediction is
fundamental and Diasinos et al. [14] report that steady-state turbulence models tend
to underpredict the streamwise extent and cross-section of a wake, that eventually is
sucked by the underbody, hence increasing the downforce values.

In this particular case, there’s also the interaction between the growing boundary layer

on the ground and the front wing and underbody devices, which influences the results.

. Transitional flow

The Reynolds number is sufficiently high to promote turbulent flow in general. How-
ever, there are zones of importance for the aerodynamic performance that have quite
low local Re and regions of laminar boundary layers are likely. This might be the case
around the leading edges of the wing elements, resulting in premature flow separation
and loss of downforce. Transition is very sensitive to small disturbances and notori-
ously difficult to predict. It can also result in large uncertainties in wind-tunnel data
when the model is more polished and clean compared with the running race car. In
fact, imposed surface roughness or transition stripes might improve the aerodynamic
performance and increase repeatability but might increase the drag force. This issue is
most likely of higher importance for the formula student designs than for, e.g., full-scale

Formula 1.
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Possible future work stemming from this part of the project could further improve the
model’s accuracy by introducing a low-y™ mesh for the full car configuration to capture
aerodynamic phenomena better. Additionally, using such methods produces meshes that are
more suitable for transient simulations closer to reality.

In his thesis project, Renda [15] demonstrates that transient simulations of the DrivAer
vehicle yield more accurate results for forces and flowfield features. However, increasing
the accuracy of a CFD model requires more powerful computational facilities, which were

not available to the UBM aerodynamics department at the time of the project’s development.

5.3 Cornering results

The cornering model results are satisfactory as they reflect all the expectations: the use of
the MRF tool allows for a very accurate representation of what the car experiences in a cor-
ner from the aerodynamics point of view, and the post-processing flow visualization confirms
that. Clearly, the considerations about the accuracy of the straight-line model also extend to
this case, since it’s directly derived from it. Still, the setup itself is a powerful and versatile

tool for this kind of analysis.

The yawed car configuration, as applied in this project, is not recommended, as the gain in
computational cost is too small to justify the loss of physical coherence in the model. How-
ever, the yawed-car configuration can be validated in standard wind tunnel facilities, whereas
for validating pure cornering data, track data extrapolated from car sensors is needed, which
could be an idea for a future project to improve aerodynamic correlation between reality and

simulations.
The cornering aerodynamic results have shown the differences of the flow structures with
the straight-line model and how the car is not designed for the cornering conditions, under-

lining the necessity of such a model.

Another idea for a future project is to automate the preprocessing phase for the cornering

model. In this thesis, the preparation of the car geometry has been done manually, starting
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from the straight-line one, mirroring it and adjusting the suspensions and tyres positions as
the dynamics department suggested, so creating an automatic process that exploits ANSA’s
tools and scripting functions to accelerate the step between the two configurations would
be very useful. One can also think of using overset meshing, where the car and wheels are
separately meshed and put together arbitrarily. That would also enable the possibility of

doing URANS of a whole maneuver going through a whole curve.
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6 Conclusions

This work developed a CFD methodology to simulate the aerodynamic behavior of a Formula
SAE car during cornering. The project introduced a new setup in ANSA and Fluent capable
of handling both straight-line and cornering conditions, renovating the pre-processing work-

flow.

A simplified front-wing model was first used to test mesh generation and solver settings
efficiently. The grid convergence and wall-treatment studies confirmed the validity of the
chosen meshing parameters and turbulence model (k —w SST), providing a balance between
accuracy and computational cost. The results demonstrated that the high-y* meshing ap-

proach can effectively reproduce aerodynamic trends while reducing the overall cell count.

The new CFD model was then validated against wind-tunnel data. Although the numer-
ical results did not perfectly match the experimental values, the new model showed improved
robustness and consistency compared to the previous setup. The discrepancies were mainly
attributed to typical errors in RANS simulations and two-equation turbulence modeling, as

well as the limited accuracy of wind-tunnel modeling.

Finally, a full 3D cornering model was developed exploiting the MRF functions available
in Fluent. The results correctly reproduced the expected asymmetric pressure and velocity
distributions typical of cornering flow. Comparison with a simpler yawed-car configuration
showed similar aerodynamic coefficients but less physical accuracy, confirming the superiority
of the full cornering model despite its slightly higher computational cost. This new model
will allow for better aerodynamic design choices that will improve the performance of the

UBM prototypes and so the placing in the FS rankings.
Overall, the project established a validated and reproducible CFD workflow for simulat-

ing cornering aerodynamics and provides a solid foundation for future work on simulations,

mesh automation, and correlation with on-track telemetry.
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