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Abstract

This diploma thesis aims at the development of a new strategy for the mesh gen-
eration process for the Sliding Mesh technique, used in the CFD simulation of pas-
senger cars, in order to correctly simulate the rotation of the wheels. The proposed
workflow focuses on increasing the robustness of the mesh generation process, and
reducing the simulation cost of the Sliding Mesh simulation method. In this kind
of applications OpenFOAM© environment is used in order to simulate the flow
around the car.

A mesh generated by the new technique is assessed by comparing the results with
the Tangential Velocity approach, which is the less demanding, yet less accurate
method of simulating the rotation of the wheels. The accuracy of the Sliding Mesh
and Tangential Velocity methods, when it comes to predicting the aerodynamic re-
sistance of the car, is examined by comparing the simulation results to the Wind
Tunnel data acquired for the same car setup. Finally, the gains in simulation cost
from the new meshing process are discussed. Furthermore, limitations towards the
reduction in the simulation cost of the Sliding Mesh method, are presented.

This work also includes a preliminary investigation in the impact of the treads (the
pattern responsible for the performance of tires in rainy conditions) in the aerody-
namic performance of a car. For this purpose, a single wheel model is used for the
CFD simulations in the OpenFOAM© environment. The method of including the
treads in the generated mesh is developed, and the correct method for simulating
the rotation of the treaded tire is presented. Finally, a treaded tire is compared to
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one without the tread pattern, through the results of the simulations conducted for
both. The aerodynamic performance of each tire and the simulation cost of each
approach are compared.

Most of this work was conducted in the premises of Toyota Motor Europe (TME)
in Zaventem, Belgium, during a six-month internship under the supervision of in-
dustrial manager Mr. Antoine Delacroix.
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Chapter 1

Introduction

1.1 Car Aerodynamics and CO2 Emissions

Over the last decades, the automotive industry has been putting increasing efforts
on developing new models with focus on lowering emissions and fuel consumption.
Electric and Hybrid Technology vehicles increasing popularity, has proven that the
market exists for zero or low-emission mobility solutions. The restrictions over fuel
consumption and CO2 emissions proposed by the EU have accelerated the process
by pressuring automotive industries to lower their model’s environmental impact.
The new Worldwide Harmonized Vehicle Test Procedure (WLTP) [1] standard, in
action since 1 September 2017, increases the complexity for car manufacturers and
dealerships, since every variation in a given car model has to be verified for its CO2

emissions. This increases the need for a robust and viable way to test every variation
of a given or under-development car model.

In order to comply with the new regulations, immense work has to be put into
developing designs that are not only aerodynamically efficient, but also aestheti-
cally pleasing. During the vehicle development phase, a lot of variations in the car
model have to be evaluated based on their aerodynamic performance. Therefore, re-
liable and low-cost CFD solutions have found their way into the vehicle-development
workflow of most automotive industries, as an alternative to the accurate, but costly
Wind Tunnel (WT) experiments. Although CFD solutions have been a tool for au-
tomotive industries for a long time, low-cost and higher-accuracy solutions are being
continuously considered.

This work focuses on the CFD simulation of a passenger car, targeting the accurate
simulation of the rotating wheels with the minimum possible CPU cost.

1



1.2. Aerodynamic Resistance of a Car 2

1.2 Aerodynamic Resistance of a Car

During the vehicle development process, one of the high-priority points taken into
account is the aerodynamic drag of the vehicle. The aerodynamic drag is the force
that is exerted on the sum of the surfaces of the vehicle, as it is trying to move
through the air with a given speed, projected on the direction of the car's velocity.
Low values of this force, result in low fuel consumption, low emissions for an internal
combustion (IC) car, whereas in the case of an electric vehicle (EV) this force is re-
sponsible for the reduction of the vehicle's range. Therefore, during the development
process, e�orts focus on decreasing the value of the aerodynamic drag to acceptable,
usually predetermined, levels. For a given geometry, the correct approximation of
this force is of essential value to the engineer. CFD solutions, often backed by WT
data, can not only give a correct approximation of a car's aerodynamic drag, but
certain methods exist that can guide the engineer to the geometry changes that
result in a drag reduction.

The aerodynamic drag is often presented in a dimensionless manner, through the
drag coe�cient ( Cd),

Cd =
D

q1 A
(1.1)

whereD is the drag force,q1 = 1
2 �U 2

1 is the dynamic pressure,U1 is the freestream
velocity relative to the car and A is the frontal area of the vehicle, which is equal
to the projection of the car's surface on a plane that is normal to the velocity vector.

The total aerodynamic drag can be considered as the sum of two quantities. The
�rst quantity describes the forces exerted on the surface as a result of the friction
between the air molecules and the car's surface due to their relative motion. This
term often referred to as friction drag, depends both on the properties of the 
uid,
such as the 
uid viscosity, and the properties of the surface, such its roughness.
This force is tangent to the given surface. The second quantity describes the forces
exerted on the surface as a result of the pressure distribution around the the car's
geometry. This force is normal to the given surface and is often referred to as the
pressure drag. The projected sum of the two terms is the calculated drag coe�cient,

Cd =
1

q1 A

Z

Sw

2

4 pn̂|{z}
Pressure

+ � w t̂|{z}
Friction

3

5 � î dS (1.2)

wherep is the pressure,� w is the shear wall stress, ^n and t̂ are the normal and tan-
gent to the surface unit vectors respectively,̂i is the unit vector on which the force
is projected, parallel to the relative velocity direction andSw is the wall surface on
which forces are calculated.
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The total aerodynamic resistance of the car is the sum of the forces exerted on every
wet surface of the car. Wet surface is considered every surface that comes in contact
with the air. The car's wet surfaces can be divided into four main categories. The
�rst category is the outer-body of the car, consisting of the body panels, windows,
mirrors, wipers etc. The second category is the under-body, consisting of all the parts
located on the bottom surface of the car, such as the exhaust system. The third
category involves the engine compartment and the radiator-condenser assembly, with
the fourth category being the rotating wheels. As shown in Fig. 1.1 in the form
of a pie chart, the rotating wheels are responsible for roughly 20% of the car's
aerodynamic drag. The engine compartment along with the under-body contributes
another 30% with the remaining 50% caused by the outer-body [3].

Figure 1.1: Aerodynamic drag distribution on car's surfaces.

Although the outer-body is the main contributor, reducing the drag by changing the
design of the outer-body often con
icts the aesthetic appeal of the car. This con
ict
between drag reduction and aesthetics is also present in wheel designs. However,
the characteristics of the 
ow in the proximity of the rotating wheels are harder to
model correctly, due to the intense turbulence created by the rotating spokes, the
complex brakes assembly, the tire's treads and the contact area between the tire
and the road, often referred to as contact patch. Furthermore, the wake created by
the rotating wheels, especially the front wheels, has an impact on the aerodynamics
of the rest of the car, making the correct modelling of this phenomena even more
important. Therefore, being able to compute the aerodynamic drag accurately using
CFD simulations is of high demand in car industries.

As shown in [4], there are three main approaches to modeling the rotation of the
wheels in cars. The Rotating Wall Boundary Condition (RWBC) approach, com-
monly referred to as Tangential Velocity (TV), is the least computationally de-
manding approach. It can be used both with steady or unsteady solvers. In the TV
approach, the wheels remain stationary and the rotation is approximated using an
appropriate velocity boundary condition over their surface. The TV approach can-



1.2. Aerodynamic Resistance of a Car 4

not, however, model the rotation of complex geometries (eg. the spokes) correctly.
For the Multiple Reference Frame (MRF) approach, a domain is selected in which
the 
ow is solved w.r.t. a rotating frame of reference. Outside of this domain a
stationary reference frame is used. Therefore the 
ow is solved using two reference
frames. The MRF method can be used both with steady and unsteady solvers. This
approach is also computationally not so expensive, however its accuracy in simu-
lating the rotation of the spokes is poor [4]. Finally, the state-of-the-art approach,
the Sliding Mesh (SM) approach, has the highest accuracy while being by far the
most computationally expensive approach out of the three. In the SM approach,
selected components of the wheel are physically rotated during the simulation. The
SM approach requires unsteady simulations since the position of the rotating com-
ponents changes on each time-step. Although this method has proven its ability to
resemble the WT data, the integration of the SM method to the vehicle development
work
ow is still an open issue due to the high run-times that are a huge set-back in
the fast paced automotive industry.

Another area of interest, included in capturing the impact of rotating wheels, is
the correct simulation of the tread of the tire. The tires of commercial cars have
longitudinal cut-outs, often referred to as grooves, and lateral cut-outs, often referred
to as treads. These cut-outs are designed in order to make the car safe-to-drive in
rainy conditions and prevent hydroplaning, but as [5] describes, they have a big
aerodynamic impact. This aspect of the wheel rotation problem is still an open
issue since the methods in hand and the subsequent meshing techniques have not
yet been developed to the point necessary, making it hard for these methods to be
included in the vehicle development work
ow.

Figure 1.2: Red Colour: Tire Tread, Green Colour: Tire Groove.
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1.3 CFD Mesh Generation

Every CFD analysis begins with the generation of the computational mesh. The
generation of the mesh is a complicated procedure and still an open �eld of study
with plenty of room for improvement. The quality of the mesh not only a�ects the
quality of the results, but it also a�ects the computational cost of the simulation.
As shown in [4], di�erent handling is required for the various approaches described
above, with the SM method being the most vulnerable w.r.t. the mesh quality, due
to the special needs presented in physically rotating one part of the computational
domain.

This vulnerability con
icts with the robustness that is necessary for a SM based
work
ow to �t the industrial needs. Furthermore, the simulation cost for the SM
approach is directly linked to the characteristics of the interface between the rotating
and the stationary domain of the mesh, referred to as Arbitrary Mesh Interface
(AMI) in the OpenFOAM© vocabulary.

For the investigation on impact of the treaded tires, new meshing techniques need
to be introduced, that can capture the detailed patterns of modern tire designs and
are robust enough to meet the industry standards.

The wide variety of mesh generation software o�ers solutions in order to tackle
the challenging meshing tasks required for each approach. Open source solutions,
such as thesnappyHexMesh mesh generator, available in the main distribution
of OpenFOAM© have been providing acceptable quality meshes for most of the
methods described above. However, as shown in [4], the special meshing needs of
the SM approach, cannot keep up with the industry need from a robustness point
of view. Therefore, a new two-step meshing strategy is introduced combining two
di�erent meshing methods. In the context of this work, a commercial mesh generator
is also used for the SM approach, whereas for the treaded tire investigation both
snappyHexMesh and a commercial mesh generator were used.
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1.4 Thesis Outline

The scope of this thesis is to introduce a robust technique for generating meshes for
the SM approach, that aims to reduce the simulation cost and increase the accuracy
of the simulation. The key points that increase the simulation cost for the SM ap-
proach are identi�ed and a new approach for the SM mesh generation is proposed.
This method takes advantage of two meshing approaches. The �rst starts with the
generation of a background mesh, which is then wrapped around the given surface
(wrapping). The second starts with the generation of a surface mesh. Based on this
surface mesh, the volume mesh is generated. The robustness and accuracy of the
mesh generation process is tested on four di�erent wheels for the same passenger
car. Then, the accuracy of the simulation is examined in theOpenFOAM© envi-
ronment for the simulation of the 
ow for one of the wheels. Starting point of this
thesis is the work presented in [4].

In Chapter 2, the 
ow equations that are solved in theOpenFOAM© environment,
in order to compute the 
ow �eld around the car, are presented, along with the tur-
bulence model and the wall treatment used on the scope of this work. Furthermore,
the discretization schemes and the solution strategy is presented.

In Chapter 3, the di�erent methods that were used for the SM approach and the
tire tread investigation are being presented.

In Chapter 4, the meshing approach for a SM-based CFD simulation , consisting of
two steps, is explained, using two di�erent meshing approaches. Also, the meshing
approach for the treaded tire investigation is presented.

In Chapter 5, the results for the SM method are compared with the TV one. The
method's accuracy is assessed, by comparing the drag coe�cient to the Wind Tunnel
data, and the gains in simulation cost are presented, as a result of the new meshing
process. Also, the results for the treaded tire impact investigation are presented, by
comparing a grooved and a treaded tire.



Chapter 2

CFD Analysis in the OpenFOAM©

Environment

In this chapter the governing equations solved for the computation of the 
ow �eld
around the car are presented. For the simulations, the open-source CFD software
OpenFOAM© is used.

2.1 Incompressible Flow Equations

The equations solved for the computation of the 
ow �eld, are the Navier-Stokes
equations for an incompressible 
ow. Equation (2.1) describes the conservation of
mass whereas equation (2.2) describes the conservation of momentum,

r � u = 0 (2.1)

�
@u
@t

+ � (u � r )u = �r p + r � (� r u) (2.2)

where @u
@t is the time derivative, u is the velocity vector �eld, p is the pressure,� is

the 
ow's constant density of the 
uid and � is the viscosity of the 
uid. Here it is
assumed that the density of the 
uid � and its viscosity � are constant.

7
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2.2 Turbulent Flow Modeling

This thesis focuses on the 
ow around a moving passenger car, with special attention
given to the e�ects of rotating wheels. The rotation of the wheels along with the
complexity of the car's geometry result in a highly unsteady, turbulent 
ow. The
shear stresses between the solid boundaries of the geometry and the 
uid molecules,
plus the stresses between the molecules themselves, result in the generation of vor-
texes, often referred to as eddies. The variety in the scale and intensity of these
eddies, results in a chaotic highly unstable and turbulent 
ow, posing a challenge
for the CFD solvers. The turbulent characteristics of the 
ow are expressed by scale

uctuations of the �eld variables. All the di�erent frequencies of these 
uctuations
develop in parallel through time, forming a spectrum. Furthermore, all the di�er-
ent eddies interact with each other while moving through the 
ow, resulting in an
increased friction drag on the solid surfaces of the domain.

The exact representation of these 
uctuations without the use of a turbulence model
is a very computationally costly approach, referred to as DNS (Direct Numerical
Simulation) [6], where a very re�ned discretization through space (re�ned mesh)
and time (small time-steps) is needed to achieve accurate results. The immense
computational cost is a red 
ag for implementing this approach into an industrial
work
ow. Therefore, turbulence models are used instead.

2.2.1 Reynolds Averaged Navier-Stokes

The Reynolds-Averaged Navier-Stokes equations [8], often referred to as RANS (or
Unsteady-RANS when including the unsteady term� @u

@t), is a result of the time
averaging of the instantaneous Navier-Stokes equations described in equations (2.1),
(2.2). For this approach, the instantaneous �eld quantities are decomposed into an
average and a 
uctuating value,

� = �|{z}
Average Value

+ � 0

|{z}
Fluctuation

(2.3)

The visual representation of eq. (2.3) is given for the velocity value of an unsteady

ow in Fig. (2.1).

Applying eq.(2.3) into the Navier-Stokes equations and, then, averaging result in
the RANS equations described in eq. (2.4) & (2.5), where the Einstein notation is
used,
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Figure 2.1: Average value and 
uctuation of the velocity �eld, from [7].

@uj

@xj
= 0 (2.4)

�
@ui

@t
+ � uj

@ui

@xj
=

@
@xj

�
� p� j

i + 2� Sij � � u0
i u

0
j

�
(2.5)

where

Sij =
1
2

�
@ui

@xj
+

@uj

@xi

�
(2.6)

In Eq. (2.5), the term (� � u0
i u

0
j ) is often referred to as Reynolds Stress term. For

this term, the Boussinesq hypothesis is introduced (eq.(2.7)), adding a new variable,
� t , referred to as the turbulent eddy viscosity,

(� u0
i u

0
j ) = � 0

ij = � t

�
@ui

@xj
+

@uj

@xi

�
�

2
3

k� j
i (2.7)

wherek = 1
2u0

i u
0
i is the turbulent kinetic energy, and� 0

ij is the Reynolds Stress term.

In order for the system of equations to close,� t needs to be expressed with the help
of a turbulence model.
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2.2.2 The Spalart-Allmaras Turbulence Model

The Spalart - Allmaras Turbulence model [9] is a one PDE model for incompressible

ows. The model originated from aerospace applications but has shown to be accu-
rate for predicting boundary layers subjected to adverse pressure gradients. For the
Spalart-Allmaras model, a new variable ~� is introduced, referred to as the Spalart-
Allmaras variable, so that the value of the eddy viscosity (� t ) can be derived using
the following equations,

� t = ~�f � 1 (2.8)

f � 1 =
X 3

X 3 + C3
� 1

(2.9)

X :=
~�
�

(2.10)

where� is the kinematic viscosity of the 
uid,

@~�
@t

+ uj
@~�
@xj

= Cb1[1� f t2] ~S~� +
1
�

fr� [(� +~� )r ~� ]+ Cb2jr ~� j2g�
�
Cw1f w �

Cb1

� 2
f t2

� �
~�
d

� 2

+ f t1� U2

(2.11)

where� = 2=3, Cb1 = 0:1355,Cb2 = 0:622,� = 0:41, Cw1 = 3:239,C� 1 = 7.1 are the
model's constants. Variabled is the distance to the closest solid surface.~S; f t2; f w

are calculated using the following equations:

~S = S +
~�

� 2d2
f v2 (2.12)

S =
p

2Sij Sij (2.13)

f � 2 = 1 �
X

1 + Xf � 1
(2.14)

f w = g
�

1 + C3
w3

g6 + C3
w3

� 1=6

(2.15)

g = r + Cw2(r 6 � 6) (2.16)
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r = min
�

~�
~S� 2d2

; 10
�

(2.17)

f t2 = Ct3e� Ct 4X 2
(2.18)

where Cw2 = 0:3, Cw3 = 2, Ct3 = 1:1, Ct4 = 2 are the constants corresponding to
the equations (2.12) to (2.18),Sij is given by eq. (2.7).

In its original form, this model is e�ectively a low-Reynolds number model, requiring
the viscosity a�ected region of the boundary layer to be properly resolved (y+ � 1).
In order for this approach to work, the mesh has to be well re�ned near the solid
boundaries of the computational domain, therefore resulting in high computational
cost, due to the increased cell counts. Therefore, a di�erent approach for the area
close to the wall is needed, that can correctly predict the steep gradients, without
the need for an overly-re�ned mesh near the solid boundaries of the computational
domain. In the context of this thesis, wall functions are used for the computation of
the gradients near the solid walls. The mesh generated in this work, complies with
the theoretical background of wall functions.

2.2.3 Near-Wall Treatment

The correct capturing of the velocity gradient near the wall surface, is directly
linked to the correct approximation of the skin friction drag. In order to correctly
predict these gradients without increasing the resolution of the mesh near these wall
surfaces, the use of wall functions is introduced. The wall functions are empirical
equations that are tuned to reproduce the characteristics of the 
ow near the wall
region. This approach is referred to as High-Reynolds modeling and is used as an
alternative to low-Reynolds methods, that require the �rst cell of the mesh to reside
inside the viscous sub-layer.

Figure 2.2: Left: Wall Function Approach, Right: Re�ned Mesh Approach.
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The dimensionless wall distancey+ and velocity u+ are introduced:

y+ =
u� y
�

(2.19)

u+ =
u�

u
(2.20)

whereu� is the local tangential or friction velocity,y is the distance from the surface,
� is the kinematic viscosity andu is the free-stream velocity.

The boundary layer developed close to the wall surface is explained in a dimension-
less way in �g. 2.3 through they+ & u+ variables. Three key areas are identi�ed.
The viscous layer (y+ � 1 � 5) inside of which the e�ects of viscosity result a linear
relation betweenu+ & y+ , The log-law region (y+ � 30 � 100+ ) where the e�ects
of turbulence cause a logarithmic relation betweenu+ & y+ . The log-law region is
presented as a straight line as a result of the log-scaled x-axis in Figure 2.3. Finally
the Bu�er zone (y+ � 5 � 30+ ) is a transitional area where the log-law approach
and the linear approach show a poor �t to the typical velocity pro�le. Therefore, a
continuous function has to be introduced for the entire range ofy+ .

Figure 2.3: Dimensionless velocity pro�le close to the wall, from [25].
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For this work, the Spalding Wall Function [11] is used ,

y+ = u+ +
1
E

�
e�u +

� 1 � �u + � 0:5(�u + )2 �
1
6

(�u + )3

�
(2.21)

where E = 9:53 is a wall roughness parameter, and� = 0:41 is the von-Karman
constant.

The implementation of this method inOpenFOAM© is through the modi�cation
of the turbulent viscosity � t ,

� t =
u2

�
@u
@n

� � (2.22)

whereu� is the tangential velocity, computed based on they+ value,n is the normal-
to-surface direction and� is the kinematic viscosity.

Implementation in the OpenFOAM© environment requires imposing a boundary
condition for the � t �eld on the solid boundaries of the computational domain
(nutUSpaldingWallFunction [11]).

In this work, the RANS equations are solved along with the S-A turbulence model
and the use of wall functions in order to acquire an initialization of the �eld. This
initialization will then be used for the unsteady part of the simulation.

2.2.4 Delayed Detached Eddy Simulation

For the transient simulations the Delayed Detached Eddy Simulation (DDES) model
is used [12]. This model is a RANS-LES hybrid model, combining the speed of RANS
and the accuracy of LES. Based on the Spalart-Allmaras model, the DDES model is
a modi�cation of the Detached Eddy Simulation (DES) model [13]. For the DDES
approach, thed variable of equation (2.11) is modi�ed accordingly:

d = max [d � f d; max(d � C� ; 0)] (2.23)

f d = 1 � tanh
�
(8rd)3

�
(2.24)

rd = min
�

� ef f

jr uj� 2d2
; 10

�
(2.25)
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where d is the DDES model length scale,d is the distance to the wall,C is a cal-
ibration constant equal to 0.65, � is the characteristic cell size. Finally, � is the
von-Karman constant and � ef f is the e�ective viscosity equal to the sum of the
kinematic and turbulent viscosity (� + � t ).

By the calculation of f d the model switches from RANS (forf d = 0) in the attached
boundary layers, to LES (f d = 1) in the detached 
ow regions whererd << 1.
Equations (2.25) & (2.24) indicate that the switch to LES depends not only on the
grid scale, but also on the time-dependent eddy viscosity �eld� ef f . The modi�cation
of the DDES length scaled prevents the immature switch to LES within boundary
layers and delays the switch until outside of it.

In this work, the SA-DDES model with the use of the above-mentioned wall-functions
is used for the unsteady part of the simulation, implemented in the environment of
OpenFOAM© v2106 [26].

2.3 Discretization of the N-S equations

In order for the N-S equations to be solved, the domain should be discretized into
small sections called cells. This is the result of the mesh generation process presented
in Chapter 4. The above-mentioned equations are solved in theOpenFOAM©

environment using the cell-centered Finite Volume method [27].

For both full-car and treaded tire simulations, the �eld is �rst initialized using a
steady state solver (simpleFOAM [21]) for 7000 iterations, so that a converged �eld
is acquired.

Then, an incompressible unsteady CFD solver is used (pimpleFOAM [28]). The
transient part of the simulation lasts for three seconds. The time-step is set at
� t = 1:4 � 10� 4[sec] for the transient part of the simulation. The DDES Spalart-
Allmaras model is used with wall functions (Section 2.2). For each time-step of
the unsteady simulation, a pressure corrector �eld is computed (pcorr) in order to
correct the velocity �eld for the continuity equation to be satis�ed.

For the time derivative discretization, a second order backward scheme was applied.
The convection term was discretized using a second order linear upwind scheme.
For the interpolation of the quantities a linear scheme was used whereas for the
Laplacian Term a linear limited scheme was selected.

After the �rst second of the transient simulation has elapsed, the average values of
the 
ow variables (p and U) are computed (1[sec] ! 3[sec]) for a total of 2 sec.
Based on these values, the averaged coe�cient of drag (CD ) is calculated.
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2.4 Boundary Conditions

In order for the PDEs to be solved, Boundary Conditions (BC) must be imposed on
the boundaries of the computational domain.

2.4.1 Full-car Simulations

Boundary conditions for the full-car simulations are presented in this section. The
computational domain, is presented along with the car and the key surfaces on which
di�erent BC will be imposed, in Fig. 2.4.

Figure 2.4: Computational domain dimensions.

Figure 2.5: S2A GIE wind tunnel in France, Versailles. From [21].

The belts highlighted in Fig. 2.4 are separated parts of the Road surface, so that a
di�erent BC can be used. This is done in order to mimic the Wind Tunnel setup,
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where �ve moving belts (one for each wheel and one under the car's under-body)
are simulating the movement of the road and cause the wheels to rotate. The 
oor
of the Wind Tunnel setup is presented in Fig. 2.5.

The correct representation of the Wind Tunnel setup is essential to the simulation
since the resulting drag coe�cient will be compared to the value measured during
a test for the same car setup. This way the accuracy of the simulations can be
compared with real world data.

An overview of the boundary conditions imposed on the boundary surfaces of the
domain are presented in Table 2.1.

Boundary Conditions

Variable: Velocity Pressure

Top / Side Symmetry Symmetry

Inlet Dirichlet (27.78[m=s]) Zero Neumann

Outlet Inlet-Outlet Zero Dirichlet

Road Slip Zero Neumann

Belts Dirichlet (27.78 0 0) Zero Neumann

Car No Slip* Zero Neumann

Table 2.1: Boundary conditions used for the full-car simulations.

(*) In the majority of the car's surfaces theNoSlip (zero Dirichlet) boundary con-
dition is imposed. However, depending on the simulation type, di�erent BCs are
imposed on di�erent surfaces of the wheels assembly. The detailed overview of the
BC for the surfaces of the wheel assembly is presented in Section 4.2.3.
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2.4.2 Single Wheel Simulation

For the impact of the treaded tire investigation, a single-wheel model is used, where
the MRF method is used in order to capture the rotation of the treaded tire. The
computational domain is presented in Fig. 13.

Figure 2.6: Computational Domain of the single wheel simulation, for the tread
impact investigation, from [4].

Boundary Conditions

Variable: Velocity Pressure

Top / Side Symmetry Symmetry

Inlet Dirichlet (27.78[m=s]) Zero Neumann

Outlet Inlet-Outlet Zero Dirichlet

Road Dirichlet (27.78[m=s]) Zero Neumann

Wheel No Slip* Zero Neumann

Table 2.2: Boundary conditions used for the Tire Tread Investigation simulations.

Table 2.2 gives an overview the BC imposed on the domain's boundaries. Here, the
belts are not used, and the whole road surface is moving. The BC imposed on the
surfaces of the tire are presented in detail in Section 4.3.3.



Chapter 3

Modeling the Rotation of the

Wheel

As explained in Chapter 2, the wheels of the car contribute to the total aerody-
namic drag of a vehicle, in a noticeable percentage. Furthermore, the wake created
by the front wheels a�ects the aerodynamics of the rest of the car. It is clear that
the correct capturing of the 
ow �eld around rotating wheels and, also, along their
wake is essential for the aerodynamic evaluation of a given vehicle.

Simulating the rotation of each component in the CFD environment correctly, is a
very demanding problem. As presented in [4], three main approaches exist. The
computational cost of each of these approaches is directly related to their accuracy,
when compared with wind-tunnel data.

In this chapter, the modeling approaches used for this work are introduced, focusing
on the advantages and disadvantages of each one of them. Equations describing each
modeling method are presented. Finally, the use of each approach on the di�erent
parts of the geometry is explained.

18
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3.1 Wheels Assembly

A car composes of many stationary and rotating parts. Not every rotating part is
in
uential to the 
ow characteristics. As the aerodynamic in
uence of the rotation
of each of the parts varies, so does the need for accurate simulations that can capture
the e�ects of the rotation. Complex rotating, geometries like the driveshafts and
the fans in the cooling assembly, do not have the same in
uence as the rotation of
the spokes in the wheels assembly. Therefore, although computationally inexpensive
approaches exist for mimicking the rotation, they can't all be applied in the same
way for every part of the rotating geometry, without a drop in the accuracy of results.

The application of each method for a certain part of the rotating assembly depends
on its geometrical characteristics. The rotating geometry of the wheels complex,
composed of various parts. This poses a challenge in developing robust and accu-
rate CFD methods for capturing the details of the 
ow in the proximity of these
parts.

Focusing on the rotating wheels assembly, the main parts are presented in Fig. 3.1.

Figure 3.1: Wheels Assembly of a passenger car

The assembly presented in Fig. 3.1 can be broken into four parts. The spokes, the
tire, the inner rim, and the brakes assembly. Those parts are represented in Fig. 3.2
in an exploded view.
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Figure 3.2: Left to Right: Spokes, Tire, Rim, Brakes Assembly

ˆ Brakes Assembly
The Brakes Assembly composes of both stationary and rotating parts. In
detail, the brake disc is rotating inside the brakes caliper. The interaction
between the rotating brake disc and the stationary brake caliper is not some-
thing that this work is focusing on. However, one of the key points of interest
for this work is the geometrical proximity of the stationary brake caliper with
the rotating spokes. This proximity causes certain limitations in the mesh
generation process. These limitations are explained in detail in Chapter 4.

ˆ Inner Rim
The Inner Rim is physically connected with the spokes. However, for the
purposes of this work, the rim and the spokes are separated due to the di�erent
geometrical complexity each of them presents. The Inner Rim is solely a
rotating part. Furthermore, the rim's surface can be considered as a revolved
surface around the axis of the wheel's rotation. Therefore, simplistic models in
the form of RWBC can be used , and no challenge is opposed in the accurate
representation of the rotation of this part.

ˆ Spokes
The spokes of the wheel is the most complicated rotating geometry on the
car. The spokes of the car moving through the air while also rotating around
the wheel axis, result in a chaotic 
ow �eld, that a�ects the aerodynamic
resistance of the whole car. The geometrical complexity of the spokes, and
their proximity to the stationary brakes caliper makes the simulation of this
part's rotation very di�cult. Di�erent approaches exist when it comes to
modeling the spokes rotation correctly, with the Sliding Mesh method having
the highest accuracy [4], compared to the TV and MRF approaches.

The impact of the spokes is not con�ned to the aerodynamics of the car, but
also drastically a�ects the car's aesthetic design. Taking into consideration



3.1. Wheels Assembly 21

that the same model can be available in various set-ups (each set-up being a
di�erent spokes design), the need for a robust and accurate simulation method
for the rotation of the spokes is clear. This work focuses on the implemen-
tation of the SM technique in a robust and e�cient manner, focusing on the
reduction of the simulation cost of the method.

ˆ Tire
The tire, in its un-deformed and slick approach, could be described as a re-
volved surface around the axis of the wheel's rotation. This would make the
simulation of the tire's rotation as simple as imposing a boundary condition for
the velocity component. However, in reality the tire is neither un-deformed nor
slick [29], the latter being a very big obstacle to overcome. Figure 3.3 depicts
a slick, a grooved and a fully treaded tire (left to right). A slick tire is similar
to the ones used in race cars, in order to maximize the contact surface area
between the tire and the road. The treaded tire is widely used on passenger
cars. The tread pattern's purpose is to displace the water present on the road
in rainy conditions. A grooved tire, not common in the real world, is used by
the majority of CFD simulations [4] as a simpli�ed version of the real-world
fully treaded tire. The impact of the treads is often disregarded. Including
the lateral treads in the geometry of the tire cancels its axi-symmetric shape,
resulting in the need for di�erent methods to be used. This work includes an
investigation on the method used for capturing the tread impact.

Figure 3.3: Left to Right: Slick, Grooved, Treaded Tire and corresponding zones.

The tire's surface can be split into three main zones. The area that is in
contact with the road is often referred to as "Treaded Area" or "Middle Area".
Continuing outwards, there is the Shoulder area. This area is not completely
in contact with the road, unless the vehicle is in a turn. Finally, there is the
Sidewall area where no treaded patterns exist. In this area, it is common for
the tire's characteristics to be printed (eg. radius and width of the tire). These
zones are presented in Fig. 3.3.

Another factor adding to the tire's geometry complexity is the deformation
caused by the tire's rotation and its contact with the road surface, referred
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to as contact-patch. The deformation of the tire surface can be considered as
the sum of the dynamic deformation and the static deformation. The dynamic
deformation is caused by the centrifugal forces exerted on the elastic surface of
the tire caused by the tire's rotation, and a�ects both the width and the outer-
radius of the tire. Added to the dynamic deformation is the static deformation
caused by the contact forces between the elastic surface of the tire and the
rigid surface of the road. The accurate geometry representation for the contact
patch, and for the whole of the tire's surface is highly in
uential to the accuracy
of the results. For this work, a fully-deformed grooved tire is used for the full-
car simulations, whereas for the treaded tire investigation, an undeformed tire
is assumed.

Figure 3.4: Deformation of the tire due to the contact patch. Left: Slick Tire, Right:
Grooved Tire. From [4].

3.2 Treaded Tire Impact

The impact of the treaded tire, and the di�erences in the 
ow �eld when compared
to the grooved approach, is a part of this thesis.

The tread is a unique geometrical characteristic of each tire. However, the dimen-
sions of the tread pattern, are often very small (a couple of millimeters), hence
making the mesh generation process complicated.

In this work, the geometry of the tread pattern is captured on the generated mesh.
This requires detailed handling of the mesh generation process in that area. Further-
more, a detailed geometry should exist, accurate enough for the meshing software
to step on. This approach is used in this diploma thesis in order to examine the
impact of the treaded tire, compared to the currently used grooved tire approach.
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3.3 Wheel Rotation Modeling Methods in CFD

In this section the equations that describe each of the used methods are presented.
Each method varies on its ability to model the rotation correctly and its computa-
tional cost. Each method is applied in order to mimic the rotation of the component
they are applied to. The accuracy in the use of each method highly depends on the
component's geometrical characteristics.

3.3.1 Rotating Wall Boundary Condition

The Rotating Wall Boundary Condition (RWBC), often referred to as Tangential
Velocity (TV), is the simplest way of modeling rotating components in CFD, both
from meshing requirements and computational complexity perspective. However,
method introduces a lot of errors when applied to non axi-symmetric geometries,
such as the spokes or the treaded tires. However, when applied to axi-symmetric
(relative to the axis of revolution) surfaces, the errors are reduced and the physical
phenomena of the rotation is simulated adequately well. Therefore, this method can
be used alongside the other methods for certain parts of the geometry.

The method is applied as a boundary condition for the velocity �eld on the given
component's surface. In detail, a velocity vector is imposed on the centre of each
face-centroid. The magnitude of the imposed velocity is given by,

j~
 � ~rj (3.1)

where ~
 is the angular velocity vector and ~r is the position vector of the face cen-
troid relative to the rotational axis, the visual representation of which is given in
Figure 3.5.

Figure 3.5: Imposed velocity from the RWBC on a face centroid

The ~U vector can be broken into a tangent (green) and a normal (red) compo-
nent relative to the cell's surface. However, the conservation of mass prohibits the
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