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INTRODUCTION

1 Introduction

In the last decades, photovoltaic technology has advanced greatly, resulting in higher chances to
create a purely solar-powered vehicle. Because of these developments, and the need to explore
sustainable energy, the �rst World Solar Challenge (or WSC) was organized in 1987. The
objective of the challenge is to encourage innovation in solar electric vehicle (or SEV) technology
by means of an endurance race through Australia. The race starts at Darwin and ends in
Adelaide, covering approximately 3200 km. The winner of the challenge is the team that �nishes
the race the fastest, with an entirely solar-powered vehicle. In this way, the challenge seeks to
encourage innovation in SEV technology [1].

The team Top Dutch Solar Racing (or TDSR), situated in Groningen, the Netherlands, has been
participating in the challenge since 2019. With their car Green Lightning, they have participated
in the WSC and obtained 4th place. In 2021 they participated in the Moroccan World Solar
Challenge, an alternative challenge due to the restrictions enforced by the Australian government
at that moment, and again obtained 4th place [2].

Figure 1.1: The 2019 and 2021 SEVs, Green Lightning (left) and Green Spirit (right), engineered
by TDSR. Di�erences in the cars are not only due to the optimizations but also due to di�erences
in the competition regulations [1].

In the context of SEVs in this challenge, the most signi�cant loss of energy is due to aerodynamic
resistance. It is therefore essential that aerodynamic resistance, or drag, is minimized as much
as possible to increase the e�ciency of the vehicle. Thus far, only the head-on direction of the
wind has been taken into account by TDSR when developing the aerodynamic design of the car.
This method is time e�cient but does not give a complete picture of the aerodynamics in all
circumstances. Any side winds will produce an apparent wind that changes the relative velocity
magnitude, and more importantly, the relative angle. In fact, the side winds in the race are not
symmetrical, so this should be considered and might even be exploited by an asymmetric car
design.

In this thesis asymmetry will be introduced by means of cambering the airfoil pro�le that is used
as a basis for SEVs. The expected wind distribution will be derived, which is what the vehicles
with varying amounts of camber will then be simulated in. To validate the computational model
used for the simulations, a mesh convergence study will be performed. A weighted average of
the drag over the probability distribution is then calculated, to determine the e�ectiveness of
cambering the vehicle.

What can be concluded from this computational study is that an increase in cambering causes the
weighted drag average to increase. This is because cambering causes a higher drag to be produced
then the counteracting lift force, which is explained by the reason that the vehicle cannot be
approximated as a simple airfoil. It is however shown that by introducing asymmetry into the
vehicle, an asymmetric drag distribution is obtained. With better exploitation of asymmetry
into SEVs, an improved weighted drag area could in future research be achieved.
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2 Theory

In this section, the theoretical basis for this thesis will be given. The �rst section is regarding
the concept of drag reduction by cambering the vehicle shape, which is the main principle by
which asymmetry will be achieved. The latter sections give a basis for the computational model
and its methods of validation that will be used.

2.1 Streamlined vehicle aerodynamics

The force at any point on the vehicle is given by the summation of the force perpendicular and
tangential to the surface. The perpendicular force is most commonly called pressure force and
the tangential force is most commonly called shear force. Integrating the pressure p, and shear
stress � , over the surface S of the car results in the total aerodynamic force on the body, given
by the magnitude,

Faero =

ZZ
S

pdS +

ZZ
S

�dS; (2.1)

the component of this force that is opposite to the movement of the vehicle, called drag, is most
commonly expressed as follows,

Fd =
1

2
CdA�u

2
1; (2.2)

where Cd is the drag coe�cient, A is a chosen reference area of the vehicle, � is the density of the

uid, and u1 is free stream velocity. Next to the drag coe�cient and reference area, the force
is dependent on the velocity and density of the 
uid, which does not describe the properties of
the vehicle itself. Therefore, the component that can be controlled by the geometry of the car,
and should be minimized, is the CdA.

Now consider a situation where the vehicle is moving in a direction and magnitude given by v
and experiences a constant wind parallel to the ground in a frame relative to the ground with
magnitude and direction given by w. The apparent wind on the vehicle is then calculated by
wa = w � v, see �gure 2.1. The apparent angle � and apparent magnitude wa are then, by
means of the cosine rule, calculated using equation 2.3 and 2.4,

wa =
p
w2 + v2 + 2wv cos 
; (2.3)

� = arccos

�
w cos 
 + v

wa

�
; (2.4)

where w and v, are the magnitudes of the previously mentioned vectors, and 
 is the angle of the
wind w with respect to the driving direction of the vehicle. In such a situation, the aerodynamic
force has a component parallel to the direction of 
ow, Fd, and a component perpendicular to
the 
ow direction, Fl. This perpendicular force has a great e�ect on the total drag of the vehicle,
which is most easily illustrated in the context of an airfoil as seen in �gure 2.1.
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Figure 2.1: Free body diagram of an airfoil at an angle of attack, showing how the total drag
force can be reduced by decomposition of the drag and lift force along the chord line (dashed
line). The airfoil can be interpreted as an SEV in the top view.

The airfoil produces an upwards force Fl, called lift, and a backwards force Fd, called drag.
When breaking these forces down in the direction of the chord line, that is the line connecting
the leading and trailing edge of the airfoil, the lift force produces a component opposite to the
drag force. The total force in the direction of the chord line is expressed by equation 2.7.

Ftot;k = Fd;k � Fl;k; (2.5)

= Fd cos � � Fl sin �; (2.6)

=
1

2
�Aw2

a(Cd(�) cos � � Cl(�) sin �); (2.7)

this breaking down of forces has the important conclusion that an airfoil that produces lift at an
angle of attack can have a reduced drag in the direction of the velocity vector v or the chord line)
compared to an airfoil that produces less lift but the same drag at that same angle, assuming
that the drag increases minimally. In the context of an SEV, where the driving direction is the
chord line, the drag can be reduced by creating ’lift’. This e�ect is very signi�cantly seen in for
example a sailboat, where the sail produces a force that can propel the boat forwards. Because
we are dealing with an asymmetric distribution of side winds, the weighted average drag can be
calculated according to equation 2.8, which assumes a constant wind velocity,

CdA =
2

�w2
a

Z
P (�)Fd(�)d�; (2.8)

where P (�) gives the probability of an apparent wind happening at �. To simplify notation, Fd
is now the drag in direction of the chord line Ftot;k, instead of in the direction of the wind. The
way by which lift at angles of attack can be manipulated in airfoils is by means of cambering,
which is the asymmetry of an airfoil along the chord line. The camber line is the collection of
points equidistant from the bottom to the top surface of the airfoil. The maximum camber is
a percentage of the maximum distance from the chord to the camber line with respect to the
chord length. In �gure 2.2 two similar 4-digit NACA airfoils can be seen, one symmetric, and
one cambered with 1% maximum camber [3].
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Figure 2.2: Lift constant versus angle of attack for a symmetric and cambered airfoil: NACA-
0012 (max thickness 12% of the chord at 30% chord) and NACA-1412 (max thickness 12% of
the chord at 29.9% chord and maximum camber 1% at 40% chord) respectively [4][5].

What can be seen from the �gure is that the lift pro�le is signi�cantly di�erent for the symmetric
airfoil. The point at which the cambered airfoil generates 0 lift has shifted to a negative angle of
attack compared to the symmetric airfoil. Meaning that before this point the cambered airfoil
will not help in reducing the drag in the direction of the chord line. But after this point, the
cambered airfoil could help more than the symmetric airfoil. This is assuming that the drag force
does not increase signi�cantly when cambering the airfoil, which is the case for this situation as
can be concluded from �gure 2.2. Finding the optimal cambered airfoil pro�le to minimize the
amount of drag in a side wind distribution has therefore become a complicated task, which is
the subject of this thesis [6].

2.2 Turbulence model

A viscous 
uid 
ow is governed by the Navier-Stokes (or N-S) equations. Solving these directly
using direct numerical simulation requires a very �ne spatial and temporal resolution to resolve
the turbulent e�ects on all scales. On a large scale with high Reynolds numbers, this is compu-
tationally too expensive. Instead, an approximate model of turbulence will have to be used. In
the following section the approximations to the turbulence model that will be used, the k � !
Shear Stress Transport (or SST) model, are derived and motivated.

In a model where 
ow is incompressible and without external body forces the N-S equations
reduce to the following equations.

�
Dui
Dt

= � @p

@xi
+ �

@2ui
@xj@xj

; (2.9)

@ui
@xi

= 0; (2.10)

where ui is the 
ow velocity, Dui

Dt = @ui

@t + uj
ui

xj
is the material derivative of the 
ow velocity, p

is the pressure, � is the dynamic viscosity, and � is the density. Using Reynolds decomposition,
the dependent 
ow variables are separated into a mean, temporally and spatially independent
part, and a 
uctuating, temporally and spatially dependent part [7].

ui = ui + u0i; (2.11)

p = p+ p0; (2.12)
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the average of the 
uctuating part reduces to zero when averaging. Using the conventional
ensemble rules of averaging the Reynolds Averaged N-S equations, or RANS equations, it follows
that,

�
Dui
Dt

= � @p

@xi
+ �

@2ui
@xj@xj

+
@

@xj
Rij ; (2.13)

@ui
@xi

= 0; (2.14)

where Rij = ��u0iu0j are the Reynolds stresses. By expressing the Reynolds stresses in terms
of the mean 
ow variables, the RANS equations can be solved. In the eddy viscosity model
this is done by means of the Boussinesq hypothesis [8], which assumes that turbulence is due to
Brownian motion and introduces a new variable �t, called the eddy viscosity,

Rij = 2�tS
�
ij � 2

3
k�ij ; (2.15)

where Sij = 1
2

�
@ui

@xj
+

@uj

@xi

�
is the strain rate, k = 1

2�u
′
iu

′
i is the turbulent kinetic energy, and �ij

is the Kronecker delta. The Eddy viscosity, �t, is then modeled by the two-equation turbulence
model k � ! SST introduced by Wilcox [9],

�t =
k

!
; (2.16)

where ! is the speci�c turbulence dissipation rate. This results in the following equations for
the k � ! SST model [9],

@k

@t
+ uj

@k

@xj
= Rij

@ui
@xj

� ��k! +
@

@xj

�
(�+ ���t)

@k

@xj

�
; (2.17)

@!

@t
+ uj

@!

@xj
= �

!

k
Rij

@ui
@xj

� �!2 +
@

@xj

�
(�+ ��t)

@!

@xj

�
; (2.18)

where the coe�cients �, �, ��, � and �� can be found at [10]. This results in the following
approximations being used for the k � ! SST model:

• The 
uid is incompressible and without body accelerations.

• The Boussinesq hypothesis holds, meaning that turbulence is approximated as Brownian
motion. There are no impinging jets, strong curvatures, and axial strains present in the
geometry [11].

To �nd the drag forces, �rst equations 2.18 and 2.19 are simultaneously solved, after which
a velocity and pressure �eld is known. Then the shear stress on the surface of the vehicle
can be calculated by taking the derivative of the velocity with respect to the distance to the
surface. Together with the pressure on the surface of the vehicle, the total force can be calculated
according to equation 2.1. The software that will be used to perform the simulations is Ansys
Fluent 2022 R2 [12], which uses the Finite Volume Method to discretize the equations used in
the k � ! SST model and the SIMPLEC algorithm to solve the equations.

2.3 Fluid boundary layer

In viscous 
uids, the no-slip condition states that due to adhesive forces between the 
uid and
solid boundary, the 
uid has zero velocity at the solid boundary. Due to cohesive forces within
the 
uid, the velocity of the 
uid from that boundary gradually approaches the free stream
velocity. This forms a layer of 
ow close to the solid surface, called a boundary layer. The
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average velocity pro�le of a boundary layer can be expressed in terms of y+ and u+ [13]. Here
y+ is the dimensionless distance to the no-slip surface,

y+ =
yu�
�
; (2.19)

where u� =
q

�
� , y is the distance to the surface, and � is the kinematic viscosity of the 
uid.

The dimensionless velocity at the dimensionless distance to the surface is given by,

u+ =

(
y+ y+ < 5
1
� ln y+ + C+ y+ > 30

;

where for smooth walls, the von Karman constant � � 0:41 and C+ � 5:0 [13]. The region
between 5 and 30 y+ is not approximated by a linear or logarithmic law. Because the k�! SST
model does not approximate the boundary layer, it has to be discretized entirely. Therefore it
is important that the element size close to the wall is valued multiple times smaller than 5, such
that the entire velocity pro�le is captured. In section 4.1.3 it will be shown that this is indeed
the case.

2.4 Richardson extrapolation

The issue with discretizing (or meshing) the computational domain is that the discretization (or
mesh) has to be �ne enough to capture the 
ow variable gradients, but coarse enough to not
be too computationally expensive. A �ner mesh will always produce a more accurate result,
that will approach the true value with an in�nitely �ne mesh. The purpose of this section is to
motivate the chosen mesh size based on accuracy and computational costs and to determine an
approximate error of the mesh using Richardson extrapolation. This method is presented in the
book by Roach [14].

Suppose we have a number of di�erent meshes that each have a di�erent mesh size h. After
running the simulations they produce a result f(h), which is assumed to be determined entirely
by the discretization of the domain. Assuming the results are in the asymptotic region, the
results get more accurate as h approaches 0. The result can be approximated in the following
manner [15],

f = fh!0 + c1h+ c2h
2 + : : : ; (2.20)

if the solution is order p, that means constants c1 untill cp�1 are all 0. Then for a constant
re�nement ratio r, the limit can be approximated as follows,

fh!0 � f1 +
f1 � f2

rp � 1
; where p = ln(

f3 � f2

f2 � f1
)= ln(r); (2.21)

where f1, f2, f3 are the results from mesh sizes h1, h2, h3, organised from coarse to �ne. Then
according to Roach, the fractional error of spacing h1, h2 are given by,

E1 =
"

rp � 1
; E2 =

"rp

rp � 1
; (2.22)

where " is the relative error de�ned to be f2�f1
f1

. These errors can then be applied to the
measured information on which the study was performed, which in this case is the drag force on
the model. This information can then be used to decide which mesh to use to get an optimal
balance of computational e�ciency and model accuracy.

8



METHODS AND MODEL SET UP

3 Methods and model setup

In this section, the steps taken to set up the computational 
uid dynamics (or CFD) model are
explained. This involves the simpli�cation of the vehicle geometry, then discretizing the domain
(or meshing) by specifying the size of the discretization elements, and last, determining the
boundary conditions of the model. Next to that, the amount of camber in the vehicles will be
motivated, the setup of the high-performance cluster (or HPC) will be shown, and the approach
to the mesh convergence study will be explained.

3.1 Geometry simplification

Simulating a completely realistic model computer-aided design (or CAD) model, where every
feature is resolved, is not viable because of increasing complexity when discretizing the domain
and because of an increase in computational time to resolve every feature. In the following
points, the simpli�cations that are made to the model geometry are explained.

• To allow for the better discretization of the 
uid at the contact between wheels and ground,
so-called patches are added, which can be seen in �gure 3.1. These patches allow for larger
mesh sizes to be used as the in�nitely narrow space at the contact line between wheels and
the ground does not need to be meshed.

Figure 3.1: Front and side view of wheel patches. Their size has been kept minimal to not
interfere with 
uid 
ow.

• The trailing edge of the vehicle has a thickness of 1.5mm, this has been increased to 4.5mm
to allow for better discretization with larger elements.

• Because of material roughness, component and material junctions, and manufacturing
imperfections, the surface of the vehicle is not always hydraulically smooth. It is assumed
in this model that the geometry everywhere is perfectly smooth.

• Due to suspension travel and steering movement of the wheels, there needs to be some
clearance to prevent the wheels from touching the body. This clearance creates a hole in
the body through which air can 
ow. Because modeling the insides of the car makes the
model too complex, the model is not designed with any clearance around the wheels.

• To improve aerodynamic e�ciency, the wheels are enclosed by shells approximately 10 mm
removed from the wheels which can be seen in �gure 3.2. Because the insides of the vehicle
are not modeled, this feature is not included in the simulation.
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