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ABSTRACT

The field of motorsport requires extensive study for the design of a prototype racing car, as the
parameters that affect the final result are numerous and complex. In this thesis, a detailed aerodynamic
and static study is carried out in order to optimize the front wing of the Poseidon Racing Team's (UniWA)
racing vehicle, aiming for the most efficient design solution. All the main aerodynamic variables
governing the field of fluid mechanics, the objectives and main characteristics related to motorsport
(more specifically the Formula Student institution), as well as the necessary information concerning the
methodology, which mainly includes design solutions, computational fluid dynamics (CFD) and finite
element analysis (FEA), are described in the first chapter of the thesis. The methodology applied was
based on the objectives set from the beginning of the study, which in brief are to achieve the maximum
negative lift that the front airfoil can produce, and to keep drag forces at low values. As part of the
design, the dimensions and geometries were based on the regulations set by the Formula Student
competition and literature references regarding the most dominant standard airfoil geometries used in
motorsport. In addition, the available computational and time resources of the team were taken into
account, as the facilities and time for the study and design of the airfoil are limited. The parameters and
settings of the CFD analyses in which the computational model, the mesh properties, and the area in
which the geometries (fluid domain) will be placed were determined by specific processes described in
the methodology chapter. The CFD model that has been used is RANS. The optimal solution, according
to the available resources, was found through 5 sets of analyses, which determined the standard airfoil
that was used, the height at which the front airfoil was placed, the angles of attack of the two wings that
were used, as well as the horizontal and vertical distance between the two. Once the CFD analyses were
completed, the final design, which includes the wing mounts and external wing supports, which also
help in optimizing the flow as described in Chapter 3, was statically analyzed by means of Finite Element
Analysis, in order to prove that the final geometry complies with the regulations concerning the airfoil
structure. Using the space available from the regulations, the length, width, and height of the airfoil are
545, 1305 and 180 mm respectively. The standard airfoil used is the Selig 1223, at an angle of attack of 3
degrees for the primary flap which was placed 50 mm above the ground, and 35 degrees for the
secondary (flap), as the horizontal distance between them is 10 mm, and the vertical distance is 30 mm
respectively. For the static analysis, a vertical equally distributed force of 5000 N, was applied on the
geometry in order to test its maximum displacement. The material of the assembly was decided to be
carbon fiber reinforced with epoxy (due to its high strength and its low weight). The maximum
displacement of the geometry resulted to be 2.87 mm, which is within the acceptable range of 10 mm
that is set by the competition. For design and safety reasons, the maximum acceptable displacement of
the geometry was reduced to 6.5 mm (1.5 safety factor was applied).

Keywords: Aerodynamics, Computational fluid dynamics (CFD), Finite element analysis (FEA), Formula
Student, Motorsport
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MEPINAHWH

O Topéag Tou pnxavokivntou oBAnTIOpOU amoltel €KTETAPEVN HEAETN yld TO OXESLOOUO €VOG
TPWTOTUTIOU QYWVLOTIKOU QUTOKLVATOU, KABWG OL TIOPAETPOL TIOU EMNPEAIOUV TO TEALKO OMOTEAECUQ
glvat moAudplBpEC Kot TOAUTIAOKEC. 2TNV apoloa SUTAWUATLKY Epyacio TpayHATOMOLETAL AETTOUEPNG
OEPOSUVAULKNA KOL OTATIKY UEAETN LE OKOTIO TN BeATIOoTOMOINON TNG EUMPOG TITEPUYOC TOU AYWVLOTLKOU
oxnuartoc¢ tng Poseidon Racing Team (UniWA), pe otoxo tnv amodoTikotepn oxeSlaotikr Avon. Ito
MPWTO KedDAAOLO TNG SIMAWUATIKNAG Teplypddovtol OAeC ol BACIKEG AEPOSUVAULKEG UETABANTEG TOU
SLEMOUV TOV TOUEQ TNG PEUCTOUNXOVLKNAC, OL OTOXOL KAl Ta KUPLOL XOPAKTNPLOTIKA TTOU oXeTilovTal JE Tov
punxavokivnto aBAnTIopo (1o ouykekplpéva pe tov Becpd Formula Student), kaBwg kal oL amapaitnTeg
mAnpodopieg oxetikd pe tn pebBodoloyia, n omoia mepthapPdvel Kuplwg oxeSLOOTIKEG AUOELG,
uTtohoyLoTikr peuotoduvaptkn (CFD) kat avaAucon nenepacpévwy otolyeiwv (FEA). H ueBodoloyia mou
ebapuodotnke Baciotnke oToug OTOXOUC TTOU TEBNKAV Ao TNV apxr TNG LEAETNG, OL OMOLOL CUVOTTIKA
gival n enitevén g PEYLOTNG APVNTLKAG AVIWONG TTOU WITOPEL va TIApAYEL N EUTPOCOL AEPOTOUN KOl N
Slatripnon Twv SUVAUEWV OTILOOEAKOUGAG O€ XOAUNAECG TIUEG. 2TO TTAQOLO TOU OXESLAOOU, Ol SLOCTACELSG
Kol oL yewpetpieg Baoiotnkav otoug Kavoviopoug mou B£tel o Slaywviopdg Formula Student kat og
BLBAloypadlkéG avadOpeC OXETIKA HE TIG EMLKPOTEOTEPEC TUTILKEG YEWMETPIEC OEPOTOUWV TIOU
XPNOLUOTIOloUVTAL OToV  pnxavokivnto abAntiopd. EmutAéov, AndOnkav umoyn ot Saboipotl
UTTOAOYLOTLKOL KOl XPOVLKOL TTOPOL TNG OpASag, KOBWE OL EYKATACTACELG KAl 0 XpOVOC yLa T HEAETN KAl TO
oXeSLOOUO TNG OEPOTOUNG gival Teploplopévol. Ot MOPAUETPOL Kol oL puBuioelg Twv CFD avaAloewv
oTLG omoieg Ba tomoBeTnOel To UTIOAOYLOTIKO HOVTEAO, OL LOLOTNTEC TOU TMAEYUATOG KOL N TIEPLOX OTNV
omola Ba tomoBetnBoUuVv oL yewuetpieg (medlo peuotol) KaBopIloTNKAV UE CUYKEKPLUEVEG SLASLKOOIEG
Tou Tteplypadovtal oto kKepaAato tng pebodoloyiag. To povtého CFD mou xpnolpomolnOnke ival to
RANS. H BéAtotn Alon, olpdwva pe toug Slabéoipouc mopoug, PBpebnke péoa amd 5 oelpég
avaAloewv, oL omoleg kaBdploav TNV MPOTUTN QEPOTOUN TIOU Xpnollomnolionke, to UPog oto omoio
tonoBetNOnke n UMpPOOTWV) aAgpoTOUN, TIC VYwviee mpooPfoAng twv SUo TTEPUYWV  TOU
xpnotpomnotnonkayv, Kabwg kat tnv opllovtia Kal kABeTn anodotacn Letatl Toug. Aol oAokAnpwBnkav
ol avaAuoelg CFD, to teAkd ox€SLo, To omoio mepAaUPBAVEL TIG BACELG TWV MTEPUYWV KOL T EEWTEPLKA
oTnplypato Twy nteplywy, Ta omnola BonBolv eniong otn BeAtiotonoinon tng porg, Omwe eplypadetal
0T0 KedAAALo 3, avaAUBnKe OTATIKA HECW TNG OWVAAUGCNG TIEMEPACUEVWY OTOLXELWY, TIPOKELUEVOU VOl
amnodelyOel OTL N TEAKN YEWHETPLO CUUHOPDWVETAL LE TOUG KAVOVLOMOUG TTIoU adopouV T Soun Kal tnv
ovToXf TNG OEPOTOUNG. XpNOLUOTOLWVTAS Tov SLABECLUO XWPO amd TOUG KAVOVIOUOUC, TO HUNAKOC, TO
TAATOG KOl TO UYPOG TNG agPOTONG eival 545, 1305 kat 180 mm avtictola. H mpoTumn agpotopr mou
xpnotpomowOnke eival n Selig 1223, e ywvia mpooPoAnc 3 poipeg yla To MPWTEVOV MTEPUYLO TIOU
tomoBetiBnke 50 mm mMavw and to €8adog kat 35 poipeg yla to deutepelov (mreplylo), Kabwg n
opLlovtia amootaon Petaty Toug eivat 10 mm kat n KaBetn andotacn 30 mm avtiotolya. o Th oTATIKA
ovaAluon, £bappdoTNKE OTN YEWMETPlO plo Kotakopudn ookatavepnuévn &uvapn 5000 N,
T(POKELUEVOU va SOKIUAOTEL N HéyLotn mapapopdwaon Tne. To UALKO TN dldtaéng anodaciotnke va sival
ovOpaKOVNUA EVICXUUEVO HE €TIOELKO UALKO (AOyw Ttng uPnAng avtoxng tou Kal Tou xopunAol Bapoug
tou). H péylotn petatdmon tng yewpetpiag mpoékude 2,87 mm, n omoia Pploketal evtdg tou
anodektol eUpoug Twv 10 mm 1ou opilel o Slaywviopos. Mo Adyoug oxeSloopou Kal aoddalelag, n
MEYLOTN QTOSEKTH UETATOMION TNG YEWUETPiag pewwdnke ota 6,5 mm (sbopUOOTNKE CUVTEAECTAG
aodaleiag 1,5).
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NEEeLg KAeLOLO: Aepoduvapikr, YoAoyLloTikn peuotopnyavikn (CFD), Ava@Auon MEMEPOOUEVWY CTOLXELWV
(FEA), Mnxavokivntog aBAntiopog
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NOMENCLATURE
P Pressure
p Density
v Kinematic Viscosity
vl Dynamic Viscosity
CFD Computation Fluid Dynamics
FEA Finite Element Analysis
Re Reynolds Number
L Lift Force
D Drag Force
Cp Lift Coefficient
Cp Drag Coefficient
Ma Mach Number
Vo Freestream Velocity
AOA Angle of Attack
6 Boundary Layer Thickness
A Reference Area
Cp Pressure Coefficient
FSG Formula Student Germany
N-S Navier-Stokes
RANS Reynolds-Averaged Navier-
Stokes
DNS Direct Numerical Simulation
LES Large Eddie Simulation
URANS Unsteady RANS
k-€ k-epsilon
k-w k-omega
BOI Body of influence
C./Cp Lift/Drag ratio
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1. Introduction

1.1. Historical Retrospect

The term Aerodynamics is used to describe the field of study that surrounds the interaction between
solid bodies and the motion of air. To understand the way these solid bodies are affected by the flow of
the air around them, principles of fluid dynamics and thermodynamics are involved. The field of
aerodynamics is implicated with various applications, including transportation, structures, and internal
flows. The main goal of this field of study is to optimize efficiency, performance, and safety (Anderson,
2017).

The field of aerodynamics has a long history, starting from the ancient Greeks through observations of
the flight of birds. However, Aerodynamics in the
form that we are more familiar with nowadays
started in the late 19th and early 20th centuries.
The Wright brothers’ development of the first
powered flight (Figure 1.1) (National Air and Space
Museum), and the subsequent innovations in
aircraft design and technology, were the first
recorded breakthroughs that set the foundations
for a whole new field of study.

Throughout the spectacular development of
aerodynamics, the work of Ludwig Prandtl (a
German physicist and engineer known as the
father of modern aerodynamics) on boundary
layers and turbulence led to the development of
revolutionary methods and principles that helped
to better understand how air flows behave around
objects (Eckert, 2017).

In the following years, methods were introduced in the field that helped researchers to study the
behavior of airflows. Initially, wind tunnels (Figure 1.2) allowed engineers to conduct real-world
simulation experiments in a controlled environment (Baals, Donald D, 1981). In the mid-20th century, an
entirely new field, known as Computational Fluid Dynamics (CFD) (Figure 1.3), developed (Wendt et al.,
2008). Through the use of computer simulations, researchers were able to analyze and model airflows
and fluid flows in general. All the above led to major breakthroughs regarding design and optimization in
the field of aerodynamics.

Figure 1.1 First engine powered flight (Wright Brothers,
1903)

Figure 1.2 Wind tunnel testing of Wright brothers’ Fig
airplane (NASA, 1999)
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With all the above being said, aerodynamic studies vary from case to case. To be more specific, in order
to start a simulation or experiment, all parameters and assumptions must be known, as well as the
desired outcome of the study. For example, a study of the flow around a road vehicle must be
approached in a completely different way than an aerodynamic study of an aircraft. This happens due to
the fact that the main objectives, environmental properties, and other parameters are different from
one another.

1.2. Motorsport Aerodynamics
1.2.1. Introduction

Since the following thesis is dedicated to the aerodynamic study of the front wing of a racing car, it is of
major importance to mention the development of the field of aerodynamics in motorsport. Initially, as
will be discussed below, engineers began to design road vehicles aiming at reducing the car's resistance
to air (Rossis et al., 1993). This design achieved low drag forces and thus optimized the vehicle's fuel
efficiency, performance, and handling. In the commercial automotive industry this type of design was
quite common, because by using small resources and a low budget it was possible to achieve the desired
result.

On the other hand, since the first years of motorsport, there have been a lot of factors that played a
major role in a racing vehicle’s performance. Unfortunately, the aerodynamic factor was the one with
the less contribution while engine power and other parts in the design of the car had larger impact on
every car’s performance. The fact that all these factors required a significant budget, less financially
supported teams in every kind of motorsport couldn’t keep up with teams that acquired a larger budget.
Once low-field teams couldn’t improve much in these sectors, new economic ways to enhance a car’s
performance had to be introduced to the motorsport community.

Aerodynamics made their first appearance in the automotive industry (both commercial and racing).
Teams were constantly discovering new ways to take advantage of the forces that were applied on the
car by its contact with the air. Firstly, the shape of the vehicle was designed in ways that its resistance
(drag) to the air was significantly smaller (Figure 1.4). In later years, more innovative ideas came up such
as wings, which were made in the exact opposite way compared to the wings on airplanes, in order to
apply forces that instead of lifting the car, they were pushing it down know as negative lift or downforce
(Figure 1.5). To understand how these forces affected the car, the scientific community started analysing
the way all solids interacted with air flows that passed around them. Forces and coefficients started to
be measured and categorized to study a vehicle’s behaviour and performance (Witheridge, 2020).

Figure 1.4 Formula 1 car Simca Gordini 15 (Great Britain, 1952)
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Figure 1.5 Michael Schumacher’s 2003 Ferrari F2003-GA (Fiorano, 2022)

1.2.2. Basic Aerodynamic Terms

The air flow around a vehicle and a solid body in general can be studied and described in some basic
terms, the knowledge of which is necessary to understand in order to make conclusions on how any
body is affected by this air flow and how. There are forces, coefficients and air properties that can be
measured to determine the aerodynamic behavior of a solid body.

1.2.2.1

Air Properties

Firstly, every fluid has its own properties, such as density and viscosity. These properties are
severely connected with the commonly known terms of Pressure and Temperature; therefore,
it is implied that the properties of air and the effects they have on the interaction between the
air flow and the vehicle is extremely dependent to the altitude and the environment of the

study.

Air density (p) is a certain mass per unit volume of Earth’s atmosphere. However, it is
commonly assumed to be constant from circuit to circuit as it doesn’t affect the air flow
as much as its viscosity.

Viscosity (i) on the other hand, has a larger impact on the way the air flow behaves.
The term viscosity refers to the amount of force required to cause relative movement of
one layer of the fluid over the other. In our case, air luckily is one of the least viscous
fluids, which means less force is required to pass movement from one layer to another.
For instance, water’s, or even, motor oil’s viscosity is larger making it more difficult for
solids to move inside them. That is why a solid body can reach higher speeds in air
easier than if it was underwater. Viscosity majorly affects the racing car’'s movement
through air since it causes the creation of the “Boundary Layer” around it which will be
discussed below in this thesis.
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The table below represents air properties at 20° C and at sea level:

Atmospheric Pressure, P 101325 N/m?
Density, p 1.204 kg/m3
Viscosity, 1.8 * 107> Pa * sec

Table 1.1 Air properties at 20° C and at sea level

1.2.2.2 Dimensionless Numbers

Two of the most important dimensionless numbers that surround Fluid Dynamics and
especially Aerodynamics, are the Reynolds number and the Mach
number.

e Reynolds number is a nondimensional figure that represents the ratio between inertial
and viscous forces created in the air and determines the type of a specific flow and can
help us demonstrate how this flow affects the solid that impacts. For lower Reynolds
numbers the air flow is laminar and from a certain amount of the Reynolds number and
above the air flow becomes turbulent (Figure 1.6). As we will see, this figure depends
on the fluid’s properties, the surface of the body that impacts and the velocity of the
fluid.

R = = .11
eL " (eq )

Where:

p: Fluid density (kg/m3)

Vo Free stream velocity (m/s)

L: Distance from the leading edge of the plate (m)
W: Fluid dynamic viscosity (kg/m*s)

v: Fluid kinematic viscosity (v = u/p) (m?/s)

YV VYV
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Turbulent

Figure 1.6 Transition process from a laminar to a turbulent boundary layer over a flat plate

23
DEPARTMENT OF MECHANICAL ENGINEERING



a MANg,

W0 AYyy,
& .

4 m)\\\}'d

AERODYNAMIC STUDY AND DESIGN OF AN FSAE-TYPE VEHICLE’S FRONT WING

Reynolds number when used in the field of race car aerodynamics is able to quantify the
product speed times size. This means, for example, that when a % scale model car is
tested at actual air flow speeds, the Reynolds number is the same with the full sized
one’s.

With all the above being said, a lot of automotive industries and motorsport teams
don’t have the facilities to test full sized cars. As a result, teams and industries are
“forced” to test scaled model cars in wind tunnels. At this point, Reynolds number
comes in handy as all experiments can be compared to each other leading to
conclusions regarding the development of the car. Unfortunately, the drawback is that
when a scaled model car is tested at lower speeds, the Reynolds number might fall
below a certain amount leading to inaccurate results that don’t match the result of an
experiment that took place using a real sized car.

Around a solid body, depending on the Reynolds number, the behavior of the flow is
different at lower values compared to higher values. When the Reynolds number is
small, the air flow around the body has very little separation and wake, while at higher
values of Reynolds, the wake of the flow behind the body is significantly larger and the
separation of the air flow occurs earlier at the surface of the solid body (Figure 1.7).

Figure 1.7 Flow around a cylinder

Mach Number: The compressibility of the air depends on another nondimensional
number called the Mach number and its value is related with the speed of the moving
object. Its calculation occurs from Equation 1.2:
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Objective speed of the air flow
Ma = (eq.1.2)
Speed of sound

The speed of sound is related to environmental conditions and differs from one altitude
to another (different temperature and pressure values). Also, the speed of sound is
considered to be around 330 m/s (1188 kph).

The Mach number allows us to define flight regimes in which compressibility effects
vary:

e Subsonic (M<1): In this occasion compressibility can be ignored on some terms. In
our calculations though, we consider the flow incompressible for Mach number
below 0.3.

e Transonic (M=1): The speed of the object approaches the speed of sound.
Compressibility effects are most important in transonic flows and lead to the early
belief in a sound barrier.

e Supersonic (M>1): Compressibility effects are important for supersonic aircraft, and
shock waves are generated by the surface of the object.

1.2.2.3 Boundary Layer

By the term boundary layer, we describe an area close to the surface of solid bodies where a specific
phenomenon takes place. In the boundary layer, the velocity on the surface of the stationary plate
becomes zero. As we move towards the upper limit of the boundary layer, which is called boundary layer
thickness, the velocity of the air flow increases. When we reach the boundary layer thickness the
velocity of the flow near the body reaches the outer velocity V,, which is equal to the velocity of the free
stream. The interaction of a solid body with the air flow depends on the existence and the form of the
boundary layer (Figure 1.8). This happens because when the solid body is merging the air flow with a
certain velocity, a boundary layer is created, and its thickness depends on this velocity and increases as
the air flow reaches the back of it. When the thickness of this boundary layer grows larger abruptly
causing more viscous friction drag, causing the phenomenon we discussed, flow separation (Burr et al.).

Boundary layer thickness (Blasius):

&

(eq. 1.3)

E‘
oQ
x

Where:

> x:distance on the flat plate
> Re: Nondimensional Reynolds number

To sum up, the following conclusion are extracted:

Due to the viscosity we have the no slip condition at the plate
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u=0aty=0

At infinity (outside the boundary layer), away from the plate, we have that

u>Uasy > oo

» u:velocity at a specific heigth (m/s)
» U: freestream velocity (m/s)
> y: heigth from the flat plate (m)

0.99Uc
uoo_’ P il

X=0 X u=0 X=L

Figure 1.8 Boundary layer on flat plate

1.2.2.4 Flow Visualization (Streamlines)

Another major aspect in aerodynamics is the term streamlines, which are the optical
description of the flow motion around solid bodies. Streamlines can be visible using methods
like smoke injection in the air flow during wind tunnel testing or with a feature called particle
trace in Computation Fluid Dynamics programs. Using this method, we are able to point out
when an air flow is attached or separated according to the smoke tracing that is produced
around the solid body.

An attached flow is the flow that is constantly following the curves of the racing car which is an
ideal situation that is impossible to achieve completely. Making the air flow the most attached
to the car possible, we accomplish lower drag. On the other hand, a separated flow is the one
that is not able to follow the solid surface (Figure 1.9, 1.10). The point where the flow detaches
from the surface of the body is called separation point.
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Figure 1.9 Attached and separated flow around circular cylinder (James Ramsay,2019)
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Figure 1.10 Attached and separated flow on a commercial car

1.2.2.5 Aerodynamic Forces

When a solid body, or in our case an airfoil, is merged with a particular airflow, there are four
main forces acting on it. These are lift, drag, weight, and thrust. In this section of the chapter,
drag and lift will be explained and analyzed, as they are the main forces encountered in the field
of aerodynamics (Nakayama, 2018).

e Drag Forces: The forces that act on a solid body in the direction opposite to its movement
direction are called drag forces and are caused by several factors (Figure 1.12).
Drag over an airfoil might be caused by either shear forces that are caused by friction
between the air and the surface or even by friction between the streamline layers of the air.
Another way that drag force can be generated is due to flow separation that might occur in
several regions over the body, or most importantly, behind the airfoil creating a region of
very low pressure called wake.
The drag D, on a solid body is divided in two types of forces, the friction drag Df, and the
pressure drag D,,. The two equations that helps us calculate these two components of the
drag force, are the following:
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Df = fAr dA sinf (eq. 1.4)
and
D, = pr dA sin® (eq. 1.5)

Figure 1.11 Components of drag force on a solid body

Lift Forces: Just as drag forces, there are also lift forces that act on the vehicle vertical to its
moving direction (Figure 1.12). In motorsport, these forces are referred to as downforce or
negative lift and are responsible for the better drivability, traction, and performance of the
car. As a result, the car behaves better on turns and accelerates better because it stays
attached to the track.

The amount of lift that is generated depends on the difference of pressure above and below
the solid body. If the amount of pressure under the solid body is larger compared to the
amount above it, the lift force will have a positive value, meaning that the body will ascend.
If the opposite happens, then the lift will have a negative value, something that is known to
us as downforce.
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Lift
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Figure 1.12 Aerodynamic Forces acting on an airfoil

The two forces mentioned before combined, result in a final force acting on every body (airfoil,
in our occasion) which is commonly referred to as R and is shown in the following (Figure 1.13):

o T

Figure 1.13 Aerodynamic Force R as a combination of the lift force and drag force components (Nakayama, 2018)

In order to calculate these forces, there are two governing equations which allow us to experimentally
estimate the amount of Lift and Drag acts on a solid body:

L= % p Cp, A U? (eq. 1.6)

and
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D=2pCpAU? (eq. 1.7)

L: Lift Force (N)

p: Fluid (Air) Density (kg/m?)
Cy: Lift Coefficient

A: Reference Area (m?)

U: Freestream Velocity (m/s)
D: Drag Force (N)

Cp: Drag Coefficient

1.2.2.6 Aerodynamic Coefficients

Having discussed the main forces acting on a solid body when it interacts with airflows, it is important to
list and explain the coefficients governing these forces. These coefficients help us to categorize and
understand how each body interacts with an air flow (Williams, 2021).

Lift Coefficient (Cy): One way to determine how much downforce a race car produces is the
lift coefficient. Lift coefficient is a number that engineers use to model all the complex
dependencies of shape and certain flow conditions on lift. The lift coefficient also helps us
determine the amount of lift generated, and in motorsports, its values are usually negative
in order to be considered a downforce factor. In industrial cars, downforce is not as critical
because the main goal in this type of car is to have the lowest fuel consumption in order to
be as economical as possible by reducing drag. The lift coefficient includes all complex
dependencies and is usually calculated experimentally. If the amount of Lift is known, eq.
1.6 transforms into the following:

[ ea. 1.
%pAUZ

Drag Coefficient (Cp): The amount of drag that a body generates is determined by its
geometry and the conditions of the air flow. To help us easily understand how different
shapes and types of airfoil act aerodynamically we use the drag coefficient Cp. The drag
coefficient is a number that engineers use to model all of the complex dependencies of
shape (Figure 1.14) and flow conditions on drag. The following equation is a transformation
of eq. 1.7 which helps us calculate the drag coefficient all the other parameters are known:
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Cp=1—— (eq. 1.9)
= eq. 1.
D 1 p A U2 q
2
Drag Drag
Shape Coefficient Shape Coefficient

Sphere —> O 0.47 Long
cylinder —>[___] 082
Half-sphere ——— <| 0.42
Short
Cylinder D dela

Cone —> q 0.50 _
Streamlined 0.04

Body —
Cube — » |:] 1.05
Streamlined 0.09
Aé‘géid — <> 0.80 Half-body > S

Figure 1.14 Measure drag coefficients for various shapes (Sape A. Miedema, 2011)
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Figure 1.15 Typical lift and drag coefficients for various ground vehicles (Joseph Katz, 2016)

Pressure Coefficient (Cp): The pressure coefficient is another non-dimensional parameter
commonly used by scientists and engineers to describe the pressure field around an object. It is
useful to express pressure as a non-dimensional variable, such as lift and drag. The coefficient of
pressure is given as follows:

Cp = % (eq. 1.10)
7 P Ve
Where:
» P:Pressure (N/m?)
» P, Freestream Pressure (N/m?)
31
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» V: Freestream Velocity (m/s)
>  Po: Freestream density (kg/m?3)

Figure 1.16 will help us understand how the pressure around a cylinder is distributed.

Figure 1.16 Two-dimensional flow around a cylinder (Williams,2021)

First of all, it is clear that at points A and E, the flow is called freestream flow due to the fact that
it is undisturbed by the solid body. Point B and is called stagnation point which means, pressure
is maximized, and velocity is zero. Lastly, point C, is the point where pressure is reducing due to
the acceleration of the fluid, which means we have higher velocity and lower pressure.

‘Uw
: \ 4 4 2 1 L\ " >
— \1 r T T 'T"—__"._-_._.— —
\ _f LL-—""
—_— Dl R ] -
LPOSItIVG

Pressure

Figure 1.17 Pressure distribution around and airfoil

When examining an airfoil (Figure 1.17), in the foremost point which as mentioned before is
called stagnation point, the airflow has zero velocity and maximum pressure. The difference
between and airfoil and a cylinder is that the pressure above and below is different in the airfoil
(depending on its shape and angle of attack).
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Location Velocity Cp
Stagnation Point 0 1.0
Solid body V<V, 0.0-1.0
Solid body V>V, Negative (0.0 - 3.0)

Table 1.2 Typical values of the pressure coefficient (Cp)

1.2.2.7 Bernoulli equation

The Bernoulli equation is based on the idea that when the velocity of a fluid increases, the pressure
decreases, and vice versa. We need to clarify that the equation can be used to calculate the air flow’s
velocity and pressure only under specific circumstances. In order to use the Bernoulli equation in any of
the following forms that we will see, the fluid that we will study must be non-viscous, incompressible,
the flow must be laminar and lastly, it must be assumed that the total energy of the particle along a
streamline of the flow, remains constant. The forms of the total energy are the following:

o Pressure energy: PxV
e Kinetic energy from velocity and mass of the fluid: % *m * U2

e Potential energy from the mass and elevation of the fluid: m*h

Where:

P: Pressure of the fluid (N/m?)
U: Velocity of the fluid (m/s)
V: Volume of the fluid (m?)
m: Mass of the fluid (kg)

h: Elevation of the fluid (m)

YVVVYVYVYVYYVY

The general equation of Bernoulli is:
1
;*m*v2+P*V+m*h=constant (eg. 1.11)

Most of the instruments of measuring velocity and pressure of an airflow are based on the Bernoulli
equation. But the most important factor that we have to take into account is that the specific equation is
applied only in the conditions we mentioned before, so several calculations must be made to have
results that we can take advantage of in real conditions.

R

Ple 2

— ' ()
Gz

Figure 1.18 Air flow around a vehicle where the Bernoulli equation can be used at points A, B and oo.
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The figure above (Figure 1.18) will help us understand the following equation:

2

P—A+V—A= P;‘o+% (eq. 1.12)
p 2 p 2

A transformed equation like this assumes that the contribution of the energy from the mass elevation is

very small and does not affect the results of our calculations. So, in a system that we know the free

stream velocity and its pressure, by measuring the pressure in any point on the surface of the vehicle, we

can calculate the velocity at this exact same point.

1.3. Formula Student
1.3.1. Brief overview

The development of aerodynamics in motorsport plays a major role in the design of FSAE cars as well.
Every team tries to develop the most efficient car in every sector, such as powertrain, vehicle dynamics
and aerodynamics, while staying within the regulations that limit the maximum performance and
efficiency of the car. That is the reason why every team tries to maximize performance while using all
the resources in the best possible way (IMechE, 2023).

Formula Student teams have been interested in the design of wings and other aerodynamic devices in
order to create downforce, which improves grip and cornering performance. This has led to the
development of increasingly complex designs, including front and rear wings, diffusers, undertrays and
sidepods. Computational Fluid Dynamics software that will be discussed in chapter 1.5 is a crucial tool
for FS teams that offers the ability to model and optimize the aerodynamic performance of the car
without building a physical prototype. This led to a reduction in additional costs and time in the design
process.

Figure 1.19 Formula Student East competition contestants (FS East, 2021)
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1.3.2. Formula Student Regulations

Every competition in motorsport has rules that teams must follow for a variety of reasons. The first and
most important is safety, which is common to both racing and commercial automotive industry. In
addition, in motorsport, specific rules are set in order to make each championship competitive, from
Indy car to Formula 1. However, each type of motorsport has its own rules, such as Formula Student, has
rules that are mainly based on safety and the results in each event are determined by the performance
and efficiency of design based on the resources available to each team.

The main restrictions apply on the size of the car, the materials that must be used, the minimum
stresses that all aerodynamic devices can withhold and others. Another rule of major importance is that
only current university students are allowed to participate due to the fact that the competition is
focused on the upcoming engineers and not professionals. The regulations of the Formula Student
competitions vary from one competition to another (e.g., Formula Student Germany and Formula
Student East). In addition, rules change every year in order to make improvements to the already
existing ones (FSG, 2023).

To sum up, when designing both the front wing and the whole car, it is crucial to follow the rules and
regulations set in order to pass the technical inspection held by every competition before the start of
the dynamic events. As we will see in chapter 2, all dimensions and properties of the front wing will be
determined so that the comply with the regulations.

1.3.3. Formula Student Car Aerodynamic Parts

Over the years, racing teams have continually pushed the boundaries of aerodynamics, creating
innovative devices, advanced measuring instruments and sophisticated techniques to optimise
performance. The ultimate focus remains on achieving maximum performance, although the
interpretation of this goal varies depending on the unique requirements of each track.

For commercial cars, the primary goal is to reduce drag to enhance fuel efficiency, presenting a simple
objective. However, in the world of motorsports, the primary goal for each team is to create downforce.
This emphasis on downforce stems from the importance of cornering on most tracks, where it makes a
significant difference to the outcome of a race. However, there are exceptions where minimising
downforce takes precedence, particularly on tracks characterised by long straights. As mentioned
earlier, more downforce translates into improved traction, allowing the car to perform with better
handling and overall performance. This improvement allows the car to effectively convert wheel
movement into seamless linear movement on the track. The four most important parts on an F1 and an
FSAE car are the front and rear wings, the underbody (infuser and diffuser) and the sidepods (Figure
1.20) (Boccuzzi, 2022).
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Rear Wing

LN

Front Wing

T Side Pods

Figure 1.20 Main aerodynamic devices of a Formula Student race car (SPbPU,2022)

Side Pods: Side pods are placed on the sides of the cockpit and their main goal is to provide the
air-cooling system with enough air, in order to prevent engine’s overheating. Although its main
goal is this, sidepods can be designed in a way that can generate a flow that stays attached to
the vehicle or even produce downforce (Macknight, 1998). Sidepods have been around for years
in motorsport, and we have seen them in all kinds of different shapes and sizes (Figure 1.21).

Figure 1.21 Formula Student car side pod

Underbody: Based on the theory of the Venturi tube (Figure 1.22), the underbody of the car
consists of the infuser, the narrowed section of the underbody (throat), and the diffuser
(Seward, 2014). This aerodynamic system is one of the most important parts of an F1 or FSAE
car producing almost half of the downforce a car can generate. Just as the Venturi tube works
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(White and Xue, 2021), air flow enters the underbody of the car via the infuser which has several
features to guide the flow in way that that it doesn’t get turbulent, and once it reaches the
narrowed section, the pressure is minimized. Lastly, the airflow is guided to the diffuser where it
leaves the underbody of the car with less pressure than the freestream flow (Figure 1.23). Now
with all the above that we have discussed, the pressure over the vehicle pushes the car towards
the ground and once this is done, the car gets “sucked” on the floor leading to the commonly
known, ground effect (Shehadi, 2021). By accomplishing this, the car sticks to the road and as a
result, it has better traction, better drivability and in general, better performance. Another
function of the diffuser is to be in an angle that leads the air flow in a way that can get attached
to the air flow above the car and behind the rear wing without separating, something that
would cause induced drag.

m

High Speed
High Pressure High Pressure
Low Speed Low Speed

Figure 1.22 Venturi effect diagram

Figure 1.23 Underbody of a 2022 F1 car (Gary Anderson, 2022)

Front Wing: The front wing of an FSAE car serves various key objectives, with the primary goals
of generating downforce and allowing an even distribution of airflow both under and over the
vehicle. In addition, an important purpose of the front airfoil is to divert the incoming airflow
towards the side pods for cooling and redirecting it away from the wheels which create
significant drag forces. There are a lot of types of front wings (Figure 1.24) which are categorized
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by the number of elements that apart the front wing assembly such as single-element and multi-
element wings (Castro and Rana, 2020). To guide airflow over the cars in a favourable way at
speed, an aerodynamic element called vortices is used. These are high-energy spirals of air that
effectively allow fast moving airflow to remain attached to a given surface, such as the
bodywork of the car. Also, front wings have endplates on the sides that help in the creation of
vortices that keep that “dirty” air of the wheels, away from the attached to the car flow. In
addition, endplates prevent the flow to spoil around the elements, something that would have a
major effect on the forces that are being generated.

To sum up, the front wing behaves like any object we mentioned before that has asymmetric
pressure distributed around it. Wings in FSAE and F1 are similar to those used on aircraft but
turned upside down. This is because instead of lift, the desired force is the opposite one called
downforce, as we already know.

(C) (d)

Figure 1.24 (a) one-element without endplates; (b) one-element with endplates; (c) three-element without
endplates; (d) three-element with endplates (Xabier Castro and Zeeshan A. Rana, 2020)

Rear Wing: Its principles are similar to the ones of the front wing, as it works in the same way
taking advantage of the pressure distribution around it. It can also be adjusted and modified
according to the requirements of every racetrack. The rear wing is mounted on the back of the
car and its usually the tallest part on the FSAE car. About a third of the car's total downforce can
come from the rear wing assembly (McBeath, 2006). The rear wings are the ones that are varied
the most from track to track. As the rear wings of the car create the most drag the teams adjust
the rear aerodynamic load to suit a particular track configuration. For example, a track with
several large straights, a rear wing with less angle of attack is preferred, while on racetracks
consisted of many turns, a steeper rear wing is preferred (for more downforce). As air flows over
the wing, it is disturbed by the shape, causing a drag force. Although this force is usually less
than the lift or downforce, it can seriously limit top speed and causes the engine to use more
fuel to get the car through the air. The rear wing such as the front wing, consists of the main
element, secondary elements (flaps), endplates, mountings and sometimes gurney flaps (Figure
1.25).
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Flaps  Gurney flap

Main wing
End plate

Figure 1.25 Basic configuration of a FSAE car rear wing

Nose Cone: While not typically classified as an aerodynamic component, particularly in Formula
1 where it is integrated into the car's bodywork, the nose cone holds significant aerodynamic
importance within the context of an FSAE car (Figure 1.26). Its primary objective revolves
around facilitating streamlined airflow circulation around it, with a particular emphasis on
directing a majority of the airflow beneath the car. This strategic airflow management aims to
optimize the utilization of the ground effect (as previously discussed), ultimately leading to
enhanced downforce generation (Savliya, 2019).

ASSOCIATION OF
OTIVE

ENGINEERS

Figure 1.26 Nose cone of a Formula Student Car (Poseidon Racing Team, 2023)
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1.4. Airfoil Theory

1.4.1. Definition of an airfoil

An airfoil, also known as a wing profile, is a shape designed to provide lift and control for an object
as it moves through a fluid, such as air or water. Airfoils are most commonly used in aviation for the
wings of aircraft, in automotive industry but they are also used in a variety of other applications,
including wind turbines, and jet-engines. The shape of the airfoil creates a difference in air pressure
above and below the wing, which results in lift. The amount of lift generated by an airfoil depends
on its shape, size, angle of attack, and the speed of the fluid moving over it. The most aerodynamic
shape in nature is known to be the teardrop. When a teardrop is compared to a symmetrical airfoil,
the differences are insignificant. Symmetrical airfoils have the same shape on both the upper and
lower surfaces and produce equal lift at zero angle of attack. The design and the characteristics of
each airfoil depends on the purpose of it (Figure 1.27). For example, in motorsport, where
maximum negative lift is required, airfoils are designed in an asymmetrical shape in order to
maximize the difference in pressure distribution above and below the profile (Pope, 2009).

Early NACA Modern
—, ot = &,
Wright 1908 0012 (4 Digit) Lissaman 7769
e — R,
Bleriot 2412 (4 Digit) Ga (W)-1
. (R T &
RAF-6 4412 (4 Digit) Ga -0413
(—\ ®
T T ——
e e =
ClarkyY o
64 A010 (6 Digit) C-5A ("Peaky”)
Munk M-6 65 A008 (6 Digit) Supercritical

Figure 1.27 Typical airfoils (Reymer, 2018).

Airfoils can be categorized in numerous ways, and the categorization can vary based on the specific

context and criteria of interest. Some additional ways airfoils can be categorized are the following
(Leishman, 2023):

e Symmetrical or asymmetrical (cambered) airfoils: It can be easily understood that the

difference between the two categories is that the first one consists of fully symmetrical

airfoil shapes on the direction of the airflow (at zero angle of attack) as seen in Figure 1.28,
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while the other by airfoils that have different shape above and below the airfoil (Figure
1.28).

High lift and low lift airfoils: High lift airfoils are designed to produce significant lift at
lower angles of attack and are commonly used in lower speeds which is the main element
of Formula Student Competition, Selig 1223 for example, shown in Figure 1.29. On the
other hand, low lift airfoils like NACA 0009 shown in Figure 1.30, are optimized for efficient
cruising at higher speeds and produce less lift compared to high lift airfoils. The main
differences between the two, is that the high lift ones consist of larger camber than the low
lift, and they are usually thicker. When the profile produces more lift, it is inevitable that
additional drag will be produces as well. The important factor that help engineers select
which profile is more suitable, depends on the application.

High speed and low speed airfoils: High speed airfoils are commonly used at higher speeds
and their main feature is that they produce significantly small drag, while producing the
desired amount of lift. Low speed airfoils aim to maximize lift and are usually thicker than
the high-speed ones, and this is the reason why they generate a noticeable amount of drag.

< Symmetrical airfoil —

@mbered airfoil \

Figure 1.28 Symmetrical and Asymmetrical (Cambered) wing profiles

Figure 1.29 Selig 1223 wing profile (high lift airfoil)
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Figure 1.30 NACA 0009 wing profile (low lift airfoil)

1.4.2. Anatomy of airfoils

When discussing airfoils, in addition to their general categorization, there exist crucial characteristics
that define the properties they will exhibit and determine their most suitable applications. These main
characteristics are the following (Figure 1.31) (Raymer, 2018):

Leading edge: The foremost point of the airfoil is referred to as the leading edge. This is
where the airflow initially makes contact with the surface, typically forming a stagnation
point characterized by maximum pressure.

Trailing edge: The trailing edge is the rearmost point of the airfoil, and this is where the
airflow separates from the surface.

Chord line: The chord line is the straight line that connects the leading and the trailing edge
of the airfoil.

Camber: Camber is the mean curvature of the airfoil from its chord line. A cambered airfoil
has a curved upper surface and a flatter lower surface or the opposite when negative lift is
desired.

Thickness: Thickness is known as the distance between the upper and lower surfaces of the
airfoil, perpendicular to the chord line. One method of labeling an airfoil is by specifying its
maximum thickness and its location along the chord line, measured from the leading edge.
Angle of attack: Although it is not basically a characteristic of the airfoil but still defines its
properties, the angle of attack (AOA) is the angle that occurs between the chord line of the
airfoil and the direction of the flow.
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Leading  Line Thickness Line
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Figure 1.31 Cross-section of an airfoil (Kevadiya, 2013)

1.5. Computational Fluid Dynamics (CFD)
1.5.1. Introduction to Computational Fluid Dynamics

Computational Fluid Dynamics (CFD) is a powerful tool for the analysis and simulation of fluid flows,
allowing Formula Student teams to improve vehicle aerodynamics and optimise performance without
real testing (Figure 1.32). Using numerical methods and computer simulations, CFD can visualize and
predict airflow patterns around solid bodies using governing equations from fluid dynamics (such as

Navier-Stokes). This helps to improve various aspects such as downforce, drag reduction and cooling
efficiency (Khalil, 2012).

7

Figure 1.32 Flow visualization of a‘FormuIa Student Car using CFD software (Simscale, 2018)
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1.5.2. Advantages and disadvantages of CFD

When proceeding with CFD simulations, there are some advantages and disadvantages that must be
taken into consideration in order to reach the conclusion if it is suitable or not for the specific case
(Linfield and Mudry, 2008). In Formula Student teams, one of the most important factors is to utilize
limited resources, to achieve the best possible results.

The most significant benefit of CFD is that it is cost-efficient as it allows teams run simulations instead of
conducting high-cost experiments which require time and a high budget. Also, the time needed to set up
a CFD simulation is usually significantly smaller than setting up an experiment, which allows teams to
run multiple simulations for design optimisation. When the general idea of the design is decided,
physical testing and experimentation takes place to verify the results.

However, it is important to acknowledge some limitations related to CFD simulations. While such
simulations aim to reproduce real conditions, they are based on solutions of equations that involve the
principles of fluid dynamics. As a consequence, the results provided by CFD simulations may not always
achieve the desired level of accuracy or represent the actual results that would occur in reality.

To sum up, CFD is a useful tool that is appropriate for student teams and small businesses that don’t
have access to wind tunnels and experimental facilities. Student teams usually make mistakes while they
design parts, which makes it impossible to build the actual part and test it in real time. On the other
hand, it is vital that on CFD simulations, some deliverables and parameters might lead to unreliable
results.

1.5.3. Meshing properties

The mesh is a link between the continuous physical field and the discrete numerical field, allowing CFD
solvers to solve the governing equations in a manageable mesh structure. The geometry, density, and
quality of the mesh significantly affect the accuracy of the simulated fluid behaviour. Meshes can take
various forms from structured grids, where the elements are arranged in a distinct pattern, to
unstructured grids, which offer flexibility to adapt to irregular shapes. Each type has its advantages and
disadvantages, and the choice depends on the complexity of the geometry and the desired accuracy.

In order to understand the methodology that is going to be used in this thesis, it is crucial to clarify some
basic terminology regarding mesh generation. Meshing is divided into the following features (Oxyzoglou,
2017):

e Surface meshing: Surface meshing is the first step in the meshing procedure, and it consists of
the cells that surround the geometry that is being simulated. The most common cells used in
surface meshing is triangular cells due to their simplicity, but when a more complicate geometry
is being studied, different types of cells like quadrilaterals, higher polygons or even mixed cells
are used for more accuracy (Figure 1.33).

e Volume meshing: Volume meshing is the process of dividing the fluid domain into cells where
the all the equations will be solved. Tetrahedral, hexahedral, pyramid or a combination of mixed
cells is usually selected in volume meshing, and their selection depends on each case (Figure
1.34).

e Layering: Between surface and volume meshing, it is important to set up a layered grid to
demonstrate the boundary layer that exists around the solid body that is being studied (Figure
1.35). Its resolution and the thickness of the layers depends on several factors, such as the type
of the flow (speed, viscosity of the fluid etc.) and the quality and shape of the surface.
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Surface Meshing (2D)

ANl

Triangular Quadrilateral

Figure 1.33 Triangular and quadrilateral shaped cells for surface meshing

Volume Meshing (3D)
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Tetrahedral Hexahedral Pyramid

Figure 1.34 Tetrahedral, hexahedral and pyramid shaped cells for volume meshing

Figure 1.35 Layering (inflation) around a wing profile.

Now that all the governing cell shapes are mentioned, their basic features are shown in Figure 1.36.
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node

"

cell

Figure 1.36 The anatomy of a meshing element (Philip Luke K, 2021)

It is easy to understand that 2D cells such as triangular and quadrilateral have one surface, three or four
nodes (vertices) and no edges. Volume mesh cells (3D cells) have at least 4 surfaces, 4 nodes and 6 edges
if they are tetrahedral, or even 6 surfaces, 8 nodes and 12 edges if they are hexahedral.

1.5.4. Governing equations of fluid dynamics

Computational Fluid Dynamics is a whole field of study based on fundamental physical principles which

is progressing all the time. The three mathematical statements that are mainly applied are (Versteeg
and Malalasekera, 2007):

1. Conservation of Mass: In fluid dynamics, it is common that mass is conserved within a control
volume when the density of the fluid is thought to be constant.

Ay

Figure 1.37 Conservation of mass within a control volume (Hautala, 2020)
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2. Conservation of Momentum (Newton’s second law): A fluid particle’s rate of momentum change
is equal to the sum of the forces that act on the particle.

22F=m=+a (eq. 1.13)
e  Where:
» IF: the sum of the forces that act on the particle (N)
» m: mass of the particle (kg)
> a:acceleration of the particle (m/s?)

3. Conservation of energy (First law of thermodynamics): The first law of thermodynamics known
as Conservation of energy, states that the sum of heat and work given to a system increases the
total energy of that system:

AE=Q+ W (eq. 1.14)
o  Where:
» AE: the difference in the energy of the fluid (enthalpy for open systems and
internal energy for closed systems) (J)
» Q: the amount of heat transferred to the fluid (J)
» W: the amount of work done by the fluid (J)

1.5.5. Navier Stokes Equations

Based on the statements and equations above, the Navier-Stokes equation, which has multiple forms, is
used to calculate the change of fluid flow properties, like velocity, pressure, and density. The general
form of the N-S equation in one direction is the following (White, 1999):

ou ou ou ou ap (azu 2%u azu)
—_ —_ —_ w— | = —_—— —_— —_— —_—
P (at tu ox tv dy + 62) P8x ~ 5 U ax2 = 9y? = 9z?

(eq. 1.15)
o  Where:

p: the density of the fluid (kg/m3)

u: the velocity of the fluid (x-axis) (m/s)

v: the velocity of the fluid (y-axis) (m/s)

w: the velocity of the fluid (z-axis) (m/s)

g gravitational acceleration (x-axis) (m/s?)

p: pressure (N/m?)

u: dynamic viscosity of the fluid (kg/m*s)

VVVYVYVYVY

In motorsport and especially in Formula Student where the velocity of the vehicles is significantly smaller
than the speed of sound, Mach number which was mentioned in chapter 1.2.2.2, is smaller than 0.3,
which means the flow is incompressible.

Another derivative is that when Reynolds number approaches infinity, all viscous effects are thought to
be significantly small, and so they are thrown away from the N-S equation.

Once the main background theory is briefly mentioned, the next subchapter is dedicated to the solving
models that are based on the Navier-Stokes equations and are constantly used in CFD.
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The Navier-Stokes equations have various forms and methods to be solved. The most common methods
of solving the N-S equations are the following (Cebeci, 2005):

Reynolds-Averaged Navier-Stokes (RANS): The Reynolds-Averaged Navier-Stokes equations are
usually applied to solve turbulent flows by setting specific boundary conditions and initial
values that contain time-varying quantities. RANS is applied in most cases (especially for
industrial use), due to the fact that it is more efficient than other methods such as DNS and LES
but is more inaccurate (Figure 1.39). All governing models such as k-omega, k-epsilon and k-
omega SST which will be discussed in chapter 1.5.6 are RANS based.

Direct Numerical Simulation (DNS): Direct numerical simulation is the most complex method,
because it deals with turbulent flows by directly solving a wide range of small and large scales in
both space and time, without relying on any simplifications. This approach is used for simple
shapes and mainly in research, as it is quite demanding. As shown in Figure 1.38, it is the most
computationally intense method, but provides the most degrees of freedom. However, in
Formula Student and motorsport in general, where the shapes are more complex, this method
is not practical.

Large Eddie Simulation (LES): In this approach, the largest scales of turbulence are the ones
that are directly resolved, while the smallest scales (smaller eddies) are filtered out. Although
LES is also quite complex and has high computational cost, by neglecting smaller scales of
turbulence it is simpler than DNS method but a bit more inaccurate.

Hybrid RANS-LES: As it is easily understood, hybrid RANS-LES modelling is a combination of
RANS and LES which models turbulence with RANS near walls to avoid large computational
power, and with LES away from them in order to reach a more accurate result in less
computational time.

Unsteady RANS: A variant of RANS is URANS which is not commonly used because its
application is more complicated, but it is usually applicable to cases where the flow is featured
by moving parts or periodic flows features.
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Figure 1.38 Characteristics of turbulence models in CFD
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RANS
LES

Figure 1.39 Simulation accuracy of RANS, LES, and DNS modelling methods

1.5.6. CFD Solving Models

In the context of this thesis, RANS modelling is the approach that is going to be used and furtherly
discussed. As mentioned in chapter 1.5.5, in order to solve the N-S equations, various models have been
studied and developed that simplify their solution by setting boundary conditions and assumptions
about the flow, that will not alter the result significantly. These models are used in complex geometries
efficiently, giving acceptable results in a small amount of time. The three main models that are being
used in CFD are the following (Blazek, 2001):

k-epsilon (k-€): The k-e model is the most common model that is used for turbulent flow
conditions to simulate their mean flow characteristics. This model is widely used in the
automotive industry due to its efficiency. It is appropriate for freestream flows, but it lacks
accuracy when applied in near wall flows compared to k-omega.

k-omega (k-w): As mentioned above, k-omega is more applicable in near wall flows due to its
accuracy when simulating boundary layers. The main disadvantage of this model is that it is not
capable of simulating freestream flows accurately. This is the reason that CFD engineers
developed the k-omega SST model which will be described below.

k-omega SST (k-w SST): K-omega model is a combination of the k-€ and k-w models, with the
main goal to achieve accuracy on both freestream and near wall flows. This model is a bit more
complex than the others two are individually and usually result in higher computational cost and
its application depends on the desired outcome.
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Slip Wall No-Slip Wall
Figure 1.40 K-omega SST model (combination of k- and k-w models) (Simscale, 2023)

The selection of the model that is used depends on the application, the desired outcome of the
simulation, the properties that will be examined and other factors. In this thesis, a set of simulations will
be conducted in chapter 2.3 to determine the most suitable model for our application.

1.6. Current Literature

Starting from the end of the 20th century, “Fundamentals of Aerodynamics” (Anderson, 2017) is the 6th
edition of the book that was firstly released in 1984 surrounding and explaining all the fundamental
aspects that surround the field of aerodynamics leading to major research breakthroughs. It is important
to clarify that there are various books published before the above but are not so well known.

Hucho et al. (1987), Barnard (2001) and Rossis et al. (1993) released the first books that where
dedicated entirely on the field of aerodynamics on a road vehicle and the main goals of the application.
All of the above, as much as other books and published articles, led to the further development of the
field, which was also applied in motorsport and race vehicles in general. The most common books that
set the ground for this specific field of study were, Race Car Aerodynamics (Katz, 2003), Competition Car
Downforce (McBeath, 2006) and Race Car Design (Seward, 2014). All three books describe the effect of
airflows over racing vehicles and the ways that by specific designs, engineers can take advantage of the
physics that take place.

From another perspective, the scientific community started advancing in the subfield of Computational
Fluid Dynamics in the middle of the 20th century. (Blazek, 2001), (Versteeg and Malalasekera, 2007) and
(Wendt et al., 2008), have published the most well-known books around the field of CFD, which are
focused on explaining the ways in which variant aerodynamic behaviours can be calculated through the
use of governing equations like the Navier-Stokes equation. Furthermore, fundamentals of CFD are
described, including calculation models (k-epsilon, k-omega, k-omega SST etc.) that are based on various
equations, meshing and other aspects.

The theory behind airfoils is also another subfield of aerodynamics, since every slight difference in the
design of a wing profile, can have major effects on its aerodynamic behaviour. The publications that
surround this field were mainly published in the 20th century with the first one being “Theory of Wing
Sections: Including a Summary of Airfoil Data”, (Abbott and Doenhoff, 1959) and in the early 90s, “Low-
speed aerodynamics: from wing theory to panel methods” (Katz and Plotkin, 1991).

In the field of motorsport (Formula Student, Formula One etc.) there are numerous reports, theses, and
research articles published. Fundamentals of aerodynamics on race cars, methods of simulation and
design approaches are listed and described. Most publications focus on the development and design of
a full vehicle and not only on a specific aerodynamic device since every part of the car affects all the
others. Some well-known publications are the following: (Wordley and Saunders, 2006), (Phersson et al.,
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2009), (Dahlberg, 2014), (Prasanth et al., 2016), (Shreyas Vaidya et al., 2017), (Apostolidis et al., 2019)
and (Oxyzoglou, 2017). All of the above focus on the design approach of a full aerodynamic package for
a FSAE racing car, and optimization of the design to meet the requirements of the competition as well as
the desired results in performance and efficiency. On the other hand, (Grabis and Agarwal, 2019),
(Dhaneswar et al., 2021) and (Kalinowski and Szczepanik, 2021) focus on the design and optimization of
the front wing using the method of computational fluid dynamics and mathematical models that was
discussed in chapters above.

1.7. Scope of the Thesis

The main purpose of this thesis is to design and optimize through several sets of simulations the front
wing assembly of the Formula Student Vehicle for Poseidon Racing Team in obedience to the regulations
that are set by the competition. A number of CFD simulations will be conducted in various wing profiles,
configurations, and other parameters, using verified simulations, so that the resulted design of the front
wing assembly, is optimized and efficient regarding the available resources of the team. Once the final
geometry is determined and optimized by the CFD simulations, its resistance to the minimum forces that
are set by the regulations of the competition will be tested through FEA simulations.

It is important that the goal of this thesis and research is determined prior to the start of the design and
simulations. Poseidon Racing Team will compete in the Formula Student for the first time with an
aerodynamic package, which means its study and design should be simple. The main goal for the front
wing is to produce as much negative lift as possible without any complex geometries. The amount of
drag produced is of secondary importance, but for the better performance of the car, should be remain
at low values.
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2. Methodology

2.1. Basic Methodology Steps

The aerodynamic and static study and design of the front wing assembly for the Poseidon Team's
Formula Student 2023-2024 race car is divided into several methodological steps. The first step of the
methodology is the definition of all objectives before the process starts, ensuring compliance with
competition regulations; this step is called design approach. Once the general design constraints have
been defined and imprinted into CAD documents in Solidworks, the next stage of the study consists of
CFD simulations through ANSYS and META, which has three main steps: pre-processing, solving and
post-processing. A virtual wind tunnel will be created to test the airfoil designs, simulating real
conditions within a controlled environment. All designs will be tested extensively and then optimized
through these simulations. Once this process is complete, the resulting design will be tested using FEA
simulations to determine its ability to withstand the minimum forces required by the competition
regulations. The process described above can be easily understood by observing Figure 2.1.

975 SOLIDWORKS
B,/
META "~/ ANSYS
Post-processing Pre-processing

ANSYS
ANSYS

FLUENT"

Solving

FEA Simulation

2
DS SOLIDWORKS
SIMULATION

Figure 2.1 Diagram presenting the basic methodology steps of the study
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To sum up, the 3 basic steps of the methodology are the following:

1. Design approach, in which all the airfoil profiles and configurations will be designed,

2. CFD simulations, where several sets of simulations will be conducted to result in the most
efficient design, and

3. FEA simulation, where the final design will be submitted to specific forces set by the regulations.

2.2. Design Approach
2.2.1. Design constraints

In the initial stages of the design of the front wing assembly, the competition regulations put constraints
that limit the options and spaces available. As a result, the design cannot be optimal, but it can be made
as efficient as possible. These limitations are set by the competition mainly for safety reasons and
competitiveness among the teams.
The most significant regulations regarding the front wing assembly design, as seen in Figures 2.2 and 2.3
are the following (FSG, 2023):

e Height restrictions:

» All aerodynamic devices forward of a vertical plane through the rearmost portion of the
front face of the driver head restraint support, excluding any padding, set to its most
rearward position, must be lower than 500 mm from the ground.

> All aerodynamic devices in front of the front axle and extending further outboard than
the most inboard point of the front tire/wheel must be lower than 250 mm from the
ground.

e Length restrictions:

» All aerodynamic devices must not extend further forward than 700 mm from the fronts
of the front tires.

> No part of the vehicle may enter a keep-out-zone defined by two lines extending
vertically from positions 75 mm in front of and 75 mm behind the outer diameter of the
front and rear tires in the side view of the vehicle, with steering straight ahead.

e  Width restrictions:
» There are no width restrictions for the front wing.
e Position restrictions:

» The ground clearance of every part of the vehicle must be higher than 30mm.
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Figure 2.2 FSG regulation regarding the design around the wheels (FSG, 2023)
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Figure 2.3 FSG design limitations on dimensions of aerodynamic devices (FSG, 2023).

Following the regulations above, using Dassault Systemes’s CAD program Solidworks, initial bounding

boxes were designed to define the available space for the front wing assembly (Figures 2.4 and 2.5)
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Figure 2.4 Restrictions in dimensions of the front wing assembly (side view)

1330.00

Figure 2.5 Restrictions in dimensions of the front wing assembly (front view)
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Figure 2.6 Bounding box of the available for the front wing assembly (3D view)

In Figures 2.4 and 2.5, the maximum dimensions for the front wing are established with a tolerance of a
few millimetres. This allowance ensures that the final construction will remain within limitations, in case
of potential design or construction errors that may arise. Considering all the above, the maximum
dimensions for the front wing assembly are:

625 mm

1330 mm

185 mm
400x125 mm

45 mm

Table 2.1 Maximum dimensions for the front wing assembly

Complying with the design constraints that are set and considering the most common design solutions
used in Formula Student, the decision was taken to deliver an airfoil design consisting of two standard
airfoil profiles, with the primary one having a chord length of about 360 mm at an angle from -3 to 9
degrees (AoA) and the secondary one with a chord length of about 144 mm (40% of main element’s
chord length) (McBeath, 2006) and an angle from 15 to 45 degrees (the angles will be determined from
the simulations).

2.2.2. Basic design steps

This chapter is dedicated to the design of the four different airfoil profiles that are going to be examined
through CFD simulations. All four airfoils that will be used are characterized as high lift airfoils which are
used repeatedly in motorsport, and are the following:

e Selig 1210 (Figure 2.7)
o Selig 1223 (Figure 2.8)
e Eppler 423 (Figure 2.9)
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e Selig 3021 (Figure 2.10)

Figure 2.7 Selig 1210 (S1210) wing profile

Figure 2.8 Selig 1223 (S1223) wing profile

Figure 2.9 Eppler 423 (E423) wing profile

Figure 2.10 Selig 3021 (S3021) wing profile

The airfoils presented above will be designed and tested in CFD in various angles of attack which are -3°,
0°, 3°, 6°, and 9°, with a chord length at 360 mm as mentioned in chapter 2.2.1 and will have a span of

1300 mm to achieve higher values of negative lift due to its larger surface. In Figure 2.11, an example of
the first step of the design is visible where the Selig 1210 is presented.

57
DEPARTMENT OF MECHANICAL ENGINEERING



AERODYNAMIC STUDY AND DESIGN OF AN FSAE-TYPE VEHICLE’S FRONT WING

Figure 2.11 3D design of the S1210 wing profile

Once the main profile that will be used is determined from the CFD simulation results, the next step is to
design a two-element front wing assembly in Solidworks, with a specific spacing between them (both
horizontal and vertical) which will be further adjusted after the completion of the simulations in chapters
3.4 and 3.5. The airfoil that is going to be used as a secondary element will be the same as the first which
will present the best results and will have a span of 1300 mm and a chord length of 144 mm (40% of the
main element’s chord length) as mentioned in chapter 2.2.1. The secondary element will be designed as
well in various degrees, from 15 to 45 degrees because its purpose is to produce the most amount of
downforce due to its aggressive angle of attack. All the above are parameters that will be decided once
the CFD simulations are completed. An example of the design of the two-element front wing assembly is
shown in Figure 2.12.
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Figure 2.12 Example of two-element front wing assembly design

After the conclusion of the CFD simulations, the final basic geometry will be extracted and will be slightly
redesigned to fit in the bounding boxes that were set from the previous subchapter. In addition,
endplates will be added to optimize the airflow, prevent the airflow from spoiling at the sides of the
elements and generate a vortices that will ‘seal’ the air flow under the car (Park and Lee, 2008).

The last step of the design process is the selection of the material which is mainly carbon fiber due to its
high stiffness and low weigh. Furthermore, the thickness of every element will be selected in order to
withstand the required minimum forces that are set by the competition rules, which will be tested in
chapter 2.4 through Finite element analysis in Solidworks Simulation.

2.3. Computational Fluid Dynamics Simulations (CFD)
2.3.1. Pre-processing

The initial step of the CFD simulations is called pre-processing in which the fluid domain (enclosure) is
created where all the designs will be tested. In this process, a lot of factors that will be mentioned below
must be taken into consideration when forming the enclosure of the airflow (virtual wind tunnel).
Additionally, in this stage of the simulation set up, is the generation of the mesh that will surround the
wings that will be designed, where all the calculations will be taking place.

2.3.1.1 Enclosure creation

After the geometries are tested for design, errors such as multiple or bad surfaces, the fluid domain will
be formed in Ansys Workbench where the designs will be placed and tested in simulated conditions that
will be set in the solving stage of the simulations set up. The fluid domain, known as enclosure, as well,
surrounds the solid body of interest, but its size and features are dependent on the case and situation
that is being studied. The fluid domain is consisted of two main feature which are created for various
reasons including accuracy. The first feature is called enclosure and it’s the one that we discussed

59
DEPARTMENT OF MECHANICAL ENGINEERING



‘\th\o AYyy s,
3

R
&
L
g “’“

i

4
WY

AERODYNAMIC STUDY AND DESIGN OF AN FSAE-TYPE VEHICLE'S FRONT WING

already, in which the air flow is inserted from its front face know as inlet, and it exits from the back of it
which is called outlet. The other feature that is within the enclosure is called Body of influence, and it is
a smaller domain near the solid body, in which more accuracy is desired. Their meshing properties will
be mentioned and described in chapter 2.3.1.2 extensively, where the importance of their existence is
going to be comprehended.

e Enclosure sizing: The size of the enclosure depends on the study, but there are some features
that do not alter from one case to another. In our study, the dimensions of the enclosure will be
the same in all simulations for both single and two-element configurations and will be according
to documentation from the CFD program called Simscale (Simscale, 2023) are the following
(Figure 2.13):

» Length: 20 times the chord length of the airfoil (4c forward and 16c rearward). The
length of the domain is necessarily large, in order to give space to the air flow to fully
develop (forward length), and to capture the wake that is generated behind the airfoil
(rearward length).

» Width: 6 times the chord length. (In our simulations the width cushion is set to zero in
order to avoid the effects of the flow in the side of the airfoil because endplates will be
placed at the end of the wing assembly)

> Height: 5 times the chord length. (symmetric for the first simulations that will decide the
profile of the airfoil, and asymmetric for the rest, in order to place the airfoil close to the
bottom surface that will represent the road under it).

5L

Figure 2.13 Dimensions of the enclosure (Simscale, 2023)

e Body of influence (BOI) sizing: The size of the BOI is not set by an equation or a methodology,
but it must be large enough to capture the physics around and behind the airfoil as it leaves a
wake. In this subdomain that closely surrounds the studied body, a finer mesh will be formed in
the following chapter, where more accuracy is desired.

The two features that form the fluid domain are shown in Figure 2.14.
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Figure 2.14 Enclosure and body of influence around the airfoil

It can be easily observed that only half of the airfoil is inside the fluid domain; the reason is because the
wall that cuts the airfoil in half will be set as a symmetry wall. This process is done in symmetric
geometries reducing the mesh size, and by extension, the number of elements dramatically (about -
50%). The symmetry wall demonstrates the existence of the other half of the solid body that is being
studied, and the assumption that it will react to the flow exactly like the first half does.

In summary, the enclosure and the BOI will have the following dimensions:

1800 700 (150 mm below the
airfoil and 550 mm above)

650 650

7200 (1440 mm forward 2000 (150 mm forward,
and 5760 mm rearward) and 1850 mm rearward)

Table 2.2 Dimensions of the fluid domain (enclosure and body of influence)
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2.3.1.2 Mesh generation

When the full geometry is designed (airfoil and fluid domain), the next step is to form the mesh in the
flow region. Meshing in the fluid domain is divided in the three following regions (Lu et al., 2021):

1. Enclosure meshing: The mesh in this region that is mainly away from the airfoil is coarser
compared to the mesh sizing close to it. This happens because we are more interested in the
physics that take place closely around the solid body, and the accuracy away from it is of
secondary importance. By doing this, we achieve lower numbers of elements without
significantly altering the outcome.

2. Body of influence meshing: The body of influence has finer mesh than the rest flow region, and
its purpose is to provide more accurate results close to the solid body that we are interested in.
Its existence is vital to the validity of the calculations, as a coarse around the solid body will lead
to untrustworthy and incorrect results.

3. Inflation: The inflation feature is a region in meshing in which the cells are forming layers close
to the object that we study, so that the boundary layer that forms due to the no-slip condition is
represented correctly, and the equations are solved properly.

There is no equation or methodology that is widely used for the formation of the mesh but depending
on the complexity of the geometry and the desired accuracy, the elements that is consisted of may vary
from 100,000 to 5 million, or even more. It can be easily comprehended that the computational power
that is required is significantly higher, when the elements are dramatically increased. The quality of the
mesh in the simulations of this thesis will be determined through a set of simulations that will be
conducted in a simple airfoil geometry (Grabis and Agarwal, 2019). The four different mesh qualities are
coarse (Figure 2.15) which will consist of around 250,000 elements, moderate (Figure 2.16) with 500,000
elements, fine (Figure 2.17) that will have 1,000,000 elements, and very fine (Figure 2.18) that will
contain around 2,000,000 elements. The properties for each mesh quality are shown in Table 2.3.

Mesh Sizing
Mesh Quality Coarse Moderate Fine Very Fine
Number of elements 250,000 500,000 1,000,000 2,000,000
Enclosure sizing ) ' 15) 180 mm (L5) 150 mm (1.5) 120 mm (1.4)
(growth rate)
D 10 (1.4) 22 mm (1.4) 16 mm (1.4) 13 mm (1.4)

sizing (growth rate)

Inflation properties 0.1026 mm

(growth rate] . 0.1026 mm (1.15)  0.1026 mm (1.15)  0.1026 mm (1.1)

Table 2.3 Number of elements and sizing properties for different mesh qualities

The properties of the sizing for the enclosure and the body of influence were set by default, according to
the mean element sizing that was set for each quality (200 mm, 180 mm etc.). The main parameter that
alters the BOI element size is the thickness of the inflation which is vital to the accuracy of the
calculations. Inflation was set according to the feature that sets the first layer thickness, which is
calculated through the y* value and is usually set between 1 and 5 (1 < y* < 5). The layers and the
growth rate depends on the situation and in this case, the number of layers will be set to 15 and the
growth rate is shown in Table 2.3.
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In this section of the chapter, the calculation of the first layer thickness will be calculated through a
series of calculations. The parameters that need to be known is, the Reynolds number which will then
help in the calculation of the skin friction coefficient, shear stress and lastly, the friction velocity. Once
all the above are known, the thickness of the first layer thickness will be then calculated. All the
equations are taken by Frank M White’s book called Fluid Mechanics, that set the first layer thickness on
a flat plate (White, 1999).
e First, the Reynolds number must be known in order to proceed with the calculations:

_ p*Uoo*L

Re
X M

(eq.2.1)

Where:
> p: fluid density (kg/m?3)
> Ug: freestream velocity (m/s)
» L: reference length (m)
» W: dynamic viscosity (kg/m*s)

In our case, the freestream velocity (Uy,) is set as the average velocity of Formula Student cars,
which is approximately 54 km/h or 15 m/s. The density of the fluid (p) as mentioned in chapter
1.2.2.1., is around 1.2 kg/m?, the dynamic viscosity p is 1.825*107° kg/m*s, and the reference
length (L) is the chord length of the airfoil which is 360 mm or 0.36 m. By replacing the figures in
Equation 2.1, the result for the Reynolds number is 355,000.
e The second value that needs to be calculated is the skin friction coefficient (Cy):
C 0.026 ( 2.2)
=—F eq. 2.
f Re)l(/7 a

Using the Reynolds number found from Equation 2.1, the skin friction coefficient is calculated to
be 0.00419.

o The next step is the calculation of the wall shear stress through Equation 2.3:
1 2
Twall =5 Ce* p* U (eq. 2.3)

All the values are known, so the wall shear stress can be easily calculated and is found to be
0.566 Pa.

e The last figure that must be calculated is the friction velocity, which can be calculated through

Equation 2.4:
T
Ufriction = ’ V\;an (eq. 2.4)

Wall shear stress and fluid density are both known, so the friction velocity is 0.688 m/s.

o Now that friction velocity is known for our case, the first layer thickness, As, is calculated by the
Equation 2.5:
+ *
As y 8

=— (eq. 2.5)
Ufriction * P
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In our case, the y* value is set to 5, due to the limited availability in computational power.

Through Equation 2.5, the thickness of the first layer that will be used in the inflation of the mesh is
calculated, and is equal to 0.1026 mm.

It is important to point out that, in the case of the secondary element (flap), which has a chord length of
0.144 m, the first layer thickness is calculated accordingly, and is equal to 0.0938 mm. For technical

reasons, the first layer thickness will be set for both cases at 0.1026 mm, because the difference in the
calculations is insignificant.

Figure 2.15 Mesh sizing for coarse mesh quality (250,000 elements)

Figure 2.16 Mesh sizing for moderate mesh quality (500,000 elements)
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Figure 2.17 Mesh sizing for fine mesh quality (1,000,000 elements)

Figure 2.18 Mesh sizing for very fine mesh quality (2,000,000 elements)

2.3.1.3 Mesh independence study

The mesh quality that is going to be used for all the simulations will be determined through a set of
simulations as mentioned before. All the parameters between the simulations including the solving
settings, the fluid domain, and the geometry will be the same in all four simulations. The purpose of this

process is to decide the number of elements that is enough to calculate and represent the air flow
accurately, without additional computational cost and time.
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The parameters of the simulations are the following:

e Geometry: Selig 3021 airfoil (zero angle of attack and dimensions from chapter 2.2.2)
Velocity: 15 m/s

[ ]
e Enclosure: Dimensions mentioned in chapter 2.3.1.1
e Model: k-epsilon (the model that is going to be used will be decided in chapter 2.3.2.2)

The four different mesh qualities present the following results:

Coarse Moderate Fine Very Fine

250,000 500,000 1,000,000 2,000,000
-0.266 -0.282 -0.284 -0.286
0.028 0.025 0.0245 0.024
1.56 3.42 7.68 30.06

Table 2.4 Lift and Drag coefficients results for coarse, moderate, fine, and very fine mesh qualities

In order to decide which quality is more suitable for this case, considering the available resources and
time of the team and the accuracy desired, the results will be compared with reference values for the
Selig 3021 airfoil that where posted from Michael S. Selig (Selig et al., 1989). The values that are

compared are the lift and drag coefficients, which from reference are equal to, C;, = -0.285 and Cp =
0.0235.

Lift Coefficient - Mesh Quality
-0.265
250,00 750,000 1,250,000 1,750,000
-0.27

-0.275

cl

-0.28

-0.285

-0.29

Number of cells
—8—Cl| - Mesh Quality —@—Reference value

Figure 2.19 Lift coefficient results for S3021 airfoil at different mesh qualities
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Drag Coefficient - Mesh Quality

0.0285
0.028
0.0275
0.027
0.0265
0.026
0.0255
0.025
0.0245
0.024 —
0.0235

0.023
250,000 750,000 1,250,000 1,750,000

Cd

Number of cells
—0—Cd - Mesh Quality —@—Reference value

Figure 2.20 Drag coefficient results for S3021 airfoil at different mesh qualities

By comparison, the values that are extracted from the set of simulations, moderate, fine, and very fine
qualities, show slight differences. As mentioned, multiple times, the drag coefficient is of secondary
importance while remaining on low levels. Keeping that in mind, Figure 2.19 represents the results from
the simulations compared to the reference value of lift coefficient, the only mesh quality that presents
significant inaccuracy and is not suitable for this application is the coarse one. All three that have
500,000 or more elements show acceptable results. Regarding the drag coefficient, it can be observed
that all simulations have a small difference compared to the reference value, but again, the coarse one
has the larger gap and is considered to be unreliable. In order to determine which of the three mesh
qualities are going to be used, we will compare the times needed for each simulation run, which is
shown in Figure 2.21.

Elapsed simulation time for different mesh qualities
35

30
25
20

15

Time (sec/iteration)

10
0 I RN D
W Coarse B Moderate M Fine Very Fine

Figure 2.21 Simulation time per iteration for all mesh qualities
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Observing Figure 2.21, it is noticeable that the simulation time of the very fine mesh shows a significant
increase (10 times more than the moderate mesh, and almost 5 times more than the fine mesh). The
required time for an iteration of the very fine mesh is approximately 30 seconds per iteration, while for
the simulation of the moderate and fine qualities, the elapsed times are 3.42 and 7.68 seconds per
iteration accordingly. The first decision is to narrow the selection between the moderate and the fine
quality, since with much more computational power, in just a simple geometry, the difference in
accuracy is insignificant. In addition to that, the time required for the fine mesh simulation is twice the
time needed for the moderate mesh one, while the results of the two simulations present very little
changes as seen in Figures 2.19 and 2.20. The final decision to proceed with the moderate mesh quality
is taken by considering all the above and the available time and resources of the team.

2.3.2. Solving

Once the pre-processing is completed, the next step of the simulation, is to set all the solving settings
that will be used in all simulations, so that the results of each one are comparable. Solving, which is
done through Ansys Fluent, is equally important with meshing, as they are the two most important and
complex factors that can determine whether a simulation is reliable and legitimate or not. This process
is divided into several subchapters, in which the settings that will be set are going to be thoroughly
explained and tested for validity.

2.3.2.1 Boundary conditions

Firstly, the fluid domain is consisted of walls that are known to form the enclosure. In each wall,
including the geometry, which is considered to be one, a boundary condition must be set, which will
decide the behaviour of the airflow (Figure 2.22).

Figure 2.22 Boundary conditions on enclosure walls
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In figure 2.22, where all walls are shown, the boundary conditions set in each wall are the following:

1.

Inlet: This wall is set as inlet of the airflow, where the velocity of the air has a mean value of
15 m/s on x-axis.

Outlet: This wall is set as outlet of the airflow, and the pressure on this wall is set to 0 Pascal
and is defined as a free-draining surface which means the air will be able to leave the
enclosure through this surface.

Symmetry wall: This wall is set to symmetry, as mentioned in chapter 2.3.1.1., so that it
simulates the airflow like there is no wall there, but an extension of the whole enclosure and
the airfoil geometry.

Top wall: This wall is also set to symmetry, in order to avoid possible disturbance to the
airflow from this wall. This surface can also be set as a slip stationary wall for the same
reason, and the outcome will be similar to the one with the symmetry boundary condition.
Side wall: This wall is similar to the top wall and the settings are exactly the same.

Road: In the first set of simulations (chapter 3.1), this wall is also set to symmetry, where
the airfoil is on the middle of the enclosure. In the rest simulations, this wall is set to moving
no-slip wall at a velocity of 15 m/s, that will represent the road that is moving relatively to
the airfoil.

Airfoil: The airfoil is set as a no-slip stationary wall which means the velocity of the fluid is
zero on the surface, where the boundary layer is formed.

The settings that were set above, are consulted from Ansys introductory notes on boundary conditions
(Ansys, 2006) and previously ran simulations in Poseidon Team.

2.3.2.2 Model selection

The next step is the selection of the solving RANS model that will be used for the simulations. In order to
do so, another set of simulations will be conducted, where the exact same geometry as in chapter
2.3.1.3 will be tested. The three solving models for this set of simulations are k-epsilon, k-omega
standard, and k-omega SST, that were mentioned in chapter 1.5.6.

The results from the set of simulations are shown in Table 2.5:

$3021 a0
Solving Model k-epsilon k-omega k-omega SST Reference
C; -0.282 -0.302 -0.287 -0.285
Cp 0.025 0.017 0.024 0.0235
Sim. Time (sec) 275.15 281.65 301.24 -

Table 2.5 Lift and Drag coefficients results for k-epsilon, k-omega standard, and k-omega SST solving models

Comparing the results from Table 2.5, it is easily noticed that the k-epsilon is superior against the other
two solving models, both in terms of accuracy of the results and required time for the simulation run.
The k-omega model that is suitable for near wall flows, presented the most inaccurate results, which is
something worth studying in future projects like this one. The k-omega SST can calculate the flow both
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near and away from the wall, but in our case its results are not as accurate as the k-epsilon model, which
is governing in CFD simulations in motorsport and especially Formula Student. Total simulation times do
not show significant changes as seen in Figure 2.23, but it must be noted that when the geometry of the
simulations is more complex, like these in the following chapters, this difference in simulation time may
be further increased. Considering the above, the most suitable solving model for this specific case is the
k-epsilon due to the fact that it presents the best and most accurate results in less simulation time,
compared to the other two.

Total simulation time for different solving models
305

300
295
290
285
280

275

Total Simulation Time (sec)

270

265

260

H k-epsilon B k-omega m k-omega SST

Figure 2.23 Total simulation time for k-epsilon, k-omega, and k-omega SST models

2.3.2.3 Type of flow

It is commonly known that steady flows are almost impossible to exist in real word, as the behaviour
and its properties change over time. For simplicity, there are cases that a fluid flow can be considered to
be steady even if it is transient, but this must be proven for reliability and validity reasons. In this thesis,
a set of simulations will be conducted for the selection of the type of flow, between steady state and
transient flow.

The settings that are going to be used for this set of simulations are the one mentioned and decided
from the previous subchapters. To sum them up, the boundary conditions are the same, the solving
model is k-epsilon, the mesh quality is moderate, and the geometry is the S3021 in 3 degrees and 6
degrees angle of attack. This set of simulation will be consisted of 4 simulations for better validation of
the type that will be selected.
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Sp—

Steady Transient

-0.903 -0.902

0.038 0.038

2.6 12.65

Table 2.6 Results of the steady and transient flow types in Selig 3021 at 3 degrees angle of attack

Steady Transient
-0.601 -0.601
0.03 0.03

2.5 12.12

Table 2.7 Results of the steady and transient flow types in Selig 3021 at 6 degrees angle of attack

With a simple observation on Tables 2.6 and 2.7, the results for the steady and the transient flow
simulations are almost identical, which leads to the conclusion that either the first one or the second
one, can be used for the simulations that are going to be conducted in the context of this thesis. In order
to decide which, one is more efficient, the required time for each iteration is noted in the last row of
Tables 2.6 and 2.7 and presented in Figure 2.24.

The conclusion of this process is that conducting the simulations with either steady or transient flow
setting, the results are approximately the same. The major drawback of the transient flow simulation,
which is visible in Figure 2.24, is the required time for its run, that is almost 6 times larger than the
steady flow simulation, both in 3- and 6-degrees angle of attack. According to the above, the final
decision is to proceed with the assumption that the flow is considered to be steady instead of transient,
aiming to reduce simulation time and computational cost.
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Simulation time for steady and transient type of flow

14
12

10

Simulation Time (sec/iteration)

2 -
0

3 6
Angle of Attack (°)

B Steady M Transient
Figure 2.24 Simulation time per iteration for steady and transient flow

2.3.2.4 Reference values and simulation run settings

The last solving settings that have to be set prior to run of the simulation in Ansys fluent are the
reference values, in which the results that will be presented are based on. The main reference values
that are set, contain figures, like the properties and the size of the geometry, the air properties, and the
velocity of the flow. To be more specific, the reference values that are set are the following and are
shown in Figure 2.25.

Reference Values
0.234

Area [m?
7 1.225

Density [kg/m
Enthalpy [J/kg
Length [m] 0.36
Pressure [Pa
Temperature [K] 288.16
Velocity [m/s] 15
Viscosity [kg/(m s)] 1.7894e-05
Ratio of Specific Heats 1.4

Yplus for Heat Tran. Coef. 300

]
]
]
]
]
]
]
]

Figure 2.25 Reference values set on solver of the simulations

e The most important reference value that needs to be set prior to solving, is the area which is the
projected area that all the calculations use in their equations as reference. The frontal or
projected area of the geometry is the projection of the geometry on the vertical plane to the
flow direction (Sathyabama, 2022). On most occasions this area is used for the calculations, but
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when geometries on angles of attack near zero, the reference area is the projection of the
geometry on the plane that is parallel to the airflow. For better understanding, in Figure 2.26,
the reference area of a vehicle is presented, while in Figure 2.27, the reference area of Selig

1223 airfoil is also shown.
Projection plane \\

S

Frontal area _|

Parallel “gm//"/v/,

Figure 2.26 Frontal area of a commercial vehicle (Wu and Liu, 2011)

Airfoil Geometry

/!

Projected Area

Figure 2.27 Projected area of Selig 1223 airfloil

The explanation behind the projected area of the airfoil is because the airflow mostly interacts with the
geometry on top and below the wing, while its frontal area is significantly smaller, and the physical
phenomena are of secondary importance. By taking the above into account, the projected area of the
$1223 is 0.468 m?, once the chord length is 360 mm, and the span is 1300 mm. It needs caution when
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setting the reference values, because it is agreed in chapter 2.3.1.1, that only half of the geometry is
going to be studied, using the symmetry feature that is commonly used in CFD for reduction in
computational cost. The reference area that is set only for the $1223 airfoil at zero angle of attack is
0.234m?. Another factor that must be considered when measuring the projects area is the angle of
attack of the airfoil, which affects the projection of the chord length.

e Properties of the environment are set by default as they are commonly known when on around
15° C, and at sea level. The density of air is set to 1.225 kg/m3, the temperature is set to 288.15
K, the dynamic viscosity of the air is approximately 1.8e-05 kg/m s, the ratio of specific heats is
1.4, the Yplus for heat transfer coefficient is also by default at 300, while the enthalpy and
pressure is set to zero as they do not affect the calculations of the simulation significantly.

e The value for the length is set as the chord length at zero angle of attack, alternatively it is set as
the projection of the chord length on the x-axis.

e The velocity is set to 15 m/s which is mentioned multiple times in previous subchapters.

The last step before the run of the simulation, is to set the number of iterations that will be conducted,
and the values that will be calculated and plotted after the completion of the run. The number of
iterations is set to 600, as it was visible from the first simulations that the residuals of the k-epsilon
model as well as the continuity, converged after around 100 iterations (Figure 2.28). The convergence of
the residuals depends on reduction of the class size which is set by the user, and its reduction is related
to the desired accuracy of the simulation (reduction by 3 class sizes is selected in this case) (Kuron,
2015). Considering this fact, a number of 600 iterations is determined, as more complex geometries
require more iterations for the stabilization of the convergence of the residuals. The output values that
we are interested in are the lift and drag forces and coefficients, which must be set in the right axis, in
order to present valid results.

Residuals
— continuity
— x-velocity 1e+01
y-velocity 1
——z-velocity 1e+00 —
k E
——epsilon 1e-01
1e-02
1e-03 —
1e-04 —
1e-05 —
1e-06 -
1e-07
1e-08 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100

Iterations
Figure 2.28 Convergence of residuals of the $1223 (0° AOA) simulation run
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2.3.3. Post-processing

The last aspect of the CFD simulations is post-processing, which all results are being examined through
contours, streamlines, graphs, and other visualization forms. Post-processing in this thesis will be done
through Ansys Post for the contours and results of the simulation, and Ansa Meta, in which the
turbulence and the streamline around each geometry is going to be visualized. The contours that will
help in the selection of the most suitable geometry for each set of simulations, are the velocity and
pressure contours projected on the symmetry wall, while the streamlines that will be presented only on
the selected geometries in each set, will better represent the airflow around the airfoils, for better
understanding of the phenomena that take place around them, such as separation. Examples of
contours and streamlines are shown in Figures 2.29 and 2.30.

Contours of S1a¢ Pressure (pastal) Jun 19,2014
ANSYS FLUENT 14.0 (29, dp, pbns)

1040401
V86600
085000
79000

Conours of Velocity Magnitude (nés) T AT (;:n d'p Q.pﬂ!:)

Figure 2.29 Static pressure and velocity magnitude of a NACA 0012 airfoil geometry (Ganesh Ram et al., 2014)
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Veloci
Streamiine 1

94

e

Figure 2.30 Streamline around an airfoil gecometry (Ahmed et al., 2011)

2.4. Finite Element Analysis (FEA)

In the last chapter of the methodology, a static simulation will be conducted in Solidworks CAE add-in
called Solidworks Simulation. The scope of this simulation, is to prove that the final geometry that will
be used, is able to withstand the necessary forces that are set by the regulations of the Formula Student
regulations. The material and thickness of each element will be decided by the result of this simulation.
The regulation that needs to be followed strictly is the following:

e Any aerodynamic device must be able to withstand a force of 200 N distributed over a minimum
surface of 225 cm2 and not deflect more than 10 mm in the load carrying direction.

The two parameters that can be adjusted without losing efficiency (reducing the span of the wing), are
the material that will be used, and the thickness of the construction. Carbon fiber is the most commonly
used material in Formula Student and motorsport in general, due to its high stiffness, and low weight. In
other applications such as aviation, more secure materials are used for safety such as aluminum.

The assumption for this simulation is that the mechanical properties are these of an averaged carbon
fiber, reinforced with epoxy (Matweb, 2023). The thickness used for the main element is around 5 mm,
while the flap’s thickness is approximately 2 mm. The properties of the custom material made in
Solidworks are the following:
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e Elastic modulus: 1.28e+11 N/m?

e Poisson’s ratio: 0.27

e Shear modulus: 1.24e+8 N/m?

e Mass density: 1780 kg/m?

e Tensile strength: 22.63e+8 N/m?

e Thermal conductivity: 0.2256 W/(m*K)

e Specific heat: 1386 J/(kg*K)
After this step, the necessary forces are applied on the surfaces of the elements, while the mounting of
the design will be set as a fixed geometry (Figure 2.31), as this simulation is to check the deflection of
the wings and not the tolerance of their mounting. In the figure below, the green arrows represent the
fixed surfaces and edges (mounting of the front wing assembly), while the purple arrows represent the

position and the direction in which the force is applied. The value of the force that is going to be applied
to the geometry will be resulted from the dimensions of the final design.

Figure 2.31 Forces and fixed geometries on the front wing assembly

In static simulations, fluid domains, boundary layers and other features that are included in CFD
simulations, do not exist, which makes mesh forming much simpler. Meshing in Solidworks Simulation,
has some default options, which will be used in this study, including the shape of the mesh elements,
which are triangular for surface meshing and tetrahedral for volume meshing. The mesh quality is set to
the maximum possible, in Solidworks and the element sizing is set as the following:

e Maximum element size: 14.814 mm
e  Minimum element size: 0.741 mm
e Element size growth ratio: 1.2
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After the formation of the solid mesh, the total number of elements is 765040, while the total number of
nodes is 1311180. The settings are set aiming for high mesh by neglecting the computational cost, since
it is a single static simulation, and its solving is much simpler than CFD. To be more specific, for a two-
element front wing assembly with the dimensions mentioned in chapter 2.2.2., the generation of the
solid mesh required approximately 2 minutes, which is significantly less than the time required for the
CFD mesh generation and simulation run.

Figure 2.32 Solid mesh a front wing configuration using Solidworks Simulation

Once the mesh generation is completed, the last step is to run the static simulation which as mentioned
before requires significant less time than CFD simulations. The results that we are interested in this
thesis is the deformation of the airfoil wings, that must be withing 10 mm after the application of the
force. It is important to consider construction and design inaccuracies that exist; thus, the safety factor is
set to around 1.5. This means the maximum acceptable amount of deformation is around 6.5 mm. Once
the design is decided through the CFD and FEA simulations, a final redesign and optimization for weigh
reduction will be conducted for efficiency.

78
DEPARTMENT OF MECHANICAL ENGINEERING



i,

NANg,

&h\o AYyy b”#

4
WY

AERODYNAMIC STUDY AND DESIGN OF AN FSAE-TYPE VEHICLE’S FRONT WING

3. Simulation runs and results

In the following chapter of the thesis, the configurations and designs that are studied in each set of
simulation will be described in detail. In every set of simulations, the most suitable profile and
configuration will be determined through various factors. The main goal that was set from the
beginning, is to achieve the generation of the maximum possible negative lift; thus, the most important
factor in deciding the most appropriate design, is the lift coefficient (Cy). Although drag forces are
usually insignificant compared to the lift forces and their contribution to the selection of the design is
small, the Lift/Drag ratio is another vital derivative that must be considered. Lastly, the pressure and
velocity contours are going to be studied and analyzed in order to assess the flow behavior around each
geometry for potential wake generation or flow separations that might occur.

3.1. Main Element (Airfoil Profile Selection)

In the first set of simulations the profile of airfoil that is going to be used as the main element of the
front wing configuration will be selected. As mentioned in Chapter 2.2.2, four different high-lift airfoils
(Selig 1223, Selig 1210, Selig 3021, Eppler 423) will be tested in 5 different angles of attack (-3°, 0°, 3°, 6°,
9°), and through the previously discussed factors, the most efficient one will be used to proceed to the
rest sets of simulations. The airfoils in the first set of simulations will be placed in the middle of the
enclosure as the ground effect that appears near the road, has insignificant differences through
different wing profiles. In Figure 3.1, example of the first set design configuration is presented:

Figure 3.1 Selig 1210 in 3° AOA placed in the simulation’s enclosure

The results of the first set of simulations are the following, since all the settings for the simulations, both
for pre-processing and solving, are mentioned in Chapter 2.2:
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- 0.153 -0.282 -0.601 -0.903 -1.15
- 0.03 0.026 0.03 0.038 0.053
- 5.10 -10.85 -20.03 -23.76 -21.70

Table 3.1 Results of the first set of simulations for the Selig 3021 airfoil

-0.798

-1.1 -1.359
0.037 0.036 0.042 0.054 0.072

-12.59 -22.17 -26.19 -25.17 -21.90

Table 3.2 Results of the first set of simulations for the Selig 1223 airfoil

-0.636

-0.941 -1.227
0.032 0.032 0.037 0.047 0.064

-9.69 -19.88 -25.43 -26.11 -22.44

Table 3.3 Results of the first set of simulations for the Selig 1210 airfoil
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0 3 6 9
-0.811 -1.081 -1.355 -1.535
0.041 0.047 0.057 0.073
-12.14 -19.78 -23.00 -23.77 -21.03

Table 3.4 Results of the first set of simulations for the Eppler 423 airfoil

In Tables 3.1, 3.2, 3.3 and 3.4, the results for all 20 different designs (4 different airfoils and 5 different
angles of attack) are presented, where it is visible that the only airfoil with significantly less values in lift
coefficient is the Selig 3021. Once the first observation is made, all results will be assessed through
graphs that will help in the better demonstration of the outcome. In Figures 3.2 and 3.3, the lift and
drag coefficients for each airfoil and angle of attack are shown:

Lift Coefficient

10

Lift Coefficient

AOA (°)
—e—53021 —e—S1223 —e—S1210 —e—E423

Figure 3.2 Lift coefficient in all AOA from the first set of simulations
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Drag Coefficient
0.08

0.07
0.06
0.05
0.04
0.03

0.02

Drag Coefficient

0.01

-4 -2 0 2 A0A ) 4 6 8 10

—e—53021 S1223 S1210 E423

Figure 3.3 Drag coefficient in all AOA from the first set of simulations

By observing the figures above, there are several conclusions that can be made; firstly, while the Selig
3021 airfoil has significantly less negative lift compared to the rest profiles, the amount of drag that it
produces remains at very low levels. Despite the fact that S3021 has low drag, the main factor that is
being considered in the selection of the profile is lift, leading to the rejection of this profile. Selig 1223
and Eppler 423 produce almost identical amounts of negative lift, with the second one generating
slightly more drag than the first one. The Selig 1210 airfoil produces less downforce and drag since its lift
and drag coefficients are smaller than those of $1223 and E423, in all angles of attack. Since the graphs
are not enough to reach a final decision on the profile that is more suitable for the front wing, in Figure
3.4, the lift/drag ratio in all angles of attack is imprinted. Another remark that occurs is that although
negative lift increases almost linear, drag increases rapidly as the airfoil’s angle of attack get higher.

Lift/Drag Ratio

10.00

-4 4 6 8 10
o
2
©
o=
oo
©
[a)]
=
=
—

26:00

1 7/ )
-25.00
-30.00
AOA (°)
—e—53021 $1223 51210 E423

Figure 3.4 Lift/Drag ratio in all AOA from the first set of simulations
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From the figure above, it is clear that Selig 1223 and Selig 1210 are superior from the Eppler 423, since
their lift/drag ratio is noticeably larger. Considering the importance of the factors that were set from
before, S1223 and S1210 are the two possible airfoil profiles that will be used for the front wing
assembly. Furthermore, it must be noted that the lift/drag ratio of $1223 peaks at 3 degrees angle of
attack, while S1210’s maximum lift/drag ratio is at 6 degrees angle of attack. There are two reasons why
the first one is a better option than the later one; 1. when an airfoil is set at higher Angles of attack, it
produces more drag, which might be caused from flow separation and possible wake generation behind
it, and 2. there is no point in choosing the S1210 profile which must be set in higher angle than the
$1223 to equal its performance, since the height of the main element will be increased which is not
efficient for the design of the front wing.

To ensure that the selection of S1223 profiles is the most suitable for the front wing assembly, the
velocity and pressure contours at the most efficient angles of attack (3 and 6 degrees) of the four wing
profiles will be presented below, while the rest contour will be shown in Appendix A.

Velocity Velocity
velocity velocity
2.119e+01 2.119e+01
gny Fen
- -+
1.785e+01 }:755&.01
1.673e+01 1.673e+01
1.5626+01 12650401
1.450e+01 13206+01
1.338e+01 :
1.227e+01 1.338e+01
11156401 13376+01
1.004e+01 1.115e+01
8.923e+00 1.004e+01
7.808e+00 8.923e+00
6.692¢+00 7.808e+00
5577e+00 g.g%exgg
5 e
33359100 3.2620+00
2.231e+00 x 3.3466+00
1.115e+00 = 2.231e+00
0.000e+00 d 1.115e+00
[m sA-1] 0.000e+00
[m s*-1]
Figure 3.5 Velocity contour of $1210 at 3° AOA Figure 3.6 Velocity contour of S1223 at 3° AOA
Velocity vV:é%ﬁlyty
velocity
1190401 T oTeer0l
e o 1:810e+01
896e+01 1.7046+01
785e+01 1:5076+01
673e+01 12916401
5626+01 -
4506+01 1.3846+01
338e+01 1.278e+01
227e+01 1.171e+01
1150+01 1.065e+01
1.004e+01 9:5826+00
8.923e+00 8.518e+00
7.808e+00 1453¢100
2928100 5.324e+00
4626+00 4.259¢+00
346e+00 3.194e+00
2300150 — % baeeid0 -
2
: 02?06+°0 — 0.0006+00
m s [m s?-1]
Figure 3.7 Velocity contour of E423 at 3° AOA Figure 3.8 Velocity contour of S3021 at 3° AOA
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Velocity Velocity
velocity velocity
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Figure 3.9 Velocity contour of $1210 at 6° AOA Figure 3.10 Velocity contour of S1223 at 6° AOA
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Figure 3.11 Velocity contour of E423 at 6° AOA Figure 3.12 Velocity contour of S3021 at 6° AOA

The figures above validate the conclusions that were made previously, as it is visible that the Selig 3021
generates almost no wake behind it. Eppler 423 has significantly larger wake behind it and flow
separation on its bottom side compared to the other three, which is the main reason why it was rejected
from the results that were presented before. The two most important contours that must be observed
and discussed is the velocity contour of the $1223 at 3° AOA (Figure 3.6), and velocity contour of $1210
at 6° AOA (Figure 3.9). Although the two designs produce almost the same amount of lift/drag ratio, the
first one has C;, = —1.1 while the second one has C;, = —0.941, which leads us to the conclusion that
the first one is considered superior regarding the lift factor. Also, the wake behind the $1210 at 6° AOA is
larger than that of S1223 at 3° AOA, which means more drag is produced. This observation is also seen in
Tables 3.2 and 3.3, where the S1210 has Cp = 0.047 and the $1223 has Cp = 0.042, and although the
difference is small, the final decision can be easily made taking all comments into account, that Selig
1223 is more efficient that the Selig 1210 for this application.

84
DEPARTMENT OF MECHANICAL ENGINEERING



MNEf,v,‘r

B

4

i

‘,@1\\0 AYry k"’:r

4
WY

Pressure
pressure

8.716e+01
6.941e+01
5.167e+01

-1.790e+02
I 21.9686+02

[Pa]

Figure 3.13 Pressure contour of S1210 at 3° AOA
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Figure 3.15 Pressure contour of E423 at 3° AOA
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Figure 3.17 Pressure contour of S1210 at 6° AOA
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Figure 3.14 Pressure contour of $1223 at 3° AOA
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Figure 3.16 Pressure contour of S3021 at 3° AOA
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Figure 3.18 Pressure contour of S1223 at 6° AOA
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Figure 3.19 Pressure contour of E423 at 6° AOA Figure 3.20 Pressure contour of S3021 at 3° AOA

The pressure contours shown in Figures 3.13-3.20 visualize the amount of negative lift that is generated
for each design. Again, the Selig 3021 shows significantly less pressure difference above and below it,
which is translated to less downforce, while the other three profiles are comparable in terms of pressure
distribution. At 3° angle of attack, E423 and S1223 present higher values of pressure on top of them,
than the $1210, something that is repeated in 6° angle of attack. This leads to the general conclusion

that $1210 can perform better in higher angles of attack which also means it might stall in higher angles,
and it produces less drag than the other two.

The final decision for the geometry and design of the main element is made through all the analysis of
the results above, and the conclusion is that Selig $1223 is more suitable for this case compared to the
$1210, E423 and S3021. To sum up, the advantages of the S1223 compared to the other are:

e It produces higher values of negative lift

e Its performance is maximized in lower angles of attack where there is almost no flow
separations and wake generations

e Its construction is slightly simpler than the one of S1210 as its trailing edge is thicker
e The airflow behind it is smoother as seen in the velocity contours
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3.2. Ground Clearance

After the selection of the airfoil profile and its angle of attack that is going to be used as main element of
the configuration, the next step is to place it near the road, where it is going to be place practically. As
discussed in chapter 1.3.3., due to ground effect, an airfoil that is placed close to the road, generates
more downforce due to the increased pressure difference above and below it, as the flow of air below is
accelerating because of the path narrowing.

In this set of simulations, the Selig 1223 airfoil at 3° AOA is going to be placed near the road which as
mentioned will be set as a moving no-slip wall with a velocity of 15 m/s. The five different heights (h,)
that the airfoil will be placed are 10, 30, 50, 70 and 90 mm from the road (Figure 3.21).

Lh1

Figure 3.21 Road clearance (h1) of the main element

It is expected that very close to the road the flow might be get strangled which leads to massive kinetic
energy loss, while away from the road, the ground effect will get less efficient and a drop in the
downforce generation will occur. To find the best possible distance between the airfoil and road, this set
of simulations is conducted and the results are presented in Table 3.5 below.

Selig 1223 (3- angle of attack)

h; (mm) 10 30 50 70 90
C. -1.046 -1.618 -1.718 -1.672 -1.592
Cp 0.164 0.136 0.109 0.092 0.079

C./Cp -6.38 -11.9 -15.76 -18.17 -20.15

Table 3.5 Selig 1223 road clearance simulations results
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The first comment that can be extracted from the table above is that maximum drag is witnessed close
to the road, and it decreases as the airfoil is placed away from it. This happens, as mentioned in the
previous paragraph, due to the stagnation of the air flow as the cross-section below the airfoil is too
small (Figure 3.22). This mean the flow of air cannot manage to pass below the geometry without losing
energy, something that leads to induced drag generation. Once the airfoil is high enough, the drag
coefficient dramatically decreases (Figure 3.23), until it reaches the values of the previous simulation
that the effect of the road is neglected and does not affect the behavior of the airflow around the wing.
This element is not seen in Table 3.5, because this phenomenon occurs in larger heights than 90 mm).

Velocity

velocity “;'eelé%ﬁi}y
5 00se 01 1196401
1.898e+01 .008e+0
1.785e+01 .896e+0
1.673e+01 .785e+0
ety 3%
+
1.338e+01 350640
1.227e+01 1338e+0
1:115e+01 357640
&9930700 115e+0
.004e+0
7.808e+00
6,6926+00 -923e+00
5'E776+00 .808e+00
33552108 2922700
3 i
2i231§+oo 4.482e+0
1.115e+00 .346e+00
0.000e+00 2 %13;5:& s —— .
Gl 0,000e-+0!
.. (]
Figure 3.22 Velocity contour of $1223 (h;=10 mm) Figure 3.23 Velocity contour of $1223 (h;=90 mm)

The stagnation of the airfoil under the airfoil when its placed 10 mm from the road leads to massive
wake generation behind it, which results in large drag forces which are negatively effecting the
performance of the wing, while when the airfoil is place 90 mm from the surface of the road, this effect
does not exist and there is almost no wake that generates drag behind it. This observation is not enough
for reaching the decision of the appropriate road clearance, as reducing drag is not the primary goal of
this study. As it is clarified from the beginning of this thesis, the main goal is to achieve maximum lift,
without totally neglecting the amount of drag that is produced, so in Table 3.5, it is visible that h,=50
mm outperforms the other heights. In figures 3.24 and 3.25 the results of this set of simulation are
presented.

Lift and Drag Coefficients

-1 0.18
30 50 70 90
11 8 0.16
12 0.14
= 012 €
S -13 2
‘O ]
& 01 &
o -1.4 8
] 008 O
&£ -15 &
5 0.06 5
-1.6 0.04
-1.7 0.02
-1.8 0
h1 (mm) : - .
—e— Lift Coefficient Drag Coefficient

Figure 3.24 Lift and drag coefficients results for all heights (h;) from the road
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Lift/Drag Ratio

10 30 50 70 90

-10

-15

Lift/Drag Ratio

-20

-25
h1l (mm)

Figure 3.25 Lift/drag ratio results for all heights (h,) from the road

Figure 3.24 validates the conclusion that for h;=50 mm, the airfoil's negative lift is maximized, while for
h;=30 mm and h;= 70 mm, the value of the lift coefficient is reduced. In this set of simulations, lift/drag
ratio is insignificant, while it will keep increasing until the height of the airfoil reaches the region where
the road does not affect the behaviour of the air. All the above lead to the conclusion that the most
efficient road clearance is 50 mm, which will be further validated from the figures below that present
the velocity and pressure contours of the airfoil at heights 30, 50 and 70 mm from the road (pressure
contours for 10- and 90-mm heights are shown in Appendix A).

P 2.119e+01
2.008e+01
1.896e+01
1.785e+01
1.673e+01

1.562e+01
1.450e+01

[m s*-1]

Figure 3.26 Velocity contour for h;=30 mm
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Velocity
velocity

P 2.119e+01
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Figure 3.27 Velocity contour for h;=50 mm

4\\:___

Figure 3.28 Velocity contour for h;=70 mm
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Pressure
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Figure 3.29 Pressure contour for h;=30 mm

»

Figure 3.30 Pressure contour for h;=50 mm

»

Figure 3.31 Pressure contour for h;=70 mm
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From Figures 3.26, 3.27 and 3.28, it is visible that at 50 mm and 70 mm, the wake behind the airfoils is
significantly smaller than that seen at 30 mm. This wake which is usually produced due to flow
separation of the bottom rear of the airfoil, affects its aerodynamic performance, and especially its
potential downforce generation. Taking this into consideration, road clearance of 50 and 70 mm is more
likely to be chosen for the main element’s placement. The visualization of the results in this set of
simulation is not so helpful, as almost no difference between the two heights (50 and 70 mm) is visible,
so the decision for the most efficient design is being made through analysis of the results that are
presented in Table 3.5. As mentioned before, h;=50 mm presents the peak value of negative lift
coefficients and so, this is the one that will be selected and used in the rest set of simulations. For
comparison of the airflow around the $1223 close to the road and away from it, Figures 3.32 and 3.33
are observed, and it is clear that in the second case, the velocity under the airfloil is slightly increased
which leads to greater pressure difference above and below the wing and thus, more downforce.

Velocity,Magnitude

>25.47
24.621
23.772

0 A 11 T

No Value

Velocity,Magnitude

>25.47
24.6239
23.7779
22.9318
22.0858
21.2397
20.3937
19.5476
18.7015
17.8555
17.0094
16.1634
15.3173
14.4713
13.6252
12.7792
11.9331
11.087
10.241
9.39493
8.54887
7.70281
6.85676
6.0107
5.16465
4.31859
3.47253
2.62648
1.78042
0.934363
<0.088307

[ No value
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3.3. Secondary Element (flap)

The next step of the process is to add a secondary element to the front wing configuration, which will be
responsible for the most amount of downforce that will be produced from the assembly. Since it was
clear from the first set of simulations that Selig 1223 is superior compared to the other three, it will also
be used as a secondary element in higher angle of attack that will be determined in this chapter after
the completion of the specific set of simulations. The airfoil will be tested from 15 to 45 angle of attack,
as higher values of downforce are desired, and at first, it is placed 10 mm above the main element and
the horizontal distance between them is 0 mm as seen in Figure 3.34. The relative distance between the
two elements will be decided in the last two sets of simulation which are conducted in Chapter 3.4 and
3.5, to maximize the efficiency of the front wing. It is important to clarify that its chord length as
mentioned before is 40% of the main element’s chord length which equals to 144 mm, and its span is
1300 mm as well.

Figure 3.34 Two element configuration placed in the simulation's fluid domain

In the fluid domain that is shown above, the body of influence is a little larger, because the height and
length of the geometry that is being studied is increased. This has an impact on the number of elements
that are formed, which is around 800,000, as the properties of the BOI and the quality of the mesh
remain the same. Also, the reference values are set considering that the reference area and length is the
sum of the two elements. As all the information about the third set of simulations is discussed, the
results are presented in Table 3.6 below.

15

20 25 30 35 40 45

-3.067 -3.351 -3.603 -3.665 -3.8 -3.907 -3.845
0.218 0.259 0.313 0.357 0.448 0.474 0.54
-14.07 -12.94 -11.51 -10.26 -8.48 -8.24 -7.12

Table 3.6 Results of simulation for Selig 1223 as secondary element
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The table above, shows the performance of the S1223 wing as a secondary element, with the same wing
at 3° AOA as main element. Conclusions regarding the fluctuations of the lift and drag coefficients are
extracted, but it not clear which configuration is the most efficient one. It is reasonable that the drag
coefficient increases for higher angles of attack, but the lift coefficient peaks at 40° AOA, which is a
potential selection of design. Despite the fact that in this angle of attack the airfoil produces the most
amount of negative lift, the lift/drag ratio must also be considered before reaching a final decision,
which decreases as the angle of the wing increases. Once the decision cannot be made through the
observation of the results of Table 3.6, Figures 3.35 and 3.36 show these results in graphic form.

Lift and Drag Coefficients

-3 0.6
31 20 25 30 35 40 45
0.5
-3.2
. 3.3 04
3 34 3
Y] k=
£ 35 03 8
8 (@]
et -3.6 E‘P
o] 2
4 3.7 0 a
-3.8 0.1
-3.9
-4 0
AOA (°)
—@— Lift Coefficient Drag Coefficient
Figure 3.35 Lift and drag coefficients results for all AOA of the flap
Lift/Drag Ratio
-5
6 15 20 25 30 35 40 45
-7
o 8
I
g 9
& -10
g
&£ -11
-
-12
-13
-14
-15

AoA (°)

Figure 3.36 Lift/drag ratio results for all AOA of the flap
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In Figure 3.35, the comments made earlier are visible as the drag coefficient is constantly decreasing,
while the lift coefficient increases until 40° AOA, and then in 45° decreases again. From the primary
goals that are set, the design with the most potential is this with 40° angle of attack but observing Figure
3.36 and considering one of the most important factors which is efficiency, the lift/drag ratio must all be
taken into account. For this reason, it is noted that after 30°, an abrupt increasement in the lift/drag
ratio is seen, which leads us to further review the situation before ending up with the final configuration
of this simulation set. In addition, the lift coefficient shows a large increase after 25° compared to the
first two samples, which means that there are four possible designs (from 25° to 40° AOA) that must be
narrowed down to one (45° as the airfoil completely stalls and produces additional drag without
generating further downforce). In order to select one design, a review of the velocity and pressure
contours for the $1223 set from 25° to 40° angle of attack which are shown in the following figures is
necessary (velocity and pressure contours for the rest angles are presented in Appendix A).

.83%&01 2 é?)ge:g]]
N e
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Figure 3.37 Velocity contour for $1223 flap (25° AOA) Figure 3.38 Velocity contour for $1223 flap (30° AOA)
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Figure 3.39 Velocity contour for $1223 flap (35° AOA) Figure 3.40 Velocity contour for $1223 flap (40° AOA)
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Figure 3.41 Pressure contour for $1223 flap (25° AOA) Figure 3.42 Pressure contour for $1223 flap (30° AOA)
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Figure 3.43 Pressure contour for 1223 flap (35° AOA)  Figure 3.44 Pressure contour for $1223 flap (40° AOA)

Although the airflow of the airfoil at 35° shows less wake behind it as seen in the velocity contours,
compared to the other designs, the drag that produces is significantly larger than that of the airfoil when
is set at 25° and 30° angle of attack. The negative lift coefficient for the 30° design is -3.665, and for the
35°, C,, is equal to -3.800, which translates to 3.7% increasement in downforce production, while the
drag coefficient is increased by 26% (from 0.357 at 30° AOA to 0.448 at 35° AOA). According to these
results and considering that the lift/drag ratio dramatically decreases after an angle of 30°, the designs
that are above this angle are rejected. To sum up, the two angles that suit better this specific study are
25° and 30°, and by considering that the main goal of this project is high downforce and efficiency, the
second one is the most appropriate.

3.4. Vertical Distance Between Elements

Another parameter that affects the performance of the front wing assembly performance except from
the angles of attack of the elements and the distance from the road, is the relative distance between the
two elements, as it is understandable that the first one can affect the airfoil that the later receives. To
decide the gap between the two elements, two simulation sets are conducted that will determine the
vertical and the horizontal distance between these two elements. In this step, the vertical distance will
be adjusted in each simulation while the horizontal stays the same as this in the previous set, which is 0
mm. The vertical distance between the two elements which is called h, (Figure 3.45), is adjusted from
10, to 35 mm, with a gap of 5 mm between these adjustments. This means the secondary element is
placed 10, 15, 20, 25, 30 and 35 mm above the main element.

Y
D~
h2 I
X

Figure 3.45 Vertical distance (h,) between the two elements of the front wing assembly
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All the settings of the simulations are identical to the previous ones except for the reference values that
change from one design to another which can be measured as described in Chapter 2.3.2.4. The results
of the fourth set of simulations is presented in Table 3.7.

$1223 (vertical distance)

h; (mm) 10 15 20 25 30 35
CL -3.665 -3.754 -3.767 -3.871 -3.93 -3.975
Cp 0.357 0.374 0.378 0.386 0.384 0.391

C./Cp -10.26 -10.04 -9.97 -10.03 -10.23 -10.17

Table 3.7 Lift and drag coefficients results for all vertical distances (h,) between the two elements

The phenomenon that was seen in the second set of simulation where the airflow is stagnated when the
passage between two geometries is too narrow, is also visible in this simulation set as the negative lift,
drag and efficiency of the airfoil in general, present better results once the two elements are placed with
larger gap between them. It is difficult to judge which airfoil is superior from the others, so the results
are presented in Figure 3.46.

Lift and Drag Coefficients
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-3.95
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Figure 3.46 Lift and drag coefficients for all vertical distances (h,) between the two elements

The first and most important comment on from the graph, is that the drag coefficient is constantly
increasing as the gap between the two elements grows, but at a height of 30 mm, the drag coefficient
presents a small decrease. This might happen because the main element at this distance help the airflow
at the bottom of the second element follow the curvature of the geometry, which results in less flow
separation below the flap. It can be noted that the airflow is not stable when the gap between the
elements is too small, by observing the fluctuations in the lift/drag ratio value. As negative lift is the
primary goal and the drag coefficient can be neglected when its values remain at low levels, the three
most suitable designs for this case, is the last ones, where h, is equal to 25, 30 and 35 mm as their value
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h, are shown in Appendix A).

of Cp, is presenting a major increase. To narrow them down to the most efficient one, once again the
velocity and pressure contours are shown below (velocity and pressure contours for the rest values of

Figure 3.47 Velocity contour of the front wing (h,=25 mm)

Figure 3.48 Velocity contour of the front wing (h,=30 mm)

Figure 3.49 Velocity contour of the front wing (h,=35 mm)
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Figure 3.51 Pressure contour of the front wing (h,=30 mm)

Figure 3.52 Pressure contour of the front wing (h,=35 mm)
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The velocity contours presented in Figure 3.47, 3.48 and 3.49, validated the decrease in the drag that
occurs for h,=30 mm, as it can be seen that the wake behind the geometry is slightly smaller compared
to the other to designs. The airflow below the second element is smoother in the last two designs, while
in the first one, the velocity of the air shows a slight decrease, which affects the aerodynamic efficiency
of the wing. The pressure contours are almost identical and do not give further information that can
help with the selection of the most efficient design. Summing up the above, the flap is most efficient
when place 30 and 35 mm above the main element, with the first placement being superior as the drag
that is produced from it is slightly smaller, and so, the $1223 flap will be placed at h,=30 mm.

3.5. Horizontal Distance Between Elements

In this chapter the last set of simulations that will determine the horizontal distance of the flap from the
main element will be conducted. The last parameter that affects and might improve the aerodynamic
behaviour of the front wing assembly, is the horizontal relative distance between the two elements
which is named h;. The value of the parameter h; will be set from -30 mm to 30 mm, with a gap of 10
mm between the adjustments, meaning the second element will be placed at -30, -20, -10, 0, 10, 20 and
30 mm relatively to the main element. Figure 3.53 demonstrates the horizontal distance h; between the
elements.

. Y
"'\-\..&H-\-x l

= ot
I\-\'-- A

K

h3

Figure 3.53 Horizontal distance (h;) between the two elements of the front wing assembly
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The results that were extracted from the set of simulations are shown in Table 3.8 below.

- -30 -20 -10 0 10 20 30
- -3.649 -3.683 -3.725 -3.93 -3.97 -3.62 -3.292
- 0.398 0.397 0.399 0.384 0.369 0.33 0.307
- -9.168 -9.277 -9.336 -10.234 -10.759 -10.970 -10.723

Table 3.8 Lift and drag coefficients results for all horizontal distances (h3) between the two elements

In this last simulation set, it is easy to decide which position of the flap in the horizontal axis is the most
efficient one, as the value of the negative lift coefficient peaks at h;=10 mm, and the drag coefficient
which although is not primary factor in the selection of the design, is lower once the horizontal distance
between the two elements increases. Another observation that enhances the chance that 10 mm is the
most suitable position for the flap, is that the lift/drag ratio is the second larger at this distance. To
validate these decisions, Figures 3.54 and 3.55 that imprint the results into graphs are added.

Lift and Drag Coefficients

-3 0.45
-30 20 -10 0 10 20 30
o o— 0.4
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- 38 0.15 O
0.1
-4
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Figure 3.54 Lift and drag coefficients for all horizontal distances (h;)between the two elements
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Lift/Drag Ratio
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Figure 3.55 Lift/drag ratio for all horizontal distances (h;)between the two elements

Observing the graphs above, the conclusions made before are validated as there is it can be seen that for
h3=10 mm, the value of Cy, peaks at -3.97, where the Cp and the lift/drag ratio is equal to 0.369 and -
10.759. Once maximum lift is achieved at h;=10 mm, while the drag forces remain at low levels, this
horizontal position is the most efficient and will be used for the front wing configuration. Although the
lift/drag ratio peaks at 20 mm, the lift coefficient dramatically drops in this position, as the airflow that
leaves the main element is not able to follow the curvature of the flap, resulting in flow separation,
which leads to loss in the aerodynamic performance of the assembly. The two velocity and pressure
contours for h3= 10 mm and h3= 20 mm are shown below, while the pressure and velocity contours for
the rest distances are added in the Appendix A.
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Figure 3.56 Velocity contour of the front wing (h;=10 mm)
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Figure 3.57 Velocity contour of the front wing (h;=20 mm)

In Figures 3.56 and 3.57, the velocity contours for hz= 10 mm and h3= 20 mm, where the phenomenon
that was described above is slightly visible. Although the flow separates from the surface at the leading
edge of the first element in the first design, the separation of the flow that occurs at the leading edge of
the flap in the second one, has bigger effect on the overall performance of the front wing. This happens
due to the fact that, as discussed before, the primary goal of the addition of the second element is to
produce higher percentage of downforce compared to the main element, so when the flow separates at
the bottom it, its contribution in downforce production is significantly less, resulting in overall decrease
of the downforce that is generated from the assembly. Lastly, in Figure 3.57, the separation of the flow
occurs very early on the bottom surface of the flap, and the airflow is not as smooth as this seen in the
bottom of the secondary element in Figure 3.56.
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Figure 3.58 Pressure contour of the front wing (h;=10 mm)

103
DEPARTMENT OF MECHANICAL ENGINEERING



‘\th\o AYyy s,
3

R
&
L
g “’“

i

4
WY

AERODYNAMIC STUDY AND DESIGN OF AN FSAE-TYPE VEHICLE'S FRONT WING

8.599e+01

6.831e+01
5.063e+01
3.294e+01
1.526e+01
-2.426e+00
-2.011e+01
-3.779e+01
-5.548e+01
-7.316e+01
-9.085e+01
-1.085e+02
-1.262e+02
-1.439e+02
-1.616e+02
-1.793e+02
-1.969e+02
-2.146e+02
-2.323e+02
-2.500e+02

[Pa]

Figure 3.59 Pressure contour of the front wing (h;=20 mm)

3.6. Final Assembly

Once all simulation sets are completed, a final design regarding the CFD analysis is being made, where
the airfoil is adjusted to the bounding box that was set in Chapter 2.2.1, where there is a 400 mm gap in
the middle, that affects the design of the secondary element. In order to adjust to these restrictions, the
secondary element is cut and removed from the middle of the geometry, as the nose cone will be placed
there, and plates to hold it are added. Also, endplates that were mentioned in Chapter 1.3.3, are added
to the assembly to prevent the airflow from spoiling from the sides of the elements, which results in
large flow disturbances and efficiency reduction. The geometry that is designed and simulated in CFD is
presented in Figure 3.60. Another advantage of endplates is that they are able to produce large vortices
on their edges, which can seal the airflow below the car from spoiling or being disrupted by “dirty”
airflow that might be a result from the wheels. The difference of the vortices that are being produced
when there are no endplates, compared to the design with endplates, is presented in Figures 3.61 and
3.62, while the streamlines of the two designs are shown in Figures 3.65, 3.66 and the pressure contours
of the final assembly is presented Figures 3.67, 3.68.

From the last CFD simulation that was conducted in this thesis the results of interest are the negative lift
coefficient which equals to -3.714, and the drag coefficient which is equal to 0.513. The values that
occurred from this simulation are realistic, as it can be easily understandable that the geometry is more
complex, and the airflow is not as smooth as it was in the previous sets of simulations. Also, the
secondary element’s span is reduced, which also slightly affects its C;, and Cp values. The final value of
the lift/drag ratio is -7.24, which is acceptable considering the factors that were mentioned in the
beginning of the simulation process. Once the final coefficients are measured, the total amount of
downforce and drag that the assembly produces can be easily calculated through Equations 1.6 and 1.7.
Considering air density (p) constant and equal to 1.2 kg/m3, velocity (U) equal to 15 m/s, and reference
area (A) equal to 0.579 m?, then Lift (L) is -290.3 N, and Drag (D) equals to 40.1 N.
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Figure 3.60 Final assembly for CFD with 440 mm gap in the middle of the secondary element

Figure 3.61 Turbulence visualization of the two-element no-endplate configuration with velocity magnitude
contour
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Figure 3.62 Turbulence visualization of the final assembly with velocity magnitude contour

It can be observed that in the final assembly, there is a strong vortex generated at the bottom rear
corner of the endplate, as the plane of the contour is right behind the airfoil geometry, while on the no-
endplate geometry no significant vortices are witnessed. So, by adding endplates to the geometry, more
energized vortices that seal the airflow below the car are generated, and the airflow from the high-
pressure side of the airfoil is prevented from spoiling from the edge of the wing which is seen in Figure
3.62. Less powerful vortices can also be seen at the inner plate that holds the secondary plate, as well as
at the top rear corner of the endplate. In order to better visualize the vortex that is generated at the top
of the endplate, another plane 10 mm behind this one is set, and the result is shown in Figure 3.61.

Figure 3.63 Turbulence visualization of the final assembly with velocity magnitude contour
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Figure 3.65 Velocity magnitude streamlines of the two-element configuration without endplates
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Figure 3.66 Velocity magnitude streamlines of the final assembly with endplates

The streamlines of the design without endplates and inner plates and the one without, do not alter
significantly, as seen in Figure 3.65 and 3.66 above. The velocity and the path of the streamlines is
almost identical, despite the difference in the coloring, as the legend remains in the same range. A flow
separation is witnessed behind the assembly, which is mainly responsible for the increased value of the
drag force, but as seen from the results, it is not negatively affecting the amount of downforce that is
produced.
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Figure 3.67 Pressure contour of the final assembly
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Figure 3.68 Pressure contour of the final assembly

Lastly, it is visible from the pressure contours above, that the secondary element has significantly more
pressure difference above and below it, compared to the main element. The maximum pressure is
visible near the leading edge of the secondary element, where the accelerated airflow from the bottom
of the main element reaches results in a low-pressure area. Although the secondary element presents
more pressure differential above and below it, the main element produces more downforce as its
surface is significantly larger than the surface of the flap.

3.7. FEA simulation results

The final results that must be presented relate to the static analysis that must be conducted, to ensure
that the front wing assembly is able to withstand the forces that are set from the FSG regulations. The
force the will be applied from the top of the assembly, equally distributed to 225 cm? and its value is
200 N. In the following simulation, once the surfaces on the design of the wings are not divided into
parts, it is difficult to apply the force in a small area of the airfoil, so an equally distributed force will be
applied on all the assembly. To calculate the value of this force, the reference area of the assembly must
be measured as seen from the direction of the force (top view) which is seen in Figure 3.69.
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Figure 3.69 Reference area of the front wing assembly

As seen in the figure above, the reference area of the front wing assembly is 579,009.48 mm?, or
5,790.1 cm?. Through simple calculations, it is found that the overall force that the whole assembly
must withstand is equal to 5,146.75 N (once 225 cm? of surface must withstand 200 N, then 5,790.1
cm? must be able to withstand 5,146.75 N equally distributed). In order for the geometry to pass the
inspection that is conducted prior to the competition, it must not deform more than 10 mm which is
then reduced to 6.5 mm after the safety factor that was set in Chapter 2.4 which is equal to 1.5. After
the run of the simulation the result is presented Figure 3.70.
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Figure 3.70 Displacement of the geometry after the force application
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In the figure above, it is visible that no part of the geometry exceeds a displacement of 3 mm, which is
significantly less than the maximum acceptable value of 6.5 mm that is set. This means the geometry is
withing the range that is needed to pass the inspection of the competition. This means no changes in the
material, thickness, or geometry in general must be made. To be more specific, maximum displacement
is witnessed in the front of the main element and on the edges of its span, which equals to 2.87 mm. It is
important, once again, to point out that this simulation is not conducted to check if the mountings of the
assembly can withstand the overall force value which is 5,146.75 N. The simulation runtime was 1
minute and 34 seconds, which is significantly less than the time required for the CFD simulations, so this
is the reason all the mesh settings were adjusted in order to achieve as much accurate results as possible
in this FEA simulation.

It is understandable that maximum deformation is seen in the edges of the main elements profile and
the front of the endplates, as the span of it is significantly larger than that of the secondary elements.
Also, the mountings are put in the middle, which means the forces applies more torque in the edges due
to the distance they have from the pivot point (the mountings in our case). Some teams that face
problems with that kind of deformation add nerves that are attached to the endplate, to avoid this
situation, as seen in Figure 3.71.

To sum up, the design of the front wing assembly in the context of this thesis does not require further
support apart from the main mountings that are on the middle of the assembly and are attached to the
nosecone or the bodywork.

Figure 3.71 Front wing assembly with nerves to prevent deformation on its edges
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4. Conclusions and Future Study

4.1. CFD simulations conclusions

In Chapter 2.3, three sets of simulations were conducted to determine the mesh quality, the solving
model and type of flow, that will be adapted to all the following simulations are done to extract the
most efficient design for the front wing of the vehicle. Four different mesh qualities (coarse with
250,000 elements, moderate with 500,000 elements, fine with 1,000,000 elements, and very fine
2,000,000 elements) are tested in the same geometry (Selig 3021 at zero angle of attack), and the
moderate one was judged to be the most appropriate considering the team’s available computational
power and time. Once the mesh was formed, a simulation set that will determine the solving model was
done, and the outcome was that the k-epsilon solving model was superior compared to the other two
governing models, k-omega standard, and k-omega SST. The last simulations showed that the flow can
be assumed to be steady instead of transient, as both presented the same results, with the first one
being significantly more time efficient than the second one.

As soon as the settings for the simulations were set, five different sets of CFD simulations were
conducted to declare the most efficient design. The first set decided which of the airfoil profiles named
S$1223, S3021, S1210 and E423, present the best results considering the factors that were set to
determine the most suitable geometry for this case. Once the Selig 1223 outperformed the others, it is
the one that was chosen as the main element of the assembly at an angle of attack of 3° (C;=-1.1 and
Cp=0.042). Secondary, this airfoil was placed in five different heights from the road, in order to decide
in which position the ground effect that occurs is more powerful and affects positively the wing’s
performance. The outcome of this simulation set is that the appropriate height for the wing to be
positioned is 50 mm above the road (C;=-1.718 and Cp= 0.109). In the third simulation set, the Selig
1223 airfoil was used as a secondary element (flap) with a chord length equal to 40% of the main
element’s one, which is 144 mm. After the completion of this study, the flap was set to 30° angle of
attack, where the wing showed its maximum potential (C;=-3.665 and Cp= 0.357), while keeping drag at
low levels. Another important parameter that was determined in the fourth and fifth set of simulations,
is the vertical and horizontal distance between the two elements, and the most efficient ones are at 30
mm (C;,=-3.93 and Cp= 0.384) and 10 mm accordingly (C;=-3.97 and Cp= 0.369). At last, the final design
that was adjusted to the constraints that were set in the design process, was also simulated and the final
lift coefficient Cy, equals to -3.714 and the drag coefficient Cy is 0.513. After the necessary calculations,
the final conclusion for the figures of interest is that Lift (L) and Drag (D) is equal to -290.3 N and 40.1 N
accordingly. In figure 4.1 the streamlines around the front wing assembly in 3D view is presented to
visualize the airflow around it, where the generation of vortices due to pressure difference is visible.

Velocity,Magnitude

Figure 4.1 3D velocity magnitude streamlines of the final assembl
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4.2. Design and manufacturing conclusions

This part of the conclusions relates to the process and outcomes of the design approach, as well as the
FEA simulation that was conducted at the end of the study. First of all, the limitations of the
competition’s regulations were translated into bounding boxes and dimensions, in which the front wing
assembly must stay within. The final span of the main element is 1305 mm, while the secondary
element was split in two parts with a span of 430 mm, with a gap of 440 mm between them, in order for
the nose cone to fit in. The chord length of the main element is 360 mm, while the secondary elements’
chord is 144 mm. The final dimensions of the assembly are the following and presented in Figure 4.2:

1. Height: 180 £ 0.5 mm
2. Width: 1305 £ 0.5 mm
3. Length: 545+ 0.5 mm

The conclusions that can be made from the dimensions above is that height is almost at the limit of 185
mm that was set from the bounding boxes, while the other two dimensions are withing range. The width
is approximately 20 mm shorter than the limit, and the length is about 80 mm less than its limitation.
Once the height is on the edge of the acceptable range, the manufacturing process by the team must be
conducted with caution. Another observation is that there is no space for the secondary element to be
placed higher than it is now, and its angle of attack cannot be increased either, which leads to the
conclusion that the decisions that were made through the CFD simulation were on point. Furthermore,
this configuration was decided to be a two-element configuration from the start of the study, which
means, the elements’ dimensions were determined to be larger than they would be in a three-element
configuration. Lastly, the length of the assembly could be increased, meaning that the main and
secondary elements would have larger chord length. This could result in higher production of
downforce, as the surface of the airfoil increases.

Figure 4.2 Maximum dimensions of the front wing assembly in each axis
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Although the design above, is withing regulations and optimized through CFD simulations, a redesign on
the endplates is conducted for weight reduction, as the change that was made in its geometry does not
affect the airflow’s behaviour around the airfoils. The change in the geometry is one the front top corner
where there is no interaction between the endplates and the elements, and its purpose is to reduce its
weight, smoothen the flow above it, and enhance its appearance. Once it was decided from Chapter 3.7,
the elements as well as the endplates are going to be manufactured by carbon fiber which is reinforced
with epoxy, as the maximum deformation resulted from the FEA simulations was 2.87 mm which did not
exceed the acceptable limitation of 6.5 mm, the overall design that results from the study of this thesis
is presented in Figure 4.3. Finally, footplates (vortex tunnels) where added in the bottom of the airfoil as
they are known to enhance the power of the vortices that are formed as explained earlier (Duran, 2022).

Figure 4.3 Final design for the racing vehicle’s front wing assembly of Poseidon Racing Team (UniWA)

4.3. Future study

The last chapter of this thesis is related to the future study that will be conducted in several parameters
of this case, which may vary depending on the application. Once the diploma thesis is the first project
that is being studied extensively from a student, there are a lot of variables that can be altered to
improve the results of each application, which are still unknown when the researcher is in the first years
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of his career. For this reason there is a list of things that will be further studied in detail, for the
improvement of the work that is been done.

In this thesis, one main adjustment that could be made with the appropriate research, is the solving
model that was used. It is known, as mentioned before, that k-omega standard is suitable when studying
near wall flows, k-epsilon is appropriate for freestream flows, while k-omega SST is a combination of the
two above. The fact that the k-omega standard and k-omega SST presented worse results than the k-
epsilon solving model, needs further investigation as the flow around a complex geometry (like a front
wing of a Formula Student racing vehicle), should need more accuracy near the walls as the boundary
layers massively affect its behaviour. It is important to point out that k-omega standard and SST solving
models require a finer mesh compared to the k-epsilon (Abd Halim et al., 2018), which plays a vital role
in the outcome of this research. Once k-omega model is chosen, the quality of the mesh must be
increased significantly in order to achieve reliable results, which is something that could not be done
with the availability of the computational time and resources.

Another derivative that should be further studied is the number of elements of the configuration, which
can be increased to three or maybe four elements. Once this is the first aerodynamic package of the
team, the design and study had to remain simple and efficient, as every decision must be justified. The
front wing has very strict height restrictions which makes three- and four-element front wings difficult
to be designed and pass the inspection of the competitions. For this kind of research, more than one
person is needed to conduct the study, as many wing profiles for each element must be tested in
different angles of attack and the distances between the elements, as the way they interact with each
other is significantly more complex than a two-element configuration.

Furthermore, there can be many redesigns in the assembly in order to maximize its performance, but
every change must be justified through extensive research. Curvatures in the endplate or the main
elements can be added, so that the airflow is guided efficiently. Regarding endplates, a small curvature
can be made on their design, in order to guide the flow outside of the wheels that are known to produce
the grater values of drag. Also, a step in the middle of the airfoil can be added to better guide the flow
under the car by cooperating with the nose cone. An example of a design made for future plans that
lacks detailed examination is shown in Figure 4.4.

Lastly, several sets of simulations must be conducted in later research that are called aero mapping.
Aero mapping is conducted to present how the performance of the aerodynamic package of a vehicle
(front wing in our case) alters when several factors change, such as dynamic road clearance and side
forces at corners. There are a lot of variables that change when the vehicle accelerates and turns, as its
center of pressure (COP) is constantly changing. In this study, the car was assumed to be moving at an
average speed of 15 m/s, but its performance is different when the vehicle reaches speeds of 30 m/s or
more, as the amount of downforce that is produced is dramatically greater, and so the car is pushed
further to the road, which slightly alters the road clearance and thus, the values that were calculated in
this study. Cornering of the vehicle results in change of direction of the forces that are applied to the
configuration, and for this reason, several simulations at different angles of incoming air must be
conducted (15°,30°,45° etc.), to evaluate how the performance of the front wing and the car in general
changes.
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Figure 4.4 Front wing assembly example for future reference
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Appendix A

A.1 Velocity and pressure contours of Selig 1223, Selig 3021, Selig 1210 and Eppler
423 at -3°, 0° and 9° AOA

e S1213 at -3° AOA — Velocity contour

[m s?-1]

e S3021 at -3° AOA — Velocity contour
P} 2.119e+01

2.008e+01

0.0006+00 -
[m s*-1]

e S1210 at -3° AOA — Velocity contour

P 2.119e+01

5008e+01
1.8966+01
1.785e+01
1.6736+01
1.562e+01
1.4508+01

3.346e+00
2.231e+00

[m s*-1]

121
DEPARTMENT OF MECHANICAL ENGINEERING



,»NF’ AT?J,;-%

nang
G
7o st

£
#
Brre op Wi

AERODYNAMIC STUDY AND DESIGN OF AN FSAE-TYPE VEHICLE'S FRONT WING

E423 at -3° AOA — Velocity contour

$1213 at 0° AOA — Velocity contour

$3021 at 0° AOA — Velocity contour
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$1210 at 0° AOA — Velocity contour

E423 at 0° AOA — Velocity contour

S$1223 at 9° AOA — Velocity contour
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$3021 at 9° AOA — Velocity contour

$1210 at 9° AOA — Velocity contour

E423 at 9° AOA — Velocity contour
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e S1213 at-3° AOA — Pressure contour

[Pa]

e S3021 at -3° AOA — Pressure contour

-2.500e+02
[Pa]

e S1210 at-3° AOA — Pressure contour

[Pa]
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e [E423 at -3° AOA — Pressure contour

8.716e+01
6.941e+01
5.167e+01

-1.790e+02 3
-1.968e+02 y
-2.145e+02

[Pa]

e S1213 at 0° AOA — Pressure contour

-1.790e+02
-1.968e+02 4
-2.145e+02

[Pa]

e S3021 at 0° AOA — Pressure contour

-1.790e+02
I 21.968e+02

[Pa]
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S1210 at 0° AOA — Pressure contour

E423 at 0° AOA — Pressure contour

G ¥ \
DI
WO
@0
+ +
OO
NN
»

[Pa]

S1223at 9° AOA — Pressure contour

216136+02
s
-1. e+
211450+02 -

[Pa]
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S3021at 9° AOA — Pressure contour

S1210at 9° AOA — Pressure contour

e E423at 9° AOA — Pressure contour
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A.2 Pressure contours of Selig 1223 at 3° AOA for h;=10 mm and h;=90 mm

e Selig 1223 at 3° AOA for h;=10 mm

Pressure
pressure

P 8.716e+01
6.941e+01
5.1676+01
3.392e+01
1.6186+01
-1.568e+00
-1.931+01
-3.706e+01

-1.080e+02
-1.258e+02
-1.435e+02

I -2.145e+02

-2.323e+02 -
-2.500e+02 .
[Pa] ——

e Selig 1223 at 3° AOA for h;=90 mm

Pressure
pressure

P 8.716e+01
6.941e+01
5.167e+01
3.392¢+01
1.618e+01
-1.5686+00
-1.931e+01
~3.7066+01
-5.480e+01
-7.2556+01
-9.029e+01
-1.0806+02
-1.2586+02

-1:9686+02 3
-2.145e+02

-2.323e+02
-2.500e+02
[Pa]
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A.3 Velocity and pressure contours of Selig 1223 (flap) at 15°, 20° and 45° AOA

$1223 (flap) at 15° AOA — Velocity contour

2.119e+01
2.008e+01
1.896e+01
1.785e+01
1.673e+01

8.923e+00
.608e+00

“7156+00
0.000e+00
[m s?-1]

$1223 (flap) at 20° AOA — Velocity contour

2.119e+01
2.008e+01
[ 1.896e+01
1.785e+01
1.673e+01
1.562e+01
1.450e+01
1.338e+01

0.0006+00
[m s?-1]

$1223 (flap) at 45° AOA — Velocity contour
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e 51223 (flap) at 15° AOA — Pressure contour

N o0t
et

8
6
5
3
1
-2
-2.
-3.
-5.
-1.
-9
-1.
-1.
-1.

e S1223 (flap) at 20° AOA — Pressure contour
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A.4 Velocity and pressure contours of vertical distance h,=15 mm and h,=20 mm

e Vertical distance h,= 15 mm — Velocity contour

e Vertical distance h,= 20 mm — Velocity contour

2.119e+01
2.008e+01
1.896e+01
1.785e+01
1.673e+01

.692e+00
.577e+00

e Vertical distance h,= 15 mm — Pressure contour
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Vertical distance h,= 20 mm — Pressure contour
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A.5 Velocity and pressure contours of horizontal distance h3=-30 mm, h;=-20 mm,
h3;=-10 mm, h3=10 mm, h3=20 mm and h3=30 mm

Vertical distance h3=-30 mm — Velocity contour

2.119e+01

Vertical distance h3=-20 mm — Velocity contour

2.134e+01
2.022e+01
1.909e+01
1.797e+01
1.685e+01
1.572e+01
1.460e+01
1.348e+01
1.235e+01
1.123e+01
1.011e+01
8.985e+00
7.862e+00
6.739e+00

Vertical distance h3=-10 mm — Velocity contour
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Vertical distance h3= 30 mm — Velocity contour

e Vertical distance h3=-30 mm — Pressure contour

Vertical distance h;=-20 mm — Pressure contour

8.599e+01
6.831e+01
5.063e+01
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e Vertical distance h3=-10 mm — Pressure contour

Vertical distance h;= 30 mm — Pressure contour
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Appendix B

In this appendix presents the coordinates (“UIUC Airfoil Data Site,” n.d.) of the four airfoil profiles that
were studied.

B.1 Selig 1223 coordinates

X Y

1.00000 0.00000
0.99838 0.00126
0.99417 0.00494
0.98825 0.01037
0.98075 0.01646
0.97111 0.02250
0.95884 0.02853
0.94389 0.03476
0.92639 0.04116
0.90641 0.04768
0.88406 0.05427
0.85947 0.06089
0.83277 0.06749
0.80412 0.07402
0.77369 0.08044
0.74166 0.08671
0.70823 0.09277
0.67360 0.09859
0.63798 0.10412
0.60158 0.10935
0.56465 0.11425
0.52744 0.11881
0.49025 0.12303
0.45340 0.12683
0.41721 0.13011
0.38193 0.13271
0.34777 0.13447
0.31488 0.13526
0.28347 0.13505
0.25370 0.13346
0.22541 0.13037
0.19846 0.12594
0.17286 0.12026
0.14863 0.11355
0.12591 0.10598
0.10482 0.09770
0.08545 0.08879
0.06789 0.07940
0.05223 0.06965
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0.03855
0.02694
0.01755
0.01028
0.00495
0.00155
0.00005
0.00044
0.00264
0.00789
0.01718
0.03006
0.04627
0.06561
0.08787
0.11282
0.14020
0.17006
0.20278
0.23840
0.27673
0.31750
0.36044
0.40519
0.45139
0.49860
0.54639
0.59428
0.64176
0.68832
0.73344
0.77660
0.81729
0.85500
0.88928
0.91966
0.94573
0.96693
0.98255
0.99268

0.99825
1.00000

AERODYNAMIC STUDY AND DESIGN OF AN FSAE-TYPE VEHICLE'S FRONT WING

0.05968
0.04966
0.03961
0.02954
0.01969
0.01033
0.00178
-0.00561
-0.01120
-0.01427
-0.01550
-0.01584
-0.01532
-0.01404
-0.01202
-0.00925
-0.00563
-0.00075
0.00535
0.01213
0.01928
0.02652
0.03358
0.04021
0.04618
0.05129
0.05534
0.05820
0.05976
0.05994
0.05872
0.05612
0.05219
0.04706
0.04088
0.03387
0.02624
0.01822
0.01060
0.00468

0.00115
0.00000
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B.2 Selig 1210 coordinates

X

1.00000
0.99837
0.99398
0.98753
0.97908
0.96811
0.95437
0.93796
0.91898
0.89754
0.87376
0.84779
0.81980
0.78997
0.75851
0.72561
0.69151
0.65642
0.62058
0.58423
0.54763
0.51105
0.47473
0.43891
0.40378
0.36955
0.33652
0.30456
0.27347
0.24341
0.21445
0.18681
0.16069
0.13622
0.11351
0.09269
0.07388
0.05719
0.04282
0.03068
0.02054
0.01239
0.00626
0.00217

Y

0.00000
0.00101
0.00397
0.00832
0.01317
0.01811
0.02328
0.02874
0.03443
0.04032
0.04637
0.05254
0.05879
0.06506
0.07130
0.07747
0.08349
0.08932
0.09490
0.10016
0.10505
0.10948
0.11335
0.11653
0.11892
0.12046
0.12091
0.12000
0.11784
0.11462
0.11047
0.10556
0.09994
0.09362
0.08672
0.07932
0.07149
0.06332
0.05484
0.04593
0.03672
0.02755
0.01866
0.01030
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0.00016
0.00023
0.00337
0.01034
0.02071
0.03417
0.05052
0.06959
0.09118
0.11512
0.14119
0.16911
0.19906
0.23157
0.26670
0.30427
0.34404
0.38575
0.42909
0.47370
0.51919
0.56515
0.61113
0.65666
0.70127
0.74446
0.78575
0.82465
0.86071
0.89349
0.92255
0.94754
0.96791
0.98299
0.99284
0.99828
1.00000
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0.00277
-0.00345
-0.00773
-0.01070
-0.01324
-0.01529
-0.01685
-0.01786
-0.01830
-0.01810
-0.01715
-0.01524
-0.01183
-0.00697
-0.00124

0.00504

0.01158

0.01814

0.02446

0.03032

0.03551

0.03986

0.04320

0.04543

0.04646

0.04625

0.04479

0.04214

0.03837

0.03364

0.02809

0.02192

0.01530

0.00890

0.00390

0.00095

0.00000
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B.3 Selig 3021 coordinates

X Y

1.00000 0.00000
0.99663 0.00039
0.98679 0.00172
0.97104 0.00419
0.94996 0.00769
0.92398 0.01193
0.89336 0.01670
0.85840 0.02198
0.81959 0.02776
0.77748 0.03393
0.73266 0.04038
0.68572 0.04694
0.63730 0.05341
0.58801 0.05954
0.53839 0.06504
0.48891 0.06964
0.43996 0.07312
0.39190 0.07536
0.34513 0.07632
0.29999 0.07596
0.25685 0.07433
0.21611 0.07151
0.17816 0.06753
0.14331 0.06243
0.11182 0.05631
0.08392 0.04930
0.05983 0.04156
0.03968 0.03329
0.02358 0.02472
0.01160 0.01615
0.00374 0.00799
0.00008 0.00099
0.00191 -0.00427
0.00984 -0.00852
0.02320 -0.01232
0.04178 -0.01547
0.06542 -0.01789
0.09395 -0.01957
0.12712 -0.02053
0.16464 -0.02085
0.20614 -0.02059
0.25118 -0.01986
0.29928 -0.01876
0.34988 -0.01742
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0.40237
0.45612
0.51047
0.56476
0.61834
0.67056
0.72079
0.76840
0.81283
0.85355
0.89005
0.92187
0.94876
0.97048
0.98660
0.99661
1.00001
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-0.01592
-0.01433
-0.01273
-0.01115
-0.00963
-0.00821
-0.00690
-0.00570
-0.00462
-0.00365
-0.00278
-0.00193
-0.00107
-0.00035
0.00003
0.00006
0.00000
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B.4 Eppler 423 coordinates

X Y

1.00000 0.00000
0.99655 0.00159
0.98706 0.00650
0.97304 0.01434
0.95530 0.02381
0.93358 0.03376
0.90734 0.04400
0.87671 0.05481
0.84221 0.06620
0.80436 0.07803
0.76373 0.09010
0.72090 0.10215
0.67644 0.11391
0.63092 0.12506
0.58491 0.13524
0.53893 0.14410
0.49347 0.15116
0.44870 0.15593
0.40464 0.15828
0.36149 0.15824
0.31947 0.15590
0.27885 0.15138
0.23987 0.14485
0.20286 0.13657
0.16816 0.12676
0.13611 0.11562
0.10700 0.10337
0.08106 0.09023
0.05852 0.07646
0.03953 0.06232
0.02421 0.04812
0.01262 0.03419
0.00481 0.02093
0.00071 0.00879
0.00002 0.00088
0.00033 -0.00192
0.00071 -0.00362
0.00125 -0.00518
0.00157 -0.00590
0.00194 -0.00656
0.00237 -0.00717
0.00288 -0.00771
0.00348 -0.00823
0.00415 -0.00874
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0.00571
0.00751
0.01065
0.01365
0.02892
0.04947
0.07533
0.10670
0.14385
0.18727
0.23688
0.29196
0.35163
0.41449
0.47867
0.54275
0.60579
0.66690
0.72503
0.77912
0.82836
0.87219
0.91012
0.94179
0.96692
0.98519
0.99629
1.00000
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-0.00969
-0.01057
-0.01177
-0.01266
-0.01485
-0.01482
-0.01236
-0.00740
-0.00002
0.00922
0.01913
0.02865
0.03687
0.04283
0.04626
0.04760
0.04715
0.04501
0.04126
0.03625
0.03050
0.02444
0.01844
0.01286
0.00794
0.00390
0.00106
0.00000
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SOFTWARE

2
2S SOLIDWORKS

POST PROCESSOR

Microsoft” Microsoft®
Word Excel

G
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