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Preface
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Damian Cieplak

iii



Summary

This thesis regards the design of a vehicle body with active aerodynamics for a DIS1 racecar, as
well as the evaluation of the design. The key focus of the design is the active rear wing of the
car, for which support brackets and actuation mechanism are designed. The motivation behind
this is incorporation of electro-mechanical system design in the development of aerodynamic
components, as well as demonstrating multidisciplinary expertise. The project is done in
collaboration with D-I-S, which provided with a car model and data used for the design and
evaluation in question of the project.

Since aerodynamics have a meaningful impact on a vehicle's performance, as well as oftentimes
downforce needs to be compromised if low drag is desired and vice-versa; active aerodynamics
should yield a solution where a vehicle's performance is substantially improved with minimal
compromises. Each design phase of the design consists of applicable simulations and/or
calculations to ensure that the designed component is capable of delivering the expected
performance. The design starts with developing the car body based on the premise that it
should exhibit minimal drag and air�ow disruptions, e�ectively having negligible e�ects on later
incorporated active aerodynamic elements on it. The car body underwent two iterations, as
the iterative process stopped when a satisfactory result was obtained. Thereafter, the rear
wing is designed so it can generate su�cient downforce for the car to handle at least as much
lateral acceleration as the current Nurburgring lap-record holder likely did at its peak during
the record breaking lap, which is presumed to occur at the compression part of the 'Foxhole'
corner at the track. As a part of the wing design, simulations for NACA 4412 airfoil based wing
are performed to attain relations between lift and drag coe�cients and angle of attack. The
obtained aerodynamic coe�cients di�er from the ones used to initially determine the wing size,
which leads a reiteration of the wing design. A 'Scorpion Tail' wing bracket is invented for the
purpose of supporting the wing, as this bracket type exhibits desirable criteria to be incorporated
in the design. It was chosen to be implemented after numerous structural and aerodynamic
simulations, that compared it to two other wing bracket types; swan neck and reverse swan
neck brackets. The actuation of the rear wing consists of a servo-motor, �exible shaft and a
worm drive, which set in motion the shaft mechanically coupled with the wing. This solution
is considered superior to conventional wing actuation techniques for this application, as this is
a compact and light solution, that is able to adjust to the designed geometry. A simple control
scheme is developed, presenting how the active aerodynamics should be controlled. The scheme
uses steering wheel angle and vehicle velocity as inputs; suspension compression to determine
the error to be corrected; and servo motor position as the output.

When benchmarking, optimistic results are obtained suggesting that achieving the goals set for
the car by DIS is plausible. Some simulations exhibit a negative drag acting on the rear wing,
it is concluded that it is probably related to the downwards curvature at the rear of the car, yet
the root cause remains unidenti�ed, which is presumed to be related to the simulation settings.
In the end, the overall objective of the project is considered to be realized, as the design and
evaluation of the car body with active aerodynamics is deemed complete within the speci�ed
project scope.
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Nomenclature

� turn Turn banking angle

� mag Downforce magni�cation coe�cient

� wing r Rear wing downforce bias coe�cient

� Friction coe�cient

� Air density

� f luid Fluid density

� y Yield strength

� w Wall shear stress

� Angle of attack

Ab Body surface area

Acar Car reference area

A fcar Car frontal area

A ref Reference area

Awing Wing reference area

CD Drag coe�cient

Clcar Car lift coe�cient

Clwing Wing lift coe�cient

Clcar Car lift coe�cient

Clwing Wing lift coe�cient

CL Lift coe�cient

CM Pitching moment coe�cient

Crr Rolling resistance coe�cient

dNormalStress Shaft diameter based on normal stress theory

drange Range distance

dShearStress Shaft diameter based on normal shear theory

E tot Total energy capacity
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FD add Drag force acting on active aerodynamic components

FD Drag force

Fgrip Lateral grip force

Fgrip Lateral grip force

FL Lift force

Fres Resistive force

Frr Rolling resistance

Fwh Force acting from the wing on the shaft

g Gravitational acceleration

Gc Other lateral acceleration contributions

Gf lat Car lateral acceleration on a �at surface

Gl Lateral acceleration

L c Cord length

L shaf t Shaft length

m Mass

M b Bending moment

mcar Car mass

M pitch Pitching moment

N Normal force

ns Safety factor

P Pressure stress

Pcont Continuous power

Rb Bearing reaction force

rground Ground sag radius

r turn Turn radius

Swing Wingspan

Ts Axial torque

v Object's velocity

vmax Maximum velocity

vreq required velocity

vturn Turn velocity

z Distance from the left side of the shaft
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Chapter 1
Introduction

This thesis is made in collaboration with D-I-S, as part of development of their race car. This
implies that D-I-S supplied necessary car data and resources needed to complete this project.

1.1 Historical Overview of Automotive Aerodynamics and State
of The Art

In order to get a grasp of the premise of this project, the importance of and state of the art of
aerodynamics should be presented.

Aerodynamics of a car have a major impact on many of its characteristics, particularly a�ecting
its energy usage, handling, stability, cooling and speed. Two notable aerodynamic attributes
are drag and downforce. Drag is the force acting against movement of the body as a result
of it moving through a �uid, it is proportional to the body's shape, size and velocity squared.
Due to that aerodynamic drag tends to be the dominant resisting force against car's motion
when moving at higher velocities. Consequently, drag is the main culprit behind why vehicles
possessing certain amount of power reach a certain top speed and highway mileage. Therefore,
decreasing drag correlates with higher achievable top speeds and increased range of a vehicle.

As of the downforce, it is a force acting downwards on a vehicle, due to de�ection of the �uid
through which the body of interest is moving. This force aids in increasing traction of a car,
since this causes additional force to be put upon car's tyres. This additional force put on the
tyres enhances their grip, thus allowing a vehicle to corner faster.

Optimizing the aerodynamic design for energy usage and speed, as well as for handling has very
prominent visual implications; whereas for the former the car's body will end up being very
smooth and streamlined to minimize drag; and for the latter case it will most likely be equipped
with numerous spoilers and wings to maximize downforce. Oftentimes maximizing downforce
correlates with increase in drag, thus a streamlined body tends not to yield a terri�c downforce
production. Based on this, it can therefore be implied that often designing a vehicle body causing
low drag is likely to trade-o� the amount of downforce produced by that body, and vice versa.
As a result of this, in most applications a vehicle's body tends to be designed so it reaches a
compromise between the two traits from an aerodynamic point of view. Clearly, it should be
mentioned that a vehicle body's design is inclined to take into account other traits, such as
aesthetics or ergonomics.

Looking back, when it comes to land vehicles drag was the primary concern aerodynamically
speaking. Streamlining vehicles was somewhat fashionable already in 19th century, �nding its
application in train design. An 'air resisting train' has been patented as soon as 1865. As of
cars, drag reduction became a prominent feature in cars chasing the land speed record at the end
of eighteen hundreds, aiding in breaking the100 km=h automobile speed record by La Jamais
Contente in 1899, which as most land speed record cars of the time, was an electric vehicle. It
was not until 1920s that a passenger car's drag reduction had a positive in�uence, particularly
by Rumpler's Tropfenwagen (depicted in Sub�gure 1.1a), which then in�uenced a number of race
cars in the proceeding years, thus being a start of an era of teardrop-like shape design in the
automotive industry, which was motivated by increasing stretches of highways allowing cars to
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move at higher velocities for longer distances. It should be noted that the shape of cars of each
era is also highly in�uenced by the aesthetic trends, manufacturing methods and other practical
aspects of a vehicle of the time; leading to cars not necessarily improving aerodynamics-wise as
the years went on. (1) (2)

It was not until 1957, when G.E. Lind-Walker facilitated the understanding of downforce,
especially with regards to race cars. First instances of aerodynamic features to intentionally
generate downforce could be observed in 1960s on Chaparral racers, giving them remarkable
advantage. These cars featured front and rear spoilers, which a few years later, in 1966 led
to employment of a rear wing on Chaparral 2E, that is visible in Sub�gure 1.1c. (3) This led
to development of front and rear wings on Formula 1 cars in 1968 (4), and also signi�cantly
in�uenced NASCAR racers observed by the sudden appearance of spoilers on most of them. The
impact of trends in motorsport became noticeable on sports cars of the coming years, as new
sport vehicles started employing spoilers. At this point it has been observed that even though
the straight line speeds of some racers decreased as a cost of increased drag due to downforce
generation, the trade-o� paid o� as lap times got faster due to increased cornering speed. At
some point wings were considered to be banned, as a result of mechanical failures of their
support. The next leap in car aerodynamics came in 1970s, where the ground e�ect was utilized,
which is based on the downforce generation by creating low pressure under the car, e�ectively
'sucking' it to the ground. This has been achieved in a number of ways, for instance by making
the gap between the underside of the car and the ground small; by implementing 'side-skirts',
which restrict the air from the underside of the car escaping through the side gaps; or by using
motorized fans to suck the car to the ground, as it has �rst been implemented in Chaparral 2J,
featured in Sub�gure 1.1d. (5) Another important upswing in aerodynamic development came
in form of rear 'di�users', whose �rst resemblance could be observed in the under�oor of Lotus
78 Formula 1 racer (visible in Sub�gure 1.1b), (6) and that in the next decade started becoming
an aerodynamic staple in motorsport. (7)

Yet another pivotal innovation is active aerodynamics, which in principle is controlling an
aerodynamic feature according to desired outcome. An instance of this is changing the position
of a wing so it generates more downforce when cornering, and then changing it so the drag is
minimized on the straights. The �rst documented resemblance of that idea could be observed
in Mercedes Benz T80 in 1939, a concept car meant to break the land speed record, which had
movable aerodynamic elements and whose completion did not ful�ll, thus resulting in it never
hitting the road. (8) In 1952 an instance of active aerodynamic braking could be observed on
Mercedes 300SL Prototipo, with manually employable wing, thus leading to increased drag and
downforce, aiding in slowing the car down when braking. The �rst documented case of active
aerodynamics being used in motorsport was by Michael May, an enthusiast who implemented a
movable wing on his Porsche 550 Spyder racecar, which is depicted in Sub�gure 1.1e. After a
practice for a race at Nurburgring in 1956, Porsche forced the organizers to revoke May's car entry,
which likely was due to the thread posed by the car to Porsche factory team, as during the practice
the car's lap times were outstanding. (9) The previously mentioned Chaparral 2C featured a
movable tailgate (essentially moving the rear spoiler), operated by a dedicated pedal, being the
�rst car with active aerodynamics to compete in motorsport. The �rst instance of automatically
controlled active aerodynamics was done by Porsche in the 908 25 series. In this instance, the
car was equipped with movable �aps on the rear of the car linked to its rear suspension, where
a �ap would lift when the suspension would experience decompression due to body roll or pitch,
thus counteracting that action by producing downforce and drag. Active aerodynamics have
been banned in many motorsport series, due to safety hazards related to their failures, leading
to unpredictable or reduced grip, as well as instability of the car, consequently being a potential
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1.1. Historical Overview of Automotive Aerodynamics and State of The ArtAalborg University

cause of accidents. However, this technology found its purpose in production vehicles. The 1986
Lancia Thema (seen in Sub�gure 1.1f) was the �rst production car to feature a retractable spoiler
that would employ at a certain speed or manually to reduce the lift (by increasing downforce) of
the rear of the car, thus making it more stable at high speeds. (10) Mclaren F1, a speed record
breaker from 1990s, who's record persist to this day for a naturally aspirated production car;
featured a much more sophisticated active aerodynamics apparatus. In this case, there were a
rear wing and front splitter, whose angle was adjusted so the car stayed balanced under braking.
What is more, the aforementioned fan suction downforce generation under the car resembling he
one in Chaparral 2J was utilized; whereas here it was a manually activated mode that enabled
enhanced downforce upon user's desire. (11) Another speed record breaker, particularly popular
in 2000s, Bugatti Veyron, featured controllable rear wing and spoiler, �aps for the front di�user,
along with adjustable ride height and angle; which were controlled according to the car's velocity
and mode. (12) (13)

(a) Rumpler's Tropfenwagen (1) (b) Lotus 78 (6)

(c) Chaparral 2E (5) (d) Chaparral 2J (5)

(e) Michael May's Porsche 550 Spyder (9) (f ) Lancia Thema(10)

Figure 1.1. Depictions of exemplary aerodynamic breakthrough cars throughout the history.
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Regarding the recent state of the automotive aerodynamic technology, most of it are
improvements upon the aforementioned technologies. Production cars nowadays incorporate
deployable spoilers and wings, many of whom also adjust their angle according to the mode
or desired outcome, whereas their control is more sophisticated and adjustable than before.
Additionally, active aerodynamics are being applied to more elements and in new ways, an
example of that is an active rear di�user. (14) Another innovative instance of that can be
observed in Bugatti's active dimple airscoop (visible in Sub�gure 1.2a), which has gradually
bulging out dimples on its top, which aid the in making the air�ow attached to the car's
body, thus reducing drag and directing more air towards the rear wing of the car, therefore also
increasing downforce with minimal compromises. (15) Due to improvements in Computational
Fluid Dynamics (CFD) and computational power, the aerodynamics of cars can be optimized in
much more detail, therefore leading to car shapes ending up being more optimized than before.
In motorsport, vehicles use plenty of features, such as vortex generators to direct the air, so
it produces the desired result. Moreover, in recent years some supercar manufacturers started
incorporating unique technologies to achieve improved cornering characteristics, by generating
di�erent amounts of downforce on one side of the car than the other. Examples of that are:
Zenvo's tilting rear wing (Sub�gure 1.2b);(16) or Lamborghini's Aerodinamica Lamborghini
Attiva (ALA), which features �aps that open or close to redirect the air through vents placed
on both sides of the car, in a way that either maximizes downforce or minimizes drag; as each
vent has its corresponding �ap, they can be controlled independently, achieving aerovectoring,
that is di�erent drag and downforce characteristics between the sides of the car. (17) (18)

(a) Active rooftop dimples by Bugatti (15) (b) Tiltable wing by Zenvo (16)

Figure 1.2. Images of exemplary state of the art active aerodynamics solutions.

1.2 D-I-S Racecar

The premise of this thesis is designing a body for a DIS1 racecar, whose initial design can be
seen on Figure 1.3, along with aerodynamic features that would bring it closer to achieving its
goals. The body is intended to be designed in a way that would optimize drag and downforce
characteristics according to the desired outcome; that is minimal drag when moving at constant or
increasing speed on straights, necessary amount of downforce to provide the car with necessary
grip for the desired cornering, maximal drag and balance assistance when breaking. This is
meant to be achieved with the usage of existing technology (Mentioned in Section 1.1) and
perhaps with new innovations invented when working on this project. Therefore, it has been
decided that implementation of active aerodynamics would be an advisable idea, which would
also appropriate and relatable to the study of Electro-Mechanical System Design.

Even though DIS/CREADIS is an engineering consulting �rm, it has an internal project where
a racecar is being developed. The main goal of the car is being a demonstration of engineering
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innovation that D-I-S is capable of. Despite the fact that the car is mainly built for the racetrack,
it is also desired for it to be road legal. The car is designed to be propelled by four electrical
motors, each driving its corresponding wheel. The energy for these motors is stored in the
batteries present on the car, as well as it can be provided from a combustion engine driving a
generator providing the energy to the batteries. It has been decided to implement this hybrid
arrangement in order to save the weight of the vehicle and allowing for a greater range. The car
is not aimed to compete in any motorsport competitions, therefore it is not bound to follow any
speci�c regulations. However, the car is targeted to do time trials on racetracks. Additionally, it
is intended to appear at Sportscar Event, which allocates its pro�ts to benevolent causes, such
as Børnecancerfonden (Danish children cancer fund); at the event guests can take a look at cars
and be driven around as passengers around a racetrack.

(a) (b)

(c) (d)

Figure 1.3. Depictions of the initial DIS1 car design, seen from the right side, front, top and isometric
view.

The car's chassis and its components are already designed, as well as manufactured to a certain
extent. The body design is supposed to integrate with what has been done hitherto; however,
some of what has been outlined thus far may be due to change. It should be noted that the car
is still in its developing stage, and the design made for this project is likely to be due to change,
as the underlying structure for which it is designed is probable to be altered as well.
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Chapter 2
Problem Description

2.1 Focus, Motivation, Delimitation and Requirements

As stated previously the goal of this project is designing a body with active aerodynamics for
the DIS1 racecar, so the car achieves as close to optimum performance as possible. Based on
that, it should be stressed that the focus is on the holistic design and the process itself, rather
than attempting to optimize a particular part of the design or particular process within the
design procedure. Therefore, processes such as modeling and simulation are not going to be
attempted to be done with supreme accuracy, instead these processes should be attempted to
be as accurate as necessary without major sacri�ces in time and resource consumption. Clearly,
the optimization of the design will occur; however, this will be done in an iterative process
until a satisfactory result is obtained. As stated earlier, the remaining design of the car has
already been �nalized for its �rst iteration (which this project is also supposed to be focused
on), yet minor changes can be done, especially if they are likely to enhance the performance of
the body of the car and the car overall. Nonetheless, the intent is to design a body for the car
as it has been designated for this project, apply minor changes only if doing so manifests an
evident advantage; otherwise, changes should be suggested after the body would be designed.
Therefore, the body has to be designed so it can be integrated and perform well with the existing
design. As the aerodynamic performance is the main objective of the body's design, cooling and
other secondary e�ects related to the air�ow will not be addressed in detail. Cooling-wise, it is
assumed that as long as the lateral radiators on the car receive direct air�ow, the air�ow should
be satisfactory. Brake cooling will also be considered to be outside of the project scope. The
active aerodynamic components to be designed are front wing and the rear wing, where the rear
wing design being the predominant focus. Resultantly, components supporting the rear wing, as
well as its actuation mechanism should be developed. Additionally, the overall performance of
the design should be evaluated and a basic control scheme should be developed.

Accordingly, the main project focus is as follows:

To design and evaluate a body for a DIS1 racecar, featuring active aerodynamic components,
with the rear wing being the uttermost central component of focus.

The motivation behind this is the incorporation of electro-mechanical system design into
aerodynamic design, which will be done by implementation of actuated elements in form of
active aerodynamics. This will also serve as a proof of mulitdisciplinarity the project, as it will
be a combination of the �elds of mechanical, electronic, industrial and graphical design.

It should be noted that many of the goals for the DIS racecar provided by DIS, which are available
in Appendix A, are independent of the work done in this project and some of the susceptible
aspects may not be directly a�ectable. The susceptible goals are:

- Be build on innovative solutions
- Accelerate 0-100 in less than 2,0 sec
- Accelerate and decelerate 0-200-0 in 10 seconds or less
- Range of 50 km on the racetrack
- Range of 400 km for road use

6
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- Focus on performance rather than comfort
- Be the fastest car ever on the TopGear test track
- Be the fastest car around the Nürburgring � Nordschleife
- Be able to achieve the above mentioned on road legal tires

Still, these goals are highly dependent on the existing design, and the design that is the premise
of this project has only partial in�uence on the realization of these goals. The realization of
these goals can be questionable, nevertheless, it is targeted to approach their attainment as close
as feasible. Additionally, there are also desires for the car to be functional in its usage, for
instance being able to see what is behind the car from inside the car, which can be attained by
incorporating mirrors. Also, the car is preferred to be road legal and be aesthetic to a certain
extent. Despite these desires, they will not be prioritized in exchange for the engineering and
innovative goals of the vehicle. Moreover, as the car is not targeted to compete in any speci�c
competition, it is not intended to ful�ll any speci�c regulations; yet, the car is deigned with
safety in mind and some parts of its design follow some regulations, which is done in order to
meet certain standards, an example of that is the crumble zone at the front of the car.

2.2 Details About The Car

The car in question is a series hybrid; it features an engine that is there solely to generate
power for the battery pack, whose power is used by the electric motors. The engine in use is a
Hayabusa gasoline engine, with300 HPand featuring a20 L tank. It is coupled with two EMRAX
268 generators charging a battery pack, whose total available energy capacity is18:3 kWh. The
wheels are powered with two EMRAX 228 and EMRAX 268 motors, in front and rear respectively,
o�ering a total continuous power of 384 kW and total peak power of668 kW. (19) (20)

The car without a body is expected to weight approximately700 kg including the driver, with
an even weight distribution between the front and the rear. The ground clearance of the vehicle
is 77 mm without any rake angle present, which can be observed along with the rest of the
dimensions on Figure 2.1. The tyres present on the DIS1 racecar, are identical to the ones used
in Dodge Viper ACR; 295/25R19 in the front and 355/30R19 in the rear, for whom friction and
rolling resistance coe�cients are not widely available. Due to fact that these are high performance
tyres and the car is mainly designed to drive on dry asphalt, the aforementioned coe�cients can
be assumed based on these facts, thus yielding friction and rolling resistance coe�cient values
as 1.3 and 0.013 respectively. (21)

Figure 2.1. Blueprints of the DIS1 car in its initial state, showing its basic dimensions

Using the aforementioned information, more useful data can be extrapolated from it. To begin
with it is the case for total energy capacity of the vehicle. Knowing that the fuel tank can
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contain 20 L of gasoline, and that its energy density is8:43 kWh=L, (22) as well as assuming
that the e�ciency of the combustion engine and the generator are25 % (23) and 95 % (20); it
can be inferred that there is additionally 40 kWh of energy available to charge the battery pack,
thus potentially yielding the total energy capacity of the car to be 58:3 kWh. The provided and
extrapolated data from this section are summarized in Table 2.1.

Car weight (including driver) 700 kg
Weight distribution (front/rear) 50/50
Battery total energy capacity 18.3 kWh

Car total energy capacity 58.3 kWh
Total peak power 668kW

Total continuous power 384kW
Tyre friction coe�cient 1.3

Tyre rolling resistance coe�cient 0.013

Table 2.1. A table summarizing car data provided by DIS and extrapolated based on that information

2.3 Theoretical Framework

As there is a relative motion between a body and the �uid it is embraced within, there are forces
acting between these entities. These forces are called aerodynamic forces, and can be separated
into drag and lift force; where drag acts against the direction of the moving object; while lift acts
in a direction perpendicular to drag and pointing away from the ground, whereas downforce is
essentially the same force acting in the opposite direction. The aerodynamic forces are a result
of pressure stresses and sheer stresses acting on the object in question, which is described by
Equation 2.1 and 2.2 for dragFD and lift FL respectively. Figure 2.2 may assist in visualizing
the descriptions in this paragraph related to these equations. Pressure stressP, which is acting
in a perpendicular direction to the surface of the bodyAb, is due to pressure distribution around
the object. That is to say, pressure di�erence between one side of the object and the other, will
cause a net force in the pressure negative gradient direction; in essence, a higher pressure at the
front of the object and lower at the rear will cause drag, as there is net force from higher pressure
area in the front to the lower pressure area in the back. These pressure di�erences occur in a
number of ways, where most are related either to �ow separation or di�erence in �uid velocity
over the body's surface. As a mean of understanding the �ow separation, it is of substance to
understand the boundary layer behaviour. The boundary layer as the name may suggest is an
intermediate layer of �uid �owing along the body with varying velocity, where the velocity is
zero at the surface due to no-slip wall conditions and approaches the velocity of the bulk �ow
the further it is from the surface. Su�ciently strong curvature of the surface causing a relative
negative pressure, is likely to cause �ow separation, due to the bulk �ow being further away
from the surface and lowered pressure making the velocity of the �ow close to the surface to
reverse direction to �ll the 'void', thus resulting in swirls. This is one the main contributors to
drag in cars, as the rear of most cars has an abrupt change in surface curvature, causing �ow
separation, thus a very prominent low pressure region behind the car. If decreasing the change
in curvature is not viable, another way to prevent this is turning the �uid �ow along the surface
from being laminar to being turbulent, as a turbulent boundary layer is more apt to follow the
curvature of a surface. This can be done using vortex generators, often implemented on airplane
wings or in Formula 1 cars; or by having dimples on the surface right before the strong curvature
occurs, that is the reason why golf balls have dimples, as well as why it was implemented in
one of the aforementioned aerodynamic solutions by Bugatti. As of the pressure distribution
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related to �uid velocity over the surface, due to Bernouli's principle the faster a �uid moves in
a con�ned zone the lower pressure it is going to yield. This is one of the main rationales behind
why airplane wings create lift, as the air on the top surface of the wing has to travel further than
on the bottom surface and the �ow that separates in front of the wing seeks to rejoin at its rear,
the �ow on the top side travels faster than the one on the bottom, thus causing lower pressure
at the top and higher at the bottom, resulting in lift. A racecar wing works analogously, as to
put it simply it is similar to an overturned airplane wing, thereby creating downforce instead.
Another instance of that can be observed in cars using ground e�ect, as mentioned in 1.1; due
to the same principle, since automotive under�oor devices aim to limit the cross sectional area
under the vehicle, it causes the air to accelerate in that region, thus due to increased air velocity
under the vehicle, a substantial downforce generation can be obtained. Di�users further exploit
that to create an even larger pressure drop under the rear of the vehicle.

FD =
Z

A b

(� P � cos(� ) + � w � sin (� ))dAb (2.1)

FL =
Z

A b

(� P � sin (� ) � � w � cos(� ))dAb (2.2)

Regarding the wall shear stresses� w , they are caused by frictional forces acting tangentially to
the surface of the body as the �uid moves along that surface. Therefore, the larger and the
rougher the area being perpendicular to the direction of the movement of the object, the larger
the wall shear stresses and drag associated with them. Due to that, dealing with lift it can be said
that shear stresses can be neglected for its generation, as a �uid seldom moves along the surface
of an object for su�ciently long in the direction that is perpendicular to the object's movement,
without also moving in the opposite direction. Based on the above, it can be concluded that a
streamline body, such as a wing despite experiencing little drag due to pressure stresses, it is
likely to attribute a signi�cant part of the drag to the wall shear stresses and virtually all of its
lift due to the pressure stresses. The angle of attack� , meaning the angle between the chord line
of a body and the incoming �uid, where the chord line is an imaginary line from the leading to
the trailing edge of the body; can be adjusted to obtain certain characteristics. This is essentially
what is done when changing the angle of an aeroplane wing �ap (as it changes the chord line
angle, due to change in trailing edge position) or a sportscar rear wing angle. Often the increase
in lift due to increase of angle of attack may result in increased drag; however, during stall,
which happens when a certain angle of attack is exceeded, the lift generated is decreasing with
the increase in angle, yet the drag may not correlate as previously with the lift, thus it may keep
on increasing up to a certain angle that is di�erent than the stall angle.
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Figure 2.2. An illustration aiding in the understanding of equations 2.1 and 2.2; where pressure stress
distribution is shown in red, wall shear stress in green, �uid �ow direction in blue, chord line in orange,
leading edge in pink and trailing edge in cyan. Pressure arrows pointing towards the surface represent
higher pressure, while pointing away from the surface represent lower pressure.

Due to the fact that pressure stressesP and wall shear stresses� w are usually unknown and the
whole surface area of the body can be di�cult to determine, a di�erent set of equations, outlined
by Equation 2.3 and 2.4 is applied in practice to determine drag and lift forces respectively. These
equations concern a body who's relative velocityv to the �uid makes it so the �uid particles move
from the front to the back of the body; stated di�erently, the body would have higher pressure at
the front than the back, which in air it would manifest itself as the body experiencing headwind.
It can be observed that these equations are identical, with the di�erence lying in the dragCD

and lift CL coe�cients. These coe�cients stem from the fact that they are de�ned as a ratio
between the aerodynamic force (drag or lift); and a product of half object's velocity relative
to the �uid v to the power of two, object's reference areaA ref and density of the �uid � f luid .
Thereby, it can be implied that the coe�cients are a metric of how well the object's geometry
is utilized to produce the aerodynamic force of interest. It should be noted that the reference
area is in some measure an arbitrary concept, by convention in automotive design it is referring
to the frontal area of the vehicle, while in aeronautics it is referring to the planform (top-down)
area of an aeroplane wing.

FD =
1
2

� � f luid � v2CD � A ref (2.3)

FL =
1
2

� � f luid � v2CL � A ref (2.4)

Another important concept to address is the center of pressure, which can be described as a
point on a body where if a singular pressure force would be applied, it would be equivalent to
the sum pressure �elds acting on that body. This is analogous to the center of mass, which
represents the same phenomenon, that is rather regarding the mass distribution than pressure
distribution on the body. The center of pressure force tends to act around the center of mass
point, thus acting at a moment arm around that point, essentially applying torque on the object.
From an automotive design and engineering standpoint it is important that the sideways center
of pressure is behind the center of gravity, as if the sideways center of pressure would be in front
of center of gravity it would cause the vehicle to be yaw unstable. This is due to the fact that
side winds would provoke the car to steer in the same direction as the center of pressure vector,
and it would increase in magnitude as the car is increasing in yaw angle. This is attributable
to the fact that as the yaw angle increases, the sideways aerodynamic force component of a
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forward moving object gets ampli�ed as well. Conversely, if the sideways center of pressure is
behind the center of gravity, the sideways center of pressure is stabilizing the car, by increasingly
applying more force returning the car to straight line motion as the yaw of the car increases.
(24) This is shown in Sub�gure 2.3a. With respect to longways center of pressure, illustrated
in Sub�gure 2.3b, it has less adverse e�ects on the car yaw stability, as it mainly a�ects the
grip distribution between the axles. The further forwards the longitudinal center of pressure is,
the more biased the car is to oversteer; and the further backwards it is, the more bias towards
understeering. It is of importance to mention that center of pressure may change as a consequence
of vehicle's aerodynamics, which can be caused for example by actively changing the angle of a
component; or by increasing the rake angle of the vehicle when breaking, thus if ground e�ect
devices be implemented both in the front and rear of the vehicle, it would cause an even stronger
downforce and grip at the front axle of the vehicle, thereby changing the pressure center further
forwards, biasing the vehicle towards oversteering. Furthermore, center of pressure can act as a
simpli�cation tool when modeling for structural analysis of a particular component, which can
lead to a simple analytical solution of the problem. For instance a wing can be modeled as a
supported beam with center of pressure acting on it as a single force vector, enabling a simple
analytical solution to the problem.

(a) An illustration of sideways center of pres-
sure, where the vehicle is seen from above.
Green arrow signi�es sideways center of pres-
sure being rearwards relatively to the center of
mass of the vehicle, which is characterized as a
dowel symbol, while red arrow signi�es it being
forwards. Blue arrow represents the �uid �ow
direction and the yaw angle is shown in amber.

(b) An illustration of longways center of
pressure, where the vehicle is seen from the
side. Green arrow signi�es longways center
of pressure being rearwards relatively to the
center of mass of the vehicle, while red arrow
signi�es it being forwards and blue arrow
represents the �uid �ow direction.

Figure 2.3

Moving further, a concept also worth mentioning is pitching moment and its associated
coe�cient. The pitching moment of an airfoil is a moment or torque as a result of the aerodynamic
forces acting on the airfoil as if the airfoil would be pinned at its aerodynamic center. The
aerodynamic center is de�ned as a point on the cord line of an airfoil, where theoretically the
pitching moment does not vary signi�cantly with angle of attack; which is considered applicable
only for small angles and small variations of the moment. The aerodynamic center of an airfoil
tends to be situated at the quarter length away from the leading edge of most sub-sonic airfoils.
The pitching moment M pitch of an airfoil can be described with Equation 2.5, which is reminiscent
of the simpli�ed equations describing lift and drag forces produced by a body, whilst here a
pitching moment coe�cient CM is used as a primary factor stemming from the geometry of
the airfoil. Even more, the whole equation is multiplied by the airfoil cord length L c, due
to the fact that it is dealing with a moment, rather than a force; as well as the fact that it
addresses the notion that the pitching moment is dependent both on the airfoil reference area
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A f and its cord length, with the pitching moment coe�cient adjusting the proportionality of
the obtained moment and these dimensions. Another way to state the above can be as follows:
the aerodynamic center is a point at which if pinned, the pitching moment, being the total
aerodynamic force applied at the center of pressure, would be almost the same as the angle of
attack changes. This is due to the fact that as the angle of attack increases (within a certain
range), the center of pressure moves closer to the aerodynamic center, while simultaneously the
lift force increases proportionally, which is illustrated in Figure 2.4.

M pitch =
1
2

� � f luid � v2 � CM � A ref � L c (2.5)

(a) (b)

Figure 2.4. Illustrations showing the aerodynamic center A:C: and how it relates to the pitching
moment being a product of the aerodynamic force vectorFaero applied at the center of pressureC:P:
when the angle of attack changes.L c denotes the chord length, and it can be seen that the aerodynamic
center is a quarter length from the leading edge of the airfoil.
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Chapter 3
Body Design

As a means to start the design phase of the body and its accessories, it is wise to begin that
phase with the component that the rest is strongly dependent on; the car body that is. As all
the other aerodynamic components of the car are situated on the car body, they are inherently
potently in�uenced by it, more so than they are in�uencing the body, primarily in terms of
aerodynamics, but also regarding mechanical aspects, such as structural integrity, e�cacy and
so on. It is of importance to mention, that the body design described in this chapter is not
meant to be perceived as the �nal design for the car's body, but rather an initial step meant to
satisfy the criteria demanded from it.

3.1 Premise and Preliminary Design

The main premise of the car body is to create a housing and a shield for the chassis and the driver
whilst posing minimal aerodynamic drag. Therefore, from an aerodynamic point of view, it has
been decided that the body's main objective is to be as streamlined as possible and minimize
the production of lift in the process. It is important to mark that most car body shapes tend
to produce lift if they have not had been designed with ground e�ects in mind or other means
to produce downforce, which oftentimes leads to an increase in drag. In the initial stage of the
design, the ground e�ect will not be strongly emphasized, as that is not of particular interest for
this project's design and can be further optimized at a later stage without a potent impact on the
active part of the car's aerodynamics. It should be kept in mind that, the di�user is predicted
to be implemented on the car eventually, leading to its inclusion on the initial sketches, which
can be seen on Figure 3.1. Despite that a sketched di�user is present in the drawings, it will be
excluded from the design, as it falls outside of the scope for this project.At this stage, the ground
e�ect will be designed in a minimalist fashion; the under�oor is meant to pose minimal drag,
thus it will be smooth and feature a slight upward curve at its end to grasp a bit of the e�ects one
can get from a di�user, yet without the increase in drag. The reason why downforce is much less
desirable in favor of minimizing drag in the car body design in its initial stage; is due to the fact
that active aerodynamics are meant to be the controlling body behind the amount of downforce
and drag associated with it produced. Consequently, the body is meant to be streamlined and
create as little disturbances for the aerodynamic accessories as possible; e�ectively acting as a
base to which accessories can be added and that can be easily modi�ed for further optimization.
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(a) (b)

(c) (d)

Figure 3.1. Depictions of initial drawings of DIS1 car body design, seen from the right side, front,
top and isometric view. These act as a starting point for the body design process. The original DIS1
car design can be seen with in the background as a somewhat transparent image. The frame has been
highlighted in pink, the wheels and radiators in lime, the body in blue, wings and di�users in red, lights
and mirrors in cyan.

Another important aspect of the car body is to supply the radiators with air�ow, so they can
extract heat from components that require cooling. In this case, as component cooling is outside
of the scope of this project, the fact that there would be inlets for the radiators is satisfactory.
Optimizing for su�cient air�ow to the radiator inlets can always be done at a later stage of
the design, as in this case it is not expected that the cooling would be particularly concerning
for this vehicle, since hybrid powered vehicles require less cooling power than pure combustion
engine vehicles.

From the structural point of view, the body will not be examined in detail. It is presumed
that if the structural hazards would be at play, the body could be structurally reinforced by
additional components attached to the chassis or thickened in the risky spots. What is more,
vehicle's bodies do not tend to be components that are particularly structurally susceptible, as
other components, such as the chassis, are meant to carry most of the structural burden of the
car. The lights and the mirrors are also omitted from consideration in the initial stage of the
design, yet they are included on the initial sketches for the aesthetic reasons.

As the �rst step of the design initial sketches of the car's body have been drafted, which can be
seen on Figure 3.1. The purpose of these sketches is to act as a general guidance on how to design
the body, give an idea on how components would be situated on it and present the envisioned
aesthetic that the car may potentially obtain. The part of the sketch that holds the most merit
is the one drafted in blue, as this is the representation of the car body shape, which is the main
concern at the initial stage of the design. What is worth noting is that the windshield depiction
is there only to aid in visualizing the car and does not serve any other functional purpose for the
initial design of the car. Second, the active aerodynamic components are drafted in red, which
is meant to show: what are the active components, which in this case are thought to be the
di�user, rear and front wing; and how they are situated on the body. Drafts in cyan are there
mostly for aesthetic reasons at this point, as they are regarding the lights and mirrors. Chassis
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is drafted in pink, to aid in visualization of the relative positioning and proportions of the body.
Lastly, parts coloured in lime show where openings in the body might be necessary; therefore,
wheels and radiators belong there.

3.2 Initial Design

The �rst iteration of the car body design is essentially a replica of the sketch presented in the
previous section. However, the design had to be altered to suit the dimensions of the existing
car parts and the limitations of the used CAD software. The software used for the car body
design is Solidworks and the body itself was designed using the 'surface' module in the program.
This feature allows for smooth surface design that can later be thickened, thus being a good
representation how the real car body would look like when manufactured. Yet, it should be kept
in mind that this module has its potent limitations. Namely, the inability for certain shapes
and transitions between shapes to be established in the program, as even though the desired
design has been previewed, the program tends to abort the operation and display errors. Besides
that, not all the shapes are feasible to make, so the design is really a close approximation of
the desired shape. Also, regarding the adjustment to the dimensions of the already designed
car parts; the di�erence between the draft and the CAD design get more prominent. When
drafting it is not clear how well does the sketched body wrap around the chassis or what are the
dimensions of certain distances between certain features. For instance, when designing the body
it turned out that the positioning of the radiators and the chassis makes it very inconvenient
for the radiator inlets to be of the sketched size and positioning, thus the radiator design turned
out to be signi�cantly di�ering in the CAD model. Additionally, there is a discrepancy between
di�erent views displaying the sketch from di�erent angles. Conversely, the CAD design will
always be consistent between di�erent views, therefore contributing to the deviation from the
sketched design. The modeled design of the �rst iteration is visualized in Figure 3.2.

The main premise of the car body design is to minimize the drag associated with it. Therefore,
the car body initial design is meant to closely represent a teardrop shape, within the other
limitations posed on the car body. The �rst limitation is the chassis shape, making the car body
shape close to �at at the bottom and curved at the top to e�ciently encompass the chassis and
other components. Furthermore, the body size is also meant to be minimal, which is due to the
fact that an increment in body size corresponds to an increased frontal area and viscous drag,
as well as increased complexity and weight of the body, all of which are detrimental factors to
the car's performance. Moreover, the lift force is rather an undesired occurrence, which led to
attempting to limit the amount of air being directed under the car, while keeping the teardrop
shape. The main features of a teardrop shape moving from the front are: a gradual increase
in size that is rather rounded in fashion; then continuing the same gradient towards the rear,
resulting in a rather sharp end. The idea of gradual increase in size moving from the front has
remained in the design, where the curvature followed the encapsulation of the existing parts;
however, to limit the size of the rear of the car the teardrop end has been signi�cantly shortened
and much less gradual in the design.
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(a) (b)

(c) (d)

Figure 3.2. Depictions of the �rst iteration of the car body design. Moving from top to bottom and
left to right, the body can be seen in right, front, top and isometric view respectively.

As mentioned before, the radiator intakes have been signi�cantly resized and reshaped compared
to the sketch, which is due to the radiators being positioned quite low and towards the center of
the car, which is was not that apparent during the sketching phase. The idea during the design
was to make the radiator inlets as big as necessary to supply direct air�ow to the radiators,
instead of redirecting air to them. What is more, it has been decided to seal the cavity for
the rear wheels as a means to signi�cantly reduce drag. This is meant to potently reduce the
vertices and pressure di�erences created by the cavity within which the rear wheels are situated.
Clearly, that solution has been omitted for the front wheels, as they need to turn in the yaw
direction, thus making sealing the front wheel fenders unfeasible without a notable enlargement
of the body size, as well as the necessity for reshaping of that area.

In order to validate the design and possibly improve upon it in the future iterations, aerodynamic
simulations have been done. The main purpose of the car body simulations is to obtain useful
data, such as drag and lift force, as well as visualizations of the air�ow around the body. Knowing
these can guide one's design decisions regarding reiteration or not, since satisfactory drag and
lift forces and coe�cients along with an air�ow that can be considered up to par with the desired
one; otherwise, a reiteration should be performed. It is worth mentioning that the drag force is
of the highest importance, as this is the main factor to be minimized in the car body design.
Meanwhile, the lift force and air�ow are of secondary and tertiary signi�cance respectively. The
aerodynamic simulations are performed using ANSYS Fluent module, which is within the access
for the work of this thesis and enables accurate simulations and insightful analyses of �uid �ows.
The simulations are performed in accordance with 'Aerodynamics of an FSAE car' course by
ANSYS. (25) This procedure has been chosen to follow due to similar problem being solved; that
is a car of similar size with aerodynamics features analyzed with regards to drag, lift and air�ow.
Nevertheless, due to computational limitations the procedure performed here deviated slightly
from the one shown in the course. This resulted in: a coarser mesh in the bodies of in�uence
and curvature around the car; simplifying certain considerations within the simulation that are
not absolutely crucial for an accurate result, such as setting the car wheels as stationary, which
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for a closed wheeled car should not play a vital role; and other small changes, such as solving
the problem with single-precision computation, rather than double-precision. In this case, the
simulation has been performed for a �ow velocity of30 m=s, as this is a velocity at which the
aerodynamic e�ects are signi�cant and a velocity that is likely to be experienced during a corner
on a track or a motorway. It is worth mentioning that the obtained drag and lift coe�cients can
be used for other velocities as well, thereby the obtained data is applicable for di�erent conditions.
The contours obtained from the simulations, showing the static pressure and velocity magnitude
can be seen in Figure 3.3. It is worth stating that the simulations ran for the necessary amount
of iterations to yield results where the obtained values either barely change from iteration to
iteration or there is a repeating oscillatory pattern over a longer range of iterations.

(a) (b)

(c) (d)

Figure 3.3. Images from the aerodynamic simulation of the �rst iteration of the car body; showing
velocity contour in the lower right corner and pressure contours from di�erent angles on the rest of the
images.

Based on the simulation results, it has been noticed that the design would bene�t from reiterating,
thus it has been decided that the current result is unsatisfactory and redesign must occur. Firstly,
the drag coe�cient value of 0.287, and the drag force of302 N are considered satisfactory, as
these are lower than most vehicles. In contrast, the lift coe�cient of 0.581 and610 N of lift force
associated with it, seem to be very high and are presumed to be corrigible in a simple manner.
The main culprit of the lift generation is suspected to be the shear curvature of the body; as
the body has a longer path for the air�ow to travel at the top than the bottom, the air that
has been 'split' at the front of the body and that is directed to the top part of the body has
to travel the a longer distance in the same amount of time as the air that has been directed to
the bottom part of the body, in order to merge at the rear; this leads to the air �owing faster
at the top of the body, thus creating lower pressure, thereby creating lift. This is an inherent
feature of the car body that not much can be done about, therefore other means should be
investigated. The ground e�ect implemented seems to have minimal e�ect, as attempting to
create Venturi e�ect by narrowing the air entering the bottom of the car into a low clearance
and exiting with an upward slope at the rear, does not seem to produce signi�cant low pressure
zones under the body. Some of the lift could contribute from the stagnation zone at the lower
part of the front bumper of the body, which creates high pressure at the lower part of the front
of the body, thus creating pressure. As of the e�ects of drag it can be seen that the rear of the
car produces some stagnation zones and the fact that the tail of the car is somewhat long does
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not seem to contribute to mitigating pressure lowering at the rear of the car. What is more, it
can be noticed particularly on Sub�gure 3.3b that a design mistake has been made, where the
rear of the front wheel fender sticks out more than the front in its upper area, thus creating a
high pressure zone in the front of the rear wall of the cavity, which contributes to worsening the
streamlining performance. This can be marked by signi�cantly more red zone in the upper part
of the rear wall of the fender in the aforementioned sub�gure.

3.3 Car Body Reiterations

Based on the shortcomings of the �rst design, which were deducted from the simulations done
on it, led to reiterations on it have being performed. To start that process, a new sketch of the
second iteration has been done, whose right view can be seen in Figure C.1, which is the view
where most changes occurred. The modelled design has its most important views depicted in
Figure 3.4. The �rst �aw to be �xed was the front of the body, which created high pressure
stagnation zones on the lower part of the front. This has been corrected by essentially extending
the peak of the front part downwards, therefore featuring a minimal downwards slope at the
front, which is presumed to minimize the high pressure zones responsible for the lift. Obviously,
it is expected that high pressure stagnation zones will be formed at the front by the nature of
the geometry; nonetheless, these should be mainly causing drag, as the direction of the pressure
gradient is suspected to be close to horizontal, thus lacking signi�cant vertical components in
the mentioned zone.

Another altered feature was the rear of the car body, which in the reiterated version featured a
'Kammback' resembling tail. The point of that is to mimic the e�ect of the teardrop tail shape,
without its impracticalities and with a minimal increase of drag as a result. The 'Kammback'
tail is practically an abruptly cut rear end of the car, meant to induce a wake region behind
the car, that would imitate a tapered tail to a certain extent. The reason for choosing this
approach rather than attempting to extend the already existing tail, was the fact that the already
existing tail provided negligible advantages, and it can be stipulated that extending it further
would provide minimal aerodynamic improvements, while adding burdens from the structural
and maneuverability points of view. Additionally, the aforementioned fault in the front of the rear
part of the front wheel well has been �xed, simply by assuring that all the surfaces surrounding
the opening are close to tangent. Moreover, overall shapes present on the car were altered; this
included inclusion of �atter surfaces, change in curvatures and other minor alterations. These
were done primarily to simply the geometry, which made it signi�cantly easier to work with, as
well as it is presumed that it should make it simpler in terms of manufacturing. The changes
had a minuscule e�ect on decreasing the frontal area of the vehicle, decreasing it by0:006 m2

and yielding a frontal area of 1:902 m2. Yet, there are certain �aws present on the body, which
are clearly unintentional. Most of these regard overall shapes of certain features that deviate
from what was intended, which come from the aforementioned limitations of the software used
and the limited amount of time considered to be reasonable allocated to �x those issues. One
potent example of these type of �aws, is particularly noticeable in the right view of the modelled
design seen on Sub�gure 3.4a. This is to showcase an unintentional dip at the bonnet of the car
body, that then transitions into a bump close to where the windshield is expected to be, to then
transition to another less notable dip right before the radiator inlets.
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(a) (b)

(c) (d)

Figure 3.4. Views of the second iteration of the car body design. Moving from top to bottom and left
to right, the body can be seen in right, front, top and isometric view respectively.

Here again, simulations with identical settings to the previous have been performed to validate
the design with the same settings as before, so the results are comparable. The contours of the
static pressure and �uid velocity magnitude are shown in Figure 3.5. First o�, the drag force
and its corresponding coe�cient have stayed identical after the redesign; in fact, these have been
slightly reduced, yielding 300 N of drag force and a drag coe�cient of 0.286. Second, the lift
force has been signi�cantly reduced, yielding501 Nof produced lift and 0.478 in its corresponding
coe�cient, resulting in a 22 % decrease. It is, however, of importance to mention that due to
inaccuracies in simulations, the obtained values and di�erences should be taken with a grain of
salt. Concerning the overall car body size, it has been slightly reduced, which should contribute
to lowered weight. It can be noticed that the aforementioned geometrical fault starting at the
bonnet and ending by the radiator intakes, is likely to be partially responsible for a rather
minuscule improvement in drag; as a increased pressure in front of it can be noticed; and it
can be stipulated that it might produce some additional turbulence that could potentially be
detrimental to the aerodynamic performance.
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