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ABSTRACT 
 

This Thesis describes the process of designing and developing the aerodynamic 
package of the 2016 Formula Student race car (Thireus 277) of Centaurus Racing 
Team with the use of CAD Tools and Computational Fluid Dynamics (CFD). It further 
investigates the effects of aerodynamics on the vehicle's behavior and performance 
with regard to the Formula Student competition regulations. The methods used 
during the development are evaluated and put into context by investigating the 
correlation between the CFD results of the car model and the lap-time simulated 
counterpart. The aerodynamic package consists of a nosecone, two sidepods, an 
undertray, a front and a rear wing. The Thesis details all the stages involved in 
designing and optimizing these components to achieve the desired results and 
maximize the amount of performance enhancing aerodynamic downforce generated 
by the aerodynamic package, while maintaining drag force at low levels. 
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to turbulent if Reynolds number of the flow around the body is sufficiently great. Larger 
velocities, larger objects, and lower viscosities contribute to larger Reynolds numbers. 
Various other characteristics affect the coefficient of drag as well, some race cars may 
actually have higher drag coefficient, but this is to compensate for the amount of lift the 
vehicle generates, while others use aerodynamics to their advantage to gain speed and 
have much lower coefficients of drag. Other high performance race cars have a surprisingly 
high CD, due to wider tires, extra wings and larger cooling systems as the usual cars have 
half size radiators with the remaining area blanked off to reduce cooling and engine bay 
drag.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.4. Wings Theory 

Every wing in planar view has the shape of an airfoil. Low speed aerodynamics airfoils 
have a characteristic shape with a rounded leading edge, followed by a sharp trailing edge, 
often with a symmetric curvature of upper and lower surfaces. The geometry of the airfoil 
is described by three terms. The leading edge which is the point at the front of the airfoil 
that has maximum curvature and minimum radius, the trailing edge which is the point of 
minimum curvature at the rear of the airfoil, the chord line which is the straight line 
connecting leading and trailing edges. The chord length, is the length of the chord line and 
it is the reference dimension of the airfoil section. The shape of the airfoil is defined using 
the following two geometrical parameters. The mean camber line which is the locus of 
points midway between the upper and lower surfaces and the thickness distribution which 

Figure 4: Drag and Lift coefficients of a FSAE car with different 
aerodynamic packages 
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A symmetrical wing has zero lift at 0° degrees angle of attack. Increasing the angle 
of attack is associated with increasing the lift the airfoil creates and the lift coefficient up 
to the maximum limit. As the angle of attack keeps increasing, separation of the airflow 
from the upper surface of the wing becomes more pronounced and the separation point 
of the flow moves from the trailing edge towards the leading edge leading to a reduction 
in the rate of increase of the lift coefficient. The lowest pressure over the foil is found at a 
point on the hump near to the leading edge. In front of this low pressure point also known 
as the transition point, there exists laminar flow and behind it begins the turbulent flow. 
With the transition point being the lowest pressure area of the airfoil, there exists an 
adverse pressure gradient while the pressure of air there is lower than at trailing edge. The 
adverse pressure gradient therefore, acts against the regular flow of air over the airfoil. 
The normal skin friction drag acting on the airfoil, reduces the flow kinetic energy. So, there 
is no energy to act against the adverse. The lower levels of the boundary layer thus stop 
moving, while the upper layers overrun them. This causes the flow separation.  

The critical angle of attack is the angle of attack which produces maximum lift 
coefficient. This is also called the "stall angle of attack". Below this critical angle of attack 
and as the angle of attack increases, the coefficient of lift CL increases. Conversely, above 
the critical angle of attack the air begins to flow less smoothly over the upper surface of 
the airfoil and begins to separate. At the critical angle of attack, upper surface flow is more 
separated and the airfoil or wing is producing its maximum coefficient of lift. As angle of 
attack increases further, the upper surface flow becomes more and more fully separated 
with the wing producing even less lift, the CL decreasing and coefficient of drag CD rapidly 
increasing. The critical or stalling angle of attack is typically around 12° - 20° for many 
airfoils. 

 

 

 

 

 

 

 

 

 

 

 

Despite profile drag being large in the post stall regimes, a soft stall can extend the 
range of available performance at CLmax. So, one of the requirements is that a high 
downforce wing should possess a soft stall and sustain CLmax or perform close to it for a 
large angle of attack range to provide flexibility during car set up. Due to the very low 

Figure 7: Behavour of the airflow around an airfoil in differenet angles of attack 
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airflow between the underbody of the car and the ground plane. In particular, low pressure 
could be created underneath the car by using the ground plane almost like the floor of a 
Venturi duct. The ceiling of these Venturi ducts took the form of inverted wing profiles 
mounted in sidepods between the wheels of the car. The decreasing cross-sectional area 
in the throat of these ducts, and the inverted wing profile accelerated the airflow and 
created low pressure in accordance with the Bernoulli principle. Putting it simply as 
possible, Ground Effect is the art of creating a low pressure area underneath the car so 
that the atmospheric pressure pushes the car to the ground, which is the reverse of what 
happens with an aircraft wing. The way this can be achieved is by utilizing the Venturi 
Effect. 

 

 

 

 

 

 

 

 

 

The flow volume between the vehicle and the ground is strongly dependent on the car's 
attitude relative to the ground. Very small ground clearance results in positive lift, since there 
is almost no airflow between the underbody and the ground. With increasing ground 
clearance the airflow produces low pressures causing overall lift to be lowered to negative 
values and then to rise again as ground clearance continues to increase. This is due to the fact 
that the flow velocity under the car decreases as ground clearance increases. In this case, 
more downforce can be generated using a diffuser between the rear wheels.  

The Ground effect works exactly the same for any type of wing. At a large height in 
ground effect, the flow is accelerated over the suction surface greater level than in a 
freestream, resulting in greater suctions on the suction surface. As the wing is brought closer 
to the ground, flow is accelerated to a higher degree, causing an increased peak suction and 
associated pressure recovery. At a height where the pressure recovery is sufficiently steep, 
boundary-layer separation was observed at the trailing edge of the suction surface. As the 
height is reduced beyond this, the wing still generates more downforce, but the rate of 
increase slows, and the downforce reaches a maximum, the downforce reduction 
phenomenon. Below this height, the down-force reduces sharply. As the height is reduced 
from the first height where flow separation was observed, the separation point moves 
forward steadily. At the maximum downforce, the boundary layer separates at approximately 
80%c. Heights greater than the maximum downforce are known as the force enhancement 
region. Below the maximum downforce is known as the force reduction region. 

  

Figure 9: Ground effect on a moving car 
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 The exposed wheels of a FSAE car probably induce the most drag than any other part 

of the car. Since the FSAE rules prohibit any cover of the wheels an inevitable large 
separation of the flow takes place behind them and this causes the large amounts of 
formed drag. The amount of generated skin friction from the bodywork cannot even be 
compared to that type of drag. The interaction between the front wheels and the front 
wing makes it very difficult to come up with the best solution, however most teams are 
using a front wing in order to deflect the oncoming air around the front tires. Major design 
modification lies on the endplates and flaps of the wing, aiming to reduce tip vortex and 
wake of front wheel, either by making the inside edges of the front wing endplates curved 
to direct the air towards the chassis and the wheels or with sculpted outside edges to the 
endplates to direct the air from the outside of the front wheels. 

 

 

 

 

 
At the lower outside edges of the front wing endplates there are usually some semi-

circular tunnels which called footplates. These tunnels are designed to help preventing 
airflow migrating from the outside of the endplate, underneath into the low-pressure 
region developed by the wing. As the higher-pressure airflow moves around and passes 
underneath the endplate, it trips over the lip of the endplate and flows into the low-
pressure zone underneath the wing and this lateral mixing of high and low pressure airflow 
causes a small but powerful vortex to form just at inside of the endplate, hence footplates 
are also called vortex tunnels. When a vortex separates from a solid surface, it possesses 
a low-pressure core, in some sort of balance with the centrifugal ''force'' of the air spiraling 
around the vortex on helical trajectories. These vortexes act as air ''curtains'', sealing off 
other low pressure areas like the undertray and can also allow greater angles of attack for 
the front wing elements to be used, even right in front of the front tires and without the 
airflow stalling from their surface. This flow will then move onto the rear of the tire and if 
the footplate is correctly designed it will help to control front tire wake of the front wheels. 
If the front wing creates a turbulent wake or has a poor vortex generation, then every 
device that is developed downstream of the front wing must be optimized to work in that 

Figure 14: How endplates improve the efficiency of a wing 

Figure 15: Left, a well designed front wing prevents the incoming airflow from hitting 
direct on the front tires. Right, front wing endplate directs the airflow around the tires, 

Wind tunnel testing at Monash University.  
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environment, but often with less success.  Many tests on different ride heights and wing 
angles of attack showed that these tunnels can significantly improve the downforce of a 
front wing up to 8%. However, due that footplates are considered part of the front wing, 
they must be located within the maximum allowable envelope for wings defined by the 
FSAE rules and cannot extend out of the front wheels. This means that the length of the 
wing must be reduced by a corresponding amount in order for the footplate to be 
compatible with the rules. Tests using different wings lengths showed that a loss up to 15% 
in total front wing downforce can result from the required reduction in wing length, and 
that is the main reason that most teams avoid the use of footplates in their wings. 

 

 

 

 

 

 

 The relationship between the front wing and the 
ground is a delicate one, with the wing generally being 
more efficient the closer it gets to the track due to the 
ground effect taking place. FSAE front wings usually 
operate most efficiently with ground effect typically at 
ride heights of about 40mm - 80mm, depending on the 
wing design. Therefore, the front wing must be placed 
in a low position near to the ground to gain as much 
advantage from ground effect as possible. At higher 
ride heights, the wheels reduce wing downforce and 
increase wing drag, whereas the drag of the wheels 
themselves also rises. At low ride heights, however, 
the opposite happens and the wing performance improves, while the wheels produce less 
drag. The rear of the airfoil acts as a diffuser, the lower pressure region behind the airfoil 
assisting with increasing the speed of the airflow between the airfoil and the ground. Both 
these factors contribute to lowering the pressure beneath the airfoil and this is the reason 
that an inverted wing in ground effect has improved performance in comparison to an 
airfoil in free stream. As the angle of attack is increased, the lift also increases until stall is 
achieved at a much smaller angle in comparison to the free stream airfoil.   

 

 

 

Figure 16: Left, how footplate vortices are being created. Right, how a 
well-designed footplate operates 

Figure 17: When ground effect takes 
place in a front wing, higher CL can be 

achieved until stall occurs 
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from the undertray of the car as much possible space to exit from the rear end. This 
ultimately means that if the air can escape more easily from under the car, then more air 
at faster velocities can flow under the undertray of the car creating a lower pressure and 
therefore higher downforce. The diffuser increases in volume along its length, creating a 
void that has to be filled by the air passing under the body. This Venturi effect means that 
the flow is accelerated through the throat of the diffuser, creating the desired low 
pressure, then gradually returned to the same velocity at which it joined the wake. It is 
important to re-equalize the large pressure difference that the undertray creates between 
it and the ambient pressure which surrounds the car. Without a diffusion system in place 
to gradually slow the air down, significant drag would be induced by the forced, sudden 
mixture of high and low pressure airflow. Additionally, the expanding air exiting our 
diffuser is able to interact with the rear wing improving their combined performance. 

 

 

 

 

 

 
 
 

With the diffuser working, the car turns into a Venturi tube, being the most efficient 
aerodynamic package on an FSAE car. However, considering the diffuser has the potential 
to give an amount of 30-40% of the total downforce, the exit of the used air flow can 
sometimes be deemed much more significant. Diffusers leverage the low-pressure area 
behind the vehicle, and can sometimes leverage high speed exhaust gases ejected into the 
diffuser to create even lower pressure (blown Diffusers). The speed of air flow can 
significantly influence downforce, whereby the faster the flow exits, the more downforce 
is generated. With an increasing driving speed the airspeed will also increase. When this 
happens the proportional difference between the speed of the air on top of the undertray 
and underneath the undertray will get higher. This means the difference in pressure will 
be higher. So, the generated downforce and drag are completely dependent on the 
dimensions of the undertray diffuser and the speed of the air/speed of the car. When the 
incorrect dimensions are taken the undertray diffuser will generate a lot of drag and will 
generate a little amount of downforce or even positive lift. The diffuser doesn't directly 
produce downforce only to the rear end of the car but, in essence, it produces downforce 
along the whole of the car. 

Figure 24: The diffuser opperates as an inverted airfoil 
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The angle or slope of the diffuser is also important, the diffuser must have a gradual 
change of angle to prevent flow separation from its roof and sides. The angle of the diffuser 
relative to the ground affects the magnitude of downforce that is created. If the angle of 
the diffuser is close to zero the boundary layer flow will not detach, but the air speed will 
not be reduced enough to make a laminar transition of the air at the end of the car when 
to two airstreams meet. If the diffuser has a very large angle the boundary layer flow will 
detach and the airflow underneath the diffuser will be turbulent. In general, it is desired 
to have the highest angle without flow separation to generate maximum downforce. Once 
separation occurs the downforce is reduced and drag is greatly increased. Two-
dimensional simulations of diffuser angle show that maximum downforce is reached with 
an angle of 8-12°. However in reality there is another effect occurring that changes this 
statement. Starting at the diffuser entrance there is a vortex that forms that travels down 
the length of the diffuser. A vortex adds a rotational component to the velocity decreasing 
the pressure along its length. This vortex flow also adds energy to the flow and will delay 
separation allowing larger diffuser angles. Vortices can also be used on other parts of the 
undertray. Large vortex generators can be placed at the entrance of the undertray so that 
the vortices travel along the length of the vehicle, reducing the pressure and increasing 
downforce. These vortices can also be used along the sides of the undertray creating a 
"false seal" that also increases downforce. 

 

 

 

 

 

 

Figure 25: The lowest pressure occurs where the air moves the 
fastest, just immediately ahead of the diffuser.  

Figure 26: Lift and drag coefficient variation with ground clearance 
for a race car with underbody diffuser 






























































































































































































































