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INTRODUCTION

The design of front wings in Formula 1 racing 
cars plays a crucial role in vehicle aerodynamics. 
Since the beginnings of Formula 1 in the early 
1950s, aerodynamics has undergone significant 
evolution, from minimizing air resistance to 
focusing on aerodynamic downforce (1–4).

The origins of formula racing cars date back 
to times when vehicles served mainly for person-
al transport, and over time, they began to evolve 
towards sport and entertainment. The first for-
mula cars were designed to achieve high maxi-
mum speeds, with the primary goal of reducing 
air resistance. However, at high speeds, vehicles 
developed lift forces, affecting their stability. To 
improve their handling and stability, engineers 

installed inverted wing profiles, generating nega-
tive lift, known as downforce (4, 5).

The importance of aerodynamic downforce 
for a race car’s performance is enormous, as it 
allows for an increase in lateral and tangential 
tire forces, influencing faster cornering as well 
as better acceleration and braking. The balance 
of downforce between the front and rear wheels 
is crucial for the vehicle’s equilibrium and effi-
ciency (6–8).

The first use of wings in formula racing 
appeared in 1966, when Jim Hall equipped his 
Chaparral 2E with a rear spoiler. In 1967, the 
Chaparral 2F became the first racing car to use 
a wing to increase downforce, which improved 
driving stability and handling (9). Since then, the 
use of wings in racing cars has rapidly developed.
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The front wing, generating a significant por-
tion of the race car’s downforce, has evolved 
from simple, single-element constructions, e.g., 
in the Lotus 49 car, to advanced multi-element 
wings used in the 2010s, thanks to the develop-
ment of computational fluid dynamics (CFD) 
methods. In the 1970s and 1980s, wings in For-
mula 1 evolved, introducing complex geometry 
and multi-element constructions, which allowed 
for better utilization of the ground effect – a phe-
nomenon where airflow under the wing in close 
proximity to the ground is accelerated, increas-
ing aerodynamic downforce – and an increase in 
aerodynamic efficiency(1, 3, 10–15).

New Formula 1 technical regulations for 2023 
introduced changes in the aerodynamic concept of 
race cars, reducing the aerodynamic efficiency of 
wings, but still maintaining them as a key design 
element. Aerodynamic analyses of wings in For-
mula 1 include aerodynamic interactions between 
the wing and wheels, as well as optimization of 
the entire race car (7, 16–22).

Experiences from Formula 1, such as multi-
element wings and ground effect, inspired the 
design of the wing for the Formula Student vehi-
cle. Although Formula 1 regulations are more 
restrictive, the aerodynamic principles are simi-
lar, and the design of multi-element wings in For-
mula Student uses the same concepts, adapted to 
the specifics of student competitions (23–29).

During the design of the front wing for the 
Formula Student vehicle for 2024 (30), the pri-
ority was to comply with the series regulations, 
while also referring to the technical guidelines of 
Formula 1 (9). For this purpose, a uniform wing 
cross-section was chosen, which meets all Formu-
la Student criteria regarding dimensions, place-
ment, strength, and aerodynamics. The design also 
took into account Formula 1 regulations, which 
limit the number of closed wing sections to four, 
and accordingly, the maximum allowed number 
of sections was used. Thanks to this, the wing 
corresponds to the latest standards in motorsport 
and ensures simplicity in construction. Maintain-
ing a uniform wing cross-section along its entire 
length is necessary to ensure compliance with 
Formula Student regulations and simplifies CFD 
modelling. A constant 2D cross-section facilitates 
avoidance of features disallowed by the FIA, such 
as specific curvature radii, which would be more 
difficult to achieve in designs with multiple cross-
section profiles. The main goal of the work was to 
design a four-element wing for a Formula Student 

vehicle that provides maximum aerodynamic effi-
ciency, characterized by maximum downforce 
with minimum aerodynamic drag.

PROBLEM STATEMENT

The design of the front wing for a Formula 
Student vehicle is based on the application of 
the Formula Student Germany 2024 regulations, 
which precisely define the required dimensions 
and placement of aerodynamic elements of the 
vehicle (30). In particular, the regulations define 
two areas for the placement of aerodynamic 
devices: area A, where aerodynamic devices can 
reach up to 500 mm above the ground, and area B, 
where devices must be lower than 250 mm above 
the ground, especially in the front part of the vehi-
cle, to ensure safety and compliance with regula-
tions. According to the regulations, the wing must 
be located at least 75 mm from the front wheel, 
but cannot extend beyond 700 mm from it. The 
height of the wing is also limited depending on 
the area: a maximum of 250 mm in area B and up 
to 500 mm in area A (Figure 1).

Area B was chosen as the limiting design 
dimension because it imposes more restrictive 
constraints (maximum height 250 mm), which 
necessitates precise design to maximize down-
force within these limitations. This choice stems 
from the fact that in Formula Student, where 
tracks are characterized by many turns, down-
force is crucial for improving grip, and the limita-
tions of area B force a more effective use of the 
available space.

It is crucial to design the wing so that it main-
tains its effectiveness during cornering at a typical 
speed of 15 m/s, which corresponds to a Reynolds 
number in the range of approximately Re = 5 ∙ 105 , 
focusing on generating maximum downforce with 
minimization of aerodynamic drag as a secondary 
factor. The ground effect, which enhances down-
force, is a key parameter here, depending on the 
height of the wing relative to the ground. Utiliz-
ing the maximum permissible heights within the 
regulations can bring benefits, but maintaining a 
uniform wing cross-section along its entire length 
is necessary to ensure compliance with Formula 
Student regulations.

When designing the wing with area B as the 
limiting design dimension, it is important to use 
slots to achieve the desired aerodynamic prop-
erties at high camber and angle of attack. The 
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multi-element construction of such a wing allows 
for stable airflow and avoidance of flow separa-
tion at the rear of the wing, which is crucial for 
maintaining continuous downforce generation.

The design of the front wing cross-section for 
a Formula Student vehicle is a complex task that 
requires consideration of both competition regu-
lations and advanced aerodynamic principles.

A wing consisting of four elements was ana-
lyzed, with the first element being an Eppler E407 
airfoil, and for the next three, a Selig S1223 airfoil 
was chosen. The choice of the Eppler E407 airfoil 
for the main wing element results from its aero-
dynamic properties (Figure 2), which are optimal 
when ground effect is present, especially due to 
its ability to generate stable lift at low speeds and 
low Reynolds numbers. This airfoil is character-
ized by a flat rear surface, which promotes a favor-
able pressure gradient and ensures stable airflow 
in the wing slot region. This, in turn, is crucial 
for maintaining continuous airflow, especially in 
conditions close to the surface. The applied airfoil 
thus ensures aerodynamic efficiency while limit-
ing the risk of airflow separation (31).

The use of the Selig S1223 airfoil is justified 
by its ability to generate a high lift coefficient at 
low Reynolds numbers (Figure 2), which is par-
ticularly advantageous in ground effect condi-
tions. This airfoil, due to its large camber (8.1%) 

and maximum lift coefficient, is optimal for use 
in places where maximization of downforce is 
required, especially at low speeds typical of For-
mula Student vehicle operation (32).

The use of a larger ground clearance of 50 
mm compared to the minimum value of 30 mm 
specified in the regulations aims to account for 
dynamic changes in the vehicle’s position dur-
ing maneuvers such as braking or cornering, 
which is important for maintaining continuous 
aerodynamic downforce.

In the wing design, the selection criterion was 
based on maximizing the product of the down-
force coefficient and the resultant wing chord, 
denoted as c ∙ cz, taking into account the drag coef-
ficient and the resultant wing chord, denoted as 
c ∙ cX. The choice of this parameter stems from 
the fact that in Formula Student, where tracks are 
characterized by many turns and short straights, 
the priority is to maximize downforce for better 
grip in corners, and aerodynamic drag is sec-
ondary, as long as it does not significantly affect 
maximum speed. The product c ∙ cz considers 
both the downforce and the physical size of the 
wing, which is important in the context of regula-
tory and design constraints. The final choice of 
the cross-section is therefore the result of a care-
ful balance between maximizing downforce and 
design and regulatory limitations.

Figure 1. Permissible areas for the front wing according to the Formula Student Germany 2024 regulations (30). 
Area A: maximum height 500 mm, area B: maximum height 250 mm
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NUMERICAL METHOD AND BOUNDARY 
CONDITIONS

In the design process of the front wing cross-
section for the Formula Student vehicle, the Finite 
Volume Method (FVM) and ANSYS Fluent 2021 
R1 software package were used to solve the equa-
tions describing the flow. This approach is based 
on the principles of mass and momentum conser-
vation in incompressible fluid flows, expressed 
by the following equations (33):

	 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕  +  𝑑𝑑𝑑𝑑𝑑𝑑(𝜌𝜌𝜌𝜌)  =  0 

 
 

𝜌𝜌 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕  =  𝜌𝜌𝜌𝜌 –  𝛻𝛻𝛻𝛻 +  𝜇𝜇𝜇𝜇𝜇𝜇 

 
𝜕𝜕𝜕𝜕ₓ
𝜕𝜕𝜕𝜕  +

𝜕𝜕𝑢𝑢𝑦𝑦
𝜕𝜕𝜕𝜕  =  0 

 

𝜌𝜌 (𝑢𝑢ₓ 𝜕𝜕𝜕𝜕ₓ
𝜕𝜕𝜕𝜕  + 𝑢𝑢𝑦𝑦  𝜕𝜕𝜕𝜕ₓ

𝜕𝜕𝜕𝜕 ) = 

= − 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕  +  𝜇𝜇(𝜕𝜕2𝑢𝑢ₓ

𝜕𝜕𝑥𝑥2 + 𝜕𝜕2𝑢𝑢ₓ
𝜕𝜕𝑦𝑦2 ) 

 
 

𝜌𝜌 (𝑢𝑢ₓ
𝜕𝜕𝑢𝑢𝑦𝑦
𝜕𝜕𝜕𝜕  + 𝑢𝑢𝑦𝑦

𝜕𝜕𝑢𝑢𝑦𝑦
𝜕𝜕𝜕𝜕 ) = 

= − 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 +  𝜇𝜇 (

𝜕𝜕2𝑢𝑢𝑦𝑦
𝜕𝜕𝑥𝑥2 +

𝜕𝜕2𝑢𝑢𝑦𝑦
𝜕𝜕𝑦𝑦2 ) 

 
 

𝑅𝑅𝑅𝑅 = 𝜌𝜌𝜌𝜌𝜌𝜌
𝜇𝜇  

 
𝑑𝑑 = 𝑐𝑐𝑧𝑧

𝑐𝑐𝑥𝑥
 

 
 
 
 

	 (1)

	

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕  +  𝑑𝑑𝑑𝑑𝑑𝑑(𝜌𝜌𝜌𝜌)  =  0 

 
 

𝜌𝜌 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕  =  𝜌𝜌𝜌𝜌 –  𝛻𝛻𝛻𝛻 +  𝜇𝜇𝜇𝜇𝜇𝜇 

 
𝜕𝜕𝜕𝜕ₓ
𝜕𝜕𝜕𝜕  +

𝜕𝜕𝑢𝑢𝑦𝑦
𝜕𝜕𝜕𝜕  =  0 

 

𝜌𝜌 (𝑢𝑢ₓ 𝜕𝜕𝜕𝜕ₓ
𝜕𝜕𝜕𝜕  + 𝑢𝑢𝑦𝑦  𝜕𝜕𝜕𝜕ₓ

𝜕𝜕𝜕𝜕 ) = 

= − 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕  +  𝜇𝜇(𝜕𝜕2𝑢𝑢ₓ

𝜕𝜕𝑥𝑥2 + 𝜕𝜕2𝑢𝑢ₓ
𝜕𝜕𝑦𝑦2 ) 

 
 

𝜌𝜌 (𝑢𝑢ₓ
𝜕𝜕𝑢𝑢𝑦𝑦
𝜕𝜕𝜕𝜕  + 𝑢𝑢𝑦𝑦

𝜕𝜕𝑢𝑢𝑦𝑦
𝜕𝜕𝜕𝜕 ) = 

= − 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 +  𝜇𝜇 (

𝜕𝜕2𝑢𝑢𝑦𝑦
𝜕𝜕𝑥𝑥2 +

𝜕𝜕2𝑢𝑢𝑦𝑦
𝜕𝜕𝑦𝑦2 ) 

 
 

𝑅𝑅𝑅𝑅 = 𝜌𝜌𝜌𝜌𝜌𝜌
𝜇𝜇  

 
𝑑𝑑 = 𝑐𝑐𝑧𝑧

𝑐𝑐𝑥𝑥
 

 
 
 
 

	 (2)

where:	p is the fluid density [kg/m3], V is the fluid 
velocity vector [m/s], F is the vector of 
body forces acting on the fluid [N], p is 
the pressure [Pa], μ is the dynamic viscos-
ity coefficient [Pa·s].

Equations 1–2 represent the general conser-
vation of mass and momentum, which are solved 
by ANSYS Fluent within the computational 
domain surrounding the wing cross-section. After 
applying problem-specific assumptions, simplifi-
cations resulting from the geometry are steady-
state, incompressible, two-dimensional flow and 
negligible body forces – the equations reduce to 
Equations 3–5:
	• Continuity equation:

	

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕  +  𝑑𝑑𝑑𝑑𝑑𝑑(𝜌𝜌𝜌𝜌)  =  0 

 
 

𝜌𝜌 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕  =  𝜌𝜌𝜌𝜌 –  𝛻𝛻𝛻𝛻 +  𝜇𝜇𝜇𝜇𝜇𝜇 

 
𝜕𝜕𝜕𝜕ₓ
𝜕𝜕𝜕𝜕  +

𝜕𝜕𝑢𝑢𝑦𝑦
𝜕𝜕𝜕𝜕  =  0 

 

𝜌𝜌 (𝑢𝑢ₓ 𝜕𝜕𝜕𝜕ₓ
𝜕𝜕𝜕𝜕  + 𝑢𝑢𝑦𝑦  𝜕𝜕𝜕𝜕ₓ

𝜕𝜕𝜕𝜕 ) = 

= − 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕  +  𝜇𝜇(𝜕𝜕2𝑢𝑢ₓ

𝜕𝜕𝑥𝑥2 + 𝜕𝜕2𝑢𝑢ₓ
𝜕𝜕𝑦𝑦2 ) 

 
 

𝜌𝜌 (𝑢𝑢ₓ
𝜕𝜕𝑢𝑢𝑦𝑦
𝜕𝜕𝜕𝜕  + 𝑢𝑢𝑦𝑦

𝜕𝜕𝑢𝑢𝑦𝑦
𝜕𝜕𝜕𝜕 ) = 

= − 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 +  𝜇𝜇 (

𝜕𝜕2𝑢𝑢𝑦𝑦
𝜕𝜕𝑥𝑥2 +

𝜕𝜕2𝑢𝑢𝑦𝑦
𝜕𝜕𝑦𝑦2 ) 

 
 

𝑅𝑅𝑅𝑅 = 𝜌𝜌𝜌𝜌𝜌𝜌
𝜇𝜇  

 
𝑑𝑑 = 𝑐𝑐𝑧𝑧

𝑐𝑐𝑥𝑥
 

 
 
 
 

	 (3)

	• Momentum equation (Navier-Stokes):

	

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕  +  𝑑𝑑𝑑𝑑𝑑𝑑(𝜌𝜌𝜌𝜌)  =  0 

 
 

𝜌𝜌 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕  =  𝜌𝜌𝜌𝜌 –  𝛻𝛻𝛻𝛻 +  𝜇𝜇𝜇𝜇𝜇𝜇 

 
𝜕𝜕𝜕𝜕ₓ
𝜕𝜕𝜕𝜕  +

𝜕𝜕𝑢𝑢𝑦𝑦
𝜕𝜕𝜕𝜕  =  0 

 

𝜌𝜌 (𝑢𝑢ₓ 𝜕𝜕𝜕𝜕ₓ
𝜕𝜕𝜕𝜕  + 𝑢𝑢𝑦𝑦  𝜕𝜕𝜕𝜕ₓ

𝜕𝜕𝜕𝜕 ) = 

= − 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕  +  𝜇𝜇(𝜕𝜕2𝑢𝑢ₓ

𝜕𝜕𝑥𝑥2 + 𝜕𝜕2𝑢𝑢ₓ
𝜕𝜕𝑦𝑦2 ) 

 
 

𝜌𝜌 (𝑢𝑢ₓ
𝜕𝜕𝑢𝑢𝑦𝑦
𝜕𝜕𝜕𝜕  + 𝑢𝑢𝑦𝑦

𝜕𝜕𝑢𝑢𝑦𝑦
𝜕𝜕𝜕𝜕 ) = 

= − 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 +  𝜇𝜇 (

𝜕𝜕2𝑢𝑢𝑦𝑦
𝜕𝜕𝑥𝑥2 +

𝜕𝜕2𝑢𝑢𝑦𝑦
𝜕𝜕𝑦𝑦2 ) 

 
 

𝑅𝑅𝑅𝑅 = 𝜌𝜌𝜌𝜌𝜌𝜌
𝜇𝜇  

 
𝑑𝑑 = 𝑐𝑐𝑧𝑧

𝑐𝑐𝑥𝑥
 

 
 
 
 

	 (4)

	

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕  +  𝑑𝑑𝑑𝑑𝑑𝑑(𝜌𝜌𝜌𝜌)  =  0 

 
 

𝜌𝜌 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕  =  𝜌𝜌𝜌𝜌 –  𝛻𝛻𝛻𝛻 +  𝜇𝜇𝜇𝜇𝜇𝜇 

 
𝜕𝜕𝜕𝜕ₓ
𝜕𝜕𝜕𝜕  +

𝜕𝜕𝑢𝑢𝑦𝑦
𝜕𝜕𝜕𝜕  =  0 

 

𝜌𝜌 (𝑢𝑢ₓ 𝜕𝜕𝜕𝜕ₓ
𝜕𝜕𝜕𝜕  + 𝑢𝑢𝑦𝑦  𝜕𝜕𝜕𝜕ₓ

𝜕𝜕𝜕𝜕 ) = 

= − 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕  +  𝜇𝜇(𝜕𝜕2𝑢𝑢ₓ

𝜕𝜕𝑥𝑥2 + 𝜕𝜕2𝑢𝑢ₓ
𝜕𝜕𝑦𝑦2 ) 

 
 

𝜌𝜌 (𝑢𝑢ₓ
𝜕𝜕𝑢𝑢𝑦𝑦
𝜕𝜕𝜕𝜕  + 𝑢𝑢𝑦𝑦

𝜕𝜕𝑢𝑢𝑦𝑦
𝜕𝜕𝜕𝜕 ) = 

= − 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 +  𝜇𝜇 (

𝜕𝜕2𝑢𝑢𝑦𝑦
𝜕𝜕𝑥𝑥2 +

𝜕𝜕2𝑢𝑢𝑦𝑦
𝜕𝜕𝑦𝑦2 ) 

 
 

𝑅𝑅𝑅𝑅 = 𝜌𝜌𝜌𝜌𝜌𝜌
𝜇𝜇  

 
𝑑𝑑 = 𝑐𝑐𝑧𝑧

𝑐𝑐𝑥𝑥
 

 
 
 
 

	 (5)

where:	ux is the fluid velocity component in the 
x-direction [m/s], uy is the fluid velocity 
component in the y-direction [m/s].

The flow character was defined using the 
Reynolds number, specified as:

	

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕  +  𝑑𝑑𝑑𝑑𝑑𝑑(𝜌𝜌𝜌𝜌)  =  0 

 
 

𝜌𝜌 𝜕𝜕𝜕𝜕
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where:	ρ – air density [kg/m3], V – vehicle speed 
[m/s], c  – resultant wing chord [m], 	
μ – dynamic viscosity of air [Pa·s].

The aerodynamic efficiency (d) of the For-
mula Student vehicle’s front wing was defined as 
the ratio of the downforce coefficient to the drag 
coefficient and presented by the formula:
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where:	 cz is the downforce coefficient [-], cx is the 
drag coefficient [-].

Boundary conditions for the computational 
domain include: 
	• “velocity inlet” for the air inlet (quarter circle, 

with a velocity equal to 15 m/s), 

Figure 2. Aerodynamic characteristics of S1223 and Eppler E407 airfoils for Reynolds number Re = 5 ∙ 105 (32)
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	• “pressure outlet” for the outlet, 
	• “wall no slip” for the wing surface, 
	• “moving wall with no slip” for the wheel and 

the race track, to reflect their actual movement.

In the 2D simulation process, the Reynolds-
Averaged Navier-Stokes (RANS) approach was 
utilized, employing the k – ω SST (shear stress 
transport) turbulence model, which combines 
the advantages of the k – ω model in near-wall 
regions and the k – ε model further from the wall. 
The choice of the k – ω SST model is dictated by 
its ability to better predict fluid properties, espe-
cially in flow configurations associated with For-
mula Student vehicles (20,21,33–35).

The computational domain was designed 
with the detailed reproduction of flow condi-
tions encountered by the Formula Student 
vehicle during driving in mind, and its configu-
ration is presented in Figure 3. It consists of 
three main elements: inlet, outlet, and moving 
surface. The inlet, being a quarter circle, along 
with the upper wall and the outlet defined as 
the rear wall of the domain, form the bound-
aries through which airflow is introduced and 
released from the system.

An adaptive mesh was used in the calcula-
tions, where the y + parameter was used to deter-
mine the height of the first mesh element, based 
on the flat-plate boundary layer theory (33) y + = 
1, dynamic viscosity μ = 1.79 ∙ 10–5 Pa ∙ s, den-
sity ρ 1.77 kg/m3, and Reynolds number Re = 5 ∙ 
10–5 , which allowed calculating the base height 
of the first element Δs = 2.2 ∙ 10–5 m. The maxi-
mum size of the mesh elements was 0.3 m. The 
validation of numerical model was performed by 

comparing with the experimental setup (31). The 
good agreement between numerical and experi-
mental results was obtained.

The geometry of the analyzed system is pre-
sented in Figures 4a and 4b. Ten different wing 
configurations were considered in the studies, 
focusing on modifying parameters such as: 
mutual angles of attack of the elements (α1, α2, 
α3, α4), where the angle of attack of the main 
element (α1 ) is measured relative to the ground, 
while the angles of the additional elements are 
measured relative to the chord of the preced-
ing element, with variable chord length ratios 
of the elements (c2/c1, c3/c1, c4/c1); and constant 
relative slot heights between elements (g1/c 
, g2/c, g3/c) and constant ratios of inlet length 
to slots (o1/c, o2/c, o3/c). The geometric param-
eters describing the geometry of the Formula 
Student vehicle’s front wing are presented in 
Table 1. In this work, the resultant chord (c) of 
the wing is defined as the distance measured 
from the nose (leading edge) of the first airfoil 
(Eppler E407) to the trailing edge of the last 
airfoil (Selig S1223). This parameter reflects 
the total length of the wing along its chord and 
depends on the arrangement of all four airfoils, 
their individual chord lengths (c1 – c4 ), and 
angles of attack (α1 – α4). This value is crucial 
in calculating the product c ∙ cz, which serves 
as the selection criterion for the optimal wing 
configuration.

Additionally, the trailing edge length from 
the wheel (Xk), which remains constant for all 
configurations (0.21 m), significantly affects 
the aerodynamic space available for the wing. 

Figure 3. Computational domain with boundary conditions for CFD simulation of airflow around the front wing. 
Inlet: velocity inlet, outlet: pressure outlet, walls: wall no slip, moving surface: moving wall
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This is essential for defining the flow around 
the wing and its interaction with the wheel, 
which can generate turbulence and affect over-
all efficiency. 

In the study, constant values of relative slot 
heights (g1/c = 1.5, g2/c = 1.5, g3/c = 1.5) and 
ratios of inlet lengths to slots (o2/c = 8, o2/c = 4, 
o3/c = 1) were adopted, which were established 
based on preliminary analyses and were not 
subjected to optimization. The iterative process 
focused on selecting the angles of attack (α1 – 
α4) and chord length ratios (c2/c1, c3/c1, c4/c1) to 
maximize the product c ∙ cz. These parameters 
were chosen discretely, and their selection was 
based on empirical observations regarding the 
product c ∙ cz, which served as an indicator of 
aerodynamic efficiency. Geometries that led 
to noticeable boundary layer separation were 
rejected, which was a key element in the pro-
cess of selecting optimal configurations.

RESULTS

The calculation results, in the form of deter-
mined aerodynamic force coefficients for individu-
al front wing setting variants, have been presented 
as aerodynamic characteristics. Figure 5 shows the 
relationship between the product of the downforce 
coefficient and the resultant wing chord (c ∙ cz) and 
the product of the drag coefficient and the resultant 
wing chord (c ∙ cz) for 10 wing configurations. Con-
figurations 1 and 9, representing the lowest and 
highest c ∙ cz product respectively, were selected for 
detailed analysis to examine extreme cases of aero-
dynamic efficiency.

According to the calculation results presented 
in Figure 5, it is evident that Configuration No. 
1, whose parameters cz and c are 1.519 and 0.504 
respectively, yields a product c ∙ cz equal to 0.766 
m. With angles of attack α1 = -5°, α2 = 13°, α3 = 
24.5°, α4 = 39.5° and chord length ratios c2/c1 = 

Figure 4. Geometric parameters of the front wing geometry of the slots in the front wing
a) angles of attack (α1–α4), chord lengths of individual profiles (c1–c4), ground clearance (h),

and resultant chord (c), measured from the nose of the first profile (Eppler E407) to the trailing edge
of the last profile (Selig S1223); and resultant angle of attack (α), defined as the angle

between the resultant chord and the ground b) slot heights (g1 – g3) and inlet lengths (o1 – o3 )
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0.6, c3/c1 = 0.36, c4/c1 = 0.22. Such an approach 
may be aimed at stability and control, especially on 
racetrack corners at lower speeds, where excessive 
downforce may not be necessary or even desirable.

In contrast, configuration number 9 achieves 
the highest value of the product c ∙ cz equal to 
1.010 m, with parameters cz and c being 2.079 
and 0.486 respectively. The angles of attack for 
this configuration are α1 = -7°, α2 = 7.5°, α3 = 
28.5°, α4 = 38°, which indicates a more aggres-
sive approach to wing design. The chord length 
proportions for this configuration, c2/c1 = 0.73, c3/
c1 = 0.53, c4/c1 = 0.39, suggest the use of shorter 
elements in the rear part of the wing relative to 
the main element, which may contribute to better 
airflow management and increased aerodynamic 
efficiency. These numerical values are crucial 

as they indicate a potential relationship between 
chord length and aerodynamic efficiency.

According to the calculation results presented 
in Figure 5, it is evident that configuration 9 not 
only achieves a higher value of the product c ∙ cz 
but also has a higher drag coefficient value (cx), 
which is 0.249 compared to 0.188 in configura-
tion 1. This may indicate that higher aerodynam-
ic efficiency is achieved at the cost of increased 
drag. However, in races such as Formula Student, 
where tracks are characterized by many turns and 
lower average speeds, downforce is a priority, and 
higher drag is acceptable as long as it does not sig-
nificantly affect performance on straight sections.

As shown in Figure 5, configuration 9 
achieves c ∙ cz = 1.010 m at c ∙ cx = 0.121 m, which 
is the highest result among all configurations, 

Table 1. Geometric parameters of the front wing for the Formula Student vehicle

 
 
 
 
 
 
 
 
 
 

Conf. 
No. 𝛼𝛼1 [°] 𝛼𝛼2 [°] 𝛼𝛼3 [°] 𝛼𝛼4 [°] 

𝑐𝑐2/
𝑐𝑐1 [-] 

𝑐𝑐3/
𝑐𝑐1 [-] 

𝑐𝑐4/
𝑐𝑐1 [-] 

𝑔𝑔1/𝑐𝑐 
[-] 

𝑔𝑔2/𝑐𝑐 
[-] 

𝑔𝑔3/𝑐𝑐 
[-] 

𝑜𝑜1/𝑐𝑐 
[-] 

𝑜𝑜2/𝑐𝑐 
[-] 

𝑜𝑜3/𝑐𝑐 
[-] 

𝑥𝑥𝑘𝑘 
[m] 𝑐𝑐 [m] 

1 -5 13 24.5 39.5 0.6 0.36 0.22 1.5 1.5 1.5 8 4 1 0.21 0.504 

2 -6 11.5 23.5 35 0.67 0.44 0.3 1.5 1.5 1.5 8 4 1 0.21 0.504 

3 -7 12 24.5 34.5 0.67 0.44 0.3 1.5 1.5 1.5 8 4 1 0.21 0.503 

4 -8 12.5 25.5 38 0.67 0.44 0.3 1.5 1.5 1.5 8 4 1 0.21 0.502 

5 -7 10 27 40.5 0.67 0.44 0.3 1.5 1.5 1.5 8 4 1 0.21 0.504 

6 -7 9.5 25.5 38 0.7 0.49 0.34 1.5 1.5 1.5 8 4 1 0.21 0.504 

7 -7 7 27 36 0.73 0.53 0.39 1.5 1.5 1.5 8 4 1 0.21 0.505 

8 -7 7.5 29 38.5 0.7 0.49 0.34 1.5 1.5 1.5 8 4 1 0.21 0.504 

9 -7 7.5 28.5 38 0.73 0.53 0.39 1.5 1.5 1.5 8 4 1 0.21 0.486 

10 -7 7.5 29 38.5 0.73 0.53 0.39 1.5 1.5 1.5 8 4 1 0.21 0.477 

 
 

Figure 5. Relationship between the product of the downforce coefficient and resultant chord (c ∙ cz)
and the product of the drag coefficient and resultant chord (c ∙ cz ) for 10 wing configurations
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while configuration 1 has c ∙ cz = 0.766 m and c ∙ 
cx = 0.095 m.

Geometric parameters of the wing, such as 
angles of attack α1 to α4, and chord ratios c2/c1, c3/
c1, c4/c1, are crucial in aerodynamic design. For 
example, configuration 9 with larger chord ratios 
for the rear elements indicates that a larger sur-
face area of the elements was used to increase lift 
force. This is a strategic approach that can signifi-
cantly affect airflow behavior around the wing, 
reducing the risk of turbulence and airflow sepa-
ration at higher speeds.

Figure 6 presents the relationship between 
the product of the downforce coefficient and the 
resultant wing chord (c ∙ cz) and aerodynamic 
efficiency. According to the calculation results 
for configuration 1, d  = 8.080 and c ∙ cz = 0.766 
m, we observe lower values of the c ∙ cz product, 
which may indicate a wing configuration that 
favors lower drag at the expense of downforce. 
Such characteristics may be preferred in situa-
tions where maintaining vehicle stability is more 
important than maximum grip, for example, on 
technical sections of the track where frequent 
changes of direction are more critical than maxi-
mum speeds.

Configuration 9, where d = 8.349 and c ∙ cz = 
1.010 m, stands out with an exceptionally high 
value of the c ∙ cz product, indicating an aggressive 
wing setup. The high value of aerodynamic effi-
ciency d shows that this configuration provides 
strong downforce with relatively low drag, which 
is crucial for maintaining high grip, especially at 
higher speeds.

In turn, Figure 6 indicates that the aerody-
namic efficiency d = 8.349 in configuration 9 is 
only slightly higher than d = 8.080 in configura-
tion 1, suggesting that the increase in downforce 
is associated with a proportional increase in drag.

Configuration 5, where aerodynamic effi-
ciency d  = 8.032 and c ∙ cz = 0.887 m, represents 
a configuration where the ratio of downforce to 
drag is balanced. This suggests that the wing 
design has been optimized to ensure good aero-
dynamic performance on both straight sections 
and in corners.

Configuration 6, with d = 8.206 and c ∙ cz = 
0.902 m, may indicate subtle improvements in 
wing geometry that contribute to an increase in 
downforce while maintaining controlled aero-
dynamic drag.

The lowest value of d, for configuration 8 
(d = 7.943), with a relatively high value of c ∙ cz 

= 0.917 m, may mean that an optimal balance 
between downforce and aerodynamic drag has 
been achieved, which is particularly important for 
vehicle performance.

When comparing the calculation results from 
Figure 6 in the context of aerodynamic efficiency, 
we notice that higher values of  d are associat-
ed with higher values of the c ∙ cz product. This 
may indicate that downforce has been effectively 
increased with a simultaneous moderate increase 
in aerodynamic drag. The d values in the figure 
do not form a straight line, indicating that aerody-
namic efficiency does not increase proportionally 
to downforce, and these relationships are more 
complex and ambiguous.

Figure 6. Influence of aerodynamic efficiency (d) on the product of the downforce coefficient
and resultant chord (c ∙ cz) for the analyzed configurations
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In the practice of designing Formula Stu-
dent vehicle wings, high values of aerodynamic 
efficiency d may not always mean better vehicle 
performance. What is most important is finding 
the optimal point where downforce is sufficiently 
high to maintain grip, but aerodynamic drag is not 
so large as to significantly affect vehicle perfor-
mance, especially on straight sections of the track.

Analysis of the calculation results presented 
in Figure 7 and 8 is important in understand-
ing the impact of the angle of attack (α) on the 
aerodynamics of the Formula Student vehicle’s 
front wing. Figure 7 shows the dependence of 
the downforce coefficient (cz) on the resultant 
angle of attack (α), defined as the angle between 
the resultant chord and the ground, in the range 
of angles of attack 17–20°, and Figure 8 pres-
ents the product of this coefficient and the wing 
chord length (c ∙ cz) in the range of angles 17–20°. 
Together, they shed light on the optimization of 
angles of attack for achieving desired aerody-
namic characteristics.

Figure 7 shows the range of angles of attack 
from 17.0765° to 19.127° for the respective 
configurations. For configuration 1, where the 
angle of attack is 17.7489°, the downforce coef-
ficient cz is equal to 1.519. This is a lower value, 
which in the context of racing may indicate a 
configuration focused on reducing drag, crucial 
for achieving higher speeds on straight sections 
of the track and in situations where excessive 
downforce may not be beneficial.

In contrast, configuration 10, characterized 
by the highest angle of attack of 19.127° and a 

cz coefficient of 2.099, generates much greater 
downforce. Such cz values are desirable on long, 
straight sections of the track, where grip is essen-
tial for achieving fast lap times.

Configuration 9, with an angle of attack of 
18.9246° and one of the highest downforce coef-
ficients cz at 2.079, shows the potential benefits of 
increasing the angle of attack. This is particularly 
important in the context of multi-element wings, 
where each wing element can be optimized for 
different operating conditions.

From Figure 7, it appears that the maximum 
downforce coefficient cz is achieved at α ≈ 19°, 
corresponding to configuration 10 (cz = 2.099). 
Although configuration 10 has a higher downforce 
coefficient cz = 2.099, configuration 9 with  cz = 
2.079 and a smaller resultant chord c = 0.486 m 
achieves a higher product  c ∙ cz = 1.010 m compared 
to 1.001 m for configuration 10. This results from a 
compromise between wing size and its aerodynam-
ic efficiency, which is visible in Figures 5, 6, and 8, 
where configuration 9 surpasses configuration 10 in 
terms of c ∙ cz, despite a lower cz in Figure 7.

Figure 8 presents the relationship between 
the product of the downforce coefficient and the 
resultant wing chord and the resultant angle of 
attack of the wing chord. For configuration 9, the 
value c ∙ cz equal to 1.010 m at an angle of attack of 
18.9246° shows that increasing the angle of attack 
above a certain level can lead to an exponential 
increase in downforce. Comparing the results for 
configurations 9 and 10 between Figures 7 and 8 
reveals an inverse relationship; although configu-
ration 10 has a higher angle of attack, this does 

Figure 7. Dependence of the downforce coefficient (cz) on the resultant angle of attack (α)
for wing configurations in the range 17–20°
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not necessarily translate to a greater value of the 
c ∙ cz product, suggesting that there is an optimal 
angle of attack for maximizing downforce.

In Figure 8, configuration 1 with an angle 
of attack of 17.7489° and a c ∙ cz value of 0.766 
m, and configuration 10 with an angle of attack 
of 19.127° and a c ∙ cz value of 1.001 m, show 
that chord length has a significant impact on the 
aerodynamic efficiency of the wing. It should be 
remembered that the chord length (c) can vary 
depending on the specific wing design, which 
shows that the product c ∙ cz does not always 
increase proportionally to the angle of attack.

The middle range of angles of attack, as in 
configurations 5 and 6 with values of 17.3655° 
and 17.805° respectively, shows that even small 
changes in the angle of attack can affect down-
force. Configuration 5 with a c ∙ cz value of 0.887 
m and configuration 6 with a c ∙ cz value of 0.902 
m highlight that careful adjustment of the angle of 
attack can lead to improved aerodynamic charac-
teristics without significantly increasing this angle.

Configurations 5 and 6, with c ∙ cz products 
close to 0.9 m, are particularly interesting. They 
show that subtle optimization of the angle of 
attack can lead to improved aerodynamic perfor-
mance of the wing without a significant increase 
in the angle of attack. This indicates the possibil-
ity of achieving high downforce with a moderate 
increase in aerodynamic drag.

To visualize the flows around the front wing 
of the vehicle, velocity distributions and stream-
lines for configuration No. 1 and configuration 

No. 9 are shown in Figures 9 and 10. According 
to the calculation results shown in Figure 9, for 
configuration 1, flow separation occurred on the 
lower leading edge of the fourth element, which 
is an undesirable phenomenon from an aerody-
namic point of view, as it causes a loss of the 
desired suction under the wing. Flow separation 
is a phenomenon in which the airflow detaches 
from the wing surface, creating vortices, which 
leads to a reduction in downforce and an increase 
in aerodynamic drag. The research results also 
show for configuration 1 limited use of the third 
element in generating downforce, which is visible 
in the slowing of airflow on its lower edge.

In contrast, the research results for configura-
tion 9 (Figure 10) show a much more effective 
configuration. Higher air velocity values around 
the wing were achieved, which contributed to 
increased suction, especially on the lower sur-
face of elements 1, 2, and 3. The fourth element, 
despite flow separation occurring at the leading 
edge, does not contribute to a significant reduc-
tion in aerodynamic efficiency thanks to modifi-
cations in geometry and optimization of the slots 
between the elements. In this configuration, pre-
cise angles of attack and appropriately designed 
slots were used, which allowed for effective air-
flow management, limiting the negative effects of 
separation and turbulence.

Key differences between the calculation 
results of configurations 1 and 9 can also be 
observed in the range of maximum flow velocity. 
Configuration 9 achieves a velocity of up to 27.19 

Figure 8. Dependence of the product c ∙ cz on the resultant angle of attack (α)
for the analyzed wing configurations
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m/s, which indicates greater aerodynamic effi-
ciency compared to the calculation results of con-
figuration 1, where the velocity does not exceed 
25.6 m/s. The higher flow velocity in configura-
tion 9 translates into better aerodynamic proper-
ties, as higher air velocity on the lower surface of 
the wing results in greater suction and downforce.

The pressure distribution along the front wing 
cross-section is shown in Figures 11 and 12 for 
the respective geometries of the wing model from 
configurations 1 and 9. Based on the calculation 
results presented in Figure 11 for configuration 1, 
it can be observed that the pressure distribution 

along the wing does not generate optimal suction, 
especially in the area of the third element. This 
phenomenon, likely resulting from insufficient 
acceleration of airflow over the element, leads to 
insufficient downforce and destabilization of the 
vehicle on the track. This is a clear signal that the 
angle of attack or the slots between the elements 
require correction to improve grip and overall 
aerodynamic performance.

According to the calculation results presented 
in Figure 12, significantly higher suction values on 
the lower edge of elements 1, 2, and partially 3 indi-
cate more effective airflow acceleration and better 

Figure 9. Air velocity distribution and streamlines for configuration 1 

Figure 10. Air velocity distribution and streamlines for configuration 9 

Figure 11. Static pressure distribution on the wing for configuration 1
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utilization of aerodynamic principles for generat-
ing downforce. Although the fourth element also 
experiences flow separation, appropriate correc-
tions in the wing geometry minimize the negative 
impact of this phenomenon, allowing for the main-
tenance of desired aerodynamic properties.

In the analysis of static pressure values, the 
calculation results for configuration 9 show higher 
values compared to configuration 1. On the first 
element of configuration 9, a suction value of -300 
Pa was observed, exceeding the -250 Pa from 
configuration 1. According to aerodynamic princi-
ples, higher suction values indicate faster airflow 
and increased downforce. Additionally, the sec-
ond element in configuration 9 generates a suction 
of -175 Pa, which is also higher than the -100 Pa 
from configuration 1, confirming the greater aero-
dynamic efficiency of configuration 9.

CONCLUSIONS

The main goal of the work was to design a 
four-element wing for a Formula Student vehicle 
that ensures maximum aerodynamic efficiency, 
characterized by maximum downforce with mini-
mum aerodynamic drag.

The design of the front wing for the Formu-
la Student vehicle considered the application of 
the Formula Student Germany 2024 regulations, 
which precisely define the required dimensions 
and placement of the vehicle’s aerodynamic ele-
ments, while also referring to the technical guide-
lines of Formula 1.

For this purpose, a uniform wing cross-section 
was chosen, which meets all criteria of the For-
mula Student regulations and Formula 1 regula-
tions, limiting the number of closed wing sections 
to four. A constant 2D cross-section facilitates the 

avoidance of features disallowed by the FIA, such 
as specific curvature radii.

Numerical studies using the finite volume 
method and Ansys Fluent software were performed 
for ten different wing configurations, focusing 
on modifying variables such as: mutual angles 
of attack of the elements, proportions of element 
chord lengths, relative heights of slots between ele-
ments, and the length of the inlet to the slots.

During the research, an iterative approach 
was used to define the chord of the complete 
wing, with the intention of maximally utilizing 
the available construction space, while maintain-
ing optimal aerodynamic proportions for a given 
set of parameters. Based on the obtained research 
results in the form of aerodynamic force coef-
ficients, pressure distributions, and velocities, 
two extreme wing configurations were selected 
for further analysis, representing the lowest and 
highest product of the coefficient cz and chord c, 
i.e., configuration No. 1 and configuration No. 9. 
The work analyzed the results in the form of rela-
tionships between aerodynamic force coefficients 
and the geometric parameters of the wing.

Analyzing the details of the wing construc-
tion, configuration 1 seems not to utilize the full 
potential of the elements in generating downforce. 
The limited use of the third element, related to the 
slowing of flow on its lower edge, indicates the 
need for optimization of both angles of attack and 
slots between elements. In contrast, in configura-
tion 9, the full utilization of elements 1, 2, and 
3 in the process of generating downforce shows 
the effectiveness of the wing design. However, it 
should be noted that in both configurations, flow 
separation occurs on the fourth element, which 
indicates a common challenge in designing For-
mula Student vehicle wings and the need for fur-
ther research in this area.

Figure 12. Static pressure distribution on the wing for configuration 9 
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In configuration number 9 for the Formula Stu-
dent vehicle, controlled slowing of airflow on the 
upper trailing edge of the first and second elements 
is a desirable phenomenon, as it contributes to 
increasing the wing’s downforce. This is important 
for improving the vehicle’s grip and stability on 
the track. In contrast, in configuration number 1, 
the absence of stagnation in these same areas indi-
cates potentially weaker aerodynamic downforce 
properties, which may negatively affect the overall 
performance of the vehicle during races.

The conducted research showed that con-
figuration number 9 achieved the highest level of 
aerodynamic efficiency among all ten analyzed 
configurations. This result was achieved thanks 
to an optimal combination of various aerody-
namic parameters, such as angle of attack, wing 
geometry, and the ratio of the wing chord length 
to the sum of the lengths of all elements. Configu-
ration 9 demonstrated that appropriate adjustment 
of each of these elements is crucial for achieving 
optimal aerodynamic characteristics.

In particular, the analysis showed that configu-
ration 9 was characterized not only by the highest 
c ∙ cz product but also by an exceptional ability to 
generate significant downforce with a simultane-
ous moderate increase in aerodynamic drag. Such 
a balance is essential in Formula Student races, 
where both grip and minimization of drag are key 
to the vehicle’s speed and maneuverability. This 
configuration proved that the aerodynamic effi-
ciency of the wing can be maximized not only by 
increasing its size but primarily through intelligent 
shaping and positioning of each wing element, 
which enables more effective airflow management.

Additionally, detailed airflow studies in con-
figuration number 9 showed that the proper con-
figuration and calibration of the angles of attack of 
each wing element, as well as the optimal spacing 
of the elements relative to each other, had a decisive 
impact on the overall aerodynamic performance. 
Optimization of the angles of attack was crucial, 
especially for elements located closer to the wing’s 
leading edge, where initial downforce is generated. 
Configuration 9 showed that even small changes in 
these angles can significantly affect airflow char-
acteristics and downforce, confirming that precise 
calibration of each element is necessary to achieve 
maximum aerodynamic efficiency.

Consequently, configuration 9 provided con-
vincing evidence that the appropriate application of 
aerodynamic principles, combined with advanced 
computational methods, can lead to significant 

improvements in the aerodynamic performance 
of a Formula Student vehicle’s front wing. These 
results underscore the importance of a holistic 
approach to wing design, where every aspect, from 
the shape and size of the elements, through their 
mutual arrangement, to the detailed optimization 
of angles of attack, must be carefully considered 
and synchronized to achieve optimal performance.

The research showed that optimal angles of 
attack in the range α1 = -7°, α2  = 7.5°, α3 = 28.5°, 
α4 = 38° and chord proportions c2/c1 ≈ 0.73, c3/c1 ≈ 
0.53, c4/c1 ≈ 0.39 allowfor achieving high down-
force with acceptable aerodynamic drag.

The analysis showed that configuration 9 is 
optimal due to the highest product c ∙ cz = 1.010 m 
(Fig. 5), achieved with angles of attack α1 = -7°, α2 
= 7.5°, α3 = 28.5°, α4 = 38°, chord proportions c2/
c1 = 0.73, c3/c1 = 0.53, c4/c1 = 0.39, ground clear-
ance h  = 50 mm, relative slot heights g1/c = 1.5, 
g2/c = 1.5, g3/c = 1.5, and ratios of in let lengths to 
slots o1/c  = 8, o2/c = 4, o3/c = 1. Compared to con-
figuration 10, which has a higher downforce coef-
ficient cz = 2.099 but a lower product c ∙ cz = 1.001 
m, configuration 9 offers a better compromise, 
which is important in the context of maximizing 
downforce while maintaining acceptable aerody-
namic drag. Configuration 9 provides higher flow 
velocities (27.19 m/s) and greater suction (-300 
Pa), which increases downforce compared to con-
figuration 1 (c ∙ cz = 0.766 m, Figure 5). Despite 
higher drag (cx = 0.249 vs. 0.188 in configuration 
1), configuration 9 offers the best compromise for 
improving grip in Formula Student conditions.
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