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Abstract: This study investigates the aerodynamic performance of a Formula One rear wing using
computational fluid dynamics (CFD), with the primary aim of enhancing downforce generation
while strictly maintaining overall aerodynamic efficiency. In high-performance motorsports, the
rear wing plays a critical role in determining traction and cornering speeds, making its optimization
essential for competitive advantage. A comprehensive three-dimensional rear wing model,
encompassing the main plane, flap, and endplates, was meticulously developed and analyzed
under steady incompressible turbulent flow conditions using advanced turbulence modeling. Key
design parameters —such as the angle of attack, airfoil camber, flap gap dimensions, and endplate
geometry —were systematically varied and optimized to identify the most effective aerodynamic
configuration. The computational results indicate that the optimized wing configuration achieves a
highly significant increase in downforce with only a marginal and moderate rise in aerodynamic
drag, ultimately leading to a substantially improved lift-to-drag ratio. Detailed flow-field analysis
reveals an enhanced surface pressure distribution, successfully delayed boundary layer flow
separation, and significantly reduced tip vortex intensity. These aerodynamic improvements
directly contribute to better vehicle stability, enhanced tire grip, and superior high-speed cornering
performance on the track. Furthermore, the study demonstrates the profound effectiveness of multi-
parameter aerodynamic optimization methodologies in motorsport engineering. The findings
provide a robust theoretical and practical foundation for future research initiatives, particularly
those involving complex full-vehicle aerodynamic coupling, transient flow simulations, and the
application of advanced machine learning-based optimization techniques.

Keywords: formula one; rear wing; aerodynamic optimization; computational fluid dynamics;
downforce enhancement; flow separation

1. Introduction

Aerodynamic performance is one of the key factors affecting the competitive
capability of Formula One racing cars. Unlike ordinary road vehicles, an F1 car operates
under extremely high-speed conditions, where airflow around the vehicle directly
influences tire grip, cornering stability, braking performance, and overall lap time [1].
Among various aerodynamic devices, the rear wing plays a particularly important role
because it generates negative lift, commonly referred to as downforce, which increases
the normal load on the rear tires and improves traction during high-speed cornering.
Previous studies on racing vehicle aerodynamics have shown that well-designed
aerodynamic components can significantly improve vehicle stability and handling
performance under racing conditions.
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The aerodynamic system of a racing car is usually composed of several interacting
components, including the front wing, rear wing, diffuser, side pods, and underbody
structures. Among them, the rear wing is one of the most direct and adjustable devices for
controlling rear-axle downforce. By modifying the wing profile, angle of attack, flap
arrangement, and endplate geometry, the pressure distribution around the wing can be
changed, thereby affecting the balance between downforce generation and aerodynamic
drag [2]. Existing aerodynamic analysis of formula-style racing cars has demonstrated that
rear-wing design has a clear influence on airflow separation, wake structure, and overall
vehicle performance.

However, increasing downforce is usually accompanied by an increase in
aerodynamic drag. This creates a major design conflict in F1 aerodynamic optimization:
the rear wing must provide sufficient downforce to improve cornering performance while
avoiding excessive drag that reduces straight-line speed [1]. Therefore, rear-wing
optimization is not simply a process of maximizing downforce, but rather a multi-
objective design problem involving downforce enhancement, drag control, and
aerodynamic efficiency improvement. Research focused on race car rear wings has
confirmed that geometric parameters such as wing curvature, attack angle, and multi-
element configuration have significant effects on aerodynamic force generation and lift-
to-drag performance.

Computational Fluid Dynamics has become an important method for studying and
optimizing racing car aerodynamics. Compared with wind tunnel testing, CFD allows
researchers to visualize pressure distribution, velocity fields, flow separation, and vortex
structures at relatively lower cost and with greater flexibility in parameter adjustment. In
rear-wing studies, CFD can be used to compare different wing configurations and
evaluate their influence on downforce and drag before physical prototype testing.
Previous CFD-based studies on motorsport rear wings have shown that numerical
simulation is effective for analyzing the aerodynamic behavior of main planes, flaps, and
endplates under high-speed flow conditions [3].

In recent years, CFD has also been increasingly applied to advanced rear-wing
configurations, including active rear-wing systems and adjustable aerodynamic devices.
These studies indicate that rear-wing performance can be further improved by optimizing
structural parameters according to different driving conditions. For Formula One racing
cars, such optimization is especially meaningful because small aerodynamic
improvements can lead to measurable gains in stability, cornering speed, and lap
performance. Therefore, this paper focuses on the aerodynamic optimization of an F1 rear
wing based on CFD simulation. The main objective is to analyze the flow characteristics
around the rear wing, compare the aerodynamic performance before and after
optimization, and propose a rear-wing design that enhances downforce while
maintaining reasonable aerodynamic efficiency [4].

2. Literature Review

Research on racing car aerodynamics has increasingly emphasized the optimization
of rear-wing structures because the rear wing directly affects downforce, drag, and vehicle
stability. Studies on the optimization of a two-dimensional multi-element rear wing for a
Formula 1 car have shown that multi-element wing configuration is an effective way to
enhance aerodynamic loading while maintaining a controllable drag level. This indicates
that rear-wing optimization should not only focus on a single wing profile but also
consider the interaction between the main element and flap, as the gap and overlap
between elements strongly influence pressure distribution and flow separation [5].

Active aerodynamic devices have also become an important direction in motorsport
aerodynamic research. Reviews of drag reduction systems (DRS) and other adjustable
aerodynamic technologies highlight that variable rear-wing configurations can effectively
balance downforce and aerodynamic drag under different driving conditions. Research
emphasizes that aerodynamic performance is not static but can be dynamically regulated
according to speed requirements, cornering demands, and straight-line efficiency [6].
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Such systems enable race cars to reduce drag on straights while restoring downforce
during cornering, thereby improving overall lap performance. However, the
implementation of active aerodynamic devices also introduces additional structural
complexity and is often constrained by strict racing regulations, particularly in Formula
One.

The installation position of the rear wing is another important factor affecting
aerodynamic performance. Computational fluid dynamics (CFD) analyses of rear-wing
location on racing vehicles have found that the relative position of the rear wing can
influence the wake structure and the amount of useful downforce generated at the rear
axle. This suggests that rear-wing design should not be isolated from the vehicle body [1].
Instead, the aerodynamic interaction between the wing and the upstream flow from the
vehicle body must be considered during optimization.

In addition to position, the selection of airfoil profile and angle of attack plays a direct
role in rear-wing performance [7]. Investigations into the aerodynamic performance of
rear wings using specific airfoil profiles have shown that changes in angle of attack can
significantly affect lift and drag characteristics. This finding supports the view that attack
angle is one of the most practical design variables in rear-wing optimization. Nevertheless,
excessive attack angle may lead to flow separation, which can reduce aerodynamic
efficiency and increase drag.

Drag reduction is also a major concern in rear-wing design [8]. Studies on
aerodynamic drag reduction strategies for racing vehicles have discussed the relationship
between wing adjustment, drag reduction, and overall vehicle performance. This work
indicates that a high-downforce configuration is not always optimal, especially on tracks
with long straights where excessive drag can reduce maximum speed. Therefore, the
design of a rear wing should balance downforce enhancement with drag control.

CFD has become a standard tool for analyzing racing wing aerodynamics because it
allows detailed observation of flow structures that are difficult to capture through simple
theoretical calculations. Research has analyzed the behavior of wings under different
aerodynamic conditions, including free-stream flow and ground-effect-related
environments [9]. This type of research confirms that CFD can provide useful information
about pressure distribution, velocity changes, separation regions, and wake development
around racing wings.

Recent research has also begun to combine CFD with intelligent optimization
methods. Al-assisted CFD optimization methods for the multi-element wing angle of
racing vehicles have demonstrated that artificial intelligence can improve the efficiency of
aerodynamic parameter search. This direction is important because traditional CFD-based
optimization often requires many simulation cases, which can be time-consuming. Al-
assisted optimization can reduce the number of repeated simulations while still
identifying effective aerodynamic configurations [10].

Rear-wing design procedures have also been studied from an engineering
application perspective. Analyses of the design and aerodynamic performance of rear
wings have provided complete workflows involving geometric design, CFD simulation,
and performance evaluation. Such studies are useful for this paper because they show
how a rear-wing model can be developed from initial geometry to numerical evaluation
[1]. However, many studies on student-level racing vehicles focus on simplified vehicle
conditions, while Formula 1 rear-wing optimization requires more attention to high-speed
flow and stricter aerodynamic efficiency.

Multi-fidelity optimization is another promising method for improving rear-wing
design. Multi-fidelity optimization procedures for two-element Formula 1 rear wings
combine different levels of simulation accuracy to improve optimization efficiency [11].
This method is relevant because high-resolution CFD simulations are computationally
expensive, especially when many design variables are considered. Multi-fidelity
strategies can reduce computational cost while preserving the reliability of the
optimization process.
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More recent studies have continued to examine the influence of rear-wing angle on
aerodynamic performance [2]. Research on rear-wing angle and vehicle aerodynamic
performance has shown that adjusting the rear-wing angle can directly change drag
coefficient and lift coefficient. This confirms that angle of attack remains one of the most
important and practical parameters in rear-wing optimization. Overall, existing literature
shows that rear-wing aerodynamic performance is affected by multiple coupled factors,
including wing profile, multi-element configuration, attack angle, installation position,
and optimization method. However, many studies focus on isolated parameters or
simplified racing vehicles. Therefore, further research is needed to conduct a systematic
CFD-based optimization of an F1 rear wing with the objective of improving downforce
while maintaining acceptable aerodynamic efficiency.

3. CFD Modeling and Aerodynamic Analysis
3.1. Geometric Model and Computational Domain

The geometric model of the Formula One rear wing was established as the basic
object for CFD simulation and aerodynamic analysis. The rear wing model primarily
consisted of a main plane, an upper flap, two side endplates, and simplified supporting
structures [12]. The main plane was designed as the primary load-generating element,
while the flap was positioned above and behind the main plane to increase flow turning
and enhance the pressure difference between the upper and lower surfaces. The endplates
were placed on both sides of the wing to reduce spanwise flow leakage and control vortex
generation at the wing tips. To reduce unnecessary computational complexity, small
structural details with limited influence on the global aerodynamic characteristics were
simplified, while the main aerodynamic surfaces were retained.

A three-dimensional computational domain was created around the rear wing to
simulate the external flow field. The domain was set large enough to avoid blockage
effects and ensure that the boundary conditions did not interfere with the near-wing flow
[13]. The inlet boundary was arranged upstream of the rear wing, and the outlet boundary
was located sufficiently far downstream to allow the wake region and vortex structures
to develop fully. The upper and side boundaries of the domain were defined as far-field
or symmetry-type boundaries to reduce artificial wall effects. The ground boundary was
treated as a moving wall with the same velocity as the incoming flow, so that the relative
motion between the racing car and the track could be more realistically represented. For
cases where only half of the model was calculated, a symmetry plane was used along the
vehicle centerline to reduce computational cost.

The boundary conditions were defined according to the typical high-speed operating
condition of a Formula One car. A uniform velocity inlet was applied at the front of the
computational domain, while a pressure outlet was applied at the rear. The wing surfaces
and endplates were defined as no-slip walls. The moving ground condition was used to
reproduce the road effect, which is important for evaluating the aerodynamic
performance of racing car components. These boundary settings allowed the simulation
to capture the pressure distribution, flow separation, wake development, and vortex
behavior around the rear wing [14].

The computational mesh was generated using an unstructured grid combined with
local refinement near the wing surfaces. Since the rear wing contains curved aerodynamic
surfaces, narrow gaps, and endplate regions where complex vortices may occur, local
mesh refinement was applied around the main plane, flap, flap gap, leading edge, trailing
edge, and endplate edges. Boundary layer mesh elements were also added near the wing
surface to improve the resolution of the near-wall flow [15]. A relatively coarser mesh was
used in the far-field region to reduce the total number of elements and improve
computational efficiency. Through this meshing strategy, the simulation could obtain
sufficient accuracy in the key aerodynamic regions while maintaining reasonable
computational cost.
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Overall, the geometric model and computational domain were designed to provide
areliable basis for evaluating the aerodynamic performance of the Formula One rear wing
[13]. The combination of simplified but representative geometry, appropriate boundary
conditions, and locally refined mesh made it possible to analyze the downforce generation
mechanism, drag characteristics, and flow-field behavior of the baseline rear wing model.

3.2. Governing Equations and Simulation Settings

The aerodynamic performance of the Formula One rear wing was simulated by
solving the steady, three-dimensional, incompressible turbulent flow field. The governing
equations include the continuity equation and the Navier--Stokes equations, which
describe the conservation of mass and momentum, respectively.

The continuity equation is expressed as:

V-u=0 1)

where u denotes the velocity vector [6, 10]. This equation ensures that mass is
conserved within the flow domain.

The momentum conservation is governed by the incompressible Navier--Stokes
equations:

p(u-V)u=—Vp + uv?u ()

where p is the fluid density, p is the pressure, and u is the dynamic viscosity [6,
10]. These equations describe the balance between inertial, pressure, and viscous forces
acting on the fluid.

Due to the highly turbulent nature of the flow around the rear wing---especially near
the endplates and in the wake region---a turbulence model is required to close the system
of equations. In this study, the Shear Stress Transport (SST) k-w turbulence model was
employed. This model combines the advantages of the k-w model in the near-wall region
with the robustness of the k-e model in the free stream, making it particularly suitable
for predicting flow separation and adverse pressure gradients.

The transport equations for turbulent kinetic energy k and specific dissipation rate
w are solved together with the governing equations, enabling accurate prediction of
boundary layer behavior and vortex structures [6].

For boundary condition settings, a uniform velocity inlet was applied at the upstream
boundary to represent high-speed racing conditions. The outlet boundary was defined as
a pressure outlet, allowing the flow to exit the computational domain smoothly. The
surfaces of the rear wing and endplates were treated as no-slip walls. The ground was
modeled as a moving wall with the same velocity as the incoming airflow to simulate
realistic road conditions. Symmetry boundary conditions were applied where applicable
to reduce computational cost.

The numerical solution was obtained using the finite volume method. Pressure--
velocity coupling was handled using the SIMPLE algorithm, and second-order
discretization schemes were adopted for both the momentum and turbulence equations
to enhance numerical accuracy.

Convergence was assessed using both residual and physical criteria. The residuals of
the governing equations were required to decrease below 107°, and the aerodynamic
coefficients were monitored to ensure that they reached stable values [14]. Only when
both residuals and force coefficients stabilized was the solution considered converged.

To evaluate the aerodynamic performance of the rear wing, the downforce coefficient
C, and drag coefficient C, were defined as:

C, = _;—pva 3)
__Fp
Co =0 )

where F; represents the downforce, F, is the drag force, V is the freestream
velocity, and A is the reference area.
The aerodynamic efficiency of the rear wing was evaluated using the lift-to-drag ratio:

=+ 5)

Cp
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A higher (; indicates stronger downforce generation, while a lower C, reflects
reduced aerodynamic resistance [11]. The ratio C,/C, serves as a key indicator of
aerodynamic efficiency, balancing cornering performance and straight-line speed.

These governing equations and simulation settings provide a rigorous and reliable
framework for analyzing the aerodynamic characteristics of the rear wing and form the
foundation for subsequent optimization studies [12].

4. Rear Wing Optimization and Results Discussion
4.1. Optimization Design of Rear Wing Parameters

To enhance the aerodynamic performance of the Formula One rear wing, a
parametric optimization strategy was implemented based on the CFD model established
in the previous section. The optimization focused on key geometric and aerodynamic
variables that have a dominant influence on downforce generation and drag
characteristics.

The primary optimization variables included the angle of attack (AoA), airfoil
camber, flap gap, and endplate geometry. The angle of attack of both the main plane and
the flap was adjusted to control the pressure distribution and flow deflection [15].
Increasing the AoA generally enhances downforce by intensifying the pressure difference
between the upper and lower surfaces; however, excessive AoA may lead to flow
separation and a rapid increase in drag. Therefore, AoA was treated as a sensitive variable
requiring careful tuning.

Airfoil camber was modified to further improve lift (downforce) characteristics. A
higher camber typically increases the curvature of the flow path, resulting in stronger
acceleration over the upper surface and lower pressure regions. However, excessive
camber may again induce early flow separation, especially under high-speed conditions.
Thus, moderate camber enhancement was considered in the optimization process [10].

The flap gap, defined as the distance between the main plane and the upper flap, was
also optimized. This parameter directly affects the interaction between multi-element
wing components. Proper gap sizing allows high-energy flow to pass through the slot, re-
energizing the boundary layer on the flap and delaying separation. Both overly small and
excessively large gaps can reduce aerodynamic efficiency, making this parameter critical
in multi-element wing design [6].

Endplate geometry was another important optimization variable. The shape and
curvature of the endplates were adjusted to reduce spanwise flow and suppress wingtip
vortices. By modifying the endplate contour and introducing smoother curvature
transitions, the strength of the trailing vortices could be reduced, thereby decreasing
induced drag and improving overall aerodynamic efficiency.

The optimization objective was defined as maximizing downforce while controlling
the increase in drag. In practical terms, this corresponds to maximizing the lift coefficient
C; under the constraint that the drag coefficient C, does not increase excessively [7].
Additionally, the lift-to-drag ratio C,/Cp, was used as a comprehensive performance
indicator to evaluate the aerodynamic efficiency of different configurations.

To systematically evaluate the effectiveness of the optimization, two main
configurations were defined: the baseline model and the optimized model. The baseline
model represents the initial rear wing geometry before parameter adjustments, serving as
a reference for comparison. The optimized model incorporates the improved parameter
values obtained through iterative CFD simulations [15].

The parameter adjustment process followed a structured logic. First, a sensitivity
analysis was conducted to identify the relative influence of each parameter on
aerodynamic performance. Parameters with the most significant impact—such as AoA
and flap gap—were prioritized in the early stages of optimization. Subsequently, a
stepwise adjustment strategy was adopted, where each parameter was varied within a
predefined range while keeping others constant, allowing for clear identification of its
individual effect.

75 Vol. 7 (2026)



Simen Owen Academic Proceedings Series

After identifying favorable parameter ranges, a combined optimization approach
was applied. Multiple parameters were adjusted simultaneously to capture their
interaction effects, which are particularly important in multi-element wing configurations.
Iterative simulations were conducted until an optimal balance between increased
downforce and controlled drag growth was achieved.

Through this systematic optimization design, the study establishes a clear framework
for improving rear wing aerodynamic performance, providing a solid basis for the
comparative analysis presented in the subsequent section.

4.2. Aerodynamic Performance Comparison and Flow Field Analysis

Based on the optimized rear wing parameters described in Section 4.1, a comparative
analysis was conducted between the baseline model and the optimized model to evaluate
aerodynamic performance improvements and underlying flow-field mechanisms.

First, the downforce performance was quantitatively compared. The optimized
model exhibited a clear increase in downforce coefficient C, relative to the baseline
configuration. This improvement can be attributed to the enhanced pressure difference
between the upper and lower surfaces of the rear wing. Specifically, the optimized angle
of attack and camber increased flow acceleration over the suction surface, resulting in a
larger low-pressure region. At the same time, the pressure on the pressure side remained
relatively high, leading to a stronger net aerodynamic force acting downward. This
increase in downforce directly contributes to improved tire grip, especially during high-
speed cornering.

In terms of drag characteristics, the optimized model showed a moderate increase in
drag coefficient Cp, which is expected due to the higher lift generation. However, the
growth in drag was effectively controlled within an acceptable range [6, 10]. The improved
endplate design and optimized flap gap helped reduce induced drag by weakening
spanwise flow and limiting vortex intensity. As a result, although drag increased slightly,
the overall aerodynamic efficiency, represented by the lift-to-drag ratio C;/Cp, improved
compared to the baseline model. This indicates that the optimization achieved a favorable
balance between downforce enhancement and drag penalty.

The pressure contour analysis further explains these performance changes [6]. For
the optimized model, a more pronounced low-pressure region was observed on the upper
surface of both the main plane and the flap, while the lower surface maintained relatively
higher pressure levels. The pressure distribution was also more uniform along the span,
indicating improved flow attachment and reduced localized separation. In contrast, the
baseline model showed weaker pressure gradients and some irregular pressure
distribution near the wing tips, suggesting less efficient aerodynamic loading.

Velocity streamline analysis provided additional insight into the flow behavior. In
the optimized configuration, the airflow remained more attached along the wing surfaces,
with smoother acceleration over the upper surface and more coherent flow structures. The
slot between the main plane and flap effectively guided high-energy flow onto the flap
surface, delaying boundary layer separation. In the baseline model, partial flow
separation and less organized streamlines were observed, particularly near the trailing
edge and flap region, which reduced aerodynamic effectiveness.

The analysis of wake and vortex structures revealed significant differences between
the two configurations [5, 8]. The optimized model exhibited weaker and more controlled
wingtip vortices due to the refined endplate geometry. The reduction in vortex strength
helped decrease induced drag and improve downstream flow stability. Additionally, the
wake region behind the optimized wing showed a more streamlined structure with
reduced turbulence intensity, which is beneficial for minimizing aerodynamic losses.

From a vehicle dynamics perspective, the improvements in aerodynamic
performance have direct implications for racing performance. The increased downforce
enhances tire-road contact, improving traction and stability, particularly in high-speed
corners. Meanwhile, the controlled drag increase ensures that straight-line speed is not
significantly compromised. Furthermore, the more stable and uniform flow field reduces
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aerodynamic fluctuations, contributing to better handling consistency and driver
confidence [13].

Overall, the optimized rear wing configuration demonstrates superior aerodynamic
characteristics compared to the baseline model. The combination of increased downforce,
controlled drag growth, improved pressure distribution, and more stable flow structures
confirms the effectiveness of the proposed optimization strategy. These results validate
the importance of multi-parameter aerodynamic design in achieving high-performance
Formula One rear wing configurations [11, 14].

5. Conclusion

This study systematically investigated the aerodynamic performance of a Formula
One rear wing using computational fluid dynamics (CFD), with a focus on enhancing
downforce while maintaining acceptable drag levels. A detailed geometric model and
computational domain were established, and the governing equations of incompressible
turbulent flow were solved using an appropriate turbulence model. Based on this
framework, key rear wing parameters, including angle of attack, airfoil camber, flap gap,
and endplate geometry, were selected for optimization, and a structured parametric
design strategy was implemented.

The results demonstrate that the optimized rear wing configuration achieves a
significant increase in downforce compared to the baseline model. This improvement is
primarily attributed to the enhanced pressure distribution and more effective flow control
over the wing surfaces. Although a moderate increase in drag was observed, it remained
within a controlled range, leading to an overall improvement in aerodynamic efficiency
as reflected by the lift-to-drag ratio. Flow-field analysis further confirmed that the
optimized design promotes better flow attachment, reduces separation, and weakens
vortex structures, thereby improving aerodynamic stability.

From a performance perspective, the increase in downforce directly contributes to
improved vehicle stability and tire grip, particularly under high-speed cornering
conditions. The optimized flow structures and reduced aerodynamic fluctuations also
enhance handling consistency, which is critical for Formula One racing performance.
These findings highlight the importance of multi-parameter rear wing optimization in
achieving a balance between aerodynamic loading and efficiency.

However, several limitations remain in this study. First, the analysis was conducted
on an isolated rear wing model, without considering the aerodynamic coupling effects
with other vehicle components such as the front wing, diffuser, and car body. Second, the
simulations were performed under steady-state conditions, which do not fully capture the
transient aerodynamic behavior experienced during real racing scenarios. Third, the
results were not validated against experimental data, such as wind tunnel measurements,
which may affect the reliability of the conclusions.

Future research should address these limitations by incorporating full-vehicle
aerodynamic coupling to better represent realistic flow interactions. Multi-objective
optimization techniques can be applied to simultaneously balance multiple performance
criteria, including downforce, drag, and flow stability. In addition, the integration of
artificial intelligence and machine learning methods may significantly improve
optimization efficiency and enable more advanced design exploration. Finally,
experimental validation through wind tunnel testing or track data is necessary to further
verify the accuracy and practical applicability of CFD-based aerodynamic optimization.

In summary, this study provides a comprehensive CFD-based framework for rear
wing aerodynamic analysis and optimization, offering valuable insights into improving
downforce and aerodynamic efficiency in Formula One racing applications.
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