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Abstract

This review paper synthesizes academic and industry literature to explore the critical role of
vortex dynamics in modern Formula 1 (F1) car aerodynamics. It moves beyond a conventional
downforce-versus-drag analysis to a nuanced examination of how F1 teams generate,
manipulate, and harness complex vortical structures to enhance performance. The paper covers
the foundational principles of downforce generation, the strategic use of vortices by key
aerodynamic components (front wings, underbodies, sidepods), and the advanced
computational tools (CFD, machine learning, PINNs) used for analysis. It concludes by
discussing the inherent trade-offs and future directions, including the advent of active
aerodynamics and the potential for smart materials, in the continuous quest for competitive
advantage within a tightly regulated environment.
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1. Introduction
1.1. Background and Motivation

Aerodynamics stands as a central pillar of Formula 1 performance, widely recognized as a
critical factor in determining a car's speed, stability, and safety. At its core, the discipline is
concerned with the intricate interaction between the car's surfaces and the air it moves through
at high speeds. The pursuit of aerodynamic efficiency, defined as the ratio of downforce to drag,
is the most effective way for a team to significantly improve a car's performance during a
season, as the minimum weight is fixed by regulations [2]. A marginal gain of just 0.01 in
aerodynamic efficiency can yield a lap time improvement comparable to a 10 kilogram weight
reduction, underscoring the immense value placed on this area of development [2].

The history of the sport is a testament to this relentless pursuit. From the rudimentary,
drag-reducing bodywork of the 1950s and 1960s to the revolutionary ground effect cars of the
1970s, car design has been continuously shaped by a deeper understanding of fluid dynamics.
This evolution has created some of the most intricate and sophisticated vehicle designs in F1
history, as engineers push the boundaries of what is possible within the sport's constantly
changing regulatory framework.

1.2. The Centrality of Vorticity

While downforce is the primary objective of F1 aerodynamics, its generation is inextricably
linked to the creation and control of vortices. Vortices, or rotating spirals of air, are a vital and
powerful tool in the aerodynamicist’s arsenal, yet their proliferation around the car creates a
system of immense complexity [3]. The understanding of these structures has evolved from a
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simple aim to mitigate their drag-inducing effects to a strategic effort to generate and harness
them for specific performance benefits [3].

The core argument of this paper is that the limits of F1 car aerodynamics are not merely defined
by the trade-off between downforce and drag, but rather by the sophisticated, second-order
control of vortical flows. This paper will demonstrate how F1 teams have moved beyond
minimizing the negative effects of vortices to accepting a localized drag penalty in one area to
achieve a far greater performance advantage for the car as a whole. This shift in design
philosophy is central to modern F1.

1.3. Scope of the Review

This paper provides a comprehensive, graduate-level review of the subject, focusing on the
intricate world of vortex dynamics in F1 car design. It will examine the foundational principles of
downforce and drag, the specific mechanisms of vortex generation and manipulation by different
car components, the advanced computational tools used for analysis, and the future evolution of
active aerodynamic systems. The analysis is grounded in a synthesis of academic research and
professional industry perspectives to provide a holistic understanding of this complex topic.

1.4. Structure of the Paper

The paper is structured to first ground the reader in fundamental aerodynamic principles, then to
delve into the application of these principles through a detailed examination of vortex dynamics
on specific car components. Following this, it will discuss the advanced tools used by engineers
to analyze and optimize these flows. The report concludes with a look at the future of the sport,
including the move to active aerodynamics and the potential for new technologies to redefine
the limits of performance.

2. Foundational Aerodynamic Principles
2.1. Downforce, Drag, and the Ground Effect

The fundamental aerodynamic forces at play on an F1 car are downforce and drag [4]. Drag is
the force that opposes motion, while downforce, or negative lift, is the downward force that
pushes the car into the track, increasing its grip and cornering speed. These forces are a direct
result of the car's interaction with the surrounding airflow, with the design of an F1 car
incorporating principles such as Bernoulli's theorem, the Venturi effect, and the ground effect [4].

Bernoulli's principle states that as the velocity of a moving fluid increases, its pressure
decreases. The Venturi effect, a direct result of this principle, describes how a fluid's speed
increases and its pressure drops when it flows through a narrowed section [1]. F1 cars exploit
these effects to produce a significant amount of downforce through a phenomenon known as
the ground effect. This occurs as air is accelerated between the car's underbody and the track,
creating a low-pressure area that effectively sucks the car to the ground, increasing traction for
higher cornering speeds [4]. The floor is the most significant contributor to overall downforce, a
principle that has been at the forefront of the sport's design since the 2022 regulatory changes

[1].
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Fig 1: “Lotus Model 79 wing-profile” Credit: Wikidata

2.2. The Interplay of Aerodynamic Surfaces

An F1 car is not a collection of independent aerodynamic devices but rather an intricate,
integrated system where the airflow conditioned by one component directly influences the
performance of the next [6]. The front wing, for example, is the first part of the car to interact
with the high-speed air and serves a dual purpose: it generates a substantial amount of
downforce on its own and acts as the primary flow conditioner for the rest of the car [4].

By manipulating the angle of attack and the geometry of its various flaps and endplates, the
front wing directs airflow to critical downstream areas, including the sidepod intakes for engine
cooling and the underbody for ground effect generation [4]. Similarly, the rear wing's
performance is not isolated; it is inextricably linked to the airflow from the underbody and
diffuser, with the car's overall aerodynamic balance being a delicate interaction between front
and rear surfaces [8].

2.3. The Problem of Turbulent Air

A major challenge in F1 aerodynamics is the wake created by a car, commonly known as "dirty
air" [10]. This wake is a highly turbulent, low-pressure, and low-energy region of air that severely
compromises the performance of a following car by disrupting the smooth, consistent airflow
required by its aerodynamic surfaces [10]. The effects of dirty air are particularly pronounced in
corners, where downforce is most crucial, leading to a loss of grip, a disruption of the car's aero
balance, and potential cooling issues [10]. Experimental studies have quantified this
phenomenon, showing that a car following another can lose up to 50% of its downforce, making
overtaking extremely difficult and leading to so-called "DRS trains" [10].

The evolution of F1 aerodynamics and its regulatory landscape is a continuous feedback loop
between performance optimization, safety concerns, and the pursuit of competitive racing. The
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2022 regulations were a direct response to this issue, aiming to make racing more competitive
by simplifying the front wing and sculpting the underbody to produce a less disruptive wake.
This design was intended to allow following cars to retain up to 90% of their downforce, a
significant improvement over previous generations. This change demonstrates an iterative
engineering and regulatory process. The limitation of one era's performance, which was heavily
reliant on intricate wings and produced massive turbulent wakes, was addressed by returning to
a previously limited concept—the ground effect—with a more sophisticated understanding of
fluid dynamics and vortex control.

The following table provides a macro-level view of this historical interplay between technology
and regulation, illustrating how the sport’s evolution has been defined by a constant struggle to
balance innovation with safety and spectator experience.

Fig 2: “Computational Fluid Dynamics (CFD) simulation of a car” Credit: Wikidata

Table 1: Historical Aerodynamic Evolution and Regulatory Impact

Era Key Primary Dominant Performan Subseque
Regulation | Aerodyna Vortex ce nt
mic Dynamics Outcome Regulatory
Devices Response
1950s-196 | Minimal Streamline Minimal, Reduced Introductio
Os regulation d incidental drag, but n of wings
little for
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bodywork vortices downforce downforce
Late Inadequat Wings and Trailing Increased FIA bans
1960s-197 | ely tested spoilers vortices grip and highly
Os wing from wings | cornering mounted
designs speeds rear wings
for safety
Late Ground Underbody | Venturi Massive FIA bans
1970s-198 effect tunnels, effect, downforce, | side skirts
Os predomina | sliding underbody | extreme and
nt skirts sealing cornering mandates
vortices speeds flat
underbody
for safety
2009-2021 | Com 2lgn
- plex, Front Y250 2022
multi-elem wings, vortex, go;/vnforce, regulations
ent wings bargeboar outwash c;J rtse\{e're to simplify
ds, floor vortices : b}; air wings and
girf?icuel?m reintroduc
. e sculpted
?vertaklng underbody
2022+ Ground Sculpted Underfloor Less Planned
effect underbody, | sealing disruptive introductio
reintroduc simpler vortices, wake, n of active
ed with front wing revised closer aerodyna
sculpted wheel racing mics in
floor wake 2026 to
managem further
ent optimize
performan
ce

3. Vortex Dynamics: Generation and Strategic Manipulation

3.1. The Genesis of Vortices

Vortices are generated by a pressure differential, which is a key principle of all

downforce-producing surfaces [3]. When high-pressure air interacts with low-pressure air, it
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naturally seeks to equalize, often curling around a sharp edge to create a rotating spiral of air
[8]. While these structures were historically viewed as a negative side effect that contributes to
induced drag, F1 teams now actively generate and control vortices for specific, beneficial
purposes [2]. The evolution of F1 aerodynamic philosophy can be seen as a fundamental shift
from a "mitigation mindset" to a "harnessing mindset" when it comes to vortex dynamics.

3.2. Front Wing: The Primary Vortex Generator

The front wing is arguably the most important aerodynamic component on the car. Its function is
not only to generate downforce but, more importantly, to strategically condition the airflow for the
rest of the car [5]. It is the only downforce-generating device exposed to undisturbed, or "clean,"
air [4].

3.2.1. Wing-Tip Vortices and Outwash

As the high-pressure air on the upper surface of the front wing meets the low-pressure air on the
lower surface at the wing's tip, it rolls up to form powerful vortices [8]. These vortices are not a
mere side effect; they are meticulously controlled to create a phenomenon known as "outwash"
[2]. Outwash is a deliberate outward-flowing vortex system designed to push the turbulent
wakes from the spinning front wheels away from the car's bodywork [1]. By guiding this
destructive air outboard, the car ensures that clean, high-energy air can flow into the sidepod
intakes for cooling and, most crucially, remain undisturbed as it travels towards the underbody,
where a maijority of the downforce is generated [5].

Fig 3: “Aerodynamic airflow around a Formula 1 car” Credit: Motorsport Technology

3.2.2. The Y250 Vortex

A historically significant example of controlled vortex generation is the Y250 vortex [3]. In
previous generations of F1 cars, a neutral middle section of the front wing, mandated by
regulations, transitioned to a more aggressive, downforce-producing outboard section [3]. This
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transition created a powerful vortex 250 millimeters either side of the car’s centerline [6]. This
vortex served as an "aerodynamic skirt," creating a low-pressure barrier that sealed the
underbody and prevented high-pressure air from entering at the sides [6]. This sealing effect
significantly increased the efficiency of the underfloor and the amount of downforce it could
produce, demonstrating a fundamental design philosophy: accepting a small drag penalty from
the vortex itself to enable a massive performance gain for the car as a whole [3]. The Y250
vortex, now eliminated by the 2022 regulations, was a prime example of using controlled
turbulence to manage the flow of "clean" and "dirty" air around the car [3].
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Fig 4: “Wingtip vortices and downwash/upwash associated with an aircraft wing” Credit: Aviation

Stack Exchange

3.3. Underbody, Sidepods, and Bargeboards

The F1 car's midsection has also been a battleground for vortex manipulation. In the past,
complex "bargeboards" were used as large-scale vortex generators, acting as vertical panels to
manage the turbulent air from the front wheels and guide it smoothly into the sidepods [3]. They
were designed to create vortices that would merge and energize the airflow, feeding it into the
underfloor to enhance downforce [3].

Under the current regulations, floor-edge vortices, generated along the edges of the underbody,
are a critical component for "sealing" the floor and maximizing the ground effect [3]. These
vortices prevent high-pressure air from leaking into the low-pressure underbody, ensuring the
car's suction effect remains as potent as possible [12].

3.4. The Rear Wing and the Wake

The rear wing, like its front counterpart, generates vortices at its tips due to the pressure
differential [3]. These trailing vortices, visible in humid conditions, are a source of drag and are
meticulously managed by the design of the endplates [3]. Some endplates are even designed to
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create an opposing vortex to weaken the main one, thereby reducing drag [15]. The rear wing’s
performance is also tightly coupled with the underbody and diffuser, as its position and design
directly influence the airflow that the diffuser uses to exit the car and create downforce [9].

3.5. Tyre Wake: An Unavoidable Challenge

Fig 5: “Formula 1 cars on a race track” Credit: Motorsport

The spinning, open-wheel design of an F1 car creates a highly turbulent wake, dominated by a
pair of strong, counter-rotating vortices [7]. This "tyre squirt" is one of the largest sources of drag
on the car.* Managing this destructive airflow is a constant challenge for aerodynamicists, and
the front wing's outwash is a key design feature dedicated to deflecting this wake away from the
car's central body and sensitive underbody [2].

The sheer number and complexity of vortices around an F1 car can be bewildering [3]. The
following table organizes this complexity, providing a structured summary that reinforces the
point that every major aerodynamic component is designed with the strategic manipulation of

vortices in mind.

Table 2: Aerodynamic Components and Associated Vortices

Outwash

Component Key Vortices Primary Function Impact on
of Vortex Performance
Front Wing Wing-Tip Vortex, Push turbulent Ensures clean,

front wheel wakes
away from the car

high-energy air
reaches the rest
of the car,
increasing
downforce and




ﬁ Research Archive of
«C>» Rising Scholars (preprint)

Where bright minds share their learnings

cooling
Old Front Wing Y250 Vortex Create an Seals the
(pre-2022) "aerodynamic underbody,
skirt" significantly

increasing floor
efficiency and

downforce
Underbody/Floor | Floor-Edge Vortex | Seal the Prevents
underbody high-pressure air

from entering
under the car,
maximizing

ground effect

Sidepods/Bargeb
oards

Large-Scale
Vortex Generators

Condition airflow
and energize the
boundary layer

Manages dirty air
from front wheels
and enhances
underfloor
downforce

Rear Wing Trailing Vortices N/A (Vortices are Endplates and
a necessary other devices are
drag-inducing used to weaken
consequence) them and reduce
drag
Tyres Tyre Squirt Vortex | N/A (Vortices are Creates a highly

a primary source
of drag)

turbulent wake
that must be
actively managed
by other
components to
prevent downforce
loss

4. Tools and Techniques for Vortex Analysis and Optimization

4.1. The Role of Computational Fluid Dynamics (CFD)
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Computational Fluid Dynamics (CFD) has become the primary tool for F1 teams to simulate
airflow, predict aerodynamic performance, and optimize car geometry [1]. The process is highly
complex, involving the creation of a three-dimensional model of the car and its environment,
followed by the generation of a fine mesh of discrete cells around its surfaces [17]. A powerful
solver then applies and solves the partial differential Navier-Stokes equations for each cell to
simulate fluid flow, pressure, and temperature [17]. This iterative process, which can take
between 8 to 24 hours per configuration, allows engineers to explore thousands of design
concepts in a virtual environment, significantly reducing a team's dependence on expensive and
time-consuming wind tunnel tests [1].

Fig 6: “Computational Fluid Dynamics (CFD) being applied to an F1 car” Credit: HIDALGO2

4.2. Vortex Detection and Visualization

A significant challenge within CFD is the accurate modeling and detection of vortices. Traditional
vortex identification methods, such as the Q-criterion or swirling strength, can be prone to
inaccuracies, including the detection of "spurious" vortices, and often require flow-specific
calibration [21]. This has led to the development of more robust, computer vision-based
methods that use convolutional neural networks to reliably detect and track vortex structures
from flow visualization data [21]. The ability to accurately identify and manage these vortical
structures is critical for competitive car design, as it allows engineers to ensure that the vortices
remain intact and serve their intended purpose [23].

4.3. The Rise of Machine Learning in Aerodynamics

The adoption of advanced machine learning (ML) and artificial intelligence (Al) in F1 is a direct
and creative response to financial and regulatory pressure [19]. In recent years, the FIA has
imposed strict budget caps and limited wind tunnel hours, creating a significant bottleneck for
teams that need to explore a vast number of design configurations to find a competitive
advantage [19].

This pressure has forced teams to innovate their methods rather than just their designs. ML
models, such as Multilayer Perceptrons (MLPs), are now being used as "surrogates" to predict
aerodynamic coefficients with high accuracy and a fraction of the computational time and cost of
a full CFD simulation [19].

10
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A key emerging field is Physics-Informed Neural Networks (PINNs). These advanced models
address the limitations of purely data-driven ML models, which can sometimes produce
inconsistent results outside their training dataset [19]. PINNs integrate CFD simulation data with
the fundamental Navier-Stokes equations through a hybrid loss function that constrains the
model to adhere to physical principles [19]. This approach ensures that predictions are not only
accurate but also physically sound, even with limited datasets, offering a feasible and
resource-saving avenue for design analysis within the sport's regulatory and budgetary
constraints [19]. The future of performance enhancement is tied to a team’s ability to innovate
within these non-physical constraints, with Al becoming the principal tool for doing so.

5. Conclusion: Towards the Next Frontier
5.1. Synthesis of Findings

This review has shown that F1 aerodynamics has evolved from a discipline of bulk downforce
generation to a meticulous science of vortex manipulation. The shift from a passive,
drag-mitigation mindset to an active, performance-harnessing philosophy is the central theme of
modern F1 aero. The strategic generation and management of vortices by components like the
front wing and underbody are no longer secondary effects but are central to sealing the floor
and conditioning airflow for maximum efficiency.

This continuous process of innovation and refinement demonstrates that the "limits" of F1 car
aerodynamics are not fixed. They are continually redefined by a sophisticated, dynamic
manipulation of fluid mechanics and are constrained not only by physical principles but also by
economic and regulatory factors.

5.2. The Future of Active Aerodynamics

The upcoming 2026 regulations will fundamentally change the downforce-drag relationship by
introducing full active aerodynamics [24]. This system, which will move both the front and rear
wings, will allow for two primary modes: a high-downforce "Z-Mode" for corners and a low-drag
"X-Mode" for straights [24]. This is a significant evolution from the singular Drag Reduction
System (DRS), which only reduced drag on the rear wing to aid in overtaking [25]. The new
system will allow for continuous, on-the-fly optimization of the car's entire vortex-generating
system, blurring the line between chassis and aerodynamics [24]. This move is a fundamental,
proactive design philosophy, a departure from past reactive regulations that banned a design
after it proved to be too dangerous or detrimental to racing [1]. Instead of trying to legislate a
static wing that does a little bit of everything well, the FIA has embraced the idea that the car
must adapt to each driving condition. This will redefine the physical limits of the sport by
enabling a perfect balance of downforce and drag at all times.

11
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Fig 7: “ Concept Design for the 2026 Formula 1 car” Credit: Formula 1

5.3. Beyond Traditional Aero: Adaptive Materials

While not explicitly confirmed for F1, a logical next step in this evolution is the application of
advanced materials from the aerospace industry. The field is actively exploring "morphing

wings" and adaptive surfaces using Shape Memory Alloys (SMAs) [27]. These smart materials,
such as nickel-titanium alloys, can change shape in response to thermal activation, acting as
lightweight actuators to alter a wing's camber or angle of attack without the need for bulky
hydraulic or mechanical systems []. The potential for these technologies to provide seamless,

continuous adjustments to downforce and drag on F1 wings could further push the physical
limits of aerodynamic performance, creating a truly responsive and integrated car design.
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