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To what extent does aerodynamic wake turbulence from a
leading F1 car affect the speed and performance of a
following car?
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Abstract. It looks at how much movement there is of air coming from the back of a fast first car (Formula 1)
and how this affects the speed of the second car going behind the first one. By incorporating the findings
provided by Computational Fluid Dynamics (CFD) in combination with high-resolution telemetry of the 2023
F1 season, we evaluate the performance of varying distances followed for, and it's showing us really great and
opposite impact whose results are absolutely negative. To a great degree, closing the gap (0.5 sec or less)
brings about a considerable lap time penalty of 0.4-0.8 seconds, which is a strategic cost in a sport decided by
tenths: The overall penalty results from a striking performance divide—straights give the wake some benefit,
boosting terminal speed by 8-15 km/h via drag reduction. But however, this advantage is completely
overshadowed by a huge extent in corners due to the loss of downforce, which causes drivers to travel slower
by 8-15km/h in low-speed areas and make them to reduce braking point by 5-10m. An extremely high level of
aerodynamic disturbance that totally derails a car's balance and stability and causes unpredictable understeer
/overunder or increases tyre wear. Therefore, despite the wake affording proximity on straights, the negative
effects still limit the vehicles ability to corner and have control over the car. This means its fundamentally
limiting the ability of the car to overtake as well. Therefore, the study finds that the benefit is far less than the
loss and that there is a central performance tradeoff that still challenges engineers and strategy experts today in
modern Formula 1.
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1. Introduction

Formula One, regulated by the Fédération Internationale de I'Automobile, is the peak of single-seater racing.
1950, the championship's inaugural year, saw its start with a race held in Silverstone, England, and it has since
emerged as a global sports and technological spectacle. And by the year 2024, it was estimated that Formula 1s
fan base globally was about 750 million [1]. As of 2025 had risen to roughly 826.5 million, marking a 12%
year-on-year uptick [2]. As television still is the main way people watch racing on the average global audience
for a Grand Prix in 2021 was 70.3 million viewers [2]. The same for live attendance: it's also on the rise—6.5
million people (over) attended Formula 1 races on-site in 2024 according to Nielsen data [2]. Championship
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marries outright speed with that of driver craft and engineering exactitude, securing its status as motorsports'
apex. And every season holds Grands Prix on various continents, and the teams, usually known as
manufacturers, must build and create their car from the technical rules.

F1's a battle of both engineering savvy and racing skill, and for decades it's brought new tech right to the
road.

New aerodynamics rules and hybrid powertrains are meant to reduce emissions and improve energy use, so
both race cars and road cars will become better at running cleanly. The move to carbon neutrality has also got
teams thinking about how best to produce, store and recover energy too. Aerodynamics is still one of the key
disciplines in Formula 1, since the flow of air around the car determines how much it can slash through the
atmosphere—and how much downforce it can generate travelling at great pace.

Turbulence is at the heart of the discussion now. F1 car trailing wake hurts all cars behind since it messes
with the air flowing around their wings and bodies. As this aerodynamic disturbance creates an ever tighter
window for a driver to overtake, designers need to understand it. It's about how an F1 car acts aecrodynamically
as it enters the wake. By measurement we have noticed the lead car wakes the follow car and cuts it's down
force but increases drag, instantly slowing its accelerating, braking and cornering ability [3].

Still rework turbulences in the air movement. Front wings, rear wings, end plates and noses get new
designs. Each one is chasing a more even hand through the corners and less drag. Turbulence and
Aerodynamics studies have formed Materials Engineering, Safety Structures, and Data Analysis as well. Wind
tunnels and CFD models got shrewder, making it possible for teams to fine-tune each panel of the cars. As a
consequence, Formula One is still linked with pure racing along with scientific progress. It shows how
engineering vision, data, and results evolve together into the next generation of fast designs.

If we're going to make a case for how this study needs to be done, we're gonna gotta look at what's been
done. Despite many studies on Formula 1 aerodynamics, there has been little systematic analysis of the newest
aero packages. Most previous studies come back to old geometries, or work on individual components, so they
usually fail to tell us how the full car performs with the rules as currently written. Wind-tunnel checks of CFD
forecasts are typically patchy too: The work requires energy, and has a significant environmental price; the
outcome can get noisy. We do no have cfd model that need a calibration itself.

As more research is done on the issue of the proper balance of downforce and drag, it starts to become
more clear that getting the right aerodynamics for a formula 1 cars will give you major gains in cornering and
total performance through better control of air flow over critical surfaces [4]. In this paper I ask how much
slower the wake is for a follow F1 car due to a leading F1 car.

1.1. Formula one as a global and technological phenomenon

Formula One, under the wing of the FIA, stands at the pinnacle of single-seater competition. It was in 1950
that the championship kicked off—a grand prix at Silverstone, England—and it's now a worldwide celebration
of sport and tech. By 2024, Formula 1 had an estimated global fanbase of around 750 million people [1] .
Television is still the dominant means for watching: in 2021, the global viewing per Grand Prix averaged 70.3
million [2]. Live attendance has increased as well—over 6.5 million people were at events during the 2024
season according to Nielsen data [2]. The audience's increased speed of growth means that the success or
failure of competitive on-track racing is all the more essential. An aerodynamic wake is closely linked to close
following, therefore the wake will have a direct influence also on overtaking which is also part of the racing
spectacle itself as it cannot be excluded from engineering performance. The champ mixes flat out acceleration
with driving dexterity and engineer expertise, so it's considered the top of motor racing. Each season hosts
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Grands Prix on different continents, and each team—usually called a manufacturer—has to build its cars,
which follow a very strict set of technical regulations.

1.1.1. Formula one as an engineering-driven sport

New aerodynamics rules and hybrid power trains are all for cutting off emissions while also making vehicles
more efficient by lifting energy usage so that everything from racing machines to every day road cars get
cleaner. and this push to hit carbon neutral too leads teams on a rethink about how do we build make store
recycling energy Aerodynamics is still one of the biggest departments in Formula 1, since air has a tendency to
flow one way on the car and not another, determining if the car slices through the air with efficiency and how
much down force is generated at high speed.

1.1.2. Sustainability, regulation and aerodynamic importance

The new aerodynamic rules and the use of the hybrid power units are all part of an effort to cut off the
emissions and also to make the cars work for more and more efficiently, and to lift what they have already
been using, which means that it's not just racers but everyday road cars as well. This push to be carbon neutral
has also led the teams to really go back and think, "How do I make, how do I make, how do I store, how do |
recycle energy?" Aerodynamics have always been a big department in F1 because air has a mind of its own
and it doesn't just like to flow over your car in one direction, it will try and go one way at certain parts and the
opposite at other things. It's the ability to slice through the air in order to move faster.

1.2. Aerodynamic wake turbulence in formula one

And now we have turbulence at the center of the whole discussion. The F1 cars' wake affects airflow over any
car's wings and body and behind the car which leads their lower performance. Since this aerodynamic
disturbance closes off the window for overtaking, those who are designing must understand it. The paper looks
at how an F1 car acts acrodynamically when entering into wake of another Measurement showed that the
leading car's wake cuts the follower's downforce while also increasing its drag immediately reducing its
acceleration, braking, and cornering performance [3].

1.2.1. Technological and research implications of turbulence

Research into turbulent airflow is going on all over with new tech and trying different front wings, back wings,
end plates and nose cones. Each seeks a steadier feel through corners, some drag. Turbulence is being studied
in Aerodynamics, it's influencing the study of materials Engineering, safety structures, and data analysis as
well. teams have sharpened wind -tunnel tech and Cfd models to polish each car panel. So, F1 still attaches
purity around racing and science, showing how engineering wisdom, data, and speed move ahead together to
shape the next generation of fast design.

1.2.2. Gaps in existing aerodynamic research

In order to justify the need for this study it is important to think about the limits in the present research Though
many works have looked at Formula 1 aerodynamics, studies on the latest aero packages are few and far
between. Most studies revisit earlier ones or just focus on a single component, so they don't really show us
how the full car acts under the current rules. Using wind tunnels to verify CFD predictions is usually hit-and-
miss; it takes heaps of energy, carries an expensive environmental toll, and gives you pretty noisy results. and
we have no way to calibrate the CFD models themselves, which are what requires calibration.

1.3. Research aim and structure

There is current research that keeps looking for the right amount of force pushing down and wind pushing
against a car, showing that making the air flow better around all the important parts of a F1 race car can make
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it much faster and harder for other cars to pass you when you go around corners [4]. This paper seeks to find
out how much a wake created by the front F1 car slows down the rear one.

2. Literature review

2.1. Structure and main components of an F1 car

A Formula 1 car is a complex machine, so you must learn the main assemblies that make it up and the job they
do. An F1 car contains a carbon fibre monocoque, a HYBRID powerunit, Aerodynamic parts, suspension,
tires, electronics and Control modules. There's also specialist Safety equipment. Suspension keeps wheels
hooked to the monocoque in such a way that wheel motion is guided precisely enough to give the car a stable,
responsive, and tyre-friendly feel in all track conditions.rotection for the drivers. According to Rennon, J. and
Race Sundays, it makes up most of the car's overall structure, weighing in at around 145-150 kg. With the
driver aboard, the entire vehicle should be approximately 798 kg. Power unit is 1.6 L turbocharged V6 with
Energy Recovery System; power output exceeds 1,000 hp. As show in Figure 1, acrodynamic elements—front
and rear wings, floor, diffuser and ancillar y spoilers—manage the air so as to create downforce and reduce
drag. Electrons control the telemetry, power deployment, with drivers balancing inputs of speed versus
dependability as seen in the Hallo (friendly safety feature like absorbing an impact). Protection for the fire is
provided via fireproofing material around driver performance. Taken together these mechanical, acrodynamic
and electronic systems show why an F1 car is so sensitive to any gust and whirl, it sets out what happens when
air flow and turbulence have influence.
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Figure 1. Primary structure and aerodynamic components of a modern Formula 1 car

2.2. Key aerodynamic elements: front wing, rear wing, and diffuser

2.2.1. Front wing
To learn from there that what is the main aerodynamic aspect, to see exactly how is the turbulence forms
behind the car, how changes the car performance, like that. As shown in Figure 2 and Figure 3, the front wing
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points up and so pushes the incoming air around it; the pressure goes up on top of the wing and down
underneath and this difference of pressure gives a force which presses the car hard against the road. At the tips
where the high-pressure zone meets the low-pressure zone, the stream rolls back up [3]. Mechanical studies
show that the unstable parts of the wake—vortex-break regions just behind the wing's trailing edge—can
generate transient drag fluctuations that are much higher than those seen in downforce; a poorly organised
wake thus results in bigger drag oscillations. As Newbon, Sims-Williams & Dominy [5] demonstrated in wind-
tunnel studies, a lead car that carries heavier rear-wing load will lessen the front-wing deficit of its follower.
They ran a parametric sweep, showing this car still has front end downforce and erodes it, corner entry balance
and stability, and the rate is actually inverted as the leader's rear wing gets stronger.
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Figure 2. AMR22 front wing cross-section at maximum wing angle [6]
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Figure 3. Alfa Romeo C42 rear wing design and sponsor integration [6]
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2.2.2. Rear wing

The rear wing supplies rear-axle downforce, anchoring the car through fast bends and heavy braking. Its
profile and frequency also make the wake, and those big, turbulent flows are going to mess with anyone right
behind it. As show in Figure 4, the work is based around a 2017 spec F1 car and compares the CFD runs for
clean air and in a wake. Cornering in disturbed flow damages the front wing and floor most by cutting load,
the rear wing is affected by the wake as well but less so. So mechanical, acrodynamic and on-track stuff get all
tangled up, which is why being just right at every single little thing continues to be really important for
Formula One racing.
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Figure 4. F1 rear wing airflow and downforce generation [7]

2.2.3. Diffuser

As show in Figure 5, situated at the rear underbody, the diffuser accelerates the under-floor flow, dropping
local pressure to add downforce. Pressure gradients add a touch more drag, yet careful contouring keeps the
penalty small so that grip rises without materially hurting straight-line speed. Mechanical, aerodynamic and
on-track variables thus intertwine, showing why precise engineering and sharp strategy remain decisive in
Formula One.

Figure 5. Red Bull RB20 rear aerodynamic component detail [8]



