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Abstract

This work aims towards providing a review of the literature tied to
modeling aerodynamics of an FSAE car, from Computational Fluid
Dynamics (CFD) theory to experimental methodologies. It is part of
a Master’s thesis on FSAE cornering aerodynamics, as are references
FETS-2025-02 [1] and FETS-2025-03 [2].

Introduction

Averaging 240 hours of Wind Tunnel testing and dozens of Mega Allo-
cation Unit hours (MAUh) of CFD computations, F1 aerodynamics en-
gineers embody the pinnacle of aerodynamics in motorsport with open-
wheel prototypes reaching speeds upwards of 300km/h and lateral ac-
celerations of 5 to 6 Gs. However, these performances could only be
reached because of the decades of intensive research and engineer-
ing in fluid mechanics, starting in the years 1820 with Claude-Louis
Navier and Georges Gabriel Stokes and the creation of the Navier-
Stokes equations, diverging from the first time from the Euler inviscid
fluid model.

This paper will review, in a logical order, every theory and paper rele-
vant to our end goal of modeling and simulating the aerodynamics of a
FSAE prototype in straight line and cornering situation.

Literature Review

Fluid Mechanics Historical Theories

In 1738, Daniel Bernoulli formulates the Bernoulli principle in Hy-
drodynamica [3], a key relation in modern aerospace and ground ve-
hicle aerodynamics stating that, along a streamline of an ideal fluid
p + 1

2
ρv2 + ρgz = cst. This principle also lays the fundamental

hypotheses behind the Venturi effect, and ground effect commonly re-
ferred to in modern high aerodynamic motorsport.

In 1756, Leonhard Euler completes Bernoulli’s work by deriving the
Euler equations — the differential form of momentum conservation
for an inviscid fluid [4] — together with continuity. The modern Euler
model is characterized by the following equation :

ρ

(
∂u

∂t
+ (u · ∇)u

)
= −∇p+ ρg

By the mid 18th century, the existence of both a continuity of mass
equation and the momentum of balance for perfect fluids laid the
ground for modern fluid mechanics. To this day, the Euler model is
useful for first approximations in aerospace and research application,
and is well adapted for computational fluid dynamics.

However, this model was questioned by Jean le Rond d’Alembert in
1752, highlighting the differences between model and experimental
data. In particular, following Euler’s equation would lead to physi-
cally absurd results such as zero drag on a body. [5] The D’Alembert
paradox proves the existence of a missing component in fluid mechan-
ics, later discovered as viscosity by joint work between Poiseuille and
Hagen in the late 1830s. Poiseuille and Hagen confirmed the exis-
tence and influence of viscosity in real flows, developing the Hagen-
Poiseuille law linking pressure drop to viscosity in laminar pipe flows.
[6] Stokes later proved that the Hagen-Poiseuille is an exact solution
of the Navier–Stokes equations for axisymmetric, fully developed, in-
compressible flow in a circular tube, highlighting Hagen-Poiseuille as
the first modern viscous flow formulation.

Unfortunately, this law only applies for very specific conditions (pipe
flow, low-Re) and would benefit from a generalization for flows inter-
acting with solids at higher Reynolds, typically for aeronautical appli-
cations. Prandtl’s 1904 research [7] theorizes the necessary elements to
lay the foundations of boundary layer works by remarking the effects of
friction only apply to a thin layer adjacent to the solid’s surface. Within
that thin layer are confined great viscous stresses and velocity gradients
while the outer region of the flow roughly behaves as the Euler inviscid
formulation predicts. This discovery solved the D’Alembert paradox
[5] by tying the experimental rise in drag to viscous shear and separa-
tion processes within the boundary layer of the studied object.

The first viscous equations of motion were established by Claude-
Louis Navier in two of his thesis in 1822 and 1823 [8] where he mod-
ifies the Euler formulation to include viscosity, trying to derive the
extra terms from a simpler molecular attraction model. In this paper
he assumes a newtonian relation between stress and velocity gradients
which ultimately leads to the first formulation of the modern Navier-
Stokes equations, although historical work (particularly from Darrigol
[9, 10]) highlights a severe lack of rigor, jumping from a molecular as-
sumption to continuum Partial Derivative Equations (PDEs) describing
macroscopic stress-strain relations. Navier’s successors (Cauchy, Pois-
son, Saint-Venant and ultimately Stokes) judged that his work lacked
too much intermediate steps to be properly considered, despite the
novel formulation.

Based on Cauchy’s mathematical toolbox including a stress tensor
formulation [11], being a general way of representing stress in a
deformable medium and momentum balance for a continuum, and
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Newton’s second law of motion, Stokes was able to further improve
Navier’s work in the 1840s with his paper ”On the theories of the in-
ternal friction of fluids in motion” [12]. Stokes particularly used con-
tinuum arguments instead of molecular models to derive the form of
viscous stress tensors for an isotropic Newtonian fluid and inserted it
into Cauchy’s general momentum balance to obtain the modern form
of the Navier-Stokes equations. He also theorizes the need for different
boundary conditions, like the no-slip wall condition to conform these
equation to Prandtl’s research.

Using Einstein’s index formatting, the modern Navier-Stokes equa-
tions are defined as :

ρ
Du

Dt
= ρ

(
∂u

∂t
+ (u · ∇)u

)
= −∇̃p︸ ︷︷ ︸

Pressure

+−ρ̃g︸ ︷︷ ︸
Gravity

+−∇̃ · τ︸ ︷︷ ︸
Viscosity

Subsequent research work of Blasius [13] and Von Karman [14] intro-
duced similar solutions and integral formulations for laminar bound-
ary layers while suggesting empirical laws based on friction-factor
correlations for turbulent boundary layers modeling, all correlated to
the Navier-Stokes formulation. This research on specific solutions,
whether they’re for internal or external, laminar or turbulent flows and
empirical laws being scattered across countries and journals, Schlicht-
ing offered a synthesis of boundary layer theories into an unified theory
[15] that lays the ground for all modern applications of wall-bounded
flows research since its publication in 1979.

Fundamentals of Turbulence

After the Navier-Stokes equations were universally adopted as the most
general formula to predict fluid flows, research shifted towards turbu-
lent flows and turbulence modeling. Essentially, if the Navier-Stokes
equations describe exactly the behavior of fluids, their complexity
make it very difficult, if not impossible, to solve them for complex,
high-Re, compressible or even transsonic flows. In fact, even modern
computing power through the means of heavily parallelized computing
and high-performance computing (HPC) struggle to precisely compute
exact Navier-Stokes due to its very complex nature. Direct Numeri-
cal Simulation (DNS) is generally reserved for research cases, helping
the development of new turbulence models for Large Eddy Simulation
(LES) models or RANS models [16].

The main problem leading to increasing computational costs of Navier-
Stokes simulation lies on how scales of turbulence are modeled and
calculated. The reduced computational power at the time of Navier
and Stokes work highlighted the need for simpler models based on the
Navier-Stokes equations that would be easier to implement in indus-
trial settings without sacrificing simulation accuracy. From that postu-
late, research focus on intelligent hypotheses that would simplify the
Navier-Stokes equations enough to render them a useful tool for engi-
neers.

The first hypothesis on turbulence modeling appeared with Boussinesq
in his Essai sur la théorie des eaux courantes[17] where he introduced
the idea that turbulent momentum transport could be modeled as an
”eddy viscosity” with turbulent shear stress proportional to mean shear
stress. This idea became widely known as the ”Boussinesq hypothesis”
and is the conceptual ancestor of most of the all eddy-viscosity RANS
turbulence models.

In 1883, Osborne Reynolds discovers a critical parameter controlling
the transition between laminar and turbulent flow by visualizing flows
in glass pipes with dye filaments [18]. This number, later named the
Reynolds number, relies on comparing inertial and viscosity effects for
known flow conditions, effectively predicting to an extent if the flow
will be in a laminar, turbulent or transitional state. Later, in 1895,
Reynolds decomposes the velocity in the Navier-Stokes equations into
a mean and a fluctuating component, featuring extra components for

the fluctuations called Reynolds stresses [19]. The Reynolds decom-
position and the Reynolds-Averaged Navier-Stokes equations are key
elements in modern CFD and fluid dynamics, allowing for the compu-
tation of complex cases with reduced computational costs.

To obtain the balance equations for the mean quantities, the instanta-
neous flow variables are decomposed according to Reynolds’ rule as

ui = U i + u′
i p = P + p′ τij = τ ij + τ ′

ij

These decompositions are then introduced into the balance equations,
like the mass conservation

∇ · u =
∂ui

∂xi
=

∂

∂xi

(
U i + u′

i

)
= 0

for which applying the averaging operator and subtracting from the
previous equation gives

∂U i

∂xi
= 0

∂u′
i

∂xi
= 0

The decomposition implies that the mean and fluctuating velocity fields
are incompressible, which will prove useful to transform the Navier-
Stokes equations. Specifically, the conservative form of the Navier-
Stokes equations using this incompressibility relation is written as

ρ

(
∂ui

∂t
+

∂(uiuj)

∂xj

)
= − ∂p

∂xi
+

∂τij
∂xj

The introduction of the Reynolds decomposition of the velocity and
pressure components leads to

ρ

[
∂

∂t

(
U i + u′

i

)
+

∂

∂xj

(
U i + u′

i

)(
U j + u′

j

)]

= − ∂

∂xi

(
P + p′

)
+

∂

∂xj

(
τ ij + τ ′

ij

)
and applying the averaging operator finally gives

∂U i

∂t
+

∂(U iU j)

∂xj
+

∂(u′
iu

′
j)

∂xj
= − ∂P

∂xi
+

∂τ ij

∂xj

For (i=1,2,3), this form is known as the Reynolds equations. An alter-
nate form, highlighting the Reynolds stress tensor is

ρ

(
∂U i

∂t
+

∂(U iU j)

∂xj

)
= − ∂P

∂xi
+

∂

∂xj

(
τ ij − ρ u′

iu
′
j

)
where ρu′

iu
′
j is analogous to an additional stress due to turbulent fluc-

tuations called the Reynolds stress tensor. The Reynolds stress can also
be described as

ρ u′
iu

′
j = ρ

 u′2 u′v′ u′w′

u′v′ v′2 v′w′

u′w′ v′w′ w′2


where the diagonal components are referred to as normal stresses and
off-diagonal components as shear stresses. Shear stress terms are typ-
ically zero when studying laminar flow cases, but cannot be neglected
when facing turbulent conditions.

This tensor can also be written in a PDE form as

ρ

(
∂U i

∂t
+ U j

∂U i

∂xj

)
= ρ

DU i

Dt
=

∂σt
ij

∂xj

or written in a vector form as

ρ
DU

Dt
= ∇ · σt
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where σt
ij is the tensor of mean turbulent stresses

σt
ij = −P δij + τ ij − ρ u′

iu
′
j

However, although responding very well to laminar flow cases, the in-
troduction of turbulence in RANS-driven simulation cases creates a
new critical issue, known as the ”closure problem”. As Pope [20] and
Wilcox [?] later described it, for turbulent flows, the RANS equations
present 4 equations (conservation of the mass and 3D momentum) for
10 variables : the 6 non-diagonal terms of the Reynolds stress tensor
are the ones that create the closure problem, and the ones that induce a
need for additional equations that will model turbulence.

The Boussinesq hypothesis is the first one trying to tackle the turbu-
lence problem with the introduction of the eddy viscosity to describe
the Reynolds tensor [17]. The tensor would be written

ρ u′v′ = −µt
∂U

∂y

where µt is the eddy viscosity (or turbulent viscosity).

In tensor form, the Boussinesq approximation may also be written as

ρ u′
iu

′
j = −µt

(
∂U i

∂xj
+

∂U j

∂xi

)
+

2

3
ρ k δij

where k is the turbulent kinetic energy per unit of mass, defined as

k =
1

2
u′
ku

′
k =

1

2

(
u′2 + v′2 + w′2)

The isotropic term 2
3
ρ k δij ensures that the trace of the Reynolds

stress tensor is consistent with the definition of k, i.e.

ρ k =
1

2
ρ u′

iu
′
i

The turbulent viscosity µt is, in principle, a local function of space and
time in contrast to the molecular viscosity which is a fluid property.
Although this closure proposition is conceptually simple and widely
used, it is also restrictive as the turbulence is inherently anisotropic and
governed by energy cascade and hydrodynamic instabilities for which
a linear relationship between Reynolds stresses and mean velocity gra-
dients has no fundamental justification.

Later, in 1925, Prandtl introduced a developed turbulence, also know
as the mixing-length turbulence theory [21]. By looking at pipe flows
and boundary layers, Prandtl theorizes that a fluid parcel can move
a distance lm, analogous to a mean free path, while keeping its mo-
mentum before mixing. The general equations underlined by Prandtl’s
work can be summed up as

−ρ u′v′ = µt
dU

dy
= ρ νt

dU

dy
≈ ρ ℓ2m

∣∣∣∣dUdy
∣∣∣∣ dUdy

This model is a prototype one-equation, eddy viscosity based model
that laid the ground for more complex formulations such as the Prandtl-
Kolmogorov, k − ϵ and wall functions. It is also the first engineering-
able closure model for the Reynolds stress in wall flows a is still a
conceptually used law in more modern closure models.

Parallel to the research aiming towards closing the RANS equations,
researchers like Leray questioned the viability of the original Navier-
Stokes, specifically the uniformity and the existence of smooth solu-
tions that would validate the Navier-Stokes equations as a perfect fluid
model [22]. However, the pure PDE theory work achieved by Leray
only proved the existence of global weak solutions, and local smooth
solutions that couldn’t be generalized due to hypothetical energy surges
and singularities. His work gave a rigorous foundation for the idea that

turbulent flows may have a highly irregular structure with chaotic sin-
gularity appearances. This research is often cited as the key results
leading to the classification of the Navier-Stokes equation’s regularity
as a millennial problem, deemed impossible to solve.

After his famous 1941 similarity theory [23], Kolmogorov proposed
a two-equation turbulence model for high-Re flows by using a first
transport equation to model the turbulent kinetic energy k and a second
one for the turbulent frequency ω [24]. This Kolmogorov formulation
is the ancestor of the more modern k−ω turbulence model introduced
by Wilcox.

The first transport equation focusing on the turbulent kinetic energy
can be written as

∂(ρk)

∂t
+

∂(ρUjk)

∂xj
= Pk − β∗ ρkω +

∂

∂xj

[(
µ+ σk

ρk

ω

)
∂k

∂xj

]
while the second, turbulent frequency focused, transport equation is
defined by

∂(ρω)

∂t
+

∂(ρUjω)

∂xj
= α

ω

k
Pk −β ρω2+

∂

∂xj

[(
µ+ σω

ρk

ω

)
∂ω

∂xj

]
Those 2 transport equations are tied with Boussinesq hypothesis

Pk = 2µtSijSij , µt = ρ
k

ω

and the Reynolds stress tensor is formulated as

ρ u′
iu

′
j = 2µtSij −

2

3
ρkδij

This closure model was historically the first to introduce the influence
of frequency on turbulence and use ω terms in its transport equation.
This model was later mixed with Prandtl’s mixing length theory to cre-
ate the Prandtl–Kolmogorov one-equation model [25] in 1945.

This model introduces a transport equation for the turbulent kinetic
energy k and couples it with Prandtl’s length scale to define an eddy
viscosity as νt ∼ l

√
k. This model is a direct evolution of Prandtl’s

mixing-length idea that was turned into a dynamical model were the
energy level is solved by a PDE rather from a local mean gradient.

Reynolds stresses are defined by

−ρu′
iu

′
j = 2µtSij −

2

3
ρk δij

Eddy viscosity formulation is still derived from Boussinesq hypothesis
such as

νt = Cµ ℓ
√
k µt = ρνt

In 1951 explores another way of modeling turbulence in his paper
Statistische Theorie nichtstationärer und nicht homogener Turbulenz
[26] by writing transport equations for each componenents of the
Reynolds stress tensor as Rij = u′

iu
′
j , derived from the fluctuating

momentum equations. These equations contain production terms, a
pressure-strain correlation, a turbulent viscous diffusion and dissipa-
tion terms. In this research, Rotta focused on the pressure-strain term,
theorizing a ”return to isotropy” model where anisotropic stresses re-
lax towards isotropy at a rate proportionnal to their deviation from
isotropic form.

This formulation is the first of its kind that does not collapse the
Reynolds stresses to a simple eddy viscosity and follow Boussinesq
hypothesis, but rather offer PDEs to determine each Reynolds stress.
Rotta’s Reynolds Stress Model (RSM) is a second moment model
where the tensor itself is primary unknown. The pressure-strain cor-
relation is exposed as

ϕij = −CR
ε

k

(
Rij −

2

3
k δij

)
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implying that anisotropy decays back towards isotropy with a time
scale of k/ϵ.

Modern RSM models are generally used as benchmarks for ”weaker”
Boussinesq-based turbulence models due to its higher fidelity of real
turbulence. However, this increased fidelity comes with a higher com-
putational cost, requiring to solve 7 PDEs for turbulence instead of 1 or
2 for more classical eddy viscosity based models. It is generally good
practice for complex, high gradient, high-Re flows to set a benchmark
through a RSM-based solution to ensure the validity of simpler turbu-
lence models.

In the early 1970s, Jones and Launder proposed a low-Re k− ϵ model
[27, 28], quickly adapted to high-Re situation through the addition of
wall functions by Launder and Spalding’s work [29] that ultimately of-
fered the modern standard k−ϵ formulation widely used in engineering
to this day.

This model is based on two transport equations, one for the turbulent
kinetic energy k

∂(ρk̄)

∂t
+ ūj

∂(ρk̄)

∂xj
=

∂

∂xj

[(
µ+

µt

σk

)
∂k̄

∂xj

]
+ Pk − ρε̄

and the second equation to calculate the dissipation rate ϵ

∂(ρε̄)

∂t
+

∂(ρuiε̄)

∂xi
=

∂

∂xj

[(
µ+

µt

σe

)
∂ε̄

∂xj

]
+

ε̄

k
(C1ePk − C2eρε̄)

with both parameter cleanly tied up in the definition of the eddy vis-
cosity

µt = ρCµ
k
2

ϵ

and a Reynolds stress implementation still being strictly Boussinesq’s.

The standard k − ϵ closure model is widely used to simulate turbu-
lent flows. However, for areas bounded walls, flow dynamics change
as the turbulence is severely cushioned by wall interaction mechanics,
modifying flow characteristics beyond the envelope of the model. For
some complex boundary layers and high shear flows, the standard k−ϵ
model shows some limits and inaccuracies.

Inspired by the models of Jones, Launder and Spalding, Wilcox re-
visited Kolmogorov scale-determining theory to formulate a new two-
equations closure model based on Boussinesq eddy viscosity and the
concept of a dissipation rate dictated by Kolmogorov turbulent fre-
quency [30].

This model theorizes that the larger scales of the turbulence are deter-
mined by the dissipation rate and turbulent kinetic energy. The rate
ω = ϵ/k serves as the characteristic scale for larger vortices and rep-
resents the frequency at which the kinetic energy is dissipated in the
system. Moreover this model makes the hypothesis of a linear relation
between turbulent viscosity and mean shear without using the same
eddy viscosity definition as precedent work

µt = α
ρk

ω

Transport equations for k and ω are respectively

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj

[
Γk

∂k

∂xj

]
+Gk − Yk

and

∂

∂t
(ρω) +

∂

∂xi
(ρωui) =

∂

∂xj

[
Γω

∂ω

∂xj

]
+Gω − Yω

The Wilcox k−ω closure model proved high correlation and efficiency
for near-wall behaviors without the use of wall functions, improving

wall shear and heat transfer predictions in a compact, robust model.
However, it also showed limits and inaccuracies for free-shear flows,
typically outside of the boundary layer and higher shear zones.

By 1988, two models co-exist in fluid dynamics engineering : the k−ϵ
model, efficient for freestream applications and low-shear situations,
and the k − ω model, more accurate in highs-hear but struggling to
compute less constrained flows. In 1994, Menter designed a hybrid
model relying on those two sets of equations so each of them could
compensate the flaws of the other by using a blending function [31].
This model, called k − ω Shear Stress Transprt (SST), uses k − ω
set of equations near walls for its great wall behavior, but is gradually
transformed into a k − ϵ for the outer flow regions as to avoid k − ω’s
free stream sensitivity. As a failsafe, the eddy viscosity is also limited
based on local shear stress to improve boundary layer separation pre-
diction.

The k−ω SST model features the same transport equation as the k−ω
closure model, with the addition of two blending functions F1 and F2

that switch coefficients between their k − ω and k − ϵ forms.

The transport equation for k is defined as

∂(ρk)

∂t
+

∂(ρujk)

∂xj
= Pk − β∗ ρkω +

∂

∂xj

[
(µ+ σkµt)

∂k

∂xj

]
while the transport equation for ω can be written as

∂(ρω)

∂t
+

∂(ρujω)

∂xj
= α

ω

k
Pk − β ρω2

+
∂

∂xj

[
(µ+ σωµt)

∂ω

∂xj

]
2(1− F1) ρ σω2

1

ω

∂k

∂xj

∂ω

∂xj

And the blending functions F1 and F2 are defined as

F1 = tanh
(
Φ4

1

)
F2 = tanh

(
Φ2

2

)
Typically, when F1 = 0 the pure k−ω model is used, before blending
with the k − ϵ model until F1 = 1 is reached and a pure k − ϵ model
is used for calculation.

Φ1 = min

[
max

( √
k

β∗ωy
,
500ν

y2ω

)
,
4σω2k

β∗y2ω

]

Φ2 = max

(
2
√
k

β∗ωy
,
500ν

y2ω

)
Those functions are used to determine the level of blending between
the k − ω and k − ϵ models as

ϕ = F1 ϕ1 + (1− F1)ϕ2 ϕ ∈ {α, β, σk, σω}

Finally, the eddy turbulent viscosity and the strain magnitude are de-
fined as

µt =
ρ a1 k

max(a1ω, SF2)
S =

√
2SijSij

Although being slightly more computationally expensive due to the
calculation of the blending factors, the k − ω SST is widely used
for complex 3D aerodynamics applications due to its high correlation
to more complex RANS-based, LES-based models and experimental
data. The blending factors being calculated via the wall distance, this
ensures a smooth transition without the need for damping functions
and without creating local discontinuities.

The last model used in modern CFD applications was proposed by the
joint work of Spalart and Allmaras in 1992 [32]. In their paper, they
offered a new 1-equation closure model based on Boussinesq eddy vis-
cosity. Instead of solving for k, ϵ or ω, it solves a single transport
equation for a turbulent kinematic viscosity ν̃.
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∂ν̃

∂t
+ uj

∂ν̃

∂xj
= Cb1 (1− ft2) S̃ ν̃

+
1

σ

[
∂

∂xj

(
(ν + ν̃)

∂ν̃

∂xj

)
+ Cb2

(
∂ν̃

∂xj

)2
]

−
[
Cw1 fw − Cb1

κ2
ft2

](
ν̃

d

)2

This transport equation translates the convection of ν̃ by the mean flow
where its production is proportional to a modified vorticity magnitude
and diffusion/destruction terms depend on the distance to the wall.

The eddy viscosity relation

νt = ν̃ fv1 fv1 =
χ3

χ3 + C3
v1

χ =
ν̃

ν

fv2 = 1− χ

1 + χfv1

and the Reynolds stresses

τ turb
ij = 2ρνtSij Sij =

1

2

(
∂ui

∂xj
+

∂uj

∂xi

)
complete the overall governing equations of the model.

The Spalart-Allmaras model often serves as a baseline for external flow
aerodynamics for its very low computational cost despite the need for
a very fine mesh around walls and in wake dominated zones. Its ac-
curacy starts to fail when confronted to strong adverse gradients, large
separation or strong swirls and often under-predicts separation leading
to wrongful prediction of aerodynamic quantities.

The early 2000s witnessed lots of applications of all these equation
models for engineering purposes, with many authors describing the
dos and don’ts of CFD and turbulence modeling. Spalart was the first
discussing the strategies for CFD modeling and simulation [33], high-
lighting the key differences and uses for RANS, LES, DES and DNS,
especially in engineering. His practical comments on computational
power and the predominance of RANS - eddy viscosity codes are still
relevant to this day.

Several books positioned themselves as CFD turbulence guides.
Introductory-level like Davidson’s Turbulence: An Introduction for
Scientists and Engineers [34] offered explanations on turbulence fun-
damentals and RANS closure while showing canonical comparisons in
channels or boundary layers while Wilcox’s Turbulence Modeling for
CFD [35] is the RANS modeling ”bible”, expliciting what models are
best suited for different types of cases and the exact demonstrations
leading to each transport equations. Ferziger’s Computational Meth-
ods for Fluid Dynamics [36] was one of the first book to also cover
the interaction between the discretizations of the domain, the bound-
ary conditions and the PDEs models.

Solving the Governing Equations

The practical use of CFD has progressed in parallel with two main in-
gredients: advances in turbulence modeling on one side, and robust
numerical methods on the other. From a mathematical point of view,
the Navier-Stokes equations combine hyperbolic, parabolic and ellip-
tic behavior, and the balance between these three aspects dictates how
the solver must be built. The hyperbolic character of inviscid com-
pressible flow already appears in Riemann’s work on finite-amplitude
waves in gases [37], where shocks and rarefactions are analyzed in
a one-dimensional setting. Problems of this type, now referred to as
Riemann problems, later became the building blocks of conservative
finite-volume schemes for hyperbolic conservation laws.

A second key ingredient is numerical stability. Courant, Friedrichs and
Lewy introduced a simple but fundamental restriction that links the
time step, the grid spacing and the local wave speeds, now known as
the CFL condition [38]. In one spatial dimension, it is often written in
the form

CFL =
u∆t

∆x
≲ Ccrit

and it still provides the basic guideline for explicit time stepping in
CFD solvers.

In one dimension, a generic conservation law for a variable u(x, t) can
be written as

∂u

∂t
+

∂f(u)

∂x
= 0

where f(u) is the associated flux. The corresponding Riemann prob-
lem is defined by an initial discontinuity,

u(x, 0) =

{
uL, x < 0

uR, x > 0

whose evolution produces shocks, rarefactions and contact disconti-
nuities. The idea of treating each cell interface as a local Riemann
problem is at the core of modern upwind finite-volume methods.

On this basis, Godunov proposed the first fully conservative upwind
scheme for non-linear hyperbolic systems [39]. At each interface, left
and right states are used to define a local Riemann problem, and the
resulting solution provides the numerical flux. This guarantees correct
shock propagation and conservation of mass, momentum and energy
across discontinuities, and it embeds the wave structure of the govern-
ing equations directly in the scheme. Later high-resolution methods
can largely be seen as extensions of this idea, combining the robust-
ness of Godunov’s approach with higher-order spatial accuracy.

For a finite-volume discretization with cell-averaged values un
i at time

tn, the semi-discrete update takes the form

un+1
i = un

i − ∆t

∆x

(
Fn
i+ 1

2
− Fn

i− 1
2

)
where Fn

i± 1
2

are numerical fluxes at the cell faces. These fluxes are
obtained from local Riemann problems between reconstructed left and
right states uL,i± 1

2
and uR,i± 1

2
.

Van Leer extended this approach by introducing the MUSCL (Mono-
tone Upstream-centered Schemes for Conservation Laws) reconstruc-
tion [40]. Instead of the piecewise-constant representation used in the
original Godunov scheme, MUSCL uses limited linear reconstructions
inside each cell. This leads to schemes that are formally second-order
accurate while remaining total-variation-diminishing near shocks and
strong gradients. MUSCL-type reconstructions are now standard in
many compressible RANS solvers.

In a MUSCL scheme, the reconstructed left and right states at an inter-
face are built from limited slopes. For the interface i+ 1

2
, the left state

is written as

ui+ 1
2
,L = ui +

1

2
ϕ(ri) (ui − ui−1)

where ϕ(r) is a slope limiter and

ri =
ui+1 − ui

ui − ui−1

is a local smoothness indicator. A similar expression is used for the
right state ui+ 1

2
,R in the neighboring cell.

Time integration strategies have evolved alongside these spatial dis-
cretizations. MacCormack proposed a two-step predictor–corrector
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scheme for hyperbolic systems, which became a widely used explicit
method in early compressible-flow calculations [41]. The scheme com-
bines a forward-difference predictor and a backward-difference cor-
rector and achieves second-order accuracy in both time and space
for smooth solutions, while remaining relatively simple to implement.
For three-dimensional flows on complex meshes, explicit multi-stage
Runge–Kutta schemes are now more common, especially in combina-
tion with finite-volume methods.

For the conservation law ∂u/∂t + ∂f(u)/∂x = 0 the classical Mac-
Cormack scheme can be written as

Predictor: u∗
i = un

i − ∆t

∆x
[f(un

i+1)− f(un
i )] ,

Corrector: un+1
i =

1

2
(un

i + u∗
i )−

∆t

2∆x
[f(u∗

i )− f(u∗
i−1)]

This simple structure illustrates the flavor of early explicit methods
used for compressible flows.

Jameson, Schmidt and Turkel later introduced a multi-stage Runge–
Kutta method with added artificial dissipation for steady computa-
tions of the compressible Euler equations around aircraft configura-
tions [42]. Their approach uses the CFL restriction [38] to acceler-
ate convergence to a steady-state solution by taking large pseudo-time
steps, while the artificial dissipation plays a role similar to upwinding
in controlling spurious oscillations.

A general s-stage explicit Runge–Kutta scheme for a semi-discrete sys-
tem dU/dt = R(U) can be written as

U (0) = Un U (k) = U (k−1) +αk∆tR
(
U (k−1)

)
k = 1, . . . , s

Un+1 = U (s)

with coefficients αk chosen to obtain second- or higher-order accuracy.

At high Reynolds numbers, explicit time stepping suffers from a very
restrictive time step. To relax this constraint, Beam and Warming de-
veloped implicit, approximately factored schemes for the compressible
Navier-Stokes equations [43]. The main idea is to factor the multi-
dimensional implicit operator into a product of one-dimensional oper-
ators. This makes large implicit time steps computationally feasible
and forms the basis of many modern implicit RANS solvers.

In an approximately factored implicit method, the linearized update

(I −∆tAx −∆t Ay)∆U = ∆tR(Un)

is replaced by the factored form

(I −∆tAx) (I −∆t Ay)∆U = ∆tR(Un)

where Ax and Ay are discrete Jacobians of the fluxes in the x and
y directions. The factorization reduces the multidimensional implicit
problem to a sequence of one-dimensional solves.

For implicit and pressure-based methods, the efficient solution of the
resulting linear systems is just as important as the discretization it-
self. Stone proposed the Strongly Implicit Procedure (SIP), an itera-
tive method tailored to the large sparse matrices produced by finite-
difference and finite-volume schemes [44]. SIP and its variants are
widely used to solve the pressure-correction and momentum equa-
tions in implicit CFD solvers, particularly for incompressible and low-
Mach-number flows where elliptic pressure equations dominate the
cost.

In the incompressible case, the main numerical difficulty is to satisfy
the divergence-free constraint while solving for velocity and pressure.
Harlow and Welch addressed this problem with the Marker-and-Cell

(MAC) method, which uses a staggered grid and a pressure-correction
step to enforce continuity at every time level [45]. Their method can
be viewed as an early segregated algorithm: velocity and pressure are
solved in separate steps, but are tightly coupled through the incom-
pressibility constraint.

Patankar and Spalding generalized this concept and introduced the
SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algo-
rithm in a finite-volume framework for three-dimensional flows [46].
In SIMPLE, the momentum equations are solved with a guessed pres-
sure field, a pressure-correction equation is formed from the conti-
nuity requirement, and both pressure and velocity are updated itera-
tively. Combined with turbulence models, this segregated pressure-
based strategy forms the backbone of many industrial RANS solvers
for incompressible and low-Mach-number applications.

In a typical pressure–correction scheme, an intermediate velocity field
u∗ is first obtained from the momentum equations using a guessed
pressure. The corrected fields are then written as

un+1 = u∗ − ∆t

ρ
∇p′ pn+1 = pn + p′

and the pressure correction p′ is determined by enforcing continuity,

∇ · un+1 = 0 =⇒ ∇ ·
(
∆t

ρ
∇p′

)
= ∇ · u∗

The discrete form of this Poisson equation for p′ is central to SIMPLE-
type algorithms.

As pressure-based solvers moved towards co-located variable arrange-
ments for greater mesh flexibility, spurious pressure–velocity decou-
pling became a major concern. Rhie and Chow proposed a mo-
mentum interpolation technique that modifies the face velocities in
the continuity equation to include a consistent pressure gradient term
[47]. This correction couples pressure and velocity on co-located grids
in a way that mimics the inherent coupling of staggered-grid meth-
ods such as MAC [45], while preserving the implementation advan-
tages of co-located finite-volume schemes. For unsteady flows, Issa
introduced the PISO (Pressure-Implicit with Splitting of Operators)
algorithm, which extends SIMPLE by performing several pressure-
correction steps within each time step [48]. PISO improves the tem-
poral accuracy and stability of segregated solvers in strongly transient
flows and is widely used in unsteady RANS and LES computations.

On co-located grids, Rhie-Chow interpolation modifies the face-
normal velocity uf entering the continuity equation to include a
pressure-gradient contribution, for example

uf = ûf − df

(
∂p

∂n

)
f

where ûf is an interpolated momentum velocity, (∂p/∂n)f is the nor-
mal pressure gradient at the face, and df is a coefficient built from the
neighboring momentum equations. This construction prevents the spu-
rious checkerboard patterns that can appear on co-located meshes.

In the PISO algorithm, the predictor step and the first pressure correc-
tion are followed by one or more additional correction steps, written
symbolically as

u(0) = u∗ u(m+1) = u(m) − ∆t

ρ
∇p′(m) m = 0, 1, . . . ,M − 1

with each pressure correction p′(m) obtained from a continuity equa-
tion

∇ · u(m+1) = 0

These additional corrections improve the coupling between pressure
and velocity inside a single time step and increase the accuracy of tran-
sient simulations.
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Taken together, these contributions define two main families of CFD
solvers for the Navier-Stokes equations. On one side, methods based
on hyperbolic conservation laws, rooted in Riemann’s wave analy-
sis [37], the CFL stability criterion [38] and Godunov-type finite-
volume schemes [39], form the basis of many density-based, upwind
RANS solvers for compressible flows and are usually combined with
high-resolution reconstructions and explicit or implicit time marching
[41, 43, 40, 42]. On the other side, pressure-based segregated algo-
rithms, originating from MAC [45] and extended through SIMPLE and
PISO [46, 48], rely on robust linear solvers such as SIP [44] and sta-
bilization techniques like Rhie-Chow interpolation [47] to enforce in-
compressibility and maintain pressure-velocity coupling. Modern in-
dustrial RANS codes typically implement variants of both strategies
and select the most appropriate combination of pressure- or density-
based formulation, explicit or implicit time integration and upwind or
central differencing according to the Mach number range, level of com-
pressibility and degree of unsteadiness of the flow under consideration.

Ground Vehicle Aerodynamics Simulation

In the second half of the twentieth century, the study of ground vehi-
cle aerodynamics gradually departed from classical airfoil theory and
evolved towards a dedicated body of work treating road vehicles as
three-dimensional bluff bodies operating close to the ground. This
evolution is synthesized by Hucho in Aerodynamics of Road Vehicles,
which provides a comprehensive overview of drag, lift and side-force
mechanisms, and proposes a decomposition of the flow field into fore-
body, underbody, upper-body and wake contributions [49]. In a later
review with Sovran, he further formalizes the role of base pressure, A-
pillar vortices, rear-window separation bubbles and crosswind stability,
and relates these features to characteristic trends observed on produc-
tion vehicles [50]. These works establish the general vocabulary and
physical pictures which are now routinely used when interpreting both
experimental and numerical results for road vehicles.

To isolate the main mechanisms responsible for drag and lift in a
more controlled manner, a number of simplified reference geometries
were introduced. Morel investigates the aerodynamic drag of three-
dimensional bluff bodies representative of passenger cars, while sys-
tematically varying rear truncation, aspect ratio and edge rounding
[51]. His results show that moderate changes in rear shape and cor-
ner radii can lead to large variations in base pressure and overall drag,
thereby emphasizing the central role of separated wake topology for
ground vehicles. Ahmed, Ramm and Faltin follow a similar philoso-
phy and propose a generic car-like model consisting of a rectangular
body with a slanted rear surface [52]. By varying the rear slant angle,
they identify distinct flow regimes, ranging from attached flow to sep-
arated and reattaching flow on the rear slant, and ultimately to fully
separated wakes, and correlate these regimes with changes in drag and
lift coefficients. The so-called Ahmed body has since become one of
the canonical validation cases for CFD studies of road-vehicle aerody-
namics and is now widely used to assess the ability of RANS, DES and
LES approaches to predict bluff-body wakes.

Other generic shapes such as the Windsor body and idealized notch-
back, fastback or squareback models extend this parametric approach
to rear-end design. Cooper, for example, introduces the Windsor body
as an idealized sedan-like geometry and documents its drag, surface
pressure distribution and wake structures in detail [53]. Together with
the configurations proposed by Morel and Ahmed, these geometries
define a hierarchy of test cases that bridge the gap between simple bluff
bodies and full-scale production vehicles. In the context of CFD, they
provide a progressively more complex set of benchmarks on which
numerical methods, turbulence models and meshing strategies can be
tested before being applied to full-vehicle simulations.

The influence of wheels and their interaction with the ground was clar-
ified in the early 1970s by Fackrell and Harvey, who measure the flow
field and pressure distribution around an isolated rotating wheel in
close proximity to a plane boundary [54]. Their experiments reveal
a highly three-dimensional flow with strong separation at the wheel

shoulders, a complex system of vortices generated at the contact patch
and significant sensitivity of wheel drag and lift to both rotation and
ride height. Cogotti then extends the study of wheel aerodynamics
to configurations closer to production vehicles, by measuring the ef-
fect of rotating and non-rotating wheels, different ground simulation
techniques and wheelhouse details on the overall aerodynamic balance
[55]. When combined with Hucho’s drag and lift breakdowns [49],
these works demonstrate that wheels and underbody flow can account
for a substantial fraction of the total drag and can strongly influence
front-axle lift, making their accurate representation in CFD models es-
sential for both passenger and race cars.

Underbody and diffuser aerodynamics form another important com-
ponent of ground-vehicle aerodynamics. Experimental investigations
reported by Hucho, Morel, Cooper and others show how ride height,
underbody roughness and diffuser geometry control the mass flow un-
der the vehicle, the pressure distribution on the floor and the onset of
separation in the diffuser region [49, 51, 53]. These observations are
often interpreted through simplified Venturi and diffuser analogies, in
which the underbody behaves as a convergent section and the diffuser
as a divergent section with limited pressure recovery in the presence of
strong boundary-layer growth. For CFD, these results provide practical
guidance on the choice of moving-ground or fixed-ground boundary
conditions, on the required geometric fidelity in the underbody region
and on the need for turbulence models capable of handling separation
and corner vortices in diffusers.

For high-downforce configurations, Katz revisits many of these ideas
from the perspective of race car aerodynamics, with emphasis on wings
in ground effect, underfloors and diffusers [56]. His work combines
classical aerodynamics concepts, such as airfoils in ground proximity
and vortex lift, with wind-tunnel measurements on single-seater and
sports-car geometries, and highlights the strong coupling between ride
height, rake angle, wing settings and the resulting distribution of down-
force and drag. This race-car oriented synthesis complements the more
general road-vehicle treatments by Hucho and Sovran [49, 50], and
is particularly relevant when interpreting CFD results for open-wheel
cars, diffusers and wing-in-ground-effect systems.

In a first approximation, the underbody and diffuser flow can be ide-
alized as a one-dimensional incompressible stream through a duct of
varying cross-sectional area A(x) = b h(x), where b is an effective
width and h(x) the local gap height. Mass conservation then gives

ṁ = ρA(x)u(x) = ρ b h(x)u(x) = cst

so that between two stations 1 and 2 along the underbody

u2 = u1
A1

A2
= u1

h1

h2
for a fixed effective width b

Neglecting viscous losses, Bernoulli’s equation along a streamline be-
tween the same two stations reads

p1 +
1

2
ρu2

1 = p2 +
1

2
ρu2

2

which, combined with Venturi’s velocity, gives the pressure drop asso-
ciated with a reduced underbody area. In terms of pressure coefficients
based on a reference dynamic pressure 1

2
ρU2

∞, this can be written as

Cp,2 − Cp,1 =
p2 − p1
1
2
ρU2

∞
=

u2
1 − u2

2

U2
∞

so that an increase in local velocity under the car (u2 > u1) is as-
sociated with a reduction in static pressure p2 < p1 and therefore an
increase in downforce.

For the diffuser section, the pressure recovery between the throat (sta-
tion t) and the diffuser exit (station e) is often characterized by a non-
dimensional pressure-recovery coefficient

Cp,rec =
pe − pt
1
2
ρU2

∞
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which is bounded by the ideal (inviscid) value obtained from previous
equations and reduced in practice by boundary-layer growth and pos-
sible flow separation in the diffuser.

Finally, the effect of crosswind and unsteady wake dynamics has been
documented using both generic models and full-scale vehicles. Le
Good and Garry analyze the aerodynamic forces and moments acting
on a simplified road vehicle under yawed inflow, and show how the
stagnation pattern, separation lines and vortex structures evolve with
yaw angle [57]. Watkins and Vino perform full-scale measurements
in natural wind conditions and relate the unsteady wake behavior to
lateral forces and yawing moments experienced by the vehicle [58].
These studies complement the steady and quasi-steady bluff-body in-
vestigations described above and provide additional validation targets
for unsteady RANS, DES and LES simulations of ground vehicles op-
erating in realistic crosswind environments.

Cornering Vehicle Dynamics and Aerodynamics

The analysis of cornering performance requires a coupled understand-
ing of vehicle dynamics and aerodynamics, since lateral force gener-
ation, load transfer and aerodynamic downforce all contribute to the
achievable lateral acceleration and to the stability margins of the ve-
hicle. On the vehicle-dynamics side, the development of simplified
planar models and tyre-force representations has provided a compact
framework to describe steady-state and transient cornering. These
ideas are brought together in the classical treatments by Gillespie and
by Milliken, who present the linear single-track (widely known as bicy-
cle) model and the associated understeer-gradient formulation in a sys-
tematic way [59, 60]. In these models, the vehicle is reduced to a sin-
gle front and rear axle, each represented by an equivalent tyre pair, and
the lateral force balance, yaw-moment balance and kinematic relation-
ships are used to derive expressions for lateral acceleration, yaw rate
and sideslip as functions of steering input. The resulting framework
allows a clear decomposition of cornering behavior into contributions
from front and rear cornering stiffnesses, mass and inertia properties,
and geometric parameters such as wheelbase and track width.

In a simple single-track (bicycle) model of steady-state cornering, the
lateral force balance and yaw-moment balance about the center of grav-
ity (CG) can be written as

may = Fyf + Fyr = m
U2

R

aFyf − b Fyr = 0

where m is the vehicle mass, a and b are the distances from the CG
to the front and rear axles, U is the forward speed, R the turn radius
and Fyf , Fyr the front and rear axle lateral forces. Under a linear tyre
assumption,

Fyf = Cf αf Fyr = Cr αr

with Cf and Cr the front and rear cornering stiffnesses and αf , αr

the corresponding slip angles. Solving the equations yields the well-
known relationship between steering angle δ and lateral acceleration

δ =
L

R
+K

ay

g

where L = a + b is the wheelbase, g is the gravitational acceleration
and K is the understeer gradient, defined by

K =
Wf

mgCf
− Wr

mgCr

with Wf and Wr the static front and rear axle loads. Positive K cor-
responds to an understeering vehicle, while negative K indicates over-
steer [59, 60].

The predictive capability of such models depends critically on the de-
scription of tyre forces in combined-slip conditions, where longitudi-
nal and lateral slips, camber angle and vertical load all vary during

cornering. This issue is addressed in detail by Pacejka, who intro-
duces the so-called “Magic Formula” tyre model and develops it into a
general framework for representing lateral and longitudinal forces and
self-aligning moments over wide ranges of operating conditions [61].
In this approach, the tyre forces are expressed as nonlinear functions
of slip variables and normal load, using a small number of coefficients
that can be identified from test data. Milliken integrate such tyre mod-
els into more elaborate quasi-steady and transient handling analyses
for race cars, including the effects of camber, roll stiffness distribution
and aerodynamic downforce distribution on the front and rear axles
[60]. Genta and Rajamani extend the discussion towards multi-degree-
of-freedom and control-oriented models, respectively, where cornering
dynamics are embedded in full vehicle models including suspension
compliance, roll and pitch motions, and active systems such as ABS,
ESC and active steering [62, 63]. Together, these works define the cur-
rent state-of-practice in cornering vehicle dynamics modeling, from
simple linear bicycle models to high-fidelity multi-body and control-
oriented representations.

In the Magic Formula framework, the steady-state lateral force gener-
ated by a tyre at a given vertical load can be expressed as

Fy(α) = D sin {C arctan [B (α− E (Bα− arctan(Bα)))]}

where α is the slip angle and B, C, D and E are empirical coefficients
controlling, respectively, the stiffness, shape, peak and curvature of
the lateral-force characteristic [61]. In combined-slip conditions, ad-
ditional terms are introduced to account for the interaction between
longitudinal and lateral slip, but the functional structure there-above
remains the basis of the model.

Cornering aerodynamics add another layer of complexity, as the aero-
dynamic forces and moments depend on yaw angle, roll angle, steer
angle and ride height, and thus vary significantly between straight-line
and cornering conditions. Hucho and Sovran discuss the influence of
crosswind and yawed inflow on the distribution of pressure and sepa-
ration over road vehicles, and highlight the resulting changes in side
force, yawing moment and lift [49, 50]. In steady-state cornering,
the vehicle experiences a relative flow with non-zero yaw angle due
to the lateral velocity component, and the associated modifications of
the stagnation pattern, separation lines and vortex systems can have
a strong impact on both the lateral and vertical aerodynamic loads.
Katz revisits these questions from a race-car perspective, with empha-
sis on the behavior of front and rear wings, diffusers and underfloors
in ground effect under yawed and rolled conditions [56]. His analysis
shows, for instance, how the effective angle of attack and local ground
clearance of a wing in ground effect vary across the span in a corner,
leading to asymmetric loading and a shift in the center of pressure, and
how the combination of lateral acceleration, roll and heave motions in-
fluences the performance of diffusers and Venturi tunnels.

The aerodynamic contributions to lateral force, lift and yawing moment
can be written in non-dimensional form as

FY =
1

2
ρU2ACY (β) FZ =

1

2
ρU2ACL(β)

MZ =
1

2
ρU2ALCN (β)

where ρ is the air density, A a reference area, L a reference length, and
CY , CL and CN are the side-force, lift and yaw-moment coefficients,
which depend on the effective yaw angle β seen by the vehicle [49,
50, 56]. In steady-state cornering, β is influenced both by the vehicle
sideslip and by any ambient crosswind, and the resulting variations of
CY (β), CL(β) and CN (β) directly affect lateral force capacity, load
transfer and stability margins.

The interaction between aerodynamics and cornering vehicle dynam-
ics is further complicated by unsteady effects and by the presence of
crosswinds and gusts. Le Good and Garry examine the forces and mo-
ments acting on a simplified passenger-car model in yawed flow, and
document the evolution of side force, yawing moment and lift with
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yaw angle and Reynolds number [57]. Their results provide detailed
surface-pressure and force data that are now widely used for validating
CFD predictions of yawed ground vehicles. Watkins and Vino extend
this line of work to full-scale vehicles subjected to natural wind, and
relate the unsteady wake structures and fluctuating forces to vehicle
stability and handling in crosswind conditions [58]. When combined
with the quasi-steady vehicle-dynamics frameworks discussed above
[59, 60, 61], these studies provide the foundation for integrated models
in which tyre forces, load transfer and aerodynamic forces and mo-
ments are treated in a coupled manner.

In addition to these classical vehicle-dynamics frameworks and quasi-
steady aerodynamic studies, a number of authors have proposed more
detailed mathematical and numerical models aimed specifically at cor-
nering conditions. Preda and Ciolan formulate a vehicle mathematical
model tailored to the study of cornering manoeuvres, starting from the
planar equations of motion and incorporating tyre-force characteris-
tics, lateral load transfer and steering system dynamics into a unified
representation [64]. Their approach extends the traditional linear bi-
cycle model [59, 60] by retaining a higher level of nonlinearity in the
lateral and yaw dynamics, thereby enabling the analysis of stability
limits and transient responses in more demanding cornering scenarios.
Such models provide a natural bridge between the simplified analytical
treatments used in conceptual studies and the high-fidelity multi-body
simulations employed in detailed vehicle-dynamics investigations.

On the aerodynamic side, Keogh and co-workers focus explicitly on
the particularities of cornering flow conditions around ground vehi-
cles. In an SAE paper, Keogh et al. [65] review and compare several
techniques for aerodynamic analysis of cornering vehicles, including
wind-tunnel test methods, curved-road approximations and CFD ap-
proaches based on rotating reference frames or imposed yawed inflow
combined with lateral acceleration [65]. Their subsequent doctoral
work provides a more detailed examination of the aerodynamic effects
of cornering flow conditions, with emphasis on the changes in pressure
distribution, vortex structures and aerodynamic force coefficients that
arise when a vehicle follows a curved path rather than a straight line
[66]. These studies underline that cornering aerodynamics cannot be
adequately captured by simply superposing straight-line aerodynamics
with a crosswind component, and they highlight the need for flow con-
ditions and boundary conditions that are consistent with the underlying
vehicle dynamics.

A complementary, more fundamental perspective on cornering aerody-
namics in ground effect is offered by Patel et al., who investigate the
effect of cornering on the aerodynamics of a multi-element wing op-
erating close to the ground [67]. In their work, the wing is subjected
to kinematic conditions representative of a cornering vehicle, and the
resulting changes in lift, drag and pitching moment, as well as in the
spanwise load distribution, are quantified. The study shows that cor-
nering flow conditions introduce significant asymmetries in the pres-
sure field and modify both the magnitude and distribution of downforce
compared to straight-line, zero-yaw ground-effect operation. These re-
sults are particularly relevant for race-car configurations, where multi-
element wings in ground effect are key contributors to lateral grip, and
they provide useful reference data and physical insight for the valida-
tion of CFD models that aim to capture coupled cornering dynamics
and aerodynamics.

Taken together, the mathematical vehicle models of Preda and Ciolan
[64], the cornering-specific experimental and numerical methodologies
of Keogh [65, 66], and the canonical ground-effect wing study of Pa-
tel et al. [67] extend the classical frameworks of Gillespie, Milliken,
Pacejka and Katz [59, 60, 61, 56] towards a more integrated treatment
of cornering vehicle dynamics and aerodynamics. They also provide
additional validation targets and modeling guidelines for the coupled
simulations presented in this work, in which tyre forces, load trans-
fer and yawed, ground-effect aerodynamics are treated in a consistent
CFD-based framework.

Conclusion
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