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Abstract

This study presents a comprehensive investigation into the impact of Active Aerodynamic Load Balancing (AALB) on the cornering

performance of high-performance vehicles. The research explores the use of active asymmetric aerodynamic devices, specifically

split and tilted rear wing concepts, capable of manipulating vertical wheel loads and counteracting effects of lateral load transfer

during cornering. The performance potential of AALB is assessed through quasi-steady static coupling of aerodynamic data with

a detailed vehicle dynamics model. The findings show that inside bias operating states of the split rear wing and tilted rear wing

concepts, which favour loads on the inside tyres, can improve cornering velocities up to 0.5% and 2% compared to high symmetric

operating states, respectively. Noteworthy, through effective distribution of aerodynamic loads, the inside bias operating states

produce less downforce and drag, thereby reducing the propulsion power required to overcome drag by 15%-20%, depending on

the cornering condition. The tilted rear wing concept demonstrates the highest AALB capability and most consistent response to its

control strategy, accredited to its ability to generate vertical and horizontal aerodynamic force components. It can therefore achieve

over 1% higher maximum cornering velocities compared to the split rear wing, while also offering efficiency benefits. Overall, the

research highlights the effectiveness of AALB in improving cornering performance and efficiency, offering valuable insights for the

development of advanced active aerodynamic solutions in automotive design and paving the way for future advancements in the

field.

1. Introduction

Aerodynamics is a critical factor in the design of high-

performance and motorsport vehicles, significantly impacting

performance, efficiency, and handling in dynamic operating

conditions such as cornering. During cornering, an outward-

directed centrifugal force acts on the vehicle’s centre of gravity,

instigating a load transfer from the inside to the outside tyres.

Due to the non-linear vertical load sensitivity of tyres, this lat-

eral load transfer reduces the potential combined lateral force

produced by the tyres on each axle. Excessive load transfer can

even overload the tyres, thereby drastically reducing grip and

compromising cornering performance (Seward (2014), Dixon

(1996)).

The research objectives of this study originate from the hy-

pothesis that reducing lateral load transfer from the inside to the

outside tyres during cornering can enhance the overall grip pro-

duced by the tyres. The proposed Active Aerodynamic Load

Balancing (AALB) approach focuses on generating aerody-

namic loads which favour vertical forces on the inside tyres and

induce an aerodynamic roll moment which opposes the over-

turning moment resulting from the centrifugal force in corner-

ing conditions.
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Such advanced aerodynamic solutions can potentially offer

greater benefits than conventional modifications to the vehicle’s

suspension system, tyre design, or centre of gravity position,

which can only redistribute or partially mitigate load transfer

and are limited by inherent design constraints.

Research has demonstrated that the aerodynamic perfor-

mance of vehicles is significantly impacted during cornering

as well. Studies focused on automotive applications have re-

vealed notable changes in surface pressure distributions and

wake characteristics in cornering conditions, which in turn af-

fect aerodynamic lift, drag, and side forces (Keogh (2016),

Keogh et al. (2016), Nakashima et al. (2020), Heft et al. (2012),

Josefsson et al. (2018), Nakashima et al. (2015), Kono et al.

(2016)).

High-performance and motorsport vehicles exhibit height-

ened sensitivity to these conditions, primarily due to their aero-

dynamic devices (Albukrek et al. (2006), Nara et al. (2014),

Rijns et al. (2024d,b)). Downforce and drag penalties rang-

ing from 20% to 30% have been reported for such vehicles in

tight corners and yaw conditions compared to straight-line con-

ditions.

These findings highlight the importance of analysing a di-

verse range of representative operating conditions to assess a

vehicle’s aerodynamic performance. To thoroughly investigate

a vehicle’s cornering performance, it is also essential to capture

the interrelation between its aerodynamics and dynamics. This

interplay can be examined using coupling methods of varying
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complexity (Forbes et al. (2016)), namely quasi-steady static

coupling, unsteady static coupling, and unsteady dynamic cou-

pling.

Quasi-steady static coupling employs steady-state CFD sim-

ulations, while unsteady static coupling utilises transient CFD

simulations on a vehicle with a fixed position as input to a ve-

hicle dynamics model. Unsteady dynamic coupling, the most

complex method, iterates between CFD simulations and a vehi-

cle dynamics model to continuously update changes in the ve-

hicle’s position and aerodynamic loads. However, the increased

complexity of these methods results in a significant trade-off in

computational time and resources.

Various coupling methods have been employed for automo-

tive applications to investigate the stability and handling of pas-

senger vehicles and large trucks during dynamic events such

as crosswind gusts (Tunay et al. (2018), Tunay (2023), Forbes

(2017), Adam Brandt and Sebben (2022), Nakashima et al.

(2011)). Comparative studies have highlighted the trade-off

between computational efficiency and accuracy among these

methods (Forbes et al. (2016), Winkler et al. (2016), Nakashima

et al. (2013), Carbonne et al. (2016)). While results vary, fully

coupled methods generally benefit large vehicles in severe con-

ditions despite higher computational costs, whereas one-way

coupling methods can suffice for smaller passenger vehicles.

The impact of aerodynamic devices on vehicle performance

has been predominately investigated with quasi-steady static

coupling methods. A majority of the studies have em-

ployed aerodynamic data from isolated devices (Mckay and

Gopalarathnam (2002), Hammad et al. (2019), Ahangarnejad

and Melzi (2018), Diba et al. (2014)), while others have taken

the aerodynamics of the entire vehicle into account (Lin and

Papadopoulos (2022), Cai et al. (2017)). The consensus among

these findings is that aerodynamic devices contribute to en-

hancements in cornering performance and stability.

More intricate fully coupled analyses involving a vehicle

equipped with various aerodynamic add-on devices have also

reported improvements in cornering performance, a finding cor-

roborated by road tests (Kurec et al. (2019a)). Subsequent in-

vestigations on the same vehicle have demonstrated a reduc-

tion in braking distance and an improvement in stability during

straight-line braking and brake-in-turn events using an active

rear wing (Broniszewski and Piechna (2019, 2022)).

Other studies have similarly demonstrated promising results

for active aerodynamic devices on vehicles, indicating further

potential benefits. Small spoiler plates underneath larger spoil-

ers or rear wings have been shown to enhance downforce gen-

eration, benefiting from faster actuation (Kurec et al. (2019b),

Piechna et al. (2022)). Findings on asymmetric active devices

have revealed that split rear wings can vary the downforce on

the inside and outside tires, but primarily affect the rear tyres

(Sikder et al. (2016), Ayyagari and He (2017)). Similarly,

tilted rear wings can effectively generate downforce and side

force, influencing the lateral distribution of vertical tyre loads

(Piechna et al. (2022), Zavala et al. (2023)).

Road tests of vehicles equipped with tilted rear wings have

demonstrated an approximate 13% increase in cornering veloc-

ity compared to a configuration without aerodynamic devices

(Piechna et al. (2022)). However, most studied active devices

produced rear axle downforce, resulting in an aerodynamically

unbalanced vehicle. While splitters were found to partially gen-

erate the necessary downforce, more substantial amounts of

front axle downforce was generated with front wings, thereby

having the potential to provide balanced loads for large active

rear wings (Szudarek and Piechna (2021)).

The reviewed studies have underscored the effectiveness of

coupled simulations in analysing the complex interrelation be-

tween vehicle aerodynamics and dynamics, and similarly high-

lighted the potential benefits of active aerodynamic devices on

vehicles. Building on this previous work, the present research

delves deeper into the use of active asymmetric aerodynamic

devices and their capabilities of influencing the aerodynamic

load distribution to enhance cornering performance, an area

previously underexplored.

A key focus of this study is to explore the performance po-

tential of asymmetrically distributing aerodynamic loads across

the inside and outside tyres, while maintaining a balanced front-

to-rear distribution, referred to as Active Aerodynamic Load

Balancing (AALB). This innovative approach aims prioritise

vertical loads on the inside tyres and counteract effects of lat-

eral load transfer, with the goal of improving overall grip and

thereby enhancing cornering performance.

To achieve this, the study employs active split rear wing and

tilted rear wing concepts. In conjunction with an active split

front wing, these concepts have the potential to manipulate the

vehicle’s longitudinal and lateral aerodynamic balance. Quasi-

steady static coupling of extensive aerodynamic data sets across

a variety of cornering conditions with a detailed vehicle dynam-

ics model is utilised to assess cornering performance. Through

this comprehensive investigation, the research aims to provide

valuable insights in the AALB capability of different active

asymmetric aerodynamic solutions and their effectiveness in

improving cornering performance.

2. Methodology

This research is based on the hypothesis that generating aero-

dynamic loads which promote downforce on the inside tyres

and oppose the overturning moment from the centrifugal force

can improve the vehicle’s overall grip during cornering. The

proposed AALB principle is achieved through the design of

two high-performance vehicle concepts using promising active

aerodynamic solutions identified in existing literature.

The influence of the AALB on cornering performance is in-

vestigated using quasi-steady static coupling of the vehicle’s

aerodynamics and dynamics. This method employs a one-way

coupling of aerodynamic data as input for a vehicle dynamics

model. Conventionally, aerodynamic data is often generated

in straight-line conditions due to the absence of prior knowl-

edge on vehicle performance. However, our previous work

has underscored the significant influence of operating condi-

tions on the aerodynamic performance of high-performance ve-

hicles (Rijns et al. (2024d,b)), indicating that straight-line aero-

dynamic data may not accurately reflect the aerodynamic per-

formance in dynamic events such as cornering.
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Figure 1: Research process flowchart

A key focus of the methodology is therefore the generation

of aerodynamic data across a range of representative operating

conditions. The research process, outlined in Figure 1, com-

mences with an initial performance assessment using wind tun-

nel data of an existing high-performance vehicle, which serves

as the baseline geometry in this study. This initial performance

assessment is used to determine representative operating condi-

tions for the CFD simulations on the active high-performance

vehicle concepts. Successively, the vehicle dynamics model

uses the simulated aerodynamic data to examine the cornering

performance of the active high-performance vehicle concepts.

The subsequent sections of the methodology will detail the ve-

hicle geometry, wind tunnel experiments, CFD simulations, and

vehicle dynamics model employed throughout the study.

2.1. Vehicle Geometry

The DrivAer hp-F vehicle model, a high-performance vari-

ant of the well-established DrivAer model (Heft et al. (2012)),

serves as the baseline geometry for this study. Specifically de-

veloped for aerodynamic research on high-performance vehi-

cles (Soares et al. (2018)), the DrivAer hp-F model features

a smooth underbody and is equipped with additional aerody-

namic elements. These elements include a 41 mm front bumper

splitter, forebody strakes, a 10◦ underbody multichannel dif-

fuser, and a NACA 6412 profile rear wing, as depicted in Figure

2a.

This study introduces two high-performance vehicle con-

cepts based on the DrivAer hp-F, each incorporating active

aerodynamic devices for AALB. The first concept features a

split rear wing, with left and right elements capable of inde-

pendently adjusting their angle of attack from 0◦ to 30◦. The

(a) (b) (c)

Figure 2: (a) baseline vehicle: DrivAer hp-F with standard rear wing, (b) split wing concept: DrivAer hp-F with active split front wing and split rear wing, and (c)

tilted wing concept: DrivAer hp-F with active split front wing and tilted rear wing. The two active high-performance vehicle concepts are depicted in an asymmetric

operating setting to illustrate the designs
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second concept utilises a rear wing that can adjust both its an-

gle of attack between 0◦ and 30◦, and roll angle between 0◦ and

±12◦, referred to as the tilted rear wing concept.

To maintain aerodynamic balance, both active high-

performance vehicle concepts feature a split front wing, con-

sisting of left and right elements that can independently vary

their angle of attack from 0◦ to 10◦. The active high-

performance vehicle concepts are illustrated in Figure 2, and

their main dimensions are listed alongside those of the baseline

high-performance vehicle in Table 1.

2.2. Wind Tunnel Experiments

The experimental data from previously conducted wind tun-

nel tests by Rijns et al. (2024b) on the DrivAer hp-F model in

the closed return 8x6 Wind Tunnel at Cranfield University is

used in this study to provide an initial performance assessment

for the CFD simulations on the active high-performance vehi-

cle concepts. The experiments were carried out on a 35% scale

model of the baseline DrivAer hp-F model with rear wing. The

model’s main dimensions are listed in Table 1 and the vehicle

configuration is illustrated in full scale in Figure 2a.

The 8x6 Wind Tunnel at Cranfield University has a rectan-

gular test section, which is 2.44 mm wide, 1.83 m high, and

5.18 m long. The experimental setup, presented in Figure 3,

was equipped a moving ground facility and two-stage bound-

ary layer suction system to optimise the ground plane boundary

layer.

The experimental data includes measurements of aerody-

namic forces and moments on the vehicle with varying rear

wing angle of attack settings. The experiments were performed

at a constant wind speed of 40 m/s, equivalent to a Reynolds

Number of 4.21 × 106, and were subject to a blockage ratio of

approximately 9.6%. The measurements were conducted with

an Aerotech® six-component internal balance with a nominal

accuracy of ±0.06% of the full scale measurement range, pro-

viding an accuracy of ±0.90 N for lift and ±0.18 N for drag.

Figure 3: 35% scale DrivAer hp-F model in the 8x6 Wind Tunnel using the

moving ground setup at Cranfield University. Reproduced from [Rijns, S.,

Teschner, T.-R., Blackburn, K., Brighton, J., ”Effects of cornering conditions

on the aerodynamic characteristics of a high-performance vehicle and its rear

wing”, Physics of Fluids, 36(4), 045119 (2024).], with the permission of AIP

Publishing.

Table 1: Main dimensions of the baseline, active concepts, and 35% scale wind

tunnel model of the DrivAer hp-F

Feature Baseline Active 35% scale

Vehicle

Length (L) 4.6126 m 4.6126 m 1.6144 m

Width 1.7923 m 1.7923 m 0.6273 m

Height 1.3971 m 1.3971 m 0.4890 m

Ride height 0.1300 m 0.1300 m 0.0455 m

Area (Aref) 2.1596 m2 2.1596 m2 0.2647 m2

Rear wing

Chord 0.3143 m 0.3929 m 0.1100 m

Span 1.200 m 1.500 m 0.4200 m

Further details on the wind tunnel experiments are available in

our previous work (Rijns et al. (2024b)).

2.3. Operating Conditions

A variety of cornering conditions are considered for the per-

formance analyses to formulate a comprehensive understanding

of the potential benefits and limitations of AALB provided by

the active aerodynamic devices of the two high-performance

vehicle concepts. Corners with radii of 15, 30, and 50 car-

lengths (L) are selected to cover various driving scenarios, rang-

ing from tight corner to high-speed bends.

As previously presented in Figure 1, an initial performance

assessment of the baseline high-performance vehicle is used

to determine representative operating conditions for the CFD

simulations on the active high-performance vehicle concepts in

each cornering condition. Following the assessment in section

3.1, the 15L, 30L, and 50L radius corners are simulated at 29

m/s, 42 m/s and 54 m/s, respectively.

2.4. Computational Fluid Dynamics

Aerodynamic data for the active high-performance vehi-

cle concepts in the specified operating conditions is obtained

through CFD simulations. The methodology builds upon a pre-

viously validated approach, which has been extensively em-

ployed for aerodynamic research on the DrivAer hp-F model

across various operating conditions (Rijns et al. (2023), Rijns

et al. (2024a), Rijns et al. (2024b), Rijns et al. (2024d)).

2.4.1. Computational Domain & Boundary Conditions

The steady-state cornering conditions are simulated by using

a rectangular domain with modified inlet and outlet positions,

adopted from our previous work (Rijns et al. (2024b)). The

computational domain, illustrated in Figure 4, in combination

with a moving reference frame, allows the simulation of various

corner radii. This approach eliminates the need for re-meshing

the entire domain for each operating condition, thereby improv-

ing the numerical workflow efficiency.

The dimensions of the domain follow best practice guidelines

for automotive aerodynamic simulations (Lanfrit (2005)), with

the domain extending 3L in front, 5L behind, 1.5L above, and

1.5L on either side of the vehicle.
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Figure 4: Computational domain with cornering boundary conditions. Repro-

duced from [Rijns, S., Teschner, T.-R., Blackburn, K., Brighton, J., ”Effects of

cornering conditions on the aerodynamic characteristics of a high-performance

vehicle and its rear wing”, Physics of Fluids, 36(4), 045119 (2024).], with the

permission of AIP Publishing.

The moving reference frame approach defines a rotational

frame motion about an external point, referred to as the centre

of rotation, to simulate the curved path during cornering. Since

the domain is prescribed with an angular velocity, the ground

plane is modelled to remain stationary. Wheel rotation is sim-

ulated with rotational moving wall boundary conditions, which

prescribe an angular velocity to match the required tangential

velocity at each wheel.

As elaborated in section 2.3, representative operating states

are selected based on an initial performance assessment of the

baseline DrivAer hp-F. Furthermore, turbulence conditions are

derived from on-road turbulence measurements for ground ve-

hicles, as reported by Saunders and Mansour (2000), to repli-

cate realistic driving conditions. An overview of the simulation

settings for each operating condition is provided in Table 2.

2.4.2. Mesh

The computational domain is constructed using an overset

mesh approach, which utilises individual unstructured poly-

hexcore meshes created in ANSYS Fluent Meshing. The over-

set mesh technique applies data interpolation within overlaying

mesh regions, thereby allowing specific component mesh trans-

formations without needing to re-mesh the entire domain. To-

gether with its demonstrated effectiveness in prior studies (Rijns

et al. (2024b), Szudarek and Piechna (2021)), the overset mesh

methodology is a particularly beneficial approach to improve

the workflow efficiency for the substantial amount of CFD sim-

ulations in this study.

The overset interfaces of the component meshes are depicted

Table 2: CFD simulation settings for each steady-state cornering operating condition

Feature 15L 30L 50L

Velocity (tangential) v = 29 m/s v = 42 m/s v = 54 m/s

Moving reference frame

frame motion rotational rotational rotational

motion axis (x, y, z) 0, 0, 1 0, 0, 1 0, 0, 1

velocity ω = 0.4191 rad/s ω = 0.3035 rad/s ω = 0.2341 rad/s

Inlets & Outlets

velocity-inlet v = 0 m/s v = 0 m/s v = 0 m/s

pressure-outlet Pgauge = 0 Pa Pgauge = 0 Pa Pgauge = 0 Pa

turbulent intensity IT = 4% IT = 4% IT = 4%

turbulent length scale lT = 2.5 m lT = 2.5 m lT = 2.5 m

Wheels

steering angle δ = 2.2◦ δ = 1.5◦ δ = 1.1◦

rotation axis

front (x, y, z) sin(δ), -1, 0 sin(δ), -1, 0 sin(δ), -1, 0

rear (x, y, z) 0, -1, 0 0, -1, 0 0, -1, 0

velocity

front inboard ω = 91.272 rad/s ω = 132.903 rad/s ω = 171.225 rad/s

front outboard ω = 93.299 rad/s ω = 134.371 rad/s ω = 172.358 rad/s

rear inboard ω = 91.267 rad/s ω = 132.901 rad/s ω = 171.225 rad/s

rear outboard ω = 93.294 rad/s ω = 134.370 rad/s ω = 172.357 rad/s

Air properties

reference density ρref = 1.204 kg/m3 ρref = 1.204 kg/m3 ρref = 1.204 kg/m3

reference dynamic viscosity µref = 1.813e−5 kg/(m s) µref = 1.813e−5 kg/(m s) µref = 1.813e−5 kg/(m s)

reference temperature T = 293 K T = 293 K T = 293 K
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Figure 5: Overset interfaces of the component meshes

in Figure 5, where the interfaces of the vehicle body, front wing

elements, and individual wheels are shown in grey, orange and

blue, respectively. The tilted rear wing consists a single compo-

nent mesh, depicted in green, while the split rear wing elements

comprise of two individual component meshes. These meshes,

superimposed on the background mesh inclusive of refinement

zones, form the complete domain. Utilising this approach en-

ables independent adjustments of the wheels’ steering angles

and operating settings of the active aerodynamics devices.

The mesh settings in this study are derived from our pre-

ceding research on the DrivAer hp-F model, which evalu-

ated grid convergence and near-wall modelling approaches for

cost-effective RANS simulations against experimental data and

high-fidelity Delayed Detached Eddy Simulations (DDES) on a

wall-resolved mesh with y+ < 1 (Rijns et al. (2024a)).

Accordingly, the base element and vehicle surface element

sizes are approximately 7.25% and 0.45% of the vehicle’s

length, respectively. Element sizes on aerodynamic devices

are locally reduced to about 2.5% of the vehicle’s length and

on small geometric features to about 0.25%. Furthermore, a

medium near-wall treatment with a y+ ≈ 120-150 and 4-6 infla-

tion layers is targeted for each operating condition. Additional

refinement zones for improved resolution in the vehicle’s near-

field and wake region are added as well, as depicted in Figure

6.

Altogether, the meshes for the split rear wing concept have

an average cell count of approximately 19.6 million, and the

meshes for the tilted rear wing concept of around 23.9 million.

All meshes generally contain an orthogonal quality above 0.7

for 99% of the cells.

Figure 6: Element sizes in proximity of the vehicle using a slice at y = 0 mm

(symmetry) for illustration

2.4.3. Solve

RANS-based CFD simulations are performed using the k-ω

SST turbulence model (Menter (1994)) with standard settings in

ANSYS Fluent. The selection of the k-ω SST model is based

on its demonstrated effectiveness for aerodynamic simulations

on the DrivAer hp-F model, as evidenced in our prior study

which evaluated the accuracy of various RANS models against

experimental data and high-fidelity DDES simulations (Rijns

et al. (2024a)).

The continuity, momentum, and transport equations for the

turbulent kinetic energy and specific dissipation rate are solved.

The coupled scheme is deployed for the pressure-velocity cou-

pling and the second order upwind scheme for the spatial dis-

cretisation.

During the simulations, lift and drag coefficients were mon-

itored to assess convergence. The settling point of the mov-

ing mean of these monitored quantities was typically reached

within 200 iterations. Accordingly, the simulations were con-

ducted for a total of 750 iterations, with averaged quantities

collected of the last 450 iterations.

The simulations were executed on two nodes consisting of

AMD EPYC 7543 processors, utilising a total of 128 cores. The

average computational time was approximately 4 hours for the

split rear wing concept, and around 5 hours for the tilted rear

wing concept.

2.4.4. Data

The aerodynamic analyses in the paper use non-dimensional

coefficients of forces and pressures obtained from the CFD sim-

ulations. Force coefficients are expressed by Eq. (1), where

Fi [N] denotes the numerical force results, Ci [-] the non-

dimensional force coefficients, and i is used to indicate lift (L)

or drag (D). Similarly, pressure coefficients are given by Eq.

(2), where Ps [Pa] represents the numerical static pressure re-

sults and Cp [-] the non-dimensional pressure coefficient. Ref-

erence quantities of the air density ρref [kg/m3], freestream ve-

locity vref [m/s], and frontal area Aref [m2] are listed in Tables 1

and 2.

Ci =
Fi

1
2
ρrefv

2
ref

Aref

(1)

Cp =
Ps − Pop

1
2
ρrefv

2
ref

(2)

2.5. Vehicle Dynamics

This research utilises a vehicle dynamics model which incor-

porates aerodynamic forces, lateral load transfer, and non-linear

tyre characteristics to evaluate vehicle performance in steady-

state cornering conditions. A general overview of the model,

illustrated in Figure 7, is first provided to support the interpre-

tation of detailed formulations discussed later.

The model operates iteratively, cycling through velocities for

a specified corner radius. At each velocity, the required lat-

eral force for the vehicle to maintain its cornering trajectory is

calculated for both the front and rear axles. To ensure that aero-

dynamic performance is accurately represented, aerodynamic
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Figure 7: Vehicle dynamics model procedure

maps are created for the specified cornering conditions and in-

corporated into the model. These maps, combined with the ef-

fects of lateral load transfer, are used to calculate the vertical

forces acting on each tyre.

These vertical forces are then input into the tyre model,

which iterates through front and rear slip angles until the re-

quired lateral force for each axle is achieved. This iterative pro-

cess continues, with the velocity incrementally increasing until

the required lateral force at either the front or rear axle can no

longer be produced. The final velocity at this point represents

the maximum achievable velocity for the given corner radius.

The model assumes traction-limited states, implying that the

vehicle’s propulsion system can generate the necessary power

to achieve the maximum velocity. The vehicle parameters used

in the model, listed in Table 3, are based on indicative specifi-

cations of sports and racing cars (Dixon (1996)).

2.5.1. Vehicle System

The vehicle dynamics system is based on a bicycle model,

which has been demonstrated to adequately simulate dominant

vehicle dynamics effects even in extreme operating conditions

(Velenis et al. (2010)), making it a suitable approach for this

study.

The vehicle dynamics system, depicted in Figure 8, uses

combined slip angles α f (rad) and αr (rad) for the front and rear

tyres, respectively. Applying a small angle approximation, the

steering angle δ (rad) and side slip angle β (rad) are expressed

by Eqs. (3) and (4). Small angle approximations employed in

this study have a maximum error of approximately 0.2%, which

is considered acceptable for the purpose of the analyses.

δ =
l

R
+ α f − αr (3)

β =
lr

R
− αr (4)

2.5.2. Centrifugal Force

In order for a vehicle to maintain its trajectory in a steady-

state cornering condition, it must generate a lateral corner-

ing force equal to the centrifugal force Fc (N), formulated by

Eq.(5). Here, m (kg) represents the total vehicle mass, V (m/s)

the vehicle’s velocity, R (m) the corner radius, and a (m/s2) the

vehicle’s lateral acceleration.

Fc = m
V2

R
= ma (5)

The moment equilibrium about the vehicle’s centre of grav-

ity (COG) determines the required lateral forces, which must be

produced at front Fy f ,req (N) and rear Fyr,req (N) axles to main-

tain the cornering trajectory, as expressed by Eqs. (6) and (7).

In these equations, l (m) denotes the wheelbase length, and l f

(m) and lr (m) the distances between COG and the front and

rear axles, respectively.

Figure 8: Schematic representation of the vehicle dynamics system
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Table 3: Vehicle parameters for the vehicle dynamics model

Parameter Symbol Unit Quantity

Mass

sprung vehicle body mb kg 1300

driver md kg 75

front unsprung mass mu f kg 90

rear unsprung mass mur kg 100

total sprung mass ms kg 1375

total mass m kg 1565

Dimensions

wheelbase length l m 2.786

distance front axle to COG l f m 1.4766

distance front axle to COG lr m 1.3094

height COG hCOG m 0.5

height front unsprung mass hu f m 0.2969

height rear unsprung mass hur m 0.2969

height roll centre at COG position h m 0.0912

height front roll centre h f m 0.2969

height rear roll centre hr m 0.2969

distance roll axis to COG d m 0.4088

width front track t f m 1.5204

width rear track tr m 1.5204

Suspension

roll stiffness kφ Nm/rad 1.1459 · 105

front roll stiffness kφ Nm/rad 6.3025 · 104

rear stiffness kφ Nm/rad 5.1566 · 104

Fy f ,req = Fc

lr

l
(6)

Fyr,req = Fc

l f

l
(7)

2.5.3. Vertical wheel load

The actual lateral forces produced by the tyres are dependent

on the individual vertical wheels loads. In steady-state corner-

ing, the loads are influenced by aerodynamic forces and lateral

load transfer. A schematic view of lateral load transfer during

cornering is provided in Figure 9, serving as a visual aid for the

subsequent formulations for vertical wheel loads.

The front and rear static wheel loads, denoted with W f (N)

and Wr (N), are defined by Eqs. (8) and (9). Here, ms (kg)

represents the sprung mass, mu f (kg) the front unsprung mass,

mur (kg) the rear unsprung mass, and g (m/s2) the gravitational

acceleration.

W f =
1

2
g(mu f + ms

lr

l
) (8)

Wr =
1

2
g(mur + ms

l f

l
) (9)

The lateral load transfers resulting from the centrifugal force

on the front and rear unsprung masses, indicated with FT f ,1 (N)

and FTr,2 (N) respectively, are expressed by Eqs. (10) and (11).

In these equations, hu f (m) and hur (m) denote the heights of the

front and rear unsprung masses, and t f (m) and tr (m) the front

and rear track widths.

FT f ,1 = mu f a

(

hu f

t f

)

(10)

FTr,1 = mura

(

hur

tr

)

(11)

The centrifugal force on the sprung mass can be expressed

as a force acting on the roll axis, transmitted via the suspension

Figure 9: Schematic representation of lateral load transfer
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links, and an additional roll couple due to the distance between

the COG and the roll axis, transmitted through the springs. Sim-

ilarly, the aerodynamic loads on the sprung mass can be concep-

tualised as an aerodynamic side force acting on the roll axis, and

an aerodynamic roll moment about the roll axis.

Considering the forces transmitted through the suspension

links first, the load transfer resulting from the centrifugal is

distributed between the front and rear axles by the position of

the vehicle’s COG. The magnitudes of the aerodynamic side

force components acting on the front and rear roll centres, rep-

resented by FS f (N) and FS r (N), impact the lateral load transfer

resulting from aerodynamic loads at the respective axles. To-

gether, the forces transmitted via the suspension links induce a

lateral load transfer at the front and rear axle, denoted by FT f ,2

(N) and FTr,2 (N), which are formulated by Eqs. (12) and (13).

Here, h f (m) and hr (m) represent the front and rear roll centre

heights, and the aerodynamic side force components are defined

in the same direction as the centrifugal force.

FT f ,2 = msa

(

lr

l

) (

h f

t f

)

+ FS f

(

h f

t f

)

(12)

FTr,2 = msa

(

l f

l

) (

hr

tr

)

+ FS r

(

hr

tr

)

(13)

The roll moment of the sprung mass about the vehicle’s roll

axis, generated by the centrifugal force and aerodynamic loads,

is transmitted through the suspension springs. By applying a

small angle approximation, the resultant roll angle of the sprung

mass φ (rad) is expressed by Eq. (14). Here, MA,rc (Nm) de-

notes the aerodynamic roll moment about the vehicle’s roll cen-

tre at the COG position, defined in the opposite direction of the

moment created by the centrifugal force. The distance between

the COG and the roll axis is represented by d (m), and the total

roll stiffness by kφ (Nm/rad).

φ =
msad − MA,rc

kφ − msgd
(14)

The roll moments reacted at front and rear axles, denoted by

M f (Nm) and Mr (Nm), are proportional to the roll stiffnesses

of the axles. The roll moments are formulated by Eqs. (15) and

(16), where the roll stiffnesses of the front and rear axles are

represented by kφ f (Nm/rad) and kφr (Nm/rad), respectively.

M f = kφ fφ (15)

Mr = kφrφ (16)

The lateral load transfers at the front FT f ,3 and rear FT f ,3

axles, resulting from the roll moments, are subsequently ex-

pressed by Eqs. (10) and (11).

FT f ,3 =
M f

t f

(17)

FTr,3 =
Mr

tr
(18)

During cornering, lateral load transfer occurs from the in-

side to the outside wheels. Given that this study considers left-

hand corners, the load transfers from the left to the right tyres.

Additionally, vertical wheel loads are affected by aerodynamic

downforce on each wheel, as formulated by Eqs. (19)-(22). The

downforce on the front left, front right, rear left, and rear right

tyres is denoted by FDF, f l (N), FDF, f r (N), FDF,rl (N), and FDF,rr

(N). The overall vertical forces acting on the respective tyres

are represented by FZ, f l (N), FZ, f r (N), FZ,rl (N), and FZ,rr (N).

FZ, f l = W f − FT f ,1 − FT f ,2 − FT f ,3 + FDF, f l (19)

FZ, f r = W f + FT f ,1 + FT f ,2 + FT f ,3 + FDF, f r (20)

FZ,rl = Wr − FTr,1 − FTr,2 − FTr,3 + FDF,rl (21)

FZ,rr = Wr + FTr,1 + FTr,2 + FTr,3 + FDF,rr (22)

2.5.4. Tyre Model

The actual lateral force produced by each individual tyre is

modelled as a function of slip angle and vertical load, using

the widely deployed Pacejka ’96 model (Pacejka (2012)). The

lateral tyre force Fy (N) is described by Eq. (23), where αi (rad)

is the slip angle, with subscript i indicating the front ( f ) or rear

(r) slip angle.

Fy = Dy sin[Cy tan−1{Byαi − Ey(Byαi − tan−1(Byαi))}] (23)

The peak value Dy, shape factor Cy, curvature factor Ey, stiff-

ness factor By, and normalised change in vertical load d fZ are

described by Eqs. (24)-(28). Here, the nominal vertical wheel

load is denoted by FZ0 (N), the actual vertical wheel load by FZ

(N), and the wheel camber by γ (rad). Furthermore, The Pace-

jka coefficients are represented by pCY1...pVY4 and the scaling

factors by λµy...λEy.

Dy = FZ(pDY1 + pDY2d fZ)(1 − pDY3γ
2)λµy (24)

Cy = pCY1λCy (25)

By =
pKY1FZ0 sin

[

2 tan−1
(

FZ

pKY2FZ0λZ0

)]

(1 − pKY3|γ|)λFZ0λKya

CyDy

(26)

Ey = (pEY1 + pEY2d fZ)(1 − (pEY3 + pEY4γ)sgn(αi))λEy (27)

d fZ =
FZ − FZ0

FZ0

(28)

Following the procedure from (Seward (2014)), Pacejka co-

efficients are derived which approximate lateral tyre force data

for a 250/570R13 Avon British F3 tyre with 0◦ camber (Avon

9



(a) (b)

Figure 10: (a) Lateral tyre force as a function of slip angle, and (b) lateral tyre force as a function of vertical force at a constant slip angle of α = -7◦

Tyres (2024)). The tyre model coefficients are listed in Table

4, and the corresponding lateral tyre force characteristics are

illustrated in Figure 10.

Figure 10a reveals that the lateral tyre force initially increases

almost linearly with small slip angles, but the relationship be-

comes non-linear near the tyre’s peak grip, after which lateral

force reduces with slip angle. Additionally, the diminishing

gain in lateral force with constant vertical load increments in-

dicates grip saturation at high vertical loads. This vertical load

sensitivity is especially evident when the lateral tyre force is

expressed as a function of the vertical tyre force at a constant

slip angle, as presented in Figure 10b. Due to this non-linear

relation, an unbalanced vertical load across an axle will reduce

the potential total lateral force production from that axle.

3. Results & Discussions

The performance of the baseline DrivAer hp-F configuration

is first examined to establish a foundation for subsequent anal-

yses. As previously detailed in section 2, the results of this

evaluation are utilised for formulating the operating states for

the CFD simulations on the active high-performance vehicle

concepts. Following the baseline performance assessment, the

influence of AALB on the cornering performance of the split

rear wing and tilted rear wing concepts is discussed. Finally,

Table 4: Coefficients for the lateral tyre force model

Coefficient Value Coefficient Value

FZ0 (N) 4905 pKY1 -35

pCY1 2.5 pKY2 3

pDY1 -1.41 pKY3 0

pDY2 0.6 λµy 1

pDY3 0 λCy 1

pEY1 0.5 λFZ0 1

pEY2 0 λKya 1

pEY3 0 λEy 1

pEY4 0 γ (◦) 0

the AALB capability of the split rear wing and tilted rear wing

concepts is compared.

3.1. Baseline Vehicle Configuration

The experimental force data for the baseline DrivAer hp-F,

presented in Figure 11, shows two downforce enhancements

regions across the rear wing’s angle of attack range. In the

initial 0◦-15◦ range, downforces increases by approximately

∆CL ≈ −0.103 until the rear wing stalls at around 15◦. Beyond

the stall angle, downforce increases by another ∆CL ≈ −0.129

along the 15◦-27.5◦ range.

(a) (b) (c)

Figure 11: Wind tunnel measurement results of (a) lift coefficients, (b) downforce distribution, and (c) drag coefficients for the baseline DrivAer hp-F with varying

rear wing angle of attack
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(a) (b) (c)

Figure 12: Maximum cornering velocity for the baseline DrivAer hp-F in the (a) 15L radius corner, (b) 30L radius corner, and (c) 50L radius corner operating

conditions. The marker style indicates front or rear grip limit behaviour.

Prior analyses have shown that downforce generation from

the rear wing itself diminishes after its stall angle, but high

angles of attack create substantial upstream pressurisation, re-

ducing lift generation along the vehicle’s upper surfaces (Ri-

jns et al. (2024b,d)). However, high rear wing angles of attack

also produce substantially more drag. The average drag penalty

per 2.5◦ angle of attack increment rises by nearly 80%, from

∆CD ≈ 0.006 in the 0◦-15◦ range to ∆CD ≈ −0.011 in the 15◦-

27.5◦ range.

The downforce produced by the rear wing primarily acts on

the rear axle, while slightly reducing front axle downforce by

∆CL ≈ 0.027 across the 0◦-27.5◦ range. Consequently, the ve-

hicle’s aerodynamic balance shifts from around 88% front axle

downforce at 0◦ to approximately 38% at 27.5◦.

Performance results using this aerodynamic data, illustrated

in Figure 12, the maximum velocity in each cornering condi-

tion initially increases with the rear wing’s angle of attack, be-

fore peaking and declining. Relative to the performance with a

0◦ rear wing angle of attack, the maximum cornering velocity

increases by approximately ∆v ≈ 0.14 m/s (0.5%) at 15◦ in the

15L radius corner, ∆v ≈ 0.48 m/s (1.2%) at 20◦ in the 30L ra-

dius corner, and ∆v ≈ 1.09 m/s (2.1%) at 20◦ in the 50L radius

corner.

Notably, peak performance across the cornering conditions

is achieved at front axle downforce distributions ranging from

approximately 45% to 55%. Furthermore, it is evident that the

rear wing’s impact on the vehicle’s cornering performance be-

comes more substantial at higher velocities. This is a result

of the absolute magnitude of aerodynamic downforce, which

quadratically increases with the vehicle’s velocity. Figure 12

also shows that the vehicle’s performance is initially limited by

the grip generated by the rear tyres, transitioning to being front

grip limited at higher rear wing angles of attack.

To further elaborate on the vehicle’s limit behaviour, the lat-

eral tyre forces for front and rear grip limited states in the 50L

radius corner are presented in Figure 13. It has been demon-

strated that front axle downforce slightly diminishes with rear

wing angles of attack, whereas rear axle downforce noticeably

enhances. The reduced front axle downforce together with the

increased lateral load transfer at a 20◦ rear wing angle of attack

cause a reduction in the potential grip production of the front

inside tyre compared to at a 0◦ rear wing angle of attack. Con-

versely, despite the larger lateral load transfer, the enhanced rear

axle downforce at the 20◦ rear wing angle of attack improves

the potential grip production of both the rear inside and outside

tyres.

Consequently, the combined lateral tyre forces, depicted in

13c and 13d, demonstrate that if the velocity of the vehicle

(a) (b) (c) (d)

Figure 13: Comparison between the lateral forces produced by the (a) front tyres, (b) rear tyres, (c) front tyres combined, and (d) rear tyres combined of the baseline

DrivAer hp-F with 0◦ and 20◦ rear wing angles of attack in the 50L radius corner
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(a) (b)

Figure 14: (a) Downforce coefficients on the vehicle body for the full range of simulated front and rear wing angles of attack, and (b) downforce coefficients on the

vehicle body in the 40%-60% front axle downforce distribution region, including the determined operating line and settings utilised for the control strategy

with a 0◦ rear wing angle of attack continues to increase, the

rear tyres would not be able generate the required lateral force,

leading to oversteering limit behaviour. Contrarily, at a 20◦ rear

wing angle of attack, the front tyres would produce an insuf-

ficient lateral force, resulting in understeering limit behaviour.

Additionally, both figures indicate that the rear axle must gen-

erate a larger lateral force to maintain the moment equilibrium

about the vehicle’s COG, given that the COG is positioned

closer to the rear axle.

3.2. Active Aerodynamic Load Balancing

The split rear wing and tilted rear wing high-performance

vehicle concepts, detailed in Section 2.1, are designed to ma-

nipulate the distribution of aerodynamic loads to improve cor-

nering performance. This section first discusses the control

strategy developed for the active aerodynamic devices on these

high-performance vehicle concepts, followed by analyses of the

aerodynamic characteristics and cornering performances. The

section concludes with a comparison between the AALB capa-

bilities of both high-performance vehicle concepts.

3.2.1. Control Strategy

The control strategy in the present study is designed to oper-

ate the active aerodynamic devices of both high-performance

vehicle concepts at comparable operating settings to ensure

a consistent comparison between both concepts. The control

strategy leverages findings from the initial performance as-

sessment of the baseline vehicle, which demonstrated that a

balanced front-to-rear downforce distribution is essential for

achieving high cornering velocities. The settings for the front

and rear located active aerodynamic devices are therefore cou-

pled on either side of the high-performance vehicle concepts to

maintain this balance.

The operating settings are derived from aerodynamic data ob-

tained by varying the front and rear wing angles of attack under

straight-line conditions, depicted in Figure 14a. A viable oper-

ating space of front and rear wing angle of attack combinations

is determined using a 40%-60% front axle downforce distribu-

tion constraint, illustrated in Figure 14b. Within the defined

space, this study opted to use an operating line representing lin-

ear combinations of front and rear wing angles of attack, sam-

pled at five evenly spaced operating settings that are simulated

to map the aerodynamic performance of the high-performance

vehicle concepts.

Accordingly, operating settings for the split rear wing con-

cept pair a 2.5◦ front wing element angle of attack increment

with a 7.5◦ rear wing element angle of attack increment on the

same side of the vehicle, as detailed in Tables 5 and 6. To es-

tablish comparable operating settings for the tilted rear wing

concept, a 2.5◦ front wing element angle of attack increment is

coupled with a 3.75◦ rear wing angle of attack increment and

3◦ upward tilt of the rear wing on the same side of the vehicle,

as outlined in Tables 5 and 7.

Table 5: Split front wing: angles of attack for the inside (αI ) and outside (αO) located elements for each operating setting combination

O1 O2 O3 O4 O5

αI | αO αI | αO αI | αO αI | αO αI | αO

I1 0◦ | 0◦ 0◦ | 2.5◦ 0◦ | 5◦ 0◦ | 7.5◦ 0◦ | 10◦

I2 2.5◦ | 0◦ 2.5◦ | 2.5◦ 2.5◦ | 5◦ 2.5◦ | 7.5◦ 2.5◦ | 10◦

I3 5◦ | 0◦ 5◦ | 2.5◦ 5◦ | 5◦ 5◦ | 7.5◦ 5◦ | 10◦

I4 7.5◦ | 0◦ 7.5◦ | 2.5◦ 7.5◦ | 5◦ 7.5◦ | 7.5◦ 7.5◦ | 10◦

I5 10◦ | 0◦ 10◦ | 2.5◦ 10◦ | 5◦ 10◦ | 7.5◦ 10◦ | 10◦
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Table 6: Split rear wing: angles of attack for the inside (αI ) and outside (αO) located elements for each operating setting combination

O1 O2 O3 O4 O5

αI | αO αI | αO αI | αO αI | αO αI | αO

I1 0◦ | 0◦ 0◦ | 7.5◦ 0◦ | 15◦ 0◦ | 22.5◦ 0◦ | 30◦

I2 7.5◦ | 0◦ 7.5◦ | 7.5◦ 7.5◦ | 15◦ 7.5◦ | 22.5◦ 7.5◦ | 30◦

I3 15◦ | 0◦ 15◦ | 7.5◦ 15◦ | 15◦ 15◦ | 22.5◦ 15◦ | 30◦

I4 22.5◦ | 0◦ 22.5◦ | 7.5◦ 22.5◦ | 15◦ 22.5◦ | 22.5◦ 22.5◦ | 30◦

I5 30◦ | 0◦ 30◦ | 7.5◦ 30◦ | 15◦ 30◦ | 22.5◦ 30◦ | 30◦

Table 7: Tilted rear wing: angles of attack (αA) and tilt angles (αT ) for each operating setting combination

O1 O2 O3 O4 O5

αA | αT αA | αT αA | αT αA | αT αA | αT

I1 0◦ | 0◦ 3.75◦ | 3◦ 7.5◦ | 6◦ 11.25◦ | 9◦ 15◦ | 12◦

I2 3.75◦ | -3◦ 7.5◦ | 0◦ 11.25◦ | 3◦ 15◦ | 6◦ 18.75◦ | 9◦

I3 7.5◦ | -6◦ 11.25◦ | -3◦ 15◦ | 0◦ 18.75◦ | 3◦ 22.5◦ | 6◦

I4 11.25◦ | -9◦ 15◦ | -6◦ 18.75◦ | -3◦ 22.5◦ | 0◦ 26.25◦ | 3◦

I5 15◦ | -12◦ 18.75◦ | -9◦ 22.5◦ | -6◦ 26.25◦ | -3◦ 30◦ | 0◦

By adjusting the operating settings for the active aerody-

namic devices located at the inside and outside of the high-

performance vehicle concepts, the distribution of aerodynam-

ics loads across the inside and outside tyres can be influenced.

Given that the control strategies for both concepts apply simi-

lar operating settings, a consistent comparison between the two

concepts can be conducted in terms of their performance and

AALB capabilities.

3.3. Split Rear Wing

Analyses of the aerodynamic performance of the split rear

wing high-performance vehicle concept reveal that downforce

and drag coefficients generally increase with higher operating

settings for the inside and outside active aerodynamic devices

throughout the different cornering conditions, as observed in

Figure 15. The rate at which downforce coefficients increase is

highest in the 15L radius corner and lowest in the 50L radius

corner, indicating the response to operating settings becomes

slightly more gradual with increasing corner radii.

Inside dominant operating states mainly exhibit higher down-

force and lower drag coefficients than outside dominant operat-

ing states. This observations is especially evident in 15L radius

corner, suggesting a favourable flow alignment on the inside of

the vehicle in tighter corners. The maximum downforce coeffi-

cient in the 15L radius corner also exceeds that of the 30L and

50L radius corners by 3.5% and 5%, respectively, whereas the

maximum drag coefficient is only 1% higher. Across the oper-

ating states, the front axle downforce distribution varies from

approximately 49% to 57%, thereby remaining within the in-

tended range of the control strategy.

Figure 16 demonstrates that aerodynamic performance varia-

tions between maximum symmetric operating states in different

cornering conditions primarily occur on the underbody. Upper

body surfaces depict comparable pressure coefficient distribu-

tions, where the uniform high-pressure region on top of the split

rear wing elements produces a noticeable upstream pressurisa-

tion along the roof. On the underbody, the high symmetric front

wing settings result in substantial low-pressure regions on both

elements. Another pronounced low-pressure area is generated

around the front axle, which develops further downstream with

reducing corner radii. Flow conditions in tight corners also

demonstrate to favour low-pressure generation on the diffuser

section on the inside of the vehicle, whereas the pressure coef-

ficient distribution becomes more symmetric with large corners

which approximate symmetric straight-line conditions.

Maximum inside bias operating states generate a more sub-

stantial high-pressure region on the upper surface of the inside

element than on the outside element of the split rear wing in

each cornering condition, as shown in Figure 17. The pressure

difference between the split rear wing elements induces a vortex

which adversely affects the high-pressure region on the outside

element. Furthermore, the upstream pressurisation in this oper-

ating state is primarily generated by the inside element, thereby

considerably less substantial compared to the maximum sym-

metric operating state.

The pressure coefficient distributions on the underbody of

the vehicle with a maximum inside bias operating state show

that the inside element of the split front wing generates a more

significant low-pressure region than the outside element. The

pressure difference between the front wing elements also drives

the formation of a vortex, which propagates along the floor

and leaves a low-pressure trace. Additionally, the front wing

element settings influence downstream flow conditions, where

high angles of attack support low-pressure generation in the dif-
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15L 30L 50L

(a)

15L 30L 50L

(b)

Figure 15: (a) Downforce coefficients and (b) drag coefficients as a function of the operating settings for the inside and outside located active aerodynamic devices

of the split rear wing high-performance vehicle concept in various cornering conditions

fuser on the same side of the vehicle. This seems especially

evident in smaller corners, likely augmented by the effects of

flow alignment discussed for the maximum symmetric operat-

ing state.

Having established an understanding of the functioning be-

hind the active aerodynamic devices of the split rear wing high-

performance vehicle concept, Figure 18 presents the influence

of the operating states on the downforce acting on the inside

and outside tyres in each cornering condition. As previously

identified, flow conditions in tight corners have shown to ben-

(a) (b) (c)

Figure 16: Pressure coefficient distribution on the split rear wing high-performance vehicle concept in its maximum symmetric operating state (5,5) in the (a) 15L

radius corner, (b) 30L radius corner, and (c) 50L radius corner
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(a) (b) (c)

Figure 17: Pressure coefficient distribution on the split rear wing high-performance vehicle concept in its maximum inside bias operating state (1,5) in the (a) 15L

radius corner, (b) 30L radius corner, and (c) 50L radius corner

efit downforce generation on the inside of the vehicle. In ac-

cordance, the highest inside and lowest outside downforce co-

efficients are generally observed in the 15L radius corner. Con-

versely, the nearly symmetric flow conditions in the 50L radius

corner result in more balanced magnitudes of inside and outside

downforce coefficients.

Throughout the cornering conditions, the inside downforce

coefficients increase with higher operating settings for the aero-

dynamic devices on the same side of the vehicle. However,

for a given inside operating setting, the inside downforce co-

15L 30L 50L

(a)

15L 30L 50L

(b)

Figure 18: Downforce coefficients on the (a) inside tyres and (b) outside tyres as a function of the operating settings for the inside and outside located active

aerodynamic devices of the split rear wing high-performance vehicle concept in various cornering conditions
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(a) (b) (c)

Figure 19: Aerodynamic roll moment coefficients about the vehicle’s roll axis as a function of the operating settings for the inside and outside located active

aerodynamic devices of the split rear wing high-performance vehicle concept in the (a) 15L radius corner, (b) 30L radius corner, and (c) 50L radius corner. The

black contour lines mark an aerodynamic roll moment coefficient of zero.

efficients also enhance with increasing outside operating set-

tings. The same response to operating settings for the aerody-

namic devices on the opposite side of the vehicle is observed

for the outside downforce coefficients, indicating an amplify-

ing aerodynamic interaction between aerodynamic devices on

either side of the vehicle occurs.

The distribution of aerodynamic loads, influenced by the op-

erating states of the active aerodynamic devices, induces an

aerodynamic roll moment about the vehicle’s roll axis. The

aerodynamic roll moment coefficients, depicted in Figure 19,

therefore provide an indication of the vehicle’s AALB capabil-

ity. In this analysis, positive coefficients refer to an aerody-

namic roll moment toward the inside tyres and negative coeffi-

cients to an aerodynamic roll moment toward the outside tyres.

Hence, a desirable AALB concept in symmetric straight-line

conditions would not generate an aerodynamic roll moment at

symmetric operating states, whereas inside and outside bias op-

erating states would respectively generate positive and negative

aerodynamic roll moments.

The 50L radius corner results show most resemblance to this

described straight-line behaviour, where inside and outside bias

operating states generally result in positive and negative aerody-

namic roll moment coefficients. However, as previously identi-

fied, the asymmetric cornering conditions have shown to favour

downforce on the inside of the vehicle. Consequently, positive

aerodynamic roll moment coefficients are superior, especially

in the high operating settings range, as evidenced by the con-

tour line of zero aerodynamic roll. Positive aerodynamic roll

moment coefficients become increasingly more dominant with

reducing corner radii, corresponding to the high disparity previ-

ously seen between the downforce generated on the inside and

outside of the vehicle.

The influence of AALB on the maximum cornering veloc-

ity of the split rear wing high-performance vehicle concept is

presented in Figure 20. Generally, higher cornering velocities

are achieved with inside bias compared to outside bias oper-

ating states, affirming the respective positive and negative im-

pacts of reducing and amplifying lateral load transfer during

cornering. Furthermore, it is noteworthy that prior discussions

focused on coefficients of aerodynamic forces and moments to

facilitate comparisons between low and high speed cornering

conditions. The actual magnitudes of these quantities increase

quadratically with the vehicle’s velocity. It will therefore be-

come evident in subsequent performance analyses that absolute

effects of AALB on the vehicle’s cornering performance are

larger in high speeds than in low speed corners.

In the 50L radius corner, a peak velocity of 55.09 m/s is

achieved at operating state (1.7,5), exceeding the minimum ve-

locity of 53.25 m/s at operating state (2,1) by around 3.5%, and

the velocity of 54.87 m/s at the maximum symmetric operating

(a) (b) (c)

Figure 20: Maximum velocity as a function of the operating settings for the inside and outside located active aerodynamic devices of the split rear wing high-

performance vehicle concept in the (a) 15L radius corner, (b) 30L radius corner, and (c) 50L radius corner
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state (5,5) by about 0.4%. However, the inside bias operating

state (1.7,5) achieves the peak velocity by producing approx-

imately 20% less downforce and 16% less drag, reducing the

power to overcome aerodynamic drag by about 15% compared

to the maximum symmetric operating state.

The peak velocity of 42.01 m/s in the 30L radius corner is

reached at operating state (1.8,5), providing an approximate

1.5% improvement over the minimum velocity of 41.40 m/s at

operating state (3,2), and 0.4% over the velocity of 41.86 m/s

at the maximum symmetric operating state (5,5). Again, the

inside bias operating state achieves the peak velocity by gen-

erating around 19% less downforce and 16% less drag, using

overall about 15% less power to overcome aerodynamic drag.

Performance in the low speed 15L radius corner exhibits the

lowest sensitivity to AALB. The cornering velocity seems to

primarily benefit from high downforce operating states and rel-

atively independent to inside or outside bias aerodynamic loads.

Consequently, a peak velocity of 29.33 m/s is achieved at the

maximum symmetric operating state (5,5), increasing the min-

imum velocity of 29.18 m/s at operating state (2,1) by around

0.5%.

The disparities in performance between the operating states

fundamentally originate from the aerodynamic loads generated

by the active aerodynamic devices and their subsequent effect

on tyre dynamics. This is illustrated in Figure 21, which dis-

plays the lateral tyre forces for the maximum symmetric (5,5)

and optimal inside bias (1.7,5) operating states in a 50L radius

corner.

The core concept behind AALB is to leverage the vertical

load sensitivity of the tyres by generating aerodynamic loads

that counteract lateral load transfer and prioritise vertical loads

on the inside over the outside tyres. This principle is effec-

tively implemented in the inside bias operating state, which de-

creases lateral load transfer on both axles by approximately 1%

compared to the symmetric state, and generates about 1.3 times

more downforce on the inside tyres than on the outside tyres,

resulting in comparable lateral tyre forces to those of the high

downforce symmetric operating state.

The symmetric operating state exhibits understeering limit

behaviour, where the front tyres are incapable of producing a

larger lateral force if the vehicle’s velocity was the increase.

Conversely, oversteering limit behaviour is observed for the in-

side bias operating state, due to the rear tyres’ inability to gener-

ate a larger lateral force, although the front and rear tyres reach

their limit nearly simultaneously.

3.4. Tilted Rear Wing

The downforce and drag coefficients of the tilted rear wing

high-performance vehicle concept, presented in Figure 22,

mainly increase with higher operating settings for the inside

and outside active aerodynamic devices in each cornering con-

dition. The rate at which downforce coefficients increase at low

to medium operating settings is highest in the 50L radius corner,

whereas the response to high operating settings is most substan-

tial in the 15L radius corner.

The 15L radius corner results also demonstrate noticeable

performance fluctuations at high inside and outside bias operat-

ing states. These aerodynamic performance variabilities are at-

tributed to the interaction between the tilted rear wing and recir-

culation wake vortices. These vortex structures have previously

been demonstrated to arise in cornering conditions and inten-

sify with reducing corner radii (Rijns et al. (2024b)), thereby

only expressing as pronounced performance variations in the

15L radius corner. The interaction seems to be triggered by

critical distances between the tilted rear wing and the vehicle

body, influenced by the angle of attack and tilt angle settings.

The interaction slightly reduces the low-pressure generation un-

derneath the tilted rear wing and increases pressure drag on the

vehicle’s base, therefore resulting in relatively low downforce

with high drag states.

The front axle downforce distribution varies between approx-

imately 50% to 56% throughout the operating states in each cor-

nering condition, thereby remaining within the intended range

of the control strategy. Quantitatively, the maximum downforce

coefficient in the 15L radius corner is about 4.5% higher than

in the 30L and 50L radius corners, while the maximum drag

coefficient is less than 1% higher.

(a) (b) (c) (d)

Figure 21: Comparison between the lateral forces produced by the (a) front tyres, (b) rear tyres, (c) front tyres combined, and (d) rear tyres combined of the split

rear wing high-performance vehicle concept in its maximum symmetric (5,5) and optimal inside bias (1.7,5) operating states in the 50L radius corner
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(a)

15L 30L 50L

(b)

Figure 22: (a) Downforce coefficients and (b) drag coefficients as a function of the operating settings for the inside and outside located active aerodynamic devices

of the tilted rear wing high-performance vehicle concept in various cornering conditions

Similarly to the split rear wing concept, pressure coefficient

distributions on the maximum symmetric operating state reveal

that performance variations across cornering conditions primar-

ily occur on the underbody, as shown in Figure 23. Comparable

features like the upstream pressurisation of the rear wing and

low-pressure generation on the front wing elements are observ-

able. Furthermore, the downstream development of the low-

pressure region near the front axle and the asymmetric pressure

distribution in the diffuser again indicate the variation in flow

alignment between small and large radius corners.

(a) (b) (c)

Figure 23: Pressure coefficient distribution on the tilted rear wing high-performance vehicle concept in its maximum symmetric operating state (5,5) in the (a) 15L

radius corner, (b) 30L radius corner, and (c) 50L radius corner
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(a) (b) (c)

Figure 24: Pressure coefficient distribution on the tilted rear wing high-performance vehicle concept in its maximum inside bias operating state (1,5) in the (a) 15L

radius corner, (b) 30L radius corner, and (c) 50L radius corner

Pressure coefficient distributions on the maximum inside bias

state, presented in Figure 24, depict a relatively symmetric dis-

tribution across the tilted rear wing’s span, despite its high tilt

angle. The upstream pressurisation effect on the other hand

is primarily generated by the outside section of the tilted rear

wing, which is in closer proximity to the vehicle body, and con-

sequently less considerable than for the maximum symmetric

operating state. The increased proximity between the outside

section of the tilted rear wing and the vehicle body also induces

some local airflow acceleration, slightly promoting flow attach-

ment on the lower surface compared to the wing section which

is tilted upwards.

Similar findings to those of the maximum inside bias operat-

ing state of the split rear wing concept are observed along the

underbody. The low-pressure region on the inside front wing

element is more substantial than on the outside element, driv-

ing the formation of a vortex which propagates along the floor.

Furthermore, front wing operating settings demonstrate to in-

fluence downstream flow conditions, where high settings pro-

mote the low-pressure generation in the diffuser section on the

same side of the vehicle. The low-pressure generation on the

inside of the vehicle seems again more evident in smaller cor-

ners, likely amplified by previously discussed flow alignment

effects.

Upon comprehending the operational principles behind the

active aerodynamic devices of the tilted rear wing high-

performance vehicle concept, Figure 25 shows the impact of

the operating states on the downforce exerted on the inside and

outside tyres throughout the different cornering conditions. As

identified earlier, downforce generation on the inside of the

vehicle is somewhat promoted in tight corners, whereas more

symmetrically distributed aerodynamic loads are generated in

large radius corner which approximate symmetric straight-line

conditions. Consequently, an increasing variability in the mag-

nitudes of inside and outside downforce coefficients is observed

with reducing corner radii.

Throughout the cornering conditions, inside and outside

downforce coefficients increase with higher operating settings

for the active aerodynamic devices on the respective sides of

the vehicle. However, the inside downforce coefficients demon-

strate to reduce with higher outside operating settings for a con-

stant inside operating setting and vice versa. This response is

to be expected since the aerodynamic load bias to a single side

of the vehicle reduces when the opposite operating setting is in-

creased, generating more laterally balanced aerodynamic loads.

The aerodynamic load distribution induces an aerodynamic

roll moment about the vehicle roll axis, as presented in Figure

26, which provides insights into the vehicle’s AALB capability.

As mentioned before, positive coefficients refer to an aerody-

namic roll moment toward the inside tyres and negative coeffi-

cients to an aerodynamic roll moment toward the outside tyres

in this analysis. In straight-line conditions, a desired AALB

concept with symmetric settings would not generate an aerody-

namic roll moments, whereas inside and outside bias operating

states would generate positive and negative aerodynamic roll

moments.

Aerodynamic roll moment coefficients in the 50L radius cor-

ner are nearly identical to the desired response in straight-line

conditions described above. The contour line of zero aerody-

namic roll is however marginally below the diagonal with sym-

metric operating states, since the slight asymmetric conditions

in this large corner radius still favour an inside bias aerody-

namic load distribution. As previously identified, the bias to-

ward inside downforce generation increases with reducing cor-

ner radii, also evidenced from the increasing positive aerody-

namic roll moment coefficients across the operating states in

tighter corners.

The impact of AALB on the maximum cornering velocity of

the tilted rear wing high-performance vehicle concept is pro-

vided in Figure 27. Evidently, higher cornering velocities are
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(a)

15L 30L 50L

(b)

Figure 25: Downforce coefficients on the (a) inside tyres and (b) outside tyres as a function of the operating settings for the inside and outside located active

aerodynamic devices of the tilted rear wing high-performance vehicle concept in various cornering conditions

generally observed for inside bias compared to outside bias op-

erating states for each cornering condition. This emphasises

the respective performance enhancing and deteriorating effects

of counteracting or reinforcing lateral load transfer during cor-

nering. As previously noted, the actual magnitudes of aerody-

namic forces and moments increase quadratically with the ve-

hicle’s velocity as opposed to their respective coefficients dis-

cussed above. Hence, subsequent performance analyses will

demonstrate larger absolute effects of AALB on cornering per-

formance in high speed corners compared to low speed corners.

In the 50L radius corner, the maximum inside bias operating

state (1,5) provides a peak velocity of 55.73 m/s, which is ap-

proximately 6.4% higher than the minimum velocity of 52.38

m/s at operating state (5,1), and 1.7% higher than the velocity

of 54.79 m/s at the maximum symmetric operating state (5,5).

The maximum inside bias operating state generates about 28%

less downforce and 18% less drag, thereby achieving the peak

cornering velocity using around 18% less power to overcome

aerodynamic drag compared to the maximum symmetric oper-

ating state.

(a) (b) (c)

Figure 26: Aerodynamic roll moment coefficients about the vehicle’s roll axis as a function of the operating settings for the inside and outside located active

aerodynamic devices of the tilted rear wing high-performance vehicle concept in the (a) 15L radius corner, (b) 30L radius corner, and (c) 50L radius corner. The

black contour lines mark an aerodynamic roll moment coefficient of zero.
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Figure 27: Maximum velocity as a function of the operating settings for the inside and outside located active aerodynamic devices of the tilted rear wing high-

performance vehicle concept in the (a) 15L radius corner, (b) 30L radius corner, and (c) 50L radius corner

The maximum inside bias operating state (1,5) produces a

peak velocity of 42.23 m/s in the 30L radius corner, exceed-

ing the minimum velocity of 40.76 m/s at operating state (5,1)

by about 3.6%, and the velocity of 41.82 m/s at the maximum

symmetric operating state (5,5) by 1%. Hence, peak velocity

at the maximum inside bias operating state is achieved using

approximately 29% less downforce and 19% less drag, reduc-

ing the power to overcome aerodynamic drag by around 18%

compared to the maximum symmetric operating state.

The peak velocity of 29.36 m/s in the 15L radius corner is

again achieved at the maximum inside bias operating state (1,5),

providing an approximate 1.3% improvement over the mini-

mum velocity of 29.00 m/s at operating state (4.8,2), and 0.2%

over the velocity of 29.30 m/s at the maximum symmetric oper-

ating state (5,5). The maximum inside bias operating state pro-

duces around 38% less downforce and 15% less drag, thereby

delivering the peak cornering velocity using about 15% less

power to overcome aerodynamic drag compared to the maxi-

mum symmetric operating state.

As previously discussed, variations in cornering performance

are primarily attributed to the aerodynamic loads generated by

active aerodynamic devices and their subsequent influence on

tyre behaviour. To provide a more detailed analysis of tyre dy-

namics, the lateral tyre forces for both the maximum symmet-

ric (5,5) and optimal inside bias (1,5) operating states in a 50L

radius corner are depicted in Figure 28. Through the applica-

tion of AALB, the inside bias operating state effectively reduces

the lateral load transfer across both axles by approximately 3%

compared to the symmetric state, and generates about 2.5 times

more downforce on the inside than on the outside tyres.

It is important to highlight that a high tilt angle of the rear

wing not only generates a vertical force but also a horizon-

tal force component, which primarily contributes to the lateral

force exerted at the rear axle. As a result, even though the in-

side bias operating state necessitates the generation of a larger

total lateral force to maintain its cornering trajectory due to its

increased velocity, it is evident that the required force at the rear

wheels is diminished in comparison to the symmetric operating

state, owing to the substantial aerodynamic side force generated

by the tilted rear wing.

For both the inside bias and symmetric operating state, the

front tyres would be unable to generate a larger lateral force if

the vehicle’s velocity was to increase, leading to understeering

limit behaviour.

(a) (b) (c) (d)

Figure 28: Comparison between the lateral forces produced by the (a) front tyres, (b) rear tyres, (c) front tyres combined, and (d) rear tyres combined of the tilted

rear wing high-performance vehicle concept in its maximum symmetric (5,5) and optimal inside bias (1,5) operating states in the 50L radius corner
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3.5. Split Rear Wing vs Tilted Rear Wing

The split rear wing and tilted rear wing high-performance

vehicle concepts both aim to enhance cornering performance

by controlling vertical tyre forces through AALB. However,

the underlying mechanisms to achieve AALB and the subse-

quent efficacy in improving cornering performance differ be-

tween these concepts.

The split rear wing concept primarily influences the aerody-

namic load distribution by the amount of aerodynamic force

generated vertically on either side of the vehicle. In contrast,

the tilted rear wing concept is able to generate substantial aero-

dynamic forces in both vertical and horizontal directions, re-

sulting in a range of aerodynamic roll moment coefficients that

is double that of the split rear wing concept.

Both concepts generate favourable downforce on the vehi-

cle’s inside due to asymmetric flow conditions during corner-

ing, resulting in a positive aerodynamic roll moment. How-

ever, the tilted rear wing concept provides a more desirable re-

sponse to the control strategy than the split rear wing concept.

It demonstrates a more consistent transition of positive to neg-

ative aerodynamic roll moment coefficients at respective inside

bias and outside bias operating states across the cornering con-

ditions. This consistency is less evident in the split rear wing

concept, due to increased flow interactions between the split el-

ements.

In terms of performance, the tilted rear wing concept outper-

forms the split rear wing concept by achieving higher cornering

velocities through its superior AALB capability. Specifically,

it attains an approximate 1.2% higher maximum velocity in the

50L radius corner, while using nearly 10% less downforce and

2% less drag. In the 30L radius corner, the tilted rear wing’s

maximum velocity is around 0.5% higher, achieved with ap-

proximately 12% less downforce and 2% less drag.

In the 15L radius corner, both concepts reach similar maxi-

mum velocities. However, the split rear wing needs to operate at

the maximum downforce state to reach its peak velocity in such

low speed corners due to its limited AALB capability. In con-

trast, the tilted rear wing, with its enhanced AALB capability,

reaches its peak velocity at the maximum inside bias operating

state. This results in a comparable cornering velocity, but with

approximately 39% less downforce and 14% less drag.

4. Conclusion

This study investigated the potential of active aerodynamic

load balancing (AALB) on improving the cornering perfor-

mance of high-performance vehicles. The AALB capabilities

of two high-performance vehicle concepts, equipped with an

active split front wing and either a split rear wing or tilted rear

wing, were analysed and compared to provide insights into the

efficacy of these active aerodynamic devices.

The cornering performance was evaluated through a quasi-

steady static coupling of the vehicle’s aerodynamics and dy-

namics. This methodology considered aerodynamic loads, lat-

eral load transfer, and non-linear tyre characteristics to deter-

mine the maximum cornering velocity. The aerodynamic data

for the active high-performance vehicle concepts were obtained

under representative operating conditions, ensured by an initial

performance assessment of a baseline high-performance vehi-

cle based on wind tunnel measurements.

Sufficient levels of AALB were achieved by both the split

rear wing and tilted rear wing concepts to noticeably influence

cornering performance. The findings supported the initial hy-

pothesis of this research, demonstrating that inside bias oper-

ating states, intended to promote downforce on the inside tyres

and counteract effects of lateral load transfer, improve cornering

performance. In contrast, outside bias operating states, which

favour downforce on the outside tyres and reinforce effects of

lateral load transfer, were shown to deteriorate cornering per-

formance.

The performance improvements were found to become more

substantial in high speed corners, due to the quadratic increase

of aerodynamic forces with the vehicle’s velocity. Optimal in-

side bias operating states of the split rear wing and tilted rear

wing concepts were able to reach approximately 0.5% and 2%

higher velocities in the highest-speed corner than the maximum

symmetric operating states, respectively. Notably, through ef-

fectively distributing the aerodynamic loads, the optimal inside

bias operating states achieved peak velocities using less down-

force and drag compared to the maximum symmetric operating

states. Consequently, the propulsion power to overcome drag

was also reduced in each cornering condition by about 15%-

20%.

Comparing both high-performance vehicle concepts, the ti-

tled rear wing outperformed the split rear wing in terms of

its ability to influence the aerodynamic load distribution and

achieving peak cornering performance. It was able to gener-

ate two times larger aerodynamic roll moments, and exhibited

a more consistent response to the control strategy with a more

direct relation between the bias of an operating state and the

aerodynamic roll moment magnitude.

The superior AALB capability was attributed to the tilted rear

wing’s ability to generate both vertical and horizontal aerody-

namic force components to influence the aerodynamic distri-

bution. Conversely, the split rear wing concept was only able

influence the aerodynamic load distribution by varying the mag-

nitude of aerodynamic forces in the vertical direction on either

side of the vehicle. As a result, the tilted rear wing concept

achieved the highest maximum cornering velocities, while us-

ing less propulsion power to overcome drag in each of the con-

sidered cornering conditions.

Overall, this research demonstrated the significant potential

of utilising AALB through active asymmetric aerodynamic de-

vices for enhancing cornering performance. The findings of-

fered crucial insights into the underlying principles of AALB

and the fundamental design mechanisms beneficiary for ef-

fective control over aerodynamic loads. These results estab-

lish the foundation for future work on advanced active aerody-

namic solutions for enhancing the performance and efficiency

of next-generation high-performance and automotive vehicles.

Explorations considering other dynamic conditions or alterna-

tive control strategies could lead to new insights and potentially

even greater performance gains, guiding the development of ad-
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vanced and efficient vehicles.
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