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Abstract

This study investigates the aerodynamic behaviour of a high-performance vehicle and the interaction with its rear wing in straight-
line and steady-state cornering conditions. Analyses are performed with Reynolds-Averaged Navier-Stokes (RANS) based compu-
tational fluid dynamics (CFD) simulations using a moving reference frame and overset mesh technique, validated against moving
ground wind tunnel experiments. Results indicate a significant 20% decrease in downforce and 35% increase in drag compared to
straight-line conditions at the smallest considered corner radius of 2.9 car-lengths. Downforce losses primarily stem from perfor-
mance deficits on the underbody and rear wing, alongside elevated upper body lift. Drag penalties mainly result from additional
pressure drag induced by a recirculation wake vortex generated behind the vehicle’s inboard side. The vehicle’s lateral pressure
distribution is also affected, introducing a centripetal force that increases with smaller corner radii. Additionally, analyses of the
rear wing reveal alternations of its aerodynamic characteristics in cornering, particularly impacting vortical flow and suction on
the lower surface. Throughout the operating conditions, the rear wing’s individual downforce contribution falls off beyond its stall
angle. At higher angles of attack, the rear wing primarily generates downforce by pressurising the vehicle’s upper surfaces, but its
interaction with the near-wake leads to a substantially increased pressure drag. Overall, these findings provide crucial insights into
the intricate aerodynamic interactions of high-performance vehicles in diverse operating conditions, and form an essential founda-
tion for future research on static and active aerodynamic designs in the pursuit to optimise vehicle performance in dynamic driving
conditions.
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1. Introduction

Cornering conditions can have a substantial impact on the
aerodynamic performance of ground vehicles. This is espe-
cially true for high-performance and racing vehicles, which
are equipped with delicate aerodynamic elements that gener-
ate downforce to improve tractive forces. Yet, most aerody-
namic design evaluations are conducted in straight-line condi-
tions, leading to suboptimal vehicle designs in cornering condi-
tions.

The focus on straight-line conditions in the vehicle aerody-
namics research is primarily due to the challenges in replicating
cornering conditions in wind tunnel experiments. Experimental
techniques capable of recreating some aspects of cornering con-
ditions exist, but they all have limitations in accuracy (Keogh
et al. (2015a), Toet (2013)). In contrast, numerical simulations
offer complete control over operating conditions and are there-
fore preferred for cornering analyses.

Previous research examining the influence of steady-state
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cornering on the aerodynamics of simplified automotive bod-
ies has consistently shown significant pressure distribution vari-
ations compared to straight-line conditions (Keogh (2016),
Keogh et al. (2016), Nakashima et al. (2020)). The variation
in lateral pressure distribution along the vehicle gave rise to an
outboard pressure rise and an inboard pressure drop. The re-
sultant centripetal force and outboard-directed yawing moment
demonstrated a linear increase with decreasing corner radii.
Conversely, lift generation exhibited a gradual decrease with
reduced corner radii, while drag experienced an exponential in-
crease. Notably, the significant rise in drag was primarily at-
tributed to heightened pressure drag and could be related to the
formation of a highly asymmetric near-wake structure in cor-
nering conditions.

Research on the DrivAer model (Heft et al. (2012)), a stan-
dard benchmark for automotive passenger vehicles, has demon-
strated the notable impact of cornering conditions on its aero-
dynamic features (Josefsson et al. (2018), Nakashima et al.
(2015), Kono et al. (2016)). Corresponding with findings on
simplified automotive bodies, these studies consistently ob-
served increased pressure on the vehicle’s outboard side and de-
creased pressure on the inboard side compared to straight-line
conditions. Additionally, an increasing centripetal force was
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uniformly noted, although the direction of the yawing moment
appeared to be influenced by the vehicle’s sideslip angle, align-
ing with dynamic vehicle motion findings (Okada et al. (2012),
Tsubokura et al. (2012)).

Studies on the DrivAer model also highlighted an increase
in drag and a slight reduction in lift as corner radii decreased.
The heightened drag was primarily accumulated toward the ve-
hicle’s rear end and likely affected by the reported asymmet-
ric near-wake structure. Notably, an elevated corner sensitivity
was found for open-wheel race cars equipped with downforce-
generating aerodynamic elements, since the individual perfor-
mances of its aerodynamic devices were also affected in cor-
nering conditions (Albukrek et al. (2006)). This is in agreement
with simulations on a formula-type car navigating a sequence of
corners, which experienced downforce fluctuations of approxi-
mately 20% (Nara et al. (2014)).

A common aerodynamic element featured on high-
performance and racing vehicles is a rear wing, due to its high
adjustability. Research on the effects of rear wings on simpli-
fied automotive vehicles in straight-line conditions revealed not
only their individual downforce and drag contributions, but also
indicated toward secondary interactions with the vehicle and
its near-wake impacting the overall aerodynamic performance
(Garry and Le Good (2005), Mathur et al. (2021), Buljac et al.
(2016)). Analyses on open wheel race cars even demonstrated
downforce enhancement effects on the vehicle’s underbody due
to the interaction with the rear wing (Katz and Dykstra (1989),
Katz and Largman (1989)).

Existing findings primarily focused on straight-line analyses,
however studies on isolated inverted wings already indicated
the significance of yaw and cornering flow conditions on their
aerodynamic performance (Keogh et al. (2015b), Gogel and
Sakurai (2006)). Additionally, previous research by the cur-
rent authors also highlighted the importance of yaw conditions
on the aerodynamic characteristics of high-performance vehi-
cles equipped with various aerodynamic elements (Rijns et al.
(2024b)). These conditions not only influenced individual per-
formances but also interactions between elements and the vehi-
cle body. The vehicle with rear wing configuration proved to be
most effective, but also exhibited the highest yaw sensitivity.

Overall, existing literature emphasised the importance of on-
coming flow conditions on the aerodynamic performance of
vehicles and their aerodynamic elements. However, research
predominantly focuses on straight-line conditions, leaving the
effects of cornering conditions under explored. This study ad-
dresses this gap by analysing the aerodynamic characteristics
of a high-performance vehicle and its aerodynamic interaction
with a rear wing at varying angles of attack in straight-line and
cornering conditions. The findings not only provide a founda-
tional basis for future research on static aerodynamic elements,
but also for innovative active solutions which have the potential
to further enhance vehicle performance in dynamic conditions
(Kurec et al. (2019), Broniszewski and Piechna (2019, 2022),

Piechna et al. (2022), Zavala et al. (2023)). The presented
results include aerodynamic force measurements from mov-
ing ground experiments in the 8x6 Wind Tunnel at Cranfield
University and numerical data sets from Reynolds-Averaged
Navier-Stokes (RANS) simulations under varying operating
conditions.

2. Methodology

2.1. Vehicle Model

Vehicle aerodynamics research is commonly conducted on
generic reference models such as the DrivAer model (Heft et al.
(2012)). This study uses the DrivAer hp-F model (Soares et al.
(2018)), a high-performance variant established on a 35% scale
DrivAer Fastback configuration with smooth underbody and ro-
tating wheels. The vehicle model is equipped with an additional
41 mm front bumper splitter, forebody strakes, 10° underbody
multichannel diffuser and NACA 6412 profile rear wing. The
DrivAer hp-F is illustrated in Figure 1 and its parametric di-
mensions are listed in Table 1.

Figure 1: The DrivAer hp-F model
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Table 1: Parametric dimensions of the DrivAer hp-F model

Parameter Value

Car scale (CS) 35 %
Length (L) 1.6144 m
Width (W) 0.6273 m
Height (H) 0.4890 m
Ride height (h,) 0.0455 m
Area (Aref) 0.2647 m?

2.2. Operating Conditions

This study analyses the vehicle’s aerodynamic behaviour in
straight-line and steady-state cornering conditions with radii of
5.75 and 2.9 car-lengths (L), corresponding to relative airflow
yaw angles of respectively 5° and 10° at the front of the vehi-
cle. In the cornering conditions, the vehicle travels at a constant
angular velocity w [rad/s] about the corner’s centre, illustrated
in Figure 2. The vehicle’s position is considered to be tangent
to the curved path line through its centre, although this can vary
substantially with driving styles (Milliken et al. (1995)). The
corner radius R [m] is defined as the distance between the cen-
tre of rotation (COR) and the centre of the vehicle.

The velocity of the airflow relative to the vehicle, as well as
the relative dynamic pressure, will increase with distance from
the centre of rotation. Moreover, the angle of the relative air-
flow y [°] will vary along the vehicle and can be expressed by
Eq. (1). Here, x. and y. are the coordinates of the centre of
rotation. This relationship provides a relative airflow angle at
the front of the vehicle of ¥ ~ 5° for the 5.75L radius corner
and ¥ ~ 10° for the 2.9L radius corner. To approximate steer-
ing inputs, the front tyres match these respective relative airflow
angles.

a//:tan’l(i:;') )

s Inboard |

COR

Figure 2: Representation of a steady-state cornering condition with indicated
aerodynamic force directions

The evaluation of aerodynamic lift and side forces remain in
the z-direction and y-direction of the global coordinate system.
However, aerodynamic drag is the resistance created by airflow
in the direction of the vehicle’s motion and therefore varies with
the relative airflow angle along the vehicle in cornering condi-
tions (Keogh et al. (2015a)).

2.3. Wind Tunnel Experiments

Wind tunnel tests on the DrivAer hp-F model are conducted
in the closed return 8x6 Wind Tunnel at Cranfield University
(Figure 3). The wind tunnel has a 2.44 m by 1.83 m (8 ft x 6 ft)
rectangular test section with corner fillets and is 5.18 m long.
The test section is equipped with a 42 mm elevated moving
ground facility for synchronous relative air and ground move-
ment speed to prevent the formation of a ground plane boundary
layer.

The vehicle model is suspended by an overhead strut system
(OS) above a rolling belt (RB), which is 1.2 m wide and 2.75
m long. The wheels are independently supported by wheel sup-
ports (WS), and match the rolling belt speed. The facility is
also equipped with a two-stage boundary layer suction system
to optimise the ground plane boundary layer. The first stage
system (BL1) consists of a scoop intake and is positioned 0.73
m upstream of second stage system (BL2), which uses suction
through a porous plate just upstream of the rolling belt system.
The complete experimental setup on the DrivAer hp-F model
using the moving ground facility provided a blockage ratio of
approximately 9.6%.

Aerodynamic forces and moments are measured on the ve-
hicle with varying rear wing angle of attack settings at a con-
stant wind speed of 40 m/s, corresponding to a Reynolds num-
ber of 4.21 x 10°. The measurements are conducted with an
Aecrotech® six-component internal balance, positioned 800 mm
downstream of the vehicle’s nose and 120 mm above the ve-
hicle’s floor. The internal balance has a nominal accuracy of
+0.06% of the full scale measurement range, which gives a

Figure 3: Moving ground experimental setup in the 8x6 Wind Tunnel at Cran-
field University
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measurement accuracy of +0.90 N for lift and +0.18 N for drag.
The system does not measure forces on the independently sup-
ported wheels.

Data acquisition is conducted at a sample rate of 200 Hz over
a 10 s time interval. The constant fan rotor speed provides a
wind speed variance of less than 0.1 m/s during each acquisition
interval. Time-averaged quantities are obtained and converted
into non-dimensional force coefficients using Eq. (2). The mea-
sured forces are indicated with F; [N] and the non-dimensional
force coefficients with C; [-], where i is used to indicate lift (L)
or drag (D). The measured freestream dynamic pressure in the
wind tunnel is indicated by Py, [Pa] and the vehicle model’s
reference area by Ayer [m?2].

den . Aref

The data acquisition at each rear wing angle of attack has
been repeated three times to assess the repeatability of the ex-
periments. The repeatability at each angle of attack is expressed
as the maximum difference between a single measurement and
the average of the three repeated runs at that angle. The low-
est repeatability across the experimental dataset manifested as
a maximum difference of [ACL| = 9.4e™* (< 0.29%) for lift and
|ACp| = 5.2¢™* (< 0.17%) for drag.

@

i

2.4. Numerical Simulations

This study employs numerical simulations to analyse the
aerodynamic behaviour of the DrivAer hp-F model with a vary-
ing rear wing angle of attack in straight-line and cornering con-
ditions within an open road environment. Additionally, simula-
tions replicating the experimental setup in the 8x6 Wind Tun-
nel at Cranfield University have been performed, which has
been demonstrated to be beneficial for validation and correla-
tion purposes (Rijns et al. (2024a)). Both simulation sets are
established on the same methodology but executed on different
computational domains.

Throughout the analyses in this paper, numerical results of
aerodynamic force coefficients, static pressure coefficients and
total pressure coefficients are used. The numerical force coef-
ficients are expressed by Eq.(2), and use a reference dynamic
pressure based on the air density prer [kg/m3] and freestream
velocity veer [m/s], as described in Eq.(3)

1
den = 5 * Pref * Vzef 3)

Static pressure coefficients C,, [Pa] and total pressure coeffi-
cients Cyr [Pa] are expressed by Eq.(4) and Eq.(5), respectively.
Here, P, [Pa] represents the the static pressure, P, [Pa] the total
pressure, and Py, [Pa] the operating pressure of 101325 Pa.

Py - Py,
Cp=———22 )
P den
Pt - Pop
Cor=——2 )
o den

2.4.1. Computational Domain & Boundary Conditions

The present study uses a rectangular domain with modified
inlet and outlet positions in combination with a moving refer-
ence frame to simulate the straight-line and cornering operating
conditions. Previous studies have indicated that this method-
ology improves the numerical workflow efficiency over using
a curved computational domain, since it allows the investiga-
tion of various cornering conditions using only one domain
(Keogh et al. (2015a, 2016), Okada et al. (2012), Tsubokura
et al. (2012)). This “open road” computational domain, de-
picted in Figure 4, adheres to best practice guidelines for auto-
motive aerodynamics simulations (Lanfrit (2005)), with dimen-
sions extending from 3L in front to SL behind the vehicle. The
side and top walls are positioned 1.5L away from the vehicle.

Cornering conditions are simulated with a rotational frame
motion about an external point, which acts as the centre of ro-
tation. Straight-line conditions are modelled with a constant
translational frame motion to ensure consistency across all op-
erating conditions. The side inlets and outlets are not required
for straight-line conditions, which are therefore modelled as
symmetry walls to prevent boundary layer growth. Addition-
ally, the ground plane is prescribed to remain stationary rela-
tive to the moving reference frame in all operating conditions.
Wheel rotation is modelled using moving wall boundary condi-
tions, applying relative angular velocities to achieve the desired
tangential velocity at each wheel.

An overview of the setup for each operating condition is pro-
vided in Table 2. All conditions are simulated at a (tangen-
tial) velocity of 40 m/s, corresponding to a Reynolds Number
of 4.29 x 10°. To replicate realistic road conditions, turbu-
lence settings are based on on-road turbulence measurements
for ground vehicles (Saunders and Mansour (2000)).

B inlet
M outlet

Figure 4: Representation of the “open road” computational domain and cor-
nering boundary conditions
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Table 2: Numerical settings for each operating condition simulated with the “open road” computational domain

Feature Straight-line 5.75L Radius Corner 2.9L Radius Corner
Impact yaw angle Y~ 0° Y~ 5° ¥~ 10°
Moving reference frame
frame motion translational rotational rotational
motion axis (x,y, 2) 1,0,0 0,0,1 0,0, 1
velocity v =40 m/s w =4.309 rad/s w = 8.544 rad/s
Inlets & Outlets
velocity-inlet v=0m/s v=0m/s v=0m/s
pressure-outlet Poauge =0 Pa Poauge =0 Pa Poauge =0 Pa
turbulent intensity I1=4% I1=4% I1=4%
turbulent length scale [=25m I=25m I=25m
Wheels rotation
rotation axis front (x,y, z) 0,-1,0 sin(y), -1, 0 sin(y), -1, 0
rotation axis rear (x, y, z) 0,-1,0 0,-1,0 0,-1,0
velocity inboard w = 363.64 rad/s w = 353.73 rad/s w = 345.05 rad/s
velocity outboard w = 363.64 rad/s w = 374.55 rad/s w = 386.16 rad/s

Air properties
reference density

reference dynamic viscosity

Pret = 1.204 kg/m?

trer = 1.813e7 kg/(m s)

Pref = 1.204 kg/mq

trer = 1.813e7 kg/(m s)

Pref = 1.204 kg/mq

trer = 1.813e7 kg/(m s)

reference temperature T=293K

T=293K T=293K

As previously mentioned, simulations are also conducted on
a numerical representation of the 8x6 Wind Tunnel at Cranfield
University, illustrated in Figure 5, to facilitate validation and
correlation efforts. The “wind tunnel” computational domain
extends 3L in front and 5L behind the vehicle model as well,
resulting in a total domain length of 14904 mm. Cross-sectional
dimensions match the 2438 mm width and 1787 mm height of
the physical wind tunnel.

Airflow conditions from the wind tunnel experiments are ap-
proximated with a velocity-inlet condition using a constant ve-
locity of 40 m/s, a turbulent intensity of 0.05%, and a turbulent
viscosity ratio of 10. Reference air properties are based on av-
eraged temperature and dynamic pressure recording across all
measurements, providing a density of 1.178 kg/m?, a dynamic
viscosity of 1.808¢7° kg/(m s), and a temperature of 292 K.

w787 |

Figure 5: Computational wind tunnel domain

Geometric representations of the overhead support system
and wheel supports are included to match the approximated ex-
perimental blockage ratio of 9.6%. The rolling belt is simulated
using a translational moving wall condition of v = 40 m/s on the
wall section depicted in black. Rotating wheels are modelled
with rotational moving wall conditions of w = 363.636 rad/s to
align with the tangential velocity of the rolling belt. Lastly, the
floor upstream of the two-stage boundary layer suction system,
depicted in grey, is modelled as a symmetry wall to approxi-
mate boundary layer control.

2.4.2. Mesh

The computational domain is constructed with five unstruc-
tured poly-hexcore meshes using an overset mesh methodology
in ANSYS Fluent Meshing. The overset mesh technique in-
terpolates cell data in overlapping mesh regions, enabling tar-
geted mesh transformation without the requirement to remesh
the entire domain. This technique has demonstrated effective-
ness in automotive applications (Szudarek and Piechna (2021))
and is therefore deployed to improve the numerical workflow
efficiency in this study, which involves simulations of 48 vehi-
cle configurations.

The overset mesh strategy employs four component mesh
zones, illustrated in Figure 6, overlaid on a background mesh
which covers the entire domain including refinement zones.
The grey overset interface contains the vehicle model and rear
wheels. The blue overset interfaces include the front wheels
and enable steering input adjustments based on corner radius.
The green overset interface confines the rear wing, facilitating
control over its angle of attack.
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Figure 6: Overset component mesh interfaces

The present mesh settings are based on established guidelines
from previous work (Rijns et al. (2024a)), where grid conver-
gence levels and near-wall modelling approaches for practical
RANS simulations on high-performance vehicles were evalu-
ated against experimental data and high-fidelity Delayed De-
tached Eddy Simulations (DDES) on a wall-resolved mesh with
y* < 1. Based on the Grid Convergence Index (GCI) results of
GClI3;, = 0.47% and GCI,; = 0.04% for lift coefficients, ob-
tained from coarse (3), medium (2) and fine (1) grids, the study
recommended the mesh strategy for the medium grid.

Accordingly, this study uses base element and vehicle surface
element sizes of approximately 7.25% and 0.45% of the vehi-
cle’s length, respectively. Local element sizes on aerodynamic
elements are reduced to about 2.5% of the vehicle’s length and
to about 0.25% on small geometric features. The vehicle model
is prepared with a medium near-wall treatment, targeting a y* ~
120-150 with around 4-6 inflation layers. Additionally, refine-
ment zones with gradually increasing element sizes are imple-
mented to offer increased resolution in the vehicle’s near-field
and wake region for each operating condition, as shown in Fig-
ure 7.

Overall, this mesh strategy yields a total cell count of approx-
imately 15.1 million cells for the “open road” computational
domain, with zero orphan cells and 99% of the cells with an
orthogonal quality above 0.66. The same strategy is applied to

Element Size (mm)

0 30 60 90 120

Figure 7: Contour plot of element sizes on the region in proximity of the vehicle
in the “open road” domain using a volume slice at y = 0 (symmetry)

the “wind tunnel” computational domain, resulting in a total
cell count of around 19.2 million cells with zero orphan cells
and 99% of the cells with an orthogonal quality above 0.61.

2.4.3. Solver

Steady-state RANS simulations using the k-w SST turbu-
lence model (Menter (1994)) with standard settings in ANSYS
Fluent are conducted in this study. The k-w SST model is se-
lected for its proven cost-effectiveness for aerodynamic simu-
lations on the DrivAer hp-F model in a previous study, which
assessed the predictive capabilities of various RANS models
against high-fidelity DDES simulations and experimental data
(Rijns et al. (2024a)).

Along with the transport equations, the continuity and mo-
mentum equations are solved. Spatial discretisation is per-
formed using the second order upwind scheme and pressure-
velocity coupling is conducted using the coupled scheme. Ini-
tial trade-off efforts between simulation duration and statisti-
cal convergence of the vehicle’s lift and drag coefficients deter-
mined a total duration of 750 iterations. Statistical convergence,
defined as the point at which the moving mean of the monitored
force coefficients stabilised, was typically reached within 400
iterations. The presented force coefficients are therefore aver-
aged over the last 250 iterations.

The simulations were performed on two AMD EPYC 7543
CPUs using a total of 64 cores. On average, the simulations
required approximately 5 hours and 30 minutes of computation
time on the “open road” domain, and around 4 hours on the
“wind tunnel” domain.

3. Validation & Correlation

This section validates the numerical methodology against ex-
perimental data and analyses differences between wind tunnel
and open road conditions for correlation. Validation is based
on agreement between force data on the vehicle body from the
experiments (Exp) and simulations on the computational wind
tunnel domain (WT), presented in Figure 8. Detailed analyses
of the results will be provided in section 4.

The simulations overpredict downforce by ACL ~ -0.028
(+10%) in the 0°-12.5° angle of attack range, with an aver-
age relative deviation of [ACL| ~ 0.004 (2%). Beyond the rear
wing’s stall angle of approximately 12.5°, most downforce from
the rear wing is generated by its interaction with the vehicle
body. While some discrepancies are present in the transition
just beyond the stall angle, the simulations provide a steady
downforce underprediction of ACp. ~ 0.009 (-2%) along the
17.5°-27.5° range, with an average relative deviation of |ACy|
~ 0.005 (1%). Furthermore, the simulations underpredict drag
on average by ACp ~ -0.025 (-8%), with an average relative
deviation of |ACp| =~ 0.002 (<1%) across the angle of attack
range.
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Figure 8: (a) Lift coefficients and (b) drag coefficients results from the experiments (Exp), *wind tunnel’ simulations (WT), and "open road’ simulations (Open)

Aerodynamic forces on the wheels were excluded in the wind
tunnel experiments, but the simulation results from the compu-
tational wind tunnel domain (WT) indicate that their inclusion
reduces total downforce by ACL ~ 0.019 (-6%) and increases
total drag by ACp =~ 0.06 (+20%). The inclusion of wheel
forces manifests as nearly invariant offsets, with average rel-
ative deviations of < 1% for both forces across the angle of at-
tack range, suggesting they do not influence experimental force
trend analyses in this study.

The simulated force data from the “open road” and “wind
tunnel” domains show expected absolute force offsets at-
tributable to wind tunnel conditions such as blockage and in-
terference effects. However, there are also noticeable relative
gradient variations, particularly across the 17.5°-27.5° angle
of attack range. Figure 9 illustrates that these force offsets
are primarily influenced by reductions in upper surface pres-

sure associated with locally increased airflow velocities in the
“wind tunnel” domain, consistent with prior research (Rijns
et al. (2024a)). Moreover, the rate at which the rear wing’s
pressurisation affects the vehicle’s upper surfaces is shown to be
influenced, contributing significantly to the variations in force
gradients.

Overall, strong agreement between numerical and experi-
mental force trends provides confidence in the accuracy of the
numerical methodology. The correlation results provide in-
sights into the effects of wheel forces and experimental condi-
tions on the vehicle’s aerodynamic characteristics, supporting
interpretation of the experimental data.

Pressure Coefficient (-)

-0.60 -0.45 -0.30

‘Wind Tunnel | 5° ‘Wind Tunnel | 15°

-0.15

0.00 0.15 0.30

Open Road | 15° Open Road | 25°

‘Wind Tunnel | 25°

Figure 9: Comparison between the pressure coefficient distribution on the vehicle in the "open road’ and 'wind tunnel’ domain with varying rear wing angle of
attack. The overhead balance system present in the "wind tunnel’” domain is not displayed for improved visibility.
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4. Results & Discussions

This section analyses the aerodynamic behaviour of the ve-
hicle with various rear wing angle of attack settings in the
straight-line, 5.75L radius corner, and 2.9L radius corner con-
ditions. Initially, the overarching influence of these operating
conditions on downforce and drag performance is discussed.
Subsequently, detailed analyses of surface pressure and wake
characteristics are provided to further clarify the observed force
trends. Finally, aerodynamic characteristics and interactions
involving the rear wing are investigated. Throughout the pre-
sentation of results, the outboard side” in cornering conditions
refers to the right side of the vehicle, with clarification provided
in figure descriptions if uncertain from the presented view.

4.1. Aerodynamic Forces

Downforce and drag performances from the total vehicle and
rear wing individually are presented in Figures 10 and 11. To
enhance data visualisation and trend analyses, these results have
been smoothened using the "Lowess’ local regression method in
MATLAB with a span of five data points.

In the straight-line condition, the vehicle’s downforce per-
formance generally increases with ACy, = —0.014 per 2.5° an-
gle of attack increment within the initial 0°~12.5° downforce
enhancement region. Subsequent to a minor force plateau be-
tween 12.5° and 17.5°, the downforce gain rises by approxi-
mately 47% to ACL, = —0.020 per 2.5° angle of attack incre-
ment in the following 17.5°-27.5° downforce enhancement re-
gion.

Downforce generated on the rear wing significantly con-
tributes to the vehicle’s initial total downforce enhancement re-
gion, but rapidly decreases after its stall angle of approximately
12.5°. However, the vehicle’s total downforce continues to in-
crease, suggesting the rear wing has additional effects on the ve-
hicle’s aerodynamic performance which will be explored later.

-0.20
[

—e—5.75L radius
-0.25 2.9L radius

-0.30
-0.35

-0.40

Lift coefficient [Cf (-)]

-0.50
0

o

10 15 20 25 30
Rear wing angle of attack (deg)

(a)

In the 5.75L radius corner condition, the vehicle experiences
a drop of about ACy, = 0.022 (-7%) in downforce performance
at low angles of attack compared to straight-line conditions. At
higher angles of attack however, downforce losses diminish and
the vehicle generates on average ACp, ~ —0.012 (+3%) more
downforce than in straight-line conditions. The rear wing ex-
hibits a noticeable corner sensitivity, with a ACy ~ 0.007 (-4%)
drop in downforce performance before its stall angle. The cor-
ner sensitivity diminishes beyond the stall angle, where down-
force performance is primarily influenced by the pressure build-
up on the rear wing’s upper surface.

In the 2.9L radius corner condition, the vehicle’s total down-
force performance within the 0°-~12.5° range has decreased by
approximately ACy, = 0.065 (-19%) compared to the straight-
line condition and by ACL =~ 0.050 (-14%) compared to the
5.75L radius corner condition. Along the 17.5°-27.5° range,
the downforce performance depicts a reduced sensitivity to an-
gle of attack increments. The rear wing’s individual downforce
performance has decreased by about ACy, ~ 0.016 (-9%) com-
pared to the straight-line condition and by ACy. = 0.009 (-5%)
compared to the 5.75L radius corner condition. Its stall angle is
however delayed by about 5° and thereby also defers the down-
force drop off at higher angles of attack.

Regarding the vehicle’s drag performance, total drag in
straight-line conditions increases by ACp ~ 0.006 per 2.5° an-
gle of attack increment within the 0°-12.5° range. The drag
penalty grows by over 90% to ACp =~ 0.012 at higher angles
of attack. The rear wing’s drag production increases at an in-
creasing rate throughout the angle of attack range. Yet, its con-
tribution to the vehicle’s total drag penalty only reaches about
70%. This indicates that the rear wing has additional interac-
tions with vehicle’s flow field which produce drag and will be
investigated later.

In the 5.75L radius corner condition, the vehicle generates on
average ACp ~ 0.057 (+19%) more drag compared to straight-
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Figure 10: Lift coefficients on the (a) entire vehicle and (b) rear wing individually as a function of angle of attack in straight-line and cornering conditions
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Figure 11: Drag coefficients on the (a) entire vehicle and (b) rear wing individually as a function of angle of attack in straight-line and cornering conditions

line conditions. The initial ACp ~ 0.012 drag penalty per 2.5°
angle of attack increment within the 0°~10° range reduces by
about 32% to ACp ~ 0.008 at higher angles of attack after
a small force plateau. The rear wing’s drag production has
steadily increased by approximately ACp ~ 0.036 throughout
the angle of attack range relative to straight-line conditions.

In the 2.9L radius corner condition, the vehicle’s total drag
increases non-linearly within the 0°-17.5° range and subse-
quently plateaus at higher angles of attack. On average, total
drag increased by approximately ACp =~ 0.108 (+35%) com-
pared to straight-line conditions and by ACp ~ 0.050 (+14%)
compared to the 5.75L radius corner condition. The rear wing’s
drag production also increased by around ACp ~ 0.007 com-
pared to straight-line conditions and by ACp = 0.004 compared
to the 5.75L radius corner condition.

4.2. Vehicle Aerodynamics

This section analyses the vehicle’s aerodynamic character-
istics in each operating condition to further elaborate on the
previously observed force coefficient trends. A comparison of
the vehicle’s surface pressure distribution is provided in Figures
12-14.

In straight-line conditions, the vehicle’s nose exhibits a stag-
nation zone, followed by sharp airflow acceleration around the
its curvature. The associated low-pressure region recovers to-
ward a high-pressure region at the windscreen. More low-
pressure regions are observed along the a-pillars and roof’s
leading edge. The succeeding gradual pressure recovery along
the roof becomes much steeper at the slant, influenced by pres-
surisation from the rear wing.

Cornering conditions cause the high-pressure regions on the
vehicle’s nose and windscreen to concentrate progressively to-
ward the inboard side with decreasing radii. The pressure
across the a-pillars and roof’s leading edge increases gradually

on the outboard side but decreases on the inboard side. Con-
versely, as the yaw angle of the relative airflow reverses down-
stream of the vehicle’s centre, pressure along the roof-lines and
c-pillars decreases on the outboard side and increases on the in-
board side. Additionally, the relative airflow’s increasing yaw
angle at the rear of the vehicle shifts the pressure recovery along
the slant progressively outboard.

The pressure distribution on vehicle’s underbody in straight-
line conditions indicates the formation of a separation bubble
behind the splitter’s sharp leading edge, accompanied by high-
pressure regions on either side due to airflow interaction with
the inclined splitter surface. Ground clearance is at minimum in
between the front wheels, providing a strong venturi effects, ev-
ident from the significant low-pressure region around the front
axle. The pressure recovers along the centre of the underbody,
before airflow is accelerated toward the diffuser inlet. The dif-
fuser provides a gradual pressure recovery, with localised low-
pressure concentrations resulting from vortex flow at the dif-
fuser channel separators.

More airflow interacts with the inboard side of the splitter in
cornering conditions, resulting in a localised increase in pres-
sure. The curved path also causes the splitter’s separation bub-
ble to shift with the relative airflow direction. In the 5.75L ra-
dius corner condition, a modest inward propagation of the in-
board front wheel is evident alongside the low-pressure region
around the front axle. This wheel wake becomes more promi-
nent in the 2.9L radius corner condition and the inboard front
wheel itself starts to impose interference effects, hindering front
axle downforce generation.

Downstream at the underbody, cornering conditions lead to a
progressive pressure decrease ahead of the inboard rear wheel
and an increase ahead of the outboard rear wheel. In the 5.75L
radius corner, there is a noticeable pressure rise on the outboard
side of the diffuser, attributed to interference from the outboard
front and rear wheel wakes extending into the diffuser. In the
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Figure 12: Pressure coefficient distribution on the vehicle in straight-line conditions with a 0° rear wing angle of attack
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Figure 13: Pressure coefficient distribution on the vehicle in a 5.75L radius corner with a 0° rear wing angle of attack
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2.9L radius corner, the larger steering input and path curvature
prevent the outboard front wheel wake from reaching the dif-
fuser, resulting in a more prominent low-pressure region at the
outboard side of the diffuser inlet. However, the curved rela-
tive airflow still induces the outboard rear wheel wake across
the diffuser, causing downforce losses. Additionally, cornering
conditions enhance vortex formation at the diffuser’s separa-
tors, as indicated by increased low-pressure concentrations in
the diffuser channels. Management of the inboard rear wheel
wake is also improved, evident from the reduced pressure on
the inboard side of the diffuser compared to the straight-line
condition.

The vehicle’s side panels in straight-line conditions exhibit
low-pressure regions extending from the nose to the front
wheels, with additional low-pressure regions along the a-pillars,
rooflines and c-pillars. The pressure remains relatively consis-
tent along the doors and windows, but reduces around the rear
quarter panels. The low-pressure concentrations on the down-
stream edges of the rear quarter panels are caused by airflow
rolling into recirculation zones behind the vehicle, also evident
from the associated low-pressure regions on either side of the
vehicle’s base.

The pressure across the outboard door panels and windows
gradually increases in cornering conditions with reducing radii,
while the pressure on the outboard roof-line and c-pillar no-
ticeably decreases. Conversely, the pressure across the inboard
door panels and windows progressively decreases, while the
pressure on the inboard c-pillar slightly increases. The in-
board rear quarter panel experiences a significant pressure re-
duction compared to straight-line conditions, especially around
its downstream edge. Overall, these variations induce an in-
board acting side force of ACs ~ 0.107 in the 5.75L radius
corner condition and ACs ~ 0.138 in the 2.9L radius corner
condition.

The pressure across the inboard side of the vehicle’s base re-
duces significantly in cornering conditions, leading to increased
pressure drag. This pressure reduction is associated with the in-
tensified formation of inboard recirculation wake vortices, also
suggested by the previously identified reduced pressure across
the inboard rear quarter panel. These low-pressure traces ex-
tend further inward with decreasing corner radii due to en-

hanced wake circulation promoted at high relative airflow cur-
vatures.

Investigation of the wake structure, presented in Figure 15,
reveals substantial differences between straight-line and corner-
ing conditions. In the straight-line condition, a distinct recir-
culation zone forms behind the vehicle’s body, accompanied
by rear wheel wakes. In cornering conditions, the wake be-
comes increasingly asymmetric with decreasing radii. The in-
board rear wheel wake slightly reduces in size and shifts out-
ward, lessening its impact on the diffuser as previously ob-
served. Conversely, the outboard rear wheel wake enlarges sig-
nificantly and extends inward, leading to downforce losses on
the diffuser’s outboard side.

The recirculation wake vortex structure, originating behind
the inboard rear quarter panel, is evident in the upper-wake re-
gion in cornering conditions. This structure initially develops
predominantly in the spanwise direction near the vehicle’s base,
but it subsequently merges with higher energy airflow from the
vehicle’s outboard side, forming a dominant streamwise wake
vortex. The circulation from this wake structure creates an in-
board inwash of high-energy freestream airflow, aiding in the
dissipation of pressure losses.

A closer examination of the wake characteristics in cornering
conditions, depicted in Figure 16, indicates that the strength of
the recirculation wake vortex intensifies with decreasing cor-
ner radii. This is evident from the concentration of lower total
pressure behind the inboard side of the vehicle’s base at the z
= 210 mm plane. Smaller corner radii also position the subse-
quent streamwise wake vortex structure further toward the in-
board side, shown by the location of the downstream low total
pressure traces. Overall, the magnitude and downstream devel-
opment of pressure losses on the z = 210 mm plane are most
pronounced for smaller corner radii.

At the z = 130 mm plane, a notable inboard inwash effect
from the streamwise wake vortex is observed. The resultant
crossflow from the inboard to the outboard side of the wake
strengthens with decreasing corner radii. This inwash effect
energises the wake with high-energy freestream airflow and ac-
cordingly mitigates some of the pressure losses from the out-
board rear wheel wake at this plane.

straight-line

5.75L

29L

Figure 15: Wake structure visualisations using iso-surfaces of zero total pressure for the vehicle with a 0° rear wing angle of attack in straight-line and cornering

conditions
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Figure 16: Total pressure coefficient distribution with additional streamlines on wake planes behind the vehicle in cornering conditions. The wake plane positions

are illustrated on the top left corner of the figure.

4.3. Rear Wing Aerodynamics

This section investigates the aerodynamic characteristics of
the rear wing across a wide angle of attack range in each op-
erating condition. The effects of operating conditions on the
vortical flow are first considered to support subsequent analy-
ses of surface pressure data.

Pressure differentials across the endplates drive vortical flow
at the rear wing’s upper and lower surfaces, as shown in Fig-
ure 17. Vortices labelled Oy and Iy form on the outboard and
inboard sides of the upper surface, respectively. Similarly, vor-
tices labelled O;, and I; form on the outboard and inboard sides
of the lower surface, respectively.

In straight-line conditions, the pressure differential induces
outward-rotating Oy and [ vortices, and inward-rotating Oy,
and I, vortices. A larger pressure differential is present at the
lower surface, creating more pronounced O and I vortices
compared to the Oy and Iy vortices at the depicted 0° angle of
attack.

Cornering conditions create a pressure build-up on the out-
side of the outboard endplate, which increases with decreas-
ing corner radii. The altered pressure differential induces an
inward-rotating Oy vortex and enhances the O, vortex. The

12

pressure on the inside of the inboard endplate is also increased,
strengthening the ;; vortex. Additionally, the pressure differ-
ential driving the 7, vortex is reduced due to the low-pressure
region emerging on the inboard rear quarter panel in cornering
conditions.

The pressure distribution on the rear wing’s upper surface, il-
lustrated in Figure 18, demonstrates a high-pressure region be-
hind leading edge that gradually diminishes toward the trailing
edge. In straight-line conditions, the distribution is symmetri-
cal and pressure increases with angle of attack. However, lo-
cal pressure reductions occur near the endplates due to airflow
spillage from the Oy and Iy vortices.

In cornering conditions, a noticeable pressure reduction is
initially observed near the outboard endplate at low angles of
attack compared to straight-line conditions, attributed to the in-
ward rotation of the Oy vortex. As the angle of attack increases,
the pressure rise across the upper surface mitigates the inward
rotation of the Oy vortex and its associated pressure reduction.
Nonetheless, flow obstruction from the outboard endplate con-
tinues to cause relatively lower pressure behind it at higher an-
gles of attack.
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Figure 17: Pressure coefficient distribution on a frontal plane (x = 1.25 m) at the rear wing with labelled vorticity for the vehicle with a 0° rear wing angle of attack
in straight-line and cornering conditions. The left side of the presented view is the outboard side in cornering conditions.

The rear wing’s lower surface exhibits a significant low- on the inboard side starts to decay due to interference from the
pressure region near the leading edge curvature which gradually rear wing support. The increased suction is attributed to the
recovers toward the trailing edge, as depicted in Figure 19. In  enhanced interaction of the rear wing with faster moving out-
straight-line conditions, the low-pressure region near the lead- ~ board relative airflow as its leading edge nears the vehicle body,
ing edge curvature is initially most substantial across the centre along with the increasing strength and flow inducement effects
section at 0°, indicating a locally increased effective angle of ~ of the O, vortex at higher angles of attack. Additionally, the
attack due to downwards induced airflow along the vehicle’s strengthening of the Oy, vortex and suppression of the I vor-
body. Suction near the leading edge, as well as the pressure tex in reducing corner radii are evident from the dominant low
recovery gradient, increases with angle of attack up to the stall pressure traces near the outboard endplate and absence of low
angle around 12.5°-15°, beyond which severe flow separation pressure traces near the inboard endplate across the angle of
negatively impacts downforce performance. The pressure re- attack range.
covery remains most gradual near the endplates, attributed to
the low pressure generated by the Oy, and I, vortices, which is 4.4. Rear Wing Interaction
observable even beyond the stall angle. This section investigates the aerodynamic interaction be-
tween the rear wing and the vehicle’s flow field in each oper-
ating condition, building upon previous discussions highlight-
ing the rear wing’s significant influence on the vehicle’s overall
aerodynamic performance, even at angles of attack beyond its
stall angle.

In cornering conditions, suction near the leading edge cur-
vature initially increases on the inboard side but decreases on
the outboard side at 0°, indicating a favourable inboard relative
airflow alignment. However, suction across the outboard side
noticeably increases at higher angles of attack, while suction

Pressure Coefficient (-)

-0.50 -0.25 0.00 0.25 0.50 075 1.00
: : ! ! 't A 't A 't A
straight-line | 0° straight-line | 10° straight-line | 15° straight-line | 20° straight-line | 25°
: ! E A : A ! A A A
5.75L1 0° 5.75L1 10° 575L] 15° 5.75L] 20° 5.75L | 25°
| ? f : t A A A ! A

29L| 0° 29L| 10° 29L | 15° 29L | 20° 29L ]| 25°

Figure 18: Pressure coefficient distribution on the upper surface of the vehicle’s rear wing at various angles of attack in straight-line and cornering conditions. The
left side of the presented view is the outboard side in cornering conditions.
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Figure 19: Pressure coefficient distribution on the lower surface of the vehicle’s rear wing at various angles of attack in straight-line and cornering conditions. The
left side of the presented view is the outboard side in cornering conditions.

The rear wing initially creates a modest pressurisation onto  hanced Oy and Iy vortices further amplify recirculation behind
the slant at 0°, which is located further outboard at smaller cor- the vehicle, causing a maximum ACp ~ 0.047 (+84%) drag
ner radii, as shown in Figure 20. The pressurisation magnitude increase on the vehicle’s base surface at the maximum 27.5°
and subsequent pressure rise along the roof increase gradually angle of attack compared to 0°.
with angle of attack increments before the stall angle. Suction
underneath the rear wing at these angles of attack casts a low- In cornering conditions, the rear wing’s suction and Iy vor-
pressure region onto the vehicle’s body. This enhances airflow tex strength progressively increase with angles of attack before
velocity along the c-pillar pair in straight-line conditions and  stall, enhancing the inboard recirculation wake vortex and its
along the outboard c-pillar in cornering conditions, reducing associated pressure losses. Consequently, drag on the vehicle’s
local pressure. Overall, the aecrodynamic interaction causes on  base surface increases by ACp ~ 0.027 (+35%) in the 5.75L ra-
average a maximum ACy =~ 0.007 (+1.5%) increase in lift on dius corner condition and by ACp = 0.023 (+23%) in the 2.9L
the slant and roof surfaces just before the rear wing’s stall angle ~ radius corner condition right before their respective stall angles
in each operating condition. compared to 0°. Beyond the stall angle, dominant airflow re-
circulation behind the rear wing and the further intensified I/
vortex feed the recirculation wake vortex and induce it toward
the top inboard corner of the vehicle’s base, indicated by the
associated low pressure trace locations. Consequently, drag on
the vehicle’s base surface increases by ACp =~ 0.037 (+48%) in
the 5.75L radius corner condition and by ACp = 0.026 (+25%)
in the 2.9L radius corner condition at the maximum 27.5° angle
of attack compared to 0°.

Beyond the rear wing’s stall angle, suction on the lower sur-
face diminishes while pressure on the upper surface keeps in-
creasing, as previously observed. The emitted low-pressure re-
gion from the rear wing onto the vehicle’s body therefore dis-
appears whereas pressurisation onto the slant and roof signifi-
cantly increases, shifting inward with decreasing corner radii.
Altogether, the aerodynamic interaction at higher angles of at-
tack decreases lift along the slant and roof surface, with an aver-
aged maximum of ACy, ~ —0.105 (-24%) reached at the highest
angle of attack of 27.5° in each operating condition.

Interaction between the rear wing and airflow toward the ve-
hicle’s rear-end and near-wake is also identified. In straight-line
conditions, the rear wing’s enhanced suction and vortical flow
at angles of attack before stall augments recirculation behind
the vehicle. This is indicated by reduced pressure traces on the
vehicle’s base surface, increasing its local drag by ACp = 0.017
(+30%) right before the stall angle compared to 0°. Beyond
the rear wing’s stall angle, strong airflow recirculation, and en-
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Figure 20: Pressure coefficient distribution on the vehicle with varying rear
wing angle of attack in straight-line and cornering conditions
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5. Conclusions

This study investigated the aerodynamic behaviour of a high-
performance vehicle with varying rear wing angle of attack in
straight-line and cornering conditions. The analyses were per-
formed on the DrivAer hp-F, a high performance variant of
the standard DrivAer Fastback configuration. The numerical
methodology was validated against aerodynamic force mea-
surement results from moving ground experiments in the 8x6
‘Wind Tunnel at Cranfield University.

Cornering conditions adversely impacted both the vehicle’s
overall downforce and drag performance, as well as the rear
wing’s individual performance, with smaller corner radii in-
creasing the detriments. For each operating condition, two to-
tal downforce enhancement regions were identified along the
rear wing’s angle of attack range, transitioning around the stall
angle. Despite adverse cornering effects, the smallest corner
radius marginally extended the rear wing’s stall angle.

Downforce losses primarily stemmed from deficits on the
underbody and rear wing, alongside increased lift generation
on the vehicle’s upper surfaces in cornering conditions. Drag
penalties mainly resulted from substantial pressure reductions
across the vehicle’s base surface. Additionally, cornering con-
ditions introduced lateral pressure distribution variations, in-
ducing a centripetal force that increased with reducing corner
radii.

The significant pressure reduction on the vehicle’s base was
due to the formation of a dominant recirculation wake vortex
behind the vehicle’s inboard side, which intensified at reducing
corner radii. However, the enhanced circulation generated by
this wake structure also created an inboard inwash of relatively
high energy freestream airflow into the wake region, promoting
wake dissipation.

Cornering conditions influenced the rear wing’s vortical flow,
notably affecting the pressure distribution near the endplates.
Most significant pressure distribution variations were found on
the rear wing’s lower surface before reaching its stall angle.
This included an initial increase suction on the inboard side at
low angles of attack, which transitioned to increased suction
levels on the outboard side at higher angles of attack due to
intensified vortical flow and enhanced interaction with faster-
moving relative airflow.

In each operating condition, the initial vehicle’s total down-
force enhancement region was mainly due to the rear wing’s
individual downforce contribution. However, beyond its stall
angle, the rear wing’s performance declined significantly. At
high angles of attack, its pressurisation effect on the vehicle’s
upper surfaces became the primary mechanism for generating
downforce. Nonetheless, at such high angles, the rear wing’s
interaction with the near-wake resulted in notably higher pres-
sure drag.
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Opverall, this research highlighted the significance of operat-
ing conditions on the aerodynamic intricacies of high perfor-
mance vehicles. The findings offered crucial insights into the
complex aerodynamic interactions between the vehicle and its
rear wing under varying operating conditions. The analysis of
such characteristics does not only endorse the design of static
rear wing configurations, but also lays groundwork for the de-
velopment of sophisticated active designs. Such advancements
hold promise for further optimisation of high-performance ve-
hicle aerodynamics and ultimately pushing performance bound-
aries.
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