INTERNATIONAL-

Published 03/28/2017
Copyright © 2017 SAE International
doi:10.4271/2017-01-1546

saepcmech.saejournals.org

Aerodynamic Analysis of Grand Prix Cars Operating in Wake Flows

Joshua Newbon and David Sims-Williams
Durham University

Robert Dominy
Northumbria University

ABSTRACT

The effect of the upstream wake of a Formula 1 car on a following vehicle has been investigated using experimental and computational

methods. Multiple vehicle studies in conventional length wind tunnels pose challenges in achieving a realistic vehicle separation and

the use of a short axial length wake generator provides an advantage here. Aerodynamic downforce and drag were seen to reduce, with

greater force reductions experienced at shorter axial spacings. With lateral offsets, downforce recovers at a greater rate than drag,

returning to the level for a vehicle in isolation for offsets greater than half a car width.

The effect of the wake was investigated in CFD using multiple vehicle simulations and non-uniform inlet boundary conditions to

recreate the wake. Results closely matched those for a full two-vehicle simulation provided the inlet condition included unsteady

components of the onset wake. Creating a nonuniform inlet condition allowed the wake parameters to be modified to test sensitivity to

different wake features. Dynamic pressure deficit in the wake is shown to have the greatest impact on the following vehicle, reducing

loading on the downforce producing surfaces. Wake up-wash and vortex flows are shown to have a smaller effect on downforce

generated by the following car, but have an important role in diverting the dynamic pressure deficit upwards and over the following

car.

Future regulation changes, aimed at reducing the downforce loss experienced when following another car, should aim to reduce the

velocity deficit onset to the following car; either by reducing wheel and underbody wakes, or by extracting the wake using up-wash

from the rear wing.

CITATION: Newbon, J., Sims-Williams, D., and Dominy, R., "Aerodynamic Analysis of Grand Prix Cars Operating in Wake Flows," SAE

Int. J. Passeng. Cars - Mech. Syst. 10(1):2017, doi:10.4271/2017-01-1546.

INTRODUCTION

Grand Prix cars are the fastest circuit racing vehicles. The regulations
[1] enable high power and low vehicle weight which leads to the cars
being grip-limited. A key performance enabler for these vehicles is
aerodynamic performance (especially downforce), enabling peak
braking force exceeding 5g, with sustained lateral load of over 4g
possible [2]. Aerodynamics is also recognized as a key performance
differentiator between cars [2, 3, 4].

As key improvements to lap-time can be made by teams through
development of the aerodynamic performance of the cars, the
development of Grand Prix cars is shrouded in secrecy with few
studies published by Formula 1 teams. Those which are tend towards
summary of methodologies, such as CFD capabilities and use of PIV
in wind tunnel testing to identify flow features around the car [3, 4, 5,
6, 7], rather than describing the minutiae of designs [8]. As such,
most published literature related to Grand Prix car aecrodynamics is
from academic institutions, and tends toward investigation of
subsystems of the cars.
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Aerodynamic downforce in Grand Prix racing is generated through
inverted front and rear mounted wings, and a sculpted underbody
with up-swept rear diffuser [9] (Figure 1), and exceeds vehicle weight
above ~150km/h [10], depending on circuit characteristics.
Downforce generated by the front wing and underbody are enhanced
by ground effect. As well as peak downforce, the location of the
downforce center-of-pressure is important as it determines the
handling balance. Downforce acting through the rear axle aids
traction and stability, while downforce on the front axle aids steering.
The relative location of the center of gravity and center of pressure
determines how the vehicle steer characteristic will change with
speed. Too little front downforce causes the car to understeer at
higher speeds, while too little rear downforce results in oversteer at
higher speeds. Aerodynamic balance may be described by the
percentage of total downforce acting on the front axle,

CLf
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and values between 35% and 45% [3, 11] are generally considered
optimal, depending on circuit characteristics and the location of the
car’s center-of-gravity. Current F1 regulations dictate a centre of
gravity balance of 46% on the front wheels for a car of minimum
weight [1] and it is normal to place the center of pressure slightly
behind the center of gravity.

Rear Wing
Front Wing in Ground Effect | \ .

Underbody & Diffuser

Figure 1. Grand Prix car with downforce generating features labelled

The wake of a Grand Prix car is dominated by a large counter-
rotating vortex pair shed from the rear wing tips [12, 13]. The
relatively short span of the wing leads to a strong interaction between
the vortices, enhancing the centerline up-wash, while the low height
of the wing also constrains flow near the ground, creating a strong
horizontal component towards the centerline. The vorticity is coupled
with high turbulence intensity, in excess of TI =45% [12], and low
axial velocity. The velocity deficit is swept to the centerline and
upwards to surround the vortex cores, creating a “mushroom” shaped
wake.

The effect of an upstream vehicle on a downstream Grand Prix car is
a reduction of aerodynamic downforce, up to 36%, and aecrodynamic
drag, up to 23% based on an early 1990s car [14] (17% and 10%
respectively in the mid to late 2000s [15]). Reductions of drag
increase straight line speed, and are beneficial in effecting an
overtake, known as slipstreaming or drafting. However, reductions of
downforce are concentrated on the front axle, reducing the front
aero-balance by up to 22%. The shift of balance results in understeer,
which compounds the lower cornering velocity from reduced
downforce with increased tire wear. Recovery of downforce and drag
toward their baseline values occurs with a lateral offset between
vehicles [14]. Recovery of downforce occurs more rapidly than drag,
with drag loss exceeding downforce loss for offsets greater than
~0.25 car widths.

The drawback to two vehicle slipstreaming studies in conventional
length wind tunnels is the effect of model length on the achievable
separation [14, 16, 17]. In order to achieve more representative
vehicle separations, requires reduced model scale, which reduces
Reynolds number accuracy.

The use of short axial length bluff bodied wake generators have been
pioneered in recent years to increase vehicle axial separation, without
compromising model scale. The wake generators feature a short bluff
body with rear upswept diffuser, a rear wing and wheels [12, 18, 19,
an acceptable level of accuracy, namely the counter-rotating vortex
pair and velocity deficit. The effect of the bluff body wake on a
downstream car is similar to that of an upstream vehicle at similar
vehicle separations [18, 19].
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The effect of wakes from bluff bodies on isolated wings in ground
generated by the wings decreased for all ride heights and incidences,
though the stall incidence increased [12]. It was found that reducing
the angle of the upstream diffuser created a smaller magnitude
up-wash which led to higher lift-to-drag ratios of the downstream
wing, though these were still significantly lower than the potential
freestream efficiency [23].

Changes to the regulations are normally used to reduce downforce,
thereby limiting vehicle speeds to improve safety. In 2009 the
regulations were changed with the specific intention to improve the
performance when following another car [4, 6]. Key targets were to
reduce downforce by as much as 50%, while reducing turbulence
from the wake. While the changes did result in a “cleaner” wake [15],
they did not necessarily have the desired effect on overtaking, even
increasing the downforce loss experienced by the following vehicle
[15]. Such is the rate of progress in Formula 1 that much of the
downforce lost at the beginning of 2009 was recovered by the end of
that season [4] and the rear wing drag reduction system (DRS) was
introduced ahead of the 2011 season [2, 13, 26] in a further attempt to
improve overtaking.

METHODOLOGY

Experiments utilized both wind tunnel and CFD methodologies, with
each providing complementary capabilities - rather than competing
with each other to provide the same data. Wind tunnel tests allowed
time-efficient ride height mappings and (in this case) variation of
vehicle separations. CFD allowed direct manipulation of the wake
impacting on the vehicle, minimal “tunnel interference” effects and
more detailed flow investigation information. Experiments were
performed in the Durham University 2m wind tunnel, which features
a3.1m % 1.4m rolling road for automotive applications. Tests utilized
a 25% scale Grand Prix car model (Figure 1) at a Reynolds number
0f 2.05 x 10°. based on model length. To simulate an upstream
vehicle a short axial length wake generator, Figure 2, was placed on
the rolling road at a number of locations ahead of the test car.

Vehicle body forces were measured using an internal 6-component
balance, connected via a numerically controlled overhead strut which
controls ride height and model pitch. Wheels were mounted
externally with individual drag load cells for each corner. Load cells
were connected to a bank of Fylde FE-579 strain gauge amplifiers,
with total repeatability of +0.002 on C, and +0.006 on C; . The model
also featured 120 surface pressure tappings in the front wing and
underbody, which were measured using a Scannivalve
Z0OC33/64PxX2 electronically scanned pressure transducer bank.

The coordinate system used corresponds to SAE J1594 [27] with x=0
corresponding to the front of the vehicle for cases with a single
vehicle. For cases with two vehicles, results are presented in terms of
vehicle separation, the distance from the rear of the upstream vehicle
to the front of the following vehicle.
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Figure 2. Short axial length bluff bodied wake generator

CFD was performed using PowerFLOW, a Lattice-Boltzmann
Method (LBM) solver. Turbulence modelling is performed at grid
scale with a LBM-compatible Very Large Eddy Simulation with
sub-grid scale turbulence resolved using a two equation, k-¢ model.
Near wall behavior is approximated by a wall model which accounts
for pressure gradient effects, capturing separation behavior. The fluid
lattice comprises of voxels, in the fluid volume, and surfels at the
surface boundary of a fully detailed geometry. Lattice refinement is
controlled by variable resolution (VR) regions with voxel lattice
length doubling between VR levels.

Simulations were performed using the same 25% Grand Prix car and
Reynolds number as the wind tunnel study, with the inclusion of
suspension arms. Cases were run for a single vehicle attitude,
corresponding to the peak downforce found in experiments with
wheels mounted to the body, a nominal ride height of 4mm, with a
nose-down pitch of 0.6°. The mesh contained 1.6 x 107 cells, with
minimum cell size of 1.5mm. Simulations required up to 1500CPU
hours to compute 0.7s with forces averaged over the final 0.35s,
running on the Durham University high performance computer
cluster of ~2000 Intel Xeon E5-2650 2.6GHz processors.

ISOLATED VEHICLE (BASELINE)

To determine the effect of an upstream vehicle wake, the

aerodynamic forces for the isolated vehicle were measured. A number
of ride heights (h
Figure 3, to test sensitivity to changes, and identify the optimum

) and nose down pitch/rake angles (0) were tested,

condition. Downforce coefficient (-C, ) generated by the car increases
with reducing ride height, from ~1.1 to -1.2. It can be seen that car
pitch angle does not significantly affect the gradient of force
enhancement, but the acro-balance is altered by rake.

While all car conditions fall within the optimal range of 40% to 45%
of downforce on the front axle, the acro-balance is affected by car
pitch. Flatter vehicle attitudes result in a relatively consistent
aero-balance, which gives the driver confidence as the handling does
not change as the car brakes, accelerates, and turns. As pitch is
increased the aero-balance shifts forwards with reducing ground
clearance, this is mainly due to the front wing, which moves closer to
the ground plane as pitch increases; while the rear diffuser throat also
moves further from the ground, hence why downforce increases
linearly regardless of rake angle.
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Not shown in Figure 3 is the aerodynamic drag, which is relatively
unaffected by attitude ranging from 0.76 to 0.77 on C,.
Approximately half of the vehicle drag is generated by the wheel,
with the front and rear wheels each generating ~0.19 on C,. The
optimal condition was identified as the lowest nominal ride height
tested (2mm) with no rake (0=0°) on the car, -C; = 1.21, with an
aero-balance of 41.5%. As the optimal setup would be selected for a
Grand Prix event, wind tunnel experiments for the car-in-wake were
performed using this vehicle attitude.
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Figure 3. Isolated vehicle downforce and aero-balance (wind tunnel)

Vehicle forces measured with CFD are different to those from

experiments (baseline C) = 0.92 and -C; = 0.85, with a more forward

aero-balance of 47.5%). The CFD simulations were used to

complement the wind tunnels tests, rather than replicate them, and so

there are several differences including lift-producing suspension

members in the simulation, different blockage conditions, no wind

tunnel mounting apparatus etc. The processes of generating

downforce can be seen in Figure 4; starting at the front wing, there is

a large region of sub-atmospheric pressure on the lower surface (C,, <

1). At the front of the floor there is a further peak of low pressure (C,
~ -1.5), with a second peak at the diffuser throat (C, ~ -0.6). The
pressure at the diffuser is less negative than the front of the floor,

partly due to the generic design producing low downforce, but also as

the nose-down pitch moves the rear of the car away from the ground,

increasing the area of the diffuser ‘throat’ (between the ground and

the car’s floor), limiting the peak dynamic pressure in this region.
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Figure 4. Isolated vehicle surface pressure distribution (CFD)

AERODYNAMIC EFFECT OF AN
UPSTREAM VEHICLE

The longest separation achievable in the wind tunnel with both
“vehicles” on the moving ground was one vehicle length, which is
representative of the spacing between cars prior to an overtaking
maneuver; CFD was performed at the same separation with the wake
generator and a second full vehicle (Table 1). Aerodynamic drag and
downforce of the following vehicle reduce compared to the isolated
car, and the aerobalance on the front wheels decreases by up to 11%.
The effect on drag is similar between the experimental and CFD, as
well as between wake generator and full vehicle. The difference
between the effect the wake generator and full vehicle on downforce
is slightly greater, albeit only 0.1 on -C, . This gives some confidence
in the accuracy of the wake generator, which while not perfect has a
similar effect on the aerodynamic performance of a following car.

Table 1. Difference between measured effects of upstream vehicle, with a one
vehicle length separation

ACo A-C) | A-Ci | phere
Wake generator (wind tunnel) -0.15 -0.45 -0.19 -1%
Wake generator (CFD) -0.16 -0.41 -0.24 -11%
Full upstream vehicle (CFD) -0.18 -0.51 -0.26 -5%
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Component forces from CFD are shown in Figure 5, the figure
highlights the negative impact of the exposed wheels, accounting for
35% of the vehicle drag while also generating a positive lift. The
effect of the wake on wheel drag and lift as a percentage of the
baseline is small compared to the rest of the car. Contrary to
conventional thinking, of the downforce generating bodies, the front
wing is least affected by the upstream wake, especially the front wing
drag, which in barely affected by the presence of the upstream car,
AC, =-0.006. The rear wing is the most affected by the upstream
wake, losing -0.182 on -C, , downforce and drag lost by the rear wing
is also approximately proportional, losing ~55% compared to the
baseline.
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Figure 5. Breakdown of non-dimensional component force coefficients, based
on frontal area (CFD)

The effect of the full upstream vehicle, with a one vehicle separation,
on the surface pressure distribution is shown in Figure 6. Regions of
low pressure, such as the lower surfaces of the front and rear wings,
and front of the underbody and rear diffuser, all experience an
increase of pressure, AC,, > 1.0; while high pressure regions, like the
upper surfaces of the wings, experience a reduction of static pressure,
AC,, <-0.8. The regions of peak, high and low, pressure experience
the greatest change, with little effect on the regions where C, ~ 0
effectively squeezing the peak pressures (+C,) towards zero.
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