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A B S T R A C T

Emissions of greenhouse gasses from passenger vehicles is a concern globally. One of the factors that influence
the vehicles energy consumption is the aerodynamic drag, continuing to be an active topic of interest. This
work investigates the vehicle wake in relation to aerodynamic drag in steady crosswind conditions.

The vehicle used is a modified version of the generic Windsor geometry with wheels and a rearward-facing
base cavity with nine angled surfaces, or flaps, distributed at the trailing edge of the cavity along the roof and
sides. A surrogate model-based optimisation algorithm was used to minimise the drag coefficient by optimising
the angle of each flap individually. The experiments were performed in the Loughborough University Large
Wind Tunnel. The time-averaged and unsteady results of both the base pressures and tomographic Particle
Image Velocimetry indicate that the optimised flap angles improve drag primarily by altering the wake balance.
This is achieved by reducing the strength of a large leeward side vortex, reducing the crossflow within the
wake.
. Introduction

As global emissions become more of a concern, greenhouse gas
nd air quality regulations placed on passenger vehicles are becoming
ore stringent to meet emissions targets. For example, new European

egulations impose punitive fines on manufacturers for exceeding fleet
verage CO2 limits (European Parliament and Council of the European
nion, 2014). As such, the need to improve total vehicle efficiency for
oth emissions reductions (internal combustion) and range extension
electric) is an ethical and financial necessity.

One way to improve the efficiency of a vehicle is by reducing the
erodynamic drag, which has a squared relationship with the vehicle
elocity. This is particularly important as today’s passenger vehicles
ravel at high velocities which is reflected in the latest driving cycle
World Harmonised Light vehicle Test Cycle [WLTC]) (Schuetz, 2015).

A popular vehicle shape in the passenger vehicle market is the
ports Utility Vehicle (SUV), accounting for 37.5% of new vehicles
old in Europe (JATO, 2019). SUVs are typically designed with limited
apering to the rear edges, for aesthetics, which results in a large region
f low pressure in the separated wake and a reduction in pressure on
he base. Therefore their aerodynamic drag tends to be higher than
ther vehicle types that are more tapered.

∗ Corresponding author.
E-mail addresses: magnus.urquhart@chalmers.se (M. Urquhart), m.varney@lboro.ac.uk (M. Varney), simone.sebben@chalmers.se (S. Sebben),

Applying a cavity to the base of the geometry, by extending plates
from the base of the geometry, is one way to reduce the drag. When
applied perpendicular to the base they are effective on simplified
geometries at 0◦ yaw (Evrard et al., 2016; Duell and George, 1993; Bon-
navion and Cadot, 2018), yielding up to an 11% drag reduction (Duell
and George, 1993) through increasing the pressure at the rear of the
geometry.

When cavities are applied to passenger vehicles or heavy goods
vehicles, the cavity is typically tapered. Tapering, on its own, is an
effective way of reducing the total and base drag (Howell et al., 2013;
Ahmed et al., 1984; Varney et al., 2018a), but when implemented with
a cavity, the drag reduction further improves (Cooper, 1985).

Another addition to cavity geometries has been a kick at the trailing
edge of the cavity. This has previously been applied by Sterken et al.
(2014) to the rear of a cavity along the sides and roof of an SUV. This
was of benefit to the drag at all cavity lengths, particularly at yaw, with
an additional reduction of ≈ 0.01CD depending on the yaw angle and
cavity depth. The additional drag reduction at yaw was later shown
to correlate well, by Urquhart et al. (2018), with a reduction in wake
crossflow and an increase in base pressure on the windward side.

Typically, aerodynamic modifications are assessed in idealised con-
ditions. Low turbulence, 0◦ yaw and simplified geometries are useful
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142-727X/© 2020 The Authors. Published by Elsevier Inc. This is an open access ar

.a.passmore@lboro.ac.uk (M. Passmore).

ttps://doi.org/10.1016/j.ijheatfluidflow.2020.108737
eceived 19 May 2020; Received in revised form 7 October 2020; Accepted 7 Octo
ticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

ber 2020

http://www.elsevier.com/locate/ijhff
http://www.elsevier.com/locate/ijhff
mailto:magnus.urquhart@chalmers.se
mailto:m.varney@lboro.ac.uk
mailto:simone.sebben@chalmers.se
mailto:m.a.passmore@lboro.ac.uk
https://doi.org/10.1016/j.ijheatfluidflow.2020.108737
https://doi.org/10.1016/j.ijheatfluidflow.2020.108737
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatfluidflow.2020.108737&domain=pdf
http://creativecommons.org/licenses/by/4.0/


International Journal of Heat and Fluid Flow 86 (2020) 108737M. Urquhart et al.
for simplifying the flow structures and make replication studies easier,
but it is not realistic. In contrast, when testing geometries at full
scale (Veldhuizen et al., 2016; Grover and Visser, 2006) it is not
possible to test as many configurations. The varying yaw angle and
turbulence level increase the required sampling time to maintain a
given measurement uncertainty, with Tunay et al. (2018) showing that
the wake structures and turbulent wake quantities are significantly
impacted by crossflow.

Howell et al. (2018) has also shown the importance of encompassing
more realistic conditions. Howell et al. (2018) presented several real
vehicles, some of which have a very similar drag coefficient at 0◦ yaw,
that had a very different drag response to a crosswind. These cases
highlight the importance of considering more realistic conditions in
aerodynamic studies.

Several recent studies have investigated the influence of asymmetric
drag reduction devices with side wind conditions using tapering (Var-
ney et al., 2018a; Garcia de la Cruz et al., 2017) or pulsed pneumatic
jets (Li et al., 2018) on the trailing side edges of the geometry. It
is concluded that these devices reduce drag by improving the lateral
symmetry in the wake shown in the results from flow field measure-
ments (Li et al., 2018), variance of base pressure gradients (Garcia
de la Cruz et al., 2017) or fluctuations of side force (Varney et al.,
2018a). If these devices were to be implemented with the correct
control strategy then the additional wind averaged drag reductions
that could be achieved are approximately 30% for a model without
wheels (Garcia de la Cruz et al., 2017; Varney et al., 2018a) and up
to 20% for a model with wheels (Varney et al., 2018a).

From this, there is potential for further drag reduction using a
combination of an asymmetric roof- and side-tapering. In this work,
the tapering angle is allowed to vary along the sides and roof of the
geometry, resulting in 9 different small flaps, located at the trailing
edge of a rearward-facing tapered cavity. This allows the design space
to contain designs similar to previously published geometries (Urquhart
et al., 2018; Varney et al., 2018a; Garcia de la Cruz et al., 2017) while
allowing for increased flexibility. To investigate this, the flap angles
are optimised in the Loughborough University Large Wind Tunnel
using a surrogate model based optimisation algorithm. Force measure-
ments, base pressures and full wake Tomographic Particle Image Ve-
locimetry are used to increase the understanding of the drag reduction
mechanisms.

2. Methodology

2.1. Test facility

The wind tunnel tests were performed in the Loughborough Uni-
versity Large Wind Tunnel, Fig. 1, which is an open return, closed test
section facility. The rectangular working section is 1.92m × 1.3m with
0.2m corner fillets and is 3.6m long. The tunnel is capable of speeds
up to 45m∕s with a freestream turbulence intensity of 0.2% and a flow
uniformity of ±0.4% (Johl, 2010).

2.2. Geometry

The geometry used in this study is a modified version of the Windsor
body, a generic simplified automotive test case that has been used
extensively in the literature to study fundamental flow problems (Volpe
et al., 2014; Pavia and Passmore, 2018; Pavia et al., 2018; Perry et al.,
2016a; Pavia et al., 2020; Favre and Efraimsson, 2011) and geometry
modifications (Perry and Passmore, 2013; Howell et al., 2013; Varney
et al., 2018b). The modifications to the Windsor geometry have been
applied by Pavia and Passmore (2018), adding wheels to better simu-
late a real vehicle as shown in Fig. 2a. In this configuration, the body
gives a blockage ratio of 4.7% and represents approximately a 25%
road vehicle.
2

Fig. 1. The Loughborough University Large Wind Tunnel (Johl, 2010).

Fig. 2. Windsor geometry with wheels. Measurements are given in mm.

Fig. 3. Debossed floor pad to avoid grounding the model. Measurements are given in
mm.

The model is mounted with four 8mm pins which are located
between the wheels to minimise interaction with the overall flow. The
wheels are stationary and mounted to the model, with the bottom of
the wheels set to be tangential to the tunnel floor. This is achieved
without grounding the geometry by using a debossed floor pad, giving
a constant 4mm of clearance between the wheel and the floor, as shown
in Fig. 3. The ride height of the geometry is fixed at 50mm, giving a
non-dimensionalised ride height of 0.17 times the base height, with the
pitch and roll angle of the geometry set to be 0◦ ± 0.1◦.

The baseline geometry for the optimisation is a 50mm (5% of the
body length) deep cavity with thin (3mm) walls, with a 14◦ roof and
side edge taper and a 0◦ diffuser, shown in Fig. 2b. The taper angle
for the roof, sides and diffuser were optimised using steady-state CFD
simulations with a low 𝑦+ < 1 𝑘-𝜔 SST turbulence model. The mesh
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Fig. 4. Naming convention for individual flaps.

consisted of approximately 90 × 106 hexahedral dominant cells. Each
flap design was simulated at 0◦, 5◦ and 10◦ yaw and the output drag
coefficients weighted to form a drive cycle equivalent drag value

𝐶DWC = 0.53𝐶D0◦ yaw + 0.345𝐶D5◦ yaw + 0.13𝐶D10◦ yaw. (1)

This is the approach used by Varney et al. (2018a) which omits the
15◦ yaw term in the original formulation by Howell et al. (2018).
The optimised cavity, with 14◦ side- and roof-edge tapering and a 0◦

diffuser, is similar to that reported in previous work on cavities in
crosswind conditions (Sterken et al., 2014).

The optimisation in this work is applied to small flaps, 20mm, or
2% of the model length, placed along the sides and roof of the tapered
cavity in a similar way to the trailing edge kick by Sterken et al. (2014)
and Urquhart et al. (2018). Unlike the previous work, the trailing edge
kick is split into three equal flap sections along each edge, totalling
nine flaps. These are numbered from 1–9 in a clockwise fashion facing
the rear of the vehicle, Fig. 4. The diffuser is not equipped with flaps
to simplify the tests.

Due to manufacturing limitations, only positive, outward, flap an-
gles were able to be tested. The flaps were manufactured at four
discrete angles, 0◦, 7◦, 14◦ and 21◦. Each flap has locating pins to ensure
correct placement when manually changing them between tests. Based
on the works by Varney et al. (2018a) and Garcia de la Cruz et al.
(2017) it is expected that negative, inward, flap angles would allow
further drag reduction. Increasing the number of flap sections and using
continuously variable angles is also expected to improve the maximum
achievable drag reduction.

Only negative yaw angles were tested experimentally to avoid ob-
scuring part of the wake from the cameras when performing PIV.
Because of this, all these results are mirrored to reflect a positive yaw
angle with the nose pointing right following the SAE standard J1594
(0000). In the presented results, the wind moves from left to right in
the vehicle driving direction.

2.3. Force measurements

All force and pressure measurements were taken with a freestream
velocity, 𝑣∞, of 40m∕s as measured at a pitot-static tube 1.15m up-
stream of the model leading edge. This results in a Reynolds number,
based on the square root of the frontal area of the vehicle, of 𝑅𝑒H =
9.4 × 105. The balance data was sampled at 300Hz for 300 s with an
arithmetic mean taken in post-processing.

All coefficients have been calculated without any blockage cor-
rection to allow for direct comparison to computational work. The
coefficient calculations are presented in Eqs. (2)–(4), where 𝐴 is the
model’s projected frontal area (m2), 𝜌 is the calculated air density
(kg/m3), 𝑣∞ is the freestream velocity as measured at the pitot tube
upstream (m/s) and 𝐿𝑤 is the length of the wheelbase. The coefficients
are defined as

𝐶force = 𝐹𝑜𝑟𝑐𝑒
1 2

(2)
3

2𝜌𝐴𝑣∞
Fig. 5. Distribution of the 7 × 8 wall static pressure measurement locations.

𝐶moment =
𝑀𝑜𝑚𝑒𝑛𝑡
1
2𝜌𝐿𝑤𝐴𝑣2∞

(3)

𝐶RL = 1
2
𝐶L − 𝐶M,Pitch (4)

where the subscript RL denotes rear lift. The vehicle yaw moment is
defined using the right-hand rule along the axis of lift, i.e. a positive
yaw moment pulls the vehicle nose left.

The repeatability between tests was estimated by running the same
configuration on different days, resulting in a total of 7 unique samples.
From these samples, the 95% confidence interval was calculated to ±1
counts at 0◦ yaw, ±2 at 5◦ yaw and ±2.5 at 10◦ yaw, where one count
is 𝛥𝐶D = 0.001.

2.4. Pressure measurements

The surface static pressure measurements were recorded for 300 s at
260Hz using a 64 channel differential pressure scanner via 500mm long
smoothbore silicone tubing. The scanner was located inside the model
with all necessary cabling existing behind the forward model pins to
minimise their impact on the bulk flow.

As the pressure scanner employs a multiplexed analogue to the
digital stage, a correction is applied to the data to time-align each of the
64 channels to the first channel for each sample. The implementation
of this is well documented by Wood (2015). No additional corrections
are applied for the frequency response, as no frequency analysis is to be
performed, and no blockage correction is applied to make comparisons
with computational work straightforward.

The distribution of pressure tappings on the base is presented in
Fig. 5. The pressure coefficient is referenced to a pitot-static tube
upstream and using Eq. (5). Where 𝑝𝑡 is the total pressure and 𝑝𝑠 is
the static pressure measured at the pitot-static probe.

𝐶P =
𝑝 − 𝑝𝑠
1
2𝜌𝑣

2
∞

=
𝑝 − 𝑝𝑠
𝑝𝑡 − 𝑝𝑠

(5)

To calculate the contribution of the base of the model to the overall
drag, the pressure coefficient for each tapping location is integrated
using Eq. (6) and by associating an incremental area with each tapping.
Using the same analysis as the force measurements, the repeatability
was ±0.002𝐶DB. The resulting value is representative of the base drag,
but as neither the internal and external walls of the cavity are pressure
tapped it does not represent the total contribution to the rear pressure
drag.

𝐶DB = 1
𝐴 ∫𝐴

𝐶P⋅𝑑𝐴 (6)
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2.5. Tomographic particle image velocimetry

The flow field of the near wake has been captured using tomo-
graphic Particle Image Velocimetry (PIV), using commercially available
hardware and software (DaVis® 8.4) from LaVision®.

For each measurement 1000 image pairs were taken at a frequency
of 5Hz, resulting in 200 s of data. This quantity of samples has been
shown by previous authors to be adequate for capturing the bulk wake
structure of these, and similar geometries, with tomographic and planar
PIV (Pavia et al., 2019, 2020; Perry et al., 2016a).

The volume captured in the tomographic PIV was 550 mm ×
480 mm × 380 mm in the 𝑥, 𝑦 and 𝑧 direction, chosen based on capturing
the full width and height of the wake, including some freestream, and
the wake closure based on previous work (Pavia et al., 2020; Perry
et al., 2016a; Pavia and Passmore, 2018).

To capture the full volume 4 cameras were used in an approximate
star configuration as shown in Fig. 6. Two cameras were Imager Pro X
4M cameras (4MP) and two were sCMOS cameras (5MP). All the im-
ages were reduced to 25% of their original resolution in post-processing
to reduce computational expense.

All the cameras were equipped with Nikon® lenses with a 35mm
focal length. To satisfy the Scheimpflug condition the f-stop was set to
𝑓 # = 8 for all the cameras, as a compromise between depth of field
through the volume and allowing enough light to enter the sensor to
image the flow field.

The cameras were oriented such that the inclusive angle between
them was 60◦, resulting in a reconstruction quality of approximately
0.95 (Scarano, 2013).

Initial calibration was performed using a 2D calibration plate lo-
cated in five positions within the field of view: streamwise centreline,
the two streamwise outer edges, and two diagonals. The final calibra-
tion was achieved by performing several self-calibration iterations. This
process results in a map of the position of a region of the image to a
region of the volume for each of the cameras, resulting in an RMS error,
between a true rectilinear grid and reconstructed one, of less than 0.006
pixels.

The particles used in this experiment are Helium Filled Soap Bubbles
(HSFB), using a seeder provided by LaVision®, which are 300 μm in
diameter. Large volume tomographic PIV relies on much-reduced light
intensity so the seeding medium in this experiment is Helium Filled
Soap Bubbles with a diameter of 300 μm. As the reflectance is a cubed
relationship with the size of the particle (Adrian and Yao, 1985),
allowing the particles to appear brighter with a less power-dense light
source. This approach has been used extensively in the literature (Perry
et al., 2016a; Caridi et al., 2016; Kühn et al., 2011; Pavia et al., 2019,
2020) and the particles have been shown to follow the flow similarly
to other seeding mediums (Scarano et al., 2015)

Three seeding rakes have been used in this experiment, each con-
sisting of 10 nozzles, each of which is capable of producing 40,000
HSFB per second. The seeders are positioned at the start of the working
section, shown in Fig. 6b, one horizontally to seed the boundary
layer and underbody flow and two to seed the bulk flow. Whilst this
will increase the levels of turbulence experienced by the model, it is
unavoidable to ensure even seeding of the shear layers. The seeding
was continuous throughout the testing due to the open return design
of the tunnel resulting in few to no HSFB particles being recirculated.

Illumination of the volume was provided with a 200mJ Nd:YAG
double-pulse laser from Litron®. The laser beam was passed through
a volume optic that was chosen to ensure that ≈60% of the peak
power from the Gaussian distribution covered the volume of interest.
No Fresnel lens or knife-edge optics were used, as at this scale they are
prohibitively expensive.

The current setup of the seeder does not produce sufficient bub-
bles to generate high quality PIV data at 40m∕s, and for this same
model, Varney (2020) concluded that the velocity needs to exceed
20m∕s in order to achieve a Reynolds insensitive flow field. Therefore
4

Fig. 6. Tomographic set up in the working section.

Table 1
Complete list of PIV processing steps.

Window size (pixels) Volume binning Percentage overlap Number of passes

256 8 75 2
256 4 75 2
128 2 75 2
128 1 75 2
96 1 75 2
64 1 75 2

the PIV was conducted at 30m∕s as a compromise between Reynolds
sensitivity and maintaining a seeding density of ≈ 0.02 particles per
pixel at 25% resolution, to achieve a lower particle reconstruction
error (Elsinga et al., 2011; Michaelis et al., 2010). The higher velocity
of 40m∕s for the forces is used to improve the accuracy of the force
measurements due to the absolute accuracy of the balance. The higher
velocity also reduces the time needed for averaging of the forces
compared to doing the tests at 30m∕s.

A series of pre-processing steps were applied to the images to
increase the signal to noise ratio between the particles and the back-
ground to reduce the reconstruction error. The reconstruction uses the
FastMART (Fast Multiplicative Algebraic Reconstruction Technique) as
implemented by LaVision® based on the work of Atkinson and Soria
(2009). This technique reconstructs the particles in 3D space from a
series of 2D images and is performed iteratively, six times, to reduce
the number of false-positive reconstructed (ghost) particles present in
the data (Novara et al., 2010; Scarano, 2013; Elsinga et al., 2006). Ghost
particles bias the volume to the mean flow of the entire volume (Elsinga
et al., 2011), so minimising them is beneficial for data quality.

The vectors were calculated using a direct correlation method with
multiple passes. The initial pass used a 256 × 256 × 256 pixel window
with a large (× 8) volume bin and ends with a 64 × 64 × 64 pixel
window with no volume binning. The intermediate steps are presented
in Table 1.

2.6. Optimisation algorithm

Testing all flap angle combinations in the wind tunnel is not possible
as there are too many unique combinations, 49 = 262 144. Instead,
the flap angles were optimised for each yaw angle. The optimisation
was performed using a surrogate model-based algorithm. Surrogate
model-based optimisation algorithms typically perform well when the
number of function evaluations is limited, as it is when performing
optimisations in a wind tunnel.

The surrogate model was built from an initial design of experiments
containing only five samples. The samples were determined using a
Latin Hypercube (LHC) where the fifth sample was chosen to be the
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Fig. 7. Latin Hypercube sampling plan containing 100 points.

smooth taper, i.e. all flap angles are set to 0◦. The LHC plan divides each
esign parameter into equally sized intervals where the same value
f a parameter can only occur once. The placement of the samples is
ptimised to increase the separation distance between samples.

The optimisation algorithm for the LHC sampling plan is based on
he work by Bates et al. (2004), extended to include categorical, or
iscrete, design parameters as the tested flaps were only manufactured
n 4 discrete angles. An example of an optimised LHC sampling plan
ontaining 100 points for two design dimensions can be seen in Fig. 7.

The surrogate model is based on Radial Basis Function (RBF) inter-
olation. That is analogous to a one-layer neural network. Radial Basis
unction interpolation linearly combines the output of each neuron, or
adial Basis Function, in the hidden layer as

(𝐱) =
𝑁
∑

𝑖=1
𝑤𝑖𝜉𝑖(‖𝐱 − 𝐱𝐢‖2) (7)

here 𝑤𝑖 are the weights, 𝜉𝑖 is the Radial Basis Function, 𝑁 is the
number of sampled designs and ‖𝐱−𝐱𝐢‖2 denotes the Euclidean distance
between the evaluated design 𝐱 and the 𝑖th design 𝐱𝐢.

The weights 𝑤𝑖 are found by solving the linear system

𝐀𝐰 = 𝐮 (8)

where 𝐀 = 𝐴𝑖𝑗 = 𝜉𝑖(‖𝑥𝑖−𝑥𝑗‖2) and 𝐮 = 𝐮(𝐱𝐢) are the known function val-
ues at the sample points. A regression term, 𝜆, is added to the diagonal
of 𝐀, Eq. (8), which relaxes the requirements of the surrogate model
being strictly interpolating. This reduces high-frequency oscillations in
the surrogate model when the modelled problem contains noise.

The RBFs, 𝜉𝑖, employed were the gaussian, 𝜉(𝑟) = 𝑒−(𝜀𝑟)2 , inverse
quadratic, 𝜉(𝑟) = 1

1+(𝜀𝑟)2 and inverse multiquadratic, 𝜉(𝑟) = 1
√

1+(𝜀𝑟)2
basis

functions where 𝜀 is the width factor determining the size of the RBF.
Radial Basis Functions can exhibit poor performance when there

xists a difference in the scale between the input and output dimen-
ions. Each design parameter is therefore normalised and scaled using a
caling factor 𝑐𝑗 . The RBFs are radial using the scaled input parameters
hich, when scaled back, results in the RBFs being ellipsoidal.

The ridge regression term, 𝜆, widths, 𝜀, Radial Basis Function 𝜉𝑖 and
xis scaling 𝑐𝑗 are treated as hyperparameters and optimised to improve
he surrogate model’s predictive performance. The structure of the RBFs
etwork surrogate model is shown in Fig. 8.

To improve the predictive capability of the model an ensemble of
0 surrogate models was used. The median prediction of the surrogate
odels was used as the function estimate and the standard deviation

s an estimate of the model uncertainty. The tests were alternated
etween sampling the minimum prediction and the maximum standard
eviation in the ensemble of surrogate models to exploit and explore
he design space. The entire ensemble of surrogate models was re-
rained every second sample and the sampling process repeated. The
urrogate model performance was good when compared to Random
ample, Differential Evolution, Nelder–Mead and Bayesian Optimisa-
ion; performing as well, or better than the other algorithms, on 17 out
5

f 18 optimisation benchmark problems (Urquhart et al., 2020).
Fig. 8. Radial Basis Function surrogate model network structure.

2.7. Flap angle optimisation

Since the number of possible designs is finite, each location was
sampled in the surrogate model to find the design with the lowest
predicted drag value and highest standard deviation in the ensemble
of surrogate models at each iteration. The design with the lowest
predicted drag, as well as the highest standard deviation in the en-
semble, was tested before rebuilding the surrogate model with the new
information from the tested designs and run again. This was done to
both exploit the model prediction and reduce the model uncertainty to
explore the design space.

The optimisation was run separately for 0◦, 5◦ and 10◦ yaw, with
he objective to reduce drag. Although sensing of the wind direction
as not considered in this work, this replicates the ability of the
eometry to adapt to the surrounding wind conditions. A potential
ethod for improving the speed of the optimisation would be to include

he yaw angle as a design parameter. This would allow for the low
rag information to be shared across the design space, but in this
nstance, it would reduce the opportunities to test the robustness of
he optimisation algorithm. At 0◦ yaw a symmetry constraint was also
mposed, i.e. 𝑘1 = 𝑘9, 𝑘2 = 𝑘8, 𝑘3 = 𝑘7, 𝑘4 = 𝑘6.

The optimisation was performed for a constrained search range first
here each side of the geometry takes on the same flap angle, reducing

he number of design parameters from 9 to 3. Once the optimisation
as finished in the constrained space, the information was added to

he full design space. For the yawed optimisation, five additional LHC
ample points were added to cover more of the large design space.

It was not feasible to test all possible designs in a given time frame
o the global optimality of the best design tested cannot be guaranteed.
he optimisation routine was stopped for each yaw angle when it was
xpected that no further improvements could be found in close vicinity
f the designs already tested. This was done due to a finite amount of
vailable testing time and the assumption that drag is expected to be
mooth locally in relation to flap angle changes.

The best flap angles found at each yaw angle will be referred to as
he optimised flaps.

The sampling plan was created with the package LatinHypercube-
ampling.jl (Urquhart, 2019a) and the surrogate model optimisation
sing SurrogateModelOptim.jl (Urquhart, 2019b). More information
n the sampling plan and the optimisation algorithm can be found
n Urquhart et al. (2020).

. Results & discussion

Results are first presented for zero yaw and then with yaw. At yaw,
t is primarily the results at 5◦ yaw which are discussed.

.1. 0◦ yaw

A total of 26 different designs were tested in the wind tunnel at 0◦
aw. The optimisation history of these tests can be seen in Fig. 9.
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Fig. 9. Flap optimisation history at 0◦ yaw. Error bars indicate the 95% confidence
interval.

Table 2
Aerodynamic force coefficients at 0◦ yaw.

Configuration. 𝐶D 𝐶FL 𝐶RL 𝐶DB

Square-back 0.389 0.142 0.002 0.291
Smooth taper 0.320 0.121 0.166 0.200
Optimised flaps 0.318 0.125 0.121 0.201

Fig. 10. Probability Density Function (PDF) of the pressure tap for the square-back,
smooth taper and optimised flaps configurations.

The force coefficients for the square-back, smooth taper (no flaps)
and the best flap angles found are given in Table 2. An improvement of
2 drag counts was found at 0◦ yaw with 7◦ flap angles for all the roof
positions, design iteration 4.

The tapered cavity, without flaps, adds a significant amount of
lift, 0.143CL (100%) increase over the square-back, which can impact
vehicle high-speed stability (Howell and Le Good, 1999). However,
using the optimised flaps, this is brought down to a 0.102CL (71%)
increase in total lift compared to the square-back. The negative effects
of the increased lift could be mitigated by actively adapting the roof
flap angles depending on vehicle speed, to keep the lift force below a
desired threshold while optimising for drag.

The geometries were investigated for lateral bi-stability as this has
previously been reported in the literature for similar geometries (Pavia
and Passmore, 2018; Pavia et al., 2018; Perry et al., 2016a; Grande-
mange et al., 2012, 2013a), and is linked to the vehicle drag. Fig. 10
shows the probability density function for the square-back, smooth
taper and optimised flaps configurations on one of the pressure taps
located off the centreline where any lateral bi-stable behaviour would
be evident.

Bonnavion et al. (2019) also identified vertical wake instabilities for
geometries similar to the one investigated here. To identify the vertical
position, the pressure gradient, defined as

𝑔𝑧 =
1
2

[𝐶P, A − 𝐶P, C
𝑧𝐴 − 𝑧𝐶

+
𝐶P, B − 𝐶P, D

𝑧𝐵 − 𝑧𝐷

]

(9)

is investigated, Fig. 11. There are no signs of vertical or lateral bi-
stability for any of the configurations investigated. However, the ver-
tical instability reported by Bonnavion et al. (2019) is sensitive to the
pitch angle of the vehicle which can lock the wake into one of the up-
6

Fig. 11. Probability Density Function (PDF) of the base pressure gradient for the
square-back, smooth taper and optimised flaps configurations.

Fig. 12. Centreline velocity magnitude normalised by the freestream velocity. The line
is a qualitative addition to indicate the return flow direction.

or down-wash dominated states. Therefore the presence of the vertical
wake instability cannot be confirmed or denied in this work as the pitch
angle of the model was kept constant. The same analysis was performed
for the configurations at yaw yielding similar results.

Fig. 12 shows the centreline velocity magnitude for the square-
back, smooth taper and optimised flaps configurations. The flow in the
wake is directed more perpendicular to the vehicle base for the design
with optimised flaps compared to the smooth taper. This improvement
in the wake balance has been linked to improvements in vehicle
drag (Urquhart et al., 2018; Wang et al., 2020; Perry, 2016; Varney
et al., 2020).
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Fig. 13. Base pressure at 0◦ yaw of the square-back, smooth taper and optimised flap
angles. The pressure tap locations are marked in black.

The base pressure distributions for these configurations can be seen
in Fig. 13. The base pressures are slightly lower for the optimised flaps
configuration compared to the smooth taper and the integrated base
drag in Table 2 confirms this. Due to the base drag being higher for the
optimised flap angles, compared to the smooth taper, it is theorised that
the reduction in drag is primarily due to an increase in pressure on the
outside of the cavity. When adding the 7◦ flaps to the roof, the attached
flow along the roof is deflected less, resulting in a lower acceleration
of the flow and an increase in pressure compared to the smooth taper.
This pressure increase outweighs the increase in base drag resulting
from the larger wake. The base pressure distribution is similar between
the smooth taper and the optimised flaps. This is an unexpected result
based on the centreline flow, Fig. 12. It is believed that the flow of the
smooth taper and the optimised flaps become more similar closer to
the base. Due to the experimental setup this cannot be verified. On a
more extreme configuration with 14◦ flaps on the roof was also tested
and this configuration indicated the expected upwash dominated base
pressure distribution, not shown here.
7

Fig. 14. Flap optimisation history at yaw. Error bars indicate the 95% confidence
interval.

Fig. 15. Windsor geometry with optimised flap angles for 5◦ and 10◦ yaw.

3.2. 5◦ & 10◦ yaw

Fig. 14 contains the optimisation history of the yawed cases where
39 design were tested at 5◦ yaw and 46 at 10◦ yaw. No improvement
in drag could be found in the constrained design space for either yaw
angle. It was expected that an improvement could only be found in
the constrained design space with a 7◦ or 14◦ outward flap angle in
positions 7–9, with the rest being 0◦ based on the works by Varney
et al. (2018a) and Garcia de la Cruz et al. (2017). None of these con-
figurations improved drag outside of the reported confidence intervals.
It was only possible to find a significant improvement over the smooth
taper in the full design space.

For both yaw angles, the best design found featured the flap angles
0◦,0◦,0◦,0◦,0◦,7◦,0◦,7◦,14◦, shown in Fig. 15. Each design with a signif-
icant drag reduction featured changes towards the leeward side of the
model, flap positions 6–9. Several designs have similar improvements
to drag, but common to all designs with an improvement of 4 drag
counts or more is a non-zero flap on the roof’s leeward side, position
6. This was not expected and will be further explored in this section.

The force coefficients for the square-back, smooth taper and the
optimised design are given in Table 3.
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Table 3
Aerodynamic force coefficients at yaw.

Configuration 𝐶D 𝐶FL 𝐶RL 𝐶DB 𝐶Yaw

5◦ yaw

Square-back 0.435 0.171 0.008 0.322 −0.082
Smooth taper 0.354 0.151 0.183 0.226 −0.124
Optimised flaps 0.348 0.150 0.183 0.223 −0.133

10◦ yaw

Square-back 0.482 0.252 0.032 0.357 −0.160
Smooth taper 0.378 0.269 0.242 0.256 −0.209
Optimised flaps 0.374 0.270 0.240 0.254 −0.218

An improvement of 6 drag counts was found for the optimised flap
ngles over the smooth taper at 5◦ yaw with a smaller improvement
f 4 counts at 10◦ yaw. Using Eq. (1) to calculate the driving cycle
quivalent drag value, the square-back, smooth taper and optimised
laps have 0.419, 0.341 and 0.337 𝐶DWC respectively. In total, a 20%

reduction in the cycle average drag is achieved using the optimised
flaps over the square-back.

Similar to the 0◦ yaw situation, the tapered cavity increases total
lift significantly, and the differences between the smooth taper and the
optimised flaps are negligible. There is, however, a difference in the
yaw moment, which increases in magnitude for the optimised flaps.
The magnitude in yaw moment is larger for both the smooth taper
and optimised flaps, compared to the square-back. This yaw moment
response could have a negative effect on vehicle handling as the vehicle
yaw rate in gusts has been identified as an indicator of high-speed
stability by Brandt et al. (2020). As was suggested for 0◦ yaw, the
negative effects can be omitted by optimising the flap angle depending
on the vehicle speed to reduce drag while keeping the aerodynamics
forces and moments in relation to vehicle dynamics within defined
limits.

Grandemange et al. (2013b) noted a quadratic relationship between
drag and lift when investigating a simplified blunt road vehicle with
two angled flaps mounted at the top and bottom edge of the base.
Fig. 16 shows the relationship between drag and lift for the config-
urations tested during the optimisation. While drag tends to reduce
with increased lift, the spread in drag, for similar lift values, is signifi-
cant. The same analysis was performed at 0◦-yaw showing even larger
spread. Table 3 shows a trend between an increase in the absolute yaw
moment and a reduction in drag. This is further investigated in Fig. 17.
Similarly to lift there is an observable trend, however, the spread in
drag is again significant for a similar yaw moment. The remaining
forces and moments were investigated as well as 𝐶2

L+𝐶
2
S used by Howell

(2015), all showing significant spreads in drag. The large spread in drag
is likely due to the complexity of designs which can be achieved using
the 9 separate flaps. Using the balance measurements is not enough to
explain the changes in drag. It is possible that a quantitative indicator
of wake balance would better explain the changes in drag; however,
the available flow field data from this study alone is not enough to
determine this.

The optimised flap angles reduce the lateral pressure gradient at
the base, resulting in a more uniform pressure distribution, Fig. 18.
On the windward side of the geometry, the pressure is reduced when
adding the optimised flaps. The majority of the drag reduction is due
to the increased pressure on the leeward side of the geometry. The base
pressure distribution is qualitatively similar between the smooth taper
and square-back geometries with low-pressure zones concentrated to
the leeward side of the model.

Fig. 19 shows the in-plane velocity magnitude 75mm, or 7% of
the vehicle length, behind the base of the vehicle body (cavity not
included). The strength of the rotating structure near the top leeward
corner of the base is reduced when using the optimised flap angles,
Fig. 19b compared to Figs. 19a and 19c. The small reduction in the
strength of this vortex reduces the crossflow within the wake. This can
8

Fig. 16. Coefficient of lift and drag at 5◦ yaw for all the tested flap angles.

Fig. 17. Coefficient of yaw and drag at 5◦ yaw for all the tested flap angles.

e seen around the vortex in the top windward corner as well as in the
ower leeward portion of the wake in the same figure. The upwash in
he windward side of the wake is also reduced by the optimised flaps.
his is also observed in the base pressures where the top windward
orner of the optimised flaps has a slightly reduced high pressure area,
ig. 18b, compared to the smooth taper Fig. 18c.

The design with optimised flap angles but without the roof flap,
6 = 0◦, was also investigated since all configurations with a significant
rag reduction featured a non-zero flap angle in that position, Fig. 19c.
or this sub-optimal configuration, the wake is pushed outward, sim-
larly to the optimised design. However, the crossflow in the wake is
ualitatively more similar to the smooth taper. The 7◦ flap in position
reduces the strength of the top leeward vortex which reduces the

rossflow in the entire wake.
The reduction in crossflow in the lower portion of the wake can be

een in Fig. 20 where a top-view of the wake at 1∕3 of the base height is
hown. The flow impingement is closer to being perpendicular with the
ptimised flap angles, Fig. 20c, compared to the other configurations.

The sensitivity to flap angles at the optimised design was inves-
igated using the surrogate model and the designs tested during the
ptimisation. Each flap angle was changed one at a time while keeping
he other angles at the optimised values, in Fig. 21. Some configurations
ere explicitly tested and are indicated by a triangle, the others are
stimated using the surrogate model. It is only the explicitly tested con-
igurations which are marked; however, there are several combinations
f flaps that are similar but feature more than one changed variable and
re not shown.

The flap angle sensitivity analysis suggests that flap positions 𝑘1−5
ould benefit from negative flap angles due to the positive gradient
hen increasing the flap angle. This is consistent with the results
resented by Varney et al. (2018a) and Garcia de la Cruz et al. (2017).
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Fig. 18. Base pressure at 5◦ yaw of the square-back, smooth taper and optimised flap
angles. The pressure tap locations are marked in black.

Based on the crossflow analysis, Fig. 19, negative flap angles in posi-
tions 𝑘1−5 could reduce the crossflow within the wake. We can also see
that flap number 7 carries a drag penalty when increasing the angle
above 0◦. It is believed that at 0◦ the strength of the top windward
vortex is increased.

The base pressure fluctuations, Fig. 22, indicate a slight increase
in unsteadiness for the optimised flap angles over the smooth taper
and the bulk wake turbulent kinetic energy follows the same trend,
Fig. 23. Higher levels of unsteadiness in the wake shear layers have
been associated with increased entrainment of high energy flow into
the wake reducing the wake length and increasing drag (Barros et al.,
2016; Wang et al., 2019). Grandemange (2013) showed that reducing
the spanwise turbulent fluctuations across a mixing layer increases the
pressure on the low velocity side. Reducing the spanwise turbulent
fluctuations for a bluffbody would reduce drag, if all else is equal.
Han et al. (2013) applied unsteady flow control to a simplified vehicle
model which reduced the shear layer instabilities, elongating the wake
and reducing drag. However, Perry et al. (2016b) and Evrard et al.
9

Fig. 19. In-plane velocity magnitude 75mm behind the cavity of the smooth taper and
optimised flap angles. The values are normalised by the freestream velocity. The plane
is clipped where the longitudinal velocity is larger than 25% of the freestream velocity.

(2016) have separately shown on a bi-stable geometry that a global
increase in wake unsteadiness, measured as the time between switches
between the bi-stable states, correlates well with reduced aerodynamic
drag.

The overall increased levels of unsteadiness for the optimised flap
angles coupled with the drag reduction indicate that the improvement
to drag is primarily due to an improved wake balance. I.e. the flow is
impinging the base with an angle that is closer to being perpendicular.

In Fig. 24 the 𝑄-criterion is used to identify the vortical structures in
the wake. Both the leeward and the windward vortices along the top of
the geometry can be identified in both configurations and are largely
unaffected by the optimised flap angles. The largest change between
the geometries is to the size and strength of the rotating structure in the
top leeward corner of the base which is consistent with the crossflow
analysis.
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Fig. 20. Longitudinal velocity at 1∕3 of the base height for the smooth taper and
optimised flap angles. The values are normalised by the freestream velocity. The line is
a qualitative addition to indicate the return flow direction. The plane is clipped where
the longitudinal velocity is larger than 25% of the freestream velocity.

The time-averaged aerodynamic drag can also be calculated by
applying the momentum equation,

𝐶D𝐴 = ∫𝑆

[

−𝐶P − 2
⎛

⎜

⎜

⎝

𝑣2𝑥
𝑣2∞

−
𝑣𝑥
𝑣∞

⎞

⎟

⎟

⎠

]

𝑑𝑆 (10)

to a sufficiently large control volume (Fourrié et al., 0000). The viscous
terms have been dropped as they are orders of magnitude smaller than
the other terms. To reduce drag, the loss in pressure and longitudinal
velocity need to be reduced over the integrated area. In this work,
wake plane pressures were not measured and the area captured by the
PIV measurements is not large enough to accurately calculate the drag
coefficient.

Instead, the crossflow and longitudinal velocities within the wake
are integrated as

𝐶crossflow𝐴 = ∫

[

√

𝑣𝑦
2 + 𝑣𝑧

2 ]

𝑑𝑆wake (11)
10

𝑆wake 𝑣∞
Fig. 21. Sensitivity to flap angle changes of each flap, while keeping the other flap
angles constant at the best found design. Tested design locations only include designs
which were explicitly tested.

Fig. 22. Base pressure fluctuations at 5◦ yaw of the smooth taper and optimised flap
angles. The pressure tap locations are marked in black.

and

𝐶longitudinal𝐴 = ∫

[

𝑣𝑥
]

𝑑𝑆wake (12)

𝑆wake 𝑣∞
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Fig. 23. Time averaged turbulent kinetic energy 50mm behind the cavity at 5◦ yaw of
the smooth taper and optimised flap angles. The plane is clipped where the longitudinal
velocity is larger than 25% of the freestream velocity.

respectively. The wake surface, 𝑆wake, is defined as the region where
the longitudinal velocity, 𝑉𝑥, is smaller than 0.25𝑉∞.

The crossflow cannot be directly related to drag quantitatively, in-
stead, it is used here to investigate the previously presented qualitative
results, and are shown in Fig. 25.

The optimised flap angles reduce the crossflow within the wake
while increasing the longitudinal velocity towards the base, compared
to the smooth taper.

The combination of low crossflow and larger negative longitudinal
velocities within the wake is prevalent for the low drag configura-
tions and is consistent with other work (Urquhart et al., 2018; Perry,
2016). The same analysis was performed for the 0◦ yaw configurations,
showing similar trends. This could be used as a qualitative indicator to
improve vehicle design in relation to drag.

4. Concluding remarks

In this work, a simplified model with nine flaps, located at the
trailing edge of a rearward-facing tapered cavity, was tested in a wind
tunnel. The angles of the flaps were optimised using a surrogate model-
based algorithm. The optimised geometry features a positive flap angle
on the leeward roof side which reduces the strength of a large scale
rotating structure in the wake. This results in a 2% decrease in drag
at yaw compared to the tapered cavity without flaps. The positive
roof flap was an unexpected result based on the available literature
and would not have been found without the use of an optimisation
algorithm.

Analysis of the flow field using tomographic PIV and base pressures
suggest that it is mainly an improvement to the wake balance which
resulted in a reduction in drag. The analysis also suggests that further
11
Fig. 24. ISO surface of 𝑄criterion at 10 000 s−2 for 5◦ yaw of the smooth taper and
optimised flap angles. Negative vorticity indicate structures rotating clockwise in the
figure.

drag reduction could be achieved by using inward angles on the flaps
located at the windward side. The wake unsteadiness and base pressure
fluctuations alone could not be linked to changes in drag.

The integration of crossflow within the wake confirms that the
optimised flap angles reduce the crossflow within the vehicle wake.
This was accompanied by an increase in the longitudinal velocity
towards the base. The crossflow within the wake is a useful qualitative
indicator of drag which could be used in vehicle design.
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