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Abstract
Regulations to reduce greenhouse gas emissions of passenger vehicles are becoming 
increasingly stringent. The aerodynamic drag is a major contributor to the vehicle’s total 
energy consumption where a large portion is attributed to the base wake. This paper opti-
mises the angles of small trailing edge flaps on a base cavity of a full-scale sports utility 
vehicle placed in a wind tunnel. The trailing edge flaps are controlled using servos mounted 
inside the cavity. The flap angles are optimised using a surrogate model based optimisation 
algorithm with the objective of reducing the aerodynamic drag at different yaw angles and 
to create a yaw-insensitive geometry by considering several weighted yaw angles to form 
the driving cycle averaged drag. Low drag designs are further investigated using base pres-
sures and wake measurements. The results show that the base pressures are symmetrised 
by reducing the crossflow in the wake. As the model is yawed the wake becomes increas-
ingly downwash dominated by a large rotating windward structure which is reduced by the 
optimised flaps. The cycle averaged drag optimised design has a smaller increase in drag 
when yawed compared to a design optimised without considering yaw.

Keywords  Aerodynamics · Optimization · Crossflow · Yaw · Drag · Flaps · Wake · Cavity

1  Introduction

There is a global strive towards more energy-efficient vehicles where regulations and elec-
tric vehicle range are driving factors. The aerodynamic drag accounts for more than a quar-
ter of the traction energy required (Pavlovic et  al. 2016). Road vehicles are short blunt 
bodies with massively separated wakes where the pressure drag accounts for approximately 
90% of the total aerodynamic drag (Schuetz 2015). Because of this, a lot of focus has been 
placed on reducing the pressure difference between front and rearward facing surfaces 
mainly by increasing the base pressure.
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This work applies a tapered cavity to a full-scale SUV. Tapering alone is an effective 
drag reduction technique showing up to 20% reduction in drag (Howell et al. 2013; Ahmed 
et al. 1984; Varney et al. 2018). Cavities are also known to be an efficient method of drag 
reduction both with and without yawed flow (Evrard et al. 2016; Duell and George 1993; 
Bonnavion et al. 2019; Varney 2020). The combination of both methods reduces the drag 
further (Cooper 1985).

There are several on-road effects that influence aerodynamic drag such as wind, traf-
fic and cornering (Favre and Efraimsson 2011; Tunay et  al. 2018; Le Good et  al. 2018; 
Josefsson et al. 2018). Constant side wind has been shown to produce a non-linear drag rise 
depending on the vehicle shape (Howell 2015) and significantly influence the wake topol-
ogy (Rao et al. 2019). Windsor (2014) investigated 51 passenger vehicles and found that 
the sensitivity to yaw was generally higher for vehicles with low drag at 0◦-yaw. This high-
lights the need to consider several operating conditions to achieve real-world reductions for 
highly optimised vehicles.

Howell et al. (2018) introduced a driving cycle equivalent drag measure for this purpose 
which takes into account the wind distribution and driving cycle to generate a representa-
tive aerodynamic performance figure. An engineering estimate of the cycle averaged drag 
was also introduced which can be used at a lower cost during vehicle development.

Bluff body wakes continue to be an actively researched area primarily focused on wake 
flow without yaw, however, several studies at yaw exist (Howell 2015; Windsor 2014; 
Cooper 2003; Sterken et  al. 2014a; Favre 2011; Pfeiffer and King 2018; Li et  al. 2019; 
Lorite-Díez et  al. 2020). The literature is often limited to symmetric designs, although 
asymmetric tapering was investigated by Garcia de la Cruz et al. (2017) and Varney et al. 
(2018), showing drag reductions over symmetric designs when the windward side was 
tapered more than the leeward side. Similar results were found by Li et  al. (2019) who 
applied pulsed jets to the sides of an Ahmed body at yaw and found a reduction in drag by 
deviating the windward shear layer towards the leeward side.

Recently, Urquhart et  al. (2020a) optimised the angles of flaps applied to the trailing 
edge of a tapered cavity using a generic model-scale vehicle. Nine flaps were used, three 
on each of the sides and three on the roof. The results showed that both laterally and verti-
cally asymmetric designs can lower drag by improving the wake symmetry, reducing the 
crossflow in the recirculating region. The flap angles were limited to positive, or outward, 
angles only and no flaps were applied to the floor. This work extends the scope of trailing 
edge flaps on a tapered base cavity to include negative angles and flaps on the floor on 
detailed production geometry at a full scale Reynolds number. Further, the flaps are opti-
mised to create a static symmetric geometry where the cycle averaged drag is used as the 
objective function.

2 � Methodology

2.1 � Test Object with Flaps

The test object is a full-scale Volvo XC40 recharge SUV electric vehicle with an added 
base cavity extending the geometry by approximately 150–200mm, or 5% of the vehicle 
length. This results in a cavity with different longitudinal position around the perimeter, 
maintaining the SUV shape. The trailing edge is fitted with 12 flaps that are 80mm long, 
or 2% of the vehicle length, extending the cavity, Fig. 1a. The flaps are 5mm thick with 
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a radius of 2.5mm around the perimeter. The cavity walls are 5mm thick with additional 
strengthening at the mounting points as well as ribs to increase the panel stiffness. The 
cooling inlets at the front of the vehicle are closed and the rearview mirrors are removed 
from the model. Covers are also placed on the rims. These changes create a baseline with 
good flow to the rear of the vehicle and low drag which highlights the potential of the flaps 
as well as being representative of future vehicles with rearview cameras, low drag rims 
and actively controlled cooling inlets. The bottom of the cavity is aligned tangent at the 
same height as the flat floor. The cavity provides additional tapering resulting in an approx-
imately 15◦ taper on the sides and roof with no tapering on the bottom which is similar to 
other geometries with base cavities at yaw (Lorite-Díez et al. 2020; Garcia de la Cruz et al. 
2017; Urquhart et al. 2020a, 2018). Figure 1b shows the pressure tap locations on the base 
and the clockwise flap naming convention.

The flap angles are defined relative to the existing tapering where a positive angle 
denotes the flap moving outwards, towards the freestream. The flaps can move ±25◦ using 
Dynamixel XL430-W250-T servos connected with linkages and horns resulting in a 1:1 
ratio between the servo arm and flap movement. The servos have a stall torque of 1.4Nm. 

(a)

(b)

Fig. 1   Volvo XC40 recharge geometry
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The flap positions were controlled using an Arduino Mega with a Dynamixel shield and 
an Xbee PRO S1 allowing the flaps to be controlled wirelessly from the control room 
outside of the test section. This automated process enables more designs to be tested in a 
given amount of time as the wind tunnel can be kept running while continuously changing 
designs. The position of each servo is automatically checked before sampling to ensure that 
the angle signal has reached and correctly mapped the set point before sampling the design 
performance. The flaps are held at the set point throughout the test by keeping the torque 
on to ensure that the position is maintained during the sampling period. No movement of 
the flaps was observed due to the aerodynamic forces throughout the test.

Evaluating one design takes approximately 1 min and 30 seconds from the time the 
design request is sent to the time the result is saved. Because the wind is on continuously, 
the flaps are first all set to the −25◦ degree position. This is expected to be the least favour-
able position as the total flap angle to the freestream is approximately 40◦ on the sides and 
roof. This is done to reduce any hysteresis effects where the current design performance 
is dependent on the previous design as the angle which the flow separates is often greater 
than the angle the flow reattaches. After 10 seconds at the −25◦ degree position, the flaps 
are set to the desired angles. Once the flaps are in position, the flow is allowed to develop 
for 10 seconds after which a 20 second average of the forces is taken.

The repeatability of the method was evaluated by testing a design where all flaps 
are set to 0◦ 20 times. The repeatability for a 95% confidence interval was calculated to 
±CD = 0.0008 at 0◦-yaw.

The flaps were limited to 2◦ increments to reduce excessive testing of similar designs 
and promote exploration of the designs space. Even though the design space is limited, it 
is still large in the context with 2612 = 9.54 × 1016 possible design combinations. Sampling 
all possible designs for one yaw angle would take approximately 300 billion years. This 
highlighting the need for efficient optimisation methods when working with large a design 
space.

2.2 � Test Facility

The wind tunnel experiments were performed at the Volvo Cars Aerodynamic Wind Tun-
nel (PVT) which is capable of speeds of up to 250 km/h. In this work, the tests were done 
at 100km/h, resulting in a Reynolds number of Re√

A
= 3.1 × 106 based on the square root 

of the vehicle frontal area, A. The tunnel is of closed return type with slotted walls with a 
test section of 27m2 resulting in a blockage ratio of approximately 10% for a full-scale 
geometry.

The ground simulation consists of a five belt moving ground system mounted with 
boundary layer control consisting of a scoop followed by a distributed suction. There are 
tangential blowers behind each belt to extend the apparent length of the belts. The vehicle 
is mounted on a turntable to allow yawing of the model. A positive yaw angle is denoted 
with the nose pointing right following the SAE standard J1594 [28]. In the presented study, 
only positive yaw angles are used, i.e. the wind moves from left to right when looking at 
the vehicle from the rear. The vehicle is connected to a six-component balance using four 
struts which fixate the vehicle’s position and height. The use of a full-scale wind tunnel and 
vehicle model allows for realistic Reynolds numbers and rotating wheels with ground sim-
ulation, besides allowing for easier manufacturing and maintenance of the flaps and servos.

The forces and moments are non-dimensionalized to coefficients and corrected for 
blockage effects. The reported repeatability within the same test without removal of the 
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model is CD = ±0.001 for a 20 second average and the tunnel is accredited according to 
the European Accreditation procedure EA 4/02 (Sternéus et al. 2007). The average velocity 
varies within 0.05km/h for one test. The reported repeatability is outside that of the previ-
ously calculated interval for flap movement of CD = ±0.0008.

Base pressures were measured using a PSI ESP-64HD 64 channel pressure scanner 
where each measurement was averaged for 20s. The pressure spades are mounted on top 
of aluminium tape to provide a good bond between the aluminium tape and the probe. All 
pressure tubes are mounted flush and exit the cavity behind the right rear wheel to mini-
mise any influence on the flow. A traversing unit was used to capture the wake flow featur-
ing two 12-hole pressure probes, or omniprobes, mounted 56mm apart vertically and were 
swept with a 112mm vertical spacing. The probes are capable of capturing flow within 
±150◦ (Aeroprobe 2018) and were placed at a 45◦ angle to better capture the reversing flow 
in the wake. Measurements taken with a traversing unit are known to be intrusive, influenc-
ing the flow and vehicle drag (Sterken et al. 2014b). The results from Sterken et al. (2014b) 
indicate that the global wake structures are qualitatively similar with and without the tra-
versing unit. The mounted vehicle along with the traversing unit is shown in Fig. 2. More 
information on the wind tunnel can be found in (Sternéus et al. 2007; Ljungskog 2019).

2.3 � Optimisation

A surrogate model-based optimisation algorithm developed in previous work for aerody-
namic optimisation (Urquhart et al. 2020a) is used. Surrogate model-based algorithms are 
particularly useful when the number of affordable function evaluations is small, typically 
less than 1000.

The surrogate model is built from an initial set of designs created using a Latin Hyper-
cube (LHC) sampling plan. The Latin Hypercube sampling plan divides each design 
parameter into n equally sized intervals where n is the number of designs in the plan. The 
same value for a given design parameter can only occur once which ensures even cover-
age for each design dimension. The distance between each sample is optimised to reduce 
clustering and increase the coverage between each dimension within the sampling plan. 
The inter-sample distance is optimised using a genetic optimisation algorithm based on 
the work by Bates et al. (2004). Figure 3 shows an example of an optimised plan with 100 
points in two design dimensions.

Fig. 2   Volvo wind tunnel experimental setup
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The surrogate model is based on Radial Basis Function (RBF) interpolation. The RBF 
interpolant is analogous to a neural network with a single layer. The basis function com-
bines the inputs linearly as

where u(�) is the surrogate prediction, wi are the weights, �i is the Radial Basis Function, N 
is the number of sampled designs and ‖� − �

�
‖2 denotes the Euclidean distance between the 

evaluated design � and the i-th design �
�
.

The weights wi are solved exactly by solving the linear system

where � = Aij = �i(‖xi − xj‖2) and � = �(�
�
) are the objective function values for each 

sample. An additional regression term, � , is added to the diagonal of � , Equation (2). This 
term relaxes the requirements of the surrogate model being strictly interpolating, this is 
particularly useful when optimising experimental functions or functions containing noise 
in general as this removes unwanted high-frequency oscillations. Radial Basis Func-
tions can exhibit poor performance if the scale between the input to output differs greatly 
between dimensions. To solve this, each design parameter is normalised and scaled with a 
linear scaling factor cj.

Three RBFs, �i , are used in the surrogate model to increase the flexibility of the model 
during training. These are the gaussian, �(r) = e−(�r)

2 , inverse quadratic, �(r) = 1

1+(�r)2
 and 

inverse multiquadratic, �(r) = 1√
1+(�r)2

 where � is the width factor of each RBF.
The ridge regression term, � , widths, � , Radial Basis Function �i and axis scaling cj are 

all hyperparameters of the surrogate model and are optimised using a leave-one-out objec-
tive function to improve the prediction performance. The leave-one-out objective function 
creates the surrogate with all but one design which is used to evaluate the accuracy. This 
process is repeated for all designs and the root mean squared error of all points is the leave-
one-out objective function. The equivalent structure of the surrogate model is shown in 
Fig. 4.

Training of the surrogate model hyperparameters is done using Differential Evolution 
which is a stochastic optimisation algorithm. This results in the surrogate model crea-
tion being stochastic and different models are obtained each time the model is trained 
even when using the same input data. The stochastic property is used to improve the 

(1)u(�) =

N�

i=1

wi�i(‖� − �
�
‖2)

(2)�� = �

Fig. 3   Example of Latin Hyper-
cube sampling plan containing 
100 points
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optimisation process by training several models using the same data. The median of the 
ensemble of models is used as the function value prediction and the standard deviation 
between the models is used as an estimate of the surrogate model uncertainty. The optimi-
sation process then samples designs that both explore the design space, reducing the model 
uncertainty, and exploits the current knowledge, reducing the function value.

The surrogate model performance, in terms of reduction in objective function value per 
function evaluation, was compared with other commonly used optimisation algorithms, 
Random Sample, Differential Evolution, Nelder-Mead and Bayesian Optimisation. Nine 
different benchmark problems were investigated where each function was evaluated with 
and without added random noise. Each benchmark problem was repeated a minimum of 
100 times for each algorithm to gather statistics. The surrogate model outperformed, or 
performed as good as the other algorithms, in 17 out of the 18, being in close second posi-
tion for the remaining problem (Urquhart et al. 2020b).

The flap angles are optimised separately for 0◦ , 5◦ and 10◦-yaw. Additionally, a cycle 
averaged drag formulation is used to create a yaw-insensitive design to reduce real-world 
consumption. Howell et  al. (2017) proposed the cycle averaged drag coefficient, CDWC , 
considering the wind distribution and driving cycle to generate a representative perfor-
mance figure as well as a simplified engineering estimate of the full cycle averaged drag. 
Howell et al. (2017) found that CDWC to be 5% higher on average compared to CD at 0◦-yaw 
with the smallest and largest difference being 2.2% and 11.4%, respectively.

Varney et al. (2018) used the engineering estimate of the cycle-averaged drag to study 
asymmetric side tapering. The cycle averaged drag was further modified by Varney et al. 
(2018), removing the 15◦-yaw term as its contribution is relatively small since the likeli-
hood of large yaw angles reduces faster then the drag increases from increases in yaw. The 
relative weighting of each yaw angle follows no physical meaning and is found using curve 
fitting of the full integrated cycle averaged drag. The simplified engineering estimate used 
throughout this work reads

where the subscript denotes the yaw angle.
The flap angles were optimised for the cycle averaged drag by running 5–10 designs at 

one yaw angle before switching yaw angle. A surrogate model for the remaining two angles 
was used to be able to estimate the cycle averaged drag and perform the optimisation with-
out changing yaw angle for each design. This is a large benefit of surrogate model optimi-
sation as time can be saved by evaluating several designs at one yaw angle before switching 
yaw angle. This reduces the optimisation effort considerably compared to other algorithms, 

(3)CDWC = 0.53CD0 + 0.345CD5 + 0.13CD10

Fig. 4   Radial Basis Function sur-
rogate model network structure
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e.g. Nelder-Mead, where the full cycle averaged drag needs to be tested for each successive 
iteration. After 5–10 designs the model is yawed and the designs which were estimated by 
the surrogate model are instead explicitly tested.

3 � Results and Discussion

The geometry is optimised for 0◦ , 5◦ and 10◦-yaw as well as for the cycle averaged drag, 
Equation (3). First the optimisation results are presented followed by detailed analysis at 0◦
-yaw and then at yaw.

3.1 � Optimisation

The optimisation is limited to only laterally symmetric designs for the entire optimisation 
period at 0◦-yaw where 280 designs were tested. The symmetry constraint is expected to 
increase the convergence speed and generate designs that perform well while significantly 
limiting the available design space. First, the optimisation is performed on a subset of the 
entire design region where each side of the model is forced to take on the same angle. 
Afterwards, 20 additional LHC samples are added and the optimisation is continued in 
the full design space while maintaining the knowledge gathered in the constrained design 
space. The same procedure is performed at yaw, however, then the design is not limited to 
being laterally symmetric.

There were no fixed criteria for the cutoff point when the optimisation was switched 
from the constrained to the full design space. Neither was there a specific criterion for when 
the optimisation process was stopped due to the vastness of the design space. This was 
done when it was deemed that no further significant improvement to the objective function 
could be achieved, based on the convergence history as well as the surrogate model predic-
tion accuracy and was monitored throughout the optimisation process. In this work, each 
objective was optimised once due to the available resources. Performing the same optimi-
sation several times would increase the confidence in the found optimum design.

The optimisation history at 0◦-yaw is shown in Fig. 5 where the error bars indicate the 
repeatability interval. The largest reductions are found early in the optimisation routine. 
However, due to the vast design space, additional iterations were carried out, improving 
the prediction accuracy of the surrogate model as more data was added. An improvement 

Fig. 5   Flap optimisation history at 0◦-yaw. Error bars indicate the 95% confidence interval
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greater than the repeatability interval could not be found in the full design space compared 
to the constrained space.

The 5◦ and 10◦-yaw optimised designs were run for 433 and 206 iterations respectively. 
The optimisation history for 5◦-yaw is shown in Fig. 6, with a similar history observed at 
10◦-yaw. Significant improvement in the full design space was found for the yawed designs 
which was not the case at 0◦-yaw.

The cycle averaged drag optimised design used the information gathered from the 0◦
-yaw optimisation. In total 335, 245, 266 symmetric designs were tested at 0◦-yaw, 5◦-yaw 
and 10◦-yaw, respectively, where 55 different cycle averaged designs were tested explicitly. 
For the yawed cases, an additional 20 designs were added to explore the design space.

First, the symmetric designs are presented at 0◦-yaw flow condition. The symmetric 
designs are the smooth cavity (all flaps set to 0◦ ), the flaps optimised for 0◦-yaw drag and 
the cycle averaged drag optimised design. Then the results at yaw are presented and dis-
cussed where the three symmetric geometries are shown as well as two additional asym-
metric designs optimised for 5◦-yaw and 10◦-yaw respectively.

3.2 � 0◦‑Yaw

Only the best designs are presented and investigated further, however, several designs with 
similar performance, within the 95% repeatability interval are found. The force coefficients 
are presented in Table 1 where the subscripts FL and RL denote front lift and rear lift and 
DB is the integrated base drag coefficient from the pressure measurement. Predictably, the 
geometry optimised for 0◦-yaw has the lowest drag, approximately 20% lower than the pro-
duction vehicle. A design where all flaps are set to 0◦ was also tested for comparison and is 
referred to as a smooth cavity.

Figure 7 shows the base pressure distributions for the smooth cavity, the 0◦-yaw opti-
mised geometry as well as the cycle averaged drag optimised configuration. A slight 

Fig. 6   Flap optimisation history 
at 5◦-yaw. Error bars indicate the 
95% confidence interval

Table 1   Aerodynamic force 
coefficients at 0◦-yaw

Configuration. C
D

C
FL

C
RL

C
DB

Smooth cav. 0.280 0.027 0.137 0.088
0
◦-yaw opt. 0.263 0.023 0.081 0.069

Cycle ave. opt. 0.267 0.023 0.070 0.071
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asymmetry can be seen in the base pressures. There are some asymmetries in the under-
body of the vehicle which can cause the shift in base pressures. Cavities of this length 
and greater can suppress long term wake dynamics such as bi-stable behaviour Varney 
(2020). Capturing the base pressure twice with the same geometry only revealed minor 
differences and no qualitative changes could be seen. The pressure distribution for the 
smooth cavity with a high value towards the bumper is consistent with a wake that is 
downwash dominated which can be seen in the crossflow wake plane, Fig.  8, where 
the crossflow, Vyz magnitude , is defined as the magnitude of the vertical and lateral veloc-
ity components. The 0◦-yaw optimised geometry has a centrally located high-pressure 
region and shows no obvious bias towards an upwash or downwash dominated wake. 
This is an expected result as a balanced wake has been linked with low drag (Varney 
2020; Urquhart et al. 2020a, [36], Wang et al. 2020). The cycle averaged drag optimised 
design results in an upwash biased wake with a slightly higher drag compared to the 0◦
-yaw optimised geometry.

(a) (b) (c)

Fig. 7   Base pressure at 0◦-yaw

(a) (b) (c)

Fig. 8   Crossflow velocity magnitude, Vyz magnitude , at 7% of the vehicle length behind the vehicle at 0◦-yaw. 
The values are normalised by V∞ and clipped where the total pressure coefficient is larger than 0
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Based on the crossflow, Fig. 8, it is not obvious that the cycle averaged optimised geom-
etry has significantly less drag than the smooth cavity. However, the drag difference is evi-
dent in the base pressures. Further analysis including a centreline plane would be benefi-
cial and could highlight any differences in wake balance close to the wake, however, no 
centreline planes were measured. Due to the slanted rear window, an upwash biased wake 
may have lower drag than a downwash biased wake, this observation would require further 
investigation.

The flaps behind the wheels, flaps 1 and 9, are significantly different for the 0◦-yaw opti-
mised and cycle averaged drag optimised design. The cycle averaged drag optimised flaps 
are close to the existing tapering. The difference likely stems from the flow being separated 
in this region resulting in very low sensitivity of the flap position when the optimisation is 
performed at 0◦-yaw. Many modern vehicles feature bumpers with highly rounded corners, 
this could be an artefact of designing vehicles primarily at 0◦-yaw.

Several designs in the optimisation process featured similar drag values with a large dif-
ference in flap angles, particularly on the sides. The sensitivity to flap angle changes was 
investigated locally by modifying the angle of one flap in ±2.5◦ and ±5◦ increments. At 0◦
-yaw, the designs are symmetric and the same constraint is applied for the sensitivity analy-
sis. Changes in drag that are smaller than the 95% repeatability interval are greyed out. 
Figure 9 shows the sensitivity analysis for the 0◦-yaw optimised design. There are mainly 
increases in drag around the 0◦-yaw optimised design which is expected when a local opti-
mum is found. The roof flaps located at the sides, flaps 4 and 6, are the most sensitive to 
changes. Flap 5 does not show the same high increase in drag for a 5◦ reduction in flap 
angle. This flap is located at the top centre of the geometry and due to the symmetry con-
straint, has less area than flaps 4 and 6 which are moved in unison.

3.3 � 5◦ & 10◦‑Yaw

It is primarily the results at 5◦-yaw which are presented in this section as the 10◦-yaw 
results are similar.

Table 2 shows the drag values for the tested yaw angles as well as the cycle averaged 
drag. The 5◦ and 10◦-yaw optimised geometries are listed as "Active opt." as these designs 
require movement to actively adapt to the current wind conditions. The 95% repeatability 
interval for the cycle averaged drag values is also shown since the uncertainty is reduced 
when combining three weighted values. The repeatability for the other designs remains the 

Fig. 9   0◦-yaw optimised design sensitivity to flap angle changes of each flap while keeping the other flap 
angles constant at the best design found (left). Flap naming convention (right)



320	 Flow, Turbulence and Combustion (2022) 109:309–326

1 3

same ( ±CD = 0.0008 ). The cycle averaged drag values for the 0◦-yaw and the cycle aver-
aged drag optimised geometry is within the uncertainty margin.

the base pressure distribution for the symmetric designs are qualitatively similar, 
Fig. 10a, b and d. There is a high-pressure zone on the windward side of the model biased 
to the lower part of the vehicle. This is shifted upward for the cycle averaged optimised 
design compared to the other two symmetric designs, resulting in overall higher base pres-
sure. The high-pressure bias toward the lower part of the wake suggests that it is a primar-
ily downwash dominated wake.

The 5◦-yaw optimised design has a more uniform base pressure distribution. The high-
pressure zone is located toward the bumper and this likely extends outside of the measure 
region further down on the bumper, lowering drag compared to the other designs.

Even though the cycle averaged drag values between the cycle averaged drag optimised 
(0.2852) and 0◦-yaw optimised (0.2849) designs are similar, the flap angles are significantly 

Table 2   Aerodynamic force 
coefficients. The repeatability 
interval is ±C

D
= 0.0008 for the 

single measurements

Configuration. C
D,0

C
D,5

C
D,10

C
DWC

Smooth cav. 0.280 0.298 0.338 0.2952 ± 0.0005
0
◦-yaw opt. 0.263 0.296 0.334 0.2849±0.0005

Active opt. 0.263 0.286 0.325 0.2803 ± 0.0005
Cycle ave. opt. 0.267 0.292 0.330 0.2852 ± 0.0005

(a) (b)

(c) (d)

Fig. 10   Base pressure at 5◦-yaw
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different. It is important to note, however, that a reduction in lift is observed across the yaw 
sweep. This will be further discussed later in this section.

The symmetric designs were tested for a full yaw sweep from −20◦ to 20◦ , Fig. 11. The 
cycle averaged drag optimised design outperforms the 0◦-yaw optimised design at all yaw 
angles except at 0◦-yaw. This is consistent with the observations found by Windsor (2014) 
where low drag saloon vehicles at 0◦-yaw were more likely to have larger drag increases 
at yaw. It is only at 0◦-yaw where the 0◦-yaw optimised design outperforms the cycle aver-
aged drag optimised design. The reason for this is further investigated in this section. A 
large benefit for the cycle averaged optimised design is the reduction in lift over the range, 
Fig. 11. This improves vehicle stability and safety.

The crossflow for the configurations at 5◦-yaw is shown in Fig. 12. At yaw, the plane 
is measured normal to the tunnel flow while the vehicle is yawed on the turntable. The 
crossflow magnitude is calculated relative to the vehicle coordinate system. The smooth 
cavity has a large rotating structure at the top windward portion of the wake. This struc-
ture creates a mainly downwash dominated wake as the vehicle is yawed. This is reduced 
by the 0◦-yaw optimised design and further reduced by the cycle averaged drag optimised 
design. This structure is not evident in the asymmetric, 5◦-yaw optimised design, consistent 
with the 0◦-yaw results where low drag was found for balanced wakes with low crossflow. 
Generally, the flaps are pointing against the wake vectors to cancel out the crossflow in the 
wake. This is in line with results from previous work optimising flaps on the generic Wind-
sor body at yaw (Urquhart et al. 2020a).

The large scale rotating structure has been identified in previous works at yaw (Urqu-
hart et al. 2020a, 2018; Wieser et al. 2020). These results show that the wake becomes 
either increasingly upwash or downwash biased as the vehicle is yawed. Howell (2015) 
showed that the drag increase at yaw is either positively or negatively correlated with 
the lift change at yaw depending on the vehicle shape. His findings are consistent with a 
wake becoming either upwash or downwash biased as the vehicle is yawed. The model 
scale geometry investigated in (Urquhart et  al. 2020a) becomes increasingly upwash 
dominated as the vehicle is yawed and benefits from a reduction in roof flap angle to 
reduce drag at yaw. The geometry investigated here becomes more downwash domi-
nated at yaw and thus benefits from an increase in the roof flap angle, adding a slight 
upwash bias to the wake at 0◦-yaw, which also reduces lift. The vehicle pitch angle 
and ground clearance height is also known to influence the wake balance Bonnavion 
and Cadot (2018). This is an important factor to consider as more vehicles are taking 
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Fig. 11   Yaw sweep of the smooth cavity, 0◦-yaw optimised and the cycle averaged drag optimised designs
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advantage of active suspension systems to reduce the ride height at high speeds to lower 
drag. The effectiveness of such a strategy needs to be evaluated considering a cycle 
averaged performance as it will be influenced by the combined wake balance changes 
from the active ride height change and yaw.

The reason for the lateral position difference of the large twisting structure between 
vehicle geometries is not fully understood. Wieser et al. (2020) investigated the generic 
notchback DrivAer vehicle at yaw and showed a windward vortex originating from the 
C-pillar. This structure can delay the formation of the large scale rotating structure 
which moves towards the leeward side of the vehicle, causing it to become increasingly 
upwash dominated at yaw. The lack of a windward C-pillar vortex for the geometry 
investigated in this work allows for an early formation of the rotating wake structure 
which causes the wake to become downwash dominated instead.

This theory is supported by the results from Rossitto et al. (2017) where rounding of 
the C-pillar was investigated and thus suppressing the C-pillar vortices. The sensitivity to 
side wind reduced while the rear lift reduced at 10◦-yaw. This is not expected for this vehi-
cle type as reductions in lift are correlated with increasing drag sensitivity to side wind 
based on the results from Howell (2015). Rossitto et al. (2017) results from C-pillar round-
ing strengthens the theory that the windward vortex originating from the C-pillar, or lack 
thereof, interacts with the lateral position of the large rotating structure in the wake at yaw.
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The design optimised for 10◦-yaw features the same trends as the flap angles for the 
5◦-yaw optimised design with the flap angles ( 3◦ , −13◦ , 5◦ , 25◦ , 25◦ , 25◦ , −25◦ , 25◦ , 25◦ , 
−19◦ , −25◦ , −25◦ ). The angles for most flaps has increased with several flaps at their 
maximum or minimum position. This shows that as the model is yawed, larger actuation 
to the flow is required. The larger flap angles are likely due to the increasing downwash 
at yaw. This is a promising result as it shows small actuation can be used at moderate 
yaw angles to achieve significant drag reduction, which is the conditions the vehicle will 
experience for the majority of its operation.

Figure  13 shows the sensitivity analysis for the cycle averaged drag design. The 
majority of the flaps show little to no sensitivity to changes. The greyed out repeat-
ability interval is smaller for the cycle averaged drag as mentioned previously. Similar 
to the 0◦-yaw optimised design, the cycle averaged optimised design shows sensitivity 
to the roof flaps, 4-6. Flaps 1 and 9 benefits from the opposite movement for the cycle 
averaged drag optimised design compared to the 0◦-yaw optimised design. The −25◦ flap 
1 and 9 for the 0◦-yaw optimised design is expected to be separated and the wake plane 
supports this. This shows one of the benefits of considering several yaw angles to find 
drag sensitivities of surfaces which at 0◦-yaw show no sensitivity to changes.

Flap sensitivity to drag was also analysed at yaw, Fig. 14. Some flaps, for example 
flap 12, show little or no change in drag when adding 2.5◦ or 5◦ . This is likely due to 
the flap being in separated flow at these high flap angles. Due to this, some of the flap 
angles in the optimised geometry have little impact on the overall performance.
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4 � Concluding Remarks

This work is focused on trailing edge flaps applied to a full-scale vehicle. The flap angles 
are optimised using a surrogate model-based algorithm to reduce drag at different yaw 
angles as well as reducing the cycle averaged drag, The flap angles are servo-controlled 
and are continually optimised while maintaining the wind speed. In total, almost 1500 
designs were tested, resulting in approximately 40 hours of wind on time.

The cycle averaged drag optimised design is less sensitive to side wind compared to the 
0◦-yaw optimised design which shows a larger increase in drag for small yaw angles. The 
cycle averaged drag difference between the 0◦-yaw optimised design and the cycle averaged 
drag optimised design are within the repeatability interval. However, the cycle averaged 
drag optimised design features significant reductions in lift. A slight upwash bias is intro-
duced at 0◦-yaw for the cycle averaged drag optimised design to counteract the increase in 
downwash as the vehicle is yawed. The cycle averaged drag optimised design outperforms 
the 0◦-yaw optimised design at all yaw angles except 0◦-yaw.

A 5◦-yaw optimised design with asymmetric tapering reduced drag by 3% at yaw com-
pared to the 0◦-yaw optimised design, by balancing the wake evident by the more symmet-
ric base pressure and reduction in crossflow in the near wake. The symmetric cycle aver-
aged drag optimised design features a smaller improvement at 5◦-yaw of 1%.
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