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Abstract

The use of rear cavities at the base of a square-back Ahmed body has been experimentally evaluated as
a passive control device under cross-wind conditions with yaw angles β ≤ 10o, by means of pressure, force
and velocity measurements. A comparative study has been performed at a Reynolds number Re = 105,
considering the reference square-back body (i.e. the body without any passive control device), and the same
body implementing both straight and curved cavities as add-on devices. It is shown that the performance of
a straight cavity, which is widely acknowledged as a robust drag reduction device for car models, is hindered
under moderate cross-wind conditions, and does not constitute an efficient control strategy, especially when
compared with a curved cavity.

In particular, when the freestream is aligned with the body, the curved cavity provides a stronger atten-
uation of the fluctuating nature and the bi-stable dynamics of the wake (characteristic of the wake behind a
square-back Ahmed body) than the straight one. Besides, the reduced size of the near wake, which is provoked
by flow re-orientation and the reduced span between the rear edges of the curved cavity, leads to an important
base pressure recovery, that translates into relative reductions of the drag of 9.1% in comparison with the
reference case (i.e. 2.6%, with respect to the straight cavity). The results are considerably improved under
cross-wind conditions, since the increase with the yaw angle of the force is particularly intense for the body
with the straight cavity and attenuated for the model with the curved cavity. Thus, the relative reduction of
the drag coefficient with respect to the reference body becomes negligible for the straight device at a yaw angle
of 10o, while it still represents approximately a 10% for the curved cavity. Furthermore, flow visualizations
show that the wake is deflected as the incident flow is increasingly yawed, leading to the formation of a single
leeward vortex core that approaches progressively the body, decreasing the base pressure. This phenomenon
is minored when a curved cavity is implemented, increasing the low pressure induced at the body base.

1. Introduction1

Road transportation represents approximately 70% of the global transport industry (see e.g. Acker, 2018),2

and its energy consumption and environmental impact have become major social concerns in the last decades.3

An important part of the associated energy expenses are due to aerodynamic loads. In that regard, Choi4

et al. (2014) state that at least a 21% of trailer’s fuel total consumption (driving at 105 km/h), is related5

to aerodynamic drag, which increases quadratically with the relative vehicle velocity. Consequently, road6

transportation constitutes a major source of emissions of greenhouse effect gases, such as CO2, due to the7

large fuel consumption needed, in part, to overcome aerodynamics loads. This justifies the intense research8

work devoted to develop strategies of flow control and drag reduction in heavy vehicles, aiming at reducing9

the environmental impact (see e.g. Hucho and Sovran, 1993; Choi et al., 2014, and references therein).10

The bluff geometry of heavy ground vehicles, especially conceived to maximize the transportation capacity11

and simplify the loading process in docks, entails the flow separation at the rear end, thus leading to the12
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generation of a turbulent wake, which is responsible for the limited vehicle aerodynamic performance. In13

particular, it is estimated that, in this type of vehicles, approximately 25% of the aerodynamic drag resistance14

is connected to the rear end (Wood and Bauer, 2003). Consequently, most of the flow control strategies15

developed over the past years, have been mainly designed to act on the flow separation at the back edge of16

the vehicle and the near-wake region. Besides, the complexity of the flow around heavy vehicles has led to the17

establishment of simplified vehicle models, which retain most of the features of the wake of heavy vehicles.18

Classical examples of three-dimensional bluff models with rounded fore-body are the one proposed by Ahmed19

et al. (1984), which is characterized by a slanted rear surface, and the corresponding square-back version used20

by Han et al. (1996).21

Interestingly, such square-back bodies are known to exhibit an unsteady vortex shedding from the shear22

layers, together with a bi-stable random dynamics characterized by the intermittent switching between two23

horizontally deflected mirror positions (Grandemange et al., 2013b,a), whose origin stems from the destabi-24

lization of steady Reflectional Symmetry Breaking, RSB, modes at the laminar flow (Grandemange et al.,25

2012). The presence of these RSB modes also produces additional lateral loads on the body. Therefore, a good26

control should also attempt to suppress the permanent wake asymmetry by stabilizing the RSB mode toward27

the symmetry preserved wake.28

Among the different rear flow control strategies that have been proposed in the literature, rear cavities29

or flaps (see e.g. Sanmiguel-Rojas et al., 2011; Mart́ın-Alcántara et al., 2014; Evrard et al., 2016; Brackston30

et al., 2016) stand out as efficient passive devices in terms of wake pressure recovery, drag reduction and31

attenuation of vortex shedding. In particular, their efficiency highly depends on the cavity or flap depth, what32

may represent a limitation in practical applications where size restrictions exist for add-on devices (as occurs33

with European legislation for heavy transport weight and dimensions). Thus, shape optimization techniques34

based on adjoint sensitivity analyses (Meliga et al., 2014; Othmer, 2014) constitute relevant design tools to35

improve the performance of these passive devices. Such approach has been recently employed by Lorite-Dı́ez36

et al. (2017), where a curved rear cavity was designed, for a two-dimensional D-shaped body, after shape37

optimization of a straight cavity with a depth of 0.3h, being h the body’s height. The curved cavity was38

shown to reduce the drag coefficient by 30% with respect to the straight cavity configuration under permanent39

turbulent flow regimes, i.e. Reynolds number of 20,000. Similar results were later obtained for transient40

flow conditions, by analyzing experimentally the starting wake created by a body that accelerates from rest41

(Lorite-Dı́ez et al., 2018). However, the performance of such curved cavity still needs to be investigated on a42

square-back Ahmed-like model under more realistic turbulent conditions.43

On the other hand, the presence of side wind can significantly alter the flow detachment and the near wake44

properties, thus leading to the increase of side and drag forces, and the vehicle’s instability (Hucho and Sovran,45

1993). On average, road vehicles operate most of the time at wind conditions which are not aligned with the46

road and, therefore, it is usual to evaluate forces and flow features of simplified heavy vehicle models over wide47

ranges of the yaw angle, β, which accounts for the misalignment of the model with respect to the incident48

freestream. In particular, typical studies of cross-wind are focused on the range given by β = ±10o, which are49

representative limits of the yaw angle for typical driving conditions (Gardell, 1980; Hucho and Sovran, 1993;50

D’Hooge et al., 2014), and are in line with the new requirements for vehicles testing in the European Union.51

Variations of force coefficients within such region are characterized by important monotonic growths with the52

yaw angle, as shown by Bello-Millán et al. (2016) for a 25o back-slanted Ahmed body in the range of β ≤ 60o.53

In addition to the increase of the frontal apparent area as the value of β grows, the growth in drag coefficient54

is also associated with the development of streamwise vortices along the vehicle’s length and rear bottom of55

the base (Rao et al., 2018), which may interact with the original streamwise C − pillar vortices, to create a56

near-wake toroidal vortical structure (Hassaan et al., 2018), thus leading to lower values of pressure in the57

near wake region (McArthur et al., 2018). Therefore, a complete analysis of the performance of passive control58

devices requires the evaluation of flow features and force coefficients for different values of the yaw angle (as59

e.g. in Grandemange et al., 2015; Hassaan et al., 2018).60

However, the number of studies dealing with wake control under yawed conditions is still small (see e.g.61

Garćıa de la Cruz et al., 2017; Li et al., 2019) in comparison with those focusing on aligned conditions. In62

particular, to the best of our knowledge, little research has been performed on the effect of rear cavities for63

the control of road vehicles under cross-flow condition, an exception being the work by Bonnavion and Cadot64

(2018), where the straight cavity was tested for very low yaw angles (|β| ≤ 2). Their results show that the65

performance of a cavity (created by moving the base inwards, keeping constant the total vehicle’s length) is66
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Figure 1: (a) Sketch of the experimental set-up, along with rear and top views of the model. (b) Pressure taps distribution at the
base of reference (R) configuration. (c, d) Rear passive devices, including the (c) straight cavity (S) and the (d) curved cavity
(C) with its corresponding profile shape.

hindered in terms of force and pressure coefficients as the yaw grows. Thus, we wonder if the curved cavity is67

a more appropriate wake control system under cross-wind conditions.68

The present work aims at investigating experimentally the performance of rear cavities of different geome-69

tries at yawed conditions. First, the limitations of a straight cavity, when implemented as an add-on device70

(as in real applications), over a wide range of yaw angles, will be evaluated. Secondly, the performance of a71

curved cavity, whose profile has been obtained by shape optimization in Lorite-Dı́ez et al. (2017), will also72

be studied, determining thus the suitability of simplified two-dimensional adjoint optimization approaches to73

design efficient flow control strategies devices in more realistic flow conditions.74

Thus, the paper is organized as follows: the problem definition and experimental details are introduced in75

Sect. 2. Next, Sect. 3 is devoted to analyze the results, comparing force, pressure and velocity measurements76

obtained with the different configurations. In particular, we first describe in Sect. 3.1 the main flow features,77

while the effect of cross-wind conditions and the yaw angle is presented in Sect. 3.2. Finally, the main78

conclusions are drawn in Sect. 4.79

2. Problem description and experimental details80

2.1. Problem description81

We investigate experimentally the flow around a square-back Ahmed-like body of length l = 261 mm,82

width w = 97.25 mm and height h = 72 mm. The model is placed inside an Eiffel-type wind tunnel of 39083

mm × 390 mm test section (see Fig. 1a), using a rotatory positioning system which allows to modify the84

yaw angle β of the body (see top view at Fig. 1a) with an accuracy of 0.01o. In order to have constant flow85

conditions, a ground plate is placed at 10 mm above the lower face of the inlet and triggers the turbulent86

boundary layer 140 mm upstream of the forebody without separation at the leading edge. Four holding rods87

of 7.5 mm diameter (0.104h) are used to support the model with a ground clearance of c/h = 0.278. Two88

different passive control devices, i.e a straight and a curved cavity of depth d/h = 0.3 and thickness t/h = 0.0589

(Figs. 1c,d), are implemented at the rear of the reference model to evaluate their effect on the turbulent wake90

behind the body. In particular, the curved cavity, which presents a slant angle α = 12.5◦, represents a three-91

dimensional adaptation of the rear device obtained by means of adjoint sensitivity and shape optimization92

approaches by Lorite-Dı́ez et al. (2017) (see Fig. 1d). The performance of both, the curved (C model) and93

straight cavities (S model), as drag reduction and wake control devices, will be analyzed by adding them to94

the reference square-back model (R model) of original length l/h = 3.625, thus leading to an extended length95

of l + d = 3.925h. Notice that such a set-up is thought to reproduce qualitatively the geometrical conditions96

in real heavy vehicles applications, where add-on devices are appended to the basic geometry of trucks (which97

usually present larger aspect ratios l/h).98
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The wind tunnel was set to generate a uniform freestream velocity of U∞ = 20 m/s, with a turbulent99

intensity below 0.5% and a velocity homogeneity over the test section better than 0.3% (further details as the100

incoming velocity profile shape can be found in Grandemange et al., 2013b). The Reynolds number based on101

the height of the model h was Re = ρU∞h/µ ' 105, where ρ and µ are respectively the density and viscosity102

of air. Besides, the effect of crosswind was investigated by varying the yaw angle β, i.e. the incoming flow103

angle (see Fig. 1a), within the range of 0 ≤ β ≤ 10◦, with increments of ∆β = 1◦.104

Two Cartesian coordinates systems were used in the present study: a local body-based system and a global105

system, referred to the wind-tunnel. The origin O of the body-based coordinates system (x, y, z) was located106

at the center of the body base, with x being the direction aligned with the longitudinal body axis, z the vertical107

direction, and y the side direction that forms a direct trihedral. The velocity vector can be then decomposed108

into these directions, being their components u = (ux, uy, uz). On the other hand, the global coordinates will109

denoted as (x0, y0, z0), with x0 being parallel to the free-stream and the origin, O0, placed at the ground, as110

shown in Fig. 1.111

2.2. Pressure, force and velocity measurements112

Pressure measurements were performed at the base of the reference body using 21 pressure taps distributed113

along a structured, equispaced grid with ∆y = 19 mm and ∆z = 13 mm, as displayed in Fig. 1(b). Pressure114

values, pi (i = 1, 2, . . . , 21), were acquired with a Scanivalve ZOC22B/32 5′′ H2O pressure scanner and a115

gle/SmartZOC-100 acquisition and control unit (accuracy of 3.75 Pa), using a sampling frequency of 50 Hz116

per channel, during 250 s for typical experiments. Such conditions have been proven to be good enough to117

resolve the main wake properties and the bi-stable dynamics. Moreover, the static pressure value, p∞, was118

measured far upstream from the model at the inlet of the test section. The pressure taps were connected119

through vinyl tubes to the pressure scanner, which was placed inside the model to limit the length of the tubes120

and the associated filtering effect. Base pressure measurements will be expressed in terms of the dimensionless121

pressure coefficient as122

cp,i(y, z, t) =
pi(y, z, t)− p∞

ρU2
∞/2

. (1)

The uncertainty of the pressure coefficient is approximately ±0.002. These measurements will evaluate instan-123

taneously the suction coefficient (Roshko, 1993) of the blunt base area, given by124

cB = − 1

n
Σni=1cp,i(yi, zi, t), (2)

where n = 21 is the total number of base pressure taps.125

Besides, the wake asymmetry can be quantified through the horizontal and vertical pressure gradients, i.e.126

gy and gz respectively, calculated using the measurements from the four pressure taps highlighted in red in127

Fig. 1(b), namely taps i = 5, 7, 15, 17; as done in (Grandemange et al., 2013a; Lorite-Dı́ez et al., 2019). Such128

pressure gradients are computed as129

gy =
∂cp
∂y

' 1

2

[
cp(y17, z17, t)− cp(y15, z15, t)

y17 − y15
+
cp(y7, z7, t)− cp(y5, z5, t)

y7 − y5

]
, (3)

gz =
∂cp
∂z

' 1

2

[
cp(y15, z15, t)− cp(y5, z5, t)

z15 − z5
+
cp(y17, z17, t)− cp(y7, z7, t)

z17 − z7

]
. (4)

Note that the statistical evaluation of the value of gy will allow to characterize the occurrence of the two130

asymmetric RSB modes identified by Grandemange et al. (2013b). Thus, a positive RSB state (P state) will131

be present at the wake when gy > 0, while the negative RSB state (N state) will exist for gy < 0. Also, as132

depicted at the rear view in Fig. 1(a), both horizontal and vertical pressure gradients are components of an133

asymmetry gradient vector (Bonnavion and Cadot, 2018) whose modulus, g, is computed as g =
√
g2y + g2z .134

Therefore, the value of g will be used to quantify the strength of the global asymmetry of the wake.135

Moreover, the aerodynamic forces were also obtained for all geometries and body orientations with the136

use of a multi-axial load cell (model AMTI-MC3A-100lb) which was connected to the model through the four137

cylindrical supports, allowing to measure the instantaneous forces along the coordinate axes, i.e. the drag138

force fx, the side force fy and the lift force fz. Such force signals were recorded during 30 s at a sampling rate139
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of 1 kHz. The measurements uncertainty was estimated (using specifications of crosstalk, non-linearity and140

hysteresis) to be below 0.002 N for the x and y directions and below 0.006 N for the z direction. Since the141

load cell and the model were jointly installed on top of the positioning system (Fig. 1), they rotate together142

as the turntable moves to set the yaw angle β of interest. Therefore, forces on the x and y axes are combined143

to obtain the drag force fx0 in the wind direction, or global coordinate x0, as144

fx0 = fx · cosβ + fy · sinβ. (5)

The dimensionless force coefficients were defined as145

ci =
fi

ρU2
∞hw/2

, (6)

where the base area hw was used as reference, with an accuracy of ±0.001 for cx, cy or cd, and ±0.003 for cz.146

Note that the maximum blockage ratio, corresponding to β = 10◦, was 6.68 % (computed using the corrected147

projected area under cross-wind). Thus, considering that the test section was not enclosed by lateral walls148

and therefore, the flow did not accelerate due to blockage effects, no further corrections have been required to149

determine the forces acting on the body from the balance.150

Additionally, the spatial characterization of the near wake was obtained by means of Particle Image Ve-151

locimetry (PIV) measurements, at two different horizontal planes located at z = 0 to obtain the velocity fields152

uxy = (ux, uy, 0), in order to observe the main features of the recirculating region.153

The PIV system used a dual pulse laser (Nd:YAG, 2 x 135mJ, 4ns) synchronized with a FlowSense EO, 4154

Mpx, CCD camera. The laser sheet was pulsed with time delays of 50µs, and the set-up acquired 500 pairs of155

images at 10 Hz, ensuring a good resolution in terms of the number of images to properly obtain the velocity156

averaged fields. Besides, to ensure the repeatability and the accuracy of the results, three different PIV tests157

were run for each experiment. The interrogation window was set to 16 × 16 pixels with an overlap of 50%,158

resulting into a spatial grid of 222× 295 points, whose resolution is approximately 1% of body’s height. More159

details about the PIV procedure can be found in Lorite-Dı́ez et al. (2019).160

To complement the PIV velocity measurements, local measurements of the streamwise velocity, ux(t),161

were performed with a hot wire sensor (wire of 5µm diameter and 1.25 mm length) placed at Phwa(x, y, z) =162

(2.5h, 0, 0.35h), aiming at characterizing, with a good temporal resolution, the wake fluctuations associated163

with the vortex shedding process. Such tests were performed with a sampling frequency of 1 kHz during 120 s.164

To identify the dominant angular frequencies at the wake, $, power spectral density distributions (PSD) were165

used, with a sliding averaging window of 2 s. Values of frequencies can be expressed in non-dimensional form,166

as Strouhal numbers167

St =
$h

2πU∞
. (7)

Finally, note that, as indicated above, conditional statistic will be performed to identify the RSB positive168

(P ) and negative (N) states of the wake, by evaluating the value of the horizontal pressure gradient, gy. Thus,169

since pressure and PIV measurements were simultaneously recorded, an appropriate conditional averaging170

on the velocity fields can be performed to capture the wake topology corresponding to P and N states.171

In the following, the results will be expressed in dimensionless variables, using h, U∞, 0.5ρU2
∞ and h/U∞172

as characteristic length, velocity, pressure, and time scales, respectively. Besides, the time-averaged of any173

instantaneous variable a(x, y, z, t), will be denoted as A = a, whereas its corresponding standard deviation,174

employed to evaluate the amplitude of the fluctuations, a′ = a − A, will be expressed as A′ =

√
(a′)2. Also,175

we will denote by a superscript P or N the conditional averaging of any variables related to the deflected P176

or N states. Additionally, relative values with respect to the reference geometry, R, will be expressed with ∆,177

as ∆i
A = (Ai −AR)/AR.178

3. Results179

We next describe the main results obtained from the force, pressure and velocity measurements for the180

three configurations, i.e. the reference square-back model (R), and the models with straight (S) and curved (C)181

rear cavities, respectively. First, the main flow features will be analyzed for aligned flow conditions (β = 0◦)182

in Sect. 3.1, while the effect of cross-wind on the main flow variables are subsequently described in Sect. 3.2.183
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(a) (b)

Figure 2: (a) Time evolution of the horizontal, gy (black lines), and the vertical, gz (grey lines), base pressure gradients for
all configurations (reference case, R - top row, straight cavity, S - middle row, and curved cavity, C - bottom row) and (b)
corresponding Probability Density Functions (PDF).

3.1. Flow features for β = 0◦184

It is known that the wake behind the reference square-back model sustains a long-time bi-stable dynamics,185

characterized by the intermittent switching between two horizontally deflected RSB states (Grandemange186

et al., 2013b). Such bi-stable behavior in the y−axis is clearly identified by the random changes from positive187

(negative) to negative (positive) values of the horizontal base pressure gradient, gy, shown in Fig. 2(a). The188

corresponding probability density function (PDF) in Fig. 2(b) shows that the wake exhibits, with the same189

probability, two mirrored states, denoted P and N .190

On the other hand, the vertical base pressure gradient, gz, remains nearly constant, with a mean value given191

by GR
z = 0.031. The total wake asymmetry can be then quantified by g(t) =

√
g2y + g2z , which for the reference192

case yields a mean value of GR = 0.142. As reported by Evrard et al. (2016), the addition of a straight cavity of193

depth d & 0.25, leads to the symmetrization of the base pressure distribution, suppressing the RSB modes and194

consequently, the bi-stable dynamics. Such outcome is clearly observed in Fig. 2(a), where now the horizontal195

pressure gradient remains constant and close to zero, with GS
y = 0.033, and is characterized by a single peak196

in the corresponding PDF (Fig. 2b). Consequently, the magnitude of the total pressure gradient, GS = 0.046,197

is considerably smaller than that reported for the reference case, despite the fact that the vertical pressure198

gradient, GS
z = 0.026, is barely affected. The base pressure distribution is almost symmetric as well when199

the curved cavity is used according to Fig. 2(a), resulting in a small horizontal base gradient, GC
y = −0.022.200

Moreover, the amplitudes of the fluctuations of gy and gz are even smaller than those in the straight cavity201

and the reference cases, giving GC
z = 0.017 < GS

z , what leads to a smaller magnitude of the total base pressure202

gradient, GC = 0.035.203

The near wake topologies of the different configurations are depicted in Fig 3(a), where the time-averaged204

contours of streamwise velocity Ux and flow streamlines at the plane z = 0 are displayed. The conditional205

averaged asymmetric P state is shown in Fig 3(a) for the reference case, with the recirculating bubble displaying206
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Figure 3: Time-averaged near wake topology for the reference case (R), straight (S) and curved cavities (C) in z = 0 plane:
(a) streamwise velocity contours along with flow streamlines, and (b) streamwise Reynolds stresses. For the R case, only the
conditionally averaged P state is shown. Black dashed lines in (a) illustrate the separation angle.

two asymmetric cores, which deflect the backflow towards the y > 0 region, leading to a positive value of gy207

at the base.208

As expected, with the use of a straight cavity, the near wake displays an almost symmetric wake topology209

and an increase in the length of the recirculating bubble. In contrast, the symmetric recirculation region210

becomes considerably smaller and thinner when the curved cavity is used instead, due to the modification of211

the separation angle introduced by the slanted geometry.212

Furthermore, the wake fluctuations are also shown in Fig. 3(b) through averaged contours of the streamwise213

Reynolds stresses, U ′2x . For the reference case, the P state shows strong fluctuations in the adverse velocity214

region of the wake, as in Grandemange et al. (2013b). The addition of rear cavities leads to the reduction of215

the fluctuations along the shear layers, being it particularly relevant for the curved configuration, where the216

shear layers are also thickened due to the flow re-orientation at separation (the induced separation angle by217

the curved geometry is 12.5◦).218

For the sake of clarity, a comparison of the mean values of the aforementioned main global flow variables219

is provided in Table 1 for the three bodies under consideration. In particular, values of the horizontal, vertical220

and total base pressure gradients, Gy, Gz and G, are given, together with the length of the recirculating221

bubble, Lr. Notice that the implementation of the curved cavity provides a reduction of ∆C
G = −82.4% in222

the magnitude of the total pressure gradient, G, with respect to the reference square-back model. Such value223

represents an additional reduction of 14.8% when compared to the straight cavity, ∆S
G = −67.6%. Therefore,224

it constitutes a more efficient device in terms of wake symmetrization (note that a similar mitigation of the225

wake bi-stable dynamics was also achieved through base flaps for a truck-like model by Schmidt et al., 2018).226

Table 1 also lists values of the suction coefficient, CB , and the drag coefficient, Cx, and their respective relative227

variations, which will be subsequently discussed. It should be recalled that CB refers to the mean pressure over228

the blunt trailing edge that exactly corresponds to the base drag of the reference model, and to the suction at229

the bottom for both S and C cavities. The evaluation of the base drag of both models with cavity would have230

implied the measurements of the pressure all over the extension that is not performed here.231

Let us now describe Fig. 4, which depicts contours of the time-averaged and RMS base pressure, Cp(y, z)232

7



(a) (b) (c)

Figure 4: Averaged base pressure distribution Cp(y, z) and RMS base pressure topology C′p(y, z) along with values of suction,
CB , and drag coefficients, Cx, for the three configurations under study: (a) reference case (R), (b) straight (S) and (c) curved
(C) cavities.

and C ′p(y, z), respectively, measured at the blunt surface of the square-back model (x = 0), for the reference case233

in Fig. 4(a), the model with straight cavity in Fig. 4(b) and the model with the curved cavity in Fig. 4(c). In234

particular, the reference case displays a nearly symmetric averaged distribution (on account of the contributions235

of both equally probable P and N asymmetric states), being both deflected wake locations clearly distinguished236

in the RMS distribution. Both states are characterized by low values of Cp and high amplitudes of C ′p in237

Fig. 4(a). Thus, the suction coefficient stemming from the spatial averaging of such pressure distribution238

is CR
B = 0.179. Moreover, as detailed earlier, force measurements were also performed to obtain the mean239

drag coefficient, obtaining a value of CR
x = 0.329 for the reference square-back model. Thus, the base drag240

coefficient represents 54.4% of the mean drag coefficient Cx, which is similar to the contribution of the form241

drag for the Ahmed body reported by Ahmed et al. (1984) and Evrard et al. (2016). The addition of a rear242

straight cavity, and the subsequent suppression of the RSB mode, translates into a spatially uniform base243

pressure distribution with a reduced level of pressure fluctuations (see Fig. 4b) that yields a lower base drag244

coefficient of CS
B = 0.136, representing a 24.0% decrease with respect to the value CR

B , as listed in Table 1.245

As shown in Table 1, the pressure recovery at the base is linked to an increase of Lr. In terms of forces, it246

translates into a 6.7% decrease of the mean drag coefficient value, CS
x = 0.307, with respect to the reference247

case.248

The use of the curved cavity improves the base drag and the drag coefficients values with respect to the249

# Gy Gz G Lr CB Cx ∆i
G(%) ∆i

CB
(%) ∆i

Cx
(%)

R 0.137 (P ) 0.031 0.142 1.510 0.179 0.329 - - -
S 0.033 0.026 0.046 1.880 0.136 0.307 -67.6 -24.0 -6.7
C -0.022 0.017 0.025 1.370 0.075 0.299 -82.4 -58.1 -9.1

Table 1: Mean values of main global flow characteristics for the reference model (R), model with straight (S) and curved (C)
cavities: horizontal, vertical and total base pressure gradients, Gy , Gz and G; recirculating bubble length, Lr, suction coefficient,
CB , and drag coefficient, Cx. Note that the horizontal pressure gradient for the reference case corresponds to the conditional
averaged value for the P state, GP

y .
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Figure 5: Power spectral density (PSD) of the streamwise velocity fluctuations, u′x, measured at the location (x, y, z) = (2.5, 0, 0.35)
(see inset), for the three configurations under study.

straight one. In particular, as displayed in Fig. 4(c), the base pressure increases considerably, leading to a base250

drag coefficient of CC
B = 0.075, which is nearly half of that obtained with the straight cavity. In addition, the251

pressure fluctuations are also reduced. The associated drag coefficient yields CC
x = 0.299, which is a 9.1% lower252

than CR
x corresponding to the reference model. Therefore, the curved cavity constitutes an improved control253

device with respect to a classical straight cavity, not only in terms of wake asymmetry, but also regarding254

the drag coefficient. Nevertheless, the reduction in Cx does not correspond with that of the suction CB at255

the bottom of the cavity. This is a simple consequence of the pressure distribution on the cavity extension256

related to the outside flow curvature together with possible longitudinal vortices at each rear end corners, as257

shown by Wong and Mair (1983) and Grandemange et al. (2015). We would like to point out that, although258

the Reynolds number of the present study is lower than typical values of the heavy vehicles under real flow259

conditions, it is sufficiently large to extrapolate our results to larger values of Re. In fact, our results are260

in very good agreement with those of Grandemange et al. (2015), at Re = 2.5 × 106, in terms of the drag261

coefficient.262

Finally, the overall fluctuating dynamics at the wake and the periodic vortex shedding mode are next263

analyzed for the three configurations with the help of Fig. 5, which depicts the PSD of the streamwise velocity264

fluctuations, u′x = ux−Ux, measured using a hot-wire anemometry (HWA) probe placed at Phwa = (x, y, z) =265

(2.5, 0, 0.35) (see black point in inset of Fig. 5). The selected location of the hot-wire probe is outside of the266

recirculation region as the Lr values showed in Fig. 3 indicate. As observed, the spectrum of the reference wake267

is characterized by a dominant frequency, Stz = 0.175, which corresponds to the global vertical shedding mode268

emanating from the interaction between the upper and lower shear layers. This value is in good agreement269

with those reported by Grandemange et al. (2013b) and Lorite-Dı́ez et al. (2019), and remains barely unaltered270

when the rear cavities are installed.271

In general, the addition of a straight cavity induces only a slight weakening of the amplitude of the velocity272

fluctuations near the resonant frequency, indicating a less energetic shedding process at the measurement273

point. However, when the curved device is incorporated, an overall attenuation of the velocity fluctuations is274

achieved as shown in Fig 3(c).275

All in all, the general attenuation of wake fluctuations and the limited size of the near wake render the276

curved cavity an efficient control device under conditions of flow aligned with the longitudinal axis of the277

body. Nevertheless, as it will be subsequently shown, such advantages become more evident under cross-wind278

conditions.279

3.2. Flow features under cross-wind conditions (β > 0)280

As it was discussed in Sect. 1, real vehicles are usually subject to cross-wind conditions that lead to resultant281

incident relative air velocities which are not aligned with the body. The wind incident angle, or yaw angle β282

(see Fig. 1), rarely exceeds the effective value of 10◦ (Hucho and Sovran, 1993). In particular, as detailed by283
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ββ

Figure 6: Mean base pressure and drag coefficient under cross-wind conditions for the three configurations studied. (a) Suction
coefficient, CB , and relative variations with respect to the reference case at each tested yaw angle, ∆i

CB
, versus β. (b) Body-axis

mean drag coefficient, Cx, and relative variations with respect to the reference case at each tested yaw angle, ∆i
Cx

, versus β. (c)

Body-axis drag coefficient Cx against the suction coefficient CB for increasing values of the yaw angle β. Filled (resp. hollow)
symbols represent absolute (resp. relative) values in (a, b). The arrow in (c) indicates the increasing values of β, while solid lines
represent linear fits of the experimental data.

D’Hooge et al. (2014); Garcia de la Cruz et al. (2017), the PDF of yaw angle experienced at 100-120 km/h284

is mostly defined by the interval β < 12◦ (the range from zero to six degrees covering approximately 88%285

of the probability distribution shown in D’Hooge et al., 2014), and peaks around β = 2◦. Thus, in view of286

such practical bounds, we decided to limit our study to β ≤ 10◦. That said, we will first analyze the effect287

of the yaw angle on the mean base pressure and force coefficients. Fig. 6(a) shows the evolution of CB as288

β increases for the three different models considered in the present work, along with the relative variations289

with respect to the reference case, ∆S
CB

and ∆C
CB

, respectively. As observed, for the three cases, CB increases290

with β, although the absolute increase of CB is higher for the reference case (model without a cavity) and for291

the model with a straight cavity, i.e. (CR
B |β=10◦ − CR

B |β=0◦) = 0.10 and (CS
B |β=10◦ − CS

B |β=0◦) = 0.12 while292

(CC
B |β=10◦ − CC

B |β=0◦) = 0.08 for the curved cavity model. In fact, the value of CC
B |β=10◦ at β = 10◦ for the293

curved cavity model is similar to that of CS
B |β=0◦ at β = 0◦ for the straight cavity case and much smaller than294

CR
B |β=0◦ at β = 0◦ for the reference model. Interestingly, suction reductions larger than 45% are achieved with295

the curved cavity even at large yaw angles. Smaller reductions are obtained with the straight cavity. Similarly,296

Fig. 6(b) displays that the drag coefficient in the body-axis frame of reference, Cx (note that the body and load297

cell turn jointly in the set-up), also increases with β. The figure shows that, with respect to Cx, the improved298

behavior of the straight cavity becomes negligible for β ≥ 6◦. On the contrary, the performance of the curved299

cavity gets even better as β increases, achieving drag reductions around 10%. Finally, Fig. 6(c) depicts the300

force coefficient Cx versus CB for increasing values of the yaw angle β and the three geometries considered.301

As expected, both Cx and CB are linearly correlated and increase with the yaw angle regardless of the model302

configuration. Furthermore, the reference and the straight cavity cases show nearly parallel trends. However,303

the efficiency of the straight cavity decreases as β increases, leading to smaller CB reductions with respect to304

the reference case at larger values of β (see Fig. 6a), i.e. ∆S
CB
|β=0◦ = −24.0% versus ∆S

CB
|β=10◦ = −9.6%.305

On the other hand, the curved cavity body exhibits considerably lower values of both coefficients for the306

whole range of yaw angle investigated. Thus, it is a configuration more robust to cross-wind conditions than307

the other two, and especially with respect to the straight cavity. For example, note that at β = 10◦ the drag308

coefficient values for the three configurations are CR
x = 0.415, CS

x = 0.409 and CC
x = 0.375, what represent309

relative reductions with respect to the reference case of ∆S
Cx
|β=10◦ = −1.4% and ∆C

Cx
|β=10◦ = −9.6% for the310

straight and curved cavities, respectively (see Fig. 6b). Thus, it is clear that the curved cavity represents an311

efficient drag reduction strategy under cross-wind conditions, while the straight cavity reduces dramatically312

its performance as β increases.313

In the same line, the side force coefficient in the body frame of reference, Cy, increases with β more314

significantly for the reference case and straight cavity configuration than for the curved cavity, as shown in315

10



βββ

xy

xy

x0

x0

y

y

Figure 7: Lateral forces evolution under cross-wind conditions for the three employed configurations. (a) Mean side coefficient,
Cy , and relative variations with respect to the reference case at each tested yaw angle, ∆i

Cy
, versus β. (b) Total horizontal force

coefficient, Cxy , and relative variations with respect to the reference case at each tested yaw angle, ∆i
Cxy

, versus β. (c) Mean

drag coefficient in the wind direction, Cx0 given by Eq. (5), and relative variations with respect to the reference case at each
tested yaw angle, ∆i

Cx0
, versus β. Filled (resp. hollow) symbols represent absolute (resp. relative) values.

Fig. 7 (a). Note that, in this case, the lateral areas of the bodies with the straight and curved cavities are316

bigger, since their lengths are increased when the cavities are added, contributing to increase the lateral force,317

fy.318

Thus, although the straight cavity can contribute to reducing the lateral force, the effect of the increased319

area makes the side force even greater than that of the reference body for β > 3◦. However, CC
y behaves320

differently for the curved geometry, giving values of the side force even smaller than the body without321

cavity, what suggests a better interaction with the non-aligned incoming flow. This behaviour translates322

into a significant reduction of the lateral force compared to the reference case, as the yaw angle increases,323

∆C
Cy
|β=10◦ = −7.5%, while the straight cavity produces the opposite effect, leading to the increase of the force,324

with ∆C
Cy
|β=10◦ = 1.5%.325

Furthermore, the combined effect of the yaw angle for the different configurations is obtained by computing326

the total horizontal force coefficient, Cxy =
√
C2
x + C2

y , i.e. the magnitude of the horizontal force acting on the327

body, equal to the composition between the local-axes drag and side forces, which increases quadratically with328

β but at different rate, depending on the tested configurations. In that sense, Fig. 7(b) depicts the evolution329

with the yaw angle of both the coefficient Cxy and the corresponding relative variation with respect to the330

reference case, ∆i
Cxy

, for the straight and curved cavities. In particular, the straight device shows that its331

performance gets worse as β increases, achieving values of CS
xy nearly equal to those obtained in the reference332

body for β > 6◦, with ∆S
Cxy
|β=10◦ ' 0. However, the use of the curved device (with the same total length as the333

straight cavity configuration) displays reductions in Cxy of at least 8% over the whole range of β, indicating a334

lower total aerodynamic resistance to different flow conditions, what is important in terms of driving stability335

and fuel consumption. Such advantage is also clearly evidenced if the drag coefficient in the wind direction,336

Cx0
(see Eq. 5), is considered, as Fig. 7(c) shows. As observed, the straight device displays a faster quadratic337

increase of Cx0
such that, for β & 6◦, the values of the drag coefficient nearly match those of the reference338

model, being the relative reduction of drag coefficient ∆S
Cx0
' 1% at β = 10◦ (Fig. 7c). Conversely, the curved339

cavity provides drag reductions of about 10% for the whole range of yaw angle investigated, as Fig. 7(c) shows.340

The near wake topology and base pressure distribution will be next analyzed using PIV and pressure341

measurements in order to understand the mechanisms leading to the differences observed in the force and342

pressure coefficients among the tested configurations. The near wake structure is displayed in Fig. 8 in a343

global coordinate frame, through time-averaged contours of the spanwise vorticity, Ωz, and flow streamlines,344

for the three configurations in the horizontal plane z = 0, at three different yaw angles. The wake behind the345

reference square-back body at β = 0◦ shows a nearly symmetric recirculating bubble (due to the contribution346

of both equally probable asymmetric P and N states) with two counter-rotating eddies, which are associated347
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Figure 8: Contours of time-averaged spanwise vorticity, Ωz , and corresponding flow streamlines at selected yaw angles, β = 0◦, 5◦

and 10◦, for the three configurations under study.

with moderate values of the vorticity compared to the higher value of Ωz at the shear layers, and regions of348

minimum pressure within the vortex cores.349

When the body is slightly yawed (e.g. β ≥ 0.5o), the wake loses the bi-stable behavior, since this phe-350

nomenon is very sensitive to misalignments between the body axis and the incoming flow and thus, one of the351

RSB states is fixed at the wake. As observed for β = 5◦ and 10◦, the body misalignment induces the deflection352

of the recirculation bubble towards the leeward side, displaying a single vortex whose size increases with β.353

The vortex core is progressively displaced toward the base of the body as β grows, a phenomenon associated354

with the base pressure decrease. As far as the model with straight cavity is concerned, a similar modification355

process of the recirculation bubble is observed as β increases. The initial symmetric elliptical recirculating356

region gives rise to a single deflected clockwise vortex core under cross-wind conditions. However, in this case357

the attached vortex is smaller than in the reference case and is located further downstream from the body358

base, contributing to the increase of the base pressure and thus to the decrease of the base pressure coefficient,359

as shown in Fig. 6(a). Finally, the near-wake behind the model with curved cavity displays the smallest vortex360

with low recirculating velocities and vorticity. In spite of the higher curvature of flow streamlines, which361

may induce larger base suction according to Roshko (1993), the extension of the deflected clockwise vortex362

core developed under an increasing yawed incident flow is very limited by the span between the rear edges363

of the cavity. Thus, although such vortex may enter the cavity, its contribution as source of low pressure is364

considerably attenuated, as seen in Fig. 6(a).365

In general, starting from nearly symmetric shapes at β = 0◦, the recirculating bubbles are shown to deflect366

in the direction of the cross-wind for β 6= 0◦, and become progressively shorter as β grows. Such trends367

are clearly observed in Fig. 9(a), where the time-averaged recirculation region length, Lr, is represented as368

a function of β. As observed, the value of Lr decreases monotonously with the yaw angle for the three369
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Figure 9: (a) Evolution of the recirculation region length, Lr, versus yaw angle β for the three tested geometries. Averaged
contours of pressure Cp at selected yaw angles, 5◦ and 10◦, for the three configurations under study.

configurations, being always LS
r > LR

r > LC
r , regardless of the yaw angle. Interestingly, the shortening of370

the recirculation bubble follows a nearly linear trend for the straight cavity case, with important differences371

between values at β = 0◦ and 10◦, indicating a large impact of the flow misalignment on the near wake.372

For the curved device, the relative decrease of Lr is similar, but quadratic, thus featuring minimum changes373

under cross-wind conditions for small values of β. Moreover, as observed in Fig. 8, the recirculating bubble is374

less deflected by the increasing yaw angles while its corresponding width remains limited by the cavity edges,375

and therefore, the impact on the base pressure decrease is less acute. Such effect can be also observed in376

the pressure distribution measured on the base of the body for β = 5o and 10o (see Fig. 9b). For both yaw377

angles, a clear asymmetry in the pressure distribution exists, resulting into important low pressure regions378

in the windward side of the base. The level of such low pressure region is reduced when yaw is increased.379

However, the base pressure inside the cavity hollow is considerably less negative for the curved device than for380

the straight one, in agreement with the trends presented in Figs. 6 and 7.381

4. Conclusions382

The performance of straight and curved cavities as passive control devices at the base of a square-back383

Ahmed body, has been experimentally evaluated at Re = 1 × 105, under cross-wind conditions, by means384

of pressure, force and PIV measurements. The design of the curved device constitutes a three-dimensional385

adaptation of the shape obtained by Lorite-Dı́ez et al. (2017) using adjoint sensitivity and shape optimization386

techniques, for two-dimensional wakes. The comparative study based on the evaluation of force and pressure387

coefficients and the description of the near wake topology, has been performed considering the reference square-388

back body (without any passive control device), and bodies implementing a straight cavity and a curved one389
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of same depth and thickness (d/h = 0.3 and t/h = 0.05 respectively, with h being the model’s height). Both390

passive devices have been implemented as add-on parts, thus increasing the reference model’s length, as would391

occur in practical heavy vehicles applications where devices are appended to the base.392

In general, the body with the curved cavity has been shown to be more robust and efficient than the classical393

straight cavity in terms of wake control and drag reduction, especially under cross-wind conditions, where the394

performance of a straight cavity is considerably hindered. In particular, for an incident freestream aligned395

with the body, both devices have been shown to efficiently attenuate the bi-stable dynamics in the horizontal396

axis, characterized by the switching between the two mirror asymmetric P (positive) and N (negative) modes,397

although the curved cavity improves the total wake asymmetry. The reduced size of the near wake induced398

by such device, which is limited by the span between the rear edges of the cavity, modifies the structure of399

the recirculating region, reducing the intensity of the vorticity and increasing the base pressure. Thus, the400

base pressure recovery translates into relative reductions of drag and suction coefficients of ∆C
Cx
|β=0◦ = −9.1%401

and ∆C
CB
|β=0◦ = −58.1% with respect to the reference case. Regarding the periodic vortex shedding mode,402

the amplitude of fluctuations are more efficiently attenuated by the curved cavity, due to a reduced spanwise403

extension of the wake, and a more regular shedding process as in the two-dimensional wake analyzed by404

Lorite-Dı́ez et al. (2017).405

More importantly, the effect of cross-wind has been also evaluated by modifying the yaw angle. Interestingly,406

in spite of the common trends for the three configurations, characterized by an increase of the force coefficients407

with the yaw angle, the corresponding variations are smaller for the model with the curved cavity, which408

appears as a more robust device under cross-wind. In particular, the relative reduction of drag coefficient (in409

the wind direction) provided by the straight cavity with respect to the reference squareback model falls up410

to a value of ∆S
Cx

= −1.4% at β = 10◦, whereas the curved device provides ∆C
Cx
≈ −9% within the whole411

range of yaw angle investigated. Such dramatic decrease on the performance of the straight cavity (which412

had not been previously discussed in depth in the literature) stems partially from the considerable decrease413

of the recirculation region as the wake is deflected when the incident flow is yawed. Additionally, the leeward414

clockwise vortex core formed at the corresponding near wake is wider than that observed for the curved cavity,415

whose size is limited by the span of the rear edges and, consequently, its contribution as a source of low pressure416

is also reduced.417

All in all, it has been shown that a straight cavity does not necessarily constitute an efficient control strategy418

under cross-wind conditions, especially when compared with a curved cavity. Moreover, the suitability of419

simplified two-dimensional adjoint optimization approaches to design efficient flow control strategies has been420

satisfactorily proven for a three-dimensional turbulent wake implementing a rear curved cavity. Nonetheless,421

the use of such device should be further tested at industrial scale to confirm the reported trends and results422

prior to application in real vehicles, and compared with other passive control techniques, i.e. boat tailing or423

slanted flaps. Interestingly, as mentioned earlier, the slant angle of the curved cavity obtained by means of424

the optimization study was 12.5◦, which is similar to the optimal orientation given for rear flaps in previous425

studies (see e.g. Khalighi et al., 2012; Grandemange et al., 2015; Hoffmann et al., 2015; Garcia de la Cruz426

et al., 2017; Schmidt et al., 2018). In that sense, although a slanted cavity may behave better than a straight427

cavity under cross-wind conditions, a longer slanted cavity might be required to obtain similar results. This428

idea is supported by the numerical simulations performed in the optimization study by (Lorite-Dı́ez et al.,429

2017), where it is discussed how the outer concave profile of the cavity induces a longitudinal adverse pressure430

gradient which decelerates the flow, and deflects it inwards, generating a recirculating region thinner than that431

of a straight geometry or intermediate (less curved) slanted geometries. However, a general comparison with432

other passive devices was out of the scope of the present work, conceived as a experimental validation study433

of the previously reported two-dimensional results.434

Nevertheless, controlled experiments performed in a wind-tunnel do not reproduce real flow conditions,435

where transient effects and gusts, among others, are not considered. Moreover, the effect of the Reynolds436

number is also worth investigating, although the present value of Re = 105 can be considered sufficiently large437

to provide useful measurements for applications that can be extrapolated to more realistic conditions. Anyway,438

we are currently planning a series of experimental campaigns to compare the performance of real trucks with439

and without the curved cavity in a racing circuit, as well as on the highway, and therefore corroborates the440

results provided herein.441

442
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Brackston, R.D., Garćıa de la Cruz, J.M., A., W., Rigas, G., Morrison, J.F., 2016. Stochastic modelling and feedback control of458

bistability in a turbulent bluff body wake. Journal of Fluid Mechanics 802, 726–749.459

Choi, H., Lee, J., Park, H., 2014. Aerodynamics of heavy vehicles. Annual Review of Fluid Mechanics 46, 441–468.460
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