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Abstract

In this paper, the effects of side trailing edge tapering on the wake of a simplified square-back vehicle are investigated. The tapered
surfaces are reported to trigger a switch from a laterally asymmetric bi-stable wake to a vertically asymmetric stable wake. The
wake structure reported in the literature for lateral symmetry breaking states is seen to rotate by 90◦ as the angle of the tapered
surfaces φs is increased. A 6% drag reduction over the simple square-back case is reported for 6◦ < φs < 12◦. This gain is found
to be the result of the stretching of the circular vortex responsible for the suction zone visible in any symmetry breaking state. A
downwash dominated wake is observed in these conditions. The sensitivity of such a wake to small variations of the model pitch
angle (for φs = 12◦) is also assessed. As the pitch angle α is reduced from 0◦ to −2◦, the time averaged wake is reported to switch
from a downwash dominated topology to an upwash dominated topology. A strengthening of the long-time instability is observed
when the symmetry in the vertical direction is recovered and is accompanied with a 4.9% reduction in base drag over the same
model tested at α = 0◦.
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1. Introduction1

Since the seminal work of Grandemange et al. (2013b), the2

long-time dynamic behaviour of the wakes developing down-3

stream of square-back bluff bodies has been the object of an4

ever-growing interest in the scientific community. Over the5

last few years, remarkable progress has been made in the char-6

acterisation (Volpe et al. (2015), Pavia et al. (2018)), mod-7

elling (Brackston et al., 2016) and control (Grandemange et al.8

(2014b), Evrard et al. (2016)) of such instability. Evidence of9

the presence of this unsteady behaviour has been found also10

on geometries more relevant to the transport industry (Grande-11

mange et al. (2015) and Pavia and Passmore (2017)) and com-12

mercially available passenger cars (Bonnavion et al., 2017),13

making it of great interest for the engineering community.14

Strong analogies have been seen between this mode and the15

multi-stable behaviour reported for the wake developing down-16

stream of axisymmetric geometries (Rigas et al., 2014). In the17

latter case, the symmetry breaking mode has been shown to be18

highly sensitive to small variations of the angle between the19

body’s axis of revolution and the onset flow (Wolf and Stumpf20

(2014) and Gentile et al. (2017)) as well as perturbations ap-21

plied to either the boundary layer developing around the body or22

the shear layer bounding the wake (Grandemange et al. (2012),23

Mariotti (2018)).24

Focusing on the effects of base aspect ratio on the bi-stable25

mode, Grandemange et al. (2013a) reported a bi-stable motion26

for the wake of a square-back body in the lateral direction for27

W > H and in the vertical direction when W < H. An ‘inter-28

fering region’, where the vertical and lateral reflectional sym-29

metry breaking modes may coexist, was in fact isolated for30

0.77 . W/H . 1.30, at a non dimensional ground clearance 31

C∗ > 0.08 (where C∗ = h/H, with h referring to the distance 32

between the bottom flat surface of the model and the ground). 33

Within this range, it was postulated that instabilities from both 34

the shortest and the largest side may occur, although the limit 35

case at W/H = 1 was not observed in the experiment, arguably 36

due to the presence of residual asymmetries in the experimental 37

setup. 38

For a square-back geometry with W > H, a strong relation- 39

ship has been found between the time averaged wake topol- 40

ogy in the mid-vertical plane and the tendency of the wake to 41

develop a bi-stable behaviour in the lateral direction. Perry 42

et al. (2016), pointed out that the lateral bi-stable behaviour 43

was weakened in the case of either upwash- or downwash- 44

dominated wakes as well as when the distance separating the 45

top and bottom shear layer was reduced while preserving the 46

symmetry of the time averaged wake in the vertical direction. 47

Barros et al. (2017), perturbing the flow passing underneath a 48

square-back Ahmed body before separation, showed that the 49

restoration of the flow symmetry along a plane normal to the 50

ground was always accompanied with the occurrence of a bi- 51

stable motion of the wake in the spanwise direction, revealing 52

the existence of a bifurcation scenario where the flow switches 53

between a wall-normal asymmetric recirculation and a bi-stable 54

spanwise configuration. During the transition between these 55

two scenarios, meandering motions of the wake between asym- 56

metric wall-normal and spanwise states were also reported, al- 57

though without the presence of a perfect bimodal distribution. 58

In Grandemange et al. (2013a), when a configuration with 59

W/H = 0.75 was tested at different values of the ground clear- 60

ance C∗, a bi-stable behaviour was seen only for C∗ = 0.10 61
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and 0.50 ≤ C∗ ≤ 1.00, whereas a stable state, asymmetric in62

the vertical direction, was reported for 0.1 < C∗ < 0.5, with63

∂Cp/∂z∗ < 0 over the model base. A similar asymmetry was de-64

scribed by Cabitza (2014) when considering a prismatic model65

with W/H = 0.86, tested at a ground clearance of C∗ = 0.56.66

In that case, the author speculated that the cause of the asym-67

metry was to be found in the proximity of the model with the68

ground. Nevertheless, when the shear layers were perturbed us-69

ing synthetic jets and the sensitivity of the system to different70

forcing frequencies and amplitudes was tested, a bi-stable be-71

haviour was seen along both vertical and spanwise directions.72

Interestingly, the control strategy yielding the lowest drag was73

found to stabilise the wake in a non-symmetric configuration,74

aligned with one of the two diagonals of the base.75

Similar results in terms of time averaged base pressure dis-76

tribution were reported by Perry (2016), testing a square-back77

model at C∗ ≈ 0.2, with W/H ≈ 1 and a leading edge radius78

of r/W ≈ 0.10. The time averaged velocity field along the79

model centreline showed strong similarities with that seen in80

the mid-horizontal plane obtained for lateral symmetry break-81

ing states (Volpe et al., 2015): it features a circular vortex acting82

close to the upper portion of the base and an elliptical vortical83

structure forming along the bottom shear layer, in proximity84

to the wake closure. For the same geometry, Perry (2016) re-85

ported the appearance of a bi-stable motion, mostly along the86

lateral direction, when the boundary layer developing along87

the lateral surfaces was perturbed by changing the ride height88

(0.13 . C∗ . 0.33) and/or altering the shape of the model89

front-end. A comparable topology was reported by Van Raem-90

donck and Van Tooren (2008), when testing a prismatic model91

with W/H = 0.74 at C∗ = 0.14. However, no information92

was provided on the wake dynamics. Traces of asymmetry93

in the vertical direction had been previously reported for the94

wake developing downstream of a square-back Ahmed body95

with W/H = 1 by Krajnovic and Davidson (2003), performing96

LES simulations. The asymmetry, however, was found to al-97

most completely disappear when the level of refinement of the98

mesh was increased, further suggesting the existence of a strong99

relationship between the boundary layer development and the100

wake’s size and topology. A stable vertical asymmetry can101

also be seen in the experimental results collected by McArthur102

et al. (2016). In this case, although the model employed had103

strong similarities with that considered by Van Raemdonck and104

Van Tooren (2008), the topology of the wake along the model105

centreline was shown to be a mirror image of that described in106

the previous cases. One explanation for this may be found in the107

different shape of the model front-end, featuring an upper lead-108

ing edge with a radius (r/W = 2.35) almost 20 times larger than109

radii used for the side and lower leading edges (r/W = 0.12).110

Nevertheless, the short-time wake dynamics described in Volpe111

et al. (2015) and Pavia et al. (2018) were still recognisable, with112

a pumping motion occurring at S tH ≈ 0.08 and a lateral flap-113

ping seen at S tH ≈ 0.17. For a similar geometry, Castelain114

et al. (2018), reported a switch from an upwash dominated sta-115

ble wake to a downwash dominated stable wake when the un-116

derbody blockage was increased from ≈ 0% to ≈ 90%.117

Forcing the lateral shear layers has been found to be an ef-118

fective way to stabilise the wake (Brackston et al. (2016), Pavia 119

et al. (2016)), while also reducing drag. In particular, Pavia 120

et al. (2016) pointed out that the application of high aspect ratio 121

tapers to the vertical trailing edges of the Windsor body sta- 122

bilised the wake in a vertically asymmetric state. In these con- 123

ditions, an improvement of up to 13% was seen in the pressure 124

recovery over the model rear facing surfaces. A similar gain in 125

terms of drag reduction had already been reported for the same 126

configuration by Perry et al. (2015), although with a different 127

time averaged base pressure distribution. When compared, the 128

time averaged pressure maps presented in Pavia et al. (2016) 129

and Perry et al. (2015) are mirror images, although no evident 130

differences can be found in the experimental setup between the 131

two cases. 132

The present work aims to shed some light on the mechanism 133

promoting the stabilisation of the wake in such conditions while 134

also investigating the cause of the discrepancies reported in the 135

literature. For this reason, an experimental campaign consist- 136

ing of balance measurements, pressure tappings and PIV acqui- 137

sitions was carried out in the Loughborough University Large 138

Wind Tunnel, using the same model as in Perry et al. (2015) 139

and Pavia et al. (2016), equipped with side edge tapers with 140

chamfer angles φs up to 20◦. For the model with φs = 12◦, the 141

sensitivity of the wake to variations of the pitch angle α (up to 142

−2◦) is also assessed. 143

2. Experimental Methodology 144

2.1. The Windsor Body. 145

The Windsor body employed in the work reported here is as 146

used in Perry et al. (2016) and Pavia et al. (2018) (Fig. 1a). It 147

is a simplified geometry featuring a slanted front-end, form- 148

ing a 23◦ angle with the flat roof. Rounded leading edges, 149

with radii of 50 mm at the nose and 200 mm on the roof, are 150

also employed, to avoid flow separation. These features make 151

this model more representative of mass produced passenger cars 152

than the Ahmed model (Ahmed et al., 1984), used by Grande- 153

mange et al. (2013b), Volpe et al. (2015) and Evrard et al. 154

(2016)). At the scale used in this work (length L = 1044 mm, 155

width W = 389 mm, height H = 289 mm) the Windsor model 156

is approximately equivalent to a 1/4 scale passenger car. A re- 157

movable rear section has also been used, allowing the testing of 158

multiple rear-end shapes. 159

Different side trailing edge tapers have been investigated, fol- 160

lowing a similar approach to that of Perry et al. (2015) and Pavia 161

et al. (2016) (Fig. 1a). Each taper has a chord c of 45 mm, giv- 162

ing a fixed aspect ratio of AR = 6.4 (with AR defined as the ra- 163

tio between the height of the model and the chord of the taper); 164

slant angles φs of 0o, 6o, 12o, 16o, and 20o have been consid- 165

ered, with φs denoting the angle formed between each vertical 166

taper and the model’s sides. The sensitivity of the wake’s topol- 167

ogy and unsteady behaviour to small changes of the model pitch 168

angle has also been investigated. 169

When installed in the wind tunnel, the model was connected 170

to the six component balance located beneath the working sec- 171

tion floor via four pins, consisting of M8 threaded bars. During 172
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Figure 1: Representation of the model considered in the present work: a model with no wheels and side trailing edge tapers; b schematic representation of the
pitch angle variation. All dimension are expressed in mm.

the tests at zero pitch angle α, the ground clearance was set at173

50 mm (C∗ = 0.173 when normalised with the model height).174

The pitch angle was changed by varying the distance between175

the model and the ground using the pins connecting the model176

with the underfloor balance. Only negative values of α have177

been considered (model pitched ‘nose down’). The fore-body178

was lowered by ∆h, with ∆h = (Lp/2) tan(α) (where Lp denotes179

the distance separating front and rear pins), whilst the aft-body180

was raised by the same amount, as depicted in Fig. 1b. A digi-181

tal inclinometer was used to check the inclination of the model182

relative to the ground, with an accuracy of ±0.2◦.183

The SAE coordinate system (SAE, 2010) is used throughout;184

the X axis is aligned with the flow in the downstream direction,185

the Z axis is vertical, positive upwards, and the Y axis follows186

a right handed coordinate system. The origin is on the ground187

plane at mid wheelbase (Lp/2), mid track (W/2). All the dimen-188

sions as well as the coordinates in the reference systems have189

been normalised using the model height H as reference length190

and are denoted with the superscript ∗ throughout the paper.191

For the sake of clarity, the symbol “−” is used to indicate all192

the time averaged quantities whilst “ ∼ ” denotes conditionally193

averaged quantities.194

2.2. The Wind Tunnel.195

All experiments were carried out in the Loughborough Uni-196

versity Large Wind Tunnel, (Johl, 2010), at a freestream veloc-197

ity of V∞ = 40 m/s (corresponding to a Reynolds Number ReH198

of 7.7 × 105, based on the model height).199

The tunnel features a 1.92 m×1.32 m×3.6 m (WT ×HT ×LT )200

working section, with a fixed floor and no upstream boundary201

layer treatment. In empty conditions, the freestream turbulence202

level inside the test section is approximately 0.2%, with a flow203

uniformity of ±0.4% of the mean flow value. In this state, the204

boundary layer thickness at the model origin is δ99 = 64 mm.205

2.3. Balance Measurements. 206

The aerodynamic loads were recorded by means of an 207

Aerotech® six-component virtual centre balance, located under 208

the working section of the tunnel. It features analogue to dig- 209

ital conversion at the load cell to minimise signal degradation, 210

and an automated yaw mechanism with a positional accuracy 211

of ±0.1◦. Further information can be found in Johl (2010). The 212

aerodynamic loads were sampled at 100 Hz for 630 s (corre- 213

sponding to 8.720 · 104 convective units t∗, with t∗ = t · V∞/H). 214

Before starting to log the data, a 30 s (t∗ = 4.152 · 103) set- 215

tling time was used for all measurements. All forces have been 216

normalised using Eq. 1: 217

CFi =
Force

0.5ρS V2
∞

(1)

where ρ is the air density, S is the projected model frontal area 218

(S = 0.1124 m2), V∞ is the freestream velocity. All coefficients 219

have been corrected for blockage effects using Eq. 2: 220

CFiCor = CFi(1 − B)2 (2)

where B denotes the blockage value (given by the ratio between 221

the model frontal area S and the tunnel working section cross 222

sectional area S T ), equal to 4.4% in the present case. For the 223

sake of simplicity, only the longitudinal and the vertical com- 224

ponent of the aerodynamic force have been considered in the 225

present study (Fig. 1a). 226

2.4. Pressure Measurements. 227

The pressure acting over the base and the tapers was recorded 228

by populating the rearward facing surfaces with a grid of pres- 229

sure taps connected via flexible urethane tubes (with a length 230

of 550 mm) to a pair of Chell® CANdaq miniature pressure 231

scanners (with a manufacturer quoted accuracy of ±1.47 Pa), 232
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Figure 2: Representation of the model base with the locations of the pressure taps and PIV planes considered in the present work: a two scanner arrangement
combined with the locations of the 2D-2C PIV planes; b single scanner arrangement combined with the locations of the 2D-3C PIV cross-planes. The base is

located at x∗ = 1.81 from the origin of the reference system defined in Fig. 1. The red square on the model base denotes the area associated with the ith tap used for
the estimation for the area weighted drag.

mounted inside the model. Each scanner features 64 piezoresis-233

tive pressure sensors, paired to temperature sensors to allow for234

the correction of inaccuracies introduced by temperature drift.235

Up to 126 taps were used, depending on the configuration. The236

taps were placed with a finer distribution close to the edges of237

the model and on the tapered surfaces, to get a more accurate238

representation of the pressure distribution in the regions with239

the highest gradients (see Fig. 2a). In some cases the pressure240

distribution along the model centreline was also measured.241

Pressure data was recorded at 260 Hz for 630 s (or t∗ =242

8.720 ·104). The free-stream dynamic and static pressures were243

acquired using a Pitot-static tube mounted at the start of the test244

section, 1.87 m (or 6.47 times the model height H) upstream245

of the model, 100 mm beneath the tunnel roof. Pressure sig-246

nals were corrected for magnitude and phase distortions caused247

by the tubing applying the correction already used in Wood248

(2015) and based on the method proposed by Sims-Williams249

and Dominy (1998). Once the pressure coefficients were calcu-250

lated according to Eq. 3,251

Cpi =
pi − p∞

0.5ρS V2
∞

, (3)

where p∞ is the freestream static pressure, the results were cor-252

rected for blockage using the MIRA correction (based on con-253

tinuity) using Eq. 4:254

1 −Cpicorr
=

(
1 −Cpi

)
(1 − B)2 . (4)

The pressure drag associated with the rearward facing surfaces 255

was then estimated by integrating the measured pressure field: 256

CDRear = −
1
S

∫ ∫
S

Cp · dS ' −
1
S

Ntap∑
i=1

Cpi S i, (5)

where Cpi is the time averaged value of the pressure coefficient 257

recorded by the ith tap and S i is the projection of the area asso- 258

ciated with the same tap on a plane orthogonal to the direction 259

of the onset flow (see Fig. 2). 260

Since the flow field analysed in the present study is highly 261

sensitive to any asymmetry present in the experimental setup, 262

the model was yawed to the onset flow until the most symmet- 263

ric base pressure distribution was achieved, following a similar 264

procedure to that adopted by Evrard et al. (2016) and Pavia et al. 265

(2018). The resulting value of Ψ was assumed to be where the 266

model axis and onset flow axis were aligned. 267

The regions with the highest level of unsteadiness were lo- 268

calised considering the distribution of the root mean square of 269

the pressure fluctuation (RMS (∆Cp)) over the model base, cal- 270

culated as follow: 271

RMS (∆Cpi) =

√√∑Nt
n=1

(
Cn

pi −Cpi

)2

Nt
(6)

where Cn
pi

denotes the nth value recorded in time by the ith tap 272

and Nt indicates the number of samples in time. 273

Proper Orthogonal Decomposition (POD) was used to iso- 274

late the main features of the unsteady pressure field, follow- 275

ing the same approach proposed by Lumley (1967). A generic 276
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dataset F(x, t) is decomposed as:277

F(x, t) = F0(x) + f(x, t) = F0(x) +

Nt∑
n=1

Φn(x)an(t), (7)

where Nt indicates the number of measurement points in time,278

F0 the mean of the considered field and f(x, t) its fluctuating279

components. The basis functions Φn(x) are the so called ‘POD280

modes’ and are defined as the eigenfunctions of the covariance281

matrix R(x, x′):282

R(x, x′) =

Nt∑
n=1

f(x, tn) · fT (x′, tn) = X · XT , (8)

where X is a matrix with283

X = [f(x, t1), f(x, t2), ..., f(x, tn)] ∈ RNs×Nt (9)

and Ns refers to the number of points sampled in space. The284

basis functions Φn(x) can therefore be determined by solving285

the eigenvalue problem:286

RΦn = λnΦn, Φn ∈ RNs (10)

with λ1 ≥ ... ≥ λn. The eigenvalues λn associated with the287

POD modes are representative of the energy content E of the288

fluctuations captured by each mode. A low order model can289

then be written as:290

F(x, t) ' F0(x) +

M∑
n=1

Φn(x)an(t), (11)

with M < Nt and the temporal coefficients an(t) determined291

projecting each spatial mode Φn on the original dataset f(x, t):292

an(t) = 〈(Φn(x))T , f(x, t)〉. (12)

A limitation of POD is that it does not allow to separate the293

frequencies of different unsteady modes, as the spectrum of the294

POD temporal coefficients usually contains more than one peak295

(Taira et al., 2017). Additional information on the frequency296

content of such modes was collected by performing coherence297

analysis between signals recorded by taps placed in different lo-298

cations along the trailing edges of the model, following the ap-299

proach proposed by Duell and George (1999) and already used300

in Pavia et al. (2018). The magnitude of the coherence between301

two generic synchronised signals i and j was calculated accord-302

ing to the equation:303

Λij( f ) =
|Pij( f )|2

Pii( f ) · Pjj( f )
, (13)

where Pij( f ) is the cross-spectrum and Pii( f ) and Pjj( f ) are the304

auto-spectra of the signals. The phase relationship between the305

two signals was then determined as:306

χij( f ) =

∣∣∣∣∣∣∣∣tan−1

 Im
(
Pij( f )

)
Re

(
Pij( f )

) 
∣∣∣∣∣∣∣∣ , (14)

considering for simplicity the absolute value of the phase angle. 307

For the sake of simplicity, most of the unsteady analysis was 308

performed considering only the data recorded over the model 309

base (i.e. the vertical rear surface excluding the slants). As a 310

consequence, just one scanner was used, rather than the two 311

scanner setup needed for estimating CDRear . Spatial resolution 312

was in this case a less stringent requirement as there was no 313

longer the need to accurately resolve the strong pressure gra- 314

dients developing over the slanted surfaces. 49 taps were em- 315

ployed in this case, arranged as shown in Fig. 2b. The drag 316

estimated in this case using Eq. 5 refers to the base only and it 317

will be indicated as ‘base drag’ (CDBase ). 318

2.5. PIV Measurements. 319

2D − 2C PIV fields were taken on three orthogonal planes. 320

Two vertical and one horizontal streamwise planes were con- 321

sidered (Fig. 2a), using a setup similar to that described in 322

Perry (2016). The first vertical plane (y∗ = 0) was placed along 323

the model centreline whilst the second plane (y∗ = 0.34) was 324

located at 1/4 of the model width (on the right-hand side of 325

the model). In a similar way, the horizontal plane (z∗ = 0.67) 326

was placed at the middle of the model base. Stereoscopic PIV 327

measurements were also performed, on planes orthogonal to 328

the onset flow, at two streamwise locations, x∗ = 2.31 and 329

x∗ = 3.31 (Fig. 2b). These locations are the same used in 330

Pavia et al. (2018) and were chosen because they correspond 331

approximately to 1/3 of the bubble length and the end of the 332

recirculating region. 333

LaVision® cameras were used during each acquisition. Two 334

Imager Pro X 4M dual frame cameras, with a resolution of 335

2048 × 2048 pixels and a pixel size of 7.4 µm2, were employed 336

for the vertical planes. Two CMOS cameras, with a resolution 337

of 2560 × 2160 pixels and a pixel size of 6.5 µm2 were instead 338

used for the horizontal plane as well as the two 2D − 3C cross- 339

planes. Each camera was equipped with a Nikon® Nikkor lens, 340

with a focal length of 50 mm; the aperture was set at f# = 5.6 or 341

f# = 4, depending on the experiment. For the 2D − 2C acqui- 342

sitions, the cameras were placed next to each other, giving an 343

≈ 800 × 400 mm (LF × HF) field of view, with a ≈ 50 mm over- 344

lapping region. Optical access for the cameras was provided by 345

the wind tunnel glass side walls, for the vertical planes, and a 346

perspex window mounted on the wind tunnel roof, for the hor- 347

izontal case. For the cross-planes the cameras were mounted 348

on a pair of aluminium rails placed inside the tunnel working 349

section, following the arrangement proposed by Wood (2015). 350

The separation angle between the cameras was ≈ 50◦. A tilt 351

system was mounted between the lenses and the main body of 352

the cameras in this case, in order to satisfy the Scheimplfug cri- 353

terion (Prasad, 2000). The resultant field of view (W f ×H f ) was 354

520 × 400 mm. 355

An acquisition time of 137.7 s or t∗ = 1.906 · 104 was con- 356

sidered in all cases. 1000 image pairs were captured for the 357

2D − 2C planes, at a rate of 7.26 Hz. 2000 image pairs were 358

recorded for 2D − 3C cross-planes, with an acquisition rate 359

of 15.00 Hz. The data was then processed using DaVis 8. A 360

calibration correction based on a pinhole model was applied, 361

resulting in all cases in a RMS of the fit between the regular 362
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Figure 3: Time averaged drag (a) and lift (b) recorded for all the configurations tested. c correlation between the aerodynamic drag and the pressure drag
associated with the rearward facing surfaces of the model.

grid and the de-warped image of less than 0.3 pixels. Image363

pre-processing was performed in order to mitigate the effects of364

background light intensity, spurious reflections as well as im-365

age distortion. For the same reasons, the outermost regions366

of the field of view were discarded using a geometric mask.367

A multi-pass scheme for cross-correlation was applied (Willert368

and Gharib, 1991). The level of uncertainty associated with the369

measurements was estimated to be ≈ 0.4% of the mean value370

of the free stream velocity for the vertical planes as well as the371

horizontal plane and ≈ 0.5% for the 2D−3C cross-planes, hav-372

ing considered a 99% confidence level (Benedict and Gould,373

1996).374

As for the base pressure, the main unsteady features of the375

velocity field were isolated by applying POD to the result-376

ing vector fields. The snapshot method developed by Sirovich377

(1987) was applied in this case, due to its higher computational378

efficiency when the temporal domain is much smaller than the379

spatial domain (Nt � Ns). This method relies on solving an380

eigenvalue problem of smaller size:381

XT XAn = λnAn, An ∈ RNt , (15)

with X defined as in Eq. 9. The POD modes Φn are then given382

by:383

Φn =
1
√
λn

XAn ∈ RNs , n = 1, 2, ...,Nt, (16)

whilst the temporal coefficients an(t) can still be determined us-384

ing Eq. 12.385

3. Time averaged results386

The application of tapers to the model vertical trailing edges387

is seen to yield a drag reduction of up to ≈ 6% over the square-388

back case, for chamfer angles φs ≤ 12◦ (Fig. 3a). This repre-389

sents a ≈ 2.5% improvement over the lowest drag configuration390

studied in Perry et al. (2016), where similar tapers were applied391

to the horizontal trailing edges leaving the side edges squared.392

CD is then seen to increase for larger taper angles, until reaching393

a value similar to that obtained for the square-back configura-394

tion at φs = 20◦, in agreement with the findings reported by395

Perry et al. (2015) for a similar case. No particular changes,396

on the other hand, are observed in the time averaged values ob- 397

tained for the lift force in the same conditions (Fig. 3b). A 398

good correlation is found between the drag acting over the en- 399

tire model CD and the pressure drag generated by the model 400

rearward facing surfaces CDRear (calculated according Eq. 5) in 401

agreement with the findings of Perry et al. (2016). This con- 402

firms the fact that the variations seen in CD when increasing 403

φs are the result of changes in the pressure distribution on the 404

model rear-end, which in turn are triggered by alterations of the 405

time averaged wake topology, as it can be noticed by looking at 406

the pressure maps and velocity fields presented in Fig. 4, 5, 6. 407

When 6◦ tapers are applied to the model vertical trailing 408

edges, the time averaged wake changes its orientation compared 409

to that seen for the simple square-back case described in Pavia 410

et al. (2018), aligning parallel to one of the two diagonals of 411

the base (Fig. 4). This is particularly visible when consider- 412

ing the base pressure distribution, showing a negative pressure 413

gradient developing from the bottom-right corner to the top-left 414

corner. A similar orientation, although with a pressure gradient 415

of opposite sign, was reported by Cabitza (2014) for the low- 416

est drag configuration obtained in that case by controlling the 417

wake past a square-back body with W/H = 0.86 using synthetic 418

jets applied to all four trailing edges of the model, with a non 419

dimensional actuating frequency of S tH = 13.9 and a blowing 420

coefficient Cµ = 0.168. The genesis of this pressure distribution 421

becomes clearer when looking at the PIV cross-plane taken at 422

x∗ = 2.31. Two counter rotating vortices, similar to those re- 423

ported in Pavia et al. (2018) for a lateral symmetry breaking 424

state, are visible in this plane. Unlike that seen in Pavia et al. 425

(2018), however, the 2D streamlines separating the two vor- 426

tices are no longer aligned with the model horizontal edges but 427

form an angle of ≈ 31◦ with the horizontal plane. Therefore, 428

the symmetry in the vertical direction is lost. This is visible 429

on both vertical PIV planes considered in the present work (at 430

y∗ = 0.00 and y∗ = 0.34), showing an expansion of the upper 431

recirculation and a simultaneous shrinking of the lower vortical 432

structure. At the same time, the distance between the centre of 433

the vortical structures and the base of the model is also changed. 434

The upper vortex is brought closer to the base whilst the bottom 435

recirculation is moved further downstream. 436

The re-orientation of the time averaged wake topology be- 437
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Figure 4: Time averaged fields for the configuration with φs = 6◦. Clockwise from top left: x∗ = 1.81 base pressure distribution; y∗ = 0.00 PIV vertical mid-plane;
x∗ = 2.31 and x∗ = 3.31 PIV stereo cross-planes; y∗ = 0.34 PIV vertical off-centre plane. All PIV fields are coloured according to the values of the axial

component of the velocity u∗; the streamlines refer to the in-plane components of the velocity.

Figure 5: Time averaged fields for the configuration with φs = 12◦. Clockwise from top left: x∗ = 1.81 base pressure distribution; y∗ = 0.00 PIV vertical
mid-plane; x∗ = 2.31 and x∗ = 3.31 PIV stereo cross-planes; y∗ = 0.34 PIV vertical off-centre plane; z∗ = 0.67 PIV horizontal mid-plane. All PIV fields are

coloured according to the values of the axial component of the velocity u∗; the streamlines refer to the in-plane components of the velocity.
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Figure 6: Time averaged fields for the configuration with φs = 20◦. Clockwise from top left: x∗ = 1.81 base pressure distribution; y∗ = 0.00 PIV vertical
mid-plane; x∗ = 2.31 and x∗ = 3.31 PIV stereo cross-planes; y∗ = 0.34 PIV vertical off-centre plane. All PIV fields are coloured according to the values of the

axial component of the velocity u∗; the streamlines refer to the in-plane components of the velocity.

comes even more evident when the configuration with φs = 12◦438

is considered (Fig.5). In this case, the asymmetry in the verti-439

cal direction is accentuated, but the PIV horizontal mid-plane440

shows that the lateral symmetry is fully restored. At this lo-441

cation the data shows a decrease in the width of the rear re-442

circulation, as a consequence of the boat tailing effect of the443

tapered surfaces. With the loss of symmetry in the vertical di-444

rection, a negative pressure gradient develops over the base and445

the suction region is confined to the upper portion of the base446

itself, while the rear stagnation point is moved towards the bot-447

tom trailing edge. The changes in pressure distribution correlate448

well with the variations observed in the velocity fields captured449

in the two PIV cross-planes. The two counter rotating structures450

seen in the PIV plane at x∗ = 2.31 are now aligned with the top451

trailing edge of the model. Two additional vortical structures452

are also observed close to the ground in the cross-plane further453

downstream of the model base (at x∗ = 3.31). Overall, a down-454

wash dominated wake is present. This may appear to contradict455

the trend previously described for the vertical component of the456

aerodynamic force (Fig. 3b), but becomes clearer when the ve-457

locity field recorded at y∗ = 0.00 is considered. In this location,458

a circular vortex can be seen forming close to the upper portion459

of the base whilst a smaller, elliptically shaped vortical struc-460

ture can be observed in the lower portion of the wake, further461

downstream from the model base. This topology is consistent462

with the time averaged base distribution previously described.463

The streamlines leaving the top and bottom shear layers tend to464

quickly realign with the ground, resulting in a rather ‘squared’465

wake closure. This differs from the more ‘rounded’ closure466

seen in the case of wakes associated with higher values of lift467

(or downforce) (Perry et al., 2016) and may explain the limited468

variations in terms of CL observed in this case.469

The topology described for the plane at y∗ = 0.00 strongly470

resembles that reported by Volpe et al. (2015), (Perry et al.,471

2016) and Evrard et al. (2016), when characterising the lateral 472

symmetry breaking state in a horizontal plane centred with the 473

model base. Unlike that seen in the case of a simple square- 474

back configuration, however, this vortical structure appears to 475

have been ‘stretched’ in the streamwise direction, and in the 476

case of the configuration with φs = 6◦, the distance between 477

the core of the vortex and the model base is also increased. A 478

similar trend is observed for the vortical structures captured in 479

the mid-horizontal plane (z∗ = 0.67 in Fig. 5). These changes 480

in the time averaged wake topology may explain the ≈ 15% 481

reduction in base drag (CDBase ) obtained for 6◦ ≤ φs ≤ 12◦ 482

over the square-back case, that ultimately leads to the ≈ 6% 483

improvement in the values recorded for both CDRear and CD. A 484

similar topology was reported by Perry (2016), in the case of 485

a stable asymmetric wake, developing downstream of a simpli- 486

fied square-back body, with W/H ≈ 1 and a leading edge with a 487

radius of r/W ≈ 0.10 (tested at C∗ ≈ 0.2). The change in shape 488

of the larger recirculation seen in the plane at y∗ = 0.00, also 489

seems to be responsible for the increase in drag reported in Fig. 490

3a when chamfers angles ≥ 16◦ are applied to the model’s side 491

trailing edges. Indeed, as large chamfer angles are considered, 492

the inflow generated by the tapered surfaces increases, yielding 493

a shortening of the rear recirculation in the streamwise direc- 494

tion, but also a strengthening of the vortices developing at the 495

tips of each slant, as a consequence of the growth of the suction 496

acting on the tapers themselves. At the same time, the larger 497

of the two vortical structures seen in the plane at y∗ = 0.00, is 498

‘pushed’ against the base of the model, assuming a rather char- 499

acteristic triangular shape, thus further decreasing the pressure 500

over this surface. This is clear in Fig. 6, when the velocity 501

field recorded at y∗ = 0.00 and y∗ = 0.34 as well as the pres- 502

sure distribution acquired at x∗ = 1.81 are considered. In these 503

conditions, a progressive loss of lateral symmetry is also noted. 504

This is seen in the base pressure map as well as the velocity field 505
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(a) φs = 6◦ (b) φs = 12◦

(c) φs = 20◦

y* = 0.00
y* = 0.34
z* = 0.67
x* = 2.31
x* = 3.31

(d) Proposed wake topology
(φs = 12◦)

Figure 7: Pressure fluctuations on the model rearward facing surfaces and non dimensional turbulent kinetic energy (at y∗ = 0.00) for φs = 6◦ (a), φs = 12◦ (b) and
φs = 20◦ (c). d Schematic representation of the proposed wake topology for the configuration with φs = 12◦.

recorded at x∗ = 2.31, but becomes even more evident when the506

cross-plane close to the wake closure (at x∗ = 3.31) is consid-507

ered, suggesting that its origin is in the shear layer instability508

triggered by the flow separation over the slants (see §4) rather509

than in long-time motions of the flow reversal.510

4. Unsteady results 511

Besides the changes in the time averaged wake topology de- 512

scribed in §3, the application of small chamfers to the verti- 513

cal trailing edges also yields changes in the unsteady flow field 514

behind the model. As φs is increased, the extension of the re- 515

gion associated with the highest values of pressure fluctuation 516

is gradually reduced (Fig. 7a, 7b and 7c). The bi-lobe distri- 517

bution reported by Pavia et al. (2018) for the contour plot of 518
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Figure 8: a Probability density function distribution (PDF) of the values of Cp recorded by one of the pressure taps placed in the region of highest pressure
fluctuation; b energy associated with the the lateral symmetry breaking mode (LSB), the vertical symmetry breaking mode (VSB) and the symmetry preserving

mode (SP).
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(a) LSB mode (b) VSB mode (c) SP mode

Figure 9: Spatial distribution of the POD modes extracted from the base pressure distribution (top row) and PIV cross-plane at x∗ = 2.31 (bottom row) for φs = 6◦.
The modes are ordered according to their topology: a lateral symmetry breaking mode (LS B), b vertical symmetry breaking mode (VS B), c symmetry preserving
mode (S P). φn

Cp
refers to the magnitude of the spatial eigen-modes extracted from the field of the pressure fluctuation. The eigen-functions related to the velocity

fluctuation are coloured according to the values of the through plane component φn
u∗ whereas the streamlines are drawn considering the in-plane components

φn
v∗ and φn

w∗ .

(a) LSB mode (b) VSB mode (c) SP mode

Figure 10: Spatial distribution of the POD modes extracted from the base pressure distribution (top row) and PIV cross-plane at x∗ = 2.31 (bottom row) for
φs = 12◦. The modes are ordered according to their topology: a lateral symmetry breaking mode (LS B), b vertical symmetry breaking mode (VS B), c symmetry
preserving mode (S P). φn

Cp
refers to the magnitude of the spatial eigen-modes extracted from the field of the pressure fluctuation. The eigen-functions related to

the velocity fluctuation are coloured according to the values of the through plane component φn
u∗ whereas the streamlines are drawn considering the in-plane

components φn
v∗ and φn

w∗ .
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Figure 11: Scatter plot of the POD temporal coefficients associated with the LS B mode and the VS B mode for φs = 6◦ (a) and φs = 12◦ (b), referring to the PIV
data recorded at x∗ = 2.31. The dashed circle represents the fitting function used for sorting the snapshots in phase (see Eq. 17).

RMS (∆Cp) obtained for the square-back case, is seen to dis-519

appear, replaced (for φs ≥ 12◦) by a single region of high pres-520

sure fluctuation located in proximity to the rear stagnation point521

(Fig. 7b). A further reduction in the level of unsteadiness on the522

model base is noticed for φs = 20◦ (Fig. 7c). In this last case,523

however, a greater level of fluctuation is seen close to the ta-524

pered surfaces, as the flow fails to reattach over the slants, in525

analogy with that already reported by Perry et al. (2016), when526

studying the effects of horizontal trailing edge tapers with a527

similar angle. This localised increase of RMS (∆Cp) may be528

the element causing the loss of lateral symmetry observed in §3529

in the time averaged results (Fig. 6).530

Changes are also observed in the distribution of the veloc-531

ity fluctuations in the near-wake region. The loss of symmetry532

in the vertical direction seen in the time averaged flow field is533

accompanied with the development of a strong disparity in the534

distribution of turbulent kinetic energy K∗ = 1/2(u′∗2 + w′∗2)535

between the two horizontal shear layers evident in the vertical536

mid-planes (y∗ = 0.00) reported in Fig. 7. One of the main un-537

steady features of the wake is represented by the interactions538

between the larger, stable recirculation forming downstream539

of the upper portion of the base and the bottom shear layer.540

Because of these interactions, smaller transverse vortices roll541

up close to the ground and are periodically shed downstream.542

These structures appear to be separate from the main horseshoe543

vortex depicted in Fig. 7d, whose existence can be inferred544

from the results presented in §3. Its topology is similar to that545

of the ‘hairpin’ vortex isolated in Pavia et al. (2018) for each546

lateral symmetry breaking state, but with two main differences:547

the different orientation of the vortex, as it appears now to be ro-548

tated by 90◦, and the presence of two streamwise vortices down-549

stream of the wake closure rather than a single vortex.550

Remarkable similarities are indeed seen between this struc-551

ture and the topology reported for the vortex sheet shed552

from axisymmetric bodies tested at similar Reynolds number553

(Taneda, 1978). Similarly to that observed here, a single plane554

of symmetry has been reported in the near wake topology in555

those cases. In the absence of external perturbations, however,556

the plane of symmetry has been observed to randomly change557

orientation in the azimuthal direction with a characteristic time 558

scale of t ≈ 5 · 102D/V∞ (Rigas et al. (2014), Gentile et al. 559

(2016)). The selection of either one single stable position or two 560

bi-stable sates has been reported as a consequence of the appli- 561

cation of perturbations with azimuthal wave numbers of m = 1 562

and m = 2 respectively (Grandemange et al. (2012),Grande- 563

mange et al. (2014a), Gentile et al. (2017), Mariotti (2018)). 564

In the case of a rectilinear body with W > H, the tapering of 565

the vertical trailing edges appears to produce similar effects to 566

those seen in the case of axisymmetric geometries subjected to 567

a perturbation with m = 1, although in this case the wake tends 568

to stabilise in a plane that is orthogonal to that where the per- 569

turbation is applied. 570

The ‘stabilisation’ of the wake is highlighted by a change in 571

the nature of the pressure fluctuations recorded over the base of 572

the model itself. As φs is increased, the PDF of Cp recorded 573

by one of the pressure taps in the region of highest unsteadi- 574

ness, switches from a bi-modal symmetrical shape for φs = 0◦ 575

to a bi-modal non-symmetrical shape for φs = 6◦, with one 576

of the two states clearly prevailing over the other. A normal 577

distribution is eventually observed for φs ≥ 12◦ (Fig. 8a). In 578

the same conditions, the energy level captured by the 1st POD 579

mode, dubbed ‘lateral symmetry breaking mode’ as it refers to 580

motions of the wake in the lateral direction (Fig. 9a and 10a), 581

drops by more than 20 percentage points (LS B in Fig. 8b). This 582

drop is only marginally counterbalanced by the slight increase 583

(≈ 6%) observed in the energy associated with the second sym- 584

metry breaking POD mode, dubbed ‘vertical symmetry break- 585

ing mode’ (VS B in Fig. 8b) since it is related to motions of the 586

wake in the vertical direction (Fig. 9b and 10b). The ‘stabil- 587

ising’ action of the tapers is also reported to trigger changes in 588

the spatial functions associated with the same modes. Although 589

the POD modes extracted for the configuration with φs = 6◦, 590

from either the pressure dataset and the velocity field acquired 591

at x∗ = 2.31 (Fig. 9), strongly resemble those described in 592

Pavia et al. (2018) for the square-back case, the stabilisation of 593

the upper portion of the wake seen for taper angles ≥ 12◦ is 594

accompanied with the suppression of all coherent motions pre- 595

viously observed in the same region of the flow field. Indeed, 596

only the lower half of the wake is seen to ‘move’ in this case 597

11



Figure 12: Low order phase averaged velocity field at x∗ = 2.31 for φs = 6◦. The plots are coloured according to the values of the normalised streamwise
component of the vorticity Ω̃∗x; the streamlines are drawn considering the in-plane components of the velocity field.

Figure 13: Low order phase averaged velocity field at x∗ = 2.31 for φs = 12◦. The plots are coloured according to the values of the normalised streamwise
component of the vorticity Ω̃∗x; the streamlines are drawn considering the in-plane components of the velocity field.
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Figure 14: Spectra of the POD temporal coefficients associated with a the lateral symmetry breaking mode (LSB); b the vertical symmetry breaking mode (VSB);
c the symmetry preserving mode (SP). The curves have been shifted along the vertical axis. In a, the −2 slope seen at very low frequency for the square-back

configuration is consistent with the findings of Grandemange (2013).

(Fig. 10), further confirming that seen in Fig. 7. Even big-598

ger differences over the square-back configuration are reported599

when the symmetry preserving mode is considered (S P in Fig.600

10). This mode has been defined in Pavia et al. (2018) as the601

mode that preserves the planes of symmetry characteristic of the602

time averaged flow field. The spatial functions presented in Fig.603

10c show that the horizontal plane of symmetry disappears fol-604

lowing the loss of symmetry in the vertical direction discussed605

in §3 for the time averaged flow field, so that only the lateral606

symmetry is preserved. This is accompanied with a ≈ 50% re-607

duction in the energy content (E) compared to the same mode608

extracted from pressure dataset related to the square-back con-609

figuration (Fig. 8b), which explains also the lower position of610

the S P mode in the POD energy ranking (from 2nd in Pavia611

et al. (2018) to 5th). Indeed, the fluctuating energy captured by612

the S P mode in this case is lower than that associated with the613

wind tunnel acoustic resonance (Baden Fuller, 2012) and one of614

the harmonics of the first mode (Rigas et al., 2014). The slight615

asymmetry in the lateral direction seen in Fig. 9 for the shape616

obtained for this mode at x∗ = 1.81, as well as that observed for617

the VS B mode at x∗ = 2.31, is likely to be the result of small618

misalignments in the experimental setup (Evrard et al., 2016)619

that was not possible to remove within the tolerances of the in-620

strumentation available.621

Additional information can be gathered from the scatter plots622

between the eigenvectors AVS B and ALS B presented in Fig.11623

(determined from the dataset recorded at x∗ = 2.31, according624

to Eq. 15). Following the approach proposed in Pavia et al.625

(2018), AVS B(t) and ALS B(t) were fitted with a pair of trigono-626

metric functions such that the temporal coefficients could be627

reordered in phase, using the equations:628

(
ALS B − r cos

(
2πΥ
Ns

))2

+(
AVS B − r sin

(
2πΥ
Ns

))2

= min, (17)

629

θ =
2πΥ
Ns

180
π
, (18)

with r =
√

2/Ns. Compared to that reported in Pavia et al. 630

(2018) for the square-back case, a gradual change in the dis- 631

tribution of points can be observed as the chamfer angle is in- 632

creased. For φs = 6◦ the points on the AVS B, ALS B plane start 633

to shift towards a new attractor, located in the upper portion of 634

the same plane (at AVS B > 0, Fig. 11a). This highlights the 635

establishment of a multi-stable condition, that presents some 636

similarities with that reported by Rigas et al. (2014) and Gen- 637

tile et al. (2016) in the case of axisymmetric bodies. The new 638

attractor eventually becomes the only state for φs = 12◦ (Fig. 639

11b). In this case, the points tend to concentrate in the por- 640

tion of the scatter plot with AVS B > 0 and, although there is 641

a higher level of dispersion compared to that seen in previous 642

cases, the two attractors reported for the square-back configura- 643

tion (Pavia et al., 2018) are no longer visible. All these changes 644

result in noticeable variations in the long-time evolution of the 645

wake, as seen once the phase averaged low order model is con- 646

sidered. The model was constructed using only the time aver- 647

aged field and the first three POD modes (with the fluctuating 648

term of Eq. 11 ordered in phase and averaged in bins of 15◦). 649

Two lateral symmetry breaking states are still clearly visible 650

for φs = 6◦ (Fig. 12). Nevertheless, the reflectional symme- 651

try preserving states seen in Pavia et al. (2018) at θ = π/2 rad 652

and θ = 3/2π rad are no longer mirror images of each other. 653

A downwash dominated state is visible for θ = π/2 rad, that 654

eventually becomes the only stable configuration for φs ≥ 12◦ 655

(Fig. 13). In these conditions, the wake appears to be locked in 656

a vertical symmetry breaking configuration (θ = π/2 rad in Fig. 657

13), with a swinging motion around this state evident through- 658

out the different phase angles. However, coherence is lost (i.e. 659

the vortical structures burst into smaller eddies) whenever the 660

wake tries to switch to a lateral symmetry breaking state. The 661

transition between a laterally asymmetric bi-stable wake and a 662

stable wake, asymmetric in the vertical direction, is consistent 663
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with that found by Barros et al. (2017) when perturbing the un-664

derbody flow of an Ahmed body with a similar aspect ratio.665

Less evident changes are seen in the dynamics of the global666

oscillating modes reported by Grandemange et al. (2013b),667

Volpe et al. (2015) and Pavia et al. (2018). The application of ta-668

pers to the model vertical trailing edges does not seem to affect669

the vertical flapping. An inflection point around S tH = 0.20670

is seen in the PSD plot obtained for the temporal coefficients671

associated with the vertical symmetry breaking mode, for all672

the chamfer angles considered in the present investigation (Fig.673

14b). No variations in either location or amplitude of this point674

are observed as φs is increased. More significant changes are675

reported for the lateral flapping. As the side shear layers are de-676

flected inwards by the inflow generated by the tapered surfaces677

and the gap separating them is reduced, stronger aerodynamic678

interactions are observed between the two sides of the model.679

This ultimately results in a strengthening of the wake’s oscilla-680

tions in the lateral direction, as highlighted by the growth in am-681

plitude of the peak seen at S tH ≈ 0.17 in the PSD plot obtained682

for the temporal coefficient referring to the lateral symmetry683

breaking POD mode (Fig. 14a). Furthermore, the frequency at684

which the peak is located is seen to change with the taper an-685

gle, shifting from S tH = 0.13 for the square-back configuration686

(Volpe et al. (2015) and Pavia et al. (2018)) to S tH = 0.17 for687

φs ≥ 12◦. The latter frequency was also reported by McArthur688

et al. (2016) when studying the dynamics of the wake down-689

stream of a square-back body with H > W. For chamfer angles690

grater than 12◦, this mode becomes so strong that the frequency691

peak at S tH = 0.17 becomes the only one visible in the spec-692

trum of the temporal coefficient related to the symmetry pre-693

serving mode (Fig. 14c), whereas a small hump can be seen694

for φs ≤ 12◦ around at S tH = 0.07, corresponding to the wake695

pumping described in Duell and George (1999), Volpe et al.696

(2015) and Pavia et al. (2018). The peak at S tH = 0.068 for697

φs = 20◦ appears to be different; and is in fact a sub-harmonic698

of the fan blade passing frequency at a tunnel speed of 40 m/s699

(Baden Fuller, 2012).700

5. Sensitivity of the wake dynamics to small variations of701

the model pitch angle702

As already discussed in §3, the trend observed in the present703

investigation between the drag of the entire model CD and the704

side taper angle φs appears to be in good agreement with that705

described in the work of Perry et al. (2015) for a similar case.706

Nevertheless, noticeable differences are observed in the pres-707

sure distribution on the model rearward facing surfaces. The708

pressure maps reported in Perry et al. (2015) for different val-709

ues of φs are all characterised by a positive pressure gradient in710

α = 0.0◦ α = −1.0◦ α = −2.0◦

∂Cp/∂z∗ −0.177 0.114 0.206

Table 1: Vertical pressure gradient for different values of the model pitch
angle α. ∂Cp/∂z∗ was determined considering two taps located on the

centreline of the base at z∗ = 0.490 and z∗ = 0.856.
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Figure 15: Centreline pressure distribution for the configuration with
φs = 12◦, tested at α = 0.0◦, α = −1.0◦ and α = −2.0◦. The symbol ‘∗’

denotes the taps located on the upper surfaces whilst ‘◦’ refers to the taps
placed on the lower half of the model.

the vertical direction, with the region of lower pressure located 711

close to the bottom trailing edge. This appears to be in contrast 712

with the results obtained here, that show a wake asymmetric in 713

the vertical direction, but with ∂Cp

∂z < 0 (Fig. 5). To explain the 714

origin of these discrepancies, bearing in mind the high level of 715

sensitivity shown by axisymmetric bodies’ wakes to small vari- 716

ations of the pitch angle (Grandemange et al. (2012), Wolf and 717

Stumpf (2014) and Gentile et al. (2017)), an investigation into 718

the effects of small changes of the model pitch angle α on the 719

main time averaged and unsteady features of the wake was car- 720

ried out. For the sake of simplicity the chamfer angle was fixed 721

at 12◦. The model was pitched ‘nose down’ (α < 0◦) in order 722

to force the wake to switch from the downwash dominated con- 723

figuration described in §3 to an upwash dominated state. Pitch 724

angles of −1◦ and −2◦ were considered. 725

During the experiment, the pressure acting on the model base 726

was recorded using a single scanner, as discussed in §2.4. A 727

second scanner was employed to determine the pressure distri- 728

bution on the model centreline. 33 pressure taps were used in 729

this case, with a finer distribution in the locations where the 730

strongest pressure gradients were expected. The time averaged 731

Cp data are presented in Fig. 15. The decrease of α is shown 732

to yield a reduction in the static pressure recorded on the model 733

underbody. This is particularly visible at the bottom leading 734

edge of the model’s nose, where the suction for α = 0.0◦ is fur- 735

ther accentuated. The pressure then gradually increases while 736

moving downstream, although the values of Cp measured close 737

to the model trailing edges for the pitched configurations are 738

still ≈ 30% lower than those recorded at α = 0.0◦. A pressure 739

increase of similar magnitude is observed on the upper surfaces, 740

further confirming the upwards shift in the location of the front 741

stagnation point. As a result, the pressure difference between 742

the upper and lower surfaces in the region of the model trailing 743

edges is seen to increase. 744
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(a) φs = 12◦, α = −1.0◦ (b) φs = 12◦, α = −2.0◦

Figure 16: Time averaged results for the configuration with φs = 12◦, tested at α = −1.0◦ (a) and α = −2.0◦ (b). Clockwise from top left: x∗ = 1.81 base pressure
distribution; x∗ = 2.31 and x∗ = 3.31 PIV stereo cross-planes; z∗ = 0.67 PIV horizontal mid-plane. All PIV fields are coloured according to the values of the axial

component of the velocity u∗; the streamlines refer to the in-plane components of the velocity.

(a) φs = 12◦, α = −1.0◦ (b) φs = 12◦, α = −2.0◦

Figure 17: Base pressure fluctuations and non dimensional turbulent kinetic energy (at y∗ = 0.00) for the configuration with φs = 12◦, tested at α = −1.0◦ (a),
α = −2.0◦ (b).

For α = −1◦, a positive pressure gradient is observed on the745

model base in the vertical direction (Tab. 1). Nevertheless, the746

magnitude of ∂Cp/∂z∗ is ≈ 36% lower than that measured at747

α = 0.0◦, suggesting a more uniform pressure distribution. In748

these conditions, a 4.7% drop is observed in the base pressure749

drag (CDBase ). A region of lower pressure starts to form close750

to the bottom trailing edge (Fig, 16a, first column), matching751

that shown in the contour plots presented in Perry et al. (2015),752

and then increases in size and strength when the pitch angle is753

further decreased (Fig, 16b, first column), resulting in a vertical754

pressure gradient even stronger in magnitude that that recorded755

at α = 0◦ (Tab. 1). At the same time, CDBase is reported to in-756

crease by 8.1% over the same case.757

As previously discussed in §3, the changes in pressure dis-758

tribution observed on the base are the result of modifications759

in the time averaged wake topology. In particular, the wake is760

seen to rotate around the centre of the model base as α is de-761

creased (Fig. 16). No significant variations are observed in the 762

curvature of the side shear layers in the 2D − 2C PIV data at 763

z∗ = 0.67. 764

The symmetry in the vertical direction is almost fully re- 765

stored for α = −1.0◦. This is particularly evident when looking 766

at the PIV vertical mid-plane (Fig. 17a) and the cross-plane lo- 767

cated downstream of the wake closure (x∗ = 3.31 in Fig. 16a). 768

Something different, however, is seen when the cross-plane lo- 769

cated at x∗ = 2.31 is considered (Fig. 16a). In this location the 770

wake is aligned along a diagonal running from the bottom-left 771

corner to the top-right corner of the model base. This is similar 772

to that seen in §3 for the configuration with the 6◦ side edge 773

tapers, although the alignment in that case is with the opposite 774

diagonal. Unlike that observed in §3, however, bigger discrep- 775

ancies are seen when the wake topology captured on this plane 776

is related to the base pressure distribution. From the location of 777

the two vortical structures seen at x∗ = 2.31, one would expect 778
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Figure 18: a PDF distribution of the values of Cp recorded by one of the pressure taps placed in the region of highest pressure fluctuation; b energy associated
with the POD modes (base pressure data).

(a) LSB mode (b) VSB mode (c) SP mode

Figure 19: Spatial distribution of the POD modes extracted from the base pressure distribution (top row) and PIV cross-plane at x∗ = 2.31 (bottom row) for the
configuration with φs = 12◦, tested at α = −1.0◦. The modes are ordered according to their topology: a lateral symmetry breaking mode (LS B), b vertical
symmetry breaking mode (VS B), c symmetry preserving mode (S P). φn

Cp
refers to the magnitude of the spatial eigen-modes extracted from the field of the

pressure fluctuation. The eigen-functions related to the velocity fluctuation are coloured according to the values of the through plane component φn
u∗ whereas the

streamlines are drawn considering the in-plane components φn
v∗ and φn

w∗ .

a larger suction on the left-hand side of the base and a better779

pressure recovery on the opposite side. Instead, a good level780

of lateral symmetry is observed in the pressure map reported in781

Fig. 16a. The reason for these differences is that the duration of782

the PIV recordings is Tsamp ≈ 137 s, compared to Tsamp = 630 s783

for the pressure tapping acquisition, and, with an average time784

between switches of over 5 s, the results have been biased to-785

wards one state. In addition, as a bi-stable or multi-stable con-786

dition is approached, the effect of small misalignments in the787

experimental setup tends to be amplified, increasing the occur-788

rence of a particular state. This has already been observed in789

the case of variations of the yaw angle (Volpe et al. (2015),790

Evrard et al. (2016), Pavia et al. (2018)), and, in analogy with 791

that seen in the case of axisymmetric bodies by Gentile et al. 792

(2017), seems also to apply to changes in the pitch angle. 793

794

The long-time instability, that almost completely disappears 795

when 12◦ side tapers are applied to the model at 0◦ pitch (see 796

§4), gains strength when the model pitch angle is changed to 797

α = −1.0◦ and the symmetry in the vertical direction in the 798

time averaged wake topology is recovered. This becomes clear 799

when looking at the unsteady results presented in Fig. 17a. 800

As the symmetry in the vertical direction is restored, a more 801

even distribution of turbulent kinetic energy can be observed 802
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(a) LSB mode (b) VSB mode (c) SP mode

Figure 20: Spatial distribution of the POD modes extracted from the base pressure distribution (top row) and PIV cross-plane at x∗ = 2.31 (bottom row) for the
configuration with φs = 12◦, tested at α = −2.0◦. The modes are ordered according to their topology: a lateral symmetry breaking mode (LS B), b vertical
symmetry breaking mode (VS B), c symmetry preserving mode (S P). φn

Cp
refers to the magnitude of the spatial eigen-modes extracted from the field of the

pressure fluctuation. The eigen-functions related to the velocity fluctuation are coloured according to the values of the through plane component φn
u∗ whereas the

streamlines are drawn considering the in-plane components φn
v∗ and φn

w∗ .
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Figure 21: Scatter plots of the POD temporal coefficients associated with the LS B mode and the VS B mode for the configuration with φs = 12◦, tested at
α = −1.0◦ (a) and α = −2.0◦ (b). The dashed circle represents the fitting function used for sorting the snapshots in phase (see Eq. 17). Data referring to the PIV

cross-plane recorded at x∗ = 2.31.

between the two horizontal shear layers. Indeed, having a sim-803

ilar amount of turbulent activity between two opposite shear804

layers seems to be a necessary condition for the wake symme-805

try. An increase in the level of unsteadiness can also be noticed806

on the base. The region of high pressure fluctuation is reported807

to increase in size and the highest values of RMS (∆Cp) tend808

to cluster around two lobes, similar to that seen in the case of809

bi-stable wakes. A larger scatter is observed in the values of810

Cp recorded in this region. Indeed, as shown in Fig. 18a, the811

PDF of the signal recorded by one of the taps located in this812

area tends towards a bi-modal distribution, similar to that re-813

ported in Pavia et al. (2016) for the square-back case. But the814

similarities with the square-back configuration go further than815

that. Strong analogies between this case and that studied in816

Pavia et al. (2018) are seen in the distribution of the fluctuat-817

ing energy between the first three modes (Fig. 18), with the 818

lateral symmetry breaking mode alone accounting now for at 819

least 60% of the energy, and in the shape of the spatial func- 820

tions associated with the modes themselves. As shown in Fig. 821

19a and 19b, the first two orthogonal symmetry breaking modes 822

extend for the entirety of the base as well as the wake cross- 823

section measured at x∗ = 2.31, further confirming the analogies 824

with the square-back case investigated in Pavia et al. (2018). 825

Similar considerations apply to the symmetry preserving mode, 826

whose energy level is more than 60% higher than that reported 827

at α = 0.0◦ (Fig. 18b). Furthermore, two planes of symmetry 828

can be seen in the spatial function related to this mode when the 829

PIV cross-plane located at x∗ = 2.31 is considered (second row 830

in Fig. 19c). Unlike that seen in Pavia et al. (2018), however, 831

the two planes are not aligned with the two symmetry planes 832
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Figure 22: Low order phase averaged velocity field at x∗ = 2.31 for the configuration with φs = 12◦, tested at α = −1.0◦. The plots are coloured according to the
values of the normalised streamwise component of the vorticity Ω̃∗x; the streamlines are drawn considering the in-plane components of the velocity field.

of the base but form an angle of ≈ 45◦. This may be related to833

the fact that in this case the time averaged wake appears to be834

oriented diagonally.835

The re-activation of the long-time instability is accompanied836

with the appearance of multiple states. This is clear when look-837

ing at the scatter plot between the temporal eigenvectors related 838

to the two symmetry breaking modes, reported in Fig. 21a. 839

Unlike that seen for the model tested at α = 0.0◦ (Fig. 11b), 840

the points on the AVS B, ALS B plane tend now to cluster around 841

multiple attractors, resulting in a ‘U’ shaped cloud similar to 842

Figure 23: Low order phase averaged velocity field at x∗ = 2.31 for the configuration with φs = 12◦, tested at α = −2.0◦. The plots are coloured according to the
values of the normalised streamwise component of the vorticity Ω̃∗x; the streamlines are drawn considering the in-plane components of the velocity field.
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(b) α = −1.0◦
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(c) α = −2.0◦ (d) α = 0.0◦ (e) α = −2.0◦

Figure 24: a, b, c two-point coherence analysis performed considering the unsteady signal recorded by pressure taps placed at different locations along the vertical
trailing edges of the model base, for the configuration with φs = 12◦ tested at different pitch angles: a α = 0.0◦; b α = −1.0◦; c α = −2.0◦. d, e contour maps

showing the coherence magnitude and phase between the signal recorded by the tap closest to the rear stagnation point and all the remaining taps on the base at
S tH ≈ 0.07 for Θ = 0.0o (d) and Θ = −2.0o (e).

that seen for the configuration equipped with 6◦ side edge ta-843

pers (Fig. 11a), apart from the fact that the third attractor is844

now located in the lower half of the plot (AVS B < 0) rather845

than being in the upper portion (AVS B > 0). The wake now846

switches between two lateral symmetry breaking states and a847

vertical symmetry breaking state, as shown in the phase aver-848

aged low order model reported in Fig. 22, constructed using the849

dataset recorded at x∗ = 2.31 following the procedure described850

in §4. Another difference with the multi-stable case discussed851

in §4 is the fact that the vertical symmetry breaking state (now852

observed at θ = 3/2π) appears to be upwash dominated rather853

than downwash dominated. This is linked to the different distri-854

butions seen in the scatter plot on the AVS B, ALS B plane between855

the these two cases. From the plots presented in Fig. 22, it can856

also be noticed that only one symmetry preserving state is re-857

tained (θ = π/2 in Fig. 22). As pointed out in previous cases,858

this state is still characterised by the presence of four recirculat- 859

ing structures. These structures, however, are now diagonally 860

aligned, spanning from the bottom-left corner to the top-right 861

corner of the base, following the same orientation seen for the 862

symmetry preserving mode. 863

From that seen so far, it can be inferred that the reduction 864

in base drag observed at α = −1.0◦ has to be ascribed mainly 865

to the symmetrisation of the time averaged wake rather than 866

being a consequence of the suppression of the long-time insta- 867

bility, which in fact appears to be much stronger than that seen 868

at α = 0.0◦. 869

The upwash dominated, vertical symmetry breaking state be- 870

comes eventually the only state when the pitch angle of the 871

model is decreased to α = −2.0◦ (Fig. 23). In these condi- 872

tions, the wake locks into a stable state, which appears to be the 873

mirror image of that depicted in Fig. 7d for the same configu- 874
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Figure 25: Spectra of the POD temporal coefficients associated with the lateral symmetry breaking mode (LS B, a), the vertical symmetry breaking mode (VS B,
b), the symmetry preserving mode (S P, c). The curves have been shifted along the vertical axis.

ration tested at α = 0.0◦. The level of unsteadiness seen in the875

pressure field recorded on the model base, as well as in the ve-876

locity field measured at y∗ = 0.00, is greatly reduced compared877

to that seen for α = −1.0◦. Fluctuations are now limited to the878

region around the top shear layer (Fig. 17b). This is the only879

portion of the flow field where coherent motions in the lateral880

(LS B), vertical (VS B) and longitudinal (S P) directions can still881

be seen (Fig. 20). A similar trend was reported by Gentile et al.882

(2017) when changing the pitch angle of an axisymmetric body883

with a blunt trailing edge. The disappearance of the long-time884

instability is accompanied with a noticeable reduction of the885

amount of fluctuating energy captured by the LS B mode. In-886

deed, as observed in the plot in Fig. 18b, the energy associated887

with the lateral symmetry breaking mode in this case drops to888

a level even lower than that obtained for the downwash domi-889

nated stable wake observed for α = 0.0◦. Further confirmations890

of the absence of a multi-stable condition are given by the shape891

of the PDF of Cp in the region of the base characterised by the892

highest level of fluctuation (Fig. 18a), and the increased level893

of scattering observed among the points in the AVS B, ALS B plane894

(Fig. 21b). Nevertheless, an attractor located at AVS B < 0, cor-895

responding to the upwash dominated state observed in the phase896

averaged low order model reported in Fig. 23, is persistent and897

the motion of the wake is reduced to limited variations in the898

orientation of the flow reversal, as it oscillates from the top-left899

corner to the top-right corner of the base. These oscillations900

may be linked with the hump seen at S tH ≈ 0.015 in the plots901

referring to the magnitude of the two-point coherence analysis902

performed between the top-left (TL) and top-right (TR) taps as903

well as the bottom-left (BL) and bottom-right (BR) taps, fol-904

lowing the procedure described in §2.4 (Fig. 24c). The π rad905

phase angle observed for this hump seems to further support906

this thesis.907

An inflection point at a similar frequency is also seen for908

the case with α = 0.0◦ (Fig. 24a), but it disappears for909

α = −1.0◦, when the long-time instability, characterised by910

random switches between states, takes place (Fig. 24b). As911

far as the global oscillating modes are concerned, the unsteady912

behaviour of the wake is dominated by the lateral flapping at 913

S tH = 0.17. This is evident when considering the plots refer- 914

ring to the two-point coherence analysis presented in Fig. 24 915

as well as the PSD of the POD temporal coefficients presented 916

in Fig. 25. The ‘strength’ of this motion, however, appears to 917

change along the vertical direction depending on the orientation 918

of the wake, matching the changes seen in the spatial function 919

related to the LS B mode reported in Fig. 10a and 20a. Indeed, 920

the highest peak, in terms of coherence magnitude recorded at 921

S tH = 0.17, is seen between the lower pairs of taps in the case 922

of a downwash dominated wake (α = 0.0◦, Fig. 24a), but then 923

changes to the upper pair of taps for an upwash dominated wake 924

(α = −2.0◦, Fig. 24c), following the stabilisation of the up- 925

per and lower recirculation respectively. A similar trend is also 926

observed for the peak located at S tH = 0.08 and associated 927

with the ‘wake pumping’ (Duell and George, 1999). Unlike 928

that seen in Pavia et al. (2018) in the case of laterally bi-stable 929

wakes, however, the mode associated with this frequency ap- 930

pears to be linked with a swinging motion of the horseshoe vor- 931

tex depicted in Fig. 7d around the rear stagnation point, rather 932

than being the result of an alternated ‘stretching’ and ‘squeez- 933

ing’ in the streamwise direction alone. The coherence analysis 934

performed at S tH ≈ 0.08 between one of the taps closest to 935

the rear stagnation point and all the remaining pressure sensors 936

placed on the base shows indeed the presence of a large region 937

with relatively good coherence (Λ > 0.1) and a phase angle 938

χ( f ) ≈ π/2 rad, which seems to be compatible with the exis- 939

tence of such a motion. This is observed at α = 0.0◦ (Fig. 24d) 940

as well as α = −2.0◦ (Fig. 24e). 941

A different trend is observed for the non-dimensional fre- 942

quency associated with the vertical flapping. The PSD plot ob- 943

tained for the temporal coefficient related to the vertical sym- 944

metry breaking POD mode (Fig. 25b), shows that the fre- 945

quency characteristic of this motion drops from S tH = 0.20 946

to S tH = 0.17 when the symmetry in the vertical direction is 947

recovered in the wake and the gap separating the top and bot- 948

tom shear layers is widened (at α = −1.0◦), then increases to 949

S tH = 0.21 when the pitch angle of the model is changed to 950
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α = −2.0◦ and an upwash dominated wake is formed.951

6. Summary and conclusions952

In this paper, the aerodynamic effects produced by high as-953

pect ratio tapers applied to the side trailing edges of a simplified954

square-back body without wheels have been investigated. The955

tapered surfaces have been shown to trigger a switch from a lat-956

erally asymmetric bi-stable wake to a stable wake, asymmetric957

in the vertical direction. The wake has been observed to re-958

tain a topology similar to that described in Pavia et al. (2018)959

for the lateral symmetry breaking states downstream of the sim-960

ple square-back configuration (with no tapers), although rotated961

by 90◦. As the chamfer angle φs is increased, the horizontal962

pressure gradient seen in the case of lateral symmetry breaking963

states is replaced by a (negative) vertical pressure gradient, be-964

ing the result of the formation of a downwash dominated wake.965

A ≈ 6% drag reduction compared to the square-back case is966

reported for taper angles between 6◦ and 12◦. This gain is as-967

cribed to the circular vortex, responsible for the suction zone968

visible in any symmetry breaking state, that tends to ‘stretch’ in969

the streamwise direction, resulting in a ≈ 15% reduction of the970

base pressure drag. No particular changes are observed in the971

short-time wake dynamics, except from a noticeable strength-972

ening of the lateral flapping motion, as a consequence of the973

higher level of interactions between the two lateral shear lay-974

ers, and a weakening of the pumping motion as φs is increased.975

A better understanding of the transition from a laterally976

asymmetric bi-stable wake to a stable wake, asymmetric in the977

vertical direction, has been achieved by applying the phase av-978

eraged low order model already used in Pavia et al. (2018). For979

φs = 6◦, the wake has been observed to switch between two lat-980

eral symmetry breaking states and a vertical symmetry breaking981

state, resulting in a multi-stable condition that presents some982

similarities with that reported by Rigas et al. (2014) and Gen-983

tile et al. (2016) in the case of axisymmetric bodies. The latter984

state eventually becomes the only stable configuration of the985

wake for φs ≥ 12◦. In these conditions the wake loses coher-986

ence every time the vortical structures come closer to the side987

shear layer. The long-time instability is replaced by a swinging988

motion around the rear stagnation point, with a characteristic989

frequency of S tH ≈ 0.015. A similar change is seen in the990

mode associated with frequency peak located at S tH = 0.08.991

The transition between these two scenarios is consistent with992

that found by Barros et al. (2017) when perturbing the under-993

body flow of a similarly shaped body. The fact that a simi-994

lar behaviour can be obtained regardless of the shear layer to995

which the perturbation is applied, suggests that the long-time996

instability is indeed the result of the establishment of a condi-997

tion of equilibrium among all four shear layers bounding the998

wake. This may also explain the link between the orientation of999

the long-time symmetry breaking mode and the model aspect1000

ratio found by Grandemange et al. (2013a). The fact that the1001

wake is seen to switch laterally for W > H and vertically for1002

W < H may be ascribed to the existence of stronger interac-1003

tions between the horizontal shear layers in the first case and1004

the vertical shear layers in the second case. This trend is con- 1005

sistent with that seen for the global oscillating modes, with a 1006

lateral flapping stronger than the vertical flapping when the gap 1007

between the vertical shear layers is less than that one separating 1008

the horizontal shear layers. 1009

A further confirmation of the fact that the long-time instabil- 1010

ity is the result of a condition of global equilibrium, and not just 1011

a function of the state of perturbation of a single shear layer, 1012

has been obtained by studying the sensitivity of the wake to 1013

small variations of the model pitch angle. A strengthening of 1014

the long-time instability is evident every time the symmetry in 1015

the vertical direction in the time averaged wake is recovered. In 1016

the same conditions, a further reduction of the base drag over 1017

the same model tested at zero degree pitch has also been ob- 1018

served (with ∆CDBase = −4.9%). This is in good agreement 1019

with the findings of Grandemange et al. (2015) and seems to 1020

suggest that a lower drag wake is not necessarily a more stable 1021

wake. Furthermore, a pitch angle variation of ≈ −1◦ has been 1022

found to be sufficient to force the time averaged wake to switch 1023

from a downwash dominated topology to an upwash dominated 1024

topology. This high level of sensitivity may explain the differ- 1025

ences when comparing the time averaged results obtained in the 1026

present investigation with those reported in the literature (Perry 1027

et al., 2015). The perturbation applied to the model in this case, 1028

in fact, is much weaker than that used for example in Castelain 1029

et al. (2018) to trigger a similar switch, further confirming the 1030

existence of a delicate equilibrium among all shear layers that 1031

may also be at the root of the high level of variability seen in 1032

the wake topologies reported by Makihara et al. (2016) when 1033

considering more realistic vehicle shapes. 1034
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