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The flow around the three-dimensional blunt geometry presented in the work of Ahmed
et al. (1984) is investigated experimentally at Re = UpH/v = 9.2 10*. The massive
recirculation on the base responsible for a dominant part of the drag is characterized. The
analyses of the coherent dynamics of the wake reveal the presence of two very distinctive
timescales. At long timescales Tj ~ 102H /Uy, the recirculation region shifts between
two preferred reflectional symmetry breaking positions leading to a statistical symmetric
wake; the succession of these asymmetric states is random. This bi-stable behavior is
independent of the Reynolds number but occurs only over a critical value of ground
clearance. At short timescales Ts ~ 5H /Uy, the wake presents weak coherent oscillations
in the vertical and lateral directions. They are respectively associated with the interaction
of the top / bottom and lateral shear layers; when normalized by the height and width
of the body, the Strouhal numbers are close to 0.17. These results suggest an alternate
shedding associated with the vertical oscillation and a one-sided vortex shedding in the
lateral direction with an orientation linked to the current asymmetric position. Finally,
the impact of these coherent wake motions on the base pressure is discussed to orient
further drag reduction strategies.

1. Introduction

Many industrial flows are produced by the motion of bluff bodies in a fluid. The sim-
plest cases that are frequently used can be found in the transport industries, especially
for ground vehicles such as trains, cars or lorries. The bluffness associated with a func-
tional blunt shape provokes a massive flow separation and consequently complex wake
dynamics. Over the past three decades, the growing constraints on energy have motivated
research activities to improve the understanding of fundamental notions such as stability
or force intensities in the wake of basic geometries. The objective is then to limit the
unwanted effect of the flow through optimization of the geometry or control strategies.
In the precise case of the automotive geometries, the work of Ahmed et al. (1984) paved
the way to the comprehension of the flow around different shapes of road vehicles by
showing the critical influence of the afterbody configuration. In the case of moderate
slant angles of rear window (from 12.5° to 30°), a pair of intense counter-rotating vor-
tices develop in the wake of the model reducing the pressure on the afterbody. In the
worst configuration (slant angle close to 30°), these structures induce up to 50% increase
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in drag in comparison to the 0° case. As similar flow structures are reported in the wakes
of notch-back and fast-back vehicles (Hucho 1998), important work is devoted to the
drag reduction of the 25° slant angle body through various passive and active control
strategies such as splitter plates (Gilliéron & Kourta 2010), flaps (Beaudoin & Aider
2008; Fourrié et al. 2011), boundary layer streaks (Pujals et al. 2010) or even pulsed
jets (Bruneau et al. 2011).

On the other hand, for slant angles below 10°, the topology is characterized by a massive
recirculation bubble on the base. This region, associated with low levels of base pressure,
is the major contributor to the aerodynamic drag. The autopower spectra of the base
pressure signals, mixing layer velocities or force measurements show characteristic fre-
quencies of the natural wake. The following analyses are reported in literature but the
nature of the corresponding large scale wake structures is still unclear.

e A low frequency dynamics at Strouhal number (St = fH/Up) close to 0.07 is mea-~
sured experimentally (Duell & George 1999; Khalighi et al. 2001, 2012) and interpreted
as a periodic interaction between the upper and lower part of the trapped toric vortex
in the near wake; a shedding of pairs of vortices from the trailing edge with a lateral
oscillation are also hypothesized (Khalighi et al. 2001).

e The numerical simulations of Bayraktar et al. (2001) evidence two frequencies are
Strouhal numbers 0.106 and 0.086 in the unsteady measurements of the lift force and
side force respectively but their organization is not discussed.

o The work of Khalighi et al. (2012) reports a coherent motion at St = 0.17 down-
stream of the recirculation region with a peak of energy particularly clear when the probe
is in the plane of symmetry.

e A high frequency mode is observed by Duell & George (1999) at St = 1.157 and in-
terpreted as a shedding of vortices from the mixing layers with a pseudo-helical structure.

Over such geometry, literature also reports the use of different efficient control devices.
Using splitter plates, Khalighi et al. (2001) achieved 20% drag reduction associated with
a decrease in the unsteadiness of the wake for both coherent and turbulent structures. In
addition, the parametric study on chamfer angles performed by Littlewood & Passmore
(2010) highlights the sensitivity of the flow to the trailing edge shape; this high sensi-
tivity of the drag to the initial characteristics of the mixing layer is confirmed by the
promising numerical work of active control performed by Rouméas et al. (2009), Bruneau
et al. (2010) and Wassen et al. (2010) that enable to reach up to 30% drag reduction.
However, the mechanisms responsible for the selection of the base pressure remain to
be clarified. In particular, the physics of mixing layer development and the effect of the
global modes in the wake are still open issues.

More generally, important fundamental work is dedicated to three-dimensional bluff
geometries even if these wakes are poorly documented in comparison to the flourishing
literature devoted to the Von-Karman street past cylinders. The wake past axisymmetric
geometries undergoes several transitions as the Reynolds number increases leading to
an unsteady turbulent wake (Sakamoto & Haniu 1990). The high frequency mixing layer
instabilities in the near wake degenerate into large scale vortex loops developing from the
end of the recirculation bubble; the wake oscillates randomly (Taneda 1978; Sakamoto
& Haniu 1990) and may have a helical structure highly coherent in space (Pao & Kao
1977; Berger et al. 1990; Yun et al. 2006). This unsteady global mode is reported at
0.1 < fD/Uy < 0.2 depending on geometry and Reynolds number.

Over more complex geometries, global modes may also be observed but their frequencies
and structures are slightly different. Kiya & Abe (1999) depicted the impact of the as-
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pect ratio on the vortex shedding in the wake of elliptical and rectangular normal flat
plates. Two peaks of energy are observed in the power spectrum of velocity signals at
Strouhal numbers between 0.05 and 0.15 depending on the aspect ratio. They correspond
to oscillations of the wake in the two crossflow directions. Changing the hot-wire probe
location, one or the other or even both unsteady modes are measured.

Besides, such global dynamics are affected by wall proximity: the recent work of Ruiz
et al. (2009) studying the unsteady near wake of a disk normal to a wall show an increase
in the complexity of the flow as the gap ratio decreases. The vertical wake oscillation is
progressively attenuated and combined with a slight increase in the shedding frequency.
Eventually, Ruiz et al. (2009) found a critical gap ratio under which the vertical oscilla-
tion of the disk wake is suppressed and a separation occurs on the ground associated with
a low frequency dynamics at St ~ 0.03. Past a square-back three-dimensional geometry,
a change in the wake topology is equally observed through the base pressure distribution
when the gap ratio is particularly small in presence of a fixed ground (Duell & George
1993).

Recently Grandemange et al. (2012b) showed the critical impact of imperfections in
the axisymmetry of the set-up on the wake. Due to the support, the wake selects two
preferred positions and shifts randomly between them after a large amount of shedding.
The statistical symmetry of the set-up is preserved but strongly depends on residual
asymmetries. Such a high sensitivity to the symmetry was equally described in the flow
past three-dimensional double backward facing step (Herry et al. 2011). In parallel, high
degrees of asymmetry have been observed in the flow over road vehicle shapes: the experi-
ments of Lawson et al. (2007) report asymmetric recirculation bubble on a rear window of
a notch-back model and the numerical simulations of Wassen et al. (2010) presents unex-
pected lateral asymmetries in the recirculating flow. The latest developments of Grande-
mange et al. (2012a) evidenced that the origins of such symmetry breaking past a square
back Ahmed geometry is associated with bifurcations in the laminar flow but the ingre-
dients for such a multi-stability and the associated dynamics are still to be detailed.

The present work aims at clarifying the flow past the square back geometry presented
in the experiments of Ahmed et al. (1984). It is currently massively used to develop flow
control strategies; nevertheless the clear description of the coherent dynamics of the wake
has not been reported in literature. Thus, the results are to be used as a reference for
the characterization of the global modes and bi-stability of the flow; the present analyses
should be considered to develop efficient flow control strategies needed by industry. In
addition, these experiments introduce the basis for the sensitivity analyses of the wake
that are to be detailed in a second communication.

The article is organized as follows. In section 2, the experimental setup and measure-
ments are presented. Then, section 3 is devoted to the results: analysis of the mean
properties of the flow (3.1) and investigation of the coherent wake dynamics (3.2). These
results are discussed in section 4 and eventually, concluding remarks are presented in
section 5.
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2. Experimental set-up
2.1. Geometry

The geometry of the set-up is presented in figure 1. A ground plate is placed in an Eiffel
type wind tunnel to form a 3/4 open jet facility. The turbulent intensity is less than 0.3%
and the homogeneity of the velocity over the 390 mm x 400 mm test section is 0.4%.
The wake is generated by a square-back geometry used in the experiments of Ahmed
et al. (1984) at scale 1/4. The total length of the body is L = 261.0 mm, the height H
and width W of the base are respectively 72.0 mm and 97.2 mm. The four supports are
cylindrical with a diameter of 7.5 mm and the ground clearance is set at C' = 12.5 mm
to match the reference experiments. The blockage ratio is less than 5%. The coordinate
system is defined as x in the streamwise direction, z normal to the ground and y forming
a direct trihedral.

In order to have constant flow conditions, the ground plate is placed at 10 mm over the
lower face of the inlet and triggers the turbulent boundary layer 140 mm upstream of
the forebody without separation at the leading edge. When the body is not in the test
section, the ground boundary layer thickness based on 99% of the free-flow velocity at
x = —L, i.e. 140 mm downstream of the leading edge, is dp.99 = 6.3 mm with a preci-
sion of 0.1 mm; the displacement and momentum thicknesses are 0.89 4+ 0.05 mm and
0.60 £ 0.02 mm respectively.

The main flow velocity is Uy = 20 m s~! and the Reynolds number based on H
(Re = UpH/v) is 9.2 10%. The velocities are defined as @ = u,.€; + Uy.€y + Uz.€2;
u;; = \/u;? +u;? is the amplitude of velocity at the considered point in the plane
(é,€5). A or (a) and Std(a) are respectively average value and standard deviation of any
quantity a; ' = a — A is the fluctuating part of a. The height of the base H, density
p and inlet velocity Uy are used to obtain non-dimensional values marked with an asterisk.

Flying probes are mounted on three-dimensional displacement systems made up of
three Newport (M-)MTM long travel consoles controlled by the Newport Motion Con-
troller ESP301; the precision of the robots is better than 0.1 mm.

2.2. Pressure measurements

The pressure on the body is measured at 62 locations. The taps are distributed to get the
pressure gradients on the nose and the repartition of base pressure. 21 taps are located on
the base of the body; 41 others give the pressure distribution on the nose and on the sides
in the plane y* = 0 and in the plane z* = 0.67 (which correspond to the mid-height of the
geometry). The pressure is obtained using a 64 port HD miniature pressure scanner and
a SCANdaq 8000 interface connected to a PC with Labview software. The pressure scan-
ner takes 50 pressure samples per second and the measurement is automatically averaged
over 1 s. The accuracy of the measurement at 1 Hz is then +3 Pa. The pressure scanner
is located inside the model so that it is linked to each tap with less than 250 mm of vinyl
tube to limit the filtering effect of the tubing; it is denoted ” P scan” in figures 1(a)—(b).
It is then connected to the measurement chain using a wire going through a front sup-
port of the model so that, apart from the supports, nothing disturbs the under-body flow.

Besides, the pressure in the wake is measured through the six static ports of a Prandtl
tube mounted on a displacement robot and connected to a Scanivalve DSA 3217/16px
device. The pressure is considered without any correction so the result is only ac-
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FIGURE 1. Experimental set-up: side view (a), top view (b) and perspective view (c); O sets
the origin of the coordinate system.

curate when the flow is aligned with the probe. However it is used as a qualitative
indicator of pressure in the entire wake to locate the low pressure regions. A three-
dimensional mapping of the static pressure is obtained moving the probe in the region
(x*,y*, z*) € [0.14; 3] x [—0.83;0.83] x [0.07; 1.67] by steps of 0.14 in the streamwise di-
rection and of 0.07 in the crossflow directions.

2.3. Force measurements

Drag and lift, respectively F, and F,, are obtained using a bidirectional strain balance.
The dimensionless coeflicient C; of the aerodynamic force in the 4 direction is defined
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according to (2.1) using S = 7.19 1072 m? the projected area of the geometry in a
crossflow plane.
F;

. 2.1
%pSUOQ ( )

i
with i € {z,y, z}.
The pressure measurements enable the origins of the aerodynamic forces to be clarified.
The pressure contribution to the acrodynamic force in the ¢ direction (denoted by C;,) is
estimated by integration of the pressure projected in the considered direction as defined
in (2.2). The precision is limited especially for the measurement of the lift and lateral
forces since the pressure distribution is assumed independent of y on the top and bottom
faces and independent of z on the lateral faces.

Cip = ¢

C, ¢ - ds, 2.2
S body p ( )

with C, = 252 and i € {,y, 2}.
2

2.4. Velocity measurements
2.4.1. Particle Image Velocimetry

Wake analyses are made from Particle Image Velocimetry (PIV). The system is com-
prised of a DANTEC dual pulse laser (Nd:YAG, 2 x 135 mJ, 4 ns) and two DANTEC
CCD cameras (FlowSense EO, 4 Mpx). The set-up acquires image pairs at a rate of 10 Hz;
each acquisition records 2000 image pairs. The interrogation window size is 32 x 32 pix-
els with an overlap of 25%. The bi-dimensional velocity measurements are performed in
planes y* = 0 and z* = 0.6 and stereo-PIV enables to measure the three components of
the velocity in planes * = 1 and x* = 2. The 32 x 32 pixels of the interrogation window
correspond to physical sizes of 2.5 x 2.5 mm in the plane y* = 0, 1.6 X 1.6 mm in the
plane z* = 0.6 and 2.4 x 2.4 mm in the planes z* = 1 and z* = 2.

The mean velocities and the Reynolds stresses are measured from the valid vectors of
the instantaneous velocity fields; these statistics are taken into account only when more
than 1500 valid vectors are obtained from the 2000 measurements.

2.4.2. Hot-wire probes

To get the unsteady characteristics of the flow, 1D hot-wire probes are used. The wire
probes are from DANTEC (hot-wire type 55P15, support type 55H22) and use an over-
heat ratio of 1.5; they are connected to two DISA55 hot wire anemometry measurement
units. These probes mounted on the displacement systems record the velocity in the wake
at a sampling frequency of 1 kHz. Velocity signals are recorded during several minutes
and power spectra are averaged over windows of 1 s, 2 s or 10 s. This averaging over
windows is denoted by 7 (...)w”. £r(f) standing for the Fourier transform of the function
¢ evaluated at the frequency f and &(f) for its complex conjugate, the power spectal
density (PSD) is calculated from the signal a(t) as defined in (2.3). Autopower spectra
are then obtained up to 500 Hz with a resolution of 0.1, 0.5 or 1 Hz.

PSD(f) = {ar(f) ar(f))w- (2.3)
Cross correlations between two hot-wire probes at different locations are also performed:
the coherence rp and phase ¢ between the signals a(t) and b(t) are the modulus and the
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argument of v defined in (2.4).

N arld) be D =r eio(f) 54
" e D Pw e O (2.4)

3. Results
3.1. Mean properties of the flow

The mean flow over this geometry can be seen in figure 2; it presents different sepa-
rations. First, a boundary layer detachment occurs on the four faces at the end of the
nose due to the adverse pressure gradient imposed by the geometry. Indeed, the pressure
measurements in the planes y* = 0 and z* = 0.67 (see figure 3a-b) locate the separated
regions through characteristic plateaus on the body roughly for —3.5 < z* < —3.0 on
the four faces. Reattachment, associated with the pressure recovery on the surface, is
then reported at z* ~ —3.0 on the sides and top faces but slightly before on the bottom
face. This absence of symmetry is due to the ground, its presence does not prevent the
boundary layer detachment on the bottom face of the body but makes the flow reat-
tach sooner. These flow separations are also reported at very large Reynolds number as
observed in appendix A and in various experiments or numerical simulations (Spohn &
Gilliéron 2002; Krajnovié¢ & Davidson 2005; Franck et al. 2009).

The measurement of the velocity profiles at the trailing edge is performed to know
whether the boundary layers are turbulent or not before separation and also to pro-
vide information on their characteristic thickness. The results are presented in figure 4;
the separations at the end of the forebody induce important losses of momentum beyond
the boundary layer at the trailing edge. The levels of fluctuating velocities also remain
important due to these separations except in the case of the bottom face (see figure 4c)
where the ground proximity limits the detachment. The peaks of fluctuating velocities
near the surface indicate that the boundary layers are fully turbulent at the trailing edge
but the absence of constant velocity far from the surface prevents the use of classical
definitions of characteristic thicknesses. However, considering the size of the region of in-
tense vorticity near the body, the normalized initial heights of shear layers that separate
at the trailing edge are respectively 0.026, 0.025 and 0.017 for the top, side and bottom
faces with a precision of 0.03.

The blunt trailing edge imposes a massive separation of the flow at the base. The recir-
culation region characterized in figures 2(a)—(c) extends up to x* = 1.47. The crossflow-
PIV measurements at z* = 1 (see figure 2¢) show that the recirculation region preserves
roughly the shape of the rectangular trailing edge: the geometry of the contour U,* = 0
seems to result from the equal growth of the mixing layer from the separation at z* = 0,
at least on the top and side faces. The recirculation bubble then closes in the plane
z* = 0.6 with two saddle points (z* = 1.46 and y* ~ £0.17). Despite the ground pres-
ence, the mean velocities at the center of the recirculation region remain oriented along
the = direction. Thus, these PIV measurements emphasize the time-averaged vision of
the toric recirculation organization which is also observed through the pressure measure-
ments in the wake.

Figures 5(a)—(b) show the contours of pressure in the planes y* = 0 and z* = 0.67. The
minima of pressure in the wake are reported inside the recirculation region, near the sep-
aratix in the plane y* = 0. These locations correspond to the center of the time-averaged
recirculation structures visible in figure 2(a)—(b). The three-dimensional mapping of the
static pressure highlights the shape of the region in the recirculation bubble where the
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FIGURE 2. Streamlines colored by velocity in the plane y* =0 (a), z* = 0.6 (b), z* =1 (¢) and
x* =2 (d). Crosses are saddle points.
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FIGURE 3. Distribution of C} on the body in the planes y* =0 (a), 2" = 0.67 (b) and on the
base (c). Arrows locate pressure taps.



Global modes and bi-stability of a 3D turbulent wake 9

(b) Std(uqy*)
0 0.‘1 O“2 0.‘3
(a) Std(uq:") 0.1
0 01 02 03 ]
14 1 I I Au* ]
] y 10‘2;
0.14 10_3 T T T T T
1 0 02 04 06 08 1.0
AZ* ] Uzy*
10724
1 (c) Std(ugz.*)
0 0.1 0.2 0.3
0.2 i i i
103 T T T T T « ~—
0 02 04 06 08 1.0 z
Uy 0.1

0
0 02 04 06 08 10
UZ‘Z*

FIGURE 4. Mean (black line, bottom axis) and fluctuating (gray line, top axis) velocity profiles
of the boundary layers at * = 0 from the top face at y* = 0 (a), a side face at z* = 0.67 (b)
and the bottom face at y* = 0 (¢). Ay and Az are the gaps between the hot-wire probe and the
surface.

pressure is lowest at 2* a 0.6 (see figure 5¢). Downstream of the recirculation region, the
pressure coeflicient reaches positive values associated with the change of the streamlines
curvature. The adverse pressure gradient is particularly intense on the ground between
x* =1 and «* = 2. It induces significant losses of momentum on the ground downstream
of the body (see figures 2a and 2d). Boundary layer separation on the ground in this re-
gion is not observed but may occur for smaller ground clearances like in the experiments
of Ruiz et al. (2009).

The effects of the low pressure region in the recirculating flow can be seen on the after-
body. The pressure on the base is measured approximately constant around Cy, = —0.185
as visible in figure 3(¢) and the slight variations reflect the region of low pressure pre-
sented in figure 5. The value of the drag measured with the balance is C, = 0.274+ 0.003;
it is slightly bigger than the drag coefficient of 0.250 presented in Ahmed et al. (1984) but
this value is consistent with the other results reported in literature, usually between 0.26
and 0.32. Considering the distributions of pressure shown in figure 3, the pressure compo-
nent of the aerodynamic forces can be estimated as described in section 2.3, the different
contributions are given in table 1. The dominant part of pressure drag (Cy, =~ 0.75Cy)
mostly associated with the low base pressure is also in good agreement with the re-
sults published by Ahmed et al. (1984). The negative sign of C, is related to the pair
of counter-rotating vortices observed through the streamlines in the crossflow plane at
z* = 2 (see figure 2d). Similarly, C,;, =~ 0 is coherent with the symmetry of both the
geometry and the flow.

The PIV results equally allow the measurements of the Reynolds stresses in the dif-
ferent planes. Figure 6 presents the components (u/,?), (u.?) and (u/u’). They are par-
ticularly intense at the forebody separation and they are convected to the top trailing

edge as previously seen in the boundary layer profiles. The ground induces a slight asym-



10 M. Grandemange, M. Gohlke and O. Cadot
(@) 20 () 10

0.05 0.10 0.15 0.20 0.25

0 *

xz* Y
FIGURE 5. Contours of static pressure in the plane y* = 0 (a) and z* = 0.67 (b); continuous
and dashed lines are respectively positive and negative values, contour 0 is dotted-dashed line,
contour intervals are 0.02. The thick black line represents the separatrix of the mean flow.
(c) Isosurface of pressure C, = —0.2 in the recirculation region.

0.274 £ 0.003
—0.038 £ 0.008
0.206 £ 0.005
0.006 £ 0.015
—0.080 + 0.015
—0.185 £ 0.003

TABLE 1. Aerodynamic forces on the body and their pressure components.
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metry in the z direction. After the massive separation at z* = 0, the mixing layers
develop mostly toward the recirculation region and the highest values of normal and
shear stresses are measured on the separatrix. The intensities and spatial distribution of
the Reynolds stresses in the plane y* = 0 are in good agreement with the measurements
of Khalighi et al. (2001). The maximum values measured in the wake are detailed in
table 2 however it is worth mentioning that the maximum of the streamwise Reynolds
stresses is measured in the mixing layer from the forebody detachment: <u;*2> =0.23 at
(x* = —3.06, z* = 1.24). Similar results are obtained in the plane z* = 0.6 in figures 7(a)
and (c). Nevertheless, contrary to the results presented in figure 6(b), the highest values
of <u;2> are measured at y* = 0 upstream of the end of the recirculation region (see
figure 7b). Finally, the values of the Reynolds stresses in the plane z* = 1 in figure 8
confirm that the dominant component is the normal streamwise stress <u;2> and that
the shear stresses from the top / bottom faces are more intense than from the lateral
ones. The Reynolds stresses from stereo PIV in the plane z* = 1 (figure 8) are slightly
under-evaluated compared to the ones from bi-dimensional PIV in the planes y* = 0 and
z* = 0.6 (figures 6 and 7) but their spatial distributions are coherent.
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FIGURE 6. Contours of Reynolds stresses in the plane y* = O0: (u;ﬂ), (a); (u’z*2>, (b);

* * . . . oy .
(ug"u’.™), (c). Continuous and dashed lines are respectively positive and negative values, contour

intervals are 0.005, contour 0 is not plotted. The thick black line represents the separatrix of
the mean flow.

These different stresses contribute to the equilibrium of the recirculation region in the x
direction. Indeed, the recirculation bubble of the mean flow is a force balance of the pres-
sure forces, the shear stresses and the normal stresses. Balachandar et al. (1997) analyzed
this equilibrium in the wake of cylinders. In the present case, when the viscous forces are
neglected, the momentum conservation on the contour 9f2 delimited by the base of the
body and the contour of the bubble is studied; 0f2 is assumed hermetic which may be
a rough approximation in three-dimensional flows. The equilibrium in the = direction is
then given by

/ plululyn; ds + / Pn,ds =0, (3.1)
aQ 2Q
with 7 = n;é; normal to 0Q2. This leads to
Cpds = 2/ (ul,"uYyn;ds + | Cpny ds. (3.2)
Base Bubble Bubble

The terms of the relationship (3.2) cannot be estimated with a reasonable precision from
these measurements but the equilibrium shows the critical influence of the Reynolds
stresses on the base drag. The energy of the fluctuations of velocities is associated with
the turbulent evolution of the flow but also with some coherent motions of the fluid which
are depicted in section 3.2.
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Present study Khalighi et al. (2001)
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TABLE 2. Maximum values and locations of the Reynolds stresses in the plane y* =0 .
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FIGURE 7. Contours of Reynolds stresses in the plane z* = 0.6: (ul*?), (a); (u;ﬂ), (b);

(uf"uy™), (c). Continuous and dashed lines are respectively positive and negative values, contour
intervals are 0.005, contour 0 is not plotted. The thick black line represents the separatrix of
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FIGURE 8. Contours of Reynolds stresses in the plane z* = 1: (u; " ), (a); (uy uy"), (b); (uy us’),
(¢). Continuous and dashed lines are respectively positive and negative values, contour intervals
are 0.005, contour 0 is not plotted.
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3.2. Dynamics of the wake

The autopower spectra of hot-wire probe signals in the wake highlight different char-
acteristic frequencies. Figure 9(a) shows the autopower spectra at the points A and B
respectively located at (2.5,0,0.9) and (2.5,0.5,0.6), i.e. downstream of the top and the
lateral mixing layers. Peaks of energy are reported at 35.4 Hz and 48.4 Hz with a preci-
sion of 0.2 Hz, the corresponding Strouhal numbers (St = fH/Uy) are 0.127 and 0.174.
In addition, the probe located at B measures an important energy in the low frequency
domain. This phenomenon is clear in figure 9(b): long time evolutions (over 1 s) are
observed on the velocity measurement at B. These coherent dynamics of the wake, one
with long time evolutions, the others at higher frequencies, are respectively depicted in
sections 3.2.1 and 3.2.2.

3.2.1. Bi-stability

From the local measurement of the velocity at B presented in figure 9(b), a bi-stable
behavior seems to be detected in the wake, this phenomenon is confirmed using global
quantities of the wake. As it has long time evolutions, it can be analyzed using the PIV
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FIGURE 9. Autopower spectra (a) and sample time evolution (b) of the velocity signals recorded
at A(2.5,0,0.9) (continuous black line) and B(2.5,0.5,0.6) (dashed gray line) from hot-wire
measurements.

measurements at 10 Hz. In the plane z* = 1, the barycenter of momentum deficiency is
considered as a parameter of order through the quantities yy* and zy * defined as:

. Jy* (1 —uy*)ds
J (1 —=uy*)ds 7

yw (3.3)

and

*

W

[z (1 —ug*)ds
[ —wuy*)ds
with a domain of integration limited to u,* < 1.

Figure 10(a) presents a PIV snapshot of the streamwise velocity in the plane * = 1 and

the associated position of the barycenter of the momentum deficiency at yy* = 0.043 and
zw™ = 0.575. The time evolution of the positions yy* and zy* over the 200 s of the PIV
measurements (2000 snapshots recorded at 10 Hz) are plotted in figure 10(b) and 10(c)
respectively. The associated probability densities clearly highlight one preferred position
in the z direction but two different positions in the y direction centered on yy* = +0.06.
The states are denoted by #P for the one associated with a positive value of yy* and #N
for the one with a negative value of yy,*. Similar probability densities with two preferred
positions are also obtained from the analyses of the snapshots in the plane z* = 2
and the z* = 0.6. Therefore, the two preferred states of the wake can be discriminated
through the distributions of velocity in the wake. Conditional averaging over the sign
of yw* enables the extraction of the asymmetric topologies from the PIV measurements
presented in figure 2. The results corresponding to the state #P are displayed in figure 11.
Figure 11(a) presents the asymmetric flow in the plane z* = 0.6. As in the experiments
of Grandemange et al. (2012b), there is only one saddle point left off the streamwise
axis and the mean recirculation flow is diagonal. Figures 11(b)—(c) show the flow in the
crossflow planes * = 1 and z* = 2 with a clear asymmetry.
This topology #P also induces asymmetric Reynolds stress distributions in the planes
z* = 0.6 (figure 12) and «* = 1 (figure 13). The y* = 0 reflectional symmetry is lost, the
activities of the mixing layer is mostly concentrated on the side where wake is oriented.
On the other hand, figure 13 shows that the top / bottom mixing layer characteristics
are almost independent of the state of the wake.

As the two states are associated with a diagonal recirculating flow, they are also charac-
terized by base pressure distributions which are asymmetric in the y direction (Grande-
mange et al. 2012b). The states #P and #N can then be studied through pressure
measurements since the sampling frequency of 1 Hz does not limit the analyses of this
long time evolution behavior. Figure 14 presents sample evolutions and the probability
distributions of the pressure gradient in the y and z directions on the base at y* = 0 for
measurements performed over 10% s. Figure 14(b) shows that the most probable value of
the pressure gradient in the z direction is close to its mean value which is slightly negative

(3.4)
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FIGURE 10. (a) Snapshot of streamwise velocity in the plane * = 1; X, barycenter of momentum
deficiency located at yw™ = 0.043 and zw™ = 0.575. (b) Time evolution of the barycenter of
momentum deficiency in the y direction and associated probability distribution. (¢) Same as (b)
in the z direction.

as expected from figure 3(c). On the contrary, the histogram in figure 14(a) is balanced
but the two states are clearly visible. The states are associated with g;ﬁ = +0.17 and
the state #P corresponds to the one with a positive gradient and #N to the one with a
negative gradient. 5% of the measurements correspond to \g;’; < 0.1 but they are likely
to be cases of shift from one asymmetric state to another during a pressure measurement;
this interpretation is consistent with the equiprobability of these values of base pressure
gradient. Conditional averaging of the pressure is then performed using the sign of g;i’
as a topology indicator.

Figure 15(a) shows the distribution of pressure on the body in the plane z* = 0.67.

The asymmetric distributions related to the two preferred values of pressure gradient in
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FIGURE 11. Streamlines colored by velocity corresponding to state #P in the planes z* = 0.6
(a), z* =1 (b) and " = 2 (c¢). Crosses are saddle points.
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FIGURE 12. Contours of Reynolds stresses in the plane z* = 0.6 of the wake in the #P state:
Ws™?, (a); (u;ﬂ), (b); (ul"uy"), (c). Continuous and dashed lines are respectively positive
and negative values, contour intervals are 0.005, contour 0 is not plotted. The thick black line
represents the separatrix of the mean flow of the #P state.
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FIGURE 13. Contours of Reynolds stresses in the plane x* = 1 of the wake in the #P state:
Wl™?, (a); (ul,"uy,™), (b); (uy"u.™), (c). Continuous and dashed lines are respectively positive
and negative values, contour intervals are 0.005, contour 0 is not plotted.

the y direction in the middle of the base are clearly visible but only on the afterbody.
The coexistence of these two states leads to the mean symmetric pressure distribution
plotted in figure 3. These distributions are independent of the state for * < —1 which
indicates that the stagnation point on the forebody is fixed. Thus the bi-stable behavior
is the result of neither low frequency oscillations of the free flow direction nor some wind
tunnel modes.
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FIGURE 14. Sample time evolution and probability distribution of the base pressure gradient
in the y direction (a) and in the z direction (b) at y* = 0; dashed lines are mean values.

Using the base pressure gradient as an indicator, the distribution of base pressure can
be obtained for the state #P where g;’; > 0. The results presented in figure 15(b) show
that the asymmetry is a global characteristic of the pressure on the base: it ranges from
Cp = —0.24 to C, = —0.12 and presents much larger variations than the results dis-
played in figure 3(c). It is then important to note that the view of a toric recirculation
organization is not pertinent as it does not reflect the topology of the flow.

Besides, the asymmetric distributions of pressure presented in figure 15(a) are associated
with lateral forces that counterbalance in average. The pressure forces of the asymmetric
states in the y direction are evaluated at C,, = £0.021 with a precision of 0.015; it cor-
responds to the difference of the pressure on the side of the body for —1 < z* < 0. This
force in the y direction is associated with the wake asymmetry visible in figure 11(c).
It must equally be correlated with some circulation around the body. The difference in
streamwise pressure gradient on the sides of the body is linked to distinct boundary layer
characteristics that are studied in the following paragraph.

The boundary layer velocities presented in figure 4(b) can equally be analyzed regard-
ing the bi-stability. An example of velocity signal in the boundary layer is displayed in
figure 16(a). Like in figure 9(b), a bistable behavior seems present but is not directly
visible in the probability distribution. When the same velocity signal is filtered using an
average filter over windows of 0.5 s as displayed in figure 16(b), the probability distribu-
tion shows two peaks corresponding to the two topologies #P and #N. For each point of
measurement in the boundary layer profile, this method enables the discrimination of the
two topologies. Conditional averaging then gives access to the boundary layer profiles of
each state presented in figure 17. The characteristic heights of the boundary layers of the
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FIGURE 15. (a) Pressure distribution of the states #N (black line) and #P (grey line) on the
body in the plane z* = 0.67. Arrows locate pressure taps. (b) Pressure distribution of the state
#P on the base.
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FIGURE 16. Sample time evolution of the velocity in the lateral boundary layer at the trailing
edge and associated probability distribution: raw measurement (a) and filtered signal using an
averaging filter over a window of 0.5 s (b).
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FIGURE 17. Mean (a) and fluctuating (b) velocity profiles of the boundary layers from the middle
of the side face (y* > 0) at the trailing edge for the symmetric mean flow (continuous line), the
state #N (dashed line) and the state #P (dotted line). Ay is the gap between the probe and
the surface.
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FIGURE 18. (a) Autopower spectra in the wake at A(2.5,0,0.9) (continuous line), B(2.5,0.5,0.6)
(dashed line) and C(2.5,0.5,0.3) (dotted line). (b) Locations of the hot-wire probe position A,
A’, B, B’, C and C’ in the crossflow plane 2* = 2.5 used in the analyses of the oscillating global
modes.

two states are similar and measured at 0.024 for the faster profile and 0.026 for the slower
one with a precision of 0.003. The profiles of velocity fluctuations indicate that the two
boundary layers are turbulent which confirms that the bi-stability is neither associated
with an intermittent boundary separation on the nose nor dependent on its laminar or
turbulent characteristic at the trailing edge. The difference in the levels of velocity fluc-
tuations between the mean symmetric flow and the asymmetric states in figure 17(b) is
due to the contribution of the bi-stability to the fluctuations from the changes of mean
velocity visible in figure 17(a).

3.2.2. Oscillating global modes

In addition to the low frequency evolutions, the autopower spectra at A(2.5,0,0.9)
and B(2.5,0.5,0.6) reveal two peaks of energy at Strouhal numbers 0.127 and 0.174 (see
figure 18a). These characteristic frequencies are denoted by f1 and fy respectively and
the Strouhal numbers are St; and Sts. As in the experiments of Kiya & Abe (1999),
depending on the hot-wire position, one or both frequencies are measured. The recurrent
probe positions A, A’, B, B’, C' and C’ used in the plane z* = 2.5 are presented in
figure 18(b).

To examine the envelops of these two modes, autopower spectra are studied depending
on the position of the hot-wire probe in the wake. The spectra in the plane z* = 0.6 are
shown in figure 19 for different downstream locations. Only the St; mode is reported.
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FIGURE 19. Auto-power spectra in the plane z* = 0.6 at z* = 1.0 (a), * = 1.5 (b), 2" = 2.0
(c), z* = 2.5 (d), 2" = 3.0 (e).

The mode is not significant in the mixing layer upstream of the end of the recirculation
bubble, i.e. for £* < 1.5. Downstream of z* = 1.5, it is more energetic than the large
scale structures of turbulence and is particularly clear at * = 2 and 2.5. The lack of
symmetry in figures 19(a)—(b) is due to the asymmetric intrusion of the hot-wire probe
in a region where the flow is likely to be highly sensitive (see figure 1). The probe induces
a predominance of the state #P presented in section 3.2.1 and then the energy of the
fluctuations of velocity is greater in the y* > 0 region. The symmetry is recovered as
soon as the probe is located downstream of x* = 2.0. These results are in agreements
with the experiments of Grandemange et al. (2012b) which indicate that the sensitivity
of the wake orientation is concentrated upstream of the end of the recirculation bubble.
Similarly, the results plotted in figure 20 show that only the Sto mode is present in the
plane of symmetry y* = 0. These two modes are clearly visible only in the autopower
spectra downstream of the end of the recirculation bubble.

To characterize the three-dimensional repartition of these modes, the locations where each
frequency is detected are reported in the crossflow planes z* = 1.5, 2.5 and 4: the crite-
rion used to determine whether the St; mode (with ¢ € {1;2}) is present or not is based
on the comparison between the mean energy in the range St € [St; — 0.015; St; + 0.015]
and the mean energy in St € [0.040;0.300]: the mode is reported when the energy ratio
is larger than 1.2. In figures 21, circles (resp. crosses) locate the positions of the hot-
wire probe where the mode Sty (resp.Sts) is detected. The results in the plane z* = 1.5
are displayed in figure 21(a); the St; mode is mostly found in the lateral mixing lay-
ers whereas the St mode is associated with the top and bottom mixing layers; both
frequencies are obtained at the frontiers of these regions. It is worth noting a limit on
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FIGURE 20. Auto-power spectra in the plane y* =0 at 2* = 1.0 (a), * = 1.5 (b), 2" = 2.0 (¢),
z* =25 (d), z* = 3.0 (e).

the criterion: as the energy of the St; mode is in general larger than the Sts one, the
criterion is less selective for the St; mode; for example, the St; mode may be reported
downstream of the lower mixing layer while there is no clear peak visible in figure 20(b).
Moving downstream at z* = 2.5 (see figure 21b), the locations are similar, the main dif-
ference is the extension of the bottom Sts region in the y direction. In the plane x* = 4,
figure 21(c) indicates that the mode at St; remains downstream of the lateral mixing
layers whereas the Sto one separates into three regions: one located downstream of the
top mixing layer, the two others are downstream of the bottom corners of the base. As
previously seen, there is an adverse pressure gradient on the ground in the plane y* = 0
so that the velocity is reduced in the plane of symmetry. The coherent structures from the
bottom trailing edge are then certainly convected with the flow to the sides at y* ~ +0.5.

In order to depict the structure of these modes, cross correlations between two hot-
wire probes are performed at the different positions shown in figure 18(b). First, the
velocity signals at A(2.5,0,0.9) and A’(2.5,0,0.3) are studied. The results can be seen
in figure 22(a). The coherence is measured close to 0.5 at Sty = 0.174 with a phase shift
of 0.757. The peak of energy in the autopower spectrum at point A results in coherent
structures at Sto associated with a top / bottom mixing layer interaction. To understand
the value of 0.757, the phase shift at Sty is studied varying the streamwise position of the
second hot-wire position referring to the point A. The result displayed in figure 23 shows
that the phase shift linearly depends on the gap in the x direction between the point A
and the second probe position. The perfect phase opposition is found at A”(2.1,0,0.3).
As a consequence, the Sty mode is an oscillation of the wake in the z direction but the
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FIGURE 21. Locations where the modes are reported in the planes z* = 1.5 (a), z* = 2.5 (b)
and " =4 (¢): St1 =0.127, x; St2 = 0.174, O.

presence of the ground affects the phase so that the oscillation is not in an exact phase
opposition.
Similar analysis can be made concerning the velocity signals at B(2.5,0.5,0.6) and
B’(2.5,—0.5,0.6). The coherence and phase shift defined in (2.4) are plotted in fig-
ure 22(b). rp(Sty) reaches 0.65 and the corresponding phase is measured at 7. The
coherent motion associated with the lateral mixing layers is then an oscillation of the
wake in the y direction.
Finally, analyzing rr and ¢ from the velocity measurements at C(2.5,0.5,0.3) and
C’(2.5,—0.5,0.3), the signals are found at a coherence of 0.3 for both modes. The signals
are in phase opposition at St; and in phase at Sto. Thus these values confirm the oscilla-
tions of the wake in the y direction at St; = 0.127 and in the z direction at Sto = 0.174.
When these frequencies are normalized respectively by the height of the body and its
width, the corresponding Strouhal numbers (f1H/Uy and foW/Uy) are 0.167 and 0.174.
These results must be compared to the analyses of Kiya & Abe (1999) concerning the
global modes in the wake of elliptical and rectangular crossflow flat plate. They prove
that two modes associated with the interactions of opposite mixing layers coexist. The
frequencies roughly rely on the distance between the shear layers at detachment even if
no universal Strouhal number can be found. Kiya & Abe (1999) also indicate that the
energy is principally measured in the high frequency mode, i.e. the one corresponding
to the smaller gap between the shear layers. The main difference with their experiments
is the presence of the ground that limits the development of the mode related to the
interaction of the top / bottom mixing layers as mentioned in literature (Ruiz et al.
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FIGURE 22. Modulus r (continuous line, left scale) and phase ¢ (dashed line, right scale) of
the coherence of velocity signals measured at A(2.5,0,0.9) and A’(2.5,0,0.3) (a), B(2.5,0.5,0.6)
and B’(2.5,-0.5,0.6) (b), C(2.5,0.5,0.3) and C’(2.5,—0.5,0.3) (c). For clarity these different
positions are displayed in figure 18(b).
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FIGURE 23. (a) Phase ¢(St2 = 0.174) of the coherence between the velocity signals measured
at A(2.5,0,0.9) and (Zprobe, 0, 0.3).

2009; Khalighi et al. 2012). The ground proximity then explains the phase shift between
the upper and lower part of the wake at Ste and also its reduced energy despite the fact
that the height of the body is smaller than its width.

4. Discussion

The results presented in section 3 are discussed in the following sections. First, the
dynamics of the bi-stability and the ground clearance effect are detailed in section 4.1. The
spatial structures of the modes at St; and St, are considered in section 4.2. Eventually,
the effect of the coherent wake motions on drag is discussed in section 4.3.

4.1. On the bi-stability

The bi-stability of the wake past this square back geometry is reported here at Re =
9.2 10* but it has also been observed in various facilities and for an important range
of Reynolds numbers: from Re = 340 (Grandemange et al. 2012a) to Re = 2.4 105 as
presented in Appendix A. The dynamics of this bi-stability are discussed in sections 4.1.1
and 4.1.2; the effect of the ground clearance is detailed in section 4.1.3.

4.1.1. Random topology shifts

The long time evolutions is thought to be similar to the one observed by Grandemange
et al. (2012b) in the wake of an axisymmetric geometry or by Herry et al. (2011) in the
wake of three-dimensional double backward facing steps. In these experiments, the wake
has two preferred asymmetric positions; topology shifts occur randomly with very large
characteristic time in comparison to the periods of the oscillating global modes.

In the present experiments, the wake shifts between the state #P and #N are analyzed
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Pr(S: = #P) = 0.514 Pr(S: = #N) = 0.486
Pr(S: = #P|Si—1 = #P) = 0.816 | Pr(S; = #N|S;—1 = #N) = 0.806
TABLE 3. Probabilities of states #P and #N depending on the previous states (precision better

than 0.01). Pr(E1|E2) is the conditional probability of E1, given Es; the events are considered
at 1 Hz.
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FIGURE 24. Probability distribution of the time between shifts §t. O, experimental data; —,
theoretical law given in (4.3).

from the evaluation of the base pressure gradient in the y direction at 1 Hz overs 10* s
(see figure 14a). The state of the flow at the instant ¢ obtained from the sign of dc,/dy*
is denoted S; € #P,#N. The states #P and #N are equiprobable (see table 3), the
shifts seem random and appear in average after Ts = 5.3 s. Note that TsUy/H ~ 1500
which implies that the bi-stable dynamic has a time scale three orders of magnitude
larger than the typical wake time scale H/Uy. Thus the normalization using Uy and H
seems inappropriate and the following analyses are left in their respective units.

To detail these statistics, the probability distribution of At defined as the time between
two successive shifts is studied. The distribution follows an exponential law consistent
with independent evolutions of the states. Indeed, let Prghire = Pr(S; # S;—1) be the rate
of shift per second independent of the instant ¢. The results presented in table 3 give
Prshift = 0.189 with
1
5

Prshift = 2 PI‘(St = #P|St_1 = #N) + PI‘(St = #N|St_1 = #P)] . (41)

In case of independent topology shifts, the probability of remaining exactly k£ seconds in
the same state is then given by

PI‘(S}C+1 75 S, Vi € {1]€}) = Prgpnist (1 — Prshift)k. (42)
As a consequence, the distribution of probability of At follows
Pr(At = 6t) = 0.189 x 0.811°. (4.3)

In figure 24, the experimental data are in good agreements with the model given in
(4.3). It confirms that the shifts between the topologies #P and #N are random and
independent, i.e. the succession of states #P and #N behaves like a stationary Markov
chain. This point is also consistent with the autopower spectra at B plotted in figure 9(a):
the repartition of energy for frequencies under 1 Hz follows a power law with an exponent
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FIGURE 25. Probability to shift Prgnire obtained from pressure measurements at 1 Hz as a
function of free stream velocity.

close to —2 expected for such random evolutions.

To improve the understanding of this bi-stable behavior, the study of the impact of the
free stream velocity on the asymmetry of the states #P and #N and the dynamics of
shifts are detailed in section 4.1.2.

4.1.2. Effect of the free flow velocity

By changing the flow velocity, the bi-stability has been observed in this facility at
Reynolds numbers from 4.6 10* to 1.2 10°. For each Reynolds number, the probabil-
ity distribution of the base pressure gradient in the y direction presents two preferred
positions as seen in figure 14(a). However Prypig, which is the rate of shift at 1 Hz, is
increasing with the velocity, i.e. the mean time between shifts diminishes while the ve-
locity increases (see figure 25). The precision also increases with the velocity since the
ratio signal by noise is proportional to Uy? in the measurements of pressure gradients.
It remains limited at moderate velocity and the experimental set-up is not appropriate
for further quantitative investigation on the dependence of the bi-stability on the free
stream velocity.

It is also found that the states #P and #N always correspond to similar values of
S;Z ~ £0.17. This indicates that the two topologies #P and #N are identical in our
range of Reynolds number. Moreover, in section 3.2.1 the signature of the bi-stability is
observed only near the afterbody. Therefore, this symmetry breaking behavior seems to
be only linked to the shape of the afterbody; this statement is also consistent with the
reflectional symmetry breaking of the laminar wake established by Grandemange et al.
(2012a).

Besides, in these laminar experiments, it is mentioned that no spontaneous topology shift
has been observed. The high energy of the large scale turbulent structures may then play
a critical role in the probability to shift from one asymmetric state to another. Such an
interpretation is in accordance with both the randomness of the shifts and the increasing
probability to shift with the Reynolds number.

The observed asymmetric wake is then independent of the Reynolds number but Grande-
mange et al. (2012a) mentioned that it strongly relies on the ground proximity; the effect
of the ground clearance on the bi-stability is then investigated in section 4.1.3.

4.1.3. Effect of the ground clearance

To clarify the conditions of existence of the bi-stability, experiments are performed at
different ground clearances C* € [0;0.50]. For each ground clearance, the pressure on the
base is recorded every seconds during 3 10 s; it enables the measurement of the base
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FIGURE 26. Probability density function of the base pressure gradient in the y direction at
y* = 0 as a function of the ground clearance C; measurements are performed for C* = 0, 0.03,
0.07, 0.08, 0.10, 0.11, 0.14, 0.21, 0.28, 0.35 and 0.50 with a precision of 0.005, the reference
ground clearance is C* = 0.17; contour intervals are 2.

pressure gradients in the y direction at y* = 0 which is a indicator of the wake asymmetry
as described in section 3.2.1. For a considered value of C, the probability distribution of
0c,/0y* indicates whether the wake has a bi-stable behavior or not: the bi-stability is
characterized by two preferred asymmetric positions as in figure 14(a) whereas a stable
wake is associated with a probability distribution concentrated around 0. The results
shown in figure 26 must be interpreted for a constant value of C*, the gray levels then
correspond to the probability density function (PDF') of dc,/0y* for this value of C*.

e For C* < 0.07, the PDF is centered on 0 and the most probable event is clearly
0c,/0y* = 0. The wake is then stable in the symmetric state.

e For 0.07 < C* < 0.10, the PDF remains centered on 0 but the peak gradually
spreads: for C* = 0.10, the probability density function is almost constant in the range
0c,/0y* € [—0.10;0.10]. Thus, the wake is stable but it progressively loses its preference
toward the centered state.

e For C* > 0.10, the PDF presents two clear peaks centered around dc,/dy* = £0.17
and this preferred values are independent of the ground clearance at first order. The
wake is then bi-stable and the ground clearance has no effect on the preferred degree of
asymmetry.

As a result, the bi-stable behavior is strongly linked to the ground clearance: a critical
value C* = 0.10 is measured under which the bi-stability is suppressed. It may be as-
sociated with a change of topology related to a separation on the ground. Besides, the
preference of the flow toward asymmetric states is measured even far from the ground
which indicates that the ground effect is not necessary to have preferred asymmetric
positions.

Eventually, these results highlight the important impact of the under-body flow on the
existence of the bi-stability. In particular, if the support of the geometry limits the under-
body flow, it is very likely that the preference of the wake toward asymmetric positions
will not be observed.

4.2. On the structure of the coherent wake motions

The coherent wake dynamics detailed in section 3.2 are the superposition of three different
phenomena:
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e the bi-stability in the y direction associated with a random wake offset;
o the lateral shear layer interaction inducing a wake oscillation in the y direction;
e the top / bottom shear layer interaction inducing a wake oscillation in the z direction.

The bi-stable behavior has a long time evolution in front of the oscillating global modes:
an asymmetric state (#P or #N) persists in average for hundreds of global mode periods.
To be pertinent, the organization of the coherent structures at St; and Sty must then
be analyzed for a fixed asymmetric state that has been studied in section 3.2.1 through
conditional averaging. In the following, the case of the wake in the state #P is consid-
ered; a spatial organization of the coherent oscillations of the wake is proposed from the
asymmetric conditional statistics of the flow but also considering the visualizations of
the laminar wake in Grandemange et al. (2012q).

The oscillating global mode in the z direction is in phase opposition at the end of the

recirculation region but phase shift gradually evolves. Indeed, ¢(St) measured between
two signals of velocity in the plane y* = 0 downstream of the top and bottom mixing
layers is progressively measured at 0.957, 0.757 and 0.657 for * = 2.0, 2.5 and 3.0 re-
spectively. This phase shift evolution is associated with the difference in the convecting
velocity between the upper and lower parts of the wake because of the ground presence.
This point is clearly visible in the laminar experiments of Grandemange et al. (2012a)
(see figure 2b) when the wake is in the transient unsteady symmetric regime. A structure
of alternative vortex loops from the upper and lower part of the recirculation region is
probable but there is no reason for them to have similar intensities.
Besides, the confrontation of the Reynolds shear stresses from global and local statistics
in the top and bottom mixing layer (figures 8¢ and 13c¢) tends to indicate that the un-
steady global mode is only slightly affected by the bi-stability: at first sight, its structure
is independent of the asymmetric state #P or #N. A sketch interpreting the spatial
structure of this mode is then displayed in figure 27(a).

On the other hand, the wake oscillation in the y direction remains in phase opposition
in the wake but it is strongly affected by the selection of the asymmetric state. The
figures 13(a)—(b) show that the fluctuations of velocity are concentrated on one side of
the recirculation region. A structure of parallel loops is then expected, oriented toward
the y* > 0 regions (resp. y* < 0) when the wake is fixed in the asymmetric state #P (resp.
#N). However this point could not be clearly evidenced because of the high difficulty to
separate these structures from the z oscillations in the spatial domain. A sketch of this
mode is presented in figure 27(b).

The organization of the wake is then the combination of these two oscillating global
modes. It is impossible to present a global sketch as the associated frequencies are dif-
ferent. A certain continuity between the vortices shed from the top / bottom and side
faces is presumed but such a dynamics would necessarily be associated with vortex dislo-
cations. Moreover, these coherent dynamics are masked by the turbulence as the energy
associated with these modes is small. In the autopower spectra at A and B presented in
figure 18(a), the increase of energy associated with the peaks at St; and Sty are measured
respectively at 7% and 3% of the total energy. For comparison, in the turbulent wake
past a circular cylinder at similar Reynolds numbers, the contributions of the coherent
and incoherent velocity fluctuations to the Reynolds stresses are equivalent (Cantwell &
Coles 1983; Balachandar et al. 1997).
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FIGURE 27. Sketch of the structure of the oscillating global modes in the z direction (a) and in
the y direction (b) while the wake is fixed in the state #P.

Finally, these results can be confronted to the descriptions of the wake reported in
literature. First, the vertical wake oscillation is likely to be the one reported by Khalighi
et al. (2012) at St = 0.17 downstream of the recirculation region with a peak of energy
particularly clear when the probe is in the plane of symmetry. Second, the peaks of en-
ergy in the lateral and vertical forces observed in the numerical simulations of Bayraktar
et al. (2001) might be associated with similar dynamics even if the Strouhal numbers do
not correspond to the present results. On the contrary, the low frequency pumping mode
was not observed here and these results prove that the interpretation of interactions be-
tween the upper and the lower part of the toric recirculation structure is not relevant: a
toric topology of the wake is not consistent with the time-scale of a coherent motion at
St ~ 0.07.

4.3. On the drag sources

From these experiments, some issues on the drag sources can be addressed: the contri-
butions of the oscillating modes and of the bi-stability are considered in sections 4.3.1
and 4.3.2 respectively.

4.3.1. Impact of the oscillating global modes

In literature, the presence of global modes in wakes often impacts the drag significantly.

In the von-Kérméan wakes past cylinders, 35% to 55% of the Reynolds stresses are re-
lated to the vortex shedding activity (Cantwell & Coles 1983). Over such bi-dimensional
geometries, the mechanisms responsible for the closure of the recirculation region are
critical issues as the length of the mean recirculation bubble is directly linked to the base
pressure (Roshko 1993; Parezanovié¢ & Cadot 2012). Exploring the effects of a small con-
trol cylinder in the wake of a ”D”-shaped bi-dimensional geometry, Cadot et al. (2009)
and Parezanovi¢ & Cadot (2012) showed that for the undisturbed case, the maximum
amplitude of the mode is located in the mixing layers before the end of the recircula-
tion region whereas for optimal disturbed cases the energy of the mode is reduced and
reported downstream of the recirculation region. Thus, when efficiently disturbed, the
mode is less responsible for the closure of the recirculation region which leads to an in-
creased recirculation length and drag reductions.
The results presented in section 3.2.2 highlight coherent oscillations of the wake in both
the y and the z directions. However, the autopower spectra show that the energy asso-
ciated with these modes is small in comparison with the turbulent activity of the mix-
ing layers, especially around the separatrix of the recirculation bubble (see figures 19a
and 20a). Therefore, the contribution of these oscillating modes to the recirculation
physics is limited and not sufficient to affect the drag significantly.
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FIGURE 28. Contours of streamwise vorticity in the plane * = 2 for the state #P. Continuous
and dashed lines are respectively positive and negative values, contour intervals are 0.5, contour
0 is not plotted.

These observations tend to turn drag reduction strategies toward the control of the
growth rate of the turbulent mixing layers in the close wake (Greenblatt & Wygnanski
2000) rather than the control of the global mode activity.

4.3.2. Impact of the bi-stability

Because of the bi-stability, the instantaneous wake is off the reflectional plane of sym-
metry. An aerodynamic force is present in the y direction while the flow is in the state
#P or #N but counterbalance in average due to the equipresence of the two states.
Nevertheless, the mean drag corresponds to the drag of the asymmetric states which is
enhanced by this side force. Indeed, part of the drag is induced by the forces F, and
F, and is linked to the pair of vortices visible in the streamwise vorticity map presented
in figure 28. These phenomena of induced drag are well known in aeronautics but also
in the car industry. For example, the Ahmed geometry (Ahmed et al. 1984) with a 25°
slant angle is a high drag / high lift configuration that is also characterized by a pair of
intense counter-rotating vortices in the wake (Beaudoin et al. 2004). For comparison, the
normalized circulation of one vortex is estimated around +0.2 in the present asymmetric
case in the plane z* = 2.0 and at £0.8 in the plane £* = 1.7 in the 25° case from the data
of Lienhart & Becker (2003): the intensity of the pair of vortices is then much smaller
but remains significant. However, in the present case, the contribution of the asymmetry
in the y direction to the drag is difficult to estimate with a reasonable precision.

The influence of crossflow forces F,, and F, can be seen for the asymmetric states in
figure 11(c) but the streamlines in the average symmetric flow exclusively marks the lift
influence (see figure 2d). The effect of the unsteady side force is measured in the mean
symmetric flow through the Reynolds stresses since part of the fluctuations of veloc-
ity is related to the differences in the mean velocities of the states #P and #N. This
point is particularly clear comparing the global and conditional statistics in figures 7(b)
and 12(b): the maximum of <u;*2> is measured respectively inside and outside the recir-
culation region in the plane z* = 0.6. As a result, it can be stated that the mean force but
also its fluctuations must be considered to analyze the induced drag of three-dimensional
geometries.

5. Concluding remarks

The flow around the square-back Ahmed geometry is characterized at Reynolds num-
ber 9.2 10%. First, a boundary layer detachment occurs on the four faces of the forebody
due to a high adverse pressure gradient; then, a massive recirculation responsible for a
dominant part of the drag is reported on the base. The equilibrium of the wake in the
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z direction is affected by the presence of the ground but the low pressure region in the
wake, located around the time-averaged recirculation structures, preserves a toric shape.
However, it is crucial to be clear in the interpretation of the toric organization of the
recirculation region: it is a long time-averaged vision and it does not reflect the topology
of the flow because the wake has a bi-stable behavior. The recirculation region has two
preferred reflectional symmetry breaking positions that leads to the statistical symmetric
wake. The succession of these asymmetric states is random and behaves like a stationary
Markov chain. This leads to an unsteady side forcing which must be responsible for part
of the drag. Moreover, this bi-stability is independent of the Reynolds number in turbu-
lent regimes and the reflectional symmetry breaking is reported as a bifurcation of the
laminar wake at Re = 340 (Grandemange et al. 2012a).

In addition, the interactions of the opposed shear layers induce oscillations of the wake at
Strouhal numbers close to 0.17 when normalized by their respective gap. The presented
results tend to indicate that the modes are convected with the mean flow. However, these
modes are not particularly energetic and only represent a negligible part of the Reynolds
stresses around the recirculation region. Their impact on the base pressure is certainly
reduced which should be considered for future control strategies.

The bi-stable behavior may be an important characteristic of turbulent wakes. It has

been observed in the wake past different three-dimensional geometries but the circum-
stances of existence still need to be clarified. Besides, these results show the risks of
adjusting the experimental instrumentation of a geometry on its symmetries. On the
other hand, in the framework of numerical simulations, a limited physical time of cal-
culation may prevent the flow from reaching the asymmetric states and then lead to
unstable or transient wake solutions.
Another consequence of this bi-stability is that a perfect symmetry of the measurements
is very difficult to obtain, especially with limited measurement durations. Indeed, the
equipresence of the asymmetric states #P and #N is highly dependent on the quality of
the reflectional symmetry of the set-up. Further work on this geometry is performed to
analyze the sensitivity of the flow to local disturbance. Besides, these experiments will
provide quantitative information on the contribution of the asymmetry to the drag. The
results are to be presented in a second communication.
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C. = 0.308|Std(c,) = 0.004
Cy, = 0.004|Std(c,) = 0.015
C. = —0.056|Std(c.) = 0.006

TABLE 4. Mean and standard deviation of the aerodynamic forces on the large scale model.

Appendix A. Large scale experiments

Experiments are performed in the full scale aeroacoustic wind-tunnel of GIE S2A at

Montigny-Le-Bretonneux (Waudby-Smith et al. 2004). The test section is a 3/4 open jet
with a cross section of 24 m?. Four wheel spinners and a central rotating belt enable to
operate under rolling road conditions.
Like in the previous study, the geometry corresponds to the square-back Ahmed body
but at scale 4, i.e. sixteen times larger than the model presented in figure 1, to matches
the dimensions of a real vehicle. The main difference is that for practical reasons, the
cylindrical supports have been replaced by four wheels. The ground clearance is set at
190 mm. The inlet and the moving belt velocities are set at 33.3 m s~!. The Reynolds
number is then 2.5 10%. The forces are measured through the six-component balance.
Besides, pressure sensors are placed on the geometry and a flying hot-wire probe is used
to catch the dynamics of the wake.

The force measurements are presented in table 4. The drag is measured at 0.302 which
is larger than the previous result and than the one presented in Ahmed et al. (1984)
but remains close to the values given in literature. As measured in the small scale ex-
periments, the lift is small but negative and the force in the y direction is close to 0.
Nevertheless, a first indicator of a bi-stable behavior can be seen in the values of the
force fluctuations: the fluctuations of the force in the y direction are much larger than in
the x and z directions.
The bi-stability of the flow is confirmed by the pressure measurements presented in fig-
ure 29; the pressure on the forebody is constant whereas the pressure on the base presents
unsteadiness. The pressure coefficient at the taps #3 and #4 is measured mostly either
around —0.19 or around —0.27 and they evolve in phase opposition. This leads to a per-
manent pressure gradient in the y direction estimated at £0.18 which is very close to the
measurement presented in section 3.2.1. Changes in the sign of this gradient correspond
to long time evolutions (typically 20 s) and their dynamics seem random as described in
section 4.1.1.

Eventually, it is worth noticing the two following points. First, the unsteady global
modes presented in section 3.2.2 are highly difficult to catch with a flying hot-wire probe.
The contribution of the modes based on shear layer interaction to the fluctuations of
velocities may be reduced due to the increase of the Reynolds number. Second, even
at this high Reynolds number, viscous paint visualizations show that boundary layer
separations occur at the end of the rounding of the forebody at least on the top and
lateral face but their expansion in the streamwise direction is small: less than 50 mm,
i.e. 0.01L.
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FIGURE 29. Time evolution of the pressure on the large scale Ahmed geometry (a) and positions
of the corresponding pressure taps (b) in the plane z* = 0.67; dashed lines mark the topology
shifts.
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