On multistabilities of real car’s wake
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Abstract

Two different cases of wake transitions are identified with two car models in real flow condition, a hatchback
vehicle (Renault Mégane) and a light van (Renault Kangoo). Their wakes are studied thanks to aerodynamic
forces and pressure distributions at the car’s base. For the hatchback car, a transition yawing angle of £8.6°
at which a bistable behavior occurs is identified. It originates from a massive intermittent reattachment
occurring simultaneously on the whole slanted rear window. The reattachment is suspected to be caused
by the increase in curvature of the separated shear layer as the yaw increases. For the van, reversals of
the base pressure distribution are observed for a smaller yawing angle of +£4° excluding unambiguously the
possibility of a reattachment because of the bluntness of the after-body. A bistable regime between the two
reversed states is studied at a yawing angle of 4°. It is supposed to be caused by a wake instability recently
evidenced for the simplified square back Ahmed body that leads to the presence of two distinct static modes
of the wake. It is shown that both modes can be permanently selected independently from the bistable
configuration.

Keywords: turbulent flow, wake flow, bluff body, cars aerodynamics, wake multistability, wake reversal,
bistability, static asymmetric modes, flow reattachment

1. Introduction

Despite the increasing security, comfort and per-
formance requirements of new cars, their fuel con-
sumption has to be kept low enough to satisfy al-
ways more stringent pollutants emission standards
and has even become a marketing argument. Re-
ducing it drastically has therefore become one of
the main short-term goals of the automotive indus-
try. One way to achieve this is to reduce the car’s
aerodynamic drag. For this reason, the turbulent
wake flow behind vehicles is of major interest as the
base of a vehicle can generate up to 30% of the total
drag and control strategies are currently applied to
detached flows.

From the academic point of view, cars are bluff
bodies developing a turbulent wake with Reynolds
numbers up to few millions. Multistability, if it
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exists, offers the possibility to the flow to be in dif-
ferent stable states for the exact same conditions.
Each stable state corresponds to a turbulent wake
having its own global properties about symmetries
and mean aerodynamic forces. Omne of the most
spectacular case of multistability occurs during the
drag crisis transitions of smooth bluff bodies [1]. In
the critical Reynolds number regime of a circular
cylinder (10° < Re < 5x10°), the laminar to turbu-
lent transition of the free boundary layers is accom-
panied by the occurrence of asymmetric wake flow
states [2, 3] producing a non-zero mean lift. They
are commonly called one-bubble and two-bubbles
transitions and correspond respectively to the reat-
tachment of the free shear turbulent layer on one
side and both sides of the cylinder. From global
force [4, 5] and local pressure [6] measurements, the
existence of bistable behaviors in this critical range
has been evidenced through hysteretic discontinu-
ities in the Strouhal - Reynolds numbers relation-
ship. Schewe [4] associates each discontinuity with
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a subcritical bifurcation during which the energy
of the force fluctuations is dominated by the con-
tribution of a wide low frequency domain [4, 5, 6].
Recently, the examination of pressure time series
measured on the cylinder [7, 8] revealed that reat-
tachments might switch from one side to the other
unpredictably in time during the drag crisis fluc-
tuations. Further analyses [9] confirmed that the
strong fluctuations were the consequence of the ran-
dom exploration of few identified asymmetric and
symmetric metastable states of the wake leading to
bi- and even to three-stability.

A fundamentally different case of multistability
has been recently evidenced in the context of cars
aerodynamics [10, 11] with the square back Ahmed
body at Reynolds numbers up to few millions. De-
pending on the base aspect ratio [12], the turbulent
wake exhibits a random bistable dynamics either
between a top and down or a left and right orien-
tation. The time spent in an orientated state de-
pends crucially on both the yawing and the pitch-
ing angles, and a lonely state can easily be perma-
nently selected by geometrical defects. Contrary
to the multisability associated with flow reattach-
ment identified as a subcritical bifurcation at large
Reynolds numbers, the wake orientation states are
identified as a static wake instability resulting from
a steady supercritical pitchfork bifurcation in the
laminar regime [10], which means that the orien-
tation states are observable in a very wide range
of Reynolds number, beginning at the bifurcation
point with a critical Reynolds number that can be
as low as few hundreds depending on the ground
clearance [10, 13] until at least few millions [11, 14].
Since this seeding work, other teams [15, 16] con-
firmed the existence of two asymmetric modes of
the turbulent wake for simplified car models with
blunt trailing edge geometry.

The question whether the asymmetric modes of
the turbulent wake are observable for real cars
has been addressed in [17] by studying unsteady
aerodynamics loading of four different car mod-
els. The left or right orientation of the wake
commonly observed for the square back Ahmed
body [10, 11, 13, 14, 15] has never been observed so
far but a random bistable dynamic between a top
and down orientation of the wake has been found
for the Renault Kangoo in [17] for a small yawing
angle of 4°. In sideslip conditions, the Ahmed body
with a slanted window of 35° also exhibits a bistable
dynamics as recently shown in [18] but for yawing
angles larger than 10°. This last finding indicates

that bistability phenomena are not only associated
with blunt after body geometry but could be ex-
tended to real cars having slanted rear windows.

The aim of this paper is to elucidate the ori-
gin of bistability depending on the afterbody shape
and whether it is induced by turbulent reattach-
ment phenomena or a global wake instability. We
will address this issue with two car series models
in real flow condition. The Renault Kangoo has
been chosen because its afterbody is comparable to
the square back Ahmed geometry and the Renault
Mégane that is comparable to the 35° slanted win-
dow Ahmed body [19].

The paper is organized as follows. Section 2 de-
scribes the scale 1 wind tunnel, the two car mod-
els and the measurements of both the aerodynamic
forces and pressure. Results are presented in five
parts in section 3. Section 3.1 characterizes the ref-
erences cases of both vehicles when they are aligned
with the incoming flow. The influence of the yaw-
ing angle is first studied in a wide range of sideslip
conditions in section 3.2, then the two following sec-
tions focus on the critical yawing angle of multista-
bility for the Renault Mégane in section 3.3 and
Renault Kangoo in section 3.4. The last part of
the results, section 3.5, is devoted to the selection
of the wake states of the Kangoo. Results are dis-
cussed in section 4 with the aim to shed light on two
possible mechanisms responsible for the observed
bistable behaviors and their consequences on the
wake and on the aerodynamic forces respectively in
sections 4.1 and 4.2. Section 5 concludes the work.

2. Experiments

2.1. Wind tunnel and models

The experiments are carried out in the full-
scale wind tunnel of the GIE-S2A in Montigny-le-
Bretonneux (France)!, fully described in Waudby-
Smith et al. [20]. In this wind-tunnel, the road ef-
fect is simulated by a 6 m-long and 1 m-wide rolling
belt located below the vehicle and the four vehicle’s
wheels are rotating. The plenum is 22.7 m long,
14.0 m wide and 10.4 m high and the test section
of 24 m? is a 3/4 open jet. The turbulence rate of
the facility is 0.4%. A schematic is shown in Fig. 1
where the green rectangle stands for the moving
belt.

1Souffleries Aéroacoustiques Automobiles: http://www.
soufflerie2a.com/en/
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Figure 1: Schematic view of the test section and definition
of yawing angle 8 and of the coordinate system (€z, €y, €2)
associated with the car.

Two different car models are tested: a Renault
Mégane III and a Renault Kangoo IT shown in
Fig. 2. While the first one is a hatchback vehi-
cle with a rounded rear geometry, the other one is
a light van with sharp edges and a vertical base.
The vehicle’s base dimensions are given in Tab. 1
together with the distances d front and dyeqr defined
in Fig. 2 between the top of the wheel arch and the
ground for each axis.

The yaw of the vehicle can be precisely ad-
justed owing to a rotating table whose precision
lies below 0.1°. The yawing angle S is defined
in Fig. 1 and g = 0.0° corresponds to the ve-
hicle aligned with the incoming flow. The range
B8 € [-10.0°;10.0°] is considered for the Renault
Mégane, € [—8.0°;8.0°] for the Renault Kangoo.
In each of these ranges, clear transitions in the wake
have been observed whose investigations bring the

(a)

Figure 2: Side view of cars and definition of d: (a) Renault
Mégane - (b) Renault Kangoo

Figure 3: Cars equipped with pressure taps in the GIE S2A
full-scale wind tunnel (a,b) and location of pressure taps
(¢,d): (a,c) Renault Mégane - (b,d) Renault Kangoo. The
top and bottom (resp. left and right) lines are used to com-
pute the vertical (resp. horizontal) base pressure gradient
as defined in Eq. (5)—(6). The green vertical lines y* = 0
for the Mégane and y* = —0.16 for the Kangoo are used for
space-time diagrams (Fig. 13 and Fig 19).

contribution of the paper. The freestream velocity
is set to Us, = 38.9 m.s™' (Us = 140 km.h™ 1)
for the Mégane and to Uy, = 33.3 m.s™! (Uy =
120 km.h_l) for the Kangoo. The corresponding
Reynolds numbers calculated with the heights of
the bases of the vehicles are Re%egane =2.5x 106
and Rega"goo = 3.14 x 10 respectively.

All non-dimensionalizations are performed using
the vehicle’s base height H, the freestream velocity



Table 1: Geometrical characteristics of the vehicles.

Parameter Mégane Kangoo [17]
Base height H (m) 1.000 1.480
Base width W (m) 1.810 1.650
Aspect ratio W* = W/H  1.810 1.115
Frontal surface S (m?)  2.210 2.840
dfront (M) 0.667 0.722
dyeqr (m) 0.671  0.687

of the incoming flow Uy, and the fluid’s density p
and are denoted by *. Therefore, the dimensionless
time is obtained by dividing by the convective time
scale H/Uy: t* = (Usot)/H.

2.2. Measurements of the aerodynamic forces and
pressure

The six-components aerodynamic balance of the
facility, provided by Schenck GmbH, records the
aerodynamic forces at a sampling frequency of 10
Hz during test campaigns. Its uncertainty lies be-
low 2 N for all forces [20]. The drag fg, the side
force fs and the lift f; are respectively the compo-
nents of the aerodynamic load in the coordinate sys-
tem (€, €y, €,) defined in Fig. 1 and used through-
out. The associated aerodynamic coefficients are
defined in Eq. (1), where S is the vehicle’s frontal
surface given in Tab. 1, Uy, the freestream velocity
and p the fluid’s density. According to the preci-
sion of the balance, the uncertainties on these coef-
ficients are of the order of 1073.
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Both vehicles are equipped with pressure taps
placed almost uniformly on the base at the locations
(y*, z*) shown in Fig. 3(c) and Fig. 3(d). 30 taps
are used for the Mégane and 16 for the Kangoo.
Measurements of the pressure p are made thanks
to a pressure scanner from Mescan (ZOC22 for the
Mégane, ZOC33 for the Kangoo). The sampling
frequency is set to 200 Hz for the Mégane and 2 — 3
Hz for the Kangoo and the precision is of the or-
der of £3.75 Pa. The results are not affected by the

difference in the sampling frequency as the phenom-
ena discussed in this paper are at least two order of
magnitude slower than the acquisition.

The coefficient of pressure ¢, is computed as:

¢ * ok gk :p(y*72*vt*)_poo 2
P(y ’ ’ ) %onzo ( )
where the freestream pressure p,, measured up-
stream is used as the reference. Pressure distribu-
tions Cp(y*, 2*) are used to display the mean pres-
sure distribution at the base using a cubic interpo-
lation.

A first global quantity of interest is the base suc-
tion coefficient Cj defined as:

N
1 * *
Cb:_ﬁgcp(%,zi) (3)

where NN is the number of pressure taps at the base
and (yF,zF) the dimensionless location of the i-th
tap. By definition, the base suction coefficient Cj
is positive and has to be minimized in order to re-
duce the drag generated at the base. According to
the accuracy of pressure measurement, the uncer-
tainties on ¢, and thus on Cj, are of the order of
2 x 1073,

Other quantities of interest are the vertical and
horizontal base pressure gradients. They are com-
puted from the pressure taps located at the contour
of the vehicle’s base as indicated in Fig. 3(c) and
Fig. 3(d) and spatially averaged as follows:
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where n,. stands for the number of rows and n,. the
number of columns. The bottom pressure coefficient
given in Eq. (4) is substracted from the top one and
then divided by the distance ¢, between the top and
the bottom rows to give a vertical base pressure

gradient denoted %, itself non-dimensionalized by
H:

Oc * ¢ top (t*) ~ Cppottom (t*)

S (1) = P )



Similarly, the horizontal base pressure gradient gz’i
is:
acp (t*) - Cpleft (t*)
oy* 1) (6)
) y
For each yawing angle considered, the aerody-
namic forces and the base pressure are recorded
for 2 to 6 minutes. From these data, time se-
ries a(t) of force coefficients or base pressure gra-
dients are analyzed with statistical tools such as
temporal mean A = @ and Probability Density
Functions PDF(a). Fluctuations of the quanti-
ties correspond to the standard deviation denoted

(a — A)2.

Cy ..
(t*) — H Pright
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3. Results

The results for the reference case for the vehicles
aligned with the flow are presented in section 3.1.
A parametric study of the yawing angle § is then
made for both cars in section 3.2. Two identified
characteristic angles are studied in sections 3.3 for
the Mégane and 3.4 for the Kangoo. Finally, sec-
tion 3.5 focuses on the selection of wake topology
behind the Renault Kangoo.

3.1. Reference case: Vehicles aligned with the in-
coming flow (8 =0.0°)

The mean base pressure distributions Cjp(y*, 2*)
for the Renault Mégane and the Renault Kangoo
when aligned with the flow are given respectively in
Fig. 4(a) and Fig. 4(b). The Mégane shows a very
uniform pressure distribution at the base almost
symmetric in the y-direction and with a very small
vertical gradient, while a significant positive verti-
cal pressure gradient exists for the Kangoo. The
probability density functions of the base pressure
gradients gz’,’i and gz’,’; defined in Eq. (5) and (6)
are plotted in Fig. 4(¢) and Fig. 4(d) for the Mégane
and the Kangoo respectively. They both display a
single peak that defines without ambiguity a single
mean flow state. Fluctuations around the mean are
larger for the Kangoo than for the Mégane.

The values of the mean aerodynamic coefficients
and base pressure gradients are given for the refer-
ence case in Tab. 2. The mean vertical base pres-
sure gradient on the Kangoo is positive and equal
to 0.152, which seems surprising according to the
significantly positive lift: a lower pressure would
indeed have been expected at the top of the base
rather than at its bottom. For the Mégane though,
the vertical base pressure gradient is almost zero.
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Figure 4: Mean base pressure distribution Cp(y*,2*) at 8 =
0.0°: (a) Renault Mégane - (b) Renault Kangoo. Probability

density functions of g% (in blue) and gz’,’; (in red): (c)

Renault Mégane - (d) Renault Kangoo

The behavior of global quantities (aerodynamic co-
efficients and base pressure gradients) with respect
to yaw is studied in section 3.2.

3.2. Influence of the yawing angle

The mean force coefficients SCy, SCs and SC;
; 9Cy »

and mean base pressure gradients T and -F are
given in Fig. 5 and in Fig. 6 as a function of the
yawing angle 8. The coeflicient associated with the
lateral force (SC;) shows a linear evolution with re-
spect to yaw for both cars. As concerns the Mégane,
a sudden increase of the lift coefficient SC; can be

observed for yawing angles larger in absolute value




Table 2: Mean values of global parameters in the reference
case with 8 = 0.0°

Parameter Renault Mégane Renault Kangoo
SCyq (m?)  0.744 0.986
SC, (m?)  —0.005 0.016
SC; (m?)  0.218 0.231
Cq 0.336 0.351
9% <1073 —0.005
oy* '
2 0.035 0.152

than |3| = 8.0°. Similarly, the drag increases faster
in these ranges. For the Kangoo, it is noticeable
that the drag coefficient SCy is almost constant in
spite of the increase of yaw. The lift coefficient
SC) shows a quicker increase for angles such that
|B] ~ 4.0°. Also, as expected due to the appar-
ent symmetry of cars, all coefficients but SC; are
roughly even functions of the yawing angle S8 for
both vehicles. However, some discrepancies are ob-
servable in Fig. 5 as for SC; at § = 2.0° for the
Mégane and for SC; that is not exactly equal to
zero for both cars when aligned with the incom-
ing flow at 5 = 0.0°. These symmetry defects are
not related to measurements uncertainties but to
the flow produced by the asymmetrical parts of the
vehicles such as the air intake duct or underbody
details.

In order to have a better understanding of the
origin of these variations, mean values of the base
pressure gradients are plotted as a function of the
yawing angle in Fig. 6. The horizontal base pressure
gradients do not show any significant dependence
on yaw and are much smaller than the correspond-
ing vertical base pressure gradients. An anomaly
showing high sensitivity to § exists for the verti-
cal base pressure gradients of both cars: for the
Renault Mégane, it changes from almost zero to a
negative value as the absolute value of yawing angle
reaches |5| = 8.0°; for the Kangoo, from a positive
value to almost zero as | 3| = 4.0°. This substantial
evolution is correlated with the lift increase (drag
as well for the Mégane) as the angles detected here
are the same than those found before (Fig. 5 and
Fig. 6).

The fluctuations are now studied in Fig. 7 and in
Fig. 8 respectively. For the Mégane, it is clear that
transitions around |3| = 8.0° are associated with
large fluctuations of the lift shown in Fig. 7(a) and
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Figure 5: Evolution of SCy (blue), SCs (black) and SC;
(red) as a function of the yawing angle 8: (a) Renault
Mégane - (b) Renault Kangoo

of the vertical base pressure gradient in Fig. 8(a).
Similarly, the sudden decrease in vertical base pres-
sure gradient of the Kangoo at || = 4.0° is asso-
ciated with a large increase in fluctuations of both
the lift (Fig. 7b) and the vertical base pressure gra-
dient (Fig. 8b). The angles corresponding to the
maximum fluctuations of the lift will define critical
angles: f = +8.6° and 8 = +4.0° for the Mégane
and the Kangoo respectively. The transitions of the
wake discussed below occur for negative and posi-
tive values of the yawing angle for both cars. Nev-
ertheless, wake bi-stability studied in section 3.4
for the Renault Kangoo only occurs at the positive
value 8 = 4.0° [17] without further impacts on the
transition.

The wake properties around the critical angles
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can be identified on account of the mean base
pressure distributions Cp(y*, 2*) for both vehicles
(Fig. 9 and Fig. 10). The large low-pressure area
that appears on the whole rear window of the
Mégane at 8 = —10.0° is caused by a massive
boundary layer reattachment whose dynamics is
characterized in details in section 3.3. It is inter-
esting to notice that, in spite of the increase of the
yawing angle, the left-right symmetry of the base
pressure distribution is almost preserved.

For the Kangoo, the area of high pressure disap-
pears at the critical angle and the base pressure dis-
tribution becomes more uniform leading the vertical
base pressure gradient down to almost zero. Unlike
the Mégane, this change cannot be related to mas-
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Figure 7: Evolution of SC/, (blue), SC{ (black) and SC
(red) as a function of the yawing angle B8: (a) Renault
Mégane - (b) Renault Kangoo

sive flow reattachment because the blunt after-body
geometry does not allow it for such a small yawing
angle. It corresponds more likely to a wake reversal
due to a wake instability as clarified in section 3.4.

3.3. Wake multistability for the Renault Mégane

Time series of the lift coefficient of the Mégane
are plotted in Fig. 11. Three distinct yawing angles
around the critical value are considered: g = —8.0°,
B = —10.0° and the critical angle 8 = —8.6°. As
B = —8.6°, the lift seems to have bounded and
random fluctuations. The lower limit is close to the
mean value for § = —8.0° and the upper to that for
8 =—10.0°.
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(red) as a

The existence of two preferred values of the lift
is confirmed by the two peaks of the probability
density function shown in Fig. 12. These two peaks
are indistinguishable for the drag because of the
large turbulent fluctuations.

The temporal evolution of the base pressure dis-
tribution is a good indicator of the wake dynamics.
The space-time diagram in Fig. 13 shows the pres-
sure coefficient along the vertical line y* = 0. A
low-pressure area intermittently appears and disap-
pears on the vehicle’s rear window. The character-
istic time of this process is about 1, 000 times longer
than the convective time H/Us,. No periodicity is
associated with this phenomenon as indicated by
the absence of peaks in the spectral power density of
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Figure 9: Mean base pressure distribution Cp(y*, 2*) for the
Renault Mégane: (a) 8 = 0.0° - (b) 8 = —2.0° - (¢) B =
—4.0° - (d) B = —6.0° - (e) B8 = —8.0° - (f) B = —10.0°.

The horizontal arrow stands for the lateral component of the

velocity Us sin(8) (not to scale).

(a) =0.0° =2.0°
I—O 08
=—0.10
-—0.12
Cy,=0.121 Cy,=0.121 - -_0.14
(¢) B=40° = 6. 00 —0.16
-0.18
-0.20

C, =0.130 Cy,=0.138

Figure 10: Mean base pressure distribution Cj(y*,2*) for

the Renault Kangoo: (a) 8 = 0.0° - (b) 8 = 2.0° - (¢)
B =4.0° - (d) B = 6.0°. The horizontal arrow stands for the

lateral component of the velocity Uso sin(3) (not to scale).

the vertical base pressure gradient given in Fig. 14.
Compared to the sub-critical case f = —8.0° and
to the super-critical case § = —10.0°, a large range
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of low frequencies is impacted which corresponds to
random events.
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Figure 13: Space-time diagram of ¢p(y* = 0,2*,t*) along
the line y* = 0 shown in Fig. 3(c) for Renault Mégane at
B=—86°
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Figure 14: Spectra of g% for the Renault Mégane: (green)
Sub-critical case 8 = —8.0° - (blue) Critical case 8 = —8.6°
- (red) Super-critical case 8 = —10.0°

base pressure gradient at the critical angle is pre-
sented in Fig. 15. As for the lift coefficient in
Fig. 12, two preferred values of the gradient are
identified by the presence of two peaks. The nat-
ural separation between the two associated states
is shown in this plot: values of ZZ‘; above —0.1
belong to state D while values below to state A.
As discussed later in section 4.1, A stands for at-
tached and D for detached shear layer. Condi-
tional averaging is performed using this criterion
to obtain the corresponding base pressure distribu-
tions in Fig. 16(a) and Fig. 16(b). For compari-
son, base pressure distributions for sub- and super-
critical yawing angles are also given in Fig. 16(c)
and Fig. 16(d). State D appears to be closer to
the sub-critical configuration while state A is much
more similar to the super-critical topology. The
multistable state is consequently a transition be-
tween these limits.

Only negative values of the yawing angle are dis-
cussed in this section. Nevertheless, due to the gen-
eral symmetry of the car with respect to the z-axis,
similar results are obtained for positive yawing an-
gles as the force coefficients and mean base pres-
sure gradient follow a roughly even behavior with
respect to the yaw (Fig. 5a, 6a, 7a and 8a).

To summarize, a bistable behavior is observed
for the Mégane during the transition between the
flow being massively detached from the base (sub-
critical configuration D for || < 8.0°) and the
global reattachment on the rear window (super-
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Figure 15: Probability density function of gip (Renault

Mégane, 8 = —8.6°) and definition of state A and state D.

critical configuration A for |3| > 10.0°).

3.4. Wake multistability for the Renault Kangoo

We now focus on the transition occurring at
8 = 4.0° for the Kangoo. Time series of the lift
coefficient are plotted for g = 2.0°, 8 = 4.0° and

B = 6.0° in Fig. 17. The lift fluctuates following
a random process in the case § = 4.0° bounded
by the values at § = 2.0° and 5 = 6.0°. The bi-

modal probability density function given in Fig. 18
indicates two preferred values of the lift as already
shown by Cadot et al. [17].

A space-time diagram of the pressure distribu-
tion along the vertical line y* = —0.16 is plotted
in Fig. 19. We can observe that the location of the
lowest pressure switches randomly from the bot-
tom to the top of the base thus changing the sign
of the vertical gradient. This corresponds to wake
reversals. The characteristic time of these reversals
corresponds to a long-time dynamics of about 250
convective times. As for the Mégane, these fluctu-
ations correspond to a random low-frequency phe-
nomenon as can be seen in Fig. 20. It is character-
ized by a huge increase of energy at low frequencies
compared to the non-fluctuating cases.

The bimodal probability density function of gzi’
associated with 8 = 4.0° is given in Fig. 21. The
two preferred states are defined as follows: values of
g;i above 0.04 belong to state T and values below
to state B. The wake is consequently oriented either
towards the top of the base either towards its bot-
tom. The first case is referred as state T, the second
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Figure 16: Mean base pressure distribution Cj(y, z) for the
Renault Mégane under different configurations: (a) State D
of the multistable configuration (8 = —8.6°) - (b) State A of
the multistable configuration (8 = —8.6°) - (¢) In the sub-
critical range (8 = —8.0°) - (d) In the super-critical range

(8 = —10.0°)

as state B. The mean base pressure distributions
Cp(y*, 2z*) corresponding to each state obtained by
conditional averaging are given in Fig. 22.

In short, a bistable behavior is observed for the
Kangoo at f = 4.0°. It does not correspond to
flow reattachment but to top-bottom wake rever-
sals. Selection of the associated pressure distribu-
tions is performed in section 3.5.

3.5. Wake selection behind the Renault Kangoo

Blocking the air-intake as shown in Fig. 23 or
changing the pitching angle of the car leads to wake
selection.
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Figure 17: Time series of lift coefficient S¢; for the Renault
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Figure 19: Space-time diagram of c,(y* = —0.16,2*,t*)

along the line y* = —0.16 shown in Fig. 3(d) for the Re-
nault Kangoo at 8 = +4.0°

From the bistable case at f = 4.0°, adding 35
mm to dyeqr Selects the state T with the positive
base pressure gradient. The obtained base pressure
distribution in Fig. 24(a) is quasi-identical to state
T in Fig. 22(a) observed during bistability. The
single peak of the probability density function in
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Figure 20: Spectra of gi‘*’ for the Renault Kangoo: (green)

B =2.0° - (blue) Multistable case 8 = 4.0° - (red) § = 6.0°
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Figure 21: Probability density function of gci for the Re-

nault Kangoo (8 = +4.0°) and definition of state T and
state B

Fig. 24(b) ensures that the state with the positive
base pressure gradient is mostly present.

The state B of the bistable regime shown in
Fig. 22(b) can be selected by blocking the air-intake.
The base pressure distribution in Fig. 24(c) also has
a negative vertical base pressure gradient and the
single peak in Fig. 24(d) ensures that this state is
stable.

Mode selection can also be performed when the
Kangoo is aligned with the flow (i.e. S = 0.0°),
in a case where bistability is not present. The nat-
ural case exhibits a positive vertical base pressure
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Figure 22: Conditionally averaged base pressure distribution
Cp(y*, z*) for the Renault Kangoo (8 = +4.0°): (a) State
T - (b) State B

Figure 23: Renault Kangoo: (a) Open air-intake - (b) Closed
air-intake

gradient. The base pressure distribution and the
single-peak probability density function are given
in Fig. 24(e — f). Blocking the air-intake leads
to a negative vertical pressure gradient indicating
wake reversal from top to bottom as depicted in
Fig. 24(g — h).
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4. Discussion

Two different causes of wake multistability have
been identified in sections 3.3 for the Renault
Mégane and 3.4 for the Renault Kangoo. They
have been associated with two different physical
phenomenon as detailed in these sections. The dis-
cussion first focuses on the differences between flow
reattachment and wake instability in section 4.1
and section 4.2 details the consequences on the
aerodynamic forces.

4.1. Turbulent flow reattachment versus wake in-
stability

As regards the Mégane, the wake bistability ob-
served for f = —8.6° in section 3.3 corresponds to
flow reattachment. The left-right symmetry of the
base pressure distribution is conserved even at high
yawing angles which, added to the fact that reat-
tachment occurs on the whole rear window as shown
in Fig. 9(f), suggests that an explanation can be
found at the car’s scale. The base suction coefficient
C} increases continuously with the yawing angle in
the detached configuration shown in Fig. 9(a — e)
which corresponds to a pressure decrease at the
car’s base. Based on the classical potential ap-
proach of inviscid detached flows [21], lower base
pressure indicates larger curvature of the recircula-
tion zone of the car. Since the separation point is
fixed by the spoiler, a larger curvature of the di-
viding streamline (emanating from the separation
point) of the mean flow implies that the shear layer
is in average closer to the slanted rear window. Be-
sides, curvature increase with growing yawing angle
is also consistent with the pressure drop on the ve-
hicle’s roof attested by the increase of the lift force
highlighted in Fig. 5(a) together with the decrease

of the vertical base pressure gradient gff shown in
Fig. 6(a). The critical angle corresponds to the sit-
uation when the shear layer is close enough from
the vehicle to trigger reattachment similarly to the
drag crisis in simple geometries [1]. Furthermore,
as the pressure is almost uniform on the rear win-
dow in the subcritical regime, the flow reattaches
simultaneously over the whole width of the vehicle.
This mechanism should explain the wake multista-
bility observed for an Ahmed body with a 35°-slant
angle by Meile et al. [18]. Their critical angle of
[ = 12.5° is, as the one of the Mégane, much larger
than the critical value associated with wake multi-
stability caused by static asymmetric modes as in
the case of the Kangoo. Moreover, both the lift and
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the drag around the critical angle have very simi- existence of two solutions for the wake that exist
lar behaviors to those highlighted in the present after a bifurcation in the laminar regime [13]. The
work. From the flow visualizations provided, flow random switch from one to another, called bistabil-
reattachment also occurs on the whole width of the ity and generally observed at small yawing angles,
body. The detached and attached flow configura- might not be activated under certain conditions due
tions have already been identified by Hucho [22] to a lack of turbulent energy. Nevertheless, static
and called respectively the fastback and the square- asymmetric modes are not suppressed in this case.
back flow regimes but, to our knowledge, this kind The difference between vertical base pressure gra-
of wake bistability on real vehicles has never been dients of state T and state B, either during bista-
reported so far. bility or when the modes are permanently selected,
is almost equal to 0.2, which is very close to what

As regards the Kangoo, flow reattachment can- is obtained in the case of the top-bottom bistabil-

not happen because of the geometry of the rear part ity on the Ahmed body with a base aspect ratio of
of the van. This argument is sufficient to reject H/W =0.74 [12].

wake bistability caused by turbulent reattachment
as for the Mégane. A reasonable explanation is the

. . 4.2. Impact on aerodynamic forces
presence of static asymmetric modes due to a wake

instability [10]. A wake reversal is observed in sec- In both cases, the lift is impacted by the modifi-
tion 3.4 and characterized by an inversion of the cation of the base pressure distribution and bistabil-
vertical base pressure gradient from one flow con- ity generates lift fluctuations between two limit val-
figuration to another. The associated base pressure ues corresponding to stable configurations at close
distributions in Fig. 22 let clearly appear that the yvawing angles. The lift increase observed for the
low pressure area moves from the top to the bot- Mégane is expected because of the formation of a
tom of the base. The two states identified during large depression attached to the rear window. With
the bistability using conditional averaging in Fig. 22 respect to the detached state, the lift coefficient in-
can be retrieved at any yawing angle as for instance creases from ¢; = 0.186 to ¢; = 0.229, that is 23.1%.
at 8 =4.0° in Fig. 24(a —b—c—d) or at 8 =0.0° However, a paradoxical situation is identified on the

in Fig. 24(e — f — g — h). This accounts for the Kangoo. In spite of the positive sign of the base
13



pressure gradient when state T is selected (which
consequently means that the pressure at the bottom
of the base is lower than the one at its top), the lift
is positive for both wake configurations. It is clar-
ified if the pressure distribution at the base is not
seen as the result of the global pressure distribution
around the body due to the attached flow but as a
consequence of the selected static mode of the wake.
Generally speaking, if this apparent paradox is de-
tected for a car, it might then indicate the presence
of static asymmetric modes of the wake. In this
case, the lift coefficient changes from ¢; = 0.113 in
state T to ¢; = 0.144 in state B, that is 27.4%.
The drag coefficients show two different behav-
iors for both cars. For the Mégane, the large de-
pression created by the flow reattachment leads to
a drag increase. The associated coefficient grows
from ¢4 = 0.362 in the detached configuration to
cq = 0.380 when reattachment occurs, i.e. 5%. For
the Kangoo, the drag was already characterized as
independent of the yawing angle. It is not affected
by bistability either as the drag coefficient do not
fluctuate a lot around its mean value ¢4 = 0.352.

5. Conclusions and perspectives for future
works

The wake flows behind two vehicles whose
Reynolds numbers are of the order of 10° and with
quite different geometries have been characterized.
Aerodynamic forces and base pressure were mea-
sured and analyzed. The lift and the vertical base
pressure gradient were successfully used to detect
wake multistability, in particular thanks to brutal
changes or sudden increases in their fluctuations.
Probability density functions, used to identify pre-
ferred solutions for the flow around the vehicles,
also allow to obtain conditionally averaged pressure
distributions to better characterize each configura-
tion.

Two distinct causes of wake multistability are
identified in this work. On the one hand, increas-
ing the yawing angle 8 would eventually lead to the
formation of a strong depression attached to a ve-
hicle whose pressure distribution is almost uniform
in the absence of yaw as the Renault Mégane. A
critical angle at which the wake fluctuates between
the detached and the attached configuration result-
ing in fluctuations of both the lift and the drag is
identified at § = —8.6° which corresponds to a lat-
eral wind of about 20 km.h™" while driving at 130
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km.h™' and is therefore very likely to happen in
real driving conditions.

On the other hand, another kind of wake bista-
bility is also identified for a vehicle whose pressure
distribution was characterized by a vertical pressure
gradient in the aligned configuration. The Kangoo
is found to have a bistable wake at § = 4.0° which
corresponds to a lateral wind of about 9 km.h™!
while driving at 130 km.h™!. Wake bistability has
a big impact on the lift but the drag is surprisingly
yaw independent. Interestingly, the selection of one
static asymmetric mode is possible independently
of the yawing angle which proves that such modes
govern the wake.

This paper highlights the importance of de-
sign optimization when massive flow reattachment
might occur. In particular, the influence of lateral
wind has to be taken into account as it is almost
always present in real driving conditions and has
large consequences on both the drag of the car, thus
reducing its fuel efficiency, but also on the lift ergo
modifying its stability. The 5% drag increase in
such case is large with respect to the targeted ben-
efits of optimization. As regards bistability created
by static asymmetric mode, the two mirror configu-
ration suggest that a symmetric and highly unstable
mode might be selected. This opens a wide range
for passive as well as active control. A 9% drag re-
duction was recently achieved by forcing the wake
to remain in this unstable state [23].
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