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A three-dimensional blunt base bluff body in a uniform flow is subjected to long-time stochastic
dynamics of switching between two opposite wake states. This dynamic is investigated experimen-
tally within the Reynolds number range Re ~ 10* —10°. Long-time statistics coupled to a sensitivity
analysis to the body attitude (defined as the pitch angle of the body with respect to the incoming
flow) show that the wake switching rate decreases as Re increases. Equipping the body with passive
roughness elements (turbulators) modifies the boundary layers before separation, seen as the inlet
condition for the wake dynamic. Depending on their location and Re, the viscous sublayer length-
scale and the turbulent layer thickness can be modified independently. This sensitivity analysis to
the inlet condition shows that a decrease of the viscous sublayer length-scale at a given turbulent
layer thickness leads to a decrease in the switching rate, whereas the modification of the turbulent
layer thickness has almost no effect on the switching rate.

I. INTRODUCTION

There is a large variety of turbulent flows that un-
dergoes unpredictable and spectacular changes in their
large-scales motion, thus provoking huge consequences.
To name but a few; the large overturning in the ocean
[1], the magnetic field reversals [2], multistability in the
von Kérmén flow [3] or in the Taylor-Couette system [4],
the Rayleigh-Bénard convection without [5, 6] and with
rotation [7], the wake switching of three-dimensional bluff
bodies [8, 9] among others... These sudden changes hap-
pen randomly and rarely in that the waiting time before
a change can be several orders of magnitude above the
typical turbulent large-scale turnover time. It remains a
fundamental challenge to understand and predict what
triggers such large scale motion changes within a turbu-
lent background.

The present work focuses on the wake switching of
three-dimensional bluff bodies. It is associated with a
steady symmetry breaking that originates from a pitch-
fork bifurcation in the laminar regime at a Reynolds num-
ber of several hundred [10, 11]. The wake steady instabil-
ity persists through a random bistable dynamics between
the two asymmetric stable states until Reynolds numbers
of at least few millions [8]. Since the pioneering work of
[10], the wake bistability has been studied experimentally
and numerically (see for instance [12, 13] with references
therein).

In the turbulent regime, [8] reported a mean waiting
time for the wake switching to be roughly inversely pro-
portional to the free-stream velocity U, and obtained
7 = 1472H /U for a Reynolds number Re:% =9.2x10*
where H is the body height and v the air kinematic vis-
cosity. Later, [14] investigated two different Reynolds
numbers and found T = 1418H/U,, at Re=7.7x10° and
T = 1092H/U,, at Re=5.1x10°. Although both exper-
iments are not comparable because of their different
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ground clearance, they provide the similar order of mag-
nitude. Interestingly, [14] shows a reduction of the oc-
currence of the wake switching as the Reynolds numbers
is increased. Recent studies investigated the effect of the
free-stream turbulence intensity on the switching occur-
rence. [12] found the switching rate to increase propor-
tionally to the turbulence intensity ranging from 1% to
16% at Re=2.9x10°. Previously, [15] reported a slight
decrease of the switching rate at a lower Reynolds num-
ber Re= 8 x 10, but when the turbulence intensity was
only increased to 5.6% from 1.8%. In addition to their
Reynolds numbers, the different characteristic length-
scales of the incoming turbulence in these two works may
also contribute to their different conclusions.

One may wonder what is the effect of the turbulent
modelling choice on the switching rate simulation. The
first wake switching has been observed by [16] with an
LES and then reproduced in other simulations [17-19].
Particularly [19] pointed out the role of the front sepa-
rated bubbles to trigger the wake switching by shedding
large hairpin vortices. Although the IDDES simulation
of [17] do not capture the front separation bubble but
where incoming turbulence is introduced with a synthetic
eddy method [20], it reproduces a similar occurrence of
switching events as in the experiment. [18] build a low-
dimensional model based on their DNS of the flow. The
chaotic model produces random switches with character-
istic time scales in agreement with the simulation and
experiments and suggests that random switches are trig-
gered by the increase of the vortex shedding activity in
the wake. There is then no clear identification for the
cause of the wake switching. The aim of the present
work focuses on the switching rate: how does it evolve
with the Reynolds number and to which part of the flow
is it sensitive?

The strategy is two-fold: firstly, to investigate a
Reynolds number range of Re =~ 10* — 10° together with
a sensitivity analysis to body pitch attitude variations;
secondly, to manipulate the boundary layer upstream
the wake in order to obtain different conditions at the
trailing edge separation. The manipulation is realized by



the placement of passive roughness elements (sawtooth
stripes called turbulators) on different parts of the body.
It will be shown that (i) the switching rate decreases with
the Reynolds number, thus confirming the former result
of [14] and (if) the large velocity gradient in the viscous
sublayer thickness influences the switching rate.

The paper is organised as follows. The experimental
set-up and measurement techniques are described in §II.
In particular, §IIC gives the detail concerning the saw-
tooth turbulator which is used to modify the development
of the boundary layer along the body, as well as its ef-
fect on the front separation bubble. A definition of the
wake switching event is provided in §III. Results in §IV
present the effect of the Reynolds number and turbulator
on the wake switching occurrence in relationship to the
boundary layer at the trailing edge. Section §V discusses
the results and concludes the work offering a perspective
of future research.

II. EXPERIMENTAL SET-UP

The flat back Ahmed model (see figure 1) and the wind
tunnel are identical to the work of [21] in which the exper-
imental set-up is fully detailed. Briefly, the model has di-
mensions L = 560 mm, W = 180 mm and H = 200 mm. It
is supported by four cylinders of 15 mm diameter, leaving
a clearance C = 20 mm. The radius of the rounding of the
forebody is 70 mm. The rectangular base in figure 1(b)
is taller than wide, with the aspect ratio H/W = 1.11.
The front and rear axles are positioned with a precision
of 1 um, achieving the accurate control of the pitch angle
a, as defined in figure 1(a).
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FIG. 1. Experimental set-up: side (a), top (b) and back
(¢) views of the model. Base with pressure taps location (c)
marked as red and blue filled circles.

Experiments are carried out in a blowing wind tun-
nel having a test section 1.2 m-wide by 0.6 m-high
and 2.4 m-long. The free-stream turbulence intensity
is 1% and the blockage ratio is 4.9%. When the body
is not in the test section, the ground boundary layer
thickness based on 99% of the free-stream velocity is
dg9 = 9 mm at the location of the front of the body.
Experiments are conducted at five different velocities
Us = [5.7,7.0,10.5,15.6, 22.9] m/s, leading to Reynolds
numbers Re = UoH/v varying from Re = 7.7 x 10* to
Re = 3.1 x 10°. The body height H and free-stream ve-
locity U are chosen as scaling units, and any quantity
a* with an asterisk in the following represents the corre-
sponding non-dimensional value of a.

A. Pressure measurement

There are 20 pressure taps equally spaced at the
base (see in figure 1c¢). The pressure is measured with
a Scanivalve ZOC33/64PX pressure scanner placed in-
side the body. The sampling frequency is 1 kHz per
channel. The static pressure p. of the test section is
used to compute the instantaneous pressure coefficient
¢p = (P — Po)/qeo, Where g is the dynamic pressure.
The base pressure gradient, shown in previous research
[8] to be an appropriate instantaneous indicator for the
wake asymmetry is estimated as in [21] where the di-
mensionless pressure gradient in the vertical direction
g, = %[(cm +cpg) — (Cpe +Cpp)] is simply computed
using the four pressure taps denoted by A,B,C, D in fig-
ure 1(b). The base suction coefficient :

cp = —ﬁ‘//cpds (1)

is computed from the spatial average of the 20 pressure
taps at the base. The pressure signal is recorded during
the acquisition time tycq = [;chim with 7., = 1.6 X 10°
equivalent to 5600s at the lowest free-stream velocity and
to 1400s at the largest which appeared large enough to

achieve converged wake switching event statistics.

B. Velocity measurement

The velocity in the boundary layer developing along
the body is measured by means of hot-wire anemometers
(HWA) from DANTEC (hot-wire type: 55P15, support
type: 55H22). The probe is mounted on a 2D displace-
ment system consisting of two Standa Motorized Transla-
tion Stages (8MT195/8MT50) having a precision of 1 pm.
The wire is oriented to be essentially sensitive to the mod-
ulus of the streamwise velocity denoted by u. The dis-
tance from the body surface to the probe is defined as
Yn, as shown in figure 1b. For each location, two velocity
profiles along the normal direction of the body wall are
explored: the first one to go through the whole boundary



layer, with an acquisition time of 20 seconds and a dis-
placement step of 0.5 mm; the second one focuses on the
viscous sublayer, with an acquisition time of 40 seconds
and a displacement step of 0.1 mm. For both cases the
sampling frequency is 1 kHz. Finally, the mean U = u
and the fluctuations U’ = ((u — 3)2)% are extracted from
the data and plotted versus y,. The viscous sublayer
length scale is defined as [22] :

L\
ov = (dU/dymyh:o) ' @

The velocity profile slope in the denominator is com-
puted from the data point the closest to the wall (approx-
imately 100 um) and the extrapolated position of the wall
obtained at the lowest Reynolds number. The accuracy
of §,, that will be displayed by error bars is obtained from
the uncertainty on the exact wall position estimated to
be +10 pm.

C. Turbulator

A sawtooth turbulator manufactured from High Im-
pact Polystyrene sheets (see figure 2a) is used to modify
the development of the boundary layer along the body
to provide some different wake inflow conditions at the
base. Its length, width and thickness are respectively,
L; = 180 mm, W, = 10 mm and 1.0 mm. The sawtooth
geometry is given by 8 = 60° and b = 6 mm. As shown in
figure 2(b), three model configurations are chosen for the
turbulators placement : a lateral pair at the forebody
(Sp) with their trailing edge at x = —490 mm (equiva-
lently x% = 0 in figure 3d) or at the rear (Sg) at x = =10
mm and a top single turbulator at the forebody (Tr) at
x = —-490 mm.
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FIG. 2. Turbulator geometry (a) and model configurations
with turbulators (b) .

The forebody configurations are made to modify the
separation bubbles at the nose/body junction reported
experimentally by [8, 17, 19]. The bubble on the lateral
side is surveyed using the HWA as described above for
Re = 9.5 x 10* in figure 3(a,b) and Re = 2.1 X 10° in
figure 3(c,d). The bubble of the baseline (no turbula-
tors) represented with black symbols in figure 3 is clearly
identifiable at Re = 9.5 x 10* in figure 3(a) with a high

shear moving away from the wall due to the separation.
Increasing the Reynolds number to Re = 2.1x10° reduces
considerably the bubble size as can be seen in figure 3(c).
The turbulator placed in front of the separation has the
opposite effect (shown with red symbols) depending on
the Reynolds number; it reduces the bubble size at low
Reynolds number (figure 3a), decreasing by the way the
velocity fluctuation in the boundary layer (figure 3b). At
the larger Reynolds number, it increases the bubble size
by a factor close to 2 (figure 3¢) and increases the velocity
fluctuation in the boundary layer (figure 3d).

0.0254.

FIG. 3. Forebody bubble separation on the lateral wall at
Re = 9.5 x 10* (a,b) and Re = 2.1 x 10° (c,d). Mean (a,c)
and fluctuating (b, d) velocity profiles for the baseline (black
symbols) and turbulators placed in the Sg configuration (see
figure 2b).

III. SWITCHING EVENT DEFINITION

In this section, we define how a switching event is de-
tected from the base pressure gradient signal of which
a sample is shown in figure 4(a) for Us, = 15.6 m/s.
The gradient is first low pass filtered with a cut-off fre-
quency that depends on the free-stream velocity, faiter =
SiweUo/H with f. = 0.064. These cut-off frequen-
cies are shown with vertical arrows in figure 4(b), which
presents the power spectrum density of the pressure read
at the tap B (see Fig: 1b) for the 5 free-stream velocities.
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FIG. 4. Signal processing for switching events detection.
Time series (a) of the gradient g, (7), filtered gradient g?lter(t)
and state function S(#) computed from the threshold r (see
text). Power spectrum density (b), PSD of the pressure read
at the tap B (see Fig: 1¢). Vertical arrows in (b) indicates the
low pass cut-off frequency at fg == 0.064 for each Us. (c):
Switching rate N* and probability P vs. the pitch @ computed
from the pressure signals at Us = 15.6 m/s.

The filtered gradient g.f*°*(¢) is shown in figure 4(a)
with the red line.

The probability P* (resp. P~) of observing a positive
(resp. negative) gradient is simply obtained by summing
the positive (resp. negative) part of the probability den-
sity function of g,fi!*". As shown in figure 4(c), the ob-
served state is sensitive to the pitch attitude, and we
define as aq the pitch angle when P* = P~. These prob-
abilities will be referred to as wake state probability for
simplicity for the remainder of the paper.

To define a switching event we use a threshold r such
that |g,| < r implies that the wake is in a transient dy-
namics, and otherwise that the wake is in a state. A
switching event corresponds to a gradient of an initial
state that enters the transient dynamics and evolves to-
wards the opposite state, or in other word penetrates the
stripe of width 2r displayed with the two grey solid lines
in figure 4(a) and then exits the stripe on the opposite
side. This is achieved by the following algorithm :

-1 if ghilter(s) < —r

S(t) = 8(t—ot) if |ghilter(r)] < r
1 if g?lmr(t) >,

3)

where 0t is the acquisition sampling time. The resulting
state function S(#) is represented by the dashed blue line
in figure 4(a), and a switching event is detected by the
change of sign of the state function. The dimensionless
switching rate N* = N/1;, is calculated by counting the
number N of switching events during the dimensionless

acquisition time ¢, = 1.6 x 10°. Although the value of

acq

the threshold r is arbitrary, the switching rate that obvi-
ously decreases when r increases becomes quite insensi-
tive to the threshold when 0.1 < r < 0.2. Thus, we have
chosen the value r = 0.15 displayed in figure 4(a). The
indicative error bars showed for N* are obtained from the
extreme values r = 0.1 and r = 0.2 of the threshold.

IV. RESULTS

We perform various tests by changing the free-stream
velocity or by adding turbulators on the body. For each
test, wake switching events are counted as described
above and the corresponding flow is characterized by the
boundary layer properties prior base separation, seen as
the inflow condition for the wake dynamics. As such, the
velocity profile on a vertical side, at mid height and 1mm
upstream of the salient edge as depicted in figure 1(b) is
used to define this inflow condition.
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FIG. 5. Reynolds number effect on the boundary layer prior
to the base separation: Mean (a) and fluctuating (b) velocity
profiles vs. the normal wall coordinate y; at (x = —1mm, y =
-W/2-yp,z=0). The insets are zooms of the region close to
the wall highlighted by the gray area.

The plain body (no turbulators) is first considered.
The Reynolds number effect is clearly identified in the
mean U* and fluctuating U’* velocity profiles in figure 5
of the boundary layer at the base separation. They all
correspond to turbulent boundary layers whose dgg thick-
ness decreases with increasing Re up to a factor of ap-
proximately 2.5 between the lowest and largest Re in
figure 5(a). The simultaneous thinning of the viscous
sublayer with Re is measurable in the inset zoom of
figure 5(a). The mean velocity decrease is associated
with fluctuations that globally decreases with increasing
Re (figure 5b) as can be seen in the inset zoom of fig-
ure 5(b). The figure 6 shows how different inflow con-
ditions are correlated to the wake switching statistics.
The bistable dynamics observed during the wake tran-
sitions between a permanently positive to permanently
negative vertical gradient [21] is always observed in a
typical range of pitch of 0.6° as shown in figure 6(a) but



the pitch a¢ at which both wake orientations are equally
explored depends clearly on Re as shown by the inset
of figure 6(a). There is no observable trend with Re in
the curves shown in figure 6(a), but the switching rate
measured over the pitch range in figure 6(b) reveals a
clear Re hierarchy where the lower the switching rate the
higher the Reynolds number. The inset in figure 6(b)
shows this variation considering the switching rate N at
which both wake orientations are equally explored.
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FIG. 6. Statistical properties of the bistable wake dynamic as
a function of the Reynolds numbers: wake state probabilities
(a) vs. pitch attitudes and required pitch for equal wake state
probability (inset a). Switching rate N* (b) vs. pitch attitudes
and switching rate at equal wake state probability (inset b).

The question of why the switching rate decreases with
Reynolds number is now addressed with the Sg and Sg
turbulator configurations illustrated in figure 2(b). These
two configurations are tested for the Reynolds numbers
Re = 9.5 x 10* and Re = 2.1 x 10° in figure 7. The
idea is to study whether the switching rate is sensitive
with changes of incoming turbulent fluctuation or with
changes of the strong shear in the viscous sublayer. The
new inflow conditions are shown in figure 7 for the Sg
(blue color) and Sg (red color) configurations. The only
configuration that clearly modifies the switching rate is
observed for the low Reynolds number (Re = 9.5 x 10%)
in figure 8(a). It corresponds to the turbulators at the
rear (Sgr) for which 899, measurable in figure 7(a, b), is
identical to the baseline (no turbulator, same Re) but
with a significantly smaller viscous sublayer length scale
as shown by the insets. It has to be mentioned that a

configuration with turbulators on the four rear sides at
Re = 9.5 x 10* (not shown here) did not lead to any
further decrease of the switching rate than the Sr con-
figuration. For the 3 other cases (Sg in figure 8a and Sg,
Sr in figure 8b), albeit the drastic changes of 899 and
the fluctuations, there is surprisingly no change in the
switching rate. It is remarkable that for all of these 3
configurations the viscous sublayers are observed to re-
main the same as for the baseline.
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FIG. 7. Turbulators effect on the boundary layer prior to
the base separation in the Sy (blue symbols) and Sy (red
symbols) configurations (see figure 2) at Re = 9.5 x 10* (a, b)
and Re = 2.1 x 10° (¢,d). Mean (a,c) and fluctuating (b, d)
velocity profiles vs. the normal wall coordinate y; at (x =
—1lmm,y = -W/2 - y,,z = 0). The insets are zooms of the
region close to the wall highlighted by the gray area.

Measurements of the viscous sublayer length scale are
extracted using Eq.(2) from the mean velocity profiles at
mid-height of the lateral side trailing edge (those shown
in figures 5,7). This length scale is referred to as 65. Ve-
locity profiles at mid-width of the top side trailing edge,
U(x = —1mm,y = 0,z = H/2 + z;) have also been taken
but they are not shown to keep the conciseness of the
paper. The corresponding viscous sublayer thickness will
be denoted §T. It is observed that this top side boundary
layer remains unchanged when turbulators are placed on
the lateral side of the body in both configurations Sg and
Sr. We now consider a new case for the lowest Reynolds
number Re = 7.7 x 10* with one turbulator at the front
top side (configuration Tr in figure 2b). This turbulator



reduces the separated front bubble as described in §IIC
and figure 3(a). It also produces the same inflow change
as for the Sy configuration in figure 7(a, b) with a reduc-
tion of dgg and fluctuations, but at the top edge of the
base.
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FIG. 8. Switching rate N* vs. pitch attitudes for different tur-
bulator configurations Sg, Sg (see figure 2b) at two Reynolds
numbers: Re = 9.5 x 10%(a) and Re = 2.1 x 10°(b).

The viscous sublayer length scale §, and the boundary
layer thickness dgg of both the lateral and top side for the
baseline are plotted with open circles in figure 9(a, b). As
expected from the previous observations about the veloc-
ity profiles, both are decreasing with the Reynolds num-
ber. Compared to the top side thickness 63*, there seems
to be a saturation of the lateral side thickness 65" for the
largest Reynolds numbers at 3.1x10°. It is attributed to
a lateral vibration of the model caused by the elasticity
of the mounting system. A laser sensor head (LK-G402
from Keyence) has been used to measure the rms dis-
placement fluctuation of the wall of the lateral boundary
layer. It was found to increase as Us increases and to
reach 8 um for the experiment at Re = 3.1 x 10°, consis-
tent with the observed saturation. However, this effect
does not affect all results obtained at lower Re for the
lateral side boundary layer.

Figure 9(a) confirms the decrease of the sublayer
length scale in the Sg configuration (diamond symbols),
especially at Re = 9.5 x 10*, while there is almost no
change for all other turbulator configurations, including
the S and Ty shown as the black cross symbol and red
star symbol. It can be seen in figure 9(b) that front tur-
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FIG. 9. Viscous sublayer length scale 6 (a) as defined in
Eq.(2) and the boundary thickness 059 (b) vs. Re for the
lateral side, 65 (black symbols) measured at (x = —lmm, y =
-W/2,z = 0) and the top side, 63* (red symbols) measured
at (x = —1lmm,y = 0,z = H/2). Switching rate (c,d) at equal
states probability vs. the lateral side viscous sublayer length
scale (c) 65 and the lateral boundary thickness J59 (d). The
baseline measurements are shown as open circle symbols and
turbulator configurations Sy, Sy and Ty (see figure 2b) as
cross, diamond and star symbols respectively.

bulators are able to decrease or increase the thickness
dg9 depending on the Reynolds number, while the rear
turbulator has almost no effect. The plot in figure 9(c)
summarizes the main finding of this work which is the sat-
isfactory relationship between the switching rate at equal
wake state probability and the viscous sublayer length
scale at the lateral side wall for the baseline and all tur-
bulator configurations. In contrast, such a relationship
cannot be built between the switching rate N and the

boundary layer thickness 65, as shown in figure 9(d).

V. DISCUSSION AND CONCLUSION

The wake steady instability of the flat-back Ahmed
body, that has been widely reported in the literature,
manifests as a stochastic switching between two stable
states. The effect of the Reynolds number on the switch-
ing rate is investigated in a moderate range of about half
a decade. A significant decrease of the switching rate by
a factor of two is observed when the Reynolds number in-
creases from 7.7x10% to 3.1x105. The decreasing trends
of the switching rate confirmed the previous observation
of [14] with only 2 data points.

The present results point out the sensitivity of the oc-
currence of the wake switching events to the turbulent
boundary layer viscous sublayer prior to the base sepa-
ration. It is found that the thinner the viscous sublayer
at separation resulting from either the increase of the
Reynolds number or the turbulator placement, the lower
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FIG. 10. Base pressure drag measured at @ = g vs. Reynolds
number and turbulator configurations.

the switching rate. It could be anticipated that the wake
steady instability is strengthened by the viscous sublayer
length decrease. This instability results from the global
interaction of the vorticity contained in the free shear
layers through the Biot-Savart law [23], of which a thin-
ning implies a vorticity or velocity gradient amplification.
This amplification may reinforce the stability of the equi-
librium states, making the turbulent fluctuation less effi-
cient to trigger a transition from one state to the other.
This strengthening of the stability can be indicated by
the mean base suction Cp (Eq.1). As shown in figure 10,
a larger base suction Cj is observed when the switching
rate is reduced either by increasing the Reynolds number
of the baseline (dashed line) or placing turbulators in the
Sr configuration at Re = 9.5 X 10* (red diamond symbol
at Cp = 0.24). All other cases of turbulator configura-
tions for which the base suction remains similar to the
dashed line baseline, do not correspond to any change of
the switching rate.

The study also reveals, by means of turbulator place-
ments on the body, that the switching rate is not sensi-
tive to the turbulent fluctuation magnitude contained in
the modified boundary layer prior to the base separation.
This might be an indication that fluctuations should be
coherent over a given scale to trigger a wake switching

event, that is never achieved in the turbulent content of
the boundary layer for the presented experiment. This
was likely the case in the work of [19] using different tur-
bulent modelling who proposed that the front separation
bubble is a key element to trigger the switching event. In
the present case, the suppression or enhancement of the
separation bubble realized through the placement of the
turbulator has almost no impact on the switching rate.
Although our experiment clearly shows the effect of the
viscous sublayer length scale, the relationship between
the wake switching event and the turbulent fluctuation
within the boundary layer is still an open question.

As a perspective, the study should be extended over
a wider Reynolds number range towards the laminar
regime. At the threshold of the steady instability, the
switching rate is expected to tend to zero. Thus, to agree
with the present study, the switching rate should then go
through a maximum as the Reynolds number decreases.
A wide range of Reynolds number would imply experi-
mentally a change of the model scale and /or working flu-
ids. The incoming boundary layer on the ground should
also be adapted to the model scale. The later experi-
mental difficulty could be avoided considering the body
with no ground proximity and supports such as having a
uniform incoming flow as proposed in the experiment of

[24].
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