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Abstract A small control cylinder is placed in a tur-

bulent wake of a 2D bluff body in an effort to control

such global features as the drag and the vortex shedding

frequency. For certain positions of the control cylinder,

large increase of drag fluctuations are recorded. Ensem-

ble averages of PIV acquisitions and pressure measure-

ments at the base of the bluff body reveal a bi-stable

wake regime. Long duration hot-wire measurements are

used to characterize the states and the transition pro-

cess. The results show that a stochastic process is re-

sponsible for the transitions between the two stable

states.

Keywords Turbulent wake · Steady perturbation ·
Bi-stable flow · Kármán vortex street

1 Introduction

In some geometric configurations of bluff cylinders a

bi-stable wake flow can occur, where the flow switches

between two distinct observable (stable) states. This

situation creates large force fluctuations which are gen-

erally undesirable. Very often, its origin is related to

the intermittent re-attachment of a separated bound-

ary layer, where the two stable flows correspond either

to the detached or attached boundary layer configura-

tion. Commonly, bi-stability is observed in the case of
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tandem arrangement of bluff bodies of equivalent sizes

[1–5], but also using disturbances technique on a single

body. A span-wise strip control wire positioned on the

surface of a circular cylinder in the sub-critical regime

can lead to a bi-stable behavior of the wake [6,7]. In that

case the disturbed separated boundary layers is either

reattached or not on the base of the circular cylinder.

Bi-stable flows were also observed when a small con-

trol cylinder is placed in the bulk of the flow [8–11].

The interesting effect is that the re-attachment occur-

ring on the small control cylinder creates large force

fluctuations on the primary (and much larger) body.

This was first evidenced by [8] where large force fluc-

tuations on the primary square prism were observed

for some critical positions of the control circular cylin-

der in its wake. This behavior is characteristic to large

Reynolds number flows, since such bi-stability was not

observed in the laminar experiment of [12]. In [10], the

methodical mapping of the wake revealed some critical

locations for a ”D” shaped cylinder, where large base

pressure fluctuations were caused by the presence of the

small control cylinder. In the sensitivity maps of mean

drag and drag fluctuations, these positions correspond

to the end of the influence zone of the control cylinder

for drag reduction. The present article aims to explore

the flow dynamics when the control cylinder is located

in these critical regions. What are the two flow states?

How do they switch from one to the other? We will use

PIV measurements and long time acquisition of local

velocity by hot-wire to characterize their spatial and

statistical properties.
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2 Experimental setup, measurements and

post-processing

The test facility is an Eiffel type wind tunnel with less

than 0.3% of turbulence intensity, and velocity homo-

geneity of 0.4%. The test section has a square cross-

section of 400mm×400mm, with open sides. Its length,

from the inlet to the outlet, is 960mm. The primary

cylinder is a ”D” shaped bluff body (as depicted in fig-

ure 1); it has a semi-circular leading edge which con-

tinues into a rectangular aft section, for a combined

length of 2D = 50mm. The diameter of the semi-circle,

and thus the height of the main cylinder, is D = 25mm.

The span of the body is S = 600mm. The smaller con-

trol cylinder has a circular cross section and a diam-

eter of d = 1, 2, 3 or 4mm. It has a span of 800mm

and is sufficiently stretched on the support frame in

order to avoid any flow-induced vibrations. The frame

is connected to three Newport (M-)MTM long travel

consoles, which are controlled by the Newport Motion

Controller ESP301. Using the displacement consoles we

are able to move the control cylinder to cover the en-

tire area of the wake shown as the shaded rectangle

in figure 1. The control cylinder is displaced with the

accuracy better than 0.1mm. The Reynolds number of

the flow Re = 13000 is based on the height of the bluff

body D = 25mm and the wind tunnel inlet velocity of

U0 = 8m.s−1. For more details on the facility and the

mapping experiments we kindly refer the reader to our

previous works [10,11].

Pressure ports
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Fig. 1 Sketch of the bluff body and the small control cylinder
(D = 25mm, and d = 1, 2, 3 or 4mm). Shaded area depicts
the mapped portion of the wake.

The pressure is measured with 32 pressure taps dis-

tributed along the entire perimeter of the ”D” cylin-

der cross-section at mid-span (figure 1). The taps are

connected via plastic tubes of diameter φ = 3mm and

length of 1.5m to two Scanivalve DSA 3217/16px pres-

sure measurement arrays. The DSA acquires around

100 samples per second which are automatically aver-

aged, yielding an effective sampling rate of 1Hz. These

measurements allow us to recover the pressure distri-

bution p(s) with s being the curvilinear abscissa and

deduce the pressure coefficient Cp(s) distribution:

Cp(s) =
p(s)− pref
p(0)− pref

, (1)

where pref is measured at the inlet of the wind tunnel

test area and p(0), the pressure measured at the head

of the main cylinder. We denote by Cp as the mean,

and Cp(rms) as the rms fluctuations of Cp(s). The ac-

quisition rate of DSA devices and the tubing length act

as low-pass filters of the pressure on the body surface.

Thus, the measured pressure fluctuations can only be

used as an indicator of the real fluctuations since its

magnitude might be very different from the true fluc-

tuations. Similar to [13], we will use the base pressure

which is a sensitive quantity regarding the wake flow

modifications. It is computed from the spatial average

of the 5 pressure taps that are distributed on the blunt

base of the cylinder:

Cpb =
1

D

∫
base

Cp(s)ds. (2)

Particle Image Velocimetry is used to obtain the ve-

locity field in the wake. The PIV system comprises a

Litron LP4550, dual pulse 200mJ Nd:YAG laser, and

a Lavision Imager PRO camera with a resolution of

1600× 1400 pixels. The setup acquires images at a rate

of 11Hz, and Lavision DaVis 7 software has been used

to calculate the velocity fields. The vector calculation is

done using single-pass, dual-frame cross-correlation on

a constant window size. The interrogation window size

is 32×32 pixels. The final spatial resolution of the veloc-

ity fields is 0.02D. Each acquisition records 500 image

pairs, on which statistical analyses are performed.

Finally, to perform long time statistics, we use a single

hot-wire placed on the symmetry axis of the geome-

try at x = 1.7D, y = 0. It is oriented in such a way

to be sensitive to the modulus of velocity xy plane. For

each studied flow configuration, determined by the posi-

tion of the control cylinder ranging from yc/D = −0.48

to yc/D = −0.52 in steps of 0.004D, the velocity sig-

nal is acquired during 4 hours at a sampling rate of

2kHz. The hot-wire sensor and DISA 55 anemometer

are manufactured by DANTEC. Since the hot-wire can-

not discern between the stream-wise and cross-stream

velocity components, we will use the modulus of ve-

locity in xy plane for both PIV and hot-wire measure-

ments, denoted as uxy(t) for the instantaneous values,

and Uxy for mean values.
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3 Results

The sensitivity of the global properties of a turbulent

wake behind a ”D” shaped bluff body has been explored

in detail in [10,11]. When a small circular control cylin-

der is inserted in the wake, the interaction between the

free (separated) shear layers and the disturbance can

yield a significant change of the global vortex shedding

frequency and mean pressure drag. These changes are

the result of the modification of the shear layer’s thick-

ness (therefore entrainment capacity) due to the pres-

ence of the control cylinder. The shear layer can either

be thinned or re-laminarized if the control cylinder is

placed on the low velocity side (of the shear), or it can

be destabilized and more turbulent if the control cylin-

der is placed on the high velocity side, close enough

so that the wake of the control cylinder influences the

shear layer. In the previous publications, these effects

were mainly considered with respect to mean values of

drag and vortex shedding frequency as the global prop-

erties of the wake. However, the detailed mapping of

the wake sensitivity also showed that some locations of

the control cylinder cause a large increase in the fluc-

tuations of drag.

Figure 2 represents sensitivity maps of (left) mean base

pressure Cpb(xc, yc) and (right) base pressure fluctua-

tions Cpb(rms)(xc, yc) for different sizes of the control

cylinder. The base pressure is considerably increased,

up to Cpb = −0.27 in a region that roughly corresponds

to the mean location of the free shear layers. In [10,11],

the high base pressure is related to an increase of the

recirculation bubble which consequently shifts down-

stream the coherent fluctuations due to the shedding

frequency of the Kármán vortices (the global mode).

As a result, the body is surrounded by a quasi-steady

flow and the fluctuation levels are lowest, as shown in

the corresponding maps in the right column in figure 2.

However, around the edges of the low pressure fluc-

tuation region, we can observe small patches of very

large base pressure fluctuations. This is clearly visible as

black patches in the sensitivity maps for the 3mm and

2mm control cylinders. For the smaller control cylin-

der of 1mm these fluctuation crisis are absent. In that

case, the control cylinder is smaller than the size of the

shear layer thickness at separation, leading only to weak

base-flow modifications. The fluctuations are not very

pronounced for the 4mm control cylinder either. In this

case, the control cylinder is too big in comparison to

the local vorticity thickness of the shear layer, and the

flow is constrained to one side of the control cylinder.

This study will focus on the example of the 3mm con-

trol cylinder and the narrow regions of the fluctuations

crisis, which are well defined in this case. We choose
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Fig. 2 Sensitivity maps of (left) base pressure Cpb(xc, yc),
and (right) base pressure fluctuations Cpb(rms)(xc, yc), for
different sizes of the control cylinder. The dashed line in each
map depicts a mean recirculation bubble size and shape for
the natural flow.

a fixed stream-wise location at xc/D = 0.74, and test

different vertical positions for the control cylinder, in

the range −0.48 < yc/D < −0.52. In figure 2(right),

for the 3mm control cylinder, we can see that this in-

terval of vertical positions places the control cylinder in

the regions of low fluctuations, close the wake’s center

(yc/D → −0.48), natural levels of pressure fluctuations

(yc/D → −0.52), and very high fluctuation levels in the

middle, around yc/D = −0.5.

Figure 3(a–b) shows two instantaneous velocity fields

obtained from a PIV acquisition at 11Hz when the con-

trol cylinder is positioned at xc/D = 0.74, yc/D =

−0.50, which corresponds to the middle of the criti-

cal region. The two snapshots are drastically different

although the control cylinder is in the same position.

The velocity field in figure 3(a) shows a very small low

velocity region at the base of the bluff body and a well-

defined trace of vortex street further downstream. Fig-

ure 3(b) exhibits a huge region of slow fluid motion and

no observable vortex shedding. In this case shedding is

delayed to a downstream location approximately equal
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Fig. 3 Instantaneous PIV measurements of velocity uxy and
streamlines for the bi-stable flow, when the control cylinder is
placed at xc/D = 0.74, yc/D = −0.50. Instantaneous veloc-
ity fields represent a) small, and b) large recirculation bubble
states, corresponding to high and low wake speeds, respec-
tively. c) Time series of the modulus of velocity in the wake,
measured from the ensemble of PIV snapshots at x/D = 1.7,
y/D = 0 (marked with ”x”). Positions (High) and (Low)
correspond to snapshots shown in (a) and (b), respectively.
Black line denotes instantaneous data uxy and the red line
represents a simple moving average over a time window of
0.6s Uxy(SMA).

to around 4− 5 diameters of the main body. These two

instantaneous velocity fields are representative of the

two states of the bi-stable wake flow regime. In further

text, we will refer to the case of the small recirculation

region and high wake velocity (figure 3a) as the ”high”

state and the case of the large recirculation region and

low wake velocity as the ”low” state. Figure 3(c) shows

time series extracted from the PIV acquisition of mod-

ulus of velocity uxy(t) measured at (x = 1.7D, y = 0).

This location is a relevant indicator of the flow states.

The time series present temporal variation of about few

seconds, very large compared to that of the vortex shed-

ding period (1/f0 = 14.3ms). Most of the time, the lo-

cal velocity has two mean values of around 7m.s−1 and

2m.s−1. The simple moving average of velocity is used

to construct conditional averaging of the PIV snapshots

in order to visualize the mean velocity fields for the

two states. Figure 4 shows the average of the ensem-

ble of snapshots for (a) Uxy(SMA) > 4m.s−1 and (b)
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Fig. 4 Conditional averaging of PIV snapshots: a) high state,
b) low state, c) average of the entire ensemble.

Uxy(SMA) < 4m.s−1, while the average of the entire

ensemble is shown in (c) for comparison. These mean

flows are relevant to the two instantaneous flow states

observed in figure 3(a–b). The high state wake shows

that the free shear layer, closest to the control cylinder,

is undergoing a roll-up immediately behind the base of

the main body, as if completely ignoring the presence of

the control cylinder. Conversely, the main characteris-
tic of the low state is that the control cylinder is at the

limit between high velocity outer flow and low velocity

recirculation bubble, indicative of a re-attachment of

the free shear layer to the small control cylinder [11].

As shown in figure 3(c), the state switching appears to

occur on relatively long time scales. In order to explore

the dynamics of the switching, a long duration (4h),

high sampling rate (2kHz) acquisition is performed us-

ing a hot-wire sensor. The hot-wire is placed at x =

1.7D, yc = 0 (identical to the point data from PIV

shown in figure 3c), and the acquisitions are performed

for control cylinder placed horizontally at x = 0.74D

and vertically through a range of −0.48 < yc/D <

−0.52. This means that the whole vertical size of the

region of interest is only 0.04D or 1mm in length. It is

explored using 11 positions of the control cylinder, with

0.1mm as an in-between step.

The impact of the position of the control cylinder is

first estimated using the Probability Density Functions

(PDFs) of instantaneous velocity, shown in figure 5(a).
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Fig. 5 a) PDF of the stream-wise velocity uxy(t) measured
with a hot-wire placed at x = 1.7D, y = 0. Each curve cor-
responds to a vertical position of the control cylinder from
yc/D = −0.48 to yc/D = −0.52. b) Velocity spectra from
the hot-wire measurements for the two extreme positions and
the middle position of the control cylinder.

Each curve corresponds to one position of the control

cylinder yc/D. For values towards the wake center, the

velocity PDFs present a maximum around uxy = 2.5m.s−1,

while this maximum is around 7.5m.s−1 for control cylin-

der positions towards the wake limit. These PDFs clearly

evidence the asymmetry of the high and low states,

from their shape around the mode as well as from the
level of their tails.

Figure 5(b) presents three velocity power density spec-

tra obtained for three positions of the control cylin-

der. The spectra have common features: well defined

peaks associated to the vortex shedding at f ' 72Hz,

an inertial range starting for higher frequencies and a

plateau at very low frequencies. An exception is the po-

sition yc/D = −0.48, where the amplitude at the vortex

shedding frequency is significantly reduced. This corre-

sponds to the stream-wise displacement of the global

mode, ie. a large recirculation bubble. In the 0.1Hz-

50Hz frequency range, the three spectra slightly dif-

fer the one from the the other. The one obtained for

yc/D = −0.50 and corresponding to the highest Cp(rms)

value, develops a close to −2 slope over all this fre-

quency range. This behavior is still visible, even if weaker,

for yc/D = −0.52 for which the bi-stability is much less

important, but it vanishes for yc/D = −0.48.

A sample (500s) of the recorded hot-wire velocity sig-

nal for the control cylinder at yc/D = −0.5 is shown in
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Fig. 6 Time series of 500 seconds of the modulus of velocity
uxy from the hot-wire, with the two flow regimes visible; a)
raw signal, b) simple moving average applied to the velocity
signal, performed over 2000 samples and the associated bina-
rization (black line) of the velocity signal used for detection
of the flow state.

figure 6(a); the two states are clearly observable with

a much better temporal resolution. In order to isolate

each state, we have performed a moving average of the

signal over 2000 points corresponding to 1 s as shown on

figure 6(b). The average signal shows more clearly the

switches between the two states. This signal is binarized

by associating to high (resp. low) state portions of the

signal with velocity higher (resp. lower) than 5m.s−1.

Averages in the high and low state are then calculated

on this raw binary signal. The signal is then further bi-

narized by assuming that it actually switches from one

state to a new one if: (i) it crosses the 5m.s−1 threshold

and (ii) it crosses the average value of the new state.
This refinements allowed us to get rid of the excursions

as the one observed before t = 5100 s in figure 6(b).

We turn now to the statistical analysis of the switches

between the two states. For the purpose, we consider

the realization to observe either the high state or the

low state during the sampling time interval dt. The ob-

served states are directly given by figure 6(b) as a func-

tion of time after the velocity signal has been binarized.

The fraction of time spent in the high state T+
S /T , re-

spectively in the low state T−
S /T , is simply given by the

number of observations of high state N+, respectively

low state N− during the N realizations corresponding

to the total duration of the acquisitionN×dt = T = 4h.

Both fractions of time spent are displayed in figure 7(a),

as a function of the control cylinder position. The frac-

tions are equal near, but not exactly yc/D = −0.5,

which confirms the asymmetry observed earlier in the

instantaneous velocity PDFs (figure 5a).

By counting the number of transitions between both

states (indifferently from high to low or from low to



6 Parezanović et al.
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as a function of the control cylinder position.

high), we assess to the probability PT of the wake to

switch states during the time interval dt, i.e. during one

realization. This probability is plotted in figure 7(b),

and is at a maximum when the wake explores the two

states in equal proportion. We now consider the event of

observing k consecutive same states, where k is related

to the time spent TS = kdt in one state (indifferently

high or low). The experimental statistics of k are shown

in figure 8. We can model these statistics by assuming

that the realizations are independent. In that case, the

probability to observe k consecutive same states is asso-

ciated to k realizations having each a probability 1−PT

to not be a transition, and a last realization having a

probability PT to make a transition. This simple model

predicts a statistics for k:

P (k) = PT (1− PT )k, (3)

that satisfactorily superimposes on the experimental

data (there is no fit). Therefore, we can conclude that

the dynamics of flow re-attachment are fully associated

with a random process. For the position yc/D = −0.5

which corresponds to the highest probability to switch

states, the mean time spent is the shortest of all the po-

sitions of the control cylinder, and is < TS >= dt/PT ≈
10s. These long time dynamics occur on periods of two

to three orders of magnitude longer than the period for

vortex shedding of the D-shape cylinder.

4 Concluding remarks

The mapping of the wake of a bluff body has been pre-

sented for several different circular control cylinders.
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Fig. 8 PDF of having k consecutive realizations with no
transition (see text), the random variable Ts = kdt is the
time spent in a same state.

It is observed that control cylinders whose diameter is

large enough to cause mean flow modifications, can not

only lead to damping, but also to large fluctuations of

the aerodynamic forces acting on the main cylinder.

The damping effect originates from the displacement of

the vortex shedding process downstream of the main

cylinder, thus reducing the signature of the vortices

on the base pressure. This occurs whenever the con-

trol cylinder is placed on the low speed side of either of

the two shear layers, enabling the affected shear to at-

tach to the control cylinder. Through attachment, the

shear layer is re-laminarized and its roll-up and vortex

creation are delayed downstream.
The increased fluctuations however, are a consequence

of phenomena working on much longer time scales than

the vortex shedding. These fluctuations are caused by

intermittent attachment and detachment of the flow on

and from the control cylinder. The differences in recir-

culation bubble size between the attached and detached

flow states are very large, and so, the pressure at the

base fluctuates between two very different values, which

is observable in the base pressure fluctuations Cp(rms)

sensitivity maps.

At the focal point of these high rms regions, the flow

spends almost equal amounts of time in each of the two

possible states. It is also shown that flow is more sta-

ble when the control cylinder is placed at the location

which ensures flow attachment and a large recirculation

bubble. In this state there are very few excursions into

a high speed wake state, ie. a small bubble. There is no

observable pattern for choosing one state or the other,

and we can conclude that the process is stochastic and

invariant of its past history.
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