PERGAMON

International Journal of Heat and Mass Transfer 44 (2001) 3709-3719

International Journal of

l'IEAT and MASS
TRANSFER

www.elsevier.com/locate/ijhmt

Near wake of a circular cylinder submitted to blowing — 11
Impact on the dynamics

L. Mathelin, F. Bataille, A. Lallemand *

& Institut National des Sciences Appliquées de Lyon, Centre de Thermique de Lyon, UMR 5008, Bat. S. Carnot,
20 Avenue Albert Einstein, 69621 Villeurbanne Cedex, France

Received 20 July 2000; received in revised form 23 November 2000

Abstract

The near wake of a porous circular cylinder in cross-flow submitted to blowing through its whole surface is ex-
perimentally studied. The blowing impact on the Strouhal number exhibits a linear decrease of the vortex shedding
frequency with the blowing ratio. A simple model representing this decrease as a function of the injection rate is de-
veloped, based on the wake static pressure profile evolution. The main flow temperature influence is also investigated in
case of non-isothermal blowing and is shown to have no effect on the Strouhal number evolution. Finally, the inter-
action between the blowing and the shear layer is investigated through a spectral analysis of the velocity signal. A
modification of the shear layer power spectrum is observed when injection occurs. The dynamics are slowed down and
characteristic patterns, denoted sub-peaks, appear while the relationship between the von Kdarmén and the shear layer
frequencies without blowing remains valid. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Bluff body flow is a widely studied problem since the
pioneer works of Strouhal in 1878 [1] who observed
vortex shedding from a cylinder. In spite of its apparent
simplicity, the circular cylinder in cross-flow features
most of the phenomena that can be found in bluff bodies
wakes, including vortex shedding, boundary layer sep-
aration, shear layers and recirculating flows. Von
Karmdn [2] focused on the vortex street that forms
downstream of the cylinder. He found that it was a
particularly stable phenomenon and derived a criterion
for its existence based on point vortices subjected to
small local periodic perturbations analysis. Since then,
many investigators have shed light on intrinsic charac-
teristics such as the Strouhal-Reynolds number re-
lationship, base pressure coefficient, shear layer
dynamics, end effects, etc. See [3] for a comprehensive
review of all these results. More recently, several authors
focused on the onset of three-dimensionality in the near
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wake at low Reynolds numbers. In the last ten years,
different three-dimensional aspects have been experi-
mentally addressed, giving a new impulse to the research
on bluff bodies. Some three-dimensional instabilities,
denoted mode A and mode B, have been identified to be
an intrinsic feature of the wake of a circular cylinder at
low Reynolds numbers [4-9]. The vortex dislocations
and oblique shedding were discovered [10-12] and the
role of end effects was clarified [6,13-16]. Williamson
[17], as well as Roshko [18], provide the reader with a
rich review of these recently discovered three-dimen-
sional phenomena.

In addition to the von Kdrméan vortex shedding,
Bloor [19] found a secondary instability taking place in
the separated shear layer. Its relationship with the
Reynolds number has received interest from several
authors [20-24] but a relatively large discrepancy still
exists on the results. Very few studies are concerned with
the shear layer modification due to injection.

Besides the experimental studies, powerful compu-
tation resources now allow accurate numerical simula-
tions of the two-dimensional and three-dimensional
flows around a cylinder to appear. Most of the phe-
nomena cited above have been found through numerical
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Nomenclature

dx elementary streamwise length

dy elementary transverse length

D cylinder outer diameter

f frequency

F  blowing rate ((pin Unnj)/(ps Ux))

F force vector

K constant

l pressure flat bandwidth

m mass

n exponent value in the fs /fx relationship

P static pressure

Re Reynolds number (p., U, D/u,.)

Sr Strouhal number (fD/Us,.)

T temperature

Toana motion period associated with the flat band

Teqge motion period associated with one pressure
edge

U fluid velocity magnitude

w pressure edge width
X streamwise coordinate
y transverse coordinate

Greek symbols

o constant

N .

Y acceleration vector

I fluid dynamic viscosity

P fluid density

Subscripts

0 no-blowing case

c critical state (onset of vortex shedding)
e pressure edge

eq equivalent Reynolds number

00 upstream properties

inj injected fluid
sat saturation state
SL shear layer

simulations as well [25-29], giving a strong evidence of
the simulation growing capabilities.

Flow control has also received a great deal of work
for a few years. It can be achieved by several means such
as an intrusive obstacle at an appropriate location in the
wake [30], heating the cylinder surface to change the
local properties of the flow [31,32], forced cylinder
oscillations [33-36], localized blowing or suction [22,37—
41]. These techniques allow to shift or suppress the
vortex shedding frequency, increase the two-dimen-
sionality of the wake, reduce the sound intensity
generated and avoid untimely boundary separation.
Nevertheless, injection has been mainly studied for drag
reduction purposes through the pioneer works of Wood
[42] and Bearman [43]. Their geometry is that of an
airfoil profile with a secondary stream flowing through
the bluff base and they studied the influence of the
bleed coefficient on the drag and the vortex shedding
frequency.

The comprehension of the unstable nature of the flow
behind a bluff body has also been addressed through a
theoretical point of view. After it was developed for
plasmas dynamics [44,45], the linear instability theory
was successfully applied to fluid mechanics through the
work of Koch [46]. It has become a very popular re-
search area and brought new insights for the compre-
hension of certain phenomena. Based on the time-
averaged velocity profile in the near wake of a circular
cylinder, the stability criteria can be studied and the
vortex shedding frequency estimated. This allows the
extension of the study to flow around a bluff body when
blowing occurs, provided the time-averaged velocity
profile in the near wake is available, either experimen-
tally or numerically. This has been done for a blunt

airfoil with base bleed [47-49] but still few studies seem
to have been performed on the behavior of the cylinder
wake evolution with complete blowing, in particular in
non-isothermal cases.

After a brief study of the static pressure evolution in
the near wake in Section 2, the primary instability is
addressed in Section 3 and a correlation is proposed. In
Section 4, a theoretical model, based on results from
Section 2, is derived and describes the Strouhal number
evolution with blowing. The shear layer dynamics is fi-
nally studied in Section 5.

2. The pressure wake

The effect of the blowing has been investigated in the
near wake of the cylinder. The modification of the
boundary layers thickness (cf. Part I) is expected to
strongly influence the development of the von Kdarman
street and to affect the wake properties. In Fig. 1, the
static pressure distribution is plotted for a 29 mm outer
diameter porous cylinder at a Reynolds number of
18700 and x/D = 1.7 along the transverse direction y for
different blowing rates. Without blowing, it exhibits a
typical wake pressure defect. Considering the sharp
change of pressure slope as the edge of the wake, its
width is about 2.0 D. When blowing occurs, the width is
larger, which is consistent with the increasing apparent
cylinder diameter. For a 1% injection rate, the width
rises to 2.4 D and to 3.2 D for 5.6%. This widening of the
wake is accompanied by a decrease in the static pressure
defect, leading to the conclusion that the blowing tends
to fill the depression at the rear of the cylinder. The
results will be supported in Section 4 by the study of the
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Fig. 1. Transverse static pressure profile in the near wake.
x/D =1.5, Re=14000. o, F = 0%; m, F = 1.0%; a, F = 5.6%.

blowing influence on the von Kdrman frequency and
will lead to a further analysis.

3. Primary instability

Details on the wind-tunnel and measurement tech-
niques can be found in part I. The hot-wire probe cut-off
frequency, at least 3 kHz, is not an influencing param-
eter as the vortex shedding signal is strong enough to be
accurately resolved and low compared to 3 kHz. This
allows reliable von Kdrman and shear layer frequencies
records. A third-order low-pass and first-order high-pass
Butterworth type frequency filter is applied to prevent a
spurious peak in the power spectra to occur from the
Fourier transform. Owing to the 65280 points typically
sampled at 6 kHz, the frequency resolution is high en-
ough to consider that the Strouhal number uncertainty
is the same as that for the Reynolds number (i.e. 5.5%).

The effect of blowing on the global instability was
investigated through a spectral analysis of the signal
delivered by a single hot wire probe located in the near
wake. The position of the probe is not a crucial
parameter as the primary frequency, rising from the
Bénard-von Kdrman instability, is uniform throughout
the whole field. Meanwhile, depending on the probe
position, harmonics and sub-harmonics can appear in
the velocity signal. For each experimental condition, a
Fourier transform of the velocity signal record is per-
formed. The main frequency is then determined using a
peak search algorithm on the power spectrum. Exper-
iments were conducted for both isotherm and non-iso-
thermal cases. The Reynolds number was varied from
3900 to 31000 and the blowing rate from 0% up to 20%.
The sampling frequency was chosen so that it is, at least,
six times the estimated von Karmadn frequency but it was
10 times typically.

When blowing becomes important, the vortex shed-
ding velocity amplitude in the wake and the strength of
the von Kdrmaén vortices decrease. This phenomenon is

illustrated in Figs. 2 and 3, where the power spectrum of
the velocity signal is plotted for F =0 and 8%, re-
spectively, at Re =14600. No direct comparison of the
absolute power level can be made between the two cases
because of the modification of the flow configuration
and velocity due to the blowing. The power scale can be
considered to have an arbitrary origin and thus only
relative level comparisons can be made. The power of
the peak corresponding to the vortex shedding fre-
quency decreases with the blowing while it is shifted
towards lower frequencies. The general shape of the von
Kérman peak remains essentially the same and no ad-
ditional features appear.

For a certain amount of blowing, the vortex shedding
can be totally suppressed, i.e. the von Kdarmdn peak
cannot be distinguished from the baseline of the spec-
trum. One can question whether the vortex shedding
phenomenon is gradually suppressed or not. Exper-
iments carried-out for higher blowing rates demonstrate

176.5

Power

10° 10' 10° 10° 10*
F{Hz)

Fig. 2. Velocity magnitude power spectrum in the wake.
x/D=35,y/D=0.5,F = 0%, Re = 14600.
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Fig. 3. Velocity magnitude power spectrum in the wake.
x/D=35,y/D=0.5F = 8%, Re = 14600.
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that the vortex shedding mode growth rate gradually
decreases with blowing, until it is too weak to sustain
regular shedding. The power spectra exhibit a lower and
lower von Karmédn peak amplitude when blowing is
increased. No critical value for the injection rate is
proposed due to difficulties in an accurate determina-
tion.

The primary instability is studied in terms of Strou-
hal number, Sr, defined as a non-dimensional vortex
shedding frequency:

fiD

Sr =
v UL

where fx is the vortex shedding frequency and U, the
mainstream velocity. Fig. 4 shows the evolution of the
Strouhal number with the blowing rate at Re = 3900. Sr
decreases approximately linearly with the blowing, at
least for weak injection rates, and tends to a limit for
high rates. This linear evolution is in agreement with a
theoretical analysis on the unsteady boundary layer
upstream to the separation point [50] though not pre-
dicting the slope value. From Fig. 4, it can be noted that
Sr is approximately 0.20 in the no-blowing case and
decreases to 0.15 for a 5% injection. It corresponds to a
0.75 ratio of the shedding frequency. A test series where
the end plates angle relative to the upstream flow di-
rection was varied from 0° to 20° outwards, showed that
the use of end plates has no influence on the slope.

Fig. 5 shows the evolution of the Strouhal number
with blowing for different Reynolds numbers. For the
sake of convenience, the Strouhal numbers have been
normalized with the no-blowing value. The slope of the
Sr/Sro—F curve remains the same for all the Reynolds
numbers investigated, keeping a linear decrease with
blowing for moderate injection rates. For high F, i.e.
roughly F > 10%, the Sr/Sro—F relationship is no more
linear and asymptotically tends to reach what could be
called a saturation state where the Strouhal number
hardly decreases with the blowing ratio.

1
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Fig. 4. Evolution of the Strouhal number with blowing,
Re = 3900.
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Fig. 5. Evolution of the normalized Strouhal number with
blowing. e, Re=3900; m, Re=6300; a, Re=9000; e,
Re =13200; x, Re =21000; +, Re = 31000.

The dependance of the Strouhal number on the
Reynolds number only lies in the appearance of a
threshold on the curve when the blowing parameter is
increased. It seems that the frequency decrease cannot be
initiated below a certain amount of blowing, which in-
creases with the Reynolds number. Extensive exper-
iments were conducted to determine whether this
threshold results from a pure end effect or not. Prelim-
inary tests were conducted to study the von Karmadn
frequency dependance on end plates presence and con-
figuration. It was observed that the threshold tends to
decrease, without disappearing, when two-dimensional-
ity is increased, leading to the conclusion that pure end
effects only play a minor role. An additional argument
could be that for a same degree of two-dimensionality in
the wake, the cylinder aspect ratio requirement decreases
when the Reynolds number increases [16]. Here, the
threshold increases with Re, which should not be the
case if it was solely due to pure end effects. One could
also think that the blowing tends to lower the three-
dimensionality of the near wake. As two-dimensional
flows have a higher Strouhal number [7,26,28], one
could suggest that the threshold corresponds to the
amount of blowing required for the flow to become two-
dimensional before the Strouhal number begins to de-
crease due to the blowing effect itself. This is consistent
with the fact that the threshold decreases when the two-
dimensionality is artificially promoted with the use of
end plates. The amount required is then less important.
The threshold would thus be induced from flow three-
dimensionality rather than from pure end effects. Typi-
cally, the threshold appears around a Reynolds number
of 10000 and increases with Re. Finally, the flow tem-
perature has been proved to have no influence on the
threshold presence.

The literature provides results in same tendency as
our own experimental works, even if the blowing is here
applied on the whole surface of the bluff body, but no
direct comparison can be made because of differences in
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the geometry. Many authors have experimentally re-
ported a Strouhal number decrease for bluff bodies when
base bleed is applied [42,43] or with localized blowing
[41,51,52]. These results have also been found using
the linear instability theory [48,49,53]. This decrease in
the shedding frequency is due to the modification of the
time-averaged wake profiles shape, thus changing the
value of the complex coefficients in the Ginzburg-Lan-
dau equation, leading to a decrease of the most ampli-
fied frequency. A complementary interpretation to the
modification of the Ginzburg-Landau coefficients could
be that the blowing tends to push away the vortices, thus
lengthening the formation region at the back of the
cylinder. Since Triantafyllou et al. [47], this region is
known to be absolutely unstable and it is consistent that
its extension modifies the stability pattern and thus the
most amplified frequency. In particular, Chomaz et al.
[54] showed, through a local stability analysis, that the
absolutely unstable region at the rear back of a cylinder
must be of finite extent for the flow to develop a global
absolute instability and to degenerate into vortex shed-
ding. A modification of the size and location of this
region is expected to affect the selected frequency.
Pushing the argument even further, if the formation
region is pushed away far enough, no more absolute
instability region exists in the vicinity of the rear back of
the cylinder and the von Kdrmdn vortex street, i.e. the
global mode, should disappear. The existence of a crit-
ical value for the blowing ratio, above which the vortex
shedding no more exists, has also been confirmed by
experimental [49,52] and numerical studies [48,53,55].

Finally, we investigated the temperature effect on the
Strouhal number evolution with blowing. When the
main temperature is varied from ambient temperature to
200°C, while the blown air remains at ambient tem-
perature, the Strouhal-Reynolds number relationship is
not modified, demonstrating that it is not dependent on
the main to secondary flow temperature ratio. This
indicates that the blowing parameter, as defined previ-
ously, correctly quantifies the impact of the blowing
on the instability frequency and represents the correct
definition of the control parameter.

Taking into account the experimental results on the
reduction of the Strouhal number with blowing, we de-
veloped a relation based on the well-known Sr—Re curve
[7] given in Fig. 6 to reflect the blowing impact on the
flow without blowing. For Re > 50, the Strouhal num-
ber increases with the Reynolds number, whereas it be-
comes almost constant and equal to 0.2 for higher
Reynolds numbers (beyond 300). The length of the
formation region tends to increase in case of blowing
and is known to be directly related to the vortex shed-
ding frequency according to the relation fxL = a con-
stant, where L denotes here the length of the formation
region. A lower shedding frequency and a longer for-
mation region correspond to the same effect as a re-

duction of the flow Reynolds number. Consequently, as
the Strouhal number decreases with the blowing, the
impact of the blowing on the flow around the cylinder
can be seen as a reduction of the wake Reynolds num-
ber. The flow submitted to blowing would have the same
characteristics, in terms of instability, as a flow associ-
ated to a lower Reynolds number without blowing. The
impact of the blowing corresponds to a variation along
the Sr—Re curve, including a reduction of the three-di-
mensional effects. Consequently, the blowing can be seen
as an actor which tends to take back the flow to be two-
dimensional.

According to these remarks, we derived a relation to
predict the equivalent Reynolds number (Re.q), which
corresponds to a flow without injection but with the
same value of Strouhal number. The first step, in the
derivation of this relation, does not take into account
the threshold which occurs for high Reynolds numbers
when blowing is applied. According to Figs. 4 and 6, we
postulate a relation of the following form

Reeq = Regy + K(1 — ™), (1)

where Reg, is the Reynolds number at which Sr reaches
a constant value (Sr ~ 0.2), K and « are some constants.
Considering that the Strouhal number becomes constant
for Reynolds numbers higher than 300 and that the
critical Reynolds (Re.) is equal to 50 and using the re-
lation for a very high F, where the Re. is supposed to be
attained, we obtain K = Re. — Reg, = 50 — 300 = —250.

Using results from Fig. 4, we derive the value of 0.5
for «, leading to the final relation

Reeq = 300 — 250(1 — e~ F72). 2)

This relation allows to easily account for the blowing,
giving the characteristics of the flow subjected to injec-
tion and the expected Strouhal number, which is then
correlated to the modified Reynolds number.
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Fig. 6. Sr—Re number relationship for low Reynolds numbers.
From [7].
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Fig. 7. Equivalent Reynolds number as a function of the
blowing ratio for Re = 3900.

Fig. 7 exhibits the equivalent Reynolds number for
various blowing ratii and a Reynolds number of 3900.
With the use of Fig. 6, the Strouhal number value can be
estimated knowing that Sr ~ 0.2 for Reynolds numbers
higher than 300.

4. Qualitative model for predicting the Strouhal number
evolution

Reminding the results presented in Section 2 con-
cerning the static pressure defect profile in the near wake
of the cylinder, a qualitative model can be derived. It is
thought that the primary frequency, i.e. the vortex
shedding frequency, is directly related to the transverse
pressure gradient. Keeping in mind the U-shaped pro-
file, one can consider a particle slipping along the wake,
while oscillating from one side to the other. With very
little physics and mathematics, it is possible to derive an
expression for the motion of this particle. Similar types
of oscillators models have been proposed in the past
(e.g. [56]) based on the wake geometry while many
others aim to find appropriate parameters to use in the
Strouhal number definition [57-59] for a universal value.
Let us assume an infinitely small square particle, whose
dimensions are dx and dy. The particle is submitted to
the pressure force but body forces are neglected. The
pressure profile considered for modeling is symmetric,
consisting in a U-shape whose sharp edges are linear and
separated by a flat, i.e. constant, pressure band (see
schematic in Fig. 8). Applying the fundamental law of
mechanics, 7 = m7, it follows

O fedy = —pdrdyy. 3)
oy

Dotted letter denotes its time derivative. The starting
point, for t = 0, is assumed tobe y =w+ //2 and y = 0,
where /is the flat bandwidth and w the “edge depth”. To
find the period associated with this configuration, the
flat band and the edge problems are separately treated.

A Static pressure

— |

! | I ! —

2w -2 72 12+w

Fig. 8. Schematic of the pressure wake model.

First, only one edge is considered to act on the particle
and the flat band is not accounted. Next, edge model
results are used to derive the period associated to the flat
band only.

The motion period or time required for the particle to
slip along one edge is, after little mathematics,

_ 2pw
Tegge = 4/ W7 4)

where |0P/0y|, is the mean pressure gradient at the edge.
To calculate the period associated with the flat band,
one needs the particle velocity at y = //2. It reads

5(1/2) = ,/%. (5)

Then, the period associated to the flat band is simply

_ / P
Tband =2I 2w|6P/6y|e (6)

Finally, the vortex shedding period is assumed to be the
period of oscillation of the particle from one side to
the other, i.e. the sum of twice the time required for the
particle to cross the flat band added of four times the
time for slipping along one edge. Expressed in terms of
Strouhal number, one gets

D w|oP/dy|
Sr=—,/—— L 7€ 7
" U N 20(16w2 1 ) @

This model aims to predict the Strouhal number evolu-
tion from the modification of the near wake when
blowing occurs. Because of its simplistic hypotheses,
especially to consider a linear pressure profile, it is not to
be seen as a predictive model for the vortex shedding
frequency itself but only to reflect the evolution of the
Strouhal number with blowing. Large errors can be in-
duced when estimating the pressure gradient value or the
size of the different model characteristics (4 and /).
When applied to the static pressure profile presented
in Fig. 1, the predicted Strouhal number ratio between
the 5.6% injection rate case and the no-blowing case is
about 0.63. Using Fig. 5, the experimental ratio reported
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is around 0.80, leading to the conclusion that this model
gives a rough, while not perfect, estimation of the impact
of the blowing on the primary instability frequency. The
Strouhal number ratio between no-blowing and 1% in-
jection is found to be about 1.05 to be compared to the
experimentally found 1.02 value. This clearly indicates
that the threshold in the Sr—Re curve studied above also
appears in the near wake. Under sufficiently weak
blowing, the pressure gradient tends to increase rather
than decrease, while the wake width does not increase
significantly. This makes the Strouhal number to slightly
increase as proved in Fig. 5. The presented model is thus
able to account for the threshold effect as well, provided
the static pressure profile is available.

5. Shear layer instability

For particular probe positions, the Fourier spectra
obtained for the determination of the von Kédrman
frequency exhibit a secondary peak relevant to what is
often referred in the literature as the “transition waves”
[19] or secondary vortices [21]. This secondary insta-
bility arises from the separated shear layer due to
mechanisms similar to that of the formation of the
Kelvin—Helmholtz vortices in a free shear layer or
Tollmien—Schlichting vortices for a boundary layer. It
has long been shown that the shear layer frequency,
hereafter denoted fs;, can be expressed as a function of
the Reynolds number and the von Kdarman frequency
fx of the form fs /fx ~ Re" [19,21-24,60]. A large
discrepancy about the n coefficient value is observed in
the literature as Bloor [19] found a Re'/? relationship
between secondary and primary instability frequencies
(n =0.5), while Wei and Smith [21] found » = 0.87 for
a Reynolds number ranging from 1200 to 11000.
Compiling all the available data and based on theo-
retical considerations, Prasad and Williamson [23] fi-
nally proposed a 0.67 value for n.

In this part, the study is focused on the modification
of the shear layer dynamics in case of blowing. In par-
ticular, the Fourier analysis will give insights into the
spectral energy distribution. Here again, the probe
position is of no importance, as long as it is in the shear
layer, for the determination of this frequency. The probe
was typically located at x/D = 0.5 and y/D = 0.6.

Applying the same criterion as for the Strouhal
number measurement, the sampling frequency was typ-
ically set to 6 kHz, acquiring 262 000 points. Third-order
low-pass filter was applied to cut off the signal band-
width, thus preventing spurious peaks to occur from the
Fourier transform. The Fourier transform is typically
proceeded on 16 384-point ensemble-averaged blocks to
ensure low noise. The blocks size allows for a 0.4 Hz
frequency resolution and low noise on the spectral sig-

nal. First experiments were conducted without blowing,
thus providing a reference basis for comparison with
literature. An example of power spectrum obtained for
Re = 5400 is shown in Fig. 9. The sharp high first peak
corresponds to the von Karman frequency, while sub-
and higher harmonics are present. The broad peak re-
veals the shear layer instability and the fg; value is taken
as the frequency of the top of the “hump”. The width of
these peaks reveals the nature of their instability.
Absolute instability exhibits a very sharp peak as for the
von Kdrman shedding, while a convective instability has
a broad distribution (shear layer). Fitting our fg
measures in the no-blowing case, not plotted here for
sake of brevity, we found n = 0.64, in good agreement
with the n=0.67 value proposed by Prasad and
Williamson [23].

When blowing is applied, both the von Karman and
the shear layer peaks move left towards lower frequen-
cies as can be seen in Fig. 10. As shown by Bloor [19],
the fs. mainly scales with the velocity outside the
boundary layer at the separation point and the corre-
sponding momentum thickness leading to an
fsL ~ Uoussiae/Us telationship, where 0; is the momentum
thickness of the separated shear layer. Blowing thickens
the boundary layer and increases the momentum thick-
ness of the shear layer. Velocity outside the boundary
layer at the separation point is not thought to radically
change when blowing occurs, even if the separation
angle is slightly promoted. Following this, it comes that
fsp should decrease with blowing. Fig. 11 shows the
evolution of the secondary to primary frequency ratio
with blowing as a function of the Reynolds number. The
fsL/fx relationship proposed by Prasad and Williamson
[23] is also plotted for comparison. It is clear that the
present data with blowing match rather accurately this
relationship. Regression of the curve leads again to a
0.64 coefficient. Consequently, the blowing seems to

62.2559
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Fig. 9. Velocity magnitude power spectrum in the shear layer.
x/D =0.5, y/D = 0.6, Re = 5400, F = 0%.
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Fig. 10. Velocity magnitude power spectrum in the shear layer.
x/D =0.5, y/D = 0.6, Re = 5400, F = 4%.
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Fig. 11. Secondary to primary instability frequency ratio
evolution with the Reynolds number. Symbols refer to different
data series. Solid line is the relationship from [23].

similarly act on primary and secondary instabilites,
keeping the fs1 /fk relationship valid.

Accurately scrutinizing Fig. 10 where blowing occurs,
one can notice the shear layer peak does not look
smooth (if one excepts the measurement noise) but
seems to be hacked. For comparison convenience,
Figs. 12 and 13 show a magnified view of the shear layer
power spectrum with and without blowing. Examination
of these spectra leads to the conclusion that, in case of
blowing, the shear layer peak exhibits what is hereafter
denoted “‘subpeaks”. Extensive experiments, with up to
more than 10° points sampled, as in Figs. 9-11, were
carried out to confirm the existence of this phenomenon.
Considering the number of points sampled for the
Fourier transform, the frequency resolution (0.4 Hz) is
high enough to ensure the subpeaks, which successive
frequency gaps are comprised between 20 and 40 Hz, are
not a dummy phenomenon. When varying the flow
conditions, it appears that these subpeaks do not change
in position, i.e. their frequencies remain exactly the
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Fig. 12. Detail of the shear layer peak power spectrum.
x/D =0.5, y/D = 0.6, Re = 5400, F = 0%.
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Fig. 13. Detail of the shear layer peak power spectrum.
x/D =0.5, y/D = 0.6, Re = 5400, F = 4%.

same. Their baseline, the shear layer peak envelop,
moves with the Reynolds number or the injection rate,
but not the subpeaks frequency. Nevertheless, their
amplitude follows the evolution of the shear layer peak
envelop. It seems that the broad shear layer peak acts as
a “spectral window” revealing a spectral subpeaks
series. When the windows move, i.e. when blowing
occurs or the Reynolds number changes, others sub-
peaks are visible but the underlying subpeaks “comb”
remains the same whatever the blowing ratio. The shear
layer instability acts as selective amplifier or revealer.
Because of this insensitivity to any flow condition,
one can think about an external independent perturba-
tion. Extensive experiments and verifications have been
carried out. The measurement position, the probe type
(hot and cold wire), the cylinder diameter, the fan
velocity (airfoils frequency), the intrinsic structure
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frequency, the end plates configuration, the aspect and
blockage ratii, the upstream temperature and velocity,
the injection rate, the cylinder porosity, the sampling
time length and frequency and the frequential filters
value were changed but do not have any influence on the
subpeaks frequency. The gap between two successive
peaks is not constant and no coherence has been found
in its distribution, as should be the case if these peaks
were due to a resonance-like phenomenon.

Reminding that these subpeaks do not exist, or at
least, are not detectable without blowing, one can think
that an interaction between the secondary and the pri-
mary flow occurs. This interaction would take place just
beyond the boundary layer separation from the cylinder,
in the shear layer. The blown flow could interact with
the Kelvin—Helmholtz vortices chain present in the shear
layer and create the source of the perturbations.

6. Conclusions

The impact of the blowing through the porous
surface of a circular cylinder in cross-flow on the wake
dynamics was experimentally investigated. The wake
was proved to widen with blowing, which is consistent
with the fact that the apparent cylinder diameter is
higher. The wake static pressure defect decreases with
the blowing, due to the net injected mass into the
flow.

The study also emphasized the modification of the
stability patterns. The Strouhal number, linearly related
to the vortex shedding frequency in the von Karmdn
street, was investigated under various blowing con-
ditions. It decreases with the injection ratio until a
saturation state is reached and no temperature effect in
the no-isothermal cases has been exhibited. The decrease
is due to the modification of the time-averaged near
wake fields (velocity, vorticity and pressure), which
induces an evolution of the stability properties. Several
ideas have been proposed for the impact of the blowing
on the stability patterns. Furthermore, a relation giving
an equivalent Reynolds number of the flow submitted to
blowing was derived.

A model was proposed to estimate the vortex shed-
ding frequency from the time-averaged wake static
pressure profile. It is suggested that this frequency is
strongly dependent on the transverse pressure gradient.
Satisfying agreement was found between experimental
data and values computed from the model.

Finally, the secondary instability, which develops
within the shear layer is proved to be influenced by
blowing as well. Its intrinsic features remain the same
but its most amplified frequency decreases. The fx /fsL
relationship proposed by Prasad and Williamson [23] is
proved to remain valid. What could be a blowing in-
teraction with the Kelvin-Helmholtz vortices, which

develop in the shear layer, was exhibited. This interac-
tion is revealed through subpeaks appearing in the shear
layer peak power spectrum when blowing occurs.
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