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The unsteady behavior of a turbulent �ow over a backward-facing step was investigated

under controlled actuation at a Reh = 31500. Initial measurements were made changing

the periodic forcing frequency Sta from 0.045 to 0.453. The best forcing frequency

was observed at a dimensionless frequency of Sta = 0.226 and is associated with the

shedding frequency. This frequency can e�ectively reduce the reattachment length

and thus the recirculation area. A further study of the dynamical aspects of the un-

actuated and actuated �ows is also presented. The velocity �elds were measured using

a particle image velocimetry (Piv) system. Pod techniques were used to analyze the

�ow. With this procedure, the pressure �uctuation power spectra was separated in 5

di�erent modes. The two �rst modes contained a predominant peak at around 0.12

corresponding to the �apping motion (low frequency of the large scale structures). The

other modes (from 3 to 5) showed a transitional and increasing peak that is related to

the shedding phenomena. Results suggest that an excitation on the shedding frequency

leads to a decrease of the external separation length Lr, an increase of the internal

separation length Xr and a further decrease of the recirculation area.
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Nomenclature

Ar = Recirculation area [m2]

AR = Aspect ratio of the backward-facing step

Cp = Mean pressure coe�cient

Cprms = Rms Pressure coe�cient

C μ = Dimensionless momentum coe�cient

δ = Boundary layer thickness [m]

ER = Expansion ratio of the �ow con�guration

f = Frequency [Hz]

f a = Actuation frequency [Hz]

h = Height [m]

I jet = Time-average jet momentum

Lr = External separation length or recirculation length [m]

p = Fluctuating pressure [Pa]

Reδ = Reynolds number based on the boundary layer thickness [m]

Reh = Reynolds number based on the step height [m]

ρ = Air density [kg/m3]

S jet = Total outlet cross-section of the micro-jets

S ref = Reference controlled surface of the backward-facing step

Sta = Strouhal number based on the step height and actuated frequency

St = Strouhal number based on the un-actuated reciculation length (Lr)

t = Time [s]

T = Period of time [s]

U 0 = Free-stream velocity [m/s]

ujet = Jet velocity [m/s]

V jet = Jet velocity amplitude [m/s]

X r = Internal separation length [m]

x, y, z = Spatial coordinates (origin of the step) [m]

wz = Span-wise �uctuation vorticity [m/s]
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I. Introduction

The control of separated and reattaching �ows is an essential issue for practical applications and

future development of computational techniques to correctly predict them. Despite the simpli�cation

associated with the immobility of the point or line of separation, such �ows retain a number of

�uid-dynamic complexities that must be properly considered [29]. Moreover, these �ows give rise to

unsteadiness, pressure �uctuations, structure vibrations and noise [9]. Flow control over separated

and reattaching �ows can be classi�ed into two groups: passive and active control. Passive control

has been widely applied, however, is restricted by design and practical considerations and cannot

be 'turned o�' when not needed. Due to the constraints presented in this strategy, studies on active

�ow control has rapidly developed. Some advantages of active �ow control are: imitation of passive

control, ability to turn on or o� depending on the requirement. Furthermore, active control can be

combined with passive de�ected surfaces to improve actuation [2, 13, 32].

Cattafesta and Shelpak [4] give an extensive overview of possible actuation mechanisms. Active

control is initially performed in an open-loop manner (i.e., pre-determined and independent of the

�ow state). To control the reattachment of the separated �ow, two main approaches raise from

past investigations. Continuous suction or injection to shear layer has been applied to various

types of �ow con�gurations [1, 30, 37]. Periodically perturbing the shear layer on the separation

trailing edges, using synthetic or pulsed jet actuators, was found to be an e�ective tool to control

these �ows [11, 16, 21, 28, 38]. Previous studies showed that a periodic perturbation exhibited

better reattachment control than continuous perturbation [27, 33]. A common result obtained from

periodic perturbation is that the reattachment length behind the step is remarkably reduced when

the frequency of the imposed perturbation falls in a certain range. Bhattacharjee et al. [3] claimed

that the most e�ective non-dimensional forcing frequency, so called Strouhal Number, was between

0.2 and 0.4.

Among reattaching, separated �ows, the two-dimensional, backward-facing step �ow is the

simplest con�guration; nevertheless, it includes all the signi�cant features. In this paper we report

an experimental investigation of a backward-facing step �ow, at Reh = 31500, manipulated by time-

periodic forcing close to the step edge. An initial modi�cation of the mean external and internal
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Fig. 1 Backward facing step sketch

separation lengths is done for a periodic forcing frequency Sta from 0.045 to 0.453. The results

obtained were compared with previous investigations. A further study of the dynamical processes

on the actuated �ow, which lead to the reduction of the re-attachment zone, will be done using

proper orthogonal decomposition approach.

II. Experimental apparatus

A. Facility and backward facing step model

The experiments were performed in an optically accessible closed-loop wind tunnel of the Me-

chanical Department at Lamih. The test section had a square cross-section of 2m × 2m with the

length being 10m. The top and side-walls of the test section were made of plexiglass to allow �ow

visualizations. The velocity range in the section is 0.5 to 60m/s. The free stream �ow velocity was

measured by a Pitot tube in the inlet after the ramp. The step height h of the backward-facing step

was 83mm, resulting in expansion ratio Er of 1.04. The aspect ratio Ar based on h and channel

span was 24, assuring an e�ectively nominally two-dimensional �ow [10]. A 3D scheme of the test

set-up was given in �gure 1. The origin of the co-ordinate system was located at the edge of the

step. The x-axis represents the stream wise �ow direction, the y-axis the normal direction to the
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�ow and the z-axis the spanwise or cross-stream �ow. Measurements have been performed at free

stream velocity of U0 = 5.5m/s, Reh = 30450 (δ = 0.75h, Reδ = 22825).

B. The perturbation technique

The �ow perturbation was introduced through a row of actuators composed of Murata micro-

blowers. The row was placed on the span wise center of the test section, with a length of 20%

test section width. This free space, from the actuation area to the walls, prevents �ow interactions

between the backward-facing step and the wall corners. The actuators were mounted upstream the

separation edge at a distance of 0.2h, as shown in �gure 1. This location was chosen following

previous con�gurations [15].

The air actuation system was composed of 20 Murata micro-blowers, which use piezoelectric

devices, and distribute the air �ow through micro-nozzles. The distance between the two neighboring

micro-blower nozzles was 20 mm. The micro-jets axes were perpendicular to the step wall. Contrarily

to others classical pulsed jets devices, Murata micro-blowers do not need external pressure source

to produce the pulsed jet, only a power supply of 5 to 20 Volts is needed to drive them. They

were also able to provide, without signi�cant overshoot, any kind of velocity time-history pro�les.

Murata micro-blowers can produce a wide range of signals, not only square- or sine- like signals

of the classical devices [6]. These actuators are really interesting for the closed-loops �ow control

applications. The mean jet velocity, ujet is proportional to the voltage command till to 100Hz and

each micro-blower can provide a mean velocity between 0 m/s to 30 m/s.

The perturbation was design to follow the expression:

ujet(t) = Vjetsin(2π.fa.t), (1)

were Vjet is the velocity actuation amplitude, set constant to 25m/s ( correspond to 20V), and fa

the frequency of the perturbation. The pulsed micro-blowers was quanti�ed using the dimensionless

momentum coe�cient, Cμ:

Cμ =
< Ijet >

1/2.ρ.U2
0.Sref

, < Ijet >= ρ.Sj.
1

T
∫

T

0
u2jetdt = ρ.Sjet. < u2jet > (2)
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where < Ijet > is the time-average jet momentum, Sjet is the total outlet cross-section of the

micro-jets, Sref is the reference controlled surface of the backward-facing step equal to (5h) × h.

For the forcing frequency �ow control, two other parameters, named the dimensionless frequency or

Strouhal number, were used for the characterization of the actuation e�ciency, they were de�ne as:

Sta =
fa.h

U0
(3)

and

St =
fa.Lr0
U0

, (4)

where Lr0 is the external separation length, commonly known as the recirculation point, of the

un-actuated �ow.

C. Time resolved surface pressure- and velocity- measurements

Wall static pressures were measured with 25 static pressure taps distributed downstream of

the back-facing step in the stream wise direction. These taps were located at a distance of 0.2h

from the middle of test section in the spanwise direction, see �gure 1. The �rst tap was located

25mm from the step edge and the distance between two consecutive taps was 50mm (x/h = 0.6),

giving a pressure measure zone of 14.75h. Unsteady pressure measurements were also taken from

25 sub-miniature piezo-resistive Kulite Xcq-062 sensors, with a nominal measurement range of 35

kPa. Flush-mounted Kulite transducers were placed at the same x location as the static ones but

in the middle of the test section.

D. PIV arrangement and synchronization procedure

A standard two-component Tsi particle image velocimetry (Piv) system was employed for

�ow-�eld measurements. Oil particles with 1μ diameter, generated with a jet atomizer upstream of

the stagnation chamber, were seeded in the channel. This location allows homogenous dispersion
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of the particles throughout the test section. The tracer particles were illuminated by a double-

pulse laser system generating the light sheet. The frequency-doubled laser (Q-switched Nd:YAG

operating at 532 nm; dual-head BigSky) emits laser pulses with a maximum energy of 200 mJ.

Images of the tracers were recorded from the direction normal to the light sheet using two cameras

(2000 × 2000 pixels charge-coupled-device Powerview with a 50 mm optical lens) with a camera

resolution of 19.2 px/mm. The number of double-frame pictures recorded for each experience was

2000 assuring velocity �eld statistics convergence. The dynamic range was approximately 30 px and

the interrogation window size is 16 × 16 pixels with an overlap of 50%. The Piv time-uncorrelated

snapshots were recorded with a repetition rate of a 7 Hz. The measurement area was approximately

7.3h × 1.8h on the x-y plane passing through center of the backward facing step.

Dynamic pressure measurements were recorded simultaneously with the Piv measurements. To

achieve the synchronization, a 32-channel A/D converter Dewesoft data acquisition system was

used to simultaneously record the Q-switch signal of the second laser and the pressure transducer

signals. The data acquisition system used a sampling frequency of 10kHz, and a cuto� �ltered at

3kHz. In the �ow control case, the actuation signal was also recorded.

III. Results

A. Base �ow

The main characteristics of the un-actuated base �ow were investigated and constitute the ref-

erence case for the subsequent actuated �ow case. The mean spanwise vorticity �eld was shown in

�gure 2(a), associated streamlines were also included in the �gure to highlight the mean �ow struc-

ture. A classical backward-facing step �ow topology. The boundary layer appears as a concentrated

region of negative vorticity that detaches from the step edge, growing in width in the streamwise

direction, to �nally reattach at an external separation length (Lr) downstream of the step. Beneath

the shear layer, two recirculation regions were seen. The �rst one was a clockwise recirculation zone

that stretches from an internal separation length of Xr = 0.83 to an external separation length of

Lr = 5.59, the latter will be further modify by the actuation. Near the step, within the Xr = 0.83

region, the streamlines showed the secondary recirculation zone. Previous studies [19, 22, 31] were

also able to see this secondary recirculation bubble.
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Fig. 2 (a) Contour map of the mean spanwise vorticity �eld with associated streamlines, (b)

Mean- and rms-pressure distributions. Dash-line marking the Lr value.

The mean- and the rms-pressure streamwise distributions downstream of backward-facing step

ares shown in �gure 2(b). The mean-pressure coe�cient, Cp = (p�pref)/(1/2ρU
2
0) was plotted along

the ordinate as a function of the streamwise coordinate (x/h). Note that p is the pressure measured

along the surface of the model and pref is a reference pressure measured with a static-pressure tap

located at x/h = 30. A large region of low-pressure level was seen and zero-crossing section of Cp

was located in the neighborhood of x/h ≈ 4. A rapid increase of Cp was displayed, i.e. the beginning

of the pressure recovery area moves rapidly upstream. The maximum Cp peak was reached at the

vicinity of where the �ow reattaches, as described by [14]. Immediately after separation, the pressure

gradient becomes adverse as the �ow expands. This mean-pressure distribution shows a classical,
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Fig. 3 Reattachment lengths Xr, Lrand recirculation area Ar as a function of the Strouhal

number Sta. Dashed line denotes the optimal actuation frequency.

backward-facing step, pressure pro�le and is consistent with previous �ndings [5, 8, 14, 17, 19].

The rms pressure measurements, Cprms = prms/(1/2ρU
2
∞
) was also plotted in �gure 2(b) as

a function of x/h. The level of �uctuating pressure rises in the downstream direction reaching a

maximum value close to the reattachment point Lr. The shape of the rms distribution is consistent

with previous results documented in the literature for a backward-facing step [12, 18, 23].

B. Forcing frequency �ow control

Among the various parameters characterizing the backward-facing step �ow, the reattachment

length Lr is frequently used as a representative quantity in a time-mean sense. However, other

important parameters, normally not taken into account in previous investigations, are the mean

secondary separation location Xr and the recirculation Ar. To obtain the former lengths, Simpsons

et al. [34] estimated the points where the backward �ow probability (BFP) reached a value of 50%.

The internal and external lengths were estimated from the BFP �eld at the vicinity of the wall

(y/h = 0.07) and further shown in �gure 6. The recirculation areas were also obtained from the

BFP �elds lower than 50% (blue zone in �gure 6) .

To actively control the �ow, experiments were carried out varying the frequency (fa) of the

9



fa (Hz) Sta Xr/h Lr/h Ar (m2) ΔXr/Xr (%) ΔLr/Lr (%) ΔAr/Ar (%)

0 0.000 0.87 5.62 0.0192 0.00 0.00 0.00

3 0.045 0.60 5.49 0.0198 -31.03 -2.31 3.13

6 0.091 0.32 5.52 0.0195 -63.22 -1.78 1.56

9 0.136 1.07 5.45 0.0182 22.99 -3.02 -5.21

12 0.181 1.10 5.42 0.0184 26.44 -3.56 -4.17

15 0.226 1.36 5.35 0.0145 56.32 -4.80 -24.48

18 0.272 1.27 5.39 0.0156 45.98 -4.09 -18.75

21 0.317 0.93 5.45 0.0175 6.90 -3.02 -8.85

24 0.362 1.17 5.56 0.0176 34.48 -1.07 -8.33

27 0.407 0.97 5.62 0.0183 11.49 0.00 -4.69

30 0.453 1.07 5.66 0.0175 22.99 0.71 -8.85

Table 1 Reduction of the recirculation lengths/area by periodic forcing frequency �ow control

periodic actuation command (Eq. (1)). The local forcing frequency was changed in the range of

0.045 ≤ Sta ≤ 0.453. Both internal and external separation points and the separation area, as a

function of the Strouhal Number, were shown in �gure 3. All values were normalized by those

of the un-actuated experiment. The external reattachment length and the recirculation area �rst

decrease with increasing Sta before they reach a minimum at Sta = 0.226 and then increase again,

this behavior was stronger for Ar. On the contrary, the internal separation point increases and

decreases reaching a peak at the same actuated frequency Sta = 0.226, denoted with dashed line.

The optimal forcing frequency was observed at Sta = 0.226, fa = 15Hz, and could be associated with

the shedding phenomena. For this frequency, Xr increases up to 38.4% while Lr and Ar decrease

4.8% and 19.0%, respectively (see table 1). This optimal forcing is consistent with those obtained

in previous experiments [3, 8, 23, 36, 37]. Results from all the actuated cases studied were shown

in table 1 and corroborate the e�ectiveness of pulsing jet injection with forcing frequency to reduce

the separation length [26].

Spectral analysis may be used to shed light on why a particular perturbation frequency leads to

a preferential response of the perturbed baseline �ow. �gure 4 shows a log-log plot of the pressure
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Fig. 4 Power spectra of wall-pressure �uctuations for di�erent x/h locations at Reh = 30450

for: (a)Un-forced; (b)Sta = 0.045; (c)Sta = 0.136; (d)Sta = 0.226; (e)Sta = 0.317; (f)Sta = 0.407.

11



10
−2

10
−1

10
0

10
1

0.12

Un-actuated

f = 3Hz

f = 6Hz

f = 9Hz

f = 12Hz

f = 15Hz

10
−2

10
−1

10
0

10
1

0.12

Un-actuated

f = 18Hz

f = 21Hz

f = 24Hz

f = 27Hz

f = 30Hz

P
re

m
ul

ti
pl

ie
d 

po
w

er
 s

pe
ct

ra
 (

no
n-

di
m

en
si

on
al

 s
al

li
ng

) 

Fig. 5 Non-dimensional premultiplied power spectra of �uctuating wall pressure measured at

x/h = 1.5 for un-forced and forced �ows.

�uctuations spectra at several x/h locations downstream the step for un-actuated and actuated

�ows. For all the cases the dynamical behaviors change as a function of the probe position. Four

di�erent regions can be identi�ed. The �rst region, situated from step edge up to x/h ≈ 1.5, shows

a low pressure �uctuation where the spectra are dominated by both low- and high-frequencies.

A second region, with a transition that occurs from x/h ≈ 1.5, to a merged frequency value, at

x/h ≈ 4.5. The third one, corresponding to the recirculation region from x/h = 4.5 to 6.5, where

the pressure �uctuations are strong and high energy levels, were clearly visible. The last region

represents the reattached zone where the behavior approaches a typical turbulent boundary layer

spectrum. This global mechanism is also reported for the same con�guration by Spazzini et al.

[35]. For the actuated cases, the forcing frequency peaks were also seen and marked with a red

circle (Sth = Sta). The actuation peaks appear in the power spectra after Sta > 0.045, and strongly

increase in size as Sta increases. Also after the same Strouhal number, the peak depth in the in

the x/h direction, e.g., points where the pressure probes sensed the actuation command, was seen.

Close to the optimal case the actuation frequency can be sens by all the pressure probes, suggesting

that these frequencies can perturbed the �ow in a greater degree. Once the Strouhal number reaches

its optimal value, the size and depth of the actuation peaks decreases.

To better understand the �ow response to di�erent actuation the non-dimensional pre-multiplied
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power spectra of �uctuating wall pressure measured at x/h = 1.5 was presented in �gure 5 for both

un-forced and forced cases. From results, two frequency peaks can be observed. The �rst one

St = 0.12 corresponds to a classical well-de�ned �apping frequency and a broad band one at around

St = 1 related to the shedding frequency of the shear-layer structures. These peaks agree well

with those obtained in previous investigations [23]. When the �ow was forced at Sta = 0.226, a

strong peak emerged in the spectra at this frequency. The magnitudes of this peak was much larger

than the peak without forcing. Also, sub-harmonic frequencies were observed for certain cases, see

Sta = 0.136, but were polluted with noise.

Hereafter, the optimal frequency will be used to study the behavior of the perturbed �ow. Piv

measurements were performed for the un-actuated and actuated cases, the backward �ow probability

(Bfp) �elds obtained were shown in �gure 6(a) and �gure 6(b), respectively. From the �gures the

strong reduction of the recirculation area (blue region) was clearly seen , specially close to the step

(x/h ≤ 1). This reduction at the vicinity of the step creates a positive velocity injection which

interacts with the shear-layer vortexes generated at the step edge.

The Bfp values extracted at the vicinity of the wall (y/h = 0.07) were plotted in �gure 7 for

the unforced �ow (black line) and periodic forcing actuation (red line). The increase of the internal
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separation length and the decrease of the external separation point were clearly, corroborating once

more the ability of periodic forcing actuation to control the �ow.

C. Control mechanisms induced by the forcing frequency control using Pod

In order to �lter the di�erent components involved in the �ow dynamics, time-resolved velocity

�elds measured with Piv were decomposed using proper orthogonal decomposition (Pod) tech-

nique. Lumley [24] proposed the proper orthogonal decomposition as an unbiased technique for

studying coherent structures in turbulent �ows. POD is a logical way to build basis functions that

capture the most energetic features of the �ow. The POD snapshot method used in the present

study is detailed by Chovet et al. [7]. This decomposition results in spatial modes representatives of

energetic events and each mode represents the contribution of the total turbulent energy of the �ow

�eld. Figure 8(a) shows the cumulative energy of the �rst �fteen velocity modes for un-actuated

(black bars) and actuated (red bars) �ows. For both cases, The energy fraction of the �rst and

the second Pod modes were found to contain almost 20% of the total �ow energy, and the �rst

�fteen modes comprise 50% of the total turbulent energy. When the actuation was turned on, the

cumulative energy increased. Hereafter, only the 5 �rst modes will be analyzed; the experimental

modes above the �fth were contaminated by noise [25].

To further examine the relation between the motions and wall-pressure �uctuation in the fre-

quency domain, the Qse-Pod complementary techniques was used [7]. The non-dimensional pre-
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multiplied power spectra of the estimated Qse-Pod temporal coe�cients for mode 1 to 5 were

plotted in Fig. 8(b). From the two �rst modes, a dominant peak at f.Lr/U0 = 0.12 was clearly seen

and corresponds to the �apping frequency. The other modes highlight a transitioning and increasing

peak associated to the shedding frequency. When actuation was applied, a peak around f.Lr/U0 ≈ 1

was clearly visible. This peak strongly modi�es the transitioning peak of the shedding phenomena,

specially for the mode 5 where the transitioning shedding peak coincides with the actuation peak.

It is also possible to conclude that the 3rd, 4th and 5th mode could be retained if the interest is

focused in the shedding process. Results suggest that a modi�cation in the shedding frequency leads

to a decrease of Lr, an increase of Xr and a further decrease of the recirculation area.

Figure 9 shows the low-order Pod velocity modes n = 1 to 5, with corresponding vorticity

modes, for the un-forced �ow �gure 9(a-e) and the actuated Sta = 0.226 �gure 9(f-j). The Pod basis

functions are non-dimensional and the vorticity calculated from the Pod mode ωz was normalized

with the step height h. These modes represent the most common events being developed in the

�uctuating velocity/vorticity �elds. Typical patterns in the Pod spatial modes were clearly seen.

For both cases, the two �rst modes present elongated vorticity regions. A round and regular shape

in the streamwise direction was clearly seen for the other modes. However, the actuated case showed

smaller uniformly shaped vortical structures (either positive or negative), specially for the 5th mode.

The result obtained in the mode 5 corroborates the concurrence between the actuation frequency and

the shedding peak. This relatively small degree of elongation puts in evidence a strong organization

of vortical structures in space [22].

D. Conditional approach

Finally, to go further with this dynamical analysis, a conditional approach has to be considered

on the entire period of the control �ow signal. This method permits to identify the key mechanism

inducing the �ow control. In the present case, the global �ow distribution over the whole domain

was not signi�cantly a�ected by the actuation as shown in Section , however, the actuator produces

a periodic in�ow and increase the roll-up of the natural Kelvin-Helmholtz oscillation leading to a

noticeable reduction of the separated area. This mechanism was highlighted in �gure 11 showing

the conditional averaging of the velocity �eld along the period T of the best forcing actuation.
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Fig. 8 (a) Cumulative energy from the Pod of the velocity �elds for: un-actuated case (black

bars) and actuated at Sta = 0.226 case (red bars). (b) Non-dimensional premultiplied power

spectra of the estimated Qse-Pod temporal coe�cients for mode 1 to 5 of the �uctuating

wall pressure measured at x/h = 1.5 for: un-actuated case (black lines) and actuated case at

Sta = 0.226 (red lines)

Figure 10 shows the phase averaged jet velocity pro�le along the period T for the best case, square

symbols represent the moment when the velocity �eld, obtained from the Qse, was captured. It's

important to remark the time delay between the turn on of the actuation and the jet �ow interaction

with the shear layer. The beginning of the actuation in�ow was visible on �gure 11(e), where the

vortices were clearly perturbed due to the Kelvin-Helmholtz and shedding frequency modi�cation.
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Fig. 9 Low-order Pod velocity modes: (a-e) mode 1 to 5 for un-actuated case, (f-j) mode

1 to 5 for actuated case at Sta = 0.226. Contour map shows vorticity calculated from the

corresponding Pod velocity basis function and normalized with the step height, ωz.h. Vorticity

levels between -0.5 and 0.5 were set at zero in order to minimize noise in the contour plots

and enhance the visibility of the dominant feature of the modes.

Figure 11(f) to �gure 11(k) show the mechanism of �forcing roll-up� induced by the periodic actu-

ation. Also, it was possible to see from the sequence the recur of the �ow once the actuation was

'o�', see �ow similarities in �gure 11(j) and �gure 11(a).

IV. Conclusion

Experimental �ow control in a separated shear layer of a backward-facing step using micro-

pulsed jets was done. The control target was to modify key turbulent �ow parameters such as:

internal separation point, external separation point and recirculation area, more speci�cally increase

the �rst parameter and reduce the others. Periodic forcing was used to control the �ow. Periodic
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Fig. 10 Phase averaged jet velocity pro�le along the period T for the best forced case.

forcing was able to signi�cantly decrease the external separation point and the recirculation area,

and to move up the internal separation point. From the power spectra wall-pressure �uctuations

(at di�erent x/h locations), actuation peaks were clearly obtained after Sta > 0.045. The x/h

depth of these peaks, e.g., points where the pressure probes sensed the actuation command, was

maximum close to the optimal actuation frequency, suggesting that frequencies close to this value

can perturbed the �ow more thoroughly. The resulting �ows were investigated using a Piv system.

Furthermore, a study of the dynamical aspects of the un-actuated and actuated �ows was also

presented. A reconstruction of the �ow was done using Pod techniques. With this procedure, the

pressure �uctuation power spectra was separated in di�erent modes. The two �rst modes contained

a predominant peak at 0.12 corresponding to the �apping motion (low frequency of the large scale

structures). The other modes (from 3 to 5) showed a transitional and increasing peak that was

related to the shedding phenomena. When actuation was applied, a peak at f.Lr/U0 ≈ 1 was clearly

visible. This peak strongly modi�es the transition peak of the shedding phenomena. Suggesting

that a modi�cation in the shedding frequency leads to a decrease of Lr, an increase of Xr and a

further decrease of the recirculation area.
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