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Abstract – Oscillating jet actuators have been implemented and tested on a circular cylinder. Their action on the separation of turbulent boundary
layers is investigated using complementary approaches. Wall pressure distribution shows that a large lift is generated, at the expense, however, ofa
slightly increased drag. Particle image velocimetry measurements provide the mean and fluctuating velocity fields in the near-wake. The control jet
deflects the mean flux lines towards the wall, illustrating that the separation is delayed. This effect appears more and more powerful as the pulsed jet
velocity increases. Phase averaging of the PIV fields shows that periodic structures are generated by the control, and how these structures modify the
aerodynamic forces by entraining the external flow towards the wall. Finally, a few comparisons are made with laminar boundary layers and some
general mechanisms are presented for the lift increase. 2000 Éditions scientifiques et médicales Elsevier SAS
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1. Introduction

It has been recently recognised that pulsed jets constitute an efficient way to modify the flow separation
of bluff bodies. For airfoils, extensive experimental results have been obtained by Wygnanski [1] and his
collaborators (Seifert et al. [2], Greenblatt et al. [3]) and by McManus et al. [4]. For circular cylinders,
investigations have been performed by Amitay et al. [5] and Béra and Sunyach [6]. The pulsed jet technique
also increases the lift coefficient significantly. Measurements of the mean wall pressure distribution around a
circular cylinder by Béra et al. [7] have provided quantitative results on the lift gain.

So far, the case of laminar separation has been mostly widely investigated. In that situation, the physical
mechanism invoked for the wake transformation is that the jet oscillations perturb the boundary layer so as to
provoke its transition.

At higher speeds, when transition and turbulent separation occur, preliminary experiments by Amitay et al.
[5] or by Béra et al. [7] have shown that a gain in lift can be also realised. The exact physical mechanism which
takes place has, however, not yet been established, so that there is a need for having more experimental data
concerning the flow response and its subsequent evolution.

The present study has been conducted in order to describe the interaction of an oscillating jet with the whole
flow environment. The basic case of the circular cylinder has been retained. The experiments were conducted
at a Reynolds number of ReD = U∞D

ν
= 1.33 · 105 with tripped boundary layers. Several data sets have been

collected so as to perform a global analysis of the flow. Firstly, the mean wall pressure distribution provides the
aerodynamic global effects such as changes in lift and drag. The fluctuating part of the pressure is also worth
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studying, as it provides information on how strong and how close to the cylinder the energetic flow structures
occur. Secondly, the velocity field is explored by Particle Image Velocimetry which is very appropriate to the
situation where large unsteady velocity fields have to be analysed. The averages of random snapshots determine
the mean wake modifications. Conditional averages with the phase of the pulsating jets were also conducted so
as to determine the most coherent part of the controlled flow.

2. Experimental set-up

2.1. Wind tunnel and cylinder

The experiments were conducted in a wind tunnel on a circular cylinder. The cylinder diameter was
D = 10 cm, and the tunnel section was square (40 cm×40 cm). The incoming mean velocity was fixed
at U∞ = 20 m/s, with a residual turbulence intensity less than 0.3%. At the Reynolds number considered,
ReD = 1.33 · 105, the boundary layers on the cylinder are naturally laminar. Two trip wires (diameter 2 mm)
were therefore placed at±28◦ from the front stagnation point to force boundary layer transition, as in previous
works [6,7]. The turbulent nature of the boundary layer was globally checked by the pressure distribution
around the cylinder as reported by Achenbach [8]. The jet oscillation actuator slit was set at 110◦ from the
stagnation point.Figure 1 is a schematic diagram of the experimental set-up. The position of 110◦ has been
shown to be the most efficient one to create lift, as reported by Béra and Sunyach [6].

2.2. Jet oscillation actuator

2.2.1. Actuator design

The jet oscillation actuator is based on a pulsed cavity coupled with the external flow through a thin slit
on the bluff body’s wall, as sketched infigure 2. The injector slit is perpendicular to the wall, its width in the
streamwise direction is 1 mm, and its length along the cylinder span is 10 cm. The slit was centred on the
mid-span region of the cylinder. The pressure fluctuations in the cavity were generated by an electrodynamic
acoustic source, and thus a large range of pressure amplitudes and frequencies can be monitored. A convergent
nozzle connects the circular acoustic source to the slit. These fluctuations induce an alternating flow through
the slit, with zero net mass flux.

Figure 1. Experimental set-up.
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Figure 2. Principle of the pulsed jet actuator.

2.2.2. Jet oscillation characterisation

The electric feed on the actuator was af = 200 Hz sine signal, giving a Strouhal number ofSt = fD

U∞ = 1.
This frequency is in the middle of the frequency range where the control jet has been observed to be active for
lift generation [1,4]. The vertical velocity of the jet oscillation was characterised in the absence of external flow
using a one-component laser Doppler anemometer. 50 000 Doppler signals were acquired at random times,
along with a reference signal synchronised with the electrical feed of the actuator. The phase position of every
Doppler signal was therefore known within the actuator cycle. The data were then accumulated for each phase
position in the cycle, permitting statistical phase averages to be obtained. The precision in the phase allotment
is around 0.7◦.

Figure 3 indicates the vertical phase-averaged mean velocities obtained at 0.25 mm above the slit in the
median plane, for a complete cycle of the actuator. The oscillation amplitude of the jet flux is clearly linked
to the electrical feed amplitude. The mean value over an injection cycle is, however, not zero, because of
the distinct flow patterns associated with the blowing and suction phases. Particle image velocimetry that was
recently performed in the slit vicinity [9] shows that the blowing phase gives nearly straight outwards velocities,
like a classical steady jet, while the flow induced by the suction is omnidirectional. As a result, the vertical
velocity is larger during blowing than during suction. In addition, the flow is very smooth during suction and
irregular during blowing.

The results we present in the following sections concern the flow obtained around the cylinder in four cases:
without control, and with three actuator levels, corresponding to peak jet velocities near the slot exit of 22, 31
and 42 m/s. Compared to the free-stream velocity, the explored jet velocity range is 1.1 to 2.1. The two extreme
cases of 22 m/s and 42 m/s were the most extensively investigated. In short, these two velocity amplitudes will
be referred to as low- and high-level control, respectively.

2.3. Measurement techniques

2.3.1. Wall pressure measurements

The cylinder is equipped with 71 pressure ports, equally spaced around the circumference, every 5◦.
A scanning-valve system connected to the computer-based data acquisition system monitored the pressure
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Figure 3. Phase-average vertical velocity cycle without external flow: for the high-level pulsed jet (thick line); for the low-level pulsed jet (thin line).
(Velocity measured by laser Doppler anemometry at 0.25 mm above the slit on the jet axis, phase referred to the sine electrical feed.)

signals on a differential manometer. This provided the mean pressure distribution around the cylinder, which
gives, by integration, the form drag and lift coefficients. A B & K microphone probe was also connected to
the measurements ports to analyse the wall pressure fluctuations. Including the connection pipe, the frequency
band was 40−10000 Hz.

2.3.2. Velocity field measurements

Instantaneous velocity fields were measured by the particle image velocimetry technique (PIV). The flow was
seeded with small oil droplets of approximately 1 to 2µm in diameter, generated by a smog generator located at
the inlet of the wind tunnel fan. The measurement of the particle velocity was based on two coupled YAG laser
sources, where the time delay between two pulses was 15µs. The light scattered by the seeding particles was
recorded with a 1008× 1018-pixels Kodak Megaplus ES-1–0 CCD camera. The lasers and the camera were
synchronised with a commercial Dantec system. Pairs of raw images were cross-correlated using 32×32-pixels
interrogation windows, with a 50% overlap ratio between adjacent windows. The size of the field of view was
nearly 65× 65 mm (magnification ratio of image/object≈ 1/6). The resulting spatial resolution of the PIV
measurement is approximately 2 mm×2 mm. Although the spatial resolution is not small compared to the slit
width, the global flow structure induced by the jet oscillations in the whole near-wake is correctly resolved.
The data validation is performed by a dynamic procedure using 8 neighbouring points, Raffel et al. [10].

The measurement mode was a either ‘free run’, at the natural repetitive frequency of the YAG laser (nearly
9 Hz), or triggered by the PC signal imposing a phase within the injection cycle. The phase delay was adjustable
by steps of 20◦. Ensemble averages are obtained on 900 free-run instantaneous fields in the former case, and
on 50 triggered instantaneous fields for each phase in the latter case. We have verified that the mean over the
18 phase delays of these 18× 50 triggered fields is consistent with the ensemble average over the free runs.

2.4. Post-processing of PIV data

2.4.1. Eddy localisation technique

The criterion developed by Michard et al. [11] was used to locate the vortex centres. It is based on a
normalised angular momentum, rather than on differential operators as in Raffel et al. [10]. A dimensionless
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Figure 4. Integration domain for the vortex0-criterion calculation at any pointX.

function0( EX) is defined at every pointEXof the velocity field by:

0( EX)= 1

N

N∑
n=1

‖( EYn − EX)∧ EUn‖
‖ EYn − EX‖ ‖ EUn‖

= 1

N

N∑
n=1

sinθn

where EYn are theN = 24 neighbours ofEX over a 5× 5 square domain, andθn the angle between the relative
position vectorEYn − EX and the velocity vectorEU( EYn), seefigure 4. Each point of the 5× 5 square domain
corresponds to a PIV interrogation window. The whole flow field is analysed with an interrogation window
overlap of 75%. The vortex centre positionsEX are given by the extrema of0( EX) when they are close to 1 or
−1. A positive value of0( EX) corresponds to a counter clockwise rotation and a negative value of0( EX) to a
clockwise rotation. The spatial detection scale, which is linked to the size of the 5× 5 integration domain, is
adjusted to remove local turbulent fluctuations and measurements errors, e.g. subpixel interpolation for PIV
measurements.

2.4.2. Proper Orthogonal Decomposition

The Proper Orthogonal Decomposition (POD) was applied to the fluctuations of an ensemble of triggered
velocity fields at a given phase. We used the snapshot technique which reduces the computational cost of the
eigenvalues problem to be solved, see Holmes et al. [12], Graftieaux [13]. At a given phase, the set of fluctuating
snapshots is obtained by removing, from every field, the phase-averaged velocity field which corresponds to
that phase. The eigenvalues,λj , of the correlation matrix deduced from this set of snapshots are computed
as well as the corresponding eigenmodes from which an orthonormal basis of spatial modes is derived. Each
snapshot is then projected on this basis. For a given spatial mode, of orderj , the variance of the corresponding
coefficient of projection is equal toλj . Therefore,λj indicates the kinetic energy associated to the spatial mode
j over the whole domain. The spatial structure of the corresponding mode shows where these fluctuations take
place in the measurement domain. In the following, we focus our attention mainly on the most energetic mode
of the projection. At every phase, we have used 50 snapshots.

3. Wall pressure results

3.1. Lift and drag global effects

The global aerodynamic effect on the cylinder of the control jet, in terms of lift and drag, is presented in
figure 5. The lift increase is particularly important. It is measured with respect to the lift coefficient without
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Figure 5. Form drag and lift coefficients as a function of the velocity amplitude at the injector exit, in the case of turbulent boundary layer separation.

control, which is not exactly zero, because of minor flow asymmetries in the experimental set-up (position
of trip-wires, presence of the slit opening). The jet oscillations generate a lift force, which increases with the
control jet amplitude. This increase is non-linear; while a very small effect is registered at low-level control
(22 m/s), a very large lift force occurs at high-level control (42 m/s) with a gain in lift coefficient of 0.24.
For an intermediate jet velocity (31 m/s), an intermediate lift value is obtained, which demonstrates that the
physical mechanism involved is progressive.

The drag is also affected by the control, but only slightly. Without jet oscillation, the drag coefficient is low,
about 0.55, corresponding to the turbulent separation of the boundary layer. With control, the drag coefficient
becomes 0.65 for the high-level control (42 m/s). These results, as well as the lift generation, are in good
agreement with the previous experiments on turbulent separation control [7].

As a comparison, the control in the case of laminar boundary layer separation was carried out using the same
experimental conditions, but without the trip wires.Figure 6shows that the control generates a substantial lift
and has a very low effect on drag. This behaviour is associated with a boundary layer excitation resulting in
a downstream shift of the separation point with the control. Compared to previous measurements on cylinders
[5,7], the effect of the present control is slightly reduced. The reason is that in the present study the azimuthal
position of the control jet, 110◦, differs from the optimal control position for the laminar case, 90◦, as described
by Béra and Sunyach [6]. However, it is particularly interesting to point out that an oscillation control at 110◦
is still acting in the laminar separation case.

3.2. Mean pressure distributions over the cylinder

The wall pressure behaviour is depicted infigure 7. Without control, the natural separation occurs at about
±110◦ azimuth. It is preceded by a suction area and followed by a large zone of uniform low negative pressure.
Compared with Achenbach [8], this pressure distribution corresponds to an effective Reynolds number of about
5 · 105. Such an increase above the geometrical Reynolds number ReD = U∞D

ν
= 1.33 · 105 is due to the strong

turbulence created by the trip wires. When the control is on, the jet oscillations act on a large azimuthal range
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Figure 6. Form drag and lift coefficients as a function of the velocity amplitude at the injector exit, in the case of laminar boundary layer separation.

Figure 7. Wall pressure distribution in the case of turbulent boundary layer separation without control (dotted line), with the low-level pulsed jet (thin
line), and with the high-level pulsed jet (thick line).

(50◦ − 180◦). The suction profile has an increased depth, so that higher negative pressures are generated on the
upper part of the cylinder, leading to a substantial lift increase.

The azimuthal zone 180◦ − 360◦ is virtually unaffected by the control. This is due to 3-D flows occurring
near the ends of the 10 cm slit in the present experiments. Indeed, additional experiments in progress with
a 20 cm slit show that the control possibly affects the pressure distributions in the 180◦ − 360◦ region. Also
numerical predictions in a pure 2D case – corresponding to the slit spanning the entire length of the cylinder –
clearly lead to a global flow response around the cylinder, Getin [14].

As a comparison,figure 8shows the wall pressure distribution around the cylinder with and without the jet
oscillation in the case of laminar separation conditions. Without control, a small uniform suction area exists
between the two separation points located at 85◦ and 275◦. When the control jet is operating, being still located
at 110◦, a pressure dip is created in the azimuthal range 70◦ − 150◦. The controlled pattern in the laminar case
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Figure 8. Wall pressure distribution in the case of natural laminar boundary layer separation without control (dotted line), with the low-level pulsed jet
(thin line), and with the high-level pulsed jet (thick line).

is somewhat similar to the case of turbulent boundary layer separation, although the suction remains moderate.
This suggests that a partial transition occurs, compared to the full transition observed by Béra and Sunyach [6]
with the optimal position of 90◦. Nevertheless, this shows that it is possible to control laminar separation even
when the control jet acts 25◦ downstream of the natural separation point.

3.3. Wall pressure fluctuations

Two azimuths, 105◦ and 115◦, are selected infigures 9and10. They are on either side of the control slit
located at 110◦. In the absence of control, the natural vortex shedding imposes its structure on the wake. The
wall trace of this structure is clearly visible on the wall pressure spectra, around 50 Hz. More frequency-accurate
measurements showed a bump at 52 Hz, henceSt = 0.26. The bump – instead of a peak – corresponds to a
mean observation of a fluctuating Strouhal. Taking into account that the effective Reynolds number is around
5 · 105 in our experiments, the Strouhal value of 0.26 is indeed in the range classically obtained at critical
Reynolds numbers, Blake [15]. As a final comment, it is interesting to note that at 115◦, the wall pressure
spectra possess very little high frequency contributions, although the natural separation point without forcing
occurs around 110◦. The reason is that the eddies leaving the cylinder and constituting later on the separated
free shear layer, stay away from the wall so that their distant influence does not reach the wall.

When the control is on, the natural Strouhal bump disappears. It is replaced by a series of discrete peaks at
the frequency of the control jet and its harmonics. The harmonics simply express the fact that the control jet
has a more complex form than a sine oscillation as explained in section 2.2.2. Interestingly, the high frequency
contents of the wall pressure spectra at 115◦, downstream of the injection slit, have now recovered the high
levels observed upstream of the injector slit at 105◦. This is a convincing suggestion that the flow now remains
attached to the wall, carrying with it the remnants of the synchronised structures created by the control jet
near the slot. The PIV pictures confirm that assessment, as presented in section 4. As a consequence too, the
separation is not yet attained at the azimuth 115◦. Other measurements – not reported in the present study –
indicate that the separation seems to occur near 140◦.

The circumferential coherence of the wall pressure field is another way to look at the flow getting closer to
the wall. Experiments have been carried out between the azimuths 115◦ and 140◦ and the results reported in
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Figure 9. Wall pressure fluctuation spectrum at 5◦ upstream of the injection slit without control (dotted line) and with the high-level pulsed jet
(continuous line).

Figure 10. Wall pressure fluctuation spectrum at 5◦ downstream of the injection slit without control (dotted line) and with the high-level pulsed jet
(continuous line).

Figure 11. Coherence function of the wall pressure fluctuations between the azimuths 115◦ and 140◦: without control (dotted line) and with the
high-level pulsed jet (continuous line).

figure 11. Without control, the coherence is greater than 0.9 at the natural Strouhal frequency, and secondary
maxima with decreasing amplitudes are observable at its harmonics. For the other frequencies, no significant
coherence exists. Now, with control, a strong coherence appears, with levels in the range 0.6− 0.9, for the
frequency of the jet control and its harmonics. This clearly confirms that the structures created by the jet
control are well organised and close to the wall. The flow is therefore attached to the wall up to at least the
azimuth 140◦. Thus the separation is substantially delayed.
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4. Mean wake characterisation

4.1. Mean PIV velocity fields

Figures 12(a)to 12(c) show how the mean velocity is highly modified by the pulsed jet. Without control,
figure 12(a), a large area of low mean velocity behind the cylinder is largely filled with reverse flow. The

Figure 12.Mean velocity fields without (a) and with control (b) and (c). The estimated separation point is noted,S, and the separation line isSA.
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shear layer which delimits this zone is clearly visible. Its lower boundary goes towards pointAa and defines a
separation angle of approximately 8◦ with the upstream velocity. At the cylinder wall, the point of separation
Sa is estimated atX = 18 mm,Y = 48 mm, hence about azimuth 110◦, to within the size of one interrogation
window of the PIV.

With the low-level pulsating jet, seefigure 12(b), the reverse flow area is reduced, its frontier pushed down,
towards pointAb. The fluid from the upper part is also displaced downward. The separation angle can now be
estimated at 18◦, and at the cylinder wall the separation is located aroundX = 25 mm,Y = 45 mm, pointSb,
hence about azimuth 120◦.

With the high-level pulsating jet, seefigure 12(c), the mean flow remains clearly attached to the wall up to at
least pointSc (azimuth 135◦,X = 38 mm,Y = 32 mm). The separation angle is brought up to 45◦. Accordingly,
the reverse flow region has almost disappeared and a large downwards engulfing flow motion takes place behind
the cylinder.

As an additional remark, the transverse mean velocity gradient becomes smaller and the shear layer wider,
as shown by the downward displacement of pointA fromAa toAc.

4.2. Mean kinetic energy of the fluctuating velocity fields

The iso-contours of the mean kinetic energy of the velocity fluctuations are plotted, infigure 13(a)without
control,figure 13(b)for the low-level control, andfigure 13(c)for the high-level control. The highest values,
which correspond to the most intense shear regions, clearly depict the downward displacement of the separated
zone. Separation angles of 5◦, 15◦, and 40◦ are now estimated with no control, low- and high-level control,
respectively. These values are very close to those estimated from the mean velocity fields.

Furthermore, when the control is on, the pulsed jets generate strong velocity fluctuations downstream of the
injector. They are close to the wall and permit these synchronised structures to be detected by the fluctuating
wall pressure measurements.

The relatively large kinetic energy levels that can be observed in the whole region between the smooth
external flow and the delayed attached region near the cylinder, are due to the velocity fluctuations associated
with the engulfed fluid motion. Expressed relatively to the free stream, intensities are around 12%.

Near the cylinder’s rear, oscillations are detected as expected. They correspond to an alternately up and down
motion. They appear to be strongest with the high-level control when the velocity close to the wall is largest.

5. Identification of the active eddy structures

5.1. Instantaneous eddies patterns

All the instantaneous fields presented in this section give the eddy centre0-criterion results, in colours, and
the velocity vectors, with arrows. We recall that clockwise eddies are marked in blue.

5.1.1. Instantaneous fields without control

In figure 14, we give two representative examples of the field without control. We can observe the large
undulations of the free shear layer, and just underneath well defined small clockwise eddies. These small eddies
look similar to those observed by Prasad and Williamson [16] using a smoke wire to visualise the inner part
of the separated layer of a cylinder. They attributed these small eddies to the most amplified frequenciesfSL
of the shear layer instabilities and connectedfSL to the von Karman frequencyfK of the vortex shedding by
the empirical relationfSL/fK ≈ 0.0235Re0.67

D . Now, let us try to estimatefSL in our experiment. From the left
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Figure 13.Kinetic energy of velocity fluctuation without (a) and with control (b) and (c).

picture offigure 14where at least two structures occur in the same picture, we deduce an occurrence frequency
of the convected structures. Assuming a spatial separation (around 5 mm) and a convection velocity (around
10 m/s), we obtain a frequencyfSL of the order of 2 kHz. From the Prasad and Williamson formula, having
in our experimentsfK = 52 Hz and ReD = 1.33 · 105 , we obtainfSL ≈ 3 kHz, which is of the order of the
2 kHz experimental value. The difference can be attributed to the fact that our Reynolds number is larger than
the maximal one used by Prasad and Williamson and that transition has already taken place in our case.
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Figure 14.Without control, examples of instantaneous velocity fields (vectors) and eddy center0-criterion fields (colours).

5.1.2. Instantaneous fields with low- and high-level control

At this point, and because of the estimate which precedes, let us remark that the control frequency,
f = 200 Hz, we have chosen as the most efficient one is located between the two widely separated frequencies
fK andfSL , asf is around 4fK andfSL/10. This large difference motivates us to find another explanation
than just a stability analysis to explain the way the separation control works. This is the main reason for the
extended survey undertaken on the velocity field.

In figures 15and16, we present examples of the instantaneous fields obtained at two significant instants, or
phases, of the injection cycle: 180◦ at the end of the blowing, and 0◦ at the end of the aspiration, seefigure 3.
Several results can be listed for the phase 180◦ (figure 15):

(i) there is always a well organised flow pattern in the vicinity of the slit – downstream of it as expected.
This is due to the timing we imposed for looking at the fields. This pattern is not exactly at the same
place on every realisation, because of the flow irregularities existing in the jet itself (the flow seems very
smooth during suction, and irregular during blowing [9]) and the additional irregularities coming from
its interaction with an incident turbulent boundary layer;

(ii) there is sometimes a similar pattern, but more blurred, farther downstream and close to the wall. This is
the remnant of a preceding active structure, initiated 1/200 s, i.e. 5 ms earlier. When these are observable
at the bottom right of the PIV picture, a convection speed can be estimated, using a travel difference
(around 40 mm) and the available travel time (5 ms), so that the convection speed is around 8 m/s.
Of course, this value is some sort of average during the structure motion, because we have not looked
at the structure the whole time. During its motion, the structure might have moved faster or slower at
some instants that we cannot precisely identify. Anyway, it is interesting to know that large velocities
can exist close to the cylinder wall when the control is on. Also, the circumferential wall pressure
coherence, which is advantageously deduced from continuous time pressure signals, is on its own a
good indicator for organised structures existing and moving close to the wall;

(iii) all the eddies are clockwise – marked by negative values of the0-criterion – because they are not
destroyed by the mean velocity gradient of the boundary layer. On the contrary, the counter clockwise
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(a) (b)

Figure 15.With control, examples taken at the same injection cycle phase of 180◦ of instantaneous velocity fields (vectors) and eddy center0-criterion
fields (colours): (a) low-level pulsed jet, (b) high-level pulsed jet.

eddies which obviously exist just at the slit exit without external flow [9], are immediately suppressed.
The existence of only clockwise eddies are of primordial importance in the control mechanism of the
turbulent boundary layer separation. These structures, and only these, can bring the flow close to the
cylinder wall.

Figure 16deals with the phase 0◦, near the end of the aspiration. Three results can be listed:
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(a) (b)

Figure 16.With control, examples taken at the same injection cycle phase of 0◦ of instantaneous velocity fields (vectors) and eddy center0 -criterion
fields (colours): (a) low-level pulsed jet, (b) high-level pulsed jet.

(i) only one clockwise vortex structure is generally observed per realisation. The reason is that the structure
we are looking at comes from the clockwise vortex which was generated during the preceding blowing
period;

(ii) this structure is necessarily located farther downstream of the slit. It is remarkable that it has achieved a
large displacement, around 30 mm;
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Figure 17.Phase-average velocity fields at the end of the blowing phase of the pulsed injection (180◦) for low and high pulsed jet velocity amplitudes.

Figure 18.Phase-average velocity fields at the end of the aspiration phase of the pulsed injection (0◦ ) for low and high pulsed jet velocity amplitudes.

(iii) this structure appears to be large, strongly organised, and gets closer to the wall when the control
level increases. This specific feature is due to the initial clockwise motion of the vortex. Later on, this
clockwise motion is even reinforced by the suction which takes place along the wall towards the slit,
during the aspiration phase of the control jet.
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(a) (b)

Figure 19. Phase average fields of eddy center0-criterion at the end of the blowing phase of the pulsed injection (180◦). (a) Low-level pulsed jet;
(b) High-level pulsed jet.

(a) (b)

Figure 20. Phase average fields of eddy center0-criterion at the end of the aspiration phase of the pulsed injection (0◦). (a) Low-level pulsed jet;
(b) High-level pulsed jet.

5.2. Phase averages fields

We give infigures 17and18 the phase average of the PIV velocity fields and infigures 19and20 the phase-
average of the structures detected by the0-criterion, at low- and high-level of control, for phases 180◦ and
0◦. The structures closest to the injection slit remain clearly visible. The ones we noticed further downstream
on some realisations are hardly visible; they are averaged out because of their fluctuating positions and their
spatial extent. Additional results can be drawn from these figures:
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Figure 21.Phase-average kinetic energy fields at the end of the blowing phase of the pulsed injection (180◦).

Figure 22.Phase-average kinetic energy fields at the end of the aspiration phase of the pulsed injection (0◦).

(i) concerning the strongly marked structures just downstream the slit, the average views support the
observations obtained from the instantaneous realisations. In particular, the structures are very well
defined at the phase of 180◦ with the high-level control (figures 17and18);
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Figure 23.First mode provided by POD on the velocity fields at the phase 180◦ , for low- and high-level pulsed jets.

Figure 24.First mode provided by POD on the velocity fields at the phase 0◦ , for low- and high-level pulsed jets.

(ii) the mean eddy position at phase 0◦ is farther downstream than at phase 180◦. As explained in section
5.1, the only structure observed is the one created by the preceeding blowing. From the space travel
difference (around 30 mm, comparingfigures 19and20, high-control level) and the time available (one
half of 5 ms), we obtained a convection speed around 12 m/s. Similarly, at low-level control, where the
space travel difference is only 22 mm, we have a smaller convection speed of 9 m/s;
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(iii) the synchronised eddies are clockwise, marked by negative values of the0-criterion, corresponding to
rolling on the wall. As a result, these structures pull the external flow towards the wall, so that in their
wakes the flux lines are deviated to recover the wall direction. This phenomenon explains the reduced
extent or even the suppression of the reverse flow area when the actuator is on.

All the phase averages at 20◦ intervals in the injection cycle have been recorded. They show that the eddies
rolling on the wall are finally evacuated near the cylinder rear. This behaviour is also noticeable at low-level
control, in the first view offigure 15.

5.3. Fluctuations around the phase-average fields

The fluctuations around the phase-average fields are measured by their kinetic energy.Figures 21and22
report the maps obtained at phases of 180◦ and 0◦, for low and high-level controls.

The most striking point is that large fluctuations exist at the cylinder’s rear, for the high level control,
whatever the phase considered. This behaviour is due to the general flow motion towards the wall and to the
interaction of upper and lower flows around the cylinder, the interaction now taking place in a very restricted
spatial zone.

We note also a relatively large spatial concentration of energy at the phase 180◦ , for both the low-and
high-level controls.

5.4. POD results

The POD results give information on the deviations of the vortex position and on the flow-induced
fluctuations taking place in the entrained fluid surrounding the vortices. As a consequence of their strong
amplitude, we expect a large number of contributing modes. For the four cases we have considered – phases
180◦ and 0◦, low and high control levels – the first mode never exceeds 11%. This maximal value is obtained
for the phase 180◦ and the high level control.

Figures 23and24 represent the corresponding spatial modes. There is a striking similarity withfigures 21
and22 which give the total kinetic energy of the fluctuations. In particular, we observe the same location of
the active zones whose spatial extent decreases with the control power. Thus, the first mode carries most of the
fluctuating kinetic energy.

6. Conclusions

A pulsed wall jet control has been implemented on a circular cylinder, and the physical interpretation of the
control has been investigated using wall pressure and velocity field measurements. The present study shows
that wall jet oscillations generate a train of periodic eddy structures, which deviates the external flow so that
it fills in the low-velocity area. Each structure, generated during blowing, remains close to the wall because of
the favourable flow induced by suction. Consequently, the flow modifications induced during both blowing and
suction phases globally always sweep the external flow downwards, towards the cylinder rear. This is probably
the basic mechanism which explains the remarkable efficiency of the zero-mass-flux actuator.

Using the physical mechanism suggested by Wygnanski [1], that an active eddy should be able to manipulate
the free shear layer so as to accompany it until the cylinder rear, we can now estimate the optimum active
frequency to be used for control. The deflection we need is of the order of the cylinder radius (0.05 m), the
mean speed encountered is around half the free stream value (10 m/s), which gives a frequency around 10/0.05
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hence 200 Hz. Concerning the forcing amplitude, it has been shown by Béra et al. [7] that a significant coupling
with the shear layer has to be reached. This occurs only in a certain amplitude range.

As a consequence of the external flow deviation by the pulsed jet, there is a significant lift generation. In
the present experiments, this generation is mainly connected with the suction increase which takes place in
the vicinity of the control jet. This spatial concentration of the action is however due to end effects of the slit.
Further studies are in progress with larger slits to eliminate these 3D effects.
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