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Abstract We analysed the modifications of the near wake
of a circular cylinder (2,300< Re <58,000) when the flow
was perturbed steadily using an electrohydrodynamic
actuator. Two electrodes flush-mounted on the surface of
the cylinder were excited with DC power supplies to create
a plasma sheet contouring the body. The discharge pro-
duced an electric force and changed the physical proper-
ties in the fluid layers at close vicinity to the surface. This
plasma sheet diminished the base pressure, modified the
size of the mean recirculation region and produced an
increase in the shear stresses of the layers bounding the
contour of this region.

1
Introduction
The separated boundary layer produced on the disturbed
flow taking place around a circular cylinder continues to
develop downstream as free shear layers. These free shear
layers initially border a region with a static pressure lower
than in the undisturbed stream, usually designated as the
near-wake region (Zdravkovich 1997).

The near-wake flows develop a complex configuration
of instabilities that are largely dependent on the Reynolds
number Re considered. For the Re range analyzed in this
article (2,300< Re <58,000), different authors (Bloor 1963;
Chyu et al. 1995) have pointed out that the near-wake
flows exhibits two coexisting modes: the shear layer mode
and the Karman mode.

The shear layer mode is associated with the onset of a
Kelvin–Helmholtz instability in the free shear layer formed
from the surface of the cylinder. This instability eventually
leads to small-scale vortices that may interact with large-
scale ones.

The Karman or sinuous mode has been largely studied
as it is responsible for the dynamic loading of the body
produced by the large-scale vortex shedding. Reports of
the last decade have especially described (Huerre and
Monkewitz 1990) the way this mode can act as a ‘‘wave-
maker’’ with frequencies produced by a self-excited
oscillation. This oscillation is produced by the appearance
of a global instability in the near wake originated by a
pocket of an absolute unstable region.

The control of the development of wake flow instabil-
ities can be achieved with the use of actuators. The exci-
tation to be introduced in the flow may have a steady or a
dynamic (with variable frequencies, amplitudes or signal
forms) character. The selection of a steady or a dynamic
excitation of the flow with small-amplitude perturbations
depends on the instability characteristics.

The most common method to modify the wake
dynamics consists of steady or quasi-steady modifications
of the boundary conditions. Somewhat fewer efforts
involving unsteady open-loop forcing or closed-loop
(feedback) control devices have been proposed. This is
probably because in practical applications they represent
an increase in complexity vis-à-vis the steady methods.

Different actuators such as steady or unsteady blowing
or suction, transverse cylinder oscillations, rotating cyl-
inder oscillations and Lorentz force devices have been
proposed to perform flow control around cylinders. A
review of the different kinds of actuators was published
previously (Meier 1996).

Electrohydrodynamic (EHD) actuators based on
momentum transfer through electric forces have been
studied at different laboratories. These devices involve
small power consumption, and currents flowing in the
system are so low that the magnetic effects may be disre-
garded. These actuators have also important advantages,
namely simplicity, reliability (they have no moving parts)
and a very short electrical response time (theoretically
lower than 1 ns).

The use of EHD actuators in an electrically neutral fluid
requires creation of ions in the fluid flow. This is generally
performed by means of an electrical discharge. The ions
under the action of coulombic forces drift towards the
electrode of opposite sign and exchange momentum with
the neutral fluid particles via particle collision. If the
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electrodes of the EHD actuator are flush-mounted on the
surface of the body, most of the momentum transfer
should take place in fluid layers that have a very low ki-
netic energy. In this way, with little power added to the
flow, we can expect to observe important changes in the
fluid dynamics.

Research concerning EHD actuators has mostly
explored the possibility of modifying the flow around flat
plates. Malik et al. (1983) and Bushnell (1983) proposed a
device consisting of needles placed normally to a flat plate
with their tips lying on the wall surface. When the device
was operated, it produced an increase in the air momen-
tum mainly in the direction of the normal to the surface.
Considering the continuity equation, it can be demon-
strated that this increase produces a reduction of the
longitudinal momentum and a reduction of the velocity
gradient at the wall. Some authors (Roth and Sherman
1998, 2000) indicated that this technique is probably lim-
ited to low Reynolds number applications due to limita-
tions on scaling the corona discharge effect to the high
flow velocities of flight conditions.

More efficient devices that add momentum tangentially
to the wall have recently been developed. With these kinds
of systems, a more uniform action and major control of
the ion trajectories can be achieved. Roth and Sherman
(1998, 2000) proposed a device named ‘‘one atmosphere
uniform glow discharge’’ (OAUGDP). The system uses
electrodes separated by an insulating surface that avoids
knocking the ions on the cathode. In this way, cathode
heating and the formation of new avalanches or break-
down from electron secondary emission, which can lead to
nonuniform discharges, is prevented. Similar devices
(Scherbakov et al. 2000) and others using a pulsed exci-
tation have been recently studied (Corke and Mattalis
2000; Corke et al. 2002; Lorber et al. 2000; Johnson and
Scott 2001; Hultgren and Ashpis 2003; Wilkinson 2003).

On the other hand, devices with bare electrodes without
any dielectric barrier have also been proposed (Soetomo
1992; El-Khabiry and Colver 1997; Colver and El-Khabiry
1999). They consist of two electrodes flush-mounted on
the same side of an insulating surface of a flat plate,
enabling the creation of a bipolar corona discharge with a
DC voltage excitation.

The experimental studies were complemented with
numerical simulations of the flow considering a very small
diameter (2 lm) wire–wire electrode configuration. The
numerical simulations predicted a corona thinning for the
boundary layer and a reduction in the drag of the flat plate,
although the latter was almost one order of magnitude
larger than the experimentally verified results.

Other devices without dielectric barriers but with very
well finished wire–wire (Léger et al. 2002a, 2002b) or wire–
plate electrodes (Desimone et al. 1999; Desimone 2000;
Artana et al. 1999, 2000, 2001, 2002; Léger et al. 2000, 2001)
are now being considered. Under suitable operation, these
devices minimize the problems of spot formation, and
uniform discharges can be achieved. Moreover, depending
on the excitation, it is possible to obtain a discharge re-
gime characterized by a uniform plasma sheet contouring
the body surface that occupies the whole interelectrode
space (generalized glow regime).

The mechanism of interaction discharge-airflow asso-
ciated with momentum transfer by ion collision is inherent
to this actuator, but others may also be involved.
Depending on intensity, the ionization of a gas may pro-
duce important alterations of the mechanical properties of
the fluid (like density, viscosity and so on). As the plasma
sheet devices produce uniform ionization of fluid layers at
close vicinity to the walls, the resulting alteration of fluid
properties in this region may effectively constitute an
effective electromechanical coupling mechanism.

A refined electrical model that could clarify the differ-
ent mechanisms governing the establishment and charac-
teristics of this discharge regime, and so of its interaction
with the airflow, is still missing. Considering the theory of
streamer�s phenomena, it may be argued that a uniform
plasma sheet, although it is produced by a DC excitation,
could be a pulsating discharge with a repetition of some
kilohertz. Research is now being developed by our group
to elucidate this question.

The goal of this work is to determine the flow modifi-
cations of an airflow around a circular cylinder under a
steady excitation of the fluid at close vicinity to the surface
with an EHD actuator operating in the generalized glow
regime. We analyze a wide range of the flow regimes
characterized by transition to turbulence of the shear
layers (2300< Re <58000).

2
Evaluation of flow modifications
The development of devices to control the wake flow re-
quires quantification of the qualitative observations de-
duced from visualizations. In this aspect, the study of
time-averaged magnitude is a powerful tool to compare
the capabilities of the different actuators as they bring out
essential information. In the case of wake flows, it is of
particular interest to time-average the magnitudes of
velocity or pressure over large periods of time compared
to the shedding period.

The time-averaging of the velocity field in the near
wake enables us to determine a ‘‘mean recirculation re-
gion’’ that characterizes the vortex shedding regimes. This
region is symmetric and closed, and it is possible to define
within it a bubble length Lb and a bubble width db.

The length of such region has usually been obtained by
the experimental measurement of the eddy formation
length Lf defined by the distance downstream from the
cylinder axis to the point where the rms velocity fluctua-
tions are maximized on the wake central line.

In the last decade, the development of the particle-
image velocimetry (PIV) technique has allowed for easier
determination of the magnitudes of Lb and db. For this
determination, the use of the PIV technique requires a
suitable choice of the duration and sampling of the
experiment.

Furthermore, time-averaging of the surface pressure on
the base of the cylinder has received special attention.
Different authors (Roshko 1993; Norberg 1994; Williamson
1996) considered this magnitude as a convenient and
meaningful reference for discussion of the phenomena of
bluff body aerodynamics. This is mainly because there is a
close connection between this coefficient and the drag, but
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also because it highlights different aspects of the wake
dynamics in a very large range of Re values.

The averaged flow field and surface pressure are not
independent parameters (Unal and Rockwell 1988). The
magnitude of the base pressure is usually expected to be
related to the strength of the vortex formed from the body
and also to the length required to complete their forma-
tion. The relationship between these parameters was par-
tially clarified when Roshko established with a simplified
model a link between the bubble length of the mean
recirculation region and the base pressure (Roshko 1993;
Norberg 1994; Williamson 1996). In order to characterize
the behavior of the near-wake region our study is based on
the time-averaged values of the flow field and of the sur-
face pressure.

3
Experimental setup

3.1
Wind tunnel and cylinders
The flow visualization experiments were undertaken at low
flow velocities with the cylinder placed in a small open
wind tunnel (0–5-m/s, 0.28·0.28-m2 rectangular cross
section). For surface pressure distributions and flow field
velocimetry, the measurements were done in a wind tunnel
loop that enabled testing at higher flow velocities (1–30 m/
s, 0.50·0.50-m2 rectangular cross section). The cylinder
was placed in the test section with the axis horizontal and
normal to the main flow with a turbulence intensity lower
than 0.5% (5000 Hz). The characteristics of these tunnels
have been published previously (Tensi et al. 2002)

In our study the electrodes were flush-mounted on the
surface of polymethyl methacrylate cylinders that were
32 mm in diameter D (length L =500 mm, L/D =15.6; and L
=280 mm, L/D =11.4). The cylinder was a hollow tube with
a 3-mm thick wall. Two electrodes were used: a wire one
(0.90-mm diameter) and a planar one, which was a thin
aluminum foil (50-lm thick). Both electrodes were parallel
to the cylinder axis (Fig. 1). The ends of both electrodes
were rounded to avoid a large field concentration.

The cylinder was oriented such that the wire electrode
occupied the frontal stagnation point (h =0�). The cylinder
was fixed on both ends through pieces of electrical insu-
lating material (nylon) entering in the hollows of the tube.
The blockage ratio was 11.4% in the open wind tunnel and
6.4% in the wind tunnel loop. No correction for blockage
effects has been applied to the data.

3.2
EHD excitation
Two independent adjustable high-voltage sources of
opposite polarities (+40 kV, )40 kV, 3.75 mA) were used
to apply a voltage difference high enough to sustain a
stable discharge. The wire electrode was connected to the
positive polarity source, and the plate electrode to the
negative one. By increasing the voltage difference between
both electrodes, different discharge regimes could then be
established. The current measurement was undertaken
with an electrometric circuit that could detect currents of
1 nA.

3.3
Flow visualizations
For flow visualizations, a smoke injection technique was
used. The device comprised a laser sheet produced by a
5-W argon-ion laser and a single smoke filament
(/f =2 mm). The seeding was produced with a smoke
generator (EI 514 Deltalab) that used pure cosmetic-grade
oil. The images of the streaklines of the flow were recorded
with a video camera at 30 frames per second and then
digitalized.

3.4
Velocity field measurements
The velocity field was measured using a particle-image
velocimetry (PIV) technique. These experiments were
conducted using the DANTEC system controlled by
FlowMap PIV. The system was adjusted to obtain inter-
rogation areas of 32·32 pixels with an overlap of 50%. The
smoke generator used in these sets of experiments was the
same previously described in Sect. 3.3.

The system was illuminated with a laser sheet produced
by a 200-mJ YAG laser. In our experiments each pulse had
a 0.01-ls duration and the time between a pair of pulses
was 50 ls. A progressive scan interline camera capable of
producing images of 768·484 pixels was used. Six hundred
pairs of digital images taken every 0.1 s were examined in
each experiment. The images were obtained with a scale
factor of 10.4.

The system resolution for distances can be estimated as
the product of the pixel resolution (1/4 pix) and the pixel
size. In that way, the resolution of the velocity field can be
estimated dividing the latter value by the time between a
pair of pulses. In our case the pixel size was about
0.125 mm, leading to a conservative value of uncertainty
for the velocity of Dv ¼ 1

4 pix � 1�mm
8�pix

1
50 ls ffi 0:6 m=s.

Each velocity field was filtered with both a peak-vali-
dation and a range-validation filter. The peak validation

Fig. 1. a Schematic of the electrode configuration. b Schematic of
the electrode configuration (side view)
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filter is based on the detectability criterion (Keane and
Adrian 1992). It validates vectors with a ratio of the
highest peak to the second-highest peak in the correlation
plane larger than a fixed value (1.2 in our case). The range-
validation filter enables us to establish the range admitted
for the modulus of the velocity vectors. In our case, we
considered a maximum value of 2.5 times the flow velocity
U0 as the upper limit. Undertaking these filtering pro-
cesses, about 5% to 10% of the vectors were removed from
the 1363 initial vectors.

3.5
Particle tracking
The trajectories of the seeding particles and those of the
fluid particles surrounding the tracer have frequently been
considered to be the same in flow visualizations by smoke
injection techniques and in PIV experiments. However, if a
slipping velocity is verified between the tracer and the
fluid, the trajectories might differ. The tracer particles
could ‘‘swim’’ in the moving media, and the information
obtained from the tracers must then be carefully exam-
ined.

In our experiments, the seeding was produced with the
smoke generator operated to obtain a cloud with a mean
particle diameter of 0.3 lm. As analyzed in a previous
article (Artana et al. 2002), the influence of coulombic
forces on the tracer trajectory when using seeding particles
of this size can be disregarded without introducing a sig-
nificant error.

3.6
Pressure measurements
For the surface pressure distribution experiments, we used
a similar cylinder but with 20 small orifices on its surface
(Fig. 2). The pressure tapping hole diameters considered
were 1 mm, and their centers were equally spaced at 9�.
Electrical insulating Tygon tubes passing through the
inside of the cylinder hollow enabled us to connect the
orifices with the pressure sensors.

A set of 20 independent solid state sensors (ion-
implanted piezoresistive strain gage) with their outputs
connected to a data acquisition system were used. At low
velocities (<5 m/s) the typical integration time was about
10 s. However, at higher velocities this time could be sig-
nificantly reduced.

The free stream velocity U0 was measured with a pitot-
static tube positioned 0.5-m upstream of the cylinder
connected to a micromanometer. The pressure can be
rendered dimensionless with the dynamic pressure. We
consider a coefficient Cp defined as

Cp ¼ P� P0

qU2
0=2

; ð1Þ

where P is the pressure on the surface of the cylinder, P0 is
the static pressure of the free airstream, and q is the gas
density.

The coefficient obtained at the position corresponding
to an angle h =180� was taken as the base pressure coef-
ficient Cpb, and the negative of this quantity () Cpb) is
referred to as the base suction coefficient.

3.7
Time-averaging of magnitudes
In our case, the mean velocity field of the airflow is ob-
tained by averaging the instantaneous flow fields over 60 s.
In the flow regime considered, the Strouhal number St is
close to 0.2 and is calculated as:

St ¼ fsD

U0
: ð2Þ

As a result, when comparing the shedding frequency fs

with the duration of our experiment and the sampling
frequency considered, it can be assured that the time-
averaged values obtained converge to the mean value.

4
Results and discussion

4.1
Discharge characteristics
A typical voltage–current curve from our experiments is
shown in Fig. 3 (results are shown considering current per
unit length of the electrodes). In this figure distinct zones
could be distinguished based upon the different behaviors
or regimes exhibited by the discharge. The different re-
gimes observed were similar to those described in our
previous works (Artana et al. 1999; Desimone et al. 1999).

The first type of regime corresponded to the first part of
the curve under very low currents (lower than 0.2 lA/m),
in which the corona discharge was almost negligible. This
regime occurred for voltage differences lower than values
of approximately 25 kV.

Fig. 2. Side view of the disposition of pressure tubes Fig. 3. Voltage versus current per unit electrode length
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At higher voltage differences, we could observe two
different zones with distinctive discharge regimes having
the following characteristics:

– Spot-type regime: The discharge was concentrated on
some visible spots on the wire. The spot number in-
creased with the applied voltage dierence. Some of them
might ionize in a plume-like type or might lead to a
narrow channel attached to the surface. In Fig. 3 this
regime corresponded to currents lower than 0.1 mA/m
and to voltages lower than about 30 kV.

– Generalized glow regime: The picture of this regime
shown in Fig. 4 was obtained by darkening the room.
The regime was characterized by a homogeneous
luminescence covering the cylinder surface. The lumi-
nescence occupied the whole interelectrode region and
made the cylinder look like it supported a thin film of
ionized air. By visual inspection it seemed that the
thickness of the ionized sheet was of the order of the
thickness of the aluminum foil (50 lms). In Fig. 3 this
regime corresponded to voltages of about 30–35 kV and
to currents between 0.4 and 2.5 mA/m. The discharge
was homogeneous, showed little noise, and the current
remained stable over long periods of time.

This regime could be obtained with adequate finishing
of the electrode. Under other conditions, this regime might
be absent and the spot-type regime could be followed by a
filamentary-type regime or directly by a spark. For
velocities up to 30 m/s the velocity of the airflow did not
significantly modify the intensity of the current. At larger
velocities, the generalized glow regime persisted in a wider
range of voltages and higher currents could be attained.

In the present work, measurements with the actuator
were undertaken operating exclusively in the generalized
glow regime. A typical value of power consumption per
unit area associated with this regime of about 500 W/m2

could be recorded in our experiments. This value agreed
with the power consumption needed to sustain a glow
discharge with the OGADUP device as well as with the
power consumption obtained with similar EHD actuators
in a planar configuration.

4.2
Flow visualization
Zdravkovich (1997) proposed the classification of the
different flow regimes around a circular cylinder as a

function of Reynolds number. According to this classi-
fication, our flow visualization experiments were under-
taken in the intermediate subcritical regime of transition
in the shear layer state (1–2k< Re <20–40k). The near
wake in this flow state is surrounded by initially laminar
free shear layers. However, as Re increases this regime
shows undulations in the shear layer (transition waves)
that roll up into discrete eddies (transition eddies) along
the free shear layer before becoming turbulent. The
transition region may move with increasing Re along the
free shear layer towards the separation region and affects
the length and the width of the near wake.

Figure 5 shows photos of typical visualizations for the
low-velocity range ( Re �2500), with discharge off
(Fig. 5a, at t = )0.04 s) and discharge on (Fig. 5b, at
1.6 s after the electric field is applied at time t = 0). The
wire electrode was placed on the frontal stagnation point
(at left in the photo) and the plate electrode was op-
posed at 180�.

After a short period of time, the nonperturbed flow
region disappeared and was convected by the flow,
establishing a new flow condition in the near wake
(Fig. 5b). In this way, the transition region in the sep-
arated shear layer seemed closer to the cylinder. The
eddy formation region was largely perturbed and the
vortex streets could no longer be easily detected.

Fig. 5a, b. Sequence of visualizations: a t =)0.04 s, U0=0.7 m/s.
b t =1.56 s (electric field is applied at t =0), U0=0.7 m/s, DV=32 kV

Fig. 4. Digitalized image of the generalized glow discharge.
Plasma sheet contouring the cylinder surface, DV=34 kV
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4.3
Time-averaged velocity fields
For experiments using the PIV technique, larger flow
velocities than those used in flow visualization were em-
ployed. According to Zdravkovich�s classification, these
experiments were conducted in the upper subcritical re-
gime of the transition in the shear layer state (20–40k< Re
<100–200k). The regime is characterized by an almost
immediate transition to turbulence of the separated shear
layer that is accompanied by a very short near wake, which
is almost constant in size in the whole Re range of this
regime.

Figure 6 (actuator off and on, respectively, in Figs. 6a
and 6b), shows typical results of the mean velocity field for
the displaced and near-wake regions. These results were
obtained at U0=16.7 m/s (Re �35,500), and similar results
were obtained at different velocities in the range consid-
ered for the PIV experiments (10–20 m/s). Figure 6 shows
that two counter-rotating vortexes were observed in the
time-averaged field. The contour enclosing these cells en-
ables us to define the limits of the mean recirculation re-
gion. A careful look at these figures, in contrast to what
occurred at the low-velocity range of the flow visualization
experiments, shows that the actuator causes only a very
slight narrowing and a shortening of the bubble enclosed
in this region.

To highlight the effect of the actuator on the flow,
contour and vector diagrams of the difference between the
time-averaged velocities with the electric field on and off
were plotted in Fig. 7. Figure 7 reveals an important
acceleration in the zone close to the separated shear layer
and also in fluid layers close to the cylinder surface. In the
range tested, the maximum difference attained values of
about 8.5 m/s (almost a half of the incident flow velocity).

In our previous reports (Artana et al. 2000, 2001, 2002;
Léger et al. 2000) the changes in the velocity profiles in a
cylindrical and flat plate flow configuration were charac-
terized. Our results indicated that the changes in the
momentum close to the wall were governed simulta-
neously by diffusion (mainly in the direction of the normal
to the surface) and by convection processes (mainly in the
flow direction). Prior to separation, the diffusion was not
very important, and the streamlines that were far from the
surface ‘‘suffered’’ the effect of the boundary changes less
than those taking place closer to it. Under a boundary
layer separation, the convection enabled these effects to
penetrate more deeply in the flow field, comprising the
zones enclosing the mean recirculation region.

4.4
Surface pressure distribution
Figure 8 shows the results of the changes in the cylinder
surface pressure in the presence of the discharge for dif-
ferent electrical currents. The results correspond to Re
�21,600 (Fig. 8a) and Re �57,600 (Fig. 8b). These figures
reveal a similar surface pressure distribution of the flows
independent of the actuator being on or off. Note that the
curves have minima, and beyond these minima there is a
pressure rise followed by a plateau that is usually associ-
ated with the boundary layer separation. As seen in Fig. 8
the actuator produced no significant changes either on the
position of the measurement point where the minimum
occurs, or in the position where the plateau appeared. In
consequence, from our experiments it was not possible to
ascribe a role to the discharge in the production of changes
in the position of the separation line of the boundary layer.

Even though the curves are similar, the presence of the
actuator could induce differences in the value of the

Fig. 6a, b. Time-averaged velocity field in the near wake: a
Voltage off, U0=16.7 m/s. b Voltage on, U0=16.7 m/s, DV=34 kV

Fig. 7. Time-averaged velocity field difference in the near-wake
region (voltage on)voltage off), U0=16.7 m/s, DV=34 kV
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pressure for each measurement point. Effectively when the
generalized glow regime was established, Fig. 8 shows that
no significant changes could be detected in the regions
where Cp was positive, but reductions in pressure (or in-
crease in suction) were observed in almost all measure-
ment points where Cp adopted negative values.

In the region where changes were observed, the inci-
dence of the actuator�s power depended on the flow re-
gime. In the example of Fig. 8a (corresponding to airflow
velocity of 10.15 m/s), the absolute value of the nondi-
mensional pressure in the plateau changed gradually when
power increased.

Conversely, based on the curves of Fig. 8b (corre-
sponding to higher airflow velocities of 27.0 m/s), a jump
in the values of the plateau verified that the generalized
glow regime was established. However, by increasing the
actuator power in this discharge regime no significant
changes were produced in Cp, and the resulting curves for
different powers were almost superposed. As an example,
considering the values at h =180�, the )Cpb for powers of
521.1 W/m2 (1166 lA/m) were only about 3% lower than
the ones corresponding to 210.1 W/m2 (500 lA/m).

Consequently, these experiments indicated that the ef-
fect on surface pressure produced by the actuator oper-
ating in the generalized glow regime exhibited a
dependency on the airflow velocity. The effect became

larger when the fluid flowed at high velocities, but simul-
taneously a saturation with power appeared at these
regimes.

4.5
Base pressure coefficient
Based on the work of Sychev (1982), Roshko (1993)
established a simplified model that links the bubble length
of the mean recirculation region and the base pressure.
Considering that the fluid inside the wake was in equi-
librium between the pressure forces, and the shear stress s
acting on the boundary between the base of the body and
the recirculation bubble (enclosed by the streamline u ¼ 0
of Fig. 9) he proposedZ

u¼0

pdyþ
Z

u¼0

sdx ¼ 0: ð3Þ

The model was originally developed for steady wake flows
with no vortex shedding (such as in the case of cylinder
with splitter plates), and it was then been extended to
time-averaged flows with vortex shedding. In the analysis
of these integrals, Roshko considered that the pressure at
u ¼ 0 is almost constant with a value p = pb except near
the reattachment point, where the pressure has the same
value as that far from the cylinder (p = p0). Also consid-
ering that the shear on the boundary has a constant value,
it is then proposed

pb � p0j jdb ¼ 2 s Lb: ð4Þ

Though some authors (Williamson 1996) argued that this
model needs an arbitrary choice of some parameters, its
usefulness is recognized in clarifying the link between the
base suction, the shear stresses and the recirculation
length.

It was observed that the pressure difference appearing
in Eq. (4) always adopts a negative value. In consequence,
this model indicates that if the bubble width db is kept
constant, a more negative value of the base pressure (or an
increase of the base suction coefficient) leads to an in-
crease in the second term of Eq. (4).

Figure 10 represents the base suction coefficient as a
function of the Reynolds number with and without the
discharge. Both curves have the same shape, and it is
evident that the effect of the EHD actuator is to increase
the value of the coefficient in the whole Re range tested.

Fig. 8a, b. Pressure distribution on the cylinder surface:
a U0=10.15 m/s. b U0=27.0 m/s

Fig. 9. Recirculation bubble defined by zero streamline
of mean flow
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In the lower Re range, where flow visualization exper-
iments were conducted, we observed an increase in the
base suction accompanied by a shortening of the bubble
length Lb. Undertaking an analysis with Roshko�s model,
this should be associated with a strong increase in the
shear stresses. The strong acceleration of the flow pro-
duced by the discharge in the shear layer region is a
manifestation of such augmentation.

Considering the larger Re numbers in which the PIV
experiments were undertaken, our experiments indicated
the existence of an increase in the base suction coefficient
accompanied by almost no change in db and Lb. Consid-
ering Roshko�s model when keeping the size of the mean
recirculation region constant, an increase in the base
suction is linked to an increase in the shear stresses on
the boundary of this region. In our case, the acceleration of
the separated shear layer as observed in Fig. 7 reflects the
changes in the shear stresses predicted by the model. In
conclusion, Roshko�s simplified model for both the low-
and high- Re range considered indicated that the EHD
actuator produced an increase of the shear stresses of the
layers bounding the near wake.

It seems reasonable, especially for high Reynolds num-
bers, that the increase in the shear stresses in the contour
occurs as a consequence of a large increase in the Reynolds
stresses q u0 v0

� �
. Unfortunately, the measurements of

parameters characterizing turbulence could not be easily
undertaken and we could not verify this hypothesis. In our
configuration, the PIV technique was not a good tool to
determine this parameters because of its low sampling rate
and because the small-scale turbulent structures are much
smaller than the size of the interrogation area. On the other
hand, the existence of a discharge excluded the possibility of
hot wire measurements mainly because of two reasons: ion
attraction by the probe and the large amount of electro-
magnetic noise produced by the discharge.

5
Conclusions
We undertook our experiments in flow regimes around a
cylinder identified by transitions of the shear layer
(intermediate subcritical and upper subcritical regime).

Flow visualization experiments indicated that at relatively
low Re -value regimes (intermediate subcritical regime),
the effect of the discharge on the near-wake flow field is
very important. The eddy formation region was largely
perturbed, and vortex shedding phenomena could no
longer clearly be observed.

The PIV measurements revealed that a strong acceler-
ation in the regions of the separated shear layers might be
induced. In the range of higher Re values (upper subcrit-
ical regime) such acceleration was also accompanied by a
very small shortening and narrowing of the mean recir-
culation region. Even though the curves of pressure dis-
tribution displayed significant changes, from these results
the capability of the actuator to affect the position of
separation of the boundary layer could not be determined.

The pressure measurements however, indicated that the
EHD actuator could substantially increase the base suction
coefficient in the whole range of the Reynolds numbers
tested. At high Re values a saturation of the effect with
power was observed, indicating that from an energetic
point of view there exists an optimum in the operation
conditions of the actuator.

In our study the simple model developed by Roshko
was revealed as a qualified tool to analyze the time-aver-
aged flow parameters of the near wake, as it provided a
straight link between the base pressure, the mean recir-
culation region size and the shear force acting on its
contour. This model established that in our experiments
the EHD actuator produced an increase in the shear
stresses of the layers bounding the contour of this region.
This increase in the shear probably occurred as a conse-
quence of a significant increase in the Reynolds stresses,
but so far no measurements support this hypothesis.

The present work established that the EHD actuator
proposed was able to modify the flow in a large range of
velocities. Additional experiments involving time-depen-
dent behavior and focused on the boundary layer should
be undertaken to better delimit strategies for steady and
dynamic flow control with the use of the EHD devices.
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