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Flow Control with Electrohydrodynamic Actuators

Guillermo Artana* and Juan D’ Adamo
University of Buenos Aires, 1063 Buenos Aires, Argentina

and

Luc Léger,* Eric Moreau,® and Gérard Touchard!
University of Poitiers, 86962 Futuroscope Cedex, France

The ability of an electrohydrodynamicactuator to modify the characteristics of a flow over a flat plate is analyzed.
The device considered uses flush-mounted electrodes and a dc power supply to create a plasma sheet on the surface
of the plate. We analyze the mechanism of formation of this plasma sheet, which has some similarities with the
phenomenon of streamer formation. Experimental results are presented concerning flow visualizations obtained
at low flow velocities (=1 m/s) and velocity fields obtained with a particle image velocimetry technique for higher
flow velocities (range 11.0-17.5 m/s). These results show that the discharge can induce an important acceleration

of the flow close to the surface.

Introduction

ORONAS are self-sustaining discharges characterized by

a strong inhomogeneity of the electric field configuration
and electrodes having a low curvature radius. This configuration
confines the ionization process to regions close to the high-field
electrodes. Thus, in this phenomenon, there are active electrodes,
surrounded by ionization regions where free charges are created, a
low-field drift region where charged particles drift and react, and
low-field passive electrodes. Coronas can be unipolar or bipolar if
oneorbothelectrodesare active electrodes.Bipolar coronascanlead
to the formation of streamers, weakly conducting plasma filaments
extending from one electrode and carrying their own ionization re-
gion ahead of themselves. Positive streamers are cathode directed
and negative streamers anode directed.

The physics of corona discharge occurring in a gas close to an
insulating surface has notbeen as widely studied as coronas without
any extraneousbodies in the vicinity of the discharge -2 Because the
discharge involves the movement of ions as well as a large amount
of neutral particles, this situation becomes of special interest in
aerodynamics for flow and instabilities control.

The induced fluid motion is usually called electroconvection or
sometimes electric wind. Coulombian electroconvectiontakes place
if the coulombianforcesactingon the fluid particlesare predominant
in relation to the polarization ones. This is usually the case when
the fluid medium is air. The way the electric forces act on fluid
particles may be explained by considering that ions in their drift
motion from one electrode to the other will exchange momentum
with the neutral fluid particles and induce their movement. Because
currentsinvolvedin the process are so low that magnetic effects can
be disregardedthe phenomenonis described by the set of equations
used in electrohydrodynamics(EHD) problems.
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In the present work, actuators based on electroconvectionwill be
called EHD actuators. Main advantages of these actuators are that
they have no moving part and a very short response time. (Delays
are of the order of nanoseconds.) If the discharge takes place quite
close to a surface, the velocity field close to this region can be
greatly modified. Thus, in wall bounded or wake flows configura-
tions, electroconvectionis a good candidate to control the transition
of boundary layers from laminar to turbulent types, to change the
position of the separationline, or to modify the stability of coherent
structures.

A large part of prior research of EHD actuators in air has been
concerned with the possibility of heat transfer augmentation®~’ and
of dragreduction~1* Also, some works have analyzedthe effectsof
the electroconvectionon the special flow configuration appearingin
industrial process such as those in an electrostatic precipitator.>~!7
The effects of the ionization of the gas upstream of a shock wave
and the possibility of using it to control the flow over hypersonic
vehicles has also been receiving special attention.'®=2! Although
previous research shows that injected ions can modify the charac-
teristics and stability of the main flow, these devices (like most of
the actuators currently consideredin active fluid mechanic research)
need substantial development. With a few exceptions,!®~!2 most of
the research has been undertaken with electrodes placed at some
distance form the wall with an increase of momentum mainly in the
direction normal to the surface.

If devices were developed with electrodes flush mounted on the
surface, enabling the addition of momentum to the fluid tangen-
tially to the wall, we think that it could be possible to achieve
more effective control of some characteristics of the flows, such
as the skin-frictionforces, heat transfer, etc. On this principle, some
EHD devices based on a surface-generated atmospheric rf plasma
have been proposed. The one atmosphere uniform glow discharge
(OAUGDP) device uses two electrodes separated by an insulating
surface that avoids the knocking of the ions on the cathode. This
prevents cathode heating and the formation of new avalanches or
breakdown from electron secondary emission.?? The authors claim
that paraelectric forces associated to electric field gradients enable
ion acceleration and, via particle collision, acceleration of the neu-
tral particles. Other devices like the OAUGDP but with a polyphase
rf power have been presented recently>>-2*

The present work proposes a different approach because we use
both electrodes flush mounted on an insulating surface and we con-
sider a bipolarcoronadischargeobtained with a dc excitation. When
this configurationis compared with an unipolarone, the electric field
concentrates in a region closer to the insulating surface. In conse-
quence, ions drift with trajectories lying on a region where fluid
particles have low kinetic energy.

Recent results®?® indicate that, with this electrode configuration
placed on insulating cylinders, some aspects of the discharge are
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similar to the coronas’ behavior. In Refs. 25 and 26, it is shown
that under some circumstances a special regime can be observed:
It is similar to a glow discharge as the drift region of the “normal”
coronas almost fully disappears.From a technologicalpointof view,
the use of this configuration has advantages such as simplicity and,
because of its uniformity, a high efficiency to transform electrical
into mechanical power. However, to obtain a reliable device, it is
still necessary to get better knowledge of the characteristic of the
discharge under different conditions to operate it with a higher de-
gree of control. The target of this work is to analyze the discharge
characteristics produced by electrodes flush mounted on a surface
of a flat plate and how the electroconvectionthey produce modifies
the fluid mechanics occurring around the plate when traversed by
an airflow.

Experimental Setup

In our study, the injection of ions is obtained with a dc corona dis-
charge between a wire-type electrode (0.90-mm diam) and a plane
electrode of aluminum foil (the same length as the wire). The elec-
trodes are located flush mounted on the surface of a flat plate of poly
methyl methacrylate (4 mm thick) as shown in Fig. 1. Two different
high voltage sources of oppositepolarity (+20 kV, —20kV, 1.5 mA)
impose a voltage difference between both electrodes.

The wire-type electrode is connected to the positive polarity
source and the plate electrode to the negative one. When the voltage
difference between both electrodes is increased, different discharge
regimes can be established. The current measurementis undertaken
with an electrometric circuit that can detect currents of 1 nA. The
characteristic voltage current curves are determined using the setup
shown in Fig. 2.

A plate, similar to that described but shorter, has been placed hor-
izontally and parallel to the main flow in a wind tunnel (0-5 m/s,
0.28 x 0.28 m? rectangular cross section, turbulence level lower
than 3%). The wire electrode was facing the flow in the frontal stag-
nation point. A schematic of the wind tunnelis shown in Fig. 3. Ve-
locity measurements of the flow were taken with a micromanometer
(accuracy 0.04 Pa ) and a pitot probe.

Fig.1 Plate and electrode arrangement.
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Fig.2 Schematic of electric circuit.
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Fig.3 Schematic of wind tunnel.

Visualizations at low velocities were done using a laser sheet
produced by a 5-W argon-ion laser and a single smoke filament
(¢ =2 mm). Seeding was produced with an EI 514 Deltalab smoke
generator that uses a pure cosmetic grade oil and that operated to
obtain a cloud with a mean particle diameter of 0.3 xm. Images are
recorded with a videocameraand thendigitalized.Particle image ve-
locimetry (PIV) measurements were done in a closed wind tunnel
with a probe section of 0.50 x 0.50 m? and a range of velocities of
2-30 m/s. The experiments were conducted using the DANTEC
system controlled by FlowMap® PIV. Interrogation area was
32 x 32 pixels with an overlapof 50%. Seeding was done with parti-
cles of a pure cosmetic grade oil, as in the visualizationexperiments,
and with the same mean diameter. The system was illuminated with
alaser sheet producedby a YAG laser of 200 mJ. In our experiments,
each pulse had duration of 0.01 us, and the time between a pair of
pulses was 50 us.

The progressive scan interline camera we used can produce im-
ages of 768 x 484 pixels. We considered 600 pairs of digital im-
ages taken every 0.1 s to obtain the velocity field of the airflow.
The resolution for the distances of the field can be estimated as
the product of the resolution of pixels (1/4 pixel) and a scale factor
(1/14 mm/pixel). Then, the resolutionof the velocity field can be esti-
mated dividing the latter value by the time between a pair of pulses;
in our case this leads to an uncertainty of Av =% -pixel(1 - mm/
14 - pixel)(1/50 pus) = 0.357 m/s.

Experimental Results
Discharge Characteristics
The characteristicsof the different discharge regimes in our case
are described and a typical voltage-current curve is shown in Fig. 4.
The different regimes are quite similar to the ones occurring in a
cylindrical geometry with electrodes flush mounted as described in
previous work.

Spot-Type Regime

The discharge is concentrated in some visible spots of the wire,
and by increasing the voltage difference, they can increase in num-
ber. Some of the spots may ionize in a plumelike type or may lead to
anarrow channel quite attached to the surface. In Fig. 4, this regime
corresponds to the range of currents lower than 0.2 mA/m

Generalized Glow Regime

At higher voltage differences, a regime characterizedby a homo-
geneousluminescencecan be observed. This luminescenceoccupies
the whole interelectrode space almost all along the wire. The dis-
charge makes the plate surface appear to be supporting a thin film
of ionized air. This discharge is quite homogeneous noisy, and the
current is quite stable with time. By visual inspection, it appears
that the thickness of the ionized film is of the order of the thick-
ness of the aluminum foil (50 m). Measurements with a multiplier
photometer indicate an intensity of the luminosity of the discharge
close to 0.5 p/m.

In Fig. 4, this regime corresponds to currents between 0.2 and
0.8 mA/m. The discharge is largely dependent on the quality of
the finishing of the electrodes. Sometimes it is hard to start and
can be promoted by blowing hot air toward the plate surface such
as that produced with a hair drier. In the range of velocities of our
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Fig.4 Voltage current curve; electrode distance 38 mm and electrode
length 400 mm.
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Fig.5a Flow visualization; discharge off, Uy = 0.8 m/s.
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Fig. 5b Flow visualization; discharge on, U)y=0.8 m/s and AV =
33.0kV.

experiments,0.5-20 m/s, the intensity of the current of the discharge
was not significantly modified by a flow of air.

Filament-Type Regime

In this regime, some points of the wire have a concentrated dis-
charge in an arborescent shape or in filament type. By the further
increase of the voltage, some localized sparks appear following a
nonrectilinear trajectory at a small distance from the surface.

In the present work we have undertaken the flow measurements
in the generalized glow regime.

Flow Visualisation

Figures 5a and 5b are photographsshowing typical visualizations
at low velocity, V =~ 1 m/s. They show the changes on the smoke
tracers filaments when the dischargeis applied. (The wire electrode
is upstream.)

PIV Data Processing

Each velocity field is filtered with a peak validation and a range
validation filter. Peak validation filter is based on the detectability
criterion?’ which 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 the
establishment of the range admitted for the modulus of the veloc-
ity vectors. In our case, we have considered a value of 2.0 times
the flow velocity U, as the upper limit. When these filtering pro-
cessesare used, about 50-100 vectors are removed from 1363 initial
vectors.

An average on 600 vector fields is performed to obtain a mean
velocity field of the airflow in one experiment. We show re-
sults corresponding to this mean velocity field in Figs. 6a-6c¢.
Figures 6a-6¢ show the difference of these averaged vectors for
the cases with discharge on and discharge off, at different flow ve-
locities (11.0, 14.0, and 17.5 m/s).

Discussion
Physical Interpretation of the Electrical Results

In the past 20 years, different researchers?®® ~3* have been inter-
ested by a discharge in a configuration with some similarities with
the one we consider here. Their goal was to obtain a uniform high
current surface discharge at moderate voltages for gas lasers use.
The device considered was similar to the one we used. It consisted
of electrodes flush mounted on the surface of a dielectric plate, but
they were excited with a pulsed voltage difference. Also a grounded
electrode was placed in the reverse side of the plate.

The different discharge regimes for this pulsed discharge were
described by Baranov et al.’! and Lagarkov and Rutkevich** They
are quite similar to the ones we have observed with our dc excita-
tion. They have also observed that, at a certain range of voltages
and depending on specific conditions of the experiments, a uni-
form luminosity like a plasma sheet covering the space between
both electrodes takes place. This phenomenon has been reported
with different names such as sliding discharge, grazing discharge,
or skimming discharge.

Rutkevich®® and Lagarkov and Rutkevich* proposeda model of a
stationary wave of ionization to describe the propagationof this dis-
charge. They considered,as boundary conditions,a perfectdielectric
solid with only polarizationcharges.lon depositionand surface con-
duction were neglected. In this model the transverse component of
the electric field near the dielectric surface plays an important role
in the development of impact ionization. The nonuniformity of the
impact ionization frequency in that direction is the main reason for
forming the plasma sheet.

With this model, different parameters can be estimated (velocity
of propagation,ion density, etc.), and an estimation of the thickness
of the plasma sheet A is proposed as

A = (1/xe) ba(ney /no) o))

with A, the inverse of the thickness of the boundarylayerfor concen-
trations of electronsnear the wall, n,,, the concentrationof electrons
in the gas immediately adjoining the wall, and n, a value that os-
cillates between 10'? and 10" m~3. Typical results of the plasma
sheet obtained with this model oscillate between 0.1 and 1 mm,
apparently of the same order as the one we observed.

The similarities that exists between both processes, the pulsed
voltage case and the dc voltage case, indicate that the discharge with
dc power should be a pulsating dischargebecause it occurs with the
streamers produced with a point-to-plane electrode configuration.
In our case the scheme could be a repetition of ionization waves.
Each front of ionization screens the electric field and preventsa new
process of ionization until its neutralization on the electrode.

The initiation of the plasma sheet by the use of hot air seems also
to be associated, with the creation of lower density air channels®
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AV =310 kV.

as in point-to-planerepetitive streamers. This seems to be the more
plausible mechanism to explain the formation of the plasma sheet
with dc power, but furtherexperiments and the use of a refined model
including surface conduction and charge deposition-removal from
the surface are still needed to describe fully the phenomenon. A
rough analysis of the voltage-current curve can be undertakenif we
use, as in other works,!%!! the semi-empirical approach proposed
by Seaver® There, the voltage-current characteristics (in amperes
per meter) are given by

I = (kT /xiq R){explxiq(Ap — do)/kT] — 1} 2

with I, the current per unit length of electrode, A¢ the potential
difference between the two electrodes, k the Boltzmann constant, T
the absolute temperature, g the ion charge, x; a ratio known as the
ion-to-neutral excess momentum concentration, and R a constant
representing the gas-phase resistance outside the corona wire units
(per meter ohms). Here ¢, (in volts) is a constant associated with
the voltage breakdown that can be estimated with

o = Eca ta(S/a) 3)

with E, the corona onset voltage (in our case roughly~10°-
107 V/m), S the electrode spacing, and a the curvature radius
of the electrode. The fitting of our results with this function
and least-square methods gives the following adjusted parameters:
&, =0.526kV, R=35.0kQ/m, and g x;/kT =0.148 kV~'. These
values are similar to those obtained by El-Khabiry and Colver'® and
Colver and El-Khabiry!! and the corresponding breakdown field in
ourcaseis E, =2.710° V/m.

Finally, from our experiments, it can be observed that typical val-
ues of power consumption per unit area associated with the plasma
sheet are about 500 W/m?. They are of the same order than those
needed to sustain a glow discharge with the OGADUP device.

Fluid Mechanics Result Interpretation

In flow visualization by smoke injection techniques or PIV ex-
periments, the trajectories of the seeding particles and those of the
surrounding fluid particles are usually considered to be the same.
This occurs when the seeding particle follows closely the surround-
ing fluid particles. When there is a slipping velocity V=U, — U,
the trajectories may differ.

Although particle motion in a moving fluid is a rather compli-
cated phenomena, Hinze’s model (see Ref. 37) is usually accepted
to describe (at least qualitatively) the motion of the seeding parti-
cles used in PIV experiments. The model gives an expression that
enables the establishment of the limits of the particle size to track
properly the flow. It expresses the following balance of forces:

T dU,

Ed,fp,, dzl =Ft F,+ F+F, @)
where d, is the diameter of the particle, U is velocity, p is density,
subscript p refers to particle, and subscript f refers to fluid. Forces
on the right-hand side of the equation are defined as

]751 = _SHMdp"}

T
b4 av
Fr=——dp,—

3 dvV  de
Sy

27 e to d§ t—=¢
where p is the coefficient of dynamic viscosity. Fy, describesthe vis-
cous drag as given by Stokes law, F), is the pressure gradient force,
F takes into account the resistance of an inviscid fluid to acceler-
ation of the seeding particle, and F, is the Basset history integral
that represents the drag force associated with unsteady motion.

The formula is valid under different assumptions (low particle
density, particles are spherical, etc.) but one of the strongest as-
sumptions in our case is that the electrostatic forces are negligi-
ble. Because some smoke particles can be charged by ion impact,
coulombian forces would act on them affecting tracer trajectory.
Thus, electrostatic forces should be added in our case to the left-
hand side of the Hinze equation.

To evaluate the magnitude of the electrostatic forces we consider
Bailey’s work.3® He indicates that when a particle is subjected to
field-directed fluxes of positive and negative ions, both charging
and neutralization processes occur simultaneously. Nevertheless, a
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net charge develops, which depends on the difference in the rate at
which the two flux types are intercepted. These rates are functions
of the ion mobility and of the ionic density of each ion type. When
a particle achieves a net charge level, the rate at which it receives
charge of different signs is the same.

The maximumnetchargelevel g, thatis attainedafter an exposure
time of a few time constants is given by>®

1
26, =D 1} 1—(Nop_/Nip)?
& +2 L+ (N_p /Nyt

with g, the Faraday constant, N, and N_ the density of positive and
negative ions, and 4 and p_ their respective mobilities. An upper
limit of the attainable charge for droplets of nonpolar hydrocarbon
(relative dielectric constant &, &~ 2) is obtained with

4 = ﬂdlz,EUEU|: 5)

gn ~ 1.57d 80 Eg (6)

When this limit and that coulombian forces F, can be approxi-
mated with F, ~ E - g, are considered, then F resultsto be propor-
tional to the surface of the particle and to the square of the electric
field E,.

Because the influence of the electric forcesis less important when
the seeding particle diameter is very low, inspection of Eq. (4) cor-
rected with the electrostatic forces shows that these last forces will
be important only when the slipping velocity is very low. For in-
stance, when a particle in air of d, =1 um and an electric field of
~ 10° V/m are considered, the ratio of the viscous to the electric
forces is

Fy/Fy = —Grud,/q,E)V ~ 4.066(s/m)V @)

where we see that the ratio is directly dependent on the slipping
velocity V and that Stokes forces are much larger than electric ones
except for low values of V.

In conclusion, for visualization and PIV analysis, the seeding
particles should be chosen as large as possible to scatter most of the
light. However, for reasons given earlier, the largest size is limited to
particlesof about 1 xm when a nonpolarhydrocarbonis the seeding
material. When the data sheet given by the constructorof the smoke
generatoris considered,in our experiments the seeding particles we
have used are in the range of 0.3 um. Therefore, in our PIV and
visualization experiments, the influence of coulombian forces on
tracers trajectory in a first approach can be disregarded.

Flow Visualization

Flow visualizationby smoke injection technique gives an idea of
the changesin the flowfield that the discharge produces. In these ex-
periments, we considered low flow velocities, Uy ~ 1 m/s. Figure 5
shows results at 0.8 m/s flow velocities with the discharge operating
in the generalized glow regime. We observe there that the filaments
of the smoke tracers tend to approachto the plate when the discharge
is applied. This indicates a tangential accelerationof the air close to
the surface of the plate, creating a depression that tends to make
the streamlines approach the surface. This intense effect is greatly
reduced if the discharge operates in other regime (spot or filament
type). There, the two-dimensional character of the flow is lost, and
the coincidenceof the discharge channels with the region of interest
(the plane of visualization) is sometimes difficult.

PIV

We considered larger flow velocities in our PIV experiments.
The results were obtained at flow velocities of 11.0-14.0 and 17.5
m/s and though corresponding to a very different range from those
of flow visualization they are in good agreement. We observe in
Figs. 6a-6¢ a relatively important acceleration of the fluid close to
the plate surface when compared to the flow velocity. Comparison
of Figs. 6a-6¢ shows that the velocity differences produced by the
EHD actuator in the region close to the wall are more important
as flow velocities increase. The maximum values of the differences
detected are 4.6, 4.9, and 10.7 m/s, correspondingto flow velocities
of 11.0, 14.0, and 17.5 m/s, respectively. This indicates that in the
range of velocities where PIV has been done the electric forces and
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Fig. 7 Typical velocity profile ratio: streamwise station 20 mm from
the leading edge, Uy = 14.0 m/s, discharge voltage AV =31.0 kV.

the conversion of electrical to mechanical power increase with flow
velocity.

Our results indicate that in the fluid and ion flow configuration
adopted, the interaction of ions with neutral fluid particles in the
region close to the wall seems to depend on the main stream ve-
locity. This effect, in consequence, is dependent on the flowfield
close to the wall and is larger when the fluid particles outside the
region where viscous forces are important are animated with more
important velocities. The effects of the actuator on the boundary
condition of the flow produce the modifications of the flowfield ob-
served. However, these effects in principle should not be reduced to
only a momentum adding to the boundary layer.

The ionization of the fluid also produces changes on its physi-
cal properties (density, viscosity, etc.) in regions of the flow close
to the wall. Then, a model that includes these changes as well as
the momentum added to the flow in the boundary layer should be
proposed. With our experiments, we cannot distinguish the relative
importance of each effect. A numerical model approach and further
experiments could give some insight to this problem.

Figure 7 shows the shape of the velocity profiles ratios obtained
with the discharge on and off. Figures 8 show the difference of
these velocities ratio profiles at different streamwise stations and
for different flow velocities. We can observe in Figs. 7 and 8 how
the electric forces modify the velocity profile in the field of view
of our experiments. The magnitude of the velocity differences with
discharge on and off are larger in a region about 1.5 cm measured
from the plate surface. This region becomes more important with
increasing distances from the leading edge.

We observe in Figs. 8a-8c that the changes in the velocity field
produced by the EHD actuator are more pronounced in fluid lay-
ers close to the wall. At larger distances from the leading edge, the
changes tend to be more uniform, and velocities differences can be
detected in layers at larger wall distances. This can be explained
considering that the momentum changes on the boundary layers
produce changes on the flow that are subjected simultaneously to
diffusion (mainly in the direction normal to the surface) and con-
vection processes (mainly in the flow direction).

At positions close to the leading edge, streamlines far from the
surface “feel” less what happens at the boundary than those quite
close to it. As we consider positions at larger distances from the
leading edges, diffusion modifies the momentum of the less per-
turbed layers (those far from the surface) and the velocity profile
modifications penetrate more in the fluid. The shapes of curves of
Fig. 7 are similar to those obtained with the OGADUP with pitot
probes placed downstream of the device 22

Comparing EHD with OGADUP, we observe thatin both cases an
importantaccelerationhas been detected. However, the acceleration
of the fluid layers close to the surface produced with the EHD ac-
tuator does not have the nonuniformities in the spanwise directions
shown in Ref. 22. Also, our results show larger changes produced
with the EHD device than those with the OGADUP. However, a di-
rect comparison of the performanceof both actuatorsis not possible



1778 ARTANA ET AL.

25+
U=11 mss
204 ‘ Distance from the leading edge
—e—5 mm
= —v—15mm
£ 154 —e—20mm
@® ﬁ —+—25mm
e h‘o
£ 104 ;&;
k] -
© »
2 5 :
-,
] + e
0 l'//ik{v/

01 00 01 02 03 04 05 06 07 08 09 10
U/UO difference(discharge on-discharge off)

Fig. 8a Velocity difference ratio profiles at different streamwise sta-
tions; Uy =11.0 m/s, discharge voltage AV =31.4 kV.

1 Uy=14 mfs
304
1 Distance from the leading edge
25+ —e—5 mm
1 —v—15 mm
204 —e—20 mm
—x—30 mm

walldistance (mm)
N
o (4]
1 1 1

o
J{iﬂiﬁzigk—i

0 N "//kz"ﬁlx",l — T T1_ " T 1" T1_ T T ' 1
-01 00 01 02 03 04 05 06 07 08 09 10
U/UQ difference(discharge on-off)

Fig. 8b Velocity difference ratio profiles at different streamwise sta-
tions; Uy = 14.0 m/s, discharge voltage AV =31.4 kV.
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Fig. 8¢ Velocity difference profiles at different streamwise stations;
Uy =17.5 m/s, discharge voltage AV =31.0 kV.

because the values obtained correspond to different streamwise
locations.

Conclusions

We show that the characteristics of a corona discharge in the
proximity of extraneous bodies are quite similar if this body has a
cylindrical geometry or if it is of the flat plate type. The physical
phenomenainvolvedin the description of the plasma sheet creation
are similar to the ones occurring in the formation of repetitive ion-
ization waves, like the ones appearing in streamers. The effect of
the dc corona discharge on the flow operating in the generalized
glow regime is very distinctive because of two main factors: 1) its
intensity (luminescence in all of the arc distance could be associ-
ated to ionization produced by high-velocity charged particles) and
2) the homogeneity of the discharge occurringall along the electrode

length. From flow visualization results, it can be concluded that at
low Reynolds number the effect of the discharge in the fluid dy-
namics close to the wall is important. However, this effect is highly
dependent on the regime of discharge considered.

PIV measurementsenabled us to corroborate this and to conclude
that strong effects of this kind of EHD actuators on the flow are
not limited to very small flow velocities as suggested by Roth and
Sherman.2? The EHD actuator adds momentum in the boundary
layer but also may change the fluid properties in regions close to
the wall. These uniform changes in the boundary condition produce
an effect on the flow that seem to be more important at larger flow
velocities.

In consequence,our resultsindicate that, in the range of velocities
considered, an important effect on the control of heat transfer or in
drag reduction may be expected to be attained with this actuator.
Experiments considering a larger range of flow velocities and an
optimization of the electrode configuration should be consideredin
a future work.
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