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Electrohydrodynamic Flow Control with a Glow-Discharge
Surface Plasma
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Multiple flow diagnostics have been applied to planar panels covered by strips of glow-discharge surface plasma
in atmospheric pressure air generated by the one atmosphere uniform glow discharge plasma. Direct drag mea-
surements, smoke wire and titanium tetrachloride flow visualization, and boundary-layer velocity profiles were
obtained. The plasma generated along streamwise-oriented, symmetric strip electrodes is shown to cause a large
increase in drag, whereas the plasma along spanwise-oriented, asymmetric strip electrodes can generate a signifi-
cant thrust. Flow visualization and mean velocity measurements show the primary cause of the phenomena to be
a combination of mass transport and vortical structures induced by strong electrohydrodynamic body forces on

the flow, known as paraelectric forcing.

Nomenclature
C,  =dragcoefficient
d = electrode separation distance
E = electric field
F, = body force
f, F =frequency
Gr = Grashof number [Eq. (5)]
g = acceleration caused by gravity
L = length scale for Grashof number
p = pressure
Re = unit Reynolds number, m™!
T = temperature
U, = freestream velocity
u = velocity
Vv = voltage
X = streamwise coordinate
y = vertical distance from wall
o = boundary-layervelocity displacement thickness
& = permittivity of free space
v = kinematic viscosity of air
Pe = electrical charge density

Introduction

LECTROHYDRODYNAMIC (EHD) flow control relies upon

the interaction between a partially ionized (or seeded) airflow
and a strong electric field. This results in a Lorentzian collisional
force on the neutral gas that may be usefulin a variety of flow-control
applications.For such a method to functionin a gas so cool that Saha
equilibrium (Ref. 1, pp. 135, 136) provides insufficient ionization,
such as room temperatureatmosphericair, an energy efficientsource
of charged particles is required. One method of efficiently securing
an adequate number density of charged particles is to generate a
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weak plasma directly on the flow control surface. This approach
can be implemented with a novel plasma source known as the one
atmosphere uniform glow discharge plasma or OAUGDP.> 4

The OAUGDP is an efficient plasma generation technique that op-
eratesat atmosphericpressure. The gas between adjacentelectrodes,
at leastone of which is covered with a thin dielectric, is ionized by a
RF (radio frequency) voltage. The OAUGDP is not hard-startingand
does not require external initiation (e.g., with a Tesla coil or spark
gap). Under appropriate values of voltage, frequency,and electrode
separation distance, a nonequilibrium, uniform glow discharge can
be established. Typical excitation parameters are 1-20 kHz at sev-
eral kilovolts, over a gap distance of a few millimeters. As a result
of the very high collision rate between the relatively low density
of charged particles and the background neutral gas at one atmo-
sphere (several gigahertz for ions, several terahertz for electrons),
bulk movement of the gas can be effected. Roth (Ref. 1, pp. 453-
461) analyzesthe OAUGDP fromthe perspectiveof a Lorentziangas
model and derives simple scaling expressionsfor the electrode spac-
ing and electrical parameters. Massines et al.’ reporton an extensive,
combined experimental and computational one-dimensional study
of the OAUGDP in helium. They confirm that the OAUGDP is a true
glow-dischargeplasma and describe in detail the physical processes
involvedin its generation. Additional information on the OAUGDP
is found in the patents cited in Refs. 2, 3, and 4.

Being a capacitive device, the OAUGDP utilizes displacement
currents. The absence of large real currents in the OAUGDP pro-
tects its electrodes from erosion and reduces electrode heating. Its
nature as a nonequilibrium, normal glow discharge allows it to op-
erate at low areal power densities, consistent with the possibility
of net energy savings in flight boundary-layerflow control or drag-
reductionapplications.For example, the OAUGDP can operate with
a power of 0.3 kW/m? or less at one atmospheric pressure. For a
long-rangecommercial transportat cruise conditions, the boundary-
layer viscous dissipationvalue is estimated to be at least an order of
magnitude higher® Although there is no evidence or claim at this
time that such a low OAUGDP power level can effectively control,
say, a turbulentboundary flow at high-Reynolds-numberflight con-
ditions, there is clearly a sufficient energy margin available to justify
investigation of a plasma-based flow-control technology.

This low-energy cost occurs for a fundamental reason. As shown
in Ref. 5, the OAUGDP is a normal glow discharge that is created
twice during each excitation cycle. As a normal glow discharge,
the ionization processin the instantaneouscathode region occurs at
the Stoletow point, which is about 81 eV per ion-electron pair for
air (Ref. 1, pp. 246-251). This is, in principle, the lowest possible
energy cost of producing an ion-electron pair in a plasma source.
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By comparison, the energy cost of producing ionization in other
atmospheric plasma sources, such as plasma torches or arcjets, is
about 10,000 eV/ion-electron pair.

The OAUGDP is a volumetric, glow-dischargeplasma source that
is fundamentally differentfrom ion-wind flow-control concepts that
rely on a corona discharge as an ion source. Malik et al.” used the
ion-wind technique in a flat plate dc brush discharge fashion and
were able to secure a small reduction in measured drag of about 5%
for a turbulentboundary-layerflow at a length Reynolds number of
approximately one million. Research was discontinued, however,
because of the inability to scale the operation of the hardware to
flight conditions. More recently, El-Khabiry and Colver® were able
to produce up to 50% or more viscous drag reduction in very low-
Reynolds-number flows (on the order of 10°). They used a corona
discharge between spanwise wires on a flat surface for both dc and
low-frequency (60 Hz) ac excitation. Again, the problem with this
technique for flight applicationsis the inability to scale the corona-
dischargeeffectto higherflow velocities. The OAUGDP, however, is
more readily scaleable (Ref. 1, pp. 463-471) and, as will be shown,
has the ability to function at airflow velocities up to at least 25 m/s.

OAUGDP Mechanism and Paraelectric Forcing

The OAUGDP uses an ion-trapping principle that involves con-
strained, periodicoscillationofions and electronsalongelectricfiled
lines between pairs of electrodes (Ref. 1, pp. 463-471). Based on
straightforward Lorentzian electrodynamic analysis of the plasma,
the ion-trapping mechanism identifies the pertinent independent
variables as electric field strength, electrode separation distance,
pressure,and RF electric field frequency.Roth (Ref. 1, pp.463-471)
gives arelation among these variables for a parallel plate geometry:

foc(E/ pd) (1)

A planar strip geometry will have a similar but more complicated
relation because of its arched field lines, but the same qualitative
functional dependencies would be expected to prevail. The electric
field E in Eq. (1) can be approximated by the electrode potential V
with E =V/d. This electric field must be at least 8.5 kV/cm to initi-
atea OAUGDP at 1 atmin air. Provided the operating parameters are
in accordance with Eq. (1) the OAUGDP will functionat 1 atm and
producea stable, steady-stateglow discharge. A plasma-layerthick-
ness of one or two millimeters was typical for the current experi-
ments. Equation (1) does not representa finely tuned phenomenon,
and the parameters can vary over a useful range while maintaining
the existence and uniformity of the plasma. If any of the parameters
deviate sufficiently from Eq. (1), however, either the OAUGDP will
cease to function, or its uniformity will degrade into a filamentary
or dielectric barrier discharge.

A primary finding of the current research was observation of
a paraelectric EHD body force caused by the OAUGD plasma.
The paraelectric forcing effect is easily illustrated for the one-
dimensional case by Poisson’s equation (one of Maxwell’s equa-
tions), which relates the local electric field gradient to the local
charge density:

dE. _ p.

—_ = 2

dx £ 2
By definition, the body force on a charged volume is given by

F, =p.E 3)
Combining Egs. (2) and (3) yields

d (1 )
Fh = d_x EgoE (4)

Equation (4) shows that the magnitude and direction of the resultant
body force is equal to the gradient of the local electric field en-
ergy density. For the current strip electrode models the electric field
increases as one approaches the electrode edges. Using any self-
consistent sign convention scheme, it can be shown that the body
forceis always directed toward the electrode, regardlessof electrode
polarity. For this reason the body force is referred to as paraelectric.
In previoususage’ paraelectricrefers to the unidirectional force ex-
erted on an electrically neutral dielectric body immersed in a non-

uniform electric field. In the case of the OAUGDP, the physics is
more involved because of the mobile charged particles. The mathe-
matical relationship for the dielectric case, however, describing the
force is similar to Eq. (4), and application of paraelectric terminol-
ogy to the OAUGDP is appropriate.

Experimental Apparatus

Both bench and low-speed wind-tunneltests of various OAUGDP
flat panel models were conducted. Typical implementation of the
OAUGDP, as illustrated in Figs. la-1c, includes flush-mounted
metallic strip electrodes on one side of a thin dielectric sheet with
either similar strips or a uniform conducting plane on the other side.
In Fig. 1a an array of electrode strips was situated on the top (flow)
side of the board, and the bottom surface was a uniform conducting
plane. The oscillating electric fields penetrate the dielectric,and the
plasma forms near the edges of the electrodes above the upper sur-
face. The configurationsshownin Figs. 1band 1cusestripelectrodes
on the lower surface enabling the plasma formation to be controlled
by the relative placement of the upper and lower strips. Figures la
and 1c are referred to as symmetric-planarand symmetric-staggered
configurations, respectively, with equal regions of plasma forming
along each upper electrode edge. Figure 1b is referred to as an
asymmetric-staggered configuration, with the bulk of the plasma
forming between the closestedges of the upper and lower strips. As
will be shown, this is a requirement for generating a net force on
the model using the paraelectric forcing effect.

The panels were constructed from a conventional printed circuit
board material, which was woven-glass and epoxy, 0.75 mm thick,
with double-sided, 1-0z (an industry standard designation) copper
coating. The copper trace thickness was approximately 0.10 mm
above the panel. For all models the upper surface electrodes were
uncoated. Because the OAUGDP ion-trapping mechanism operates
on displacementrather than real electrical currents, this surface can,
if desired, be covered with a thin dielectric protective layer without
qualitatively affecting the results reported herein. For wind-tunnel
tests the panels were bonded to a 12.5-mm-thick fiberglass board
that provided required stiffness and effectively suppressed plasma
formation on the lower surfaces. For bench testing lower surface
plasma was suppressed with vinyladhesivetape. Table 1 presentsthe
designations of the panels studied, their configuration in reference
to Figs. la-1c, the upper electrode orientation in the wind tunnel,
and pertinent dimensions. Figure 2 shows the detailed design for
model C7-C that was typical of all wind-tunnel models.

The NASA Langley Research Center 7 X 11 Inch Low Speed
Wind Tunnel (7 X 11) was used to measure direct drag and stream-
wise boundary-layer velocity profiles (determined from the pitot
tube total pressure) on the models and to conduct smoke-wire flow

Table 1 Panel designations and electrode dimensions

Corresponding Orientation Electrode Electrode
Panel sketch with respect to width, spacing,”
designation in Fig. 1 freestream mm mm
C7-A la Streamwise 0.5 10.5
C7-C la Spanwise 0.5 10.5
E6-C 1b Spanwise 0.5 8.5
2Center-to-center spacing of electrodes.

dielectric copper

circuit board electrodes
(@ \ |

Not To Scale

Fig. 1 Plasma panel design concepts: a) symmetric planar, b) asym-
metric staggered, and ¢) symmetric staggered.



1168 ROTH, SHERMAN, AND WILKINSON

| 46 | 270 |22|

143

- === = == == —

1 mm bus
bars (2) ~
top
electrodes (26)

bottom planar
electrode
(dashed outline)

273

[ 7

2 mm bus

bar \

All dimensions mm
Electrodes 0.5 mm width and 10.5 mm spacing
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Fig.3 Cross-sectional sketch of Langley 7 X 11 Inch Low Speed Wind
Tunnel test section.

visualizations.The 7 X 11 is a closed return, unpressurizedair facil-
ity with a test sectionhaving dimensionsof 178 mm high X279 mm
wide X914 mm long. The maximum freestream speed of the tun-
nel was approximately 26 m/s. For drag measurements a linear
air-bearing drag balance was used with a piezoresistive force sen-
sor. Flat-panel drag models were mounted on the drag balance in a
305 mm wide X279 mm long centralregion of the lower test section
wall. The test-section streamwise pressure gradient was nulled by a
moveableside wall. The leakage flow in gaps surroundingthe model
was minimized by enclosing the test section in a pressure control
box, the pressure in which was maintained equal to the freestream
test section static pressure. Pitot pressure for boundary-layerveloc-
ity profiles measurements were made with a quartz electronic pres-
sure transducer connected to a flattened hypodermic stainless-steel
tube with end outer dimensions of 0.28 mm high X0.65 mm wide
anda 0.1-mm wall thickness. The probe was automatically traversed
across the boundary layer by a commercial traverse mechanism. A
sketch of the tunnel test section is presented in Fig. 3 showing the
placement of the drag balance and other pertinent features.

The smoke-wire flow visualization in the 7 X 11 employed a
0.1-mm-diam stainless-steel wire coated with light mineral oil that
formed small oil droplets along the wire. The wire was energized
by a dc power supply, with requisite timing and control circuitry
to operate a strobe light and a digital camera. Flow visualization
photography for both the tunnel and bench testing was done with
a digital, progressive-scan, monochromatic video camera with 768
by 484 pixel sensing elements and a {3.5-4.5, 75-200 mm zoom
lens. The strobe light pulse had a width of approximately 50 us. The
bench apparatus used to photograph paraelectric flow acceleration
effects in the absence of a mean flow consisted of a cubical, clear
acrylic plastic box, approximately 45 cm on a side, used to shield

the model from room air currents during photography. In this case
incandescentlighting was used rather than the strobe. Further infor-
mation concerning the wind-tunnel performance, instrumentation,
and characteristicsmay be found in Refs. 6 and 10.

The power supply consisted of two 260 V rms, 1-kW variable
frequency (up to 20 kHz) power amplifiers connected in series to
a 10:1 step-up transformer. The parallel electrode strips on the top
of a panel were bussed together and connected to one power supply
terminal and the lower plane or array of electrodes underneath the
panel to the other terminal. The parallel electrodestrips on top of the
panel were generally at the energizing voltage, whereas the lower
electrode plane or strips was grounded. Configurations with the
top surface electrodes grounded and the bottom plane or electrode
strips at the excitation voltage would also produce plasma on the
top surface and the effects reported here.

Impedance matching between the transformer secondary and
plasma panel was not used for the current experiments as a mat-
ter of convenience and because it was not needed to see the para-
electric effects of interest in this study. Subsequent tests showed
that impedance matching is desirable to promote an optimum uni-
form glow discharge. The lack of impedance matching, however,
produced large reactive currents on the order of several hundred
milliamps® that dumped unwanted charge onto the electrodes. Ref-
erence 5 shows that the residual electric charge remaining on the
dielectricafter each one-halfexcitationcycleis crucial to the forma-
tion of a truly uniform glow discharge. The unwanted charge deposit
caused by the lack of impedance matching changesthis voltage. This
not only interferes with plasma formation and changes its duration,
but also can lead to the formation of filamentary plasma instabili-
ties. In addition to improving plasma uniformity, operation with a
simple, passive impedance matching network can improve system
efficiency and allow use of a lower-wattage power supply. Despite
the lack of impedance matching and less than ideal glow unifor-
mity, the paraelectric forcing mechanism just described remains
operative. The results with a properly impedance matched system
would be expected to be qualitatively similar to the current results.

Flow Visualization

Figure 4 is a plan-view photograph of the model C7-C OAUGD
plasma panel showing several adjacentenergized electrodes. It was
taken under low-room light level conditions with a conventional
autoexposure35-mm camera with a 75-200 mm {3.5-4.5 zoom lens
and 400 ISO color slide film. This is a symmetric-planar electrode
configuration (Fig. 1a), with equal electric field intensity to either
side of the electrode strips. The light intensity of the glow discharge
peaksslightlyto either side of the electrodes, but extends with lower
intensity over amuch widerregion. Because Fig. 4 is a time exposure
over many cycles, the light represents both instantaneousanode and
cathode processes. The dominant color of the glow is light blue.

Figures 5a and 5b are photographs illustrating the influence of
paraelectric effects associated with the OAUGDP on a laminar jet
of titanium tetrachloride vapor injected above a single, isolated,
asymmetric-staggered electrode pair (i.e., Fig. 1b). The titanium
tetrachloride reacts with humidity in atmospheric air to form an
easily visible titanium dioxide stream. The test was conducted in
the still air chamber, and the dominant direction of induced para-
electric flow along the wall was to the left. The lower electrode was
staggered to the left of the upper electrode. The jet velocity at the
tube exitis estimated to be no more than 1 m/s based on the laminar

Fig.4 Photograph of plasma on panel C7-C.
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titanium tetrachloride jet

(a) plasma off

(b) plasma on
E ~4.5kV rms, F=3 kHz

Fig. 5 Demonstration of OAUGDP paraelectric force for single
asymmetric-staggered electrode pair.

appearanceof the jet and assumption that the traditional pipe transi-
tion Reynolds numberof 2 X 10° using air propertiesis valid for this
case. The plasma is not visible in Fig. 5b because of the high level
of illumination required to photographically capture the titanium
dioxide stream. The downward deflection of the jet toward the elec-
trode is caused by the paraelectric forcing effect within the plasma,
Lorentzian momentum transfer from the ions to the neutral gas and
to mass continuity. Strong attractive forces on the plasma ions in
high electric field gradient regions near the electrode appear to pull
the ionized flow toward the electrode. The forcing of the jet is not
caused by charges induced on the titanium dioxide particles or other
titanium tetrachloride reaction byproducts, which is evidenced by
the fact that velocity profile and direct drag data (presented next)
taken on other models in the absence of the flow marker particlesare
completely consistent with the flow visualization. This is also not
a case of dielectrophoresis’ because no smoke or air movement is
observeduntil sufficient voltage is reached for the plasma to initiate,
for the current models, approximately 1.5 kV rms.

Figures 6a and 6b are smoke-wire visualizationsof model C7-A,
a streamwise oriented , symmetric-planarconfiguration (Fig. 1a), in
the wind tunnel with laminar flow at both the smoke-wire location
and leading edge of the model. The stream velocity was approxi-
mately 4 m/s, and the wire was located 5 mm above the surface,
or at roughly one-half the undisturbed boundary-layer thickness.
The excitation voltage was 3 kV rms for Fig. 6a and 5 kV rms
for Fig. 6b. Again, the plasma is not visible because of the intense
photographic lighting. A notable feature of Figs. 6a and 6b is the
convergence of the titanium dioxide streak lines toward the ener-
gized electrodes and the subsequent vortical mixing of the flow
immediately downstream of the convergenceregion. This behavior
is consistent with the attractive paraelectric body force observedin
Fig. 5. What appears to be taking place is the formation of unsta-
ble, streamwise vortices driven by the paraelectriceffects. Because
of the higher electric fields in Fig. 6b than in Fig. 6a, the vorti-
cal structures develop sooner, are more compact, and break down
sooner. In all the presence of the plasma generated by the symmet-
ric electrode configuration constitutes a very strong boundary-layer
trippingmechanism. The boundary-layerwas also trippedin the case
of spanwise electrodes (e.g., model C7-C), apparently because of
the highly inflected streamwise velocity profiles, produced between
the electrodes by the paraelectric forcing.!”

forward bus bar
.

b) E=5KkV rms, F =3 kHz
Fig. 6 Smoke-wire flow visualization of panel C7-A: Ux =4 m/s.

Drag and Velocity Measurements

Drag and velocity profile data were acquired for all models listed
in Table 1 for both energized (i.e., with plasma) and unenergized
cases. Data were measured for flow velocitiesup to 26 m/s, electrode
voltagesup to 5.4 kV rms, and RF frequencies from 500 to 8000 Hz.
The very small differencesin surfaceroughnessamong differentun-
energized panels did not appear to measurably affect their drag. The
roughnessheightsintroducedby the copperelectrodes are below the
generally accepted limit for hydraulic smoothness of five viscous
wall units, and therefore are not considered an important parameter
in these studies. This is especially true when compared to the very
large changesin drag and boundary-layervelocity profiles observed
for the energized panels. Data were taken for both laminar and tur-
bulent boundary-layerflow correspondingto the state of the flow at
the leading edge of the unenergized model. Because the boundary
layer was tripped with a small two-dimensionalrod upstream of the
panel, there was actually no case of completely undisturbed lami-
nar flow in the sense of a Blasius profile. At low tunnel velocities,
however, diagnostic hot-wire signals were devoid of any signs of
turbulent breakdown.

Representativedragresults from symmetric-planarelectrode pan-
els are shown in Fig. 7 for the streamwise electrode orientation
(panel C7-A) and for the spanwise electrode orientation (panel
C7-C). The drag coeffcient is equal to the ratio of the directly
measured total drag of a model per unit model surface area to the
freestreamdynamic pressure. The unit Reynolds numberis based on
the freestream velocity and kinematic viscosity. Note the change in
slope of the curves for the unenergized cases near Re =4 X 10°/m,
corresponding to transition from laminar to turbulent flow. For
model C7-A with the plasma on, a substantial increase in drag
is observed, which is caused by several factors. For laminar flow
the plasma trips the flow to full turbulence, partially explaining
the drag increase in that region. The drag increase persists, how-
ever, to the highest attainable velocity of the wind tunnel indicating
that more than just flow tripping is involved. For model C7-C with
plasma on, a smaller drag increase is produced and only in the
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Fig.7 Effect of plasma and electrode orientation on directly measured
drag: E=4kV rms and F = 3 kHz.
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Fig. 8 Effect of plasma and electrode orientation on boundary-layer
velocity profiles.

laminar/transitionalregion (1 X 10° < Re < 5 X 103/m). The differ-
ence in behaviorbetween the two cases is consistent with the forma-
tion of plasma-driven,streamwise vorticalstructuresin the boundary
layerforthe streamwise-orientedelectrode configuration,consistent
with the smoke-wire flow visualizations of Figs. 6a and 6b.
Animportantexperimentaldragerrorsource was discoveredearly
in the study. The observation was made that each of the plasma pan-
els was acted on by an electrostatic force that was unrelated to the
flow velocity leading to an error in measured drag. This force is
induced by electric field lines, which originate on the panels and
terminate on the grounded surroundings, with or without flow or
plasma. It arises from the electrodynamicstress tensor. The electric
field lines can be visualized as acting like rubber bands in ten-
sion between the panel electrodes and the grounded surroundings,
producing an electrostatic pressure and a rms average force on the
panel. The measured drag due to the electrostaticforce was observed
to vary quadratically with the applied rms excitation voltage. This
is consistent with the known proportionality between electrostatic
pressure and the square of the rms electric field. A force of up to
0.01 N was observed at 5 kV®. By replacing most metallic surfaces
near the panel and drag balance with nonmetallic substitutes, the
magnitude of the electrostatic force was reduced to insignificant
levels. All drag data presented in this paper are either free from the
electrostatic force effect or were corrected when it was above the
resolution of our drag measurements (about 10 mg).
Boundary-layervelocity profiles were measured for several pan-
els with symmetric and asymmetric electrode configurations. A to-
tal pressure probe was located about 28 mm, or approximately one
undisturbed boundary-layer thickness downstream of the plasma.
The probe tip was located over the smooth, aft filler plate of the
lower wall. Figure 8 presents streamwise velocity profiles for mod-
els C7-A (streamwise electrodes) and C7-C (spanwise electrodes)
at a unit Reynolds number of approximately 4.6 X 10°/m, roughly

the beginning of fully turbulent flow for the unenergized models
in Fig. 7. For model C7-A the probe was positioned downstream
and halfway between two adjacent electrodes. For model C7-C the
probe was positioned downstream of the last electrode. A metallic
aft plate was used for the profile measurements to allow use of a pre-
cise, solid-state electrical fouling indicator to aid measurement of
the initial probe heightlocation. As indicated earlier, for drag mea-
surements a nonmetallic plate was used to minimize electrostatic
drag error.

The profiles for the streamwise case (C7-A) show a large velo-
city deficit increase caused by the plasma. For the spanwise case in
(C7-C) there is little difference between the energized and unener-
gized cases. These profiles corroborate the findings of the drag and
smoke-wire investigations. For the streamwise electrode case the
substantial increase in velocity deficit qualitatively corresponds to
the large dragincrease observedin Fig. 7. For the spanwise electrode
configuration there is little effect on the drag at this unit Reynolds
number. For the smoke-wire flow visualization, eruption of the vor-
tical structures observed in Figs. 6a and 6b appear to be consistent
with the flow retardation observedin the velocity profiles of Fig. 8.
Additionaldata (not shown) indicate that data obtained downstream
and directly behind a streamwiseelectrode were similarin both mag-
nitude and shape to Fig. 8 for the energized and unenergizedcases.
Indeed, smoke-wire (e.g., Figs. 6a and 6b) and hot-wire diagnostics
show that the energized, streamwise electrode patterns effectively
trip the flow and that any between-electrode vs behind-electrode
differences are largely mixed out by the end of the panel. The ve-
locity deficit increase for the streamwise case was also significantly
reducedat the highesttunnel velocity consistentwith the merging of
the energized and unenergized curves at Re =1.7 X 10%/m in Fig. 7.

A final observationapplicableto all energized OAUGDP flat pan-
els relates to their acoustic behavior. Each panel produced a strong
audible tone at the RF excitation frequency. The tone was present
in unconfined, bench-top testing of the panels as well as in the en-
closed wind-tunnel test section, ruling out any resonant chamber
effects being responsible for the tone. It was initially suspected that
the OAUGDP might be exciting a panel structuralresonance. How-
ever, rigid mounting of the panel to its base plate did not appreciably
changethe pitchorintensity of the tone. The emitted sound therefore
must be considereda direct coupling of the OAUGD plasma forma-
tion mechanism into radiated acoustic energy, a further indication
of strong plasma-neutral gas coupling.

Probably the most interesting data taken during this study were
those from the asymmetric panels, which were designed to unidi-
rectionally accelerate the flow. The flow visualization of Figs. 6a
and 6b with symmetric electrodesindicates an attraction of the flow
toward the electrodes.If the electrodes are fabricatedin an asymmet-
ric staggered manner, such as the geometry illustrated in Fig. 1b.,
an unbalanced paraelectric EHD body force is exerted on the flow,
and an equal and opposite reaction force is exerted on the panel on
which the electrodes are mounted. The resultant force can be in the
direction of the airflow (coflow), or opposite the freestream flow
(counterflow) depending on the orientation of the electrode asym-
metry. Figure 9 illustrates this force (thrust in this case) produced
by panel E6-C mounted on the wind-tunnel drag balance without
tunnel flow, plotted with respect to electrode voltage. Because of

Force (mN)
o

E (kV rms)

Fig.9 Thrust on model E6-C caused by asymmetric electrode design.
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Model E6-C
r E=3 kVrms

a plasma on: counter-flow

o plasma on: co-flow

o ¢ plasma off

10 : e .

> L1000
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Fig. 10 Effect of plasma and asymmetry direction on directly mea-
sured drag of model E6-C. (Coflow corresponds to lower electrode down-
stream of upper electrode.)
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Fig. 11 OAUGDP-induced velocity on model E6-C in still air: F =
3 kHz.

already mentioned wind-tunnel modifications, the electrostaticdrag
correctionis insignificant. The plasma was operated at 3.0 kHz. The
bottomelectrodeswere 3.0 mm wide and separated streamwise from
the top electrodes by about 0.25 mm. The bottom electrodes were
located downstream of the upper electrodes. As shown, for voltages
less than about 1.5 kV, the approximate plasma initiation voltage,
there is no force, proof that the force is caused by the plasma and
paraelectric effects.

Figure 10 presents the drag on panel E6-C (the same model used
in Fig. 9) over the usual tunnel velocity range. The plasma was op-
erated at 4 kHz and 3 kV rms. The two curves correspondingto the
unenergizedcases approximatelyrepresentthe smooth flat-plateref-
erence drag data. The bottommost curve (plasma on: coflow) shows
a reduction in drag comparable to the plasma-generated thrust.
The upper-most curve (plasma on: counterflow) was taken with
the same panel rotated 180 deg to generate a plasma-induced drag
on the plate. Panel E6-C was not optimized for the paraelectric
EHD force. While the predominant plasma forms on the upper sur-
face on the edge corresponding to the nearest lower surface elec-
trode (see Fig. 1b), a small amount of plasma forms on the opposite
edge. The net effect is to have a large EHD force in one direction
(downstream in the coflow case) and a smaller force in the opposite
direction.

As a final diagnostic, the asymmetric panel E6-C was mounted in
the wind tunnel with the flow off and with a pitot tube positioned at
the same locationused in Fig. 8. The resulting profiles of OAUGDP-
induced velocity in the streamwise direction are shown in Fig. 11
for electrode voltages of 3, 4, and 5 kV rms. Maximum plasma-
induced velocitiesup to 3.4 m/s were observed. A highly significant
feature of these data is that the peak blowing velocity is linearly
related to the applied voltage. This indicates that between the plasma
initiation voltage and the limiting breakdown voltage of the gas at
a given pressure (i.e., the glow-to-arc transition) a monotonically
controllable effect is possible. (The reason for the 0.5 m/s offset at

all voltageshas not been investigated.Possible explanationsinclude
both instrumentation electromagnetic pickup errors caused by the
high RF voltages and actual air entrainment caused by the plasma-
induced wall jet.)

Experimental Uncertainty

The purpose of this investigation was to provide a survey of the
effects of the OAUGD plasma on airflow. The emphasis was on
discerning basic physical phenomena using a broad range of com-
plementary diagnostic techniques including direct drag, boundary-
layer velocity profiles, and flow visualization. For this purpose an
average quality accuracy consistent with good laboratory practice
was judged to be acceptable. In general, data for individual readings
of voltage, frequency, and displacement were estimated to be 1%
or better, flow velocities 5%, unit Reynolds numbers +10%, and
drag coefficients £15%.

Discussion

The main finding of this investigation was the demonstrationof a
paraelectric flow-forcing mechanism associated with the OAUGD
plasma. For the particular geometries tested, direct peak blowing
velocities up to approximately 4 m/s were observed with propor-
tionally large effects on directly measured drag and boundary-layer
velocity profiles. Although the underlying physics of the OAUGDP
is by itself reasonably well understood,' > the paraelectric forcing
mechanism requires additional study. In simple terms the forcing
originates from the effect of nonuniformities in the local electric
fields on the local net charge density in accordance with Pois-
son’s equation [Eq. (2)]. A more detailed theoretical model of the
strip electrode would involve solution of the coupled Maxwell and
Navier-Stokes equationsincluding provisionsfor the plasma chem-
istry, a potentially formidable task. Alternatively, one could effec-
tively bracket the magnitude of the paraelectricbody force by empir-
ical observationsover electric field strengths from plasma initiation
to, say, glow-to-arctransitionfor a selectionof electrode geometries.
Based on the preliminary observationsof this report, it appears un-
likely that an order-of-magnitudeincrease in blowing velocity (from
a single electrode pair) could be obtained. The paraelectric mecha-
nism therefore appears to be a low-Reynolds-numberphenomenon.

A more effective flow acceleration method would be to generate
a peristaltic or traveling electric field along an array of multiple,
spanwise-orientedstrip electrodes* In such a model each electrode
would receive an excitation voltage slightly advanced in phase from
its upstream neighbor. The result is a global, piecewise-continuous
dc electric field that could be used to force the local charge distri-
bution into motion and, via collisions, the neutral gas. The charac-
teristic velocity in this case becomes the spatial phase velocity of
the travelingelectric field, which can be made arbitrarily high, until
viscouseffects become dominant. Clearly significant details need to
be worked out, particularly with regard to the phasing between the
net charge creation and the traveling wave. Traveling-wave acceler-
ation, however, at least theoretically, circumvents the limitations of
the paraelectric forcing method.

A final point of discussion involves the magnitude and role of
local plasma heating. The question is whether any or all of the ob-
served OAUGDP effects can be attributed to local density gradients.
In general, it is difficult to construct a model to support a heating
mechanism. In the case of the jet deflectionin Fig. 5, for example, a
buoyancy plume originating in the plasma would flow in the oppo-
site direction. The experimental equipment required to measure the
plasma temperature was not available for these tests, but there were
several coarse, indirect temperature indicators. One is the fact that
the plasma panels were fabricated from a plastic material with no
more than several hundred degrees Celsius service capability. That
fact that no melting occured is an indication of low plasma tem-
peratures. The second indicator was cursory thermocouplereadings
in the boundary layer several inches downstream of an energized
model. Temperatures of one or two degrees Celsius above ambient
were noted, again consistent with a low plasma temperature.

Using 200°C as an estimate of the maximum plasma tempera-
ture based on the preceding indicators, a Grashof number can be
computed. The Grashof number is a nondimensional indicator of
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the magnitude of buoyancy forces relative to viscous forces and is
given by!!

Gr =[(gL*/V})(AT/T)] (5)

Taking the characteristic dimension L as the plasma-layer thick-
ness, approximately 2 mm, AT as 200°C, T the room ambient
temperature of 293°K, and v evaluated at ambient conditions, the
Grashof number is approximately 230. Gebhart et al.'' shows that
the Reynolds number of a buoyancy-induced flow can be repre-
sented as the square root of the Grashof number. For the current
case this would yield a value of approximately 15. For such a low
thermally induced Reynolds number it is doubtful that buoyancy
played a significant role in the phenomena observed during these
experiments.

Conclusions

Aerodynamic data have been acquired for planar models covered
with strips of a uniform glow-discharge surface plasma at atmo-
spheric pressure. Models with streamwise or spanwise arrays of
flush, closely spaced, symmetric, or asymmetric plasma-generating
surface electrodes were studied with laminar and fully turbulent
boundary-layer flow in a low-speed wind tunnel. The observation
was made that EHD forces can produce dramatic effects, which arise
from paraelectric, RF forcing of the flow. Notable effects include
large increases in measured drag caused by either vortex formation
(symmetric electrode case) or directed thrust (asymmetric electrode
case). In the more dramatic cases either flow acceleration or re-
tardation affected the entire thickness of the boundary layer. The
effects of heating are discounted, and the primary cause of the ob-
served flow phenomena attributed to EHD forcing of the flow by a
paraelectric RF body force.
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