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A mathematical model was developed to ssimulate flow control applications using plasma
actuators. The effects of the plasma actuators on the external flow are incorporated into
Navier Stokes computations as a body force vector. In order to compute this body force
vector, the model solves two additional equations: one for the electric field dueto the applied
AC voltage at the electrodes and the other for the charge density representing the ionized
air. The model is calibrated against an experiment having plasma-driven flow in a quiescent
environment and is then applied to simulate a low pressure turbine flow with large flow
separation. The effects of the plasma actuator on control of flow separation are
demonstrated numerically.
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pressure coefficient
axial chord for Pak-B blade
elementary charge, C

electric field, N/C
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= relative permittivity

permittivity of free space, 8.854x10C?/Nm?

body force vector, N/

freestream turbulence intensity, %
total electric potential, Volb =@+ ¢

electric potential due to external electriddijevolt
electric potential due to net charge densitlt V

Boltzmann’s constant
length of the electrode
Debye length, m

location parameter for Gaussian distribution
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= ion density in the plasma
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= electron density in the plasma
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n = background plasma density

@ = frequency, Hz

Re = Reynolds number based on inlet velocity arnal akord
0, = net charge density, Cfm

g = scale parameter for Gaussian distribution

t = time, s

T = temperature of the species

Ui = inlet velocity

U = streamwise velocity

X, Y = coordinates

Vi = wall normal distance

. Introduction

ecent advances in the area of flow control havetdeithe application of new flow control strategtesvarious

flow fields.® One of the major areas for applications of flowntrol is the gas turbine, which has the potential
to lead to significant benefits in improved desigmd performancé® Several researchers have investigated the
effectiveness and feasibility of different flow ¢osl methods for reducing losses and improving grenfince in gas
turbine engine component flowfiel§iS. Aithough many of these flow control methods hawrb beneficial in
laboratory tests, the incorporation of such systémis actual applications is not straightforward.involves
development and testing of the control systemHeractuators, as well as the hardware developnighealevice.
An experimental approach requires numerous costlytime consuming trial-and-error iterations. Waitvances in
computational fluid dynamics (CFD) and computerdware, CFD offers an alternative method for desigrand
understanding complicated flow control systems. t@ord development of CFD simulation tools and oant
algorithms is essential in order to adapt the abal flow control technologies to design of modges turbine
engines.

Among the active flow control techniques the u@lasma actuators has been demonstrated to betieéfen
several applications including flow separation dmlindary layer control. The plasma actuators corgigwo

Plasma

electrodes that are located on surface separateal diglectric material as shown in Fig. 1. A higiitage AC
supplied to the electrodes causes the air in thainity to weakly ionize. The ionized air (plasmnia)the presence of
the electric field gradient produced by th

electrodes, result in a body force vector acting

the external flow that can induce steady or unste: Induced Flow

velocity components. The effectiveness of plasi Electrode \‘

actuators in controlling flow separation has be

demonstrated by several researchers. Example:

various applications include boundary layer conti

by Roth et al’ excitng boundary layer X \ THelechtie Klabetial
instabilities on a sharp cone at Mach 3.5 by Ceike Vac Electrode

al™, lift augmentation on a wing section by Cork _. .

et al’? wing section leading edge separation conti " '9Ur€1- Schematic of plasma actuator

by Post and CorR& unsteady vortex generation by
Orlov et al*, separation control on low pressure turbine bldelultgren and Ashpid Huang et af.and Jacob et
al.’®, separation control on stationary and oscillatiidoils by Post and Corké and tip clearance control in
turbines The results from these experiments indicate thaerml parameters have to be taken into considerati
for effective flow control. The important parametere location of the actuators on the surfacentation, size,
and relative placement of the embedded and expelsetiodes, applied voltage, and frequency of tttaadion.
The many parameters affecting the performance efatttuators makes incorporation of such systenesaaotual
applications and the development and testing ofropéd control systems for actuators a complicagesk. CFD
simulation tools can enable design and optimizatiosuch complex flow control systems.
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Computational studies of plasma flow control haween limited in comparison to the vast number of
experimental studies. Examples of computationakvioclude modeling of the effects of the plasmaiatzir on the
external flow as a time averaged mean body forsériblition in a triangular area located above thbedded
electrode by Shyy et &l, modeling the effects of plasma actuators usipgtantial flow method based on a doublet
model by Hall et af°, and simulation of plasma actuator effects usidgnaped parameter model by Orlov and
Corké®. In contrast to these simpler approaches, RoyGaitbndé®>?* modeled the collisional surface dielectric
barrier discharge at atmospheric pressures byrgplfie charge continuity, charge momentum, eledigid and
potential distribution. In their approach heliumsmased as the carrier gas because its plasma cieeffi and
chemistry were available and the electric forceamiatd as a product of the charge and electric fiedd used to
calculate the flow actuation effect.

In this paper, we outline a new numerical simolatinethodology for active flow separation contnoplications
using plasma actuators. This is computationallicieffit and easy to implement into existing RANS exdn this
new approach, the effect of the plasma actuatorsthen external flow is incorporated into Navier Sisk
computations as a body force vector. The body fascebtained as a product of the net charge demsity the
electric field. The new model solves the Maxwelliatipn to obtain the electric field due to the #gplAC voltage
at the electrodes and an additional equation ferctarge density representing the plasma denséiail® of the
model development and implementation are providgldva Results of computations for a single plascaator
in quiescent flow and computations of flow separatcontrol over a Pak-B low-pressure turbine bladimg a
single plasma actuator are given in section 3. @alimy remarks are provided in section 4.

1. Plasma Physics Modding and CFD Computations

The plasma actuators are formed by a pair of eldes separated by a dielectric material. The amtimplaced
in the surface with one electrode exposed to thesndings and the other one embedded in the suidatow the
dielectric material (Figure 1). When a high-volta®€ is supplied to the electrodes, this arrangernanses the air
in their vicinity to weakly ionize. The ionized aiin the presence of the electric field gradientduced by the
electrodes, results in a body force vector actingh® external flow that can induce steady or watbstevelocity
components. This body force can be expressed imstef the applied voltage and incorporated into Naier
Stokes equations. By neglecting magnetic forcesetbctrohydrodynamic (EHD) force can be expressed

fB = ch (1)
where, fB is the body force per unit volumeg, is net the charge density arielis the electric field. If the time

variation of the magnetic field is negligible, asdften the case in plasma, the Maxwell's equatgiue rise to
x E= 0. This implies that the electric field can be dedifeom the gradient of a scalar poterifiaf

E=-. )
Gauss's law yields:
M(cEF p, 3)
or
M 5- o 4)
where ¢ is the permittivity. The permittivity can be expsed as:
E=EE, ©)

where ¢, is the relative permittivity of the medium, amy is the permittivity of free space.

There still remains some controversy as to the ipalysnechanism by which the plasma actuator maglifie
surrounding flow field. While it is clear that thmdy force developed via equation (1) has a langgact on the
flow field, there is still some debate as to thieefof local temperature rise and reduced visgasitthe boundary
layer. This accounts for the increase in velodityhie plasma region by increasing the shear rateep the viscous
stress constant, as suggested by Leonov?&t Recent measurements appear to discount thisnieasalue to the
large impact the small plasma region has on theosnding flowl®. Instead, the plasma region acts much like a
source term in this regard.
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Since the gas particles are weakly ionized, weasmume the potentiab can be decoupled into two parts: one
being a potential due to the external electriadfigd, and the other being a potential due to the natgehdensity in

the plasmag ,

D=p+4 (6)
This approach is similar to the one used in nuraésgnulation of electroosmotic flows in which cabke external
electric field generates a force on the chargetighes creating flowF.

If we assume that the Debye thickness is smallth@dharge on the wall is not large, the distrinuiof charged
species in the domain is governed by the poteatiahe wall due to the electric charge on the wamall is affected
very little by the external electric field. Theredo we can write two separate equations in termthege two
potentials, one for the external electric field doie
the applied voltage at the electrodes:

Air Side: On Outer Boundaries:
M @ 0 7) o,
V(g V¢)=0 on
and another one for the potential due to the &, =10
charged particles:
9 =), g, =mean(€,,&,,)
M) - (p./&,). (8)

Equation (7) is solved for the electric
potentialg, using the applied voltage on the
electrodes as boundary conditions. The bounda
conditions and the computational domain fo
Equation (7) are shown in Figure 2 for a singl
pair of electrodes. Equation (7) is solved wita th
appropriateg, value on both the air side and the

wall. For air, & =1.0. We chose Kapton as the

Figure 2. Computational domain and boundary

. . . ) i .conditions for Equation 7.
dielectric material, as in the experiments and it

has ang, value of 2.7. On the wall-air interface
harmonic mean ok,; ands,, must be used in order to conserve electric fisldtzown in Figure 3. In this figure
point 1 is on air side and point 2 is in the diglieanaterial, with pointf on the interface.

I« Ax 'I‘ AX;, >

l< f I »|
1 2

AV A IAxleg2

|
Figure 3. Theinterfacial permittivity.

At the dielectric wall and air interface, the etexfield is conserved as shown in figure 3 byting:
0

. D0 __ 0@ __0O
“OxH "o, TTH A, ©)
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or:
-9

- _4a-q _
EAxl / O DA /D 0 AXVD '
M
d H
By using the electric analogy as shown in figureh®, interfacial permittivity,s, , should take the harmonic mean
of the permittivity of air,&, , and the permittivity of dielectric materiat, :

(10)

_ 8182
& _—Axfz A, (12)
& Tt&
Ax, Ax,
Applied AC voltage imposed at the exposed (uppktrode as boundary condition is:
@) = gE(t) 12)
The wave form functionf (t), can be a sine wave given by:
f(t) =sin(2rat) (13a)
or it can be a square wave given by:
_ ¢l forsin(2ra ¥ (
f(t) _{ -1 for sin(2ra X C (13b)

where w is the frequency ang@™is the amplitude. The embedded electrode is plestras ground by setting the
electric potential to zero on that electrode. At tluter boundariegg/on =0is assumed.

Next we consider the electric potential due torteecharge in the plasma, equation (8). The natgehdensity
within the plasma at any point{s

o.le,=e(n-n)leg =- (ep IKT,) +exdep KT,)H (14)

where, e is elementary chargen and n,are the ion and electron densities in the plasmajs the background
plasma densityk is the Boltzmann’'s constant; is the temperature of the species; ghdis the local electric
potential. Expanding the exponential functions ifieglor series fop <<T , equation (14) becomes, to lowest order
of ¢/T;

p.! &, =~(€n, /&) HL/KT,) +(1/KT,)B¢. (15)

Introducing the Debye lengthl, ,

(112) = &n, 1e,) HLIKT, ) +(1/KkT, )8, (16)
equation (15) becomes;

p.l &, =(-111)¢ 17)

And, alternatively, the electric potential is:
¢ =(-0A1s,). (18)

Substituting (18) in Equation (8) we obtain ama&tipn in terms of the net charge density at anptpaithin the
plasma.

M p Pl A (19)
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Air Side:

op,

on

O(e.0p,) = p. 1 A

=0

On Outer Boundaries:

p.=0
pc = pc,w(x!t)

Equation (19) is solved for the net charge
density, o,, only on the air side of the domain

using the boundary conditions shown in Figure
4. A zero normal gradient for the net charge
density is imposed on the solid walls except the
region covering the lower electrode and the
charge density is set to zero on the outer
boundaries. Downstream of the exposed
electrode, on the region over the embedded
electrode the charge density is prescribed in
such a way that it is synchronized with the time

variation of the applied voltageat) on the
exposed electrodef (t) in equation (12):

P (1) = PG (1) (20)
where p™is the maximum value of the charge

density allowed in the domain (in CoulomBJm
a parameter to be determined later. The variatidheocharge density on the wal, ., in the streamwise direction,

X, is prescribed by a functio®(x) which can be chosen to resemble the plasma distib over the embedded
electrode. Experimental resifts”*®suggest that this distribution is similar to afl@&ussian distribution given by

G(x) =expH-x-uY (&* H (21)
for x=0. In equation (21)u is the location parameter indicating théocation of the maximum, and is a scale
parameter determining the rate of decay. Choosingralargeo value results in a constapt, , distribution. The

variation of G(x) with various values otr defined in terms of the length of the electrdde, is illustrated in figure
5. In this figure is equal to zero, and as increases the decay rate decreases.

Figure 4. Computational domain and boundary conditions
for Equation 19.

In order to solve Egs. (7) and (19), the Debygtlen
Ay, maximum charge density on the wall’™, scale

parameter for charge density distribution, have to be - ‘f'\\‘?;;--\__

prescribed. These parameters can be calibrated loase i \i\:\\;\.\ Tl

a simple experiment having a pure plasma-driven fto 08 ‘AN N =030

a quiescent environment, as will be explained ertbxt I NN AN A

section. In the computations we have chosen tratitot - h "\ NN

parametey such that the peak corresponds to the left AO'G,_ Y S NS

edge of the embedded electrode as shown in Figure 4 5 i N N N \\\

Moreover, we have assumed thatakes a value of 0.3 0af RN o

to allow a gradual decay of the charge density i NN ™

distribution from the left edge to the right eddée - AN NN .

values of the frequency and amplitude of the applie o2 AN \\\ S

voltagew and ¢™ in equations (12), (13a) and (13b) i RN :" -~ S~

are given from the experiments. 05 S E— IL‘ T E;r—v—w !
X

Once ¢ and p are obtained from solutions of Figure 5. Half Gaussian distribution given by
equations (7) and (19) respectively, the resultiogly Equation (21)
force vector is computed from Equation (1), that is

f, = p.E = p,(-09). (22)
It must be noted that solution of equations (7) € is done only once at the beginning of comipania, since

these equations do not contain a time derivatik@.t& his can be achieved by normaliziggusing the value of AC
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voltage of the exposed electrodg(t) , in equation (12). Equation (7) can then be solbgdmposing a constant
boundary condition equal to unity at the upper tetete. Once the dimensionlegs distribution is determined, the
dimensionalp values at any given time can be obtained by miyitig this distribution with the corresponding
value of ¢t) given by equation (12). Similarly, equation (1@ndie solved at the beginning of computations by

solving the dimensionless charge density distrdsytiwhich is normalized byo[™f(t) . This implies that the

boundary condition for the dimensionless chargesigron the wall region covering the embedded ebelet is
G(x). Once the solution for the dimensionless chayssity is established, the dimensional valuesatiane can

be calculated from this distribution by multiplyiitgvith the corresponding value @™ f (t) .

This modeling approach for plasma actuators is émginted in the GHOST code developed at Univerdity o
Kentucky. GHOST is a pressure-based code basedMALE algorithm with second order accuracy in btithe
and space. Advection terms are approximated by BEC&W$cheme and central differencing is used forwiseous
terms. The ‘Rhie and Chow' momentum interpolatioatlod® is employed to avoid checkerboard oscillations
usually associated with the non-staggered grichgament. This code is capable of handling compkontetries,
moving and overset grids, and includes multipromessmputation capability using MPI. Since mukifdrocessors
are used during the computations, it is more efficio divide the computational domain into severadller pieces
with very fine grids and distribute the zones togassors with the consideration of equaling loddrming. The
overset grid capability of the code enables incaafion of plasma actuators into the computatiorik vélative ease
since electrodes can be defined as individual sblotks. The domain can be divided into two sepmarat
computational domains: one for the air side anddtieer for the dielectric wall. The GHOST code Hheesen
previously validated against a wide range of tases and flow conditions and has been used exéygivseveral
low pressure turbine related publicatidfis®

[1l. Resultsand Discussion

A. Modéd Validation and Calibration using Quiescent Flow Experiments

In order to calibrate the parameters

Debye length, A, and the maximum

charge density on the wah™, appearing t.=0.102mm  x,=0.5mm

in the model we have chosen the quiescern
flow experiments (Ref 34) conducted using
a single pair of electrodes to better isolate te

the effects of the actuator on the l Ye
surrounding air. The details of the actuatof =~ -—-----

geometry and experimental set up ar
shown in Figure 6. The actuator consist
of two 1cm wide conductive copper strips
as electrodes which are separated b
Kapton dielectric withe, value of 2.7.

—

Le=10mm Ye=0.127 mm

In the experiments the lower eIectrodeFig“re 6. Experimental set up and details of the plasma actuator.
is grounded and plasma region is generated
using a square wave with frequency af=4.5kHz and amplitude ofg™ =5kV. The experimental data include
velocity field measurements obtained using multipl®/ systems. Further details of the experimentd #re
measurement techniques used are given in Reft 3iould be noted that the experimental data aréntended to
be used to calibrate the model and the experimentats have not been quantified. Therefore, vadl simly use

these data for purpose of demonstration and a wmmrehensive refinement of the model will follomvfuture
work.
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In the computations our aim is to match the maximgtocity observed in the experiments as well as th
experimentally observed flow pattern shown in Figda. From the experiment it is observed thafltveis drawn
into the surface region above the embedded elextogdhe plasma induced body force. This results jit issuing
to the right of the actuator with a maximum velpaf approximately 1 m/s.

3 g
= L > 2
3 0 1 = 4
x [cm] x (cm)
(a) Experiment® (b) Computation

Figure 7. Comparison of experimental® and computed streamlinesfor the plasma actuator in quiescent flow.
Theactuator interfaceislocated at the 2cm tick.

Based on the flow pattern and maximum velocityecid, a choice of the parameter valued,f0.001m and

max

oA =0.0008C/m seems to agree well with the experiment. The stiieas obtained from the computation using

these values are shown in Figure (7b). Althoughamexact match, the computed flow pattern complanegably
with the experimental flowfield shown in Figure J7ahe computed maximum velocity is 1m/s also miatghhe
experimental value. It should be noted that thendlary layer obtained by the computation appeatsetthinner
than the experimental data. Although the thickness
can be adjusted by increasing the value of the Beby
length, A,, we did not attempt to do so because the

experimental data may be contaminated by 3-D effect
caused by the experimental setup. A refinemethef
model will be performed when more accurate data are
available.

The computed electric potential distribution in the
vicinity of the electrodes obtained from equati@h ié
shown in Figure 8 along with the streamlines of the
actuator induced flow. The computed electric
potentials show that the strongest electric paaénti
variation, or the electric field, is in the regibatween
the two electrodes. This is also the region whbee t 004
strongest concentration of plasma is observed én th |{3fage
experiments. The streamlines indicate that the flow

pulled from above into this region and jetted te th Figure 8. Computed electric potential contours and
right direction. streamlinesin the vicinity of the electrodes.

_ vem)

2.0

i piniin o S
- - - Ground
‘ Dielectric Material ‘ -
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Figure 9. Computed charge density contours in the
vicinity of the electrodes.
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Figure 10. Computed body force magnitude contoursin
the vicinity of the electrodes.

The charge density distribution obtained from
equation (19) is shown in Figure 9. The charge
density has its maximum value in the region over th
corner of the embedded electrode as specifieddy th
half Gaussian distribution. A thin layer of plasima
formed on the surface above the embedded electrode
and gradually creeps into the gap staggered between
the two electrodes as shown in Figure 9. This
predicted charge density distribution resembles th
plasma profile observed in the experiments.

The contours of magnitude of the computed
body force vectors are shown in Figure 10. The
highest body force is concentrated in the regiogr ov
the upper left corner of the embedded electrode,
where the concentration of charge density and the
electric field strength are at maximum, consistent
with the location where the strongest plasma
generation is observed experimentally.

These results indicate that the model can mimic
the experimentally observed effects caused by
plasma actuators. It must be noted that, in thidyst
we have limited the calibration of the model to a
single experiment in order to provide a proof of
concept for the model and the modeling approach.
The results illustrate that the model and the
approach are promising in the computation of
plasma flow control applications. However, the
model has to be further tested and the model
parameters need to be further calibrated using more
reliable experimental data.

B. Flow Separation Control in a Low Pressure
Turbine Cascade

In order to illustrate the models applicability to
plasma flow control applications a test case
involving a low pressure turbine cascade is

computed. We have selected an intermediate Reynuoldiber case from the Pratt and Whitney Pak-B blade
experiments of Huang et &l. We chose this case for demonstration purposesuse it has a large flow separation
region and the experimental data taken includéscitg profiles at various stations on the suctsitle of the blade
and the pressure coefficient distribution. Furttemparisons are available in Jacob éf @he flow conditions are
Re= 50,000 based on cascade inlet velocity and etxaad length and the freestream turbulence iiitieis0.08%.
The experimental data for the base flow withoutvfloontrol was used in this study. The flow separatzone is
characterized by the plateau in the Cp distributinrthe suction side of the blade. It is obsemguerimentally that
the separation for the no-actuator flow extendsnfre/C, =0.7 to 0.95, as shown in Figure 11. Figure 11 also

shows the comparison of tt@, distribution on the surface of the blade from ¢tbenputation. The results show the
separation starts at/ C, = 0.7but ends slightly earlier than the experimentaatmm.
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The same actuator configuration as discussed in

0  ExperimentWithout Plasma Actuator section A is introduqed on the suction surfa¢ehe _
_______ Computation-Without Plasma Actuator blade with actuator interface located at 65% axial
Computation-With Plasma Actuator chord. Note that the actuator that was used in the
simulation is not identical to the actuator used in
Huang et af. A sine wave voltage with a frequency of
5kHz, and an amplitude of 5kV is applied in the
current demonstration. As can be seen from Figtire 1
the use of the plasma actuator has caused the
separation to reduce in size. The comparison of
velocity profiles at various stations on the suttio
surface of the blade is shown in Figure 12. Thyré
shows that the size of the separation is reduceshdo
at x/C, =0.87. Comparisons with experimental data

of the same geometry using a plasma actuator show
similar results, in that separation is not compjete
40 60 80 100 eliminated and an inflection point is still presebtt
x/C, (%) losses are significantly reduced downstream of the
actuator locatiol® The ability of the model to
simulate a control of flow separation for a low
pressure turbine blade is thus demonstrated.

Figure 11. Comparison of pressure coefficient
distribution for Pak-B Blade, Re=50,000,
FST1=0.08%.

IV. Concluding Remarks

The current paper presents a new modeling apprtmamulate flow control using plasma actuatorshe T
model solves two additional equations represerglrgtrical field and charge density of the ionizéd These two
equations need to be solved only once before timepatation. A body force vector can be deduced ftbm
solutions of these two quantities and it can thenifzorporated into Navier-Stokes equations to actdor the
plasma-actuator effects. The model is calibratedinsg a simple plasma-actuator-driven flow in aegoéent
environment. The model is then used to simulataanal low-pressure turbine flow to achieve reiturcof flow
separation.

Acknowledgments
This work is supported by NASA-Glenn Research Qamteler Cooperative Agreement NCC3-1040.

O Experiment - Without Plasma Actuator
--------- Computation - Without Plasma Actuator
Computation - With Plasma Actuator

Figure 12. Comparison of velocity profilesfor Pak-B Blade, Re=50,000, FST1=0.08%.

References

! Gad-el-hak, M.,1990, “Control of Low-Speed Airfdierodynamics,” AIAA Journal, Vol. 28., No. 9, pp537-1552.
2 Gad-el-hak, M.,2000Flow Control: passive, active, and reactive flow management, Cambridge University Press.
3 Gad-el-hak, M., Bushnell, D.M., 1991, “Separatlontrol: Review,” Journal of Fluids Engineering, V13, pp. 5-30.

10
American Institute of Aeronautics and Astronautics



4Lord, W.K., MacMartin, D.G., Tillman, T.G., 200tlow Control Opportunities in Gas Turbine EngirieSlAA-2000-2234.

® Rivir, R., Sondergaard, R., Bons, J.P., Lake, 2800, “Passive and Active Control of SeparatioGas Turbines,” AIAA 2000-
2235.

® Culley, D.E., Bright, M.M., Prahst, P.S., Strazjsa.J., 2003, “Active Flow Separation Control oStator Vane Using Surface
Injection in a Multistage Compressor ExperimentSME-GT2003-38863.

" Bons, J., Sondergaard, R., Rivir, R., 1999, “Calmif Low-Pressure Turbine Separation Using VofBnerator Jets,” AIAA-99-
0367.

8Bons, J., Sondergaard, R., Rivir, R., 2001, “TnebiSeparation Control Using Pulsed Vortex Generaas,” Journal of
Turbomachinery, Vol. 123.

® Huang, J., Corke, T.C., Thomas, F.O., 2003, “Péagwtuators for Separation Control of Low Presstugbine Blades,”AlAA-
2003-1027, AIAA 41" Aerospace Sciences Meeting and Exhibit, Reno, Mvipary 2003.

10 Roth, J.R., Sherman, D.M., Wilkinson, S.R., 200Blectrohydrodynamic Flow Control with a Glow-Disaye Surface
Plasma,”AlAA Journal, Vol. 38, No. 7, July 2000.

11 Corke, T., Cavalieri, D., Matlis, E., 2001, “Bowarsi Layer Instability on a Sharp Cone at Mach 3ih\ontrolled Input,”
AIAA Journal, Vol. 40, No 5., pp. 1015.

2 Corke, T., Jumper, E., Post, M., Orlov, D., McLhliig, T., 2002, “Application of Weakly ionized Plaas as Wing Flow
Control Devices,” AIAA-2002-0350.

13 post, M.L., Corke, T., 2003, “Separation ContmlHigh Angle of Attack Airfoil Using Plasma Actuasy” AIAA 2003-1024.

14 Orlov, D., Corke, T., Post, M., 2002, “DNS Modglimf Plasma Array Flow Actuators,” Bulletin of themerican Physical
Society Fluid Dynamics Division, Annual Meeting.

5 Hultgren, L.S., Ashpis, D.E., 2003, “DemonstratiminSeparation Delay with Glow-Discharge PlasmauAttrs,” AIAA-2003-
1025. Reno, NV, Jan. 2003.

18 Jacob, J., Rivir, R., Campbell, C., Estevedordal, 2004, “Boundary Layer Flow Control Using AC Ehsrge Plasma
Actuators.” AIAA-2004-2128, ¥ Flow Control Conference, Portland, OR.

17 post, M.L., Corke, T., 2004, “Separation Contreing) Plasma Actuators- Stationary & Oscillatingfdiis,” AIAA-2004-0841.

18 Morris, S.C., Corke, T.C., VanNess, D., StephdnsDouville, T., “Tip Clearance Control Using Rfss Actuators,”, AIAA-
2005-0782, January 2005.

19 Shyy, W. Jayaraman, B., Andersson, A., “Modelifigstow Discharge-Induced Fluid Dynamics,” JournélApplied Physics,
Vol. 92, No. 11, pp. 6434-6443, December 2002.

20 Hall, K.D., Jumper, E.J., Corke, T.C., McLaughliRE., “Potential Flow Model of a Plasma Actuatar @ Lift Enhancement
Device,” AIAA-2005-0783, January 2005.

2L Orlov, D.M., Corke, T.C., “Numerical Simulation skrodynamic Plasma Actuator Effects,” AIAA 200583)

22 Roy, S., Gaitonde, D., “Radio Frequency InduceuiZed Collisional Flow Model for Application at Aspheric Pressures,”,
Journal of Applied Physics, Vol. 96, No. 5, pp. 842481, September 2004.

2 Roy, S., Gaitonde, D., “Modeling Surface Dischafgféects of Atmospheric RF on Gas Flow Control,”A%-20050160,
January 2005.

24 Enloe, C.L., McLaughlin, T.E., VanDyken, R.D., Kaer, K.D., Jumper, E.J., Corke, T.C., Post, M.dd#al, O., 2004,
“Mechanisms and Responses of a Single Dielectriti@aPlasma Actuator: Geometric Effects,” AIAA Jaal, Vol. 42, No. 3,
pp. 595-604, March 2004.

% Leonov, S., Bityurin, SV., Avischenko, N., Yurie,, and Gromov. V. 2001, “Influence of Surface &tizal Discharge on
Friction of Plate in Subsonic and Transonic AirfoilAIAA 39th Aerospace Sciences Meeting & ExhibdlAA, 2001, Paper
2001-0640.

% patankar, N. A., Hu, H.H., “Numerical Simulatioh Blectroosmotic Flow,” Analytical Chemistry, Vor0, No. 9, pp. 1870-
1881, May, 1998.

2" Enloe, C.L., Mclaughlin, T.E., Font, G.I., BaughinW., “Parameterization of Temporal Structur@iSingle Dielectric Barrier
Aerodynamic Plasma Actuator,” AIAA-2005-0564, Jary2005.

28 Enloe, C.L., Mclaughlin, T.E., VanDyken, R.D.s€her, J.C., “Plasma Structure in the AerodynartasrRa Actuator,” AIAA-
200-0844, January 2004.

29 Rhie, C. M. and Chow, W. L. 1983, “Numerical stusfythe turbulent flow past an airfoil with traitinedge separation,” AIAA
JournalVol.21, pp.1525-1532.

%0 Suzen, Y.B., Huang, P.G., “Numerical SimulationUsfsteady Wake/Blade Interactions in Low Pressundifie Flows Using
an Intermittency Transport Equation,” ASME-GT20036830, ASME Turbo-Expo 2004, Vienna, Austria, J20e4.

31 Suzen, Y.B., Huang, P.G., “Numerical Simulatioh@nsitional Flows as Affected by Passing WakédAA-2004-0103, 42
Aerospace Sciences Meeting and Exhibit, Reno, Mxudry 2004.

%2 Suzen, Y.B., Huang, P.G., “Comprehensive Validatad an Intermittency Transport Model for Trangit Low-Pressure
Turbine Flows,” AIAA-2004-1121, 48 Aerospace Sciences Meeting and Exhibit, Reno, Jipary 2004.

%3 Suzen, Y.B., Huang, P.G., Volino, R.J., Corke,.TThomas, F.O., Huang, J., Lake, J.P., King, P'’A,Comprehensive CFD
Study of Transitional Flows in Low-Pressure Turlsingnder a Wide Range of Operating Conditions”, Al2003-3591, 3%
AlAA Fluid Dynamics Conference, Orlando, FL, Jur@o3.

34 Jacob, J.D., Ramakumar, K., Anthony, R., RiviBRControl of Laminar and Turbulent Shear Flowsiigy Plasma Actuators,”
To be published in Fourth International SymposiumTarbulence and Shear Flow Phenomena, TSFP-diawigburg, VA, June
2005.

11
American Institute of Aeronautics and Astronautics



