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A recently introduced phenomenological model to simulate flow control applications
using plasma actuator s has been further developed and improved in order to expand its use
to complicated actuator geometries. The new modeling approach eliminates the requirement
of an empirical charge density distribution shape by using the embedded electrode as a
source for the charge density. The resulting model is validated against a flat plate
experiment with quiescent environment. The modeling approach incor porates the effect of
the plasma actuators on the external flow into Navier Stokes computations as a body force
vector which is obtained as a product of the net charge density and the electric field. The
model solves the M axwell equation to obtain the electric field due to the applied AC voltage
at the electrodes and an additional equation for the charge density distribution representing
the plasma density. The new modeling approach solves the charge density equation in the
computational domain assuming the embedded electrode as a sour ce ther efore automatically
generating a charge density distribution on the surface exposed to the flow similar to that
observed in the experiments without explicitly specifying an empirical distribution. The
model isvalidated against a flat plate experiment with quiescent environment.

Nomenclature
= electric field, N/C
= permittivity, £ = €,&,
= relative permittivity
= permittivity of free space, 8.854x10C/Nm?

= body force vector, N/
= total electric potential, Voltp = g+ ¢
= electric potential due to external electriddije/olt
electric potential due to net charge densiwit vV
= length of the electrode
= Debye length, m
location parameter for Gaussian distribution

frequency, Hz
Reynolds number based on inlet velocity anal akord
net charge density, Cfm
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t = time, s

Uin = inlet velocity

U = streamwise velocity
X, Y = coordinates

Yn = wall normal distance

I. Introduction

Plasma actuators have been shown to be effectivaeweral flow-control-related applications includifigw
separation and boundary layer control. The plasotaators consist of two electrodes that are located
surface separated by a dielectric material as shHowiig. 1. A high-voltage AC supplied to the electes causes
the air in their vicinity to weakly ionize. The i@ed air (plasma), in the presence of the eledieid gradient
produced by the electrodes, result in a body fareetor acting on the external flow that can indgteady or
unsteady velocity components. The effectivenesplaéma actuators in controlling flow separation lha&en
demonstrated by several researchers [1-9]. Thgseriexents showed that a range of parameters habe taken
into consideration for effective flow control incling the location of the actuators on the surfacentation, size,
and relative placement of the embedded and expeleetiodes, applied voltage, and frequency of ttteadion.
Due to a large number of parameters involved, dpiimg the performance of actual applications camabf@irly
complicated task. CFD simulations can provide afulsg®ol in design and optimization of such compliéow
control systems.

Computational studies of plasma flow control haveerb limited in comparison to the vast number of
experimental studies reported [10-14]. Recently #uthors developed a simple phenomenological ricater
simulation methodology for active flow separaticontol applications using plasma actuators [15]tHis new
approach, the effect of the plasma actuators oexternal flow is incorporated into Navier Stokesnputations as
a body force vector. The body force is obtained asoduct of the net charge density and the etefitlid. The new
model solves the Maxwell equation to obtain thetele field due to the applied AC voltage at theattodes and an
additional equation for the charge density repriisgrthe plasma density. However, there was auraption
made to the boundary condition of the charge dgmsitthe surface of the above the embedded electaod this
makes the extension of the model to complex ar@ilbflows impossible. This paper is an attemptetmedy this
weakness. The model is summarized in the nextaseetithout the readers having to refer to our prasipaper.

I[I.  Modeling Plasma Actuator Physicsin CFD Computations

Wd Flow

\ Dielectric Material
Electrode

Figure 1. Schematic of plasma actuator.
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Electrode

VAC

The body force that the plasma actuator inducetherexternal flow can be expressed in terms ofathyied
voltage and incorporated into the Navier Stokesa@qns. By neglecting magnetic forces, the elegttlobdynamic
(EHD) force can be expressed as

fy=p.E (1)
where, fB is the body force per unit volumeg, is net the charge density arilis the electric field. If the time

variation of the magnetic field is negligible, asdften the case in plasma, the Maxwell's equatgiue rise to
Ox E = 0. This implies that the electric field can be dedifeom the gradient of a scalar potential[16]:

E =-0. )

Gauss’s law yields:
OeE) = o, 3
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or

O Qedd) =—p, (4)
where ¢ is the permittivity. The permittivity can be exgsed as:
£=¢5, (5)

where &, is the relative permittivity of the medium, amyg is the permittivity of free space.

If we write the net charge density within the plasit any point in terms of the elementary chaag¢he
background plasma density, the temperature of the speciésand introduce the Debye length the charge

density can be expressed in terms of the potefitiaind the Debye length, [16],
p. e, =(-1123)P (6)

The body force given by Eq. (1) can be calculatsidig Egs. (2) and (6) by imposing the appliedagst at the
electrodes as boundary conditions.

In the current modeling approach the electric pidéis decomposed into two parts by using the supstion
technique [15]. Since the gas particles are weiaklized, we can assume the potenttatan be decoupled into two
parts: one being a potential due to the exterreaitect field, ¢, and the other being a potential due to the natgeh

density in the plasmap ,

D =gty (7

This approach is similar to the one used in nuraérsimulation of electroosmotic flows in which catbe
external electric field generates a force on trergbd particles creating flow[17].

If we assume that the Debye thickness is smalth@adharge on the wall is not large, the distributof charged
species in the domain is governed by the potecsiated by the electric charge on the wall andrigelg unaffected
by the external electric field. Therefore, we cantevtwo independent equations in terms of these patentials,
one for the external electric field due to the &aploltage at the electrodes:

Oe 0@ =0 (8)
and another one for the potential due to the clibpgeticles:
De,0¢) = (o, / &,). 9)
Using p. /&, = (—1//lc,2)¢ Eq. (9) can be written as[16],
O 0p.) =p, 1 A5 (10)

Eq. (8) provides the solution for the electric pdi@l, @, using the applied voltage on the electrodes amdbary

conditions and O, is obtained from Eq. (10) with a prescribed bamdcondition on the surface over the

embedded electrode. The boundary condition isepmized with the applied voltage on the electradd the
resultant body force vector is computed by

fs = nE=p.(-09). (11)

The boundary conditions and the computational domaf Eqgs. (8) and (10) for a single pair of eledes are
shown in Figures 2a and 2b, respectively. Equai@)ris solved for the electric potentigl, imposing the applied

voltage on the electrodes as boundary conditiomsusmng the appropriate, value on both the air side and the
wall. For air, & =1.0 and the experiments we considered for test cassh Idapton as the dielectric material which

has ang, value of 2.7. On the wall-air interface harmoniean of £,, ande,, must be used in order to conserve
electric field[15].
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Air Side: On Outer Boundaries: Air Side: On Outer Boundaries:

O(e,.09) =0 9_ O(£,0p,) = o, 1 4 p.=0
£,=10 on £,=10
?=¢Y £ =mean(s,,,,,) J, =000017n & T mean(n, r2)

(2)Boundary conditionsfor Eq. (8) (b) Boundary conditionsfor Eq. (10)
Figure 2. Boundary conditions and computational domain for Egs. (8) and (10).

Applied AC voltage imposed at the exposed (upplegtede as boundary condition is:

ot) = g=F (t) (12)
The wave form functionf (t), can be a sine wave given by:
f(t) =sin(2rat) (13)

where w is the frequency an@/™is the amplitude, both of which are known quargitfeom experiment. The

embedded electrode is prescribed as ground bygedtie electric potential to zero on that electrofiethe outer
boundariesg@/on =0is assumed as shown in Figure 2a.

In order to obtain a net charge density distrihutiwer the embedded electrode resembling the plalésirdbution
observed in experiments [16,18,19], we introduceea approach which eliminates the need for presila
charge density distribution on the surface over éhthedded electrode. In this new method, Eq. (8 Boived
assuming the lower electrode as a source for thecim@rge densityy,, which is synchronized with the time

variation of the applied voltage@(t) on the exposed electrodé(t) in equation (12):
p.(t) = pI™f (t) (14)
where p™*is the maximum value of the charge density allowethe domain (in Coulomb/fhand is a parameter

to be determined later. By assuming the embedtbeatrede as a source for the charge density, soluf Eq. (10)
automatically results in a charge density distidruton the surface above the embedded electrodiéasita the
distribution observed in experiments and the maldels not require prescription of a charge densdiyidution on
the surface and thus makes the modeling of geaetiator geometries including generic shapes aedtations of
electrodes straight forward.

At this stage, it should be noted that in ordestdve Eqg. (10) we need to specify two parameteasyaly,
por¥and/, . These parameters control the strength of them@aactuator's effects on the flowfield and exteft o

these effects into the flowfield. The Debye lengd, is in the order of 0.00017m for the case considdrere. The
maximum charge densityy)"™, is a parameter to be calibrated using availakpegmental data.

It is important to note that, Eqgs. (8) and (10) chée be solved only once at the beginning of NaBéwkes
computations since these equations do not contsiimea derivative term. This can be achieved bytingi these
equations in nondimensional forms as illustrateBigs. 3a and 3b. The quantigy can be normalized by the value

of AC voltage of the exposed electrodg), in equation (12). Equation (8) can then be solegdmposing a
constant boundary condition equal to unity at thmpes electrode. Once the dimensionlggsdistribution is
determined, the dimensionalvalues at any given time can be obtained by miitig this distribution with the
corresponding value of{t) given by equation (12). Similarly, Eq. (10) candmdved only once at the beginning of
computations by using the dimensionless equationtfe charge density distribution, which is normedi by
P7f(t) . This implies that the boundary condition for thimensionless charge density on the embedded @diectr
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is equal to unity. Once the solution for the dimenkess charge density is established, the dimaeabialues at any
time can be calculated from this distribution byltiplying it with the corresponding value pf™ f (t) .

This modeling approach for plasma actuators is émgnted in the GHOST code developed at Univerdity o
Kentucky. GHOST is a pressure-based code basedMBLE algorithm with second order accuracy in bothe
and space. This code is capable of handling comglesmetries, moving and overset grids, and includes
multiprocessor computation capability using MPIleTdverset grid capability of the code enables ipomation of

At) = g™ 1 (1) O.(e0¢)=0 OUe0p)=p.14
p:(t) = P () d=plgt) =P
* P f(t)
¢(t) @ =1

P (1) \ 0. =1

(a) Dimensional variables (b) Nondimensional forms of Egs. (8) and (10)
Figure 3. Dimensional and nondimensional variables and nondimensional form for Egs. (8) and (10).

plasma actuators into the computations with redagigse since electrodes can be defined as indingdlid blocks.
The domain can be divided into two separate contipni@ domains: one for the air side and the ofoerthe
dielectric wall. The GHOST code has been previousdjidated against a wide range of test cases kwd f
conditions and has been used extensively in selevgbressure turbine related publications[20,21].

I11.  Mode Calibration and Validation Using Quiescent Flow Experiments

In order to calibrate the maximum charge densityttenwall, o™, appearing in the model we employed the
quiescent flow experiments (Ref. 22) conducted gisirsingle pair of electrodes to better isolatedffects of the
actuator on the surrounding air. The details ofatiiator geometry and experimental set up arengivReference
[15]. The actuator consists of two 10mm wide, @rhén thick conductive copper strips as electrodektwhare
separated by a 0.127mm thick Kapton dielectric wigh value of 2.7. Streamwise spacing of electrod@s5mm.

In the experiments the lower electrode was grouradetiplasma region was generated using a square wigv
frequency of, w=4.5kHz and amplitude of¢@™ =5kV. It should be noted that the experimental daa i

preliminary and it is used here only to demonstitae proof of concept for the modeling approachn the
computations our aim was to match the maximum viloobserved in the experiments as well as the
experimentally observed flow pattern shown in Feggda. From the experiment it was observed thaflthe was
drawn into the surface region above the embeddsairete by the plasma induced body force. Thisltexbin a jet
issuing to the right of the actuator with a maximuahocity of approximately 1 m/s.

Based on the flow pattern and maximum velocityecidt, o> =0.00750 C/m seems to agree well with the
experiment. The streamlines obtained from the cdatjmn using these values are shown in Figure (4bg
computed flow pattern compares favorably with tlpegimental flowfield shown in Figure (4a). The qued
maximum velocity is 1m/s also matching the experitakvalue. It should be noted that the boundager
obtained by the computation appears to be thirlvaer the experimental data.
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(a) Experiment[22] (b) Computation
Figure 4. Comparison of experimental[22] and computed streamlinesfor the plasma actuator in
quiescent flow (The actuator interfaceislocated at the 2cm tick.)

The computed electric potential distribution in theinity of the electrodes obtained from equat{8his shown
in Figure 5 along with the streamlines of the atuanduced flow. The computed electric potentgti®w that the
strongest electric potential variation, or the &ledield, is in the region between the two eledgs. This is also the
region where the strongest concentration of plaisnadserved in the experiments. The streamlinesaig that the
flow is pulled from above into this region and gettto the right direction as observed experimantall

Applied Voltage

Figure 5. Computed electric potential contoursand streamlinesin the vicinity of the electrodes

The computed charge density distribution obtaimednfsolution of Eg. (10) is shown in Figure 7 te tair
side. It must be noted that this charge densityridigion over the surface is obtained without aewplicit
specification of a charge density variation. Usitgg embedded electrode as a source for Eqg. (1Qjtses
automatically in the charge density distributiolwh in Figure 7, eliminating any need for expligjitecification of
a charge density distribution. This aspect of thedeh is important since it makes the model appledab any
generic electrode shape or orientation withoutsed of explicit prescription of a charge densistribution.

The magnitude of the resulting body force compitech Eq. (11) is shown in Figure 8. The maximunuyo
force is concentrated in the region over the upgfecorner of the embedded electrode where theréefield is the
strongest. This is consistent with the experimesitalervations.
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These results show that the modeling technique ldpgd can reproduce the effects of plasma actuators
observed in experiments and the approach is progigi computation of plasma flow control applicato
involving generic actuator geometries and orieatesi

IV. Concluding Remarks

A recently developed phenomenological model to &euflow control applications using plasma actusateas
been further developed and improved in order tcasgpits applicability to complicated actuator getiies. The
new model eliminates the requirement of an empiniterge density distribution shape by using théeaded
electrode as a source for the charge density. &bgltmg model is validated against a flat platpegiment with
quiescent environment. The modeling approach iraratps the effect of the plasma actuators on thermed flow
into Navier Stokes computations as a body forcéoveghich is obtained as a product of the net chalgnsity and
the electric field. The model solves the Maxwelliation to obtain the electric field due to the #gplAC voltage at
the electrodes and an additional equation for targe density distribution representing the plagierasity. These
two equations need to be solved only once befarecttmputation. The new modeling approach solveliaege
density equation in the computational domain asegrttie embedded electrode as a source therefarmatitally
generating a charge density distribution over thbedded electrode. This makes the model applicibleny
generic electrode shape or orientation withoutaed of explicit prescription of a charge densistribution.
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