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MODELLING AND SIMULATION OF

SINGLE DIELECTRIC BARRIER DISCHARGE

PLASMA ACTUATORS

Abstract

by

Dmitriy M. Orlov

This work presents the study of the single-dielectricbarrier dischargeaerody-

namic plasmaactuator. The physicsof the plasmadischargewasstudied through

the time-resolved light intensity measurements of the plasmaillumination. Plasma

characteristicswere obtained and analyzedfor a range of applied voltage ampli-

tudes and a.c. frequencies.

Based on this data, electro-static and lumped-element circuit models were

developed. The time-dependent chargedistribution wasusedto provide boundary

conditions to the electric �eld equation that was used to calculate the actuator

body forcevector. Numerical 
o w simulations wereperformedto study the e�ect

of the plasma body force on the neutral 
uid. The results agreedwell with the

experiments.

An application of the plasmaactuators to the leading-edgeseparationcontrol

on the NACA 0021 airfoil was studied numerically. The results were obtained

for a rangeof anglesof attack for uncontrolled 
o w, steadyand unsteadyplasma

actuation. The aerodynamic stall of the airfoil was studied. Improvement in

the airfoil characteristicswas observed in numerical simulations at high anglesof
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attack in caseswith plasma actuation. The computational results corresponded

very well with experimental observations.



In memory of Mikhail Aleksandrovich Vostrikov.
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CHAPTER 1

INTR ODUCTION

1.1 Background

The aerodynamic plasmaactuator is a particular con�guration of the Single-

Dielectric Barrier Discharge, speci�cally, a surfacedischarge. The con�guration

of the plasma actuator is simple. It consistsof two electrodes arranged highly

asymmetrically. One of the electrodes is exposed to the surrounding air, and

the other is totally encapsulatedin a dielectric material, as shown on Figure 1.1.

Typically, the plasma actuator's electrodes are long and thin and are arranged

span-wiseon an aerodynamic surface.

When a high 5 � 20 kV peak-to-peak AC voltage at frequenciesfrom 3 to 15

kHz is applied, a plasma discharge appears on the insulator surfaceabove the

insulated electrode, and directed momentum is coupledinto the surrounding air.

The amount of the momentum coupling is e�ective in substantially altering the

air
o w over the actuator surface.

The plasmaactuators have beensuccessfullyusedin di�erent 
o w control ap-

plications, such as exciting boundary layer instabilities on a sharp coneat Mach

3.5 [44], lift augmentation on a wing section[13, 14, 46, 54], low-pressureturbine

bladeseparationcontrol [31{34, 41], turbine tip clearance
o w control [15,45, 74],

blu� body control [8, 73], drag reduction [35, 78], unsteady vortex generation

1



Figure 1.1. The aerodynamic plasmaactuator in a chord-wisesection.

[48, 50, 51, 75], and airfoil leading-edgeseparationcontrol [12, 52, 58, 59, 61{63].

The advantagesof the plasma actuator 
o w control deviceover traditional 
o w

control devicesare: reducedsizeand weight, absenceof moving parts, increased

reliabilit y, inexpensiveness,high bandwidth (quick response), reduceddrag, in-

creasedaerodynamic agility.

Plasma actuator's behavior is primarily governed by the buildup of charge

on the dielectric-encapsulatedelectrode. When AC voltage is applied, a plasma

dischargeappearson the insulator surfaceabove the encapsulatedelectrode, and

directed momentum is coupledinto the surroundingair. In operation, the plasma

in the discharge appears on the surfaceof the dielectric each half-cycle of the

applied AC voltage.

To the unaided eye, the plasma appears as a relatively uniform di�use dis-

charge, but optical measurements of the plasma indicate that it is highly struc-

tured in both spaceand time. The temporal nature of the actuator indicatesthat

this plasmais indeeda singledielectric barrier discharge[19]. The most important
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featureof the SDBD is that it cansustaina large-volumedischargeat atmospheric

pressurewithout the dischargecollapsinginto a constricted arc.

The SDBD can maintain such a discharge becausethe con�guration is self

limiting, as shown in Figure 1.2. To maintain a SDBD discharge,an AC applied

voltage is required. Figure 1.2 (a) illustrates the half cycle of the discharge for

which the exposedelectrode is more negative potential than the surfaceof the

dielectric, being the cathode in the discharge. In this case,assumingthe potential

di�erence is high enough,the exposedelectrode can emit electrons. Becausethe

discharge terminates on a dielectric surface, the build up of the surfacecharge

opposesthe appliedvoltage,and the dischargeshuts itself o� unlessthe magnitude

of the applied voltage is continually increased.

The behavior of the discharge is similar on the opposite half-cycle: a positive

slope in the applied voltage is required to maintain the discharge. In this half-

cycle, the charge available to the discharge is limited to that deposited during

the previous half-cycle on the dielectric surface,which now plays the role of the

cathode, as shown in Figure 1.2 (b). This self-limiting behavior due to charge

buildup on the dielectric surfaceimpacts the spatial and temporal structure of

the plasma.

Although the plasmais composedof chargedcomponents, it is net neutral, be-

ing createdby the ionization of neutral air, asmany negative electronsaspositive

ions exist in the plasma. Responding to the external electric �eld, the electrons

move to the positive electrode and the ions to the negative, resulting in an im-

balanceof chargeson the edgesof the plasma. The charge imbalancesetsup an

electric �eld in the plasmaopposite to that of the external applied �eld. The re-
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Figure 1.2. The dielectric barrier discharge is self-limiting because
chargebuildup on the dielectric surfaceopposesthe voltage applied

acrossthe plasma,when the applied voltage is negative going (a), or the
chargetransferred through the plasmais limited to that deposited on

the dielectric surface,when the voltage reverses(b).

arrangement of the chargeswill continue until the net electric �eld in the plasma

is neutralized.

The density of the positiveand negativechargeswill beequalin the bulk of the

plasma. Only on the edgeswill there be a charge imbalance,due to the thermal

motion of the particles. The thicknessof the regionsalong the edgesin which the

plasma supports a net positive or negative charge density is determined by the

shielding length, or Debye length, of the plasma.

The time scaleof the charge rearrangement processin the plasma is on the

order of 10� 9 � 10� 8 seconds(for electron temperature of 1000� 10000K, with a

mobilit y velocity on the order of 105 � 106 m/s [64]). This plasmaformation time

is several ordersof magnitude smaller than the time during which the plasma is

producing an e�ect on the surrounding air.

Thus, we see, that there are three separate temporal time scalesthat are

relevant to the SDBD process. The shortest time scale, of the order of 10� 8

seconds,is associated with the initiation of the micro-dischargesacrossthe plasma

4



actuator gap leading to chargeredistribution. The secondtime scaleis related to

the operation of the plasmaactuator itself. It is de�ned by the period of the a.c.

cyclethat drivesthe alternating current discharge. This time scaleis on the order

of 10� 4 sec(for an a.c. frequencyof the order of 10 kHz), which is approximately

104 timesslower than the time scaleof the micro-discharges.The third timescaleis

the onethat governsthe movements of the neutral 
uid responding to the plasma

actuator. This time scaleis on the order of 10� 2 seconds.

The four order of magnitudedi�erence in time scalesallows us to assumethat

the plasmaformation and chargerearrangement processesare instantaneous.This

allows us to assumethat the plasmais operating in a quasi-steadyregime,when

the chargesare rearrangedin the region, so that they cancelthe external electric

�eld everywhere,except the small regionsnear the electrodes. This leadsto the

quasi-DC assumptionusedin modeling the plasmaformation and computing the

plasmabody force.

The dielectric barrier discharge processprovides a meansfor e�cien tly ioniz-

ing gasesat atmosphericpressurethat is well suited for many chemical plasma

processes.As a results it is a well studied and understood process. One of the

earliest referenceswas in 1857when Siemens[70] proposeda novel type of elec-

trical gasdischarge, that could generateozonefrom atmosphericpressureoxygen

or air. Since then, the DBDs have been widely used for di�erent applications.

The classicalDielectric Barrier Dischargecon�guration utilizes planar or cylindri-

cal electrode arrangements with at least one dielectric layer placed between the

electrodes.

The discharge investigated in the present research results from activating a

model at atmosphericpressureat frequenciestypically in the 1� 10kHz rangeand
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voltagesin the several kilovolts range. There is a wide variancein the terminology

usedfor the dischargein literature. The namesassignedto the phenomenainclude

atmospheric glow discharge, surface barrier discharge (SBD), dielectric barrier

discharge(DBD), SingleDielectric Barrier Discharge(SDBD) and SurfacePlasma

Chemistry Process(SPCP).

Despiteof considerableprogressin understandingthe structure and the prop-

erties of such discharges,which principally occurred in the last few decades,the

present knowledge of this subject appears to be insu�cien t to provide an ade-

quate quantitativ e theoretical description for barrier dischargebehavior in air at

high (atmospheric)pressure.Although, a classicsymmetric DBD hasbeenwidely

studied, asymmetric electrode arrangements such as those used in the plasma


o w control actuators have not beenstudied, until recently. All the studiesof the

plasmaactuator that weredonein the past yearsmay be divided into three major

categories: the physics of the SDBD discharge, the optimization of the plasma

actuator, and the applications.

The physicsof the discharge can be studied using di�erent techniques. Some

of this methods are more direct. These may include the electric current and

light intensity observations [19{21, 37]. The others are lessdirect, and help to

study the plasma actuator physics through the e�ects that it produceson the

ambient 
uid. One of the �rst techniqueswas basedon the smoke visualization

and was used to demonstrate the plasma actuator e�ect [60, 65]. The other

methods include the hot wire, Pitot tube and DPIV 
o w velocity measurements

[60,61], acoustic[9], accelerometer[57]measurements. Kozlov et al. [38]usedthe

spatially resolvedcross-correlationspectroscopy to makewell-resolvedquantitativ e

estimatesof the electric �eld strength and relativeelectrondensity. A conventional
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Schlieren techniquewasusedby Wilkinson and Konkle-Parker [77] to visualizethe


o w �eld inducedby an SDBD plasmaactuator. Enloe et al. have usedthe laser

de
ection technique to measurethe air density variations near and in the plasma

region.

A thorough study of the plasmaactuator physicshasbeenperformedby Enloe

et al. [19{21]. In their work, they have used the photomultiplier technique to

study the temporal and spatial structure of the plasma discharge. Through the

comparisonbetween the electric current in the actuator and the light emission

PMT measurements it was shown that thesetwo correlate, and that we can use

the light intensity information to study the physics of the barrier discharge. It

was also discovered that there existed a noticeable di�erence between the two

halves of the a.c. cycle when the applied voltage was negative-goingand when

it was positive-going. It was also show experimentally that power dissipated in

the plasma actuator was increasingas the applied voltage to the power of 7=2,

P / V 7=2
app , and that this functional relation was typical for this surfacedielectric

barrier discharges.

The samefunctional dependencewasobserved by Post [60, 61] for the plasma

inducedvelocity, U / V 7=2
app . Post hasalsoshown that the plasmaactuatorsplaced

in arrays had an additive e�ect, and two actuators working in array create a

plasma induced jet in which momentum of two is twice the momentum from a

single actuator. This characteristic of the plasmaactuator was also observed by

Forte et al. [24] in their Pitot tube and LDV measurements.

Enloe et al. have performed the studies of the atmospheric composition on

the plasmaactuator e�ciency [18]. The presenceof oxygen in the atmosphereis

known to allow for the formation of negative ions via attachment of electronsto
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the oxygen. As their results indicate, the actuator performancedirectly correlates

with the fraction of the oxygen in the atmosphere,and it's e�ciency increases

linearly with the percentage of oxygen.

Their hasbeena recent attempt by Andersonet al. to measurethe dependence

of the plasmaactuator e�ects on the air humidity [7]. Their results showed that

the plasmaactuator performancedid not changewith the increaseof the relative

air humidity. This is most probably due to the fact that a very small range of

humidities was checked (40-60%). It alsoshould be mentioned that the absolute

humidity is more important for the plasma actuator operation than the relative

humidity.

Thesestudiesof the plasmaactuator had two major goals: onewas to under-

stand the physics of the single dielectric barrier discharge, and the other was to

optimize the plasmaactuator to increaseits e�ectiveness.

The �rst major attempts on the plasma actuator optimization were done by

Post [61] and Enloe et al. [20, 21]. They have shown the vital role played by

the asymmetry. This was shown by covering the open electrode by a dielectric

layer. They have also studied the e�ects of the geometryon the performanceof

the plasma actuator. It was discovered that the width of the lower electrode is

very important, and that this coveredelectrode shouldbe su�cien tly wide for the

plasmaformation. It wasalsoshown that a small gap or overlap of the electrodes

doesnot changethe performancecharacteristics of the actuator, but a�ects the

stabilit y of the plasma discharge ignition. The slight overlap makes the plasma

ignition more uniform.

The other important characteristic that a�ects the performanceof the plasma

actuator is the form of the applied voltage signal. As the physics of the SDB
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dischargesuggested,the formation of the plasmais directly related to the voltage

changeacrossthe actuator. The steeper and longerthe slope of the voltagesignal,

dV
dt , the more plasma is formed on the surfaceof the dielectric, the higher is the

induced
o w velocity by the actuator. Post [61] testeddi�erent forms of the input

a.c. signal and found the best results when the applied voltage had the form of

the \p ositive sawtooth".

As it wasalready mentioned, all the measurement techniquesdescribed above

provide plenty of indirect information about the plasma actuators. But these

experimental techniquesdo not allow us to obtain directly the information about

the distribution of electric �eld and electron density along the discharge axis.

Therefore,an important role in the investigation of such dischargesis played by

numerical modeling.

One of the �rst models was developed by Massineset al. [43]. The one-

dimensionalmodel was basedon a simultaneoussolution of the continuity equa-

tions for charged and excited particles, and the Poisson equation. The study

allowed one to to obtain spatial-temporal distributions for plasmas. It has been

shown that the processesin a discharge volume are characterizedby such values

as mobilit y, di�usion coe�cien t, and ionization rate constant.

Research, related to the present work, has been done by Paulus et al. [55].

A particle-in-cell simulation was used to study the time-dependent evolution of

the potential and the electrical �eld surrounding two-dimensionalobjects during

a high voltage pulse. The numerical procedurewasbasedon the solution of Pois-

son's equation on a grid in a domain containing an L-shaped electrode, and the

determination of the movement of the particles through the grid. The simulation

showed that the charged particles moved toward the regionsof high electric po-
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tential, creating high electric strength �elds near the electrode's edges. It also

proved that the plasmabuilds up on a microsecondtime scale.

There wasalsoan attempt to model the plasmaactuator e�ects without mod-

eling the dischargeprocessusingan approximation model. A �rst-order approach

to modeling the e�ect of plasmaactuators using the potential 
o w model wasde-

veloped by Hall et al. [28,29]. In this model, the plasmaactuator wasrepresented

by a doublet and incorporated into a Smith-Hesspanel code. Hall hasshown [29]

that after the calibration of the doublet strength, it could duplicate experimental

data for the changein airfoil lift characteristicsdue to applying plasmaactuators.

The development of this model was driven by the experimental observations of

the similar streamlinepatternsproducedby the plasmaactuator on the surfaceof

a 
at plate in a uniform 
o w and thoseof an inverseddoublet at the wall.

Enloe et al. [20, 21]provided a formulation for the body forceproducedby the

SDBD plasmaactuator on the ambient air. Another model for the plasmabody

force was presented by Roth et al. [65]. This model is basedon the derivation of

the forcesin gaseousdielectrics by Landau [39]. In this model, the body force is

proportional to the gradient of the squaredelectric �eld:

Fb =
d
dx

�
1
2

"0E 2

�
(1.1)

As it has beenshown by Enloe et al. [19] this model for the body force does

not account for the presenceof the chargedparticles. For example,in the absence

of charged particles the body force calculated using equation (1.1) is not zero,

which is an obvious error. It has beenalso shown by Enloe et al. that the body

force given by equation (1.1) and in form derived in the present work are not

equal, except in the special caseof a one-dimensionalcondition where ~E = Ex î
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and Ey = Ez = 0, and @=@y = @=@z = 0. This special caseis not relevant to our

aerodynamic applications.

Another model for the body force was given by Shyy et al. [69]. The time-

averagedbody force was calculatedas

Ftav e = #� � cec� tE � (1.2)

where# is the frequencyof of the applied voltage, � is a factor to account for the

collision e�ciency , � c is the chargedensity, ec is the chargeof electron, � t is the

time during which the plasmadischargetakesplace,E is the electric �eld, and �

is the Dirac delta function.

Shyy et al. varied the parametersrelated to the electrode operation, including

the voltage, frequency, and free stream speedto investigatethe characteristicsof

the plasma-induced
o w and the heat transfer characteristics. It wasshown based

on their model that the induced 
o w velocities and heat 
ux vary proportionally

with the applied frequencyand voltage.

One of the largestdisadvantagesof their model lied in the electric �eld formu-

lation that was basedon an assumptionthat electric �eld strength E decreased

linearly asonemovedaway from the inner edgeof the electrodes. This assumption

was not consistent with the physics of the discharge process,as recent measure-

ments have shown [49].

Suzenet al. [71, 72] utilized the electrostatic model with the exponential

weighting described in this thesis to compute the plasmabody force using Enloe

formulation [20, 21]. In their work, they proposedto split the electrostatic equa-

tions into two parts: the �rst one is due to the external electric �eld, and the

secondpart is due to the electric �eld created by the charged particles. This is
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making the problem unnecessarilyovercomplicatedbecauseit is known that the

electric �elds can be superimposed.This idea is usedlater in this thesis.

On the other hand, there have beennumerousmodelsdeveloped for dielectric

barrier dischargesin air that include very complicate chemistry. These models

usually include20� 30 reactionequationswith di�erent reaction times and energy

outputs. Theseequationsaccount for electron, ion-neutral, and neutral-neutral

reactionsin di�erent gasesthat are present in the air [26, 27, 38, 42, 53].

Mostly these models were developed for a simple one-dimensionaldielectric

barrier dischargedue to needof the vast computational resources.Recently, Font

et al. [22, 23]utilized theseideasto model the plasmadischargein the asymmetric

plasma actuator. In their model they included nitrogen and oxygen reactions

basedon the experimental results of Enloe et al. [18]. With this model, Font was

able to show the propagation of a singlestreamerfrom the bare electrode to the

dielectric surfaceand back. Due to the fact that the complexity of the problem

requiressigni�cant computational power, modeling of the whole a.c. cycle is still

an open issue.

There alsoexistsa group of simpli�ed models in which the chemical reactions

arenot considered,but the gasis still consideredasa mixture of ions,electronsand

neutral molecules.Thesemodels were �rst derived for a simple one-dimensional

discharge [66, 68], and later extended to two-dimensionaldielectric barrier dis-

charges[25, 56, 67].

Likhanskii et al. [40] modeled the weakly ionized air plasma as a four-
uid

mixture of neutral molecules,electrons,and positive and negative ions, including

ionization and recombination processes.Their simulations show a large impor-

tance of the presenceof negative ions in the air. Likhanskii also points to the
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leading role of charging the dielectric surfaceby electronsin the cathode phase

which is critical, acting asa harpoon pulling positive ionsforward and accelerating

the gasin the anode phase.

Although thesemodels usually give results which preciselydescribe all of the

di�erent processesinvolved in the plasmadischarge,they arevery time-consuming

and require signi�cant computer resources. Such calculations were either per-

formedfor simpleone-dimensionalsymmetric domains,that are relevant to indus-

trial plasmaprocesses,or for a singlestreamerpropagation in a two-dimensional

caserelevant to the plasma actuator geometry. Estimates of the computer re-

sourcesneededfor thesesimulations in air at high pressureare signi�cant. Such

simulations are not suitable as designtools usedin the itterativ e optimization of

the plasmaactuators and for their usein applications.

1.2 Objectives

Given this background into the SDBD plasmaactuator, the objectivesof this

work are the following:

1. Developmodelsfor SingleDielectric Barrier Dischargeplasmaactuatorsthat

contain the essential physic, but are computationally e�cien t enoughto be

usedin the designand optimization of 
o w control applications.

2. Derive the body forcee�ect basedon the SDBD modelsthat ultimately does

not require emperically determinedcoe�cien ts.

3. Using the model, investigatevarious parameterssuch asvoltage amplitude,

frequency, and dielectric properties on the body force and power dissipated

to seekoptimum designsof plasmaactuators.
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4. Incorporate the space-timedependent body forceinto a numerical 
o w solver

to determinethe e�ect the actuators have on the neutral 
o w.

5. Utilize the 
o w solver in a practical application of leading-edgeseparation

control and comparethe simulation to an equivalent experiment.
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CHAPTER 2

PHYSICAL PROPERTIES OF PLASMA ACTUATOR.

Previous experiments by Enloe et al. [20] have shown that the bulk current

acrossthe electrodesof a SDBD plasmaactuator correlateswith the light emission

of the plasma. Therefore it is useful to study the space-timedevelopment of

the light illumination in order to provide data that can be used in the physical

modeling of the SDBD process. To accomplishthis, a TSI Model 9162 photo-

multiplier tubewasutilized to measurethe plasmalight emissionfrom an actuator.

The experimental setup is illustrated in Figure 2.1, and the schematic of the

electrodes arrangement relative to the photomultiplier is shown in Figure 2.2.

The photo-multiplier tube (PMT) useda double-slit optical tube in order to focus

on a narrow slit of the ionizedgas. The slit wasalignedto beparallel to the edgeof

the exposedelectrode. This provided a narrow view in the direction perpendicular

to that at which the plasma sweepsout over the encapsulatedelectrode. The

accuracyof the spatial measurements was 0:5 mm.

A representativ e time trace of the PMT output is shown in Figure 2.3 (c).

Also shown are the comparableinput voltage and measuredbulk current time

seriesacquiredover the sametime period. The current wasmeasuredby Pearson

Current Monitor Model 2100inductive current pickup that wasplacedaround the

wire lead to one of the electrodes. The responsetime of the inductive current

pickup was20 nanoseconds.The voltagewasmeasuredwith a high voltageprobe
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Figure 2.1. Experimental setup usedin measuringplasmalight emission
for SDBD model validation.
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Figure 2.2. Schematic of experimental setup usedin measuringplasma
light emission.

that wasattached to oneof the electrode leads. Both had frequencyresponsethat

was much higher than the a.c. frequency(5 kHz) usedin the experiment.

The narrow spikes in the current and PMT traces correspond to the part

of the cycle when the plasma is present. These are narrow becausethey are

dominated by the short-time-scalemicro-discharges. These appear in both the

current through the electrodesand the PMT output which is proportional to light

intensity. Comparingthe two indicatesthat the actuator current and plasmalight

emissionare perfectly correlated, as had beenpreviously shown by Enloe et al.

[20].

The plasmaignites and extinguishestwice in the a.c. period. The initiation of

the ionization occurswhenthe potential di�erence betweenthe electrodesexceeds

a minimum threshold. When this occurs, the exposedsurfaceof the dielectric

becomesa \virtual electrode" on which chargebuilds up. When the chargebuilds

17



0 1 2 3 4

x 10
-4

-4000

-3000

-2000

-1000

0

1000

2000

3000

4000

time, s
V

ol
ta

ge
, V

(a)

0 1 2 3 4

x 10
�4

�0.015

�0.01

�0.005

0

0.005

0.01

0.015

time, s

cu
rr

en
t, 

A

(b)

0 1 2 3 4

x 10
�4

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

time, s

P
M

T
 s

ig
na

l
(n

or
m

al
iz

ed
 b

y 
m

ax
im

um
 v

al
ue

)

(c)

Figure 2.3. Representativ e voltage (a), current (b) and PMT output (c)
time seriesfor SDBD plasmaactuator.
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to a point wherethe potential di�erence betweenit and the exposedelectrode is

below the minimum to causethe ionization, the plasmaextinguishes.This is the

self-limiting character of the DBD process.We canobserve this happeningduring

both halvesof the a.c. cycle.

We note that the current and the light intensity are di�erent between the

two halvesof the a.c. cycle. The portion where the amplitude of the \spikes" is

smaller is during that part of the cyclewhen the electronsthat weredeposited on

the dielectric surfaceare then moving back to the bare electrode. This process

is not as e�cien t so that there are fewer electronsto collide with ions and the

current and the light intensity are weaker. In other experiments, by Enloe et al.

[20], the bare electrode was also covered by a dielectric layer, a so-calledDouble

Dielectric (DDBD), and the current amplitude associated with the ionization was

completelysymmetric in the a.c. cycle.

A comparisonwill be made later to the current time seriesfrom the lumped-

element circuit model. The lumped-element circuit model, described in Chapter

4, simulates the charge and discharge occurring on the middle (msec) time scale

that is representativ e of the body force. Therefore to compare this with the

experimental current or PMT time traces,wedraw a smooth curve that represents

the envelope of the peaksof the narrow spikescausedby the micro-discharges. If

one does this, the current traces from the model show similar character namely,

a comparablephaseshift with respect to the input voltage time series,plasma

igniting and extinguishing twice in the a.c. period, and the non-equal current

amplitudes betweenthe two events.

The envelope of the amplitudes of the narrow spikescan be obtained from the

experiment by taking multiple realizations that are phaselocked with the input
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Figure 2.4. Space-timevariation of the measuredplasmalight emission
for SDBD plasmaactuator corresponding to oneperiod, T, of the input

a.c. cycle.

voltage a.c. cycle. Becausethe micro-dischargesare random in time, they occur

at di�erent times during the plasma generationportion of the cycle. Therefore

when an averageof many cyclesis accumulated, the narrow spikes �ll the space

to indicate the maximum amplitude envelope. This hasbeendonewhile viewing

di�erent slicesof the plasma at di�erent distancesfrom the overlap junction of

the exposedand encapsulatedelectrodes. The result is shown in Figure 2.4.

Figure 2.4 shows the space-timevariation of plasmalight emissionfor onepe-

riod of the a.c. cycle. The light emissionhas beennormalized by its maximum

value in the cycle. The time axis correspondsto the a.c. period of the input volt-

age. The position axis refersto the location over the encapsulatedelectrode, with

20



0 2 4 6 8 10
0

1

t /
 T

a.
c.

position, mm

Figure 2.5. Contour lines of space-timevariation of the measuredplasma
light emissionfor SDBD plasmaactuator corresponding to oneperiod,

T, of the input a.c. cycle.

zero corresponding to the the overlap junction of the exposedand encapsulated

electrodes.

The space-timecharacter of the plasma formation over the actuator has a

number of interesting features. For example, there is a sharp peak at the time

of ignition. This occurs near the overlap junction. The plasma then sweepsout

from the junction to cover a portion of the encapsulatedelectrode. As the plasma

sweepsout, its light emissionis lessintense. The estimatesare that the intensity

decreasesexponentially from the junction. This leadsto the exponential weighting
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Figure 2.6. Plasmasweepvelocity as function of applied voltage
amplitude.

we have usedin estimating the spatial dependenceof the body force in our DNS

simulations [47, 48, 76].

Of particular interest is the velocity with which the plasma sweepsover the

encapsulatedelectrode. This canbe determinedfrom the slope, d(position)/dt, of

the left edgeof the light-emissionsurfaces.This is shown in Figure 2.6 for a range

of applied voltageamplitudes at a �xed a.c. frequency(5 kHz). The result of this

work agreeswith the previousresult of Enloe et al. [20]. Similar information can

be determinedfrom the lumped element model that will be discussedlater.

Another interesting characteristic that we can obtain from the light emission

space-timesurfaceis the maximum extent of the plasma. It is shown in Figure 2.7
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Figure 2.7. Maximum plasmaextent as function of applied voltage
amplitude.

as function of the applied voltage amplitude along with the previously published

results of Enloe et al. [20]. It was observed to depend strongly on the applied

voltage magnitude. This result is very important for the design of the plasma

actuator. On onehand, the plasmadoesnot extendbeyond the end of the encap-

sulated electrode, and on the other hand, at low applied voltage amplitudes the

plasmadoesnot extend far, and covers only part of the coveredelectrode.

A set of experiments has beenrun at the constant applied voltage amplitude

for a rangeof a.c. frequenciesto �nd the dependenceof the SDBD dischargechar-

acteristicson the applied frequency. For theseexperiments, the voltageacrossthe

plasmaactuator was kept at Vapp = 5 kV, and the a.c. frequencywas changedin
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the range of 5 � 11 kHz. The contour lines of the measuredplasma light emis-

sion are shown in Figures 2.8 - 2.14. results from these contours are presented

in terms of the propagation velocity and plasmaextent in Figures 2.15and 2.16,

respectively. We notice, that the maximum extent of the plasmadoesnot change

with frequency, as shown in Figure 2.16. This also meansthat the plasmaprop-

agation velocity would increasewith a.c. frequencybecauseat high frequencies,

the plasmahas lesstime during the a.c. period to expand to the sameextent as

at low frequency. Theseresults are shown in Figure 2.15.

A set of experiments hasbeenrun with the double-slit extensiontube removed

from the PMT to collect all of the light emitted by the SDBD. The results for a

rangeof a.c. frequenciesat a �xed voltage (5 kV) are shown in Figure 2.17. The

results for a rangeof applied voltageamplitudes at a �xed a.c. frequency(5 kHz)

are shown in Figure 2.18. The light intensity on this plot is represented by the

PMT signal amplitude generatedin the photomultiplier.

Figure 2.17shows the total light emissionfrom an SDBD plasmadischargein

the whole a.c. period. It may be noticed that there is a maximum of the total

light emissionat 6 - 7 kHz. This may be assumedto be the optimal frequencyfor

the plasmaactuator operation.

Figure 2.18showsthe total amount of the emitted light in the wholea.c. period

and the light in the �rst and secondhalvesseparatelyasa function of the applied

a.c. voltage (peak-to-peak). It is clear that the secondhalf of the a.c. period

has illumination levels that are lower than the other half period acrossthe full

rangeof voltagesexamined.Drawn for referenceis the line corresponding to V 7=2
app .

Previous measurements by Enloe et al. [20] had shown a proportionalit y of the

thrust producedby a plasmaactuator asV 7=2
app . Later, Post [61] observed that the
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Figure 2.8. Space-timevariation of the measuredplasmalight emission
for SDBD plasmaactuator at Vapp = 5 kV and f a:c: = 5 kHz.
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Figure 2.9. Space-timevariation of the measuredplasmalight emission
for SDBD plasmaactuator at Vapp = 5 kV and f a:c: = 6 kHz.
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Figure 2.10. Space-timevariation of the measuredplasmalight emission
for SDBD plasmaactuator at Vapp = 5 kV and f a:c: = 7 kHz.
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Figure 2.11. Space-timevariation of the measuredplasmalight emission
for SDBD plasmaactuator at Vapp = 5 kV and f a:c: = 8 kHz.
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Figure 2.12. Space-timevariation of the measuredplasmalight emission
for SDBD plasmaactuator at Vapp = 5 kV and f a:c: = 9 kHz.

29



0 2.5 5 7.5

0

1

2

3

4

V
app

 = 5 kV,  f
a.c.

 = 10 kHz

x (mm)

t /
 T

a.
c.

Figure 2.13. Space-timevariation of the measuredplasmalight emission
for SDBD plasmaactuator at Vapp = 5 kV and f a:c: = 10 kHz.
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Figure 2.14. Space-timevariation of the measuredplasmalight emission
for SDBD plasmaactuator at Vapp = 5 kV and f a:c: = 11 kHz.
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velocity maximum producedby a plasmaactuator alsowas proportional to V 7=2
app .

The light intensity changewith voltage in Figure 2.18 indicates that at least up

to a voltage of approximately 7 kV, the variation is proportional to V 7=2
app . The

deviation at the higher voltage may be the result of limited size of the covered

electrode which is insu�cien t to hold the chargebuild-up in the a.c. cycle.

Sincethe light intensity had beenshown to correlatewith current, this would

indicate that the dissipated power of the plasma has the sameproportionalit y

to the voltage. Again a comparisonof the plasma model behavior described in

Chapter 4 to theseresults presented herewill be madelater in the thesis.
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CHAPTER 3

ELECTRO-STATIC MODEL

3.1 Mathematical and Numerical Formulation

The �rst approach to explain the behavior of the plasmaactuator is the electro-

static model, described in this chapter. It is basedon the assumptionof di�erent

time scalesthat play di�erent roles in the physicsof the plasmaactuator.

The characteristic velocities of the 
uid transport of interest are on the order

of 10-100m/s. The processof plasmaformation is characterizedby the electron

velocity in the plasmawhich is of the order of 105-106 m/s basedon an electron

temperature of 1000-10000K [64]. This signi�cant di�erence in the characteristic

velocity time scalesallows one to decouplethe problem into separateparts asso-

ciated with (1) the plasmabody force formation and (2) the 
uid 
o w response.

In this chapter, the governing equationsfor the electro-static problem will be

formulated �rst. The equation for the plasma body force will then be derived

basedon the solution of the electro-statics. Finally, the equations of the 
o w

problem will be presented.

The equationswill be solved numerically in this chapter. The other part in

this chapter dealswith the numerical formulation and solution approach.
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3.1.1 Electro-static Model

3.1.1.1 Governing equationsfor electro-static problem and body force

The plasma is an ionized quasi-neutral gas. In the generalcase,the system

can be represented by a set of four Maxwell's equationsgiven by

I

L

~H d~l =
Z

S

 

~j +
@~D
@t

!

d~S; (3.1)

I

L

~Ed~l = �
Z

@~B
@t

d~S;

I �
~Dd~S

�
=

Z
� cdV;

I �
~Bd~S

�
= 0;

where ~H is the magnetic �eld strength, ~B is the magnetic induction, ~E is the

electric �eld strength, ~D is the electric induction, ~j is the electric current, and

� c is the chargedensity, while L is the contour of integration, S is the bounding

surfaceof the volume V. These Maxwell's equations (3.1) can be rewritten in

di�erential form as

curl ~H = ~j +
@~D
@t

; (3.2)

curl ~E = �
@~B
@t

;

div ~D = � c;

div ~B = 0:

It canbeassumedthat the chargesin the plasmahavesu�cien t amount of time

to redistribute themselves in the region and the whole systemis quasi-steady. In
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this case,the electriccurrent, ~j , the magnetic�eld, ~H , and the magneticinduction,

~B, are all equal to zero. In addition the time derivativesof the electric induction,

@~D
@t , and the magnetic induction, @~B

@t are equal to zero. With this simpli�cation,

only one of the Maxwell's equationsis left (3.2) to describe the given systemof

chargeswith chargedensity � c, that is

div ~D = � c: (3.3)

The vector of electric induction, ~D, is related to a vector of electric �eld

strength, ~E, through the dielectric coe�cien t, " , as

~D = " ~E: (3.4)

The dielectric coe�cien t is a generalproperty of the media. By de�nition, if an

electric potential, ' , is known asa function of spacecoordinatesthen it is possible

to computean electric �eld strength, ~E, by

~E = � ~r ': (3.5)

Substituting equations(3.5) and (3.4) into equation 3.3 givesthe following

r (" r ' ) = �
� c

"0
: (3.6)

To examine the behavior of the charges in the electric �eld, we consider a

simple casewhen the electric �eld is acting along somedirection s only. Let us

supposethat the electric �eld is acting on the chargesas shown on Figure 3.1.

In this case,the equation of the motion of the plasmagascan be written as
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Figure 3.1. One-dimensionalelectric �eld acting on the charges.

mn
�

@~up

@t
+

�
~u � ~r

�
~u

�

s

= qn ~E �
@p
@s

; (3.7)

where m is the massof the ion particle, n is the number of the particles in the

plasma gas, up is the velocity of the plasma gas, q is the charge of the particle,

and p is the pressureof the plasma gas. Ignoring the di�usion processesand

assumingthat the systemis in steady state ( @
@t = 0), and that velocity gradients

can be ignored, the left side of the equation (3.7) vanishes. Substituting for

pressurethe gradient r p which for an isothermal gas,r p = kbTr n, wherekb is

the Boltzmann's constant, T is the temperature of the plasmagas,and n is the

number of the particles in the plasmagas,we obtain

qnE = kbT
@n
@s

: (3.8)

For the plasmaunder consideration,the ions loseonly one electron and have

the chargeq = � e, wheree is the chargeof the electron. Applying equation (3.5)

to the one-dimensionalelectric �eld, E = � @'
@s , equation (3.8) becomes

e
@'
@s

=
kbT
n

@n
@s

: (3.9)
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The solution of equation 3.9 is the Boltzmann relation

n = n0 exp
�

e'
kbT

�
; (3.10)

wheren0 is the number of the moleculesthat areseparatedinto ionsand electrons

by the electric �eld, which is the so called background plasmadensity.

It can be seenfrom equation (3.10) that the charged particles have a larger

concentration in the regions of the high electric potential. According to this

equation, their density decays exponentially . Without loss of generality, these

results can be extendedto the two-dimensionalcase.

The net charge density at any point in plasma is de�ned as the di�erence

betweenthe net positive chargeproducedby ions and the net negative chargeof

electrons. The di�erence can be related to the local electric potential, ' , by the

Boltzmann relation (3.10). Assuminga quasi-steadystate with a time scalelong

enoughfor the chargesto redistribute themselves,we obtain

� c = e(ni � ne) � � en0

�
e'
kTi

+
e'
kTe

�
; (3.11)

whereTi and Te are temperaturesof ion and electronspecies,respectively.

Substituting the equation for the charge density (3.11) into the Maxwell's

equation (3.6), leadsto the electro-static equation for this problem namely,

r (" r ' ) =
1

� 2
D

'; (3.12)
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where� D is called the Debye length, which is the characteristic length for electro-

static shielding in a plasma. The Debye length is de�ned as

� D =
�

e2n0

"0

�
1

kTi
+

1
kTe

� � � 1
2

: (3.13)

The free charges in the plasma are shielded out in a distance given by the

Debye length (3.13). The Coulomb force between the particles in a plasma (in-

teraction between oppositely charged particles) is thus shieldedby the mobilit y

of free charges, and so is reduced in range from 1 to � � D . The higher the

temperature of the particles, the moremobilit y they have, and the greater is their

range. When the density ne of electronsis high, the Debye length shrinks.

The Debye shielding is valid if there are enoughparticles in the chargecloud.

The criteria for this is the dimensionlessplasmaparameter, �, that characterizes

unmagnetizedplasmasystems,de�ned as

� =
4
3

� � 3
D ne: (3.14)

If the plasmaparameter is

� � 1; (3.15)

then it meansthat the plasmais weakly-coupled,and the Debye shieldingis valid.

For the plasmasof consideration, the Debye length is approximately 0:00017m

and the density of the chargedparticles is on the order of 1016 particles/m3 [64].

In this case,the criteria is � = 3:5� 105. Thereforethe equation(3.15) is satis�ed,

indicating that the assumptionof the Debye shielding is true.
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The equation of electro-statics is solved in the domain shown in Figure 3.3.

The value of the electric potential is set on the electrodes

' jelectrodes= � ' 0: (3.16)

The boundary conditions on the outer boundaries model the condition at the

\in�nit y", wherethe electric potential, ' , is equal to zero

' jouter boundary= 0: (3.17)

The solution of the electro-static equation (3.12) is the electric potential ' .

The electric �eld strength E is related to ' through Eq.(3.5). If we assumea

value for � D , then � c can be found as

� c = �
"0

� 2
D

': (3.18)

Becausethere is an electric �eld in the plasmain regionswherethere is alsoa

net chargedensity, there will be a forceon plasma. The electric forceacting on a

singlecharge is given by Lorentz equation,

~f �
b = q~E: (3.19)

Thereforethe forcedensity that actson a continuoussystemof chargeswith charge

density � c, can be written as

~f �
b = � c

~E = �
�

"0

� 2
D

�
' ~E: (3.20)
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This body force (3.20) is a body force per volume of plasma. This body force is

the basisof the plasmaactuator e�ect on neutral air. We note that it is a vector

which acts in the vector direction of the electric �eld.

3.1.1.2 Numerical Formulation of Electro-static Problem

The governing equationsfor the electro-static problem (3.12) are discretized

using the standard centered secondorder scheme.

We rewrite the governing equation (3.12) as

"r 2' + r " r ' =
1

� 2
D

': (3.21)

A standard de�nition of gradient ( ~r ) function is

~r =
@

@x
î +

@
@y

ĵ +
@
@z

k̂; (3.22)

which givesus the following form of the governing equation:

"
@2'
@x2

+ "
@2'
@y2

+
@"
@x

@'
@x

+
@"
@y

@'
@y

=
1

� 2
D

': (3.23)

To solve the governing equation in a mathematical plane on a uniform grid

(� ; � ), the coordinate transformation is applied

� = � (x); (3.24)

� = � (y):
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In this case,the governing equation becomes

"� 2
x
@2'
@� 2

+ "� 2
y
@2'
@� 2

+
�

"� xx +
@"
@�

� 2
x

�
@'
@�

+
�

"� yy +
@"
@�

� 2
y

�
@'
@�

=
1

� 2
D

': (3.25)

For an approximation of the �rst and secondderivativeson a uniform grid we

usecentered di�erences:

@'
@�

=
' i +1 ;j � ' i � 1;j

2� �
; (3.26)

@'
@�

=
' i;j +1 � ' i;j � 1

2� �
;

@2'
@� 2

=
' i +1 ;j � 2' i;j + ' i � 1;j

� � 2
;

@2'
@� 2

=
' i;j +1 � 2' i;j + ' i;j � 1

� � 2
:

Finally, we get an equation in the form:

A i +1 ;j ' i +1 ;j + B i � 1;j ' i � 1;j + Ci;j +1 ' i;j +1 + D i;j � 1' i;j � 1 = E i;j ' i;j ; (3.27)

wherenumerical coe�cien ts A, B , C, D and E are the known coe�cien ts of the

grid transformation and can be computedat every point of the domain beforethe
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iteration procedure:

A =
"� 2

x

� � 2
+

"� xx

2� �
+

@"
@� � 2

x

2� �
; (3.28)

B =
"� 2

x

� � 2
�

"� xx

2� �
�

@"
@� � 2

x

2� �
; (3.29)

C =
"� 2

y

� � 2
+

"� yy

2� �
+

@"
@� � 2

y

2� �
; (3.30)

D =
"� 2

y

� � 2
�

"� yy

2� �
�

@"
@� � 2

y

2� �
; (3.31)

E = 2
"� 2

x

� � 2
+ 2

"� 2
y

� � 2
+

1
� 2

D

: (3.32)

The boundary conditions for this problem, given by Equations 3.16 and 3.17,

become

' j � =( � 1;0);� =0 = 1;

' j � =(0 ;1);� =0 = � 1;

' j � = � 2;� =( � 2;2)= 0;

' j � =2 ;� =( � 2;2)= 0; (3.33)

' j � =( � 2;2);� = � 2= 0;

' j � =( � 2;2);� =2 = 0;

The equation (3.27) is then solved using the standard point Gauss-Seidelproce-

dure.
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3.1.2 Flow Problem

3.1.2.1 Governing Equations for Flow Problem

The governing equationsfor the 
uid 
o w problem that we have selectedare

the unsteady2-D Navier-Stokesequationsin primitiv e variables. In dimensional

form theseare given by

u�
t + u� @u�

@x �
+ v� @u�

@y�
= �

1
�

@p�

@x �
+ �

�
@2u�

@x � 2
+

@2u�

@y� 2

�
+ f (x)�

b ; (3.34)

v�
t + u� @v�

@x �
+ v� @v�

@y�
= �

1
�

@p�

@y�
+ �

�
@2v�

@x � 2
+

@2v�

@y� 2

�
+ f (y)�

b ;

wherex and y are the Cartesian coordinates and (� ) denotesdimensionalterms,

and f (x)�
b and f (y)�

b are components of the body force in the x and y directions

respectively. The body force, ~f �
b , comesinto the equationson the right hand side

as a solution of electro-static problem, point by point.

We de�ne the stream function,  , as

u� =
@ �

@y�
; (3.35)

v� = �
@ �

@x �
;

and the vorticit y, ! , as

~! � = ~r � ~V � =

�
�
�
�
�
�
�
�
�
�

~i ~j ~k

@
@x �

@
@y �

@
@z�

u� v� w�

�
�
�
�
�
�
�
�
�
�

=
�

@v�

@x �
�

@u�

@y�

�
~k; (3.36)

! � = ! �
z =

@v�

@x �
�

@u�

@y
=

@2 �

@x � 2
+

@2 �

@y� 2
:
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Transformingthe governing equations(3.34) into the streamfunction-vorticit y

form, we obtain

@! �

@t �
+

@ �

@y�

@! �

@x �
+

@ �

@x �

@! �

@y�
= �

�
@2! �

@x � 2
+

@2! �

@y� 2

�
+

@f (x)�
b

@y�
�

@f (y)�
b

@x �
;

@2 �

@x � 2
+

@2 �

@y� 2
= � ! � : (3.37)

We nondimensionalizeit using the free stream velocity, U1 , and characteristic

length, L, as

x =
x �

L
; y =

y�

L
; t =

t �

L=U1
;

! =
U1

L
! � ;  = LU1  � ; (3.38)

f (x) = f (x)�
b

L
U2

1
; f (y) = f (y)�

b

L
U2

1
:

Finally, we obtain the stream function equation in nondimensionalform,

@2 
@x2

+
@2 
@y2

= � ! ; (3.39)

and the vorticit y equation,

@!
@t

+
@ 
@y

@!
@x

+
@ 
@x

@!
@y

=
1

Re

�
@2!
@x2

+
@2!
@y2

�
+

@f (x)

@y
�

@f (y)

@x
: (3.40)

Theseequationsare discretizedand solved numerically.

3.1.2.2 Boundary Conditions

The boundary condition on the streamfunction at the solid boundary is given

by equation (3.52). Figure 3.2 shows the computational domain with for rigid
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Figure 3.2. Rectangularcomputational domain with solid boundaries.

boundariesA, B, C, and D. In this section,the boundary conditionswill be formu-

lated for the boundary A, and this result will be extendedto the other boundaries

at B, C, and D.

Consideringequation (3.39) for the stream function at point (1; j ), then

�
@2 
@x2

+
@2 
@y2

�

1;j

= � ! 1;j : (3.41)

Along the surface, the stream function is constant, and its value is speci�ed as

 1;j = 0. Then, along A,
@2 
@y2

j1;j = 0; (3.42)

and equation (3.41) is then reducedto

@2 
@x2

j1;j = � ! 1;j : (3.43)
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To obtain an expressionfor the second-orderderivative in the equationabove,

we utilize a Taylor seriesexpansion

 2;j =  1;j +
@ 
@x

j1;j � x +
@2 
@x2

j1;j
(� x)2

2
+ � � � (3.44)

Thereforealong boundary A

v1;j = �
@ 
@x

j1;j = 0: (3.45)

Therefore,the stream function at the point just above surfaceA is

 2;j =  1;j +
@2 
@x2

j1;j
(� x)2

2
+ O(� x)3; (3.46)

from which
@2 
@x2

j1;j =
2( 2;j �  1;j )

(� x)2
+ O(� x): (3.47)

Substitution of equation (3.47) into equation (3.43) yields an expressionfor the

vorticit y at the surfaceA which is

! 1;j =
2( 1;j �  2;j )

(� x)2
: (3.48)

A similar procedureis usedto derive the boundary conditions at boundaries

B, C, and D. The appropriate expressionsare, respectively,

! I M ;j = �
@2 
@x2

j I M ;j =
2( I M ;j �  I M M 1;j )

(� x)2
;

! i; 1 = �
@2 
@y2

j i; 1=
2( i; 1 �  i; 2)

(� y)2
; (3.49)

! i;J M = �
@2 
@y2

j i;J M =
2( i;J M �  i;J M M 1)

(� y)2
:

50



As it was shown in [6], the �rst-order expressionfor ! i; 1 often gives better

results than higher-order expressions.Although higher order implementation of

the boundary conditions in generalwill increasethe accuracyof the solution, they

often causeinstabilities in high Reynoldsnumber 
o ws. Thereforewe have elected

to usethe �rst-order expressiongiven by equations3.47and 3.49.

3.1.2.3 Model Problem

Following the experiments by Post [61], in which plasmaactuatorswerelocated

on an inner surfaceof a closedbox, we considerthe 
o w in a closedbox with no

slip and no penetration conditions on all walls:

u�
wall = 0; (3.50)

v�
wall = 0:

After nondimensionalization,the boundary conditions become

uwall = 0; (3.51)

vwall = 0:

For the previously introducedstreamfunction (3.35), the boundary conditions

for the stream function on the rigid walls is

 = Const = 0; (3.52)
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and from the de�nition of the stream function it follows that on the walls,

@ 
@y

= 0; (3.53)

@ 
@x

= 0;

which can be written in a short form as

@ 
@~n

= 0; (3.54)

where~n is a vector, normal to the wall.

The vorticit y on the walls is computed numerically using ! and  valuesat

interior points accordingto equations(3.48) and (3.49). The governing equations

are temporal and therefore require initial conditions. The initial conditions for

the model problem will be discussedin Section3.3.

3.1.2.4 Numerical Formulation of Flow Problem

The vorticit y transport equation(3.40) is discretizedusingForward Time Cen-

tral Spacemethod. In this method the time derivative is approximated by a

�rst-order forward di�erence expressionwhereassecond-ordercentral di�erence

relations are usedfor the spatial derivatives.

For correct modeling of the convective terms, the useof an upwind di�erenc-

ing schemeis more appropriate [30]. Using the conservative form of the vorticit y

transport equation,the convective termsareapproximated with forward and back-

ward �rst-order di�erences on the nonuniform grid, while the di�usiv e terms are
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approximated with second-ordercentered di�erences:

! n+1
i;j � ! n

i;j

� t
+

1
2

(1 � � x )
ui +1 ;j ! i +1 ;j � ui;j ! i;j

x i +1 � x i
+

1
2

(1 + � x )
ui;j ! i;j � ui � 1;j ! i � 1;j

x i � x i � 1

+
1
2

(1 � � y)
vi;j +1 ! i;j +1 � vi;j ! i;j

yj +1 � yj
+

1
2

(1 + � y)
vi;j ! i;j � vi;j � 1! i;j � 1

yj � yj � 1

=
1

Re
2

(x i � x i � 1)2(� x
i + 1)

�
! i � 1;j � ! i;j

�
1

� x
i

+ 1
�

+ ! i +1 ;j

�
1

� x
i

��

+
1

Re
2

(yj � yj � 1)2(� y
j + 1)

�
! i;j � 1 � ! i;j

�
1

� y
j

+ 1
�

+ ! i;j +1

�
1

� y
j

� �

+
f x

i;j +1 � f x
i;j � 1

yj +1 � yj � 1
�

f y
i � 1;j � f y

i+1 ;j

x i +1 � x i � 1
; (3.55)

where� x
i = x i +1 � x i

x i � x i � 1
and � y

j = yj +1 � yj
yj � yj � 1

.

If u is positive, a backward approximation must be utilized. Thus, � x is set

equal to one. If u is negative, a forward approximation is used and therefore

� x is set equal to � 1. The sameanalogy is applied to v and the corresponding

coe�cien t � y . The upwind formulation allows the information to be convected

only to the points in the 
o w direction and, therefore,more appropriately models

the physicsof the problem.

The stream function equation that is given by equation (3.39) is classi�ed as

an elliptic equation. The point Gauss-Seidelformulation for this equation gives

 k+1
i;j =

1
2(1+ � 2)

�
(� x)2! k

i;j +  i +1 ;j
k +  i � 1;j

k+1 + � 2( i;j +1
k +  i;j � 1

k+1 )
�

; (3.56)

where� = � x
� y .

The numerical procedureconsistsof the following steps:

1. Specify initial valuesfor ! and  at time t = 0;
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2. Specify values for the body force, ~f b, in the domain, which are given as a

solution of the electro-static problem;

3. Specify the convergenceparameter (as de�ned in Chapter 3);

4. Solve the vorticit y transport equation(3.55) for ! at each interior grid point

at time t + � t;

5. Iterate for new valuesat all points by solvingthe streamfunction equation

(3.56) using new ! 's at interior points;

6. Find the velocity components from u =  y and v = �  x in discreteform;

7. Determine valuesof ! on the boundariesusing ! and  valuesat interior

points de�ned by equations(3.48) and (3.49);

8. Return to Step 4 if the solution is not converged.

The vorticit y transport and the stream function equationsare solved by the

numerical schemedescribed with boundary conditions as discussedpreviously.

3.2 Results

3.2.1 Body ForceResults

The aerodynamic plasmaactuator's con�guration usedin experiments [20, 21,

61] consistsof two electrodes,onewhich is exposedto the surroundingair and the

other which is completely encapsulatedby a dielectric material. The electrodes

are placed in an asymmetric arrangement shown in Figure 1.1, that leads to a

predominant electric �eld direction.

To model this particular con�guration, the electro-static equation is solved in

a squaredomain with asymmetricelectrode con�guration separatedby a 3 � 10� 3
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inch thick Kapton dielectric layer (" = 2:8) located in the center of the domain.

The air has a dielectric coe�cien t closeto the value given for a vacuum, " = 1:0.

The con�guration is shown on Figure 3.3. The value of the Debye length � D is

0:001 inches,which is characteristic for the plasmasof this type [64].

Figure 3.3. Computational domain with two electrodesseparatedby the
dielectric.
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The electro-static equation (3.12) was solved inside a 201x201squaredomain

using the proceduredescribed in Section3.1.1.2. The boundary conditions that

were given by Eq. (3.16 - 3.17) are given as the normalized potential on the

exposed(upper) and encapsulated(lower) electrodes,namely

' jupper electrode= 1:0;

' jlower electrode= � 1:0: (3.57)

(3.58)

On the outer boundaries,which are far from the electrode, the electric potential

is zero,namely

' jouter boundary= 0:0: (3.59)

The error parameter was de�ned as the maximum absolute di�erence in the

electric potential variable in two consecutive pseudo-timesteps. This is given as

ERR = max(
�
� ' n+1

i;j � ' n
i;j

�
�): (3.60)

In the present calculations,it wasconsideredthat the convergencewasachieved

when ERR was lessthan 10� 10. Such a low value was chosento have su�cien t

accuracyfor body force calculations.

As it had beennoticed in the experiments, the plasma exists only above the

encapsulatedelectrode, appearing as the blue glow. That is the region wherethe

Maxwell's equation (3.12) hasa non-zerochargeterm, � c, on the right hand side.

In all the other sub-regionsof the computational domain, the electro-staticswere
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modeledby the Maxwell's equation with zerochargedensity, namely

div ~D = 0: (3.61)

In this form, the Maxwell's equation becomesthe Laplaceequation

r (" r ' ) = 0: (3.62)

Analyzing the electro-staticequation(3.12), it canbe noticed that the charges

are expected to move to the regionsof high electric potential amplitudes. The

characteristic length of this region of high charge density is determined by the

Debye length coe�cien t. The smaller the Debye length, the narrower that region

located near the electrode and dielectric surfacebecomes.

To resolve the electric �eld in this narrow surfaceregion, the Robert's stretch-

ing [6] wasusedin the vertical direction, clustering the grid lines near the surface.

The equation for the location of the wall-normal grid points is

y =
hy

2
(� y + 1) � (� y � 1)f [(� y + 1)=(� y � 1)]1� �yg

[(� y + 1)=(� y � 1)]1� �y + 1
; (3.63)

wherehy is the sizeof the domain in the y direction, � y is the stretching parameter

in the y direction, taken to be 1:001,and �y is the coordinate of the nonclustered

uniform grid points.

The sameRobert's stretch was neededto be performed in the horizontal di-

rection, x, in order to cluster grid lines near the inner edgeof the electrodes to

resolve the electric �eld in the region where the plasma existed, and where the

body force coupled with surrounding neutral air. The stretching formulation is
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given as

x =
hx

2
(� x + 1) � (� x � 1)f [(� x + 1)=(� x � 1)]1� �xg

[(� x + 1)=(� x � 1)]1� �x + 1
; (3.64)

where hx is the size of the domain in the x direction, and � x is the stretching

parameter in the x direction, this was again taken to be 1:001, and �x is the

coordinate of the nonclustereduniform grid points. The resulting non-uniform

solution grid is shown on Figure 3.4. A zoomed-in view of the grid near the

electrodesis shown in Figure 3.5.

In its mathematical formulation, this problem is very similar to the heat trans-

fer problem, in which the temperature variable plays the samerole as the electric

potential in electro-statics.The dielectric coe�cien t " is similar to the heat trans-

fer coe�cien t k.

The result of the electric potential computations is presented on Figure 3.6

showing the magnitude of the electric potential in the computational domain as

a function of the spacecoordinates. Referring back to Figures 3.4 and 3.5, Y is

the direction above and below the electrodes, X is the direction parallel to the

electrodes. The constant potential is seento exist on the electrodesasspeci�ed by

the boundary conditions. The potential decays rapidly in spaceo� the electrodes.

A zoomed-in view of lines of constant electric potential near the inner edges

of the electrodes is shown in Figure 3.7. Mathematically, theselines of constant

potential are similar to the iso-thermal lines in the heat transfer problem. The

linescircle around the electrodes,and the isolinesof a higher electric potential are

closerto the upper electrode, while the low electric potential isolinesare clustered

near the lower electrode. The electric potential lines are not symmetric about the

line running through the aligned edgeof the electrodesbecauseof the ionization
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Figure 3.4. Numerical grid for the electro-static problem with Robert's
stretching applied to resolve electric �eld and body forcenear the

electrodes.

in the air over the coveredelectrode, which distorts the electric �eld lines in that

region.

The enlargedview of the region closeto the inner electrode edgesindicates

that there are large gradients in the electric potential that are produced by the

electrodegeometrythat producea largeelectric �eld strength E. The electric �eld

corresponding to the potential �eld lines shown in Figure 3.7 is shown in Figure
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Figure 3.5. Zoomed-inview of the numerical grid for the electro-static
problem with Robert's stretching applied to resolve electric �eld and

body force near the electrodes.
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Figure 3.6. Electric potential ' as a function of spacecoordinates.
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Figure 3.7. Lines of constant electric potential near inner edgeof
electrodes.
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Figure 3.8. Electric �eld ~E in the upper part of the domain (air), near
inner electrodes' edges.

3.8. The arrows indicate the vector direction which is generallytowards the upper

electrode.

The body force calculated as given by equation (3.20) is presented on Figure

3.9. Note that the body forceonly existswherethe freechargesare present in the

air. This is only over the covered electrode. Everywhereelse,the body force is

zeroby de�nition.

The enlargedview of the body force vectors in Figure 3.9 gives a somewhat

distorted view of the extent of the body force producedby the asymmetric elec-
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Figure 3.9. Body force as result of electro-static equation solution.
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Figure 3.10. Body force on the 
uid 
o w scale.

trode arrangement. In actuality it is localizedto being very closeto the dielectric

surface,in the Debye region. This is shown in Figure 3.10.

Figure 3.10 would indicate that the body force vectors have signi�cant mag-

nitude everywhere above the insulated electrode, and that they are primarily

directed downward.

The body force vectors were used in the Navier-Stokes 
o w simulation for

the conditions of the actuator placed on the lower wall of an enclosedbox with

zero mean
o w. This con�guration simulates an experiment by Post [61]. In the

simulation, the body forcewasimpulsively started, similar to the Post experiment
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Figure 3.11. Incorrect 
o w resulting from non-weighted body force. The
largest velocity vector corresponds to jV j = 2 m/s.
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where the actuator was impulsively turned on. The result of the simulation is

shown in Figure 3.11. The simulation with the body forcevectorsshown in Figure

3.10indicatesthat the impulsivestart resultsin a starting vortex with a circulation

in a clockwisedirection. In fact, the Post [61]experiment indicated that a starting

vortex occurred in the counter-clockwise direction, opposite of the simulation.

The answer to the discrepancycomesby noting that the body force is per

volume of plasma. Figure 2.4 showed that the light intensity from the plasma

actuator was not uniform over the covered electrode but was a function of the

distancefrom the edgeof the exposedelectrode. In addition, it wastime dependent

sweepingout over the coveredelectrode during the a.c. cycle. This wasillustrated

in the space-timemapsof the light emissionthat werepresented in Figures2.8 to

2.14.

As a result, the time-averagedvolume of plasmadecreaseswith distancefrom

the edgeof the exposedelectrode. The static analysisusedin obtaining the body

force in Figure 3.10 did not account for the decreasein plasmavolume. In order

to compensatefor this, the body force magnitude was weighted spatially using a

weighting function that was basedon the spatial variation of the time-averaged

plasmaillumination. Figure 3.12shows a �t to the spatial illumination that was

usedasa spatial weighting function, w(x), where

w(x) = e� x=0:0127: (3.65)

This was then usedto correct the spatial variation in the body force as

~f �
b (x; y) = ~f �

b (x; y) � w(x): (3.66)
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Figure 3.12. Spatial variation of light intensity from the plasmaactuator.
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The result of applying the spatial weighting to the electro-static body force

that wasshown in Figure 3.9 is shown in Figure 3.13. The weighting, which is the

strongly decaying exponential function, quickly suppressesthe body forcevectors

at distancesaway from the edge of the exposed electrode. The result is that

only the body forcevectorsnear the edgeof the exposedelectrode are signi�cant.

Thesevectorshave a component that is directed along and away from the upper

electrode. Simulations to follow will show that impulsively starting this weighted

body force will result in a starting vortex that will produce counter-clockwise

circulation that agreeswith the experimental observations.

After a weighting function hasbeenapplied to the body forceas

~f �
b (x; y) = ~f �

b (x; y) � w(x); (3.67)

wherew(x) is the weighting function, the resulting body force is shown in Figure

(3.13). This body force is the force that comesinto the Navier-Stokesequations.

3.2.2 Flow Problem Resultswith Spatially Weighted Body Force

The equationsfor the 
o w in stream function and vorticit y form (3.39 - 3.40)

weresolvedon the identical grid to the upper half domainusedin the electro-static

body forcecomputations. This allows the body forcevaluesfrom the electro-static

problem to be transported to the 
o w solution grid point-by-point, without any

interpolation. The solution grid is shown in Figure 3.14.

The streamfunction and vorticit y equationsweresolved numerically using the

procedurethat wasdescribed previously. The actuator is locatedat X =0 and the

domain of the body force is 0 to 1 in X and 0 to 2 in Y. The Reynoldsnumber

basedon the length of the actuator (0:5 in.), a characteristic velocity of 1 m/s,
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Figure 3.13. Spatially-weighted body force.
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Figure 3.14. Computational domain, normalizedby X max and Ymax ,
actuator located on the bottom surfaceat X = 0:5.
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and the kinematic viscosity of air at standard temperature and pressureusedin

the simulation, was 105.

In the solution of equation(3.39) the error parameterwasde�ned asthe maxi-

mum absolutedi�erence in the streamfunction variable in two consecutivepseudo-

time steps,namely

ERR = max(
�
� n+1

i;j �  n
i;j

�
�) (3.68)

Convergencewas consideredto be achieved when ERR was lessthan 10� 16. At

this level of convergence,the convergenceon vorticit y given as the maximum

di�erence betweentwo consecutive pseudo-timesteps

ERR = max(
�
�! n+1

i;j � ! n
i;j

�
�) (3.69)

was on the order of 10� 10.

The boundary conditions were chosenasstated previously as no slip, no pen-

etration on all the walls of the box. Still air conditions were taken for initial

conditions:

u j t=0 = 0 (3.70)

v j t=0 = 0

In order to simulate the impulsively started plasmaactuator in the experiments

by Post [61], the spatially-weighted body force was introduced into the stream

function and vorticit y equationsas a step function. This is illustrated in Figure

3.15.

Having no external 
o w in the simulation, the actuator body force is the only

sourceof 
uid motion. The 
o w simulation a short time (0:25 ms) after the
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Figure 3.15. Body force is introducedinto the Navier-Stokesequations
at time t = 0.

body force has beenswitched on is shown in Figure 3.16. This shows a starting

vortex that has a circulation in the counterclockwise direction. The simulation

at a slightly later time of 1:25 ms is shown in Figure 3.17. This shows that the

starting vortex hasstrengthenedand expandedwith the center further away from

the wall.

As mentioned, the simulation was intended to compareto the experiments of

Post [61]. Her experiment involvedplacinga plasmaactuator, with an asymmetric

electrodearrangement that wasidentical in sizeand con�guration to the simulated

actuator, on the 
o or in a sealedbox. The actuator was impulsively started and

left on over a long period that was much longer than the responsetime of the


o w. Velocity measurements weremadeby her using PIV system. A photograph

and a schematic of her experiment is shown in Figure 3.18.
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Figure 3.16. \Starting" vortex near actuators at t = 0:25ms. The largest
velocity vector corresponds to jV j = 1:5 m/s.
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Figure 3.17. \Starting" vortex near actuators at t = 1:25ms. The largest
velocity vector corresponds to jV j = 3 m/s.
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Figure 3.18. PIV setup by Post [61].

Figure 3.19. PIV laser trigger setup by Post [61].
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Figure 3.20. \Starting" vortex at t = 2; 12; 35; 60 ms, PIV results by
Post [61].
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Figure 3.21. Velocity �eld of the developed jet 
o w at T ! 1 .The
largest velocity vector corresponds to jV j = 4:7 m/s.
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Figure 3.22. Developed jet 
o w at T ! 1 , PIV results by Post [61].

Post useda trigger signal on the PIV laserto capture the velocity �eld at cer-

tain time delays following the impulsive starting of the actuator. A schematic of

the lasertrigger timing is shown in Figure 3.19. Shethen obtainedensemble aver-

agesof the velocity �eld generatedby the impulsively started actuator. Examples

of thoseare shown in Figure 3.20. The actuator is located at x= � 26 mm.

The experimental results correspond to time delays of 2, 12, 35 and 60 mil-

liseconds.Theseshow the initial development of a starting vortex with counter-

clockwise circulation. As time progressesin the experiment, the starting vortex

grows in sizeand convects to the right in the positive x-direction.

Qualitativ ely the velocity �eld obtained in the simulation, shown in Figures

3.16 and 3.17, looks similar. The sizeof the spatial domain of the simulations is

approximately 6 by 6 mm. Therefore they are showing the starting vortex at a

very initial stagewhich is closestto the smallestexperimental time delay shown

on the top plot in Figure 3.20.
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The solution for the 
o w �eld a long time after the actuator was impulsively

started is shown in Figure 3.21. The result from the experiment of Post [61]

is shown in Figure 3.22. Both show that the 
o w is drawn down towards the

actuator and then acceleratedaway from the actuator in the direction from the

upper to the lower electrode. The sizeof the spatial domain of the simulation is

only about one-tenth of the experimental domain in order to focus on the region

closestto the actuator. However qualitativ ely at least, the vector �eld is very

similar, indicating that the electro-staticmodel for the actuator body forcevector

is reasonablygood.

3.2.3 Flow Problem Resultswith Temporally-spatially weighted body force.

Looking more closelyat the light intensity results from photomultiplier exper-

iments, it can be noticed that the volume of plasma at any spatial location was

very dependent on time within the a.c. cycle. For example,closeto the edgeof the

upper (exposed)electrode, plasma light illumination intensity increasedlinearly

with time in each half of the a.c. period. This is evident in the light intensity

contours that were shown in Figure 2.5. This indicates that an improved body

force model from the electro-static calculations would add a secondbody force

weighting that would account for the time dependenceof the ionization.

The temporally-spatially weighted electro-staticbody forcewasrepresented by

the form

~f �
b (x; y) = ~f �

b (x; y) � w(x) � a(t) (3.71)

wherew(x) is the previouslyde�ned spatial weighting function, anda(t) represents

the linear temporal growth observed in the experiments. The total space-time
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Figure 3.23. Magnitude of the space-timeweighting function usedon the
electro-static body force for onehalf of the a.c. cycle.

weighting function , w(x) � a(t), is presented in Figure 3.23for onehalf period of

the a.c. cycle.

The results of the numerical simulation for the 
o w generatedby the actuator

on the bottom wall in a rectangular enclosurewith the addedtemporal weighting

on the body force is qualitativ ely similar to previous casewith only the spatial

weighting. When the actuator wasimpulsively started it produceda similar start-

ing vortex with counterclockwisecirculation that grows in sizeand convectsaway

as before. At large solution times, the 
o w near the actuator again becomesa
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Figure 3.24. Method for introducing space-timeweighting of
electro-static body force during time-stepsof the Navier-Stokessolver.

steady tangential wall jet in the direction towards and away from the covered

electrode.

To comparethe two casesof the two typesof weighting on the body force, the

long time steadysolution wasconsidered.In particular, wall-normal pro�les of the

x-component of velocity werecompared.As a �rst step in comparingthe pro�les,

the distance from the actuator where the 
o w was self-similar was determined.

An exampleof this for the casewith only spatial weighting for the steady (long-

time) solution is shown in Figure 3.25. Here the pro�les were taken at di�erent x

locations in the induced 
o w direction away from the actuator. The velocities in

the pro�les werenormalizedby the maximum at that x-location. The wall normal

coordinate was normalized by the y-value of the velocity maximum. These are
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de�ned in the following.

Unor m =
U

Umax
(3.72)

ynor m =
y

y(Umax )

Focusing on the normalized pro�les in Figure 3.25, we observe that by the

fourth location away from the actuators, the pro�les begin to fall onto a single

curve. This is particularly evident in the lower part of the pro�les up to the

height corresponding to Umax . Basedon this result, velocity pro�les for the two

body force weighting caseswere comparedat X = 0:5938. Theseare compared

at di�erent times after the impulsive start of the actuator body force in Figures

3.26and 3.27.

Figure 3.26shows the velocity pro�les for the casewith only spatial weighting

of the body force. The pro�les for the casewith space-timeweighting are shown

in Figure 3.27. Both of theseshow the character of an acceleratingwall jet. The

outer part of the pro�le, above y� = 1 cm, has negative velocities due to reverse


o w producedby a 
o w recirculation in the box that wasinducedby the actuator.

Oneof the things that canbeeasilynoticedon the comparisonof the two cases

is that the space-timeweighted body force resulted in a maximum velocity that

was approximately one-third that of the other weighting. This indicates that the

time responseof the ionization is signi�cant to the performanceof the actuator.

It suggeststhat the performancewould increaseif the a.c. frequencyis increased.

This is an aspect that will be examinedwith the lumped-element circuit model in

a sectionto follow.
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Figure 3.25. x-component velocity pro�les normalizedby maximum
velocities and the locations of maximum velocities at di�erent locations
downstreamof the simulated actuator with spatial weighting of the body

force and the steady(long-time) solution.
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Figure 3.26. x-component velocity pro�les taken at X = 0:5938for
di�erent times following the impulsive start of the actuator body force.

Body force is spatially weighted only.
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Figure 3.27. x-component velocity pro�les taken at X = 0:5938for
di�erent times following the impulsive start of the actuator body force.

Body force is spatially-temporally weighted.
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constant corresponding to where U
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= 1
e.

The temporal responseof the 
o w can be characterizedby its responseto the

impulsive (step) start of the actuator body force. To illustrate this, the maximum

velocities form Figures3.26and 3.27asa function of time wereplotted in Figure

3.28. This indicatesthat the maximum velocity of the 
o w inducedby the actuator

reaches an asymptote after long time. If we consider this to be a �rst-order

response to a step input, the time constant corresponds to the time when the

velocity is 66:3 (1=e) of the valuesat large time. This point has beennoted by

the star symbol in the �gure.
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We observe that the time constant for the 
o w response is the samevalue

for the two initial conditions. Although theseinitial conditions were obtained by

using di�erent weighting on the body force, they are essentially only di�erent by

the amplitude of the step input. Thereforewe expect the time constant to be the

samefor the two trials with di�erent initial amplitudes. The value of � = 0:01 s

suggestsa frequencyresponseof 100 Hz. This result for the time constant value

correspondswell to the result from the experiment by Post [61].

Although the electro-static model for the plasmaactuator could correctly de-

scribe its e�ect on a neutral ambient 
uid, it cannot model the the e�ects of the

input voltage amplitude or a.c. frequency. The successof the simulations in this

sectionwere due to experimentally determined ionization in spaceand time that

corresponds to a particular a.c. frequencyand amplitude.

To illustrate the problem, if one would use the electro-static model with dif-

ferent input voltage amplitudes, the dimensionlessplasma body force would be

[76]

f b = � � �' � r �'; (3.73)

where� is the dimensionlessscalingparametergiven as

� =
"0' 2

0

� 1 U2
1 � 2

D
: (3.74)

As before ' 0 is the amplitude of the electrode potential, U1 is a characteristic


uid velocity, and � 1 is a characteristic 
uid density. Equations (3.73) and (3.74)

suggestthat the plasma body force will increasequadratically with the input

voltage amplitude, namely

f b � V 2
app: (3.75)
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Figure 3.29. Maximum induced velocity in electro-static actuator model
as a function of voltage.

If this form of the body force is usedwith the 
o w solver, the maximum induced

velocity is found to increasein proportion to the squareof the applied voltage.

This is shown in Figure 3.29, in which Umax � V 2
app.

The problem with this result is that it contradicts all of the experimental

observations where the thrust force producedby a plasmaactuator [20] and the

maximum velocity inducedby the actuator [61] wereobserved to increaseasV 7=2
app .

The di�erence in the voltage dependencecan be explained by the fact that the

electro-static model does not account for charge build-up on the surfaceof the

dielectric or change in the volume of the plasma produced as a function of the
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input amplitude. Thereforethere is the needfor a better model that can account

for thesee�ects. That model is the topic of the next Chapter.
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CHAPTER 4

LUMPED-ELEMENT CIRCUIT MODEL

In order to improve upon the electrostatic model for the plasmaactuator pre-

sented in the previouschapter, two di�erent lumped-element circuit modelswere

examined. The purposeof the lumped element circuit approach was to account

for the fact that the basicactuator con�guration is a capacitive element (two elec-

trodesseparatedby a dielectric layer). In addition, the air is a resistive element

that hasproperties that dependon the degreeto which it is ionized. Starting with

this basicformulation, two typesof lumped-element modelswereconsidered.The

�rst is a temporal model with a �xed number of circuit elements. The secondis

a space-timemodel that usesa large number of elements and can determinesuch

featuresas the plasmamaximum extent and sweepvelocity a priori.

4.1 Spatial Lumped-Element Circuit Model

4.1.1 Mathematical Formulation

The spatial lumped-element model usesa �xed number of circuit elements to

represent the actuator and air. This method was �rst suggestedby Enloe [17].

The model, shown in Figure 4.1, consistsof a number of capacitive elements, and

a single resistive element, representing the plasma. Each of this elements varies
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in time as the plasma discharge evolves throughout the AC cycle of the applied

voltage.

The exposedsurfaceof the dielectric also plays a critical role in the circuit

dynamics. Even before the air ionizes, the dielectric surfacecommunicates the

potential charge from the covered electrode. When the voltage potential is large

enoughto ionize the air, the surfaceof the dielectric collectsor dischargesaddi-

tional charge. As a result we refer to the dielectric surfaceas a virtual electrode

in the circuit.

Three capacitancescan be establishedin the circuit. CapacitanceC1 repre-

sents the capacitancebetween the exposedelectrode and the top surfaceof the

dielectric. CapacitanceC2 represents the capacitancebetween the top surface

of the dielectric and the encapsulatedelectrode. CapacitanceC3 represents the

capacitancebetweenthe two physical electrodes.

When the air is ionized, a portion of capacitanceC1 is bypassedby the con-

ductivit y of the plasma. This canbe accounted for by splitting the capacitanceC1

into two elements: C1A , which is bypassedwhen the plasmais present, and C1B ,

which is not. The total capacitanceremains constant throughout the discharge

cycle,namely

C1A + C1B = C1 = Const: (4.1)

The samestipulation is madefor the capacitanceC2.

The valuesof the captainciesC2A and C2B can be calculatedas

C2A (t) =
"0zx(t)

d
(4.2)

C2B (t) =
"0z[L � x(t)]

d
; (4.3)
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Figure 4.1. Spatial lumped-element circuit model of a singledielectric
barrier dischargeplasmaactuator.
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whered is the thicknessof the dielectric, z is the span-wiselength of the actuator,

"0 is the permittivit y of the free space,L is the length of the encapsulatedelec-

trode, and x is the extent of the plasma. Variablesx, C2A and C2B are explicitly

identi�ed as functions of time, t.

Due to the complexity of the electrode geometry, calculating the capacitances

C1A and C1B from �rst principles is lessstraightforward. But an assumptioncan

be made that theseC1A and C1B are proportional to C2A and C2B , respectively.

Thus

C1A (t) = � C2A (t) (4.4)

and

C1B (t) = � C2B (t) (4.5)

where � is a constant that can be estimated from experiments. The capacitance

C3 is a constant that is given from the dielectric material properties and the area

of the electrodes. it is easilyestimatedor found from experiment.

As the plasmaexpandsover the dielectric, its resistancedrops as the conduc-

tance path becomeswider. This variable resistancecan be treated in the model

by making the conductanceof the plasma, Gp proportional to the extent of the

plasmanamely,

Gp(t) =
1

Rp(t)
=

�
G0

L

�
x(t); (4.6)

whereG0 is the conductanceof the plasmawhenthe plasmareachesits maximum

extent at x = xmax . The valueof G0 dependson the geometryof the actuator, and

the density and the temperature of the plasma. The conductanceof the plasma

can be measuredin the experiment.
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Figure 4.2. Schenatic showing three node points wherevoltage is
followed in the circuit in the spatial lumped-element circuit model of a

singledielectric barrier dischargeplasmaactuator.

To implement the model, it is necessaryto follow the voltage at three node

points in the circuit asshown in Figure 4.2: the appliedvoltageVapp, which appears

acrossthe entire network, the voltage at the virtual electrode covered by plasma

which is designatedas V2A , and the voltage at the virtual electrode not covered

by plasmawhich is designatedasV2B . Due to the presenceof the capacitancesin

the circuit, it is necessaryto de�ne the applied voltage Vapp in terms of its time

derivative. In the caseof a simple sinusoidal input, this is

dVapp(t)
dt

= V0! cos(! t); (4.7)

whereV0 is the amplitude of the applied voltage and ! is its angular frequency.

The capacitanceC2B is charged and discharged by the displacement current


o wing through the capacitanceC2A . The voltage acrosscapacitor C2B is V2B

which is governedby

dV2B (t)
dt

=
dVapp(t)

dt

�
C1B (t)

C1B (t) + C2B (t)

�
: (4.8)
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The voltage at the virtual electrode coveredby the plasmadischarge is given by

dV2A (t)
dt

=
dVapp(t)

dt

�
C1A (t)

C1A (t) + C2A (t)

�
+

I p(t)
C1A (t) + C2A (t)

: (4.9)

This includes the real current through the plasma which is proportional to the

plasma'sconductance,G. The current 
o wing through the plasmais given as

I p(t) = Gp(t) [Vapp(t) � V2A (t)] : (4.10)

Starting from the moment of air ionization, the extent of spreadingof the plasma

over the dielectric covering of the lower electrode is given as

dx(t)
dt

= � V jVapp(t) � V2A (t)j ; (4.11)

where� V is the coe�cien t representing the increasein the sweepvelocity with the

increasein appliedvoltageamplitude. The proportionalit y factor � V is empirically

determinedfrom experiments. In the present work, � V = 10m/s
kV asseenin Figure

2.6. Becausevelocity of the plasmaedgeinvolvesthe absolutevalueof the voltage

di�erence acrossthe plasma, the plasma expands in essentially the same way

regardlessof the polarity of the ionization.

By solving the system of equationsgiven by equations(4.7) through (4.11),

the voltagesat each node in the circuit, and the physical extent of the plasma

canbe determinedasfunction of time. Examplesof theseand the sensitivity they

have on someof the empirically determined variables are presented in the next

section.
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4.1.2 Numerical Formulation of Temporal Lumped-Element Circuit Model

The governing equationsof the lumped-element circuit model, given by equa-

tions (4.9), (4.9) and (4.10), can be rewritten as

dV2B (t)
dt

=
dVapp(t)

dt

�
C1B (t)

C1B (t) + C2B (t)

�
; (4.12)

dV2A (t)
dt

=
dVapp(t)

dt

�
C1A (t)

C1A (t) + C2A (t)

�
+

Gp(t) [Vapp(t) � V2A (t)]
C1A (t) + C2A (t)

:

From the �rst equation, the valueof V2B canbe evaluated directly sincethe values

of the capacitancesareknown at the time stept. The secondequationis the initial

valueproblem,which canbewritten in a moregeneralcaseof a �rst-order ordinary

di�erential equation as
dV2A

dt
= f (t; V2A ): (4.13)

This initial valueproblemis solvedusingthe standardIMSL routine IVPAG which

implements the Adams-Moultons'smethod [1].

For this IVPAG routine, the time interval was speci�ed along with the initial

valuesof the voltageV2A . As a solution we get the valueof the voltageat the next

time step.

The numerical procedureconsistsof the following steps:

1. Specify initial valuesfor the temporal lumped-element circuit model at time

t = 0;

2. Compute the voltage di�erence acrossthe actuator, comparethe value to

the plasma ignition threshold value which determinesthe plasmapresence

on the dielectric surface;
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3. Solve the lumped-element circuit model equations at time t for the non-

ionized air if the plasmais not present and for the ionized air if the plasma

is present on the surface;

4. Get the valuesof the voltage on the surfaceof the dielectric V2A and V2B at

time t and the extent of the plasmax( t) at time t + � t;

5. Increasethe time t by � t and return to Step 2.

4.1.3 Results

In the results presented here, the a.c. input had an amplitude of Vapp = 20

kVp� p, and a frequencyf = 3 kHz. The threshold voltage at which the ionization

initiated was taken to be Von = 2 kV.

There are two unknown parameters in the system: the ratio of the capaci-

tancesof the air and the dielectric de�ned as � , and the maximum conductivity

of the plasma, de�ned as G. These two parameterswere estimated by making

comparisonsbetween the simulation results and experiments. Examples of the

dependenceof the simulation results on thesetwo parametersare shown by the

voltage traces in Figures 4.3 and 4.4. This shows time seriesplots of the applied

voltage, Vapp, the voltage at the dielectric surface, V2A , and the voltage di�er-

enceacrossthe plasma, Vapp � V2A , for a value of G = 10� 4 mho and valuesof

� = 0:1; 0:2; 0:3; 0:4.

The voltage on the surfaceof the dielectric follows the applied voltage with

somesmall phaseshift. The di�erence betweenthe appliedvoltageand the voltage

on the surfaceof the dielectric de�nes if the air is ionized in the region. When

this di�erence is lessthan the threshold level, the air is not ionized. When the
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voltage di�erence, Vapp � V2A , exceedsthe threshold, the air is ionized. As noted

in experiments presented earlier, the air is ionized twice during the a.c. cycle.

The simulations indicate that a changein the parameter G (for any �xed � )

has a more signi�cant e�ect on the solution behavior than a change in � for a

given value of G. In particular, G has a large e�ect on the maximum extent

of the plasma, and therefore, on the value of the plasma resistance. Based on

experiments, the plasma resistancefor typical actuator con�guration was of the

order of 10 k
. This gives a value of G = 0:0001 mho. We observed that for

G = 10� 4 and a range of � from 0:1 to 0:4, the phaseshift and extent of when

the plasmaformed with respect to the applied voltage a.c. period was similar to

what we observed in experiments. As an exampleto illustrate this, time traces

of the applied voltage and measuredcurrent passingbetweenthe electrodesfrom

an experiment is shown in Figure 4.5. The current in this casewas recti�ed

beforeplotting to simulate the time serieswe would obtain from the PMT that is

proportional to the plasmaillumination. As previouslyshown, the current through

the plasma correlateswith the presenceof the ionized air. In the time seriesof

the current, the band with the high frequencyspikes de�nes the period of time

wherethe air was ionized. Comparing the points in the a.c. period of the applied

voltage where the air was ionized in the experiment to points in the simulation

wherethe voltage di�erence is above the threshold shows a qualitativ e similarity.

We choseto use� = 0:2 for the results to follow, although any value between0:1

and 0:4 would have beenequally as satisfactory.

The total current 
o wing through the actuator is a sum of the current 
o wing

through the plasma,I p, and the displacement currents in the dielectric capacitive
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Figure 4.3. Voltage time seriesfor � = 0:1 and � = 0:2: applied voltage
(solid line), surfacevoltage (dashedline), voltage di�erence (dotted

line), and plasmathreshold (dash-dotted line).
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element. This is given as

I total = I p +
d(C1U1A )

dt
+

d(C2U2A )
dt

+ C3
dVapp

dt
: (4.14)

The current 
o wing through the plasmawas given by Equation (4.10). We note

that the displacement currents in the dielectric capacitor elements are several

ordersof magnitude smaller than I p. This current will be usedto determine the

power dissipatedby the plasma.

The plasma is the only dissipative element in the circuit. Due to this, the

instantaneouspower P(t) is given as

P(t) = I p(t) jVapp(t) � V2A (t)j : (4.15)

The averagedissipated power as a function of the applied voltage is shown

in Figure 4.6. This is plotted on log axes to illustrate the power law relation

between the dissipated power and voltage. Except for the lowest voltage, the

dissipatedpower is proportional to the applied voltage to the 7=2 power. This is

consistent with actuator thrust measurements by Enloe [20] and inducedvelocity

measurements from Post [61] that both showed a 7=2 power-law dependencewith

the applied voltage.

The total volume of plasma is proportional to the plasma extent, x(t). The

dependenceof the plasmaextent on the input voltage amplitude hasbeenexam-

ined in the previously discussedexperiments. Model simulations were performed

for a range of voltage from 10 kVp� p to 40 kVp� p. Figure 4.8 shows the model

predictions for maximum extent of the plasma.Shown for comparisonare the ex-

perimental values from our experiment and from Enloe et al. [20]. All agree
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Figure 4.6. Averagedissipatedpower asa function of the applied voltage
basedon the actuator model.
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Figure 4.8. Maximum extent of the plasmaas function of applied
voltage amplitude for temporal lumped-element circuit model simulation

and experiments (Enloe [20] and present).

reasonablywell. They indicate that the maximum extent increaseslinearly with

the applied voltage at a rate of approximately 1:25 mm/kV. This is important

becauseit hasbeenshow by Enloe et al. [20] that the thrust of the actuator was

limited if su�cien t areaof the coveredelectrodewasnot provided. That minimum

area is a function of the voltage.

The present model wassuccessfulat estimating the e�ect of voltageamplitude

on the body forceand power dissipatedby the plasma. In particular, the voltage
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dependenceof the body force was found to agreewith the experimental observa-

tions by Enloe [20] and Post [61]. A shortcomingof the model was that it needed

someempirically determinedcoe�cien ts that were shown in experimental results

presented in Chapter 2, to be functions of frequency. Thus the present model is

only valid for the single frequency. Although, it might be possibleto modify this

model to include a broader set of coe�cien ts, the desirewas to develop a model

that embodies more of the physics of the DBD processwithout the needof ex-

perimental coe�cien ts. The attempt at that model which we term the space-time

lumped-element model, is presented in the next section.

4.2 Spatial-Temporal Lumped-Element Circuit Model

4.2.1 Mathematical Formulation

As it has been shown previously, the spatial lumped-element circuit model

correctly describesmany of the characteristicsof the SDBD plasmaactuator. By

comparisonswith experimental results, it wasshown that the model predicts that

the power dissipatedin the plasmaresistive element increaseswith the 7=2 power

of the applied voltage. This correlateswith the experimental results by Enloe et

al. [20] and Post [62] that showed that thrust and maximum velocity generated

by the asymmetricelectrode arrangement of the SDBD plasmaactuator varied as

V 7=2
app .

Despite all the advantagesof the earlier model, it had a signi�cant limitation

in that the dynamics of the ionization relied on empirical coe�cien ts that were

functions of the applied voltage amplitude and frequency. Therefore the model

was not able to predict the actuator dependenceoutside its empirical calibration

space.
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Figure 4.9. The physical spaceover the encapsulatedelectrode is divided
into N sub-regions.

The space-timelumped-element circuit model presented here is intended to

model the details of of the ionization processto provide predictions of the body

forcefor a rangeof parameterswithout the needof experimental calibration. The

space-timelumped-element model follows from the previous model in that the

air and dielectric are represented as a network of resistorsand capacitors. The

di�erence comesin that rather than beingrepresented by a singleparallel network,

the domain over the coveredelectrode is divided into N parallel networks, such as

illustrated in Figure 4.9. The characteristicsof each parallel network dependon its

distancefrom the exposedelectrode. For example,parallel network 1 is closestto

the exposedelectrodeand extendsthe shortestdistanceover the coveredelectrode.

Parallel network N extendsthe farthest distanceover the coveredelectrode.

Each parallel network consistsof an air capacitor, a dielectric capacitor, and

a plasma resistive element as in the previous model. In addition to these,zener

diodeswere added to set the threshold voltage levels at which the plasma initi-

ates,and to switch in the di�erent plasmaresistancevaluesbasedon the current
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Figure 4.10. Electric circuit model of a singledielectric aerodynamic
plasmaactuator.

direction, namely from the exposedelectrode to the dielectric, or from the dielec-

tric to the exposedelectrode, that experiments have shown to be important. The

N-circuit arrangement is shown in Figure 4.10.

The value of the air capacitor in the n-th sub-circuit is basedon its distance

from the edgeof the exposedelectrode. This is given by equation (4.16)

Can =
"0"aAn

ln
(4.16)

where"a is the dielectric coe�cien t of air, ln is the representativ e distanceover the

dielectric surface,and An is the crosssectionof this air capacitor. The crossection

An is the product of the span-wisesize of the actuator, zn , and the height of

the capacitive element, hn . The schematic of this capacitive element is shown in

Figure 4.11.
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Figure 4.11. Schematic drawing of the n-th air capacitor.

The resistancevalue in the n-th sub-circuit is similarly basedon its distance

from the exposedelectrode. It is given by equation (4.17)

Rn =
� aln
An

(4.17)

where� a is the e�ective resistivity of the air.

The value of the dielectric capacitor for each sub-circuit is similar to the air

capacitanceexcept that it is basedon the properties of the dielectric material. It

is given by equation (4.18)

Cdn =
"0"dAd

ld
(4.18)

where "d is the dielectric coe�cien t of the dielectric material, ld is the thickness

of this material, and An is the cross section which is equal to the product of

the span-wisesizeof the actuator, zn , and the width of the dielectric capacitive

element, dn , asshown in Figure 4.12.
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Figure 4.12. Schematic drawing of the n-th dielectric capacitor.

If we assumethat the paths areparallel to each other, and the length of path ln

is proportional to its position number n, then it followsthat the the air capacitance

of the n-th sub-circuit, Can , is proportional to 1=n, and the air resistanceof the

n-th sub-circuit is proportional to n. Thereforesub-circuits that are furthest from

the edgeof the electrodes,would have the lowest air capacitanceand the largest

air resistance.

For a time-varying applied voltage, the voltage on the surfaceof the dielectric

at the nth parallel network is given as

dVn (t)
dt

=
dVapp(t)

dt

�
Can

Can + Cdn

�
+ kn

I pn(t)
Can + Cdn

; (4.19)

where I pn(t) is the time varying current through the plasmaresistor. The zener

diode in the parallel network hastwo functions. The �rst is setting a threshold on

the voltage di�erential between the exposedelectrode and the dielectric surface

above which the air is ionized(plasmaformed). In equation (4.19), the diodesare
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represented by the variable kn . When the threshold voltage is exceeded,kn = 1.

Otherwisekn = 0.

The secondfunction of the zenerdiodeswas to switch in either oneof the re-

sistancesrepresenting the plasmaresistancebasedon the direction of the current,

from the exposedelectrode to the dielectric surfaceor vice versa. This is meant

to represent the experimental observations that the current and corresponding

plasmaillumination weredi�erent basedon the current direction. The resistance

valuesare designatedasRnf or Rnb (representing forward or backward going cur-

rent). The ratio of the two plasmaresistancesusedin the simulation were Rnf

Rnb
= 5.

This wasbasedon the di�erence in the estimatedcurrent observed in experiments.

With this background, the current through the plasma resistance,I p(t) is given

as

I pn(t) =
1

Rn
[Vapp(t) � Vn (t)] : (4.20)

whereRn = Rnf or Rnb basedon the current direction.

This space-timeformulation of the lumped-element circuit model has many

advantagesover the previousmodel. One advantage is that it allows us to specify

the number of the sub-circuitsN making up the actuator. Ideally, asN ! 1 , the

numerical solution should approach the asymptotic solution. As the tests of the

code showed, valuesof N � 102 appear to be su�cien t to capture the essential

physics. This is shown in Figure 4.13.

A secondadvantage of this formulation is that it is temporal. Therefore the

e�ect of the a.c. frequencyor wave form can be examined. Dynamicssuch as the

sweep-outvelocity of the plasmacan then be determineda priori.
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Figure 4.13. Maximum value of the plasmabody force as function of the
number of parallel networks.
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4.2.2 Numerical Formulation of Space-TimeLumped-Element Circuit Model

The governing equationsof the lumped-element circuit model, given by equa-

tions (4.19) and (4.20), can be rewritten as

dVn (t)
dt

=
dVapp(t)

dt

�
Can

Can + Cdn

�
+ kn

1
Rn

[Vapp(t) � Vn (t)]

Can + Cdn
: (4.21)

This is a typical initial value problem, and it can be written in generalform as

dVn

dt
= f (t; Vn ); (4.22)

or as a �nite di�erence equation

� Vn = f (t; Vn)� x (4.23)

This equation is is solved using the standard Runge-Kutta 45 method. In this

method, we made two mid-point derivative evaluations, which led us to the fol-

lowing equations:

k1 = � tf (tm ; V m
n );

k2 = � tf (tm +
1
2

� t; V m
n +

1
2

k1);

k3 = � tf (tm +
1
2

� t; V m
n +

1
2

k2); (4.24)

k4 = � tf (tm +
1
2

� t; V m
n +

1
2

k3);

(4.25)
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and the voltage on the next time step can be calculated from the previous time

step using the following equation

V m+1
n = V m

n +
k1

6
+

k2

3
+

k3

3
+

k4

6
+ O(� t5): (4.26)

This method is implemented using the standard MATLAB function ode45 [5].

In MATLAB the Runge-Kutta routine usesa variable, continuously adjustedtime

step. The adaptive time-stepping algorithm takessmall stepswherethe function

is changingrapidly and cantake really big time stepswherethe function is smooth

and not varying much.

For the initial conditions at t = 0 we took Vn = 0 on the surface of the

dielectric. On each of the next time stepsthe initial conditions on Vn were taken

from the solution on the previoustime step.

Thus, the procedureconsistsof the following step.

1. Calculate the valuesof resistancesand capacitancesin each of the parallel

networks;

2. Specify initial valuesof the voltage on the dielectric surfaceat time t = 0;

3. Specify the time step � t;

4. Specify the time interval: [t; t + � t];

5. Solvethe ODE givenby equation(4.21)usingthe ode45routine in MATLAB

on the speci�ed time interval;

6. Check for the plasma presencein all the parallel networks, if the plasma

is present in the n-th network, set the plasma presencecoe�cien t kn = 1,
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if the threshold for the plasma ignition is not reached in the n-th parallel

network, then set kn = 0;

7. Calculate the plasmacurrent and set the resistanceof the plasmadepending

on the direction of the plasmacurrent;

8. Reinitialize the initial valuesof the voltageon the surfacefor the ODE solver

solution on this time step;

9. Increasetime by � t;

10. Return to Step 4.

4.2.3 Resultsof Space-TimeLumped-Element Circuit Model

As an example,the electric circuit equations(4.19) weresolved for 100parallel

circuit elements making up a SDBD actuator. For this, the applied voltage was

a sine wave with amplitude of 5 kVp� p, and a frequencyof 5000Hz. In order to

resolve the dynamic motions of the plasma,a computational time step of 8 � 10� 7

secondswas used. This corresponded to 250 time stepswithin each cycle of the

a.c. input period.

The solution of the model equationsgives the voltage on the surfaceof the

dielectric, Vn , for each parallel circuit element. An exampleof this for the �rst

�v e circuit elements, closestto the exposedelectrode, is shown in Figure 4.14.

We observe that there is a shift in time of the peak voltage in successive current

elements. This re
ects the sweepout of the plasmaover the dielectric surface.

Figure 4.15 shows the time seriesin the current through the �rst �v e circuit

elements in the model. Plasma is formed where the current is non-zero. This

is observed to occur twice per a.c. period at the time periods when the voltage

116



0.0 0.5 1.0 1.5

�2.0

�1.0

0.0

1.0

2.0

t / T
a.c.

V
ol

ta
ge

, k
V

V
app

n=1
n=2
n=3
n=4
n=5

Figure 4.14. Voltage on the surfaceof the dielectric in the �rst �v e
sub-circuits (n=1,2,3,4,5) obtained from space-timelumped element

circuit model.

di�erence betweenthe exposedelectrodeand dielectric surfaceexceedsa threshold

level. Again we observe that the time when the plasma �rst forms increasesas

the sub-circuit is further from the exposedelectrode. As with the voltage, this

re
ects the sweepout of the plasmaduring the input a.c. cycle.

It may be noticed that the plasma current is not symmetric during the a.c.

cycle - the current going through the plasma resistive elements is larger during

one half of the cycle than the current going in the opposite direction during the

other half of the cycle. But the total current in the circuit is the sum of the real
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Figure 4.15. Plasmacurrent in the �rst �v e sub-circuits (n=1,2,3,4,5)
obtained from space-timelumped element circuit model.
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and displacement currents in the parellel networks, and it can be written as

I total (t) =
NX

n=1

�
I pn(t) +

d(Cna (Vapp(t) � Vn (t)))
dt

�
: (4.27)

The chargetransferedthrough the circuit is given by

Qtotal =
Z 1

t=0
I total (t)dt: (4.28)

Integrating the total current for onea.c. period, asgiven by Equations(4.27) and

(4.28), we get

Qtotal = 0: (4.29)

This results signi�es the conservation of charge in the system.

As has beennoted previously in the experiments, the electric current in the

plasmarelatesdirectly to the light emissionfrom the SDBD, and thus is an indi-

cation of the volumeof the plasma. Thereforeto compareto the experiments, the

recti�ed plasma current from the model in time and spaceabove the dielectric-

covered electrode is shown in Figure 4.16. Zero on the spaceaxis corresponds

to the edgeof the exposedelectrode. The time axis is shown as a fraction of

the input a.c. period. This can be directly comparedto Figure 2.4 that showed

the space-timevariation of the plasma illumination. The recti�ed current from

the model is very similar to the experimental result. It clearly shows the largest

current at the edgeof the exposedelectrode and the rapid decay when moving

away from electrode'sedge.In addition, the model simulates ionization occurring

twice during the a.c. cycle, and the di�erence in the magnitude of the current in

the two halvesof the cycle.
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Figure 4.16. Recti�ed plasmacurrent for onea.c. period of input
obtained from space-timelumped element circuit model.
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Figure 4.17. Contour lines of constant recti�ed plasmacurrent obtained
from space-timelumped element circuit model.

The sameresult shown in Figure 4.16is plotted in Figure 4.17ascontour lines

of the constant plasmacurrent. This againillustrates the good agreement between

the model and the photomultiplier experiments shown in Figure2.5.

The results from the photomultiplier experiments and from the space-time

lumped-element circuit model can be comparedquantitativ ely. There are two

important characteristicsof the plasmadischargethat can be extracted from this

data. The �rst is the maximum extent of the plasma over the surface of the

dielectric. The results from the model and experiments are show in Figure 4.18.
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Also included in the �gure are experimental results from Enloe et al. [21]. The

�gure shows the extent of the plasmaas a function of the peak-to-peak voltage.

First, we notice that the plasmaextent varies varies approximately linearly with

the input voltage. Second,we observed very good agreement betweenthe model

resultsand the experimental results. The agreement with our experiment is better

becausethe model useda dielectric coe�cien t for PC board material (glass-epoxy)

which was used in our experiments. The experiments by Enloe et al. [21] used

Kapton �lm which hasa di�erent dielectric coe�cien t and thickness.

This result is very important for the designof plasmaactuator. Post [61]noted

that at higher voltages, if the width of the covered electrode was too small, the

magnitude of the induced velocity would asymptote. A similar result was found

for the thrust producedby the actuator in experiments by Enloe et al. [21].

Another distinctive feature that can be comparedis the sweep out velocity.

This corresponds to the space-timeslope of the outer edgeof the light intensity

contours. A comparisonfor the plasma sweep velocity between the space-time

simulations and plasmaillumination experiments are shown in Figure 4.19. Also

included in the �gure are results from the experiments of Enloe et al. [21]. The

simulation showsthat the plasmasweepvelocity increasesslightly with the applied

voltage amplitude. The agreement with the experiment is very good. The range

of sweepvelocities is from 75 to 110m/s.

Another set of numerical simulation has beenperformed to study the depen-

denceof the major plasma characteristics, such as the maximum plasma extent

over the surfaceof the dielectric and the plasmasweepvelocity, on the applieda.c.

frequency. Theseresults were again comparedto the experimental results. The

comparisonbetweenthe experimental results and the space-timelumped-element
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Figure 4.18. Comparisonbetweenspace-timemodel and experiments for
the maximum plasmaextent over coveredelectrode as function of

voltage.
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plasmasweepvelocity as function of voltage.
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Figure 4.20. Comparisonbetweenspace-timemodel and experiment for
maximum extent of the plasmaas function of applied a.c. frequency.

circuit model simulation are presented in Figures4.20and 4.21. As it can be seen

in these �gures, the model predicts that the maximum plasma extent over the

encapsulatedelectrode doesnot increasewith the increasinga.c. frequency. This

alsomeansthat the plasmapropagation velocity would increaselinearly with the

applied frequency. This is consistent with the experimental observations. The

results obtained from the numerical simulation for the plasmasweepvelocity are

in the rangeof 75-200m/s and match the experimental result very well.
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Theseresults are necessaryto obtain the plasmabody force. The solution for

the voltageon the surfaceof the dielectric servesasthe time-dependent boundary

condition of the electric potential, ' , in the electrostatic equation (4.30) at the

electrodes. The extent of the plasma on the surface of the dielectric speci�es

the region of the presenceof chargesabove the encapsulatedelectrode, as shown

in Figure 4.22. The value of the electric potential on the exposedelectrode are

speci�ed to be the applied voltage Vapp(t). The boundary conditions at the outer

boundariesare set to the \in�nit y" boundary conditions (' = 0). With these

boundary conditions, the electrostatic equation

r (" r ' ) =
1

� 2
D

' (4.30)

is solved as previously described in Chapter 2. This is done at each time step

of the lumped-element circuit model to account for the time dependenceof the

ionization. The solution of the electrostaticequation is then usedto calculatethe

time-dependent body force producedby the plasma,given as beforeas

~f �
b = � c

~E = �
�

"0

� 2
D

�
' ~E: (4.31)

The procedurefor the body force computation then consistsof the following

steps:

1. Specify initial valuesfor the Lumped-element Circuit Model at time t;

2. Solve the Lumped-element Circuit Model equationsat time t;

3. Get the valuesof the voltage on the surfaceof the dielectric Vn at time t

and the extent of the plasmaxp at time t;
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Figure 4.22. Computational domain for calculation of unsteadyplasma
body force.
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4. Set the boundary conditions for the electric potential on the dielectric sur-

face \virtual electrode" equal to the voltage valuesVn , and for the electric

potential on the upper electrode equal to the applied voltage Vapp;

5. De�ne the region of the chargespresenceover the surfaceof the dielectric

betweenthe junction of the electrodesand the extent of the plasmaxp;

6. Solve the electrostatic equation for the electric potential ' as described in

Chapter 3;

7. Calculate the plasmabody force ~f b at time t as described in Chapter 3;

8. Increasethe time t by � t and return to Step 1.

Following this procedure, an example of the normalized magnitude of the

plasmabody forcefor the asymmetricelectrode arrangement illustrated in Figure

4.22is shown in Figure 4.23. This shows the body forcedistribution in spaceand

time. It can be noticed that the largest magnitude of the plasma body force is

near the edgeof the exposedelectrode. From that location the magnitude decays

rapidly over the surfaceof the dielectric. Recall that experiments indicated that

the plasma illumination decreasedexponentially . This is consistent with the de-

cay that comesfrom the solution of the lumped-element circuit model. It justi�es

the exponential weighting that was used in the electrostatic model described in

Chapter 3.

Another feature that can be noticed from Figure 4.23 is that the body force

peaksfour times during one a.c. cycle. This is clearly seenin Figure 4.24 where

the maximum value of the body forcenear the edgeof the electrode is plotted as

a function of time for onea.c. period. The fact that the body forcehasfour peaks

is resulting from the body force formulation (4.31) and the fact that during the
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Figure 4.23. Normalizedplasmabodyforce magnitude as function of
time and position over coveredelectrode.

a.c. cycle the electric potential, ' , is equal to 0 when Vapp = 0, and the electric

�eld, ~E is equal to 0 when applied voltage reaches its maximum and minimum

values.

Another important feature of the plasma body force is the direction of the

force vector during the A.C. cycle. To illustrate this, the body force vectorsand

amplitudes have beenplotted at four time locations corresponding to four peaks

in the body force. This is shown in Figures 4.25 - 4.28. This illustrates that the

actuator forcevector is always in onedirection, from the exposedelectrodetowards

the coveredelectrode. Becausethe body forcemagnitudepeaksfour times within
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Figure 4.24. Normalized maximum value of the plasmabodyforce
magnitude as function of time. Dots indicate wherethe snapshotsof the

body forcevector �elds are taken.
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Figure 4.25. Plasmabody force vector �eld and body force amplitude at
t = 0:2 � Ta:c:. The body force is normalizedby the maximum value in

the a.c. cycle.

the a.c. period and two of the peaksare slightly smaller this might be represented

as \Push-push-Push-push"for onea.c. period

Theseobservations suggestthat the spectral analysisof the body force may

reveal important features of the plasma discharge and also serve as a tool for

comparisonwith the experimental data. For example, the spectrum results can

bedirectly comparedto the acousticor accelerometermeasurements of the plasma

actuator [57].

132



�5.08 0.0 5.08
0.0

1.14

x, mm

y,
 m

m

�5.08 0.0 5.08

0.0

0.5

1.0

x, mm

| f
b |

Figure 4.26. Plasmabody forcevector �eld at t = 0:4 � Ta:c:. The body
force is normalizedby the maximum value in the a.c. cycle.
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Figure 4.27. Plasmabody forcevector �eld at t = 0:7 � Ta:c:. The body
force is normalizedby the maximum value in the a.c. cycle.
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Figure 4.28. Plasmabody forcevector �eld at t = 0:9 � Ta:c:. The body
force is normalizedby the maximum value in the a.c. cycle.
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We performed the spectral analysis of the plasma body force signal shown

previously in Figure 4.24. The resulting spectrum is shown in Figure 4.29. it can

be noticed that the dominating frequencyin this spectrum is twice the frequency

of the plasmaactuator. This result is consistent with the body forcesignalshown

in Figure 4.24 where the both peaksof the body force are approximately equal.

This domination of the secondharmonic was also noticed in the experiments by

Porter et al. [57]. In their experiment, the spectrum of the accelerometersignal

showed the dominanceof the secondharmonic in oneof the studied cases(7 kHz),

but not in the other two cases(5 and 6 kHz). This di�erence in their observations

may be explainedby the transfer to the �lamentary regimeat lower frequencies

when the plasmabecomesnon-uniform.

Using the space-timelumped-element circuit model we wereable to study the

e�ect that di�erent dielectric materials had on the plasma body force. Three

di�erent materials were tested with the dielectric coe�cien ts " = 10, 100, and

1000. A set of numerical simulations has been carried out for a range of a.c.

frequenciesfrom 1 Hz to 10 kHz. The results of thesesimulations are presented

in Figures 4.30 and 4.31 for the plasma body force and the power dissipatedby

the actuator.

From the body forceresultswe notice that for each material testedthere exists

the optimal frequencyat which the plasmaactuator output is maximum in terms

of the force produced. This result is consistent with the general theory of the

RC circuits. On the other hand, it has beennoticed that the dissipated power

increaseswith the a.c. frequency, and reaches its maximum valuesat high a.c.

frequencies. This suggestedthat at the higher a.c. frequenciesthis power does

not turn into the body force any more. Instead, it goesinto the ohmic heating.
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Figure 4.30. E�ect of dielectric material on plasmabody force.

The other interesting feature that can be noticed here is that the optimum

frequencyof the plasmaactuator dependson the dielectric properties of the ma-

terial, and decreaseswith the increasingdielectric coe�cien t. Our simulations

showed that it shifts from the kHz rangeto the Hz rangefor " changing from 10

to 1000.

The space-timelumped-element circuit model showedexcellent agreement with

the experimental results. It allowed us to calculatethe time-dependent volume of

the plasmaover the electrodesduring the a.c. cycle. It also provided an e�cien t
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Figure 4.31. E�ect of dielectric material on power dissipatedby the
plasmaactuator.
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manner for calculating the plasma body force that could be easily incorporated

into the Navier-Stokes
o w solvers.
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CHAPTER 5

MODELING OF LEADING-EDGE SEPARATION CONTROL USING

PLASMA ACTUATORS.

5.1 Background

The maximum lift and stall characteristicsof a wing a�ect many performance

aspectsof aircraft including take-o� and landing distance,maximum andsustained

turn rates, climb and glide rates, and 
igh t ceiling [11]. In a 2-D wing, the

maximum achievable lift is ultimately limited by the abilit y of the 
o w to follow

the curvature of the airfoil which a�ects the pressuregradient. When the pressure

gradient becomestoo adverse,the 
o w separates.In many casesat extremeangles

of attack, this occursat the leading edge.

One approach to prevent leading-edgeseparation is to increasethe leading

edgeradius. This is the principle e�ect of a leading edge
ap. An exampleis a

Krueger 
ap, which consistsof a hingedsurfaceon the lower sideof the wing that

can extend out and aheadof the wing leading edge. A slotted leading-edge
ap

(slat) is the leading-edgeequivalent of the trailing-edge slotted 
ap. It works by

allowing air from the high-pressurelower surfaceto 
o w to the upper surfaceto

add momentum to the boundary layer to overcomean adversepressuregradient,

and prevent 
o w separation.

Conventional multi-element wings and wings with movable control surfaces

such as the leading-edgeslats contain gap regionsthat are a major sourceof air-
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frame noiseand unsteadystructural loading, especially at high de
ection angles.

Most of the noiseoriginates from the separated
o w in the gap regions. It is also

known that the hinge gapscontribute to as much as 10% of the form drag com-

ponent of the viscousdrag on the wing [11]. In order to improve the aerodynamic

performanceof the wing, it is desirableto either completelyreplacethe traditional

moving surfaceswith hingelesscontrol surfaces,or limit the de
ections of moving

surfaceswithout compromisingthe wing's performance. Both thesealternatives

necessitateother approachesfor controlling 
o w separationover the surfaceof the

wing. The following simulation addressesone such approach by using a single-

dielectric barrier discharge (SDBD) plasmaactuator to control leading-edge
o w

separationon the wing in a manner that might potentially replaceleading-edge

slats.

5.2 Problem Formulation

The numerical simulation was performedon a NACA 0021airfoil with chord

length of :3048m. This was intended to match an experiment on a NACA 0021

airfoil with a plasmaactuator on the leading edge. The experiment investigated

a rangeof free-streamspeedsfrom 10 to 30 m/s giving a rangeof chord Reynolds

numbersof 0:205�106 to 0:615�106. Lift and drag measurements in the experiment

weremeasuredusinga forcebalance.Lift and drag coe�cien ts weremeasuredfor

a range of anglesof attack from 0 to 25 degrees. Therefore these experimental

results provide a basisfor comparisonto the numerical simulations.

The �rst step in the simulations was to compute the body force produced

by the actuator at the leading edge. For this the electro-static model described

in Chapter 3 of the thesis was used. As pointed out in the discussionof this

142



model and the motivation of the space-timelumped-element model, the electro-

static model does not include the spatial variation of the charged air over the

dielectric-coveredelectrode. However we cancompensatefor that e�ect by adding

an experimental decay weighting of the body force as discussedin 3.2.2. The

experimental spatial weighting agreedwell with experimental observations of the

plasmalight illumination presented in Figure 3.12,and the space-timesimulations

presented in Chapter 4, Figure 4.23.

Using the electro-static SDBD actuator model, the body force computations

were performedon an unstructured grid using COMSOL Multiph ysics (FemLab)

[2]. The center line of the actuator was located at the leadingedge(x=C = 0). A

schematic of the actuator arrangement on the airfoil is shown in Figure 5.1. The

exposedactuator waslocatedon the pressuresideof the airfoil, and the embedded

electrode was placed on the suction side. In order to represent the experiment,

the electrodeswere 1=2 in. wide. The dielectric material was a thick layer of a 3

mil Kapton.

For the simulation, the grid was manually re�ned near the location of the

actuator. The �nal numerical grid for the body force calculations is shown in

Figure 5.2.

The boundary conditionswerethe sameasdiscussedin the electrostaticmodel

section 3.1.1.1. This was a static electric potential equal to the applied voltage

to the electrodesof 5 kVp� p. The electric potential far from the electrodesat the

boundariesof the computational domain was set to zero. As before with body

forcecalculations,the plasmawas taken to be only over the dielectric that covers

the electrode. The governing equation for the region over the exposedelectrode
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Figure 5.1. Schematic of the plasmaactuator on the leading edgeof
NACA 0021airfoil for body force computations.

144



Figure 5.2. Unstructured grid near leading edgeof NACA 0021airfoil
for plasmabody force computations.
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Figure 5.3. Computed steadyplasmabody force vectorsnear leading
edgeof NACA 0021airfoil, shown on structured computational grid used

for 
o w solver.

was Laplaceequation given as

r (" r ' ) = 0: (5.1)

The governing equation for the region over the covered electrode was Poisson's

equation given as

r (" r ' ) =
'
� 2

d

: (5.2)

The solution givesthe body forcemagnitude and vector directions. Theseare

shown in Figure 5.3. In this case, the body force values were taken from the

unstructured grid and interpolated onto a structured grid usedin the solution of

the 
o w �eld. For this, the experimental spatial weighting (equation (3.65) in

section3.2.1) hasbeenapplied.
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Figure 5.4. Full view of computational grid usedfor the 
o w simulation
of the NACA 0021airfoil.

The 
o w simulation was performed using FLUENT. The structured C-type

grid was meshedaround the airfoil using GAMBIT [4]. The surfaceof the airfoil

wasmeshedwith 400grid points. There were100grid points usedin the direction

normal to airfoil surface,with a majorit y of the grid points located in the region

of the boundary layer. The inlet boundary was located 10 chord lengths from

the airfoil leading edge,and the out
o w boundary was located 20 chord lengths

downstreamthe airfoil trailing edge.The full computational grid usedin the 
o w

simulations is shown in Figure 5.4. A zoomed-inview near the airfoil is shown in

Figure 5.5.

The governing model equations for the 
o w were 2-D unsteady Reynolds-

averagedNavier-Stokes (RANS) equations. Our intention was that the 
o w be

incompressible.In FLUENT, if the density is de�ned using the ideal gaslaw for
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Figure 5.5. Zoomed-inview of computational grid showing grid point
clustering in the region of the boundary layer.
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an incompressible
o w, the solver computesthe density as

� =
pop
R

M w
T

(5.3)

where, R is the universal gas constant, M w is the molecular weight of the gas,

and pop is the operating pressure. In this form, the density dependsonly on the

operating pressureand not on the local relative pressure�eld.

FLUENT solvesconservation equationsfor massand momentum. The equa-

tion for conservation of masshas the form

@�
@t

+ r � (� ~v) = Sm : (5.4)

Conservation of momentum in an inertial (non-accelerating)referenceframe is

given as [10]
@
@t

(� ~v) + r � (� ~v~v) = �r p + r � (� ) + � ~g + ~F (5.5)

wherep is the static pressure,� is the stresstensor, and � ~g and ~F are the gravi-

tational body force and external body forces,respectively. ~F also contains other

model-dependent sourceterms such as user-de�ned sources.The stresstensor �

is given by

� = �
�
(r ~v + r ~vT ) �

2
3

r � ~vI
�

(5.6)

where� is the molecularviscosity, I is the unit tensor, r ~v = @u i
@x j

and r ~vT = @u j

@x i
,

and the secondterm on the right hand side is the e�ect of volume dilation. The

plasma actuator body force is introduced into the momentum equation as the

body force vector ~F .
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The standard boundary conditions were used. They induced no-slip and no-

penetration on the airfoil surface. Pressurefar-�eld conditions are usedin FLU-

ENT to model the free-streamcondition at in�nit y. This is wherethe free-stream

Mach number and static conditions were speci�ed. The pressurefar-�eld bound-

ary condition is a non-re
ecting boundary condition basedon the introduction of

Riemann invariants for a one-dimensional
o w normal to the boundary. For 
o w

that is subsonic, there are two Riemann invariants, corresponding to incoming

and outgoing waves:

R1 = vn1 �
2c1


 � 1
(5.7)

Ri = vn i +
2ci


 � 1
(5.8)

wherevn is the velocity magnitude normal to the boundary, c is the local speed

of soundand 
 is the ratio of speci�c heats(ideal gas). The subscript 1 refersto

conditions being applied at in�nit y (the boundary conditions), and the subscript

i refersto conditions in the interior of the domain (i.e., in the cell adjacent to the

boundary face). These two invariants can be added and subtracted to give the

following two equations:

vn =
1
2

(Ri + R1 ) (5.9)

c =

 � 1

4
(Ri � R1 ) (5.10)

wherevn and c becomethe valuesof normal velocity and soundspeedapplied on

the boundary.

At a face through which 
o w exits, the tangential velocity components and

entropy are extrapolated from the interior. At an in
o w face, theseare speci�ed

as having free-streamvalues. Using the valuesfor vn , c, tangential velocity com-

ponents, and entropy, the valuesof density, velocity, temperature, and pressure
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at the boundary face can be calculated. For the present simulation, the in
o w

wasset at 35 m/s (corresponding to M = 0:1). The angleof attack wasvaried by

changingthe angleof the 
o w at the in
o w boundary. The turbulenceparameters

were de�ned at the far-�eld boundary in terms of the turbulence intensity and

turbulenceviscosity ratio. The turbulence intensity of the in
o w wasset to 0:1%.

This value corresponds to the maximum value of the turbulence intensity in the

experiments. The turbulence viscosity ratio was set to be 10. This value was

suggestedin FLUENT documentation for outer 
o ws.

An additional equation for energyconservation was included in formulation.

FLUENT solvesthe energyequation in the following form:

@
@t

(�E ) + r � (~v(�E + p)) = r �

 

ke� r T �
X

j

hj
~Jj + (� e� � ~v)

!

+ Sh (5.11)

whereke� is the e�ective conductivity equal to k + kt , wherekt is the turbulent

thermal conductivity, de�ned accordingto the v2-f turbulence model, and ~Jj is

the di�usion 
ux of speciesj . The �rst three terms on the right-hand side of

Equation 5.11 represent energytransfer due to conduction, speciesdi�usion, and

viscousdissipation, respectively. Sh includes the heat of chemical reaction, and

any other volumetric heat sourcesde�ned. In Equation 5.11,

E = h �
p
�

+
v2

2
(5.12)

wheresensibleenthalpy h is de�ned for ideal gasesas

h =
X

j

Yj hj ; (5.13)
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whereYj is the massfraction of speciesj and

hj =
Z T

Tref

cp;j dT (5.14)

and Tref is 298.15K.

A secondorder implicit formulation was used for time and spacediscretiza-

tions. The SIMPLE algorithm was usedfor the pressure-velocity coupling. This

algorithm usesa relationship betweenvelocity and pressurecorrectionsto enforce

massconservation and to obtain the pressure�eld. In the SIMPLE algorithm, an

approximation of the velocity �eld is obtained by solving the momentum equa-

tions. The pressuregradient term is calculated using the pressuredistribution

from the previous iteration or an initial guess. The pressureequation is formu-

lated and solved in order to obtain the new pressuredistribution. From this the

velocities are corrected and a new set of conservative 
uxes are calculated. A

more detailed description of the SIMPLE algorithm may be found in the Fluent

documentation �les [3].

The �rst simulation wasperformedat 0 degreesangleof attack. The 
o w was

initialized from the in
o w boundary. Afterwards, the solution at higher anglesof

attack used the previous converged solution at one degreesmaller as the initial

condition for the simulation.

The identi�cation of vortical structures has been performed using the � � 2

technique developed by Hussain [36]. In this technique, the eigenvalues of the

symmetric tensor S2 + 
 2 are considered:here S and 
 are the symmetric and

antisymmetric parts of the velocity gradient tensor r u. The vortex region is

identi�ed by the negative valuesof the secondeigenvalue, � 2.
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In planar 
o w, the velocity gradient can be written in generalform as

r u =

0

B
@

a b

c � a

1

C
A ; (5.15)

wherea = ux , b = uy and c = vx . Therefore,we get that the S2 + 
 2 matrix in

this casewould be given as

r u =

0

B
@

a2 + bc 0

0 a2 + bc

1

C
A ; (5.16)

and the characteristic equation can be written as

(a2 + bc� � )(a2 + bc� � ) = 0: (5.17)

This equation has the solution

� 1;2 = a2 + bc: (5.18)

Thus, negative � 2 requiresthat

u2
x + uyvx < 0: (5.19)

5.3 Results

During the �rst phaseof the simulations, the base
o w without 
o w control

was modeled. The behavior of the lift and drag coe�cien ts was taken to be the

convergencecriteria for the 
o w problem. The lift and drag coe�cien ts conver-
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gencetime seriesare shown in Figure 5.6 for the low angle of attack (5 degrees)

and in Figure 5.7 for high angle of attack when the airfoil is completely stalled

(25 degrees).

As the simulations showed, at lower anglesof attack, below approximately 12

degrees,the linear airfoil theory holdsand the slope, dCL
d� = 2� . Thereforeat least

in this region the solution is known. In addition, the experimental results for this

airfoil gave an indication of the stall angleof attack.

The v2 � f turbulence model was usedin thesesimulations. This model has

beenshown to predict the boundary layer separationcorrectly [16]. Our calcu-

lations performed with the v2 � f turbulence model showed decreasein lift and

increasein drag at 18 degrees.This agreedbest with the experiment. Basedon

thesetests, the v2 � f turbulencemodel wasusedfor all of other calculationswith

and without the plasmaactuators.

The v2-f model [16] is quite similar to the standardk-� model, but incorporates

near-wall turbulence anisotropy and non-local pressure-straine�ects. The v2- f

model is a turbulencemodel that is valid all the way up to solidwalls, and therefore

doesnot needto make useof wall functions. Although the model was originally

developed for attached or mildly separatedboundary layers, it also accurately

simulates 
o ws dominated by separation. The distinguishing feature of the v2- f

model is its useof the velocity scale,v2, instead of the turbulent kinetic energy,

k, for evaluating the eddy viscosity. The v2 can be thought of as the velocity


uctuation normal to the streamlines. It has been shown to provide the right

scaling in representing the damping of turbulent transport closeto the wall, a

feature that k doesnot provide.
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Figure 5.6. Lift and drag coe�cien ts convergencehistory at 5 degrees
angleof attack, Uf s = 35 m/s, uncontrolled 
o w.
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Figure 5.7. Lift and drag coe�cien ts convergencehistory at 25 degrees
angleof attack, Uf s = 35 m/s, uncontrolled 
o w.
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Figure 5.8. Lift coe�cien t versusangleof attack at Uf s = 35 m/s for
uncontrolled 
o w.

Figure 5.8 documents the baselinecomputations for the NACA 0021airfoil.

This shows the expectedlift coe�cien t slope of 0:11 degrees� 1. The maximum lift

coe�cien t for this airfoil is approximately 1.2. The airfoil stalls at approximately

18� angle of attack. This simulation is reasonablycloseto this value, although

the drop-o� in lift is not as sharp as in the experiment.

For the secondpart of the simulation, a steady actuator e�ect was included

in the governing equations. As described earlier,the plasmaactuator was located

at the leading edge of the airfoil. With FemLab, the plasma body force was
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introducedusing the User-De�ned Function Module. For the steadyactuator, the

body forcewasconstant in time. That is its magnitudewasthe sameat each time

step of the calculations.

The third part of the simulation dealt with \unsteady" plasma actuation.

The previousexperimental work [12] hasindicated that better 
o w re-attachment

would occur by operating the actuator at a periodic frequency. The optimum

frequency was found in experiments to correspond to F + = f c=Uf s = 1. An

exampleof the unsteadyoperation usedin the experiment is shown in Figure 5.9.

This switcheson and o� the a.c. carrier that ionizesthe air in the experiments at

a prescribed frequencyand duty cycle. The experiments found that a 10% duty

cyclewas e�ective.

In the simulations, the body force was represented in the discrete computa-

tional time steps of the time dependent formulation. For example, if 100 time

stepsrepresented the full period of the actuator at F + = 1, for a 10%duty cycle,

the body forcewould be non-zerofor 10 time steps,and zerofor the other 90 time

steps. This was implemented using the User De�ned Function Module just like

with the steadyactuator e�ect.

A sampletest casewasperformedin the still air (Uf s = 0 m/s) to illustrate the

e�ect of the plasmaactuator presenceon the airfoil surface.For this the actuator

was impulsively switched on, and maintained for a long time period. Velocity

vectors recordeda short time after the actuator was started are shown in Figure

5.10. Note that this is similar to the simulations that weredoneon a 
at surfacein

Figures3.16and 3.17of Section3.2.2. As in the previousexample,the impulsively

started actuator produceda local wall jetting e�ect and a \starting" vortex that

is turning counterclockwise. Figures 5.11 - 5.13 shows the vector �eld 0:02, 0:06
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Figure 5.9. Example of short duty cyclea.c. input for unsteady
operation of plasmaactuators (a) and its numerical representation (b).
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Figure 5.10. Velocity vector �eld near leading edgeof airfoil at
t = 0:00001secondsafter the impulsive start of the actuator. The

largest velocity vector corresponds to jV j = 4:03 m/s.

and 0:18secondslater, respectively. This shows the 
o w sweepingover the leading

edgeof the airfoil. There is still a counter-clockwise circulation associated with

the impulsive start of the actuator. The wall jet magnitude in this simulation

reached a maximum value of 8:37 m/s.

An exampleof the e�ect of the plasmaactuator on the 
o w over the airfoil at

a post-stall angle of attack of 23 degreesis considered.The 
o w over the airfoil

without any actuation is shown in Figure 5.15. This shows a large separation

bubble that starts from the leading edgeand extendspast the trailing edge.The

streamlinesshow a large circulation indicating 
o w reversal over the airfoil and

into the wake. This is supported by the � 2 = 0 contours which show the large

separation structure. The streamlineslook very much like the streamline pho-
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Figure 5.11. Velocity vector �eld near leading edgeof airfoil at t = 0:02
secondsafter the impulsive start of the actuator. The largest velocity

vector corresponds to jV j = 8:34 m/s.

tographs of similar airfoils at post-stall anglesof attack such as those by Post

[61].

In contrast to the casewith the actuator o�, Figure 5.16 shows streamlines

for the sameangleof attack (23 degrees)with a steadyplasmaactuator on. This

shows that the 
o w is attached at the leadingedge,leaving only a smaller trailing

edgeseparation. Visually, the wake of the airfoil is signi�cantly smaller, which

will translate into lower overall drag.

In caseof the unsteady
o w actuation, the 
o w is still attached at the leading

edgeof the airfoil as it is shown in Figure 5.17. The point were the boundary

layer separatesfrom the airfoil surfaceis approximately at the samelocation as

in the steady actuation case. But the separation bubble appears to be shorter
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Figure 5.12. Velocity vector �eld near leading edgeof airfoil at t = 0:06
secondsafter the impulsive start of the actuator. The largest velocity

vector corresponds to jV j = 8:36 m/s.

than the oneduring the steadyactuation. This agreeswell with the experimental

observations [52].

A seriesof simulations at a rangeof anglesof attack with steadyand unsteady

plasmaactuators were conducted. The results of theseare summarizedin terms

of the lift coe�cien t versusangleof attack and lift-drag polars. Theseare shown

in Figures 5.18 and 5.19. The drag polar and the lift-to-drag ratio are shown in

Figures5.20and 5.21. In generalboth the steadyand unsteadyplasmaactuators

signi�cantly increasedthe stall angleof attack.

The experimental results obtained at a slightly lower free stream speedof 30

m/s are presented in Figure 5.22. Overall, they are showing the sametrend. The

unsteady actuation at the optimal frequencyof F + = 1 delays the airfoil stall
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Figure 5.13. Velocity vector �eld near leading edgeof airfoil at t = 0:18
secondsafter the impulsive start of the actuator. The largest velocity

vector corresponds to jV j = 8:37 m/s.

angle by 5 degrees,this signi�cantly improves the airfoil characteristics at high

anglesof attack.

The resultsof this simulation show good agreement with the experiments. The

plasma actuator placed near the leading edgeof the airfoil delay the separation

and increasesthe stall angle of attack. The unsteady 
o w actuation shows even

better results than the steady actuation improving the airfoil characteristics at

high anglesof attack.
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(a)

(b)

Figure 5.14. Velocity vector �eld (a) and contour lines of � 2 = 0 (b) at
t = 0:01743secondsin still air. The plasmaactuator is working in

unsteadymode at 120Hz. The largest velocity vector corresponds to
jV j = 4:49 m/s.
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(a)

(b)

Figure 5.15. Contour lines of stream function (a) and � 2 = 0 (b), no
actuation, 23 degreesangleof attack.
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(a)

(b)

Figure 5.16. Contour lines of stream function (a) and � 2 = 0 (b) for
steadyactuation, 23 degreesangleof attack.
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(a)

(b)

Figure 5.17. Contour lines of stream function (a) and � 2 = 0 (b) for
unsteadyactuation at 120Hz, duty cycleof 10%,23 degreesangleof

attack.
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Figure 5.18. Lift coe�cien t versusangleof attack at Uf s = 35 m/s for
uncontrolled 
o w, steadyand unsteadyactuation.
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Figure 5.19. Drag coe�cien t versusangleof attack at Uf s = 35 m/s for
uncontrolled 
o w, steadyand unsteadyactuation.
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Figure 5.20. Drag polar at Uf s = 35 m/s for uncontrolled 
o w, steady
and unsteadyactuation.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

This chapter presents conclusionsrelated to the study of the physicsof the sin-

gle dielectric barrier dischargeand the numerical model createdto simulate it. In

addition it summarizesthe resultsof the numerical simulation of the leading-edge

separationcontrol on an airfoil. Finally it makesrecommendationsfor the future

work toward understandingthe physicsof the plasmaactuator and modifying the

electric circuit model to include thesephysics.

6.1 Conclusions

This sectionpresents conclusionson the experimental investigation, modeling

and numerical simulation of the plasmadischarge and its application to leading-

edgeseparationcontrol.

6.1.1 Physicsof Discharge

The singledielectricbarrier dischargeplasmaactuator wascharacterizedthrough

a set of experiments. The focus was on the study of the light emissionfrom the

plasmaactuator related to the plasmaformation on the dielectric surface.These

experiments were fundamental in understanding the physics of the discharge on

the time scaleassociated with the applied a.c. cycle.
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The double-slit photomultiplier was usedto measurethe light emissionfrom

the plasma actuator. Through the comparisonwith the electric current results,

it was shown that the light emissiondirectly correlated with the formation of

the plasmadischarge,and could be usedas the measureof the volume of plasma

on the dielectric surface. The light emissionwas measuredwhile varying several

parameters. One of the parameterswas the applied a.c. voltage amplitude. The

other parametervaried was the applied a.c. frequency.

The photomultiplier experiments revealed a very complex structure of the

plasma discharge. During the operation of the plasma actuator, the plasma ap-

pearson the surfaceof the dielectric near the overlap junction of the electrodes.

The volume of the plasmaincreasesduring the a.c. cycle,and the plasmasweeps

acrossthe surface.Giventhat the coveredelectrodeis su�cien tly wide, the plasma

growth stops when the voltage di�erence acrossthe plasma region becomesless

than the voltage neededto maintain the plasma. This happenswhen the applied

voltage reachesits maximum or minimum values. At this moment the plasmaon

the dielectric surfacequenches.

The e�ect of the applied voltage amplitude on the discharge characteristics

was investigated. For this, the a.c. frequencywas kept constant at 5 kHz, and

the amplitude of the applied voltage was varied in the rangeof 5-10kVp� p. The

total light emissionfrom the plasma actuator was found to be L / V 7=2
app . This

agreedwith the experimental resultsof Post [61] for the maximum plasmainduced

velocity and results of Enloe et al. [20, 21] for the thrust producedby the plasma

actuator. In this set of experiments it wasalsofound that the plasmapropagation

velocity increasedslightly with the applied voltage amplitude. The plasmasweep

velocity was found to be in the range of 70-110m/s. It was also found that the
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maximum extent of the plasma increasedlinearly with the voltage amplitude.

Theseresults agreedwith the previousobservations by Enloe et al. [20, 21].

The e�ect of the applied a.c. frequencywas also studied. For this, a �xed

applied voltage amplitude of 5 kVp� p was used. In these experiments, the a.c.

frequencywas changed in the range of 5-11 kHz. It was found that the extent

of the plasmaover the dielectric surfacedid depend on the a.c. frequency. This

resulted in a strong linear dependenceof the plasma sweep velocity on the a.c.

frequency. The observed sweepvelocities were in the rangeof 80-180m/s.

6.1.2 Electrostatic Model

In the experiments, it has beenobserved that there exist three di�erent time

scalesassociated with the plasma actuator. The �rst time scale,relates to the

formation of the microdischarges, which is on the order of 10� 8 seconds. The

secondtime scale, de�ned by the a.c. frequency of the applied voltage, is on

the order of 10� 4 seconds.The largest time scalein the operation of the plasma

actuator is associated with the neutral 
uid responsetime which is of the order

of 10� 2 seconds.

This di�erence in time scalesallowed us to construct a quasi-steadyelectro-

static model for the plasma actuator and to derive the plasma body force from

�rst principles. This model includedthe ideaof the Debye shieldingin the plasma.

The electrostaticmodel wasusedto study the asymmetricelectrode arrangement.

The distribution of the electric potential, electric �eld and the chargedensity were

calculatednear the electrodes. From these,the plasmabody forcewascalculated.

The importance of accounting for the volume of the plasmaover the covered

electrode wasalsoshown. This wasdoneby applying the spatial weighting to the
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body force results. The exponential form of the weighting function was chosen

to re
ect the experimental observations. Another type of the weighting that was

usedwasa temporal weighting. It represented the linear growth of the volume of

plasmaduring the a.c. cycle.

The spatially weighted and temporally-spatially weighted plasmabody forces

were usedin the 
o w solver to model the 
o w in the closedbox with the plasma

actuator locatedon the bottom wall. The plasmabody forcecomputedseparately,

wasintroducedinto the right hand sideof the momentum equationpoint by point.

The numerical simulations showed the formation and growth of a starting

vortex that was previously observed in the experiments by Post [61]. It was also

shown that at T ! 1 , the induced
o w developed into a the jet 
o w with the 
uid

drawn to the actuator and then accelerateddownstream. The velocity pro�les in

the similarity regionwereusedto comparethe solutionsfor the spatially weighted

and temporally-spatially weighted plasmabody forcecases.It wasshown that the


o w development wassimilar in both cases,but the maximum velocities in the jet

were lower in caseof the temporal-spatial weighting.

It was shown that the electrostatic model could be usedto simulate the aero-

dynamic plasma actuator if the volume of plasma was know for the particular

applied voltageconditions. An attempt to extrapolate theseresults to other volt-

ageamplitudes was not possiblewith this model.

6.1.3 Lumped-element Circuit Model

To account for the changein the volumeof plasmawith respect to the applied

voltage amplitude and frequency, the lumped-element circuit model was created.

This model represented the plasmaactuator asa parallel network of resistive and
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capacitive elements. The capacitive elements representing the dielectric allowed

us to model the accumulation of the chargeon the surfaceof the dielectric.

Two typesof the lumped-element circuit modelswere tested. The �rst model

wasa coarsespatial lumped-element circuit model. In this model, the plasmawas

represented by the time-varying resistive and capacitive elements. The valuesof

thesedependedon the volume of the plasmapresent over the dielectric. As tests

of this model showed, the power dissipatedin the plasmaactuator wasP / V 7=2
app .

This result is consistent with the results of Post [61] for the maximum velocity in

the plasma jet and Enloe et al. [20, 21] for the thrust produced by the plasma

actuator.

The secondmodelwasa spatial-temporal lumped-element circuit model. It was

developed to simulate the internal structure of the plasmadischarge. This model

represented the plasma a seriesof parallel networks, each consistingof resistive

and capacitive elements, and zenordiodesthat controlled the valuesbasedon the

current direction. The advantage of this model was that it could investigate the

e�ect of amplitude and frequencywithout the needof experimentally determined

coe�cien ts. Prior to any other tests, this model wastestedfor the optimal number

of parallel sub-circuits.

The space-timelumped-element circuit model allowed us to obtain the in-

formation about the current in the plasma, which has beenshown previously to

correlatedirectly to the light emissionform the plasma. The resultsof the current

distribution were found to be consistent with the light intensity measurements.

The e�ect of the applied voltage amplitude and a.c. frequencyon the plasma

characteristicswas examinedwith the space-timelumped-element circuit model.

The resultswerefound to bein good agreement with the experimental results. The
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maximum extent of the plasma was increasinglinearly with the applied voltage

amplitude, but was almost constant over the entire rangeof the a.c. frequencies

tested. The plasmasweepvelocity wasfound to increaselinearly with the applied

voltage amplitude and a.c. frequency.

The resultsof space-timelumped-element circuit model wereusedto calculate

the time-resolved plasmabody force. It wasfound that the plasmabody forcehas

four peaksduring the a.c. cycle, and that the direction of the plasmabody force

is the sameall the time. Spectral analysisperformed on the plasma body force

time seriesshowed that the dominating frequencyin the spectrum was two times

the a.c. frequency.

The e�ect of the dielectric properties of the material was studied with the

space-timelumped-element circuit model. The plasma body force calculations

were performed for three di�erent materials with " = 10, 100, and 1000. It was

shown that for each material tested there exists an optimal frequencyat which

the plasma body force is maximum. It was found that the optimal frequency

decreasedas the dielectric coe�cien t increased.The power dissipated in plasma

dueto ohmic heating monotonically increasedwith frequency. Therefore,too high

a frequencyis ine�cien t in termsof converting the input power into the body force.

6.1.4 Leading-edgeSeparationControl

With this approach, the leading-edgeseparation control on NACA 0021us-

ing single-dielectric barrier discharge plasma actuator was studied numerically.

FLUENT softwarewasusedto solve two-dimensionalunsteadyReynolds-averaged

Navier-Stokesequationswith the v2 � f turbulence model.
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The plasma actuator was modeled on the leading edgeof the airfoil. The

plasmabody forcecomputations werecarried out using FemLab. The body force

was then introducedinto the 
o w solver using the userde�ned function.

The e�ect of the plasmaactuator body force on the 
uid was studied in still

air. The formation of the starting vortex was observed near the actuator. The

steadyplasmaactuator working for a long time form a jet near the airfoil surface.

The unsteadyplasmaactuator was observed to form a periodic seriesof vortexes

near the leading edge.

First, the 
o w around the airfoil was computed without any actuation for a

rangeof anglesof attack at 35m/s in
o w velocity. The convergenceof the solution

wasbasedon the lift and drag coe�cien ts. It wasshown that at the lower anglesof

attack the airfoil characteristicswereconsistent with the linear airfoil theory, that

is having the slope dCL
d� = 2� . The aerodynamic stall of the airfoil was observed

at 18 degrees.

The leading-edgeseparationcontrol with the steady and unsteady 
o w actu-

ation was studied numerically. During the steady actuation, the plasma body

force was permanently present. For the unsteady actuation, the body force was

present only for 10%of the duty cycle. The frequencyof the unsteadyactuation

correspondedto F + = f c=Uf s = 1.

In both cases,the separation bubble was observed to becomesmaller. The

point of the separationwas seento move from the leading edgedownstream to

half-cord of the airfoil. This reduction of the separationbubble resulted in the

increaseof the lift and decreaseof the drag of the airfoil.

It wasfound that the steadyactuation increasedthe lift coe�cien t and delayed

the stall by approximately 2 degreesof angle of attack. The unsteady actuation
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was shown to produce even better results. The stall angle in that casewas in-

creasedby 5 degrees.Theseresults are consistent with the experiments for the

sameconditions.

6.2 RecommendationsFor Future Work

6.2.1 Physical Properties of PlasmaDischarge

Recent experiments have shown the superiority of the Te
on dielectric over

the traditional Kapton and PCB materials. This appearsin the greater velocity

of the plasma induced jet, and therefore, in the greater momentum transfered

to the 
uid. This advantage is probably due to the larger thicknessof the Te
on

dielectric layer which leadsto a moreuniform plasmadischargewithout �laments.

This phenomenonof transition from the uniform plasmato �lamentary discharge

needsto be studied. This can be done by measuring the light emission from

the �lamentary and uniform plasma dischargesusing a photomultiplier. These

experiments may also be accompaniedby the acousticalmeasurements from the

plasmaactuator.

The SDB discharge plasma can also be studied optically with the fast CCD

camera.The rate of data acquisition of this type of cameras(up to 105 imagesper

second)allows one to obtain imagesof singledischarge streamers.This informa-

tion canhelp to further improve our knowledgeabout the physicsof the discharge

and re�ne the phenomenologicalmodel for plasmaactuators.

In the present research one form of the input voltage signal hasbeenstudied,

particularly the sinusoidal wave form. Additional data needsto be collected for

di�erent form of the input voltage signal to calibrate and test the space-time

lumped-element circuit model. PMT measurements of the light emissionfrom
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the plasma actuator may be done for the \triangle", \p ositive sawtooth" and

\negative sawtooth" wave forms. Thesetests should be performed for the range

of di�erent applied voltage amplitudes and a.c. frequencies.This would give the

information about the conditions of the plasmaformation and quenching as well

as the dependenceof the plasmacharacteristicson the voltage form.

The other open question in the physics of the SDB discharges is how the

momentum is transfered to the neutral 
uid. There exist several theorieswhich

proposethe PUSH-push,PUSH-pull and other mechanismsfor the plasmaactu-

ators, meaning that during the a.c. cycle the plasma actuator createsa strong

and a weak body forceswhich act either in the samedirection, or in opposite

directions. This questionmay be resolved by the velocity measurements directly

in the plasma region. Aero-optical laser devicesand methods developed at the

University of Notre Damemay beusedfor this. In thesemethods, the density 
uc-

tuations are estimatedfrom the de
ections of the laserlight which passesthrough

the 
uid. For this experiment, the glassmay be usedas the dielectric material,

and the bottom surfaceof this insulator may be cover with the re
ecting material,

which would act as a mirror for the laser light. The velocity 
uctuations may be

calculatedfrom the obtaineddensity 
uctuations. Theseexperiments are intended

to show if the 
uid is acceleratedduring both halvesof the a.c. cycle.

6.2.2 Improvements to the Lumped-element Circuit Model

Someimprovements may be made for the lumped-element circuit model and

plasma body force computations. As mentioned in the previous subsection,the

plasma discharge may transition from the uniform regime to the �lamentary

regime. This formation of �laments may be accounted for in the model through
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introduction of another resistive element with a possibly lower resistancevalue.

This resistive element should be included into the circuit along with the zenor

diode element which would govern the initiation of the �laments. The condition

of this initiation may be possibly formulated using the voltage threshold for this

transition from the uniform plasma. The value of the transition threshold voltage

may be obtained experimentally.

The other improvement that may be done to the space-timelumped-element

circuit model regardsthe breakdown of the dielectric layer. The condition for this

breakdown and eventual shortageof the actuator circuit can be estimated from

the dielectric strength of the material usedfor insulation.

In this work, the Lumped-element circuit model was tested for the sinusoidal

applied voltage. In practical applications, the forms of the input signal are also

used,such asthe triangle wave, the \p ositive" and the \negative" sawtooth signals.

The Lumped-element Circuit Model should be also tested for theseforms of the

input voltage. The results may be comparedto the existing experimental results.

Another modi�cation may be done in terms of the charge density estimation

which is later usedin the body forcecomputations. The Lumped-element Circuit

model givesus the information about the electric current that 
o ws through the

plasmaactuator in each of the sub-circuits. This current is directly related to the

number of the chargesand their velocities. This meansthat if we canestimatethe

velocities of the chargesin the plasma, then we can compute the ionization rate

in each of the sub-circuits, and calculate the plasmabody force directly without

solving the Poissonelectrostatic equation. The velocity of the chargescan be

estimated in several di�erent ways. For example,this can be done assumingthe

Maxwell's distribution for the gasparticles.
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6.2.3 Applications

The successof the numerical simulation of the leadingedgeseparationcontrol

open the possibilities for numerical study of other applications of the plasma

actuators for 
o w control. For example, the active boundary layer control on

the pitching airfoils may be studied computationally. The experimental data for

this type of 
o w control was gathered previously by M. Post [61]. This study

can be extendedto include the plasmaactuator into 
o w control on the micro air

vehicles,UAVs, and 
apping wings. In this simulations, the optimal con�guration

and active control strategy canbe obtained for each 
o w control. This would help

to optimize the performanceof the plasmaactuators in the experiments.

Another aspect of the 
o w actuation, which is of big importance, dealswith

the role played by the plasmaactuators in the laminar-to-turbulent transition and

transition delay and control. This study may be doneby utilizing the eN method,

which had beenshown to work fairly well for the situations in which the level of

the free stream turbulence intensity is relatively low (
o ws around airfoils with

turbulence intensity < 1%).
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