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SINGLE DIELECTRIC BARRIER DISCHARGE
PLASMA ACTUATORS

Abstract

by
Dmitriy M. Orlov

This work preserts the study of the single-dielectricbarrier discharge aerady-
namic plasmaactuator. The physicsof the plasmadischargewas studied through
the time-resoled light intensity measuremets of the plasmaillumination. Plasma
characteristics were obtained and analyzedfor a range of applied voltage ampli-
tudes and a.c. frequencies.

Based on this data, electro-static and lumped-elemen circuit models were
deweloped. The time-dependen chargedistribution wasusedto provide boundary
conditions to the electric eld equation that was usedto calculate the actuator
body force vector. Numerical ow simulations were performedto study the e ect
of the plasmahbody force on the neutral uid. The results agreedwell with the
experimernts.

An application of the plasmaactuators to the leading-edgeseparationcortrol
on the NACA 0021 airfoil was studied numerically. The results were obtained
for a range of anglesof attack for uncortrolled ow, steadyand unsteady plasma
actuation. The aeradynamic stall of the airfoil was studied. Improvemert in

the airfoil characteristicswas obsened in numerical simulations at high anglesof
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attack in caseswith plasmaactuation. The computational results correspnded

very well with experimertal obsenations.
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CHAPTER 1

INTR ODUCTION

1.1 Background

The aeradynamic 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 electrades is exposedto the surrounding air, and
the other is totally encapsulatedin a dielectric material, as shovn on Figure 1.1.
Typically, the plasma actuator's electrades are long and thin and are arranged
span-wiseon an aeradynamic surface.

When a high5 20kV peak-to-peak AC voltage at frequenciesfrom 3 to 15
kHz is applied, a plasma discharge appears on the insulator surface above the
insulated electrade, and directed momertum is coupledinto the surrounding air.
The amourt of the momerium coupling is e ective in substartially altering the
air o w over the actuator surface.

The plasmaactuators have beensuccessfullyusedin di erent ow cortrol ap-
plications, sud as exciting boundary layer instabilities on a sharp coneat Mach
3.5[44], lift augmenation on a wing section[13, 14, 46, 54], low-pressureturbine
blade separationcortrol [31{34, 41], turbine tip clearanceow cortrol [15, 45, 74],

blu body cortrol [8, 73, drag reduction [35, 78], unsteady vortex generation
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Figure 1.1. The aeradynamic plasmaactuator in a chord-wisesection.

insulated
electrode

[48, 50, 51, 75], and airfoil leading-edgeseparationcortrol [12, 52,58, 59, 61{63].
The advantages of the plasmaactuator ow cortrol device over traditional ow
cortrol devicesare: reducedsize and weight, absenceof moving parts, increased
reliability, inexpensiveness,high bandwidth (quick response), reduceddrag, in-
creasedaeradynamic agility.

Plasma actuator's behavior is primarily governed by the buildup of charge
on the dielectric-encapsulatecelectrade. When AC voltage is applied, a plasma
discharge appearson the insulator surfaceabove the encapsulatedelectrode, and
directed momertum is coupledinto the surroundingair. In operation, the plasma
in the discharge appears on the surface of the dielectric ead half-cycle of the
applied AC voltage.

To the unaided eye, the plasma appears as a relatively uniform di use dis-
charge, but optical measuremets of the plasmaindicate 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 mostimportant



feature of the SDBD is that it cansustaina large-wlumedischargeat atmospheric
pressurewithout the discharge collapsinginto a constricted arc.

The SDBD can maintain sud a discharge becausethe con guration is self
limiting, asshavn 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 exposedelectrade is more negative potential than the surface of the
dielectric, beingthe cathode in the discharge. In this case,assumingthe potertial
di erence is high enough,the exposedelectrade can emit electrons. Becausethe
discharge terminates on a dielectric surface,the build up of the surfacecharge
opposeghe appliedvoltage,and the dischargeshuts itself o unlessthe magnitude
of the applied voltage is cortinually increased.

The behavior of the dischargeis 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 showvn 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 chargedcomponernts, it is net neutral, be-
ing createdby the ionization of neutral air, asmarny negative electronsas positive
ions exist in the plasma. Respnding to the external electric eld, the electrons
move to the positive electrade and the ions to the negatiwe, 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-



(a) inzulation iyt (b) insulation

sssss

insulated
electrode

Figure 1.2. The dielectric barrier dischargeis self-limiting because
charge buildup on the dielectric surfaceopposesthe voltage applied
acrossthe plasma,whenthe applied voltage is negative going (a), or the
chargetransferred through the plasmais limited to that deposited on
the dielectric surface,whenthe voltage reverses(b).

arrangemem of the chargeswill cortinue until the net electric eld in the plasma
IS neutralized.

The density of the positive and negative chargeswill be equalin the bulk of the
plasma. Only on the edgeswill there be a chargeimbalance,due to the thermal
motion of the particles. The thicknessof the regionsalongthe 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 rearrangemenh processin the plasmais on the
orderof 10 ® 10 8 secondgfor electrontemperature of 1000 10000K, with a
mobility velocity on the order of 10> 10° m/s [64]). This plasmaformation time
is seweral orders of magnitude smaller than the time during which the plasmais
producing an e ect on the surrounding air.

Thus, we see, that there are three separatetemporal time scalesthat are
relevant to the SDBD process. The shortest time scale, of the order of 10 8

secondsijs asseiated with the initiation of the micro-disthargesacrossthe plasma



actuator gap leadingto 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
10* times slower than the time scaleof the micro-disdarges. The third timescaleis
the onethat governsthe movemerts of the neutral uid respondingto the plasma
actuator. This time scaleis on the order of 10 2 seconds.

The four order of magnitude di erence in time scalesallows us to assumethat
the plasmaformation and chargerearrangemen processegre instantaneous. This
allows us to assumethat the plasmais operating in a quasi-steadyregime, when
the chargesare rearrangedin the region, sothat they cancelthe external electric
eld ewerywhere,exceptthe small regionsnear the electrades. This leadsto the
guasi-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 referencesvas in 1857when Siemens[70] proposeda novel type of elec-
trical gasdischarge,that could generateozonefrom atmosphericpressureoxygen
or air. Sincethen, the DBDs have beenwidely usedfor di erent applications.
The classicalDielectric Barrier Dischargecon guration utilizes planar or cylindri-
cal electrode arrangemeits with at least one dielectric layer placed betweenthe
electrades.

The discharge investigated in the presen researt results from activating a

model at atmosphericpressureat frequenciegdypically in the 1 10kHz rangeand



voltagesin the se\eral kilovolts range. There is a wide variancein the terminology
usedfor the dischargein literature. The namesassignedo the phenomenanclude
atmospheric glow discharge, surface barrier discharge (SBD), dielectric barrier
discharge(DBD), SingleDielectric Barrier Discharge(SDBD) and SurfacePlasma
Chemistry Process(SPCP).

Despite of considerableprogressin understandingthe structure and the prop-
erties of sudh discharges,which principally occurredin the last few decadesthe
presem knowledge of this subject appearsto be insucient to provide an ade-
quate quartitativ e theoretical description for barrier discharge behavior in air at
high (atmospheric) pressure.Although, a classicsymmetric DBD hasbeenwidely
studied, asymmetric electrode arrangemens sud as those used in the plasma
ow cortrol actuators have not beenstudied, until recerly. 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 physics of 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 obsenations [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 technigueswas basedon the smole visualization
and was used to demonstrate the plasma actuator e ect [60, 65]. The other
methods include the hot wire, Pitot tube and DPIV ow velocity measuremets
[60, 61], acoustic[9], accelerometef57] measuremets. Kozlov et al. [38]usedthe
spatially resoled cross-correlatiorspectroscoy to make well-resolhed quartitativ e

estimatesof the electric eld strength and relative electrondensity. A corvertional



Sdlierentechniqgue wasusedby Wilkinson and Konkle-Parker [77] to visualizethe
ow 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 usedthe photomultiplier technique to
study the temporal and spatial structure of the plasmadischarge. Through the
comparisonbetween the electric currert in the actuator and the light emission
PMT measuremets it was shavn 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 shav experimenrtally that power dissipatedin
the plasmaactuator was increasingas the applied voltage to the power of 7=2,
P/ Vapy, and that this functional relation was typical for this surfacedielectric
barrier discharges.

The samefunctional dependencewas obsened by Post [60, 61] for the plasma
inducedvelocity, U / Va7p=pz. Post hasalsoshawvn that the plasmaactuators placed
in arrays had an additive e ect, and two actuators working in array create a
plasmainduced jet in which momenum of two is twice the momertum from a
single actuator. This characteristic of the plasmaactuator was also obsened by
Forte et al. [24]in their Pitot tube and LDV measuremets.

Enloe et al. have performed the studies of the atmospheric composition on
the plasmaactuator e ciency [18]. The presenceof oxygenin the atmosphereis

known to allow for the formation of negative ions via attachmert of electronsto



the oxygen. As their resultsindicate, the actuator performancedirectly correlates
with the fraction of the oxygen in the atmosphere,and it's e ciency increases
linearly with the percenage of oxygen.

Their hasbeenarecen attempt by Andersonet al. to measurethe dependence
of the plasmaactuator e ects on the air humidity [7]. Their results shoved 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 cheded (40-60%). It alsoshould be mertioned that the absolute
humidity is more important for the plasmaactuator operation than the relative
humidity.

Thesestudiesof the plasmaactuator had two major goals: onewasto 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 plasmaactuator optimization were done by
Post [61] and Enloe et al. [20, 21]. They have shown the vital role played by
the asymmetry This was shavn by covering the open electrade by a dielectric
layer. They have also studied the e ects of the geometry on the performanceof
the plasmaactuator. It was discorered that the width of the lower electrade is
very important, and that this coveredelectrode shouldbe su cien tly wide for the
plasmaformation. It wasalsoshavn that a small gap or overlap of the electrodes
doesnot changethe performancecharacteristics of the actuator, but a ects the
stability of the plasmadisdarge ignition. The slight overlap makesthe 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



discharge suggestedthe formation of the plasmais directly related to the voltage

changeacrossthe actuator. The steeper and longerthe slope of the voltage signal,

av
dt ?

the more plasmais formed on the surfaceof the dielectric, the higher is the
induced ow velocity by the actuator. Post [6]] 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 sawvtooth”.

As it was already mertioned, all the measurementechniquesdescribed above
provide plenty of indirect information about the plasma actuators. But these
experimertal 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 sud dischargesis played by
numerical modeling.

One of the rst models was deweloped by Massineset al. [43]. The one-
dimensionalmodel was basedon a simultaneous solution of the cortinuity equa-
tions for charged and excited particles, and the Poissonequation. The study
allowed oneto to obtain spatial-temporal distributions for plasmas. It hasbeen
shawvn that the processesn a discharge volume are characterizedby sud values
asmobility, di usion coe cient, and ionization rate constart.

Researh, related to the presen work, has beendone by Paulus et al. [55.
A particle-in-cell simulation was usedto study the time-dependent ewlution of
the potertial and the electrical eld surrounding two-dimensionalobjects during
a high voltage pulse. The numerical procedurewas basedon the solution of Pois-
son'sequation on a grid in a domain cortaining an L-shaped electrode, and the
determination of the movemen of the particles through the grid. The simulation

shawved that the charged particles moved toward the regionsof high electric po-



tential, creating high electric strength elds near the electrade's edges. It also
proved that the plasmabuilds up on a microsecondtiime scale.

There wasalsoan attempt to model the plasmaactuator e ects without mod-
eling the discharge processusing an approximation model. A rst-order approad
to modeling the e ect of plasmaactuators using the potential ow model was de-
veloped by Hall et al. [28,29. In this model, the plasmaactuator wasrepreseted
by a doublet and incorporated into a Smith-Hesspanel code. Hall hasshowvn [29
that after the calibration of the doublet strength, it could duplicate experimertal
data for the changein airfoil lift characteristicsdueto applying plasmaactuators.
The dewlopmen of this model was driven by the experimertal obsenations of
the similar streamline patternsproducedby the plasmaactuator on the surfaceof
a at plate in a uniform ow and those of an inverseddoublet at the wall.

Enloeet al. [20, 21] provided a formulation for the body force producedby the
SDBD plasmaactuator on the ambient air. Another model for the plasmabody
force was preserted by Roth et al. [65]. This model is basedon the derivation of
the forcesin gaseoudielectrics by Landau [39]. In this model, the body force is

proportional to the gradiert of the squaredelectric eld:

— d 1!! 2
Fo= o 5'oE (1.1)

As it hasbeenshovn by Enloe et al. [19] this model for the body force does
not accour 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 hasbeenalsoshovn by Enloe et al. that the body
force given by equation (1.1) and in form derived in the presem work are not

equal, exceptin the special caseof a one-dimensionalcondition where E = E,f'

10



andE, = E, = 0,and @@ = @@ = 0. This special caseis not relevant to our
aeradynamic applications.
Another model for the body force was given by Shyy et al. [69. The time-

averagedbody force was calculated as

Flave = # c& tE (1.2)

where# is the frequencyof of the applied voltage, is a factor to accourt for the
collision e ciency, . is the chargedensity, e; is the charge of electron, t isthe
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 characteristics of
the plasma-induced o w and the heat transfer characteristics. It wasshowvn based
on their model that the induced o w velocities and heat ux vary proportionally
with the applied frequencyand voltage.

One of the largestdisadwantagesof their model lied in the electric eld formu-
lation that was basedon an assumptionthat electric eld strength E decreased
linearly asonemoved away from the inner edgeof the electrodes. This assumption
was not consister with the physics of the discharge process,as recer measure-
merts have shown [49].

Suzenet al. [71, 72 utilized the electrostatic model with the exponertial
weighting descriked in this thesisto compute the plasmabody force using Enloe
formulation [20, 21]. In their work, they proposedto split the electrostatic equa-
tions into two parts: the rst oneis due to the external electric eld, and the

secondpart is due to the electric eld createdby the charged particles. This is
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making the problem unnecessarilyovercomplicatedbecauseit is known that the
electric elds can be superimposed. This ideais usedlater in this thesis.

On the other hand, there have beennumerousmodels deweloped for dielectric
barrier dischargesin air that include very complicate chemistry. These models
usually include 20 30reactionequationswith di erent reactiontimes and energy
outputs. Theseequationsaccourt for electron, ion-neutral, and neutral-neutral
reactionsin di erent gaseghat are presen in the air [26, 27, 38, 42, 53].

Mostly these models were deweloped for a simple one-dimensionaldielectric
barrier distharge due to needof the vast computational resources.Recetly, Font
etal. [22 23]utilized theseideasto model the plasmadisdargein the asymmetric
plasma actuator. In their model they included nitrogen and oxygen reactions
basedon the experimertal results of Enloe et al. [1§. With this model, Font was
able to shav the propagation of a single streamerfrom the bare electrode to the
dielectric surfaceand badk. Due to the fact that the complexity of the problem
requiressigni cant computational power, modeling of the whole a.c. cycleis still
an openissue.

There also exists a group of simpli ed modelsin which the chemical reactions
arenot consideredput the gasis still consideredasa mixture of ions, electronsand
neutral molecules. Thesemodels were rst derived for a simple one-dimensional
discharge [66, 68], and later extendedto two-dimensionaldielectric barrier dis-
charges[25, 56, 67].

Likhanskii et al. [40] modeled the weakly ionized air plasmaas a four- uid
mixture of neutral molecules electrons,and positive and negative ions, including
ionization and reconbination processes.Their simulations shov 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 preciselydescrite all of the
di erent processemvolvedin the plasmadisdarge,they arevery time-consuming
and require signi cant computer resources. Sud calculations were either per-
formedfor simple one-dimensionasymmetric domains,that arerelevant to indus-
trial plasmaprocessesor for a single streamerpropagationin a two-dimensional
caserelewvant to the plasma actuator geometry Estimates of the computer re-
sourcesneededfor thesesimulations in air at high pressureare signi cant. Sud
simulations are not suitable as designtools usedin the itterativ e optimization of

the plasmaactuators and for their usein applications.

1.2 Obijectives

Given this badkground into the SDBD plasmaactuator, the objectives of this

work are the following:

1. Dewelopmodelsfor SingleDielectric Barrier Dischargeplasmaactuatorsthat
contain the essehal physic, but are computationally e cient enoughto be

usedin the designand optimization of ow cortrol applications.

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

not require emperically determined coe cien ts.

3. Using the model, investigate various parameterssud as voltage amplitude,
frequency and dielectric properties on the body force and power dissipated

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

to determinethe e ect the actuators have on the neutral ow.

5. Utilize the ow solwer in a practical application of leading-edgeseparation

cortrol and comparethe simulation to an equivalert experimert.
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CHAPTER 2

PHYSICAL PROPERTIES OF PLASMA ACTUATOR.

Previous experimerts by Enloe et al. [20] have shavn that the bulk current
acrossthe electrodesof a SDBD plasmaactuator correlateswith the light emission
of the plasma. Thereforeit is useful to study the space-timedewlopmen of
the light illumination in order to provide data that can be usedin the physical
modeling of the SDBD process. To accomplishthis, a TSI Model 9162 photo-
multiplier tubewasutilized to measurehe plasmalight emissionfrom an actuator.
The experimertal setup is illustrated in Figure 2.1, and the schematic of the
electrodes arrangemen relative to the photomultiplier is shovn in Figure 2.2.
The photo-multiplier tube (PMT) useda double-slit optical tubein orderto focus
on anarrow slit of the ionizedgas. The slit wasalignedto be parallel to the edgeof
the exposedelectrade. This provided a narrow view in the direction perpendicular
to that at which the plasma sweepsout over the encapsulatedelectrade. The
accuracyof the spatial measuremets was 0:5 mm.

A represemativ e time trace of the PMT output is showvn in Figure 2.3 (c).
Also shavn are the comparableinput voltage and measuredbulk current time
seriesacquiredover the sametime period. The current was measuredby Pearson
Current Monitor Model 2100inductive currernt pickup that was placedaroundthe
wire lead to one of the electrodes. The responsetime of the inductive currert

pickup was 20 nanosecondsThe voltage was measuredwith a high voltage probe
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Figure 2.1. Experimenrtal setup usedin measuringplasmalight emission
for SDBD model validation.
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photomultiplier PMT output
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— exposed electrode

\ J . encapsulated electrode

PMT field of view

Figure 2.2. Sthematic of experimertal setup usedin measuringplasma
light emission.

that wasattachedto oneof the electrade leads. Both had frequencyresponsethat
was much higher than the a.c. frequency(5 kHz) usedin the experimert.

The narrow spikes in the current and PMT traces correspnd to the part
of the cycle when the plasmais presen. These are narrow becausethey are
dominated by the short-time-scalemicro-distharges. 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 been previously shavn by Enloe et al.
[20].

The plasmaignites and extinguishestwice in the a.c. period. The initiation of
the ionization occurswhenthe potertial di erence betweenthe electradesexceeds
a minimum threshold. When this occurs, the exposed surface of the dielectric

becomesa \virtual electrade” on which chargebuilds up. When the chargebuilds
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Figure 2.3. Represeirmtiv e voltage (a), current (b) and PMT output (c)
time seriesfor SDBD plasmaactuator.
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to a point wherethe potertial di erence betweenit and the exposedelectrade is
belonv the minimum to causethe ionization, the plasmaextinguishes. This is the
self-limiting character of the DBD process.We can obsene 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 wherethe amplitude of the \spikes" is
smalleris during that part of the cyclewhenthe electronsthat were deposited on
the dielectric surfaceare then moving badk to the bare electrade. This process
is not as e cient sothat there are fewer electronsto collide with ions and the
current and the light intensity are wealer. In other experimerts, by Enloe et al.
[20], the bare electrade was also covered by a dielectric layer, a so-calledDouble
Dielectric (DDBD), and the current amplitude asseiated with the ionization was
completely symmetric in the a.c. cycle.

A comparisonwill be madelater to the current time seriesfrom the lumped-
elemen circuit model. The lumped-elemen circuit model, describked in Chapter
4, simulates the charge and discharge occurring on the middle (msec)time scale
that is represemative of the body force. Therefore to compare this with the
experimenrtal current or PMT time traces,we draw a smaoth curve that represets
the envelope of the peaksof the narrow spikes causedby the micro-distharges. If
one doesthis, the current tracesfrom the model shav similar character namely,
a comparable phaseshift 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 ewerts.

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

experimert by taking multiple realizationsthat are phaselocked with the input
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Figure 2.4. Space-timevariation of the measuredplasmalight emission
for SDBD plasmaactuator correspnding to one period, T, of the input
a.c. cycle.

voltage a.c. cycle. Becausethe micro-disthargesare random in time, they occur
at di erent times during the plasma generation portion of the cycle. Therefore
when an averageof many cyclesis accunulated, the narrow spikes Il the space
to indicate the maximum amplitude envelope. This hasbeendone while viewing
di erent slicesof the plasmaat di erent distancesfrom the overlap junction of
the exposedand encapsulatedelectrodes. The result is shavn in Figure 2.4.
Figure 2.4 shavs the space-timevariation of plasmalight emissionfor one pe-
riod of the a.c. cycle. The light emissionhas beennormalized by its maximum
value in the cycle. The time axis correspndsto the a.c. period of the input volt-

age. The position axis refersto the location over the encapsulatedelectrade, with
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Figure 2.5. Contour lines of space-timevariation of the measuredplasma
light emissionfor SDBD plasmaactuator corresmpnding to one period,
T, of the input a.c. cycle.

zero correspnding to the the overlap junction of the exposedand encapsulated
electrades.

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 plasmathen sweepsout
from the junction to cover a portion of the encapsulatecelectrode. As the plasma
sweepsout, its light emissionis lessintense. The estimatesare that the intensity

decreasesxponertially from the junction. This leadsto the exponertial weighing
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Figure 2.6. Plasmasweepvelocity asfunction 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
encapsulatecelectrade. This canbe determinedfrom the slope, d(position)/dt, of
the left edgeof the light-emissionsurfaces.This is shovn in Figure 2.6 for a range
of applied voltage amplitudes 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 elemen model that will be discussedater.

Another interesting characteristic that we can obtain from the light emission

space-timesurfaceis the maximum extert of the plasma. It is shavn in Figure 2.7
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Figure 2.7. Maximum plasmaextent asfunction of applied voltage
amplitude.

asfunction of the applied voltage amplitude along with the previously published
results of Enloe et al. [20]. It was obsened to depend strongly on the applied
voltage magnitude. This result is very important for the designof the plasma
actuator. On onehand, the plasmadoesnot extend beyond the end of the encap-
sulated electrade, and on the other hand, at low applied voltage amplitudes the
plasmadoesnot extend far, and coversonly part of the covered electrade.

A set of experimerts hasbeenrun at the constart applied voltage amplitude
for arangeof a.c. frequencieso nd the dependenceof the SDBD discharge char-
acteristicson the applied frequency For theseexperimerts, the voltage acrossthe

plasmaactuator was kept at Vap, = 5 kV, and the a.c. frequencywas changedin
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the rangeof 5 11 kHz. The cortour lines of the measuredplasmalight emis-
sion are showvn in Figures 2.8 - 2.14. results from these cortours are presened

in terms of the propagation velocity and plasmaextent in Figures2.15and 2.16,
respectively. We notice, that the maximum extert of the plasmadoesnot change
with frequency as shavn in Figure 2.16. This also meansthat the plasmaprop-

agation velocity would increasewith a.c. frequencybecauseat high frequencies,
the plasmahaslesstime during the a.c. period to expandto the sameextern as
at low frequency Theseresults are shown in Figure 2.15.

A setof experimerts hasbeenrun with the double-slit extensiontub e 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 shavn in Figure 2.17. The
results for a rangeof applied voltage amplitudesat a xed a.c. frequency(5 kHz)
are showvn in Figure 2.18. The light intensity on this plot is represeted by the
PMT signal amplitude generatedin the photomultiplier.

Figure 2.17 shows the total light emissionfrom an SDBD plasmadiscargein
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 assumedo be the optimal frequencyfor
the plasmaactuator operation.

Figure 2.18shawsthe total amourt 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 references the line correspnding to Vgp:pz.
Previous measuremets by Enloe et al. [20] had shovn a proportionality of the

thrust producedby a plasmaactuator asvaﬁz. Later, Post [61] obsened that the
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Figure 2.8. Space-timevariation of the measuredplasmalight emission
for SDBD plasmaactuator at Vpp = 5kV and f 5. = 5 kHz.
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Figure 2.9. Space-timevariation of the measuredplasmalight emission
for SDBD plasmaactuator at Vap, = 5kV and f ... = 6 kHz.
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Figure 2.11. Space-timevariation of the measuredplasmalight emission
for SDBD plasmaactuator at Vap, = 5kV and f ... = 8 kHz.
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Figure 2.12. Space-timevariation of the measuredplasmalight emission
for SDBD plasmaactuator at Vo, = 5kV and f ... = 9 kHz.
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Figure 2.13. Space-timevariation of the measuredplasmalight emission
for SDBD plasmaactuator at Vap, = 5kV and f 5. = 10 kHz.
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velocity maximum producedby a plasmaactuator alsowas proportional to Vgpzpz.
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 Va7p:p2- 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 charge build-up in the a.c. cycle.
Sincethe light intensity had beenshawvn to correlate with current, this would
indicate that the dissipated power of the plasma has the same proportionality
to the voltage. Again a comparisonof the plasmamodel behavior descrited in

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

ELECTRO-STATIC MODEL

3.1 Mathematical and Numerical Formulation

The rst approad to explainthe 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 rolesin 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 10°-10° m/s basedon an electron
temperature of 1000-1000K [64]. This signi cant di erence in the characteristic
velocity time scalesallows oneto decouplethe problem into separateparts asso-
ciated with (1) the plasmabody force formation and (2) the uid ow 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 ow
problem will be presened.

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

this chapter dealswith the numerical formulation and solution approad.
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3.1.1 Electro-static Model
3.1.1.1 Governing equationsfor electro-static problem and body force

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

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

I Z

. @
A dr= T+ — dS: 3.1
] @ (3.1)
S R yi
@
Edr= —ds;
@
t z
DdS = \V;
|
BdS = O

where H is the magnetic eld strength, B is the magnetic induction, E is the
electric eld strength, D is the electric induction,  is the electric currert, and

¢ Is the charge density, while L is the contour of integration, S is the bounding
surface of the volume V. These Maxwell's equations (3.1) can be rewritten in

di erential form as

@
IH = —_— 3.2
culFl = T+ g (32)
@
IE = -
cur @’
divD =
divB = O

It canbeassumedhat the chargesin the plasmahave su cien t amourt of time

to redistribute themsehesin the region and the whole systemis quasi-steady In
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this case the electriccurrert, T, the magnetic eld, H, andthe magneticinduction,
B, are all equalto zero. In addition the time derivativesof the electric induction,
%, and the magnetic induction, % are equalto zero. With this simpli cation,
only one of the Maxwell's equationsis left (3.2) to descrike the given system of

chargeswith chargedensity ., that is
divD = (3.3)

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

strength, E, through the dielectric coe cient, ", as
D="E: (3.4)

The dielectric coe cient is a generalproperty of the media. By de nition, if an
electric potertial, ' , is known asa function of spacecoordinatesthen it is possible

to compute an electric eld strength, E, by
E= " (3.5)
Substituting equations(3.5) and (3.4) into equation 3.3 givesthe following

r¢r')= = (3.6)

0
To examinethe behavior of the chargesin the electric eld, we considera
simple casewhen the electric eld is acting along somedirection s only. Let us
supposethat the electric eld is acting on the chargesas shovn 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 %+ 8 uS:an %; (3.7)
where m is the massof the ion particle, n is the number of the particles in the
plasmagas, u, is the velocity of the plasmagas, 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 (@@ = 0), and that velocity gradierts
can be ignored, the left side of the equation (3.7) vanishes. Substituting for
pressurethe gradiert r p which for an isothermal gas,r p = k,Tr n, wherek is

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

number of the particlesin the plasmagas,we obtain

gnE = ka%: (3.8)

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

the chargeq= e, wheree is the charge of the electron. Applying equation (3.5)

to the one-dimensionaklectric eld, E = %, equation (3.8) becomes
@ _ kT @
e— = ——: 3.9
G n G (3.9)
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The solution of equation 3.9 is the Boltzmann relation

kT

n = ngexp (3.10)

whereng is the number of the moleculeghat are separatedinto ions and electrons
by the electric eld, which is the so called badkground plasmadensity.

It can be seenfrom equation (3.10) that the charged particles have a larger
conceftration in the regions of the high electric potertial. According to this
equation, their density deca/s exponertially. Without loss of generalily, these
results can be extendedto the two-dimensionalcase.

The net charge density at any point in plasmais de ned as the di erence
betweenthe net positive charge producedby ions and the net negative charge of
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 themsehes, we obtain
c=e(n N en —+ o — ; (3.11)

whereT; and T, are temperaturesof ion and electron species,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')= iz (3.12)
D
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where p is calledthe Debye length, which is the characteristic length for electro-

static shieldingin a plasma. The Debye length is de ned as

N[

en, 1 1
= — —+ — ; A
D kT KT (3.13)

The free chargesin the plasma are shieldedout in a distance given by the
Debye length (3.13). The Coulonb force betweenthe particles in a plasma (in-
teraction between oppositely charged particles) is thus shieldedby the mobility
of free charges,and so is reducedin range from 1 to o. The higher the
temperature of the particles, the more mobility they have, and the greateris their
range. When the density n. of electronsis high, the Debye length shrinks.

The Debye shieldingis valid if there are enoughpatrticles in the charge cloud.
The criteria for this is the dimensionlesplasmaparameter, , that characterizes

unmagnetizedplasmasystems,de ned as

1
wl b

B Ne: (3.14)

If the plasmaparameteris

1; (3.15)

then it meansthat the plasmais weakly-coupled,and the Debye shieldingis valid.
For the plasmasof consideration,the Debye length is appraximately 0:00017m
and the density of the charged particles is on the order of 10'® particles/m? [64].
In this casethe criteriais = 3:5 10°. Thereforethe equation (3.15)is satis ed,

indicating that the assumptionof the Debye shieldingis true.
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The equation of electro-staticsis solved in the domain shavn in Figure 3.3.

The value of the electric potential is set on the electrades

" lelectrodes ' o (3.16)

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

\in nit y", wherethe electric potential, ' , is equalto zero

" Jouter boundary= ©: (3.17)

The solution of the electro-static equation (3.12) is the electric potertial ' .
The electric eld strength E is related to ' through EQ.(3.5). If we assumea

valuefor p, then . canbe found as
c= ot (3.18)
D

Becausethere is an electric eld in the plasmain regionswherethere is alsoa
net chargedensity, there will be a force on plasma. The electric force acting on a

singlechargeis given by Lorentz equation,
f, = gE: (3.19)

Thereforethe forcedensity that actson a cortinuoussystemof chargeswith charge

density ., canbe written as

fi= E= '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 certered secondorder scheme.

We rewrite the governing equation (3.12) as

1 n 1 1 1.
re +r'r' == (3.21)
D

A standard de nition of gradiert (") function is

r= @@h @@j‘+ gﬁ; (3.22)

which givesus the following form of the governing equation:

"@l +"Cél +@@+ @Q
@ @ @@ e

1 L}
= (3.23)
D

To solwe 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

" Z@I " 2@5l "
@ ver

=+

+@2 @+ "
@* @

Q@

<N

yy

1
% = —%': (3.25)

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

usecertered di erences:

@ i+1] i1

- = — - 3.26
o 5 (3.26)
Q — I ihj +1 I i1

@ 2 ’

@ _ iy 29t

@2 - 2 '

@I _ Ii;j+1 2Iij+llj 1

@2 - 2

Finally, we get an equationin the form:

Aivij i+t Bi 15" i 1+ Cijer ij+1+Dijy 15 1= By (3.27)

where numerical coe cients A, B, C, D and E are the known coe cien ts of the

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

n 2 " % )%
- X + XX + . )
A 2t 3 > (3.28)
n 2 " % )%
- X XX .
B=— 3 > (3.29)
n 2 n % 5
R A ) : _
C 2t 5 > (3.30)
n 2 n % 3
D= _Y yy : 31
Bl (3.31)
n 2 n 2 1
E=2—%+2—5+ 5 (3.32)
D

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

become

Y] =( 1,0); =0~ 1
=01 0= 1

J= 2= 22= 0
"= = 22= 0 (3.33)
' j=( 2;2); = 2— 0;

"o 22 2= 0;

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

dure.
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3.1.2 Flow Problem
3.1.2.1 Governing Equations for Flow Problem

The governing equationsfor the uid ow problem that we have selectedare

the unsteady 2-D Navier-Stokes equationsin primitiv e variables. In dimensional

form theseare given by

1
e %*V%: & g“f 52“2 +00 (334)
1
vt+u@+v@: @+ _@v2+@v2 N
@ Q@ Q@ @z @
wherex and y are the Cartesian coordinatesand ( ) denotesdimensionalterms,
and ) and f’ are componerts of the body force in the x and y directions
respectively. The body force, f}, comesinto the equationson the right hand side
as a solution of electro-static problem, point by point.

We de ne the stream function, , as

@
= — 3.35
u a (3.35)
V- @
&
and the vorticity, ! , as
T 7 K
- _ = _ . @ a
|_rv_@@@@@ﬁ_@@k, (3.36)
u v w
., .@ @_@ @
e @ @ @°
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Transformingthe governing equations(3.34) into the streamfunction-vorticity

form, we obtain

@ @e@ e@ee@e _ @ @ Lo’ o).
@ @& @@ @z @ @ @
gz+%2 = 1 (3.37)

We nondimensionalizeit using the free stream velocity, U; , and characteristic

length, L, as
_X,_y ..t
YT T s
U
|:_L1! - = LU, (3.38)
L L
— . — £ :
f(x)—fb @,f(y)_fb @

Finally, we obtain the stream function equationin nondimensionalform,

and the vorticity equation,
@+ @@+ QQ: 1 ! + @' + @» @Y. (3.40)
@ @@ @@ Re @ @ @ @ '

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. Rectangular computational domain with solid boundaries.

boundariesA, B, C, andD. 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

@ .8 _

@ @ y - : 1;j: (341)

Along the surface,the stream function is constart, and its value is speci ed as
1j = 0. Then, along A,
& ji= O; (3.42)
and equation (3.41) is then reducedto

@z ju= e (3.43)
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To obtain an expressiorfor the second-ordeerivative in the equation above,

we utilize a Taylor seriesexpansion

_ @ . @ . ( x?
2j = 1;j+@11;j X+@211;j 5t

Thereforealong boundary A

Vij = Q jij= 0

@

Therefore,the streamfunction at the point just above surfaceA is

2
2j = 15t gz 1 ( ;) +0O( x)%
from which
@ 2( 2 1) +0( x):

@ T (w2

(3.44)

(3.45)

(3.46)

(3.47)

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

vorticity at the surfaceA which is

| __2( L 2;j).
L —( x)2 .

(3.48)

A similar procedureis usedto derive the boundary conditions at boundaries

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

| o — @ : o 2( I M;j IMMl;j)_
iMoo T @2 J|M;J_ ( X)2 '
| _ @ P 2( i1l i;2)_
LI @2 Jl;l_ ( y)2 ’
1. — @ P — 2( i;J M i;JMMl).
I M - —@2 ]|;J M= ( y)2 .
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As it was shown in [6], the rst-order expressionfor ! ;.; often gives better
results than higher-order expressions.Although higher order implemertation of
the boundary conditionsin generalwill increasethe accuracyof the solution, they
often causeinstabilities in high Reynoldsnumber o ws. Thereforewe have elected

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

3.1.2.3 Model Problem

Following the experimerts by Post [61], in which plasmaactuatorswerelocated
on an inner surfaceof a closedbox, we considerthe ow in a closedbox with no

slip and no penetration conditions on all walls:

Vwall

After nondimensionalization,the boundary conditions become

Upall = O (3.51)

Vwall = O

For the previously intro ducedstreamfunction (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,

@
—_— = 0 3.53
@ (3.53)
@
= = 0,
@
which can be written in a short form as
@
—_— =0 3.54
@ (3.54)

wheren is a vector, normal to the wall.

The vorticity 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 discussedn Section3.3.

3.1.2.4 Numerical Formulation of Flow Problem

The vorticity transport equation (3.40) s discretizedusing Forward Time Cen-
tral Spacemethod. In this method the time derivative is appraximated by a
rst-order forward di erence expressionwhereassecond-ordercertral 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 conserative form of the vorticity
transport equation, the convective terms are approximated with forward and bac-

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

¢! R IR VI B i i i Lt
t 2( ) Xi+1 X 2( ) Xi X1
2 yj +1 yj 2 yJ yJ 1
T Re(xp x 9 x+1) "YW X HiH T
Re(y, y 02(;+1) " *° " 77 IR

+fi);(j+1 fi);(j 1 fiyl;j fi¥+1:i. (3.55)
Yisr Y1 X Xin

where ¥ =X and [ = %

If uis positive, a backward appraoximation must be utilized. Thus,  is set
equal to one. If u is negative, a forward approximation is used and therefore
« IS setequalto 1. The sameanalogy is applied to v and the correspnding
coecient . The upwind formulation allows the information to be corvected
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-Seideformulation for this equation gives

w1 PR i o
ik;jl_2(1+ 7) P+ 7 e AT ) s (356)

where = —§

The numerical procedureconsistsof the following steps:

1. Specify initial valuesfor! and attimet = 0;
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8.

. Specify valuesfor the body force, f}, in the domain, which are given as a

solution of the electro-static problem;

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

. Solwe the vorticity transport equation (3.55) for ! at ead interior grid point

attimet+ t;

. Iterate for new valuesat all points by solvingthe streamfunction equation

(3.56) usingnew! 's at interior points;

. Find the velocity componerts fromu = andv = « in discreteform;

. Determine valuesof ! on the boundariesusing! and valuesat interior

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

Return to Step 4 if the solution is not corverged.

The vorticity transport and the stream function equationsare soled by the

numerical shhemedescriked with boundary conditions as discussedpreviously

3.2 Results

3.2.1 Body Force Results

The aeradynamic plasmaactuator's con guration usedin experimerts [20, 21,

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

other which is completely encapsulatedby a dielectric material. The electrades

are placed in an asymmetric arrangemen showvn in Figure 1.1, that leadsto a

predominart electric eld direction.

To model this particular con guration, the electro-static equationis solved in

a squaredomain with asymmetric electrade con guration separatedby a3 10 2
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inch thick Kapton dielectric layer (" = 2:8) located in the certer of the domain.
The air has a dielectric coe cient closeto the value given for a vacuum," = 1:0.
The con guration is shovn on Figure 3.3. The value of the Debye length  is

0:001inches,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 proceduredescriked in Section3.1.1.2. The boundary conditions that
were given by Eqg. (3.16 - 3.17) are given as the normalized potertial on the
exposed(upper) and encapsulated(lower) electrodes,namely
" Jupper electrade™ 10
" Jlower electrade™ 10 (3.57)

(3.58)

On the outer boundaries,which are far from the electrade, the electric potertial

is zero, namely

" Jouter boundary= 0:0: (3.59)

The error parameter was de ned as the maximum absolute di erence in the
electric potertial variable in two consecutie pseudo-timesteps. This is given as
ERR = max(' ™" " ) (3.60)
In the presen calculations,it wasconsideredhat the corvergencevasadieved
when ERR was lessthan 10 . Sud a low value was chosento have su cien't
accuracyfor body force calculations.
As it had beennoticed in the experimerts, the plasma exists only above the
encapsulatedelectrade, appearing asthe blue glow. That is the region wherethe

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

In all the other sub-regionsof the computational domain, the electro-staticswere

56



modeled by the Maxwell's equation with zero charge density, namely
divD = 0 (3.61)
In this form, the Maxwell's equation becomeghe Laplace equation
rr')=0: (3.62)

Analyzing the electro-staticequation (3.12), it canbe noticed that the charges
are expectedto 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 cient. The smallerthe Debye length, the narrower that region
located near the electrade and dielectric surfacebecomes.

To resole the electric eld in this narrow surfaceregion, the Robert's stretch-
ing [6] wasusedin the vertical direction, clusteringthe grid lines nearthe surface.

The equationfor the location of the wall-normal grid points is

hy(y+1) (y DICy+ Dy, 1I'g.
2 [( y + 1):( y 1)]1 y +1 ' (363)

y:

whereh, is the sizeof the domainin the y direction,  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 performedin the horizontal di-
rection, X, in order to cluster grid lines near the inner edgeof the electrodesto
resohe the electric eld in the region where the plasma existed, and where the

body force coupledwith surrounding neutral air. The stretching formulation is
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given as
_ 1 X
= Gt D) G DG+ D 11 g, (3.64)
2 [(«+D=(x I "+1

where hy is the size of the domain in the x direction, and  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 shovn on Figure 3.4. A zoomed-in view of the grid near the
electradesis showvn in Figure 3.5.

In its mathematical formulation, this problemis very similar to the heat trans-
fer problem, in which the temperature variable plays the samerole asthe electric
potertial in electro-statics. The dielectric coe cient " is similar to the heat trans-
fer coe cient k.

The result of the electric potential computations is preseed on Figure 3.6
showving the magnitude of the electric potential in the computational domain as
a function of the spacecoordinates. Referring badk to Figures3.4and 3.5,Y is
the direction above and below the electrades, X is the direction parallel to the
electrades. The constart potertial is seento exist on the electrodesasspeci ed by

the boundary conditions. The potential decass rapidly in spaceo the electrades.

A zoomed-in view of lines of constart electric potential near the inner edges
of the electradesis showvn in Figure 3.7. Mathematically, theselines of constart
potertial are similar to the iso-thermal lines in the heat transfer problem. The
linescircle around the electrades,and the isolinesof a higher electric potertial are
closerto the upper electrade, while the low electric potential isolinesare clustered
near the lower electrade. 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 resole electric eld and body force near the
electrades.

in the air over the covered electrade, which distorts the electric eld linesin that
region.

The enlargedview of the region closeto the inner electrade edgesindicates
that there are large gradierts in the electric potential that are produced by the
electrade geometrythat producea largeelectric eld strength E. The electric eld

correspnding to the potential eld lines shavn in Figure 3.7 is shovn 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 resole electric eld and
body force near the electrades.
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Figure 3.6. Electric potential ' asa function of spacecoordinates.
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Figure 3.7. Lines of constart electric potertial nearinner edgeof
electrades.
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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
electrade.

The body force calculated as given by equation (3.20) is presermed on Figure
3.9. Note that the body force only existswherethe free chargesare presen in the
air. This is only over the covered electrode. Everywhereelse,the body force is
zeroby de nition.

The enlargedview of the body force vectorsin Figure 3.9 gives a somewhat

distorted view of the extert 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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0.4}

Figure 3.10. Body forceon the uid ow scale.

trode arrangemen In actuality it is localizedto being very closeto the dielectric
surface,in the Debye region. This is shavn in Figure 3.10.

Figure 3.10would indicate that the body force vectors have signi cant mag-
nitude ewerywhere above the insulated electrade, and that they are primarily
directed downward.

The body force vectors were used in the Navier-Stokes ow simulation for
the conditions of the actuator placed on the lower wall of an enclosedbox with
zeromean ow. This con guration simulates an experimert by Post [61]. In the

simulation, the body forcewasimpulsively started, similar to the Post experimert
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Figure 3.11. Incorrect ow resulting from non-weighted body force. The
largest velocity vector correspndsto jVj = 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 force vectorsshown in Figure
3.10indicatesthat the impulsive start resultsin a starting vortex with a circulation
in a clockwisedirection. In fact, the Post[61] experimert indicated that a starting
vortex occurredin the courter-clockwise direction, opposite of the simulation.

The answver to the discrepancycomesby noting that the body force is per
volume of plasma. Figure 2.4 shaved that the light intensity from the plasma
actuator was not uniform over the covered electrade but was a function of the
distancefrom the edgeof the exposedelectrade. In addition, it wastime dependent
sweepingout over the coveredelectrode during the a.c. cycle. This wasillustrated
in the space-timemapsof the light emissionthat were presetied in Figures2.8to
2.14.

As a result, the time-averagedvolume of plasmadecreasesvith distancefrom
the edgeof the exposedelectrade. The static analysisusedin obtaining the body
forcein Figure 3.10did not accoun for the decreasan 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 3.12shavsa t to the spatial illumination that was

usedasa spatial weighting function, w(x), where

w(x) = e *=0:0127; (3.65)

This wasthen usedto correct the spatial variation in the body force as

foOcy) = f06y) w(x): (3.66)

67



Normalized light intensity

S experiment, Vapp = 5kV, fac = 5kHz

— exponential fit, y = g X/0.0127

o
Ul

position, mm

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 3.9is shavn in Figure 3.13. The weighting, which is the
strongly decging exponertial function, quickly suppresseshe body force vectors
at distancesaway from the edge of the exposedelectrade. The result is that
only the body force vectorsnearthe edgeof the exposedelectrade are signi cant.
Thesevectors have a componert that is directed along and away from the upper
electrade. Simulations to follow will shawv that impulsively starting this weighted
body force will result in a starting vortex that will produce courter-clockwise
circulation that agreeswith the experimertal obsenations.

After a weighting function hasbeenapplied to the body force as

fR06y) = fo(xy)  w(x); (3.67)

wherew(x) is the weighting function, the resulting body forceis shavn in Figure

(3.13). This body forceis the forcethat comesinto the Navier-Stokes equations.

3.2.2 Flow Problem Resultswith Spatially Weighted Body Force

The equationsfor the ow in stream function and vorticity 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 ow solution grid point-by-point, without any
interpolation. The solution grid is shavn in Figure 3.14.

The streamfunction and vorticity equationswere solved numerically usingthe
procedurethat was described previously The actuator is locatedat X =0 and the
domain of the body forceis0to 1in X and0to 2in 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 nax and Ypay,
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 1CP.

In the solution of equation (3.39) the error parameterwasde ned asthe maxi-
mum absolutedi erence in the streamfunction variable in two consecutie pseudo-
time steps,namely

ERR=max( ™" §) (3.68)

Cornvergencewas consideredto be achieved when ERR was lessthan 10 6. At
this level of corvergence,the corvergenceon vorticity given as the maximum
di erence betweentwo consecutie pseudo-timesteps
ERR=max(! ™ I} (3.69)
was on the order of 10 1°.
The boundary conditions were chosenas stated previously as no slip, no pen-

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

conditions:

Ujio= O (3.70)

Viji=0= 0

In orderto simulate the impulsively started plasmaactuator in the experimerts
by Post [6]], the spatially-weighted body force was introduced into the stream
function and vorticity equationsas a step function. This is illustrated in Figure
3.15.

Having no external ow in the simulation, the actuator body forceis the only

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

body force has beenswitched on is shovn in Figure 3.16. This shows a starting
vortex that has a circulation in the courterclockwise direction. The simulation
at a slightly later time of 1:25 ms is showvn in Figure 3.17. This shows that the
starting vortex hasstrengthenedand expandedwith the certer further away from
the wall.

As mertioned, the simulation was intendedto compareto the experimerts of
Post[61]. Her experimert involved placing a plasmaactuator, with an asymmetric
electrode arrangemen that wasidertical 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
ow. Velocity measuremets were madeby her using PIV system. A photograph

and a sdhematic of her experimert is shovn in Figure 3.18.
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Figure 3.16. \Starting" vortex near actuatorsat t = 0:25ms. The largest
velocity vector correspndsto jVj = 1.5 m/s.
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Figure 3.18. PIV setup by Post [61].

Figure 3.19. PIV lasertrigger setup by Post [6]].
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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 3.22. Dewveloped jet owat T! 1 , PIV resultsby Post [61].

Post useda trigger signalon the PIV laserto capture the velocity eld at cer-
tain time delays following the impulsive starting of the actuator. A sdhematic of
the lasertrigger timing is shavn in Figure 3.19. Shethen obtained ensenble aver-
agesof the velocity eld generatedby the impulsively started actuator. Examples
of thoseare shown in Figure 3.20. The actuator is locatedat x= 26 mm.

The experimertal results correspnd to time delays of 2, 12, 35 and 60 mil-
liseconds. Theseshow the initial dewvelopmert of a starting vortex with courter-
clockwise circulation. As time progressesn the experiment, the starting vortex
grows in sizeand convectsto the right in the positive x-direction.

Quialitativ ely the velocity eld obtained in the simulation, shavn in Figures
3.16and 3.17,looks similar. The sizeof the spatial domain of the simulations is
appraximately 6 by 6 mm. Thereforethey are showing the starting vortex at a
very initial stagewhich is closestto the smallestexperimertal time delay shovn

on the top plot in Figure 3.20.
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The solution for the ow eld a long time after the actuator was impulsively
started is shavn in Figure 3.21. The result from the experimert of Post [6]]
is shavn in Figure 3.22. Both show that the ow is drawn down towards the
actuator and then acceleratedaway from the actuator in the direction from the
upper to the lower electrade. The size of the spatial domain of the simulation is
only about one-terth of the experimertal domain in order to focuson the region
closestto the actuator. Howewer qualitatively at least, the vector eld is very
similar, indicating that the electro-static model for the actuator body force vector

is reasonablygood.

3.2.3 Flow Problem Resultswith Temporally-spatially weighted body force.

Looking more closelyat the light intensity results from photomultiplier exper-
imerts, it can be noticed that the volume of plasmaat any spatial location was
very dependert on time within the a.c. cycle. For example,closeto the edgeof the
upper (exposed) electrade, plasmalight illumination intensity increasedlinearly
with time in ead half of the a.c. period. This is evidert in the light intensity
contours that were shavn 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 accoun for the time dependenceof the ionization.

The temporally-spatially weighted electro-staticbody forcewasrepreseted by
the form

fLOcy) = fL(xy) wx) a(t) (3.71)

wherew(Xx) isthe previouslyde ned spatial weighting function, and a(t) represets

the linear temporal growth obsened in the experimerts. The total space-time
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Figure 3.23. Magnitude of the space-timeweighing function usedon the
electro-static body force for one half of the a.c. cycle.

weighting function , w(x) a(t), is presered in Figure 3.23for one half period of
the a.c. cycle.

The results of the numerical simulation for the ow generatedby the actuator
on the bottom wall in a rectangular enclosurewith the addedtemporal weighing
on the body force is qualitatively similar to previous casewith only the spatial
weighting. When the actuator wasimpulsively started it produceda similar start-
ing vortex with courterclockwise circulation that growsin sizeand corvects away

as before. At large solution times, the ow near the actuator again becomesa
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Figure 3.24. Method for introducing space-timeweighing of
electro-static body force during time-stepsof the Navier-Stokes solver.

steady tangertial wall jet in the direction towards and away from the covered
electrade.

To comparethe two casesf the two typesof weighting on the body force, the
long time steadysolution wasconsidered.In particular, wall-normal pro les of the
x-componert of velocity were compared.As a rst stepin comparingthe pro les,
the distance from the actuator where the ow was self-similar was determined.
An exampleof this for the casewith only spatial weighting for the steady (long-
time) solution is showvn in Figure 3.25. Herethe pro les weretaken at di erent x
locationsin 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. Theseare
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de ned in the following.

Unorm = U (3-72)

Focusing on the normalized pro les in Figure 3.25, we obsene that by the
fourth location away from the actuators, the pro les beginto fall onto a single
curve. This is particularly evidert in the lower part of the proles up to the
height correspnding to Uy . 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 3.26 shaws the velocity pro les for the casewith only spatial weighting
of the body force. The pro les for the casewith space-timeweighing are shavn
in Figure 3.27. Both of theseshaw the character of an acceleratingwall jet. The
outer part of the pro le, abovey = 1 cm, hasnegative velocities due to reverse
ow producedby a ow recirculation in the box that wasinducedby the actuator.

One of the things that canbe easilynoticed on 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 indicatesthat the
time responseof the ionization is signi cant to the performanceof the actuator.
It suggestghat the performancewould increaseif the a.c. frequencyis increased.
This is an aspect that will be examinedwith the lumped-elemen circuit model in

a sectionto follow.
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Figure 3.25. x-componen velocity pro les normalized by maximum
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downstream of the simulated actuator with spatial weighting of the body

force and the steady (long-time) solution.
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Figure 3.26. x-componert velocity pro les takenat X = 0:5938for
di erent times following the impulsive start of the actuator body force.
Body forceis spatially weighted only.
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Figure 3.27. x-componert velocity pro les takenat X = 0:5938for
di erent times following the impulsive start of the actuator body force.

Body forceis spatially-temporally weighted.
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Figure 3.28. Maximum x-componert velocity asa function of time for

impulsively started actuator body force. Star indicates rst-order time
constart correspnding to where g>— = <.

The temporal responseof the ow can be characterizedby its responseto the
impulsive (step) start of the actuator body force. To illustrate this, the maximum
velocities form Figures 3.26 and 3.27 as a function of time were plotted in Figure
3.28. This indicatesthat the maximum velocity of the o w inducedby the actuator
reades an asymptote after long time. If we considerthis to be a rst-order
responseto a step input, the time constant correspnds to the time when the

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

the star symbol in the gure.
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We obsene that the time constart for the ow responseis the samevalue
for the two initial conditions. Although theseinitial conditions were obtained by
using di erent weighting on the body force, they are essetially only di erent by
the amplitude of the step input. Thereforewe expect the time constart to be the
samefor the two trials with di erent initial amplitudes. The valueof = 0:01s
suggestsa frequencyresponseof 100Hz. This result for the time constart value
correspndswell to the result from the experimert 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 succes®f the simulations in this
sectionwere due to experimertally determinedionization in spaceand time that
correspndsto a particular a.c. frequencyand amplitude.

To illustrate the problem, if one would usethe electro-static model with dif-
ferert input voltage amplitudes, the dimensionlessplasma body force would be
[76]

fo= T (3.73)

where is the dimensionlessscaling parametergiven as

noa 2

0o .
TJ?%. (3.74)

As before' ¢ is the amplitude of the electrade potertial, U; is a characteristic
uid velocity, and ; is a characteristic uid density. Equations(3.73) and (3.74)
suggestthat the plasma body force will increasequadratically with the input
voltage amplitude, namely

fb V2 .

2 (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 forceis usedwith the ow solver, the maximum induced
velocity is found to increasein proportion to the squareof the applied voltage.
This is shawn in Figure 3.29,in which Una V3,

The problem with this result is that it cortradicts all of the experimenal
obsenations where the thrust force producedby a plasmaactuator [20 and the
maximum velocity inducedby the actuator [61] were obsenedto increaseasvgfp:pz.
The di erence in the voltage dependencecan be explained by the fact that the

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

dielectric or changein 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 accoun

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-
sened in the previouschapter, two di erent lumped-elemen circuit modelswere
examined. The purposeof the lumped elemen circuit approad was to accour
for the fact that the basicactuator con guration is a capacitive elemen (two elec-
trodesseparatedby a dielectric layer). In addition, the air is a resistive elemen
that haspropertiesthat depend on the degreeto which it isionized. Starting with
this basicformulation, two typesof lumped-elemeh modelswere considered.The
rst is a temporal model with a xed number of circuit elemens. The secondis
a space-timemodel that usesa large number of elemeits and can determine sut

featuresasthe plasmamaximum extert and sweepvelocity a priori.

4.1 Spatial Lumped-Elemen Circuit Model

4.1.1 Mathematical Formulation

The spatial lumped-elemeh model usesa xed number of circuit elemerts to
represenh the actuator and air. This method was rst suggestedby Enloe [17].
The model, shovn in Figure 4.1, consistsof a number of capacitive elemets, and

a single resistive elemen, represeting the plasma. Eac of this elemelts varies
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in time as the plasmadischarge ewlves throughout the AC cycle of the applied
voltage.

The exposedsurface of the dielectric also plays a critical role in the circuit
dynamics. Even before the air ionizes, the dielectric surface commnunicates the
potertial chargefrom the covered electrode. When the voltage potential is large
enoughto ionize the air, the surfaceof the dielectric collects or dischargesaddi-
tional charge. As a result we refer to the dielectric surfaceas a virtual electrade
in the circuit.

Three capacitancescan be establishedin the circuit. CapacitanceC; repre-
sens the capacitancebetweenthe exposedelectrade and the top surfaceof the
dielectric. CapacitanceC, represets the capacitancebetween the top surface
of the dielectric and the encapsulatedelectrade. CapacitanceC; represets the
capacitancebetweenthe two physical electrades.

When the air is ionized, a portion of capacitanceC; is bypassedby the con-
ductivity of the plasma. This canbe accourted for by splitting the capacitanceC,
into two elemerts: Cya, Which is bypassedwhenthe plasmais presen, and Cyg,
which is not. The total capacitanceremains constart throughout the discharge
cycle, namely

Cip + Cig = C; = Const (41)

The samestipulation is madefor the capacitanceC,.

The valuesof the captainciesC,, and C,z can be calculatedas

Con(t) = HOZ;((t) (4.2)
Cxp(t) = M; (4.3)
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Figure 4.1. Spatial lumped-elemen circuit model of a single dielectric

barrier discharge plasmaactuator.
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whered is the thicknessof the dielectric, z is the span-wiselength of the actuator,
"o Is the permittivit y of the free space,L is the length of the encapsulatedelec-
trode, and x is the extert of the plasma. Variablesx, C,5 and C,z are explicitly
identi ed asfunctions of time, t.

Due to the complexity of the electrode geometry calculating the capacitances
Cia and Cyg from rst principlesis lessstraightforward. But an assumptioncan
be madethat theseC;n and C;z are proportional to C,, and Cog, respectively.
Thus

Cia(t) = Caa(t) (4.4)

and

Cis(t) = Cas(1) (4.5)

where is a constart that can be estimated from experimerts. The capacitance
Cs is a constart that is given from the dielectric material properties and the area
of the electrades. it is easily estimated or found from experimert.

As the plasmaexpandsover the dielectric, its resistancedrops asthe conduc-
tance path becomeswider. This variable resistancecan be treated in the model
by making the conductanceof the plasma, G, proportional to the extert of the
plasmanamely,

1 Go

Rp(t): — X (4.6)

Gp(t) =

where Gy is the conductanceof the plasmawhenthe plasmareadesits maximum
extert at X = Xmax. The valueof Gy dependson the geometryof the actuator, and
the density and the temperature of the plasma. The conductanceof the plasma

can be measuredin the experimert.
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Figure 4.2. Sthenatic shaving three node points where voltage is
followed in the circuit in the spatial lumped-elemen circuit model of a
singledielectric barrier discharge plasmaactuator.

To implemert the model, it is necessaryto follow the voltage at three node
points in the circuit asshavn in Figure 4.2: the applied voltage Vs, which appears
acrossthe ertire network, the voltage at the virtual electrade covered by plasma
which is designatedas V,,, and the voltage at the virtual electrade not covered
by plasmawhich is designatedasV,g. Due to the presenceof the capacitancesn
the circuit, it is necessaryto de ne the applied voltage Vap, in terms of its time

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

o Vo! cog! t); (4.7)

whereVj is the amplitude of the applied voltageand ! is its angular frequency
The capacitanceCys is charged and discharged by the displacemen current
owing through the capacitanceC,,. The voltage acrosscapacitor Coz is Vo

which is governed by

dVos (t) _ dVapp(t) Cis (1)
d dt Cig (t) + Co(t)

(4.8)
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The voltage at the virtual electrade covered by the plasmadischargeis given by

dVZA (t) — dVapp(t) C1A (t) + I p(t) .
dt dt Cia(t) + Caa(t) Cia(t) + Coa(t)

(4.9)

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

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

Ip(t) = Gp(t) [Vapp(t)  Vaa()]: (4.10)

Starting from the momert of air ionization, the externt of spreadingof the plasma

over the dielectric covering of the lower electrade is given as

dx(t) _

T -V jVapp(t) V2A (t)l ; (4-11)

where v isthe coe cient represeting the increasen the sweepvelocity with the
increasein applied voltageamplitude. The proportionality factor  is empirically
determinedfrom experimerts. In the presen work, = 10% asseenin Figure
2.6. Becausevelocity of the plasmaedgeinvolvesthe absolutevalue of the voltage
di erence acrossthe plasma, the plasma expandsin essehally the same way
regardlessof the polarity of the ionization.

By solving the system of equationsgiven by equations(4.7) through (4.11),
the voltagesat ead node in the circuit, and the physical extert of the plasma
can be determinedasfunction of time. Examplesof theseand the sensitivity they

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

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

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

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

dVag (t) _ dVapp(t) Cig(t) .

i T Cig(t) + Cos(t) @.12)
dVZA (t) — dVapp(t) C1A (t) + Gp(t) [Vapp(t) V2A (t)] .

dt dt Cia(t) + Coa(t) Cia(t) + Coa(t)

From the rst equation,the value of V5 canbe evaluated directly sincethe values
of the capacitancesare known at the time stept. The secondequationis the initial
value problem, which canbe written in amoregeneralcaseof a rst-order ordinary

di erential equationas
dV2A
dt

= f(t; Vaa): (4.13)

This initial value problemis solved usingthe standard IMSL routine IVPAG which
implemerts the Adams-Moultons'smethod [1].

For this IVPAG routine, the time interval was speci ed along with the initial
valuesof the voltage V4. As a solution we get the value of the voltage at the next
time step.

The numerical procedureconsistsof the following steps:

1. Specifyinitial valuesfor the temporal lumped-elemen circuit model at time

t=0;

2. Compute the voltage di erence acrossthe actuator, comparethe value to
the plasmaignition threshold value which determinesthe plasmapresence

on the dielectric surface;
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3. Solwe the lumped-elemen circuit model equations at time t for the non-
ionized air if the plasmais not presen and for the ionized air if the plasma

is presem on the surface;

4. Get the valuesof the voltage on the surfaceof the dielectric Vo5 and Vo at

time t and the extert of the plasmaxt) at time t + t;

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

4.1.3 Results

In the results preseried here, the a.c. input had an amplitude of V,,, = 20
kVp p, and a frequencyf = 3 kHz. The threshold voltage at which the ionization
initiated wastakento be V,, = 2 kV.

There are two unknown parametersin 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. Thesetwo parameterswere estimated by making
comparisonsbetween the simulation results and experimerts. Examples of the
dependenceof the simulation results on thesetwo parametersare shovn by the
voltage tracesin Figures 4.3 and 4.4. This shaws time seriesplots of the applied
voltage, Vapp, the voltage at the dielectric surface, Vo4, and the voltage di er-
enceacrossthe plasma, Vapp  Vaa, for a value of G = 10 4 mho and values of

= 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 applied voltageand 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  Voa, €xceedghe threshold, the air is ionized. As noted
in experimerts presened 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 changein  for a
given value of G. In particular, G has a large e ect on the maximum extert
of the plasma, and therefore, on the value of the plasma resistance. Based on
experimerts, the plasmaresistancefor typical actuator con guration was of the
order of 10 k. This givesa value of G = 0:0001 mho. We obsened that for
G = 10 4 and arangeof from 0:1 to 0:4, the phaseshift and extert of when
the plasmaformed with respect to the applied voltage a.c. period was similar to
what we obsened in experimerts. As an exampleto illustrate this, time traces
of the applied voltage and measuredcurrent passingbetweenthe electradesfrom
an experimert is shovn in Figure 4.5. The currernt 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 currert, the band with the high frequency spikes de nes the period of time
wherethe air wasionized. Comparingthe points in the a.c. period of the applied
voltage where the air was ionized in the experimert to points in the simulation
wherethe voltage di erence is above the threshold shavs a qualitativ e similarity.
We choseto use = 0:2 for the resultsto 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 owing

through the plasma, I ,, and the displacemen currerts in the dielectric capacitive
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Figure 4.3. Voltage time seriesfor = 0:1and = 0:2: applied voltage
(solid line), surfacevoltage (dashedline), voltage di erence (dotted
line), and plasmathreshold (dash-dotted line).
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Figure 4.4. Voltage time seriesfor = 0:3and = 0:4: applied voltage
(solid line), surfacevoltage (dashedline), voltage di erence (dotted
line), and plasmathreshold (dash-dotted line).
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elemen. This is given as

d(C1U1a) N d(CoUzn) N ngVapp.

Ito'[al =1 p + dt dt dt (4-14)

The current owing through the plasmawas given by Equation (4.10). We note
that the displacemen currens in the dielectric capacitor elemens are se\eral
orders of magnitude smallerthan I,. This currert will be usedto determine the
power dissipatedby the plasma.

The plasmais the only dissipative elemen in the circuit. Due to this, the

instantaneouspower P (t) is given as
P(t) = 1p(t) Vapp(t)  Vaa(t)j: (4.15)

The averagedissipated power as a function of the applied voltage is shovn
in Figure 4.6. This is plotted on log axesto 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
consistem with actuator thrust measuremets by Enloe [20] and induced velocity
measuremets from Post [6]] that both shaved a 7=2 power-law dependencewith
the applied voltage.

The total volume of plasmais proportional to the plasmaextert, x(t). The
dependenceof the plasmaextert on the input voltage amplitude has beenexam-
ined in the previously discussedexperimerts. Model simulations were performed
for a range of voltage from 10 kV, , to 40 kV,, ,. Figure 4.8 showns the model
predictions for maximum extert of the plasma.Shavn for comparisonare the ex-

perimertal valuesfrom our experimert and from Enloe et al. [20. All agree
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Figure 4.6. Averagedissipatedpower as a function of the applied voltage
basedon the actuator model.
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Figure 4.7. Dependenceof plasmaactuator maximum induced velocity
(open symbols) and plasmadissipated power basedon lumped-elemenh
circuit model(closedsynbols as a function of applied a.c. voltage.
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reasonablywell. They indicate that the maximum extert increasedinearly with
the applied voltage at a rate of appraximately 1:25 mm/kV. This is important
becausdt hasbeenshav by Enloe et al. [2(] that the thrust of the actuator was
limited if su cien t areaof the coveredelectrade wasnot provided. That minimum
areais a function of the voltage.

The presen model was successfuat estimating the e ect of voltage amplitude

on the body force and power dissipatedby the plasma. In particular, the voltage
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dependenceof the body force was found to agreewith the experimertal obsena-
tions by Enloe [20] and Post [61]. A shortcomingof the model wasthat it needed
someempirically determinedcoe cien ts that were shown in experimertal results
presened in Chapter 2, to be functions of frequency Thus the presemn model is
only valid for the singlefrequency Although, it might be possibleto modify this
model to include a broader set of coe cien ts, the desirewasto dewelop a model
that enbodies more of the physics of the DBD processwithout the need of ex-
perimertal coe cients. The attempt at that model which we term the space-time

lumped-elemeh model, is preserted in the next section.

4.2 Spatial-Temporal Lumped-Elemen Circuit Model

4.2.1 Mathematical Formulation

As it has been shownvn previously the spatial lumped-elemen circuit model
correctly descritesmarny of the characteristics of the SDBD plasmaactuator. By
comparisonswith experimertal results, it wasshown that the model predicts that
the power dissipatedin the plasmaresistive elemen increaseswith the 7=2 power
of the applied voltage. This correlateswith the experimertal results by Enloe et
al. [20] and Post [62] that shaved that thrust and maximum velocity generated
by the asymmetricelectrode arrangemen of the SDBD plasmaactuator varied as
Vanp -

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 encapsulatedelectrade is divided
into N sub-regions.

The space-timelumped-elemen circuit model preserted here is intended to
model the details of of the ionization processto provide predictions of the body
forcefor a range of parameterswithout the needof experimertal calibration. The
space-timelumped-elemeh model follows from the previous model in that the
air and dielectric are represeted as a network of resistorsand capacitors. The
di erence comesn that rather than beingrepreseted by a singleparallel network,
the domain over the coveredelectradeis divided into N parallel networks, sud as
illustrated in Figure 4.9. The characteristicsof ead parallel network dependon its
distancefrom the exposedelectrode. For example,parallel network 1 is closestto
the exposedelectrode and extendsthe shortestdistanceover the coveredelectrade.
Parallel network N extendsthe farthest distance over the coveredelectrade.

Eadch parallel network consistsof an air capacitor, a dielectric capacitor, and
a plasmaresistive elemen asin the previous model. In addition to these,zener
diodeswere addedto set the threshold voltage levels at which the plasmainiti-

ates,and to switch in the di erent plasmaresistancevaluesbasedon the curren
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Figure 4.10. Electric circuit model of a single dielectric aeradynamic
plasmaactuator.

direction, namely from the exposedelectrade to the dielectric, or from the dielec-
tric to the exposedelectrade, that experimerts have shovn to be important. The
N-circuit arrangemet is shavn in Figure 4.10.

The value of the air capacitor in the n-th sub-circuit is basedon its distance

from the edgeof the exposedelectrade. This is given by equation (4.16)

Con = 220 (4.16)

In

where" , is the dielectric coe cien t of air, |, is the represetativ e distanceover the
dielectric surface,and A, is the crosssectionof this air capacitor. The crossection
A, is the product of the span-wisesize of the actuator, z,, and the heigh of
the capacitive elemen, h,. The sthematic of this capacitive elemen is shavn 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 exposedelectrade. It is given by equation (4.17)

|
R,= —= (4.17)

where , is the e ective resistivity of the air.

The value of the dielectric capacitor for ead sub-circuit is similar to the air
capacitanceexceptthat it is basedon the properties of the dielectric material. It
is given by equation (4.18)

_ "0 dAd

Can = 1 (4.18)

where "4 is the dielectric coe cient of the dielectric material, 14 is the thickness
of this material, and A, is the crosssection which is equal to the product of
the span-wisesize of the actuator, z,, and the width of the dielectric capacitive

elemen, d,, 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 are parallel to eat other, and the length of path [,
is proportional to its position number n, then it followsthat the the air capacitance
of the n-th sub-circuit, C,,, is proportional to 1=n, and the air resistanceof the
n-th sub-circuit is proportional to n. Thereforesub-circuitsthat 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 n'" parallel network is given as

dVa(t) _ dVap(t) Can . lon(t)
dt dt Can + Cun "Can + Can’

(4.19)

where | 5, (t) is the time varying currert through the plasmaresistor. The zener
diodein the parallel network hastwo functions. The rst is setting a threshold on
the voltage di erential betweenthe exposedelectrade and the dielectric surface

above which the air is ionized (plasmaformed). In equation (4.19), the diodesare
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represeted by the variable k,. When the threshold voltage is exceededk,, = 1
Otherwisek, = 0.

The secondfunction of the zenerdiodeswasto switch in either one of the re-
sistancegepreseting the plasmaresistancebasedon the direction of the currert,
from the exposedelectrode to the dielectric surfaceor vice versa. This is meart
to represenh the experimertal obsenations that the current and correspnding
plasmaillumination weredi erent basedon the currert direction. The resistance

valuesare designatedas Ry or Ry, (represeting forward or badkward going cur-

rent). The ratio of the two plasmaresistanceaisedin the simulation were E:fb = 5.
This wasbasedon the di erence in the estimatedcurrent obsenedin experimerts.
With this badkground, the currert through the plasmaresistance,l ,(t) is given

as

Lon(t) = Rin[vapp(t) Va(t)]: (4.20)

whereR,, = R,y or Ry, basedon the current direction.

This space-timeformulation of the lumped-elemen circuit model has many
advantagesover the previousmodel. One advantageis that it allows usto specify
the number of the sub-circuits N making up the actuator. Ideally,asN ! 1 ,the
numerical solution should approad the asymptotic solution. As the tests of the
code showved, valuesof N 10% appear to be sucient to capture the essetial
physics. This is shavn in Figure 4.13.

A secondadvantage of this formulation is that it is temporal. Thereforethe
e ect of the a.c. frequencyor wave form can be examined. Dynamics sud asthe

sweep-outvelocity of the plasmacan then be determineda priori.
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4.2.2 Numerical Formulation of Space-TimeLumped-Elemen Circuit Model

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

tions (4.19) and (4.20), can be rewritten as

dVI’l (t) - dVapp(t) Can + k % [Vapp(t) Vn(t)] .
dt dt Can + Cdn " Can + Cdn l

(4.21)

This is a typical initial value problem, and it can be written in generalform as

dvih .. ..

e f(t; Vh); (4.22)
or asa nite di erence equation

Vh = f(t;V,) X (4.23)

This equation is is solved using the standard Runge-Kutta 45 method. In this
method, we made two mid-point derivative ewvaluations, which led us to the fol-

lowing equations:

kp, = tF (™ V"),
1 1

ko = tf (t" + > t; V" + ékl);
1 1

ks = tf (t™+ > t; V" + QkZ); (4.24)
1 1

k4 = tf (tm + é t; Vnm + §k3)1

(4.25)
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and the voltage on the next time step can be calculated from the previoustime

step using the following equation

vl = ym 4 k_61+ k_32+ k—;+ %4+ o( t): (4.26)

This method is implemerted usingthe standard MATLAB function ode45 [5].
In MATLAB the Runge-Kutta routine usesa variable, cortinuously 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 V,, = 0 on the surface of the
dielectric. On ead of the next time stepsthe initial conditionson V, were taken
from the solution on the previoustime step.

Thus, the procedureconsistsof the following step.

1. Calculate the valuesof resistancesand capacitancesn ead of the parallel

networks;
2. Specify initial valuesof the voltage on the dielectric surfaceat time t = O;
3. Specify the time step t;
4. Specify the time interval: [t;t+ t];

5. Solvwethe ODE givenby equation(4.21) usingthe ode45routine in MATLAB

on the speci ed time interval;

6. Ched for the plasma presencein all the parallel networks, if the plasma

is presen in the n-th network, setthe plasmapresencecoe cient k, = 1,
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if the threshold for the plasmaignition is not readed in the n-th parallel

network, then setk, = 0;

7. Calculate the plasmacurrert and setthe resistanceof the plasmadepending

on the direction of the plasmacurren;

8. Reinitialize the initial valuesof the voltage on 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-Elemen Circuit Model

As an example,the electric circuit equations(4.19) weresolved for 100parallel
circuit elemerss making up a SDBD actuator. For this, the applied voltage was
a sine wave with amplitude of 5 kV,, ,, and a frequencyof 5000Hz. In order to
resole the dynamic motions of the plasma,a computational time stepof 8 10 ’
secondswas used. This correspndedto 250time stepswithin ead cycle of the
a.c. input period.

The solution of the model equations gives the voltage on the surfaceof the
dielectric, V,, for eat parallel circuit elemen. An exampleof this for the rst
Vv e circuit elemens, closestto the exposedelectrade, is shovn in Figure 4.14.
We obsene that there is a shift in time of the peak voltage in successi® currert
elemertts. This re ects the sweepout of the plasmaover the dielectric surface.

Figure 4.15 shaws the time seriesin the current through the rst v e circuit
elemerts in the model. Plasmais formed where the currert is non-zero. This

is obsened to occur twice per a.c. period at the time periods when the voltage

116



Voltage, kV
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Figure 4.14. Voltage on the surfaceof the dielectric in the rst ve
sub-circuits (n=1,2,3,4,5) obtained from space-timelumped elemen
circuit model.

di erence betweenthe exposedelectrode and dielectric surfaceexceedsa threshold
level. Again we obsene 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 plasmacurrent is not symmetric during the a.c.
cycle - the current going through the plasmaresistive elemelts is larger during
one half of the cycle than the current goingin 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. Plasmacurrert in the rst v e sub-circuits (n=1,2,3,4,5)
obtained from space-timelumped elemen circuit model.
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and displacemen currerts in the parellel networks, and it can be written as

X
|t0ta| (t) - |pn (t) + d(Cna(Vapp(t) Vn (t))) (4.27)
_ dt
n=1
The chargetransferedthrough the circuit is given by
Z 1
Qtotal = | totar (t)dt: (4.28)
t=0

Integrating the total currernt for onea.c. period, asgiven by Equations(4.27) and
(4.28), we get
Qtotal = O (4.29)

This results signi es the consenration of chargein the system.

As has beennoted previously in the experimerts, the electric currernt in the
plasmarelatesdirectly to the light emissionfrom the SDBD, and thusis an indi-
cation of the volume of the plasma. Thereforeto compareto the experimerts, the
rectied plasmacurrent from the model in time and spaceabove the dielectric-
covered electrade is shown in Figure 4.16. Zero on the spaceaxis correspnds
to the edgeof the exposedelectrode. The time axis is shovn as a fraction of
the input a.c. period. This can be directly comparedto Figure 2.4 that shaved
the space-timevariation of the plasmaillumination. The rectied current from
the model is very similar to the experimertal result. It clearly shavs the largest
current at the edgeof the exposedelectrade and the rapid decgy when moving
away from electrade's edge. In addition, the model simulatesionization occurring
twice during the a.c. cycle, and the di erence in the magnitude of the currert in

the two halvesof the cycle.
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Figure 4.16. Recti ed plasmacurrert for onea.c. period of input
obtained from space-timelumped elemei circuit model.
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Figure 4.17. Contour lines of constan recti ed plasmacurrert obtained
from space-timelumped elemen circuit model.

The sameresult shavn in Figure 4.16is plotted in Figure 4.17 ascortour lines
of the constarnt plasmacurrernt. This againillustrates the good agreemeh between
the model and the photomultiplier experimerts showvn in Figure2.5.

The results from the photomultiplier experimerts and from the space-time
lumped-elemen circuit model can be compared quartitativ ely. There are two
important characteristicsof the plasmadischargethat can be extracted from this
data. The rst is the maximum extert of the plasma over the surface of the

dielectric. The results from the model and experimerts are show in Figure 4.18.
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Also included in the gure are experimenrtal results from Enloe et al. [21]. The
gure shows the extert 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 obsened very good agreemeh betweenthe model
resultsand the experimertal results. The agreemetwith our experimert is better
becausehe model useda dielectric coe cien t for PC board material (glass-exy)
which was usedin our experimernts. The experimerts by Enloe et al. [21] used
Kapton Im which hasa di erent dielectric coe cien t and thickness.

This resultis 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 experimerts by Enloe et al. [21].

Another distinctive feature that can be comparedis the sweep out velocity.
This correspndsto the space-timeslope of the outer edgeof the light intensity
contours. A comparisonfor the plasma sweep velocity betweenthe space-time
simulations and plasmaillumination experimerts are shovn in Figure 4.19. Also
included in the gure are results from the experimerts of Enloe et al. [21]. The
simulation showvsthat the plasmasweepvelocity increaseslightly with the applied
voltage amplitude. The agreemenh with the experimert is very good. The range
of sweepvelocities is from 75to 110m/s.

Another set of numerical simulation has beenperformedto study the depen-
denceof the major plasma characteristics, sud as the maximum plasma extert
over the surfaceof the dielectric and the plasmasweepvelocity, on the applieda.c.
frequency Theseresults were again comparedto the experimertal results. The

comparisonbetweenthe experimertal results and the space-timelumped-elemenh
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Figure 4.19. Comparisonbetweenspace-timemodel and experimert for
plasmasweepvelocity asfunction of voltage.
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circuit model simulation are presened in Figures4.20and 4.21. As it canbe seen
in these gures, the model predicts that the maximum plasma extert over the
encapsulatedelectrode doesnot increasewith the increasinga.c. frequency This
alsomeansthat the plasmapropagation velocity would increaselinearly with the
applied frequency This is consisteth with the experimertal obsenations. The
results obtained from the numerical simulation for the plasmasweepvelocity are

in the range of 75-200m/s and match the experimertal result very well.
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Theseresults are necessaryto obtain the plasmabody force. The solution for
the voltage on the surfaceof the dielectric senesasthe time-dependen boundary
condition of the electric potertial, ' , 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 encapsulatedelectrade, as shovn
in Figure 4.22. The value of the electric potential on the exposedelectrade 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
1
r¢r')=-="' (4.30)
D

is solved as previously describted in Chapter 2.  This is done at ead time step
of the lumped-elemen circuit model to accourt for the time dependenceof the
ionization. The solution of the electrostatic equationis then usedto calculatethe

time-dependen body force producedby the plasma, given as beforeas

f;= E= 'E: (4.31)

The procedurefor the body force computation then consistsof the following
steps:

1. Specify initial valuesfor the Lumped-elemen Circuit Model at time t;

2. Solwe the Lumped-elemen Circuit Model equationsat time t;

3. Get the values of the voltage on the surfaceof the dielectric V, at time t

and the extert of the plasmax, at time t;
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Figure 4.22. Computational domain for calculation of unsteadyplasma
body force.
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4. Setthe boundary conditions for the electric potertial on the dielectric sur-
face\virtual electrade” equalto the voltage valuesV,, and for the electric

potertial on the upper electrade equalto the applied voltage Vapp;

5. De ne the region of the chargespresenceover the surfaceof the dielectric

betweenthe junction of the electradesand the extert of the plasmax,;

6. Sole the electrostatic equation for the electric potertial ' as descriked in

Chapter 3;
7. Calculate the plasmabody force f}, at time t asdescriked 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 asymmetric electrade arrangemen illustrated in Figure
4.22is shawvn in Figure 4.23. This shaws the body force distribution in spaceand
time. It can be noticed that the largest magnitude of the plasmabody force is
near the edgeof the exposedelectrade. From that location the magnitude decgs
rapidly over the surfaceof the dielectric. Recallthat experimerts indicated that
the plasmaillumination decreasecdexponertially. This is consistem with the de-
cay that comesfrom the solution of the lumped-elemen circuit model. It justi es
the exponertial weighting that was usedin the electrostatic model descrited in
Chapter 3.

Another feature that can be noticed from Figure 4.23is that the body force
peaksfour times during onea.c. cycle. This is clearly seenin Figure 4.24where
the maximum value of the body force near the edgeof the electrade 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. Normalized plasmabodyforce magnitude as function of
time and position over covered electrade.

a.c. cycle the electric potertial, ' , is equalto 0 when V,,, = 0, and the electric
eld, E is equalto 0 when applied voltage reacesits 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 correspnding to four peaks
in the body force. This is shovn in Figures4.25- 4.28. This illustrates that the
actuator forcevectoris always in onedirection, from the exposedelectrode towards

the coveredelectrade. Becausehe body force magnitude peaksfour 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 force vector elds are taken.
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Figure 4.25. Plasmabody force vector eld and body force amplitude at
t = 0:2 Tac. The body forceis normalized by the maximum value in
the a.c. cycle.

the a.c. period and two of the peaksare slightly smallerthis might be represeted
as\Push-push-Push-push”for onea.c. period

These obsenations suggestthat the spectral analysis of the body force may
reveal important features of the plasma discharge and also sene as a tool for
comparisonwith the experimertal data. For example,the spectrum results can

be directly comparedto the acousticor accelerometemeasuremets of the plasma

actuator [57].
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Figure 4.26. Plasmabody forcevector eld att = 0:4 T,.. The body

forceis normalized by the maximum value in the a.c. cycle.
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Figure 4.27. Plasmabody forcevector eld att = 0:7 T,.. The body

forceis normalized by the maximum value in the a.c. cycle.
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We performed the spectral analysis of the plasma body force signal shovn
previously in Figure 4.24. The resulting spectrum is shovn in Figure 4.29. it can
be noticed that the dominating frequencyin this spectrum is twice the frequency
of the plasmaactuator. This result is consistem with the body force signal shavn
in Figure 4.24 where the both peaksof the body force are approximately equal.
This domination of the secondharmonic was also noticed in the experimerts by
Porter et al. [57]. In their experiment, the spectrum of the accelerometersignal
showved the dominanceof the secondharmonicin oneof the studied caseq7 kHz),
but not in the other two caseq5 and 6 kHz). This di erence in their obsenations
may be explainedby the transfer to the lamentary regime at lower frequencies
when the plasmabecomesmon-uniform.

Using the space-timelumped-elemen circuit model we were able to study the
e ect that dierent dielectric materials had on the plasma body force. Three
di erent materials were tested with the dielectric coe cients " = 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 these simulations are presened
in Figures 4.30 and 4.31 for the plasmabody force and the power dissipated by
the actuator.

From the body forceresultswe notice that for ead material testedthere exists
the optimal frequencyat which the plasmaactuator output is maximum in terms
of the force produced. This result is consisten with the generaltheory of the
RC circuits. On the other hand, it has beennoticed that the dissipated power
increaseswith the a.c. frequency and readesits 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 4.29. Spectrum of the plasmabody force obtained with
space-timelumped-elemen circuit model.
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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 cient. Our simulations
showved that it shifts from the kHz rangeto the Hz rangefor " changing from 10
to 1000.

The space-timdumped-elemencircuit model shoved excelleth agreemetwith
the experimertal results. It allowed usto calculatethe time-depender volume of

the plasmaover the electrodesduring the a.c. cycle. It also provided an e cien t
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manner for calculating the plasmabody force that could be easily incorporated

into the Navier-Stokes o w solers.
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CHAPTER 5

MODELING OF LEADING-EDGE SEPARATION CONTROL USING
PLASMA ACTUATORS.

5.1 Bacdkground

The maximum lift and stall characteristicsof a wing a ect many performance
aspectsof aircraft including take-o andlanding distance,maximum and sustained
turn rates, climb and glide rates, and ight ceiling [11]. In a 2-D wing, the
maximum achievable lift is ultimately limited by the ability of the ow to follow
the curvature of the airfoil which a ects the pressuregradiert. When the pressure
gradiert becomegoo adverse,the ow separates.In marny casesat extremeangles
of attack, this occursat the leading edge.

One approad to prevent leading-edgeseparationis to increasethe leading
edgeradius. This is the principle e ect of a leading edge ap. An exampleis a
Krueger ap, which consistsof a hinged surfaceon the lower side of the wing that
can extend out and aheadof the wing leading edge. A slotted leading-edge ap
(slat) is the leading-edgeequivalert of the trailing-edge slotted ap. It works by
allowing air from the high-pressurelower surfaceto ow to the upper surfaceto
add momenum to the boundary layer to overcomean adversepressuregradiert,
and prevert ow separation.

Convertional multi-elemert wings and wings with movable corntrol surfaces

sudh asthe leading-edgeslats cortain gap regionsthat are a major sourceof air-
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frame noiseand unsteady structural loading, especially at high de ection angles.
Most of the noiseoriginatesfrom the separated ow in the gapregions. It is also
known that the hinge gapscortribute to as much as 10% of the form drag com-
ponert of the viscousdrag on the wing [11]. In order to improve the aeradynamic
performanceof the wing, it is desirableto either completelyreplacethe traditional
moving surfaceswith hingelesscortrol surfaces,or limit the de ections of moving
surfaceswithout compromisingthe wing's performance. Both thesealternatives
necessitateother approatesfor cortrolling o w separationover the surfaceof the
wing. The following simulation addressesone sud approad by using a single-
dielectric barrier discharge (SDBD) plasmaactuator to cortrol leading-edgeow
separationon the wing in a manner that might potertially 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 experimert on a NACA 0021
airfoil with a plasmaactuator on the leading edge. The experimert investigated
a rangeof free-streamspeedsfrom 10to 30 m/s giving a range of chord Reynolds
numbersof 0:205 10° to 0:615 1CF. Lift and drag measuremets in the experimert
were measuredusing a force balance. Lift and drag coe cien ts were measuredfor
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
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model and the motivation of the space-timelumped-elemeh model, the electro-
static model does not include the spatial variation of the charged air over the
dielectric-coreredelectrode. However we can compensatefor that e ect by adding
an experimertal decy weighting of the body force as discussedin 3.2.2. The
experimertal spatial weighting agreedwell with experimertal obsenations of the
plasmalight illumination presered in Figure 3.12,and the space-timesimulations
presened 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 certer line of the actuator waslocated at the leadingedge(x=C = 0). A
sthematic of the actuator arrangemenm on the airfoil is shovn in Figure 5.1. The
exposedactuator waslocated on the pressuresideof the airfoil, and the enbedded
electrade was placed on the suction side. In order to represen the experimert,
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 showvn in
Figure 5.2.

The boundary conditions werethe sameasdiscussedn the electrostaticmodel
section3.1.1.1. This was a static electric potertial equal to the applied voltage
to the electradesof 5 kV,, . The electric potertial far from the electradesat the
boundariesof the computational domain was set to zero. As before with body
force calculations, the plasmawastakento be only over the dielectric that covers

the electrode. The governing equation for the region over the exposedelectrade
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Figure 5.1. Schematic of the plasmaactuator on the leading edgeof
NACA 0021airfoil for body force computations.
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Figure 5.2. Unstructured grid near leading edgeof NACA 0021 airfoil
for plasmabody force computations.
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Figure 5.3. Computed steady plasmabody force vectors near leading
edgeof NACA 0021airfoil, shovn on structured computational grid used
for ow soler.

was Laplace equation 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')= (5.2)

D.I\.)|

The solution givesthe body force magnitude 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 ow eld. For this, the experimertal spatial weighing (equation (3.65) in

section3.2.1) hasbeenapplied.
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Figure 5.4. Full view of computational grid usedfor the ow simulation
of the NACA 0021 airfoll.

The ow simulation was performed using FLUENT. The structured C-type
grid was meshedaround the airfoil using GAMBIT [4]. The surfaceof the airfoil
was meshedwith 400grid points. There were100grid points usedin the direction
normal to airfoil surface,with a majority 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 ow
simulations is shown in Figure 5.4. A zoomed-inview near the airfoil is showvn in
Figure 5.5.

The governing model equations for the ow were 2-D unsteady Reynolds-
averagedNavier-Stokes (RANS) equations. Our intention was that the ow be

incompressible.In FLUENT, if the densily is de ned using the ideal gaslaw for
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Figure 5.5. Zoomed-inview of computational grid showving grid point
clusteringin the region of the boundary layer.
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an incompressible o w, the solver computesthe density as

— Pop
RT

Mw

(5.3)

where, R is the universal gas constart, M, is the molecular weight of the gas,
and pp is the operating pressure. In this form, the density dependsonly on the
operating pressureand not on the local relative pressure eld.

FLUENT solwesconseration equationsfor massand momernium. The equa-

tion for conseration of masshasthe form
@
@+r ( %) = Sn: (5.4)

Consenation of momertum in an inertial (non-accelerating) referenceframe is
given as[10]
@

g Wrr (w)=r1 prr O+ 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 cortains other
model-dependent sourceterms sud as user-de ned sources. The stresstensor —
is given by

== (rv+rw) gr v (5.6)

a;

where is the molecularviscosity, | is the unit tensor,r ¥ = %i andr " = o

and the secondterm on the right hand sideis the e ect of volume dilation. The
plasma actuator body force is introduced into the momertum 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
Riemanninvariants for a one-dimensionalo w normal to the boundary. For ow
that is subsonic,there are two Riemann invariants, correspnding to incoming

and outgoing waves:
2C;
1

Rl an (57)

(5.8)

wherev, is the velocity magnitude normal to the boundary, c is the local speed
of soundand is the ratio of speci ¢ heats(ideal gas). The subscript1l refersto
conditions being applied at in nit y (the boundary conditions), and the subscript
i refersto conditionsin the interior of the domain (i.e., in the cell adjacen to the
boundary face). Thesetwo invariants can be added and subtracted to give the
following two equations:

w2 = SR+ Ry) (59)
c= Tl(Ri R, ) (5.10)

wherev,, and ¢ becomethe valuesof normal velocity and soundspeedapplied on
the boundary.

At a facethrough which ow exits, the tangertial velocity componerts and
ertropy are extrapolated from the interior. At anin ow face,theseare speci ed
as having free-streamvalues. Using the valuesfor v,, c, tangertial velocity com-

ponens, and ertropy, the valuesof density, velocity, temperature, and pressure
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at the boundary face can be calculated. For the presen simulation, the inow
was setat 35 m/s (correspndingto M = 0:1). The angleof attack was varied by
changingthe angleof the ow at the in o w boundary. The turbulence parameters
were de ned at the far- eld boundary in terms of the turbulence intensity and
turbulence viscosity ratio. The turbulenceintensity of the in o w wassetto 0:1%.
This value correspnds to the maximum value of the turbulence intensity in the
experimerts. The turbulence viscosity ratio was setto be 10. This value was
suggestedn FLUENT documertation for outer ows.

An additional equation for energy consenation was included in formulation.

FLUENT solwesthe energyequationin the following form:

@ X _ |
@un+r(w5+myw ke r T hJ+Ce ¥ +S, (5.11)

wherek. is the e ective conductivity equalto k + ki, wherek; is the turbulent
thermal conductivity, de ned accordingto the v?-f turbulence model, and J; is
the diusion ux of speciesj. The rst three terms on the right-hand side of
Equation 5.11 represen energytransfer due to conduction, speciesdi usion, and
viscousdissipation, respectively. S, includesthe heat of chemical reaction, and

any other volumetric heat sourcesde ned. In Equation 5.11,
E=h =+ — (5.12)
where sensibleerthalpy h is de ned for ideal gasesas
X

h=" Yh; (5.13)
j
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whereY; is the massfraction of speciesj and

Z ¢
hj = Co;j dT (514)

Tref

and T, is 298.15K.

A secondorder implicit formulation was used for time and spacediscretiza-
tions. The SIMPLE algorithm was usedfor the pressure-elocity coupling. This
algorithm usesa relationship betweenvelocity and pressurecorrectionsto enforce
massconsenation and to obtain the pressure eld. In the SIMPLE algorithm, an
approximation of the velocity eld is obtained by solving the momertum equa-
tions. The pressuregradiert term is calculated using the pressuredistribution
from the previousiteration 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 conserative uxes are calculated. A
more detailed description of the SIMPLE algorithm may be found in the Fluent
documertation les [3].

The rst simulation was performedat 0 degreesangle of attack. The ow was
initialized from the in o w boundary. Afterwards, the solution at higher anglesof
attack usedthe previous corverged solution at one degreesmaller as the initial
condition for the simulation.

The iderti cation of vortical structures has been performed using the
technique deweloped by Hussain [36]. In this technique, the eigervalues of the
symmetric tensor S + 2 are considered:hereS and  are the symmetric and
antisymmetric parts of the velocity gradiert tensor r u. The vortex region is

identi ed by the negative valuesof the secondeigervalue, ».
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In planar ow, the velocity gradiert can be written in generalform as
a b
fus @ X: (5.15)

wherea = uy, b= uy and c = vy. Therefore, we get that the S+ 2 matrix in
this casewould be given as

1

0
a2+bc O
ru= %D Si ; (5.16)
0 a’+ bc

and the characteristic equation can be written as
(a?+ bc )@ +bc )=0: (5.17)
This equation hasthe solution
12 = @+ bc: (5.18)
Thus, negative , requiresthat
Uz + uyVy < 0 (5.19)

5.3 Results

During the rst phaseof the simulations, the base o w without ow cortrol
was modeled. The behavior of the lift and drag coe cien ts was taken to be the

cornvergencecriteria for the ow problem. The lift and drag coe cien ts corver-
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gencetime seriesare shavn 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, belonv appraximately 12
degreesthe linear airfoil theory holds and the slope, dd& = 2 . Thereforeat least
in this regionthe solution is known. In addition, the experimertal results for this
airfoil gave an indication of the stall angle of attack.

The v f turbulence model was usedin thesesimulations. This model has
beenshavn to predict the boundary layer separationcorrectly [16]. Our calcu-
lations performedwith the v> f turbulence model shoved decreasdn lift and
increasein drag at 18 degrees.This agreedbest with the experimert. Basedon
thesetests,the v2 f turbulence model was usedfor 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
modelis aturbulence modelthat is valid all the way up to solid walls, and therefore
doesnot needto make use of wall functions. Although the model was originally
deweloped for attached or mildly separatedboundary layers, it also accurately
simulates ows 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 represeting the damping of turbulent transport closeto the wall, a

feature that k doesnot provide.
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Figure 5.8 documertis the baselinecomputations for the NACA 0021 airfoil.
This shows the expectedlift coe cient slope of 0:11 degrees®. The maximum lift
coe cient 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 assharpasin the experimert.

For the secondpart of the simulation, a steady actuator e ect was included
in the governing equations. As descriled earlier,the plasmaactuator was located

at the leading edge of the airfoil. With FemLab, the plasma body force was
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introducedusingthe User-De ned Function Module. For the steadyactuator, the
body forcewasconstart in time. That is its magnitude wasthe sameat eat time
step of the calculations.

The third part of the simulation dealt with \unsteady" plasma actuation.
The previousexperimertal work [12] hasindicated that better o w re-attachmert
would occur by operating the actuator at a periodic frequency The optimum
frequency was found in experimerts to correspnd to F* = fc=Ugs = 1. An
exampleof the unsteadyoperation usedin the experimert is shavn in Figure 5.9.
This switcheson and o the a.c. carrier that ionizesthe air in the experimerts at
a prescribed frequencyand duty cycle. The experimerts found that a 10% duty
cyclewase ective.

In the simulations, the body force was represeted in the discrete computa-
tional time stepsof the time dependert formulation. For example,if 100 time
stepsrepreseted the full period of the actuator at F* = 1, for a 10%duty cycle,
the body forcewould be non-zerofor 10time steps,and zerofor the other 90time
steps. This was implemerted using the User De ned Function Module just like
with the steady actuator e ect.

A sampletest casewasperformedin the still air (Uss = 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
vectorsrecordeda short time after the actuator was started are shovn in Figure
5.10. Note that this is similar to the simulations that weredoneona at surfacein
Figures3.16and 3.170of Section3.2.2. As in the previousexample,the impulsively
started actuator produceda local wall jetting e ect and a \starting” vortex that

is turning courterclockwise. Figures5.11- 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 represetation (b).
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Figure 5.10. Velocity vector eld nearleading edgeof airfoil at
t = 0:00001secondsafter the impulsive start of the actuator. The
largest velocity vector correspndsto jVj = 4:03m/s.

and 0:18 seconddater, respectively. This shovsthe ow sweepingover the leading
edgeof the airfoil. There is still a courter-clockwise circulation assaiated with
the impulsive start of the actuator. The wall jet magnitude in this simulation
readhed a maximum value of 8:37 m/s.

An exampleof the e ect of the plasmaactuator on the ow over the airfoil at
a post-stall angle of attack of 23 degreess considered. The ow over the airfoil
without any actuation is showvn in Figure 5.15. This shows a large separation
bubble that starts from the leading edgeand extendspast the trailing edge.The
streamlinesshaow a large circulation indicating ow reversal over the airfoil and
into the wake. This is supported by the , = 0 cortours which shav the large

separation structure. The streamlineslook very much like the streamline pho-
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Figure 5.11. Velocity vector eld nearleading edgeof airfoil at t = 0:02
secondsafter the impulsive start of the actuator. The largest velocity
vector correspndsto jVj = 8:34 m/s.

tographs of similar airfoils at post-stall anglesof attack sud as those by Post
[61].

In cortrast to the casewith the actuator o, Figure 5.16 shows streamlines
for the sameangle of attack (23 degrees)with a steady plasmaactuator on. This
showvsthat the ow is attached at the leadingedge,leaving only a smallertrailing
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 ow is still attached at the leading
edgeof the airfoil asit is shavn 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 separationbubble appearsto be shorter
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Figure 5.12. Velocity vector eld nearleading edgeof airfoil at t = 0:06
secondsafter the impulsive start of the actuator. The largest velocity
vector correspndsto jVj = 8:36 m/s.

than the oneduring the steadyactuation. This agreeswell with the experimertal
obsenations [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 cient versusangleof attack and lift-drag polars. Theseare shavn
in Figures5.18and 5.19. The drag polar and the lift-to-drag ratio are shavn in
Figures5.20and 5.21. In generalboth the steadyand unsteady plasmaactuators
signi cantly increasedthe stall angle of attack.

The experimertal results obtained at a slightly lower free stream speedof 30
m/s are presetted in Figure 5.22. Overall, they are shoving 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 nearleading edgeof airfoil at t = 0:18
secondsafter the impulsive start of the actuator. The largest velocity
vector correspndsto jVj = 8:37 m/s.

angle by 5 degrees this signi cantly improves the airfoil characteristics at high
anglesof attack.

The results of this simulation shav good agreemehnwith the experimerts. The
plasmaactuator placed near the leading edgeof the airfoil delay the separation
and increaseghe stall angle of attack. The unsteady ow actuation shavs even
better results than the steady actuation improving the airfoil characteristics at

high anglesof attack.
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(b)

Figure 5.14. Velocity vector eld (a) and cortour linesof , = 0 (b) at
t = 0:01743secondsn still air. The plasmaactuator is working in
unsteadymode at 120Hz. The largestvelocity vector correspndsto
jVj = 4:49mis.
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(b)

Figure 5.15. Contour lines of stream function (a) and , = 0 (b), no
actuation, 23 degreesangle of attack.
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(b)

Figure 5.16. Contour lines of stream function (a) and , = 0 (b) for
steady actuation, 23 degreesangle of attack.
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(b)

Figure 5.17. Contour lines of stream function (a) and , = 0 (b) for
unsteadyactuation at 120Hz, duty cycle of 10%, 23 degreesangle of
attack.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

This chapter preseits conclusiongrelated to the study of the physicsof the sin-
gle dielectric barrier distharge and the numerical model createdto simulate it. In
addition it summarizesthe results of the numerical simulation of the leading-edge
separationcortrol on an airfoil. Finally it makesrecommendationgor the future
work toward understandingthe physicsof the plasmaactuator and modifying the

electric circuit model to include thesephysics.

6.1 Conclusions

This sectionpreserts conclusionson the experimertal investigation, modeling
and numerical simulation of the plasmadisdarge and its application to leading-

edgeseparationcortrol.

6.1.1 Physicsof Discharge

The singledielectric barrier dischargeplasmaactuator wascharacterizedthrough
a set of experimerts. The focuswas on the study of the light emissionfrom the
plasmaactuator related to the plasmaformation on the dielectric surface. These
experimerts were fundamenal in understandingthe physics of the discharge on

the time scaleassaiated with the applied a.c. cycle.
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The double-slit photomultiplier was usedto measurethe light emissionfrom
the plasmaactuator. Through the comparisonwith the electric currernt results,
it was shavn that the light emissiondirectly correlated with the formation of
the plasmadiscarge, and could be usedas the measureof the volume of plasma
on the dielectric surface. The light emissionwas measuredwhile varying se\eral
parameters. One of the parameterswas the applied a.c. voltage amplitude. The
other parametervaried was the applied a.c. frequency

The photomultiplier experimerts revealed a very complex structure of the
plasmadischarge. During the operation of the plasmaactuator, the plasmaap-
pearson the surfaceof the dielectric near the overlap junction of the electrades.
The volume of the plasmaincreasedduring the a.c. cycle, and the plasmasweeps
acrosgshe surface. Giventhat the coveredelectradeis su cien tly wide, the plasma
growth stops when the voltage di erence acrossthe plasmaregion becomedess
than the voltage neededto maintain the plasma. This happenswhen the applied
voltage readesits maximum or minimum values. At this momern the plasmaon
the dielectric surfacequendes.

The e ect of the applied voltage amplitude on the discharge characteristics
was investigated. For this, the a.c. frequencywas kept constart at 5 kHz, and
the amplitude of the applied voltage was varied in the range of 5-10kV, ,. The
total light emissionfrom the plasmaactuator was found to be L / Vaps. This
agreedwith the experimenal 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 setof experimerts 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 alsofound that the
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maximum extert of the plasma increasedlinearly with the voltage amplitude.
Theseresults agreedwith the previousobsenations 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 kV, , was used. In these experimerts, the a.c.
frequencywas changedin the range of 5-11 kHz. It was found that the extert
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 obsened sweepvelocities were in the range of 80-180m/s.

6.1.2 Electrostatic Model

In the experimerts, it hasbeenobsened that there exist three di erent time
scalesassaiated with the plasmaactuator. The rst time scale,relatesto the
formation of the microdischarges, which is on the order of 10 & seconds. The
secondtime scale,de ned by the a.c. frequency of the applied voltage, is on
the order of 10 4 seconds.The largesttime scalein the operation of the plasma
actuator is assaiated 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 plasmaactuator and to derive the plasmabody force from
rst principles. This modelincludedthe ideaof the Debye shieldingin the plasma.
The electrostatic model was usedto study the asymmetricelectrode arrangemen.
The distribution of the electric potertial, electric eld and the chargedensity were
calculatednearthe electrodes. From these,the plasmabody force was calculated.

The importance of accourting for the volume of the plasmaover the covered

electrode was alsoshovn. This was doneby applying the spatial weighting to the
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body force results. The exponertial form of the weighting function was chosen
to re ect the experimertal obsenations. Another type of the weighting that was
usedwas a temporal weighting. It represeted the linear growth of the volume of
plasmaduring the a.c. cycle.

The spatially weighted and temporally-spatially weighted plasmabody forces
were usedin the ow solver to model the ow in the closedbox with the plasma
actuator locatedon the bottom wall. The plasmabody forcecomputedseparately
wasintroducedinto the right hand sideof the momertum equationpoint by point.

The numerical simulations shaved the formation and growth of a starting
vortex that was previously obsened in the experimerts by Post [61]. It was also
shovnthat at T! 1 ,theinduced ow dewlopedinto athe jet ow with the uid
drawn to the actuator and then accelerateddownstream. The velocity pro les in
the similarity regionwere usedto comparethe solutionsfor the spatially weighed
and temporally-spatially weighted plasmabody force cases.lt wasshawn that the

ow dewelopmen wassimilar in both casesput the maximum velocities in the jet
were lower in caseof the temporal-spatial weighting.

It was shawn that the electrostatic model could be usedto simulate the aero-
dynamic plasma actuator if the volume of plasmawas know for the particular
applied voltage conditions. An attempt to extrapolate theseresultsto other volt-

ageamplitudes was not possiblewith this model.

6.1.3 Lumped-elemen Circuit Model

To accoun for the changein the volume of plasmawith respectto the applied
voltage amplitude and frequency the lumped-elemen circuit model was created.

This model represeted the plasmaactuator asa parallel network of resistive and
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capacitive elemens. The capacitive elemens represeting the dielectric allowed
us to model the accurnulation of the charge on the surfaceof the dielectric.

Two typesof the lumped-elemen circuit modelsweretested. The rst model
was a coarsespatial lumped-elemen circuit model. In this model, the plasmawas
represeted by the time-varying resistive and capacitive elemens. The values of
thesedependedon the volume of the plasmapresen over the dielectric. As tests
of this model showed, the power dissipatedin the plasmaactuator wasP / V:Zp:pz.
This result is consisten with the results of Post [61] for the maximum velocity in
the plasmajet and Enloe et al. [20, 21] for the thrust produced by the plasma
actuator.

The secondmnodel wasa spatial-temporal lumped-elemencircuit model. It was
deweloped to simulate the internal structure of the plasmadisdarge. This model
represeted the plasmaa seriesof parallel networks, ead consisting of resistive
and capacitive elemerts, and zenordiodesthat cortrolled the valuesbasedon the
current direction. The advantage of this model was that it could investigate the
e ect of amplitude and frequencywithout the needof experimertally determined
coe cien ts. Prior to any other tests, this model wastestedfor the optimal number
of parallel sub-circuits.

The space-timelumped-elemen circuit model allowed us to obtain the in-
formation about the currert in the plasma, which has beenshavn previously to
correlatedirectly to the light emissionform the plasma. The results of the current
distribution werefound to be consistem with the light intensity measuremets.

The e ect of the applied voltage amplitude and a.c. frequencyon the plasma
characteristicswas examinedwith the space-timelumped-elemen circuit model.

The resultswerefoundto bein good agreemehwith the experimental results. The
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maximum extert of the plasmawas increasinglinearly with the applied voltage
amplitude, but was almost constart over the entire range of the a.c. frequencies
tested. The plasmasweepvelocity wasfound to increaselinearly with the applied
voltage amplitude and a.c. frequency

The results of space-timelumped-elemen circuit model were usedto calculate
the time-resoled 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 plasmabody force
time seriesshaved that the dominating frequencyin the spectrum wastwo times
the a.c. frequency

The e ect of the dielectric properties of the material was studied with the
space-timelumped-elemen circuit model. The plasma body force calculations
were performed for three di erent materials with " = 10, 100, and 1000. It was
shown that for eat 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 cient increased. The power dissipatedin plasma
dueto ohmic heating monotonically increasedwith frequency Therefore,too high

afrequencyisine cien t in terms of converting the input power into the body force.

6.1.4 Leading-edgeSeparationControl

With this approad, the leading-edgeseparation cortrol on NACA 0021 us-
ing single-dielectric barrier discharge plasma actuator was studied numerically.
FLUENT software wasusedto solve two-dimensionalunsteadyReynolds-aeraged

Navier-Stokes equationswith the v2 f turbulence model.
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The plasma actuator was modeled on the leading edge of the airfoil. The
plasmabody force computations were carried out using FemLab. The body force
wasthen introducedinto the ow 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 obsened near the actuator. The
steady plasmaactuator working for a long time form a jet nearthe airfoil surface.
The unsteady plasmaactuator was obsened to form a periodic seriesof vortexes
near the leading edge.

First, the ow 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 characteristicswere consistem with the linear airfoil theory, that
is having the slope d(% = 2 . The aeradynamic stall of the airfoil was obsened
at 18 degrees.

The leading-edgeseparationcortrol with the steady and unsteady ow actu-
ation was studied numerically. During the steady actuation, the plasma body
force was permanenly presen. For the unsteady actuation, the body force was
presem only for 10% of the duty cycle. The frequencyof the unsteady actuation
correspndedto F* = fc=U, = 1.

In both cases,the separation bubble was obsened 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 wasfoundthat the steadyactuation increaseahe lift coe cient and delayed

the stall by approximately 2 degreesof angle of attack. The unsteady actuation
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was shavn to produce even better results. The stall anglein that casewas in-
creasedby 5 degrees. Theseresults are consistet with the experimerts for the

sameconditions.

6.2 Recommendationd-or Future Work

6.2.1 Physical Properties of PlasmaDischarge

Recen experimerts have shown the superiority of the Te on dielectric over
the traditional Kapton and PCB materials. This appearsin the greater velocity
of the plasmainduced jet, and therefore, in the greater momertum transfered
to the uid. This advantage is probably due to the larger thicknessof the Te on
dielectric layer which leadsto a more uniform plasmadischargewithout laments.
This phenomenorof transition from the uniform plasmato lamentary discharge
needsto be studied. This can be done by measuringthe light emissionfrom
the lamentary and uniform plasma dischargesusing a photomultiplier. These
experimerts may also be accompaniedby the acousticalmeasuremets 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 10° imagesper
second)allows oneto obtain imagesof single discharge streamers. This informa-
tion canhelp to further improve our knowledgeabout the physicsof the discharge
and re ne the phenomenologicamodel for plasmaactuators.

In the presen researt oneform of the input voltage signal has beenstudied,
particularly the sinusoidal wave form. Additional data needsto be collectedfor
di erent form of the input voltage signal to calibrate and test the space-time

lumped-elemen circuit model. PMT measuremets of the light emissionfrom
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the plasma actuator may be done for the \triangle", \p ositive sawvtooth” and
\negative savtooth” wave forms. Thesetests should be performedfor the range
of di erent applied voltage amplitudes and a.c. frequencies.This would give the
information about the conditions of the plasmaformation and quending as well
asthe dependenceof the plasmacharacteristicson the voltage form.

The other open question in the physics of the SDB dischargesis how the
momertum is transferedto the neutral uid. There exist seweral theories which
proposethe PUSH-push, PUSH-pull and other medanismsfor the plasmaactu-
ators, meaningthat 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 resoled by the velocity measuremets directly
in the plasmaregion. Aero-optical laser devicesand methods deweloped at the
University of Notre Damemay be usedfor this. In thesemethods, the density uc-
tuations are estimatedfrom the de ections of the laserlight which passeshrough
the uid. For this experimert, the glassmay be usedas the dielectric material,
and the bottom surfaceof this insulator may be cover with the re ecting material,
which would act asa mirror for the laserlight. The velocity uctuations may be
calculatedfrom the obtaineddensity uctuations. Theseexperimerts areintended

to show if the uid is acceleratedduring both halvesof the a.c. cycle.

6.2.2 Improvemers to the Lumped-elemen Circuit Model

Someimprovemerns may be made for the lumped-elemen circuit model and
plasmabody force computations. As mertioned in the previous subsection,the
plasma discharge may transition from the uniform regime to the lamentary

regime. This formation of laments may be accoured for in the model through
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introduction of another resistive elemen with a possibly lower resistancevalue.
This resistive elemen should be included into the circuit along with the zenor
diode elemenm 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 improvemern that may be doneto the space-timelumped-elemen
circuit model regardsthe breakdavn of the dielectric layer. The condition for this
breakdovn and ewventual shortageof the actuator circuit can be estimated from
the dielectric strength of the material usedfor insulation.

In this work, the Lumped-elemen circuit model was tested for the sinusoidal
applied voltage. In practical applications, the forms of the input signal are also
used,sud asthe triangle wave, the \p ositive" andthe \negative" savtooth signals.
The Lumped-elemen Circuit Model should be also tested for theseforms of the
input voltage. The results may be comparedto the existing experimertal results.

Another modi cation may be donein terms of the charge density estimation
which is later usedin the body force computations. The Lumped-elemen Circuit
model givesus the information about the electric currert that o ws through the
plasmaactuator in ead of the sub-circuits. This currert 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 ead of the sub-circuits, and calculate the plasmabody force directly without
solving the Poisson electrostatic equation. The velocity of the chargescan be
estimatedin se\eral di erent ways. For example,this can be done assumingthe

Maxwell's distribution for the gaspatrticles.
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6.2.3 Applications

The succes®f the numerical simulation of the leading edgeseparationcortrol
open the possibilities for numerical study of other applications of the plasma
actuators for ow cortrol. For example, the active boundary layer cortrol on
the pitching airfoils may be studied computationally. The experimertal data for
this type of ow cortrol was gathered previously by M. Post [61]. This study
can be extendedto include the plasmaactuator into ow cortrol on the micro air
vehicles,UAVs, and apping wings. In this simulations, the optimal con guration
and active cortrol strategy canbe obtainedfor eat ow cortrol. This would help
to optimize the performanceof the plasmaactuators in the experimerts.

Another aspect of the ow actuation, which is of big importance, dealswith
the role played by the plasmaactuatorsin the laminar-to-turbulent transition and
transition delay and cortrol. This study may be doneby utilizing the eV 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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