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Purpose devices. Using a performance metric now used
The purpose of this Phase | study was to begin axtensively throughout the DBD research
crossdisciplinary inwestigation of the link community, the reaction force per spanwise unit
between chemical composition and chemicalof actuator lenth, the statef-the-art is several
structure of dielectric materials and DBD actuatorhundred milliNewtons per meter for thick
body force generatigndrawing on NASA and dielectrics operated at very high voltages. Older
NIA expertise in materials, fluid mechanics and DBD technology using thin potger dielectrics

plasmas. (e.g., Kapton)generated an order of magnitude
less forceanddemonstrated flowantrol in wind
Background tunnel tests at wing chord Reynolds numbers up

Dielectric-Barrier-Discharge(DBD) actuators are to 1.2x16. The newer, thick dielectric technology
surfacemounted, weakly ionized gas (or plasma)with higher forces should produce higher
devices consisting of pairs of electrodes separateReynolds number results placing DBD
by a dielectric and operated at high AC voltagestechnology in the range of useful, low speed
A typical arrangement is showin Figure 1. The flight applications.
electrically charged dielectric suda attracts ions
in the air plasma, imparting momentum to theOptimization of he DBD actuator reporteth
norrionized air through many molecular 2009 by researchers at the University of Notre
collisions resulting in an effective continuum Dame [3]describedeffects of dielectric material
body force. The body force causes anand thickness, applied voltage amplitude and
approximately twedimensional, zermetmass  frequency, voltage waveforms, exposed electrode
flux wall jet at the surfee that can be used in a geometry, covered ettrode width, and multiple
number of flow control applications, most notably actuators arrays.It was determinedthat thick
boundary layer separation control. Recentdielectrics with low permittivity operated at low
reviews describing the DBD actuator, its physicsfrequencies delivered the highest body force
and potential uses can found in References [lbefore saturation occurred. Beyond the saturation
and [2]. point, further increase in appliedltage did not
significantly increase body force. This effect was

plasma Induced velocity attributed to formation of plasma streamers, the
_ number of which vary directly with the applied
—I— Reaction Force voltage above the saturation voltage.
Figure 1: DBD Schematic Materials investigations were also carried out at

the University of Florida in conjunction with the
While DBDOs have been shown to be useful in ®ARPA WEAV (Wingless Electromagnetic Air
number of laboratory flow control Vehicle) Phase 1 Seedling award. One of the
demonstrations, they have yéb be widely materials investigated was lightweight silica
deployed in aeronautical systems. Reasons for aerogel (a nanofoam material) although the data
this implementation delay incledthe need to has not been made publically available. Related
identify beneficial applications and raggments, data for the silicaaerogel under UF/AFOSR
a general preference for fully passiveides, and funding is, however, available [4]. The main
a perception that DB® are weak flow control finding of that study was that aerogel shows a
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higher force saturation hreshold than O Nanofoams ?
conventional dielectric materials and has superior Teflon
body-forceto-weight ratig making it well suited 25 i
for micro air vehicleapplications. A difficulty the

aerogelshave however, is their extreme fragility.
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This report builds on the DBD maials studies £ °
of Notre Dame and the University of Florida by & ] Macor
establishing a crogdisciplinary team with 1
expertise in fundamental material sciences, fluid | ®
mechanics and plasmas. Prior to this Seedling, it o , , :
was observed that DBD investigations reported in ~~ ° ® Diclectie Constant °

the literature used commercially available Figure 2. Proposed jgproach of nanofoams for
dielectric materialssuch as Kapton, Teflon,  enhanced saturation force. Adapted from [3]
Plexiglass and glass, rather than materials

specifically designed and engineered for DBD  The revised approach for Phase 1 wasuwey
use. While the most relevant material property for ~ commonly used dielectric materials and
DBD work is clearly the breakdown voltage,  experimentally characterize both their electrical
other parameters including permittivity, loss and body force production propertiegnalysis
tangent, plasma erosion/corrosion effects, longdf material behavior differencesith respect to
term endurance, internal void OpartialO dischargégaterial composition plasma generation and
and, possibly, a range of nreell-defined influence onfluid mechanicgrovided insight on
electrical surface effects that may influencethe role of materials design on actuator
electrial charge boundary conditions, and henceperformance Based on reference 3 results,
body forceproduction,are all within the scope of increased body force geladion is associated
a crosgdisciplinary DBD material investigation. Wwith a dielectric constant near unity (currently 2-
Such an effort affords the dual purpose of4), a high breakdown strength (many kV/mm)
developing materials based on the currentand low dielectric loss to reduce heat generation.
understanding of DBD plasma ysics and Reference 5 shows that a catalytic coating of
providing testing opportunities for new material titanium  oxide can increase body force
findings that may advance DBD performance  production by 30%. An investigation of catalytic
and/or understanding of its physics. materials is therefore part of the current studies.

Approach Summary of Research
In the Phase | study, we proposed an experimentdflaterials Selection
study of nanofoams and aerogels, with andMaterials included in the test matrix for Phase |
without an infugd catalytic layer to enhance the are shown in Table,lalong with their chemical
body-force-generating ability, with the objective structures. The materials tested were in the form
of quantifying the performance of various of sheets andoams The structures span the
nanofoam dielectric materials and catalyticrange of inorganic, amorphous glass, alkyl
coatings. This effort was postponed due to thecontaining acrylic, structural polymers with
extreme fragility of the initialsilica aerogel Vvarying contents of aromatic groups and Teflon,
material and the need to design workable modelsvhich is a fluorocarbon. The range of matisria
for force testing.More robust aerogel materials selected covers readily available commercial
designed and synthesized dollaboration with polymers such as acrylic (PMMA) and
Glenn Research Center will greatlgcelerateur ~ polycarbonate (Lexan), materials widely used in
materials development effort the DBD literatureincluding Kapton, glass and
Teflon, as well as highperformance, aerospace
gradematerials such as PEE#nhd Upilex. These
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materials were characterized to determine theion actuator performance. Additional
dielectric constants and dielectric strengths.measurements for the very low dielectric constant
Following those measurements, DBD modelsmaterials were conducted in a tas-built

were constructed and characterized to determinsample cell with smaller stray capacitance

the body force generated. contributons to the measurement. These
measurements were conducted at room
Table 1 List of materialstudied temperature and used as a basis for stray
[ e —— r— = capacitance corrections to the BDS cell data.
Glass silica SR E Sheet, Nanofoam (Aerogel)
Teflon (PTFE) Polyterafluoroetylene CF, HH Sheet
PMMA (Acrylic) Polymethymethyacrylate C.0,H v Sheet :’ : .'Q. o :’ Vwm@m%\.'\l.zow
Lexan Polycarbonate CisHa0; Sheet 5] . A
ULTEM Polyetherimide CoMaON, Sheet, Foam E : .G °

PEEK Polyetheretherketone CyHy05 Sheet

Dielectric Constant
o
o*
o
o
Dielectric Constant
I S A

Kapton Polyimide CuHaN;0, Thin® Sheet

Upilex Polyimide CysHyN,0, Thin Sheet, Foam

Solimide Polyimide - Foam (3 densities)

10
3016 120%€
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pt
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Thermalux Polysulfone CyH3e058 Thin Sheet R
Boron Nitride (hBN)  Ceramic BN ——— Sheet, Spray RN B «
PZT Ceramic PbIZ,Ti; JO, Osxs1 Disk B . =
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Dielectric Materials Characterization

The dielectric breakdown strength and the
complex dielectric constant are two dielectric
properties of particular significance to the
performance of DBD actuators. It has also bee
shown that thecapacitance of the test actuator
(and hence dielectric constant for a fixed
geometry) affects the saturation or maximum
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Figure 3. Dielectric constants and loss tangents
of the materials studied

nTable 2: Diele~ctric castant and Tah at 5 kHz,
the actuatorsO test frequency.

thrust that can be generated by increasing the Material || Tan! (x10%)
voltage[3]. High dielectric losses lead to heating PZT 1851 161
of the dielectric and thus a decreas efficiency. Glass 7.8 39.1
These propéies are related to the chemistagd Kapton 3.9 2.8
microstructure of the dielecttifo determine the Upilex 3.8 5.4
dielectric constant and loss as a function of | Thermalux |3.6 1.9
frequency, a Novocontrol Broadband Dielectric PEEK 3.2 2.2
Spectrometer and Solartron 1260 Impedance |ULTEM 3.0 1.3
GainPhase Analyzer combination was used for PMMA 3.2 38.7
measurements in the frequency rangé Hz to Lexan 2.7 2.5
10° Hz at 30 {C and 120 {C. The samples were | Teflon 2.1 0.9
placed in a BDS 1200 standard sample cell and | Micro Foam | 1.2 4.8
temperature was controlled by théovotherm Boron 4 4.0
control system (range 20 {C to @O0;C). Nitride

Additional installed capacity (Novocool system) * Measurement pendingaltie from literature

covers temperatures down 000 jC. The test All the dielectric measurementgsere small signal
instruments we controlled by commercial measurements with an excitation voltage in the
WINDETA test software. The extended (beyondorder of 1 V.It was assumed that the dielectric
actuator test) frequency and temperature rangproperties do not change significantly at the high
provide for greater sight into the chemical (kV) voltages at which the actuators are tested, an
properties of the material that may have a bearingissumption that is going further investigated.
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Figure 3 shows the dielectric constant and loss

tangent (Tan!) of the varous materials tested. § z

Apart from PZT(! >1000)which isnot included

in the plots, glass has the highest dielectric

constant with a highly frequency@ temperature - X -—X m—
dependent valuthat is greater than 5.5his is to é z

be expected for glasses that in additio SiQ, macro pores micro pores N —

contain a range of ions, whose mobility is both
frequency and temperature dependent. Thé-igure 4: Diagram of delectric breakdown in
polymeric materials have dielectric constants inporous dielectrics and its relation to plasma
the range 2 to 5 and with the exception offormation.
PMMA, these are largely frequency independent.
The foam has thelowest ! with frequency which prevent plasma formatiorHrubesh [8]
independent values just above one. The polymerdescribed howin nanoporous media, such as
and foam have low losses with Tanranging silica aerogels, the pore size becomes so small
from 10° to 10". Tan! rises to 10 for the glass. that it prevents dielectric breakdowrs ahe
The dielectric constant and Tandata at 30 {C necessary electron acceleration processes are
and the actuator test frequency (5 kHare inhibited leading to plasma formation [3].
summarized in Table 2.
To screen the breakdown characteristics of
The dielectric breakdown strength of a material iscandidate actuator materials, a dielectric
important in determining whether or not a breakdown test setup consisting of a set of a 51
sufficient voltage can be sustained to enable thenm diameter opposing cylilers ASTM standard
formation of a plasma. For porous dielectrics, twoelectrodes (Hipotronics FE50), a 10 kV high
breakdown regimes are of imparte, one in voltage amplifier (Trek 10/10B), signal generator
which the material completely fails and therefore (Philips PM5138A), as well as ac voltage and
cannot be tested any further and a second oneurrent monitors (Keithley 2000 and Keithley
where there is no breakdown through the entire2100) was assembled. The sample stage was
specimen but partial dischargescurwithin the  placedin a custombuilt Plexiglas box, both to
pores. It was a major assumption in this work thathield the test specimens as wagl for operator
as the pore sizes in foamy dielectrics decreasedsafety. Schematic of the test sep is shown in
the initial decrease in the overall breakdownFigure 5. All the dielectric breakdown tests were
voltage would be replaced first by breakdownconducted in air in accordance with ASTM D149,
being limited to the pores in micro foams (with Test Method for Delectric Breakdown \oltage
no plasma appearing on the surfade)plasma and Dielectric Strength of Solid Electrical
generation with nanporous dielectrics.For  Insulating Materials at Commercial Power
enhanced actuation, this change in breakdowrrrequencie$9].
characteristics must occur with the uwloav
dielectric constants that arise from the porousThe instruments for this test were all controlled
structure being maintained. by custom desigmBt software that was written
as a part of this projectAmong the features of
The dielectric breadown in porous dielectrics this software are the ability to set up different
and its relatiorto plasma formationms illustrated tests (voltage rates, steps) to match various
in Figure 4.With large pores, there is complete ASTM standards as well as custom test profiles, a
breakdown of the specimen while partial number of ways of specifying the termination
discharges occur in the micro sized pores both of criterion, realtime monitoring of the apjad
voltage and leakage current through the dielectric
and the ability to graph all this data in variol® 2
and 3D views. The leakage current data is useful
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where the material might not breakdown but stillfrom room air drafts, for personnel safety from
pass so much current that it affects the actuatothe high operating voltage in the enclosure, and to
performance. The software also features arcollect and vent gas generated by the plasma. The
integrated usermanagement layer, including model was mounted on ansimating post away
logbook that, in multuser environments, would from the balance and connected to the power
be required to monitor the safe use of such higlsupply with brass ball chain to minimize parasitic
voltage equipment. force.

Enclosure required for:
+ Air draft isolation

+ Fume collection :IQT—> Exhaust
; . + Personal safety -

Custom measurement

A W control software
4

‘ VAC——> - W

Test Chamber RMS volt V)and |V Waveform PR
Ieakavo wad iy Monitor Ball chain Ground plane &
ge current (1) / . .
Electrod L . “:} ‘ Function Dielectric/"/ . Protective divider
ectrode ] G 1 =
—~ - ] eneratr standoff —t [
Configurable |—‘
Specimen waveform ) . 1.2345 ; 4
\ parameters DlelleCtrlc —
H— h Vol lifi enclosure

Electrode : High Voltage Amplifier

Figure 6. Schematic drawing of DBD thrust

Figure 5. Schematic of the equipment setup Measurement apparafus

developed for dielectric breakdown strength

testing under the seedling funding. Figure7 shows the notation used for DBD model

dimensionsand correspondingalues are shown

With the exception of commercial foams with as'n Table 3.

received thicknesses less than 2 mm, all tes W

materials passed the 10 kV dielectric breakdown

screening tests with maximum leakage currents h3I

less tharb mA. N IT """"""""""""""""""""""
2

Accomplishments He i '
The apparatus for performing the dielectric and hidl It
force measurements had to be constructed ir
Phase I. The accomplishments for this Seedlinc
activity thus include the establiskemt of in
house characterization capabilities for the design t = thickness

and evaluation of enhanced DBD actuators aFigure 7. DBD thrust model dimension
LaRC. This is a valuable resource not only fordesignations

NASA, but also for the DBD community for

which lack of good dielectric characterization of Table 3.DBD thrust models. See Figure 7 for

materials isa deficiency in the development of notation. All dimensions in millimeter
plasma actuators. ‘ Plasma Initiation
Model = Material H W t hl h2 h3 L s kVpp / kHz
DBD Actuator Performance S108 PMMA 124 197 2 5 15 61 150 0 6.3/5
S109 = LEXAN | 120 203 2.3 5 15 60 150 0 6.6/5
Force Measurements ) S110 ULTEM 120 153 3.2 5 15 60 124 0 6.9/5
The DBD fOI’C? m(_easurement appara_‘EIShOW‘ $111 = PEEK 116 153 3.1 5 15 58 120 O 7.6/5
schematically in Figure.6lhe system is centered s113  GlAss 104 153 12 5 15 57120 0 5.6/5
PFTE 120 153 3.3 5 15 60 113 0 8.6/5

around an analytical mass balance (Sartorious % ¢
Model CPA 324S).The balance was housed in @ si18  nitride 102 152 7.3 5 15 50 120 0 7.3/5
12 ft* Plexiglass enclosure to shield the balance



The thrust for tB models listed in Tabl8 was fixed frequency of 5 kHz was chosen for these
measured on the tisst apparatus. A critical preliminary studieswith these four parameters, a
parameter was the plasma iniibex voltage listed  scaling method is required to compare different
in the last column of Tabl&. Theycorrespond to models.
the first appearance of current spikes
characteristic oplasmabreakdown. Voltage Normalization

A preliminary attempt was made to normalize
Figure 8 shows a photograph of a glass model.data toapproximately account for known thrust
Theplasma in this case has not reached saturatiogensitivities. Such an approach was developed by
as evidenced by the lack of plasma streamer®Orlov et al. [7] with a lumped parameter
Note also that the plasma is well within the areaequivalent circuit of the actuator and plasma.

of the covered electrode. This method can account for the impact of
dominant parameters including thioess,

(= 5 kHz dielectric constant, voltage and frequency. The

V=20kV p-p method, however, requires numerical

t=25mm

£,=7.98 @5 khz computation of the timeependent charge
(Model S115) . . . . .

distribution in order to provide boundary
(5 sec expasire) conditions for theelectric field equation used to
Figure 8. GlassDBD Actuator in operation. calculateactuator body force.Such effort was
beyond the scope of the current investigation and

In order to assess the sensitivity e DBD &N alternative simplified approach was used. The

thrust generation to different dielectric materials,SImplified approach is to examine a ene

all other thrust sensitivities must either beowm, dimensional DBD actuator from which an
computed or held constaas the materials are assessment of the main electrical properties of the
varied. A significant difficulty lies in the 2D casecan be obtained. It cannot deal with 2D

frequeny dependencyf the DBD actuatgrboth electric field distribution effects believe be
plasma and electricalln the plasmacase, mean the mechanism by which thick dielectrics achieve

thrust is generated as the time average of manyligher body forc¢3).

rapid small impulses occurring twice per

excitation cycle [2]. Increasing activation Vsin(wt)

frequency contributes directly to increased thrust. | Vsin(uwt) _E(x,y)
In the electical case, the DBD actuator i1 a N
electrical circuit element with both passive ' v Ely)

capacitive properties (geometry and dielectric t 5 €
permittivity) and active plasma characteristics

(gaseous ionization/recombinatioavents, time

varying plasma resistance and cafaae). The GND BN

electrical frequency response stems from bOthFigure 9. (a) One dimensional DBD actuator
_One of the challengédsr follow-on phase _2 work (partially filled capacitor), (b) standardwao-

is to account fosuchfrequency effects in order gimesional (or asymmetric) DBD actuator. E(y)

to assess underlying differences among materialg,q E(x,y) denote 1D and 2D electric fields.
that may affect their thrust generation cajigb ’

) _ L The onedimensional version of a DBD actuator
In this Phase 1 investigation, as much was helds partially filled capacitor (neglecting edge fringe

constant as possible such as a common modgktects) as illustrated in Figug¥a) in comparison
geometry, electrode patiern, power Supply.io the 2D asymmetric DBD actuator in Figure
waveform, wiring and diagnostics. The 9(b). Whereas the air gap in which plasma

remaining variables were dielectric thickness a”q)reakdown occurs in the 1D case is characterized
coefficient, excitatiorvoltage and frequency. A

6
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by a single dimensiony}, the gap in the 2D case

is represented by an electric field distribution R,
regon, E(x,y) that is presumed to be computable oG5
given the charge boundary conditions. AR P

——Glass(1.2, 7.8)

=
o
T

- -@--Boron Nitride ( 7.3, 4.0 )

For the 1D case, simple relations among the
electric fields, dielectric coefficientgpltages and
dimensions are easily obtained. Using the fact
that the electric dispcement(D) field remains
constant across the air and dielectric in Figure
9(a), a simpleexpression relatinghe applied
voltage, air gap electric field, dielectric 1 2 3 i s
permittivities and dimensions can be obtained: vivint
Figure 10. DBD actuator thrust vs. relative

hrust (mN/m)

t
-

I t,$ voltage Vin: Is the applied voltage at which
V=Eu, t plasma first appear. The legend lists the materials
T (1)  along with their thickness and relative dielectric

constant from Table 2.
Equation 1 shows that the voltage across the 1D
actuator is equal to the electric field in the air gapinvestigators. The reason for the variation among
Ea, modified by a term comprised of the the different materials has not yet ebe
thicknesses and permittivity of the air andinvestigated. The second observation is that none
dielectric material. From PaschenOs law foobf the curves show force saturation. This was an
plasma breakdown, the dakdown voltage is a expected result since the maximum voltage from
unigue function of the pressuedectrode the high voltage amplifier was 20 kV petik
displacement product (Pd) for each gadt a peak. Other investigators reporting saturation
given pressure breakdown occurs at unique effects reqired voltages 3} times this level. A
values of V and d, so the electric 8d at step up transformer for the HV amplifieas been
breakdown is also uque (i.e., E=V/d). If Eais  procured and is available for Phase 2 studies. A
solely a function of pressuréne according to the third observation in Figure 10 is the data
equation 1,V at breakdown implicitly includes groupings. The organic hydrocarbons and glass
the effect ofboth thicknessest{ andts) and the fall in a distinct group withleflon, a fluginated
dielectric'spermittivity ('q). This suggests th&  polymer, and boron nitride, na inorganic
at initial breakdown is a useful normalization compound at higher and lower levelThese
parameter that cabe used to account for the grouping are highly dependent upon the nature

electrical performance at a fixed frequency. and validity of the voltage normalization. In
phase 2 studies, we will investigate the passib
DBD Thrust Data of links between such behavior arthenical

composition and structure.
Figure D shows the thrust data for the seven
materials in Table2 plotted against the applied Of note in the results here is the influence of
voltage normalized by the plasmaitiation  chemical structure on the thrust generated. As one
voltage, Vinit. The first observation is that all of moves from the right side of the graph in Figure
the force data follow a power law behavior, 10 towards the left, dielectric constanis
Thrust! (V/Vint)", where the exponent is in the decreasing. The ranking of dielectric constants is
range 4.8 <n< 6.1 This is in the range of values therefore glass > acrylic > polycarbonate >
reported by other Ultem~PEEK > Teflon. Of interest here is the
separation of the thrust lines as a function of
aromatic content of these materials. Examination

7



of the chental structures vyields two Table 4. MilestonegDeliverables
observations. The first is that greater aromatig Deliverable Date
content, i.e. more benzene groups in the polymdrpielectric properties: dielectric 4Q, FY
chain versus alkyl content, contributes to greaterconstant, loss and breakdown strend 11
thrust. This is demonstrated by the increaSing of Commercia”y available and NASA

thrust as one goes from amorpkaylass, to alkyl | developed foams will beetermined.

acrylic, to polycarbonate, and finally to | This data is currently not available
polyimides, which have the highest density of anywhere and will thus be made

aromatic ringS. Based on this trend, it can bd available in appropriate literature

concluded that polarizability of the functional [The dielectric properties of candidd 1Q, FY

groups contributes to body force generation. It catalytic materials will be determine] 12
this case, the resonant structures of the aromatitTest actumrs will be fabricated fron] 2Q, FY

rings yield high electron density and thus greate

T promising candidate materials. 12
polarlzablll_ty to enhance surface charge[Tpo performance of these test 30, FY
concentration. actuators will be evaluated to 12

determine inducetlow and reaction
¥orce as a function of dielectric
properties. The data will be made
available in suitable literature.

On the other hand, the source of TeflonOs efficad
as a DBD plasma actuator is different. It islyke

due to fluorineOs electronegativity, i.e. thd
tendency of fluorine to attract electrons to
complete its valence band. Electronegativity is
inversely proportional to polarizability, however,
it can also contribute to enhanced surface charg

generated from silica aerogel confirms our
er%ypothesis that nanoporous, low dielectric
constant materials will make effective plasma

S;?n? 'tiﬁ't?lgy L%rtf;?g:msnusrfzg? STOrL]JigceSr(')n g:f actuators [4]. Measuring the dielectric constants
y X PrOPEIY ond  reaction forcegenerated from the bulk

must be reconc_lled to_the normal °pefa“‘?f‘ of t.hematerials first, thus reducdke steps needed to
DBD plasma in which charge deposition is

responsible for the extinction of the plasma tWicedownseI_e_ct the candidates —of = chemical
per excitation cycle. To enhance performance compositions that can be foamed and reduces the
the polarity and phaée of charge deposition mL’JSgEompIexny of the St L.de as we can decreasef the
be considered number of compositions for which the foaming

' procedure has to be developed, to the ones that
have grear promise for enhanced force
generation. Results from silica aerogel showing
significant enhancement in body force generated
from the porous form of silica [4] point to the

Accomplishments not listed in the milestonesprornise of a similar improvement in performance
P from the nanofoam version of lowlielectric

above include the design and constructl_on Of.constant bulk polymers proposed in Phase II.
apparatus to accurately measure the dielectriC

properties and reaction force of the materials IN\ext Steps

e e 0 oot herogels are. ranoporous _materls whose
P : P microstructure imparts these materials with

the ranking of thelielectric constants of the bulk unusual dielectric and electronic properties.

form will be in line with the ranking of the foam . . .
form of the same material, therefore the trend forArnong such properties of interest in DBD plasma

S o : i ielectri
initial assessment of thrust is informative. Theactuatorde5|gn are the extremely low dielectric

thrust measurements were completed for the bu”gonstants (approaching 1) and high dielectric

materials for which dielctric properties were strengths [3].  Silica aerogels are the most
i . prop common form of aerogels. These materials are
obtained. The literature report on the thrust

notoriously brittle and thus not suitable for

Milestones proposed for Phase |
The milestones and deliverables proposed fo
Phase | are shown in the Ta#le

8
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practical actuator applicationsTherefore, in the rotorcraft, gas turbine, wind turbine, and
Phase I, we embarked on identifying robusttrucking industries as well as interest with regard
aerospace grade materials from which lowto noise abatement on large aircraft landing gear
dielectric constant foams could be made. Thig1,2]. All such investigations are in various
work included testing the properties of bulk developmental stages and as these efforts
versions of materials as well as readily availableadvane, issues of material properties including
micro sized foarmm of these bulk materials. We dielectric constant and breakdown strength,
demonstrated that a thick (mmOs) dielectric withlielectric absorption and heating, surface
micron size pores will sustain an electric field breakdown and chemical release due to adjacent
high enough to generate a plasma. However nonplasma, catalytic effects, manufacturability and
has yet been observed on the surface, possiblpng term survival ratings wil all become
due to some ionization within thgores. More increasingly more important.
work is continuing to further investigate this.

Beyond the demonstrated flow separation
Recently published literature affirmed our Phase Icapability of the DBD actuator, a majdgng
hypothesis that aerogels with nanosized pores andcknowledged aeronautical challenge for NASA
dielectric constants close to 1 can indeed makés to reduce viscous drag on aircraft across the
highly efficientactuators [4]. The threshojadbre  speed ranges from low subsonic to supersonic.
size to enable a plasma to be observed has not yéthile we continue to seek higher performance
been established. Our as yet unfinished work oDBD actuators, by focusing on and exploiting the
foams of varying porosity will inform some of very low speedof the viscous sublayer in a
this. The balance between pore size and actuatdurbulent boundary layer, current DBD
performance is one of interest as it determinesechnology may be sufficient to yield drag
how robwst the actuators can be. Our work will reduction results if deployed in creative ways.
inform on the next generation of these material9One possible approach is to match the scale of the
that will be robust and efficient enough for DBD actuators to the physical spacing of line-

applications. speed streak structure observed in the sublayer of
turbulent boundary layers. This spacing scales
Current TRL roughly inversely with free stream speed and can
This activity is basi research and is, therefoe#, reach very small values in actual flight. Materials
the TRL 12 level. that have very high dielectric breakdown strength
in thin layers will be an enabling component of
Applicable NASA Programs/Projects such a study.

While DBD actuator technology is still in its

nascent stages of development, the outlines oPublications and Patent Applications

potential applications are becoming clear andintellectual property developed in this work has
materials play a vital role in these visions. Thebeen disclosed in an invention disclosut@R-
impact of DBD technology on NASAOs 181891 Enhanced DielectriBarrierDischarge
aeronautical challenges depends upon theBody-Force Gengtion Using Nanofoam
ultimate level of flow forcing that can be obtained Material with Infused Catalytic Layer was
and the creativity in applying such technology inassigned on March 23, 2012.

useful ways. Using the reaction force per unit

length of a single, asymmetric DBD element References:

tested in still air as a metric,dlcurrent statef- 1. Moreau E., "Airflow control by nothermal
the-art is about 0.25 Newtons/meter force usingplasma actuatorsd. Phys D: Appl. Phg, V. 40,
thick dielectric materials tested at extremely highN. 3, 2007, pp. 605636.

voltages. This level of force has been shown to be

useful in delaying boundary layer separation on2. Corke T.C., Enloe C.L. ral Wilkinson S.P.,
low speed airfoils and has generatettiest from "Dielectric Barrier Discharge Plasma Actuators
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