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Classicthermal management solutions are becoming inadequate aridere is an increasing
need for fundamentally new approaches.Electrohydrodynamic ionic wind pumps, also
known as electrostaticfluid accelerators (EFA), have the potentialfor becoming a critical
elementin electronics thermal management solutionsAs the EFA field continues to evolve,
developing new EFAbased technologies will requireaccurate models that can help predict
pump performance metrics, such as air velocity profile, back pessure, and cooling
efficiency. Many previous modeling efforts onlyaccount for electrostatic interactions. or
truly accurate modeling, however, it is important to include effects of fluid dynamicsand
space charge diffusion The modeling problembecomes especially challenging forthe design
and optimization of EFA devices with greater cormlexity and smaller dimensions.This
paper presents acoupled-physics finite element model (FEM) that accounts fospace charge
generation from a corona discharge, as well as space charge diffusion and fluid dynamic
effects in EFAs. A cantilever EFA structure is modeled and analyzed for forced convection
cooling. Numerical modeling predics maximum air velocities ofapproximately 7 m/s and a
maximum convecton heat transfer coefficient of 282 W/(rfK) for the cantilever EFA
structure investigated Preliminary experimental results for a microfabriacted cantilever
EFA device for forced convection cooling are also disssed.
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I. Introduction

he problemof thermal management in microelectronics is at the center of attention of academia, government

agencies, and industry worldwide. Rapid development ofamlectronics has led to an immense component
density.Within this decadehie size of a single componenill decrease tamearly25 nm. This in turn will amplify
the already existing problem, whichthat each semiconductor component emits heat assowittethe electrical
resistanceleading to a large heat flux from a shrinking surface.dvismnwhile, the progress in MEMS and power
electronics is also affected by the bottleneck of heat removal. Irshiged MEMS applications, new issues include
the mechanical heat generation due to friction and the introduction of combustion processesoievices In
power electrords, high current applicationsreate high heat fluxes that require rdedic improvemenin heat
dissipationmethods Existing coolingdevices are no longer efficient in terms of energy consumption and heat
removal. The decreasing size of microelectronics components and the increasing thermal output density requires a
dramatic increase of thermal exchange surfem® classic heatsink/raty fan assemblieslowe\er, simple gravth
of heatsinkarea is no longer a viableption for most applicationg&laborate cooling systems are being developed,
including those usinghase change heat pipes, liquid cooling, refrigeratiomelthermal inteface materials (TIM),
andPeltier devies to spread the heat from high heat flux arebst the last step of heat exchange with the ambient
environment always remains necessary.

Classicrotary fans have bearsed for forced convection overelast fewdecadesnd are still used to enable the
final heat exchange with the ambiefithe classical rotary structural geometry, although used in numerous
applications, is limited in both scale and design flexibility, due to the necessity ofspagud rotating pts.
Turbulent flow, vibetion, and gyroscopic forces introduce inherent inefficiency and noise to a rotary system. Even
in the goplications for whichacoustic noiseand vibrations do not present a significant probleotary fans are
difficult to optimize for more than a single air flow circulationtpern, due to their nearly static cressctional air
velocity profile. Electrostatic fluid accelerators (EBPoffer nearly laminar air propulsion with dynamic airflow
profiles, controllable air velocities,nal a possibility to ecrease the effective boundary layer at the siiid
interface®® In addition,EFA propusion is achieved without moving mechanical parts, thus enabling flexdbignd
and possible irgration at the MEMS levél®

As the EFA fiéd continues to evolve, there is a growing need for accurate models that can help predict pump
performance metrics, such as air velocity profile, backqune, and cooling efficienciany previous modeling
efforts only account for electrostatic interack.®® For accurate modeling, however, it is important to include
effects of fluid dynamics and space charge diffusireliminary couplegphysics modeling has been conduced in
onedimensionabkpacewithout accounting forcharge generatigh’ showing god agreement with analytical models
for a simple onalimensionalspace® The modeling problem becomes especially challenging for design and
optimization of EFA devicesvith high geometric complexity ansmall scale The heat transfer and EFA flow
characteistics are analyzed usingh&o-dimensionakcoupked-physics finite elemennhethodmodelthat accounts for
charge generatiorgspace charge diffusioand fluid dynamic effectsPreliminary results from a proof of concept
microfabricated EFA device are alanalyzed.
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Il.  Background

The mechanism of corosiaduced ionic wind propulsion is illustrated Figure 1. Gas molecules near the
corona discharge region become ionized when a high intensity electric field is appleéra high tip curvature
corona electrode and a low tip curvature collector electrode. In the case of a wire or rod electrode, the diameter of
the electrode is equivalent to the tip curvature of a needle electrode. The ionized gas molecules tragath@ward
collector electrode, colliding with neutral air molecules. During these collisions, momentum is transferred from the
ionized gas into the neutral air molecules, resultingthe
movement of gas towards the collector electrode. The opere gosguescrses o_,c o © ogféé$553§
voltage ange for corona discharge lies between the corona o L=
andthe air gap breakdown volge!* Corona inducd airflow is g ©— °_0—' ® ekl
possible with bothpositive and negative voltagelt has been | 9—> o e
reported that higher stream velocity can be achieved by u: corows 04°»_’
positive poarity.*? In general the selection of polarity depends o1 =" ION STREAM °
a large number of factors, which include electrode mater § Fesheyonzedarparice
device geometry, ozone generation constraints, and others. —s Partcle velocity (Length shows relative velocity)
governing equations describing the interaction of electric charFigure 1. lon stream of a DC electrostati
with moving media in an electrostatic fluid accelerator have beir pump, where a high voltage is applie
known for a long time. Comprehensive reviews and tutorials between the corona and collector electrode

this subject are readily avable™***®

[ll.  Modeling of EFA

A. Governing equationsfor electrohydrodynamic flow
Electrohydrodynamic flowinduced by corona discharge and the resulting heat transfer is described by the
following equations. The electric potenthal is governed by the Poissoné equation

EV; + 3 @

&

where q is the space charge density aadis the dielectric permittivity of free space. The electric pidé is
defined from electric field intensit§ as

E; +EV 2
Electiic current in the drifting zone is a combination of three effectsdection (motion of ions under electric field
relative to entire airflow), conwtion (transport of charges with airflow), and diffusion. Therefore, curramgigeJ
is given by

J; mEq) Ug+ DEq ®)

where m. is the air ions mobility in an electric fieldy is velocity vector of airflow, andD is the diffusivity
coefficient of iors. Current continuity contion gives equation for current density

EY; O 4

The hydrodynamic part of the problem is described by the N&takes equations anthomentumcontinuity
equation for steady state incprassible air flow

rUEU; +Ep) mE°U+ GEV (5)
EV; 0 (6)

wherer is theair density, p is the air pressure, and is the air dyamic viscaity.
Heat transfer then can be described by thermal conduction and convention

Q; EXWKET) rCUET @

whereQ is the heaflux, kis the thermal conductivity of the mediufhis the temperature, is the density otheair,
andGC, is the specific heat capacity aif.

The system of equatiorf), (4), (5), (6), ard (7) is subject to appropriate boundary conditions described below
for the EFAforced convectiomeat transfer model investigated in this study.
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B. Space barge generation

Space barge generationby corona dischargén an EFA device can benodeledby applying appropriate
electrostatic and charge transpbdundary conditions at the surface of thaization zone A description of the
boundary conditions for space charge generagimation is described in this section.

The gap between corona and collecting electrodes cdividedinto two regions, the ionization and drifbnes
The ionizationzone exists in close proximity to the corona electroife which air ionization occts, and both
positive and negativions exist. The drift regioripcatedbetween the ionization region and the collector electrode
contains ions of a single polaritat have been driven out of the ionization region by the electric. fistaden the
radius of the corona eletrode is much smaller than the distance between corona and collectitrpdss, the
ionization zone forms a uniform sheath otles coronating region of the corona electraigface.For the positive
corona, the elgric field strengthE, at the surface of a smooth corona electrode of radRiss given by Peeké

empiricalformula for air at standard coitigns'*
E.; E&) 26210° 4R ®)

wherethe coronaelectroderadius R is measured in meters arfl= 3.23-16 V/m is the brekdown (ionizing)
electric strengttof air. In contrast with the drifting zone, theetspace charge density is negligible in the ionization
zonesince it contaia charges of both polarities similar magnitudesThus, asumingthe electrodetip radius is
much smaller than the distance between commacollecting electrodes, the electric potential and electric field
intensity inside the ioniaion zone are

Vi oV+ Ee&lné ©)

E, R (10)
r
whereV, is thevoltageat the electrode surfacandV is the voltage ah radiusr from the center of the corona
electrode tipwithin the ionization egion At the boundary betweethe ionization and drifting zoneshe electric
field strength is equal to the breakdown electric field strerigthUsingEq (9) andEq (10), the extenal radius of

the ionization zone can l@stimate:
R: RE/E; R&) 26210° 4 R (11)

The voltage drop through the ionization zone can be found by integrating the electric field strengi) tmm
R, . Asthereallt, the voltage on the external balany of the ionization zone is given by

E
V,; V,+ ERIn= (12
EO
At the external surface of the ionization zpKeptsovs assumption is wsed'® which dates that the ionizath
zone radius remains approximately constant Witbnce a coron& formed This enablegstimationof the surface
charge density by specifying the @léc field strength:E; E, atr; R,. Thereforespace charge genewatidue to

corona discharge can be estimabggrescribingvoltageV, to the external surface of the ionization zona eadius
R, from the center of the corona electrodettipsatisfyPoissonts
equation The charge transport equatimsimilarly satsfied by
applying a surface charge density at the external surface of the
ionization zone such that the resulting electric fielthat surface
located at radiusR, is equal tahe breakdown field intensit,.

Corona electrode

IV.  Numerical modeland procedure

A high tip curvature cantilever beam suspended over a fla
conductive thermal exchange surface, showrFigure 2, was
used as the basis for the Efifduced heat transfer modeled in
this study A DC voltage is applied betweehe corona electrodeFigure 2. Diagram of cantilever EFA device
and conductive thermal exchange surface creating ions at thé&tegcture and operation.
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of the cantilever The ionsare accelerated towards the lon collection and heat transfer surface
thermal exchange surfac@eating anair jet along their ¢ l

path, resulting irforced convective thermal transfer fro
the substrateThe catilever EFA design, although not‘ | ‘ """""""""""""""""""" ;

necessarily optimafor cooling, was cheen due to its ! Simulation space
relative easef modeling as well asase ofabrication and e
ease ofexperimental analysiwith IR imaging Thethree \ /4
dimensionalcantilever EFAstructure shown irFigure 2 .

. i . (a) Corona electrode tip (b)
can be approximated by the twlimensionaimodel shown

in Figure 3, where the devicés reduced to a single cressFigure 3. Two crosssection views of the EF,
sectional plandaken across the engf the cantilever asdevice are shown in (a) andk). The dashed lin
depictedin Figure 3 (a) and (b).The simplified two- 1N (&) shows the location of the plane of cros
dimensional model makes a number ofissumptions Section that is displayed in (b). The simulatio
including reducing the cantilever tipo a circularcross SPace used to model the EFA is shown in (
section, and effectively ignoring treectric fieldandfluid Where the corona electrode tip crossection i
dynamies contribution by the rest of the cantiler approximated as a circle Model dimensions na
structure.However, thes@pproximationswill lead mainly drawn to scale.

to second order effects in IV characteristics and air j@able 1. Sub-domain modeling parameter values

shape The EFAinduced heattransfer was numerically used in FEM modeling
modeled n FEMLAB, a finite element modelinguite, using Modeling parameter Value
the steadystatecoupled physics modely approach outlined (F)*fe;?rt"’e dielectric permittivity | 1
previously usmg Eq:_l() thro_ugh Eq12). . Charge diffusion coefficient 2.66E-05
The numeric simulation space subdomains, and “jon mobility coefficient 2 1e-4 m%/(Vs)
bowndaries areshown inFigure 4. The simulation space [ Density of air 1.105 kg/m®
was broken into two subdomains, tlmmization and drift Kinematic viscosity of air 1.8e-5m’/s
zonesThe ionization zoneshown inFigure4, is the region Heat capacity of air , 1.007 kJ/(kgK)
between thesurface of the corona electrode and thd_ermalconductivity of air 27.7e-3 Wi(mK)
N b dar The drift zone then is the Corona_electrode to substrate
|on|zgt|pn zone boundary. The dr separation 3mm
remaining area between the ionization zone boundary af@orona electrode tip radius 50em
the substrateThe substrate, although Table 2. Boundary conditions used in FEM modeling
shown in Figure 4 for iIIustration Boundary Electrostatics Charge transport Fluid Heat
t bd . but dynamics transfer
was no a subaomain . Ll was Substrate grounded Zero diffusive flux No-slip Constant
accounted for by application of Temperature
. " 60 C
?‘pprop”ate _boundary conditions a Corona electrode Voltage applied only N/A No-slip Constant
its interfacewith the drift zone. to ionization boundary Temperature
Electical domainequationswere (Vo), which is based 6¢C
L . on applied corona
solved only W;thm the_ drift zone electrode voltage,
subdomain, whilghe fluid dynamics Eq(12), of3.5t06.5
: V
and heat. t.ranSferequatlonS. were Air boundaries ABC Zero diffusive flux Neutral Convective
solved within both the drift and pressure flux*
ionization zone subdomain *Air boundary under | ABC Zero diffusive flux Neutral Constant
L EFA air jet (Sets ressure Temp 25 C
Although the net charge within the ambiem’air( P P
ionization zone is negligible and thug_temperature)
o : : lonization boundary | Voltage V, and Surface charge N/A N/A
no aqdltl_on_al bOCWOI_’CG I_S app“edto electric field intensity density solved by
the air withinthe ionization zone, the Eo simulation

NavierStokes equations are solver

. Conductive thermal exchange surface
there in order to account for the Y

actual electrode tip geometry rathe ! Drift zone subdomain
thanthe largr sizeof the ionizaton | T
zone. The subdmain modeling Corona electrode =

parametenvaluesare shown iriTable |yt | lonization zone boundary\/l)/ ! lonization zone subdomain ;
1. X

Boundary conditions applied tcFigure 4. FEMLAB simulation space, showing geometry and location
the numericalmodel, are shown in corona electrode tip and ionization zone boundary in relation to substrat
Table 2 and are as follows For Schematic dimensions not drawn to scale.
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electrostaticsa constant positive DGoltage Vo, was applied to the ionization zone surface, ae voltswere
appliedto the substrate/thermal exchange surface. All other boundaries were set to an absorbing boundary condition
(ABC). For charge transport, a space charge surf. ' ‘ 4.3kv

density is appliedto the surface of the ionizatior *™ ' l
zone, calculated using E(B) to Eq (2). A zero
diffusive flux condition is imposed on all boundarie
except for the external surface of the ionization zoi
The \alidity of this asumption is jatified by the fact
that the diffusion term is very small compared to tl
conductionterm in Eq #) and can be set to zero ¢
the boundaries wittegligible effect?*?® For fluid
dynamics, a nalip condition is applied to theurface
of the substrate andorona electrode, and a neutri
pressure condition is assigned to all air boundari
The heat transfer problem was solvedapplying a
constant temperature to thesubstrate, corona
electrode srface, andair boundaries whichada net
influx of air into the model A convective flux
boundary condition was applied to all other exterr
air boundaries.

V. Numerical Results

Numerical simuhtions results for the cantilever EF/
design correlated well ith the expected electric field
profile, charge distribution, air jet velocitjet shape, 10mm

and the resulting heat transfer. Surface pldtao ) ) _ )
cantilever EFA with athreemillimeter semration Figure 5. EFA simulation results: (a)_ ek_—:-ctnc potentia
shownin Figure 5 display the solutions to the four@S colqred surface map and e_Iectnc field arrow, (b)
cowled physical phenoema modeledelectrostatis, normalized space charge density as a colore_d surfe
charge transport, fluid dynamics, and heat transfeimap and columbic force as arrovs, (c) air velocity as &
Figure5 (a, b, ¢, and Jd The plots shown iffigure5 colored surface map and air velocity as arrows(d) air
were generated usingodeling parametersiiTable temperature as a colored surface map and air veloci
1, Table2, anda corona electrode to substrate elect@S arrows.Arrows in all figures scaled linearly.
potential difference of 5.5 kV.

The electric potential andooresponding electric
field, Figure 5 (a), match the expected gtw and +
profile decreasingn magnitudefrom the edge of the ® Current ¢ T 30802
ionization zone to the substrat€he light shaded 4E061 | & Power
half-circle over the corona electrode repents the & + T 2.5E-02
ionization zonewhich was not part of theolution < __ |
space for electrostatic or charge transpe~ T 2.0E-02
calculations as explained previouslyThe space
charge, generated within the ionization zone a5
accelerated through the drift zone, is distributéith
high density near the ionization zone and decreasz T + 1.0E-02
slowly towards the collector, with the space chary; gosl m
density falling offfasterin the x direction to the left .  5.0E-03
or right of the corona electrode. Thus, the ion strei
has its largest componeint the y direction directly ol ® ‘ ‘ ‘ 0
above the ionization region traveling from corona 3.50 4.50 5.50 6.50
substrate Figure 5 (b). The traveling ion stream Corona electrode tip voltage V., kV
induces an air jet along its path that impinges on Figure 6. EFA simulated ion current, I, vs. appliec
substrate surface as seenFigure 5 (c), with the corona electrode voltageV.. plotted on the left vertica
greatesty-directional airvelocities centered directlyaxis. EFA power vs. applied corona electrode voltagé.
above the ionization region in tleeea ofthe highest plotted on the right vertical axis.

5E-06 3.5E-02

mperes

rent

061 . + 1.56-02

EFA power, Watts

Alion c
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space charge density. The impinging air jet decreases 8
fluid and thermal boundary layéhickness,producingthe 71
thermal boundary layer shown iRigure 5 (d), which is
thinnestat either side of the air jet and increasnoving
away from the center. -
The ion currentl,, leaving the ionization zone can b%
cdculated by multiplying Eq @) by the area of the3 .

ionization zone surface with the electric field at ttZ 3 .
boundary of the ionization zone equaBg It was assumed< .

for the cantilever structur¢hat approximately onehalf o

hemigphere of the cantilever tip woulttave an active ! ¢

corona region with an ared 3.6210" m? The currentto- 0 %
voltage characteristics of theantilever EFA follow the 45 55 6.5
expectel exponential current dependence the electric Corona electrode tip voltage V., kV
potential between corona electrode and substrée® as Figure 7. Simulated EFA air jet y component velociy
shown h Figure6, with I increasing from 9.6xIbamperes Vvs. applied voltage Ve averaged over three cros:
to 4.6x10° amperes over ¥, rangeof 3.5kV to 6.5kV.The section distances one millimeter above the bottom
device power risegxponentially withthe applied voltage the numerical solution domain shown inFigure 5.

due to the expondial increase in currentA linear

# Average air velocity over 1 mm cross-section *
® Average air velocity over 8 mm cross-section
Average air velocity over 20 mm cross-section

v S
€

3.5

—~

X 300
positive relationshipwas observedbetveen EFA air jet £ L
velocity and V., as shown inFigure 7. Simulatedair E 250
velocities fell within the range of velocity magnitudes & "
reportedfrom expeimental andysis.® The EFA air jety- « 200

. . . [} ‘
directional component velocity ag averaged over thre«g o
crosssections, each centered over the corona electr @

150 .
and positioned one millimeter above the bottom of té
solution domain inFigure 5. The three crossection % 1g0 X *
lengths chosen were one, eight, and twenty millimeter 2 ¢ 1 mm disk
The average air velocity over the 1 mm cresstion § s, . H2mmaskl
ranged from approximately 1 m/s to 7.6 m/s with tl§ © 8 mm disk
highest velocity at &, of 6.5 kV.The EFAinduced airjet § 0 ‘ ‘ ‘ ‘
is focugd around a 1 mrorosssection with the average 3.50 4.50 5.50 6.50

airflow for a 20 mmcrosssectionfalling to 0.15m/s and

1.14 m/s for and appliedVe of 3.5 kv and 6.5 kV Figure 8. Simulated

respectively

can be calculatebly

have ’ Q/&AB Tsa|

Corona electrode tip voltage V., kV

conwective heat transfel

. . coefficient h,, vs. applied voltage V.. h,e calculatec
The average convective heat transfer coefficieft over four circular disk shaped arean the substrate
centered above the corona electrodeDisk diameters

(13

of one,

two, three, and eight millimeter(swere used.
1.E+06

where Q is the thermal power in watts removed from
surfaceS A is the area of surfac& and lg, is the
temperature difference in Kelvin betwee® and the
ambient air. The average convget heat transfer
coefficient along the substrate scaled approximately lin;
with increasing applied voltag¥, as shown inFigure 8.
The average heat transfer coefficient was calculated at:
surface of the substetover four circular disk shapec
areas, each centered above the corona electioié.

shaped surface areas with diameters of one, two, three,
eight millimeter(s) were used for the calculatiohhe

Cooling efficiency, in %
Thermal power out per disk area

highesth,y of 282 W/(m?K) was over theone millimeter Figure 9. Simulat

Total EFA power

1.E+05

1.E+04

1.E+03

1.E+02

1.E+01 +

1.E+00

¢ 1 mm disk
M 2mm disk

3 mm disk
© 8mm disk

45 55
Corona electrode tip voltage 7., kV

35

65

ed cooling efficiency in percent v:

disk at the maximum applied voltage of 6.5 kV. The valappjied voltage V.. Cooling efficiency calculated ove
of h,e Was relatively constant at a disk size of one to thigr circular disk shaped areason the substrate

millimeter(s) but dropped off up t88.5 percent over the centered above the corona electrodeDisk diameters
eight millimeter disk at the highest.. Notably, these ¢ one, two, three, and eight millimeter(syere used.
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calculations assuma& symmetric flow pattern about the disk axis, which would only be approximately true for the
case of a cantilever corona electrode. However, experimentally it was shown that due to the electrical and fluidic
impact of theentire cantilever structurethe ar jet is angled out from the corona tip, rather than pointed directly
down at the substrate. This creates a cooling aneathat is approximately circular and positioned out in front of
the cantilevelas shown irFigure 10, making the disk assumption a fair approximation.

The EFA thermal cooling efficiency can be calculated by dividing the thermal power removed by the EFA
device over a given area by the total power input to the system by EFA opefatorelculattn was done over the
same four discs described in the convective heat transfer coefficient, and their thermal cooling efficiency percent are
shown h Figure 9. Cooling efficiencyranged from3.27x1G % to 133 %, deaeasing with decreasinghermal
exchangeareaand increasing applied voltagé. Although the velocity and convective heat transfer coefficient
increasdineary with increasing voltagethe EFA current and thus power increase exponentiatty the increasitg
voltage, giving the highest airflow and cooling efficiencies at the lowest operating volfdgeshly, heat
generation from the corona discharge was taken into account in this analysis by applying a constant temperature to
the corona electrode tip thatas two degrees higher than ambient, which was the largest temperature rise seen on
the corona electrode from experimental analysis with IR imaging. However, heat generation will occur throughout
the ionization zone and from ion bombardment on the subgtratwasnot modeled in this investigation that would
decrease the convection heat transfer coefficients and cooling efficiency values preseniduheneeating effects
are likely only to have a significant effect when the EFA is operating at tfeeadfdts breakdown electric potential.

VI.  Experimental Results

A mesaoscale cantilever EFAhown h Figure?2

was microfabricatedin silicon andexamined for
proof of concept EFA-enhanced conwtion

cooling Figure 3(a) shows schematically the
crosssection of the experimental setup, wher
the ion collection and heat transfer surfa
includes a five millimeter thick layer of
conductive foam on top of a hot plate
Conductivefoam was bosen due to its.0n

reflective property making it a good candidate
for IR imaging. The insulating layer above the
collector electrode was four-millimeter-thick

sleb of high density insulating foarithe corona
electrode]ocated on top of the insulatirfgam,

\rllvast g ca][ltllever dbeam p:ogutdlng O\fr trFigure 10. Experimental demonstration of cooling effect witl
ealed surface, and connected 1o a portion C; micrg_fapricated EFA. (a) Heated surface EFA off, (b) V.=

siIic?ndsEbtstrate. tI;:igh voltage (?jifffr:ence”sz KV, g & 10C, (c) Ve = 85 KV, gl & 252C, (d) re-heatec
applied between the corona and the collecy t\o"epa off.

electrode.Figure 10 shows four stages of the
experiment.All images were taken with BLIR ThermCAM S seriecameraat approximately 200rames per
secondat a resolution 0f230x320 The scale on the right of each image shows temperatufeiand a
corresponding colofshade in the black and white versio®yange cololighter shade in b/w§orresponds to high
temperatures, and blue col@arker shade in b/wjorresponds to low temperatures. The oraftigat) rectangular

object at the bibom is the heated collector electrode, an equivalenttbémamal exchange surfac€he blue(dark)

object above it is a piece of a silicon wafer from which the cantilever corona electrode is protruding. The corona
electrode is small andear ambient tengvature and therefore cannot be seen at this resolution. The position of the
corona electrode can be inferred from the figures that show cooling effect. The silicon wafer is connected to the
power source with a standard alligator clip. The outline ofalligator clip can be seen by looking closely above

and to the right of the silicon wafer in every imagiure10 (a) shows the setup with a hot plate on and in steady
state regime, and with the EFA turned offigure 10 (b) shows how the spot directly under the corona electrode
cools off slightly when the EFA is partially on (voltage is below nomirfigure 10 (c) shows the maximum
cooling effect for this setup, under nominal voltagégure 10 (d) is taken at the end of experiment, when the EFA

was turned off and the hedlstribution returned to steadytate. This experiment demonstrates that even an
unoptimized setup can produce a significant coolingogfDesign, falication, and testing detailre discussed in

this referene#

sa9°C

50

a0

205 205°C

535 s18°C

&0
s0

30
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VIl.  Conclusions and FutureWork

This paper presesia numerical coupleghysics modeling approach for electrostatic fluidederators (EFA) for
forced convection coolinthat include space charge generation and took into account the effects of fluid dynamics
and space charge diffusion. A cantilever EffAicture was analyzed using the coupled physics modeling approach,
and preliminary experimental results of a cantilever EFA device microfabricated in siliene presented
Numerical simulation results agreed well with experimental results presented in literature for EFA performance
characteristics including IV characteréstrends, velocity magnitude values, velocity vs. operating voltage trends,
and cooling efficiency vs. operating voltage/erage simulated EFA air jet velocities ranged frbmm/sto 7.6 m/s

over aone millimetercrosssection. Maximum convection heat trsfer coefficient was found to be 282 W)

over a diskshaped surface area with a radius of one millimeter. Proof of concept microfabricated EFA forced
convection coolingdevice demonsated a 2% surfae temperature reduction while operatifiguture waok will
incorporate space chargenerationmodelingwith field emission for microeand nanescale emittersas well as
modelswith geometries optimized for heat transfer.
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