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A two-dimensional electrostatic analysiss used to model the effects of geometric and
material variations of the extractor of a single electrosprayemitter. In particular, a
geometry is modeled wher¢he emitting capillary is embedded in a countersunk hole in
a layer of Teflon andthe extractor is comprised of a20 nanometerthin-film of directly
depositedgold on the dielectic. COMSOL s of t ware i s useqdationso s ol ve Ma x we
to determine theeffect of the dielectric wallsand emitter geometry on the electric field
in the vicinity of the emitter. It is found that the dielectric only marginally changesthe
magnitude of the field but not the shape which suggests that conventional scaling laws
for onset voltage, applied potentialand flow rate still apply. Thesescaling lawsthen
are usedto design and construct gorototype of this configuration, baseliningthe ionic
liquid 1-ethyl-3-methylimidazolium tetrafluoroborate (EMI -BF4) as a propellant The
design processtesults ofnumerical model verification, as well as thenitial proto type
fabrication are presented.

|. Introduction

I n the last few decades, growing interest in elegrapulsion (EP) systems hlasen spurred by their relatively high
specific impulse compared to chemical propulsion systems. This characteristic makes EP an enabling technology
for a new class of deep spanessions. Thdigherspecific impuls€by an order of magnitud@herently reducgthe
propellant mas®f the spacecraft and therefore redutiee launchcost! Of all modern EP deviceglectrospray
thrustersare particularly attractive as thbgve he lighest power efficiengya widelythrottleable specific impulse (>

100Gs), and the potential for having the highéstustdensity &nd therefore themallest footprintf These thrusters

are based on electrospray technology whenes&zed conduiive dropletssolvated ion®r both areemitted from a

capillary through a fluid structure formed by a balance between surface tension and electrostatic forces, known as a
Taylor conesingularity andaccelerated to higvelocities through an elegostaic field that is created between an
extractingelectrode andraionic liquid emitter® Individual electrospray thrusters or ledensiy arrays are a mature
technology* These sem the purpose of statidreepingand precise orbital maneuverjngnd have had marked
success. With that saidhese are goalsf nane or micrgoropulsion, and efforts to scale up electrosprays have been
limited to date. However, he ability to reliably and optimally scalelectrospray arrayin sizecould fundamentally

advance space flight technologyLargescale electrospray systeroould operate at théheoretical limits of 90%
efficiencywith 180020065 of specific impulsandthrustlevels only limited by the available power on orbit
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With that in mind,there have #en a number akcentattempts to leveragadvances in microand nanofabrication
technologyto try explore the production dérge scale arrays of denselgpulated electrospragmitters. These
attempts tadate have reached certain uppeutds in arrasize, around 480 sitgeer square cth  Problemsstem
from issues related talignmenf manufacturing tolerancehemical degradatigrand arcing between the electrode
and conductive liquil This hadimited arrayswith a large number aflectrospay thrusters ta low thrust range of
1-10QuN with relatively short material lifetime&Vhile these performance metrics are still useful for a variety of
micropropulsion applications, such as Cubegmen the potential of these systems for future sgxpdoration, the
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need is apparent to attempt to find fipsinciples and engineering solutions to these outstanding proldeali®w
the tecmology to scale to higher power

While work continuego resolvethese issues in éitontext of existingestdlishedmanufacturingechniqueg™° we

examine here a newrchitectureto attempt to scale these devices in sis includes a careful consideration of

geometry, fabrication, and material. Most notably, we psepim explore two innovationsirdt, etching a single
homogeneous dielectric matdriar the emitterand the spacdetweenthe capillary and the electradeecond,

integrating recent advancements -heal f ng’> abl at i v'&!'fontheelactrodalhese ablative e r i a 1 s
mate i als allow conductive surfaces t o sihgulartagesg of matariala n ar ¢
and have the potential to extend lifetime performance of electrospray.aftegse new approachaseadditionally

poised to benefit futureatgescale space systesmmanufacturing, by incorporating flexible design constralratsed

on simplistic fabrication methods.

This paper is organized dollows: insectionA, we reviewelectrospray scaling laws for single emitters dadelop
conclusionsabout how to build aingle cone for a given voltage aptbpellant In sectionB, we propose aesign

with novel materialsitilizing the parameters quantified by the previsaaling laws and theidentify key concerns

with this new geometrySection C uses modeling to address the concerns with both electromagnetic software and
computationafluid dynamics In sectionD, we outline the fabrication of the experimental prototype iatrdduce
guestions for experimental verificationinglly, we discuss thexperimental set up along with planned diagnostics
andpropose a test plan for the prototype.

II. Methods

A. Scaling laws for electrosprays

In order to optimize the performance parameters and provide a basis for the initial prototype that incomparhtes
materials and geometry, we aim to design a single emitter based upon a foundation of theoretical scaling laws and
prior experimental results. These scaling laws will focus primarily on the relationship between the dimensions of the
emitter capillaryas well as the geometry of the region between the emitter tip and the extracting electrode, and their
subsequent effect on electrospomset voltage, droplet formation, and flow rate.

1. Onset Voltage

Electrosprays are driven by the electrophoretichmaism to produce charged droplets at the tip of the emitter
capillary (Figurel), where the radiusf the capillary is very small (2000um), leading to a high electric field (on
the order ofl. § V/m) in air at the tig 2This relationship can be expresseths

_ 2
I @

where s the electric field, is the applied potential, is the outer capillary radius, ands the distance from the

capillary tip to the extracting electrod€his expression oginated directly from the solution of an electric field at a

point, approximating the tip as a revolution of a hyperboloid, and furthermore, assuming the capillary radius was
approximately equal to the tip siZe*We can see here that the electricdia then inversely proportional to and

the field decreases slowly due to the logarithmic dependence of emitter distance, thus the capillary radius has a larger
influence on the field. Moving forward, we will sétbased on previous experimental prototypes and work to solve

for the @pillary radius,
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Figure 1. Electrospray schematic

To find the range of applied potential for nominal operation, the minimum potential required to overcome the surface
tension within the conductive fluid must be determined. This is refdoreas the onset voltage, and has the
following relationshignot only with the dimensions of the device, but to the surface tension of the fasdvell,

where  is the permittivity of free space®

)

The physical origin of this equation can be derived from the condition of the interface of the fluid film deforming as
theoutward peak electric stress,, defined as

=20 , (3)

i : (4)

By combining Eq(1), (3) and (4), we arrive at the conclusion ttetdlectric fielddetermines the onset of emission
from an electrospray capillary, and thosice the onset voltage is chosen for a particular fluid, we can derive the
necessary geometric parameters for the capillary. In general, the applied voltage attbspesey should be at least
several hundred volts higher than the onset voltage required, in order to support a stabRFsprayere, the applied
potential then brings us into the operational emission regimes of the electrospray thrusterndrdglébn mode,

and a mixed iordroplet mode. For the purposes of this simple prototype model, we will consider the parameters within
the droplet regime only.

2. Droplet Formation
The atomization process of the electrospray plays a large role in tbenpemte of the system as a propulsive ckevi

primarily due to the charg®-mass ratipg/m,which is directly related to the measure of energy available in the fuel
and its respective thrust conversion efficiency. This quantity, known as specific impulsedefined as

- ®)
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whereT is the thrust, * is the mass flow, q is the gravitational acceleration of the earth, ant the exhast velocity
of the thruster. For an electric propulsion device, the exhaust velocity can be calculated from the kinetic energy of a
charged particle

= V2o — (6)

0

with @ as he potential differencthat accelerates the partiéléThe mass flow rate, assiing charge conservation
(athoughdroplet size varies and thabargeto-massratio is not constantve can assume an avergags

=2 , ™

wherel is currentFrom here, we can see the fundamental difference between thrust and specifse in relation
to chargeto-mass ratias given respectively as

= V2o -0 (®)

= ioﬁq: — . )

0

For electrapray devices, it is the chargemass ratio, in addition to the current, that determines which regime the
thruster operates within. Thiroplet mode has a lower charige-ratio, andtherefore operates at a higher thrust and
inversely, the higher the chargemass ratio, the higher the specific impulse. In addition to cupptied poteril,

and chargdo-mass ratio, the emission mode and operation of the electrospray is ateti@nfof flow rate.

3. Flow Rate

The evolution of the surface of the fluid into a cone can be treated as a simple steady state equilibrium balance of
surface tension and electrostatic force. At the apex of this perfect Taylor cone, the normalfigiettriould be

infinite, but this does not actually exist, as the singularity is broken by emission of charge through droplets or ions
from the tip region. For this to occur, current must be conducted through the liquid to the apex of the cone through an
ohmic radial electric fielddriving current against the conductivity of the flui¢, in which the radial field becomes
tangential to the cone surface through convection of current, creating a shear stress on the liquid. The liquid is then
accelerated towds the apx, along with the ions anid released as a thin jet, or a stream of ions, or.b®This
combination okffects wasonsideredand the current transported in the cgeteformation of an electrospray device,
operating within the droplet regime, was expeally verified by de la Mora®as

= ()V— (10)

where is the dielectric constant of the fluid is the fluid conductivity,Q is the flow rate, and( ) is an
experimentally determined constant. There is a limitation to thendsepemissionwhich is not well understood,
corresponding to a minimum flow rate, and it has been correlated to a strictly experimental, dimensionless parameter

)2 (11)

where reaches values of This is a ratio oftte minimum flow rate that supports a Taylor conetand atomization
of the liquidcan be approximated as lim - 1, resulting in the following relation that is entirely a function of the
fluid properties® °
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- : ) (12

where is the fluid density. While there is no direct scaling law for the length of the capillary in regards to flow rate
or current, experimental results show that flow impedance occurs with higher aspectpdtaries, and thus also
drives the mode of operatidri Therefore, deriving a minimum flow rate as a lower bound with the necessary pressure
drop across the capillary length for operation will be an important quantity to verify for experimetital vethin

the emitter prototype.

From these relationsetweenonset voltage, droplet formation and flow rate, we can choose a conductive liquid and
derive a theoretically driven model for the geometry of an electrospray thruster to operate wideisirédregime
and performance requirements

B. Design Parameters

We begin with the choice of conductive liquid. Given the successful precedence in electrospray thruster Yesearch,
ethyt3-methyimidazolium tetrafluoroborate(EMI-BF4) will be used forthe prototype design and experimental
testing. Table 1 lists the fluid properties, in Sl units.

Table 1. EMI-BF4 Liquid Properties

0.0452 | N/m

K 1.4 Im
1240 | k gm°
12.9 -

From Eq.(2) we see the linear dependence of onset voltage and extractor distance. Working from experimental and
simulated results for electrosprays that utilize EBR4,2 22 3we an begin with a baseline onset voltage of 1400 V,

and an extractor electrode distadoaf 1 mm. Pluggingthese values into EQR) , we solve for the capillary radius of

17 um. By halving the extractor distance to Orfn, the starting voltage car liropped to closer to 1200 Using

the above fluid pameters, we can use Ed.2) and calculatethe minimum flow rate required tsustain droplet
formation to be0.003n Ls. Further calculating theoretical performance parameters, if we choose aahomi
operational flowate of 100nL/sfor Eq.(10)andusel e 1 a Mor a’ s a pp D~dBwercalculatethea ] ue o f
current to be 12.6A. Based on experimental data from studies thgtley EMI-BF4, the average mass-charge

ratio at bom temperaturés found to be 1.58 kg/C.? “Assuming 2000 V as the applied potential, we calculate a
theoretical thrust fromEq. (8) as9 7 B N Without efficiency losses, this number is somewhat higher than what is
found experimentally from sgle emitters, but it gives us a basis for the dimensions of the prototype that should
operate based on the above theoretical framework.

The first objectiven our design architectuiis to eliminate alignment issues by removing the traditionally separate
electrode grid altogher, and instead deposit a tilm conductor directly on the emitter substrate, as modeled in

Figure 2 The emitter will be constructed fromdielectric substratevith a low relative permittivity of2 - 10 F/m.

The second objectivaims to reduce the occurrence of material degradation and diestiarcing incidents across an

arrayof emittersb y e mp 1 o yhienagl ian g’s eellfect rode f i 80 VAUME¥2JandcAn | ms ¢ a
be fabricated through vacuum evaporation diregti{o the substrate arralj.an arc occurs between a Taylor cone

and electrode, the currergroducted through the electrodblates the materiaind thefailure occurs only locally, so

the other emitters in the array are not impacted.
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Figure 2. Crosssectional view of single emitter design

Due to the presence of a dielectric material within the extraction region and the new electrode material itself, important
guestions arise from the design, including the effect of the dielectric walls on the dielctramd how the geometry

might alter the onset arappliedvoltage in order to maintain operati@md atomization of the propellant. Indeed, it

is possible that the dielectric may preclude the development of the required field shape to promoteomaylor c
formation as all known electrospray devices operate within air at atmospheric conditions or under vacuum between
the extractor electrode and the emitter, which have a dielectric constant between zero awk anelore this
guestionnumericallyfor a single emitter geometry in the next section.

C. Numerical Verification

The most used physical model for droplet formation from a steady field is ther-Msgicher Leaky Dielectric model,
developed my J.R. Melcher and G.l.Taylor in thig-1960s? 8This model directly couples electrostatic phenomena
with hydrodynamics through the Maxwell stress tensor and allows free charge to exist at-gd&jnidrface, as
shown in Figure 3Developing a numerical simulation from electrohydrodynamic (EHD) atormizasually requires
the input of an electric field, coupled with the EHD equations by modifying the N&tades equations to include
electric body forces, as seen in the model used by O. Lastow and W. BalacRahdran

Surface
Tension

@ 6 Viscous @

Force

Emitter Wall
I1eM 12331w3

Normal
Electric
Stress

Tangential @ @

Electric
Stress

Figure 3. Force distribution based on the TaylorMelcher Leaky Dielectric model[30]

Due to the inherent difficulties of coupling a conductive fluid model with an electrostaticifieddidition to the
mathematical singularities found at the apex of a fliagllor cone andhe boundey conditions along the surface of

the conewe opted to explore the effect of the dielectric on the electric field using a zeroth order electrostatic model
substitutinga conductive solid coneluminun) with the same dimensions agarfect steadtateliquid Taylor

cone® in place of the ionipropellant Using COMSOL Multiphysic§Version5.3) AC/DC moduleweimplemented

a model of thalielectricemitterandthe geometrigparameters to determine their impact on the electric frelthe

vicinity of the emitter tip. ThiscodeisR a xi s ymmetric and s ol v e-stateMdlectrestaticl * s
potential between two electrodes,
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= (11)
= - . (12)

By employing a potential voltage of 1kV on thgfracting electrode while holding the Taylor cone as growe,
were able to confirmthe electric field streamlines to be normalthe cone surface in Figure Bigures 5 and 6
respectively showhe electric potentialantours and &eld intensity to bewithin the same order of magnitude that is
seen in electrospray devices, with a peak threshold at the apex
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Figure 4. Electric potential Figure 5. Electric potential Figure 6. Electric field intensity and

and field streamlines in contours streamlinesat conesurface at 1kV
extraction region at 1kV in extraction region at 1kV

These simulations were run withnaaterial dielectric constant set 8.0 F/m, but to further understand how the
magnitude of the electric field would scale with the choice elediric material, we varied the dielectric constant and
found a decreasefield intensity with increased diele@t constant, shown in Figures &d 8 This led to the
conclusion that anaterial with dower delectric constanfsuch as Teflon) would be a bettdice for our prototype,

in order to lower the required onset voltagel therefore the applied operational voltage

. x10° i

£

S 2 S

g 1 g

£ £

g 0.5 g

w 0 w

Figure 7. Electric field intensity at Figure 8. Electric field intensity at 1kV
1kV with dielectric constant of 5 F/m with dielectric constant of 10 F/m

Contiruation of thesenumericalinvestigations couptean electromagnetisolver with a volume-of-fluid (VOF)
model using STARCCM+ (Version 12.06)to determine how more complesurfaceinteractions between the
dielectric and the ionic ligd interact while not directly solving the EHD model equations, but witrticular
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attentionast o whet her or not the f1uid oriuplthe wdllsoftkemitet These y o n d

2-D axisymmetricsimulations wereun withthe Euleran MultiphaseVOF model usingeMI-BF4 materialproperties
and air undehighvacuum conditions, with 1kV potential between the capiléang the extacting electrode. Thialet
flow ratewas variedrom 10005000nL/s. The contact angle ghe capillary wall and outletas also varietbetween

6 and 45 degrees, as the contact angle for ionic liquiaddielectric surfaces is difficult to quantifgue tosurface
texture andhe amorphous nature of theaterial® 2Figure 9shows the boundary conditions and dimensions of the
final experimental prototypefluid region(detailed in the following section)Pwhich wasscaled up by threerders

of magnitude for better meshing convergeégure 10showsthe scalar plot of the volume fraction of E8F4 and
Figure1l showsa closeup ofthe same scalaniot at the interfaceUsing this modeds initial verification we have
concludedthat the ionicfluid will not flow beyond the capillary edge and indey geometryand operational
conditionsshould produce Taylor coneformation

Extractor
Electrode

Extractor Extractor Width
Region (Bore) (0.19m)

¥

Bore Radius
(0.19m)
Fluid (EMI-BF4)
Inlet
Capillary Wall
Y Capillary Radius
LL (0.0075m)
Capillary Length Extractor Length
0.25m 0.5m

Figure 9. STAR-CCM+ 2-D axisymmetric geometry ofthe electrospray fluid region

l2.x ey e I e, o 2x

Figure 10. Scalar plot of wlume fraction of EMI - Figure 11 Closeup of the fluid-air interface
BF4 at 1kV with 5000 nL /sinlet flow rate scalar plot of volume fraction of EMI-BF4 at 1kV

with 5000 nL/sinlet flow rate

D. Prototype Fabrication

Utilizing these design parameterssiagle dielectric electrospray emittesas fabricated irhousefrom a Teflon
substrate using CNC boring with an imbedded fused silica capillaand vacuum eaporation for the thifilm
electrode Teflon testcoupongd.25inch-thick were first sanded to evehe surface for electrode depositidihe top
side was then sputtered with gold for 4 minutes, tatera 200m thinfilm electrode surface. Using a ©\and a
micro drill bit of 0.0156inch, we bored &ole flush though the coupon. A largér.125inch bore was drilled from
the bottom of the coupon Wp15inch towards the electrode surfammecreate a fluid reservoior the capliary via a
0.125inch outer dianeter PEEK tubingfluid supply line.For the emitter capillary, a-inch long fiber optic fused
silica capillary tubewith an inner diameter df5t 2 pym, andan outer diameter of 3&310 ym was placed inside the

American Institute of Aeronautics and Astronautics 8

t

h



Downloaded by UNIV OF MICHIGAN on January 23, 2019 | http://arc.aiaa.org | DOI: 10.2514/6.2018-4653

smaller bore. Theapillarytubing was pushed flush to theptelectrale surface, and pulled out 0-0%h from the
electrode coated surfatiecreate the extraction regiandwassecured into place with cyanoacrylate adhesiv& he
PEEK tubing was inserted into the bottom of the coupon into the larger borseametd n place with adhesive.
Figure 12outlines the final dimensions of the initial prototype. The fabricated ppatgupon is shown in Figures
13-15.

Deposited 0.015”

T R —

Electrode Y
0.02”

PTFE (1/4”)

Fused Silica
Capillary I o

>
>

1/8” OD Peek
Tubing

v

0:15"

>

. 0.062” X
Adhesive = 4

Figure 12 Prototype dimensions

Figure 15. Prototype side view
of capillary stemwithout PEEK
tubing reservoir

Figure 14. Prototype
undersideview of capillary
Figure 13. Prototype coupon stem

electrode surface

A Nikon AZ100 micrescope was used to optically verify the bore and capillary radii, as well as examine the region
surrounding the electrode boFégurel6highlightsseveral important observations, specifically the roughened surface
of the electrode, which can be reducefliture iterations by polishing the Teflon surface first. Additionally, the bore
hole is not symmetrical and has many jagged edges, which will likely affect the electriuiéeld increased charge
density at the points, possibly compromisihg performace of the emitter. Futuggototypesnight benefit from UV

laser boring in place of a drilled hdi@ smoother electrode edgé®oking further down into the bore Figure 17

we can see the reflected light through the smaller capillary radius, withpaotiwilates along the bored walls of the
dielectric, buthe walls look to beelativelysmooth whichensurethe electric field shape and magnitwié follow

the modeled behavior
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g4 L

Figu'r‘e 16. Electrode surface and bbre, 7.2X Figure 17. View of the capillary, Iooking-into the
magnification bore, 7.2X magnification

II'l. Experimental TestSet Up

Based on the theoretical and numerical framework presented here, we have started preparing an experimental facility

to test this praitype. TheElectrospray Thruster Array Chamb&TAC), housed withit he Uni ver sity
Plasmadynamics and Electric Propulsion LaborafBiPL)is a3-foot-diameter by 4oot-long steel chamber with
nine ports and doublliinged caps on both emavhich will be pumped to high vacuum with a turbomolecular pump
shown in Figure 18.

Figure 18. Electropray Thruster Array Chamber in PEPL

Planned diagnostics inclutiggh speed video tmonitor the droplet emission beam, a single gate-tifrfight (TOF)
mass spectrometer to provithe particle size distributior@d chargdo-mass ratipas well as residual gas analyzer
AnUltraVolt“ HV R a-chanriel high voltage power supply will supply the voltageaHermpropellant feed linghe
focusing lensand the electroatic gate for the TOBet up.The experimental configuration is shown graphically in
Figure 19, where is the applied voltage to the propellant line,is the focusing lens voltagand is the gate
voltage.A programmale pulse/delay generator will be used to produce the gate sigmathin-film extracting
electralewill be held to groundvith asurge resistr between the extractor and ammeteifor measuring currenA
second power supply will be used to bias the collector plate ie pliaan additional gate at the end of TH@F path

to reduce secondary electron emissiadditionally, a variable pulse amplifier module will be used to improve the
signal from the TORpparatuso the oscilloscope.
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Given the single emitter geometry and limitedgth of testing per each prototype coupon, we will not be using an
alternating voltage circyiin order to makenergy distribution and currentltage data collection easier in DC mode
The ionic propellanEMI-BF4 will be used, based on its successful precedence in clatmratoryelectrospray
systemswhich will be pumped by a HarvaApparatusviodel 11 single syringe pumpll systems and data collection
will be run with LabVIEW software.

LabVIEW

bj

Visual Port for
RGA High Speed Video

Einzel Lens
g‘olleclor Emitter Prototype
ate \ Gate \ /
\
AY = L

Y = )

AT
EMI-BF4
Propellant
Line

3

Syringe Pump

Vacuum Tank
Amplifier/Scope S SR T
O I I ba

Ammeter
/\/ ® -40V ¢V ¢ f

L

Figure 19. Proposedschematic of ETAC with diagnostics

IV. Planned Testing

In upcoming experimental tests, we plan to specificd#fine the minimum flow rate, onset voltage, and applied
voltage for operation of the prototype. We also plan to produce a tugeamltage curve to quantify the emitter
performance, in addition to finding the chatgemass ratio of the emissionrfa sweep oéppliedvoltage and flow
rates. Important questions we wish to address include what reginsentie emitter prototypeperates in (likely

droplet or mixed iofdroplet), as well as whether the device geometry needs to be adapted due to beam interception

to improve flow impedancer other operational and performance metit/e will also perform critical pogesting
analyss to look br chemical degradation of the materials, especially the dalmngvalls of the dielectric antthe
surface of the electrode bors we have the capability for rapjtototyping, we caiterativelyrefine models based
onthe results fronthesekey experimental tests.

V. Conclusiors

We proposeo use this novel configuratiasf a dielectric substrate emitter with a directly deposited electrode for an
electrospray thruster in order to remove the issues associated with optical alignmermtrassl lifdtime limitations

by utilizing *- sk &1 ing”’ ¢ dilmslin the futwree Outsida aof thegmtentialbenefits we had several
concerns about the operation of such a devibese includé issues related to capillary action and shieldinghef
electric fielddue to the presence of a dielectric within the extractor regigventingthe onsetof Taylor cone
formation.We designed an emitter based on known scalingflemes single emittein vacuum, and theimplemented
geometry intwo differentmodekand showedhese concernsumerically do not appear to beigsue Following this,

we have manufactured a prototype and have detaitegkperimental setup to testritthenear future.
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