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Abstract: Ionic liquid electrospray thrusters are capable of producing microNewton precision thrust
at a high thrust-power ratio but have yet to demonstrate lifetimes that are suitable for most missions.
Accumulation of propellant on the extractor and accelerator grids is thought to be the most significant
life-limiting mechanism. In this study, we developed a life model to examine the effects of design
features, operating conditions, and emission properties on the porous accelerator grid saturation time
of a thruster operating in droplet emission mode. Characterizing a range of geometries and operating
conditions revealed that modifying grid aperture radius and grid spacing by 3-7% can significantly
improve thruster lifetime by 200-400%, though a need for explicit mass flux measurement was
highlighted. Tolerance analysis showed that misalignment can result in 20-50% lifetime reduction.
In addition, examining the impact of electron backstreaming showed that increasing aperture radius
produces a significant increase in backstreaming current compared to changing grid spacing. A study
of accelerator grid bias voltages revealed that applying a reasonably strong accelerator grid potential
(in the order of a kV) can minimize backstreaming current to negligible levels for a range of geometries.

Keywords: electrospray; lifetime; electric propulsion; thrusters; overspray

1. Introduction

Electrospray thrusters offer advantages such as high thrust precision and a wide specific impulse
range but have yet to demonstrate lifetimes that are attractive for many space missions [1]. Improving
thruster lifetime has been noted as a key area of high specific impulse electrospray development by
NASA [2]. Previous efforts investigating thruster performances and the lifetimes of field emission
electric propulsion (FEEP) devices established trends associated with emitter—extractor separation
and electrode impingement current [3-5]. The efforts identified geometric considerations crucial to
reducing impingement current on the extractor electrodes, which was a key consideration for lifetime
of the thruster.

The first successful in-space demonstration of electrospray propulsion technology was the
Colloid MicroNewton Thruster (CMNT). The CMNT was developed by Busek Co., Inc and NASA
Jet Propulsion Laboratory (JPL) for the European Space Agency (ESA) Laser Interferometer Space
Antenna (LISA) Pathfinder mission as a technology demonstration of high thrust precision (100 nN) and
low thrust-noise (100nN - Hz™ %) capability [6-8]. The demonstration was successful in establishing
the CMNT’s thrust performance and precision, with seven of eight thrusters operating in flight for
over 2400 h using 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMI-Im) as the
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propellant [9]. Results from the LISA Pathfinder mission represent one datum for thruster lifetime and
seven instances in which the thruster lifetime is only known to be greater than the total operational
time; how much greater is unknown. These results do not provide a sufficient understanding of the
mechanisms responsible for thruster failure, nor an understanding sufficient for accurate estimation of
thruster lifetime. Multi-year missions, such as the ESA LISA mission, require operational lifetimes in
the order of 40,000 h [10], and hence require an understanding of the failure modes in electrospray
devices. The lifetime estimation techniques proposed in this effort are an attempt to develop a
framework for designing long-lifetime electrospray thrusters and to guide future experiments that
seek to evaluate thruster lifetime.

The objective of this study was to identify, characterize, and examine numerous mechanisms
crucial to understanding and predicting thruster lifetime. It has been proposed that overspray
leading to grid (also referred to as electrode) impingement is the primary failure mechanism [11,12],
resulting in eventual saturation of the porous accelerator grid, as shown in Figure 1. The effects of
electrode geometry on overspray impingement and accumulation were therefore investigated and
characterized. The results showed that overspray impingement is highly dependent on geometry but
can be mitigated by judicious design, while misalignment tolerances must be carefully considered.
Electron backstreaming current based on geometry was treated as a separate failure mechanism.
Electron backstreaming analysis showed that increasing the aperture radius produces a significant
increase in backstreaming current compared to changing grid spacing; however, reasonably high
accelerator grid bias voltages can minimize backstreaming current to negligible amounts for a wide
range of acceptable geometries and electron temperatures. Previously presented efforts towards these
objectives have been expanded to include more comprehensive thrust and lifetime discussion and
calculations, consideration of non-Gaussian plume profiles, and an analytical estimation of space
charge effects on electron backstreaming [13].
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Figure 1. Electrospray emitter and electrode geometry with line-of-sight plumes.

2. Materials and Methods

2.1. Lifetime Limiting Mechanisms

Electrospray thruster lifetime depends on numerous design parameters and multi-tier life
mechanisms, as outlined in Figure 2. Considerations for thruster design may be separated into three
categories: operation and control, geometry, and material and propellant selection. Operation and
control encompasses static and dynamic operation parameters, such as applied potentials, emitted flow
rate, emitted current, thrust command variations, and startup and shutdown transients. The physical
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design parameters of the thruster, such as spacing between electrodes and thickness of the grids,
are captured in the geometry, while the chemical and thermal response considerations are encompassed
by material and propellant selection.

Design and | Operation and Geometry Material and
Operation Control Propellant Selection
First-tier Overspray Electron Electrochemical
mechanism Backstreaming Reactions
Second-tier Backspray Insulation Propellant
mechanism Failure Decomposition
Failure Shorting and

mechanism PPU Failure

Figure 2. Hierarchical failure tree for electrospray life.

The ultimate failure mechanism for electrospray thrusters is shorting and power processing unit
(PPU) failure, which can result from a variety of first and second tier mechanisms, as shown in Figure 2.
The primary first-tier mechanism implicated in electrospray failure is overspray, which is defined
as any emission that directly impinges on the grids. The impinging flux is dependent on static and
transient emission properties related to operation and control of the thruster, such as emitter voltage,
emitted flow rate, varying thrust commands, or startup and shutdown operations. As shown in
Figure 1, the geometry of the electrodes determines the minimum line-of-sight half-angle that will
result in grid impingement. Additionally, misalignment of the electrodes can result in increased
flux to the grids. A detailed approach for characterizing overspray based on electrode geometry
and misalignment is described in the following section. Propellant accumulation on the grids from
overspray, coupled with sufficiently strong electric fields, can lead to emission of the opposite polarity
back to the emitter, known as backspray. Further, insulation failure can occur due to propellant
wetting of the insulator materials, resulting in electrode shorting. These two scenarios can be treated as
second-tier mechanisms since they result from the first-tier mechanism of overspray. To delay the onset
of backspray, porous grids can be used to absorb the impinging propellant [14]. Since grid saturation
leads to backspray, the wicking rate and absorption capabilities/capacities of porous grids must be
carefully considered. For example, pore size has been shown to have a strong effect on the emission
from porous emitters [15] and is expected to have the same influence on backspray from porous grids.

In addition to propellant accumulation from overspray, other considerations can contribute to
reduced lifetime. Flux of electrons towards the emitter due to the positive potential of the emitter,
known as electron backstreaming (EBS), can induce electrochemical reactions in the propellant that can
result in emitter damage and propellant decomposition near the emission site [16]. Chemical reactions
due to the electric double layer can also contribute to propellant decomposition [17,18], leading to
growth of undesirable byproducts on, or near, the emission surface. The propellant decomposition
causes variations in fluid properties that affect the emission behavior, and therefore can lead to
increased overspray. The accelerator grid is typically used to shield against EBS, which requires careful
selection of operating voltage and geometry for successful implementation. Additionally, startup and
operational transients can induce periods of unsteady emission that produce increased overspray
emission [19,20].
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2.2. Overspray

While many lifetime-limiting mechanisms exist, the primary concern for the electrospray thruster
is overspray to the grids. Such overspray will coat the grids and can lead to shorting of the high
potential electrodes. If porous grids are utilized, then the time to failure can be estimated as the time
needed for overspray to effectively fill the grids. As detailed in Figure 3, grid impingement (fluxes 2
and 3 in Figure 3) can be categorized via two mechanisms that lead to propellant flux toward the
extractor and accelerator grids. The primary mechanism is direct overspray (indicated by fluxes 4 and 5
in Figure 3), from the emission site, where the plume expansion begins, to the extractor and accelerator
grids. The secondary mechanism is radial expansion of the plume due to repulsion and fragmentation
of emitted charged species [21,22] and electric field divergence, with the resulting increase in radial
motion in the emitter-accelerator region causing propellant flux to the grids (indicated by 6 and 7
in Figure 3). Propellant accumulation on the grids due to these two mechanisms coupled with a
sufficiently strong electric field may lead to backspray (indicated by 8 and 9 in Figure 3).
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Figure 3. Emission from an electrospray that passes through the accelerator grid produces thrust (1).
Additional non-thrust emission pathways exist that lead to lifetime reduction (numbered).

Recent electrospray modeling efforts have sought to use molecular dynamics (MD) simulations to
understand the behavior of electrosprays through simulation of the forces on each molecule. While MD
provide useful results concerning the emission of ions from an electrified meniscus, high fidelity with
experimental results has not been explicitly shown for cone-jet emission; for this reason we did not
use results from MD simulations to inform this effort. The current state-of-the-art suggests that MD
simulation is a valuable tool for predicting emission of ions and small clusters but does not adequately
represent the cone-jet structure for droplet mode electrospray emission [23-27]. While ion emission may
influence the lifetimes of electrospray devices, the majority of emission from the Taylor cone in cone-jet
emission mode is in the form of droplets. Thus, any simulation technique must capture the behavior
of the large, heavy droplets that dominate the plume. Simulating the emission process through MD
would require modeling the cone-jet structure and hundreds of droplets. Through evaluation of the
characteristic radius of the jet emerging from the Taylor cone, each droplet is estimated to contain in
the order of 1000 EMI-Im molecules for the thruster in the presented effort [28]. Modeling droplet
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emission from a cone-jet structure requires including several orders of magnitude more molecules in a
simulation than in a single droplet; the state-of-the-art is currently modeling up to tens of thousands
of molecules [23-27]. Predicting electrospray behavior on the scale of the jet and droplets requires
orders-of-magnitude increases in the capabilities for simulating large numbers of molecules. It is
for this reason that the presented effort has focused on well-established empirical relations for the
emission in cone-jet mode and experimental results for the distribution of droplets in the plume.

While plume expansion exists and its role in reducing thruster lifetime has been identified, in the
present study we considered its effect to be negligible. Plume expansion was neglected due to the
electrospray emission occurring in vacuum rather than in the atmosphere. Emission in the atmosphere
has the effect of decelerating emitted droplets, increasing the space charge density and thus the
repulsion between droplets [29]. Without drag in a vacuum, any initial spread in the plume causes
the repulsion experienced by nearby droplets to decrease rapidly. This likely results in plumes largely
without expansion after only a few jet diameters [22], or in the order of 20 nm for the thruster of interest
to this study. Furthermore, variations in the velocities and specific charges of emitted droplets may
cause intermittent expansion events in the plume [19]. These events were only considered as part of
this study insofar as they contributed to a Gaussian-like distribution of charge in the plume. Numerical
simulation of the plume as a collection of charged particles is sought as a means of understanding how
local droplet interactions may lead to plume expansion [30,31].

Gamero-Castafio showed that current density profiles of capillary electrospray emission can be
described using Gaussian-like distributions for EMI-Im [32]. Current density profile measurements
of the CMNT reported in [33] also exhibit Gaussian-like distributions and indicate that any current
beyond a ~ 25° half-angle is minimal. However, current density profiles and mass flux profiles can
deviate from each other as there is no expectation or requirement that a charge-mass ratio be uniform
throughout the beam [34]. For example, lower charge-mass ratio droplets at high angles can result in
significant mass flux while representing negligible current to the grids. Thus, while current collected
by the grids can be an indicator of high impingement, mass flux is the specific mechanism that leads to
grid saturation, which can result in backspray and/or insulator wetting. Therefore, minimizing mass
flux, rather than current, to the grids is the principal factor in increasing the lifetimes of electrospray
thrusters. Further, even with an extremely small mass flux, grid saturation can occur over long
operation time.

In lieu of direct mass flux measurements, mass flux can be estimated from the current
density through empirically determined scaling laws and experimentally determined constants.
De La Mora [35,36] has previously shown that in cone-jet operating mode, emitted current can be
empirically related to emitted flow rate, as described in Equation (1):

Iz = C,Q2, 1)

where [p is the emitted beam current, C; is the flow rate coefficient, and Q is the volumetric flow rate.

The relationship between current and flow rate can be used to estimate thrust based on momentum
conservation. The beam current is determined from the commanded thrust, T¢s, and emitter voltage,
V, as shown in Equation (2):

3 1
Teom = C2IB7 (V - VTC)Z/ (2)

Vrc is the potential drop across the Taylor cone. The thrust coefficient Cy o< /ep/yx, takes the
nominal value 0.0319 uN - pA_% V-2 [37], where ¢ is relative permittivity, p is mass density, -y is
surface tension, and « is conductivity. The analysis for determining the thrust and flow rate relations
can be repeated for ion emission mode, yielding a relation similar to Equation (2) [38].

Mass flux, M, and current density, J, functions are now defined in spherical polar coordinates with
the origin at the emitter tip, and then taken to be azimuthally symmetrical and spherically expanding.
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The mass flux and current density are only dependent on the polar angle, 6, given by Equations (3)
and (4),

M = m(0)?, (3)
J P (4)

where 7i1(f) and j(0) define the mass flux and current density angular distribution profiles per
steradian respectively.

In the general case, 11(0) and j(6) are defined by arbitrary functions f(0) and g(6), which are
scaled via Fg,; and Gy in Equations (5) and (6) to match the input flow rate and current.

i(6) = 2L £(9), whereFfu”:/n27rsin6f(6)d6. 5)
Frun 0

i(0) = LB ¢(9), where G ll:/n27tsin9g(9)d9. ©)
Grn® "’ fu 0

The exit velocity distribution, v,;;(6), is determined from the charge and mass distributions together,

Z)exit‘(e) = \/2]:(9)‘/3 — \/ BFfull 9 ”

1 (0) ¥ QoG f (0)’

(where Vg = V — Vp¢), which is then combined with the mass flux to create a thrust element dT that
can be integrated over the half-space to calculate the total thrust, T, described in Equation (9):

dT(0) = m(0)v(0) cosb; 8)

Teate = /7 1i1(0) Vit (6) cos 027t sin 6dH
Jo

o ZVBIBQP % .
- n,/W/O \/£(8)g(6) sin (26)d6. )

For a given f(0) or g(6), g(0) or f(6) respectively are parameterized and iterated until T, of
Equation (2) and T, of Equation (9) are within a specified range, thereby providing fully-defined
estimates of the mass flux and current density distributions commensurate with empirical relations.

It is assumed that the flux to the extractor grid is many orders of magnitude smaller than the flux
to the accelerator grid for geometries wherein the accelerator grid line-of-sight (6,c) is smaller than
the extractor grid line-of-sight (0x¢). The failure of the accelerator grid is therefore the primary lifetime
concern; the onset of backspray is now defined as the time at which the accelerator grid saturates, ts,
and is treated as the end-of-life criterion. t, is calculated via Equation (10).

tsat = %/ (10)

where ¥, is the critical accumulated propellant volume at which the accelerator grid is saturated,
and 11,4, is the rate of mass impingement on the accelerator grid, calculated as in Equation (11).

s

Titgpes = 270 / * 1it(6) sin 6d6. (11)

¥.rit is a tunable parameter which is a fraction of the open volume of the porous grid. In the
present study ¥, is nominally taken to be the open volume of the porous grid, but future analysis
can be further-informed by experiments that demonstrate the fill-fraction at which backspray occurs.
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The algorithm for determining the time to grid saturation, s, is outlined in Figure 4. Note that
no restriction has been placed on the functional forms of f(#) and g(6), beyond them being finite
within the half-space.

T and V / Determine beam

current /

I

Thruster dependentl ! 15t Estimate

I~ Q1/2
Use plume data to Assume mass,
determine charge
distributions distributions

A
Calculate g/m,
etc.

Iterate mass or
current

distributions
A

v .
exit’

y
Calculate thrust,

calc

Compare 7, an
calc

Calculate lifetime

Figure 4. Description of grid impingement life model detailing required inputs and the iterative process
employed to determine a lifetime estimate.

2.3. Electron Backstreaming

Due to large grid apertures and the large positive potential at the emitter, electron backstreaming
(EBS) from downstream of the thruster towards the emitter is likely. Similarly to ion thrusters, a negative
voltage applied on the accelerator grid creates a potential barrier to minimize the backstreaming electron
current [39]. An analytical process similar to that performed by Wirz et al. for the NSTAR thruster [39]
is carried out for various geometries. The electron density is assumed to be equal to the charge density
downstream of the accelerator grid, as specified by charge neutralization requirements.

An estimate of the space charge density, gs, is analytically determined by dividing j(6)
Equation (6) by v,y;(#) Equation (7), at a spherical radius from the plume origin, 5y, resulting
in Equation (12),

1 IgQpf(0)8(6)
Tsphr) = 5=\ 50 &~ N
qsc( ph ) r?ph ZVBFfulleull ( )

gsc is calculated to be ~10710C - sr~! on-axis for nominal operating conditions if a Gaussian plume
profile is assumed.
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The minimum potential along the axial path defines the potential barrier that retards electron
backstreaming, as shown in Figure 5. The potential is a superposition of the applied field and space
charge contribution. As shown in Equation (13),

I Oacc  [Tneut 9 sin 6
Ve =3 \/g GranFrul / / V00 spn 6, 1%
€0 5 \| GaunFpun \/hZ +12 ), = 25 pyhisp cos 6

where hsp, is the emitter-accelerator spacing, the space charge potential on axis at the accelerator
(Vi) is calculated by summing the contributions of the charges in the plume, by integrating out to a
neutralization distance (7,.,+) of 1000 times the spacing between the emitter and accelerator electrode
(considered to be beyond the distance at which the plume would be neutralized by external sources).
The resulting space charge potential is in the order of 2 V, which is more than an order-of-magnitude
smaller than the minimum potential in the barrier and is thus ignored in further analysis.

4000 . . . . . . ;
W — Centerline
[ 'Ex_t. Gri.d
3000 ' --—--Mid-Grid
; 2000 |
=
=
B
S 1000 |
0 L
-1000

0.8 1 1.2 1.4 1.6 1.8 2 2.2
Normalized Axial Position, z / hsp

Figure 5. Electric potential along various axial lines showing the potential well that retards backstreaming
electrons. Inset: electric potential for nominal geometry with varying axial lines indicated.

For the purposes of lifetime estimation philosophy and obtaining a tractable analytical form,
a Maxwellian distribution of electrons is assumed downstream of the thruster. This has been shown
to be the case for ion thrusters [39] and provides a reasonable estimation for worst-case scenarios
for electrospray thrusters, especially when experimental data to guide this process are not currently
available. Alternative electron distributions, e.g., Druyvesteyn, are possible and shall be the subject
of future research efforts. For the present effort, the effects of bulk electron energy on electron
backstreaming were estimated by varying the temperature of a Maxwellian electron distribution
function, as done by Wirz et al. [39] The portion of the Maxwellian electron distribution function with
enough energy to overcome the potential barrier and stream into the thruster can be described by
Boltzmann's relation relating density to the exponential of local potential and distribution temperature.
This one-sided electron flux to the emitter as a function of the radius from the centerline, T, (r), is
dependent on the temperature of the electrons, T,, the magnitude of the potential barrier along the
axial path as a function of the radius from the centerline in cylindrical coordinates, ¢y, (r); the local
electron number density, 7.; and mean thermal speed, ¢, as shown in Equation (14):
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I (r) = %C_exp (W) (14)

Integrating the flux from the centerline to the grid radius, 7,4y, and assuming azimuthal symmetry,
leads to the electron backstreaming current (Jgps) shown in Equation (15):

Ymax
Jeps = 27‘[6/ rTe (r) dr. (15)
0

This approach was utilized to determine the EBS current for a specific geometry. The implications
of varying geometric parameters and bias voltages are discussed in the following section.

3. Results and Discussion

3.1. Overspray

Experimental data from CMNT ground testing [33] were used as the base current profile to
inform the model. As the measured data were restricted to a half angle of 20°; the values at larger
half angles, crucial to determining grid impingement flux, were extrapolated by fitting Gaussian
distributions to the data, shown in Figure 6a. The current density profile, g(6), was therefore set
to a Gaussian distribution and parameterized by a width o; and the mass flux function, f(6), was
assumed to be Gaussian parameterized by width o;,. Iterating oy, to satisfy Equations (1), (2), and (9)
yielded two solutions for the mass flux distribution, wherein one width (¢3,) is larger than ¢; and one
smaller. Further analysis assumed the 0y, > 0 case, as it provided a worse-case lifetime calculation
(see Figure 6b), and has been preliminarily observed in simultaneously-measured mass flux and
current density distributions of an electrospray plume [34].

To estimate the uncertainty in grid saturation time of this device, a full-scale error of 7.5% for the
experimental dataset was assumed, which additionally encompasses a range of similarly-measured
plume profiles [32,34,40-44]. Gaussian distribution fits based on the least squares method were
determined for the best, nominal, and worst-case scenarios of the estimated spread of the current
profile data. The resulting beam current profiles, described by the standard deviation of the Gaussian
profile, 0;, are indicated in Figure 6a. At large angles, the assumed error resulted in uncertainty in
current flux that exceeded the nominal values by over an order of magnitude, highlighting how data
in the large half-angle regions, especially mass flux, can greatly improve our understanding of beam
profiles associated with this emission mode and lifetime of electrospray devices.

ext
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Figure 6. (a) A range of Gaussian fits to CMNT current profile data assuming 7.5% full-scale error and
a normal fit indicating a current profile outside full-scale error but within uncertainty in the high-angle
region. O in the given case is 32°. (b) Life model predictions for thruster lifetime as a function
of current profile standard deviation with data fits from (a) indicated. The inset shows the lifetime
calculations for both values of o, that satisfy Equation (9).
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The impact of the beam current profile on the accelerator grid saturation time is shown in Figure 6b
to provide a comparison to experimental data. As the beam current profile grows in width (increased
05), the mass flux width oy, also grows, leading to increased impingement. The model indicates an
expected lifetime of approximately 18,000 h for the nominal fit to the CMNT data (assuming a constant
thrust command of 10 pIN), with a range of 11,000-28,000 h for worst to best case scenarios. The broader
beam current profile, described by a standard deviation of 8.00°, demonstrates the reduction in lifetime
poor emission behavior can cause.

While it is tempting to work only with Gaussian distributions for f(#) and g(6), there is no
requirement that the plume takes such a form. Indeed, examples of non-Gaussian mass flux and
current density have been reported [32,34,42]. The origins and implications of non-Gaussian plumes
will be considered in a further publication, and further analysis in this paper assumes Gaussian plume
profiles as described in Equation (16):

f(0) =exp (29;%) : (16)

The time to saturate the accelerator grid is dependent on a variety of factors, such as the accelerator
grid aperture, the applied electric field, the spacing between the emitter and accelerator grid, and
the open volume of the porous material, generally characterized by 6, and ¥,;;. The accelerator
grid aperture and spacing between emitter and the accelerator grid can be collectively represented
using 6,cc. Assuming the effects of plume expansion to be negligible, the impact of varying accelerator
grid aperture and emitter-accelerator grid spacing is illustrated in Figure 7 using curves of constant
geometric factors. Changes to geometry that do not affect beam profile, such as minor changes to
8acc or varying the porosity or open volume of the porous grid, result in vertical translation between
curves. Changes to beam profile, such as varying operational setpoints or applied electric field, cause
shifts along the curve for a specified geometry.

It is evident that the best method for improving lifetime is better beam confinement, but geometry
alterations to increase 8,¢; can provide the desired lifetimes as well. While methods of improving beam
confinement were not part of this effort, an analysis of accelerator grid geometry was performed to
determine the implication of different approaches to 8,.. changes. As shown in Figure 8, a nominal
geometry with 6, = 32° is assumed. Alternate geometries with larger 6,.. were then generated by
increasing the accelerator grid radius, decreasing the spacing between the accelerator grid and emitter,
and a combination of both changes. The geometry of the extractor in relation to the emitter was held
constant in all cases. The potentials applied to the extractor and emitter were significantly larger
than the potentials applied to the accelerator grid, as detailed in [9]. Therefore, small changes to the
accelerator grid geometry did not substantially influence the field near the emitter and consequently
the emission behavior. As a result, small changes to 0, were assumed not to affect emission behavior.
As shown in Figure 9, relatively small changes to 6, yield a significant gain in grid saturation time.
Decreasing the grid spacing and increasing grid aperture both increase grid saturation time similarly
due to a nearly equivalent effect on 8,c.. Although neither change alone produces the desired lifetime,
the combination of changes creates a geometry with a much larger 6, and resulting lifetime.
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Figure 8. Varying accelerator grid geometries demonstrating methods to increase 6. from (a) nominal

configuration by (b) decreasing grid spacing, (c) increasing accelerator grid radius, and (d) a combination

of spacing and radius changes. Extractor grid geometry was held constant in all configurations to ensure

emission behavior was not affected.

Large changes to grid spacing or aperture can impact parameters that contribute to lifetime

considerations. For example, increasing the accelerator grid aperture radius decreases the volume
of porous grid between emitters (septum). Decreasing the volume of porous material decreases the
volume of propellant that can be accumulated before saturation and backspray occur (¥;;). In order
to maintain the open volume in the septum, the emitters need to be shifted further apart, introducing

potential design challenges. Decreasing grid spacing is not a simple solution either, as it will increase
the electric field magnitude downstream of the extractor grid. The rise in electric field may expedite
the onset of backspray emission. Additionally, changes to the electric field downstream of the emission

region can lead to increased plume divergence [45] and increased fragmentation of droplets, both of

which may result in increased mass flow to the grids.
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Figure 9. The effects of changing the accelerator grid’s aperture radius and the spacing between the
accelerator and extractor grids on time to saturate the accelerator grid.

3.2. Misalignment and Tolerances

The significance of minuscule mass flux on the porous grids causes even small misalignments
to have a substantial impact on lifetime. To estimate this effect, the overspray estimation approach
was adapted to calculate intercepted flux in 3D, while maintaining the assumption that minor changes
to accelerator geometry have negligible impacts on the plume characteristics. These assumptions
approximate the case wherein the emitter is concentric with the extractor aperture but not necessarily
concentric with the accelerator aperture. In this case, the 0,4 is constant while 8, is a function of the
azimuthal angle around the emitter. Thus, a lateral offset in alignment of the emitter to the accelerator
aperture decreases the line-of-sight angle in the direction of the offset while increasing the line-of-sight
angle in the direction opposite to the offset. These two cases represent the extremes of 8, with all
other azimuthal angles having an intermediate value of 6,... The overspray to the accelerator grid
is estimated by calculating the overspray flow rate per azimuthal angle and integrating about the
emitter axis. The decrease in lifetime with any lateral offset is a consequence of the non-linear decrease
in flux with polar angle: a small decrease in 6,. causes a large increase in the overspray flow rate.
To transition from a single emitter to a multi emitter lifetime estimation, the overspray flow rate into
the accelerator grid from each emitter is summed. The time required to fill the grid is the total volume
in the grid divided by the total flow rate into the grid from all emitters together. As shown in Figure 10,
accelerator misalignment can significantly reduce lifetime. For example, in a thruster containing
nine emitters, introducing a 4% offset in the accelerator grid aperture from the emitter axis for just
two emitters, can reduce thruster lifetime by 5%, while introducing this offset for all nine accelerator
apertures can result in a 25% reduction of lifetime.

After investigating the reduction in accelerator grid saturation time due to accelerator
misalignment, the expected degree of misalignment in an electrospray thruster was estimated using
tolerance stackups. Multiple tolerances and misalignments were evaluated to determine the potential
impacts on the lifetimes of thrusters with designs similar to the CMNT. For this analysis, dimensional
variations were assumed to be independent of design tolerances [46]. The central accelerator aperture
was assumed to be manually aligned to the central emitter, resulting in a degree of misalignment.
The individual emitters all possessed an inherent misalignment with respect to the mounting structure
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from the mounting process. The accelerator grid manufacturing process determines positioning
tolerance with respect to the mounting holes on the thruster and can result in an offset with respect to
all emitters. Additionally, the mounting hole clearance can introduce a rotational offset. Each of these
tolerances were considered together in order to determine the maximum resulting misalignment for
each emitter in the thruster head.
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0.95F N T
:-9 \‘\ - -
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T) < acce. » B N ~
154 I LA N
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Accelerator MisalignmentA /7,

c

Figure 10. Misalignment can result in accelerator grid aperture offset from the emitter’s centerline;
the impact of accelerator aperture misalignment on accelerator grid fill time is shown.

The accelerator aperture alignment, mounting hole positioning, and mounting hole clearance
were all assumed to have a 3.1% non-dimensional tolerance. The emitter position tolerance was
approximated as 7.7%. For the purpose of establishing a distribution of misalignments, it was assumed
that the features contributing to misalignment were produced by a process by which 95% of resulting
features would be within the design tolerance. A single Gaussian distribution was used to approximate
the stackup of all the tolerances. This resulted in a maximum misalignment of 3.1% for the center
aperture and 7.5% for the side and corner apertures due to stackup of offsets. Assuming a realistic
distribution of misalignment leads to an approximate 20.8% lifetime reduction. Assuming the worst
case, wherein each aperture is at maximum misalignment, a 46.9% lifetime reduction is possible.
The manufacturing, alignment, and handling processes of these devices are crucial to ensuring
long lifetimes.

3.3. Electron Backstreaming

Emission properties and beam profile are dependent on propellant properties, specifically near
the emitter tip. Chemical reactions due to electron backstreaming can impact propellant properties.
The negative potential bias of the accelerator grid serves as a barrier against EBS. Figure 11 shows the
current density and minimum potential as a function of distance from the centerline for geometries
described in Figure 8, as computed using Equations (15) and (14) respectively. Similar to the
EBS behavior in ion thrusters, the majority of electron flux is along the centerline of the emission
axis. A strong radial gradient in minimum potential is effective at reducing backstreaming current.
Increasing the grid aperture size increases the minimum potential in comparison to a smaller aperture
size.
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Figure 11. Radial profiles of backstreaming current density and minimum potential for varying
geometries. The majority of flux occurs through a small region near the centerline.

A more detailed explanation of the effects of increasing aperture radius is seen in Figure 12a.
Increasing the aperture size produces a smaller minimum potential, which serves as the barrier against
electron flux. As expected from Equation (14), the backstreaming current density increases non-linearly
with increasing accelerator grid aperture. Figure 12b illustrates the impact of changing grid spacing on
EBS flux. Decreasing grid spacing causes the emitter and extractor potential to dominate and effectively
penetrate further downstream, increasing the minimum potential. As a result, the backstreaming
current increases with decreasing grid spacing. As seen in Figure 11, and by comparing Figure 12a,b,
increasing aperture radius is the larger concern for EBS effects because the current fraction increases at
a larger rate than in comparison to the result of changing grid spacing.
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Figure 12. Electron backstreaming (EBS) current fraction and minimum centerline potential for varying
(a) grid spacing and (b) aperture radius, normalized by nominal geometry conditions.

Figure 13 shows the backstreaming current for varying bias voltages. Lower grid bias voltages
leave the thruster susceptible to EBS in high electron temperature conditions. A strong accelerator grid

bias ensures EBS current is negligible over the range of electron temperatures and reduces the impact
of hotter electrons.
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Figure 13. Electron backstreaming current fraction as a function accelerator grid bias voltage for
varying electron temperatures.

4. Conclusions

The impacts of lifetime-liming mechanisms on electrospray thrusters were quantified and
evaluated. Overspray leading to grid impingement was treated as the primary failure mode, resulting
in saturation of the porous accelerator grid. Grid geometry changes that increase line-of-sight angle
without significantly affecting emission behavior were shown to considerably increase lifetime. In the
context of potentially affecting electric field and beam profiles, accelerator grid aperture enlargement
was shown to be more attractive than decreasing grid spacing. The significance of misalignment
and tolerances on lifetime was presented. Emitter misalignment was shown to reduce lifetime
significantly. Additionally, tolerance stackups from conservative estimates of manufacturing tolerances
and misalignments were shown to reduce lifetime by approximately 20%, with a worst-case scenario
of nearly 50%.

Electron backstreaming analysis showed that increasing the aperture radius produced a significant
increase in backstreaming current compared to changing grid spacing. However, reasonably high
accelerator grid bias voltages can minimize backstreaming current to negligible amounts for a wide
range of geometries and electron temperatures. To optimize an emitter geometry for long operational
lifetime, the effect of accelerator grid geometry on EBS and overspray accumulation must be considered
together. The results show that in general, grid geometry changes that decrease accelerator grid
impingement also increase EBS current, and vice versa. Balancing these effects represents a unique
optimization problem to meet thruster requirements.

It is evident that minor differences in the mass profile shape and emitted flow rate can have
strong implications on lifetime. Therefore, the effects of temperature variation must be accounted
for. For example, the thrust coefficient relating operational parameters to thrust is dependent on
ionic liquid properties, which are sensitive to temperature. Using current profile measurements to
investigate impinging flux regarding the porous grids requires accounting for temperature effects to
ensure the emitted mass flow is not being overestimated. Additionally, the effects of temperature must
be considered when accounting for fluid transport in the grids due to the dependence on viscosity and
surface tension.

Fitting Gaussian distributions to existing current profiles yields high uncertainty in the wide
half-angle regions, resulting in a broad range of lifetime predictions. Therefore, future work is
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needed to obtain mass flux profiles of the beam to better estimate accumulation at the grids.
Furthermore, the electrospray operating mode is not always steady, and can result in periods of
pulsating emission [19,20], especially during startup, shutdown, or changing operational setpoints.
Understanding the frequency of unsteady emission events and avoiding unsteady emission modes are
crucial factors in achieving long lifetimes. Additionally, secondary electron emission, variations in
charge-mass ratio, and the possibility of backspray from the grids can affect lifetime.
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