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Nomenclature

= Reservoir pressure

= Volumetric flow rate

= Inner radius of capillary

= Length of capillary

= Propellant temperature at emission point
= Radius of extractor aperture

= Bias voltage from extractor to emission tip
= Beam current

= Divergence angle of plume

= Distance from extractor to capillary

= Jet potential

= Polar angle of capillary with respect to the normal of extractor plane
= Azimuthal of capillary

= Angle subtended by extractor

= Offset of capillary from centerline

= Volumetric propellant flow to extractor

= Permittivity of free space

= Relative permittivity of propellant

= Surface tension of propellant

= Conductivity of propellant

= Mass density of propellant

= Onset voltage for spraying

= Divergence model lengthscale fit parameter
= Propellant viscosity

= Radius of droplet formed on extractor from deposition
= Height above extractor of droplet formed from deposition
= Volume of droplet formed from deposition
= Time to failure

= Specific impulse

= Thrust

= Efficiency
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I. Introduction

Electrospray thrusters offer a potentially game-changing capability for in-space electric propulsion.t

These devices employ a strong electric field to extract charged droplets directly from microscopic elec-
trohydrodynamic structures, “Taylor cones,” formed in conducting liquids. In principle, they can yield high
specific impulse (> 1000 s) at higher efficiency (> 80%) and thrust density compared to state of the art
electric propulsion devices. The high theoretical efficiency is a benefit of the fact that there is no energy
penalty for ionizing the propellant in these systems since it is already doped with charged carriers. The
higher thrust density stems from the microscopic scale of the thrust-producing area of these systems.

While individual electrospray emitters have attractive performance metrics, their low thrust has proven
to be a major limitation in the widespread adoption of this technology for in-space propulsion. Indeed,
typical thrust levels for a single emitter are on the micro-Newton scale. This force is only useful for a limited
number of missions? To increase the thrust level to magnitudes that could be used for state of the art
electrospray mission architectures (e.g. station-keeping and orbit raising), it is necessary to use multiple
emitters. Thrust is increased by manufacturing arrays of closely-packed emitters in a single thruster head,
all firing concurrently. If it is possible to create these arrays with emitters that are sufficiently closely spaced
while maintaining the nominal efficiency of each emitter, in principle electrospray arrays could offer an order
of magnitude improvement in thrust density over state of the art technology at a higher efficiency. Indeed, it
has been suggested that if electrospray arrays could be achieved with thousands or even hundreds of thousands
of emitters firing simultaneously, this technology would supplant most electric propulsion systems.t

A number of technical challenges have precluded the development of flight-ready large scale (>1000
emitters) arrays to date. These include concerns about performance, integration, and lifetime. For example,
to maintain a high thrust density, it is necessary to build arrays with emitters as closely packed as possible.
However, it is not clear if and how emission sites will interact with one another as the distance between
them decreases. The performance of the device, as represented by thrust, specific impulse, and efficiency,
may suffer® With respect to integration, the modeling of electrospray array plumes is still a nascent field
with open questions related to key processes such as plume neutralization and spacecraft/plume interactions.
Finally, the problem of lifetime is particularly pressing and unresolved for large-scale emitters. Individual
emitters can fail for a number of reasons? For example, arcing and electrical shorts can result when propellant
builds up on the extractor and the acceleration electrodes that establish the electric field in the thruster® In
a multiplexed system, depending on the electrical configuration of a circuit, the failure of even one emitter
can short the entire array electrically’® The major obstacle for lifetime is thus being able to build systems
with hundreds or thousands of emitters that can fire simultaneously for thousands of hours (a typical electric
propulsion mission duration) without incurring the failure of even one emitter. To be sure, there are on-going
efforts to explore different array combinations. Building small-scale arrays with fewer than 28 emitters has
proved to be a tractable problem with thruster lifetimes exceeding several thousand hours®” On the other
hand, lifetime for large, multiplexed arrays continues to remain limited to a few hundred hours®

The uncertainties that result from manufacturing tolerance may be one of the most critical obstacles that
has precluded scaling arrays to larger size. Indeed, while it is possible to construct and verify individual
emitters to meet lifetime and performance requirements, manufacturing challenges related to tolerance,
alignment, and repeatability can prohibit the ability to replicate these performance metrics on a larger scale.
For example, as the number of emitters is increase, a few outliners may emerge with substantially reduced
life, thus posing a risk to the whole thruster. With this in mind, the problem of uncertainty points to a
pressing need for tools to help quantify and understand the risk of its effect as arrays are scaled in size. The
goal of this work is to address this need by employing a probabilistic approach in which we leverage of a
combination of Monte Carlo sampling and reduced fidelity models of emitter operation.

This paper is organized in the following way. In the first section, we describe the emitter architecture
we investigate for this work and the numerical engineering tool we employ, the Electrospray Propulsion
Engineering Toolkit (ESPET) created by Spectral Sciences, Inc. We also classify uncertainties in the model
based on its origin and discuss our methods for propagating this uncertainty into lifetime assessment. In
the following section, we present results from our analysis oriented toward addressing the questions outlined
above. Finally, in the last section, we discuss our results in the context of limitations of the current model
and how the model may be extended to other emitter architectures.
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II. Model Description

We discuss in the following section the chosen emitter architecture, details of the numerical model, and
the methods for uncertainty quantification we employ.

A. Emitter configuration

We consider in this work one of the simplest forms of electrospray emitters, the pressure-fed capillary tube
operating strictly in droplet mode (i.e. not in the pure ionic regime). We explore this architecture for
this proof of concept as it is one of the most widely-studied and characterized methods for generating
electrosprays® The modeling of this system similarly lends itself to simplified scaling laws easily understood
and implemented in our engineering toolkit. We show in Fig. [T]a schematic for a single emitter where we have
denoted key elements of the geometry. The pressure, Pg, in the reservoir of ionic liquid drives the propellant
at a volumetric flow rate @) through a hollow capillary tube with length L. and internal radius R.. The
propellant is forced through the end of the capillary, forming a meniscus at the end with temperature T}0p.
A potential bias, Vg, is applied to this meniscus via a high-voltage discharge supply connected directly to the
conducting liquid and a flat extractor electrode located a distance, d, downstream of the capillary tip with
an aperture radius, Rg. These two dimensions form the emitter angle ¢ . The applied potential deforms the
meniscus into the canonical “Taylor cone” singularity that emits a jet of charged droplets with total beam
current I,. These droplets are accelerated in the jet by strong electric fields to high speed. This acceleration
results in a beam of droplets with characteristic divergence angle, 6,4, that propagates downstream and
through the extractor aperture. It is the acceleration of these particles that gives rise to the thrust of an
individual emitter.

(b)

Figure 1: Schematics of the pressure-fed capillary electrospray showing side views with (a) labeled dimensions
and (b) coordinate and angle definitions. The prime coordinates are aligned with the capillary while the
unprimed are aligned with the center of the extractor. The capillary displacement from centerline is specified
to be in the z direction.

In this work, we also consider three non-idealities in capillary operation. First, while ideally the resulting
kinetic energy of the droplets would scale with the applied voltage, V;, from the extractor to liquid, in
practice local losses due to processes such as Ohmic heating reduce the effective potential drop of the ions.
We denote this loss in potential in the jet as ¢;. Second, the alignment of the capillary tube and the
downstream extractor will not be perfect. There will be variations in the polar angle, ¢., defined with
respect to the normal vector to the extractor plane and the azimuthal angle, 8.. There also will be variations
in capillary offset from concentricity with the extractor, d R. Finally, because of these misalignments and the
inherent divergence of the angle, some of the beam propellant can deposit and collect on the downstream
extractor at a rate, Qg. As we discuss in the following, this deposition ultimately may result in arcing back
to the emitter from the extractor, shorting out the circuit.

To further narrow the focus of this study, we confine our analysis to the propellant EMI-BF4 that is
passed through a silica capillary tube and extracted by a thin aluminum plate. We similarly restrict our
investigation to flow rates ranging from @ = 0.1 - 5 nl/s and extractor distances ranging from d =1.0 to
1.4 mm with an aperture radius of R = 0.8 to 1.2 mm. We elect to consider this emitter configuration
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and range of values for two reasons. First, they ensure that the emitter remains in droplet mode. And
second, these values are consistent with the experimental, data-driven studies'! we have performed to date
to develop scaling laws for beam divergence. By confining our analysis to a similar parameter space over
which this study was performed, we improve the confidence in our use of these scaling laws. We also make
the strong assumption here that when arrayed, individual emitters do not interact with one another. Their
failures and performance are thus independent of one another.

B. Modules for electrospray operation

We use modules adapted from the Electrospray Propulsion Engineering Toolkit (ESPET) created by Spectral
Sciences, Inc. to model the operation of the capillary geometry discussed in the preceding section. ESPET
leverages physics-based as well as semi-empirical scaling laws drawn from the electrospray community to build
subroutines that allow a user to model multiple propellants and geometries and to predict key performance
metrics such as thrust, efficiency, and current. The tool has been evaluated against a number of experimental
datasets and shown to yield both qualitative and quantitative agreement for a number of different emitter
configurations As a result, ESPET is well-suited tool for guiding the design of large scale emitter arrays.
With that said, despite its wide range of existing capabilities, ESPET to date does not contain modules to
evaluate thruster lifetime or failure modes. We thus present in the following not only a summary of the
current ESPET modules we used for this investigation, but we also introduce two new modules for plume
divergence and failure due to propellant accumulation on the extractor.

1. Beam current

As discussed in Sec. [A] we confine our investigation to high flow rates where we know emission can be
maintained and the emission current is dominated by droplet emission. We therefore neglect the role of field
evaporation of ions and the possibility of entering the mixed ion-droplet or pure ionic regime. Subject to
these constraints, the beam current is given by the simplified semi-empirical expression:13

2 K
=9 6o, [—9PE o] (1)
P veove —1
where € is the permittivity of free space, p denotes the propellant mass density, 7y is the surface tension,

K is the conductivity, and e is the relative permittivity of the propellant. Physically, this expression shows
that the current emitted by a Taylor cone is dictated by the rate at which fluid can be provided to the tip,

Q.

2. Onset voltage

The onset voltage, V, is the minimum voltage bias, V;, as applied between the extractor and emitting
surface necessary to lead to the emission of droplets. This is based on the analytical derivation from
Martinez-Sanchez™¥ for the deformation of a meniscus in the presence of an applied electric field assum-
ing a hyperboloidal interface:

_ a?
Vo= tanh™" (o) (1= ) 4/ = (2)

where we have defined a = 2d/ny with

we (e 2) )

This result shows functionally that as the radius of the emitter increases or the distance from tip to emitter
increases, the voltage required for onset also increases. Physically, this is a consequence of the fact that the
increase in both length scales reduces the effective electric field at the emitter tip. In our following study,
we select a bias voltage V;, > V,, such that we ensure the spray is always active.
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3. Flow rate

As this is a pressurized capillary, we assume that the flow rate is driven entirely by the pressure at the
reservoir and the hydraulic impedance of the feed line and capillary. Given the scale and low rate of the
liquids, we employ the Poiseuille approximation:

4

™
Q_P c 4
R8uLC’ )

where p denotes the viscosity of the propellant. This expression shows intuitively that the increase in pressure
differential will promote more flow. Similarly, there is a strong dependence on the geometry of the capillary.

4. Divergence angle

The ESPET tool currently accepts the plume divergence angle as a user-supplied input value, instead of
calculating it from other parameters? In a recent work ' we have derived a semi-empirical expression for
this value:

04 = tan~! [RO(P) <l;l’> {/*;]3/4, (5)

where g denotes a best fit parameter with average value |y = 3.1 £ 0.5 mm and we have introduced an
effective resistance that depends on the propellant properties:

where f(¢) is an empirical function introduced by de la Mora'® and has a value of f(¢) ~ 8 for EMI-BF4.
The physical principle underlying this derivation is that the divergence of the beam is driven by space charge
effects as the beam propagates from the emitter to the downstream extractor. As the current increases,
the number of charge carriers in the region increases, driving a larger repulsing field between ions. As the
voltage increases, the velocity of ions is sufficiently high emerging from the jet that the expansion is curtailed.
The dependence on extractor-to-emitter tip distance reflects the weak acceleration that can result from the
external electric field that exists in the emitter to extractor gap.

There are a number of assumptions that underpin the derivation of Eq. The first is we assume the
droplet beam is mono-dispersive with a constant mass to charge ratio for the droplets. This is consistent
with all of the modules for pure droplet emission within ESPET. The second assumption we make is that
the current density of the beam is a top-hat distribution that spreads out through a conical solid angle
subtended by the divergence angle, 0,:

In x H(04— 9) (7)

where I is the current per unit solid angle (Asr~1), @ is the polar angle measured with respect to the axis
of emission of the spray, and we have introduced the Heaviside step function:

=4 "= Q
0 =<0

This latter assumption about the angular current distribution is not strong, as plume based studies have
shown the current distribution for an emitter array can deviate from a top-hat, approaching Gaussian or
super-Gaussian 1918 For our work, however, we note that in previous experimental studies that have exam-
ined divergence angle for pressure-fed capillaries operating in droplet mode /1% the current distributions were
found to be approximately top-hat. In the absence of direct plume data for our modeled geometry and pro-
pellant, we proceed then with the assumption that the top-hat current distribution is a valid approximation.

As a last comment, it should be noted here we only calibrated Eq. [5] for one propellant, EMI-BF4,
operating in the droplet emission mode with one capillary geometry. The universality of this expression has
yet to be established. We thus confine our investigation to an emitter type that shares the mean design
properties (radius, capillary length, and extractor geometry) with the emitter used in this previous study.
This provides increased confidence for the use of this simplified expression in our analysis.
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5. Deposition on extractor

The mass deposition on the emitter is a key parameter that impacts the lifetime and performance of the
device. It can result from high plume divergence or misalignment between the capillary and the extractor
aperture. In order to account for these effects (shown graphically in Fig. , we write

QE:Q{l—M/Z/Z(H{Re— (f_(;R)z"‘yQ} (9)
H |f9d —tan~! <‘ v (xl)i/—i_ (v)? >] (5)3§2> dajdy] , (10)
z—d

where H() denotes the Heaviside step function and we have defined r/ = /& + yj' + 22’. The prime
coordinates are in the frame of reference of the capillary emitter with its 2’ axis aligned with the emitter tip
(Fig. ) The unprimed coordinates are in the frame of reference of the extractor where 2 is defined along
the normal to the plane of the extractor with the extractor in in the & direction. We have assumed without
loss of generality that the displacement of the capillary from concentricity.

We can relate the two coordinate systems through the following transformations:

' = R.(¢)  Rolbe) - & (11)
' =R.(¢c) Ra(0c) -3 (12)
2 = R.(¢c) - Ra(0e) 9 (13)
@) = [Rel00) @] - (20,2, (14)

where we have denoted the rotation matrices, R, (¢.) and R,(6.) and T denotes transpose.

Physically, Eq. is predicated on the assumption that the spray with respect to the capillary axis will
follow a top-hat distribution subtending a polar angle 6; with respect to this capillary axis. In order to
determine how much of this spray will impact the extractor, we transform from the coordinate system of
the spray plume to the coordinate system of the extractor. This requires two rotation matrices, one for the
polar angle deflection of the capillary from vertical, §. and one for any twisting this capillary may have,
¢.. Finally, in order to model the displacement of the capillary and the extractor, we displace the circle
represented by the extractor by ¢, with respect to the origin defined by the capillary’s location.

0.5¢ r
0.4 O'Sf
; 0.4-
0.3- r
% ; %0.3;—
0.2+ r
< ; C>‘0.2}
0.1¢ 0.1
o— o o
b | | | £ | | | | | S B S R
0 10 20 30 40 0 02 04 06 038 1. 0 O‘.4 018 112
Polar Angle (Deg.) 0R/Rg Rg/d
(a) (b) (c)

Figure 2: Fraction of total mass flow intercepted by extractor for (a) varying polar angle of the capillary tip
with R = 0, Rg = d, (b) varying displacement of tip with R = d and ¢. = 0° and (c¢) varying extractor
aperture radius with 0R = 0 and ¢. = 0°. The divergence angle is 6; = 30° and the azimuthal rotational
angle 6. = 0° for all cases.

We illustrate qualitatively the trends represented by Eq. in Fig. 2] where we show three plots of the
fraction of intercepted current as the polar angle is varied, as the displacement is varied, and as the aperture
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size as widened. As can be seen from these results, as the deflection of the capillary and its alignment with
the extractor worsen, the fraction of intercepted current increases. However, as the aperture radius increases,
for fixed plume divergence angle, more current can pass through the geometry.

6. Failure from arcing

The dominant failure mode we consider for this pressurized system is arcing that can occur from propellant
that has accumulated on he capillary-facing side of the downstream extractor. While it is understood that
this arcing results when a critical amount of propellant has been deposited, it is still an open question as
to how to quantify this critical volume. For example, in the Busek-built nine-emitter thruster produced for
the Lisa Pathfinder mission, the extractor grids are porous and therefore can absorb liquid® This has led to
a proposed onset criteria that breakdown will occur when these porous grids have been saturated. On the
other hand, for non-porous extractors such as those more commonly used for large scale arrays,% the criteria
for breakdown due to propellant accumulation is still poorly understood, and to our knowledge, not been
modeled in detail to date. For this proof-of-concept of an engineering tool, we propose a physically-intuitive
though ultimately unvalidated process.

To this end, we qualitatively describe the process for breakdown in Fig. First, we assume that any
propellant that is deposited on the extractor will pool into a single droplet. The shape of this droplet in turn
will be driven by the volume of mass deposited, the surface tension, and the contact angle of the propellant
on the extractor. As the amount of deposited propellant increases, the size of the droplet will increase,
leading to a wider base, Rgrop and an increased height off the extractor, hgrop. At some critical point, the
onset requirement for breakdown (Eq. will be satisfied (allowing R. — Raropier and d — d — haroplet
thereby leading to a Taylor cone and backspraying to the capillary. At this point, it is assumed that this
spraying facilitates the formation of low-resistance path from extractor to capillary tip, resulting in shorting
and failure.

mRmp | = : Iy
D) 4 o E :
£04-
= ¢
200.2¢
T VAN T

04 02 0 02 04
| | Radius (mm)

Figure 3: (a) Schematic of failure mode due to backspraying from downstream droplet. b) Numerical
solutions for droplet shape on aluminum or three different volumes of EMI-BF4.

To model this process, we need expressions for the droplet shape, radius, and height as functions of total
deposited volume. To this end, we numerically solve the Young-Laplace equation for a droplet:

Z”(T) Z/(,r,) B
(e i o) ~o0 15)

where v denotes the surface tension and AP is the internal pressure of the droplet, z is the height of the
droplet from the substrate, and r is the horizontal displacement from droplet centerline (Fig.|3b). Physically,
the left hand side represents the force from surface tension at the droplet/vacuum interface which is balanced
against internal pressure in the droplet. We note here that we assume that the formed droplets will be smaller
than the characteristic capillary length, (Rirop < lcqp = 1.7 mm) for the modeled propellant, EMI-BF4. We
therefore neglect hydrostatic pressure in this formulation.

To simplify our analysis, we assume that droplets that deposit on the extractor will equilibrate to room
temperature, yielding an EMI-BF4 with surface tension of 7 = 0.04 N/m. We similarly assume, consistent
with the work of Dandavino 1™ that the surface contact angle of the propellant on aluminum is fcons = 70.5°.
Armed with these values, we solve Eq. iteratively. We select a height, z(0) = hgpop of the droplet from
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Figure 4: Parametric plot of critical volume of deposited propellant to result in break down as a function of
bias voltage and extractor to capillary tip.

the extractor and set the initial slope of the droplet at this height to be 2/(0) = 0. We then guess at a value
of AP and integrate the equation until z(Rgrop) = 0. We compare the slope of the solution at this angle,
Oeont = tan! [/ (Rdmp)] to the known contact angle of 70.5° and iterate on the internal pressure, AP until
we achieve the correct angle. We repeat this process for a range of droplet heights. The results are shown
graphically in Fig. 3p.

To relate these results to the onset voltage, we integrate numerically over the volume of the droplet, Vi, op
and substitute the values of Rgyop and hgrop into Eq. 2l We show in Fig. ] a parametric plot of the volume
of the droplet for onset voltage to occur as a function of extractor to tip distance and bias voltage. As can
be seen, as the initial distance between the extractor and capillary decreases or the bias voltage increases,
the required volume of a droplet to lead to breakdown lowers. In practice during simulation runs, we use
the known values of V4 and d to estimate the volume, V. Op(d, Vp) that will result in backspraying. We then
can relate this volume to time to failure, ¢* with the mass deposition formulation (Eq. :

*
Vdrop

= :
Qe

(16)

7. Propellant

As can be seen from the above simplified models, the propellant properties factor heavily into predictions
for electrospray operation. Key properties include the conductivity, K, the surface tension, 7, the relative
permittivity, €, and the viscosity, p. All of these attributes are influenced by external factors including
exposure to atmosphere, water absorption, and temperature. For the purpose of this study, we assume
the propellant has been controlled to eliminate the influence of the former two effects and instead consider
only the role of propellant temperature, e.g. K(T}),v(Tp),e(Tp), u(Tp). To estimate these dependencies, we
leverage the embedded database in ESPET for EMI-BF4 which tabulates values drawn from previous work
for these properties. We note here that interestingly, the temperature of the propellant at the emission tip
is not well-known or modeled as local effects such as Ohmic heating can drastically influence this parameter.
We thus treat it as an unknown model parameter in our assessments.

8. Performance

Finally, we outline here the simple models for performance implemented in ESPET. Consistent with the
previous modules, we assume that the beam current follows a top-hat distribution and that the beam is
monodispersive. With this in mind, we can write
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=—-— 17

2 pQVpIy (17)
where 1" denotes thrust, I, is specific impulse, and 7 is the thruster efficiency. Here in the thrust equation,
we explicitly have accounted for the adverse impact of mass flow lost to the extractor Q g, the loss in potential
acceleration from ¢, and the beam divergence ¢4.

C. Uncertainty Quantification

We use Monte Carlo to perform a probabilistic assessment of the emitter output with respect to uncertain-
ties in the system Table [l| summarizes the components of the models and parameters that are subject to
uncertainty. These uncertainties are grouped into two classes: physics-based model parameters and manu-
facturing tolerances. The physics-based inputs correspond to our lack of certainty in the modules outlined in
the previous section. They represent aspects of the spray that we do not know how to model or uncertainty
in the fit coefficients of semi-empirical models (c.f. Eq. . For the architecture we have outlined in the
preceding discussion, the three physics-based uncertainties include the temperature of the propellant, T,
the jet potential drop, ¢, and the lengthscale in the divergence model, [o. The manufacturing uncertainties
are known quantities that stem from machining tolerance and alignment. For this study, these consist of
the radius of the aperture in the extractor, the tip-to-extractor distance, the orientation of the tip with
respect to the extractor, and the capillary dimensions. Finally, we note here that we treat two parameters
as precisely known (i.e., negligible uncertainties), the bias voltage, V;, and the reservoir pressure, Pg. These
both can be controlled and measured with a high degree of precision for an actively-pressurized system.

Table 1: Classification of uncertainties for code inputs

Parameter Description Source of Uncertainty

T, Propellant temperature at emitter tip Physics-based model parameters
0y Jet potential Physics-based model parameters
lo Divergence model fit parameter Physics-based model parameters
R, Capillary inner radius Manufacturing tolerance

le Capillary length Manufacturing tolerance

R, Radius of aperture in extractor Manufacturing tolerance

oR Capillary offset from concentricity Manufacturing tolerance

0. Angle of capillary with respect to vertical Manufacturing tolerance

Oc Azimuthal angle of capillary Manufacturing tolerance

Pp Reservoir pressure No uncertainty

Vi Bias voltage No uncertainty

ITI. Results

A. Performance assessment for baseline case

Our performance assessment targets quantifying the confidence in two metrics: performance and lifetime.
For the performance assessment, since we assume that all emitters in an array are non-interacting and
therefore statistically independent, we can perform a one-step, Monte Carlo uncertainty propagation for
a single-emitter. We specify upper and lower bounds for the parameters (Table , both manufacturing
and physics-based, and assume these parameters are uniformly distributed. We then sample from these
distributions of parameters 10° times, run ESPET for each sampled set of inputs, and generate probability
distribution functions (PDF) for each parameter.

For our baseline case in this study, we used the range of input parameters shown in Table [2| We chose
the median of the dimensions of the capillary to be consistent with the single emitter experimental setup
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that guided the calibration of the model for the divergence model in Eq. 11 The bounds on these ranges are
typical or estimated uncertainties in manufacturing and alignment. For example, we assume that an operator
will be able to maintain concentricity of the emitter tip with the center of the extractor, d R, to within 0.1
mm and with an angular accuracy of ¢. = 20°. We selected the operating conditions, bias voltage and
pressure, such that when we ran the simulation with the median values of the geometry shown in Table [2] we
found values consistent with those measured in Ref. |11} i.e. flow rates @ ~ 0.5 nl/s and currents I, ~ 1.0 uA
. Finally, we also verified that when we used the median values from the ranges specified in Table [2| that
there was no grid interception (Qg = 0). This median case thus in principle would have an infinite lifetime,
and indeed, this is how most arrays initially would be designed. Our initial study of this baseline case thus
is the equivalent of examining the role of non-ideal alignment as well as uncertainty in our understanding of
the models in impacting our confidence in the model predictions.

Table 2: Input ranges for ESPET Monte Carlo run

Parameter Baseline Reduced uncertainty
Ty [300,350] K [300,350] K
oy [0,200] V [0,200] V

lo [2.6, 3. 6] mm  [2.6,3.6] mm
R. [7.9] p [7.5,8.5] p

le [4.8,5. 2] cm  [4.9,5.1] cm

d [1.0,1.4] mm [1.1,1.3] mm
Rg [0.8,1.2) mm [0.9,1.1] mm
AR [0,0.1] m [0,0.05] mm
0. [0, 20] deg [0,5] deg.

D¢ [0,360] deg. [0, 360] deg
Py 2 x 10° Pa 2 x 10° Pa
Vi 2000 V 2000 V

With this in mind, we show in Fig. [5| PDF's for key outputs from the model. In interpreting these results,
the peak in each PDF represents the most probable value of the output while the confidence in this prediction
scales inversely with the spread of each PDF. We note that the most probable predicted breakdown voltage
is consistent with the values we reported in Ref. 11| for a similarly-configured capillary emitter. The fact
that our input voltage, V}, is higher than all of the values of the PDFs suggests that all cases we consider
would in fact be spraying. The most probable values for performance, e.g. a specific impulse of I, = 210s,
divergence angle of §; = 32° and thrust 7' = 1.0u/N are all consistent with pressure fed capillaries that have
been reported to date 18 Indeed, the low specific impulse is a direct function of the low charge to mass ratio
of capillaries operating in droplet emission mode. The predicted efficiency, ~ 70% is high, though likely a
substantial over prediction. This stems from the fact that the predicted efficiency functionally only depends
on the divergence angle and the intercepted current. The effects of polydispersivity are negligible due to the
negligible ionic current. We finally note that the most probable divergence angle is smaller than the most
probable value of the extractor aperture angle, ¢. This suggests that in the most probable case, the beam
in this configuration will pass through the aperture with minimal interception. This is consistent with our
initial choice of median values to ensure that there is a minimum overlap. Allowing for the spread in each
of these divergence angles, however, there can be cases where the plume divergence will exceed the angle of
the extractor aperture, giving rise to impingement on the extractor. Moreover, since we have considered the
effects of finite misalignment of the grids in both angle and displacement, we anticipate that there will be
cases where there can be some extractor interception. This is supported by the plot of the average fractional
value of deposition shown in Fig. |5l This result physically suggests that because of the impact of uncertainty
in manufacturing (as well as the underlying physical processes), a given emitter has a finite chance of leading
to extractor impingement and ultimate failure. We quantify this risk in the following section.
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Figure 5: Performance outputs from ESPET for a single emitter after Monte Carlo run with input parameters
dictated by Table

B. Lifetime assessment for baseline case

Generating lifetime predictions is more nuanced than the performance assessments as we need to treat the
classes of uncertainty different. Our aim is to provide conditional lifetime assessments given fixed models. To
this end, we first sample randomly from the distributions of the three physics-based parameters (Table. We
fix these values and then sample 1000 points randomly from the design parameters subject to manufacturing
uncertainty. We run the model for these 1000 cases and create a a series of bins in time, At, each 15 minutes
long. At each bin (corresponding to total run time of ¢t; = j* At), we evaluate the number of results from the
simulation that have reached failure, i.e. t* < t; (Eq. and record the total fraction that has failed, p(t;).
In this way, we assign to each bin the probability of failure for an individual emitter at this point in time.
Once we have binned this set of data, generating a curve p(t;), we iterate by again sampling once from the
physics-based uncertainties and running the model for 1000 samples from the manufacturing uncertainties.
We repeat this process 1,000 times to generate a family of curves that represent the failure of probability.
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We show in Fig. |§| the median from these curves (solid) as well as the first and third quartiles (dashed).
The overall shape of the failure curve stems from the uncertainty in the manufacturing tolerance. It reflects
uncertainty in how the system was built. The variance in the failure curve (as represented by the quartiles)
reflects uncertainty in our simplified models for how the system works. If we had perfect knowledge of
the physics, the quartiles would collapse. Physically, we can interpret this result in the following way
by considering the simplifying case that we know the physics perfectly, e.g., considering median curve to
correspond to this case. If we were to build a set number of single emitters according to the manufacturing
tolerances specified in Table [2]and run each individually over time, we would see that the fraction of emitters
that failed would follow the curve shown in Fig. [6] If all the emitters were built precisely to the median
value in the ranges shown in Table 2] none of them would fail. However, because of manufacturing tolerance
and misalignment, some of the emitters will have a finite of amount of current deposited on the extractor
(Fig. pl). These emitters will fail over time. Even those emitters that have finite impingement, however,
deposit at sufficiently slow rates that all of them will survive for a minimum of ~ 1 hour. After this time,
some of the emitters from the lot will fail. Eventually, after 15 hours, all emitters that had any amount of
current impingement on the extractor will have failed. The remaining ~ 50% have dimensions such that
all of the emitted current passes through the aperture without impingement, thereby in principle having
unlimited lifetime. This is why the curve does not asymptote to 1 instead of the plotted value of 0.5.
Another interpretation is that every time an emitter is built to tolerance, there is a 50% chance it will never
fail. With that said, because there is uncertainty in the underlying physical models, there is corresponding
uncertainty in the probability of failure curve. This is captured by the quartile ranges shown in Fig. [6]

1.

O i
r O

o
N

Probability of failure

N

5. 10. 15. 20.
Time (hours)

2

Figure 6: Probability of failure for a single emitter subject to the uncertainties outlined in Table The
solid black represent the median while the dashed lines are the first and third quartiles

The preceding discussion pertains to a single emitter, though in practice, we are interested in quanti-
fying the properties for arrays. As we have assumed that the emitters are statistically independent, key
performance metrics such as efficiency and specific impulse will remain unchanged. The thrust, current, and
flow rate will scale with the number of emitters, N,,. To estimate the failure rate, we make the strong
assumption that when we build an array of emitters, if even one emitter fails, it will cause the entire thruster
to fail. This is a reasonable assumption provided the emitters and extractors are all on a shared electrical
circuit. With this in mind, we can translate the probability of failure for a single emitter p(¢;) to the failure
rate of an array:

P(t;) =1 — (1= p(t;)~ . (18)

We evaluate Eq. [I8]in Fig. [7h-c for arrays with 10, 100, and 1000 emitters using the probability for a single
emitter failure from Fig. [} As this result shows, the probability of failure now approaches unity and the
lifetime of the array decreases to an hour as the number of emitters increases in the array. As a caveat, we note
here that these failure times are two orders of magnitude lower than state of the art 100-emitter systems.®
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Figure 7: Probability of failure for (a) a 10 emitter array, (b) a 100 emitter array, and (c), a 1000 emitter
array for the baseline parameters shown in Table [2 Probability of failure for (d) a 10 emitter array, (e) a
100 emitter array, and (f), a 1000 emitter array for the reduced uncertainty case shown in Table [2} The solid
black represent the second quartile while the dashed lines are the first and third quartiles.

The decrease in lifetime with the number of emitters is an intuitive result since as the number of emitters
increases, the probability of one emitter being at an extreme point of the tolerances is greater—leading to
an earlier failure. More significantly, this result underscores the fact that even if an array configuration is
designed such that its mean properties ensure that no current will be intercepted by the extractor grid, the
physical limitations of manufacturing tolerance and repeatability will result in thrusters that will still fail.

C. Lifetime assessment with improved manufacturing tolerance

In practice, for arrays with a smaller number of emitters, lifetime can be improved by manufacturing a large
lot and checking each emitter individually. As shown in Fig. [6] there are some emitter configurations in the
tolerance band where this is no failure. These correspond to the cases where there is no overlap between
the beam and the extractor. If a user only needs a single emitter, they can produce a lot of emitters and
select the ones with the favorable alignment. This approach, of course, is not practical or plausible as the
number of emitters is increased. As an alternative, if we could reduce the tolerance such that more emitters
were created at the median case where there is no overlap between spray and extractor (i.e. make the curves
narrower in Fig[5[g-h), we also would be able to increase life.

D. Lifetime assessment by changing thruster operating condition

To demonstrate this quantitatively, we have repeated the Monte Carlo analysis for a second set of improved
higher precision tolerances (Table [2]) and show the results for a 10,100, and 1000 emitter array in Fig. d—f ).
It is evident here that the average lifetime does improve with improved manufacturing tolerance, increasing
the value to 2 hours. This result demonstrates that at the outset of design, these types of parametric analyses
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can establish minimum requirements for manufacturing tolerances to achieve a given lifetime. The additional
insight afforded by our approach is that we recognize even an array with no tolerance uncertainty still will
have a chance of failure due to uncertainty in the underlying physical models. The approach described here
in principle can guide the choice of tolerance to ensure that within a designated confidence interval, a given
array will survive.

Recognizing that we only have a limited capacity to reduce the manufacturing tolerance, we note that
we may be able to improve thruster lifetime for a fixed geometry by changing the operating condition. We
focus here on one well-known aspect of performance, the thrust level. Indeed, one of the major advantages in
electing an actively pressurized system is that the current and therefore thrust can be adjusted by changing
the applied pressure. With this in mind, we have performed a parametric assessment of the thrust and
lifetime as a function of reservoir pressure for the baseline case (Table assuming a 100 emitter array.
Fig. 7?7 shows the median values of thrust with error bars corresponding to the first and third quartiles of
the PDF while the lifetime plots correspond to the time at which there is 50% probability failure with error
bars corresponding to the confidence intervals.

It can immediately be seen from this plot that thrust increases with reservoir pressure. This is to be
expected for this system as the flow rate correlates with pressure. Interestingly, however, the thrust level
appears to plateau with increasing pressure. This counterintuitive result is a consequence of the fact that
the divergence of the beam scales directly with beam current (which in turn scales with flow rate). With
increasing pressure, more current is thus intercepted by the extractor array and the beam divergence widens,
thus limiting how much directed thrust is generated. The increase in intercepted rate to the extractor
combined with the overall high flow rate yield a lower overall lifetime. This is reflected by the nonlinear
decrease exhibited in Fig. [§] with reservoir pressure where we see a two order of magnitude drop from lifetime
at the lowest pressure (1000 Pa) to lifetime at the highest values (500 kPa).
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Figure 8: Predicted thrust (red) and lifetime (black) at 50% failure probability as a function of reservoir
pressure for a 100 emitter array. Simulation performed for the baseline case in Table

An interesting implication of the dependence shown in Fig. [8]is that the thruster lifetime can be improved
by electing to use a lower flow rate. However, this conclusion can be misleading when considered in the
context of the thruster performance. From an applied perspective, a more relevant parameter is to evaluate
total impulse, I = Tt* imparted by the system before failure. This is the key metric for understanding
how much momentum the propulsion system can impart to the spacecraft over its lifetime. Fig. Ph shows
the total impulse as a function of thrust for a 100 emitter array. It is immediately evident that this curve
exhibits an optimum (outside uncertainty). In other words, this result would suggest that there is an optimal
thrust level for maximizing the total impulse that can be imparted by the 100 emitter propulsion system.
As an extension of this, we recall (Fig. [7)) that as the number of emitters increases, the lifetime of the array
decreases. On the other hand, the thrust level increases with the number of emitters. This suggests there
may be a trade between emitter numbers and total impulse. To illustrate this notionally, we show in Fig. [@p
the total impulse for a single emitter as a function of thrust level. The error bars are much larger on this
plot, which follows the fact that the failure curves have more uncertainty. However, following the median
values, this result would suggest that a single emitter, operating at a fraction of the thrust level can actually
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Figure 9: Predicted total impulse as a function of thrust level for (a) a 10 emitter array and (b) a single
emitter.

deliver a higher total impulse than the array. Naturally, the single emitter will need to run longer, but if
thrust level is not a driver, this may drive the designer to a single array configuration. This unexpected
result illustrates a novel and enabling featuring of a probability-based engineering model.

IV. Discussion

The results in the previous sections have served to illustrate the utility of combining reduced fidelity
models with rigorous uncertainty quantification. In particular, we have examined how this combination can
yield predictions for performance and lifetime and may also be useful for guiding the key design require-
ments such as manufacturing tolerance. We also have shown how these tools may even be used to identify
optimal thruster configurations. These are the features that can be leveraged to achieve the ultimate goal
of exploring design space to identify the array configurations that have the highest likelihood of achieving
mission requirements (performance and lifetime).

With that said, there are a number of caveats and limitations to the analysis that we discuss here.
First, we mention that the predicted lifetimes for our arrays are orders of magnitude lower than state of the
art systems (c.f. Ref. [2,/6,|7). This is a consequence of our decision to baseline our analysis on a simple
and unoptimized experimental setup™ instead of an actual thruster system. The value of this work lies in
the demonstration of process and capability instead of pointing to a useable flight-like system. The next
extension would be to apply this tool to more realistic thruster arrays and validating the predictions against
performance measurements and any known failure rates.

We note as well that there are a number of simplifying assumptions we have made to facilitate a faster
model. These include assuming a top-hat current distribution, mono-dispervisity of the beam, negligible
emitter interactions, negligible transients, and a failures mode that is dominated by droplet accumulation.
The last assumption in particular has yet to be validated experimentally and is currently simply an ansatz
informed by intuition and observation. The first four assumptions similarly are not strictly valid, even for
simplified capillaries, and can introduce additional error to the predictions. The problem of cross-emitter
coupling is a particularly poorly understood aspect of arrays. Indeed, by neglecting the role of cross-emitter
effects, we have limited the ability of our model to evaluate key and pressing questions facing the community
right now such as thruster how closely emitters can be packed. There may be simple scaling laws available to
approximate these effects that may be incorporated in ESPET. But, to date, these have yet to be identified.
Additional insight may come from more sophisticated models for the difference processes, e.g. current
generation and transients. Though, higher fidelity typically will come at the expense of modeling time,
thereby reducing the ability to perform uncertainty quantification with random sampling.

As another caveat, we have confined our analysis to arguably one of the least complex and well-studied
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emitter configuration, a pressurized capillary fed emitter in an array that has a single-point failure mode
(one emitter failure destroys the array). This was driven in large part by the simplicity of the known scaling
laws for this system as well as the fact that the divergence model we have developed in previous work was
based on this configuration. In each case, the scaling was semi-empirical and calibrated against data over a
range of values. For example, the divergence model was only calibrated for 0.7-1.4 mm of tip-to-extractor
distance. If we confine our simulations to this parameter space, we can have a high degree of confidence
in the modeling predictions. However, modeling geometries and configurations beyond this range raises the
question of extensibility. It cannot rigorously be argued that without fully physics-based models that reduced
fidelity models like ESPET can be used to predict entirely new geometries. There is the possibility that in
geometries close to the parameter space where the models were calibrated, e.g. 1.5 mm for tip-to-extractor,
may continue be accurate. However, moving further away from this regime will decrease confidence.

Functionally, this problem of extensibility can be handled in multiple ways. First, and ideally, the
understanding of the underlying physical process (e.g. the mechanisms driving divergence ) can improve
and therefore guide a refined model. Second, absent improved physics, we can try to quantify the reduced
confidence that results when the models are applied to parameter space outside where they were calibrated.
This confidence should decrease as the model is extended beyond the parameter space. For example, the
error bars on data-driven fit coefficients, e.g. [y should increased as the model is applied to regimes where this
model has not been calibrated. Deciding how to rigorously do this variation in the uncertainty is an active
area of research. Finally, as a more time-consuming but more straight forward data-base driven approach,
we could expand the data-set where data calibration is performed, thereby extending the applicability of the
model.

This last technique of increasing the data-set can lead to parameter spaces that are prohibitively large.
For example, in order to be fully comprehensive for the capillary we have considered in this work, we would
need to characterize how the divergence angle depends on flow rate, voltage, current, and all of the geometric
factors we have defined. This leads to a parameter space with at least seven dimensions. Absent doing a
full experimental characterization over this database, techniques based on optimal experimental design can
be performed to help more intelligently sample the parameter space.

As a last comment related to the uncertainty quantification, we note that although the probability
distributions (Fig. [5)) appear to be largely normally distributed, they do have skew features, suggesting non-
normal effects and potentially even the existence of tails. These features cannot easily be captured with a
simple Monte Carlo scheme. This poses a particular problem for lifetime predictions of arrays. Indeed, as
can be seen in Eq. the failure probability of an array depends nonlinearly on the probability of failure
of a single emitter. Finite but small probability of failures can drastically affect the shape of the failure
curve. We may not be able to resolve these marginal cases with simple scaling. Alternative techniques such
as polynomial chaos expansion should be explored to better quantify these uncertainties.

In summary, despite all of these caveats, we emphasize here that the process we have explored, i.e.
combining engineering model tools with uncertainty quantification, is not to be used as a tool for generating
high-fidelity predictions of lifetime for single emitters. The predictions of lifetime for highly-engineered flight
systems such as the propulsion system for Lisa Pathfinder would be qualitative at best2 Rather, this tool
is to be used as a means for narrowing down the wide parameter space of different array geometries and
operating conditions that should be explored experimentally to try to achieve performance metrics, e.g.
increased lifetime and/or impulse. For example, we have already demonstrated the capability to identify
unexpected optimal operation. This information can be leveraged to prototype and build a new thruster
design. The results from these measurements similarly can be coupled back into the modules underlying
the model, helping refining the models when predictions are off, thus improving the fidelity of the code.
Through this iterative process, the ultimate goal is to be able to drastically reduce the development time for
electrospray thruster arrays.

V. Conclusion

We have explored the use of an engineering based numerical tool for electrospray thrusters combined with
uncertainty quantification to assess the lifetime and performance of electrospray arrays based on pressure-
fed capillaries operating on the ionic propellant, EMI-BF4. We have combined a series of semi-empirical
scaling laws with novel models for plume divergence and electrospray failure to generate our predictions with
confidence bars. We have shown how there are two distinct sources for uncertainty in the modeling of these
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devices: uncertainty in the semi-empirical scaling and uncertainty related to the manufacturing tolerance.
We have treated each distinctly in our lifetime assessment of these devices, showing how confidence in the
physical models can modify the predictions for the probability of failure of these arrays. We have explored
the dependency of failure rate on several key factors showing that the lifetime will decrease as the number
of emitters powered by the same source is increased and that the lifetime will improve if the manufacturing
uncertainties are reduced. We also have performed a limited parametric investigation, showing that this
tool can be used to identify optimal design conditions for achieving key requirements such as higher total
impulse. While we have noted that there are several limitations and caveats to our findings, our results do
illustrate the potential use of these types of engineering tools in guiding the design of electrospray arrays.
This is a particularly critical utility given the wide parameter space of electrospray array configurations that
can be explored and the challenge in prototyping and testing these systems.
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