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The disintegration of large ionic liquid (IL) droplets emitted during the
electrospray process when traversing through the region between the cap-
illary and the extractor plane is important in determining the final electro-
spray products. Due to the computational cost associated with molecular
dynamics (MD), simulations of droplet fragmentation are limited on the
length and time scales of several nanometers and nanoseconds. In this
work, we propose a kinetic Monte Carlo (kMC) approach to study droplet
fragmentation. The kMC algorithm relies on the ion emission model and
Rayleigh instability equation to determine fragmentation rate of the IL
droplet. Using kMC, we were able to replicate the fragmentation behavior
of EMIM-BF, droplet, similar to that observed from MD simulation.

I. Introduction

Colloid thrusters are a class of nano-thrust electric propulsion devices which can be
used on small satellites for orbit correction or station keeping. These devices use ILs as
propellants, such that, the IL is pressure fed through a capillary into a region of applied
electric field. ILs are defined as salts having a melting point less than room temperature
(373 K) and, have the ability to form a Taylor cone and emit ions. The electric field conducts
the IL, causing the emission of a fine jet of ions from a Taylor! cone formed at the mouth
of the capillary. The emission from the Taylor cone is also known as an electrospray and it
has numerous applications other than in electric propulsion. Electrosprays have been used
extensively in the field of micro-fabrication allowing controlled deposition? of metals as well as
microfilm deposition on surfaces,® microcircuit manufacturing,* and ion beam lithography.®
Electrosprays have also been used in bio-medical engineering,%7 for the analysis of biological
tissues.®

Depending on the mode of operation mode as well as the electrochemical properties,
ILs can either emit individual ion species or sub-micron sized droplets (colloids) that are
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accelerated by the electric fields, generating high exhaust velocities. A large number of ILs
can be used as propellants for electrosprays,”!? to cater to the wide range of performance
requirements. Therefore, it is necessary to have experimental and simulation based ability
to predict the thrust, required voltages, and mode of operation to design electrospray de-
vices. We have used MD, which is a particle based method that allows for atomistic scale
understanding of electrosprays.!! The availability of accurate inter-atomic potentials makes
it possible to model various ILs typically used in electrospray thrusters.

Colloid thruster performance and operational characteristics, such as, emission species
and currents, have been traditionally measured from experiments.!? These experiments are
beneficial in determining the total operational life of the electrospray thruster as well as its
total power requirements. These experiments are conducted over a length and time scales
of micro-meters and micro-seconds. However, due to the high computational cost associated
with MD simulations, the tenable simulations currently possible are at length and time scales
of nano-meters and nano-seconds.'® While MD simulations can provide accurate correlation
between potential energy of the IL and the Taylor cone formation, and the emission closest to
the tip of the cone, the differences in the length and time scale are particularly noticeable in
the motion of large droplets emitted from the Taylor cone. The smaller emission ion species
will travel through the applied electric field without disintegrating due to stronger Coulomb
interactions in smaller ion species. However, the larger ion aggregates will undergo further
fragmentation into smaller species in the duration it traverses through the external electric
field between the Taylor cone and the extractor. Therefore, it is necessary to formulate a
scale-bridging technique which allows for modeling the motion of MD predicted near cone
emissions through the simulated electric field over a length and time scales of micrometers and
microseconds. This will enable direct comparison between the experiments and simulations.

Studies on understanding droplet fragmentation have used high speed photography,!#:15
rapid solidification using sol-gel,,'6 as well as, MD simulations.!”!® MD simulations were
performed by Ichiki, et al.,'” for a system of water molecules charged by Cl1=.17 Similarly,
Marginean, et al.'® used pronated diglycine molecules'® to study the effect of Rayleigh
critical limit and the evolution of nano jet from the droplets. While shape deformation®®
and mass loss can be analyzed using experimental?’ methods, theoretical models are preferred
for providing insight into charge reduction during the droplet disintegration process. Widely
accepted theoretical models for droplet fragmentation include the charged residue mechanism
(CRM)?! and the ion evaporation mechanism (IEM).?> The CRM postulates that smaller
ion species are emitted from the primary or original droplet due to recurring instabilities
generated within the droplet structure, as predicted by the Rayleigh theory.2> The IEM
describes the disintegration process using first order reaction kinetics. We can use parts of
the two theoretical models to create a numerical model capable of replicating the droplet
fragmentation process over a time scale of microseconds. It would be ideal if the near field
emission products from MD simulations are used as initial condition for scale-bridging to
larger length and time-scales using kMC.

kMC is a probabilistic method based on the “process list” algorithm, which is capable
of simulating the time evolution of processes. kMC simulations have been traditionally used
to replicate Ising model?* and surface topology evolution.?>?¢ In this work, we have imple-
mented kMC algorithm to model ILs droplet evolution due to external electric field. A core
pre-requisite for any kMC simulation is the need to determine the process rate, which will
relate fragmentation time with the simulated elapsed time. For this purpose, elements from
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Figure 1. Modified kMC algorithm for droplet fragmentation.

the CRM and IEM model have been used to determine Rayleigh limit and time between
successive emissions, as shall be discussed in detail in the next section. In this work, we have
performed kMC droplet fragmentation simulations of 1-ethyl-3-methylimidazolium Tetraflu-
oroborate (EMIM-BF,) and 1-ethyl-3-methylimidazolium etylsulfate (EMIM-EtSOy).

II. Numerical methods used for kMC simulations

The modified kMC algorithm developed for performing droplet fragmentation is shown
in Fig. 1. kMC relies on the N-fold way algorithm to model time-evolution of multiple
independent events. This is well suited for modeling droplet fragmentation because, we have
concurrent emission of a monomer, dimer, or trimer from the primary droplet which will be
referred to in the kKM C algorithm as events ng, ny, and ns, respectively. Every iteration of the
kMC simulation represents an event occurring and the time elapsed between two events, i.e.
ion emission is added to the total elapsed simulation time. This makes it possible to have
a time accurate representation of droplet fragmentation. kMC simulations are performed
using a uniform grid, such that flags are assigned to each cell in the grid to represent either
an empty space or a volume occupied by either a cation or an anion. The grid for the droplet
fragmentation simulations, which includes the empty region surrounding the primary droplet,
is constructed using 60 x 60 x 60 grid cells representing a simulated domain of size 0.3 x 0.3
x 0.3 pm. A droplet is generated in the center of the domain with a radius of 56 A, which
is a typical diameter for droplets observed to emit from our MD simulations.?” For both,
EMIM-BF, and EMIM-ETSOy, the size of each cell in the kMC grid equals the size of the
EMIM cations and, BF, and EtSO, anions, approximately 5.0 A. The droplet is constructed
by considering all cells within a radius of 60 A from the center of the domain to be either a
cation or an anion. Droplets can be defined as a combination of nine or more cation-anion
pairs attached to either a number of excess cations or anions, depending on the electrospray
mode of operation. If a negative potential is applied at the extractor ring, the electrospray
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(a) kMC droplet geometry (b) Shell generated around kMC droplet geometry

Figure 2. Schematic of the kMC droplet grid and the shell of emission eligible kKMC sites.
Green and red sites represent cations and anions, respectively. Each site has a dimension of 5
x5x 5 A.

will emit positive ion species and therefore, is defined as operating in the positive mode, and
vice-versa. In this work, we have used the electric field values obtained in the domain for an
applied potential of -17 V at the extractor plane which is at a distance of 1,000 A from the
mouth of the capillary. Droplets emitted during the electrospray process will have a biased
total charge, meaning that for the positive emission mode, a droplet may have greater than
150 cations than the anions in the droplet. This is defined as a charge bias, b, of the droplet.
An example of a kMC droplet with 150 cation bias is shown in Fig. 2(a), where cations and
anions are represented by green and red cells, respectively. This bias was determined from
a prototypical droplet emitted during the MD electrospray simulation.?” The kMC droplet
is comprised of 3019 cations and 2868 anions giving it a net positive charge of +150 e.

Droplet fragmentation will occur primarily due to Rayleigh instability within the droplet
and the energy provided by the external electric field. Irrespective of the presence of electric
field, droplets with charge greater than the Rayleigh limit will undergo Rayleigh instability,
whereby, charges over the Rayleigh limit will fragment from the droplet. The Rayleigh limit
for the droplet can be calculated as,!®

64m2egyrs

2 (1)
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e

where, z is the number of charges, ¢; = 8.8541 x 107!2 F/m is the permittivity of vacuum,

7 is the surface tension, e = 1.60217 x 107! C is the elementary charge, and r is the radius

of the droplet. In contrast, in the presence of an external electric field, Hogan, Jr, et al.?®

using the aspects of the IEM and CRM theory estimated that the number of charges on an
ion-emitting droplet can be calculated as,

megEFr?
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where, E* is the amplitude of the applied external electric field. At the start of kMC droplet
fragmentation simulation, the higher excess charge given by either Eqs. 1 or 2, is selected as
the determining criterion for fragmentation.

The fragmentation process is initialized by flagging only the outermost shell of ions as
eligible for emission from the primary droplet. From our previous MD simulations, it was
observed that emission of ions occurs primarily from an outermost shell of the droplet and
flagging shell ions in kMC will replicate this behavior. The shell generated around the kMC
droplet is shown as yellow ring around the droplet cross section in Fig. 2(b) and it contains
all ions exposed directly to the electric field. The number of ions flagged as shell depends
on the instantaneous radius of the primary droplet. Both cations and anions will be part
of the shell and become available for emission. Not all ions flagged in the shell will have
equal probability of emission. A cation or anion with the lowest Coulomb energy will have
the highest probability of emission. The Coulomb energy of the ions located in the shell is
calculated as,

Eooa, =C > 241 3
Coul; ]Zl rij ( )
i#]

where, ¢ is the index of ions within the flagged shell, n is the total number of ions in the
droplet, ¢; and g; are the charges on the kMC sites ¢ and j, respectively. Only ten ions
with the lowest Coulomb energy in the shell are maintained flagged for emission and the
remaining ion pairs in the shell are flagged off. The fragmentation step is then performed

by randomly selecting one of the ten flagged kMC ions for emissions.

Until this step, all the previous steps performed in the kMC simulations rely on Egs. 1
and 2 to determine fragmentation criterion. However, theoretical models do not provide the
information of secondary species emitted during fragmentation. MD simulations of droplet
fragmentation can be used to provide emission species information for the kMC simulations
in the form of emission species probability. From our MD simulations, at higher electric
field strengths, EMIM-EtSO, droplets were observed to emit comparatively more dimers
and trimer in the positive emission mode than monomers during droplet fragmentation.?’
This information can be transferred to kMC in the form of probabilities. As an example,
for EMIM-EtSO, droplet fragmentation, approximately two dimers will be emitted for every
monomer emitted from the droplet. This is implemented in the kMC algorithm using an
acceptance-rejection algorithm. To implement the higher rate of dimer-to-monomer emission
from an EMIM-EtSO, droplet, a random number is generated from a uniform distribution
between zero and one, and if this random number is less than 0.70, then the dimer emission
sequence is executed in the algorithm, else a monomer emission is executed. Over multiple
emission iterations, this will result in approximately twice the number of dimers emitted for
a given number of monomer emission. The value of 0.70 is the probability of dimer emission
compared to monomer emission obtained from either MD or experiments. This ratio depends
on the electrochemistry of the ionic liquid, in particular, the Coulomb interactions, H-bond
network, and the strength of the applied electric field.

Monomer emissions can be modeled in kMC simply by detaching one of the flagged kMC
cells and moving it away from the from the primary droplet structure. Emission of dimers
and trimers is more complex. In the positive mode, to model dimer emission from a droplet,
one original flagged kMC cell as well as additional cation and anion sites surrounding the
original flagged cell will be removed. Similarly, two cation and one anion cells attached to
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the original flagged cell will be removed to model trimer emission in the positive emission
mode.

The maximum variation in the applied fields will occur near the mouth of the capillary.
As stated in our previous work,?” the normal electric field in the region between the tip of
the Taylor cone and the extractor plane will not change significantly and will weaken as the
droplet approaches the annulus of the extractor plate. Furthermore, dimers, trimers and
droplets with more than nine cation-anion pairs are primarily emitted from the tip of the
Taylor cone and will travel along the central axis of the domain, where the radial field is
constant and weak. Therefore, the droplet kMC fragmentation simulations are performed
considering a constant normal and radial electric field strengths of 3.5 and 0.05 V/nm,
respectively. Results from our previous work?” will be used to create a dataset which will be
used as kMC emission probability for monomer, dimer, and trimer secondary emission as a
function of applied external electric fields.

The Coulomb fission model also allows one to calculate the break-up time of the secondary
emission as an inverse of the primary droplet perturbation growth rate, a,,,

1
tbreak = Oé_ (4)

The perturbation growth rate is related to the physical and electro-chemical properties of

the IL and may be written as,
400 1/2
am = | 5o5 5 (5)
27e392%p

where, ¢ = 35 is the dielectric permittivity?® of EMIM-EtSO, and o, the surface charge

density is calculated by,
276%42p1\ /*

4m2rd
and, the surface current, I, is calculated using,
1/2
= (3”6672> / (7)
26p

The evaluated tp,cqx is added to a cumulative value, which represents the time progression of
the kMC simulation. The tj,..x depends on the radius of the primary droplet and therefore,
after every fragmentation event, the droplet radius is re-evaluated to calculate new ty.eqk-
After this step, all kMC sites are re-flagged ineligible for fragmentation, which is shown as
‘Close shell’ stage in Fig. 1. We verify if the total number of excess charges in the droplet
is lower than the charge criterion determined at the beginning of the simulation, if so the
simulation is stopped, else, we execute the motion subroutine.

The motion subroutine ensures that the primary droplet and emitted species are moving
in accordance with the applied electric field. The acceleration due to applied electric field
on the primary droplet and emitted specie sites is given by,

Fy=mia; = &

gk

m;

—

)
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(a) At t = 55 ps (b) At t = 70 ps (c) At t =97 ps

Figure 3. Trajectory snapshots from droplet fragmentation kMC simulation.

120 A

(a) At t = 50 ps (b) At t = 75 ps (¢) At t = 100 ps

Figure 4. Trajectory snapshots from droplet fragmentation kMC simulation.

where, a; is the acceleration on the ith ion kMC site due to the external electric field, E. m,
and ¢; is the mass and charge associated with the kMC sites of the primary droplet as well
as the emission species. Typically, a cation and anion sites will carry a charge of +1 and -1
e, respectively. However, in kMC, the charge assigned to each site, regardless if it is a cation
or anion, will be ¢ = 1/(Ncation + Nanion), Where Negtion and Ngpnion are the number of cations
and anions forming the primary droplet after each iteration. In MD, the ion-pairs are held
together by Coulomb interactions and nano-structure induced hydrogen bonding. However,
kMC sites are simplified representations of actual ion-pairs, solely using kMC site based
Coulomb interactions which cannot counteract the effects of applied electric field. When the
acceleration due to the electric field is evaluated for two neighboring kMC sites, representing
a cation and an anion pair, it will have opposing effects on the cation and anion due to the
polarity of the electric field and the partial charges of +1 and -le carried by the cations
and anions, respectively. This will create an unrealistic instantaneous fragmentation of the
primary droplet during the movement phase of the kMC simulation. To avoid this behavior,
an equal partial charge is assigned to all sites forming the primary droplet enabling cohesive

7
The 36th International Electric Propulsion Conference, University of Vienna, Austria
September 15-20, 2019



1020

3100 Cations B

r . Distance
Anions ;
Velocity ]
L. = 4}

3000 E 7 Z
g I ; B 1 —_
S @ .l £
= = 3r £

L [ - ~
22800 s | >
P & | s 10102
2 [ prc 3
S 8 2r / °
=] s [ >
z | s [
2800 2 | <1005
L Q 1 ?
I T T SRR P T N B
2700 1 > 3 4 0 1 > 3 41000
Time (ns) Time (ns)
(a) Ton loss from primary droplet (b) Distance and velocity of primary droplet

Figure 5. Ion loss from and the velocity of the primary droplet in a constant electric field.

motion of the entire droplet geometry to prevent from splitting into counter-moving cations
and anions due to the polarity of the applied electric field. Using the same strategy, each
site of the trimers and dimers emitted during fragmentation are also assigned charge values
of 1/5 and 1/3 e, for cation species, and -1/5 and -1/3 e for anion species, respectively.
Only the cation and anion monomers are assigned a charge of 1 and -1 e, respectively. The
mass assigned to each site is also similarly averaged depending on the number of cations and
anions forming the primary droplet or the emission species. The droplet and the kMC sites
are then moved using the Leap-frog integration,3!

= = - tbreak
Ui1/2 = Ut + Gy

Ti41 = Tt + Vpy1/28break
tbreakz
2

Utt1/2 = U172 + Gyl

The trajectory snapshots of the fragmentation process of primary droplets obtained from the
kMC simulation are shown in Fig. 3. For comparison, snapshots from the MD simulation
of droplet fragmentation simulation are shown in Fig. 4. The emitted positive monomer,
positive dimer, and negative dimer species are labeled as A, B, and C, respectively.

At the completion of the motion subroutine, the displacement of the primary droplet sites
is subtracted from all displaced ion sites. This ensures that the slow-moving primary droplet
retains the central location in the kMC grid, allowing the simulation to proceed until the
charge criterion check is met. The charge loss from the 150 cation bias EMIM-EtSO, droplet
is shown in Fig. 5(a). Initially, the primary droplet contains 150 more cations compared to
the anions, which reduces to 98 extra cations compared to the anions at the end of the
fragmentation process. The distance traveled and the velocity of the primary droplet are
shown in Fig. 5(b), where, using KMC, we were able to model the droplet motion while
performing fragmentation on the micrometer length scale.

8
The 36th International Electric Propulsion Conference, University of Vienna, Austria
September 15-20, 2019



160 MD

kMC

180

—_
B
[

—_
N
(a)

110

Charges, Z
@
[a]
\\\\l\ll\l\\\\l\\\\l\\\\l\\\

100

L I L L I L L I L L I
100 200 300 400

Time (ps)

Figure 6. Comparison of charge loss from a EMIM-BF, droplet with approximately 150 cation
bias.

III. Results and discussion

A. Comparison of charge loss with MD

A kMC simulation was performed for EMIM-BF, droplet with 155 extra cations to compare
the charge loss behavior with that from MD for a similar droplet. The time between two
fragmentation events, i.e., tp.cqr, predicted by Eq. 4 was a factor of four higher than that
observed from MD. We attribute this discrepancy to the difference in the shape of the droplet.
For the MD simulation, the IL droplet had a teardrop shape, with IL. material forming apex
at the two poles. In contrast, we assumed a perfectly spherical droplet. The electric field will
be considerably more effective at removing ions from a teardrop shaped droplet. To account
for this, the ty..qx Obtained from Eq. 4 was always reduced by a factor of four during the
kMC simulation. The comparison of MD and kMC droplet charge loss from the simulations
is shown in Fig. 6. As seen in Fig. 6, the kMC simulation was able to reproduce the loss

of 28 cation species in 400 ps, which is in a good agreement with the charge loss and time
predicted by MD.

B. Effect of surface tension on droplet fragmentation behavior

As discussed previously, fragmentation will depend on the electrochemical properties of the
ILs and the emission species probabilities predicted by MD simulations. To understand the
differences generated in the emission characteristics due to these parameters, we performed
fragmentation simulations of EMIM-EtSO, and EMIM-BF,. Both ILs are aprotic and have
similar cation-anion RDF's as well as mass densities. There is a noticeable difference be-
tween the surface tension of the two ILs: 57 mN/m for EMIM-EtSOy, as determined by
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Figure 7. Comparison of charge, monomer, and dimer loss from EMIM-EtSO, versus EMIM-
BF, kMC simulations.

Wainwright and Rovey, whereas, that of EMIM-BF, at room temperature is 47 mN/m.3?
Also, the dielectric permittivity of both ILs is significantly different, 35 for EMIM-EtSO,3°
versus 15 for EMIM-BF4.3 The emission species probabilities for the two ILs are similar,
0.30 for EMIM-EtSO,4% versus 0.34 for EMIM-BF,,?” as determined from our previous MD
simulations.

Comparison of the total charges lost during the simulation is shown in Fig. 7(a). It
can be observed that the charge loss rate is higher from the BF, based IL droplet. This
is due to a combination of significantly lower surface tension and dielectric permittivity of
EMIM-BFy, both of which, allow easy movement of ions by weakening the droplet surface.
This will result in smaller ;... for EMIM-BF, fragmentation leading to faster charge loss.
As expected, the monomer and dimer emission counts are the same for both ILs, as shown
in Figs. 7(b) and 7(c), respectively, because both ILs have similar emission probabilities.
Although, the loss rate of EMIM-BF} is higher due to the aforementioned differences in the
surface tension and dielectric permittivity.

To better understand the individual effects of surface tension and dielectric permittivity,
kMC simulations were performed by considering a fixed dielectric permittivity and varying
the surface tension of the IL droplet. For this analysis, a fragmentation simulation was
performed for an EMIM-BF, droplet with a radius of 56 A and a cation bias of 150. A
comparison of a polynomial fit (order 3) of the charge loss as a function of simulation time
is shown in Fig. 8(a). When the surface tension was increased from its baseline value of
47 mN/m to that of EMIM-ETSO,, 57 mN/, the charge loss was comparatively faster.
When the surface tension was arbitrarily lowered to 37 mN/m, the droplet fragmentation
was gradual. Surface tension, 7y is directly proportion to the Rayleigh instability, Eq. 1 and
approximately square root proportionality to the tj.eqr, as shown in Eqgs. 4 and 5. It must
also be notes that the instantaneous radius of the droplet is also changing as it loses ions,
as shown in Fig. 8(b) The combined effect is to have faster ion loss during fragmentation for
the higher surface tension. In contrast, when the surface tension was kept constant and the
dielectric permittivity was varied, there was no significant change in the charge loss behavior.
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Figure 8. Effect of surface on kMC predicted charge loss and instantaneous primary droplet
radius.

C. Effect of cation bias and droplet radius on charge loss rate

As defined previously, the charge bias is the number of additional cations in the droplet. To
understand the role of charge bias on charge loss, we performed kMC simulations of EMIM-
BF, by keeping all the electrochemical properties the same but the charge bias of the droplet
was changed. As shown in Fig. 9(a), changing the droplet bias does not affect the slope of
the charge loss curve. However, the curves shift proportional to the bias and determine the
y-intercept of the charge loss as a function of simulation time. In comparison, the initial
droplet radius has a significant impact on the charge loss behavior. When the radius of the
IL droplet is reduced, the charge loss from the droplet is slower and vice-versa, as shown
in Fig. 9(b). Unlike the effects of varying either surface tension or droplet bias, the effects
of changing the droplet radius cannot be easily generalized. When the droplet radius was
changed, the charge loss behavior, its starting y-intercept and its end charge, all are affected.
The kMC simulations predicted that a droplet with an initially larger radius, for same cation
bias, will have more ion-pairs, leading to more cations over the Rayleigh limit criterion. A
larger radius will also lower the t,...; between two successive fragmentation events. Both
these effects combine to create a complex charge loss behavior when analyzed by changing
the droplet radius.

IV. Conclusions and future work

In this work, we propose a kMC algorithm to simulate IL droplet fragmentation, allowing
possible scale bridging of MD fragmentation results from nanometer and nanosecond length
scales to micrometer and microseconds. The kMC algorithm relies on Rayleigh instability
theory and ion emission model to determine fragmentation criterion. We used the MD
derived monomer, dimer, and trimer emission probabilities to model emission during kMC
fragmentation events. Time between every successive emission event was determined from
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Figure 9. Effect of droplet bias and radius on kMC predicted charge loss.

the CRM and TEM models. Using this kMC approach, we obtained charge loss behavior of
a prototypical EMIM-BF, droplet, which was in good agreement with the charge loss from
an MD simulation. The fragmentation results from kMC will be used by coupling them with
the in-house CHAOS PIC code. This future work can be broken down into three distinct
steps. These steps represent project milestones with increasing difficulty.

A. Electrospray plume expansion in free space using CHAOS

Our in-house PIC code CHAOS has been used for ion thruster plume propagation. It is a
massively parallel multi-CPU-GPU code with adaptive mesh capability. One of the current
unknowns with regards to electrospray thrusters is the detailed computational analysis of
plume propagation beyond the extractor plane in space as well as in experimental facilities.
Having this knowledge will allow us to better predict electrospray impingement on satellite
surfaces and their effects. In the region away from the extractor plate, ions emitted from the
electrospray will experience only a weak ambient electric field. Therefore, these weak electric
fields will not affect the propagation of ion species and also larger emission products, such
as, dimers and trimers will likely not fragment into smaller species. The plume expansion
will occur primarily due to the exhaust velocities of the emission species.

To simulate the electrospray beam, we will use the emission results obtained from our
MD simulations. We will calculate the mass flow rate, exhaust velocities, and emission angles
of these ion species, and use those as an input for the PIC code. We will use CHAOS in
the multi-species configuration such that monomers, dimers, and trimers will be treated as
individual species. Each computational particle of a specie represents either one monomer,
dimer, or a trimer. It must be noted that MD simulations are performed at lower mass flow
rates (j 107! kg/s), thereby, generating only monomers, dimers, and trimers as emission
species. At higher mass flow rates, electrosprays will generate large droplets. Based on the
kMC algorithm, we can determine the final fragmentation products of these large droplets
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thus obtaining an overall mass flow rate of emission species beyond the extractor plane.

Initially, we will not model collisions between the emission species. For the first simulation
cases, only the collision less propagation of multi species jet will be modeled. This step
will provide us with a baseline regarding the plume propagation extent, allowing us to
determine the domain size required for such a simulation. This simulation should be treated
as an initial step in determining Neumann and Dirichlet boundary conditions necessary to
generate weak electric field. Increasing the complexity, for the next simulation, we will
perform electrospray beam propagation with inter-species collision. However, we will require
collision cross sections between the three species emitted from the electrospray. This will
be done by performing trajectory simulations of inter-species collision using MD. Collision
cross sections obtained from MD will be used as an input to perform coupled PIC DSMC
simulations of plume propagation.

B. Derive kMC algorithm to reproduce Taylor cone formation and emission

As mentioned previously, we have performed MD electrospray simulations at low mass flow
rates (j 107! kg/s) due to computational limitations. Electrospray simulations at higher
mass low rates will require a larger domain because the ejected ion species will start filling
out a smaller domain and lead to unrealistic interactions between Taylor cone and emitted
ion species. As processors are mapped to the domain, increasing the computational domain
will lead to a large number of processors mapping regions with no ions present leading to a
very inefficient simulation. An alternative approach would be to use the observations from
MD as well as theoretical models to derive an kMC algorithm capable of recreating the
Taylor cone at micrometer length scale as opposed to nanometers currently feasible with
MD.

In order to replicate Taylor cone formation using kMC, we will have to improve our
droplet fragmentation kMC algorithm in two key areas. For the droplet simulation, we use
the same sized grid cells for both, cation and anion. Furthermore, the cation and anions
locations are assigned randomly and with bias. This is a valid strategy for droplet simulation
but when modeling electrospray from bulk, kMC cation and anion grid cells will have to be
arranged based on the coordination number, unique to each IL. Before moving to the second
part of this step, we will perform kMC simulations of IL bulk in the absence of external
electric field to compare the nanostructure and electrochemical properties of kMC bulk with
those obtained from MD. The second improvement will be to impose Taylor cone shape on
the IL bulk modeled by kMC. The grid cells should be adequately fine to accurately resolve
the Taylor cone shape. The Taylor cone geometry will be modeled using the theoretical
expressions from the work by Krpoun and Shea.*

C. Multi-capillary electrospray kMC simulation

Typical electrospray devices operate as an array of emitters as opposed to a solo emitter.
There will be interaction between the emission products from one capillary and another due
to beam spreading. For this part of the project, we will integrate the changes made for the
two steps described above. Coupled PIC-DSMC simulations will be performed using kMC
to generate the plume emission products. The emission species will be allowed to collide and
generate backflow, which is an area of interest for this work. All three steps combined will
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allow us to create a complete computational model of electrospray thruster device, results
from which will be compared with the experimental measurements.
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