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As electrospray thrusters become more popular on small satellites, a multiscale, multiphysics
modeling/simulation tool is needed to study the thruster performance and plume characteristics.
This paper presents the preliminary work on the development of a multiscale (from single
emitter to spacecraft plume) kinetic simulation framework specifically designed for electrospray
propulsion, namely, Parallel Immersed Finite Element Particle-In-Cell for ElectroSpray Propul-
sion (PIFE-PIC-ESP). Legacy modules of the underlying framework PIFE-PIC are briefly
described. New modules particularly related to electrospray thrusters are under development
at different scales ranging from single emitter/extractor to thruster plume. Ongoing efforts are
focused on carrying out benchmarking simulation cases across the scales to enable cross-scale
capabilities.

I. Introduction
ELECTROSPRAY thrusters refer to a category of electric propulsion (EP) devices that generate a stream of ions and/or
charged droplets from a liquid reservoir through electrostatic acceleration. The liquid (propellant) from this reservoir
is routed inside a capillary or around a needle (emitter). A large potential voltage difference is generated between this
liquid and an electrode (extractor). The liquid forms what is known as a Taylor cone and is drawn through free space
towards the electrode in a process referred to as emission [1]. This emission, depending on operating conditions, can be
in the form of droplets, ions, or a mixture of both. There have been two main variations in realizing this concept for
space propulsion: 1) field emission electric propulsion (FEEP) and 2) colloid thrusters. FEEP is denoted by the use
of a liquid metal and emission of only ions (and neutralizing electrons) [2]. Colloid thrusters emit droplets/ions and
use non-metallic liquids [3]. In addition to FEEP and colloid thrusters, a new type of electrospray source named ionic
liquid ion sources (ILIS) has been firstly introduced by Lozano and Martinez-Sanchez [4]. ILIS are colloid thrusters
capable of producing both positive and negative ions (cations and anions) as well as ion clusters from ionic liquids.
Based on this concept, a new type of bimodal space propulsion, namely ion Electrospray Propulsion System (iEPS), has
been developed [4, 5]. The iEPS utilizes ionic liquids exposed to strong electric fields in a microelectromechanical
systems (MEMS) package to generate high energy beams of heavy molecular ions or charged droplets without gas-phase

ionization, and has made significant advances in recent years [6—14].

In the past a few decades, electrospray propulsion research has gained significant momentum as a result of reduced
spacecraft size and improved microscale manufacturing. Operational advantages of electrospray propulsion include high
specific impulse (/p), thrust accuracy, efficiency, and volume/mass/scalability requirements [3, 15-17]. As electrospray
thrusters become more popular on small satellites, which are of particular interest to the U.S. Air Force and Space Force
[18], there is a gap between the current modeling capability and the knowledge needed for plume characteristics as well
as spacecraft-plume interactions for electrospray propulsion. A multiscale (from emitter-extractor to spacecraft-plume),
multiphysics (plume neutralization, spacecraft charging, contamination, etc.) modeling/simulation tool is needed for
electrospray propulsion research.

This paper presents the preliminary work on the development of a multiscale (from single emitter to spacecraft
plume) kinetic simulation framework specifically designed for electrospray propulsion, namely, Parallel Immersed Finite
Element Particle-In-Cell for ElectroSpray Propulsion (PIFE-PIC-ESP). Section II reviews the current state of the art for
electrospray modeling research. Section III describes the underlying framework, PIFE-PIC, for the development of
PIFE-PIC-ESP. Section IV summarizes the legacy modules for electric propulsion applications, namely, ion optics and
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plume. Section V present related modules of PIFE-PIC-ESP at different scales ranging from single emitter/extrator to
thruster plume. Lastly, Section VI summarizes the initial development and discuss the ongoing efforts.

I1. Current State of the Art of Electrospray Modeling Research

The modeling approaches that have been applied to electrospray can be categorized based on the region / length
scale. Near the cone-jet region, most of the modeling/simulation techniques are based on analytic models and molecular
dynamics (MD) or fluid-continuum simulations, while near the emission/beam region, particle-kinetic methods have
been mainly utilized. A number of modeling efforts have been made at Massachusetts Institute of Technology (MIT),
University of Illinois at Urbana-Champaign (UIUC), University of California, Irvine (UCI), and University of California,
Los Angeles (UCLA). Figure 1 illustrates a zoom-in view of a single emitter in an emitter array, labeled with typical
state-of-the-art modeling approaches for different regions/processes.
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Fig. 1 A zoom-in view of a single emitter in an emitter array, labeled with typical state-of-the-art modeling
approaches for different regions/processes.

Cone-Jet Region/Scale For the cone-jet region, the MIT group presented early numerical models [19, 20] and carried
out MD simulations to study ion evaporation [21, 22], as well as the leaky-dielectric model accounting for charge
evaporation [23]. The group at UTUC applied MD and kinetic techniques to model droplet evolution and fragmentation
under electric field and long-range Coulomb interactions [24-33]. The UCI group introduced first-principle-based
models of electrospraying in the cone-jet mode [34] [35], energy dissipation process [36, 37], and an electrohydrodynamic
(EHD) model for coaxial electrosprays [38]. Recently, an EHD model integrated with OpenFOAM solver was developed
by the group at UCLA [39, 40]. Other fluid-based methods have been used to study pressure feed systems [41], emitter
flow [42], shape of the liquid cone jet [43], and ferrofluid propellant subject to electric and magnetic stresses [44].

Droplet/Ion Emission-Beam Region/Scale For the droplet/ion transition and emission-beam region, there are analytic
formulations/models developed for the beam [45, 46], extractor design [47], spray deposition [48], and beam spreading
caused by space charge and diffusion [49]. Computational efforts have utilized MD and particle-kinetic (i.e., PIC)
approaches or coupling of the two [50-62], and discrete interaction models taking into account Coulomb interactions in
plume expansion [39, 63]. It is noted here that recently a particle-particle (PP) method treating droplets as finite-sized
particles and directly applying the Coulomb interactions among them has been introduced [64]. This PP method holds
promise for significant computational speedup on shared-memory and/or GPU platforms.
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Plume Region/Scale There have been a few attempts to model the electrospray up to the plume region/scale. Carretero
et al. [65] used a quasi-1D EHD model and a 3D PIC code to study the cone-jet formation and charged particle spray
dynamics in the droplet and the mixed ion-droplet regimes incorporating an electrically enhanced ion evaporation model.
Results from the cone-jet model were extrapolated to the jet breakup region and then used as initial conditions for a PIC
model to track individual droplets and ions. This model was used to estimate plume divergence angles and axial/radial
energy distributions. Another multiscale study was carried out by Morris et al. [66], where molecular/particle/fluid
modeling approaches were adopted to calculate the trajectories and characteristics of the droplets and ions.

II1. The PIFE-PIC Framework

This section briefly describes the underlying framework, PIFE-PIC, for modeling plasma-material interactions with
applications to problems of space plasma and electric propulsion. The fundamental phenomena of plasma-material
interactions can be mathematically modeled as an interface problem including the electrostatic/electromagnetic field
problem in self-consistent solution to the corresponding plasma dynamics problem, together with the appropriate
boundary conditions at the interface between plasma region and material region. In EP applications, the shape of the
interface is usually non-trivial (for example, the ion optics grids in ion thrusters and extractors in electrospray thrusters).
Traditionally, when solving field problems involving complex-shaped objects, an unstructured body-fitting mesh is
employed due to accuracy considerations. However, a Cartesian mesh is much-preferred in kinetic particle-in-cell
modeling of plasma dynamics concerning computing speed and efficiency, although it has been limited to problems
with relatively simple geometries due to accuracy considerations inherited with finite-difference-based Cartesian mesh.
To solve this dilemma and to take into account both accuracy and efficiency, the immersed-finite-element particle-in-cell
(IFE-PIC) method was developed to handle complex interface boundary conditions associated with irregular geometries
while maintaining the computational speed of the Cartesian-mesh-based PIC. Over the past years, this method has
matured to successfully model plasma dynamics problems arising from many space applications, such as ion thruster
optics [67, 68], ion propulsion plume-induced contamination [69—71], charging of lunar and asteroidal surfaces [72-77],
and dust transport dynamics around small asteroids [78].

The serial version of the IFE-PIC method has limited its applications to relatively small problem sizes with respect
to practical interests. One of the objectives of the current research project is to develop/optimize a massively-scalable,
first-principle-based, multiscale, multiphysics modeling capability for complex physics related to electrospray propulsion,
such that practical and realistic simulations can be carried out routinely on supercomputers. Towards this goal, Han et al.
have developed the Parallel IFE-PIC (PIFE-PIC) method using 3-D domain decomposition [79-81].

IV. Legacy Modules of PIFE-PIC-ESP for Electric Propulsion Modeling

A. Ton Optics Scale

The IFE-PIC method has been applied to simulations of plasma problems rising from ion propulsion [71]. At the
ion optics scale, IFE-PIC method has been employed to resolve the geometry of the holes of the grids (Figure 2). It is
noted here that the IFE scheme is also able to resolve the geometries of the emitter/extractor for electrospray thrusters.
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Fig. 2 Geometry resolution of IFE scheme applied to ion optics grids of an ion thruster. For PIFE-PIC-ESP,
IFE scheme is used to resolve the geometries of extractor/accelerator for electrospray thrusters.
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B. Spacecraft-Plume Scale
For the spacecraft-plume scale, the IFE-PIC method has been employed to perform contamination calculations [71]
(Figure 3(a)) and plume expansion for in-chamber vs. in-space conditions [82, 83] (Figure 3(b)).
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(a) Spacecraft contamination calculation using IFE-PIC [71]. (b) IFE-PIC simulation of a plume inside a cylinder chamber [83].

Fig. 3 Geometry resolution of IFE scheme applied to entire spacecraft (a) and full-scale ground chamber test of
ion sources (b). In PIFE-PIC-ESP, IFE scheme will be used to resolve the geometries of spacecraft and vacuum
chamber at the spacecraft-plume scale.

V. Modules of PIFE-PIC-ESP at Different Scales
Single Emitter/Extractor Scale The single-emitter/extractor module of PIFE-PIC-ESP starts with the domain
including the emission site (Figure 4).

Extractor-Array Scale The extractor-array scale will extend the modules for single-emitter/extractor to extractor-array
scale and take into account more array-scale interactions, as shown in Figure 5.

Spacecraft-Plume Scale The spacecraft-plume module will implement modules and models developed for smaller
scales (i.e., single-emitter and emitter-array) into into existing plume modules inherited from the legacy IFE-PIC plume
suite [69, 70], and develop the plume modules for PIFE-PIC-ESP. Additional modules will include fully-kinetic plume
models, collision schemes including Direct Simulation Monte Carlo (DSMC) and Monte Carlo Collision (MCC), and
surface-interaction models including secondary emission and sputtering, as illustrated in Figure 6.
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Fig. 4 Illustration of PIFE-PIC-ESP’s single emitter/extractor module.

Fig. 5 Illustration of PIFE-PIC-ESP’s extractor-array module.
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Fig. 6 Illustration of PIFE-PIC-ESP’s spacecraft-plume module.
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VI. Summary and Ongoing Work

Preliminary development status of a multiscale (from single emitter to spacecraft plume) kinetic simulation

framework specifically designed for electrospray propulsion, namely, Parallel Immersed Finite Element Particle-In-Cell
for ElectroSpray Propulsion (PIFE-PIC-ESP), is presented. Legacy modules of an existing framework PIFE-PIC are
briefly described. New modules particularly related to electrospray thrusters are under development at different scales
ranging from single emitter/extractor to thruster plume. Ongoing efforts are focused on carrying out benchmarking
simulation cases across the scales to enable cross-scale capabilities.

Acknowledgments

This work has been supported by the Air Force Office of Scientific Research (AFOSR) through the Space Propulsion

and Power (SPP) program. G.E.B. and X.H. would also like to acknowledge the support from the National Science
Foundation (NSF) grant DMS-2111039.

[

—

2

—

13

—

[4

—

(5

—

[6

—_

[7

—

[8

—

[9

[

[10]

(1]

(12]

(13]

References
Taylor, G. I, “Electrically driven jets,” Proceedings of the Royal Society of London. A. Mathematical and Physical Sciences,
Vol. 313, No. 1515, 1969, pp. 453—475. https://doi.org/10.1098/rspa.1969.0205.

Marcuccio, S., Genovese, A., and Andrenucci, M., “Experimental Performance of Field Emission Microthrusters,” Journal of
Propulsion and Power, Vol. 14, No. 5, 1998, pp. 774-781. https://doi.org/10.2514/2.5340.

Martinez-Sanchez, M., and Pollard, J. E., “Spacecraft Electric Propulsion - An Overview,” Journal of Propulsion and Power,
Vol. 14, No. 5, 1998, pp. 688-699. https://doi.org/10.2514/2.5331.

Lozano, P., and Martinez-Sdnchez, M., “Ionic liquid ion sources: characterization of externally wetted emitters,” Journal of
Colloid and Interface Science, Vol. 282, No. 2, 2005, pp. 415-421. https://doi.org/10.1016/j.jcis.2004.08.132.

Lozano, P., and Martinez-Sanchez, M., “On the dynamic response of externally wetted ionic liquid ion sources,” Journal of
Physics D: Applied Physics, Vol. 38, No. 14, 2005, pp. 2371-2377. https://doi.org/10.1088/0022-3727/38/14/011.

Courtney, D. G., Li, H. Q., and Lozano, P., “Emission measurements from planar arrays of porous ionic liquid ion sources,”
Journal of Physics D: Applied Physics, Vol. 45, No. 48, 2012, p. 485203. https://doi.org/10.1088/0022-3727/45/48/485203.

Masuyama, K., and Lozano, P. C., “Bimodal Propulsion System Using Ionic Liquid Propellant for Pico- and Nano-satellite
Applications,” 49th AIAA/ASME/SAE/ASEE Joint Propulsion Conference, American Institute of Aeronautics and Astronautics,
San Jose, CA, 2013. https://doi.org/10.2514/6.2013-3962.

Brikner, N., and Lozano, P. C., “Physical Limitations on the Lifetime of Ionic Liquid Ion Sources,” 49th AIAA/ASME/SAE/ASEE
Joint Propulsion Conference, American Institute of Aeronautics and Astronautics, San Jose, CA, 2013. https://doi.org/10.2514/
6.2013-3881.

Krejci, D., Mier-Hicks, F., Fucetola, C., Lozano, P., Schouten, A. H., and Martel, F., “Design and Characterization of a Scalable
ion Electrospray Propulsion System,” Joint Conference of 30th International Symposium on Space Technology and Science,
34th International Electric Propulsion Conference and 6th Nano-satellite Symposium, Hyogo-Kobe, Japan, 2015.

Guerra-Garcia, C., Krejci, D., and Lozano, P., “Spatial uniformity of the current emitted by an array of passively fed electrospray
porous emitters,” Journal of Physics D: Applied Physics, Vol. 49, No. 11, 2016, p. 115503. https://doi.org/10.1088/0022-
3727/49/11/115503.

Krejci, D., and Lozano, P., “Micro-machined ionic liquid electrospray thrusters for Cubesat applications,” Joint Conference of
30th International Symposium on Space Technology and Science, 34th International Electric Propulsion Conference and 6th
Nano-satellite Symposium, Georgia Institute of Technology, Atlanta, Georgia, USA, 2017.

Krejci, D., Mier-Hicks, F., Thomas, R., Haag, T., and Lozano, P., “Emission Characteristics of Passively Fed Electrospray
Microthrusters with Propellant Reservoirs,” Journal of Spacecraft and Rockets, Vol. 54, No. 2, 2017, pp. 447-458.
https://doi.org/10.2514/1.a33531.

Mier-Hicks, F., and Lozano, P. C., “Spacecraft-Charging Characteristics Induced by the Operation of Electrospray Thrusters,”
Journal of Propulsion and Power, Vol. 33, No. 2, 2017, pp. 456—467. https://doi.org/10.2514/1.636292.



Downloaded by Missouri University of Science & Technology on February 17, 2024 | http://arc.aiaa.org | DOI: 10.2514/6.2024-1543

(14]

[15]

[16]

(171

(18]

(19]

[20]

(21]

(22]

(23]

[24]

[25]

[26]

[27]

(28]

(29]

(30]

(31]

(32]

(33]

Martinez, C. S. P., “Engineering Ionic Liquid Ion Sources for Ion Beam Applications,” phdthesis, Massachusetts Institute of
Technology, June 2016.

Lozano, P. C., “Studies on the Ion-Droplet Mixed Regime in Colloid Thrusters,” phdthesis, Massachusetts Institute of
Technology, February 2003.

Mier-Hicks, F., and Lozano, P. C., “Electrospray Thrusters as Precise Attitude Control Actuators for Small Satellites,” Journal
of Guidance, Control, and Dynamics, Vol. 40, No. 3, 2017, pp. 642-649. https://doi.org/10.2514/1.2000736.

Grustan-Gutierrez, E., and Gamero-Castafio, M., “Microfabricated Electrospray Thruster Array with High Hydraulic Resistance
Channels,” Journal of Propulsion and Power, Vol. 33, No. 4, 2017, pp. 984-991. https://doi.org/10.2514/1.b36268.

Krejci, D., and Lozano, P., “Space Propulsion Technology for Small Spacecraft,” Proceedings of the IEEE, Vol. 106, No. 3,
2018, pp. 362-378. https://doi.org/10.1109/jproc.2017.2778747.

Carretero, J., and Martinez-Sanchez, M., “Quasi-One-Dimensional Numerical Simulation of a Single-Emitter Colloidal Jet,”
38th AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit, American Institute of Aeronautics and Astronautics,
Indianapolis, Indiana, 2002. https://doi.org/10.2514/6.2002-3812.

Benignos, J. A. C., “Numerical Simulation of a single emitter colloid thruster in pure droplet cone-jet mode,” phdthesis,
Massachusetts Institute of Technology, February 2005.

Takahashi, N., and Lozano, P., “Atomistic Numerical Approach to Ion Evaporation from a Tungsten Surface for Electrospray
Thrusters,” 45th AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit, American Institute of Aeronautics and
Astronautics, Denver, Colorado, 2009. https://doi.org/10.2514/6.2009-5089.

Coffman, C. S., Martinez-Sanchez, M., and Lozano, P. C., “Electrohydrodynamics of an ionic liquid meniscus during evaporation
of ions in a regime of high electric field,” Physical Review E, Vol. 99, No. 6, 2019. https://doi.org/10.1103/physreve.99.063108.

Cidoncha, X. G., Kristinsson, B. O., and Lozano, P. C., “Informing the Design of Pure-ion Electrospray Thrusters via Simulation
of the Leaky-Dielectric Model with Charge Evaporation,” 36th International Electric Propulsion Conference, University of
Vienna, Austria, 2019.

Borner, A., Li, Z., and Levin, D., “Tonic Liquid Electrospray Modeling using Molecular Dynamics,” 47th AIAA/ASME/SAE/ASEE
Joint Propulsion Conference & Exhibit, American Institute of Aeronautics and Astronautics, San Diego, California, 2011.
https://doi.org/10.2514/6.2011-5524.

Borner, A., Li, Z., and Levin, D. A., “Modeling of an ionic liquid electrospray using molecular dynamics with constraints,” The
Journal of Chemical Physics, Vol. 136, No. 12, 2012, p. 124507. https://doi.org/10.1063/1.3696006.

Borner, A., Li, Z., and Levin, D. A., “Prediction of Fundamental Properties of Ionic Liquid Electrospray Thrusters using Molecular
Dynamics,” The Journal of Physical Chemistry B, Vol. 117, No. 22, 2013, pp. 6768-6781. https://doi.org/10.1021/jp402092e.

Mehta, N. A., and Levin, D. A., “Coarse graining of Ethylammonium Nitrate using Effective Field Coarse Graining Method,”
54th AIAA Aerospace Sciences Meeting, American Institute of Aeronautics and Astronautics, San Diego, California, USA, 2016.
https://doi.org/10.2514/6.2016-0955.

Mehta, N. A., and Levin, D. A., “Molecular Dynamics Electrospray Simulations of Coarse-Grained Ethylammonium
Nitrate (EAN) and 1-Ethyl-3-Methylimidazolium Tetrafluoroborate (EMIM-BF4),” Aerospace, Vol. 5, No. 1, 2017, p. 1.
https://doi.org/10.3390/aerospace5010001.

Mehta, N., and Levin, D. A., “Colloid thruster droplet evolution analysis using molecular dynamics,” 35th International Electric
Propulsion Conference, Georgia Institute of Technology, Atlanta, Georgia, USA, 2017.

Mehta, N. A., and Levin, D. A., “Comparison of two protic ionic liquid behaviors in the presence of an electric field using
molecular dynamics,” The Journal of Chemical Physics, Vol. 147, No. 23, 2017, p. 234505. https://doi.org/10.1063/1.5001827.

Mehta, N. A., and Levin, D. A., “Sensitivity of electrospray molecular dynamics simulations to long-range Coulomb interaction
models,” Physical Review E, Vol. 97, No. 3, 2018. https://doi.org/10.1103/physreve.97.033306.

Mehta, N. A., and Levin, D. A., “Electrospray molecular dynamics simulations using an octree-based Coulomb interaction
method,” Physical Review E, Vol. 99, No. 3, 2019. https://doi.org/10.1103/physreve.99.033302.

Mehta, N., and Levin, D. A., “Simulation of colloid thruster droplet evolution using kinetic Monte Carlo,” 36th International
Electric Propulsion Conference, University of Vienna, Austria, 2019.



Downloaded by Missouri University of Science & Technology on February 17, 2024 | http://arc.aiaa.org | DOI: 10.2514/6.2024-1543

[34]

[35]

(36]

(371

(38]

(39]

(40]

(41]

(42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

(50]

[51]

[52]

(53]

Gamero-Castafio, M., “First-Principles Modelling of Electrospraying, and the Effects of Dissipation in Electrospray Thrusters,”
35th International Electric Propulsion Conference, Georgia Institute of Technology, Atlanta, Georgia, USA, 2017.

Gamero-Castafio, M., and Magnani, M., “Numerical simulation of electrospraying in the cone-jet mode,” Journal of Fluid
Mechanics, Vol. 859, 2019, pp. 247-267. https://doi.org/10.1017/jfm.2018.832.

Magnani, M., and Gamero-Castafio, M., “Modeling of the dissipation and self-heating of the propellant in electrospray thrusters,”
AIAA Propulsion and Energy 2019 Forum, AIAA, Indianapolis, IN, 2019. https://doi.org/10.2514/6.2019-4171.

Gamero-Castafio, M., “Dissipation in cone-jet electrosprays and departure from isothermal operation,” Physical Review E,
Vol. 99, No. 6, 2019. https://doi.org/10.1103/physreve.99.061101.

Loépez-Herrera, J. M., Herrada, M. A., Gamero-Castafio, M., and Gafidn-Calvo, A. M., “A numerical simulation of coaxial
electrosprays,” Journal of Fluid Mechanics, Vol. 885, 2020. https://doi.org/10.1017/jtm.2019.880.

Wirz, R. E., “Electrospray Thruster Performance and Lifetime Investigation for the LISA Mission,” AIAA Propulsion and Energy
2019 Forum, American Institute of Aeronautics and Astronautics, Indianapolis, IN, 2019. https://doi.org/10.2514/6.2019-3816.

Huh, H., and Wirz, R. E., “Numerical Simulation of Electrospray Thruster Extraction,” 36th International Electric Propulsion
Conference, University of Vienna, Austria, 2019.

Nabity, J., Mason, G., Engel, J., Daily, J., Lagumbay, R., and Kassoy, D., “Studies of MEMS Colloid Thrusters,” 42nd
AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit, American Institute of Aeronautics and Astronautics, Sacramento,
California, 2006. https://doi.org/10.2514/6.2006-5007.

Sen, A. K., Darabi, J., Knapp, D. R., and Liu, J., “Modeling and characterization of a carbon fiber emitter for electrospray
ionization,” Journal of Micromechanics and Microengineering, Vol. 16, No. 3, 2006, pp. 620—-630. https://doi.org/10.1088/0960-
1317/16/3/018.

Herrada, M. A., L6pez-Herrera, J. M., Gafidn-Calvo, A. M., Vega, E. J., Montanero, J. M., and Popinet, S., “Numerical simulation
of electrospray in the cone-jet mode,” Physical Review E, Vol. 86, No. 2, 2012. https://doi.org/10.1103/physreve.86.026305.

Jackson, B. A., Terhune, K. J., and King, L. B., “Ionic liquid ferrofluid interface deformation and spray onset under electric and
magnetic stresses,” Physics of Fluids, Vol. 29, No. 6, 2017, p. 064105. https://doi.org/10.1063/1.4985141.

Gamero-Castafio, M., “The structure of electrospray beams in vacuum,” Journal of Fluid Mechanics, Vol. 604, 2008, pp.
339-368. https://doi.org/10.1017/s0022112008001316.

Gamero-Castafio, M., “The Expansion of Colloid Thruster Beams,” 31st International Electric Propulsion Conference,
University of Michigan, Ann Arbor, Michigan, USA, 2009.

Kimber, A. M., Jorns, B. A., and Sodano, H., “Dielectric Materials with Deposited Electrode Layers for Electrospray
Arrays,” 2018 Joint Propulsion Conference, American Institute of Aeronautics and Astronautics, Cincinnati, Ohio, 2018.
https://doi.org/10.2514/6.2018-4653.

Kessler, D. A., and Merrill, M., “A Lagrangian-Eulerian Method for Simulating Electrospray Deposition,” AIAA Aviation 2019
Forum, American Institute of Aeronautics and Astronautics, Dallas, Texas, 2019. https://doi.org/10.2514/6.2019-3722.

Higuera, F. J., and de la Mora, J. F., “The spreading of an axisymmetric ion beam by space charge and diffusion,” Journal of
Aerosol Science, Vol. 147, 2020, p. 105571. https://doi.org/10.1016/j.jaerosci.2020.105571.

Kumar, R., Borner, A., Li, Z., and Levin, D., “Electrospray Simulation in a Colloid Thruster Using Particle-in-Cell (PIC)
Approach,” 50th AIAA Aerospace Sciences Meeting including the New Horizons Forum and Aerospace Exposition, American
Institute of Aeronautics and Astronautics, Nashville, Tennessee, 2012. https://doi.org/10.2514/6.2012-788.

Borner, A., and Levin, D., “Coupled molecular dynamics - One-dimensional PIC simulations of ionic liquid electrospray thrusters,”
2013 19th IEEE Pulsed Power Conference (PPC), IEEE, San Francisco, CA, 2013. https://doi.org/10.1109/ppc.2013.6627579.

Wang, P., Borner, A., Li, Z., and Levin, D., “An Advanced Particle-in-cell(PIC) Approach for Electrospray Simulation in a
Colloid Thruster using Molecular Dynamics Simulation Results,” 43rd AIAA Thermophysics Conference, American Institute of
Aeronautics and Astronautics, New Orleans, Louisiana, 2012. https://doi.org/10.2514/6.2012-2993.

Borner, A., Wang, P., Li, Z., and Levin, D. A., “Numerical Simulation of Colloid Thrusters and Taylor Cone-Jets,” 49th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference, American Institute of Aeronautics and Astronautics, San Jose, CA, 2013.
https://doi.org/10.2514/6.2013-3821.

10



Downloaded by Missouri University of Science & Technology on February 17, 2024 | http://arc.aiaa.org | DOI: 10.2514/6.2024-1543

[54]

[55]

(561

[57]

(58]

(591

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

Wang, P., Borner, A., Li, Z., and Levin, D. A., “Simulations of Electrospray in a Colloid Thruster with a High Resolution
Three-dimensional Particle-in-Cell Model,” 44th AIAA Plasmadynamics and Lasers Conference, American Institute of
Aeronautics and Astronautics, San Diego, CA, 2013. https://doi.org/10.2514/6.2013-2629.

Borner, A., Wang, P., and Levin, D. A., “Influence of electrical boundary conditions on molecular dynamics simulations of
ionic liquid electrosprays,” Physical Review E, Vol. 90, No. 6, 2014. https://doi.org/10.1103/physreve.90.063303.

Borner, A., and Levin, D. A., “Coupled Molecular Dynamics—3-D Poisson Simulations of Ionic Liquid Electrospray Thrusters,”
IEEE Transactions on Plasma Science, Vol. 43, No. 1, 2015, pp. 295-304. https://doi.org/10.1109/tps.2014.2327913.

Coles, T., Fedkiw, T., and Lozano, P., “Investigating Ion Fragmentation in Electrospray Thruster Beams,” 48th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit, American Institute of Aeronautics and Astronautics, Atlanta,
Georgia, 2012. https://doi.org/10.2514/6.2012-3793.

Coles, T. M., and Lozano, P. C., “Investigating the Transport of Net Charge and Contaminants in Electrospray Thrusters,” 49th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference, American Institute of Aeronautics and Astronautics, San Jose, CA, 2013.
https://doi.org/10.2514/6.2013-4033.

Petro, E. M., Miller, C. E., Schmidt, J., and Lozano, P. C., “Development of an Electrospray Fragmentation Model for Kinetic
Plume Modeling,” 36th International Electric Propulsion Conference, University of Vienna, Austria, 2019.

Kim, D. Y., and Micci, M. M., “Molecular Dynamics Simulations of a Liquid Gallium Electrospray Thruster,” Journal of
Propulsion and Power, Vol. 29, No. 4, 2013, pp. 899-905. https://doi.org/10.2514/1.B34501.

Patrick, A. L., Vogelhuber, K. M., Prince, B. D., and Annesley, C. J., “Theoretical and Experimental Insights into the
Dissociation of 2-Hydroxyethylhydrazinium Nitrate Clusters Formed via Electrospray,” The Journal of Physical Chemistry A,
Vol. 122, No. 8, 2018, pp. 1960-1966. https://doi.org/10.1021/acs.jpca.7b12072.

Emoto, K., Tsuchiya, T., and Takao, Y., “Numerical Investigation of Steady and Transient Ion Beam Extraction Mechanisms for
Electrospray Thrusters,” Transactions of the Japan Society for Aeronautical and Space Sciences, Aerospace Technology Japan,
Vol. 16, No. 2, 2018, pp. 110-115. https://doi.org/10.2322/tastj.16.110.

Davis, M. J., Collins, A. L., and Wirz, R. E., “Electrospray Plume Evolution Via Discrete Simulations,” 36th International
Electric Propulsion Conference, 36th International Electric Propulsion Conference, University of Vienna, Austria, 2019.

Zhao, Y., and Wang, J. J., “A Particle-Particle Simulation Model for Droplet Acceleration in Colloid Thrusters,” 36th
International Electric Propulsion Conference, 36th International Electric Propulsion Conference, University of Vienna, Austria,
2019.

Carretero, J., Lozano, P., and Martinez-Sdnchez, M., “Numerical Simulation of Taylor Cone-Jets and Colloid Thruster Plumes,”
Proceedings of the 4th International Spacecraft Propulsion Conference (ESA SP-555), edited by A. Wilson, SAO/NASA
Astrophysics Data System (ADS), Chia Laguna (Cagliari), Sardinia, Italy, 2004.

Morris, T., Forget, M., Malardier-Jugroot, C., and Jugroot, M., “Multi-Scale Investigation of a Colloid Micro-Propulsion
System,” Plasma Processes and Polymers, Vol. 8, No. 6, 2011, pp. 478-489. https://doi.org/10.1002/ppap.201100003.

Kafafy, R., and Wang, J., “Whole Subscale Ion Optics Simulation: Direct Ion Impingement and Electron Backstreaming,” 41st
AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit, Tucson, Arizona, 2005. https://doi.org/10.2514/6.2005-3691.

Kafafy, R., and Wang, J., “Whole lon Optics Gridlet Simulations Using a Hybrid-Grid Immersed-Finite-Element Particle-in-Cell
Code,” Journal of Propulsion and Power, Vol. 23, No. 1, 2007, pp. 59-68. https://doi.org/10.2514/1.21346.

Kafafy, R. 1., and Wang, J., “A Hybrid Grid Immersed Finite Element Particle-in-Cell Algorithm for Modeling Spacecraft-Plasma
Interactions,” IEEE Transactions on Plasma Science, Vol. 34, No. 5, 2006, pp. 2114-2124. https://doi.org/10.1109/TPS.2006.
883404.

Wang, J., Cao, Y., Kafafy, R., Pierru, J., and Decyk, V. K., “Simulations of Ion Thruster Plume-Spacecraft Interactions on
Parallel Supercomputer,” IEEE Transactions on Plasma Science, Vol. 34, No. 5, 2006, pp. 2148-2158. https://doi.org/10.1109/
TPS.2006.883406.

Daoru Han, and Joseph J. Wang, “Simulations of Ion Thruster Plume Contamination with A Whole Grid Sputtered Mo
Source Model,” 49th AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit, San Jose, California, 2013.
https://doi.org/10.2514/6.2013-3888.

11



Downloaded by Missouri University of Science & Technology on February 17, 2024 | http://arc.aiaa.org | DOI: 10.2514/6.2024-1543

[72]

(73]

[74]

[75]

[76]

(771

(78]

(791

[80]

(81]

[82]

(83]

[84]

Han, D., “Particle-in-Cell Simulations of Plasma Interactions with Asteroidal and Lunar Surfaces,” Ph.D. thesis, University of
Southern California, 2015.

Han, D., Wang, P., He, X., Lin, T., and Wang, J., “A 3D immersed finite element method with non-homogeneous interface flux
jump for applications in particle-in-cell simulations of plasma-lunar surface interactions,” Journal of Computational Physics,
Vol. 321, 2016, pp. 965-980. https://doi.org/10.1016/j.jcp.2016.05.057, URL http://www.sciencedirect.com/science/article/pii/
S0021999116302029.

Han, D., Wang, J., and He, X., “A Nonhomogeneous Immersed-Finite-Element Particle-in-Cell Method for Modeling
Dielectric Surface Charging in Plasmas,” IEEE Transactions on Plasma Science, Vol. 44, No. 8, 2016, pp. 1326-1332.
https://doi.org/10.1109/TPS.2016.2580698, URL http://ieeexplore.ieee.org/xpls/abs_all.jsp?arnumber=7506060.

Han, D., Wang, J., and He, X., “ Immersed Finite Element Particle-in-Cell Simulations of Plasma Charging at the Lunar
Terminator,” Journal of Spacecraft and Rockets, Vol. 55, No. 6, 2018, pp. 1490-1497. https://doi.org/10.2514/1.A34002.

Han, D., and Wang, J., “3-D Fully-Kinetic Particle-in-Cell Simulations of Small Asteroid Charging in the Solar Wind,” IEEE
Transactions on Plasma Science, Vol. 47, No. 8, 2019, pp. 3682-3688. https://doi.org/10.1109/TPS.2019.2919895.

Yu, W, Han, D., and Wang, J., “Numerical Simulations of Dust Dynamics Around Small Asteroids,” IEEE Transactions on
Plasma Science, Vol. 47, No. 8, 2019, pp. 3724-3730. https://doi.org/10.1109/TPS.2019.2920263.

Yu, W., Wang, J. J., and Han, D., “Numerical Modeling of Dust Dynamics Around Small Asteroids,” AIAA SPACE Forum 2016,
Long Beach, California, 2016. https://doi.org/10.2514/6.2016-5447, URL https://arc.aiaa.org/doi/abs/10.2514/6.2016-5447.

Han, D., He, X., and Wang, J. J., “PIFE-PIC: A 3-D Parallel Immersed Finite Element Particle-in-Cell Framework for Plasma
Simulations,” AIAA SciTech Forum 2018, Kissimmee, Florida, 2018. https://doi.org/10.2514/6.2018-2196.

David Lund, Jianxun Zhao, Alexander Lamb, and Daoru Han, “Fully Kinetic PIFE-PIC Simulations of Plasma Charging at
Lunar Craters,” AIAA SciTech 2020, Orlando, Florida, 2020. https://doi.org/10.2514/6.2020-1549.

Daoru Han, Xiaoming He, David Lund, and Xu Zhang, “PIFE-PIC: Parallel Immersed Finite Element Particle-in-Cell for 3-D
Kinetic Simulations of Plasma-Material Interactions,” STAM Journal on Scientific Computing, Vol. 43, No. 3, 2021, pp. C235 -
C257. https://doi.org/10.1137/20M137344X.

Joseph Wang, Daoru Han, and Yuan Hu, “Kinetic Simulations of Plasma Plume Potential in a Vacuum Chamber,” IEEE
Transactions on Plasma Science, Vol. 43, No. 9, 2015, pp. 3047-3053. https://doi.org/10.1109/TPS.2015.2457912, URL
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=7173438.

Daoru Han, Joseph J. Wang, Xiaoming He, and Tao Lin, “3-D Immersed Finite Element Particle-in-Cell Methods for Modeling
Laboratory Experiments of Lunar Plasma Environment,” The Ist Annual Meeting of SIAM Central States Section, Rolla,
Missouri, 2015.

Thuppul, A., Wright, P. L., Collins, A. L., Ziemer, J. K., and Wirz, R. E., “Lifetime considerations for electrospray thrusters,”

Aerospace, Vol. 7, No. 8, 2021, p. 108. https://doi.org/10.3390/aerospace7080108, URL https://www.mdpi.com/2226-
4310/7/8/108.

12



	Introduction
	Current State of the Art of Electrospray Modeling Research
	The PIFE-PIC Framework
	Legacy Modules of PIFE-PIC-ESP for Electric Propulsion Modeling
	Ion Optics Scale
	Spacecraft-Plume Scale

	Modules of PIFE-PIC-ESP at Different Scales
	Summary and Ongoing Work

