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Research Motivation
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T, Thrust from electrospray emission through accelerator grid

—_—
2 | = m,., Propellant mass flux toward accelerator grid
—_—

My, Propellant mass flux toward extractor grid

Overspray 1s a primary life-limiting
failure mechanism for electrospray
thrusters

Minimizing mass flux towards the
extractor and accelerator grids can
increase lifetime and thrust

Complete characterization of an
electrospray plume by modeling
and experiment 1s necessary to
better understand thruster lifetime
and performance under various
operating conditions

[17 A. Thuppul, P. L. Wright, A. L. Collins, J. K. Ziemer, and R. E. Wirz, “Lifetime Considerations for Electrospray Thrusters,” Aerospace, vol. 7, no. 8. 2020

[2] Ziemer, J. K., “Performance of Electrospray Thrusters,” 31st International Electric Propulsion Conference, Ann Arbor, MI,

USA, 2009, p. pp. 1-13.
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FIG. 3. Current density as a function of half angle for varying (a) extraction voltages (fixed fow rate of 420 pLs—") and (b) flow rales (constant voltage of 1.6kV). Mass
flux as a function of half angle for varying (c) extraction voltages (fixed flow rate of 420 pLs—') and (d) flow rates (constant voltage of 1.6 kV). All profiles shown with
super-Gaussian fits. The trends of these fits with voltage and flow rates are shown in Fig. 5.

Anirudh Thuppul, Peter L. Wright, Adam L. Collins, N. M. Uchizono, and Richard E. Wirz, “Mass Flux and Current Density Distributions of Electrospray Plumes,” Journal of Applied Physics (2020)
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PEPPER - Problem Geometry
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Results - COMSOL Charged Particle lracing
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[1] M. Gamero-Castafio, “Characterization of the electrosprays of 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide in vacuum,” Phys. Fluids, vol. 20, no. 3, p. 32103, Mar. 2008, doi: 10.1063/1.2899658.
[2] M. Gamero-Castafio and A. Cisquella-Serra, “Electrosprays of highly conducting liquids: A study of droplet and ion emission based on retarding potential and time-of-flight spectrometry,” Phys. Rev. Fluids, vol. 6, no. 1, p. 13701, Jan. 2021, doi:
10.1103/PhysRevFluids.6.013701.
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Surrogate Modeling — Polynomial ChaoS EXpansion

Ypcp = M(X)

where an analytical “metamodel” model for Yp - 1s

» Mp: 05, Vi, Vacc = B¢

obtained by sampling some input distribution in X to
then map these random (or uncertain) variable inputs
to a given quantity of interest.
0.014 -
0.012 A
M(X) = § Ya LIJCK (X) 0.010
aeN4 .
. . = 0.008 A
is the functional form of the PCE, where y, are the
coefficients or “mode strengths” and W, are the basis
functions, or “mode functions”. e
— Un-Accelerated: Case2
0.002 4 —— Accelerated, Case0
— Accelerated, Casel
- Accelerated, Case2
0.0'00 0.0'01 040'02 0.0'03 0.0'04
r[m]
These trajectories are all created from one analytical
T Ch 5 and & oS st s o e v S VR sl e 5 o 173505 3o 0 o oot eisss o~ function, namely a Polynomial Chaos Expansion (PCE)

[3]D. Shen, H. Wu, B. Xia, and D. Gan, “Polynomial Chaos Expansion for Parametric Problems in Engineering Systems: A Review,” IEEE Syst. J., vol. 14, no. 3, pp. 4500-4514, 2020, doi: 10.1109/J SYST.2019.2957664.
[4] E. Torre, S. Marelli, P. Embrechts, and B. Sudret, “Data-driven polynomial chaos expansion for machine learning regression,” J. Comput. Phys., vol. 388, pp. 601-623, 2019, doi: https://doi.org/10.1016/j.jcp.2019.03.039.
[5]M. Hadigol and A. Doostan, “Least squares polynomial chaos expansion: A review of sampling strategies,” Comput. Methods Appl. Mech. Eng., vol. 332, pp. 382-407, 2018, doi: https://doi.org/10.1016/j.cma.2017.12.019.
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Results — Surrogate Modeling

Goal: By how much (relatively) does each mput parameter, 0;, y;, and V.,
influence the output parameter, ¢, in Mipcg: 05, Vi, Vace = 5?7

B First-order sensitivity indices < Grid impingement 1S most sensitive
B Sccond-order sensitivity indices to the distribution of initial emission
angles of droplets entering the plume
region domain
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Quantitative results showing a sensitivity
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1 Profiles
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FIG. 3. Current density as a function of half angle for varying (a) extraction voltages (fixed fow rate of 420 pLs—') and (b) flow rates (constant voltage of 1.6kV). Mass
flux as a function of half angle for varying (c) extraction voltages (fixed flow rate of 420 pLs—') and (d) flow rates (constant voltage of 1.6 kV). All profiles shown with
super-Gaussian fits. The trends of these fits with voltage and flow rates are shown in Fig. 5.

Anirudh Thuppul, Peter L. Wright, Adam L. Collins, N. M. Uchizono, and Richard E. Wirz, “Mass Flux and Current Density Distributions of Electrospray Plumes,” Journal of Applied Physics (2020)
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Results — Bayesian Inference
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PEPPER - Bayesian Inference ResUlts
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PEPPER - Bayesian Inference ResUlts
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Conclusions ,

Research Objective: Determine initial conditions near emission site
to explain observed Super-Gaussian plume profiles

- Data-driven modeling approach applied surrogate model and
Bayesian inference to determine quantify unknown initial
condition parameters

- Super-Gaussian distributions in initial emission angles result in
downstream mass flux profiles observed experimentally

- Regions of higher uncertainty inform desirable experimental data
points

Next Steps:

- Compare accelerated and unaccelerated electrospray domains

- Compare predicted charge density profiles with mass flux
- Use m(0)-> Lifetime

NNASN =L Thank you!

California Institute of Technology
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BONUS SLIDE: Research Overview

q
L3 L3 m
Motivation:
¢ Technological need for improved electrospray lifetime and performance for future missions of interest. . ,
¢ Scientific need to clarify governing physics in electrospray plume expansion.
Objective: |
‘0

»* Determine initial conditions near emission site to explain observed Super-Gaussian plume profiles

Hypotheses:

NG

»* Droplet dynamics in the plume region are primarily governed by the external electric forces generated by |
extractor and accelerator electrodes !

< Grid impingement is most sensitive to the distribution of initial emission angles of droplets entering the '

Propellant]

Plume Region

plume region domain 5

Approach:

Interaction Region

o
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Develop a robust, data-driven modeling framework for rapid lifetime and performance estimation

>

>

L)

Implement surrogate modeling techniques to reduce computational complexity of physics-based model

.0

* Apply Bayesian inference and statistical learning with available experimental results in lieu of higher
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fidelity, direct numerical simulations E:

DELI

PEPPER
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BONUS SLIDE: Plume Modeling Framework (ApproachiOveniew)
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Mass and Charge Evolution in Electrospray P

for High Delta=VAInrusters

®  Project Objective: Use advanced plume diagnostics and physics-based modeling to understand the mass and charge evolution in electrospray
thruster plumes to predict performance and life for Air Force missions

®  PI: Richard E. Wirz, UCLA, Plasma & Space Propulsion Laboratory

Electrospray
Experiment
UCLA

Challenge: Understanding
mass (111) and charge (q)
evolution in electrospray
plumes is critical for thruster
life & performance
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BONUS SLIDE: Data-driven Modeling at UCLA PSPLE

ESCARGOT

PSPL-EHD DELI i PEPPER

Physics of electrosprays at UCLA PSPL investigated by computational models and experimental observations.
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[1] M. Gamero-Castafio, “Characterization of the electrosprays of 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide in vacuum,” Phys. Fluids, vol. 20, no. 3, p. 32103, Mar. 2008, doi: 10.1063/1.2899658.
[2] M. Gamero-Castafio and A. Cisquella-Serra, “Electrosprays of highly conducting liquids: A study of droplet and ion emission based on retarding potential and time-of-flight spectrometry,” Phys. Rev. Fluids, vol. 6, no. 1, p. 13701, Jan. 2021, doi:
10.1103/PhysRevFluids.6.013701.
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BONUS: Results — Surrogate Modeling

Goal: By how much (relatively) does each mput parameter, 0;, y;, and V.,
influence the output parameter, ¢, in Mipcg: 05, Vi, Vace = 5?7

The variance of any function (like Ypcr = M(X) from before) is defined by:

VIf (Xl = E[f(X) — E(f(X))]°

Suppose we have a function, f(X), where X = X{, X, ..., X; defines the
set of independent random variables for some i € [0, p]. We can find
the importance of each X; on V[f(X)] by decomposing f(X) into 2P
orthogonal functional terms of increasing dimension [1]:

f(X) ,
— £+ zfi(Xi) ot i (X e Xp)

*ANOVA decomposition specifically for PCEs [2]

Then, the total variance of f(X) follows, where V is the fotal

variance and V; is the partial variance contribution of X;, and V,,(u €
[1, ..., p]) is the interactive variance contribution of X, (one can

V= Z?=1 Vi + leiSjSp Vij++ Vi p

think of it as a conditional variance, where V;, = V(f(X;)|X;) ):

The result is a first-order sensitivity index. We can now
conduct a quantitative sensitivity analysis of our physical
parameters using variance-based Sobol indices.

[1] Sobol IM (1993) Sensitivity estimates for nonlinear mathematical models. Math model comput exp 1(1):112—-118
[2] Sudret B (2008) Global sensitivity analysis using polynomial chaos expansions. Reliab Eng Syst Saf 93(7):964-979
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FIGURE: PEPPER - Model Diagrar
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