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Abstract: Because of the first principles and fewer assumptions, the particle simulation can well preserve
various nonlinear physical process properties of electric propulsion devices. However, the computational burden
is great, and parallel computing is an effective method to reduce the computation time. The state—to—art status of
domestic and international research on the parallel computing is summarized in this paper. The computer imple-
mentation of parallel computing in particle simulations is analyzed and the basic knowledge of parallel computing
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ing methods of electromagnetic field, and computational load balancing, are figured out. Finally, a summary is
made to outlook the parallel computing methods in electric propulsion devices.
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Table 1 Summary of parallelization research

Researcher/Framework Institution Application on electric propulsion
Fox MIT SpTH12
Roy MIT Plume of IT"'*/
Cai UM 3D plume of HT'*
Fergas AeroCorp Plume of IT'!*!
Cho JAXA spr!te]
Lee Sejong Plume—craft interaction''”’
Gepic #lupict! UCLA DRACO™®
DRACO!?2¥ VT/USC/JPL, Plume of IT'*!, plume of HT'?!, MN20-31]
00PIC"™ X oopic'* Berkeley HT 34350 pri3e28] ppyrt®)
Mahalingam Wright IT(0-40-42]
VORPAL™1/VSim CU VAT HEMPT!*!
CHAOS ulucC Plume of IT—craft interaction ***"}
EUPIC WPI Plume—CubeSat interaction*!
BEPPA Stanford Plume of HT™*
picFOAM Bremen Plume of HT'
Tang et al. BUAA T2 i
Cai et al. BUAA Plume of IT"3¢38! , plume of HTb7 N U
Hu IM, CAS MNo0-61]
Cao et al. HITSZ Plume of HT'®? | HT'®
Sun et al. XJTU Grids of IT/%4765]
Fu NPU ECRIT
Wu et al. NUDT DSMC simulation' -0/
BUMBLEBEE |7 UESTC IT 7172
GPIC!™! BUAA HC!3, HT! ™

Table 2 Abbreviations in table 1

Abbr. Full name Abbr. Full name
MIT Massachusetts Institute of Technology BUAA Beihang University
UM University of Michigan IM,CAS Institute of Mechanics, Chinese Academy of Science
AeroCorp Aerospace Corporation HITSZ Harbin Institute of Technology, Shenzhen Graduate School
JAXA Japan Aerospace Exploration Agency XJTU Xi’an Jiaotong University
Sejong Sejong University NPU Northwestern Polytechnical University
UCLA University of California, Los Angeles NUDT National University of Defense Technology
VT Virginia Polytechnic Institute and State University UESTC University of Electronic Science and Technology of China
usc University of southern California SPT Stationary Plasma Thruster
JPL Jet Propulsion Laboratory IT Ton Thruster
Berkeley University of California, Berkeley MN Magnetic Nozzle
Wright Wright State University DLHT Double Layer Helicon Thruster
CcU University of Colorado VAT Vacuum Arc Thruster
ulucC University of Illinois at Urbana—Champaign HEMPT High Efficiency Multistage Plasma Thruster
WPI Worcester Polytechnic Institute CHT Cylinder Hall Thruster
Stanford Stanford University DSMC Direct Simulation of Monte Carlo
Bremen University of Bremen

3 FHITHEZRIEIT
3.1 MFEZEHHFITESHT
F A 2R A B b I U A B TR AT

L, 7ERL T 7 2w, B PR R A% 2k (Particle in Cell,
PIC) KB R MITHEA R A5 B B E R 558 1
A AR 18 A Al A R AN [ 28 2R ) il 4R Ok R AT
B, F2 A 7 vk AL 5 52 RE R I ilf 48 75 (Monte Carlo
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Output results

Fig.1 Scheme of the numerical algorithm of particle

simulation for electric propulsion devices™
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Fig.2 Class hierarchy for the OOPIC code™
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Fig. 3 Structure of a CPU-based cluster
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Table 3 A summary of different kinds of parallelization methods

Object Program model Hardware Granularity Performance Portability Scalability
Vectorization Vector CpPU Fine Low Weak Weak
Pthread Threads CPU Coarse/Fine Low Weak Weak
MPI Message passing CPU/GPU Coarse/Fine High Strong Strong
OpenMP Shared memory CPU/Cluster Fine High Weak Strong
CUDA Shared memory GPU Fine High Weak Strong
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Fig. 7 Scheme of particle decomposition parallel method
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Fig. 9 Scheme of particle decomposition parallel method
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tion Implicit, ADI) . 3l & 58 % &t X J7 17 2% A€ ( Dynamic
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(Multi-Grid Method , MGM) % ZEAT K fif o Bt LR A 2%
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Table 4 Comparison of different electric field solving methods™"!

Methods Speed Universality Parallelization
Cyclic reduction (CR) Very fast Bad Hard
Direct
Eigenvalue decomposition Slow Very bad Easy
method
Fast Fourier transform method (FFT) Very fast Very bad Very easy
Successive over—relaxation (SOR) Very slow Better Easy
Multi grid Fast Good It depends
Iteration
Alternative direction implicit (ADI) Fast Better Very hard
method
Conjugate gradient Fast Good Hard
Generalized minimal residual method Fast Best Very hard
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