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ABSTRACT

To develop technologies for the stable operation of electric propulsion systems, the exhaust
plume behavior of electric thrusters was studied using PIC-DSMC(particle-in-cell and direct
simulation Monte Carlo). For the numerical analysis, the Simple Electron Fluid Model using
Boltzmann relation was employed, and the charge and momentum exchanges due to atom-ion
collisions were considered. The results of this study agreed with the plasma potentials measured
experimentally. Near the thruster exit, active collisions among particles and charge exchanges
created slow ions and fast atoms, which were expected to significantly affect the trajectory and

velocity of the thruster exhaust plume.

= =
20001 ol Sof 7HaEAl AAsta e ¢FRPAE AFAA =" A P71 AN
d& 9]3l, PIC-DSMCE 0100}04 ANFE71e) wWr1EFe 7se siAskdnh sid RelA
Boltzmann #A| 418 o] &3 Simple Electron Fluid ModelS & -&3lH 1, YAk-0]& 3F FEo 23|
AskE At wd ¥ 5 wdS I nHsAT B AT 5H“7ﬂl+“ ARPNA AT

fhaot A9GE WA & dFid. 2l 7 AN BUE YA T FE
A mBe e s, = ole R we Ayt AHEAReH, 227 wrEEe) A
Z93 9gae n=A 74°i 01] = A,

Key Words: Satellite Thuster($14 ¥ 7]), Electric Propulsion System(% 715 A|2=8l), Hall Thruster
(¥ 54971), Plume Analysis(Z%F 314]), PIC-DSMC

LM o 27lelE Bed EAdS AF nae £

gt o, olF Ha 1 Fart FoiEo] AA

A7 2 SZ=Z= A 2~EHo] AR 2|8 Aol B AESx Aol Turs ALH AT
AA AEHI AR AR 196090 28l o0 tiel BolAE B e R LFARL

Received 16 April 2021 / Revised 13 July 2021 / Accepted 18 July 2021 ashs BHA= A8 A=FS(Orbit raising)
eceive evise y (cep y ) 327 a )

Copyright © The Korean Society of Propulsion Engineers drelE deHes HEHI slew, 20184
PISSN 1226-6027 / elSSN 2288-4548 71, A MAAA TAE T J= AAAE A

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License(http://creativecommons.org
Jlicenses/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://crossmark.crossref.org/dialog/?doi=10.6108/KSPE.2021.25.4.001&domain=http://journal.kspe.org/&uri_scheme=http:&cm_version=v1.5

o] of 50%7F A71F¥71E Asta A& A
2 O 87 mE2A FUrsta AoH1,2].
FEUgl AR, tHEZA A71F971A &
g7 8 ool FH7lo g d¥H A7t
ol AFIEd o8 FES] olojAgton,
2013 d0= FHer)EdAd 33 IUelA i
g 10 mN § & FH77F AR dEgHes
99 vk o3]. 2y, Lol whel, A7)1F9

b

b

7l RIS == 7EFY Ase dSE
A A AEHe A8 FudTE F9]
= AAoln4].

GFFANZHE S wrEFS $FEdolTe
gt Agol & o=z WA, FiE F glo
™, 7ol wet wgAe] sz, BgdA S
FaEE 29N 7 o, 2 AFe B
s 5E Eerh A Iy, AGAEE
o, $FFAANEEL] 25 AFe dFse
A, A &Fe] A, SHd o7 IdF
SO Qs AZANFAFe} LA AN="HE&P
SA4ol Aol7t e 4 Ao WeEkA, ol& BA

A2

71 A% A AT AL FF
H7fde] 2] a4t & & Uk

7159719 A4k A-2 PIC(Particle-In-Cell)
WHe o83 el 7 dy Z8Ha U
[5]. PIC e AAA A R =AYA
(Simulated Particle)ell 7}l A= HAA7|HE Al
Rbeto], RARIZLY] TSRS AMESIAL, o] ©]

g3k RAYAE ARAANE ARAFAEe
H

3 W oeg PIC-MCC (Particle-In-Cell Monte
Carlo Collisions) 9} PIC-DSMC (Particle-In-Cell
Direct Simulation Monte Carlo) W o] &o] At
S8t PICMCC W2, & 7He] EARYAL

Wal, o] YAk Fuel BEshe BAYA Feh

X (Target Particle Cloud)®} 2= &&& 7
At FEAREE AA S o, 2HJA F

BHeEE RAYA} ohBE, FE F HAY
Aol eEAME FANA wEth med,
2oz 35 Ao oY

off I
ol
.

TolA a7t BAY s,
2 A4S o RAYRYS Faw

6], L2y, PIC-DSMC 32 2709 =AL
& A3y, 45 e FEFES o &3
AR5 ZAAsH, TE Fd= 21 dA9
< BF FAEE, A ARz duA
= AR whebA,

PIC-DSMC WHe]l F¥7] ZFsiAol SlojA

ATk
AZ1F9719 wWZ|EES olFE EEtRvie
o2, FAYA I AFAHAAZS ¥ 233

F87)9 (ZEYYS AN R Ay
ATl A 100 psec 9 s ZAAE A7) s <
ME AZ AxtAzte] 28 AT 93
W, A zd we} FAHoR Fride] A
AZre] AQHE Ao RIEI Y7
uebA, AFERPANA FE&IMET FE
AAZE B ANRSEEE SHEr] A% Ud
o7, AFAAE AR FA ¥ FAZ 7+
3= Hybrid-PIC o] @8 AHgHx Jdo
[9-11]. o] W AFAAE FAZ FAT, 2
2 g ol T2 AR sHstERE, durAcl
AEA 7HHe H4le
G ol x o] EAE A

g BRdAth 3 HAE A7 A7 5
Al wHE A3, s A

dettte 7HEE HGote, Ext @A
Z19](Electric Potential)E Al4}Fsl= Simple Electron
Fluid Model®]tH10,11]. & WA=, Ko} AT
g2 Y9 Y ARLEEEE 18,



H253 A4z 2021. 8.

PIC-DSMC HI¥ =

44

w

oh

0|38t MIIFHI| 25

AAfrA el AL5Hg A qUATA A
3| 418}+= Detailed Electron Fluid Model®]th
[9,10].
2 AT =, A7 F87)
3]

O iy

FollA el dA
+ PIC-DSMC
< sk,
D]’. Akl A& -?‘l
C-DSMC =

Z}E A= 7P
3= Hybrid-PIC E%‘% A&ttt A,
pdFoam ##} REH@=E Simple Electron Fluid
Model®t 7@ = o] Qlof, & AFAXE ol& At
sttt 2=y, 719 pdFoamell EFH A
de 2 7HA 2 g Use FUhske] s =

F84¢ AT

%
& ok
tlo
o
oo
QL
£
[o ok
5
JE
aa © 4
mln ¥

O

[ &

Azr{

N
=
z
g
1z
0 o
iC3

2.1 pdFoam 7l &

H Ao A& HyStrath Q7152 OpenFOAM
718t PIC-DSMC ZZ=8] pdFoam<s 7%, K3}
o 283YH12]. pdFoame EE OpenFOAM
2ol Istx, AAA B HEA L] A
gro] glom, AHgAe] HEAdo] wet B 27

Particle push & Calculate Lorentz
move force
!
Update cell
occupancy . )
E field interpolation
' to the particle position
Collision partner
selection
! Solve E field
Collisions in the mesh domain
& reactions
) T
Update cell Charge assignment
occupancy || to the mesh domain

Fig. 1 Solution algorithm of pdFoam.

#3 FF, MAE Thssn 71Ee vad
OpenFOAM ZEZE9| F8 LibraryES A5,

289 F e M Hde Aoz &
T AUtk
Fig. 1ol&

pdFoam¥] &4 ¢n8y&HFES UE
Wtk 289 4% oA Al&stHA ]

o

oy
°

RO SN

o
ofje
iy
1A
N
Ll
2
g
o
[
ofje
it

MO o

o

o
+ £
w 2
o o
G g
L k)
ol oxl
2 o o
ER
L= rl
o 2
o
= o
oo it
o >
2y
=
ot
xEF

2 o T

e
>
(S
a
2,
o
o

()

H

, o
2=
O

fru
Do
il
o =
L2
=L 2Y
N
°¥o}i
%m{o
tlo

o

> oo X N oox

v
>
=
oy
o
ol
&£
=
B
N
)
o

X

op £ do O 2 M oy & E ool 2
SN
o

e
o
N opo
N
o
»
oo
o
rlr
oo
B
I
B o
)
tlo
o

T
v
o
=
oo
jincs
_>|i
om'
Ll
g
1,
&,
fy

= %%ﬂ]ﬁ% A7) Z=e7)e
pdFoame®l] F7} 7|48 U&&
712 g}

o
i

N it
=
o I
]

22 dzp-o) 7k Hal wE I

A ZE&HIL e TR &
71E AlE(Xe)7 V%— Aduz
, 9710 TR wel,
35 of 1i°l—‘%(><e*, Xe*")o]

o El
ot

A
e
N

K
>
fo

o Al

% ]
O
o 1

f
&
rE

o
lo r}or

r
i
&
o

ot [o rk o
N

= [>

Aoy Ir

o,

HE AL olym®, ®rEdsle wrEEe
F40 AwdR, Awole B AFAAS w3
At olw), AAYRA= F)e IS WA
e AEdds 287 E7dA &0 g
Ak, ARG LG W gmol e o] wje
war, u WSS 2gE v A=
YAt ME Aol Le FFE o|FEM ME F

=t 2EF

& WFHMEX, Momentum Exchange)
% &1, o

o A3} o] A= HE @

o



3H(CEX, Charge Exchange)sl”| = %FT}H[9-11,13].

Xe+ Xe™—>Xe” + Xe

—
—_
~

ol¥ 3 Azl wE HAA, HAE
g ol2e wE dAt Ha, AAE W)
Y e =9 ojo] HER, Hjy
2 ) N

E

Ir

2 e

o
o
i = N
_\|l_4

oA oy -
b
2 o o

E
fo
o

=
g ol WirlEFe AVE 2
5 .

GG mAH, olrh w7 5o
]

N
=z £
eE
o -
S
1N
i
Lo
M o
B~ o W
oo
bl
rlr
R

_Nﬁ
o o

El

Y

rlo

o e
oX,

e J—QOP—’ °]Z] goh, &
'S A4k, F71ekdoh o,
% 1¥e FEHZH(Collision Cross Section)
=3 #Zo] Miller S[16]°] AFt)o]E |
A S ARSI =3 Boyd 1714
ZRE A ndeo E} 2 052 714
g we] F
T ﬂ‘ih— 7]'760}‘}3\13]'[ 15]. ofeh<]
% Laboratory Ion Energ o|t}.

4
i‘&r“

o ook 2 N9
T
flo 3o

[o
ln
i
3
ok
El
2 oy
T
r<|o
0

=2
>

m

=

0oy (Xe™, Xe) =87.3—13.6log(Z5,,) )
UMEX(Xe*,Xe) = JCEX(X8+,X8) ®)

3 ARkl 4A 3P FE-S VHS(Variable hard
sphere)& ©] 83t 1123 ATH18].

23 AA fA 29

pdFoam2 AA-E A== sf4{8k= Fully Kinetic
Wy AAE FAZ 2dYysE Hybrid W3
< 25 AF@doH12]. olw, Hybrid HHe 7
$- Simple Electron Fluid Model2 7 A}+-4 2
D2 ARgEte] MRS AL

pdFoam® A & &3k MAL THE AR

H, A4 ZHAd i) %i(lsothermal), Rl
(Electrostatic), #4717 93 FA 55 7143},
Boltzmann #A2](Eq. 4)& °©]&, ?ﬂz}-‘l] Fa s
& AAtstal, o] & Poisson WA A el o s}
o, AFe AL 12].

T2y, AFAA A Fe] B 87
L R A, AFAATE FRA Th2mo] X

Aoz EIEHo 9], Boltzmann IA2 S

OL:T:

b oy o

ARRRE Aol FREgko]l AAl g3 Aozt 9l
< & Utk o A5 AdE Agkel =& Tt
AL F Joenz B AFd A=, pdFoamd]
HE T 35‘}04 %4 Z2+2vl (Quasi-neutral

Plasma) 7P o2, HAle] FUEE o] FUx
&I FYsHA —Cr 3L(Eq. 5)[9], °]& Boltzmann &
A2 (Eq. 4)ol skl A= A4kt tH11,15].
oluf, ofgf&] AolA ¢, ks, T, ne H¢}, E=wt
e, AARE g FUEE 2447 YR

F8AQ AL 918 pdFoamol Al AF
A

A ¢ 7l 7 RdS FUlekdh

AR, 8&2 FUA A4 A4S 9 v
A 771 E A8k DSMCo St A
A sA e A, FAF T A A
Aol AA ALFEHER, AR FEo YA
T8 A Ae, SAF Fdd We e F
o] BEAYAZL wiREe], A YA I FE
94 AsE BAE] FEA Bk wEA, 4
FoA HAAFE QAFE HIES JgEYF
of tig 7tEAE A&k, AN A&S S}
st= ASURol ®ol A8 9tk pdFoam
o] A%, o83 stE A W st A
A ol FUA Ak Al HlS B dAFE AL
&) oF3t=



H253 A4z 2021. 8.

PIC-DSMC HEE 0|38 ®IIFH)|

il

E 8o 5

FET AA F RVt ol HE. B =&olA
= F97] Wi71EEY ASTE dAste, dA-
Az FE ol3 A4S JFIAE FUYoH
T F FY7] EY FeALE 1#Fs] 9
3 A FE ol23t 2dE pdFoamel]
7hst A

3. TitsiA Znt

3.1 A4k s oAl Ao
kA AR nkel Zo] 4, 7id" pdFoam

g o)gstel, WA tel D55 & FUs)e ¥
NEE Al talA AN D55 & F
471t we A7Asd o thgd 4 2
Aaka| o] aEol ATATI} W, AEH

Hh 91TH10,11,19-22]. D55 & *¥7]& W7 50
mm, 217 60 mme] & AME FAH glo
H, 476 mg/s °] A= IEE /\]——8—6‘]—'7 FIE
o oF 1,819 ZoltH19]. D55 & S &
&2 Fig. 20 vEbd mpel Aok & AFelA =
Domonkos 5[20]# Zakharenkov 5[21]¢] &3

ANE 7]10§ AL =5yt
D55 & F¥719 £5< dMsty] A8 59
ZAk

 Jy

0]

Magnetic
system

67.5 mm

Central coil
Axisymmetric —1-!— -

Fig. 2 Configuration of D55 Hall thruster.

& TAsn

Fig. 391 A9 el gel 8 AAZAL =
3o, Table 1o] AN AolA AT
g7] &7 242 /1S8HG0h o), Case 12

F87] &7 EZ& =743 Domonkos 5[20]9

A@AFA] HE&H xolW, Case 2& FY7]
FHIYS —f—%?} Zakharenkov &[21]¢] A3
Ao AgH zdoltk. EF, Fig. 3914 A4t

=)

&9l 7 (Outlety= AA7F AW 252 o]

g w2 ]x}a]o}t deletion patchE 283}k
e

OI—E— A AARE AE3H]
oA, AR T2 3
Ab8-g ut %D}[1011 19,22]. ol A

87 28 HAF T3 B34 o)
ZAFTE WZolrx st B AT

Table 1. Thrust exit conditions for numerical simulation.

Case # | Species| n, m? T, K U, m/s
Xe |3.8x10"%| 750 281
! Xe* | 4.5x10" | 46,400 | 15,000
) Xe | 4.6x10®| 750 281
Xe* | 3.0x10"7 | 46,400 | 15,000

Fig. 3 Computational domain and boundary conditions.
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