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for ion electrospray thruster
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Abstract: Although the ion electrospray thruster with an array emitter has advantages such as small
volume, high specific impulse, and high thrust resolution, its development has been limited by the lack
of theoretical researches. To address this issue, a mathematical model describing the beam current of the
thruster based on the multi-site emission phenomenon was developed, and the empirical coefficients in the
model were identified using intelligent optimization algorithms. The different characteristics of the beam
current and emission behavior under high and low voltages were studied. Global sensitivity analysis based

on the Sobol method was conducted to investigate the impact of geometric parameters of the emitter
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structure on the beam current. The model calculation results are basically consistent with the experimental

data. When the voltage is greater than 1.5 kV, the base radius of the emission site is equivalent to the

pore radius of the porous reservoir, and the external electric field mainly affects the nonlinear increase of

the beam current. When the voltage is less than 1.5 kV, the number of emission sites is small, the base

radius is 1.5 times the pore radius of the porous reservoir, and the number of emission sites is a key

factor affecting the size of the beam current. The sensitivity analysis results show that the distance

between the tip of the emitter and the extractor has the greatest impact on the beam current, with a first

order sensitivity index of 0. 841, and its tolerance must be strictly controlled in manufacturing processes.

Keywords : pure ionic regime; multi-site emission; beam current prediction ; mathematical model ; Sobol

sensitivity analysis
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key dimensions
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Fig.2 Schematic of multi-site emission

KSR BTR IR T, AT 278 by B —A> S 53 a5 HY)
HLJE 1., Z A B

Nsites X
]inn = __llgnn (6)
/\EFI
]éon i
W:I-er ) UapP>Ult‘ (7)




80 D)

e ot 2024 4E 4 A

Aol sk, AR AR 200 R K,
AL S RAC R ST 3 1 i
IR L

S ESI=e

0.25

el () 1

29 3 (8)
__ Kyq (1 +y)
d’ey (AG)° [e(1 +x)* -11°
/\EFI
Kh
= . 9
X geoky T ©)

K AG e 4510 B T WA 0 L 55 L AL
£ IR LA HGh, Ak MRS
BT S TARIRIE A SCH293 Kig s T A9
it
1.2 mEERAEE

I FIARRCE B T 250 B K,k 105
FEA A 6 T/ D — b S 2 B RO SR AR A
bk, R U RN

S(B.k. k) = Z1L(U) -1,(U) T (10)

s T, W BB AL (8 5, WK B s U, T
EHIE k=1, n HIREFEATF S,

SIS EAR AR L, Fe i S BUS S B 2% A
/N, R AT DK 2 B0k % A8 S an R T A SR AL Ak
[F)E

(B", k, k) =arg min S(B,k,,k.)
KB, k., k) AR THE.

2 T I A2 (1) Sy AR L 1 w7 T
B AL Ak 7] B, 1% 58 B9 Gauss-Newton B |
Levenberg-Marquardt By 2580 B R 8B B 0k
MHAER K. A T IRIIER R E S E 2 R &
Defitt , 25 | Ja 4 28 BB D0 A6 580 12 X L 2 A7 5K fide
SCHR[21 ] 2 4 f9 Dual Annealing (DA) ByAZ54 T
PRSI KA RS G AL IR KR M A, 2
J7SCRBHPR KRR R — RSB, 5 AR L kLT
FERTVE PR 28 B0 A5 Wy e e XA A 5
ARG, B R W SO B B D i R AR R B
Y IERR R (H 2 DA B 5 oA nY 4 R d A 53l vk
—HE AR R E . AR SCEE( A DA 5395

(11)

AT e Ee U e 7E SR I X 3R H Nelder-Mead 53
TR R, L€ B° k) kD o GT DA Bk
F1 Nelder-Mead S 3:aY PG M REAE SCHR (21 ] P EA
TR, AR SO AN TR o

% E] DA B e —FrREHLOE AL B s, A
FOR A T RE S 4% RIS R 0 B A A, I B DA Bk xd
SR (0 16 O AS SR, PRI o T DA ok 22 k4
FOR BB T 00 8 S U, B R 9 s (i AE
HRILNBENLIAE . T REA DA kS
B E R 1 R, % IEBITTH AR ] A A
i AR SO E AR B N =1 000,

#1 DA HEMEREMBSHIRE
Tab.1 Search domain and super parameters setting of

Dual Annealing algorithm

24 HfH
B (0,2)
k, (0,10)
k, (0,2)
IR/ K 5230
HRIREELL 2x107°
Vilal 53 24 2.62
BRI SE -5.00

1.3 Sobol 7%

BB I3 BT 3 Ry Ry S SRR A 0 B A 4 ey AR
PEIIHT o JR AR A3 Al e 5 () B0k R
A AR i AR AR S B O A L BE TS
— SR it eR B SE R, O HL SR HA 2
ORI AR 3 42 JRy U 23 A B X 3 2 1 A e
RN Ty SR Sigt 6 JE AR AL i) T) JL, 7 22 43 7, SR
BEHLRAE (Y 51 , 30 o 2 H500) Hai H0 2 14 52 ) L 461
HEATBBUREE ] . Sobol 751 i fx BACFe B9 42
JRRHUREE 5347 O 3, JL00 T AY Saltelli SRAE™ Jy ik
AEXSERSE , PO A ] 2 RO W RCR B, %07
VA BAZ U SRR R R R R oy 1 ) R TT 22 00 i O B
RN SHECZ R S HAE W7 22 2 F1, ] Sobol
T 0T LAAs B4 A S8 S U E S, 1 B
BRURMEFE A S, (2 WUt £ S, K i Y Uk
PEFEEC, = T 1 A AR 8 H e Pk Ay s B0 JRt:



5550 552

TR, 5T AR MO R S R 6T 81

TR Sy Foom IFHITF KR

Sy =S, +5, (12)
S, KA ZR B A B R 5 S
A SR B A2 B R X SR 5 S, BBk
JENiEE AT

R3] SALib A5 528 Sobol 75 1%, HAK
WREIES k[ 24 ], iP5 R 4 A
% . (D E A S50 8 AL B @8 Saltelli S
FERSAE S BREAR 23 (0] ; @i 47 B A A B PP A6 L H
FrfE ; @1 HE 45 B U PEFE 5.

R E REEECN N, AS B30 D,
Saltelli SRELRS AT LA AR ] N (2D +2) fREA 2
W), IFHL N B, 5 25 S MO 0 . S S AR 5 L
250 d R, .6 .h BEALVE I L 2, 5 B REEL,
XTHUEAM 30 1.1.2 1.4 1.6 1. 8 kV Wi 25k
17 Sobol fBUBME 4T o

x2 JLASHELER

Tab.2 Variation range of parameters
2R il
d/m (1.5%107°,4.5x107%)
R./m (1.0x107%,2.0x107°)
6/rad (0.25, 0.35)
h/m (2.8 x107*,3.2x107*)

1.4 RIGHIESRIER

R USRS B AT A e S vERR P, B B RSk
Hh s FH 4 FhY 22 LBk T 5 5 0 R T 4
2 AL R SHR B FE 0 42, 2T Busek 23 ]2 T 14
7 A5 0 50 o) T 2 SR AT A, R A
v 22 8 BN A R it — 2B B 4 86 2 B UL
IS B RE 5, E FH AFET-2 #E 77 45 0 00 404 5
R 28 B gE 47 %) [, AFRL WHI 89 AFET-2 #
Jid e — R AL R B 7 H M S 4 g e, R AR
Ao atEs T 7E 1.6 em® (A AL & BT AN A
576 NHEIE Z L& ST, IF 48 EMI-BF, h#fE it
e 3 Rt AFET-2 #fE J1 8819 & SHA SR A
PS5 G IRERREE , LT vt 4 P4 Gk a3 i £ 4L
it )2, A4 1SO 4793-80 #Rifie ™ Wl J1i% £ FLEEM 1
PRI SB0 ARA RAT I DT 1 0 15 3 A3 B0 4

A RIE 7 A5 AR SR S 2005 AR B0 32 17 45 o 2 o R 10
AN S RED 2 SR AT LU i
RIS Z 5. Ak, EMI-BF, (945 5t 2 B7e 3C
B[ 14 ] hEAR R

(a) AFET-24f /1%

FER 67U, IR, AP P A PN
“ i ‘1..'-.4!#. = !;, 7 N L AN *ﬁ
o el s e e e

,< > 25m -
(b) IO 55 2 S0 ey s

E3 AFET-2 #EHSETEE
Fig.3 Schematic of an AFET-2 thruster

2 #R5iTie

2.1 HEGIES S

LIS L 22 (8] 9 £ OC R R S B -
W5 55 4 7 e Pk RE A DG B, S T S MR AR AL AT DL IE A
A O R I RN, AR OB B A T B 25 R
OEHRHE T, Q] 4 BRI H s DR 25 4 1 K
MR HL TN , 5 €015 5 0 Busek B H
RARILA BE R, TN 245 2R 55300 H0 s B AR — B
4 R, A TARHR R, A i S AR L MY
T R R A S SRR Y BT — AN i
LA R

R T i 20 B AR R RO 22 5% AT R )
B, X At i Bl R AT A S RS
N, R IR 5 i 00 45 AW &, BRI AT DL S



82 D)

it

2024 4£ 4 A

XS 22 1R G AT D 5400 A8 B0, BB T4 R s 0
PNNERD SC LY S5 Uk Ve iy il N W < K- il
H T A S A S 2 THT ) 25 ] 249 SR, R B 22 ) 2
I K BE LRI RS . AT LU B, AR
WO B A 55 08 7 A 7S T P 3 i R, {HL
JE LR A IR B I AN [ 7, i e TR g B — A3 Y
FI AT e, P TE A S A A AR AR U
TPECFLBRA G BRI A Z FLA B, I EL 4%
SO S 25 A 5 R B PR R I FL

Mr T g
251 ® Buseki{i
20F
< 1st
~ oot
0.5F i % -I%'
0.0F i
05— : : :
12 1.4 1.6 18 20
U, /kV

,,,,,,

4 HEENTHLERS Busek XG55 R 3T EL
Fig.4 Model prediction results compared with experimental

data in positive mode of Busek

8 -
== U
6r ° Buseki K I'._——__
o-o-:
i
i
. a4t pe-!
= --o'
i
2 l'._-l.
i
poo-!
L
0 1
1.0 1.5 2.0 2.5
U, /kV

BS5 REmBEHTNER
Fig.5 Prediction results for number of

active emission sites

2.2 ZBEBHTHEEST

JUE IR 4 [T 25 5 5 e B S A — 3,
ST X 4] 5 B K, 249 R iR I B 1 50% , T
P25 A BB (38 7 T 000, S8 48 TR 28RS 1 (1Y
J7 ik, Ve AFET-2 #f 3 28 Ak o6 s o s i

AP SUZEPONE A

BT L2 AR E R 2 R R e
EHEATAE T L (B, &, kD) =(0.9,0.5,9.2)
SRR 6 Pron. R iR 21 I HUR N AFET-2
17 e RS U6 K , K 2k O Fi U T sy
2 BRIRUG R . 18] 6 W], HET 4 A A L T
IEHIBAT B R R R R rh A R S R
F- LR O 2, (ELJE 4 ) 2 A9 P - P O 30
NARRIE SRR 45 i 5 2 UL ST IO G B
PERER R ( > 1.5 kV) i, a] DUE S fiid e
LR/ AR R ( < 1.5 kV) i, F i
EILE /N TR, JF BR300 R fh v R
1.05 kV, R FEam g 800 Vo HRAE(1) Ik, 4
PR A F i v, 2 S DR AR R OR AR VA A5 3
R 180T 1R TAEI A K 5 R A

1000
800 F - Tﬁﬂﬂi(ﬂﬂ /
I AFET-2i%56 {/
/.
< 600F )
El g
~ 4001 A
A
200 £
o
(1] ‘ ‘ ‘
08 1.0 12 14 16 18 20
U, /kv

El6 HETHLZERS AFET-2 i{la 45 R3fLt
Fig.6 Model prediction results compared with experimental
data in positive mode of AFET-2 thruster

ST R PR R AT S 0 T e DR D 4 e
AT HE TN AR L R R e B s R i AR S
ANTELSH, (ER R A R Rk S AR 22 v
HLUE S B9 R 55 it R R~ A8 R 5 BEMn 4 0 R A ) -
(L, D TTAE -k 4 Foe EES Al T HE N A 15 72
PRV R RE MR i A I R R R L IR Y
HRAR A, SR T I B P03k 73 BEx 1.5 kV RS
AR T SRR S TR R T 1.5 kV
i, e S H I E N (B, kD, kD) = (1,0.3,
9.8)  HTAERA/NT 1.5 kV i, e ES il iHE
HN(BY kS, kD) =(1.5,1.0,1.4), B, TAHER
JERT 1.5 kV I iy S HR I B A HR T
VEHLR/NT 1.5 kV I A e e 2 50 B R Al 1A 22



5550 552

TSR, ¢ BT LB ) B R VO S U ST 83

BRI — 2 R W]y FL TS ) P O 04 3 R A
P29, 5 Bk o Al

Xob R A R AT T, 25 R A TR o T
PR AT AL 31 A 2 S a5 R /N T 0 BB 9
T3S R B TR S T FL B S A ) AR A T i
PRI AT 3 BB,

10001 )
800 F i i s
| | P
o L
= i el
q00r 14 I 5/3 ll
200f ¥ ,
: ‘--,&' Lo AT
of o-eig | -4 S BT

0.8 1.0 1.2 14 1.6 1.8 2.0
B7 BEHBNSSETNNESSHE
Fig.7 The number of emission sites at overall and

piecewise prediction

T2 1 I BE, B39 7 A IR AT 55 5 M 22
SENRIA BB 7 , K FLOK ) 2 A AR IS Sy, — EL ik 5]
AR (B B T 2R R WY B A1) H 2 R R
LU , (ER AN 20 25 B AN 1 G R R 22 FLBE A 1Y
AEIEINE, T B B S SR A 45 K 2 OB R R
W0 A KRS RGBS T, B AR RS BN %
R RN 1 AR B AN A2 E HAN DL SO 4R
TR S RUIE T S 58S 1, IR e — L8 K 3 Y SRy
BB TS & S1/E

TE2 B BE, Ja il ) BRI AR SRR LR 4 4 43 a5
P AL, R E AR BOR, A f R, S5 T
VE e b e o i e I, 5 1 2% A Rl RO B, £E H
(S DR RTINS BAR I LI A2 i S D 3
Ot AR

1E55 W BE, BEA T AT R A9 0, H 37 58 1
AR, 55 i IS 8 2 A Tl AL 3 22 S R S S T SR
FRFLBR S IR B 86 14 S a5 e B S e,
i Sl R N R B NI i ey u R A )
FRAE , B R IS A A9 8 1 R AL SR A 1R B R
ML ARSI o

N T APPSR (4 A 1, AR SCHE T

#5%F 1% 2% ( mean absolute error, MAE , =t fij il
E ) RN SS SR SHAT VA, Ha 580k

n

B = -3 1 L(U) = L(U) T (13)

k=1

(13) KW, By XF 53 5 (A B, D2 XHE
(1975 ORISR 2E B P 20, T DUk IE iR 22 4
AR B AL, A S W A TR A R (AR L Y
R, B BRI By i BREREE E AY L1 Y%L
—EREE LR TR PEA BT R 4R T
TRRCRAATSEME . BRI, By 1 8 PPk S TR o 1 1
f 773, O S (B AR DT RE 7« R4 ) B P o
PARGE 2 By )iz T A1 o A BRI 152
fro HAHMXTRZE/N T 5% I, B 0 45 4
FHAS TER , 10045 B 54, FL I 25 4 0 48 19 TR FL O
—J A 100 ~500 pA, H It Eyp <15 pA B, B
TR0 &5 R e w, BA — il Sg k. R A
ORISR ZE/NT 15 pA B D8 FE 45 4 53
KRR FEA W) &, MR TER

SR 8 F7R , 4 R R WIRAA TN A By
N 14.36 pA BB By 5. 07 pA, AR5
SRy € S S L S TR B3 L S TR R d o | W
B th BRI S0 0 22 , A ads 64 20 B oo FLISU I EL AT 1 R
b, FE R A g A X A S R A R R A T, B
PO BB e W SOt T X — A, AR Ak 2
Dol NI ELIE L BRI 20, B T4 30 52 A X 6
o oy B AR IR A 18T 9 B, 8 9 S 181 6 JE
BT WX L, 25 2R R g Be i n] LA VE W i ik
55 11 B B i) SR FL U o

Q::}‘_ 25 EE“\|‘=14.36}LA i e
s T T A
Sosprobtoemg

08 10 12 14 16 18 20
TAEHE/AV
(a) B& AR TIT

< 25 EE\,\,,:S.omA .
g : te
Woost 1 P L 1
08 10 12 14 16 18 20
TAEHE/AV
(b) S B Hum)

B8 EAEHNESRBMMMKE LR
Fig.8 Schematic of residual under overall prediction and

piecewise prediction



84 ko FOWE 2024 £ 4 A
H000)  ppiat , , v T 25 DD 1] e 8 ) KBS T R O X
sof e / PV TR 0T S A 8 S0 T 05 1
< ; | 7 AR FLI 1 i/ R FE U K 3 AR Fi)

ﬁm“ | A (1 % SRt s 327 388 3ot G, 74K I s W sk e
Sawp -/ BRA F X Laplace )82 Vb KA I , 15 1 0 1l 3k i
ool 10 m S MR T LS, S T ok 1% ) B, T 3 i
N e DFZLRG J7 1% 38 458 B A I35 3 10 Pl 45 4 A (1 20
08 10 12 14 16 18 20 SAH
T ALY 2.3 JUEASHME ST
H9 SBWMNERS AFET-2 1042 Rt & Jry U A A s SR A& 10 iR, B 10 (a)

Fig.9 Piecewise prediction compared to experimental data

in positive mode of AFET-2 thruster

AU B B B 25 2R 5 3 BTN 45 2R 1) 5k
ZETUERE Z, 054 78. 6% \50% [T 25 /N T
PRI 2 AR . MRS (7) AT, S5 A /A
5 PR 32 R R L U fi /N PR AR R TR Al O, T O
MR B 53 A BEXHZ S R AT 04 o RBEAR 1

1.05

~ 10 (d) 23500 0 d R0 h R 4 KL, 52
LARTR Sy, RANERARNTR S, X1 1Y 7K - 260 P
HME 10 (e) S d FL R, B S, , K208 HAF 2y
fE;E10(H) A 1 ~1.8 kV N d.R,.0.h KT
Sy Sy, iE(12) A 3 Z A CRIAEAR v ) Al
PIREE Sio M1 T 0. h (Y 88U R 48 BB /DN, A
K10 (c) (B 10(d) (& 10 (f) o0l Xk e b
R HAA

Avl
Lool 0.25

0.95} 0.201

015
< 0.90 S : - /
2 N . <

@ RN AN “ o010t

Sk___.> e /s 3L
08 i 7S 3 i 10 I (abientt® SIS
\. / 0.05} PN - oy =
0.80F \, /2 e I ol US 2 K ~Ne i
N/ _.—F N7 -
0.75 L . . . 0.00p=" . . . L, . . .
1.00 125 1.50 1.75 1.00 1.25 1.50 1.75 1.00 1.25 1.50 1.75
U,V U,V U,V
(a) di BRI EFE L (b) R UM HE £ (c) O MURIEFEEL
107
‘/{\ _‘3
07— * 0.16} 081 W
. 20141 0.6+
g ..... — .z:: N f“ “n \\§
“ I /‘/. NG j 041 \\
0.12 \\\
s 021 W
. 0.10} \Q
. R . . . . . 0.0 LN
1.00 1.25 1.50 175 1.00 1.25 1.50 175 T od
U, /kvV U, /kvV
(d) I UM HE £ (e) dFIR 1S,

10 E-TF Sobol FiEHME /K ESINER
Fig.10 Results of Sobol sensitivity analysis



5550 552 TR, 5 B L

A1 345 TR R R R L SR 23 A 85

”

SEIFRI X B TR A R R B f K S U
d, W& R, 6. h )5 AR BE A X BN
1 ~1.8 kVH},d R, b BB EAEAE UL B, 1 0 2
TR SBIAE HEAERSTBd AR, b S
TEOLIEEAIR . d R, 19 S, R H 5 R, WA
], BERH R, B8 B 1 AR A 2 1 3R H 37 A 5% T
BUIN, FER G HADSER R d Z 28 BAE R
BT X ES AN . R, b (S, /NF Sy 1T d
014 S, KT Sy, il R, b SHAS 52 BAEH
X B AL T A 2 L B SR T ] e, (E
& d .0 SE A BN B T AR

X EIREE RS — 2 T, d RS R A
AR vy HL, 17 3 114 G S PR 3% T R v L 3 0t 2
FHRERAPERZ, KL d 3 S 020 T DL 2%
ME TR RN, R, B8R 5 S
B A X B AR E A 1 R RS e, AN LA R/ d
(AT 25 Wi 2 ity FEL 37 58 B 1) /N, BRI S 80
S, <Syo 0 FEERN I RUBCER I B R AE SR AR
R BEL I JC e , 1H 12 2 85 1Y) ST 2 rad , 7R AY
DAL= A R BT 20 B, a8/, BRI ) 8 o)
CIV A RN AT

FhMA R E Q FE ML HIE2E Ap 7
AT IR (R B R 25 0 U i 0 ok o H Bk
sl H s g IV Al ) (RS A VR OK Sl k&
AL R SR, 32 B A £ L & SR I R B B
RN AR W, TR R R O RN PR, 2L
RSPV BEL 1 TSR0 T 8 - R 55 4 ) A R LR
PR B B Y LT B, AR SO SR X G T L
SPGB R S AETE 2L & AR, HL AR v il 2 2
R A5 /0N, I L PN A RS T T /N, % 1 B
WECAE 1 ~ 10 38 LY, R I 7 22006 80 ) 56 il 11 %18
AT B AL K SR b i s ik AR R RS 1
VOB, MR 1K VG R X & S A 3 BHL G 2 3k 20k
TS TR e SO

R, =%=jK—A/z7>dx (14)

K By s BB BB sk R SHIR Z LA T
BiE R A (x) R

My A B4 B 1 22 FL A 16 N TR T8 B iY &
SR, FEIE SHAS & BEAR 9 K0ed 1, 177 A2 AN A0 0
RTINS =A% 0 AN 2/ NG 71 £ 7 N el o
SR, A TR, T RO HE T & AR R 1R

&, e 11 Fs,

h,=h,/sin @
[
h,=R (1-sin 8) :_/

SEHHA

B 11 ZREELmR“IER" Mo HNER LS G TR REE
Fig.11 Planar schematic of conical emitter without

the cap part of the tip

XF(14) PT3535

h, +h
M _hith
R, " kR, sin 0(1 h, +h) (15)

K by by RS ARG B
REHAREE h>hy , (hy +hy)/(hy +h) <1,
HEIE 22 FL R SRR AT LR

R ~—H — (16)
KR, sin 0

X (16) KB, B FWAK B I R w 2L o
HBIER ko R AR R, R BIHEE A 6 7Y IE
SEABNT AR B A S 2550 T A i B e 1Y)
SoM AT LA 2N T, g TR TR 8 AR, LA
AFET-2 #E )1 45 0 ZALHETE R SFHAH B, R, F15 pm,
6°40.28 rad,h 4 0.3 mm,x F 1.5 x10"" m*, il
TR 1.848 Pa - s/m’, 3 (16) 530 (15) ML
{UAAZE 6.01% S IRHAE BE bR, 20 (16) iR 22
/N, BT 2 LB RE 2 3 5 b O A ARG i A
CNC TR ZSHA, s B2 1 omm,
WZENT 2%

g5 b, B S 5 4 ) 4 A ) i o R P 2B A
2 1l e B AR v 28] 2 BCRRE 1) L B AN B, R T 4
A IR I T R AR R B A v R E M, R AR
Z A B i — 2ok, e R SR I T T2
UR7 T N1 E 5



86 D)

it

2024 4£ 4 A

3 &

=

e
ARS8 T A LI A A R LA T A
BRI R GRS R T EM S B alie 1
WAL 15 LU T 458 .

1) B AN AT LAVERA | 7 5 1 75000 22 AL & A Y £
SRS AN TR E /N 5 IR A L,
AJry A B 1A T 45 R B oF 3 R 22 A
5.07 wA, R 22k IR 2R 20 Tl E  E R
A0

2) e ARAET R AT AFAEA R AR AE
TAEHRERT 1.5 kV B, KA i 2 R E 1
/N, TR TR R SR SR T B LB, I L 3 0
JEIER B T R A A E A R TAER R/ T
1.5 KV, 5 iU 50, B R AR BRI &
SF AT LB A AL R R, R Z LR
R 52

3) SR I vy 5 B UK, 22 [ ) P 2 5 i
T AR RN Z . Sobol J5 koM W« & A
LA LT SR d R, A LR 52 R A8 B S T
0. h BEZE A] L2 AT, b d /Y 1 B U A
KONO. 841 B UM EFR £y 0. 130, R, By 1 Bir i
JEHESE BN 0. 028 | i M BB MR8 B 0. 130, 4\ R,
2 B USRI BN 0. 129, 5 2 By 52 580 AH
O, R, B 1 BRSO HL IR B S 0 ] L 28 AN T

o R R YA [ 4R i 2 52 0 4 g 4 ok 10 9%
B RN 2 18 F TR 1 W 4 ) 4 O SR L
i A B UR I T RE N U TN X S 18
(1] =80, FE/NB, XURRT, 45, 35 55t e i oF
FEBR B R [T ] K HERE, 2018, 44(4) .
1-9.

GUOD S, KANG X M, LIU X Y, et al. Research status
and key technologies of field emission electric propulsion
thruster [ J ]. 2018,
44(4) . 19.

TR, A, RN, SR i A A G] s ER AL
S5 e LR RS HERE [T ] Al KA 224 ( A 2R

Journal of Rocket Propulsion,

(2]

(3]

(4]

(7]

(8]

[10]

RHERR) , 2021, 60(1) ; 194-212.

YU D R, NIU X, WANG T B, et al. The developments
of micro propulsion technology based on space gravitation-
al wave detection task[ J]. Acta Scientiarum Naturalium
Universitatis Sunyatseni, 2021, 60(1) : 194-212.

GONG Y G, LUO J, WANG B. Concepts and status of
Chinese space gravitational wave detection projects[ J].
Nature Astronomy, 2021, 5. 881-889.

Wk, XN, JE¥E 45, TRl R AR
IR R B R BEJR (], [ K B Bk, 2021,
44(2) . 188-206.

CHEN M L, LIU X H, ZHOU H H, et al. Research and
development of micro electric propulsion technology for
micro/nano satellites[ J]. Journal of Solid Rocket Tech-
nology, 2021, 44(2) ; 188-206.

TIkAT, Iedh, WO, SF. T E AR ROR KR K
JRYA[)]. MRt AR, 2020, 41(1): 1-11.

YU D R, QIAO L, JIANG W J, et al. Development and
prospect of electric propulsion technology in China[J].
Journal of Propulsion Technology, 2020, 41(1): 1-11.
LEGGE R S, LOZANO P, MARTINEZ-SANCHEZ M.
Fabrication and characterization of porous metal emitters
for electrospray thrusters[ C ]//30th International Electric
Propulsion Conference. Florence, Italy: IEPC, 2007.
CHEN C, CHEN M L, ZHOU H H. Characterization of
an ionic liquid electrospray thruster with a porous ceramic
emitter [ J .
22(9) : 094009.

LIU X Y, KANG X M, DENG H W, et al. Energy prop-

Plasma Science and Technology, 2020,

erties and spatial plume profile of ionic liquid fon sources
based on an array of porous metal strips[J]. Plasma Sci-
ence and Technology, 2021, 23(12) ; 125502.

KRR, KFIL, 2o B TSR s A I RE AN
WA TR R[], O HEDE, 2022, 48(1):
1-13.

ZHANG T P, ZHANG X E, LI X. Engineering data
models of performance and mass for ion and Hall electric
propulsions[ J]. Journal of Rocket Propulsion, 2022,
48(1); 1-13.
ZIEMER J, MARRESE-READING C, CUTLER C,
et al. In-flight verification and validation of colloid micro-
performance [ C ]//2018 Joint

thruster Propulsion



5550 552

TSR, ¢ BT LB ) B R VO S U ST 87

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Conference. Reston, Virginia: AIAA, 2018.

KREJCI D, MIER-HICKS F, FUCETOLA C P, et al.
Design and characterization of a scalable ion electrospray
propulsion system[ C]//30th International Symposium on
Space Technology and Science.
ISTS, 2015.

JORNS B A, GORODETSKY A A, LASKY I M, et al.

Hyogo, Japan:

Uncertainty quantification of electrospray thruster array li-
fetime [ C ]//36th International Electric Propulsion Con-
ference. [S.1. ]: IEPC, 2019.

ST PETER B, DRESSLER R A, CHIU Y H, et al. Elec-
trospray propulsion engineering toolkit ( ESPET) [ J].
Aerospace, 2020, 7(7) : 91.

Tk, W7, @t % ZILEES A g 2R
i T WA Y AR [T ], BE 4R, 2023,
44(6) ; 171-182.

XUE J Q, GUO N, MENG W, et al. Physical model for
current of electrospray thruster with porous emitter array
operated in pure ionic regime[ J]. Journal of Propulsion
Technology, 2023, 44(6) ; 171-182.

DRESSLER R A, PETER B S, CHIU Y H, et al. Multi-
ple emission sites on porous glass electrospray propulsion
emitters using dielectric propellants [ J]. Journal of Pro-
pulsion and Power, 2022, 38(5) : 809-821.

NATISIN M R, ZAMORA H L. Performance of a fully
conventionally machined liquid-ion electrospray thruster
operated in PIR[ C]//36th International Electric Propul-
sion Conference. [S.1]: IEPC, 2019.

WHITTAKER C B, GORODETSKY A, JORNS B. Quan-
tifying uncertainty in the scaling laws of porous electros-
pray emitters [ C ]//AIAA Propulsion and Energy 2020
Forum. Reston, Virginia; AIAA, 2020.

WRIGHT P, WIRZ R E. Transient flow in porous elec-
trospray emitters[ C]//AIAA Propulsion and Energy 2021
Forum. Reston, Virginia: AIAA, 2021.

FEtthgE. B 7 WY g A E 2 = e 0 L 5 PR

[20]

[21]

[23]

[24]

[25]

[26]

[27]

PriD]. BIAt: MR K, 2017.

CHENG S H. Three dimensional simulation and performance
analysis of ionic liquid micro thruster[ D]. Nanjing: Nanjing
University of Aeronautics and Astronautics, 2017.
COFFMAN C, ANCHEZ M, HIGUERA F J, et al.
Structure of the menisci of leaky dielectric liquids during
electrically-assisted evaporation of ions [ J]. Applied
Physics Letters, 2016, 109(23) . 231602.

VIRTANEN P, GOMMERS R, OLIPHANT T E, et al.
SciPy 1. 0: fundamental algorithms for scientific compu-
ting in Python[ J]. Nature Methods, 2020, 17(3) : 261-
272.

SOBOL I M. Global sensitivity indices for nonlinear
mathematical models and their Monte Carlo estimates[ J ] .
Mathematics and Computers in Simulation, 2001, 55(1/
2/3) : 271-280.

SALTELLI A, ANNONI P, AZZINI I, et al. Variance
based sensitivity analysis of model output. Design and es-
timator for the total sensitivity index[ J]. Computer Phys-
ics Communications, 2010, 181(2) : 259-270.
HERMAN J, USHER W. SALib: an open-source Python
library for sensitivity analysis[ J]. The Journal of Open
Source Software, 2017, 2(9) . 97.

YANG Y T, GUOD W, LI X K, et al. Development and
characterization of a novel porous-media borosilicate glass
ion sources for electrospray thruster [ J]. Aerospace,
2021, 8(10) : 297.

NATISIN M R, ZAMORA H L, HOLLEY Z A, et al.
Efficiency mechanisms in porous-media electrospray
thrusters| J .
37(5) : 650-659.

NATISIN M R, ZAMORA H L., MCGEHEE W A, et al.

Journal of Propulsion and Power, 2021,

Fabrication and characterization of a fully conventionally
machined, high-performance porous-media electrospray
thruster[ J ]. Journal of Micromechanics and Microengi-

neering, 2020, 30(11) . 115021.



