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Fig. 1. Schematic of the magnetoplasma rocket engine.

1£ MPRE SF L A R AE s b, — %
SR WY sk s KT BRI B R I 3,
ks S B TR REAL, ZROFT 1 R AR TR IK, X
S5 B TR T IO R A S R 0 B, XA G

http://wulixb.iphy.ac.cn

105201-1


http://doi.org/10.7498/aps.73.20231862
mailto:hxwmpt@sina.com
mailto:hxwmpt@sina.com
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 73, No. 10 (2024) 105201

Vs F IS . EmAE VR I SE PR 547 FO AR g
AR, AR BT 2R R 2 R A5 B TR I
85 B R 5 G R AR AR LA R HE D 7 AR
B, (RS S BRI BT RN HLAg i D g 67,

W TGP, BEWE I T AR R 45 8+
TR A5 5 W37 53 B, 35 W) SOKS Vi 0 B3R Rl R
i, T AT A [ B e By R A X T R A8 1 75
e, SR T IRAE R TR A4y B R — B R
ST A 22— SRIMTAF B TR 5 G753 25 1) 3
R 2R, HETA o Bt B BRAL TR K3
A4y Ryl oy B FARRZAK 73 B WS, STl ALl
eSS AR TR R ERAER M ICE R, XA 55
ML S LR B SCAESE 2 TR PRI 41, LA,
XF T MPRE K3, B T2+ A iE 4R 5 oo iy i
YEH, RERTE A DB IR & TR, DT
R 4 B {1 15 A T O i o A B A U MPRE
FRABEAUL rp A3 FH 8101 TR 4 /8 MPRE 1Y
e S rE e BT, Hor A B R BRI & sh LI
71 b S HESE R RE S AL, X MPRE Mt 48 rp 46
B AR S HE WAE B FABILTR K oy g FUER e 7 K
ST

AR T BN MPRE R84 093l % B AR
BB, FAEARF A LB TR R 5k
TR TEUEREY, R T ARRSET B T S5
(R B e A R Ay B e AR I = ML, %Ik MPRE
BT AT & L RES B A 2R S L.

2 HEE 2 B AL

L5 DA FOBIF ST AR, WA rh ) 2 AL T
3 R AR o3 2 A AR R AR 0 B PR

2.1 HliHESS

1) B o=

i 1R I BRAE MHD J7 #5240 GF i 4 wEA T
WS, 7 AR I % A B AR A F R AN S
XX — ] 8, Moses 55 1012 72 7 R Al b i i 1 3
H TS5 ) B H BHI, AR S5 TR S G
i) o3 25 P R RE 37 ( BEAPE Y 132 S BEAPE 73 B51
XMEZ BB AT LU FHR T v R R, SR, 8 R,
M Ry, > 1000 B, BEAADHOH LT X a0 v] L2
W&, 24 1< R, <1000 B, B s w2, 455
FART] LIRS s iz 8. Ry, BOTTE AR N

L
R = % (1)

Ho p MEEF R LR IERK B, Vi KBl R 25
&, m R,

2) BEIE

MEFHHETREEGRNE, AT R
R AN PR32 i s i - S5 i 05 8 X pp
BRI N E A E. A0 B L R -
B R R R, DMRIESE S TR 51
A 3500 B . (R A B R s fL - 5 il e
BRI B AR, B E Ao B L e o 25
FEHIEA & 2 AR 18]

2.2 FJFhlifES S

1) Ha AR R 2

X BN ORISR, A — 1 [BDE RS A
WESI A AR TRESA BAR N, IR 2K 1k
TR — ARSI R LLT AR
i J 2 A ST IR
VB
Bl
Hor r, R AR, |B|/ |V B| WA
FAIERBE. B2, AR (2) sUR1F, MR
AT B 1 B SIS AR L 1 A 1,

2) 15k

BT IEROR, 5 SRk . UL
B S0, M TSI R I i g, Ry
RO, W2 57— XU 7, B 15 T is 3
HZRR G AE—R, POV SRERT”, AR
BB ERTR SR T ] LASEIRBE A 2T A A 703 0017,
B B R AR K LR T LU 1R 73 B R AL G AT
Fir:

a=rg <1, (2)

2
Hedr ) LA U 3 5 R 3 3l W R R 5 R e o B
me 5 m T 5E R, e AITHfT. T
PPE S B AL B 5 UK, Ahedo FiT Merinol™ 1A
4 Hooper 'S {R)fE T 45 5 IF A e e XUR P b e A
SE I, Bt TR e B B R A
] L i Little A1 Choueiril™) $2 H it 2544 J Wt
wn (4) XFw:

f _ G_1/2

VB
B’ ~0.5. (4)

105201-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 73, No. 10 (2024) 105201
B A= .
3) SRR 51 887;1 + V- (nju;) =0, (7)

JERN 53 B AL A AN, YA R RE
TG R i B 20 R I B R SR R B, G
NEPHEIRG, BRI RIS 43 5. BUE
T R B B 4 8 5 N TR B Iz i, 25 25
TEARZWHLIR, NS #5785 R 7y
PR AT BT DL LA S b 70

pu?
ﬁf:B2/’u>]—v (5)
Hr p HEEBTFRERE, o HshE e

TELL E#5 oy gLl oh, & 2emT AT & 4
BIPLRIAE 73 B B R O b £ RAERL Ak, FERE
GBI SPLREE TR S 5L g rh 2 R A
TR A S35 SN L LT AT 28 AT 1921,
SR R B AL T AR PRG35 18 5 B Inwg 3 B K 25
HAA 0.2 Gs. KHUtk, i 45 &K B S A0E R
i = A )RR N 343 BS AL AN 1T B S B R 5
B RS 28 LR, A SCHE A MPRE
T 76 v A 0 TR A 2 0 L BELPE T R0 L B
G385 MR RS BE oy LR A TR, AR
PUTIARIESEE SR 1 510,

1 AEYEILHIFES L

Table 1.  Characteristic parameters of the physical mech-
anisms.
YR T WFREL Sy E I
. |VB]
YRS a=ryL ] AR a1
LV,
SLPES BN Rm= & - 1 < Ry < 1000
B eB L? VB
A = _g-172|X2 | 505
(UilEa=) e s U2 13 B
PR pu’
RIS R Br Br>1

:BT/#

3 HEHEA
3.1 A REREENE

1) R IR s FR e

SRR A T 5 B T TR LA,
BT LA, JTRR (6) SOTRR (7) 4T
B TR S SRR

one
ot

+ V- (neue) =0, (6)

Horfr ng, my, ue Ml 05 LT RORE B TR
JE | T T .

Jie (8) SR (9) AT SR TRy Sh i
Jike, A TR S A BE A o B AL A A7 A, T
FHT FEL 5 1 T A ) R BEL A AN ] 220 T
A5 B AL D) B SRAR R RS R A o0 B 7 A 1Y
HE S EN.

Oou, 1
Te |: ot +uc'vuc:| = _Evpc

n,
+ delte (E + ue x B) + nevei(u;
Me

—ue),  (8)

8ui 1
n; [ 5 +u1-Vu1} = —%Vpl

-
%;1: (E+wu;x B)+ . (ue —ui), (9)

Hb m 5 m AT HE TR, ¢ 59 ¢ FHE
THE TR AR, p NP R R, B
AR R E N, B AN,
ve NS5 THECRHETR, h (10) ittT
T

MeNiVei

+

B In Anem g
Vel = 2,012 3/2”
128egmi’? (kpTe)

Horb In A2 /A HUH B AR B IE R B, — O
10 L. e RS AL, by HBIRZ S
R T, TR

TR (11) 5HF (12) 208 75 % 7 1R
JETT
% (znekBTe) + V- <2nekBTeue>

2

(10)

= — PV - ue + menelei(ue — ;)

_ 3neMelei

m; kB(Te - n)v (11)
o (3 3
% <2nikBTi> +V- (2ni/€BTi’ui>
= — RV c Ui + 3neme]/ei kB(Te - Tl)v (12)
m;

Hr TN E AR,

T AT R 38 s B IE R (flux corre-
cted transport scheme, FCT) KA, X i 77 i e i
T 25 A RS E PERORS BE TR O ALK, Rk
JE A [R5 T S IR B, 3 T TSR A

105201-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 73, No. 10 (2024) 105201

IO AR BTSSR | RIS RS R 22,
AP 1] bR A - 2407 sk i b gy
W Bs 1) 2 R e R e 2T A O — A
2. Bk B R S I A5 LSSk [23).

2) HH g

38 15 SR A B EIA R T R AR A TR X e
FL

VIV =S m—ng+ 2 S gven, (13)

€0

o P
J=Le

Horp, w7 B OB . R Raaia T e e
iR T R B RO A EE I, L T
T A A L A P, R RO R SRR R

I :uj(—njVV+1"j x B) — D;Vn;, (14)
S Ty AR ROBOR B, 1) WITRS, D,
HYHBEREL, VORI, AR, B (14) 50
A (13) K, 75

<1 + éot Z qjujnj)sz
j=ie
= - %(ni —Ng) — %)t Z q;D;V?n;.
j=ie

Jite (15) i i T 220 ks SR ORI

3) Wi T i

TEEFRE TR P S ARG RS A, HR B Ryt
YNSRI R B, W R TN

T R— (16)

Horp, MRS R, n F SO, SR TAA
SIS L0, FROLBEL R
TR E TR A B, #iH R RN TR A
it AN ES G S R R FRAE AL R
R, MRS ACE M o0 dE Ag AN 0, SR
Ferh Ag 1E0 FAb 3 B 1) BB E N 0.

(15)

3.2 JLERBI K FEHE

AR A TSR AN & 2 Fs, [ AR BRI (5
XIS RIS, FE AN 2=0,0 < r <
ro BPETIASE, AFBFREN T, . B E
TE 1o WA, FHTFAE 5 X sk P 32 e 4 b 5k
Y. S TR S B A AEXTFR AL R F X FR B,
fib 10 A A5 B R AN B, EIEE R 0.
AU ZH L3R 2, o Ar F Az 5y 5 AR W 5
il i) ) WA IRUST . T RS 23 X I P A S A

JEBEE O 107 m 3, BT E T IR BCE N 0, T
Y991 eV, JHLMUE T 5258 1A

To Tend

Iﬂfzﬁi

20

<« FETFE

Zend

K2 JUaBERDR 2 A

Fig. 2. Schematic of the geometric model.
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Fig. 3. Distribution of the magnetic field intensity.
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Fig. 6. Streamlines of the ion.
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Fluid simulation for detachment process in magnetic
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Abstract

Magnetoplasma rocket engine has a broad application prospect in the deep space exploration, manned
space flight and other space missions. The ion energy is converted into the directed velocity in the magnetic
nozzle of the engine. The investigation into the detachment process of the plasma with the magnetic field is of
great significance for improving the engine propulsion efficiency. However, there are roughly five kinds of
physical mechanisms which can all contribute to the detachment process and make the detachment in the
magnetic nozzle quite complicated. Furthermore, the ion temperature is much higher than the electron
temperature in the magnetic nozzle of the magnetoplasma rocket engine due to the heating effect of the ion
cyclotron resonance stage. As a result, previous numerical model which were based on the assumption of cold
ions are unapplicable for the simulation of the engine. In this work, a fluid simulation model is developed which
is used for simulating the magnetic nozzle in the magnetoplasma rocket engine. The model includes the electron
and the ion of single charge. For the characteristics of the magnetoplasma rocket engine, the ion energy
equation is added into the governing equations. In order to analyze the effect of the inertial detachment, the
static electric field due to the charge separation is also included. The simulations are performed under the
conditions of different inlet ion temperatures and background magnetic fields. The results show that the ion
axial velocity gradually increases in the magnetic nozzle and the ion stream lines detach from the magnetic field
lines gradually. The loss of adiabaticity is the dominant mechanism in the detachment process. The ion axial
velocity increases with the inlet ion temperature rising, and the ion streamlines detach earlier from the magnetic
field lines. The resistive diffusion is unaffected by the inlet ion temperature while the detachment interfaces of
other three mechanisms all move toward the upstream. With the increase of the background magnetic field, ion
axial velocity decreases and the angle included between the streamline and the axis becomes smaller. The loss of

adiabaticity is still the dominant physical mechanism when the magnetic field is changed.
Keywords: magnetoplasma rocket engine, magnetic nozzle, plasma detachment, fluid simulation

PACS: 52.25.Xz, 52.20.Dq, 52.65.—y DOI: 10.7498 /aps.73.20231862

1 Corresponding author. E-mail: hxwmpt@sina.com

105201-10


http://doi.org/10.7498/aps.73.20231862
mailto:hxwmpt@sina.com
mailto:hxwmpt@sina.com
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

BB TR S RS 2 B AR A WA
MRF KA TR WA HAG
Fluid simulation for detachment process in magnetic nozzle of magnetoplasma rocket engine

Yang Zhen-Yu  Zhang Yuan-Zhe Fan Wei  Yang Guang-Jie = Han Xian-Wei

5] Fi{5 B Citation: Acta Physica Sinica, 73, 105201 (2024) DOI: 10.7498/aps.73.20231862
TEZE 7)1 View online: https:/doi.org/10.7498/aps.73.20231862
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

ARE FF 0T PR B L A X R T H R P P 2
Effect of phase angle on plasma characteristics in electrically asymmetric capacitive discharge

WIBEAEA. 2018, 67(22): 225203 https://doi.org/10.7498/aps.67.20181400

SMUEGE T BORESS 25 1A )2 ad R B
Simulation of magnetoplasmadynamic process with applied magnetic field

PrPReEd. 2022, 71(5): 055204 https://doi.org/10.7498/aps.71.20211383

YAEAE T 23 HL oI SR B R 55 8 1R — TR A 4L

Three—dimensional hybrid simulation of single cathode spot vacuum arc plasma jet under axial magnetic field

PrPezd. 2021, 70(5): 055201  https://doi.org/10.7498/aps.70.20201701

EOGIEEE FAPRIE S i B 0O 61 B S0 Y

Experimental study on the dynamic compression of materials at XGIII facility by laser proton photography
Pz, 2022, 71(19): 195202  https://doi.org/10.7498/aps.71.20220919

HATAR)™ 4 5341 1~ OB 55 2 7 PR R B 45

Structure of collisional magnetized plasma sheath with non—extensive distribution of electrons

YrHE2E4. 2021, 70(1): 015201  https:/doi.org/10.7498/aps.70.20200794

HL-2 A PR [i] e e 5 ) 458 B 5~ (OGS SR REAIE s A i 1oz i 7
Effect of toroidal rotation on plasma response to resonant magnetic perturbations in HL-2A

PIEEAEAR. 2020, 69(19): 195201  https://doi.org/10.7498/aps.69.20200519


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.73.20231862
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.67.20181400
https://doi.org/10.7498/aps.71.20211383
https://doi.org/10.7498/aps.70.20201701
https://doi.org/10.7498/aps.71.20220919
https://doi.org/10.7498/aps.70.20200794
https://doi.org/10.7498/aps.69.20200519

	1 引　言
	2 磁喷管中的分离机制
	2.1 碰撞分离
	2.2 非碰撞分离

	3 数值模型
	3.1 控制方程及数值方法
	3.2 几何模型及边界条件

	4 数值模拟结果分析
	4.1 不同分离机制对比
	4.2 入口离子温度对分离过程的影响
	4.3 磁场强度对分离过程的影响

	5 结　论
	参考文献

