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Numerical simulation on fault in gas and liquid lines of
spacecraft propulsion system

NIE Yao, CHENG Yugiang, WU Jianjun
(College of Aerospace Science and Engineering, National University of Defense Technology, Changsha 410073, China)

Abstract; In order to investigate the failure mechanism, dynamic changing law and the effect of leakage and blockage fault of spacecraft
propulsion system, a dynamic simulation of some pressure-fed propulsion system was conducted based on the modular model library previously. The
leakage and blockage fault of gas pressurization lines were simulated with the method of Realizable k& — & model and one-dimensional compressible
duct model respectively. The leakage and blockage fault simulation for propellant lines were carried out with the finite element state-variable model
and variable flow coefficient model respectively. The dynamic simulation of the propulsion system was carried out and some interesting results have
been obtained as follows. Firstly, due to the leakage and blockage fault of gas pressurization lines, the pressure boost couldn’t meet the need of
operational state, resulting in the propellant inadequacy and pressure drop in propellant lines. Secondly, because of the leakage and blockage fault
in propellant lines, the mixture radio would deviate from the designed ones, resulting in the sliding down of the propulsion system performance.
Although both of the leakage and blockage fault would make the propulsion system performance slide down, there are differences between the two
faults. Firstly, due to the blockage fault, the upstream pressure of faulty component is substandard and less propellant is consumed. Secondly, due
to the leakage fault, the upstream pressure of leaking object is lower than normal value and too much propellant is consumed.

Key words: spacecraft propulsion system; gas pressurization lines; propellant lines; fault simulation; fault characteristics
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Fig.2 Sketch of spacecraft propulsion system simulator
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Tab.1 Main parameters of simulator
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Fig.4 Leakage fault effect of gas pressurization lines

T UE AR EE FE IS AR AT Y 38 1 T R N, AR
Tt B0 B TG /N HLOK S 1 S AR 2 SRR A, 3 B
B AR R PGE D, R S (a) FR . L5 %E
T s 2 A — i B[] J5 2 X B A b i s AT
W B8 A2 AT 52w - QO Wi 47 0bE e s 7 |
Fh— BN Ta] I, B o 4 2 5] 0 T AR PR R R,
5 (b) fim s Qs & Sk s s T F R 3L
He ST FRE, Qi S () B,
2.1.2 kAR R R

1) Jitt P e i

SRR MR SR, 2 R A ek B,



" 36 (FE TR SR S AN S 5539 %

0.6 X - SREEAR, An1E 6 (o) FE 6 (f) firs , T3 AT H1 TR
-~ 1Y el A 16 2B 1.7 ;@48 1 s N R, an
Loat? 6 (d) 7 s @M AIRAE % R A A 7] i 1) ARL i
0 A A A A A - . .
I B AT 6 ) B
S 1001
ﬁf 0.2}

i L f
g _ 80
E 604
1%00 2000 3000 ‘ 4000 5000 6000 ﬁ 40F R A FiRE
WE /s %ﬂﬁ —y— Eﬁﬁigﬁﬁ%
(a) BRI = T
(a) Flowrate of pressurization gas % O
1.6p = 20}
g ) 76 2030 30 30
S 1550 Wi/ s
g (a) WAk i it 53 A
'Eié L5p (a) Flowrate distribution of leakage
% 15
% 1.45¢ A TR
= TV R 745
1‘1%)00 20‘00 30‘00 40‘00 50‘00 60;)0 : 2 i N & ) ) )
WE/s

(b) MON JF-4f M 5

MMH 3k 37 4 [# 3 / MPa
»

(b) Ullage pressure in MON tank 135F —a—ERIHAD
600¢ 4 YA D
500 SpboyA—yt—v v vV v —— 1 16 30 30 20 30
- /s
<400
3 (1) MMEH S50 FEB 5
%300' (b) Pressure distribution of MMH lines
ﬁzoo— i#%ﬁﬁll‘ﬁ 0.7
— vk .
100F ¥
%
1%00 2060 30‘00 40‘00 50‘00 60;)0 g 0.681
/s W
R =
() =R ‘ —
(¢) Thrust of main engine %0.66—
S 8 He R A JE (s8N I . . : . ;
Fig.5 Jam fault effect of gas pressurization lines 0 10 20 Ea‘[‘a]/s30 10 >0
T TR et (¢) LR
BOREHER  E B BT O s FRIG T4E, T (¢) Chamber pressure of main engine
PR35 s 0, HUBRIR 2 % TR e, 5 o AL 4% e g
BOERAE 18 s 9K E | mm, WRFFLERL S ) —— Vet
ELER, 2
REH. -
e 6 s , MRk A e B RS 18P gy
RO A BORRAR IR 4 26. 97 ¢/s 24 v
R R Y 30% L W 6 (a) TR R, B Lep
B %2 3 HLA LRI A6 H 1 FE 3845 F 4 I S
6 (b) T oS — BRI Wit 5 TR 3 Y 7 TR
Ry O 4 A A o e LR A B A (d) bR A LR

FLRITT - DA% S HLI RS A e 52 [ (d) Ullage pressure in propellant tank



552 1 TR, AF UK F I 2G0TIk e 1y L 37
0.3 1204
/;]\ 100 A A A A A A
E R
ﬁi 0.2 E 80
= ——t i
i %ﬂﬁ OfF—v—v—v—v— >—v—v—
v E )
1 0.1 - 5 = )
& —&— MMHJP A RS 3 —A— MMHPA
—¥—— MONJ i < & 20k —¥— MONIEZ#§
% 030 30 30 o VR A B R R R )
FHH /s B/
(e) HgHEAW AL (a) EhEHHLHE
(e) Flowrate distribution of pressurization gas (a) Propellant flowrate in main engine
L6 600
§ 500F
% 1.5k |
s} 400f
W £
8 1.4F R
g N 8 3001
= L =
5 | = g00F
i‘é 13 ﬁ
5t 100F
= fo % 3 t % 0 102030 40 30 60 70
/s 1] /s
() BHERHURBE = TR (b) ERBNLHES
(f) Chamber pressure of attitude control engine (b) Thrust of main engine
1.552
P 6 R A A e G SRS ——
Fig. 6 Leakage fault effect of propellant lines — ¥ MON4
2) Hy b 215}
SR R ) 2% S5 E AR R 7 A R AT g 1
PN Ly o 2, 2 b SR e 32 Y s =
T REAE L8 i A A IR MR ACTRLE B, B J@mgh4’#ﬂ*r*_+4£¢::
RS % ) U REL A g
BRI P R BIPLT O s Jhas AR, AR
1546 1 1 1 1 1 1 )

50 s SRR TR A5 B A 1 RO, T AL
SRR ARLE 1.2 s INIB/NE R I 10% , 3 %
R B B4

WA 7 JoRs , AT 32 P 0 45 B B JE i i 25
FEZ M ERRS I B A, JEABIE R L
LRI N 100 g/s T RES 88. 7 o/s, BEIEZY
K 11.3% GNE 7 (a) PFios . E AR 45 R 5
1. 41 MPajdi/N5] 1.2 MPa, [&IE 210 14.7% . &
ARV R 38 H R 5 1) T B 23 e e 1) i
WedL O, BARINR : OFE & SR S o T R
SHEESTRE, AN T (b) FR s QLTI A
PR BT T B, 738 SR A VR FE R 048 R
SRIG, WA 7 () B ; @3 FE M I 18- BUR B
AR AV N A8 B e 50 7 20 T, o A IR AL iy
AN, SHEORAHH 1.6 TR 1.4,
2.1.3 W%

e R GE A i 1], R R L [ Bt

10 20 0 50 60 70

307
MfEl /s
(o) FHE R 046 b He 3

(¢) Ullage pressure in propellant tank

P 7 7R (00 A B 2R AR ARk

Fig.7 Jam fault effect of propellant lines
[ R G R T R N e o e DR S SR ]
VA RPN S 5 i e B S W L N B
DFECIFSE . VAR R -B 1] 1R P 3= 85 e DAy i s e
B, AR 2. 11 50 2. 1. 2 5 o i e s Ay
PO AT G R A 32 B o AT IF AN 2
(OVARERG wy IR o B A N | D T A
HOBEAIA :0 s AR SIHLIE R TR TAE, TAF
50 s WP ARRE AR A B R RE R T AN I, 1T T3
MR ARG /D =AW 1720, 9F H— B v 2:
B EAR . /5 AMESim ffEAF-6F i i i A2 i
A5 VRPRE Y AL LA TR r g 1) e A A v AR A 22



- 38 -

e PN

%39 &

PORUAE, S B R PR T T AN Bk ) 7 B
ORE T ME A B R [T T AN B e 22 5 ke
RS RGERE B, (2N SRR E R
ARAL, BB AR N N A 8 Pk o AE b ke Ay H AR
PET  BORE T B4 3% IR 1T 3T O AN B 19 e e 2

N5 LT R A AR AR 3 Bt A A T A PR AL
NEAEAL , 3% BN FEI3 T o
150
—A—MMHIEZA
—¥—MONI
E 100 f— . i A . A TA—A—a
1
=
= Sof
3
0 02030 30 30 o0 7
FE /s
(a) ERHHLA &
(a) Propellant flowrate in main engine
2 -
L, 18F
E16F
B 14—y v v v v
g 12F
ar 1F A a2
§ 0.8 F
Hoe6F
S o4k —a— AT EIERED
= 0'2 —v— W FIRERE D
0 lIO 210 :;0 4IO 5I0 6I0 76
R /s
(b) MMH {548 #5843 A1
(b) Pressure distribution of MMH lines
600
500:
i |
Z 400f
5.
& 3001
.‘% [
® ¥
& 200F
H
100F
e T RV N T R I R 1
WE/s
(c) ERIHIES
(¢) Thrust of main engine
B8  FRBHL MMH [T FTHAS B 1 s i
Fig.8 Jam fault effect of MMH valve open lacking
2.1.4 ZHhIfs

HEDE AR GE K B i s S BEA A Ik S 1
SR ST e g IE e AT Gl R R
PR AEEA LA T ARADAIBE A I S 2 1 e i e

W v b 2 S b b ey 1O NS Z AR X
DA I e e e e 15 35 A {91 EA T8 B 2R A o

BRI 0 s B A SIHLIE % T 46 TAE, 18
17235 s I ML IR EOLE It A A b Tl A, ok T 0
FREARY R L 1A%, fE AMESIm P BT,
T A 2l 2R R A W S ) LA, BV R S BN o S
e b ) 07 1, HAls BRessnn an el 9 Bz

&
i A A A A
= A i " = M
2100
"
= A
1
ES
]]]m - A g v v v
= 5oL
=
3 — & MON¥ig
# —v— MMHjE &
1 1 1 1 1 J
0 10 20 40 50 60

1.548

MONF:## 58 / MPa

—
V3
=
(=)}

0.5
0,45

0.4
0.35

'/ (s
=

0.25

KR E
o
o

0,18

BE
o

0.05

30

W E/s
(a) ERIPUR L

(a) Propellant flowrate in main engine

1 1
10 20 40 50 60

30
/s

(b) MON M4 He 5
(b) Pressure in MON tank

Fig. 9

10 70 30 10 30 30

iR /s
(o) R4

(¢) Flowrate of pressurization gas

B9 Al bk Hobe i i i Ak 1
Jam fault effect of MMH valve open lacking

HT P O R AT, R 11 5 o e e 2 X L4 e 2l
HILRA P 7 A 5 i 3 0L R0, an &l 9 (a) Pir

i‘_\"lﬁjﬁrj‘

SPEIRE A A RS N R MRS A B etk

BN, i 23 R W) 28 48 L Ui 005 R G T A



42 4

B8, A < YUK o R 2R 0 R P ) B -39

B9 (b) FIri , M0 A 8 e J 4 14 590 4 PN 30
RS TR ARG B, IE 9(ce) B
7, MR A A e it ids 25 S B0 AR T 0 .
2.2 HHRGHETESFES W

FH R A5 BRSNS AT UK R 284k
RGHBE ) R AR AN S R G R A T
T, 30 AT R R A 1 R AR R PR HEA T A3 BT R
WG A B AR R, 452 08 2.1 T Bk Ay 2
AL HEE 2R G A TR S R B A L XTI
A6 S5 B0 A RS e, AT DAGE 3 7 AR AR AR ()
A FRSE F 2 sy ok s s
2,201 R4S R SR R

TR : RESEOE ] 2. 1.2 /N7 et
FIBER AT M7 0. 8 s )5, B R sh LR 4R AR,
H 10 [ e 157 B 1] 3 A7 10 ms, R BIHL TAER] 1.2 s
B, 480 7] 3 AR N A8 B H T TR i A T e R TR
0.01 s PNt FLAFRCE AR H O mm & JEF] 1 mm,
Hott il ke 2 205 A5

& 10 SR 74U A0 7 32 0 0 A 6 itk T 8 1Y
SRR, W R RIS SR A sh LY AR R IR
TR, AR 10 (a) Fis s B 2 5 R =
FE5 B SESHON B, T B R gL e
RAEZRA, NE 10(b) R, [HE, FEE M RS0
IRBIHT V-, AR e Y M A W b R S A

200
—a— R AL TR
o —y— {HYEE
- 150r  —— iR BariE
= 100}
1
=
= sof
H
e
0
S0—=7% 1 13 7 16
/s
(a) IR AL I 531
(a) Flowrate distribution of leakage
0.8
£ 075k
S
B 07F
Hof
fgg 0.651
= 06
R [
S ¥
0550
0_ Il 1 1 1 1

0.8 1.4 1.6

/s
(b) TR E5E

(b) Chamber pressure of main engine

1554

1.5535

1.553F

15525F

1.552F

FAALE R/ MPa

1.5515F

[

1.551 3 —a— MONJP4H
e ¥ MMHEA
1.5505_'
1555204 06 08 T 12 14 T6
HHE /s
() HEHEFIEAT L 58
(¢) Ullage pressure in propellant tank

P10 AAs) 2 A A g it T ) e ok 4
Fig. 10 Leakage fault transient response effect of

oxidant propellant lines

f o BB AR AN S 2. 1. 2 45 R AR A B b
RABL, W 10 () i
2.2.2 AR E I R
HORAA : RGBSR TR 2. 1.2 747, eI {1
P FE IR 0.8 s J5 , PUiE A ST 0n AR, kiR
WA NZIHE] A 10 ms, TARZ 1.2 s INARAR 50 EALN A
AR A, 1 0. 01 s P 3 A, I A AR AR T AR
Z/ NI 1710, H i — EA e HAS
AR 2 3t RO A B I 4 O A
B LR o BTSRRI Re e 2. 1.2 A g

150

—A—MON{fi &
_ —¥—MMHi &
K
~ 100}
i
s
i
=
= 50k
g
o5 1 1z 11 16
W/ s
(a) FEREHHLIH
(a) Propellant flowrate in main engine
20
.15
a,
2
=
E1of
oy
n
el
ST —A— A L)
TV A TIED
s 08 i T6
/s

(b) MON 7 &35 FEAD 54
(b) Pressure of MON jam line



- 40 (FE TR SR S AN S

%39 &

15-
| oo
glol
|
g |
Z
a [
= S
2l
B L
ﬂi L
o
0.6 0.8 1 1.2 14 1.6
B Al /s

(c) $EFELL MON i i
(¢) Fluid velocity of MON

K 11
Fig. 11

AR AN B RO 1 R
Jam fault transient response effect of

oxidant propellant lines
oA REHR FRSON AR, AN PR IA
3 4ig

ARSCAER IR A HE 1 28 G2 17 AR Y 114 S A
b BT e SO A A R R G A
39X 1 TR TG 2T B 2 R
A D SRR TR I o D A b 2 | PR R
TIIEAEIGL B & s HLk i be fhx 6 Fh it 7 ik
BRI, A K% 4 A 711 3 8 107 A8 e it O 1 S A6 7910 32
PURLAE 3 JE I 2 ol ST g o 8 1o P R A T
PrE I WFTEEE IR IR, 3G e =i A A 1 Tt D
AL R T A 2 ol 7 AL 10 4 e s A A2
PR A PE T 2 O AR A B A A T SR PR R
[ o R (A A 0 A 11 it T e A1 34
SRR B He B e A A A, foE TR L A R i3
THE, RECRGIERE TR s i B A 3 26 g e
AN [ Z AT - QOME U e e 2 5 A H 328 50 3
1 TRIUE 00, T 3 2 W 2 fo 428 500 T AR AR T
WUE 100 @tk b2 60 ks A0z U TR G
TRUE T 00, 38 JE i B 2 (0 67 L 90 1 53 55
THUE B0 38 i SRR 73 A, 7 TR f 4t
R ARG TR L TR A s ) A 25 200 A e P
P, ANCA B4 SR 5 e ot 4 A 28 e R 114 52 i)
AT SR B 26 A B A PERES KU AR It 752
P, 38 % 2R Ge s R S5 0l R 2 W e I B
Ao

2 % 3wk ( References)

(1] REZE, sREM, BREE. WAL S s iy B
REEMLT]. HESEEAR, 1997, 18(1) : 26 - 30.
WU Jianjun, ZHANG Yulin, CHEN Qizhi. The real-time
fault  simulation rocket

system for liquid propellant

(2]

(3]

[4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

engines[ J . Journal of Propulsion Technology, 1997, 18(1) .
26 —30. (in Chinese)

Lijo V, Kim H D, Setoguchi T, et al. Numerical simulation of
transient flows in a rocket propulsion nozzle[ J]. International
Journal of Heat and Fluid Flow, 2010, 31(3) : 409 —-417.
TRFIR, FAE. TR R G R BRI [T,
MWL RFESI, 2002, 20(1) : 51 -60.
ZHANG Xinbang, SUO Xuhua.
simulation techniques for satellite control system [ J ].
Aerospace Control, 2002, 20(1) : 51 =60. (in Chinese)
TRENE, B0, I AR SHENE RS R SHLEh S 4E
PEWFE )], Wiz 3l Ji2E4, 2004, 19(4) : 546 -549.
ZHANG  Lihui, LI Jiawen, ZHANG Xuemei.

Study on the failure

Dynamic
characteristics study of spacecraft propulsion system engine[]J ].
Journal of Aerospace Power, 2004, 19 (4) . 546 - 549. (in
Chinese)

TRMG K, SRAEEE, XIUENL. A KT R S —FiE AR
T E T[] R, 2005, 26(2) : 147 - 150.
WEI Pengfei, WU Jianjun, LIU Honggang. Investigation of a
general model simulation method for liquid propellant rocket
engines[ J]. Journal of Propulsion Technology, 2005, 26(2) :
147 - 150. (in Chinese)

PP, WEH, &I FREE RS TR R
AL ]. ERRH R, 2007, 29(2) : 29 -33.
FAN Zhongze, HUANG Minchao, SHE Yong. model of space
propulsion system in the whole operating process|[ J]. Journal
of National University of Defense Technology, 2007, 29(2) .
29 -33. (in Chinese)

Bandyopadhyay A, Majumdar A. Network flow simulation of
fluid transients in rocket propulsion systems [ J]. Journal of
Propulsion and Power, 2013, 30(6) : 1646 —1653.

BEE, VK, T30 KRR 0 SEMRCE B 1 I R
Sy A (] i 3 1574k, 2010, 25(4) : 852 -856.
WEI Xin, SUN Bing, YU Ziwen. Dynamic response analysis
of fluid-structure interaction in liquid-filled pipes of rocket
feed system[ J]. Journal of Aerospace Power, 2010, 25(4) .
852 - 856. (in Chinese)

KER, KR, BE, & BRKER VLIRS R
EHAR GO B R AT [T iz 3 Ji 24, 2006,
21(2) . 403 -409.

ZHANG Qingsong, ZHANG Zhenpeng, YANG Xue, et al.
Fault simulation and analysis for the fluid systems of LPRE
test-bed[ J . Journal of Aerospace Power, 2006, 21 (2):
403 -409. (in Chinese )

a5 K HERIAK T R VLR BT T]. EEALR,
2004, 21(5) : 34 -38.

CAI Yifei. The simulation analysis of some liquid rocket
engine fault[ J]. Aerospace Shanghai, 2004, 21(5): 34 -
38. (in Chinese)

TR, TR, E)ME WA R S L TR s
PiE [J]. bR, 1999, 20(5) : 1 -5.

WANG Jianbo, YU Daren, WANG Guangxiong. Real-time
simulation of leak fault of liquid rocket engine[ J]. Journal of
Propulsion Technology, 1999, 20(5): 1 —5. (in Chinese)
2, BME, BREMR, 5. PUREEDERGOK S I



42 4

B8, A < YUK o R 2R 0 R P ) B -4l

[15]

HITELT]. A3 124k, 2010, 27(9) « 2028 -2034.
YAN Zheng, PENG Xiaohui, CHENG Yuqiang, et al.
Research of water hammer and its suppression methods for
spacecraft propulsion system [ J ].
Power, 2010, 27(9) : 2028 —2034. (in Chinese)

RB, XIPEE, FEENR, . MUREHEE R G s
JriE L] ERRH RS2 4, 2012, 34(4) 28 -32.
YAN Zheng, LIU Zejun, CHENG Yugiang, et al. Modular

Journal of Aerospace

modeling of spacecraft propulsion system [ J ]. Journal of
National University of Defense Technology, 2012, 34 (4).
28 —32. (iin Chinese)

Lu X H, Chen H, Gao B Z, et al. Data-driven predictive
gearshift control for dual-clutch transmissions and FPGA
implementation [ J ]. IEEE Transactions on Industrial
Electronics, 2015, 62(1): 599 —-610.

Wang B, Jin X, Huang R, et al. Simulation and experimental
verification of a fuel calibration system based on metering

cylinder[ J]. Flow Measurement and Instrumentation, 2014,

[16]

[17]

(18]

38. 131 -138.

FH L R R G S SRR F S [ D). K
T EBRARAR R, 2007.

WANG Shen. Numerical simulation and analysis of dynamic
characteristics  for  spacecraft  propulsion  system[ D].
Changsha: National University of Defense Technology, 2007.
(in Chinese)

BB TR AR AR G T R VAR )l B2 W 7 T B

FID]. Kb HBFERORR, 2013,

YAN Zheng. Investigation on model-based fault diagnosis

methods for spacecraft propulsion system [ D ]. Changsha.
National University of Defense Technology, 2013. (in Chinese)
ik RS REEREE S D] K.
BRI R A, 2010,

ZHANG Lu. Numerical simulation on dynamic characteristics
Changsha

2010. ( in

of orbit maneuvers propulsion system[ D].

National University of Defense Technology,

Chinese)



