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Modular modeling of spacecraft propulsion system
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Abstract: In order to investigate the system dynamics of spacecraft propulsion system with complex pressurization pipelines and propellant feed

pipelines, the Unified Propulsion System simulator ( UPSSim) was developed, which consists of a modular and extensible framework based on

AMESim software. The pressurant pipelines were separated into several nodes, with each node using lumped parameter model ; while the propellant

feed pipelines used distributed parameter model. Heat transfer between components and environment was also taken into account. Simulation of a

certain UPS during GEO insertion shows that the UPSSim can obtain the parameter variations accurately, and the results are in good agreement with

design parameters and measurements. Simulation result indicates that the method proposed is sufficient for the modeling of complex pipelines and

has good application prospect for spacecraft propulsion system dynamic simulation.

Key words: aerospace propulsion system; system dynamics; modular modeling; AMESim

XULH IO K A HEE R g8 B IR AL (1)
BN aa il g TRe S SN N NN IR N AN
A AT A5 T 22 sk s (2) 6 T -5 R 59 46 i
SN AE MRS (3) RIT 55 755K, Puds
KL Z U B, BT AR SR 3 S
Kbl PIL, A gk DR K i 4 28 S8 BE 3 R o3 A
HR R RE DG TR AL, AR b BT i R e )y ) 2 ) 2
HEG 05 BT

I A2 2 R LR A R 2R G 8 )~ A A
S5 EMFAR R B, BLE AT T 2R
WA T A LR AR R 22 AL (1) B¢
XFRR 2 21 AN TR BE A4 BT Ak, % AR A &2
IR BEREAE BB S 2 L ER S Wdf
RGN EPR TARRES 5 (2) WFFEX G a3 2 4fE it
TRV AT %, s 0 T O, o 8 T A A
FRIBER A % (4 R 5 015 LD DL ARGE 5 (3) WF5E AR
ZEPEMEERGIT LRSI FrE X

« UgFREHER.2011 - 11 -07

PRGN 8] 2 TOUE FERIBTTE , Joig v o
ek R R TR R AR 2,
MR KRR HENE R G 3 1 R o
R B — TS A 1) ol PSR A R | o e 20
FUR ) S A0 B L iRy e 00 B 9 R 3 A 4
ARG L U B U YT R B 2 o Bl ) o
fHE"
1 EHRGEHFEE

FET R HAR AR R SORE R R A
PERGIT AL B ARZ AT 5020 i B O 38
B B IR A R B A T (R AR e
FSGWE) MEFRI] o LU 3 S A
AR
1.1 SEER

(1) AR

TEER N 2B(1982—) , B Hm RN, LR34, B FHRH : yanzhengnudt@ yahoo. com. cn;
REEGEEER) B, 808, Wt A 500, 7 IR : jjwu@ nudt. edu. cn



4

e B AR R AN R A A 5 "9

TEAMENE R GE TAE R RE b, 39 A ) T ) 4%
R ik PR BT, PRI AN 328 P AR AR 2SS
T 7B TSR ARG AR AR S5, R
F Redlich-Kwong JFEVE NS MRS 2
R,T a
=U—b_T0'51J(11+b) (D
Horf,a, b S5 R 2 A 5 A # K, >R
I S B R AE ] SR AS
0.42748R>T>  0.08664R,T,
a= £ b= £ (2)
P Pe
(2) AR
K s TR AU — A AR — A 1 1 3y
MG o e AN I3 Gl 38 5 oA,
i M RE ST E TR -

p

d d
e
dv d dP 9 dT
=p—+V-|[2L) .=2 9Py 2L
pdt+ [(aP)T dt+(aT),, dt]
- dm do _ v
dr 2 i h dt ><jCldT"-dt P
de m - C,
(3)
Ho, Y om, - b R RS i (i ACH
1E) .
(3) A A5 Y

TER G 1% WBUENT T b, 25 18 B 52 1
FIRIAT YRR, H ATERR R ] — 4R, 1 R UL
B " HE s YRR N o £RE B BTN
JE R AR SO UM B TR Ly Be e b 2
RO FHBOE AR i B se — 460y, 2
W51 1% SRR . Rl A AT i o
i fE = ST E A

@+Q@=qx
at ox
2
dpu  dpu  dp _ 0T (4)
Jat 0x ox 0x
dpe _ _ou  p
dr pax+ +d +(Q

Horb g, FBURIRTL, R Y RERIRI, © 9 3tk
PESI, Q N B SRR

(4) LR

B8 MR T A PR T A7 8 o I 20 S0 , 22
TALACT I S , ALt 340 T

y Pup
m=A-C, - C, (5)

VT
up
Hrp A ZRALER, C, ZWRERLL, C, 2
BEELP,Je BT, T, 2 BRI . <

PR 2% C,, it T RRG:

2

A

(&

) > P, (subsonic)

Pu
) 2 A
c N (y+1) r(y+1){y+1 ’

P
( ]Td) <P, (supersonic)

(6)

1

i P, =(<72f1))7',y AL

1.2 BERRGEHNFEE

(1) A A

X FHERE SIS , WA L7 UM e 5 Y R A
BT I MR IR A A R O
PABCRE P AL PR e o AR SO R T e
PRI AL, DN A P9 OB R RE 57 A9 AR 25
PRI, — BRI 2T (4, AN 25 FEHE 2R 75) 1N A BE
T L AL R A% T, USRS AR B O 25 RS i K
AR AFR A A R R AR R A SR Y o
Cor g, AR

(2) HEEFR LN S

LRG 75 TN B 03 B2, AR SO e a7 43
IO A B B R AR ] T — 4 o0 A S O, R
Lax-Wendroff #2SRfiff o /8 8% 1 1 A9 s 71 S K
Tt

P _ B0,
a A ox 7
Hodr A B P AR A, B 2 A

RUATRSR AR
R Tl A BR i B 4 BT A A
UL o 7 FEh -

Q. AP .
o o o ox -9.814sin(9)
9Q, ff+ Q% - sign(Q,)
o 2DA (8)

Forpp RREE, V N E AR, 0 i 1% S
US LIPS NS F8 8

(3) =l A AR

SRR S AR A% S T S AR AR R
AR AR, HL R S U LR T SCHR [ 15 ] /9 07 9
5.

(4) BT R

ARG AR R h B A o — A1y



.30 - B BE K 2= 2 i

534 &

TALTCHE 21 AL R T s Sy Bl S E] A2 A i A ke
B,
(5) KPR
K FSCHRL UL ] A AR5 125, B K ShHILRE Y
HER ST < BRGE 2 FIBEAE | 43 | e vy HAC A
WABEZE 7y XSRS DRRIE % 70 LA X B —
XA RS DX, HHE 15 70) AR R b DX 28 0o — > I i i
I RARE T ER s 58 — XN B X, [R5 — e Ay i —
A VAR IR B A . YRS X AN T LA B
VAR ABRBE = B4 IR & — A
B 7o 5 2R AT BRBE DX Tl BE R U INS 1 2
R IR BN AP0 5 AR ) ol 56 4 Ui
WG HRGE DX IBARHERE R I AR AR, AR = Sh A
PER SN ) AR R TR R B AN 58 Oy
AREAL F I TR, HP R AIAMEIR B L Ke
PR T B B 133
WA ShASRII - 25 FE WA AR R s ad A
T EARRRAS AR BOH LU B R ShHLAE ) 0
ML, KB N R AU SRR A ) — 4E S
W5 1t 3l QI X BRAT ), 0 8 787 S 11 e s AR 7 1
JiK FE A T B0, W AE N IR 3h T 00 Hy b
JESRIEE o
1.3 W RS S FER
HEHE 2R G0 00 R KA R G b ik 2
F G RBL S A, HEE R G52 T 1)
B ZYH, R Rl — I ais g, Bl LA 4k
H—4E B e B s
Mx(t) +Cx(t) +Kx(t) =F(t) (9)
Horp o (0) NAERE  F (0) AN T3, M Ry Bk, C
SREVERHJE FR 50, K s NI
1.4 BRRZEHHFEER
AT DU I A5 6 S S Ty S B 3
H T AR S FOA T IR 25 R [A) A F e]
PRI , LR A A HE 2R G A5 5 0 LA e o %
JE AL IR R 7 2
SR AR A L E A TR g
FRGUAHC TR A5 TR AR E
FE T3 B RE ), PRIk e s O A s B 4 mT S R0k
(5] i B 1) S A ) R, ] P — AR A R AT A
g=-25 (10)
Hr g APIREE A N FIERE
Xof AR A W2 By R ARV AR AR B IR IT |
FEC 1) R A 33, ) U A R AR 2 e 200 5
i E -

Q=h,A(T,, -T,) (11)
oAb by R REL,

2 HWHRGHHNFERULER

AMESim J&— 2B 2 @it i B S
A H A, A3 AMESim . AMESet , AMECustom |
AMERun Z5VE A5, AMESim 88 22 584 [] 2y
RE A ICHEA TR, R 2 <3l B R 5
Tl SR P, TR AR Y J7 2R i R G845 LA
ARG R o A bR R T AR AU B AT
5B EHW, K AMESim @57 /) RS2 80 ) A
A5 R0 R 420, AT LAJT iR A BUAR IS &R
G T AR JREE 5 MR B Bh ) o EUEE AR
AMESim Z{F P24 T A B A0 H WA AR
B, LA S AMESet Frfe ik i) —UOT K I6E, fiE
T R AHEE R G R Ge 8l )y 2 A FL Y
%, AMESim BRIz 554 B 3l W7 5 58 07 F2
AR , DDA [ A BB S | DT 7 250 38 B A
FE LG R 2K 3 n] MG TR A B 24t
KT WL A 1) 3y I 2 L, T AN A S OB
I BUERFAE B R g 55

TE AMESet B30 55 T #E47 Z W%, 735
FENT T R AR A S ALY R A, A
AMESim PRGN 5 T 3K e e ik RGT
B 1205 EUBORD UPSSim, 4018l 1 Fi7R

3 EHERZIEIRBE

D5 AR UPSSim S E AR : (1)
S AR, MR TR 1 313bar (A3
SRR 7389 R 4t i ) 5 R A% AR 0 B (] Sy
Lms , 55 FE [ 40 1 e 1o ) 8] &y 10ms 5 SRS B P 42
Yok 4mm , 5500 B4 8 1SR 56 R SR
SHUAATA] , R I NCPVT %2 sk 1 1] e 1 s 1 A< 40
G He A A0bar Yol H fR 05 e Jis T i 220 1 8 114 <
FEWIUG I 18bar, (2) W04f : W46 5% HX
B, SRR 4G 14 15. Shar, & AR A SRS
AR R TCA, i bt i T IAR R (3) 4
HEFVAE B« B B kS HL AL N AR B AR
Smm; ZEFEHE ) AL B AR 6mm, KR %
MR GRS EE 5 FEL B KR I 7 ) (6] Sy 1, F
o R T 7 FF (1) A7 10ms 5 SR rp R I T 28 > =i
B3k 36 NI, AR WL, i B iR
h90° R (4) B R ANHURIEREHE S80S
B I S EORE



e B AR R AN R A A 5 31

MMH
IMH Tank
NCPYV

NCPY

H N204
o
é é MY
‘ 3¢
NOFV
M
HF

Thruster

g XXy I XX

Thiuster

1 re e -

Thruster

iy Mo Moy B

Bl LR St R e ah J1 205 BAR UPSSim 7% K

Fig. 1

B2 25 T 25 185 220 SO A4 B ol
TEOUR %P & shALAR B i A b A0 I B A
FEJ ARt 2 . el 1B 2 W] L, Bl A R AR 1Y
HERC, SO T 0 ) R T B AR5 RSO
EIRBE A AN 5 D LA R R, R
L g PR R v AR HE A 5 4 S A
P SO S 3 R Bk v R R, ARt Fish
J&i , SR J) 212, 6bar, 5 1% W FU 4 iR 22 4
+1.06% o SIS W52 m & o, SR HE L
FERTI o 5 25 AT, DRSO IR AR R T R
ek, Z IR S-S PR BE i A 4 = SO E
EFRE. AR s, SRR 281. 3K,
LB R 2E 2N -0.66% .

J— With heat exchange [bar]
180 “|— Noheat exchange [bar]

160 ===
0.0 10

T <10

T
20 3.0 4.0 5.0
tls

(a) MRS

Sketch of unified propulsion system simulator ( UPSSim)

5 300

%.; 280

: .

] -

Z |

o 260 :

° ]

%mf .
H— With heat exchange [K]

g JI---- No heat exchange [K]

& 20 X1
0.0 1.0 2.0 3.0 4.0 5.0

(b))~ B
B2 it R G P A o ORI BRI i 26
Fig.2 Temperature and pressure curves of

propulsion system during GEO insertion

G TR R S TR R 05
SR R, HEDE R G EE SR HAR
SRS REEAY) &, RS 105 H AT e
B A UG —HEE R SR 00, ik 1
BRI Py 3 A

BUA SCHRA R GE3h S 2 WE 5T, BIF 0 <
SRS 1R Bl A A e 4 R S ) 3 0 A 8 1 9
SE , BIFFE TR R0 455 S 1) 2l 25 AR P 24 45 9 e
A TR R 2 MR A I TR] P9 R TS Y
R 3 Mo AR A AT, SO 22 T R,
BRI O R 1 2t BT (ARG 2 2% ) i
BT 18 T U R A B 0 25 SO A T



<32 (FE TR SR S AN S

534 &

Tho PRI, HERAL IR BB P2 4 S BL Y A2 Bl A
T ARG R LR W), LR FH 18 s e 4
FRIBE A B HORE 3 05 L
®1 HEER5RITSHAOXLL (BESH—K)
Tab.1 Comparison of simulation results and

design parameters ( data normalized)

. Bt AR AR AT R
2l e o

SH JFIRET GRET
I HEOES 1,000 1.002  1.022
MMH [¥46 SMES 1.0000 1.000  1.023

MMH 7%
N 1.000 1.001  1.036

A EE S

MON -1 H,
. 1.000 1.008  1.032

fERA O E S
MMH %5 1.000 1.009  1.030
s &l
N-1%#& 1.000 1.003 1.026
A 1.000 1.003  1.023
MEOESA  1.0000 0.990  1.009
RAL 1.000 1.004  1.003
4 % #

N ETFHFTEAL R A HE 2E R GL 3l Jy 24 [, A
SCOIF R T RERAL  nT 47 R 90K A Hi E 2 58 (i
P AR UPSSim, J- % 5 BB PR s AL A2 ad
FEVEAT T 05 EBTTE , 25 SRR W] -

(1) 3@ 3 o B 5 Bt 42 e s LA i A <
S Ul s 19 5 10 s 7 F) A A X  B 2 R S T i
HH T8 0 AR T AR 0 7 B R A TR 7 L
AE T B 8 400 3% & s LR B R R R S B
AL

(2) D5 B AR S B3 8 r aE  B s )
B, FWIAR SCI R T B A i 55 4 57
VEIE T T 0 S 2R A8 I A, MK A A R R 5
) 72 A5 15 FL AU BAT B Y A

2 % 3wk ( References)

[1] Peukert M, Simon R. ATVSim; the ATV propulsion system
simulation software [ R]. AIAA 2001 -3828,2001.

(2] IREME, ZE500, SR, 5. i R ASHEDE R G A HLEh &
FRPEDFSELT]. 02 35741, 2004, (19)4: 546 —549.
ZHANG Lihui, LI Jiawen, ZHANG Xuemei, et al. Dynamic
characteristics study of spacecraft propulsion system engine[ J].
Journal of Aerospace Power, 2004, 19 (4) . 546 —549. (in
Chinese)

(3] 324, LR, Fhok. TR ST ek 2R e 9% Ik AR R MY
B R SRR ] REHIR,2007(2) ; 42 -46.

YUAN Lei, ZHOU Hongling, SUN Bing. Numerical and
experimental investigation

of blowdown characteristic for

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

satellite hydrazine propulsion system[ J]. Aerospace Shanghai,
2007 (2): 42 —46. (in Chinese)
Molinsky J M. Flow modeling of the galaxy XII dual mode
bipropellant propulsion subsystem|[ R]. AIAA 2004 —3665, 2004.
W, OB, TR I, 4 B SRR K R S LKl
PEBFFELI]. LHEATR 2007 (1)« 52 - 55.
DALI Jia, HUANG Minchao, SHEN Chibing, et al. Study on
water hammer characteristics in pressure-fed liquid rocket
engine[ J |, Aerospace Shanghai, 2007 (1): 52 - 55. (in
Chinese)
BEGEE, EAUH, R 5T, 5F. a3 A E R g AR I R AR B
EBELT ] B RO 274 , 2007, 29(2) : 29 -33.
FAN Zhongze, HUANG Minchao, YU Yong, et al. modular
model of space propulsion system in the whole operation
process[ J]. Journal of National University of Defense
Technology, 2007, 29(2) : 29 —=33. (in Chinese)
FIBER. A K EF s RS SR LT B[ D] Kb
By B2 4R K2 ,2008.
BAI Xiaorui. Numerical analysis on dynamic characteristics of
liquid rocket propulsion system [ D ]. Changsha; National
University of Defense Technology , 2008. (in Chinese)
Karimi H, Nassitharand A, Mohseni M. Modeling and
simulation of a class of liquid propellant engine pressurization
systems [ J]. Acta Astronautica,2010,66; 539 —549.
Karimi H, Nassirtharand A, Zanj A. Integration of modeling
and simulation of warm pressurization and feed systems of liquid
propulsion systems [ J]. Acta Astronautica, 2011, 69, 258
-265.
KRN, 224G, B WA KT K 3 IR e b ] iy
H[T]. iz sh J1244%,2011, 26(3) . 687 —691.
ZHANG Lihui, LI Wei, DUAN Na. General simulation on
modularization of liquid rocket engine [ J ].
Aerospace Power, 2011, 26(3) . 687 —691. (in Chinese)
KRB, XS, Rk WA KT A S LS 7 2 BE 5
FAIMI. L5t Bhar  hitd , 2005.
ZHANG Yulin, LIU Kun, CHENG Mousen.
application of liquid rocket engine dynamics[ M]. Beijing:
Science Press, 2005. (in Chinese)
WRBH. WA K7 2 S L8 5 U 28 0 T A B A 2 A
SO EMFEID]. Jbat ALtz ik K3 ,2006.
CHEN Yang. Study on generalized modularization modeling

Journal of

Theory and

and simulation for liquid propellant rocket engine test-bed gas
systems [ D ]. Beijing: Beihang University, 2006. ( in
Chinese)

XUSEAR, PR [, 2 B, 5. R KT IR i R 22
Py g (1], E R B 3 FORBEE, 2009, 39
(3):474 -481.

LIU Jingdong, SUI Guofa, LOU Luliang, et al. Research of
multidisciplinary dynamics of liquid rocket feed system[J].
Science in China, Series E, 2009, 39(3): 474 —481. (in
Chinese)

TG &, SR EE BN, 2. WA KT R L — T A
YAOF O[T HEEHIAR 2005, 26(2) : 147 -150.
WEI  Pengfei, WU Jianjun,

Investigation of a general module simulation method for liquid

LIU Honggang, et al.

propellant rocket engines[ J]. Journal of Propulsion Technology,
2005, 26(2) : 147 —=150. (in Chinese)

Idelchik T E. Handbook of hydraulic resistance [ M]. 2nd
ed. , Washington: Hemisphere Pub. Corp. , 1986.



