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Solution of transient flow in propellant pipelines

by Chebyshev spectral collocation method

CHEN Hong-yu, LIU Hong-jun, LIU Shang
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Abstract: A new fast and efficient algorithm, Chebyshev spectral collocation method (CSCM), is
introduced to solve the hyperbolic partial differential equations governing the transient flow in the
propellant pipelines. The numerical oscillation caused by solving the discontinuous or big gradient
change was effectively eliminated by adding the super spectral viscosity term into transient flow con-
trol equations. Taking a uniform cross section pipe connecting the tank and valve as an example, the
water hammer phenomenon, which appears when the pipe is closed, is calculated with the method.
The simulation result under the corresponding water hammer pressure is offered and compared with
the results obtained respectively from the characteristics method and finite element method. The feasi-
bility of solving the transient flow in the propellant pipelines by CSCM is demonstrated.

Keywords: liquid propellant rocket engine; propellant transfer; Chebyshev spectral collocation

method; numerical simulation

WS HER: 2013-02-17; fEEBH: 2013-05-30
E£HAB: EZXK 863 I H(2006AA705311)
EEBN: BET (1982—), B, W4, BIRSEyBik kSRR S BEHA



$39% FEal

A E, % BB SGE SRR BN B BT i gh

25

0 5]

T

AEBEFVHENT R G B P AR R 2R S 5l 7T Py —
HBERAATTRAMR . BENR LN
AW T AR, —MRE L AR AT AR,
HEER HEUE T BT R . FFIELRE: (MOC)
M THAARSMITENEE, BEFERE, 2
BREWBN, 5 THESR SN AERKE
ER B, HESERIMEN B R AR
WA . URMARENERE MRS, RARHIE
LRBEAER A B b AN, IR ST
WHEE 2, W HIEL &R R e,
BR# THER LR R G (WFMRTEI & 3h
L) SESFHE TN A . F AR AR
FRITEECAARAITY: (FEM) B2504 B ik
Bk (FVM) 9% SRR BE P SH0TRIE R
MR HBENR, FE—EMIRE, BUMRZE
WABOER R Bt BEE S BB n—
FHEITE RS, TEREEK;, 5—hm
ERIFIE B s . R, QT4 BfE it
HAEE R, HORE L 008 R R R K
RENHLR G E IR R R a8

Quarteroni, Canuto FIZR A M S5 12 3+ kK B /Y
W ( Spectral Method) $2{L 7 BRA R 2243 F1
A IRICHEZ SN = 2R BB TR i, TPRET
{EIF R R 2F TR, 3% 750 B KR SR BT
RS, BN R R A 7 Aot
W, AR NI 5T HE BT R A5 0 UL UL LA
BB E B WS TR AR, (A
EEANBREAEEE RIS, HAESEUER
BORHR AL (kG IR, 3 FESE rik
FHEBUMENRT, B Gibbs L%, BiKE™E ik
Ko WHTIHER Gibbs BLR, L1 7 B 4F KB
EMELSMBL . ZXFEANBTEITAF
Chebyshev ACE 3877 HE R g HEE I HE R R G045 B
N — RS o BT ARG e,
HRHIEBR T A G v T i TR B i A
BEARAL G R AV BER G o i 2 X B K i o) R i
FIEBUETTR, BUE T %7 L IE R E AR

1 —$#BRTRAEH Chebyshev L
BERiERE

11 —#IEEERIEHAE

TR B N R T 3 R — e e P R4 1Y
BARBRR G, PR i ERa b F, WIS
HENBRAKBE R EA T RAE RS ENE
AR, B A RS R, B
LS (|

ap dp 2 0u _

% +u o +pa o 0, x€ [0,L ] )]
Qu ou 1 0p [
5 o +p T ulu [+g cosh, xe[0L ]

2
A p 8 WWHAIKRARE LT w2« WTH
RIFAF-TE ; p NREEE; o HIES B
BEE; fNEREEEIRREG ¢ AREGME
BE; 0 MBI TT S5 AnE B Ty AR A
A (1) MK () BIHER RIS REEREA
TG A BA TR, AR r . ik
RAREED, A o>u, BABEERX (1) MK (2
IR TI, MWK EE R AR E 5,

E%%ML,ﬁﬁ%ﬁ@ﬁ,ér%wA,Mi
R ye [-1,1 ], FH4

2, A EENEI TR

dp 2 9U _ -
ot ey O yel-1,1] (3)

U 5y 99 - _
oy 2A P wlU|U|=0, yel-1,1] (@4

R p, NEENBIEYIIEES o
1.2 Chebyshev BE B Hilf 7%

BUZs 6] L7 (Q ) B — 247 o 1F 58 36 oK B
T, (y )=cos (keos 'y )+ k=0,1,2,-+, N, A7ZS[a] S,
HIERXHERE T, (vy) skl w2, A



26 KB OHE

Chebyshev- Gauss-Lobatto (CGL) P # £ y=y, =

—cos%j (G=0,12,-N) #4r=E X 02=[-11 ],

T XASTA) Sy BIBHPIRLN (up )= D uly; o () e,

Heb o HRER, EEMuoeC [-11], 2
C'[-1,1 |5 S, BB EE T 5

N
Luly)=2&,T, (y), k=0,1,2,+, N (5)
k=0

Chebyshev it & &% kL F R —F A CGL M
¥ IR Lou(y ) B FE

dI/vu(}’) =2 li\’,‘Tk(y),

dy yy, k=0

j=0,1,2,---, N

' (6)
Wﬁ”did(yu'ﬁy,%iﬂu, R85 [ R v B 23 ]

R, KRR T ET R ¢ R T Rk
KARABUE T ik
FHA|H Chebyshev 2T 1IEASHE :

N N, m=p=0, N

Zi—Tm(yj>T,,(yj)= N2, m=p#0,N ()

= 0, m#p
WA RS AR v WIERITREL:

LQk:CkZN ) iTuka (%), k=0,12,, N (8)
Hrp

2, k=0, N
Ckz{o, At

WHEZTR Luly )M PEAERIT A%, T8

i ", KOG R RS -
e b=t ¥2k+1 )2, k=0,1,2,, N-1 (9)
' y=it 'y, =0 (10)

Chebyshev Fc B s 1% 77 ¥ %) 25 (6] 2 B0 K
AT LUK BRI kR, IRHRE S
B (5) TR B H 230K g (v )RR :

Lyuly )=§u()’k )g, (¥) (11)

20134 8 A
N {y-5)
Iy
dl,uly ) _ c
p m‘;QWM) (13)

KH D, =¢', (%) A Chebyshev MR, BER
BN
g1y , j#k

Cr Y 7Y

— Y 1sj=k<N-1

m:Z“?) (14)
2N +1
6 9

j:k:o

N +1
6

mXTFRAE uly W RHAE:

, j:k:N

dhaly )oY 0ty ()
dy k=0

=,

HE K2 8 S 3A Chebyshev M ] 5% 3

#k [18].

1.3 $#E#H 5 FEH) Chebyshev AL B =i ik K E
1 Chebyshev AR & &1 7 2 5K IR 18 o0 5

B (3) M (4) B, COL M AN y, =—cos ),

Fm&mw,ﬁﬁ*éﬁﬁﬁﬁ%%ﬂ%%ﬁ

CGL P& AL B TSR -

N

9 (y,t)=~ X D, @yt ),i=012N (16)
dy o 7

%(yi,t )~ g,DijU(yi,t ),i=0,1,2,N  (17)

xtFEHA REEERE ki REE) ,
HENARE sE R EESRBUR K, 1EE
BMHESA R RO, XK RIS R
B AR ST AR, BRI R AR R,
KL (16) 1 (17) WABESHE 3)
@ ', IFFIABIEREME,









H30E 4

WRoRE, % BoE sl 7 BoRMRHEE R BN 8 BRiBe R i 3 29

BE Mk

[1] RUTH E K, AIM H, BAKER R L, et al. Advanced liquid
rocket engine transient model, AIAA 90-2299 [R]. USA:
AJAA, 1990.

[2] HAGEN D, GERD K. Numerical simulation of transients
in feed systems for cryogenic rocket engines, AIAA 95—
2967[R]. USA: AIAA, 1995.

[3] WYLIE E B, STREETER V L. Fluid transient in systems
[M]. Endlewood Cliffs, USA: Prentice Hall, 1993.

[4] ERE. BT RIS RETTEIUER]. 7
fi2ER, 1981, 2(1): 31-41.

(5] ARV s, REEAR, IR, 5. WOMHRIR 2 R Sl RS KL
BIARHERTS)). #EUEER, 1999, 20(4): 22-25.

(6] 3EEHE, 2RI, KT, . HURAHERH RE K SWLENE
Bt o). B s J12E4R. 2004, 19(4): 546-549.

[7] KB, XIR, BIEER. B KE RSP0 2 B 50
FAM]. Jb5T: Rl2EH ARAE, 2005.

[8] KOLCIO K, HELMICKI A J, JAWEED S. Propusion
system modeling for condition monitoring and control:
part [ “ theoretical foundation, AIAA 94-3227 [R]. USA:
AIAA, 1994.

[9] KOLCIO K, HELMICKI A J, JAWEED S. Propusion
system modeling for condition monitoring and control:
part Il * application to the SSME, AIAA 94 -3228 [R].
USA: AIAA, 19%4.

[10] RRifRR, XIE, SKFEAK. HEHERI 0 B A AR AT
— 4 PRI #EEEIR, 2000, 21(4): 12-15.
[11] ONORATI A, PEROTTI M, and REBAY S. Modeling
one —dimensional unsteady flows in ducts: symmetric
finite difference schemes versus galerkin discontinuous
finite element method[J]. International Journal of Mechani-

cal Science, 1997, 39(11): 1213-1236.

[12] SZYMKIEWICZ R, MITOSEK M. Analysis of unsteady
pipe flow using the modified finite element mMethod[J].
Communications in Numerical Methods in Engineering,

2005 (25): 183-199.

[13] MAJUMDAR A. Numerical modeling of fluid transient by
a finite volume procedure for rocket propulsion systems
[C)/ Proceedings of ASME FEDSM03, 4th ASME/JSME
Joint Fluids Engineering Conference. Honolulu, Hawaii,
USA: [s.n.], 2003.

[14] YAMANISHI N, KIMURA T, TAKAHASHI M, et al.
Transient analysis of the LE=7A rocket engine using the
rocket engine dynamic simulator (REDS), AIAA 2004-
3850 [R]. USA: AIAA, 2004.

[15] MR, KB —4 ] B4R RAARITRE 2 MR
[J]. HEFERA, 1999 (5):62-66.

{16] CANUTO C, QUARTERONI A. Approximation results for
orthogonal polynomials in Sobolev spaces [J]. Math
Compu, 1982, 38: 67-86.

[17] GUO B Y. Spectral methods and absorbing boundary
conditions for Maxwell’s Equations[D]. Singapore: World
Scientific, 1998.

[18] HUANG W Z, SLOAN D M. The pseudo—spectral method
for solving differential eigenvalue equations[J]. J. Comp
Phys, 1994, 111: 399-409.

[19] MA H P, Chebyschev-Legendre super spectral viscosity
method for nonlinear conservation laws [J]. SIAM J.
Numerical Anal, 1998, 35 (3): 893-908.

[20] MA H P, LI H Y. Super spectral viscosity method for
nonlinear conservation laws{]]. Journal of Shanghai Uni-
versity (English Edition), 2006, 10(1): 9-14.

[21] SCOTT A S. Chebyshev super spectral viscosity method
for a two—dimensional fluidized bed model[J]. Int. J.
Numer. Meth. Fluids, 2002 (4): 1-18.

[22) BREE, XILL%E, X k. K E R Fourier #7411
B[] . oKEHESE, 2012, 38(3): 7-11.

(23] IR, SKE M. ek IELN B E K4 P SEGE R Rt
FE-MEA TSR], HESERIAR, 1998, 19(4): 41-45.

(24] #rig, XFTT, Brigig. K H R SIPUKE R BUERM
ML) K ERHERE, 2012, 38(1): 72-75.

[25] SKIAHE:, BRTI 2. PUETERIA KT RS HLK 0 HARAN
0], K EiHEHE, 2012, 38(3): 12-16.

(%iE: O &)



