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Abstract

The coupled longitudinal oscillation of liquid rocket(POGO) belongs to a type of insta-
bility due to interaction of its structural and propulsion system. In view of the historical
documentation both domestic and abroad, severe POGO oscillation had been observed
during launches of America’s Thor/Agena and French’s Emeraude(VE121) dating back
to the 1960s. Since then, a large proportion of liquid-propellant rockets underwent this
instability during blastoff.

To begin with, considering the complexity of eigenvalue extraction of traditional
POGO analysis methods, a Fast Matrix Algorithm based on the commonly used Ma-
trix Method and Rational Function Fitting, is presented for POGO instability prediction
in this dissertation. With the aid of auxiliary variables, the governing transfer func-
tion of the coupled structure-propulsion system can be firstly converted into the form of
typical structural dynamic equation. Therefore, eigenvalues of the coupled system can
be obtained much faster without losing accuracy by mature eigensolvers, and relevant
dynamical properties of the rocket can be determined conveniently in the end. By com-
parison of the computational results and telemetry data, this new method proved to be
highly efficient and accurate.

Secondly, on account of the facts that the flexibility of liquid rocket propellant tank
is frequently omitted and the description of relationship between oscillatory pressure and
outflow near tank outlet is generally oversimplified in nearly all the earlier studies, a 3D
modeling technique is developed to provide a more accurate tank simulation. As it is
demonstrated by later examples, this new liquid rocket tank not only can provide more

valuable vibration modes for the coupled system stability analysis, it also gives a far

vii
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better boundary condition for the propulsion system naturally. By means of the TF input
method in MSC.Natran, an integration technique is further presented to combine the
rational form of feedback forces into the FEM computation of rocket structural system.
As aresult, the aforementioned Fast Matrix Algorithm can be realized by the commercial
software automatically.

In addition, a modeling and applying method for the damping phenomena of lig-
uid rocket structural system is offered herein, in light of its remarkable influence over
eigenvalue computation of coupled system. By adjusting the tank shell’s proportional
damping coefficient according to whether the element is wetted or not, this method suc-
cessfully reproduced the tank experiments numerically.

At last, the state of art POGO stability analysis method is applied to various types
of liquid rockets under multiple launch conditions. By comparing typical results, the
relationship of eigenvalue and key feedline parameters(like accumulator compliance) is
revealed, and the necessity and importance of including frequency response analysis into
POGO stability research is highlighted. Considering the current status of domestic liquid
rocket manufacturing and design, some basic principles of POGO instability analysis are
contributed in the end, as also the framework of theoretical and experimental study of

POGO problem.

Key Words:  Coupled Longitudinal Oscillation; Liquid Propellant Rocket; Rational
Function Fitting; Fast Matrix Algorithm; Liquid Tank Modeling; Frequency Response

Analysis; Parameter Optimization
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T BRSNESE ) 2 K fLiH % R

. A .
(Tf — Zé?T;) xfl) (S) — SphT (]. — —ALl <Z£71)T21 — T11> IT(S)
T

Q(Lll) - A
s
ZEYI)T22 - T12 - Z T (ZEY]_)TQ]_ — T]_]_)
T
0
(Tls - Zgl)TQS) i) (s) — sphr <1 - 1?4“) (Zg)Tm - Tu) Z7(s)
PO _ sphr r
L=
Ar 20T — Tip = 82 (Z{)To1 — 1)
A(l)
+sphp | 1 — —= | Zr(s) (2.6)
Ar

W AF AR KT B RS RA ) FZAHE 7 RUR LK
Lo PR R AR AR kst 8 5 1 A I AR A o o K S X S5 A AR T T

Fy = phys | Q) + AW i (s) 2.7)



2.2 RIFKEILEM RGP S HIRE 13-

2. AR O AL HORKEN I 10 G5 K 7.
Fy = A} Py (2.8)

3. AR S5 1.

FgIN

(4) 15(5) 2Q) . (5)
_ALl PLl - st A(4) + T (5) (2-9)

L1
4. RENWUBRERERKEN R 151 R Bk HE /T
Fy = NA,,C; P (2.10)

Horr, A% RRFE EA DB, Q, B FENRSERR, N RRRIHLE
L, Ay RRFNUGIBETR, C; A R )1 25
T A TR(2.6), TT AR Bt R SO0 I B 45 F (0 R 8 11381 M+

2 Ryg(5)X,(s) (2.11)

WEBE Ryo(s) RET SEIRIIEE X, (s) SHH RGBT F,(s) Z A1
Fo ATLCE M, 2 ERHGUE R N E 2%, HALS 1M DAAEE ) H 8 e 4

22 RIEAGTEURGETSHIRE

23 MAERGREMSNEE

& GE LA K7 POGO &€ 1 70 M 7k 2 B0 9 1 R L AR i Al 5 BELJE
RO 25 JLIE . MILAC T ) BV (10 A 5 L B2, IR VA WA o 2 E a SR
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§ K2 X2

X1

R

K 2-3: AR FE 45 R 230 Glaser 313 - Jii AR Y

fiff RGURHEE R A B RS B2 E : M RGEFHEE B I ESSH N R A R 0E,
A RFEAE S A A OB RGeS oE « o, S5 REVE T 23 N R ER 43 BT A 36 40
%, ek 4t POGO Fa € M i 7 ik i B 2% RS T Sem i HoRPIFh 7 ik AR
SR AR T, AR T A RS FE R 22, it AR FE B A 1B T 1 B e iml 1
FEREWE 2 H BT Lo B SR R AR e ME A 7 v e R S N —Fh L TR PR
BT 2 POGO FasE PRI SR T7

RYEA X2 11)F(2?), AT LAHER & RAIHFE T PR R A :

[szMs +5(C, + M,) + K} X,(s) = Fy(s) + Loy Ry (s) X, (5) (2.12)
A1 9| N30 a5 0 Z2 G0 B S AT A B AT SR H R,
azq(t) = |:1‘T(t) ZL’fl) (t>i|T - qums(t)

AP AR(2.12) M E -

(M, + 5 (Cy+ M, = Loy Ryy(5)Lys) + K| X,(s) = Fi(s) 2.13)
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e A
BT
EsoEEm D
[
DERRESEE D |
T P
— K — % K&
Wk 3 5E EHH
/
—HKE
Sk FI5E i
O e
kK 558
N  *
E—2R
ll%ﬁ
— B KE
SIS S I
== - B 52
—14
ﬁam\\j% AN |
EE— -&ﬁ
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M R guAa e BHE 2 S AREOT REAR I SE BRI A KT %

W@%é®4fﬂﬁ+s(C{+N@—Lme@ﬂ@>+JQ}X4$:0 (2.14)

231 RIGEHEZRERBPEETNUETIE

M QAL AT LUE 8 G R SR AL AR 1) 73 SRR XE T 2% T BT
Ry, (s) M BONE Ao P DAY 20T S U DR He AT & B A S5 2003 e, R
BT o it e EOE UK 2R G0 S 0 A% 3 e B A D9 S T 5 AR K
W RGHATRE G A 2 > SO

IR R JEHGTAERE Ryq(s) AT, B BUR A B2 20Rs L B 4\ 5 4
HY (SISO 1 34 PR BAE STUALL 5t T AR e 2 B34

T = qwM, D — J 2.15
(Jw) = JwMy + 0+;jw—Ak+;jw—Ak+;jW—R]’ ( )

Hoof ) — =T, Ay, Ry RS, Mo, Do, C, B; WHE BML, 75 %7
S RS B SE AT, 5 R P2, AR T 7 B8 28 b4 2 v B SR
L S SHORR L FLAL AR R ISR UL, S0, 23t P T i L 7 T B
TSI

R 35 A A 3 B8 OB, T DAE AN b e 1 R

n Ck n ka m B.
T _ Ve D _ J 2.16
(ij) Jwy Mo + 0+;jwf—Ak+;]Wf—Ak+;jwf_Rj ( )



23. MERGREMSNE A <17
et
my(wy) = :wa 1]
B i 1 1
mo(wy) = Jwp — Ay jwf—An]
I 1 1
ma(wy) = o — 4, Yooy — AJ (2.17)
71 1
ma(wy) = Jwr — Ry Jws — R
) T
C— [Cl Cn}
T
B=[p - B)
AL A K (2.16) 5 A
M, _
T(ywy) = mq(wy) [ ] + my(wp)C + m3C + my(wy)B (2.18)
0
B b AT SRR I 5, TR
[ / " _MO
mi(wy) mi(wy) D
" " 0
T my(wy) + mi(wy) my(wy) + mg(wy) ,
(wf) — " " / C
[T” ] = |my(wr) —miy(wy) mh(wy) — my(wy) ” (2.19)
(wf) , " C
m(wy) mj(wy) B
- —mf(wy) m(wy) B
Hrp, B ERIC S 2T
R(T) =T, S(T)=T" (2.20)
) FH B/ 3y 31, m] PLAR BE A 20(2. 19) R fif i A HE 43 :(2.15) 7 1 & T fF 52 &R
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o HeAh, a0 FR I A Gh SEAE S 6 HE BV ] P (R PR AN B bR I K, 3k m]
DA FH IR 1 5 70> 36 361 St SR g il FE 3k 4738 24081k

XFT POGO WL H i I BB 2 5\ 2 5t (MIMO) 5248, 7] AR Bk T7
X T EHPUEERE R, (s) RIS 23T 0 PG o EAERNZ, iRy 2
WHER T LIS A0 B R R G0 [ it ) A% 3 R v A 4 A RS A R, BT DAAE
XA 3 BRI AT /N —IRIER A T, R fR IR AT R — AN AT R S BRI R AT
A RAE R AR AR T L T T EE R E R SRR EA G ER R
FEEIW A B O, TR BT DU 43 0 400615 2 B ) AT~ 3 A Ak 3L
2T A2 WA PR 2 D8 A BT LR 26 H B PTHE RE R,, (s) &9
[ 4% 8 e Y, AR ih 2 68 1 2 H 24T 22 QI ) 1Aty , S8 e R4 2 A4
A& 4 AT G AR BN S B S EO R, e &5 A BRI & 4
.

Z I, T LR HERE R GAEH BS54 E BRI RIR N

A A®
sMyy+ Dy + ) (S —pilk + - —piik

k=1

Fy(5) = Rpy(s) X, (s) = X,(s) (2.21)

b M, Dy FSERIRE, Ay, J RO EIFEHEME S, Cly) AR LSRR, p, g 9
TS BEGURE B A AT BRI 51 B, RS B 2 ¢ S W 0 AN 54 28 G B S A1 i A
o AEBHEAEDOL, BT IR AR AR 3 o Bh (& 2 Sl R A1 0, i A
FEANE S 70 A% 33 B B I B a0 R T

232 RIGNREERERRGREER

ged B E ST R, B B R SR BRI R D 2RO TR
RQE2DWBON R HIE L 3R K, H xS Hab AT 3t — D2 R e, 38 51 A Bl
AR B AT B> A N 5 S5 IR BT REAR A i o AR AL A T B AT T
— DRI E RGUPVERF LR . NI, HE R, (s) Horp— X ILHEIL:

c ) .
FW(g) = Pa M X 2.22
0 (8) (S_Ak+S_Ak q(5) (2.22)
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SPRIFE Cpy) (AT 545 53 26
ol = U SV’ e)

Ak * FORMIRE RS B, Spy) iR

St 0ry.(g—r4)
SH = | T K (2.24)
Op—r) O—ri)a—ra)
r NHEFE Cle) 108k, SN, AARRR S FERE, Uy, Vay) 95 SRR, T A2«
uh'ub =1, vEve =1, (2.25)

SMNHERE U VA B R 7y 51, M RTIBRREERE UL, Vi) A5 A R(2.23)%
TN
ch =yr gk yk* (2.26)

pq Pr T TETE qu

RE, T LLKHERE RGN B (s) 05 A

Upr)Sih Ve Uy S,V i
F(k) Pric T qu PrEPTETE qT/c X 2.27
B(s) = ( S g S () e

S SCH AL T 16 ) 52 B ) (1), il () 5 A6 A2 e oy 7

(k) _ A// //(k V/(k

Y (1) — Aﬁéyrk (t) — Ay (t) = —V;Ti) :L'q(t)

He, SR BNIESAER LA : AL = R(Ap), AY = S(Ap), B S IR
K H A RRE
VB = RV, VI = §(V1)

Tk qrk qrk qrk
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x,(t) & X,(s) §] Laplace i35 4.

z,(t) = L7 {X,(s)}

#270(2.28) 14T Laplace 224,

’ ‘“"k (2.29)
— ALY (5) + (s — ADYP(s) = — VI X (s)

Tk

{ (s — APDY D (s) + ALY B (5) = VIO X (s)

Hrp

Y/(k S .y {y/(k: }
Yr”(k S Y {y// k') }
Xy(s) = L{zy(1)}

A LLBSAIE, 5 2 T FR(2.29) s 8 Y Y™ sk 2

125

oy Xals) = YI9(6) ¥ ) (2.300)
V((]]'f'?c* /(k) //(k‘)

—<S_Ak)X o(8) =YV (s) = Y (s) (2.30b)

KA R(2.30)HN(2.27), B (s) TS Ay

F®(s) = 2[U’ S0 yuk) () _ k) k) yuik) (o) 2.31)

p Pri TETEk Tk Pri TETE ™ Tk
WML T F5(2.30a), AT LA H

T
Varh Xy(5) — (s — A Y (s)

Y0 (s) = 7

(2.32)
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FK5(2.32) 43993 N A 0(2.31)F1(2.30b), AT LA S H

sDW X, (s) + s"MP YW (s) + sDX Y/ ®) (s) = FF(s)

Pri = Tk Pr T Tk D
LY W(s) = sVIOT X (5) — 254,Y, D) (s) (233)
+ K5 X,(s) + (4" + A7) (s) = 0,,
Hr,
2
k) k
Mlg?“k A// U;;k STka’ qu Al V:J/T(k A”V:]Zk
D(k) _ U//(k S(k V/ k)T D(k (A//U/ A/ U// )S
pq A pri SrETk Cqre 0 pr A” Pr pri TETk

%8N RQ233), BHTRET R Y () W% BEHSARQ2)E
KA ek R G Rt 1 B (s) 5450 R E R X, (s) fL 56 &, BRIty
F£(2.33)5Q.22) 8 F M.

TE SRR M R 2 v, @ T DU B A 3R (2.24) 1 S, TG EAELEW T
oy >a, n=2...1

(075] 0

0 o«

9T R A B Y BN, R R A 56 AR FE I AR LR AT L
RBR o ZHMI A REEE.

P JFR(2.33), — RV 2R 1005 B 50 290 I ) 6 B M 2. 21 B4 T L5300

Sk —

TkTk

(52Mpq + 5Cpq) X () + (82Mp7’T + 8By )Y () = Fy(s)
(S‘/;"Tq + KrTq)Xq<3) + (s I'f'TTT + 5Arpry + Qo) Yo () = 0y

"fE SVD MR RE IR JLH’JM/H%ﬁﬂﬁEEj(ﬁ‘E/J\ﬁWU
A RSO Y o BE SU, AR E REKH A
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7N qj
Cp =Dy + 3 DY), My, = (M) - M|, By, = DR, - D
k=1
T T

K ~V, Y/ V(s) .

K?"Tq = 9 ‘/rTq = : ) K‘T(S) = S ) rT = Zrn
T T =

K ~V Y/ (s) o
Qprp = diag (A2 1 AL, - (AZ 4+ AP,
ArTrT = dlag <_2A,1-[r1 T _QAInITn>

AT IAE A R(2.34) 5 JRIA A s R G IR B 0 % 33 R B2, 11) 2 18] B 45 4 1k
22 R 247 8 2 i i CRIBE AR 5 T 23 U5 608D, 45 Y T A 435 3R 2 Wl Fry
oy, BT LAE B, B AR SR o, = 0, n = 2. .1y, BE CB) Bl —, fUl4
J5 FR) S5 77 BELE BT 2Rk 8 T A B4R 5 kG RS

FE L, BH L REM AT S I R BRI RBRQ 3NN RS E
BR TR FIE 50 5 F5(2.13), B & 1] AR Laplace IR & R G550 112505 12

(2.35)

{ (2M,, + 5Cys + KJ) Xo() + (M., + 5By, )Y, (s) = Fy(s)
(

SWTS —"_ KTTS)XS(S) _'_ (SQITTTT —"_ SA'TTTT —"_ QTTTT)Y;‘T<S) OTT
Hrp

Mss - Ms - LspMpqu57 MsrT - _LspMprTa KrTs - KrTqus
BsrT = _LsporT7 Css = Cs + Ms - LspCpqu87 ‘/;'Ts = ‘/;'Tqus

AR b ARASH B 35, A) DAAS BER TR S RIS Raish i ke

M.+ Cx.+ K.x. = f.(t) (2.36)
0 bl 2R 2 TR ZE K, T AR /N RV T e R T SR AR SRR B AT 18 1
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>N I:Fl
S S t MSS MS’I"
Lo = v 7.fc<t>: f() 7Mc: ’
er O'I’T OTTS ITTT'T
CC _ Css BS?"T 7 KC _ Ks OsrT
VTTS ATTTT KT‘TS Q’I‘TT'T

J7FE(2.36) (RIEAR 1T SR PR 2 M 7 VR AT R e 2 e = 0, 2 = [y” a.7]
AT LLR S
Az + Bz = f(t) (2.37)

-M,. O f(t)— 0
o K| |0

B Je » W 28 G0 BRI AR SRR (S T VA1 45 D RE B AR A ) L

o
0 M.
M. C.

A= B=

M+ B)1. =0 (2.38)

2.4 Bl

LR AU IR (4B R I3 POGO e ko0 ik A2k 47 B s & OB B R 4t
FRGEHE A AL 1) PR R A A SRR T35 WU KT i 5 S5 MR 5 R SR AL E
AL I SR A DT PR RS 21 AR 2R VEA QKR AR 1] A2, 14) SRR B RS AL AF )
(2.38)0 A T IRUEIZ PR AL B SR AR 5 128 I AERA, T IIZA 1 PR AR 4
PR ELHE 7 B RE 5 AR GURFIE (RN BEARAS (2-1)0 SR IN R 2R 45 T B GRS K i T
5 60s), THEL LOUE A 1 IR KFT P A CRE RS AR (1 S B0 D DU i ) (3
B 12TUE RGBT 70 30 HERE T B R G5 A R GRS S RS RS
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R 2-1: FERE PR RIE- 5 PR RS AR SR M5 45 R B

Frg R PR (rad s™1) PR iR (rad s~ FEX R ZE
k s 103 st 108 S| 100%
8
1 —0.0039 + 0.0228i —0.0039 + 0.0227i 0.2164
2 —0.0016 + 0.0570i —0.0017 + 0.0569i 0.1414
3 —0.2154 + 0.0607i —0.2153 + 0.0605i 0.1279
4 —0.0051 + 0.0702i —0.0049 + 0.0701i 0.2621
5 —0.0067 + 0.1265i —0.0066 + 0.1265i 0.0079
6 —0.0002 + 0.1654i —0.0002 + 0.1654i 0.0121
7 —0.0161 + 0.2182i —0.0179 + 0.2165i 1.1249
8 —0.0248 + 0.2475i —0.0248 + 0.2475i 0.0180
9 —0.0351 + 0.2940i —0.0351 + 0.2940i 0.0068

10 —0.0132 + 0.29701 —0.0132 + 0.29631 0.2155
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3.1 HRICHENERGE

N T UEBH SN A AR R B, AR S T AR A A AR A
ITREN A B AXHEFABIR T, 5 b TR RS s N 17 i
% FRARBGAE, AT AN I FH T AR RS BB SR AL 1Y) POGO A2 AT o 452 T 2K
B VR A ) = AEAR IR S ST, ST G ) R T A A R A S ABE AN 4 5 A i ABE P 7
THHAT T VR o S5, I U PR FR TV 1) 2R G [ A IR SR 5 3R, 48 H Ty
TR R = 4 A 7 V5 R B R FH

3.1.1 fREEEINFERE

5 F& ELAT WIS, B804 R B AR P2 I 4 ) o B iR 5 CAn 13- 1) e 2
PO R (IR T, P A (2.5), TS AR R ks Ik 77« Bk shii & -5 F R AR

S 2 0 |
Pin, = phr [(1— AT>96T— A

ARG HIHHEFEREEER T 7T LA RBE:

(3.1)

29



- 30- F=F HET=#TRIFAEERE POGO RREM SR

L
0,
P 31 WA K HEE 7 4 T f A T

o WA, BLAR AR EA NI MR T
o FHPRARTERG  TC e HLAS AT 4
7 A T 1109 AR LA A R R Bl AS
MFR BB RN o, R H T KSR BN Qu, HIBT A, AR P4 4 5
O 0T B2 3 2

(AT - m)xT an
Ar

MR s & < E 5, VE AR A8 WA B R& JIRCN phe Aric. T2, tRWNN
W RERE S 7 ¥y 23 o0 A s il DR B O HE 5 4 KB D I 4l 2R«

(phrAr)ic A\ . Qin
in QT pnr 1T T 1T

io = (3.2)

(3.3)

R, T POGO iRl Al A5t 7 A& — iR 5 [ 44 2 Ta) () 5 Al ELAE
FIT DAAE 2% i (1 73 B 3o A o o 20055 BRI AR SE AR AE SR SR TR R (AR T L
BEAT, oA KR A TR R S — O ER L, X645 iR BRI AL T I
fikzh 5 77 - R AR N R BB AL



31, WA A 7 ok 31

B 3-2: PB4 s 70 9 A1 s i

3.1.2 HiRIFER =4 EE

Al A GE i) o S BOC AR —FF, HEREIC ARG 1) = 4R R AR R G 1 A B
IR AR S AR G5 A B o X TRTE, 8 T OT R RS BIR & R gtz 15
JIREF, BRARSR AT T BN B ont HedE AT S P o i T AR S A T, A
B EHEA T = AERT BB A RSO AL AT R A A A

MR ERRIR R

FEFAR S22, BN o f ik s R o 2o — Ay I Tl AR T B il AR T 38017
PRI R T o AEANZE EIRAARRE AT T IS A PE K 260 R XA iR MRy A2 T g
filg E R — P 5 S5 M) AR SRR T BT ) H R 58 A R (RVBUMR S B AR 38 TR A
BRI B 254 2R GRS BRI AA 5 45 R ST BLAR O H 9 .

BB A N R TOoRG S e e HLAS R 46, A5 8 R Bt 28, MR



.32 F=F HET=#TRIFAEERE POGO RREM SR

CInE3-2) R E 137 p(, y, 2) NAZH 2 -

V2 — O P
g—i e e ] (3.4)
p=0 O E A

N T SRR IR J13% 5 45 1) Laplace 77 7%, T AR IR IR AR 7 1023
sBCEIRDS T S — R BRI AT B 254 R GU i R i R, Herh A
PRI R R e P BT R o SRR I SRR TR SR B M LM AR 4, 1
X — AR FN YA [ WL 5 Ak B 7 A2 R e 4 32 0 T4 8 i A2 T T 92 3] 4 35 pR B0 77
FAFo

BBALT 7y AL E RV 05 AL MERALE v, AR AR

J& u; FJLARIEN:
Z/ A4, (3.5)

"'JH

Hooh ey R NGLE vy 7, G VR, U o) FOTEFITERLY A;.

i 70 TR I Laplace 77 F8(3 4)FT k2. % 1 513 LT
UL B0 SRR, AR R 118 (s y, =, £) T E 20 R 5 O3 AR A
W . EBIARG.S), WHEE BT LT RR A

p(l’,y,Z,t) = —P(Slf,y, Z)ws(t> (36)

Horpr @, (t) 72 5 A R R AR Y R o SIS E LKA N (2, y, 2), 7]
CAERATBAAA'T P 04 B T ) 25 20T s 0 -

= / ~N'(z,y,2)P(x,y, 2)a,(t)dl (3.7)
r
223t BT A%, mT DURAS AR 1 B 0 o = HE R -

Fi(t) = — M,é,(1) (3.8)
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RUUE Y, T REG.8) R AT HH A R Gt sl 715 i 3 B Bl Ty R, 3K
BN 5 B E RGURIRRE MR M s ok ELRAE R

MFE TR = 4E 8 4R

P 3-3: FEHEFRI A = 44T BROTAE Y

TR AR I = 4 PR o A n E3-3 s o HERE TR A8 R RGBT 11 Ak A1 350 %
F Shell BTl = 4EBIREFE 7K 5 F2 56 40 H REB2 oG 54 i | AH 1%
o N T 78 fa 8200 B 78 0 R T AE B o FREE M, 8 SR S A Re I I A8 8 S
Gy SR AAER R, FF 48 E HAC & B 524% Shell BT JRIES 3 Ak bR 5
FH DA b0 B o] A4S, WIS B TG VA R IR BE e 5E B RSN N i i 842
W Q' 2 HAFAEW R R &
Qin* = Ainiir (3.9)

BT AT LAAS K5l I 7006 4546 2R Ge ) s 1 7T AT B R RS N

F, = AP, (3.10)

IR TR A 5 K R 2 I R

T3 R 95 SR A O U B A 240 0 AL B PR ABE A AR R R S R B A AR T PRV ARV R T4
S UL B AR A A S S A [ AT PO VP TR B 7E T B R G i 5 AR A T AR e, Q) 4 AR
FRARLE SR, AL Qq B2 Tt

PN L 3N Qi BEZARTE I A T I 3 28 28 THI PO 7 BN T S AR B, ANid ey T
RS TR R 16 28 49 25 A A 3 A 3 0 ke A D S0 S8 B b i o (JBI2-20R e, AT T P14
BT PR 15 U R LA R A i R i LE 005 AT Q, PT AR DN 28 (N I B 0 06 I B
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Acceleration X,

‘ Membrane Element
‘\o\‘ ,./4—0/‘

Shell Element
Feedback Force f,.

1
[ Rigid Element
Q.
Ain

Tank Bottom

Inlet Pressure

P
" Straight duct

Inlet Flux O,

(A) Fluid Velocity Distribution (B) Interface FEM Configuration

P 3-4: HEETHRE R RS 40 AL A

3-5: R JEARIT 1 A A BR oA Y

H1F POGO A& %€ 73 #r 32 B0 IR AR K iR & R G A Rl 4R 3l i DAY
TE RGP R & = 4R I H AR S h 2O R OOV AR AN R s BT
2R T HARE R T I AR A 1 5E AR T, DO S BRI KR I AR A B
HELAT R RO RR Y, BT AL AR FLAS T G T fR A AR EE (B 3-6) - BUIE 4 il
LN 2 B SIAE AR &, AR B BT AL RS 1 2 2 AR AR AR s AE I AR AR B 1]
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3-6: AEALBR AR T I R A 7R

— R R, WAL A AL FOR T AU B, C AFEIE T MPC 20 [ A2 4% 2]
A mo BUAk, N T BRI AR P AN B A IS ), BORLE 20 RAT 1 I AR AR T
IR TT TR (A E R AT ATSUIL RS S 10 A0 B T BRI FE 06 208 okt 41 32E 711
IR R T Bt SCRENE DRI S 7 26 & B N 170 3a AT [ b o Bz 51,
SRR T RCR B R T SGRIA SR AE B YE . BEAh, T2 BR T A i 73 A
R EBIE 75 POGO JoRMIN A R # AR A » fir LA AT AR T (8 ks H 5 £ 5005
AR BIAIASEVE 7 T S R BEAT XS B, AT SR 8200

3.1.3 =HENFERBI A

N T BAIETT3. 128 S = AR AR B IR, TR ROV R & R G RIARE Sy
BT R IR LE 2t , AT LM CA T P R BEAT 1R IR -

o Bk = RN AR AR Y (10 [ AT B RS R S A B

o TRHEZBRUONE B R G0 TE R R ) ot
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R 3-1: WA A G5 K R G T A A0 (R T SR 45 SRR B

=

X {adicy et e

W

K

MODE NO. CYCLES MODENO. CYCLES  MODENO. CYCLES

1 [0] 11 9.6 i 1 0
‘
2 2.58 12 30.3 l 2 9.08
3 13 o3 1.2
‘
4 14 36.6 4 20.1
5 6.3 15 3.8 i 5 3.8
6 6.6 16 37.6 i 6 9.7
7 1.8 17 7 65.4
8 18 40.2 8 2.5
9 2.1 19 44 9 3.9
10 29.2 20 44.6 i 10 11

=Y R ALY

MODE NO. CYCLES MODE NO. CYCLES MODENO. CYCLES

21 48 31 63.8 41 87

22 49.6 32 67.4 42 89.5
23 49.7 33 68.9 43 91.2
24 51.1 34 71.4 44 95.8
25 53.6 35 45 96.9
26 55 36 74.8 46 99.8
27 55.4 37 77.2 47 103.3
28 57.1 38 82.5 48 103.7
29 60.2 39 82.9 49 105.9

30 62.8 40 82.9 50 108.2
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3.2 ZHIENNRVERREIRE

FANTI2.1, 5 = Y R A6 X
B M ARG W E3-TH R AT
T W E B 0 A AR 3 ek A b P T
Bt W R A B A R =
i e DO R = S R G | 7 vl Wi
TR B BT AR 46 1 43 A 1
& 2 T B 7o 7 At 3 44 MSC.Nastran, Flow
W5 B B @A T vk 4R i T TF Junction
RH ARk H BB R G 8 R B,
FIT DA b Ak 51 3% 4k 22K 2R &5 M ik
Tk Ay R XN E B RS
S J), A H M IE TF R BT Accumulator

Feedline

Bellow

Discharge

BB EMERME KT EHMARF L System
Ho Thrust
Chamber

AEF A R@11), BT =480

R AN T B2 8RR K 3h U R SR
W, B ARG R8N

Kl 3-7: g R siiR BB
FQ(S)
Fy(s) = | F3(s) 2 Ry(s)
F4(S)
RURFTA R R AR, 7 DU AR G.11) 5 450 RGH 17
ME

2 Ryg(5)X,(s) (3.11)

[sQMS +5 (Cs M, — Lspqu(S)qu) + K] X,(s) = Fy(s)

~( Cw | G *\ B
sMpq+qu+Z s A, + s A, +Zs—Rj =R, (s)

k=1 j=1

(3.12)
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FHECEE Th Z 308 B AR, 3 BRI 2y U Rl A M, 8 TR IE K
AP AR S SR S R DL B TOR, AT AR I 1S A B4 5 M EIAN
MSC.Nastran "] TF -R @577 15k g AT 1 — 0 Ab 3.

FN NG 12)TEEFE R, E—TTE Ry,

. C . C “. B
&W:T“*:(”%+[“+§:s—zk+§:S—Ek+§:s;%> (3.13)
k=1 k=1 j J

J=1

7 B S REHR, W LAES T'(s) HANE S TF J5iE A AN REAC 2 1) B R 40

1 2(Cs? — CrALs — CrAYs) O~ Bjs
T(s) =~ |(sMy + Dy)s + bk k= k J 3.14
(5) s[(s 0 0)s ; 2A’8+A’2+A”2 ;S_Rj G119
45T Nastran H A& 8 bR EU AR AE 51508 (u T AL )
(B() + B18 + B282)U/d + Z:(AAOZ + AliS + AQZ‘SQ)UZ‘ =0 (315)

fti 1) EpointCHi B i)t (¢), 25 (1), (), H

X7 (s) = L{2)(t)} = (s* Mo + Dos)X,(s)
XE(s) = £ {h (0} = X,(5)/(s* — 24+ A7+ A7) (3.16)
Xi(s) = L{z4()} = X,(s)/(s = Ry)

LRI 2 30(3.14) 5 HHE ISR EE T'(s) X5 T [eBi71 Fy(s) BTk

fi(s) = T(s)X,(s) = X{(s) + Y _(Bjs) X3 (s)
. =t (3.17)
2(Chs® — CLALs — C{Ajls) X5 (s)

k=1

SET TF RS R R AL 3 bR BN, A AR R, 3o~ IJ& 3 &t BT DATE
T(s) 5T BFERS LA s DU i 2 b 72
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HIEEMLIHIERE Ry, A R SR FE, 8 7R A REA 5 N Epoint,
TEXT FURAAEAT TF N I, 3B X (s) 3T ABE IR .

ngg)(s) = (SQMpq + quS)Xq(S)

XP(s) = X,(s)/(5* — 24 s + A7 + A7) (3.18)
XP(s) = Xq(s)/(s = Ry)

A AN H N p g+ q-k+q-j. TF TR BRI E3-S.

EPOINT,50001,THRU,50016

TF* 5 50001 1.0*0000001
*0000001 0.0 0.0 *TF  1-1
*TF  1-1 1001 1 0.0 928.8685049*0000002
*0000002 -8.2164630

TF* 5 50002 1.0%0000003
*0000003 0.0 0.0 *TF  2-1
*TF  2-1 9000021 1 0.0 -18100.2956918+%0000004
*0000004 30.3667608

TF* 5 50003 1.0*0000005
*0000005 0.0 0.0 *TF  3-1
*TF  3-1 1001 1 0.0 -1321.5673629%0000006
*0000006 107.2838023

TF* 5 50004 1.0*0000007
*0000007 0.0 0.0 *TF  4-1
*TF  4-1 9000021 1 0.0 115.3636410%0000008
*0000008 -6.7563447

TF* 5 50005 174557.91462*0000009
*0000009 1.19196 1.00000 *TF 5-1
*TF 5-1 1001 1 -1.0 0.0*0000010
*0000010 0.0

TF* 5 50006 98604.19868*0000011
*0000011 15.84946 1.00000 *TF  6-1
*TF  6-1 1001 1 -1.0 0.0*0000012
*0000012 0.0

TF* 5 50007 58327.11390*0000013
*0000013 1.92966 1.00000 *TF  7-1
*TF  7-1 1001 1 -1.0 0.0%*0000014
*0000014 0.0

TF* 5 50008 7758.12743*0000015
*0000015 0.38796 1.00000 *TF  8-1
*TF 8-1 1001 1 -1.0 0.0%*0000016
*0000016 0.0

TF* 5 50009

*0000017 1.19196 1.00000

*TF  9-1 9000021 1

*0000018 0.0

TF* 5

*0000019 15.84946

3-8: MSC.Nastran £ 3# B8 % TF K F ¥4 i&E 7~ 11
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S5, TR ARG.18), 5 HAEHIERE R,, FHERTCE Ry BT R F(s)
H bk )
Jra(s) = quX )+ Z

Jj=1

(3.19)

+) 20 — O Aps — O AYls) X () (s)

W22 N 20(3.18)F1(3.19), B] W, H: #53 /& Nastran f % A EK(3.15). T &, F
FE3.12) & n] LA RINA A — W& 0 7 FE 21 A s i PR T =X

(M, + sC. + K.) X .(s) = F.(s) (3.20)

E¢g&@:_ﬂ@)XﬂﬂTﬁﬁﬁﬁ%ﬁamE%%f%ﬁﬁ%ﬁ%,
M., C,, K, WIS 4 2 50 5 U AR R . 7T A 1, iy T4
BB, B A 7R 6 AR AR TR A B B, 7 LI 3 7 S P
Ry SRS SRR T 0 B 17 AR AR G B FOSRA. ed, ARIR T o 5
BSR4 S ) SRR T 2, Nastran 26 7 L0 45 TR TG B0 PR 10 R0 A
KA P8 8

3.3 mEeARGHERY T

B IR A8 IR R, i YR T 1D BEL R AR P 23 BT I 5| A Rk 22 F 38 1) O
SR, T AT T4 03 7 32 3l 72 H B S RE AU R B LR 2 AT i AR AN 52 32
DA T3t 40 (1) 45 M B AR B0 ) 2 R T 5, R G0 RH R R AR A% 5 PR AL
i BV Sy SR AR 1) B g A A B AR — 543 4T POGO JRBH Il 3, T YA Kk B 1 45
FAIBE & — M A F S 36 I 2 15 H , BT DAL AR A5 36 F A 41 1 AR N S0 M (1 BELJE o
B
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3.3.1 KPR E4F M o A E A

FET3. 1.2 AR RO AR R o, ol A SO 7T B DA KT A N TP A
EIRBN, B AR 50 25 BRI A N AR S 3 5 SR & R G R IR BN K R 558
HAbIB B ST, B IR P BB (14 BE e AR il L, PR D9 AR FE JE £ 2
HE AR BE RGP FELJE AT F B e V0T A (RS PR A YR P 5 2 R IO A B 4 A A
VYA T TR IRIBRD 1, By DAL 06 250K I 46 1A A 1) 5 50 58 D73 T 2% R koK
GINE N BRI AR X S 32 3 HY Laplace J7 P (@ AE -

(Vo —0  wikREQ

o e

5o =0  AMBELRALES, (3.21)
on

o -

5 = —gh WHABHMES,

Xt T Stokes I G R, HI TR EEAE—BUE OL T AR, DR UL R DORE BE T 5= A
B R BT AL BN T BETH T AT -

ov 0%v

Hrh v R B, 2 RETIVE [ ARRR, v VR HOIZ B SR B R MR T 5
HHRRARIZ B, T LA Stokes 321 92 5 LA P BG4 19 A RE AL
I. Stokes IR EREEFER
XTI BT 52 S35 J 00 1 e (AL BE TR L 57 Stokes 14 5 2. Fi B &
v = Uet, —AEE I 1P e AT iR

D, = p,/%yw //S |U|*dS (3.23)

Xt T B HRTE 52 25 SRR DL 75 ZEAAN 5 08 B R AL 1) Stokes 157 JZ fE

HFEHL
D, = p\/lyw // |U*dS (3.24)
8 SutSy
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IL RENERREEFER
X UUAR RORG PEAE IO 40 T FETCRR 2L

B
p=t /Q R(v)dD (3.25)

T
Soolt o R IPERE R0 = o, v, v
o Ove s % 5 0V,
o) =2 | (G + (522 + (G2
62&_%2 (%x_@sz %_8%2
+(8y 82) (8,2 8$) +<8x 0y>

AFTTRE3.21), BT LS > T PSR A BT PR~ 22 BE AR IR O -

27
w

Dy =5 /0 2 (®)dt
- ;—W /0 “ /Q R(P)d2 cos?(wt )dt (3.26)
1
= Sn /Q R(P)dO
Gkt B TR A A SE BN R LR RE K

E= 5’/ IV [2dQ (3.27)
2 Jo

AT RATE S A A BUARBEJE LE + DB 7

D1+ Dy
7= 2wE

(3.28)

SEFR_F, Abramson F-7E 1966 AR5l i SIS R (LG, 25 H T IRIAE 25 48 N AR /)N
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a3 s — S E s A (P 1.

h
1— =
31
1+ 038h i1 (3.29)
sinh(1.84E) cosh(1.84ﬁ)

et RO B IR, by P A P TR I g 2 5 A IR o 8 BT, 7
% < 1.0 WEHE, AXB.28)5B. 29 H B THE A RAE S —0 ), HE, T L
& Henderson M7 gt 7 75 2 VAL 1] i R A S HOERE Y. 1, J7 A BLE418 OUR BRAE
RN S 3 5 o % T % - 1.0 [, Abramson 25t T 5 4h 12818 A 2t

§ = 4.982R=3/441/4

§ = 4.981/2R=3/4 41/ (3.30)

YT L, LR AT L e B e 3 T R IR AT (I B AR AL AR A R, TH SRR (1 5
BRIz B AT SE 86 5 90k -

3.3.2 SR RIRAIICGE &R

Mikishev A1 Stephens 5 A\ 283 K& (R} 5056, K BB FRORSG PEFERICHE L sie A
S5 LE VA 52 50 5 T B AR RE S B AF P AR A BRY 7 Vo 7 I HRURS (1 A48 A 3, R
56 P B B0 0 2R Rt 7K — T A5 (R, JLRGPE PR e A BT 0.5% . AT,
Xt TR R IR 7 ™ 2 A S Bl K R A Y, Baffle (BJT SE 0D BOAE 2
AT o

FPAE 7 SEAR B AR B AR L S 5 4 30(3.21) AR 848k, SRIB AR AT AR I B F- B —
FRCHL BN 18] 20 18] 7y B AR iR o A AR AR AR BT L 720 FEAL KR 2R, (BBOE AR R &
FEAE &(t) = Zoe! HITIIEIBE], ASA AT LA IE 22 20(3.2 1) 5 35 bR AU A i 100 X U

e

_ (9n\ cosh(Aiz/R)
= (iw) cosh(A\ H/R) 33D)
> 1 2 J1<)\j7’/R) j’o iwt
n(r,0,t) =R —e“* cosd
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Hob, RS2, H WIS & B, n N SEah iR E . J, N5 —35 Bessel
BN N Ty S G ANE A, w; NRIE SR BN § A AR

w;? = )\Légtanh <)\j%)
Stricklin 283 THEAGH T S8R B oL EE AT
4

1 1
E = ~pgn? (1 )\2) mR? (3.32)

X FAAAE BT SEARIE D0 A 1 e B RE, T OB AT R AR Aot dA AR AR
71 dF, S H ARG RS B SEAR (T 4 i 2 -

1
dF = §pCdunlun|dA (3.33)

D= / updF (3.34)

Fo w, = u, (1,0, 2, t) REBRIEB SEAEL T M S 3 EE, Cy BT R4 ¥
BEL A8 A — A~ SE 23 A S A IEAT P 247, n] DLSRASIE AR VUM PR 1 25 RE B 4534 -

= / %pCde;dA (3.35)
ATLLE H, 7RG, 35)i+ﬁﬂ@?§ﬁf%ﬁﬁ%ﬁﬂﬁ?§ﬁ Cy SAESRBNHESL U, . 2R,
X T AN [E R AR S B SEAR R AL, Cy 3 R BRI SEIG T BeskAG . DL TERT et
1, Keulegan 1 Carpenter 25 i | C’d R E AP

—0.5
=15 (—) C2< 22 <90 (3.36)

b T ARSI, ry NG RARTEE, U %ﬁﬁ%%*ﬁﬁﬁaﬁiﬁmﬁiﬁﬁﬁ
B R(3.35) 2(3.36) 7 A\(3.28), Maleki 45 H T IR B AR I BH JE B it A P

sinh(1.84h/R) H
=4C, \/; (smh(l 84H/R)) tanh <1'84E) (3.37)
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Herb b 9B SEAR 2R T 1, R SE BN o O 5 BI5 SEAAR X I ARAT 5K

= ()76 3)

rb/R=0.20

o]

$QN~

~\

S
e .
peSSN - e
SO s
RIS,

Damping Ratio [%]
Damping Ratio [%]
wn

B 3-9: 7B SEAR B W A BEL e

AR, HA(3.37)5 Maleki I F6 SE36 45 v LLG H « AR HJE ¥
BEWR T = P H /R AR AL T AR A X0 TR R R, R 7] 8~ DR A4S IR PR v A4
BH B B & T A A S RS CnEI3-9% 1, /R = 0.05, 1, /R = 0.2). BEAk, Xt
T BB ARSI , ARG 204 HITHE 45 AR 1R/, I+ H %A
PLIX P AR Hy o X HEEL K POGO HIF 78 38 ATTHE X A R s W A AT A8
AT RIS A, 25 Z50A% A0 SR LR LA

1. A X o AN [R) AR 66 PR P BEL e T B AR A

2. BA&SCI SIS DL T, R AT RETT Rl A8 (1 4R 3 S 56 DASS UE v B 45 R

FT T 12k 5

3. WAZIHE R AR BELJE R P PR AT AR R

e, B A ARSI AR ) S B IR I R R, — e 2 T i S B i A PR
PRFE ) VOF 55t WA AR AT 1 S kG A B0 5. 00, #3055t 5
FEFAAAR T AR BN TR 7 BUE D B0, AR A A op S 1R By SR AR O JE 3
T, AR R A6 P A4 ) BELJE 22 A B K 305 Maleki A5 82 AR [H] (41 &13-10, 3-11).
ST AR KT TSR TR F U S A R X DASE R, DA B D vt A R A A BELE
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Rtk 7 s it 1R i R

/1%
S = N W A L O 9 o ©
T

| | | | | | | | | | | |
143 148 153 158 163 168 1.73 1.78 173 188 193 198 203

H/R

K 3-10: 2RI BT AL E K Bl 3-11: AR TH = Se s e be - 45 R

3.3.3 IFERSPEHERRIN A A ZE

CRATIPR TS 1R, 7T DU ARG 2 GiRE e Rt 2 b ) B RO i 2 B AE T

L W AR A AT VR AR S B s S 7 S8 AR 2 BOR i e L &3 Cy, 124
AT H R A R BE T U B AR S 4

2. WAL AR AR B R AR LS T = e AR R 2 R, T S 5 A R4t
N1

HH T T (A R 7 v AT S 58 T B AR — P B HE S, BT DAAT £

B B AT LE A BR 76 7732 A SR IR T Y A B AR B8 AR (R R A4 B
TERGiE) J15 T, B JE 8 ] L4y Sk v B Jé A0 45 K BELJE P Fil, L 2 i ik

LU

{ﬁm KA FEJE 77
(3.39)

fs =igku SERIFHIE S
Hri = /=1, 0 Nk E &% g NERMILE 230k NERINIEE . 7T UG H Xt

T ARG MR, RETELE 3 A S A5 1 B R Bk, JF H 54 308)
TIPRR w BRAEEG o BT B, 35 A8 38 i 1 5 BHLJE 28 BORoRs b B JE AR R 25 20 B4, 3
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HRELERF E MBI A #AE -

gk

gk =bw — b= "— (3.40)
w
HHNFARBN IR w G155 T R G A B, N
W =W, = Ld (3.41)
m
b= % = gw,m (3.42)
Wn

BT R4l SR 2 b, = 2mw,,, AT LAHE 45 H 75 LR SO IR 25/ FE B T ¢
T 2 )
p=(= g (3.43)

B EL 83 I S 6 55 D7 VE DR B T O R R BE e 28, T DURR S A 7(3.43) i

ITANFIBE e 2 20 [ () 46 5
ARG PV R80T LLoy R BB AL . T POGO 4k

BN PIE AR AR SR AR E I A R B 4 R BOR, BT DU AL 3 247 4R el 56 B

BT G546 2 G BE e AN R AR BELJE e
PL MSC.Nastran 95, FH:BH @ A\ 7775 0] LLor AR BEH R ANE S 2

Bk ek

1. BWH P C&@ it MR E RS T RGP R, T AR A BB B i N 92
BT s R SR8 Y RRHEFE B2GG, MFRECA X BRHEFE B2PP);

2. ZEEEENZIE IS HE A R A SO BN S BE B R G, Bl B E
RGBIRI S HIBHJE 288 G 5 Rayleigh PHJE 2% o, an TSR SZIAT BN 421
BHJ& 4 g A

UWEBUS ) RGFLEHRE B = B+ M + o K
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Damping Ratio T / (%)

90s 60s
| | | | >
1.48 2.59 3.70 481
Liquid Height Ratio H/R

B 3-12: = 2RI R JE bl e B AR L s = 1

3.4 BHISHh

SHEN2ATEY), N 75 HBAT R, AR RS SOR 58 I R SR
25 B0 A TR PR [ A S B0UA K T e TR & R G M o e AR, A
IERT AR KT 254 28 G AR SN T 3. 1R A G K WO A = 4R A, [R] I ik
M3 2 A B TF R8T 30 5 R B8 B R G AT 0 2 AbH

oG, BI3-1345 TS RGURHILERER A AL = ZE# 2. 1T POGO 2 5E
P73 BT OV 1 BN R GURFL AR 2 75 B 2 IR S, B DA U R T RFIE(E 5
IESEREIFR 7 45 o W LATS T RO H AH EE 5 7152.4 7 B BV KR i A g
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. 49.

§
Frequency / (Hz) Time / (s)
B 3-13: G R GURFIE AR AN 8] AR A0 = 28 i 2
s
g F
o} S o)
@ o O
o o
e} O
0
0 1
Time / (s)

1
£
3
g
L

0

0 1

Time / (s)

3-14: FE R GURME(E = 48 26 ¥ IE L P& 5 0 4R 1
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4518, % M AR I K ST AETH SRR P & 17 1 PSR AT g IR B I 1) X B
25 Er 3- 145 Y (1 =2k i 2 I AL B AT IR AL, mT LA ILIX P IR AN E iR 51 474 LA
NRFAE:

1. ANEERE A2 I ] A7 A3 AR i o 1 1) AR B v 22 4 5

2. ANEEE AR ) I S AR I TR V5 A0 AT S A 2 T«

3. BB T RRAG IS TA) [ 5 0] AR AEARL B0 1E SEAR B — Ok BB R
MR AT SE RN B IR KT , IR R AR I A AT & POGO Hr3) )
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