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ABSTRACT

The longitudinal dynamic instability which can occur in the fueling process of a space launch
vehicle is called pogo. It is caused by coupling between the fuselage and propulsion system and they
would be formed as a closed-loop system. so that the amplitude of the response may increase or
decrease. In this paper, a mathematical model which is applicable to the systematic pogo analysis of a
general launch vehicle is developed for an example of space shuttle. The formulations are composed
of the linearized second-order differential equation for the propulsion system, and of the pressure,
weight displacement, and generalized displacement. Those are important parameters for pogo analysis,
are derived through eigenvalue analysis. By the formulation suggested in this paper, it is expected that
mathematical modeling method of the pogo system can be obtained and systematic pogo stability
analysis for any launch vehicle will be enabled.
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P : static pressure perturbation

w : weight displacement perturbation

I : the inertance of the fluid

R : the linearized resistance for flow
perturbation

C : compliance

K : fluid stiffness given by 1/C

.7;” : structural acceleration vector

p : fluid mass density

p, : fluid weight density given by pg

H : head vector from inlet to outlet node of

element
L : length along a duct
: Half the height length of LPOP pump

: Half the width length of LPOP pump
L, : Half the width length of HPOP pump

N, : unit vector in flow direction at node i

B,:; : modal pressure at a tank outlet in the
nth structural mode

m+1: pump gain

a : mass flow gain factor for a pump

C, : cavitation compliance

K, : cavitation stiffness given by 1/ C,

7, : thrust chamber residence time

¢,; : the vector modal deflection at node i
g, : modal displacement of nth structural
mode
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Fig. 1 Closed-loop system of the pogo phenomenon.
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Fig. 2 Scheme of the formulated incompressible
duct element.

Fig. 3 Scheme of the formulated tank outlet.



HIAA B RFELAS BI/AHA 28 0S8

213 A65 2017 12 AslEA A LSRN B2/2HA 298 o &
Eq. 6& ®3 27e ¢l W@ 42 vu P = Ky, —w,) — i, ®)

@ Zolth $uel A WA G FFL TAD

Fauowe UWEE ovsa, ¥ WA @

e B3 Wel Al iAHAA BARED 0 fA

nlaase A8 Aot 1w A aA @
& BAfEol obd WE welshel F7hu ot
v B —
o :wp__Pf,Alejﬁf)m ?)

23 Hx 94

HEo 2y | & 7}x REog o]F
AT A AZ HE Egolt A A=
3% (cavitation) EFo]1, F HAEZ Fx =T
o] FAZE vigEAolH o AHFAFEC] A
FHL ol Udde Aotk

Eq. 894 KT 3% FZTho]ld2Z(cavitation
compliance) C,¢ A5 Yu|sti, av AEFS
ol 5A 9 (mass flow gain factor)g} 3t QU
A(inducer) YTFANAY B AHAEH HE
(bubble) A4FeFe] Bl o] wE 4d-5Akele] HlE
2 74430 =Y Eq 9olH m+le HEo|E
(pump gain)< ov|slH AT HAS TIP3
of 3k Zlo] 7Hg o)Al el

N, pi, wi

v
—>N;,pj,wj
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Table 1. Components and parameters applied to the
propulsion system analysis.

Parameter

ﬂnth’ Rid17 ]idl

Section |Propulsion system

Node 1 Tank outlet
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P . B> Las Ligis A4
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Node Incompressible
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Table 2. Linear governing equations of propulsion

Table 3. Linear governing equations of generalized

system according to components. force.
Secti Propulsion System Section Generalized Force
ection Linear Governing Equation =
- Node 1 ntb tb/Bntb PtbAl(i ¢71tb)
Node 1 Eﬂntbqn Ry wtb Lgywy, P
_ _ _ idl
Node 1~2 | 5 :Pr,b_Rfd1wth_1id1wr,b+PLm11’1 Fo = (P”’ PZ)Al w2
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_ . ")
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Py = K,ﬂ(uu — Wy ) szﬂU4 Lip
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(= Ly () + L, () Node 3 L
. _ F, = {(P P,)A,—w, ““]
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v Ly
Py = Kph( —wy) — Kph Node 4 | F, =— {(P3 —P)A,—w, gdj]
Node 6~7
ode P, =(m,, +1)F;— Rhw7 phw7 Node 5 | 7, = (P, P,) A, — ..B(LJ,TJFL]Z)
PL}L('Z?)
. z - Node 6 | .. =(P.— P.) A, —w,—~
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_ h
Node P P ]Jw8 +RJU)8 Node 7 Fh - (Pb P7)A4 W,
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Node tc F)",(m At(:CfPf,r( 1)
33 AF3E Fg/FAe drkskE 71x1E
%A Eq 17904 AFE AustE Ay [ % ] 7am
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| z [ 32
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Thubr T Ey ¢ + P Fig. 8 Forces exerted on each component in the
simplified space shuttle propulsion system.
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