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Pass ive  Suppression of Pogo on the Space Shuttle 

M. H. Lock and S. Rubin 
The Aerospace Corporation 

ABSTRACT 

This study provides a qualitative a s ses smen t  of (1) the tendency for 
pogo instabil i ty of the Shuttle vehicle in the absence of suppression devices 
and ( 2 )  the effect iveness  of two passive suppressors  (the compliant accumu- 
lator and the res i s t ive  accumulator)  in counteracting any tendency toward 
instability. In addition, the relative effectiveness of th ree  suppressor  loca-  
tions [the low p r e s s u r e  pump ( L W O P )  inlet and discharge and the high p r e s -  
s u r e  pump (HPOP) inlet] is a lso evaluated. 

The p r i m a r y  conclusion of the study is that effective pogo suppression,  
with passive devices,  can be accomplished a t  the HPOP inlet location but 
not at  the LPOP locations. Other conclusions a r e  drawn regarding the 
relative effectiveness of the two accumulator types and with respec t  to tenta- 
tive accumulator design requirements .  Finally,  a number of recommenda-  
tions a r e  made  regard ing  future studies. 
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PASSIVE SUPPRESSION O F  POGO ON THE 

SPACE SHUTTLE 

by M. H. Lock and S. Rubin 
The Aerospace Corporation 

SUMMARY 

This study provides a qualitative a s ses smen t  of (1)  the tendency for 
pogo instability of the Shuttle vehicle in the absence of suppression devices 
and ( 2 )  the effectiveness of two passive suppres so r s  (the compliant accumu- 
lator and the resis t ive accumula tor )  in counteracting any tendency toward 
instability. In addition, the relat ive effectiveness of th ree  suppressor  loca-  
tions [the low p res su re  pump ( L P O P )  inlet and discharge and the high p r e s -  
su re  pump (HPOP) inlet] is a l so  evaluated. 

The a s ses smen t s  a r e  made  upon the bas i s  of stabil i ty analyses under- 
taken with a n  idealized model of the Space Shuttle. Although an idealization, 
this model contained descr ipt ion of the higher organ-pipe modes of the feed- 
line, an interpump mode of the oxidizer sys t em,  and the coupled longitudinal 
and l a t e ra l  motions of the vehicle s t ruc ture .  The model is  especial ly  r igor -  
ous with r ega rd  to the feedline modes  in that a continuous representat ion is 
employed. In addition, the general ized force  contributions due to fluid 
res i s tance ,  fluid-momentum effects ,  tu rns  in the fluid flow, and tank out- 
flow effects a r e  considered a s  well  a s  the engine thrus t  contributions. 

The r e su l t s  of the stability analyses  revealed instabilities of the bas ic  
sys t em (i.e., no s u p p r e s s o r s )  that involved the interpump mode a s  well a s  
the feedline-type modes of the propulsion sys tem.  Both instabilities were 
found to be eliminated by the use of e i ther  compliant o r  res i s t ive  accumula- 
t o r s  a t  the HPOP inlet. The use of these accumulators  a t  e i ther  the LPOP 
inlet o r  discharge was found to aggravate  the instabil i ty that involved the 
interpump mode. Accumulators a t  the L W P  inlet  were  found to eliminate 
the instabil i t ies that involved the feedline -type modes  of the propulsion 
system. 

The p r imary  conclusion of the study is that  effective pogo suppression,  
with passive devices,  can be accomplished a t  the HPOP inlet location but not 
at the L P O P  locations. Other conclusions a r e  drawn regarding the relative 
effectiveness of the two accumulator  types and with r e spec t  to tentative 
accumulator design requirements .  Final ly ,  a number of recommendations 
a r e  made regarding future studies.  



INTRODUCTION 

The suppression of pogo instability on the Space Shuttle is complicated 
by the nature  of the vehicle s t ruc ture  and liquid propulsion system. In the 
case of the s t ruc ture ,  the multibody configuration introduces significant 
coupling between the la te ra l  and longitudinal motions of the vehicle. Since 
a l l  such  motions can couple with the propellant f lows, the analysis of the 
pogo phenomenon on the Space Shuttle will requi re  an accurate  description of 
both l a t e ra l  and longitudinal motions. In the case  of the propulsion sys t em,  
the length of the oxidizer feedline r e su l t s  in a number of higher organ-pipe 
hydraulic modes in the frequency range where s t rong  s t ructural /propuls ion 
s y s t e m  interaction could occur ,  thereby ra i s ing  the possibil i ty of pogo insta- 
bility over  a broad range of modes  and frequencies.  In addition, the engine 
itself can introduce a propuls ion-system mode that is p r imar i ly  internal to 
the engine and which r e su l t s  f r o m  the presence  of two pumps with a signifi- 
cant length of intermediate ducting. An unpublished study by S. Rubin has  
suggested that such an "interpump" mode of the oxidizer s y s t e m  can lead to 
instability. This latter c i rcumstance r a i s e s  a question about the location of 
a pogo suppression device since it is possible that a suppressor  located a t  
the inlet of the engine would not be effective in suppressing an instability that 
involves an interpump mode. Conversely,  a suppres so r  located internal to 
the engine may  not be effective in suppress ing  an instability that involves a 
feedline mode. 

The goal of the present  study i s  to provide judgments on the issues  
r a i s e d  by the complexities of the Space Shuttle sys tem.  These judgments 
a r e  developed f rom an analysis of the sys t em which, although simplified, 
does contain an account of the l a t e ra l  and longitudinal motions of the s t r u c -  
t u re ,  the higher oxidizer feedline organ-pipe modes ,  and an interpump mode. 
Specifically, the study is directed at  (1)  an examination of the tendency for 
pogo instability of the Shuttle vehicle in the absence of suppression devices ,  .#. 
(2 ) an evaluation of two passive accumulator types,  " compliant and res i s t ive ,  
and ( 3 )  an evaluation of three accumulator  locations. 

The compliant accumulator (no inertance o r  res i s tance  ) is  a s implif i -  
cation of the type of device commonly used on past  vehicles. These devices 
w e r e ,  in genera l ,  intended to be purely compliant but,  in fact ,  possessed 
some s m a l l  inherent inertance and res i s tance .  The res i s t ive  accumulator 
(substantial  res i s tance ,  along with inertance and compliance) was introduced 
quite recent ly  on the Delta Stage I vehicle to help c o r r e c t  a problem that had 
a r i s e n  due to significant spat ia l  separat ion between the accumulator and the 
engine inlet (ref.  1). This separat ion introduced a second hydraulic mode of 
the feed-sys tem that led to instability. 

The consequences of the Delta Stage I instabil i ty were ameliorated with 
the introduction of significant res i s tance  by means  of the accumulator.  

.<. ,,. 
A companion study (NAS3-17758) i s  being undertaken on the use of active 
suppres so r s .  



Although the device had been introduced fo r  a problem that resul ted f r o m  
accumulator /pump separat ion,  the cha rac t e r  of the device indicated that it 
could provide sys t em damping over  a wide frequency range i r r e s p e c t ~ v e  of 
a c c u m ~ l a t o r / ~ u m ~  separation. This feature of the res i s t ive  accumulator 
made it appear an at t ract ive candidate for use on the Space Shuttle and led to 
i ts  selection for examination in the present  study. F o r  simplicity,  the 
present  study only t reated the case  of ze ro  accumalator /pump separation. 
The examination of the consequences of finite separat ion (applicable for both 
resis t ive and compliant devices)  is  considered more  appropriate for l a t e r  
more  refined studies. 

With respec t  to the evaluation of accumulator location, it was decided 
to per form stabil i ty analyses  with both accumulator types a t  the following 
three locations : 

1. Low-pressure pump inlet 

2. Low-pressure pump discharge 

3. H i g h - p r e s s u r e p u m p i n l e t  

The r e su l t s  obtained for these  c a s e s  were also compared against the c o r -  
responding resu l t s  for the bas i c  s y s t e m  (i.e.,  the vehicle without suppres-  
s o r s ) .  The analyses were undertaken for the oxidizer sys t em alone s ince 
unpublished prel iminary s tudies  by the  Rockwell International Space Division 
have indicated that this  portion of the propulsion sys t em is most  likely to be 
c r i t i ca l  f r o m  the standpoint of pogo instability. 

The subsequent sect ions of the r epor t  descr ibe the development of 
design c r i t e r ~ a  for the r e s i s t i ve  accumulator ,  the formulation of the ana -  
lytical model fo r  the stabil i ty ana lyses ,  and the stabil i ty analyses  of the 
basic  s y s t e m  and the sys t em with incorporation of the compliant and r e s i s -  
tive devices.  The r e su l t s  a r e  summar ized ,  conclusions a r e  drawn, and 
recommendations made for future studies.  

The authors  would like to acknowledge the work of Raymond E. Or th  
and Heather Bagwell in the programming of the sys t em stabil i ty equations 
and the propulsion s y s t e m  equat ions,  respectively.  



NOMENCLATURE 

Units: M ( m a s s ) ,  F (force) ,  L (length), T ( t ime)  

acoust ic  velocity [ L T ' ~ ]  

2 
a r e a  [ L  ] 

2  effective a r e a  of thrust  chamber [L ]  

s e e  eq. (1. 3 )  

1 5  
compliance,  [F- L  ] 

thrust  coefficient, [-I 
s e e  eq. (1. 3)  

- 1 mean  m a s s  flow of propellant, [MT ]  
- 2  standard acce lera t ion  of gravity,  [ L T  ] 

2 - 1 
s t ruc tu ra l  gain for engine motion, ( e ) /M,  [M ]  

height of propellant in tank, [L] 

height of tank-to-engine feedline,  [L] 

imaginary unit, a 
line length, [L] 

iner tance,  [ F L - ~  T' o r  M L - ~ ]  

pump dynamic gain, [-I 
m a s s ,  [M] 

general ized m a s s  of nth s t ruc tu ra l  mode, [MI 

modal  tank-bottom p r e s s u r e  pe r  unit accelerat ion of 
general ized coordinate,  [ F L - ~ T ~ ]  

-2 osci l la tory p r e s s u r e ,  [F L ]  

general ized displacement of nth s t ruc tu ra l  mode 

3 -1 volumetric flow, [L T ] 



. - 

R 5 res i s tance ,  [FL-  T] 

s Laplace variable used to denote the complex frequency 
rr t iw, [T-l] 

t t ime,  [TI 

T thrus t ,  [F]  

x s t ruc tu ra l  displacement  along longitudinal ax is ,  [L] 

2: s t ruc tura l  displacement along l a t e ra l  axis ,  [L] 
- 
V steady flow velocity of propellant [LT-l] 

Y 1 5 -1 flow admittance,  [F- L T ] 

2 flow impedance, [ F L - ~  T] 

0.. 
'J 

coefficients in feedline t ransmiss ion  function; s e e  
Appendix A [-] 

5 ra t io  of c r i t i ca l  damping for  s t ruc tura l  mode, [-] 

&a rat io  of c r i t i ca l  damping for accumulator [-] 

s.tructura1 damping requi red  for neut ra l  sys t em stabil i ty,  [-] 

complex propagation angle 

propellant m a s s  density,  [M L - ~ ]  

t rave l  time in a hydraulic l ine,  o r  j / a ,  [T] 

modal displacement,  [-I 
angular frequency, [ T - ~ ]  

na tura l  frequency of the accumulator [Tb1]  

- 1 natural  frequency of s t ruc tu ra l  mode,  [T ] 

R frequency ra t io ;  s e e  eq. (1.5) [-I 
Subscripts 

a accumulator 

b bubble 

c chamber 



discharge 

engine 

interpump 

lower l imit  

nth s t ruc tu ra l - sys t em mode 

Pump 

r e a l  pa r t ;  re la t ive  

tank 

upper l imit  



-~ ~. ~ -~ ~~ ~ -~ ~ ~. - ~~~ 

1. DESIGN CRITERIA FOR RESISTIVE ACCUMULATOR 

The objective of the use of the resis t ive accumulator is to produce a 
significant level  of hydraulic damping over a specified frequency range. 
This section of the r e p o r t  provides a measure  of the required level  of damp- 
ing and develops accumulator design cr i te r ia  for achieving the des i red  
character is t ics .  

1. 1 Accumulator Model 

The accumulator is assumed to be a l inear  device character ized by an 
inertance, La, a compliance, Ca, and a resis tance,  Ra. Assuming t ime- 
dependent perturbations of the f o r m  es t ,  where s i s  the Laplace variable,  
the equations governing the accumulator can be written 

where Qa is the volume flow out of the accumulator,  Pa is the accumulator 
internal p r e s s u r e ,  and P is  the p res su re  a t  the entrance to the accumulator 
(see sketch). 

The flow admittance, Yap  of the accumulator can be written 

where the accumulator na tu ra l  frequency, w and damping rat io ,  cap a r e  
defined by a '  

2 1 
W =- .  , La = 

RaCa"a 

a 2 



1. 2 Approximate Stability Analysis 

The b a s i s  for the d e s ~ g n  c r i t e r i a  for  the resistive accumulator  was 
developed f r o m  an approximate stability analysis of the s ingle-pump sys t em 
shown in f igure  1. The analysis was undertaken under the assumption that 
the s t ruc tu ra l  s y s t e m  responds in a single mode. Employing the approximate 
method of r e fe rence  2 ,  the s t ruc tura l  damping requi red  for neut ra l  stabil i ty,  

'N' 
is found to  be given by  

(mf l)BGe 
b,= (1-D) 

( R ~  Real  Y + (mt l ) /  2 w  n 
a 

where 

and where 

A 1 
= cross-sec t iona l  a r e a  of feedline 

hs = length of feedline 

ht 
= height of fluid in tank 

Re  = engine res i s tance  

R c  
= thrust-chamber  res i s tance  

A~ = effective a r e a  of thrust  chamber (i.e.,  a r e a  x thrust  
coefficient) 

( m t l )  = gain of pump 

6 e = modal displacement of engine 

6 t  
= modal  displacement of center of gravi ty  of propellant in tank 

W n 
= frequency of the s t ruc tura l  mode involved 



PUMP (gain m+l ) 

Figure 1. Model for accumulator  design c r i t e r i a  analysis  



The s t ruc tu ra l  gain, Ge, fo r  longitudinal motion of the engine is defined by 

where M is the general ized m a s s  of the s t ruc tura l  mode. 

1. 3 Design Cr i te r ia  

The f o r m  of equation (3)  indicates that the s t ruc tu ra l  damping requi red  
for neut ra l  s tabi l i ty  will dec rease  with increase of the r e a l  par t  of the 
accumulator  admittance.  The equation also indicates that the magnitude of 
this t e r m  should be such  that 

Rea l  Ya > >  (m+l ) /R  e (4 ) 

for the res i s t ive  accumulator  to be effective. Therefore ,  the design goal for 
the accumulator is to maintain the inequality [eq. (4)] over  the frequency 
range of interest .  

F o r  the case  of harmonic oscillations at  the frequency. w, the r e a l  par t  
of the admit tance,  Ya, can be writ ten 

2 5 
Real  Ya = hi.- Q)' + (25,) 

a a 

2 1 - 1  
where the  frequency ra t io  a =  w / o  . The derivative of Rea l  Ya with respec t  
to Q i s  a 

4 
d 45, ( 1 - n  ) 

Real  Ya = 3 2 2 
L n 1 (iin-w2 + (ZC, ) J  a a 

The r e su l t s  [eqs. (5)  and ( 6 ) ]  indicate that  Real  Ya inc reases  monotonically 
to a maximum a t  equal  to unity and then dec reases  monotonically a s  
i nc reases  above unity. The maintainance of Real  Ya above some selected 
value,  s a y  cu, over  the frequency range,  o c w 5 w is a s s u r e d  if P - U' 

Rea l  Ya(wp)  2 ff (7a )  

Real  Y (w ) 2 CY a u (7b) 



The Ce3Clitie3s [e;. !?!? the3 !2zfi k.2 the ~c~lc..-..i~g :cq:i:z=cz:s G z  ihc 
accumulator  p a r a m e t e r s  

The requi rements  [eq. (8)] constitute the design c r i t e r i a  for  the r e -  
s is t ive  accumulator.  F o r  a specified design goal these inequalities define a 
region of the accumulator  p a r a m e t e r s  within which the design goal i s  s a t i s -  
fied. The application of the c r i t e r i a  is i l lus t ra ted below for  the design goal 
that was used subsequently in the study. This goal was 

5 2 .s. 

Real  Y a >  0. 06 m /MN s (1 in. / s e c )  for 2 5 f 5 30 HZ-. (9 ) 

The allowable ranges  of the accumulator p a r a m e t e r s  a r e  mos t  readi ly  
obtained by  specifying the accumulator  compliance,  C , and then using 
equations (8a )  and (8b) to define an allowable reglon o f i n e r t a n c e ,  La, and 
r e s ~ s t a n c e ,  Ra. A represen ta t ive  range of the accumulator com l iance was eL taken to be f r o m  0. 006 m 5 / ~ ~  (0. 1 in.Z) to 0. 12 m5/MN (2. 0 in. ). This 
range was de te rmined  by envelopin compliance values that w e r e  es t imated  5 for a represen ta t ive  0. 057 m 3  ( 2  ft ) volume accumulator using propulsion 
s y s t e m  p r e s s u r e  data  supplied by Rockwell. The resul t ing regions of allow- 
able values of iner tance and r e s i s t ance  a r e  shown in figure 2 together with a 
sma l l e r  region that was calculated for the condition Rea l  Y 2 0. 3 rn5 /MN s 

a (5 in .2/sec) ,  a l so  for 2 5 f 5 30 Hz. F r o m  the f igure ,  it is  s e e n  that the zones 
a r e  re la t ively insensit ive to the value of the accumulator  compliance (at  
l eas t  for  the range that was considered)  but a r e  quite sensit ive to the se lec ted  
level  of the admittance. Insofar a s  an  accumulator  design is concerned, the 
selection of any combination of iner tance and r e s i s t ance  values that a r e  
w i t h ~ n  the zone defined by curve  A (fig. 2 )  will  lead to satisfaction of the 
design goal [eq. (9)]. The par t icu la r  combina t~on  that was selected for use 
in the s tabi l i ty  ana lyses  was 

2 5 2 .  2 L = 0. 023 MN s /m (0. 00133 s e c  / ~ n .  ) 
a 

These values were  judged to be pract ical ly  achievable on the bas i s  of Delta 
Stage I vehicle exper ience ( re f .  1). In addition to this par t icu la r  design,  a 
number  of other r e s i s t i ve  accumulator  designs were  br ief ly  examined to 
determine the sensi t ivi ty  of the stabil i ty r e su l t s  to the accumulator  p a r a -  
m e t e r s .  
.,, *. 
The admit tance in SI units is  based  upon volume flow divided by p r e s s u r e ;  
in English units,  weight flow is employed. This  flow difference a l so  applies 
to the r e s i s t ance  and iner tance units. 
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2. ANALYTICAL MODEL FOR STABILITY ANALYSIS 

2. 1 Shuttle Propulsion System/Structural  Model 

For  the purpose of the stabil i ty analysis ,  the most  ~ m p o r t a n t  features 
of the vehicle propulsion sys t em were  represented  using a single equivalent 
engine. The elements  employed a r e  shown in figure 3 and consis t  of a lox 
tank, two feedline segments  (one longitudinal and one l a t e ra l ) ,  a low-pressure  
pump (LPOP) ,  an interpump l ine,  a high-pressure pump (HPOP),  a discharge 
line, an injector,  and a combustion chamber.  F o r  the purposes of the 
present  study, the motion of the Shuttle vehicle was  represented  by a single 
s t ruc tura l  mode. T h ~ s  representat ion was considered adequate except for 
the exceptional case  of proximate s t ruc tura l  modes ( i . . ,  modes with very 
close frequencies) with comparable gains. As a consequence of this r e p r e -  
sentation, the s t ruc tura l  modes selected for use in the stability analysis  
were examined one a t  a time. 

The detailed equations that govern the motion of the s y s t e m  a r e  pro-  
vided in Appendix A of this report .  In o r d e r  that these equations provide a 
representative description of the higher organ-pipe modes of the feedline, 
the exact solutions for a continuous hydraulic representat ion (including r e -  
s i s tance)  were employed to develop feedline t ransmiss ion  functions. This 
resu l t s  in the appearance of hyperbolic functions of complex argument  in 
the sys tem equations. S ~ n c e  the wave t r ans i t  t imes  assoc ia ted  with the inter-  
pump and discharge l ines  were  relat ively shor t  compared to the s t ruc tu ra l  
response t imes of in te res t ,  the fluids in these la t te r  l ines  were  t rea ted  a s  
incompressible.  Generalized force contributions that r e su l t  f rom fluid r e -  
sistance a s  well a s  f rom the convective derivative (vavlax ,  where v is  the 
velocity of the flow) that appears  in the fluid momentum equation were  a l so  
included in the s y s t e m  equations.  

On the assumption that the s t ruc tura l  modes a r e  developed with closed-  
bottom tanks,  tank outflow effects a r e  included (ref.  3 ) .  All corner  forces  
at  turns in the flow and d rag  forces  a c r o s s  res i s t ive  e lements  a r e  a lso in- 
cluded. 

2 . 2  Computational Procedure  

F o r  the purpose of the s tabi l i ty  calculations the equations of motion 
were reduced to a 14th o r d e r  s y s t e m  with the fo rm 

where the m a t r i x  [V(s)] descr ibes  the basic  coupled s t ructure/propuls ion 
sys tem (i.e., the sys t em in the absence of accumula tors ) ;  the m a t r i x  [El 
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rovides the specification of the accumulator location while the m a t r i x  
~ F ( S  )I contains t e description of the accumulator charac te r i s t ics .  The A solution vector compr ises  

where P. and Q. denote the p r e s s u r e s  and flows at various points within the 
1 1 .  oxidizer sys t em (flg. 3 ) .  The qn t e r m  is the generalized coordinate a s s o -  

ciated with the nth s t ruc tu ra l  mode; the motion? of the vehicle at  some point 
a .  r IS re la ted to qn by the following: 

where $n(??) is the s t ruc tu ra l  mode shape and s i s  the Laplace variable. 

The m a t r i x  equations a r e  completely defined when the propulsion- 
sys t em pa rame te r s  and s t ruc tura l -mode  data a r e  specified. ,,When this is 
done, the eigenvalues,  s i ,  and corresponding eigenvectors,  Hi, of the sys  - 
t em can be obtained by sa t i s  faction of the conditions 

Because of the use of the exac t  feedline solutions the determinantal  
equation is a transcendental  equation in the Laplace variable. The eigen- 
values of the equation were obtained with the use of an i terative root-finding 
subroutine (ref.  4 )  that used the input s t ruc tu ra l  frequency, w n ,  and p r e -  
viously calculated propuls ion-system eigenvalues a s  initial guesses .  

2 .  3  Numerical Values of System P a r a m e t e r s  

2 . 3 .  1 Propulsion-System P a r a m e t e r s  

The cross-sect ional  a r e a s  and lengths of the various lines were 
based upon available Space Shuttle design data. The res i s tance  and inertance 
of the l ines ,  pumps, engine, and thrus t  chamber  were developed f rom the 
bas ic  data given in the SSME Engine Dynamic Model (ref. 5 )  and f rom infor-  
mat ion in a previous pogo study (ref.  3 ) .  The es t imated  values of these 
pa rame te r s  a r e  provided in Appendix B. The variation, with time of flight, 
of the cavitation bubble compliance a t  the pump inlets and of the pump gains 
were  es t imated  f r o m  available operating data;  the compliance es t imates  were  
made using the r e su l t s  presented in re ference  3  (obtained f rom the "stay- 
t imet '  method of ref. 6 )  and the pump gain f r o m  unpublished Titan and Delta 



vehicle studies.  The resul t ing t ime variations a r e  shown in f igures  4 and 5. 
The compliance and gain values employed in the s tabi l i ty  analyses  a t  spec i -  
f ic  flight t imes  were taken f rom these f igures .  

2 .3 .2  Structural-Mode Data 

The s t ruc tura l -mode  data employed in the s tabi l i ty  analyses- were  
taken f rom a se t  of modal  calculations undertaken by Rockwell. These cal-  
culations had  been p e r f o r m e d  for  the case  of s y m m e t r i c  vibrations of the 
vehicle ( i .  e no yaw motion)  and were based upon a vehicle configuration 
(designated M89B) that was cu r r en t  in e a r l y  1973. The data were  considered 
to be the best  that were  available for  the presen t  study. It m a y  be noted in 
passing,  that the Space Shuttle vehicle has  subsequently been reduced in s ize  
and weight; however,  modal  data  for the new configuration were not available 
fo r  this study. The Rockwell data compr ised  the f requencies  and mode 
shapes  of the f i r s t  hundred symmet r i c  vibration modes a t  five specif ic  flight 
conditions; in addition to the s t ruc tu ra l  da ta ,  the  lox tank-bottom displace-  
men t s  and p r e s s u r e s  were  a l so  provided. The s e t  of conditions t rea ted  by 
Rockwell i s  given in the table below together with the associated t imes  of 
flight and the corresponding maximum and min imum values of the calculated 
frequencies;  the abbreviation SRB that appea r s  in the table denotes the sol id-  
rocket  booster.  

Exammation of the modal  data f r o m  the standpoint of s t ruc tu ra l  
gain indicated that the higher gain levels  were  assoc ia ted  with modal i r e  - 
quencies above 20 Hz. Based upon this fea ture  of the calculated r e su l t s  
and the increasing uncertainty of the data for  the higher modes ,  a frequency 
of 30 Hz was se lec ted  a s  a reasonable  upper l imi t  to the frequency range to 
be considered in  the subsequent stabil i ty analyses .  The data a l so  indicated 
that the higher levels  of the s t ruc tu ra l  gain,  in the f requency range of in te r -  
e s t ,  tended to be re la t ively insensitive to t ime of flight. This feature  i s  



Figure 4. Variation of pump inlet cavitation compliance 
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i l lust ra ted in figure 6 where the variation with flight t ime of the two 
l a rges t  s t ruc tura l  gains is presented;  for  comparison of relative magni-  
tudes the galn in the fundamental mode is a l so  shown. In the figure the 
higher gains have been ~dent i f ied  by the approximate frequency of the s t r u c -  
t u ra l  mode. Wlth the exception of one c a s e ,  the gains a r e  associated with 
a single mode. The exceptional case  occur red  a t  the orb i te r  end-burn 
condition where two proximate modes ,  one a t  26. 8 Hz and the other a t  
2 7 . 2  Hz both exhibited la rge  s t ruc tu ra l  gains of comparable magnitude. 

F o r  application in the stability ana lys i s ,  the calculated s t ruc tu ra l -  
mode frequencies were allowed to vary through some *15 percent.  This 
variation was introduced to provide at leas t  some account for changes in 
vehicle configuration and a l so  uncertainties in the s t r u ~ t u r e / ~ r o p u l s i o n -  
s y s t e m  modeling. The variation was expected to  cover the wors t  ca se  
conditions in t e rms  of the proximity of s t ruc tu ra l  and propulsion resonances.  
To  account for damping in the vehicle, a c r i t i ca l  damping ra t io  of 0. 01 
was assigned to each s t ruc tura l  mode. 

Since the stability analysis  is  based upon a single equivalent s y s t e m  
with three identical engines,  the engine modal amplitude, , used in the 
stabil i ty calculations is re la ted to the modal  data by 

3 

where the $,. a r e  the modal amplitudes of the individual engines. In a s i m i -  
l a r  manner  the tank-bottom p r e s s u r e  exc i t a t i0n .9~  used in the analysis  is 
re la ted  to the corresponding modal d a t a 9  by 

3 .  SYSTEM STABILITY ANALYSIS 

To initiate the study, the following three  suppressor  configurations 
were  analyzed: 

1. Basic s y s t e m  (i.e.,  no pogo s u p p r e s s o r )  

2.  
3 3 System with 0. 057 m (2 ft ) volume compliant accumulator 

3 3 
3. System with 0. 057 m (2 ft ) volume resis t ive accumulator 

designed to mee t  the requirements:  Rea l  Ya 2 0.06 m 5 / ~ ~  s 
(1 for 2 5 I c 30 Hz. 



Figure  6. Variation of s t ruc tu ra l  gain 

10-4 

F - 
i - 
4 
0 

5 0 
3 
I- 

3 
ai 
I- m 

1 0 - ~  

1 
FLIGHT TIME, sec 

TWICE THIS VALUE USED 
IN ANALYSIS FOR 
END-BURN 

f = 27 Hz , 

- 
> f = 22 Hz -. 0 

/ o  - 

,, FUNDAMENTAL MODE (2.2 to 2.8 Hz) .. 

10-2 

3 UI 

5 .- 

SRB SEPARATION 

- 

I I I I I I 
10 100 500 



3 The 0. 057 m 3  (2 ft ) volume used fo r  both the res i s t ive  and com-  
pliant accumulators  was chosen a s  a representat ive pract ical  value. The 
condition on Real Ya for the r e s i s t i ve  accumulator was based upon an e s t i -  
mated magnitude of 0. 008 ~ = / M N  s (0. 14 in.Z/sec) for the comparable pro-  
pulsion-system t e r m  ( m t l ) / R e .  Thus,  the design ensu res  that  Real  Ya>> 
( m t l ) / R e  over the frequency range of interest .  

3. 1 Basic  System 

3.1.1 Propulsion-System Modes 

The eigenvalues and eigenvectors  of the isolated propulsion s y s -  
t e m  (i.e., s ta t ionary s t r u c t u r e )  were  calculated both to provide lnit ial  
guesses  for the root-finding p rogram used in the subsequent s tabi l i ty  analysis 
and to identify the interpump mode of the propulsion system. The calcula- 
tions were  made using the numer ica l  da ta  given in Appendix B together with 
cavitation compliance and pump gain values taken f rom f igures  4 and 5; the 
values of these la t te r  l tems for the orb i te r  end-burn, liftoff and af te r  SRB 
separat ion conditions a r e  given in the following table. 

LPOP Gain 

The modal frequencies and the assoc ia ted  c r i t i ca l  damping r a t io s  calculated 
for the orb i te r  end-burn condition a r e  presented  graphically in figure 7. 
The r e su l t s  for the other flight conditions a r e  s imi l a r .  The interpump mode 
is noted in this f igure.  It i s  s een  to be relat ively highly damped with a 
frequency of 24.4 Hz (the frequency of this mode a t  the liftoff and af ter  SRB 
separat ion conditions was 23. 1 and 21.6 Hz, respectively).  This resonance 
can be viewed s imply a s  involving the interpump and L P O P  fluids moving on 
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the LPOP inlet cavitation bubble compliance a t  the ups t r eam end and the 
HPOP inlet cavitation bubble compliance a t  the downst ream end (lig. 3 ) .  
Consequently, the resonant  frequency can be es t imated  with the formula 

where Li, L denote the inertance of the ~ n t e r p u m p  line and the LPOP, 
pi respectively; and where Cbl,  Cb2 denote the cavitation bubble compliance 

values at the inlet to the L P O P  and HPOP, respectively.  The above expres -  
sion provides a means  of gaging the sensit ivity of this modal frequency to 
changes in the involved pa rame te r s .  The remaining oxidizer sys t em modes 
can be considered a s  "feedline-type" modes since their  frequencies l ie  within 
the frequency bands defined by the open-open and open-closed modes of the 
feedline. The different cha rac t e r  of the modes  is  i l lustrated in figure 8 
where r e p r e s e n t a t ~ v e  fluid p r e s s u r e  amplitude distributions a r e  shown for 
the interpump mode and the f i r s t  two feedline-type modes ;  the in o r  out 
phasing, shown crudely,  approximates  the actual  phasing. The appearance 
of significant amplitudes only within the engine ( e .  beginning with the 
LPOP)  for the interpump mode is c lear ly  s e e n  f r o m  the figure. 

3.1.2 Selection of Cases  

A part icular  stabil i ty case  for  the basic  s y s t e m  comprised a spec i -  
fied flight condition and a specified s t ruc tu ra l  mode. F o r  a given case ,  the 
stability calculations were  per formed over the a s sumed  +15  percent var ia -  
tion in the s t ruc tura l  mode frequency. Selection of the stabil i ty cases ,  
par t icular ly  the selected s t ruc tu ra l  modes ,  was la rge ly  governed by the 
charac te r  of the modal dxta; the modes with the higher s t ruc tu ra l  gains 
being the candidates for the analysis .  The end-burn condition was selected 
for initial analysis.  The s e t  of modes employed for analysis  of end-burn 
stability a r e  given in the table below, with the assoc ia ted  modal  frequencies 
and the s t ruc tura l  gains. In the table the nomenclature E denotes end-burn 
while the numbers  give the o r d e r  of the mode. 
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It should be noted that the s t ruc tura l  gains ass igned to the thir ty  -fourth and 
thirty-fifth modes a r e  twice the values given by the modal data. This  was 
done to account for the possibility of destabilizing coupling between the  modes.  
Such coupling could not be descr ibed  by the present  analysis since it involved 
only a single s t ruc tu ra l  mode. The use of a factor of two did not s e e m  un- 
reasonable since the two s t ruc tu ra l  gains a r e  of a comparable  o r d e r  of mag-  
nitude. 

The tank-pressure  excitation a t  the orb i te r  end-burn condition 
was a s sumed  to be negligible. Since the absence of this excitation a t  end-burn 
could tend to de-emphasize the r o l e  of the feedline-type modes,  i t  was c l e a r -  
l y  n e c e s s a r y  to t rea t  at l ea s t  one e a r l i e r  flight t ime where this excitation was 
present .  The condition initially selected was liftoff where s ix  s t ruc tu ra l  
modes were c o n s ~ d e r e d  in the stabil i ty analyses .  These modes with their  
associated frequencies  and s t ruc tu ra l  gains a r e  given in the table below 
together with the corresponding values of the modal  tank-bottom p r e s s u r e  
per  unit engine accelerat ion,  P ~ / $ ~ .  

Subsequent to the performance of the analyses  a t  liftoff, two s t ruc tu ra l  modes 
for the a f te r  SRB separation event were  a l so  selected for use in stabil i ty 
analyses  a t  this la t te r  flight t ime. These modes  and their  cha rac t e r i s t i c s  
a r e  given below. 
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3.1.3 Stability Resul ts  

3. 1.3. 1 Orbi te r  End-Burn 

The stabil i ty r e su l t s  obtained for the basic  sys t em at the orb i te r  
end-burn conditions a r e  presented in figure 9. The calculated sys t em c r i t i -  
ca l  damping rat ios  a r e  shown a s  functions of the assumed s t ruc tura l  na tura l  
frequency when toleranced *15 percent. Recalling that the damping of the 
s t ruc tu ra l  mode is input a t  1 percent  of  c r i t i ca l ,  it is s e e n  that the damping 
in the f i r s t  and second s t ruc tu ra l  modes ( f  - 3  Hz and 5 Hz,  respect ively)  is  
relatively unaffected by the action of the propulsion system. The seventh 
and thirt ieth modes (f - 8 Hz and 22 Hz, respect ively)  show a somewhat 
g rea t e r  effect; however,  the minimum value of the calculated damping r a t io s  
remains  above 0. 007. The thirty-fourth mode ( f  - 27 Hz)  is strongly affected 
with the minimum damping ra t io  being l e s s  than 0. 002 while the thirty-fifth 
mode ( f  -27  Hz)  is  the wors t  ca se  with instability being predicted if the 
s t ruc tu ra l  mode frequency l ies  within .,, the range 23  to 25  Hz. The damping 
rat io  in this range reached  -0. OOl.." In this las t  ca se ,  the propulsion- 
s y s t e m  variables in the unstable mode (fig. 10)  contain contributions f r o m  
the interpump mode ( r e a l  par t  o f t h e  mode shape)  and f rom the sixth feedline- 
type mode ( imaginary par t  of the mode shape) ;  however,  examination of the 
energy  t r ans fe r  f r o m  the propulsion s y s t e m  to the vehicle s t ructure  indicates 
that the instability is  p r imar i ly  due to the coupling with the interpump mode. 
Therefore ,  this instabil i ty can be identified a s  an interpump mode type of 
instability. It was a l so  found that the destabil izing influence on the thir ty-  
fourth mode was a l so  due to coupling with the interpump mode. 

3 .  1. 3. 2 Liftoff 

The r e su l t s  calculated for the liftoff condition a r e  shown in figure 
11. In this ca se  it i s  found that the fundamental mode ( f  - 2 Hz )  is  unstable 
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If the s t ruc tu ra l  gains given by the modal  data had been employed, this mode 
would have remained  stable with a minimum damping rat io  of 0.003. 
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Figure  9c. Stability r e su l t s  fo r  bas ic  sys tem:  
o rb i t e r  end-burn 
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Figure 9e. Stability r e su l t s  for basic  sys tem:  
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Figure I l a .  Stability r e su l t s  for bas ic  sys tem:  
liftoff 
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Figure l lb .  Stability results for basic system: 
liftoff 
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Figure l l c .  Stability resu l t s  for basic  sys t em:  
liftoff 
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Figure  l l d .  Stability resu l t s  f o r  basic  sys tem:  
l i f to f f  
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Figure I l e .  Stability results for basic system: 
liftoff 
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Figure l l f .  Stability results for basic system: 
liftoff 



if  the  f i r s t  s t ruc tura l -mode  frequency l ies  between about 2.2 to 2. 6 Hz; the 
damping r a t io  in this range reached -0. 002. The other  modes a r e  found to 
b e  stable.  The instability in the fundamental mode r e su l t s  f rom coupling 
between the f i r s t  s t ruc tu ra l  mode and the f i r s t  feedline -type mode of the 
propulsion s y s t e m  (fig. 12). The interpump mode p r imar i ly  couples with 
the high-gain sixty-second s t ruc tura l  mode ( I  -- 27 Hz). Although the coup- 
ling is significantly destabil izing, it does not produce an instability; the 
min imum calculated value of the damping rat io  in this ca se  being about 0. 002. 

3. 1. 3. 3 After SRB Separation 

The  r e su l t s  calculated for this flight condition a r e  shown in 
f igure 13. In this instance the fundamental mode (f - 2 Hz) is  s een  to be 
unstable over  a re la t ively wide range of the f i r s t  s t ruc tu ra l  mode frequency 
( -1. 9 Hz to -2. 6 Hz). Again the instability resu l t s  f r o m  coupling between 
the f i r s t  feedline-type mode of the propulsion s y s t e m  and the f i r s t  s t ruc tura l  
mode. The instability is  s e v e r e ,  the damping ra t io  reaching about -0. 009. 
The high gain forty-sixth s t ruc tu ra l  mode ( f  U 2 7  Hz) remains  stable but loses  
a good deal  of damping in the 22 to 26  Hz frequency range due to destabilizing 
coupling with the interpump mode;  the minimum calculated value of the 
damping ra t io  in this instance being about 0. 003. 

3. 2 Sys tem with Compliant Accumulator 

The  e f fec t  on the s y s t e m  stabil i ty charac te r i s t ics  of the introduc- 
tion of a compliant accumulator a r e  now examined. The employed accumu- 
l a to r  h a s  a 0. 057 m 3  (2 f t3) volume and is located at  e i ther  the LPOP inlet, 
the L P O P  discharge ,  o r  the H P O P  inlet. 

3.2. 1 Propuls ion-System Modes 

The introduction of the compliant accumulator into the propulsion 
s y s t e m  general ly  produced shifts of the feedline-type mode frequencies that 
were  within the associated open -open and open-closed feedline frequency 
bands. The frequency of the interpump mode was  not significantly changed 
by the p re sence  of accumulators  a t  e i ther  the LPOP inlet o r  at  the LPOP 
discharge.  However,  the presence  of a n  accumulator a t  the HPOP inlet 
reduced this frequency appreciably.  F o r  example,  a t  the end-burn and liftoff 
conditions the reductions were  f rom 24.4 to 14. 9 Hz and f rom 23. 1 to 9. 45 Hz, 
respectively.  

3.2.2 Selection of Cases  

With the exception of the end-burn condition, the s a m e  s e t  of 
s t ruc tu ra l  modes was  used a s  was employed previously in the analysis of the 
bas i c  sys tem.  The exception a t  end-burn was the introduction of the twenty- 
f i r s t  s t r u c t u r a l  mode into the analysis  for  the accumulator a t  the HPOP-inlet 
location. This mode had a frequency of 15. 9 Hz and was  introduced since it 
could possibly couple with the 14. 9-Hz interpump mode. 
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Figure 12. Unstable mode of basic system: 
liftoff 



Figure 13a. Stability r e su l t s  for basic  sys tem:  
a f te r  SRB separat ion 
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Figure 13b. Stability results for basic system: 
after SRB separation 



3 . 2 . 3  Stability Results 

3. 2. 3, 1 Orbi te r  End-Burn 

The r e su l t s  calculated for this case  indicated that the stabil i ty O F  
the lower s t ruc tu ra l  modes used in the ana lyses  (modes E l  through E30)  was 
somewhat enhanced by the presence  of the compliant accumula tors  a t  any of 
the three posit ions;  the minimum value of the damping r a t i o  calculated fo r  
these modes being in exces s  of 0. 0085. However,  the case  for the two 
proximate  high-gain modes ,  the thirty-fourth and thirty-fifth modes ,  was 
rad ica l ly  dif ferent .  The r e su l t s  for  the thirty-fourth mode,  shown in fig- 
u re  14a,  revea l  that the introduction of a compliant accumulator  a t  the L P O P  
discharge r ende r s  the s y s t e m  unstable for s t ruc tu ra l  mode frequencies in the 
range 22 .  5 to 24. 6 Hz. The introduction of an accumulator  a t  the L P O P  inlet 
produces  a dec rease  in damping with dec rease  in the s t r u c t u r a l  mode f r e -  
quency. The sys t em does not become unstable,  however,  within the specified 
range  of s t ruc tu ra l  f requencies .  In cont ras t  to these r e s u l t s ,  an  accumulator  
a t  the HPOP inlet is re la t ivelv beneficial. Similar  t rends  a r e  observed  in the 
c a s e  of  the thirty-fif th mode (Fig. 14b). It is seen  that the introduction of an 
accumulator  at e i ther  the L P O P  discharge o r  a t  the L P O P  inlet intensified 
the instability that was previously predicted for the bas i c  sys tem.  "The  inten- 
sification is ~ a r t i c u l a r l v  s e v e r e  for the L P O P  d ischaree  case where the - 
minimum calculated damping ra t io  drops  to about -0. 010 a s  compared to the 
wors t  case  value of around -0. 001 for  the basic  sys t em.  In view o f  the poor 
showing of the LPOP-discharge accumulator a t  this end-burn  condition, it 
was decided to d rop  this location f r o m  the subsequent analyses .  Unlike the 
two LPOP locations,  the introduction of an accumulator  a t  the HPOP inlet is  
s e e n  to be beneficial. The instability is  e l iminated and the min imum damping 
r a t i o  maintained above 0. 006 over the specified range of s t r u c t u r a l  f requen-  
c ies .  The pronounced effectiveness of the HPOP-inlet  accumulator  in the 
ca se  of these two modes  is undoubtedly due to the  lowering of the interpump 
mode resonant  frequency. The stabil i ty ana lyses  indicated that the introduc- 
tion o f  possible coupling between the interpump mode (of the s y s t e m  with the 
HPOP-inlet  accumula tor )  and the twenty-first s t r u c t u r a l  mode was not s ig -  
nificant - probably due to lower s t ruc tu ra l  gain in this mode (about 2. 5 x 
10-5 l / k g ) .  

F r o m  prac t ica l  consideration on the s i ze  of the accumulator ,  it is  
of some  in te res t  to s e e  if the effectiveness of an accumulator  at the HPOP 
inlet would be de raded  by a reduction in the accumulator volume f rom the 5 or ig ina l  0. 057-m (2 f t 3 )  value. This  was  checked b performing calcula-  Y tions for the thirty-fifth mode using a 0. 029-m3 (1 ft ) volume accumulator 
and a 0. 014-m3 (0. 5 f t3 )  volume accumulator .  The r e s u l t s  calculated for 
these designs a r e  shown in figure 15, where it is seen  that the specified 
reduct ions  in volume did not degrade the per Iormance  of the accumulator  
insofar  a s  suppress ion  of the interpump mode instability was concerned. - 

Finally,  it might be argued that the failure of the LPOP-inlet  a c -  
cumulator  to e l iminate  the instabil i ty in the high gain thirty-fif th s t ruc tu ra l  
mode was  due to an inadequate level  of compliance.  To  check th i s  supposi-  
tion, an additional s tabi l i ty  ana lyses  was undertaken for this mode assuming a 
.,. .,. 
If the s t ruc tu ra l  given by the modal data had been employed for  the 
thirty-fif th mode,  the s y s t e m  would have remained  stable with the L P O P  inlet 
accumulator  and would have become unstable with the L P O P  discharge a c -  
cumulator.  In the f o r m e r  c a s e  the introduction of the accumulator  was  de-  
stabil izing in that the min imum damping r a t i o  of the s y s t e m  was reduced. 

44 



Figure 14a. Stabi1i. t~ r e su l t s  with compliant accumulator:  
o rb i te r  end-burn 
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Figure 14b. Stability results with compliant accumulator: 
orbiter end -burn 
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Figure 15. Variation of stabil i ty with compliant accumulator 
volume fo r  HPOP inlet location: o rb i t e r  end-burn 
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0. 57-m3 (20 ft3) volume accumulator at  the L P O P  inlet. This accumulator 
volume change produced a ten-fold increase  in the accumulator  compliance. 
The resul t ing s t a b i l ~ t y  r e su l t s  were essent ia l ly  identical  to those obtained 
fo r  the 0. 057-m3 (2  ft3) accumulator thereby indicating that the inadequacy 
of  the LPOP-inlet  suppres so r  lay with its locatiofi r a t h e r  than in its s ize .  

3. 2 .  3. 2 Liftoff 

The r e su l t s  calculated for the liftoff condition indicated that the 
introduction of a n  accumulator  a t  e i ther  the LPOP inlet o r  the HPOP inlet 
would eliminate the instability previously predicted in the fundamental mode 
(fig. 16). The effect iveness  of the LPOP-inlet  accumulator in this ca se  is  
a t t r ibuted to the fact that the fundamental mode instabil i ty a t  liftoff involves 
coupling between a s t ruc tu ra l  mode and the fundamental feedline-type mode 
of  the propulsion s y s t e m  (unlike the end-burn instability that involves the  
interpump mode of the propulsion system).  It i s  a l so  interesting to note that 
the HPOP-inlet  accumula tor ,  which was effective in eliminating the in te r -  
pump mode type of instability a t  end-burn, is  a l s o  effective in eliminating the 
feedline-type instability a t  liftoff. As was done at  the end-burn condition, 
the change in the effect iveness  of the accumulator at  the HPOP inlet with 
dec rease  of the accumulator volume to 0. 029 m 3  (1 ft3) and 0. 014 m 3  (0. 5 ft3) 
was checked. The r e su l t s  in this case (fig. 17) were  quite different and indi- 
ca ted  a sensit ivity to accumulator  volume over  the variation that was con- 
s idered .  In the case  of  the 0. 029-m3 (1 ft3) accumula tor ,  the minimum value 
oE the damping ra t io  was  reduced to 0. 009 ( f rom a out 0. 013 for the 0.057 m 3  

3 9 accumulator) .  In the case  of the 0.014-m (0. 5 ft ) accumulator ,  the mini-  
m u m  damping value became negative a t  the lower end of the s t ruc tura l  r e -  
quency range. Thus,  an accumulator of this s ize  did not eliminate the feed- 
l ine-type mode instability. This failure is attr ibuted to a n  insufficient lower-  
ing of the frequency of the fundamental propulsion-system mode. 

3 3 With r ega rd  to the effect of the 0.057-m (2 ft ) accumulator on 
the higher s t ruc tu ra l  m o d e s ,  some  destabilizing influences on the fifty-first 
mode ( f  -. 22 Hz) were  found with the introduction of an accumulator a t  e i ther  
the L P O P  inlet o r  the H P O P  inlet (fig. 18a). The mode remained stable in 
both c a s e s ,  however,  maintaining damping r a t io s  in e x c e s s  of 0. 005. A 
destabil izing influence of the L P O P  inlet accumulator was  exhibited with the 
sixty-second mode ( f  - 27 Hz) ;  the sys t em bare ly  remaining stable at  the 
lower end of  the frequency range of interest  (fig. 18b). In contrast ,  the 
H P O P  inlet accumulator had a beneficial effect  on this mode increasing the 
min imum damping r a t i o  f r o m  around 0. 002 for the basic  sys t em up to about 
0. 006. 

3.2. 3. 3 After SRB Separat ion 

As in the liftoff ca se ,  i t  was found that an accumulator at e i the r  the 
L P O P  inlet o r  HPOP inlet will el iminate the fundamental mode instability that 
had been predicted for the bas ic  sys t em (fig. 19). This was  par t icular ly  
encouraging since the degree  of instability in the fundamental mode for this 
flight condition was  considerably more  seve re  than for the liftoff event. A 
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Figure 16. Fundamental  mode stabil i ty with compliant 
accumulator :  liftoff 
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Figure 18a. Stability r e su l t s  with compliant accumulator :  
liftoff 
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Figure 18b. Stability resu l t s  with compliant accumulator :  
liftoff 



Figure 19. Fundamental mode stability with compliant 
accumulator: after SRB separation 
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check was  made on the sensit ivity of the HPOP-inlet  accumulator to reduc-  
t ~ o n s  in the accumulator volume. The r e su l t s  for a 0. 029-m3 (1 ft3) a c -  

3 3 cumulator and a 0. 014-m (0. 5 ft ) accumulator a r e  shown in figure 20. It is  
seen  that the sensit ivity is l e s s  than at the liftoff cond~tion.  There  a r e  r e -  
ductions in the damping, but the sys t em rema ins  s table  with damping rat ios  
In excess  of 0. 007. With r ega rd  to the high-gain forty-sixth mode ( f  - 2 7  Hz) ,  
the r e su l t s  (fig. 21) indicated thal use of a 0. 057-m3 (2 f t3)  accumulator a t  
the HPOP inlet was beneficial and that use of the LPOP-inlet  accumulator 
produced a dec rease  in damping with dec rease  in the s t ruc tu ra l  mode f r e -  
quency. These t rends  a r e  s imi l a r  to those observed in the high-gain s t ruc -  
t u ra l  modes  for the other  two flight events.  

3. 3 System With Resistive Accumulator 

3 3 
The design requi rements  on the 0 .057-m (2 ft ) volume res i s t ive  

accumulator were  Real  Ya 2 0. 06 ~ S / M N  s ( 1  in .2 /sec)  for 2 5 f 5 30 Hz. 
The specific values of the accumulator p a r a m e t e r s  that were selected to 
mee t  this requirement  w e r e  

2 5 2 . 2)  L = 0.023 MN s / m  (0. 00133 sec / ~ n .  
a 

As noted previously,  the se lec ted  values were  judged to be practically 
achievable on the bas i s  of Delta Stage I vehicle experience (ref .  1). In addi- 
tion t o  this par t icular  design, three other  r e s i s t i ve  accumulator designs 
were  briefly examined to determine the sensit ivity of the stability resu l t s  to  
change in the accumulator parameters .  

3.3. 1 Propulsion-System Modes 

The propuls ion-system modes for the various res i s t ive  accumula-  
to r  configurations a r e  quite s imi l a r  to the modes that were  previously ca l -  
culated for the corresponding compliant accumulator  c a s e s ,  the main dif- 
fe rences  in the resu l t s  being a n  increase  in the damping of the feedline-type 
modes  for  the case of the LPOP-inlet  location. 

3 .3 .2  Selection of Cases  

With the exception of some of the l e s s  interesting modal cases  a t  
l i f toff ,  the s a m e  s e t  of stabil i ty cases  was  employed a s  was used in the study 
of the compliant accumulator .  The deletion of some  of the modes a t  the l if t-  
off  condition (the eighteenth, twenty -sixth, and forty -ninth modes were  
dropped)  was  done to reduce the proliferating number of stabil i ty cases .  
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F i g u r e  20.  Variation of stability with compliant accumulator 
volume for  HPOP inlet location: a f te r  SRB 
separat ion 
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Figure  21. Stability resu l t s  with compliant accumulator :  
a f t e r  SRB separat ion 



3 . 3 . 3  Stability Results 

3 . 3 . 3 .  1 Orbi ter  End-Burn 

In the c a s e  of the f i r s t  through twenty-first  s t ruc tu ra l  modes,  the 
resu l t s  obtained with the selected res i s t ive  accumulator design were  found to 
be essent ia l ly  identical to the corresponding resu l t s  obtained with the com-  
pliant accumulator .  In the case  of the thirt ieth (f .- 22 Hz) s t ruc tu ra l  mode, 
there  were  some  slight differences between the res i s t ive  and compliant 
accumulator r e su l t s ,  the differences b e ~ n g  m o r e  pronounced for the LPOP-  
inlet location. 

The resu l t s  for the thirty-fourth and thirty-fifth modes ( f  .- 27 Hz) 
with a res i s t ive  accumulator a t  the LPOP inlet are shown in figures 22a and 
22b. Comparison of these r e su l t s  with the corresponding curves  for a com- 
pliant accumulator at  the LPOP inlet (figs. 14a and 14b) show a pronounced 
difference,  in that the variation of damping ra t io  with s t ruc tu ra l  frequency 
is no longer monotonic. Since the s t a b ~ l i t y  picture in these modes rs largely 
controlled by the interaction between the s t ruc tu ra l  mode and the ~ n t e r p u m p  
mode of the propulsion sys t em,  i t  is  believed that the differences in the r e -  
s is t ive and compliant accumulator resu l t s  a r e  due to changes on the effective 
boundary condition on this interpump mode at  the LPOP. In contrast  to  the 
LPOP-inlet  location, the r e su l t s  obtained for a res i s t ive  accumulator a t  the 
HPOP inlet (figs. ZZc and 2Zd) a r e  very s imi l a r  to those obtained with the 
compliant accumulator  (figs. 14a and 14b). 

The net r e su l t  of these res i s t ive  accumulator  analyses  was to indi- 
cate that the stabil i ty picture was essent ia l ly  unchanged f rom that predicted 
for the compliant case .  The lower s t ruc tu ra l  modes remained  s table;  the 
instability in the thirty-fifth mode was el iminated by use of the accumulator 
at  the HPOP inlet but was  not eliminated by use of a res i s t ive  accumulator 
a t  the LPOP inlet. 

In this l a t t e r  case ,  the suggestion could be r a i s e d  that the ineffec- 
t iveness of the res i s t ive  accumulator a t  the LPOP inlet was  peculiar to  the 
par t icular  design used in the analysis.  To investigate this possibility, 
stabil i ty analyses  were  undertaken with the following additional r e s i s t i ve  
accumulator designs.  

5 
Real  Y ? 0.06 m /MN s 2 5 a La = 0.023 MN s /m 



Figure 22a. Stability r e su l t s  with resis t ive accumulator:  
o rb i t e r  end-burn 
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Figure 22b. Stability resu l t s  with res i s t ive  accumulator:  
o rb i te r  end-burn 
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Figure 22c .  Stability resul ta  with res i s t ive  accumulator:  
o rb i t e r  end-burn 
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Figure 22d. Stability r e su l t s  with res i s t ive  accumulator :  
o rb i t e r  end-burn 



Real  Y 2 0.3 m 5 / ~ ~  s 
a 

The r e su l t s  obtained with these accumulators  a t  the L P O P  inlet were  s imi la r  
to the previous r e su l t s  for the thirty-fifth mode and the instability was not 
e l iminated.  Thus,  the r e su l t s  indicated that the ineffectiveness of the a c -  
cumulator a t  the L P O P  inlet was due to the location r a t h e r  than to the p a r -  
t i cu la r  accumulator  design. 

Finally,  a lrmited study was made  to see i f  reduction in the volume 
of the res i s t ive  accumulator ,  located a t  the HPOP inlet, would reduce i ts  
effect iveness  in eliminating the thirty-fifth mode instability. Calculations 

3 w e r e  made for a 0. 028-m3 (1 ft ) volume accumulator and a 0. 014-m3 
(0. 5 f t3) accumulator.  The result ing damping rat ios  were  very close to the 
r e s u l t s  for the 0. 057-m3 (2 ft3) volume accumulator thereby indicating that 
these  volume reductions did not degrade the effect iveness  of the accumulator 
insofar  a s  elimination of the interpump mode instability was concerned. 

3. 3. 3. 2 Liftoff 

The r e su l t s  for the liftoff condition showed the s a m e  general  
t r ends  a s  at  the o rb i t e r  end-burn condition. The calculated damping rat ios  
for the fundamental modes w e r e  close to the corresponding compliant a c -  
cumulator  r e su l t s .  In the higher modes,  the fifty-first (f -- 22 H z )  and sixty- 
second (f - 27 Hz),  pronounced d ~ f f e r e n c e s  were found between the res i s t ive  
and compliant c a s e s  for an accumulator a t  the LPOP inlet. The resu l t s  in 
the higher  modes  f o r  the HPOP inlet location were  s imi l a r  to the correspond-  
ing compliant accumulator  resu l t s .  F o r  this location, the effect of reducing 
the accumulator volume to 0.028 m3 (1 ft3) and 0. 014 m3 (0. 5 ft3) was a l so  
checked. The r e su l t s  were  a lmost  the s a m e  a s  the corresponding curves 
obtained fo r  the compliant accumulator a t  the HPOP inlet (fig. 17) indicating 
that the effectiveness of this device in eliminating the feedline-type insta- 
bi l i ty  in the fundamental mode  was  significantly degraded by a volume reduc-  
tion to 0. 014 rn3 (0. 5 ft3). Again, this degradation in effectiveness is a t t r i -  
buted to an insuf f~c ien t  lowering of the frequency o f  the f i r s t  propulsion 
s y s t e m  mode. 

3.3. 3.3 After SRB Separation 

The s a m e  genera l  t rends  were exhibited for this case.  The resu l t s  
fo r  the fundamental mode were  very close to the compliant accumulator 
cu rves  (fig. 19)  while differences were  found in the forty-sixth ( f  -- 27 HZ) 
r e s u l t s  f o r  an accumulator  a t  the LPOP inlet. 



4. SUMMARY AND CONCLUSIONS 

This r epor t  provides  a qualitative a s ses smen t  of (1)  the tendency 
fo r  pogo instability of the Shuttle vehicle in the absence of suppression de -  
vices and (2)  the effectiveness of accumulators  in counteracting any tendency 
toward instability. Compliant and res i s t ive  accumulators  a r e  considered a t  
three positions in the oxidizer sys t em:  LPOP inlet and discharge,  and HPOP 
inlet. Stability analysis  is  per formed by means  of digitally computing eigen-  
solutions of the equations descr ibing the coupled s t ructure/propuls ion s y s  - 
tem. 

Engineering judgment was  applied to construct  a mathematical  
model for the study, with due consideration of the pre l iminary  nature of the 
available data and the leve l  of complexity necessary  to deal  with the p r i m a r y  
aspects  requi red  for a s tabi l i ty  assessment .  Structural  modes of vibration 
for coupled motion in the vehicle pitch plane were obtained f r o m  the Rockwell 
International Space Division. The propulsion sys t em was simplified to  the 
model shown in figure 3 .  The numer ica l  values of the propulsion s y s t e m  
pa rame te r s  were based upon the p r i m a r y  geometric and dynamic per formance  
features  of the actual  s y s t e m  a s  given by drawings and Rocketdyne's dynamic 
model of the main engine. The best  available basis  was employed to predict  
the cavitation compliances of the pumps, which is a method der ived f r o m  
empir ica l  s tudies  of m e a s u r e d  compliances of the family of pumps used on 
Saturn vehicles. The analytical  model is  especially r igorous with r e g a r d  to 
feedline hydraulics in that a continuous representat ion,  including res i s tance  
effects ,  is  employed to r e p r e s e n t  the multiplicity of damped organ-pipe 
modes. Contributions to the general ized force for a s t ruc tu ra l  mode included 
frictional forces  due to fluid r e s i s t ance ,  fluid momentum-type forces ,  forces  
at  turns  in the fluid flow and a t  a r e a  changes, tank outflow effects ,  a s  well  a s  
engine thrust .  

In the course  of the study some sixty-six bas ic  combinations of 
flight condi t ion/s t ructural  mode/accumulator  were t reated in o r d e r  to develop 
comparative data. F o r  the purpose of e a s y  re ference ,  the totality of these 
basic cases  i s  p resented  in the following table together with a n  indication of 
whether the s y s t e m  was  s table  o r  unstable. In addition to these basic  cases ,  
the effects of par t icular  variations in the compliant and res i s t ive  accumula-  
tor designs were  a l so  examined. 

The major  findings f rom this study a r e  a s  follows: 

1. The bas i c  s y s t e m  can undergo instabilities involving a mode 
of the propulsion s y s t e m  which can basically involve e i ther  
the interpump mode o r  a feedline mode. 

2. An instabil i ty involving the interpump mode i s  suppressed  
effectively only by an accumulator located a t  the HPOP inlet. 
Such instabil i ty can be intensiried by a n  accumulator a t  the 
L P O P  inlet o r  discharge.  



3 .  An instability involving a feedline mode can be counteracted 
effectively by  accumulators at  e i ther  the L P O P  inlet o r  the 
HPOP inlet . 

4. There is  no significant difference in the effect iveness  of the 
compliant and resis t ive accumulators  a t  the HPOP-inlet 
location. Reduction of the volume of e i t h e r  ty e of accumu- f . '  . .  lator at  the HPOP inlet to below 0.03 m3 (1 it ) s ~ g n ~ l ~ c a n t l ~  
degraded i ts  effectiveness in suppress ing  feedline-mode 
instabil i t ies.  This same reduction of volume did not s igni-  
ficantly degrade the effectiveness of e i t h e r  type of accumula- 
tor in suppressing the interpump mode of instability. 

Suppressor  Location 1 L P O P  Inlet 

2 L P O P  Discharge 

3 HPOP Inlet 

X - calculated instability 

NA - no analysis  



With due recognition of the preliminary nature of the analysis ,  
the p r imary  conclusion of this study is believed to be valid: effective pogo 
suppresslon can be accomplished using an accumulator a t  the HPOP-inlet 
location, but not at  the LPOP locations. The determination of which of the 
two bas i c  types of accumulators ,  compliant o r  res i s t ive ,  is best  mus t  await 
m o r e  detailed studies. It is  par t icu lar ly  significant that future s t u d ~ e s  deal  
with the physical separation of the accumulator f rom the HPOP inlet, a s  
dictated by engine functional and geometr ic  considerations.  

With respect  to tentative design r e  uirements ,  it appears  that an 2 3 accumulator volume of between 0. 0 3  m 3  (1 f t  ) to 0. 06 m (2 ft3) would be 
appropriate  for the compliant device. The s a m e  volume range together with 
the condition Real Y ? 0.06 ~ S / M N  (1 in .Z/sec)  appears  to be adequate for 
the res i s t ive  a c c u m a a t o r .  

5. FUTURE STUDIES 

It is  recommended that the study of passive suppression devices  
within the engine be continued and that both compliant and resis t ive accumu- 
la tors  be treated.  It is recommended that the analytical model be upgraded 
by 

1. Use of a three-engine representat ion of the propulsion s y s -  
tem that incorporates  the ducting between the engines 

2. Use of updated s t ruc tura l -mode  data and representat ion of 
the gimballing degree of f reedom of the engines 

3. Consideration of the physical separation between the accumu- 
lator and the pump inlet 

Two additional fac tors  that  will requi re  consideration a t  a la te r  s tage  of the 
pogo stabil i ty analysis a r e  the three-dimensional  charac te r  of  the interpump 
ducting and the effect of mechanical resonances of this ducting on the stability 
picture.  Recently, it has been tentatively concluded that mechanical  r e s o -  
nances on s imi la r  pump discharge ducting of the Delta Stage I vehicle a r e  
contributing significantly to observed instabilities. 

In the event that a physical  design of a res i s t ive  accumulator is  
undertaken, analytical and experimental  studies w ~ l l  be requi red  to ensu re  
l inear  res i s t ive  behavior; nonlinear res i s t ive  behavior was encountered with 
the orificed liquid flow in the accumulator employed on the Delta Stage I 
vehicle. An alternative is  the nonlinear res i s t ive  device which would entai l  
accumulator testing within the operating engine environment to m e a s u r e  the 
random flow fluctuations into the accumulator and their  effect on the accumu- 
la tor  res i s tance .  This random flow has a considerable bearing on or i f ice  
res i s tance  for sma l l  superimposed sinusoidal flow fluctuations. 



APPENDIX A 

SYSTEM EQUATIONS 

A. 1 Fluid  Dynamic Equations for  Propuls ion System 

The fluid dynamic equations for the individual e lements  of the propul-  
s ion s y s t e m  model  a r e  given below. 

F i r s t  Feedline Segment 

P1 = (Y1lPt ' @lzQt ' (Y13X11 

Q1 = 021Pt + 
+ @ ~ 3 ~ 1 1  

F i r s t  Feedline Corner  

P = P  
1 2 

Q~ - A ~ Z ~  = Q~ t A ~ X ~  

Second Feedline Segment 

* P 3 = Z  P + a  
11 2 1zQ2 - '13'12 

.-., 
Q3 = LY P t Z Q - Z2,zrn2 2 1 2  2 2 2  

Second Feedl ine  Corne r  

P3 = P 
4 

Q t A x  = Q  - A &  
4 2 3  3 2 3 

L o w - P r e s s u r e  Pump  



- ~~ - - ~-~~ ~ ~~ - ~ ~ 

LPOP Discharge Suppressor  

Q6 - A 3 z 4  = Q5 - A3z4 + QA2 

P = P6 5 

Interpump Line 

High-Pressure  Pump 

Discharge Line 

Injector and Chamber 

In the above equations,  A i ,  Q. and P .  denote the flow a r e a s ,  absolute volume 
flows, and p r e s s u r e  perturbzhions at  various locations within the sys tem.  
The Q A ~  denote the volume flows f r o m  the pogo suppression devices:  ( m l + l )  
and ( m Z + l )  a r e  the L P O P  and HPOP gains;  Cbl and CbZ denote the cavitation 
compliance a t  the inlets t.0 the L P O P  and HPOP, respect ively,  while s i s  the 
Laplace variable ; the ki ,  z i  a r e  the longitudinal and l a t e r a l  velocities of the 
s t ruc ture  a t  various points of the sys t em while ;pl and k p 2  denote the a v e r -  
age t r a n s l a t ~ o n a l  velocities of the two Eeedline segments.  It will  be noted 
that the l a t e ra l  velocity of the HPOP,  thrust  and injection chambers  a r e  
taken to be the same.  The individual impedances Z i  that appear in the above 



equations a r e  a s  follows: 

F i r s t  Feedline Segment 

Z1 = L1s t R 1  

Second Feedline Segment 

Z2 = L2s + R 
2 

Low P r e  s s u r e  P u m p  

Z = L  s t R  
P I  P 1 P I  

High P r e s s u r e  Pump 

Z = L  s + R  
P 2 PZ P2 

Interpump Line 

Z.  = L.s  + Ri 
L 1 

Discharge Line 

Z = L s t R  
d d d 

Injector 

The engine impedance that appea r s  in the equations of motion fo r  the com-  
bined s t ruc tura l /p ropuls ion  s y s t e m  is defined a s  



where 

The t ransmiss ion  coefficients for the f i r s t  feedline segment a r e  defined a s  
follows : 

sinh el s inh 8 

a12 = - Z1 w13 = - AIR1 
1 

a = - -  0 s inh el - * l R l  
"23 

- -- 
2 1 

z1  1 
(1 - cosh e l )  

where el is  defined by 

with T~ = Pl/a where .el is  the length of the feedline segment and a is  the 
speed of sound in the liquid oxygen. The coefficients,  Z i j ,  for the second 
feedline segment a r e  s i m i l a r  with A l ,  R1, Z1, el being replaced by A2,  R2, 
Z2,  92. respectively.  

The volume flow, QAi, f rom the pogo suppression devices a r e  re la ted  
to the propulsion s y s t e m  and specific suppres so r  pa rame te r s .  The prec ise  
f o r m  of these relationships i s  given in Section A. 3 .  

A. 2 Equation of Motion for S t ruc tura l  Mode 

The response of the vehicle s t ruc tu re  is  taken to be in the nth normal  
mode. The s t ruc tu ra l  motion a t  some  point ? i s  wri t ten 



where qn is  the generalized coordinate and #n(?) is the associated mode 
shape.  F o r  the case  that the s t r u c t u r a l  s y s t e m  i s  defined with c losed-  
bottom tanks,  the equation of motion governing qn is  

where Pn(tb)  is the modal  tank-bottom p r e s s u r e  and QR is  the re la t ive volume 
outflow f r o m  the propellant tank. The detai led development of the contribu- 
tion of the outflow contribution is  found in r e f e rence  3. F r o m  the r e su l t s  of 
r e f e r e n c e  3 ,  the tank-bottom p r e s s u r e ,  Pt, is  re la ted  to  the vehicle motion 
by 

The Fi compr i se s  the d rag  fo rces  on the feedline segments ,  the interpump 
line and the discharge l ine ,  the forces  a t  the two feedline co rne r s ,  the fo rces  
on the L P O P  and HPOP and the fo rces  on the injector and thrus t  chamber.  
The prec ise  f o r m  of these var ious  f o r c e s  is  a s  follows: 

Drag on Feedline Segments 

Drag on Interpump Line 

Drag on  Discharge Line 



~- ~ 
~ ~- . ~~ ~ - 

Forces at  Fi rs t  Feedline Corner 

Forces at Second Feedline Corner 

Forces  at LPOP 

Forces at HPOP 

Force at Injector 

Force  at Thrust Chamber 

In the above expressions f denotes the mean mass  flow of the propellant 
- r = PVA 



where p is the m a s s  density of the_propellant and is the steady flow 
velocity. The i tems  that involve f derive f r o m  the convective derivative 
in the fluid momentum equation. 

A. 3 Description of Accumulator 

The volume flow, QA, f rom an accumulator in the sys t em is wr i t t enas  

where P is the p r e s s u r e  perturbation a t  the accumulator ;  Ya is the admittance 
o f  the accumulator.  F o r  a res i s t ive  device,  it is  convenient to  expres s  the 
admittance Ya in the following form 

where La, 
quency of 
compliant 

. L a  and w denote the inertance,  damping r a t io  and natural  f r e -  a 
the accumulator ,  respectively.  In the spec ia l  case  of a purely 
device, it  is convenient to write 

where C i s  the compliance of the accumulator.  
a 

APPENDIX B 

SHUTTLE LOX SYSTEM PARAMETERS 

"'Resistance in SI units i s  based upon p r e s s u r e  divided by volume flow; 
in English units, weight flow is employed. 



CAVITATION COMPLIANCE 

See f igure  4 - 
'b2 cbl - = 1 

PUMP GAIN 

See f igure  5 

TIMES ( s e c )  

I 
Feedl ine  T r a v e l  T ime 

T - 
2 - 0. 0178 

 he flow d i f fe rence  in (1)  a l so  applies to iner tance.  



AREAS (in.2)  

- 
A l  - 

- 
* 3  - 

- 
A4 - 

- 
*T - 
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