
TECHNOLOGY ISSUES FOR SHUTTLE MAIN ENGINE - STAGE INTEGRATION 

A. L. Worlund, T. W .  Winstead, and W .  B. McAnelly 

NASA Marshall Space Flight Center 
Huntsville, Alabama 

Introduction 

The development goa l  of t h e  Space S h u t t l e  v e h i c l e  i s  t o  p rov ide  
a  f l e x i b l e ,  h igh u t i l i t y ,  low c o s t  space t r a n s p o r t a t i o n  system. 
Achievement of t h e  goa l  depends on e a r l y  cons idera t ion  of engine- 
s t a g e  c a p a b i l i t i e s  i n  t h e  imposed environments. D i s c i p l i n e s  
involved i n  i n t e g r a t i o n  c o n s i d e r a t i o n s  inc lude  s t r u c t u r a l  des ign ,  
thermal p r o t e c t i o n ,  m a t e r i a l s ,  cryogenics ,  aerodynamics, launch 
suppor t ,  mairitenance and r e l i a b i l i t y .  Discussions on p r o p e l l a n t  
thermal cond i t ion ing ,  engine-s tage dynamics and response,  and 
base  thermal environment w i l l  p r e s e n t  an assessment of t h e  e x i s t -  
i n g  technology base,  i l l u s t r a t e  p o t e n t i a l  problems and sugges t  
technology t a s k s  and approaches t h a t  may enhance t h e  development 
of a  main propuls ion system. 



* Propellant Thermal Condit ioning 

Engine- Stage Dynamics And Response 

Base Thermal Environment 



P r o p e l l a n t  Thermal Condit ioning 

Feedl ine  geyser  suppress ion and p r o p e l l a n t  q u a l i t y  c o n t r o l  a r e  
cons idera t ions  c r i t i c a l  t o  t h e  engine-s tage i n t e g r a t i o n .  A 
geyser  r e s u l t s  from t h e  format ion of a  Taylor bubble i n  a  l i n e  
f i l l e d  wi th  b o i l i n g  l i q u i d .  When t h e  Taylor bubble f i l l s  a  
major i ty  of t h e  c r o s s  s e c t i o n  of t h e  l i n e ,  i t  reduces  t h e  
p r e s s u r e  on t h e  f l u i d  below, which f e e d s  t h e  Taylor bubble by 
f l a s h  b o i l i n g  and "burps" f l u i d  from t h e  l i n e .  Geyser suppress ion 
i s  e s s e n t i a l  s i n c e  t h e  h y d r a u l i c  f o r c e s  produced dur ing  r e f i l l  
of long  v e r t i c a l  LOX f e e d l i n e s  can g r e a t l y  exceed t h e  des ign  l o a d s .  
For example, S-IC LOX f e e d l i n e  geysers  r e s u l t e d  i n  pump i n l e t  
p r e s s u r e s  approaching 1400 p s i .  

O r b i t e r  main-engine s t a r t  requirements f o r  p r o p e l l a n t  thermal 
cond i t ion ing  a r e  p r i m a r i l y  t o  p reven t  vapor from forming i n  
feed  systems. The l o s s  of acce le ra t ionhead  p r e s s u r e  a t  boos te r  
c u t o f f  w i l l  cause p r o p e l l a n t  " f l ash ing"  i f  t h e  feed  system 
p r o p e l l a n t s  a r e  superheated a t  tank p r e s s u r e s .  Vapors would 
then  have t o  be inges ted  by t h e  engine pumps dur ing t h e  engine 
s t a r t .  The more severe  thermal cond i t ion ing  r e q u i r e r n ~ n t s  of 
t h e  o r b i t e r  may d i c t a t e  boos te r  f e e d l i n e  des igns  due t o  t h e  
common engine concept.  

The mechanics of geyser ing  and t h e  c o n t r o l l i n g  eometr ic  and 
environmental  parameters  have been es tab1ished.f  The geyser-  
nongeyser reg ion  c o r r e l a t i o n ,  presented on c h a r t  3 ,  can be used 
a s  pre l iminary des ign  c r i t e r i a  f o r  pre launch condi t ion ing  o f  
p r o p e l l a n t  f e e d l i n e s .  The e x i s t i n g  geyser-nongeyser reg ion  
c o r r e l a t i o n  was developed f o r  v e r t i c a l  f e e d l i n e s ,  and modifica- 
t i o n s  t o  t h e  c o r r e l a t i o n  may be requ i red  t o  e s t a b l i s h  u t i l i t y  
f o r  l i n e  c o n f i g u r a t i o n s  wi th  s i g n i f i c a n t  h o r i z o n t a l  runs  o r  
m u l t i p l e  branches.  P rope l lan t  thermal cond i t ion ing  systems 
used t o  suppress  f e e d l i n e  geysers  and c o n t r o l  p r o p e l l a n t  q u a l i t y  
a r e  summarized on c h a r t  4 .  These approaches may be a p p l i c a b l e  
t o  t h e  S h u t t l e  v e h i c l e  i f  complex sequence schemes and s i n g l e  
p o i n t  f a i l u r e  modes a r e  avoided. 

l ~ u r ~ h ~ ,  D .  W. , "Mechanics of Geysering of Cryogenics," F i n a l  
Report NAS8-5418, June 1964. 



Propel lant Thermal Condit ioning 

Requirement 

- Feedline Geyser Suppression - Pre launch 
- Propel lant  Qua l i ty  Cont,rol - Ign i t i on  

Technology Status 

- Geyser-Nongeyser Cr i ter ia Established 
- Systems Available To Provide Subcooled Propellants 



GEYSER-NONGEYSER CORRELATION 

- GEYSER REGION O@* o o o m  
0 ~~ 

- 

- 

1. S O L I D  SYMBOLS I N D I C A T E  

- 
NONGEYSER REGION 





P r o p e l l a n t  Thermal Condit ioning 

The Sa tu rn  S-I1 s t a g e  r e c i r c u l a t i o n  systems a r e  t y p i c a l .  The 
thermal cond i t ion ing  of t h e  LO2 feed  system i s  accomplished by 
n a t u r a l  r e c i r c u l a t i o n .  Forced r e c i r c u l a t i o n  of t h e  LH2 feed  
system i s  provided by an e l e c t r i c  motor d r iven  pump. LH2 f lows 
through t h e  p reva lve  by-pass l i n e ,  f e e d l i n e ,  pump, pump d i scharge  
l i n e ,  and t h e  tank r e t u r n  l i n e .  A few seconds p r i o r  t o  engine 
i g n i t i o n ,  t h e  LH2 p reva lve  i s  open t o  f l u s h  any vapor t rapped 
upstream of t h e  prevalve  i n t o  t h e  tank.  



@ R E C I R C U L A T I O N  VALVES 

@ PREVALVES 

PROPELLANT FEED SYSTEM 

t i  ,-a,! 
j j / - L 7 L H 2  R E 5 1  RCULATION PUMP 
I! !! 

LOX TANK 

L H 2  GAS GENERATOR / 
BLEED VALVE 

- L O X  GAS GENERA 
BLEED VALVE 



Prope l lan t  Thermal Condit ioning 

P r o p e l l a n t  thermal cond i t ion ing  c o n s i d e r a t i o n s  of engine-s tage 
i n t e g r a t i o n  can impact t h e  main engine technology program. 
Without p r o p e l l a n t  q u a l i t y  c o n t r o l ,  t h e  p r o p e l l a n t  d e n s i t i e s  
can vary  over an o rder  of magnitude. The technology requ i red  
t o  develop mixture r a t i o  c o n t r o l  c a p a b i l i t y  f o r  t h e s e  p o s s i b i l i -  
t i e s  must be weighed a g a i n s t  t h e  degradat ion i n  v e h i c l e  r e l i a -  
b i l i t y  o r  m a i n t a i n a b i l i t y  r e s u l t i n g  from implementing an optimum 
thermal condi t ioning system. "Flight-development" wi th  t h e  
a t t e n d a n t  f a i l u r e  r i s k s  may be requ i red  s i n c e  t h e  boos te r  c u t o f f  
t r a n s i e n t  and t h e  ze ro  g  environment cannot be s imulated.  Also, 
commonalty of boos te r  and o r b i t e r  engines  must be maintained.  
P a s t  programs avoided t h e s e  technology t a s k s  and f l i g h t  develop- 
ment r i s k  by accep t ing  t h e  a d d i t i o n a l  i n t e r f a c e s  requ i red  t o  
c i r c u l a t e  bulk p r o p e l l a n t s  through t h e  feed  system and back i n t o  
t h e  p r o p e l l a n t  t a n k s  t o  e f f e c t  continuous thermal cond i t ion ing .  



Propellant Thermal Condit ioning 
Technology l ssue 

Condit ioning System 
ReliabiIitylMaintainabiIity 

Natura l  Reci rculat ion 

- StagelEngine I nterface 
- Feedline I nterconnects 

Versus 
M a i n  Engine 

Development Cost 

Subcool Replenish 
(Booster Only) 

- Operational Constra int  
- Engine I ntercon nects 

Forced Recirculat ion 

- PumplPowerlControls 
- StagelEngine Inter face 
- Feedline I nterconnects 

M i x t u r e  Ratio Control D u r i n g  Start  

- Flu id Dynamics 
- High Vapor Volume Pumping 

@ l nheren t  Development F l ight  Risks 

- Limited l g  Simulat ion 
- Commonalty 



Engine-Stage Dynamics and Response 

Engine-stage i n t e g r a t i o n  s t u d i e s  t o  eva lua te  t h e  dynamics and 
response c h a r a c t e r i s t i c s  of t h e  p ropu ls ion  system i n  t h e  
advanced development phase may prec lude  i n c o m p a t i b i l i t y  of 
engine and s t a g e  des igns  and minimize p o t e n t i a l  f o r  v e h i c l e  
i n s t a b i l i t y .  A major redes ign  of t h e  Sa tu rn  V boos te r  (S-IC 
s tage)  r e s u l t e d  from t h e  development of an engine c o n t r o l  
system t h a t  preceded and neg lec ted  s t a g e  cons idera t ions .  
The b e l a t e d  engine-s tage i n t e g r a t i o n  a n a l y s i s ,  i n d i c a t e d  t h a t  
t h e  NPSH requirements would n o t  be s a t i s f i e d  dur ing  t h e  s t a r t  
t r a n s i e n t s .  A p o r t i o n  of t h e  LOX f e e d l i n e  was inc reased  from 
17  t o  20 inches  i n  diameter t o  s u c c e s s f u l l y  i n t e g r a t e  t h e  F-1 
engine i n t o  t h e  S-IC s tage .  

The POGO phenomena, a l o n g i t u d i n a l  v e h i c l e  s t a b i l i t y  problem 
induced and sus ta ined  by i n t e r a c t i o n  of t h e  s t r u c t u r e ,  f e e d l i n e  
and engine dur ing f l i g h t ,  h a s  been encountered on most l i q u i d  
p r o p e l l a n t  launch v e h i c l e s .  The A t l a s ,  T i t a n  and Sa tu rn  V 
(S-IC) o s c i l l a t i o n  amplitudes i n  t h e  primary v e h i c l e  modes 
exceeded design l i m i t s  f o r  e i t h e r  payloads o r  crew. Sa tu rn  
V (S-I1 s tage)  o s c i l l a t i o n s  were experienced i n  s t a g e  modes 
t h a t  impacted performance and l o c a l  s t r u c t u r e .  Mul t ip le  engine 
c o n f i g u r a t i o n s ,  l a r g e  range of opera-t ing parameters ,  and wide 
v a r i a t i o n s  i n  payloads i n c r e a s e  t h e  p o t e n t i a l  f o r  POGO. Therefore ,  
t h e  e v a l u a t i o n  of t h e  response c h a r a c t e r i s t i c s  of propuls ion 
system should be a prime cons idera t ion  i n  technology and advanced 
development p lanning.  

Mathematical modeling techniques  a p p l i c a b l e  t o  t h e  p h y s i c a l  
elements of t h e  p ropu ls ion  system a r e  adequate. A t r a n s i e n t  
model of t h e  p ropu ls ion  system der ived  from engine and s t a g e  
des ign  d a t a  t h e n  updated and v a l i d a t e d  wi th  component and sub- 
system d a t a  w i l l  suppor t  e a r l y  engine-s tage i n t e g r a t i o n  s t u d i e s .  
These e a r l y  s t u d i e s  w i l l  e s t a b l i s h  t h e  s e n s i t i v i t y  of mixture 
r a t i o  c o n t r o l  parameters  t o  s t a g e  c o n f i g u r a t i o n s  and i s o l a t e  
engine c o n t r o l  system concepts  a p p l i c a b l e  t o  both boos te r  and 
o r b i t e r  s t a g e s .  

A comprehensive summary eva lua t ion  o f  v e h i c l e  s t a b i l i t y  technology, 
suggested s t a b i l i t y  c r i t e r i a  and recommended p r a c t i c e s  t o  achieve 
s t a b i l i t y  h a s  been compiled. 2 

* ~ u b i n ,  S . ,  "Suppression of St ructure-Propuls ion I n s t a b i l i t y  
(POGO)," NASA Space Vehicle  Design C r i t e r i a  Program i n  S t r u c t u r e  
Cont rac t  NAS1-6024, May 1970. 



Engine-Stage Dynamics And Response 

Requirement 

- Enginelstage Compatibil i ty - Start, Cutoff, Thro t t l ing  
- Longitudinal Stabi l i ty (POGO) 

Technology Status 

- Dynamic Modeling Techniques Available 
- POGO Stabi l i ty Analyt ical  Techniques And Cr i te r ia  Established 



The  i-'060 block. dlagrarn represents the ~ n i p o r t a n t  elelnents  o f  
rht; l i n e a r  c l o s e d  loop  staLiIli-cy model a ~ i d  t i le  source  oT 
e s s c n t l a l  i n p u t  d a t a .  The s t r u c t u r a l  model, developed from 
mass d i s t r i b u t i o n  and s t i f f r l f s s  d a t a ,  i s  v a l i d a t e d  by r e s u l t s  
from a dynamic r e s t  v e h i c l e  (DTV). The f e e d l i n e  and eng ine  
models a r e  developed from component d e s i g n  o r  per formance  
d a t a .  The pump i n l e t  c a v i t a t i o n  compliance dominates  t h e  
f ' e ed l ine  f requency b u t  canno t  be a n a l y t i c a l l y  d e s c r i b e d .  
T h e r e f o r e ,  numer i ca l  e v a l u a t i o n  o f  t h e  pump compliance i s  
accomplished by f low p e r t u r b a t i o n  t e s t s  (pu l s ing )  on engine  
o r  pump f a c i l i t i e s  t h a t  d u p l i c a t e  o r  dynamical ly  s i m u l a t e  t h e  
s t a g e  f e e d l i n e s .  
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Engine-Stage Dynamics And Response 
Development Approach 

Ear ly  Engine-Stage I ntegrat ion 

- Define Engine Controls And Common Usage 
- Dynamical ly Simulate Vehic le At Engine Development Faci l i ty  

Pump Cavitation Model ing 

- Develop Correlat ion Based O n  Previous Data (NAS8-26266) 
- Evaluate Dynamic Response From Development Tests 

0 Engine Dynamic Flow Contro l ler  (Feasibil i ty Studies) 

Baseline Provisions For Stage Accumulator  

Establish Osci l lat ion L imi ts  For CrewlPassengers 





Base Thermal Environment 

The base thermal environment i s  d i c t a t e d  by vel c l e  conf igura t ion ,  
engine arrangement, engine gimbaling c h a r a c t e r i s t i c s  and booster-  
o r b i t  at tachment.  The major a r e a s  impacted by base  h e a t i n g  o r  
vehicle-plume i n t e r a c t i o n  a r e  presented on c h a r t  1 2 .  The boos te r  
thermal design c r i t e r i a  f o r  components and t h e  reusab le  base  
thermal p r o t e c t i o n  system w i l l  be d i c t a t e d  by a s c e n t  convect ive  
h e a t i n g .  Impingement h e a t i n g  of s t a g e  s u r f a c e s  dur ing s e p a r a t i o n ,  
one cons idera t ion  i n  s e l e c t i o n  of a  v e h i c l e  thermal p r o t e c t i o n  
concept ,  w i l l  n o t  be discussed i n  d e t a i l .  Aerodynamic h e a t i n g  
of t h e  o r b i t e r  base r e g i o n  dur ing r e e n t r y  w i l l  be s i g n i f i c a n t .  

The prime c o n s i d e r a t i o n s  f o r  t h e  S h u t t l e  b a s e  thermal p r o t e c t i o n  
system a r e  r e u s a b i l i t y ,  m a i n t a i n a b i l i t y  and minimum weight. 
However, t h e  p r e s e n t  technology i s  based on t h e  concept of low 
u t i l i t y .  The o p e r a t i o n / r e l i a b i l i t y  of c o n t r o l  s u r f a c e s  subsequent 
t o  repea ted  impingement h e a t i n g ,  a c c e s s i b i l i t y  t o  p r o t e c t e d  com- 
ponents  and unsymmetrical h e a t i n g  due t o  canted h e a t  s h i e l d  a r e  
unique S h u t t l e  cons idera t ions  n o t  emphasized i n  previous  programs. 

The base thermal environment cannot be a c c u r a t e l y  de f ined  by 
a n a l y t i c a l  techniques .  Therefore ,  empi r ica l  e x t r a p o l a t i o n  of 
p e r t i n e n t  d a t a  from prev ious  programs is  used t o  develop models 
t h a t  e s t a b l i s h  p re l iminary  h e a t i n g  p r o f i l e s .  The e s t i m a t e s  of 
t h e  r e l a t i v e  tempfrature  of t h e  base  reg ion  p resen ted  on c h a r t  1 3  
were der ived from Sa turn  f l i g h t  d a t a .  The maximum boos te r  environ- 
ment occurs  dur ing a s c e n t  with equ i l ib r ium temperatures  approximately 
80% of t h e  Sa tu rn  S-IC l e v e l .  The o r b i t e r  a scen t  l e v e l s  a r e  equiv- 
a l e n t  t o  t h e  Sa tu rn  S-I1 l e v e l ,  however, r e e n t r y  h e a t i n g  i s  a  more 
severe  cond i t ion  due t o  t h e  extended exposure pe r iod .  

A n a l y t i c a l  and experimental  s t u d i e s  a r e  necessary  t o  provide an 
a c c u r a t e  model of the  base thermal environment. The assessment 
of t h e  base  region flow f i e l d s ,  engine arrangement and v e h i c l e  
aerodynamics should provide des ign c r i t e r i a  f o r  t h e  engine o r  
v e h i c l e  components. We11 conceived and c a r e f u l l y  conducted model 
t e s t  programs a r e  requ i red  t o  complement t h e  a n a l y t i c a l  s t u d i e s .  
An a l t e r n a t i v e  t o  developing an a c c u r a t e  model of t h e  base thermal  
environment i s  t o  use over-conservat ive  des igns  and upgrade t h e  
des ign  c r i t e r i a  with f l i g h t  development t e s t s .  



Base Thermal Environment 

Requirements 

- Ident i fy  Areas Impacted By Exhaust PlumelVehicle Interact ions 
- Establish Thermal Environment For Engine And Vehicle Components 
- Define Criter ia For Reusable Base Thermal Protection System 

Technology Status 

- Analytical Technology Inadequate 
- Pre l iminary  Heating Environment Established 
- Some Problem Areas And Design l nteractions Identif ied 

Development Approach 

- I mprove Analytical Models 
- Define Cr i ter ia For Base And Engine Components 
- Conduct Model And Component Tests 





Typical Envi ronment  Base 
ORBITER 

SATURN S - I 1  LEVEL -- ---- 
\ REENTRY 

'-1. .-. .- 
0 

0 5 0 0  1 0 0 0  1 5 0 0  

FLIGHT TIME (sec)  

BOOSTER 
0 SATURN S - I C  

LEVEL 

0 
0 

FLIGHT TIME ( s e c )  



The high performance o b j e c t i v e s  and c o s t  e f f e c t i v e  development 
g o a l s  of t h e  S h u t t l e  main engine a r e  enhanced by e a r l y  considera-  
t i o n  of engine-s tage i n t e g r a t i o n  requirements .  The p r o p e l l a n t  
thermal cond i t ion ing  r e q u i r e d  t o  suppress  f e e d l i n e  geysers  can 
a l s o  provide o r b i t e r  p r o p e l l a n t  q u a l i t y  c o n t r o l  a t  b o o s t e r - o r b i t e r  
s t a g i n g .  This c a p a b i l i t y  could reduce engine development c o s t .  
Early a n a l y t i c a l  and experimental  cons idera t ion  of t h e  engine- 
f e e d l i n e  t r a n s i e n t  response w i l l  preclude i n c o m p a t i b i l i t y  of t h e  
engine c o n t r o l  system and t h e  v e h i c l e  Eeedl ines  and w i l l  minimize 
t h e  p o t e n t i a l  f o r  l o n g i t u d i n a l  v e h i c l e  i n s t a b i l i t y  (POGO).  The 
a p p l i c a t i o n  o E  e x i s t i n g  base  h e a t i n g  da ta  t o  t h e  S h u t t l e  i s  
l i m i t e d .  Therefore ,  technology t a s k s  a r e  requ i red  t o  develop 
adequate models of t h e  base  thermal environment and t o  e s t a b l i s h  
des ign  c r i t e r i a  f o r  engine and s t a g e  con~ponents. 




