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ABSTRACT 
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15 J U N E  1972 

This report describes one phase of the "Space Shuttle Auxiliary Propulsion 

System Design Study," Contract NAS 9-12013. The objective of tkis study was to 

fully define competing auxiliary propulsion concepts and to compare them on the 

basis of such selection criteria as weight, reliability, and technology require- 

ments. Propulsion systems using both cryogenic oxygenlhydrogen, and earth storable 

propellants were considered. The main thrust of the cryogenic effort (Phase B) 

was focused on detailed design and operating analyses for gaseous, oxygenlhydrogen, 

Reaction Control Systems (RCS). Phase C complemented this effort by evaluating the 

potential of integration between the RCS and the Orbit Maneuvering System (OMS). 
Integration options ranged from a ful2y integrated system to a separate system in 

which only propellant storage is common. 
In Phase C ,numerous methods of implementing the various levels of integration 

were evaluated. 
for two fully integrated systems, one partially integration system, and one separate 

system. In the fully integrated systems, the RCS and OMS share common turbomachin- 

ery. Mixture ratio differences between the RCS and OMS are resolved in one of the 

integrated systems by using two oxygen and one hydrogen pump for the OMS, and in 
the other integrated system by utilizing bilevel operating pumps. The partially 

integrated case also uses bilevel pumps, but individual units are provided for the 

RCS and OMS. OMS single burn impulse requirements are achieved in the integrated 
systems by the addition of a small, separate conditioning assembly designed to 

condition only the RCS accumulator makeup gas. 

common propellant storage, a new staged combustion cycle OMS engine was selected. 

Preferred methods were selected and design points were developed 

In the separate RCS/OMS, with only 
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1. INTRODUCTION 

To p rov ide  t h e  technology b a s e  necessa ry  f o r  d e s i g n  of t h e  Space S h u t t l e ,  NASA 

has  sponsor:d a number of technology programs r e l a t e d  t o  A u x i l i a r y  P r o p u l s i o n  

Systems (APS). Among such programs h a s  been a series of d e s i g n  s t u d i e s  in t ended  t o  

p rov ide  t h e  system d e s i g n  d a t a  necessary f o r  s e l e c t i o n  of p r e f e r r e d  system concep t s ,  

and t o  d e l i n e a t e  requirements  f o r  complementing component d e s i g n  and tes t  programs. 

The f i r s t  of t h e s e  system s t u d y  programs cons ide red  a broad spectrum of system 

concep t s ,  b u t  because of h igh  v e h i c l e  impulse requirements  coupled w i t h  s a f e t y ,  

r e u s e ,  and l o g i s t i c s  c o n s i d e r a t i o n s ,  on ly  c ryogen ic  oxygen and hydrogen were con- 

s i d e r e d  as a p r o p e l l a n t  combination. A d d i t i o n a l l y ,  unknowns i n  t h r u s t e r  p u l s e  mode 

i g n i t i o n  and concern over  t h e  d i s t r i b u t i o n  of c ryogen ic  l i q u i d s  served t o  

e l i m i n a t e  l i q u i d  - l i q u i d  f e e d  s y s t e m s  from t h e  l i s t  of c a n d i d a t e  concepts .  

f o r e ,  o n l y  systems which d e l i v e r e d  p r o p e l l a n t s  t o  t h e  t h r u s t e r s  i n  a gaseous s t a t e  

were cons ide red  f o r  t h e  React ion Control  System (RCS). The r e s u l t s  of t h e s e  

i n i t i a l  s t u d i e s ,  r e p o r t e d  i n  References A through D ,  i n d i c a t e d  t h a t  among t h e  many 

o p t i o n s  f o r  d e s i g n  of a gaseous oxygen/hydrogen system, a n  approach u s i n g  h e a t  

exchangers  t o  the rma l ly  c o n d i t i o n  t h e  p r o p e l l a n t s  and turbopumps t o  p r o v i d e  system 

o p e r a t i n g  p r e s s u r e  would b e s t  s a t i s f y  r equ i r emen t s  f o r  a f u l l y  r e u s a b l e  Space 

S h u t t l e .  These s t u d i e s  focused a t t e n t i o n  on t h i s  g e n e r a l  system t y p e ,  b u t  d i d  n o t  

examine i n  d e p t h  s e v e r a l  v i a b l e  approaches f o r  turbopump system d e s i g n  and c o n t r o l .  

To f i l l  t h i s  need,NASA c o n t r a c t e d  w i t h  McDonnell Douglas A s t r o n a u t i c s  Company-East 

(MDAC-E) i n  J u l y  1971 f o r  a d d i t i o n a l  s tudy  of Space S h u t t l e  A u x i l i a r y  P r o p u l s i o n  

Systems. Th i s  c o n t r a c t  (NAS 9-12013) t i t l e d  "Space S h u t t l e  A u x i l i a r y  P r o p u l s i o n  

System Design Study" was under t h e  t e c h n i c a l  d i r e c t i o n  of M r .  Darrell  Kendrick,  

P r o p u l s i o n  and Power D i v i s i o n ,  Manned S p s c e c r a f t  Cen te r ,  Houston, Texas. 

There- 

A s  o r i g i n a l l y  d d i n e d ,  t h i s  design s t u d y  w a s  a f i v e  phase program c o n s i d e r i n g  

o n l y  oxygen and hydrogen p r o p e l l a n t s .  Reference E p rov ides  an e x e c u t i v e  summary 

of program r e s u l t s ,  and Reference F d e s c r i b e s  i n  d e t a i l  t h e  program p l a n  f o r  each 

of t h e  f i v e  program phases  l i s t e d  below: 

1. Phase A-Requirements D e f i n i t i o n  

2. Phase B-Candidate RCS Concept Comparisons 

3.  Phase C-RCS/OMS I n t e g r a t i o n  

4 .  Phase D-Special RCS S t u d i e s  

5. Phase E-System Dynamic Performance A n a l y s i s  
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Phase A def ined  a l l  d e s i g n  and o p e r a t i n g  requi rements  f o r  t h e  A P S .  The 

r e s u l t s  o f  t h i s  phase (which are documented i n  Reference G )  showed t h a t  r e q u i r e -  

ments f o r  t h e  b o o s t e r  and o r b i t e r  s t a g e s  were s u f f i c i e n t l y  s imi la r  t o  a l low 

c o n c e n t r a t i o n  of  a l l  des ign  e f f o r t  on t h e  o r b i t e r  s t a g e  as t h e  r e s u l t s  o b t a i n e d  

would b e  a p p l i c a b l e  t o  fly-back-type b o o s t e r  s t a g e s .  I n  Phase B ,  d e t a i l e d  d e s i g n  

and c o n t r o l  ana lyses  f o r  t h e  t h r e e  most a t t r a c t i v e  gaseous oxygen/hydrogen RCS 

concepts  were conducted. Reference H documents Phase B r e s u l t s .  Phase C ,  t h e  

s u b j e c t  o f  t h i s  r e p o r t ,  w a s  aimed a t  d e f i n i n g  t h e  p o t e n t i a l  f o r  i n t e g r a t i o n  of  t h e  

RCS w i t h  t h e  O r b i t  Maneuvering System (OMS).  A s  d e f i n e d  by t h e  o r i g i n a l  c o n t r a c t ,  

o n l y  oxygen and hydrogen w e r e  cons idered  i n  t h i s  phase.  However, v e h i c l e  s t u d i e s  

which were concurren t  w i t h  t h i s  d e s i g n  e f f o r t  showed t h a t  smaller S h u t t l e  o r b i t e r s  

w i t h  e x t e r n a l ,  expendable main engine  tankage would p r o v i d e  a more c o s t  e f f e c t i v e  

v e h i c l e  approach.  This  change i n  v e h i c l e  d e s i g n  r e s u l t e d  i n  a s i g n i f i c a n t  

r e d u c t i o n  i n  APS requi rements .  T h i s ,  coupled w i t h  a companion S h u t t l e  program 

d e c i s i o n  t o  a l low scheduled  system r e f u r b i s h m e n t ,  a l lowed c o n s i d e r a t i o n  of  systems 

us ing  e a r t h  s t o r a b l e  p r o p e l l a n t s  f o r  a u x i l i a r y  p r o p u l s i o n .  Thus, i n  November 1971,  

NASA i s s u e d  a c o n t r a c t  change o r d e r  t h a t  extended t h e  scope of  Phase C t o  i n c l u d e  

e a r t h  s t o r a b l e  monopropellant and b i p r o p e l l a n t  systems and r e d i r e c t e d  Phase E t o  

provide  f i n a l  performance a n a l y s e s  on s t o r a b l e  p r o p e l l a n t  sys tems.  T h i s  r e p o r t  

documents Phase C e f f o r t  on oxygen/hydrogen systems w h i l e  Reference I r e p o r t s  t h e  

r e s u l t s  of  b o t h  Phase C and E e f f o r t  on e a r t h  s t o r a b l e  p r o p e l l a n t  sys tems.  I n  

a d d i t i o n  t o  t h e  p r i n c i p a l  c o n t r a c t  e f f o r t  i n  Phases  B and C y  t h e  s t u d y  i n c l u d e d  an  

e x p l o r a t o r y  e f f o r t  (Phase D) t o  e v a l u a t e  two a l t e r n a t i v e s  t o  gaseous oxygen/ 

hydrogen RCS using turbopumps. Reference J documents t h e  r e s u l t s  of  t h e  Phase D 

s t u d i e s  . 
I n  Phase C ,  RCS/OMS i n t e g r a t i o n  o p t i o n s ,  ranging  from a f u l l y  i n t e g r a t e d  

system t o  a s e p a r a t e  system i n  which only  t h e  p r o p e l l a n t  s t o r a g e  i s  i n t e g r a t e d ,  

were e v a l u a t e d  t o  de te rmine  t h e  p r o p e r  compromise between performance and 

complexi ty .  Various system implementat ion o p t i o n s  were e v a l u a t e d  t o  r e s o l v e  RCS/ 

OMS mix tu re  r a t i o  d i f f e r e n c e s  and RCS c o n s t r a i n t s  on OMS burn  t i m e .  Four RCS/OMS 

c a n d i d a t e  c o n f i g u r a t i o n s  were s e l e c t e d  from t h e  i n t e g r a t i o n  o p t i o n s  f o r  e v a l u a t i o n  

o f  system s e n s i t i v i t y  t o  d e s i g n  requi rements  and f o r  comparison o f  c o n t r o l s .  These 

s e l ec t ed  c o n f i g u r a t i o n s  were two f u l l y  i n t e g r a t e d  sys tems,  one p a r t i a l l y  i n t e g r a t e d  

system, and a s e p a r a t e  system u t i l i z i n g  s t a g e d  combustion e n g i n e s .  
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The r e p o r t  documents t h e  work performed i n  Phase C and serves as a f i n a l  

d e f i n i t i o n  and summary o f  t h e  Phase C oxygen/hydrogen e f f o r t .  

r e p o r t  are : 

Inc luded  i n  t h e  

(1) Study approach 

(2)  

( 3 )  
( 4 )  System d e f i n i t i o n  and comparison, i n c l u d i n g  component performance f o r  

System requi rements  and c o n s t r a i n t s  f o r  b o t h  t h e  RCS and OMS 

I n t e g r a t i o n  o p t i o n s  and s e l e c t i o n  c r i t e r i a  

t h e  OMS e n g i n e s ,  f eed  sys tem,  turbopump and RCS; RCS/OMS system 

schemat i c s ;  p r e l i m i n a r y  system comparison; and cand ida te  system 

s e l e c t i o n  and e v a l u a t i o n .  
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The A P S  d e s i g n  s tudy  was d i v i d e d  i n t o  f i v e  phases .  I n  t h e  f i r s t ,  Phase A ,  

o r b i t e r  RCS/OMS and b o o s t e r  RCS v e h i c l e / m i s s i o n  requi rements  were d e f i n e d ,  i n c l u d i n g  

number, l o c a t i o n ,  and t h r u s t  l e v e l  of t he  RCS t h r u s t e r s  and OMS eng ines ;  t o t a l  

impulse requi rements ;  t h r u s t  v e c t o r  c o n t r o l  requi rements ;  and component envi ron-  

ments.  Based on t h e s e  r e s u l t s ,  Phases  B ,  C, and D were then  conducted c o n c u r r e n t l y .  

I n  Phase B ,  t h r e e  cand ida te  RCS concepts  ( s e r i e s  f low- turb ine  upstream, series 

f low-heat  exchanger  upstream, and p a r a l l e l  f low-separa te  gas  g e n e r a t o r s )  were 

d e f i n e d  and compared i n  r e l a t i o n  t o  performance and o p e r a t i o n a l  f a c t o r s .  

o p t i m i z a t i o n s  were conducted t o  e s t a b l i s h  p re l imina ry  RCS o p e r a t i n g  p o i n t s ,  

s e n s i t i v i t y  t o  des ign  requi rements ,  and component performance. The many p o s s i b l e  

RCS c o n t r o l  concepts  were then  compared and reduced t o  a few high-value approaches 

f o r  which system d e s i g n ,  t r a n s i e n t ,  and o p e r a t i n g  a n a l y s e s  were conducted.  I n  

Phase D ,  two s p e c i a l  RCS approaches were e v a l u a t e d ,  wh i l e  Phase E provided  a f i n a l  

sys tem performance a n a l y s i s .  

System 

Phase C of t h e  APS s tudy  involved  d e s i g n  and a n a l y s i s  necessa ry  t o  e s t a b l i s h  

an optimum i n t e g r a t e d  l i q u i d  OMS and gaseous RCS. 

e v a l u a t e d  t o  de te rmine  t h e  p rope r  compromise between performance and o p e r a t i n g  

r equ i r emen t s .  

e n t  levels  of i n t e g r a t i o n  and t h e  most promis ing  concepts  were s e l e c t e d  f o r  more 

d e t a i l e d  a n a l y s i s .  

of RCS/OMS i n t e g r a t i o n  r ang ing  from f u l l y  i n t e g r a t e d  t o  a s e p a r a t e  sys tem w i t h  

i n t e g r a t e d  p r o p e l l a n t  tankage only .  Component d e s i g n ,  o p e r a t i o n a l  a n a l y s i s ,  

complexi ty  e v a l u a t i o n ,  and component i n t e r a c t i o n  were s t u d i e d  t o  de te rmine  t h e  

p rope r  compromise between major performance and o p e r a t i n g  r equ i r emen t s .  The r e s u l t s  

and i n f o r m a t i o n  genera ted  c o n c u r r e n t l y  i n  Phase B were u t i l i z e d  t o  t h e  maximum 

e x t e n t  p o s s i b l e  i n  t h i s  phase .  Fac to r s  cons ide red  i n  de t e rmin ing  an optimum system 

inc luded  a minimum need f o r  new technology,  s i m p l i c i t y ,  r e l i a b i l i t y ,  f l e x i b i l i t y  t o  

changes i n  mis s ion  r equ i r emen t s ,  m a i n t a i n a b i l i t y ,  we igh t ,  volume, and performance.  

While a l l  a s p e c t s  of t h e  system were cons idered ,  major emphasis w a s  p l aced  on d e s i g n  

and performance l i m i t s  of t h e  p r o p e l l a n t  d i s t r i b u t i o n  components ( f e e d l i n e s ,  pumps, 

and t u r b i n e s )  and on t h e  eng ines .  

RCS/OMS i n t e g r a t i o n  o p t i o n s  were 

Con t ro l  and des ign  op t ions  f o r  t h e  RCS/OMS were e v a l u a t e d  a t  d i f f e r -  

Also cons idered  were a l t e r n a t e  approaches which reduced t h e  d e g r e e  

2- 1 
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Space S h u t t l e  v e h i c l e  conf igu ra t ions  and v e h i c l e / m i s s i o n  requi rements  a r e  

d e f i n e d  i n  t h e  "Space S h u t t l e  Vehic le  Desc r ip t ion  and Requirements Document (SSVDRD)" 

d a t e d  1 J u l y  1971. A t t i t u d e  c o n t r o l  and maneuvering c a p a b i l i t y  requi rements  f o r  

bo th  b o o s t e r  and o r b i t e r  e lements  of the Phase B Space S h u t t l e  v e h i c l e  a r e  inc luded  

i n  t h e  SSVDRD. Three b a s e l i n e  miss ions  a r e  de f ined  f o r  t h i s  s tudy  program: 

(1) an  e a s t e r l y  launch  mis s ion ,  in tended  p r i m a r i l y  f o r  d e l i v e r i n g  and r e t r i e v i n g  

payloada i n  a 100 n a u t i c a l  m i l e  c i r c u l a r  o r b i t ,  ( 2 )  a s o u t h  p o l a r  mis s ion  i n  which 

t h e  o r b i t e r  i s  launched i n t o  an  i n j e c t i o n  o r b i t  of 50 by 100 n a u t i c a l  m i l e s  (nmi) 

and c i r c u l a r i z e d  a t  apogee us ing  t h e  o r b i t a l  maneuvering p r o p u l s i o n  system, and 

(3) a r e supp ly  mis s ion  t o  provide  l o g i s t i c  suppor t  f o r  a space  s t a t i o n / s p a c e  base  

i n  a 270-nmi o r b i t .  The e a s t e r l y  launch mis s ion  i s  des igna ted  t h e  d e s i g n  m i s s i o n ,  

wh i l e  t h e  s o u t h  p o l a r  and r e supp ly  miss ions  are des igna ted  r e f e r e n c e  mis s ions .  

Genera l  v e h i c l e  dimensions,  RCS t h r u s t e r  l o c a t i o n s ,  and equipment l o c a t i o n s  are 

shown i n  Reference (G). 

Genera l  requi rements  of t h e  SSVDRD a p p l i e d  t o  RCS/OMS des ign  i n c l u d e  minimal 

maintenance w i t h  e a s e  of removal and replacement ,  a minimum service l i f e  of 100 

mis s ion  c y c l e s  over  a 10-year pe r iod  with c o s t  e f f e c t i v e  r e fu rb i shmen t ,  and 7 days  

of s e l f - s u s t a i n i n g  l i f e t i m e  f o r  each  miss ion  d u r a t i o n .  SSVDRD f a i l u r e  c r i t e r i a  

r e q u i r e d  t h a t  f a i l - s a f e  c o n d i t i o n s  be achieved a f t e r  t h e  f a i l u r e  of any two c r i t i c a l  

components excep t  f o r  OMS o p e r a t i o n  i n  an a b o r t  mode. I n  t h i s  c a s e ,  t h e  OMS s h a l l  

be des igned  f o r  f a i l - s a f e  o p e r a t i o n  a f t e r  a s i n g l e  f a i l u r e  s i n c e  t h e  main e n g i n e  

f a i l u r e  c o n s t i t u t e s  t h e  f i r s t  system f a i l u r e .  

For  t h e  RCS, t h e  requi rements  of p r i n c i p a l  i n t e r e s t  were t h r u s t ,  number of 

t h r u s t e r s ,  t o t a l  system t h r u s t ,  t o t a l  impulse,  t o t a l  impulse  expend i tu re  h i s t o r i e s ,  

and RCS hardware commonality f o r  bo th  the b o o s t e r  and o r b i t e r .  Of pr imary i n t e r e s t  

t o  t h e  OMS d e s i g n  w a s  d e f i n i t i o n  of t he  optimum RCS/OMS v e l o c i t y  a l l o c a t i o n .  

The SSVDRD s p e c i f i e d  t h a t  t h e  OMS perform a l l  -X t r a n s l a t i o n a l  maneuvers e q u a l  t o ,  

o r  g r e a t e r  t h a n ,  20 f e e t  p e r  second ( fps )  of v e h i c l e  v e l o c i t y  increment .  T rans l a -  

t i o n a l  maneuvers less than  20 f p s  i n  the -X a x i s  and i n  a l l  o t h e r  axes  w i l l  be 

performed by t h e  RCS. Other  requirements  of importance t o  OMS d e s i g n  were eng ine  

t h r u s t  and number of eng ines .  

3.1 RCS Requirements D e f i n i t i o n  - Reference  ( K )  s p e c i f i e d  t h a t  t h e  RCS con- 

f i g u r a t i o n  used f o r  i n t e g r a t i o n  w i t h  the OMS be of t h e  p a r a l l e l  f low type  w i t h  
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s e p a r a t e  gas  g e n e r a t o r s  f o r  b o t h  t h e  turbopump and t h e  h e a t  exchanger  on bo th  t h e  

hydrogen and oxygen s i d e s  of t h e  system. Phase A s t u d i e s  de f ined  t h e  RCS r e q u i r e -  

ments and assessed t h e  impact  of u s i n g  common hardware f o r  t h e  two s t a g e s  of t h e  

b a s e l i n e  v e h i c l e ,  whi le  Phase B s t u d i e s  determined t h e  optimum p a r a l l e l  f l ow RCS as 

r e q u i r e d  f o r  t h e  i n t e g r a t i o n  phase of t h e  s tudy  t o  proceed.  The number of RCS 

t h r u s t e r s  and t h r u s t  level were v a r i e d  t o  s a t i s f y  t h e  v e h i c l e  c o n t r o l  and maneuver- 

i n g  a c c e l e r a t i o n  requi rements .  

t h r e e  mis s ions  us ing  t y p i c a l  minimum impulse b i t  d a t a  as a f u n c t i o n  of t h r u o t  l e v e l .  

RCS we igh t s  were then determined as a f u n c t i o n  of t h r u s t  l e v e l  f o r  bo th  s t a g e s ,  and 

t h e  p e n a l t i e s  i ncu r red  by us ing  common t h r u s t e r s  f o r  t h e  two s t a g e s  eva lua ted .  From 

t h i s  e f f o r t ,  a common b o o s t e r  and o r b i t e r  RCS t h r u s t  level of 1150 l b f  w a s  s e l e c t e d  

as t h e  des ign  p o i n t  f o r  t h e  system s tudy .  A s l i g h t l y  lower t h r u s t  level  would pro- 

v i d e  a small i n c r e a s e  i n  payload c a p a b i l i t y  b u t  would r e q u i r e  several a d d i t i o n a l  

t h r u s t e r s  on t h e  boos te r .  A t  a t h r u s t  level of 1150 l b f ,  33 RCS t h r u s t e r s  are 

r e q u i r e d  on t h e  o r b i t e r  and 24 on t h e  b o o s t e r .  

T o t a l  impulse e x p e n d i t u r e s  were determined €or t h e  

The o t h e r  major RCS requi rement  a f f e c t i n g  sys tem i n t e g r a t i o n  i s  t h e  maximum 

Maximum RCS t h r u s t  requi rements  were found 

cont inuous  

sys tem t h r u s t  demanded from t h e  RCS. 

t o  occur  d u r i n g  r e e n t r y  because of t h e  requi rement  f o r  a 1.5 deg / sec  

yaw-ro l l  coo rd ina ted  maneuver c a p a b i l i t y .  This  requi rement  d i c t a t e d  a sys tem t h r u s t  

e q u i v a l e n t  t o  t h e  o p e r a t i o n  o f  f i ve  t h r u s t e r s  on t h e  o r b i t e r ,  w h i l e  f o r  t h e  

b o o s t e r ,  e i g h t  t h r u s t e r s  were r e q u i r e d .  For des ign  pu rposes ,  a common c o n d i t i o n e r  

w i t h  a f low rate  o r  system t h r u s t  c a p a b i l i t y  of 5750 l b  w a s  s e l e c t e d  f o r  b o t h  t h e  

o r b i t e r  and boos te r .  

s a t i s f y  i t s  i n c r e a s e d  system t h r u s t  requi rements .  Th i s  avoided  t h e  l a r g e  o r b i t e r  

weight  p e n a l t i e s  t h a t  would be  a s s o c i a t e d  w i t h  u s i n g  a c o n d i t i o n e r  s i z e d  f o r  t h e  

b o o s t e r  and /o r  t h e  i n c r e a s e d  development c o s t  f o r  two d i f f e r e n t l y  s i z e d  c o n d i t i o n e r s .  

2 

An e x t r a  c o n d i t i o n e r  would b e  provided  on t h e  b o o s t e r  t o  

3 . 2  OMS Requirements D e f i n i t i o n  - Reference (K) d e f i n e d  20 f p s  t o  b e  t h e  

c r o s s o v e r  p o i n t  a t  which t h e  OMS, r a t h e r  t han  RCS, shou ld  b e  used f o r  -X 
t r a n s l a t i o n a l  maneuvers. U t i l i z i n g  t h i s  v a l u e ,  t h e  OMS mis s ion  r equ i r emen t s ,  

number of bu rns ,  and v e l o c i t y  increments  were d e f i n e d  f o r  each  of t h e  t h r e e  m i s s i o n  

t i m e l i n e s .  

OMS f o r  maneuvers Was determined .  

Then the inc remen ta l  RCS/OMS weight  s a v i n g s ,  a s s o c i a t e d  w i t h  u s i n g  t h e  

A l i q u i d  p r o p e l l a n t  o r b i t a l  maneuvering eng ine  
L o p e r a t i n g  a t  8000 l b f  t h r u s t ,  a chamber p r e s s u r e -  800 l b f / i n .  and mix tu re  r a t i o  of 

6 w a s  assumed i n  t h i s  a n a l y s i s .  

w i t h  387 sec f o r  the RCS system. 

OMS system s p e c i f i c  impulse was 449 sec compared 

OMS weight  p e n a l t i e s  i nc luded  t h r e e  e n a i n e s ,  
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f e e d l i n e s ,  and s t a r t  l o s s e s .  Engine s t a r t  l o s s e s  were p a r a m e t r i c a l l y  v a r i e d  from 

50 t o  150 lbm of p r o p e l l a n t  p e r  s t a r t .  R e s u l t s  a r e  p r e s e n t e d  i n  F igures  3-1, 3-2 

and 3-3 f o r  t h e  e a s t e r l y ,  s o u t h  p o l a r ,  and r e supp ly  m i s s i o n s ,  r e s p e c t i v e l y .  

Inc remen ta l  weight  s av ings  are shown as a f u n c t i o n  of v e l o c i t y  a l l o c a t e d  t o  t h e  OMS. 

I n i t i a l l y  t h e  system weight  d e c r e a s e s  sha rp ly  due t o  h i g h e r  OMS performance. This  

dec rease  i n  weight  occurs  f o r  l a r g e  mission maneuvers such as a s c e n t ,  c i r c u l a r i z a -  

t i o n ,  phas ing ,  and d e o r b i t  burns .  Af t e r  t h e s e  major maneuvers,  t he  OMS burns  pro-  

v i d e  a lower A V ,  r e s u l t i n g  i n  s m a l l  system weight  s a v i n g s  because of i n c r e a s e d  OMS 

s tar t  l o s s e s  i n  r e l a t i o n  t o  t h e  p r o p e l l a n t  expended d u r i n g  t h e  small maneuver 

burns .  The f i g u r e s  i n d i c a t e  t h a t  dependent on t h e  s tar t  l o s s e s ,  t h e  OMS should  be 

used f o r  e s s e n t i a l l y  a l l  -X AV changes.  

An a l t e r n a t e  a n a l y s i s  approach which e l i m i n a t e s  mis s ion  c o n s i d e r a t i o n s  w a s  

a l s o  used t o  b e t t e r  q u a n t i f y  t h e  opt imal  OMS v e l o c i t y  increment .  With t h i s  approach 

t h e  c ros sove r  p o i n t  between RCS and OMS usage  i s  determined t o  be t h a t  p o i n t  a t  

which t h e  e f f e c t i v e  s p e c i f i c  impulse of t h e  OMS e q u a l s  t h a t  of t h e  RCS. Th i s  is  

i l l u s t r a t e d  i n  F igu re  3-4 ,  which shows sys tem s p e c i f i c  impulse as a f u n c t i o n  of 

OMS curves c r o s s  a t  approximately 15 t o  20 f p s  (depending on OMS p r o p e l l a n t  s tart  

l o s s ) .  This  r e s u l t  conf i rms  t h e  Reference (K) v e l o c i t y  a l l o c a t i o n  as b e i n g  v a l i d  

f o r  s t u d y  purposes  and i s  independent  of mis s ion  t i m e l i n e s .  

The o r b i t a l  maneuvering system mission r equ i r emen t s ,  based on t h e  optimum 

v e l o c i t y  s p l i t  of 20 f p s ,  are shown i n  F i g u r e  3 - 5 .  Shown are on-o rb i t  and once- 

around a b o r t  requi rements  f o r  t h e  t h r e e  m i s s i o n s .  The s o u t h  p o l a r  r e f e r e n c e  

mis s ion  r e q u i r e s  an  on-orb i t  AV of 1420 f p s ,  of which 900 f p s  i s  f o r  b o o s t  augmen- 

t a t i o n ,  wh i l e  t h e  resupply  r e f e r e n c e  mission r e q u i r e s  an on-orb i t  AV of 1126 f p s .  

The s o u t h  p o l a r  mi s s ion  p r e s e n t s  t h e  m o s t  s e v e r e  requi rement  i n  bo th  on-orb i t  and 

a b o r t  impulse requi rements .  The e a s t e r l y  and r e supp ly  mis s ions  p r e s e n t  cons ide r -  

a b l y  reduced demands. These requirements  r e p r e s e n t  on ly  t h e  t h r e e  r e f e r e n c e  mis s ions  

and more s e v e r e  requi rements  can be  a n t i c i p a t e d  f o r  t h e  S h u t t l e .  I n  a n t i c i p a t i o n  

of t h e s e  needs 2000 f p s  has  been e s t a b l i s h e d  a s  t h e  OMS d e s i g n  requi rement  and t h i s  

d i c t a t e s  OMS t ank  c a p a c i t y .  

To provide  a b o r t  a s s i s t a n c e  i n  the even t  of a main eng ine  f a i l u r e  d u r i n g  a s c e n t  

i t  i s  d e s i r a b l e  t h a t  t h e  OMS d e s i g n  t h r u s t  s a t i s f y  t h e  once-around a b o r t  r e q u i r e -  

ments.  F igu re  3-6 shows t h e  a s soc ia t ed  OMS t h r u s t  and v e l o c i t y  r equ i r emen t s .  The 

s o u t h  p o l a r  mi s s ion  imposes t h e  most s eve re  requi rement  on OMS t h r u s t  l e v e l ;  i . e . ,  

a t h r u s t  l e v e l  of 24,000 l b  i s  requi red  a t  t h e  OMS d e s i g n  tank  c a p a b i l i t y  of 2000 

f p s .  Th i s  r e p r e s e n t s  t h e  h i g h e s t  t h r u s t  level  requi rement  a n t i c i p a t e d  f o r  t h e  OMS. 
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However, r a t h e r  than d e s i g n  t h e  OMS f o r  t h e  a b o r t  c a p a b i l i t y ,  i n  which case 24,000 

l b f  sys tem t h r u s t  would be  a f i r m  s t u d y  requi rement ,  t h e  OMS t h r u s t  was al lowed t o  

v a r y  i n  o r d e r  t o  determine t h e  t h r u s t  level which provided t h e  most d e s i r a b l e  

i n t e g r a t i o n  between t h e  OMS and RCS. 

i f  lower t h r u s t  o f f e red  d e f i n i t e  advantages ,  o t h e r  ways of p r o v i d i n g  a b o r t  a s s i s t a n c e  

were p o s s i b l e ,  e .g . ,  h i g h e r  t h r u s t  main eng ines ,  or  v e h i c l e  c o n f i g u r a t i o n s  u s i n g  

t h r e e  main engines .  A t h r u s t  level of 6000 l b f  (one eng ine  f i r i n g )  was s e l e c t e d  

as t h e  lowes t  value t o  be  i n v e s t i g a t e d ,  as above t h i s  v a l u e  v e l o c i t y  l o s s e s  

a s s o c i a t e d  w i t h  low t h r u s t  t o  weight r a t i o  maneuvers can be  neg lec t ed .  

The r a t i o n a l e  f o r  t h i s  approach was t h a t ,  

Three OMS engines  are r e q u i r e d  t o  meet t h e  S h u t t l e  f a i l - s a f e / f a i l - s a f e  

o p e r a t i n g  requirement  bu t  t h e  number can be  reduced t o  two by u t i l i z i n g  t h e  -X RCS 

t h r u s t e r s  as OMS backup. 

system d e s i g n  and weight .  

Both methods were e v a l u a t e d  t o  de te rmine  t h e  e f f e c t  on 

A summary of bo th  RCS and OMS des ign  requi rements  is provided  i n  Figure 3-7. 
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RCSlOMS DESIGN REQUIREMENTS 

ORBITER 

RCS NUMBER OF THRUSTERS 33 
THRUSTER THURST (LB) 1,150 
NUMBER OF CONDITIONERS 3 
SYSTEM THRUST (LB)  5,750 

TOTAL IMPULSE (LB-SEC) 

- 

RESUPPLY 2.23 x lo6  
EASTERLY .LAUNCH 2.23 x 106 
SOUTH POLAR 2.15 x lo6 

DESIGNED FOR 
ON ORBIT 

BOO ST ER 

24 
1,150 

4 
9 , 200 

500 , 000 

--- 
DESIGNED FOR 

ABORT 

OMS NUMBER OF ENGINES 3 3 
ENGINE THRUST (LB)  TBD* 12,000 

TOTAL IMPULSE (LB-SEC) 
10.34 x lo6 --- 

3.72 x lo6 --- 
SOUTH POLAR 12.87 x 106 --- 

- 

SYSTEM THRUST (LB) TBD* 24,000 

RESUPPLY 
EASTERLY LAUNCH 

* TO BE DETERMINED DURING STUDY FROM RCS/OMS OPTIMIZATION. 

FIGURE 3-7 
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During t h e  Phase C oxygedhydrogen p o r t i o n  of t h e  A P S  s t u d y ,  v a r i o u s  deg rees  

of RCS/OMS i n t e g r a t i o n  were cons ide red  t o  e v a l u a t e  r e l a t j v e  sys tem complexi ty ,  

development and o p e r a t i o n a l  r i s k s ,  and o t h e r  p e n a l t i e s .  The concepts  eva lua ted  

inc luded :  (1)  a f u l l y  i n t e g r a t e d  system w i t h  t h e  RCS and OMS us ing  common turbo-  

machinery,  gas  g e n e r a t o r s  and h e a t  exchangers;  (2)  a p a r t i a l l y  i n t e g r a t e d  system 

i n  which t h e  RCS and OMS had s imi la r  but s e p a r a t e  turbomachinery;  and ( 3 )  a s e p a r a t e  

system i n  which t h e  OMS eng ine  is  s e p a r a t e  and independent  from t h e  RCS excep t  

t h a t  bo th  u s e  a common l i q u i d  p r o p e l l a n t  tankage.  The f u l l y  i n t e g r a t e d  system i s  

s imple  s c h e m a t i c a l l y  because t h e  RCS and OMS use  a common p r o p e l l a n t  f eed  system. 

However, o p e r a t i o n a l  problems a r e  most pronounced and i n c l u d e  mixture  r a t i o  d i f f e r -  

ences  between t h e  RCS and OMS, RCS accumulator  resupply  d u r i n g  OMS o p e r a t i o n ,  and 

c o n t r o l s  f o r  p rope r  sequencing of  p r o p e l l a n t s  t o  t h e  OMS. 

i n  g e n e r a l ,  a l l e v i a t e d  o r  r e so lved  by reducing  t h e  deg ree  of i n t e g r a t i o n .  

These problem areas are, 

4.1 F u l l y  I n t e g r a t e d  System - A gene ra l  schemat ic  f o r  t h e  f u l l y  i n t e g r a t e d  

system concept  is  p resen ted  i n  F i g u r e  4-1 showing t h e  common hardware usage  between 

t h e  RCS and OMS. 

g r a t i o n  and t h e  des ign  o p t i o n s  i n v e s t i g a t e d  as p o s s i b l e  s o l u t i o n s .  

F igu re  4-1 a l s o  l i s t s  t h e  d e s i g n  problems a s s o c i a t e d  w i t h  i n t e -  

A pr imary  i n f l u e n c e  on i n t e g r a t i o n  is t h e  d i f f e r e n t  o p e r a t i n g  mix tu re  r a t i o s  

r e q u i r e d  by t h e  RCS and OMS i n  o r d e r  t o  a c h i e v e  a des ign  g o a l  of minimum weight .  

The RCS r e q u i r e s  a low mix tu re  r a t i o  based on weight  o p t i m i z a t i o n  and t h r u s t e r  

o p e r a t i n g  t empera tu re  c o n s i d e r a t i o n s .  For t h e  OMS, a h i g h  mix tu re  r a t i o  p rov ides  

improved s p e c i f i c  impulse and reduces  hydrogen t ank  volume. 

d i f f e r e n c e s ,  t h e  des ign  o p t i o n s  l i s t e d  i n  F igure  4-1 were i n v e s t i g a t e d ,  

d a t e  d e s i g n  o p t i o n s  are shown schemat i ca l ly  i n  F igu re  4-2. 

t h e  sys tem w a s  des igned  f o r  OMS requi rements  and t h e  RCS ope ra t ed  a t  t h e  h i g h e r  OMS 

mix tu re  r a t i o .  Th i s  r e s u l t s  i n  inc reased  RCS t h r u s t e r  development r i s k  as t h e  RCS 

t h r u s t e r s  must now o p e r a t e  a t  h ighe r  temperature  and coo l ing  becomes more d i f f i c u l t .  

Des igning  f o r  RCS requi rements  and o p e r a t i n g  a t  t h i s  mix ture  r a t i o  f o r  t h e  OMS, 

o p t i o n  2 ,  degrades  OMS performance and i n c r e a s e s  l i q u i d  hydrogen t ank  weight  and 

volume. The OMS mix tu re  r a t i o  can b e  inc reased  by o p e r a t i n g  two oxygen pumps 

d u r i n g  a n  OMS burn  ( o p t i o n  3)  b u t  an a d d i t i o n a l  RCS oxygen pump is r e q u i r e d .  A 

similar approach  i s  taken  i n  o p t i o n  4 except  t h a t  an  a d d i t i o n a l  RCS hydrogen pump 

i s  used. I n  t h i s  op t ion , two hydrogen pumps a r e  ope ra t ed  d u r i n g  t h e  KCS f u n c t i o n s  

t o  r educe  t h e  mix tu re  r a t i o  and p rov ide  more optimum RCS t h r u s t e r  c o n d i t i o n s .  The 

To a d j u s t  f o r  t h e s e  

The candi-  

I n  t h e  f i r s t  o p t i o n ,  

4- 1 
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final option considered bilevel pump operation. This increases turbopump 

complexity since a broad flow-head range is required but achieves optimum mixture 
ratio for both the RCS and OMS. 

For the integrated RCS/OMS, accumulator makeup propellant is required during 

OMS operation t o  maintain RCS accumulator pressure and satisfy the OMS single burn 
impulse requirements as, without accumulator resupply, the accumulator capacity 
limits the operating time of the OMS. Accumulator resupply can be accomplished 

by utilizing the options listed in Mgure 4-1 and shown schematically in Figure 
4-2. In option 1, periodic accumulator recharge is accomplished by using one of 
the standby conditioning assemblies operating at full capacity. The disadvantages 

of this approach include an increased number of accumulator blowdown cycles and 

the possible need for additional conditioning assemblies to satisfy failure criteria. 

As an alternate solution, the accumulator could be enlarged to extend burn time, 

thus maintaining the number of cycles but incurring a weight penalty. Bilevel 
control of the RCS conditioners to meet both RCS and OMS operation will increase 

the complexity of heat exchanger controls and affect heat exchanger performance. 

The last option shown in Figure 4-1 employs a small, separate gas generatorlheat 
exchanger conditioner which requires development of an additional conditioner 

asaembly. 
Each of the five options defined for mixture ratio tailoring was investigated 

in combination with the accumulator resupply options. The resulting system per- 
formance is provided in Paragraph 5 where it is compared with results for the 

partially integrated and separate system concepts described in the following para- 

graphs. 

4.2 Partially Integrated System - The partially integrated system concept 
schematic is presented in Figure 4 - 3 .  

and possible solutions. 
integration has been reduced by the addition of separate OMS turbomachinery. 

Shown also are the associated design problems 

Compared with the fully integrated RCS/OMS, the degree of 

Use of a separate turbopump to supply the OMS allows both the RCS and OMS to 

operate at their most desirable mixture ratio. A common turbopump configuration 
could be utilized for both the RCS and OMS, or the pumps could be different designs. 

These options are shown schematically in Figure 4-4.  For the common pump design 

case, the turbopumps are designed to provide maximum efficiency during OMS opera- 
tion and to operate off-design for the RCS. 

ent heads and flows for RCS and OMS) 

This bilevel operation (i.e., differ- 

requires gas generator and/or pump output 

4-4 
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throttling. Use of independently designed turbopumps will allow operation at maxi- 
mum efficiency for both RCS and OMS requirements, but will involve greater develop- 

ment costs . 
Introduction of separate turbomachinery does not eliminate the limitations on 

OMS burn time imposed by the RCS accumulator design. Options available to accom- 
plish accumulator resupply during OMS operation are similar to those for the fully 

integrated case and are shown in Figure 4-4. 

included, since it would be identical to the fully integrated system designs 

discussed previously. A s  with the fully integrated case, operating the RCS condi- 

tioners at full capacity for recharge during OMS burns increases the number of 

accumulator cycles, increasing accumulator size to maintain the number of cycles 

results in a weight penalty, and adding a separate conditioning assembly increases 

development costs. 

The bilevel control concept was not 

Each of the turbopump configurations was investigated in combination with the 

accumulator resupply options and results are presented in paragraph 5, 

4 . 3  Separate Systems - Separating the RCS and OMS completely except for common 

propellant storage eliminates integration concerns but does require different 

component designs. 
Figure 4-5 and performance is compared with that of the integrated options in 

Paragraph 5 .  

The separate RCS/OMS configuration is shown schematically in 

4-7 
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This  s e c t i o n  d e f i n e s  and compares t h e  v a r i o u s  RCS /OMS i n t e g r a t i o n  o p t i o n s  . 
F i r s t ,  t h e  i n d i v i d u a l  component c h a r a c t e r i s t i c s  were d e f i n e d ;  secondly ,  sys tem 

schemat ics  were deve1oped;and f i n a l l y ,  des ign  p o i n t s  were i d e n t i f i e d  and c o n t r o l  

methods e v a l u a t e 6  f o r  each  schemat ic .  

d a t e  systems were s e l e c t e d  f o r  each l e v e l  of i n t e g r a t i o n  and eva lua ted  fGr the r  t o  

d e f i n e  weight  s e n s i t i v i t y  t o  changes i n  o p e r a t i o n a l  parameters .  

Based on r e s u l t s  o f  t h i s  e f f o r t ,  c a n d i r  

5 . 1  Component Performance C h a r a c t e r i s t i c s  - The most s i g n i f i c a n t  OMS compon- 

e n t s  ( eng ine ,  f e e d l i n e s ,  and turbopumps) r ece ived  t h e  m a j o r i t y  of s t u d y  e f f o r t  

s i n c e  t h e i r  des ign  s t r o n g l y  i n f l u e n c e s  OMS performance and weight .  

are d e s c r i b e d  i n  subsequent  paragraphs .  Also i n c l u d e d  is  a d e s c r i p t i o n  of t h e  

RCS b a s e l i n e  des ign  which was' de f ined  concur ren t ly  i n  Phase B of  t h e  s tudy .  

These r e s u l t s  

5 .1 .1  Engine - Two l i q u i d  OMS engine concepts  were cons ide red  f o r  t h e  s t u d y ,  

one f o r  use  w i t h  t h e  i n t e g r a t e d  RCS/OMS concepts ,  t h e  o t h e r  f o r  t h e  s e p a r a t e  

RCS/OMS. For t h e  i n t e g r a t e d  concepts ,  an eng ine  assembly des ign  based on t h e  use  

of gas  g e n e r a t o r  powered turbopumps was used.  Performance and weight  were d e f i n e d  

f o r  t h e  b a s i c  t h r u s t  chamber assembly (TCA) composed of t h e  t h r u s t  chamber, nozz le ,  

p r o p e l l a n t  valves, and i n j e c t o r ,  and also f o r  a complete  eng ine  i n c l u d i n g  turbo-  

pumps. For t h e  s e p a r a t e  RCS/OMS, bo th  s t aged  combustion and gas  g e n e r a t o r  c y c l e  

eng ines  were cons idered .  

t h e  Rao contour  nozz le  were r e g e n e r a t i v e l y  f u e l  cooled w h i l e  t h e  n o z z l e  e x t e n s i o n  

w a s  r a d i a t i v e l y  cooled .  

p a r a m e t r i c a l l y  by t h e  Aero je t  Liquid Rocket Company (ALRC) over  a wide range  of 

performance and des ign  parameters .  Performance w a s  c a l c u l a t e d  p e r  r e f e r e n c e  ( L )  

and i n c l u d e s  l o s s e s  due t o  nozz le  k i n e t i c s ,  d ive rgence ,  boundary l a y e r ,  and 

energy  release. 

I n  a l l  engines ,  t h e  chamber and i n i t i a l  p o r t i o n  of 

Weight and performance of t h e s e  eng ines  were d e f i n e d  

Gas g e n e r a t o r  c y c l e  eng ine  weights ,  as a f u n c t i o n  of t h r u s t  level ,  nozz le  

expans ion  r a t i o  and chamber p r e s s u r e ,  a r e  g r a p h i c a l l y  p re sen ted  f o r  t h e  t h r u s t  

chamber assembly i n  F igu re  5-1 and f o r  t h e  complete eng ine  i n  F igu re  5-2. Engine 

performance s e n s i t i v i t y  (vacuum s p e c i f c  impulse)  t o  mix tu re  r a t i o ,  chamber p r e s s u r e ,  

and expans ion  r a t i o  are p resen ted  i n  F igu res  5-3 and 5-4 f o r  t h r u s t  levels of 6000 

and 12,000 l b f .  

and 163"R l i q u i d  oxygen whi l e  i n j e c t o r  p r e s s u r e  drop was assumed t o  be  20 p e r c e n t  

of t h e  chamber p r e s s u r e .  

P r o p e l l a n t  i n l e t  cond i t ions  t o  t h e  eng ine  are 37'R l i q u i d  hydrogen 

5- 1 
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The weight  and performance of t h e  s t a g e d  combustion c y c l e  eng ine  i s  p r e s e n t e d  

i n  F igure  5-5. Performance w a s  c a l c u l a t e d  f o r  a des ign  mix tu re  r a t i o  of 6:1, 
2 chamber p r e s s u r e s  of  100-2500 l b f / i n . A ,  t h r u s t  l e v e l s  of 8000-50,000 l b f ,  

and expans ion  r a t i o s  of 180 t o  500. 

5.1.2 Feed Subsystem - The Space S h u t t l e  o r b i t e r  c o n f i g u r a t i o n  used f o r  t h e s e  

s t u d i e s  had t h e  hydrogen tank l o c a t e d  forward w i t h  t h e  oxygen t ank  l o c a t e d  n e a r  

t h e  OMS eng ines  a t  t h e  rear of t h e  v e h i c l e .  The l i q u i d  p r o p e l l a n t s  

are f e d  v i a  t runk  l i n e s  from t h e  t anks  t o  t h e  OMS eng ines ,  The l i n e s  are 

f a b r i c a t e d  of s t a i n l e s s  s teel  and are i n s u l a t e d  w i t h  m u l t i l a y e r  i n s u l a t i o n  and 

a s t a i n l e s s  s teel  vacuum j a c k e t .  The turbopumps are l o c a t e d  n e a r  t h e  l i q u i d  

s t o r a g e  tank o u t l e t s  f o r  t h e  f u l l y  i n t e g r a t e d  sys t ems  and near t h e  OMS t h r u s t  

chambers o r  engines  f o r  t h e  p a r t i a l l y  i n t e g r a t e d  and s e p a r a t e  RCS/OMS concepts .  

Feed sys tem chilldown sequencing varies f o r  t h e  d i f f e r e n t  l e v e l s  of sys tem 

i n t e g r a t i o n .  For t h e  f u l l y  i n t e g r a t e d  case, t h e  pumps are main ta ined  i n  a c h i l l e d  

c o n d i t i o n  by t h e  use  of a thermodynamic v e n t - r e f r i g e r a t i o n  system. P r i o r  t o  

pump s t a r t u p ,  

tank p r e s s u r e .  During pump s t a r t u p ,  a p o r t i o n  of t h e  p r o p e l l a n t  i s  bypassed 

back i n t o  t h e  p r o p e l l a n t  s t o r a g e  t ank  t o  p rov ide  p rope r  pump s u c t i o n  p r e s s u r e s  

f o r  s t a r t u p .  For t h e  p a r t i a l l y  i n t e g r a t e d  and s e p a r a t e  RCS/OMS, t h e  ch i l ldown 

p r o p e l l a n t  i s  b led  through t h e  l i n e s ,  aga in  a t  t ank  p r e s s u r e ,  and then  

through t h e  turbopumps b e f o r e  b e i n g  vented  overboard ,  P r i o r  t o  s e l e c t i o n  o f  t h e  

above sequencing,an a n a l y t i c a l  model d e f i n i n g  l i q u i d  c o o l i n g / h e a t i n g  and thermal  

t r a n s i e n t s  w i th in  t h e  f e e d l i n e s  was developed t o  de te rmine  optimum feed  

sys tem c o n f i g u r a t i o n s  and a s s o c i a t e d  p r o p e l l a n t  l o s s e s .  

the  f e e d l i n e s  are f i l l e d  w i t h  l i q u i d  p r o p e l l a n t s  a t  

Trade s t u d i e s  conducted on t h e  l i q u i d  f e e d l i n e s  inc luded  p a r a m e t r i c  e v a l u a t i o n  

of f e e d l i n e  chil ldown requi rements ,  s t a i n l e s s  s teel  o r  aluminum l i n e s ,  p a r a l l e l  o r  

t runk  l i n e  c o n f i g u r a t i o n s ,  and a f t  o r  forward pump l o c a t i o n s ,  

f o r  one OMS engine f i r i n g  and t h e  l i q u i d  l i n e  v e l o c i t i e s  were l i m i t e d  t o  30 f p s  t o  

minimize s u r g e  p r e s s u r e  d u r i n g  shutdown. 

requi rements  as 

u l t i m a t e  s t r e n g t h  of 64,000,  and 100,000 l b f / i n .  A f o r  aluminum and s t a i n l e s s  

s teel  r e s p e c t i v e l y .  Cur ren t  f a b r i c a t i o n  and h a n d l i n g  techniques  p l aced  a 0.016- 

inch  minimum gage l i m i t a t i o n  on l i n e s  up t o  2 i n c h e s  i n  d i ame te r  f o r  b o t h  s t a i n -  

less steel and aluminum. A vacuum j a c k e t e d  approach w a s  s e l e c t e d  t o  p r o t e c t  t h e  

The l i n e s  were s i z e d  

Line  t h i c k n e s s e s  were based  on stress 

d e f i n e d  by maximum s u r g e  p r e s s u r e ,  a s a f e t y  f a c t o r  of 2 and 
2 
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l i n e  i n s u l a t i o n  from water condensa t ion  damage d u r i n g  v e h i c l e  e n t r y  and from normal 

hand l ing  damage. To e v a l u a t e  l i n e  ch i l ldown requ i r emen t s ,  a computer model w a s  

developed f o r  t h e  approach de f ined  i n  Reference  ( M I *  T h i s  model is  summarized i n  

F i g u r e  5-6. The model assumes (1) t h a t  t h e  f low rate  through t h e  l i n e  i s  governed 

by t h e  vapor i zed  gas  v e l o c i t y ,  and (2)  t h a t  t h e  gas  e x i t i n g  t h e  l i n e  i s  a t  t h e  

i n i t i a l  t empera ture  of t h e  l i n e .  

test d a t a  on chi l ldown t i m e  and l i n e  tempera tures .  A t y p i c a l  l i n e  tempera ture  h i s -  

t o r y  is  shown i n  Figure 5-6. The l i n e  i s  shown t o  remain a t  e s s e n t i a l l y  c o n s t a n t  

tempera ture  u n t i l  passage  of t h e  l i q u i d / v a p o r  i n t e r f a c e  v a l i d a t i n g  assumptions (1)  

and ( 2 )  above. 

These assumptions are v e r i f i e d  by Reference (M) 

U t i l i z i n g  the above c r i t e r i a  and model, chi l ldown p r o p e l l a n t  requi rements  

were computed f o r  bo th  aluminum and s t a i n l e s s  s teel  and are shown p a r a m e t r i c a l l y  

i n  F i g u r e  5-7. Flow rates were based on an OMS t h r u s t  l e v e l  of 7000 l b f  and a 

mix tu re  r a t i o  of 3 : l .  A t r u n k  l i n e  c o n f i g u r a t i o n  w a s  used and v a r i o u s  l i n e  

l e n g t h s  were i n v e s t i g a t e d .  

s t r e n g t h  requi rements ,  

These r e s u l t s  show t h a t  s t a i n l e s s  s t ee l  l i n e s ,  a l though h e a v i e r  than  aluminum, 

r e q u i r e  less p r o p e l l a n t  and less t i m e  t o  accomplish chi l ldown.  With t h e  s e l e c t i o n  

of s t a i n l e s s  s tee l  as t h e  l i n e  material, a weight  comparison between t runk  and 

p a r a l l e l  l i n e  c o n f i g u r a t i o n s  f o r  bo th  two and t h r e e  OMS eng ines  w a s  made, as 

shown i n  F i g u r e  5-9. A nonoptimum f a c t o r  of 16 p e r c e n t  was a p p l i e d  t o  t h e  l i n e  

weight  f o r  j o i n t s ,  f i t t i n g , a n d  elbows. I n s u l a t i o n  weight  f o r  t h e  s t a i n l e s s  l i n e s  

and vacuum j a c k e t  was 0.67 lbm p e r  f o o t  of l i n e  l e n g t h  and p e r  i n c h  of l i n e  

d i ame te r .  As shown i n  F igu re  5-9, t h e  t r u n k  l i n e  concept  is s u p e r i o r  from a 

weight  s t a n d p o i n t  and was used du r ing  t h e  s tudy .  

l o c a t i o n s  were eva lua ted  i n  t h e  sys tem weight  comparison (d i scussed  i n  S e c t i o n  

5.3). 

L ine  t h i c k n e s s e s  were v a r i e d  w i t h  d i ame te r  t o  s a t i s f y  

The t i m e  r e q u i r e d  t o  ach ieve  ch i l ldown i s  shown i n  F igu re  5-8. 

Both forward and a f t  pump 

S e l e c t e d  feed sys tem p h y s i c a l  and performance c h a r a c t e r i s t i c s  are summarized - 
i n  F igu re  5-10. 

5 . 1 . 3  Turbopump - Turbopumps are r e q u i r e d  t o  d e l i v e r  p r o p e l l a n t  from low 

p r e s s u r e  c ryogenic  s t o r a g e  t anks  t o  t h e  RCS c o n d i t i o n e r  assembly - gaseous 

accumulator  and/or  t o  t h e  l i q u i d  OMS eng ines .  

p roduc t s  of a gas  g e n e r a t o r ,  Pump power and t u r b i n e  f low requi rements  are 

s i g n i f i c a n t l y  a f f e c t e d  by turbopump des ign  and performance.  

d a t a  were developed t o  i d e n t i f y  performance f o r  turbomachinery e x h i b i t i n g  v a r i o u s  

Pump power is provided  from t h e  

T h e r e f o r e ,  p a r a m e t r i c  
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head-capaci ty  c h a r a c t e r i s t i c s .  These d a t a  a l lowed t a i l o r i n g  of RCS turbopump 

d e s i g n s  t o  provide  c h a r a c t e r i s t i c s  most compat ib le  w i t h  OMS engine  i n t e g r a t i o n .  

P r e d i c t e d  pump e f f i c i e n c y  c h a r a c t e r i s t i c s  are shown i n  F igure  5-11 as a 

f u n c t i o n  of f low ra te  and pump s p e c i f i c  speed. A s p e c i f i c  speed range  of 750 t o  

1250 w a s  selected f o r  t h e  OMS turbopumps. Th i s  r ange  r e p r e s e n t s  t h e  most favor-  

a b l e  compromise between pump e f f i c i e n c y  and complexi ty  as h i g h e r  e f f i c i e n c y  can 

be  a t t a i n e d  on ly  by an i n c r e a s e  i n  t h e  number of pump s t a g e s .  A fou r - s t age  pump 

w a s  s e l e c t e d  f o r  t h e  hydrogen s i d e  and a two-stage f o r  t h e  oxygen. 

speed w a s  l i m i t e d  t o  40,000 maximum based on c a v i t a t i o n  c o n s i d e r a t i o n s  and i m p e l l e r  

d iameter  was l i m i t e d  t o  2.5 inch  minimum based on f a b r i c a t i o n  c o n s i d e r a t i o n s .  

The range  of n e t  p o s i t i v e  s u c t i o n  p r e s s u r e  w a s  5-10 l b f l i n ?  f o r  l i q u i d  hydrogen 

and 10-15 l b f l i n .  f o r  oxygen. For t h i s  des ign  s p e c i f i c  speed ,  p r e d i c t e d  pump 

headl f low,  e f f i c i e n c y ,  power, and to rque  c h a r a c t e r i s t i c s  were developed by ALRC 

and are shown i n  a normalized format  i n  F igu re  5-12. The normalized c h a r a c t e r -  

i s t ics  apply  t o  both t h e  hydrogen and oxygen pumps s i n c e  t h e i r  s t a g e  s p e c i f i c  

speeds  are i n  the  same range.  

Suc t ion  s p e c i f i c  

2 

P r e d i c t e d  t u r b i n e  e f f i c i e n c y  i s  p resen ted  i n  F igu re  5-13 as a f u n c t i o n  of  

s t a g e  v e l o c i t y  r a t i o .  The s t a g e  i s e n t r o p i c  s p o u t i n g  v e l o c i t y  w a s  c a l c u l a t e d  

assuming e q u a l  energy s p l i t  between t u r b i n e  s t a g e s ,  t u r b i n e  i n l e t  tempera ture  of 

2000°R, and a tu rb ine  p r e s s u r e  r a t i o  of 20. Turb ine  mean b l a d e  speed  w a s  l i m i t e d  

t o  1300 f p s  t o  provide  t h e  d e s i r e d  l i f e  c h a r a c t e r i s t i c s .  A t h r e e - s t a g e ,  p r e s s u r e  

compounded, a x i a l  f low t u r b i n e  i s  employed on t h e  hydrogen s i d e , w h i l e  a two-stage,  

v e l o c i t y  compounded, a x i a l  f low t u r b i n e  i s  used f o r  t h e  oxygen s i d e .  These t u r b i n e  

des ign  p o i n t s  are i n d i c a t e d  on t h e  t u r b i n e  e f f i c i e n c y  curve  of F igure  5-13, 

The complete turbopump assembly des ign  c r i te r ia  a r e  summarized i n  F igure  5-14. 

Using t h e  normalized pump and t u r b i n e  e f f i c i e n c y  c h a r a c t e r -  

i s t i c s ,  pump maps were gene ra t ed  f o r  t h e  v a r i o u s  i n t e g r a t e d  RCS/OMS o p t i o n s .  

enabled  d e f i n i t i o n  of of f -des ign  o r  b i l e v e l  o p e r a t i n g  C h a r a c t e r i s t i c s .  AS an 

example, hydrogen and oxygen pump performance maps are shown i n  F igu res  5-15 and 

5-16 f o r  an i n t e g r a t e d  RCSIOMS case. 

12,000 l b f  and a RCS sys tem t h r u s t  of 5750 l b f .  

maximum e f f i c i e n c y  a t  t h e  OMS o p e r a t i n g  po in t , and  o p e r a t e  o f f -des ign  a t  t h e  RCS 

f low and p r e s s u r e  requi rements .  The OMS and RCS o p e r a t i n g  p o i n t s  are i n d i c a t e d  

on t h e  f i g u r e s .  

r e q u i r e d  t o  o p e r a t e  a t  t h e  d i f f e r e n t  heads and f low rates of t h e  RCS and OMS. 

This  

The pumps p rov ide  an  OMS eng ine  t h r u s t  of 

The pumps w e r e  des igned  f o r  a 

For t h i s  case, b o t h  gas  g e n e r a t o r  and pump d i s c h a r g e  c o n t r o l  is  

5- 14 
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T U R B O P U M P  D E S I G N  P H I L O S O P H Y  

TURBOPUMP CRITERIA 

o DESIGN FOR MAXIMUM PERFORMANCE WITHIN MECHANICAL DESIGN CONSTRAINTS 
o DESIGN FOR MAXIMUM EFFICIENCY AT OMS OPERATING POINT 

PUMPS 

0 MAXIMUM NUMBER STAGES, 4 LH2, 2 LO2 
o NET POSITIVE SUCTION PRESSURE, 6 L B F / I N 2  LH2, 11 LBF/ IN2  LO2 
o MINIMUM EFFECTIVE NPSH INCLUDES THERMODYNAMIC SUPPRESSION HEAD 
o MAXIMUM SUCTION SPECIFIC SPEED, 40,000 RPM 
o SPECIFIC SPEED RANGE, 750 t o  1250 RPM (GPM)'/2/(FT)3/4 
o MINIMUM IMPELLER DIAMETER, 2.5 IN. 

TURBINES 

o MAXIMUM NUMBER STAGES, 3 LH2, 2 LO2 
o EQUAL ENERGY S P L I T  BETWEEN STAGES 
o MAXIMUM MEAN BLADE SPEED, 1300 FT/SEC LH2 AND LO2 
o TURBINE INLET TEMPERATURE, 2000"R 
o TURBINE EXIT PRESSURE, 1 5  LBF/IN?A 

FIGURE 5-14 
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5.1 .4  React ion Cont ro l  System - This  s e c t i o n  d e f i n e s  t h e  RCS propul-  

s i o n  sys tem used f o r  t h e  OMS i n t e g r a t i o n  s tudy .  

s c h e m a t i c a l l y  i n  F igu re  5-17. 

low p r e s s u r e  c ryogenic  s t o r a g e  t anks  to  a h e a t  exchanger  assembly. 

t h e  h e a t  exchanger  and t u r b i n e  is provided by s e p a r a t e  gas  g e n e r a t o r s .  

cond i t ioned  p r o p e l l a n t s  are then  s t o r e d  i n  gas  accumula tors  which decouple  t h e  

t h r u s t e r  a s sembl i e s  from t h e  cond i t ion ing  assemblies. Supply p r e s s u r e  i s  

r e g u l a t e d  a t  t h e  accumulator  o u t l e t  t o  p rov ide  a c o n s t a n t  p r e s s u r e  a t  t h e  

t h r u s t e r  i n l e t s .  

The RCS concept  is  shown 

Turbopumps are used  t o  d e l i v e r  p r o p e l l a n t  from 

Energy f o r  

The 

RCS component des ign  and performance d a t a  are desc r ibed  f u l l y  i n  Reference  

(K)  and, f o r  t hose  components s i g n i f i c a n t  t o  i n t e g r a t i o n  s t u d i e s ,  a b r i e f  

summary is  provided i n  t h e  fo l lowing  paragraphs.  

The des ign  s e n s i t i v i t y  of an i n t e g r a t e d  RCS/OMS p r o p e l l a n t  s t o r a g e  t ank  h a s  

S e n s i t i v i t y  of p r o p e l l a n t  t ank  weight ,  vo l -  been inc luded  h e r e i n  f o r  r e fe rence .  

ume, and c o o l i n g  requi rements ,  and t h e  s e n s i t i v i t y  of p r e s s u r a n t  t a n k  we igh t ,  

volume, and hel ium requi rements  t o  such v a r i a b l e s  a s  p r o p e l l a n t  weight  o r  t o t a l  

impulse,  mix tu re  r a t i o ,  and NPSP, are shown i n  F igu res  5-18 and 5-19. 
I 

The h e a t  exchanger model i s  a c o i l e d  tube  and s h e l l  des ign .  Heat exchanger  

we igh t s  f o r  t h i s  des ign  are shown i n  F igu re  5-20 f o r  va ry ing  co ld  s i d e  e x i t  

c o n d i t i o n s  and a f i x e d  h o t  s i d e  tempera ture  drop of 1100"R. Hot s i d e  e x i t  

t empera ture  is  800"R. 
t h e  i n t e g r a t i o n  concepts  comparison, Sec t ion  5.4.  

Performance of t h e  h e a t  exchanger i s  d i s c u s s e d  as p a r t  of  

The turbopump model p rov ides  t h e  c a p a b i l i t y  t o  e v a l u a t e  an  a l t e r n a t e  

number of t u r b i n e  and pump s t a g e s  us ing  g e n e r a l i z e d  pump e f f i c i e n c y  cu rves  and 

normalized pump c h a r a c t e r i s t i c s .  These d a t a ,  d i s c u s s e d  i n  Sec t ion  5.1.3, a l l o w  

i n v e s t i g a t i o n  and t a i l o r i n g  of v a r i o u s  turbopump des igns  and e n a b l e  d e f i n i t i o n  of 

o f f -des ign  OK b i l e v e l  o p e r a t i n g  c h a r a c t e r i s t i c s  r e q u i r e d  f o r  RCS/OMS i n t e g r a t i o n .  

The modi f ied  turbopump model i s  comprised of s e p a r a t e  equa t ions  f o r  e s t i m a t i o n  of 

(1) t u r b i n e  and t u r b i n e  hous ing  weight ,  ( 2 )  power t r ansmiss ion  weight ,  and 

(3)  i nduce r  and pump weights .  These a r e  shown p a r a m e t r i c a l l y  i n  F i g u r e s  5-21 and 

5-22. 

Using d a t a  and a n a l y s i s  techniques  d e s c r i b e d  i n  Reference  (H) ,  RCS f low 
b a l a n c e s  and weight  s e n s i t i v i t i e s  t o  des ign  requi rements  were e s t a b l i s h e d .  

RCS d e s i g n  p o i n t ,  summarized i n  F igure  5-23, w a s  t h e n  determined f o r  t h e  p a r a l l e l  

f low concept .  

An 

The RCS s u p p l i e s  a t o t a l  impulse  of 2.23 m i l l i o n  l b f - s e c  a t  a 
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system mixture ratio of 2.95 and a system specific impulse of 355 sec, Thruster 

specific impulse is 433 sec at a mixture ratio of 4.0,  40:l expansion ratio, and 
n 

300 lbf/infA chamber pressure. 

generators, combustion temperature and pressure are 2000'R and 300 lbf/in.A. 

accumulator volumes shown in Figure 5-23 are based on 50 RCS conditioner cycles 

per mission. 

For both the heat exchanger and turbopump gas 
2 The 

The parallel flow RCS requires low-flow rate, high-pressure-ratio turbines in 
order to efficiently utilize the available thermal energy from the gas generator 

combustion products. However, increases in turbine pressure ratio with resultant 
decreases in turbine discharge pressure produce offsetting increases in turbine 

vent system weight. Optimum RCS weight occurs at turbine pressure ratios of about 
20:l for both hydrogen and oxygen. 

lbf/in.A is also a desirable minimum in terms of facility requirements during 
turbopump development testing and/or ground checkout. 

The design turbine discharge pressure of 15 
2 

Conditioner temperature, pressure, and flow rate balances for the RCS design 

point are illustrated in Figure 5-24, and the sensitivity of RCS weight to pertin- 

ent design and operating parameters is shown in Figure 5-25. 

5.2 RCS/OMS System Schematics - System schematics have been developed for the 
various RCS/OMS integration options and are discussed in Section 4 .  The candidates 

considered for the fully and partially integrated systems are listed in Figure 5-26 
together with the methods for resolving mixture ratio differences and the methods 

for extending OMS operating time. Using this index, the applicable conditioner 

schematic, number of oxygen and hydrogen conditioners required, and applicable OMS 

schematic can be defined by the numerical code. The conditioner and OMS schematics 

referenced are shown in Figures 5-27 and 5-28. These schematics reflect the 

component redundancy required to meet the Shuttle fail-safe/fail-safe reliability 
criteria. Figure 5-29 presents an example which synthesizes the alternates on 

these figures into a complete RCS/OMS system. 
The separate RCS/OMS configuration consists of the reaction control system 

discussed in Section 5.1.4, an OMS with staged combustion cycle engines, the 

propellant feed subsystem, and a common RCS/OMS propellant storage assembly. 

5.3 Preliminary System Comparison - A preliminary system comparison was made 

for all the RCS/OMS system schematics discussed in the previous section. 

system weights and weight sensitivities to key design parameters (chamber pressure 

and mixture ratio) were developed to determine preliminary design points for each 

integration option. 

Total 

The weight comparison is based on the following Criteria: 

5-28 

MCDONNELL DOUGLAS ASTRONAUT#CS COMPANY - EAST 



APS Study 
Phase C Report MDC E 0 5 2 3  

15 JUNE 1972 

P A R A L L E L  G G A  F L O W  R C S  - D E S I G N  P O I N T  S U M M A R Y  

SYSTEM 

TOTAL IMPULSE, LBF-SEC 
MIXTURE RATIO 
SPECI F I C  IMPULSE, SEC 

THRUSTER 
THRUST LEVEL, LBF  
MIXTURE RATIO 

EXPANSION RATIO 
SPECI F I C  IMPULSE, SEC 

CHAMBER PRESSURE , LBF/ IN? 

GAS GENERATOR 

COMBUSTION TEMPERATURE, OR 

FLOWRATE , LBM/SEC 
HEAT EXCHANGER 

HOT SIDE INLET TEMP, OR 
COLD SIDE E X I T  TEMP, OR 

TURBOPUMP ASSEMBLY 

FLOWRATE , LBM/SEC 

SHAFT HORSEPOWER 
DISCHARGE PRESSURE, LBFIIN? 

ACCUMULATOR 

NO. CYCLES3 
VOLUME, FT 
PRESSURES, LBFIIN? - MAX 

- SWITCH - M I N  
WEIGHT 

FULLY-REUSABLE ORBITER 

2.23 
2.95 
355 

1150 
4.0 
300. 
40:l 
433 

- O2 
1997 
.227 - TPA 
-770 - HEX 

1997 
476 

12.11 
1580 
150 

50 .O 
15.4 
1370 
654 

M 

- H2 
2000 
,605 - TPA 
1.27 - HEX 

2000 
207 

4.03 
1201 
560 

50 .O 
52.0 
1101 
647 

571 571 
10,690 

FIGURE 5-23 
5- 29 

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY - EAST 



APS Study 
Phase C Report 

MDC E0523  
15 JUNE 1972 

t 

5-30 



APS Studv 
Phase C Report zi 

\O 
6 
\\ \ \ 

\ 

I 

n 

0 co 1 
1 I I I I 10 

a 
0 
H 
k 

I I 

f 

MDC E 0 5 2 3  
15 JUNE 1972 

. a 0  2 3 :  4 0 -  

FIGURE 5-25 
m 

m I-l 2 A 4  
(m) m13M maIIsms 

5-31 

MCDONNELL DOUOLAS ASTRONAUTlCS COMPANY - EAST 



APS Study 
Phase C Report 

MDC E0523 
15 JUNE 1972 

I- 
v) 

O W  
I 
V 
v) 

Z S  u u m u u u m v v v n u ,e m =c u m . w w w w w 

c 
U 

W 

0 
n 

E 
v) u oc 
c 
U 

0: 
8 

oc e 

(u 
0 
cu 
W 

4 W 

n 
0 

(u 
I 
6 J  

E 
6 ’  
W 
n 
0 

4 
v) 
V oc 

FIGURE 5-26 



APS Study 
Phase C Report MDC E0523 

15 JUNE 1972 

v) 

I- 
a, 
w 
u 
z 
0 
0 

= 
w 
z 
0 

I- 

c3 
z 
0 
u 

Y 

C( 

LL 0 

t 
-----e$ 

" " 4 

Y 

t 

.% 

c 

u v 

v) 

FIGURE 5-27 

5- 33 

MCDONNELL DOUGLAS ASTRONAUT8CS COMPANY - EAST 



APS Study 
Phase C Report 

MDC E 0 5 2 3  
15 JUNE 1972 

n 

V 

m 

5-34 

I 

FIGURE 5-28 



APS Study 
Phase C Report 

MDC E 0 5 2 3  
15 JUNE 1972 

El I- 

a 

I- 

L L  z 
0 
0 

FIGURE 5-29 

5-35 

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY EAST 



APS Study 
Phase C Report MDC E0523 

15 JUNE 1972 

integrated RCS/OMS positive expulsion tankage, cold helium pressurization of both 

propellants, propellant and pressurant tanks sized for an OMS velocity increment 
of 2000 fps, propellant and pressurant loaded for both the easterly launch design 

mission (OMS AV = 373 fps) and for the fully loaded case (OMS AV = 2000 fps). 
The OMS engines and feed system, turbomachinery, and RCS components used in the 

comparison were discussed in previous sections herein. The component redundancy 
required and shown in the schematics was included to allow valid weight comparisons. 

Results of this analysis are summarized in Figure 5-30 where relative weights for 
each candidate configuration are given for both OMS velocity increments (373 and 

2000 fps). 
RCS /OMS integration. 

A total of 83 configurations were investigated for the 3 levels of 

For the fully integrated system, system weight was significantly affected by 

the method employed to resolve the RCS and OMS mixture ratio differences, while 

the accumulator resupply options had less effect on total weight. Large weight 

penalties (800 to 1300 lbm) are incurred for operating the OMS at the RCS mixture 

ratio or conversely. 
pump mixture ratio) and the RCS thruster and system mixture ratios are shown in 

Figure 5-31. 

as a function of OMS mixture ratio indicating a minimum overall system weight 

at an OMS mixture ratio of four (see Figure 5-32). For the three remaining 

mixture ratio options (running two oxygen and one hydrogen pump for the OMS, 

running one oxygen and two hydrogen pumps for the RCS, or operating the pumps 

bilevel), both the RCS and OMS operate at or near their optimum mixture ratios 
and are, thereby, weight competitive. In the bilevel pump concept, the pumps are 

designed for maximum efficiency at the OMS operating conditions and operate off- 
design for the RCS. However, the relatively flat efficiency-flow characteristics 

of the pump design results in high performance for both modes of operation, 
Significant engine thrust level differences result from the variations in mixture 

ratio and flow rate. Accordingly, system weight sensitivity to OMS thrust level 

was evaluated; the results are shown in Figure 5-33 for &he easterly mission. As 
illustrated, the 800 to 1000 lb weight penalty associated with operation at off- 
design mixture ratios for either the RCS or OMS remains essentially Constant over 

the thrust range of interest. 

various options of accumulator gas resupply is about 200 lbm for an OMS AV of 373 

fps and 750 lbm for 2000 fps. This weight is associated with the option in which 

the accumulators are enlarged to maintain the same number of conditioner operating 

cycles. 

The relationship between the OMS engine mixture ratio (RCS 

Using these relationships, the RCS/OMS system weight was calculated 

The major difference in system weight for the 

The other resupply options have competitive weight characteristics. 
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Weights f o r  p a r t i a l l y  i n t e g r a t e d  systems were determined f o r  v a r i o u s  OMS 

t h r u s t  l e v e l s  and mix tu re  r a t i o s ,  since a t  t h i s  i n t e g r a t i o n  l e v e l  bo th  t h e  OMS and 

RCS have t h e i r  own turbopumps. Thrust  l e v e l s  of 6000, 9000, and 12,000 l b f  and 

mix tu re  r a t i o s  of 5, 6 ,  and 7 were evaluated f o r  each turbopump c o n f i g u r a t i o n  

o p t i o n  and accumulator r e supp ly  op t ion  ( s e e  F i g u r e  5-30). The OMS eng ine  chamber 

p r e s s u r e  w a s  b a s e l i n e d  a t  1000 lb f / in .A  and a nozz le  expansion r a t i o  of 240 ; l  was 

used. A t  a s p e c i f i c  t h r u s t  level  and mix tu re  r a t i o ,  u s e  of i ndependen t ly  s i z e d  

RCS and OMS turbopumps r e s u l t e d  i n  only a s m a l l  system weight s a v i n g s  compared w i t h  

o p e r a t i n g  t h e  same pump c o n f i g u r a t i o n  i n  a b i l e v e l  mode a t  two d i f f e r e n t  d e s i g n  

p o i n t s .  Th i s  i s  a g a i n  due t o  t h e  f l a t  e f f i c i ency- f low cu rves  of t h e  pump, a l lowing  

good e f f i c i e n c y  a t  bo th  RCS and OMS c o n d i t i o n s .  Development of i ndependen t ly  s i z e d  

pumps would r e s u l t  i n  weight s av ings  of 20 t o  25 lbm a t  t h e  6000 l b f  t h r u s t  l e v e l ,  

110 t o  125 lbm a t  9000 l b f ,  and 220 t o  250 lbm a t  12,000 l b f .  A s  w i t h  t h e  f u l l y  

i n t e g r a t e d  systems,  t h e  u s e  of enlarged accumulators  produces t h e  l a r g e s t  accumula- 

t o r  gas  makeup weight  p e n a l t y ,  Th i s  p e n a l t y  i s  impulse dependent and i s  t h e  same 

as f o r  t h e  f u l l y  i n t e g r a t e d  system. The weight s e n s i t i v i t y  of a p a r t i a l l y  i n t e -  

g r a t e d  system t o  OMS mix tu re  r a t i o  is i l l u s t r a t e d  i n  F igu re  5-34. I n  t h i s  example, 

t h e  same turbopump c o n f i g u r a t i o n  i s  used f o r  b o t h  t h e  RCS and OMS. RCS c o n d i t i o n e r s  

are used f o r  accumulator r e supp ly  and t h e  OMS t h r u s t  l e v e l  i s  9000 l b f ,  A s  F i g u r e  

5-34 i n d i c a t e s ,  t h e  system weights  a r e  r e l a t i v e l y  i n s e n s i t i v e  i n  t h e  OMS mix tu re  

r a t i o  range of 5 t o  7 ,  b u t  an optimum does ex is t  a t  a mixture  r a t i o  of 6 f o r  t h e  

2000-fps v e l o c i t y  increment case .  

2 

S e p a r a t e  RCS/OMS system weights  were eva lua ted  f o r  t h e  same t h r e e  t h r u s t  

l e v e l s  and mix tu re  r a t i o s  used above f o r  t h e  p a r t i a l l y  i n t e g r a t e d  case. For t h i s  

i n i t i a l  e v a l u a t i o n  of s e p a r a t e  systems a gas  g e n e r a t o r  c y c l e  eng ine  was assumed am’ 
n 

a g a i n ,  b a s e l i n e  chamber p r e s s u r e  and expansion r a t i o  were 1000 l b f  / i n fA  and 240:l 

r e s p e c t i v e l y .  Both forward l o c a t e d  OMS pumps and a f t  l o c a t e d  pumps were s t u d i e d  

t o  d e f i n e  optimum component l o c a t i o n .  A s  F i g u r e  5-30 shows, t h e  forward pump 

l o c a t i o n  i s  somewhat l i g h t e r  over  e s s e n t i a l l y  t h e  whole range of t h r u s t  and mix tu re  

r a t i o  v a l u e s ,  b u t  l ong  h igh  p res su re  l i n e s  are r e q u i r e d  and t h e  eng ine  i g n i t i o n  

would be  i n h e r e n t l y  more d i f f i c u l t  t o  sequence. System s e n s i t i v i t i e s  t o  mix tu re  

r a t i o  and t h r u s t  l e v e l  may a l s o  be  seen i n  F i g u r e  5-30. 

opt imized a t  an OMS eng ine  mix tu re  r a t i o  of 6 f o r  t h e  2000 f p s  v e l o c i t y  increment 

case. 

The s e p a r a t e  system weight 
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Concern w i t h  t h  a b i l i t y  t o  proper ly  sequen i g n i t i o n  w a s  t h e  p r i n c i p a l  

f a c t o r  l e a d i n g  t o  e l i m i n a t i o n  of OMS engines  us ing  forward l o c a t e d  pumps. With 

t h i s  d e c i s i o n  a comparison w a s  made between a gas  g e n e r a t o r  c y c l e  engine  w i t h  a f t  

l o c a t e d  pumps and a s t a g e d  combustion cyc le  eng ine  w i t h  pumps inco rpora t ed  as a n  

i n t e g r a l  p a r t  of t h e  engine  assembly. This  comparison showed t h a t  t h e  system 

performance w a s  f a r  s u p e r i o r  w i th  t h e  s taged  combustion engine  and t h e  remainder  

of s tudy  e f f o r t  on s e p a r a t e  systems cons idered  t h i s  engine  type  e x c l u s i v e l y .  

5.4 Candidate  System S e l e c t i o n  - Four RCS/OMS system c o n f i g u r a t i o n s  were 

s e l e c t e d  from t h e  p re l imina ry  sc reen ing  as c a n d i d a t e s  f o r  more d e t a i l e d  e v a l u a t i o n .  

These c o n f i g u r a t i o n s  are i n d i c a t e d  i n  Figure 5-30 and i n c l u d e  two f u l l y  i n t e g r a t e d  

sys tems,  a p a r t i a l l y  i n t e g r a t e d  system, and a s e p a r a t e  system. Except f o r  one f u l l y  

i n t e g r a t e d  system, i n  which OMS t h r u s t  is d i c t a t e d  by t h e  RCS des ign ,  each system 

w a s  e v a l u a t e d  a t  OMS t h r u s t  l e v e l s  of 6000 and 12,000 l b f .  

The two s e l e c t e d  o p t i o n s  f o r  r e so lv ing  f u l l y  i n t e g r a t e d  RCS and OMS mix tu re  

r a t i o  d i f f e r e n c e s  are: (1) us ing  pumps designed f o r  RCS requi rements  o p e r a t e  two 

oxygen pumps and one hydrogen pump f o r  t h e  OMS, and (2) u s i n g  t h e  pumps i n  a b i l e v e l  

mode which p rov ides  maximum e f f i c i e n c y  f o r  t h e  OMS o p e r a t i o n .  

v i o u s l y ,  t h e s e  two o p t i o n s  are l i g h t e r  weight  when corpared  w i t h  o p e r a t i n g  t h e  OMS 

a t  t h e  RCS mix tu re  r a t i o  o r  converse ly .  Systems which use  two hydrogen pumps were 

a l s o  compe t i t i ve  a t  low t h r u s t  levels, bu t  e x h i b i t e d  g r e a t e r  weight  s e n s i t i v i t y  t o  

t h r u s t  and consequent ly  were n o t  s e l ec t ed .  

t i o n ,  t h e  same turbopump des ign  was  chosen f o r  bo th  t h e  RCS and ONS. This  pump is 

a l s o  des igned  f o r  maximum e f f i c i e n c y  f o r  t h e  OMS and o p e r a t e s  of f -des ign  when used 

i n  t h e  RCS. Development of independent ly  s i z e d  RCS and OMS pumps i s  n o t  j u s t i f i e d  

by t h e  s m a l l  weight  advantage of t h i s  op t ion .  A s  s t a t e d  i n  t h e  turbopump s e c t i o n ,  

t h e  b i l e v e l  pumps r e q u i r e  gas  gene ra to r  and pump o u t p u t  c o n t r o l  t o  o p e r a t e  a t  t h e  

d i f f e r e n t  d i s c h a r g e  p r e s s u r e s  and flows of t h e  i n t e g r a t e d  OMS and RCS. For t h e  sep- 

arate  RCS/OMS, t h e  pumps are an i n t e g r a l  p a r t  of t h e  s t a g e d  combustion c y c l e  eng ine .  

A s  i n d i c a t e d  pre-  

For t h e  p a r t i a l l y  i n t e g r a t e d  conf igura-  

A s e p a r a t e  gas  g e n e r a t o r  and h e a t  exchanger were s e l e c t e d  as t h e  recommended 

method of p rov id ing  accumulator  makeup p r o p e l l a n t  r e q u i r e d  f o r  t h e  i n t e g r a t e d  

systems d u r i n g  OMS o p e r a t i o n ,  This  s e l e c t i o n  was based on d e s i g n  and system weight  

c o n s i d e r a t i o n s .  

f u l l  c a p a c i t y  du r ing  an OMS burn i n c r e a s e s  t h e  number of RCS accumulator  c y c l e s  

(Reference  F igu re  5-358) .  

miss ions  are i n d i c a t e d .  The hydrogen accumulator  r e p r e s e n t s  t h e  c o n s t r a i n i n g  

c o n d i t i o n  s i n c e ,  a t  low gas gene ra to r  mixture r a t i o s ,  i t  d e p l e t e s  a t  a much 

I n  t h e  f i r s t  o p t i o n ,  running t h e  s tandby RCS c o n d i t i o n e r s  a t  

P e n a l t i e s  f o r  b o t h  an e a s t e r l y  launch  and p o l a r  launch 
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f a s t e r  ra te  than  t h e  oxygen accumulator.  

d i t i o n e r  c y c l e s  pe r  f l i g h t  i s  9 f o r  an e a s t e r l y  launch  mis s ion  and 45 f o r  a 2000- 

f p s  miss ion .  

such,  t h i s  approach w a s  e l i m i n a t e d  from f u r t h e r  c o n s i d e r a t i o n .  Main ta in ing  t h e  

same number of c o n d i t i o n e r  c y c l e s  by en la rg ing  t h e  accumula tors  and r e o p t i m i z i n g  

t h e  accumulator  p r e s s u r e  r a t i o s  r e s u l t s  i n  a weight  i n c r e a s e  of 150 t o  200 lbm f o r  

t h e  e a s t e r l y  launch  mission.  However, t h e  weight  i n c r e a s e  is 750 lbm f o r  a 2000- 

f p s  mis s ion  and t h i s  w a s  cons idered  t o  be a n  e x c e s s i v e  p e n a l t y .  

s e n t s  t h i s  weight  p e n a l t y  as a f u n c t i o n  of miss ion  v e l o c i t y  requi rements .  The t h i r d  

method of p rov id ing  accumulator  makeup is  t o  b l eed  a s m a l l  p o r t i o n  of t h e  pump f low 

through t h e  h e a t  exchanger f o r  cond i t ion ing  t o  t h e  r e q u i r e d  accumulator  i n l e t  

t empera ture .  This  reduced f low rate  n e c e s s i t a t e s  h e a t  exchanger  o p e r a t i o n  a t  

c o n d i t i o n s  f a r  below des ign  and r e q u i r e s  s e v e r e  t h r o t t l i n g  of t h e  h e a t  exchanger 

gas  g e n e r a t o r s .  This  e f f e c t  i s  shown i n  F i g u r e  5-36 f o r  an OMS t h r u s t  l e v e l  of  

12,000 l b f .  For bo th  t h e  hydrogen and oxygen s i d e s ,  gas  g e n e r a t o r  f lows  r e q u i r e d  

f o r  OMS o p e r a t i o n  are about  10 p e r c e n t  of t h e  RCS f low rates. I n  a d d i t i o n ,  t o  

p reven t  f r e e z i n g  of H 0 i n  t h e  h o t  s i d e  f low,  bypass  of t h e  co ld  f low around t h e  

h e a t  exchanger i s  r e q u i r e d .  Th i s  of f -des ign  performance is shown f o r  t h e  hydrogen 

and oxygen s i d e  h e a t  exchangers  i n  F igu res  5-37 and 5-38 r e s p e c t i v e l y ,  Hot s i d e  

i n l e t  and o u t l e t  t empera tures  are 2000 and 800°R, r e s p e c t i v e l y ,  f o r  bo th  hydrogen 

and oxygen s i d e  h e a t  exchangers ,  w h i l e  co ld  s i d e  e x i t  c o n d i t i o n s  a r e  250'R f o r  

hydrogen and 470"R f o r  oxygen. 

p e r c e n t  i n  t h e  hydrogen s i d e  and 40 pe rcen t  i n  the .oxygen s i d e .  The inc reased  

c o n t r o l  r e q u i r e d  t o  bypass  t h e  h e a t  exchanger ,  and deep t h r o t t l e  t h e  gas  g e n e r a t o r ,  

would r e s u l t  i n  s i g n i f i c a n t l y  inc reased  development t i m e  and c o s t ,  making t h i s  

o p t i o n  u n d e s i r a b l e ,  Thus,  t h e  recommended method of p rov id ing  accumulator  makeup 

i s  t o  use  a s e p a r a t e  gas  g e n e r a t o r  and h e a t  exchanger  which h a s  t h e  same c o n t r o l s  

as t h e  RCS. This  a d d i t i o n a l  h e a t  exchanger and gas  g e n e r a t o r  would b e  s i z e d  t o  

c o n d i t i o n  on ly  t h e  accumulator  makeup gas r e q u i r e d  f o r  OMS o p e r a t i o n .  A s i n g l e  

u n i t  would b e  added f o r  each  p r o p e l l a n t ,  and backup o p e r a t i o n  i n  case  o f  a f a i l u r e  

would b e  provided  by one of t h e  s tandby RCS c o n d i t i o n e r s .  

The a d d i t i o n a l  number of hydrogen con- 

These i n c r e a s e s  s i g n i f i c a n t l y  impact component des ign  l i f e  and, as 

F igure  5-35B pre-  

2 

The cold s i d e  bypass  r e q u i r e d  is between 70 and 75 
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A l t e r n a t i v e s  eva lua tdd  t o  p rov ide  a t t i t u d e  c o n t r o l  d u r i n g  OMS burns  were a 

g imbal led  OMS o r  t h e  RCS. 

c e n t e r  of g r a v i t y  u n c e r t a i n t y ,  OMS t h r u s t  v e c t o r  e r r o r s  comprised of mechanical /  

t h r u s t  c e n t e r l i n e  misal ignments  and v a r i a t i o n s  d u r i n g  burn ,  a iming e r r o r s , a n d  

s t r u c t u r a l  d e f l e c t i o n .  These s o u r c e s  were combined by t h e  root-sum-squares (RSS) 

method which then  d e f i n e s  t h e  c o n t r o l  c a p a b i l i t y  r e q u i r e d  of t h e  g imbal led  

OMS o r  by t h e  RCS. For t h e  nongimballed case, t h e  RCS p r o p e l l a n t  requi rements  are 

45 lbm f o r  t h e  e a s t e r l y  launch miss ion  and 235 lbm f o r  a 2000-fps v e l o c i t y  increment  

miss ion .  

s e l e c t e d  i n s t e a d  of g imba l l ing  t h e  OMS. 

Misalignment sou rces  inc luded  i n  t h e  s t u d y  were v e h i c l e  

S ince  t h e  weight  p e n a l t i e s  were minima1, th is  s imple  c o n t r o l  approach w a s  

Three  OMS engines  are r e q u i r e d  t o  meet t h e  S h u t t l e  f a i l - s a f e / f a i l - s a f e  

o p e r a t i n g  requi rements .  

t o  two by u t i l i z i n g  t h e  -X RCS t h r u s t e r s  as OMS backup. 

mis s ion ,  a n  a n a l y s i s  w a s  conducted to  de termine  t h e  optimum method of  per forming  t h e  

d e o r b i t  f u n c t i o n  i n  t h e  even t  of an OMS malfunct ion .  

r e q u i r e d  f o r  t h i s  burn  i s  250 f p s .  

p r o p e l l a n t  loading ,due  t o  t h e  lower system s p e c i f i c  impulse of t h e  RCS. Assignment 

of t h i s  f u n c t i o n  t o  t h e  OMS demands an a d d i t i o n a l  eng ine  and f e e d l i n e s .  Re la t ed  

weight  p e n a l t i e s  i n c l u d e  a d d i t i o n a l  s t r u c t u r a l  suppor t  and o r b i t e r  we igh t  i n c r e a s e s  

a s s o c i a t e d  w i t h  b a s e  area growth. The a n a l y s i s  r e s u l t s  i n d i c a t e d  that u s i n g  t h r e e  

eng ines  o f f e r e d  l i g h t e r  weight ,  s o  t h i s  o p t i o n  was s e l e c t e d  as t h e  s t u d y  b a s e l i n e .  

As an a l t e r n a t i v e ,  t h e  number of eng ines  can  be  reduced 

For  t h e  e a s t e r l y  launch 

The v e l o c i t y  increment  

Use of t h e  RCS t h r u s t e r s  r e q u i r e s  a d d i t i o n a l  

5.5 Candida te  System Eva lua t ion  - The f o u r  s e l e c t e d  RCS/OMS system conf igura-  

I t i o n s  were eva lua ted  t o  d e f i n e  weight  s e n s i t i v i t y  about  t h e  des ign  p o i n t  and t o  

p rov ide  a d i r e c t  comparison around t h e  v a r i o u s  levels  of i n t e g r a t i o n ,  Where 

a p p l i c a b l e ,  b o t h  6000 and 1 2 , 0 0 0 . l b f  OMS eng ine  t h r u s t  l e v e l s  were used. Sensi-  

t i v i t i e s  were developed f o r  t h e  2000 fps  OMS v e l o c i t y  increment  case, and t o t a l  

weights  were d e f i n e d  f o r  b o t h  373 and 2000 f p s .  

I n  t h e  f u l l y  i n t e g r a t e d  c o n f i g u r a t i o n s  which u s e  two oxygen pumps f o r  t h e  OMS, 

and summarized i n  F igu re  t h e  RCS b a s e l i n e  conf igu ra t ion ,d i scussed  i n  S e c t i o n  5.1.4 

5-23, w a s  used t o  d e f i n e  t h e  turbopump des ign .  Th i s  r e s u l t s  i n  a nea r  optimum 

mix tu re  r a t i o  of 6.75 f o r  t h e  OMS when o p e r a t i n g  two oxygen and one hydrogen pump, 

R e s u l t a n t  OMS t h r u s t  level  i s  12,550 l b f .  Engine chamber p r e s s u r e  and n o z z l e  
2 

expans ion  r a t i o  opt imized  a t  1000 lb f / in .A  and 500:1, r e s p e c t i v e l y .  

t h i s  sys tem i n  t h e  OMS mode is  as fol lows:  t h e  g a s  g e n e r a t o r s  which supply  t h e  

Opera t ion  of 
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t u r b i n e s  are opera ted  a t  t h e  RCS des ign  p o i n t s  and a s m a l l  p o r t i o n  of t h e  hydrogen 

and oxygen pump d i s c h a r g e  f low i s  d i v e r t e d  through t h e  s m a l l ,  s e p a r a t e  h e a t  

exchangers  t o  supply t h e  accumulator  makeup p r o p e l l a n t .  

I n  t h e  o t h e r  f u l l y  i n t e g r a t e d  RCS/OMS sys tem (and a l s o  i n  t h e  p a r t i a l l y  i n t e -  

g r a t e d  sys tem) ,  t h e  turbopumD is  ope ra t ed  b i l e v e l l y  a t  t h e  d i f f e r e n t  p r e s s u r e s  and 

f low rates r e q u i r e d  f o r  t h e  RCS and OMS. The turbopumps are des igned  t o  p rov ide  . 

maximum e f f i c i e n c y  f o r  t h e  OMS requi rements  and o p e r a t e  of f -des ign  f o r  t h e  RCS. 

Optimum mix tu re  r a t i o s  f o r  bo th  t h e  OMS and RCS ( i , e . ,  6.0 f o r  t h e  OMS eng ine  and 

4.0 f o r  t h e  RCS t h r u s t e r s )  were provided.  

and 12,000-lbf OMS engine  t h r u s t  levels. The d i f f e r e n t  o p e r a t i n g  p o i n t s  of t h e  OMS 

and RCS r e q u i r e  gas  g e n e r a t o r  and pump ou tpu t  c o n t r o l ,  

a g a i n  provided  by b l e e d i n g  a f r a c t i o n  of t h e  pump d i s c h a r g e  through small, s e p a r a t e  

gas  g e n e r a t o r s / h e a t  exchangers  t o  p rov ide  p r o p e l l a n t  cond i t ion ing .  

Pumps w e r e  des igned  t o  supply  b o t h  6000 

Accumulator r e supp ly  i s  

For t h o s e  i n t e g r a t e d  systems us ing  b i l e v e l  turbopumps, system weight  s e n s i t i v -  

i t y  was eva lua ted  f o r  changes i n  OMS engine  t h r u s t  l e v e l ,  mix tu re  r a t i o ,  chamber 

p r e s s u r e ,  and expansion r a t i o .  I n  a d d i t i o n ,  sys tem s e n s i t i v i t y  t o  RCS chamber 

p r e s s u r e  w a s  determined.  A l l  o t h e r  RCS des ign  parameters  are e i t h e r  d i c t a t e d  by 

mis s ion  requi rements  (number of t h r u s t e r ,  t h r u s t  l eve l ,  RCS t o t a l  impulse,  e t c . )  

o r  do n o t  s i g n i f i c a n t l y  i n t e r f a c e  wi th  t h e  OMS des ign  ( t h r u s t e r  mix tu re  r a t i o ,  

expansion r a t i o ,  e t c . ) .  System weights  were based on t h e  same c r i t e r i a  used i n  t h e  

p r e l i m i n a r y  system comparison. The system weight  s e n s i t i v i t y  t o  t h e  RCS t h r u s t e r  

chamber p r e s s u r e  is  p resen ted  i n  F igu re  5-39 f o r  b o t h  OMS t h r u s t  levels and f o r  

v a r i o u s  OMS engine chamber p r e s s u r e s .  These cu rves  i n d i c a t e  t h a t  t o t a l  weight  i s  

i n s e n s i t i v e  t o  RCS o p e r a t i n g  p r e s s u r e s  i n  t h e  range  of 300 t o  500 lb f / in .A ,  

a l though  minimums do occur  a t  a RCS t h r u s t e r  p r e s s u r e  of 500 l b f / i n . A  f o r  an OMS 
2 t h r u s t  level  of 6000 l b f  and 400 l b f / i n . A  f o r  t h e  12,000 l b f  t h r u s t  case. L inea r  

system s e n s i t i v i t i e s  t o  t h e  p e r t i n e n t  OMS d e s i g n  and o p e r a t i n g  parameters  are 

g r a p h i c a l l y  presented  i n  F igu re  5-40 f o r  t h e  6000-lbf OMS t h r u s t  l e v e l ,  and i n  

F igu re  5-41 f o r  t h e  12,000 l b f  c a s e ,  For bo th  t h e  f u l l y  and p a r t i a l l y  i n t e g r a t e d  

cases, t h e  RCS/OMS we igh t s  op t imized  a t  an  OMS eng ine  mix tu re  r a t i o  of 6 ,  chamber 

p r e s s u r e  of 1000 l b f / i n . A ,  and an  expansion r a t i o  of 500:l. 

2 

2 

2 

The s e p a r a t e  RCS/OMS system c o n s i s t s  of t h e  p a r a l l e l  f l ow RCS and an  OMS 

which i n c l u d e s  s taged  combustion cycle  eng ines  and a f e e d  subsystem. 

tankage  i s  common t o  t h e  two systems.  An optimum mix tu re  r a t i o  of 6 : l  w a s  d e f i n e d  

i n  t h e  p re l imina ry  s c r e e n i n g ,  and system weight  s e n s i t i v i t i e s  were e v a l u a t e d  f o r  

Only p r o p e l l a n t  
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6000 and 12,000 l b f  t h r u s t  l e v e l s .  

d e s i g n  t o  eng ine  chamber p r e s s u r e  and expansion r a t i o  is d i s p l a y e d  i n  F i g u r e s  5-42 

and 5-43 f o r  t h e  6000 and 12,000 l b f  t h r u s t  level  engines .  Expansion r a t i o - n o z z l e  

d iameter  e f f e c t s  on o r b i t e r  b a s e  area and s t r u c t u r e  weight  are inc luded  as OMS 

weight  p e n a l t i e s .  

used i n  t h e  a n a l y s i s  based on S h u t t l e  v e h i c l e  s t u d i e s .  A s  can  b e  seen  i n  t h e  

f i g u r e s ,  t h i s  low s e n s i t i v i t y  t o  b a s e  area d r i v e s  t h e  OMS eng ine  t o  v e r y  h igh  

expansion r a t i o s .  Higher engine  chamber p r e s s u r e s  a l s o  reduce  system weight ,  and 

t h e  h i g h e s t  p r a c t i c a b l e  chamber p r e s s u r e s  produce minimum weight .  

v a l u e s  s e l e c t e d  were an  expansion r a t i o  of 500: l  and a chamber p r e s s u r e  of 2500 

l b f  1in.A. 

Weight s e n s i t i v i t y  of t h i s  s e p a r a t e  RCS/OMS 

2 An o r b i t e r  weight  t o  b a s e  a r e a  s e n s i t i v i t y  of 2.0 l b f / f t  was 

P r a c t i c a l  d e s i g n  

2 

A summary of bo th  RCS and OMS des ign  parameters  is  t a b u l a t e d  i n  F igu re  5-44 

f o r  each of t h e  fou r  cand ida te  systems.  A d e t a i l e d  weight  breakdown f o r  t h e s e  

optimum d e s i g n  p o i n t s  i s  provided  i n  F igure  5-45 f o r  a 2000 f p s  OMS v e l o c i t y  

increment .  

and f o r  RCS and OMS components. 

v e n t ,  b o i l o f f , a n d  r e s i d u a l  p r o p e l l a n t  requi rements .  Total  sys tem weight  i s  a l s o  

e x h i b i t e d  i n  t h e  bar  graph ,  F i g u r e  5-46, f o r  bo th  t h e  373 f p s  ( e a s t e r l y  launch  

mis s ion )  and a 2000 f p s  miss ion .  

t h r u s t  l e v e l ,  t h e  t h r e e  l e v e l s  of i n t e g r a t i o n  are weight  compe t i t i ve ,  b u t  t h e  

s e p a r a t e  sys tem becomes advantageous a t  t h e  h i g h e r  v e l o c i t y  increment .  

Weights are l i s t e d  f o r  p r o p e l l a n t ,  p r o p e l l a n t  tankage,and p r e s s u r i z a t i o n ,  

The p r o p e l l a n t  weight  accoun t s  f o r  RCS and OMS u s a b l e ,  

A t  t h e  lower v e l o c i t y  increment  and a t  a s p e c i f i c  
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During t h i s  p o r t i o n  of t h e  APS des ign  s t u d y ,  a l l  viable oxygen/hydrogen RCS/ 

OMS i n t e g r a t i o n  c o n f i g u r a t i o n s  were compared on t h e  b a s i s  of  weight ,  r e l a t i v e  com- 

p l e x i t y ,  technology,  and f l e x i b i l i t y  i n  meeting miss ion  requi rements ,  The gaseous 

RCS b a s e l i n e  des ign  is comprised of  h igh  p r e s s u r e  turbopumps w i t h  p a r a l l e l  f low 
gas  g e n e r a t o r s  f o r  t h e  turbopump and thermal  c o n d i t i o n e r  assembl ies .  The OMS 

c o n s i s t s  of  l i q u i d  p r o p e l l a n t  engines  fed by  a d i s t r i b u t i o n  network from t h e  

p r o p e l l a n t  s t o r a g e  assembly. 

g r a t e d  RCS/OMS w i t h  common turbomachinery,  g a s  gene ra to r s , and  h e a t  exchangers  t o  a 

s e p a r a t e  sys tem w i t h  common p r o p e l l a n t  tankage on ly .  

is  r e l a t i v e l y  s imple  due t o  hardware commonality; however, a s s o c i a t e d  problems 

i n c l u d e  OMS and RCS mix tu re  r a t i o  d i f f e r e n c e s ,  RCS accumulator  r e supp ly  du r ing  OMS 

o p e r a t i o n ,  and c o n t r o l s  f o r  p r o p e l l a n t  sequencing t o  t h e  OMS eng ines .  By r educ ing  

t h e  deg ree  of i n t e g r a t i o n ,  t h e s e  problem areas can b e  r e so lved  o r  a l l e v i a t e d .  

The degree  of i n t e g r a t i o n  v a r i e d  from a f u l l y  i n t e -  

The f u l l y  i n t e g r a t e d  system 

P r e l i m i n a r y  s c r e e n i n g  of c a n d i d a t e  c o n f i g u r a t i o n s  a t  each i n t e g r a t i o n  level 

r e s u l t e d  i n  s e l e c t i n g  f o u r  RCS/OMS cand ida te  c o n f i g u r a t i o n s .  

performance and des ign  c h a r a c t e r i s t i c s  of t h e  OMS engine ,  f e e d l i n e s  and turbo-  

Pumps were developed. 

and system schemat i c s  drawn f o r  each op t ion  and i n t e g r a t i o n  l e v e l .  

t h e  p r e l i m i n a r y  des ign  p o i n t s  were determined f o r  each op t ion .  

c o n f i g u r a t i o n s  are two f u l l y  i n t e g r a t e d  systems,  one p a r t i a l l y  i n t e g r a t e d  sys tem,  

and a s e p a r a t e  system. Mixture  r a t i o  d i f f e r e n c e s  were r e so lved  on t h e  f u l l y  i n t e -  

g r a t e d  system by us ing  e i t h e r  two oxygen and one hydrogen RCS pumps f o r  t h e  OMS 

o p e r a t i o n  o r  by u t i l i z i n g  b i l e v e l  o p e r a t i n g  pumps. The p a r t i a l l y  i n t e g r a t e d  case 

a l s o  u s e s  a b i l e v e l  pump c o n f i g u r a t i o n ,  s i n c e  t h e  u s e  of independent ly  des igned  RCS 

and OMS pumps could  n o t  be  j u s t i f i e d  from a weight  s av ings  s t a n d p o i n t .  The b i l e v e l  

turbopumps are des igned  f o r  t h e  OMS requi rements  and o p e r a t e  o f f -des ign  f o r  t h e  RCS. 

These d i f f e r e n t  o p e r a t i n g  p o i n t s  r e q u i r e  gas  g e n e r a t o r  and pump o u t p u t  c o n t r o l .  The 
recommended o p t i o n  of p rov id ing  accumulator makeup p r o p e l l a n t ,  r e q u i r e d  f o r  t h e  

i n t e g r a t e d  systems dur ing  OMS o p e r a t i o n ,  is t h e  a d d i t i o n  of a small, s e p a r a t e  

exchanger /gas  g e n e r a t o r  s i z e d  t o  cond i t ion  o n l y  t h e  accumula tor  makeup gas .  

s i n g l e  u n i t  f o r  each p r o p e l l a n t  would be added w i t h  t h e  RCS c o n d i t i o n e r s  p rov id ing  
backup o p e r a t i o n  i n  case of a f a i l u r e .  This o p t i o n  r e q u i r e s  the development of  an 

a d d i t i o n a l  component b u t  is the p r e f e r r e d  approach. since the alternate o p t i o n s  

P r i o r  t o  t h i s ,  

Design o p t i o n s  t o  r e s o l v e  i n t e g r a t i o n  concerns were dev i sed  

Fol lowing t h i s ,  

The s e l e c t e d  

h e a t  

A 
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result in an excessive number of conditioner cycles, excessive weight penalties, 
or increased complexity. In the separate RCS/OMS, a staged combustion cycle OMS 

engine is recommended. 

System weights and sensitivities to design point changes were evaluated for 

each of the four candidates. A broad range of OMS thrust levels and OMS mission 

requirements (velocity increment) >rere used. 

the easterly launch mission, the candidate RCS/OMS systems were all weight 
competitive. 

system is most attractive. 

At the lower velocity requirements of 

At the higher velocity increment (2000 fps), the separate RCS/OMS 
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