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This report summarizes the effort conducted in support of the space shuttle 
high pressure auxiliary propulsion subsystem study and defines the preliminary 
design of the final subsystems selected. The study was performed for the National 
Aeronautics and Space Administration, Marshal Space Flight Center, Huntsville, 
Alabama, under contract NAS 8-26248, 

This volume summarizes the progrzm and highlights the study approach and 
results 
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1. INTRODUCTION 

12 FEBRUARY 7971 

The NASA space shuttle vehicle system for future manned space operations 
requires development of a number of subsystems which are either new or significant 
extensions of state-of-the-art technology. 
subsystem (APS) used for control and maneuvering of the shuttle vehicle after main 
engine cut-off. 
of previous vehicles. To provide a high performance A P S  and, at the same time, to 
take advantage of benefits in the areas of propellant logistics, safety, reuse, and 
performance 
as the most desirable type of subsystem, 

bong these is the auxiliary propulsion 

The magnitude of APS control requirements fs far in excess of those 

a gaseous hydrogen/oxygen auxiliary propulsion subsystem was identified 

There are two basic methods of implementing an A P S  of this type. 
(1) high pressure APS, in which propellants are stored at, or conditioned 

to, the most desirable thruster operating pressures; 
low pressure APS, in which propellants are supplied to the control 
thrusters from main ascent propellant tanks at normal ullage pressures. 

These are: 

( 2 )  

Within these broad categories many APS alternatives or options were available. 
Typically, propellant storage, conditioning assembly design, integration with other 
propulsion subsystems, and the exact mode of A P S  mission usage could be implemented 
in a variety of ways. 

Each basic APS category and its alternate implementation schemes offered differ- 
ent advantages and suffered different disadvantages in terms of subsystem perfor- 
mance and required technology developments. Thus, selection for the shuttle, and 
definition of the advanced technology necessary for A P S  development, required in- 
depth studies. 

To fulfill shuttle needs, NASA contracted for APS definition studies of both 

high and low pressure A P S .  These studies were divided into two phases, 
phase, Subtask A, was a conceptual subsystem definition to provide NASA with data 
sufficient for selection of the best means of A P S  implementation in both high and 
low pressure categories, The second phase, Subtask B, was a preliminary design of 
the particular concept(s) selected in each basic APS category. 
study was conducted by McDonnell Douglas Astronautics Company-East under Contract 

No, NAS 8-26248, The Aerojet Liquid Rocket Company, under subcontract to MDAC-East, 
provided the analyses and design support necessary to define the active components 
for APS evaluation. NASA technical direction for this effort was provided by the 

The first 

A high pressure A P S  



HASA Marshall  Space F l i g h t  Center (MSFC) a t  Huntsv i l le ,  Alabama, through t h e  o f f i c e  

of M r ,  John McCarty, Deputy Chief,  Propuls ion and Power Branch of t h e  Ast ronaut ics  

Laboratory. 

The problem addressed i n  Subtask A was providing s u f f i c i e n t  comparative da t a  

on va r ious  APS concepts t o  a l low s e l e c t i o n  of t h e  b e s t  high p res s  

f o r  Subtask B prel iminary design. 

s tudy  are documented i n  d e t a i l  i n  t h e  Subtask A r epor t  (Refe,rence (a)}- Subtask B 

w a s  i n i t i a t e d  using concepts def ined during Subtask A. 

b l y  t r a d e  s t u d i e s ,  and des ign  analysee,  w e r e  performed i n  p a r a l l e l  wi th  support ing 

subsystem design and opera t ing  a n a l y s i s  t o  de f ine  t h e  recommended baseline_APS. 

F i n a l  base l ine  APS i n s t a l l a t i o n  and prel iminary design were accomplished. 

of t h e  second phase of t h e  high pressure  APS s tudy  (prel iminary A P S  design) are 

defined i n  t h e  Subtask B r e p o r t  (Reference (b)). 
Handbook (Reference ( c ) )  de f ines  t h e  prel iminary design,  opera t ing  performance, and 

weight s e n s i t i v i t i e s  f o r  t h e  se l ec t ed  APS f o r  Orb i t e r  B, Orb i t e r  C and t h e  Booster 

of Reference (d) e 

The r e s u l t s  of t h e  Subtask A po r t ion  of the 

Deta i led  component and assem- 

Resul t s  

The high p res su re  A P S  Design 

This  r e p o r t  summarizes t h e  t a s k s  conducted i n  both Subtask A and Subtask B 

phases of t h e  h igh  p res su re  APS studye and de f ines  ( i n  summary form) t h e  prel iminary 

design of f i n a l  A P S  conf igura t ions ,  



2, STUDY APPROACH 

The high p res su re  APS study w a s  conducted i n  two phases, Subtask A, Conceptual 

Subsystem Def i n i t i o n ,  and Subtask B, Prel iminary Subsystem Design, 

provides  a d e t a i l e d  program p lan  f o r  t h e  complete s tudys and de f ines  in  d e t a i l  t h e  

t a sk  ob jec t ives  and t h e i r  r e l a t i o n s h i p  t o  t h e  o v e r a l l  study. 

i n  Figures  2-1 and 2-2 i n  flow cha r t  form f o r  t h e  two subtasks.  

t h e  program schedule. 

Reference (e) 

The t a s k s  are shown 

Figure 2-3 de f ines  

I n  Subtask A, the  problem addressed was providing s u f f i c i e n t  comparative d a t a  

on t h e  var ious  high p res su re  APS concepts t o  a l low s e l e c t i o n  of t he  b e s t  approach 

f o r  Subtask B prel iminary design,  For t h i s  e a r l y  s tudy phase t h e  predominant concern 

w a s  t he  r e l a t i v e  m e r i t  of var ious  APS concepts,  r a t h e r  than t h e i r  abso lu t e  per for -  

mance levels. Component and assembly opt imiza t ions ,  w i th in  a given subsystem con- 

cep t ,  were l imi t ed  t o  those  areas which could p o t e n t i a l l y  impact subsystem se lec-  

t i on .  

as r ep resen ta t ive  of a r e f ined  abso lu te  performance level f o r  any p a r t i c u l a r  sub- 

system. 

which provided component op t imiza t ions  f o r  t h e  s e l e c t e d  APS concept. 

s idered  i n  Subtask A were t h e  two o r b i t e r s  and boos ters  def ined i n  Reference ( f ) .  

Mission APS requirements f o r  these  s h u t t l e s  were a l s o  def ined i n  Reference ( f ) .  

Subtask B w a s  i n i t i a t e d  using APS concepts def ined  during Subtask A. 

Thus, f i n a l  da t a  r e s u l t i n g  from t h i s  phase of s tudy could not  be  considered 

This aspec t  of des ign  was proper ly  t h e  r e s u l t  of t he  second phase of s tudy,  

Vehicles con- 

. 
Vehicles  

and requirements w e r e  redef ined by NASA p r i o r  t o  Subtask B. 

Subtask B APS i n s t a l l a t i o n  w e r e  Orb i t e r  B,  Orb i t e r  C ,  and the  Booster def ined i n  

Reference ( d ) .  Tradeoff s t u d i e s  were performed t o  determine t h r u s t e r  arrangement 

and t h r u s t  level which would b e s t  meet maneuvering requirements and s t i l l  provide 

t h e  minimum weight conf igura t ion .  To de f ine  t h e  recommended b a s e l i n e  A P S ,  in-depth 

component and assembly t r a d e  s t u d i e s  and design ana lyses  were performed i n  p a r a l l e l  

wi th  support ing subsystem design and opera t ing  analyses .  

l a t i o n  and prel iminary design s t u d i e s  including component d e f i n i t i o n  were then 

accomplished. 

Considered f o r  t h e  

F ina l  base l ine  A P S  i n s t a l -  

2-1 
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3 ,  SUBTASK A ,  CONCEPTUAL SUBSYSTEN DEFINITIOM 

Subtask A sought,  as i t s  primary ob jec t ive ,  t o  de f ine  t h e  p re fe r r ed  h igh  

p res su re  APS approach,, 

gram t o  de f ine  candidate  A P S  concepts. 

s t u d i e s  were performed t o  configure concepts t o  a p a r a l l e l  level of d e t a i l  and t o  

f u r t h e r  sc reen  t h e  candida tes  t o  de f ine  t h e  most attractive approaches. 

Concept screening s t u d i e s  w e r e  performed e a r l y  i n  t h e  pro- 

Design ana lyses  and intrasubsystem t r a d e  

Resul t ing 

A P S  concepts were then compared on t h e  b a s i s  of weight,  s imp l i c i ty ,  mission flexi- 

b i l i t y ,  and requi red  new technology. 

o r b i t e r s  and boos ter  as the  h ighes t  r a t e d  concept,  and became t h e  conf igura t ion  

def ined f o r  d e t a i l  i n v e s t i g a t i o n  during Subtask B. 

The turbopump APS w a s  s e l ec t ed  f o r  both 

3,1 Requirements - Subtask A APS requirements were defined by NASA p r i o r  t o  

s tudy i n i t i a t i o n  (Reference ( f ) ) .  Four space s h u t t l e  veh ic l e s  were evaluated dur- 

ing  t h i s  s tudy phase. Both high and low crossrange o r b i t e r s  and boos ters  were con- 

s idered .  These a r e  i l l u s t r a t e d  i n  Figure 3-1, Included i n  Reference ( f )  w e r e  pre- 

l iminary  c o n t r o l  and t r a n s l a t i o n  a c c e l e r a t i o n  requirements.  

ing  opt ions w e r e  i nves t iga t ed  f o r  t hese  a c c e l e r a t i o n  requirements;  then,  APS con- 

t r o l  t h r u s t  levels and t h e  number of c o n t r o l  t h r u s t e r s  w e r e  e s t ab l i shed  f o r  each 

o r b i t e r  and booster .  These are summarized i n  Figure 3 - 2 ,  S h u t t l e  mission timelines 

corresponding t o  t h e  space s t a t i o n  r e s u p p l y / l o g i s t i c s  mission w e r e  provided as a 

base l ine  mission f o r  Subtask A comparisons. 

Various t h r u s t e r  s i z -  

Three modes of APS usage, represent ing  varying degrees  of +X maneuver capa- 

b i l i t y ,  were inves t iga t ed  f o r  t h e  o r b i t e r  t ime l ine ,  These were: 

(1) 
(2) 

(3) 

APS capable  of providing a l l  maneuvers 

APS designed f o r  +X maneuvers of - 50 f t / s e c  only 

APS designed f o r  +X maneuvers of - 10 f t / s e c  only 

< 

< 

For t h e  last  two opera t ing  modes, a separate o r b i t  maneuvering subsystem (OMS) 

would be requi red  f o r  major +X maneuvers. Figure 3-3 i l l u s t r a t e s  t h e  four  

veh ic l e  conf igura t ions  considred during t h i s  s tudy phase, while Figure 3-2 

summarizes APS t o t a l  impulse requirements f o r  both o r b i t e r s  and boos ters .  

3 . 2  Trade Study Concepts - The o r b i t e r  and boos ter  concept matrices of F igures  

3-4 and 3-5 w e r e  e s t ab l i shed  based on prelimfnary concept screening def ined f n  Ref- 

erence 

these  opt ions  are as soc ia t ed  wi th  v e h i c l e  requirements a 

t o  be observed occur i n  t h e  b a s i c  A P S  concept d e f i n i t i o n ,  A s  shown i n  F igure  3 - 4 ,  

t h e r e  were t h r e e  b a s i c  APS concepts t o  be considered f o r  t h e  o r b i t e r s ,  S imi l a r ly ,  

A t o t a l  of 50 poss ib l e  APS opt ions  are i d e n t i f i e d .  However, many of 

The princfp'al  v a r i a t i o n s  t o  

3- 1 
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Figure  3-5 i d e n t i f i e s  fou r  S concepts considered f o r  t he  boos te rs ,  For purposes 

of c l a r i t y ,  thermal condi t loning w a s  separa ted  as an  independent t r a d e  s tudy,  be- 

cause alternate condi t ioner  concepts have similar e f f e c t s  on t h e  performance of 

d i f f e r e n t  APS concepts,  

Candidate o r b i t e r  concepts are i l l u s t r a t e d  i n  s impl i f i ed  schematics i n  Figure 

3-6 ,  For c l a r i t y ,  t h e  schematics of Figure 3-6 have elimfndted p rope l l an t  co 

components such as valves and redundant components provided fo s a t i s f y  fa 
terfa, and only one p rope l l an t  s f d e  is shown. 

decouple condi t ioner  assemblies  from t h r u s t e r s .  These accumulaeors s t o r e  a l imi t ed  

amount of gaseous p rope l l an t s  t o  al low t h  u s t e r  opera t ion  without  startfng the pro- 

p e l l a n t  condf t ioners  (which opera te  only  when accumulator pressure  decays below a 

prescr ibed  level) 

All conce@ts use  acc 

- The b a s i c  turbopump APS concept fs f l l u s t r a t e d  

ed as a l i q u i d  i n  a s i n g l e  tank containing both  

Turbopump suc t ion  head requirements are provided OMS and APS prope l l an t  supp l i e s ,  

by a cold helfum p r e s s u r i z a t i o n  subassembly. 

propel lan t  pressures  t o  those required for subsystem opera t ion ,  while the hea t  

exchanger downstream of t h e  turbopump provides  thermal condi t ion  

r a f s e  p rope l l an t s  t o  opera t ing  temperatures requi red  fo r  t h r u s t e r  

condi t ioned p rope l l an t  vapor fs s to red  in an a c c m u l a t o  

downstream of t h e  accumulator con t ro l s  p re s su re  f o r  both c o n t r o l  t h r  

gas  generator .  Energy f o r  both thermal cond i t ion i  and turbopump o 

provided by a low mixture r a t i o ,  b ip rope l l an t  gas  genera tor ,  

The turbopump subassembly increases 

A pressure  r e g u l a t o r  

3,2,2 S u p e r c r i t i c a l  APS Concept - I n  t h e  s u p e r c r l t i c a l  concept, the p 

is s to red  above cr i t ical  pressures ,  

are maintained by h e a t  add i t ion ,  which is provided by tern& heat e x c h a n ~ ~ ~ ~  

c i r c u l a t i o n  pump assembly ( i l l u s t r a t e d  i n  F igure  3-6qb). The A P S  prope l l an t  supply 

tank  i s  s i zed  t o  provide only  t h e  t o t a l  

e r i n g  subsystem opera t ions ,  During ON§ f i r i n g s ,  t h e  supe 

r e f i l l e d  by a turbopump from the low p res su re  l i q u i d  p rope l l an t  s to rag  

subsystem Incorpora tes  a do 

Storage tank p res s  s i n  this  subsystem concept 

u l s e  requi red  between major 

stream heat  exchanger to complete t h e  t h e m 1  condi- 

he temperatures requi red  for thrus%er operatZion. 

- A concept using a s u p e r c r i t i c a l  hydrogen supply 

similar to t h a t  descr ibed above i n  conjunct  on wi th  a compressor oxygen supply was  
included i n  the  study, The oxygen supply assembly for this concept is i l l u s t r a t e d  

ure 3 - 6 ~ ~  In t h i s  concept,  1 pressure prope l l an t  vapor is ex t r ac t ed  from 

3-6 
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HYBRID SUBSYSTEM CONSISTS OF TURBOCOMPRESSOR 02 
SUBSYSTEM COMBINED WITH SUPERCRITICAL H2 SUBSYSTEM 

t h e  main engine tanks and compressed i n  a turbocompressor t o  t h e  pressure  requi red  

f o r  subsystem operat ion.  No thermal condi t ioning downstream of t h e  compressor i s  

requi red  since temperature rise due t o  compression i s  ample f o r  t h r u s t e r  opera t ion ,  

The turbocompressor i s  powered by a gas  generator  similar t o  the turbopump concept 

design, 

f o r  t he  e n t i r e  mission, consider ing even t h e  lowest t o t a l  impulse requirement. 

Therefore,  a sepa ra t e  p rope l l an t  resupply tank is  requi red  t o  r ep len i sh  the  main 

engine tanks when pressure  f a l l s  below a prescr ibed  l eve l .  

energy requi red  by t h e  hea t  exchanger t o  precondi t ion  oxygen t o  a vapor s ta te  p r i o r  

t o  main engine tank replenishment. 

Main engine p rope l l an t  tanks do no t  conta in  s u f f i c i e n t  propel lan t  vapor 

A gas genera tor  provides 

3,2,4 Booster APS Concepts - A P S  concepts considered f o r  t h e  boos te r  are 

i l l u s t r a t e d  i n  Figure 3-7. 
and o r b i t e r s ,  

c r ibed  f o r  t h e  o r b i t e r  with t h e  exception t h a t ,  s i n c e  boos te r  t o t a l  impulse require-  

The turbopump concept i s  i d e n t i c a l  f o r  both boos te rs  
The s u p e r c r i t i c a l  concept f o r  t h e  booster  i s  similar t o  t h a t  des- 

3-7 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

TO THRUSTERS I TO THRUSTERS I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

TO THRUSTERS 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

STORED GAS 
9 

TO THRUSTERS 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

1 I ___-_--- L-- - - - - - l - - - - - - - . - I  

ments are comparatively l o w ,  no resupply t o  t h e  s u p e r c r i t i c a l  s to rage  tank i s  re- 

quired.  I n  t h e  boos te r ,  compressors w e r e  considered f o r  both hydrogen and oxygen 

p rope l l an t  suppl ies .  The s i n g l e  d i f f e rence  between t h e  boos te r  and o r b i t e r  turbo- 

compressor concepts i s  t h a t  t h e  boos te r  r e q u i r e s  no a u x i l i a r y  resupply p rope l l an t ,  

s i n c e  ample r e s i d u a l  p rope l l an t  vapors remain a f t e r  boos te r  main engine cutoff  t o  

s a t i s f y  mission t o t a l  impulse requirements. Also considered f o r  t h e  boos te r  w a s  a 

simple s to red  gas  b ip rope l l an t  APS concept. I n  t h i s  concepto opera t ion  is  similar 

t o  a conventional cold gas  a t t i t u d e  c o n t r o l  system, except t h a t  hydrogen and oxygen 

are burned as b ip rope l l an t s .  

regula ted  t o  t h e  p re s su res  requi red  f o r  t h r u s t e r  operat ion.  

Gaseous prope l l an t s  a r e  s t o r e d  a t  high p res su re  and 

3,2.5 Conditioning Assembly Se lec t ion  - A s  shown i n  Figures3-4 and3-5, t h e r e  

are a number of a l t e r n a t e s  a v a i l a b l e  f o r  condi t ioner  implementation. 

condi t ion ing  concepts  are shown i n  Figure 3-4: 

Three thermal 

(1) s i n g l e  i n t e g r a l  as genera tor  assembly 

3-8 
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(2) 

(3) 

i n t e g r a l  dual  burn o r  s taged combustion gas generator  assembly 

main ascent  tank tap-off cyc le  
I n  add i t ion ,  each concept can be  implemented somewhat d i f f e r e n t l y  with regard both 

t o  t h e i r  opera t ing  temperatures and t o  use  of t h e  ven t  gas  from t h e  condi t ioners  

f o r  a d d i t i o n a l  impulse. 

in f luence  on s e l e c t i o n  of a c o n d i t i m e r  approach. For those  subsystems used i n  t h e  

all-maneuver case,  a condi t ioning assembly t a i l o r e d  t o  provide t h e  maximum poss ib l e  

performance was  d e s i r a b l e ,  providing,  as it  d i d ,  very  s i g n i f i c a n t  weight advantages. 

For t h i s  reason, an  assembly using a high temperature s i n g l e  i n t e g r a l  gas  generator  

i n  conjunction wi th  a propuls ive vent  was  s e l e c t e d  f o r  both o r b i t e r s  i n  t h e  a l l ?  

maneuver class. 

t h e  condi t ioner  assembly were less s i g n i f i c a n t  and, s i n c e  only a s m a l l  f r a c t i o n  of 

t h e  the  fnpulse  could be  provided by a propuls ive  ven t ,  t h e  propuls ive vent  w a s  n o t  

des i r ab le .  For t h e  -50 f t / s e c  v e l o c i t y  a l l o c a t i o n ,  a high temperature s i n g l e  i n t e -  

g r a l  gas genera tor  without  a propuls ive vent  w a s  s e l ec t ed .  

a s i n g l e  i n t e g r a l  gas genera tor  opera t ing  a t  2000'R without  propuls ive vent  w a s  s e l ec t ed .  

The t o t a l  impulse requi red  by t h e  APS w a s  t h e  d r iv ing  

A t  t h e  lower impulse levels, t h e  advantages of high performance i n  

< 

For t h e  210 f t / s e c  c l a s s ,  

Using the  condi t ioner  concepts i d e n t i f i e d  above, A P S  concept matrices of 

Figures  3-4 and 3-5 reduce t o  a t o t a l  of 18 concept a l t e r n a t e s ,  These a l t e r n a t e s ,  

toge ther  wi th  t h e i r  a s soc ia t ed  maneuver levels and v e h i c l e  elements, are tabula ted  

i n  F igure  3-8. Figure 3-8 thus  forms t h e  complete l i s t  of subsystems compared 

i n  Subtask A a f t e r  a l l  screening had been completed. 

3.3 Trade Study Resu l t s  - The 18 concepts i d e n t i f i e d  i n  Figure 3-8 were com- 

pared on t h e  b a s i s  of subsystem weight, technology, s i m p l i c i t y ,  and f l e x i b i l i t y  t o  

changes i n  requirements.  Detail subsystem schematics w e r e  developed t o  i d e n t i f y  

t h e  number of components w i th in  each subsystem, and t o  e s t a b l i s h  o v e r a l l  subsystem 

weight. S imple  l i n e  schematics descr ibing t h e  concepts were expanded t o  incorpora te  

component redundancy necessary t o  s a t i s f y  s h u t t l e  f a i l u r e  c r i t e r i a ,  A t y p i c a l  exam- 

p l e  i s  shown i n  Figure 3-9 f o r  a p o r t i o n  of a turbopump subsystem, Weight and per- 

formance models w e r e  developed over a parametr ic  range f o r  each component and sub- 

assembly, Using these  parametr ic  da t a ,  ana lyses  def ined subsystem weight and t h e  

most d e s i r a b l e  design opera t ing  po in t s ,  F igure  3-10 exemplif ies  weight s e n s i t i v i t y  

t o  design v a r i a b l e s  and Figure 3-11 shows weight s e n s i t i v i t y  t o  A P S  requirements.  

Figure 3-12 provides  a summary of APS design polents and weights as developed by 

t h e s e  analyses ,  

subsystems were judged according t o  t h e  s tudy s e l e c t i o n  cri teria,  

When optimum or  des-fred des ign  p o i n t s  had been e s t ab l i shed ,  t h e  

These cr i ter ia  

3-9 



0299 
1979 

VELOCIP'B LEVEL VEHICLE 

ORBITER 

BOOSTE 

BOOSTER 

SUPERCRlTlCWL 

P 

3-8 



REPORT MBC E0299 
12 FEBRUARY 1971 

200 600 1000 20 40 60 80 52 2 4 6 8  40 80 120 

gg 
N IXTURE RATIO EXPANSION RATIO CHAMBER PRESSURE - LBF/IN~ A 

v ) '  "3 t3 
3s 
- W  E t2  

w 
(r 

t1 

0 

-1 
200 400 600 50 100 150 0.5 1.0 1.5 2 3 

ACCUMULATOR PRESSURE 
RATIOS 

CoNolTloNED LINE PRESSURE DROP - LBF/lN2 A RESPONSE TIME - SEC TEMPERATURE - OR 

0 DESIGN POINT FOR TRADE STUDIES 

IMPULSE CLASS: VEHICLE: SUBSYSTEM: 
ORBITER A TURBOPUMP ALLMANEUVER 

are i d e n t i f i e d  i n  Figure 3-13, together  with t h e  weighting appl ied t o  each c r i t e r i o n  

and t h e  assessment r a t i o n a l e .  

assessment, and paragraph 3,4 provides a comparison of a l t e r n a t e  A P S  concepts,  

The following paragraphs provide a summary of t h i s  

3.3,1 APS Weight Comparison - Figures  3-14, 3-15 and 3-16 show t h e  weights 

developed f o r  each APS concept a t  t h e  design po in t s  l i s t e d  i n  Figure 3-12, Figure 

3-14 shows a comparison of t h e  turbopump subsystems a t  t h e  var ious  maneuver levels 

f o r  both o r i b i t e r s ,  Obviously add i t iona l  weight,  t o  account f o r  an OMS subsystem, 

must be fncluded before  a r a t i o n a l  dec is ion  based on weight could be made regarding 

t h e  b e s t  maneuver v e l o c i t y  a l l o c a t i o n  f o r  t h e  APSO Evaluation of OMS weight w a s  no t  

a p a r t  of t h i s  con t r ac t  e f f o r t ,  and comparison of APS f o r  d i f f e r e n t  v e l o c i t y  levels 

is  made exc lus ive  of weight, 

pared. Figure 3-15 provides a comparison of t h e  t h r e e  a l t e r n a t e  o r b i t e r  concepts 

a t  a common maneuver level,  and forms a v a l i d  weight comparison f o r  t h e  a l t e r n a t e  

APS concepts,  As shown, the  turbopump subsystem is t h e  l i g h t e s t  weight f o r  both 

o r b i t e r s ,  F igure  3-16 compares the  four  a l t e r n a t e  boos te r  concepts for both  boos- 

Only technology, s i m p l i c i t y  and f l e x i b i l j l t y  are com- 
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ters. Again, as is true for the orbiters, the turbopump subsystem ts the lightest 
weight for both boosters. 

3,3,2 - Each of the candidate BBS concepts was evalu- 
ated to provide an assessment of the technology considerations which would influence 
concept selection. Figure 3-17 identifies the common technology considerations, 
associated with a turbopump subsystem, which apply to all maneuver levels, It also 
identifies those factors which would impact concept selection at the various maneu- 
ver levels. The principal difference between maneuver levels is the conditioner 
assembly design, At high maneuver velocity levels, performance advantages of high 
performance conditioner assemblies are quite pronounced, and technology extensions 
are warranted, 
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compares different A P S  concepts at a fixed maneuver velocity level. 
Again, tehcnology is separated into common technology considerations and factors 
which impact APS concept selection, 
differences are associated with design of a rapid spin-up, multi-cycle turbopump, 
and design of the liquid positive propellant positioning device. 
critical subsystem, no propellant posftioning is required, but this subsystem does 
require a more complex conditioner assembly design, The conditioner inlet tempera- 
tures vary markedly, and the conditioner must be highly throttleable to accommodate 
varying conditioning requfrements. 
cal disadvantages, 
apply to the hybrid. In addition, it requires technology fmprovements in turbo- 
compressor design and performances as well as the additional technology associated 
with the propellant resupply assembly. 

3-16 

For the turbopump, the prfma y techno logy 

For the super- 

The hybrid concept has a number of technofogf- 
A11 considerations appffcable to the sup6rcriticaf concept 
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Figure 3-19 compares t h e  va r ious  boos te r  APS concepts. I n  a l l  cases, tech- 

nology requirements are relaxed f o r  t h e  boosters .  

c a n t l y  reduced, as i s  p rope l l an t  tank s i z e  and (hence) t h e  s i z e  of t h e  p rope l l an t  

pos i t ion ing  device.  With the s u p e r c r i t i c a l  concept,  no resupply i s  required;  hence, 

technology requirements are a l s o  relaxed., I n  t h e  case of t h e  turbocompressor, 

compressors f o r  t h e  boos te rs  are much l a r g e r ,  and i n l e t  design i s  more c r i t i c a l  

because of higher  power requirements.  The s to red  gas subsystem is  i d e a l  from a 

technology s tandpoin t  as a l l  components are s ta te-of- the-ar t ,  

Turbopump cyc le  l i f e  i s  s i g n i f i -  

3 , 3 . 3  APS Simpl ic i ty  Cr i t i que  - Figures  3-20 and 3-21 summarize unique advan- 

tages  and disadvantages of var ious  APS concepts,  i n  r e l a t i o n  t o  inherent  subsystem 

s i m p l i c i t y  and management of subsystem development. Comparing turbopump subsystem 

s i m p l i c i t y  (Figure 3-20) across  maneuver levels shows that t h e r e  are only minimal 

d i f f e rences  i n  the subsystems, Figure 3-20 a l s o  compares the three o r b i t e r  con- 

3-17 



PORT MBC E0299 

F - 

COOLED/LUBED 

* ,  . 
SUPERCRITICAL 

e HIGHLY THROTTABLE 

SUPERCRITICAL H2 

COMMON TECHNOLOGY CONSIDERATIONS 

3-19 

EW OF SUBSYSTE 

0 -  

e -  

* -  

3-18 3-20 



HIGH S 
SUMM 

~ & ~ ~ R ~  MDC E0299 
12 FEBRUARY 1971 

SUPERCRITICAL 

TURBOCOMPRESSOR 

BER OF SUBSYSTE 

CONTROL COMPLEXITY 
PLEX COMPONENT 

0 VERY COMPLEX IN TERMS OF 
DEVELOPNlENTMANAGEMENT 

a PROPELLANT POSITIONING REOUIRED 
e COMPLEX VEHICLE INTERFACE 

DVANTWGES 

0 NO PROPELLANT POSITIONING 

0 PROPELLANT STORAGE NOT 
REQUIRED 

9 MINIMUM NUMBER OF SUBSYSTEM 
COMPONENTS 

0 MINIMUM OF COMPONENT INTEGRA- 
TION 
SIMPLEST CONTROL REOUIREME 

c e p t s  a t  a f i x e d  maneuver v e l o c i t y  level. 

turbopump concept i s  appreciably simpler and o f f e r s  t h e  g r e a t e s t  p o t e n t i a l  i n  terms 

of development management. 

ope ra t iona l  and a design s tandpoint  and, s i n c e  tankage development i s  t o t a l l y  con- 

s t r a i n e d  by development of o t h e r  subsystem components, i t  is  by f a r  t h e  most com- 

p l ex  i n  terms of subsystem management during development. 

c a l  subsystem o f f e r s  s i g n i f i c a n t  advantages i n  t h a t  t h e r e  i s  no r o t a t i n g  machinery 

and no p r o p e l l a n t  pos i t i on ing  required.  

p l i c i t y  cons ide ra t ions  f o r  the boosters .  

gas subsystem is  t h e  s imples t ,  and has  an apprec iab le  number of advantages re la t ive 

t o  t h e  o the r  subsystems 

Relative t o  o t h e r  A P S  concepts,  the 

The s u p e r c r i t i c a l  subsystem i s  complex both from an 

However, t h e  s u p e r c r i t i -  

Figure 3-21 provides a c r i t i q u e  of s i m -  

A s  i s  clear from t h e  f i g u r e ,  t h e  s t o r e d  

3.3.4 APS F l e x S b i l i t y  t o  Changes i n  Requirements - A P S  f l e x i b i l i t y  t o  require-  

ment changes was adjudged on t h e  b a s i s  of d a t a  similar t o  those shown i n  Figure 

3-11, 

t h r u s t e r  t h r u s t ,  t o t a l  subsystem t h r u s t ,  t o t a l  impulse and number of APS t h r u s t e r s ,  

Quan t i t a t ive  sensit ivit ies were determined f o r  each APS concept and r a t i n g s  were 

Considered were changes i n  subsystem weight a s soc ia t ed  wi th  changes i n  

3-19 



based on these  va lues ,  

i n  requirements,  and provide t h e  g r e a t e s t  f l e x i b i l i t y  p o t e n t i a l ,  

summarized on t h e  f i n a l  r a t i n g  c h a r t s  shown i n  Figures  3 - 2 2 ,  3 - 2 3 ,  and 3 - 2 4 ,  

The turbopump subsystems are t h e  least s e n s i t i v e  t o  changes 

Point  ratin@ are 

3 - 4  Concept Comparisons and Se lec t ions  - Using t h e  d a t a  provided i n  Paragraph 

3 , 3  t o t a l  po in t  r a t i n g s  w e r e  e s t ab l i shed  f o r  each of t h e  18 candidate  concepts. 

These r e s u l t s  are summarized n Figures  3 - 2 2 ,  3-23 ,  and 3 - 2 4 ,  Fi u r e  3-22 provides 

a comparison of turbopump subsystems a t  t h e  t h r e e  maneuver v e l o c i t y  levels. Weight 

is  not  considered, f o r  reasons noted i n  Paragraph 3 . 3 , l .  

t i o n  c r i t e r i a ,  t h e  all-maneuver c l a s s  A P S  provides t h e  h ighes t  t o t a l  po in t  r a t i n g  

and, s i n c e  t h e  o the r  cri teria would only be degraded by add i t ion  of an OMS system, 

i t  i s  t h e  b e s t  maneuver v e l o c i t y  a p p l i c a t i o n  from t h e  s tandpoin ts  of technology, 

Based on t h e  o the r  se lec-  
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s i m p l i c i t y  and f l e x i b i l i t y .  F igure  3-23 compares turbopump, s u p e r c r i t i c a l  and 

hybrid subsystems f o r  t h e  o r b i t e r s .  As shown, t h e  turbopump is  c l e a r l y  t h e  

b e s t  o v e r a l l  subsystem s e l e c t i o n .  I d e n t i c a l  r e s u l t s  were obtained €or  t h e  boos te rs  

(as shown i n  F igure  3-24). Thus, on t h e  b a s i s  of a l l  s e l e c t i o n  criteria, t h e  turbo- 

pump subsystem was shown by t h i s  s tudy t o  be  t h e  b e s t  candidate  f o r  Subtask B pre- 

l iminary design,  The all-maneuver class APS w a s  a l s o  s e l e c t e d  fo r  t h e  o r b i t e r s .  



4, SUBTASK B - PRELIMINARY DESIGN 

4.1 APS Requirements - APS t h r u s t  level and t o t a l  impulse w e r e  defined during 

Subtask A e f f o r t  f o r  t h e  v e h i c l e  conf igu ra t ions ,  design c h a r a c t e r i s t i c s ,  and 

a c c e l e r a t i o n  requirements def ined i n  t h e  Space S h u t t l e  Vehicle Descr ipt ion and 

Requirements Document (Reference ( d ) ) ,  Subsequently, r e v i s i o n s  w e r e  made t o  t h i s  

document, r equ i r ing  a n  updating of t h e  APS requirements f o r  Subtask Be These 

r e v i s i o n s  included changes t o  v e h i c l e  conf igu ra t ion ,  increased a c c e l e r a t i o n  

requirements,  and r e f i n e d  mission t ime l ines ,  Three vehicle conf igu ra t ions ,  two 

o r b i t e r s ,  and one boos te r  w e r e  evaluated during Subtask B. 

i l l u s t r a t e d  i n  Figures  4-1 through 4-3. 

These v e h i c l e s  are 

A d e t a i l e d  eva lua t ion  of A P S  t h r u s t  level,  t o t a l  impulse, and number of 

t h r u s t e r s  f o r  t h e  Subtask B study phase w a s  made. Options a v a i l a b l e  w i t h i n  the 

c o n s t r a i n t s  imposed by t h e  v e h i c l e  a c c e l e r a t i o n  requirements and v e h i c l e  configu- 

r a t i o n  were compared t o  e s t a b l i s h  those i n s t a l l a t i o n  and t h r u s t e r  characteristics 

which would provide minimum APS weight. Thrust  levels and number of t h r u s t e r s  

r e s u l t i n g  are summarized i n  Figure 4-4. 

1850 l b  w a s  s e l e c t e d  f o r  both o r b i t e r s  and t h e  booster.  

A s  shown, a common t h r u s t  level of 

I n  Subtask A ,  t h r e e  levels of APS +X maneuvering c a p a b i l i t y  were inves t iga t ed  

f o r  t h e  o r b i t e r s .  These were: 

(1) A P S  designed t o  perform a l l  o r b i t e r  fX maneuvering 

func t ions  

A P S  designed t o  perform +X v e l o c i t y  changes - 50 f t / s e c  

APS designed t o  perform +X v e l o c i t y  changes of - 10 f t / s e c .  

< 
(2) 

(3 )  
< 

I n  t h e  las t  two cases, a s e p a r a t e  o r b i t  maneuvering subsystem (OMS) would b e  

required f o r  major +X t r a n s l a t i o n  maneuvers wi th  v e l o c i t y  changes g r e a t e r  than 

those provided by t h e  A P S .  For Subtask B ,  a s i n g l e  APS opera t iona l  approach 

( i n  which t h e  APS performs a l l  +X maneuver funct ions)  w a s  s e l e c t e d  by NASA, 

el iminated t h e  requirement f o r  a s e p a r a t e  OMS t o  perform major t r a n s l a t i o n  

maneuvers. 

Mission were considered f o r  Subtask B: 

This 

Two d i f f e r e n t  mission t ime l ines  f o r  t h e  Space Station/Base L o g i s t i c s  

(1) an e a r l y ,  o r  t h i r d ,  o r b i t  rende 

(2) a late,  o r  seventeenth,  o r b i t  rendezvous, 

The maximum A P S  t o t a l  impulse requirements r e s u l t e d  f a r  the seventeenth orbi, t  

case and are shown i n  Figure 4-4 f o r  both o r b i t e r s ,  t oge the r  w i t h  boos t e r  t o t a l  

impulse requirements. 

4- 1 
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* 100 LB-SEC MINIMUM IMPULSE BIT 

4 . 2  APS Prel iminary Design Descr ipt ion - The conceptual subsystem d e f i n i t i o n  

o r  Subtask A e f f o r t  defined t h e  turbopump subsystem as t h e  most a t t ract ive approach 

f o r  a high p res su re  A P S .  

APS  were reevaluated i n  d e t a i l  during t h i s  prel iminary design phase t o  r e f l e c t  

updated requirements,  as w e l l  as t o  ensure a design capable of t h e  required 

performance. These more d e t a i l e d  s t u d i e s  and t r a d e o f f s  r e s u l t e d  i n  s e l e c t i o n  of 

a new design approach f o r  t h e  condi t ioner  assembly and provided t h e  a d d i t i o n a l  

d e t a i l  necessary t o  r e f i n e  t h e  designs f o r  o t h e r  subsystem components and assem- 

b l i e s .  

i s  presented i n  Figure 4 - 5 ,  The schematic f o r  t h e  oxygen s i d e  is  similar. I n  

o v e r a l l  approach, t h e  s e l e c t e d  APS design is  similar t o  t h a t  descr ibed i n  Sub- 

t a s k  A, 

APS components and assemblies making up t h e  turbopump 

A s i m p l i f i e d  schematic f o r  t h e  hydrogen s i d e  of t h e  r e s u l t i n g  subsystem 

The p r i n c i p a l  d i f f e r e n c e  between t h e  f i n a l  APS des ign  and t h a t  r e s u l t i n g  

from Subtask A i s  t h e  condi t ioner  assembly. I n  t h e  f i n a l  Subtask B design,  a 

s i n g l e  gas gene ra to r ,  ope ra t ing  a t  2 0 0 0 ° R ,  i s  used f o r  each p r o p e l l a n t  condi t ioner ,  

The exhaust products from t h e s e  gene ra to r s  d r i v e  t h e  turbopumps and provide a por- 

t i o n  of t h e  energy necessary t o  cond i t ion  t h e  p r o p e l l a n t s  t o  t h e  required tempera- 

t u r e s .  A l l  gas  generator  products are f i r s t  passed t o  the turbopump t u r b i n e ,  

then d i r ec t ed  t o  t h e  h e a t  exchanger, where supplemental oxygen i s  added t o  i n c r e a s e  

h e a t  release and improve o v e r a l l  APS performance. The heat exchanger is  connected 

d i r e c t l y  t o  a v e h i c l e  ven t  assembly, I n  t h e  ven t  assembly, hea t  exchanger exhaust 
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products are discharged from t h e  veh ic l e  through opposing nozz les ,  t o  e l imina te  

d is turbance  f o r c e s ,  o r  i f  a +X axis maneuver i s  i n  process ,  through an a f t  d i rec-  

ted nozzle t o  provide u s e f u l  impulse. 

The subsystem i s  most c l e a r l y  descr ibed by consider ing i t  as made up of fou r  

primary assemblies:  

(1) t h r u s t e r  assemblies  

(2) accumulators and feedline ass 

(3) prope l l an t  condi t ioning assembly 

( 4 )  prope l l an t  s to rage  assembly, 

The following paragraphs provide a summary of a l t e r n a t e  design approaches 

considered f o r  each primary APS assembly. Also provided is  a d e s c r i p t i o n  of t h e  

designs s e l e c t e d ,  t h e i r  opera t ion ,  and t h e  a n a l y s i s  and r a t i o n a l e  behind t h e i r  

s e l e c t i o n ,  

4 ,2 ,1  APS Thruster  Assemblies - The APS uses  gaseous hydrogen-oxygen 

t h r u s t e r s  t o  provide both v e h i c l e  c o n t r o l  and maneuvering impulse, 

a film-cooled t h r u s t e r  assembly w a s  assumed as t h e  b a s e l i n e  f o r  concept t r a d e  

s tud fes ,  During Subtask B, t h e  a p p l i c a b i l i t y  of f u l l y  r egene ra t ive ly  cooled 

I n  Subtask A, 
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t h r u s t e r s  t o  t h e  A P S  w a s  evaluated. 

t h e  increased s p e c i f i c  impulse afforded by a r egene ra t ive ly  cooled t h r u s t e r  would 

s i g n i f i c a n t l y  reduce APS weights,  However, t h e  eva lua t ion  a l s o  showed that  t h e  

i n s t a l l a t i o n  c o n s t r a i n t s ,  which r e q u i r e  nozzle  s c a r f i n g ,  are n o t  p r a c t i c a l  f o r  a 

f u l l y  r egene ra t ive ly  cooled engine,  and t h a t  t h e  c y c l e  l i f e  requirement of approxi- 

mately 50,000 cyc le s  could no t  b e  m e t .  

p a r t i a l  r egene ra t ive ly  cooled design (as shown i n  Figure 4 - 6 ) ,  represented a com- 

promise t o  meet t h e s e  two d i sc repanc ie s  wi th  minimum pepformance s a c r i f i c e ,  

s e l e c t e d  chamber i s  a s i n g h  up-pass r egene ra t ive  design,  w i t h  an area r a t i o  of 

11 t o  1. 

accommodated by the f a b r i c a t e d  nozz le  a t t ached  a t  the 11 t o  1 area r a t i o .  

nozz le  is film-cooled by employing approximately 5.5 percent  of the hydrogen flow. 

The cycle l i f e  requirement is m e t  by the a d d i t i o n  of approximately 7.5 percent  

f i l m  cooling a t  the i n j e c t o r  f a c e  along the chamber w a l l .  

As expected, t h e s e  comparisons showed that 

The s e l e c t e d  chamber configurat ion,  a 

The 

The s c a r f i n g  r equ i r ed  by va r ious  i n s t a l l a t i o n s  in  the v e h i c l e  is  e a s i l y  

The 

The i g n i t e r  subassembly c o n s i s t s  of a s e p a r a t e  high response b i p r o p e l l a n t  

valve, a cooled i g n i t i o n  chamber, and t h e  spa rk  plug. Primary p r o p e l l a n t  flow t o  

t h e  t h r u s t e r  i s  con t ro l l ed  by a l inked ,  p a r a l l e l  poppet valve wi th  pneumatic 

a c t u a t i o n  

Performance estimates based on t h e  s e l e c t e d  i n j e c t o r  and on t h e  f i l m  cooling 

requirements are i l l u s t r a t e d  i n  Figure 4-7 f o r  two d i f f e r e n t  t h r u s t e r  expansion 

r a t i o s .  

Since approximately 90 percent  of t h e  A P S  t o t a l  impulse is  expended f o r  +X 

t r a n s l a t i o n ,  a s e p a r a t e  s tudy w a s  conducted i n  conjunction wi th  t h r u s t e r  design 

s e l e c t i o n  t o  explore  t h e  advantages of using d i f f e r e n t  t h r u s t e r s  i n d i v i d u a l l y  

designed f o r  t r a n s l a t i o n  and f o r  a t t i t u d e  con t ro l .  The designs evaluated were: 

(1) 

(2) 

A P S  t h r u s t e r s  designed with an increased nozzle  expansion r a t i o  

t h r u s t e r s  designed t o  ope ra t e  w i t h  l i q u i d  hydrogen and gaseous oxygen 

as t h e  p r o p e l l a n t s  

t h r u s t e r s  designed t o  ope ra t e  w i t h  l i q u i d  hydrogen and l i q u i d  oxygen, (3) 
These op t ions  r ep resen t  a continuous improvement i n  subsystem s p e c i f i c  

impulse, a t  t h e  expense of p rogres s ive ly  g r e a t e r  design dev ia t ion  from t h e  common 

a t t i t u d e  c o n t r o l  t h r u s t e r s ,  A l l  t h r e e  op t ions  increased t h r u s t e r  s p e c i f i c  impulse 

wh i l e  performance improvement f o r  t h e  last  two op t ions  a l s o  r e s u l t e d  from a reduc- 

t i o n  i n  p rope l l an t  condi t ioning requirements,  

Based on comparison of B P S  weights and complexity of using these  a l t e r n a t e s ,  

i t  w a s  concluded t h a t ,  wh i l e  t h e  concepts using l i q u i d  p r o p e l l a n t s  could provide 
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weight savings,  t h e  advantage w a s  o f f s e t  by t h e  need f o r  development of two d i f -  

f e r e n t  t h r u s t e r  assemblies ( i o e e 9  both gas and l i q u i d  p r o p e l l a n t  engines) .  How- 

ever, t h e  f i r s t  opt ion represented only a minimal change t o  t h e  b a s i c  des ign ,  as 

i t  used gaseous p r o p e l l a n t s ,  and no changes were required i n  t h e  combustion/cool- 

i ng  po r t ions  of t h e  t h r u s t e r  assembly. Weight gains  t h a t  could be r e a l i z e d  by a 

simple change i n  nozzle  s k i r t  s i z e  were considered t o  outweigh t h e  s m a l l  p e n a l t i e s  

a s soc ia t ed  with a t h r u s t e r  commonality dev ia t ion ,  and this  approach w a s  s e l e c t e d  

f o r  t he  APS design. Based on o v e r a l l  APS weight exchanges expansion ratios of 120 

t o  1 and 60 t o  1 provided t h e  most f avorab le  design p o i n t s ;  t hese  were s e l e c t e d  

f o r  t h e  t r a n s l a t i o n  and a t t i t u d e  c o n t r o l  t h r u s t e r s ,  r e spec t ive ly .  

4.2.2 Accumulators and Feedl ine Assembly - The accumulators are simple,  

s p h e r i c a l  gas s t o r a g e  vessels which o p e r a t e  i n  a blowdown p res su re  mode and are 

recharged p e r i o d i c a l l y  by t h e  condi t ioner  assemblies.  The accumulators serve 

two funct ions i n  t h e  APS: 

(1) they provide a ready supply of conditioned p r o p e l l a n t  f o r  t h r u s t e r  

ope ra t  i o n  

they l i m i t  t h e  number of condi t ioner  assembly ope ra t ing  cyc le s  during 

t h e  mission, 
(2) 

-9 



Operation is illustrated in Figure 4-8, From a fully recharged condition 
(maximum pressure), accumulator pressure will decay at a rate dictated by thruster 
demands, 
sure) the conditioner is signaled to start, 
to decay until the conditioner equipment has acc lerated to the point where flow 
into the accumulator exceeds outflow. 
switching pressure t o  the minimum pressure condition satisfactory for thruster 

When the pressure level has decayed to nearly minimum (switching pres- 
The accumulator pressure will continue 

The amount of pressure decay from the 

operation is dependent OXI both thruster usage rate and conditioning assembly 
transient response characteristics. 
vehicle requirements, in this case four thrusters firing simultaneously. Conditioner 
response is a function of hardware design and its control system, Analysis of 
the preliminary design APS transient response was madep resulting in characteris- 
tics shown in Figure 4-8 ,  From these characteristics, an equivalent start time, 

Maximum thruster usage rate is Bet by the 
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(defined as the t i m e  t o  produce t h e  same accumulator p re s su re  decay wi th  no condi- 

t i o n e r  flow) w a s  e s t a b l i s h e d  as 0.5 sec. This equivalent  s ta r t  t i m e  w a s  then used 

i n  accumulator s i z e  opt imizat ion,  

FOP the  def ined condi t ioner  start  t i m e  and maximum t h r u s t e r  flow demand, 

accumulator volume is  d i s c r e t e l y  def ined by t h e  accumulator switching t o  minimum 

pres su re  r a t i o  s i n c e  t h i s  d e f i n e s  t h e  p r o p e l l a n t  mass a v a i l a b l e  f o r  t h r u s t e r  

ope ra t ion  during s t a r t u p .  This volume, and t h e  maximum pres su re  d e f i n e  t h e  t o t a l  

p rope l l an t  mass s t o r a g e  capac i ty  of t h e  accumulator and hence i t  a l s o  de f ines  t h e  

number of condi t ioner  ope ra t ing  c y c l e s  for any prescr ibed amount of APS t o t a l  

impulse expended under nonsteady-state conditions.  Accumulator weight is  def ined 

by t h e  maximum pres su re  i n  t h e  accumulator and t h e  volume. Thus, s e l e c t i o n  of 

t h e  two accumulator p re s su re  r a t i o s  (switching and blowdown) uniquely desc r ibes  

weight and the number of condi t ioner  cycles.  During prel iminary design,  parametr ic  

d a t a  were developed t o  map the  in f luence  of accumulator p re s su re  r a t i o s  and allow 

design p o i n t  s e l e c t i o n .  Figure 4-9 provides t h e s e  r e s u l t s  f o r  t h e  s e l e c t e d  APS 

condi t ioner ,  

weight occurs a t  a blowdown r a t i o  of approximately 2. 

va lue  f o r  switching p res su re  r a t i o  is 1.13 f o r  41 ope ra t ing  cyc le s  (based on 50 

condi t ioner  c y c l e s  pe r  mission with n i n e  required f o r  major t r a n s l a t i o n  maneuvers). 

These values  were used f o r  A P S  design and t h e  r e s u l t i n g  accumulator volumes are 

29 and 1 2  f t  f o r  hydrogen and oxygen, r e spec t ive ly .  

As shownp f o r  any des i r ed  number of cyc le s  a minimum subsystem 

The associated design 

3 

The f e e d l i n e  assembly configurat ions used f o r  A P S  des ign  were r e p r e s e n t a t i v e  

of a c t u a l  i n s t a l l a t i o n s  s o  t h a t  t h e i r  weight and in f luence  on APS design could b e  

r e a l i s t i c a l l y  a s ses sedc  

reduct ions f o r  smaller l i n e s ,  and weight p e n a l t i e s  i n  the accumulators and condi- 

t i o n e r s  w i th  increased p res su re  l o s s ,  

from i n s t a l l a t i o n  l ayou t  s t u d i e s .  

Line diameters were based on t r a d e o f f s  between weight 

Line l eng ths  and rou t ing  were determined 

Thermal a n a l y s i s  of t h e  f e e d l i n e  assembly showed t h a t  i n s u l a t i o n  w a s  required 

on t h e  l i n e s  t o  minimize h e a t  t r a n s f e r  t o  l i n e s  between t h e  accumulators and 

t h r u s t e r  assemblies.  Heat t r a n s f e r  i n t o  t h e  gaseous p rope l l an t  r e s u l t s  i n  d i f -  

f e r ences  i n  t h r u s t e r - i n l e t  propellant, d e n s i t y  wi th  a t t endan t  t h r u s t  and mixture 

r a t i o  v a r i a t i o n s .  Two a l t e r n a t e  means of i n s u l a t i o n  w e r e  considered: 

(1) vacuum jacketed l i n e s  

(2) l i n e s  i n s u l a t e d  with high performance m u l t i l a y e r  Mylar i n s u l a t i o n  

p ro tec t ed  by a f l e x i b l e  covers 
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The weights f o r  t hese  two a l t e r n a t e  approaches and t h e  complexity of t h e i r  

i n s t a l l a t i o n  w e r e  compared and t h e  r e s u l t  showed t h a t  vacuum jacke t ing  would r e s u l t  

i n  high weight p e n a l t i e s ,  a very complex i n s t a l l a t i o n ,  and only marginal perfor-  

mance advantagesB For t h i s  reason, t h e  f l e x i b l e  j a c k e t  approach w a s  s e l ec t ed  f o r  

t h e  f eed l ine  i n s t a l l a t i o n .  Transient  hea t ing  analyses  w e r e  conducted f o r  t h e  

se l ec t ed  i n s t a l l a t i o n  approach t o  eva lua te  the  rates of temperature r ise wi th in  

t h e  supply l i n e s g  

0.3 i n . f o r  t he  hydrogen l i n e s  and 0.2 i n . f o r  t h e  oxygen l i n e s  would s a t i s f a c t o r i l y  

l i m i t  temperature changes during APS operat ion,  

\. 

These r e s u l t s  show t h a t  an i n s u l a t i o n  thickness  of approximately 

To determine t r a n s i e n t  c h a r a c t e r i s t i c s  of t h e  feed subassembly and t h r u s t e r  

pu lse  mode performance, a d i g i t a l  computer program w a s  developed t o  s imula te  APS 

t h r u s t e r  s tart  and shutdown t r a n s i e n t s ,  

l i n e s ,  va lves ,  o r i f i c e s ,  r e g u l a t o r s ,  and t h r u s t e r s ,  These components were in t e -  

gra ted  i n t o  a t r a n s i e n t  a n a l y s i s  computer program t o  model t h e  feed subassembly 

downstream of accumulators,  accu ra t e ly  s imulat ing l i n e  l eng ths ,  diameters ,  and 

component l o c a t i o n s ,  

because t h e  r e l a t i v e l y  l a r g e  volume of t h e  accumulators e f f e c t i v e l y  decouples t h i s  

po r t ion  of t h e  subsystem from t h e  condi t ioner  assembly, 

Transient  models were developed f o r  

The s tudy w a s  confined t o  t h e  feed subassembly and t h r u s t e r s ,  
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The t h r u s t e r  model analyzes  t h e  t r a n s i e n t  flow and combustion processes i n  

t h e  i n j e c t o r  and t h r u s t  chamber, 

culated assuming an equ i l ib r ium combustion process,  

t i m e  h i s t o r y  of temperature,  pressure,  and weight flow a t  any des i r ed  l o c a t i o n ,  

I n  add i t ion ,  performance parameters,  such as s p e c i f i c  impulse, t o t a l  impulse, 

mixture  r a t i o ,  and t h r u s t e r  chamber temperature are ca l cu la t ed .  Resul ts  from 

t h i s  program v e r i f i e d  t h r u s t e r l s u p p l y  l i n e  compa t ib i l i t y ,  and minimum impulse 

b i t  (MIB) c h a r a c t e r i s t i c s  during pu l se  mode operat ion.  - 

Combustion and performance parameters are cal- 

Program output  i nc ludes  a 

4.2.3 Conditioner Assembly - The b a s e l i n e  condi t ioner  concept s e l e c t e d  i n  

Subtask A uses  a 3500'R gas generator  t o  provide t h e  energy required f o r  turbo- 

pump ope ra t ion  and p r o p e l l a n t  conditioning, 

generator  products  were routed f i r s t  t o  t h e  h e a t  exchangers, where cool ing 

occurred, and then used t o  d r i v e  t h e  pump turbine.  A more d e t a i l e d  eva lua t ion  

during Subtask B showed t h a t  hydrogen pump power requirements could no t  be 

matched without s i g n i f i c a n t  i nc reases  i n  condi t ioner  bypass flow and/or reduct ions 

i n  chamber pressure.  

f o r e ,  t o  ensure minimum APS weight,  t h e  cond i t ione r  concept s e l e c t i o n  of Subtask A 

w a s  reevaluated. Concepts considered are i l l u s t r a t e d  i n  Figure 4-10, where f o u r  

gene ra l  approaches are shown, The f i r s t  is  t h e  Subtask A basel ine.  A number of 

modif icat ions t o  t h i s  b a s e l i n e  were investigated., These included inc reases  i n  

bypass flow requirements,  reduct ions i n  condi t ioning temperature,  and reduced 

operat ing pressures .  

f i c a t i o n  of t h e  Subtask A concept. 

routed through a h e a t  exchanger (where a po r t ion  of t h e  energy is  removed and 

temperature of t h e  exhaust w a s  reduced),  then through a t u r b i n e  t o  d r i v e  t h e  

turbopump, and, f i n a l l y ,  through a second h e a t  exchanger t o  complete energy 

removal. 

i n  t h e  cyc le  w i t h  r e spec t  t o  t h e  heat  exchanger, I n  t h i s  approach, i t  i s  necessary 

t o  ope ra t e  t h e  gas generator  a t  a reduced temperature compatible wi th  t u r b i n e  

b l ade  materials, b u t  performance levels are r e s t o r e d  t o  those of t h e  Subtask A 

concept by adding supplemental oxygen t o  t h e  fue l - r i ch  t u r b i n e  exhaust i n  t h e  

downstream h e a t  exchanger. The f o u r t h  approach uses  a cold t u r b i n e  concept,  i n  

which t h e  t u r b i n e  is loca ted  i n  t h e  primary p r o p e l l a n t  flow l i n e  downstream of 

t h e  hea t  exchanger similar t o  an expander c y c l e  engine. The va r ious  cond i t ione r  

concepts were i n v e s t i g a t e d  to e s t a b l i s h  t h e i r  design p o i n t s ,  weights ,  and t h e  

technology required f o r  development, Figure 4-11 summarizes r e s u l t s  from t h i s  

I n  t h e  Subtask A conf igu ra t ion ,  gas 

Both changes would r e s u l t  i n  increased APS weight. There- 

The second approach (Concept F) is a more s i g n i f i c a n t  modi- 

In t h i s  concept, copd i t ione r  flow i s  f i r s t  

The t h i r d  a l t e r n a t e  approach shown i n  Figure 4-10 r e l o c a t e s  t h e  t u r b i n e  
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evaluat ion.  

b a s e l i n e  e 

The reburn h e a t  exchanger (Concept G) w a s  s e l e c t e d  as t h e  Subtask B 

The r ev i sed  condi t ioner  concept uses  a s i n g l e  2000'R gas generator  i n  each 

Generator exhaust products are used f i r s t  t o  d r i v e  t h e  turbopump. condi t ioner .  

Then, t h e  f u e l - r i c h  t u r b i n e  exhaust is  d i r e c t e d  t o  t h e  h e a t  exchanger, where 

supplemental oxygen is added t o  inc rease  h e a t  release and improve o v e r a l l  assembly 

performance. 

Conditioner c o n t r o l  is required during accuntulator.recharge, during steady- 

s ta te  (+X t r a n s l a t i o n )  ope ra t ion ,  and during cond i t ione r  start  t r a n s i e n t s .  Since 

t h e  c o n t r o l  method s e l e c t e d  would a f f e c t  both o v e r a l l  A P S  performance and t h e  

design po in t s  f o r  t h e  cond i t ione r  components, i t  w a s  necessary t o  eva lua te  t h e  

a l t e r n a t e s  and d e f i n e  t h e i r  e f f e c t  on o v e r a l l  APS weight and component require-  

ments, consider ing f i r s t  accumulator recharge.  

Accumulator Recharge - The condi t ioner  must be  capable  of providing maximum 

accumulator p re s su re  during recharge ope ra t ions ,  and must a l s o  b e  capable  of sus- 

t a i n i n g  minimum accumulator p re s su re  wi th  maximum t h r u s t e r  flow. Seve ra l  

a l t e r n a t i v e s  were a v a i l a b l e  f o r  c o n t r o l  of t h e  cond i t ione r  during accumulator 

recharge. These d i f f e r e d  both i n  t h e  manner i n  which h e a t  exchanger flow and 

p res su re  were con t ro l l ed  during recharge,  and i n  o v e r a l l  performance levels. 

The approaches considered were: 

The s imples t  c o n t r o l  approach would be  t o  design t h e  condi t ioner  f o r  a 

f i x e d  po in t ,  

would s a t i s f y  both requirements,  while  providing n e a r l y  constant  com- 

ponent ope ra t ing  condi t ions,  However, t h e  amount of gas generator  

flow required during s t eady- s t a t e  ope ra t ion  d i r e c t l y  a f f e c t s  APS 

s p e c i f i c  impulse; i t  w a s  d e s i r a b l e  t o  ope ra t e  a t  reduced p res su re  

under s t eady- s t a t e  condi t ions t o  minimize weight.  

A concept r e q u i r i n g  somewhat more d i f f i c u l t  component design involves  

c o n t r o l l i n g  t o  a f i x e d  cond i t ione r  flow rate, 

Always ope ra t ing  a t  maximum pres su re  and maximum flow 

I n  t h i s  approach, 

i n e  power w a s  reduced f o r  s t eady- s t a t e  ope ra t ion ,  and w a s  increased 

t o  provide t h e  p re s su res  required f o r  accumulator recharge,  

Equally complicated is t h e  f i x e d  t u r b i n e  power approach, 

concept,  t u r b i n e  power w a s  maintained cons t an t ,  and condi t ioner  flow 

was allowed t o  dec rease  during t h e  recharge cyc le ,  

I n  t h i s  

Figure 4-12 i l l u s t r a t e s  each of t h e  c o n t r o l  concepts on pump head-flow curves,  

Figure 4-13, t h e  r e s u l t s  of t h i s  comparison, shows APS weight as a func t ion  
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of chamber p re s su re  f o r  t h e  t h r e e  c o n t r o l  concepts. 

I n  t h i s  a n a l y s i s  t h e  amount of supplemental oxygen w a s  va r i ed  t o  s a t i s f y  

two c o n s t r a i n t s :  
2 

(1) provide a minimum pres su re  of 30 l b f / i n  a i n  t h e  h e a t  exchanger t o  

allow sea level development t e s t i n g  

provide a h e a t  exchanger discharge temperature of 800'R minimum t o  

preclude H 0 condensation i n  t h e  h e a t  exchanger assembly. 

The constant  power level approach w a s  s e l e c t e d  f o r  APS design. This approach 

provided a - s imple  c o n t r o l ,  n e a r l y  miiiimum subsystem weight ,  and required only a 

minimum v a r i a t i o n  i n  gas  generator  ope ra t ing  c h a r a c t e r i s t i c s  during t h e  cycle ,  

With t h i s  s e l e c t e d  recharge approach, t h e  APS optimized a t  a value of 500 l b € / i n  a 

chamber p re s su re ,  and o v e r a l l  cond i t ione r  mixture r a t i o s  of 2,43 and 2 .7  f o r  t h e  

hydrogen and oxygen cond i t ione r s ,  r e s p e c t i v e l y .  

(2) 

2 

2 

Steady-State Operation - During s t eady- s t a t e  +X t r a n s l a t i o n  maneuvers, an 

undefined, and v a r i a b l e ,  amount of p r o p e l l a n t  w i l l  b e  required f o r  a t t i t u d e  

con t ro l .  Conditioners could be designed wi th  excess flow c a p a b i l i t y ,  b u t  condi- 

t i o n e r s  could then  cyc le  on/off during s t eady- s t a t e  f i r i n g s ,  r equ i r ing  a d d i t i o n a l  

l i f e  c a p a b i l i t y  o r  increased accumulator weight. Also, i t  w a s  recognized i n  t h e  

condi t ioner  des ign  t h a t  v a r i a t i o n s  i n  gas gene ra to r  i n l e t  p re s su re  o r  temperature 

would n e c e s s i t a t e  c o n t r o l  of gas  generator  oxygen flow t o  l i m i t  gas generator  

temperatures t o  levels acceptable  f o r  t u r b i n e  operation. This requirement,  

t oge the r  with t h e  u n a t t r a c t i v e n e s s  of a d d i t i o n a l  cond i t ione r  cyc l ing ,  l e d  t o  

s e l e c t i o n  of a c o n t r o l  operat ing po in t  t h a t  provided t h e  c a p a b i l i t y  f o r  t u r b i n e  

power v a r i a t i o n  over a s m a l l  range. 

gas generator  flow over a 20 percent  range t o  maintain minimum accumulator pres-  

sure .  

Figure 4-14, 
constant  providing near  constant  power t o  t h e  t u r b i n e s  during recharge,  

Power v a r i a t i o n  is provided by t h r o t t l i n g  

Valve ope ra t ion  and t h e  r e s u l t i n g  pump c h a r a c t e r i s t i c s  are shown i n  

A t  any p res su re  above switching p res su re ,  gas generator  flow i s  

Between 

switching and minjmum pres su re ,  gas generator  flow 

Resul t ing pump ope ra t ion  is  shown on t h e  pump map. 

those required f o r  +X t h r u s t e r  ope ra t ion ,  power i s  

demands inc rease ,  due t o  a t t i t u d e  c o n t r o l  t h r u s t e r  

w i l l  decrease and t u r b i n e  power inc rease  along t h e  

t o r  p re s su re  back t o  t h e  c o n t r o l  p o i n t ) .  

is modulated as shown, 

When APS demands are only 

a t  t h e  lowest level. When 

demands, accumulator p re s su re  

pa th  shown ( t o  b r ing  accumula- 

S t a r t  T rans i en t s  - Conditioner response t i m e  i s  a primary f a c t o r  i n  accumula- 

t o r  s i z i n g ,  s i n c e  i t  i s  d i r e c t l y  r e l a t e d  t o  accumulator volume, Slow cond i t ione r  
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FIGURE 4-14 

response c h a r a c t e r i s t i c s  r e s u l t  i n  excessive accumulator weight pena l t i e s .  

Conditioner assembly s tar t  t i m e  can be  improved e i t h e r  by inc reas ing  condi t ioner  

s t eady- s t a t e  des ign  flow (oversizing)  o r  by inc reas ing  t u r b i n e  power level. 

descr ibed above, t h e  f i r s t  of t h e s e  op t ions  w a s  undes i r ab le  because of t h e  addi- 

A s  

t i o n a l  ope ra t ing  l i f e  o r  accumulator weight t h a t  would b e  imposed. 

of increased t u r b i n e  power w a s  i nves t iga t ed  by a n a l y t i c a l l y  s imulat ing condi t ioner  

assembly t r a n s i e n t  c h a r a c t e r i s t i c s  under varying power condi t ions,  

p re s su re  decay and, t hus ,  of equivalent  l a g  t i m e  r equ i r ed  mathematical modeling 

of t h e  dynamic behavior of t h e  i n d i v i d u a l  cond i t ione r  assembly components and 

t h e i r  r e s p e c t i v e  i n t e r f a c e s ,  

The e f f e c t  

Evaluation of 

Equations governing t h e  dynamic behavior of t h e s e  components were based upon: 

(1) turbopump equat ions of motion, where t h e  rate of change of turbopump 

angular  momentum i s  equal  t o  t u r b i n e  torque minus pump torque 

h e a t  exchanger energy balance,  where rate of change of h e a t  exchanger 

i n t e r n a l  energy is  equal  t o  rate of h e a t  inf low on t h e  hot  s i d e ,  minus 

rate of enthalpy outflow on t h e  co ld  s i d e  

accumulator energy balance,  where accumulator temperature and p res su re  

rate of change were der ived from simultaneous s o l u t i o n  of energy and 

mass conservat ion equat ions,  

(2) 

(3)  

When appl ied t o  t h e  A P S  condi t ioning assembly, t h e s e  b a s i c  equations express  t h e  

r e l a t i o n s h i p s  between turbopump speed, h e a t  exchanger w a l l  temperature,  accumula- 

t o r  temperature and p r e s s u r e ,  and t h e i r  r e s p e c t i v e  t i m e  d e r i v a t i v e s ,  
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Resul ts  from t h e s e  analyses  are shown i n  Figure 4-15, As i l l u s t r a t e d ,  when 

power i s  increased above t h a t  required f o r  s t eady- s t a t e  ope ra t ion ,  t h e  amount of 
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FIGURE 4-15 

accumulator p re s su re  decay is reduced; hence, equivalent  condi t ioner  response t i m e  

is improved. 

s m a l l  i nc reases  i n  t u r b i n e  power (5-10 percent)  bu t  f u r t h e r  ga in ,  by continued 

Reduction i n  p re s su re  decay during s t a r t u p  is s i g n i f i c a n t  w i th  only 

4-19 



s 

power increase, is l imi t ed ,  Based on these  r e s u l t s ,  i t  w a s  concluded t h a t  s m a l l  

power inc reases  during condi t ioner  start  t r a n s i e n t s  were des i rab le .  The power 

inc rease  is  achieved by t h e  sequencing c h a r a c t e r i s t i c s  of t h e  gas generator  

va lves  which provide a high flow rate when they are i n i t i a l l y  commanded open, 

Flow is  then subsequently t h r o t t l e d  t o  t h e  l e v e l  commanded by accumulator pres- 

s u r e  ( a s  descr ibed above), 

r a t i o  of 1.05 w a s  used t o  de f ine  equiva len t  condi t ioner  start t i m e .  

r e s u l t s  s imulat ing accumulator pressure  decay f o r  a range of accumulator volumes 

are shown i n  Figure 4-15, 

equivalent  condi t ioner  response t i m e  of 0.5 sec w a s  der ived f o r  accumulator s i z ing .  

For purposes of accumulator s i z i n g ,  an average power 

Analy t ica l  

From t h e  volume/pressure decay da ta  presented,  an 

Turbopump Subassembly - I n  the  se l ec t ed  condi t ioner  design,  turbopump assem- 

b l i e s  are requi red  t o  opera te  a t  maximum flow and minimum accumulator pressure  

during nominal operat ion.  

necessary f o r  condi t ioner  recharge,  and, s i n c e  tu rb ine  power i s  maintained con- 

s t a n t  during recharge,  pump flow is reduced and speed increased during t h e  recharge 

cycle.  

axial  flow tu rb ines ,  and c e n t r i f u g a l  pumps. 

s t a g e  pump and a two-stage turb ine ,  

s t a g e  on both pump and turb ine ,  

a common s h a f t ,  supported by propel lan t  cooled / lubr ica ted  bear ings,  Figure 4-16 

presents  ske tches  of t he  turbopump assemblies,  Turbopump design and performance 

w e r e  e s t ab l i shed  a f t e r  a d e t a i l e d  eva lua t ion  comparing t h e  c a p a b i l i t y  of s eve ra l  

designs,  Pump and tu rb ine  s teady-s ta te  e f f i c i ency  were inves t iga ted  i n  d e t a i l ,  

s i n c e  these  e f f e c t  bypass flow requirements and, t he re fo re ,  o v e r a l l  APS perfor-  

mancee 

t i o n s  was  s e l ec t ed  as a des ign  va lue  f o r  both pumps. This e f f i c i e n c y  is  less than 

t h e  maximum a v a i l a b l e  a t  t h e  s teady-s ta te  operat ing po in t ,  bu t  w a s  used t o  provide 

a design margin, and a l s o  allow pump opera t ion  a t  a h igher  o v e r a l l  e f f i c i e n c y  

during t h e  recharge,  thereby l i m i t i n g  h e a t  exchanger flow reduct ion during 

recharge,  

pump assemblies,  Designs se l ec t ed  are based on cri teria which do no t  stress 

material margins, and which provide r ap id  spin-up c a p a b i l i t y ,  

i n  order  t o  provide f a s t  responseB the  turbopump assemblies are maintained a t  

l i q u i d  temperatures throughout the mission, This is accomplished by providing 

both the  opera t ing  and standby (redundant) turbo amps wi th  a eoolfaag I m p  using 

hydrogen coolane t o  i n t e r c e p t  heat l e a k  from t h e  surroundings,  and from conduction 

However, t h e  pumps must a l s o  provide t h e  head rise 

The turbopumps se l ec t ed  f o r  t hese  requirements u se  pressure  compounded, 

The oxygen assembly uses  a s ingle-  

The hydrogen assembly uses  an a d d i t i o n a l  

Pump impel le rs  and tu rb ine  r o t o r s  are mounted on 

An e f f i c i ency  of 40 percent  f o r  t h e  pump a t  s teady-s ta te  opera t ing  condi- 

The APS r equ i r e s  both high cyc le  l i f e  and f a s t  response from t h e  turbo- 

I n  t h e  B P S  des ign ,  
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through t h e  pump s h a f t  and housing, Paragraph. 4,2,4 (following) d i scusses  t h e  

hydrogen coolant  loop used t o  maintain t h e  pumps i n  a c h i l l e d  condition. 

H e a t  Exchanger Subassembly - The APS uses  a reburn h e a t  exchanger subassembly 

t o  heat  p r o p e l l a n t  t o  temperatures required f o r  r e l i a b l e  t h r u s t e r  i g n i t i o n ,  I n  

t h i s  assembly, combustion products from t h e  gas generator  and t u r b i n e  upstream 

are d i r e c t e d  t o  APS h e a t  exchangers, where supplemental oxygen is  added t o  t h e  

fue l - r i ch  t u r b i n e  exhaust ,  and reburned t o  supply t h e  energy necessary f o r  pro- 

p e l l a n t  conditioning. 

s i d e  temperature environment, and East provide high cyc le  l i f e  c a p a b i l i t y  wi th  

l a r g e  cold t o  h o t  s i d e  temperature gradients .  Three types of h e a t  exchangers 

w e r e  considered f o r  t h i s  func t ion ,  i l l u s t r a t e d  i n  Figure 4-17. 

concepts using s taged oxygen a d d i t i o n  t o  reduce and maintain ou t s ide  gas tempera- 

t u r e s  t o  r e l a t i v e l y  low levels were considered. 

and a s m a l l  amount of oxygen are i g n i t e d  i n  t h e  h e a t  exchanger i n l e t .  

t i n g  temperature of t h e  ho t  gas is approximately 2000'R. 

cold p rope l l an t  cools  t he  gas and when cooled t o  approximately 1500'R, a d d i t i o n a l  

oxygen is  suppl ied t o  r e e s t a b l i s h  t h e  higher  temperature. 

secondary oxygen a d d i t i o n  can be  au to ign i t ed  by t h e  ho t  gas products ,  and 

The hear  exchanger must o p e r a t e ' i n  a r e l a t i v e l y  high hot- 

Two h e a t  exchanger 

I n  t h e  f i r s t ,  t h e  fue l - r i ch  gas 

The r e s u l -  

Heat exchange with t h e  

I n  t h i s  manner, a l l  

TE 
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s e p a r a t e  fgni tPon sources  are no t  required,  This concept,  however, r e q u i r e s  a 

The second concept shown uses  a similar approach t o  reduce t h e  h o t  s i d e  

temperature of t h e  h e a t  exchanger. . The h o t  gas can cool  s i g n i f i c a n t l y  more between 

s t a g e s ,  allowing a r educ t ion  i n  t h e  number of s t ages .  

sources  are used a t  each oxygen s t age ,  

p o i n t  oxygen add i t ion ,  

and an i g n i t i o n  source provided, 

temperature,  b u t  i s  s imples t  from coritrol  and design s tandpoints .  

were compared on t h e  b a s i s  of technology requirements: 

approach w a s  s e l e c t e d ,  as i t  o f fe red  minimal complexity. 

based on a p p l i c a t i o n  of i n j e c t o r  p l a t e  f a b r i c a t i o n  technology developed f o r  s taged 

combustion cycles .  

which i l l u s t r a t e s  t h e  p l a t e l e t  cons t ruc t ion  technique, 

t h e  ho t  and cold s i d e  hea t  t r a n s f e r  c o e f f i c i e n t s  are c o n t r o l l e d  by flow passage 

t a i l o r i n g ,  

exchanger base  and are used t o  r egene ra t ive ly  cool  t h e  h e a t  exchanger s h e l l  by 

flowing up t h e  o u t s i d e  w a l l  and down t h e  i n s i d e  w a l l  p a r a l l e l  t o  t h e  ho t  gas flow. 

The p r o p e l l a n t s  a l s o  e n t e r  t h e  p l a t e s  a t  one s i d e  of t h e  lower end, flow upward 

through t h e  c e n t e r ,  s p l i t  and flow down t h e  ou t s ide  of t h e  p l a t e s  and accept  h e a t  

from t h e  p a r a l l e l  flowing ho t  gas. 

a manifold on t h e  opposi te  s i d e  from t h e  i n l e t  a t  t h e  lower extremity of  t h e  p l a t e  

and d i r e c t e d  t o  t h e  accumulators. 

a d i s t r i b u t i o n  manifold is  loca ted  upstream of t h e  p l a t e s .  

t h e  manifold i s  used as the i g n i t i o n  source f o r  the t u r b i n e  exhaust gas and t h e  

gaseous oxygen, During accumulator recharge,  oxygen a d d i t i o n  i s  con t ro l l ed  t o  

maintain a nea r  constant  p r o p e l l a n t  temperature a t  t h e  h e a t  exchanger o u t l e t .  

However, he re  i g n i t i o n  

The t h i r d  approach shown uses  a s i n g l e  

A 1 1  oxygen is added a t  t h e  i n l e t  of t h e  h e a t  exchanger, 

This concept o p e r a t e s - a t  t h e  maximum h o t  s i d e  

These concepts 

t h e  s i n g l e  p o i n t  i n j e c t i o n  

The s e l e c t e d  design is 

The design of t h e  h e a t  exchanger i s  shown i n  Figure 4-18 

I n  t h i s  s e l e c t e d  design,  

As shown i n  t h e  blowup of Figure 4-18, p r o p e l l a n t s  enter the h e a t  

The heated p r o p e l l a n t s  are then c o l l e c t e d  i n  

To uniformly d i s t r i b u t e  t h e  supplemental oxygen, 

A c a t a l y t i c  i g n i t e r  i n  

mperatures necessary t o  preclude condensation 

- Gas generators  are requ i r ed  t o  provide power f o r  

turbopump ope ra t ion  and energy t o  seburn h e a t  exchanger assembly. 

o p e r a t e  with gaseous hydrogenloxygen p r o p e l l a n t s  i n  t h e  same manner as t h e  t h r u s t e r  

assemblies m d  they provide a t h r o t t l i n g  c a p a b i l i t y  t o  l i m i t  ope ra t ing  temperature 

and t o  maintain accumulator p re s su re  len t h e  presence of varying A P S  flow demand, 

The design s e l e c t e d  i s  shown i n  Figure 4-19. 

spa rk  i g n i t e r  and ope ra t e s  a t  2000'R combustion temperature and 500 l b f / i n  a 

s t eady- s t a t e  ope ra t ing  p res su re ,  

These u n i t s  

This concept uses  an electrical  
2 

Of p r i n c i p a l  s i g n i f i c a n c e  t o  t h i s  assembly i s  

4-23 



S 

4-24 

hh a 

WfiPOH'I' MDC t U L Y Y  
12 RY 7977 

4-18 



SUMMARY REPORT 
REPORT MDC €0299 

12 FEBRUARY 1991 

CU 
0 
CJ 

4-25 



s 0299 
1971 

t h e  con t ro l  valve.  

flow con t ro l  i s  accomplished by a l inked ,  on/off, b ip rope l l an t  valve wi th  a p i l o t  

operated,  pneumatic ac tua to r ,  Vernier c o n t r o l  of flow i s  provided by independent 

The va lve  des ign  is  e f f e c t i v e l y  two va lves  i n  one. The primary 

hydrogen and oxygen t h r o t t l e  va lves  dr iven  by torque motors. 

admitted t o  t h e  assembly and s p l i t  t o  two flow pa ths ,  one allowing approximately 

80 percent  of t h e  flow and cont ro l led  by a f ixed  o r i f i c e  assembly. 

of t he  flow is routed t o  a bypass c i r c u i t ,  which inc ludes  t h e  t h r o t t l e  valves.  

I n  t h i s  manner, up t o  20 percent  flow reduct ion  can be’obtained,  

gen and oxygen t h r o t t l e  va lves  are cont ro l led  t o  a d j u s t  t h e  power t o  t h e  tu rb ine  

t o  t h e  l e v e l  required t o  maintain minimum accumulator pressure  during steady- 

s ta te  operat ion.  

gas generator  mixture  r a t i o  t o  maintain the  des i red  tu rb ine  opera t ing  temperatures. 

4,2.4 Propel lan t  Storage Assembly - The propel lan t  s to rage  assembly maintains  

The primary flow is 

The remainder 

Both t h e  hydro- 

Addit ional  control of t h e  oxygen valve i s  provided ts a d j u s t  t h e  

t h e  cryogenic p rope l l an t s  i n  t h e i r  l i q u i d  s ta te  and pos i t i ons  them f o r  de l ive ry  t o  

t h e  turbopumps, 

l a n t  tankage, 

a helium pressure  supply., 

of high performance i n s u l a t i o n  and p rope l l an t  vaporizat ion.  

hea t ing  is absorbed by a coolant  loop, i n  which p rope l l an t  i s  ex t rac ted  from t h e  

tank,  passed over the  ou te r  s h e l l ,  and t h e  hea t  l eak  taken up by p rope l l an t  heat-  

of-vaporization, P rope l l an t s  are maintained a t  t h e  tank  o u t l e t  by a su r face  

tens ion  screen  device,  

zero-g o r  during low-g opera t ion  i n  any v e h i c l e  d i r e c t i o n ,  

The assembly opera tes  s i m i l a r l y  t o  conventional s t o r a b l e  propel- 

Pressure  wi th in  the  tank is maintained by mechanical r egu la t ion  of 

P rope l l an t s  are kept  i n  a l i q u i d  state by a combination 

Normal on-orbit  

This device provides  p o s i t i v e  p rope l l an t  pos i t ion ing  i n  

Three primary subassemblies are requi red  : 

(1) p rope l l an t  a c q u i s i t i o n  subassembly 

(2) thermal p ro tec t ion  subassembly 

(3)  pres su r i za t ion  subassembly. 

For each, several a l t e r n a t e  approaches w e r e  a v a i l a b l e  t h a t  could p o t e n t i a l l y  

s a t i s f y  A P S  requirements;  t h e s e  were compared t o  e s t a b l i s h  approaches b e s t  s u i t e d  

t o  A P S  design, 

dua l  subassembly assoc ia ted  with. p rope l l an t  s t o r a  

The following paragraphs summarize t h e  s t u d i e s  f o r  each ind iv i -  

- A propellart-t: a c q u i s i t i o n  device i s  

required t o  ensure l i q u i d  outflow during 1 
During these  phases,  veh ic l e  acce le ra t ion  w i l l  t d0d.g~ o r i e n t  t h e  

p rope l l an t  w i th in  t h e  tank,  thereby p o t e n t i a l l y  uncovering t h e  tank o u t l e t .  

device i s ,  the re fo re ,  necessary t o  ensure t h a t  l i q u i d  w i l l  be  r e t a ined  a t  t h e  

o u t l e t ,  o r  t o  provide a flow path f o r  communication be  @en t h e  l i q u i d  mass ( i n  

-g o r b i t a l  phases of t h e  mission. 

Some 
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any random o r i e n t a t i o n )  and t h e  tank o u t l e t .  

be  considered €o r  t h i s  funct ion,  s u r f a c e  t ens ion  sc reen  devices appeared t h e  only 

p r a c t i c a l  approach, consider ing APS tank s i z e s  and reuse requirements. Devices 

of t h i s  type are passives  thus  providing high r e l i a b i l i t y  and mul t i cyc le  reuse 

capab i l i t y .  

The f i r s t  w a s  a wal l -or iented device p l ac ing  t h e  sc reen  i n  c l o s e  proximity t o  t h e  

tank w a l l  throughout t h e  tank. This approach provides communication between 

l i q u i d  mass and tank o u t l e t ,  as long as t h e  l i q u i d  i s  i n  contact  with t h e  w a l l .  

The remaining two approaches provide containment of a p re sc r ibed  amount of l i q u i d  

w i t h i n  t h e  s u r f a c e  t ens ion  screen.  

when t h e  p rope l l an t  mass w i l l  be  o r i e n t e d  by a c c e l e r a t i o n  fo rces .  

of these,  t h e  sc reen  cav i ty  i s  s i z e d  t o  con ta in  t h e  maximum amount of p r o p e l l a n t  

t h a t  could b e  used between +X maneuvers of s u f f i c i e n t  du ra t ion  t o  allow r e f i l l .  

The second i s  a combination approach, providing a contained p rope l l an t  cav i ty ,  

and a l s o  a flow pa th  between contained p r o p e l l a n t  and p r o p e l l a n t  mass. 

condi t ion endures as long as t h e  tank contains  enough p rope l l an t  f o r  t h e  deo rb i t  

burn ( i e e s s  approximately one-third of t h e  p r o p e l l a n t ) .  

ope ra t ion  and performance, t h e  f i r s t  approach w a s  s e l e c t e d .  The p r o p e l l a n t  acqui- 

s i t i o n  device design s e l e c t e d ,  using t h i s  gene ra l  approach, is  shown i n  Fig- 

u re  4-20. It c o n s i s t s  of s c reen  channels l oca t ed  around t h e  tank circumference, 

p l u s  a s i n g l e  enclosed c o l l e c t o r  manifold which connects each channel t o  an out- 

l e t  sump. The a c q u i s i t i o n  device w i l l  s e l e c t i v e l y  pass  l i q u i d  t o  t h e  feed 

system as long as t h e r e  is  contact  w i th  t h e  l i q u i d  mass. The w a l l  o r i e n t e d  

n a t u r e  of t h e  device ensures  t h a t  t h i s  con tac t  w i l l  be  made. Screen mesh and 

flow passage dimensions were s e l e c t e d  s o  t h a t  t h e  p re s su re  drop ac ross  t h e  sc reen  

vapor / l i qu id  i n t e r f a c e  never exceeds t h e  sc reen  bubble p o i n t  p r i o r  t o  r een t ry .  

During r een t ry ,  dece le ra t ion  fo rces  w i l l  r e s u l t  i n  channels d ra in ing  however, 

t h e s e  same fo rces  w i l l  o r i e n t  t h e  p r o p e l l a n t  a t  t h e  o u t l e t  of t h e  tank f o r  con- 

t inued p r o p e l l a n t  use s 

Of t h e  several concepts t h a t  could 

Three b a s i c  concepts using s u r f a c e  t ens ion  sc reens  were evaluated,  

Both are r e f i l l a b l e  during +X maneuvers, 

I n  t h e  f i r s t  

This 

Based on confidence i n  

Thermal P r o t e c t i o n  Subassembly - S a t i s f a c t o r y  turbopump ope ra t ion  

r e q d r e s  t h a t  t h e  p r o p e l l a n t s  be maintained as gas free, subcooled l i q u i d s  t o  

avoid vapor i n g e s t i o n  and a s s u r e  a n e t  p o s i t i v e  s u c t i o n  p res su re  a t  t h e  pump 

i n l e t ,  

t h e  s u r f a c e  t e n s i o n  screen,  an e f f i c i e n t  thermal p r o t e c t i o n  subassembly must be 

provided, 

l a y e r ,  alumfnized mylar insufat isn,  t o  reduce vapor i za t ion  and b o i l o f f  losses. 

To avoid excessive p r o p e l l a n t  b o i l o f f  and t o  prevent vapor i za t ion  w i t h i n  

Primary thermal p r o t e c t i o n  i s  based on t h e  use of high performanceB multi-  

This  
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i n s u l a t i o n  approach o f f e r e d  a well-documented background of demonstrated design 

d a t a  and w a s  considered t o  be  t h e  only p r a c t i c a l  approach f o r  long t e r m  cryo- 

genic  p r o p e l l a n t  s to rage .  However, s i n c e  t h e  i n s u l a t i o n  cannot completely 

e l i m i n a t e  h e a t  l e a k  i n t o  t h e  tank, a h e a t  exchanger assembly must be  provided 

t o  preclude b u l k  l i q u i d  hea t ing ,  and t h e  mylar i n s u l a t i o n  m u s t  be  p ro tec t ed  wh i l e  

w i t h i n  t h e  atmosphere. This i s  necessary i n  order  t o  prevent condensation, which 
r e s u l t s  i n  degradation of thermal p r o p e r t i e s  and r e u s e , c a p a b i l i t y ,  

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

(1) vacuum jacke ted  dewars, using a r i g i d  s t r u c t u r a l  o u t e r  s h e l l  

(2) 

These were: 

nonvacuum jacke ted  tanks,  w i th  f l e x i b l e  o r  s emi r ig id  covers t o  p r o t e c t  

t h e  mylar i n s u l a t i o n .  

The nonvacuum jacke ted  approaches required noncondensible gas purges while  i n  t h e  

atmosphere t o  preclude condensation. The dewar approach w a s  s imp les t ,  bu t  i t s  

weight p e n a l t i e s  were no t  considered j u s t i f i a b l e ,  and a l i g h t e r  weight approach, 

r equ i r ing  purge gas, w a s  s e l ec t ed .  This approach uses a f i b e r g l a s s  o u t e r  s h e l l  

t o  cover t h e  mylar i n s u l a t i o n .  Both hydrogen and oxygen tanks use a n i t rogen  gas 

purge t o  prevent cryopumping during ground holds ,  b u t ,  s i n c e  n i t rogen  would 

condense a t  l i q u i d  hydrogen temperatures,  t h e  hydrogen tank a l s o  inco rpora t e s  a 

l a y e r  of foam i n s u l a t i o n  t o  provide a temperature g rad ien t  between l i q u i d  pro- 

p e l l a n t s  and i n t e r n a l  l a y e r s  of mylar i n s u l a t i o n .  During r een t ry ,  t h e  f i b e r g l a s s  

j a c k e t s  are p res su r i zed  wi th  helium t o  prevent co l l apse  p re s su re  loads,  and t o  

preclude admission of atmospheric a i r  during en t ry .  

For t h e  h e a t  exchanger/cooling assembly t h r e e  a l t e r n a t e s  were considered. 

(1) t u b u l a r  hea t  exchanger mounted d i r e c t l y  t o  t h e  tank w a l l  

(2) t u b u l a r  h e a t  exchanger a t t ached  t o  a t h i n  metal r a d i a t i o n  shroud dis-  

placed from t h e  tank w a l l  

compact h e a t  exchanger mounted i n s i d e  t h e  p rope l l an t  tank. (3) 

These t h r e e  a l t e r n a t e s  are i l l u s t r a t e d  i n  Figure 4-21, 
shown, t h a t  using t h e  r a d i a t i o n  shroudp w a s  s e l ec t ed .  

d i r e c t l y  t o  t h e  tank w a s  considered inadequate,  s i n c e  i t  would allow development 

of temperature g rad ien t s  between cooling tubes un le s s  i n t e r n a l  c i r c u l a t i o n  f a n s  

were provided. 

weight advantage, and a l s o  r equ i r ed  p r o p e l l a n t  c i r c u l a t i o n  wi th in  t h e  tank. 

The t h i r d  alternate 
A h e a t  exchanger mounted 

The second approach, u s ing  a compact h e a t  exchanger, o f f e r e d  l i t t l e  

Using t h e  s e l e c t e d  h e a t  exchanger approach and t h e  i n s u l a t i o n  system defined 

above, analyses  were conducted to determine t h e  amount of flow requ i r ed  t o  main- 

t a i n  t h e  p r o p e l l a n t s  i n  t h e i r  l i q u i d  state, and t o  d e f i n e  a flow schematic f o r  
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HIGH PRESSURE APS 

the coolank Hydrogen 
is continuously circulated through the cooling tubes to intercept residual heat 
leak through the insulation and the heat short paths. 
ted from the hydrogen tank, throttled to reduce its temperature, and then direc- 
ted to the tank cooling shroud, where it absorbs heat through vaporization. The 
hydrogen is then used to cool the hydrogen turbopump assemblies, the oxygen tank 
and the oxygen turbopump assemblies in series. 

Figure 4-22 is a schematic of the tankage coolant loop. 

Liquid hydrogen is extrac- 

Pressurization Subassembly - Two candidate pressurization types were evaluated: 
(1) autogenous pressurization, using gaseous propellants from the 

accumulators 
cold helium pressurization, with submerged injection. (2) 

Weight comparisons between the two approaches were made and, at the design 
pressures of interest, cold helium was the lightest weight for the oxygen tank, 
while autogenous pressurization was slightly the lighter for hydrogen tankage. 
These weight comparisons, however, were somewhat conservative, as they did not 
include changes to the conditioner design and accumulators necessary to accomo- 
date increased pressurization flow requirements, Thus, the small weight advan- 
tage afforded by autogeneous pressurization was not co sidered realistic, and 
the simpler, more conventional, cold helium pressurization approach was selected 
for both propellants. The small weight penalty for helium was outweighed by its 
inherent simplicity and sound technology base. 

4 . 3  - Subtask B effort resulted in definition of 
preliminary design, performance, and operational characteristics of the turbopump 

APS, identified by this study to be the most attractlve high pressure A P S  concept, 
Component designs and performance were investigated and established to deffne the 

most realistic US component configuration, With these components established, A P S  

21 
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designs and installation characteristics were baselined to satisfy vehicle control 
requirements of Reference (d). Figure 4-4 summarizes number of thrust 
level, and total impulse required for each vehicle addressed in Subtask B e  
were developed to satisfy these requirements for each vehicle, The resulting APS 
are basically the same for Orbiter B, Orbiter C and the Booster, Conditioning 
assemblies are identical in configuration and operation for the three vehicles. 
Differences in design result from line and 
thruster locations, and vent arrangements, However, these differences are, in 
general, minor. The schematic of the storage and conditioning assemblies for 
Orbiter B is shown in Figure 4-23. The schematic for Orbiter C is identical, 
except that two hydrogen tanks are used. It is identical also to that of the 
booster, except that a propulsive vent is not used. Figures 4-24, 4-25 and 4-26 
provide schematics of the thrusters and distribution lines for all three vehicles, 
APS schematics provide the component redundancy necessary to satisfy shuttle 
failure criteria of first failure-fail operational, second failure-fail safe 
(i.e. provide reentry capability). These criteria necessitated triple redundancy 
of active components. 
pressure regulating function, as are three completely independent condi 
assemblies for each propellant loop. 
it is isolated and a new conditionin assembly is activated. Each thrust 
isolation valves in series with the thruster propellant valves to allow individual 
isolation of a failed-open thruster. A second set of valves isolates each propel- 
lant manifold to provide isolation of a hruster valve double failure and the 
valve's individual isolation valve. Tanks, accumulators, lineso and fittings 
were considered structure, and redundancy as not provided. For these schematics, 
complete functional flow diagrams were established and failure mode and effects 
analyses were performed to verify that the APS would i 
failure criteria, 

Designs 

ifferent tank size? and' locations 

Three parallel red~~dant regulators are provided for each 

men the primary conditioning assembly fails, 

fact satisfy shuttle 

One of the major considerations involved in design evaluation of the A P S  is 
total subsystem weight. D S  desi ation required a rapid and accurate 
means of generating APS weights for different design conditions so that design 
points providing mfnimum subsystem weight could be detemfned, 

generate accurate, representative, and consistent subsystem weights f o r  many dif- 
ferent design points, an MS desi 
This program allowed definition of subsystem weight and per€~rnanc@ for any set 

In order to 

and eining computer program was deva%opedo 
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of specified design conditions, 
tative component weights, volumess and p rfomance €or a high-chamber-pressure 
turbopump APS 

It also served as a compact library of represen- 

Using this computer p~~gram, total subsystem weights were generated, and the 
subsystem design point was optimized by means of subsystem linear weight eensiti- 
vities e 

APS weight sensitivities to single design variab'les for the final Subtask B 
baseline APS are shown in Figures 4-27 to 4-29 for Orbiter B, Orbiter C, and the 
Booster, respectively. Figures 4-30 through 4-32 provide corresponding sensiti- 
vity to requirements. 
shows resulting overall APS weight. 

Figure 4-33 summarizes APS design characteristics and 

The APS was sized and designed on the basis of nominal, steady-state, com- 
ponent performance. In actual operation, heat transfer into the accumulators 
and supply lines will alter Operating pressures and temperatures, with resultant 
performance variations. Similarly, off-nominal performance of components and/or 
assemblies will result in performance changes; therefore, in order to establish 
APS design adequacy, it was necessary to simulate APS operation during a mission. 

To accomplish these analyses, another computer program was developed, which 
models thrusters, supply lines, accumulators, and conditioner. assembly while 
simulating A P S  flow rate demands during the mission. 
pressed for these analyses by approximating limit cycle control phases of the 
mission as an equivalent average flow rate. 
impulse, pressures, temperatures, and flow rates relating to operation of the 
accumulators, lines, and thrusters. 

Actual mission time is com- 

The program calculates thrust, total 

For the selected designs, parametric analyses defined the performance charac- 
These analyses teristics of the APS under simulated mission operating conditions. 

included investigation of the impact of variances in propellant conditioning 
temperatures and pressure regulator performance, 
the nominal operation of the subsystem during the missions (ieee, with all compo- 
nents and assemblies operating at thekr design values). Results (Figures 4-34 and 
4-35)  show that variations in mixture ratio and chamber pressure rasulting from 
temperature changes within the subsystem are not excessive, Additionally, analy- 
ses were conducted during the study to investigate the operation of the subsystem 
in the presence of off-nominal. component operation. Specifically, variances in 
regulator pressure and conditioner flow and temperature were considered. 

Figures 4-34 and 4-35 illustrate 
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DESIGN VARIABLES 

THRUSTER MIXTURE RATIO 

CHAMBER PRESSURE (LBFAN?) 

LINE PRESSURE DROP LBF/IN? 
PROPELLANT 
TEMP€RATUR€ (OR) H2 

0 2  
THRUSTER INLET PROPELLANT 

TEMPERATURE (OR) - !+ 

02 
ACCUMU PRESSURE 
RATIO - WITCH - H2/02 

SWITCHAIM - y o 2  

EIGHT 

ORBITER B 

4 

60/l2@ 

500 

40 

37 

162 

200 

350 

2 

1.135A.13 

25 

30 

446.9/455.2* 

41 6.0/423.7* 

35,879 

ORBITER C 

- 4  
60/l20* 

500 

40 

37 

162 

200 

350 

2 

1.13/1.125 

25 

30 

4463/455.2* 

BOOSTER 

40 

500 

40 

37 

162 

200 

350 

2 

1.24 

25 

35 

4443 

41 OJ 

a 

5,310 

* E co 
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SUMMARY REPQWT 

Resul ts  of these  ana lyses  show t h a t ,  while  off-nominal opera t ion  increases  

performance v a r i a t i o n s  during the  mission, v a r i a t i o n s  are not  extreme, and are i n  

f a c t ,  wi th in  t h e  c a p a b i l i t y  of t h e  t h r u s t e r  assembly. 

summary of mean APS t o t a l  impulse and mixture  r a t i o ,  i n t e g r a t e d  over t h e  complete 

mission f o r  t h e  nominal design and taking i n t o  cons idera t ion  t h e  presence of o f f -  

nominal in f luences .  

Figure 4-36 provides  a 

DESIGN CONDITIONS 

NOMINAL DESIGN CONDITIONS 

NOMINAL DESIGN CONDITIONS (NO VEN6 

OXYGEN CONDITIONING TEMPERATURE 
INCREASED 5% 

HYDROGEN CONDITIONING TEMPERATURE 
INCREASED 5% 

OXYGEN REGULATION PRESSURE 
INCREASED 5% 

HY D ROG EM R EGU LATl  ON PRESSURE 
INCREASED 5% 

3RD ORBIT RENDEZVOUS 

INTEGRATED 
MIXTURE 

RATIO 

4.048 

4.048 

3.938 

4,132 

4.004 

4.009 

TOTAL 
IMPULSE 
LBF-SEC 

12,0J8,498 

12,077,977 

11,973,966 

12,061,734 

12,063,065 

12,091,579 

*NO VENTING OF LINES AFTER DOCKED PHASE OF MISSION 

17TH ORBIT RENDEZVOUS 

INTEGRATED 
MIXTURE 

RATIO 

4.027 

4.020 

3.931 

4.134 

4.004 

4.039 

TOTAL 
IMPULSE 
LBF-SEC 

13,336,867 

13,335,566 

13,204,708 

13,299,448 

13,301,044 

13,334,203 
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5, STUDY CONCLUSIONS 

i s  s tudys  a f f  v i a b l e  candidates  f o r  gaseous H2/02 high 

compared on th 
equirements, From t h i s  comparisonp t h e  tu r -  

s e l e c t i o n  f o r  bofh boost 
Subtask A,  ~ a d i t i o n a ~ f y ~  provided a comparison of A P S  designed f o r  a range of 

maneuver v e l o c i t y  1 
and a l s o  t o  provide 

8 .  S p e c i f i c a l l y ,  APS were desfgned t o  perform a l l  maneuvers, 

y small maneuv r v e l o c i t y  changes. I n  t h e  la t ter  cases ,  an 
o r b i t  maneuvering subsystem (OMS) is requi red  f o r  major v e l o c i t y  changes. Evaluation 

of t h e  OMS w a s  n o t  a p a r t  of t h i s  s tudy ,  so  a comparison of combined APS/OMS require-  

ments w a s  not  poss ib l e ,  However, on t h e  b a s i s  of t h e  APS designs only,  t he  a l l -  
maneuver case showed an advantage because of increased f l e x i b i l i t y ,  

of these  r e s u l t s ,  NASA s e l e c t e d  the  turbopump APS f o r  Subtask B prel iminary design,  

and spec i f i ed  t h a t  prel iminary design e f f o r t  be d i r ec t ed  t o  an APS c ipab le  of 

performing all maneuvers. 

On t h e  b a s i s  

I n  Subtask B (prel iminary design) t h e  s p e c i f i e d  concept w a s  s tud ied  t o  develop 

an optimized design capable of s a t i s f y i n g  s h u t t l e  requirements. 

through a series of i n t e r r e l a t e d  s t u d i e s  a s soc ia t ed  wi th  APS components, assemblies,  

and subsystems which provided an in t eg ra t ed  APS design and e s t ab l i shed  i t s  perfor-  

mance c h a r a c t e r i s t i c s  i n  an i n s t a l l e d  configurat ion.  The r e s u l t i n g  prel iminary 

design evidences no requirements which are considered t o  be unreasonable extensions 

of s ta te-of- the-ar t  technology. However, i n  terms of t h r u s t  l e v e l ,  t o t a l  impulse, 

and reuse c a p a b i l i t y ,  s h u t t l e  requirements are f a r  beyond those f o r  any previous 

con t ro l  propuls ion susbystem. Consequently, no APS components capable of s a t i s f y i n g  

these  requirements e x i s t  today. The prel iminary A P S  design r e s u l t i n g  from t h i s  

s tudy i s  based on a n a l y t i c a l  techniques and/or component performance which have 

been demonstrated e i t h e r  f o r  smaller scale hardware, o r  i n  technology programs. 

This w a s  accomplished 

Funded technology development programs are cu r ren t ly  underway f o r  some of t h e  

more c r i t i c a l  components, such as valves, i g n i t i o n ,  and t h r u s t  chamber cool ing,  and 

f o r  c e r t a i n  a spec t s  of t h e  p rope l l an t  s to rage  assembly. Those areas of technology 

which appear t o  r equ i r e  a d d i t i o n a l  e f f o r t  i n  support  of APS development are 

summarized i n  F igure  5-1. 

This APS study program has not  f u l l y  explored p o t e n t i a l  t o l e rances  wi th in  t h e  

subsystems, t h e  accuracy of sensors  and con t ro l s ,  no r  has  i t  defined t h e  t h r e e  sigma 
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performance boundaries ,  

i n t e g r a t e d  subassembly, i n  p a r a l l e l  wi th  t h e  explora tory  programs o u t l i n e d  i n  
Figure 5-1, is requi red .  

For these reasons ,  f u r t h e r ,  more d e t a i l e d  a n a l y s i s  of t h e  

e THRUSTER ASSEMBLY PER- e REDUCTION IN PERFORMANCE RE* 
FORMANCE ~ U I R E M E ~ ~ ~  

e PERIODIC REPLACEMENT 

CAPABILITY 

o GONTROLCOEAPONENTLIFE 
CAPABILITY VALVES, IGNITERS, 
REGULATORS 
D PROPELLANT ACQUlSlTlO 

ASSEMBLY DESIGN AND REFILLABLE TANKS 
VERIFICATION 

COOLANT FLOW 

300 L B  jNCREASE FOR FACTOR OF 
FOUR IN EQUIVALENT START TIME 

e REDUCED RESPONSE REQUIRE. 
* 

e INCREASED APS WEIGHT, APPROXI- 
0 L B  PER SECOND I5p 

o INCREASED APS WEIGHT, APPROXI- 
WATELY 300 LB  FOR FACTOR OF 2 
ERROR IN CYCLE CAPABILITY PRE- 
DICTION 

AROUND TIN€ 
e INCREASED MAINTEN 

e INCREASE0 APS WEIGHT, APPROXI- 
MATELY 500 LB FOR 50% INCREASE IN 
SAFETY FACTORS 

o INCREASED ~ A I N T E N A N C ~ ~ U R N  
AROUND TIME 

o INCREASED '#EIGHT (APPROXIMATELY 
400 LE). INCREASED DESIGN AND CON- 
TROL COMPLEXITY AN0 REDUCED 
APS FLEXIBILITY 

TROL COMPLEXITY WITH MULTIPLE 
OXYGEN INJECTION (IGNITI 

APPROXIMATELY 1800 L B  

APPROXIMATELY 2200 L B  

e INCREASED OPERATIONAL 

o INCREkSEO APS WEIGHT, 

e INCREASED APS WEIGHT, 

D INCREASED APS WEIGHT, 
APPROXIMATELY 650 L B  . 
DESIGN CO%PLEXITY, INCREASED APS 
FEtGHT. APPROXIMATELY 400 LB 

MATELY 700 LB  FOR FACTOR OF 2 
REDUCTION IN CYCLE CAPABILITY 
PREDICTION 

e MAJOR INCREASES IN INSTALLATION/ 

e IKCREASED APS WEIGHT, APPROXI- 

e SERl ES-STAGED COMBUSTION 
HEAT EXCHANGERS TO LIMIT 
MATERIAL TEMPERATURE .' 

TECPERATURE HEAT . 
EXCHANGERS (2000OR) 

e CONVENTIONAL-MODERATE 

REBURNHEAT 
EXCHANGER DESIG~ 

. - DISTRIBUYIORI LINE o YACUUM JACKETED LINE 
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