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1 ., INTRODUCTION 

Development of t he  NASA space  s h u t t l e  veh ic l e  system f o r  f u t u r e  manned 

space opera t ions  requi red  development of  a number of subsystems which were e i t h e r  

new, or s i g n i f i c a n t  ex tens ions  o f  cu r ren t  technology. Among t h e s e  is  t h e  awi l -  

i a r y  propuls ion  subsystem ( A P S )  used f o r  s h u t t l e  c o n t r o l  and maneuvering a f t e r  

main engine c u t o f f .  The magnitude of APS c o n t r o l  requirements w a s  f a r  h i g h e r  

than those  of previous space veh ic l e s .  

i n  a d d i t i o n ,  t o  t ake  advantage of  b e n e f i t s  which can b e  der ived  i n  t h e  areas of 

p r o p e l l a n t  1 is t ics ,  safety, reuse,  and perf. 

a u x i l i a r y  propuls ion  subsystem w a s  i d e n t i f i e d  as most d e s i r a b l e  e 

To provide a high performance A P S  and, 

ce, a gaseous hydro 

There are two b a s i c  means of inapleBenting an APS of  t h i s  t 

(1) a high  p res su re  APS i n  which t h e  p r o p e l l a n t s  are s t o r e d  a t ,  o r  condi t ioned 

t o ,  t he  most d e s i r a b l e  t h r u s t e r  ope ra t ing  p res su res ;  

(2) a low p res su re  APS i n  which p rope l l an t s  are suppl ied  t o  c o n t r o l  t h r u s t e r s  

from main a scen t  p rope l l an t  tanks a t  normal u l l a g e  p re s su res .  

Within these broad c a t e g o r i e s ,  many APS a l t e r n a t i v e s  o r  op t ions  w e r e  ava i l ab le .  

Typica l ly ,  s t o r a g e  of p r o p e l l a n t s ,  condi t ion ing  assenibly design,  i n t e g r a t i o n  w i t h  

o t h e r  propuls ion  subsystems, and exact mode o f  APS usage dur ing  mission could b e  

implemented i n  a v a r i e t y  of  ways. 

Each b a s i c  APS category and i ts  a l t e r n a t e  implementation scheme o f f e r e d  

d i f f e r e n t  advantages and disadvantages i n  terms of subsystem performance and 

requi red  technology development. Thus, APS s e l e c t i o n  f o r  t he  s h u t t l e ,  and d e f i -  

n i t i o n  of advanced technology necessary  f o r  APS development, r equ i r ed  in-depth 

s t u d i e s  

To f u l f i l l  t h i s  need, NASA con t r ac t ed  f o r  two-phase d e f i n i t i o n  s t u d i e s  of bo th  

h igh  and low p res su re  A P S .  The f i r s t  phase,  Subtask A, w a s  a conceptual  subsystem 

d e f i n i t i o n  designed t o  provide NASA wi th  s u f f i c i e n t  d a t a  f o r  s e l e c t i o n  of t h e  b e s t  

means of APS implementation i n  bo th  h igh  and low p res su re  ca t egor i e s .  

phase,  Subtask B ,  involved a pre l iminary  design of t h e  p a r t i c u l a r  concept (s )  

s e l e c t e d  i n  each b a s i c  A P S  ca tegory ,  

McDonnell Douglas Ast ronaut ics  Company-East under Contract  No. MAS 8-26248,  

Aerojet  L iquid  Rocket Company, under subcont rac t  t o  PIDAC-East, provided ana lyses  and 

design support  necessary  t o  de f ine  the  a c t i v e  components f o r  APS eva lua t ion .  

The  second 

A high  p r e s s u r e  APS study w a s  conducted by 

The 
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Technical  d i r e c t i o n  f o r  t h i s  e f f o r t  w a s  provided by t h e  NASA Marshall  Space F l i g h t  

Center  (MSFC) a t  Hun t sv i l l e ,  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 of t he  h igh  p res su re  APS s tudy  w a s  t o  

provide s u f f i c i e n t  comparative d a t a  on va r ious  APS concepts t o  allow s e l e c t i o n  

of t he  b e s t  h igh  p res su re  approach f o r  Subtask B pre l iminary  design,  

r equ i r ed  cons ide ra t ion  of  a l a r g e  number of h igh  pressure  APS concepts.  

phase of s tudy ,  t h e  predominate concern w a s  t h e  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  performance levels (I Component and assembly 

op t imiza t ions ,  w i t h i n  a given subsystem concept,  were l i m i t e d  t o  those areas 

which p o t e n t i a l l y  could impact subsystem s e l e c t i o n .  For t h e s e  reasons ,  t he  f i n a l  

d a t a  r e s u l t i n g  from t h i s  s tudy  phase could n o t  b e  considered as r ep resen ta t ive  of 

a r e f i n e d  abso lu te  performance level f o r  any p a r t i c u l a r  subsystem. This  aspect 

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

component op t imiza t ions  f o r  t h e  s e l e c t e d  APS concept.  The v e h i c l e s  considered 

This  

For t h i s  

i n  Subtask A were the  two o r b i t e r s  and boos te r s  def ined  i n  Reference ( a ) .  

Mission and c o n t r o l  requirements f o r  t he  veh ic l e s  were a l s o  def ined  i n  Refer- 

ence (a). F i r s t  phase (conceptual  subsystem d e f i n i t i o n )  r e s u l t s  of t h e  

high pressure  APS s tudy  are summarized i n  t h i s  volume. 

Subtask B w a s  i n i t i a t e d  us ing  conf igura t ion  concepts def ined  during Sub- 

t a s k  A. Vehicles and requirements were redef ined  by NASA p r i o r  t o  Subtask B.  

Considered f o r  Subtask B APS i n s t a l l a t i o n  were O r b i t e r  B, Orb i t e r  C ,  and the  

Booster  def ined  i n  Reference (b) .  Trade-off s t u d i e s  were then performed t o  de t e r -  

mine 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 provide minimum weight conf igura t ion .  Other c r i te r ia  were con- 

s ide red ,  such as no h e a t  s h i e l d  pene t r a t ion  during r e e n t r y  and a common t h r u s t e r  

f o r  o r b i t e r s  and boos ter .  In-depth component and assembly t r a d e  s t u d i e s  and 

des ign  analyses  

ope ra t ing  ana lyses  t o  de f ine  t h e  recommended b a s e l i n e  APS F i n a l  b a s e l i n e  APS 

i n s t a l l a t i o n  and pre l iminary  design,  inc luding  component d e f i n i t i o n ,  w e r e  then 

accomplished. Resul t s  of t he  second phase (pre l iminary  APS design)  of t he  h igh  

p res su re  APS s tudy  are summarized i n  the  Subtask B r e p o r t  (Reference (.c)). 

were performed i n  paral le l  w i th  suppor t ing  subsystem des ign  and 

The High Pressure  APS Descr ip t ion  Handbook (Reference (d)) d e f i n e s  pre l iminary  

des ign ,  ope ra t ing  performance, and weight sens i t iv i t ies  f o r  t h e  s e l e c t e d  APS f o r  
O r b i t e r  B ,  O r b i t e r  C, and the Booster def ined  in Reference (b).  

h 
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The body of t h i s  r e p o r t  summarizes t h e  concept t r a d e  s t u d i e s ,  t oge the r  wi th  

a d e s c r i p t i o n  of s tudy  approach, requirements used i n  t h e  s tudy ,  and concepts 

considered.  

i n  the  t r a d e  s t u d i e s ,  wh i l e  Appendix H s u p p l i e s  d a t a  and r a t i o n a l e  used f o r  

i n i t i a l  s c reen ing  of  candida te  APS concepts .  

Appendices A through G provide background d a t a  f o r  APS models used 

3 
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The purpose of t h i s  s tudy  phase w a s  t o  e s t a b l i s h  t h e  most a t t r a c t i v e  approach 

Thus9 t h e  primary goa l  f o r  h igh  p res su re  APS based on def ined  s e l e c t i o n  cr i ter ia ,  

i n  t h i s  phase w a s  t o  e v a l u a t e  f a i r l y ,  b u t  i n  a t imely  manner, a l l  p o s s i b l e  APS 

candidates .  Reference (e )  provides  a d e t a i l e d  program plan f o r  t h e  complete s tudy  

and de f ines  d e t a i l e d  t a s k  o b j e c t i v e s  and t h e i r  r e l a t i o n s h i p  t o  the  o v e r a l l  s tudy.  

An overview of  the Subtask A approach is  presented  below.. 

F igure  2-1 shows program t sks a s s o c i a t e d  wi th  Subtask A. me inZt$..al s tudy  

e f f o r t  w a s  t o  e s t a b l i s h  s p e c i f i c  APS requirements t o  be  used f o r  concept compari- 

son and t o  de f ine  a ma t r ix  of a l l  reasonable  h igh  pressure  APS concepts.  This 

l a t t e r  r equ i r ed  sc reen ing  t h e  many candidates  t o  e l imina te  t r i t e  approaches,  and 

t o  e s t a b l i s h  a reasonable  number of candida tes  f o r  cons idera t ion  i n  t r a d e  s tud-  

ies. The n e x t  t a s k s  were aimed a t  development of d a t a  needed t o  conf igure  and 

eva lua te  candida tes  s e l e c t e d  f o r  t r a d e  s t u d i e s ,  This requi red  s t r u c t u r i n g  of 

a l l  component models and development of component performance over  a broad para- 

m e t r i c  range. Also, in t rasubsys tem t r a d e s  were performed t o  conf igure  assemblies  

where they exh ib i t ed  f e a t u r e s  which could impact APS concept s e l e c t i o n .  Among 

these were i n t e g r a t i o n  of APS and OMS p r o p e l l a n t  s u p p l i e s ,  component redundancy 

requi red  t o  m e e t  f a i l u r e  cr i ter ia ,  a v a i l a b i l i t y  of r e s i d u a l  boos t  p r o p e l l a n t s  

f o r  those  concepts which could u t i l i z e  boos t e r  r e s i d u a l s ,  and subsystem ope ra t ion  

o r  i n s t a l l a t i o n  f e a t u r e s .  Tasks 3 through 11 (Figure 2-1) allowed d e f i n i t i o n  of  

b a s e l i n e  subsystem schematics  and design cr i ter ia  f o r  t r a d e  s t u d i e s .  Using 

these ,  design ana lyses  w e r e  then conducted t o  de f ine  subsystem design ope ra t ing  

po in t s  which would provide minimum weight f o r  each APS concept. S ince  s e l e c t i o n  

cri teria f o r  t h i s  s tudy  inc luded  f a c t o r s  o t h e r  than weight ,  t h e  m i n i m u m  weight  

vers ion  of a concept may n o t  have r e s u l t e d  i n  a f a i r  comparison. To counterac t  

t h i s ,  and t o  show each subsystem concept t o  b e s t  advantage i n  t h e  comparison, 

minimum weight des igns  w e r e  i t e r a t e d  t o  achieve t h e  b e s t  ba lance  between subsys- 

t e m  weight ,  technology, f l e x i b i l i t y ,  and s i m p l i c i t y  f o r  each APS concept 

Designs were then  compared on def ined  s tudy  s e l e c t i o n  cr i ter ia  of weight ,  tech- 

nology, f l e x i b i l i t y ,  and s i m p l i c i t y ,  

4 
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Reference (a),  which provides  a summary d e s c r i p t i o n  of space s h u t t l e  

veh ic l e s  and miss ions ,  w a s  i s sued  by NASA t o  guide APS design.  Four space shut-  

t l e  v e h i c l e s  were eva lua ted  during t h i s  phase of  s tudy ,  high and low crossrange 

boos te r s  and o r b i t e r s .  These are i l l u s t r a t e d  i n  Figures  3-1 through 3T4. 

Included i n  Reference (a) were 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 which are summarized i n  Figures  3-5 and 3-6. For t h e  s tudy ,  a 

s h u t t l e  mission t i m e  l i n e  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 a s  a l s o  provided as a b a s e l i n e  mission f o r  Subtask A comparisons. 

Appendix G o f  t h i s  r e p o r t  summarizes va r ious  t h r u s t e r  s i z i n g  opt ions  capable  of 

s a t i s f y i n g  these  a c c e l e r a t i o n  requirements.  

G, c o n t r o l  t h r u s t  levels, and number of c o n t r o l  t h r u s t e r s  r equ i r ed ,  were es tab-  

l i s h e d  f o r  each o r b i t e r  and booster.,  

Based on d a t a  presented  i n  Appendix 

These are summarized i n  Figure 3-7. 

A s  a p a r t  of t h i s  e f f o r t ,  several alternate means of performing s h u t t l e  on- 

o r b i t  c o n t r o l  and maneuver func t ions  were considered.  Two b a s i c  cases w e r e  con- 

s ide red :  

s e p a r a t i o n  maneuver and c o n t r o l  func t ions ,  and (2)  an a u x i l i a r y  propuls ion  sub- 

system designed t o  ope ra t e  i n  conjunct ion wi th  an o r b i t  maneuvering subsystem 

(OMS). I n  t h i s  lat ter case, t h e  APS would perform only  con t ro l  func t ions  and 

vernier t r a n s l a t i o n  maneuvers e Two levels of APS t r a n s l a t i o n  maneuvers w e r e  

Considered: (1) t r a n s l a t i o n  maneuvers - 10 f t / s e c ,  and (2) t r a n s l a t i o n  maneuvers 

- 50 f t / s e c ,  A b a s i c  premise used f o r  t h i s  s tudy  w a s  t h a t  when an OMS system w a s  

used, the  APS would provide p r o p e l l a n t  s e t t l i n g  p r i o r  t o  a l l  OMS f i r i n g s ,  The 

amount of impulse allowed f o r  s e t t l i n g  w a s  30K lb-sec f o r  each OMS f i r i n g .  

Using t h e  above maneuvering v e l o c i t y  a l l o c a t i o n s  t o t a l  impulse requirements were 

determined f o r  each maneuvering v e l o c i t y  level (Figure 3-7). 

requirements v a r i e d  from 1.5M lb-sec t o  approximately 16M lb-sec,  depending on 

number of APS t r a n s l a t i o n  maneuvers t o  b e  performed. 

(1) an a u x i l i a r y  propuls ion  subsystem designed t o  perform a l l  post-  

< 

< 

A s  shown, APS 

6 
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Appendix H of t h i s  r e p o r t  descr ibes  t h e  r a t i o n a l e  and provides  pre l iminary  

screening  d a t a  which allowed d e f i n i t i o n  of  concepts t o  be  considered,  Based on 

the  d a t a  provided i n  Appendix H, o r b i t e r  and boos te r  concept matrices of Figures  

4-1 and 4-2 were e s t a b l i s h e d .  

however, many of  t h e s e  a're a s soc ia t ed  wi th  veh ic l e  requirements .  The p r i n c i p a l  

v a r i a t i o n s  t o  b e  observed are i n  t h e  b a s i c  APS concept d e f i n i t i o n .  As shown i n  

Figure 4-1, t h e r e  are t h r e e  b a s i c  APS concepts t o  be  considered f o r  o r b i t e r s .  

S imi l a r ly ,  Figure 4-2 i d e n t i f i e s  four b a s i c  A P S  concepts  f o r  boos t e r s .  

both b o o s t e r s  and o r b i t e r s ,  a l t e r n a t e  means of thermal condi t ion ing  are i d e n t i -  

f i e d .  For purposes of c l a r i t y ,  thermal condi t ion ing  can b e  sepa ra t ed  as an inde- 

pendent t r a d e  s tudy  because a l t e r n a t e  cond i t ione r  concepts have similar e f f e c t s  

on performance of the  d i f f e r e n t  APS concepts 

A t o t a l  of 50 p o s s i b l e  APS op t ions  are i d e n t i f i e d ;  

For 

+ 
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FIGURE 4-2 

Candidate o r b i t e r  concepts are i l l u s t r a t e d  i n  s i m p l i f i e d  schematics i n  

F igure  4 - 3 ,  

c o n t r o l  components (such as valves) and redundant coaponents provided t o  s a t i s f y  

f a i l u r e  c r i t e r i a .  Only one of two s i m i l a r l y  configured p r o p e l l a n t  s i d e s  i s  shown 

f o r  c l a r i t y .  

l o w s .  Appendix A provides a more d e t a i l e d  d e s c r i p t i o n  of t h e i r  des ign  and opera- 

t ion  * 

For c l a r i t y ,  schematics of F igure  4-3 have e l imina ted  p r o p e l l a n t  

A b r i e f  d e s c r i p t i o n  of candida te  o r b i t e r  and b o o s t e r  concepts f o l -  
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4 .1  Turbopump APS Concept - The b a s i c  turbopump APS concept is i l l u s t r a t e d  

i n  Figure 4-3A. Prope l l an t  is  s t o r e d  as a l i q u i d  i n  a s i n g l e  tank con ta in ing  both  

ONS and APS p r o p e l l a n t  s u p p l i e s .  Turbopump s u c t i o n  head requirements are provi- 

ded by low p r e s s u r e  co ld  helium p r e s s u r i z a t i o n .  The turbopump assembly increases 

p r o p e l l a n t  p re s su res  t o  that  requi red  f o r  subsystem ope ra t ion  while t h e  h e a t  

exchanger downstream o f  t h e  turbopump provides  thermal cond i t ion ing  necessary  t o  

raise p r o p e l l a n t s  t o  the i r  ope ra t ing  temperatures.  Conditioned p r o p e l l a n t  vapor 

i s  then  s t o r e d  i n  an accumulator. A pres su re  r e g u l a t o r  downstream of t h e  

accumulator c o n t r o l s  p r e s s u r e  f o r  bo th  c o n t r o l  t h r u s t e r s  and gas gene ra to r  assem- 

b ly .  

low mixture  r a t i o ,  b i p r o p e l l a n t  gas gene ra to r  assembly, 

Power f o r  thermal cond i t ion ing  and turbopump ope ra t ion  are provided by a 

4,2  S u p e r c r i t i c a l  APS Concept - In the s u p e r c r i t i c a l  concept,  p r o p e l l a n t  

i s  s t o r e d  above c r i t i ca l  p re s su res  and/or at  t h e  p re s su re  r equ i r ed  f o r  subsystem 

15 
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operation, Thus, the propellant storage tank operates at relatively high pres- 

sures and constitutes an appreciable portion of subsystem weight. Storage tank 
pressures in this subsystem concept are maintained by heat addition provided by 
an external heat exchanger/circulation pump loop as illustrated in Figure 4-3B. 

To avoid excessive weight penalties associated with large capacity, high pressure 
tanks, two propellant tanks are provided. The A P S  propellant supply tank is sized 
to provide only the total impulse required between major orbit maneuvering subsys- 
tem operations. During OMS firings, the supercritical storage tank is refilled 
by a turbopump assembly from the low pressure liquid propellant storage tank. 
The subsystem incorporates a downstream heat exchanger to complete thermal condi- 
tioning of propellants to the temperatures required for thruster operation. 

4 . 3  
cept was not considered because of excessive weight penalties associated with the 

hydrogen side. However, a concept using a supercritical hydrogen supply (similar 
to that described above) in conjunction with a compressor oxygen supply was 

included in the study. The oxygen supply assembly for this concept is illustra- 
ted in Figure 4-3C. Low pressure propellant vapor is extracted from main engine 
tanks and compressed in a turbocompressor assembly to the pressures required for 
subsystem operation. No thermal conditioning downstream of the compressor is 
required, since temperature rise due to compression is ample for thruster opera- 
tion. 

with an initial gas temperature in the main engine tank of 379'R. 
compressor is powered by a gas generator assembly similar to the turbopump con- 

cept design. For even the lowest total impulse requirement, the main engine pro- 
pellant tanks do not contain sufficient propellant vapor for the entire mission; 

therefore, a separate propellant resupply tank is required to replenish main 
engine tanks when pressure falls below a prescribed level. A heat exchanger 
supplied with energy by a gas generator preconditions oxygen to a vapor state 

prior to main engine tank replenishment, 

Hybrid B P S  Concept - For the orbiters, a complete turbocompressor con- 

Oxygen gas temperature for a pressure ratio of 3 is approximately 650"R 

The turbo- 

4.4 Booster A P S  Concepts - A P S  concepts considered for the boosters are 
illustrated in Figure 4-4. 

orbiter, with the exception of the stored gas subsystem. 
identical. 

for the orbiters with one exception, That is, since booster total impulse require- 
ments are relatively low, no resupply to the supercritical storage tank is required. 
In analyzing booster requirements, compressors were considered for both hydrogen and 

These are similar to those described above for the 
Turbopump concepts are 

The supercritical concept for the booster is sfmilar to that described 
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turbocompressor concepts is that the b o o s t e r  r e q u i r e s  no a u x i l i a r y  resupply pro- 

p e l l a n t  assembly since there are ample r e s i d u a l  p r o p e l l a n t  vapors a f t e r  main 

engine cu to f f  t o  s a t i s f y  miss ion  t o t a l  impulse requirements.  Also considered 

f o r  t h e  b o o s t e r  w a s  a simple s t o r e d  gas b i p r o p e l l a n t  APS concepc, whose o p e r a t i o n  

is similar t o  a convent iona l  co ld  gas a t t i t u d e  c o n t r o l  system, w i t h  t h e  except ion  

that hydrogen and oxygen are burned as b i p r o p e l l a n t s .  Gaseous p r o p e l l a n t  i s  

s t o r e d  a t  h igh  p res su re  and r egu la t ed  t o  requi red  t h r u s t e r  ope ra t ion  p res su re  -------- ------- --------------- -I- I TURBOPUMP 
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4.5 Conditioning Assembly S e l e c t i o n  - As shown i n  Figures 4 4  and 4-2, there 
are a number of alternates a v a i l a b l e  f o r  cond i t ione r  implementation. Three 

thermal cond i t ion ing  concepts are shown: 

(1) 

(2) 

(3) 

a I s i n g l e  i n t e g r a l  gas  gene ra to r  assembly 

a d u a l  burn. o r  s t a g e d  combustion gas g e n e r a t o r  assembly 

a main ascent tank tap-off cyc le ,  

I n  a d d i t i o n ,  each o f  these concepts can b e  implemented somewhat d i f f e r e n t l y  w i t h  
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oxygen p r o p e l l a n t  supp l i e s .  The s i n g l e  d i f f e rence  between boos te r  and o r b i t e r  

regard  bo th  t o  t h e i r  ope ra t ing  temperatures and t o  usage of  vent  gas from condi- 

t i o n e r s  f o r  a d d i t i o n a l  u s e f u l  impulse,  Appendix D summarizes ana lyses  conducted 

t o  i d e n t i f y  t h e  p a r t i c u l a r  approach b e s t  s u i t e d  t o  va r ious  APS concepts .  From 

these ,  it w a s  determined that  t o t a l  impulse requi red  by t h e  APS w a s  t h e  s t r o n g e s t  

i n f luence  on cond i t ione r  approach s e l e c t i o n  e 

For those  subsystems used i n  t h e  all-maneuver case, a condi t ion ing  assembly 

t a i l o r e d  t o  provide m a x i m u m  poss ib l e  performance w a s  d e s i r a b l e ,  s i n c e  t h a t  approach 

y i e lded  very  s i g n i f i c a n t  weight advantages. For this  reason ,  an assembly us ing  

a h igh  temperature gas gene ra to r  i n  conjunct ion  w i t h  propuls ive  vent ing  w a s  selec- 

t e d  f o r  both o r b i t e r s  i n  all-maneuver class. A t  t h e  lower impulse levels ,  advan- 

tages  of cond i t ione r  assembly h igh  performance were less compelling. Since only  

a s m a l l  f r a c t i o n  of  t h e  impulse could b e  provided by  propuls ive  vent ing,  i t  

w a s  no t  d e s i r a b l e .  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 tempera- 

t u r e  gas gene ra to r  wi thout  p ropu l s ive  vent ing  w a s  s e l e c t e d .  For 5 10 f t / s e c  

maneuvers, a s i n g l e  i n t e g r a l  gas genera tor  ope ra t ing  a t  2000"R without  propuls ive  

ven t ing  w a s  s e l e c t e d .  

With cond i t ione r  concepts i d e n t i f i e d  aboveg the APS concept matrices of 

F igures  4-1 and 4-2 reduce t o  a t o t a l  of 18 alternate concepts .  

t oge the r  w i 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-  

t e d  i n  Figure 4-5. 
i n  Subtask A, a f t e r  a l l  s c reen ing  had been accomplished. 

These a l t e r n a t e s ,  

F igure  4-5 t hus  forms t h e  complete l i s t  of subsystems compared 

I I 

2 +  2 + 2 + 2=pi-J 
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The 18 concepts identified in Figure 4-5 were compared on the basis of subsys- 
tem weight, technology, simplicity, and flexibility to changes in requirements. 
To do this, detailed subsystem schematics were developed to identify number of 
components within each subsystem, and to establish overall subsystem weight. 
simple line schematics describing the concepts were expanded to incorporate the 

component redundancy necessary to satisfy space shuttle failure criteria. 
typical example of this is shown in Figure 5-1 for a portion of a turbopump subsys- 
tem. 
each component and assembly. 

nent and assembly models used for A P S  synthesis. 
analyses were conducted to define A P S  weight and the most desirable design opera- 
ting points. 
and sensitivity analysis conducted on each of the 18 candidate subsystems. 
addition, Appendix B provides the rationale/data used to establish subsystem 
design points when it was not valid to design at minimum weight. 
vides an example of weight sensitivity to design variables and Figure 5-3 provides 
an example of weight sensitivity to A P S  requirements. 

mary of U S  design points and weights as developed by these analyses and Appen- 
dix B provides a complete compilation of the optimization of all subsystems. 

When optimum or desired design points were established, subsystems were judged 

according to study selection criteria. 
Figure 5-5, together with weighting applied to each criterion and the rationale 
used for assessment. 

The 

A 

Weight and performance models were developed over a parametric range for 
Appendix E provides a summary description of compo- 

Using these parametric data, 

Appendix B provides a complete description of design optimization 
In 

Figure 5-2 pro- 

Figure 5-4 provides a sum- 

These criteria are identified in 

19 
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FIGURE 5-5 

5.1 A 9 S  Weight Comparison - Figures 5-6, 5-7 and 5-8 summarize weights devel- 
oped for each A P S  concept at design points listed in Figure 5-4, 

pares turbopump subsystems at various maneuver levels for both orbiters, 
Obviously, additional weight (to account for an OMS subsystem) must be included 
before a rational decision based on weight could be made regarding best maneuver 

velocity allocation for the A P S ,  

this contract effort; comparison of APS for different velocity levels is made 

exclusive of weight, with only technology, simplicity, and flexibility under 

comparison. Figure 5-7 provides a comparison of the three alternate orbiter 

concepts at a common maneuver level. 
comparison for alternate APS concepts, 
lightest weight for both orbiters, 
for both boosters, 

Figure 5-6 com- 

Evaluation of OMS weight was not a part of 

Thus, data of Figure 5-7 form a valid weight 
As shown, the turbopump subsystem is the 

Figure 5-8 compares four alternate A P S  concepts 
Again, as with the orbiters, the turbopump subsystem weighs 

23 
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the least, 

and shows a point rating on the basis of weight for each vehicle and each A P S  

concept, 

levels as no OMS weight is included. 

Figure 5-9 summarizes the absolute weights for each of the concepts 

As noted previously, no valid point rating can be made between impulse 
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5.2 A P S  Technolopy Critique - Each candidate AS?S concept was evaluated to 
provide an assessment of the technology considerations which would influence con- 
cept selection. Unlike weight, a valid assessment of technology requirements 
could be made b2tween maneuver velocity allocations. 
in Figure 5-10, which identifies the common technology considerations, applicable 
to all maneuver levels, associated with a turbopump subsystem, and those factors 
which impact concept selection at various maneuver levels. 
ence between turbopump subsystem designs at different maneuver levels resides in 

conditioner assembly design. At high maneuver velocity levels, performance advan- 
tages are quite pronounced, and certain technology extensions or risks are war- 
ranted. 

This comparison is shown 

The principal differ- 

FACTORS WHICH IMPACT CONCEPT SELECTION U 

8 HIGH TEMPERATURE - COOLED 
GAS GENERATOR DESIGN 
HEAT EXCHANGER SHELL AND 
TUBE SUPPORT COOLING DESIG 

CONTROL DURING CONDITIONER 
TRANSIENTS 

3 GG PROPELLANT SEOUENCING AND 

T VALYE DESIG 
8 THRUSTER DESIGN FOR LONG 

STEADY STATE DURABILITY 

e HIGH TEMPERATURE - COOLED 
GAS GENERATOR DESIGN 

0 HEATEXCHANGERSHELL AND 
TUBE SUPPORT COOLING DESIGN 

0 GG PROPELLANT SEOUENCING AND 
CONTROL DURING CONDITIONER 

co 
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Figure 5-11 compares different A P S  concepts at a fixed maneuver velocity level. 
Again, technology is separated into common technology considerations and factors 
which impact APS concept selections. For the turbopump, primary technology 

differences are associated with design of a rapid spin-up, multicycle turbopump, 

and of the liquid positive propellant positioning device. For the supercritical 
subsystem, no propellant positioning is required, but this subsystem requires a 

more complex conditioner assembly design. 
markedly and the conditioner must be highly throttleable to accommodate varying 
conditioning requirements. The hybrid concept has a number of disadvantages in 

the realm of technology. 

cept apply to the hybrid. In addition, it requires marked technology improve- 
ments in turbocompressor design and performance, plus additional technology 

associated with the propellant resupply assembly. 

Conditioner inlet temperatures vary 

All considerations applicable to the supercritical con- 

I SUPERCRITICAL I HYBRID 

POSITIONING DEVICE 

CONDITIONER CONTROL AND SENSORS 
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8 HOT GAS VALVE 
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co 
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Figure 5-12 provides a comparison of the various booster A P S  concepts. In all 

instances, technology requirements are relaxed for the boosters. 

life is significantly reduced, as is the size of the propellant tank (hence the 

size of the propellant positioning device). With the supercritical concept, no 
resupply is required; therefore, technology requirements are relaxed. In the 
case of the turbocompressor, the compressors for the boosters are much larger 

and inlet design is more critical because of higher power requirements. 
stored gas subsystem is ideal from a technology standpoint, since all components 
are basically state-of-the-art, 

Turbopump cycle 

The 

I S C R I  

ICH IMPACT CONCEPT SELECTION 

0 HIGHLY T H R O  

TURBOCOMPRESSOR 
DESIGN FOR F A S T  

co s 
9 

F I G U R E  5-12 

Figure 5-13 reviews point ratirigs assigned to each subsystem on the basis of 
the technology considerations just given. 
ratings identified in Figure 5-13 apply only to a specific vehicle. 

point ratings between boosters and orbiters cannot be compared. 

It should be noted that the point 
That is, 
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FIGURE 5-13 

5.3 APS Simplicity Critique - Figures 5-14 and 5-15 summarize unique advantages 
and disadvantages of various A P S  concepts, with regard to inherent subsystem 
simplicity and management of subsystem development. 
simplicity (Figure 5-14) across maneuver levels shows that there are only minimal 
differences. 

maneuver velocity level. Relative to other A P S  concepts, the turbopump concept 
is appreciably simpler, and offers greatest potential in terms of development 
management. The supercritical subsystem is complex, both from an operational 
and a design standpoint, and, since tankage development is totally constrained 
by development of other subsystem components, is by far the most complex in terms 

of subsystem management during development. The supercritical subsystem does 
offer, however, significant advantages in its lack of rotating machinery and 
propellant positioning requirement. 

considerations for the boosters. The stored gas subsystem is clearly simplest, 
and has an appreciable number of advantages relative to other subsystems, 
Figure 5-16 summarizes point ratings €or simplicity criteria and (as is true also 

for technology) cannot be compared across vehicle element lines. 

Comparing turbopump subsystem 

Figure 5-14 also compares three orbiter concepts at a fixed 

Figure 5-15 provides a critique of simplicity 

30 
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I 

FIGURE 5-16 

5 .4  A P S  Flexibility Critique - APS flexibility to requirements changes was 
Point weighting judged on the basis of data similar to those shown in Figure 5-3. 

for flexibility was further subdivided for each requirement of interest. 
dered were changes in subsystem weight associated with changes in thruster 
thrust, total subsystem thrust, total impulse, and number of U S  thrusters. 
Ratings were based on quantitative sensitivities for each APS concept, Results 
are summarized in Figures 5-17, 5-18 and 5-19, and total point ratings are pro- 
vided. Inspection of data in these figures shows that turbopump subsystems are 

the least sensitive to changes in requirements, thus providing the greatest 
potential from the .standpoint of flexibility. 

Consi- 
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Using datli provided in Section 5, total point ratings were established for 
each of 18 candidate concepts. 
6-3. 

Weight is not considered for reasons noted in 5.1. A s  shown, based on the other 
selection criteria, the all-maneuver class U S  provides highest total point 
rating and (since other criterion would only be degraded by addition of an OMS 
system) is the best maneuver velocity application from the standpoints of tech- 

nology, simplicity, m d  flexibility. Figure 6-2 provides a comparison of turbo- 
pump, supercritical, and hybrid subsystems for the two orbiters. A s  shown, the 

turbopump is clearly the best overall subsystem selection. Identical results 
were obtained for boosters (shown in Figure 6 - 3 ) .  Thus, on the basis of all 
selection criteria, the turbopump subsystem was demonstrably the best candidate 
for Subtask B preliminary design. 

Results are summarized in Figures 6-1, 6-2 and 

Figure 6-1 compares turbopump subsystems at three maneuver velocity levels. 

T O  

m 
FIGURE 6-1 
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APPENDIX A 

TRABE STUDY MODELS 

A-1 . INTRODUCTION 

The t r a d e  s tudy  o b j e c t i v e  was t o  compare b a s i c  APS subsystem concepts f o r  

each set of APS requirements  ( iL,e, ,  for each  boos te r  and each impulse a l l o c a t i o n  

f o r  each o r b i t e r )  Subsystem concepts  s e l e c t e d  f o r  comparison are i d e n t i f i e d  by 

the boos te r  and o r b i t e r  matrice8 of F igures  Awl  and A-2. 

models w e r e  a e l e c t e d  from pre l iminary  screening ,  and from component and assembly 

t r a d e  s t u d i e s .  

APS requirement,  

The t r a d e  s tudy  

They r ep resen t  the b e s t  method of implementing a concept f o r  an 

This appendix d e s c r i b e s  the conf igu ra t ion  and ope ra t ion  of the t r a d e  s tudy  

The models were eva lua ted  t o  the e x t e n t  that they represented  workable models, 

sub nd compo 

comparisons. These models allowed a v a l i d  assessment of subsystem weight ,  
ed in detail suff ic ient  to a l low valid concept 

ts, flexibility, and oper 
S design pofnts .  

Subsystem concepts  d i f f e r  by t h e i r  b a s i c  approach (i .e turbopump super- 

cr i t ical ,  trubocompressor,  hybr id ,  and stored g a s ) ,  Except f o r  s t o r e d  gas, 

A- 1 
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each concept i s  made of f o u r  primary assembliee.  These are: 

(1) p r o p e l l a n t  s t o r a g e  assembly 

(2 )  condi t ion ing  assembly 

(3)  accumulators 

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

The s t o r e d  gas concept uses  only p rope l l an t  s t o r a  e assembly and t h r u s t e r  assem- 

b l i e s .  

A common t h r u s t e r  assembly model and a common accumulator assembly model were 

used f o r  a l l  t r a d e  s tudy models. I n  every case @r assemblies  u s e  gaseous 

H and 0 p r o p e l l a n t s ,  supp l i ed  a t  a r egu la t ed  preeeure  from t h e  accumulators 

i n  a l l  concepts b u t  s t o r e d  gas ,  i n  which gaseous p r o p e l l a n t  comes d i r e c t l y  

from p rope l l an t  s t o r a g e  assembl ies ,  The o p e r a t i n  mode of accumulators and 

t h r u s t e r s  i s  e s s e n t i a l l y  t h a t  of a s t o r e d  gas  b i p r o p e l l a n t  propuls ion  subsystem, 

Models f o r  des ign  and ope ra t ion  of t h e  remainder of assemblies  (ice., s t o r a g e  

and condi t ioner  assemblies)  are n o t  common. 

summary d e s c r i p t i o n  of t h e  design and ope ra t ion  o 

Schematics of t h e  d i f f e r e n t  concepts are ehown i n  Figures  A-4 and A-5.  

2 2 

The fo l lowing  paragraphs provide a 

trade s tudy  models. 
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A-2 COMPONENTS COMHON TO ALL SUBSYSTEMS 

A-2.1 Thruster Assemblies - Thruster assemblies were modeled as film 
cooled gaseous bipropellant thrusters. Each thruster is equipped with an igniter 
assembly using small, independent igniter valving and larger, high response 

valves for primary propellant supply. 
€or maintaining constant thruster inlet pressures independent of number of 

thruster assemblies operating. 

Thruster supply lines are sized primarily 

They are insulated eo reduce propellant heating. 
A-2.2 Accumulators - Accumulators are modeled as insulated pressure vessels. 

In all subsystems they are used to decouple thruster assemblies from conditioning 
assemblies and are sized by conditioning assembly considerations. 
assemblies operate between accumulator pressure switches, which signal the 
assembly on or off. At the lower switch level, the conditioner assembly is 
signalled to initiate operation. 

lator pressure and shutdown of conditioner assembly. The accumulator is sized to 
provide sufficient total impulse to allow the subsystem to deliver maximum thrust 
over the time interval between the point where the conditioning assembly is 

switched on and where the conditioner assembly comes "on-line". 
operating pressure is a consideration of the desired number of conditioner 
cycles, The accumulators are equipped with relief valves to protect against 
overpressure 

Conditioner 

The upper switch level signals maximum accumu- 

The maximum 
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A-3.1 Turbopump A P S  - Four turbopump subsystem t r a d e  s tudy models were 

def ined,  one f o r  boos t e r s  and one f o r  each of t h r e e  A P S  +X maneuver levels f o r  

o r b i t e r s .  The p r o p e l l a n t  s t o r a g e  assembly model f o r  each of t hese  i s  t h e  same. 

For t h e  combined APS/OMS subsystems, p r o p e l l a n t s  are s t o r e d  i n  common tanks.  

The p r o p e l l a n t  s t o r a g e  assembly is composed of a primary s t r u c t u r a l  s h e l l  

( o r  p re s su re  v e s s e l ) ,  i n s u l a t i o n ,  active cool ing  device,  o u t e r  p r o t e c t i v e  j a c k e t ,  

p r o p e l l a n t  p r e s s u r i z a t i o n  subassembly, and p r o p e l l a n t  pos i t i on ing  screen .  The 

primary s t r u c t u r a l  s h e l l  i s  f a b r i c a t e d  of aluminum. 

i s  brazed t o  a t h i n  m e t a l  f o i l  surrounding t h e  t ank  and p rope l l an t  i s  allowed t o  

vapor ize  i n  t h e  tub ing  t o  absorb incoming h e a t  f l ux .  I n s u l a t i o n  is  t h e  h igh  

performance type  (HPI) and i s  modeled as mul t i l aye r  aluminized mylar. An o u t e r  

j a c k e t  of f i b e r g l a s s  p r o t e c t s  t h e  i n s u l a t i o n  from crushing loads ,  and i s  pressur -  

i z e d  wi th  an i n e r t  gas i n  t h e  e a r t h ' s  atmosphere t o  prevent  mois ture  contamination. 

The p r o p e l l a n t  p o s i t i o n i n g  device i s  modeled as a double l a y e r  sc reen .  This  sur -  

f a c e  t ens ion  device  provides  p rope l l an t  a t  t h e  tank o u t l e t  under zero g condi t ions .  

Helium s t o r e d  i n s i d e  t h e  p r o p e l l a n t  tank  p r e s s u r i z e s  p r o p e l l a n t  t o  provide t h e  

n e t  p o s i t i v e  s u c t i o n  p res su re  r equ i r ed  by t h e  pump e 

A tube-type h e a t  exchanger 

The p r o p e l l a n t  condi t ion ing  assembly provides  p r o p e l l a n t s  t o  accumulators 

a t  requi red  temperatures  and pressures .  

turbopump, crossf low h e a t  exchanger, and a b i p r o p e l l a n t  gas genera tor  which is  

supp l i ed  wi th  p r o p e l l a n t s  by t h e  accumulators i n  the  same manner as t h e  t h r u s t e r  

assemblies .  G a s  genera tor  products  are f i r s t  passed through t h e  h e a t  exchanger, 

then  through t h e  turbopump tu rb ine .  

p re s su re  by t h e  turbopump and passed through t h e  h e a t  exchanger (where i t  is  

thermally condi t ioned)  i n t o  t h e  accumulator,  The d i f f e r e n c e  i n  the  turbopump 

models i s  i n  t h e  temperature  a t  which t h e  gas gene ra to r s  ope ra t e  and t h e  

propuls ive  o r  nonpropuls ive use  of t h e  h o t  gas exhaust .  The t r a d e  s tudy  cond i t ione r  

models f o r  t h e  boos te r  and f o r  t h e  o r b i t e r  AE'S a l l o c a t i o n  of 510  f t / s e c  +X maneuvers 

are t h e  same, 

s ta te -of - the-ar t )  and t h e  condi t ion ing  flow i s  vented from t h e  v e h i c l e  nonpro- 

p u l s i v e l y ,  The o r b i t e r  t r a d e  s tudy model f o r  t h e  APS a l l o c a t i o n  of 550 f t / s e c  

+X maneuvers conbusts gas gene ra to r  p r o p e l l a n t s  at 3500°R, and ven t s  condi t ion ing  

This  assembly c o n s i s t s  of a convent ional  

Liquid p r o p e l l a n t  i s  pumped t o  t h e  d e s i r e d  

The gas genera tor  combustion temperature  i s  2000"R (considered 

A-7 
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flow nonpropuls ively,  

a l l o c a t i o n  combusts gas genera tor  p r o p e l l a n t s  a t  35OO0R, and ven t s  condi t ion ing  

flow p ropu l s ive ly  dur ing  +X maneuvers. 

The o r b i t e r  t r a d e  s tudy  no e% f o r  t h e  a l l  +X maneuvers 

A-3.2 S u p e r c r i t i c a l  A P S  - Two s u p e r c r i t i c a l  subsystem t r a d e  s tudy  models 

w e r e  def ined,  one a p p l i c a b l e  t o  boos t e r  APS and one a p p l i c a b l e  t o  o r b i t e r  APS 

+X maneuver a l l o c a t i o n  of 210 f t / s e c ,  models d i f f e r  only i n  the pro- 

p e l l a n t  s t o r a g e  'assembly. 

OMS p r o p e l l a n t  tank whereas the boos te r  A P S  p r o p e l l a n t  t a n k  conta ins  the t o t a l  

p r o p e l l a n t  requirement.  

The 

The o r b i t e r  A P S  p r o p e l l a n t  t a n k  is  r e f i l l e d  from the 

The s u p e r c r i t  i c a l  p r o p e l l a n t  s t o r a g e  tank an aluminum pres su re  v e s s e l  

covered w i t h  h igh  performance i n s u l a t i o n .  

s u p e r c r i t i c a l  s ta te  a t  a p r e s s u r e  above the accumulator p re s su re .  The h igh  

p res su re  of t h e  p r o p e l l a n t  t anks  al lows f o r  r egu la t ed  flow t o  t h e  accumulators.  

S ince  tank  p res su re  f a l l s  as p r o p e l l a n t  leaves t h e  tank  the p r o p e l l a n t s  must 

be  hea ted  t o  main ta in  tank p res su re .  The heat source is  a gas genera tor  which 

s u p p l i e s  energy t o  an e x t e r n a l ,  tube-in-shel l  h e a t  exchanger through which t h e  

p r o p e l l a n t  i s  c i r c u l a t e d .  A pump a t  t h e  o u t l e t  of t h e  heat exchanger c i r c u l a t e s  

t h e  p rope l l an t  from t h e  tank  through t h e  h e a t  exchanger and back i n t o  t h e  tank. 

Due t o  excess ive  tank  weight (caused by s t o r i n g  a l l  p rope l l an t  i n  t h e  h igh  

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

p res su re  t ank) ,  t h e  o r b i t e r  tank  model is  s i z e d  t o  hold only the  p r o p e l l a n t  

r equ i r ed  between OMS burns ,  w i t h  t h e  s u p e r c r i t i c a l  tank being r e f i l l e d  from t h e  

OMS tank during OMS burns.  A convent ional  turbopump9 powered by a gas genera tor ,  

is  used t o  t r a n s f e r  p r o p e l l a n t .  

a l l  p r o p e l l a n t  i s  i n i t i a l l y  s t o r e d  i n  t h e  boos te r  s u p e r c r i t i c a l  tank. 

Due t o  small boos t  r A P S  prope l l an t  requirements ,  

The condi t ion ing  assembly f o r  bo th  b o o s t e r  d o r b i t e r  models c o n s i s t s  of 

a h e a t  exchanger, hea ted  by a gas genera tor ,  which thermal ly  condi t ions  t h e  

p r o p e l l a n t  be fo re  i t  reaches t h e  accumulators.  Gas e n e r a t o r s  i n  t h e  subsystems 

use  p r o p e l l a n t s  from t h e  accumulators,  o p e r a t e  a t  2000"R, and are vented non- 

p ropu l s ive ly  from t h e  v e h i c l e  e 

A-3.3 

a r e  presented ,  one  boos te r  model and one model for  an  o r b i t e r  A P S  requirement of 

Turbocompressor A P S  IC. Two turbocompressor subsystem t r a d e  s tudy  models 

b 

A-8 
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+X maneuver <10 f t / s e c .  

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

hybr id  subsystem where H2 p r o p e l l a n t  i s  provided by a s u p e r c r i t i c a l  subsystem, 

I n  the boos te r  model, a p r o p e l l a n t  s t o r a g e  t a n k  assembly is  n o t  r equ i r ed ,  

The boos te r  model is used t o  provide  both 0 and H2 2 - 
The o r b i t e r  model provides  only O2 p r o p e l l a n t ,  and is  used i n  a 

as ample p r e s s u r i z e d  gaseous p r o p e l l a n t s  are a v a i l a b l e  from boos te r  tanks .  

For the o r b i t e r  model, a subcooled l i q u i d  0 

t o  that  f o r  the turbopump concept is used t o  resupply the o r b i t e r  main O2 

tank, as s u f f i c i e n t  r e s i d u a l s  are n o t  a v a i l a b l e .  

p r o p e l l a n t  s t o r a g e  tank similar 2 

T h e  b o o s t e r  model cond i t ion ing  assembly c o n s i s t s  of a turbocompressor 

pumping gaseous p r o p e l l a n t s  from boost tanks t o  accumulators. No thermal condi- 

t i o n i n g  is  requ i r ed ,  since even a t  low compressor p r e s s u r e  r a t i o s  p r o p e l l a n t  

temperature rise ac ross  the compressor is s u f f i c i e n t  t o  s a t i s f y  t h r u s t e r  tempera- 

t u r e  requirements.  

between resupply tank  and main engine t ank ,  

t o  ensure  a gaseous p r o p e l l a n t  supply i n  t h e  main engine  tank .  

condi t ion ing  assembly is similar t o  t h a t  of t h e  boos te r  model. 

which powers the turbocompressor i s  a l s o  used t o  h e a t  t h e  resupply hea t  exchanger. 

Gas gene ra to r s  i n  each model are combusted a t  2000°R, and are vented nonyropul- 

s i v e l y  

The o r b i t e r  model cond i t ione r  assembly uses  a heat exchanger 

Liquid resupply p r o p e l l a n t  i s  hea ted  

The rest of t h e  

The gas gene ra to r  

A-3 .4  Sto red  G a s  - A s t o r e d  gas t r a d e  s tudy  model is  p resen ted  f o r  t h e  

boos te r s .  

r egu la t ed  flow t o  t h e  t h r u s t e r s ,  

The H and O2 p r o p e l l a n t s  are s t o r e d  i n  the gaseous s ta te  p rov id i sg  2 

A-9 
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A- 4.1 Turbopump Subsystem - The p r o p e l l a n t  tankage assembly ope ra t e s  

s i m i l a r l y  t o  convent ional  s t o r a g e  p r o p e l l a n t  tankage, P r e s s u r e  w i t h i n  t h e  

tank  i s  maintained by mechanical r egu la t ion  of a helium p res su re  supply.  

P r o p e l l a n t s  are maintained in a l i q u i d  s ta te  by a combination of  h i g h  performance 

i n s u l a t i o n  and p r o p e l l a n t  vapor i za t ion .  Normal on-srbi t  hea t ing  is absorbed by 

a coolan t  loop,  in w h i c h  p r o p e l l a n t  is e x t r a c t e d  from the tank, and passed over  

the o u t e r  shell,  vhere i t  absorbs  heat leak by heat of vapor iza t ion .  

are maintained a t  the tank o u t l e t  by a s u r f a c e  t e n s i o n  screen device.  This device  

provides  p o s i t i v e  p r o p e l l a n t  p o s i t i o n i n g  i n  zero g o r  during low-level g ope ra t ion  

i n  any v e h i c l e  d i r e c t i o n .  

P r o p e l l a n t s  

Accumulators are precharged b e f o r e  f l i g h t .  The cond i t ione r  assembly ope ra t e s  

i n  the fol lowing manner. 

usage, p re s su re  senso r s  command t h e  cond i t ione r  t o  i n i t i a t e  opera t ion ,  Gas 

genera tor  valves are then  opened and t h e  genera tor  i g n i t e d ,  

through t h e  h e a t  exchanger, i n i t i a t i n g  tube  warm up, and through t h e  turbopump 

t u r b i n e ,  i n i t i a t i n g  t u r b i n e  spinup.  When bo th  t h e  turbopump and t h e  heat 

exchanger have reached d e s i r e d  ope ra t ing  cond i t ions ,  p r o p e l l a n t  i s  admit ted t o  

t h e  hea t  exchanger. 

has  reached i t s  maximum ope ra t ion  p res su re ;  t h e  cond i t ione r  i s  then s igna led  of f  

and t h e  gas genera tor  valve are closed.  Assembly sequencing i s  d i c t a t e d  by t h e  

relative response t i m e s  of t h e  var ious  components. For t r a d e  s tudy  purpose 

t y p i c a l  response t i m e s  were used f o r  a n a l y s i s .  

response i s  d i c t a t e d  by t h e  longes t  event  sequence, (ice., h e a t  exchanger warm 

up o r  turbopump response) .  P r o p e l l a n t  b o i l o f f  f o r  tank  cool ing inc ludes  s u f f i -  

c i e n t  a d d i t i o n a l  b o i l o f f  t o  absorb turbine-to-pump h e a t  l e a k  i n  o rde r  t o  

main ta in  t h e  pumps i n  a "ch i l l ed"  condi t ion .  

When accumulator p r e s s u r e  decays because of p r o p e l l a n t  

Products  are passed 

Condi t ioner  flow and ope ra t ion  cont inue u n t i l  t h e  accumulator 
i. 

Overall condi t ioner  assembly 

The p r e f e r r e d  s t a r t i n g  sequence f o r  cond i t ione r  cons iders  pump spinup (with- 

o u t  bypass) u n t i l  s u f f i c i e n t  p r e s s u r e  unbalance e x i s t s  t o  open downstream check 

valves, when accumulator recharge commences. An a l t e r n a t e  approach is t o  a l low 

no flow th rou  h t h e  h e a t  exchan er co ld  s i d e  during i n i t i a l  s t a r t  t r a n s i e n t .  This  

A- 10 



SUBTASK A 
REPORT MDC E0297 
12 FEBRUARY 7971 

enchances h e a t  exchanger response as only dry tubes  are being heated.  

pump s tar t  up, p r o p e l l a n t  would be  bypassed ( t o  prevent  pump dead heading) back 

t o  t h e  p r o p e l l a n t  tank  o r 3  p o t e n t i a l l y ,  t o  another  p r o p e l l a n t  supply.  

During 

In those  cases where t h e  A P S  provides  a long s t eady  s t a t e  burn t h e  cond i t ione r  

is  designed t o  o p e r a t e  throughout the s i n g l e  burn pe r iod  ( i a e . 9  t h e  condi t ioner  

is s i z e d  t o  provide  the maximum t o t a l  subsystem t h r u s t  which can occur  during a 

major t r a n s l a t i o n  maneuver) e 

A-4.2 S u p e r c r i t i c a l  Subsystem - The s t o r a g e  assembly opera tes  i n  the 

fol lowing manner. A t  l i f t - o f f ,  the p r o p e l l a n t  s t o r a g e  t ank  is f u l l y  charged t o  

the des i r ed  ope ra t ing  p r e s s u r e  w i t h  co ld  p r o p e l l a n t s .  Nominally, these pro- 

p e l l a n t s  are near  normal ambient s a t u r a t i o n  temperatures;  t hus ,  t h e  p rope l l an t  

s ta te  w i t h i n  s t o r a g e  tanks is that of a compressed l i q u i d .  

equipped w i t h  an  e x t e r n a l  h e a t  exchanger assembly, On demand, p r o p e l l a n t s  are 

c i r c u l a t e d  through t h e  e x t e r n a l  h e a t  exchanger, hea ted ,  and pumped back i n t o  

the s t o r a g e  tank. The ho t  s i d e  of t h i s  h e a t  exchanger i s  suppl ied  w i t h  products  

from a b i p r o p e l l a n t  gas  genera tor .  Cont ro l  of t h i s  assembly i s  accomplished by 

a tank  p r e s s u r e  senso r*  When, due t o  p r o p e l l a n t  e x t r a c t i o n ,  tank  p res su re  f a l l s  

below a def ined p resu re  level, p rope l l an t  c i r c u l a t i o n  i s  i n i t i a t e d ,  t h e  gas 

genera tor  is  s igna led  on, and combustion products  are routed t o  h e a t  exchanger 

h o t  s i d e .  Heat t r a n s f e r  t o  t h e  c i r c u l a t e d  p r o p e l l a n t  provides  t h e  energy necessary  

t o  maintain p r o p e l l a n t  tank  p res su re .  

d i c t a t e d  by response t i m e  of t h i s  h e a t  exchanger and maximum p r o p e l l a n t  e x t r a c t i o n  

rate. 

requi red  f o r  h e a t  exchanger warmup. During normal ope ra t ion ,  t he  amount o f  h e a t  

a d d i t i o n  r equ i r ed  t o  main ta in  tank p r e s s u r e  varies due t o  inhe ren t  thermodynamic 

v a r i a t i o n s  i n  f l u i d  p r o p e r t i e s .  Thus, t h e  s t o r a g e  tank  h e a t  exchanger must pro- 

v i d e  a t h r o t t l i n g  c a p a b i l i t y .  

t h e  amount of r e s i d u a l  permi t ted  a t  mission completion; however, a t h r o t t l i n g  

requirement i n  t h e  o r d e r  of s i x  w i l l  l i k e l y  be  r equ i r ed  f o r  t h e  s t o r a g e  

tank  gas genera tor .  

The s t o r a g e  t ank  i s  

P rope l l an t  tank  design p res su re  l e v e l  i s  

Storage  p res su re  i s  f i x e d  t o  a l low maximum e x t r a c t i o n  ra te  during t i m e  

This t h r o t t l i n g  requirement v a r i e s  somewhat w i th  

The downstream h e a t  exchanger ope ra t e s  open loop i n  r e l a t i o n  t o  accumulator 

pressure .  

genera tor  i s  s igna led  on, 

When accumulator p r e s s u r e  f a l l s  below a predetermined level, t h e  gas 

When h e a t  exchanger warmup has  been accomplished, t h e  

A - 1 1  
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main p r o p e l l a n t  valve on the co ld  s i d e  inlet  is s igna led  open and p r o p e l l a n t  

f low i s  i n i t i a t e d .  Temperature measurements on t h e  co ld  s i d e  o u t l e t  w i l l  be  

r equ i r ed  as i n t e l l i g e n c e  f o r  c o n t r o l  of gas gene ra to r  flow rate  and/or  propel-  

l a n t  flow rate. Maximum h e a t  a d d i t i o n ,  and t h u s  maximum gas genera tor  flow, i n  

this  heat exchanger w i l l  occur  a t  i n i t i a l  phases  of mission and/or a f t e r  every 

s t o r a g e  tank  recharge.  Near the end of s t o r a g e  t a n k  ope ra t ion  and/or j u s t  

p r i o r  t o  each recharge,  gas  gene ra to r s  w i l l  h e  ope ra t ing  a t  minimum flow rate, 

s i n c e  t h e  h e a t  a d d i t i o n  r equ i r ed  i s  minimal because p r o p e l l a n t  s t o r a g e  s ta te  i s  

approaching t h a t  r equ i r ed  in the accumulators.  

A 4  3 Turbocompressor Subsystem - In  the turbocompressor concept p r o p e l l a n t  

i s  e x t r a c t e d  as a gas  from m a i n  engine p r o p e l l a n t  tanks. 

ers, ample A P S  p r o p e l l a n t  i s  a v a i l a b l e  as r e s i d u a l  gas  i n  t h e  boos te r  tanks and 

no a d d i t i o n a l  p r o p e l l a n t  supply is  requi red .  I n  t h e  case of t h e  o r b i t e r s ,  how- 

ever, resupply is  necessary  t o  s a t i s f y  APS impulse requirements.  The subsystem i s  

equipped wi th  c o n t r o l s  which sense  main engine tank  p res su re .  

f a l l s  below a p resc r ibed  level,  gas gene ra to r  flow is  i n i t i a t e d  t o  the  in t e rmed ia t e  

heat exchanger. Flow of resupply p r o p e l l a n t  is  then  i n i t i a t e d  through t h e  warm 

h e a t  exchanger and i n t o  t h e  tank.  

I n  t h e  case of the boost- 

When t h i s  p re s su re  

The cond i t ione r  assembly ope ra t e s  s i m i l a r l y  t o  a l l  o t h e r  APS concepts ;  t h a t  

i s ,  t h e  assembly ope ra t e s  open loop about accumulator p re s su re .  When p res su re  

f a l l s  below a predetermined level ,  t h e  gas gene ra to r  is  s t a r t e d  and i t s  exhaust 

products  provide t h e  turbocompressor power e 

accumulator p re s su re  and downstream cheek valves open, accumulator recharge i s  

i n i t i a t e d  e 

When p res su re  exceeds minimum 

A - 4 . 4  Stored  Gas Subsystem - The p r o p e l l a n t  s t o r a g e  assembly i s  pass ive  

and no condi t ion ing  assembly e x i s t s .  Gaseous H and 0 p r o p e l l a n t s  are supp l i ed  

d i r e c t l y  from t h e  s t o r a g e  tanks  t o  t h e  t h r u s t e r s  on demand, under condi t ions  of 

r egu la t ed  flow, 

2 2 

A-12, 

w -  
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APPENDIX B 

A P S  DESIGN AND 

WEIGHT SENSITIVITY 

B-1. INTRODUCTION 

This appendix provides  a d e s c r i p t i o n  of t h e  methods employed t o  determine 

design condi t ions  f o r  each candida te  APS concept. Shown are concept weight 

s e n s i t i v i t y  t o  va r ious  design parameters ,  such as mixture  r a t i o ,  chamber p re s su re ,  

and l i n e  p re s su re  drop. 

been s e l e c t e d  t o  provide minimum subsystem weight; however, AF'S weight w a s  on ly  

one of f o u r  s e l e c t i o n  cri teria,  and, f o r  t h i s  reason, minimum weight did n o t  neces  

s a r i l y  show each subsystem t o  i t s  b e s t  advantage. 

designs were compromised t o  provide each APS concept w i th  i t s  h ighes t  r a t i n g  as 

regards  a l l  s e l e c t i o n  c r i t e r i a .  This appendix provides  weight s e n s i t i v i t y  d a t a  

f o r  a l l  des ign  f e a t u r e s  and f o r  a l l  APS requirements.  I n  those  cases where  APS 

Under i d e a l  cond i t ions ,  A P S  design p o i n t s  would have 

Minimum weight 

designs w e r e  s h i f t e d  from a minimum weight cond i t ion ,  t h e  r a t i o n a l e  f o r  design 

po in t  s e l e c t i o n  i s  provided. 

B- 1 
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Figure B-1 l ists a l l  candida te  APS approaches f o r  bo th  boos te r s  and o r b i t e r s .  

A t o t a l  of ten o r b i t e r  candida tes  and e i g h t  boos t e r  candida tes  w e r e  eva lua ted .  

F igure  B-2 summarizes t h e  s e l e c t e d  design po in t s .  I n  genera l ,  des ign  

p o i n t s  and s e n s i t i v i t i e s  are q u i t e  similar f o r  t h e  va r ious  concepts.  

reason, p a r t i c u l a r  emphasis is  given t o  a s i n g l e  turbopump concept,  and, f o r  t h e  

remaining subsystem types ,  des ign  f e a t u r e s  are discussed only i f  they are unique 

o r  i f  a d i f f e r e n t  philosophy had been appl ied  t o  determine t h e  design poin t .  

f i n a l  paragraph i n  t h i s  appendix provides  A P S  weight s e n s i t i v i t y  t o  des ign  requi re -  

ments such as t h r u s t  level,  number of t h r u s t e r s ,  and t o t a l  impulse. Here a similar 

approach is  followed. A t y p i c a l  turbopump subsystem i s  d iscussed  i n  d e t a i l  and 

t h e  remaining concepts o r  candida tes  are d iscussed  only i f  t h e i r  f e a t u r e s  are 

d i f f e r e n t .  For a l l  ana lyses  presented i n  t h e  fol lowing paragraphs,  t h e  APS 

schematics of Appendix C were used t o  d e f i n e  number and type of components used 

i n  weight accounting. The cond i t ione r  concepts  appl ied  w e r e  those  def ined  i n  

Appendix D ,  whi le  t h e  component models of Appendix E were used throughout t h i s  

s tudy  phase. 

For t h i s  

The 

IDENTlFl ER: 

VEHICLE 

ORBITER A 

ORBITER B 

BOOSTER 

BOOS~ER 

VEHICLEhPS TYPE/VELOCITY LEVEL 

APS TYPE 

TURBOPUMP 

SUPERCRITICAL 
HY BRlD 

TURBOPUMP 

SUPERCRITICAL 
YBRID 

TURBOPUMP 
SUPERCRITICAL 

VELOCITY LEVEL 

ALL + X  MANEUVERS 
+ X  MANEUVERS 5 50 FPS 
+ X  MANEUVERS i 10 FPS 

ALL + X  MANEUVERS 
+ X  MANEUVERS 5 50 FPS 

ANEUVERS 5 10 FPS 

OT APPLICABLE 

B-2 

IDENTIFICATION 

0 A/TP/A LL 
OA/TP/50 FPS 
OA/TP/lO FPS 
OA/SCflO FPS 
OA/HY/lO FPS 

OB,/TP/ALL 
OB!TP/50 FPS 
OB/TP/10 FPS 
OB/SC/lO FPS 
OB/HY/lO FPS 

BA/TP 
BA/SC 
BA/TC 
BA/SG 

BB/TP 
BB/SC 
BB/TC 
BB/SG 
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Figure B-3 shows weight s e n s i t i v i t y  t o  d i f f e r e n t  des ign  v a r i a b l e s  f o r  t h e  

Orbi te r  A turbopump subsystem (OA/TP/ALL) f o r  a l l  maneuvers. Shown i s  APS 

s e n s i t i v i t y  t o :  mixture  r a t i o ,  expansion r a t i o ,  chamber p r e s s u r e ,  p rope l l an t  

tank  p res su re ,  p r o p e l l a n t  condi t ion ing  temperature ,  l i n e  p re s su re  drop,  condi t ion-  

ing  assembly response t i m e ,  and accumulator p r e s s u r e  r a t i o s .  

paragraphs d i s c u s s  each des ign  f e a t u r e .  

The fol lowing 

13 
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B-3,l Mixture Rat io  - The mixture  r a t i o  s e l e c t e d  f o r  t h e  OA/TP/ALL APS i s  

shown by Figure €3-3 t o  b e  sha rp ly  def ined  by a minimum subsystem weight a t  a t h r u s t e r  

mix ture  r a t i o  of 3,5, The pronounced minimum i n  t h e  mixture  r a t i o  s e n s i t i v i t y  

curve occurs  p r i n c i p a l l y  because,  i n  t h e  all-maneuver impulse class, subsystem 

weight is  extremely s e n s i t i v e  t o  p rope l l an t  s p e c i f i c  impulse, Even very  minor 

s p e c i f i c  impulse l o s s e s  r e s u l t  i n  high weight p e n a l t i e s ;  t h e r e f o r e ,  subsystem 

weight becomes minimum very  nea r  t h e  optimum s p e c i f i c  impulse p o i n t ,  

of mixture  r a t i o  on s p e c i f i c  impulse i s  i l l u s t r a t e d  by Figure  B-4 which shows t h a t  

The e f f e c t  

9-4 
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t h e  optimum occurs  a t  a mixture  r a t i o  of approximately 3.0. 
t o  3.5 r e s u l t s  from t h e  small subsystem mass f r a c t i o n  advantage a f forded  by 

h igher  mixture  r a t i o s  e 

The s l i g h t  increase 

B-3.2 Expansion Rat io  - Figure B-3 shows t h e  effect of expansion r a t i o  on APS 
weight.  E f f e c t s  of varying t h e  expansion r a t i o  of bo th  a t t i t u d e  c o n t r o l  t h r u s t e r s  

and t r a n s l a t i o n  (or  +X) t h r u s t e r  nozz le  expansion r a t i o s  are shown. 

a t t i t u d e  c o n t r o l  t h r u s t e r  expansion r a t i o  about t h e  design va lue  of 60 t o  1 have 

l i t t l e  o r  no e f f e c t  on subsystem weight.  The 6O:k d e s i  at cted 
f o r  a t t i t u d e  c o n t r o l  p r imar i ly  because i t  w a s  near  minimum weight and no d i f f i c u l t y  

w a s  foreseen  i n  t h r u s t e r  i n s t a l l a t i o n .  A somewhat d i f f e r e n t  t rend  i s  seen  f o r  t h e  

+X t r a n s l a t i o n  t h r u s t e r s .  

expansion r a t i o .  I f  t h i s  expansion r a t i o  i s  reduced, r e l a t i v e l y  l a r g e  inc reases  i n  

subsystem weight occur.  This r e s u l t  r e f l e c t s  t h e  l a r g e  f r a c t i o n  of A P S  impulse 

t h a t  is  expended i n  t h e  +X d i r e c t i o n .  A s  a r e s u l t ,  s m a l l  +X performance l o s s e s  

are r e f l e c t e d  as l a r g e  weight i nc reases  and increased  nozz le  weight can b e  e a s i l y  

absorbed through improved performance e 

Changes i n  

Here a des ign  va lue  of 120 w a s  s e l e c t e d  f o r  t h e  nozzle  

B-3.3 Thrus te r  Chamber P res su re  - Figure  B-3 a l s o  shows t h e  e f f e c t  of chamber 

The des ign  va lue  of 250 l b f / i n  a is ,  as shown, w e l l  below 2 pres su re  on APS weight.  

t h a t  which would provide a minimum weight.  The des ign  v a l u e  w a s  s e l e c t e d  because 

of l i m i t a t i o n s  i n  t h r u s t e r  cool ing ,  The b a s e l i n e  t h r u s t e r  concept f o r  Subtask A 

s t u d i e s  w a s  a f i l m  cooled u n i t .  I n  t h i s  t h r u s t e r  t h e  amount of f i l m  cool ing  

r equ i r ed  i s  s e n s i t i v e  t o  t h e  ope ra t ing  chamber p re s su re  of t h e  t h r u s t e r .  A s  

chamber p re s su re  i s  inc reased ,  t h e  amount of hydrogen used f o r  cool ing must be 

increased ,  and, as t h i s  i s  done, t h e  mixture  r a t i o  of t he  c e n t r a l  o r  primary core  

of t h e  t h r u s t e r  g e t s  h ighe r .  When t h e  amount of hydrogen f o r  f i l m  cool ing  is  

increased  t o  t h e  p o i n t  where t h e  i n j e c t o r  co re  mixture  r a t i o  reaches s to i chomet r i c ,  

chemical r e a c t i o n s  between t h e  core  and cool ing  f i l m  w i l l  be  increased ,  and f i l m  

e f f e c t i v e n e s s  w i l l  be  reduced. Thus, i t  i s  d e s i r a b l e  t o  l i m i t  core  mixture  r a t i o  

t o  somewhat below s to ichometr ic .  F igure  B-5 shows t h e  design chamber p re s su re  as 

a func t ion  of t h r u s t  f o r  v a r i o u s  i n j e c t o r  c o r e  mixture  ra t ios . ,  Also shown i n  

F igure  B-5 are des ign  p o i n t s  f o r  t h e  va r ious  A P S  concepts and f o r  t h e  d i f f e r e n t  

v e h i c l e s  considered,  

level, chamber p re s su res  i n  excess of approximately 250 l b f / i n  a approach an in j ec -  

t o r  core  mixture  r a t i o  of 8 t o  A .  

s e l e c t e d  a t  t h e  des ign  t h r u s t  level f o r  O r b i t e r  A. 

For Orb i t e r  A which ope ra t e s  a t  a r e l a t i v e l y  low t h r u s t  
2 

2 Hence, a chamber p re s su re  f o  250 l b f / i n  a w a s  
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B-3.4 P r o p e l l a n t  Tank P res su re  - Figure  B-3 a l s o  i l l u s t r a t e s  APS weight 

s e n s i t i v i t y  t o  v a r i a t i o n s  i n  both hydrogen and oxy en s t o r a g e  tank  pressure .  

s e n s i t i v i t y  r e f l e c t s  t h e  t r adeof f  between increased  turbopump weight a t  low tank 

p res su res  (low n e t  p o s i t i v e  s u c t i o n  head) and increased  helium p r e s s u r i z a t i o n  

weights  a t  h ighe r  tank  p res su res ,  For t h e  oxygen tank, an optimum 

r e s u l t s  a t  a p r o p e l l a n t  s t o r a g e  tank p res su re  of approximately 30 l b f / i n  a o r  
2 2 

about 15 l b f / i n  NPSP, The hydrogen des ign  p o i n t  is  20 l b f / i n  a, Subsystem 

weight cont inues t o  decrease  below t h i s  p o i n t ,  b u t ,  based on cu r ren t  technology, a 

hydrogen pump NPSP of a t  least 3 t o  4 l b f / i n  w a s  des i r ed .  F igure  B - 6 . i l l u s t r a t e s  

t h e  inc reases  i n  turbopump weight t h a t  r e s u l t  from reduc t ions  i n  hydrogen tank 

pressure .  

and, a t  very  low NPSP, t h e  p o t e n t i a l  need f o r  inducers .  

range shown on Figure  B-6 reflects a des ign  s u i t e d  t o  continuous ope ra t ion  f o r  t he  

du ra t ions  expected f o r  t h e  s h u t t l e  A P S .  

This  

2 

2 

The inc reases  r e s u l t  p r imar i ly  from an i n c r e a s e  i n  o v e r a l l  pump diameter 

The  recommended des ign  

B-3.5 P rope l l an t  Conditioning Temperature - Figure  B-3 i l l u s t r a t e s  APS weight 

s e n s i t i v i t y  t o  hydrogen and oxygen condi t ion ing  temperature.  

t o  hydrogen temperature  i s  comparable t o  t h a t  shown previous ly  f o r  uverall mixture  

r a t i o ,  

s e l e c t e d  f o r  t h i s  A P S .  

ment t h a t  minimum accep tab le  p r o p e l l a n t  temperature  a t  t h r u s t e r  i n l e t  would be  

200" and 300"R f o r  hydrogen and oxygen, r e s p e c t i v e l y ,  L i t t l e  o r  no d a t a  

were a v a i l a b l e  a t  t h e  t i m e  t o  d e f i n e  a c c e p t a b i l i t y  of low temperature  hydrogen 

and oxygen f o r  t h r u s t e r  i g n i t i o n  and/or opera t ion .  

r e q u i r e  p rope l l an t  condi t ion ing  t o  s t a t e d  des ign  va lues  when i s e n t h a l p i c  expansion 

through p res su re  r egu la to r s  and l i n e s  downstream of accumulators i s  considered.  

F igure  B-7 i l l u s t r a t e s  t h i s  t h r o t t l i n g  e f f e c t .  Sh is  an  envelope of accumulator 
p re s su res  and temperatures  t h a t  can be  achieved during t h e  mission due t o  expansion 

and compression of t h e  gas w i t h i n  t h e  accumulators. From t h e  accumulator p re s su res  
shown, p re s su re  i s  reduced i s e n t h a l p i c a l l y  by t h r o t t l i n g  through t h e  r e g u l a t o r  and 

supply l i n e s .  

t h r u s t e r  i n l e t  p r e s s u r e ,  

S e n s i t i v i t y  

Design va lues  of 260"R f o r  t h e  hydrogen and 36OOR f o r  the oxygen w e r e  
\ 

This  s e l e c t i o n  w a s  based l a r g e l y  on an engineer ing judg- 

These t h r u s t e r  temperatures 

Thrus t e r  i n l e t  temperature  i s  reduced t o  t h a t  corresponding t o  

B-3.6 Line P res su re  Drop - Figure  B-3 i l l u s t r a t e s  t h e  s e n s i t i v i t y  of APS 
weight t o  v a r i a t i o n s  i n  supply l i n e  p re s su re  l o s s e s ,  

w a s  between increased  supply l i n e  s i z e  a t  low p res su re  drop and increased  pump 

and accumulator weights  a t  h igh  p res su re  l o s s ,  

40 l b f / i n  

Here t h e  b a s i c  t r a d e  e f f e c t e d  

A value  of approximately 

o f f e r s  a near-minimum subsystem weight  and t h e  gas  v e l o c i t i e s  and l i n e  2 

8-8 



HIGH PRESSURE APs 
SUBTASK A 

REPORT MDC E0297 
72 FEBRUARY 1971 

200 

150 

50 

E 

s i z e s  p re sen t  no unique d i f f i c u l t i e s  i n  t h e  design.  

B - 3 . 7  Condi t ioner  Response T i m e  - Figure B-3 shows APS weight s e n s i t i v i t y  t o  

inc reases  i n  o v e r a l l  response t i m e  of t h e  cond i t ione r s .  I n  t h e  case of t h e  turbo- 

pump A P S ,  t h i s  response t i m e  r ep resen t s  combined response of turbopump, gas genera- 

t o r  and h e a t  exchanger. F igure  B-8A i l l u s t r a t e s  t h e  s i m p l i f i e d  cond i t ione r  t ran-  

s i e n t  used i n  modeling t h e  turbopump condi t ion ing  assembly. A t  cond i t ione r  switch- 

i n g  p res su re ,  t h e  gas gene ra to r  valve i s  ac tua ted  and, a f t e r  a very b r i e f  i g n i t i o n  

delay,  gas gene ra to r  p re s su re  reaches an equ i l ib r ium va lue ,  A f t e r  i n i t i a t i o n  of 

B-9 
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gas genera tor  flow, turbopump speed and heat exchm ear w a l l  temperature begin  

t o  rise and reach t h e i r  equ i l ib r ium va lues  in app 

accumulator, i n i t i a t i o n  of t h e  condi t ioner  trans r e s u l t s  i n  a P 

when t h e  cond i t ione r  reaches s teady  state, i n  about LQsec, shown i n  F igure  8B.  

t e l y  1.5 sec. I n  t h e  

m i n  

For a n a l y s i s  convenience, an a l t e r n a t e  conditfome response model w a s  used. 

which This  model i n i t i a t e s  s t eady  s ta te  condi t ioned flow at a AT a f t e r  P 

r e s u l t s  i n  t h e  same P as t h e  t r a n s i e n t  model, This  AT, shown i n  F igure  8B,  

i s  def ined  as t h e  cond i t ione r  response t i m e .  It i s  equal  t o  t h e  t i m e  between 

'switch 
response t i m e  was -5  sec f o r  t h e  turbopump APS.  Turbopump and s u p e r c r i t i c a l  con- 

switch 

min 

and Pmin f o r  t h e  design accumulator d i s c h a r  e rate, The cond i t ione r  

cep t s  e x h i b i t  b a s i c a l l y  t h e  same condi t ioner  response,  The compressor concept,  

however, shows apprec iab ly  longe r  response t i m e s  r e s u l t i n g  from t h e  h igh  i n e r t i a  

of t h e  turbomachinery. Design response times and a t  r t u p  sequence f o r  t h e  A P S  con- 

c e p t s  are i l l u s t r a t e d  i n  F igure  B-9. 
B-3.8 Accumulator P res su re  Rat ios  - Figure B-3 i l l u s t r a t e s  t h e  s e n s i t i v i t y  of 

APS weight t o  accumulator p re s su re  r a t i o s ,  Two pres su re  r a t i o s  are shown; t h e s e  

are t h e  maximum t o  swi tch ing  p res su re  r a t i o  of  t h e  accumulator o r  blowdown r a t i o ,  

and t h e  switching t o  minimum pres su re  r a t i o  a s soc ia t ed  wi th  the  condi t ioner  

response t i m e  d i scussed  i n  the  preceding paragraph, Design values  shown were 

s e l e c t e d  based on accumulator s i z i n g  t o  provide a l i m i t a t i o n  i n  t h e  number of 

cond i t ione r  ope ra t ing  cyc les  dur ing  t h e  mission and on a given condi t ioner  response 

t i m e .  Figure B-10 i l l u s t r a t e s  t h e  number of cond i t ione r  cyc le s  f o r  a 735,000 

lb-sec t o t a l  impulse,  t h e  O r b i t e r  A a t t i t u d e  maneuvering and con t ro l  requirement 

(Appendix G ) .  Subsystem weight i s  minimized a t  a blowdown r a t i o  of approximately 

2 f o r  any p r e s e l e c t e d  number of condi t ion ing  assembly cyc le s .  A t  t h i s  p re sc r ibed  

blowdown r a t i o ,  t h e  number of condi t ion ing  cyc le s  w i l l  be  ind ica t ed  by t h e  switch- 

i n g  p res su re  r a t i o .  For t h i s  s tudy ,  50 condi t ione  ope ra t ing  cyc les  w a s  s e l e c t e d  

as an  al lowable number f o r  each mission.  

o r  OMS s e t t l i n g  burns i n  each mission (15) ,  t h e  d e s i  n number of pu l s ing  cyc les  

w a s  35. This def ined  t h e  swi tch ing  p res su re  r a t i o  as 1.1 f o r  t h e  turbopump A P S  

f o r  a condi t ion ing  assembly response t i m e  of 0,5 seco 

ope ra t ing  l i f e  cyc le s  (5,000 cyc le s  i n  100 miss ions)  f o r  t h e  turbopump system w a s ,  

of n e c e s s i t y ,  based l a r g e l y  on engineer ing  judgme k Bi because no turbopump assembly 

has demonstrated c a p a b i l i t y  of extended cyc le  l i f e  i n  a cryogenic  environment. 

With a f i x e d  number of major +X maneuvers 

The s e l e c t i o n  of 50 

8-1 2 
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However, i n s p e c t i o n  of F igure  B-10 d a t a  shows t h a t  l i f e  c a p a b i l i t y  below t h i s  

level w i l l  s eve re ly  i n c r e a s e  o v e r a l l  subsystem weight ;  t hus ,  50 cyc le s  w a s  a very 

d e s i r a b l e  t echno log ica l  goa l ,  

developed t o  t h e  p o i n t  t h a t  a cyc le  l i f e  of 5,000 cyc le s  can be  achieved ( i - e a ,  j e t  

a i r c r a f t  t u r b i n e s )  the p o i n t  of 50 cyc les  f o r  100 missions s e l e c t e d  i s  a reasonable  

design goa l  f o r  turbopumps, b u t  is  a l s o ,  c l e a r l y ,  a new technology development. 

Since commercial turbomachinery l i f e  has  been 

B-15 
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B-4, EFFECT OF TOTAL IMPULSE REQUIREPllENT 

Figures  B-11 and B-12 p resen t  s e n s i t i v i t y  d a t a  €or  t h e  turbopump subsystem a t  

o the r  impulse levels. Design va lues  shown are very  s i m i l a r  t o  those  developed f o r  

t h e  all-maneuver class; however, comparison of F igures  B - 1 1  and B-12 w i t h  F igure  

B-3 shows t h a t ,  f o r  t h e  reduced impulse cases, subsystem weight s e n s i t i v i t y  i s  

much less pronounced. A t  t h e  lower impulse level,  t h e  e f f e c t  of p r o p e l l a n t  m a s s  

f r a c t i o n  d r i v e s  t h e  des ign  mixture  r a t i o  t o  somewhat h igher  values .  

t h e s e  impulse levels, t r a n s l a t i o n  impulse w a s  a much smaller f r a c t i o n  of the  t o t a l  

and t h e r e  w a s  l i t t l e  o r  no b e n e f i t  der ived  from increased  expansion r a t i o  f o r  

t h e  +X t h r u s t e r s ,  

def ined  e 

Also, a t  

A l l  o t h e r  APS des ign  f e a t u r e s  are t h e  same as previous ly  

F igures  B-13, B-14 and B-15 p resen t  turbopump des ign  s e n s i t i v i t y  f o r  

O r b i t e r  B.  The d a t a  shown are similar i n  a l l  r e s p e c t s  t o  those  f o r  o r b i t e r  A 

and t h e  des ign  p o i n t s  s e l e c t e d  are t h e  same, wi th  t h e  except ion of ope ra t ing  

chamber pressure .  Reference t o  Figure B-5 shows t h a t  f o r  O r b i t e r  B ,  a design 

chamber p re s su re  of 500 l b f / i n  a provides  a n  acceptab le  t h r u s t e r  core  mixture  

r a t i o ,  and hence, f o r  t h i s  subsystem, t h e  design chamber p re s su re  w a s  n e a r l y  

optimum 

2 
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Figure B-16 p re sen t s  weight s e n s i t i v i t y  d a t a  f o r  a s u p e r c r i t i c a l  subsystem, 

Design f e a t u r e s  f o r  t h i s  subsystem are, i n  gene ra l ,  s i m i l a r  t o  those  observed i n  

t h e  turbopump. 

4.0 and t h e r e  is  no advantage t o  h igh  expansion r a t i o  on t h e  t r a n s l a t i o n  t h r u s t e r s .  

I n  c o n t r a s t  t o  t h e  turbopump subsystem, however, t h e  s u p e r c r i t i c a l  APS optimizes  a t  

a chamber p re s su re  of 200 l b f / i n  a f o r  Orbi te r  A. This  w a s  below t h e  c o n s t r a i n t  

imposed by f i l m  cool ing.  

which con ta in  t h e  ma jo r i ty  of t h e  APS p r o p e l l a n t ,  are similar t o  those  of t h e  

turbopump, 

by t h e  cri teria def ined  i n  Sec t ion  B-3.5. 

s e n s i t i v i t y  t o  p re s su re  drop i s  exh ib i t ed ,  and t h e  most d e s i r a b l e  l i n e  p re s su re  

drops are somewhat lower than those  observed i n  t h e  turbopump subsystem. 

def ined  i n  Sec t ion  B - 3 . 7 ,  response t i m e  f o r  t h i s  s u p e r c r i t i c a l  condi t ion ing  

assembly w a s  taken t o  b e  0.5 sec. 

s u p e r c r i t i c a l  subsystem are somewhat d i f f e r e n t  than those  of the turbopump. 

F igure  B-17 p r e s e n t s  d a t a  on accumulator p re s su re  r a t i o s  similar t o  those  pre- 

v ious ly  provided f o r  t h e  turbopump. A s  shown, a h igher  number of condi t ioner  

c y c l e s  i s  considered accep tab le  because no turbomachinery i s  requi red  i n  t h i s  

subsystem 

A t  t h e  low impulse level,  t h e  optimum mixture  r a t i o  is  approximately 

2 

Prope l l an t  s t o r a g e  tank  p res su res  f o r  t h e  l i q u i d  t anks ,  

P rope l l an t  condi t ion ing  temperatures  are the same and were a r r i v e d  a t  

For t h i s  subsystem type ,  a g r e a t e r  

AS 

Accumulator p re s su re  r a t i o s  s e l e c t e d  f o r  t h e  

F igure  B-18 p re sen t s  weight s e n s i t i v i t y  d a t a  on t h e  s u p e r c r i t i c a l  concept 

f o r  Orb i t e r  B. 

change i n  APS des ign  p o i n t s  f o r  Orbi te r  B. 

Comparison of t h e s e  d a t a  wi th  those  of F igure  B-16 i n d i c a t e s  no 
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Weight s e n s i t i v i t i e s  t o  des ign  v a r i a b l e s  f o r  t h e  hybrid subsystems are 

presented i n  F igures  B-19 and B-20. 

provided by t h e  turbopump APS. A t  t h e  low impulse level ,  mixture  r a t i o  opt imizes  

a t  a va lue  of 4 t o  1. Chamber p re s su re ,  however, opt imizes  a t  approximately 

Again, r e s u l t s  are very  s imilar  t o  those  

2 100 l b f / i n  a. 

increased  s t o r a g e  tank p res su re  on t h e  hydrogen s i d e  and t h e  increased  bypass flow 

f o r  ope ra t ion  of  the oxygen compressor as chamber p r e s s u r e  i n c r e a s e s ,  and t h e  

inc reased  weight a s s o c i a t e d  witk l a r g e r  t h r u s t a r k  and supp ly  l ines  a t  low chamber 

p re s su re .  

This  r e l a t i v e l y  low va lue  r e s u l t s  from a compromise between t h e  

Hydrogen s t o r a g e  t a n k  p res su res  are similar t o  those  of t h e  s u p e r c r i t i c a l  
2 A P S .  

prope l l an t  from s t o r a g e  tank  t o  main engine p r o p e l l a n t  tank.  P rope l l an t  condi t ioner  

temperature  s e n s i t i v i t y  i s  shown only f o r  hydrogen, as t h e  oxygen compressor d i s -  

charges a t  a s u f f i c i e n t l y  h igh  temperature  af ter  compression t o  ope ra t e  t h e  

t h r u s t e r s ,  and no a d d i t i o n a l  condi t ion ing  i s  requi red .  

For oxygen, a p re s su re  of 40 l b f / i n  a w a s  s e l e c t e d  t o  provide t r a n s f e r  of 

There a r e ' i h r e e  condi t ion ing  assembly response t i m e s  For t h e  s u p e r c r i t i c a l  

s i d e  of t h e  subsystem, response time of both t h e  downstream h e a t  exchanger assembly 

and t h e  tank  p r e s s u r i z a t i o n  h e a t  exchanger assembly must be  considered. 

assemblies  a v a l u e  of 0 .5  sec response has  been s e l e c t e d ,  based on resul ts  

previous ly  presented  i n  Sec t ion  €3-3.7. 

For both  

For t h e  turbocompressor s i d e ,  a s i n g l e  

response t i m e  of 1 , 5  sec has  been u t i l i z e d .  Accumulator p re s su re  r a t i o s  are 

shown i n  F igures  B-19 and B-20 f o r  bo th  hydrogen and oxygen s i d e s  of t h e  subsystem. 

As wi th  t h e  s u p e r c r i t i c a l  concept,  APS maximum t o  swi tch ing  p res su re  r a t i o s  

w e r e  based on l i m i t a t i o n  of t h e  number of ope ra t ing  c y c l e s  (as descr ibed  i n  

Sec t ion  B-3.8) f o r  t h e  tu.rbocompressor s i d e  of t h e  subsystem, accumulator design 

p res su re  r a t i o s  w e r e  based on providing a minimum subsystem weight.  
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The weight s e n s i t i v i t y  of a boos te r  turbopump APS i s  shown i n  F igure  B-21. 

For t h e  boos te r  A P S  a somewhat h igher  mixture  r a t i o  w a s  more advantageous, A des ign  

mixture  r a t i o  of 5 t o  1 i s  shown i n  F igure  B-21. I n  t h e  boos te r s  t h e r e  is  less pro- 

p e l l a n t  r equ i r ed ,  hence t h e  subsystem weight is  less s e n s i t i v e  t o  s l i g h t  r educ t ions  i n  

t h r u s t e r  performance and h ighe r  m a s s  f r a c t i o n s  prove b e n e f i c i a l ,  Increased chamber 

p re s su re  r e s u l t s  because boos te r s  r e q u i r e  h igher  t h r u s t  l e v e l s  than  o r b i t e r s  and 

have somewhat g r e a t e r  weight i nc reases  w i t h  reduced chamber pressure .  

combined w i t h  a reduced s e n s i t i v i t y  t o  performance, d r i v e s  t h e  boos te r s  t o  somewhat 

h igher  chamber pressures .  

similar t o  t hose  of t h e  o r b i t e r s ,  

A comparison of Figures  B-21 and B-22 show t h a t  t h e  s u p e r c r i t i c a l  subsystem 

This ,  

A l l  o the r  s e n s i t i v i t i e s  f o r  t h e  boos te r  turbopump are 

des ign  f o r  the boos te r s  i s  very similar t o  t h a t  of t h e  turbopump w i t h  t h e  except ion  

t h a t  t h e  boos te r s  ope ra t e  a t  a much lower chamber p re s su re  than  w a s  p rev ious ly  

observed on t h e  o r b i t e r s  

Figure B-23 p resen t s  t h e  weight s e n s i t i v i t y  of t h e  turbocompressor subsystem, 

Here ( f o r  t h e  boos te r )  t h e r e  are several s i g n i f i c a n t  d i f f e r e n c e s  between turbo- 

compressor and turbopump. The compressor subsystem ope ra t e s  a t  a much h igher  m i x -  

t u r e  r a t i o ,  r e f l e c t i n g  t h e  s e n s i t i v i t y  t o  turbocompressor s i z e  on the hydrogen s i d e  

of t h e  subsystem. 

subsystem. N o  p rope l l an t  performance l o s s  is  r e f l e c t e d  s i n c e  a l l  p r o p e l l a n t s  

are obtained f r e e  from main boos ter  tank r e s i d u a l s ,  Thus, very  s m a l l  expansion 

r a t i o s  are no penal ty  t o  t h i s  subsystem, A s  exh ib i t ed  f o r  t h e  o r b i t e r  hybrid 

subsystem, t h e  turbocompressor p r e f e r s  t o  ope ra t e  a t  r e l a t i v e l y  low chamber 

pressures ,  The power r equ i r ed  f o r  compression is  f r e e ,  bu t  compressor weights  

i nc rease  w i t h  increased  t u r b i n e  p re s su re  r a t i o s ,  No p rope l l an t  s t o r a g e  is  requ i r ed  

on t h e  b o o s t e r s ;  hence,  t h e r e  is  no s e n s i t i v i t y  t o  t h i s  p a r t i c u l a r  des ign  v a r i a b l e ,  

S imi l a r ly ,  t h e r e  is  no condi t ion ing  temperature  s e n s i t i v i t y  f o r  t h e  same reason  as 

observed on t h e  o r b i t e r  hybr id ,  i .e . ,  no condi t ion ing  o t h e r  than  the compression i s  

requi red ,  Conditioning assembly response ,  l i n e  p re s su re  drops ,  and accumulator 

p re s su re  r a t i o s  are as previous ly  descr ibed  f o r  t h e  hybrid subsystems, 

Weight s e n s i t i v i t y  t o  expansion r a t i o  i s  q u i t e  d i f f e r e n t  f o r  t h i s  

Of i n t e r e s t  f o r  t h e  compressor i s  the opera t ing  campressor p r e s s u r e  ra t io ,  
This  e f f e c t s  t h e  s i z e  and weight of the turbocompressors,  Figure B-24 shows 
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SS 

m weight as a func t ion  of compressor p re s su re  r a t i o .  Two opera 

modes are shown. These are: 

(1) convent ional  demand duty cycle  wi th  accumulators,  and 

i o n a l  

(2) continuous use of compressors f o r  t h e  s h o r t  boos t e r  mission t o  e l i m i n a t e  

accumulators from t h e  subsystem. 

A s  shown i n  Figure B-24,  subsystem weight cont inuously decreases  w i t h  reducing 

compressor p re s su re  r a t i o .  The design p o i n t  of 3 : l  w a s  s e l e c t e d  based on t h e  

con t r ac t  d e f i n i t i o n  of a h igh  p res su re  subsystem as one which operated a t  o r  above 

main engine tank u l l a g e  p res su res ,  The p res su re  of 3: l  provides  a chamber p re s su re  

equal  t o  main engine tank u l l a g e  pressure .  

Booster  APS weight s e n s i t i v i t y  t o  des ign  v a r i a b l e s  f o r  t h e  s t o r e d  gas sub- 

system are shown i n  F igure  B-25, The r e s u l t s  he re  are s i m i l a r  t o  t hose  i n  t h e  

turbopump, w i t h  t h e  fol lowing except ions,  

subsystem opt imizes  a t  r e l a t i v e l y  low va lues ,  This r e s u l t s  from t h e  d e s i r e  t o  

Chamber p re s su re  i n  t h e  s to red  gas 
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l eave  as l i t t l e  r e s i d u a l  gas  i n  t h e  h igh  p res su re  gas  s t o r a g e  tanks as poss ib l e ,  

Storage tank  p res su re  is  r e f l e c t e d  as accumulator blowdown o r  tank blowdown pres-  

s u r e  r a t i o ,  

t r u e  condi t ion ing  temperature ,  b u t  r a t h e r  t h e  minimum s t o r a g e  temperature  of t h e  

p rope l l an t s .  The i n i t i a l  gas  s t o r a g e  temperature  w a s  designed based on t h i s  

minimum tank  temperature  a f t e r  blowdown. 

t o  be 5:1, which r e s u l t s  i n  approximately 1000 l b f / i n  a i n i t i a l  s t o r a g e  p res su re  

f o r  t h e  gas ,  F igures  B-26, B-27, B-28, and B-29 provide  weight s e n s i t i v i t y  d a t a  

f o r  Booster  B e  Comparison of t h e s e  f i g u r e s  wi th  t h e  previous d a t a  f o r  Booster  A 

shows no s i g n i f i c a n t  d i f f e r e n c e s  between t h e  two boos ter  design po in t s ,  

P rope l l an t  temperature  shown f o r  t h e  s t o r e d  gas subsystem is not  a 

Tank blowdown p res su re  r a t i o  i s  shown 
2 

subsystem weight as a func t ion  of compressor p re s su re  r a t i o ,  

modes are shown. These are: (1) convent ional  demand duty cyc le  wi th  accumulators,  

and (2) continuous u s e  of compressors f o r  t h e  s h o r t  boos te r  mission t o  e l i m i n a t e  

accumulators from t h e  subsystem, 

cont inuously decreases  w i t h  reducing compressor p re s su re  r a t i o .  The des ign  po in t  

of 3:l w a s  s e l e c t e d  based on t h e  c o n t r a c t  d e f i n i t i o n  of a high p res su re  subsystem 

as one which operated a t  o r  above main engine tank  u l l a g e  pressures .  The p res su re  

of 3:l provides  a chamber p re s su re  equal  t o  main engine tank u l l a g e  pressure ,  

Two ope ra t iona l  

A s  shown i n  Figure  B-24, subsystem weight 
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Figures  B-30 through B-47 p re sen t  APS weight  s e n s i t i v i t y  f o r  t h e  18 b a s i c  APS 

concepts as a func t ion  of A P S  t h r u s t  level p e r  t h r u s t e r ,  t o t a l  subsystem t h r u s t ,  

APS t o t a l  impulse, and number of AF'S t h r u s t e r s .  For purposes of t h e s e  ana lyses ,  

a l l  s e n s i t i v i t i e s  are p a r t i a l  d e r i v a t i v e s  of weight wi th  r e spec t  t o  t h e  parameter 

of i n t e r e s t .  A l l  o t h e r  des ign  v a r f a b l e s  were he ld  cons t an t ,  For example, when 

a s ses s ing  t h e  change i n  A P S  weight as a func t ion  of a change i n  t h r u s i d t h r u s t e r ,  

s i z e  of cond i t ione r s  and number of t h r u s t e r s  were he ld  cons t an t ,  as were a11 o t h e r  

des ign  parameters such as mixture  r a t i o ,  chamber p re s su re ,  and expansion r a t i o ,  

Thus, only t h e  change i n  t h r u s t e r  s ize  i s  r e f l e c t e d .  

impulse w a s  changed, mixture  r a t i o ,  expansion r a t i o ,  etc.  were n o t  reopt imized,  

b u t  were he ld  a t  t h e i r  o r i g i n a l  design va lues .  

S imi l a r ly ,  when t o t a l  

A s  wi th  weight s e n s i t i v i t y  t o  design v a r i a b l e s ,  t h e r e  was s i g n i f i c a n t  s i m i -  

l a r i t y  among r e s u l t s  f o r  t h e  va r ious  subsystems. For t h i s  reasong t h e  fol lowing 

d i scuss ion  w i l l  t reat  a s i n g l e  example subsystem i n  some depth and, f o r  t h e  

remainder,  w i l l  concern i t s e l f  only wi th  areas of d i f f e r e n c e .  

Figure B-30 shows weight s e n s i t i v i t y  f o r  t h e  turbopump APS design f o r  Orbi- 

ter A performing a l l  c o n t r o l  and maneuvering func t ions .  

as expected. The except ion is  t h e  s e n s i t i v i t y  of subsystem weight t o  t h r u s t  p e r  

t h r u s t e r .  As t h r u s t  i s  inc reased ,  subsystem w e  gh t  decreases .  T h i s  

r e s u l t s  from t h e  f a c t  t h a t ,  a t  t h e  f i x e d  des ign  chamber p re s su re ,  as t h r u s t e r  

t h r u s t  i s  inc reased ,  t h e  f r a c t i o n  of f i l m  cool ing  r equ i r ed  can b e  decreased,  A s  a 

r e s u l t ,  t h r u s t e r  s p e c i f i c  impulse i s  improved. This  is  shown i n  F igure  B-30A9 

which i l l u s t r a t e s  t h r e e  s e p a r a t e  s e n s i t f v i t i e s  t o  t h r u s t  pe r  t h r u s t e r .  The f irst  

i s  t h e  i n c r e a s e  i n  i n e r t  hardware weight a s soc ia t ed  w i t h  inc reas ing  t h r u s t e r  s i z e  

( t h r u s t )  a t  a cons tan t  chamber p re s su re ,  The second dashed l i n e  shows t h e  effect  

of improved t h r u s t e r  s p e c i f i c  impulse wi th  reduced f i l m  cool ing.  S i g n i f i c a n t  

reduct ions  i n  weight r e s u l t e d  from improvements i n  t h r u s t e r  performance. 

curve f o r  F igure  B-30A combines t h e s e  two sensit ivit ies t o  show o v e r a l l  APS weight 

change wi th  changing t h r u s t  p e r  t h r u s t e r .  

weight wi th  increased  t h r u s t ,  

t o  subsystem t h r u s t ,  

w a s  he ld  cons t an t ;  t h e  only  change being t h e  maximum number of t h r u s t e r s  t h a t  

could ope ra t e  s imultaneously ( i e e e 9  subsystem t h r u s t ) .  From t h e  des ign  p o i n t  

Trends shown are gene ra l ly  

9 

The s o l i d  

The n e t  e f f e c t  was a decrease  i n  

F igure  B-3QB shows t h e  s e n s i t i v i t y  of APS weight 

For t h i s  s e n s i t i v i t y ,  number of t h r u s t e r s  and t h r u s t  level  



SUBTASK A 

c: 
2 
3 
n 
0 
m 

I- 

E 
U 
I- 
v) 

C c c - 

c. c. m 

n 
n 
U 

RE MBC E0297 
UARY 1971 72 

(u F . o  F C U I  + -4- I I 

In 
0 
rl 

X 
n 
U w 
m 

Pa 
d 

W '  

d 
U 

i2 
5% 
4 
H 

E-c 
0 
E-l 

- 30 

8-47 



SUBTASK A 
PORT MBC E0297 

92 FEBRUARY 7977 

0 
m 

V I  

E 
w 

d 
cz: 
w 
t-- 

w 
i 
V 

I 
w > 

H 

U 

N F 0 F N '  + + I I 

Fr 
0 

-31 

B-42 



SUBPASK A 

cu + 0 

C 
0 
0 
7 

0 
cd 
L n  

0 
r-- cu 

I I 

REPORT MDC E0297 
72 FEBRUARY 7977 

CD CD 

Fr 
0 
c4 

e 

9 
8’ w os: 

FOG -32 

8-43 



REPORT MDC E0297 
12 ~ ~ ~ R U A R Y  7971 

0 
P 

v i  

W 
A 
0 

n 
Frr 
si 
GI 
v 

I tu 7 . 0  I-- N 
-4- -4- a I 

Fr 
0 
d 

i Zi 

m 
PC 
k 
0 
rl 
\ 
U 
VI 
1 

4 

Vl 
0 
rl 

x 
n 
U 
w m 

I 
Frr 
si 
111 
W 



SUBTASK A 

R 
7 

d u 
w 
v) 

3 
!& 
c..l 

0 

n 

m 
H 
N 
>- 
2z 

4 
p: 
w 
I- 
H 

H 
I w 
3 

0 
0 
0 
P 

N m 

ca + 

-34 

6-45 



S 

E 
W 
I- m 
> 
m 
3 
m 
a 

m 

w 
!z 
m a 
Q 

W 
-I 
V 

I 
W > 

+4 

B -46 

E-c 
v) 

= i i  0 

$ E  

12 FEBRUARY 7971 

-35 



SUBTASK A 

v, 
LL 

c 
Ln 

n 

V I  
v, 
v, 
4 
-I 
V 

n 
Frc 
!a 
4 
W 

n 

W 3 

REPORT MDC E0299 
12 FEBRUARY 1971 

' F r  
0 

w nz 
a 
W 
M 

s 

v1 
n 4  cu 

CJ - .  0 P w '  + + I I 

x 

d 
rn 
Gi 
W 

d 
E-c 
\ 
m 
0 

- 36 
B-47 



SUBTASK A 

i 
N - 0 v N 
9 9 f % 

G 
C c? 
c\I 

0 
C 
0 
I--- 

R 
I 

n 
Err 

3 
U 

a + 

0 
w cn 
!3 
% 
H 

-3'9 



t I) a 
LL 

0 - 
VI 

-J 
0 

w 
v) 
-J 
3 

c: 

in 
Iy. 
Lil 
I- 
c .I cr: 
0 

H 

w 
2 
V 

X 
W 
=5 

W 

REPORT MDC E0297 

-38 

B -49 



SUBTASK A 

m 
=> 
tn 

w 
J 
0 

I 
LLJ > 

w 

c2 
0 
C 
N 

C 
0 
C 
7 

N - 0 ? N + -4- a I 
0 

REPORT MDC E0297 
P2 FEiBROARY 7977 

c; 
C U I  

I 

r e s  - 39 



HIGH PRESSURE 
SUBTASK 

REPORT MDC E0297 
12 FEBRUARY 1977 

W 
t- 
m.  
). 
v, 

3 
v, 
m 

n 
Fr 
!a 
IJ 
W 

Fr 
0 

x 

FIG -40 

6-51 



SUBTASK A 

0 
0 
0 03 cv 

00 
rl 

co 

00 + 

0 

02 
I 

H z 

ul 
0 
rl 

x 

0 
0 
0 m 

0 
0 
0 
rl 

N c 0 - c\1 + + I I 
N P 0 r- N + + I I 

.I 

-4 1 



H/GH PRESSURE ABS 
SUBTASK A 

0 
0 
0 
a 

2 :  
IJ 
v 

z 
w 
i- 
v) > 
v, 

3 
v, 

a 

w 
-I 
0 

I 
w 
> 

U 

N 7 0 c cu + + I I 

0 
0 
0 
In 

0 
0 
0 
cr) 

0 
0 
0 
r l  N F r- (u 

4- + I I 

PORT MDC E0297 
12 FEBRUARY 1971 

co + 

0 

co 
I 

-42 

8-53 
LII T 



HIG ssu S 
SU5TASK A 72 FEBRUARY 1971 

ui 
0 

N 7 0 r-  c\l + + I I 

Q 



SUBTASK A 

A 

ii 
m 
crl 
W 

n 

E 
W 

W 

L 
w 
5. 

N P 0 F cu 
f 4- 1 I 

E 

i3 

H cn 
3.1 cn 

cn 

REPORT MDC E0297 
72 FEBRUARY 7977 

r 
4 

op 

B -55 



PORT MDC E0297 
12 FEBRUARY 7977 

0 
0 
0 
4. 

0 
0 
0 
c\1 

0 

m 
Fr: w 
0 
O 

5: 
w 

w 
-J 
0 

I 
w 
9 

w 

hJ - 0 P cd + 9 I I 

h 
Fr 

G! 
a 
v 

X 

\ 
N F 0 P (\1 
4- 4- I I 

-45 



HlGH PRESSURE APS 
SUBTASK A 

0 
0 
0 * 
r l k  

;1 
m 
W 

0 

0 

PORT MDC ~ 0 2 9 7  
12 FEBRUARY 7977 

N F- 0 P (u + + I I 

co + 

0 

03 
I 

m 
0 
4 .  

X 

U w m 
I 

Fr 
Gl 

w 

h 

m 
v 

z 
!2 
4 
H 

E-l 
0 

-46 

B-57 



0 

EPQRT MBC E0297 

\9 
N 

w 

L 
w > 

(v r- 0 Y (v + 4- I I 

ul 
0 
rl 

In 
b 

ul 
0 
rl 

x 
In 
b 

x 
+ n  

U w 
m 

I 
Fr 
m 
GI 

W 

03 

W 

cn 
" E !  

52 
H 

7 

B-58 
E$LL 



REPORT MDC E0297 
12 FEBRUARY 1977 

shown, as subsystem t h r u s t  w a s  increased  o r  t h e  c a p a b i l i t y  t o  f i r e  more t h r u s t e r s  

w a s  provided, Subsystem weight increased  because a l l  condi t ioner  component sizes 

(turbopump, h e a t  exchangers9 and gas  gene ra to r s )  and accumulator sizes were 

increased.  

impulse,  and b a s i c a l l y  reflects subsystem s p e c i f i c  impulse. F igure  B-30D shows 

s e n s i t i v i t y  of APS weight t o  number of A P S  t h r u s t e r s .  

provide similar d a t a  f o r  APS des igns  a t  - <50 and - <IO f t /sec re spec t ive ly .  

d a t a  are very  similar wi th  one except ion:  s e n s i t i v i t y  t o  t h r u s t  p e r  t h r u s t e r  i s  

reduced as t h e  importance of t h r u s t e r  performance w a s  decreased. This  came as a 

r e s u l t  of reducing APS t o t a l  impulse. 

F igure  B-30C shows the s e n s i t i v i t y  of APS weight t o  t o t a l  

F igures  33-33. and B-32 

A l l  

Figure B-33 p resen t s  s u p e r c r i t i c a l  subsystem s e n s i t i v i t y  to des ign  r equ i r e -  

ments. Resu l t s  are similar t o  those  shown f o r  t h e  turbopump, wi th  t h e  except ion 

of s e n s i t i v i t y  t o  t o t a l  impulse. Two s e n s i t i v i t i e s  are shown. One. i s  t h e  sens i -  

t i v i t y  t o  t o t a l  A P S  impulse descr ibed  by t h e  l i q u i d  tank  s e n s i t i v i t y .  

case, t h e  amount of p r o p e l l a n t  s t o r e d  i n  t h e  r e f i l l a b l e  tank would remain cons t an t  

and t h e  l i q u i d  s t o r a g e  tank would change. The second t o t a l  impulse s e n s i t i v i t y  i s  

t h a t  a s s o c i a t e d  wi th  a q u a n t i t y  of p r o p e l l a n t  s to red  i n  t h e  r e f i l l a b l e  tank.  

from a base  p o i n t  of 4.21 x lo5 lb-sec,  t h e  amount of impulse i n  t h e  r e f i l l a b l e  

tank w a s  va r i ed .  

t o t a l  p r o p e l l a n t  weight remains cons t an t .  

I n  t h i s  

Here, 

This  s e n s i t i v i t y  r e f l e c t s  only an i n c r e a s e  i n  tankage weight as 

Inspec t ion  of t h e  remainder of o r b i t e r  s e n s i t i v i t y  d a t a  (Figures  B-34 t o  B-40) 

shows r e s u l t s  very  similar t o  those  f o r  i n i t i a l  cases. 

fe rences  regard ing  s e n s i t i v i t y  t o  des ign  requirements are shown for t h e  boos te r s  

i n  F igures  B-40 through B-47, 

t h r u s t  level e f f e c t i v e l y  nega tes  changes i n  f i l m  cool ing  r e s u l t i n g  from an  i n c r e a s e  

i n  t h r u s t ;  t hus ,  t h e  s l o p e  of t h e  weight versus t h r u s t  pe r  t h r u s t e r  curve w a s  

always p o s i t i v e ,  

i s  provided and a l l  p r o p e l l a n t  i s  obta ined  f r e e  as boos te r  tank p res su ran t .  

The only  s i g n i f i c a n t  d i f -  

For t h e  boos te r  v e h i c l e  i n  F igure  B-40, t h e  h ighe r  

For t h e  turbocompressor subsystem on t h e  boos te r s ,  no p r o p e l l a n t  

Thus, 

e s s o r  APS weight s e n s i t i v i t y  t o  t o t a l  impulse is  zero f o r  t h e  boos te rs .  
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APPENDIX C 

SUBSYSTFM SCHEMATICS AND INSTALLATION 

C-1. INTRODUCTION 

D e f i n i t i o n s  of v a l i d  des ign  p o i n t s  and a c c u r a t e  assessment of o v e r a l l  sub- 

system weight requi red  real is t ic  subsystem schematics.  

could be def ined ,  p r o p e l l a n t  tankage implementation and component redundancy had 

t o  be e s t ab l i shed .  To v a l i d l y  compare A P S  concepts ,  i t  w a s  necessary t o  d e f i n e  

t h e  p r o p e l l a n t  i n t e g r a t i o n  approach b e s t  s u i t e d  t o  each APS concept when used i n  

conjunct ion  wi th  a n  OMS. Appendix H shows t h a t  t h e  same p r o p e l l a n t  i n t e g r a t i o n  

approach could not  be  used f o r  a l l  A P S  concepts ,  as no s i n g l e  approach could show 

each subsystem concept t o  best advantage. For t h i s  reason,  a comparison of al ter-  

n a t e  means of i n t e g r a t i n g  APS and OMS p r o p e l l a n t  was undertaken, us ing  component 

models def ined  i n  Appendix E. Resu l t s  of t h i s  comparison were used t o  e s t a b l i s h  

p re fe r r ed  tankage approaches f o r  each A P S  concept. 

concept comparison w a s  t h e  number of components r equ i r ed  f o r  A P S  concepts  opera- 

t i o n .  The importance of the component schematic was  amplif ied f o r  the Space 

S h u t t l e  A P S  t o  demonstrate t h e  requi red  f a i l  o p e r a t i o n a l / f a i l  s a f e  criteria. 

T r i p l e  redundancy is ,  i n  e f f e c t ,  requi red  of a l l  f u n c t i o n a l  components. Thus, 

t h e  e f f e c t  of component d i f f e r e n c e s  between subsystems w a s  amplif ied.  

t h e  s u p e r c r i t i c a l  APS must provide  t h r e e  heat exchangers f o r  p r o p e l l a n t  condi- 

t i on ing  and t h e  turbocompressor A P S  must provide  t h r e e  compressors. 

r e l i a b i l i t y  cons ide ra t ions  p e n a l i z e  t h e  turbocompressor concept more than  t h e  

o t h e r  subsystem approaches,  

and t h e  r a t i o n a l e  used t o  d e f i n e  component redundancy, and, f i n a l l y ,  p rovide  

schematics f o r  each candida te  o r b i t e r  and boos te r  APS subsystem. 

Before subsystem schematics 

Also of importance t o  t h e  APS 

For example, 

Thus, 

The fo l lowing  paragraphs desc r ibe  the APS/OMS p r o p e l l a n t  i n t e g r a t i o n  s tudy  

c- 1 



HlGH PRESSURE APS 
SUBTASK A 

PORT MDC E0297 
12 FEBRUARY 7971 

C-2 e PROPELLANT STORAGE 

C - 2 - 1  OMS/APS Prope l l an t  I n t e g r a t i o n  - During Subtask A ,  t h r e e  levels of A P S  

+X maneuvering requirements were t o  be compared. These were: 

(1) 

(2)  APS designed t o  provide +X maneuvering v e l o c i t y  levels of 

A P S  designed t o  perform a l l  p o s t  s e p a r a t i o n  9X maneuvering 

50 f t / s e c  o r  less, and 

APS designed t o  provide +X maneuvering v e l o c i t y  l e v e l s  of 10  f t / s e c  

o r  less. 

(3)  

I n  t h e s e  l a t te r  two cases, an o r b i t  maneuvering subsystem (OMS) i s  requi red  t o  

accomplish major o r b i t a l  maneuvers. For purposes of t h i s  s tudy ,  a b a s e l i n e  OMS w a s  

assumed t o  e s t a b l i s h  t h e  p r e f e r r e d  p rope l l an t  i n t e g r a t i o n  approaches. 

l i n e  used f o r  t h e s e  s t u d i e s  i s  shown i n  F igure  C-1. 

The OMS base- 

To compare t h e  combined A P S /  

S P E C I F I C  IMPULSE 458 S E C  

THRUST LEVEL 6000 L B  

MIXTURE R A T I O  5:l 

OMS E N G I N E S  AND L I N E S  600 L B  

PROPELLANT L O S S E S  67 L B  
PER ENGINE START 

OMS w i t h  an a l l  A P S  approach i t  w a s  necessary t o  determine t h e  p re fe r r ed  tankage con- 

cept  f o r  each APS +Xmaneuvering a l l o c a t i o n .  

subsystem types on a p a r a l l e l  b a s i s ,  i t  w a s  necessary  t o  d e f i n e  t h e  most a t t r a c t i v e  

method of i n t e g r a t i o n  t h e  A P S  and OMS p r o p e l l a n t  f o r  each concept.  

par i sons  a f u l l y  i n t e g r a t e d  tankage concept ( A P S  and OMS p r o p e l l a n t  i n  a common 

tank)  w a s  used as a re ference .  The f i v e  op t ions  considered f o r  l i q u i d  p r o p e l l a n t  

s t o r a g e  are shown i n  F igure  C-2 t oge the r  wi th  a l i s t i n g  of t h e  technology, s i m p l i c i t y ,  

and f l e x i b i l i t y  f e a t u r e s  a p p l i c a b l e  t o  each concept,  

development of t h e  l a r g e s t  p r o p e l l a n t  p o s i t i o n i n g  sc reen ,  bu t  i t  had t h e  advantage 

of being t h e  s imples t  of t h e  approaches ( i n  t h a t  a minimum number of components 

To al low comparison of t h e  a l t e r n a t e  

For t h e s e  com- 

The r e fe rence  case requi red  
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were requi red  and i t  w a s  an a l l  pas s ive  assembly). 

most f l e x i b i l i t y  i n  OMS/APS impulse a l l o c a t i o n ,  

were compared wi th  t h i s  r e fe rence .  

n o n r e f i l l a b l e  tankage,  and (2) s e p a r a t e  o r  combined tankage. 

The r e f e r e n c e  case allowed t h e  

The o t h e r  four  candida tes  shown 

The b a s i c  v a r i a t i o n s  are (1) r e f i l l a b l e  o r  

The s e p a r a t e  n o n r e f i l l a b l e  concept s t o r e s  APS and OMS p r o p e l l a n t s  i n  independent 

tanks.  

a minimum of i n t e r f a c e  complexity,  bu t  i s  i n f l e x i b l e  i n  a l l o c a t i o n  of OMS/APS impulse. 

The t h i r d  approach shown i s  a combined n o n r e f i l l a b l e  concept.  

t u r e s  as t h e  s e p a r a t e  n o n r e f i l l a b l e  approach, w i th  t h e  except ion of t h e  APS tank  which 

i s  mounted w i t h i n  t h e  OMS tank and, t h e r e f o r e ,  does no t  r e q u i r e  thermal p r o t e c t i o n .  

Only t h e  APS tank r e q u i r e s  a p o s i t i v e  p o s i t i o n i n g  screen.  This approach has  

It has t h e  same fea-  

The f i n a l  two approaches shown i n  F igure  C-2 are r e f i l l a b l e  concepts.  I n  

t h e s e  concepts t h e  r e f i l l a b l e  t ank  is s i z e d  t o  provide propuls ion  requirements 

between major OMS opera t ions .  

r e f i l l e d .  

i n  tank  p res su res .  

A P S  t ank ,  and, hence,  t h e  p r o p e l l a n t  p o s i t i o n i n g  sc reen ,  b u t  s u f f e r s  i n  that the 

approach i s  more complex because of t h e  active r e f i l l  subassembly. 

During each major OMS burn,  t h e  APS t ank  would b e  

P r o p e l l a n t  t r a n s f e r  i s  accomplished w i t h  f low produced by a d i f f e r e n c e  

This  concept has  t h e  advantage of reducing t h e  s i z e  of t h e  

Also cons idered  i n  t h e  A P S  comparisons w e r e  s u p e r c r i t i c a l  and hybr id  A P S  

concepts .  

r e l a t i v e l y  h igh  pressure .  

because of t h e  h igh  weight pena l ty  f o r  a l a r g e ,  high p r e s s u r e  tank. Due t o  

t h e  h igh  temperature  of the APS tankage, s u p e r c r i t i c a l  s t o r a g e  could n o t  be  con- 

s i d e r e d  f o r  a combined t ank  approach ( i e e e 9  t h e  APS tankage could not  be  s t o r e d  i n s i d e  

of a l i q u i d  OMS p r o p e l l a n t  because t h e  APS t a n k  p res su re  would co l l apse ) .  

c o n s t r a i n t s  reduced t h e  number of s u p e r c r i t i c a l  p r o p e l l a n t  i n t e g r a t i o n  a l t e r n a t e s  

t o  t h e  two shown i n  F igu re  C-3 ,  Both approaches used s e p a r a t e  tankage, bu t  r e f i l l -  

a b l e  concepts  were considered.  The primary d i f f e r e n c e  between t h e  two approaches 

w a s  t h a t  t h e  r e f i l l a b l e  w a s  somewhat more complex because of the pump requi red  i n  

t h e  a c t i v e  r e f  ill subassembly. 

I n  t h e  s u p e r c r i t i c a l  approach, bo th  hydrogen and oxygen are s t o r e d  a t  

Th i s  made a f u l l y  i n t e g r a t e d  tankage concept i m p r a c t i c a l  

.Cr 

These 

A weight comparison f o r  t h e  f i v e  tankage concepts  of F igu re  C-2 is shown by 

t h e  b a r  c h a r t s  of F igu res  C-4 and C-5 f o r  

reduced v e l o c i t y  a l l o c a t i o n s ,  The i n t e g r a l  tankage approach i s  t h e  l i g h t e s t  

weight f o r  a l l  cases. A weight comparison f o r  t h e  s u p e r c r i t i c a l  tanks of 

F igu re  C-3  9s  shown i n  F igu res  C-6 and C-7 relative t o  turbopump APS d a t a  pre- 

v i o u s l y  shown. 

than  t h e  n o n r e f i l l a b l e  concept,  

A and B turbopump APS a t  t h e  

For  both o r b i t e r s  a r e f i l l a b l e  s u p e r c r i t i c a l  t ank  i s  much l i g h t e r  

c-4 
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IMPULSE 
CLASS 

5 5 0  fps  

5.10 f p s  

TANKAGE INTEGRATION 
CONCEPT 0 100 200 300 

INTEGRAL 

REFILLABLE SEPARATE 

REFILLABLE COMBINED 

NON-REFILLABLE SEPARATE 

NON-REFILLABLE COMBINED 

INTEGRAL 

REFILLABLE SEPARATE 

REFILLABLE COMBINED 

NON-REFILLABLE SEPARATE 

NON-REFILLABLE COMBINED 

*INCLUDES PROPELLANT TANKAGE AND PRESSURANT ASSEMBLY 

I 

ORBITER A-TURBOPUMP 

The hybrid APS concept combines the  f e a t u r e s  of t h e  s u p e r c r i t i c a l  APS f o r  

hydrogen and a turbocompressor concept f o r  oxygen. I n  t h i s  subsystem, hydrogen 

tank c h a r a c t e r i s t i c s  w e r e  i d e n t i c a l  t o  those previously described f o r  the super- 

c r i t i ca l ;  thus,  a r e f i l l a b l e  separa te  tankage arrangement w a s  bes t  su i ted .  For t h e  

oxygen, r e f i l l  tank s torage  pressures  i n  t h i s  concept are somewhat above those f o r  the  

turbopump i n  order  t o  provide s u f f i c i e n t  pressure  f o r  propel lan t  t r a n s f e r  and 

i n j e c t i o n  i n t o  main engine propel lan t  tanks; therefore ,  weight r e s u l t s  f o r  oxygen 

are somewhat d i f f e r e n t .  Figures  C-6 and C-7 a l s o  provide the weight of t h e  

hybrid oxygen tankage systems f o r  both r b i t e r s  A and B. 

t h e  i n t e g r a l  approach i s  not  t h e  most a t t r a c t i v e  from a weight s tandpoint ,  

combined r e f i l l a b l e  oxygen tank provides t h e  l i g h t e s t  weight approach, 

Unljike the turbopump, 

A 

C -6 
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CONCEPT 0 100 200 300 

I W E G R A L  

R E F I L L A B L E  SEPARATE 

REFILLABLE COMJ3INE3D 

E 

NON-REFILLABLE SEPARATE 

NON-REFILLABLE COMBINED 

INTEGRaL 

R E F I L L A B L E  SEPARATE 

m F I L L A B L E  COMBINED 

N O N - R E F I E L A B U  SEPARATE 

NON-REFILLABLE COMBINED 

* INCLUDES PROPELLANT TANKAGE AND PRESSURANT ASSEBBLY 

O R B I T E R  B - TURBOPUMP 

C-2.2 Comparison of Storage Options - For t h e  t h r e e  d i f f e r e n t  A P S  a l t e r n a t e s ,  

t h e  va r ious  means of p r o p e l l a n t  s t o r a g e  were compared on t h e  b a s i s  of technology, 

s i m p l i c i t y ,  weight ,  and f l e x i b i l i t y .  

r a t i n g  ass igned  t o  each i n t e g r a t i o n  approach f o r  t h e  va r ious  concepts. 

F igu re  C-8 provides  a summary of t h e  p o i n t  

The p o i n t  

r a t i n g s  shown i n  F igu re  C-8 are based on weights  prev ious ly  provided and on v a r i o u s  

cons ide ra t ions  shown i n  F igu res  C-2 and C-3 f o r  t h e  o t h e r  s e l e c t i o n  criteria. Fig- 

u r e  C-8 shows a t o t a l  p o i n t  scor ing  f o r  t h e  va r ious  approaches. For a turbopump 

A P S ,  a f u l l y  i n t e g r a t e d  tankage subsystem is  most a t t r a c t i v e ,  For t h e  s u p e r c r i t i c a l  

APS, weight i s  a determining f e a t u r e ,  and weight advantages more than  o f f s e t  t h e  

complexity of a r e f i l l  system, making a s e p a r a t e  r e f i l l a b l e  tank  t h e  most a t t r a c -  

t ive ,  This  s u p e r c r i t i c a l  tankage approach would a l s o  be t h a t  used i n  t h e  hybr id ,  

a long wi th  a f u l l y  i n t e g r a t e d  oxygen tank,  

t h e  f u l l y  i n t e g r a t e d  oxygen tank  w a s  somewhat heav ie r ,  bu t  i ts  s i m p l i c i t y  and 

f l e x i b i l i t y  counterba lance  t h e  p e n a l t i e s  i n  weight and technology, 

A s  observed i n  F igures  C-6 and C-7, 

c -7 
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C-3. COMPONENT REDUNDANCY 

Each of t h e  candida te  APS concepts  was  evaluated t o  develop realist ic sub- 

system schematics  f o r  d e f i n i t i o n  of APS des ign  p o i n t s  and APS weight ,  

t h e  number of components r equ i r ed  by each candfdate  A P S ,  t h e  redundancy r a t i o n a l e  

of F igure  C-9 was  appl ied .  

To d e f i n e  

I n  genera l ,  t h i s  r a t i o n a l e  r e s u l t e d  i n  p rov i s ion  of 

(1) Subsystem w i l l  be  f u l l y  ope ra t iona l  a f t e r  one component f a i l u r e  

(2) Subsystem must re ta in  c a p a b i l i t y  of providing o r  support ing a s a f e  d e o r b i t  

a f t e r  two component f a i l u r e s  

(3) S t r u c t u r e ,  l i n e s ,  t anks ,  and f i t t i n g s  w i l l  n o t  f a i l  c a t a s t r o p h i c a l l y ,  and 

leakage rates f o r  t he  leakage mode w i l l  be  low enough t o  allow a safe d e o r b i t .  

( 4 )  Thrust  chambers w i l l  n o t  f a i l  in a c a t a s t r o p h i c  mode as long as p r o p e l l a n t s  

are suppl ied  a t  acceptab le  p re s su res  and mixture  r a t i o .  

A "normally closed" shutof f  valve w i l l  no t  f a i l  open p r i o r  t o  f i r s t  f l i g h t  

o p e r a t i o n a l  cyc le  

A 'pnormally open'' shu tof f  valva w i l l  no t  f a i l  c losed p r i o r  t o  f i r s t  f l i g h t  

o p e r a t i o n a l  cycle .  

P rope l l an t  accumulators w i l l  n o t  normally r e q u i r e  vent ing .  

(5) 

(6) 

(7)  
(8) Heat exchangers are n o t  considered s t r u c t u r a l  ( i a e e  r e l i a b i l i t y  # 1 .0 ) .  

(9 )  Configurat ions which use  OMS w i l l  have two OMS engines.  

engine f a i l u r e s ,  t h e  APS w i l l  provide s a f e  d e o r b i t .  

After two OMS 

t r i p l e  redundancy f o r  each f u n c t i o n a l  assembly, 

ale of F igure  C-9, a l l  components were considered i n  a go/no go ope ra t ing  mode. 

Except as modified by t h e  r a t ion -  

F igure  C-10 provides  a legend f o r  t h e  subsystem schematics shown i n  F igures  C - 1 1  

through C-22, 

f o r  t h e  o r b i t e r  all-maneuver requirement case. I n t e g r a l  p rope l l an t  tanks w e r e  used ,  

and t r i p l e  redundancy w a s  provided f o r  p r e s s u r e  r e g u l a t i o n  and condi t ioner  assemblies .  

Figure C-12 shows t h e  turbopump subsystem schematic  f o r  t h e  o the r  v e l o c i t y  a l loca -  

t i o n s .  

F igure  C - 1 1  shows a schematic of t h e  turbopump subsystem configured 

The only d i f f e r e n c e  between t h e  schematic  of F igure  C-12 and t h a t  f o r  t h e  a l l -  

c-11 
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maneuver case w a s  t h e  p rov i s ion  f o r  p r o p e l l a n t  supply t o  t h e  o r b i t  maneuvering 

subsystem. F igure  C-13 provides  a schematic of t h e  s u p e r c r i t i c a l  subsystem. 

Separa te  r e f i l l a b l e  APS tanks  were used. 

t h e  downstream and in- tank h e a t e r s .  The p rope l l an t  t r a n s f e r  assembly pumps were 

a l s o  t r i p l y  redundant t o  s a t i s f y  t h e  s h u t t l e  f a i l u r e  cri teria.  F igure  C-14 pre- 

s e n t s  a schematic of t h e  hybr id  subsystem. An active condi t ion ing  loop f o r  oxygen 

resupply  t o  main engine tank  w a s  provided. 

p e l l a n t  d i s t r i b u t i o n  l i n e s  and i s o l a t i o n  valves t o  t h e  t h r u s t e r  assemblies  i n  

O r b i t e r s  A and B r e s p e c t i v e l y .  

matches t h e  similar j u n c t u r e  shown i n  t h e  subsystem schematics  of F igu res  C - 1 1  

through C-14.  Thus, p r o p e l l a n t  d i s t r i b u t i o n  schematics  apply  t o  any of t h e  candi- 

d a t e  A P S  schematics  p rev ious ly  shown. 

T r i p l e  redundancy w a s  provided f o r  both 

F igures  C-15 and C-16 show t h e  pro- 

The j u n c t u r e  i n  t h e  supply l i n e  t o  the accumulators 

Booster subsystem schematics  are shown i n  F igures  C-17  through C-22. F igure  

C-17  shows a boos te r  turbopump subsystem, Comparison of th i s  wi th  t h e  o r b i t e r  f o r  

a l l  maneuvers shows t h a t  t h e  schematics  are i d e n t i c a l ,  The same a p p l i e s  t o  t h e  

s u p e r c r i t i c a l  subsystem of F igu re  C-18, wi th  t h e  except ion t h a t  i n  t h e  b o o s t e r s  

no p r o p e l l a n t  resupply  system i s  requ i r ed ,  F igu re  C-19 shows a turbocompressor 
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concept f o r  t h e  boos te r ,  Comparison of t h i s  w i th  t h e  oxygen s i d e  of t h e  hybr id  

subsystem shows t h a t  t h e  turbocompressor A P S  on t h e  boos te r  w a s ,  r e l a t i v e l y ,  

much simpler. Thi5 results pr%mari ly  from 110 separate MS s t o r a g e  8 

being requi red  because a l l  A P S  requirements could be  s a t i s f i e d  by r e s i d u a l  p r o p e l l a n t  

vapor i n  t h e  boos te r s ,  

f o r  t h e  s t o r e d  gas  APS concept.  

c e p t s  and a s s o c i a t e d  i s o l a t i o n  valves f o r  t h r u s t e r  malfunct ion are shown i n  Fig- 

u r e s  C-21 and C-22 f o r  Boosters A and B, r e spec t ive ly .  A s  f o r  t h e  o r b i t e r s ,  d a t a  

i n  t h e s e  schematics  apply  t o  a l l  boos t e r  A P S  schematics  prev ious ly  shown, 

The s imples t  boos te r  subsystem i s  that shown i n  Figure  C-20 

P rope l l an t  d i s t r i b u t i o n  f o r  the boos ter  B P S  con- 
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APPENDIX D 

CONDITIONER CONCEPT COMPARISON 

D-1 INTRODUCTION 

This  appendix provides  a d e s c r i p t i o n  of t h e  cond i t ione r  concepts considered,  

t h e  va r ious  methods of implementation, t h e  r e s u l t i n g  e f f e c t s  on o v e r a l l  subsystem 

performance, and, finally, t h e  s e l e c t i o n  of concepts t o  be used i n  A P S  t r a d e  

s t u d i e s ,  The o b j e c t i v e  of t h i s  e f f o r t  w a s  t o  provide  an understanding of t h e  i m -  

pac t  of cond i t ione r  des ign  on t h e  re la t ive merit of d i f f e r e n t  condi t ion ing  appro- 

aches and/or  of d i f f e r e n t  APS concepts .  

performance w a s  a d r i v i n g  f a c t o r  i n  t h e  weight of t h e  overal l  A P S ,  i t  w a s  neces- 

S ince  cond i t ione r  design and 

s a r y  t o  cons ider  cond i t ione r  design i n  more depth t o  provide  t h e  most rea l i s t ic  

va lues  of abso lu t e  APS w i g h t .  The a l t e r n a t e  cond i t ione r  concepts were compared 

on t h e  b a s i s  of t h e i r  weight ,  s i m p l i c i t y ,  and technology requi red  f o r  assembly 

development e 

D- 1 
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D-2. CONDITIONER CONCEPTS 

The purpose of t he  cond i t ione r  assembly i n  t h e  APS is t o  conver t  p r o p e l l a n t s  

from t h e i r  s t o r a g e  s ta te  t o  t h e  gas phase condi t ions  r equ i r ed  f o r  t h r u s t e r  opera- 

t i o n .  

cep t s  (ice.$ turbopump, s u p e r c r i t i c a l ,  hybr id ) ,  and a change i n  cond i t ione r  con- 

c e p t  s i m i l a r l y  impacts A P S  concepts.  Thus, t h e  d r i v i n g  cons ide ra t ion  s e l e c t i o n  

Basic condi t ion ing  requirements  are very  similar between d i f f e r e n t  APS con- 

is  n o t  t he  type of A P S  t o  be  used, b u t  r a t h e r  t h e  t o t a l  impulse t h a t  must be 

provided by t h e  A P S .  

Figure D-1 i l l u s t r a t e s  a ma t r ix  of APS cond i t ione r  concepts covering t h e  

e n t i r e  spectrum of t h e  t r a d e  s tudy;  however, based on t h e  f a c t  t h a t  condi t ioner  

s e l e c t i o n  i s  p r imar i ly  dependent on impulse level  and n o t  t h e  type  of A P S  o r  t h e  

v e h i c l e ,  cond i t ione r  a l t e r n a t e s  were eva lua ted  f o r  one APS concept f o r  one veh ic l e .  

The turbopump APS f o r  O r b i t e r  A w a s  s e l e c t e d  as t h e  s tudy  conf igura t ion .  

Figure D-2 provides  schematics of t he  f ive b a s i c  cond i t ione r  candida tes  con- 

Each concept shown i n  F igure  D-2 d i f f e r  i n  o v e r a l l  per for -  s i d e r e d  i n  t h i s  s tudy .  

mance level and/or  i n  technology. 

technology becomes a less important  cons ide ra t ion ,  bu t  more flow is requ i r ed  f o r  

p r o p e l l a n t  condi t ion ing .  Hence, t h e  cond i t ione r  assembly design d i r e c t l y  e f f e c t s  

t he  e f f e c t i v e  s p e c i f i c  impulse of t he  subsystem, 

A s  cond i t ione r  ope ra t ing  temperature is lowered, 

D-2.1 Concept A - Concept A of F igure  n-2 i s  t h e  s imples t ,  most s t r a i g h t -  

forward cond i t ione r  approach. 

used, wi th  t h e  gas gene ra to r  ope ra t ing  a t  2000'R. 

passed through t h e  h e a t  exchanger f o r  p r o p e l l a n t  thermal condi t ion ing ,  then  through 

t h e  t u r b i n e  t o  power the  turbopump. Turbine exhaust  products  are then vented,  

e i t h e r  nonpropuls ively o r ,  i f  a + X maneuver is  i n  process ,  p ropuls ive ly .  The 

performance of unburned t u r b i n e  exhaust  gas is shown i n  F igure  D-3 as a func t ion  

of t h e  h e a t  exchanger o u t l e t  p re s su re .  I n  t h e s e  d a t a ,  gases  are expanded i n  t h e  

v e n t  nozz le  t o  i n c i p i e n t  s e p a r a t i o n  (condensat ion) ,  

en tha lpy  change is  p o s s i b l e ,  hence t h e  s p e c i f i c  impulse is somewhat improved. For 

example, wi th  a n  800'R ven t  temperature,  approximately 190 lbf-see/ lbm can be  

obta ined  from t h e  vent  w i t h  an  o u t l e t  p r e s s u r e  of 50 l b f / i n % @  

A s i n g l e  gas gene ra to r  and h e a t  exchanger are 

A l l  gas  genera tor  products  are 

A t  lower p re s su reo  more 

I f  10 pe rcen t  bypass 
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flow i s  used t o  d r i v e  t h e  t u r b i n e s  and provide  energy t o  t h e  hea t  exchangers,  

t h e  vent  would provide  an  i n c r e a s e  of 19 lbf-sec/ lbm i n  o v e r a l l  APS performance. 

Concept A i s  t h e  lowest performance condi t ioner  concept considered; however, 

i t  o f f e r e d  a minimum of t e c h n i c a l  r i s k s  and w a s  used as a technology r e fe rence  

f o r  comparison of o t h e r  cond i t ione r  concepts.  

D - 2 , 2  - Concept B of F igure  D-2 i s  an  adap ta t ion  of t h e  Concept A con- 

d i t i o n e r  and ope ra t e s  i n  t h e  same manner, 

p r o p e l l a n t  i s  e x t r a c t e d  from t h e  main engine a scen t  tanks  and opera tes  a t  lower 

p re s su re .  Thus, s o  long as vapor i s  a v a i l a b l e  from t h e  main engine tank ,  condit-  

i o n e r  flow f o r  t h i s  assembly i s  f r e e  t o  t h e  A P S .  When main ascent  tanks have 

been deple ted  and tank p res su re  level i s  below t h a t  needed f o r  assembly ope ra t ions ,  

vapor i s  e x t r a c t e d  from t h e  APS t o  supply t h e  gas  gene ra to r s .  I n  t h i s  mode, then ,  

subsystem performance i s  t h e  same as t h a t  of concept A. Figure  D-4 i d e n t i f i e s  

d i f f e r e n c e s  i n  Concept B component technology. The gas genera tor  ope ra t e s  a t  

low p res su re ,  bu t  t h e r e  w a s  no i d e n t i f i a b l e  technology d i f f e r e n c e  f o r  low p res su re  

combustion. The low p res su re  on t h e  h o t  s i d e  of t h e  h e a t  exchanger presented  no 

p a r t i c u l a r  problem; howeverg i n  t h e  turbopump area, i t  w a s  f e l t  t h a t  a gear  box 

probably would be r equ i r ed  t o  opt imize t u r b i n e  and pump speed,  and t h a t  ope ra t ion  

w i t h  low p res su re  gas  would r e s u l t  i n  much l a r g e r  t u r b i n e  flow areas and heav ie r  

turbopumps e 

D-2.3 

The d i f f e r e n c e  i s  t h a t  t h e  gas genera tor  

Concept c - Concept C o f  F igure  D-2 is  aga in  an adap ta t ion  Of t h e  b a s e l i n e  *I 

r e fe rence  (Concept A ) .  Th i s  concept i s  i d e n t i c a l  t o  Concept A ,  except i t  i s  

modified t o  recover  t h e  remaining energy i n  t h e  f u e l  r i c h  t u r b i n e  exhaust  by com- 

bus t ion .  When t h e  subsystem i s  performing a + X t r a n s l a t i o n  maneuver, t h i s  t u r b i n e  

exhaust  gas would be reburned w i t h  supplemental  oxygen, and d i r e c t e d  along t h e  

+ X a x i s  of t h e  v e h i c l e  t o  provide  u s e f u l  impulse.  Overall performance would be  

h ighe r  than  t h a t  of Concept A,  as i t s  o v e r a l l  ope ra t ing  mixture  r a t i o  would be 

n e a r e r  that of t h e  t h r u s t e r s  and less hydrogen would be  wasted. The technology 

a s soc ia t ed  wi th  Concept C i s  summarized i n  F igure  D-4. With r e spec t  t o  t u r b i n e  

and h e a t  exchanger,  t h e r e  i s  no d i f f e r e n c e  between t h i s  concept and t h a t  of 

r e fe rence  b a s e l i n e ;  however, t h e  recombustion device  i n  t h e  propuls ive  vent  has  

c e r t a i n  technology f e a t u r e s  t h a t  must be  accounted f o r  i n  s e l e c t i o n .  S p e c i f i c a l l y ,  

t h i s  u n i t  must be designed t o  accept  a mixed gas  as f u e l ,  and must provide  gaseous 

mixing and combustion, The u n i t  would, of n e c e s s i t y ,  o p e r a t e  a t  very low p res su re ,  

and i t  was a n t i c i p a t e d  t h a t  performance would be  d i f f i c u l t  t o  p r e d i c t  and t h a t  
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t h r o t t l i n g  c o n t r o l  of oxygen flow would be  r equ i r ed  t o  prec lude  u n i t  burnout,  

D-2.4 Concept D - This concept is  implemented p r e c i s e l y  as Concept A, except 

t h a t  t h e  gas genera tor  ope ra t e s  a t  much h ighe r  temperature,  hence, t h e  o v e r a l l  

assembly ope ra t e s  a t  a h igher  mixture  r a t i o  and has  a g r e a t e r  hea t  release than 

t h e  Concept A b a s e l i n e .  F igure  D-4,  however, shows t h a t  t h e  technology r equ i r ed  

f o r  t h i s  concept i s  apprec iab ly  more d i f f i c u l t  t han  t h a t  f o r  t h e  b a s e l i n e .  Both 

gas gene ra to r  chamber and hea t  exchanger must have complete s t r u c t u r a l  cool ing .  

I n  a d d i t i o n ,  hea t  exchanger s t a r t i n g  would r e q u i r e  p r o p e l l a n t  sequencing o r  s t ag -  

i n g  of mixture r a t i o  t o  allow s t a r t - u p  a t  a lower mixture r a t i o .  P o t e n t i a l l y ,  

t h i s  assembly may a l s o  r e q u i r e  c o n t r o l  of t u r b i n e  i n l e t  temperature i f  t h e  hea t  

exchanger exhaust w a s  above d e s i r a b l e  l i m i t s  e 

The performance improvement o f f e r e d  by t h i s  concept i s  i l l u s t r a t e d  i n  

F igure  D-5. Shown i s  t h e  subsystem s p e c i f i c  impulse f o r  va r ious  gas  gene ra to r  

temperatures.  

w a s  s e l e c t e d ,  s i n c e  i t  provided both n e a r l y  maximum performance f o r  t h i s  approach, 

and t h e  same o v e r a l l  assembly mixture r a t i o  as achieved wi th  Concept E ope ra t ing  

a t  2,000"R. 

For purposes of t h i s  phase of t h e  s tudy ,  a temperature of 3,500"R 

D-2.5 Concept E - The f i n a l  concept considered i s  t h e  dua l  burn concept w i t h  

two h e a t  exchangers and two gas gene ra to r s  o p e r a t i n g  a t  2000'R. 

similar t o  t h a t  envis ioned  f o r  Concept C ,  except  t h a t  i n  t h e  second gas g e n e r a t o r ,  

exhaust products  are used i n  a h e a t  exchanger r a t h e r  than  p ropu l s ive ly  i n  a vent 

nozz le .  The f i r s t  s t a g e  of t h i s  assembly i s  p r e c i s e l y  the  same as t h a t  of 

Concept A; however, i n  t h i s  approach, t u r b i n e  exhaust i s  e x t r a c t e d  and burned i n  
a second gas gene ra to r  assembly, where supplemental  oxygen i s  added t o  raise t h e  

temperature back t o  2,000"R f o r  p rehea t ing  of t h e  p r o p e l l a n t s .  T h e  vent  can be  

used e i t h e r  p ropu l s ive ly  o r  nonpropulsively.  Overa l l  performance of using t h i s  

approach i s  q u i t e  h igh ,  F igure  D-5 i l l u s t r a t e s  subsystem s p e c i f i c  

impulse as a f u n c t i o n  of t h e  gas gene ra to r  combustion tempernture and hea t  ex- 

changer e x i t  temperature.  A s  shown i n  F igure  D-5 f o r  t h e  same ope ra t ing  tempera 

t u r e s  of 2,000"R, t h i s  dua l  burn approach a f f o r d s  approximately a 1 5  1bf-sec;Lbm 

improvement i n  subsystem s p e c i f i c  impulse over t h e  s i n g l e  burn approach e 

This approach i s  
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A comparison of changes i n  o v e r a l l  A P S  weight r e s u l t i n g  from use of d i f f e r e n t  

condi t ioner  candida tes  of  F igure  D-2 i s  shown i n  F igures  D-6, D-7 and D-8, i n  

terms of incrementa l  subsystem weights  from a n  a r b i t r a r y  base  po in t .  F igure  D-6 

shows weight changes f o r  t h e  all-maneuver impulse class. A s  showng t h e  s imples t  

concept (Concept A wi thout  ven t  impulse) i s  t h e  heav ie s t .  U s e  of t h i s  condi t ion-  

i n g  approach would r e s u l t  i n  approximately a 3700 l b  APS weight pena l ty .  

weight pena l ty  can  be  reduced t o  1400 l b s  by provid ing  v e n t  impulse f o r  +X maneu- 

vers. A l l  t h e  lower weight subsystems u t i l i z e d  t h e  vent impulse. Concept C, 

wi th  an  active p ropu l s ive  ven t  i s  t h e  l i g h t e s t .  

i s  Concept D, which uses  t h e  high temperature  gas genera tor  wi th  vent  impulse. 

The s t aged  combustion approach, us ing  t h e  second gas genera tor  t o  provide energy 

t o  a hea t  exchanger i n s t e a d  of a propuls ive  ven t ,  w a s  a l s o  competi t ive on a 

weight b a s i s  

This  

Nearly i d e n t i c a l  i n  performance 

Figure  D-7 p rovides  similar d a t a  except  a t  t h e  (50 f t / s ec  v e l o c i t y  a l l o c a t i o n .  
1' 

Here t h e  p ropor t ion  of impulse expended i n  t h e  +X axis w a s  g r e a t l y  reduced; hence, 

weight p e n a l t i e s  f o r  reduced cond i t ione r  performance were not  apprec iab le .  For 

t h i s  maneuver class, t h e  s imple h e a t  exchanger/gas gene ra to r  approach (Concept A) 

r e s u l t s  i n  only a 570 l b  weight pena l ty .  

system reduced t h e  weight pena l ty  t o  300 l b s ,  FOP this  case, t h e  l i g h t e s t  weight 

approach i s  a h igh  temperature  gas gene ra to r /hea t  exchanger. Figure D-8 provides  

a cond i t ione r  comparison f o r  t h e  lowest  impulse level,  i n  which t h e  tap-off gas 

genera tor  assembly i s  t h e  l i g h t e s t  weight b u t  t h e  s imples t  approach r e s u l t e d  i n  

only a 270 l b  weight pena l ty .  

w i th  impulsive v e n t  c a p a b i l i t y .  

9 

U t i l i z i n g  ven t  impulse wi th  t h i s  sub- 

There w a s  v i r t u a l l y  no advantage t o  an  assembly 

The amount of f r e e  p r o p e l l a n t  which w a s  provided by use  of main engine 

r e s i d u a l s  ( tap-of f )  is de f ined  i n  Appendix F. 
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D-4, SELECTION OF CONDITIONER CONCEPT 

REPORT MDC E0297 

The type  of cond i t ione r  concept b e s t  s u i t e d  t o  t h e  d i f f e r e n t  missions w a s  

s e l e c t e d  on technology requirement,  s i m p l i c i t y ,  weight,  and volume. S ince  each 

condi t ioner  must b e  designed t o  ope ra t e  on demand, t h e r e  i s  no d i f f e r e n c e  i n  

f l e x i b i l i t y  of concepts and, f o r  t h i s  reason, f l e x i b i l i t y  w a s  scored equa l ly  f o r  

a l l  condi t ioner  concepts.  F igure  D-9 p r e s e n t s  a q u a n t i t a t i v e  po in t  r a t i n g  of t h e  

d i f f e r e n t  assembly concepts f o r  each of  t h e  t h r e e  mission p r o f i l e s .  

technology s t andpo in t ,  Concepts C and E (with an  impulse ven t )  are considered 

t h e  h ighes t  r i s k ,  and w e r e  scored  t h e  lowest  i n  t h i s  assessment.  

s t andpo in t ,  Concepts A and B are similar, Concept E w a s  considered t h e  most com- 

p l ex ,  as i t  requ i r ed  t h e  most components and t h e  most complex con t ro l s .  

and volume w e r e  independent ly  scored  f o r  each of t h e  t h r e e  maneuver classes, s i n c e  

c e r t a i n  concepts had d i s t i n c t l y  a t t ract ive f e a t u r e s  when used f o r  l a r g e  impulse 

requirements .  Weight r a t i n g s  w e r e  based on d a t a  presented  i n  F igures  D-6, D-7, 
and D-8, a l l o c a t i n g  s p e c i f i c  r a t i n g s  i n  terms of p o i n t s  p e r  pound of weight.  

shown f o r  t h e  a l l  maneuver case, t h e  h ighes t  p o i n t  t o t a l  i s  provided by Concept D, 

t h e  3500'R gas  genera tor  concept u t i l i z i n g  ven t  impulse. For t h e  250 f t / s ec  case, 

t h e  same concept is  a p p l i c a b l e  b u t  t h e  advantage o f  t h e  ven t  impulse does not  

warran t  t h e  a d d i t i o n a l  complexity. For t h e  low maneuver case, t h e  s i m p l e s t ,  most 

s t r a igh t fo rward  concept provides  t h e  h ighes t  r a t i n g .  While i t  s u f f e r s  somewhat 

i n  weight ,  t h i s  de f i c i ency  is  more than  made up by t echno log ica l  and s i m p l i c i t y  

advantages.  Based on t h e s e  r e s u l t s ,  s e l e c t i o n s  for concept comparison shown i n  

F igure  D-10 w e r e  made, 

cases f o r  bo th  o r i b t e r s .  I n  t h e  a l l  maneuver classs t h e  impulsive ven t  capa- 

b i l i t y  (with i t s  improved weight)  w a s  s e l e c t e d .  For t h e  ~ 1 0  f t / s e c  case, the 

simple 2000'R gas genera tor  h e a t  exchanger assembly w a s  s e l e c t e d .  In a d d i t i o n ,  

s i n c e  s e l e c t i o n  w a s  c l e a r l y  dependent on t o t a l  impulse level (and a t  low t o t a l  

impulse t h e  2000'R gas gene ra to r  concept w a s  c l e a r l y  t h e  most s u i t a b l e ) ,  t h i s  

approach was used f o r  comparison of b o o s t e r  A P S  cone p t s ,  s i n c e  t h e  r equ i r ed  

boos te r  impulse w a s  even lower. 

From a 

From a s i m p l i c i t y  

Weight 

A s  

Concept D w a s  s e l e c t e d  €or  t h e  a l l  maneuver and 550 f t / s e c  

Subsequent t o  Subtask A,  t h e  s e l e c t e d  A P S  cond i t ione r  assembly concept shown 

D-14 
gr 
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SUBTASK A 
R 

7 

f o r  t h e  all-maneuver case, ( i a e e 9  t h e  turbopump using a 3,500"R gas gene ra to r l9  w a s  

changed, During t h e  i n i t i a l  phases of Subtask B pre l iminary  design,  matching 

of turbopump t o  flow rates provided by t h i s  h igh  temperature  gas gene ra to r  w a s  

determined no t  f e a s i b l e ;  t h e r e f o r e ,  a more d e t a i l e d  comparison of cond i t ione r s  

f o r  t h e  all-maneuver class w a s  undertaken i n  Subtask B.  The r e s u l t  w a s  s e l e c t i o n  

of a condi t ioner  which provided similar performance levels, b u t  r e d i s t r i b u t e d  t h e  

oxygen a d d i t i o n  w i t h i n  t h e  assembly t o  main ta in  2000'R t u r b i n e  temperature ,  y e t  

provided t h e  same o v e r a l l  energy release, 

d e t a i l  i n  t h e  Subtask B Report (Reference ( a ) ) .  

This  la ter  s tudy  i s  documented i n  

References:  

( a ) .  Gaines, R. D., Goldford,  A. I., Kaemming, T. A . ,  High P res su re  Auxi l ia ry  

Propuls ion  Subsystem D e f i n i t i o n  Study Subtask B P-eport: 

Report No .  MDC E0298, dated 1 2  February 1971. 

McDonnell Douglas 
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APPENDIX E 

COMPONENT AND SUBASSEMBLY MODELS 

E-1 INTRODUCTION 

Component and subassembly weight and performance models were requi red  t o  per- 

form v a l i d  t r a d e  s t u d i e s  and t o  allow a c c u r a t e  subsystem weight and performance 

comparisons. Models were developed f o r  t h e  APS t h r u s t  chamber, gas gene ra to r ,  hea t  

exchangers,  turbopumps and turbocompressors,  p rope l l an t  tankagG p r e s s u r i z a t i o n  sub- 

assemblies ,  f low c o n t r o l s ,  accumulators,  and supply l i n e s .  For each component, 

parametr ic  d a t a  were developed r e l a t i n g  weight and performance. 

t hen  descr ibed  i n  equat ion  form f o r  u se  i n  t h e  computer s i z i n g  program. 

a d d i t i o n ,  component ope ra t ing  c h a r a c t e r i s t i c s  such as response t i m e  and ope ra t ion  

l i m i t s  were def ined  as r equ i r ed ,  The fol lowing s e c t i o n s  desc r ibe  i n  d e t a i l  t h e  

component and assembly models used and t h e  r a t i o n a l e  f o r  t h e i r  development, 

These d a t a  were 

I n  

E-1 
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E-2.1 Thrus te r  Design - B P S  concepts  use  gaseous oxygen-hydrogen t h r u s t e r s  

t o  provide f o r  space s h u t t l e  v e h i c l e  c o n r r o l ,  For t h e  A P S  s t u d i e s ,  i t  w a s  

necessary  t o  provide a r a t h e r  d e t a i l e d  eva lua t ion  of t h r u s t e r  performance and des ign  

i n  o rde r  t o  determine APS weight.  

The b a s e l i n e  design s e l e c t e d  f o r  t h e  A P S  t h r u s t e r  w a s  based p r imar i ly  upon a 

previous development and test  demonstration program conducted by t h e  Aero je t  Liquid 

Rocket Company f o r  a 1500 l b  t h r u s t  u n i t  ope ra t ing  a t  300 l b f / i n a  chamber p re s su re .  

The b a s e l i n e  A P S  t h r u s t e r  is composed of an i n j e c t o r ,  f i l m  cooled t h r u s t  chamber, 

electrical spa rk  i g n i t e r  assembly, and i n t e g r a t e d  b i p r o p e l l a n t  poppet valve assembly. 

Each of t h e s e  component concepts  has  been s a t i s f a c t o r i l y  demonstrated. 

and E-2 show t h i s  t h r u s t e r  and nominal des ign  condi t ions .  

2 

Figures  E-1 

The b a s e l i n e  i n j e c t o r  assembly w a s  based on pro to type  demonstration t e s t i n g .  

This  t e s t i n g  demonstrated 98 percent  energy release e f f i c i e n c y  from t h e  i n j e c t o r  

i n  conjunct ion wi th  very  s h o r t  c h a r a c t e r i s t i c  l eng th  combustion chambers which 

reduce t h e  combustion chamber cool ing  requirement., The i n j e c t o r  w a s  f a b r i c a t e d  of 

300 series s t a i n l e s s  steel .  

Because of t h e  a v a i l a b i l i t y  of demonstrated da t a ,  a f i l m  cooled concept w a s  

chosen. The combustion chamber is  a monol i th ic  steel  s h e l l  f a b r i c a t e d  of a Haynes il 

a l l o y  us ing  external i n s u l a t i o n  t o  minimize r a d i a t i o n  h e a t i n g  t o  t h e  veh ic l e .  

i s  es t imated  t h a t  27 percent  of t h e  hydrogen w i l l  be  requi red  t o  main ta in  t h e  

chamber s u r f a c e  a t  t h e  r equ i r ed  temperature  f o r  high cyc le  l i f e .  

It 

The e lectr ical  spa rk  i g n i t e r  s e l e c t e d  w a s  demonstrated i n  a test  program. This  

i g n i t e r  u t i l i z e d  s e p a r a t e  c o n t r o l  valves t o  provide p o s i t i v e  p r o p e l l a n t  c o n t r o l  t o  

t h e  to rch  sequenced chamber. 

demonstrated l i f e  c a p a b i l i t y .  

This concept provides  very  f a s t  response and 

Prepro to type  i n j e c t o r s ,  coupled w i t h  a f a s t  response e lectr ical  spark  

i g n i t i o n  and quick a c t u a t i n g ,  workhorse b i p r o p e l l a n t  valves have demonstrated 

t r a n s i e n t  response c a p a b i l i t i e s  of 50 m s  t o  90 percent  of r a t e d  t h r u s t  f o r  a 

3000 l b  t h r u s t  engine,  Pu l se  mode t e s t i n g  has  demonstrated t h e  f e a s i b i l i t y  of 

producing a r epea tab le  minimum impulse b i t  of less than  100 lb-sec wi th  t h e  3K l b  

t h r u s t  i n  j e c t o r  
A minimum p r o p e l l a n t  p re s su re  drop f o r  t h e  t h r u s t e r  w a s  e s t a b l i s h e d  a t  20 per- 

cen t  of chamber p re s su re  f o r  system p res su re  schedule  de te rmina t ion ,  This l i m i t  i s  

E-2 
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THRUSTER LEVEL = LBF 

CHAMBER PRESSURE - PSIA 

EXPANSION RATIO - A c / A t  

MIXTURE RATIO 

SPECIFIC IMPULSE - L B  SEC 

INLET PRESSURE - PSIA  

PROPELLANT INLET TEMP - OR 
042 02) 

PERCENT FUEL F I L M  COOLANT 

WEIGHT - L B  

LENGTH MAX - I N  

DIAMETER MAX - I N  

1500 

300 

40 

4 

43 6 

375 

540 

27 

33 

28 

13 

based upon decoupling the combustion dynamics from the gaseous propellant feed 
pressure oscillations. These oscillations can be eliminated by selective feed 
system design or by increasing injector pressure drop. 

Pc provides sufficient margin for injector and valving. 

x: 

The value of 20 percent of 

E-2.2 Performance Analysis - Thruster performance on the high pressure engines 
was calculated over the range of conditions shown in the following table. 

te P Units Nominal Range 
Chamber Pressure lbf /in2a 300 20 - 800 
Thrust lb 1500 500 - 5000 
Mixture Ratio O/F 4 1 - 10 

Area Ratio Ae/At 40 10 - 120 

Oxygen Inlet Temperature O R  540 300 - 800 
Hydrogen Inlet Temperature OR 540 100 - 800 

In order to completely assess the impact of each of the variables on thruster 

performance, a rigorous performance analysis was conducted around the design point, 
Standard assessments of the magnitude of these losses were accomplished by using 
the ICWG Performance Standardization Working Group Performance Loss Evaluation 

E-4, 
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Technique. With t h i s  technique,  each of t h e  s p e c i f i c  impulse l o s s e s  which make 

up t h e  aggrega te  t o t a l  of performance i n e f f i c i e n c y  w a s  c a l c u l a t e d  over t h e  

v a r i a b l e  ranges ind ica t ed  i n  the  t a b l e ,  Figure E-3 presen t s  a summary of t y p i c a l  

ONE D I M E N S I O N A L  EQUILIBRIUM 
e = 40 
P, = 300 LsF/IN2 A 

F = 1500 LB F 
= 4.0 

I K I N E T I C  LOSS 
DIVERGENCE LOSS 

BOONDARY LAYER LOSS 

ENERGY F3LEASF; LOSS 
FILM COOLING LOSS 

P m I  CTED 

I S P - S E C  ,+-+ 474 e 4 

9.0 
14,2 

436 1 92% 

FIG -3 

l o s s e s .  These l o s s e s ,  sub t r ac t ed  from t h e o r e t i c a l ,  r e s u l t  i n  performance d e l i v e r y  

f o r  any ope ra t ing  p o i n t ,  The fol lowing paragraphs d i scuss  performance l o s s e s ,  

E-2.3 Reaction Kine t i c s  - Varia t ions  from s h i f t i n g  equi l ibr ium performance 

are p a r t i a l l y  a r e s u l t  of r e a c t i o n  k i n e t i c s ,  

ach ieve  balanced performance i s  d i r e c t l y  dependent on i t s  opera t ing  p r e s s u r e ,  

temperature ,  expansion p res su re  r a t i o ,  and s t a y  t i m e  w i t h i n  t h e  t h r u s t e r ,  A s  

chamber p re s su re  decreases ,  molecular mean f r e e  pa th  i n c r e a s e s ,  r e s u l t i n g  i n  a 

lower rate of i n t e rmolecu la r  a c t i v i t y .  This  lower rate r e s u l t s  i n  a recombination 

l a g  during t h e  expansion process ,  

p re s su re  r a t i o s ,  causing decreased molecular  a c t i v i t y  i n  t h e  nozz le .  This e f f e c t  

is  less seve re  s i n c e  chemical composition does no t  change s i g n i f i c a n t l y  a t  h ighe r  

area r a t i o s .  

t h e  chamber-nozzle conf ines  and inc reases  recombination, 

The a b i l i t y  of t h e  t h r u s t e r  t o  

Inc reases  i n  area r a t i o  produce g r e a t e r  expansion 

Conversely,  increased  t h r u s t  l e v e l  produces a longer  s t a y  t ime w i t h i n  

E -5 
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The most s i g n i f i c a n t  v a r i a b l e  i n  ana lyz ing  k i n e t i c s  loss i s  t h e  combustion 

temperature.  A s  temperature  inc reases  and t h e  mixture  approaches s to i ch iomet r i c ,  

a l a r g e  percentage of t h e  combustion products  are i n  a d i s s o c i a t e d  s ta te .  

products  r e q u i r e  a molecular  recombination dur ing  t h e  expansion process  f o r  complete 

thermal  energy release; consequent ly ,  p o t e n t i a l  k i n e t i c  l o s s  is  g r e a t e s t  a t  h ighes t  

combustion temperature ,  which usua l ly  occurs  n e a r  s to i ch iomet r i c .  

Dissoc ia ted  

E-2.4 Cooling Requirements - Thrus te r  cool ing  requirements were ex t r apo la t ed  

from design p o i n t  c a l c u l a t i o n s  us ing  s u i t a b l e  in f luence  c h a r a c t e r i s t i c s .  Each 

c a l c u l a t e d  coolan t  f low i s  s u f f i c i e n t  t o  ensure  t h e  i n t e g r i t y  of a film-cooled 

chamber. Cooling requixement i s  ad jus ted  f o r  p a r t i c u l a r  changes i n  t h r u s t  and 

chamber p re s su re .  Th i s ,  i n  t u r n ,  r e a d j u s t s  t h e  coolan t  h e a t  f l u x  wi th  r e spec t  

t o  t o t a l  flow and s u r f a c e  area change. F i n a l  coolan t  f low adjustment w a s  made 

f o r  i n l e t  p r o p e l l a n t  temperature  changes where a cons t an t  coolant  bu lk  temperature 

w a s  maintained,  r e q u i r i n g  increased  coolan t  flows f o r  h ighe r  i n l e t  temperatures .  

S p e c i f i c  impulse l o s s e s  r e s u l t i n g  from FFC were eva lua ted  by mass weight ing 

coolan t  and co re  stream tubes  performance con t r ibu t ion  and by t r a n s f e r r i n g  core  

en tha lpy  t o  t h e  coolan t  ( cons i s t en t  wi th  coolan t  bu lk  temperature a t  t h e  t h r o a t . )  

E-2.5 Boundary Layer Heat Transfer  - This  a n a l y s i s  c a l c u l a t e s  degrada t ion  

of performance due t o  shea r  d rag  and hea t  l o s s  a t  t h r u s t  chamber boundary. 

decreases  as ope ra t ing  t h r u s t  and chamber p re s su re  increase. 

only a secondary e f f e c t  on t h e  magnitude of t h i s  l o s s  and w a s ,  t h e r e f o r e ,  no t  included.  

Loss 

Mixture r a t i o  had 
/a 

E-2 ~ 6 Wonaxial Exhaust Velocities. - Two n s i o n a l  expansion of t h e  com- 

bus t ion  gases  i n  t h e  nozz le  r e s u l t s  i n  a nonaxia l  e x i t  v e l o c i t y  p r o f i l e .  This 

p r o f i l e  produces a t h r u s t  decrement which decreases  wi th  area r a t i o .  

E-2.7 Performance Resu l t s  - Design and ope ra t ing  v a r i a b l e s  included i n  

performance a n a l y s i s  were t h r u s t ,  chamber p re s su re ,  area r a t i o ,  mixture  r a t i o ,  

and oxygen and hydrogen p r o p e l l a n t  i n l e t  temperatures .  

a f f e c t  t h r u s t e r  s p e c i f i c  impulse performance. 

A l l  t h e s e  design cond i t ions  

Thrus te r  performance as a func t ion  of t h r u s t  level shows inc reas ing  vacuum 

s p e c i f i c  impulse wi th  i n c r e a s i n g  t h r u s t .  Three f a c t o r s  cause t h i s  t r e n d ,  r educ t ions  

i n  k i n e t i c ,  boundary l a y e r ,  and f i l m  cool ing lo s ses .  The las t  r e s u l t s  from a dec rease  

i n  f i l m  cool ing  requirements due t o  a smaller mixture  r a t i o  m a l d i s t r i b u t i o n ,  a l lowing 

t h e  i n j e c t o r  c o r e  t o  ope ra t e  c l o s e r  t o  t h e  engine mixture  r a t i o ,  

Performance i n c r e a s e s  w i t h  area r a t i o  are a t t r i b u t a b l e  t o  inc rease  i n  e x i t  

v e l o c i t y ,  r e s u l t i n g  from coresponding l a r g e r  p re s su re  r a t i o  ( a r e a  r a t i o ) ,  Inc reases  

E -6 
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i n  boundary l a y e r  and k i n e t i c  l o s s e s  tend t o  restrict t h e  performance inc rease  t o  

s m a l l  va lue  when area r a t i o  inc reases  over  120. 

The s t r o n g e s t  i n f luence  on performance i s  t h e  des ign  po in t  mixture  r a t i o .  

Performance i n c r e a s e s  on t h e  fue l - r i ch  s i d e  of t h e  des ign  p o i n t  r e f l e c t  reduct ions  

i n  k i n e t i c  and f i l m  cool ing  mixture  r a t i o  m a l d i s t r i b u t i o n  l o s s e s .  

t h e  o x i d i z e r  r i c h  s i d e  shows the  oppos i te  a f f e c t ,  w i th  corresponding decreases  

Bn performance 

Operating on 

Only s l i g h t  v a r i a t i o n s  i n  performance are noted wi th  design p o i n t  chamber 

p re s su re  f o r  engines  ope ra t ing  a t  t h e  same area r a t i o ,  mixture r a t i o ,  and t h r u s t .  

Only very  s l i g h t  i nc reases  i n  t h e o r e t i c a l  performance are noted w i t h  l a r g e  chamber 

p re s su re  inc reases .  This  condi t ion  i s  caused by two f a c t o r s .  Performance l o s s e s  

due t o  k i n e t i c s  and boundary l a y e r  h e a t  t r a n s f e r  are d i r e c t l y  reduced (with inc reas ing  

chamber p r e s s u r e ) ,  wh i l e  f i l m  cool ing  requirements and corresponding mixture  r a t i o  

m a l d i s t r i b u t i o n  l o s s  i nc reases .  The two compensate f o r  each o the r .  

Inc reases  i n  p r o p e l l a n t  i n l e t  temperature  i n c r e a s e  t h e  combustion product 

enthalpy level f o r  expansion i n  t h e  nozz le .  

hydrogen temperature  because of i t s  high s p e c i f i c  hea t .  

s l i g h t l y  a f f e c t e d  by changes i n  o t h e r  des ign  v a r i a b l e s .  

The most i n f l u e n t i a l  e f f e c t  is  
This t rend  i s  only 

Figure E-4 p re sen t s  TCA s p e c i f i c  impulse performance f o r  varying t h r u s t  l e v e l s  

and nozz le  expansion r a t i o s  a t  a f ixed  mixture  r a t i o  and p rope l l an t  i n l e t  temper- 

a t u r e .  The e f f e c t  of mixture  r a t i o ,  and hydrogen i n l e t  temperature ,  i s  presented  

i n  Figures  E-5 and E-6, r e spec t ive ly .  

The in f luence  of t h e  des ign  condi t ions  upon requi red  percentage of f u e l  f i l m  

coolant  is  presented  i n  F igures  E-7, E-8, and E-9. These i l l u s t r a t i o n s  show t h e  per- 

centage of f i l m  coolan t  requi red  t o  e s t a b l i s h  d e s i r e d  chamber w a l l  condi t ions  as 

a func t ion  of design t h r u s t ,  mixture  r a t i o ,  chamber p re s su res ,  and hydrogen propel-  

l a n t  i n l e t  temperature.  

E-2.8 Design Phys ica l  C h a r a c t e r i s t i c  Data - The s e n s i t i v i t y  of engine 

weight ,  l eng th ,  and diameter  t o  d i f f e r e n t  design po in t  condi t ions  w a s  determined 

i n  Subtask A .  The phys ica l  c h a r a c t e r i s t i c s  were i d e n t i f i e d  through c a l c u l a t i o n  

of phys i ca l  geometry f o r  nominal and f o r  r e p r e s e n t a t i v e  extreme des ign  p o i n t  

engines ,  and through subsequent c a l c u l a t i o n  of material weights .  

An optimum nozz le  conf igu ra t ion  w a s  used f o r  t h e  engine,  and weights  

c a l c u l a t e d  used s e l e c t e d  material d e n s i t y  and chamber w a l l  t h i ckness  f o r  t h e  

combination of p re s su re ,  t h r u s t ,  and area r a t i o  be ing  eva lua ted .  Externa l  

i n s u l a t i o n  weight w a s  added t o  chamber m e t a l  weight.  

E -7 
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I n j e c t o r  phys i ca l  s i z e  w a s  c a l c u l a t e d  based upon t h e  design p o i n t  f low rate9 

t h r u s t ,  and chamber p re s su re .  

d e n s i t y  as t h e  demonstrated A P S  engine i n j e c t o r s .  

The weight w a s  then  c a l c u l a t e d  us ing  t h e  same 

Bipropel lan t  valve phys ica l  s i z e  and weight were der ived  from paramet r ic  

curves  of engine c o n t r o l s  which consider  des ign  flow rate and p r e s s u r e  level. 

pneumatic a c t u a t i o n  system w a s  considered f o r  t h e  engine b i p r o p e l l a n t  valve. 

I g n i t e r  assembly weight w a s  der ived  from e x t r a p o l a t i o n  of t h e  prototype* 

A 

e lec t r ica l  igniter to rch  assembly. 

of engine t h r u s t .  

These weights  were ex t r apo la t ed  as a func t ion  

Electrical sequencer,  cab le ,  and plug are included i n  t h e  weights .  

Epgine weights  and l eng ths  are presented  as a func t ion  of t h r u s t  and chamber 

p re s su re  i n  F igures  E-10 and E - l l e  

chamber p re s su re ,  t h r u s t ,  and area r a t i o  i n  F igure  E-12. 

E x i t  d iameter  i s  presented  as a func t ion  of 

CHAMBER PRESSURE 

1 c. 

? 

f 

4 

1 

E-1.4' 

P 
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The APS concepts r e q u i r e  t h e  use of gas genera tors  t o  supply t h e  energy f o r  

turbomachinery ope ra t ion ,  p r o p e l l a n t  condi t ion ing ,  and s u p e r c r i t i c a l  t ank  pressur-  

i z a t i o n .  

The gas genera tor  assembly c o n s i s t s  of a c y l i n d r i c a l  combustion chamber, 

b i p r o p e l l a n t  i n j e c t o r ,  e lectr ical  spark  i g n i t i o n ,  and b i p r o p e l l a n t  poppet 

c o n t r o l  valves (as shown in Figure  E-13). 
e l e c t r i c a l l y  o r  e lectro-pneumatical ly ,  depending on power requirements.  The 

chamber uses  a gas  turbulence  r i n g ,  l oca t ed  approximately on h a l f  t o  t h ree -  

q u a r t e r s  of t h e  chamber l eng th  from the i n j e c t o r  f a c e ,  t o  promote uniform mixing 

of combustion gases  and a s s u r e  an even d i s t r i b u t i o n  of gas temperature.  

and conf igu ra t ion ,  i n j e c t o r  design i s  similar t o  t h a t  of t h e  APS t h r u s t e r s .  

The valves w i l l  be  ac tua t ed  e i t h e r  

I n  materials 

Gas gene ra to r  weight and s i z e  w a s  based upon a L/D of approximately 2.5 f o r  

chamber design,  and chamber diameter w a s  s i z e d  t o  ob ta in  a combustion gas Mach 

number of 0.2.  

t i m e s  t h e  diameter  and i t s  weight w a s  based on an i d e a l i z e d  design assuming 

t h r e e  c i r c u l a r  s tacked  p l a t e s  w i th  s i d e  c l o s u r e ,  i n j e c t o r  e lements ,  and allowance 

f o r  i g n i t e r  and va lve  mounting pads. Valve weight w a s  c a l c u l a t e d  from previous ly  

e s t a b l i s h e d  weight ve r sus  l i n e  s i z e  curves .  

on 0 . 3  Mach number f o r  both hydrogen and oxygen. 

approximately 20 percent  of chamber p re s su re  w a s  used.  

Chamber material w a s  A286. I n j e c t o r  h e i g h t  w a s  approximately 0 . 3  

Line s i z e s  were e s t a b l i s h e d  based 

An i n j e c t o r  p re s su re  drop of 

Gas genera tor  performance was  based upon one dimensional s h i f t i n g  equ i l ib r ium 

performance f o r  v a r i a t i o n s  i n  chamber p re s su re  and i n l e t  p rope l l an t  cond i t ions .  

Combustion temperature  performance is presented  i n  F igure  E-14 f o r  a range of mixture  

r a t i o s  and hydrogen i n l e t  temperatures .  

i n  20-40 m s .  

gas genera tor  response of less than 50 m s  t o  90 percent  of PcGGe 

G a s  genera tor  weight is  dependent on chamber p re s su re  because of diameter  

Gas genera tor  i g n i t i o n  response w i l l  occur 

Pe rmi t t i ng  valve response t i m e s  of 5-15 m s  w i l l  g ive  an o v e r a l l  

i nc rease  r equ i r ed  a t  lower p re s su res  t o  main ta in  Mach number cons t ah t .  

p re sen t s  gas genera tor  weight f o r  va r ious  f low rates and chamber p re s su res .  

F igure  E-15 

E-17 

e T 



SUBTASK A 
REPORT MDC E0297 
12 FEBRUARY 1971 

G 

... 

-13 

. . . . . .  . . . . .  
..... 

. . . . . . . .  . . . . .  . . . . .  - . . . . .  ... - . . . . .  

. . . . . . . . . .  . .  . . .  . .  . .  . . . . . . . . . .  - ~. . ._ _-___ .. 



SUBTASK A 12 FEBRUARY 7971 

- 9  5 

E-19 



HIGH PRESSURE APS 
SUBTASK A 

E-4. HEAT EXCHANGER 

REPQRT MBC E0297 

E-4.1 Selection - BPS concepts require cryogenic liquid or supercritically 
stored propellants to be heated and vaporized by the propellant conditioning sub- 

assembly. The subassembly uses a heat exchanger to perform this function. 
The basic heat exchanger design concept selected for both hydrogen and oxygen 

conditioning is a concentric, helical tube and shell design (Figure E-16).  A two 

phase oxidizer (N 0 ) heat exchanger configuration similar to the selected concept 
has been used successfully in the autogenous pressurization assembly for the first 

stage Titan 11, and in both the first and second stage Gemini and Titan I11 pro- 
pulsion subsystems. 

2 4  

The baseline configuration uses hot combustion gases from a hydrogen/oxygen 
gas generator t o  heat the propellants. A center manifolding arrangement, located 
in the cold-side tube bundle (between the inlet and outlet manifolds), permits 
collection and redistribution of vaporized propellant from small to larger tubes. 

Such a feature is desirable due to the large density reduction which occurs, 
particularly with oxygen, when propellant is heated and vaporized at lower oper- 
ating pressures, 
distribution port, which can be used for precise temperature control balancing of 
the propellant (cold) side. 

The center manifold also provides a convenient bypass flow 

The coiled tubes of the APS heat exchanger are supported by longitudinal 
plate baffles, attached to each manifold and holding the center diffuser in 

position, Propellant is distributed to, and collected from, the tubes by multiple 
radial manifolds. Each group of manifolds (inlet, middle, and outlet) is symmetri- 

cally mounted spoke-like in a plane normal to the hot gas flow. 
The multimanifold configuration with single tube rows permits each row to be 

exposed to identical hot gas environments and makes each tube more accessible f o r  

brazing during fabrication, a distinct improvement over stacked rows in each 

manifold. 
special manifold position, permitting the use of minimum coil lengths. 

Because of the multimanifold concept, each tube row need not end at a 
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From the standpoint of cycle life and weight, the baseline design concept 
required a counter-flow unit, because this type results in lower weight and lower 

differential tube wall temperatures than the parallel flow type. The thermal cycle 
life capability of heat exchangers can be significantly reduced by excessively high 
operating differential temperatures across the tube wall. 
minimum weight, better heat transfer, and longer thermal cycle life capability. 
Tubes of AS347 were selected because of its strength, desirable fabrication charac- 
teristics, and reasonable heat transfer capability. It is commercially available, 
has reasonably good cycle life characteristics, and is compatible with the A P S  

propellants and combustion gases. 

Thin tube walls provide 

Control of propellant flow rate through the heat exchanger must occur at the 
This has been effected inlet side in order to achieve stable flow and pressures. 

in the Titan systems by use of a cavitating venturi at the superheater inlet. 

E.4-2 Design Analysis - Parametric curves of weight, length, and diameter 
were generated for heat exchangers operating within the ranges depicted in the 
f ol lowing tab le e 

Hydrogen Oxygen 
Nominal Nominal 

Min Max Design Point Min Max Design Point .7a 

1bf /in2A 500 4000 2050 500 4000 2050 'inc 
(OR) 40 40 40 160 160 160 Tint 

200 500 200 300 600 300 Tout 
Wc (lb/sec) 0.5 20 6.36 1 40 22 

20 800 300 20 800 300 2 Pi% lbf/in A ot 
Tin hot (OR) 1600 2500 2000 1600 2500 2000 

Tout hot (OR) 700 1000 900 700 1000 900 

Details were established for actual heat exchanger design configurations for each 

set of nominal and design criteria to be analyzed. 
tube size, number of tubes, number of manifolds, wall thickness, shell thickness, 

core diameter, and tube spacing. Generally, the smallest tube sizes were selected 

Detailed design choices included 

E-22, 
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that were consistent with limiting criteria for flow velocity and number of tubes. 
Liquid inlet velocity was maintained at approximately 30 ft per second or less, 
and outlet velocity was maintained at approximately Mach 0.2 or less, 
of tubes was held below 100 as a practical limit. 
was strictly arbitrary, based upon engineering judgment for reasonable packaging. 
Tube spacing was consistently maintained at 0.150 in, and coil pitch was selected 

on the basis of that spacing, the number of manifolds (tube rows), plus an allow- 
ance for the manifolds. 

determined tube bundle length. 
geometry, fluid flows, and component weights. Equations for various film 
coefficients, two phase flow conditions, etc., were selected on the basis of 

engineering judgment for applicability and validity of correlations within specific 
operating regimes. 
ice or liquid water forms on the hot size tube walls. 

examination of this problem at the time. 

The number 

The number of manifolds selected 

Using the previously reviewed data, a thermal analysis 

A digital computer program was written to calculate 

In developing the mathematical model, it was assumed that no 
Time precluded a thorough 

E-4.3 Physical Characteristics - Once the heat exchanger tube length had been 
determined, it was possible to define overall heat exchanger envelope and calculate 

weight. 

manifolds, baffles and core, and shell (including allowances for connection flanges, 
fittings, etc,, based upon size and pressures). 

data were generated as functions of propellant flow rate, inlet pressure, outlet 
temperature, and hot side outlet temperature. This analysis showed that changes 
in design conditions for propellant pressure drop, hot side inlet temperature, and 
hot side pressure do not cause significant variations for heat exchanger size and 
weight, Propellant pressure drop shows little influence because density change 
with pressure is small at the pressur considered. Heat transfer in both heat 
exchangers is controlled by the hot side. The design minimum tube spacing used 

allows an area flow sufficient for almost-all hot side conditions. 
geometry used for different hot side temperature and pressure levels remained the 

same. A change in pressure causes change in density in one direction, but an 
opposite change in velocity, resulting in constant film coefficient. Raising 

inlet temperature increases driving temperature, but lowers flow rate, thus reducing 
film coefficient, 
Pet temperature not only lowers driving temperature, but also lowers flow rate, 

Therefore, outlet temperature strongly influences heat exchanger size and weight, 

Detailed weight calculations were broken down to include tube bundle, 

Heat exchanger size and weight 

Thus, the 

The net result is a constant heat transfer rate, Lowering out- 
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Figures E-17 and E-18 present LO2 and L 

Figures E-19 and E-20 show length and diameter. 
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Liquid hydrogen and oxygen centrifugal turbopump assemblies are required to 
move propellants from low pressure cryogenic storage tanks into high pressure sub- 
assemblfes, 

conditioning subassembly into accumulators or to resupply supercritical propellant 
storage tanks. Pumps are driven by a direct coupled axial flow turbine, which is 
driven in turn, by hot gas from a gas generator. 

are shown in Figures E-21 and E-22. 

Turbopump assemblies are used either to pump propellant through the 

Typical LH2 and LO2 turbopumps 

This study emphasized achieving minimum component weight. Preliminary studies 
suggest that pump and turbine efficiency values have little influence on A P S  

propellant feed system performance. 
permitted selection of design concepts well within the state-of-the-art, and 
conservatively rated with respect to stress of hot rotating components. 

Deemphasis of pump and turbine efficiency 

2 Typical 750 lbf/in turbopumps utilize single stage pumps and turbines. 
Propellant lubricated bearings support the rotating components. 
utilizes LO2 to lubricate pump end bearing and gaseous hydrogen (from the propellant 
feed system accumulator) to cool turbine and bearing. GH flows through the bearing 2 
into the turbine housing downstream of the turbine nozzle. 

uses hydrostatic shaft seals to limit GH2 and LO2 flows to GH2 and GO 
additional vent is provided between GH2 and GO2 vents. 
central vent eliminates the possibility of combustion in the seal cavity. 
example of a typical 2000 lbf/in 
turbine is shown in Figure E-23. 

The LO2 turbopump 

An interpropellant seal 
vents. An 2 4 

The low pressure of this 
An 

2 hydrogen turbopump with two stage pump and 

Parametric analysis of the LH2 and LO2 turbopumps was performed with Aerojet 

Liquid Rocket Company's "Turbopumps Propellant Feed System Parameter Analysis 
Program" to define effects of net positive suction pressure (NPSP), weight flow, 

and pressure rise on turbopump weight, performance, response time, and envelope. 
Assumptions and limiting criteria used in this analysis are given in Figure E-24 
and represent state-of-the-art design levels. 
evaluated for pump pressu es over 1500 lbf/in 
start times, and turbine flow requirements, 

conservative suction specific speed value of 20,000. 
suppression head (TSH) on pump cavitation performance is not included in the 

analysis. Use of TSH permits a reduction in inlet pressure to the LH2 pump, 

Multistage pumps and turbines were 
2 to achieve reduction in pump weight, 
Pump speeds were based on a relatively 

The effect of thermodynamic 

Since 

E -28 
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t h e  pump may be  r equ i r ed  t o  ope ra t e  over a wide flow range ,  however, t h e  TSH e f f e c t  

w a s  u t i l i z e d  as a des ign  s a f e t y  f a c t o r ,  

a t  1000 ft/sec on t h e  LH2 TPA t o  achieve  low t u r b i n e  stress and a t  650 f t / s e c  on 

t h e  LO2 TPA t o  achieve  start response t i m e s  of t h e  same orde r  as those  of t h e  LM2 

TPA, A t u r b i n e  i n l e t  temperature  of 2000"R was s e l e c t e d  and r e p r e s e n t s  t h e  b e s t  

The t u r b i n e  mean b lade  speeds w e r e  s e l e c t e d  

imum gas  temperature  t h a t  can be used wi th  an uncooled t u r b i n e ,  

Turbopump a n a l y s i s  c o n s i s t e d  of computing pump and t u r b i n e  e f f i c i e n c i e s  and e f f e c t -  

i n g  a power ba lance  between pump and t u r b i n e ,  S i ze ,  weight ,  po la r  moment of i n e r t i a ,  

E-29 
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and start  t i m e s  are computed i n  t u r n .  

t u r b i n e  i n l e t  p r e s s u r e  s t epp ing  t o  des ign  i n l e t  p r e s s u r e  a t  f i r e  switch.  

a n a l y s i s  r e s u l t s  are summarized below, 

Computed start t i m e  va lues  w e r e  based on 

The 

Turbopump Weight and Envelope - Turbopump weight is shown i n  F igures  E-25 and 

Equations used t o  model weight E-26 f o r  t h e  LH2 and LO2 turbopumps, r e s p e c t i v e l y ,  

are given i n  F igures  E-27 and E-28. 

weight flow, p r e s s u r e  r ise,  and MPSP. A hydrogen NERVA turbopump weighs 335 l b  and 

pumps 75 l b / s e c  t o  1000 l b f / i n  

weight va lue  is  g r e a t e r  than  t h a t  p ro j ec t ed .  

d i f f e r e n c e  i n  t u r b i n e  s t a g e  number. 

whereas t h e  s tudy  conf igu ra t ion  i s  based on a s i n g l e  s t a g e  t u r b i n e  f o r  t h e  1000 

l b f / i n  p r e s s u r e  range. 

A s  shown, independent v a r i a b l e s  are pump 

2 a t  NPSP of 4 .  A s  shown i n  Figure E-25, a c t u a l  NERVA 

This weight d i f f e r e n c e  i s  due t o  t h e  

The NERVA "PA u t i l i z e s  a two-stage t u r b i n e ,  

2 

- Examples of pump e f f i e n c i e s  ( a s  a f u n c t i o n  of 

p r e s s u r e  rise, flow and NPSP) are presented  i n  F igure  E-29. Increas ing  pump 

NPSP y i e l d s  s i g n i f i c a n t  i n c r e a s e  i n  pump e f f i c i e n c y  through h ighe r  des ign  s h a f t  

speeds and inc reased  s p e c i f i c  speeds. 

increased  p r e s s u r e  rise. 

I n  a d d i t i o n ,  e f f i c i e n c y  is  decreased wi th  

Turbine e f f i c i e n c i e s ,  shown i n  F igure  E-30, i n c r e a s e  wi th  inc reas ing  

pump p r e s s u r e  rise. 

turbopumps wi th  h igher  p re s su re  rise ope ra t ion .  

maintained a t  4 : l  f o r  a l l  cases. 

r a t i o s  above o r  below 4.8:1, has a minimal impact on turbopump weight. 

Turbine e f f i c i e n c y ,  however, does i n c r e a s e  wi th  reduced p res su re  r a t i o s .  

This  i nc reased  e f f i c i e n c y  i s  achieved by t u r b i n e  s t a g i n g  f o r  

The t u r b i n e  p r e s s u r e  r a t i o  i s  

The e f f e c t  of ope ra t ing  t h e  t u r b i n e  a t  p re s su re  

Start  Response T i m e s  - Turbopump s tar t  response t i m e s  are shown i n  F igure  E-31. 
Star t  times are seen t o  be dependent on f lows and pump NPSP va lues .  

r e l a t i v e l y  i n s e n s i t i v e  t o  pump p res su re  rise except  i n  t h e  case of t h e  LO 

pump under low NPSP cond i t ions ,  

These are 

2 
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EQUATION 

- T P A  = [e85578253 + 17.557147 (WF) + 5.623065 (WF)* 
2.18 1.108 

-a e12876270 (WF)3] 

V A L I D  RANGE: 

SAMPLE CASE: 

WF = 0.5 T O  IO L B S j S E C  

N P S P F  = 2 T O  8 P S I  

PF = 1000 TO 4000 P S I  

WF = 1.0, N P S P F  = 4, 

WEIGHT = 23.907 L B S .  

P F  = 2500 

EQUATION 

WT - T P A  = [1.+1766937 + 2.0551820 (W,) + ,1261244 (W0)’ 
e 00054883008 ( W o ) 3  ] 2.18 1.108 

V A L I D  RANGE: 

SAMPLE: 

= 4 T O  60 LBS/SEC 

NPSPO = 5 TO 20 PSI 

= 1000 T O  4000 PSI 

= 10, NPSP = 10, P = 2500 Wo 
WEIGHT = 33.792 L B S .  
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Hydrogen and oxygen turbocompressors are required to receive vaporized pro- 
pellant from vehicle main boost tank, and by means of a staged centrifugal com- 

pressorB supply the propellant at the pressure required for operation. 
compressor is driven by a direct coupled multistage axial flow turbine which is 

driven with hot gas produced by a gas generator. 
utilized to achieve a broad operating range. 

concern when compressing a vapor, emphasis was placed on selecting turbocompressor 

components which operate at specific speeds resulting in highest achievable 
efficiency. 
resulted when the design delivered the specific usable flow at maximum efficiency. 

The 

Centrifugal compressors were 
Since energy management is of primary 

For GH this study showed that a minimum weight turbocompressor 2 

Parametric analyses of hydrogen and oxygen vapor turbocompressors were per- 
formed with Aerojet Liquid Rocket Company's "Turbocompressor Propellant Feed System 
Parametric Analysis Program" computer program. 

temperature and pressure, weight flow, and pressure ratio on turbocompressor 
weight, performance, response time, and envelope. 

It defined the effects of inlet 

Assumptions and 'limiting criteria used in this analysis are presented in 

Figure E-32. 
550 ft/sec maximum, and an inlet relative Mach number of 0.9. Impeller geometry 

and sizing were based on optimum specific diameters for selected specific speed. 
The number of compressor stages is based on an equal work split between 
stages. 
GO turbocompressors. 

Compressor shaft speeds were computed for an inlet blade tip speed of 

A turbine mean blade speed of 1000 ft/sec was selected for the GH2 and 

2 
Compressor and turbine efficiency values were defined from specified design 

specific speed, These values were used throughout this analysis. Since minimizing 
turbine drive gas flow rate was of primary concern, the turbine program for the 

turbocompressor computed the maximum allowable pressure ratio that the turbine can 

achieve while maintaining a specified design hub/tip diameter ratio of the last 
stage rotor. 
gas by expanding the gas to the maximum pressure ratio in an efficient turbine. 

Achievement of the high design ef f Pciency values required a relatively low energy 

extraction per stage resulting in multiple staging and affecting weight signif- 

icantly, Thus, the GO turbocompressor will weigh significantly more than a typi- 
cal turbocompressor from an aircraft jet engine. 

Maximum delivered specific power was obtained from the turbine drive 

2 
A jet engine has a high mass 
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flow, a low pressure ratio, and a two or three stage turbine, whereas the vapor 

turbocompressor turbine desires a low mass f low,  a high pressure ratio, and up to 
20 turbine stages. 

E-6.1 Turbocompressor Weight and Envelope - Weights of hydrogen and oxygen 
turbocompressors are shown in Figures E-33 and E-34, as a function of weight flow, 

pressure ratio, and inlet pressure. 
E-6,2 Compressor Efficiencies 

specific speed values are tabulated 

Compressor Specific 

- Component efficiencies and design 
below. 

- Go2 - GH2 

Speed 100 150 
Compressor Efficiency 
Turbine Specific Speed 
Turbine Efficiency 

84  85 

95 95 

90 90 
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APS concepts r equ i r e  tankage assemblies t o  s t o r e  cryogenic o r  s u p e r c r i t i c a l  

hydrogen and oxygen propel lan ts  u n t i l  required f o r  subsystem operation. Cryogenic 

propel lan t  tankage s t o r e s  t h e  propel lan ts  a t  low pressure  in  a subcooled l i q u i d  

state. 

higher pressure levels i n  a s u p e r c r i t i c a l  state. 

cons is t s  b a s i c a l l y  of a pressure ves se l ,  i n su la t ion  and thermal conditioning 

subassembly, propel lan t  posit ioning device, and assoc ia ted  vent valves and support 

hardware. The in su la t ion  and thermal conditioning subassembly is  used t o  maintain 

propel lan ts  i n  a subcooled state by cont ro l l ing  hea t  leakage t o  these  propel lan ts .  

The propel lan t  posit ioning device maintains propel lan t  a t  the  tank o u t l e t  f o r  

zero g conditions. The s u p e r c r i t i c a l  tankage assembly cons i s t s  of a pressure 

vessel, i n su la t ion  subassembly, and assoc ia ted  vent valves and support hardware. 

Since propel lan ts  are i n  a s u p e r c r i t i c a l  s ta te ,  no propel lan t  posit ioning device 

i s  required. 

upon tankage s i z e ,  materials, and s a f e t y  f a c t o r s  shown i n  t h e  Space Shu t t l e  

Vehicle Design and Requirements Document. 

Supe rc r i t i ca l  p rope l lan t  tankage s t o r e s  t h e  propel lan ts  a t  s i g n i f i c a n t l y  

The cryogenic tankage assembly 

Weight models w e r e  developed f o r  these  tankage assemblies, based 

E-7.1 Pressure Vessel and Associated Hardware - The propel lan t  pressure 

vessel is  a sphe r i ca l  tank of 2014-T6 aluminum with w a l l  thickness determined 

by i n t e r n a l  pressure. 

ing with a minimum thickness of 0.04 i n .  se t  by f a b r i c a t i o n  l i m i t s .  

Wall thickness w a s  determined by the  l a r g e s t  of t h e  follow- 

T = 0,04 i n  (Minimum w a l l )  0 

0 P T = - x Tank rad ius  f o r  P = 2.0 x operating tank pressure and D = 

64 KSI, t h e  u l t imate  stress; o r  f o r  P = 1 , 5  x operating tank pressure  

and D =  57 KSI, t h e  y i e ld  stress. 

2 0  

She l l  weight i s  determined from the  r e l a t i o n ,  weight = 1,1 A s p  

sur face  area of the  tank and p i s  the  w a l l  density.  The 1.1 f a c t o r ,  allows f o r  

nonoptimum weight increase ,  and is  based upon previously designed tankage, 

sur face  area i s  s ized  from tank volume. For s torage  of subcooled l i q u i d  pro- 

p e l l a n t s p  tank volume includes volumes of propel lan t ,  pregsurization sys t em,  which 

i s  s tored  i n  t h e  tank, and 3 percent u l l age ,  For s u p e r c r i t i c a l  tanks,  volume 

includes only propel lan t  volumes, 

where As is  t h e  

Wall 

The propel lan t  tankage weights include s t r u c t u r a l  mount weights based upon 

10 l b / f t  d i a  f o r  O2 tanks and 0,l l b / f t  3 v o l  f o r  t he  H2 tanks. 

E-45 
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The subcooled l i q u i d  p rope l l an t  tanks conta in  a p r o p e l l a n t  pos i t i on ing  sub- 

assembly which main ta ins  l i q u i d  p rope l l an t  a t  the tank  o u t l e t ,  This pos i t i on ing  

subassembly is  modeled as a double l a y e r  s c reen  wi th  a s u r f a c e  area equal  t o  t h a t  

of t h e  p r o p e l l a n t  tank. A t y p i c a l  weight f o r  a double l a y e r  p o s i t i v e  expuls ion 

sc reen  i s  0-25 l b / f t  2 

E-7,2 I n s u l a t i o n  and Thermal Conditioning of the Prope l l an t  Tanks - Both 

subcooled l i q u i d  and s u p e r c r i t i c a l  s t o r e d  p r o p e l l a n t s  r e q u i r e  c o n t r o l  of p r o p e l l a n t  

ambient hea t ing .  P res su re  i n c r e a s e  due t o  s u p e r c r i t i c a l  p rope l l an t  ambient hea t ing  

i s  r e l i eved  by vent ing  p r o p e l l a n t ,  To l i m i t  t h e  amount of p r o p e l l a n t  vented ,  pro- 

p e l l a n t  tanks are covered w i t h  high performance i n s u l a t i o n .  Subcooled l i q u i d  

s t o r e d  p r o p e l l a n t s  must be  prevented from being hea ted  t o  s a t u r a t i o n  condi t ions  i n  

t h e  tank. This would r e q u i r e  t h e  pump t o  ope ra t e  wi th  mixed phase flow. 

ven t  th is ,  t h e  l i q u i d  p r o p e l l a n t  is maintained i n  a subcooled s ta te  by u s e  of 

thermal condi t ion ing  subassembly, 

which surrounds t h e  p r o p e l l a n t  tanks.  

t h e  tube  hea t  exchanger,  where i t  is  vaporized by absoiAing incoming heat f l u x .  

High performance i n s u l a t i o n  (HPI) is  used t o  lower the heat f lux .  I n s u l a t i o n  and 

p r o p e l l a n t  used by t h e  thermal  condi t ioner  were optimized s o  that the combined 

weight of i n s u l a t i o n  and of p r o p e l l a n t  b led  from the t ank  w a s  minimal. 

c o n s i s t s  of l a y e r s  of r a d i a t i o n  r e f l e c t i n g  aluminized mylar, s epa ra t ed  by l a y e r s  

of nonconductive n e t t i n g  ope ra t ing  i n  a vacuum. A p r o t e c t i v e  o u t e r  jacket i s  

r equ i r ed  t o  p r o t e c t  the HPT. a g a i n s t  mois ture ,  w h i c h  reduces i t s  r e f l e c t i v i t y ,  and 

a g a i n s t  c rush ing  loads ,  which would cause t h e  l a y e r s  t o  touch, producing h e a t  

s h o r t s .  A pres su r i zed  f i b e r g l a s s  o u t e r  j a c k e t  concept w a s  s e l e c t e d  from t h e  f o l -  

lowing fou r  concepts (shown i n  F igure  E-35):  

To pre- 

A tube h e a t  exchanger i s  brazed t o  a t h i n  f o i l  

P r o p e l l a n t ,  b led  from t h e  tank ,  f lows through 

The HPI 

(1) o u t e r  aluminum j a c k e t  (dewar) which i s  evacuated and sea led .  Although 

s imple ,  t h i s  method r e q u i r e s  a heavy o u t e r  s h e l l  t o  wi ths tand  t h e  

crushing p res su re  of t h e  atmosphere dur ing  a scen t  and descent ,  

(2)  l i g h t  f i b e r g l a s s  j a c k e t ,  p re s su r i zed  dur ing  a scen t  and descen t ,  and 

vented t o  vacuum on o r b i t ,  

p r o t e c t i o n  as t h e  dewar, b u t  w i t h  weight sav ings ,  

f l e x i b l e o  vented bag which is  purged during ascent  and descent ,  This  

i s  t h e  l i g h t e s t  concept ,  bu t  provides  only l i m i t e d  p r o t e c t i o n  f o r  the 

HPI 

evacuated and s e a l e d  f l e x i b l e  bag, This  s u b j e c t s  t h e  HPI t o  crushing 

p res su res  dur ing  a scen t  and descen t ,  and p r e s e n t s  a vacuum s e a l i n g  tech- 

This  concept provides  n e a r l y  t h e  same 

(3) 

( 4 )  

E -46 nology problem. 
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Weight comparison of p ro tec t ive  j acke t  concepts is  shown f o r  a l i q u i d  hydrogen 

Propel lant  tank weights include a hydrogen propel lan t  s torage  tank i n  Figure E-36, 

tank pressurized a t  30 l b f / i n  a. outer  p ro tec t ive  j acke t ,  and tank mounting asaem- 

b ly .  

thickness  of 0.04 in .  This thickness  i s  no t  s u f f i c i e n t  t o  support t h e  crushing 

atmospheric pressure,  therefore ,  this concept would be heavier  than shown. The 

f i b e r  g l a s s  j a c k e t  i s  a l s o  0.04 i n  thick.  

neg l ig ib l e  i n  weight. 

2 

The tank material 2014-T6 AL,, is used f o r  t h e  aluminum jacke t  a t  a wall 

The f l e x i b l e  outer  bag i s  assumed 

The f i b e r g l a s s  j acke t  concept w a s  s e l ec t ed  f o r  t h e  base l ine  design, because 

of pro tec t ion  f o r  t he  HPI (ensuring reuse) .  

0 

MIN. GAGE = // 

5,000 10,000 

PROPELLANT WEIGHT (H2) - LI3 

-36 
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APS propel lan t  s torage  concepts r equ i r e  t h a t  p ropel lan ts  be maintained a t  o r  

above a minimum pressure. 

t i o n  subassembly. Many alternate p res su r i za t ion  subassembly concepts, such as cold 
helium, autogenous, mechanical, e t c . ,  are poss ib le ,  The concept which r e s u l t s  i n  

optimum APS design depends on propel lan t  s torage  conditions. 

t i o n s  considered i n  Subtask A were subcooled l i q u i d  and s u p e r c r i t i c a l  f l u i d .  The 

following paragraphs d iscuss  t h e  design of required pressur iza t ion  subassemblies. 

This pressure i s  provided by a s torage  tank pressuriza- 

Two s torage  condi- 

E-8.1 Subcooled Liquid Propellant Pressur iza t ion  - APS propel lan t  f o r  t h e  

turbopump concept i s  s to red  as a subcooled l i qu id .  One of t he  turbocompressor 

approaches a l s o  uses a subcooled l i q u i d  storage.  Because propel lan t  must be kept i n  

t h e  l i q u i d  state f o r  proper turbopump operation, pressur iza t ion  of propel lan t  must 

be achieved by replacing t h e  volume of expelled l i q u i d  with a s o l i d ,  l i q u i d ,  o r  

vapor, r a t h e r  than by changing propel lan t  volume. Most p r a c t i c a l ,  state-of-the- 

a r t  p re s su r i za t ion  concepts use e i t h e r  a p i s ton ,  propel lan t  vapor (autogenous), o r  

i n e r t  gas as a pressurant.  The i n e r t  gas approach w a s  used i n  Subtask A with cold 

helium as pressurant.  This approach w a s  s e l ec t ed  because previous s tud ie s  of 

similar app l i ca t ions  showed l i g h t  weight, p r a c t i c a l i t y o  and achievabi l i ty .  

I n  using cold helium pressur iza t ion ,  i t  i s  assumed t h a t  t h e  helium pressurant  

i s  s tored  wi th in  each propel lan t  tank. Stored a t  cryogenic temperatures, pres- 

surant  subassemblies c o n s t i t u t e  minimum volume and weight r e l a t i v e  t o  ambient s t o r -  

age. I n  the  ana lys i s  of pressurant subassembly weight, i t  w a s  assumed t h a t :  

(1) 

(2) 
(3) p re s su r i za t ion  process is  isothermal 

( 4 )  
(5) 

pressurant i s  s to red  i n  an aluminum sphe r i ca l  tank 

pressurant i s  i n i t i a l l y  s to red  a t  3000 l b f / i n  a 2 

u l l age  volume of 3 percent i s  required 

vapor pressure of propel lan ts  contr2butes a por t ion  of p re s su r i za t ion  

Figure E-37 presents  p re s su r i za t ion  subassembly weights f o r  t he  0 

tanks as a func t ion  of propel lan t  weight and tank pressure,  

and H propel lan t  2 2 

E-8.2 Supe rc r i t i ca l  Propel lan t  Pressur iza t ion  - Two concepts s tud ied  i n  Sub- 

t a sk  A s tored  APS propel lan t  i n  the  s u p e r c r i t i c a l  state, 

s u p e r c r i t i c a l  concept and one approach t o  t h e  turbocompressor concept, 

p rope l lan ts  are maintained a t  a s u f f i c i e n t l y  high pressure  level t o  remain super- 

c r i t i ca l  and t o  provide t h e  pressure  head required to provide flow through t h e  

These concepts were t h e  

I n  both 
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subsystem, 

t h a t  required pressure  is  maintained. To achieve t h i s ,  s u p e r c r i t i c a l  p rope l lan ts  

are heated by t h e  gas generator and heat exchanger. 

As propel lan t  leaves t h e  tank, s p e c i f i c  volume must be increased so  

Five hea t  exchanger concepts were considered, These are shown i n  Figure E-38. 
Concept 1 i s  an in-tank hea t  exchanger, using a c i r c u l a t i o n  device t o  produce 

convective hea t  t r a n s f e r  on t h e  cold s ide .  

Concepts 2 and 3 are counter-flow tube-in-shell hea t  exchangers ex te rna l  t o  

t h e  tank. 

The d i f f e rence  between concepts 2 and 3 i s  t h a t  t h e  pump i s  located a t  t h e  hea t  

exchanger o u t l e t  i n  concept 2,  and a t  t h e  i n l e t  i n  concept 3. Thus, concept 2 

pump operates on a higher,  bu t  more v a r i a b l e ,  dens i ty  f l u i d .  

Cold s i d e  f l u i d  is  c i r cu la t ed  through t h e  s h e l l  by means of a pump. 

Concept 4 uses an intermediate helium loop t o  t r a n s f e r  hea t  from hot gas 

generator products t o  tank f l u i d .  

previous concepts, i n  t h a t  a leak  i n  the  hea t  exchanger on the  O2 s i d e  w i l l  not 

expose t h e  hydrogen-rich gas generator products t o  t h e  0 

This concept provides a s a f e t y  advantage over 

2" 
Concept 5 uses an  ex te rna l  tube-in-shell hea t  exchanger t o  t r a n s f e r  hea t  from 

gas generator products t o  cold s i d e  f l u i d .  This, i n  t u rn ,  t r a n s f e r s  required hea t  

t o  tank f l u i d  and continues t o  the  accumulator a t  a s l i g h t l y  elevated temperature, 

A comparison of minimum weights f o r  each concept showed t h a t  concept 3 i s  t h e  
Relative weights of o the r  concepts are shown i n  Figure E-38. l i g h t e s t  system. 

Figures E-39 through E-42 show concept weights from which the  minimum concept weights 

w e r e  se lec ted ,  
5 f e e t  was used f o r  those concepts which depend upon propel lan t  tank s i z e .  

For concept weight comparison, a representa t ive  tank diameter of 

Concept 2 i s  heavier than concept 3 because the  pump must opera te  on a lower 

dens i ty  f l u i d ,  r e s u l t i n g  i n  a heavier pump assembly (due t o  higher volumetric flow 

rate and power requirement). Concept 1 i s  heavier because of t he  l a r g e r  flow area 

through which t h e  pump must c i r c u l a t e  t h e  f l u i d s .  Thus, t o  keep pump power require- 

ments down, f l u i d  ve loc i ty  must be kept low. 

vective hea t  t r a n s f e r  c o e f f i c i e n t  and a heavy hea t  exchanger. 

compromise between a high mean temperature d i f f e r e n t i a l  a t  one hea t  exchanger and 

a low temperature d i f f e r e n t i a l  a t  t h e  o the r ,  r e s u l t i n g  i n  r e l a t i v e l y  l a r g e  hea t  

exchangers. 

which r equ i r e s  increased pump power and (thus) pump weight, 

i t s  r e l a t i v e l y  high design flow rate requirement, has a high temperature d i f f e r -  

e n t i a l  across  t h e  gas generator hea t  exchanger, bu t  very low temperature d i f f e r -  

e n t i a l  across  t h e  in-tank hea t  exchanger, 

This r e s u l t s  i n  a low cold s i d e  con- 

Concept 4 must 

Resulting l a r g e  wetted area produces a high f r i c t i o n a l  pressure  drop, 

Concept 5, because of 

Thus, although t h e  GG hea t  exchanger is 
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APS concept requi res  several types of con t ro l  components. This s ec t ion  pro- 

vides weight da t a  on t h e  more s i g n i f i c a n t  APS cont ro ls ,  i o e s g  shutoff valves and 

regula tors .  

estimates e 

Where poss ib le ,  ex i s t ing  u n i t s  served as a guideline f o r  weight 

E-9.1 Shutoff Valves - Fluid  shutoff valves considered include b a l l ,  bu t t e r -  

f l y ,  poppet, blade,  and diaphragm configurations.  Valve weights are based on 

weight da t a  compiled from previous valve designs. 

weight is  pr imar i ly  a func t ion  of flow area or  l i n e  s i z e  and t h a t  t h e  type of shut- 

off  element does not appear t o  be s i g n i f i c a n t .  

as a func t ion  of l i n e  diameter f o r  both steel  and aluminum valves. Actuation sys- 

t e m s  f o r  shutoff valves included i n  weight ana lys i s  were determined from estimated 

response requirements, weight cons t r a in t s ,  and envelope l imi t a t ions .  

These da ta  i n d i c a t e  t h a t  valve 

Figure E-43 presents  weight da ta  

E-9.2 Pressure Regulators - Factors t h a t  in f luence  high pressure regula tor  

design and f l u i d  p rope r t i e s ,  maximum i n l e t  pressure,  minimum inlet pressure,  required 

flow rate, range of flow rates, regula t ion  pressure des i red ,  regula t ion  pressure 

tolerance,  operating temperature range, and response. For low flow rates a thermally 

compensated staged or  p i lo t ed  poppet type regula tor  i n  current usage can b e  

used. For high flow rates, no reference u n i t  w a s  loca ted ,  but u n i t s  having a 

regulated pressure  below 50 l b f / i n  a flow rates up t o  50 lb / sec  GO 

f o r  space vehicles.  I n  add i t ion  t o  t h e  main flow con t ro l ,  a power ac tua to r ,  b i a s  

r egu la to r ,  and p i l o t  valve are required,  

2 have been made 2 

Weight vs. flow rate curves shown i n  Figure E-44 were es tab l i shed  by de ter -  

mining equivalent flow o r i f i c e  s i z e ,  obtaining weights from t h e  shutoff valve curve, 

and ad jus t ing  weights upward as a func t ion  of s i z e  i n  order t o  allow f o r  added com- 

p l ex i ty ,  a l a r g e r  ac tua to r ,  and compensation devices, 
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E-10. ACCUMULATOR AND SUPPLY LINES 
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Efficient AJ?S operation requires a propellant supply line assembly to each 
thruster and an accumulator to store conditioned gaseous propellant so that the 
conditioner assembly is not required to cycle for each thruster firing. 
analysis requires a representative component model to size accumulators and supply 
line. 

APS 

Models used in the study are described below. 
Accumulators are spherical pressure vessels designed to blowdown in pressure 

in order to supply conditioned propellants for thruster operation. When the accumu- 
lators blowdown to a specified switching pressure, the conditioner assembly starts 

up and recharges the accumulator to maximum pressure, at which point the cycle 

starts again. Major requirements of an accumulator are that (1) during blowdown 
between maximum and switching pressure, it provides sufficient propellant to the 
thrusters so that a limited number of conditioner cycles are required, and that 
(2) between switching and minimum pressures, it provides continuous propellant flow 

to the thrusters while the conditioner assembly is starting up. To size an accum- 
ulator which w i l l  meet the requirements, minimum pressure must be calculated from 
thruster chamber pressure, injector pressure drop, supply line pressure dropp and 
regulator pressure drop. With this pressure and an assumed switching to minimum 
pressure ratio, a propellant density change in the accumulator can be calculated. 
This density change for specific conditioner assembly startup time and nominal 
system thrust will define accumulator volume, 

ships are then used to calculate 
pressure (which was calculated using maximum-to-switching pressure ratio). In 
order to provide minimum subsystem weights, the maximum-to-switching and the 
switching-to-minimum pressure ratios must be optimized for response time and number 
of cycles required, 
which reflects the use of aluminum (2014-T6) for the accumulator. As shownp there 
is a minimum weight for a specific response time and a specific number of cycles 

The propellant supply line assembly is an aluminum (2014-T6) ducting system 
designed to carry gaseous propellant from accumulator to thruster injector mani- 

fold, 

lengths are obtained from scale vehicle drawings which present accumulator and 
thruster locations, 
Pine from the accumulator. 
specified pressure drop per unit length, 

Standard pressure vessel relation- 
accumulator weight for volume and maximum 

An example optimum weight study is presented in Figure E-45 

Line section size is defined by line length and line diameters. Line 

Lines are laid out as a branch system originating from a main 
Line segment diameters are calculated to achieve a 

WSth Pine diameter and propellant 
E -60 
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pres su re ,  requi red  w a l l  t h i ckness  of l i n e  segment can b e  ca l cu la t ed  us ing  s t r e n g t h  

r e l a t i o n s h i p s .  Two a d d i t i o n a l  w a l l  th ickness  cri teria w e r e  used: w a l l  th ickness  

could no t  be less than  diameter d iv ided  by 80, because of  i n s t a l l a t i o n  r e s t r i c t i o n s ,  

and no t  less than  0.04 i n .  because of manufacturing r e s t r i c t i o n s .  Having de te r -  

mined l i n e  l e n g t h s ,  d iameters ,  and w a l l  t h i ckness ,  t o t a l  supply l i n e  assembly 

weight w a s  ca l cu la t ed  
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APPENDIX F 

RESIDUAL PROPELLANT AVAILABILITY 

F-1 e INTRODUCTION 

A t  t h e  t i m e  of o r b i t e r  main engine shutdown, t h e r e  i s  a s i g n i f i c a n t  q u a n t i t y  

of oxygen and hydrogen p r o p e l l a n t s  remaining, as r e s i d u a l  l i q u i d s  and gases ,  i n  

engine p r o p e l l a n t  tanks.  Typica l ly  t h e r e  are, as a minimum, approximately 2500 l b  

of r e s i d u a l  p r o p e l l a n t s  i n  Orb i t e r  A. These r e s i d u a l  p r o p e l l a n t s  are e n t i r e l y  

assessed  a g a i n s t  t h e  main engine system and., i f  they  could be used by t h e  A P S ,  

would be considered as f r e e  i n  APS weight accounting. The quan t i ty  of p r o p e l l a n t  

a v a i l a b l e  as r e s i d u a l s  would c o n s t i t u t e  a s i g n i f i c a n t  i t e m  i n  t h e  APS weight ,  and 

hence is  of cons iderable  importance i n  concept s e l e c t i o n .  

A P S  concepts ,  t h e r e  are two means of us ing  t h e s e  r e s i d u a l  p rope l l an t s :  

I n  t h e  h igh  p res su re  

(1) Turbocompressor APS concepts which e x t r a c t  t h e i r  p rope l l an t  from t h e  

main engine tanks .  

Tap-off cond i t ione r  concepts which ope ra t e  t h e  gas gene ra to r  wi th  main 

engine p r o p e l l a n t s ,  

(2) 

A l l  r e s i d u a l  p r o p e l l a n t ,  however, i s  n o t  a v a i l a b l e  f o r  APS usage. Af t e r  main 

engine shutdown, hea t  t r a n s f e r  from e x t e r n a l  s t u c t u r e  and/or  vapor i za t ion  of 

r e s i d u a l  Liquids  w i l l  i n c r e a s e  main engine tank  p res su res  t o  vent  levels, and 
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r e s i d u a l s  w i l l  be  l o s t  through vent ing  un le s s  they  are used by t h e  A P S .  

and ven t  rates are independent of APS usage;  t hus ,  t o  determine t h e  amount of 

r e s i d u a l s  t h a t  can b e  c r e d i t e d  t o  t h e  A P S ,  r e q u i r e s  an a n a l y s i s  coupl ing combined 

e f f e c t s  of h e a t  t r a n s f e r  and vapor i za t ion  rates a s soc ia t ed  wi th  r e s i d u a l  l i q u i d s  

i n  the tank. 

of a c t u a l  vapor i za t ion  rates would r e q u i r e  modeling of f l u i d  motion and h e a t  

t r a n s f e r  c h a r a c t e r i s t i c s  i n  a low g r a v i t y  environment. These a n a l y t i c a l  tech- 

n iques  w e r e  n o t  a v a i l a b l e .  The approach s e l e c t e d  f o r  t h i s  s tudy w a s  t o  c o r r e l a t e  

l i q u i d  vapor i za t ion  rates experienced on previous boos te r s ,  and thereby t o  d e f i n e  

a model which would p r e d i c t  equiva len t  p r o p e l l a n t  motion and hea t  t r a n s f e r  e f f e c t s  

f o r  a known mission and v e h i c l e  c h a r a c t e r i s t i c s .  

s h u t t l e  v e h i c l e  design and mission i n  o r d e r  t o  i d e n t i f y  vapor i za t ion  rates t h a t  

could be expected during t h e  s h u t t l e  mission.  

Boil-off 

Since vapor i za t ion  occurs  i n  a very low g environment, eva lua t ion  

This  modelwas then  appl ied  t o  

This  appendix de f ines  t h e  c o r r e l a t i o n  of boos t e r  vapor i za t ion  rate d a t a  and 

i t s  a p p l i c a t i o n  t o  the s h u t t l e  vehicle. 

d e f i n i t i o n  of t h e  Sa turn  v e h i c l e s  examined and a d i scuss ion  of d a t a  and r e s u l t s  

f o r  both oxygen and hydrogen. 

approximate f l u i d  motion and hea t  t r a n s f e r  is Provided and f i n a l l y ,  t h e s e  r e s u l t s  

are app l i ed  t o  t h e  space s h u t t l e  v e h i c l e  t o  p r e d i c t  t h e  a v a i l a b i l i t y  of l i q u i d  

r e s i d u a l s  f o r  t h e  A P S .  

The fol lowing paragraphs provide  a 

A summary of t h e  equiva len t  models which b e s t  

Y 
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Low g r a v i t y ,  o r b i t a l  d a t a  were a v a i l a b l e  f o r  t h r e e  boos te r  conf igura t ions .  

These were: ( a )  Saturn-IV, (b) Sa turn  I V B / I B ,  and (c) Saturn-IVB/SV. The 

Saturn-IV v e h i c l e  w a s  t h e  upper s t a g e  of t h e  Sa turn  I ,  two-stage, launch veh ic l e .  

This  v e h i c l e  performed a s i n g l e  burn t o  e a r t h  o r b i t .  

w a s  t h e  upper s t a g e  of t h e  Sa turn  I B ,  two-stage, launch veh ic l e .  The Sa turn  IVB 

f l i g h t  numbers f o r  t h i s  boos t e r  conf igu ra t ion  were i n  t h e  200 series. 

Sa turn  IVB/SV v e h i c l e  w a s  t h e  t h i r d  s t a g e  of t h e  Sa turn  V, th ree-s tage ,  launch 

veh ic l e .  This  v e h i c l e  performed a two-burn mission;  t h e  f i r s t  burn w a s  t o  e a r t h  

o r b i t ,  followed by an e a r t h  o r b i t a l  coas t ,  then a second burn f o r  t r a n s l u n a r  

o r b i t  i n s e r t i o n .  The f l i g h t  numbers f o r  t h i s  boos te r  conf igura t ion  w e r e  i n  t h e  

500 series. 

t i o n .  

The Saturn-IVB/IB v e h i c l e  

The 

The S-IVB/IB and S-IVB/SV s t a g e s  were b a s i d a l l y  of t h e  same configura-  

A l l  S-IV and S-IVB f l i g h t s  were examined t o  o b t a i n  app l i cab le  d a t a  f o r  t h e  

oxygen. Eight  f l i g h t s  provided d a t a  s u i t a b l e  f o r  s tudy .  Segments from 11 f l i g h t s  

w e r e  examined t o  o b t a i n  d a t a  app l i cab le  t o  t h e  hydrogen p rope l l an t .  

of t h e s e  d a t a  w e r e  analyzed i n  depth us ing  one p a r t i c u l a r l y  w e l l  ins t rumented 

group t o  c o r r e l a t e  t h e  o t h e r  da t a .  The fol lowing paragraphs provide a summary 

of t h e  d a t a  obta ined  and a d i scuss ion  of i t s  i n t r e p r e t a t i o n .  

S i x  groups 

F-2.1 Liquid Oxygen Evalua t ion  - For t h e  e i g h t  f l i g h t s  which provided LO2 

d a t a  s u i t a b l e  f o r  s tudy ,  hea t ing  w a s  d iv ided  i n t o  two regimes. These were: 

(1) 
p r o p e l l a n t  tank  w a l l ,  and (2) l i q u i d  h e a t i n g ,  o r  h e a t i n g  cha rac t e r i zed  by a 

l i q u i d  i n t e r f a c e  a t  t h e  p r o p e l l a n t  tank w a l l .  This  l a t te r  hea t ing  regime w a s  

f u r t h e r  subdivided t o  i d e n t i f y  the  amount of l i q u i d  hea t ing  t h a t  should be a l loca -  

t e d  t o  p r o p e l l a n t  b o i l  o f f  and t h e  amount a s soc ia t ed  w i t h  bulk l i q u i d  hea t ing .  

The a p p l i c a b l e  d a t a  were eva lua ted  t o  determine amount of l i q u i d / g a s  h e a t i n g ,  

wet ted  w a l l  s u r f a c e  area, and percentage of l i q u i d  h e a t  t r a n s f e r  a s s o c i a t e d  wi th  

p r o p e l l a n t  b o i l o f f .  

u l l a g e  gas  hea t ing ,  o r  hea t ing  cha rac t e r i zed  by a vapor i n t e r f a c e  a t  t h e  

To e v a l u a t e  l i q u i d  oxygen tank  cond i t ions  during low g coas t ,  the tank  

condi t ions  a t  the beginning and end of t h e  coas t  were e s t a b l i s h e d  as c l o s e l y  as 
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poss ib l e .  For example, f o r  one t y p i c a l  f l i g h t  (vehic le  204), t h e  fol lowing 

condi t ions  were es t ab l i shed .  

f o r  alignment wi th  t h e  l o c a l  ho r i zon ta l .  

Af te r  main engine c u t o f f ,  t h e  s t a g e  w a s  p i t ched  

Subsequent t o  t h i s ,  t h e  fol lowing tank  

ere achieved: LO bulk  temperature  161" t o  162"R, u l l a g e  gas  tempera- 
2 

2 
t u r e  160"R and u l l a g e  p res su re  19 I b f / i n  a. 

condi t ions  f o r  eva lua t ion  of LO c h a r a c t e r i s t i c s .  The condi t ions  a t  t h e  end of 

a two hour coas t  were: 

165' t o  170"R and u l l a g e  p res su re  26,3 l b f / i n  a. The observed p res su re  rise could 

n o t  be  due t o  u l l a g e  hea t ing  a lone  as i t  would r e q u i r e  an u l l a g e  temperature  of 

180"R. 

l i q u i d  temperature  never  reached s a t u r a t e d  condi t ions .  Thus, a combination of 

l i q u i d  hea t ing ,  l i q u i d  vapor i za t ion ,  and u l l a g e  gas hea t ing  w a s  r equ i r ed  t o  exp la in  

t h e  measurements, 

u l l a g e  hea t ing ,  a computer program was u t i l i z e d  t o  i n v e s t i g a t e  the  in f luence  of 

t h e  va r ious  parameters  a f f e c t i n g  p res su re  and temperature  w i t h i n  t h e  veh ic l e .  

Using t h i s  approach, t h e  balance between u l l a g e  hea t ing ,  and vapor i za t ion  which 

b e s t  s a t i s f i e d  end condi t ions  was deduced. For t h e  d a t a  p o i n t  i n  ques t ion ,  t h e  

average bulk  hea t ing  rate f o r  t h e  r e s i d u a l  l i q u i d  w a s  approximately 1500 BTU/hr. 

The h e a t  i npu t  rates requ i r ed  t o  vapor ize  s u f f i c i e n t  l i q u i d  f o r  t h e  observed 

p res su re  rise rates were a l s o  determined. 

BTU/hour. 

h e a t  t r a n s f e r r e d  from t h e  tank  t o  l i q u i d  oxygen r e s u l t e d  i n  vapor i za t ion ,  whi le  

t h e  remainder w a s  a s s o c i a t e d  wi th  bulk  l i q u i d  hea t ing .  

These were used as t h e  i n i t i a l  

2 
LO2 bulk  temperature  164" t o  165"R, u l l a g e  gas temperature  

2 

Bulk b o i l i n g  of t h e  l i q u i d  a l s o  could n o t  have occurred,  because bulk  

To determine t h e  appropr i a t e  ba lance  between vapor i za t ion  and 

There v a r i e d  between 5,000 and 15,000 

These r e s u l t s  i n d i c a t e d  t h a t  between 75 t o  90 percent  of t h e  t o t a l  

A s  another  example, Figure F-1 shows p res su re  rise as a func t ion  of t i m e  f o r  

f l i g h t  205. Ca lcu la t ions  of t h e  p re s su re  rise rate f o r  two extreme cases are 

a l s o  shown. The extreme cases considered were: (1) A f u l l y  wet ted w a l l  i n  

which a l l  of t h e  h e a t i n g  w a s  d i r e c c l y  app l i ed  t o  t h e  l i q u i d ,  ( 2 )  a dry  w a l l  c a se  

i n  which a l l  h e a t  t r a n s f e r  was de l ive red  t o  t h e  u l l a g e  gas .  These extremes are 

shown t o  bound t h e  a c t u a l  d a t a ,  A curve which b e s t  s a t i s f i e d  t h e  observed d a t a  

w a s  deduced f o r  t h i s  f l i g h t ,  t h e  same manner as descr ibed  above, by assuming t h a t  

75 percent  of t h e  t o t a l  l i q u i d  hea t ing  w a s  a s soc ia t ed  wi th  s u r f a c e  b o i l i n g .  

shown t h i s  provides  a very  good model of t h e  r e s u l t s .  

A s  

Other f l i g h t  d a t a  i n d i c a t e d  d i f f e r e n t  p re s su re  p r o f i l e s  during coas t .  For 

example, the ra te  of p r e s s u r e  rise as a func t ion  of t i m e  from i n s e r t i o n  w a s  

observed t o  vary from f l i g h t  t o  f l i g h t .  This  w a s  p a r t i a l l y  c o r r e l a t e d  wi th  t h e  
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sun angle ,  which v a r i e d  f o r  d i f f e r e n t  v e h i c l e s  because of t h e i r  d i f f e r e n t  launch 

t i m e s  dur ing t h e  day. Other f a c t o r s  con t r ibu t ing  t o  d i f f e rences  w e r e  amount of 

l i q u i d  r e s i d u a l s ,  u l l a g e  mass composition (helium and oxygen), u l l a g e  temperature ,  

and e x t e n t  of o r b i t a l  maneuvers. 

The p res su re  h i s t o r y  of f l i g h t  204, shown i n  F igure  F-2, c l e a r l y  shows t h e  

s i n g u l a r  e f f e c t  of o r b i t a l  maneuvers, P i t c h  maneuvers were executed a t  3200 and 

a t  6300 seconds. These are be l ieved  t o  have pos i t i oned  l i q u i d  over  tank  support  

s t r u c t u r e  which provided h igh  h e a t  s h o r t s  w i t h  t h e  r e s u l t a n t  i nc reases  i n  h e a t  

t r a n s f e r  and vapor i za t ion .  Also shown i n  Figure F-2 are t h e  a n a l y t i c a l  r e s u l t s  

f o r  va r ious  propor t ions  of l i q u i d  hea t ing  a s soc ia t ed  wi th  s u r f a c e  b o i l i n g .  To 

i l l u s t r a t e  the range of d i f f e r e n c e s  needed t o  exp la in  t h e  va r ious  f l i g h t s ,  t h e  

d a t a  f o r  f i v e  f l i g h t s  are shown i n  F igure  F-3. These cumes  have been 

f i t t e d  wi th  va r ious  a l l o c a t i o n s  of hea t ing  between t h e  l i q u i d  and u l l age .  

aga in ,  t h e  range of condi t ions  i s  bracke ted  by wet ted and dry w a l l  c a l c u l a t i o n s .  

Based on eva lua t ion  of oxygen d a t a ,  a range of va lues  f o r  t h e  amount of 

l i q u i d  hea t ing  t h a t  should be a l l o c a t e d  t o  s u r f a c e  b o i l i n g  w a s  observed t o  range 

from 75 t o  90 percent .  

l i q u i d  appeared t o  remain s e t t l e d .  That i s ,  t h e  most accu ra t e  model f o r  d e f i n i -  

t i o n  of equ iva len t  l i q u i d  w a l l  contac t  area was a completely s e t t l e d  l i q u i d  mass. 

Liquid Hydrogen Evaluat ion - Segments from 11 f l i g h t s  w e r e  examined 

Here 

The f l i g h t  d a t a  a l s o  i n d i c a t e d  t h a t  t h e  r e s i d u a l  oxygen 

F-2.2 

t o  o b t a i n  d a t a  a p p l i c a b l e  t o  t h e  r e s i d u a l  hydrogen p rope l l an t .  S i x  sets of t h e s e  

d a t a  were analyzed i n  depth,  using one p a r t i c u l a r l y  well-instrumented set t o  

c o r r e l a t e  t h e  o t h e r  da t a .  For t h e  hydrogen, an approach somewhat d i f f e r e n t  t o  

t h a t  used f o r  oxygen w a s  employed. 

pe r iods  w i t h  a cons tan t  low g level app l i ed  t o  t h e  veh ic l e .  These conditons w e r e  

s e l e c t e d  t o  minimize t h e  in f luence  of t h e  h igh  hea t  capac i ty  of t h e  hydrogen 

tank  i n s u l a t i o n .  

q u a n t i t i e s  were chosen t o  determine t h e  t o t a l  mass i n  t h e  tank  s o  t h a t  an a c c u r a t e  

accounting of energy could be achieved. Energy ba lances  f o r  t h e  hydrogen tank  

were c a r r i e d  out  f o r  a number of tank  condi t ions  on both  t h e  S-IVB and S-IV 
s t a g e s ,  The purpose of t h e s e  w a s  t o  determine t h e  h e a t  f l u x  t o  the l i q u i d  and 

gas ,  and t h e  percentage of tank w a l l  wet ted  by l i q u i d  during low g opera t ions .  

Resu l t s  of seven energy ba lances  which were a p p l i c a b l e  t o  t h e  o r b i t e r  are 

Emphasis was p laced  on long s t eady  s ta te  

Per iods  of no vent ing  o r  per iods  w i t h  measured vented gas 

t abu la t ed  i n  Figure F-4, and c a l c u l a t i o n s  r e l a t e d  t o  t h e s e  da t a  are shown i n  

F igure  F-5, Figure F-5 p r e s e n t s  t h e  observed h e a t  t r a n s f e r  rate as a func t ion  of 

F-6 
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c a l c u l a t e d  wet ted w a l l  area, assuming t h e  r e s i d u a l s  t o  b e  completely s e t t l e d  i n  

t h e  base  of t h e  tank.  

of condi t ions ,  an  eva lua t ion  of h e a t  t r a n s f e r  f u l l y  independent of u l l a g e  and 

l i q u i d  temperature  measurements w a s  ob ta ined .  Po in t  6 corresponds t o  a s teady  

s ta te ,  continuous vent ing  pe r iod ,  and r ep resen t s  d a t a  from several S-IVB/SV 

f l i g h t s -  

p o i n t  6 are r e l i a b l e ,  s i n c e  t h e  hydrogen t ank  has  reached an equi l ibr ium condi- 

t i o n  wi th  s a t u r a t e d  l i q u i d  and a s t r a t i f i e d  u l l a g e  gas. Under these cond i t ions ,  

b o i l o f f  and u l l a g e  hea t ing  could be der ived  d i r e c t l y  from measured flow rate and 

enthalpy.  Also,  t h e  wet ted w a l l  area during t h i s  process  w a s  r e l a t i v e l y  w e l l  

known. For t h e s e  reasons p o i n t  6 i s  considered t o  be  t h e  most r e l i a b l e  d a t a  of 

F igure  F-5, and a l l  d a t a  should approach t h e  l i n e a r  curve through p o i n t  6 as 

h e a t  transfer rate should be  p ropor t iona l  t o  s u r f a c e  area. 

A key po in t  i n  F igure  F-5 i s  p o i n t  number 6. For t h i s  set 

The r e s u l t s  of an energy ba lance  under t h e  condi t ions  represented  by 

For t h e  o t h e r  p o i n t s  i n  Figure F-5, t h e r e  was s i g n i f i c a n t l y  more unce r t a in ty  

regard ing  t h e  amount of wall-wetted by l i q u i d ;  however, one major f a c t o r  neglec ted  

i n  Figure F-5 w a s  t h e  in f luence  of a c c e l e r a t i o n  level on l i q u i d  conf igu ra t ion  

and wet ted w a l l  area. From Figures  F-4 and F-5, i t  may b e  observed t h a t  t h e  

p o i n t s  which are most d i s t a n t  from t h e  l i n e a r  r e l a t i o n s h i p  between l i q u i d / u l l a g e  

h e a t  i npu t  ve r sus  wet ted w a l l  area as descr ibed  by t h e  l i n e  through p o i n t  6 ( f o r  

example p o i n t s  5 and 7) r ep resen t  t hose  w i t h  t h e  lowest g r a v i t y  environment. I n  

o r d e r  t o  i n v e s t i g a t e  t h e  in f luence  of g r a v i t y ,  c o r r e l a t e d  d a t a  from Figure  F-4 

expresses  an  e f f e c t i v e  wet ted w a l l ,  def ined  as t h a t  which would b e  wet ted assuming 

t h e  d a t a  f o r  p o i n t  6 provided a l i n e a r  curve as a func t ion  of wet ted w a l l .  

The e f f e c t i v e  wet ted  w a l l  f r a c t i o n  thus  obta ined  i s  shown i n  Figure F-6 and w a s  

t r a n s l a t e d  t o  t h e  l i n e a r  curve a t  a cons tan t  h e a t  t r a n s f e r  rate.  The area def ined  

by t h e  l i n e a r  curve provided t h e  e f f e c t i v e  wet ted w a l l  area and i ts  r a t i o  

of e f f e c t i v e  t o  s e t t l e d  w a l l  area. 

Appl ica t ion  of Sa turn  d a t a  t o  d e f i n i t i o n  of a l i q u i d  hydrogen model i n d i c a t e  

t h a t  t h e  p o s i t i o n  of t h e  l i q u i d  hydrogen i s  s t r o n g l y  a c c e l e r a t i o n  dependent. 

Cor re l a t ion  of Sa turn  d a t a  w i t h  t h e  space  s h u t t l e  i n d i c a t e d  t h a t  approximately 

65 percent  of t h e  hydrogen tank  would i n i t i a l l y  be  wet ted even i f  only small 

amounts of r e s i d u a l  were p r e s e n t ,  The a n a l y s i s  shows t h a t  hydrogen l i q u i d  

i s  maintained n e a r  s a t u r a t i o n  cond i t ions ,  and e f f e c t i v e l y  100 percent  of t h e  

l i q u i d  hea t ing  w i l l  go i n t o  vapor i za t ion ,  

F-11 
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F-3. R E S I D U L  AVAILABILITY FOR A P S  

R 
I 

Avai lab le  r e s i d u a l  p r o p e l l a n t s  were eva lua ted ,  using t h e  previous equiva len t  

models f o r  l i q u i d  vapor i za t ion ,  f o r  t h e  h igh  p res su re  APS concepts which poten- 

t i a l l y  use  l i q u i d  r e s idua l s .  

cases coupling l i q u i d  b o i l o f f ,  vapor hea t ing ,  and APS usage during t h e  mission. 

The a n a l y s i s  techniques used t o  accomplish t h i s  coupling were t h e  same as those  

f o r  low p res su re  A P S  o p e r a t i o n a l  a n a l y s i s  as def ined  i n  Reference ( a ) .  

Simulated missions were analyzed f o r  f o u r  s p e c i f i c  

The hybrid APS considered f o r  the o r b i t e r  u t i l i z e d  a turbocompressor f o r  t h e  

Analysis  of t h e  oxygen r e s i d u a l s  f o r  t h i s  A P S  concept c l e a r l y  oxygen p r o p e l l a n t ,  

i nd ica t ed  t h a t  a resupply assembly was  r equ i r ed  t o  make up p rope l l an t  i n  t h e  

oxygen tank, 

board t o  s a t i s f y  t h e  e n t i r e  APS mission,  and supplemental  oxygen must b e  provided 

by t h e  A P S ;  however, an  apprec i ab le  q u a n t i t y  of o x i d i z e r  could be saved by 

u g i l i z i n g  as much of t h e  r e s i d u a l s  as poss ib l e .  

equa l  t o  10 f t / s e c  v e l o c i t y  mission,  where t h e  hybrid concept i s  app l i ed ,  i nd i -  

ca t ed  t h a t  i f  l i q u i d s  were considered,  approximately 417 pounds of o x i d i z e r  could 

be obta ined  f r e e  f o r  t h e  APS from main engine r e s i d u a l s .  

That  is ,  t h e r e  were no t  s u f f i c i e n t  l i q u i d s  and gas  r e s i d u a l s  on  

Analysis  of t h e  less than  o r  

Also of i n t e r e s t  f o r  h igh  p res su re  APS concepts  w a s  t h e  tap-off condi t ioner  

approach. 

p rope l l an t  hea t ing  are powered by p r o p e l l a n t  ex t r ac t ed  from t h e  main engine tanks.  

Th i s  concept w a s  evaluated f o r  each maneuver level. 

pump APS f o r  t h e  210 f t / s e c  case ind ica t ed  t h a t  f o r  the tap-off cyc le ,  a n  oxygen 

resupply assembly would n o t  be requi red .  

p re s su re  decayed t o  approximately 30 l b f / i n  

u n t i l  t h e  e n t r y  phase. 

approximately 4 3  l b  of hydrogen resupply w a s  requi red  t o  complete t h e  mission.  

Thus, €o r  t h e  510 f t / s e c  case, t h e  t o t a l  condi t ion ing  requirements  would b e  only 

43 l b  of hydrogen. 

maneuver, both hydrogen and oxygen boos t  tanks  requi red  resupply t o  main ta in  

p re s su re ,  Th i s  was a l s o  t h e  case f o r  t h e  turbocompressor APS. For t h e  all-maneuver 

case, t h e  u s e  of r e s i d u a l s  r e s u l t e d  i n  a r educ t ion  of APS p r o p e l l a n t s  of 840 l b  of 

oxygen and 335 l b  of hydrogen. 

reduced by 533 %b of oxygen and 161 l b  of hydrogen, 

I n  t h i s  cond i t ione r  approach, t h e  gas  gene ra to r s  f o r  pump power and 

Analysis  of t h e  o r b i t e r  turbo- 

During t h e  mission,  t h e  oxygen tank  
2 The hydrogen tank he ld  p re s su re  

During e n t r y ,  hydrogen tank p res su re  dropped r a p i d l y  and 

For both  of t h e  o t h e r  miss ions ,  f e e . ,  550 f t / s e c  and a l l -  

FOP the 150 f t / s e c  miss ion ,  t h e  A P S  loading w a s  
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The " f ree"  p r o p e l l a n t s  descr ibed  above were c r e d i t e d  t o  the ApS i n  t h e  
. -  - _ _  - . - ~  - .P . -  

weight account ing f o r  subsystem comparisons i n  t h e  body of t h i s  r e p o r t  and f o r  

condi t ioner  concept comparisons i n  Appendix D. 
pres su re  A P S  was t h e  use  of r e s i d u a l s  i n  t h e  boos te r  s t age .  Analysis  of low 

p res su re  boos te r  US concepts (Reference ( a ) )  c l e a r l y  showed t h a t  t h e r e  were 

ample r e s i d u a l  p r o p e l l a n t  vapors i n  t h e  main engiqe tanks f o r  t he  entire boos te r  

miss ion ,  i .e . ,  account ing of r e s i d u a l  l i q u i d s  w a s  no t  requi red ,  Thus, f o r  t h e  

boos te r  turbocompressor concept,  no APS p r o p e l l a n t  w a s  requi red  as a l l  necessary 

gas could be e x t r a c t e d  from t h e  boos te r  tanks wi thout  resupply., 

r e s u l t s ,  no a d d i t i o n a l  analyses  were undertaken f o r  t h e  boos te r  r e s i d u a l s  i n  t h i s  

APS study.  

Also of i n t e r e s t  f o r  t h e  h igh  

Based on t h e s e  

REFERENCES: 
(a )  Kendal, A. S a ,  McKee, H. B., Orton, G. F., Low Pres su re  Auxi l ia ry  

Propuls ion  Subsystem D e f i n i t i o n  Study Subtask A Report: 

Douglas Report  No. MDCE0303, dated  29 January 1971. 

McDonnell 
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APPENDTX G 

APS REQUIREMENTS 

G-1 e INTRODUCTION 

In order for the A P S  study to be of maximum use to the space shuttle effort, 
it was necessary to establish the impact of vehicle configuration on MS selection 
and design. 
(orbiters and boosters of both high and low cross range type) were investigated. 
These represented typical configurations under investigation by vehicle contractors 
and provided a relatively broad range of APS design requirements. 
were defined by Reference (a) which was provided as part of the A P S  study contract 
to serve as a guideline for vehicle and APS interfacing and to establish APS 

requirements, Reference (a) provided both mission characteristics and control 
acceleration equirements. Using these, it was necessary to conduct analyses to 
define A P S  thrust level and number of thruske s, as well as to define APS propel- 
lant capacity necessary to satisfy all vehicle control and 
This appendix describes the approach taken fox these analyses, 
results e 

To accomplish this, two typical space shuttle vehicle concepts 

Study vehicles 

neuvering requirements. 
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B P S  were required t o  provide both t r a n s l a t i o n  and a t t i t u d e  cont ro l  capab i l i t y  

f o r  o r b i t e r s  i n  a l l  axes, while only a t t i t u d e  cont ro l  w a s  required f o r  boosters.  

Vehicle t r a n s l a t i o n  and con t ro l  acce lera t ion  requirements (as spec i f ied  i n  Refer- 

ence (a))  are tabulated i n  Figures G-1 and G-2 f o r  o r b i t e r s  and boos ters ,  respec- 

t i v e l y .  Minimum, nominal minimum, nominal maximum, and maximum acce lera t ions  are 

l i s t e d  f o r  a l l  axes. The primary design requirement was t o  provide a s a f e  r e tu rn  

of the  veh ic l e  i n  the  event of two t h r u s t e r  f a i l u r e s .  

d i t i o n  ( i e e o ,  with two t h r u s t e r s  inopera t ive) ,  t he  APS w a s  required t o  meet o r  

exceed spec i f i ed  minimum acce lera t ions .  While not  a requirement, an acce lera t ion  

level between nominal minimum and nominal maximum when a l l  t h r u s t e r s  were opera- 

t ive was a des i red  design goal,  as w a s  a common t h r u s t  level f o r  a l l  t h r u s t e r s  ( iee .3  

common th rus t e r s )  e 

minimizing cont ro l  cross-coupling i n  both the  normal A P S  operating mode and i n  the  

presence of t h r u s t e r  f a i l u r e s  

r e s u l t s  of a study performed t o  determine t h r u s t  levels of A P S  t h r u s t e r s  and number 

of t h rus t e r s  necessary t o  s a t i s f y  the  above cri teria.  

APS t h r u s t e r  loca t ions  were defined by Reference (a) and are presented i n  Figures 6-3 

through G-6. 
used f o r  t h r u s t  requirements ana lys i s ,  

Under t h i s  operating con- 

I n  e s t ab l i sh ing  A P S  t h r u s t  levels, consideration was given t o  

The following paragraphs define the  approach and 

Baseline study vehicles and 

Vehicle weight and balance c h a r a c t e r i s t i c s  a t  t i m e  of i n j e c t i o n  were 

Thrust levels f o r  the fou r  study vehic les  were defined by determining t o t a l  

t h r u s t  levels f o r  each axis, based on spec i f i ed  minimum, nominal minimum, nominal 

maximum, and m imum spec i f i ed  acce le ra t ion  levels, Tota l  t h r u s t  level i d e n t i f i e d  

the  number of t h r u s t e r s  required i n  each axis f o r  a spec i f i ed  t h r u s t e r  t h r u s t  level. 

Using several values of t h r u s t  level, t h e  number of t h r u s t e r s  required was  deter-  

mined using the  cri teria t h a t  nominal minimum t h r u s t  would be provided with a l l  

t h r u s t e r s  opera t ive ,  and minimum t h r u s t  would be provided with two t h r u s t e r s  f a i l e d ,  

Several combinations of t h r u s t  level and number of t h r u s t e r s  resu l ted .  Design 

t h r u s t  level and t o t a l  number of t h r u s t e r s  were subsequently se l ec t ed  on minimum 

The following paragraphs i d e n t i f y  t h e  i g h t  and number of t h r u s t e r s .  

r e s u l t s  of t h i s  e f f o r t  f o r  t h e  four  study vehic les .  
6-2*1 Orb i t e r  A - The various t h r u s t  level/n er of t h r u s t e r  options which 

s a t i s f i e d  Orb i t e r  A requirements are shorn in Figure 6-7. 

poin t  of 32 t h r u s t e r s  a t  500 l b  t h r u s t  provides a minimum n u d e r  of t h r u s t e r  

The s l ec t ed  design 

G-2 
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 EVENT^ 

TRANSLATION I :Ix ACCELERATION NOM MlN 
F T  SE$ NOM MAX 

ANGULAR 

DEG SEC2 

FINE ATTITUDE LIMITS - 
DEG 

COARSE ATTITUDE LIMITS - 
DEG 

2ND STAGE BOOST 1 1 TO 28 
ENGINE OUT 46 TO 53 

0.07 
NO 0.1 

REQUIREMENT 0.5 
1 .o 

No I 45 REQUIREMENT 

- 
Y 

0.07 
0.1 
0.25 
1 .o 

P 

0.3 
0.5 
2.0 
4.0 

- 
- 

- 
0.5 

45 
/_1 

0.07 
0.1 SAME AS NO 
0.25 EVENT 1 REQUIREMENT 
1 .o 

a. REFERENCE(a) PRESENTS DESCRIPTIONS OF THE EVENTS. 

b. MAXIMUM LIMITS FOR EVENTS 5, 8, 11, 14,17, 20,23, 26, AND 53 MAY BE INCREASED WHEN THE 
APS IS USED TO PERFORM THE MAJOR PLUS X TRANSLATION. 

TRANSLATION 
ACCELERATION 

I 
ACCELERATION 

MAX 

R P  

MlN 0.3 0.3 
NOM MlN 1.0 0.5 
NOM MA% 1.75 1.0 
MA% 2.0 2.0 

MlN 
NOM MlN 
NOM MAX 
MAX 

a. REFERENCE(a) PRESENTS DESCRIPTIONS OF THE EVENTS. 

-2 

G-3 
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STA. 1040,l 
C . G .  AT INJECTION 

STA. 1040,l 
C . G .  AT INJECTION 

-.3 
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STA. 1512 

I 

STA. 156 I 
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SUBPASK A 

near ly  minimum subsystem weight. 

assembly loca t ions ,  as shown i n  Figure 6-8. 

a t ion  requirements of Figure G1 are shown i n  Figure 6-9. 

correspond t o  the  d s i r e d  t h r u s t  level o r  des i red  cont ro l  acce lera t ion  i n  each 

ax i s .  

representing A P S  operation under normal operating conditions. 

(or  minimum t h r u s t  point)  i d e n t i f i e s  a t o t a l  t h r u s t  capab i l i t y  i n  each ax is  i n  the  

presence of two t h r u s t e r  f a i l u r e s .  

t h a t ,  with the  exception of the  r o l l  ax i s ,  des i red  acce lera t ion  goals are s a t i s f i e d .  

I n  r o l l ,  however, acce le ra t ion  capab i l i t y  i s  above t h a t  desired.  I n  order t o  

s a t i s f y  the d e s i r e  f o r  t h r u s t e r  commonality, t h i s  increased r o l l  acce le ra t ion  

capab i l i t y  was considered s a t i s f a c t o r y .  Also shown by Figure G-9 i s  the  minimum 

acce lera t ion  capab i l i t y  of t he  A P S  with two t h r u s t e r  f a i l u r e s  which exceeds t h a t  

required i n  a l l  axes. 

Two t h r u s t e r s  are located a t  each of the  t h r u s t e r s  

Thrust levels associated with acceler- 

The shaded areas 

The t o t a l  t h r u s t  i d e n t i f i e d  by two arrows i s  the  nominal t h r u s t  condition, 

The s i n g l e  arrow 

Inspection of t he  r e s u l t s  of Figure G 9  shows 

6 2 . 2  Orb i t e r  B - The various t h r u s t  level/number of t h r u s t e r  combinations 

ava i l ab le  f o r  Orbi te r  B are shown i n  Figure G10 .  

twenty-eight 1,000 l b  t h r u s t e r s  provides t h e  minimum number of t h r u s t e r s ,  and, as 

with Orbi te r  A, a near ly  minimum subsystem weight. Figure G-11 summarizes t h r u s t e r  

loca t ions  f o r  Orbi te r  B and t h r u s t e r  functions.  Orb i t e r  B maneuvering requirements 

and A P S  capab i l i t y  are shown i n  Figure 6-12. 

than those f o r  Orbi te r  A. Under nominal conditions,  t r a n s l a t i o n  acce lera t ion  

capab i l i t y  i s  above t h e  des i red  range i n  both the  Y and Z axes; however, again 

i n  the  i n t e r e s t  of t h r u s t e r  commonality, t h i s  l e v e l  w a s  necessary i n  order t o  

s a t i s f y  minimum acce lera t ion  requirements with two t h r u s t e r  f a i l u r e s .  

design cons t r a in t ,  t he  cr i t ical  ax i s  w a s  r o l l .  

r o l l  acce le ra t ion  requirements are s a t i s f i e d ,  but f u r t h e r  reductions i n  t h r u s t  

level would mean t h a t  t h i s  requirement could not be m e t .  

The se l ec t ed  design poin t  of 

Results here  are somewhat d i f f e r e n t  

For t h i s  

With two t h r u s t e r  f a i l u r e s ,  minimum 

6-2.3 Booster A - The various t h r u s t  level/number of t h r u s t e r  optfons f o r  

Booster A are presented i n  Figure 6-13. 

a t  a design level of 2600 l b  t h r u s t  w a s  s e l ec t ed ,  

vides near ly  minimum subsystemweight. 

loca t ions  and t h e i r  functions.  

requirements i n  each a i s  f o r  t he  boosters is shown i n  Figure 6-15. 

Booster A, s e l ec t ed  design po in t  exceeds minimum requirements with two t h r u s t e r  

f a i l u r e s  and provides d e s i r  d acce lera t ion  levels i n  both p i t c h  and yaw axes. 

des i red  acce lera t ion  i s  somewhat exce ded under nominal conditions in r o l l ,  bu t  

A design poin t  of 18 t h r u s t e r s ,  operating 

The se l ec t ed  design poin t  pro- 

Figure 6-14 pres  n t s  a summary of t h r u s t e r  

Thrust required t o  s a t i s f y  cont ro l  acce lera t ion  

As shown f o r  

The 
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NUMBER 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Is 
12 

13 

u 
15  

16 

ORBITER A 

ER OF 
500 LB THRUSTERS 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

PURPOSE 

- PITCH, - Z 

+ P I T C H ,  + Z 

- YAW, - P 
+ YAW, + Y 
- x  
+ X  

- x  
+ X  

+ ROLL 
- ROLL 
+ ROLL 
- ROLL 

+ PITCH,  - 2 

- PITCH,  + Z 

+ YAW, - Y 

- YAW, + Y 

G-I0 



S 

4 

4 

I 



s 

0 

R 0299 
9 7971 

DESIGN POINT 
1000 LBf 

0 2 4 6 8 10 12 

THRUST LEVEL (100 LB) 
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ORBITER B 

NUMl3EFt OF 
1000 LB THRUSTERS 

1 

1 

2 

2 

1 

1 

2 

2 

1 

1 

1 

1 

2 

2 

2 

2 

2 

2 

PURPOSE 

+ PITCH,  + Z (+ROLL) 

+ PITCH,  + Z (-ROLL) 

+ YAN, + Y 
- YAW, - Y 
- PITCH,  - Z (-ROLL) 

- PITCH,  - 2 (+ROLL) 

- x  
- x  
+ X  

+ X  

- PITCH,  + Z 

- PITCH,  + Z 

- ROLL, - YAW, + Y 
+ ROLL, + YAW, - Y 
+ ROLL, - YAN, + Y 
- ROLL, + YAW, 
+ X  

+ PITCH,  - Z 

- Y. 

6-1 1 

G-13 



0297 
7991 

B w w 

G-94' 

.gr 



S 

60 

50 

40 

30 

20 

10 

0 
0 1 

w 
7 

I I 
DESIGN POINT 
2600 LBf 

2 3 

THRUST LEVEL (IOQ 

5 6 

- 9  3 

6-15 



BOOSTER A 

REPORT MDC E0297 

THRUSTER ASSEMBLY 
NUMBER 

TWRUSTER A S S W L Y  
NUMBER 

1 

2 

3 

4 

5 

6 

NUMBER OF 
2600 LB TKRUSTERS 

2 

2 

5 

2 

2 

BOOSTER B 

NUMEER OF 
2000 LB THRUSTERS 

PURPOSE 

+ PITCH,  + ROLL 

+ PITCH, - ROLL 

+ YAW 

- YAW 

- PITCH, - ROLL 

- PITCH, + ROLL 

PURPOSE 

+ PITCH,  

+ PITCH,  

+ YAW 

- YAW 

- PITCH,  

- PITCH, 

+ ROLL 

- ROLL 

- ROLL 

+ ROLL 

-1 
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r o l l  and p i t c h  cont ro l  was provided by common t h r u s t e r s  i n  t h i s  vehic le  configu- 

r a t ion .  

below required 1 

G-2.4 

R o l l  t h r u s t  level could not be reduced without a150 reducing p i t ch  cont ro l  

Booster E - The various t h r u s t  level/numb r of t h r u s t e r s  options for 

Booster E are presented i n  Figure G-16. 
a t  2,000 l b  t h r u s t  b e s t  s a t i s f i e d  vehic le  requirements. 

Booster B t h r u s t e r  l oca t ions  and t h e i r  functions.  

requirements f o r  Booster B are presented i n  Figure 6-15. 

conditions des i red  t h r u s t  levels and cont ro l  acce lera t ions  are s a t i s f i e d  and, with 

two t h r u s t e r  f a i l u r e s ,  cont ro l  acce lera t ion  ' i s  above the  minimum required. 

A design poin t  of 16 t h r u s t e r s ,  operating 

Figure G-14 summarizes 

The maneuvering t h r u s t  level 

As shown, under nominal 

50 

30 

20 

10 

0 
0 5 l e 0  l e 5  2,o 3.0 

THRUST LEmL (1000 LB) 

- 16 
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G - 3 .  APS TOTAL IMPULSE 

A P S  total impulse requirement consists of the impulse expended in three dif- 
ferent types of maneuvers; translation, attitude, and attitude control. 

The translation maneuver requirements are primarily +X velocity change 
requirements, such as orbit circularization, orbit transfer, and deorbit. The +X 
maneuvering requirements could be fulfilled by the A P S  alone, OF by the A P S  in con- 
junction with a separate orbit maneuvering subsystem (OMS). 
three different +X maneuver requirements were defined for the MS. 
required the A P S  to perform 

During Subtask A ,  

These approaches 

(1) all +X maneuvers 
(2) all +X maneuvers equal to, or less than, 50 ft/sec 
(3) all +X maneuvers equal to, or less than, 10 ft/sec 

This section provides a summary of analyses to define A P S  total impulse require- 
ments for each of these three maneuver requirements. 

The mission timelines, presented in Reference (a) describe the orbiter and 
booster missions in terms of a series of events relevant to the auxiliary propulsion 
subsystem, Figures G-17, G-18. These events describe translation and attitude 

maneuvers and attitude control requirements for a typical mission. 
control periods, pitch, roll, and yaw attitudes must be held within a specified 
tolerance or deadband. The mission timeline defines the width of deadband required 
and the time duration for which the deadband must be maintained at the various 

stages of the mission. 
mined based on the vehicle mass, center of gravity, and inertial characteristics 
at the time of orbital injection. In these analyses, effects of cross-coupling, 
installation tolerances, and effects of aerodynamic and gravity gradient torques 
were not considered. 

During attitude 

Using these data, mission impulse requirements were deter- 

The impulse requirement for translational maneuvers accounts for the majority 
Translational maneuvers include both large of mission total impulse requirements, 

maneuvers (such as the deorbit burn) and small maneuvers (such as docking). 

impulse requirement for translational maneuvers was determined for a constant mass 
body: 

The 

W 
g 

total impulse = 1 = - AV 

ere W is the vehicle weight at orbital injection, and AV is the required change 
in velocity as defined for the various translation maneuvers in Reference (a), 

G-19 



H/GH PRESSURE APS 
SUBTASK A 

REPORT MDC E0297 
12 FEBRUARY 7971 

LVENT 
COMP1,ETION 

TIME* EVEKT 
- 

1. -1ti5 sc'c'. Staging 

-. 9 0 

3 .  - 

4. - 

PROPULSION REQ'T DESCIUPTIOX 

Separatiofi of booster  and or.jikr 
( N o  APS requirement)  

Inser t ion into 
nominal 50 x 100 
N.M. orbi t  

Damping of main engine cutoff t rans ien ts .  

' ,AIanuai attitude 545" deadband 
hold 

Orient  to burn ~ 0 .  5" deadband 
attitude and e5ta'c;- 
l i sh  Fire AttiIm;c; 
m i d  

(j . - Alanual attitude ' . 43' deadband 
hold 

i .  - Orient  t3 burn = 0 .5"  deadband 
attitude and 
establish Fine 
Attitude Hold 

8. 39-524 Dispersion on 0 - 32 fps  At7 
100 X.11. c i r -  
cu la r imt ion  burn 

A Tinle  is referenced to  Eyent 2 i n  minutes  unless  othern.ist: s ta ted.  
m i niiii uiii a ncl ma si 111 um c m i  ul: I ti ye ti ni e s a re s h  o1i.n . 

E(Jti-1 

SPACE STATIOS/BASE LOGISTICS BIISSIOX TIBIELISE - ORBITER 
FIGURE G-17 

G-20 
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HIGH PRESSURE APS 
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EVEST 
COMPLETION 

TIME EVEST PROPULSION REQ'T DESCRIPTION 

Drifting flight Xo deadband - 9. 

Orient  t o  burn 
attitude and 
establish Fine 
Attitude H.old 

-k0. 5" deadband - 1 (1 . 

11. i-i-1005 Plane change 0 - 200 fps 4 v  
burn 

Manual attitude =45" deadband 
hold 

12. - 

1 :: . - Orient  to burn + 0.5" deadband 
attitude and 
establish Fine 
Attitude liold 

1 .5. - Drifting flight Xo deadband 

Orient  to burn 
attitude and 
establ ish Fine 
Attitude Hold 

.2.0. 5" dexlband lG.. - 

17. 9-1-1326; Trans fe r  to 100 Y 279 - 290 fps 1 V  
Phasing C)rhit Altitude 

16.  - Nanual attitude = 4.5" deadband 
hold 

Orient to burn 
nttitude and 
establ ish Fine 
A tti tudc I I o Id 

20. 5" de:\clbiuKl 1 !). - 

MISSION TIMELINE-ORBITER FIGURE 17 CONTINUED 

' G-21 

MCD0NNEL.L. DOUGlAS ASTRONAUTICS COMPANY - EAST 
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E V E ST 
CO3IPLETION 

TIME EVEK'T - PROPULSIOS REQ'T DESCRIPTIOK 
I__. 

20. I1 6-  1349 Dispersions on 0 - 72 fps  A V 
t r ans fe r  burn 

21. - Manual attitude =45" deadband 
hold 

--. 3 3 - 0 r ie n t to burn .A: 0 5" deadband 
attitude and 
establish Fine 
Attitude Hold 

2.3. 138-1372 Circularization at 253 - 297 fps  4 V  
Phasing Orbit  Altitude 

24. - Manual attitude 1,45" deadband 
hold 

2 5 .  - Orient  t o  burn 10.5" deadband 
attitude and 
establ ish Fine 
Attitude Hold 

- 27. 

- 28. 

Manu31 xttitude i' 45" deadband 
hold 

0 r ien t to burn 
attitude and 
estnblisli Fine 
Attitude Hold 

+0. 5" deadband 

Coarse  autoniatic +5" deadband 
attitude hold 

:10. - 



0297 
1979 

EVEST 
COlIP  LET IO S 

TIME 

3'1. - 

;32* 273-1510 

3 3. - 

3.5. 286- 1522 

36. - 

37. - 

-10. 312-1393 

7277-850s 

-12. 7227-8508 

42, - 

EVEST PHOPULSIOS REQ'T DESCRIPTIOS 

Orient to burn &O, 5" deadband 
attitude and 
establish Fine 
Attitude Hold 

MCC-1 0 - 36 fpS 4 V  

Coarse automatic *5" deadband 
attitude hold 

Orient to burn 
attitude and 
establish Fine 
Attitude Hold 

*O. 5" deadband 

MCC-2 0 - 19 fps  AV 

Coarse automatic *5" deadband 
attitude hold 

Orient to burn k0.5" deadband 
attitude and 
establish Fine 
Attitude Hold 

T PI: 28 - 30 fpS AV 

Stationkeeping and 
attitude hold 

0- 10 fps  Multiaxis Translation I V  and 
0-10 fps  Xultiaxis Attitude AV (AIJ.  3' 
de adband) 

Docking 0-10 fps  Nultiasis Ti-anslation Ai7 and 
0-10 fps  Nultiaxis Attitude Ai'.( I O .  :- 
deadband I 

On Orbit (TBD) 

Undock 0. 5 fps av  

Fine Attitude 4. ?" deadband 
Hold 

ED 

6-23 



S 
SUBTASK A 

EVENT 
COhII' LETION 

TIME 

44. 7242-8523 

45. - 

46. - 

47. 7279-9267 

48. - 

49. 

50, 7297-9639 

51. - 

52. - 

53- 7317-10012 

54* 7359-10057 

R MDC E0297 
7 UARY 7971 

EVEKT - PROPULSIOX REQ'T DESCRIPTIOS 

Orient to burn *Oe 5" deadband 
attitude and 
establish Fine 
Attitude Hold and 
Separation 10 fps  ev 

Course attitude i45" deadband 
hold 

Orient  to burn 
attitude and 
establish Fine 
Attitude Hold 

*Q. 5" deadband 

Ground t rack  0-27 fps AV 
adjust #I 

Manual attitude +45.0" deadband 
hold 

Orient to burn 
attitude and 
establish Fine 
Attitude Hold 

=t 0 . 5 "  deadband 

Ground t rack  adjust 0-28 AV 
#2 

Manual attitude i45" deadband 
hold 

Orient to burn 
attitude and 
establish Fine 
Attitude Hold 

*O. 5" deadband 

De -orbit 450-530 fps 9 V  

Entry 25-60 fps  A V  

-0 ED 

G- 24 
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s 

EVENT 
COMPLETION 

TIME* EVEiW 

1. 0 Staging 

2. o+ Post Separation 

3.  0.7-0.8 Orientation 

4. 0.9- i .  1 Attitude hold 

5. 1.9-6. I Entry 

PROPULSION REQUIREMENT DESCRIPTIOK 

Separation of booster and orbiter 
(No APS requirement) 

Damping of main engine cutoff 'and separation 
transients e 

Maneuver vehicle to.reentry attitude. 

&2" deadband 

*2" deadband 

':Time i s  referenced to Event i in minutes uilless othenvise stated. Both 
ininimum and maximum cumulative times a r e  shown. 

SPACE STATION/BASE LOGISTICS MISSION TIMELINE - BOOSTER 

G-25 
T 
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The impulse requirement for rotational maneuvers is a function of vehicle 
inertia and thruster moment arms with respect to the center of gravity for each 
axis. Several criteria were used to define impulse requirements for rotational 
maneuvers. 

maneuvers were performed at a slower rate. 
rate was that the maneuver (including acceleration and deceleration) would be 
completed in two minutes, The impulse requirement for rotational maneuvers about 
a given axis was determined by applying the following relationship: 

The maximum maneuvering rate was 0.5 deg/sec, and whenever possible, 
The basis used to define the minimum 

impulse = I = - A i  
6, 

Where J is the moment of inertia about the given axis, L is the thruster moment 
arm length corresponding to the given axis, and A@ is the angular velocity imparted 
about that axis. An angular velocity increment, AQ3 is imparted to initiate and 
terminate each maneuver. The total impulse requirement for rotational maneuvers is 

based upon summation of impulse requirements of pitch, yaw, and roll axes. 
Attitude control maneuvers ensure that the vehicle orientation remains fixed 

within specified angular limits, i,e. deadband. During attitude control the vehicle 
is continuously cycled in pitch, yaw, and roll between specified deadband limits. 
Since propellant usage will be smaller if rate of vehicle oscillation is slow, it is 

advantageous to apply small-impulse corrections to the vehicle durfng deadband 
operation, 
minimum number which could be fired without incurring excessfve attitude cross- 
coupling, Each thruster &sed imparts a minimum impulse bit MIB) deffned as 
the smallest unit of impulse a single thruster can delfver, 
thrust level and thruster design, 
achievable minimum impulse bit was made from a correlation of data on existing 
rocket engines. 

The number of thrusters used to perform these corrections was the 

M I B  is dependent on 
For these analyses, an estimate of the 

Figure G-19 shows estimates used as a function of thrust level, 
The impulse expended by attitude control firings is a function of deadband 

limits and MIB, 

axis was determined by the following relationship: 
The impulse expended in this limit cycle operation about a given 

Where t is the time duration of the attitude control period, D is the deadband 
width, 0 is the average rate of travel between the deadband l%mits, and ba is the 

number of attitude correcting thrusters fired, The drift between %imfts was 
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assumed to be due to over correction imparted by MIB firings. Cross-coupling 
effects were neglected. The average drift rate about a given axis due to the 
attitude control firings was determined by the following relationship: 

0 -. .- 1 N MIB L 
2 . 3  

Where N is the number of engines firing, L is the thruster moment arm,, and J is the 
moment of inertia with respect to the given axis. 
for attitude control operation is determined by summing impulse expended in pitch, 

yaw, and roll attitude control for a l l  deadbands and times specified in the mission 
timeline e 

The total impulse requirement 

Mission total impulse requirements were determined for Orbiters 
the Boosters using oaches and assumptions discussed above, Results are 
presented in Figure 

References: 

crfgtian 
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APPENDIX H 

PRELIMINARY APS CONCEPT SCREENING 

H-1. INTRODUCTION 

The ob jec t ive  of Subtask A w a s  t o  select from the  many ava i lab le  APS a l t e r n a t e s  

t h a t  concept o r  approach b e s t  s u i t e d  t o  the  s h u t t l e  appl ica t ion .  To accomplish t h i s ,  

it w a s  necessary t o  compare candidate subsystems i n  p a r a l l e l  ( i * e . $  each subsystem 

considered i n  Subtask A must be t r e a t e d  a t  p a r a l l e l  levels of design soph i s t i ca t ion ) .  

Thus, one o f  t h e  f i r s t  t asks  of Subtask A w a s  t o  screen from the  many APS concepts 

those approaches which were not t r u l y  v i ab le  candidates and which, by t h e i r  presence, 

would d i l u t e  t h e  e f f o r t  on t he  more competitive subsystem approaches. 

accomplish t h i s ,  concepts t o  be eliminated had t o  be shown as c l e a r l y  noncompetitive. 

In o the r  words, there  could not  be a f i n e  l i n e  drawn between competitive and non- 

competitive subsystems because the  preliminary na ture  of  t h i s  subtask would in t ro -  

duce a gray area i n  concept s e l ec t ion .  

competitive could be screened, and those which d id  not s a t i s f y  t h i s  c r i t e r i a  would 

be re ta ined  f o r  f u r t h e r  study. Fortunately,  t he re  w a s  a good base l ine  ava i l ab le  

aga ins t  which t o  make t h i s  preliminary comparison of candidate concepts. 

award of the  s tudy  c o n t r a c t p  an I n t e r n a l  Research and Development (IRAD) program 

In order t o  

Only those concepts which were c l e a r l y  non- 

P r i o r  t o  
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had been conducted a t  McDonnell Douglas which provided d a t a  and a n a l y t i c a l  tech- 

niques app l i cab le  to t h i s  screening.  S p e c i f i c a l l y ,  a low c ross  range o r b i t e r  had 

been used as a base  f o r  comparison of alternate APS concepts and requirements f o r  

t h i s  v e h i c l e  were s u f f i c i e n t l y  c l o s e  t o  those  of t h e  p re sen t  space s h u t t l e  s tudy  

t h a t  r e s u l t s  could b e  implemented wi th  confidence,  us ing  s e n s i t i v i t y  d a t a  f o r  

i n d i v i d u a l  APS concepts.  

models as descr ibed  i n  Reference ( a ) .  These models, wh i l e  unsophis t ica ted  and 

no t  s a t i s f a c t o r y  f o r  Subtask A of t h e  program i n  i t s  e n t i r e t y ,  were e n t i r e l y  

adequate f o r  t h i s  pre l iminary  screening.  

The MDAC I U D  s tudy  w a s  based on pre l iminary  component 

This  appendix desc r ibes  t h e  techniques used t o  apply  t h e s e  p recon t rac t  s tudy  

r e s u l t s  t o  t h e  v e h i c l e  requirements of Subtask A, and compares t h e  weight of va r ious  

a l t e r n a t e  subsystems, 

and o t h e r  unique advantages o r  disadvantages,  

r a t i o n a l e  f o r  concept s e l e c t i o n  are presented ,  and, f i n a l l y ,  candida te  concepts f o r  

bo th  boos te r s  and o r b i t e r s  are def ined  f o r  Subtask A a n a l y s i s .  

Candidate concepts are compared on t h e  b a s i s  of  t h e i r  weight 

The b a s i c  philosophy and t h e  
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Candidate a u x i l i a r y  propuls ion  subsystems can b e  synthes ized  by combining one 

of t h e  opt ions  shown i n  t h e  d i f f e r e n t  columns of  Figure H-1. A l l  op t ions  can 

e f f e c t  APS s e l e c t i o n .  For example, a l t e r n a t e  APS concepts are formulated by 

v a r i a t i o n s  i n  v e h i c l e  requirements which e f f e c t  s i z e  of APS concepts,  hence,  t h e  

relative m e r i t  of  t h e  va r ious  concepts.  P rope l l an t  tankage i n t e r a c t i o n  a l s o  p lays  

an important r o l e  i n  concept s e l e c t i o n ,  ( i e e e 9  f o r  a l i q u i d  s t o r a g e  subsystem, 

i n t e g r a t e d  tankage i s  perhaps t h e  most a t t ract ive approach).  Conversely,  f o r  a 

s u p e r c r i t i c a l  subsystem, i n  which t h e  p rope l l an t  i s  s t o r e d  at high p res su re ,  a 

l a r g e  tank is extremely undes i rab le  from a weight  s tandpoin t .  

a l t e r n a t e s ,  such as turbopump, turbocompressor, o r  s u p e r c r i t i c a l  s t o r a g e  form t h e  

fundamental d i f f e r e n c e  i n  concept and hence, t h e  primary s e l e c t i o n  t o  b e  made. 

The opt ions  i l l u s t r a t e d  by Figure H-1 make up a t o t a l  of 387 s e p a r a t e  subsystem 

concepts.  This ,  of course ,  is  a h igh ly  u n r e a l i s t i c  number and s i g n i f i c a n t  screen- 

i n g  w a s  requi red  t o  reduce t h i s  matrix t o  a manageable number and provide t h e  depth 

requi red  f o r  sub ta sk  A. 

The b a s i c  APS 

A s  noted previous ly ,  d a t a  w e r e  a v a i l a b l e  from a p recon t rac t  IRAD Program a t  

McDonnell Douglas e This  program provided APS design and weight d a t a  f o r  a s i n g l e  

low cross  range o r b i t e r  a t  t h r e e  d i f f e r e n t  t o t a l  impulse l e v e l s ,  corresponding t o  

t h r e e  d i f f e r e p t  APS +X maneuvering v e l o c i t y  a l l o c a t i o n s .  

t i o n s  corresponded t o  designs where t h e  A P S ,  bes ides  performing a l l  o t h e r  post-  

s e p a r a t i o n  maneuvering and a t t i t u d e  con t ro l  func t ions :  

performs a l l  p o s t  s e p a r a t i o n  +X maneuvering; 

These v e l o c i t y  a l loca -  

(1) 
(2) performs +X t r a n s l a t i o n  maneuvers 550 f t / s e c ;  

(3)  performs +X t r a n s l a t i o n  maneuvers 210 f t / s e c ,  
I n  t h e  la t ter  two cases an o r b i c  maneuvering subsystem (OMS) provides  t h e  remainder 

of t h e  +X t r a n s l a t i o n  maneuvers, Figure H-2 shows t h e  IRAD t o t a l  impulse levels 

a s soc ia t ed  wi th  t h e  t h r e e  v e l o c i t y  a l l o c a t i o n s  and, f o r  comparison purposes9 shows 

Subtask A impulse and t h r u s t  level requirements ,  

shows t h a t  impulse levels f o r  t h e  IRAD e f f o r t  are very  similar t o  those  of O r b i t e r  

A, b u t  were s i g n i f i c a n t l y  less than those  of O r b i t e r  B e  Comparison of  t h r u s t  levels 

and numbers of engines  i n d i c a t e s  t h r u s t  levels used f o r  t h e  IRAD e f f o r t  were 

Comparison of t he  requirements 

H-3 
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appreciably g r e a t e r  than those of e i t h e r  Subtask A o r b i t e r .  Therefore, t he  IRAD 

study r e s u l t s  required adjustment t o  accommodate changes i n  t h r u s t  levelp number 

of engines, and t o t a l  impulse. 



S 

H-3. ORBITER CONCEPT SCHEMATICS 

Figure H-3 shows IRAD s tudy  r e s u l t s  comparing weight of var ious  tankage 

opt ions  f o r  t h e  t h r e e  b a s i c  APS alternateso In t h i s  f i g u r e ,  weights of t h r e e  

propel lan t  s to rage  opt ions  are compared f o r  each candidate  concept. A s i n g l e  

i n t e g r a l  tank,  i n  which both  OMS and APS propel lan t  supp l i e s  were s t o r e d ,  w a s  

used as a re ference  f o r  d a t a  shown. Two o t h e r  cases were compared wi th  t h e  

weight of t h i s  reference.  Both had sepa ra t e  APS and OMS tankage. I n  one, a l l  

APS prope l l an t  w a s  s to red  i n  a sepa ra t e  APS propel lan t  tank.  I n  the  second, only 

t h e  amount of APS p rope l l an t  t h a t  would be used between major OMS burns w a s  s t o r e d  

i n  t h e  sepa ra t e  tank, which required r e f i l l i n g  during each major OMS burn. 

Inspec t ion  of the  d a t a  shown i n  Figure H-3 f o r  the turbopump subsystem shows 

t h a t  t he re  is  very l i t t l e  weight d i f f e rence  i n  any of t h e  t h r e e  approaches a t  any 

of t h e  t o t a l  impulse l e v e l s  of i n t e r e s t .  Based on this ,  a s i n g l e  i n t e g r a l  t ank  

w a s  s e l e c t e d  f o r  t he  turbopump system, as t h i s  approach w a s  t he  s imples t  and most 

f l e x i b l e  of the th ree .  the turbopump 

subsystem schematic shown i n  Figure H-4 was defined. For c l a r i t y  t h i s  schematic 

does no t  inc lude  t h e  redundant components necessary t o  s a t i s f y  s h u t t l e  f a i l u r e  

cri teria;  however, f o r  the  turbopump and f o r  a l l  o t h e r  subsystems analyzed during t h i s  

e f f o r t  t h e  requi red  component redundancy w a s  included i n  t h e  weight and s i z i n g  

ana lys i s .  The schematic refinement shown i n  Figure H-5 f o r  t he  turbopump system 

is t y p i c a l .  Here, compared t o  t h e  l ine schematic of Figure H-4, i s  t h e  a c t u a l  

number of components used f o r  APS design and s i z i n g  and f o r  APS weight eva lua t ion .  

With t h i s  propel lan t  i n t e g r a t i o n  approach 

Figure H-3 shows t h a t  f o r  t h e  turbocompressor subsystem, a s i n g l e  i n t e g r a l  

tank is not  as attractive as sepa ra t e  tanks,  This i s  due pr imar i ly  t o  t h e  f a c t  

t h a t  i n  t h e  turbocompressor subsystem, APS p rope l l an t  i s  i n j e c t e d  i n t o  main ascent  

tanks;  thus,  APS tanks must opera te  a t  r e l a t i v e l y  high pressures  t o  allow propel lan t  

t r a n s f e r  and i n j e c t i o n ,  I n  th i s  subsystem type ,  i t  is  at t ract ive t o  use  s m a l l  

t anks ,  and sepa ra t e  tankage w a s  s e l ec t ed  f o r  t he  turbocompressor subsystem, shown 

i n  t h e  schematic of Figure H-6. A s epa ra t e  OMS i s  shown f o r  the cases 

where the  APS does no t  provide a l l  pos tsepara t ion  +X maneuvering. 

The n e c e s s i t y  of s epa ra t e  tankage i s  even more pronounced i n  t h e  s u p e r c r i t i c a l  

subsystem and r e s u l t s  i n  an extreme weight advantage. Storage tank pressures  i n  

t h e  s u p e r c r i t i c a l  subsystem are q u i t e  high,  and it i s  d e s i r a b l e  t o  use as 

H -7 
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small a propellant tank as possible. For this reason, separate, refillable propel- 
lant tanks were selected for the supercritical APS (illustrated in the schematic of 
Figure H-7). With this subsystem, a separate OMS tank is always provided, and 
liquid is transferred from this tank to the high pressure A P S  tank during each 

major translation maneuver. 
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Using t h e  schematics  def ined  i n  Sec t ion  H-3, each subsystem concept w a s  
analyzed t o  determine i t s  weight s e n s i t i v i t y  t o  va r ious  des ign  f e a t u r e s .  From t h i s  

a n a l y s i s ,  des ign  p o i n t s  which def ined  a minimum subsystem weight were s e l e c t e d ,  

Component models used f o r  t h e s e  ana lyses  w e r e  those  def ined  i n  Reference ( a ) .  

F igure  H-8 shows t h e  r e s u l t s  of t hese  ana lyses  f o r  t h e  turbopump A P S  concept a t  a 

t o t a l  impulse corresponding t o  t h e  - 50 f t f s e c  APS v e l o c i t y  a l l o c a t i o n .  

mixture  r a t i o  f o r  t h e  subsystem opt imizes  a t  approximately 6 : l  us ing s h i f t i n g  e q u i l i -  

< A s  shown, 

brium t h r u s t e r  performance from Reference (a)., 
des ign  chamber p re s su re  is  500 l b f / i n  a. Hydrogen and oxygen condi t ion ing  tempera- 

t u r e s  of 200' and 300"R r e s p e c t i v e l y  were s e l e c t e d  and, based on the a n a l y s i s  of 

Reference ( a ) ,  a subsystem response t i m e  of 0.5 see w a s  used. Switching and blow- 

down p res su re  r a t i o s  f o r  t h e  accumulators of 1 .3  and 2, r e s p e c t i v e l y ,  w e r e  used. 

A s  shown i n  F igu re  H-8, t h e s e  des ign  p o i n t s  r e s u l t e d  i n  nea r ly  minimum subsystem 

weight.  

des ign  re f inements ,  b u t  the va lues  used were considered r ea l i s t i c  and were t h e  b e s t  

a v a i l a b l e  a t  that  phase of the s tudy  program. 

Thrus te r  expansion r a t i o  is 60:l and 
2 

Fur the r  weight r educ t ions  could have been p o t e n t i a l l y  achieved through 

Simi la r  r e s u l t s  are shown i n  F igure  H-9 f o r  t h e  turbocompressor A P S .  This  

subsystem optimized a t  a somewhat h igher  mixture  r a t i o  because of t h e  r e l a t i v e l y  

high hydrogen compression condi t ion ing  requirements .  

condi t ioner  flow €or  compression, t h i s  subsystem optimized a t  a r e l a t i v e l y  low 

chamber p re s su re  of 50 l b f / i n  a as shown. 

are ind ica t ed  on Figure  H-9. 

Because of increased  

2 Other des ign  va lues  f o r  t h i s  subsystem 

Figure H-10 shows t h e  s u p e r c r i t i c a l  A P S  des ign  va lues ,  This subsystem, l i k e  t h e  

turbocompressor,  favored ope ra t ion  a t  r e l a t i v e l y  low chamber pressure .  This  r e s u l t e d  

p r imar i ly  from t h e  f a c t  t h a t  t h e  p r o p e l l a n t  s t o r a g e  tank  must supply s u f f i c i e n t  

p re s su re  f o r  a l l  subsystem p res su re  drops.  

r e s u l t s  i n  an  i n c r e a s e  i n  s t o r a g e  tank  p r e s s u r e  and, hence,  i n  s t o r a g e  tank weight ,  

For t h i s  A P S ,  a t o t a l  impulse of 700,000 lb-sec w a s  used as t h e  amount t h a t  w i l l  

be  s to red  i n  t h e  s u p e r c r i t i c a l  tank p r i o r  t o  usage. Th i s  amount of impulse i s  

t h e  maximum requ i red  t o  a l low A P S  usage between major 9X t r a n s l a t i o n  burns 

during which t h e  A P S  s u p e r c r i t i c a l  t ank  i s  r e f i l l e d .  Addft ional  p r o p e l l a n t  t o  

s a t i s f y  t h e  miss ion  requirements  w a s  considered t o  be  s t o r e d  as a l i q u i d  f n  t h e  

OMS tankage. 

Thus, an i n c r e a s e  i n  chamber p re s su re  

H-13 
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DES I GN VARIABLE 

THRUSTER MIXTURE RATIO 

EXPANSION RATIO 

CHAMBER PRESSURE (PSIA) 

LINE PRESSURE DROP ( P S I )  

TANK TEMPERATURE (OR) - H2 

O2 

PROPELLANT CONDITIONED 
TEMPERATURE (OR) - H2 

O2 

CONDITIONING ASSEMBLY RESPONSE 
TIME - (SEC) 

ACCUMULATOR PRESSURE 
RATIO - MAX/SWITCH 

SWITCH/MIN 

PROPELLANT TANK 
PRESSURE (PSIA) 

TURBOPUMP 

6 : l  

60:l 

500 

150 

36 
160 

200 
300 

.5 

2.0 
1 .3  

20 

SUPERCRITICAL 

6 :1 

60 :1 

150 

50 

5 1  
160 

200 
40 0 

.5 

2 .o 
1.35 

372 (H2) 
750 (02)  

TURBOCOMPRESSOR 

I 1 0  5 5 0  ALL 

7:l 

4 0 : l  

50 

60 

36 
160 

4 74 
544 

1.5 

1 . 2  
2 .2  

6 : l  

60 :1 

20 

25 

35 2 
400 

-1 1 

Figure H-11 summarizes all the A P S  design points for the different maneuver 

levels. A s  shown for the turbopump and supercritical subsystems, maneuver levels 
did not introduce differences in subsystem design point, For the turbocompressor 
subsystem a somewhat different design chamber pressure is desirable in the all 

maneuver case as, when total impulse is high, it is even more desirable to reduce 
bypass flow losses for propellant compression. 
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H-5. A P S  WEIGHT SENSITIVITY TO REQUIREPlENTS 

Using t h e  design po in t s  of Sect ion H - 4 ,  APS weight s e n s i t i v i t y  t o  impulse 
and t h r u s t  l e v e l  requirements w a s  developed t o  a l low adjustment of APS weights 

developed during t h e  IRAD program t o  t h e  requirements f o r  s tudy Subtask A,, 

These r e s u l t s  are shown i n  Figures  H-12 and H-13, 

s e n s i t i v i t y  t o  t o t a l  impulse f o r  t h e  three subsystem types,  These d a t a  are based 

on the  design po in t s  shown i n  Figure H-11 and cover the range of i n t e r e s t  f o r  a l l  

APS impulse l e v e l s .  S imi l a r ly ,  the da ta  of Ftgure H-13 w e r e  developed using design 

po in t s  of Figure H-11 wi th  t h e  exception t h a t  t h e  number of A P S  engines w a s  changed 

t o  correspond t o  t h e  requirements of Orb i t e r s  A and B (as presented i n  Figure H-2). 

Shown i n  Figure H - I 3  is the s e n s i t i v i t y  of APS weight t o  v a r i a t i o n s  i n  t h r u s t  level 

f o r  t he  two o r b i t e r s .  Each APS concept i s  shown. 

F igure  H-12 shows A P S  weight 
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H-6. COMPARISON OF ORBITER APS WEIGHTS 

Figure H-14 is  a b a r  c h a r t  showing t h e  weight of t h e  var ious  APS concepts f o r  

d i f f e r e n t  maneuver v e l o c i t y  levels. 

ments of O r b i t e r s  A and B ,  a long  wi th  t h e  IRAD subsystem weights  f o r  re ference .  

Comparing O r b i t e r  A from t h e  IRAD program w i t h  i t s  r e v i s i o n  f o r  t h i s  s tudy ,  a 

s l i g h t  i nc rease  i n  weight r e s u l t e d  from changes i n  t h r u s t  level and impulse requi re -  

ments f o r  bo th  turbopump and s u p e r c r i t i c a l  subsystem, however, weights are approxi- 

mately equal  f o r  t h e  turbocompressor APS. The d i f f e r e n c e  is p r i n c i p a l l y  due t o  

the  f a c t  t h a t  t h e  IRAD program did  not  account f o r  t h e  a v a i l a b l e  r e s i d u a l  propel-  

l a n t s  i n  t h e  main engine t anks ,  and t h i s  reduced t h e  weight of t h e  turbocompressor 

subsystem. 

f o r  O r b i t e r  A ,  due, p r imar i ly ,  t o  i nc reases  i n  APS t o t a l  impulse. Comparing t h e  

t h r e e  d i f f e r e n t  types  of subsystems, i t  is  clear t h a t  t h e  turbopump is  t h e  l i g h t e s t  

f o r  a l l  veh ic l e s  and f o r  a l l  v e l o c i t y  a l l o c a t i o n s .  

Shown are weights  corresponding t o  requi re -  

Weights of a l l  subsystems f o r  O r b i t e r  B are s i g n i f i c a n t l y  above those  

I n  o r d e r  t o  provide complete coverage o f  t h e  var ious  APS t ypes ,  i t  w a s  neces- 

s a r y  t o  e v a l u a t e  t h e  impact of us ing  d i f f e r e n t  APS concepts f o r  t he  d i f f e r e n t  

p rope l l an t s  ( f o r  example, u s ing  a turbopump concept f o r  hydrogen d e l i v e r y  wh i l e  

using a compressor approach f o r  oxygen). The r e s u l t  i s  a hybr id  subsystem, as 

i l l u s t r a t e d  i n  F igure  H-15. 

design than  t h a t  a f forded  by us ing  t h e  same approach f o r  both p r o p e l l a n t s ,  hybr ids  

were examined f o r  d i f f e r e n t  impulse levels. These r e s u l t s  are shown i n  Figures  

H-16, H-17, and H-18, These f i g u r e s  show t h e  APS conceptual  approach used f o r  t h e  

d i f f e r e n t  p r o p e l l a n t s  and t h e  r e s u l t i n g  subsystem weight f o r  t h e  t o t a l  impulse 

levels ind ica t ed .  Inspec t ion  of Figures  H-16, H-17, and H-18 shows t h a t  none of 

t h e  hybr id  concepts o f f e r s  a weight advantage over t h e  b a s i c  turbopump concept.  I n  

t h e  a n a l y s i s  of hybr id  subsystems, s u p e r c r i t i c a l  approaches were aga in  considered 

t o  use  s e p a r a t e  r e f i l l a b l e  tanks and t h e  compressor subsystems were c r e d i t e d  wi th  

t h e  weight of r e s i d u a l s  i n  t h e  main engine tanks .  

S ince  hybr ids  could p o t e n t i a l l y  o f f e r  a b e t t e r  o v e r a l l  

H-21 
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H-7. ORBITER CONCEPT SELECTION 
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Figure H-19 provides  a comparison of t h e  t h r e e  b a s i c  APS concepts ,  and shows 

advantages o r  disadvantages unique t o  each approach, 

H-7.1 Concept Summaries 

H-7.1.1 Turbopume - This  concept has  been shown i n  Sec t ion  H-4, t o  b e  t h e  

l i g h t e s t  approach f o r  bo th  o r b i t e r s ,  a t  any v e l o c i t y  level. 

f l e x i b i l i t y  t o  change i n  mission p r o f i l e ,  since a l l  p r o p e l l a n t  i s  s t o r e d  i n  a 

s i n g l e  tank ,  and, t h e r e f o r e ,  can b e  used i n  any d e s i r e d  manner. F i n a l l y ,  i t  has  

t h e  f i r m e s t  technology base.  

r e spec t s  t o  components a v a i l a b l e  i n  i n d u s t r y  today. Disadvantages of  t h e  turbo- 

pump are t h a t  p rope l l an t s  must be  maintained i n  t h e  l i q u i d  state,  and must b e  

pos i t i oned  a t  a l l  t i m e s  i n  a zero  g environment. 

f o r  t h e  hydrogen tank ,  as t h i s  tank is f a r  l a r g e r  than  any t h a t  has been previous ly  

b u i l t .  By i t s  na tu re ,  hydrogen is  d i f f i c u l t  t o  main ta in  i n  a l i q u i d  state through- 

ou t  t h e  tank, 

temperatures throughout t h e  mission i n  o r d e r  t o  achieve  requi red  cond i t ione r  

response t i m e s  

It has  t h e  g r e a t e s t  

Components i n  t h i s  subsystem are comparable i n  most 

This  i s  p a r t i c u l a r l y  of concern 

I n  t h i s  subsystem approach, t h e  pumps must b e  maintained a t  l i q u i d  

H-7.1.2 S u p e r c r i t i c a l  - This subsystem has  t h e  unique advantage of n o t  r equ i r -  

i n g  p r o p e l l a n t  pos i t i on ing  because t h e  gas o r  p r o p e l l a n t  i s*ma in ta ined  i n  a s i n g l e  

phase s ta te  throughout t h e  mission. 

machinery is  requ i r ed ,  

tankage is  more complex because of t h e  need f o r  r e f i l l  dur ing  mission., 

and h e a t e r  technology b a s e  h a s  not  been e s t a b l i s h e d .  

I n  t h e  s u p e r c r i t i c a l  approach no r o t a t i n g  

The disadvantages of  t h e  s u p e r c r i t i c a l  subsystem are t h a t  

A tankage 

The tankage h e a t e r ,  requi red  t o  maintain p re s su re  w i t h i n  t h e  s u p e r c r i t i c a l  

Heaters have been used i n  tank ,  has  only  a very  l i m i t e d  technology background. 

previous programs, b u t  i n  t h e s e  cases t h e  e x t r a c t i o n  rates have been several o rde r s  

of magnitude below those  r equ i r ed  f o r  t h i s  assembly. Typica l ly ,  previous programs 

have requi red  h e a t  i npu t s  i n  t h e  o r d e r  of 40 t o  100 w a t t s .  Approximately 
a 1,000,000 w a t t  
hydrogen tank during maximum A P S  usage. 

i npu t  raises t h e  temperature  and p res su re  of t h e  hydrogen remaining t o  main ta in  

a cons t an t  supply  p re s su re ,  

be requi red .  

the tankage approaches dep le t fon ,  t h e  p r o p e l l a n t  approaches the condi t ions  r equ i r ed  

f o r  engine ope ra t ion ,  

exchanger varies widely,  and t h e  downstream gas  gene ra to r  h e a t  exchanger assembly 

inpu t  i s  r equ i r ed  t o  maintain p res su re  i n  the s u p e r c r i t i c a l  

A s  hydrogen is  withdrawn t h e  energy 

Hence a t o t a l l y  new approach t o  h e a t  a d d i t i o n  would 

P r o p e l l a n t  is  s t o r e d  i n i t i a l l y  a t  near - l iqu id  cond i t ions ,  and, as 

Thus, t h e  amount of h e a t  suppl ied  i n  t h e  downstream h e a t  

H -27 
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would r e q u i r e  a h igh  degree  of t h r o t t l i n g  f o r  c o n t r o l ,  
H-7els3 Turbocompressor - The only unique advantage of t h i s  subsystem 

concept i s  that it can m a k e  use  of t h e  r e s i d u a l  p r o p e l l a n t s  remainjing i n  b o o s t e r  

engine tanks a f t e r  main engine c u t o f f .  A number of disadvantages,  however, are 

ev ident .  The subsystem is complex when precondi t ion ing  p r i o r  t o  i n j e c t i o n  i n t o  t h e  

main p r o p e l l a n t  tanks is  requi red ,  

shows t h e  increased  subsystem complexity a s soc ia t ed  w i t h  t h e  precondi t ion ing  loop. 

Vehicle  i n t e r f a c e  wi th  t h i s  subsystem type  is  more complex. Heat t r a n s f e r  i n t o  

t h e  p r o p e l l a n t s  p r i o r  t o  compression i s  a key des ign  f a c t o r ;  hence,  t h i s  v e h i c l e  

i n t e r f a c e  i s  much more c r i t i ca l  t o  subsystem ope ra t ion ,  The turbocompressors 

requi red  are l a r g e ,  h igh  power, f a s t  response u n i t s ,  and, f o r  such u n i t s ,  a tech- 

nology base  i s  n o t  a v a i l a b l e .  F ina l ly ,  due t o  t h e  somewhat longer  response t i m e  

a s soc ia t ed  w i t h  t h e  l a r g e  turbocompressors accumulators must b e  undersized t o  

avoid excessive weight  p e n a l t i e s ,  r e s u l t i n g  in an inc rease  i n  t h e  number of com- 

p res so r  starts dur ing  t h e  mission. This  last  f a c t o r ,  of course,  i nc reases  component 

l i f e  requirements .  

Inspec t ion  of t he  schematics of  Figure H-6 

H-7.2 Concepts Se lec t ed  f o r  Fur ther  Study - The b a s i c  philosophy which w a s  

appl ied  t o  o r b i t e r  concept s e l e c t i o n  i s  shown i n  Figure H-20, A s  s t a t e d  i n  Sec t ion  

1 of t h i s  Appendix, t h e  primary d e s i r e  w a s  t o  reduce t h e  number of systems t o  a 

manageable level,  so  t h a t  t h e  o v e r a l l  t r a d e  s tudy  could be  accomplished w i t h  t h e  

h ighes t  confidence,  b u t  t o  temper t h i s  by  r e t e n t i o n  of  any subsystems f o r  which 

t h e r e  were doubts about t h e  v a l i d i t y  of sc reening .  Following t h i s  philosophy, 

t h r e e  b a s i c  subsystems w e r e  s e l ec t ed :  

(1) The turbopump w a s  s e l e c t e d  f o r  both o r b i t e r s  a t  a l l  APS impulse levels. 

The r a t i o n a l e  f o r  t h i s  s e l e c t i o n  w a s  t h a t  t h e  turbopump subsystem o f f e r e d  

t h e  lowest weight a t  a l l  impulse levels and provided t h e  b e s t  technology 

base  

The s u p e r c r i t i c a l  subsystem w a s  r e t a i n e d  f o r  both o r b i t e r s  b u t  would b e  

i n v e s t i g a t e d  a t  t h e  low v e l o c i t y  a l l o c a t i o n  only ,  The primary r a t i o n a l e  

f o r  t h i s  w a s  t h a t ,  a t  t h e  low impulse levels,  t he  s u p e r c r i t i c a l  subsystem 

w a s  weight compet i t ive  and had t h e  d i s t i n c t  advantage of r e q u i r i n g  no 

p r o p e l l a n t  pos i t i on ing ,  A t  t h e  low impulse level, r e f i l l  complexity 

could p o t e n t i a l l y  b e  e l imina ted  w i t h  a m i n i m a l  weight pena l ty  

s impl i fy ing  t h e  s u p e r c r i t i c a l  subsystem 

A hybr id  subsystem w a s  a l s o  t o  b e  i n v e s t i g a t e d ,  

s u p e r c r i t i c a l  hydrogen p r o p e l l a n t  supply and a turbocompressor oxygen 

(2) 

t hus  

(3) This  hybr id  used a 

supply  e 
H-29 
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The hybrid w a s  s e l e c t e d  f o r  bo th  o r b i t e r s  a t  t h e  low impulse level only.  This  

hybr id  w a s  s e l e c t e d  by t h e  r a t i o n a l e  shown i n  Figure H-20, 
s i m p l i f i e d  t h e  p rope l l an t  pos i t i on ing  problem by e l imina t ing  need f o r  hydrogen 

p r o p e l l a n t  pos i t i on ing  ( c l e a r l y  t h e  more d i f f i c u l t  of the two p r o p e l l a n t s ) .  It 

allowed more depth  f o r  compressor a n a l y s i s  i n  t h e  area where t h e  compressor w a s  

most attractive, i .e. ,  t h e  oxygen s i d e .  
compression is  much lower than  f o r  hydrogen, and turbomachfnery shes  are cor res -  

pondingly much smaller. 

r e s i d u a l s ,  i t  al lows use  of a compressor where maximum r e s i d u a l s  are a v a i l a b l e ,  

i . e . ,  i n  t h e  oxygen tank of t h e  main engine subsystem. For t h e  hydrogen s i d e  of 

t h e  hybrid subsystem, advantages are the same as those  i d e n t i f f e d  p rev ious ly  f o r  

t h e  s u p e r c r i t i c a l  A P S .  

S p e c i f i c a l l y ,  i t  

With oxygen, t h e  power r equ i r ed  f o r  gas 

Since t h e  compressor concept can take advantage of 

Based on t h e  above r a t i o n a l e ,  t h e  recommended o r b i t e r  concept ma t r ix  shown i n  

F igure  H-21 w a s  developed. 

t o  30. F i r s t ,  t h e  turbopump subsystem would be  i n v e s t i g a t e d  f o r  a l l  maneuver 

levels. 

subsystems were t a i l o r e d  from low t o  h igh  impulse levels.  Secondly, candida tes  

would provide a comparison of t h e  t h r e e  b a s i c  (gener ic )  types  of subsystem a t  a 

common impulse a l l o c a t i o n ,  F i n a l l y ,  each of t h e  subsystem concepts would be  eval- 

ua ted  t o  determine the  thermal condi t ion ing  approach b e s t  s u i t e d  t o  t h e  concept 

design.  

A s  shown, the o r i g h a l  387 o r b f t e r  concepts w e r e  reduced 

Th i s  would provide a comparison of d i f f e r e n c e s  i n  subsystem des ign  when 

H-31 
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H-8. BOOSTER CONCEPT SELECTION 

w 
7 

Booster concept s e l e c t i o n  approach w a s  similar t o  t h a t  descr ibed  above f o r  t h e  

o r b i t e r s ;  however, s e l e c t i o n  and eva lua t ion  were much s i m p l i f i e d ,  s i n c e  t h e  number 

of poss ib l e  concepts  w a s  f a r  more l imi t ed .  F igure  H-22 shows t h e  p o s s i b l e  means of 

subsystem s y n t h e s i s  f o r  boos t e r s .  Again, as wi th  t h e  o r b i t e r s ,  APS concepts can be  

formulated by s e l e c t i o n  of one of t h e  opt ions  from each column i n  F igure  H-22. For 

purposes of sc reening ,  des ign  p o i n t s  determined f o r  t h e  o r b i t e r  turbopump, compres- 

s o r ,  and s u p e r c r i t i c a l  subsystems were app l i ed  t o  boos t e r s .  

t h r e e  systems, however, a f o u r t h  gene r i c  o p t i o n  w a s  a v a i l a b l e  f o r  t h e  boos te r s .  

This  was a s imple s t o r e d  gas b i p r o p e l l a n t  system i n  which t h e  p r o p e l l a n t s  f o r  t h e  

e n t i r e  mission are s t o r e d  i n  l a r g e ,  h igh  p res su re  accumulators,  and no condi t ion ing  

o r  l i q u i d  p r o p e l l a n t  s t o r a g e  i s  requi red .  Weight s e n s i t i v i t y  d a t a  f o r  t h e  s t o r e d  

gas  A P S  are shown i n  F igure  H-23 ,  a long wi th  des ign  p o i n t s  s e l e c t e d  f o r  subsystem 

comparison a 

I n  a d d i t i o n  t o  t h e s e  

Comparison of t h e  fou r  A P S  concepts f o r  t h e  boos te r s  i s  shown i n  F igure  H-24. 

A s  observed f o r  t h e  o r b i t e r ,  t h e  turbopump subsystem is  t h e  l i g h t e s t  weight approach; 

however, each of t h e  o t h e r  concepts has  c e r t a i n  advantages.  F igure  H-25 summarizes 

t h e  r a t i o n a l e  used f o r  boos t e r  APS concept s e l e c t i o n .  A s  shown, even though the  

turbopump w a s  t h e  l i g h t e s t ,  each of t h e  candida tes  had s u f f i c i e n t  doubt a s soc ia t ed  

w i t h  i t s  des ign  and/or  technology t o  warran t  r e t e n t i o n  i n  t h e  s tudy.  The compressor 

p o t e n t i a l l y  e l imina te s  t h e  need f o r  a l l  p r o p e l l a n t  s t o r a g e ,  w i th  t h a t  a s soc ia t ed  

s i m p l i f i c a t i o n .  The s u p e r c r i t i c a l  concept e l imina te s  t h e  need f o r  p r o p e l l a n t  posi-  

t i o n i n g ,  a l l  r o t a t i n g  machinery, and, a t  t h e  low impulse levels r equ i r ed  f o r  t h e  

boos te r ,  t h e  need f o r  r e f i l l .  F i n a l l y ,  s t o r e d  gas  is  by f a r  t h e  s imples t  o v e r a l l  

subsystem, and t h e  technology requi red  f o r  t h e  o the r  systems could warran t  t h e  

weight pena l ty  of t h e  s t o r e d  gas ,  e s p e c i a l l y  f o r  t h e  boos te r ,  where a payload 

exchange r a t i o  makes weight p e n a l t i e s  f a r  less important  t h a t  i n  t h e  o r b i t e r .  Thus, 

t h e  recommended boos te r  concept ma t r ix  shown i n  F igure  H-26 i s  unchanged from t h e  

op t ions  i d e n t i f i e d  i n  F igure  H-22. 
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B A S I C  PHILOSOPHY: PROVIDE BEST OVERALL STUDY RESULTS BY CONCENTRATING ON APPROACHES 
WHICH ARE MOST ATTRACTIVE,  BUT PROVIDE S U F F I C I E N T  EFFORT ON OTHER 
CONCEPTS TO PROVIDE A THOROUGH SCREENING, 

o TURBOPUMP o BOTH BOOSTERS o LOWEST SUBSYST 

o TURBOCOMPRESSOR o BOTH BOOSTERS o ALLOWS POSSIBLE USE OF R E L A T I V E L Y  
LARGE RESIDUAL MASS A V A I L A B L E  
FROM BOOST TANK 

o SUPERCRITICAL o BOTH BOOSTERS o NO PROPEL.LANT P O S I T I O N I N G  
o NO ROTATING MACHINERY 
o R E F I L L  CAN BE E L I M I N A T E D  

o COLD GAS o BOTH BOOSTERS o SIMPLEST OVERALL SYSTEM 
9 

o NO ROTATING MACHINERY 
o NO PROPELLANT P O S I T I V E  EXPULSION 

OR P O S I T I O N I N G  

VEHICLE REQUIREMENT B A S I C  APS CBNC THERMAL C O N D I T I O N I N G  
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