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ABSTRACT 

This summary report provides an overview of a study to define the most 
attractive low pressure, oxygenlhydrogen auxiliary propulsion subsystem ( A P S )  

for NASA space shuttle boosters and orbiters. The study was performed for the 
National Aeronautics and Space Administration, Manned Spacecraft Center (MSC), 
Houston, Texas, under Contract No. NAS 9-11012. 

The study program was divided into two phases. The first, Subtask A, was a 
conceptual subsystem definition phase designed to identify APS concepts best 
suited to each of two baseline shuttle boosters and orbiters. 
Subtask B, comprised a preliminary design of selected subsystems to establish 
indepth understanding of subsystem design and operation. Detailed results of 

these two study phases are contained in McDonnell-Douglas Astronautics Company 
(MDAC) Reports E0302 and E0303. 
subsystem definition studies have shown that a low pressure APS can potentially 
fulfill shuttle requirements, and that such an APS is simple in design and 
operational approach. 
engine propellant tanks as low pressure gas accumulators. Propellant residuals 

trapped in the main engine tanks following boost are sufficient to meet booster 
A P S  propellant demands. 
and no additional control is required. 
propellant storage tanks to supplement boost residuals. 
storage tanks is circulated through passive, tank-mounted heat exchangers 
where it is superheated and injected into the main engine tanks. 
propellant vapors from the main engine tanks are mixed with additional liquid 
propellants in a downstream liquid/vapor mixer, and supplied to the engines 
at constant temperature and pressure (constant density). A Design Handbook 
(MDAC Report E0301) provides design, operation, and performance data on the 

selected booster and orbiter APS. 

The second phase, 

As discussed in this report, conceptual 

The most attractive low pressure concepts use the- main 

The booster APS operates as a simple blowdown subsystem 
The orbiter requires separate liquid 

Propellant from the 

Warm 
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29 JANUARY 1977 

Auxi l ia ry  propuls ion  w i l l  b e  requi red  f o r  space s h u t t l e  a t t i t u d e  and t r ans -  

l a t i o n a l  c o n t r o l .  Operat ing on the same types of p r o p e l l a n t  ( i e e e ,  oxygen and 

hydrogen) as t h e  s h u t t l e  main propuls ion ,  t h e s e  subsystems w i l l  have a minimum 

service l i f e  of 100 mission cyc les  wi thout  major overhaul  o r  refurbishment .  Two 

b a s i c  design approaches have been conceived f o r  t h e  a u x i l i a r y  propuls ion  subsys- 

t e m  ( A P S )  : 

achieve high ope ra t ing  p res su re  levels, and a low p res su re  concept u s ing  t h e  main 

engine p r o p e l l a n t  tanks as an i n t e g r a l  p a r t  of t he  subsystem and ope ra t ing  a t  

main engine tank  u l l a g e  pressures .  This r e p o r t  dea l s  only wi th  low p res su re  

A P S  concepts.  It summarizes the  scope and r e s u l t s  of a s tudy  conducted under 

MSC Contract  No. NAS 9-11012, t i t l e d  "Space S h u t t l e  Low Pressure  Auxi l ia ry  Propul- 

s i o n  Subsystem Def in i t ion ."  

and Space Adminis t ra t ion,  Manned Spacecraf t  Center (MSC), Houston, Texas, under 

the  t e c h n i c a l  d i r e c t i o n  of  M r .  Norman Chaffee. The s tudy  o b j e c t i v e  w a s  " to  con- 

duct  pre l iminary  a u x i l i a r y  propuls ion  subsystem s t u d i e s ,  which (would) genera te  

information and da ta ,  f o r  use i n  t h e  o v e r a l l  s h u t t l e  vehicle e f f o r t , "  and which 

would, " i d e n t i f y  attractive A P S  concepts ,  d e f i n e  t h e i r  range of a p p l i c a b i l i t y  and 

l i m i t a t i o n s  and i d e n t i f y  c r i t i ca l  technology areas and development p r i o r i t i e s . "  

McDonnell Douglas Ast ronaut ics  Company-East (MDAC-East) w a s  t h e  prime s tudy  agency 

wi th  Aerojet  Liquid Rocket Company (ALRC) as major subcont rac tor ,  p rovid ing  b a s i c  

component da t a .  

a h igh  p res su re  concept, us ing  turbopumps o r  turbocompressors t o  

The s tudy  w a s  performed f o r  t he  Nat iona l  Aeronautics 

The s tudy  program w a s  d iv ided  i n t o  two phases. The f i r s t ,  Subtask A, w a s  a 

conceptual  subsystem d e f i n i t i o n  phase designed t o  i d e n t i f y  APS concepts b e s t  

s u i t e d  t o  each of  two baseline s h u t t l e  b o o s t e r s  and o r b i t e r s .  The second phase,  

Subtask B, comprised a pre l iminary  design of s e l e c t e d  subsystems t o  e s t a b l i s h  

indepth understanding of  subsystem design and opera t ion .  Deta i led  r e s u l t s  of  

t hese  two s tudy  phases are contained i n  MDAC Report Nos. E0302 and E0303. 

The s e l e c t e d  o r b i t e r  A P S  concept r equ i r e s  separace  l i q u i d  p rope l l an t  s t o r a g e  

tanks t o  supplement boos t  r e s i d u a l s .  P rope l l an t  from t h e  s t o r a g e  tanks  is c i r cu -  

l a t e d  through t u b u l a r ,  pas s ive  h e a t  exchangers where i t  is  superheated and i n j e c -  

t e d  i n t o  t h e  main engine tanks.  Warm p r o p e l l a n t  vapors from t h e  main engine tanks  

are mixed wi th  a d d i t i o n a l  l i q u i d  p r o p e l l a n t s  i n  a downstream l iqu id /vapor  mixer 

and suppl ied  t o  the  engines  a t  cons tan t  temperature and p res su re  (cons tan t  d e n s i t y ) .  

1-1 
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Design requirements presented  h e r e i n  d i f f e r  from those  app l i ed  t o  the  high p res su re  

APS s tudy  (Reference C ) .  Weight estimates are presented  i n  Paragraph 4 . 6  f o r  

alternate p r o p e l l a n t  tankage and engine arrangements t o  f a c i l i t a t e  comparison, on 

the  same b a s i s ,  of low and high p res su re  APS designs.  

The s e l e c t e d  boos ter  APS c o n s i s t s  of p r o p e l l a n t  d i s t r i b u t i o n  and engine assem- 
b l i e s .  

i n g  no a d d i t i o n a l  p r o p e l l a n t  tankage, pumps, condi t ion ing  equipment, o r  mixing 

assemblies .  

d a t a  on t h e  s e l e c t e d  subsystems, 

It ope ra t e s  e n t i r e l y  from main engine tank  r e s i d u a l  p r o p e l l a n t s ,  r equ i r -  

The Design Handbook W A C  Report E0301) provides  des ign  and ope ra t ing  

1-2 
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This  s tudy  w a s  d iv ided  i n t o  two levels of design d e t a i l .  The f i r s t ,  

Subtask A, w a s  broad i n  scope, cons ider ing  many concepts.  

a t t ract ive concepts were synthes ized ,  t h e i r  range of a p p l i c a b i l i t y  def ined ,  and 

c r i t i c a l  technology areas i d e n t i f i e d .  

s h u t t l e  requirements and goa ls  were s e l e c t e d  f o r  more d e t a i l e d  a n a l y s i s  and subsys- 

t e m  d e f i n i t i o n .  To ensure  t h a t  d a t a  generated during t h i s  f i r s t  s tudy  phase be 

s u f f i c i e n t l y  genera l  €or  o v e r a l l  s h u t t l e  s tudy  e f f o r t s ,  APS concepts were eva lua ted  

f o r  two s p e c i f i c  s h u t t l e  conf igura t ions  (high and low crossrange)  wi th  varying 

requirements and i n t e r f a c e  c h a r a c t e r i s t i c s .  

During t h i s  phase,  

The concept(s)  which b e s t  s a t i s f i e d  space 

The second s tudy phase,  Subtask B, involved pre l iminary  design of s e l e c t e d  

APS concepts.  

requirements,  t he  component and assembly requirements f o r  updated designs were 

def ined,  and component types b e s t  s u i t e d  t o  the  APS were eva lua ted  i n  d e t a i l  t o  

e s t a b l i s h  t h e i r  performance, and t r a n s i e n t  c h a r a c t e r i s t i c s .  The r e s u l t i n g  subsys- 

t e m  w a s  analyzed t o  determine performance, ope ra t ing  c h a r a c t e r i s t i c s ,  and advanced 

technology requirements necessary  f o r  subsystem development. 

defining ind iv idua l  tasks i s  shown i n  Figure  2-10 

Design concepts were updated t o  r e f l e c t  r ev i s ions  i n  s h u t t l e  

The s tudy  schedule  

4.0 SUBSYSTEM INTEGRATION TRADE STUDY _ _ _ _ _ _ _ _ _ _ _ _ _ _  
5.0 COYBONENT REDUNDANCY EVALUATIW _ _ _ _ _ _ _ _ _ L _ _ _  

6.0 SUBSYSTEM INSTALIATION EVALUATION _ _ _ _ _ _ _ _ _ _ _ _ _  
7.0 APS ENVlRONMEIlTAL DEFINITION____________________ 
8.0 RESIDUAL BOOST PROPELLANT AVAILABILITY .....-.- 

--_____________ 

BlLlTY AWD COMPOMEWT 
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The primary o b j e c t i v e s  of Subtask A were a n a l y s i s  and c r i t i q u e  of candidate  

concepts and s e l e c t i o n  of  a p re fe r r ed  approach. Concept sc reening  s t u d i e s ,  

performed a t  s tudy  incep t ion ,  i d e n t i f i e d  68 candida te  low p res su re  APS f o r  Sub- 

t a s k  A study.  . Design ana lyses  and intrasubsystem t r a d e s  w e r e  necessary  t o  ensure 

t h a t  each concept w a s  shown t o  b e s t  advantage,  and t h a t  a l l  concepts were com- 

p a t i b l e  w i th  s p e c i f i c  s h u t t l e  veh ic l e s .  When t h e s e  s t u d i e s  were complete, con- 

cep t s  were compared on t h e  b a s i s  of subsystem s i m p l i c i t y ,  weight and volume, 

mission f l e x i b i l i t y ,  and r equ i r ed  development and technology. From t h i s  s tudy  

e f f o r t ,  subsystem concepts were s e l e c t e d  by NASA f o r  pre l iminary  design.  

s e l e c t e d  o r b i t e r  APS approach used a pass ive  h e a t  exchanger f o r  condi t ion ing  

A P S  prope l l an t ,  and a l i qu id /vapor  mixer t o  c o n t r o l  engine i n l e t  condi t ions .  

The boos te r  APS, as a r e s u l t  of i t s  low t o t a l  impulse requirement,  demanded no 

p rope l l an t  s t o r a g e  o r  condi t ion ing  equipment. Rather,  i t  operated i n  a blowdown 

mode on main engine tank u l l a g e  vapors.  

The 

Major r e s u l t s  of t h i s  s tudy  phase are d iscussed  i n  t h e  fol lowing paragraphs.  

3 . 1  Requirements - APS gu ide l ines  and requirements f o r  Subtask A are shown 

i n  Figure 3-1. The mission t ime l ine  w a s  developed f o r  a space  s t a t i o n  l o g i s t i c  

GUIDELINES AND CONSTRAINTS 
e SUBSYSTEMS MUST PROVIDE OP~~TIONAL P PYCE AFTER FIRST 

C 

" 0  
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suppor t  mission. 

f o r  boos t e r  a t t i t u d e  c o n t r o l ,  and 2180 f t / s e c  f o r  o r b i t e r  con t ro l  and t r a n s l a t i o n a l  

maneuvers. Various APS/orbit maneuvering subsystem (OMS) v e l o c i t y  a l l o c a t i o n s  were 

prescr ibed  f o r  Subtask A study.  The e f f e c t  of t h e s e  a l l o c a t i o n s  on APS v e l o c i t y  

requirements i s  shown i n  Figure 3-2, 

The equ iva len t  v e l o c i t y  increment f o r  th is  mission is 32 f t / s e c  

4 5 6 1 

FIGURE 3-2 

A r e p r e s e n t a t i v e  range of  veh ic l e  des ign  approaches w a s  achieved by consider- 

i n g  two d i f f e r e n t ,  2-stage,  s h u t t l e s  f o r  MS comparison s t u d i e s .  Both s t a g e s  of  

s h u t t l e  A have f ixed ,  low-sweep wings and similar aerodynamic shapes.  S h u t t l e  B 

embodies a twin bodied canard f i r s t  s t a g e  and a h igh ly  swept del ta  wing upper 

s t a g e .  Both b a s e l i n e  s h u t t l e s  are dep ic t ed  i n  Figure 3-3. 

3 . 2  Concept Matrix - By d e f i n i t i o n ,  t h e  low p res su re  APS use  t h e  main engine 

p r o p e l l a n t  tanks as an i n t e g r a l  p a r t  of t h e  subsystem and ope ra t e  a t  main engine 

tank u l l a g e  pressures  e Operat ing p res su re  levels are maintained by resupplying 

the  main engine tanks from s e p a r a t e  p r o p e l l a n t  tankage. The b a s i c  low p res su re  

concept is shown i n  Figure 3 - 4 .  The primary f e a t u r e s  i n  concept d e f i n i t i o n  are: 

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

(2)  method of p r o p e l l a n t  condi t ion ing  

(3) 

( 4 )  miss ion  requirements ( v i z ,  , t h r u s t ,  t o t a l  impulse,  and maximum 

engine i n l e t  p r o p e l l a n t  tempera ture /pressure  c o n t r o l s  

s i n g l e  impulse burn)  

3-2 
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Figure 3-5 i l l u s t r a t e s  t h e  a l t e r n a t e  approaches considered f o r  each of  t h e s e  

f e a t u r e s .  Prel iminary subsystem a n a l y s i s  reduced these  alternates t o  the  number 

of  at tractive and/or v i a b l e  approaches shown i n  Figures  3-6 and 3-7 f o r  boos te r  

and o r b i t e r  v e h i c l e s  r e spec t ive ly .  A l l  w e r e  c a r r i e d  through Sub t a sk  A eva lua t ion  

and comparison s t u d i e s .  

3 . 3  Intrasubsystem Trades - A number of in t rasubsys tem s t u d i e s  were performed 

t o  de f ine  competi t ive APS design parameters ,  and t o  determine t h e  f e a s i b i l i t y  of 

propuls ion  subsystem i n t e g r a t i o n ,  

o r b i t e r  APS/OMS p r o p e l l a n t  s t o r a g e  i n t e g r a t i o n ,  and usab le  main engine tank pro- 

p e l l a n t  r e s i d u a l s  

These included eva lua t ion  of engine arrangement, 

Engine Arrangement - E f f o r t  under t h i s  t r a d e  s tudy  inc luded  eva lua t ion  of 

t h r u s t  requirements f o r  each v e h i c l e  element, and d e f i n i t i o n  of APS t o t a l  impulse 

3-4 
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requirements.  

a t  minimum weight ,  s p e c i f i e d  c o n t r o l  and/or  t r a n s l a t i o n  a c c e l e r a t i o n  wi th  two 

engine f a i l u r e s .  

Engine t h r u s t  levels and number of engines  were designed t o  provide,  

Figures  3-8 and 3-9 show t h e  s e l e c t e d  engine arrangement and 

Orbiter Booster 

AIN ENGINE TANK 
RESSURIZATION L I E  D,TPU PRESSURIZATION LINES 7 

MAIN ENGINE LH2 TANK -I 

ATTITUDE CONTROL ENGINES 
Y TRANSLATION (TYP) Y TRANSLATION (ALL AXES) 

(TYP) 

FIGURE 3-8 LLATlO 

Orbiter Booster 

FWD ENGINE GROUP 
* P, Y, R 

I XTRANS 
4 Y, Z, TRANS 

MAIN ENGINE PRESSURIZATION 
[GROUP ENGINE /\ LINES(TYP1 

t P, Y, R 

d i s t r i b u t i o n  network f o r  each veh ic l e .  Engine t h r u s t  levels and number of  engines  

are summarized i n  Figure 3-10. 

the s e l e c t e d  engine arrangements a t  each APS/O%S v e l o c i t y  a l l o c a t i o n ,  

impulse va lues  shown i n  F igu re  3-10 inc lude  allowance f o r  p r o p e l l a n t  s e t t l i n g  

p r i o r  to an  OMS burn. 

A P S  t o t a l  impulse requirements were generated f o r  

The t o t a l  
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REQUIREMENTS SUMMARY 

APS/OMS Prope l l an t  I n t e g r a t i o n  - For those  o r b i t e r  missions which 

F I G U R E  3-10 

presuppose 

both  an APS and OMS f o r  c o n t r o l  and t r a n s l a t i o n ,  many p o s s i b i l i t i e s  (both type 

and e x t e n t )  e x i s t  f o r  p r o p e l l a n t  i n t e g r a t i o n .  

mance, p r o p e l l a n t  s t o r a g e  concepts were eva lua ted  t o  d e f i n e  p rope l l an t  s ta te  

( l i q u i d  o r  s u p e r c r i t i c a l ) ,  l i q u i d  s t o r a g e  p r e s s u r i z a t i o n  type (co ld  helium o r  

autogenous),  and e x t e n t  of APS/OMS tankage i n t e g r a t i o n  ( sepa ra t e  o r  combined, 

r e f i l l a b l e  o r  n o n r e f i l l a b l e )  . 
APS v e l o c i t y  p r o f i l e s  of F igure  3-2 were 3890 l b  (- LO f t / s e c ) ,  7724 l b  

(( 50 f t / s e c )  and 36,100 l b  ( a l l  maneuvers). 

l a n t  requirements are 35,680 l b ,  33,834 l b  and 36,100 l b .  Differences i n  t o t a l  

p r o p e l l a n t  a rose  from an approximate 60 second s p e c i f i c  impulse increment between 

l i q u i d  OMS (assumes RL-10A3-3 engine)  and gaseous APS engines .  

I n  terms of  APS weight and per for -  

O r b i t e r  A prope l l an t  requirements f o r  t h e  t h r e e  
< 

Corresponding t o t a l  OMS/APS propel-  

Trade s tudy  concepts 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  Figure 3-11. 

Weight estimates f o r  combined APS/OMS l i q u i d  p rope l l an t  s t o r a g e  assemblies  are 

shown by t h e  b a r  c h a r t  i n  Figure 3-12, The c h a r t  i l l u s t r a t e s  t h a t ,  when pres-  

s u r i z e d  wi th  co ld  helium, concepts employing p res su re  i s o l a t i o n  ( i . e . ,  s e p a r a t e  

tanks f o r  APS and OMS p r o p e l l a n t s )  were l i g h t e r  than  f u l l y  i n t e g r a t e d  tankage. 

This r e s u l t s  p r imar i ly  from t h e  f a c t  t h a t  the APS tanks must ope ra t e  above main 

engine tank p res su res  t o  a l low resupply p r o p e l l a n t  t r a n s f e r  and thus  t h e r e  is  a 

p res su ran t  weight pena l ty  f o r  the  OMS tank when p r o p e l l a n t  i s  i n t e g r a t e d ,  

weight  increment between s e p a r a t e  and i n t e g r a t e d  tankage d isappears  f o r  t h e  

l i g h t e r ,  autogenously p re s su r i zed  tankage e 

The 

Separate  tankage was  s e l e c t e d  f o r  bo th  p rope l l an t  s u p p l i e s  because i t  reduced 

3-8 
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the  technology and development problems a s soc ia t ed  wi th  p rope l l an t  a c q u i s i t i o n .  

Autogenous p r e s s u r i z a t i o n  w a s  s e l e c t e d  f o r  t h e  hydrogen tankage because it provi-  

ded a s i g n i f i c a n t  weight advantage over  co ld  helium. 

LO tanks,  however, showed t h a t  t h i s  weight advantage w a s  l o s t  f o r  autogenous pres- 

s u r i z a t i o n  of l i q u i d  oxygen because of the  h i g h e r  molecular  weight of t h e  p re s su r i -  

z ing  gas and t h e  h igh  tank w a l l  h e a t  l o s s  f o r  t h e  smaller diameter  tanks.  Cold 

hellum w a s  s e l e c t e d .  

P r e s s u r i z a t i o n  weights  f o r  

2 

The s e l e c t e d  tankage concepts  are shown i n  Figure 3-13. 

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  concepts  were a l s o  of i n t e r e s t  s i n c e ,  un l ike  

l i q u i d s  ,, p r o p e l l a n t  o r i e n t a t i o n  and a c q u i s i t i o n  are no t  requi red .  S ince  p r o p e l l a n t  

q u a l i t y  from s u p e r c r i t i c a l  s t o r a g e  w a s  no t  compatible wi th  the  l i q u i d  OMS engine 

only  separate tankage was considered.  However, s i n c e  t h e  s u p e r c r i t i c a l  APS tanks 

could be r e f i l l e d  from l i q u i d  OMS t anks ,  a comparison of r e f i l l a b l e  and n o n r e f i l l -  

a b l e  tanks w a s  requi red .  Weight estimates f o r  t h e s e  concepts  are shown i n  

Figure 3-14. 
APS maneuver level) by inc reased  technology requirements and subsystem complexity I) 

Thus, n o n r e f i l l a b l e  s t o r a g e  assemblies  were s e l e c t e d  f o r  t h e  low APS maneuver 

l e v e l s  (5  10 f t / s e c )  and r e f i l l a b l e  s t o r a g e  w a s  chosen f o r  i n t e rmed ia t e  maneuver 

The r e f i l l a b l e  concepts  are l i g h t e r  bu t  t h i s  is  o f f s e t  ( a t  t h e  l o w  

3-10 
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Usable Main Engine Residuals  - Main engine tank  l i q u i d  p rope l l an t  r e s i d u a l s  

r ep resen t  a p o t e n t i a l  sav ings  i n  APS prope l l an t  requirements e This sav ings  can 

be  r e a l i z e d  i f  APS p r o p e l l a n t  u t i l i z a t i o n  co inc ides  wi th  r e s i d u a l  b o i l o f f  rates. 

An estimate of usable  r e s i d u a l s  w a s  important  t o  t h e  Subtask A s tudy  e f f o r t ,  s i n c e  

i t  e f f e c t e d  APS weights  and determinat ion of an opt imal  APS/OMS impulse a l l o c a t i o n .  

Figure 3-16 provides  t h e  t o t a l  r e s i d u a l  p r o p e l l a n t  inventory  f o r  each v e h i c l e  

3-12 
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s t a g e ,  based on Reference A da ta .  

An approximate model f o r  r e s i d u a l  b o i l o f f  rate w a s  e s t a b l i s h e d  a f t e r  a n a l y s i s  

of  f l i g h t  test  d a t a  from e leven  S-IV and S-IVB f l i g h t s .  Major conclusions drawn 

from t h i s  a n a l y s i s  were: (1) t h a t  t h e  b e s t  model f o r  oxygen w a s  t h a t  r e s i d u a l s  

remained i n  a s e t t l e d  o r i e n t a t i o n  dur ing  on-orbi t  maneuvers and (2)  t h e  b e s t  model 

f o r  hydrogen w a s  t h a t  r e s i d u a l s  would n o t  b e  s e t t l e d  and would con tac t  up t o  65 

percent  of t h e  tank w a l l  dur ing  on-orbit  opera t ions .  Applying these  equ iva len t  

models t o  c a l c u l a t e d  o r b i t e r  tank h e a t i n g  rates y ie lded  t h e  r e s i d u a l  l i q u i d  pro- 

p e l l a n t  h i s t o r i e s  shown i n  Figure 3-17. The amount of l i q u i d  usable  by t h e  APS 

TI 

i nc reases  as t h e  subsystem w a s  used f o r  more maneuvers i n  t h e  e a r l y  phases of t h e  

mission,  

increased  by a f a c t o r  of two o r  more between low and h igh  APS maneuver levels.  

These r e s u l t s ,  summarized i n  Figure 3-18, were appl ied  t o  subsystem weight and 

s i z i n g  ana lyses  e 

For t h e  Reference mission,  l i q u i d  r e s i d u a l  u t i l i z a t i o n  by t h e  APS 

3,4  Design Analysis  - Two f a c t o r s  were determined t o  b e  most e s s e n t i a l  t o  

the  v i a b i l i t y  of a low p res su re  APS concept,  

o f  main ta in ing  h igh  ope ra t ing  p res su re  levels i n  o r d e r  t o  provide reasonable  weights  

and engine s i z e .  Second, engine p r o p e l l a n t  i n l e t  condi t ions  must be  con t ro l l ed  t o  

preclude severe t h r u s t  and mixture  r a t i o  excurs ions  

F i r s t ,  t h e  subsystem must be  capable  

3-13 
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Main Engine Tank Resupplx - Main engine tank p res su re  h i s t o r i e s  were generated 

f o r  each APS duty cyc le  i n  o rde r  t o  i d e n t i f y  c r i t i c a l  maneuvers, i . e . ,  t h e  maneuver 

which produces the lowest main engine tank pressure .  

s i o n  of t h i s  maneuver c o n t r o l s  APS pressure  budget ;  hence,  i t  c o n t r o l s  l i n e  and 

engine s i z e s .  A t y p i c a l  o r b i t e r  tank p res su re  h i s t o r y  is presented  i n  Figure 3-19. 

Shown i n  t h i s  f i g u r e  are t h e  e f f e c t s  of resupply f lowra te ,  and resupply temperature 

on tank p res su res  during t h e  burn.  As shown, f o r  a f ixed  resupply f lowra te ,  t h e r e  

is a corresponding resupply temperature requi red  t o  maintain tank  pressure .  Con- 

ve r se ly ,  f o r  a f ixed  temperature  a corresponding f lowra te  is requi red .  Higher 

tank  p res su res  can be maintained by inc reas ing  e i t h e r  f lowra te  o r  temperature a 

Combined requirements f o r  resupply temperatures  and f lowra tes  t o  main ta in  a main 

engine tank p res su re  of 20 l b f / i n  a are shown i n  Figure 3-20 €o r  a 50 f t / s ec  burn. 

As shown, optimum resupply-to-outflow f lowra te  r a t i o  ( 8 )  f o r  minimum prope l l an t  

weight is  1:l. Overcharging t h e  main boos t  tanks wi th  cold p r o p e l l a n t  vapors 

(&> 1 : l )  i nc reases  vent  l o s s e s  when p r o p e l l a n t s  warm up during per iods  of low APS 

ac t iv i ty . ,  Undercharging them wi th  warm vapors (&< 1 : l )  r e s u l t s  i n  increased  

requirements f o r  resupply p rope l l an t  condi t ion ing .  This  lat ter case a l s o  necess i -  

tates even tua l  mass makeup la ter  i n  t h e  mission,  i 

The pressure  a t  t h e  conclu- 

2 

These same conclusions appl ied  t o  a l l  o f  t h e  APS/OMS v e l o c i t y  a l l o c a t i o n s  

A mass resupply f lowra te  r a t i o  of u n i t y  w a s  t h e r e f o r e  s e l e c t e d  and, a t  t h i s  flow- 

rate, t h e  condi t ion ing  temperature  requi red  t o  hold  a s p e c i f i e d  minimum main 

engine tank p res su re  w a s  determined f o r  each mission duty cyc le  (Figure 3-21). 

The curves show t h a t  resupply  temperature  requirements must i nc rease  t o  maintain 

h ighe r  minimum pres su res  and a l s o  t h a t  condi t ion ing  temperature  must i n c r e a s e  

when t h e  APS performs l a r g e r  maneuvers. F igure  3-22 shows t h e  e f f e c t  of minimum 
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pressure  on APS weight.  A weight optimum i s  r e a l i z e d  a t  minimum tank pressures  

of 22-23 l b f / i n  a f o r  A P S  duty cyc les  of - 10 f t / s e c  and - 50 f t / s e c ,  and a t  a 

much lower p re s su re  when the  APS is  used f o r  a l l  maneuvers. Weight optimas occur  

because l i n e  and engine weights  decrease w i t h  inc reas ing  tank  p res su re ,  b u t  t h e  

p rope l l an t  condi t ion ing  penal ty  requi red  t o  main ta in  t h e s e  pressures  inc reases  

r ap id ly .  A 20 l b f / i n  minimum pres su re  l i m i t  w a s  s e l e c t e d  because i t  w a s  near-  

2 < < 

2 

optimum (from the  s t andpo in t  of minimal subsystem weight)  s and provided a reason- 

ab le  margin a g a i n s t  c o l l a p s e  p re s su re  loads  dur ing  r een t ry  * 

Control  of  Engine I n l e t  Conditions - The low td t a l  p re s su re  budget a v a i l a b l e ,  

and t h e  d e s i r e  t o  minimize subsystem weight n e c e s s i t a t e d  a minimum a l l o c a t i o n  f o r  

engine i n j e c t o r  p re s su re  drop. 
2 drop t o  ensure  good mixing and s t a b l e  ope ra t ion  w a s  2.0 l b f / i n  de  

used f o r  weight and performance estimates throughout t h e  s tudy.  

such a low AP i n j e c t o r  i s  t h a t  s m a l l  p r e s su re  o r  temperature  v a r i a t i o n s  produce 

s i g n i f i c a n t  s h i f t s  i n  'engine ope ra t ing  parameters no tab ly  t h r u s t  and mixture  

r a t i o .  

ze r  and f u e l  i n l e t  p re s su re  of only a few l b f / i n 2  from norrinal produces major 

It w a s  es t imated  t h a t  t h e  minimum p r a c t i c a l  p re s su re  

This  va lue  w a s  

The d i f f i c u l t y  wi th  

As t h e  s e n s i t i v i t i e s  of Figure 3-23 show, an  opposing v a r i a t i o n  i n  oxid i -  

3-17 
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FIGURE 3-23 

changes i n  engine mixture  r a t i o .  The APS supply must be  capable of c o n t r o l l i n g  

engine ope ra t ing  condi t ions  t o  reasonable  l i m i t s .  Alternate methods of c o n t r o l  

are shown i n  Figure 3-24 .  Solu t ions  vary from simple m a s s  a d d i t i o n  ( c o n t r o l l i n g  

3-18 
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Pressures  w i t h i n  the  main engine tanks t o  a t i g h t  deadband) t o  the  more s o p h i s t i -  

ca ted  cons tan t  d e n s i t y  c o n t r o l  ( c o n t r o l l i n g  p rope l l an t  pressures  and temperatures  

t o  s p e c i f i e d  va lues ) .  

design v a r i a b l e s .  

i n g  s i n c e  only  a po r t ion  of  t h e  p rope l l an t s  w e r e  condi t ioned and supp l i ed  t o  t h e  

main engine tanks.  

Figure 3-25 shows t h e  effect of each concept on subsystem 

The cons t an t  d e n s i t y  c o n t r o l  r equ i r ed  less p rope l l an t  condi t ion-  

3 .5  Concept Comparison/Selection - Each low p res su re  APS concept considered . 

i n  Subtask A w a s  eva lua ted  on t h e  b a s i s  of technology, s i m p l i c i t y ,  weight and 

volume f l e x i b i l i t y  and development, The concept(s)  mer i t i ng  t h e  h i g h e s t  ranking 

w e r e  s e l e c t e d  f o r  more indepth ana lyses  dur ing  t h e  Subtask B pre l iminary  design 

phase. 

t i o n s  are presented  i n  Figure 3-26. 

S e l e c t i o n  c r i te r ia  weight ing and the r a t i o n a l e  appl ied  i n  making the selec- 

I n  o rde r  t o  f a c i l i t a t e  concept s e l e c t i o n ,  alternate flow c o n t r o l  schemes were 

considered f i r s t .  

candidate  approaches t o  p rope l l an t  s t o r a g e  and p rope l l an t  condi t ion ing  were evalu- 

a t e d  and s e l e c t i o n s  made. 

t i o n i n g  assemblies  are requ i r ed  f o r  t h e  boos te r  e lements ,  concept comparisons were 

l i m i t e d  t o  flow c o n t r o l  v a r i a t i o n s .  

Then, w i t h  t h e  p re fe r r ed  flow c o n t r o l  concept i d e n t i f i e d ,  

Since n e i t h e r  p r o p e l l a n t  s t o r a g e  no r  p rope l l an t  condi- 

P rope l l an t  Flow Control  - Operating c h a r a c t e r i s t i c s  f o r  t h e  f o u r  o r b i t e r  flow 

c o n t r o l  concepts are shown i n  Figure 3-27, An a r b i t r a r y  v e l o c i t y  increment of 

50 f t / s e c  w a s  assumed f o r  t h i s  example, and main engine tank resupply temperatures 

were s e l e c t e d  t o  maintain tank  p res su re  above 20 l b f / i n  . As i l l u s t r a t e d ,  s i g n i -  

f i c a n t  engine performance v a r i a t i o n s  occur  i n  t h e  case of mass add i t ion .  Main 

supply l ine p res su re  r e g u l a t o r s  c o n t r o l  engine thrust b u t  mixture  r a t i o  v a r i a t i o n s  

are l a r g e  because of temperature  changes e 

l oca t ed  immediately upstream of  the  engines ,  o f f e r  b e t t e r  mixture  r a t i o  c o n t r o l ,  

2 

D i f f e r e n t i a l  p re s su re  r egu la to r s  

b u t  provide poor c o n t r o l  of  engine t h r u s t .  

c o n t r o l s  both.  This concept a l s o  minimizes condi t ion ing  requirements ,  s i n c e  only 

a po r t ion  of t o t a l  engine flow is e x t r a c t e d  from t h e  main engine tank;  the  

remainder is  supp l i ed  t o  t h e  mixing chamber i n  the l i q u i d  phase. These concepts 
are compared i n  Figure 3-28 a g a i n s t  t h e  r a t i n g  f a c t o r s  d i scussed  earlier. 

p o i n t  t a l l y  shows t h a t  t h e  cons t an t  d e n s i t y  c o n t r o l  concept w a s  s e l e c t e d  f o r  t h e  

o r b i t e r  d e s p i t e  a very conserva t ive  r a t i n g  f o r  technology ex tens ion .  

mixers have found p a s t  usage on engine test s t a n d s  f o r  low temperature p r o p e l l a n t  

condi t ion ing ,  b u t  a d d i t i o n a l  e f f o r t  is requi red  t o  demonstrate s t a b l e  flow and 

homogeneous mixing f o r  a twofold v a r i a t i o n  i n  l iquid-to-vapor mass r a t i o s .  

The cons tan t  d e n s i t y  (P/T) concept 

The 

Liquid/vapor 
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FIGURE 3-26 
EBP SELE 

Booster  f low con t ro l  concepts were l i m i t e d  t o  s imple pressure  blowdown (no 

con t ro l )  and p res su re  r egu la t ion  us ing  d i f f e r e n t i a l  p re s su re  r egu la to r s  f o r  

i n d i v i d u a l  engine assemblies .  Performance t r ends  were s i m i l a r  t o  those  shown f o r  

t h e  o r b i t e r  (mass a d d i t i o n  and d i f f e r e n t i a l  r e g u l a t o r s )  b u t  main engine tank pres- 

s u r e  decay is much less s i g n i f i c a n t ,  s i n c e  t h e  quan t i ty  of boos t e r  main engine 

tank u l l a g e  vapors g r e a t l y  exceeds mission requirements.  

excursions f o r  t h e  blowdown concept (Figure 3-29) are s a t i s f a c t o r y  f o r  high per- 

formance and r e l i a b l e  opera t ion .  Consequently, a blowdown concept w a s  s e l e c t e d  

f o r  t h e  boos te r s  because of i t s  inhe ren t  des ign /ope ra t iona l  s i m p l i c i t y  and lower 

subsystem weight e 

Thrust  and mixture r a t i o  

P rope l l an t  S torage  and Condit ioning - (Orb i t e r  Only) - Comparisons of propel-  

l a n t  s t o r a g e  and condi t ion ing  concepts are given i n  Figure 3-30. 

concepts l i q u i d  s t o r a g e  o f f e r s  advantages i n  a l l  ca t egor i e s  of comparison, 

except  technology, f o r  APS maneuvers - 10 f t / s e c ,  

tankage i s  employed f o r  bo th  s t o r a g e  concepts .  

advantage because a p r o p e l l a n t  a c q u i s i t i o n  device  i s  n o t  r ?qu i r ed ,  

O f  t h e  s t o r a g e  

< Herep s e p a r a t e g  n o n r e f i l l a b l e  

S u p e r c r i t i c a l  s t o r a g e  possesses  an 

S u p e r c r i t i c a l  
3-21 
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tanks f o r  t h e  in te rmedia te  maneuver levels, however, r e q u i r e  r e f i l l  from s e p a r a t e  

OMS t anks ,  and are penal ized  f o r  added complexity and technology. Tankage is a l s o  

h e a v i e r  because of high r e q u i s i t e  s t o r a g e  pressures .  Based on t h e s e  considera- 

t i o n s ,  i t  w a s  concluded t h a t  l i q u i d  p r o p e l l a n t  s t o r a g e  is s u p e r i o r  t o  s u p e r c r i t i -  

cal  s t o r a g e .  This a p p l i e s  equal ly  t o  o r b i t e r s  A and B .  

The choice between pass ive  and active p r o p e l l a n t  condi t ion ing  is less obvious 

Pass ive  condi t ion ing  o f f e r s  advantages f o r  APS usage - 10 f t / s e c  i n  terms of tech- 

Rology, s i m p l i c i t y ,  and weight ,  b u t  t hese  f a c t o r s  a r e  compromised by i n t e g r a t i o n  

requirements f o r  missions - 50 f t / s e c  s i n c e  pass ive  h e a t  exchanger s u r f a c e  areas 

increase f o r  l a r g e r  v e l o c i t y  increments and longer  t i m e s  are requi red  f o r  tempera- 

t u r e  recovery between burns.  For - 50 f t / s e c  missions t h e  pass ive  and act ive h e a t  

exchangers were e f f e c t i v e ]  y equal  wi th  t h e  active showing a s l i g h t  advantage. 

< 

< 

< 

Basel ine  Concepts - Bzsed on t h e  above s tudy r e s u l t s ,  NASA s e l e c t e d  t h e  base- 

l i n e  subsystems shown i n  F igures  3-31 and 3-32 f o r  t h e  Subtask B pre l iminary  des ign  

phase,  The subsystem schematics  shown s a t i s f y  t h e  miss ion  f a i l u r e  c r i t e r i a  t h a t  

t h e  APS be f u l l y  o p e r a t i o n a l  a f t e r  t h e  f i r s t  f a i l u r e ,  and t h a t  i t  provide a s a f e  

r e e n t r v  a f t e r  two component f a i l -u re s .  
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Subtask B e s t a b l i s h e d  prel iminary designs based on t h e  conceptual  subsystems 

s e l e c t e d  i n  Subtask A. S p e c i f i c a l l y ,  t h i s  included d e f i n i t i o n  of  subsystem per- 

formance and ope ra t ing  c h a r a c t e r i s t i c s  component designs and i n s t a l l a t i o n  

f e a t u r e s ,  and weight and r e l i a b i l i t y  estimates. Vehicle d e s c r i p t i o n s  and mission 

requirements w e r e  updated f o r  t h i s  phase of t h e  s tudy  as space s h u t t l e  program 

plans s o l i d i f i e d  and more d e s c r i p t i v e  design d e t a i l  became a v a i l a b l e  from concur- 

r e n t  Phase B space s h u t t l e  s t u d i e s  (Reference B ) .  Ce r t a in  areas of A P S  conceptual  

design w e r e  recommended by the  NASA t e c h n i c a l  d i r e c t o r  f o r  d e t a i l e d  Subtask B 

e f f o r t ,  The most s i g n i f i c a n t  of t hese  w a s  an alternate approach t o  t h e  pass ive  

hea t  exchanger, Sur face  mounted h e a t  exchangers were assumed f o r  Subtask A. 

However, a h e a t  exchanger mounted d i r e c t l y  t o  t h e  main engine tank w a s  p o t e n t i a l l y  

much less s e n s i t i v e  t o  veh ic l e  s t r u c t u r a l  conf igura t ion  and s i n c e  main engine tanks 

r ep resen t  a l a r g e  f r a c t i o n  of t o t a l  veh ic l e  s t r u c t u r e ,  they provide a l a r g e  h e a t  

s i n k  c a p a b i l i t y .  

4 . 1  Subtask B Requirements - A new v e h i c l e  d e s c r i p t i o n  w a s  provided a t  the  

s tar t  of Subtask B s t u d i e s .  This conf igura t ion ,  shown i n  Figure 4-1, c o n s i s t s  

ORBITER 

159 FT 

BOOSTER 

I- 223 FT - I  

FIGURE 4-1 

4- 1 
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of a d e l t a  wing, canard boos te r ,  and a low-sweep, f i x e d  s t r a i g h t  wing o r b i t e r .  

Both s t a g e s  are designed t o  r e e n t e r  t he  e a r t h ' s  atmosphere a t  a high (60") angle- 

of- a t t a c k  i n  o rde r  t o  l i m i t  v e h i c l e  h e a t i n g  rates and temperatures upon r e e n t r y ,  

Vehicle a c c e l e r a t i o n  requirements w e r e  rev ised  t o  those  shown i n  Figure 4-2. 

Booster a c c e l e r a t i o n  levels were unchanged from Subtask A, b u t  o r b i t e r  acce lera-  

t i o n s  were increased  s i g n i f i c a n t l y .  Nominal minimum a c c e l e r a t i o n s  i n  the  +X 
2 d i r e c t i o n ,  f o r  example, were increased  from 0.1 t o  0.65  f t / s e c  a S i m i l a r  

i nc reases  were s p e c i f i e d  f o r  o t h e r  axes.  

t ed  yaw-roll) a c c e l e r a t i o n  requirement of 1 . 5  deg/sec2 w a s  a l s o  introduced.  

Except f o r  t h i s  added requirement,  which w a s  based on a l l  engines  ope ra t ing ,  

engine arrangements w e r e  p red ica t ed  on APS c a p a b i l i t y  of  providing nominal 

a c c e l e r a t i o n  levels wi th  one engine o u t g  and minimum a c c e l e r a t i o n  levels wi th  two 

engines  out .  Figure 4-3 shows t h e  r e s u l t a n t  engine arrangement f o r  each v e h i c l e  

element. Twenty 2500 l b  t h r u s t  engines ,  and t h i r t y - t h r e e  1080 lb t h r u s t  engines 

are used on b o o s t e r  and o r b i t e r ,  r e s p e c t i v e l y .  (An alternate engine arrangement 

i s  d iscussed  i n  Sec t ion  4.5 .  That arrangement w a s  designed t o  t h e  same c r i t e r i a  

An o r b i t e r  r e e n t r y  bank angle  (coordina- 

8 
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as the h i g h  p res su re  APS, Reference C ,  f o r  which bank ang le  and one engine-out 

a c c e l e r a t i o n  requirements  were n o t  imposed, thus  providing a b e t t e r  b a s i s  f o r  

comparing t h e  two des ign  approaches.  

employs twenty-four e 1220 l b  t h r u s t  engines  e )  

The low p res su re  APS f o r  t h a t  comparison 

T o t a l  impulse requirement f o r  b o o s t e r  APS is  n e a r l y  double t h a t  of Sub- 

t a sk  A, i nc reas ing  from an equ iva len t  v e l o c i t y  increment of 32 f t / s e c  t o  59 

4-3 
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f t / s e c .  

t u r e s  increased ,  r e s u l t i n g  i n  less a v a i l a b l e  p r o p e l l a n t  vapors f o r  APS usage. 

These changes have a s i g n i f i c a n t  impact on b o o s t e r  subsystem s i z i n g  and performance 

i n  terms of  reduced APS pres su re  budget and reduced t o t a l  impulse c a p a b i l i t y .  

Booster  main tank ope ra t ing  p res su res  were a l s o  reduced and vapor tempera- 

O r b i t e r  mission t ime l ines  were modified somewhat by Reference B ,  b u t  d i d  n o t  

s i g n i f i c a n t l y  a f f e c t  t o t a l  impulse requirements .  The most favorable  d i s t r i b u t i o n  

of +X haneuvers  between APS and OMS w a s  t o  b e  def ined  f o r  two o r b i t e r  miss ions ,  

r ep resen t ing  t h i r d  and seventeenth  o r b i t  rendezvous wi th  a space s t a t i o n .  

. rev ised  o r b i t e r  impulse-time h i s t o r i e s  are i l l u s t r a t e d  i n  Figure 4 - 4 .  

The 

4.2 Basel ine  Design Concepts - Subtask A concept designs were modified,  

because of r ev i sed  requirements and design c r i te r ia ,  as w e l l  as a d d i t i o n a l  com- 

ponent and subsystem ana lyses  performed dur ing  Subtask B ,  prel iminary design 

e f f o r t .  The r ev i sed  designs follow. 

I 

2. 

4-4 

FIGURE 4-41 
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4.2.1 Booster  APS - The boos te r  A P S  c o n s i s t s  of p rope l l an t  d i s t r i b u t i o n  and 

engine assemblies  (shown schemat ica l ly  i n  Figure 4-5 ) .  The subsystem ope ra t e s  

FIGURE 4-5 

e n t i r e l y  from a v a i l a b l e  main engine tank p r o p e l l a n t  vapors i n  a blowdown mode, 

over a p re s su re  range of 26 t o  1 7  l b f / i n  e 

tank a t  main engine shutdown are prevented from e n t e r i n g  t h e  feed system by 

g-sens i t ive  valves loca ted  a t  tank o u t l e t s .  D i s t r i b u t i o n  and engine assemblies 

are s i z e d  t o  provide 2500 l b  t h r u s t  a t  t h e  end of blowdown, when tank p res su res  

and temperatures  are lowes t ,  

of 2 : l  provide minimum subsystem weight.  

f e a t u r e s  

2 Liquid r e s i d u a l s  remaining i n  the  

A mixture r a t i o  of  2.0 and a nozzle  expansion r a t i o  

Figure 4-6 summarizes b a s e l i n e  design 

wh i l e  F igure  4-7 shows subsystem i n s t a l l a t i o n .  

4.2.2 O r b i t e r  U S  - The o r b i t e r  A P S ,  shown schemat ica l ly  i n  Figure 4-8, 

c o n s i s t s  o f  f i v e  major assemblies:  

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

4-5 
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(2) 

(3) l i qu id /vapor  mixing asse 

(4) p r o p e l l a n t  d i s t r i b u t i o n  assembly, and 

(5) engine assemblies  

t u b u l a r ,  pas s ive  h e a t  exchanges assembly 

The APS is  used i n  conjunct ion  wi th  an O r b i t  Maneuvering Subsystem (OMS). 

OMS provides  a l l  high t o t a l  impulse maneuvers such as o r b i t  c i r c u l a r i z a t i o n ,  

plane changes, and d e o r b i t  func t ions ,  whi le  t h e  APS provides  a l l  a t t i t u d e  c o n t r o l  

and v e r n i e r  maneuvers (- 40 f t / s e c ) .  The APS des ign  uses t h i r t y - t h r e e  1080 l b  

t h r u s t  engines  wi th  an 8 : l  nozz le  expansion r a t i o  ope ra t ing  a t  a mixture  r a t i o  

of 3,O. 

The 

< 

tanks are used as gas accumulators w i th  an ope ra t ing  p res su re  
2 

range of 16 t o  30 l b f / i n  a, 

pressure- to- temperature  drops below 057 (30 lbf  / i n  ./530°R) Resupply p r o p e l l a n t  

i s  f irst  vaporfzed and superheated by pass ive  h e a t  exchangers be fo re  i n j e c t i o n  

i n t o  main engine tanks.  During major A P S  maneuvers, warm main tank p r o p e l l a n t  

vapors  are mixed wi th  co ld  p r o p e l l a n t s  i n  a downstream mixing chamber, f o r  

supply t o  t h e  engines  a t  cons tan t  temperature  and p res su re .  

c h a r a c t e r i s t i c s  are summarized i n  Ffgure 4-9, whi le  F igu re  4-10 shows subsystem 

Main tank  resupply occurs  when p rope l l an t  vapor 
2 

Subsystem des ign  

i n s t a l l a t i o n ,  

02 - 
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4 . 3  APS Design and Operation - Design and o p e r a t i o n a l  c h a r a c t e r i s t i c s  of 

primary subsystem assemblies  are descr ibed  below: 

(a) Engine Assembly - Engine assemblies  inc lude  p rope l l an t  c o n t r o l  valves, 

i n j e c t o r ,  combustion chamber, and nozzle .  The engine design,  which is  shown i n  
Figure 4-11, f e a t u r e s  a m u l t i p l e  element, coax ia l  i n j e c t o r  and hydrogen fi lm- 

cooled chamber and nozz le  w a l l s .  The engine head end assembly is  made of alumi- 

num t o  minimize weight ,  and is  a t t ached  t o  t h e  Haynes a l l o y  combustion chamber by 

a b i m e t a l l i c  r i ng .  Pneumatically ac tua t ed  c o a x i a l  poppet va lves  provide f a s t  

response,  h igh  cyc le  l i f e ,  and p o s i t i v e  s e a l i n g .  The o r b i t e r  engine d e l i v e r s  

1080 l b  t h r u s t  at a s p e c i f i c  impulse of 377 sec .  The b o o s t e r  APS engine,  which 

i s  similar t o  the  o r b i t e r  engine ,  d e l i v e r s  a vacuum t h r u s t  o f  2500 l b  a t  a 

s p e c i f i c  impulse of 342 sec. 

(b) - P r o p e l l a n t  D i s t r i b u t i o n  Assembly - A l l  APS supply l i n e s  are construc- 

ted of minimum gage aluminum duct ing,  us ing  l i n e a r  and angular  compensator 

bellows t o  absorb thermal and manufacturing to l e rances .  Line weights  are mini- 

mized by us ing  e x i s t i n g  main engine tank p r e s s u r i z a t i o n  l i n e s  as primary APS 

H2 BOOST PRESSURIZATIOW LINE 

APS ENGINE ASSEMBLY (TYP) 

FIGURE 4-10 

4-9 
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t runk l ines ,  

of s u f f i c i e n t  diameter (18 i n .  on the  b o o s t e r  and 8.2 i n .  on the  o r b i t e r )  t o  

accommodate A P S  flow requirements ,  The remainder of t he  d i s t r i b u t i o n  network i s  

s i z e d  t o  provide minimum subsystem weight by ba lanc ing  l i n e  weight pena l ty  as a 

func t ion  of f r i c t i o n a l  l o s s e s  and engine weight pena l ty  as a func t ion  of r e s u l t a n t  

chamber pressure ,  

of 1 4  l b f / i n  a and 16  l b f / i n  a f o r  b o o s t e r  and o r b i t e r ,  r e s p e c t i v e l y ,  
i s o l a t i o n  valves are used t o  safeguard t h e  subsystem aga ins t  failed-open engine 

valves 

These l i n e s  extend n e a r l y  t h e  f u l l  l eng th  of t he  v e h i c l e  and are 

Prope l l an t  flow t o  engines  is  suppl ied  a t  minimum pressures  
2 2 

Visor-type 

(c )  Main Tank Liquid/Vapor Separa tors  - The boos te r  r equ i r e s  a minimum 

of 1000 l b  of l i q u i d  r e s i d u a l s  i n  each p r o p e l l a n t  tank  t o  maintain tank pressures  

above 15-16 l b f / i n  a upon completion of  t he  mission p r o f i l e .  

the  amount of  l i q u i d s  t h a t  w i l l  b e  t rapped i n  t h e  boos te r  main engine tanks 

(Figure 4-12). 

l i qu id /vapor  s e p a r a t o r  valves, shown i n  Figure 4-13, are i n s t a l l e d  a t  t h e  

2 This is  w e l l  below 

To ensure  t h a t  only gases  are e x t r a c t e d  f o r  A P S  opera t ion ,  

20 

16 

12 MJ 

6GE I 

2 8 2 

F I G U R E  4-12 
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FO 

ent rances  t o  APS supply l i n e s ,  The b o o s t e r  mission is  too  s h o r t  f o r  a zero g- 

p r o p e l l a n t  conf igu ra t ion  t o  develop; t he  l i q u i d s  w i l l  e i t h e r  b e  i n  contac t  w i t h  

the  w a l l s  o r  r e a c t i n g  t o  imposed g-loads. The APS s e p a r a t o r  valve prevents  

l i q u i d  i n g e s t i o n  under e i t h e r  condi t ion .  

from be ing  submerged by l i q u i d s  when they are i n  con tac t  w i th  t h e  w a l l ,  whi le  a 

low f r i c t i o n ,  g -sens i t ive  valve poppet c l o s e s  t h e  o u t l e t  valve when a c c e l e r a t i o n  

fo rces  cause bu lk  l i q u i d  t o  move toward i t .  

A tank stand-off prevents  t h e  o u t l e t  

For t h e  o r b i t e r ,  ana lyses  show t h a t  nominally only 610 l b  ( o r  1 9  percent )  

of a v a i l a b l e  l i q u i d  r e s i d u a l s  can b e  used by t h e  APS without  a l t e r a t i o n  of tank  

ope ra t ion  and design.  Most of t h i s  (80 percent )  i s  LO Due t o  r ap id  LH b o i l -  

o f f ,  u t i l i z a t i o n  of l i q u i d  hydrogen r e s i d u a l s  is  poor and LH w i l l  be  dumped 

through t h e  main propuls ion subsystem immediately a f t e r  o r b i t  i n s e r t i o n .  Liquid 

2 ”  2 

2 

4-12 
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oxygen, on t h e  o t h e r  hand, is u s e f u l  and w i l l  b e  r e t a i n e d  i n  a compartmented tank,  

as shown i n  Figure 4-14, 

above the  common LO /LH 2 2  
high  launch g. The volume between t h e  two bulkheads is  loaded w i t h  LO thus ,  

t h e r e  is  no l o s s  i n  LO tank volume. 

i s o l a t e d  from high  launch head p res su res  

t o  a level a t  which t h e  two bulkheads weigh no more than  t h e  one compression 

bulkhead i n  t h e  o r i g i n a l  tank design.  

I n  t h i s  approach, a t e n s i o n  bulkhead is  i n s t a l l e d  

compression bulkhead t o  absorb l i q u i d  head loads  dur ing  

2; 
Inasmuch as t h e  i n n e r  tank compartment i s  2 

compression bulkhead weight is reduced 

During main engine ope ra t ion ,  t he  primary 

LO tank d r a i n s  f i r s t ,  l eav ing  i t  dry  and ready f o r  use  as t h e  GO accumulator. 

LO 

compartment reduces LO 

by approximately 1064 l b .  

F igure  4-14. 

2 2 
2 r e s i d u a l s  are t rapped i n  the  smaller LO2 compartment. I n s u l a t i o n  of t h i s  

b o i l o f f  rate and inc reases  APS p r o p e l l a n t  u t i l i z a t i o n  

Valve sequencing' f o r  t h i s  ope ra t ion  is  shown i n  
2 

(d) P rope l l an t  S torage  - (Orb i t e r  Only) - APS p r o p e l l a n t  tanks  con ta in  

approximately 4500 lb of LO2 and 2500 lb of LH2" 

tanks are s i m i l a r  i n  design.  A cutaway of  t h e  LH2 tank is  shown i n  Figure 4-15 

and design f e a t u r e s  of bo th  tanks are summarized i n  Figure 4-16. Each is  insu- 

l a t e d  wi th  mul t i l aye r ,  aluminized Mylar i n s u l a t i o n  p ro tec t ed  by a f i b e r  g l a s s  

o u t e r  covering. The o u t e r  s h e l l  i s  p res su r i zed  dur ing  boos t  and e n t r y  t o  prevent  

s t r u c t u r a l  f a i l u r e  under c o l l a p s e  pressure  loads ,  and is vented on-orbi t  t o  

achieve t h e  i n s u l a t i v e  q u a l i t i e s  of evacuated, m u l t i l a y e r  i n s u l a t i o n .  .Propel lan t  

pos i t i on ing  i s  achieved w i t h  s u r f a c e  t ens ion  sc reen  devices ,  made up of several 

annular  t r a y s .  Trays are sepa ra t ed  from tank w a l l s  t o  prevent  p rope l l an t  

vapor i za t ion  w i t h i n  t h e  a c q u i s i t i o n  device,  b u t  are c l o s e  enough t o  t h e  w a l l  t o  

allow con tac t  wi th  l i q u i d  f o r  any p rope l l an t  o r i e n t a t i o n .  

merged, low-suction-pressure pumps are used f o r  t r a n s f e r  of LO and LH propel- 

l a n t s  r e s p e c t i v e l y ,  

Oxygen and hydrogen p r o p e l l a n t  

Cold helium, and sub- 

2 2 

(e)  Pass ive  Heat Exchanger (Orbi te r  Only) - During APS ope ra t ion ,  when 

main engine tank vapor pressure-to-temperature r a t i o  drops below .057 l b f / i n  

a d d i t i o n a l  p r o p e l l a n t  is  re supp l i ed  from l i q u i d  s t o r a g e  tanks. This p r o p e l l a n t  
i s  f i r s t  c i r c u l a t e d  through a pass ive  h e a t  exchanger, where i t  i s  vaporized and 
superheated t o  r e l a t i v e l y  h igh  resupply  temperatures.  Comparison of  hea t  exchanger 

i n s t a l l a t i o n s ,  mounted e i t h e r  t o  t h e  v e h i c l e  s k i n  o r  t o  t h e  main engine t anks ,  

showed tank-mounted i n s t a l l a t i o n s  t o  b e  s u p e r i o r  i n  terms of i n t e g r a t i o n  and 

performance, The h e a t  exchanger c o n s i s t s  of t h i n  w a l l ,  aluminum tubing  mounted 

2 - OR, 
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COOLING SHROUD 

FIB ERG LASS 

PRESSURE VESSEL 

ACQUISITION RINGS (3) 

“ G  

PROPELLANT TANK INSULATION COO T FIGURE 4-15 

d i r e c t l y  t o  t h e  tank  w a l l  l o n g i t u d i n a l  s t i f f e n e r s ,  

at tachment.  The oxygen h e a t  exchanger i s  d iv ided  i n t o  two, 17.5 f t  long pane l s ,  

each w i t h  154 tubes,  approximately 0.4 in.  i n  diameter.  The hydrogen h e a t  

exchanger is d iv ided  i n t o  four  15 f t  pane ls ,  each c o n s i s t i n g  of sixty-two 0.3 i n  

diameter tubes ,  The s e c t i o n  modulus of t h e  tubes adds t o  tank l o n g i t u d i n a l  r i b  

s t i f f n e s s ,  thus  pe rmi t t i ng  a reduct ion  i n  tank r i b  h e i g h t  and weight.  

Figure 4-17 shows t h e  tube  

Figure 4-18 shows h e a t  exchanger performance dur ing  the  most c r i t i ca l  

mission phase,  immediately p r i o r  t o  docking. 

( f )  Liquid/Vapor Mixer Assembly ( O r b i t e r  Only) - This assembly c o n s i s t s  of  

a p res su re  r e g u l a t o r  and a l i q u i d  vapor mixing chamber, each independent ly  con- 

t r o l l e d .  The assembly provides  cons t an t  p r o p e l l a n t  p re s su re  and temperature a t  

the  engine i n l e t s  dur ing  a l l  major APS opera t ions .  The pressure  r e g u l a t o r  

(Figure 4-19) i s  an  IRIS t h r o t t l e  valve w i t h  torque  motor d r i v e ,  Downstream 

4-15 
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0.45 
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6.4 
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FIGUR! E 4-16 

pres su re  sens ing  is  used t o  modulate valve flow area, c o n t r o l l i n g  downstream 

pressure  t o  a cons tan t  19 l b f j i n  a. 

i n j e c t i o n  element i n  t h e  gas stream and a c a v i t a t i n g  v e n t u r i  t h r o t t l e  valve f o r  

l i q u i d  flow c o n t r o l  e 

2 
The l iqu id /vapor  mixer c o n s i s t s  of a l i q u i d  

Figure 4-20 i l l u s t r a t e s  ope ra t ion  of t h e  e n t i r e  assembly. Warm p r o p e l l a n t  

vapors,  e x t r a c t e d  from the  main engine tank, pass through t h e  mixing chamber, 

where they are mixed wi th  co ld  l i q u i d s .  L iquid  f lowra te  i s  c o n t r o l l e d ,  by a 

c a v i t a t i n g  v e n t u r i  t h r o t t l e  valve t o  achieve a cons t an t  o u t l e t  temperature a 

Design o u t l e t  temperatures  are 200°F (02) and 150'R (H ). 

temperature of t h e  vapors be ing  removed from t h e  main engine tank i s  h igh ,  a 

l a r g e  percentage of t o t a l  f l owra te  i s  l i q u i d .  As tank temperature and p res su re  

decay wi th  t i m e ,  l i q u i d  f lowra te  must be  decreased t o  main ta in  d e s i r e d  mixer 

o u t l e t  condi t ions .  S ince  bo th  temperatures  and p res su res  are c o n t r o l l e d ,  cons tan t  

p r o p e l l a n t  d e n s i t i e s  are provided a t  engine i n l e t s .  

I n i t i a l l y ,  when t h e  2 

The l i q u i d  vapor mixer is used only f o r  major APS b u m s ,  During per iods  

4- 16 
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300 
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of low A P S  usage, a l l  p r o p e l l a n t s  are e x t r a c t e d  from main engine  tanks ,  and t h e  

r e g u l a t o r  retains t h e  flow area s e t t i n g  from the  last  major maneuver. 

mixed-mode o p e r a t i o n  provides  accep tab le  engine  performance wh i l e  g r e a t l y  

reducing r e q u i r e d  c o n t r o l l e r  o p e r a t i n g  range and response requirements.  

This 

(g) Pneumatic Actua t ion  Assembly - Rapid response,  h igh  seat load r equ i r e -  

ments of t h e  engine  valves necessitate a s e p a r a t e  pneumatic c o n t r o l  loop  f o r  

valve a c t u a t i o n .  The pneumatic assembly uses  a 3500 l b f / i n  a ambient helium 

supply,  r e g u l a t e d  t o  250 l b f / i n  a, t o  provide  a valve opening response of 50 m s ,  

A s i n g l e ,  so l eno id ,  p i l o t  valve on each engine  provides  simultaneous a c t u a t i o n  of 

bo th  p r o p e l l a n t  valves. T o t a l  helium requirements are 3 , 5  l b  f o r  t h e  b o o s t e r  and 

11.0 l b  f o r  the o rb i t e r . ,  

2 

2 

4,4 Mission Performance - The fo l lowing  paragraphs d e s c r i b e  mission per- 

formance and the e f f e c t  of o p e r a t i n g  environments on subys t e m  ope ra t ion  e 

4-18 



SUMMARY 
REPORT MOC E0293 

29 JANUARY 7977 

W 
D 

4-19 



LOW PRESSURE APS 
SUMMARY 

4-20 

B- 

ea 

8 

N N N  

REPORT MDC E0293 
29 JANUARY 1971 



SUMMARY 
REPORT MDC E0293 

29 JANUARY 1977 

(a )  Booster Mission Duty Cycle - The boos te r  APS is  used t o  damp both  main 

engine shutdown and v e h i c l e  s e p a r a t i o n  t r a n s i e n t s ,  and t o  o r i e n t  and c o n t r o l  

v e h i c l e  a t t i t u d e s  dur ing  r e e n t r y ,  T o t a l  mission duty cyc le  i s  approximately 

6 minutes long and r e s u l t s  i n  a t o t a l  impulse expendi ture  of 864,000 lb-sec.  

Figure4-21 shows main engine tank temperature  and p r e s s u r e  h i s t o r i e s  dur ing  

APS opera t ion ,  

performance ( t h r u s t  and mixture r a t i o ) .  

Also shown is  t h e  r e s u l t a n t  e f f e c t  o f  t hese  v a r i a b l e s  on engine 

Tank p res su res  do no t  decay below 

4-21 



2 17 l b f / i n  a and temperatures  do no t  exceed t h e  m i n i m u m  requi red  f o r  good engine 

i g n i t i o n  and performance, 

The above d a t a  were generated f o r  i n i t i a l  tank u l l a g e  p res su res  of 26 
2 l b f / i n  a and temperatures  of 520"R (02) and 260°R (H2)" 

tank u l l a g e  temperature was  reduced from t h e  4 5 O O R  s p e c i f i e d  i n  Reference B i n  

o r d e r  t o  ho ld  tank p res su re  s a f e l y  above ambient p re s su re  environs.  To do t h i s  

wi thout  a f f e c t i n g  b o o s t e r / o r b i t e r  main engine commonality, main propuls ion pres- 

surant -propel lan t  l i n e  heat exchangers were added t o  the  boos te r  des ign  and t h e  

weight i nc reases  were as ses sed  a g a i n s t  t h e  b o o s t e r  APS (Para .  4 .5) ,  

The i n i t i a l  hydrogen 

Mixing of  main tank l i q u i d  and vapor r e s i d u a l s  a t  main engine shutdown could 

have a s i g n i f i c a n t  e f f e c t  on i n i t i a l  p r o p e l l a n t  p r o p e r t i e s .  I n  analyzing t h i s  

e f f e c t ,  i t  w a s  assumed t h a t  complete e q u i l i b r a t i o n  (mixing) of tank-trapped 

l i q u i d  and vapor r e s i d u a l s  could occur,  causing a c o l l a p s e  i n  tank  p res su res  

and temperatures  a t  t h e  start of  APS opera t ion .  APS performance f o r  t h e s e  

condi t ions  is shown i n  Figure 4-22. A s  i l l u s t r a t e d ,  engine performance f o r  

this worst-case ope ra t ing  po in t  i s  t o t a l l y  s a t i s f a c t o r y .  

(b) O r b i t e r  Mission Duty Cycle - I n i t i a l  Subtask B ana lyses  concentrated 

on de termina t ion  of opt imal  o r b i t e r  APS/OMS impulse s p l i t .  The s p e c i f i e d  mission 

t ime l ine  inc ludes  l a r g e  on-orbi t  maneuvering requirements ,  occur r ing  p r imar i ly  i n  

the  +X d i r e c t i o n ,  and ranging i n  incremental  v e l o c i t i e s  from 20 t o  500 f t / s e c .  

Optimum d i s t r i b u t i o n  of  t h e  +X maneuvers between OMS and APS depends on s i z e  of  

burn,  OMS s t a r t  and shutdown l o s s e s ,  and relative APS/OMS s p e c i f i c  impulse. To 

e s t a b l i s h  an optimum, OMS c h a r a c t e r i s t i c s  w e r e  based on use  of t h e  RZ, 10A3-3 

engine.  The resu l t l s ,  p resented  i n  F igure  4-23, show t h a t  t h e  opt imal  impulse 

s p l i t  occurs  when t h e  OMS i s  used t o  perform t h e  f o u r  l a r g e s t  burnso comprising 

a t o t a l  v e l o c i t y  increment of  approximately 1150 f t / s e c .  

start and shutdown l o s s e s  between 50 and 200 l b / s t a r t  were i n v e s t i g a t e d ,  b u t  

t h e s e  changes had l i t t l e  e f f e c t  on opt imal  OMS v e l o c i t y .  S e l e c t i o n  of t h i s  

v e l o c i t y  a l l o c a t i o n  r e s u l t s  i n  a maximum A P S  burn of only 40 f t / s e c .  

Var i a t ion  i n  OMS 

The o r b i t e r  APS uses a mixed-mode type  of opera t ion .  Bas i ca l ly ,  t h e  subsys- 

t e m  employs a l i qu id /vapor  mixer t o  c o n t r o l  A P S  engine i n l e t  condi t ions  during 

a l l  major A P S  opera t ions ,  and ope ra t e s  i n  a blowdown mode during per iods  of low 

A P S  a c t i v i t y .  

wh i l e  mixers and main supply l i n e  r e g u l a t o r s  are i n a c t i v e .  Main tank p res su res  

In t h e  l a t te r  case a l l  p r o p e l l a n t  is  e x t r a c t e d  from t h e  main tanks ,  

-22 
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temperatures ,  and engine performance parameters dur ing  APS opera t ion ,  are 

4-23 

given i n  Figures  4-24 and 4-25 f o r  t he  t h i r d  and seventeenth  o r b i t  rendezvous 

missions.  Engine performance i s  s a t i s f a c t o r y  throughout.  The seventeenth 

o r b i t  rendezvous i s  t h e  more s t r i n g e n t  of t h e  two missions from the  s t andpo in t  

of p rope l l an t  requirements and minimum boos t  tank p res su res .  

4.5 Weight and R e l i a b i l i t y  E s t i m a t e s  - Subsystem weights  f o r  t he  b a s e l i n e s  

d iscussed  i n  t h e  preceding paragraphs are 5647 l b  and 12868 l b  f o r  boos t e r  and 

o r b i t e r ,  r e s p e c t i v e l y ,  De ta i l ed  weight breakdowns are presented  i n  F igures  4-26 
and 4-27. Booster  APS weight i nc ludes  660 l b  H2 p re s su ran t  and 57 l b  H2 hea t  

exchanger, bo th  of which are as soc ia t ed  w i t h  a reduct ion  i n  r e s i d u a l  H vapor 

temperature (at main engine shutdown) from 450'R (Reference B) t o  260"R. For 

the  o r b i t e r ,  APS weights  are provided f o r  t h r e e  conf igu ra t ions :  

(1) a r e fe rence  APS conf igu ra t ion  which uses  t h i r t y - t h r e e  1080 l b  t h r u s t  engines  

2 

and s e p a r a t e  APS/OMS p r o p e l l a n t  tankage 

a conf igu ra t ion  which d i f f e r s  from t h e  r e fe rence  only  i n  t h e  number and 

t h r u s t  level of APS engines  (twenty-four a t  1220 l b  thgUSt) 

(23 
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FIGURE 4-26 
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(3)  a conf igu ra t ion  which d i f f e r s  from t h e  re ference  only  i n  p r o p e l l a n t  tankage 

i n t e g r a t i o n  ( i n t e g r a l  versus  s e p a r a t e  APS/OMS t anks) .  

The las t  two cases are provided t o  f a c i l i t a t e  weight comparisons between l o w  pres- 

s u r e  and high p res su re  APS (Reference C) on a common b a s i s  i . e , ,  i n t e g r a l  propel-  

l a n t  tankage and no requirement f o r  nominal a c c e l e r a t i o n  c a p a b i l i t y  w i t h  one 

engine out .  

APS b a s e l i n e s  were designed t o  s a t i s f y  f a i l  o p e r a t i o n a l / f a i l  s a f e  require-  

ments. R e l i a b i l i t y  estimates generated as p a r t  of t h i s  s tudy  are presented,  by 

func t iona l  component group, i n  Figure 4-28. A s  shown, t h e  o r b i t e r  APS has an  

o p e r a t i o n a l  r e l i a b i l i t y  of 0.997 wi th  a f a i l - s a f e  r e l i a b i l i t y  exceeding 0.9999. 

The boos ter  A P S  has an o p e r a t i o n a l  r e l i a b i l i t y  of approximately 0,9999 and a fa i l -  

safe r e l i a b i l i t y  i n  excess  of 0.9999999. These r e s u l t s  show t h a t  t he  b a s i c  s i m -  

p l i c i t y  of  t he  low p res su re  APS o f f e r s  a h igh  level of o p e r a t i o n a l  r e l i a b i l i t y  

and s a f e t y .  

4-26 
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COMPONENT/ASSEMBLY 

PROPELLANT 
MAIN PROPULSION MODIFICATIONS 

COMPARTMENTED TANK 
PRESSURANT LINE BYPASS VALVES 

PROPELLANT STORAGE ASSEMBLY 
TANK, INSULATION AN0 VENT 
PRESSURIZATION 
PROPELLANT SCREENS 

HEATEXCHANGER 
LINES AND MANIFOLDS 
VALVES 

MIXER 
THROTTLE VALVES 
CONTROL VALVES 
REGULATORS 

LINES 
COMPENSATORS 
ISOLATION VALVES 

ENGINE ASSEMBLIES 
ENGINES 
PNEUMATIC CONTROLS 

TOTAL, LBM 

PROPELLANT CONDITIONING ASSEMBLY 

LIQUIDNAPOR MIXING ASSEMBLY 

DISTRIBUTION ASSEMBLY 

CONFIGURATION A (REF) 

TANKAGE: SEPARATE 

@2) (H2) 
4496) (2499) 
( 92) ( 42) 

50 - 
42 42 

(233) (820) 
164 5 56 
32 159 
37 105 

(149) (327) 
103 252 
37 64 
9 11 

( 96) (108) 
17 11 
22 22, 
44 55 
13 20 

(565) (707) 
174 258 
165 2 03 
226 246 

ENGINES: 33 c 1080 LBS 

APS/OMS 

(2734) 
2541 
193 

12,799 1 2,6i a 

LO2 STORAGE AND PRESSURIZATION 

LH2 STORAGE AND PRESSURIZATION 

PROPELLANT CONDITIONING - 0 2  

PROPELLANT CONDITIONING - H2 

PROPELLANT DISTRIBUTION AND ENGINES 

ORBITER APS 
FIGURE 4-27 

ORBITER 
OPERATIONAL FAIL  SAFE 

0.999990 0.99999997 

0.999997 0.99999999 

0.999994 0.99999999 

0.999993 0,99999999 

0.999743 0.99997 069 

0.999749 0.999999% 

0.997196 0.99997059 

0.999923 0,99999998 

ENGINE PNEUMTIC CONTROL 

SUBSYSTEM 

ASSUMPTIOP4S: 
(1) COMPONENT EXTERNAL LEAKAGE CAP4 BE CONTROLLED BY PROPER SEAL DESIGN 
(2) SENSING AND SWITCHING RELIABILITY IS EQUAL TO 1.0. 
(3) STRUCTURAL RELIABILITY IS EQUAL TO 1.0. 
(4) OPULSION SUBSYSTEM COMPONENTS USED BY THE AUXILIARY PROPULSION 

WILL NOT DEGRADE APS OPERATION OR SAFETY. 
(5) THE NON-OPERATING FAILURE RATE FOR APS COMPONE 
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4.6 Component Technology - As s t a t e d  i n  t h e  in t roduc t ion ,  an assessment 

of component technology requirements w a s  a primary p a r t  of t h i s  s tudy.  In tenm 

of t h r u s t  l e v e l s  and reuse  c a p a b i l i t y ,  APS requirements are f a r  beyond those  f o r  

any previous c o n t r o l  propuls ion  subsystem. Therefore ,  no APS components capable  

of s a t i s f y i n g  t h e s e  requirements e x i s t  today. Conceptual subsystem d e f i n i t i o n  

s t u d i e s  d iscussed  i n  t h i s  r e p o r t  have shown t h a t  a low p res su re  APS can poten- 

t i a l l y  f u l f i l l  s h u t t l e  requirements,  and t h a t  such an APS i s  s imple i n  design 

and o p e r a t i o n a l  approach. 

c u r r e n t l y  a v a i l a b l e ,  b u t  explora tory  programs are underway on engines ,  va lves ,  

and c e r t a i n  a spec t s  of  s t o r a g e  tank design.  

cen te r  on component s i z e  and dynamic response., 

normal subsystem development evo lu t ion ;  i .e . ,  progress ion  from a n a l y s i s  t o  compo- 

nen t  and assembly tests, t o  ( f i n a l l y )  breadboard tests wi th  f u l l  scale hardware. 

A c r i t i q u e  of t he  major technology i s s u e s  and/or  concerns are presented  i n  

Figure 4-29. 

None of  t h e  components requi red  i n  t h e  subsystem are 

I n  most cases, technologica l  i s s u e s  

These can be  resolved through 

CoMPoNENT/ I DESIGN VARIABLE 
ASSEMBLY 

MAIN ENGINE THERMODYNAMICS 
TANK 

LIQUID/VAPOR MIXING 
MIXER EFFECTIVENESS 

CONTROL 

ENGINE WEIGHT 

LOW 
TEMPERATURE 
PROPELLANTS 

ISSUE 

POTENTIAL INSULATION (HPI) DEGRADATION WITH REPEATED 
VENT AND PRESSURIZATION CYCLES AND LONG TERM COR- 
ROSION 

TESTS REQUIRED ON LARGE (10 FT DIA) TANKS TO ASSESS HEAT 
LEAKS; INTEGRITY UNDER LAUNCH VIBRATION; AND EFFECTS 
OF NORMAL FABRICATION TOLERANCES 

TANK FABRICATION COST AND ABIL ITY  TO TEST 

PASSIVE HEAT SOURCE PROVIDES POOR CONTROL OF HEAT 
INPUT AND LOCATION OF PROPELLANT PHASE CHANGE, 
POTENTIAL CHUGG ING INSTABILITY 

REQUIRES B E l l E R  DEFINITION OF LIQUID RESIDUAL MOTION 
AND VAPORIZATION RATES; THERMAL STRATIFICATION OF 
VAPORS; AND MIXING OF RESUPPLY PROPELLANTS 

TESTS REQUIRED TO ASSURE HOMOGENEOUS TEMPERATURES 
AND PRESSURES IN SHORT FLOW LENGTHS 

ADDITIONAL EFFORT REQUIRED IN AREA OF TEMPERATURE 
TRANSDUCING RESPONSE, ACCURACY AND RELIABILITY 

LIGHTWEIGHT MATERIALS AND FABRICATION TECHNIQUES 
REQUIRED 

MINIMUM PROPELLANT I N L E T  TEMPERATURE FOR RELIABLE 
IGNITION AND PERFORMANCE SHOULD BE DETERMINED 
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The low p res su re  a u x i l i a r y  propuls ion  subsystem ( A P S )  concept,  as demonstra- 

ted  by r e s u l t s  of  t h i s  s tudy ,  is a p r a c t i c a l  approach t o  space s h u t t l e  c o n t r o l  

and maneuver requirements.  Technology i s s u e s  relate p r imar i ly  t o  component s i z e  

and dynamic response,  f a c t o r s  which gene ra l ly  can b e  reso lved  through normal 

development. NASA i n i t i a t e d  tests on some of  t h e  more c r i t i ca l  components ( i . ee ,  

engine and p r o p e l l a n t  valves) have shown t h a t  performance goa l s ,  cool ing ,  and 

i g n i t i o n  are p r a c t i c a l  and can be achieved wi thout  g r e a t  d i f f i c u l t y .  More e f f o r t  

is  requi red ,  howevero i n  t h e  areas of p rope l l an t  a c q u i s i t i o n ,  main engine tank 

thermodynamics and main engine tank/hea t  exchanger i n t e g r a t i o n  e 

The p r e f e r r e d  o r b i t e r  APS approach has  been i d e n t i f i e d  as one i n  which t h e  

APS is used i n  conjunct ion wi th  an Orb i t  Maneuvering Subsystem (OMS). The OMS, 

wi th  RLlOA3-3 engines ,  is used f o r  f o u r  h igh  t o t a l  impulse maneuvers, whi le  APS 

provides a l l  a t t i t u d e  c o n t r o l  and v e r n i e r  maneuvers. The b a s e l i n e  APS uses 

s e p a r a t e  p rope l l an t  tankage, b u t  a l t e r n a t e  conf igu ra t ions  us ing  i n t e g r a l  tankage 

and d i f f e r e n t  engine arrangements were a l s o  i n v e s t i g a t e d  i n  o rde r  t o  provide 

d i r e c t  w e i g h t  comparison wi th  an all-maneuver, h igh  pressure  APS (Reference 6 ) .  

Combined low p res su re  bS/OMS weight f o r  t h i s  comparison is 37,252 l b ,  of which 

12*549 lb i s  a t t r i b u t a b l e  t o  t h e  NSe 

o p e r a t i o n a l  failure cri teria,  weighs 12,868 l b .  

The 'basel ine A P S ,  designed t o  more s t r i n g e n t  

O r b i t e r  A P S  uses  a pass ive  h e a t  exchanger f o r  p rope l l an t  condi t ion ing  and a 

l iqu id /vapor  mixer t o  c o n t r o l  engine i n l e t  condi t ions  dur ing  major APS opera t ions .  

Booster  A P S  r equ i r e s  no a u x i l i a r y  p r o p e l l a n t  s t o r a g e ,  be ing  capable  of s a t i s f y i n g  

t o t a l  impulse requirements by ope ra t ing  on main engine tank p rope l l an t  vapors i n  

a s imple blowdown mode, 
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