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INTRODUCTION 

This  document c o n t a i n s  t r a d e s  and a n a l y s e s  conducted d u r i n g  t h e  modular 
space  s t a t i o n  (MSS) system d e f i n i t i o n  and p r e l i m i n a r y  des ign.  Many d i f f e r e n t  
a n a l y s e s  and t r a d e s  were conducted d u r i n g  t h e  s tudy .  Those which a r e  docu- 
mented i n  o t h e r  volumes of t h e  f i n a l  r e p o r t ,  t o  p rov ide  p roper  c o n t i n u i t y  of 
s u b j e c t  m a t t e r ,  a r e  i d e n t i f i e d  h e r e  t o  p r o v i d e  a  g e n e r a l  r e f e r e n c e .  

P r i o r  t o  i n i t i a t i n g  t h e  s t u d i e s  documented i n  t h i s  r e p o r t ,  a Phase  A l e v e l  
a n a l y s i s  of modular space  s t a t i o n  c o n c e p t s  was conducted t o  e s t a b l i s h  a  s t a r t i n g  
p o i n t  f o r  t h e  Phase  B d e f i n i t i o n .  Four c l a s s e s  (open, c l o s e d ,  c l u s t e r ,  and 
h y b r i d )  of MSS c o n f i g u r a t i o n  a l t e r n a t i v e s  were s y n t h e s i z e d  d u r i n g  t h e  Phase A 
s t u d y .  The open c l a s s  i s  c h a r a c t e r i z e d  by a  c e n t r a l  c o r e  w i t h  crew and 
f a c i l i t y  modules end-docked. The c l o s e d  c l a s s  e x h i b i t s  a c o n f i g u r a t i o n  t h a t  
i s  more d i f f i c u l t  f o r  assembly and removal of modules. T h i s  c o n f i g u r a t i o n  h a s  
a a  l a r g e  mass d i s t r i b u t i o n  and i s  i n c o n v e n i e n t  t o  c e n t r a l l y  l o c a t e d  f u n c t i o n s  
and f a c i l i t i e s .  The c l u s t e r  c l a s s ,  w i t h  a c l o s e l y  c o n c e n t r a t e d  mass d i s t r i -  
b u t i o n ,  minimizes t h e  p r o p e l l a n t  consumption ( f o r  s p e c i f i c  f l i g h t  modes). 
T h i s  concept  r e q u i r e s  modules side-docked t o  t h e  c e n t r a l  c o r e  and d e s i g n  f o r  
d u a l  e g r e s s  i s  more complex. The open c l a s s  was recommended f o r  f u r t h e r  
d e f i n i t i o n .  

Both t h e  c ruc i fo rm and b a r b e l l  c o n f i g u r a t i o n a l  a l t e r n a t i v e s  are of t h e  
open c l a s s .  However, t h e  s t u d y  p o i n t e d  o u t  t h a t  t h e  c ruc i fo rm s t a t i o n  
modules could  be r e c o n f i g u r e d  t o  a  b a r b e l l  w i t h  an  i n c r e a s e d  l e n g t h  c o r e  module. 
The Phase B  s t u d y  was i n i t i a t e d  w i t h  t h e  b a r b e l l  c o n f i g u r a t i o n  a s  a b a s e l i n e ,  
w i t h  an  added c o n s i d e r a t i o n  of a  m a n i p u l a t o r  which w a s  n o t  p a r t  of Phase  A. 

The b a s i c  methodology used i n  t h e  s t u d y  of t h e  key i s s u e s  o f  t h e  Phase B 
(F igure  1 )  a n a l y s e s  was t o  conduct t h e  s t u d y  o f  a l t e r n a t i v e s  i n  a  s e r i e s  of 
c o n t r o l l e d  i t e r a t i o n s .  A t  t h e  beginning of each  i t e r a t i v e  s t e p  t h e  
a l t e r n a t i v e s  of a  key s t u d y  i s s u e  were e s t a b l i s h e d  and a b a s e l i n e  s e t  and h e l d  
c o n s t a n t  f o r  t h e  o t h e r  e lements  and p a r t s  of t h e  system. A f t e r  r ev iew of t h e  
i n i t i a l  s t e p  r e s u l t s ,  u n d e s i r a b l e  a l t e r n a t i v e s  were r e j e c t e d  and t h e  impact o r  
s e n s i t i v i t y  of t h e  f i x e d  b a s e l i n e  e lements  was i d e n t i f i e d .  A d d i t i o n a l  
i t e r a t i v e  s t e p s  were i n i t i a t e d  t o  e v a l u a t e  t h e  remaining a l t e r n a t i v e s  and 
r e v i s e d  b a s e l i n e s  were e s t a b l i s h e d  where r e q u i r e d .  

Much of  t h e  Phase B sys tem d e f i n i t i o n  t r a d e s  and a n a l y s e s  were conducted 
on t h e  b a s e l i n e  b a r b e l l  c o n f i g u r a t i o n .  A s  t h e  s t u d y  p rogressed ,  t h e  b a r b e l l  
c o n f i g u r a t i o n  i n h e r e n t l y  possessed  c h a r a c t e r i s t i c s  which could  n o t  be c o r r e c t e d  
and t h u s  produced u n d e s i r a b l e  c o m p l e x i t i e s  and i n c o m p a t i b i l i t i e s .  The c ruc i fo rm 
was re-exanined and was s e l e c t e d  f o r  t h e  p r e l i m i n a r y  d e s i g n  c o n f i g u r a t i o n ,  w i t h  
t h e  RAM'S and c a r g o  module l o c a t e d  i n  t h e  Y p l a n e  and t h e  s t a t i o n  modules i n  t h e  
Z plane .  T h i s  c o n f i g u r a t i o n  r e q u i r e s  o n l y  two s p e c i a l  modules (core  and pow&) 
f o r  t h e  i n i t i a l  s t a t i o n ,  r e d u c e s  impulse  requ i rements  ( p r o p e l l a n t  usage,  g a s  
s t o r a g e )  and momentum exchange l e v e l  (reduced CMG s i z e  and number), and 
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i nc reases  s t i f f n e s s .  The l o c a t i o n  of s t a t i o n  modules was s e l e c t e d  f o r  buildup 
and s t a t i o n  ope ra t i on  e f f i c i e n c y .  

The t r a d e s  and ana lyses  i n f luenc ing  t h e  con f igu ra t i on  a r e  included i n  
Volume V (SD 71-217-5). This  c o n s i s t e d  of e i g h t  s tudy  con f igu ra t i ons  and 
t h e i r  a s s o c i a t e d  key i s s u e s .  Each i s s u e  had s e v e r a l  a l t e r n a t i v e s .  TO s e l e c t  
t he  p r e f e r r e d  a l t e r n a t i v e ,  t h e  subsystems and experiment accommodations were 
held cons tan t ,  while  varying t h e  i s s u e .  Volume V inc ludes :  

1. S t r u c t u r a l  Concepts 

2. Manufacturing Trades 

3 .  Funct iona l  Al loca t ion  

5. Berthing I n t e r f a c e  

6. Module Diameter 

7. S t a t i o n  S t i f f n e s s  

8. General-Purpose Laboratory Equipment 

9. Window and Op t i ca l  P e n e t r a t i o n s  

10. S t r u c t u r a l  Analysis  

11. Environment P r o t e c t i o n  Analys i s  

The experiments ana lyses  are presen ted  i n  Volume 111. Other t r a d e  d a t a  
f o r  ope ra t i ons  a r e  d i scussed  i n  Volume 11. 

This  volume con ta in s  n i n e  subsystems t r a d e s  and ana lyses .  These c o n s i s t  
of t h e  fol lowing:  

1. I n t e g r a t e d  Subsystem Trades 

2. I n t e g r a t e d  Thermal Control  

3 .  Water Management Trade 

4. Atmosphere Cont ro l  Trade 

5. Energy Storage 

6. Radia tor  Analysis  

7. Navigation Analysis  

8. CMG Analysis  
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9. In format ion  Management, Supplemental  A n a l y s i s  

I n  a d d i t i o n ,  t h i s  volume c o n t a i n s  t h e  r e l i a b i l i t y  a n a l y s i s ,  manipu la to r  
a n a l y s i s ,  and main tenance  t r a d e  a n a l y s i s .  

The s a f e t y  a n a l y s i s  f o r  t h e  modular s p a c e  s t a t i o n  i s  p r e s e n t e d  i n  
SD 71-224. 
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1. INTEGRATED SUBSYSTEM TRADES 

Prev ious  space  s t a t i o n  subsystem s t u d i e s  f o r  t h e  33-foot d iamete r  s o l a r -  
powered s t a t i o n ,  t h e  n u c l e a r  reac to r -Bray ton  powered s t a t i o n ,  t h e  r a d i o i s o t o p e -  
Brayton powered s t a t i o n ,  and t h e  Phase  A modular s p a c e  s t a t i o n  (MSS) recog- 
n ized  and i n c o r p o r a t e d  t h e  i n t e g r a t i o n  p o s s i b i l i t i e s  of t h e  v a r i o u s  subsys-  
tems. The i n f o r m a t i o n  subsystem (ISS) and t h e  guidance and c o n t r o l  (G&C) 
subsystem i n t e g r a t i o n  s t u d i e s  i n d i c a t e d  t h a t  t h e  G&C would r e q u i r e  some 
d e d i c a t e d  d a t a  p r o c e s s i n g  equipment b u t  could  be i n t e g r a t e d  w i t h  t h e  ISS 
c e n t r a l  p r o c e s s i n g  computer f o r  c e r t a i n  computa t iona l  f u n c t i o n s .  The G&C 
would a l s o  u t i l i z e  t h e  c e n t r a l  computer t o  i n t e r f a c e  w i t h  o t h e r  subsystems 
( i . e . ,  EPS f o r  s o l a r  a r r a y  o r i e n t a t i o n  and RCS f o r  s t a b i l i z a t i o n  and c o n t r o l ) .  
The ISS i n t e g r a t e s  w i t h  a l l  subsystems s i n c e  i t  prov ides  f o r  t h e  f u n c t i o n s  of 
subsystem o p e r a t i o n s ,  m o n i t o r i n g ,  f a u l t  d e t e c t i o n ,  and f a u l t  i s o l a t i o n .  The 
degree  of i n t e g r a t i o n  v a r i e s  w i t h  t h e  subsystem f u n c t i o n  and t o  t h e  t i m e  
c r i t i c a l i t y  of t h a t  f u n c t i o n .  The EPS, RCS, and ECLSS p r e s e n t  t h e  g r e a t e s t  
p o s s i b i l i t i e s  and b e n e f i t s  f o r  i n t e g r a t i o n .  There a r e  many concept  o p t i o n s  
f o r  each subsystem which can be combined i n t o  many compat ible  i n t e g r a t e d  sets 
u t i l i z i n g  v a r i o u s  degrees  o f  i n t e g r a t i o n .  

P rev ious  space  s t a t i o n  s t u d i e s  conducted t h e  subsystem s e l e c t i o n  t r a d e s  
and a n a l y s e s  ' a t  t h e  i n d i v i d u a l  subsystem l e v e l  based on subsystem d e f i n e d  
t r a d e  t r e e s ,  r e q u i r e m e n t s ,  and s e l e c t i o n  c r i t e r i a .  Following s e l e c t i o n ,  t h e  
t h r e e  subsystem concep ts  were i n t e g r a t e d  a t  t h e  subsystem and system l e v e l s  
t o  d e f i n e  an  i n t e g r a t e d  p r e l i m i n a r y  d e s i g n .  Changes t o  subsystem, assembly,  
o r  subassembly concept  s e l e c t i o n s  w e r e  n o t  i n c o r p o r a t e d  u n l e s s  l a r g e  incom- 
p a t i b i l i t i e s  were d i s c o v e r e d  d u r i n g  t h e  p r e l i m i n a r y  des ign  i n t e g r a t i o n  
s t u d i e s .  This  p r o c e s s ,  however, d i d  n o t  n e c e s s a r i l y  a s s u r e  t h a t  t h e  most 
optimum o r  lowest  c o s t  i n t e g r a t e d  subsystem concept  would be s e l e c t e d  f o r  t h e  
space  s t a t  i o n .  

The Phase B MSS s t u d i e s  were i n i t i a t e d  w i t h  a  NASA-imposed Level I 
g u i d e l i n e  t o  emphasize c o s t  i n  t h e  s e l e c t i o n  p r o c e s s .  The g u i d e l i n e  (1.109A, 
NASA Phase B Program D e f i n i t i o n  Study Modular Space S t a t i o n  Guide l ines  and 
C o n s t r a i n t s  Document, MSC-03696, Rev. 7,  30 J u l y  1971) s t a t e d :  "Total  c o s t  
o f  t h e  program i s  a  primary c o n s i d e r a t i o n .  Pr imary emphasis is  on minimum 
c o s t  t o  I O C . "  I n  a n  e f f o r t  t o  s a t i s f y  t h i s  g u i d e l i n e  i t  was decided t o  
conduct t h e  RCS, EPS, and ECLSS s e l e c t i o n  t r a d e s  and a n a l y s e s  a s  an i n t e g r a t e d  
s i n g l e  subsys  t e m .  

The t r a d e s  t o  reduce  c o s t  i n  t h e  ISS and G&C subsystems were conducted 
w i t h i n  t h e  i n d i v i d u a l  subsystem; however, t h e s e  t r a d e s  i n c o r p o r a t e d  t h e  
r e s u l t s  and requ i rements  o f  t h e  EPs/RCS/ECLSS i n t e g r a t e d  t r a d e s .  The G&C/ISS 
i n t e g r a t e d  t r a d e s  were conducted under p r e v i o u s  s t u d i e s  and t h e  EPS/RCS/ECLSS 
i n t e g r a t e d  subsystem s e l e c t i o n  r e s u l t s  d i d  n o t  i n f l u e n c e  o r  were n o t  a l t e r e d  
by t h e s e  t r a d e s .  The low c o s t  ISS s e l e c t i o n  t r a d e s  a l s o  were n o t  a l t e r e d  by 
t h e  EPS/RCS/ECLSS i n t e g r a t e d  subsystem t r a d e s ;  however, c e r t a i n  of t h e  i n t e -  
g r a t e d  subsystem concept  o p t i o n s  imposed reduced requirements  on t h e  ISS. 
The c o s t  d e l t a s  were s m a l l  and i n  no c a s e  were t h e  changed requ i rements  s u f f i -  
c i e n t  t o  produce an ISS concept  change.  
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This s e c t i o n  p r e s e n t s  t h e  ana lyses  and t r a d e s  of t h e  EPS/RCS/ECLSS 
i n t e g r a t e d  subsystem f o r  t he  MSS. The pre l iminary  des ign  of t h e  EPS, RCS, 
and ECLSS was developed a f t e r  t h e  i n t e g r a t e d  concept  s e l e c t i o n  and i s  pre-  
s en t ed  i n  Volume I V  of t h i s  r e p o r t  (SD 71-217-4). 

1.1 STUDY LOGIC 

The i n t e g r a t e d  EPS/RCS/ECLSS t r a d e  s tudy  l o g i c  i s  shown i n  Figure 1-1. 
I n t e g r a t e d  subsystem concept op t ions  were e s t a b l i s h e d  from: (1) t he  subsys- 
t e m s  requirements  of t h e  Phase A s t u d i e s  a s  def ined  i n  t he  NASA Guidel ines  
and Cons t r a in t s  document and i n  t h e  NR Systems Requirements Book (SRB), ( 2 )  
t he  MSS Phase A r e f e r ence  subsystems d e f i n i t i o n  and c h a r a c t e r i s  t i c s ,  and ( 3 )  
from low-cost subsystem c r i t e r i a  and g u i d e l i n e s  developed by NR. Subsystem 
t r a d e  t r e e s ,  op t ions ,  and c h a r a c t e r i s t i c s  of previous s t u d i e s  were u t i l i z e d  
t o  de f ine  low-cost candida tes  f o r  each of t h e  subsystem o r  assembly func t ions  
Trades of t h e s e  concepts a t  t h e  i n d i v i d u a l  subsystem l e v e l  d e l e t e d  concepts 
which could n o t  s a t i s f y  t he  MSS requirements  o r  which imposed l a r g e  d r i v e r s  
o r  c o n s t r a i n t s  on MSS conf igu ra t i ons  and mission ope ra t i ons .  A mat r ix  of 
compatible i n t e g r a t e d  concept op t ions  was cons t ruc t ed  from t h e  remaining 
subsystem op t ions .  Pre l iminary  subsystem c h a r a c t e r i s t i c s  were then def ined  
f o r  a l l  t h e  i n t e g r a t e d  concept op t ions  . 

Severa l  of t h e  i n t e g r a t e d  concept op t ions  were e a s i l y  recognized a s  
being po ten t i a l l ow-cos t  subsystem sets. The ana lyses  of t h e s e  s e t s  were 
a c c e l e r a t e d  s o  a s  t o  provide  e a r l y  subsystem d a t a  f o r  t h e  MSS conf igu ra t i on /  
o p e r a t i o n a l  t r a d e s  and ana lyses  which were being conducted concur ren t ly  wi th  
t h e  subsystem t r a d e s .  A s  shown i n  Figure 1-1 the  low-cost subsystem s e t s  
p rogressed  through t h e  same l o g i c  flow a s  t h e  mainstream t r a d e s  and even tua l ly  
r een t e r ed  the  l o g i c  loop  f o r  f i n a l  impact ana lyses ,  c o s t i n g ,  and eva lua t ion .  

The pre l iminary  c h a r a c t e r i s t i c s  of t h e  mainstream subsystem sets were 
r e f i n e d  through d e t a i l e d  ana lyses  and t r a d e s  t o  provide c o s t i n g  d a t a  and 
des ign  c h a r a c t e r i s t i c s .  These c h a r a c t e r i s t i c s  w e r e  u t i l i z e d  t o  conduct 
impact ana lyses  such a s  MSS conf igu ra t i on ,  des ign ,  ope ra t i ons ,  r e l i a b i l i t y ,  
s a f e t y ,  and l o g i s t i c s  requirements .  For t h e  candida te  op t ions  s u r v i v i n g  t h e  
impact ana lyses  ( i nc lud ing  low-cost subsystem s e t s ) ,  d e t a i l e d  c o s t  ana lyses  
were conducted. An e v a l u a t i o n  a n a l y s i s  then r e s u l t e d  i n  a  f i n a l  i n t e g r a t e d  
EPS/RCS/ECLSS concept .  

Cost was t h e  major eva lua t ion  f a c t o r .  The t r a d e s  were i n i t i a t e d  on the  
b a s i s  t h a t  two c o s t  comparisons would be developed: (1) low development c o s t s  
a t  I O C  of t h e  i n i t i a l  s t a t i o n ,  and (2)  i n i t i a l  s t a t i o n  low development c o s t  
p l u s  5-year ope ra t i ons  c o s t s .  I t  was i n i t i a l l y  hoped t h a t  t h e  same s e l e c t i o n  
would r e s u l t  from e i t h e r  c o s t  c r i t e r i a ;  however, i t  was soon ev iden t  t h a t  t h i s  
was n o t  t h e  ca se .  An i n t e g r a t e d  subsystem based on only low development c o s t s  
r e s u l t e d  i n  s e l e c t i o n s  such a s  open oxygen and water  cyc l e s  f o r  t h e  ECLSS, 
Skylab technology s o l a r  a r r a y  pane l s ,  nonautomated subsystem c o n t r o l s  and 
f a u l t  d e t e c t i o n  and i s o l a t i o n ,  28-volt  dc  electrical power system, and s h o r t  
component l i f e  w i th  h igh  maintenance. The r e s u l t  t o  t h e  MSS program would be  
very h igh  l o g i s  t i c s  c o s t s ,  l a r g e  manpower requirements  f o r  s t a t i o n  ope ra t i on ,  
poor h a b i t a b i l i t y ,  and very low program o p e r a t i o n a l  f l e x i b i l i t y .  .It was 
t h e r e f o r e  decided t o  s e l e c t  t h e  concept op t ions  and t o  complete t h e  t r ades  
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w i t h  t h e  major  e v a l u a t i o n  f a c t o r  b e i n g  i n i t i a l  s t a t i o n  low development p l u s  
5-year o p e r a t i o n a l  c o s t s .  
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1.2  GUIDELINES AND REQUIREMENTS 

MSS 
CONFIG 

ANALYSES 

OPERATIONS 

IMPACT 
ANALYSES 

DESIGN 

The NASA Guide l ine  and C o n s t r a i n t s  document d e f i n e d  t h e  Leve l  I program 
requ i rements ,  g u i d e l i n e s ,  and c o n s t r a i n t s  a s  e s t a b l i s h e d  by NASA Headquar te r s  
and t h e  Leve l  I1 g u i d e l i n e s  and c o n s t r a i n t s  c o n t r o l l e d  by t h e  manager of t h e  
Space S t a t i o n  P r o j e c t  O f f i c e .  To s a t i s f y  t h e s e  program requ i rements  NR 
e s t a b l i s h e d  a d d i t i o n a l  r equ i rements  which were documented i n  t h e  SRB. The 
major  requ i rements  and g u i d e l i n e s  which i n f l u e n c e d  t h e  i n t e g r a t e d  subsystem 
t r a d e s  and s e l e c t i o n  are d e f i n e d  i n  t h i s  s e c t i o n .  Each of t h e  i d e n t i f i e d  
g u i d e l i n e s  and requ i rements  h a s  t h e  s o u r c e  i d e n t i f i e d  as (1)  t h e  NASA guide-  
l i n e s  and c o n s t r a i n t s  document i t e m  number, (2) SRB, o r  (3)  NR genera ted  f o r  
s e l e c t i o n  t r a d e s  and a n a l y s e s  purposes .  It is  emphasized t h a t  t h e  g u i d e l i n e s  
and requ i rements  i d e n t i f i e d  were u t i l i z e d  f o r  t h e  i n t e g r a t e d  subsystems 
t r a d e s .  They were e s t a b l i s h e d  at  t h e  i n i t i a t i o n  of t h e  t r a d e s  and s e v e r a l  
have been changed o r  d e l e t e d  as t h e  MSS s t u d i e s  p rogressed .  

Program Guide l ines  and Requirements 

The program-rela ted gu ide  l i n e s  and requirements  a r e  : 

1. F i s c a l  y e a r  1975 Phase  C go-ahead (1.102A). 
2. February 1982 i n i t i a l  MSS IOC (SRB). I n i t i a l l y  t h e  SRB requ i rement  

was s t a t e d  as January  1978 f o r  d e l i v e r y  of t h e  f i r s t  module. 
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3 .  I n i t i a l  MSS u t i l i z a t i o n  5  t o  6  y e a r s  (1.102A). 
4. Growth MSS u t i l i z a t i o n  5  y e a r s  (1.102A). 
5 .  Minimum t o t a l  program c o s t  (1.109A) . 
6 .  Minimum I O C  c o s t  (1.109A) . 
7. Minimum subsystem development c o s t s  (1 .405) .  

M i s s i o n / O p e r a t i o n a l  G u i d e l i n e s  and Requirements 

The MSS miss ion-  and o p e r a t i o n a l - r e l a t e d  g u i d e l i n e s  and requirements  
a r e  : 

240- t o  270-nau t ica l  m i l e s  by 55-degree o r b i t  (1.105A). 
X-POP, Z-LV MSS o r i e n t a t i o n  normal f l i g h t  mode (NR). 
Loca l  l e v e l  o r  i n e r t i a l  mode o r i e n t a t i o n  c a p a b i l i t y  (SRB). 
One hundred twenty-day MSS independent  o p e r a t i o n  (1 .205) .  
S h u t t l e  l aunch  f requency no g r e a t e r  t h a n  30 days (1 .204) .  
Thir ty-day consumables beyond normal resupp ly  (1 .202) .  
Resupply t i m e  i n t e r v a l s  no g r e a t e r  than  90 days  (NR). 
Six-man crew i n i t i a l  MSS (1.105A). 
Twelve-man crew growth MSS (1 .106) .  
Ninety-six-hour (48-hour i n i t i a l l y )  emergency MSS c a p a b i l i t y  
(1.4A, 2.15A Appendix B ) .  
F a i l u r e  c r i t e r i a  (SRB) - The minimum a l l o w a b l e  number o f  component 
f a i l u r e s  f o r  each  o p e r a t i o n a l  mode is :  

Normal 
Nominal 
Degraded 
Emergency 

MS S  
Buildup 

(Unmanned) Mode 

a .  The s t a t i o n  s h a l l  be  c a p a b l e  of o p e r a t i n g  w i t h  a l l  c r i t i c a l  
f u n c t i o n s  performed w i t h i n  s p e c i f i e d  v a l u e s  f o l l o w i n g  one 
component f a i l u r e  o r  any p o r t i o n  of a subsystem i n a c t i v e  
f o r  maintenance.  Th is  c o n d i t i o n  s h a l l  c o n t i n u e  u n t i l  main- 
t e n a n c e  can  be  performed. 

Opera t ion  
(Manned) 

b. The s t a t i o n  s h a l l  b e  capab le  of o p e r a t i n g  w i t h  some c r i t i c a l  
f u n c t i o n s  performed a t  a  reduced l e v e l ,  b u t  n o t  below t h e  
l e v e l  n e c e s s a r y  f o r  crew s u r v i v a l ,  f o l l o w i n g  any c r e d i b l e  
combinat ion of two component f a i l u r e s  o r  one component f a i -  
l u r e  w i t h  any p o r t i o n  of a subsystem i n a c t i v e  f o r  maintenance 
o r  any c r e d i b l e  a c c i d e n t  ( e . g . ,  l o s s  o f  any p r e s s u r e - i s o l a t a b l e  
volume). Th is  c o n d i t i o n  s h a l l  c o n t i n u e  u n t i l  maintenance can 
b e  performed,  b u t  no more than  30 days  o r  u n t i l  a r r i v a l  of t h e  
n e x t  schedu led  s h u t t l e .  

c .  The s t a t i o n  s h a l l  b e  capab le  of crew s u r v i v a l  f o r  a t  l e a s t  96 
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hours  t o  pe rmi t  r e s t o r a t i o n  of o p e r a t i o n s  o r  r e s c u e  of t h e  crew 
by emergency s h u t t l e  fo l lowing  any c r e d i b l e  combination of t h r e e  
component f a i l u r e s  o r  any c r e d i b l e  combination of component 
f a i l u r e s  and p o r t i o n s  of a  subsystem i n a c t i v e  f o r  maintenance o r  
any c r e d i b l e  a c c i d e n t  ( e  . g  . , l o s s  of any p r e s s u r e - i s o l a t a b l e  
volume) and any s i n g l e  component f a i l u r e .  

d .  The s t a t i o n  d u r i n g  s t a t i o n  b u i l d u p  (premanning) s h a l l  b e  capab le  
of be ing  manned ( s h i r t s l e e v e  o r  I V A )  f o r  a t  l e a s t  96 hours  (48 
hours  i n i t i a l l y )  t o  accommodate an  emergency s h u t t l e  f l i g h t  t o  
perform maintenance f o l l o w i n g  any two component f a i l u r e s .  

e .  Nont ime-c r i t i ca l  f u n c t i o n s ,  u l t i m a t e l y  c r i t i c a l  t o  crew s u r -  
v i v a l ,  r e q u i r e  s t andby  redundancy a s  a  minimum. 

f .  T i m e - c r i t i c a l  f u n c t i o n s  a f f e c t i n g  crew s u r v i v a l  r e q u i r e  a n  a l t e r -  
n a t i v e  means of p r o v i d i n g  t h e  f u n c t i o n .  Th is  a l t e r n a t i v e  must 
be provided by a c t i v e  redundancy, o r  s t andby  redundancy automa- 
t i c a l l y  a c t i v a t e d  upon f a i l u r e  of t h e  prime equipment,  o r  bv 
o t h e r  equipment p r o v i d i n g  normal o p e r a t i o n  f o r  a  p e r i o d  e q u a l  
t o  a maintenance c y c l e  p l u s  a  margin of s a f e t y  f o r  maintenance 
d i f f i c u l t i e s  i n c l u d i n g  l a c k  of a c c e s s  due t o  i s o l a t i o n  of a 
damaged module. 

12.  I n f l i g h t  maintenance of subsystems (NR). 

13. I V A  maintenance c a p a b i l i t y  f o r  bu i ldup  (SRB) . 
14. IVA maintenance c a p a b i l i t y  f o r  c r i t i c a l  f u n c t i o n s  (SRB) . 

MSS Conf igura t ion  Guide l ines  and Requirements 

The MSS " r e f e r e n c e t '  c o n f i g u r a t i o n  a t  t h e  i n i t i a t i o n  of t h e  i n t e g r a t e d  
subsystems t r a d e s  was of a b a r b e l l  concept  a s  shown i n  F i g u r e  1-2. 

The i n i t i a l  s t a t i o n  c o n s i s t e d  o f  two c o r e  modules,  a power module, two 
c o n t r o l  c e n t e r  modules (CCM), two crew q u a r t e r s  modules (CQM), two r e s e a r c h  
and a p p l i c a t i o n s  modules (RAM'S) and one ca rgo  module (CM, 2  o p t i o n a l ) .  The 
c o n f i g u r a t i o n  d i d  n o t  accommodate side-docked (Y axes )  modules. The growth 
s t a t i o n  adds a  t h i r d  c o r e  module, two crew q u a r t e r s  modules, one medica l  
e x e r c i s e  module (MEM), and a  t h i r d  RAM accommodation. Exper imental  a i r l o c k s  
and high-gain  an tenna  packages can b e  b e r t h e d  a t  t h e  ou tboard  end of t h e  
s t a t i o n  modules. A l l  modules were 1 4  f e e t  i n  d iamete r  and a r e  assembled i n  
o r b i t .  Table  1-1 p r e s e n t s  f u r t h e r  d a t a  on t h e  r e f e r e n c e  c o n f i g u r a t i o n .  

Other  c o n f i g u r a t i o n  g u i d e l i n e s  and requ i rements  a r e :  

F i f t e e n - f o o t  d iamete r  by 60-foot l o n g  packaging envelope (1.112A). 
Design-to we igh t  p e r  module - 20,000 pounds (1.111) . 
I n i t i a l  s t a t i o n  i n c l u d e s  GPL p l u s  2  RAM'S (1.105A). 

4. Cargo module s t o r a g e  o p t i o n a l  (1 .205) .  
5.  Power module f i r s t  l aunch  (NR). 
6. F i r s t  c o r e  module second launch (NR) . 
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REFERENCE CONFl GURATION 

BARBELL C ~ N C E P T  

COMMON MODULES 

14 FT D l AMETER 
X 28 FT LONG 

CREW QUARTERS C Q M 1 
C Q M 2  
C Q M  3 

G A L L N  G M  
CONTROL CENTER C C M 1 

C C M 2  
MEDICAL EXERCISE M E M 

COMMON MODULES 

Figure 1-2. Reference MSS Configuration 

UNDERWEIGHT MODULE 

Table 1-1. Reference MSS Configuration Data 

TARGETAWEIGHT (LB) 

ORBITAL CONFIGURATION 

ASSEMBLY ELEMENTS INITIAL 

COMMON MODULES - NUMBER 4 
SIZE 8 SHAPE 14 FT X 28 FT 

SPECIAL MODULES 
POWER - NUMBER 1 

SIZE 8 SHAPE 14 FT X 42 FT 
CORE - NUMBER 2 

SIZE 8 SHAPE 12 FTX 31 FT 

CARGO MODULES - NUMBER 2 
SIZE 8 SHAPE 14 FT X 29 FT 

RAMS NUMBER 2 ATTACHED 
SIZE 8 SHAPE 14 FT X ? 

ELEMENT LOCATION - 
MODULE SPACING - 1 FT ADJACENT MODULES O N  SAME CORE 

- 2 FT ADJACENT MODULES O N  DIFFERENT CORES 

RADIATORS - 360° (4000 F T ~  ALL COMMON MODULES 
2' - 360' ( TBD FT ) PO:'IER MODULE 

IVA/EVA AIRLOCK - I N  CORE MODULE ~ d .  1 

DUAL SHIRTSLEEVE EGRESS - TUNNEL DEVICE BETWEEN ADJACENT 
COMMON MODULES 

MANIPULATOR - 1 O N  CORE MODULE 
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Experiment Guide l ines  and Requirements 

The subsystem s u p p o r t  r equ i rements  t o  exper iments  were developed by 
NR from e x p e r i m e n t a l  ("Blue ~ o o k " )  and o p e r a t i o n a l  a n a l y s e s .  The s u p p o r t  
requirements  a r e  : 

Twenty-four-hour no v e n t i n g  (NR). Subsequent a n a l y s e s  have 
reduced t h e  requ i rement  t o  12 h o u r s ;  however, t h i s  r e d u c t i o n  d i d  
n o t  a l t e r  t h e  s e l e c t i o n .  
Geometric a x i s  o r i e n t a t i o n  (SRB) . 
Average power i n i t i a l  MSS - 4.5 k i l o w a t t s  (SRB). 
Peak power i n i t i a l  MSS - 7.0 k i l o w a t t s  (SRB). 
RAM leakage  - 1 pound p e r  day (SRB) . 
Water supp ly  o r  p r o c e s s i n g  35 pounds p e r  day (SRB). 
Waste p r o c e s s i n g  - 67 pounds p e r  month (SRB). 
Metabo l ic  oxygen - 1 . 2  pounds p e r  day (SRB). 
GPL h e a t  r e j e c t i o n  - 7 kw maximum (SRB). 
RAM h e a t  r e j e c t i o n  - 4.5 kw p e r  RAM (SRB) . 
T o t a l  h e a t  r e j e c t i o n  - 7 kw maximum (SRB). 

EPS Guide l ines  and Requirements 

The major EPS g u i d e l i n e s  and c o n s t r a i n t s  used f o r  t h e  s t u d y  are: 
1. S o l a r  a r r a y  pr imary power g e n e r a t i o n  (1.402).  
2 .  S e p a r a t e  and independent  secondary (emergency) power 

g e n e r a t i o n  (NR) . 
3 .  Five-year s o l a r  a r r a y  o p e r a t i o n a l  l i f e  (NR). 
4 .  I n f  l i g h t  maintenance w i t h o u t  power shutdown (NR) . 
5. F i f t e e n  kw minimum average  power (1 .402) .  

The MSS power requ i rements  a r e  p r e s e n t e d  i n  Table  1-2. 

RCS Guide l ines  and Requirements 

The RCS major g u i d e l i n e s  and requ i rements  a r e :  

1. 1959 ARDC s t a n d a r d  a tmospher ic  model (SRB) ( subsequen t ly  changed 
t o  20- mean J a c c h i a  a tmosphere) .  

2. O r b i t  240 n a u t i c a l  m i l e s ,  55 d e g r e e s  i n c l i n a t i o n  (SRB). 
3 .  Geometric axes  MSS o r i e n t a t i o n  (SRB) . 
4. Loca l - l eve l  f l i g h t  mode (Z-axis n a d i r )  (SRB). 
5. Impulse  requ i rements  (NR) - The impulse  v a l u e s  (shown i n  Table  1-3) 

were changed throughout  t h e  s t u d y  t o  r e f l e c t  t h e  changes i n  MSS 
c o n f i g u r a t i o n ,  f l i g h t  mode, and a tmospher ic  model. 
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Table 1-2. Power Requirements (SRB) 

Table 1-3. MSS Impulse Requirements (NR) 

* 
Xis s ion 
Phase 

Buildup 

Normal AVG 

14 hr light 

14 hr dark 

10 hr light 

10 hr dark 

Degraded AVG 

Emergency 

Experimental (AVC) 

Shuttle docked 

*Power boom delivered first launch, solar arrav power available 

Start of 
Study 
:+la t t s 

2969" 

17,412 

20,747 

17,417 

15,736 

12,406 

13,400 

2,993 (48 hr) 

4,500 

Final ZlSS 
Value 
Watts 

355 

19,640 

25,361 

19,949 

10,514 

11,192 

13,822 

1,750(96 hr) 

4,500 

Duration 

60 dav 

Continuous 

14 Hr 

14 hr 

10 hr 

10 hr 

Continuous 

Continuous 

I 
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ECLSS G u i d e l i n e s  and Requirements 

The major ECLSS requ i rements  a r e :  

Closed wash w a t e r  c y c l e  (1.407) . 
Six-man crew w i t h  growth t o  12-man crew (1.105AY 1.106,  1.301A). 
Expendable s t o r a g e  c a p a c i t y  - 120 days (1.205) . 
Oxygen-nitrogen s h i r t s l e e v e  a tmosphere ,  14.7  p s i a  (1 .115) .  
Ninety-six-hour emergency (48-hour i n i t i a l l y )  (1.4A, 2.15A) . 
Dual p r e s s u r e  volume (1.303A). 
R e p r e s s u r i z a t i o n  of one p r e s s u r e  volume (1.5A). 
Water vapor  - 8 t o  12 mmHg (SRB). 
C02 c o n c e n t r a t i o n  - 3.0 mmHg (1 .401) .  
Thermal c o n t r o l  - independen t  of o r i e n t a t i o n  a s  d e s i g n  g o a l  
(1.206) ; no c o n d e n s a t i o n .  
Crew m e t a b o l i c  (SRB) - 11,900 Btulman-day; oxygen consumption - 
1.84 lblrnan-day; C02 p r o d u c t i o n  - 2.25 lb/man-day. 
Water usage (SRB) - 24 lblman-day . 
Thermal c o n t r o l  (SRB) - module l o s s / g a i n  - 2,000 ~ t u / h r ;  1 ,000 B t u f h r .  
S t a t i o n  l e a k a g e  (SRB) - 20 l b / d a y  i n i t i a l l y ,  10 l b / d a y  f i n a l  
i t e r a t i o n .  
Experimerlt Suppor t  (SRR) 

O2 consumption - 1 . 2  l b l d a y  
RAM l e a k a g e  - 1 . 0  l b l d a y  
Water usage - 35 l b / d a y  
Thermal c o n t r o l  - 4500 w a t t s  maximum 
Waste d i s p o s a l  - 2.2 l b / d a y  

Cos t i n e  Ground Rules  

The ground r u l c s  imposed f o r  t h e  c o s t  e v a l u a t i o n  a r e :  

1. Development p l u s  5-year o p e r a t i o n a l  program a t  t h e  6-man l e v e l .  
2. Costs  a r e  i n  1971  d o l l a r s .  
3 .  Technology f o r  D&D c o s t s  a r e  p r o j e c t e d  t o  3 1975 Phase C s t a r t  d a t e .  
4. O p e r a t i o n a l  c o s t s  a r e  based on l o g i s t i c s  r e supp ly  o n l y .  
5 .  Three ca rgo  modules; t h e  RCS i s  charged w i t h  a n  a d d i t i o n a l  ca rgo  

module f o r  concep t s  r e q u i r i n g  and u s i n g  a f o u r t h  ca rgo  module. 
6 .  Cos t s  i n c l u d e :  

a .  Design and development.  
b.  T h e o r e t i c a l  f i r s t  u n i t  (TFU) c o s t .  
c .  Five-year o p e r a t i o n s  a f t e r  I O C .  

7. Cos t s  exc lude :  

a. Major t e s t  hardware.  
b. GSE. 
c .  Too l ing  and STE a t  N R .  
d .  T e s t  and o p e r a t i o n s .  
e. System e n g i n e e r i n g  and i n t e g r a t i o n .  
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f .  Program management. 
g. F a c i l i t i e s .  
h .  Spares ,  
i. T e s t s .  
j. C o n t r a c t o r  f e e .  

1.. 3 INTEGRATED CONCEPT OPTIONS 

The EPS/RCS/ECLSS i n t e g r a t e d  concept  o p t i o n s  were developed by f i r s t  
e s t a b l i s h i n g  t h e  c a n d i d a t e s  f o r  each subsystem.  Techn ica l  t r a d e s  e l i m i n a t e d  
some of t h e  c a n d i d a t e s  which could  n o t  meet t h e  subsystem MSS g u i d e l i n e s  and 
r e q u i r e m e n t s  o r  which imposed l a r g e  d r i v e r s  o r  i n f l u e n c e s  on MSS conf igura -  
t i o n  o r  m i s s i o n  o p e r a t i o n s .  A m a t r i x  of compat ib le  i n t e g r a t e d  concept  
o p t i o n s  was c o n s t r u c t e d  from t h e  remaining c a n d i d a t e s .  This  approach i s  
d e p i c t e d  i n  F i g u r e  1-3 and t h e  complete m a t r i x  i s  shown i n  F i g u r e  1-4. 
T h i r t e e n  major  i n t e g r a t e d  subsystem s e t s  w i t h  numerous s u b s e t s  ( a  t o t a l  of 
4 l )were  i d e n t i f i e d  and a r e  shown i n  F igure  1-4. 

Independent  subsystems t r a d e s  were conducted which reduced t h e  4 1  
i n t e g r a t e d  concep t  o p t i o n s  t o  9 .  These t r a d e s  a r e  d e s c r i b e d  i n  t h e  n e x t  
t h r e e  s e c t i o n s .  These n i n e  remaining o p t i o n s  were cos ted  and ranked a c c o r d i n g  
t o  development p l u s  f ive -year  o p e r a t i o n a l  c o s t s .  The t h r e e  lowes t -cos t  
concept  o p t i o n s  were  e v a l u a t e d  and a n  i n t e g r a t e d  subsystem s e l e c t i o n  made. 
These t r a d e o f f  s t e p s  a r e  shown i n  F igure  1-5. 

CANDIDATE PROPELLANT 
OPTION (MEDIUM THRUST RCSl STORAGE LOCATION 

'A WITHOUT RESISTOJETS 
B WITH RESISTOJETS 

RCS 
OPTIONS 

R-1.A.B' 

A 
R.4.A.B 
A-5,A.B 

ENERGY 
STORAGE 

CANDIDATE 
OPTION 

EPS 
OPTIONS 

NlCd BATTERIES 
1100 AH, 

REGENERATIVE 
FUEL CELLS 

NlCd BATTERIES 
l l 0 0 A H I  

CRYOGENIC H2-02 
CRYOGENIC H2-02 
CRYOGENIC H2-02 
HYDRAZINE IN2 H4l 
H 2 0  ELECTROLYSIS 

E.1 

E-2 

E-3 

SOLAR ARRAY 
(ADVANCED TECHNOLOGYi 

SOLAR ARRAY 
IADVANCED TECHNOLOGY1 

SOLAR AREL.Y 
(ADVANCED TECHYOLOGY) 

STATION &CARGO MODULE 
CARGO MODULE ONLY 
STATION ONLY 
RCS PACKAGES OR STATION 
STATION 

PRIMARY POWER 
GENERATION 

FUEL CELLS 

FUEL CELLS 

APU 

SECONDARY POWER 
GENERATION 

41 CONCEPT OPTIONS 
ECLSS 
OPTIONS TECHNICAL TRADES 

HP 
IMPACT ANALYSES 

NIA  OPEN ECLSS 
L-6 OPEN HP COST TRADES 
L-8 OPEN HP 

-C OVERBOARD DUMP OF CH4 iL-41 & C 0 2  IL.4. L-51 
D RESISTOJET UTILIZATION CH4 IL-4) & CO2. H z 0  IL-4. L.5! 
E NO RESISTOJET 

INTEGRATED CONCEPT OPTIONS 

CANDIDATE 
OFTlOh 

F i g u r e  1-3. I n t e g r a t e d  Subsystem Trade Approach 

hlTROGEN 
SUPPLY 

:.X"GEN 
C02 EEVDVCL , S 2 P ' i Y  

EPS 

E - l  
E 1 
E - l  
E-2 
E-2 
E 2 

3-1 R - l A  L.2A E-2 

4-2 R-2A L-3A 

ECLSS 
- 7  

L-1 
L - l  
L.1 
L-1 
L - l  
L-1 

OPTION 

1-1 
1 2 
1-3 
2-1 
2-2 
2-3 

HYDROGEN SUPPLY 
ISABATIERI 

RCS 

R - l A  
R.2A 
A-3A 
R-1A 
R-2A 
R 3A 

REPRESS N2.02 
SUPPLY 
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IDENTIFY 
INTEGRATED 

EP$/RCS/ECLSS 

INDEPENDENT 

CANDIDATES SUBSYSTEM 
TRADES 

CANDIDATES COST 

TECHNICAL 
CANDIDATES EVALUATION 

CONCEPT 

F i g u r e  1-5. I n t e g r a t e d  Subsystem Tradeoff  S t e p s  

1 . 4  EPS TRADES 

The EPS c a n d i d a t e  o p t i o n s  cons idered  f o r  t h e  i n t e g r a t e d  subsystem t r a d e s  
were i n  t h e  a r e a s  of pr imary power g e n e r a t i o n ,  secondary power g e n e r a t i o n ,  
and energy s t o r a g e .  For t h e  s o l a r  a r r a y  pr imary power g e n e r a t i o n  t h e  t r a d e s  
c o n s i d e r e d  t h e  advanced technology s o l a r  a r r a y s  p r e s e n t l y  b e i n g  developed by 
t h e  Lockheed Corp. under  NASAIMSC c o n t r a c t  and t h e  Skylab technology s o l a r  
a r r a y s .  The secondary  power g e n e r a t i o n  assembly t r a d e s  cons idered  f u e l  
c e l l s ,  h y d r a z i n e  APU's, and b a t t e r i e s .  The major  EPS t r a d e  was r e l a t e d  t o  
t h e  energy s t o r a g e  assembly where NiCd b a t t e r i e s  and c h a r g e r s  were t r a d e d  
o f f  a g a i n s t  t h e  f u e l  c e l l - w a t e r  e l e c t r o l y s i s  u n i t  combinat ion o p e r a t i n g  a s  
a r e g e n e r a t i v e  f u e l  c e l l .  

Secondary Power Genera t ion  

The secondary  power generat - ion t r a d e  was completed p r e v i o u s l y  and docu- 
mented i n  Shutt le-Launched Modular Space S t a t i o n ,  Concept D e f i n i t i o n ,  Volume 
1. (SD 70-546-1, January  1971) .  A summary of t h a t  t r a d e  i s  p r e s e n t e d  h e r e  
f o r  completeness .  

I n  s e l e c t i o n  of a secondary power concep t ,  i t  is  n e c e s s a r y  t o  c o n s i d e r  
t h e  combined premanning, emergency, and backup requ i rements .  The r e q u i r e -  
ments l i s t e d  i n  Tab le  1-4 were used i n  t h i s  d e t e r m i n a t i o n .  
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Table  1-4. Secondary Power Genera t ion  Requirements 

Two l e v e l s  of backup were cons idered :  (1) 30-day degraded performance 
s a t i s f i e d  by t h e  s o l a r  a r r a y  pr imary power g e n e r a t i o n  and (2)  a l i m i t e d  
backup i n  t h e  e v e n t  t h a t  t h e  s o l a r  a r r a y  i s  u n a v a i l a b l e  ( e . g . ,  replacement  
of t h e  a r r a y ) .  (Note: Requirements f o r  emergency were l a t e r  reduced t o  an 
average of 1750 w a t t s  by t h e  p r e l i m i n a r y  d e s i g n  e f f o r t . )  

I n i t i a l  p l a t e a u s  were e s t a b l i s h e d  f o r  each  secondary power c a n d i d a t e  
based on weigh t ,  volume, and a r e a  d a t a  (Table  1-5).  Genera l ly ,  f u e l  c e l l s  
show a  weight  advantage over  b a t t e r i e s  b u t  r e q u i r e  r e a c t a n t  s t o r a g e  ( l a r g e  
volumes) and pose d i f f i c u l t  i n t e g r a t i o n  problems. For low power requ i rements  
b a t t e r i e s  a r e  ve ry  a t t r a c t i v e .  S o l a r  a r r a y  and b a t t e r i e s  a r e  l i g h t  i n  w e i g h t ,  
b u t  complex because  of t h e  need f o r  energy s t o r a g e  and l a r g e  a r e a  and 
o r i e n t a t i o n  requ i rements .  

Y 

Energy 
Reqmt 
(kwh) 

305 

418 

9 40 

Weight, volume, and a r e a  comparisons a r e  shown i n  Table  1-6. Primary 
b a t t e r i e s  were r e j e c t e d  on t h e  b a s i s  of we igh t .  S o l a r  a r r a y  and b a t t e r i e s  
a r e  n o t  c o m p e t i t i v e  f o r  emergency o r  backup power l e v e l s  and on ly  a p p l i c a b l e  
t o  t h e  f i r s t  60 days of o p e r a t i o n .  (Note: Cryogenic s t o r a g e  of f u e l  cell 
r e a c t a n t  was r e j e c t e d  s i n c e  t h e  MSS no l o n g e r  employs c ryogen ic  s t o r a g e  i n  
i t s  d e f i n i t i o n . )  Based on t h e s e  d a t a  on ly  h igh-pressure  r e a c t a n t  gas  s t o r a g e  
w i t h  f u e l  c e l l s  and h y d r a z i n e  APU's f o r  t h o s e  o p t i o n s  u s i n g  h y d r a z i n e  i n  t h e  
RCS were r e t a i n e d  f o r  f u r t h e r  s t u d y .  

Durat ion 

1st 30 days 
2nd 30 days 

96 hours  

5  days 

Opera t ing  
Mode 

Premanning 

Emergency 

Backup 

- 

A d d i t i o n a l  weight  and c o s t  comparisons were made between t h e  two remaining 
c a n d i d a t e s .  

Power 
Leve 1 

(24-hr. avg . ) 
355 w a t t s  

3700 w a t t s  

6700 w a t t s  

F igure  1-6 shows p a r a m e t r i c  pr ime mover performance when used t o  
g e n e r a t e  e l e c t r i c a l  power. The f u e l  consumption f o r  hydraz ine- fue led  prime 
movers is  based on a t h e o r e t i c a l  energy  r e l e a s e  of 1500 Btu p e r  pound of f u e l .  
This  r e p r e s e n t s  an  upper l i m i t  and p robab ly  could  n o t  be achieved i n  p r a c t i c e  
because  of ammonia d i s s o c i a t i o n  and h e a t  l o s s e s  from t h e  decomposi t ion cham- 
b e r .  A s p e c i f i c  f u e l  consumption r a t e  o f  10 pounds p e r  k i lowat t -hour  was 
t h e  most o p t i m i s t i c  v a l u e  thought  t o  b e  f e a s i b l e .  Th i s  r e s u l t s  i n  a  we igh t  
p e n a l t y  over  f u e l  c e l l s  (0.82 pound p e r  k i l o w a t t  hour) of roughly 3600 pounds 
( i n c l u d e s  s t o r a g e  weigh t )  f o r  a  96-hour emergency. 



Space Division 
North Amei-ican Rockwell 

Table  1-5. Secondary Power Genera t ion  - 
Matr ix  of Candidates  

Tab le  1-6. Weight, Volume, and Area Comparisons 

I tem 

AgZn b a t t e r i e s  

NiCd b a t t e r i e s  

Fuel, c e l l s  
Gaseous 
Cryogenic 

So la r -a r ray  
b a t t e r i e s  
Body mount 
Deployed 

Chemical 
APU 

'P = Premanning EPS 
BU = Backup EPS 
E = Emergency EPS 

Core 
Module 

P 

P 
P 

P 
P 

Power 
Module 

B U 

BU 

B U 
BU 

BU 
BU 

B u 

o p e r a t i o n s  

Premanning 
1st 60 days 
2nd 60 days 

Emergency 

Backup 

I n i t i a l  
Manning 

E 

E 
E 

E 
E 

E 

*I0  pounds p e r  k i lowat t -hour  (no a l lowance  f o r  t a n k s  and convers ion  
equipment).  

**Body-mounted - reduces  t o  250 f t 2 / ~ w e  f o r  deployed and f u l l y  o r i e n t e d  
( s o l a r  a r r a y s ) .  

S o l a r  Array/ 
B a t t e r i e s  

6-Man 
Level  

E 

E 
E/BU 

E/BU 

Area 
( f t 2 )  

275** 
- 

2900** 

5250** 

Weight 
( l b )  

200 
- 

2100 

3800 

B a t t e r i e s  
( AgZn) 

Volume 
( f t 3 )  

20 
- 

40 

70 

Weight 
( l b )  

5100 
5100 

7000 

15600 

12-Man 
Leve l  

E 

E/BU 

E / B U  

Volume 
( f t 3 )  

40 
40 

55 

1 2 3  

F u e l  C e l l s  
Gaseous 
S t o r a g e  

Comment 

Limit  5 400 
kwh 

Limit  5 50 kwh 

Limit  5 400 kwh 
( 5 1 4  days)  

5 1 . 0  kwe 
S.2.0 kwe 

5 800 kwh 

APU 
Hydrazine  

Weight 
( l b )  

840 
840 

1100 

2580 

Weight 
( l b )  

3050-k 
3050* 

4180% 

9400* 

Volume 
( f t 3 )  

80 
80 

105 

245 

Volume 
( f t 3 )  

30 
30 

40 

90 
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Curren t  APU's have demonstra ted  h i g h  r e l i a b i l i t y  and c o n s i s t e n t  perform- 
ance  f o r  s h o r t  d u r a t i o n s  ( m i s s i l e  a p p l i c a t i o n s ) .  The major development 
problems f o r  l o n g e r  d u r a t i o n s  a r e  i n  t h e  a r e a  of s t r e s s  and h e a t  t r a n s f e r  t o  
a s s u r e  adequa te  s a f e t y  margins f o r  high-speed components. Performance g a i n s  
can be  o b t a i n e d  by u t i l i z i n g  m u l t i p l e  s t a g e  t u r b i n e s ,  b u t  t h i s  g a i n  i s  o f f s e t  
by i n c r e a s e d  complexi ty  and development c o s t s .  

Cost comparisons showed t h a t  t h e  h y d r a z i n e  APU adds $13.4 m i l l i o n  (D&D, 
TFU) above E-1  w i t h  f u e l  c e l l s .  (Note: The D&D of  $22.19 m i l l i o n  f o r  APU 
compares t o  $5.68 m i l l i o n  D&D f o r  f u e l  c e l l s . )  Based on we igh t  and c o s t  
comparisons,  h y d r a z i n e  APU's were r e j e c t e d  f o r  secondary power i n  t h i s  a p p l i -  
c a t i o n .  It was recommended t h a t  a l l  i n t e g r a t e d  o p t i o n s  c o n t a i n i n g  E-3 b e  
dropped from f u r t h e r  c o n s i d e r a t i o n .  

Advanced S o l a r  Arrays  Versus Skylab Technology S o l a r  Arrays  

The Skylab s o l a r  a r r a y  technology was cons ide red  f o r  MSS t o  a r r i v e  a t  
a  low-cost i n i t i a l  s p a c e  s t a t i o n .  A Skylab b l o c k  diagram i s  shown i n  F i g u r e  
1-7. I n v e s t i g a t i o n  showed t h a t  t h e r e  were t h r e e  u t i l i t y  o p t i o n s  a v a i l a b l e  
f o r  Skylab technology:  ( 1 )  i n t a c t  use  of s o l a r  a r r a y  and power c o n d i t i o n i n g ,  
(2) u s e  of t h e  s o l a r  a r r a y  on ly ,  and (3 )  use  of on ly  t h e  power c o n d i t i o n i n g .  
Gross  c h a r a c t e r i s t i c s  of t h e  Skylab hardware a r e  a s  f o l l o w s :  

S o l a r  Array 
2 - Two 600 f t  (20 f t  x 25 f t )  wings a t  3 l b / f t  

2 

Power Condi t ion ing  - Modular 500 w a t t s  ( s o l a r  a r r a y  s t r i n g ,  peak power 
t r a c k e r ,  b a t t e r y  c h a r g e r ,  b a t t e r y ,  and r e g u l a t o r )  . 
35 amp-hour NiCd b a t t e r y  
20 c e l l s  p e r  b a t t e r y  
28-volt  d c  +4 - sys tem v o l t a g e  

L i f e t i m e  - One y e a r  

Option No. 1 would r e q u i r e  i n t e g r a t i n g  f o u r  e q u i v a l e n t  Skylab power 
s u p p l i e s  i n t o  MSS c o n f i g u r a t i o n .  Th i s  i n v o l v e s  8 wings and 32 b a t t e r y  (power) 
modules. C o n t r o l  of t h e  hardware would be  on an inpu t -ou tpu t  l e v e l  f o r  each 
power module w i t h  some moni to r ing  i n t e r n a l  t o  each  power module. The 8 wings 
c r e a t e  a s t r o n g  c o n f i g u r a t i o n  d r i v e r  and t h e  s h o r t  l i f e  (one y e a r )  is  n o t  
compat ib le  w i t h  MSS l i f e  g o a l s  of f i v e  y e a r s .  T h i s  approach d i d  n o t  ade- 
q u a t e l y  p rov ide  f o r  growth and proved t o  b e  complex w i t h  poor  o p e r a t i o n a l  
f l e x i b i l i t y .  The low v o l t a g e  28-volt  dc  o u t p u t  r e s u l t s  i n  i n c r e a s e d  d i s t r i -  
b u t i o n  and c o n d i t i o n i n g  l o s s e s  and w i r i n g  p e n a l t y .  

Opt ions  2 and 3 were r e j e c t e d  s i n c e  t h e  problems o f  t h e  a r r a y  a r e  t h e  
same a s  f o r  Option 1 and i t  was f e l t  t h a t  t h e  key t o  c o s t  s a v i n g s  i s  t o  u s e  
t h e  hardware a s  developed a s  a n  i n t a c t  c o n f i g u r a t i o n .  Th i s  concept  i s  
r e a l l y  a s e r i e s  approach and t h e  a r r a y  s t r i n g  i s  a n  i n t e g r a l  p a r t  of  t h e  
b a t t e r y  (power) module. 

The use  of advanced technology s o l a r  a r r a y s  such  as b e i n g  developed by 
Lockheed M i s s i l e  and Space Company (LMSC) w i l l  o f f e r  a s i g n i f i c a n t  we igh t  
advantage ( i . e . ,  0.95 pound p e r  s q u a r e  f o o t ,  i nc lud ing  0.3 pound p e r  s q u a r e  
f o o t  f o r  two-degree-of-freedom o r i e n t a t i o n ,  d r i v e ,  and power t r a n s f e r )  com- 
pa red  t o  roughly  3.0 pounds p e r  s q u a r e  f o o t  quoted i n  t h e  Skylab program. 



Space Division 
North Amei-;can Rocltwell 

28 VDC 
NOM l NAL 

PEAK 
POWER 

TRACKERS 
> 

OPTIONS 

USE SOLAR ARRAY TECHNOLOGY 

USE BATTERY /CHARGER /REGULATOR 

USE TOTAL SUBSYSTEM APPROACH 

a 

F i g u r e  1-7. Skylab EPS Block Diagram 

A growth requ i rement  of  roughly  10,000 s q u a r e  f e e t  of  s o l a r  a r r a y  a r e a  and 
weight  c o n s t r a i n t  of 20,000 pounds f o r  i n i t i a l  launch of a  module p r o h i b i t  
use  of any a r r a y  a t  3.0 pounds p e r  s q u a r e  f o o t .  A major m o d i f i c a t i o n  of t h e  
Skylab a r r a y  would be  r e q u i r e d  t o  r educe  t h e  o v e r a l l  power module we igh t  
w i t h i n  l aunch  c o n s t r a i n t s ,  t h e r e b y  g i v i n g  up much of t h e  c o s t  advan tage  
a s s o c i a t e d  w i t h  u s i n g  e x i s t i n g  hardware.  

Regenera t ive  F u e l  C e l l s  Versus  B a t t e r i e s  

SOLAR 

The major EPS t r a d e  s t u d y  performed was t o  de te rmine  t h e  s e l e c t i o n  of 
a n  energy s t o r a g e  assembly.  Requirements were s e t  based on Phase  A MSS 
s t u d y  r e s u l t s .  A b a s e l i n e  f u e l  c e l l  and e l e c t r o l y s i s  r e g e n e r a t i v e  energy 
s t o r a g e  concept  w a s  e s t a b l i s h e d  and compared t o  secondary  b a t t e r i e s .  An 
i t e r a t i o n  of t h e  b a t t e r y  concept  employed i n  t h e  Phase  A s t u d y  was performed 
t o  a s s u r e  t h a t  comparisons would b e  made on a  common b a s i s .  Tab le  1-7 shows 
a  summary of  comparisons t h a t  were made i n  t h e  s t u d y .  The d e t a i l e d  t r a d e  
and a n a l y s i s  i s  p r e s e n t e d  i n  S e c t i o n  6 of  t h i s  r e p o r t .  

4 

REGULATOR 
MODULE 

It was recommended t h a t  r e g e n e r a t i v e  f u e l  c e l l s  b e  used f o r  ene rgy  
s t o r a g e  i f  s h a r e d  development c o s t  s a v i n g s  c o u l d  b e  'achieved.  Th i s  would 
r e q u i r e  e l e c t r o l y s i s  t o  b e  s e l e c t e d  i n  t h e  ECLSS t r a d e  s t u d y .  For  o p t i o n s  
( i n  t h e  i n t e g r a t e d  subsystem t r a d e )  which d i d  n o t  c o n t a i n  e l e c t r o l y s i s  i t  
was recommended t o  c o n t i n u e  bo th  b a t t e r y  and r e g e n e r a t i v e  f u e l  c e l l  o p t i o n s .  
S e l e c t i o n s  f o r  t h e s e  o p t i o n s  need t o  b e  made a f t e r  an  o v e r a l l  ( i n t e g r a t e d )  
subsystem e v a l u a t i o n  and a  more op t imized  concept  comparison.  

1 
b 

51-125V A V 

AH t 
SENSOR 

f * 

BArrERY 

ARRAY 

BATTERY 

3 3 - 4 8 ~  
CHARGER 
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Table 1-7. Fue l  C e l l ,  E l e c t r o l y s i s  Regenerat ive Energy S torage  
Comparisons t o  Ba t t e ry  Energy S torage  

h 

Battery Energy 
Storage 

Two loop developnent 
Dual temperature 
ranges 

0.625 
(higher e f f i c iency)  

7780 ft2 solar a r ray  
(based on per o r b i t  
cycl ing) 

Adds F C 1 s  t oene rgy  
storage assembly 
(ba t t e ry  capaci t y  
inadequate) 

32 equivalent sub- 
assembl i es (more 
cmpl  ex) 

91 72 pounds (heavy) 

13.7 a ( includes 
secondary power) 

7.5 ( includes 
secondary power) 

10.0 ( includes launch 
$25011 b) 

32.2 

Voltage degradation 
Charge scheme-- 
ava i l ab le  energy & 
charge time 
const ra ints  

Eva1 uat i  on Cri t e r i  a 

Thermal Control 

Charge-Di scharge 
Efficiency 

So la r  Array Area 
Requi rement 

Secondary Power 
Requi rement 
(emergency, bui 1 dup) 

ISS In te r face  

Launch Weight 

Cost 

Devel opmen t 

Hardware 

Operations 

. . .  . 

Fuel Cel l s ,  Electrolysi  s 
Regener. Energy Storage 

Si ngl e Temperature 
Develogent 
(4.8 M 1 ess development 
co s t )  

0.525 

240 ft2 less (7540 ft2 S A )  
(based on 24 hour 
cycling) 

U t i l i z e e n e r g y s t o r a g e  
F C's 

Four equivalent  
subassemblies 

281 7 pounds 

14.7 a (assumes shared 
devel opmen t) 

5.3  

7.9 

27.7 

Fuel c e l l  l i fe t imes  
Amount of shared 
devel opment of 
e l e c t ro ly i s s  & fuel 
c e l l  s 

' 24 hr cycling 
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The conc lus ions  a f f e c t i n g  t h e s e  recommendations a r e :  

1. B a t t e r y  technology needs  t o  show a b a t t e r y  w i t h  l i t t l e  o r  no 
v o l t a g e  d e g r a d a t i o n  o v e r  2 . 5  t o  5 y e a r s  of o p e r a t i o n .  

2 .  Improved b a t t e r y  charg ing  technology a p p e a r s  t o  b e  badLy needed. 
3 .  The r e g e n e r a t i v e  f u e l  c e l l  approach used i n  t h i s  s t u d y  d i d  n o t  

a f f e c t  s o l a r  a r r a y  a r e a  requ i rements  b u t  d i d  impose o p e r a t i o n a l  
c o n s i d e r a t i o n s .  

4. Development c o s t  and f i v e - y e a r  o p e r a t i o n s  f a v o r  r e g e n e r a t i v e  f u e l  
c e l l s .  However, t h i s  c o n c l u s i o n  i s  s e n s i t i v e  t o  t h e  amount of 
s h a r e d  development a c c e p t a b l e  and t o  t h e  f u e l  c e l l  l i f e t i m e  assump- 
t i o n s .  

5. The r e g e n e r a t i v e  f u e l  c e l l  concept  needs  t o  b e  pursued i n  a t ech-  
nology program w i t h  a p r i o r i t y  set on o b t a i n i n g  s u p p o r t i n g  d a t a  i n  
s u f f i c i e n t  dep th  t o  v e r i f y  performance and e s t a b l i s h  c r e d i b i l i t y  
on l i f e t i m e  assumptions .  
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1 . 5  RCS TRADES 

The RCS t r a d e s  were concerned w i t h  p r o p e l l a n t  s e l e c t i o n  f o r  medium-thrust 
e n g i n e s ,  p r o p e l l a n t  s t o r a g e  l o c a t i o n ,  and t h e  u t i l i z a t i o n  of r e s i s t o j e t s  f o r  
c e r t a i n  s t a b i l i z a t i o n  f u n c t i o n s .  

P r o p e l l a n t  S e l e c t i o n  Trades  

The RCS medium-thrust e n g i n e  p r o p e l l a n t  c a n d i d a t e  o p t i o n s  were s u b c r i t i c a l  
c ryogen ic  hydrogen and oxygen, h y d r a z i n e ,  and gaseous  hydrogen and oxygen 
g e n e r a t e d  o n - o r b i t  by w a t e r  e l e c t r o l y s i s .  A l l  c o n c e p t s  c o n s i d e r e d  medium-thrust 
e n g i n e s  o n l y  o r  medium-thrust e n g i n e s  used  i n  c o n j u n c t i o n  wi th  b i o w a s t e  r e s i s t o -  
jets.  The r e s i s t o j e t s - o n l y  concept w a s  ana lyzed  but  r e j e c t e d  s i n c e  t h e  t ime t o  
complete  some MSS s t a b i l i z a t i o n  and c o n t r o l  o p e r a t i o n s  w a s  e x c e s s i v e  and s i n c e  
t h e  exper iments  r e q u i r e d  c o n s i d e r a b l e  t ime  w i t h o u t  RCS o p e r a t i o n .  These  t r a d e s  
cou ld  n o t  be r e s o l v e d  a t  t h e  subsystem l e v e l  and were, t h e r e f o r e ,  ana lyzed  on ly  
a t  t h e  i n t e g r a t e d  subsystem l e v e l .  

P r o p e l l a n t  S t o r a g e  L o c a t i o n  Trades  

Three  s t o r a g e  l o c a t i o n s  were c o n s i d e r e d  i n  t h e  RCS t r a d e s :  

1. A combinat ion of s t a t i o n  and c a r g o  module s t o r a g e  ( r e f e r e n c e  
subsystem c o n c e p t ) .  

2. S t o r a g e  on t h e  s p a c e  s t a t i o n  where t h e  p r o p e l l a n t s  a r e  t r a n s -  
f e r r e d  t o  MSS t a n k s  from t h e  c a r g o  module t a n k s ,  t h e r e b y  
a l l o w i n g  t h e  c a r g o  module t o  be  used i n  an  up-down mode. No 
o n - o r b i t  c a r g o  module would be r e q u i r e d .  

3 .  I n  t h e  c a r g o  module on ly  o r  i n  t h e  package concept  where 
p r o p e l l a n t ,  t a n k s ,  and e n g i n e  quads  a r e  combined i n t o  
removable packages  s t o r e d  i n  t h e  c a r g o  module. 

The s t o r a g e  l o c a t i o n  t r a d e s  were conducted a t  t h e  subsystem l e v e l .  

The major  r e q u i r e m e n t s  and g u i d e l i n e s  used  i n  t h e  i n t e g r a t e d  subsystem 
t r a d e s  were d e s c r i b e d  p r e v i o u s l y .  The c r y o g e n i c  and h y d r a z i n e  p r o p e l l a n t  
s t o r a g e  l o c a t i o n  t r a d e s  e s t a b l i s h e d  a d d i t i o n a l  f u n c t i o n a l  r equ i rements .  These 
are : 

1. MSS f a i l u r e  c r i t e r i a  i n t e r p r e t e d  f o r  p r o p e l l a n t  s t o r a g e  
(Table  1-8). 

2 .  Crew s a f e t y  t o  have h i g h  p r i o r i t y  c o n s i d e r a t i o n s  - no 
c r y o g e n i c s  o r  h y d r a z i n e  t o  b e  s t o r e d  i n  t h e  normal ly  
h a b i t a b l e  a r e a s .  Cryogenic t a n k s  must be l o c a t e d  o u t s i d e  
of t h e  p r e s s u r e  volume t o  a s s u r e  performance; however, 
h y d r a z i n e  can be  l o c a t e d  w i t h i n  t h e  p r e s s u r e  volume i n  a 
non-hab i tab le  a r e a .  
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3. EVA maintenance c a p a b i l i t y  f o r  t ank  replacement  i s  a c c e p t a b l e .  

4. No c ryogen ic  s u p p o r t  t o  exper iments .  

5. A l l  c ryogen ic  t a n k s  t o  be  of a  common s i z e  and m a t e r i a l .  Th i s  
e l i m i n a t e s  a  m u l t i p l e  development f o r  l a t e r  c o s t  a n a l y s e s  b u t  
d r i v e s  t a n k  placement ,  volume a l l o c a t i o n ,  and l o c a t i o n  
c o n s i d e r a t i o n s .  

6. Tanks t o  i n c o r p o r a t e  p r e s s u r e  r e l i e f  p r o t e c t i o n  and v e n t  
c a p a b i l i t y  t o  s p a c e  i f  l o c a t e d  i n  a h a b i t a b l e  p r e s s u r i z e d  
a r e a .  

7.  RCS p r o p e l l a n t  c a p a b i l i t y  must be p rov ided  a t  each s t e p  of 
t h e  bui ldup.  

Tab le  1-8. P r o p e l l a n t  S t o r a g e  F a i l u r e  C r i t e r i a  

F i g u r e  1-8 shows t h e  l o c a t i o n  o p t i o n s  c o n s i d e r e d  f o r  t h e  c ryogen ic  f l u i d  
l o c a t i o n s  t r a d e .  The r e f e r e n c e  ( h y b r i d )  c o n f i g u r a t i o n  used a t a n k  farm 
I t  necklace"  e x t e r n a l  t o  t h e  7-foot d i a m e t e r  power module w i t h  t h e  second t a n k  
farm l o c a t e d  i n  t h e  c a r g o  module. The a l l -onboard o p t i o n  used t h e  power 
module n e c k l a c e  t a n k  farm w i t h  t h e  second s o u r c e  of c ryogen ics  l o c a t e d  on t h e  
-X end of t h e  PiSS b u t  e x t e r n a l  t o  c o r e  module 2. The t h i r d  o p t i o n  was a l l  
ca rgo  module s t o r a g e  w i t h  one ca rgo  module a t t a c h e d  t o  p r e s s u r e  volume V1 on 
t h e  Y a x i s  and t h e  o t h e r  t o  p r e s s u r e  volume V2 on t h e  Z a x i s .  

Loss 

1 tank  f a i l u r e  (o r  IFRU) 

2  t ank  f a i l u r e s  (or  2  IFRU) 

3 t a n k  f a i l u r e s  (or  3 IFRU) 

4 t a n k  f a i l u r e s  (or  4 IFRU) 

1 a c c i d e n t  ( 1  t a n k  l o c a t i o n )  

1 t a n k  l o c a t i o n  + 1 IFRU 

C a p a b i l i t y  Requirement 

nominal o p e r a t i o n s ,  con t inuous  

degraded o p e r a t  i o n s ,  30 d a y s ,  o r b i t  
make-up de layed  u n t i l  maintenance 
accomplished o r  a l l  f u n c t i o n s  
provided w i t h  i n c r e a s e d  l o g i s t i c s  

96 h o u r s ,  MSS s t a b i l i z a t i o n  f o r  
s h u t t l e  docking 

d i s a b l e d  RCS 

degraded o p e r a t i o n s ,  30 days  
(same as 2  IFRU f a i l u r e )  

96 h o u r s ,  PISS s t a b i l i z a t i o n  f o r  
s h u t t l e  docking 
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Table  1-9 d e f i n e s  a  bu i ldup  sequence as r e l a t e d  t o  e a c h  c o n f i g u r a t i o n .  
The on ly  s i g n i f i c a n t  d i f f e r e n c e  a f f e c t i n g  s t a t i o n  bu i ldup  is t h a t  t h e  a l l -  
onboard c o n f i g u r a t i o n  (Option 2 )  e l i m i n a t e s  one l aunch  p r i o r  t o  a c h i e v i n g  
manned s t a t u s .  

Table  1-9. T y p i c a l  Buildup Sequences - I n i t i a l  S t a t i o n  

To s a t i s f y  t h e  f a i l u r e  c r i t e r i a ,  a  minimum of f o u r  t a n k s  f o r  e a c h  
s t o r a g e  f u n c t i o n  (oxygen, n i t r o g e n ,  hydrogen) d i v i d e d  between t h e  two p r e s s u r e  
volumes i s  r e q u i r e d .  Tab le  1-10 d i s p l a y s  one s e t  of c ryogen ic  s t o r a g e  charac-  
t e r i s t i c s  which s a t i s f i e s  t h e s e  requ i rements .  A l l  t a n k s  a r e  of t h e  same 
d iamete r  (48-inch ID) which r e p r e s e n t s  t h e  l a r g e s t  s i z e  compat ib le  w i t h  t h e  
60-inch docking p o r t  d i a m e t e r ,  minimizes  development c o s t s ,  and i s  compat ib le  
t o  t h e  ca rgo  module volume c o n s t r a i n t s .  

4 

Option 1 ( r e f e r e n c e  concep t )  r e q u i r e s  a 60-day onboard c a p a c i t y  and a 90- 
day cargo module c a p a b i l i t y  ( s h u t t l e  f requency  of 90-day maximum). With t h e  
d e f i n e d  number and s i z e  of t a n k s  shown i n  Table  1-10, t h e  hydrogen c a p a c i t y  
exceeds  requ i rements  by seven pounds,  t h e  n i t r o g e n  c a p a c i t y  i s  minus 148 pounds, 
and t h e  oxygen c a p a c i t y  exceeds  t h e  requ i rement  by 3234 pounds. The n i t r o g e n  
s h o r t a g e  i s  n o t  c r i t i c a l  because  i t  r e p r e s e n t s  a  r e p r e s s u r i z a t i o n  supp ly  
d e f i c i e n c y ,  n o t  a normal o p e r a t i o n s  d e f i c i e n c y .  S ince  u t i l i z a t i o n  o f  t h e  
r e p r e s s u r i z a t i o n  r e q u i r e s  a  s h u t t l e  r e s u p p l y  f l i g h t ,  t h e  s l i g h t  r e d u c t i o n  i n  
a tmospher ic  p r e s s u r e  ( o r  s l i g h t  oxygen enr ichment)  f o r  a  s h o r t  p e r i o d  i s  n o t  
c r i t i c a l .  The oxygen e x c e s s  c a p a b i l i t y  can be  r e s o l v e d  by o f f l o a d i n g  of t anks .  

. 
Launch 

Bo. 

1 

2 

3  

4  

5 

6  

7 

8 

9  

1 0  

11 

Option 3  
A l l  Cargo 

Power 

Core i l l  

C o n t r o l  i l l  

Cargo 

C r e w  q u a r t e r s  

Crew q u a r t e r s  

Core ii2 

C o n t r o l  i12 

Cargolman 

( e a r t h  viewing)  

RAM ( space  viewing)  

Option 1 
Reference  

Power 

Core i l l  

C o n t r o l  81 

Cargo 

Crew q u a r t e r s  

Core il2 

Crew q u a r t e r s  

C o n t r o l  iI2 

Cargolman 

RAM ( e a r t h  viewing)  

RAM ( space  viewing)  

Conf i a u r a t  i o n  
Option 2 
Onboard 

Power 

Core /I1 

Cont ro l  # l  

Core il2 

Crew q u a r t e r s  

Crew q u a r t e r s  

Cont ro l  /I2 

Cargo /man 

RAM ( e a r t h  viewing)  

RAM ( e a r t h  viewing)  
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T a b l e  1-10. Cryogenic S t o r a g e  C h a r a c t e r i s t i c s  

The h y b r i d  o p t i o n  r e q u i r e s  d u a l  t a n k  and q u a n t i t y  gauging developments. 
The space  s t a t i o n  onboard t anks  a r e  o p e r a t e d  o n l y  i n  t h e  space  environment and 
can be of a p r e s s u r e  s h e l l  w i t h  a t t a c h e d  s u p e r i n s u l a t i o n  concept  ( s o f t  s h e l l )  
A l l  f l u i d  wi thdrawals  from t h e s e  t a n k s  a r e  gaseous  and can u s e  a  p r e s s u r e  
d i f f e r e n t i a l  t r a n s f e r  technique.  Advances i n  zero-g q u a n t i t y  gauging w i l l  be 
r e q u i r e d  f o r  onboard t anks .  Maintenance of t h e s e  t a n k s  would r e q u i r e  EVA 
o p e r a t i o n s ;  however, excep t  f o r  t h e  gauging d e v i c e  t h e  t a n k s  a r e  p a s s i v e  and 
should have l o n g - l i f e  c h a r a c t e r i s t i c s .  Redundancy gauging may be r e q u i r e d  t o  
d e c r e a s e  t a n k  replacement  o p e r a t i o n s .  The c a r g o  module t a n k s  would be of t h e  
dewar t y p e  s i n c e  t h e y  must o p e r a t e  i n  b o t h  s p a c e  and l aunch  pad atmospheres.  
A cryogen ic  f l u i d  t r a n s f e r  method must be  i n c o r p o r a t e d  t o  p r o v i d e  r e f i l l i n g  of 
onboard t a n k s  b u t  a  s i m p l i f i e d  gauging t echn ique ,  such  as i n t e g r a t e d  f low 
m e t e r s ,  can be  u t i l i z e d .  The e x p u l s i o n  d e v i c e  r e s u l t s  i n  a d e c r e a s e d  t a n k  l i f e  
expectancy,  b u t  t h e  maintenance and replacement  can be  completed w i t h  ground 
o p e r a t i o n s .  T h i s  o p t i o n  r e q u i r e s  t h r e e  ca rgo  modules (10 t a n k s  p e r  ca rgo  
module),  one on o r b i t ,  one on ground f o r  r e s u p p l y ,  and one s p a r e .  The s t a t i o n  
must p rov ide  two b e r t h i n g  p o r t s  on p r e s s u r e  volume 2 t o  accommodate t h e  ca rgo  
modules. One a d d i t i o n a l  d i sadvan tage  f o r  Opt ion 1 i s  t h a t  t h e  power module 
eng ine  quads c r e a t e  a d i f f i c u l t  and complex i n s t a l l a t i o n  i n  o r d e r  t o  p r o v i d e  an 
a c c e s s i b l e  s h i r t s l e e v e  maintenance concept  due t o  volume c o n s t r a i n t s  imposed by 
t h e  s o l a r  a r r a y  l e n g t h ,  t h e  d iamete r  r e s t r i c t i o n s ,  and t h e  weight  l i m i t a t i o n s .  

Option 3  
Cargo Module 

180 days  

4  

5844 

180 days  

1 2  

988 

180 days  

4  

4056 

*120-day requ i rement  
**48-inch d i a m e t e r  t a n k s  

Option 2  
Onboard 

120 days  

4  

5844 

120 days  

9  

741 

120 days  

3  

3042 

F l u i d  

Oxygen 

2610 l b  r e q u i r e d *  

N O .  of t a n k s  

Capaci ty  (lb)*f: 

Hydrogen 

734 l b  r e q u i r e d *  

No. of t a n k s  

Capac i ty  ( l b ) k *  

Ni t rogen  

3190 l b  r e q u i r e d *  

No. of t a n k s  

Capac i ty  (lb)*;k 

- .  

Onboard 

60 days 

2  

2922 

60 days 

3  

247 

60 days  

1 

1014 

Option 1 
Cargo E,Zodule 

90 days  

2  

2922 

90 days  

6  

494 

90 days  

2  

2028 
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The Opt ion  2 ( a l l  onboard)  concep t  r e q u i r e s  an  a d d i t i o n a l  t a n k  farm 
c o n s i s t i n g  of two oxygen, two n i t r o g e n ,  and s i x  hydrogen t a n k s  mounted on c o r e  
module 2 ,  which p r o v i d e s  t h e  same o n - o r b i t  c a p a c i t y  a s  Opt ion  1. S i n c e  t h e  
cargo modules o p e r a t e  on an  up-down mode, i n  t h a t  t h e  r e s u p p l y  c r y o g e n i c  f l u i d s  
a r e  immedia te ly  t r a n s f e r r e d  t o  t h e  s t a t i o n  t a n k s ,  t h e  program o n l y  r e q u i r e s  two 
ca rgo  modules and t h e  s t a t i o n  r e q u i r e s  o n l y  one temporary  b e r t h i n g  p o r t .  T h i s  
concept  s t i l l  r e q u i r e s  d u a l  t a n k  development ,  zero-g q u a n t i t y  g a u g i n g ,  and EVA 
maintenance  t e c h n i q u e s .  I t  h a s  an  a d d i t i o n a l  d i s a d v a n t a g e  of r e q u i r i n g  a n o t h e r  
t a n k  farm i n s t a l l a L i o n  on t h e  s t a t i o n .  The a d v a n t a g e s  a r e  (1)  one  less c a r g o  
module, ( 2 )  d e l e t i o n  of c a r g o  module t a n k  q u a n t i t y  guag ing ,  and (3)  no  o n - o r b i t  
ca rgo  module r e q u i r e m e n t s .  

Tank Opt ion  3 ,  a l l - c a r g o  module s t o r a g e ,  r e q u i r e s  two c a r g o  modules t o  b e  
b e r t h e d  t o  t h e  s t a t i o n .  These  c a r g o  modules a r e  i d e n t i c a l  t o  t h o s e  f o r  
Opt ion 1 and c o n t a i n s  two oxygen,  two n i t r o g e n ,  and s i x  hydrogen t a n k s  e a c h .  
Two ca rgo  modules,  o n - o r b i t  a t  f u l l  c a p a c i t y ,  p r o v i d e  a  180-day c a p a b i l i t y .  
With t h i s  c a p a c i t y  f o u r  c a r g o  modules (one s p a r e )  and t h r e e  b e r t h i n g  p o r t s  
(two c o n t i n u o u s ,  one temporary)  a r e  r e q u i r e d .  Only one t a n k  development ,  u s i n g  
t h e  dewar t y p e  and s i m p l i f i e d  q u a n t i t y  gaug ing ,  i s  r e q u i r e d .  P o s i t i v e  e x p u l s i o n  
would be r e q u i r e d  t o  p r o v i d e  t r a n s f e r  of r e s i d u a l  c r y o g e n i c s  f rom t h e  c a r g o  
module be ing  r e t u r n e d  t o  t h e  ground t o  t h e  c a r g o  module b e i n g  r e t a i n e d  o n - o r b i t .  
C a r e f u l  c r y o g e n i c  management of o n - o r b i t  usage  i n  c o n j u n c t i o n  w i t h  s c h e d u l e d  
l o g i s t i c s  cou ld  p robab ly  d e l e t e  t h e  t r a n s f e r  r equ i rement  and s t i l l  minimize  
r e t u r n  of c r y o g e n i c s  t o  ground.  A major  advan tage  f o r  Opt ion 3  i s  t h e  d e l e t i o n  
of a l l  o n - o r b i t  ma in tenance  of c r y o g e n i c  t a n k s  s i n c e  t h e y  a r e  r e t u r n e d  t o  ground 
a t  i n t e r v a l s  of 180 days  maximum. One d i s a d v a n t a g e  r e l a t e s  t o  s t a t i o n  b u i l d u p .  
S ince  c r y o g e n i c s  a r e  n o t  d e l i v e r e d  u n t i l  t h e  f o u r t h  l a u n c h  ( s e e  T a b l e  1-9) h igh-  
p r e s s u r e  g a s  s t o r a g e  w i l l  have  t o  be p r o v i d e d  t o  m a i n t a i n  s p a c e c r a f t  s t a b i l i z a -  
t i o n  and c o n t r o l  u n t i l  c r y o g e n i c s  a r e  a v a i l a b l e .  

Table  1-11 p r e s e n t s  an  e v a l u a t i o n  summary f o r  t h e  c r y o g e n i c  s t o r a g e  
l o c a t i o n  t r a d e s .  The ROM development c o s t  e s t i m a t e s  showed o n l y  a n  approx imate  
10  p e r c e n t  d i f f e r e n c e  between t h e  t h r e e  c o n c e p t s .  Tank l o c a t i o n  Opt ion 1 
( r e f e r e n c e  c o n c e p t )  was t h e  most  e x p e n s i v e  due t o  d u a l  t a n k  deve lopments ,  
zero-g gauging,  and t h r e e  c a r g o  modules.  Opt ion 2  ( a l l -onboard  s o t r a g e )  s t i l l  
h a s  a l l  t h e  developments  o f  Opt ion 1; however, t h e  up-down c a r g o  module opera-  
t i n g  mode p r o v i d e s  a  r e d u c t i o n  of one c a r g o  module. Opt ion 3  ( a l l - c a r g o  module 
s t o r a g e )  p r o v i d e s  a  s i n g l e  t a n k  development ( e x p u l s i o n  f l u i d  t r a n s f e r  assumed) 
and s i m p l i f i e d  zero-g q u a n t i t y  gaug ing ,  b u t  an  a d d i t i o n a l  c a r g o  module i s  
r e q u i r e d .  Op t ion  3  was t h e  s e l e c t e d  concep t  f o r  t h e  f o l l o w i n g  r e a s o n s :  

1. S a f e t y  i s  improved s i n c e  t a n k  f a i l u r e  ( r u p t u r e )  i s  c o n f i n e d  
t o  t h e  c a r g o  module and EVA main tenance  i s  e l i m i n a t e d  

2 .  Reduced development r e d u c e s  program r i s k  

3. Ground main tenance  of s t o r a g e  assembly 

4.  EIinimum c o s t s  
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The c e n t r a l  h y d r a z i n e  s t o r a g e  l o c a t i o n  t r a d e s  c o n s i d e r e d  t h e  same t h r e e  
l o c a t i o n  o p t i o n s ;  however, t h e  d i f f e r e n c e s  between o p t i o n s  were n o t  a s  g r e a t  
a s  f o r  c r y o g e n i c  s t o r a g e .  The h y d r a z i n e  s t o r a g e  developments a r e  t h e  same f o r  
a l l  o p t i o n s  which r e q u i r e  p o s i t i v e  e x p u l s i o n  t a n k s  and q u a n t i t y  qauging.  These 
a r e  i n  r e a l i t y  d e l t a  developments t o  e x i s t i n g  hardware.  The o n l y  c o s t  d e l t a s  
a r e ,  t h e r e f o r e ,  r e l a t e d  t o  number of c a r g o  modules u t i l i z e d ,  which makes 
Option 3 t h e  most  c o s t l y  fo l lowed by Opt ion 1, w i t h  Opt ion 2 t h e  l e a s t  c o s t l y .  

The a l l - c a r g o  module s t o r a g e  l o c a t i o n  concept  was s e l e c t e d  f o r  t h e  fo l lowing  
reasons  : 

1. S a f e t y  - Cargo module s t o r a g e  c o n f i n e s  a  t o x i c  haza rdous  f l u i d  
t o  a  n o n h a b i t a b l e  s e c t i o n  of t h e  c a r g o  modules. D i s t r i b u t i o n  
plumbing t o  t h e  RCS quads a r e  e x t e r n a l  t o  t h e  p r e s s u r e  s h e l l  
of t h e  14SS s t a t i o n  and c a r g o  modules excep t  f o r  a  s h o r t  i n t e r -  
f a c e  c o n n e c t i o n  of double-wal l  c o n s t r u c t i o n  at  t h e  two c a r g o  
module b e r t h i n g  p o r t s .  Tank r u p t u r e  damage i s  conf ined  t o  a  
r e p l a c e a b l e  c a r g o  module whi le  O p t i o n . 1  makes t h e  power module 
s u s c e p t i b l e  t o  damage and Option 2 makes b o t h  t h e  power module 
and c o r e  module 2 s u s c e p t i b l e  t o  damage. 

2. Maintenance - Option 3 p r o v i d e s  f o r  ground maintenance of a l l  
h y d r a z i n e  s t o r a g e  hardware  which i s  r e t u r n e d  a t  o r  less than  
180-day i n t e r v a l s .  The 180-day r e t u r n  f requency  r e d u c e s  t h e  
requ i rement  t o  deve lop  t h e  hardware f o r  10-year l i f e t i m e s .  
The RCS quads a r e  s h i r t s l e e v e  m a i n t a i n a b l e .  The plumbing i s  
a  l o n g - l i f e  i t em and w i t h  redundancy i s  c o n s i d e r e d  t o  have a  
10-year l i f e  expectancy.  

3 .  O p e r a t i o n a l  F l e x i b i l i t y  - Miss ion  o r  o p e r a t i o n a l  changes t o  
o r b i t a l  a l t i t u d e ,  i n c l i n a t i o n ,  and s p a c e c r a f t  o r i e n t a t i o n ,  
s p a c e c r a f t  changes t o  growth c o n f i g u r a t i o n ,  o r  changes t o  
s h u t t l e  l aunch  f requency  a r e  more e a s i l y  accommodated w i t h  
c a r g o  module s t o r a g e .  

I n  a d d i t i o n  t o  an  i n t e g r a t e d  c e n t r a l  h y d r a z i n e  approach,  a  modular o r  
p lug- in  concept  was cons ide red .  T h i s  p r o v i d e s  a  s e l f - c o n t a i n e d  package 
c o n s i s t i n g  of e n g i n e  quads ,  p r o p e l l a n t ,  and p r e s s u r a n t  which i s  r e p l a c e d  as a  
u n i t  f o r  maintenance o r  p r o p e l l a n t  r e supp ly .  Four packages  a r e  i n s t a l l e d  on 
t h e  s t a t i o n .  The b a s i c  a d v a n t a g e s  of  t h i s  concep t  a r e  t h a t  i t  e l i m i n a t e s  a l l  
hydraz ine  d i s t r i b u t i o n  th roughout  t h e  s t a t i o n ,  p r o v i d e s  o n l y  an  e l e c t r i c a l  
i n t e r f a c e ,  r e q u i r e s  a  s h o r t - l i f e  hardware development,  promotes e a s y  on-orb i t  
r ep lacement ,  and a l l o w s  f o r  ground maintenance.  

Three  package c o n c e p t s  were s t u d i e d :  Concept 1 c o n s i d e r e d  hydraz ine  
packages f o r  a l l  RCS o p e r a t i o n s ,  Concept 2 used h y d r a z i n e  packages  p l u s  
r e s i s t o j e t s  ( r e s i s t o j e t s  p r o v i d e  f o r  p a r t i a l  o r b i t  makeup impulse  r e q u i r e m e n t s ) ,  
and Concept 3 used h y d r a z i n e  package p l u s  r e s i s t o j e t  ( r e s i s t o j e t s  p rov ide  a l l  
o r b i t  makeup and CMG d e s a t u r a t i o n  t h r u s t  r e q u i r e m e n t s ) .  



Space Division 
North Amei~can Rockwell 

The b a s i c  e v a l u a t i o n  f a c t o r  was modular we igh t ,  s i z e ,  and r e s u p p l y  weight.  
The development c o s t s  f o r  a l l  h y d r a z i n e  package o p t i o n s  a r e  e s s e n t i a l l y  t h e  
same. The r e s i s t o j e t  development c o s t s  a r e  p a r t i a l l y  o f f s e t  by decreased  
p r o p e l l a n t  r e s u p p l y  c o s t s  w i t h  Concept 3  p rov id ing  lower c o s t s  t h a n  Concept 2  
because  of g r e a t e r  u t i l i z a t i o n  of t h e  r e s i s t o j e t s .  Concept 1 is  t h e  lowest-  
c o s t  o p t i o n  s i n c e  l o g i s t i c s  c o s t s  i n  g e n e r a l  do n o t  o f f s e t  r e s i s t o j e t  develop- 
ment c o s t s  d u r i n g  t h e  i n i t i a l  space  s t a t i o n  f  ive-year  o p e r a t i o n a l  p e r i o d .  

The c h a r a c t e r i s t i c s  of t h e  h y d r a z i n e  package concep t s  a r e  summarized i n  
Tab le  1-12. Two package s i z e s  were d e f i n e d ,  a  120-day and a  60-day s i z e .  The 
120-day package s i z e  f o r  Concept 1 (no r e s i s t o j e t s )  was t o o  l a r g e  t o  t r a n s f e r  
through t h e  docking p o r t s  and t h e  60-day package f o r  Concept 3  was t o o  in -  
e f f i c i e n t  i n  t h e  r a t i o  of N2H4 weight  (44 pounds) t o  package d r y  p l u s  cont ingency 
weight  (235 pounds) .  A t  t h e  t i m e  of t h e  t r a d e  a n a l y s e s  an  RCS emergency con- 
t i n g e n c y  of 8100 lb - sec  was r e q u i r e d  t o  r e s t a b i l i z e  t h e  h1SS due t o  a  p r e s s u r e  
s h e l l  p u n c t u r e  and t h e  subsequen t  l o s s  of one p r e s s u r e  volume. T h i s  i s  shown 
i n  Tab le  1-12 a s  128 pounds p e r  package.  T h i s  requirement  was s u b s e q u e n t l y  
d e l e t e d ,  which would reduce  t h e  s i z e  and weight  f o r  a l l  concep t s .  

Concept 3 ,  which u s e s  r e s i s t o j e t s  t o  p r o v i d e  a l l  o r b i t  makeup and CMG 
d e s a t u r a t i o n  f u n c t i o n s  by u t i l i z a t i o n  of a l l  waste  g a s e s  (C02 and /or  CHq) and 
w i t h  Hz0 r e s u p p l y  a s  r e q u i r e d ,  was t h e  s e l e c t e d  concep t .  The s e l e c t i o n  
r a t i o n a l e  was: 

1. Smal les t  and lowes t  weight  packages  maximize t h e  hand l ing  
s a f e t y  a s p e c t s .  The packages  a r e  323 pounds each  w i t h  t h e  
RCS emergency con t ingency  o r  195 pounds w i t h o u t  t h e  requ i rement .  

2 .  The 120-day replacement  packages  r e d u c e s  f requency  of replacement .  

3. Lowest r e s u p p l y  weight  p r o v i d e s  g r e a t e r  r e c o v e r y  of r e s i s t o j e t  
development c o s t s  i n  t h e  f i v e - y e a r  program and i s  t h e  least 
s e n s i t i v e  t o  changes  i n  l o g i s t i c s  c o s t s  ( d o l l a r  p e r  pound t o  
o r b i t ) .  

The RCS p r o p e l l a n t  s t o r a g e  l o c a t i o n  t r a d e s  were n o t  conducted f o r  t h e  RCS 
hydrogen-oxygen p r o p e l l a n t s  s u p p l i e d  by w a t e r  e l e c t r o l y s i s .  A  c o s t  a n a l y s i s  
i n d i c a t e d  t h i s  RCS concep t  t o  be  a  v i a b l e  o p t i o n  i f  s h a r e d  development c o s t s  
by i n t e g r a t i o n  i n t o  t h e  EPS and ECLSS can be  used.  The t r a d e s  were, t h e r e f o r e ,  
conducted a t  t h e  i n t e g r a t e d  subsystem l e v e l .  

R e s i s t o j e t  Trades  

The u s e  of b iowas te  r e s i s t o j e t s  was c o n s i d e r e d  w i t h  a l l  medium-thrust RCS 
p r o p e l l a n t  o p t i o n s  (c ryogen ic ,  h y d r a z i n e ,  and wate r  e l e c t r o l y s i s ) .  The 
r e s i s t o j e t s  c o n s i d e r e d  i n  t h e  t r a d e  were  0.1-pound t h r u s t  and u t i l i z e d  e i t h e r  
methane,  carbon d i o x i d e ,  w a t e r ,  hydrogen, o r  combinat ions  of t h o s e  a s  p rope l -  
l a n t s .  A l l  g a s e s  c o n s i d e r e d  f o r  f u e l  a r e  waste  p r o d u c t s  g e n e r a t e d  by t h e  ECLSS 
o r  w a t e r  resupp ly .  The f u n c t i o n  of t h e  r e s i s t o j e t s  i s  t o  p r o v i d e  t h r u s t  t o  
accomplish  a l l  o r  p o r t i o n s  of o r b i t  makeup and ClIG d e s a t u r a t i o n .  The remaining 
f u n c t i o n s  of a t t i t u d e  c o n t r o l  and maneuvers r e q u i r e  t h e  medium-thrust eng ines .  
These f u n c t i o n s  cannot  be  accomplished by r e s i s t o j e t s ,  s i n c e  t h e y  r e q u i r e  s h o r t -  
d u r a t i o n  f i r i n g .  
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For t h e  c ryogen ic  o p t i o n s ,  r e s i s t o j e t s  were cons idered  but  were e l i m i n a t e d  
because  of t e c h n i c a l  and c o s t  r easons .  Tab le  1-13 p r o v i d e s  t r a d e  summary d a t a .  
The d a t a  i n d i c a t e  t h a t  t h e  hydrogen t a n k  b o i l o f f  p r e s e n t l y  e q u a l s  t h e  d a i l y  
requirement  f o r  RCS and ECLSS o p e r a t i o n .  

Tab le  1-13. Cryogenic With R e s i s t o j e t  Summary Data  

With c ryogen ic  medium-thrust RCS quads t h e  minor p r o p e l l a n t  and c o s t  
s a v i n g s  of one less p r o p e l l a n t  t a n k  and resupp ly  does  n o t  o f f s e t  t h e  develop- 
ment c o s t s  of t h e  r e s i s t o j e t  i n s t a l l a t i o n .  T h e r e f o r e ,  t h e  r e s i s t o j e t  o p t i o n s  
were d e l e t e d  from a l l  RCS o p t i o n s  u t i l i z i n g  c ryogen ic  p r o p e l l a n t s .  

I tem 

120-day o r b i t  makeup lb - sec  
120-day CMG d e s a t u r a t i o n  lb - sec  

T o t a l  lb - sec  

D a i l y  impulse  lb-sec/day 

RCS H2 ( o r b i t  makeup and CMG) l b / d a y  
RCS maneuvers + ECLSS H2 l b / d a y  

T o t a l  H2 requirement  l b / d a y  

H2 b o i l o f f  (0.5 lb /day- tank avg) l b / d a y  

RCS 02 ( o r b i t  makeup and CMG) l b / d a y  
RCS maneuvers + ECLSS 02 l b / d a y  

T o t a l  02 requirement  l b / d a y  

O2 b o i l o f f  (1.25 lb /day- tank avg) l b / d a y  

ECLSS C02 produc t ion  (6 men) l b / d a y  
ECLSS Hz0 p r o d u c t i o n  l b / d a y  

T o t a l  l b / d a y  

R e s i s t o  jet  impulse e q u i v a l e n t  lb - sec  

For t h e  hydraz ine  and e l e c t r o l y s i s  RCS p r o p e l l a n t  o p t i o n s ,  r e s i s t o j e t s  
o f f e r e d  no i n h e r e n t  performance advantage o v e r  t h e  medium-thrust p r o p u l s i o n  
concept.  T h i s  i s  based on t h e  f a c t  t h a t  t h e  d e s i r e d  a c c e l e r a t i o n  l e v e l s  and 
p o i n t i n g  a c c u r a c i e s  can be  met w i t h  t h e  medium-thrust eng ine  quads.  

Data 

540,000 
568,000 

1 ,108,000 

9 ,233 

2.4 
2 . 1  
- 
4.5 

4.5 

19.2  
6 .4  

25.6 

5 .0  

13.5 
3 .5  

17.0  

2,805 
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In  o r d e r  t o  o f f s e t  t h e  a d d i t i o n a l  development c o s t  of a  r e s i s t o j e t  assembly,  
a  r e d u c t i o n  of 2560 pounds p e r  90-day r e s u p p l y  would have t o  be o b t a i n e d  o v e r  
t h e  f ive -year  i n i t i a l  MSS o p e r a t i o n a l  p e r i o d .  The b a s i c  l o g i s t i c s  c o s t  
assumed was $250 p e r  pound and t h e  r e s i s t o j e t  development c o s t  was e s t i m a t e d  
a t  $12 m i l l i o n .  Table  1-14 p r e s e n t s  t h e  90-day resupp ly  s a v i n g s  o b t a i n e d  by 
r e s i s t o j e t  u t i l i z a t i o n  f o r  v a r i o u s  p r o p e l l a n t  o p t i o n s .  

Tab le  1-14. P r o p e l l a n t  Savings  by 
R e s i s t o j e t  U t i l i z a t i o n  

As i n d i c a t e d  i n  t h e  t a b l e  none of t h e  o p t i o n s  p r o v i d e s  enough c o s t  
s a v i n g s  (2560 pounds per  90 d a y s )  t o  o f f s e t  t h e  i n i t i a l  r e s i s t o j e t  develop- 
ment c o s t .  

P r o p e l l a n t  

Cryogenics 
C e n t r a l  hydraz ine  
Package hydraz ine  ( r e s i s t o j e t  f o r  

a l l  o r b i t  makeup and CMG d e s a t )  
E l e c t r o l y s i s *  

R e s i s t o j e t  usage a l s o  p r e s e n t e d  a p o t e n t i a l  exper iment  con tamina t ion  
c o n d i t i o n  due t o  t h e  con t inuous  exhaus t  and e f f l u e n t s  e x p e l l e d  th rough  t h e  
r e s i s t o j e t s .  T h e i r  usage cou ld  n o t  s a t i s f y  t h e  24-hour no-vent requ i rement  
and s t i l l  p r o v i d e  t h e  o r b i t  makeup and OiG d e s a t u r a t i o n  f u n c t i o n s  i n  
reasonab le  time. 

Resupply Savings/  90 Days 

838 pounds 
1257 pounds 
2052 pounds 

955 pounds 

R e s i s t o j e t s  were e l i m i n a t e d  f rom t h e  i n t e g r a t e d  subsystem t r a d e s  because  
of : 

*900 l b  i s  power c r e d i t  f o r  power n o t  used t o  e l e c t r o l y s i s  H20. 
- 

1. No performance advan tage  

2. Resupply s a v i n g s  do n o t  o f f s e t  r e s i s t o j e t  development c o s t  

3 .  P o t e n t i a l  exper iment  con tamina t ion  s i n c e  t h e  24-hour no-vent 
requ i rement  cannot  be s a t i s f i e d .  

One o p t i o n ,  r e s i s t o j e t s  w i t h  h y d r a z i n e  packages ,  was r e t a i n e d  f o r  
subsequent  t r a d e s .  
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1 .6  ECLSS TRADES 

The c a n d i d a t e  o p t i o n s  f o r  t h e  ECLSS were a s s o c i a t e d  p r i m a r i l y  w i t h  t h e  
f u n c t i o n s  o f  C02 removal and n i t r o g e n ,  oxygen, and hydrogen s t o r a g e .  C lose ly  
r e l a t e d  t o  t h e s e  c o n s i d e r a t i o n s  was t h e  major  ECLSS t r a d e  of oxygen loop 
c l o s u r e .  

The ECLSS o p t i o n s  con ta ined  i n  t h e  i n t e g r a t e d  subsystem o p t i o n s  c o n t a i n  
b o t h  open and c l o s e d  oxygen approaches .  The independent  ECLSS t r a d e s  a r e  
c e n t e r e d  i n  t h e  C02 removal f u n c t i o n  where t h e  f i r s t  s t e p s  toward c l o s u r e  occur .  
Four o p t i o n s  f o r  C02 removal were cons idered :  expendable  l i t h i u m  hydroxide as 
u s e d  on Apol lo ,  r e g e n e r a t i v e  vacuum desorbed molecu la r  s i e v e ,  h igh- temperature  
t h e r m a l l y  desorbed molecu la r  s i e v e s ,  and e l e c t r o c h e m i c a l  hydrogen d e p o l a r i z e r  
approach.  

The oxygen s t o r a g e  o p t i o n s  were w a t e r  e l e c t r o l y s i s  and c ryogen ic  s t o r a g e .  
High-pressure s t o r a g e  was u t i l i z e d  i n  some i n t e g r a t e d  concept  o p t i o n s  f o r  r e -  
p r e s s u r i z a t i o n ,  emergency, and IVA/EVA f u n c t i o n s .  The n i t r o g e n  s t o r a g e  
o p t i o n s  c o n s i d e r e d  c ryogen ic  s t o r a g e ,  h igh-pressure  s t o r a g e ,  and hydraz ine  
d i s s o c i a t i o n .  Where hydrogen was r e q u i r e d  f o r  S a b a t i e r  o p e r a t i o n  t h e  supp ly  
o p t i o n s  were w a t e r  e l e c t r o l y s i s ,  h y d r a z i n e  d i s s o c i a t i o n ,  o r  c ryogen ic  s t o r a g e .  
The r e p r e s s u r i z a t i o n  supp ly  o p t i o n s  were e i t h e r  c ryogen ic  o r  h igh-pressure  
s t o r a g e .  The gaseous  s t o r a g e  t r a d e s  were conducted a t  t h e  i n t e g r a t e d  sub- 
sys tem l e v e l  s i n c e  t h e y  a r e  d i r e c t l y  i n f l u e n c e d  by t h e  RCS and EPS s e l e c t i o n s  
and by t h e  d e g r e e  of ECLSS oxygen loop  c l o s u r e .  

LiOH Versus  l l o l e c u l a r  S ieve  

F i g u r e  1-9 shows t h e  r e l a t i v e  c o s t  of expendable  LiOH and a r e g e n e r a t i v e  
vacuum desorbed molecu la r  s i e v e .  A s  e x p e c t e d ,  t h e  more h i g h l y  developed LiOH 
approach h a s  t h e  l e a s t  c o s t  f o r  development. When c o s t  of c a n i s t e r s  and 
t r a n s p o r t a t i o n  t o  o r b i t  a r e  cons idered ,  however, t h e  molecu la r  s i e v e  becomes 
t h e  lower-cost  approach a f t e r  t h r e e  y e a r s  of o p e r a t i o n .  F i g u r e  1-9 a l s o  shows 
t h e  t o t a l  f i v e - y e a r  c ~ s t  f o r  t h e  two o p t i o n s ,  based on a l o g i s t i c  r a t e  of 
$510 p e r  pound t o  o r b i t .  Noting t h e  d e l t a  c o s t ,  i t  i s  c l e a r  t h a t  t h e  LiOH 
approach i s  much more s e n s i t i v e  t o  l o g i s t i c s  t h a n  t h e  molecu la r  s i e v e .  From 
t h e  s t a n d p o i n t  of o v e r a l l  c o s t s ,  F i g u r e  1-9 i n d i c a t e s  t h a t  t h e  r e g e n e r a t i v e  
molecu la r  s i e v e  h a s  t h e  advantage.  

One of t h e  i n t e g r a t e d  t r a d e  g u i d e l i n e s  i s  a  24-hour no-vent requ i rement ;  
t h e  vacuum-desorbed molecu la r  s i e v e  shown i n  F i g u r e  1-9 could  n o t  comply w i t h  
t h i s  requirement .  However, t h e  t h e r m a l l y  desorbed ,  h igh- temperature  molecu la r  
s i e v e  and t h e  hydrogen d e p o l a r i z e r  concep t s  a r e  compat ible  wi th  t h e  24-hour 
v e n t i n g  r e s t r i c t i o n .  F i g u r e  1-10 compares t h e  vacuum desorbed and t h e r m a l l y  
desorbed molecu la r  s i e v e s  and t h e  hydrogen d e p o l a r i z e r  concepts .  By comparing 
t h e  c h a r a c t e r i s t i c s  o f  t h e  two molecu la r  s i e v e  concep t s  t h e  impact of o n l y  
p e r i o d i c  v e n t i n g  can be seen i n  t h e  marked i n c r e a s e s  i n  weight ,  power, and 
volume. With t h e  v e n t  accumulator ,  t h e  molecu la r  s i e v e  becomes a  C02 removal 
sys tem s i m i l a r  t o  t h a t  used i n  oxygen recovery  concep t s .  I n  comparison t o  t h e  
p e r i o d i c  v e n t i n g  molecu la r  s i e v e ,  t h e  hydrogen d e p o l a r i z e r  concept h a s  a l a r g e  
weigh t ,  power, and volume advantage and was s e l e c t e d  a s  t h e  C02 removal con- 
c e p t  t o  c o n t i n u e  i n  t h e  i n t e g r a t e d  t r a d e .  It should a l s o  be n o t e d  t h a t  
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Figure  1-10. C02 Removal Concepts and C h a r a c t e r i s t i c s  

e l e c t r o l y s i s  i s  a  r equ i r ed  func t ion ;  t h e r e f o r e ,  t h e  hydrogen d e p o l a r i z e r  
should be considered wi th  o t h e r  subsystem op t ions  t h a t  con ta in  o r  r e q u i r e  
e l e c t r o l y s i s .  The hydrogen d e p o l a r i z e r  can be u t i l i z e d  i n  e i t h e r  open o r  
c losed  oxygen ECLSS opt ions .  

Based on t h e  c a p a b i l i t y  of LiOH t o  m e e t  t h e  p e r i o d i c  vent ing  requirement,  
i t  was a l s o  c a r r i e d  a s  ECLSS open system opt ion  f o r  i n t e g r a t e d  subsystem t r a d e  
s tudy  cons idera t ion .  

1 . 7  INTEGRATED SUBSYSTEM TRADES 

The i n d i v i d u a l  subsystem t r a d e s  desc r ibed  i n  t h e  prev ious  s e c t i o n s  
produced t h e  fo l lowing  r e s u l t s :  

1. The s t o r a g e  of cryogenics  i n  t h e  cargo module reduces c o s t s  
through a  s i m p l i f i e d  development f o r  zero-g gauging, a  s i n g l e  
tank development, and d e l e t i o n  of c ryogenic  l i q u i d  t r a n s f e r  
developments. This  d e l e t e s  RCS Options R-1A and B and R-3A 
and B from t h e  i n t e g r a t e d  subsystem concept op t ions  ma t r ix  
shown p rev ious ly  i n  F igure  1-4. 
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2. I f  a  c e n t r a l  s t o r a g e  concept  f o r  N2H4 RCS p r o p e l l a n t s  i s  
used,  t h e  ca rgo  module l o c a t i o n  a l s o  i s  p r e f e r r e d .  A  major  
c o n s i d e r a t i o n  was s a f e t y  i n  t h a t  t h e  s t o r a g e  of a  t o x i c  and 
hazardous  f l u i d  i s  i n  a normal ly  n o n h a b i t a b l e  volume, w i t h  
s i m p l i f i e d  and reduced i n t e r f a c e s  and p r o p e l l a n t  d i s t r i b u t i o n .  

A l l  s t a b i l i z a t i o n  requ i rements  f o r  t h e  FISS can be s a t i s f i e d  
w i t h  medium-thrust (10 l b f )  eng ines .  T h e r e f o r e ,  b iowas te  
r e s i s t o j e t  u t i l i z a t i o n  can be j u s t i f i e d  o n l y  i f  t h e  l o g i s t i c s  
c o s t  s a v i n g s  w i l l  o f f s e t  t h e  development c o s t s .  For t h e  
i n i t i a l  s t a t i o n  ( s i x  men), i n s u f f i c i e n t  was te  g a s e s  r e s u l t e d  
i n  low r e s i s t o j e t  u t i l i z a t i o n  and,  t h e r e f o r e ,  n o  c o s t  s a v i n g s .  
For t h e  growth s t a t i o n  ( twe lve  men), t h e  r e s i s t o j e t  a p p l i c a t i o n  
was found t o  be a  v i a b l e  o p t i o n  from c o s t  c o n s i d e r a t i o n s .  
R e s i s t o j e t  u t i l i z a t i o n  t r a d e o f f s  a r e  s t r o n g l y  i n f l u e n c e d  by 
l o g i s t i c s  c o s t s  f o r  RCS p r o p e l l a n t  r e s u p p l y  and t h e  impulse  
requ i rements ,  which i n  t u r n ,  a r e  a f u n c t i o n  o f  a tmospher ic  
model, f l i g h t  mode, and llSS c o n f i g u r a t i o n .  Based on t h e  
c o n d i t i o n s  and requ i rements  imposed f o r  t h e  i n t e g r a t e d  sub- 
sys tem t r a d e s ,  t h e  r e s i s t o j e t s  combined wi th  hydraz ine  
medium-thrust e n g i n e  packages ( i n t e g r a t e d  Option 6-4) were 
t h e  most c o s t  e f f e c t i v e  of a l l  r e s i s t o j e t  o p t i o n s  s t u d i e d .  
A l l  r e s i s t o j e t  o p t i o n s  excep t  Option 6-4 were, t h e r e f o r e ,  
d e l e t e d  from f u r t h e r  t r a d e s .  It should be emphasized t h a t  
t h e  r e s i s t o j e t  cannot  be used e f f e c t i v e l y  w i t h  t h e  24-hour, 
no-ve.nting requ i rement .  A t  a 12-hour, no-vent i n t e r v a l  
t h e  r e s i s t o j e t  u t i l i z a t i o n  becomes more e f f i c i e n t ;  however, 
t h e  low t h r u s t  a v a i l a b l e  from r e s i s t o j e t s  r e s u l t s  i n  long 
f i r i n g  t imes .  

4. Where hydraz ine  i s  t h e  s e l e c t e d  RCS concept ,  t h e  p r e f e r r e d  
i n s t a l l a t  i o n  would be removable t ank  and eng ine  packages.  
T h i s  e l i m i n a t e s  i n - o r b i t  h y d r a z i n e  i n t e r f a c e  d i s c o n n e c t s ,  
d e l e t e s  a  f l u i d  d i s t r i b u t i o n  requ i rement ,  a l lows  f o r  
ground maintenance,  and p r o v i d e s  a modular concept  which 
promotes m i s s i o n  o p e r a t i o n a l  f l e x i b i l i t y .  A s  d i s c u s s e d  i n  
I t e m  3 ,  t h i s  concept  a p p e a r s  t o . b e  a  v i a b l e  i n t e g r a t e d  
o p t i o n  i f  coupled w i t h  r e s i s t o j e t s .  

5. Water e l e c t r o l y s i s  f o r  RCS p r o p e l l a n t  g e n e r a t i o n  i s  a  v i a b l e  
o p t i o n  i f  e l e c t r o l y s i s  development c o s t s  can be shared .  T h i s  
concept  maximizes s h u t t l e  and MSS s a f e t y  i n  p r o p e l l a n t  (wa te r )  
h a n d l i n g ,  t r a n s f e r ,  and c o n d i t i o n i n g .  

6. The r e g e n e r a t i v e  f u e l  c e l l  energy s t o r a g e  concept  which 
combines an ECLSS e l e c t r o l y s i s  u n i t  w i t h  a  s h u t t l e  f u e l  
c e l l  i s  c o s t  e f f e c t i v e  i n  comparison w i t h  a  NiCd b a t t e r y -  
c h a r g e r  concept  when development c o s t s  can be s h a r e d  w i t h  
t h e  ECLSS and t h e  s h u t t l e .  
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The vacuum desorbed  molecu la r  s i e v e  f o r  C02 removal does  n o t  
m e e t  t h e  24-hour ( o r  12-hour), '  no-venting e x p e r i m e n t a l  r e q u i r e -  
ment.  The h igh- tempera tu re  m o l e c u l a r  s i e v e  w i t h  added 
compressors  and accumula to rs  can s a t i s f y  a l l  r equ i rements  b u t  
i n c r e a s e s  w e i g h t  by a  f a c t o r  of 2  (560 pounds v e r s  1275 pounds), 
e l e c t r i c a l  power by a  f a c t o r  17 (200 w a t t s  v e r s u s  3350 w a t t s ) ,  
and volume by a  f a c t o r  of 2  (54 c u b i c  f e e t  v e r s u s  100 c u b i c  
f e e t )  i n  comparison t o  t h e  vacuum-desorbed molecu la r  s i e v e .  
Where a s u p p l y  of hydrogen and oxygen i s  a v a i l a b l e  from cryogen ic  
s t o r a g e  o r  from w a t e r  e l e c t r o l y s i s ,  t h e  hydrogen d e p o l a r i z e r  
c e l l  becomes t h e  p r e f e r r e d  concept  from c o s t ,  power, we igh t ,  and 
volume c o n s i d e r a t i o n s .  T h e r e f o r e ,  ECLSS Option L-2A w a s  d e l e t e d  
from t h e  i n t e g r a t e d  concep t  o p t i o n  m a t r i x .  

8. For  open oxygen ECLSS concep ts  and where hydrogen and oxygen i s  
n o t  a v a i l a b l e  th rough  water e l e c t r o l y s i s  o r  c r y o g e n i c  s t o r a g e ,  
LiOH c a n i s t e r s  f o r  C02 removal i s  p r e f e r r e d .  T h i s  concep t  r e s u l t s  
i n  t h e  l o w e s t  s p a c e c r a f t  v e n t i n g ,  e a s i l y  s a t i s f i e s  t h e  24-hour, 
no  v e n t ,  and 3 mm Hg ppC02 requ i rements  b u t  s u f f e r s  t h e  p e n a l t y  
of v e r y  h i g h  l o g i s t i c s  c o s t s .  T h i s  concept  a l s o  h a s  t h e  g r e a t e s t  
s e n s i t i v i t y  t o  i n c r e a s i n g  l o g i s t i c s  c o s t s  and crew s i z e .  

9. The S a b a t i e r  f o r  C02 r e d u c t i o n  i s  t h e  lowes t  c o s t  o f  c l o s e d  
oxygen c o n c e p t s  and p r o v i d e s  minimum program r i s k  th rough  t h e  
NASA SSP technology  developments.  

10.  The open w a t e r  c y c l e  f o r  t h e  ECLSS was r e j e c t e d  p r e v i o u s l y  due 
t o  t h e  h i g h  o p e r a t i o n a l  r e s u p p l y  c o s t ,  s e n s i t i v i t y  t o  changes 
i n  l o g i s t i c s  c o s t s  ( d o l l a r  p e r  pound t o  o r b i t ) ,  r e s t r i c t e d  crew 
h a b i t a b i l i t y ,  and crew s i z e  s e n s i t i v i t y .  

11. Hydrazine  APU's were r e j e c t e d  f o r  t h e  s e p a r a t e  and independen t  
secondary  power g e n e r a t i o n  assembly.  The wide range of 
e l e c t r i c a l  power r e q u i r e m e n t s  (up t o  3 k i l o w a t t s  f o r  96 hours  
o r  355 w a t t s  f o r  60 d a y s )  r e s u l t s  i n  h i g h  f u e l  consumption and 
h i g h  o p e r a t i o n a l  l o g i s t i c s  c o s t s .  

When t h e  r e s u l t s  o f  t h e s e  i n d i v i d u a l  subsystem t r a d e s  a r e  f a c t o r e d  i n t o  
t h e  i n t e g r a t e d  subsystem concep t  o p t i o n  m a t r i x  ( F i g u r e  1-4),  t h e  41 concep t  
o p t i o n s  a r e  reduced t o  n i n e .  

These remaining n i n e  concept  o p t i o n s  a r e  i d e n t i f i e d  i n  F i g u r e  1-11. 
I n t e g r a t e d  concep t  Opt ion 1-1 was r e t a i n e d  f o r  the c o s t  and impact  a n a l y s e s  
s i n c e  t h i s  concep t  r e p r e s e n t e d  t h e  " re fe rence"  subsystem u t i l i z e d  t o  i n i t i a t e  
t h e  MSS Phase  B s t u d i e s  and,  t h e r e f o r e ,  formed t h e  b a s e  from which d e l t a  c o s t s  
and MSS impact  a n a l y s e s  were  developed.  D e t a i l e d  c o s t s  a n a l y s e s  and concept  
s e l e c t i o n  e v a l u a t i o n s  were conducted on t h e  n i n e  remaining i n t e g r a t e d  concept  
o p t i o n s .  
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1 . 8  COST ANALYSIS 

To provide  a frame of  r e f e r e n c e  f o r  a l l  c o s t i n g  e f f o r t  i nd i ca t ed  i n  
t h e  s tudy  l o g i c  shown i n  Figure 1-1, a c o s t  b a s e l i n e  f o r  t h e  i n t e g r a t e d  
subsystem was e s t a b l i s h e d  based on t h e  MSS Phase A subsystems and t h e  
c o s t i n g  ground r u l e s  descr ibed  prev ious ly .  Technical  d e s c r i p t i v e  d a t a  
was provided i n  t h e  c o s t i n g  d a t a  format shown i n  Figure 1-12. 

The "Reference tlardware" is  hardware from prev ious  o r  ongoing 
programs which is  r e l a t a b l e  o r  s i m i l a r  t o  MSS hardware. The main consider-  
a t i o n  h e r e  i s  t o  s e l e c t  program hardware f o r  which cos t i ng  d a t a  e x i s t ,  such 
a s  Apollo,  Sa turn ,  o r  commercial equipment. 

The "knowhow r a t i n g "  o r  s t a t e  of development was est imated i n  f i v e  
c a t e g o r i e s  a s  shown i n  t h e  f i g u r e  and was app l i ed  both t o  t h e  r e f e r ence  
hardware and t o  t h e  new MSS hardware. For t he  r e f e r ence  hardware, t h e  
s t a t e  of development was es t imated  t o  be  t h a t  which e x i s t e d  a t  t h e  s t a r t  
of Phase C f o r  t h e  r e f e r e n c e  hardware program. 

The "percent  new design" is  an e s t ima te  of t h e  percentage of new 
des ign  t h a t  i s  r equ i r ed  f o r  one u n i t  of t he  hardware (assembly, subassembly, 
o r  lower) .  

The complexity f a c t o r  r e p r e s e n t s  t h e  performance and phys i ca l  
complexity of t h e  new hardware r e l a t i v e  t o  t h e  r e f e r ence  hardware and does 
no t  inc lude  development s t a t u s .  

These c h a r t s  were completed f o r  t h e  "base l ine"  (concept 1 - l ) ,  and a l l  
of t h e  i n t e g r a t e d  subsystem op t ions  remaining i n  t h e  f i n a l  i t e r a t i o n  and 
i d e n t i f i e d  prev ious ly  i n  Figure 1-11. 

Figure 1-13 shows t h e  i n f luence  of t h e  f a c t o r s  of knowhow, complexity,  
percent  new des ign ,  and weight on t h e  c o s t  e s t ima te s .  Fur ther  information 
on t h i s  methodology w i l l  be  found i n  t h e  MSS program cos t  and schedul ing 
e s t i m a t e s  r e p o r t  (SD 71-226). 

This  approach produced t h e  b a s i c  c o s t s  f o r  t h e  des ign ,  development, 
test and e v a l u a t i o n  (DDT&E), p l u s  t h e o r e t i c a l  f i r s t  u n i t  .(TFlJ) c o s t s  shown 
i n  Tables  1-15 through 1-17. 

To provide an assessment of o t h e r  program c o s t s ,  excluding ope ra t i ons  
which could i n f luence  t h e  concept s e l e c t i o n ,  f a c t o r s  such a s  s o l a r  a r r a y  
s i z i n g  and i n t e g r a t i o n  impact on o t h e r  subsystems were eva lua ted  f o r  cos t  
s e n s i t i v i t y .  The only  a r e a s  determined t o  have s i g n i f i c a n t  impact on c o s t s  
was s o l a r  a r r a y  s i z i n g ,  numbers of cargo modules requi red  t o  support  each 
concept ,  and t h e  d e l t a  i n  t h e  in format ion  subsystem i n t e r f a c e  and sof tware  
requirements  between t h e  two candida te  EPS concepts .  The d e l t a  c o s t  f o r  
t h e  s o l a r  a r r a y  s i z i n g  and ISS parameters  a r e  shown on Table 1-18 a s  

I 1  subsystem c o s t s "  and a r e  used t o  a d j u s t  t h e  DDT&E p l u s  TFU i n i t i a l  c o s t s .  
The cargo module d e l t a s  were shown a s  subsystem c o s t s  on Tables 1-15 and 1-16. 
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Figure 1-12. Costing Data Format 
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Table  1-17. EPS Cost Summary-Selected Subsystems 

EPS Concept Opt ion 

I n t e g r a t e d  Subsystem Concept 

MSS Equipment 
Secondary Genera t ion  

Fue l  C e l l s  
E l e c t r o l y s i s  

Energy S t o r a g e  
B a t t e r i e s  

T o t a l  EPS* 7.70 7.10 11.5 4.4 

*Cost d a t a  a r e  shown o n l y  f o r  p r i n c i p a l  subsystem v a r i a b l e s .  

Note:  Cost d e l t a ' s  f o r  s o l a r  a r r a y  s i z i n g  requ i rements  
a r e  i n c l u d e d  i n  t h e  A subsystem c o s t s  shown i n  
t h e  i n t e g r a t e d  s e t  c o s t  summary (Table  1-18).  

E-1 

1-1, 3-8, 5-3 
D &D TFU 

5.70 3.40 

2.00 3.70 

E-2 

A l l  O thers  
D&D TFU 

1 1 . 5  4.4 
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A primary ground r u l e  was t h a t  t h e  e v a l u a t i o n  w a s  t o  c o n s i d e r  develop- 
ment and p r o d u c t i o n  p l u s  f i v e  y e a r s  o f  o p e r a t i o n  and t h a t  t h e  c o s t s  would 
i n c l u d e  l o g i s t i c s  r e s u p p l y  on ly .  

The c o s t  impact o f  t h e  r e s u p p l y  was determined through a  computer 
program t h a t  superimposed t h e  r e s u p p l y  r e q u i r e m e n t s  f o r  each  o f  t h e  n i n e  
c o n c e p t s  on a s e l e c t e d  c o n s t a n t  exper iment  program l o g i s t i c s  p r o f i l e .  
The computer o u t p u t  was a  t a b  r u n  and CRT p l o t s  t h a t  gave a  r e q u i r e d  s h u t t l e  
f l i g h t  s c h e d u l e  t o  s u p p o r t  each concept .  L o g i s t i c s  c o s t s  t o  suppor t  each 
concep t  were e s t a b l i s h e d  from t h e s e  d a t a .  

The summary o f  subsystem and i n t e g r a t e d  s e t  c o s t s  p r e s e n t e d  i n  Tab les  
1-15 th rough  1-18 a r e  summarized f o r  comparison i n  F i g u r e  1-14. To 
p r o v i d e  a n  assessment  of t h e  p r o j e c t e d  breakeven p o i n t s  f o r  each  concept ,  
F i g u r e  1-15 is  a p l o t  of t h e  development p l u s  hardware c o s t s  and o p e r a t i o n s  
c o s t s  as a  f u n c t i o n  of y e a r s  of o p e r a t i o n .  From t h e  i n d i c a t e d  breakeven 
p o i n t s ,  i t  can be  concluded t h a t  Concepts 3-8 and 5-3, d e s p i t e  t h e i r  low 
i n i t i a l  c o s t s ,  a r e  unaccep tab le  concep t s  i n  terms of  o p e r a t i o n s  c o s t s .  

To f u r t h e r  e v a l u a t e  t h e  r e l a t i v e  s e n s i t i v i t y  of each of t h e  concep t s  
t o  l o g i s t i c s  c o s t s ,  F i g u r e  1-16 shows t h e  r e l a t i v e  c o s t  s e n s i t i v i t y  of 
each concept  t o  o p e r a t i n g  y e a r s .  The s l o p e s  can  be  r e l a t e d  t o  t h o s e  
shown on F i g u r e  1-15, excep t  t h a t  t h e  l e a s t  s e n s i t i v e  concept  (8) is shown 
a s  t h e  b a s e  and t h e  o t h e r s  a r e  s c a l e d  upward i n  p r o p o r t i o n  t o  t h e i r  h i g h e r  
o p e r a t i o n s  c o s t s .  

Based on t h e  s t a t e d  g u i d e l i n e s ,  Concepts 11-2,  8 ,  and 6-4 were s e l e c t e d  
f o r  f u r t h e r  t e c h n i c a l  e v a l u a t i o n .  

COST5 INCLUDE: 
RCS 
ATMOS MGMT 

SOLAR ARRAY DELTA 
CARGO MODULE 

210 

200 

V1 

z 150 
0 
2 

1 
5 
I 

t "l 

8 l o o  

50 

0 

CONCEPT OPTION 

F i g u r e  1-14. I n t e g r a t e d  Subsystem Cost Comparison 
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YEARS OF OPERATIONS 

F i g u r e  1-15. I n t e g r a t e d  S e t s  - Opera t ions  Cost P r o j e c t i o n  
- 40 - SD 71-217-6 
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SLOPE INDICATES RELATIVE COST 
SENSITIVITY O F  CONCEPT 
TO OPERATIONS TIME / 5-3 
SLOPES NORMALIZED TO / 
CONCEPT 8 

YEARS OF OPERATIONS 
,+I DESIRABLE 

Figure  1-16. L o g i s t i c s  Cost S e n s i t i v i t y  

1 .9  CONCEPT SELECTION 

The major e v a l u a t i o n  f a c t o r  f o r  t h e  i n t e g r a t e d  subsystem s e l e c t i o n  
t r a d e s  was low development c o s t s  a t  I O C  p l u s  5-year o p e r a t i o n a l  c o s t s  f o r  
t h e  i n i t i a l  MSS. Information on t h e  t h r e e  lowest cos t  concepts  a s  ranked by 
c o s t  ana lyses  is  g iven  i n  Table 1-19. 

Concept op t ion  11-2 u se s  water  e l e c t r o l y s i s  t o  gene ra t e  hydrogen and 
oxygen f o r  t h e  RCS = and oxygen f o r  t h e  ECLSS metabol ic  and leakage makeup. 
The ECLSS C02 management assembly uses  a  hydrogen d e p l o a r i z e r  f o r  C02 
removal b u t ' o p e r a t e s  i n  an open c y c l e  concept i n  t h a t  t h e  CO is  dumped 
overboard. No S a b a t i e r  CO r educ t ion  subassembly is  provide$. The oxygen 

2  gene ra t i on  by water  e l e c t r o l y s i s  uses  water  l o g i s t i c a l l y  suppl ied  v i a  t h e  
s h u t t l e .  S ince  t h i s  r e s u l t s  i n  exces s  hydrogen t h e  RCS i s  opera ted  a t  a  
hydrogen-rich p r o p e l l a n t  r a t i o  (ox id i ze r - fue l  r a t i o  of 3 : l ) .  The EPS uses  
a  r e g e n e r a t i v e  f u e l  c e l l  concept f o r  energy s t o r a g e .  

Concept 8 is  t h e  same a s  Concept 11-2 except  t h a t  a  S a b a t i e r  C02 
r educ t ion  subassembly i s  added t o  provide  a  c lo sed  oxygen c y c l e  f o r  t h e  
ECLSS. C02 r educ t ion  and t h e  subsequent r egene ra t i on  of oxygen reduces 
t h e  ECLSS water  resupply  e s s e n t i a l l y  t o  zero.  Therefore ,  t o  reduce t h e  RCS 
water  resupply  and t o  minimize s p a c e c r a f t  ven t ing ,  t h e  RCS ox id i ze r - fue l  
r a t i o  was changed from 3 : l  t o  8 : l .  
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The t h i r d  lowes t  c o s t  concept  r e p l a c e s  t h e  wa te r  e l e c t r o l y s i s  
hydrogen-oxygen RCS concep t  w i t h  hydraz ine  medium-thrust  e n g i n e  quad 
packages  and C02-water-hydrogen r e s i s t o j e t s .  The r e s i s t o j e t s  a r e  used t o  
p r o v i d e  t h e  o r b i t  makeup and CPIG d e s a t u r a t i o n  f u n c t i o n s  w h i l e  t h e  h y d r a z i n e  
quads p r o v i d e  f o r  a l l  o t h e r  PISS s t a b i l i z a t i o n  and c o n t r o l  f u n c t i o n s .  The 
ECLSS o p e r a t e s  w i t h  a n  open oxygen c y c l e  ( i . e . ,  no S a b a t i e r )  w i t h  t h e  
r e s i s t o j e t s  u t i l i z i n g  t h e  C02. S i n c e  t h e  six-man C02 p r o d u c t i o n  is  i n s u f -  
f i c i e n t  t o  meet t h e  impulse  r e q u i r e m e n t s ,  w a t e r  r e s u p p l y  i s  used  t o  p r o v i d e  
t h e  b a l a n c e .  Water r e s u p p l y  and e l e c t r o l y s i s  i s  used t o  p r o v i d e  t h e  ECLSS 
oxygen g e n e r a t i o n  w i t h  t h e  hydrogen be ing  used by t h e  r e s i s t o j e t s .  

A l l  t h r e e  c o n c e p t s  u s e  h igh-pressure  s t o r a g e  f o r  t h e  n i t r o g e n  l e a k a g e  
and ni t rogen-oxygen r e p r e s s u r i z a t i o n  f u n c t i o n s .  A l l  t h r e e  a l s o  u s e  t h e  
r e g e n e r a t i v e  f u e l  c e l l  ene rgy  s t o r a g e  concep t .  

Tab le  1-20 shows a  t a b u l a t i o n  of  90-day consumable r e s u p p l y  f o r  t h e  
n i n e  concept  o p t i o n s  ( F i g u r e  1-12).  The t h r e e  l o w e s t - c o s t  c o n c e p t s  a l s o  
have t h e  l o w e s t  l o g i s t i c s  r e s u p p l y  r e q u i r e m e n t s .  Concept 8 ,  which c l o s e s  
t h e  oxygen c y c l e s ,  r e q u i r e s  5169 pounds p e r  90 d a y s  c o n s i s t i n g  p r i m a r i l y  
o f  w a t e r  and h i g h - p r e s s u r e  n i t r o g e n .  The open oxygen c y c l e  o f  Concept 11-2 
i n c r e a s e s  t h e  l o g i s t i c s  r e s u p p l y  by 477 pounds t o  5646 pounds p e r  90 days .  
The h y d r a z i n e - r e s i s t o j e t  o p t i o n  (6-4) r e q u i r e s  5899 pounds p e r  90 d a y s ;  
however,  by p r o p e r  s c h e d u l i n g  of t h e  r e s u p p l y  and t h e  s t o r a g e  of  s p a r e  
h y d r a z i n e  e n g i n e  packages  i n  t h e  power module ( o r  o t h e r  n o n h a b i t a b l e  a r e a s )  
t h e  emergency q u a n t i t y  o f  384 pounds could  b e  d e l e t e d .  T h i s  would reduce  
concept  6-4 t o  5515 pound p e r  90 days .  C los ing  t h e  ECLSS oxygen c y c l e  on 
Concept 6-4 would a l s o  r e d u c e  t h e  l o g i s t i c s  by a b o u t  255 t o  300 pounds,  
depending o n  t h e  s e l e c t e d  S a b a t i e r  o p e r a t i n g  c o n d i t i o n s .  T h i s  would r e d u c e  
Concept 6-4 t o  a b o u t  5250 pounds p e r  90-day l o g i s t i c s  r e s u p p l y ,  which i s  
a b o u t  100 pounds g r e a t e r  t h a n  Concept 8  b u t  abou t  400 pounds l e s s  t h a n  
Concept 11-2. 

The v e n t i n g  of  w a s t e  p r o d u c t s  from t h e  s p a c e c r a f t  was a n a l y z e d  f o r  
t h e  n i n e  i n t e g r a t e d  o p t i o n s  shown p r e v i o u s l y  i n  F i g u r e  1-11. Table  1-21 
i d e n t i f i e s  t h e  d a i l y  v e n t i n g  r a t e  f o r  w a s t e  p r o d u c t s  which a r e  a  f u n c t i o n  
of  t h e  concep t .  MSS removal l e a k a g e ,  w a s t e  management, and f e c a l  p r o c e s s i n g  
p r o d u c t s  a r e  n o t  i n c l u d e d  s i n c e  t h e s e  a r e  t h e  same f o r  a l l  c o n c e p t s .  The 
t a b l e  c a t e g o r i z e s  t h e  v e n t  p r o d u c t s  as ( 1 )  oxygen n i t r o g e n ,  and hydrogen 
g a s s e s  which are n o t  c o n s i d e r e d  t o  b e  exper iment  c o n t a m i n a t e s ,  ( 2 )  RCS 
p r o p e l l a n t  p r o d u c t s  which can  be  s c h e d u l e d ,  and (3 )  w a s t e  p r o d u c t s  from 
p r o c e s s e s  which c a n n o t  b e  schedu led  and t h e r e f o r e  r e q u i r e  s p e c i a l  hardware  
( a c c u m u l a t o r s ,  compressors )  t o  p r o v i d e  s t o r a g e  u n t i l  v e n t i n g  can  b e  
s c h e d u l e d .  The open oxygen c y c l e  c o n c e p t s  (3-8, 5-3),  which u s e  LiOH f o r  
C02 removal ,  r e s u l t  i n  t h e  l o w e s t  v e n t i n g  r a t e  s i n c e  a l l  C02 i s  r e t a i n e d  
w i t h i n  t h e  c a n i s t e r s .  

Of t h e  t h r e e  l o w e s t - c o s t  o p t i o n s ,  Concept 8 ,  which u s e s  a c l o s e d  oxygen 
c y c l e  f o r  t h e  ECLSS, p roduces  t h e  l o w e s t  v e n t i n g  rates. The RCS medium- 
t h r u s t  e n g i n e  f i r i n g s ,  which c a n  be  schedu led  t o  non-exper imenta l  p e r i o d s ,  
v e n t s  21.0 pounds p e r  day  o f  w a t e r .  The non-scheduled g a s s e s  a r e  6.6 
pounds p e r  day  (4.0 CH4 and 2.6 C02). 
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Table 1-21. Dai ly  Waste Product (pounds per  day) 

Opening t h e  oxygen cyc l e  (Concept 11-2) i nc reases  t he  non-schedulable 
ven t ing  requirement from 6.6 pounds per  day t o  13.5 pounds per  day of 
C02. The KCS engine ventirig i s  reduced t o  14.5 pounds per day of water  
due t o  an i nc rease  i n  engine  I ( o x i d i z e r - f u l l  r a t i o  = 3 : l ) .  s P 

1 1 Daily. Vent Rate Lb/Day 

Concept 6-4 produces t he  g r e a t e s t  non-schedulable vent ing  r a t e  of 22.5 
pounds pe r  day (13.5 C02 and 9.0 H20). These a r e  t h e  q u a n t i t i e s  r equ i r ed  f o r  
r e s i s t o j e t  ope ra t i on  t o  s a t i s f y  o r b i t  makeup and CMG d e s a t u r a t i o n  requi re -  
ments. U t i l i z i n g  r e s i s t o j e t s  t o  accomplish t he se  func t ions  a t  24-hour 
i n t e r v a l s  would r e s u l t  i n  long f i r i n g  times (or  many r e s i s t o j e t  engines  
r e q u i r i n g  h igh  e l e c t r i c a l  power), which imposes mission and experimental  
c o n s t r a i n t s .  Reducing t h e  nonvent requirement from 24 hours t o  12 hours  
improves t h e  f e a s i b i l i t y  of r e s i s t o j e t  ope ra t i ons  but s t i l l  causes  
o p e r a t i o n a l  c o n s t r a i n t s .  

Table  1-22 summarizes t he  advantages and disadvantages which were 
considered i n  t h e  s e l e c t i o n  eva lua t ion  of t h e  t h r e e  lowest cos t  concepts .  

I 

; concept 1 Other Excluding 02 ,  N 2 ,  H2 , T o t a l  ; 02,  N 2 ,  H2 

2-2 22.3 3.9 14.5 H20 
I i I 

4.9 CH4 I 
Scheduled 

14.5 H20 

I 
I 

1-1 1 I 22.3 

S torage  Required 
t 

4.9 CH4 3.9 



Space Division 
North Amerlcan Rockwell 

Table  1-22. Concept Advantages and Disadvantages  Summary 

_Concept 

11-2 

8 

6-4 

Lowest Cost  - $193 M 
S a f e  (H20) Resupply 
Shared EPSIRCSIECLSS Capa- 

b i l i t  ies 
Shared development 

Lowest r e s u p p l y  - 5169 l b / 9 0  day 
Lowest non-schedulable  v e n t  

r a te -6 .6  l b l d a y  
S a f e  (1120) r e s u p p l y  
Lowest s e n s i v i t y  t o  change i n  

l o g i s t i c s  c o s t  ( $ / l b )  
Compatible t o  SSP technology 
Shared EPS/RCS/ECLSS capa- 

b i l i t i e s  
Shared development 
Lowest i n i t i a l  t o  growth MSS 

resupp ly  s e n s i t i v i t y  

Lowest s o l a r  a r r a y  power r e q u i r e -  
ments - 41.4 kw 

Low s e n s i t i v i t y  o f  i n i t i a l  t o  
growth s t a t i o n  by g r e a t e r  
r e s i s t o j e t  u t i l i z a t i o n  
(12 men) 

High s o l a r  a r r a y  power requirement  
- 47.6 kw 

Large r e s u p p l y  - 5646 lb190 day 
Large non-schedulable  v e n t  

r a t e  - 13.5 l b l d a y  
Iiigh s e n s i t i v i t y  t o  change i n  

l o g i s t i c s  c o s t  ( $ / l b )  
L a r g e s t  i n i t i a l  t o  growth 

r e s u p p l y  s e n s i t i v i t y  

Highest  s o l a r  a r r a y  power r e q u i r e -  
ments - 48.0 kw 

Lower KCS Is, (O/F=3:1) 

Highes t  c o s t  - $221 M 
G r e a t e s t  r e s u p p l y  - 5899 l b / 9 0  

day 
L a r g e s t  non-schedulable  v e n t  

r a t e  - 22.5  l b / d a y  
R e s i s t o j e t  o p e r a t i o n  a t  24 h r .  

i n t e r v a l  is  o p e r a t i o n a l  impact 
Manual t r a n s f e r  of p r o p e l l a n t s  
Toxic  RCS p r o p e l l a n t s  
High s e n s i t i v i t y  t o  change i n  

l o g i s t i c s  c o s t  ( $ / l b )  
Minimum s h a r e d  c a p a b i l i t i e s  and 

development 
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Concept 8 was t h e  s e l e c t e d  EPS/RCS/ECLSS i n t e g r a t e d  subsystem f o r  
t h e  MSS. The major  r a t i o n a l e  a r e  e s s e n t i a l l y  t h e  advan tages  l i s t e d  i n  
Tab le  1-22 f o r  t h i s  concep t .  These a r e :  

1. Low development p l u s  5-year o p e r a t i o n a l  c o s t s .  
2. Maximum usage of t h e  NASA SSP technology  developments.  

T h i s  reduces  program r i s k s  and c o s t s .  
3. Lowest l o g i s t i c s  r e q u i r e m e n t s  a n d ,  t h e r e f o r e ,  lowest  

r e s u p p l y  c o s t s  and lowes t  s e n s i t i v i t y  t o  changes i n  
r e s u p p l y  r a t e s  ( d o l l a r s  p e r  pound t o  o r b i t ) .  

4.  A l l  subsystems use  e l e c t r o c h e m i c a l  and chemical  p r o c e s s e s  
based on hydrogen and oxygen r e a c t i o n s ,  t h e r e b y  p r o v i d i n g  
a  s i m i l a r i t y  i n  working f l u i d s ,  hardware m a t e r i a l s ,  manufactur ing 
methods,  main tenance ,  checkout ,  e t c .  I n  a d d i t i o n ,  t h e  d e s i g n  
approach a l l o w s  f o r  i n t e g r a t i o n  of g a s  g e n e r a t i o n ,  f l u i d  
d i s t r i b u t i o n ,  and g a s  and w a t e r  s t o r a g e  f u n c t i o n s  and 
maximizes t h e  u t i l i z a t i o n  of common hardware.  

5. I n c r e a s e d  performance c a p a b i l i t i e s  by s h a r i n g  of i n t e g r a t e d  
hardware such  as EPS supp ly ing  ECLSSIRCS hydrogen and oxygen 
o r  ECLSS supp ly ing  f u e l  c e l l  r e a c t a n t s .  

6 .  Improved r e l i a b i l i t y  by p r o v i d i n g  m u l t i p l e  o p e r a t i o n a l  
s u c c e s s  p a t h s  through s h a r e d  redundancy and a l s o  p r o v i d i n g  
f o r  hardware r e d u c t i o n .  

7. Plinimurn s p a c e c r a f t  v e n t i n g  w i t h  t h e  c a p a b i l i t y  of s a t i s f y i n g  
t h e  24-hour no-vent e x p e r i m e n t a l  c a p a b i l i t y .  

8. Improved l o g i s t i c s  and on-orb i t  s t o r a g e  s a f e t y  by u t i l i z i n g  
wate r  a s  t h e  consumable f o r  RCS and ECLSS f u n c t i o n s .  

1 .10  INTEGRATED SUBSYSTEM DESCRIPTION 

The EPS/RCS/ECLSS i n t e g r a t e d  subsystem s i m p l i f i e d  schemat ic  and ass ign-  
ment of major  a s s e m b l i e s  and subassembl ies  a r e  shown i n  F igure  1-17. 

The EPS pr imary power g e n e r a t i o n  assembly u s e s  8000 s q u a r e  f e e t  
(changed t o  7000 i t  s q u a r e  f e e t  d u r i n g  p r e l i m i n a r y  d e s i g n )  o f  advanced 
t echnology  s o l a r  a r r a y s  (Lockheed Missiles and Space Company technology 
c o n t r a c t  NAS9-11039). 

The energy s t o r a g e  assembly u t i l i z e s  f o u r  r e g e n e r a t i v e  f u e l  c e l l  
a s s e m b l i e s .  Each assembly c o n s i s t s  of one  f u e l  c e l l  ( shu t t l e -deve loped  
a t  7  KW), one e l e c t r o l y s i s  u n i t  (ECLSS compat ib le  and based on SSP 
t e c h n o l o g y ) ,  one hydrogen and one oxygen accumula to r ,  and h a l f  of a  
w a t e r  s t o r a g e  t ank .  Two assembl ies  s h a r e  one w a t e r  t a n k  s i n c e  a d d i t i o n a l  
MSS w a t e r  s u p p l i e s  a r e  a v a i l a b l e  i n  e v e n t  of EPS w a t e r  s t o r a g e  f a i l u r e .  
The assembl ies  a l s o  can r e c e i v e  hydrogen and oxygen from t h e  ECLSS 
e l e c t r o l y s i s  u n i t s  o r  d e l i v e r  hydrogen and oxygen t o  t h e  ECLSS and RCS 
f o r  con t ingency  o r  emergency o p e r a t i o n s .  Each r e g e n e r a t i v e  f u e l  c e l l  
normal ly  o p e r a t e s  i n  a  c l o s e d  c y c l e  b u t  can b e  o p e r a t e d  i n t e g r a t e d  w i t h  
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t h e  ECLSS and RCS. Closed-cycle  o p e r a t i o n  is p r e f e r r e d  t o  i n c r e a s e  f u e l  
c e l l  l i f e  by reduc ing  c a t a l y s t  po i son ing  due t o  r e a c t a n t  con tamina t ion .  
Each r e g e n e r a t i v e  f u e l  c e l l  assembly s u p p o r t s  one channe l  o f  t h e  4-bus 
EPS d i s t r i b u t i o n  assembly a s  shown i n  F i g u r e  1-18. A s  i n d i c a t e d  i n  t h e  
f i g u r e  t h e  e l e c t r o l y s i s  u n i t s  r e c e i v e  d c  e l e c t r i c a l  power d i r e c t l y  from 
t h e  s o l a r  a r r a y s  w h i l e  t h e  f u e l  c e l l s  d e l i v e r  power t o  pr imary a c  b u s e s  
through r e g u l a t o r s  and i n v e r t e r s .  

The pr imary buses  were s e l e c t e d  d u r i n g  p r e v i o u s  space  s t a t i o n  s t u d i e s  
a s  2401416 v o l t s  a c ,  400 H e r t z ,  3-phase power and t h e  secondary b u s e s  a t  
b o t h  t h e  h i g h  (2401416 v o l t s  a c )  and t h e  low (120/208 v o l t s  a c )  400 H e r t z ,  
3-phase power. The s e l e c t i o n  a g a i n  was made on c o s t  and a v a i l a b i l i t y  
c o n s i d e r a t i o n s .  The hardware  f o r  s w i t c h i n g  l a r g e  b l o c k s  of  power i s  
p r e s e n t l y  a v a i l a b l e  o n l y  f o r  a c  power. The f a c t  t h a t  commerical and 
m i l i t a r y  a i r c r a f t  a r e  t e n d i n g  toward a l l - a c  sys tems  u t i l i z i n g  computer- 
c o n t r o l l e d  s o l i d - s t a t e  c i r c u i t  b r e a k e r s  was a  main c o n s i d e r a t i o n  i n  t h e  
s e l e c t i o n .  T h i s  minimized t h e  c o s t  and development r i s k s  t o  t h e  program 
f o r  i n v e r t e r s ,  r e g u l a t o r s ,  t r a n s f o r m e r s / f i l t e r s ,  s o l i d - s t a t e  c i r c u i t  
b r e a k e r s  o r  s w i t c h i n g  d e v i c e s ,  and s o f t w a r e .  

The energy s t o r a g e  assembly f u e l  c e l l s  a l s o  s e r v e  t h e  f u n c t i o n  of 
t h e  secondary power g e n e r a t i o n  assembly i n c l u d i n g  t h e  " s e p a r a t e  and 
independent"  emergency power f u n c t i o n .  The r e a c t a n t s  f o r  t h e s e  o p e r a t i n g  
modes a r e  s u p p l i e d  from h i g h - p r e s s u r e  s t o r a g e  t a n k s  l o c a t e d  i n  t h e  power 
module and t h e  c a r g o  module. During b u i l d u p ,  p r i o r  t o  s o l a r  a r r a y  deploy-  
ment,  t h e  energy  s t o r a g e  assembly accumula to r s  s u p p l y  t h e  r e a c t a n t s .  These 
accumula to r s  a r e  des igned  t o  p r o v i d e  3000-psi s t o r a g e  f o r  b u i l d u p  and t o  
o p e r a t e  a t  300 p s i  f o r  t h e  energy  s t o r a g e  normal o p e r a t i n g  mode. 

The ECLSS i n c o r p o r a t e s  a  c l o s e d  oxygen and w a t e r  c y c l e  concept  and i s  
i n t e g r a t e d  i n  t h e  (1 )  C02 management, ( 2 )  gaseous  s t o r a g e  and (3 )  w a t e r  
management f u n c t i o n a l  a r e a s .  

The C02 management assembly u t i l i z e s  a  hydrogen d e p o l a r i z e r  f o r  C02 
removal,  a  S a b a t i e r  f o r  C02 r e d u c t i o n ,  and w a t e r  e l e c t r o l y s i s  f o r  oxygen 
recovery .  The wa te r  e l e c t r o l y s i s  u n i t s  (one on s t andby  redundancy) a r e  
s i z e d  t o  p r o v i d e  a l s o  t h e  hydrogen and oxygen g e n e r a t i o n  f o r  RCS o p e r a t i o n  
and i n  con t ingency  o p e r a t i o n  can  s u p p l y  r e a c t a n t s  t o  t h e  EPS secondary 
power f u e l  c e l l s .  

The gaseous  s t o r a g e  assembly l i k e w i s e  is a n  i n t e g r a t e d  assembly i n  t h a t  
i t  s u p p l i e s  hydrogen,  oxygen,  and n i t r o g e n  t o  a l l  t h r e e  subsystems th rough  
a  common d i s t r i b u t i o n  network.  The h a b i t a b l e  a r e a s  o f  t h e  MSS u t i l i z e  gaseous  
s t o r a g e  accumula to r s  a t  a 300-psi  p r e s s u r e  ( f a c t o r  o f  s a f e t y  of  4 )  w h i l e  
power module and ca rgo  module s t o r a g e  i s  a t  3000-psi p r e s s u r e  ( f a c t o r  o f  
s a f e t y  o f  2 ) .  A l l  module i n t e r f a c e  c o n n e c t i o n s  are a t  300 p s i  o b t a i n e d  by 
p r e s s u r e  r e d u c t i o n  subassembl ies  l o c a t e d  i n  t h e  power and c a r g o  modules.  
Tab le  1-23 i d e n t i f i e s  t h e  gaseous  and w a t e r  s t o r a g e  q u a n t i t i e s  f o r  t h e  
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Figure  1-17. EPS/RCS/ECLSS I n t e g r a t e d  Subsystem 
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Figure  1-18. EPS Funct iona l  Block Diagram 
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Table 1-23. I n t e g r a t e d  Gaseous S t o r a g e  Q u a n t i t i e s  

NORMAL OPERATIONS (120 DAY) 

EMERGENCY OPE3ATIONS (96 HOUR) 

ITEM 

RCS H2 ACCUMULATOR 

0 2  ACCUMULATOR 

EPS Hz ACCUMULATOR 

0 2  ACCUMULATOR 

H 2 0  STORAGE 

ECLSS N2 MAKE UP 

Hz MAINTENANCE CONTINGENCY 

O2 MAINTENANCE CONTINGENCY 

H20  STORAGE (RESUPPLY) 

C H d C 0 2  STORAGE 

EVA OXYGEN 

O 2  PRE BREATHING 

IVA OXYGEN 

H 2 0  VAPOR COMPRESS VENT TANK 

POTABLE H 2 0  TANKS 

H 2 0  ACCUM FOR ELECT. 

BUILD-UP OPERATIONS (60 DAY) 

QUANTITY- LB REQUIREMENT 

1.24 , 11,830 LB-SEC'DAY, 24 HR STORAGE 

9.84 6 FIRINGS AT 1 HR INTERVALS, 300 PSI 

4.5 I 3 0 0  PSI, 11.8 KivH ENERGY STORAGE 

-27.5 KWH FOR NIGHT/DAY AVERAGING 

40 35.5 1 
1,125 9.4 LB/DAY CARGO MODULE S T O ~ A G E  

4.2 ' SA3ATIER L H2 DiPOLARlZER OPEIATION 

33.6 ALLOWS 8 HR &MINT O N  ELECTROLYSIS 

ITEM 

RCS HYDROGEN 

OXYGEN 

EPS HYDROGEN (FUEL CELL) 

OXYGEN (FUEL CELL) 

ECLSS OXYGEN 

HYDROGEN (H2 DEPOLARIZER) 

WATER 

NITROGEN REPRESSURIZATION 

OXYGEN REPRESSURIZATION 

3,260 

15.4 

12.8 

128 .-a 
160 

27.2 LB./DAY H20  RCS & ECLSS ELECTROLYSIS 

24 HR N O  DUMP FOR EXPERIMENTS 

0.107 LB 02,/DAY 

1.065 LB O;?/DAY 

20 MAN- HRS 

QUANTITY-LB 

47 

369 

40 

320 

246 

3.2 

205 

1,150 

350 

ITEM 

RCS HYDROGEN 

OXYGEN 

EPS HYDROGEN FUEL CELL 

OXYGEN FUEL CELL 

6.66 ; 13.33 FOR EACH VOL - H 2 0  + GAS) 

808 I TOTAL INCLD REDUNDANCY 

50 / (25 LB I N  EACH VOLUME) 

REQUIREMENT 

133,000 L8 SEC, 3000 PSI STORAGE 

3.7 Kt'/, 3000 PSI STORAGE 

METABOLIC, LEAKAGE, H2 DEP, IVA, EVA 

INCLD I N  POTABLE WATER TANK AMOUNT 

20,000 F?, 14.7 PSI, 1/2 CORE t 3 M O D  

20,000 F T ~ ,  14.7 PSI, 1/2 CORE t 3 M O D  

QUANTITY- LB 

9.8 

77.7 

45 

356 

REQUIREMENT 

28,000 LB-SEC STABILIZATION FOR DOCKING 

GRAVITY GRADIENT ACQ, CONTINGENCY 

278 V/ATfS, 3000 PSI 
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six-man i n i t i a l  s t a t i o n  normal o p e r a t i o n s ,  based on t h e  120-day o n - o r b i t  
c a p a b i l i t y  r e q u i r e m e n t s  d e f i n e d  f o r  t h e  i n t e g r a t e d  subsystems t r a d e s .  The 
96-hour emergency and t h e  60-day b u i l d u p  q u a n t i t i e s  a l s o  a r e  shown. 

The RCS accumula to r  s i z i n g  i s  based on 24-hour s t o r a g e  c a p a c i t y  w i t h  
d a i l y  o r b i t  makeup and CMG d e s a t u r a t i o n  eng ine  f i r i n g s  conducted d u r i n g  t h e  
10-hour nonwork n i g h t  p e r i o d  i n  approx imate ly  s i x  1-hour i n t e r v a l s .  

The r e g e n e r a t i v e  f u e l  c e l l  accumula to r s  were  s i z e d  a t  1 1 . 8  k i l o w a t t -  
hour  e n e r g y ,  which is  t h e  o r b i t a l  work-day r e q u i r e m e n t ,  p l u s  27.5 k i l o w a t t -  
hour  t o  a l l o w  f o r  t h e  24-hour a v e r a g i n g .  

T a b l e  1-24 i d e n t i f i e s  t h e  i n t e g r a t e d  t a n k  s t o r a g e  c o n c e p t .  I n  most 
c a s e s ,  t h e  t a n k s  a r e  used t o  p r o v i d e  f o r  more t h a n  one f u n c t i o n .  The 
f a i l u r e  c r i t e r i a  a r e  t h e n  s a t i s f i e d  by t h e  redundancy i n  t a n k s .  The main 
advan tage  t o  t h i s  i s  reduced o v e r a l l  s t o r a g e  by r e d u c t i o n  i n  con t ingency  
o r  "red l i n e "  q u a n t i t i e s  f o r  each  f u n c t i o n .  

I t  s h o u l d  b e  re-emphasized t h a t  t h e  d a t a  p r e s e n t e d  r e p r e s e n t  t h e  
subsystem s e l e c t i o n  d e s c r i p t i o n  which e x i s t e d  a t  t h e  comple t ion  of  t h e  
i n t e g r a t e d  subsystem s e l e c t i o n  t r a d e s .  The p r e l i m i n a r y  d e s i g n  phase  of  t h e  
i n i t i a l  MSS produced s e v e r a l  changes i n  r e q u i r e m e n t s  which i n  t u r n  produced 
changes  i n  t h e  i n t e g r a t e d  subsystem equipment.  With t h e  e s t a b l i s h m e n t  of 
t h e  f i n a l  subsystem r e q u i r e m e n t s  and t h e  s e l e c t i o n  of t h e  MSS c r u c i f o r m  
c o n f i g u r a t i o n  ( b a r b e l l  p r e v i o u s l y )  t h e  s e l e c t i o n  t r a d e s  were reviewed.  The 
requ i rement  change which impacted t h e  i n t e g r a t e d  subsystem hardware s i z i n g  
t h e  g r e a t e s t  and i n f l u e n c e d  t h e  s e l e c t i o n  r e l a t e s  t o  t h e  MSS s t a b i l i z a t i o n  

T a b l e  1-24. I n t e g r a t e d  Tank S t o r a g e  Concept 

+3,000 PSI DETERMINED BY BUILDUP REQUIREMENTS 
**EMERGENCY 8 REPRESSURIZATION OPERATIONS 

*BUILDUP OPERATIONS ADD ONE 33 IN. WATER TANK TO CORE MODULE NO. 1 

FUNCTION 

RCS, ECLSS LEAKAGE, DEPOLARIZER 

RCS 

EPS ENERGY STORAGE 

EPS ENERGY STORAGE 

EPS ENERGY STORAGE 

RCS, ECLSS ELECTROLYSIS STORAGE 

ECLSS POTABLE 

ECLSS VAPOR COMPRESSION VENT TANKS 

SABATIER CH 4 STORAGE 

LEAKAGE MAKEUP 

REPRESSURIZATION 

REPRESSURIZATION, EPS EMER, RCS EMER 

EVA 

RCS, EPS EMERGENCY 

ITEM 

OXYGEN 

HYDROGEN 

OXYGEN 

HYDROGEN 

WATER 

WATER 

WATER 

WATER 

METHANE 

NITROGEN 

NITROGEN 

OXYGEN 

OXYGEN 

HYDROGEN 

PRESSURE 

3,000+ 

3,000+ 
3,000+ 

3,000* 

40 

300 

40 

40 

300 

3,000 

3,000 

3,000 

3,000 

3,000 

NO. TANKS 

3 

3 

4 

4 

4 

6 

4 

2 
2 

7 

7++ 
7++ 
1 

6 +* 

DtAM-IN. 

33 

33 

33 

33 

10 

33 

22 

16 

33 

33 

33 

33 

33 

33 
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and c o n t r o l  impulse  r e q u i r e m e n t s .  A number o f  requ i rement  changes  
combined t o  lower t h e  120-day impulse  v a l u e  from 1 ,420 ,000  l b - s e c  t o  
289,500 lb - sec .  These a r e :  

1. The b a r b e l l  c o n f i g u r e d  MSS was changed t o  a  c r u c i f o r m  
con£ i g u r a t  ion .  

2. The a tmospher ic  model f o r  RCS/ECLSS e l e c t r o l y s i s  u n i t  
s i z i n g  and power r e q u i r e m e n t s  and accumulator  s i z i n g  
was changed from t h e  1959 ARDC s t a n d a r d  t o  t h e  2 
mean J a c c h i a  a tmosphere  a s  of February 1982. 

3. CMG d e s a t u r a t i o n  and o r b i t  makeup could  be  conducted 
c o n c u r r e n t l y  . 

4. L o g i s t i c s  r e s u p p l y  cou ld  be  based on t h e  nominal 
J a c c h i a  a tmospher ic  model f o r  a  270-nau t ica l  m i l e ,  
55-degree i n c l i n a t i o n  o r b i t .  

The reduced impulse  requ i rements  were found t o  impact o p e r a t i o n a l  
( l o g i s t i c s )  c o s t s  and t h e  s e n s i t i v i t y  t o  changes i n  l o g i s t i c s  c o s t  r a t e s ,  
but  t o  have o n l y  n e g l i g i b l e  e f f e c t  on development c o s t s  f o r  t h e  v a r i o u s  
i n t e g r a t e d  o p t i o n s .  The f i n a l  r e s u l t  was t h a t  t o t a l  c o s t s  f o r  a l l  
concep t s  were reduced ,  b u t  s e l e c t i o n  was n o t  a l t e r e d .  Other  requ i rement  
changes were s i m i l a r i l y  reviewed and i n  a l l  c a s e s  t h e  s e l e c t i o n  was n o t  
a l t e r e d ,  o n l y  t h e  q u a n t i t y  and s i z e  of equipment w a s  a f f e c t e d .  The 
p r e l i m i n a r y  d e s i g n  of t h e  i n t e g r a t e d  subsystems (EPS/RCS/ECLSS) a r e  
p resen ted  i n  Volume I V  of t h i s  r e p o r t .  
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2. INTEGRATED THERtiAL CONTROL 

The o b j e c t i v e  of t h e  the rmal  c o n t r o l  t r a d e o f f  Eas t o  examine r i g o r o u s l y  
a l l  c a n d i d a t e  c o n c e p t s  t h a t  might be used on t h e  modular space  s t a t i o n  (MSS) 
t o  a s s u r e  t h a t  t h e  optimum concept  was s e l e c t e d .  S e l e c t i o n  of t h e  thermal  
concept f o r  t h e  33-foot space  s t a t i o n  was f o r c e d  t o  an a c t i v e  water- f reon 
concept by t h e  program g u i d e l i n e s .  No such g u i d e l i n e  e x i s t e d  f o r  t h e  PISS, 
r e q u i r i n g  a  t r a d e o f f  of a l l  f e a s i b l e  the rmal  c o n t r o l  concepts .  

Nineteen a l t e r n a t i v e  the rmal  c o n t r o l  concep t s  were e v a l u a t e d  f o r  p o s s i b l e  
a p p l i c a t i o n  t o  t h e  b a r b e l l  modular space  s t a t i o n  des ign .  These a l t e r n a t i v e s  
inc luded  a p p l i c a t i o n s  of h e a t  p i p e s ,  l o u v e r s ,  r e f r i g e r a t i o n  a s s e m b l i e s ,  and 
dep loyab le  and body-mounted r a d i a t o r s .  

The s e l e c t i o n  p r o c e s s  c o n s i s t e d  of a  s c r e e n i n g  p rocedure  w i t h  pr imary 
emphasis on low c o s t .  Candida te  concep t s  were grouped a c c o r d i n g  t o  g e n e r i c  
h e a t  t r a n s p o r t  mode: p a s s i v e ,  h y b r i d ,  o r  a c t i v e .  A f i g u r e  of m e r i t  evalua-  
t i o n  of t h e  c a n d i d a t e s  w i t h i n  each g e n e r i c  grouping s e l e c t e d  t h e  b e s t  concep t s  
f o r  f u r t h e r  p e n e t r a t i o n .  T e c h n i c a l  e v a l u a t i o n  e l i m i n a t e d  o p t i o n s  w i t h  s i g n i f -  
i c a n t  shor tcomings  n o t  i d e n t i f i e d  by t h e  f i g u r e  of m e r i t  s c r e e n i n g  p rocess .  
F i n a l l y ,  c o s t  e s t i m a t e s  were made f o r  t h e  remaining a l t e r n a t i v e s  and t h e  
lowest  c o s t  o p t i o n  which met a l l  t h e  performance c r i t e r i a  was s e l e c t e d .  

2 . 1  DESIGN REQUIRD1ENT S  

Before under tak ing  t h e  t r a d e o f f  of a l t e r n a t i v e  the rmal  c o n t r o l  a ssembl ies ,  
t h e  requ i rements  and b a s i c  ground r u l e s  t h a t  each  concep t  had t o  a b i d e  by were 
e s t a b l i s h e d .  These requ i rements  a r e :  

1. O b j e c t i v e s  - No a t t i t u d e  c o n s t r a i n t s  imposed by t h e  the rmal  
c o n t r o l  assembly; minimum c o n t r o l  t empera tu re  - 40 F. 

2. C o n f i g u r a t i o n  - B a r b e l l  wi th  c y l i n d r i c a l  s t a t i o n  module, 
a x i s  p o i n t e d  toward e a r t h .  

3.  Heat R e j e c t i o n  - 

I n d i v i d u a l  module (kwt) 

S t a t i o n  s imul taneous  (kwt ) 21.8124.4 30.9135.6 

4. Design O r b i t a l  Condi t ions  - Average h o t  = X-POP, B = 70'; 
l o c a l  h o t  = X-POP, 6 = 0: 

5. Thermal C o n t r o l  Coating P r o p e r t i e s  - a / ~  = 0.36 = 0.40 
0.90 
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2.2 DESIGN OBJECTIVES 

The o b j e c t i v e s  f o r  t h e  d e s i g n  o f  t h e  thermal  c o n t r o l  assembly (TCA) a r e  
t o  c o n t r o l  t e m p e r a t u r e s  w i t h i n  d e f i n e d  l i m i t s  and r e j e c t  i n t e r n a l l y  g e n e r a t e d  
h e a t  wi thou t  imposing a t t i t u d e  c o n s t r a i n t s  on t h e  space  s t a t i o n .  The former  
w a s  s a t i s f i e d  by e s t a b l i s h i n g  a 40 F c o n t r o l  p o i n t  i n  each TCA t o  a s s u r e  
a d e q u a t e  c o o l i n g  r e s e r v e  f o r  such  f u n c t i o n s  as humidi ty  c o n t r o l  and b a t t e r y  
the rmal  c o n t r o l .  The a t t i t u d e s  d e f i n e d  by RAM s e n s o r  viewing r e q u i r e m e n t s  and 
minimum p r o p e l l a n t  consumption modes were  accep ted  as t h e  v e h i c l e  a t t i t u d e s  f o r  
TCA performance e v a l u a t i o n .  

Con£ i g u r a t  i o n  

F i g u r e  2-1 i l l u s t r a t e s  t h e  b a s e l i n e  c o n f i g u r a t i o n  used i n  t h e  s tudy .  The 
c o n f i g u r a t i o n  i s  a b a r b e l l  ar rangement  assembled by m a n i p u l a t o r s  and c o n t a i n s  
f o u r  s t a t i o n  modules,  two c o r e  modules,  and a power module. Four p o r t s  i n  t h e  
v e r t i c a l  p l a n e  a r e  a v a i l a b l e  f o r  ca rgo  modules and two r e s e a r c h  a p p l i c a t i o n s  
modules (RAM'S). The growth v e r s i o n  adds  t h r e e  s t a t i o n  modules and s u p p l i e s  
p o r t s  f o r  t h r e e  RAM'S and two c a r g o  modules. The exper iment  a i r l o c k  and t h e  
high-gain  an tennas  a r e  b e r t h e d  a t  t h e  end of t h e  s t a t i o n  modules,  A l l  modules 
were assumed t o  be  i n  one p lane .  The c o r e  module and power module a x e s  a r e  
assumed p a r a l l e l  t o  t h e  l o c a l  h o r i z o n t a l  and t h e  a x e s  of a l l  s t a t i o n  modules 
p o i n t  t o  t h e  c e n t e r  of t h e  e a r t h .  Each s t a t i o n  module i s  1 4  f e e t  i n  d iamete r  
and t h e  spac ing  between modules v a r i e d  from 6 i n c h e s  t o  6 f e e t  d u r i n g  t h e  s tudy .  
The l e n g t h  of t h e  modules a l s o  v a r i e d  d u r i n g  t h e  s t u d y ,  s t a r t i n g  w i t h  a 
c y l i n d r i c a l  l e n g t h  of 20 f e e t  which l a t e r  was extended t o  28 f e e t .  

INITIAL STATION 

MANIPULATOR-  
ON FAR SIDE 

A R A M  O R  CARGO 

Q STATION M O D U L E S  

GROWTH STATION 

F i g u r e  2-1. Refe rence  C o n f i g u r a t i o n  
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Heat R e j e c t i o n  Requirements 

R e j e c t i o n  c a p a b i l i t y  r e q u i r e d  of t h e  TCA d e s i g n  i s  shown i n  Tab le  2-1. 
Heat g e n e r a t i o n  w i t h i n  each module of t h e  l l S S  f o r  b o t h  t h e  i n i t i a l  and t h e  
growth c o n f i g u r a t i o n s  were e s t i m a t e d  based on t h e  equipment l o c a t e d  i n  t h a t  
module. The s t a t i o n  model assumed a  s o l a r  a r r a y - b a t t e r y  power subsystem wi th  
one-half of t h e  NiCd b a t t e r i e s  l o c a t e d  i n  t h e  power module and one-half i n  
c o r e  module 2. Heat l o a d s  s p e c i f i e d  f o r  t h e s e  modules i n c l u d e  t h e  v a r i a t i o n  
caused by l i g h t  and d a r k  o r b i t  environments.  Loads f o r  t h e  remainder  of t h e  
modules show t h e  maximum g e n e r a t i o n  r a t e  w i t h i n  each  module. The maximum 
simul taneous  h e a t  load  i s  t h e  t o t a l  h e a t  g e n e r a t i o n  o c c u r r i n g  th roughout  t h e  
space s t a t i o n .  Th is  l o a d  i s  lower than  t h e  t o t a l  of t h e  l o a d s  s p e c i f i e d  f o r  
each module because  redundant hardware i s  n o t  assumed o p e r a t i n g .  

The d e s i g n  p o i n t s  f o r  TCA concep t s  d i f f e r  f o r  c e n t r a l  and independent-  
type c o n f i g u r a t i o n s .  A c e n t r a l i z e d  TCA u t i l i z e s  a  few t r a n s p o r t  loops  (as  
few as one)  t o  absorb ,  t r a n s p o r t ,  and r e j e c t  t h e  g e n e r a t e d  h e a t  l o a d  f o r  t h e  
e n t i r e  space  s t a t i o n .  Th is  concept  r e q u i r e s  t h e  h e a t  t r a n s p o r t  mechanism t o  
c r o s s  t h e  docking i n t e r f a c e .  An independent  TCA c o n s i s t s  of i n d i v i d u a l  absorb- 
i n g ,  t r a n s p o r t ,  and r e j e c t i o n  a s s e m b l i e s  i n  each module. Heat i s  n o t  t r a n s -  
p o r t e d  a c r o s s  t h e  docking i n t e r f a c e  i n  t h e s e  concep t s .  The s t a t i o n  s imul taneous  
load  i s  t h e  d e s i g n  c o n d i t i o n  f o r  t h e  c e n t r a l  concept .  S ince  a l l  equipment is  
the rmal ly  c o n t r o l l e d  by one assembly,  t h e  maximum h e a t  r e j e c t i o n  requirement  
i s  d e f i n e d  by a l l  t h e  equipment t h a t  can r e a l i s t i c a l l y  o p e r a t e  a t  one time. 

Requirements f o r  independent  thermal  c o n t r o l  a r e  d e f i n e d  by t h e  maximum 
d i s s i p a t i o n  i n  any one module. The c o s t  b e n e f i t s  of d e s i g n  commonality 
d i c t a t e  t h a t  t h e  maximum requirement  of a l l  t h e  modules be used as t h e  
independent-type subsystem d e s i g n  requirement .  The growth s t a t i o n  requ i rements  
must be used on i n i t i a l  s t a t i o n  modules f o r  t h e  same reason.  It i s  n o t  c o s t -  
e f f e c t i v e  t o  add r a d i a t o r  a r e a  t o  a  module when t h e  h i g h e r  h e a t  load  of t h e  
growth s t a t i o n  e x i s t s .  There fore ,  a l l  independent  the rmal  c o n t r o l  a s s e m b l i e s  
must be s i z e d  t o  t h e  maximum growth s t a t i o n  h e a t  r e j e c t i o n  requirement .  The 
c e n t r a l  concept  can be des igned f o r  a  maximum i n i t i a l  s t a t i o n  l o a d  and a  
maximum growth s t a t i o n  load  a s  long a s  more modules w i t h  e x t e r n a l  r a d i a t o r s  
a r e  added when t h e  new growth s t a t i o n  modules a r e  added. Thermal c o n t r o l  o f  
t h e  power modules w a s  t r e a t e d  a s  a  problem s e p a r a t e  from thermal  c o n t r o l  of 
t h e  r e s t  of t h e  s t a t i o n  and i s  n o t  addressed  dur ing  t h e  s tudy .  Power module 
thermal  c o n t r o l  was addressed  l a t e r  dur ing  t h e  p r e l i m i n a r y  des ign .  

2 . 3  DESIGN ORBITAL CONDITIONS 

The wors t -case  o r b i t a l  c o n d i t i o n s  w i t h i n  t h e  a t t i t u d e  c o n s t r a i n t s  d e f i n e d  
by exper iment  viewing requ i rements  were used t o  e v a l u a t e  a l t e r n a t i v e  concep t  
performance.  End viewing from exper iment  modules e s t a b l i s h e d  t h e  Z a x i s  of 
t h e  s t a t i o n  modules always a r e  i n  t h e  p l a n e  of t h e  o r b i t .  V a r i a b l e s  w i t h i n  
t h e s e  c o n s t r a i n t s  a r e  then  t h e  d e f i n i t i o n  of which a x i s  i s  p e r p e n d i c u l a r  t o  
t h e  o r b i t  p l a n e  and what o r b i t  i n c l i n a t i o n  t o  t h e  e a r t h  sun l i n e  t o  choose. 
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Minimum h e a t  r e j e c t i o n  environments  were t h e  o n l y  ones  a d d r e s s e d  d u r i n g  
t h e  e v a l u a t i o n  because  t h i s  environment  coupled w i t h  t h e  maximum r e j e c t i o n  
requ i rement  s i z e  t h e  assembly.  Concept we igh t ,  which i s  a  key pa ramete r  i n  
t h e  d e t e r m i n a t i o n  of concept  c o s t ,  can ,  t h e r e f o r e ,  b e  e s t a b l i s h e d  a c c u r a t e l y  
enough t o  d i s c r i m i n a t e  among p a s s i v e ,  h y b r i d ,  and a c t i v e ,  o p t i o n s .  Low h e a t  
load c o n t r o l ,  which would r e q u i r e  d e f i n i t i o n  of an  a l t e r n a t i v e  s e t  of s p a c e  
environments ,  was addressed  q u a l i t a t i v e l y  d u r i n g  t h e  t r a d e o f f  s t u d y ,  w i t h  
q u a n t i t a t i v e  a n a l y s i s  of t h i s  i s s u e  d e f e r r e d  u n t i l  a f t e r  s e l e c t i o n  was made. 

The wors t -case  h o t  environment  u t i l i z e d  f o r  concep t  s i z i n g  depends on t h e  
the rmal  c a p a c i t a n c e  of t h e  assembly.  S i n c e  a l l  c o n c e p t s  a r e  r e q u i r e d  t o  
c o n t r o l  t o  a  d e f i n e d  t e m p e r a t u r e ,  t h e  lowes t  f u l l  sun o r b i t  t h a t  p r o v i d e s  t h e  
h i g h e s t  o r b i t a l  ave rage  t h e r m a l  environment  i s  a  wors t  c a s e  o n l y  f o r  t h e  
h i g h  the rmal  c a p a c i t a n c e  concep t s .  These c o n c e p t s  would u s e  t h e  p r e s s u r e  h u l l  
as a  r a d i a t o r  o r  have a  l a r g e  phase-change c a p a c i t o r  b u i l t  i n t o  t h e  assembly,  
O r b i t s  i n  t h e  p l a n e  of t h e  e c l i p t i c  p r o v i d e  t h e  h o t t e s t  l o c a l  o r b i t a l  env i ron-  
ment and,  t h e r e f o r e ,  a r e  t h e  w o r s t  c a s e  f o r  c o n c e p t s  w i t h  s m a l l  the rmal  
c a p a c i t a n c e .  T y p i c a l l y ,  r a d i a t o r s  i n t e g r a t e d  i n t o  meteoro id  bumpers have low 
thermal  c a p a c i t a n c e .  Systems t h a t  a r e  n o t  r e q u i r e d  t o  o p e r a t e  t o  a  d e f i n e d  
c o n t r o l  t e m p e r a t u r e  may a l s o  be s i z e d  t o  t h e  wors t  a v e r a g e  o r b i t a l  c o n d i t i o n .  
However, a  d e f i n e d  c o n t r o l  t e m p e r a t u r e  was c o n s i d e r e d  n e c e s s a r y  f o r  t h e  s p a c e  
s t a t i o n  t o  maximize c o o l a n t  t e m p e r a t u r e  d i f f e r e n t i a l s  a v a i l a b l e  t o  h e a t  
exchangers  and p rov ide  a  d e f i n a b l e  c o o l a n t  s u p p l y  t e m p e r a t u r e  f o r  exper iment  
thermal  c o n t r o l .  

The wors t -case  v e h i c l e  a t t i t u d e  d i f f e r s  depending on t h e  o r b i t  i n c l i n a t i o n  
t o  t h e  ea r th - sun  l i n e .  H i g h - i n c l i n a t i o n s  o r b i t s  o r  wors t -case  a v e r a g e  env i ron-  
ments can r e j e c t  t h e  l e a s t  h e a t  when i n  a  Y-POP (Y a x i s  p e r p e n d i c u l a r  t o  t h e  
o r b i t  p l a n e )  a t t i t u d e .  In  t h i s  a t t i t u d e  t h e  c y l i n d r i c a l  s i d e s  of t h e  modules 
a r e  exposed t o  i n c i d e n t  s o l a r  i r r a d i a t i o n  w i t h o u t  shadowing by o t h e r  modules. 
Modules would be c o n t i n u o u s l y  shadowed by o t h e r  modules and t h e  s o l a r  a r r a y  
when i n  t h e  X-POP a t t i t u d e  and a  h i g h - i n c l i n a t i o n  o r b i t .  The r e v e r s e  i s  t r u e  
when t h e  o r b i t  p l a n e  i s  i n  t h e  p l a n e  of e c l i p t i c .  Y-POP a t t i t u d e s  have shadowed 
modules and X-POP a t t i t u d e s  p r e s e n t  t h e  c y l i n d r i c a l  s i d e s  t o  t h e  sun. 

Worst-case h o t  environments  t h a t  must  be  s a t i s f i e d  by a l l  c o n c e p t s  have 
now been d e f i n e d  a s  Y-POP w i t h  t h e  o r b i t  p l a n e  70 d e g r e e s  t o  t h e  ea r th - sun  
l i n e  and X-POP w i t h  t h e  o r b i t  and t h e  ea r th - sun  l i n e  i n  t h e  same p l a n e  a s  
shown i n  F i g u r e  2-2. 

2 . 4  THERMAL CONTROL COATINGS 

J u s t i f i c a t i o n  of degraded the rmal  c o n t r o l  c o a t i n g  p r o p e r t i e s  was p r e s e n t e d  
i n  Solar-Powered Space S t a t i o n  Thermal Concept Formula t ion  (SD 70-535). The 
maximum degraded r a t i o  of s o l a r  a b s o r p t a n c e  t o  i n f r a r e d  e m i s s i v i t y  was e s t a b l i s h e d  
as 0.4 ( a / &  = 0,3610.9) .  T h i s  same v a l u e  h a s  been adopted f o r  t h i s  t r a d e o f f  
s t u d y  a l t h o u g h  i t  i s  c o n s i d e r a b l y  more c o n s e r v a t i v e  f o r  t h e  a p p l i c a t i o n  t o  t h e  
MsS. The conse rva t i sm is j u s t i f i e d  f o r  two r e a s o n s :  tlie u n c e r t a i n t y  of  tile 
con tamina t ion  su r round ing  t h e  s p a c e  s t a t i o n ,  and a  d e s i g n  t h a t  can o p e r a t e  w i t h  
g r e a t e r  d e g r a d a t i o n  w i l l  r e q u i r e  l e s s  f r e q u e n t  maintenance.  
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SUN 
- 
SUN 

WORST LOCAL HOT 

X-POP: p =  oO 
WORST AVERAGE HOT 

Y -POP: 8 = 70' 

F i g u r e  2-2. Worst-Case O r b i t a l  Condi t ions  

The modular s p a c e  s t a t i o n  d i f f e r s  s i g n i f i c a n t l y  from t h e  33-foot space  
s t a t i o n  w i t h  r e g a r d  t o  exposure  t o  environments  which c a u s e  c o a t i n g  degrada t ion .  
R a d i a t o r s  on the 33-foot s t a t i o n  were exposed t o  t h e  b o o s t  environment d u r i n g  
which s o o t  d e p o s i t s  could  occur .  F u l l y  50 p e r c e n t  of t h e  d e g r a d a t i o n  of t h e  
c o a t i n g  was expec ted  t o  occur  d u r i n g  t h i s  f l i g h t  phase.  IISS modules a r e  
c a r r i e d  t o  o r b i t  i n  t h e  ca rgo  bay of t h e  s h u t t l e  p r o t e c t e d  from t h i s  boos t  
environment.  T h e r e f o r e ,  t h i s  s t u d y  could  have chosen an a/& of 0.3 b u t  f o r  
t h e  aforement ioned reasons .  T h i s  assumption d i d  n o t  i n f l u e n c e  t h e  outcome of 
t h e  t r a d e o f f  and,  t h e r e f o r e ,  d i d  n o t  r e q u i r e  t h e  assumption of t h e  l e s s  
c o n s e r v a t i v e  v a l u e .  

2.5 THEEOIAL CONTROL SENSITIVITY TO CONFIGURATION AND COATINGS 

Heat r e j e c t i o n  from a module i n  o r b i t  was p a r a m e t r i c a l l y  computed t o  g a i n  
u n d e r s t a n d i n g  of t h e  c o n f i g u r a t i o n  and c o a t i n g  s e n s i t i v i t i e s  of t h e  TCA. The 
p r imary  d e s i g n  paramete rs  c o n s i d e r e d  were o r b i t a l  p o s i t i o n  and a t t i t u d e ,  v e h i c l e  
s p a c i n g ,  t h e r m a l  c o n t r o l  c o a t i n g  p r o p e r t i e s ,  and r a d i a t o r  l o c a t i o n ,  t empera tu re ,  
and c o n t r o l  sys tem.  A d e t a i l e d  a n a l y s i s  was performed t o  de te rmine  t h e  h o t t e s t  
p o i n t  i n  o r b i t  ( cor responding  t o  t h e  minimum h e a t  r e j e c t i o n )  a s  a  f u n c t i o n  of 
the o t h e r  pa ramete rs .  S e p a r a t i o n  d i s t a n c e s  between modules from 0 t o  15 f e e t  
were cons idered .  A r a n g e  of as /& was a l s o  c o n s i d e r e d  because  of t h e  u n c e r t a i n t y  
of d e g r a d a t i o n  of the rmal  c o n t r o l  c o a t i n g s  on a manned s p a c e c r a f t .  
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C y l i n d r i c a l  R a d i a t o r s  

A 360-degree r a d i a t o r  was examined o v e r  a range  of mean r a d i a t o r  tempera- 
t u r e s .  Heat r e j e c t i o n  from a  c y l i n d r i c a l  r a d i a t o r  f o r  as/€ v a l u e s  o f  0.15,  
0.25, 0.35, and 0.45 a r e  shown i n  F i g u r e s  2-3 through 2-6. Note t h a t  f o r  t h e  
h i g h e r  v a l u e s  of a s / & ,  h e a t  r e j e c t i o n  i s  v e r y  s m a l l  o r  n e g a t i v e  ( h e a t  g a i n e d )  
even w i t h  l a r g e  v e h i c l e  s p a c i n g s  w i t h  a t y p i c a l  mean r a d i a t o r  t empera tu re  of 
50 F. S ince  h e a t  r e j e c t i o n  under  t h e s e  c o n d i t i o n s  i s  inadequa te ,  o t h e r  methods 
of improving h e a t  r e j e c t i o n  were cons idered .  

Segmented R a d i a t o r s  

A s t a n d a r d  method of improving h e a t  r e j e c t i o n  i n  a  h o t  environment i s  t o  
use  segmented, o r  m u l t i p l e  r a d i a t o r s .  The system c o n s i s t s  of s e v e r a l  r a d i a t o r s  
which a r e  l i n k e d  t o g e t h e r  b u t  which can be by-passed i f  they  cannot  r e j e c t  
h e a t .  Thus, when s o l a r  energy impinges on one s i d e  of t h e  v e h i c l e ,  t h e  
r a d i a t o r  f l u i d  i s  r o u t e d  t o  t h e  r a d i a t o r s  on t h e  co ld  s i d e  of t h e  v e h i c l e ,  
t h u s  p r e v e n t i n g  h e a t  g a i n  from t h e  h o t  s i d e .  Analyses  were performed t o  
de te rmine  t h e  h o t  r e j e c t i o n  c h a r a c t e r i s t i c s  o f  such a  system on a  MSS module. 

The a n a l y s e s  were performed f o r  a l l  r a d i a t o r s  t o  t h e  environment a t  t h e  
l o c a t i o n  (de f ined  by 8 )  which r e s u l t s  i n  z e r o  h e a t  r e j e c t i o n  from R a d i a t o r  1 
of t h e  i n n e r  module f o r  t h e  p a r a m e t r i c  p a i r s  o f  r a d i a t o r  t empera tu re  and 
s u r f a c e  s o l a r  absorp tance .  T h i s  o r b i t a l  l o c a t i o n  shou ld  be t h e  h o t t e s t  f o r  
t h e  c o n f i g u r a t i o n  and a t t i t u d e  of t h e  MSS i n  o v e r a l l  h e a t i n g  t o  non-d i rec t  
s o l a r  i r r a d i a t e d  s u r f a c e s ,  because  a s  0 d e c r e a s e s  ( v e h i c l e  approaches  t h e  
s u b s o l a r  p o i n t ) ,  t h e  a l b e d o  h e a t i n g  on n o n d i r e c t  s o l a r  i r r a d i a t e d  s u r f a c e s  
i n c r e a s e s  a t  a s lower  r a t e  than  t h e  d i r e c t  s o l a r  h e a t i n g  on R a d i a t o r  1 
decreases .  The env i ronmenta l  h e a t i n g  o n t o  R a d i a t o r  1 i s  i n c r e a s e d  by i n c r e a s i n g  
8. But t h i s  w i l l  r e s u l t  i n  lower env i ronmenta l  h e a t i n g  t o  t h e  t o t a l  r a d i a t o r  
system because  R a d i a t o r  1 can be i s o l a t e d  (bypassed)  and n o n d i r e c t  s o l a r  
i r r a d i a t e d  s u r f a c e s  w i l l  e x p e r i e n c e  a lower a lbedo  f l u x .  

The t a b l e  i n  F i  u r e  2-7 c o n t a i n s  t h e  p r e d i c t e d  s imul taneous  h e a t  r e j e c -  5 t i o n  r a t e s  i n  B t u / f t  -hr of t h e  v a r i o u s  r a d i a t o r  s u r f a c e s  when r e j e c t i o n  of 
R a d i a t o r  1 of t h e  i n n e r  module i s  ze ro .  The l o c a t i o n  i n  o r b i t  i s  a l s o  
p resen ted .  F i g u r e  2-7 g i v e s  t h e  h e a t  r e j e c t i o n  r a t e s  of t h e  combined r a d i a t o r  
system i n  k i l o w a t t s  p e r  l o n g i t u d i n a l  f o o t  of r a d i a t o r  l e n g t h  and i n  k i l o w a t t s  
f o r  a r a d i a t o r  sys tem 20 f e e t  long.  The d a t a  r e p r e s e n t  t h e  minimum c a p a b i l i t y  
f o r  t h e  c o n d i t i o n s  o f  t h e  a n a l y s i s .  A module spac ing  of 2  f e e t  was assumed. 

Comparing t h e  segmented r a d i a t o r  w i t h  t h e  c i r c u m f e r e n t i a l  r a d i a t o r ,  two 
s i g n i f i c a n t  c o n c l u s i o n s  can be made. F i r s t ,  a  segmented d e s i g n  i s  r e q u i r e d  
t o  a c h i e v e  t h e  r e q u i r e d  r e j e c t i o n  r a t e s  f o r  a l l  concep t s  e x c e p t  t h o s e  which 
r a i s e  t h e  average  r a d i a t o r  t e m p e r a t u r e  such  as a  concept  i n c o r p o r a t i n g  a h e a t  
pump. Second, t h e  s e n s i t i v i t y  t o  t h e  the rmal  c o n t r o l  c o a t i n g  a b s o r p t a n c e  i s  
s i g n i f i c a n t l y  reduced when a segmented r a d i a t o r  i s  used because  t h e  v e h i c l e  
s i d e  n o t  exposed t o  s u n l i g h t  i s  doing most o r  a l l  of t h e  h e a t  r e j e c t i o n .  
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INNER MODULE HEAT REJECTION FROM A N  ISOTHERMAL CIRCUMFERENTIAL 
RADIATOR AT VARIOUS TEMPERATURES AS A FUNCTION OF SEPARATION 
DISTANCE BETWEEN MODULES 

= 0.9 
ALBEDO = 0.36 
HOTTEST POINT IN ORBIT 

= 0.28 (VIEW FACTOR TO EARTH) 

T R 

- 

0 I I I 
0 5 10 15 

d -- SEPARATION DISTANCE (FEET) 

Figure 2-3. Inner Module Heat Rejection From Isothermal Circumferential 
Radiator (01, = 0.15) 
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l NNER MODULE HEAT REJECTION FROM A N  ISOTHERMAL CIRCUMFERENTIAL 
RADIATOR AT VARIOUS TEMPERATURES AS A FUNCTION OF SEPARATION 
DISTANCE BETWEEN MODULES 

6 REJ 

d -- SEPARATION DISTANCE (FEET) 

Figure 2-4. Inner Module Heat Rejection From Isothermal Circumferential 
Radiator (01, = 0.25) 
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INNER MODULE HEAT REJECTION FROM A N  ISOTHERMAL CIRCUMFERENTIAL 
RADIATOR AT VARIOUS TEMPERATURES AS A FUNCTION OF SEPARATION 
DISTANCE BETWEEN MODULES 

u 

0 5 10 

d -- SEPARATION DISTANCE (FEET ) 

Figure 2-5. Inner Module Heat Rejection From Isothermal circumferential 
Radiator (as = 0.35) 
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l NNER MODULE HEAT REJECTION FROM A N  ISOTHERMAL CIRCUMFERENTIAL 
RADIATOR AT VARIOUS TEMPERATURES AS A FUNCTION OF SEPARATION 
DISTANCE BETWEEN MODULES 

56.9 A T d  = o o  
78.6 

BTU 

F T ~ - H  R 

d - SEPARATION DISTANCE ( FEET) 

Figure 2-6. Inner Module Heat Rejection From Isothermal Circumferential 
Radiator (01, = 0.45) 
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2.6 CANDIDATE CONCEPTS 

Passive-Hybrid Concept Tradeoff  

Th i s  s e c t i o n  d e s c r i b e s  t h e  s y n t h e s i s  and e v a l u a t i o n  of s e v e r a l  p a s s i v e  
and h y b r i d  MSS the rmal  c o n t r o l  sys tem concep t s .  The work done by Grumman 
under C o n t r a c t  NAS9-10436 (a s t u d y  of a  h e a t  p i p e  system f o r  t h e  33-foot s p a c e  
s t a t i o n )  was u t i l i z e d  t o  t h e  f u l l e s t  e x t e n t  i n  t h e  a r e a s  of concept  s y n t h e s i s ,  
e v a l u a t i o n  s c o r i n g  t e c h n i q u e s ,  and sys tem and component d e s i g n .  

P a s s i v e  System C o n c e ~ t s  

P a s s i v e  the rmal  c o n t r o l  concep t s  emphasize use  of p a s s i v e  and semipass ive  
the rmal  c o n t r o l  e l e m e n t s  t o  perform t h e  f u n c t i o n s  of  a n  i n t e g r a t e d  the rmal  
c o n t r o l  sys tem ( p a s s i v e  the rmal  c o n t r o l  d e v i c e s  a r e  t y p i f i e d  by t h e  absence  of 
moving p a r t s  o r  mechan ica l ly  o p e r a t e d  components) .  With t h e  e x c e p t i o n  of 
e l e c t r i c a l  h e a t e r s ,  p a s s i v e  and s e m i p a s s i v e  e lements  do  n o t  i n  g e n e r a l  r e q u i r e  
e l e c t r i c a l  power t o  f u n c t i o n ;  t h a t  i s ,  t h e y  e x h i b i t  t h e i r  f u n c t i o n  a s  a  
consequence of t h e  n a t u r a l  p h y s i c a l  p r o p e r t i e s  of  t h e  m a t e r i a l s  compris ing them. 

The pr imary f u n c t i o n s  o f  an i n t e g r a t e d  the rmal  c o n t r o l  system a r e  h e a t  
removal, h e a t  t r a n s f e r ,  t empera tu re  and h e a t  f low c o n t r o l ,  and h e a t  r e j e c t i o n .  
P a s s i v e  the rmal  c o n t r o l  e l ements  c o n s i d e r e d  f o r  t h e s e  f u n c t i o n s  i n c l u d e  i n s u l a -  
t i o n ,  phase-change m a t e r i a l s ,  l o u v e r s ,  t h e r m a l  c o a t i n g s ,  t h e r m a l  i n t e r f a c e  
conductance m a t e r i a l s ,  conduc t ive  p a t h  c o n t r o l  t e c h n i q u e s  and space  r a d i a t o r s .  

Only t h e  m u l t i l a y e r ,  high-performance type  i n s u l a t i o n s  were c o n s i d e r e d  
because  of t h e i r  advan tage  i n  a  space  environment  and because  t h e  o t h e r  t y p e s  
of i n s u l a t i o n  (e .g . ,  foam, f i b r o u s )  could  n o t  f e a s i b l y  meet h e a t  l o s s  r e q u i r e -  
ments f o r  t h e  MSS. Phase-change m a t e r i a l s  ( b o t h  s o l i d - l i q u i d  and s o l i d - s o l i d )  
w i l l  be c o n s i d e r e d  a s  a  p o s s i b l e  means of r educ ing  t h e  peak h e a t  l o a d s  which 
must be  r e j e c t e d  by t h e  r a d i a t o r s .  S i n c e  t h e  u s e  of a  phase-change m a t e r i a l  
w i l l  r educe  t h e  h e a t  load  t o  be r e j e c t e d  by approx imate ly  t h e  same amount f o r  
a l l  c a n d i d a t e  sys tems ,  t h e y  w i l l  be c o n s i d e r e d  as an o p t i m i z a t i o n  t e c h n i q u e  
a v a i l a b l e  f o r  a l l  sys tems r a t h e r  than  a s  a  s e p a r a t e  system. 

Semipass ive  the rmal  c o n t r o l  e l e m e n t s  t h a t  were c o n s i d e r e d  i n c l u d e  h e a t  
p i p e s ,  l o u v e r s ,  and the rmal  s w i t c h e s .  Heat p i p e s  were c o n s i d e r e d  f o r  t h e  
i n t e r n a l  h e a t  t r a n s p o r t  sys tem,  and r a d i a t o r  h e a t  d i s t r i b u t i o n  system. A 
s p e c i a l  c l a s s  c a l l e d  v a r i a b l e  conductance  h e a t  p i p e s  was a l s o  c o n s i d e r e d  t o  
c o n t r o l  h e a t  r e j e c t i o n  as i n t e r n a l  and env i ronmenta l  h e a t  l o a d s  f l u c t u a t e .  
Louvers were a l s o  c o n s i d e r e d  f o r  t h i s  c o n t r o l  f u n c t i o n .  

The o p e r a t i o n  and performance c h a r a c t e r i s t i c s  of t h e s e  p a s s i v e  and semi- 
p a s s i v e  e lements  were i n v e s t i g a t e d  i n  some d e p t h  d u r i n g  p r e v i o u s  s t u d i e s  and 
a r e  d i s c u s s e d  i n  t h e  Thermal Concept Formula t ion  document p r e v i o u s l y  mentioned.  

From t h e s e  e l e m e n t s ,  a  number of p a s s i v e  the rmal  c o n t r o l  system c o n c e p t s  
were s y n t h e s i z e d .  A l l  of  t h e  p a s s i v e  c o n c e p t s  a r e  c h a r a c t e r i z e d  by t h e  use  of  
a  h e a t  p i p e  r a d i a t o r ,  mounted e i t h e r  on t h e  micrometeoroid  bumper o r  on t h e  
p r e s s u r e  w a l l  of t h e  s t a t i o n  module. The advan tage  of a  p r e s s u r e  w a l l  r a d i a t o r  
i s  t h a t  t h e  the rmal  c a p a c i t a n c e  of  t h e  s t r u c t u r e  i s  a v a i l a b l e  t o  dampen peak 
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h e a t  l o a d s .  PZaximum h e a t  r e j e c t i o n  c a p a b i l i t i e s  a r e  reduced because  t h e  micro- 
meteoro id  bumper a c t s  l i k e  a  r a d i a t i o n  b a f f l e .  Because of t h e  i s o t h e r m a l  
n a t u r e  of h e a t  p i p e s ,  i t  became obvious  t h a t  t o  r e j e c t  low tempera tu re  h e a t  
l o a d s ,  t h e  e n t i r e  r a d i a t o r  t empera tu re  would have t o  be lower than  t h e  minimum 
s o u r c e  t empera tu re .  S i n c e  t h i s  would r e s u l t  i n  e x c e s s i v e  r a d i a t o r  a r e a  
requ i rements ,  t h e  u s e  of s e p a r a t e  h i g h  and low tempera tu re  r a d i a t o r s  was 
cons idered .  

Another approach i s  t o  use  a n  i n t e r n a l  r e f r i g e r a t i o n  system f o r  t h e  low 
t e m p e r a t u r e  l o a d s  and t h e n  use  on ly  a  h igh- temperature  r a d i a t o r .  Although 
vapor  compression r e f r i g e r a t i o n  system i s  n o t  p a s s i v e ,  they  w i l l  be used wi th  
p a s s i v e  c a n d i d a t e s  u s i n g  on ly  a  s i n g l e  high- temperature  r a d i a t o r ,  A t o t a l  of 
s i x  p a s s i v e  the rmal  c o n t r o l  sys tem c a n d i d a t e s  f o r  t h e  modular space  s t a t i o n  
was s y n t h e s i z e d .  These a r e  d e p i c t e d  s c h e m a t i c a l l y  i n  F igure  2-8. 

The f i r s t  p a s s i v e  c a n d i d a t e  (P-1) i s  an  a l l - h e a t  p i p e  system. Cold r a i l s  
(a t y p e  of h e a t  p i p e  c o l d p l a t e )  and h e a t  p i p e  h e a t  exchangers  a r e  used t o  
remove h e a t  from t h e  h e a t  s o u r c e s .  Convent ional  h e a t  p i p e s  a r e  used t o  t r a n s -  
p o r t  h e a t  and d i s t r i b u t e  i t  over  t h e  r a d i a t o r  s u r f a c e .  V a r i a b l e  conductance 
h e a t  p i p e s  a r e  used t o  c o n t r o l  t h e  r a t e  of h e a t  r e j e c t i o n  from t h e  v e h i c l e .  

Concept P-2 u s e s  a  vapor  compression r e f r i g e r a t i o n  system f o r  t h e r m a l l y  
c o n t r o l l i n g  t h e  low tempera tu re  h e a t  loads .  T h i s  a l l o w s  t h e  u s e  of a  s i n g l e  
h igh- tempera tu re  h e a t  p i p e  r a d i a t o r  r a t h e r  t h a n  two s e p a r a t e  r a d i a t o r s  f o r  
h i g h  and low tempera tu re  c o o l i n g .  

Concept P-3 is  similar t o  P-2 e x c e p t  t h a t  t h e  p r e s s u r e  w a l l  i s  t h e  r a d i a t i n g  
s u r f a c e  and l o u v e r s  a r e  used t o  c o n t r o l  t h e  h e a t  l o a d s  i n  and o u t  of t h e  v e h i c l e .  

The f o u r t h  concep t  u s e s  t h e  a i r  c i r c u l a t i o n  system i n s i d e  t h e  p r e s s u r e  
volume t o  c o o l  t h e  high- temperature  h e a t  l o a d s .  Heat removal and t r a n s p o r t  i s  
by a i r  convec t ion .  A h e a t  p i p e  h e a t  exchanger  t r a n s f e r s  t h e  energy  t o  a  bumper 
mounted h e a t  p i p e  r a d i a t o r .  Low t e m p e r a t u r e  c o o l i n g  i s  t h e  same a s  f o r  Concept 
P-1. 

Concept P-5 i s  a  combinat ion of P-2 and P-4. That i s ,  h igh- tempera tu re  
c o o l i n g  i s  t h e  same as f o r  Concept P-4 and low-temperature c o o l i n g  i s  t h e  same 
as f o r  Concept P-2 ( r e f r i g e r a t i o n  system).  

In  t h e  f i n a l  p a s s i v e  concept  (P-6), t h e  h igh- tempera tu re  h e a t  g e n e r a t i n g  
equipment i s  a f f i x e d  d i r e c t l y  t o  t h e  p r e s s u r e  w a l l ,  which i s  t h e  pr imary 
r a d i a t i n g  s u r f a c e  as i n  Concept P-3. Louvers a r e  used f o r  c o n t r o l .  Low 
tempera tu re  c o o l i n g  i s  t h e  same as i n  Concept P-3. 

These s i x  p a s s i v e  a l t e r n a t i v e s  a r e  t h e  most f e a s i b l e  concep t s  u s i n g  
p r i m a r i l y  p a s s i v e  and semipass ive  the rmal  c o n t r o l  e lements .  The p a s s i v e  
sys tem c a n d i d a t e s  a r e  most conducive t o  t h e  independent  approach t o  the rmal  
c o n t r o l  of t h e  MSS modules and do n o t  e a s i l y  l end  themselves  t o  t h e  c e n t r a l i z e d  
the rmal  c o n t r o l  concept .  
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Figure 2-8. Passive Thermal Cont ro l  Concepts 
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Hybrid System Concepts 

I n  a d d i t i o n  t o  t h e  p a s s i v e  c o n c e p t s ,  f ive .  h y b r i d  concep t s  were s y n t h e s i z e d  
compris ing pumped f l u i d  loops  a s  w e l l  as t h e  e lements  used t o  g e n e r a t e  t h e  
p a s s i v e  concep t s .  The r a t i o n a l e  f o r  t h e  h y b r i d  concep t  i s  t h a t  t h e  h e a t  
p i p e  sys tems o f f e r  advan tages  i n  terms of maintenance and r e l i a b i l i t y  b u t  have 
d i f f i c u l t y  i n  p r o v i d i n g  low-temperature c o o l i n g  and i n  t r a n s p o r t i n g  h e a t  from 
a  compl ica ted  sys tem of h e a t  g e n e r a t i n g  equipment t o  t h e  r a d i a t o r .  Hence, i n  
t h e  h y b r i d  c o n c e p t s ,  h e a t  p i p e s  are used f o r  t h e  r a d i a t o r s  where low maintenance 
and h i g h  r e l i a b i l i t y  a r e  d i f f i c u l t  t o  a c h i e v e  w i t h  f l u i d  loop r a d i a t o r s ,  and 
pumped f l u i d  loop  systems a r e  used i n t e r n a l l y  where maintenance i s  less of a  
problem. These c o n c e p t s  a r e  d e p i c t e d  s c h e m a t i c a l l y  i n  F i g u r e  2-9. 

The f i r s t  concept  (H-1) u s e s  i n t e r n a l  pumped f l u i d  loop system t o  remove 
h e a t  from t h e  h e a t  s o u r c e s  and t r a n s p o r t  i t  t o  t h e  r a d i a t o r s .  S e p a r a t e  high- 
and low-temperature h e a t  p i p e  r a d i a t o r s  a r e  used f o r  t h e  two h e a t  load  ranges .  

I n  Concept H-2, t h e  high- temperature  c o o l i n g  system i s  t h e  same a s  
Concept P-3 and t h e  low-temperature c o o l i n g  i s  t h e  same as Concept H-1. 

High-temperature c o o l i n g  f o r  Concept H-3 i s  s i m i l a r  t o  H-1 e x c e p t  t h a t  a  
wall-mounted h e a t  p i p e  r a d i a t o r  and l o u v e r  c o n t r o l  sys tem a r e  used ( a  bypass  
v a l v e  c o n t r o l  system a l s o  i s  i n d i c a t e d  b u t  may n o t  be  r e q u i r e d ) .  The low- 
t e m p e r a t u r e  c o o l i n g  system i s  t h e  same as f o r  Concept P-3. 

I n  Concept H-4, t h e  high- temperature  c o o l i n g  system i s  t h e  same a s  f o r  
Concept P-6 ( h e a t  s o u r c e s  coupled t o  p r e s s u r e  w a l l )  and t h e  low-temperature 
c o o l i n g  system i s  t h e  same a s  i n  Concept H-1 ( i n t e r n a l  loop  w i t h  e x t e r n a l  
low t e m p e r a t u r e  h e a t  p i p e  r a d i a t o r ) .  

The f i n a l  concep t ,  H-5, i s  a combinat ion of Concepts P-4 and H-1. That 
i s ,  h igh- tempera tu re  c o o l i n g  i s  provided by t h e  a i r  c i r c u l a t i o n  system a s  i n  
P-4 and low-temperature c o o l i n g  i s  provided by an i n t e r n a l  f l u i d  loop i n  
c o n j u n c t i o n  w i t h  a low-temperature e x t e r n a l  h e a t  p i p e  r a d i a t o r .  

A c t i v e  Thermal Cont ro l  C o n c e ~ t s  

E i g h t  a c t i v e  thermal  c o n t r o l  concep t s  were cons idered .  The concep t s  were 
made up of d i f f e r e n t  f l u i d  sys tem arrangements  d i r e c t e d  toward a comparison of 
s e v e r a l  d e s i g n  i s s u e s  which were (1) independent  ( a t  module l e v e l )  v e r s u s  
c e n t r a l  ( a t  v e h i c l e  l e v e l )  the rmal  c o n t r o l ,  (2)  s i n g l e  v e r s u s  d u a l  c o o l a n t  
l o o p s ,  and (3) body-mounted v e r s u s  d e p l o y a b l e  r a d i a t o r s .  Block diagrams and 
key d e s c r i p t o r s  a r e  shown on F igure  2-10. 

Concept A-1 i s  a  dual- loop independent  the rmal  c o n t r o l  approach w i t h  
i n t e r n a l  and e x t e r n a l  c o o l a n t  loop  mated through a n  i n t e r c o o l e r .  A l l  h e a t  
l o a d s  w i t h i n  a  module a r e  absorbed by t h e  w a t e r  l o o p  and t r a n s f e r r e d  t o  t h e  
e x t e r n a l  loop  and r e j e c t e d  t o  space .  The dual- loop approach a l l o w s  t h e  u s e  
of n o n t o x i c  f l u i d s  l i k e  wa te r  i n  t h e  i n t e r n a l  loop  w i t h  t h e  h a b i t a b l e  
volumes, and t h e  u s e  of very  low f r e e z i n g  p o i n t  c o o l a n t s  i n  t h e  e x t e r n a l  loop  
t o  p r e c l u d e  any o p e r a t i o n a l  o r  d e s i g n  problems a s s o c i a t e d  w i t h  r a d i a t o r  
f  reeze-up.  
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F i g u r e  2-9. Hybr id  Thermal C o n t r o l  Concepts 
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F i g u r e  2-10. A c t i v e  Thermal C o n t r o l  Concepts (Shee t  1 of 2) 
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Concept A-5 a l s o  i s  a  d u a l  loop  w i t h  more c e a t r a l i z a t i o n  than  A-4. Here 
o n l y  two l o o p s  a r e  used t o  accomplish a l l  the rmal  c o n t r o l  f o r  t h e  t o t a l  con- 
f i g u r a t i o n .  The a d d i t i o n a l  c e n t r a l i z a t i o n  h a s  an  a d d i t i o n a l  r e d u c t i o n  i n  hard- 
ware r e q u i r e d  w i t h  t h e  a s s o c i a t e d  a d d i t i o n a l  module t o  module c o o l a n t  loop 
i n t e r f a c e s .  Concept A-5 h a s  t h e  a b i l i t y  t o  d i s t r i b u t e  h e a t  l o a d s  by t h e  
i n t e r n a l  loop  and r e j e c t i o n  c a p a b i l i t y  by t h e  e x t e r n a l  loop  t o  any module o r  
combinat ion of modules i n  t h e  c o n f i g u r a t i o n .  Of t h e  concep t s  d e s c r i b e d ,  
Concept A-5 i s  t h e  most f l e x i b l e  from t h e  s t a n d p o i n t  of h e a t  l o a d  d i s t r i b u t i o n  
and r e j e c t i o n  c a p a b i l i t y .  

Concept A-6 is  a  c e n t r a l  s ing le - loop  w i t h  a l l  of  t h e  advan tages  of 
Concepts A-4 and A-5 w i t h  t h e  added advan tage  of minimum number of components 
i n h e r e n t  w i t h  a  s i n g l e  loop.  

Concept A-7 i s  a  s i n g l e  loop  l i k e  Concept A-6 w i t h  t h e  body-mounted 
r a d i a t o r s  r e p l a c e d  by a  dep loyab le  r a d i a t o r .  A major advan tage  of dep loyab le  
r a d i a t o r  r e s u l t s  from t h e  i n c o r p o r a t i o n  of a o r i e n t a t i o n  mechanism. The h e a t  
r e j e c t i o n  system can  be independent  of v e h i c l e  a t t i t u d e .  

Concept A-8 i s  a  dual-loop c e n t r a l  d e p l o y a b l e  r a d i a t o r  w i t h  t h e  same 
o r i e n t a t i o n  advan tages  as Concept A-7. 

A c t i v e  Thermal C o n t r o l  Design I s s u e s  

Comparison of Concepts A-1, A-2, and A-3 of t h e  independen t  concep t s  wi th  
A-4, A-5, A-6, A-7, and A-8 of t h e  c e n t r a l  c o n c e p t s  i n d i c a t e d  t h e  o v e r a l l  
i s s u e s  a s s o c i a t e d  w i t h  independent  v e r s u s  c e n t r a l  the rmal  c o n t r o l .  Comparison 
of Concepts A-2, A-3, A-6, and A-7 w i t h  A-1, A-4, A-5, and A-8 i n d i c a t e d  
t h e  d i f f e r e n c e s  between s i n g l e  and d u a l  f l u i d  loops .  Comparing Concepts A-7 
and A-8 w i t h  a l l  t h e  o t h e r  a c t i v e  concep t s  g i v e s  i n d i c a t i o n  of t h e  i s s u e s  
a s s o c i a t e d  w i t h  body-mounted and d e p l o y a b l e  r a d i a t o r s .  

2.7 PRELDIINARY TRADEOFFS 

A p r e l i m i n a r y  e v a l u a t i o n  of p a s s i v e ,  h y b r i d ,  and a c t i v e  thermal  c o n t r o l  
concep t s  was made t o  i d e n t i f y  which c a n d i d a t e s  m e r i t e d  f u r t h e r  p e n e t r a t i o n  
and c o n s i d e r a t i o n  f o r  s e l e c t i o n .  A  f i g u r e  o f  m e r i t  (FOM) approach was 
adopted t o  n o r m a l i z e  d i f f e r e n c e s  among d i v e r s e  concep t s .  However, t h e  p r o c e s s  
was r e s t r i c t e d  t o  t h e  c a n d i d a t e s  w i t h i n  g e n e r i c  c l a s s i f i c a t i o n s .  P a s s i v e  and 
h y b r i d  a c t i v e - p a s s i v e  concep t s  were  e v a l u a t e d  and t h e  b e s t  c a n d i d a t e s  were 
c a r r i e d  forward i n t o  t h e  n e x t  phase.  A c t i v e  sys tems were  e v a l u a t e d  s e p a r a t e l y  
w i t h  t h e  least promising e l i m i n a t e d  from f u r t h e r  c o n s i d e r a t i o n .  

D e s c r i p t i o n  o f  F i g u r e  of Merit Procedure  

The FOE1 procedure  i n v o l v e s  c l a s s i f i c a t i o n  of a l l  t h e  s i g n i f i c a n t  p h y s i c a l  
and performance c h a r a c t e r i s t i c s  i n t o  t h r e e  g r o u p i n g s  o r  t h r e e  e v a l u a t i o n  
f i l t e r s :  (1) a n  a b s o l u t e  set of c r i t e r i a  t o  which t h e  concep t  must a c h i e v e  a  
c e r t a i n  minimum s c o r e  t o  be c o n s i d e r e d  a v i a b l e  o p t i o n ,  (2) a set of pr imary 
c r i t e r i a  which r e p r e s e n t s  c h a r a c t e r i s t i c s  of lesser importance t o  t h e  program 
under c o n s i d e r a t i o n .  The secondary c r i t e r i a  f i l t e r  i s  i m p o r t a n t  t o  t h e  concept  
s e l e c t i o n  t r a d e  o n l y  i f  t h e  pr imary c r i t e r i a  f i l t e r  does  n o t  y i e l d  a  s u b s t a n t i a l  
d i f f e r e n c e  among concep ts .  
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The e v a l u a t i o n  c r i t e r i a  f o r  t h e  MSS was e s t a b l i s h e d  by t h e  e n g i n e e r i n g  
a n a l y s t s  a s  r e p r e s e n t a t i v e  of t h e  importance  of t h e  s t a t e d  ground r u l e s  and 
program g o a l s .  Arrangement of t h e s e  c r i t e r i a  ( o r  c h a r a c t e r i s t i c s )  i n t o  a n  
a b s o l u t e  f i l t e r ,  a  pr imary e v a l u a t i o n  group,  and a  secondary e v a l u a t i o n  group 
i s  i l l u s t r a t e d  i n  Tab le  2-2. A l l  c a n d i d a t e  c o n c e p t s  must a c h i e v e  a  s a t i s f a c t o r y  
r a t i n g  on each  of t h e  a b s o l u t e  c r i t e r i a  t o  be c o n s i d e r e d  f u r t h e r .  The s e l e c t i o n  
of c o s t  a s  t h e  p r imary  c r i t e r i a  w i t h  25 p o i n t s  r e f l e c t s  t h e  r e l a t i v e  t o p - l e v e l  
importance  of minimizing c o s t  f o r  t h e  i n i t i a l  MSS. 

Weight, power, and volume a r e  secondary i n  importance  t o  c o s t ,  long  
d u r a t i o n ,  f l e x i b i l i t y ,  m a i n t a i n a b i l i t y ,  and r e l i a b i l i t y .  Power, however, i s  
g iven  p r i o r i t y  o v e r  weight  and volume a s  r e p r e s e n t e d  by t h e  p o i n t  a l l o c a t i o n .  
Although t h e  FOP1 e v a l u a t i o n  p rocedure  i s  accomplished a t  t h r e e  l e v e l s ,  a  bad 
r a t i n g  i n  any s i n g l e  c h a r a c t e r i s t i c  g e n e r a l l y  r e j e c t s  t h e  concep t ,  even i f  i t  
i s  i n  t h e  secondary  s e t  of c r i t e r i a .  That  i s ,  a  v e r y  l a r g e  hardware weight  may 
r e j e c t  t h e  c a n d i d a t e  even though i t  o n l y  a f f e c t s  f o u r  o u t  of 100 p o i n t s .  

Exp lana t ion  of t h e  i n t e r p r e t a t i o n  of each  of t h e  c r i t e r i a  w i l l  be made 
dur ing  t h e  d e s c r i p t i o n  of t h e  c a n d i d a t e  e v a l u a t i o n s .  S u b j e c t i v i t y  was reduced 
a s  much as p o s s i b l e  by t h e  u s e  of q u a n t i f i a b l e  d a t a .  

2 .8  EVALUATION OF ABSOLUTE CRITERIA 

Candida te  c o n c e p t s  a r e  r e q u i r e d  t o  s c o r e  i n  a l l  of t h e  a b s o l u t e  c r i t e r i a .  
These c r i t e r i a  a r e  broken down i n t o  t h e  s u b c a t e g o r i e s  of performance,  s a f e t y ,  
and availability/confidence. Comparison t o  t h i s  c r i t e r i a  e l i m i n a t e d  a  h y b r i d  
c a n d i d a t e ,  H-2, because  i t  r e q u i r e d  s o  many new developments t h a t  i t  r e c e i v e d  
a z e r o  a v a i l a b i l i t y / c o n f i d e n c e  r a t i n g .  Table  2-3 shows t h e  a b s o l u t e  c r i t e r i a  
p o i n t  a l l o c a t i o n s  f o r  a l l  c o n c e p t s .  

Performance 

The performance e v a l u a t i o n  and r a t i n g  of t h e  the rmal  c o n t r o l  c a n d i d a t e s  
were based on c a p a b i l i t y  beyond mee t ing  b a s i c  r equ i rements .  A l l  c a n d i d a t e s  
were judged t o  be  c a p a b l e  of meet ing b a s i c  r e q u i r e m e n t s  o r  they  were n o t  
inc luded  i n  t h e  l i s t  of  c a n d i d a t e s  f o r  c o n s i d e r a t i o n .  There fo re ,  s e l e c t e d  
performance c r i t e r i a  were f l e x i b i l i t y  and c a p a b i l i t y  margin i n  e x c e s s  o f  
d e s i g n  r e q u i r e m e n t s .  

The p a s s i v e  and t h e  a c t i v e  c o n c e p t s  were r a t e d  d i f f e r e n t l y  because  t h e  
d e s i g n  d i f f e r e n c e s  a r e  c o n c e p t u a l l y  d i f f e r e n t  between t h e  two g e n e r i c  t y p e s  of 
thermal  c o n t r o l  sys tems.  A c t i v e  c o n c e p t s  d i f f e r e d  i n  t h e  ways a  pumped loop  
system cou ld  be  implemented w i t h  l i t t l e  change i n  t h e  t y p e s  of components 
s e l e c t e d .  T h e r e f o r e ,  f l e x i b i l i t y  f o r  t h e  a c t i v e  sys tems r e f e r s  t o  t h e  a b i l i t y  
of t h e  subsystem t o  h a n d l e  v a r i a t i o n s  i n  h e a t  l o a d s  and environment w h i l e  t h e  
f l e x i b i l i t y  e v a l u a t i o n  of t h e  p a s s i v e  concep t s  e v a l u a t e s  t h e i r  a b i l i t y  t o  
c o n t r o l  t e m p e r a t u r e  o v e r  a  wide range  of h e a t  l o a d s .  
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Table  2-2. E v a l u a t i o n  C r i t e r i a  and P o i n t  A l l o c a t i o n s  

C r i t e r i a  

Abso lu te  c r i t e r i a  
Performance 
S a f e t y  
A v a i l a b i l i t y / c o n f i d e n c e  

Pr imary c r i t e r i a  
I n i t i a l  c o s t  (18) 

Nonrecur r ing  
Recur r ing  
Development t e s t ,  i n t e g r a t i o n  
E q u i v a l e n t  power c o s t  

Resupply c o s t ,  s e n s i t i v i t y  
E v o l u t i o n a r y  r a t i n g  

Growth s t a t i o n  
New techno logy  

Commonality R a t i n g  
F l e x i b i l i t y  

Off d e s i g n  
E n v i r o n m e n t / i n t e r f a c e  s e n s i t i v i t y  
E v o l u t i o n a r y  growth 
C a p a c i t y  growth 

D u r a b i l i t y  
?.IT BF 
Scheduled maintenance 
Unscheduled maintenance 
Crew t ime  
S k i l l  

O p e r a t i o n a l  Impact 
Buildup c h a r a c t e r i s t i c s  
Geomet ry /conf igura t ion  
Redundancy 

Secondary c r i t e r i a  
Weight 

Hardware weight 
Resupply weight  

Power 
Peak, l i g h t  s i d e  
Average 

Volume 
Complexity 

Q u a n t i t y  hardware  
Q u a n t i t y  i n s t r u m e n t a t i o n  

P o i n t s  A1 
T o t a l  

o c a t e d  
Item 

I T o t a l  100 
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Table 2-3. Absolute C r i t e r i a  Summary 

Pass ive  concepts  which r e l y  on louve r s  and wa l l  temperature  c o n t r o l  were 
r a t e d  lowest on f l e x i b i l i t y .  Louvered systems can c o n t r o l  hea t  f low i n  one 
d i r e c t i o n  w e l l  bu t  cannot e a s i l y  respond t o  hea t  l oads  i n  two d i r e c t i o n s .  For 
example, a louver  system may be designed t o  a l low a g r e a t e r  hea t  l e ak  t o  t h e  
e x t e r n a l  environment i f  i n t e r n a l l y  genera ted  h e a t  i nc reases .  However, i f  t h e  
e x t e r n a l  environment v a r i e s  widely,  such a s  i n  an e c l i p t i c  o r b i t  about t h e  
e a r t h ,  t h e  louver  system cannot e a s i l y  a d j u s t .  It may want t o  open t o  a l low 
a g r e a t e r  hea t  l e ak ,  bu t  a t  t he  same time want t o  c l o s e  t o  r e f l e c t  s o l a r  
i r r a d i a t i o n .  Concepts employing t h e  w a l l  a s  a hea t  s i n k  have l i m i t e d  
f l e x i b i l i t y  because t h e  wa l l  temperature  i s  cons t ra ined  by condensat ion and 
touch temperature  l i m i t s .  A i r  convect ion concepts  a r e  somewhat less con- 
s t r a i n e d  because t h e  v a r i a t i o n s  of a i r  temperature  r e s u l t s  from an averaging 
of a l l  hea t  loads  on the  a i r .  

, 

I 

Concept  

P a s s i v e  

P 1  
P 2  
P 3  
P 4  
P 5  
P 6  

Hybr id  

H1 
H2 
H3 
H 4  
H5 

Act ive  

A1 
A 2  
A3  
A4 
A5 
A6 
A 7  
A8 

P e r f o r m a n c e  

2.  5 
4 .  6 
2. 5 
2. 5 
4 .  0 
2 . 0  

6. 0 
5. 5 
5.  5 
2 .  5 
5 . 0  

3.1 
3 . 1  
3. 1 
4. 7 
4. 7 
4. 7 
6 . 0  
6. 0 

T o t a l  

8. 0 
11.1 

8. 8 
7. 2 

12. 0 
8 .  3 

16.  0 
9. 0 

1 1 . 3  
7 . 4  

12. 9 

13. 5 
12.  1 
12. 7 
14. 6 
14.  6 
13 .  7 
11. 8  
13. 6 

Sa fe ty  

4. 0 
3. 0 
3. 0 
4. 0 
3. 0 
3. 0 

4 .  0 
3. 5 
2. 5 
3. 5 
3. 5 

6. 0 
3. 6 
3 .  6 
6. 0 
6. 0 
3 .  6 
3. 6 
6. 0 

Avai lab i l i ty /  
Conf idence  

1 . 5  
3. 5 
3 . 3  
0. 7 
5 . 0  
3. 3 

6. 0 
0. 0 
3. 3 
1 . 4  
4 . 4  

4 . 4  
5 . 4  
6. 0 
3 . 9  
3 . 9  
5.4  
2. 1 
1. 6 
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A c t i v e  sys tems  which have c e n t r a l  plumbing and which a r e  o r i e n t a b l e  
r e c e i v e d  t h e  h i g h e s t  g r a d e  f o r  f l e x i b i l i t y .  C e n t r a l l y  plumbed concep ts  can 
t a k e  wide v a r i a t i o n s  i n  h e a t  load  and d i s t r i b u t e  t h i s  l o a d  among o t h e r  
modules. C o n f i g u r a t i o n s  which a r e  c o n t a i n e d  i n  one module must l i m i t  t h e  h e a t  
r e j e c t i o n  w i t h i n  t h a t  module t o  t h e  c a p a b i l i t y  c f  t h a t  module. O r i e n t a b l e  
deployed r a d i a t o r s  can a d j u s t  t o  v a r i a t i o n s  i n  t h e  e x t e r n a l  environment by 
changing t h e  r a d i a t o r ' s  a t t i t u d e  r e l a t i v e  t o  t h e  e a r t h  o r  sun.  

The h e a t  r e j e c t i o n  margin above d e s i g n  requirement  w a s  determined by 
e v a l u a t i n g  t h e  r e j e c t i o n  c a p a b i l i t y  of e a c h  o p t i o n .  C e n t r a l l y  plumbed a c t i v e  
sys tems have g r e a t e r  margin  than  independen t ly  plumbed c a n d i d a t e s  because  
t h e  t o t a l  r e j e c t i o n  c a p a b i l i t y  i s  e q u a l  t o  t h e  sum of t h a t  of a l l  r a d i a t o r s .  
Conversely ,  t h e  margin  of a n  independen t  c a n d i d a t e  i s  t h e  d i f f e r e n c e  between 
t h e  maximum r e j e c t i o n  requ i rement  of t h a t  module and t h e  r e j e c t i o n  c a p a b i l i t y  
of t h a t  module. The d e s i g n  margin of p a s s i v e  concep t s  r e l a t e s  t o  t h e  margin 
t h a t  can be g e n e r a t e d  by t h e  components i n  t h e  concep t s .  Concepts u t i l i z i n g  
h e a t  pumps have g r e a t e r  d e s i g n  margin because  r a d i a t o r  i n l e t  t empera tu res  
can be r a i s e d .  

S a f e t y  

To r a t e  t h e  c o n c e p t s  on t h e  s a f e t y  c r i t e r i a ,  two f a c t o r s  were cons idered :  
(1) t h e  m a t e r i a l  used and i t s  p o t e n t i a l  hazard ,  and (2)  t h e  crew equipment 
i n t e r f a c e .  P a s s i v e  sys tems  a r e  i n  g e n e r a l  v e r y  s a f e .  Toxic m a t e r i a l s  such 
as f r e o n  o r  ammonia t r a n s p o r t  f l u i d s  can be r e s t r i c t e d  t o  low-temperature h e a t  
p i p e s  l o c a t e d  e x t e r i o r  t o  t h e  p r e s s u r e  h u l l .  Heat pumps and pumped f l u i d  
l o o p s  were g iven  s l i g h t l y  lower r a t i n g s  because  of t h e  crew i n t e r f a c e  r e q u i r e d  
d u r i n g  maintenance.  Dual-loop a c t i v e  sys tems s h a r e  t h e  same b e n e f i t s  of 
i s o l a t i o n  of t o x i c  f l u i d s  from t h e  crew compartment as t h e  h e a t  p i p e  systems. 
S i n g l e  f l u i d  a c t i v e  c o n c e p t s  cannot  a c h i e v e  t h i s  i s o l a t i o n  and can  i n c u r  an  
a d d i t i o n a l  hazard  of f l a m m a b i l i t y .  

A v a i l a b i l i t y / C o n f  i d e n c e  

The a v a i l a b i l i t y / c o n f i d e n c e  r a t i n g  was determined by a s s i g n i n g  s c o r e s  
f o r  t h e  development r i s k  of each component w i t h i n  t h e  d e f i n i t i o n  of a  concept .  
The systems were r a t e d  based on t h e  number of new e lements  and t h e i r  s t a g e  of 
development. The i n d i v i d u a l  e lements  compris ing t h e  system wera r a t e d  as t o  
t h e i r  s t a g e  of development accord ing  t o  Tab le  2-4. 

The n e t  s c o r e s  f o r  t h e  sys tems was determined by r e c i p r o c a l  a d d i t i o n  of 
t h e  i n d i v i d u a l  s c o r e s .  The r a t i n g s  were t h e n  normal ized t o  g i v e  t h e  h i g h e s t  
s c o r e  t o  t h e  concept  w i t h  t h e  lowes t  development r i s k .  Concepts w i t h  t h e  fewes t  
components and t h o s e  u t i l i z i n g  hardware s i m i l a r  t o  p r e v i o u s  programs ach ieved  
t h e  h i g h e s t  s c o r e .  

S ince  pass ive -hybr id  and a c t i v e  comparisons were done s e p a r a t e l y ,  c ross -  
comparisons cannot  be made from t h e s e  t a b l e s .  
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Table  2 -4. Development Ra t ing  

Score D e s c r i p t i o n *  

10  E x i s t i n g  equipment,  unmodified 

9 E x i s t i n g  equipment ,  m o d i f i e d ,  s i m i l a r  a p p l i c a t i o n  

8 E x i s t i n g  equipment,  m o d i f i e d ,  neh a p p l i c a t i o n  

7 P r o t o t y p e ,  f l o ~ n ,  unmodified 

6 P r o t o t y p e ,  n o t  f lown,  unmodified 

6 P r o t o  t y p e ,  f lown, modi f i ed  

5 P r o t o t y p e ,  n o t  f l o m ,  modi f i ed  

4 Concept,  T < 2 y e a r s  

3 Concept, 2 y e a r s  < T < 4 y e a r s  

2 Concept,  4 y e a r s  < T < 6 y e a r s  

1 Concept,  6 y e a r s  < T < 1 0  y e a r s  

* D e f i n i t i o n  of d e s c r i p t o r s :  

E x i s t i n g  equipment - h a s  been used on p r e v i o u s  m i s s i o n s  

Plodif ied  - u s e  e x i s t i n g  hardware  as b a s e l i n e  b u t  add t o  o r  
d e l e t e  from it 

S i m i l a r  a p p l i c a t i o n  - h a s  been used f o r  same purpose  p r e v i o u s l y  

P r o t o t y p e  - hardware which h a s  been t e s t e d  and used e x p e r i m e n t a l l y  

Flown - hardware  h a s  been o r b i t e d  

Concept - p r e s e n t l y  under  development o r  a comple te ly  u n t e s t e d  i d e a  

T - t i m e  e s t i m a t e d  f o r  development of t h e  concept  

- 

4 
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2 .9  PRIMARY CRITERIA 

The s e l e c t i o n  c r i t e r i a  which r e f l e c t s  t h e  o b j e c t i v e s  of t h i s  program a r e  
i n c l u d e d  i n  t h e  pr imary c r i t e r i a .  Cost  i s  t h e  most h e a v i l y  weighted para -  
mete r .  Performance f l e x i b i l i t y  i s  r a t e d  h i g h  because  i t  measures t h e  a b i l i t y  
o f  t h e  concept  t o  a c c e p t  v a r i a t i o n s  i n  requ i rements .  Th i s  c h a r a c t e r i s  t i c  
r e p r e s e n t s  a  c o s t  s a v i n g  t o  t h e  program because  changes i n  program r e q u i r e -  
ments can b e  accommodated w i t h o u t  changing subsystem hardware .  D u r a b i l i t y  
a l s o  r e p r e s e n t s  a  c o s t - s e n s i t i v e  pa ramete r  i n  t h a t  r e c u r r i n g  and maintenance 
c o s t s  a r e  reduced by h i g h  r e l i a b i l i t y  hardware .  F i n a l l y ,  o p e r a t i o n a l  impact 
o f  t h e  c a n d i d a t e s  i s  of primary importance because  i t  rewards t h e  concept  
most compat ib le  w i t h  t h e  MSS concept .  Table  2-5 summarizes t h e  primary c r i t e r i a  
e v a l u a t i o n s .  

Cost  E v a l u a t i o n  

The c o s t  e v a l u a t i o n  i s  t h e  f i r s t  c o n s i d e r a t i o n  i n  t h e  primary e v a l u a t i o n  
" f i l t e r "  and t h e  most i m p o r t a n t  c r i t e r i a  i n  t h e  the rmal  c o n t r o l  concept t r a d e  
s t u d y  a s  i s  i n d i c a t e d  by i t s  25-point  a l l o c a t i o n .  The c o s t  c r i t e r i a  have 
been  s u b d i v i d e d  i n  f o u r  c a t e g o r i e s :  i n i t i a l ,  r e s u p p l y  (and o p e r a t i o n a l  c o s t s ) ,  
e v o l u t i o n a r y  b e n e f i t ,  and commonality r a t i n g .  Low i n i t i a l  c o s t  i s  t h e  primary 
g o a l  f o r  t h e  MSS and consequen t ly ,  i t  h a s  been ass igned  t h e  m a j o r i t y  of 25 
p o i n t s  f o r  c o s t .  Resupply and o p e r a t i o n a l  c o s t s  a r e  n o t  of much s i g n i f i c a n c e  
t o  t h e  thermal  c o n t r o l  t r a d e .  E v o l u t i o n  i s  i n c l u d e d  f o r  an assessment  of t h e  
b u i l d u p  t o  t h e  growth s t a t i o n  and b e n e f i t  t o  o t h e r  f u t u r e ,  e v o l v i n g  s p a c e  
programs ( i . e . ,  a m o r t i z a t i o n ) .  Commonality was i n c l u d e d  t o  account  f o r  
module-to-module manufac tu r ing  commonality even  though t h e  i n i t i a l  c o s t  
c a t e g o r y  accounts  f o r  commonality. 

The c o s t  e v a l u a t i o n s  f o r  t h e  a c t i v e  sys tems were more q u a n t i t a t i v e  than  
f o r  t h e  p a s s i v e  concep t s  because  c o s t  e s t i m a t i n g  r e l a t i o n s h i p s  (CER's) e x i s t  
f o r  pumped f l u i d  concep t s .  T h e r e f o r e ,  a c t i v e  c a n d i d a t e s  could  be  s c a l e d  on 
t h e  b a s i s  of key paramete rs  w i t h  r e s p e c t  t o  p r e v i o u s  c o s t  e x p e r i e n c e .  How- 
e v e r ,  p a s s i v e  component d a t a  were n o t  a v a i l a b l e  d u r i n g  t h i s  phase  o f  t h e  s t u d y  
a l though  i t  d i d  become a v a i l a b l e  l a t e r .  A s  a  r e s u l t ,  p a s s i v e  c a n d i d a t e s  were 
e v a l u a t e d  by more q u a l i t a t i v e  methods such  a s  d e t e r m i n a t i o n  of t h e  number o f  
new developments and e s t i m a t i n g  t h e  r e l a t i v e  development s t a t u s  of each 
component, T h i s  e f f o r t  was simi1a.r  t o  t h a t  accomplished r e l a t i v e  t o  t h e  
a v a i l a b i l i t y / c o n f i d e n c e  c r i t e r i a .  

I n i t i a l  c o s t  was d e f i n e d  t o  i n c l u d e  t h o s e  c o s t s  i n c u r r e d  p r i o r  t o  launch 
and i s  of emphasis t o  t h e  program p r i m a r i l y  because  of t h e  t ime phas ing  o f  
MSS d o l l a r s  w i t h  t h e  h i g h  e x p e n d i t u r e  o f  t h e  s h u t t l e  development d o l l a r s .  
S h u t t l e - s t a t i o n  c o s t  phas ing  requ i rements  cause  d o l l a r s  s p e n t  e a r l y  t o  be  a  
g r e a t e r  p e n a l t y  t h a n  t h o s e  s p e n t  n e a r e r  t o  l aunch  d a t e .  I n i t i a l  c o s t  was 
subd iv ided  i n t o  t h e  c a t e g o r i e s  of n o n r e c u r r i n g ,  r e c u r r i n g ,  t e s t  and i n t e g r a -  
t i o n ,  and e l e c t r i c a l  power e q u i v a l e n t  c o s t .  Nonrecurr ing c o s t  was given 
g r e a t e r  emphasis t h a n  t h e  o t h e r  i n i t i a l  c o s t  c a t e g o r i e s  because  i t  r e p r e s e n t s  
d o l l a r s  s p e n t  e a r l i e r ,  whereas r e c u r r i n g  and test and i n t e g r a t i o n  d o l l a r s  
a r e  s p e n t  c l o s e r  t o  l aunch .  
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The c o s t  e s t i m a t i o n  p rocedure  f o r  a c t i v e  c a n d i d a t e s  was p r i m a r i l y  based 
on c o s t i n g  d a t a  provided by t h e  NR c o s t i n g  depar tment  f o r  Concept A-4. Cost  
comparisons were  developed by r e l a t i n g  o t h e r  c a n d i d a t e s  t o  t h i s  b a s e l i n e  c o s t  
breakdown. The c o s t  d a t a  f o r  t h i s  t r a d e  r e f l e c t s  t h e  Hamilton Standard Phase  
B c o s t  e s t i m a t e s  p rov ided  f o r  t h e  33-foot s p a c e  s t a t i o n .  The d e t a i l e d  c o s t  
breakdown f o r  Concept A-4 is shown below. 

Water l o o p  10 a t  100 
I n t e r c o o l e r  4  a t  100 
Freon loop  4  a t  100 
R a d i a t o r  v a l v e s  4  a t  930 
Mounts, s u p p o r t s  

NR s u p p o r t  a t  40% 

*Water loop  n o n r e c u r r i n g  d e t a i l  c o s t s  

$2.62M Hamilton S tandard  e s t i m a t e ,  Phase  B 
.13 5% f o r  1971 d o l l a r s  

1.169 42.5% NR 
3.92 
4.67 19.2% MPC, G&A 
4.67 Complexity f a c t o r  1 .0  
3.74 Know-how (4.0 v e r s u s  3.5) = 80% 
3.74 Unique d e s i g n  (4 modules) 25% = 100% 

$7.45M T o t a l  

A s t u d y  was performed t o  a s s e s s  d e s i g n  v e r i f i c a t i o n  t e s t i n g  r e l a t i v e  
c o s t  f o r  c e n t r a l  and independent  a c t i v e  and p a s s i v e  the rmal  concep t s .  
R e l a t i v e  f a c t o r s  f o r  t h i s  c a t e g o r y  were determined by u s i n g  t h e  a n a l y s i s  f o r  
t e s t i n g  c o s t s ,  assuming t h e  t e s t i n g  was one-half  remains c o n s t a n t  f o r  a l l  
c o n c e p t s .  The a n a l y s i s  concluded t h a t  t e s t i n g  f o r  c e n t r a l  concep t s  i s  
approx imate ly  twice  t h e  c o s t  of t e s t i n g  f o r  independent  c a n d i d a t e s .  T e s t i n g  
complexi ty  v a r i e d  d i r e c t l y  w i t h  t h e  complexi ty  of t h e  c a n d i d a t e .  P a s s i v e  
c a n d i d a t e s  r e q u i r e d  more i n s t r u m e n t a t i o n  because  they o p e r a t e  more indepen- 
d e n t l y  w i t h i n  themselves .  
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The power e q u i v a l e n t  c o s t  was based  on t h e  r e c u r r i n g  c o s t  o f  t h e  s o l a r  
a r r a y .  Assuming a  f i v e - y e a r  s o l a r  a r r a y  l i f e t i m e ,  t h i s  c o s t  i s  $2.52 x  l o 6 /  
kw. Nonrecur r ing  c o s t s  a r e  n o t  a f f e c t e d  by t h e  1- t o  4 -k i lowat t  r equ i rements  
range of the rmal  c o n t r o l  concep t s  because  i t  i s  s m a l l  compared w i t h  t h e  r e s t  
o f  the  s t a t i o n .  The power o f  each a c t i v e  concept was determined and c o n v e r t e d  
i n t o  e q u i v a l e n t  s o l a r  a r r a y  c o s t s  a s  shown i n  Tab le  2-6. 

Power requ i rements  f o r  p a s s i v e  c a n d i d a t e s  f e l l  i n t o  t h r e e  c a t e g o r i e s :  
those  concep t s  which a r e  t o t a l l y  p a s s i v e ,  ve ry  low power demand; h y b r i d  
concepts  t h a t  r e q u i r e  pumping power; and t h e  h i g h  power concep t s  which 
i n c l u d e  a  h e a t  pump i n  t h e  d e s i g n .  

Table  2-6. Ac t ive  Concept Power Conversion 

The resupp ly  c o s t  f o r  the rmal  c o n t r o l  concep t s  i s  n o t  s i g n i f i c a n t  
because  t h e r e  a r e  only  s p a r e  p a r t s  a s  up cargo.  An example of  t h e s e  c o s t s  
i s  shown i n  Tab le  2-7. It was assumed t h a t  r e supp ly  of  a  d e p l o y a b l e  r a d i a t o r  
i s  n o t  a  p e n a l t y  a s  compared w i t h  body-mounted r a d i a t o r .  Deployable  r a d i a t o r s  
were assumed t o  l a s t  f i v e  y e a r s  b e f o r e  wearou t ;  body-mounted r a d i a t o r s  
probably  a l s o  l a s t  f i v e  y e a r s .  Note t h a t  dep loyab le  weight  i s  s u c h  t h a t  i t  
could  probably  r i d e  piggyback i n  any s h u t t l e  t r i p ,  whereas body-mounted c o n c e p t s  
could  n o t .  Approximate ca rgo  resupp ly  c o s t  by s h u t t l e  e q u a l s  $240 a pound. 
The resupp ly  c o s t  f o r  a l l  p a s s i v e  concep t s  was judged t o  vary  l i t t l e  from 
one t o  t h e  n e x t .  However, i t  i s  n o t e d  t h a t  t h e  p u r e l y  p a s s i v e  concep t s  
such  a s  P-1 would have a b s o l u t e l y  no  r e s u p p l y  c o s t  s i n c e  n o t h i n g  can wear o u t .  

Concept 

A- 1 
A-2 
A-3 
A-4 
A-5 
A-6 
A- 7  
A- 8 

1 

The e v o l u t i o n  c a t e g o r y  i s  an a m o r t i z a t i o n  i t e m  which a t t e m p t s  t o  g i v e  
b e n e f i t  f o r  c o s t  s h a r i n g  t h a t  o c c u r s  from t h r e e  major  c a t e g o r i e s :  e v o l u t i o n  
t o  growth s t a t i o n ,  e v o l u t i o n  t o  o t h e r  f u t u r e  s p a c e  programs ( b a s e ,  p l a n e t a r y  , 
l u n a r ,  e t c . )  , and c o n t r i b u t i o n  t o  new techno logy ,  e a r t h  b e n e f i t ,  e t c .  

Power ( w a t t s )  

1400 
3300 
1040 
1120 
1120 

820 
820 

1120 

Equiva len t  Cost  
( $  m i l l i o n )  

3.52 
8.30 
2.62 
2.82 
2.82 
2.06 
2.06 
2.82 
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Tab le  2-7. Act ive  Concept Resupply Costs 

Concept 5-year Resupply 

1 5  pumps 
1 5  pumps 

7 pumps 
7 pumps 
5  pumps 
2 . 5  
2 .5  

Weight 
(20 l b .  /pump) 

Cost 
($ m i l l i o n )  

A l l  i ndependen t  concepts  a r e  des igned  f o r  t h e  growth s t a t i o n  l o a d s ,  b u t  
optimum o p e r a t i o n  e i t h e r  may n o t  e x i s t  f o r  t h e  i n i t i a l  s t a t i o n  o p e r a t i o n  o r  
components may have t o  be changed when t h e  t r a n s i t i o n  from i n i t i a l  t o  growth 
o c c u r s .  C e n t r a l  c o o l a n t  loops  w i t h  i n c r e a s e d  s i z e  i n  t h e  growth conf igura -  
t i o n  may r e q u i r e  l a r g e r  pumps than  r e q u i r e d  f o r  i n i t i a l  s t  a t i o n  c o n f i g u r a t i o n .  

T e c h n o l o g i c a l  e v o l u t i o n  i s  a t t r a c t i v e  f o r  a l l  concep t s  which d i f f e r  
from t h e  s i n g l e  f l u i d  l o o p s  u t i l i z e d  on p a s t  programs. Concepts incorpora -  
t i n g  t h e  most new components rece ived  t h e  h i g h e s t  r a t i n g .  A l l  t h e  p a s s i v e  
o p t i o n s  r a t e  h i g h  i n  t h i s  ca tegory  because  a  new technology ,  ve ry  l a r g e  
p a s s i v e  t h e r m a l  c o n t r o l  sys tems ,  w i l l  be  e s t a b l i s h e d  i f  t h e  concept  i s  
adopted . 

Deployable  r a d i a t o r s  r e c e i v e  t h e  same h i g h  r a t i n g  a s  p a s s i v e  o p t i o n s  
s i n c e  a  b roaden ing  o f  f u t u r e  technology r e s u l t s .  Dual l o o p s  have n o t  
p r e v i o u s l y  been employed and a r e  l e s s  l i k e l y  t o  b e  r e j e c t e d  f o r  f u t u r e  
programs because  of t h e  good i n t e r n a l  con tamina t ion  and e x t e r n a l  c o o l a n t  
f r e e z i n g  c h a r a c t e r i s t i c s .  

Commonality i s  a  s p e c i f i c  ca tegory  t o  emphasize i t s  s t a t u s  a s  a  program 
g o a l .  B a s i c a l l y ,  t h r e e  t y p e s  o f  commonality were reviewed: module-to-module 
commonality, p a r t - t o - p a r t  commonality, and commonality w i t h  o t h e r  ae rospace  
e f f o r t .  B a s i c a l l y  independen t  concep t s ,  i n c l u d i n g  a l l  p a s s i v e  o p t i o n s ,  
a l lowed f o r  b e t t e r  module c o m o n a l i t y  t h a n  c e n t r a l  a c t i v e  concep t s .  The 
dep loyab le  c o n c e p t s  r a t e d  very  h i g h l y  because  module-to-module commonality 
was n o t  a f f e c t e d  by t h e  r a d i a t o r .  A compl ica t ing  e x c e p t i o n  o f  t h e  common- 
a l i t y  p i c t u r e ,  which i s  a c t u a l l y  a  p e n a l t y  f o r  t h e  c e n t r a l  concep t s ,  i s  
t h a t  d e t a c h e d  exper iment  modules and s o r t i e s  w i l l  r e q u i r e  independent  
t h e r m a l  c o n t r o l  concep t s  even i f  c e n t r a l  c o n t r o l  i s  s e l e c t e d  f o r  t h e  MSS. 
P a s s i v e  concep t s  do n o t  o f f e r  good commonality w i t h  t h e  c u r r e n t l y  conceived 
manned s p a c e  programs; however, u t i l i z a t i o n  i s  i n c r e a s i n g  on unmanned 
programs. 

F l e x i b i l i t y  

F l e x i b i l i t y  i s  t h e  a b i l i t y  o f  t h e  sys tem t o  pe r fo rm under  a range o f  
o p e r a t i n g  and env i ronmenta l  c o n d i t i o n s .  For  t h e  e v a l u a t i o n ,  f o u r  f a c t o r s  
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a r e  cons ide red :  o f f -des ign  f l e x i b i l i t y ,  environment  and i n t e r f a c e  s e n s i t i v i t y ,  
e v o l u t i o n a r y  growth f l e x i b i l i t y  , and c a p a c i t y  growth f l e x i b i l i t y  . These 
f a c t o r s  and t h e  terms d e s c r i b i n g  them a r e  i d e n t i f i e d  i n  Tab le  2-8. 

Table  2-8. F l e x i b i l i t y  F a c t o r s  

The d e s c r i p t i v e  terms h i g h ,  medium, and low f l e x i b i l i t y  a r e  r e l a t i v e  
w i t h i n  concep t s  ( p a s s i v e ,  a c t i v e ,  and h y b r i d )  and a r e  d e s c r i b e d  a s  fo l lows  
f o r  each f a c t o r :  

1. Off Design 

r 

High - System can accommodate nominal  d e s i g n  changes (+ 25% of  t h e  
t e m p e r a t u r e  o r  h e a t  l o a d  range)  o r  t o l e r a n c e s  w i t h  l i t t l e  
o r  no m o d i f i c a t i o n .  

Capaci ty  
Growth 

High 

Pfedi um 

Low 

Medium - System r e q u i r e s  minor m o d i f i c a t i o n  ( s i m i l a r  change i n  s i z e ,  
w e i g h t ,  o r  power requ i rements  f o r  sys tem) t o  accommodate 
nominal  change i n  d e s i g n  requ i rements .  

C r i t e r i o n  Score :  M u l t i p l y  o f f - d e s i g n  and environment  and i n t e r f a c e  
s e n s i t i v i t y  s c o r e s  by 2 ,  e v o l u t i o n a r y  growth s c o r e  
by 312,  and c a p a c i t y  growth s c o r e  by 2 and sum. 

Score 

2  

1 

0 

Low - System r e q u i r e s  e x t e n s i v e  m o d i f i c a t i o n  change i n  s i z e ,  
w e i g h t ,  o r  power requ i rements  o f  sys tem i s  l a r g e  compared 
t o  change i n  r e q u i r e m e n t ,  o r  new equipment ,  o r  equipment 
r e l o c a t i o n  o r  a d d i t i o n  i s  r e q u i r e d )  t o  accommodate nominal 
changes i n  d e s i g n  requ i rements .  

Off-Design 

High 

Me d i  um 

Low 

Env. & I n t e r f a c e  
S e n s i t i v i t y  

High 

Me d i  um 

Low 

2. Environment and I n t e r f a c e  S e n s i t i v i t y  

E v o l u t i o n a r y  
Growth 

High 

Medium 

Low 

High - The sys tem a u t o m a t i c a l l y  responds  t o  f l u c t a t i o n s  i n  bound- 
a r y  c o n d i t i o n s  o f  t h e  environment o r  a t  a  component 
i n t e r f a c e .  Response of t h e  sys tem i s  s u c h  t h a t  t e m p e r a t u r e  
e x c u r s i o n s  a r e  w i t h i n  t h e  a l l o w a b l e  range w i t h  ample margin .  

Medium - System is  dependent  on a  compensating o r  c o n t r o l  sys tem t o  
a d j u s t  t o  f l u c t u a t i o n s  i n  boundary c o n d i t i o n s  of  t h e  
environment o r  a t  a  component i n t e r f a c e .  F a i l u r e  o f  t h e  
c o n t r o l  sys tem could  r e s u l t  i n  t empera tu re  e x c u r s i o n s  
approaching t h e i r  a l l o w a b l e  l i m i t s .  
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Low - System i s  s t r o n g l y  dependent on a  compensating o r  c o n t r o l  
sys tem t o  accommodate f l u c t u a t i o n  i n  boundary c o n d i t i o n s  
of t h e  environment o r  a t  a  component i n t e r f a c e .  Tempera- 
t u r e  e x c u r s i o n s  r e s u l t  i n  s m a l l  margins when f l u c t u a t i o n s  
o c c u r ,  and f a i l u r e  of t h e  c o n t r o l  sys tem would r e s u l t  i n  
t empera tu re  v i o l a t i o n s .  

3 .  E v o l u t i o n a r y  Growth 

High - System r e q u i r e s  t h e  s imple  a d d i t i o n  o r  d e l e t i o n  of modular- 
type  sys tems t o  accommodate e v o l u t i o n a r y  growth changes i n  
t h e  v e h i c l e  c o n f i g u r a t i o n  o r  miss ion  (e .  g . ,  zero-g 
c o n f i g u r a t i o n  t o  a r t i f i c i a l - g  c o n f i g u r a t i o n ,  e a r t h - o r b i t  
c o n f i g u r a t i o n  t o  l u n a r - o r b i t  c o n f i g u r a t i o n ) .  

Medium - System r e q u i r e s  m o d i f i c a t i o n  t o  accommodate e v o l u t i o n a r y  
growth changes.  M o d i f i c a t i o n s  can b e  made by a modif ica-  
t i o n  k i t  approach.  The b a s i c  t y p e  o f  sys tem does n o t  
change. 

Low - System r e q u i r e s  e x t e n s i v e  m o d i f i c a t i o n  t o  accommodate 
e v o l u t i o n a r y  growth changes.  The b a s i c  c o n t r o l  and opera-  
t i o n a l  f e a t u r e s  o f  t h e  sys tem must be  changed, o r  t h e  
v e h i c l e  c o n f i g u r a t i o n  must be  changed t o  accommodate t h e  
new thermal  c o n t r o l  sys tem ( e .  g.  , c e n t r a l  t o  independent  
o r  v i c e  v e r s a ,  p a s s i v e  t o  a c t i v e ,  body-mounted r a d i a t o r s  
t o  dep loyab le  r a d i a t o r s .  

4 .  Capaci ty  Growth 

High - Capac i ty  growth changes e i t h e r  w i t h i n  t h e  i n i t i a l  conf ig-  
u r a t i o n  o r  from t h e  i n i t i a l  t o  l a r g e r  growth c o n f i g u r a t i o n s  
r e q u i r e s  t h e  s imple  a d d i t i o n  o r  d e l e t i o n  of modular-type 
sys tems .  

Medium - System r e q u i r e s  m o d i f i c a t i o n s  a s  w e l l  as a d d i t i o n  t o  
accommodate c a p a c i t y  growth changes.  M o d i f i c a t i o n s  a r e  
l o c a l  segment of t h e  the rmal  c o n t r o l  sys tem and can be 
made by a  m o d i f i c a t i o n  k i t  approach.  

Low - Sys t e m  r e q u i r e s  e x t e n s i v e  m o d i f i c a t i o n s  and a d d i t i o n s  t o  
accommodate c a p a c i t y  growth changes.  M o d i f i c a t i o n s  af f e c t  
s e v e r a l  o r  a l l  segments o f  t h e  sys tems .  May r e q u i r e  change 
i n  t h e  b a s i c  t y p e  of sys tem ( e .  g . ,  c e n t r a l  t o  independent  
o r  v i c e  v e r s a ,  p a s s i v e  t o  a c t i v e ,  body-mounted r a d i a t o r  
t o  d e p l o y a b l e  r a d i a t o r s ) .  

The f l e x i b i l i t y  e v a l u a t i o n  of t h e  p a s s i v e  concep t s  i s  summarized i n  
T a b l e  2-9. Each component t y p e  i s  a s s i g n e d  a  r a t i n g  and t h e n  each  system i s  
r a t e d  on t h e  b a s i s  o f  t h e  sum o f  r a t i n g s  o f  t h e  components t h a t  make up t h a t  
concept  . 
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The d a t a  show t h a t  t h e  sys tems w i t h  t h e  h i g h e s t  f l e x i b i l i t y  are P-2 
and P-5. Both r a t e  h i g h  because  t h e y  i n c l u d e  a  h e a t  pump which p r o v i d e s  
room f o r  growth i n  h e a t  r e j e c t i o n  c a p a b i l i t y .  System P-5 a l s o  r a t e s  h i g h  
because  of t h e  i n h e r e n t  f l e x i b i l i t y  o f  a i r  convec t ion  a s  a  c o o l i n g  method. 

D u r a b i l i t y  

D u r a b i l i t y  i s  a  measure of t h e  r e l i a b i l i t y  and m a i n t a i n a b i l i t y  of t h e  
sys tem.  Five f a c t o r s  a r e  cons idered  w i t h i n  t h i s  c r i t e r i o n .  They were 
f a i l u r e  r a t e  (MTBF) , schedu led  maintenance,  unscheduled maintenance,  crew 
t i m e ,  and s k i l l .  Scheduled maintenance i s  p e r i o d i c  programmed maintenance 
such a s  ad jus tment  o r  p e r i o d i c  replacement of p a r t s  o r  expendables .  Un- 
schedu led  maintenance i s  t h a t  r e s u l t i n g  from an unexpected f a i l u r e  ; l i k e  
f a i l u r e  r a t e ,  t h i s  i s  a  measure o f  t h e  r e l i a b i l i t y  o f  t h e  sys tem.  Crew 
time i s  a  measure of ~ h e  time r e q u i r e d  t o  r e p a i r  o r  r e p l a c e  t h e  f a i l e d  
u n i t  o r  component. Crew s k i l l  i s  a  measure o f  t h e  degree  of s p e c i a l i z a t i o n  
r e q u i r e d  of t h e  p e r s o n n e l  who f i x  t h e  component. 

Q u a n t i t a t i v e  comparisons o f  a c t i v e  hardware was accomplished based  on 
SSP and Hamilton S tandard  d a t a .  C e n t r a l  sys tems ,  i n  g e n e r a l ,  r a t e d  h i g h e r  
t h a n  independent  concep t s .  The same r e l a t i o n  h o l d s  f o r  s i n g l e  v e r s u s  d u a l  
plumbing arrangement.  P a s s i v e  concepts  were more q u a l i t a t i v e l y  r a t e d  w i t h  
t h o s e  sys tems r e q u i r i n g  t h e  most a c t i v e  hardware r e c e i v i n g  t h e  lowes t  
r a t i n g s .  

The f a i l u r e s  t o  be expec ted  f o r  a c t i v e  concep t s  were determined by t h e  
p roduc t  o f  e s t i m a t e d  f a i l u r e  r a t e s  shown i n  SSP r e l i a b i l i t y  s t u d i e s ,  t h e  
number o f  hardware e l e m e n t s ,  and number of h o u r s  cont inuous  o p e r a t i o n .  
The e s t i m a t e d  f a i l u r e s  o f  t h e  major  components con ta ined  i n  a l l  t h e  a c t i v e  
thermal  c o n t r o l  o p t i o n s  i s  shown on Tab le  2-10. The r a d i a t o r s  and a s s o c i a t e d  
v a l v i n g  were c o n s i d e r e d  t o  b e  s i m i l a r  f o r  a l l  o p t i o n s .  It i s  recognized  
t h a t  independent  concep t s  where r a d i a t o r s  a r e  r e q u i r e d  on a l l  modules t e n  
would appear  t o  be  l e s s  d u r a b l e  than c e n t r a l  concepts  where o n l y  s i x  modules 
have r a d i a t o r s .  On t h e  o t h e r  hand,  t h e  c e n t r a l  concep t s  appear  t o  r e q u i r e  
more i s o l a t i o n  and c o n t r o l  v a l v e s  t o  f u n c t i o n  p r o p e r l y .  S ince  v a l v i n g  i s  
t h e  l e a s t  r e l i a b l e  p a r t  i n  r a d i a t o r  sys tems t h e  e f f e c t s  o f  more r a d i a t o r s  
v e r s u s  more v a l v i n g  t end  t o  compensate i n  t h e  o v e r a l l  d u r a b i l i t y  p i c t u r e .  

Tab le  2-10. Es t imated  F a i l u r e s  

I I tem I 

Water Pump 
Water Accumulator 
Freon Pumps 
Freon Accumulator 
I n t e r c o o l e r s  
Con t r o l l e r s  
Fans 
A i r  Heat Exchanger 
Swivel 

F a i l u r e s /  
2 Years 

0 .261 
0 .03  
0.242 
0 .048 
0.006 
0.032 
0 .261  
0.006 
0 .031  

SSP F a i l u r e  
Rate x  

11.6 
1 . 7 8  

10.89 
1.79 
0 .34 
1.86 

11.6  
.34 

1.75 

Opera t ing  
Hours 
1775 
1775 
1775 
1775 
1775 
1775 
1775 
1775 
1775 
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Table  2-11 shows t h e  expec ted  number o f  f a i l u r e s  of  Concept A-1, t h e  
independent  dual - loop concept  which f o r  t h e  r e f e r e n c e  c o n f i g u r a t i o n  h a s  10  
sys tems r e q u i r e d  a s  f o l l o w s :  two i n  t h e  power boom (one a t  low t e m p e r a t u r e  
f o r  b a t t e r y  c o o l i n g  and one a t  h i g h  t e m p e r a t u r e  f o r  s o l a r  a r r a y  i n v e r t e r s ) ,  
one sys tem i n  t h e  c o r e  f o r  b a t t e r y  c o o l i n g ,  one each  i n  b o t h  c o n t r o l  c e n t e r s  
and i n  bo th  crew modules,  and one each i n  t h e  t h r e e  RAM'S. A s  i n d i c a t e d  i n  
Table  2-11, t h e  o p e r a t i n g  hardware can be  e x p e c t e d  t o  have a  t o t a l  of 6.19 
f a i l u r e s  i n  two y e a r s .  A s  would be  e x p e c t e d ,  t h e  pumps a r e  t h e  major  f a i l -  
u r e  i tems . 

Table  2-11. Concept A-1 ~ u r a b i l i  t y  IMTBF 
( Independen t  - Dual Loops - H?O/Freon -21) 

I t em 

Water Pump 
Water Accumula- 

t o r  
Freon-21 Pump 
Freon-21 Accumu- 

l a t o r  
I n t e r c o o l e r s  
C o n t r o l l e r s  

Number 

0 .261 

T o t a l  

T o t a l  F a i l u r e s  
p e r  2  Years 

2 .61 
0.30 

Tab le  2-12 shows expec ted  two-year f a i l u r e s  f o r  Concept A-5, which i s  a 
dual- loop c e n t r a l  concept .  Comparing t h e  e x p e c t e d  f a i l u r e s  h e r e  w i t h  o t h e r  
c o n c e p t s ,  t h e r e  i s  a  s i g n i f i c a n t  r e d u c t i o n .  

T a b l e  2-12. Concept A-5 ~ u r a b i l i t ~ / M T ~ F  ( C e n t r a l  Dual Loop) 

T o t a l  F a i l u r e s  I I 1 t e m  
I 

Water Pump 
Water Accumu- 

l a t o r  
Freon-21 Pump 
Freon Accumu- 

l a t o r  
I n t e r c o o l  
C o n t r o l s  

T o t a l  

p e r  2  y e a r s  
F a i l u r e s 1 2  y e a r s  

p e r  Component 

0 .261  
0.030 

0.242 
0.048 

0.006 
0.032 

Number 
I n s t a l l  

6 
6  

6  
6  

6  
6  

Opera t ing  

3  
3 

3  
3  

3  
3  
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Table  2-13 i l l u s t r a t e s  t h e  MTBF a n a l y s i s  f o r  Concept A-6, a  s i n g l e -  
loop  c e n t r a l  system. Comparing t h e  two-year expec ted  f a i l u r e  r a t e s  shown 
h e r e  w i t h  t h e  p r e v i o u s  two, i t  can be  s e e n  t h a t  s i n g l e  loops  have a  d e f i n i t e  
d u r a b i l i t y  advantage r e s u l t i n g  from fewer  hardware e lements .  

T a b l e  2-13. Concept A-6 D u r a b i l i t y  /MTBF (Single-Loop C e n t r a l )  

Scheduled and unscheduled maintenance f o r  t h e  a c t i v e  sys tem o p t i o n s  
was a s s e s s e d  i n  terms o f  crew t ime  by e s t a b l i s h i n g  a  r e l a t i v e  r a t i n g .  
Scheduled maintenance was d e f i n e d  a s  one-half  h o u r  p e r  month p e r  a c t i v e  
plumbing and c o n t r o l  sys tem.  It was assumed t h a t  redundant  non-operat ing 
sys tems  would r e q u i r e  some p e r i o d i c  i n s p e c t i o n  and checkout.  However, f o r  
t h e  purposes  o f  t h i s  a n a l y s i s  i t  w a s  f e l t  t h a t  t h i s  t i m e  would be  s m a l l  
compared t o  o v e r a l l  maintenance t ime and was n e g l e c t e d .  The unscheduled 
maintenance t i m e  was r e l a t e d  d i r e c t l y  t o  t h e  expec ted  f a i l u r e s  and was 
assumed t o  be  two h o u r s  p e r  f a i l u r e  on a  two-year b a s i s .  

The l a s t  ca tegory  i n  d u r a b i l i t y  is  crew t i m e - s k i l l  and was based  on 
c o n s i d e r a t i o n  of s k i l l  r e q u i r e d ,  s i z e  o f  hardware ,  and environment.  S i n c e  
o n l y  a  few p o i n t s  were a l l o t t e d ,  a  po in t - spread ing  t echn ique  was used.  The 
s k i l l  c a t e g o r y  was a s  fo l lows :  G e n e r a l i s t  = 3 ,  General  Techn ic ian  = 2 ,  and 
S p e c i a l i s t  = 1. It can be s e e n  t h a t  it is  d e s i r a b l e  t o  accomplish a l l  
maintenance a t  lowes t  s k i l l  l e v e l  p o s s i b l e .  

I t em 

Cooling Pump 
Coolant  Accumu- 

l a t o r  
C o n t r o l s  

T o t a l  

T h i s  c r i t e r i o n  i s  given a r e l a t i v e l y  l a r g e  p o i n t  v a l u e  t o  r e f l e c t  t h e  
impor tance  o f  t h e  c o n c e p t ' s  e f f e c t  on t h e  o p e r a t i o n  of t h e  s t a t i o n  and i t s  
subsystems.  Three  f a c t o r s  a r e  cons idered  w i t h i n  t h i s  c r i t e r i o n :  b u i l d u p  
c h a r a c t e r i s t i c s ,  geometry/ c o n f i g u r a t i o n ,  and redundancy. 

F a i l u r e s  /2 y e a r s  
p e r  Component 

0 .261 
0.030 

0.032 

F a c t o r s  making up t h e  e v a l u a t i o n  o f  b u i l d u p  c h a r a c t e r i s t i c s  were t h e  
s e n s i t i v i t y  o f  each  concept  t o  t h e  s t a t i o n  b u i l d u p  sequence and t h e  perform- 
ance o f  t h e  concept d u r i n g  t h e  b u i l d u p  c y c l e .  P a s s i v e  and a c t i v e  independent  
concep t s  a r e  i n s e n s i t i v e  t o  t h e  b u i l d u p  sequence and were t h e r e f o r e  r a t e d  
h i g h l y .  C e n t r a l  a c t i v e  concep t s  were r a t e d  lower because  a  c o r e  and a  
s t a t i o n  module must be p laced  on o r b i t  b e f o r e  i t  can o p e r a t e .  Deployable 
concep t s  were r a t e d  lowest  s i n c e  they  can d i s p l a c e  a  s t a t i o n  module from a  
f l i g h t  i n  t h e  bu i ldup  sequence.  

T o t a l  F a i l u r e s  
' p e r  2  y e a r s  

0 .78 
0.09 

0.096 

0.866 

Number 
I n s  t a l l  

6  
6  

6 

Opera t ing  

3  
3  

3 
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Performance d u r i n g  b u i l d u p  was s c o r e d  on t h e  performance f l e x i b i l i t y  
and c o n t r o l  complexity d u r i n g  t h e  b u i l d u p  p e r i o d  when t h e  h e a t  l o a d  would 
i n i t i a l l y  be a t  a  minimum and would i n c r e a s e  i n c r e m e n t a l l y  w i t h  t h e  bu i ldup .  
The minimum h e a t  l o a d  was assumed t o  b e  l e s s  t h a n  t h e  minimum v a l u e s  f o r  t h e  
completely b u i l t - u p  s t a t i o n .  P a s s i v e  concep t s  w i t h  h e a t  pumps s c o r e d  
h i g h e s t  because  they a r e  l e s s  s e n s i t i v e  t o  low l o a d  c o n d i t i o n s .  The a c t i v e  
c e n t r a l  concep t s  a l s o  s c o r e d  h igh  because  t h e  h e a t  l o a d  r a t i o  o f  minimum t o  
maximum i s  much l a r g e r  t h a n  t h a t  o f  t h e  independent  c o n c e p t s ,  and t h u s  r e s u l t s  
i n  a  s i m p l e r  r a d i a t o r  c o n t r o l .  The independent  concep t s  r e q u i r e  t h e  r a d i a t o r  
s i z e d  f o r  maximum h e a t  load  p e r  module r a t h e r  t h a n  maximum h e a t  l o a d  f o r  t h e  
complete s t a t i o n ,  and t h u s  r e p r e s e n t  a  g r e a t e r  p o t e n t i a l  f o r  r a d i a t o r  f r e e z e -  
up a t  t h e  low h e a t  l o a d  c o n d i t i o n s .  A s i n g l e  module might be  s h u t  down. 

Geometry and c o n f i g u r a t i o n  r a t i n g s  a r e  based on t h e  c o n c e p t ' s  s e n s i t i -  
v i t y  t o  t h e  s i z e  and shape of a  s t a t i o n  module, t h e  s p a c i n g  between modules,  
module l o c a t i o n  r e l a t i v e  t o  t h e  s o l a r  a r r a y ,  and l o c a t i o n  of a  docked s h u t t l e .  
Again, t h e  p a s s i v e  o p t i o n s  t h a t  i n c l u d e  a  h e a t  pump a r e  t h e  l e a s t  s e n s i t i v e  
t o  c o n f i g u r a t i o n a l  f a c t o r s  because  t h e  r a d i a t o r  o p e r a t i n g  t empera tu re  can be  
r a i s e d ,  a l though  w i t h  a  power p e n a l t y .  A l l  body-mounted r a d i a t o r  concep t s  
a r e  s e n s i t i v e  t o  t h e  module s i z e  because  t h i s  l i m i t s  t h e  r a d i a t o r  s i z e .  
Deployable concep t s  a r e  o b v i o u s l y  i n s e n s i t i v e  t o  module s i z i n g .  Independent 
a c t i v e  o r  p a s s i v e  concepts  a r e  more s e n s i t i v e  t o  t h e  s t a t i o n  geometry t h a n  
c e n t r a l l y  plumbed concep ts  because  a l l  h e a t  g e n e r a t e d  by t h a t  module must be  
r e j e c t e d  by t h a t  module. The t o t a l  r a d i a t o r  a r e a  requirement  f o r  a  c e n t r a l l y  
plumbed concept i s  much l e s s  t h a n  an independen t  concept  because  t h e  cumula- 
t i v e  maximum h e a t  l o a d  i s  g r e a t e r  f o r  t h e  independent  concep t s .  

The s c o r i n g  f o r  module l o c a t i o n  was based on t h e  c o n s i d e r a t i o n  of t h e  
e f f e c t  o f  i n n e r  o r  end l o c a t i o n ,  t h e  e f f e c t  of s h u t t l e  dock ing ,  and t h e  
e f f e c t  o f  i n t e r f e r e n c e  o r  compromises w i t h  o t h e r  s t a t i o n  equipment.  The 
independent  concep t s  a r e  downgraded because  t h e  h e a t  r e j e c t i o n  c a p a b i l i t y  is  
s e n s i t i v e  t o  t h e  l o c a t i o n  of a  module r e l a t i v e  t o  t h e  s o l a r  a r r a y ,  a d j a c e n t  
modules, and t o  t h e  p o s s i b l e  b lockage  and i n t e r f e r e n c e  w i t h  t h e  s h u t t l e  
docked t o  t h e  s t a t i o n .  The c e n t r a l  concep t s  were s c o r e d  h i g h e r  because  
t h e s e  concepts  a r e  e f f e c t e d  l e s s  t h a n  t h e  independent  c a n d i d a t e s  because  t h e  
h e a t  r e j e c t i o n  l o a d  can be a d j u s t e d  o r  r e d i s t r i b u t e d  t o  o t h e r  r a d i a t o r s  n o t  
a f  f e c t e d  by a  l o c a l i z e d  c o n d i t i o n ,  Deployable r a d i a t o r s  have p o t e n t i a l  
problems wi th  i n t e r f e r e n c e  w i t h  o t h e r  s t a t i o n  equipment such  as t h e  h igh-  
g a i n  an tenna  and a l s o  w i t h  s h u t t l e  docking and t h u s  t h e s e  two concep ts  were 
s c o r e d  low. 

The impact o f  redundancy on c o n c e p t u a l  des ign  was e v a l u a t e d .  Concepts 
which accomplish thermal  f u n c t i o n s  w i t h  many independen t  e lements  such as  h e a t  
p i p e  r a d i a t o r s  o r  louvered  w a l l s  were r a t e d  h i g h l y .  Concepts t h a t  r e q u i r e d  
t h e  a d d i t i o n  o f  t h e  most components t o  meet redundancy r e q u i r e m e n t s  were 
r a t e d  t h e  lowes t .  T h e r e f o r e ,  t h e  i n d e p e n d e n t , .  a c t i v e  dual-loop concept 
r e c e i v e d  t h e  lowest  r a t i n g .  The c e n t r a l ,  s i n g l e - l o o p  a c t i v e  h a s  t h e  fewes t  
a d d i t i o n a l  components r e q u i r e d .  Air-cooled systems p l a c e  a d d i t i o n a l  redund- 
ancy requ i rements  on o t h e r  subsystem because  a  l o s s  o f  volume p r e s s u r e  
e l i m i n a t e s  t h e  c o o l i n g  p r o v i s i o n s .  T h e r e f o r e  redundant p a r t s  must e x i s t  
i n  each  volume. I f  c r i t i c a l  hardware i s  c o l d p l a t e d  i t  can s t i l l  o p e r a t e  
i n  a  d e p r e s s u r i z e d  environment ,  p r o v i d i n g  redundancy t o  t h e  hardware of t h e  
remaining a c t i v e  hardware.  
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2.10 EVALUATION OF SECONDARY CRITERIA 

The secondary  c r i t e r i a  were made up of w e i g h t ,  power, volume, and 
complexi ty .  A l l  pa ramete rs  were e v a l u a t e d  q u a n t i t a t i v e l y .  Weight,  power, 
and volume were  d e f i n e d  f o r  major components and t h e n  summed f o r  each 
concep t .  Complexity was determined from t h e  number o f  components t h a t  
made up a  concept  and an e s t i m a t e  o f  t h e  i n s t r u m e n t a t i o n  r e q u i r e d  by each  
concep t . 

T a b l e  2-14 shows t h e  component we igh t s  used f o r  a l l  concepts .  Component 
power i s  p r e s e n t e d  as a f u n c t i o n  o f  r e j e c t i o n  system power requ i rements  i n  
T a b l e  2-15. 

Table  2-14. Component Weight 

Tab le  2-15. Component Power 

Component 

Pump s 
Accumulator 
I n t e r c o o l e r s  
Equipment c o o l i n g  HX 
Heat  pump 
Deployable r a d i a t o r  
R a d i a t o r  
Louvers 

The breakdown of a i r  TO l i q u i d - c o o l e d  h e a t  l o a d s  a r e  as  fo l lows .  I n  
any c o l d p l a t e  approach a  s i g n i f i c a n t  p a r t  (15 t o  20 p e r c e n t )  of e l e c t r o n i c s  
h e a t  l o a d  i s  d i s s i p a t e d  t o  a tmospher ic  c i r c u l a t i o n  system.  For t h i s  a n a l y s i s  
i t  was assumed t h a t  f o r  purposes  of comparison a  l o a d  of  2.5 k i l o w a t t s  p e r  
module was on t h e  a i r  equipment c o o l i n g  sys tems .  An e a r l i e r  comparison of 
c o l d p l a t e  c o o l i n g  and a i r  c o o l i n g  (SD 70-155-3-1) i n d i c a t e d  t h a t  a i r  c o o l i n g  
weight  p e n a l t i e s  a r e  4 .8  x pounds/wat t  c o o l e d ,  and c o l d p l a t e  c o o l i n g  i s  
5  x 10-3 pounds/wat ts  cooled.  Power p e n a l t y  was e v a l u a t e d  a t  6 . 3  x 10- 4  
w a t t s l w a t t  cooled f o r  c o l d p l a t e s  and 0.16 w a t t s l w a t t  cooled f o r  a i r  coo l ing .  
These p e n a l t i e s  a r e  f o r  c o o l i n g  s e c t i o n  on ly  and do n o t  i n c l u d e  d i s t r i b u t i o n  

10-15 kw ( l b )  

3  0  
3  0  

150 

210 

5-10 kw ( l b )  

20 
2  0  

100 
20 

140 
650 
354 /module 
59 5  /module 

System Heat Load 
(kw) 

5  

10 

1 5  

20 

15-25 kw ( l b )  

4  0  
40 

200 

2 80 

Pump Power 

100 

200 

300 

400 

Heat Pump Power 
(kw) 

1 . 7  

3 .4  

5 . 1  

6 . 8  
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of c o o l a n t  t o  c o l d p l a t e s  o r  a i r  h e a t  exchangers .  The d e l t a  we igh t  f o r  t h e  
a i r  approach is  110 pounds p e r  module. The power d e l t a  p e r  module i s  
approximate ly  300 w a t t s  p e r  module. 

Tab le  2-16 summarizes t h e  weight  and power demand by each concept .  
It shou ld  be  n o t e d  h e r e  t h a t  d e p l o y a b l e  r a d i a t o r s  must have l a r g e  we igh t  
on a s i n g l e  l aunch .  A s  would be  e x p e c t e d ,  t h e  a c t i v e  c o n t r o l  s i n g l e - l o o p  
approach s c o r e s  b e s t .  A l l  i ndependen t  l o o p  a r e  heavy because  each module 
r e q u i r e s  an i n s t a l l a t i o n .  The t o t a l l y  p a s s i v e  o p t i o n  is  t h e  l i g h t e s t  
independent  concep t .  However, f u r t h e r  p e n e t r a t i o n  w i l l  b e  r e q u i r e d  s i n c e  
a l l  plumbing w e i g h t s  a r e  n o t  i n c l u d e d .  Louvered sys tem a r e  v e r y  heavy 
because  e f f e c t i v e l y  a second meteoro id  bumper h a s  been p l a c e d  on t h e  module. 

. Power was e v a l u a t e d  on t h e  b a s i s  o f  T a b l e  2-15 f o r  pumps and h e a t  l o a d .  
C e n t r a l l y  plumbed a c t i v e  and p u r e  p a s s i v e  concep t s  have t h e  lowes t  power 
demand. Heat pump sys tems have ve ry  h i g h  power demand assuming a c o e f f i c i e n t  
of  performance o f  about  4.  Independent  sys tems  a g a i n  s u f f e r  because  power 
consuming equipment must b e  d u p l i c a t e d  i n  e a c h  module. 

Volume and complexi ty  were e v a l u a t e d  i n  t h e  b a s i s  o f  number o f  com- 
ponents .  The r a t i n g s  a r e  shown i n  t h e  summary t a b l e .  

Tab le  2-16. Concept Weight,  Power and Volume Comparisons 

Concept 

A- 1 
A-2 
A- 3 
A-4 
A- 5 
A-6 
A- 7 
A- 8 

H- 1 
H-3 
H-4 
H-5 

P -1 
P-2 
P-3 
P-4 
P-5 
P -6 

* 970 l b s  added t o  each  o p t i o n  f o r  power module thermal  c o n t r o l  
assembly . 

t 
Power 

kw 
1 . 4  
3 .3  

b 

1 .0  
1.1 
1.1 

. 8  
- 8  

1.1 

2.0 
10 .0  

2 .O 
4.0 

- 
8.0  
8 .0  
2 .O 

10.0 
8.0 

l b s  /module 
7 12 
475 
365 
388 
26 8 
126 
- 
- 

414 
1149 

714 
554 

354 
5 19 

1044 
3 74 
539 

1044 

Weigh t k  

t o t a l  
66 80 
4780 
3880 
40 70 
31 10 
19 80 
19  70 
2530 

4280 
10150 
6680 
5410 

3700 
4120 
9300 
39 70 
52 80 
9290 
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2 .11  FOM EVALUATION RESULTS 

Table  2-17 summarizes t h e  r e s u l t s  of t h e  p r e l i m i n a r y  t r a d e o f f .  Two 
p a s s i v e ,  one h y b r i d ,  and f i v e  a c t i v e  concep t s  were s e l e c t e d  f o r  f u r t h e r  tech-  
n i c a l  e v a l u a t i o n .  

Tab le  2-17. F i g u r e  of Mer i t  Summary 

R e s u l t s  of t h e  p a s s i v e l h y b r i d  e v a l u a t i o n  show t h a t  Concepts P-1, P-2, and 
H-1  a l l  r a t e d  h i g h  (above 70) ,  w i t h  P-1 r a t i n g  t h e  h i g h e s t .  Concept P-1 r a t e d  
p a r t i c u l a r l y  h i g h  i n  commonality, f l e x i b i l i t y ,  d u r a b i l i t y ,  power consumption, 
and c o n t r o l  complexi ty .  I t  r a t e d  low o n l y  i n  n o n r e c u r r i n g  i n i t i a l  c o s t ,  due 
t o  t h e  low development s t a t u s  of many of t h e  h e a t  p i p e  a s s e m b l i e s  compris ing 
t h e  system. Concept P-2, t h e  h e a t  p i p e  sys tem augmented w i t h  a  h e a t  pump, 
r a t e d  v e r y  h i g h  i n  f l e x i b i l i t y ,  o p e r a t i o n a l  impac t ,  and complexi ty .  I t  r a t e d  
h i g h e r  i n  a v a i l a b i l i t y / c o n f i d e n c e  t h a n  Concept P-1 s i n c e  no h e a t  p i p e  conden- 
s e r s  a r e  r e q u i r e d  (condensing i s  done w i t h  f l u i d  sys tems v i a  t h e  h e a t  pump 
l o o p ) .  Concepts P-1 and P-2 w i l l  b e  combined i n t o  a  s i n g l e  o p t i o n  c a l l e d  t h e  
t o t a l l y  p a s s i v e  concep t  w i t h  t h e  o p t i o n  of a h e a t  pump t o  augment h e a t  r e j e c -  
t i o n .  Concept H-1  was a good compromise of low development requ i rements  and 
good r e l i a b i l i t y  f e a t u r e s .  A s  a  r e s u l t ,  i t  r a t e d  v e r y  h i g h  i n  c o s t  and a v a i l -  
a b i l i t y l c o n f i d e n c e ,  and r e l a t i v e l y  h i g h  i n  t h e  o t h e r  a r e a s .  

Among t h e  low s c o r i n g  systems were  P-3 ( l o u v e r  c o n t r o l ) ,  P-6 (wal l -  
mounted equipment w i t h  l o u r v e r  c o n t r o l ) ,  H-3 and H-4 ( b o t h  h y b r i d  w i t h  l o u v e r  
c o n t r o l ) ,  and H-2 which had a l o u v e r - c o n t r o l l e d  h igh- tempera tu re  loop and 

Secondary 

19 

5.2 
5 .5  
9.9 
8 .4  

13.4  
18.2  
16 .5  
1:1.5 

12.7 
- 
4.4 
4.0 
9 . 1  

18 .1  
12.2  

6 .0  
14.0 

8 . 1  
6.4 

Primary 

6  3  

33.7 
35.0 
42.7 
40.7 
43.5 
49.8 
46.7 
41.4 

43.1  
- 

33.3 
39.7 
38 .1  

52.3 
46.8 
37.6 
42.3 
42.0 
36.3 

Concept 

A- 1 
A- 2  
A- 3  
A- 4  
A- 5  
A- 6  
A- 7  
A- 8  

H- 1 
H- 2  
H- 3 
H- 4  
H- 5  

P-1 
P- 2  
P-3 
P- 4  
P-5 
P-6 

I 

T o t a l  

100 

52.4 
52.6 
65.3 
63.7 
71.5 
81.5 
75.0 
68.5 

71.8 
- 

49.0 
51.1  
60 .1  

78.4 
71.1  
52.4 
63.5 
62.1  
51.0 

Absolute  

1 8  

13.5  
1 2 . 1  
12.7 
14.6 
14.6 
13.7 
11.8 
13.6 

16.0 
9 .0  

11.3 
7.4 

12.9 

8 .0  
12 .1  

8 .8  
7.2 

12.0 
8.3 
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an  a c t i v e  low-temperature  loop.  Concept H-2 was r e j e c t e d  i n i t i a l l y  because  of 
a  very  poor r a t i n g  i n  availability/confidence. The o t h e r  sys tems r a t e d  low i n  
s e v e r a l  a r e a s  p r i m a r i l y  because  t h e  l o u v e r  c o n t r o l  d e s i g n  r e s u l t e d  i n  poor  
h e a t  r e j e c t i o n  c a p a b i l i t y ,  and a  h e a t  pump was r e q u i r e d ,  which r e q u i r e s  a  con- 
s i d e r a b l e  amount of power. They a l s o  g e n e r a l l y  r a t e d  p o o r l y  i n  c o s t  and 
commonality because  of t h e  number of d i f f e r e n t  e l ements  i n  t h e  sys tem.  

Examination of t h e  e v a l u a t i o n  r e s u l t s  f o r  t h e  a c t i v e  t h e r m a l  c o n t r o l  
concepts  shows t h a t  t h e  s i n g l e  loop c e n t r a l i z e d  plumbing arrangement  r e c e i v e d  
t h e  h i g h e s t  s c o r e .  T h i s  concep t ,  A-6, was n o t  d e c l a r e d  a n  u n c o n t e s t e d  winner  
because  a  s i n g l e  f l u i d  meet ing a l l  r equ i rements  could  no t  r e a d i l y  be  i d e n t i -  
f i e d .  S ing le - loop  concep t s  s c o r e d  t h e  h i g h e s t  a l s o  among t h e  d e p l o y a b l e  and 
indevendent  concept  plumbing a r rangements .  Deployable r a d i a t o r  concep t s  
were r a t e d  j u s t  below t h e  c e n t r a l i z e d  body-mounted concep t s  b u t  w e l l  ahead of  
t h e  independent  o p t i o n s .  Only Concepts A - 1 ,  A-2, and A-4 were  r e j e c t e d  a f t e r  
t h i s  e v a l u a t i o n  phase .  Although Concept A-3 d i d  r a t e  low i t  was r e t a i n e d  s o  
t h a t  t h e  c o n t r o l  o r  independent  i s s u e  could  be p e n e t r a t e d  i n  g r e a t e r  d e p t h .  
Also ,  t h i s  concep t  c o ~ ~ l d  p l a c e  more f a v o r a b l y  i f  t h e  s t a t - i o n  c o n f i g u r a t i o n  
were made up of fewer modules. Concept A-4 was r e j e c t e d  because  i t  d i d  n o t  
r e p r e s e n t  any t e c h n i c a l  advan tage  over  s i m i l a r  concep t s  such a s  A-5 and A-6. 

2.12 FINAL TRADEOFFS 

The pr imary o b j e c t i v e  of t h e  t r a d e  s t u d y  was t o  e v a l u a t e  t h e  r e l a t i v e  
m e r i t s  of p a s s i v e ,  h y b r i d ,  and a c t i v e  concep t s  a s  they r e l a t e  t o  t h e  modular 
space  s t a t i o n .  L e s s e r  i s s u e s  were a l s o  i d e n t i f i e d  d u r i n g  a c t i v e  TCA c a n d i d a t e  
e v a l u a t i o n s  d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n  - c e n t r a l i z e d  v e r s u s  independen t  
plumbing a r rangements ;  body-mounted v e r s u s  deployed,  o r i e n t a b l e ,  r a d i a t o r  
p a n e l s ;  and s i n g l e  v e r s u s  d u a l  f l u i d  plumbing a r rangements .  These s u b t r a d e s  
a r e  d i s c u s s e d  f i r s t ,  fo l lowed  by t h e  f i n a l -  e v a l u a t i o n  and s e l e c t i o n  of t h e  
MSS the rmal  c o n t r o l  concep t .  

C e n t r a l  Versus  Independent  Thermal C o n t r o l  

The a c t i v e  the rmal  c o n t r o l  c o n c e p t s  were s e l e c t e d  t o  g i v e  some i n d i c a t i o n  
a s  t o  t h e  advan tages  and d i s a d v a n t a g e s  of c e n t r a l  and independent  f l u i d  loop  
arrangements .  Two major  a r e a s  of importance  were e v a l u a t e d :  t h e  o v e r a l l  
hardware a s p e c t s  i l l u s t r a t e d  by f i g u r e  of m e r i t  e f f o r t s ,  and t h e  r a d i a t o r  
r e j e c t i o n  performance compar isons .  

F i g u r e  of M e r i t  C o n s i d e r a t i o n s  

S t a r t i n g  w i t h  a  summary, d a t a  from t h e  f i g u r e  of m e r i t  e v a l u a t i o n s  
(Tab le  2-18) show t h e  o v e r a l l  s c o r i n g  of a l l  e i g h t  of t h e  a c t i v e  c o n c e p t s .  I n  
t h e  a b s o l u t e  c a t e g o r y ,  a l l  c o n c e p t s  were n e a r l y  e q u a l  w i t h  a  v e r y  s l i g h t  edge 
i n  t h e  f a v o r  of  c e n t r a l i z a t i o n  (A-4, A-5, A-6). I n  t h e  pr imary c r i t e r i a  con- 
s i d e r a t i o n s ,  t h e  c e n t r a l  approaches  a g a i n  appear  t o  b e  s l i g h t l y  b e t t e r .  T l ~ e  
c e n t r a l  approaches  s c o r e  b e t t e r  h e r e  because  t h e r e  i s  l e s s  hardware i n v o l v e d  
and a s  such ,  t h e  d i f f e r e n c e s  a r e  i n  d u r a b i l i t y  and f l e x i b i l i t y ,  and c o s t s  a r e  
n e a r l y  t h e  same. The secondary c r i t e r i a  show t h e  w i d e s t  margin  between t h e  
independent  and c e n t r a l  o p t i o n s .  S i n c e  t h e  secondary pa ramete r s  a r e  weigl l t ,  
power, volume, and complex i ty ,  t h e  independent  approaches  t h a t  c o ~ l t a i n  many 
hardware sys tems and components would b e  expec ted  t o  s c o r e  low. 
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Tab le  2-18. C r i t e r i a  Summary 

I n  summary, t h e  f i g u r e  of m e r i t  e v a l u a t i o n s  show b e t t e r  s c o r i n g  by t h e  
c e n t r a l  c o n c e p t s ,  w i t h  t h e  pr imary d i f f e r e n c e  be ing  t h e  l a r g e  amount of hard- 
ware  r e q u i r e d  by t h e  independen t  approaches .  

Concept 

Abso lu te  (18) 
Primary (63) 
Secondary (19) 

T o t a l  (100) 

R e j e c t i o n  Performance C o n s i d e r a t i o n s  

The pr imary c o n s i d e r a t i o n  f o r  h e a t  r e j e c t i o n  by an  independen t  TCA con- 
c e p t  i s  a  comparison between t h e  h e a t  l o a d s  g e n e r a t e d  w i t h i n  a module and 
t h e  r e j e c t i o n  c a p a b i l i t y  of t h e  v a r i o u s  module p o s i t i o n s  i n  t h e  c o n f i g u r a t i o n .  
Although t h e  a n a l y s i s  i s  based on an  a c t i v e  TCA concep t ,  t h i s  d i s c u s s i o n  
a p p l i e s  a l s o  t o  p a s s i v e  concep t s .  The h e a t  l o a d s  f o r  t h e  modules of t h e  com- 
p a r i s o n  c o n f i g u r a t i o n  a r e  shown on Tab le  2-2. The d e s i g n  h e a t  r e j e c t i o n  
requ i rement  f o r  an  independent  concept  becomes t h e  maximum h e a t  load  a t t a i n e d  
i n  any module, which i s  8.5 k i l o w a t t s .  I n  o r d e r  t o  a c h i e v e  t h e  r e q u i r e d  con- 
f i g u r a t i o n  f l e x i b i l i t y  t o  p l a c e  any module a t  any p o s i t i o n  i n  t h e  c o n f i g u r a t i o n ,  
t h e  r e j e c t i o n  requ i rement  f o r  any module p o s i t i o n  a l s o  becomes 8.5 k i l o w a t t s .  

The h e a t  r e j e c t i o n  c a p a b i l i t i e s  of each module a r e  shown on Tab le  2-19 
and were  determined by computer a n a l y s i s  and r e f l e c t  t r a n s i e n t  performance.  
For more i n f o r m a t i o n  concerning r a d i a t o r  a n a l y s i s  the rmal  modes, environ-  
ments ,  and r e j e c t i o n  performance,  s e e  S e c t i o n  6. 

Independent  

Noting T a b l e  2-20, t h e  f i r s t  b a r b e l l  c o n f i g u r a t i o n  i s  20 f e e t  long ,  
120-degree segment r a d i a t o r s ,  and c l o s e  module s p a c i n g  (12 f e e t ) .  T h i s  con- 
f i g u r a t i o n  cannot  meet t h e  8 .5 -k i lowat t  r equ i rement  of any module p o s i t i o n  
and t h e r e f o r e  would n o t  b e  compat ib le  w i t h  independent  the rmal  c o n t r o l .  

A-1  

13.5 
33.7 

5.2 

52.4 

C e n t r a l  

The second b a r b e l l  c o n f i g u r a t i o n ,  w i t h  i n c r e a s e d  a r e a  and module s p a c i n g ,  
shows a b e t t e r  c o m p a t i b i l i t y  w i t h  8 .5-ki lowat t  maximum requ i rement .  A s  shown, 
t h e  a f t  module w i t h  a  b e t t e r  view of space  can  e a s i l y  r e j e c t  t h e  maximum 
l o a d  w i t h  a  20-percent margin.  The c e n t e r  module a t  8 .4 -k i lowat t  c a p a b i l i t y  
a p p e a r s  t o  b e  marg ina l .  The forward module i s  about  20 p e r c e n t  below t h e  
requirement .  However, w i t h  some r e a l l o c a t i o n  of hardware ,  t h i s  c o n f i g u r a t i o n  
appears  t o  have a d e q u a t e  r e j e c t i o n  f o r  i n d e p e n d e n t - i n - t h e - v e r t i c a l  modules. 

A-4 

14.6 
40.7 

8 .4  

63.7 

I n  b o t h  b a r b e l l  c o n f i g u r a t i o n s ,  Tab le  2-20 shows t h a t  t h e  c o r e  modules 
w i l l  have s i g n i f i c a n t  h e a t  l o a d s  t o  r e j e c t ,  i n  t h e  o r d e r  of 1.3 t o  9 .6  k i l o -  
w a t t s .  Due t o  docking p o r t s  and o t h e r  s t r u c t u r a l  e lements ,  t h e r e  i s  v e r y  

I 

A-2 

1 2 . 1  
35.0 

5 . 5  

52.6 

A-3 

12.7 
42.7 

9.9 

65.3 

A-5 

14.6  
43.5 
13.4 

71.5 

A-6 

13.7 
49.8 
18.2  

81.5  

A-7 

11 .8  
46.7 
16.5  

75.0 

A-8 

13.6 
41.4 
13.5  

68.5 
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l i t t l e  a r e a  a v a i l a b l e  f o r  r a d i a t o r s .  T h e r e f o r e ,  t h e  independent  approach would 
be inadequa te  f o r  t h e  c o r e  module h e a t  l o a d  requ i rem2nts .  It shou ld  be  no ted  
t h a t  i f  a r e a  were a v a i l a b l e  on t h e  c o r e  comparable t o  t h a t  of a  s t a t i o n  module, 
i t  would show low performance c a p a b i l i t i e s  similar t o  t h a t  of t h e  h o r i z o n t a l  
m o d ~ ~ l e s  of t h e  c ruc i fo rm c o n f i g u r a t i o n  shown i n  T a b l e  2-19. 

A s  an  a d d i t i o n a l  d a t a  p o i n t ,  t h e  s e l e c t e d  s t a t i o n  c o n f i g u r a t i o n  is  a  
c ruc i fo rm and t h e  r e j e c t i o n  c a p a b i l i t y  of t h e  module p o s i t i o n s  is  shown on 
Table  2-21. The c ruc i fo rm w i t h  1200-square-foot modules h a s  on ly  one module 
t h a t  could meet t h e  maximum load.  I t  is  a l s o  c l e a r  t h a t  t h e  h o r i z o n t a l  mod- 
u l e s  have such low r e j e c t i o n  t h a t  independent  c o n t r o l  would n o t  appear  f e a s -  
i b l e .  

Tab le  2-21. C e n t r a l  R e j e c t i o n  C a p a b i l i t y  of 
Cruciform C o n f i g u r a t i o n  

I n i t i a l  Growth 

C e n t r a l i z e d  Heat R e j e c t i o n  

Module 

SM-1 

SM- 2  

SM-3 

SM- 4  

T o t a l  

I n  t h e  c e n t r a l  approach t h e  r e j e c t i o n  c a p a b i l i t y  i s  d e f i n e d  by t h e  
summation of a l l  t h e  modules i n  t h e  c o n f i g u r a t i o n  t h a t  i n c o r p o r a t e  r a d i a t o r s .  
Th i s  s t u d y  c o n s i d e r s ,  i f  p o s s i b l e ,  t h a t  on ly  s t a t i o n  modules would have r a d i -  
a t o r s .  Tab le  2-20 shows t h e  r e j e c t i o n  c a p a b i l i t y  of b o t h  b a r b e l l  conf igura -  
t i o n s .  A s  can be  s e e n ,  b o t h  t h e  s m a l l  r a d i a t o r s  a t  820 s q u a r e  f e e t  and l a r g e  

*Flow p r o p o r t i o n  c o n t r o l  
**Power boom l o a d s  n o t  i n c l u d e d  
***Rejection and c o n s i s t e n t  o r b i t  t ime  

R e j e c t i o n  (kw)* ' 
7.6 
9 .8  
7.6 
9 .8  
3.2*** 
4.4*,k* 

42.4 

35.6 req'd** 

R e j e c t t o n  (kw)* I Module 

7.6 SM- 1 
SM-2 

9.8  

7.6 

9 .8  

34.8 

24.4 req'd** 

SM-3 
SM- 4  
SM- 5 
SM- 6 

T o t a l  
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r a d i a t o r s  a t  1200 s q u a r e  f e e t  can  e a s i l y  meet t h e  maximum r e j e c t i o n  r e q u i r e -  
ments.  However, t h e  s m a l l  r a d i a t o r s  have v e r y  l i t t l e  margin i n  b o t h  t h e  
i n i t i a l  and t h e  growth c a s e s .  The l a r g e r  r a d i a t o r s  have r e l a t i v e l y  l a r g e  
margins  w i t h  u s e  of on ly  s t a t i o n  module s u r f a c e  a r e a s .  

T a b l e  2-21 shows t h e  same d a t a  as Tab le  2-20 f o r  s e l e c t e d  c ruc i fo rm 
c o n f i g u r a t i o n .  Again, r e j e c t i o n  requ i rements  a r e  exceeded by b o t h  i n i t i a l  
and growth s t a t i o n  c o n f i g u r a t i o n s .  I t  shou ld  be  noted t h a t  t h e  r e j e c t i o n  of 
t h e  h o r i z o n t a l  modules i n  Tab le  2-21 exceeds  t h a t  of Tab le  2-19. Th is  i s  
caused by t h e  minimum r e j e c t i o n  c a p a b i l i t y  of v e r t i c a l  and h o r i z o n t a l  modules 
r e p o r t e d  o c c u r r i n g  a t  d i f f e r e n t  o r b i t .  I n  t h e  c e n t r a l  c a s e ,  t h e  r e j e c t i o n  
shown on Tab le  2-21 f o r  SM-5 and SM-6 a r e  a t  t h e  t ime when r e j e c t i o n  from t h e  
v e r t i c a l  modules i s  a t  a  minimum. When SM-5 and SM-6 r e a c h  t h e i r  minimum 
(shown on Tab le  2-19) t h e  o t h e r  f o u r  s t a t i o n  modules a r e  above t h e i r  minimum 
p o i n t s .  T h i s  d i f f e r e n c e  and combining of module r e j e c t i o n  c a p a b i l i t y  i s  
d e s c r i b e d  i n  S e c t i o n  6. 

Experiment (RAM) and Cargo Module C o n s i d e r a t i o n  

The independent  approach would r e q u i r e  t h a t  RAM'S and ca rgo  modules have 
r a d i a t o r s ,  a s  was t h e  c a s e  i n  f i g u r e  of m e r i t  a n a l y s i s .  I n  t h e  c e n t r a l  s i t u -  
a t i o n ,  T a b l e s  2-20 and 2-21 show c l e a r l y  t h a t  t h e  f o u r  s t a t i o n  modules have 
s u f f i c i e n t  r e j e c t i o n  c a p a b i l i t y  t o  meet t o t a l  s t a t i o n  requ i rements .  The 
a d d i t i o n  of RAM and ca rgo  module r a d i a t o r s  i n c r e a s e s  weight  and complexi ty  of 
t h e  t o t a l  s t a t i o n  TCA. 

Concept S e l e c t i o n  

The c e n t r a l  concep t s  a r e  p r e f e r r e d  over  t h e  independent  concep t s  f o r  t h e  
f o l l o w i n g  r e a s o n s  : 

1. F i g u r e  of m e r i t  a n a l y s i s  shows t h a t  t h e  c e n t r a l  approaches  
appear  t o  b e  b e t t e r  f o r  t h e  p a r a m e t e r s  cons idered .  

2. The r e j e c t i o n  c a p a b i l i t y  of many modules i n  t h e  c o n f i g u r a t i o n  
e v a l u a t e d  f a i l e d  t o  meet t h e  d e s i g n  r e j e c t i o n  requ i rements .  I t  
is  s i g n i f i c a n t  t h a t  i n  t h e  independen t  approach t h e  amount of 
d i s s i p a t i n g  equipment t h a t  can  be  p l a c e d  w i t h i n  a module i s  
l i m i t e d  by t h e  r e j e c t i o n  c a p a b i l i t y  of t h a t  module. Th i s  l i m i -  
t a t i o n  on placement of equipment cou ld  cause  s e v e r a l  d e s i g n  
c o m p l e x i t i e s  and o p e r a t i o n  compromises t h a t  a r e  n o t  r e q u i r e d  
by t h e  c e n t r a l  approach.  A t  t h i s  p o i n t ,  i t  i s  f e l t  t h a t  such 
i t ems  a s  crew t r a f f i c  p a t t e r n s ,  h a b i t a b i l i t y  requ i rements ,  
maintenance,  and l o c a t i o n  f o r  optimum performance shou ld  b e  
more a  s i g n i f i c a n t  i n f l u e n c e  on equipment l o c a t i o n  t h a n  the rmal  
c o n t r o l .  

3 .  S i n c e  t h e  c e n t r a l  approach employing r a d i a t o r s  on ly  on s t a t i o n  
modules can meet t h e  h e a t  r e j e c t i o n  requirement  of t h e  t o t a l  
s t a t i o n ,  r a d i a t o r s  on any o t h e r  modules would cause  a d d i t i o n a l  
complexity.  
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4. S i n c e  t h e  s e l e c t e d  s t a t i o n  c o n f i g u r a t i o n  i s  a  c ruc i fo rm,  t h e  
low r e j e c t i o n  c a p a b i l i t y  h o r i z o n t a l  modules would p r e c l u d e  
t h e  u s e  of an  independent  the rmal  c o n t r o l  approach.  I t  i s  
recognized t h a t  t h e  c ruc i fo rm c o n f i g u r a t i o n  was n o t  t h e  base- 
l i n e  s e l e c t i o n  f o r  t h i s  the rmal  c o n t r o l  s t u d y .  I t  i s  p r e s e n t e d  
h e r e  t o  i l l u s t r a t e  t h e  impact of c o n f i g u r a t i o n  s e l e c t i o n  on t h e  
a c t i v e  the rmal  c o n t r o l  ar rangements  and d e s i g n  i s s u e s .  

I n  t h e  c e n t r a l  v e r s u s  independent  d e s i g n  i s s u e  i t  i s  recognized  t h a t  b o t h  
t h e  f u n c t i o n a l  a l l o c a t i o n  of equipment ( h e a t  l o a d s )  and t h e  c o n f i g u r a t i o n  
of s t a t i o n  a r e  ve ry  impor tan t  f a c t o r s  and a s  such should b e  e v a l u a t e d  on an  
i n d i v i d u a l  s t a t i o n  d e s i g n  s i t u a t i o n .  The impact  of both  a r e  such t h a t  t h e  
c e n t r a l  v e r s u s  independent  i s s u e  cannot  b e  dec ided  f o r  a l l  s t a t i o n  conf igur -  
a t i o n  and d e s i g n  requ i rements .  

Deployable R a d i a t o r s  

Deployable r a d i a t o r s  a r e  a  v e r y  a t t r a c t i v e  the rmal  c o n t r o l  concept  f o r  
t h e  MSS. T h i s  concept  scored  very  h igh  i n  t h e  f i g u r e  of m e r i t  comparison of 
a c t i v e  concep t s .  I t  i s  t h e  only  concept  t h a t  i s  t o t a l l y  i n s e n s i t i v e  t o  
v e h i c l e  o r i e n t a t i o n  and the rmal  c o a t i n g  degrada t ion .  F l u i d s  w i t h  h i g h e r  
f r e e z i n g  p o i n t s  can be  employed on a  d e p l o y a b l e  r a d i a t o r  t h a n  on a  body- 
mounted r a d i a t o r  because  t h e  deployed r a d i a t o r  can be  o r i e n t e d  t o  p i c k  up 
h e a t  under what might  b e  extreme co ld  c o n d i t i o n s  f o r  a  body-mounted r a d i a t o r .  
Th i s  concept  can b e  conf igured  i n  a s e p a r a t e  d e t a c h a b l e  module, the reby  
f a c i l i t a t i n g  r e t u r n  t o  t h e  ground f o r  maintenance o r  re fu rb i shment .  T h i s  
o p e r a t i o n  cannot  be  accomplished w i t h  o t h e r  o p t i o n s  wi thou t  d i s r u p t i n g  s t a -  
t i o n  o p e r a t i o n s  by t h e  removal of a  s t a t i o n  module. 

The approach adopted f o r  t h e  e v a l u a t i o n  of t h e  dep loyab le  r a d i a t o r  was 
f i r s t  t o  examine t h e  p o s s i b i l i t y  of i n t e g r a t i n g  i t  w i t h  t h e  s o l a r  a r r a y  
assembly. S i n c e  t h e  s o l a r  a r r a y  always s e e k s  t h e  sun ,  a  p l a n e  p e r p e n d i c u l a r  
t o  t h e  a r r a y  would never  be  i r r a d i a t e d  by t h e  sun.  T h i s  i n t e g r a t i o n  e l imin-  
a t e s  t h e  need f o r  a  s e p a r a t e  o r i e n t a t i o n  mechanism. Because of t h e  complexi ty  
of i n t e g r a t i o n  and f o l d i n g  deployment,  o t h e r  l o c a t i o n s  f o r  a  s ing le -degree-  
of-freedom r a d i a t o r  were examined. 

Heat r e j e c t i o n  from dep loyab le  r a d i a t o r s  a t  s p e c i f i c  l o c a t i o n s  i n  t h e  
MSS was ana lyzed  t o  de te rmine  r e q u i r e d  r a d i a t o r  a r e a .  Candidate  l o c a t i o n s  
cons idered  were t h e  back of t h e  s o l a r  a r r a y ,  t h e  end of t h e  power boom, t h e  
end of a  module which i s  docked t o  a  c o r e  module, and docked t o  a  c o r e  module 
s i d e  docking p o r t .  These l o c a t i o n s  a r e  d e p i c t e d  i n  F i g u r e s  2-11, 2-12, and 
2-13. 

S i z i n g  of t h e  r a d i a t o r s  was.accomplished by d e f i n i n g  t h e  i n c r e m e n t a l  
view f a c t o r s  of r a d i a t o r  i n c r e m e n t a l  a r e a s  t o  t h e  s o l a r  a r r a y  i n  t h e  o r i e n t a -  
t i o n  t h a t  p l a c e d  t h e  a r r a y  c l o s e s t  t o  t h e  r a d i a t o r .  (They a r e  always m u t u a l l y  
p e r p e n d i c u l a r  when maximum r e j e c t i o n  i f  r e q u i r e d . )  F igure  2-14 p r e s e n t s  t h e  
r e l a t i o n  of r a d i a t o r  i n c r e m e n t a l  view f a c t o r  t o  t h e  s o l a r  a r r a y  a s  a  f u n c t i o n  
of d i s t a n c e  of t h e  a r e a  increment  from t h e  l e a d i u g  ~ d g e  of t h e  s o l a r  a r r a y  
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F i g u r e  2-11. S o l a r  Array C o n f i g u r a t i o n s  1 and 2  

F i g u r e  2-12. S o l a r  Array C o n f i g u r a t i o n  3 
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Figure 2-13. Solar Array Configuration 4 
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and from t h e  p l a n e  of t h e  s o l a r  a r r a y .  The i n f r a r e d  energy from t h e  s o l a r  
a r r a y  was t h e n  i n t e g r a t e d  a c r o s s  t h e  r a d i a t o r .  The energy p l u s  t h e  i n c i d e n t  
r a d i a t i o n  from e a r t h  and t h e  r e q u i r e d  r e j e c t i o n  energy d e f i n e d  t h e  s i z e  of 
t h e  r a d i a t o r .  

C o n f i g u r a t i o n  1 was e l i m i n a t e d  by t h e  environment n e a r  t h e  s u b s o l a r  
r e g i o n  b e c a u s e  more energy i s  absorbed from t h e  environment t h a n  can b e  
e m i t t e d  by a  50 F r a d i a t o r .  

C o n f i g u r a t i o n  2 was s e l e c t e d  f o r  i n t e g r a t i o n  w i t h  t h e  s o l a r  a r r a y  o r ien-  
t a t i o n  mechanism. With a  two-side r a d i a t i o n ,  2000 s q u a r e  f e e t  of r a d i a t o r  
a r e a  w a s  r e q u i r e d .  The concept  was t h e n  r e j e c t e d  f o r  a p p l i c a t i o n  t o  t h e  MSS 
because  of i t s  d e s i g n  d e f i c i e n c i e s .  The d e s i g n  r e q u i r e d  a  f l u i d  s l i p  r i n g  
o r ,  i f  f l e x  l i n e s  a r e  used ,  t h e  r o t a t i o n a l  movement of t h e  s o l a r  a r r a y  must 
b e  c o n s t r a i n e d .  The added weight  of t h e  r a d i a t o r  caused t h e  power boom t o  
exceed t h e  s h u t t l e  pay l o a d  d e l i v e r y  c a p a b i l i t y  . F i n a l l y ,  t h e  d e s i g n  could  
n o t  b e  used t o  g a i n  c o o l a n t  t empera tu re  c o n t r o l  w i t h o u t  adding a n o t h e r  h inge  
a t  t h e  r a d i a t o r  a t t achment  p o i n t ,  f u r t h e r  compl ica t ing  t h e  d e s i g n .  

A more f e a s i b l e  d e s i g n  r e s u l t s  from l o c a t i n g  t h e  r a d i a t o r  a t  t h e  end of 
a  module ( C o n f i g u r a t i o n  3 ) .  By r a d i a t i n g  o f f  b o t h  s i d e s ,  a  650-square-foot 
single-degree-of-freedom r a d i a t o r  i s  r e q u i r e d .  Two i n s t a l l a t i o n s  a r e  neces- 
s a r y  t o  meet s t a t i o n  s a f e t y  c r i t e r i a  and e l i m i n a t e  t h e  o r i e n t a t i o n  mechanism 
as a  s i n g l e - p o i n t  f a i l u r e .  F l e x  l i n e s  can b e  used and t h e  r a d i a t o r  con ta ined  
t o  r o t a t e  w i t h i n  a  180-degree a r c .  T r a n s i e n t s  induced by re- indexing of t h e  
r a d i a t o r  would n o t  b e  s i g n i f i c a n t .  T h i s  d e s i g n  a l l o w s  t empera tu re  c o n t r o l  t o  
be  o b t a i n e d  by p r o p e r  r a d i a t o r  o r i e n t a t i o n ,  e l i m i n a t i n g  t h e  need f o r  complex 
v a l v i n g  a r rangements .  T h i s  c a p a b i l i t y  i s  e s p e c i a l l y  u s e f u l  d u r i n g  t h e  low h e a t  
l o a d s  of b u i l d u p .  A modular d e s i g n  cou ld  be  implemented e a s i l y  t o  f a c i l i t a t e  
o n - o r b i t  r e p  lacement .  

The p r imary  problem of t h e  i n s t a l l a t i o n  shown i n  C o n f i g u r a t i o n  3 i s  t h a t  
t h e  ends of t h e  s t a t i o n  modules a r e  a l r e a d y  be ing  used.  Two s t a t i o n  modules 
have a i r l o c k s  and two have high-gain an tennas  a t t a c h e d  t o  t h e i r  ends.  I n t e -  
g r a t i o n  w i t h  t h e  a i r l o c k  module i s  t h e  on ly  f e a s i b l e  a l t e r n a t i v e .  High- 
g a i n  an tenna  p o i n t i n g  accuracy  e l i m i n a t e s  i t  a s  a  p o s s i b l e  i n t e g r a t i o n  
c a n d i d a t e .  The a i r l o c k  does  o f f e r  a  secondary b e n e f i t  a s  an  i d e a l  i s o l a t e d  
l o c a t i o n  f o r  Freon hardware w i t h  easy  a c c e s s  f o r  maintenance.  The c h i e f  
drawback of t h e  i n s t a l l a t i o n  i s  t h e  b lockage  of t h e  f i e l d  of v iew of t h e  
high-gain  a n t e n n a  by t h e  r a d i a t o r .  For  t h i s  r e a s o n  t h i s  l o c a t i o n  was r e j e c t e d .  

C o n f i g u r a t i o n  4 r e p r e s e n t s  t h e  on ly  f e a s i b l e  remaining l o c a t i o n  f o r  
d e p l o y a b l e  r a d i a t o r s .  Docked t o  t h e  c o r e  module, a s l i g h t l y  l a r g e r  r a d i a t o r  
(700 s q u a r e  f e e t )  i s  r e q u i r e d  because  of t h e  r a d i a n t  i n t e r a c t i o n  w i t h  o t h e r  
s t a t i o n  modules.  T h i s  c o n f i g u r a t i o n  h a s  t h e  same advantages  as Conf igura t ion  
3 .  The pr imary  drawback of t h i s  o p t i o n  i s  i t s  u t i l i z a t i o n  of two docking 
p o r t s .  At t h e  t ime  of t h e  t r a d e o f f  t h e s e  p o r t s  were a v a i l a b l e ,  b u t  a  p o s s i -  
b i l i t y  of a l t e r n a t i v e  c a r g o  module b e r t h i n g  was under  examinat ion.  S i n c e  
t h a t  t ime  t h e s e  p o r t s  have been u t i l i z e d  by docked RAM'S which makes t h i s  
p lacement  academic.  However, s i n c e  t h i s  s i d e  docking p o r t  u t i l i z a t i o n  had 
n o t  y e t  been d e f i n e d ,  t h i s  concept  was c a r r i e d  through t o  t h e  end of t h e  
s t u d y  . 
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S i n g l e  Versus Dual Coolant  Loops 

I n  g e n e r a l ,  v e h i c l e s  t h a t  have  l a r g e  v a r i a t i o n s  i n  h e a t  l o a d  and a  d e s i r e  
t o  have no o ~ i e n t a t i o n  c o n s t r a i n t s  f o r  t h e r m a l  c o n t r o l  have a  d u a l  c o o l a n t  
loop system. A low f r e e z i n g  p o i n t  f l u i d  i s  used i n  r a d i a t o r s  t o  p r e v e n t  
f r e e z i n g .  However, t h e s e  low-temperature  c o o l a n t s  t end  t o  b e  t o x i c  i n  some 
c a s e s  and t h e r e f o r e  a  c o o l a n t  l i k e  w a t e r  i s  used i n  t h e  h a b i t a b l e  volumes. 
The c o n s i d e r a t i o n  t o  b e  g i v e n  h e r e  i s  a  b r i e f  i n v e s t i g a t i o n  of some p o t e n t i a l  
s i n g l e  c o o l a n t s  and a  comparison w i t h  s e v e r a l  dual - loop approaches  t o  de te rmine  
t h e  impact of t h e  l e s s  complex s i n g l e - l o o p  sys tems .  

The concep t s  s e l e c t e d  f o r  a c t i v e  t h e r m a l  c o n t r o l  c o n s i d e r a t i o n  i n c l u d e d  
b o t h  dual-  and s i n g l e - l o o p  approaches .  Tab le  2-22 shows t h e  r e s u l t s  of t h e  
f i g u r e  of m e r i t  review f o r  t h e  f o u r  ma jor  e v a l u a t i o n  c r i t e r i a .  The c o n c e p t s  
have been a r ranged  i n t o  dual-  and s i n g l e - l o o p  approacl-ies. The t a b l e  shows 
t h a t  s i n g l e - l o o p  c e n t r a l  c o n c e p t s  A-6 and A-7 s c o r e  t h e  b e s t  w i t h  t h e i r  b e s t  
s c o r i n g  i n  most i m p o r t a n t  p r imary  c r i t e r i a .  Th i s  s c o r i n g  j u s t i f i e d  f u r t h e r  
e v a l u a t i o n  of t h e  s i n g l e  loops .  

T a b l e  2-22. E v a l u a t i o n  Summary 

F l u i d  P r o v e r t i e s  and Reauirements  

E v a l u a t i o n  C r i t e r i a  

Absolute  - S a f e t y  
performance,  a v a i l a -  
b i l i t y  (18) 

Primary - C o s t ,  oper-  
a t i o n ,  d u r a b i l i t y ,  
f l e x i b i l i t y  (63) 

Secondary - Weight,  
power, volume, com- 
p l e x i t y  (19) 

T o t a l  (100) 

The d e s i r e d  c o o l a n t  r e q u i r e m e n t s  and p h y s i c a l  p r o p e r t i e s  a r e  shown on 
Tab le  2-23. The f r e e z i n g  p o i n t  w a s  e s t a b l i s h e d  a t  130 F by d e t e r m i n i n g  t h e  
lowes t  s t e a d y - s t a t e  t e m p e r a t u r e  w i t h o u t  a n  i n t e r n a l  h e a t  l o a d  on t h e  c v l i n d r i -  
c a l  s u r f a c e  of  a module w i t h  i ts  Z a x i s  p a r a l l e l  t o  t h e  l o c a l  v e r t i c a l .  A 
minimum f l a s h  p o i n t  of  400 F c o n s i s t e n t  w i t h  Apol lo  f l a m m a b i l i t y  r e q u i r e m e n t s .  
S i n c e  t h e  f l u i d  e n t e r s  t h e  h a b i t a b l e  volume i t  must b e  n o n t o x i c .  An in-depth  
f l u i d  e v a l u a t i o n  was n o t  accompl ished b u t  t h o s e  l i s t e d  a r e  among t h o s e  most 
f r e q u e n t l y  favored .  

I = Independent  
C = C e n t r a l  

S i n g l e  Coolant  

A-1  

I 

13.5 

33.7 

5 .2  

52.4 

Dual Coolant  

A-4 

C 

14.6  

40.7 

8.4 

63.7 

A-2 

I 

1 2 . 1  

35.0 

5.5 

52.6 

A-5 

C 

14.6 

43.5 

13.4  

71.5 

A-3 

I 

12.7  

42.7 

9.9 

65.3 

A-8 

C 

13.6  

41.4 

13.5 

68.5 

A-6 

C 

13.7 

49.8 

18.2 

81.5 

A-7 

C 

11 .8  

46.7 

16.5 

75.0 
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Tab le  2-23. Coolant P r o p e r t i e s  and Requirements 

P u m ~ i n g  Power C o n s i d e r a t i o n s  

Both t h e  pumping power and t h e  i n f l u e n c e s  on t h e  c o n f i g u r a t i o n  were 
e v a l u a t e d  f o r  s i n g l e -  and dual-loop c o n f i g u r a t i o n s .  The f i r s t  s t e p  was t o  
e s t a b l i s h  a  b a s e l i n e  plumbing c o n f i g u r a t i o n  u s i n g  w a t e r  a s  a  c o o l a n t  f o r  both  
i n t e r n a l  and e x t e r n a l .  With t h e  b a s e i i n e  c o n f i g u r a t i o n  and d iamete r  of tube ,  
t h e  o t h e r  f l u i d s  were  e v a l u a t e d  and t h e  r e q u i r e d  pumping power and p r e s s u r e  
l e v e l s  e s t a b l i s h e d .  I n  t h e  n e x t  s t e p ,  t h e  d e s i g n  p r e s s u r e  d r o p s  of 50-psi  
i n t e r n a l  and 10-ps i  e x t e r n a l  were h e l d  c o n s t a n t  and t h e  d iamete r  of tub ing  
was a l lowed t o  v a r y .  By corrlparing b o t h  t h e  f i x e d  plumbing c o n f i g u r a t i o n  and 
f i x e d  p r e s s u r e  d r o p ,  a n  i n d i c a t i o n  of i n f l u e n c e s  of s i n g l e  and d u a l  loops  
can be  e v a l u a t e d .  

F i g u r e  2-15 shows t h e  r e s u l t s  of b o t h  f i x e d  c o n f i g u r a t i o n  and f i x e d  p r e s s u r e  
drop a n a l y s e s .  Not ing f i r s t  t h e  f i x e d  c o n f i g u r a t i o n  c a s e ,  F i g u r e  2-15 shows 
t h a t  t h e  s i n g l e - l o o p  approaches  have much h i g h e r  power requ i rements  t h a n  d u a l  
loops .  The h i g h e r  powers a r e  a  r e s u l t  of t h e  h i g h  p r e s s u r e  d r o p s  shown f o r  t h e  
b a s e l i n e  plumbing c o n f i g u r a t i o n  caused by t h e  r e l a t i v e l y  low s p e c i f i c  h e a t s  of 
s i n g l e - l o o p  f l u i d s  shown on Tab le  2-23. The lower s p e c i f i c  h e a t  f l u i d s  w i l l  
r e q u i r e  from two t o  f o u r  t imes  as much flow a s  w a t e r  t o  accomplish  t h e  h e a t  
removal a t  t h e  same tempera tu re  l e v e l .  The d u a l  l o o p s ,  on t h e  o t h e r  hand, have 
much lower power r e q u i r e m e n t s  which r e s u l t  from t h e  u s e  of w a t e r  i n  t h e  
i n t e r n a l  loop.  I n  t h i s  c a s e ,  t h e  h i g h e r  p r e s s u r e s  r e s u l t  on ly  i n  t h e  e x t e r n a l  
loop.  

Coolant  Requirements : 

F r e e z i n g  p o i n t  4-130 F  
F l a s h  p o i n t  > 4 0 0  F  
T o x i c i t y  - None - , 

A& 
Cent 

p o i s e s  

0.8937 
9 .4  
1.746 
0.340 

c/=' 
( ~ t ~ / l b - O F )  

1 .0  
0.43 
0.45 
0.256 

F l u i d  

Water 
DC331 
DC200 
Freon 2 1  

F i g u r e  2-16 f o r  f i x e d  c o n f i g u r a t i o n  shows a l s o  t h a t  d u a l  loops  have much 
lower pumping power when independen t  v e r s u s  c e n t r a l  i s  c o n s i d e r e d .  The much 
l a r g e r  powers of t h e  independen t  i s  caused by t h e  l a r g e  number of independent  
sys tems.  F i g u r e  2-16 i n d i c a t e s  c l e a r l y  t h a t  from power s t a n d p o i n t  independent ,  
s i n g l e - l o o p  approaches  cannot  b e  t o l e r a t e d .  

P 
( l b / f  t3> 

62.4 
58.6 
54.47 
85.28 

F r e e z i n g  
P o i n t  

(OF) 

3  2 
-130 
-119 
-211 

F lash  
P o i n t  

(OF) 

None 
420 
175 

None 

(Nontoxic) 
T o x i c i t y  

None 
None 
None 

Conta inab le  
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Looking a t  t h e  f i x e d  p r e s s u r e  drop c a s e  f o r  c e n t r a l  sys tems ,  F i g u r e  2-15 
shows a g a i n  t h a t  a  h i g h e r  power l e v e l  w i l l  be  r e q u i r n d  by t h e  s i n g l e  loops .  
This d i f f e r e n c e -  500 t o  1000 w a t t s ,  does  n o t  appear  t o  be major .  The s i g n i f i -  
c a n t  f a c t o r  i s  shown under  t h e  column headed D. The d a t a  show t h a t  t h e  t u b i n g  
and hardware must be  a t  l e a s t  60-percent l a r g e r  t h a n  t h e  b a s e l i n e  c a s e  u s i n g  
wate r  i n  b o t h  t h e  i n t e r n a l  and e x t e r n a l  loops .  Again, t h e  l a r g e r  hardware i s  
only r e q u i r e d  i n  t h e  e x t e r n a l  loop of t h e  dual-loop c a s e s .  However, i f  t h e  
magnitude of t h e  f i x e d  hardware we igh t  i s  s m a l l ,  o r  weight  i s  n o t  a  key t rade-  
o f f  pa ramete r ,  t h e  l a r g e r  s i z e s  of hardware  r e q u i r e d  by t h e  s i n g l e  loop may 
n o t  be  s i g n i f i c a n t .  Th i s  f a c t o r  and t h e  impact  of l a r g e r  hardware can on ly  
be  e s t a b l i s h e d  once a  d e t a i l e d  s c h e m a t i c  w i t h  known l i n e  r o u t i n g  h a s  been 
e s t a b l i s h e d .  

The f i x e d  p r e s s u r e  drop c a s e  i l l u s t r a t e d  on F i g u r e  2-16 f o r  independent  
thermal  c o n t r o l  shows about  t h e  same e f f e c t s ,  i n  t h a t  t h e  s i n g l e  loop powers 
a r e  h i g h e r  than  d u a l  loops  and t h e  hardware  would be  expec ted  t o  be  l a r g e r  f o r  
b a s e l i n e  p r e s s u r e  d rops .  Comparing F i g u r e s  2-15 and 2-16, t h e  c e n t r a l  d u a l  
 loo^ a p ~ r o a c h  would b e  p r e f e r r e d  from a  ~ u m p i n g  power s t a n d p o i n t .  

Comvarison Summarv 

Tab le  2-24 shows t h e  comparison of t h e  f o l l o w i n g  f a c t o r s  between d u a l  
and s i n g l e  loops :  

1. Power - The pr imary power f a c t o r  i s  pumping power, where s i n g l e  
loops  i n  g e n e r a l  r e q u i r e  a p p r o x i m a t e l y ' t w o  t i m e s  t h a t  of a  d u a l  
loop when w a t e r  i s  used a s  a n  i n t e r n a l  loop  i n  t h e  dual-loop 
system. 

2. Weight - Use of o t h e r  f l u i d s  t h a n  w a t e r  i n  i n t e r n a l  loops  
r e s u l t s  i n  40 t o  60-percent i n c r e a s e  i n  hardware we igh t .  
T h i s  i s  caused by t h e  lower s p e c i f i c  h e a t s  of t h e s e  f l u i d s  
r e q u i r i n g  l a r g e r  f low r a t e s .  These l a r g e r  f lows  r e q u i r e  
l a r g e  hardware e lements  t o  a c h i e v e  r e a s o n a b l e  p r e s s u r e  d rops .  
There  i s  no weigh t  d i f f e r e n c e  i n  t h e  e x t e r n a l  loops .  

3 .  Volume - Like  t h e  we igh t ,  t h e  volumes of t h e  s i n g l e  loops  a r e  
g r e a t e r  t h a n  f o r  d u a l  l o o p s ,  due a g a i n  t o  t h e  h i g h  f lows i n  t h e  
i n t e r n a l  loop f o r  s p e c i f i c  h e a t  f l u i d s .  

4. Cost  - Costs  f o r  t h e  s i n g l e  l o o p s  a r e  lower because  t h e r e  i s  
l e s s  hardware r e q u i r e d  i n  t h e  s i n g l e  l o o p s ,  when t h e  same 
number of sys tems a r e  r e q u i r e d .  

5 .  Flammabi l i ty  - S i n g l e  loops  have a  p o t e n t i a l  f i r e  h a z a r d  when 
used i n  t h e  c a b i n  i f  t h e  c o o l a n t  can burn.  T h i s  f a c t o r  i s  one 
of t h e  major r e a s o n s  f o r  s e l e c t i n g  w a t e r  a s  an  i n t e r n a l  c o o l a n t .  
Other  f l u i d s  w i t h  f l a s h  p o i n t s  above 400 F were c o n s i d e r e d  
adequa te  f o r  a p p l i c a t i o n  t o  t h e  MSS. 
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T a b l e  2-24. S i n g l e  Versus Dual Loop Comparison 

C o n s i d e r a t i o n  

Power 

Weight 
I n t e r n a l  loop 

E x t e r n a l  loop 

Volume 

Cost  

S a f e t y  of I n t e r n a l  
LOOP 

Flammabi l i ty  

T o x i c i t y  

C o r r o s i o n  

M a i n t a i n a b i l i t y  

Amount 

Clean up 

C o m p a t i b i l i t y  w i t h  
ECLSS hardware 

R a d i a t o r  Area 

S i n g l e  

2 x  d u a l  

1 .4  t o  1.6 
(80 t o  100 lb/module) 
Same 

1 . 5  t o  1 .6  

26.7 

Conta in  DC plumbing 

Contain  i n t e r n a l  
c o o l e r  

None 

Nominal 

O i l s  h a r d  

O i l s  unknown 

1 

Dual 
I 

1 

1 

S ame 

1 

324  

Water 

Same 

Water 

Higher  

Water e a s y  

Water OK 

1.1 Zz 10 p e r c e n t  l a r g e r  
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6. T o x i c i t y  - From Tab le  2-22 i t  can b e  s e e n  t h a t  t h e  DC331 and DC200 
c o o l a n t s  a r e  n o n t o x i c .  Freon i s  t o x i c  t o  some e x t e n t  and t h e r e f o r e  
some conta inment  w i l l  b e  r e q u i r e d .  I n  a l l  c a s e s ,  i t  must be  
recogn ized  t h a t  p a r t  of t h e  c o o l a n t  t o x i c  p o t e n t i a l  must c o n s i d e r  
t h e  e f f e c t s  of vapors  a f t e r  p a s s i n g  through onboard c a t a l y t i c  
o x i d i z e r s .  I n  t h e  c a s e  of Freon 21, t h e  o x i d i z e r  o u t l e t  g a s e s  
c o n t a i n e d  n i t r i c  and h y d o f l o u r i c  a c i d  vapors .  No d a t a  a r e  a v a i l -  
a b l e  f o r  t h e  o t h e r  f l u i d s  l i s t e d  on Tab le  2-22, which i s  a n  
i m p o r t a n t  f a c t o r .  The t o x i c i t y  c o n s i d e r a t i o n  a l s o  i s  a  l a r g e  
f a c t o r  f o r  u t i i i z a t i o n  of  w a t e r  a s  t h e  i n t e r n a l  c o o l a n t .  

7 .  Cor ros ion  - The o i l - b a s e  DC f l u i d s  c o n s i d e r e d  have l i t t l e  o r  no 
c o r r o s i o n  p o t e n t i a l  when used w i t h  aluminum. Water i n  t h e  d u a l  
loop is  a  p o t e n t i a l  problem i f  i n h i b i t o r s  a r e  n o t  used.  I t  i s  
i n t e r e s t i n g  t o  know t h a t  i n  t h e  we igh t  comparison above aluminum 
t u b i n g  was c o n s i d e r e d  f o r  b o t h .  I f  t h e  c o r r o s i o n  problem were 
s e v e r e ,  s t a i n l e s s  s t e e l  may b e  r e q u i r e d  w i t h  w a t e r .  I n  t h i s  
s i t u a t i o n  t h e  we igh t  of t h e  s t a i n l e s s  s t e e l  i n t e r n a l  loop  would 
become g r e a t e r  t h a n  t h e  s i n g l e  loop  of aluminum. On a  program 
where weight  i s  a  p r imary  s e l e c t i o n  f a c t o r  t h e  c o r r o s i o n  f a c t o r  
could  become v e r g  s i g n i f i c a n t .  

8. Maintenance Ac t ions  - The d u a l  loops  w i l l  always r e q u i r e  more 
maintenance because  of t h e  g r e a t e r  amount of h igh  maintenance 
r o t a t i n g  machinery.  

9.  Cleanup - This  i s  a  d i f f i c u l t  pa ramete r  t o  c o n s i d e r  i n  d e t a i l  
w i t h o u t  t h e  a i d  of a  f u n c t i o n a l  sys tem and background d a t a .  
However, t h e  DC f l u i d s  a r e  of a n  o i l  b a s e  and a s  such  would be  
d i f f i c u l t  t o  c l e a n  up where a c c e s s  may be  l i m i t e d .  Water w i l l  
i n  t ime e v a p o r a t e  and u l t i m a t e l y  f i n d  i t s  way t o  t h e  humid i ty  
c o n t r o l  system. Freons  have t o  be  c o n t a i n e d  and vapors  v e n t e d  
overboard t o  p r e v e n t  t h e  p o t e n t i a l  t o x i c  haza rd .  I n  g e n e r a l ,  
w i t h  t h e  a d d i t i o n  of b a r r i e r s  f o r  Freon,  t h e  d u a l  l o o p s  appear  
t o  have d e s i g n  s o l u t i o n s  a v a i l a b l e ,  whereas t h e  Fmpact of o i l -  
b a s e  c o o l a n t  s p i l l a g e  c leanup  i s  n o t  y e t  c l e a r l y  d e f i n e d .  

10. ECLSS Hardware C o m p a t i b i l i t y  - A s  was t h e  c a s e  w i t h  c l e a n u p ,  
t h e  c o m p a t i b i l i t y  of o i l - b a s e  c o o l a n t s  and o t h e r  ECLSS hard-  
ware i s  mknown. The p r imary  concern  h e r e  i s  t h a t  i n  zero-g 
environment any s p i l l a g e  of c o ~ l a n t  may m i g r a t e  t o  t h e  atmos- 
p h e r i c  p r o c e s s i n g  hardware  (humid i ty  c o n t r o l  condense r ,  
c a t a l y t i c  b u r n e r ,  C02 removal,  and odor removal) .  The e f f e c t  
of t h e  l o s t  c o o l a n t  on t h i s  hardware  i s  unknown. Perhaps  
o i l - b a s e  c o o l a n t  i n  humid i ty  exchangers  would i m p a i r  s u r f a c e  
w e t t i n g  c h a r a c t e r i s t i c s  s u f f i c i e n t l y  t o  c a u s e  rep lacement .  
Water,  on t h e  o t h e r  hand,  i s  compat ib le  w i t h  atmosphere c o ~ l t r o l  
hardware i n  r e a s o n a b l e  q u a n t i t i e s .  I n  t h i s  a r e a ,  t h e  w a t e r  i n  
t h e  d u a l  loop a p p e a r s  t o  b e  t h e  b e t t e r  s o l u t i o n  t o  c o o l a n t  
s e l e c t i o n .  
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11. R a d i a t o r  Area - Noting F i g u r e  2-17, t h e  i n t e r c o o l e r  c a u s e s  
r a d i a t o r s  of t h e  d u a l  loop t o  o p e r a t e  a t  a  lower t empera tu re ;  
t h e r e f o r e ,  s l i g h t l y  more a r e a  i s  r e q u i r e d  t o  r e j e c t  t h e  same 
h e a t  load .  

Loop S e l e c t i o n  

The dual-loop approach was s e l e c t e d  on t h e  b a s i s  of (1 )  s l i g h t  advantages  
i n  weight  and power, (2)  s a f e t y  of nonflammable w a t e r  and Freon,  and ( 3 )  t h e  
known e f f e c t s  of w a t e r  and Freon on ECLSS hardware.  However, t h e  d e s i r a b l e  
advantages  of sys tem s i m p l i c i t y  and i n d i c a t e d  lower c o s t  of t h e  s i n g l e  c o o l a n t  
approach have been recognized .  I t s  pr imary d i s a d v a n t a g e  i s  t h e  l a c k  of 
knowledge a s s o c i a t e d  w i t h  t h e  impact  on o t h e r  subsystem hardware (ECLSS and 
e l e c t r o n i c s )  i n  t h e  e v e n t  of s p i l l a g e  o r  l o s s  of c o o l a n t  t h a t  becomes 
e n t r a i n e d  i n  t h e  c a b i n  atmosphere.  I n  o r d e r  t o  o b t a i n  a d d i t i o n a l  knowledge, 
t h e  s t u d y  and a p p l i c a t i o n  of s i n g l e  c o o l a n t s  have been  proposed a s  a  tech-  
nology development i tem. 

2.13 COMPARISON OF REMAINING OPTIONS 

The p r e v i o u s  s e c t i o n s  have p rov ided  c o n c l u s i o n s  t o  t h e  b e s t  a c t i v e  the rmal  
c o n t r o l  concep t s  f o r  t r a d e o f f  a g a i n s t  t h e  h y b r i d  and p a s s i v e  concep t s .  C e n t r a l  
plumbing systems a r e  d e f i n i t e l y  p r e f e r r e d  t o  independen t  c o n f i g u r a t i o n s .  S i n g l e  
f l u i d  l o o p s  a r e  of s i g n i f i c a n t l y  lower c o s t ;  however, a f l u i d  t h a t  meets a l l  
r equ i rements  cou ld  n o t  b e  i d e n t i f i e d .  T h e r e f o r e ,  a d u a l  water-Freon concep t  
was recommended f o r  t h e  s t u d y .  I t  now remains t o  d e c i d e  which concept  - 
p a s s i v e ,  h y b r i d ,  a c t i v e  o r  dep loyab le  - i s  t h e  b e s t  c a n d i d a t e  f o r  t h e  MSS. 

A f t e r  complet ing t h e  p r e l i m i n a r y  t r a d e o f f  comparison,  a d d i t i o n a l  promis- 
i n g  h y b r i d  TCA concep ts  were  i d e n t i f i e d .  Because of the l i m i t a t i o n  of a n  
independent  t h e r m a l  c o n t r o l  concep t ,  more emphasis was p l a c e d  on t h e  hybr id-  
t y p e  concepts  because  h e a t  l o a d  r e d i s t r i b u t i o n  cou ld  be  accomplished e a s i l y .  
These concep t s  a r e  shown i n  F i g u r e s  2-18, 2-19, and 2-20. F i g u r e  2-18 shows 
a b l o c k  diagram of a  d u a l  loop a c t i v e  h e a t  t r a n s p o r t  sys tem w i t h  r a d i a t o r  
t u b e s  r e p l a c e d  by h e a t  p i p e s .  T h i s  concep t  (Hybrid Concept A) i s  i d e n t i c a l  
t o  t h a t  examined d u r i n g  t h e  FOM e v a l u a t i o n .  Hybrid Concept B ( F i g u r e  2-19) 
e l i m i n a t e s  t h e  f low p r o p o r t i o n i n g  v a l v e  by u t i l i z i n g  v a r i a b l e  conductance h e a t  
p i p e s  (VCHP) i n  t h e  r a d i a t o r  p a n e l .  F i g u r e  2-21 p i c t o r i a l l y  d e p i c t s  an  i n s t a l l -  
a t i o n  on a  s t a t i o n  module of a VCHP r a d i a t o r  p a n e l .  P e n e t r a t i o n  of t h e  p r e s s u r e  
h u l l  can be  e l i m i n a t e d  by t h e  u s e  of h e a d e r  h e a t  p i p e s  (Hybrid Concept C) i n t e g -  
r a l  w i t h  t h e  p r e s s u r e  h u l l  t o  c a r r y  t h e  i n t e r n a l  h e a t  l o a d  t o  t h e  r a d i a t o r  
r e j e c t i o n  t o  s p a c e .  
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F i g u r e  2-18. Block Diagram - Hybrid  Concept A 
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F i g u r e  2-19. Block Diagram - Hybrid  Concept B 
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Figure 2-20. Hybrid Concept C 

Hybrid Concept B provides i n t e r e s t i n g  performance c h a r a c t e r i s t i c s .  
The VCHP can provide a r e a  c o n t r o l  t o  reduce r e j e t i o n  capac i ty  under low 
load condi t ions .  A s  t h e  temperature i n  t h e  hea t  p i p e  decreases  w i th  t h e  
coolant  temperature i n  t h e  f l u i d  loop header,  hea t  exchanger gas  from t h e  
VCHP r e s e r v o i r  expands reducing t h e  opera t ing  l eng th  of t h e  hea t  pipe.  
The r a d i a t o r  a r e a  i s  thereby  e f f e c t i v e l y  reduced. The gas i n  t h e  h e a t  p ipe  
can provide a  second func t ion  by tu rn ing  o f f  any p ipes  t h a t  a r e  n e t  
absorbers  i n s t ead  of r e j e c t o r s .  E f f e c t i v e  r a d i a t o r  a r e a  can b e  maximized 
au tomat ica l ly  by these  hea t  pipes.  A VCHP t h a t  becomes a  n e t  absorber  w i l l  
cause t h e  vapor i n  t h e  p ipe  t o  t r a v e l  toward t h e  i n t e r n a l  loop header.  
I n e r t  gas  from t h e  r e s e r v o i r  i s  en t r a ined  and t r a n s f e r r e d  t o  t h e  header end. 
By proper s i z i n g  t h e  hea t  p i p e  w i l l  be  f i l l e d  wi th  gas a t  t h e  con tac t  a r e a  
between t h e  VCHP and t h e  header hea t  exchanger, prevent ing hea t  t r a n s f e r  
i n t o  t h e  coolant  loop. The unique performance of t h i s  concept j u s t i f i e s  
f u r t h e r  s tudy and it is  a l s o  recommended a s  a  development i t e m .  

Hybrid Concept C can b e  u t i l i z e d  wi th  e i t h e r  Concept A o r  B. It 
b a s i c a l l y  r e p r e s e n t s  an  a l t e r n a t i v e  t o  t h e  l i q u i d  hea t  exchanger a s  t h e  
b a s i c  in te rchange  device  between t h e  r a d i a t o r  and t h e  i n t e r n a l  t r a n s p o r t  
loop. I n t e r n a l l y  generated hea t  i s  t r anspor t ed  by a c e n t r a l  h e a t  t r a n s p o r t  
loop t o  a  head hea t  p ipe  i n t e g r a l  w i t h ' t h e  p re s su re  h u l l .  The hea t  p ipe  
then t r a n s f e r s  a l l  t h e  hea t  t o  t h e  h e a t  p i p e  r a d i a t o r ,  e l imina t ing  any 
t r a n s p o r t  of f l u i d  o u t s i d e  of t h e  p re s su re  h u l l .  It is f e a s i b l e  t h a t  a  
s i n g l e  i n t e r n a l  water  loop can be  u t i l i z e d  wi th  t h i s  concept i f  t h e  header 
hea t  p ipe  i s  a  VCW. A s  t h e  temperature of t h e  header h e a t  p i p e  decreases ,  
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gas expands, reducing t h e  a c t i v e  r a d i a t o r  a r e a  and maintaining t h e  water  
above f reez ing .  This  l a s t  a l t e r n a t i v e  was not  explsred during t h e  s tudy 
because t h e  smal l  temperature d i f f e r e n c e  between t h e  c o n t r o l  po in t  and t h e  
f reez ing  po in t  of water .  It was es t imated  t h a t  t h e  s i z e  of t h e  gas  
r e se rvo i r  necessary  t o  cu t  o f f  enough r a d i a t o r  panel  t o  prevent  t h e  hea t  
p ipe  from dropping below 32 F over t h e  hea t  load range i d e n t i f i e d  was 
p roh ib i t i ve ly  l a r g e .  The header hea t  p ipes ,  by t h e i r  n a t u r e ,  a l s o  cause 
t h e  r a d i a t o r s  t o  ope ra t e  a t  a  uniform temperature which r e q u i r e s  l a r g e r  
r a d i a t o r  a r e a s  o r  s p l i t  high- and low-temperature r a d i a t o r s  t o  achieve t h e  
low temperature c o n t r o l  l e v e l s  requi red .  

F igure  2-22 shows t h e  cos t  e s t ima te s  f o r  t h e  candida te  TCA's. Act ive 
system cos t  d a t a  were based on comparative d a t a  from o t h e r  a c t i v e  thermal 
con t ro l  systems b u i l t  by NR on t h e  Apollo program. Cost ing on concepts 
u t i l i z i n g  hea t  p ipes  i s  based on ind iv idua l  hea t  p ipe  c o s t  e s t ima te s  
obtained from TRW. The e s t ima te s  should not  be viewed a s  abso lu t e  d o l l a r s ,  
bu t  a s  t r ends  which can be compared r e l a t i v e l y .  The c e n t r a l  and independent 
single-loop systems were t h e  cheapest  bu t  were r e j e c t e d  f o r  t e c h n i c a l  
reasons explained e a r l i e r .  The t o t a l l y  pas s ive  concepts  s u f f e r  from t h e  
same performance d e f i c i e n c i e s  of a l l  independent thermal c o n t r o l  concepts.  
Since t h e  e n t i r e  r a d i a t o r  must o p e r a t e  a t  t h e  l e v e l  of t h e  temperature 
con t ro l  des i r ed ,  high- and low-temperature r a d i a t o r  assemblies  were 
requi red ,  s i g n i f i c a n t l y  i nc reas ing  t h e  c o s t  and complexity of t h i s  opt ion.  
The most promising candida tes  remaining a r e  t h e  c e n t r a l ,  dual-loop, a c t i v e ,  
body-mounted r a d i a t o r ;  t h e  c e n t r a l ,  dua l  loop,  a c t i v e ,  deployable r a d i a t o r ;  
and t h e  hybrid ac t ive-pass ive  concepts .  

The deployable r a d i a t o r  concept was r e j e c t e d  because no p l ace  could be 
found t o  p l a c e  i t  on t h e  s t a t i o n  without  s i g n i f i c a n t  o p e r a t i o n a l  impact. 
This problem became more a c u t e  when t h e  cruciform s t a t i o n  conf igu ra t ion  was 
se lec ted .  No at tempt  was made t o  develop a  s t a t i o n  conf igu ra t ion  conducive 
t o  t h e  i n s t a l l a t i o n  of such a  concept;  i n s t e a d  i t  had t o  be  compatible wi th  
a  design dr iven  by more important  cons ide ra t ions  than  thermal  con t ro l .  This  
concept had t h e  a d d i t i o n a l  drawback of s i g n i f i c a n t l y  a f f e c t i n g  t h e  weight 
of t h e  s t a t i o n  module t o  which it was a t t ached ,  thereby l i m i t i n g  t h e  
hardware a l l o c a t e d  t o  t h a t  module when launched. From a thermal  c o n t r o l  
s tandpoin t  i t  was t h e  only concept t h a t  was i n s e n s i t i v e  t o  v e h i c l e  a t t i t u d e  
and coa t ing  degradat ion,  bu t  t h e s e  v i r t u e s  became academic when no p l ace  
f o r  i t s  i n s t a l l a t i o n  could be i d e n t i f i e d  on t h e  MSS. 

The dec i s ion  between dua l  a c t i v e  and t h e  hybrid concepts  hinged on 
whether t h e  10-percent i nc rease  i n  c o s t  j u s t i f i e d  replacement of t h e  
r a d i a t o r  f l u i d  tubes  w i t h  hea t  p ipes  and whethermother  i n c r e a s e  of 1 3  
percent  was j u s t i f i e d  t o  e l i m i n a t e  t h e  flow propor t ion ing  v a l v e  of t h e  
a c t i v e  loops. 

The hybrid r a d i a t o r  panel  ope ra t e s  i n  t h e  same manner a s  t h e  a c t i v e  
r a d i a t o r .  High-temperature coo lan t  a t  t h e  r a d i a t o r  i n l e t  w i l l  cause t h e  
l o c a l  hea t  p i p e  t o  o p e r a t e  a t  a  h igh  temperature.  Heat p i p e  temperatures  
w i l l  decrease  a s  t h e  f l u i d  moves a c r o s s  t h e  r a d f a t o r .  I n  t h i s  way t h e  
disadvantages of a uniform temperature r a d i a t o r  t y p i c a l  of hea t  p ipe  
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concep ts  is e l i m i n a t e d  (i.e., l a r g e r  r a d i a t o r  a r e a  t o  a c h i e v e  t h e  same h e a t  
r e j e c t i o n )  . 

Pfeteoroid p u n c t u r e  p r o t e c t i o n  is  t h e  major b e n e f i t  t h a t  Concept A 
s e t  o u t  t o  ach ieve .  U n f o r t u n a t e l y  i t  d i d  n o t  s i g n i f i c a n t l y  improve t h e  
punc ture  p r o t e c t i o n  o v e r  t h e  a c t i v e  concep t .  The h e a t  p i p e  t u b e s  a l l o w  t h e  
l o s s  of a r a d i a t o r  t u b e  w i t h o u t  t h e  l o s s  of t h e  e n t i r e  r a d i a t o r .  The a c t i v e  
concept r e q u i r e s  armor on each t u b e  t o  reduce  t h e  p o t e n t i a l  f o r  t h i s  f a i l u r e .  
Although t h e  h y b r i d  concept  s o l v e s  t h e  t u b e  punc ture  problem, a header  
h e a t  exchanger p u n c t u r e  problem r e p l a c e s  i t .  The armor requ i rements  f o r  t h e  
header  h e a t  exchanger a r e  approx imate ly  t h e  same a s  f l u i d  t u b e s  and,  
t h e r e f o r e ,  v e r y  l i t t l e  weight  s a v i n g s  o c c u r s .  T h e r e f o r e ,  t h e  a d d i t i o n a l  
e x p e n d i t u r e  f o r  t h e  h e a t  p i p e  r a d i a t o r  d i d  n o t  buy improved performance.  
A c t u a l l y ,  a s l i g h t  p e n a l t y  o c c u r s  i n  t h e  l o s s e s  from t h e  h e a t  exchanger 
t o  t h e  h e a t  p i p e  p a n e l ,  r e q u i r i n g  i n c r e a s e d  r a d i a t o r  a r e a  over  a r a d i a t o r  
i n  which t h e  f l u i d  f lows  d i r e c t l y .  

S i n c e  t h e  10-percent  e x p e n d i t u r e  f o r  t h e  h y b r i d  h e a t  p i p e  r a d i a t o r  
concept  cou ld  n o t  b e  j u s t i f i e d ,  Hybrid Concept B had t o  j u s t i f y  t h e  f u l l  
23-percent p r i c e  i n c r e a s e  o v e r  t h e  d u a l ,  c e n t r a l  a c t i v e  concept .  S ince  
t h i s  concept  o n l y  e l i m i n a t e d  a f low p r o p o r t i o n i n g  v a l v e ,  t h e  e x p e n d i t u r e  
does  n o t  seem j u s t i f i e d .  I n  a d d i t i o n ,  s e l e c t i o n  of t h i s  hybr id  concept  
would exchange development of a r a d i a t o r  p a n e l  based on a h e a t  p i p e  concept  
t h a t  i s  s t i l l  be ing  developed w i t h  a v a l v e  c o n t r o l  assembly t h a t  h a s  
s u c c e s s f u l l y  f lown on every  manned Apollo f l i g h t .  C l e a r l y  t h e  development 
r i s k  and t h e  a d d i t i o n a l  e x p e n d i t u r e  a r e  n o t  j u s t i f i e d .  

Ln c o n c l u s i o n ,  the dual- loop,  c e n t r a l ,  a c t i v e  the rmal  c o n t r o l  concept  
i s  t h e  lowes t  c o s t  concept  t h a t  mee t s  a l l  of t h e  e n g i n e e r i n g  requ i rements  
d e f i n e d .  It i s  a sys tem w i t h  a h i g h  c o n f i d e n c e  o f  s u c c e s s f u l  development 
by i n c o r p o r a t i n g  c o n c e p t s  w i t h  proven performance.  A dual-loop, water-  
f r e o n ,  a c t i v e  the rmal  c o n t r o l  concept i s  i l l u s t r a t e d  i n  F i g u r e  2-23. 

S i g n i f i c a n t  c o n c l u s i o n s  reached d u r i n g  t h e  s t u d y ,  i n  a d d i t i o n  t o  t h e  
s e l e c t i o n  of a the rmal  c o n t r o l  concept  f o r  t h e  MSS, a r e :  

1. Single- loop a c t i v e  c o n c e p t s  o f f e r  t h e  cheapes t  the rmal  c o n t r o l  
c o n c e p t s ;  however, a t r a n s p o r t  f l u i d  t h a t  meets  a l l  performance 
r e q u i r e m e n t s  wi thou t  p o t e n t i a l  e f f e c t  on t h e  o p e r a t i o n  of o t h e r  
subsystems cou ld  n o t  be  found. 

2. Independent  a c t i v e  the rmal  c o n t r o l ,  i n  which each module h a s  i t s  
own assembly,  i s  more c o s t l y ,  l e s s  f l e x i b l e ,  and l e s s  r e l i a b l e  
t h a n  a c e n t r a l i z e d  the rmal  c o n t r o l  concept .  It is f e a s i b l y  o n l y  
when c o r e  modules have v e r y  low h e a t  r e j e c t i o n  requ i rements  and 
subsystem a l l o c a t i o n  among modules i s  c o n s t r a i n e d  by t h e  h e a t  
r e j e c t i o n  c a p a b i l i t y  of each module. 

3 .  Deployable  r a d i a t o r s  s i n g u l a r l y  o f f e r  s o l u t i o n s  t o  most of t h e  
weaknesses of o t h e r  thamal. c o n t r o l  concep t s .  T h i s  concep t  i s  
t o t a l l y  i n s e n s i t i v e  t o  v e h i c l e  o r i e n t a t i o n  and the rmal  c o a t i n g  
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d e g r a d a t i o n .  It can  b e  r e p l a c e d  wi thou t  a f f e c t i n g  t h e  b a s i c  
f u n c t i o n  of t h e  s p a c e  s t a t i o n  a l l o w i n g  maintenance t o  occur  e a s i l y  
on t h e  ground. A body-mounted r a d i a t o r  r e q u i r e s  a  d u p l i c a t e  
s t a t i o n  module t o  p r o v i d e  t h e  same f l e x i b i l i t y .  

4. P a s s i v e  concep t s  o f f e r  h i g h  r e l i a b i l i t y  and s i m p l i c i t y  o f  c o n t r o l .  
E f f e c t i v e  r e j e c t i o n  area c a n  b e  s e l e c t e d  by s h u t t i n g  down 
i n e f f e c t i v e  r a d i a t o r  t u b e s  a u t o m a t i c a l l y  by u s i n g  g a s - f i l l e d  h e a t  
p i p e s .  E l i m i n a t i o n  o f  p r e s s u r e  h u l l  p e n e t r a t i o n s  i s  a l s o  f e a s i b l e  
w i t h  t h e  a i d  of h e a t  p i p e s .  However, p o t e n t i a l l y  h i g h  development 
c o s t s  f o r  t h i s  c l a s s  of concep t s  a r e  n o t  c o n s i s t e n t  w i t h  t h e  low 
c o s t  o b j e c t i v e s  of t h e  modular s p a c e  s t a t i o n .  

5. Emphasis on c o s t  a s  a  s e l e c t i o n  c r i t e r i a  s i g n i f i c a n t l y  f a v o r s  
p r e v i o u s l y  developed concep ts  o v e r  more i n n o v a t i v e  b u t  undeveloped 
concep ts .  
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3. MANIPULATOR ANALYSIS 

The o b j e c t i v e  of t h e  a n a l y s i s  was t o  s e l e c t  and d e f i n e  a  manipu la to r  
concept t o  accomplish o n - o r b i t  IISS system b u i l d u p  and r o u t i n e  o p e r a t i o n s .  The 
a n a l y s i s  o f  module d i r e c t  docking v e r s u s  b e r t h i n g  (manipu la t ion)  i s  c o n t a i n e d  
i n  Volume V ,  Conf igura t ion  A n a l y s i s  (SD 71-217-5), of t h e  MSS P r e l i m i n a r y  
System Design r e p o r t .  

A t h r e e - s t e p  approach (F igure  3-1) was u t i l i z e d  i n  t h i s  a n a l y s i s .  The 
f i r s t  s t e p  invo lved  t h e  conduct of a  manipu la to r  su rvey ,  t h e  e s t a b l i s h m e n t  of 
c a p a b i l i t y  p l a t e a u s ,  and d e f i n i t i o n  of g e n e r i c  manipu la to r  d e s i g n  and per-  
formance requ i rements .  The second s t e p  invo lved  t h e  d e f i n i t i o n  of t h e  opera-  
t i o n a l  and o v e r a l l  d e s i g n  requ i rements  f o r  a n  MSS manipu la to r .  The f i n a l  s t e p  
involved s y n t h e s i z i n g  and e v a l u a t i n g  t h e  manipu la to r  concep t s  l e a d i n g  t o  t h e  
d e f i n i t i o n  of t h e  s e l e c t e d  manipu la t ion  concept .  The b a s e l i n e  s h u t t l e  o r b i t e r  
used i n  t h e  a n a l y s e s  and e v a l u a t i o n  had two 60-foot long m a n i p u l a t o r s  (F igure  
3-2). The two m a n i p u l a t o r s  were c o n t r o l l e d  by o p e r a t o r s  i n  t h e  o r b i t e r .  

3 . 1  GENERIC DEFINITIONS (STEP 1 )  

The purpose  of t h e  f i r s t  s t e p  of t h e  manipu la to r  s t u d y  approach was t o  
p rov ide  f a m i l i a r i z a t i o n  w i t h  t h e  u s e s ,  a p p l i c a t i o n s ,  and development s t a t u s  o f  
manipu la to rs .  The g e n e r a l  manipu la to r  su rvey  i n c l u d e d  a l i t e r a t u r e  s e a r c h ,  
exposure  t o  t h e  e x p e r i e n c e  of o t h e r  o r g a n i z a t i o n s ,  and t h e  a c t u a l  o p e r a t i o n  of 
t y p i c a l  m a n i p u l a t o r s  c u r r e n t l y  i n  s e r v i c e .  The pr ime documents t h a t  were 
u t i l i z e d  i n  t h e  s t u d y  are l i s t e d  i n  Tab le  3-1. 

Advantage was t aken  of NR's e x p e r i e n c e  w i t h  t h e  d e s i g n ,  manufacture ,  and 
o p e r a t i o n  of underwater  m a n i p u l a t o r s  and t e l e o p e r a t o r s ,  as w e l l  as t h e  opera-  
t i o n s  e x p e r i e n c e  of t h e  Atomics I n t e r n a t i o n a l  D i v i s i o n  i n  t h e  d i sassembly  of 
r e a c t o r s  by u s e  of m a n i p u l a t o r s  and t e l e o p e r a t i o n  systems. Space s t a t i o n  s tudy  
p e r s o n n e l  ga ined  f i r s t - h a n d  e x p e r i e n c e  by o p e r a t i n g  s e v e r a l  m a n i p u l a t o r s  and 
t e l e o p e r a t o r  sys tems i n  u s e  a t  t h e  Atomics I n t e r n a t i o n a l  D i v i s i o n .  

Manipu la to r  sys tems g e n e r i c a l l y  have t h r e e  major  a s s e m b l i e s  o r  e lements :  
a s u p p o r t  p l a t f o r m ,  a r i t c u l a t e d  arms, and t o o l s .  Power, command, and c o n t r o l  
c a p a b i l i t y  must be p rov ided  f o r  e a c h  assembly.  The s u p p o r t  p l a t f o r m s  maneuver 
t h e  a r m  a s s e m b l i e s  i n t o  a  p o s i t i o n  t o  pe r fo rm t h e  d e s i r e d  o p e r a t i o n s  and a r e  
c h a r a c t e r i s t i c a l l y  l a r g e  a s s e m b l i e s  w i t h  c o a r s e l y  c o n t r o l l e d  motion.  Manipu la to r  
system arms produce t h e  t o o l  p o s i t i o n i n g  mot ions  and f o r c e s  and have m u l t i p l e  
d e g r e e s  o f  freedom; from t h r e e  i n  s imple  sys tems t o  as many as e i g h t  i n  complex 
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Figure 3-1. Manipulator Analysis Approach 
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Figure 3-2. Baseline Shuttle Manipulator 
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Table  3-1. P r i n c i p a l  Manipu la to r  L i t e r a t u r e  

s o p h i s t i c a t e d  i n s t a l l a t i o n s .  The c o n t r o l  and s k i l l  r equ i rements  and mechaniza- 
t i o n  complexi ty  i n c r e a s e s  p r o p o r t i o n a l l y  t o  number of d e g r e e s  o f  freedom. Tools  
p rov ide  t h e  clamping, t o r q u e i n g ,  o r  a t t a c h i n g  i n t e r f a c e  at  t h e  end o f  t h e  arms 
and a r e  c h a r a c t e r i s t i c a l l y  p r e c i s i o n  c o n t r o l l e d  assembl ies .  

T i t l e  

A Study of  T e l e o p e r a t o r  Tech- 
nology, Development and 
Experiment Programs f o r  Manned 
Space F l i g h t  A p p l i c a t i o n s  - 
F i n a l  Report ,  Volume 2,  
Techn ica l  Volume 

T e l e o p e r a t o r s  and Human 
Augmentat i o n ,  An AEC-NASA 
Technology Survey 

ANL Consu l tan t  Support  f o r  
D e f i n i t i o n  of Experiment 
Program i n  Space Opera t ions ,  
Techniques and Subsystems 
( Independent  Manned 
Manipula tor  - IMM) Volume 11, 
Technica l  Report  

Optimum Underwater Manipu la to r  
Systems f o r  Manned Submersibles--  
. F i n a l  Study Report  

Performance c h a r a c t e r i s t i c s  of p a s t  and e x i s t i n g  m a n i p u l a t o r s  were i n v e s t i -  
g a t e d  and grouped i n t o  s p e c i f i a b l e  pa ramete rs .  The performance paramete rs  f o r  
a  g e n e r i c  m a n i p u l a t o r  which are r e q u i r e d  t o  be s p e c i f i e d  t o  proceed w i t h  d e s i g n  
a r e  i d e n t i f i e d  i n  F i g u r e  3-3. S p e c i f i c a t i o n  of most of t h e s e  pa ramete rs  a r e  
n o t  r e q u i r e d  u n t i l  d e t a i l  d e s i g n  i n  Phase  C. 

I n  t h e  MSS system b e r t h i n g  o r  docking,  e x t e r n a l  i n s p e c t i o n  and maintenance,  
and o t h e r  e x t e r n a l  o p e r a t i o n s  were c a n d i d a t e  m a n i p u l a t o r  f u n c t i o n s .  S ince  t h e  
b a s e l i n e  s h u t t l e  had manipu la t ion  c a p a b i l i t y ,  a l l o c a t i o n  of t h e s e  f u n c t i o n s  t o  
e i t h e r  t h e  s h u t t l e  o r  s t a t i o n  o r  t h e  b o t h  e s t a b l i s h e d  a m a t r i x  of o p e r a t i o n a l  
a l t e r n a t i v e s  (F igure  3-4). 
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Figure 3-3. Manipulator Performance Parameters 

Figure 3-4. Manipulator Operations Allocation Alternatives 
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Berthing t h e  s h u t t l e  t o  t h e  s t a t i o n  may be performed by manipula tors  on 
e i t h e r  t he  s t a t i o n  o r  s h u t t l e .  For e i t h e r  choice,  t he  remaining f u n c t i o n s  a r e  
op t iona l .  Design p l a t e a u s  1 and 2 e s t a b l i s h e d  an approach i n  which t h e  
remaining func t ions  would be t o  b e r t h  modules and packages t o  t h e  s t a t i o n  
ope ra t i ona l  Levels  I1 and 111. Design p l a t e a u s  4  and 5  extended t h e  remaining 
func t ions  t o  i nc lude  c a p a b i l i t y  t o  perform ope ra t i ona l  Levels I V  and V. A t  
t he se  l e v e l s  t h e  design complexity and c o n t r o l  s o p h i s t i c a t i o n  were expected t o  
be s i g n i f i c a n t l y  g r e a t e r  than a t  Levels  I1 o r  111. 

An o p e r a t i o n a l  a l t e r n a t i v e  was a l s o  i d e n t i f i e d  and a  des ign  p l a t e a u  
e s t a b l i s h e d  f o r  performing module and package be r th ing  wi th  t h e  s h u t t l e  s t a t i o n -  
keeping (not  a t t ached  t o  t h e  s t a t i o n ) .  The design p l a t eau  3  r e q u i r e s  performing 
only Level I1 and 111 opera t ions .  

I n i t i a l l y ,  f o u r  gene r i c  t ypes  of manipulator  systems were cons idered  f o r  
i nco rpo ra t i on  i n t o  t h e  modular s t a t i o n  design.  The fou r  were c h a r a c t e r i z e d  
by d i f f e r e n c e s  i n  the  suppor t  p la t form concept f o r  t h e  manipulator  arms: (1) 
f i x e d  mount, o r  b u i l t  i n t e g r a l  t o  t h e  s t a t i o n  modules; (2)  ber thed  a t  p o r t s  on 
t h e  s t a t i o n  modules; (3) self-movable package mount, a t t a c h a b l e  a t  m u l t i p l e  
l o c a t i o n s  on the  s t a t i o n ;  and (4) a  f r ee - f ly ing  support  platform.  The f i r s t  
t h r e e  concepts  a r e  i l l u s t r a t e d  i n  F igure  3-5. The complexity and p o t e n t i a l  
development c o s t  of t h e  f r ee - f ly ing  concept d id  n o t  appear t o  be i n  consonance 
wi th  t he  program ob jec t ive .  Fu r the r  s tudy  of t h i s  concept was d e f e r r e d  u n t i l  
requirements  were e s t a b l i s h e d  and t h e  adequacy of t h e  o the r  s imp le r  approaches 
were evaluated.  
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The f i x e d  mount and b e r t h e d  mount concep t s  e s t a b l i s h e d  d i f f e r e n t  approaches  
t o  m a n i p u l a t o r  arm a t t achment  which a f f e c t  maintenance and replacement  r e q u i r e -  
ments  a s  v e i l  a s  manipu la to r  d e l i v e r y  and assembly o p e r a t i o n s .  The number and 
l o c a t i o n  of arms r e q u i r e d  throughout  t h e  s t a t i o n  l i f e t i m e  must be  determined 
w i t h  e i t h e r  concep t .  However, be r thed  mount concep t  a l l o w s  l o c a t i o n  change a s  
s t a t i o n  modules a r e  added f o r  growth,  i f  c o n c u r r e n t  o p e r a t i o n s  a r e  n o t  r e q u i r e d .  
The se l f -movable  package mount h a s  t h e  c a p a b i l i t y  t o  r e l o c a t e  t h e  p r imary  
s u p p o r t  p l a t f o r m  u s i n g  i t s  own manipu la to r  arms. Because of t h e  a d d i t i o n a l  
complex i ty  of dual-end c o n t r o l ,  t h e  s t u d y  of t h i s  concep t  was d e f e r r e d  u n t i l  
t h e  adequacy of t h e  s i m p l e r  approaches  were determined.  

3.2 IDENTIFICATION OF OPERATIONAL AID OVERALL DESIGN REQUIREMENTS (STEP 2)  

The o b j e c t i v e  of t h i s  s t e p  was t o  de te rmine  t h e  o p e r a t i o n a l  and d e s i g n  
r e q u i r e m e n t s  i n  s u f f i c i e n t  d e t a i l  s o  t h a t  m a n i p u l a t i o n  c o n c e p t s  could  be d e f i n e d  
and a l t e r n a t e  d e s i g n s  s y n t h e s i z e d  and e v a l u a t e d .  T h i r t y - t h r e e  p o t e n t i a l  s t a t i o n  
m a n i p u l a t o r  a p p l i c a t i o n s  had been i d e n t i f i e d .  The o p e r a t i o n a l  f u n c t i o n s  and 
m a n i p u l a t i o n  c h a r a c t e r i s t i c s  were e s t a b l i s h e d  f o r  e a c h  of t h e s e  (Table 3-2). 

Many of t h e s e  c a n d i d a t e  a p p l i c a t i o n s  were a s s o c i a t e d  w i t h  o p e r a t i o n s  a t  
p l a t e , a u s  4 and 5. The implementat ion of t h e s e  l e v e l s  i n v o l v e s  t h e  use  of 
s p e c i a l  t o o l s  a s  w e l l  a s  p o t e n t i a l l y  r e q u i r i n g  s p e c i a l  c o n t r o l ,  v iewing,  and 
r e a c h .  S i n c e  s t a t i o n  d e s i g n  s o l u t i o n s  were a v a i l a b l e  f o r  t h e s e  as an a l t e r n a t i v e  
t o  m a n i p u l a t i o n ,  i n v e s t i g a t i o n  of performance r e q u i r e m e n t s  f o r  Leve l s  I V  and V 
were  postponed u n t i l  system e v a l u a t i o n s  of t h e  a l t e r n a t i v e  d e s i g n s  f o r  Leve l s  
I ,  11, and 111 w e r e  completed.  

A s e t  of p r e l i m i n a r y  performance c h a r a c t e r i s t i c s  was g e n e r a t e d  f o r  each 
of t h e  d e s i g n  p l a t e a u s  f o r  o p e r a t i o n s  a t  Leve l s  I ,  11, and 111. The perform- 
c h a r a c t e r i s t i c s  f o r  1 0  d e s i g n  paramete rs  a r e  g i v e n  i n  Tab le  3-3 f o r  bo th  a  
s t a t i o n  and a  s h u t t l e  manipu la to r .  

A d e s i g n  and o p e r a t i o n a l  a l t e r n a t i v e  was whether  t o  b e r t h  t h e  s t a t i o n  and 
s h u t t l e  t o g e t h e r  and t h e n  con t inue  m a n i p u l a t i o n  o p e r a t i o n s  o r  t o  m a n i p u l a t e  
modules and packages  from t h e  s h u t t l e  c a r g o  bay t o  t h e  s t a t i o n  whi le  t h e  s h u t t l e  
was s t a t i o n k e e p i n g  n e a r  t h e  s t a t i o n .  The s t a b i l i z a t i o n  and c o n t r o l  of t h e  
combined s h u t t l e - s t a t i o n  assembly was a key i s s u e .  C o n f i g u r a t i o n  and sub- 
sys tem a n a l y s e s  e s t a b l i s h e d  c o n t r o l  concep t s  and showed t h a t  by u t i l i z i n g  
t h e  p r i n c i p a l  a x i s  f l i g h t  mode, p r o p e l l a n t  budget  r e q u i r e m e n t s  f o r  p e r i o d i c  
o p e r a t i o n s  would n o t  be  s i g n i f i c a n t .  Cons ider ing  t h i s  c a p a b i l i t y  and t h e  
performance c o m p l e x i t i e s ,  manipu la t ion  from t h e  s t a t i o n k e e p i n g  mode was d e f e r r e d  
from f u r t h e r  c o n s i d e r a t i o n .  Only m a n i p u l a t i o n  of modules o r  packages between 
v e h i c l e s  w h i l e  b e r t h e d  t o g e t h e r  would be c o n s i d e r e d  as an  o p e r a t i o n a l  mode. 

Requirements  f o r  v ie t j ing t h e  m a n i p u l a t i o n  o p e r a t i o n s  u e r e  i n v e s t i g a t e d .  
Two d i f f e r e n t  phases  of t h e  o p e r a t i o n s  produced v i e k i n g  requ i rements .  The 
f i r s t  was f o r  o p e r a t o r  c o n t r o l  o f  d e t a i l e d  o r  p r e c i s i o n  a c t i o n s  of t h e  arm 
t i p  and t o o l s .  The second was f o r  broader  o r  s p a t i a l  v iews of a r e a s  surround- 
i n g  l a r g e - s c a l e  movement o f  modules and packages.  A t y p i c a l  viewing concept  
of t h e  f i r s t  t y p e  of requirement  i s  shown i n  F i g u r e  3-6. Two views of t h e  
o p e r a t i o n  were p r e f e r r e d  by o p e r a t o r s  of c u r r e n t  m a n i p u l a t o r s .  D i r e c t  views of 
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T a b l e  3-2. M a n i p u l a t o r  Cand ida te  A p p l i c a t i o n s  
. . 

Station Operations 
Assemble HGA 
Deploy HGA dish 
Open close docking port 

covers 

Open close window covers 
Deploy retrieve FF RAMS 
Deploy retrieve subsatel 
Experiment support 
EVA rescue 
Solar array orient backup 
Transfer f lu ids 
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Crew cargo module 
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Crew cargo module 

(station to shuttle) 
Berth free-flying RAM's  
Station modules-buildup 
Reconfigure 

Periodic Maint. and Supply 
Clean windows 
Replace film, tapes, etc. 

Repair or Replace 
Radiators 
Meteoroid bumpers 
Insulation 
RCS packages 
Cryo tanks 
Omn i antennas 
HGA assemblies 
Windows 
Docking ports 
External skin 
Experiment packages 
Solar panels & assemblies 
Disassemble hardware 

Inspect 
Station exterior 
Shutt le heat shield 
RAM'S 
Station environment 

CI 

$ 

s - 
u - 

X 

X 

X 
X 
X 

X 
X 

h 
Y 

'L 

n 

X 
X 

X 

X 
X 

X X X  
X 
X 
X 
X 
X 

& a ,  
m X , - L  

a , G U  

X X X  

X 
X 

X 

X 

X 
X 

X 
X 
X 
X 
X 

X 

X 
X X X  

L 

e % E i s 2  

X 

s 
0 . - 
u 
U 
8 
3 

LL 
21 .- Y 
L 

Y a, 
x  

g g  

X 
X 

X 

X 

X 
X 
X 
X 

X 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

a, 

X 

X 

X 

X 

X 

X 

X 

X 
X 
X 

> 
o 
r 

X X  

X 

X 

X 
X 

X 

X 
X 
X 
X 
X 
X 

X X  
X 
X 

m 
3 

. % ~ ~ E E P B ~ ; %  

X 

X X X X  

X 

x X  
- , O  - 

aJ > 
o 
r 
rn 

X 

X 

X 

X 

L 

73 
z o  
.-I 

a , k  

m a ,  

X 

X 
X 
X 
X 

X 
X 

a , z z z  
- - J g x a , - 3  

2 

X 
X 

X 

X 

X 
X 

X 
X 

0, 

r ~ 4 ~ ~ I w c n a 3 c t z r > Z z : ;  

X 

X 

X 

X 

X 

X 

4 

a J L L  

0 

X 
X 

X 

X 
X 
X 

X 
X 

X 

X 

X 
X 

X 
X 

X X X  
X X X  
X X X  
X X X  
X X X  

X 

X 
X X X  
X X X  

X 
X 

a, 
Y 
m  

s g  

$ < ' > i ; " "  

X 
X 

X 

X 

X 

X 
X 

u 
0 
0 

a, 

2 

v, 
4 

X 
X 

X 

X 

X X X X X X  

X 
X 

X 

X 
X 
X 
X 
X X  
X 

r r g m  " 
: , q , q ~ m  

" $ 3  
a , , g m  

X 
X 

s >  

X 
X 

X 

X 
X 
X 

X 
X 
X 

X 

X 

X 
X 

X 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 
X 



Space Division 
North American Rockwell 

Table 3-3. Manipulator Performance Characteristics (Design Plateau 1) 

Design Parameter 

Working volume 

Load rating 

Tool degrees of 
freedom 

Posit ion accuracy 

Stabil i ty 
(deadband) 

Se~is i t iv i ty  

Tools 

Viewing requirements 

Touch and feel 

Grip force 

*Values at  35-foot arm length (typical) 

Performance 

Station M;mipulator 

Shuttle cargo bay to module/package 
Berthing position 

Maximum torque - 3 8 5  f t  Ib 
Maximum speed (hand) = 0 . 1 6 7  fps 
Maximum speed (berthing contact) = 

0.167 fps 
Hand/wrist rotation rate = 0 .25  to 

0 .5  0 deg/sec 
Maximum module/package weight = 

2 5 , 0 0 0  Ib 
* Acceleration/dec leration = 5 0.01414 ft/sec 
* Time to reach maximum 

speed = 11.8 sec 

None 

Hand = f 2 inches 
Berthing interface package = f 2 in. 

module = f 6 in. 
Berthing misalignment = 1 deg (max) 

Hand = k 0 . 5  in. to f 1 in. 
Berthing interface package = f 1 in. 

module = k2 .5  in. 

Holding clamp(s) only 
No interchanges 

Hand interface 
Modulejpackage berthing interface 

Hand contact/engagement indicator 
Module/package berthing indicator 

High ("vise grip") 

Characteristics 

Shuttle Manipulator 

Shuttle to station attach point 
Shuttle stationkeeping posit ion-T BD 

Maximum torque - 3 8 5  ft Ib 
Maximum speed (hand) = 0.167 fps 
Maximum speed (berthing contact) = 

0.167 fps 
Hand/wrist rotation rate = 0 .25  to 

0 . 5 0  deg/sec 
Maximum vehicle weight = 

2 5 0 , 0 0 0  Ib 
* Acceleration/deceleration = 

0 . 0 0 1 4 1 4  ft/sec2 
* Time to reach maximum 

speed = 188 sec 

None 

Hand = +2 inches 
Berthing interface = f 6 in. 

Berthing misalignment = 1 deg (max) 

Hand = f 0.5 in. to f 1 in. 
Berthing interface = f 2 .5  in. 

Holding clamp(s) only 
No interchanges 

Hand interface 
Berthing interface 

Hand contact/engagement indicator 
Shuttle berthing indicator 

High ("vise grip") 
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F i g u r e  3-6. T y p i c a l  Viewing Concept 

t h e  man p o t e n t i a l  a p p l i c a t i o n s  by a  c o n t r o l  o p e r a t o r  were i m p r a c t i c a l ,  and 
. c losed- loop  TV was recommended f o r  a i d  t o  t h e  m a n i p u l a t o r  o p e r a t o r .  S e p a r a t e  
TV cameras l o c a t e d  on independent  m a n i p u l a t o r s  was t h e  c o n f i g u r a t i o n  p r e f e r r e d  
by c o n t r o l  o p e r a t o r s .  

S i m i l a r  r e q u i r e m e n t s  were d e r i v e d  from i n v e s t i g a t i o n  of t h e  l a r g e r  s c a l e  
o p e r a t i o n s  such  a s  b e r t h i n g  a  c a r g o  module t o  t h e  s t a t i o n  c l u s t e r .  k i t h  one 
manipu la to r  a t t a c h e d  t o  t h e  module, a  view of s i d e  c l e a r a n c e s  would be r e q u i r e d  
from a n o t h e r  s o u r c e .  Such a  v iew cou ld  be p rov ided  by a  TV camera on a  
second m a n i p u l a t o r .  S i d e  c l e a r a n c e s  i n  t h e  s h u t t l e  c a r g o  bay cou ld  a l s o  be  
viewed by t h e  o p e r a t o r  us ing  m u l t i p l e  f i x e d  camera i n s t a l l a t i o n s .  Views of  t h e  
module from t h e  s t a t i o n  b e r t h i n g  p o r t  would be r e q u i r e d  f o r  t h e  f i n a l  c l o s i n g  
o p e r a t i o n .  Cameras i n s t a l l e d  i n  t h e  s t a t i o n  b e r t h i n g  p o r t  windows could  pro- 
v i d e  t h i s  v iew through ha rdwi re  c o n n e c t i o n s  t o  t h e  o p e r a t o r  ( i n  e i t h e r  t h e  
s t a t i o n  o r  t h e  s h u t t l e ) .  These cameras could  a l s o  p rov ide  l i m i t e d  viewing of 
s i d e  c l e a r a n c e s  d u r i n g  some of t l ie  m a n i p u l a t i o n  phases .  

3 .3  PUNIPULATION SYNTHESIS AND EVALUATION (STEP 3 ) 

The o b j e c t i v e  of  S t e p  3 was to  s y n t h e s i z e  and e v a l u a t e  m a n i p u l a t i o n  
a l t e r n a t i v e s  and s e l e c t  an  FISS m a n i p u l a t i o n  concep t .  A number of m a n i p u l a t i o n  
concept  v a r i a t i o n s  (Table 3 - 4 )  were syn t l l e s i zed  f o r  o p e r a t i o n a l  Leve l s  I ,  11, 
and 111 by t h e  combinat ion o f  m a n i p u l a t o r  b a s i c  c o n c e p t s  and m a n i p u l a t o r  
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Table  3-4. Manipu la t ion  E v a l u a t i o n  Opt ions  

l o c a t i o n s .  Each of t h e s e  v a r i a t i o n s  were examined one  a t  a  time and e v a l u a t e d  
u t i l i z i n g  t h e  MSS c a n d i d a t e  o p e r a t i o n s  requ i rements  and MSS manipu la to r  d e s i g n  
r e q u i r e m e n t s  e s t a b l i s h e d  as an  o u t p u t  of Step 2. I n  a d d i t i o n ,  o p e r a t i o n a l  
p l a t e a u s  4  and 5 c a n d i d a t e  a p p l i c a t i o n s  were examined t o  de te rmine  any a d d i t i o n a l  
m a n i p u l a t o r  d e s i g n  requ i rements .  

1 

Manipu la to r  
Locat  i o n  

S t a t i o n  o n l y  

- 
Both s t a t i o n  
and s h u t t l e  

S h u t t l e  o n l y  

Three  b a s i c  i s s u e s  were  examined: (1) number of m a n i p u l a t o r  arms (one 
a r m  o r  two arms) ,  (2) p o s i t i o n  of t h e  s h u t t l e  (end-berthed o r  s i d e - b e r t h e d ) ,  
and (3)  m a n i p u l a t o r  l o c a t i o n  ( s t a t i o n  o r  s h u t t l e ) .  

Throughout t h e  s t u d y  t h e  one arm v e r s u s  two-arm i s s u e  was examined. The 
d e c i s i o n  t o  c o n s i d e r  o n l y  two-arm c o n c e p t s  was based on a n  i n h e r e n t  backup 
redundancy requ i rement  f o r  s h u t t l e  b e r t h i n g  and module b e r t h i n g  o p e r a t i o n s ,  i n  
a d d i t i o n  t o  p r o v i d i n g  a n  independen t  p l a t f o r m  f o r  remote  viewing of manipu la to r  
o p e r a t i o n s .  Both m a n i p u l a t o r  arms would n o t  n e c e s s a r i l y  be  i d e n t i c a l  b u t  must 
b e  c a p a b l e  of backup o p e r a t i o n s .  

E a r l y  i n  t h e  a n a l y s i s ,  a n  MSS r e f e r e n c e  c o n f i g u r a t i o n  ( F i g u r e  3-7) was 
e s t a b l i s h e d  f o r  s y n t h e s i z i n g  c o n c e p t s  and o p e r a t i o n s .  T h i s  r e f e r e n c e  con- 
f i g u r a t i o n  i s  b a s i c a l l y  a b a r b e l l  c o n f i g u r a t i o n  composed of two 40-foot c o r e  
modules f o r  t h e  i n i t i a l  s t a t i o n  and t h r e e  40-foot c o r e  modules f o r  t h e  growth 
s t a t i o n .  A n a l y s i s  of p o t e n t i a l  a l ignment  e r r o r  s o u r c e s  (F igure  3-8) r e s u l t e d  
i n  a module spac ing  requ i rement  of 24 i n c h e s .  T h i s  module s p a c i n g  was 
adopted f o r  t h e  r e f e r e n c e  c o n f i g u r a t i o n .  

S h u t t l e  Ber thing Loca t ion  . PISS t l a n i p u l a t o r  
Type 

Ber thab le  

Fixed mounted 

B e r t h a b l e  

B a s e l i n e  
( f i x e d  mount ) 

-X End Only 

1 

3  

5 

7 

9 

, 

End and S ide  

2 

4 
., 

6 

8 

1 0  
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INITIAL STATION 

GROWTH STATION 

A RAM OR CARGO 

STATION MODULES 

MANIPULATOR 
O N  FAR SIDE 

EXPERIMENT ANTENNA 
AIRLOCK 

Figure 3-7. MSS Reference Configuration 

I 

- - 
ALIGNMENT ERROR SOURCES 

MAN I PULATOR POS I TI ON 
ANGULAR ALIGNMENT (lo) 
MOD ULE MANUF (2 MOD S )  
STABILITY (DEADBAND) 
DOCKED MODULE ALIGN (-lo) 

TOTAL ERROR SUM 

RSS OF ERRORS 

5.0 IN. 
8.5 IN. 
3.0 IN. 
2.5 IN. 
1.0 IN. 
20.0 IN. 

10.6 IN. 

RECOMMENDED SPACING REQMT = 24.0 IN. 

Figure 3-8. Module Spacing Requirements 
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The second i s s u e  examined w a s  t h e  s h u t t l e  l o c a t i o n  r e l a t i v e  t o  end o r  s i d e  
b e r t h i n g  o r  b o t h  i n  s u p p o r t  of PlSS b u i l d u p  and on-orb i t  o p e r a t i o n s .  During 
i n i t i a l  s t a t i o n  b u i l d u p ,  a l l  o p e r a t i o n s  could  be accomplished wi th  t h e  s h u t t l e  
end-berthed excep t  f o r  power module and c o r e  module No. 2 emplacement. Once 
t h e  i n i t i a l  s t a t i o n  i s  b u i l t  up, many module o r  package replacements  cannot  be 
accomplished w i t h  t h e  s h u t t l e  end-berthed on t h e  r e f e r e n c e  MSS w i t h o u t  a  
s i g n i f i c a n t  i n c r e a s e  i n  m a n i p u l a t o r  l e n g t h  ( t o  -100 f e e t ) .  A maximum l i m i t  of 
60 f e e t  was adopted f o r  manipu la to r  r e a c h  r e g a r d l e s s  of whether i t  i s  a  s h u t t l e -  
l o c a t e d  o r  an  MSS-located manipu la to r .  It w a s  concluded t h a t  s t a t i o n  d e s i g n s  
must be c a p a b l e  of b e r t h i n g  t h e  s h u t t l e  o r b i t e r  on bo th  end and s i d e  p o r t s .  

The f i n a l  i s s u e  was then  examined, t h a t  of whether  t h e  manipu la to r  i s  
l o c a t e d  on t h e  s t a t i o n  o r  s h u t t l e .  Modular s t a t i o n  assembly c o n s t i t u t e d  t h e  
i n i t i a l  a p p l i c a t i o n  of t h e  m a n i p u l a t o r .  During s t a t i o n  bu i ldup  o p e r a t i o n s  
t h e  14SS i s  unmanned f o r  s e v e r a l  months w i t h  scheduled module b e r t h i n g  o p e r a t i o n s  
d i s p e r s e d  d u r i n g  t h i s  p e r i o d .  The m a n i p u l a t o r  l o c a t i o n  o p t i o n - - s t a t i o n  only-- 
is  n o t  f e a s i b l e  a t  t h e  f i r s t  s t e p  of b u i l d u p  wi thou t  b u i l d i n g  a  manned space- 
c r a f t  h a b i t a b l e  f o r  g r e a t e r  than a  month. C o n s i d e r a t i o n  of i n c o r p o r a t i n g  t h i s  
complex i ty  i n t o  t h e  MSS f i r s t  module d e s i g n  was d e f e r r e d  u n t i l  o t h e r  a l t e r n a t i v e s  
were e v a l u a t e d .  

S t a t i o n - t o - s h u t t l e  b e r t h i n g  can be accomplished by t h e  s h u t t l e  m a n i p u l a t o r .  
However, t o  o p e r a t e  a s t a t i o n  m a n i p u l a t o r  many major subsystems must be a v a i l -  
a b l e  a t  t h a t  s t a g e  of b u i l d u p  and a c t i v a t e d  t o  c a r r y  o u t  t h e  assembly o p e r a t i o n s .  
C o n t r o l  c o n s o l e s ,  d a t a  p r o c e s s i n g ,  communications,  and l i f e  s u p p o r t  equipment 
w i t h  adequa te  power and thermal  c o n t r o l  s u p p o r t  a s  w e l l  a s  t h e  m a n i p u l a t o r s  
would be r e q u i r e d  on  t h e  f i r s t  module. Equipment w i t h  adequa te  performance 
w a s  n o t  i n c l u d e d  i n  t h e  r e f e r e n c e  c o n f i g u r a t i o n .  I n  a d d i t i o n  t o  i n c r e a s i n g  PlSS 
complex i ty ,  a  c o r e  module w i t h  a d e q u a t e  equipment s i g n i f i c a n t l y  exceeded t h e  
g u i d e l i n e  we igh t s .  

Two o p t i o n s  remain: t h a t  of a  d u a l  l o c a t i o n  (manipu la to rs  on b o t h  t h e  PlSS 
and s h u t t l e )  and t h a t  of manipu la t ion  by t h e  s h u t t l e  a lone .  Plany module o r  
package rep lacements  cannot  be accomplished by s h u t t l e  m a n i p u l a t o r s  from a 
s h u t t l e  end-berthed on t h e  r e f e r e n c e  MSS c o n f i g u r a t i o n  wi thou t  r e q u i r i n g  
e x c e s s i v e  m a n i p u l a t o r  l e n g t h .  I f  b o t h  v e h i c l e s  have a  m a n i p u l a t o r ,  a l l  opera-  
t i o n s  can be accomplished,  though some o p e r a t i o n s  a r e  e x c e s s i v e l y  complex. 
T h i s  o c c u r s  when a  module o r  package i s  "passed' '  from one manipu la to r  t o  t h e  
o t h e r .  A d d i t i o n a l  b e r t h i n g  p o r t s  cou ld  be  added f o r  temporary ho ld  l o c a t i o n s  
w h i l e  t r a n s f e r r i n g  from t h e  s h u t t l e  t o  s t a t i o n  manipu la to r .  hlhen t h e  MSS 
c o n f i g u r a t i o n  i s  des igned  such t h a t  t h e  s h u t t l e  may b e r t h  on t h e  s i d e  of t h e  
l.ISS, a s h u t t l e  m a n i p u l a t o r  can accomplish  a l l  o p e r a t i o n s .  The examin ia t ion  of 
s t a t i o n  r e v e a l e d  t h a t  s t a t i o n  assembly r e q u i r e m e n t s  could  be s a t i s f i e d  by a  
s h u t t l e  m a n i p u l a t o r .  

The c a n d i d a t e  manipu la t ion  o p e r a t i o n s  a t  Leve l s  I V  o r  V ,  i n v o l v i n g  s e r v i c e  
o r  maintenance of MSS e x t e r n a l  s u r f a c e s ,  con ta ined  requ i rements  a p p l i c a b l e  t o  
t h e  m a n i p u l a t o r  t o o l s  and t h e  c o n t r o l  o f  s p e c i a l  t o o l s .  S ince  MSS d e s i g n  con- 
c e p t s  were a v a i l a b l e  f o r  performing t h e s e  o p e r a t i o n s ,  t h e  s e l e c t e d  manipu la t ion  
concept  d i d  n o t  i n c l u d e  t h e s e  requ i rements .  During f u t u r e  Phase C d e s i g n  
a n a l y s e s ,  d e t a i l e d  t r a d e s  can be made comparing c o s t  of a d d i t i o n a l  manipu la to r  
c a p a b i l i t y  v e r s u s  c o s t  s a v i n g s  i n  MSS des ign .  
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The s e l e c t e d  m a n i p u l a t i o n  concept  i s  t h a t  of u s i n g  t h e  b a s e l i n e  s h u t t l e  
manipu la to rs  w i t h  t h e  s h u t t l e  i n  an  end o r  s i d e - b e r t h e d  mode t o  assemble 
s t a t i o n  modules and packages.  The p r e l i m i n a r y  perfcrmance requ i rements  a r e  
summarized i n  Table  3-5. The c a p a b i l i t y  t o  meet t h e s e  requ i rements  should  
be t h e  s u b j e c t  of a d e t a i l e d  manipu la to r  des ign  and performance s t u d y  w i t h  
emphasis on system dynamics and s t r u c t u r a l  dynamics. 

Tab le  3-5. Manipu la to r  Performance C h a r a c t e r i s t i c s  

Design Parameter  

Working volume 

Load r a t i n g  

Tool degrees  of 
freedom 

P o s i t i o n  accuracy  

S t a b i l i t y  
(deadband) 

Tools  

Viewing requ i rements  

Touch and f e e l  

Grip f o r c e  

- 

S h u t t l e  Manipula tor  

S h u t t l e - t o - s t a t i o n  a t t a c h  p o i n t  

Maximum t o r q u e  = 385 f t - l b  
Maximum speed (hand) = 0.167 f p s  
Maximum speed ( b e r t h i n g  c o n t a c t )  = 0.167 f p s  
Handlwr i s t  r o t a t i o n  r a t e  = 0.25 t o  0 . 5 0 ° / s e c  
Maximum modulelpackage weight  = 25,000 l b  

*Acceleration/deceleration = 
0.01414 f  t l s e c 2  

$<Time t o  r e a c h  maximum speed = 11.8 s e c  

None 

Hand = +2 i n c h e s  
~ e r t h i n g  i n t e r f a c e  = +6 i n c h e s  
Ber thing m i s a l i g n m e n t =  lo (max) 

Hand = +O. 5 i n c h e s  t o  + 1 i n c h  
~ e r t h i n g  i n t e r f a c e  = - +2.5 i n c h e s  

Holding clamps on ly  
No i n t e r c h a n g e s  

Hand i n t e r f a c e  
Piodule/package b e r t h i n g  i n t e r f a c e  

Hand contact lengagement  i n d i c a t o r  
Modulelpackage b e r t h i n g  i n d i c a t o r  

High ( "v i se  g r i p " )  

kValues a t  35-foot arm l e n g t h  ( t y p i c a l )  J 
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4. WATER MANAGEMENT TRADE 

4 . 1  OBJECTIVE 

S t u d i e s  i n  c o n n e c t i o n  w i t h  t h e  33-foot d iamete r  s t a t i o n  showed t h a t  t h e  
u s e  of a r e v e r s e  osmosis w a t e r  recovery  sys tem f o r  wash w a t e r  and a vapor  
compression w a t e r  recovery  sys tem f o r  p o t a b l e  and exper iment  w a t e r  were t h e  
optimum c h o i c e .  

The s t u d y  t o  s e l e c t  a w a t e r  management concept  f o r  t h e  MSS s t a r t e d  a t  
t h i s  p o i n t  w i t h  t h e  o b j e c t i v e  of de te rmin ing  i f ,  w i t h  reduced s t a t i o n  wate r  
requ i rements ,  t h e  w a t e r  sys tem could be  s i m p l i f i e d  by p r o c e s s i n g  a l l  t h e  w a t e r  
through vapor  compression u n i t s  and e l i m i n a t i n g  t h e  r e v e r s e  osmosis sys tem.  

Two approaches  were ana lyzed  and compared: one (System I )  u t i l i z e s  vapor  
compression f o r  p o t a b l e  w a t e r  recovery  and r e v e r s e  osmosis f o r  wash wate r  
recovery ,  and t h e  o t h e r  (System 11)  u t i l i z e s  vapor  compression f o r  recovery  of 
a l l  wa te r .  To broaden t h e  scope  of t h e  s t u d y ,  two c a s e s  were e v a l u a t e d  f o r  
each approach.  The b a s e l i n e  c a s e  c o n s i d e r e d  w a t e r  usage rates a s  p r e v i o u s l y  
s p e c i f i e d  f o r  t h e  MSS. The h i g h  w a t e r  usage  c a s e  c o n s i d e r e d ,  i n  a d d i t i o n  t o  
t h e  w a t e r  usage  r a t e s  i n  t h e  b a s e l i n e  c a s e ,  t h e  a d d i t i o n a l  w a t e r  p r o c e s s i n g  
requ i rements  g e n e r a t e d  by c l o t h e s  and u t e n s i l  washing.  

4.2 REQUIREMENTS 

The w a t e r  requ i rements  f o r  t h e  v e h i c l e  i n c l u d e  a l l  wa te r  which r e s u l t s  
from t h e  v a r i o u s  m e t a b o l i c  and system f u n c t i o n s .  The b a s e l i n e  c a s e  r e f l e c t s  
MSS w a t e r  usage  requ i rements .  The maximum usage  c a s e  u s e s  MSS r e q u i r e m e n t s  
augmented by t h e  c l o t h e s  and u t e n s i l  washing requ i rements  being used on t h e  
space  s t a t i o n  p r o t o t y p e  (SSP) program. 

The requ i rements  f o r  b o t h  t h e  b a s e l i n e  and t h e  maximum usage  r a t e s  a r e  
shown i n  T a b l e s  4-1 and 4-2. It shou ld  be  no ted  t h a t  t h e  s t u d y  was based on 
t h e  v a l u e s  i n  t h e s e  two t a b l e s ;  however, t h e  c u r r e n t  d e s i g n  is  based on t h e  
v a l u e s  i n  T a b l e  4-3. The c u r r e n t  b a s e l i n e  w a t e r  p r o c e s s i n g  r a t e  (161.4 pounds,  
Tab le  4-3) is  s l i g h t l y  l e s s  t h a n  t h e  t r a d e  w a t e r  p r o c e s s i n g  r a t e  (162.2 pounds, 
Tab le  4-1). The f i g u r e s  a r e  f o r  t h e  b a s e l i n e  r a t e  a s  t h e  c u r r e n t  d e s i g n  does  
n o t  c a l l  f o r  c l o t h e s  o r  u t e n s i l  washing.  The c u r r e n t  w a t e r  u s e  r a t e s  a r e  l e s s  
t h a n  t h e  v a l u e s  used i n  t h i s  s t u d y ;  t h e r e f o r e ,  w e i g h t ,  power, and volume 
requ i rements  w i l l  b e  somewhat l e s s  t h a n  t h e  t a b u l a t e d  r e s u l t s  of t h e  s t u d y .  

4.3 TRADE DATA 

To e s t a b l i s h  r e f e r e n c e  f o r  a n a l y s i s ,  sys tems were d e f i n e d  f o r  t h e  two 
wate r  usage  r a t e s .  To e f f e c t  a sys tem w a t e r  b a l a n c e  wiii le m a i n t a i n i n g  a 
r e v e r s e  osmosis recovery  e f f i c i e n c y  of 80 t o  90 p e r c e n t ,  u r i n a l  f l u s h  is  sup- 
p l i e d  from t h e  r e v e r s e  osmosis i n  t h e  low usage c a s e  and from t h e  vapor  
compression u n i t  i n  t h e  h i g h  usage  c a s e .  I n  b o t h  c a s e s  t h e  combined u r i n e  and 
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f l u s h  w a t e r  a r e  p r o c e s s e d  i n  t h e  vapor  compress ion u n i t .  D e t a i l s  of t h e  
system a r e  shown i n  F i g u r e s  4-1 th rough  4-4. The r e c o v e r y  e f f i c i e n c y  of t h e  
vapor  compress ion as;:emblies i s  assumed t o  b e  97 p e r c e n t .  T h i s  i s  i n  conform- 
ance  w i t h  r e c e n t  test  d a t a  where  s o l i d  d r y e r s  a r e  n o t  i n c o r p o r a t e d  i n  t h e  
sys tem.  T h i s  e f f e c t s  a  somewhat l a r g e r  w a t e r  l o s s  b u t  s a v e s  on w e i g h t ,  power, 
expendab les ,  and main tenance  t i m e .  

Schemat ics  of  b a s i c  r e v e r s e  osmosis  and vapor  compress ion a s s e m b l i e s  a r e  
shown i n  F i g u r e s  4-5 and 4-6. These  c o n c e p t s  were used a s  t h e  d e f i n i t i o n  of 
t h e  hardware  r e q u i r e m e n t s  of  t h i s  s t u d y .  Water p r o c e s s  r a t e s  a r e  based  on  
p r o c e s s i n g  t h e  nominal  d a i l y  w a t e r  r e q u i r e m e n t s  i n  18  h o u r s  s o  t h a t  u s e  of t h e  
r edundan t  sys tem w i l l  n o t  b e  r e q u i r e d  a f t e r  p e r i o d s  of  r o u t i n e  ma in tenance .  

The sys tems f o r  t h i s  s t u d y  were s i z e d  from t h e  a fo rement ioned  g u i d e l i n e s  
and r e q u i r e m e n t s .  A l l  r e s u l t s  p e r t a i n  t o  a s i n g l e  sys tem which h a s  t h e  capa- 
b i l i t y  of  p r o c e s s i n g  t h e  t o t a l  w a t e r  r e q u i r e m e n t s .  The redundan t  sys tem i n  
t h e  second i s o l a b l e  volume i s  n o t  i n c l u d e d  and a l l  w e i g h t s  and volumes m u s t , b e  
doubled f o r  t o t a l  v e h i c l e  ha rdware .  Shown i n  T a b l e  4-4 a r e  t h e  b a s i c  cha rac -  
t e r i s t i c s  of  each  of t h e  s y s t e m s .  Also  shown a r e  t h e  membrane a r e a  f o r  r e v e r s e  
osmosis and t h e  number of  s t i l l s  r e q u i r e d  i n  t h e  vapor  compress ion s y s t e m s .  

T a b l e  4-4. System C h a r a c t e r i s t i c s  

4.4 TRADE STUDY 

Tab le  4-5 g i v e s  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  and p e n a l t i e s  of  Systems I 
and I1 f o r  b a s e l i n e  w a t e r  u s a g e  r a t e s .  The t a b l e  i n d i c a t e s  t h a t  t h e  w e i g h t s  of 
t h e  v a r i o u s  t y p e s  a r e  s i m i l a r ,  w i t h  Sysi~em I having a  s l i g h t  advan tage .  On t h e  
o t h e r  hand,  power and volume c o n s i d e r a t i o n s  f a v o r  System 11. Maintenance  

B a s e l i n e  w a t e r  usage  

System I 
System I1 

Flaximum w a t e r  usage  

System I 
System I1 

System I - Reverse  osmos i s  and vapor  compress ion 

System I1 - Vapor compress ion 

Vapor Compression 

P r o c e s s  
R a t e  

( l b l h r )  

5 . 2  
9 . 0  

6 . 4  
26.2 

Reverse  Osmos5s 

Number 
of  

S t i l l s  
2 

2 
3 

2 
8  

P r o c e s s  
R a t e  

( l b / h r )  

4 .8  
- 

22 . O  
- 

Membrane 
Area 

( f t 2 >  

2  0 
- 

85 
- 
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North American Rockwell 
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Figure 4-5. Vapor compression Subassembly 
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c o n s i d e r a t i o n s  a l s o  f a v o r  System I1 because  t h e r e  is  l e s s  hardware i n v o l v e d .  
I n  t h e  las t  c h a r a c t e r i s t i c ,  d a i l y  makeup w a t e r ,  b o t h  sys tems a r e  t h e  same. 
Cons ide r ing  a l l  t h e  c h a r a c t e r i s t i c s ,  bo th  s y s t ~ m s  a r e  n e a r l y  e q u a l  and add i -  
t i o n a l  d a t a  a r e  r e q u i r e d  t o  make s e l e c t i o n .  

T a b l e  4-5. System P h y s i c a l  C h a r a c t e r i s t i c s  and P e n a l t i e s  
f o r  B a s e l i n e  Water Usage 

I t e m  

I n s t a l l e d  hardware  we igh t  ( l b )  
Launch s p a r e s  we igh t  ( l b )  
120-day expendable .  we igh t  ( l b )  
120-day s p a r e s  w e i g h t  ( l b )  
Power ( w a t t s )  
I n s t a l l e d  hardware  volume ( f  t 3 )  
Scheduled main tenance  t ime ( h r )  

5-year p e r i o d  
Unscheduled main tenance  t ime 

( h r )  
D a i l y  makeup w a t e r  ( l b )  

T a b l e  4-6 shows t h e  same c h a r a c t e r i s t i c s  a t  maximum usage  r a t e s .  I t  shows 
c l e a r l y  t h a t  from w e i g h t ,  power, volume, and d a i l y  w a t e r  makeup c o n s i d e r a t i o n  
System I i s  by f a r  s u p e r i o r .  Scheduled main tenance ,  on t h e  o t h e r  hand,  f a v o r s  
System I1 because  of l e s s  hardware.  

T a b l e  4 - 6 .  System P h y s i c a l  C h a r a c t e r i s t i c s  and P e n a l t i e s  
f o r  Maximum Water Usage 

System I1 

Vapor 
Compression 

System I 

I t em 

Reverse  
Osmosis 

I n s t a l l e d  hardware  weight  ( l b )  
Launch s p a r e s  we igh t  ( l b )  
120-day expendab le  weight  ( l b )  
120-day s p a r e s  we igh t  ( l b )  
Power ( w a t t s )  
I n s t a l l e d  hardware  volume ( i t 3 )  
Scheduled main tenance  t ime  ( h r )  

5-year p e r i o d  
Unscheduled main tenance  t ime 

( h r )  
Da i ly  makeup w a t e r  ( l b )  

1 Reverse  
Osmosis 

Vapor 
Compression 

System I 

T o t a l  

I Vapor 
C o m ~ r e s s i o n  T o t a l  

System I1 

Vapor 
Compression 



Space Division 
North American Rockwell 

An a d d i t i o n a l  c o n s i d e r a t i o n  i s  t h e  p u r i t y  moni tor ing sys tem requ i rement .  
The p u r i t y  moni to r ing  sys tem weighs  approx imate ly  12 pounds and r e q u i r e s  abou t  
225 w a t t s  of power and occup ies  2 . 1  c u b i c  f e e t  of space .  System I r e q u i r e s  a  
s e p a r a t e  moni to r ing  sys tem f o r  t h e  r e v e r s e  osmosis and t h e  w a t e r  compress ion 
sys tems.  One of t h e s e  moni to r ing  sys tems i s  e l i m i n a t e d  f o r  t h e  s i n g l e  vapor  
compression concept  of System 11. 

R e l i a b i l i t y  C o n s i d e r a t i o n s  

R e l i a b i l i t y  c o n s i d e r a t i o n s  a r e  r e f l e c t e d  by t h e  s p a r e s ,  w e i g h t s ,  and 
unscheduled maintenance t imes  r e q u i r e d .  Tab le  4-5 shows t h a t  i n  bo th  a r e a s ,  
System I and System I1 a r e  n e a r l y  e q u a l ,  which i n d i c a t e s  a l s o  t h a t  t h e  
q u a n t i t y  of hardware  invo lved  i s  n e a r l y  e q u a l  (Table  4 - 4 ) .  Table  4-6 shows 
t h a t  a t  maximum usage r a t e s  System 11 r e q u i r e s  a lmost  twice  a s  many s p a r e s  
and unscheduled maintenance t ime.  Th i s  o c c u r s  because ,  t o  meet maximum r a t e s ,  
e i g h t  s t i l l s  a r e  r e q u i r e d  (Tab le  4 - 4 ) .  T h i s  l a r g e  amount of hardware  i n  
System I1 a c c o u n t s  f o r  t h e  lower i n d i c a t e d  r e l i a b i l i t y .  

For b a s e l i n e  requ i rements  e i t h e r  sys tem would b e  a  r e a s o n a b l e  s e l e c t i o n  
from r e l i a b i l i t y  p o i n t  of view. A t  maximum usage System I i s  by f a r  t h e  
b e t t e r  c h o i c e .  

A t  b a s e l i n e  usage  System I1 a s  shown on Table  4-7 a p p e a r s  t o  be  t h e  l e a s t  
complex due t o  t h e  f a c t  t h a t  on ly  one p r o c e s s  t echn ique  i s  used .  The s i n g l e  
p r o c e s s  r educes  t h e  plumbing and d i s t r i b u t i o n .  

I n  t h e  maximum c a s e ,  System I1 w i t h  e i g h t  s t i l l s  would b e  somewhat more 
comp l e x  . 

Crew Involvement 

Tile crew involvement c o n s i d e r a t i o n s  a r e  r e f l e c t e d  through a  de te rmina-  
t i o n  o f  t h e  main tenance  t ime  r e q u i r e d  by t h e  two sys tem c o n c e p t s  under  
c o n s i d e r a t i o n .  The unscheduled main tenance  t ime e s t i m a t e s  were  o b t a i n e d  by 
f a i l u r e  r a t e  a n a l y s i s  and e s t i m a t e d  l i f e  a s  shown on Tab le  4-8 f o r  vapor  
compression p o r t i o n  of  System I. The schedu led  maintenance d e t e r m i n a t i o n  
shown was as i n d i c a t e d  on Tab le  4-8, de te rmined  by e s t i m a t i n g  t h e  t ime  
r e q u i r e d  t o  r e p l a c e  sys tem f i l t e r s .  The d a t a  shown on Tab le  4-8 were compiled 
f o r  b o t h  b a s e l i n e  and maximum usage  r a t e s  and a r e  shown i n  summary on Tab le  
4 - 9 .  A s  would be  e x p e c t e d ,  t h e  schedu led  maintenance t imes  f o r  System I a r e  
much h i g h e r  t h a n  f o r  System I1 s i n c e  t w i c e  a s  many f i l t e r s  must be  changed. 
The unscheduled main tenance  a t  b a s e l i n e  usage is  n e a r l y  t h e  szme w i t h  t h e  
major  p o r t i o n  of  t ime  b e i n g  r e q u i r e d  by vapor  compression i n  b o t h  sys tems .  
I n  t h e  maximum usage c a s e  System I1 h a s  a  somewhat l a r g e r  unscheduled 
maintenance t ime  due t o  t h e  l a r g e r  number o f  s t i l l s  r e q u i r e d  t o  meet t h e  
h i g h e r  p r o c e s s i n g  r a t e .  

I n  o v e r a l l  compar ison,  Tab le  4-9 shows t h a t  from a  schedu led  maintenance 
s t a n d p o i n t  System I1 i s  t h e  b e t t e r  approach .  From an unscheduled maintenance 
t ime  s t a n d p o i n t ,  t h e  sys tems a r e  e q u a l  a t  low wate r  usage r a t e s ,  and a t  h i g h  
usage r a t e s  System I i s  t h e  b e t t e r .  Comparing t h e  t o t a l  t i m e s ,  System I1 i s  
t h e  b e t t e r  approach.  



T
a

b
le

 4
-7

. 
S

u
b

as
se

m
b

ly
 R

e
la

ti
v

e
 C

o
m

p
le

x
it

y
 

S
y

st
em

 I
 

1
. 

V
ap

o
r 

c
o

m
p

re
ss

io
n

 
u

n
it

 
2

. 
M

in
im

um
 

o
f 

2
 p

o
ta

b
le

 w
a

te
r 

ta
n

k
s*

 
3

. 
P

o
ta

b
le

 w
a

te
r 

p
lu

m
b

in
g

 
- 

su
p

p
lv

 l
in

e
s

 
4.

 
P

o
ta

b
le

 w
a

te
r 

p
lu

m
b

in
g

 
- 

re
tu

rn
 l

in
e

s
 

5
. 

P
u

ri
ty

 m
o

n
it

o
r 

sy
st

e
m

 c
o

n
n

e
c

te
d

 
to

 p
o

ta
b

le
 

w
a

te
r 

ta
n

k
s 

6
. 

IS
S

 
c

o
n

tr
o

l 
in

te
rf

a
c

e
 f

o
r

 m
o

n
it

o
ri

n
g

 
sy

st
e

m
 

7.
 

R
e

v
e

rs
e

 o
sm

o
si

s 
u

n
it

 
8

. 
M

in
im

um
 

o
f 

2
 w

as
h

 w
a

te
r 

ta
n

k
s*

 
9

. 
W

as
h 

w
a

te
r 

p
lu

m
b

in
g

 -
 s

u
p

p
ly

 l
in

e
s

 
1

0
. 

W
as

h 
w

a
te

r 
p

lu
m

b
in

g
 
- 

re
tu

rn
 l

in
e

s
 

1
1
. 

P
u

ri
ty

 m
o

n
it

o
r 

sy
st

e
m

 c
o

n
n

e
c

te
d

 
to

 f
re

s
h

 
w

as
h

 
w

a
te

r 
ta

n
k

s 
1

2
. 

IS
S

 
c

o
n

tr
o

l 
in

te
rf

a
c

e
 f

o
r 

m
o

n
it

o
ri

n
g

 
sy

st
e

m
 

O
th

e
r 

E
ff

e
c

ts
 

1
. 

C
an

n
o

t 
u

ri
n

a
te

 i
n

 s
h

o
w

er
 

2
. 

C
an

n
o

t 
d

ri
n

k
 s

h
o

w
er

 w
a

te
r 

3
. 

S
om

e 
s

in
k

s
 m

ay
 

re
q

u
ir

e
 t

h
re

e
 p

lu
m

b
in

g
 

li
n

e
s

: 
a

. 
P

o
ta

b
le

 s
u

p
p

ly
 f

o
r 

d
ri

n
k

in
g

 
b

. 
W

as
h 

su
p

p
ly

 f
o

r
 w

a
sh

in
g

 
c

. 
W

as
h 

re
tu

rn
 

S
y

st
em

 I
1
 

1
. 

V
ap

o
r 

c
o

m
p

re
ss

io
n

 u
n

it
 

2
. 

M
in

im
um

 
o

f 
2

 p
o

ta
b

le
 w

a
te

r 
ta

n
k

s 
3

. 
P

o
ta

b
le

 w
a

te
r 

p
lu

m
b

in
g

 
- s

u
p

p
ly

 l
in

e
s

 
4.

 
P

o
ta

b
le

 w
a

te
r 

p
lu

m
b

in
g

 
- 

re
tu

rn
 l

in
e

s
 

5
. 

P
u

ri
ty

 m
o

n
it

o
r 

sy
st

e
m

 c
o

n
n

e
c

te
d

 
to

 p
o

ta
b

le
 

w
a

te
r 

ta
n

k
s 

6
. 

IS
S

 
c

o
n

tr
o

l 
in

te
rf

a
c

e
 f

o
r 

m
a

n
it

o
ri

n
g

 
sy

st
e

m
 

O
th

e
r 

E
ff

e
c

ts
 

1
. 

O
ne

 
u

n
it

 p
ro

c
e

ss
e

s 
a

l
l

 w
a

te
rs

 s
o

 d
o

 
n

o
t 

h
v

e
 

to
 k

e
e

p
 w

a
st

e
 w

a
te

rs
 

s
e

p
a

ra
te

; 
c

a
n

 u
ri

n
a

te
 

i
n

 s
h

o
w

er
 

2
. 

T
o

ta
l 

w
a

te
r 

sy
st

e
m

 i
s

 p
o

ta
b

le
; 

o
n

e 
c

a
n

 d
ri

n
k

 
sh

o
w

er
 w

a
te

r 
3

. 
A

l
l

 s
in

k
s

 o
n

ly
 r

e
q

u
ir

e
 t

w
o

 p
lu

m
b

in
g

 
li

n
e

s
: 

a
. 

P
o

ta
b

le
 s

u
p

p
ly

 
b

. 
P

o
ta

b
le

 r
e

tu
rn

 

*
P

u
ri

ty
 m

o
n

it
o

ri
n

g
 

sy
st

e
m

 o
p

e
ra

te
s 

b
y

 
m

o
n

it
o

ri
n

g
 

"u
se

 
ta

n
k

" 
w

h
il

e
 o

th
e

r 
ta

n
k

 i
s

 b
e

in
g

 
f

il
le

d
 f

ro
m

 
w

a
te

r 
re

c
o

v
e

ry
 u

n
it

 



T
a
b
l
e
 
4
-
8
.
 

M
a
i
n
t
e
n
a
n
c
e
 
T
i
m
e
,
 
B
a
s
e
l
i
n
e
 
W
a
t
e
r
 
U
s
a
g
e
 
- 

S
y
s
t
e
m
 
1
,
 

V
a
p
o
r
 
C
o
m
p
r
e
s
s
i
o
n
 

R
ep

la
ce

. 
T

im
e

/ 
E

ve
n

t 

0.
7 

5
.0

 

U
ns

ch
ed

. 
M

is
si

o
n

 
T

im
e

s 

0
.4

5
0

 

0
.0

8
7

 

0
.2

5
0

 

0
.0

4
4

 

0
.2

2
2

 

0
.6

2
2

 

0
.0

7
4

 

8
.8

0
0

 
0

.1
1

5
 

0
.3

6
4

 

0
.0

9
6

 

2
.6

4
0

 

0
.2

0
2

 

1
3

.9
6

6
 

L
if

e
 

(1
0

0
0

 h
r)

 

9
0

 

9
0

 

9
0

 

9
0

 

9
0

 

3
0

 

9
0

 

1
7

.5
 

9
0

 

9
0

 

9
0

 

9
0

 

9
0

 

S
ch

ed
. 

T
im

?
 

1
.0

3
 

2
5

.0
 

2
6

.0
3

 

S
ch

ed
. 

C
ha

ng
e 

F
re

q.
 

1
.4

7
 

2
.5

0
 

M
a

in
te

n
a

n
ce

 b
as

ed
 o

n
 5

-y
e

a
r 

pe
ri

od
 

T
o

ta
l 

T
im

e
 

0
.4

5
0

 

0
.0

8
7

 

0
.2

5
0

 

0
.0

4
4

 

0
.2

2
2

 

1
.6

5
2

 

0
.0

7
4

 

3
3

.8
0

0
 

0
.1

1
5

 

0
.3

6
4

 

0
.0

9
6

 

2
.6

4
0

 

0
.2

0
2

 

3
9

.9
6

6
 

2
9

6
 

9
8

 

6
0

 

4
5

4
 

F
a

il
u

re
s 

5
 Y

ea
rs

 

0
.0

4
4

 

0
.0

2
2

 

0
.0

2
4

 

0
.2

2
0

 

0
.1

5
8

 

0
.4

4
5

 

0
.0

5
7

 

0
.8

8
0

 

0
.0

2
4

 

0
.0

4
0

 

0
.0

3
7

 

0
.2

6
4

 

0
.0

7
8

 

M
T

 B
F

 
(1

0
0

0
 h

r)
 

- 

1
0

0
0

 

2
 0

0
0

 

1
8

7
0

 

2
 0

0
 

2
 7

9
 

9
 9

 

7
7

2
 

5
0

 

1
8

7
0

 

1
0

9
3

 

1
2

 0
0

 

1
6

7
 

5
6

3
 

l te
m

 

H
o

ld
in

g
 t

an
k 

C
he

m
ic

al
 i

n
je

ct
o

r 

C
he

ck
 v

a
lv

e
 

S
.O

. 
va

lv
e

 

C
o

n
d

u
ct

iv
it

y 
se

ns
or

 

R
e

cy
cl

e
 a

cc
um

ul
at

or
 

C
o

n
tr

o
lle

r 

3
-w

a
y 

so
l.

 
va

lv
e

 

V
ap

or
 c

om
p.

 
s

ti
ll

 

M
a

n
u

a
l 

s.
0.

 
va

lv
e

 

S
o

l.
 

S
.O

. 
va

lv
e

 

3
-w

a
y 

m
an

. 
va

lv
e

 

P
um

p 

F
lo

w
 c

o
n

tr
o

l 
va

lv
e

 

T
o

ta
l 

un
sc

he
du

le
d 

1
 

R
ep

la
ce

. 
T

im
e

/ 
E

ve
n

t 

4
.0

 

5.
0 

1
.3

 

1
.3

 

0
.6

 

0
.7

 

0.
7 

1
.3

 

5.
0 

1
.3

 

1
.3

 

1
.3

 

5
.0

 

1
.3

 

N
o.

 

1
 

3
 8
 

2
 

2
 

2
 

1
 

2
 

4
 7
 

2
 

2
 

2
 

- 
- - - 

B
a

ct
e

ri
a

 f
il

te
r 

C
ha

rc
oa

l 
fi

lt
e

r 

C
h

e
m

ic
a

l 
ta

n
ks

 

T
o

ta
l 

sc
he

du
le

d 

2
 

1
 

2
 

1
0

-d
a

y
 

1
5

-d
a

y 

1
2

0
-d

a
y 

0.
8 

0
.8

 

2.
0 



Space Division 
North American Rockwell 

Tab le  4-9, Maintenance Time Summary 

Development Cost  

Use Ra te  and 
Maintenance Type 

B a s e l i n e  Usage: 

Scheduled 
Unscheduled 

T o t a l  

Maximum U s  age  : 

Scheduled 
Unscheduled 

T o t a l  

Development c o s t s  f o r  t h e  two u n i t s  i s  6.74 m i l l i o n  d o l l a r s  f o r  vapor 
compression and 1 .42 m i l l i o n  d o l l a r s  f o r  r e v e r s e  osmosis.  I t  i s  assumed 
t h e s e  v a l u e s  would n o t  change w i t h  changes i n  c a p a c i t y  of t h e  b a s i c  d e s i g n .  
T h i s  i s  p r e d i c a t e d  on t h e  f a c t  t h a t  e f f o r t  i s  f o r  t h e  development of d i s -  
s i m i l a r  components. The p r o c e s s i n g  c a p a c i t y  of t h e  u n i t s  depends on t h e  
a d d i t i o n  of s i m i l a r  components: a d d i t i o n a l  membrane a r e a  f o r  r e v e r s e  osmosis 
and a d d i t i o n a l  s t i l l s  f o r  vapor  compression.  From t h e  above r a t i o n a l e ,  t h e  
development c o s t  f o r  System I i s  8.16 m i l l i o n  d o l l a r s  and t h e  development 
c o s t  f o r  System I1 is  6.74 m i l l i o n  d o l l a r s  f o r  b o t h  w a t e r  usage c a s e s .  

Development Risk  

Maintenance Tirne, Hours15 Years 

The vapor  c o m ~ r e s s i o n  and r e v e r s e  osmosis concep t s  a r e  being developed 
a s  a p a r t  of t h e  SSP nrogram. A t  p r e s e n t ,  t h e  vapor  compression concept  i s  
o p e r a t i n g  "as  a d v e r t i s e d "  w h i l e  some problems have occur red  w i t h  r e v e r s e  
osmosis.  There  h a s  been some c logg ing  of membranes and w a t e r  q u a l i t y  has  
been lower t h a n  a n t i c i p a t e d .  I t  i s  f e l t  t h a t  t h e s e  problems can b e  s o l v e d  
w i t h  a new membrane m a t e r i a l  a l r e a d y  developed. However, i f  t h e  new membrane 
does  n o t  s o l v e  t h e  problems,  t h e  weight  of t h e  r e v e r s e  osmosis sys tem could 
r i s e  c o n s i d e r a b l y  due t o  a d d i t i o n a l  membrane packages r e q u i r e d  and more char-  
c o a l  f o r  f i n a l  f i l t e r i n g  of t h e  p r o d u c t  w a t e r .  

System I1 

Vapor 
Compr. 

493 
23 

516 

508 
54 

554 

System I 

T o t a l  

953 
2 1 

974 

953 
21 

974 

Reverse  
Osmosis ' 

473 
7 

480 

4 7 3 
7 

4 80 

Vapor 
Compr . 

4 80 
14 

494 

480 
14 

494 
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4.5 CONCLUSIONS 

For b a s e l i n e  u s a b l e  r a t e s ,  System I1 only  vapor  compression i s  s e l e c t e d  
on t h e  b a s i s  of reduced c o s t  and complexi ty .  However, i t  i s  v e r y  c l e a r  t h a t  
w i t h  i n c r e a s e d  w a t e r  usage  r a t e s  System I ,  us ing  r e v e r s e  osmosis and vapor  
compression,  would be  t h e  b e t t e r  s e l e c t i o n .  I t  shou ld  b e  n o t e d  t h a t ,  w i t h  
t h e  s e l e c t i o n  of vapor  compression a s  i n i t i a l  concept  f o r  r e l a t i v e l y  f i x e d  
r a t e s  f o r  p o t a b l e  w a t e r ,  i n c r e a s e s  would b e  expec ted  i n  t h e  wash w a t e r  a r e a .  
With i n c r e a s e s  i n  t h e  wash w a t e r  a r e a ,  t h e  a d d i t i o n  of r e v e r s e  osmosis t o  t h e  
s e l e c t e d  concept  appears  t o  be  a l o g i c a l  approach t o  a n  o v e r a l l  f l e x i b l e  w a t e r  
management assembly.  

- 
For t h e  h i g h  w a t e r  usage  c a s e ,  System I r e q u i r e s  between 113 and 112 t h e  

hardware we igh t ,  s p a r e s ,  and expendables  we igh t ,  power, and volume of System 
11. Also,  t h e  makeup w a t e r  r e s u p p l y  requ i rement  i s  approximatel?  115 t h a t  
r e q u i r e d  f o r  System I1 (Table  4 - 6 ) .  These major d i f f e r e n c e s  more t h a n  out-  
weigh t h e  s i m p l i c i t y  and development c o s t  s a v i n g s  gained by u t i l i z i n g  t h e  
s i n g l e  t y p e  of ~ r o c e s s i n g  of System 11. 

The c h o i c e  i s  l e s s  c l e a r - c u t  a t  t h e  b a s e l i n e  w a t e r  usage r a t e .  For t h i s  
c a s e ,  System I1 (vapor  compression) r e q u i r e s  approximately  20 t o  40 p e r c e n t  
more hardware we igh t ,  s p a r e s  we igh t ,  and power and twice  a s  much makeup w a t e r  
a s  System I. However, System I1 r e q u i r e s  less crew involvement ,  h a s  lower 
development c o s t ,  i s  l e s s  complex, and h a s  h i g h e r  development conf idence  t h a n  
System I. Hence, t h e s e  f a c t o r s  make t h e  vapor  compression system more 
a t t r a c t i v e  i f  t o t a l  v e h i c l e  and r e s u p p l y  c o n s t r a i n t s  w i l l  a l l o w  t h e  h i g h e r  
weight and power p e n a l t i e s .  
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5. ATMOSPHERIC CONTROL TRADE 

The a tmospher ic  c o n t r o l  assembly d i s t r i b u t i o n  system i s  s i g n i f i c a n t  t o  
MSS d e s i g n  because  of t h e  p o t e n t i a l l y  l a r g e  p h y s i c a l  c h a r a c t e r i s t i c s  of w e i g h t ,  
s i z e ,  power, and complexi ty  and because  of t h e  i n t i m a t e  r e l a t i o n s h i p  of t h i s  
assembly t o  crew comfort  and l i f e  s u p p o r t .  The purpose  of t h i s  s t u d y  is  t o  
i d e n t i f y  t h e  p r e f e r r e d  d e s i g n  and atmosphere c i r c u l a t i o n  concep t  f o r  a tmosphere  
r e v i t a l i z a t i o n  and t empera tu re  c o n t r o l .  

The f o l l o w i n g  s e c t i o n s  p r e s e n t  d e s i g n  requ i rements ,  v e n t i l a t i o n  concep t  
t r a d e ,  p r e l i m i n a r y  d e s i g n  t r a d e s ,  t h e  s e l e c t e d  concep t ,  and i s s u e s  f o r  f u r t h e r  
s t u d y .  Hamilton S tandard  D i v i s i o n  of Uni ted A i r c r a f t  C o r p o r a t i o n  a s s i s t e d  i n  
t h e  a n a l y s i s  of t h e  v e n t i l a t i o n  concept  under s e p a r a t e  s u b c o n t r a c t  t o  NR. 

5 . 1  REQUIREMENTS 

The requ i rements  f o r  a tmospher ic  c o n t r o l  f o r  t h e  i n i t i a l  (6-man) and 
growth (12-man) s t a t i o n s  a r e :  

Metabo l ic  h e a t  ( t o t a l )  - Nominal: 11,900 Btu/man-day 
Range : 10,300-13,600 Btu/man-day 
Design maximum: 650 Btu/man-hour 

CO p r o d u c t i o n  
2  

- Nominal: 2.25 lblman-day 
Range : 1.98-3.0 lb/man-day 

L a t e n t  w a t e r  l o s s  - Nominal: 3.40 lb/man-day 
2.78-8.5 lblman-day 

H 0  g e n e r a t i o n  
2 

- 3.26 l b / h o u r  maximum 
D e t a i l  d e f i n i t i o n  shown i n  T a b l e  5-1 

S e n s i b l e  h e a t  l o a d s  - 3.5 kw maximum p e r  module 

The s p a c e  s t a t i o n  a tmosphere  t empera tu re  w i l l  be s e l e c t i v e l y  main ta ined .  
Temperature s e l e c t i o n  w i l l  b e  on an  a r e a s  b a s i s  a s  fo l lows :  

60 t o  75 d e g r e e s  F i n  e x e r c i s e  a r e a s  
65 t o  80  d e g r e e s  F i n  p e r s o n a l  hygiene a r e a s  
65 t o  75 d e g r e e s  F i n  a l l  o t h e r  areas 

A l l  a p p r o p r i a t e  h a b i t a b l e  compartments o r  enc losed  a r e a s  w i l l  have inde-  
pendent  t empera tu re  c o n t r o l  ( i . e . ,  crew compartments, g a l l e y ,  p e r s o n a l  hyg iene  
a r e a s ,  and e x e r c i s e  a r e a s ) .  C02 p a r t i a l  p r e s s u r e  is:  

Nominal : 3 m Hg 
Maximum : 7.6 mm Hg f o r  1 4  days 
Emergency maximum: 1 5  mm Hg f o r  8  h o u r s  
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Cabin ventilation rates (all habitable areas) are: 

Nominal: 40 ft/min 
Minimum: 15 f t/min 
Maximum: 100 ft/min 

The water vapor partial pressure will be maintain within 8 and 12 mm Hg 
and no condensation will form on internal surfaces. Total pressure is 
14.7 psia (oxygen-nitrogen); oxygen partial pressure is 3.1 to 3.5 psia. 

The crew latent load is a function of cabin temperature and crew activity 
level as shown in Figure 5-1. A maximum water generation of 2.0 pounds/hour 
for a six-man crew was used for design purposes. The humidity model given in 
Table 5-1 was used for the ventilation trade studies and does not represent the 
final configuration which resulted from the Phase B study. The trade was con- 
ducted from a generic point of view and the final configuration is sufficiently 
similar to the'study models that the conclusions are valid. 

A summary of the approximate ventilation requirements for the MSS is 
given in Table 5-2 for each of the ventilation functional requirements. 

2500 
CREW SIZE - 6MEN 

75 F 

Q METABoLlC TOTAL @TU/HR) 

Figure 5-1. Crew Latent Heat Production 
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T a b l e  5-1. Atmosphere L a t e n t  Loads 
. 

Module 

Core 

Power 

Crew i11 

Crew 112 

C o n t r o l  i l l  

Cont ro l  112 

Cargo 

RAM 

NOTES : 

1. Number of crew i n d i c a t e d  i n  p a r e n t h e s i s  

2. Equipment humidi ty  s o u r c e s  

Shower 2.04 l b  H20/day 
S i n k s  3 . 0  l b  H20/day 
G a l l e y  2.0 l b  H20/day 
Experiments .1 l b  H20/day 

3. L a t e n t  model c o n s i s t e n t  w i t h  MSS d e s i g n  i n  A p r i l  1971. 
C u r r e n t  d e s i g n  does  n o t  a l t e r  s t u d y  c o n c l u s i o n s  based 
on t h i s  model. 

Equipment 
Lb H20/Hr 

Minimum 

0 

0 

0 

0 

0 

0 

0 

0 

Crew 
Lb H20/Hr 

Maximum 

0 

0 

.22 

1.26 

.02 

-02  

0 

0 

T o t a l  
Lb H20/Hr 

Minimum 

0 (0 )  

0 (0)  

.33 (1 )  

.67 (2 )  

.67 (2 )  

0 (0)  

0 (0 )  

0 (0)  

Minimum 

0 

0 

.33 

.67 

-67 

0 

0 

0 

Maximum 

1 .67(5)  

.67(2)  

2.00(6) 

2.00(6) 

2.00(6) 

2 .00(6)  

1 .33(4)  

1 .33(4)  

Maximum 

1.67 

.67 

2.22 

3.26 

2.02 

2.02 

1 .33 

1 .33 
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5.2  ATMOSPHERIC VENTILATION CONCEPTS 

The equipment concep t s  s e l e c t e d  f o r  a tmospher ic  c o n t r o l  a r e  s e n s i t i v e  t o  
t h e  v e n t i l a t i o n  concep t s .  The s e l e c t e d  equipment concep t s  f o r  t h e  MSS a r e :  

Contaminants - Charcoal  a b s o r b e n t  b e d s ,  f i l t e r  and 
c a t a l y t i c  b u r n e r  

C02 - Hydrogen d e p o l a r i z e r  ( c l o s e d  oxygen system) 

Humidity - Condensing h e a t  exchanger 

Temperature - S e n s i b l e  h e a t  exchanger 

Comfort c i r c u l a t i o n  - Fans 

I f  independent  C02 c o n t r o l  i n  each module were d e s i r e d  t h e  b a s i c  s e l e c -  
t i o n  of a  c l o s e d  oxygen system and of a  hydrogen d e p o l a r i z e r  would be  s u b j e c t  
t o  t r a d e  w i t h  a n  LiOH u n i t .  

A primary d e s i g n  q u e s t i o n  i s  t h e r e f o r e  concerned w i t h  how much c e n t r a l -  
i z a t i o n  shou ld  be  employed f o r  t h e  MSS. It is  reasonab ly  a p p a r e n t  t h a t  
r e l a t i v e l y  complex equipment such  a s  a  hydrogen d e p o l a r i z a t i o n  u n i t  f o r  C02 
removal o p e r a t i n g  w i t h  a  S a b a t i e r / e l e c t r o l y s i s  oxygen r e c l a m a t i o n  system should 
n o t  be  r e p e a t e d  i n  each of t h e  e i g h t  h a b i t a b l e  modules of t h e  i n i t i a l  MSS. 
There fore ,  a  t r a d e  is e s t a b l i s h e d  as t o  which f u n c t i o n s  a r e  c e n t r a l i z e d  and 
which a r e  i n s t a l l e d  independen t ly  i n  each nodule .  Contaminant removal and C02 
removal can  b e  accomplished from t h e  same p r o c e s s  f low.  Humidity c o n t r o l  
r e q u i r e s  a  r e l a t i v e l y  s m a l l  i n c r e a s e  i n  atmosphere f low r a t e  compared t o  t h e  
t empera tu re  c o n t r o l  f low (Table  5-2).  Cons ider ing  t h e  low-temperature c o o l a n t  
loop i n t e r f a c e  and t h e  condensa te  w a t e r  i n t e r f a c e  w i t h  t h e  condensor ,  c e n t r a l -  
i z e d  humidi ty  c o n t r o l  i s  j u s t i f i e d .  The v e n t i l a t i o n  t r a d e  t h e n  reduces  t o  
s e l e c t i n g  t h e  b e s t  t empera tu re  and humidi ty  c o n t r o l  concep t .  

Candidate  Concepts 

The f o u r  b a s i c  concep t s  c o n s i d e r e d  a r e  l i s t e d  i n  Tab le  5-3. Schematfcs 
of t h e  f o u r  concep t s  a r e  shown i n  F i g u r e  5-2. 

T a b l e  5-3. Candida te  V e n t i l a t i o n  Concepts 

Concept 

1 
2  
3  
4 

Humidity C o n t r o l  

C e n t r a l ,  series f low 
C e n t r a l ,  p a r a l l e l  f l o w  
C e n t r a l ,  p a r a l l e l  f low 
Independent  

i 

Temperature C o n t r o l  

Independent  
Independent 
C e n t r a l  
Independent  
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Concept 1 - S e r i e s  P r o c e s s  Flow 

Concept 1 c o n s i d e r s  a c e n t r a l  humidi ty  c o n t r o l  h e a t  exchanger w i t h  p r o c e s s  
f low d i s t r i b u t e d  t o  t h e  i n d i v i d u a l  modules i n  s e r i e s .  Temperature  c o n t r o l  is  
performed by i n d i v i d u a l  h e a t  exchangers  l o c a t e d  i n  each module. 

S e v e r a l  advantageous f e a t u r e s  of t h i s  concept  a r e :  

1. The f low d i s t r i b u t i o n  method can a d a p t  t o  va ry ing  numbers of 
modules. An add-on module can be connected i n t o  t h e  s e r i e s  
f low scheme (assuming no i n c r e a s e  i n  t o t a l  C02 o r  humidi ty  
p roduc t ion)  . 

2. Adapts t o  t h e  d u a l  i s o l a b l e  volume scheme (wi th  i s o l a t i o n  
v a l v e s  added a t  t h e  p r e s s u r e  bu lkhead) .  

3 .  Prov ides  t h e  h i g h e s t  condensor i n l e t  dew p o i n t  PC02 and C02 
c o n c e n t r a t o r  i n l e t .  

4 .  Can p rov ide  a backup mode t o  a f a i l e d  c a b i n  h e a t  exchanger .  
A dual-speed a i r  t r a n s f e r  f a n  l o c a t e d  i n  t h e  s e r i e s  f low 
d u c t i n g  can  p r o v i d e  a i r  exchange between two a d j a c e n t  mod- 
u l e s .  An adequa te  f low c a p a b i l i t y  would be  s i z e d  t o  m a i n t a i n  
a 75 F t empera tu re .  

The concept  does  p r e s e n t  s e v e r a l  problems,  i n c l u d i n g  t h e  f o l l o w i n g :  

1. An i m p o s i t i o n  of p r o c e s s  a i r  h e a t i n g  arid coo l ing  l o a d s  w i t h  
a d j a c e n t  modules be ing  c o n t r o l l e d  t o  a l t e r n a t e  65 and 75 F 
c a b i n  t empera tu res .  

2. High l a t e n t  l o a d s  ( o r  peak l o a d s )  shou ld  b e  l o c a t e d  i n  t h e  
las t  s e r i e s  compartment b e f o r e  t h e  condenser  t o  e l i m i n a t e  
t r a n s i e n t s .  T h i s  p l a c e s  some r e s t r i c t i o n  on l o c a t i o n  of t h e  
w a t e r  and w a s t e  management equipment. 

3 .  The s e r i e s  f low arrangement  r e s u l t s  i n  a module dependency 
which r e q u i r e s  i s o l a t i o n  p r o v i s i o n s .  

Concept 2 - P a r a l l e l  P r o c e s s  Flow 

Concept 2 u s e s  a p a r a l l e l  f low arrangement  t o  d i s t r i b u t e  a i r  t o  t h e  
modules. A c e n t r a l  c i r c u l a t i o n  system u s i n g  a h i g h  f low f a n  is  l o c a t e d  i n  t h e  
c o r e  module w i t h  f low d i s t r i b u t e d  t o  t h e  i n d i v i d u a l  modules. R e t u r n  f low i s  
mixed i n  t h e  r e t u r n  d u c t .  Humidity and C02 c o n t r o l  f low is  d e l i v e r e d  a t  t h e  
mixed c o n d i t i o n  t o  t h e  module c o n t a i n i n g  t h e  condenser  and t h e  C02 p r o c e s s  
equipment. Condi t ioned f low is  r e t u r n e d  t o  t h e  c e n t r a l  d i s t r i b u t i o n  d u c t i n g .  
Cabin t empera tu re  c o n t r o l  i s  prov ided  by i n d i v i d u a l  s e n s i b l e  h e a t  exchangers .  
D e s i r a b l e  f e a t u r e s  of t h i s  concep t  i n c l u d e :  

1. Flow d i s t r i b u t i o n  p e n a l t y  i s  low due t o  lower d u c t i n g  p r e s s u r e  
d rops .  
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2. Averaging of t h e  p rocess  a i r  t empera tu re  i n  t h e  c i r c u l a -  
t i o n  d u c t i n g  r e d u c e s  t h e  h e a t i n g  and c o o l i n g  l o a d s  produced 
i n  a l t e r n a t i v e  65 and 75 F compartments. 

3. Dual i s o l a b l e  volumes may be accommodated w i t h  a p p r o p r i a t e  
i s o l a t i o n  v a l v e s  i n  t h e  c i r c u l a t i o n  d u c t i n g .  

4.  I n d i v i d u a l  compartments may be i s o l a t e d  w i t h o u t  a f f e c t i n g  
o p e r a t i o n  of t h e  remaining modules.  

Disadvan tages  of t h e  concept i n c l u d e :  

1. Peak l a t e n t  and C02 l o a d s  may occur  i n  a  s i n g l e  compartment. 
Flow mixing d i l u t e s  c o n c e n t r a t i o n s  and r e q u i r e s  l a r g e r  
p r o c e s s  equipment.  

2. Modular o r  redundant  c a b i n  h e a t  exchangers  a r e  r e q u i r e d  
b e c a u s e  module s e n s i b l e  load  s h a r i n g  i s  n o t  accommodated. 

3. Large  d u c t i n g  volumes a r e  r e q u i r e d  i n  t h e  c o r e  module. 

Concept 3  - C e n t r a l  Temperature and Humidity Cont ro l  

The s a l i e n t  advan tage  of t h i s  concept  i s  t h e  r e s u l t  of combined s e n s i b l e  
l o a d s  r e s u l t i n g  i n  a  small s i n g l e  h e a t  exchanger .  Humidity and C02 p r o c e s s  
f l o w  and equipment a r e  l o c a t e d  i n  p a r a l l e l  w i t h  t h e  s e n s i b l e  h e a t  exchanger .  
A h i g h  f l o w - p a r a l l e l  d i s t r i b u t i o n  system i s  n e c e s s a r y  t o  p r o v i d e  i n d i v i d u a l  
module the rmal  c o n t r o l .  

T h i s  concep t  i s  n o t  c a r r i e d  through t h e  d e t a i l e d  t r a d e o f f s  p r i m a r i l y  due 
t o  t h e  v e r y  h i g h  v o l u m e t r i c  f low requ i rements  which r e s u l t  i n  l a r g e  d u c t  vo l -  
umes and e x c e s s i v e  i n t e r f a c e  p o r t  s i z e s .  I n d i v i d u a l  module and volume i s o l a -  
t i o n  becomes less f e a s i b l e  t h a n  i n  o t h e r  c o n c e p t s .  L o c a t i o n  of t h e  s e n s i b l e  
h e a t  exchanger  u n i t  would n e c e s s a r i l y  have t o  b e  i n  t h e  c o r e  module s i n c e  t o t a l  
f l o w  cou ld  n o t  p r a c t i c a b l y  be  ducted i n t o  and o u t  of a  s i n g l e  module c o n t a i n i n g  
a l l  of  t h e  p r o c e s s  equipment.  

The c e n t r a l i z e d  concep t  was i n c o r p o r a t e d  i n  t h e  d e s i g n  of t h e  33-foot 
d i a m e t e r  s t a t i o n  and r e q u i r e d  a  supp ly  and r e t u r n  t a n k  each 12 by 12 i n c h e s .  
Large  d u c t  s i z e s  a t  module i n t e r f a c e s  shou ld  b e  avoided f o r  t h e  MSS. 

Concept 4 - L o c a l  S e n s i b l e  and L a t e n t  Load Cont ro l  

T h i s  c a n d i d a t e  p r o v i d e s  l o c a l  t e m p e r a t u r e  and humid i ty  c o n t r o l ,  probably  
i n  a s i n g l e  h e a t  exchanger  i n  each module. C02 and t r a c e  contaminant  c o n t r o l  
would be  a f f e c t e d  c e n t r a l l y ,  p r i m a r i l y  due t o  t h e  complexi ty  of t h e  C02 
c o l l e c t i o n ,  r e d u c t i o n ,  and oxygen g e n e r a t i o n  equipment.  D i s t r i b u t i o n  d u c t i n g  
would b e  r e q u i r e d  f o r  t h e  C02 p r o c e s s  f low and would be  s i m i l a r  t o  t h o s e  of 
Concepts  1 o r  2. 

S i n c e  humid i ty  c o n d i t i o n e d  a i r  must b e  p rov ided  t o  t h e  c e n t r a l  C02 con- 
c e n t r a t o r ,  a b o u t  one h a l f  t o  t h r e e  f o u r t h s  of t h e  t o t a l  v e h i c l e ' s  l a t e n t  load  
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i s  t aken  c a r e  of independent  of t h e  i n d i v i d u a l  module u n i t s .  Each compartment 
must ,  t h e r e f o r e ,  p r o v i d e  a d d i t i o n a l  equipment t o  h a n d l e  peak compartment l a t e n t  
loads  of about  t h r e e  f o u r t h s  of t h e  v e h i c l e  t o t a l .  For a  f ive-module s p a c e  
s t a t i o n ,  400 p e r c e n t  i n s t a l l e d  c a p a c i t y  i s  r e q u i r e d ,  n o t  i n c l u d i n g  redundancy.  
Any advantages  of combining t e m p e r a t u r e  and humidi ty  c o n t r o l  i n  a  s i n g l e  u n i t  
a r e  o v e r r i d e n  by t h i s  f a c t o r .  

Among t h e  d i s a d v a n t a g e s  of t h i s  concept  a r e  t h a t  condensing and w a t e r  
s e p a r a t i n g  equipment must  b e  l o c a t e d  i n  each module and no module i s o l a t i o n  
advantages  r e s u l t  s i n c e  C02 p r o c e s s  f low must b e  c i r c u l a t e d .  

The concept  i s  of i n t e r e s t  when i n d i v i d u a l  module l i q u i d  h e a t  t r a n s p o r t  
c i r c u i t s  a r e  c o n s i d e r e d .  Independent  module the rmal  c o n t r o l  ( i n c l u d i n g  
humidi ty  c o n t r o l )  would b e  p o s s i b l e  and would i n t e g r a t e  w i t h  i n d i v i d u a l  module 
r a d i a t o r  sys tems .  

Concept E v a l u a t i o n s  

The approximate  we igh t  and power f o r  t h e  f o u r  concep t s  a r e  shown i n  
Tab le  5-4. 

T a b l e  5-4. Concept P h y s i c a l  C h a r a c t e r i s t i c s  

Concept 3  i s  d e l e t e d  from f u r t h e r  a n a l y s i s  because  of h i g h e r  we igh t  and 
power and e x c e s s i v e  d u c t  s i z e s .  Concept 4  is  d e l e t e d  from f u r t h e r  a n a l y s i s  
because  of h i g h e r  we igh t  and power and t h e  complexi ty  of p r o v i d i n g  p roper  
redundancy f o r  e i g h t  independent  modules.  

Concept 

1 - C e n t r a l  s e r i e s  h u m i d i t y ,  independent  t e m p e r a t u r e  
2  - C e n t r a l  p a r a l l e l  h u m i d i t y ,  independent  t e m p e r a t u r e  
3 - C e n t r a l  p a r a l l e l  humid i ty ,  c e n t r a l  t e m p e r a t u r e  
4  - Independent  h u m i d i t y ,  independen t  t e m p e r a t u r e  

The c e n t r a l - p a r a l l e l  and c e n t r a l - s e r i e s  c o n f i g u r a t i o n s  (Concepts  1 and 2) 
show t h e  g r e a t e s t  p o t e n t i a l  from a n  o v e r a l l  p e r s p e c t i v e ,  and t h u s  r e q u i r e  a  
more d e t a i l e d  comparison.  For  t h e  purposes  of  e v a l u a t i o n ,  a  c l u s t e r  of  10 
h a b i t a b l e  modules was assumed. 

Concept 1 - S e r i e s  P r o c e s s  Flow 

Weight 
( l b )  

3930 
3491 
4900 
4  200 

T h i s  concep t  c o n s i s t s  of a  c e n t r a l  humidi ty  c o n t r o l  h e a t  exchanger and 
hydrogen d e p o l a r i z e d  C02 c o n c e n t r a t o r  w i t h  t h e  p r o c e s s  f low d i s t r i b u t e d  t o  
t h e  i n d i v i d u a l  modules i n  series. I n  t h i s  scheme, w a t e r  and C02 a r e  p icked  
up by t h e  p r o c e s s  f low a s  i t  p a s s e s  th rough  t h e  c a b i n s  and a r e  removed when 
i t  p a s s e s  through t h e  c e n t r a l  humid i ty  and C02 c o n t r o l  u n i t s .  Because t h e  
t o t a l  p r o c e s s  f low p a s s e s  th rough  each  c a b i n  t h e  d i s t r i b u t i o n  of  b o t h  C03 - and 

Power 
( w a t t s )  

2380 
1686 
3000 
3500 
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w a t e r  g e n e r a t i o n  h a s  no e f f e c t  on t h e  d e s i g n .  Thus t h e  humidi ty  and C02 con- 
t r o l  u n i t s  need o n l y  be  s i z e d  t o  accommodate t h e  maximum C02 and wate r  genera-  
t i o n  r a t e s  a t  t h e  maximum a l l o w a b l e  c o n c e n t r a t i o n .  T?.e t o t a l  e q u i v a l e n t  
weight  i n c l u d e s  a c t u a l  hardware we igh t  p l u s  a  power p e n a l t y  of 0 .71  pound p e r  
w a t t .  

The s t u d y  assumes t h e  d r y  b u l b  t e m p e r a t u r e  of t h e  p r o c e s s  f low e n t e r i n g  
each c a b i n  t o  b e  75 F  and t h e  d e s i r e d  ambient t e m p e r a t u r e  t o  be  65 F. For 
t h e s e  c o n d i t i o n s ,  maximum s e n s i b l e  h e a t  removal i s  r e q u i r e d .  While t h i s  con- 
d i t i o n  d e f i n e s  t h e  s e n s i b l e  hardware w e i g h t ,  t h e  power p e n a l t y  could  be 
somewhat l e s s  by u t i l i z i n g  speed c o n t r o l  on t h e  f a n s .  F u r t h e r  d e f i n i t i o n  of 
a c c e p t a b l e  c a b i n  t empera tu re  c o n t r o l  c o n d i t i o n s  i s  r e q u i r e d  t o  show t h e  p o s s i b l e  
weight  s a v i n g s .  

The s p e c i f i e d  humidi ty  l i m i t s  a r e  46 t o  57 F.  Because t h e  t o t a l  p r o c e s s  
f low p a s s e s  through t h e  condensing h e a t  exchanger and t h e  minimum c a b i n  dew 
p o i n t  i s  46 F, t h e  h e a t  exchanger o u t l e t  dew p o i n t  must n o t  go below 46 F. A 
p r a c t i c a l  t o l e r a n c e  band f o r  c o n t r o l  is - +2 F,  t h u s  t h e  o u t l e t  dew p o i n t  w i l l  
b e  48 +2 F. To a s s u r e  a d e q u a t e  h e a t  exchanger c a p a c i t y  under t h e s e  c o n d i t i o n s  
t h e  u n i t  shou ld  be  s i z e d  t o  remove 3 .6  pounds of w a t e r  p e r  hour a t  a n  o u t l e t  
dew p o i n t  of 50 F. A t  t h e s e  c o n d i t i o n s  t h e  r e q u i r e d  f low i s  340 cfm. S i n c e  
t h e  r e q u i r e d  f low f o r  C02 removal i s  200 cfm, humidi ty  c o n t r o l  s e t s  t h e  f low 
r a t e .  

The p rocedure  f o r  c h a r a c t e r i z a t i o n  of t h e  series f low concept  i s :  

1. E s t a b l i s h  f low r a t e  through c o n c e n t r a t o r  t o  remove s p e c i f i e d  
C02 g e n e r a t i o n  and m a i n t a i n  C02 pp below 3.0 mm Hg. 

2. E s t a b l i s h  f low r a t e  through l a t e n t  h e a t  exchanger  t o  remove 
s p e c i f i e d  H20 g e n e r a t i o n  and m a i n t a i n  dew p o i n t  between 46 
and 57 F. 

3.  S e l e c t  r e q u i r e d  p r o c e s s  f low r a t e  which i s  l a r g e r  of S t e p s  1 
and 2. 

4 .  Determine d u c t  we igh t  a t  optimum c o n d i t i o n s  and t h e  p r e v i o u s l y  
s e l e c t e d  340 cfm. 

5.  C h a r a c t e r i z e  t o t a l  sys tem e q u i v a l e n t  we igh t  f o r  t h e  v a r i o u s  
p r o c e s s  f low r a t e s .  Use optimum d u c t i n g  of S t e p  4 and add 
w e i g h t s  of o t h e r  hardware  t o  d e t e r m i n e  system weigh t  a t  
340 cfm ( F i g u r e  5-3).  

6. C h a r a c t e r i z e  t o t a l  sys tem power f o r  v a r i o u s  p r o c e s s  f low 
r a t e s .  Use optimum d u c t i n g  of S t e p  4 and power of o t h e r  
subsystems.  Determine minimum system power a t  340 cfm 
from F i g u r e  5-4.  
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Figu re  5 - 4 .  T o t a l  Power, Concept 1 
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Concept 2  - P a r a l l e l  P r o c e s s  Flow 

T h i s  concep t  c o n s i s t s  of a  c e n t r a l  humidi ty  c o n t r o l  h e a t  exchanger and 
hydrogen d e p o l a r i z e d  c o n c e n t r a t o r  w i t h  t h e  p r o c e s s  f low d i s t r i b u t e d  t o  e a c h  
of t h e  modules by a  p a r a l l e l  f low arrangement .  I n  t h i s  scheme t h e r e  i s  a 
c e n t r a l  c i r c u l a t i o n  c i r c u i t  l o c a t e d  i n  t h e  c o r e  module. The r e q u i r e d  v e n t i l a -  
t i o n  f low f o r  each module i s  duc ted  t o  t h e  module. Re turn  f low i s  duc ted  back 
t o  t h e  r e t u r n  branch of t h e  c i r c u l a t i o n  c i r c u i t .  P r o c e s s  f l o w  t o  t h e  conden- 
s e r  and C02 c o n c e n t r a t o r  i s  withdrawn from t h e  r e t u r n  l i n e  w i t h  t h e  rema=~ning 
c i r c u l a t i o n  a i r  bypass ing  t h e  condenser .  Uneven compartment l o a d i n g  i n  t h e  
p a r a . l l e 1  f low concept  r e s u l t s  i n  d i l u t i o n .  A s  t h e  d e s i g n  of t h e  humidi ty  and 
C02 c o n t r o l  u n i t s  depends on c o n c e n t r a t i o n ,  t h e  s i z e  of t h e  u n i t s  i s  p r e d i c a -  
t e d  on t h e ' t o t a l  p r o c e s s  f low r a t e .  The p rocedure  f o r  c h a r a c t e r i z a t i o n  o f  t h e  
p a r a l l e l  f low concep t  i s :  

1. E s t a b l i s h  c a b i n  p r o c e s s  f low r a t e s  a t  v a r i o u s  i n l e t  C02 
p a r t i a l  p r e s s u r e s  t o  m a i n t a i n  maximum c a b i n  C02 pp a t  
3 . 0  mm Hg of s p e c  g e n e r a t i o n  ( F i g u r e  5-5).  

2 .  E s t a b l i s h  c a b i n  p r o c e s s  f low r a t e s  a t  v a r i o u s  i n l e t  dew 
p o i n t s  t o  m a i n t a i n  c a b i n  dew p o i n t s  between 46 and 57 F  
a t  s p e c i f i e d  w a t e r  g e n e r a t i o n  r a t e s  ( F i g u r e  5-6) .  

3.  E s t a b l i s h  t h e  main d i s t r i b u t i o n  system f low r a t e s ,  comprised 
of summation of i n d i v i d u a l  module f lows ( F i g u r e  5-7).  

4 .  E s t a b l i s h  p r o c e s s  c o n t r o l  f low r a t e  f o r  v a r i o u s  main d i s t r i -  
b u t i o n  f low r a t e s ,  based on f low t o  remove maximum g e n e r a t e d  
w a t e r  a t  a  condensing t empera tu re  of 45 F  ( F i g u r e  5-8).  

5 .  E s t a b l i s h  l o c i  of optimum module d u c t i n g  f o r  v a r y i n g  module 
f low r a t e s ,  u s e s  aluminum d u c t s  0.060-inch t h i c k  and 225 
f e e t  long (25 f e e t  p e r  module) ( F i g u r e  5-9). 

6 .  E s t a b l i s h  l o c i  of optimum main d i s t r i b u t i o n  d u c t i n g  f o r  vary-  
i n g  main d i s t r i b u t i o n  f low r a t e s ;  u s e s  aluminum d u c t s  0.60- 
i n c h  t h i c k  and 100 f e e t  long ( F i g u r e  5-10).  

Using r e l a t i o n s h i p  of S t e p  3  and optimum r e s u l t s  of S t e p s  5  
and 6 ,  e s t a b l i s h  minimum d i s t r i b u t i o n  system w e i g h t s  f o r  
v a r i o u s  main d i s t r i b u t i o n  f low r a t e s  ( F i g u r e  5-11).  E s t a b l i s h  
t o t a l  sys tem e q u i v a l e n t  we igh t  f o r  va ry ing  main d i s t r i b u t i o n  
f low r a t e s ;  i n c o r p o r a t e s  r e s u l t s  of S t e p  7 ,  p r o c e s s  c o n t r o l ,  
and t empera tu re  c o n t r o l  subsystems.  From S t e p  7 ,  s e l e c t  mini-  
mum system weigh t  which e s t a b l i s h e s  main d i s t r i b u t i o n  f low 
r a t e ;  a l s o  e s t a b i i s h e s  module f low r a t e s ,  p r o c e s s  f low rates, 
c a b i n  i n l e t  p a r t i a l  p r e s s u r e  of C02, and c a b i n  i n l e t  dew p o i n t .  

8. Show v e h i c l e  e q u i v a l e n t  weight  d i s t r i b u t i o n  and power d i s t r i b u -  
t i o n  a t  sys tem optimum e q u i v a l e n t  weight  a s  shown i n  Tab le  5-5. 
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MA1 N DISTRIBUTION FLOW, CFM 

Figure 5-11. Equivalent Weight, concept 2 
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Comparison 

The t o t a l  e q u i v a l e n t  weight  f o r  Concept 1 ( s e r i e s  f low) i s  5820 pounds 
and t h e  t o t a l  power is  2380 w a t t s .  Concept 2  ( p a r a l l e l  f low) h a s  a  t o t a l  
e q u i v a l e n t  we igh t  of 4688 pounds and t h e  t o t a l  power i s  1686 w a t t s .  The 
s e r i e s  f low concep t  r e q u i r e s  more power and weight  t h a n  Concept 2. Concept 2  
r e q u i r e s  l a r g e  a i r  f lows  i n  t h e  c o r e  module and may r e q u i r e  module f low con- 
t r o l  t o  reduce  t h e  c o r e  f low. Concept 2 ,  w i t h  p a r a l l e l  humidi ty  and C02 t o  
t h e  modules,  is  t h e  p r e f e r r e d  concept  p r i m a r i l y  because  of t h e  power and 
weigh t  advan tages .  

5 . 3  PRELIMINARY DESIGN TRADES 

The a p p l i c a t i o n  of t h e  p a r a l l e l  f low humidity/C02 c o n t r o l  concep t  w i t h  
independent  module t empera tu re  c o n t r o l  t o  t h e  MSS i n v o l v e s  f u r t h e r  d e t a i l e d  
t r a d e s .  Design i s s u e s  of p a r t i c u l a r  importance a r e  (1) t h e  need f o r  module 
f l o w  modulat ion and (2 )  t h e  c o r e  module d u c t i n g  c o n f i g u r a t i o n .  Module f low 
c o n t r o l  i s  a n  i s s u e  because  of t h e  l a r g e  a i r  f low t h a t  i s  caused i n  t h e  c o r e  
module d u c t s  i f  f low c o n t r o l  is n o t  used and t h e  complexi ty  of t h e  s e n s o r  and 
s e n s i t i v i t y  of f a n  d e s i g n  i f  t h e r e  i s  f low c o n t r o l .  The c o r e  module d u c t  con- 
f i g u r a t i o n  is s i g n i f i c a n t  because  of t h e  p o t e n t i a l l y  l a r g e  s i z e  d u c t s  (30-inch 
d i a m e t e r )  and t h e  p o t e n t i a l  s p e c i a l  d e s i g n  t o  accommodate t h e  docking p o s i t i o n s  
f o r  t h e  modules which c o n t a i n  t h e  r e v i t a l i z a t i o n  p r o c e s s i n g  equipment.  

Module Flow C o n t r o l  Trade  

The f low r a t e  t o  a module depends on t h e  number of crewmen i n  t h e  module 
and t h e  c o n d i t i o n  of t h e  i n l e t  a i r .  The f low r a t e  i n  t h e  c o r e  module depends 
on t h e  number o f  modules i n  t h e  c l u s t e r  and t h e r e f o r e  t h e  d e c i s i o n  t o  u t i l i z e  
c o n t r o l  of t h e  f l o w  t o  a  module i s  s e n s i t i v e  t o  t h e  p a r t i c u l a r  c o n f i g u r a t i o n .  
I t  w i l l  b e  shown t h a t  module f low c o n t r o l  i s  r e q u i r e d  i f  a  l a r g e  number of 
modules ( i . e . ,  10)  a r e  invo lved  and i s  n o t  r e q u i r e d  f o r  a  s m a l l  number of 
modules ( <  5 ) .  I t  w i l l  a l s o  be  shown t h a t  t h e  c e n t r a l i z e d  r e v i t a l i z a t i o n  duc t  
sys tem shou ld  be  des igned  i n i t i a l l y  t o  accommodate t h e  12-man growth MSS. 

The w o r s t  c a s e  f o r  d e s i g n  of t h e  d u c t  system o c c u r s  when a l l  s i x  men a r e  
i n  one module and a l l  o t h e r  modules a r e  r e c e i v i n g  a  minimum 100 cfm f low o r  a  
f u l l  six-man f low rate depending on whether  f low c o n t r o l  i s  u t i l i z e d .  A s i m p l i -  
f i e d  a n a l y s i s  model f o r  C02 c o n t r o l  i s  shown i n  F i g u r e  5-12. 

T h i s  model assumes 10 h a b i t a b l e  modules which r e c e i v e  a i r  r e v i t a l i z a t i o n .  
The n i n e  modules w i t h o u t  crew a r e  shown a s  one on t h e  diagram.  The a i r  l e a v i n g  
t h e  module w i t h  s i x  men cannot  exceed 3m Hg C02 (PI ) .  The a i r  i n t o  t h e  module 
w i l l  b e  t h e  mix (P5) of t h e  H2 d e p o l a r i z e r  o u t l e t  (P4) and t h e  b u l k  f low through 
n i n e  modules. The f low through t h e  n i n e  modules a c t u a l l y  d i l u t e s  t h e  3 mm Hg 
f l o w  from t h e  one module s o  t h a t  t h e  C02 removal equipment i n l e t  is  l e s s  t h a n  
3  mm Hg. The d i l u t i o n  f low (W2) is 900 cfm i f  100 cfm i s  d i r e c t e d  t o  each unin- 
h a b i t e d  module and 5400 cfm i f  600 cfm i s  d i r e c t e d  t o  each  module. F i g u r e  5-13 
i s  a p l o t  of t h e  C02 removal equipment i n l e t  c o n c e n t r a t i o n  a s  a  f u n c t i o n  of t h e  
f l o w  t o  t h e  six-man module and d i l u t i o n  f low shown p a r a m e t r i c a l l y .  I t  i s  s e e n  
t h a t  d i l u t i o n  f low does  n o t  a f f e c t  t h e  C02 c o n c e n t r a t i o n  a p p r e c i a b l y  and t h a t  
c o n c e n t r a t i o n s  of 2.7 t o  29 mm Hg a r e  f e a s i b l e .  
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UNOCCUPIED 

--------- 
Figure 5-12. C02 Control  - Analysis Model 
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I f  a  s i m i l a r  a n a l y s i s  p rocedure  f o r  humidi ty  c o n t r o l  i s  fol lowed t h e  p l o t  
i n  F igure  5-14 i s  ach ieved .  The c a l c u l a t i o n  a s s u r e s  3.26 pounds of w a t e r  p e r  
hour i n  one module, 12 mrn Hg maximum o u t l e t  wa te r  vapor p r e s s u r e ,  and 45 F 
s a t u r a t i o n  minimum from t h e  condensing h e a t  exchanger.  Humidity c o n t r o l  i s  
seen  t o  be  more s e n s i t i v e  t o  d i l u t i o n  f low.  Humidity h e a t  exchanger i n l e t  vapor  
p r e s s u r e s  of 10 t o  11 mm Hg appear  f e a s i b l e .  A summary of c h a r a c t e r i s t i c s  based 
on t h e s e  d a t a  a p p l i e d  t o  a  10-module i n i t i a l  MSS and 15-module growth MSS i s  
shown i n  I a b l e  5-6. I t  i s  s t r e s s e d  t h a t  t h e  d a t a  i n  Table  5-6 a r e  n o t  adequa te  
f o r  p r e l i m i n a r y  d e s i g n  b u t  t h e  g e n e r i c  t r e n d s  which r e s u l t  from comparing t h e  
concepts  a r e  a c c u r a t e .  Also ,  t h e  concept  of a  supp ly  and r e t u r n  header  d u c t  
r a t h e r  t h a n  a s e r i e s  "pool" d u c t  a f f e c t s  t h e  a n a l y s i s .  The c o r e  d u c t  conf igur -  
a t i o n  w i l l  be d i s c u s s e d  l a t e r .  

I n  a l l  c a s e s  t h e  humidi ty  c o n t r o l  f low t o  a  module i s  l a r g e r  t h a n  t h e  C02 
flow requ i rement .  The i n t e r f a c e  d u c t  s i z e  between a  module and t h e  c o r e  does  
n o t  vary  a p p r e c i a b l y  ( 8  t o  1 0  i n c h e s  d i a m e t e r ) .  However, t h e  c o r e  d u c t  s i z e  
does vary s i g n i f i c a n t l y  between f low c o n t r o l  and no flow c o n t r o l .  The c o r e  
d u c t s  shou ld  be  s i z e d  i n i t i a l l y  t o  accommodate t h e  growth 12-man MSS because  
t h e  growth modules "plug i n "  t h e  i n i t i a l  c o r e  and 12-man t r a f f i c  w i l l  e x i s t  
w i t h i n  t h e  i n i t i a l  c l u s t e r .  For  t h e  12-man c a s e ,  15-inch d iamete r  d u c t s  r e s u l t  
i n  t h e  c o r e  i f  module f low c o n t r o l  i s  u t i l i z e d  and 33-inch d u c t s  r e s u l t  i f  i t  
i s  n o t .  

The 33-inch d i a m e t e r  d u c t s  r e p r e s e n t  t o o  much of a  volume p e n a l t y  i n  t h e  
c o r e  f o r  no f low c o n t r o l  t o  be  a  f e a s i b l e  o p t i o n .  I n  a d d i t i o n ,  lower concen- 
t r a t i o n s  a t  t h e  H2 d e p o l a r i z e r  and humidi ty  h e a t  exchanger and h i g h e r  f a n  power 
a r e  r e q u i r e d  i f  t h e r e  is  no module f low c o n t r o l .  A major  problem w i t h  module 
f low c o n t r o l  i s  t h e  s e n s o r  which t e l l s  t h e  c o n t r o l  v a l v e  what t o  do.  There  i s  
some i n d i c a t i o n  t h a t  o t h e r  program c o n s i d e r a t i o n s  such a s  s a f e t y  and d u t y  t a s k  
ass ignments  may r e q u i r e  t h e  ISS t o  keep t r a c k  of crew l o c a t i o n .  I f  t h e  ISS 
c o n t a i n s  i n f o r m a t i o n  on crew l o c a t i o n ,  t h e  ISS cou ld  implement module f low 
c o n t r o l .  Module f low c o n t r o l  a p p e a r s  t o  o f f e r  t h e  l e a s t  p e n a l t y  f o r  d e s i g n  of 
t h e  two o p t i o n s  and is  t h e r e f o r e  recommended. 

Core Ducting C o n f i g u r a t i o n  

The pr imary t r a d e  f o r  d e s i g n  of t h e  c o r e  d u c t s  i s  s e l e c t i o n  of a  header  
concept  o r  a  s e r i e s  poo l ing  concep t  ( F i g u r e  5-15). The secondarv i s s u e s  i n c l u d e  
whether t h e r e  shou ld  be  two o r  f o u r  d u c t s  a t  t h e  p r o c e s s  module i n t e r f a c e ,  
whether t h e r e  s h o u l d  be  s p e c i a l  c o n t r o l  v a l v e s  w i t h i n  t h e  p r o c e s s  module t o  
accommodate t h e  v a r i a b l e  crew s i z e ,  and whether r e v e r s e  f low i n  t h e  p r o c e s s  
module i s  r e q u i r e d .  

The header  concep t  assumes a  s i n g l e  c o l l e c t o r  header  which r e c e i v e s  "used" 
a i r  from each module. A  p o r t i o n  of t h i s  used a i r  i s  d i r e c t e d  t o  t h e  module w i t h  
t h e  p r o c e s s i n g  equipment.  The p rocessed  a i r  is  d e l i v e r e d  t o  a  s i n g l e  supp ly  
header  i n  t h e  c o r e  from which a l l  modules can draw f r e s h  a i r .  Because o n l v  a  
p o r t i o n  of t h e  used a i r  is  p r o c e s s e d ,  a  bypass d u c t  i s  r e q u i r e d  t o  a l l o w  used 
a i r  t o  e n t e r  t h e  f r e s h  a i r  h e a d e r .  

I n  a d d d i t i o n ,  t h e  header  d e s i g n  must c o n s i d e r :  (1)  t h e  e n t i r e  crew can 
be  l o c a t e d  i n  e i t h e r  p r e s s u r e  volume, (2)  e i t h e r  s e t  of p r o c e s s i n g  equipment 
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must be  c a p a b l e  of s u p p o r t i n g  t h e  e n t i r e  MSS, and ( 3 )  t h e  growth modules which 
c o n t a i n  a d d i t i o n a l  p r o c e s s i n g  equipment (SM-5, SM-6) dock where t h e  i n i t i a l  
RAM and ca rgo  modules dock. When t h e s e  requ i rements  a r e  cons ide red  t h e  header  
concept  becomes v e r y  complex a s  i n d i c a t e d  i n  t h e  d u c t  drawing of F i g u r e  5-16. 
The dashed l i n e s  r e p r e s e n t  d u c t s  and v a l v e s  r e q u i r e d  t o  d e l i v e r  "mixed" used 
a i r  t o  t h e  p r o c e s s  modules.  The supp ly  d u c t  f o r  a module i n  which t h e  p r o c e s s -  
i n g  equipment i s  o p e r a t i n g  a c t u a l l y  r e v e r s e s  r o l e s  and s e r v e s  a s  a  r e t u r n  d u c t .  
A diagram of t h e  c o n t r o l  v a l v e s  and t h e  f low i n  a  p r o c e s s  module compat ib le  
w i t h  t h e  header  concept  i s  shown i n  F i g u r e  5-17. I f  t h e  p r o c e s s  equipment i s  
o p e r a t i n g  t h e  f low i s  i n  t h e  d i r e c t i o n  of t h e  dashed arrows on F i g u r e  5-17. 
The d e s i g n  i n d i c a t e d  i n  F i g u r e  5-17 r e q u i r e s  t h r e e  f low c o n t r o l  v a l v e s  and 
would p r o v i d e  I tpurer"  a i r  t o  t h e  crew i f  they  a r e  l o c a t e d  i n  t h e  p r o c e s s  mod- 
u l e  than  i f  they  a r e  i n  some o t h e r  module. The header  concept  c h a r a c t e r i s t i c s  
a r e  : 

1. Dedica ted  docking p o s i t i o n s  f o r  modules w i t h  p r o c e s s i n g  
equipment.  

2 .  S p e c i a l  c o r e  d u c t s  and 12 v a l v e s .  

3 .  Reverse  f low i n  i n t e r f a c e  d u c t s  f o r  modules w i t h  p rocess -  
ing  equipment.  

The s e r i e s  f low poo l ing  d u c t  concep t  i n  t h e  c o r e  s i m p l i f i e s  t h e  d e s i g n  
s i g n i f i c a n t l y  over  t h a t  of t h e  header  c o n c e p t .  The p r o c e s s i n g  module can b e  
docked a t  any docking p o r t  and o n l y  f o u r  v a l v e s  a r e  r e q u i r e d  t o  i s o l a t e  t h e  
d u c t  sys tem when one p r e s s u r e  volume i s  n o t  o p e r a b l e .  The module supp ly  and 
r e t u r n  d u c t s  connect  a t  any l o c a t i o n  on t h e  c o r e  p o o l  d u c t .  The on ly  r e q u i r e -  
ment i s  t h a t  t h e  module r e t u r n  must  be  downstream of t h e  module supp ly  on t h e  
c o r e  d u c t .  A diagram of t h e  p o o l i n g  concep t  i s  shown i n  F i g u r e  5-18. The 
poo l ing  concept  i s  t h e  recommended s e l e c t i o n  p r i m a r i l y  because :  

1. S i m p l i f i e d  c o r e  d u c t  d e s i g n  and minimum v a l v e s .  

2 .  Dedicated docking p o r t s  a r e  n o t  r e q u i r e d .  Modules w i t h  
p r o c e s s i n g  equipment can be  docked t o  any p o r t .  

A secondary t r a d e  i s  r e q u i r e d  t o ' d e f i n e  t h e  dork ing  i n t e r f a c e  and t h e  
a p p l i c a t i o n  of module f low c o n t r o l  v a l v e s .  The module which c o n t a i n s  t h e  
p r o c e s s i n g  equipment i s  a  s p e c i a l  c a s e  i n  t h a t  a i r  must be drawn t o  s u p p o r t  
t h e  crew i n  t h e  module and a i r  is  r e q u i r e d  f o r  t h e  p r o c e s s i n g  equipment.  To 
p r o v i d e  t h i s  a i r ,  two supp ly  d u c t s  cou ld  be  i n s t a l l e d  f o r  t h e  p r o c e s s  module, 
o r  one supp ly  d u c t  w i t h  e i t h e r  more a i r  f low ( s u f f i c i e n t  f o r  crew p l u s  p rocess -  
i n g ) ,  o r  a  p o r t i o n  of t h e  p r o c e s s  equipment o u t l e t  a i r  could  b e  d i r e c t e d  t o  
t h e  crew. 

The concept  of a  s i n g l e  s e t  of i n t e r f a c e  d u c t s  w i t h  i n c r e a s e d  a i r  f low is 
recommended t o  m a i n t a i n  docking p o r t  i n t e r f a c e  commonality. The a p p l i c a t i o n  
of p r o c e s s  equipment o u t l e t  a i r  t o  c o n d i t i o n  t h e  crew i n  t h e  p r o c e s s  module is 
n o t  recommended because  of t h e  complexi ty  of a n  a d d i t i o n a l  f low c o n t r o l  v a l v e  
and t h e  nons tandard  o p e r a t i n g  environment  of t h a t  p a r t i c u l a r  module. 
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5.4 SELECTED CONCEPT 

The s e l e c t e d  concept  f o r  MSS a tmospher ic  c o n t r o l  is  summarized a s  f o l l o w s :  

1. Independent  t empera tu re  c o n t r o l  ( s e n s i b l e  h e a t  l o a d )  i n  each 
module. 

2. C e n t r a l i z e d  humid i ty ,  C02, and contaminant  c o n t r o l  w i t h  
p a r a l l e l  f low t o  t h e  modules. 

3. Module f low c o n t r o l  s e n s i t i v e  t o  number of crew. 

4 .  Core module poo l ing  d u c t  concep t .  

5. Common two-duct i n t e r f a c e  w i t h  l a r g e r  f low f o r  t h e  opera-  
t i o n a l  p r o c e s s i n g  module. 

The a n a l y s i s  model f o r  humidi ty  and c o n t r o l  f l o w r a t e  d e t e r m i n a t i o n  i s  
shown i n  F i g u r e  5-19 f o r  t h e  w o r s t  c a s e  of s i x  men i n  t h e  p r o c e s s  module. The 
f low through t h e  module r e q u i r e d  t o  l i m i t  t h e  o u t l e t  wa te r  vapor  p r e s s u e  t o  
12 mm Hg w i t h  a w a t e r  g e n e r a t i o n  r a t e  of 3.26 pounds p e r  hour  (W1) i s  p l o t t e d  
a s  a  f u n c t i o n  of t h e  module i n l e t  vapor  p r e s s u r e  on F i g u r e  5-19. Superimposed 
on t h i s  same graph  i s  a  p l o t  of t h e  f low through t h e  condensing h e a t  exchanger 
a s  a  f u n c t i o n  of t h e  module i n l e t  vapor  p r e s s u r e .  The h e a t  exchanger  f low i s  
s i z e d  t o  remove 3.26 pounds of w a t e r  p e r  h o u r ,  assuming 45 F s a t u r a t i o n  o u t  of 
t h e  h e a t  exchanger .  The optimum system f l o w r a t e  o c c u r s  a t  abou t  9 .9  mm Hg 
module i n l e t  vapor  p r e s s u r e .  T h i s  cor responds  t o  400 cfrn through t h e  module 
t o  c o n d i t i o n  s i x  men, and 400 cfrn through t h e  condensing h e a t  exchanger .  

The performance a t  t h e  maximum d e s i g n  c o n d i t i o n s  and t h e  s e l e c t e d  800 cfrn 
module f low i s  shown on F i g u r e  5-20. I f  t h e  p r o c e s s  module i s  occupied by s i x  
crewmen, t h e  module draws 800 cfrn from t h e  c o r e .  I f  no crewmen a r e  i n  t h e  
p r o c e s s  module t h e  i n l e t  f low is  500 cfm. The p r o c e s s i n g  equipment draws a  
c o n s t a n t  400 cfrn by means of t h e  h e a t  exchanger f a n .  A  module w i t h  s i x  crew- 
men i s  main ta ined  t o  12 mm Hg pp w a t e r  and 3  mm Hg pp C02 maximum. The remain- 
d e r  of t h e  s t a t i o n  would o p e r a t e  a t  2.78 mm Hg pp C02 and 9 .9  mm Hg pp w a t e r  
(52.9 F dew p o i n t ) .  

Causing f low t o  occur  from t h e  c o r e  t o  a  module w i t h o u t  i n s t a l l i n g  separ -  
a t e  f a n s  on each i n t e r f a c e  d u c t  r e q u i r e s  a d d i t i o n a l  s t u d y .  The c o r e  poo l ing  
d u c t  r e q u i r e s  a d d i t i o n a l  s t u d y .  The c o r e  poo l ing  d u c t  r e q u i r e s  a  s e p a r a t e  f a n  
s i z e d  t o  p r o v i d e  1500 cfrn t o t a l  f low.  Each module i n c o r p o r a t e s  a  f a n  s i z e d  t o  
p r o v i d e  1500 cfrn f o r  t empera tu re  c o n t r o l .  A i r  w i l l  f low from t h e  c o r e  poo l ing  
d u c t  t o  a  module i f  t h e  module i s  a t  a  lower p r e s s u r e .  Converse ly ,  a i r  w i l l  
f low from a  module back t o  t h e  c o r e  i f  t h e  a i r  i s  a t  a  h i g h e r  p r e s s u r e  t h a n  t h e  
c o r e .  T h i s  f low w i l l  occur  i f  t h e  module s e n s i b l e  f a n  p r e s s u r e  d i f f e r e n c e  i s  
g r e a t e r  t h a n  t h e  c o r e  p o o l  d u c t  f a n  p r e s s u r e  d i f f e r e n c e .  The s e n s i b l e  f a n  
a b s o l u t e  o u t l e t  p r e s s u r e  must be  h i g h e r  t h a n  t h e  c o r e  p o o l  f a n  a b s o l u t e  o u t l e t  
p r e s s u r e .  The s e n s i b l e  f a n  a b s o l u t e  i n l e t  p r e s s u r e  must be  lower t h a n  t h e  c o r e  
f a n  a b s o l u t e  i n l e t  p r e s s u r e  a s  shown on F i g u r e  5-21. 
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Figure 5-19. Humidity Control  Analysis  
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F i g u r e  5-21. P r e s s u r e  P l o t  

T h i s  i s  a n t i c i p a t e d  t o  r e q u i r e  p o t e n t i a l l y  d e l i c a t e  f low r e s i s t a n c e  
b a l a n c i n g .  A d d i t i o n a l  d e s c r i p t i o n  of t h e  a tmospher ic  c o n t r o l  assembly pre-  
l i m i n a r y  d e s i g n  i s  c o n t a i n e d  i n  Volume I V Y  Subsystem Analyses  (SD 71-217-4), 
of t h i s  r e p o r t .  

5.5 FURTHER STUDY 

The d e s i g n  of t h e  a tmospher ic  c o n t r o l  assembly t o  s u p p o r t  a modular 
s t a t i o n  c o n t a i n s  s e v e r a l  i s s u e s  which r e q u i r e  f u r t h e r  a n a l y s i s  and t e s t i n g .  
Some of t h e  s i g n i f i c a n t  i s s u e s  encounte red  i n  t h i s  s t u d y  a r e :  

1. S e n s i b l e  Heat  Exchanger - U t i l i z a t i o n  of c o o l a n t  i n l e t  temp- 
e r a t u r e  below 57 F  is needed t o  a v o i d  l a r g e  p e n a l t i e s  i n  t h e  
a c t i v e  c o o l a n t  loop  d e s i g n .  

Sensing Methods f o r  Flow Cont ro l  - D e t a i l e d  s t u d i e s  and 
e v a l u a t i o n s  shou ld  be conducted t o  de te rmine  t h e  optimum 
s e n s i n g  method de te rmine  t h e  number o f  crew members i n  a  
module, s i n c e  t h i s  number d e t e r m i n e s  t h e  a i r  p r o c e s s  f low 
requ i rements .  The s t u d i e s  shou ld  i n c l u d e  t h e  normal a i r  
p r o c e s s i n g  s e n s o r  f o r  C02 l e v e l ,  humidi ty  l e v e l  and oxygen 
p a r t i a l  p r e s s u r e  a s  w e l l  a s  non a i r - p r o c e s s i n g  r e l a t e d  
d e v i c e s  f o r  coun t ing  such as e l e c t r o n i c  t u r n s t i l e .  I n  
a d d i t i o n ,  t h e  d a t a  c o l l e c t e d  and s t o r e d  by ISS may have t h e  
p o t e n t i a l  of being a  c o n t r o l  approach.  For example, t h e  
power consumption d a t a  of a  module moni tored by ISS may b e  
r e l a t e d  d i r e c t l y  t o  crew occupancy. 

3.  I n v e s t i g a t i o n  of lligh F lowra te  Ducts  - Approximately 1000 
fpm d u c t  v e l o c i t y  was used t o  s i z e  d u c t s  and is based on 
n o i s e  c r i t e r i a .  P r e s s u r e  d rop  and f a n  power d i d  n o t  s i z e  
d u c t s .  A n a l y s i s  and t e s t  of 2000 t o  3000 fpm n o i s e l e s s  d u c t s  
is sugges ted .  
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4. Core Ducts - The need for ducts in the core module rather 
than using the core module for air pooling should be 
investigated further. 

5. The sensitivity of fan design to cause flow between the 
core and a module should be verified. 

6. Individual room revitalization and temperature control 
transient performance should be evaluated. The time 
response for room heating should also be evaluated. 

7. The sensitivity of the circulation system design concept 
to the number of modules and crew loading should be 
evaluated further. 
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6. ENERGY STORAGE TMDE 

Dur ing  t h e  d a r k  p o r t i o n  o f  t h e  o r b i t ,  e l e c t r i c a l  power i s  s u p p l i e d  by 
t h e  e l e c t r i c a l  power subsys t em (EPS) e n e r g y  s t o r a g e  a s sembly .  T h i s  s e c t i o n  
of  t h e  r e p o r t  d e l i n e a t e s  e n e r g y  s t o r a g e  r e q u i r e m e n t s ,  d e f i n e s  c a n d i d a t e  
c o n f i g u r a t i o n s ,  and compares pe r fo rmance  f o r  concep t  e v a l u a t i o n .  

F i g u r e  6-1 summarizes t h e  s t u d y  l o g i c  f low fo l lowed  d u r i n g  t h e  e n e r g y  
s t o r a g e  t r a d e  e f f o r t .  F i g u r e  6-2 shows t h e  e n e r g y  t r a d e  tree used  f o r  t h i s  
s t u d y .  The f l y w h e e l  a l t e r n a t i v e  f o r  e n e r g y  s t o r a g e  w a s  i d e n t i f i e d  b u t  n o t  
i n c l u d e d  i n  t h e  d e t a i l  t r a d e  a n a l y s e s  s i n c e  p r e l i m i n a r y  e s t i m a t e s  i n d i c a t e d  
l a r g e  a s sembly  w e i g h t s .  Nickel-cadmium b a t t e r i e s  and r e g e n e r a t i v e  f u e l  
c e l l s  were  r e t a i n e d  f o r  e v a l u a t i o n .  C r i t e r i a  u sed  f o r  pe r fo rmance  compar ison  
a r e  l i s t e d .  

The e n e r g y  s t o r a g e  t r a d e  was pe r fo rmed  as p a r t  o f  an i n t e g r a t e d  
EPS/ECLSS/RCS s t u d y  f o r  s u b s y s t e m  s e l e c t i o n s .  A p o r t i o n  o f  t h e  EPS s t u d y  was 
pe r fo rmed  i n d e p e n d e n t l y  f o r  p u r p o s e s  o f  n a r r o w i n g  down t h e  o v e r a l l  m a t r i x  o f  
c a n d i d a t e s .  T h i s  s e c t i o n  r e p o r t s  r e s u l t s  o f  t h e  e n e r g y  s t o r a g e  t r a d e  and 
recommendations f e d  i n t o  t h e  i n t e g r a t e d  t r a d e  s t u d y .  It  must  b e  p o i n t e d  o u t  
t h a t  t h i s  t r a d e  was b a s e d  on r e q u i r e m e n t s  a s  u n d e r s t o o d  i n  t h e  e a r l y  months 
o f  t h e  s t u d y .  Changes t o  t h e  r e q u i r e m e n t s  h a v e  o c c u r r e d  as a r e s u l t  o f  
l a t e r  MSS d e f i n i t i o n ;  however ,  an a s s e s s m e n t  o f  t h i s  showed no  s i g n i f i c a n t  
impact  on t r a d e  s t u d y  r e s u l t s .  F i n a l  r e q u i r e m e n t s  and EPS d e f i n i t i o n  i s  
documented i n  Volume I V ,  Subsys tem Ana lyses  (SD71-217-4), o f  t h e  MSS Pre l im-  
i n a r y  Des ign  r e p o r t .  

Two i n t e g r a t e d  subsys t em c o n c e p t s  were  s e l e c t e d  f o r  compar ison .  Concept  
1 ( F i g u r e  6-3) i s  t h e  MSS b a s e l i n e  which  r e s u l t e d  from MSS Phase  A s t u d y  
( R e f e r e n c e  6-1) . The f u e l  c e l l s  a r e  i n c l u d e d  i n  t h i s  c o n c e p t  t o  s a t i s f y  
emergency r e q u i r e m e n t s .  T h i s  was d r i v e n  by a  g u i d e l i n e  and c o n s t r a i n t  t h a t  
s p e c i f i e d  l i f e  s u p p o r t  f o r  two i n d e p e n d e n t  and i s o l a t a b l e  volumes .  An 
emergency d u r a t i o n  o f  96 h o u r s - w a s  e s t a b l i s h e d .  T h i s  r e q u i r e m e n t  r e s u l t s  i n  
a p e n a l t y  t o  t h e  b a t t e r y  concep t  o f  f u e l  c e l l  we igh t  and c o s t .  

Concept  2  ( F i g u r e  6-4) i s  a  v a r i a t i o n  s u b s t i t u t i n g  f u e l  c e l l s  and 
e l e c t r o l y s i s  a s  a r e g e n e r a t i v e  e n e r g y  s t o r a g e  assembly f o r  t h e  NiCd second-  
a r y  b a t t e r i e s .  S e p a r a t e  f u e l  c e l l s  f o r  emergency were  c o n s i d e r e d  f o r  
Concept  2 ;  however ,  i t  was d e c i d e d  t h a t  t h e  f o u r  f u e l  c e l l s  i n  t h e  e n e r g y  
s t o r a g e  assembly  can b e  l o c a t e d  t o  s u p p o r t  b o t h  volumes i n d e p e n d e n t l y  i n  
c a s e  o f  emergency.  

Bui ldup power r e q u i r e m e n t s  a r e  a f u n c t i o n  o f  b u i l d u p  sequence .  The 
MSS c o n f i g u r a t i o n  e v o l v e d  from a  b a s e l i n e  which h a d  t h e  power module l aunched  
as t h e  f i r s t  s t e p  i n  b u i l d u p .  The f i n a l  c o n f i g u r a t i o n  i s  b a s e d  on  a  b u i l d u p  
sequence  which  l a u n c h e s  an i n d e p e n d e n t  c o r e  module a s  t h e  f i r s t  s t e p .  
Bui ldup power r e q u i r e m e n t s  t o  a r r i v e  a t  t h e  f i n a l  concep t  a r e  n o t  i n c l u d e d  
i n  t h i s  t r a d e .  The  s e l e c t e d  MSS c o n f i g u r a t i o n  i s  shown i n  F i g u r e  6-5. 
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STATION MODULES *Z 

CARGO & RAM *Y 

Figure  6-5. I n i t i a l  S t a t i o n  C o n f i g u r a t i o n  

The i n t e g r a t e d  subsystem t r a d e  s t u d y  i n c l u d e d  a  h y d r a z i n e  a u x i l i a r y  
power u n i t  ( A P U )  f o r  t h o s e  RCS o p t i o n s  c o n s i d e r i n g  h y d r a z i n e  f o r  p r o p u l s i o n  
f u e l .  Cost comparisons showed t h a t  t h e  APU added $13.3 m i l l i o n  above 
Concept 1 ( b a s e l i n e ) .  A weight  p e n a l t y  o f  3600 pounds (92-hour emergency) 
r e s u l t e d  from s p e c i f i c  f u e l  consumption r a t e s  of 1 0  lb. /kwh compared t o  
f u e l  c e l l s  a t  0 .82 l b  ./kwh. To make t h e  concep t  c o m p e t i t i v e ,  improved 
f u e l  consumption r a t e s  a r e  r e q u i r e d  which t e n d s  t o  d r i v e  t h e  d e s i g n  t o  
s o p h i s t i c a t e d  and h i g h l y  e f f i c i e n t  c losed- loop dynamic convers ion  equipment 
( i . e . ,  i n c r e a s e d  development c o s t  and r i s k ) .  The h y d r a z i n e  APU (E-3) was 
r e j e c t e d  w i t h  t h e  recommendation made t h a t  a l l  i n t e g r a t e d  o p t i o n s  c o n t a i n i n g  
E3 b e  dropped from f u r t h e r  c o n s i d e r a t i o n  (Table  6-1).  

6 . 1  ENERGY STORAGE REQUIREMENTS 

The NASA g u i d e l i n e s  and c o n s t r a i n t s  s p e c i f y  an o r b i t  of  55 degrees  a t  
an a t t i t u d e  between 240 and 270 n a u t i c a l  m i l e s .  For purposes  o f  t h i s  s t u d y  
a  270-naut ical -mile  o r b i t  w a s  used a s  t h e  b a s e l i n e .  The o r b i t a l  c h a r a c t e r -  
i s t i c s  of t h i s  b a s e l i n e  a r e  given i n  Tab le  6-2. 
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Table  6-2. B a s e l i n e  Opera t ion  Times 

Tab le  6-3 summarizes t h e  e l e c t r i c a l  power l o a d s  used f o r  energy s t o r a g e  
t r a d e s .  The r e f e r e n c e  concepts  a r e  based  on t h e  RCS u s i n g  c ryogen ic  hydrogen 
and oxygen wi thou t  r e s i s t o j e t s .  The ECLSS was based  on a  c losed  oxygen loop 
u s i n g  c ryogen ic  oxygen f o r  makeup. The b a s i c  d i f f e r e n c e  i n  power r e q u i r e d  f o r  
t h e  i n t e g r a t e d  t r a d e s  was the  amount o f  power r e q u i r e d  f o r  t h e  ECLSS e l e c t r o -  
l y s i s  d u r i n g  t h e  s u n l i g h t  p a r t  o f  t h e  o r b i t .  The o r b i t  dark  p e r i o d  power 
f o r  a l l  concep t s  was e s s e n t i a l l y  t h e  same. S i n c e  i t  i s  t h i s  requirement  
t h a t  s i z e s  t h e  energy  s t o r a g e  components, i t  is n o t  n e c e s s a r y  t o  c o n s i d e r  
a l l  concep t s  f o r  t h i s  p o r t i o n  o f  t h e  s t u d y .  

I t e m  

O r b i t  P e r i o d  

L i g h t  
D/L = 0.6 I Dark 

L i g h t  
D/L = 0 .471  [ Dark 

Dai ly  Opera t ing  Cycle 

Work - L i g h t  

Work - Dark 

R e s t  - Ligh t  

R e s t  - Dark 

The d a t a  shown i n  Tab le  6-3 a r e  p r e s e n t e d  g r a p h i c a l l y  by F igures  6-6 
and 6-7, showing power r e q u i r e d  by each  subsystem.  T h i s  power p r o f i l e  
i n c l u d e s  4.5 kwe average  power a l l o c a t e d  f o r  exper iments  i n  t h e  i n i t i a l  
s t a t i o n  and 6  kwe f o r  t h e  growth s t a t i o n .  I n  a c t u a l  space  s t a t i o n  o p e r a t i o n  
i t  i s  expec ted  t h a t  t h i s  power w i l l  be h i g h e r  d u r i n g  t h e  14-hour work p e r i o d  
and lower  d u r i n g  t h e  10-hour r e s t .  T h i s  change w i l l  i n c r e a s e  14-hour work 
p e r i o d  energy s t o r a g e  r e q u i r e d  and d e c r e a s e  t h e  10-hour r e s t  r equ i rements .  
I t  i s  a l s o  b e l i e v e d  t h a t  24-hour average exper iments  power w i l l  va ry  w i t h  
m i s s i o n  t i m e .  An example of t h i s  i s  shown i n  F igure  6-8, u s i n g  d a t a  from 
Refe rences  6-2 and 6-3. T h i s  change would reduce t h e  s o l a r  a r r a y  area 
r e q u i r e d  s i n c e  t h e r e  i s  an advantage ga ined  by matching experiment r e q u i r e -  
ments and t h e  s o l a r  a r r a y  d e g r a d a t i o n  curves .  

Dura t ion  i 

Hours 

1.576 

0.985 

0 .591 

1 .071 

0.505 

8.75 

5.25 

6.25 

3.75 

Minutes 

94.56 

59.1 

35.5 

64.3 

30.3 

525 

315 

375 

2  2 5  I 
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Table  6-4 shows energy s t o r a g e  requ i rements  a s  a  f u n c t i o n  of work and 
r e s t  p e r i o d s  f o r  b o t h  t h e  6- and 12-man s t a t i o n s .  Values shown f o r  t h e  
l i g h t  p o r t i o n  of t h e  o r b i t  a r e  t h o s e  a l l o c a t e d  f o r  b a t t e r y  peaking.  

Tab le  6-4. Energy S torage  Requirements 

d / L = 0 . 6 ,  i = 5 5 ' ,  h =  2 7 0 N M  

For t h e  o r b i t  s p e c i f i e d  i n  t h e  i n i t i a l  s t a t i o n ,  t h e  o r b i t  d a r k - l i g h t  
r a t i o  w i l l  va ry  from 0  t o  0 .6  f o u r  t imes  d u r i n g  t h e  y e a r .  The r e q u i r e d  
o r b i t  dark  p e r i o d  energy a s  a  f u n c t i o n  of d/L i s  shown by F igure  6-9. The 
daytime peaking a l l o c a t i o n  needs  t o  be  added t o  t h e  d a t a  shown t o  o b t a i n  
t o t a l  o r b i t  energy s t o r a g e  r e q u i r e d .  Auto t rans  former (2.5%) and r e c t i f i e r  
f i l t e r  l o s s e s  (4 .5%) a r e  i n c l u d e d  i n  t h e  d a t a  shown. An i n v e r t e r  e f f i c i e n c y  
of 0.90 i s  a l s o  inc luded .  

Backup 

S t a t i o n  S i z e  

O r b i t  P e r i o d  

L i g h t  (peak) (kwh) 

Dark (kwh) . 
T o t a l  (kwh) 

The MSS component f a i l u r e  c r i t e r i a  s p e c i f i e d  a  des ign  of f  a i l - o p e r a t i o n a l ,  
f a i l - d e g r a d e d ,  and f a i l - s a f e  (References  6-4 and 6-5). Th i s  i s  i n t e r p r e t e d  
t o  mean t h a t  a f t e r  two f a i l u r e s  s t a t i o n  o p e r a t i o n s  must be  main ta ined  a t  a  
degraded mode. An a n a l y s i s  o f  t h i s  r equ i rement  showed t h a t  t h e  s t a t i o n  could  
o p e r a t e  a t  a  l e v e l  of 13.4  k i l o w a t t s  i n  an a c c e p t a b l e  backup mode. System 
requirements  s p e c i f y  30 days f o r  backup o p e r a t i o n s .  

12-Man 

S o l a r  Array Replacement 

6  -Man 

Guide l ines  and c o n s t r a i n t s  (Reference 6-5) s p e c i f y  5-year o p e r a t i o n a l  
l i f e  f o r  t h e  i n i t i a l  MSS. For purposes  o f  t h i s  s t u d y ,  a  s o l a r  a r r a y  minimum 
des ign  l i f e t i m e  o f  5  y e a r s  was a l s o  t a k e n .  It was n o t  judged t o  be c o s t -  
e f f e c t i v e  t o  use  s h o r t e r  l i f e t i m e s  and a  10-year s o l a r  a r r a y  l i f e t i m e  d o e s n ' t  
appear  l i k e l y  i n  t h i s  t ime span .  Replacement of t h e  i n i t i a l  a r r a y  w i l l  match 
a  n a t u r a l  s t e p  change i n  requ i rements  going t o  growth MSS. A l l  s o l a r  a r r a y  
s i z i n g  i s  based on t h i s  assumption ( i . e . ,  performance d e g r a d a t i o n  a l lowances)  . 

10-Hr. 
Rest  

1 .12  

12.66 

13.78 

24-Hr. 
Avg. 

2 . 1  

16.2 

18.3  

14-Hr. 
Work 

2.81 

18.83 

21.64 

10-Hr. 
Rest  

.84 

8 .38 

9.22 

24-Hr. 
Avg . 
1.32 

10.32 

11.64 

14-Hr. 
Work 

1 .68  

11.78 

13.46 
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Emergency 

The MSS systems can o p e r a t e  i n  an emergency mode a t  approximately  3700 
w a t t s .  L a t e r  c o n s i d e r a t i o n  o f  t h i s  requirement  reduced e s s e n t i a l  l i f e  
suppor t  needs t o  1745 w a t t s  ( average)  by i n c l u s i o n  o f  some s c a r  equipment.  
System requirements  a r e  s e t  a t  96 h o u r s  a s  a  minimum t o  a s s u r e  s h u t t l e  
rescue of crew. 
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6.2 ENERGY STORAGE CONFIGURATION CONCEPT 

A number of concepts were considered i n  t h i s  s tudy .  Phase A MSS study 
r e s u l t s  show a b a t t e r y  energy s t o r a g e  assembly. This  concept was i t e r a t e d  s o  
t h a t  a  common b a s i s  of comparative eva lua t ion  could be made. For t h e  regene- 
r a t i v e  f u e l  c e l l  approach var ious  l e v e l s  of b a t t e r y  suppor t  were considered. 
It was concluded t h a t  a l l  secondary b a t t e r i e s  could be rep laced  and t h a t  t h e  
secondary power requirements could be  s a t i s f i e d  by us ing  t h e  same f u e l  c e l l s  
included i n  t h e  energy s t o r a g e  assembly. Unit ized r egene ra t ive  f u e l  c e l l s  
were r e j e c t e d  because of increased  development cos t .  Shared technology c o s t  
wi th  s h u t t l e  f u e l  c e l l  and MSS e l e c t r o l y s i s  development e f f o r t s  a r e  necessary 
t o  a r r i v e  a t  a  v i a b l e  r egene ra t ive  f u e l  c e l l  energy s t o r a g e  concept.  Weight 
p e n a l t i e s  can be  expected from t h i s  d e c i s i o n  b u t  a d d i t i o n a l  f l e x i b i l i t y  and 
backup c a p a b i l i t y  w i l l  r e s u l t .  

Bat te ry  Concept 

Funct ional  Descr ip t ion  

The b a t t e r y  assembly c o n s i s t s  of a  group of b a t t e r y  modules, b a t t e r y  
racks o r  enc losures ,  b a t t e r y  chargers ,  and c o n t r o l  u n i t s .  A b a t t e r y  module 
c o n s i s t s  of a  package of four  c e l l s  w i t h  t h e i r  a s soc i a t ed  senso r s  (Figure 6-10). 
The module w i l l  b e  t h e  b a s i c  maintenance u n i t  and capable of be ing  removed and 
replaced by t h e  crew whi l e  i n  o r b i t .  Twenty-one modules w i l l  b e  connected i n  
s e r i e s  t o  make up a  b a t t e r y .  Power i n  and out  w i l l  be  con t ro l l ed  on a  20-cell  
o r  24-cel l  u n i t  w i t h  i n t e r n a l  con tac to r s  f o r  removing charge cu r r en t  on a  
4-cel l  b a s i s .  Monitoring c a p a b i l i t y  w i l l  b e  on a pe r - ce l l  b a s i s  wi th  time 
c r i t i c a l i t i e s  t y p i c a l l y  i n  t h e  1- t o  20-second range. 

Block Diagram 

A t y p i c a l  f u n c t i o n a l  diagram f o r  one of four  primary buses is shown by 
Figure 6-11. The t o t a l  power r equ i r ed  o r  de l ive red  from t h e  source must equal  
t h e  power used by t h e  loads  p lus  t h e  power s t o r e d  a s  w e l l  a s  t he  power l o s s e s  
of t h e  system. Power l o s s e s  w i l l  be  con t r ibu ted  by t h e  b a t t e r y  charger ,  
b a t t e r y  (charge-discharge e f f i c i e n c y ) ,  condi t ion ing  u n i t s  ( r e g u l a t o r s ,  con- 
v e r t e r s ,  i n v e r t e r s ,  e t c . )  and t h e  d i s t r i b u t i o n  (wir ing,  connectors ,  r e l a y s ,  
p ro t ec t ion  devices ,  e t c . ) .  Figure 6-12 shows the  b a t t e r y  subassembly t o  
inc lude  b a t t e r y ,  charger ,  c o n t r o l l e r ,  ins t rumenta t ion ,  and load bank. 

A l e v e l  of 112 v o l t s  was s e l e c t e d  f o r  t he  b a s e l i n e  b a t t e r y  conf igura t ion .  
Figure 6-13 shows two 84-cel l  s t r i n g  b a t t e r i e s  suppor t ing  a  primary bus 
( t h e  growth MSS r e q u i r e s  t h r e e  pe r  primary b u s ) . ~ h i s  concept i s  s i m i l a r  t o  
t h a t  descr ibed i n  t h e  Phase A MSS concept d e f i n i t i o n .  Because of t h e  4-cel l  
module c o n s t r a i n t ,  84 o r  88 c e l l s  could be  used. Average c e l l  vo l tage  is  
c l o s e r  t o  the  lower end of t h e  ope ra t ing  range; t h e r e f o r e ,  84 c e l l s  were used. 
The s i z e  shown f o r  b a t t e r y  module ( i . e . ,  5 f o u r - c e l l  packages d i c t a t i n g  
b a t t e r y  charger  s i z e )  i s  somewhat a r b i t r a r y  b u t  is  i n  t h e  same range a s  
present  28-volt b a t t e r y  chargers .  F igure  6-14 shows a modi f ica t ion  t o  s a t i s f y  
a  28-volt d i s t r i b u t i o n  system. General ly  the  same number of switching func- 
t i o n s  a r e  requi red  bu t  an adjustment is needed i n  c e l l  quan t i t y  t o  keep 
b a t t e r y  vo l t ages  balanced. 
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Figure  6-15 shows t h e  l a y o u t  of b a t t e r y  c o n t r o l l e r .  Each box i d e n t i f i e d  
a s  a b a t t e r y  module i n  F igure  6-13 i n c l u d e s  a  c o n t r o l l e r  c i r c u i t  s i m i l a r  t o  
t h a t  sinomi i n  F i g u r e  6-15. Purpose of t h e  c o n t r o l l e r  i s  t o  c o n f i g u r e  t h e  
b a t t e r y  i n t o  t h e  p roper  o p e r a t i n g  mode. The c o r ~ t r o l l e r  shown i n  t h e  schemat ic  
p rov ides  power c o n t r o l  f o r  each 4 - c e l l  module. Th i s  appears  t o  b e  t h e  maximum 
a c c e p t a b l e  complexity.  I n s t r u m e n t a t i o n  on a  p e r - c e l l  b a s i s  i s  planned (shown 
by F igure  6-16). During c.harge and d i s c h a r g e  modes, p e r - c e l l  i n s t r u m e n t a t i o n  
i n  con junc t ion  w i t h  ISS s e n s e s  t h e  s t a t e  of charge.  

I n  g e n e r a l ,  t o t a l  c o n t r o l  of t h e  b a t t e r y  subassembly i s  by t h e  ISS w i t h  
one e x c e p t i o n .  The s e n s i n g  of t h e  b a t t e r y  s ta te  of charge normal ly  w i l l  u se  
analog- type s i g n a l s  which i n  t u r n  d i r e c t l y  c o n t r o l  t h e  c h a r g e r  r e g u l a t o r  c i r -  
c u i t s .  I n s e r t i o n  of t h e  ISS i n t o  t h e s e  c o n t r o l  loops  would r e q u i r e  analog-  
t o - d i g i t a l  convers ion ,  computer t ime ,  and d i g i t a l - t o - a n a l o g  convers ion  i f  
e x i s t i n g  c h a r g e r  c i r c u i t s  a r e  used.  I n  a d d i t i o n ,  l o n g e r  d a t a  l i n k s  a r e  
involved t h a t  would a f f e c t  o v e r a l l  sys tem complexi ty .  The s t a t e  of each 
b a t t e r y  i s  monitored and t h e  o p e r a t i n g  mode of t h e  c h a r g e r  i s  s e l e c t e d  a s  a  
f u n c t i o n  of t h e  most s e n s i t i v e  cell .  i n  t h e  group.  

B a t t e r y  Charging Method 

Four b a s i c  charg ing  methods were cons idered  and a r e  compared i n  Table  
6-5. Constant c u r r e n t  i s  used on ly  where ex t remely  l o n g  charge p e r i o d s  are 
a v a i  I-able s i n c e  charge  c u r r e n t  is  c o n s t r a i n e d  t o  t h a t  c u r r e n t  a t  which t h e  
c e l l s  can be  charged con t inuous ly  w i t h o u t  g a s s i n g  o r  o v e r h e a t i n g .  Constant  
v o l t a g e  r e q u i r e s  l a r g e  c u r r e n t  a t  t h e  b e g i n n i n g  of charge .  Maximum permis- 
s i b l e  charge v o l t a g e  must be  set  a t  t h e  lowest  a l l o w a b l e  v o l t a g e  a t  h i g h  
t empera tu re  and compensated o r  t h e  b a t t e r y  w i l l  n o t  b e  f u l l y  recharged  a t  
t h e  c o o l e r  t empera tu re .  To set p r o p e r  l i m i t s ,  an a c c u r a t e  knowledge of t h e  
b a t t e r y  h e a t  e v o l u t i o n  c h a r a c t e r i s t i c s ,  e f f i - c i e n c y  , v o l t a g e ,  and overcharge  
r e l a t i o n s h i p  a r e  r e q u i r e d .  Constant v o l t a g e  c h a r g i n g  h a s  r a r e l y ,  i f  e v e r ,  
been used i n  ae rospace  a p p l i c a t i o n s .  A modi f ied  v o l t a g e - l i m i t e d  charge i s  a 
combination of c o n s t a n t  c u r r e n t  and c o n s t a n t  v o l t a g e .  I n i t i a l  charge  i s  a t  
a  h i g h  c o n s t a n t  c u r r e n t  r a t e  u n t i l  a p r e s e l e c t e d  v o l t a g e  ( temperature-  
c o ~ p e n s a t e d )  i s  reache.d. Charge c u r r e n t  i s  g r a d u a l l y  reduced ( o r  reduced i n  
s t e p s )  a s  t h e  v o l t a g e  d i f f e r e n t i a l  ( b a t t e r y  v o l t s  v e r s u s  charge v o l t s )  
d e c r e a s e .  

Care must be  e x e r c i s e d  i n  e s t a b l i s h i n g  t h e  v o l t a g e  l i m i t  t o  a s s u r e  t h a t  
i t  is  n o t  h i g h  enough t o  be i n  t h e  range  where i r r e v e r s i b l e  hydrogen evo lu-  
t i o n  occurs .  l'he v o l t a g e  l i m i t  must b e  chosen s o  t h a t  no i n d i v i d u a l  c e l l  
v o l t a g e  w i l l  approach t h e  danger  r e g i o n .  I f  one c e l l  r eaches  f u l l  charge  
f i r s t  and is n o t  d e t e c t e d  by t h e  charge  c o n t r o l  s e n s o r s ,  t h a t  c e l l  w i l l  b e  
s u b j e c t e d  t o  overcharge  and gas may e v o l v e .  I n c r e a s i n g  t h e  number of series- 
connected c e l l s  e n l a r g e s  t h e  problem s i n c e  t h i s  i n c r e a s e s  t h e  p r o b a b i l i t y  of 
having one c e l l  of  d i v e r g e n t  c a p a c i t y  and i n c r e a s e s  t h e  masking e f f e c t .  I f  
s e n s i n g  and c o n t r o l  i s  e s t a b l i s h e d  on a p e r - c e l l  b a s i s ,  t h e n  t h e  guesswork 
w i l l  be e l i m i n a t e d  and each i n d i v i d u a l  c e l l  can be c l o s e l y  c o n t r o l l e d .  

Although b a t t e r i e s  may be c a p a b l e  of b e i n g  charged a t  1 C  o r  2 C  rates 
d u r i n g  the  i n i t i a l  charge  s t a t e ,  t h e  a c t u a l  charge  rate may be  c o n s t r a i n e d  
t o  a  lower va lue  when c o n s i d e r i n g  c e l l s  w i t h  l a r g e  c a p a c i t y  ( i . e . ,  100 amp-hour). 
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Cons t r a in t s  on charge r a t e  i nc lude  l i m i t e d  a v a i l a b l e  a r r a y  power and t h e  
a b i l i t y  of t he  hardware t o  handle  t h e  l a r g e  c u r r e n t s .  Wiring, connectors ,  
and p a r t i c u l a r l y  on-off swi tch ing  c o n t r o l s  p r e sen t  problems. The volunie 
requirements  can become exces s ive  and thermal  c o n t r o l  becomes more complex. 
Mechanical sw i t ch ing  components a r e  a v a i l a b l e  which w j . 1 1  handle  t h e  l a r g e  
cu r r en t s .  involved;  however, they a r e  l a r g e  and heavy. T r a n s i s t o r s  a r e  
a v a i l a b l e  which can handle  c u r r e n t s  of approximately 50 amperes i f  vo l t ages  
a r e  low. An a c t i v e  cool ing  system (g lyco l ,  water ,  e t c . )  o r  hea t  p ipes  may 
be  r equ i r ed  t o  coo l  t h e  components. 

Pu l se  Charging 

The most r e c e n t  t echnique  f o r  charging b a t t e r i e s  i s  a modified p u l s e  
charg ing  method a s  developed by McCulloch Corporat ion,  C h r i s t i e  E l e c t r i c ,  
and Engineered Magnetics.  E a r l i e r  a t tempts  a t  pu l se  charg ing  cons i s t ed  of 
applying a series of p o s i t i v e  pu l se s  a f t e r  t h e  b a t t e r y  had been charged t o  
80 o r  90 pe rcen t  of  capac i ty .  The p o s i t i v e  pu lses  were used t o  "top o f f "  . .  
t h e  b a t t e r y .  This  technique d id  n o t  prove t o  be much of an improvement over 
t h e  tapered  t r i c k l e  charge of t h e  modified vo l tage- l imi t  method and t h e r e f o r e  
has  no t  been e x t e n s i v e l y  used. 

The b a s i s o f  t h e  new pu l se  charge techniques i s  t h e  c o n t r o l  of c e l l  
p o l a r i z a t i o n  dur ing  the  charging ope ra t i on .  McCulloch Corporation uses  very 
s h o r t d u r a t i o n  pu l se s  wh i l e  C h r i s t i e  E l e c t r i c  uses s i g n i f i c a n t l y  longer  pu lses .  
Engineered Magnetics uses  very  long pu l se s  ( t h e  i n i t i a l  pu l se  approaches t he  
cons t an t  c u r r e n t  charge method i n  du ra t i on )  coupled w i t h  per iods  of r e s t  whi le  
t he  c e l l  undergoes s e l f -depo la r i za t i on .  

The newer pulse-charging method c o n s i s t s  of applying a l a r g e  p o s i t i v e  
pu l se  f o r  a s h o r t  pe r iod .  In t e r spe r sed  wi th  t h e  p o s i t i v e  pu l se s  a r e  nega t ive  
(d i scharge)  pu l se s  of much s h o r t e r  d u r a t i o n  than t h e  p o s i t i v e  pu l se s .  The 
pu l se  widths  vary i n  r e l a t i o n  t o  t h e  sensed s t a t e  of charge of t h e  b a t t e r y .  
C e l l  vo l t age  monitor ing t akes  p l ace  between t h e  nega t ive  and p o s i t i v e  charge 
pu l se s .  

The d e p o l a r i z a t i o n  r e s u l t i n g  from the  nega t ive  pu l se s  reduces b a t t e r y  
impedance and t h e r e f o r e  hea t ing  and e l e c t r o l y t e  l o s s e s  a r e  much lower.  It 
i s  claimed t h a t  t h i s  technique r e s u l t s  i n  h ighe r  charge acceptance (pu l se s  
of 2C, 3C, o r  even 5C r a t e s  can be  used) ,  lower temperature  rise, h ighe r  
charging e f f i c i e n c y ,  and longer  cyc l e  l i f e .  Ba t t e ry  memory e f f e c t s  a r e  mini- 
mized and c e l l  imbalance o r  divergence e f f e c t s  a r e  g r e a t l y  reduced. B a t t e r i e s  
w i t h  d ivergent  c e l l s  have been cycled through charge-discharge cyc les  and t h e  
divergence has  shrunk t o  very smal l  limits. An e f f i c i e n c y  of 97 pe rcen t  
(ampere-hour e f f i c i e n c y )  has  been quoted f o r  t h e  ba t te ry-charger  combination 
when used wi th  vented nickel-cadmium c e l l s .  This h igh  e f f i c i e n c y  al lows a 
g r e a t  r educ t ion  i n  t h e  amount of overcharge necessary  t o  r e t u r n  100 percent  
of capac i ty .  Also b a t t e r y  hea t ing  w i l l  be  less. 

Data on t h e  charging of s e a l e d  nickel-cadmium c e l l s  wi th  t h e  r egu la t ed  
p u l s e  charger  a r e  very l i m i t e d .  
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Apparently t h e  main problem encountered wi th  s e a l e d  c e l l s  is  t h a t  of 
overpressure  due t o  gas s ing ,  which occurs  i f  t h e  pu l se s  a r e  n o t  p rope r ly  
ad jus t ed  f o r  t h e  p a r t i c u l a r  type  and s i z e  of c e l l  being charged. An a u x i l i a r y  
e l e c t r o d e  may be  added t o  z id  i n  t h e  recombination of oxygen and w i l l  h e lp  
a l l e v i a t e  any gass ing  problem t h a t  may occur .  

The pulse-charging system is  more complex than t h e  o t h e r  charge techniques.  
More components a r e  r equ i r ed  t o  c o n t r o l  t h e  p u l s e s ,  t iming,  e t c .  The pu l se s  
a r e  r ap id  and sha rp  and, t h e r e f o r e ,  can cause EM1 problems. Ex t r a  c a r e  must 
be taken wi th  w i r e  s h i e l d i n g ,  t w i s t i n g ,  and r o u t i n g .  Components and packages 
may a l s o  r e q u i r e  RFI s h i e l d i n g .  Other d i sadvantages  which have been mentioned 
a r e  t h e  l a c k  of d a t a  and exper ience  w i th  s e a l e d  nickel-cadmium c e l l s .  

Many of t h e  p r o p e r t i e s  of t h e  pulse-charging techniques a r e  i d e a l l y  
s u i t e d  f o r  space s t a t i o n  a p p l i c a t i o n s .  Because of t h e  l a r g e  s t a t i o n  r equ i r e -  
ments t h e r e  a r e  a g r e a t  number of  b a t t e r i e s  t o  be  charged. Coupled wi th  t h i s  
i s  t h e  c e n t r a l  computer. (ISS) c a p a b i l i t y  f o r  c o n t r o l  of charging.  By t ak ing  
advantage of t h e  p u l s e  n a t u r e  of t h e  cha rge r ' s  power d e l i v e r y ,  s e v e r a l  
chargers  can be time-sequenced t o  provide h igh  charge r a t e s  wi thout  over loading  
t h e  s o l a r  a r r a y .  This  advantage d e r i v e s  two l a r g e  b e n e f i t s  i n  b a t t e r y  handl ing .  
One is t h a t  by us ing  h igh  charge rates t h e  o v e r a l l  b a t t e r y . c h a r g e  e f f i c i e n c y  
is  improved. The d ischarge  p u l s e  i s  sma l l  i n  comparison t o  t h e  charge pu l se  s o  
t h a t  i t  can be ignored.  The o t h e r  b e n e f i t  i s  t h a t  charge t i m e s  a r e  shor tened  
al lowing g r e a t e r  f l e x i b i l i t y  i n  power schedul ing  of  t h e  l i m i t e d  c a p a b i l i t y  of  
t he  a r r a y .  

Addi t iona l  advantages of pu l se  charging claimed by t h e  developers  a r e  
reduced hea t  genera t ion  i n  t h e  b a t t e r y ,  reduced c e l l  divergence,  l essened  
memory e f f e c t s  , i nc reased  b a t t e r y  capac i ty  over  i t s  l i f e t i m e ,  and longer  l i f e .  
There is  no assurance  t h a t  t h e  noted advantages w i l l  hold f o r  l a r g e  s ea l ed  
c e l l s ;  however, t h e  p o t e n t i a l  b e n e f i t s  a r e  s i g n i f i c a n t  and f u r t h e r  i nves t i ga -  
t i o n  of t h e  concept is  needed and should be  pursued. 

Avai lab le  Charge Power and Time 

The two most s i g n i f i c a n t  parameters  f o r  b a t t e r y  ope ra t i ons  a r e  a v a i l a b l e  
charging power and t i m e .  The multi-mode charging un fo r tuna t e ly  l eads  t o  a 
s i t u a t i o n  t h a t  is  d i f f i c u l t  t o  handle  wi th  a power-limited source .  The 
charge t i m e s  can be  determined us ing  t h e  fol lowing r e l a t i o n s h i p :  

mode 

where 
D = depth of d i s cha rge  
K = percentage  of energy r e tu rned  t o  b a t t e r y  
R = charge r a t e  
71 = b a t t e r y  amp-hour e f f i c i e n c y  
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2 s t e p  54.7 minutes 
3 s t e p  57.0 minutes 
4 s t e p  57.5 minutes 

The a c t u a l  t i m e s  would depend, of course ,  on t h e  s e l e c t e d  mode changeover 
vo l t ages .  The main p o i n t  i s  t h a t  a l l  of t h e  multi-mode techniques r e q u i r e  t he  
f u l l  d a y l i g h t  pe r iod  t o  charge one b a t t e r y .  A t  l e a s t  one b a t t e r y  must be  
a v a i l a b l e  f o r  peak loads  i n  t h e  d a y l i g h t .  Therefore  i n  an 8-ba t te ry  arrange-  
ment, only 7 a r e  a c t u a l l y  involved i n  charging o p e r a t i o n s .  Based on the  MSS 
requirements  and a charge r a t e  of R = 1.2  (83 amps), r e s u l t a n t  power i n t o  t h e  
charger  i s  76.7 k i l o w a t t s .  

This  l e a d s  t o  an i n o r d i n a t e l y  l a r g e  a r r a y  a r e a  requirement of 11,400 
squa re  f e e t .  With t h e  stepdown approach, t he  even tua l  t o t a l  b a t t e r y  charging 
power f a l l s  t o  4150 w a t t s  o r  an a r r a y  u t i l i z a t i o n  of 620 squa re  f e e t .  The 
d i f f i c u l t y  a r i s e s  because of t he  long times needed f o r  recharg ing  a b a t t e r y .  
Techniques must be  developed t o  power schedule  t h e  charging load  ( i . e . ,  s e l e c -  
t i v e l y  charge a l i m i t e d  number of c e l l s  pe r  o r b i t ) .  This i s  where t he  a p p l i -  
c a t i o n  of new charging methods a r e  mandatory f o r  a s u c c e s s f u l  space  s t a t i o n  
b a t t e r y  concept .  By t ak ing  advantage of t h e  l a r g e  number of chargers  (32) 
and I S S  c o n t r o l  t he  ques t i on  of l i m i t e d  a r r a y  power can be  handled.  With. 
t h i s  c a p a b i l i t y  power can be  managed by s e l e c t i v e l y  c o n t r o l l i n g  t h e  number 
of chargers  o p e r a t i n g  a t  any one t i m e .  This  would even out  t h e  power demand 
curve over  t h e  e n t i r e  d a y l i g h t  per iod  and r e s u l t  i n  a h igh  u t i l i z a t i o n  f a c t o r  
f o r  t h e  s o l a r  a r r a y .  

Charging Operat ions 

The b a s e l i n e  charge method s e l e c t e d  f o r  t h e  s t a t i o n  is  t h e  multi-mode 
l i m i t e d  technique.  This  s e l e c t i o n  i s  made p r i m a r i l y  because i t  i s  t h e  
approach wi th  t he  g r e a t e s t  success  i n  t he  p a s t  and d a t a  on t h e  newer p u l s e  
charging method a r e  n o t  a v a i l a b l e .  The f i n a l  s e l e c t i o n  of method should be  
l e f t  open u n t i l  more d a t a  a r e  a v a i l a b l e .  

Charge Parameters  

The maximum a l lowable  vo l t ages  which should be  app l i ed  t o  nickel-cadmium 
c e l l s  a r e  shown i n  F igure  6-17. 

The top  curve  shows t h e  maximum v o l t a g e  which a s i n g l e  NiCd ce l l  w i l l  
t o l e r a t e  wi thout  g e t t i n g  i n t o  t h e  hydrogen evo lu t ion  r eg ion .  I n  a m u l t i c e l l  
b a t t e r y  t h e  i n d i v i d u a l  c e l l  vo l t ages  w i l l  va ry  about an average and t h e  maxi- 
mum charg ing  v o l t a g e  l i m i t  must be kept  low enough t o  a s s u r e  t h a t  t h e  h ighe r  
c e l l  v o l t a g e s  w i l l  n o t  approach t h e  danger reg ion .  The temperature  depen- 
dency of t h e  overcharge v o l t a g e  i s  shown by t h e  lower curve.  

The requirement  f o r  s e a l i n g  c e l l s  f o r  ope ra t i on  i n  a space  environment 
poses  s e v e r a l  problems i n  b a t t e r y  charge c o n t r o l .  Gasses a r e  generated 
du r ing  exces s ive  overcharge which w i l l  l e ad  t o  ce l l  c a s e  rup tu re .  To avoid 
exces s ive  overcharge,  t h e  app l i ed  v o l t a g e  must be  l i m i t e d  t o  a va lue  a t  which 
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Figure 6-17. Maximum Limiting Voltage for Charge Control of Hermetically 
Sealed Nickel-Cadmium Cells 
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t h e  rate of oxygen eva lua t ion  is  sma l l  enough t o  permit  recombination and 
thus  prevent  a  bu i ldup  of d e s t r u c t i v e  pressure .  

Care must be exe rc i sed  i n  s e t t i n g  charge parameters a t  h igher  vo l t ages  
s i n c e  h e a t  generated dur ing  the  overcharge w i l l  r a i s e  b a t t e r y  temperature,  
thus  decreas ing  the  p o t e n t i a l  of t he  overcharge r e a c t i o n  and al lowing a  
h igher  charging c u r r e n t ,  The b a t t e r y  temperature permits  increased  c u r r e n t ,  
which i n c r e a s e s  b a t t e r y  temperature and a  runaway condi t ion  occurs which 
w i l l  l ead  t o  b a t t e r y  des t ruc t ion .  To combat t hese  problems temperature 
compensation c o n t r o l s  may be  added t o  vary t h e  maximum vol tage  l i m i t  wi th  
temperature.  I n  a d d i t i o n ,  an overtemperature s enso r  i s  usua l ly  added t o  
reduce t h e  charging c u r r e n t  t o  zero o r  some sma l l  t r i c k l e  cu r r en t  when 
b a t t e r y  temperature r i s e s  t o  a  predetermined value.  

I f  low charging c u r r e n t s  a r e  appl ied ,  the  amount of overcharge can be  
very l a r g e ,  e s p e c i a l l y  i f  t h e  system cool ing capac i ty  is  high.  Maximum 
recommended (Gulton) overcharge r a t e s  f o r  nickel-cadmium b a t t e r i e s  a r e  shown 
i n  Figure 6-18. Recommended overcharge i s  shown i n  Fi.gure 6-19. 

0 20 40 60 80 100 120 140 
TEMPERATURE O F  

Figure  6-18. Maximum Recommended Overcharge Rates 
f o r  NiCd B a t t e r i e s  

End of Charge 

The major problem i n  charge con t ro l  of b a t t e r i e s  i s  d e t e c t i o n  of charge 
completion o r  de te rmina t ion  of s t a t e  of charge. Various methods a r e  u t i l i z e d  
f o r  d e t e c t i n g  charge completion. Among these  a r e  t he  sens ing  of b a t t e r y  
t e rmina l  o r  c e l l  vo l t age ,  i n t e r n a l  gas p re s su re ,  temperature,  and c u r r e n t  
(ampere-hour) i npu t .  

Sensing b a t t e r y  t e rmina l  vo l tage  i s  one of t h e  most commonly used 
schemes. However, t h e  vo l t age  rise a t  t h e  end of charge i s  r e l a t i v e l y  smal l  
as compared t o  t h e  v a r i a t i o n  i n  end of charge vo l t age  due t o  temperature.  
This tends t o  make the  swi tch ing  p o i n t  inaccura te .  Nickel-cadmium b a t t e r i e s  
have a  very s m a l l  d i f f e r e n c e  between the  charging p o t e n t i a l  and t h e  nex t  
h ighe r  overcharge p o t e n t i a l  which w i l l  r e s u l t  i n  oxygen evo lu t ion  and 
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TEMPERATURE ?F) 
Figure 6-19. Recommended Percent  Overcharge f o r  Hermetical ly  Sealed NiCd 

Ba t t e ry  C e l l s  

vol tage-sensing methods must b e  app l i ed  wi th  g r e a t  care .  

I n t e r n a l  gas p re s su re  may be  sensed and d a t a  used t o  he lp  determine 
completion of charge. The senso r  may be  a p re s su re  swi tch  o r  an a u x i l i a r y  
e l e c t r o d e  which has  a p o t e n t i a l ,  r e l a t i v e  t o  one of t h e  normal c e l l  e l e c -  
t r odes ,  t h a t  v a r i e s  a s  a func t ion  of gas  p re s su re .  A s  a c e l l  approaches 
f u l l  charge, oxygen i s  r e l e a s e d  a t  t h e  p o s i t i v e  e l e c t r o d e  and c e l l  p r e s su re  
w i l l  i nc rease .  Charging can be  terminated when p re s su re  reaches  some prede- 
termined l e v e l .  Auxi l ia ry  e l e c t r o d e s  of t h e  f u e l  c e l l  type  a l s o  have been 
used. This type a l s o  a c t s  a s  a recombination o r  scavenger e l e c t r o d e  main- 
t a i n i n g  a low p re s su re  u n t i l  t h e  e l e c t r o d e  i s  s a t u r a t e d  and then  t h e  p re s su re  
rises. Temperature s ens ing  is  used p r i m a r i l y  t o  determine charging vo l t age  
compensation requirements  and a s  a s a f e t y  backup t o  prevent  thermal  runaway 
o r  extreme overcharging.  

Current  (ampere-hour) i n p u t  s ens ing  can be  used i f  t h e  capac i ty  is  
known and changes a r e  p r e d i c t a b l e .  An amp-hour meter can keep a running 
account (wi th in  a known to l e r ance )  of t h e  c u r r e n t  i n t o  and out  of a b a t t e r y .  
Amp-hour meters may be e i t h e r  an e l e c t r o n i c  o r  an e l ec t rochemica l  o r  coulomb 
meter type. 

A l l  of t h e s e  methods have been t r i e d ,  wi th  varying degrees  of success .  
The system used most f r e q u e n t l y  a t  p r e s e n t  is  one which senses  b a t t e r y  ter- 
minal o r  c e l l  vo l t age  t o  determine t h e  charging swi tch  p o i n t ,  which is  
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u s u a l l y  temperature-compensated. A l l  of t h e  s enso r  types  mentioned a r e  
a v a i l a b l e  and may be  used, i n d i v i d u a l l y  o r  i n  combination. 

Ba t t e ry  S i z ing  

A s p e c i f i c  EPS c o n f i g u r a t i o n  must be def ined  t o  e s t a b l i s h  p a r a s i t i c  
power l o s s e s .  The f u n c t i o n a l  flow diagram i n  Figure 6-20 i d e n t i f i e s  t he  
major f a c t o r s  i n f l u e n c i n g  the  o v e r a l l  b a t t e r y  power d e l i v e r y  requirement.  

Two parameters  a r e  of paramount importance: energy t o  be  d e l i v e r e d  
by t h e  b a t t e r y  i n  one o r b i t ,  and t o t a l  load demand occur r ing  i n  t h e  day l igh t  
per iods .  Energy d e l i v e r y  (ED) e s t a b l i s h e s  t h e  s i z e  of b a t t e r y  and the  load 
demand (P ) e s t a b l i s h e s  t h e  c a p a b i l i t y  of t h e  primary power source  t o  re -  

L 
charge the  b a t t e r i e s .  

SOLAR ARRAY 

TRANSFORMER 

Figure  6-20. Ba t t e ry  Concept Power Del ivery 
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The e x p r e s s i o n s  used t o  o b t a i n  t h e s e  pa ramete rs  are determined from 
t h e  schemat ic .  They a r e :  

For energy d e l i v e r y  : 

For subsystem power demand: . 
1 'AC I PL = - 'DC , + -  d u r i n g  l i g h t  p e r i o d  
'1 'AC 'DC J 

R e s u l t a n t  d a t a  are l i s t e d  i n  Table  6-6. 

Table  6 -6. Energy Del ive ry  Requirements 

Depth of Discharge 

Parameter  

Energy D e l i v e r y  ED (kwh) 

Subsystem Load P (kw) 
L 

A major  c o n s i d e r a t i o n  i s  t o  s e l e c t  t h e  p roper  dep th  of d i s c h a r g e .  
Many s t u d i e s  have been performed r e l a t i n g  t h e  number of charge-discharge 
c y c l e s  a v a i l a b l e  from a b a t t e r y .  A curve  from Reference 6-6 i s  t y p i c a l  of 
t h e s e  d a t a  and i s  shown i n  F i g u r e  6-21. S t a t i s t i c a l l y  t h e  p r e d i c t i o n  o f  
l i f e  f a l l s  o v e r  a wide range  f o r  a g iven  d e p t h  of d i s c h a r g e .  The two l i n e s  
on t h e  c u r v e  r e p r e s e n t  t h e  +3cr bounds o f  a normal d i s t r i b u t i o n  p o p u l a t i o n .  
Emperical ly  t h e s e  curves  can be  r e p r e s e n t e d  by t h e  f o l l o w i n g  e x p r e s s i o n :  

D = 48 (k  - l o g  N) 
where : 

D = dep th  of d i s c h a r g e  
N = number o f  charge-discharge c y c l e s  
K = cons t a n  t 

K = 4.28 a t  -3cr p o i n t  
K = 4.74 a t  +3C p o i n t  

Requirement 

Energy i s  t h e  commodity provided by a b a t t e r y .  Thus, maximum u t i l i z a -  
t i o n  of t h e  b a t t e r y  o c c u r s  a t  t h e  p o i n t  where t h e  most energy  can be  d e l i -  
ve red ,  i .e . ,  t h e  t o t a l  energy  d e l i v e r e d  by a b a t t e r y  over  i t s  l i f e t i m e  can 
be s t a t e d  by: 

6-Man S t a t i o n  

1 3 . 4  

21.7 

12-Man S t a t i o n  

21.6 

38.8 
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PERCENT DEPTH OF DISCHARGE 

Figure 6-21. NiCd Battery Estimated Cycle Life 
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where : 

E = energy 

'8 - average d ischarge  vo l t age  per  c e l l  
= number of s e r i e s  connected c e l l s  i n  b a t t e r y  

N = number of charge-discharge cyc l e s  - 10 
C = ampere-hour r a t i n g  of c e l l  
D = average depth of d i scharge  

Expanding the  energy express ion  by the  inc lus ion  of l i f e t i m e  
d a t a  y i e l d s  : 

K-D ET = v DQDC1O - 
4 8 

A curve r ep re sen t ing  the  s o l u t i o n  of t h i s  equat ion  i s  presented  i n  
Figure 6-22. A s  can be  seen from the  curve the re  is  a peak i n  t he  energy 
d e l i v e r y  c a p a b i l i t y  of t h e  b a t t e r y .  D i f f e r e n t i a t i n g  the  energy equat ion wi th  
r e spec t  t o  the  depth of d i scharge  and s e t t i n g  t o  0 i d e n t i f i e s  t h i s  po in t :  

Voltage Degradation 

Degradation of the  b a t t e r i e s  over  t h e i r  ope ra t ing  l i f e  i s  another  f a c t o r  
t h a t  must be  taken i n t o  cons idera t ion .  A r e p o r t  (Reference 6-7) from the  
Naval Labora tor ies  a t  Crane, Ind iana ,  showed s i g n i f i c a n t  c e l l  vo l t age  degra- 
da t ion  with b a t t e r y  l i f e  t e s t i n g .  That is  t o  s ay ,  t he  c e l l  vo l tage  l i n e a r l y  
decreases  as the  number of charge-discharge cyc les  i nc rease .  The r a t e  of 
degrada t ion  is  39 p v o l t s  per  cycle .  It was noted t h a t  t h i s  decrease i n  
vol tage  d id  no t  r e l a t e  t o  memory e f f e c t s  w i t h i n  the  c e l l .  

The Crane t e s t s  were o r i e n t e d  t o  t h e  i d e n t i f i c a t i o n  of f a i l u r e  ind ica-  
t o r s  and t h e  vol tage  measurements used a s  one of t h e  candidate  c r i t e r i a .  
Voltage d i d  not  prove t o  be a  r e l i a b l e  i n d i c a t o r  and t h i s  l i n e  of i nves t iga -  
t i o n  was terminated.  This l e f t  only s i n g l e  d a t a  f o r  eva lua t ing  e f f e c t s  of 
ope ra t ion  on c e l l  vo l tage .  

I n t e g r a t i o n  of b a t t e r i e s  i n t o  the  EPS involves  a  s e t  of requirements 
s t a t e d  i n  terms of watt-hours. B a t t e r i e s  a r e  normally r a t e d  i n  ampere-hours 
which inc lude  capac i ty ,  l i f e t i m e ,  and ope ra t ing  e f f i c i e n c i e s .  This e l imina te s  
t he  complicat ion of de f in ing  output  vo l t ages  t h a t  a r e  a func t ion  of t h e  r a t e  
of charge o r  d i scharge  and the  s t a t e  of t h e  c e l l ' s  charge. Therefore,  t o  
r e l a t e  b a t t e r y  performance t o  system requirements ,  a  s e t  of vo l t ages  must be 
defined.  This  i s  where the  vo l t age  degrada t ion  f a c t o r  becomes important .  
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I / AVERAGE - - 'I /---- 

DEPTH OF DISCHARGE (%) 

F i g u r e  6-22. Depth o f  Discharge  Versus Energy Del ive red  

Two p a r a m e t e r s  a r e  s e r i o u s l y  a f f e c t e d :  long-term s t i f f n e s s  of bus  v o l t a g e  
and wat t -hour  c a p a c i t y  o f  t h e  c e l l .  The w i d t h  of t h e  o v e r a l l  v o l t a g e  swing 
w i l l  e s s e n t i a l l y  de te rmine  t h e  u s e f u l  l i f e  of t h e  b a t t e r y  r a t h e r  t h a n  t h e  
ampere-hour charge-d i scharge  c y c l e  l i f e .  As a n  example, 10,000 c y c l e s  i s  a 
r e a s o n a b l e  l i f e  f o r  a c e l l  o p e r a t e d  a t  a  20 p e r c e n t  d e p t h  of d i s c h a r g e .  Using 
Crane d a t a  t h e  v o l t a g e  d e g r a d a t i o n  would be :  

-6 
V, = 39N x 1 0  ; (N = 10,000) 

= 0.39 v o l t s  

The a v e r a g e  b e g i n n i n g  o f  l i f e  (BOL) c e l l  v o l t a g e  over  t h i s  d i s c h a r g e  
range  i s  1.29 v o l t s .  Thus t h e  p e r c e n t  v o l t a g e  l o s s  i s  30 p e r c e n t .  Even 
though t h e  ' f u l l  ampere-hour r a t i n g  o f  t h e  b a t t e r y  i s  a v a i l a b l e  throughout  i t s  
l i f e ,  t h e  t o t a l  energy  would b e  d e c r e a s e d  by 30 p e r c e n t .  S i n c e  energy  is  
r e q u i r e d  by t h e  l o a d s  some form of  compensation i s  needed. T h i s  cou ld  b e  
e i t h e r  more c e l l s  which t end  t o  s t i f f e n  t h e  b u s  v o l t a g e s  o r  a deeper  dep th  of 
d i s c h a r g e  on t h e  c e l l s .  I t  is obvious  t h a t  more d a t a  a r e  needed on b a t t e r y  
v o l t a g e  a s  a f u n c t i o n  of l i f e .  

B a t t e r y  Capac i ty  

The t o t a l  number of c e l l s  r e q u i r e d  f o r  t h e  m i s s i o n  requ i rements  can b e  
e s t a b l i s h e d  from t h e  known d a t a .  The minimum number o f  c e l l s  i s  found by: 
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Results  from the  requirements of Table 6-6 a r e :  

6-man s t a t i o n  -- Qs = 520 c e l l s  

12-man s t a t i o n  -- Qs = 839 c e l l s  

Phys ica l  l i m i t a t i o n s  a l s o  must be considered i n  s i z i n g  the  b a t t e r y .  
There a r e  i n  the  s t a t i o n  four  s e p a r a t e  power channels ,  each of which inc ludes  
an independent b a t t e r y .  Both f o r  r e l i a b i l i t y  and opera t ing  purposes t h e r e  
must be a t  l e a s t  two b a t t e r i e s  i n  each power channel.  This a l lows one 
b a t t e r y  t o  remain i n  s e r v i c e  whi le  the  o t h e r  one is  on charge. Thus, t h e  
minimum number of b a t t e r i e s  needed f o r  t he  s t a t i o n  i s  e i g h t .  

Bat tery Voltage 

Because the  s m a l l e s t  r ep l aceab le  b a t t e r y  u n i t  i s  a  4 -ce l l  module, an 
opera t ing  b a t t e r y  must have an  o v e r a l l  vo l t age  t h a t  is  some mul t ip l e  of 4.  
Fuel  c e l l s  and b a t t e r i e s  i n t e r f a c e  wi th  the  same i n v e r t e r  s e t t i n g  b a t t e r y  
vol tage  a t  the  same l e v e l  a s  the f u e l  c e l l .  Three vol tage  l e v e l s  a r e  i n  
conten t ion  f o r  the f u e l  c e l l :  120 v o l t s ,  112 v o l t s ,  and 28 v o l t s .  The 112- 
v o l t  l e v e l  i s  the  one s e l e c t e d  f o r  the  b a s e l i n e  b a t t e r y  conf igura t ion .  

Bat te ry  d ischarge  curves show t h a t  t y p i c a l  i n d i v i d u a l  c e l l  vo l t ages  
range over 1.345 v o l t s  t o  1.25 v o l t s  f o r  a  20 percent  depth of d i scharge  
i n  30 minutes. This averages out  t o  1.29 v o l t s  because of t h e  non l inea r  
d i scharge  c h a r a c t e r i s  t i c s .  A 112-volt b a t t e r y  the re fo re  c a l l s  f o r  86 c e l l s  i n  
s e r i e s .  Because of t h e  4 -ce l l  module c o n s t r a i n t ,  84 o r  88 c e l l s  must be used. 
Because the  average vo l t age  is  c l o s e r  t o  t h e  lower end of t h e  ope ra t ing  range 
and i t  reduces the  tendency t o  ove r s i ze ,  t he  lower number of c e l l s  is  used. 
The open c i r c u i t  and b a t t e r y  charging vo l t ages  a r e  a l s o  no t  q u i t e  a s  s eve re  
wi th  t h i s  s e l e c t i o n .  

With these  c r i t e r i a  t he  fol lowing c e l l  q u a n t i t i e s  a r e  involved:  

Q = 84 c e l l s  i n  a  b a t t e r y  s t r i n g  wi th  8  b a t t e r i e s  
i n  the  EPS (minimum), 

Qs = 8 x QB 

= 672 c e l l s  (minimum) . 
This meets the  requirements s e t  f o r t h  by t h e  energy cons ide ra t ions  of 

the six-man s t a t i o n .  

In  t h e  12-man s t a t i o n  conf igu ra t ion  the  b a t t e r y  requirement can be  met 
wi th  840 c e l l s  o r  10 b a t t e r i e s .  To provide a  margin f o r  energy capac i ty  and 
t o  keep a l i  power channels i d e n t i c a l ,  t h r e e  b a t t e r i e s  per  channel  a r e  s e l e c -  
t ed  f o r  t h e  growth conf igu ra t ion .  
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Bat t e ry  L i f e  

The ope ra t ing  l i f e  of a  NiCd b a t t e r y  wi th  a  20 percent  dpeth of d i s -  
charge w i l i  range from 1.25 t o  3.5 yea r s  of continuous c y c l i c  opera t ion .  I n  
a  55 degree i n c l i n a t i o n  o r b i t  t he  average va lue  of t he  D/L r a t i o  i s  0.47 a s  
opposed t o  the  peak of 0.60. Assuming t h a t  t h e  annual c y c l i c  opera t ion  
decreases  i n  p ropor t ion  t o  the D/L r a t i o s  t h i s  would l ead  t o  a  l i f e  i nc rease  
a s  follows: 

Minimum l i f e  = 1.4 .years (7300 cyc le s )  
Average l i f e  = 2.7 yea r s  (12,400 cyc le s )  
Maximum l i f e  = 4.5 yea r s  (21,000 cyc les )  

Overcapacity due t o  con f igu ra t ion  c o n s t r a i n t s  provide a  pad a g a i n s t  
power degrada t ion .  I n  t he  six-man conf igu ra t ion  672 c e l l s  a r e  used compared 
wi th  520 c e l l s  requi red .  

The r e s u l t s  of t h i s  b r i e f  a n a l y s i s  show how s e n s i t i v e  opera t ion  is  t o  
power degrada t ion  of the  c e l l s .  The primary assumption of replacement i s  
t h a t  blocks of c e l l  modules can be upgraded wi th  f r e s h  c e l l s  t o  maintain the  
r e q u i s i t e  vo l tage .  The o l d e r  c e l l   nodules w i l l  be interchanged wi th  o t h e r  
c e l l  modules t o  f u r t h e r  i n c r e a s e  t h e i r  u s a b i l i t y .  The power degradat ion w i l l  
probably n o t  be  a s  s eve re  a s  t he  Crane model would i n d i c a t e .  However, opera- 
t i o n a l  d a t a  on the  l a r g e  capac i ty  c e l l  i s  unavai lab le  and i s  needed t o  r e l a x  
t h e  s e v e r i t y  of t h e  deg rada t ion 'w i th  any confidence. A t  the  l e v e l  of design 
shown h e r e ,  t h e  impact of power degrada t ion  goes no f u r t h e r  than t h i s .  A 
capac i ty  a l l o c a t i o n  has  been made f o r  i t s  e f f e c t s  b u t  i t s  s u f f i c i e n c y  cannot 
be v e r i f i e d .  The i n f l u e n c e  of t h e  amp-hour cyc l e  l i f e  i s  l e s s  severe  and i s  
w e l l  w i t h i n  t h e  t a r g e t  l i f e  of 2.5 yea r s .  

Thermal Model 

Data on t h e  thermal  performance of t h e  100 amp-hour NiCd c e l l  a r e  l imi t ed .  
Grumman A i r c r a f t  i s  p r e s e n t l y  e s t a b l i s h i n g  these  c h a r a c t e r i s t i c s  a s  p a r t  of 
t h e  b a t t e r y  technology program. I n  l i e u  of t hese  d a t a  an approximation has 
been made a s  t o  t he  performance of t h e  b a t t e r y  based on the  o v e r a l l  energy 
balance where: 

Q = h e a t  

The thermal  model i s  based on work of Foley and Webster where they have 
measured the  h e a t  e v a l u a t i o n  i n  s m a l l  NiCd c e l l s .  Based on t h i s  thermal 
model, a  s e t  of thermal  d a t a  is  shown i n  Table 6-7. The phasing i s  not  known 
because the  d i v i s i o n  of loads  between t h e  power channels has  no t  been e s t ab -  
l i s h e d .  However, assuming an  a c t i v e  I S S  c o n t r o l  of t h e  energy s t o r a g e  sub- 
s y s  t e m ,  t h e  n e t  curve over an e n t i r e  o r b i t  should be  approximately the  same 
shape a s  an  i n d i v i d u a l  b a t t e r y  curve. 
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Table 6-7. Ba t t e ry  Energy S torage  Thermal Control  ~ e l t a ' s  

. 
Component 

Solar  Array I n v e r t e r  
Operating Temperature (F) 
Heat Generation (wat t s )  

Bat te ry  Charger 
Operating Temperature (F) 
Heat Generation (wa t t s )  

B a t t e r i e s  
Operating Temperature (F) 
Heat Generation (wat t s )  

Wors t-Case O r b i t  Heat 
Rejec t ion  (Btu/hrJ  

Orb i t  Time (hr  .) 
Solar  Array I n v e r t e r  
Bat tery Charger 
B a t t e r i e s  

Tota l  (Btu/hr . ) 

14-Hr. 
L igh t  

-40 t o  150 
2 240 

150 
1200 

30 t o  50 
865 

0.985 
7,650 
4,100 
2,950 

14,700 

10-Hr. 
Light  

-40 t o  150 
1510 

15 0 
8 20 

30 t o  50 
595 

0.985 
5,160 
2,800 

30 

9,990 

Work 
Dark 

- 
0 

- 
0 

40 t o  70 
6850 

0.591 
0 
0 

23,400 

23,400 

R e s t  
Dark 

- 
0 

- 
0 

40 t o  70 
4 7 10 

0.591 
0 
0 

16,100 

16,100 
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Subsys t e m  I n t e r f a c e s  

Table 6-8 shows a component count comparison f o r  charge c o n t r o l l e r  
approaches vary ing  from p e r - c e l l  t o  per -ba t te ry  assembly. P e r - c e l l  approach 
appears  p r o h i b i t i v e .  The s e l e c t e d  b a s e l i n e  i s  t o  c o n t r o l  power i n  and o u t  per  
b a t t e r y  module wi th  t he  a b i l i t y  t o  swi tch  4-ce l l  modules o f f  t he  b a t t e r y  
charger  and t o  ins t rument  on a p e r - c e l l  l e v e l  t o  suppor t  s t a t e  of charge 
de te rmina t ion .  Time c r i t i c a l i t y  f o r  b a t t e r y  c c n t r o l  i s  i n  t he  1- t o  20-second 
range. 

Ba t t e ry  Conclusions 

The b a t t e r y  b a s e l i n e  f o r  the  s ix- ran  s t a t i o n  c o n s i s t s  of 672 (100 amp- 
hour) c e l l s ,  168 c e l l  module c o n t r o l l e r s ,  and 32 b a t t e r y  cha rge r s .  Twelve- 
man space s t a t i o n  r equ i r enen t s  i n c r e a s e  t he se  q u a n t i t i e s  by 50 pe rcen t .  The 
s h e e r  s i z e  of t h i s  d e f i n i t i o n  c a l l s  f o r  new approaches t o  b a t t e r y  management 
throughout t h e  s t a t i o n  l i f e .  

The most s e r i o u s  t e c h n i c a l  problem t o  be  so lved  i s  a p o s i t i v e  and r e l i a b l e  
method f o r  b a t t e r y  charging.  The b a t t e r y  today can handle  t h e  load wi th  l i t t l e  
d i f f i c u l t y .  Improvements i n  c e l l  cons t ruc t ion  techniques a r e  needed t o  improve 
r e l i a b i l i t y  and cons is tency  between u n i t s .  However, work i n  t he se  a r ea s  is  i n  
progress  and i t  is  expected t h a t  evolu t ionary  improvements w i l l  be  made con t i -  
nuously up t o  and beyond t h e  t i m e  a b a t t e r y  is needed f o r  the  s t a t i o n .  

Charging methods a r e  c r i t i c a l  and the  technique used can make o r  break 
a b a t t e r y  performance c a p a b i l i t y .  The i n h e r e n t l y  non l inea r  power demand 
c h a r a c t e r i s t i c s  of a b a t t e r y  impose s p e c i a l  o p e r a t i o n a l  cons ide ra t i ons  t o  t he  
power gene ra t i on  assembly. I n  t he  p a s t  systems took advantage of the' thermal 
e f f e c t s  on a r r a y  performance and used the  e x t r a  energy a v a i l a b l e .  I n .  a d d i t i o n ,  
lower charging r a t e s  were employed (R = 2 ) .  This  tends t o  smooth ou t  power 
demand curves over  t he  day l igh t  pe r iod .  Charging u n c e r t a i n t i e s  were handled 
by slow charge cyc l e s  a l lowing a l o s s  i n  charge e f f i c i e n c y  t o  pay f o r  more 
r e l i a b l e  performance. S i ze s  were smal l  enough t h a t  a r r a y  p e n a l t i e s  were 
accep tab l e .  

By comparison, space  s t a t i o n  requirements a r e  immense. A l a r g e  number 
of b a t t e r i e s  (32 modules) must b e  charged from a common source .  Because of 
t h i s  magnitude t h e  s i z e  of t h e  a r r a y  i s  of paramount importance, both from 
c o s t  and o p e r a t i o n a l  cons ide ra t i ons .  To maximize u t i l i z a t i o n  of t h e  a r r a y ,  
loads  must match power genera t ion  c a p a b i l i t y  a s  c l o s e  a s  p o s s i b l e .  For t h e  
b a t t e r i e s  t h i s  means a f a s t ,  p o s i t i v e l y  c o n t r o l l e d  charge.  

The new pulse-charging techniques show promise i n  provid ing  a s o l u t i o n  
t o  some of t h e  problems. By having g r e a t e r  c o n t r o l  of oxygen evo lu t ion  
during charge t h e r e  appears  t o  be  some s i g n i f i c a n t  new op t ions  i n  charge 
methods. For example, b a t t e r y  manufacturers  c o n s i s t e n t l y  recommend r a t e s  
less than 1 C ( R  = 1 )  wh i l e  the  pulse-charger  s u p p l i e r s  a r e  showing 2 C 
(R  = 0.5) .  

I n v e s t i g a t i o n  of t he  pulse-charge techniques should be  c a r r i e d  on i n  t h e  
same manner a s  t h e  multi-mode techniques.  Data a r e  needed on b a t t e r y  
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performance under t hese  charging condi t ions .  Paramet r ic  d a t a  on charge- 
d ischarge  cyc l e  l i f e  i s  needed as w e l l  a s  charge r a t e s ,  depth of d i scharge ,  
and thermal c h a r a c t e r i s t i c s .  Another f a c e t  of pu l se  charge is  t o  gain a  
b e t t e r  understanding of t h e  fundamental na tu re  of t h e  physics  involved.  
According t o  McCulloch r e p r e s e n t a t i v e s ,  a  r e l a t i o n s h i p  e x i s t s  between the  
p o s i t i v e  and nega t ive  pu l se s  t h a t  i n f luences  b a t t e r y  performance. I f  t h e  
wrong r a t i o  is  used b a t t e r y  damage can occur ,  whi le  on the  o the r  hand t h e  
c o r r e c t  r a t i o  enhances the  b a t t e r y .  

Every avenue of approach needs t o  be taken t o  e s t a b l i s h  b e t t e r  charging 
technique.  Without them the  d i f f i c u l t y  of i n t e g r a t i n g  a  b a t t e r y  i n t o  the  EPS 
wi thout  undue c o s t  pena l ty  may be  insurmountable.  

Fuel  C e l l  and E l e c t r o l y s i s  Concepts f o r  Regenerative Energy Storage 
-.  

Funct iona l  Descript ion 

F igure  6-23 shows a f u n c t i o n a l  block diagram f o r  the  space s t a t i o n  
e l e c t r i c a l  power subsystem inco rpora t ing  r egene ra t ive  f u e l  c e l l s .  The 
energy s t o r a g e  assembly shown c o n s i s t s  of an e l e c t r o l y s i s  module, gaseous 
r e a c t a n t  s t o r a g e  tanks,  f u e l  c e l l m o d u l e s ,  a  water  s t o r a g e  tank,  and pump. 
During t h e  d a y l i g h t  po r t ion  of t h e  o r b i t  s o l a r  a r r a y  power i s  used t o  
o p e r a t e  t h e  e l e c t r o l y s i s  c e l l  which produces gaseous hydrogen and oxygen from 
t h e  water  feed.  The e l e c t r o l y s i s  c e l l  ope ra t e s  a t  a  p re s su re  s u f f i c i e n t l y  
h igh  t o  f o r c e  the  hydrogen and oxygen i n t o  t h e i r  r e s p e c t i v e  s t o r a g e  tanks.  
During t h e  dark p a r t  of t he  o r b i t  t he  f u e l  c e l l  uses  t he  s t o r e d  r e a c t a n t s  t o  
supply e l e c t r i c a l  power t o  space s t a t i o n  loads .  The regenera t ion  f u e l  c e l l  
loop may e i t h e r  b e  a  c losed  system o r  opened up t o  r ece ive  water  from the  
environmental c o n t r o l  system and t o  supply oxygen and hydrogen t o  t he  ECS o r  
r e a c t i o n  c o n t r o l  subsystem. I n i t i a l  s tudy  EPS schematics showed power condi- 
t i o n i n g f o r  t h e  e l e c t r o l y s i s  u n i t .  F igure  6-23 i n d i c a t e s  t h i s  may be accom- 
p l i shed  by switching a t  t h e  s o l a r  a r r a y .  I n  t h i s  case  the  swi tch ing  would be 
c o n t r o l l e d  by t h e  ISS i n  response t o  e l e c t r o l y s i s  c e l l  demands. 

Energy Storage C h a r a c t e r i s t i c s  

Three approaches were considered f o r  de f in ing  a  r egene ra t ive  f u e l  c e l l  
system f o r  t h e  space s t a t i o n :  

1. Modular f u e l  c e l l s  and e l e c t r o l y s i s  u n i t s  based on equipment 
c u r r e n t l y  being developed. 

2 .  Modular f u e l  c e l l s  and e l e c t r o l y s i s  u n i t s  based on advanced 
technology and optimized a s  an  energy s t o r a g e  subsystem. 

3 .  In t eg ra t ed  r egene ra t ive  f u e l  c e l l s .  

Approach 1 was base l ined  f o r  t h e  s tudy due t o  the  ground r u l e  of minimum 
development c o s t .  A f u n c t i o n a l  block diagram of t h e  modular r egene ra t ive  f u e l  
system i s  shown by Figure 6-24.  The f u e l  c e l l  modules a r e  assumed t o  b e  those  
c u r r e n t l y  being procured f o r  t h e  space  s h u t t l e .  The e l e c t r o l y s i s  modules a r e  
based on t h e  technology c u r r e n t l y  being developed f o r  a  space s t a t i o n  
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e l e c t r o l y s i s  u n i t  f o r  s u p p l y i n g  oxygen t o  t h e  env i ronmenta l  c o n t r o l  sys tem.  
F u e l  c e l l  c h a r a c t e r i s t i c s  a r e  summarized by Table  6-9. The d a t a  shown a r e  
based  on P r a t t  and Whitney A i r c r a f t  d e s i g n s  f o r  t h e  s h u t t l e  and a r e  docu- 
mented i n  Refe rence  6-8. Used i n  a  r e g e n e r a t i v e  f u e l  c e l l  sys tem f o r  t h e  
six-man s p a c e  s t a t i o n ,  f o u r  f u e l  c e l l s  a r e  used t o  supp ly  t h e  17.4 k i l o w a t t  
o r b i t  d a r k  power. 

The e l e c t r o l y s i s  module s e l e c t e d  f o r  t h e  b a s e l i n e  modular r e g e n e r a t i v e  
f u e l  c e l l  concep t  is based  on t h e  Genera l  E l e c t r i c  sys tem r e p o r t e d  i n  
Refe rences  6-9 and 6-10. Th is  work i s  d i r e c t e d  toward development of an 
e l e c t r o l y s i s  u n i t  f o r  a  c losed-cyc le  l i f e  s u p p o r t  sys tem.  A t y p i c a l  c e l l  
i s  shown s c h e m a t i c a l l y  i n  F i g u r e  6-25. The i o n  exchange membrane ( s o l i d -  
polymer e l e c t r o l y t e )  i s  a  p e r f l u o r i n a t e d  s u l f o n i c  a c i d .  Ion c o n d u c t i v i t y  i s  
prov ided  by t h e  m o b i l i t y  of t h e  h y d r a t e d  hydrogen i o n s  (H+ x H20). Water 
i s  s u p p l i e d  t o  t h e  oxygen e v o l u t i o n  e l e c t r o d e  (anode) where i t  i s  e l e c t r o c h e -  
m i c a l l y  decomposed t o  p r o v i d e  oxygen, hydrogen i o n s ,  and e l e c t r o n s .  The 
hydrogen i o n s  move t o  t h e  hydrogen e v o l v i n g  e l e c t r o d e  (ca thode)  by m i g r a t i n g  
th rough  t h e  sol id-polymer  e l e c t r o l y t e .  The e l e c t r o n s  p a s s  through t h e  e x t e r -  
n a l  c i r c u i t  t o  r e a c h  t h e  hydrogen e l e c t r o d e .  A t  t h e  hydrogen e l e c t r o d e ,  t h e  
hydrogen i o n s  and e l e c t r o n s  recombine e l e c t r o c h e m i c a l l y  t o  produce hydrogen 
g a s .  F i g u r e  6-26 shows t h e  l i f e  s u p p o r t  e l e c t r o l y s i s  subsystem schemat ic ,  
which was modif ied f o r  t h e  b a s e l i n e  modular r e g e n e r a t i v e  f u e l  c e l l  a p p l i c a -  
t i o n s .  

System e x c e s s  p r o c e s s  w a t e r  is  c i r c u l a t e d  c o n t i n u o u s l y ,  through t h e  
hydrogen s i d e  of t h e  e l e c t r o l y s i s  s t a c k  a t  a  f i x e d  r a t e ,  by t h e  w a t e r  c i r c u -  
l a t i n g  m e t e r i n g  pump t o  c o n t r o l  t h e  s t a c k  t empera tu re .  Makeup w a t e r  f o r  
e l e c t r o l y s i s  i s  added t o  t h e  sys tem a s  r e q u i r e d .  The hydrogen produced by 
t h e  e l e c t r o l y s i s  p r o c e s s  w i l l  e x i t  from t h e  s t a c k  w i t h  t h e  c o o l i n g  w a t e r  
e n t r a i n e d  i n  i t .  The l i q u i d  w i l l  b e  s e p a r a t e d  from t h e  hydrogen s t r e a m  by 
a two-phase s t a t i c  gas  s e p a r a t o r .  The oxygen produced by t h e  e l e c t r o l y s i s  
p r o c e s s  w i l l  c o n t a i n  no l i q u i d  w a t e r  and w i l l  be  d i s c h a r g e d  d i r e c t l y  through 
a p r e s s u r e  r e g u l a t o r  t o  c o n t r o l  t h e  e x i t  dew p o i n t .  The h e a t  exchangers  a r e  
s i z e d  t o  m a i n t a i n  t h e  sys tem p r o c e s s  w a t e r  t empera tu re  and t h e  g e n e r a t e d  
oxygen and hydrogen a t  t h e  d e s i r e d  g a s  d e l i v e r y  t empera tu re  l e v e l .  

An i o n  exchange column is  l o c a t e d  getween t h e  c i r c u l a t i n g  pump and t h e  
s t a c k  t o  r e d u c e  t h e  l e v e l  o f  any con taminan ts  e n t e r i n g  t h e  sys tem i n  t h e  
makeup f e e d  w a t e r  s u p p l y .  S i z i n g  of t h i s  component depends on l e v e l  and type  
o f  con taminan ts .  The d e l i v e r e d  hydrogen from t h e  g a s  s e p a r a t o r  w i l l  b e  
r e g u l a t e d  by an  a b s o l u t e  gas  p r e s s u r e  r e g u l a t o r  u t i l i z i n g  t h e  vacuum of 
s p a c e  a s  a r e f e r e n c e .  A d i f f e r e n t i a l  r e g u l a t o r  i n  t h e  w a t e r  l i n e  m a i n t a i n s  
t h e  r e q u i r e d  delta-V w i t h i n  t h e  s e p a r a t o r  f o r  p r o p e r  o p e r a t i o n .  During t h e  
e c l i p s e  p e r i o d  of t h e  m i s s i o n  o r b i t a l  c y c l e ,  t h e  e l e c t r o l y s i s  power is  
removed; t h u s  t h e  gas  p r o d u c t i o n  rate d u r i n g  s t a c k  o p e r a t i o n  i s  h i g h e r  t h a n  
t h e  average  d a i l y  crew consumption rate. 

P o s s i b l e  m o d i f i c a t i o n s  of t h e  e l e c t r o l y s i s  subsystem f o r  r e g e n e r a t i v e  
f u e l  c e l l  a p p l i c a t i o n  i s  e l i m i n a t i o n  o f  t h e  H /H 0  r e g e n e r a t i v e  h e a t  exchanger  
and o p e r a t e s  t h e  H2/H 0 phase  s e p a r a t o r  a t  a Zig8er tempera tu re .  S i n c e  hydro- 
gen i s  n o t  b e i n g  s u p p l i e d  t o  t h e  S a b a t i e r  u n i t ,  t h e  dew p o i n t  need n o t  b e  
reduced t o  70 F. Also t h e  power c o n d i t i o n e r s  may n o t  b e  r e q u i r e d  i n  t h e i r  
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Figure 6-24. Modular Regenerative Fuel Cell System 
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Table  6-9. NR S h u t t l e  Fue l  C e l l  

I t e m  

NR B a s e l i n e  Requirements 

S u s t a i n e d  power (kw) 
Peak power w i t h i n  v o l t a g e  r e g u l a t i o n  (kw) 
Minimum Power w i t h i n  v o l t a g e  

r e g u l a t i o n  (kw) 
Vol tage  r e g u l a t i o n  band 
R e a c t a n t  Supply 

Minimum p r e s s u r e  ( p s i a )  
Grade 

Open c y c l e  c o o l i n g  
Open c y c l e  w a t e r  removal 
Opera t ing  l i f e  ( h r  . ) 
NR B a s e l i n e  EM C o n f i g u r a t i o n  

Nominal v o l t a g e  
S u s t a i n e d  power r a t i n g  (kw) 
Weight ( l b  . ) 
S p e c i f i c  w e i g h t  ( lb /kw)* 
Envelope ( i n . )  

3  
S p e c i f i c  volume ( f t  /kw)* 
S p e c i f i c  r e a c t a n t  consumption 

( i n c l u d i n g  purge)  ( l b  /kwh) * 
Heat r e j e c t i o n  (Btu/kwh)* 
T o t a l  c e l l  area ( f t 2 )  
C e l l  area ( f t  . 2, 
Number of c e l l s  

C h a r a c t e r i s t i c  

7  
10 

1 . 5  
27.6 - 31.0 V +6% - 
200 
F u e l  C e l l  
No 
No 
5000 

2  9  
7  
202 
29 
1 4 ~ 4 . 5 ~ 2 4  
0 . 4  

0.82 
1900 
6  7  
2 .2  
3 1  

*At s u s t a i n e d  power r a t i n g .  
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present  form. 

The s t a t e  p o i n t s  shown by Figure 6-26 a r e  f o r  a  water  e l e c t r o l y s i s  r a t e  
of 2  pounds p e r  hour a t  100 percent  oxygen r a t e  and 2.5 pounds per  hour f o r  
t h e  120 percent  O2 r a t e .  The r equ i r ed  space s t a t i o n  r e a c t a n t  product ion r a t e  
of 3 pounds pe r  hour may be  obtained by r e s i z i n g  t h e  e x i s t i n g  water  e l e c t r o -  
l y s i s  modules o r  by i n c r e a s i n g  the  number of e x i s t i n g  u n i t s .  

Figure 6-27 is  a  performance map of equi1i.briun-i module temperature  and 
average c e l l  performance a t  50, 75, 100 and 120 percent  oxygen genera t ion  
r a t e s  a t  cons tan t  p rocess  water  flow r a t e .  Also shown a r e  two t r a n s i e n t  
extremes when oxygen r a t e  may be suddenly changed from 50 t o  120 pe rcen t  and 
vice-versa  be fo re  t he  c e l l  can acqui re  t he  new equ i l i b r ium temperature .  Figure 
6-28 i s  a performance map showing p red i c t ed  module vo l t age  versus  c u r r e n t  o r  
oxygen genera t ion  r a t e .  The module ope ra t i ng  temperature i s  allowed t o  f l o a t  
depending on the  oxygen genera t ion  r a t e  (o r  cu r r en t )  w i th  only a  sma l l  v a r i a -  
t i o n  i n  i n p u t  vo l t age .  Because of a  wide t o l e r ance  of t he  water  e l e c t r o l y s i s  
c e l l  t o  v a r i a t i o n  i n  ope ra t i ng  temperature ,  no a c t i v e  thermal c o n t r o l s  a r e  
r equ i r ed  t o  main ta in  s a t i s f a c t o r y  performance. E l e c t r o l y s i s  power r equ i r ed  
a s  a  func t ion  of c e l l  ope ra t i ng  p re s su re ,  temperature ,  and c u r r e n t  dens i ty  
i s  shown by F igure  6-29. 

Table 6-10 summarizes e l e c t r o l y s i s  subassembly weights  f o r  a  two-module 
con f igu ra t i on  s i z e d  t o  produce 3 pounds of r e a c t a n t  p e r  hour.' The weights  
shown a r e  f o r  a maximum working p re s su re  of 60 p s i a .  To ta l  subassembly 
weight  must be  i nc reased  by 45 pounds t o  ope ra t e  a t  a  maximum p re s su re  of 
400 p s i a .  Table 6 - l l summar i ze s  e l e c t r o l y s i s  assembly c h a r a c t e r i s t i c s .  These 
d a t a  a r e  an e x t r a p o l a t i o n  of t h a t  r epo r t ed  i n  Reference 6-11 and do not  
r e p r e s e n t  an opt- imizat ion f o r  a  r egene ra t i ve  f u e l  c e l l .  

Table 6-12 summarizes r egene ra t i ve  f u e l  c e l l  weights  f o r  t he  six-man 
space  s t a t i o n .  S t r u c t u r a l  weights  f o r  i n t e g r a t i o n  a r e  n o t  inc luded .  

Figure 6-30 d e p i c t s  a  concept f o r  Approach 2,  advanced modular regenera-  
t i v e  f u e l  For t h i s  case  t h e  e l e c t r o l y s i s  s t a c k  and components a r e  
mounted i n s i d e  t he  c y l i n d r i c a l  h  ydrogen tank.  The Mark I weights  a r e  based 
on near-term technology ( s h u t t l e )  and t h e  Mark I1 weights  a r e  based on long- 
t e r m  goa l s .  The weights  shown inc lude  a l l  a n c i l l a r y  equipment. These d a t a  
a r e  of a  p re l iminary  n a t u r e  and f u r t h e r  a n a l y s i s  i s  necessary t o  f i r m  up t h e  
weights  shown. The i l l u s t r a t e d  concept i s  f o r  a  nominal 5 k i l o w a t t  module. 
The tanks a r e  s i z e d  f o r  a  14-hour work per iod  wors t  o r b i t  c a se  (11.76 kw hour s ) .  
Figure 6-31 shows performance c h a r a c t e r i s t i c s  f o r  t h e  advanced modular rege-  
n e r a t i v e  f u e l  c e l l .  

l ~ n t a  t r ansmi t t ed  by L. J .  Nut t a l ,  A i r c r a f t  Equipment Div is ion ,  
General  E l e c t r i c  Company. 

2 ~ a t a  t r ansmi t t ed  by P.  li. Grevstad, P r a t t  & Whitney A i r c r a f t .  
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ELECTROLYSIS PRESSURE 
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Figure 6-29. So l id  Polymer E l e c t r o l y t e  High-Pressure Water E l e c t r o l y s i s  
Performance 

Table 6-10. Three-Pound pe r  Hour E l e c t r o l y s i s  Weights 

- - 
A IOMIL., 120°F, 200ASF 
o 20 MIL., 120"F, 200 ASF 

0 10 MIL., 120°F, 500 ASF 

0 20 MIL., 120"F, 500 ASF 

V 20 MIL., 180°F, 200 ASF 

0 20 MIL., 180°F, 500 ASF 

I I .  1  1  1 1 1 1 1  1  I I 1  l , I 1  I I L .  . I . .  

10 100 1,000 10,000 

I t e m  

1. Process  water  check va lve  
2. Makeup water  check va lve  
3. O2 side-check va lve  
4. O2 r e g u l a t o r  
5. H2 r e g u l a t o r  
6. H2-H20 d i f f e r e n t i a l  r e g u l a t o r  
7 .  H20 pump 
8. H2/H20 s e p a r a t o r  
9 .  Water f i l t e r  

10. Pump P swi tch  
11. Separa t ion  P swi tch  
12. Deionizer  
13. Separa t ion  so l eno id  valve-H2/H20 
14. Separa t ion  so l eno id  valve-H2/H20 
15. Separa t ion  s o l e n o i c  valve-H2 
16. Pump c o n t r o l  e l e c t r o n i c s  
17. Separa t ion  c o n t r o l  e l e c t r o n i c s  
18. Reset c o n t r o l  e l e c t r o n i c s  

Quan t i t y  

1 
1 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
- 
- 
- 
1 
1 
1 

T o t a l  Est imate  
Unit Weight 

.25 

.25 

.25 
1.50 
1.50 
1.50 
8.50 

18.00 
.50 

- - 
-- 
8.00 
-- 
-- 
-- 

T o t a l  Weight 

.25 

.25 

.50 
1.50 
1.50 
1.50 
8.50 

18.00 
.50 -- 

- - 
8.00 -- 
-- 
-- 

i 
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Table  6-10. Three-Pound pe r  Hour E l e c t r o l y s i s  Weights (Cont) 

I t e m  
--- 

19. Power c o n d i t i o n e r s  
20. S tack  c o n t a i n e r  
2 1  S t ack  assembly 
22. H20 QD's  
23. H2/H20 Q D ' s  
24. 02 QD's  
25. H2 QD's  
26. H2 i s o l a t i o n  v a l v e  
27. H2/H20 h e a t  exchange 
28. H2/H20 i s o l a t i o n  v a l v e  
29. H20 i s o l a t i o n  v a l v e  
30. H2 i s o l a t i o n  v a l v e  
31. Cond. t r a p  
32. 02 s e n s o r  
33. 
34. O2 s e n s i n g  e l e c t r o n i c s  
35. L ines  and f i t t i n g s  
36. S t r u c t u r e s  and mounting 
37. E l e c t r i c a l  w i r e  and connec tors  
38. Makeup water v a l v e  
39. H2 s o l e n o i d  v a l v e  
40. G a s  r e l i e f  v a l v e  
41. H2 r e l i e f  v a l v e  
42. O2 r e l i e f  v a l v e  
43. H20 r e l i e f  v a l v e  
44. Maintenance manual v a l v e s  
45. P r e s s u r e  gauge 
46. P r e s s u r e  sw i t ch  - 

47. Conta iner  s e n s i n g  e l e c t r o n i c s  
48. Power c o n d i t i o n e r  sw i t ch  
49. Water v e n t  v a l v e  
-- P r e s s u r e  t r an sduce r  
-- E l e c t r o n i c  c o n t r o l l e r  
-- Conduc t iv i ty  s enso r  
-- B i o l o g i c a l  f i l t e r  
--. Or i f  i c e  
-- P r e s s u r e  t r an sduce r s  
-- Coldp l a t e  
-- Con t a c  t o r s  

T o t a l  
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Table  6-11. Space S t a t i o n  E l e c t r o l y s i s  Subassembly C h a r a c t e r i s t i c s  

Table  6-12. Six-Man Space S t a t i o n  Modular 
Regenera t ive  F u e l  C e l l  Weights 

- 

I t e m  

Reac tan t  g e n e r a t i o n  rate 
Number i n s t a l l e d  e l e c t r o l y s i s  modules 
I n p u t  v o l t a g e  
I n p u t  power t o  e l e c t r o l y s i s  u n i t  
Working p r e s s u r e  
C e l l  membrane t h i c k n e s s  
Uni t  weight  
Dimensions ( i n .  ) 
Replacement i tems 

Deioni z e r  
P h a s e / s e p a r a t o r  

C h a r a c t e r i s  t i c  

3 l b / h r  
2 
+I12 vdc 
7.15 kw 
400 p s i a  
20 m i l  
322 l b  . 
24 x 24 x 48 
Schedule 
1 y e a r  
180 days  

+ 

I tem 

Fue l  c e l l s  
E l e c t r o l y s i s  u n i t s  (4)  
Water s t o r a g e  and pumps (4) 
R e a c t a n t  s t o r a g e  t a n k s  

Hydrogen 
Oxygen 

Reac tan t  

T o t a l  

Maximum u s a b l e  energy s t o r e d  
S p e c i f i c  energy 

Weight ( l b . )  

980* 
1288 

6 0 

384 
208 

40 

2960 

38,400 w-hr** 
13.0 h r / l b  

*Revised Weight = 816 l b  (Refe rence  3) 
**Tanks S ized  f o r  24-hour day 
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0.6 
94.5.MINUTE ORBIT 
I 12-VOLT DC OUTPUT 

0.5 

0.4 

DARK/LIGHT RATIO 

SPECIFIC REACTANT CONSUMPTION 2 
I 0.81 I 0.796 0.796 0.828 KW HR 

AVERAGE POWER OUTPUT - KW 

A. CHARGE-DISCHARGE POWERS BATTERY MODE 

C. REACTANT GENERATION MODE 
WATER ELECTROLYSIS RATE 
N O  POWER CONDIT IONING LOSS 
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= 1 2 0 ~ ~  180'~ 

COOLING LOOP 

AVERAGE POWER OUTPUT - KW 

8. HEAT REJECTION 
PRIMARY FUEL CELL A N D  BATTERY 
MODES OF OPERATION 

5 YEARS 

2 
2 Y 

U 

= Z I 00  i 
0 2 4 6 8 10 

AVERAGE POWER OUTPUT -(KW ) 

C. PERFORMANCE AND LIFE 

Figure 6-31. Advanced Modular Regenerative Fuel Cell Performance (5-kw Module) 
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The t h i r d  approach considered f o r  r egene ra t i ve  f u e l  c e l l s  i s  t h a t  shown 
by Figure 6-32 (Reference 6-12). I n  t h i s  ca se  t he  f u e l  c e l l  and t h e  e l e c t r o -  
l y s i s  c e l l  membranes a r e  i n  a  common con ta ine r .  The con ta ine r  a l s o  provides  
volumes f o r  water  s t o r a g e  and gaseous r e a c t a n t  s t o r a g e .  The c e l l  i s  s t a t i c  
i n  t h e  se.nse t h a t  e i t h e r  c a p i l l a r y  f o r c e s  o r  p r e s s u r e  i s  used t o  move water  
t o  t he  e l e c t r o l y s i s  c e l l  membranes and t h e  gaseous products  t o  t h e i r  respec- 
t i v e  s t o r a g e  a r ea s .  Table 6-13 summarizes c h a r a c t e r i s t i c s  f o r  a  500-watt s t a -  
t i c  r egene ra t i ve  f u e l  ce l l .  The energy s t o r a g e  capac i ty  i s  s i z e d  t o  d e l i v e r  
500 w a t t s  f o r  1 .2  hours  (synchronous o r b i t ) .  The charge-discharge e f f i c i e n c y  
is  57 pe rcen t .  

SOLAR CELL 

POWER 
i DARKSIDE POWER 

FUEL CELLS 

WATER STORAGE 

0 1  
H., 

Figure 6-32. S t a t i c  Regenerat ive Fuel  C e l l  Concept 

Table 6-13. 500-Watt Module C h a r a c t e r i s t i c s  
( S t a t i c  Regenerat ive Fuel  C e l l )  

- 
I t e m  

Steady S t a t e  Power (wa t t s )  
T rans i en t  Power (wat t s )  
Energy Capaci ty  (watt-hours) 
S i ze  ( i n . )  
Weight ( l b )  
Energy Dens i ty  (wat t -hour/ lb  .) 
Ef f i c i ency ,  Nominal (%) 

Charac t e r i s  t i c  

5 00 
1000 

600 
7.26 

15 
40 
5 7 
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Energy S t o r a g e  S i z i n g  

The fo l lowing  c o n s i d e r a t i o n s  i n f l u e n c e  t h e  s i z i n g  of a r e g e n e r a t i v e  f u e l  
c e l l  energy s t o r a g e  assembly: 

1. E c l i p s e  p e r i o d  s t a t i o n  power requ i rements  
2. S o l a r  a r r a y  u t i l i z a t i o n  
3. Charge-discharge e f f i c i e n c y  
4. O r b i t  pa ramete rs  
5. Required o p e r a t i o n a l  l i f e  
6. S a f e t y  

From t h e  power r e q u i r e d  d a t a  of S e c t i o n  6.1,  n e c e s s a r y  f u e l  c e l l  r e a c t a n t  
p roduc t ion  i s  shown by Table 6-14. The energy requ i rements  shown i n c l u d e  a  
12 p e r c e n t  a l lowance f o r  c o n d i t i o n i n g  and d i s t r i b u t i o n  l o s s e s .  Th i s  h a s  
i n c r e a s e d  t o  17 p e r c e n t  f o r  t h e  f i n a l  EPS mechan iza t ion ,  which h a s  a ' s m a l l  

Table  6-14. Required Fue l  C e l l  R e a c t a n t  P roduc t ion  

- 
(h = 270 n.m., i = 55", d/L = 0.6)  

O r b i t  P e r i o d  

Dayl igh t  peaking 

E c l i p s e  

T o t a l  (kw-hr. o r b i t e r )  

T o t a l  ( l b  . r e a c t a n t l o r b i t )  

T o t a l  ( l b .  r e a c t a n t l h r . )  

L b / H r . / E l e c t r o l y s i s  Uni t*  

*4 u n i t s  (one p e r  pr imary b u s )  

1 

14-hr. Work 

1.68 

11.78 

13.46 

11.02 

11.20 

2.76 

10-hr.  R e s t  

.84 

8 .38 

- 
9.22 

7.56 

7.70 

1 .92 

24-hr. Avg . 
1.32 

10.32 

11.64 

9.55 

9.70 

2.42 
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e f f e c t  on r egene ra t ive  f u e l  c e l l  s i z i n g .  The r e a c t a n t  q u a n t i t i e s  shown a r e  
based.  on a  f u e l  c e l l  s p e c i f i c  r e a c t a n t  consump t i o n  (SRC) of 0.82 pound 
p e r  k i lowa t t  hour.  

The maximum e l e c t r o l y s i s  r e a c t a n t  genera t ion  r a t e  requi red  is  2.76 pounds 
per  hour.  However, examination of t h e  power p r o f i l e  shown by Figure 6-33 
sugges ts  t h a t  excess  s o l a r  a r r ay  power a v a i l a b l e  dur ing  the  10-hour r e s t  
per iod  be  used t o  genera te  r e a c t a n t  a t  a  h igher  r a t e  than t h a t  requi red  f o r  
t h e  rest per iod .  The excess  r e a c t a n t  i s  s t o r e d  f o r  use during the  14-hour 
work per iod .  Figure 6-34 shows t h e  e f f e c t  of 24-hour s o l a r  a r r a y  u t i l i z a t i o n  
on s o l a r  a r r a y  power. It i s  seen  t h a t  f o r  a  f i xed  charge-discharge e f f i -  
c iency a  reduct ion  of approximately 5 k i l o w a t t s ' o f  s o l a r  a r r ay  power r e s u l t s .  
However, the  10-hour rest per iod  r e a c t a n t  product ion r a t e  must be increased  
to -2.. 80 pounds per  hour and t h e  14-hour rest per iod  d a t e  i s  decreased t o  2.25 
pounds p e r  hour per  e l e c t r o l y s i s  u n i t .  For t h i s  p a r t i c u l a r  case the re  i s  
e s s e n t i a l l y  no i n c r e a s e  i n  e l e c t r o l y s i s  genera t ing  capac i ty  requi red .  How- 
e v e r ,  e x t r a  r e a c t a n t  s to rage ,mus t  be provided t o  accumulate t he  excess  
hydrogen and oxygen generated dur ing  the  10-hour r e s t  per iod  ( d e l t a  is  26.6 
ki lowatt-hour) .  The v a r i a t i o n  i n  r e a c t a n t  s t o r a g e  p re s su re  f o r  a  24-hour 
day is  shown by Figure  6-33. 

For t he  case  i l l u s t r a t e d ,  four  hydrogen tanks and four  oxygen tanks a r e  
used f o r  f u e l  c e l l  r e a c t a n t  supply and a s  accumulators f o r  the  e l e c t r o l y s i s  
u n i t s .  A gas r e s i d u a l  s u f f i c i e n t  t o  maintain a  70-psia minimum pres su re  
i s  allowed. Maximum pres su re  of 330 p s i a  occurs  a t  t he  end of t h e  14-hour 
work day. The 150 F s t o r a g e  temperature i s  based on s t o r i n g  gas d i r e c t l y  
from t h e  e l e c t r o l y s i s  u n i t .  This was based on an e a r l i e r  dec i s ion  t o  e l imi -  
n a t e  t h e  H2/H20 r egene ra t ive  h e a t  exchanger and t h e  H /H 0 phase s e p a r a t o r  

2  2 h e a t  exchanger from the  ECS e l e c t r o l y s i s  scheme. However, t he  f i n a l  e l e c t r o -  
l y s i s  u n i t  weights  used i n  t h i s  s tudy does inc lude  the  above i tems.  

The accumulator tanks w i l l  b e  p re s su r i zed  by t h e  e l e c t r o l y s i s  u n i t .  A t  
a p re s su re  of 300 t o  400 p s i a ,  an inc rease  of e l e c t r o l y s i s  power of up t o  10 
percent  above t h a t  necessary f o r  ope ra t ion  a t  60 p s i a  i s  requi red  (Figure 
6-30). Average power inc rease  over a  24-hour per iod is  es t imated  t o  be  5 
percent .  

The weight pena l ty  i nc rease  i n  t he  e l e c t r o l y s i s  c e l l  .is est imated t o  be  
45 pounds pe r  3  pound/hour u n i t .  The l a r g e s t  weight pena l ty  due t o  genera t ing  
and s t o r i n g  r e a c t a n t  dur ing  the  10-hour r e s t  per iod  i s  gaseous s t o r a g e  tanks.  
A t o t a l  tank weight of 1108 pounds i s  used t o  ob ta in  b a s e l i n e  EPS weights .  
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These weights  a r e  based on a  s t a t i o n  bu i ldup  gaseous s t o r a g e  p re s su re  of 3000 
p s i a  and a s  such a r e  n o t  r e p r e s e n t a t i v e  of t h e  t r u e  pena l ty  f o r  24-hour 
r e a c t a n t  genera t ion  averaging.  Tank weights  s i z e d  f o r  t h e  maximum 300 p s i a  
p re s su re  and a  s a f e t y  f a c t o r  of 4  a r e  e s t i m a t e d  t o  weigh 592 pounds. I f  t h e  
tanks a r e  s i z e d  f o r  the  o r b i t - t o - o r b i t  requirement of t h e  14-hour work pe r iod ,  
t he  t o t a l  amount of gas r equ i r ed  i nc lud ing  r e s i d u a l s  i s  13.5 pounds ( tank  
weight = 128 pounds). Therefore  a  s u b s t a n t i a l  r educ t ion  i n  tankage weight may 
be made by ope ra t i ng  on an o r b i t - t o - o r b i t  b a s i s .  However, t h i s  i s  l a r g e l y  
o f f s e t  by a  r equ i r ed  i n c r e a s e  i n  s o l a r  a r r a y  weight .  

This e f f e c t  i s  shown by F igure  6-34. For a  f i x e d  charge-discharge e f f i -  
c iency,  an approximate 10 pe rcen t  r educ t ion  i n  s o l a r  a r r a y  power ( - a r e a )  
w i l l  r e s u l t ,  i f  excess  s o l a r  a r r a y  power a v a i l a b l e  during the  10-hour rest 
per iod i s  s t o r e d  and used dur ing  the  14-hour work per iod .  
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6 . 3  DEGRADATION CONSIDERATIONS 

Refe rence  6-13 r e p o r t s  on t h e  e f f e c t  of d e s i g n  and o p e r a t i n g  f a c t o r s  
on t h e  performance and l i f e  of the .  P r a t t  and Whitney a l k a l i n e  e l e c t r o l y t e ,  
hydrogen-oxygen, m a t r i x  f u e l  c e l l s .  The pr imary c a u s e  of d e g r a d a t i o n  is 
e l e c t r o l y t e  volume l o s s .  Carbonat ion of t h e  e l e c t r o l y t e  is  t h e  major  c a u s e  
of volume l o s s .  C e l l  e l e c t r o l y t e  c a r b o n a t i o n  d a t a  and m a t e r i a l s  c o r r o s i o n  
t e s t s  show t h a t  t h e  g l a s s  f i b e r  and epoxy c e l l  f rame c o n t r i b u t e s  s i g n i f i -  
c a n t l y  t o  e l e c t r o l y t e  c a r b o n a t i o n .  Low o p e r a t i n g  t empera tu re  reduces  frame 
c o r r o s i o n  and i n c r e a s e s  c e l l  l i f e .  Exper ience h a s  shown t h a t  c e l l s  which 
have decayed b e c a u s e  o f  e l e c t r o l y t e  d e g r a d a t i o n  can  have t h e i r  performance 
r e s t o r e d  by f l u s h i n g  w i t h  f r e s h  e l e c t r o l y t e .  Refe rence  6-13 r e p o r t s  t h a t  
one c e l l  h a s  accumulated more t h a n  6400 l o a d  h o u r s  and 38 s t a r t u p s  w i t h  an 
e l e c t r o l y t e  change of 5000 hours .  A h i g h  power d e n s i t y  c e l l  r u n  i n  conjunc- 
t i o n  w i t h  t h i s  program h a s  accumulated more t h a n  6000 h o u r s  and 29 s t a r t u p s  
w i t h o u t  changing t h e  e l e c t r o l y t e .  It may b e  concluded t h a t  t h e  m a t r i x  f u e l  
c e l l  h a s  t h e  p o t e n t i a l  t o  meet t h e  s p a c e  s t a t i o n  l i f e t i m e  g o a l s .  By opera-  
t i n g  i n  t h e  c l o s e d - c y l e  r e g e n e r a t i v e  mode, n e a r  c h e m i c a l l y  pure  r e a c t a n t  
cou ld  b e  used.  

An advan tage  of t h e  General  E l e c t r i c  SPE w a t e r  e l e c t r o l y s i s  c e l l  i s  
i t s  a b i l i t y  t o  m a i n t a i n  v i r t u a l l y  i n v a r i a n t  performance f o r  p e r i o d s  of 
o p e r a t i o n  up t o  two y e a r s .  F i g u r e  6-35 (Refe rence  6-14) shows r e s u l t s  o f  
an SPE c e l l  t e s t s  where v o l t a g e  d e g r a d a t i o n  set i n  a t  15,000 h o u r s .  The 
d e g r a d a t i o n  was caused by c e l l  s h e e t  d e l a m i n a t i o n .  More r e c e n t  SPE's of 
s i n g l e - p l y  c o n s t r u c t i o n  avo id  t h i s  problem. 

It was a l s o  found d u r i n g  p o s t - t e s t  a n a l y s i s  t h a t  t h e  e l e c t r o l y t e  
m a t e r i a l  had undergone a  p e r c e p t i b l e  d e g r a d a t i o n ,  l o s i n g  approximately  1 5  
p e r c e n t  of i t s  weight  o v e r  t h e  two-year t e s t  p e r i o d .  E x t e n s i v e  moni to r ing  
of b o t h  e l e c t r o l y s i s  and f u e l  c e l l  t e s t i n g  w i t h  t h e  SPE m a t e r i a l  a v a i l a b l e  
i n  1968 e s t a b l i s h e d  a  v e r y  slow b u t  measurab le  d e g r a d a t i o n  r a t e  as represen-  
t e d  by t h e  c u r v e  a t  t h e  r i g h t  o f  F i g u r e  6-35. I n  t h e  f o l l o w i n g  y e a r ,  e f f o r t s  
by DuPont and Genera l  E l e c t r i c  succeeded i n  r e d u c i n g  t h e  d e g r a d a t i o n  r a t e  
by a  f a c t o r  of more t h a n  1 5  t o  1 t o  t h e  l e v e l  r e p r e s e n t e d  by t h e  curve  a t  
t h e  l e f t  of F i g u r e  6-36. Th is  h a s  e f f e c t i v e l y  e l i m i n a t e d  e l e c t r o l y t e  
d e g r a d a t i o n  a s  a  l i f e - l i m i t i n g  f a c t o r  f o r  equipment l i f e t i m e s  o f  concern i n  
p r a c t i c a l  a p p l i c a t i o n s .  

Another s i g n i f i c a n t  f a c t o r  is t h e  e f f e c t  of reduced c e l l  t empera tu re  
upon r e l a t i v e  d e g r a d a t i o n  r a t e s .  

6.4 THERMAL REQUIREMENTS 

Table  6-15 summarizes the rmal  c o n t r o l  r e q u i r e m e n t s  f o r  t h e  r e g e n e r a t i v e  
f u e l  c e l l  sys tem o p e r a t i n g  on a 24-hour maximum s o l a r  a r r a y  u t i l i z a t i o n  b a s i s .  
R e a c t a n t  p r o d u c t i o n  r a t e  d u r i n g  t h e  14-hour work p e r i o d  is  9.02 pounds p e r  
hour .  During t h e  10-hour r e s t  p e r i o d  t h e  a d d i t i o n a l  s o l a r  a r r a y  power a v a i l -  
a b l e  a l l o w s  a  r e a c t a n t  p r o d u c t i o n  r a t e  o f  1 1 . 2  pounds p e r  hour .  T h e r e f o r e ,  
e l e c t r o l y s i s  c e l l  h e a t  r e j e c t i o n  is g r e a t e s t  d u r i n g  t h e  10-hour r e s t  p e r i o d .  
The d a t a  shown are f o r  t h e  f i n a l  mechan iza t ion  of t h e  EPS. The e l e c t r o l y s i s  
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Table 6-15. Regenerat ive Fue l  C e l l  Energy S torage  
Thermal Cont ro l  D e l t a ' s  

Component 

E l e c t r o l y s i s  Un i t s  

Maximum coolan t  i n l e t  tempera- 
t u r e  (F) 
Maximum coo lan t  o u t l e t  tempera- 
t u r e  (F) 
Heat gene ra t i on  (wa t t s )  

Fuel C e l l s  

Maximum coo lan t  i n l e t  tempera- 
t u r e  (F) 
Maximum coolan t  o u t l e t  tempera- 
t u r e  (F) 
Heat gene ra t i on  (wat t s )  

Worst-Case Orb i t  Heat Rejec t ion  
(Btulhour) 

Orb i t  t ime (hour . )  
E l e c t r o l y s i s  u n i t s  
Fuel c e l l s  

10-Hr. 

L ight  

152 

170 

120 

219 

5 10 

0.985 
15,600 
17,140 

17,140 

14-Hr. 

Light  

152 

170 

120 

222 

1030 

0.985 
12,600 

3,520 

16,120 

Rest 

Dark 

- - 
-- 

- - 

120 

2 19 

8470 

0.591 
-- 

28,900 

28,900 

Work 

Dark 

- - 
-- 
- - 

120 

222 

12080 

0.591 
- - 

41,200 

41,200 
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power c o n d i t i o n i n g  i s  e l i m i n a t e d  and i n p u t  t o  t h e  e l e c t r o l y s i s  u n i t  and is  
c o n t r o l l e d  by t h e  ISS and s o l a r  a r r a y  s w i t c h i n g .  The e l e c t r o l y s i s  e f f i c i e n c y  
shown a l l o w s  f o r  o p e r a t i n g  t h e  c e l l  a t  c o n s t a n t  400 p s i a  p r e s s u r e ,  which is  
c o n s e r v a t i v e .  

6.5 SUBSYSTEM INTERFACES 

The r e g e n e r a t i v e  f u e l  c e l l  energy s t o r a g e  assembly cou ld  f u n c t i o n  
p u r e l y  a s  a  b a t t e r y  o r  i n  a b r o a d e r  s e n s e  b e  a  s p a c e  s t a t i o n  u t i l i t y .  The 
l a t t e r  f u n c t i o n  is  i l l u s t r a t e d  by F i g u r e  6-37. By opening t h e  r e g e n e r a t i v e  
f u e l  c e l l  l o o p ,  and by i n c r e a s i n g  e l e c t r o l y s i s  c a p a c i t y ,  i t  could  supp ly  
oxygen and hydrogen t o  t h e  env i ronmenta l  c o n t r o l  sys tem and t h e  a t t i t u d e  
c o n t r o l  system. However, t h e  b a s e l i n e  e l e c t r o l y s i s  sys tem h a s  a n  excess  
c a p a c i t y  d u r i n g  much of  t h e  y e a r .  T h i s  is shown by F i g u r e  6-38 a s  a func- 
t i o n  of d a r k - t o - l i g h t  r a t i o .  F i g u r e  6-39 shows EPS e x c e s s  r e a c t a n t  p roduc t ion  
c a p a b i l i t y  v e r s u s  season  a n g l e .  A t o t a l  annua l  e x c e s s  c a p a b i l i t y  e x i s t s  t o  
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e l e c t r o l y z e  7327 pounds of w a t e r .  The n a j o r  problem i s  s t o r a g e  of t h e  
hydrogen and oxygen f o r  u s e  d u r i n g  p e r i o d s  o f  low e x c e s s  r e a c t a n t  produc- 
t i o n  c a p ~ c i t y .  I n  t h e  c a s e  of o r b i t  makeup, i t  might b e  p o s s i b l e  t o  schedu le  
RCS e n g i n e s  f o r  o p e r a t i o n  d u r i n g  p e r i o d s  of e x c e s s  r e a c t a n t  p roduc t ion  
c a p a c i t y .  F u r t h e r  e f f o r t  i s  r e q u i r e d  t o  d e t e r m i n e  how e x c e s s  e l e c t r o l y s i s  
c a p a b i l i t y  might b e  used.  

R e g e n e r a t i v e  f u e l  c e l l s  o f f e r  t h e  g r e a t e s t  p o t e n t i a l  f o r  weight 
r e d u c t i o n  of s o l a r  a r r a y  powered s p a c e c r a f t  i n  n e a r - e a r t h  o r b i t .  Ground 
r u l e s  f o r  t h e  c u r r e n t  s t u d y  emphasized minimum subsystem development c o s t .  
T h e r e f o r e  a modular r e g e n e r a t i v e  f u e l  c e l l  concept  was b a s e l i n e d  u s i n g  
t h e  proposed s h u t t l e  f u e l  c e l l  and an  e l e c t r o l y s i s  c e l l  b e i n g  developed f o r  
supp ly ing  oxygen t o  t h e  environmental  c o n t r o l  sys tem.  Regenera t ive  f u e l  
c e l l  d e s i g n  paramete rs  were n o t  o ~ t i m i z e d  f o r  u s e  a s  a n  energy  s t o r a g e  
subsystem. 

An e x t e n s i v e  s t u d y  was made on i n t e g r a t i n g  t h e  b a s e l i n e  r e g e n e r a t i v e  
f u e l  c e l l  w i t h  t h e  r e a c t i o n  c o n t r o l  and t h e  env i ronmenta l  c o n t r o l  and l i f e  
s u p p o r t  subsystem.  R e s u l t s  of t h i s  a n a l y s i s  f avored  s e l e c t i o n  of regenera -  
t i v e  f u e l  c e l l s  o v e r  nickel-cadmium b a t t e r i e s .  The weight  d i f f e r e n c e  i s  
approx imate ly  5000 pounds i n  f a v o r  of t h e  r e g e n e r a t i v e  f u e l  c e l l .  

I f  money were a l l o c a t e d  f o r  development of r e g e n e r a t i v e  f u e l  c e l l s  
f o r  t h e  s p a c e  s t a t i o n ,  Tab le  6-16 shows f u r t h e r  we igh t  s a v i n g s  t h a t  could  
b e  o b t a i n e d .  The advanced modular r e g e n e r a t i v e  f u e l  c e l l ,  p r e v i o u s l y  
d i s c u s s e d ,  i s  s i z e d  t o  5 -k i lowat t  o u t p u t  p e r  module and is  i n t e g r a t e d  w i t h  
t h e  e l e c t r o l y s i s  module. Near-term technology  is  assumed. The i n t e g r a t e d  
( s t a t i c )  f u e l  c e l l  i n c l u d e s  b o t h  power g e n e r a t i o n  and e l e c t r o l y s i s  i n  a  
common p r e s s u r e  v e s s e l .  I n  t h e  c a s e  of t h e  advanced modular f u e l  c e l l ,  
t h e  t a n k s  were  e n l a r g e d  t o  i n c r e a s e  t h e  energy s t o r a g e  c a p a c i t y  from 11.76 
k i l o w a t t - h o u r s  t o  38.40 k i l o w a t t - h o u r s .  The i n t e g r a t e d  ( s t a t i c )  d e v i c e  is  
t h e  one p r e v i o u s l y  d e s c r i b e d  and o r i g i n a l l y  s i z e d  f o r  synchronous o r b i t .  
F o r  Case 1, f o r t y  500-watt u n i t s  a r e  r e q u i r e d  t o  d e l i v e r  t h e  20-ki lowat t  
14-hour work e c l i p s e  power. A t  600 wat t -hours  p e r  u n i t ,  t h e y  a r e  o n l y  
d i s c h a r g e d  50 p e r c e n t .  For Case 1 1 ,  s i x t y - f o u r  500-watt u n i t s  a r e  r e q u i r e d  
t o  d e l i v e r  t h e  38.40 k i l o w a t t - h o u r s  on a  24-hour a v e r a g e  b a s i s .  For t h i s  
mode o f  o p e r a t i o n  t h e r e  is  a  23.6 k i lowat t -hour  energy  d e f i c i t  d u r i n g  t h e  
14-hour work o r b i t s  which i s  made up w i t h  t h e  e x t r a  s o l a r  a r r a y  power 
r e c h a r g i n g  t h e  r e g e n e r a t i v e  f u e l  c e l l s  d u r i n g  t h e  10-hour rest p e r i o d .  It  
is no ted  t h a t  a  s p e c i f i c  power of 40 wat t -hours  p e r  pound is  o b t a i n e d ,  
even u s i n g  a d e v i c e  op t imized  f o r  a n o t h e r  m i s s i o n .  

T h i s  s u g g e s t s  t h a t  a  r e g e n e r a t i v e  f u e l  c e l l  might  b e  s i z e d  t o  
accommodate b o t h  manned and unmanned s p a c e c r a f t .  The volume of each 
i n t e g r a t e d  ( s t a t i c )  u n i t  i s  approx imate ly  0.75 c u b i c  f o o t ;  64 c e l l s  would 
t h e r e f o r e  r e q u i r e  48 c u b i c  f e e t  d i s t r i b u t e d  i n  t h e  v a r i o u s  s t a t i o n  modules. 

F u r t h e r  e f f o r t  i s  j u s t i f i e d  t o  d e f i n e  r e g e n e r a t i v e  f u e l  c e l l s  from t h e  
f o l l o w i n g  c o n s i d e r a t i o n s :  

1. Modular v e r s u s  i n t e g r a t e d  ( s t a t i c )  
2. Commonality w i t h  manned and unmanned s p a c e c r a f t  r equ i rement .  
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Table 6-16. Regenerative Fuel Ce l l  Performance Comparison 

I 

Design 
Capacity 

Case I 

11.76 KWoHr  

Weight, l b  
W .Hr/ lb  

Case I1 

38.40 K W - H r  

Weight, l b  
W*Hr/lb 

Case I - Worst Case O r b i t ,  14 H r  Work 

Case I1 - 24 Hour Average, Minimum S o l a r  Array S i z e  

(1)  500 w a t t  f u e l  c e l l  designed f o r  synchronous o r b i t  

(2 )  40 r equ i r ed  f o r  worst  case  o r b i t  load ,  24.0 KW*hours 
s t o r e d ,  100% re se rve ,  power l i m i t e d  

(3)  64 r equ i r ed  f o r  beginning of 14 hour  work pe r iod ,  
energy l i m i t e d  

Configurat ion 

Modular 

2  496 
4.7 

2960 
13 .O 

Advanced 
Modular 

1425 
9 .8  

1925 
22.6 

I n t e g r a t e d  
( S t a t i c )  

6 0 0 ( ~ )  
19.6 

9 6 0 ( ~ )  
40 
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3. Module s i z e  
4. E f f e c t  of power d e n s i t y  and o p e r a t i n g  t empera tu re  on d e g r a d a t i o n  

and /or  l i f e t i m e .  

I n  c o n c l u s i o n ,  i t  is  t h e  o n l y  s i n g l e  assembly t h a t  o f f e r s  g r e a t  
p o t e n t i a l  f o r  weight  r e d u c t i o n  of s o l a r  a r r a y  e l e c t r i c a l  power sys tems i n  
n e a r - e a r t h  o r b i t .  

6 .6  ENERGY STORAGE PERFORMANCE COMPARISON 

Table  6-17 summarizes p a r t i a l  s t u d y  r e s u l t s  comparing r e g e n e r a t i v e  
f u e l  c e l l s  w i t h  mickel-cadmium b a t t e r i e s  f o r  energy s t o r a g e .  The d a t a  
shown were  g e n e r a t e d  e a r l y  i n  t h e  s t u d y  and i n  c e r t a i n  i n s t a n c e s  does  n o t  
e x a c t l y  a g r e e  w i t h  p r e l i m i n a r y  d e s i g n  d a t a  ( S e c t i o n  4 ) .  For example, t h e r e  
h a s  been a n  i n c r e a s e  i n  e l e c t r o l y s i s  u n i t  weight  and a  d e c r e a s e  i n  f u e l  
c e l l  we igh t .  These d i s c r e p a n c i e s  do n o t  change t h e  r e l a t i v e  comparison 
between f u e l  c e l l s  and b a t t e r i e s  d e p i c t e d  by Tab le  6-17. 

I n  comparing r e g e n e r a t i v e  f u e l  c e l l  weight  and volume w i t h  b a t t e r i e s ,  
t h e  v a l u e s  shown by t h e  s e p a r a t e  f u e l  c e l l  and e l e c t r o l y s i s  columns must 
be  summed. For example,  o r b i t  e c l i p s e  energy requ i rements  may b e  met w i t h  
a  r e g e n e r a t i v e  f u e l  c e l l  sys tem weighing 2222 pounds compared w i t h  b a t t e r i e s  
weighing 9172 pounds. E i t h e r  sys tem would r e q u i r e  replacement  i n  2-1/2 
y e a r s .  Tankage w e i g h t s  f o r  t h e  r e g e n e r a t i v e  f u e l  c e l l s  w i l l  v a r y  from 128 
t o  592 pounds,  depending on whether  energy is s t o r e d  f o r  a  s i n g l e  14-hour 
work p e r i o d  o r b i t  o r  f o r  a  24-hour p e r i o d .  

The s o l a r  a r r a y  a r e a s  shown are based on s i z i n g  t h e  energy s t o r a g e  
assembly f o r  e i t h e r  t h e  wors t -case  o r b i t  (14-hour work p e r i o d )  o r  a  24-hour 
average .  For  t h e  l a t t e r  case, e x c e s s  s o l a r  a r r a y  power a v a i l a b l e  d u r i n g  
t h e  10-hour r e s t  p e r i o d  is  used t o  s t o r e  energy f o r  u s e  d u r i n g  t h e  h i g h e r  
e c l i p s e  energy requ i rement  of t h e  14-hour work p e r i o d .  T h i s  mode of opera-  
t i o n  w i l l  a l l o w  a  s o l a r  a r r a y  a r e a  r e d u c t i o n  of 1 0  t o  1 2  p e r c e n t  f o r  e i t h e r  
r e g e n e r a t i v e  f u e l  c e l l s  o r  b a t t e r i e s .  However, an  a d d i t i o n a l  3,440 pounds 
of b a t t e r i e s  a r e  r e q u i r e d  t o  o p e r a t e  in t h i s  mode. The add-on b a t t e r i e s  
would b e  d i s c h a r g e d  t o  a  70- t o  80-percent  dep th  e v e r y  day f o r  a t o t a l  o f  
900 c y c l e s  o v e r  a  2-112-year p e r i o d .  E l e c t r o l y s i s  c e l l  s i z e  a r e  u n a f f e c t e d  
by energy s t o r a g e  mode, s i n c e  t h e y  have excess  c a p a c i t y  d u r i n g  t h e  10-hour 
rest p e r i o d .  The s o l a r  a r r a y  a r e a s  shown a r e  based  on a  charge-d i scharge  
e f f i c i e n c y  o f  0.525 f o r  t h e  r e g e n e r a t i v e  f u e l  c e l l  and 0.625 f o r  t h e  
nickel-cadmium b a t t e r i e s .  

The l a r g e r  ISS complexi ty  due t o  b a t t e r i e s  is  t h e  requ i rement  f o r  
moni to r ing  and f a u l t  i s o l a t i o n  f o r  t h e  672 c e l l s .  

6.7 EVALUATION SUIWARY AND RECOMKENDATIONS 

S i g n i f i c a n t  t e c h n i c a l  advan tages  were  found f o r  t h e  f u e l  c e l l  e l e c t r o -  
l y s i s  r e g e n e r a t i v e  energy  s t o r a g e  concep t .  The f o l l o w i n g  e v a l u a t i o n  was 
made i n  t h i s  t r a d e  s t u d y .  
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Table 6-17. F.egenerative Fuel  Ce l l /Ba t t e ry  Comparison 

Cha rac t e r i s  t i c s  

'rype 

Performance 

Minimum Power 
Maximum Sus ta ined  Power 
Peak Power 

Voltage 

Volt age Regulat ion 
Over load --Faul t Clear .  

SRC ( a t  r a t e d  power) 
Thermal E f f .  
Operat ing p re s su re ,  p s i a  

Weight --Volume 

WeightIUnit 
VolumeIUnit 
S p e c i f i c  Weight 

I n i t i a l  Launch 
Weight 

Volume 
R ~ S U P P  1~ 

Heat Rejec t ion  

Coolant I n l e t  Temp. 

Coolant O u t l e t  Temp. 

Regen. Fue l  

Fuel C e l l  

NR S h u t t l e  

1 . 5  kw i 7 kw 
10 kw 

112 VDC 

+5%-11% 
100 amp 
f o r  4 s e c  
0.82 
0.622 
200-1100 
p s i a  

245 l b  
6 f t 3  
29 lb/kw 

1078 l b  

26.4 f t 3  
9 80 

120 F 

220 F 

Ba t t e ry  

NiCd 
RSN-110 

Limited 
by EPS 
Components 

113-107 
VDC 
-- 
-- 
-- 
0.734 
-- 

44.9 
0.593 f t 3  
1 .3  whllb 

9172 l b  

156 
8320 

Light  
30-50 F 
Dark 
40-70 F 

C e l l  

El-ectro- 
sis 

GE S o l i d  
Polymer 
Technolow 

Ib 
Reactant  
P e r  Hour 
Pe r  Unit  
108 VDC 

+5%-5% 

0.925 
300 p s i a  

260 
5 .1  f t 3  
5 * 4  whllb 

1144 l b  

28.1 f t 3  
1040 

127 F 

143  F 

Comments 

E l e c t r o l y s i s  
C e l l  Spec i f ic i  
by NAS1-9750 
and be ing  
developed 
f o r  ECS 

, 400 p s i a  
p o s s i b l e  f o r  
e l e c t r o l y s i s  

20% D.D. f o r  
b a t t e r y  

i nc ludes  
m t s  & suppor t s  

Once i n  5 y r s  

Ba t t e ry  
ope ra t i ng  
temp. 
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Table 6-17. Regenerat ive Fuel Ce l l IBa t t e ry  Comparison (Continued) 

C h a r a c t e r i s t i c s  

S o l a r  Array Requirements 

Worst Case O r b i t  
Area 
Weight 

24-Hour Average 
A r e  a 

Weight 

L i f e t ime  

P re sen t  

Advanced Goal 

S . S .  s t u d y  Assumption 
I n i t i a l  S t a t i o n  
Growth S t a t i o n  

Z r e w  Maintenance 

Scheduled 
Unscheduled 

ISS Complexity 

Analog Meas. 
Discrete Meas. 
On-Of f Commands 
S e t t i n g s  
Display Comp . 
*Based on grade  r e a c t a n t  

Regen. Fuel 

Fue l  C e l l  

8520 f t 2  
7810 l b  

7560 f t 2  

6940 l b  

2000-5000* 

10,000 H r *  

8,200 h r  
1 6 , 4 0 0 h r  

5 6 
5 1 

32 
1 2  
16 
8 
4 

Ba t t e ry  

7800 f t 2  
7150 l b  

6980 f t 2  

6400 l b  

2-112 y r  

5 04 
4 80. 

3500 
96 
1500 
0 
16 

Cell 

l o  

- - 
-- 

-- 

- - 

17,000 h r  

-- 

13,680 h r  
27,360 h r  

14 3 
129 

44 
3 2 
15  
8 
8 

Comments 

For 24 H r  
Average 

An a d d i t i o n a l  
3440 l b  of 
b a t t e r i e s  a r e  
requi red  

GE t e s t i n g  o f  
water  
e l e c t r o l y s i s  
C e l l s  include 
2 y r  cont .  
t e s t i n g  

P&W has  run 
32,000 h r  
bench test 
w i t h  s i n g l e  
module 
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Table  6-17. Regenera t ive  F u e l  C e l l I B a t t e r y  Comparison (Continued) 

Thermal C o n t r o l  

C h a r a c t e r i s t i c s  

Lewis Advanced S h u t t l e  Goals  

L i f e *  
S p e c i f i c  Weights 
S p e c i f i c  Volume 
Vol tage 
Minimum Power 
S u s t a i n e d  Power 
Peak Power 
SRC 
C e l l  Cur ren t  Dens. 
C e l l  Temp. 

Maintenance 

A comparison of the rmal  c o n t r o l  r equ i rements  show t h a t  t h e  b a t t e r y  
concept  imposes an a d d i t i o n a l  development requ i rement  on t h e  the rmal  c o n t r o l  
assembly due t o  i t s  low-temperature demands ( i . e . ,  40 F ) .  The development 
of d u a l  l o o p s  t o  p r o v i d e  130 F and 40 F the rmal  c o n t r o l  r e s u l t e d  i n  a c o s t  
p e n a l t y  e s t i m a t e d  a t  $4.8 m i l l i o n  (Table  6-18). 

S o l a r  Array Area 

*Based on g r a d e  r e a c t a n t  

E f f e c t i v e  u t i l i z a t i o n  of s o l a r  a r r a y  a r e a  was a major  c o n s i d e r a t i o n .  
The b a t t e r y  approach i s  more e f f i c i e n t  on a charge-d i scharge  comparison 
based on a p e r  o r b i t  c y c l e .  F i g u r e  6-40 shows t h i s  comparison (0.625 
v e r s u s  0.525) . 

Regen. Fue l  C e l l  

Tab le  6-19 shows t h e  e f f e c t  of charge-discharge e f f i c i e n c y  on s o l a r  
a r r a y  a r e a  requ i rement .  On a p e r - o r b i t  b a s i s ,  t h e  b a t t e r y  approach s a v e s  
720 s q u a r e  f e e t ;  however, t h e  r e g n e r a t i v e  f u e l  c e l l  concept  i s  more adap t -  
a b l e  t o  a combinat ion of p e r  o r b i t  and 24-hour c y c l i n g .  S i n c e  t h e  l o a d  
p r o f i l e  h a s  a 14-hour h i g h  power demand and a 10-hour r e l a t i v e l y  low power 

B a t t e r y  

, 

(1) 3 0 m i n .  
I FRU 

(2)  3.73 h r , '  
month 

Fue l  C e l l  

10,000 h r  
20 lb/KW 
0 .5  ft31I-C~ 
112+5%-11% 
1 . 4  KW 
7 KW 
21 KW 
0 .7  IbIKWH 
100-350 ASF 
190-250 F 

1 ) 4 - 2  
~ ~ / I F R U  

( 2 )  0 . 1  h r /  
month 

Comments 

Growth s t a .  
f u e l  c e l l  
l i f e  made 
p o s s i b l e  by 
c l o s e d  loop  
r e a c t a n t  
sys tem,  
e l i m i n a t i n g  
con taminan ts  

E1eftro- 
VSl s 

(1) 4-112 
h r / 
IRFLJ 
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Table  6-18. Energy S t o r a g e  Thermal Comparison 

demand ( r e f e r  t o  F i g u r e  6-6), e x c e s s  g a s  g e n e r a t i o n  d u r i n g  t h e  10-hour low 
demand p e r i o d  c a n  be  s t o r e d  and used d u r i n g  t h e  14-hour h i g h  power demand 
p e r i o d .  I n  t h i s  way, t h e  load  demand is more averaged o u t  and s o l a r  a r r a y  
a r e a  requ i rement  reduced.  On t h i s  b a s i s ,  t h e  r e g e n e r a t i v e  f u e l  c e l l  a r e a  
requ i rement  can be  reduced s u f f i c i e n t l y  t o  g i v e  i t  a n  advantage.  The 
same approach may b e  p o s s i b l e  f o r  b a t t e r i e s  b u t  we igh t  and complexi ty  
i n c r e a s e s  t o  t h e  p o i n t  of d iscouragement .  

r 

Parameter  

Heat Load 
130°F 
40°F 

R a d i a t o r  Area 
130°F 

40°F 

Complexity 

Cos t  f a c t o r  
Non r e c u r .  
Recur. 

T o t a l  

ISS/EPS I n t e r f a c e  Complexity 

The b a t t e r y  approach used i n  t h e  comparison c o n s i s t e d  of 84 c e l l s  p e r  
b a t t e r y  w i t h  b a t t e r y  charg ing  provided f o r  each 20 - 24 c e l l s .  Each pr imary 
b u s  is s u p p o r t e d  by two b a t t e r i e s  o r  a t o t a l  of 8  b a t t e r i e s .  The ISS i n t e r -  
f a c e  c o n s i s t e d  o f  b a t t e r y  charg ing  a t  a 20 - 24 c e l l  module l e v e l  w i t h  t h e  
a b i l i t y  t o  s w i t c h  4 - c e l l  modules and i n s t r u m e n t a t i o n  on a n  i n d i v i d u a l  c e l l  
b a s i s .  The r e g e n e r a t i v e  f u e l  c e l l  approach e s s e n t i a l l y  r e p l a c e s  two complete  
b a t t e r i e s  on a pr imary bus  w i t h  a  s i n g l e  f u e l  c e l l  and e l e c t r o l y s i s  c e l l  s e t .  
Power and m o n i t o r i n g  i s  achieved on  t h e  modular l e v e l  w i t h  complexi ty  reduced 
by a f a c t o r  o f  8 ( o r  g r e a t e r )  ( F i g u r e  6-41). The c o s t  s a v i n g s  t o  t h e  ISS 
was e s t i m a t e d  t o  b e  a minimum s a v i n g s  of two p r e p r o c e s s o r s  a t  roughly $520,000 
(Tab le  6-20). 

Concept 

E-1 
B a t t e r i e s  

7.0 KW 
1 . 0  KW 

350 f t 2  
626 f t 2  

Two system each  
redundan t  
8 pump packages  
8  c o o l a n t  l o o p s  

13 .2  M 
1 .9  M 

1 5 . 1  M 

E- 2  
Ref.  F.C 

10 .5  KW 

455 f t 2  

One system redun- 
d a n t  
4  pump packages 
4  c o o l a n t  l o o p s  

9.5' M 
0.8 M 

1 0 . 3  M 
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N iCd BATTERY ENERGY STORAGE 

qBc = (0.9)(0.94)(0.734) = 0.625 

LOW POTENTIAL FOR EFFICIENCY IMPROVEMENT 

REGENERATIVE FUEL CELL ENERGY STORAGE 

SRFC = (0.92)(0.915)(0.623) = 0.525 

t ' POTENTIAL FOR FUEL CELL 
INV EFFICIENCY IMPROVEhlEKT I WITH SHUTTLE ADVANCED 

FUEL CELL TECHNOLOGY 

Figure  6 - 4 0 .  EPS Energy S to rage  E f f i c i ency  Analyses 

Table  6-19. So la r  Array Area Comparison 

SOLAR ARRAY AREA SENSITIVE TO 

ENERGY STORAGE CONCEPT EFFICIENCY 

ENERGY STORAGE CAPACITY 

*END OF LIFE POWER, 36% DEGRADATION ASSUMED 

DECREASED SOLAR ARRAY AREA FOR REGENERATIVE FUEL CELL ENERGY STORAGE 

REGENERATIVE 
FUEL CELLS 

0.525 

31.21 KW 
17.79 
49.00 

8,500 

12,5081 
16,815 

27.85 KW 
15.65 
43.50 

12.8171 
16,351 

Y 

ENERGY STORAGE CONCEPT 

CHARGE/DISCH EFFICIENCY 

CASE 1 
SOLAR ARRAY SIZED 
TO 14 HR WORK DAY 

LOAD + ENERGY STORAGE 
TOTAL EPS LOSSES 
SOLAR ARRAY POWER * 
SOLAR ARRAY AREA, F T ~  

ENERGY STORAGE WEIGHT LB 

EPS SUBSYSTEM WEIGHT LB 

CASE 2 
SOLAR ARRAY SIZED 
TO 24 HOUR AVERAGE 

LOAD + ENERGY STORAGE 
TOTAL EPS LOSSES 
SOLAR ARRAY POWER * 
SOLAR ARRAY AREA ( F T ~ )  

ENERGY STORAGE WEIGHT (LB) 

EPS SUBSYSTEM WEIGHT, (LB) 

NiCd 
BATTERIES 

0.625 

31.21 KW 
13.64 

14.85 

17,7801 

22,932 

27.85 KW 
11.75 
39.6 

6,980 

112.1 
25,620 
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Q ) + 1 1 2 ~  DC 

5 B 6 4-CELL MODULES 
PER BATTERY MODULE 

21 CELL MODULES/BATTERY 
2 BATTERIES/BUSS 
4 PRIMARY BUSSES 
8 BATTERIES TOTAL 
672 CELLS TOTAL 

1 ONE REGEN FUEL CELL ASSEMBLY REPLACES 
2 NiCd BATTERIES 

42 CELL MODULES 
168 NiCd CELLS 

8 BATTERY CHARGERS 

REDUCES INSTRUMENTATION 

REGENERATIVE FUEL CELL REDUCES INTEGRATION COMPLEXITY 

F i g u r e  6-41. Complexity Comparison 

Tab le  6 - 2 0 .  ISS Cost f o r  B a t t e r y  Charging 

B a s i c  c o s t  of computer 
I n t e g r a t i o n  a t  s u b c o n t r a c t o r  
I n t e g r a t i o n  a t  NR 
Sof tware  
S u b t o t a l  p e r  p r e p r o c e s s o r  

Second p r e p r o c e s s o r  
F i n a l  i n t e g r a t i o n ,  tes t ,  program management, burden ,  
G&C,  e t c .  

Es t imated  c o s t  

I t em 

I Assumption: 

Cost  

Add one p r e p r o c e s s o r  f o r  each volume (Note:  one-half  
b a t t e r i e s  i n  each volume).  
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B a t t e r y  Chargelcharge Cont ro l  C o n s t r a i n t  

A v a i l a b l e  b a t t e r y  charg ing  energy from t h e  s o l a r  a r r a y  i s  l i m i t e d  t o  
about 13.6  k i l o w a t t s .  Using a  c o n v e n t i o n a l  f o u r - s t e p  c h a r g e  scheme 
(F igure  6-42),  i t  would b e  p o s s i b l e  t o  f u l l y  charge  one b a t t e r y  p e r  o r b i t  
and p a r t i a l  c h a r g e  t h e  remaining b a t t e r i e s .  Cons iderab le  technology 
improvements a r e  r e q u i r e d  t o  s a t i s f y  b a t t e r y  charg ing  and c o n t r o l  t o  o b t a i n  
e f f i c i e n c y  and l i f e  c h a r a c t e r i s t i c s  assumed f o r  t h e  s p a c e  s t a t i o n  b a t t e r y  
concept .  

I n i t i a l  Launch Weights 

The r e g e n e r a t i v e  f u e l  c e l l  concept  h a s  a  decided weight  advan tage .  
Table 6-21 shows weight  comparisons (16,351 pounds r e g e n e r a t i v e  f u e l  c e l l  
v e r s u s  22,932 pounds b a t t e r i e s ) .  Launch weight  c o n s t r a i n t s  (20,000 pounds 
des ign  t o  weight  pe r  module) can more e a s i l y  b e  met w i t h  t h e  r e g e n e r a t i v e  
f u e l  c e l l  approach;  however, b a t t e r i e s  o f f e r  c o n s i d e r a b l e  f l e x i b i l i t y  by 
o f f  l o a d i n g  at  i n i t i a l  l aunch .  

Table  6-21. E l e c t r i c a l  Power Subsystem Weight ( l b )  

A s s  emb l y  

E l e c t r i c a l  Power 
Generat  i o n  

Secondary Power 
Genera t ion  

Energy S t o r a g e  Tanks 

Power Condi t ion ing  

D i s t r i b u t i o n ,  C o n t r o l  
and Wiring 

L i g h t i n g  

I n i t i a l  On-Orb i t  

Note: R e g e n e r a t i v e  f u e l  c e l l s :  

Modular - P&W s h u t t l e  f u e l  c e l l  + GE e l e c t r o l y s i s  
Advanced - P&W e s t i m a t e s  5kWe s i z e  Mark I ;  Mark I1 

w e i g h t s  40% l e s s  

*Scaled from 5 kw modules 
**Designed f o r  1200 p s i a  

- 6-Man S t a t i o n  12-Man S t a t i o n  

(8.000 
NiCd 

Ba t te r i esModula r  

7,630 

1,078 

9,172 

1 ,660  

2.908 

484 
~ 

22,932 

(10,000 
NiCd 

Ba t te r i esModula r  

9 ,538  

1 ,078  

13,900 

2,222 

5,090 

836 

32,664 

s q  f t )  
Reg. Fue l  

7,630 

1 ,016 

2,222 
595** 

1 ,496  

2,908 

484 

16 ,351  

ss f t )  
Peg. Fue l  Cell. C e l l s  

Adv.* 

7,630 

1,016 

1 ,330  
**595 

1 ,496 

2,908 

484 

15,459 

9 ,538 

1 ,183  

3,095 
**go0 

1 ,955  

5,090 

836 

22,597 

Adv.* 

9 ,538 

1 ,183  

1 ,995  
**go0 

1 ,955  

5,090 

836 

21,497 
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Cost - 
A summary of c o s t  comparisons i s  g iven  i n  F igure  6-43. Th is  shows 

a  lower c o s t  (approximately  $7 m i l l i o n )  f o r  r e g e n e r a t i v e  f u e l  c e l l s  based 
on sav ings  a t t r i b u t e d  t o  s h a r e d  development ( i . e . ,  s h u t t l e  f u e l  c e l l s  and 
ECLSS e l e c t r o l y s i s ) .  T h i s  c o s t  advantage improves wi th  o p e r a t i n g  t i m e  by 
about  an  a d d i t i o n a l  $ 1  m i l l i o n  because  of lower resupp ly  weigh t s .  Energy 
s t o r a g e  c o s t s  a r e  s e n s i t i v e  t o  a t  l e a s t  t h r e e  pa ramete rs :  amount of s h a r e d  
development, charge-d i scharge  e f f i c i e n c y ,  and l i f e t i m e s .  F i g u r e  6-43 i n d i c a t e s  
r e l a t i v e  c o s t  s e n s i t i v i t y  and shows t h a t  f o r  a  resupp ly  c y c l e  of 1 1 . 4  y e a r s  
t h e  r e g e n e r a t i v e  f u e l  c e l l  concep t  i s  c o m p e t i t i v e  t o  t h e  r e f e r e n c e  b a t t e r y  
approach a t  2.5-year rep lacement .  Improved f u e l  c e l l  performance and a  
reduced b a t t e r y  performance can  a f f e c t  a  c r o s s o v e r  of approximately  1 0  months 
( 0.84 y e a r ) .  The t a b l e  d e t a i l i n g  t h e  c o s t  i t ems  assumes a  2.5-year 
replacement  c y c l e  f o r  b o t h  concep t s .  The major  l i f e - l i m i t  component i s  
b e l i e v e d  t o  b e  t h e  f u e l  c e l l .  The advanced s h u t t l e  f u e l  c e l l  technology 
development h a s  a  g o a l  of 10,000 h o u r s  o r  a  3.56-year r e g e n e r a t i v e  f u e l  
c e l l  e q u i v a l e n t .  A s  an energy s t o r a g e  d e v i c e  t h e  f u e l  c e l l  w i l l  o p e r a t e  
p r i m a r i l y  i n  a  c l o s e d  c y c l e ,  t h e r e b y  i n c r e a s i n g  normal l i f e  by r e d u c i n g  
c a t a l y s t  po i son ing  by r e a c t a n t  con tamina t ion .  I n  a d d i t i o n ,  t h e  s h u t t l e  
f u e l  c e l l  i s  s i z e d  s u f f i c i e n t l y  t o  a l l o w  f o r  low-current d e n s i t i e s  f o r  
energy s t o r a g e  a p p l i c a t i o n .  On t h e s e  c o n s i d e r a t i o n s ,  a  l i f e t i m e  of 2.5 
y e a r s  a p p e a r s  t o  b e  r e a d i l y  a t t a i n a b l e  i n  t h e  1982-87 i n i t i a l  s t a t i o n  opera- 
t i o n a l  t ime  p e r i o d .  

r- R E G  F/C (6 M O N T H S  LIFE) 

R E G  F/C ( 7  = 0.52) 

R E G  F/C (9 = 0.62) 

0.6 1.0 1.4 2.0 3.0 E N E R G Y  S T O R A G E  

0.85 
R E P L A C E M E N T  LIFE 

COST SENSIT IVE TO LlFE T I M E  
& EFFICIENCY 

ADVANCED SHUTTLE FUEL 
CELL TECHNOLOGY LlFE GOAL 
I S  10,000 HR (-3.56 YEAR 
EQUIVALENT) 

SHARED DEVELOPMENT COSTS 

ECLS S ELECTROLY S l S 

SHUTTLE FUEL CELLS 

F i g u r e  6-43. Energy S t o r a g e  Cost  Compartson 

N ;  Cd BATTERIES 

564 (22,638 LB) 

2. 50 (211 F T ~ \  

COST ITEM 

INITIAL WEIGH? (I 29D!LB) 

IN ITUL  V U U A E  (11 .BOO!FT~ 

REGEN FUfL CELL 

S 3 . a  (15.748 LB) 

I. 12 (94.8 F T ~ I  

INITIAL POWER ASA ARLA 

ENERGY STORAGE DEVELOPMENT 

SECONDARY POWER DEVELOPMENT 

ENERGY STOPAGE INITIAL WRDWARE 

SKONDARY POWER INITIAL WRDWARE 

IN lnAL  la COST S f i  

RESUPPLY WRDWARE ENERGY STORAGE 

BATTERY CWRGER (AS) 
RESUPRY WEIGHT ( I  2Y)tLB) (DELTA SI 

INITIAL la + 5 YRS ORRATION COSTS 
* 

2. 51 

14.49 
- 

5.26 

I :: 
; 3.53 - - 

24.80 1 %  
4. M 1 0 1  
- 1 0. I 1  

- 1 1.75 

s B. 04 8 / 3 7 . 1 ~ ~  



Space Division 
North American Rocl<well 

M a t r i x  Comparison 

An energy  s t o r a g e  e v a l u a t i o n  m a t r i x  was p repared  based  on s p e c i a l  
emphasis e v a l u a t i o n  c r i t e r i a  developed i n  t h e  33-foot d iamete r  space  
s t a t i o n  s t u d y  (Reference 6-15). Tab le  6-22 shows a  r e l a t i v e  r a t i n g  f o r  
b o t h  c o n c e p t s .  Weight i s  t h e  parameter  used i n  judging maximum u t i l i t y  and 
minimum r e s u p p l y .  Cost  i s  t h e  comparator  f o r  t h e  c r i t e r i a  of minimum develop- 
ment r i s k ,  minimum c o s t  pe r  k i l o w a t t ,  and growth s t a t i o n  d e l t a .  I n h e r e n t  
redundancy i n  t h e  b a t t e r y  approach was t h e  d e t e r m i n a n t  f a c t o r  i n  i t s  advantage 
f o r  maximum a b i l i t y  t o  r e t a i n  power. Fue l  c e l l  a b i l i t y  t o  p r o v i d e  l a r g e  power 
f o r  extended p e r i o d s  ( l i m i t e d  o n l y  by r e a c t a n t  supp ly)  a c c o u n t s  f o r  i t s  
s u p e r i o r i t y  f o r  minimum o p e r a t i o n a l  c o n s t r a i n t s .  S i n c e  f u e l  c e l l s  a r e  t h e  
normal emergency s o u r c e  and t h e  r e g e n e r a t i v e  f u e l  c e l l  approach i n c r e a s e s  
f u e l  c e l l  redundancy, t h i s  concept  was judged b e t t e r  f o r  maximum crew s a f e t y .  

White r a t i n g s  on each c r i t e r i a  a r e  s u b j e c t i v e ,  i t  is f e l t  t h a t  t h e  1 4  
t o  5  comparat ive  r a n k i n g  would b e  d i f f i c u l t  t o  overcome f o r  any b a t t e r y  
approach.  Regenera t ive  f u e l  c e l l s  a p p e a r s  t o  have a  s i g n i f i c a n t  t e c h n i c a l  
advan tage  o v e r  b a t t e r i e s  f o r  t h e  s p a c e  s t a t i o n  a p p l i c a t i o n .  

Energy S t o r a g e  Conclusions  and Recommendations 

F i n a l  EPS s t u d y  c o n c l u s i o n s  o f  t h e  energy s t o r a g e  t r a d e s  a r e  g i v e n  
i n  Tab le  6-23 w i t h  t h e  recommendations'surnmarized i n  Tab le  6-24. I t  was 
recommended t h a t  r e g e n e r a t i v e  f u e l  c e l l s  b e  used f o r  energy s t o r a g e  if 
s h a r e d  development c o s t  s a v i n g s  can be  achieved.  T h i s  would r e q u i r e  e l e c -  
t r o l y s i s  t o  be  s e l e c t e d  i n  t h e  ECLSS t r a d e  s t u d y .  For  t h e  o p t i o n s  ( i n  t h e  
i n t e g r a t e d  subsystem t r a d e )  which d i d  n o t  c o n t a i n  e l e c t r o l y s i s  i t  was 
recommended t o  c o n t i n u e  b o t h  b a t t e r y  and r e g e n e r a t i v e  f u e l  c e l l  o p t i o n s .  
S e l e c t i o n s  f o r  t h e s e  o p t i o n s  need t o  b e  made a f t e r  a n  o v e r a l l  subsystem 
e v a l u a t i o n  and a more opt imized concept  comparison.  

It was concluded t h a t  t h e  b a t t e r y  technology development needs  t o  show 
a  b a t t e r y  w i t h  l i t t l e  o r  no v o l t a g e  d e g r a d a t i o n  s i n c e  d e g r a d a t i o n  s e r i o u s l y  
impacts  b a t t e r y  w e i g h t s .  Improved b a t t e r y  charg ing  t echnology  a p p e a r s  t o  b e  
b a d l y  needed. B a t t e r y  c h a r g i n g  a v a i l a b l e  energy  i s  l i m i t e d  and s e l e c t i v e  
c e l l  c h a r g i n g  i s  r e q u i r e d .  F u l l  charge  needs  t o  b e  ach ieved  a t  r e l a t i v e l y  
h i g h  charge  c u r r e n t s  t o  reduce c h a r g e  t i m e .  Some form of p u l s e  c h a r g i n g  
l o o k s  t o  b e  promising t o  pe rmi t  t r e a t i n g  a l a r g e r  number of c e l l s  a s  a 
b a t t e r y  module. Minimizing c e l l  d ive rgency  is  t h e  key t o  t h i s  c o n s i d e r a t i o n  

The r e g e n e r a t i v e  f u e l  c e l l  approach used i n  t h e  s t u d y  d i d  n o t  impact 
s o l a r  a r r a y  a r e a  requirement  b u t  d i d  impose s p e c i a l  o p e r a t i o n a l  cons idera -  
t i o n s .  Development c o s t  and 5-year o p e r a t i o n s  f a v o r  t h e  r e g e n e r a t i v e  f u e l  
c e l l s .  However, t h i s  c o n c l u s i o n  is s e n s i t i v e  t o  t h e  amount of s h a r e d  
development a c c e p t a b l e  w i t h  s h u t t l e  f u e l  c e l l s  and ECLSS e l e c t r o l y s i s  c e l l  
development. The r e g e n e r a t i v e  f u e l  c e l l  o p e r a t i o n a l  c o s t s  are a l s o  s e n s i t i v e  
t o  l i f e t i m e  assumption.  Th is  i s  thought  t o  be  p r i m a r i l y  a p p l i c a b l e  t o  t h e  
f u e l  c e l l  l i f e t i m e .  Extended l i f e t i m e s  a r e  used i n  t h e  t r a d e  s t u d y  based  on 
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Table 6-23. Energy Storage Study Conclusions 

E-2 offers significant technical advantages 
Weight 
Volume 
Complexity 
Thermal control 
Maintenance 

E-2 Sensitive to development cost and lifetimes 

E-2 offers significant potential for improvement to reduce solar array area 
Improved chargeldischarge efficiency 

15% (advanced shuttle fuel cell, NASA-Lewis) 
Maximum Flexibility in energy storage 

( 400 watt-hours/lb.) 
Maximum utflization of excess EPS electrolysis capability during off- 
peak conditions (average 20 lb. /day for initial station) 

Note: On a more optimized comparison it is expected that E-2 will 
significantly improve its competitive advantage. 

Table 6-24. Energy Storage Study Recommendations 

With shared electrolysis development costs: - 
Select regenerative fuel cells for energy storage 

Without shared electrolysis development costs: 

Continue both E-1 and E-2 options 

(Note: Requires additional study for optimized 
concept comparisons) 

I 
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advanced s h u t t l e  f u e l  c e l l  g o a l s ,  degraded energy d e n s i t y  and performance 
requ i rements ,  and c o n t r o l l e d / c l o s e d  system o p e r a t i o n s  (no i m p u r i t i e s  i n  t h e  
c losed  l o o p ) .  There a r e  l i m i t e d  d a t a  a v a i l a b l e  t o  s u p p o r t  t h e  c o n c l u s i o n s  
o f  t h i s  s t u d y .  I t  is s t r o n g l y  recommended t h a t  t h e  r e g e n e r a t i v e  f u e l  c e l l  
concept be  pursued i n  a  t echnology  program w i t h  a  p r i o r i t y  s e t  on o b t a i n i n g  
s u p p o r t i n g  d a t a  i n  s u f f i c i e n t  dep th  t o  v e r i f y  performance and e s t a b l i s h  
c r e d i b i l i t y  on l i f e t i m e  assumpt ions .  
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7  . RAD IATOR ANALYSIS 

The t r a n s i e n t  performance was determined by an IBM 360 computer u s i n g  t h e  
General  Thermal Analyzer  Program, XF 0014. The performance was e s t a b l i s h e d  
on an  i n d i v i d u a l  module b a s i s  and t h e  i n d i v i d u a l  module r e j e c t i o n s  were summed 
t o  o b t a i n  t h e  t o t a l  v e h i c l e  h e a t  r e j e c t i o n .  

7 .1  REQUIREMENTS 

The h e a t  r e j e c t i o n  requ i rements  imposed on t h e  r a d i a t o r  subassembly were  
o b t a i n e d  by t h e  summation of i n d i v i d u a l  equipment l o a d s  t h a t  cou ld  o c c u r  f o r  
t h e  expec ted  d u t y  c y c l e s  of b o t h  crew and equipment. The r e j e c t i o n  r e q u i r e -  
ments f o r  i n i t i a l  and growth s t a t i o n s  a r e  103,000 and 152,807 Btulhour ,  
r e s p e c t i v e l y .  

7.2 CONFIGURATIONS 

During t h e  s t u d y  program t h e  t r a n s i e n t  h e a t  r e j e c t i o n  c a p a b i l i t y  was 
e s t a b l i s h e d  f o r  t h e  two c o n f i g u r a t i o n s  shown on F i g u r e  7-1. The s e l e c t e d  
c ruc i fo rm c o n f i g u r a t i o n  h a s  modules i n  two p l a n e s  (Y and Z) of t h e  c o r e ,  where 
t h e  b a r b e l l  h a s  modules o n l y  i n  one p l a n e  (Z) of t h e  core .  In t h e  fo l lowing  
d i s c u s s i o n  t h e  c r u c i f o r m  modules,  i n d i c a t e d  by 91-1 through -4 i n  F i g u r e  7-1 
and a l l  modules of b a r b e l l  c o n f i g u r a t i o n  w i l l  be r e f e r r e d  t o  a s  v e r t i c a l  
modules. The remaining modules of t h e  c ruc i fo rm c o n f i g u r a t i o n ,  exc lud ing  t h e  
power module, w i l l  be r e f e r r e d  t o  as h o r i z o n t a l  modules. 

7.3 RADIATOR REJECTION ENVIRONMENT 

The r a d i a t o r  r e j e c t i o n  environment i n c l u d e s  a l l  t h e  absorbed energy  from 
a l l  e x t e r n a l  s o u r c e s  which i n c l u d e d  d i r e c t  s o l a r ,  e a r t h  emiss ion ,  a lbedo ,  
module i n t e r c h a n g e ,  and s o l a r  p a n e l  i n t e r c h a n g e .  The V e h i c l e  O r b i t i n g  Thermal 
Environment (VOTE) computer r o u t i n e  (YF 0007) was used f o r  sun and e a r t h  i n p u t s ,  
and t h e  c l u s t e r  i n t e r c h a n g e  w a s  hand-ca lcu la ted  u s i n g  a  Hickman m i r r o r  and a  
1 /30-sca le  model t o  o b t a i n  t h e  r e q u i r e d  v iew f a c t o r s  (module-module, s o l a r  
panel-module). Blockage was e s t i m a t e d .  

Sun and e a r t h  i n p u t s  were o b t a i n e d  f o r  a  240-nau t ica l  m i l e ,  c i r c u l a r  e a r t h  
o r b i t  w i t h  t h e  module a x i s  c o i n c i d e n t  w i t h  t h e  e a r t h  l o c a l  v e r t i c a l .  The c o r e  
module a x i s  was p e r p e n d i c u l a r  t o  t h e  o r b i t  p l a n e  (X-POP) and t h e  s o l a r  p a n e l s  
remained normal t o  t h e  s o l a r  v e c t o r ;  t h u s ,  t h e  modules were e a r t h - o r i e n t e d  whi le  
t h e  s o l a r  p a n e l s  p i v o t e d  t o  remain s o l a r - o r i e n t e d .  For t h i s  s t u d y  t h e  o r b i t  
p l a n e  was c o n s i d e r e d  c o i n c i d e n t  w i t h  t h e  e c l i p t i c  ( a  b e t a  a n g l e  o f  z e r o )  t o  
o b t a i n  t h e  l i m i t i n g  maximum h e a t  r e j e c t i o n  c a p a b i l i t y .  
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F igure  7-1. I n i t i a l  S t a t i o n  ConftguratPon 

7 . 4  BARBELL 

The c l u s t e r  i n t e r change  included absorbed h e a t  from t h e  s o l a r  pane ls ,  core ,  
and ad j acen t  modules. The s u r f a c e  temperature  ( f o r  in te rchange  c a l c u l a t i o n s )  
was taken a s  a  50 F f o r  bo th  t he  core  and t h e  ad j acen t  modules, bu t  t h e  p r o f i l e  
of F igure  7-2 was used f o r  t h e  s o l a r  panels .  The view f a c t o r s  between s u r f a c e s  
were ob ta ined  f o r  a  b a s i c  b a r b e l l  con f igu ra t i on  wi th  6-foot c l ea rance  between 
modules. The view f a c t o r s  f o r  ad j acen t  modules and t h e  co re  were combined and 
are given i n  Table  7-1 w i th  t h e  Hickman mi r ro r  read ings .  Readings were taken 
a t  30-degree increments  around t h e  module a t  t h r e e  l o c a t i o n s  along t h e  a x i s .  

The view f a c t o r s  g iven  are t y p i c a l  f o r  a l l  modules a t  symmetrical l oca t ions .  
These view f a c t o r s  a r e  cons t an t  over  t h e  o r b i t  s i n c e  t h e r e  i s  no r e l a t i v e  
movement between t h e  modules; however, t h e  view f a c t o r s  f o r  t h e  s o l a r  pane l s  
vary  a s  they p i v o t  throughout t h e  o r b i t .  Mir ror  r ead ings  f o r  t h e  s o l a r  pane l s  
were a l s o  taken a t  30-degree increments  around t h e  module bu t  s e v e r a l  observa- 
t i o n s  were necessary  t o  o b t a i n  a l l  p o s s i b l e  s o l a r  pane l  p o s i t i o n s .  The m i r r o r  
read ings  between t h e  s o l a r  pane l  and forward module a r e  shown on Table  7-2. 
The view f a c t o r s  f o r  forward and c e n t e r  modules a r e  shown on F igu re s  7-3 
through 7-6. The view f a c t o r s  t o  t he  s o l a r  a r r a y  were found t o  be n e g l i g i b l e  
f o r  a f t  modules. 
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ORBIT  T I M E  - (MINUTES)  

Figure 7-2. Solar Panel Temperature Proffle 
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T a b l e  7-1. ilodule-t0-~1odule View F a c t o r s  and 
M i r r o r  Readings  

The amount of sun  and e a r t h  i n p u t s  b locked by t h e  s o l a r  p a n e l s  and o t h e r  
modules w a s  e s t i m a t e d  from a s c a l e  drawing. The X-POP a t t i t u d e  i s  such  t h a t  
a t  a z e r o  d e g r e e  b e t a  a n g l e  t h e r e  i s  no d i r e c t  s o l a r  b lockage by e i t h e r  s o l a r  
p a n e l s  o r  modules;  a l s o ,  t h e  s o l a r  p a n e l  movement and p o s i t i o n  are such t h a t  
t h e i r  b lockage  of e a r t h  emiss ion  and a l b e d o  i s  i n s i g n i f i c a n t .  The blockage 
of e a r t h  emiss ion  and a lbedo  by t h e  c o r e  and modules i s  t h e  o n l y  blockage 
i n c l u d e d  i n  t h i s  s tudy .  The e s t i m a t e d  magni tudes  a r e  g i v e n  i n  Table  7-3 and 
a r e  c o n s t a n t  o v e r  t h e  o r b i t  p e r i o d .  As i n d i c a t e d ,  t h e  blockage h a s  t h e  
e f f e c t  of r educ ing  t h e  VOTE absorbed h e a t s  p r o p o r t i o n a l  t o  t h e  view of modules 
and core .  

1 

b l i r r o r  Readings  

Module p o s i t i o n  

1 (module) 

( c o r e )  

2 (module) 

( c o r e )  

3 (module) 

( c o r e )  

Average (M + C) 

View f a c t o r  - 
FF (bi + C) 

The r a d i a t o r  environment was d e f i n e d  a s  t h e  sum of t h e  absorbed h e a t s  
(C2) from d i r e c t  s o l a r ,  b locked e a r t h  emiss ion  and a lbedo ,  module i n t e r c h a n g e  
i n c l u d i n g  t h e  c o r e ,  and from t h e  s o l a r  p a n e l s .  Values were o b t a i n e d  a t  t r u e  
anomaly inc rements  o f  30 d e g r e e s  around t h e  o r b i t  f o r  each  module, and are 
g i v e n  i n  Tab les  7-4, 7-5, and 7-6. 
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T a b l e  7-2. Hickman Mir ro r  Readings f o r  Module t o  S o l a r  Panels  
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Space Division 
North American Rockwell 

Tab le  7-3. Es t imated  Blockage (Albedo and E a r t h  Emission) 

7 .5  THERMAL MODEL 

PIodule Angle 

0  

3  0  

6  0  

90 

The the rmal  model p r e p a r e d  f o r  t h i s  s t u d y  was a  m o d i f i c a t i o n  of t h a t  used 
i n  earlier s t u d i e s .  It was a noda l  network f o r  t r a n s i e n t  s o l u t i o n  i n  t h e  
Genera l  Thermal Analyzer  computer r o u t i n e  (XF 0014).  S ince  a l l  modules were 
c o n s i d e r e d  e x t e r n a l l y  i d e n t i c a l ,  a  common model was used.  The model r e p r e s e n t e d  
two r a d i a t o r  p a n e l s ,  each  180 degrees  of a  14-foot d i a m e t e r ,  and 28 f e e t  long.  
The s u r f a c e  was r e p r e s e n t e d  by 24 nodes--four a long t h e  a x i s  and s i x  circum- 
f e r e n t i a l l y .  Each s u r f a c e  node r e p r e s e n t e d  t h e  f i n  and t u b e s  and was 
connected t o  a  f l u i d  node through a combined conduc t ion  and convec t ion  
r e s i s t o r .  Other  f l u i d  nodes  i n c l u d e d  a  common supp ly  and an  o u t l e t  f o r  each  
p a n e l .  Conduction between s u r f a c e  nodes  was n e g l e c t e d  b u t  a l l  f l u i d  nodes  
were j o i n e d  by f low (wcp) conduc tors .  The network i s  shown i n  F i g u r e  7-7 and 
shows seven c i r c u m f e r e n t i a l  d i v i s i o n s  p e r  p a n e l ,  b u t  t h e  edge d i v i s i o n s  (0 and 
180 d e g r e e s )  a r e  common t o  b o t h  p a n e l s .  

Blockage 

9  = 9' ( 1  - FF) = 0.60 9 '  - - - 

9 = 9' (1  - 314 FF) = 0.73 9 '  - - - 

9 = 9 '  ( 1  - 314 FF) = 0.94 9 '  - - - 

9 = 9' - - = 1 . 0  9' - 

Nominal v a l u e s  were used f o r  t h e  conduc tors  shown i n  t h e  F i g u r e  7-7 and a r e  
based on t h e  f o l l o w i n g  c o n s t a n t s :  

9  = N e t  absorbed h e a t  - 

9' = Absorbed h e a t  w i t h o u t  b lockage - 

Tube spac ing  - 4 i n c h e s  

Tube d iamete r  - 0.25 i n c h  I D ,  0.02 i n c h  w a l l  

F in  t h i c k n e s s  - 0.020 i n c h  aluminum 

Film c o e f f i c i e n t  - 200 ~ t u l h r - f t ~  OF 

The model was completed by adding t h e  r a d i a t o r  environment (C2) time- 
dependent  absorbed h e a t  curves .  
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Space Division 
North American Rockwell 

To p r o v i d e  t h e  r e q u i r e d  40 F o u t l e t  t empera tu re ,  computer s o l u t i o n s  were 
o b t a i n e d  f o r  t h e  above model us ing  s e v e r a l  f l o w  r a t e s ,  e a c h  c o n s t a n t  over  t h e  
o r b i t  p e r i o d .  F i g u r e s  7-8, 7-9, and 7-10 show t h e  p a n e l  o u t l e t  t empera tu res  
f o r  t h e  s e l e c t e d  f low r a t e s  ( a c t u a l l y  wc , as t h i s  i s  t h e  program i n p u t ) .  The 
i n t e r s e c t i o n  of e a c h  f l o w  c u r v e  w i t h  40 f i n d i c a t e s  t h e  time i n  o r b i t  t h a t  t h e  
f low produces  a 40 F o u t l e t .  Combining t h e s e  p o i n t s  ( t imes  and f lows)  y i e l d s  
an o r b i t a l  p r o f i l e  of t h e  f lows  t h a t  p r o v i d e  a 40 F  o u t l e t .  S ince  a l l  r u n s  
were made w i t h  a n  80 F i n l e t ,  t h e  h e a t  r e j e c t i o n  c a p a b i l i t y  i s  40 (80-40) 
t i m e s  t h e  f low c a p a c i t y  (wcp). F i g u r e s  7-8, 7-9, and 7-10 show t h i s  
c a p a b i l i t y  f o r  each  p a n e l .  

N e i t h e r  p a n e l  can p r o v i d e  a 40 F o u t l e t  f o r  t h e  e n t i r e  o r b i t .  Both 
p a n e l s  a r e  e f f e c t i v e  i n  t h e  e a r t h ' s  shadow, b u t  t h e  l eand ing  p a n e l  i s  exposed 
t o  d i r e c t  s o l a r  h e a t i n g  b e f o r e  t h e  s u b s o l a r  p o i n t  and t h e  l agg ing  p a n e l  a f t e r  
s u b s o l a r .  S o l a r  h e a t i n g  i s  s u f f i c i e n t  t o  reduce  t h e  h e a t  r e j e c t i o n  ( a t  40 F  
o u t l e t )  t o  z e r o  a t  1 0  minu tes  b e f o r e  s u b s o l a r  f o r  t h e  l e a d i n g  p a n e l ,  and 10 
m i n u t e s  b e f o r e  t h e  sun-se t  t e r m i n a t o r  f o r  t h e  l agg ing  p a n e l ;  t h e r e f o r e ,  t o  
r e j e c t  a c o n s t a n t  h e a t  l e a d  r e q u i r e s  some form of a r e a  o r  f low c o n t r o l  which 
a l l o w s  a c t i v a t i n g  t h e  p a n e l  which can p r o v i d e  t h e  r e q u i r e d  40 F o u t l e t  
t empera tu re .  

P r o v i d i n g  a  d i v e r t e r  v a l v e  r e s u l t s  i n  e f f e c t i v e  h e a t  r e j e c t i o n .  A 
d i v e r t e r  v a l v e  cou ld  be c o n t r o l l e d  s o  t h a t  a l l  f l o w  was d i r e c t e d  t o  t h e  l agg ing  
p a n e l  up t o  f o u r  minu tes  p a s t  s u b s o l a r .  At t h i s  t ime t h e  l agg ing  p a n e l  
c a p a b i l i t y  i s  d e c r e a s i n g  t h e  t h e  l e a d i n g  p a n e l  i s  i n c r e a s i n g .  The f low could  
be d i v e r t e d  t o  t h e  l e a d i n g  p a n e l  and main ta ined  u n t i l  i t s  c a p a b i l i t y  decreased .  
With t h i s  approach,  one v a l v e  c y c l e  would be r e q u i r e d  f o r  each o r b i t  and t h e  
maximum s t e a d y  h e a t  l o a d  t h a t  could  be r e j e c t e d  i s  t h e  c a p a b i l i t y  of one p a n e l  
where t h e  p a n e l  c u r v e s  i n t e r s e c t ;  however, t h i s  approach could  r e s u l t  i n  a  
s e v e r e  l o a d  l i m i t a t i o n  f o r  a Y-POP o r  u n c o n t r o l l e d  a t t i t u d e .  

The maximum h e a t  r e j e c t i o n  could  be improved by us ing  a  p r o p o r t i o n i n g  
v a l v e  r a t h e r  t h a n  a d i v e r t e r  va lve .  A p r o p o r t i o n i n g  v a l v e  could  be c o n t r o l l e d  
s i m i l a r  t o  t h a t  of t h e  Apol lo  Block I1 r a d i a t o r s  s o  t h a t  b o t h  p a n e l s  cou ld  be 
a c t i v e .  With t h i s  approach,  t h e  f low would be d i v i d e d  between t h e  p a n e l s  when 
t h e i r  r e j e c t i o n  c a p a b i l i t i e s  were similar and d i v e r t e d  t o  t h e  more f a v o r a b l e  
p a n e l  when t h e r e  w a s  a d i f f e r e n c e .  The maximum s t e a d y  h e a t  load  t h a t  could  be 
r e j e c t e d  i s  t h e  lowes t  c a p a b i l i t y  of one p a n e l  when t h e  o t h e r  cannot  r e j e c t .  
Though t h e  p r o p o r t i o n i n g  v a l v e  would r e q u i r e  con t inuous  power, i t  p r o v i d e s  
e f f e c t i v e  h e a t  r e j e c t i o n  i n  t h e  Y-POP and o t h e r  a t t i t u d e s .  

Summing t h e  r e j e c t i o n  c a p a b i l i t y  minimum f o r  t h e  v a r i o u s  p o s i t i o n s ,  t h e  
t o t a l  h e a t  r e j e c t i o n  c a p a b i l i t y  f o r  b o t h  i n i t i a l  and growth c o n f i g u r a t i o n s  i s  
shown on F i g u r e  7-11. I n  b o t h  c a s e s  t h e  i n d i c a t e d  r e j e c t i o n  requ i rements  a r e  
exceeded by a  s i g n i f i c a n t  margin.  
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7.6 CRUCIFORII CONFIGURATION 

The r e j e c t i o n  environment pa ramete rs  f o r  t h e  c ruc i fo rm c o n f i g u r a t i o n  were 
ob ta ined  i n  t h e  same f a s h i o n  a s  f o r  t h e  b a r b e l l  con£ i g u r a t i o n .  

The r e s u l t i n g  environments  used t o  determined t h e  r e j e c t i o n  c a p a b i l i t y  
of t h e  c r u c i f o r m  modules a r e  shown on Tab les  7-7 through 7-11. 

The h e a t  r e j e c t i o n  c a p a b i l i t y  of t h e  v e r t i c a l  module i s  shown on F i g u r e  
7-12. The r e j e c t i o n  c a p a b i l i t y  w i t h  r e s p e c t  t o o o r b i t  t ime h a s  t h e  same 
shape and approximate  v a l u e s  of t h e  b a r b e l l .  The minimum c a p a b i l i t y  o c c u r s  a t  
6 3  minu tes ,  o r b i t  t ime,  j u s t  b e f o r e  s u b s o l a r .  

The t o t a l  r e j e c t i o n  a t  t h e  minimum p o i n t  f o r  a l l  modules combined i s  
shown on Tab le  7-12. A s  can be s e e n ,  t h e  minimum c a p a b i l i t y  exceeds  t h e  
requirement  i n d i c a t e d  on Table  7-1 by a  s i g n i f i c a n t  margin. 

F i g u r e  7-13 shows t h e  h o r i z o n t a l  module p o s i t i o n  r e j e c t i o n  c a p a b i l i t y .  
The p o s i s t i o n s  a v a i l a b l e  a r e  i n d i c a t e d  by 91-5 and S2i-6 w i t h  bo th  modules on 
t h e  same s i d e  of t h e  core .  The a f t  s i n g l e  ( i n d i c a t e d  by "SGL" on F igure  7-13) 
p o s i t i o n  was n o t  a v a i l a b l e  f o r  u t i l i z a t i o n  on a growth c o n f i g u r a t i o n .  The 
t o t a l  r e j e c t i o n  of SM-1 through 91-6 i n  t h e  growth c o n f i g u r a t i o n  i s  shown on 
F igure  7-14 which i n d i c a t e s  t h a t  t h e  t o t a l  h e a t  r e j e c t i o n  requ i rements  cannot  
be r e j e c t e d  by t h e  a r e a  a v a i l a b l e  on t h e  s i x  s t a t  i o n  modules. However, i t  
should be recognized  t h a t  t h e  o u t - o f - t o l e r a n c e  t ime is  very  s h o r t .  F i g u r e  
7-14 a l s o  shows t h a t  t h e  d e s i g n  requirement  can be achieved by u s e  of s i n g l e  
a f t  h o r i z o n t a l  module i n s t e a d  of SM-6. Th is  i n d i c a t e s  t h a t  t h e  growth con- 
f i g u r a t i o n  i s  somewhat h e a t  r e j e c t i o n  l i m i t e d  at near  t h e  growth requ i rements .  
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Figure 7-12. Vertical Module Rejection 
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T a b l e  7-12. I n i t i a l  Cruc i fo rm R e j e c t i o n  

R e j e c t i o n  a t  63 F l inu te s  
[ B t u / h r  (kw)] 

26 ,000 ( 7 . 6 )  

33 ,600  ( 9 .8 )  

26 ,000 ( 7 . 6 )  

33 ,600 ( 9 .8 )  

119 ,200  (34 .8 )  

103,095 (30 .3)  

$10 d u l e  

91-1 

91-2 

31-3 

31-4 

T o t a l  

R e q u i r e d  

Coo lan t  Flow 
( l b / h r )  

2600 

3360 

2600 

3360 
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Figure 7-13. Horizontal Module Rejection 
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H EAT 
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-- DESIGN LOAD 
150 152,807 BTU/HR 
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ORBIT TIME (MINUTES) 

Figure 7-14. Growth Cruciform Heat Rejection Capability 



PRFfiDING PAGE B W  FlLBBED Space Division 
North Amer~can Rocl<well 

8. NAVIGATION ANALYSIS 

Autonomous n a v i g a t i o n  i s  d e s i r a b l e  f o r  space  v e h i c l e s  f o r  s e v e r a l  
r easons .  One o f  t h e s e  is  t h e  h i g h  c o s t  of  m a i n t a i n i n g  and o p e r a t i n g  a  ground 
t r a c k i n g  network.  I t  i s  n o t  doubted t h a t  ground t r a c k i n g  w i l l  be  i n  e x i s t e n c e ,  
b u t  r a t h e r  t h a t  t h e  d e v o t i o n  of a  t r a c k i n g  f a c i l i t y  t o  a  p a r t i c u l a r  v e h i c l e  
i s  c o s t l y .  However, even  i n f r e q u e n t  s t a t e  upda tes  from ground t r a c k i n g  n e t -  
works a r e  v a l u a b l e  a s  an a i d  i n  e s t i m a t i n g  i n s t r u m e n t  b i a s e s ,  e t c . ,  and 
shou ld  n o t  be  over looked .  N e v e r t h e l e s s ,  t h e  approach t a k e n  i n  t h i s  s t u d y  
i s  t o  assume t h a t  ground t r a c k i n g  cannot  be depended on and o t h e r  t e c h n i q u e s  
must be used.  

S ta r -hor izon  measurements can b e  c o n s i d e r e d  t o  be  comple te ly  autonomous 
and a r e  capab le  o f  p r o v i d i n g  s u f f i c i e n t l y  a c c u r a t e  n a v i g a t i o n  t o  a l l o w  
p o i n t i n g  an i n s t r u m e n t  a t  an e a r t h  t a r g e t  t o  w i t h i n  0.25 degree  one s igma.  
Downrange accuracy i s  t h e  most d i f f i c u l t  t o  ach ieve  and an e r r o r  o f  3800 
f e e t  o r  l e s s  i s  r e q u i r e d  t o  a t t a i n  t h e  p o i n t i n g  accuracy .  T h i s  t y p e  o f  
accuracy s h o u l d  a l s o  be  s u f f i c i e n t  f o r  rendezvous t a r g e t i n g .  O t h e r  miss ion  
o b j e c t i v e s  o r  pe rhaps  a t t a i n m e n t  of  a  h i g h e r  p o i n t i n g  accuracy  which might 
be d e s i r e d  t o  enhance t h e  v a l u e  o f  e x p e r i m e n t a l  d a t a  would r e q u i r e  r e p l a c e -  
ment o r  augmentat ion o f  t h e  s t a r - h o r i z o n  measurement w i t h  some o t h e r  t y p e  
measurement. 

Landmark t r a c k i n g  is  an a t t r a c t i v e  a l t e r n a t i v e  because  i t  is  a lmost  a s  
complete ly  autonomous a s  t h e  s t a r - h o r i z o n  measurement ( c loud  cover  o b s c u r a t i o n  
o f  landmarks makes i t s  performance l e s s  p r e d i c t a b l e ) .  I n  o r d e r  t o  ach ieve  
h i g h e r  a c c u r a c i e s  w i t h o u t  r e q u i r i n g  an i n o r d i n a t e  amount o f  crew t i m e ,  t h e  
landmark s i g h t i n g  p r o c e s s  must be automated.  The a u t o m a t i c  a c q u i s i t i o n  and 
i d e n t i f i c a t i o n  of known landmarks i s  f e a s i b l e  u s i n g  o p t i c a l  c o r r e l a t i o n  w i t h  
s p a t i a l  f i l t e r i n g  t e c h n i q u e s  b u t  t h e  computer r equ i rements  a r e  burdensome 
and t h e  accuracy  a t t a i n a b l e  h a s  n o t  been demonstra ted .  

Most of  t h e  problems w i t h  known landmarks can be e l i m i n a t e d  u s i n g  
unknown landmark t r a c k i n g  t e c h n i q u e s  a t  t h e  s a c r i f i c e  of  some accuracy .  
A h i g h l y  a c c u r a t e  approach is t h e  t r a c k i n g  o f  ground beacons - which,  o f  
c o u r s e ,  s a c r i f i c e s  some autonomy. I f  t h e  reason f o r  autonomy, however,  i s  
merely c o s t  r e d u c t i o n ,  beacons  a r e  ve ry  a t t r a c t i v e .  They do n o t  have t o  be 
manned a s  i s  t h e  c a s e  w i t h  ground t r a c k i n g  s t a t i o n s  and maintenance r e q u i r e -  
ments a r e  n o t  s e v e r e  i f  they  a r e  c o n v e n i e n t l y  l o c a t e d .  I f  t h e y  a r e  l o c a t e d ,  
f o r  example,  a t  e x i s t i n g  i n s t a l l a t i o n s  within the continental U.S., maintenance 
problems s h o u l d  be  minimal.  None of  t h e s e  measurements must be  performed t o  
t h e  e x c l u s i o n  of  o t h e r s ,  o f  course .  I n  f a c t ,  bo th  landmark t r a c k i n g  and 
beacon t r a c k i n g  p r o v i d e  complementary performance t o  s t a r - h o r i z o n  measurements,  
and t h e  performance o f  e a c h  i s  enhanced by t h e  combinat ion.  

It was de te rmined  by t h i s  s t u d y  t h a t  s t a r - h o r i z o n  measurements p rov ide  
adequa te  accuracy f o r  t h e  s p a c e  s t a t i o n  miss ion  and t h u s  a r e  chosen a s  t h e  
s o l e  n a v i g a t i o n  measurement. The equipment used f o r  s t a r - h o r i z o n  measurements 
a l s o  i s  r e q u i r e d  t o  pe r fo rm a s  c o n t r o l  s e n s o r s  and t h u s  must be on board .  
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Any o t h e r  n a v i g a t i o n  measurements would be i n  a d d i t i o n  t o  s t a r - h o r i z o n  
measurements and a r e  t h u s  r u l e d  o u t  on t h e  b a s i s  o f  c o s t .  I f  o t h e r  programs 
( e . g . ,  s p a c e  s h u t t l e  o r  m i l i t a r y  v e h i c l e s )  r e q u i r e  t h e  placement of ground 
beacons  f o r  n a v i g a t i o n  they  c e r t a i n l y  cou ld  be  an advantage.  

Other  t e c h n i q u e s  such a s  Navsats ,  TDRS t r a c k i n g ,  s t a r  o c c u l t a t i o n  
measurements,  and e j e c t e d  probes  a r e  p o s s i b l e  c a n d i d a t e s  b u t  a r e  beyond t h e  
scope o f  t h i s  s t u d y .  

8 .1  MECHANIZATION CONSIDERATIONS AND ERROR BUDGET 

T h i s  s e c t i o n  d e t a i l s  t h e  measurement c h a r a c t e r i s t i c s  of t h e  v a r i o u s  
equipment and phenomena used f o r  t h e  n a v i g a t i o n  measurements.  A l l  numbers 
quo ted  a r e  one s igma c o n t r i b u t i o n s .  

S t  ar -Hori  zon Measurements 

Th is  measurement u t i l i z e s  g imbal led s t a r  t r a c k e r s  and h o r i z o n  edge 
t r a c k e r s  remote ly  l o c a t e d  on t h e  v e h i c l e .  The remoteness o f  t h e  s t a r  t r a c k e r s  
from t h e  h o r i z o n  t r a c k e r s  i s  n e c e s s i t a t e d  by t h e i r  i n d i v i d u a l  v iewing r e q u i r e -  
ments.  Because o f  t h e  s t r u c t u r a l  and thermal  f l e x i b i l i t y  o f  t h e  v e h i c l e ,  
t h e  s t a r  t r a c k e r s  and h o r i z o n  t r a c k e r s  a r e  a l i g n e d  t o  each  o t h e r  by means o f  
a  3-axis  a u t o c o l l i m a t o r  l i n k .  The dominant e r r o r  s o u r c e s  i n  t h e  measurement 
i n c l u d e  h o r i z o n  r a d i a n c e  p r o f i l e  u n c e r t a i n t y ,  i n s t r u m e n t  e r r o r s ,  c a l i b r a t i o n  
e r r o r s ,  mounting a l ignment  u n c e r t a i n t i e s ,  and base- to-base  ( a u t o c o l l i m a t o r )  
a l ignment  u n c e r t a i n t i e s .  

Horizon Radiance P r o f i l e  

The e r r o r s  i n  h o r i z o n  a l t i t u d e  a r e  assumed t o  be  e x p o n e n t i a l l y  c o r r e l a t e d  
i n  t i m e  and s p a c e  w i t h  an a u t o c o r r e l a t i o n  f u n c t i o n  o f  t h e  form (References  
8-1 and 8-2) : 

- IXI -161 
$(A, 6) = c2e  

6  
e 

where A = t ime  between two measurements 

6  = d i s t a n c e  between two measurements 

A, = 10 days 

6, = 2500 n a u t i c a l  m i l e s  

C = 2887 f e e t  

Neglec t ing  t h e  10-day t i m e  c o n s t a n t  as long  compared t o  t h e  d u r a t i o n  between 
measurements,  t h e  e q u i v a l e n t  a n g u l a r  e r r o r  can b e  computed f o r  a 240-naut ical -  
m i l e  o r b i t  a s  
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u = 
2887 

1305 x 6076 
= 0.355 m r  = 0.0208 deg. 

and the  space  c o r r e l a t i o n  c o e f f i c i e n t  a s  

s i n c e  t h e  d i s t a n c e  between l ine-of -s igh t  of t h e  heads on t h e  ground is about 
2000 m i l e s .  The v e h i c l e  ground t r a c e  t r a v e l s  a t  a r a t e  of about 4 n a u t i c a l  
miles  per second s o  t h a t  an equ iva l en t  t i m e  c o r r e l a t i o n  c o e f f i c i e n t  can be  
computed as 

4 A t  

K t  = e -2500 = 0.91 f o r  A t  = 1 min 

Instrument Er rors  

S t a r  t r a c k e r  e r r o r s  (Reference 8-3) a re :  

Resolver d i g i t i z e r  9 S ~ C  

Mechanical 2 S ~ C  

S igna l  /no is e 5 sG 
n 

Thermal 5 s e c  

RSS 12 sG IL. 0.0033° 

Horizon t r a c k e r  e r r o r s  (Reference 8-4) a r e  (per ax i s )  : 

Resolut ion 0.0033 deg 

Cross coupl ing 0.0033 deg 

Quant iza t ion  0.0050 deg 

0 u t  put 0.0150 deg 

RSS 0.0165 deg 

T o t a l  RSS instrument  e r r o r  - <0.017 deg = 0 .3  m r  (White) 

Alignment Er rors  

The alignment e r r o r s  a r e :  

Horizon t r a c k e r  c a l i b r a t i o n  

Horizon t r a c k e r  mounting 
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S t a r  t r a c k e r  c a l i b r a t i o n  7 S ~ C  

S t a r  t r a c k e r  mounting - 
Base-to-base (au tocol l imator )  2 s e c  

f o r  s t a r -ho r i zon  measurements, we have an RSS e r r o r  of 14 .1  sTc = 0.068 m r  
( cons t an t  b i a s ) .  For s t a d i a m e t r i c  measurements we have an RSS e r r o r  of 
9.9 G c  = 0.048 m r  ( cons t an t  b i a s ) .  

Beacon and Landmark Measurements 

Beacon measurement e r r o r s  a r e  l i s t e d  in Table 8-1 and landmark 
measurement e r r o r s  a r e  l i s t e d  i n  Table 8-2. 

Table 8-1. Beacon Measurements 

Table 8-2. Landmark Measurements 

Bias 

50 f t  

1 m r  

1 m r  

1 .67 f t / s e c  

Measurement 

Range 

Azimuth 

Eleva t ion  

Range r a t e  

White Noise 

50 f t  

1 . 5  m r  

1 .5  m r  

1 .67 f t / s e c  

Measurement 

Unknown Landmark 

Azimuth 

Eleva t ion  

Known Landmark 

Azimuth 

Eleva t ion  

Whi t eNoi se  

0 .145mr  

0 .145mr  

0 .145mr  

0.145 m r  

Bias  

0 . 1 m r  

0 . 1 m r  

0 .145mr  

0  . I45 m r  
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Model E r ro r s  

Model e r r o r s  a r e :  

Drag = - + 100% 

Gravi ty 

8.2 MEASUREMENT SCHEDULING 

In gene ra l ,  i t  is  d e s i r a b l e  t o  make a s  many measurements a s  poss ib l e  a s  
quickly a s  poss ib l e .  This  g e n e r a l i t y  is usua l ly  l imi t ed  by cons idera t ion  of 
da t a  processing requirements ,  measurement a v a i l a b i l i t y ,  n o n l i n e a r i t i e s ,  and 
c o r r e l a t i o n  i n  t he  measurement no i se .  Noise c o r r e l a t i o n  e f f e c t s  cause a  
t r a d e  between whi te  n o i s e  and c o r r e l a t e d  noise--the g r e a t e r  t he  measurement 
frequency, t he  g r e a t e r  t h e  reduct ion  i n  whi te  n o i s e  bu t  t h e  g r e a t e r  t he  
inc rease  i n  c o r r e l a t e d  no i se .  Thus, f o r  any p a r t i c u l a r  type of measurement 
t h e r e  i s  an optimum frequency (based on t h i s  t r a d e )  depending on t h e  r e l a t i v e  
e f f e c t s  of wh i t e  and c o r r e l a t e d  no i se .  This  optimum frequency may not  be  
t h e  same f o r  each measurement type.  Measurements which a r e  h ighly  contam- 
ina t ed  by c o r r e l a t e d  no i se  such a s  s t a r  hor izon  measurements should have a  
lower frequency than measurements whose n o i s e  i s  mostly whi te  o r  has  a  s h o r t  
c o r r e l a t i o n  time such a s  beacon measurements. 

For d i r e c t i o n a l  measurements, such a s  s t a r  horizon measurements using 
only one s t a r  t r a c k e r  o r  beacon, o r  landmark measurement when more than one 
beacon o r  landmark is  a v a i l a b l e ,  a d e c i s i o n  i s  requi red  i n  which d i r e c t i o n  
t o  make t h e  measurement. Severa l  r e l a t i v e l y  s o p h i s t i c a t e d  approaches t o  
t h i s  problem could be taken by applying e r r o r  measures t o  each a l t e r n a t i v e  
and choosing t h e  one t h a t  s a t i s f i e s  some minimization c r i t e r i o n  (such a s  
e r r o r  e l l i p s o i d  volume o r  t r a c e  r a t i o s ) .  A more s i m p l i f i e d  predetermined 
approach i s  used here .  Thus, f o r  s t a r -ho r i zon  measurements using one s t a r  
t r acke r  t h e  measurement may be made i n  t h e  downrange only,  c ros s t r ack  on ly ,  
o r  cons tan t  azimuth d i r e c t i o n ,  o r  may b e  a l t e r n a t e d  between downrange and 
c ros s t r ack .  



Space Division 
North Amencan Rockwell 

Beacon (and  landmark) measurements a r e  made i n  o r d e r  o f  a  beacon p r i o r i t y  
r a t i n g .  I t  i s  u n l i k e l y  t h a t  t h e  s i t u a t i o n  o f  o v e r l a p p i n g  beacons would o c c u r  
very o f t e n  u n l e s s  d e l i v e r a t e l y  p lanned ,  i n  whlch c a s e  t h e  a p p r o p r i a t e  c r i t e r i a  
cou ld  be  s u b s t i t u t e d .  Beacon and landmark measurements a r e  made e v e r y  
30 seconds  whenever a  beacon o r  landmark i s  i n  s i g h t .  A beacon i s  i n  s i g h t  i f  
i ts e l e v a t i o n  a n g l e  is  g r e a t e r  t h a n  5  d e g r e e s ,  whereas a  landmark is cons idered  
t o  b e  i n  s i g h t  i f  i t s  e l e v a t i o n  a n g l e  is  g r e a t e r  than  20 d e g r e e s .  Beacons can 
b e  s i t u a t e d  on any l and  a r e a  a l though  t h e r e  a r e  c e r t a i n l y  geograph ic  and 
p o l i t i c a l  p r e f e r e n c e s .  Landmarks can be s i t u a t e d  o n l y  on l a n d  on t h e  d a y l i g h t  
s i d e  of t h e  e a r t h .  

8 . 3  RESULTS 

The e r r o r  models of t h e  p r e v i o u s  s e c t i o n s  were  used i n  a  d i g i t a l  program 
t o  s i m u l a t e  t h e  v a r i o u s  n a v i g a t i o n  measurements. The r e s u l t s  o f  t h i s  
s i m u l a t i o n  a r e  d i s c u s s e d  i n  t h i s  s e c t i o n .  Because o f  t ime  l i m i t a t i o n s ,  ve ry  
l i t t l e  a t t e m p t  was made t o  va ry  p a r a m e t e r s .  Thus, u n l e s s  o t h e r w i s e  s t a t e d ,  
a l l  pa ramete r  v a l u e s  are t h e  same a s  d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n .  

The CRT o u t p u t  f o r  each c a s e  is  s i m i l a r  i n  format a l though  some frames 
may b e  l e f t  o u t  f o r  a  p a r t i c u l a r  c a s e  because  of redundancy, i n a p p l i c a b i l i t y ,  
o r  l a c k  of i n f o r m a t i o n  c o n t e n t .  The f i r s t  f rame of each c a s e  h a s  two 
graphs .  The top  graph i s  l a b l e d  RMS E r r o r .  The t h r e e - p o s i t i o n  components 
o f  e r r o r  ( i n  f e e t )  a r e  p l o t t e d  on t h i s  graph and i t  i n c l u d e s  a l l  e r r o r s - -  
e s t i m a t e d ,  n e g l e c t e d ,  b i a s e s ,  Markov n o i s e ,  e t c .  The bot tom graph i s  
l a b e l e d  S t a n d a r d  D e r i v a t i o n  and is  similar t o  t h e  top  g raph  e x c e p t  t h a t  only 
e s t i m a t e d  e r r o r s  a r e  i n c l u d e d .  

The h o r i z o n t a l  a x i s  of a l l  g raphs  is  t h e  problem t ime  i n  minu tes  (one 
o r b i t  is  about  94  m i n u t e s ) .  Each p l o t  i s  l a b e l e d  w i t h  symbols such  a s  X,  Y ,  
R, e t c .  ; t h e s e  a r e  only  t o  d i s t i n g u i s h  t h e  p l o t s  and do n o t  r e p r e s e n t  d a t a  
p o i n t s  o r  measuremnets. The n e x t  frame, i f  p r e s e n t ,  r e p r e s e n t s  t h e  e f f e c t s  
of n e g l e c t e d  b i a s e s  i n  t h e  s t a r  t r a c k e r s  and h o r i z o n  s c a n n e r s .  I t  may have 
as many a s  t h r e e  graphs  r e p r e s e n t i n g  a l t i t u d e ,  r o l l ,  and p i t c h  ( i n t o  which 
t h e s e  b i a s e s  a r e  mapped). The n e x t  frame r e p r e s e n t s  t h e  e f f e c t s  o f  n e g l e c t e d  
Markov b i a s e s  which a r e  r e p r e s e n t e d  a s  a l t i t u d e ,  downrange, and c r o s s  t r a c k .  
The f o l l o w i n g  frame r e p r e s e n t s  t h e  e f f e c t s  of model e r r o r s  and d r a g ,  and on 
t h e  fo l lowing  frame a r e  r e p r e s e n t e d  e r r o r s  due t o  t h e  J terms.  Following 
t h i s  frame a r e  t h e  e f f e c t s  of a l l  o t h e r  n e g l e c t e d  b i a s e s  i n  any o t h e r  
measurements which a r e  made. 

For a l l  t h e  c a s e s  s t u d i e s ,  a  c i r c u l a r  55-degree i n c l i n a t i o n  o r b i t  a t  
240 n a u t i c a l  m i l e s  is assumed w i t h  i n i t i a l  p o s i t i o n  u n c e r t a i n t i e s  i n  each  
a x i s  of 10,000 f e e t  and v e l o c i t y  e r r o r s  o f  3.3 f p s  i n  each a x i s .  

The f i r s t  c a s e  d e p i c t s  t h e  n a v i g a t i o n  u n c e r t a i n t y  i f  s t a r - h o r i z o n  measure- 
ments a r e  made every  f i v e  minu tes  s t a r t i n g  a t  t = 0 .  Both s t a r  t r a c k e r s  a r e  
used.  I n  t h i s  c a s e ,  t h e  s t a t e  v e c t o r  i s  n o t  augmented and comparison o f  t h e  
RMS e r r o r  and t h e  s t a n d a r d  d e v i a t i o n  shown on F i g u r e  8-1 i n d i c a t e s  t h a t  t h e  
e f f e c t  o f  n e g l e c t e d  e r r o r s  is  l a r g e .  F i g u r e  8-2 shows t h e  e f f e c t  of mounting 
b i a s e s  ( s t a d i a m e t r i c  measurements a r e  n o t  performed,  s o  t h e  a l t i t u d e  b i a s  
makes no  c o n t r i b u t i o n )  . F i g u r e  8-3 shows t h e  e f f e c t  of Markov b i a s e s  i n  t h e  
h o r i z o n .  
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Obviously,  t h i s  i s  a  l a r g e  c o n t r i b u t o r  t o  t h e  downrange e r r o r .  F i g u r e s  8-4 
and 8-5 show t h e  e f f e c t s  o f  drag and g r a v i t y  u n c e r t i ~ i n t i e s .  Is s h o u l d  b e  n o t e d  
t h a t  even though t h e s e  e f f e c t s  a r e  n o t  e s t i m a t e d  a s  p a r t  of t h e  measurement 
t h e i r  e f f e c t  i s  c o n s i d e r a b l y  less than  i f  no measurements had been t aken .  This  
is because  of t h e  dega in ing  e f f e c t  of t h e  f i l t e r  i n  a  closed-loop o p e r a t i o n .  

S i n c e  t h e  Markov b i a s  appears  t o  dominate,  t h e  n e x t  c a s e  (3) shows t h e  
e f f e c t  of e s t i m a t i n g  i t  on-board. F igure  8-6 shows t h a t  t h e  RMS downrange 
e r r o r  i s  reduced t o  3700 f e e t ,  t h e  c r o s s t r a c k  e r r o r  t o  1800 f e e t ,  and t h e  
a l t i t u d e  e r r o r  t o  1050 f e e t .  We n o t e  t h a t  t h i s  c a s e  meets t h e  s p a c e  s t a t i o n  
n a v i g a t i o n  requirements  (3800 f e e t  downrange, 2200 f e e t  c r o s s t r a c k ,  and 
1500 f e e t  a l t i t u d e ) .  

S i n c e  t h e  c o n s t a n t  b i a s e s  a r e  s i g n i f i c a n t  and c o n t r i b u t e  t o  t h e  e r r o r ,  
t h e  n e x t  c a s e  ( 4 )  shows t h e  e f f e c t  of e s t i m a t i n g  them a s  w e l l  a s  t h e  Markov 
b i a s e s .  F i g u r e  8-7 shows t h a t  t h i s  i n c r e a s e s  t h e  s t a n d a r d  d e v i a t i o n s  b u t  
t h e  RMS e r r o r  d e c r e a s e s  s l i g h t l y .  T h i s ,  of  c o u r s e ,  i s  an i n d i c a t i o d  t h a t  i f  
a  cho ice  must b e  made, i t  is  more impor tan t  t o  e s t i m a t e  t h e  Markov b i a s  i n  
t h e  h o r i z o n  than  t h e  i n s t r u m e n t  b i a s e s .  There  a r e  two reasons  f o r  t h i s :  
(1) t h e  Markov b i a s e s  a r e  l a r g e r  and t h e r e f o r e  more dominant and (2)  t h e  
ins t rument  b i a s e s  a r e  on ly  weakly o b s e r v a b l e .  

I n  a d d i t i o n  t o  ( o r  i n  p l a c e  o f )  s t a r - h o r i z o n  measurements,  beacon and 
landmark measurements cou ld  a l s o  b e  performed. A d d i t i o n a l  onboard hardware  
is r e q u i r e d  t o  pe r fo rm t h e s e  measurements and,  i n  t h e  c a s e  o f  beacons ,  
ground beacons have t o  b e  p l a c e d  and surveyed .  Due t o  l a c k  of t ime  i t  was 
n o t  p o s s i b l e  t o  va ry  beacon and landmark l o c a t i o n s  t o  de te rmine  optimum 
l o c a t i o n  o r  t o  de te rmine  t h e  e f f e c t s  of o v e r l a p p i n g  beacons ,  e t c .  Also,  i n  
t h e  c a s e  o f  landmarks ,  c loud cover  o b s c u r a t i o n ,  which i s  a  major  f a c t o r  i n  
de te rmin ing  performance,  h a s  n o t  been s t u d i e d .  Beacon l o c a t i o n s  were  chosen 
as shown i n  Tab le  8-3 t o  s u p p o r t  t h e  o r b i t  n a v i g a t i o n  requ i rements  f o r  
s h u t t l e  m i s s i o n s  (Refe rence  8-5). The f i r s t  e i g h t  beacons a r e  l o c a t e d  on 
q u a l i f i e d  s p a c e  s h u t t l e  a b o r t  f i e l d s  and a r e  l o c a t e d  s o l e l y  i n  t h e  U n i t e d  
S t a t e s  . The l a s t  three--Guam, Hawaii ,  and Alaska--were added t o  p r o v i d e  
coverage on o r b i t s  n o t  o v e r  t h e  U.S . mainland.  

For convenience,  t h e  landmarks used have  been g iven  t h e  same l o c a t i o n  as 
t h e  beacons.  Although t h e r e  i s  no r e a s o n  t o  r e s t r i c t  landmarks to t h e  U.S., 
t h e  g iven  l o c a t i o n s  do meet t h e  requ i rements  of b e i n g  on l a n d  and i n  d a y l i g h t .  

I n  t h e  f o l l o w i n g  c a s e  ( 9 ) ,  on ly  beacon range,  az imuth,  and e l e v a t i o n  
measurements were  t a k e n .  F i g u r e  8-8 shows t h e  r e s u l t s  o f  t h e  beacon measure- 
ments w i t h  no b i a s e s  e s t i m a t e d  on b o a r d .  Beacon 3  was s i g h t e d  a t  t = 7  minu tes  
and t racked  u n t i l  7  was s i g h t e d ;  Beacon 7 was l o s t  a t  t = 16.5  minu tes ,  f o r  a 
t o t a l  t r a c k i n g  d u r a t i o n  of 9 .5  minu tes .  No beacons were s i g h t e d  f o r  t h e  rest 
of t h e  o r b i t .  Beacon 1 was s i g h t e d  a t  t = 102.5 minu tes  and t r a c k e d  u n t i l  
Beacon 7  was s i g h t e d .  Beacon 7  was t r a c k e d  u n t i l  112.5 minu tes  f o r  a  t o t a l  
t r a c k i n g  d u r a t i o n  o f  10 m i n u t e s .  F i g u r e  8-8 shows t h a t  t h e  RMS e r r o r  was 
s h a r p l y  reduced d u r i n g  t h e  t r a c k i n g  p a s s e s  b u t  b u i l d s  up q u i t e  r a p i d l y  d u r i n g  
t h e  remainder of t h e  f i r s t  o r b i t .  A f t e r  t h e  second t r a c k i n g  pass  t h e  e r r o r  
b u i l d u p  is  s l o w e r  b u t  t h e  downrange e r r o r  w i l l  i n c r e a s e  a g a i n  if no more 
beacons a r e  s i g h t e d  . 



Space Division 
North Arneilcan Rockwell 

Table 8-3. Beacon L o c a t i o n s  

The n e x t  c a s e  (15) shows t h e  e f f e c t  of t a k i n g  range-only measurements 
as opposed t o  range,  az imuth,  and e l e v a t i o n  o f  t h e  p r e v i o u s  case .  F igure  
8-9 i s  p r a c t i c a l l y  i d e n t i c a l  t o  F i g u r e  8-8. Th is  i s  an i n d i c a t i o n  o f  t h e  f a c t  
t h a t  t h e  azimuth and e l e v a t i o n  measurements a r e  n o t  s i g n i f i c a n t .  

The n e x t  c a s e  (10) s u b s t i t u t e s  a range r a t e  measurement f o r  t h e  range 
measurement of t h e  p rev ious  c a s e .  F igure  8-10 shows a d e g r a d a t i o n  i n  
performance o v e r  t h e  range-only case .  Th is  d e g r a d a t i o n  is caused by t h e  
l a r g e  w h i t e  n o i s e  p r o p a g a t i o n  e r r o r  dur ing  t h e  f i r s t  o r b i t  and t h e  e r r o r  due 
t o  t h e  n e g l e c t e d  range r a t e  b i a s  dur ing  t h e  second  o r b i t .  

Longi tude 

106.38OW 

80.57OW 

93.2OW 

117.5OW 

101.5OW 

119.45OW 

72.5OW 

83OW 

144.92OE 

157.92OW 

165 O W  

No. 

1 

2  

3  

4  

5  

6 

7 

8  

9  

10 

11 

This  c a s e  was run  a g a i n  f o r  a d u r a t i o n  o f  s i x  o r b i t s .  The convergence 
is  shown i n  F i g u r e  8-11 and is brought  abou t  by t h e  f a c t  t h a t  a l l  t h e  o r b i t s  
passed o v e r  t h e  U.S. Beacon 3 was s i g h t e d  a t  t = 7  m i n u t e s  and t r a c k e d  u n t i l  
10s t a t  which t i m e  Beacon 7 was i n  s i g h t .  Beacon 7  w a s  t r a c k e d  u n t i l  t = 16.5 
minu tes  f o r  a  t o t a l  t r a c k i n g  d u r a t i o n  of 9 .5  minu tes .  On t h e  second  o r b i t  
Beacon 1 w a s  a c q u i r e d  a t  t = 102.5  minu tes  and b e f o r e  i t  was l o s t  Beacon 7  
w a s  r e a c q u i r e d  and t r a c k e d  u n t i l  t = 112.5  minu tes  f o r  a  t o t a l  d u r a t i o n  of 
10 minu tes .  On t h e  t h i r d  o r b i t ,  Beacon 6 was a c q u i r e d  a t  t = 198.5  minu tes  
and t r a c k i n g  con t inued  u n t i l  Beacon 8  was s i g h t e d .  Beacon 8  w a s  l o s t  at  
t = 208.5 minu tes  f o r  a  t o t a l  t r a c k i n g  d u r a t i o n  o f  1 0  minu tes .  On t h e  f o u r t h  
o r b i t  Beacon 1 0  was s i g h t e d  a t  time t = 286 minu tes  and l o s t  a t  t = 290.5 minutes ,  
f o r  a t r a c k i n g  d u r a t i o n  of 4 .5  minu tes .  Beacon 4  was then  a c q u i r e d  a t  
t = 297.5 minu tes  and t r a c k e d  u n t i l  Beacon 5  was a c q u i r e d .  Beacon 5  was l o s t  
a t  t = 304 minu tes  f o r  a  t o t a l  d u r a t i o n  o f  6.5 m i n u t e s .  On t h e  f i f t h  o r b i t  
Beacon 4  was r e s i g h t e d  a t  t = 396 minu tes .  Beacons 5  and 7 were r e s i g h t e d  
b e f o r e  t r a c k i n g  was l o s t  and t r a c k i n g  con t inued  u n t i l  t = 408 minu tes  f o r  
a  d u r a t i o n  o f  12 m i n u t e s .  A t  t h e  end o f  t h e  f i f t h  o r b i t  Beacon 9  was s i g h t e d  

Locat ion 

Biggs AFB 

Cape Kennedy 

Chennault  F i e l d  

F a i r c h i l d  AFB 

Minot AFB 

San Nicolas  Is.  

Westover AFB 

Wur t s m i  t h  AFB 

Anderson AFB, Guam 

Honolulu  I n t e r n a t i o n a l  

Alaska 

L a t i t u d e  

31.85 O N  

28.65ON 

30.05"N 

47.8"N 

48.5ON 

33.23"N 

42.2ON 

44.5"N 

13.58ON 

21.33ON 

65 O N  
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a t  t = 470 minu tes  and t r a c k e d  u n t i l  t = 474.5 minu tes  f o r  a  d u r a t i o n  of 
4 .5  minu tes .  On t h e  s i x t h  o r b i t  Beacon 4  was r e s i g h t e d  a t  t = 493 minu tes  
and t r a c k e d  u n t i l  Beacons 5 ,  3 ,  and 2  were  a c q u i r e d .  Beacon 2  was l o s t  a t  
t = 506.5 minu tes  f o r  a  d u r a t i o n  of 1 3 . 5  m i n u t e s .  

It i s  n o t e d  t h a t  b e c a u s e  i t  was p o s s i b l e  t o  a c q u i r e  one  o r  more beacons  
every  o r b i t ,  i t  was p o s s i b l e  t o  r educe  t h e  maximum ENS downrange e r r o r  t o  
l e s s  than 1000 f e e t .  

Th i s  c a s e  was re-run w i t h  a  l e s s  f o r t u i t o u s l y  p l a c e d  o r b i t .  F i g u r e  8-12 
shows what t h e  e r r o r  would have looked  l i k e  i f  t h e  p r o c e s s  had  been s t a r t e d  
s e v e r a l  o r b i t s  l a t e r  t h a n  t h e  p r e v i o u s  run.  This  t i m e ,  Beacon 6 was s i g h t e d  
a t  t = 35.5 minutes  and l o s t  a t  t = 39 minu tes  f o r  a  s i g h t i n g  d u r a t i o n  o f  
3 .5  minu tes .  The downrange e r r o r  was al lowed t o  p ropaga te  f o r  two o r b i t s  t o  
a lmost  80,000 f e e t  b e f o r e  Beacon 10  was s i g h t e d  a t  t = 226 m i n u t e s .  Beacon 
10 was l o s t  a t  t = 230 minutes  a f t e r  4  minu tes  o f  s i g h t i n g s .  Beacon 9  was 
s i g h t e d  2  o r b i t s  l a t e r  a t  t = 414 minu tes  and l o s t  a t  416.5 minu tes  f o r  a  t o t a l  
d u r a t i o n  o f  2 .5  minu tes .  

The n e x t  c a s e  (14) shows t h e  e f f e c t  of adding s t a r - h o r i z o n  measurements 
t o  the  beacon measurements o f  t h e  p rev ious  c a s e .  F i g u r e  8-13 shows how t h e  
s t a r - h o r i z o n  measurements bound t h e  e r r o r  b y  e l i m i n a t i n g  t h e  l a r g e r  e r r o r  
b u i l d u p  between beacon s i g h t i n g s .  Also ,  comparing t h e  r e s u l t s  w i t h  Case 4 
( s t a r - h o r i z o n  measurements o n l y ) ,  i t  can b e  s e e n  t h a t  t h e  e r r o r  converges  t o  
a  c o n s i d e r a b l y  lower  v a l u e  (abou t  1500 f e e t  downrange) than  w i t h  e i t h e r  c a s e  
s e p a r a t e l y  . 

I n  t h e  n e x t  c a s e  ( 1 9 ) ,  we s u b s t i t u t e  known landmarks f o r  t h e  beacons .  
This  i s  e s s e n t i a l l y  t h e  same a s  t h e  beacon r a n g e ,  az imuth ,  and e l e v a t i o n  
measurement (Case 9 )  w i t h o u t  t h e  range measurement. F i g u r e  8-14 shows t h e  
e f f e c t  of  o n l y  t h e  azimuth and e l e v a t i o n  measurements.  I t  s h o u l d  b e  p o i n t e d  
o u t ,  however, t h a t  t h e  s i g h t i n g  d u r a t i o n s  a r e  n o t  comparable f o r  beacons  and 
known landmarks b e c a u s e  o f  t h e  requ i rement  f o r  a  minimum e l e v a t i o n  a n g l e  of 
20 degrees  f o r  landmarks ( a s  opposed t o  5  degrees  f o r  b e a c o n s ) .  Thus, 
Landmark 2  is s i g h t e d  a t  t = 1 0 . 5  minu tes  and l o s t  a t  t = 11 m i n u t e s ,  f o r  a  
t o t a l  o f  o n l y  0 . 5  minu te  of  s i g h t i n g .  Landmark 1 is  s i g h t e d  a t  t = 1 0 3  m i n u t e s  
i n  the  second o r b i t  and l o s t  a t  t = 105 m i n u t e s ,  f o r  a  t o t a l  s i g h t i n g  t ime  
of 2  minu tes .  Landmark 8 i s  s i g h t e d  a t  t = 111 minu tes  and l o s t  a t  t = 1 1 1 . 5  
minutes  f o r  a  d u r a t i o n  of 0 .5  minute .  From F i g u r e  8-14 i t  is c l e a r  t h a t  t h e  
e r r o r  is a  r e s u l t  o f  p ropaga t ion  over  a  l o n g  d u r a t i o n  w i t h  no  s i g h t i n g s .  

The n e x t  c a s e  (22) is t h e  same a s  t h e  p r e v i o u s  c a s e  b u t  i t  is  assumed 
t h a t  t h e  landmark l o c a t i o n  is unknown. F i g u r e  8-15 shows t h a t  t h e  performance 
is c o n s i d e r a b l y  degraded.  

The n e x t  c a s e  (21) shows t h e  e f f e c t  of combining t h e  known landmark 
measurement w i t h  t h e  s t a r - h o r i z o n  measurement. F i g u r e  8-16 shows t h a t  t h e  
e f f e c t  is t o  e l i m i n a t e  t h e  l a r g e  e r r o r  b u i l d u p  d u r i n g  p e r i o d s  o f  no landmarks. 
Comparing t h i s  w i t h  Case 4, i t  can b e  s e e n  t h a t  t h e  e r r o r  i s  bounded by  t h e  
e r r o r  o f  t h e  s t a r - h o r i z o n  measurement b u t  converges  t o  a  c o n s i d e r a b l y  lower  
v a l u e .  
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The f i n a l  c a s e  (24)  shows t h e  combina t ion  o f  s t a r - h o r i z o n  and unknown 
landmark t r a c k i n g .  F i g u r e  8-17 shows t h a t  t h i s  c a s e  i s  s u b s  t a n t i a l l y  s i m i l a r  
t o  t h e  p r e v i o u s  c a s e ,  Thus, i n  combinat ion  w i t h  s t a r - h o r i z o n  measurements 
t h e r e  i s  l i t t l e  d i f f e r e n c e  between known and unknown landmarks .  
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Figure 8-1. Star Horizon Measurements 
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Figure 8-2. Instrument Bias Errors 
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Figure 8-3. Markov Bias Errors in Horizon 
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Figure 8-4. Drag and Mu Errors 
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Figure 8-5. Gravitational Harmonics Errors 
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Figure 8-6. Star-Horizon Measurements - Markov Biases Estimated 
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Figure 8-7. Star-Horizon Measurements - Instrument and Markov Biases Estimated 
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F i g u r e  8-8. Beacon Range, Azimuth, and E l e v a t i o n  Measurements 
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Figure 8-9. Beacon Range Measurements 
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Figure 8-10. Beacon Range Rate Measurements (Two Orbits) 
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Figure  8-11. Beacon Range Rate  Measurements (S ix  O r b i t s )  



Space Division 
North American Rockwell 

TIME IMINUTES) R - ALTITUDE. Y - W:!N RANGE. X - CROSS TRACK 

R - ALTITVDZ. Y - D0L.V RANx. X - CROSS TRACK 

F i g u r e  8-12. Beacon Range Rate  Measurements (Fewer Beacon Contac t s )  
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Figure 8-13. Star Horizon Plus Beacon Range Rate Measurements 
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Figure 8-14. Known Landmark Measurements 
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Figure 8-15. Unknown Landmark Measurements 
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F i g u r e  8-16. S t a r  Hor izon  P l u s  Known Landmarks 
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Figure 8-17. S t a r  Horizon Plus  Unknown Landmarks 
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9. CXG ANALYSES 

This  s e c t i o n  documents t h e  d e t a i l s  of a  s u b c o n t r a c t  e f f o r t  conducted 
by t h e  A i r c r a f t  Equipment D i v i s i o n  of Genera l  E l e c t r i c 1  Company. Two main 
s u b j e c t s  a r e  covered - CMG maintenance and c o n f i g u r a t i o n  t r a d e  e v a l u a t i o n .  
The r e a d e r  i s  a l s o  r e f e r r e d  t o  Volume I V Y  Subsystem Analyses  (SD71-217-41, 
f o r  des ign  d e t a i l s  on  t h e  c o n t r o l  moment gyro  (CMG) assembly.  

9 . 1  MAINTENANCE ANALYSIS 

There a r e  t h r e e  a s p e c t s  of CMG maintenance.  The f i r s t  i s  a  t r a d e o f f  
a n a l y s i s  t h a t  was used t o  s e l e c t  t h e  method of maintenance t h a t  shou ld  b e  
employed. The second i s  t h e  p rocedures  used t o  r e p l a c e  t h e  f a u l t y  modules;  
an e s t i m a t e  of crew t ime  a l s o  is made f o r  each of t h e s e  p rocedures .  F i n a l l y  
t h e r e  is a  b r i e f  d i s c u s s i o n  of t h e  b e n e f i t s  a s s o c i a t e d  w i t h  i n c r e a s e d  e l e c -  
t r o n i c  redundancy. 

Maintenance Concept Trade 

Three methods of maintenance of t h e  C M G ' s  were examined. One c o n s i s t e d  
o f  t o t a l  r ep lacement  of t h e  CMG i n  t h e  even t  of a  f a i l u r e  a long  w i t h  ground 
r e p a i r ,  a  second was rep lacement  of t h e  f a u l t y  module o n l y  and r e p a i r i n g  i t  
on t h e  ground, and t h e  t h i r d  was s i m i l a r  t o  t h e  second e x c e p t  t h a t  t h e  r e p a i r  
is done aboard t h e  s t a t i o n  r a t h e r  t h a n  on t h e  ground. 

The t r a d e o f f  a n a l y s i s  was performed by u s i n g  a  c o s t  f a c t o r  e q u a t i o n  a s  
d e f i n e d  i n  Tab le  9-1. The purpose  of t h i s  e q u a t i o n  i s  t o  r e l a t e  t h e  s i g n i -  
f i c a n t  f a c t o r s  of t h e  maintenance methods. Such a  q u a n t i t a t i v e  measure can 
b e  used t o  assess one method relat ive t o  t h e  o t h e r s .  The f a c t o r s  of t h e  
equa t ion  a r e  d e f i n e d  i n  T a b l e  9-1. These f i g u r e s  a l s o  show t h e  magnitude 
of t h e  c o n s t a n t s  used and t h e  r a t i o n a l e .  

Three e lements  of t h e  CMG were i n v e s t i g a t e d  a s  p a r t  of t h e  a n a l y s i s :  
t h e  s p i n  assembly,  t h e  gimbal d r i v e  u n i t ,  and t h e  gimbal d r i v e  e l e c t r o n i c s .  
Tab les  9-2, 9-3, and 9-4 show some of t h e  maintenance c h a r a c t e r i s t i c s  f o r  
each of t h e s e  CMG components a s  a  f u n c t i o n  of t h e  methods b e i n g  analyzed.  
Tab le  9-5 i n d i c a t e s  t h e  we igh t  and c o s t  f a c t o r s  t h a t  were  used i n  t h e  evalua-  
t i o n  e q u a t i o n .  

The r e s u l t s  o b t a i n e d  from u s i n g  t h e  c o s t  f a c t o r  e q u a t i o n  f o r  t h e  t h r e e  
s e l e c t e d  components and t h e  t h r e e  maintenance methods a r e  shown i n  Tab les  
9-6, 9-7, and 9-8. The module replacement  w i t h  ground r e p a i r  concept  i s  t h e  
lowes t  c o s t  f o r  a l l  t h r e e  modules.  T h i s  would b e  t h e  c a s e  even i f  t h e  f a c t o r  
Ax and Px were n o t  used i n  t h e  e q u a t i o n .  These f a c t o r s  r e l a t e  t h e  development 
and p roduc t ion  c o s t s .  A s i g n i f i c a n t  e lement  t o  t h e  e q u a t i o n  is  t h e  f a c t o r  L ,  
which r e p r e s e n t s  t h e  a b i l i t y  of t h e  component t o  perform a f t e r  i t  h a s  been 
r e p a i r e d .  N o t i c e  t h a t  ground r e p a i r  i s  assumed p e r f e c t  r e l a t i v e  t o  i n f l i g h t  
r e p a i r  which i s  c o n s i d e r e d  less t h a n  p e r f e c t .  



T
a

b
le

 9
-1

. 
M

ai
n

te
n

an
ce

 C
o

st
 

F
a

c
to

r 

V
a

ri
a

b
le

s 
: 

C
F 

=
[(

A
 +

 P
) 

r
X

 +
 FW

y 
+ 

Z
D

tl
 +

 FV
 

+ 
SV

 
+ 

C
t2

 +
 T

t3
 +

 E
]L

 

r 
- 

R
e

p
a

ir
 

fa
c

to
r 

(f
ra

c
ti

o
n

 o
f 

c
o

s
t 

to
 

E
 -

 R
e

p
a

ir
 e

q
u

ip
m

en
t 

m
ak

e 
re

p
a

ir
-0

.1
 

to
 1

) 
L

 -
 R

e
p

a
ir

 d
e

g
ra

d
a

ti
o

n
 

fa
c

to
r 

X
 
- 

C
om

po
ne

nt
 

c
o

s
t 

fr
a

c
ti

o
n

 
tl

 
- 

D
ow

nt
im

e 
y

 -
 C

om
po

ne
nt

 w
e

ig
h

t 
fr

a
c

ti
o

n
 

t2
 -

 C
re

w
 m

a
in

te
n

a
c

e
 t

im
e

 
Z 

- 
E

x
p

er
im

en
t 

ti
m

e
 l

o
s

s
 

t3
 -
 C

re
w

 
tr

a
in

in
g

 t
im

e
 

V
 
- 

V
ol

um
e 

- 
f

a
c

il
it

ie
s

 o
r

 s
to

ra
g

e
 

C
o

n
st

a
n

ts
 

A
 -
 D

ev
el

o
p

m
en

t 

P
 
- 

P
ro

d
u

c
ti

o
n

 

R 
- 

R
es

u
p

p
ly

 

D
 
- 

D
ow

nt
im

e 

F
 
- 

F
a

c
il

it
ie

s
 -
 R

e
p

a
ir

 

S
 -

 S
to

ra
g

e
 s

p
a

c
e

 

C 
- 

C
re

w
 m

a
in

te
n

a
n

c
e

 

T
 -
 T

ra
in

in
g

 c
re

w
 

W
 
- 

W
ei

g
h

t 
CM

G 
c

h
a

n
n

e
l 

R
a

te
 

$
1

1
7

,0
0

O
/c

h
an

n
el

 

2
0

0
,0

0
0

/ 
c

h
a

n
n

e
l 

2
5

0
/l

b
 

1
0

,0
0

0
 /h

r 

5
0

,0
0

0
/£

 t
3

 

5
,0

0
0

/f
 t

3
 

4
0

0
/h

r 

1
0

0
/h

r 

R
at

 i
o

n
a

le
 

E
st

. 
3

0
 

C
M

G
's

 

E
st

. 
3

0
 

C
M

G
's 

S
h

u
tt

le
 

E
st

im
a

te
 

$2
 B

 
S

ta
ti

o
n

 &
 

4
0

,0
0

0
 

f
t

3
 

1
0

%
 o

f 
f

a
c

il
it

ie
s

 

E
st

im
a

te
 

E
st

im
a

te
 



T
a

b
le

 9
-2

. 
S

p
in

 A
ss

e
m

b
ly

 
R

e
p

a
ir

 

R
e

su
p

p
ly

 
C

o
st

 
6
 

,.,
_.

 
,.

L
lg

il
C

 
' 

o
f 

c):.: 

C
 
- 

1
0

0
%

 
W

 
- 

lo
o

'/
, 

C 
- 

3
6

%
 

W
 
- 

45
7-

 

C
 
- 

5%
 

liT
 
- 

5%
 

.-
 

F
a

c
il

it
ie

s
 

N
o 

s
p

e
c

ia
l 

f
a

c
il

it
ie

s
. 

A
li

g
n

m
e

n
t 

P
in

s
. 

C
le

a
n

 a
s

s
c

x
l~

ly
 

a
re

a
. 

S
p

e
c

ia
l 

to
o

ls
 &

 
in

s
tr

u
- 

m
e

n
ts

. 
S

p
a

re
 

p
a

rt
s

. 

S
ta

tu
s

 
A

ft
e

r 
!?

e
m

ir
 

N
o 

D
e

g
ra

d
a

ti
o

n
 

N
o 

D
e

g
ra

d
a

ti
o

r,
 

R
o

to
r 

b
a

la
n

c
e

 
in

fe
ri

o
r 
(
3
S
)
 

D
an

g
er

 
o

f 
d

i
r

t
 

i
n

 b
e

z
r

i
:

~
~

~
 

w
it

h
 r

e
s

u
lt

in
g

 
n

o
is

e
 &

 
s

h
o

rt
e

r 
l

i
f

e
. 

R
e

p
a

ir
 A

p
n

ro
a

c
h

 

1
. 

R
e

p
la

c
e

 
CM

G
 

2
. 

R
e

p
la

c
e

 
S

p
in

 
A

ss
em

b
ly

 

3
. 

R
e

p
a

ir
 

in
 

O
rb

it
 

. 

C
re

w
 

R
e

q
u

ir
e

m
e

n
ts

 

M
in

im
cm

 
m

e
c

h
a

n
ic

a
l 

s
k

il
ls

. 
L

it
tl

e
 

tr
a

in
in

g
. 

T
w

o 
c

re
w

- 
m

en
 

p
re

fe
rr

e
d

. 

N
in

im
um

 
m

e
c

h
a

n
ic

a
l 

s
k

il
ls

. 
S

om
e 

tr
a

in
- 

in
g

. 
T
w
o
 

cr
ew

m
en

 
p

re
fe

rr
e

d
. 

S
k

il
le

d
 t

e
c

h
n

ic
ia

n
 

re
q

u
ir

e
d

. 
W

e
ll

 
tr

a
in

e
d

. 
T

w
o 

c
re

w
- 

m
en

 
re

q
u

ir
e

d
. 

R
e

p
a

ir
 

P
ro

c
e

d
u

re
 

(A
ft

e
r 

S
h

u
td

o
r.

m
) 

U
n

p
lu

g
 

le
a

d
s

, 
re

x
o

v
e

 
fo

u
r 

m
o

u
n

ti
n

g
 

b
o

lt
s

, 
re

p
la

c
e

 f
a

il
e

d
 C

M
G 

w
it

h
 n

ew
 

u
n

it
. 

In
s

e
rt

 g
im

b
a

l 
a

li
g

n
- 

m
en

t 
p

in
s

, 
re

m
o

v
e 

in
n

e
r 

g
ic

b
n

l 
d

ri
v

e
 &

 
s

e
n

s
o

r 
u

n
it

, 
l

i
f

t
 o

u
t 

s
p

in
 a

ss
e

m
b

ly
, 

re
p

la
c

e
 

w
it

h
 n

ew
 

u
n

it
. 

E
rl

u
a

li
z

e
 

s
p

in
 a

ss
c

x
ib

ly
 

p
re

s
s

u
re

 b
ri

th
 

a
m

b
ie

n
t,

 
re

n
o

v
e

 
en

d
 

c
a

p
s

, 
o

il
e

r
s

, 
b

e
a

ri
n

g
 m

o
d

u
le

s,
 

in
s

ta
ll

 
nc

w
 

b
e

a
ri

n
g

 n
o

d
u

le
s 
h
 

o
il

e
r

s
, 

a
d

ju
s

t 
b

e
a

ri
n

g
 

p
re

lo
a

d
. 

D
ow

n 
T

im
e 

H
r s

 

1
 

3 6 



T
a

b
le

 9
-3

. 
R

e
p

a
ir

 o
f 

G
im

b
al

 D
ri

v
e

 U
n

it
 

~
a

c
i

l
i

t
i

e
s

 

N
o 

s
p

e
c

ia
l 

f
a

c
il

it
ie

s
. 

A
li

g
n

m
en

t 
P

in
s
. 

C
le

a
n

 a
ss

e
m

b
ly

 
a

re
a

 
- 

3
 

c
u

.f
t.

 
S

p
e

c
ia

l 
to

o
ls

. 
In

s
p

e
c

ti
o

n
 

e
q

u
ip

m
e

n
t.

 
S

p
a

re
 p

a
rt

s
. 

7 - R
e

~
a

i
r

 A
p

p
ro

ac
h

 

1
. 

R
e

p
la

c
e

 
CM

G 

2
. 

R
e

p
la

c
e

 D
ri

v
e

 
U

n
it

 

3
. 

R
e

p
a

ir
 

D
ri

v
e

 
U

n
it

 

R
e

su
p

p
ly

 
C

o
st

 
&

 
W

ei
g

h
t 

%
 o

f 
C

X
G

 

C
 
- 

1
0

0
%

 
W

 
- 

1
0

0
%

 

C
 
- 1

1
.5

%
 

W
 
- 

1
2

.5
%

 

C
 
- 

4%
 

W
 
- 

4
%

 

C
re

w
 

R
e

q
u

ir
e

m
e

n
ts

 

M
in

im
um

 m
e

c
h

a
n

ic
a

l 
s

k
il

ls
. 

L
it

tl
e

 
tr

a
in

in
g

. 
T
w

o 
cr

ew
m

en
 

p
re

fe
rr

e
d

. 

M
in

im
um

 m
e

c
h

a
n

ic
a

l 
s

k
il

ls
. 

S
om

e 
tr

a
in

- 
in

g
. 

O
ne

 
cr

ew
m

an
 

re
q

u
ir

e
d

. 

S
k

il
le

d
 
te

c
h

n
ic

ia
n

. 
W

e
ll

 
tr

a
in

e
d

. 
O

ne
 

cr
ew

m
an

 
re

q
u

ir
e

d
. 

R
e

p
a

ir
 

P
ro

c
e

d
u

re
 

(A
ft

e
r 

S
h

u
td

o
w

n
) 

U
n

p
lu

g
 

le
a

d
s

, 
re

m
o

v
e 

fo
u

r 
m

o
u

n
ti

n
g

 
b

o
lt

s
, 

re
p

la
c

e
 f

a
il

e
d

 C
M

G 
w

it
h

 n
ew

 
u

n
it

. 

In
s

e
rt

 g
im

b
a

l 
a

li
g

n
- 

m
en

t 
p

in
s

, 
re

m
o

v
e 

f
a

il
e

d
 g

im
b

a
l 

d
ri

v
e

 
u

n
it

 
(f

o
u

r 
b

o
lt

s
)
, 

re
p

la
c

e
 w

it
h

 n
ew

 u
n

it
. 

R
em

ov
e 

f
a

il
e

d
 g

im
b

a
l 

d
ri

v
e

 u
n

it
 a

s
 i

n
 2

. 
a

b
o

v
e

, 
p

la
c

e
 
in

 c
le

a
n

 
a

re
a

, 
d

is
a

ss
e

m
b

le
, 

in
s

p
e

c
t,

 
re

p
la

c
e

 m
o

to
r,

 
b

e
a

ri
n

g
s

, 
g

e
a

rs
 a

s
 

re
q

u
ir

e
d

. 

D
ow

n 
T

im
e 

H
r

 s
 

1
 

14
 

1
0

 

S
ta

tu
s

 
A

ft
e

r 
R

e
p

a
ir

 

N
o 

D
e

g
ra

d
a

ti
o

n
 

N
o 

D
e

g
ra

d
a

ti
o

n
 

S
li

g
h

t 
D

e
g

ra
d

a
ri

o
n

 



T
a

b
le

 9
-4

. 
R

e
p

a
ir

 
o

f 
G
i
m
b
a
l
 

D
ri

v
e

 
E

le
c

tr
o

n
ic

s
 

F
a

c
il

it
ie

s
 

M
o 

s
p

e
c

ia
l 

f
a

c
il

it
ie

s
. 

N
o 

s
p

e
c

ia
l 

f
a

c
il

it
ie

s
. 

E
le

c
tr

o
n

ic
 

L
ab

 
te

s
t 

&
 

re
p

a
ir

 a
re

a
. 

_
R

e
p

a
ir

 A
p

p
ro

a 
:h

 

1
. 

R
e

p
la

c
e

 
C

K
G

 

2
. 

R
e

p
la

c
e

 
E

le
c

tr
o

n
ic

s
 

3
. 

R
e

p
a

ir
 

in
 

O
rb

it
 

R
e

sc
p

p
ly

 
C

o
st

 
&

 
W

el
g

h
t 

"/,s
f 

C'
lG

 

C 
- 

1
0

0
5

 
W

 
- 

1
0

0
%

 

C 
- 

4
.5

%
 

i+
 - 

2
.0

X
 

c 
- 

<
$

%
 

!J 
- 
<%
% 

R
e

p
a

ir
 

P
ro

c
e

d
u

re
 

(A
£ 

te
r

 S
h

u
td

o
w

n
) 

U
n

p
lu

g
 

le
a

d
s

, 
re

n
o

v
e

 
fo

u
r 

n
o

u
n

ti
n

g
 b

o
lt

s
, 

re
p

la
c

e
 

f:
:i

le
d

 
C

>i
G

 
w

it
h

 
ne

r.!
 

ti
n
i:
. 

R
cn

o
v

e 
~

ls
c

r
r

o
n

ic
s

 
m

o
d

u
le

 
&

 
re

p
la

c
e

 w
it

h
 

ne
w

 
m

o
d

u
le

. 

R
em

ov
e 

e
le

c
tr

o
n

ic
s

 
m

o
d

u
le

, 
p

la
c

e
 i

n
 l

a
b

 
re

p
a

ir
 a

re
a

. 
D

e
te

r-
 

m
in

e 
fa

il
e

d
 c

o
m

p
o

n
en

t,
 

re
p

la
c

e
 f

r
m

 s
p

a
re

 
p

a
rt

s
 

su
p

p
ly

. 
C

h
ec

k
 

o
p

e
ra

ti
o

n
. 

R
e

p
la

c
e

. 

S
ta

tu
s

 
P

if
te

r 
R

e
g

a
ir

 

N
o 

D
e

g
ra

d
a

ti
o

n
 

N
o 

D
e

g
ra

d
a

ti
o

n
 

R
ed

u
ce

d
 

R
e

li
a

b
il

it
y

 

C
re

w
 

R
e
q

u
ir

e
m

e
n

ts
 

M
in

im
um

 
m

e
c

h
a

n
ic

a
l 

s
k

il
ls

. 
L

it
tl

e
 

tr
a

in
in

g
. 

Tw
o 

cr
ew

m
en

 
p

re
fe

rr
e

d
. 

N
in

im
um

 
s

k
il

ls
. 

>
fi

n
in

u
rn

 t
ra

in
in

g
. 

O
ne

 
cr

ew
m

an
 

re
q

u
ir

e
d

. 

S
k

il
le

d
 t

e
c

h
n

ic
ia

n
. 

W
e

ll
 

tr
a

in
e

d
. 

O
ne

 
cr

ew
m

an
 

re
q

u
ir

e
d

. 

D
ow

n 
T

im
e 

H
r s

 

1
 

0
.2

 

4 



Space Division 
North American Rockwell 

T a b l e  9-5. CMG Weight,  Cos t ,  and R e l i a b i l i t y  F a c t o r s  

Tab le  9-6. Cost  F a c t o r s  f o r  S p i n  Assembly 

Component 

S p i n  assembly 
Spin  motor e l e c t r o n i c s  
Gimb a 1  
Gimbal d r i v e  ( I .G.)  
Dr ive  e l e c t r o n i c s  (I.G.) 
Sensor  ( I .  G. ) 
Sensor  e l e c t r o n i c s  ( I .  G. ) 
Gimbal d r i v e  (O.G.) 
Drive  e l e c t r o n i c s  (O.G.) 
Sensor  (O.G.) 
Sensor  e l e c t r o n i c s  (O.G.) 
Oute r  s u p p o r t  

Tot a 1  100.0  100.0 21.2 

Weight 
% 

44.5  
1 . 5  
8 . 5  

1 2 . 5  
2.0 
3 . 5  
1 . 0  

12 .5  
2.0 
3 .5  
1 . 0  
7 .5  

F a c t  o r  

Ax 
Px 
RWY 
D t  
Fv 
Sv 
C t  
T t  
E 

SUM 

L 
CF 

Cost 
% 

35.5 
4 .0  
7 .5  

11 .5  
4 .5  
5 .0  
2.5 

11 .5  
4 .5  
5.0 
2.5 
6.0 

F a i l u r e s  
Per  M i l l i o n  

Hours 

2.0 
6 .0  
-- 
1 .7  
2.7 
1 . 0  
1 . 2  
1 . 7  
2.7 
1 . 0  ' 

1 .2  
- - 

Repair  
I n  O r b i t  

6 .0  
8 . 5  
2 .5  

60.0 
- - 

15.0  
4.8 

20.0 
15.0  

131.8 

. 2  
263.6 

P.eplace CMG 
Channel-Ground 

Repair* 

117.0  
200.0 

75.0 
10.0  
-- 

200.0 
0 .8  
1 . 0  

- - 

603.8 

1 
603.8 

Numbers i n  $1000. 
* F i r s t  r e p a i r  c y c l e .  

? 

Replace  S p i n  
Assembly-Ground 

Repair*  

41.5  
71.0 
33.5 
30.0 
- - 
50.0 

2.4 
5 .0  
1 . 0  

234.4 

1 
234.4 

- 
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Table  

F a c t o r  

-7. Cost  F a c t o r s  
Replace CMG 

Channel-Ground 
Repa i r  

f o r  Gimbal Drive  
Replace Gimbal 

Drive-Ground 
Repair  

13 .5  
23.0 

9.4 
1 5  .O 
- - 

5.0  
.6 

3.0 
1 . 0  

--  - -  

Repair  
i n  O r b i t  

~ - -- 

Numbers i n  $1000. 

Table  9 .8  Cost  F a c t o r s  f o r  Gimbal Drive  E l e c t r o n i c s  

Repa i r  
i n  O r b i t  

.6  
1 . 0  

.2 
40.0 

100.0 
- - 
1 . 6  

10.0  
15 .0  

168.4 
1 . 4 3  

240.6 

- 

F a c t o r  

Ax 
P x  
RWY 
D t  
Fv 
Sv 
C t  
T t  
E 

Sum 
L 
CF 

I Numbers i n  $1000. 

Replace  CMG 
Channel-Ground 

Repa i r  

117.0 
200.0 

75.0 
10.0  
- - 

200.0 
- 8  

1 .0  
-- 

603.8 
1 

603.8 

Replace E l e c t r o n i c  
Module-Ground 

Repair  

5 .3  
9.0 
1 . 5  
2.0 
- - 

. 5  

.1 
1 .o 
- - 

19.4 
1 

19.4 
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The module replacement  concept  is c l e a r l y  cheaper  t h a n  complete CMG 
rep lacement  w i t h  ground r e p a i r  because  of t h e  l a r g e r  weight  of t h e  l a t t e r .  
The r e a l  i s s u e  of t h i s  t r a d e o f f  i s  ground r e p a i r  v e r s u s  on-orb i t  r e p a i r  of 
t h e  f a u l t y  module. The i s s u e  i s  dec ided  i n  f a v o r  of ground r e p a i r  due t o  
t h e  i n e x p e n s i v e  s h u t t l e  t r a n s p o r t a t i o n  s y s t e m  ( a l t h o u g h  n o t  cheap enough t o  
w a r r a n t  changing t h e  e n t i r e  CMG) compared w i t h  t h e  e x t r a  c o s t  r e q u i r e d  f o r  
f a c i l i t i e s  and i n c r e a s e d  requ i rements  on t h e  crew. 

Maintenance Procedures  

T h i s  s u b s e c t i o n  p r e s e n t s  t h e  maintenance p rocedures  a s s o c i a t e d  w i t h  t h e  
s e l e c t e d  CMG maintenance concept .  Time e s t i m a t e s ,  as w e l l  as d e s i g n  f e a t u r e s ,  
t o  implement t h e  maintenance and s p e c i a l  f a c i l i t i e s  requ i rements  a r e  considered.  
The CMG maintenance i t e m s  t o  b e  inc luded  a r e :  

1. The s p i n  assembly.  
2 .  The gimbal  d r i v e  and s e n s o r s .  
3 .  The e l e c t r o n i c s  modules ( d r i v e ,  s e n s o r ,  s p i n )  

S p i n  Assembly 

There  a r e  t h r e e  t y p e s  o f  s p i n  assembly f a i l u r e s :  

1. A f a i l u r e  which r e q u i r e s  a  r a p i d  d e c e l e r a t i o n  of t h e  r o t o r  (such 
as a rubb ing  c o n t a c t  w i t h  t h e  r o t o r ) .  

2 .  A g r a d u a l  d e g r a d a t i o n  where a d e c i s i o n  is  made a t  some p o i n t  t o  
r e p a i r  o r  r e p l a c e  t h e  f a i l e d  u n i t  (h igh  s p i n  b e a r i n g  f r i c t i o n ) .  

3 .  Loss o f  s p i n  motor t o r q u e  (open c i r c u i t  of motor w i n d i n g s ) .  

The f i r s t  t y p e  of f a i l u r e  is  t r e a t e d  d i f f e r e n t l y  t h a n  t h e  l a t t e r  two 
t y p e s .  T a b l e  9-9 g i v e s  crew procedures  and t i m e  e s t i m a t e s  f o r  Case 1 and 
T a b l e  9-10 g i v e s  s i m i l a r  d a t a  f o r  Cases 2 and 3 .  I t em 2 of Tab le  9-10 may 
need c l a r i f i c a t i o n .  By p o s i t i o n i n g  t h e  momentum v e c t o r  of t h e  d e c e l e r a t i n g  
CMG i n  t h e  d i r e c t i o n  o f  t h e  a n t i c i p a t e d  s e c u l a r  momentum, t h e  CMG can b e  
made t o  d e c e l e r a t e  a t  a  r a t e  t o  oppose t h e  b u i l d u p  o f  t h e  s e c u l a r  momentum. 
Thus, t h e  remaining CMG's  w i l l  s a t u r a t e  a t  a s lower  r a t e . .  

Gimbal Dr ive  and Sensor  Module 

The gimbal d r i v e  may f a i l  due t o  h i g h  f r i c t i o n ,  open t o r q u e  wind ings ,  
l o s s  of t h e  tachometer  s i g n a l ,  e t c .  Maintenance o f  t h e  gimbal d r i v e  a l s o  
w i l l  c o n s i s t  o f  t h e  replacement  of t h e  f a i l u r e d  u n i t  and a  subsequen t  ground 
r e p a i r .  Maintenance p rocedures  a r e  g iven  i n  T a b l e  9-11. The manual p reces -  
s i o n  o f  t h e  s p i n  assembly t o  a l o c k i n g  p o s i t i o n  cou ld  b e  accomplished by a 
50 f t - l b  t o r q u e  (approx imate ly  50-lb f o r c e )  f o r  a maximum of 16 seconds  i f  
l o c k i n g  p o s i t i o n s  a r e  no more than 45 d e g r e e s  a p a r t .  

The s e n s o r  module i s  similar t o  t h e  gimbal d r i v e .  
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Table  9-9. Maintenance of Sp in  Assembly 
(Rapid Rotor D e c e l e r a t i o n  Required) 

Tab le  9-10. Maintenance of Sp in  Assembly 
(Gradual Degradat ion o r  Loss of Spin  Motor) 

- 
Crew Procedure  

1. Open power s w i t c h  
2. Bleed g a s  i n t o  gimbal hous ing ,  r e v e r s e  s p i n  motor 

d r i v e ,  moni to r  r o t o r  t o  s t o p .  
3 .  R o t a t e  s p i n  assembly t o  n u l l  p o s i t i o n  and i n s e r t  

s t o p  p i n s  a t  i n n e r  and o u t e r  g imbals .  
4. Remove s e n s o r  and gimbal d r i v e  modules.  (Loosen 

and remove b o l t s )  
5. P u l l  i n n e r  gimbal s t o p  p i n s  and remove s p i n  

assembly.  
6. P o s i t i o n  new s p i n  assembly and i n s e r t  s t o p  p i n s .  
7. Replace s e n s o r  and gimbal d r i v e  module remove 

p i n s .  
8. Spin  up r o t o r ,  c l o s e  d r i v e  loop.  

Time Es t imate  
(minu tes )  

-- 
1 0  

2  

1 5  

1 5  

2  0  
20 

- 180 
262 

Crew Procedure  

1. Continue t o  o p e r a t e  CMG u n t i l  speed is  112 t o  
114 (of  r a t e d )  

2. P o s i t i o n  CMG t o  t a k e  maximum advan tage  of slowdown 
and o p e r a t i o n  i n  gimbal n u l l i n g  mode. 

3 .  D e c e l e r a t e  CMG r o t o r  i n  accordance w i t h  v e h i c l e  
momentum r e q u i r e m e n t s .  

4. When r o t o r  is  s t o p p e d ,  p l a c e  CMG a t  n u l l  p o s i t i o n  
and i n s e r t  s t o p  p i n s .  

5. Remove s e n s o r  and gimbal d r i v e  modules. (Loosen 
and remove b o l t s )  

6. P u l l  i n n e r  gimbal s t o p  p i n s  and remove s p i n  
assembly.  

7.  P o s i t i o n  new s p i n  assembly and i n s e r t  s t o p  p i n s .  
8.  Replace s e n s o r  and gimbal d r i v e  modules,  remove 

p i n s  
9. Spin  up r o t o r ,  c l o s e  d r i v e  loop.  

Time E s t i m a t e  
(minu tes )  

60 - 120 

1 - 2 

60 - 180 

2 

15 

1 5  

2  0  
20 

180 
252 
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Tab le  9-11. Maintenance of Gimbal Dr ive  

E l e c t r o n i c  Modules 

Crew Procedures  
* 

1. Remove gimbal  d r i v e  power. 
2. Apply t o r q u e  (manual) t o  s p i n  assembly t o  p r e c e s s  

CMG i n t o  a  l o c k  p o s i t i o n  and i n s e r t  s t o p  p i n s .  
3. Remove gimbal d r i v e  module (remove b o l t s )  
4 .  Replace  gimbal d r i v e  module w i t h  s p a r e  u n i t .  

(Remove s t o p  p i n s )  
5. Close  D r i v e  loop .  

Note: P rocedure  and t i m e  is similar f o r  s e n s o r  module. 
. 

The e l e c t r o n i c  modules a r e  des igned  t o  be  r e a d i l y  r e p l a c e d .  The s p i n  
motor e l e c t r o n i c s ,  however, w i l l  b e  l o c a t e d  on t h e  s p i n  assembly where i t  
w i l l  n o t  b e  a c c e s s i b l e  a t  a l l  t i m e s  u n l e s s  t h e  CMG can  be  p recessed  t o  a 
f a v o r a b l e  p o s i t i o n .  The s p i n  e l e c t r o n i c s  c o n s i s t s  o f  two channe l s .  E i t h e r  
of t h e  two can f a i l  w i t h o u t  l o s s  o f  motor t o r q u e  s u f f i c i e n t  t o  c a u s e  d e c e l e r a -  
t i o n  of t h e  CMG r o t o r .  T h e r e f o r e ,  i f  one  e l e c t r o n i c  channe l  f a i l s ,  t h e  
replacement  o f  t h i s  channe l  cou ld  b e  de layed  u n t i l  t h e  s p i n  assembly is  i n  
a p o s i t i o n  which a l l o w s  rep lacement .  No d e g r a d a t i o n  i n  performance would 
r e s u l t .  

Time Es t imate  
(minutes)  

- - 
5 

10 
15 

-- - 
3 0 

For t h e  e l e c t r o n i c s  maintenance is as shown i n  T a b l e  9-12. 

Tab le  9-12. Maintenance of E l e c t r o n i c s  

Design F e a t u r e s  and F a c i l i t i e s  

Crew Procedures  

1. Shut  o f f  power and unplug f a i l e d  u n i t  
2 .  Replace  w i t h  s p a r e  and t u r n  on power 

With t h e  main tenance  p rocedures  o u t l i n e d  t h e r e  are few s p e c i a l  d e s i g n  
f e a t u r e s  and no s p e c i a l  f a c i l i t y  r e q u i r e m e n t s .  Design requ i rements  i n c l u d e :  

* 

Time Es t imate  
(minutes)  

2  
2  
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1. A v a l v e  t o  b l e e d  i n  g a s  t o  t h e  evacuated s p i n  assembly.  

2. S top  o r  a l ignment  p i n s  i n  each gimbal a x i s  t o  a l l o w  assembly and 
d i sassembly  o f  t h e  s p i n  assembly,  gimbal d r i v e ,  o r  s e n s o r  modules. 
Alignment h o l e s  shou ld  b e  p rov ided  a t  l e a s t  every  45  d e g r e e s .  

3.  A c c e s s i b l e  and r e a d i l y  changeable  e l e c t r o n i c  modules. I n d i v i d u a l  
modules would i n c l u d e  s i n g l e  channe l  of s p i n  motor e l e c t r o n i c s ,  
s i n g l e  channe l  of gimbal d r i v e  e l e c t r o n i c s ,  and s e n s o r  e l e c t r o n i c s .  

Crew S k i l l s  

Crew s k i l l  r equ i rements  f o r  CMG maintenance a r e  g iven  i n  Table  9-12. 
Type of s k i l l  and t r a i n i n g  p e r i o d  a r e  l i s t e d .  G r e a t e s t  s k i l l  r equ i rements  
a r e  i n  t h e  a r e a  of f a i l u r e  d e t e c t i o n  and a n a l y s i s .  

R e l i a b i l i t y  Improvement 

Another approach t o  maintenance of CMG o p e r a t i o n  over  t h e  10-year l i f e  
i s  t o  improve t h e  r e l i a b i l i t y  o f  each component a s  much a s  p r a c t i c a l  and 
t o  u s e  redundant  e lements  where p o s s i b l e .  The components of each CMG channe l  
may b e  d i v i d e d  i n t o  t h e  e l e c t r o m e c h a n i c a l  components, where redundancy is  
no t  a s  e a s i l y  r e a l i z e d ,  and t h e  e l e c t r i c a l  e lements ,  w h e r e ' o p e r a t i o n  may b e  
swi tched from one redundant  u n i t  t o  a n o t h e r .  

Tab le  9-14 g i v e s  t h e  f a i l u r e  r a t e s  f o r  t h e  two c l a s s i f i c a t i o n s  o f  
components. The u s e  of redundancy i n  t h e  e l e c t r i c a l  components w i l l  i n c r e a s e  
r e l i a b i l i t y  t o  a n  a c c e p t a b l e  l e v e l  (R 0 .9  i n  10 y e a r s )  w i t h  two s tandby  sets 
of e l e c t r o n i c s  ( F i g u r e  9-1) , 

For t h e  e l e c t r o m e c h a n i c a l  components, o b t a i n i n g  an  a c c e p t a b l e  r e l i a b i l i t y  
may b e  p r o h i b i t i v e  i n  terms of  c o s t  ( s e e  F i g u r e  9-2). Also,  w i t h  improved 
e l e c t r o m e c h a n i c a l  r e l i a b i l i t y ,  o t h e r  p e n a l t i e s  (such a s  i n c r e a s e d  power, 
we igh t ,  s i z e  and reduced performance) w i l l  e x i s t .  

Taking t h e  f a i l u r e  r a t e s  o f  F i g u r e s  9-1 and 9-2, we may de te rmine  t h e  
c o s t  f a c t o r s  f o r  s e v e r a l  d e g r e e s  o f  subsystem s o p h i s t i c a t i o n  t o  improve 
r e l i a b i l i t y .  Tab le  9-15 i n d i c a t e s  t h a t  a c o s t  of 2X (X is  c o s t  of nonredun- 
dan t  CMG channe l )  is  j u s t i f i e d  f o r  improving r e l i a b i l i t y .  

9 .2  CMG CONFIGURATION TRADE 

A comprehensive CMG c o n f i g u r a t i o n  comparison was made i n  p r e v i o u s  
s t u d i e s .  T h i s  a n a l y s i s  concluded t h a t  t h e r e  were t h r e e  c a n d i d a t e s  which 
were p r e f e r r e d  : 

1. The 5-skew s i n g l e  gimbal 
2. The 3 -p lanar  double  gimbal 
3. The 4-skew s i n g l e  gimbal 

The 3-planar  double-gimbal c o n f i g u r a t i o n  (3PM) was e v e n t u a l l y  s e l e c t e d  
f o r  t h e  33-f o o t  s t a t i o n .  
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Table  9-13. Crew S k i l l  Requirements 

Tab le  9-14. F a i l u r e  Ra tes  of E l e c t r i c a l  and 
E lec t romechan ica l  Components 

Maintenance I tem 

1. S p i n  assembly 

2.  Gimbal d r i v e  

3 .  Sensor  u n i t  

4. E l e c t r o n i c s  

5. F a i l u r e  d e t e c t i o n  
and a n a l y s i s  

C 

Table  9-15. Cost  F a c t o r s  f o r  Redundant Approach 

Type of S k i l l  

Mechanical  d e x t e r i t y  
( a u t o  mechanic) 
Mechanical  d e x t e r i t y  
( a u t o  mechanic) 
Mechanical  d e x t e r i t y  
( a u t o  mechanic) 
Minimum e l e c t r o n i c  
r e p a i r  (home TV 
r e p a i r )  
S k i l l e d  i n  d e d u c t i o n  
and improv is ing  w i t h  
a good working 
knowledge of equip-  
ment o p e r a t i o n .  

Component 

S p i n  assembly 
Gimbal d r i v e s  (2) 
Sensor  u n i t  (2) 

Approximate 
T r a i n i n g  Time 

1 week 

2  days  

2  days  

2  h o u r s  

6  months 

F a i l u r e  Rates 
( p e r  m i l l i o n  h r s )  

2 .0  
3.4 
2 .0  

F a c t o r  

( A+P ) x 
P-W y 
D t  
C t  
T t  

CF 

R e l i a b i l i t y  
(10 y e a r  p e r i o d )  

T o t a l  e l e c t r o m e c h a n i c a l  7.4 0.523 

Sp in  motor e l e c t r o n i c s  
Gimbal d r i v e  e l e c t r o -  
n i c s  (2) 
Sensor  e l e c t r o n i c s ( 2 )  

* 

I n i t i a l  Cost  of 

6.0 
5 .4  

2.4 

X 

317.0 
140.0 
625.0 

1 . 5  
1 . 9  

1085.4 

T o t a l  e l e c t r i c a l  1 3 . 8  0.297 

2X 

634.0 
41.5  

185.3 
0 .4  
0 . 5  

861.7 

3X 

951.0 
23.0 

103.0  
0 .2  
0 .3  

1077.5 
I 
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FAILURE RATES PER M I L L I O N  HRS 

F i g u r e  9-1. Cost  Versus  F a i l u r e  Ra tes  - E l e c t r i c a l  U n i t s  

I N  DESIGN, 
N & ASSEMBLY 

STATE-0 F-THE-ART v 
FAILURE RATES PER M I L L I O N  HRS 

F i g u r e  9-2. Cost  Versus F a i l u r e  Ra tes  - Elec t romechan ica l  U n i t s  
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For  t h e  modular s t a t i o n ,  two requ i rements  have evolved which may 
change t h e  c o n c l u s i o n s  made on t h e  33-foot s t a t i o n :  one,  t h e  g y r o s  must 
b e  s i z e d  t o  m e e t  t h e  f u l l  momentum requ i rements  p e r  o r b i t  w i t h  one f a i l e d  
CMG c h a n n e l ;  two, volume of t h e  CMG becomes more c r i t i c a l  f o r  t h e  s m a l l e r  
s t a t i o n .  

These r e q u i r e m e n t s ,  coupled w i t h  p r o g r e s s  made i n  CMG t echnology ,  c a l l s  
f o r  an updated t r a d e o f f .  

Of t h e  t h r e e  most s u i t a b l e  c a n d i d a t e  c o n f i g u r a t i o n s  c o n s i d e r e d ,  t h e  
s ing le -g imbal  5-skew a r r a y  rates h i g h e s t  by any c r i t e r i a  p icked.  Second 
c h o i c e  is t h e  double-gimbal 3PM a r r a y .  The a d d i t i o n  of a  f o u r t h  gyro  (4PM) 
i s  n o t  recommended by any c r i t e r i a  and is i n f e r i o r  t o  t h e  3PM i n  t h e  normal 
comparat ive  f a c t o r s  o f  we igh t ,  power, volume, and r e l i a b i l i t y .  

S i n c e  development of t h e  5-skew a r r a y  i n  t h e  s i z e  range  r e q u i r e d  i s  
n e a r i n g  comple t ion ,  t h i s  approach shou ld  b e  s e r i o u s l y  cons idered .  

Candidate  Systems 

The t h r e e  c a n d i d a t e  systems which were p r e f e r r e d  p r e v i o u s l y  and which 
w i l l  meet t h e  f u l l  momentum requirement  w i t h  one CMG channel  f a i l u r e  a r e :  

1. A th ree -gyro ,  double-gimballed,  p l a n a r  a r r a y  (3PM - 3-gyro p a r a l l e l  
mount) 

2.  A four-gyro,  double-gimbal,  p l a n a r  a r r a y  (4PM) 

3. A f i v e - g y r o ,  s ing le -g imbal ,  skewed a r r a y  (5 skew) 

The four-gyro,  s ing le -g imbal ,  skewed a r r a y  was d i s c a r d e d  due t o  l i m i t e d  
momentum c a p a b i l i t y  w i t h  one gyro f a i l e d .  

Trade Study 

The momentum c a p a b i l i t y  of each c a n d i d a t e  c o n f i g u r a t i o n  w i t h  one gyro 
f a i l e d  i s  shown i n  Tab le  9-16. For t h e  5-skew a r r a y ,  f u l l  momentum u t i l i z a -  
t i o n  is  n o t  assumed. The i n d i v i d u a l  CMG momentum a p p e a r s  i n  t h e  r ight-hand 
column a s  H .  Momentum requ i rements  a r e  assumed t o  b e  H, = 310 + f t - l b - s e c  
and Hy = Hz = 3100 f t - lb - sec  ( i n  p l a n e  components) .  

The CMG assembly d a t a  a r e  g i v e n  i n  Tab le  9-17. For  e q u i v a l e n t  w e i g h t ,  
t h e  a s s i g n e d  power c o n s t a n t  is 0 . 5  pound p e r  w a t t  and t h e  a s s i g n a b l e  volume 
c o n s t a n t  i s  3  pounds p e r  c u b i c  f o o t .  (The l a t t e r  h a s  been i n c r e a s e d  by a 
f a c t o r  o f  t h r e e  t o  i n d i c a t e  t h e  volume l i m i t a t i o n s  of t h e  modular s t a t i o n . )  

T a b l e  9-17 is  based  on t h e  optimum weigh t  CMG. 
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Table  9-16. Momentum of CMG Arrays  (With One CMG ~ a i l u r e )  

Table  9-17. CMG Assembly C h a r a c t e r i s t i c s  

r 
Candidate  

Conf igura t ion  
3PM 
4PM 
5 skew 

Table  9-18. Other  Comparison F a c t o r s  

H - CMG momentum - f t - lb - sec  
* - - + 15" i n n e r  gimbal a n g l e  

. 
Momen turn 

X Axis Y-Z P l a n e  

0.52H* 1.93H 
0.77H* 2.9H 
0.8H 3.OH 

Candidate  
Conf igura t ion  

3PM 
4PM 
5 skew 

CMG 
Momentum - H 

1600 
1070 
1030 

*Inc ludes  e l e c t r o n i c s  b u t  n o t  mount 

F a c t o r s  

Development and d e s i g n  c o s t s  
Degradat ion w i t h  one f a i l u r e  
Eas t  of maintenance 
F e a s i b i l i t y  and s i m p l i c i t y  

of a n t  i-hangup 
Performance margin 
Nuta t ion  damper c a p a b i l i t y  

T o t a l  

Comparative No. (X) 

Sys t e m  
W t .  ( l b ) *  

835 
1035 

703 

CMG C o n f i ~ u r a t i o n  
3PM 4PM 5 Skew 

2.0 1 . 5  1 . 0  
2.0 1 .0  2.0 
2 .0  2.5 1 . 0  
1 . 0  1 . 0  2.0 

2.0 2 .0  1 . 0  
1 .0 -  1 . 0  2.0 

10 .0  9 .0  9  . O  

1.11 1.00 1 .00 

Clea rance  
Volume (cu.  f t )  

140 
168 
105 

Avg. Power 
( w a t t s )  

153  
187 
245 

Equiva len t  
(wt Lbs) 

1332 
1633 
1141 
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Other  comparat ive  f a c t o r s  a r e  compared i n  Tab le  9-18. Equal we igh t ing  
i s  g i v e n  t o  each f a c t o r .  

The summary f o r  each of t h e  major  f a c t o r s  a p p e a r s  i n  Tab le  9-19. It  
i s  a p p a r e n t  h e r e  t h a t  t h e  5-skew CMG subsystem r a t e s  h i g h e s t  r e g a r d l e s s  
which s e l e c t i o n  c r i t e r i a  a r e  cons idered .  The 3PM a r r a y  is t h e  second choice .  

Th is  c o n c l u s i o n  i s  v e r i f i e d  i n  t h e  f i v e  s e l e c t i o n  c r i t e r i a  used i n  
Tab le  9-20. 

Tab le  9-19. Comparison Summary 

Tab le  9-20. S e l e c t i o n  C r i t e r i a  

Normalized F a c t o r  

System Eq. Weight (W) 
F a i l u r e  Ra tes  (F) 
System Complexity (C) 
Other  F a c t o r s  (x) 

CMG C o n f i g u r a t i o n  
3PM 4PM 5 skew 

1 .17  1 .43  1.00 
1 .76 2.35 1.00 
1 .05  1 .40 1 .00 
1.11 1.00 1 .00 

Aside from t h e  t r a d e o f f  r e s u l t s ,  t h e r e  a r e  l o g i c a l  r e a s o n s  why t h e  5 skew 
is  now favored :  

C r i t e r i a  Used 

A = 1 / 7  (4W+2F+C) 
B = 1/9  (4W+2F+C+2X) 
C = 1 / 8  (2W+2F+C+2X) 
D = 116 (2W+F+C+2X) 
E = 1 / 7 5  (4W+5F+C+2X) 

1. The momentum l o s s  i s  less when a f a i l u r e  o c c u r s .  

S e l e c t i o n  C r i t e r i a  Number 
3PM 4PM 5 skew 

1.32 1 .69 1 .00  
1.28 1 .84 1 .00 
1 .14 1.37 1 .00 
1 . 2 3  1 .43 1.00 
1 .18  1.37 1 .00 

. 2 .  The d i r e c t  gimbal d r i v e  of t h e  5 skew reduces  sys tem weigh t  and 
improves r e l i a b i l i t y  c o n s i d e r a b l y .  

Note: Lower number is  more f a v o r a b l e  

3. Recent p r o g r e s s  i n  s ing le -g imbal  CMG systems h a s  i n c r e a s e d  momentum 
u t i l i z a t i o n .  However, f u l l  momentum u t i l i z a t i o n  is  no t  assumed f o r  
t h e  t r a d e o f f .  

4. The u t i l i z a t i o n  of t h e  CMG's  f o r  wobble damping may n o t  b e  a s  
s i g n i f i c a n t  as o r i g i n a l l y  assumed. 

One c o n c l u s i o n  which c o n t i n u e s  t o  appear  is  t h a t  t h e  u s e  of a d d i t i o n a l  
gyros  of t h e  same t y p e  (3PM v e r s u s  4PM) is  n o t  j u s t i f i a b l e .  
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10. IBFORMATIOIJ IUIiAGEMENT , SUPPLEMENTAL ANALY SE S 

The bas i c  in format ion  system des ign  i s  presen ted  i n  Volume I V ,  Subsystems 
Analyses (SD 71-217-4). That document p r e s e n t s  t h e  MSS communications r equ i r e -  
ments, ana lyses ,  and subsystem design.  

This  s e c t i o n  p r e s e n t s  t h r e e  supplemental ana lyses  p e r t a i n i n g  t o  ground 
communications f o r  t h e  MSS. These a n a l y s e s  a r e  ground informat ion  management 
a n a l y s i s ,  vo i ce  conference implementation, and MSS t r ack ing  implementation. 

10 .1  GROUND INFORMATION PIANAGEMENT ANALYSIS 

A t r a d e  a n a l y s i s  t o  d e f i n e  t h e  MSS ground communications network was 
conducted i n  coope ra t i on  wi th  t h e  MSC IMS working group. The o b j e c t i v e  was 
t o  i d e n t i f y  t h e  ground sites f o r  MSFN remote s t a t i o n s ,  d a t a  r e l a y  s a t e l l i t e  
ground s t a t i o n ,  n e t  switching c e n t e r ,  and t h e  experiment d a t a l c o n t r o l  c e n t e r .  
Table 10-1 l i s t s  t h e  model ground network elements  provided by NASA and both 
COMSAT and p o t e n t i a l  t r a c k i n g / d a t a  r e l a y  s a t e l l i t e  (TDRS). Table  10-2 a m p l i f i e s  
t he  TDRS performance and ope ra t i ng  c h a r a c t e r i s t i c s .  Table  10-3 ampl i f i e s  t h e  
performance c a p a b i l i t i e s  of t h e  s e l e c t e d  MSFN remote s i t e s .  

Table  10-1. Elements of Future  Communications Systems 

1 

Element 

Ground network 

Synchronous 
s a t e l l i t e  

L 

C h a r a c t e r i s t i c s  

85 '  antenna s t a t i o n s :  Goldstone, Madrid, Canberra,  
Rosman, Fa i rbanks  

30' antenna s t a t i o n s :  p r i n c i p a l l y  launch a r e a  
coverage sites, t o  i n c l u d e  MILA; o t h e r s  
fu rn i shed  on r eques t .  

Systems: Apollo Uni f ied  S-Band 
Frequencies:  2200 - 2300 MHz (SIC t o  ground); 

2025 - 2120 MHz (ground t o  S IC)  
Communications l i n e s :  48K Hz o r  72K b i t s l s e c o n d  

t o  each s t a t i o n  
References:  MG 400 r e p o r t s ,  MSFN Ground sys t eks ,  

September 1968; X530-70-45, STADAN Manual, 
December 1970 

Systems: VHF and Ku-band r e l a y  of FM o r  PM s i g n a l s  
Number of s a t e l l i t e s :  Two p l u s  one on-orbi t  spa re  
Locat ion of s a t e l l i t e s :  15"W, 145OW. Spare 

somewhere between 
Locat ion of ground s t a t i o n :  GSFC 
Locat ion of communications switching cen t e r :  

undetermined 
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T a b l e  10-2. TDRS Performance C h a r a c t e r i s t i c s  

I tem 

Systems 

Number of s a t e l l i t e s  

L o c a t i o n  of s a t e l l i t e s  

L o c a t i o n  of ground s t a t i o n  

L o c a t i o n  of communications 
s w i t c h  c e n t e r  

A c q u i s i t i o n  Method 

Forward l i n k  (ground th rough  
sa te l l i t e  t o  s p a c e c r a f t )  
Transmiss ion  f requency  
( s a t e l l i t e  t o  s p a c e c r a f t )  

EIRP t o  s p a c e c r a f t  

Relay t e c h n i q u e  

Types o f  modulat ion 

Reverse  l i n k  ( s p a c e c r a f t  
th rough  sa te l l i t e  t o  
ground)  

System n o i s e  f i g u r e  

Bandwidth (RF) 

C h a r a c t e r i s t i c  

VHF and Ku-band r e l a y  of FM o r  PM 
s i g n a l s  

Two p l u s  one o n - o r b i t  s p a r e  

15OW, 145OW - s p a r e  somewhere between 

GSFC 

Undetermined 

VHF - i n i t i a t e d  by ground o r  u s e r  space- 
c r a f t  v i a  o r d e r  w i r e  

Ku - schedu led  o r  c a l l e d  up v i a  VHF 
o r d e r  w i r e  

Note - s p a c e c r a f t  should  have programmed 
a n t e n n a  t r a c k i n g  f o r  a c q u i s i t i o n  and 
subsequen t  a u t o - t r a c k i n g  

VHF - 126-130 MHz 
Ku - 13.4-14.2 GHz 

VHF - v o i c e  channe l  - 30 dbw 
d i g i t a l  command - 27 dbw 

Ku - 52 dbw 

L i n e a r  f requency  t r a n s l a t i o n ,  
n e g l i g i b l e  d i s t o r t i o n  

VHF - v o i c e  - FM o r  PM (analog o r  d i g i t a l )  
command - PM ( d i g i t a l )  

Ku - FM o r  PM, ana log  o r  d i g i t a l  
Note - AM n o t  p e r m i s s i b l e  s i n c e  l i m i t i n g  
a m p l i f i e r s  a r e  used 

VHF - 136-144 MHz 
Ku - 14.4-15.35 GHz 

VHF - 6 db O 

Ku - 6 db (1200 K sys tem n o i s e  t empera tu re ,  
i n c l u d i n g  e a r t h  c o n t r i b u t i o n )  

VHF - 2 MHz (spread spectrum) 
Ku - 200 MHz 
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Table 10-2. TDRS Performance C h a r a c t e r i s t i c s  (cont inued)  

- 
I t e m  

Channel izat ion 

Relay technique 

Types of modulation 
accommodated 

Antennas 

Tracking accuracy 

C h a r a c t e r i s t i c  

VHF - each  s t a t e l l i t e  w i l l  accommodate 
up t o  20 u s e r s  a t  up t o  1 0  KBPS each 
p l u s  one vo i ce  channel t o  be shared 
among manned s p a c e c r a f t  

Ku - each  s a t e l l i t e  w i l l  accommodate 
two u s e r s  a t  50 MBPS each 

Linear  frequency t r a n s l a t i o n ,  
n e g l i g i b l e  d i s t o r t i o n  

VHF and Ku - FM o r  PM, analog o r  d i g i t a l  
Note - AM no t  pe rmis s ib l e  s i n c e  l i m i t i n g  
a m p l i f i e r s  a r e  used. Standard co lo r  
video (analog o r  d i g i t i z e d )  may be 
handled on Ku. 

VHF - 16 db e n d f i r e  a r r a y ,  26O, c ross -  
po l a r i zed  
Ku - 5 f t .  pa rabo l i c  d i s h  (2 on each 
s a t e l l i t e ) ,  RH c i r c u l a r  p o l a r i z a t i o n  

Ku - 6 meters sys temat ic ,  2 meters 
random (range) 

0.05 meter p e r  second ( v e l o c i t y )  
w i t h  10-second i n t e g r a t i o n  t i m e  

0.60 meter p e r  second (ve loc i ty )  
w i t h  one-second i n t e g r a t i o n  t i m e  
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Table 10-4 ampl i f i e s  the  performance c a p a b i l i t i e s  of the  l a n d l i n e  l i n k s  
between the  e x i s t i n g  switching c e n t e r  (GSFC) and MSC f o r  Skylab. These 
c a p a b i l i t i e s  would be a v a i l a b l e  t o  MSS a t  no c o s t ;  MSS would be charged f o r  
any modi f ica t ions  t o  t h i s  model, and the  l a n d l i n e  opera t ing  c o s t s  from the  
network switching c e n t e r  t o  mission c o n t r o l  and t h e  experiment d a t a l c o n t r o l  
cen te r  (EDCC). The s tudy was t o  l o c a t e  t he  network switching c e n t e r  and t h e  
EDCC t o  minimize t o t a l  program c o s t s .  

Table 10-4. Performance C a p a b i l i t i e s  of Land Links 

MSFN-COl4SAT-GSFC-MCC Link 

Limited t o  96 kbps, t o t a l  
9 Operated fu l l - t ime ,  handles  9.5 x 10 b i t s  per  day 

Cannot handle real- t ime voice  without  i n t e r r u p t i o n  (4 112 hours)  

Without TDRS e i t h e r :  

Experiment d a t a  s eve re ly  c u r t a i l e d  

Exotic  d a t a  reduct ion  and processing onboard 

TDRS Link 

Capabi l i ty  of 20 vo ice  p l u s  2 medium (video) channels  (3 mbps) 

Must be time-shared wi th  competing space elements 

Requires 2 o r  3 d i r e c t i v e  antennas on MSS 

Table 10-5 provides  t he  NR e s t ima te  of d a t a  t ransmiss ion  requirements f o r  
t h e  MSS a t  IOC.  These d a t a  i n c i d a t e  t h a t  t he  24-hour average,  i f  dumped t o  
t h e  MSFN remote s i t e s ,  would s a t u r a t e  the  l a n d l i n e  l i n k s  of t h e  model network. 
Therefore,  i t  was recommended t h a t  the  primary l i n k  t o  ground be v i a  the  
K-band c a p a b i l i t y  of t h e  TDRS. The same mul t ip l ex  modes descr ibed  f o r  S t a t i o n  
A can be u t i l i z e d  on K-band l i n k  except  t h a t  PRN ranging i s  n o t  needed. The S- 
band l i n k  t o  MSFN i s  r e t a i n e d  f o r  ground ranging,  MSS bui ldup ope ra t ions  d a t a ,  
and a secondary l i n k  t o  MCC f o r  normal s t a t i d n  opera t ions .  The S-band c a p a b i l i t y  
of t h e  MSS a l s o  se rves  t h e  s h u t t l e  vo ice ,  d a t a ,  and ranging requirements .  

MSS bui ldup ope ra t ions  (during t h e  unmanned phases) r e q u i r e  qu ie scen t  
condi t ions  t o  minimize s t o r e d  energy resources .  The s o l u t i o n  p o s t u l a t e d  
provided a  wake-up r e c e i v e r  t h a t  could,  by RF command, t u r n  on the  S-band 
t r ansmi t t e r - r ece ive r  f o r  p e r i o d i c  ranging and v e h i c l e  te lemetry.  This  wake-up 
r ece ive r  func t ion  should be a v a i l a b l e  be fo re  and a f t e r  t h e  r e l a t i v e l y  s h o r t  
time the  MSS i s  wi th in  l i n e  of s i g h t  of t h e  MSFN s i t e .  Therefore,  t h e  VHF 
c a p a b i l i t y  of t he  TDRS was s e l e c t e d  f o r  t h i s  func t ion .  
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Figure 10-1 i l l u s t r a t e s  t h e  communication l i nkages  t o  be used. The 
remaining ques t ion  of network switching c e n t e r  l o c a t i m  is r e a d i l y  answered by 
re ference  t o  Table 10-5. The network switching c e n t e r  must l i n k ,  by l and l ine ,  
t o  MCC and t h e  EDCC. Although t h e  d a t a  l oad  t o  MCC f o r  mission c o n t r o l  and 
experiment ope ra t ions  con t ro l  i s  r e l a t i v e l y  l i g h t  and wi th in  t h e  Skylab 
l and l ine  c a p a b i l i t y  h i thou t  modi f ica t ion  (and thus  no c o s t ) ,  t h e  da t a  load t o  
the  EDCC would s a t u r a t e  t h i s  l i n k  24 hours  a day. Obviously t h i s  i s  no t  a 
v i a b l e  choice,  i f  only because o t h e r  miss ions  ( s h u t t l e  and detached RAM'S) 
must share  t h i s  l i n k .  Increas ing  t h e  c a p a b i l i t y  of t h e  GSFC-to-EDCC l i n k  would 
be charged t o  MSS; r e l o c a t i n g  t h e  network switching c e n t e r  t o  be co- ocated with 
MCC and EDCC would be a no-cost a l t e r n a t i v e .  Therefore,  t h e  network switching 
cen te r  l o c a t i o n  was chosen t o  be a t  MCC. 

10.2 VOICE CONFERENCE IMPLEMENTATION 

A study g u i d e l i n e  (2.40406) s t a t e s  t h a t  a vo ice  conference c a p a b i l i t y  
among s t a t i o n ,  s h u t t l e  and ground, and among EVA ( l o c a l ) ,  s t a t i o n ,  and ground 
w i l l  be provided. 

Figure 10-1 i l l u s t r a t e s  t h e  v a r i o u s  communication l i n k  f requencies  f o r  t he  
MSS. In add i t i on ,  t h e  s h u t t l e  w i l l  a l s o  have a VHF l i n k  through t h e  TDRS t o  
ground. While t h e r e  a r e  up t o  20 vo ice  and d a t a  channels  on VHF from u s e r  (MSS 
or  s h u t t l e  o r  detached RAM) t o  TDRS, t h e r e  is  only  one r e t u r n  channel,  which i s  
normally used f o r  order-wire s e rv i ce .  A s  f a r  a s  i s  known, t h e  s h u t t l e  does n o t  
c a r r y  K-band equipment. 

I f  t he  conference c a p a b i l i t y  were s e t  up using t h e  common VHF c a r r i e r s ,  
t h e  TDRS ground s t a t i o n  would become t h e  common r e l a y  switching cen te r .  The 
s h u t t l e  would use VHF frequency t o  t h e  TDRS, t h e  MSS would use  a d i f f e r e n t  
frequency; both would r ece ive  the  common frequency. I n  t h i s  concept,  t he  
s b u t t l e  cannot communicate d i r e c t l y  t o  MSS, and the  pa th  i s  from s h u t t l e  t o  
TDRS t o  ground, r e t r a n s l a t e d  and s e n t  from ground t o  TDRS t o  MSS. The r e t u r n  
path from MSS t o  s h u t t l e  i s  t h e  same. 

This concept i s  f e a s i b l e  but  has  two disadvantages:  i t  r e q u i r e s  t he  MSS- 
s h u t t l e  vo ice  t o  pass  through t h e  TDRS twice,  an unnecessary complicat ion i n  
procedure, and t h e  s i n g l e  r e t u r n  l i n k  from TDRS t o  u s e r  f o r c e s  a simplex mode 
of opera t ion ,  

An a l t e r n a t i v e  implementation concept uses  t h e  MSS a s  t h e  common r e l a y  
switching cen te r .  S h u t t l e  t o  and from MSS would be on S-band, a s  f u l l  duplex; 
MSS t o  and from TDRS could be e i t h e r  'vHF o r  K-band wi th  K-band p r e f e r r e d  t o  
al low f u l l  duplex i n  a l l  l i n k s .  The t r a n s l a t i o n  from K-band t o  S-band would be 
accomplished a t  baseband, us ing  t h e  MSS telephone system. In  t h i s  way, t he  voice  
s i g n a l s  a r e  a v a i l a b l e  t o  a l l  MSS personnel ,  a l l  s h u t t l e  crew, and a l l  MCC 
(ground) crew. Figure 10-2 i l l u s t r a t e s  t h i s  concept,  which i s  recommended. 

The EVA-MSS-MCC conference c a p a b i l i t y  would be implemented i n  s i m i l a r  
fashion except  the  EVA has  e i t h e r  a h a r d l i n e  umbi l ica l  t o  MSS o r  uses  t h e  VHF 
ex te rna l  communications equipment. 



M
SS

 A
P

P
R

O
A

C
H

 

F
ig

u
re

 
1

0
-1

. 
M
S
S
 

C
o

m
m

u
n

ic
a
ti

o
n

s 
O

p
e

ra
ti

o
n

s
 
R

e
q

u
ir

e
m

e
n

ts
 



Space Division 
North American Rockwell 

MS S \ 

. - - - - - - -  
INTERNAL C O M M  

- - - - - - - .  \ 
CREW \ 

\ 

Figure  10-2. Voice Conference Implementation 
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10.3 14s S TRACKING DZPLEMENTATION 

TDRS 
GROUND 
STAT10 N 

SWITCHING 
CENTER 

This  subsec t ion  d i s c u s s e s  t h e  "o ther  veh i c l e "  t rack ing  requirements .  
From t h e  b a s i c  des ign  t h e  S-band d i r e c t i v e  antenna was d e l e t e d  and a  K-band 
d i r e c t i v e  antenna dedica ted  t o  t h e  TDRS l i n k  was t o  be i n s t a l l e d  on t h e  i n i t i a l  
s t a t i o n .  The l i n k  t o  s h u t t l e  and detached RAM remained a t  S-band using f i x e d  
antennas.  A s  a  r e s u l t  t h e  r ada r  c a p a b i l i t y  t h a t  had been i n t e g r a t e d  wi th  t h e  
S-band d i r e c t i v e  antenna was l o s t  and a  s u b s t i t u t e  means of t r ack ing  t h e  
s h u t t l e  and detached RAM'S needs t o  be implemented. 

MCC 

I 

Metr ic  Tracking D e f i n i t i o n  

Met r ic  r e f e r s  t o  measuring (not t h e  m e t r i c  system) t h e  r e l a t i v e  d i s t a n c e ,  
bear ing ,  and v e l o c i t i e s  from some f i x e d  measuring p o i n t  i n  a  s e l e c t e d  s e t  of 
coord ina tes .  Usual ly  t ime, a s  a  parameter ,  is  used f o r  c o r r e l a t i o n  w i th  o t h e r  
measurements and o t h e r  systems. 

One such measurement of seven parameters  is  a  "pos i t i on  f i x " ,  a  s i n g l e  
p o i n t  i n  r e f e r e n c e  space. For a  t a r g e t  t h a t  has  r e l a t i v e  motion, a  t i m e  
series of f i x e s  a r e  needed t o  e s t a b l i s h  a  t r ack .  A minimum of t h r e e  f i x e s  a r e  
necessary  t o  e s t a b l i s h  t h e  a n a l y t i c a l  c o e f f i c i e n t s  of an e l l i p s e ,  such a s  any 
ear th-cente red  o r b i t .  Usual ly ,  due t o  random and sys temat ic  e r r o r s ,  many more 
f i x e s  a r e  made, then smoothed by i n t e g r a t i o n  and averaging before  t h e  o r b i t  
parameters  (again a  seven-term expres s ion )  can be  der ived  wi th  confidence. 
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"Tracking" r e f e r s  t o  a  computat ion p r o c e s s  t h a t  d e r i v e s  an  a n a l y t i c a l  
e q u a t i o n  t h a t  i s  a  b e s t  f i t  t o  t h e  measured d a t a .  By d e f i n i n g  a n  i n i t i a l  
c o n d i t i o n  an e s t i m a t e  of t h e  t a r g e t ' s  p o s i t i o n  a t  any f u t u r e  o r  p a s t  t ime 
may be c a l c u l a t e d .  Thus t r a c k i n g  means t h e  c a p a b i l i t y  t o  c a l c u l a t e  a  r e l i a b l e  
e s t i m a t e  ( p r e d i c t i o n )  of t h e  t a r g e t ' s  p o s i t i o n .  

Because of g r a v i t a t i o n a l  anomal ies ,  s o l a r  wind, a tmospher ic  d r a g ,  
g r a v i t a t i o n a l  i n f l u e n c e s  of sun,  moon, l a r g e  p l a n e t s ,  and even nearby  v e h i c l e s ,  
t h e  o r b i t  i s  n o t  a t r u e  e l l i p s e ;  t h e r e f o r e ,  i t  i s  n e c e s s a r y  t o  upda te  t h e  
o r b i t  pa ramete rs  p e r i o d i c a l l y  by adding a d d i t i o n a l  measurements.  The l e n g t h  
o f  t ime  t h e  o r b i t  c a l c u l a t e d  from t h e  pa ramete rs  is  " r e l i a b l e "  i s  de te rmined  
by t h e  a c c u r a c y  r e q u i r e d  of t h e  p o s i t i o n  e s t i m a t e  ( t h e  ephemerides) .  The 
u p d a t i n g  measurements need n o t  be a  f u l l  p o s i t i o n  f l u x ;  u s u a l l y  a range  and 
d o p p l e r  measurement i s  adequate .  In f a c t ,  e x c e p t  f o r  t h e  i n i t i a l  c a l i b r a t i o n  
measurement, t h e  u p d a t i n g  measurements can be reduced t o  range ,  o r  d o p p l e r ,  o r  
r a n g e - r a t e ,  o r  angles-only .  A s  a  r e s u l t ,  i f  t h e  i n i t i a l  c o n d i t i o n  can be 
known i n  o t h e r  ways, a  f u l l  r a d a r  c a p a b i l i t y  i s  n o t  needed. 

The s t u d y  g u i d e l i n e s  r e q u i r e  t h a t  t h e  MSS t r a c k  t h e  s h u t t l e  a s  a  backup 
t o  t h e  s h u t t l e  rendezvous c a p a b i l i t y .  The s h u t t l e  i s  f u l l y  c a p a b l e  of con- 
d u c t i n g  t h e  rendezvous maneuver una ided ;  t h e  s t a t i o n  normal ly  a c t s  similar t o  
GCA a i r c r a f t  l a n d i n g  c o n t r o l  ( i . e . ,  measuring t h e  approach r a t e  and p r o v i d i n g  
v o i c e  guidance t o  t h e  incoming v e h i c l e ) .  The GCA o p e r a t o r  h a s  wave-off a u t h o r i t y  
b u t  cannot  d i r e c t l y  c o n t r o l  t h e  o t h e r  v e h i c l e .  H i s  i n f o r m a t i o n  d i s p l a y  i n d i c a t e s  
a d e s i r e d  approach and g l i d e  p a t h  a g a i n s t  which i s  p l o t t e d  t h e  a c t u a l  measured 
p o s i t i o n .  The ana log  f o r  t h e  s t a t i o n  o p e r a t o r  would be a d i s p l a y  of t h e  
d e s i r e d  r a n g e  and approach r a t e  compared t o  t h e  a c t u a l  measured v a l u e s .  Angle 
of approach and a n g u l a r  r a t e s  a r e  n o t  i m p o r t a n t  d u r i n g  t h e  b a l l i s t i c  t r a j e c t o r y  
and have meaning o n l y  p r i o r  t o  t e r m i n a l  phase  i n i t i a t i o n  (TPI) and subsequen t  
t o  b r a k i n g  t o  a s t a t i o n k e e p i n g  p o s i t i o n .  For t h e  l a t t e r  s i t u a t i o n ,  v i s u a l  
c o n t a c t  f l y i n g  i s  p o s s i b l e ,  supplemented by c l o s u r e - r a t e  d a t a .  P r i o r  t o  TPI 
a n  a n g l e  measurement from s t a t i o n  t o  s h u t t l e  i s  u s e f u l  o n l y  i f  a l l  t h e  o t h e r  
d a t a  needed t o  compute t h e  s h u t t l e  r e l a t i v e  s t a t e  v e c t o r  are a l s o  a v a i l a b l e .  
More t o  t h e  p o i n t ,  t h e  key paramete rs  a r e  a l t i t u d e  and r e l a t i v e  o r b i t a l  
p o s i t i o n ,  which are known from s o u r c e s  o t h e r  t h a n  r a d a r  measurements. The 
a l t i t u d e  of e a c h  v e h i c l e  is  known w i t h i n  t h a t  v e h i c l e ' s  gu idance  system; add 
t o  t h a t  a measure of t h e  range  (and range  r a t e )  and e i t h e r  v e h i c l e  can d e t e r -  
mine t h e  p r o j e c t e d  s t a t e  v e c t o r .  As a n  i n i t i a l  c o n c l u s i o n ,  a  s t r a i g h t f o r w a r d  
measurement of r a n g e ,  by t h e  S-band PRN r a n g i n g  c a p a b i l i t y ,  i s  adequa te  t o  f u l -  
f i l l  t h e  s h u t t l e  requrement  and a  rendezvous r a d a r  is  n o t  needed. 

The s t a t i o n  w i l l  perform t h e  n a v i g a t i o n  of f r e e - f l y i n g  d e t a c h e d  RAM'S 
a s s i g n e d  t o  i t s  c o n t r o l ;  t h e  s t a t i o n  must e s t a b l i s h  t h e  de tached  RAM p o s i t i o n  
r e l a t i v e  t o  t h e  s t a t i o n  t o  w i t h i n  one m i l e  ( s p h e r i c a l )  up t o  d i s t a n c e s  of 450 
m i l e s .  I n  d i s t i n c t i o n  t o  t h e  s h u t t l e ,  t h e  de tached  RAM h a s  no knowledge of i t s  
own a l t i t u d e  o r  o t h e r  state v e c t o r  d a t a ;  t h e  s t a t i o n  must,  t h e r e f o r e ,  a c q u i r e  
s u f f i c i e n t  d a t a  t o  d e t e r m i n e  t h e  de tached  RAM l o c a t i o n .  Two f a c t o r s  are 
p e r t i n e n t .  The f i r s t  i s  t h a t  t h e  de tached  RAM t r a j e c t o r y  must be  co-planar  
w i t h  t h e  s t a t i o n ;  energy  r e q u i r e m e n t s  t o  e s t a b l i s h  any o t h e r  p l a n e  are v e r y  
h igh .  I f  any o t h e r  p l a n e  i s  d e s i r e d  t h e  change would be  l a r g e  (such as 55 
t o  90 d e g r e e s ) ,  i n  which c a s e  t h e  de tached  RAM cannot  b e  c o n s i d e r e d  t o  b e  
c o n t r o l l e d  by t h e  s t a t i o n  s i n c e  t h e y  would n o t  s h a r e  an  u n o b s t r u c t e d  l i n e  of 



Space Division 
North Amer~can Rockwell 

s i g h t .  The conclusion is  t h a t  t he  azimuth angle  i s  always near  zero,  The 
second f a c t o r  i s  t h a t  t he  detached RAM'S t r a j e c t o r y  i s  b a l l i s t i c  ( i . e . ,  no 
energy i s  used t o  maintain o r  c o n t r o l  i t s  p c s i t i o n )  and the  only e f f e c t  on a 
conservat ive o r b i t  a r e  environmental f a c t o r s  such a s  atmospheric drag. The 
detached RAM t r a j e c t o r y  may be elongated t o  s e v e r a l  hundred m i l e s  i n  t h e  
v e l o c i t y  d i r e c t i o n ;  i t  does no t  d e v i a t e  from a co-a l t i tude  he igh t  by more than 
f i v e  miles .  In  p a r t i c u l a r ,  i f  t he  i n i t i a l  condi t ions  a r e  c o r r e c t ,  t he  co- 
a l t i t u d e  condi t ion  e x i s t s  a t  the  p o i n t  of maximum elongat ion.  Thus a t  t h i s  
po in t  t he  detached RAM l o c a t i o n  i s  co-planar and co-a l t i tude  and a t  a d i s t a n c e  
of about 450 mi l e s  from t h e  s t a t i o n .  

The geometry can be shown as i n  F igure  10-3 ( s c a l e  exaggerated) .  The 
MSS t r a j e c t o r y  is  shown a s  an a r c  of a c i r c l e  f o r  s i m p l i c i t y ,  and t h e  detached 
RAM t r a j e c t o r y  r e l a t i v e  t o  MSS i s  shown wi th  dashed l i n e s .  The locus  of a 
range measurement vec tor  would t r a c e  a sphere about the  MSS; p r i o r  knowledge 
l i m i t s  t h i s  locus  t o  t h e  i n t e r s e c t i o n  i n  t he  o r b i t a l  p lane  wi th  t h e  MSS 
t r a j e c t o r y ,  and provides an e s t ima te  of t h e  detached W,f r e l a t i v e  pos i t i on .  
The depression angle ,  a, i n d i c a t e s  t he  LOS angular  r e l a t i o n s h i p  t o  t he  MSS 
coordinate  axes.  E i t h e r  t h e  range (LOS) o r  t he  depression angle  (a) a r e  
s u f f i c i e n t  t o  de f ine  the  chord of an a rc .  

/ DETACHED MODULE 

/-- 
RELATIVE TRAJECTORY 

DETACHED MODULE 

MSS 

I 

DEPRESSION ANGLE 

MAXIMUM UNCERTAINTY O F  POSITION 
NOT TO EXCEED 1.0 NAUTICAL MILES 

Figure 10-3. Detached Module Tracking Geometry 
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To demonstrate  t h e  s u f f i c i e n c y  of range-only techniques,  t he  r e s o l u t i o n  
requirements  f o r  both range and angle  measurements a r e  c a l c u l a t e d  f o r  t he  
450-naut ical  m i l e  cond i t i on  descr ibed:  

1. Limit ing range (LOS) i s  450 n a u t i c a l  mi les .  

2. Navigat ion accuracy requi red  i s  - + 0.5 n a u t i c a l  mile .  

-3 3. Range measurement r e s o l u t i o n  i s  0.5 = 1.1 x 10 
450 

Range i s  determined by a measurement of t h e  time a modulation pulse  needs 
t o  t r a v e l  from t h e  MSS t o  t h e  detached RAM and r e t u r n  t o  t h e  MSS along t h e  
l i n e  of s i g h t .  For t h i s  example the  time measurement has  t h e  same r e s o l u t i o n  
requirement (1.1 x 10-3) a s  the range. The MSS design concept p o s t u l a t e s  -8 500-kiloHertz PRN range  code, which provides  a time r e s o l u t i o n  of +2 x 10 or  - 
t he  equ iva l en t  of - +500 f e e t  a t  any range. 

For ang le  measurement i t  i s  the  depress ion  angle  (a) t h a t  must be de te r -  
mined. For t h e  same geometry condi t ions  t h e  needed r e s o l u t i o n  can be 
c a l c u l a t e d  as fo l lows  (Figure 10-4): 

1. Depression ang le  a t  450 n a u t i c a l  m i l e s  equa l s  4.2 degrees.  

2. To le rab le  e r r o r  i n  range i s  0.5 n a u t i c a l  mile .  

3. Angle r e s o l u t i o n  equals :  Xmile = 134 x = 0.5'(min t of 
3710 m i l e s  

ang Ye 

An ang le  measurement accuracy of 134 p a r t s  pe r  m i l l i o n  i s  f e a s i b l e  by 
i n t e r f e r o m e t r i c  techniques provided the  b a s e l i n e  can be c a l i b r a t e d  and 
maintained t o  about  10 ppm. Considering t h e  MSS s t r u c t u r e  (d is tance  between 
antenna packages) a s  t h e  foundat ion f o r  t h e  base l ine ,  i t  appears  t h a t  an 
i n t e r f e r o m e t e r  i s  n o t  f e a s i b l e .  

I n  comparing t h e  range-only and angle-only r e s o l u t i o n  requirements f o r  
t h e  long-range cond i t i on ,  i t  has  been demonstrated t h a t  t he  angular  requi re -  
ment i s  more p r e c i s e  than  can be provided on t h e  MSS and t h a t  t he  range requi re -  
ment i s  f u l f i l l e d  by t h e  MSS design concept. The conclusion i s  t h a t  a range- 
only measurement i s  adequate  t o  s a t i s f y  t h e  detached RAM naviga t ion  requirement 
a t  long range. It i s  necessary  t o  examine the  short-range condi t ion  a s  wel l .  

The p o s i t i o n  measuring geometry when t h e  detached RAM i s  near  (4- 5 mi l e s )  
t h e  MSS i s  i l l u s t r a t e d  i n  Figure 10-5. Range-only measurement, p l u s t h e  p r i o r  
knowledge t h a t  t h e  detached RAM and t h e  MSS a r e  co-planar,  would i n d i c a t e  t h e  
detached RAM i s  a t  l o c a t i o n  X, while  t h e  d e s i r e d  e s t i m a t e  of i t s  p o s i t i o n  i s  
along t h e  l o c a l  v e r t i c a l  a t  po in t  Y. This  d i s l o c a t i o n  can be a s i g n i f i c a n t  
e r r o r  f o r  very  s h o r t  ranges where t h e  ang le  of e l e v a t i o n  o r  depression (a) 
exceeds a few degrees.  Thus t h e  range-6nly measurement should be m u l t i p l i e d  
by cos + t o  determine p o i n t  Y. 
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The angular  r e s o l u t i o n  requirement i n  t h e  short-range cond i t i on  i s  much 
l e s s  severe  than  f o r  t h e  long-range cond i t i on  analyzed before ;  an e s t ima te  
w i th in  one t o  two degrees i s  adequate.  This  angle  d a t a  may be obtained i n  a 
number of d i f f e r e n t  ways: 

1. When the  detached RAb1 was i n i t i a l l y  r e l ea sed  by the  s h u t t l e  
a t  P o i n t  A, t h i s  i n i t i a l  condi t ion  p l u s  subsequent range- 
only measurements can be f i t t e d  t o  a p r e c i s e  mathematical 
curve, from which t h e  angle  can be ca l cu la t ed .  

2. I f  t h e  ang le  cannot be es t imated  i n  some way, a t e l e scope  
(or  s e x t a n t )  s igh t ing  can be made and u t i l i z e d  t o  c o r r e c t  
t he  ephemeris p red ic t ion .  

3 .  The s h u t t l e  guidance system can provide  d a t a  needed t o  
measure the  i n i t i a l  displacement vec tor .  

4.  The detached RAM guidance system can a l s o  provide t h i s  
d a t a  ( i f  i t  i s  provided wi th  one).  

5. The detached RAM guidance system, s i n c e  i t  cont inuously 
d e t e c t s  i t s  own v e l o c i t y  change, can supplement t h e  MSS 
range-only measurement by te lemeter ing  t h e  v e l o c i t y  d a t a  
t o  MSS. 

With t hese  probable sources of i n i t i a l i z i n g  and support ing d a t a  i t  i s  
p o s s i b l e  t o  e s t i m a t e  t h e  angle ,  a, w i t h  t h e  d e s i r e d  accuracy. It can be 
concluded t h a t  range-only is,  the re fo re ,  s u f f i c i e n t  f o r  bo th  long- and shor t -  
range condi t ions .  
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11. MAINTENANCE TRADE ANALYSIS 

The modular space  s t a t i o n  h a s  t h e  unique c a p a b i l i t y  o f  b e i n g  a b l e  t o  
r e t u r n  major  components, up t o  and i n c l u d i n g  complete modules,  t o  e a r t h .  To 
e x p l o i t  t h i s  c a p a b i l i t y ,  a s t u d y  was performed t o  examine t h e  maintenance 
i s s u e s  and e s t a b l i s h  t h e  requ i rements  t h a t  would b e  imposed on t h e  crew and 
system l e v e l  o p e r a t i o n s  f o r  b o t h  o n - o r b i t  and ground maintenance.  Ground 
maintenance a l s o  i s  c o n s i d e r e d  as a means t o  r e d u c e  crew e f f o r t .  Maintenance 
c r i t e r i a  developed a s  a r e s u l t  of t h i s  s t u d y  were used i n  subsequent  s t u d y  
phases  t o  a s s u r e  a  c o n s i s t e n c y  i n  maintenance ph i losophy  f o r  s t a t i o n  d e s i g n  
and o p e r a t i o n s .  

11.1 STUDY APPROACH 

The MSS maintenance s t u d y  was performed i n  a two-step p r o c e s s  ( F i g u r e  
11-1). The f i r s t  s t e p  was an a n a l y s i s  p e r f o r ~ e d  t o  de te rmine  system l e v e l  
impacts ,  advan tages ,  and problems a t t e n d a n t  t o  maintenance approach n e a r  t h e  
extremes of complete  module r e t u r n  t o  e a r t h  o r  a l l  i n - f l i g h t  r ep lacement .  
Step 2 invo lved  c l a s s i f y i n g  MSS r e p l a c e a b l e  u n i t s  i n t o  two c a t e g o r i e s ;  i n -  
f l i g h t  replacement  u n i t s  (IFRU) and ground r e p l a c e a b l e  u n i t s  (GRU). The 
GRU's  were e v a l u a t e d  t o  de te rmine  t h e i r  impact on sys tem- leve l  o p e r a t i o n s  
( i . e , ,  e f f e c t  on s t a t i o n  o p e r a t i o n  w i t h  u n i t  removed), w h i l e  t h e  IFRU's 
were e v a l u a t e d  t o  d e t e r m i n e  crew o p e r a t i o n s  impact.  Both o f  t h e s e  were 
t h e n  e v a l u a t e d  t o  p r o v i d e  a  d e s i g n  and o p e r a t i o n s  assessment  t h a t  would 
p rov ide  t h e  d a t a  and d e s i g n  g u i d e l i n e s  t o  s e r v e  a s  a  b a s i s  f o r  developing 
MSS maintenance c r i t e r i a  and requ i rements .  

MODULE RETURN_ 
(MIN ON-ORBIT M) 

APPROACH 
COMPARISON 

(MIN GRD RPLC) 

ASSEMBLIES OPERATIONS 

pzr[ 
OPS IMPACT 

ON-ORBIT IMPACT ON 
REPLACEMENT -+ CREW 

ASSEMBLIES OPERATIONS 

MAlNT 
CRITERIA 

GROUND 
REPLACEMENT 

ON-ORBIT 

F i g u r e  11-1. Maintenance Study Approach 
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11 .2  MAINTENANCE APPROACH A - RETURNABLE MODULES 

To a s s i s t  i n  t h e  a n a l y s i s  o f  r e t u r n a b l e  modules,  two c a t e g o r i e s  of 
modules were  e s t a b l i s h e d :  

1. Non-re turnable  - Modules n o t  scheduled t o  b e  r e t u r n e d  t o  t h e  ground 
because  o f  dependency requ i rements  imposed by t h e  o t h e r  s t a t i o n  
modules. A l l  a s s e m b l i e s  w i t h i n  t h e s e  modules must b e  i n - f l i g h t  
r e p l a c e a b l e .  The c o r e  modules were i d e n t i f i e d  i n  t h i s  c a t e g o r y .  

2. Re turnab le  - These modules were  subd iv ided  i n t o  t h o s e  hav ing  
scheduled r e t u r n s  (ca rgo  and r e s e a r c h  and a p p l i c a t i o n s  modules) 
and t h o s e  f o r  which t h e i r  r e t u r n  s c h e d u l e  can b e  c h a r a c t e r i z e d  
a s  b e i n g  random (power and s t a t i o n  modules) .  

For t h e  i n i t i a l  s t a t i o n ,  f i v e  r e t u r n a b l e  modules were  s t u d i e d  f o r  t h e i r  
impact on sys tem- leve l  o p e r a t i o n s ,  and e i g h t  modules were s t u d i e d  f o r  t h e  
growth s t a t i o n .  To a s s e s s  t h e  impact of r e p l a c i n g  modules d u r i n g  t h e  s t a t i o n  
b u i l d u p  phase ,  t h e  t ime r e l a t i o n s h i p  f o r  b u i l d u p  a s  a f u n c t i o n  of s h u t t l e  
l a u n c h e s  w a s  e s t a b l i s h e d .  T h i s  r e l a t i o n s h i p  is shown i n  F i g u r e  11-2; t h e  
b u i l d u p  t ime f o r  t h e  i n i t i a l  s t a t i o n  is  11 months. 

Assuming a s h u t t l e  f l i g h t  f requency  of one p e r  month, on ly  one a d d i t i o n a l  
f l i g h t  would b e  a v a i l a b l e  t o  s u p p o r t  module replacement .  The f i g u r e  a l s o  
i l l u s t r a t e s  t h a t  i f  f o u r  modules were  t o  b e  r e p l a c e d  p e r  y e a r ,  t h e  b u i l d u p  
t ime  f o r  t h e  i n i t i a l  s t a t i o n  would i n c r e a s e  from 11 t o  22 months. Nine 
rep lacements  p e r  y e a r  would n o t  a l l o w  t h e  s t a t i o n  b u i l d u p  t o  b e  completed.  
It i s  t h e r e f o r e  a p p a r e n t  t h a t  replacement  o f  modules becomes v e r y  s e n s i t i v e  
t o  t h e  b u i l d u p  of t h e  s t a t i o n .  

To minimize module r e t u r n ,  t h e  module mean-time between f a i l u r e  (MTBF) 
must b e  s u f f i c i e n t l y  h i g h  t o  a s s u r e  t h a t  t h e  p r o b a b i l i t y  of adequa te  s h u t t l e  
l a u n c h e s  (Ps)  cou ld  b e  ach ieved  w i t h o u t  any o p e r a t i o n a l  impact.  F i g u r e  11-3 
i l l u s t r a t e s  t h a t  Ps  = 50 p e r c e n t  would b e  u n a c c e p t a b l e  and t h a t  Ps  = 90 per-  
c e n t  becomes r e a s o n a b l e  from a s h u t t l e  suppor t  s t a n d p o i n t .  With a P s  = 90 
p e r c e n t ,  t h e  module KCBF would range  from 2.4 t o  5 y e a r s .  For a module, 
WBF1s o f  t h e s e  magni tudes  become v e r y  d i f f i c u l t  t o  a c h i e v e  w i t h o u t  h i g h  
l e v e l s  of a c t i v e / s t a n d b y  redundancy a t  t h e  subassembly and component l e v e l s .  
From t h i s  a n a l y s i s  i t  was concluded t h a t  t h e  r e t u r n a b l e  module approach must 
b e  l i m i t e d  f o r  t h e  fo l lowing  r e a s o n s :  

1. High module MTBF r e q u i r e d  d u r i n g  i n i t i a l  s t a t i o n  b u i l d u p  t o  
p r e c l u d e  exceeding a v a i l a b l e  s h u t t l e  l aunches .  

2. High module MTBF'S r e q u i r e  h i g h  MTBF's a t  t h e  subassembly and 
component l e v e l s .  

3. A c t i v e l s t a n d b y  redundancy i n c r e a s e s ;  a l l  s p a r e s  r e q u i r e d  as in -p lace  
redundancy adds  complexi ty .  

4 .  Ground and on-orb i t  checkout  complexi ty  i n c r e a s e s  because  o f  added 
redundancy. 
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ASSUMPTIONS 
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F i g u r e  11-2. Module Replacement  Impact  on  B u i l d u p  

INITIAL BUILDUP REQUIRES 11 MONTHS TO ACCOMPLISH 
CORE MODULES REQUIRE ON-ORBIT MAINTENANCE 

PS = PROBABILITY OF ADEQUATE SHUTTLE 
LAUNCHES FOR MODULE REPLACEMEMS 

F i g u r e  11-3. Module MTBF of P, of 5 0  P e r c e n t  and  90 P e r c e n t  
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1 1 . 3  MAINTENANCE APPROACH B - INFLIGHT REPLACEMENT 

T h i s  approach i s  a n  e x t e n s i o n  of t h e  approach used f o r  S t a t i o n  A ( i . e . ,  
d e s i g n i n g  a l l  u n i t s  f o r  i n f l i g h t  r e p l a c e m e n t ) .  While p r e v i o u s  d a t a  have 
shown t h a t  t h i s  i s  t h e  d e s i r e d  d i r e c t i o n ,  t h e r e  a r e  t h r e e  a r e a s  where d i f f i -  
c u l t  d e s i g n  s o l u t i o n s  make t h i s  approach q u e s t i o n a b l e .  These a r e  t h e  d e s i g n  
of major  s t r u c t u r a l  a s s e m b l i e s  ( s e a l s ,  pr imary s t r u c t u r e s ) ,  complex o r  
l o c a t i o n - c o n s t r a i n e d  a s s e m b l i e s  ( i n s u l a t i o n  p a n e l s ,  e x t e r n a l  r a d i a t o r s ) ,  and 
equipment t h a t  i s  hazardous  t o  remove o r  r e p l a c e .  I n  a d d i t i o n  t o  t h e  
d i f f i c u l t y  o f  d e s i g n ,  a  f u r t h e r  d i s a d v a n t a g e  is t h e  h i g h  p r o b a b i l i t y  o f  EVA 
b e i n g  r e q u i r e d  t o  s u p p o r t  maintenance a c t i v i t i e s .  There  a r e  d e s i g n  so lu -  
t i o n s  f o r  t h e s e  problems b u t  c o s t  could  p r o h i b i t  t h e i r  s e l e c t i o n .  

While n e i t h e r  maintenance approach ,  i n  i t s  p u r e  form,  appears  reason-  
a b l e ,  an  approach t h a t  c l o s e l y  p a r a l l e l s  i n f l i g h t  replacement  would b e  
d e s i r a b l e .  

11.4  REPLACEABLE UNIT CLASSIFICATIONS 

To a s s e s s  t h e  impact of IFRU1s and G R U 1 s  on sys tem- leve l  o p e r a t i o n s  and 
crew o p e r a t i o n s ,  i t  was n e c e s s a r y  t o  d e f i n e  and c l a s s i f y  a l l  MSS r e p l a c e a b l e  
u n i t s .  R e p l a c e a b l e  u n i t  c l a s s e s  a r e :  

1. IFRU Type I - On-orbit  r ep lacement ;  r e q u i r e s  ISS f a u l t  d e t e c t i o n  
and f a u l t  i s o l a t i o n .  

2 .  IFRU Type I1 - On-orbit  r ep lacement ;  no ISS s u p p o r t .  

3 .  GRU Type I -- No o n - o r b i t  r ep lacement ;  ISS f a u l t  d e t e c t i o n  and 
i s o l a t i o n  r e q u i r e d .  

4 .  GRU Type I1 - No o n - o r b i t  r ep lacement ;  no ISS s u p p o r t  r e q u i r e d .  

The r a t i o n a l e  used i n  c l a s s i f y i n g  t h e  r e p l a c e a b l e  i t ems  was: 

1. For  IFRU1s: 

a .  C r i t i c a l  f u n c t i o n  
b .  S h o r t  o r  l i m i t e d  l i f e  (< 3 y e a r s )  
c .  Simple  rep lacement  
d .  Nonhazardous removal 
e .  Scheduled maintenance 

2.  For G R U 1 s  

a .  L o c a t i o n  c o n s t r a i n t  
b .  Complex replacement  
c .  R e q u i r e s  EVA 
d.  Long l i f e  (> 3 y e a r s )  
e .  Hazardous removal 
f .  Requi res  s p e c i a l  s k i l l s ,  t o o l s ,  o r  p r o c e s s e s  
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It should be  no ted  t h a t  t h e r e  were  some subassembly components whose 
c h a r a c t e r i s t i c s  might s a t i s f y  one o r  more of t h e  GRU r a t i o n a l e  i t ems  ( i . e . ,  
long l i f e  ( > 3  y e a r s )  b u t  because  t h e  replacement  was s i m p l e ,  they  were 
c l a s s i f i e d  a s  IFRU's ( e . g . ,  c i r c u i t  b r e a k e r s ) .  Tab le  11-1 is  a  t y p i c a l  
sample o f  subsystem r e p l a c e a b l e  u n i t  d e f i n i t i o n  d a t a ,  which i n c l u d e  c l a s s i -  
f i c a t i o n  and t y p e ,  e s t i m a t e d  l i f e  i n  y e a r s ,  q u a n t i t y  o f  u n i t s  f o r  t h e  
i n i t i a l  s t a t i o n ,  e s t i m a t e d  crew t ime r e q u i r e d  t o  complete  t h e  removal/ 
replacement  p o r t i o n  of t h e  maintenance a c t i v i t y ,  and d r i v e r  r a t i o n a l e .  
Approximately 4100 r e p l a c e a b l e  u n i t s  were  i d e n t i f i e d  (3300 IFRU's, 760 GRU's) 
f o r  t h e  i n i t i a l  s t a t i o n .  Data  concern ing  t h e s e  u n i t s  were  e v a l u a t e d  w i t h  
t h e  redundanc ies  of l i k e  u n i t s  ( e . g . ,  1200 c i r c u i t  b r e a k e r s )  be ing  
cons idered .  

GRU F a i l u r e  Impact 

To minimize GRU impact on module rep lacement ,  f a i l u r e  r a t e s  were 
reduced by a c c e p t i n g  d e g r a d a t i o n  (Tab le  11-2).  For t h o s e  G R U ' s  whose 
d e g r a d a t i o n  was b o t h  g r a d u a l  and p r e d i c t a b l e ,  d e s i g n  margins  were used t o  
i n c r e a s e  t h e i r  VTBF by a  f a c t o r  o f  1 0  from t h e  i n i t i a l  e s t i m a t e s .  To reduce  
GRU impact f u r t h e r ,  t h e  number of G R U ' s  was reduced by a  f a c t o r  of two by 
r e e v a l u a t i n g  t h e  recommended G R U ' s  and s o r t i n g  o u t  t h e  assembl ies  t h a t  had 
a  p o t e n t i a l  f o r  b e i n g  des igned  as IFRU's ( e . g . ,  accumula to rs ,  c o l d p l a t e s ,  
wa te r  s t o r a g e  t a n k s ) .  

The e f f e c t  of b o t h  of t h e s e  changes  was t o  more t h a n  double  t h e  mean 
module replacement  i n t e r v a l  e s t i m a t e s ,  from 1 . 5  t o  3.7 months. While t h i s  
i s  a  s i g n i f i c a n t  improvement over  t h e  o r i g i n a l  e s t i m a t e s ,  i t  is  n o t  h i g h  
enough t o  b e  an a c c e p t a b l e  program g o a l .  

IFRU F a i l u r e  Impact 

To unders tand  b e t t e r  t h e  e f f e c t  of IFRU l e v e l  ( s i z e )  on crew o p e r a t i o n s  
and d e s i g n  complex i ty ,  t h e  f i r s t - o r d e r  e f f e c t  of IFRU s i z e  was s t u d i e d  f o r  
a s t a t i o n  w i t h  a  g i v e n  number of components ( F i g u r e  11-4). With t h e  cons idera -  
t i o n  t h a t  any component f a i l u r e  w i l l  r e q u i r e  replacement  of an IFRU t o  r e s t o r e  
t h e  f u n c t i o n ,  it  f o l l o w s  t h a t  t h e  a v e r a g e  weight  o f  IFRU's and t h e  t o t a l  
weight o f  s p a r e s  r e p l a c e d  p e r  month w i l l  v a r y  i n v e r s e l y  w i t h  t h e  i n c r e a s e  
i n  t h e  number of IFRU's. The t o t a l  number o f  s p a r e s  w i l l  i n c r e a s e  a s  w e l l  
a s  t h e  ISS c a p a b i l i t y  t o  i d e n t i f y  f a i l e d  IFRU's and t h e  i s o l a t i o n  p r o v i s i o n s  
t o  pe rmi t  IFRU removal w i t h o u t  a f f e c t i n g  o t h e r  p a r t s  o f  t h e  subsystem. 

S i n c e  each component f a i l u r e  w i l l  r e q u i r e  an IFRU rep lacement ,  i t  
fo l lows  t h a t  t h e  number of IFRU rep lacements  p e r  month w i l l  n o t  b e  a f f e c t e d  
by IFRU s i z e ,  and i f  an average  crew t ime  f o r  IFRU rep lacements  can b e  
assumed, then  t h e  t o t a l  amount of crew maintenance t i m e  i s  r e l a t i v e l y  inde- 
pendent of IFRU s i z e .  

A summary of crew man-hours p e r  month r e q u i r e d  f o r  maintenance (both  
scheduled and unscheduled)  was developed u s i n g  r e p l a c e a b l e  u n i t  d e f i n i t i o n  
d a t a  as t h e  d a t a  b a s e .  Tab le  11-3 summarizes crew a c t i v i t y  r e q u i r e d  f o r  a l l  
maintenance phases  f o r  t h e  i n i t i a l  s t a t i o n  a t  a  subsystem l e v e l .  
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Table  11-1. Subsystem Replaceab le  Uni t  D e f i n i t i o n s  

T a b l e  11-2. Ground Replaceab le  Uni t  Impact on  Module Replacement 

@ REDUCED FAILURE RATES OF SELECTED GRUS BY A FACTOR OF 10 
BY ACCEPTING DEGRADATION 

INSULATION PANELS 

REPLACEABLE 
MODULES 

CQM - 1 
CQM-2 
CC-1 
CC-2 
POWER 

MEAN 
REPLACEMENT 
INTERVALS 

@ REDUCE NUMBER OF GRUS BY FACTOR OF 2 (POTENTIAL IFRUS) 
ACCUMULATORS 
COLDPLATES 
WATER STORAGE TANKS 

REPLACEhlENT l NTERVALS (MONTHS 

INITIAL 

5-112 
5-112 
9-314 
9-314 

10-314 

1-112 

A CHANGES 

6- 112 
6-112 

13-112 
13-112 
15-112 

2 

A & B CHANGES 

14 
14 
28 
28 
17.7 

3.7 
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VARIATION 

AVERAGE IFRU WEIGHT 
WEIGHT OF SPARES REPLACED /MONTH / 

TOTAL NO. IFRU'S 
TOTAL NO. SPARES REQD 

/ /TH MAINTENANCE (CONSTANT ON 

0 HIGH LEVEL OF IFRU'S LOW LEVEL OF IFRU'S 9 
(LARGE IFRU'S) (SMALL IFRU'S) 

N+ 

= NUMBER OF IFRU'S I N  SYSTEM OR SUBSYSTEM 

Figure 11-4. First-Order Effects of IFRU Size 

Table 11-3. Maintenance Crew Man-Hours per Month 

TOTALS 

42.8 

14.0 

1.8 

104.5 

2.0 

12.8 

177.9 

UNSCHED 
MAINT  
TOTAL 

37.3 

4.8 

1.8 

44.2 

1.3 

9.3 

98.7 

SUB- 
SYSTEM 

STRUCT 

EPS 
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ETCILSS 

G&C 

I S S  

SUBTOTAL 

SCHEDULED MAINTENANCE 

BEVCH 
, R E P A I R /  

CALIB 

2.0 

1.0 

3.0 

INSP  

3.7 

1.0 

4.0 

0.2 

8.9 

SUB- 
TOTAL 

5.5 

9.2 

60.3 

0.7 

3.5 

79.2 

SERVICE 

16.0 

0.2 

16.0 

TEST 
& C I 0  

1.8 

0.5 

3.5 

5.8 

IFRU 

R&R 

4.7 

20.8 

25.5 

P&C 

1.5 

18.5 

20.0 
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The t o t a l  h o u r s  f o r  maintenance (approx imate ly  178) a r e  c o n s i s t e n t  
w i t h  recommended s c h e d u l i n g  a l l o c a t i o n s  f o r  t h e  six-man s t a t i o n ,  I f  t h e  
p r e s e n t  e s t i m a t e s  o f  maintenance man-hour requ i rements  a r e  i n c o r r e c t  ( i . e . ,  
t o o  h i g h  o r  t o o  low),  t h e  f o l l o w i n g  impact o c c u r s  w i t h  exper iment  o p e r a t i o n s .  
Because maintenance is  a p a r t  of schedu led  s t a t i o n  o p e r a t i o n s ,  a d d i t i o n a l  
maintenance h o u r s  w i l l  d e c r e a s e  t i m e  a v a i l a b l e  f o r  exper iment  o p e r a t i o n s .  
When maintenance i s  r e q u i r e d  f o r  a c r i t i c a l  subsystem,  complet ing t h e  main- 
t e n a n c e  a c t i o n  w i l l  have a h i g h  p r i o r i t y  and cou ld  a l s o  i n v o l v e  t h e  u s e  of 
unscheduled crew man-hours ( f r e e  t i m e ) .  F i g u r e  11-5 shows t h e  o n - o r b i t  main- 
t e n a n c e  t i m e  a v a i l a b l e  from unscheduled crew t ime,  i f  r e q u i r e d ,  f o r  c r i t i c a l  
maintenance a c t i v i t i e s .  

11 .5  STUDY CONCLUSIONS 

The s t u d y  h a s  shown t h a t  s t a t i o n  and exper iment  o p e r a t i o n s  a r e  s e n s i t i v e  
t o  t h e  module replacement-ground maintenance approach.  A s  a r e s u l t ,  t h e  
f o l l o w i n g  recommendations a r e  p r e s e n t e d .  

1. A l l  maintenance a c t i v i t i e s  performed on-orb i t  a s  nominal opera-  
t i o n a l  mode. 

2 .  No r o u t i n e  p l a n  f o r  module replacement  f o r  subsystem maintenance.  

3 .  Prov ide  c a p a b i l i t y  f o r  module rep lacement ,  b u t  c o n s i d e r  as an 
unscheduled major  e v e n t  r e s u l t i n g  from a n  a c c i d e n t ,  n o t  a f a i l u r e .  

4 .  R e a l l o c a t e  f u n c t i o n s  t o  pe rmi t  miss ion  c o n t i n u a t i o n  a t  a reduced 
l e v e l  d u r i n g  module replacement .  

RECOMMENDED SCHEDULING SCHEDULE UTILIZING ALL 
ALLOCATIONS AVAIL UNSCHEDULED CREW HR 

F i g u r e  11-5. On-Orbit Maintenance Impact on Crew A c t i v i t y  
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I n  suppor t  of t h e s e  recommendations and t o  a s s u r e  c o n s i s t e n c y  i n  main- 
tenance phi losophy f o r  s t a t i o n  d e s i g n  and o p e r a t i o n s  i n  subsequen t  s t u d y  
phases ,  t h e  f o l l o w i n g  maintenance c r i t e r i a  were  developed: 

1. I n  t h e  d e s i g n  of such t h i n g s  a s  i n s u l a t i o n  p a n e l s ,  b e r t h i n g  p o r t  
s e a l s ,  and r a d i a t o r  p a n e l s ,  m a t e r i a l  s e l e c t i o n  w i l l  a f f o r d  a  
u s e f u l  l i f e  o f  a t  l e a s t  1 0  y e a r s .  

2. The maximum enve lope  s i z e  f o r  an  IFRU i s  40 by 40 by 50 i n c h e s  
excep t  IFRU's and expendables  f o r  c r i t i c a l  f u n c t i o n s  which must 
b e  c a p a b l e  of p a s s i n g  through secondary  a c c e s s  h a t c h e s  of 22 by 
22 by 50 i n c h e s .  

3. IFRU's which a r e  r e q u i r e d  t o  b e  o p e r a t i o n a l  d u r i n g  v a r i o u s  phases  
of b u i l d u p  r e q u i r e  c o n s i d e r a t i o n s  f o r  I V A  maintenance ( i . e . ,  
performance of maintenance by a  p r e s s u r e - s u i t e d  crewman). 

4 .  IFRU's which a r e  p a r t  of t i m e - c r i t i c a l  f u n c t i o n s  w i l l  a l l o w  f o r  
two c o n s e c u t i v e  u n s u c c e s s f u l  r e p a i r s  b e f o r e  r e s u l t i n g  i n  a  
c r i t i c a l  c o n d i t i o n .  

5. I s o l a t i o n  v a l v e s  f o r  IFRU rep lacement  w i l l  b e  k e p t  t o  a  minimum 
where t h e  IFRU h a s  a  lower random f a i l u r e  r a t e  t h a n  t h e  i s o l a t i o n  
v a l v e  o r  where redundant  l o o p s  can be  u t i l i z e d  d u r i n g  maintenance.  

6. A minimum of 0 . 5  hour w i l l  b e  a l lowed f o r  f a i l u r e  d e t e c t i o n ,  
i s o l a t i o n ,  and v e r i f i c a t i o n  f o l l o w i n g  r e p a i r ,  i n  a d d i t i o n  t o  t h e  
e s t i m a t e d  r e p a i r  t i m e ,  f o r  e a c h  main tenance  o r  group of maintenance 
a c t  i o n s .  

7 .  Maintenance a c t i v i t y  may b e  d e f e r r e d  f o r  a  p e r i o d  of 30 days  
where l o s t  f u n c t i o n s  a r e  n o t  c r i t i c a l  t o  crew s a f e t y  o r  s p a c e  
s t a t i o n  s u r v i v a l .  

8. Equipment determined t o  b e  c r i t i c a l  f o r  crew l i f e  s u p p o r t  o r  space  
s t a t i o n  s u r v i v a l  r e q u i r e s  onboard s p a r e s .  

9.  To minimize crew maintenance a c t i v i t y ,  e a s e  o f  maintenance w i l l  
b e  a  d e s i g n  g o a l .  

10.  Rep laceab le  u n i t s  w i l l  b e  des igned  s o  t h a t  t h e  removal of t h e  
u n i t  does  n o t  d i s t u r b  i n t e g r a l  s t r u c t u r e  of t h e  module. 

11. Primary module thermal  i n s u l a t i o n  shou ld  b e  des igned  and i n s t a l l e d  
i n  p a n e l s  t h a t  can b e  removed and r e p l a c e d .  

12.  Scheduled maintenance w i l l  n o t  r e s u l t  i n  t h e  l o s s  o f  normal 
s p a c e  s t a t i o n  o p e r a t i o n s .  

13.  Spare  IFRU's w i l l  b e  l o c a t e d  as c l o s e  t o  t h e  p o i n t  of i n t e n d e d  
u s e  a s  p r a c t i c a l .  C o n s i d e r a t i o n  may b e  a p p l i e d  t o  d u p l i c a t e  
s p a r e s  i n  each p r e s s u r e  volume. 
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14.  IFRU'S w i l l  n o t  exceed 60 pounds where p o s s i b l e  (1-g l i m i t  f o r  
one crewman), 120 pounds as an  upper l i m i t  (zero-g f o r  one crewman), 
where p r a c t i c a l .  

15.  Where r e c o n f i g u r a t i o n  is  a n t i c i p a t e d  a t  some f u t u r e  d a t e ,  pre-  
p lanned i n s t a l l a t i o n  t e c h n i q u e s  shou ld  b e  e s t a b l i s h e d  and incor -  
p o r a t e d  b e f o r e  t h e  f i r s t  l aunch  of t h e  module. 

16.  P r o v i s i o n s  w i l l  b e  i n c o r p o r a t e d  f o r  l i m i t e d  checkout of new 
replacement  i t e m s  b e f o r e  b r i n g i n g  t h e  subsystem back on l i n e .  

17.  C o n s i d e r a t i o n s  w i l l  b e  g i v e n  t o  t h e  placement of a p p r o p r i a t e  
s e n s o r s  f o r  a l l  i t e m s  r e q u i r i n g  i n s p e c t i o n  on-orb i t  which a r e  
i n a c c e s s i b l e  o r  r e q u i r e  f r e q u e n t  t e s t i n g .  

18.  U t i l i t y  jumpers w i l l  b e  des igned  f o r  a  minimum u s e f u l  l i f e  of 
1 0  y e a r s .  

19.  I f  a l l o w a b l e  downtime is  about  t o  e x p i r e ,  r e p a i r  a c t i v i t y  w i l l  
t a k e  p r i o r i t y  over  scheduled maintenance.  

20. Atmospheric makeup shou ld  c o n s i d e r  i n c r e a s e d  i n - s t a t i o n  l e a k a g e  
due t o  p r o g r e s s i v e  s e a l  d e g r a d a t i o n .  

21. Where c r i t i c a l  f u n c t i o n s  a r e  i n v o l v e d ,  equipment s p a c e  a l l o c a t i o n s  
w i l l  a l l o w  f o r  performance o f  IVA maintenance.  

Maintenance Time A l l o c a t i o n s  

The f o l l o w i n g  t i m e s  f o r  scheduled and unscheduled maintenance w i l l  b e  
used as d e s i g n  g o a l s  d u r i n g  normal o p e r a t i o n  f o l l o w i n g  b u i l d u p  f o r  t h e  
six-man c o n f i g u r a t i o n :  

Guidance and c o n t r o l  
ISS 
ECLSS 
P-c S  
S t r u c t u r e  and mechanisms 
EPS 

Subsys tem HourslMonth 
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RELIABILITY 

The f o l l o w i n g  s e c t i o n  i n c l u d e s  t h e  r e l i a b i l i t y  c r i t e r i a  and r e q u i r e m e n t s  
d e r i v e d  and u t i l i z e d  d u r i n g  t h e  MSS Phase  B s tudy .  Also i n c l u d e d  i n  t h i s  
s e c t i o n  i s  t h e  r e s u l t  of a s p e c i a l  s t u d y  conducted on ECLSS t i m e - c r i t i c a l  
f u n c t i o n s  and t h e  c r i t i c a l  f u n c t i o n  a n a l y s e s  (CFA's) conducted on a l l  sub- 
sys tems d u r i n g  p r e l i m i n a r y  d e s i g n .  

1 2 . 1  APPROACH 

E a r l y  i n  t h e  s t u d y ,  b a s i c  c r i t e r i a  were e s t a b l i s h e d  u s i n g  NASA g u i d e l i n e s  
and c o n s t r a i n t s  and c r i t e r i a  e s t a b l i s h e d  by NR i n  p a s t  s t u d i e s ,  a s  w e l l  a s  
d e r i v i n g  new c r i t e r i a  c o n s i d e r e d  unique f o r  t h e  MSS. These c r i t e r i a  were 
c o n t i n u o u s l y  modi f i ed ,  added t o ,  o r  d e l e t e d ,  a s  sys tems a n a l y s e s  provided 
a  b e t t e r  unders tand ing  of t h e i r  i m p l i c a t i o n s .  

F a i l u r e  t o l e r a n c e  c r i t e r i a  were e s t a b l i s h e d  t o  de te rmine  t h e  l e v e l  of 
redundancy r e q u i r e d  w i t h i n  t h e  subsystems.  Leve l s  of redundancy were e s t a b -  
l i s h e d  d u r i n g  t h e  t r a d e s  and i t e r a t e d  and r e f i n e d  on t h e  s e l e c t e d  c o n c e p t s  
dur ing  p r e l i m i n a r y  d e s i g n .  These r e f i n e m e n t s  e s t a b l i s h e d  Phase B requ i rements .  

I n  some c a s e s ,  i t  w a s  n e c e s s a r y  t o  perform s p e c i a l  s t u d i e s  t o  de te rmine  
t h e  s e n s i t i v i t y  of t h e  d e s i g n  t o  t h e  c r i t e r i a  such a s  t i m e - c r i t i c a l  f u n c t i o n s  
w i t h i n  t h e  ECLSS. 

During t h e  p r e l i m i n a r y  d e s i g n  f o r  t h e  s e l e c t e d  c o n c e p t s ,  c r i t i c a l  f u n c t i o n  
a n a l y s e s  were conducted t o  v e r i f y  t h e  adequacy of t h e  d e s i g n  i n  meet ing t h e  
c r i t e r i a  and t o  e s t a b l i s h  r e q u i r e m e n t s  f o r  u s e  i n  subsequent  program phases .  

F u n c t i o n a l  c r i t i c a l i t i e s  f o r  v a r i o u s  f a i l u r e  modes were e s t a b l i s h e d .  The 
c r i t i c a l i t y  d e f i n i t i o n s  a r e  p rov ided  i n  a  l a t e r  s e c t i o n .  Also  i n c l u d e d  i n  t h i s  
s e c t i o n  i s  t h e  s i n g l e - p o i n t  f a i l u r e  summary which l i s t s  C r i t i c a l i t y  I and I1 
f a i l u r e  modes r e q u i r i n g  a d d i t i o n a l  d e s i g n  a t t e n t i o n  i n  l a t e r  program phases .  

12.2 RELIABILITY CRITERIA 

T h i s  s u b s e c t i o n  p r e s e n t s  t h e  f a i l u r e  t o l e r a n c e  c r i t e r i a  e s t a b l i s h e d  d u r i n g  
t h e  Phase B s t u d y  i n  a d d i t i o n  t o  t h e  g e n e r a l  c r i t e r i a  and g u i d e l i n e s  and 
c o n s t r a i n t s .  

Tab le  12-1 d e f i n e s  t h e  minimum a l l o w a b l e  number of component f a i l u r e s  
which may r e s u l t  i n  t h e  i n d i c a t e d  o p e r a t i o n a l  mode. 
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Table  12-1. Allowable Number of Component F a i l u r e s  
t o  Reach O p e r a t i o n a l  Mode 

Other  c r i t e r i a  are: 

t 

O p e r a t i o n a l  Mode 

Normal 

Nominal 

Degraded 

Emergency 

1. The s t a t i o n  w i l l  b e  c a p a b l e  of o p e r a t i n g  w i t h  a l l  c r i t i c a l  
f u n c t i o n s  performed w i t h i n  s p e c i f i e d  v a l u e s  f o l l o w i n g  one  
component f a i l u r e  o r  any p o r t i o n  of a  subsystem i n a c t i v e  
f o r  maintenance.  T h i s  c o n d i t i o n  w i l l  c o n t i n u e  u n t i l  
maintenance can  be performed. 

The s t a t i o n  w i l l  b e  c a p a b l e  of o p e r a t i n g  w i t h  some c r i t i c a l  
f u n c t i o n s  performed a t  a reduced l e v e l ,  b u t  n o t  below t h e  
l e v e l  n e c e s s a r y  f o r  crew s u r v i v a l ,  f o l l o w i n g  any c r e d i b l e  
combinat ion of two component f a i l u r e s  o r  one  component 
f a i l u r e  w i t h  any p o r t i o n  of a  subsystem i n a c t i v e  f o r  
main tenance  o r  any c r e d i b l e  a c c i d e n t  (e .g . ,  l o s s  of any 
p r e s s u r e - i s o l a t a b l e  volume). T h i s  c o n d i t i o n  w i l l  c o n t i n u e  
u n t i l  ma in tenance  can be performed,  b u t  no more t h a n  30 
d a y s  o r  u n t i l  a r r i v a l  o f  t h e  n e x t  schedu led  s h u t t l e .  

S t a t i o n  Opera t ion  
(llanne d  ) 

0 

1 

2 

3 

3 .  The s t a t i o n  w i l l  be c a p a b l e  o f  crew s u r v i v a l  f o r  a t  l e a s t  
96 h o u r s  t o  p e r m i t  r e s t o r a t i o n  of o p e r a t i o n s  o r  r e s c u e  of 
t h e  crew by emergency s h u t t l e  f o l l o w i n g  any c r e d i b l e  
combinat ion of t h r e e  component f a i l u r e s  o r  any c r e d i b l e  
combinat ion of component f a i l u r e s  and p o r t i o n s  of a  subsystem 
i n a c t i v e  f o r  maintenance o r  any c r e d i b l e  a c c i d e n t  (e .g . ,  l o s s  
of any p r e s s u r e - i s o l a t a b l e  volume) and any s i n g l e  component 
f a i l u r e .  

Buildup 
(Unmanned) 

0 

- 
1 

2 

4. The s t a t i o n ,  d u r i n g  s t a t i o n  bu i ldup  (premanning),  w i l l  be  
c a p a b l e  of be ing  manned ( s h i r t s l e e v e  o r  IVA) f o r  performance 
of maintenance and s t a t i o n  assembly t a s k s  f o l l o w i n g  any one 
component f a i l u r e .  T h i s  c a p a b i l i t y  w i l l  c o n t i n u e  u n t i l  
a r r i v a l  of t h e  n e x t  scheduled s h u t t l e .  

5. The s t a t i o n ,  d u r i n g  s t a t i o n  bu i ldup  (premanning) ,  w i l l  be 
c a p a b l e  of be ing  manned ( s h i r t s l e e v e  o r  IVA) f o r  a t  l e a s t  
96 h o u r s  t o  accommodate an  emergency s h u t t l e  f l i g h t  t o  perform 
main tenance  f o l l o w i n g  any two component f a i l u r e s .  
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N o n t i m e - c r i t i c a l  f u n c t i o n s ,  u l t i m a t e l y  c r i t i c a l  t o  crew 
s u r v i v a l ,  r e q u i r e  s t a n d b y  redundancy as a minimum. 

Subsystem o r  component f a i l u r e s  w i l l  n o t  p r o p a g a t e  
s e q u e n t i a l l y ;  equipment w i l l  be des igned  t o  f a i l  s a f e .  

Design a p p l i c a t i o n  of e l e c t r i c a l  and e l e c t r o n i c  components 
and p a r t s  w i l l  p r o v i d e  a p p r o p r i a t e  d e r a t i n g  and c o n t r o l l e d  
margins  of performance s o  t h a t  performance v a r i a b l e s  w i l l  
n o t  c a u s e  u n a c c e p t a b l e  subsystem i n t e r a c t i o n s  r e l a t e d  t o  
l o n g  u s e f u l  l i f e  requ i rements .  

A l l  c r i t i c a l  l i f e - l i m i t e d  components and subsystems w i l l  be 
des igned  t o  a l l o w  ground and o r b i t  i n s p e c t i o n .  

Space s t a t i o n  c o n f i g u r a t i o n  d e s i g n  and arrangements  w i l l  
p r o v i d e  a c c e s s  f o r  i n s p e c t i o n  of c r i t i c a l  hardware,  
i n c l u d i n g  p y r o t e c h n i c s  (on t h e  ground) a f t e r  d e v i c e  
i n s t a l l a t i o n .  

Hardware d e s i g n  w i l l  be based on use  of such m a t e r i a l  t h a t  
wear,  c o r r o s i o n ,  l u b r i c a n t  d e p l e t i o n ,  e t c . ,  w i l l  n o t  degrade  
performance beyond s p e c i f i e d  t o l e r a n c e s  f o r  subsystem o r  
s t r u c t u r a l  performance.  

Equipment o r  m a t e r i a l  s e n s i t i v e  t o  con tamina t ion  w i l l  be 
handled i n  a c o n t r o l l e d  environment.  F l u i d s  and m a t e r i a l s  
w i l l  be compat ib le  w i t h  t h e  combined environment i n  which 
t h e y  a r e  employed. P r o c e s s  s p e c i f i c a t i o n s  w i l l  be fo rmula ted  
t o  p r e s c r i b e  h a n d l i n g  and a p p l i c a t i o n  methods. 

T i m e - c r i t i c a l  f u n c t i o n s  a f f e c t i n g  crew s u r v i v a l  r e q u i r e  a n  
a l t e r n a t i v e  means of p r o v i d i n g  t h e  f u n c t i o n .  T h i s  a l t e r n a t i v e  
mode must be p rov ided  by a c t i v e  redundancy, o r  s t andby  
redundancy a u t o m a t i c a l l y  a c t i v a t e d  upon f a i l u r e  of t h e  pr ime 
equipment,  o r  by o t h e r  equipment p r o v i d i n g  normal o p e r a t i o n  
f o r  a  p e r i o d  e q u a l  t o  a maintenance c y c l e  p l u s  a margin of 
s a f e t y  f o r  maintenance d i f f i c u l t i e s ,  i n c l u d i n g  l a c k  of a c c e s s  
due t o  i s o l a t i o n  of a  damaged module. 

Loss of redundancy f o r  c r i t i c a l  f u n c t i o n s  w i l l  be  d e t e c t a b l e  
( a u t o m a t i c a l l y  by t h e  i n f o r m a t i o n  subsystem and t h e  crew).  

Redundant p a t h s ,  such  as f l u i d  l i n e s ,  e l e c t r i c a l  w i r i n g ,  and 
c o n n e c t o r s ,  w i l l  be l o c a t e d  s o  t h a t  a n  e v e n t  which damages 
one p a t h  i s  n o t  l i k e l y  t o  damage t h e  o t h e r .  

Conserva t ive  f a c t o r s  of s a f e t y  w i l l  be p rov ided  where c r i t i c a l  
s i n g l e - f a i l u r e  p o i n t  modes of o p e r a t i o n  cannot  b e  e l i m i n a t e d  
( ~ r e s s u r e  v e s s e l s ,  p r e s s u r e  l i n e s ,  v a l v e s ,  e t c .  ) . 
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1 7 .  A l l  of t h e  subsystems t h a t  i nco rpo ra t e  an automated f a i l /  
o p e r a t i o n a l  c a p a b i l i t y  w i l l  be designed t o  provide crew 
n o t i f i c a t i o n  and d a t a  management system cognizance of 
component mal func t ion  u n t i l  t h e  anomaly has  been co r r ec t ed .  

12.3 ECLSS TIHE-CRITICAL FUNCTION ANALYSIS 

A s p e c i a l  a n a l y s i s  was conducted on t h e  ECLSS during t h e  t r a d e  s t u d i e s  t o  
determine t i m e - c r i t i c a l  f unc t ions .  For t h i s  a n a l y s i s ,  f u n c t i o n s  were considered 
c r i t i c a l  i f  l o s s  a f f e c t e d  personnel  s a f e t y  o r  mission con t inua t ion .  Time- 
c r i t i c a l  w a s  de f ined  as those  f u n c t i o n s  which, fol lowing a  f a i l u r e ,  exceed 
proper  performance l e v e l s  i n  less than one hour. The d e t a i l e d  a n a l y s i s  i s  
descr ibed  i n  Volume I V ,  Subsystem Analyses (SD 71-217-4), of t h e  MSS Prel iminary 
Design Report.  The p e r t i n e n t  r e s u l t s  of t h i s  s tudy  a r e  presen ted  i n  t h e  follow- 
i ng  paragraphs.  

It was e s t a b l i s h e d  t h a t  oxygen supply i s  n o t  t i m e - c r i t i c a l  i n  t h a t  t h e r e  
i s  a  2- t o  8-day supply of oxygen i n  t h e  cab in  atmosphere wi th  no resupply.  
The 96 hours  of emergency oxygen s t o r e s  a r e  no t  s t r i c t l y  r equ i r ed  because the  
oxygen p a r t i a l  p r e s s u r e  i s  2.5 p s i a  a f t e r  96 hours  w i t h  no oxygen supply and 
six men a l l  i n  one p r e s s u r e  volume. Humidity c o n t r o l ,  atmosphere temperature  
c o n t r o l ,  and a c t i v e  thermal  c o n t r o l  a r e  t h e  most t i m e - c r i t i c a l  of a l l  t h e  ECLSS 
func t ions .  R e l a t i v e  humidi ty  rises t o  100 percent  wi th in  s i x  hours  wi th  no 
con t ro l .  To avoid  condensat ion of t h e  s t r u c t u r e ,  i t  may be  necessary  t o  
i n s t a l l  f o u r  condensers  r a t h e r  than t h e  "two p l u s  maintenance" concept c u r r e n t l y  
s e l e c t e d .  Without s e n s i b l e  tmperature  c o n t r o l ,  t h e  s t e a d y - s t a t e  a i r  temperature  
w i l l  rise 15 t o  20 F w i t h i n  one hour. A concept of 2 112-capaci ty  hea t  exchangers 
i n  each module was s e l e c t e d  t o  main ta in  temperatures  a t  75 F r a t h e r  than t h e  
s i n g l e  h e a t  exchanger p rev ious ly  s e l e c t e d .  

The 96-hour LiOH emergency system f o r  C02 removal i s  no t  s t r i c t l y  r equ i r ed  
as t h e  C02 c o n c e n t r a t i o n  a f t e r  96 hours  i s  1 4  mrn Hg which i s  w i t h i n  t h e  allow- 
a b l e  emergency performance range. Act ive  thermal  c o n t r o l  has  s e v e r a l  i n s t a l l e d  
redundancies;  however, t h e  f r eon  and water  loop headers  and t h e  i n t e r c o o l e r s  
are no t  s t r i c t l y  c o n s i s t e n t  wi th  t h e  " t h r e e  IFRU t o  emergency" f a i l u r e  c r i t e r i a .  
Water supply c o n s i s t s  of a  s i n g l e  plumbing d i s t r i b u t i o n  system and does n o t  
s t r i c t l y  observe t h e  f a i l u r e  c r i t e r i a .  

12.4 CRITICAL FUNCTION ANALYSES 

C r i t i c a l  f u n c t i o n  ana lyses  (CFA'S) were conducted on t h e  MSS Phase B 
s e l e c t e d  concepts  f o r  t h e  pre l iminary  design.  The ana lyses  were conducted t o  
e s t a b l i s h  and document f a i l u r e  c r i t i c a l i t i e s ,  i d e n t i f y  p o t e n t i a l  hazards ,  and 
provide recommendations. The recommendations provided des ign  requirements  f o r  
u s e  during t h e  MSS Phase B p r e l imina ry  des ign ,  i n  a d d i t i o n  t o  i d e n t i f y i n g  
des ign  c o n s t r a i n t s  f o r  subsequent  phases.  

A l l  CFA1s were performed on t h e  pre l iminary  des ign  a t  t h e  assembly l e v e l  
(Level 6)  c o n s i s t e n t  w i t h  c o n t r a c t  d i r e c t i o n .  Where d a t a  were a v a i l a b l e ,  t h e  

CFA1s were performed t o  a  lower l e v e l  c o n s i s t e n t  wi th  t h e  p re l imina ry  design.  
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The fol lowing c r i t i c a l i t y  d e f i n i t i o n s  were used i n  t h e  gene ra t i on  of 
CFA' s : 

C r i t i c a l i t y  I - Sing le  f a i l u r e  c a u s i n g l o s s  of personnel  

C r i t i c a l i t y  11 - Single  f a i l u r e  whereby t h e  next  a s s o c i a t e d  
f a i l u r e  may cause l o s s  of crew, o r  a  
s i n g l e  f a i l u r e  mode t h a t  causes  r e t u r n  of 
one o r  more crew member t o  e a r t h ,  o r  sub- 
system l o s s  of func t ion  e s s e n t i a l  t o  
con t inua t ion  of space o p e r a t i o n s  and 
s c i e n t i f i c  i n v e s t i g a t i o n s  

C r i t i c a l i t y  I11 - A l l  o t h e r  f a i l u r e s  

12.5 CRITICAL FUNCTION ANALYSIS SUbIMARIES 

Summaries are provided f o r  a  numerical  count of a l l  f a i l u r e  c r i t i c a l i t i e s  
(Table 12-2). A s e p a r a t e  n a r r a t i v e  summary, l i s t i n g  C r i t i c a l i t i e s  I and 11, 
i s  provided i n  Table  12-3. 

Table  12-2. CFA - Subsystem C r i t i c a l i t y  Summary 

The c r i t i c a l  f unc t ion  ana lyses  a r e  presen ted  under t h e  fol lowing index: 

Subsystem 

1. S t r u c t u r e s  
2. Environmental c o n t r o l /  

l i f e  suppor t  
3.  E l e c t r i c a l  power 
4. Guidance and c o n t r o l  
5. React ion c o n t r o l  
6. Inf ormat i on  
7. C r e w  and h a b i t a b i l i t y  

T o t a l  

1.0 S t r u c t u r e s  and Mechanical 
2.0 ECLSS 
3.0 E l e c t r i c a l  Power 
4.0 Guidance and Cont ro l  
5.0 R e a ~ t i o n ~ C o n t r o l  
6.0 Inf  ormation Management 
7.0 C r e w  and H a b i t a b i l i t y  

C r i t i c a l i t y  Level  
I11 

11 
2  2  

2  2 
1 4  
2  2  
3 3 
12 

13 6  

I 

2  
2  

3 
1 
2  
- 
2  

12 

I1 

5  
5  

4 
1 

18 
6  
6  

45 
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SUBSYSTEM S t r u c t u r e s  & blechanical 

C R I T I C A L  FUNCTION A N A L Y S I S  

1 . 0  STRUCTURES AND MECHANICS 

1.1 PRIMARY STRUCTURES 

- S i d e w a l l ,  Bulkheads,  E t c .  
- Module Support  F i t t i n g  
- Manipulator  F i t t i n g  

1 . 2  SECONDARY STRUCTURE 

- Hatches 
- Windows 
- Cargo Handling R a i l s  
- F l e x i p o r t  

1 . 3  ENVIRONMENTAL SHIELDING 

- I n s u l a t i o n  
- Hatch P r o t e c t i v e  Cover 
- R a d i a t i o n  S h i e l d  

1 .4  BERTHING 

- Mating Ring 
- Latches 
- U t i l i t y  I n t e r f a c e  

1 . 5  GENERAL PURPOSE LAB FURNISHINGS 

- Lab Equipment 
- Lab Furn i sh ings  
- Air lock  R a i l s  
- Air lock  Hatch 

Space Division 
North American Rocl<well 



Space Division 
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SUBSYSTEM S t r u c t u r e s  & blechanical 

CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 
1.1 Primary S t r u c t u r e  

Ana lys i s  of  t h e  pr imary s t r u c t u r e  c o n s i d e r s  module s i d e w a l l s ,  a i r l o c k  bulkheads,  docb ing /ber th ing  
bulkhead,  and f i t t i n g s * .  

I *Refers  t o  t h e  f o u r  s u p p o r t  d e v i c e s  which a r e  used t o  r e s t r a i n  a  module w i t h i n  t h e  space  s h u t t l e  cargo 
bay and f o u r  space  s h u t t l e  manipu la to r  pickup f i t t i n g s  used t o  hand le  s t a t i o n  modules dur ing  b e r t h i n g  I 

FAILURE MODE I PRIMARY CAUSES FAILURE EFFECT & TIME TO EFFECT 
1. S i d e w a l l ,  a i r l o c k  and b e r t h -  Explosion o r  o v e r p r e s s u r e  

ing /dock ing  bu lkheads - rup tur  Mechanical damage 
f r a c t u r e ,  punc ture ,  e t c .  I Acciden ta l  c o l l i s i o n  

Corrosion 

Major l o s s  o f  module 
atmosphere t o  space .  
P robab le  crew hazard .  
Requires  module r e t u r n  t o  
e a r t h  f o r  r e p a i r .  

I 

ITEM IDENTIFICATION 8, FUNCTION 

Time: Immediate t o  minutes  

1.1 Primary S t r u c t u r e  (Continued)  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

R a t i o n a l e :  F a i l u r e  modes o r  a c c i d e n t s  which produce sudden l o c a l  energy r e l e a s e s  i n  e x c e s s  
of  50 BTU exceed t h e  FfSS d e s i g n  requ i rement .  

CRITICALITY 
I 

S h u t t l e  o r b i t e r  damage could r e s u l t  
dur ing  h igh  "G" maneuvering o r  
emergency l a n d i n g  o p e r a t i o n s .  
P o s s i b l e  s h u t t l e  crew hazard .  

PRIMARY CAUSES 

Time: lmmediate 

FAILURE EFFECT & TIME TO EFFECT 

Rat iona le :  The f i t t i n g  s t r e n g t h  is  designed f o r  t h e  w o r s t  c a s e  c o n d i t i o n  of  s h u t t l e  
c r a s h  l a n d i n g .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS CRITICALITY 

PREPARED BY J .  Beekman SUBSYSTEM P.E. RELIABILITY P.E. 
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SUBSYSTEM S t r u c t u r e s  and l l echan ica l  

CRITICAL FUNCTION ANALYSIS 
DATE 

ITEM IDENTIFICATION 8, FUNCTION 
1.1 Primary S t r u c t u r e  (Continued) 

Reduct ion o r  l o s s  o f  module hand l ing  
c a p a b i l i t y  d u r i n g  b e r t h i n g  o p e r a t i o n s  
P o s s i b l e  hazard  t o  s t a t i o n  o r  s h u t t l e  
crew. 

FAILURE MODE 

3.  Manipulator  pickup f i t t i n g  
f a i l s  s t r u c t u r a l l y .  

Time: Immediate 

PRIMARY CAUSES 

Overload c o n d i t i o n  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

Rat iona le :  The pickup f i t t i n g  s t r e n g t h  i s  designed f o r  t h e  maximum weight  module 
(25K pounds) i n  t h e  worst  case  b e r t h i n g  o p e r a t i o n .  

CRITICALITY 

I I 

I 

ITEM IDENTIFI<ATION & FUNCTION 

FAILURE EFFECT 8, TIME TO EFFECT FAILURE MODE PRIMARY CAUSES 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

- 

CRITICALITY 

PREPARED BY Beekman 
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Space Division 
North Amerrcan Rocltwell 

SUBSYSTEM S t r u c t u r e  & Mechanital  
CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION 8, FUNCTION 

1 .2  Secondary S t r u c t u r e  
Secondary s t r u c t u r e  i n c l u d e s  module p a r t i t i o n s ,  f l o o r s ,  u t i l i t y  d i s t r i b u t i o n ,  s t o r a g e  d e v i c e s ,  doors  
and h a t c h e s ,  windows, cargo h a n d l i n g  d e v i c e s ,  and f l e x i p o r t s .  

1. Hatch does no t  s e a l  
p r o p e r l y .  

Environmental  d e t e r i o r a t i o n  of s e a l  
m a t e r i a l  

FAILURE EFFECT & TIME TO EFFECT FAILURE MODE 

S i g n i f i c a n t  l o s s  o f  module atmos- 
p h e r e .  
P o s s i b l e  crew hazard  

PRIMARY CAUSES 

ITEM IDENTIFICATION & FUNCTION 

Rat iona le :  Hatch s e a l s  a r e  a c c e s s i b l e  f o r  s e r v i c e ,  maintenance and replacement  i n  t h e  docked 
c o n f i g u r a t i o n .  P o r t s  n o t  i n  use  depend on h a t c h  s e a l s  t o  r e t a i n  t h e  s t a t i o n  
atmosphere. Two h a t c h  s e a l s  a r e  l o c a t e d  c o n c e n t r i c a l l y .  

1 .2 Secondary S t r u c t u r e  (Continued) 

I1 

Thermal environment 
Cor ros ion  
Contaminat ion 

PRIMARY CAUSES 

Loss of t h e  main t r a n s f e r  r o u t e  f o r  
p e r s o n n e l ,  ca rgo ,  and equipment 
between modules. 
P o s s i b l e  de lay  i n  miss ion  o b j e c t i v e s .  

FA1 LURE EFFECT & TIME TO EFFECT 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
R a t i o n a l e :  An a l t e r n a t e  r o u t e  between modules ( f l e x i ~ o r t )  i s  a v a i l a b l e  f o r  pe rsonne l  

t r a n s f e r .  Hatch mechanisms have manual o v e r r i d e s  and a r e  m a i n t a i n a b l e  i n  a  
s h i r t s l e e v e  environment .  

PREPARED BY J. Beekman RELIABILITY P.E. 
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SUBSYSTEM S t r u c t u r e s  & Elechani c a l  

CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 1 1 1 . 2  Secondary S t r u c t u r e  (Con t inued)  I 

Loss  o f  i n n e r  s t a t i o n  v i s u a l  v i ewing  
c a p a b i l i t y  
( t h rough  c l o s e d  h a t c h e s )  

FAILURE EFFECT 8 TIME TO EFFECT 
Loss  o f  m i s s i o n  c a p a b i l i t y  r e q u i r i n g  
e x t e r n a l  v i ewing .  

FAILURE MODE 
3. Window c r a z e s  o r  c l o u d s  

(becomes o p a q u e ) .  

I 

ITEM IDENTIFICATION 8 FUNCTION 

PRIMARY CAUSES 
Environment  - Thermal  

- R a d i a t i o n  

RAT~ONALE/RECOMMENDATIONS/REF. DOCUMENTS 
R a t i o n a l e :  R e t r a c t a b l e  window c o v e r  p l a t e s  a r e  p r o v i d e d  f o r  e x t e r n a l  v i ewing  windows t o  a c t  

a s  t h e r m a l  b a r r i e r s ,  p r o t e c t i v e  s h i e l d s  and a i r - t i g h t  c a p s  ( f o r  window removal  
and s e r v i c i n g ) .  

1 . 2  Secondary S t r u c t u r e  (Con t inued)  

CRITICALITY 
I11 

FA1 LURE MODE I PRIMARY CAUSES 1 FAILURE EFFECT & TIME TO EFFECT 

Cargo h a n d l i n g  c a p a b i l i t y  t h rough  
t h e  hatchways i s  deg raded  

4 .  Cargo h a n d l i n g  mechanisms 
o r  r a i l s  f a i l  s t r u c t u r a l l y  

I 

~TIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
R a t i o n a l e :  Efechanisms and r a i l s  a r e  m a i n t a i n a b l e  i n  a  s h i r t s l e e v e  env i ronmen t .  R e p a i r  

p a r t s  a s  r e q u i r e d  a r e  d e l i v e r a b l e  d u r i n g  s c h e d u l e d  r e s u p p l i e s .  

O v e r l o a d i n g ,  a c c i d e n t a l  damage, 
wea rou t .  

PREPARED BY J. Beekman 
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SUBSYSTEM S t r u c t u r e s  & Elechanical  
CRITICAL FUNCTION ANALYSIS 

DATE 9-8-71 

ITEM IDENTIFICATION & FUNCTION 

1 . 2  Seconda ry  S t r u c t u r e  (Con t inued)  

FAILURE MODE 

5.  F l e x i p o r t  t u b e  o r  s e a l  
l e a k s  e x c e s s i v e l y .  

PRIMARY CAUSES 

S e a l i n g  s u r f a c e  damaged. 
S e a l  m a t e r i a l  d e t e r i o r a t i o n  from 
env i ronmen t  a 1  e x p o s u r e .  

FAILURE EFFECT & TIME TO EFFECT 

S t a t i o n  a tmosphe re  l o s s .  
Loss  o f  d u a l  e g r e s s  c a p a b i l i t y  

:Module t o  Module) 

RAT~ONALE/RECOMMENDATIONS/REF. DOCUMENTS 
R a t i o n a l e :  F l e x i p o r t  s e a l s  a r e  r edundan t  b u t  a r e  n o t  m a i n t a i n a b l e  on o r b i t .  

CRITICALITY 
I1 

ITEM IDENTIFICATION 8. FUNCTION 

FA1 LURE EFFECT & TIME TO EFFECT FAILURE MODE PRIMARY CAUSES 

RATIONALE/RECOMMENDA~ IONS/REF. DOCUMENTS CRITICALITY 

PREPARED BY J. Beelman SUBSYSTEM P.E. RELIABILITY P.E. 
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SUBSYSTEM S t r u c t u r e s  & Plechanical  D~~~ 9-8-71 

CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION 8, FUNCTION 
1 . 3  Env i ronmen ta l  S h i e l d i n g  - The e n v i r o n m e n t a l  s h i e l d s  p r o v i d e  p a s s i v e  p r o t e c t i o n  t o  t h e  S t a t i o n  

equipment  and o c c u p a n t s  from t e m p e r a t u r e  e x t r e m e s ,  mic rome teo ro ids ,  and r a d i a t i o n .  

FAILURE MODE 
1. I n a d e q u a t e  s u p e r i n s u l a t i o n *  

pe r fo rmance .  

" S u p e r i n s u l a t  i o n - m u l t i p l e  
l a y e r s  o f  m e t a l i z e d  myla r  
s h e e t s  s e p a r a t e d  a t  i n t e r -  
v a l s  by webbing.  

PRIMARY CAUSES 
Degrada t ion  o f  m e t a l i z e d  f i l m  o r  
my la r  due t o  e n v i r o n m e n t a l  e x p o s u r e .  
Pl icrometeoroid  damage 

FAILURE EFFECT & TIME TO EFFECT 
E x c e s s i v e  demand on s t a t i o n  a c t i v e  
the rma l  c o n t r o l  (ECLSS) 

L o c a l i z e d  c o l d  s p o t s  cou ld  p roduce  
m o i s t u r e  c o n d e n s a t i o n  on i n n e r  
s t a t i o n  s i d e w a l l s  o r  equ ipmen t .  
P o s s i b l e  equipment  damage. 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
R a t i o n a l e :  Thermal  c o n t r o l  equipment  h a s  been d e s i g n e d  t o  a l l o w  f o r  t h e  e f f e c t s  o f  t h e r m a l  

i n s u l a t i o n  d e g r a d a t i o n  which a r e  a n t i c i p a t e d  o v e r  t h e  ElSS o p e r a t i o n a l  l i f e .  

CRITICALITY 
I11 

ITEM IDENTIFICATION 8 FUNCTION 

1 . 3  Env i ronmen ta l  S h i e l d  (Cont inued)  

FAILURE EFFECT & TIME TO EFFECT 

I n c r e a s e d  s t a t i o n  h e a t  l o s s .  

FAILURE MODE 
2 .  Loss  of p r o t e c t i v e  cove r  

(ove r  b e r t h i n g  p o r t  o r  
window) 

PRIMARY CAUSES 
Docking c o l l i s i o n  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
R a t i o n a l e :  Thermal  c o n t r o l  equipment  h a s  b e e n  d e s i g n e d  t o  compensate  f o r  some minor  h e a t  

l o s s e s  beyond t h e  a n t i c i p a t e d  l o a d s .  

CRITICALITY 
I11 

RELMHLlw P.E. PREPARED BY J. Beekman 
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Space Division 
North Amencan Rocltwell 

SUBSYSTEM S t r u c t u r e s  & Plechanical DATE 9-8-71 

CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 

1 . 3  Environmental  S h i e l d  (Continued) 

FAILURE EFFECT 8, TIME TO EFFECT 

Loca l  l o s s  of  thermal  and micro- 
meteoroid p r o t e c t i o n .  

FAILURE MODE 

3. P a r t i a l  l o s s  o r  damage t o  
a  module micrometeoroid 
bumper. 

PRIMARY CAUSES 

Plicrometeoroid impac t ,  docking 
c o l l i s i o n .  

RAT~ONALE/RECOMMENDATIONS/REF. DOCUMENTS 
R a t i o n a l e :  The frequency o f  micrometeoroids p e n e t r a t i n g  t h e  s p h e r i c a l  p lane  through which t h e  
modular space  s t a t i o n  w i l l  be  i n  e a r t h  o r b i t  has  been e s t i m a t e d  from d e t a i l e d  o b s e r v a t i o n s .  
C a l c u l a t i o n s  have i n d i c a t e d  wi th  a  0.9 p r o b a b i l i t y ,  t h a t  meteoroid p e n e t r a t i o n  of  t h e  
p r e s s u r e  h u l l  shou ld  n o t  occur  w i t h i n  a  t e n  y e a r  s t a t i o n  l l f e .  

CRITICALITY 

I11 

ITEM IDENTIFICATION & FUNCTION 

1 . 3  Environmental  S h i e l d  (Continued) 

FAILURE MODE PRIMARY CAUSES 

r o i d  impac t ,  docking 

(micrometeoroid,  r a d i a t o r s ,  
& i n s u l a t i o n )  . 

FAILURE EFFECT & TIME TO EFFECT 

The c rew ' s  t o t a l  n a t u r a l  r a d i a t i o n  
dose would be  exceeded d u r i n g  
extended p e r i o d s  of  exposure and 
and dur ing  t h e  s h o r t  p e r i o d s  a s s o c i a -  
t e d  wi th  s i g n i f i c a n t  s o l a r - f l a r e  
a c t i v i t y .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
R a t i o n a l e :  Crew cou ld  t a k e  re fuge  i n  o t h e r  modules dur ing  s o l a r  f l a r e  a c t i v i t y  t o  t ake  

advantage of maximum e f f e c t i v e  s h i e l d i n g .  

CRITICALITY 
111 

REL1ABILIrYP.E. PREPARED BY J. Beekman 
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Space Division 
North American Rocltwell 

SUBSYSTEM S t r u c t u r e s  & Mechanical 

CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 
1 . 4  Berthing - Ber th ing  i n v o l v e s  and i n c l u d e s  t h e  s h u t t l e  manipu la to r  o p e r a t i o n s  which e n a b l e  t h e  unloading 

of  a  module from t h e  s h u t t l e  ca rgo  bay t o  p l a c e  i t  i n  c o n t a c t  wi th  t h e  space  s t a t i o n  a t  an a p p r o p r i a t e  
b e r t h i n g  p o r t .  A p r e r e q u i s i t e  t o  t h i s  o p e r a t i o n  is t h e  docking by t h e  s h u t t l e  t o  t h e  space s t a t i o n  core 
module docking adap tor  a t  t h e  core  module (-X) a x i s  end. Note: During the second launch t h e  s h u t t l e  
w i l l  b r i n g  t h e  docking adap tor  i n t o  o r b i t  and b e r t h  i t  t o  i ts  docking p o r t  then  dock t o  t h e  core  module 
s i d e  b e r t h i n g  p o r t  and then  b e r t h  t h e  power module. 

FAILURE MODE 1 PRIMARY CAUSES \FAILURE EFFECT & TIME TO EFFECT 

Module b e r t h i n g  could n o t  be 
accomplished. 
S t a t i o n  modules r e q u i r e  r e t u r n  t o  
e a r t h .  
Damaged c o r e  module p o r t  would be 

1 Mating r i n g  f a i l s  t o  p rov ide  
a  compatible  s t r u c t u r a l  
i n t e r f a c e  between module & 
s t a t i o n .  

unusable 

S t r u c t u r a l  damage o r  f a i l u r e  

Ra t iona le :  Core modules a r e  non- re tu rnab le .  Modules however, could be ber thed  t o  ano ther  
b e r t h i n g  p o r t  i f  a v a i l a b l e .  

ITEM IDENTIFICATION & FUNCTION 
1 . 4  Berthing (Continued) 

FAILURE MODE PRIMARY CAUSES 
2. Latch f a i l s  t o  c l o s e  Mechanical o r  s t r u c t u r a l  f a i l u r e  

dur ing  b e r t h i n g  o p e r a t i o n s .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
Rat iona le :  Uni t s  may be  manually o p e r a t e d  a f t e r  b e r t h i n g .  

]FAILURE EFFECT & TIME TO EFFECT 
No d i r e c t  e f f e c t  upon the  b e r t h i n g  
o p e r a t i o n .  3 s e t s  (12 u n i t s )  a r e  
provided p e r  p o r t  wi th  one s e t  o f  
l a t c h e s  r e q u i r e d  t o  o p e r a t e  t o  a s s u r e  
a  s u c c e s s f u l  b e r t h i n g .  

Delay i n  undocking o p e r a t i o n s .  - 
Latches  c o n t a i n  manual o v e r r i d e  
p r o v i s i o n s .  

I CRITICALITY 

r 

PREPARED BY J .  Beekman SUBSYSTEM P.E. 
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Space Division 
North Amerlcan Rocl<well 

SUBSYSTEM S t r u c t u r e s  & Mechanical 

CRITICAL FUNCTION ANALYSIS 
4 

ITEM IDENTIFICATION & FUNCTION 

1 . 4  Ber th ing  (Continued) 

FAILURE EFFECT & TIME TO EFFECT 

Module u t i l i z a t i o n  i s  delayed o r  
l o s t .  

FAILURE MODE 

4. U t i l i t y  i n t e r f a c e  cannot  be  
s u c c e s s f u l l y  mated ( e l e c t r i -  
c a l  & mechanical)  

PRIMARY CAUSES 

S t r u c t u r a l  damage o r  misal ignment  

RATIO NALE/RECOMMENDATI~NS/REF. DOCUMENTS 
Rat iona le :  Minor damage can be r e p a i r e d  i n  a  s h i r t s l e e v e  environment  fo l lowing  s u c c e s s f u l  

b e r t h i n g .  Major u t i l i t y  i n t e r f a c e  damage t o  a  s t a t i o n  o r  ca rgo  module would 
r e q u i r e  r e t u r n  t o  e a r t h  f o r  r e p a i r .  S i m i l a r  damage t o  a  c o r e  module p o r t  would 
r e q u i r e  b e r t h i n g  t o  an unused p o r t  i f  a v a i l a b l e .  

CRITICALITY 
I I 

ITEM IDENTIFICATION & FUNCTION 

FAILURE MODE PRIMARY CAUSES FAILURE EFFECT & TIME TO EFFECT 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS CRITICALITY 

PREPARED BY J .  Beekman SUBSYSTEM P.E. RELlABl LlTY P.E. 



Space Division 
North American Rocltwell 

SUBSYSTEM S t r u c t u r e s  & Elechanical 

CRITICAL FUNCTION ANALYSIS 
DATE 9-8-71 

ITEM IDENTIFICATION 8 FUNCTION 
1.5 G e n e r a l  Pu rpose  Lab F u r n i s h i n g s  - F u r n i s h i n g s  c o n s i s t  o f  s p e c i a l  equ ipmen t ,  work benches ,  and s t o r a g e  

c a b i n e t s  l o c a t e d  i n  t h e  f o l l o w i n g  l a b  a r e a s :  m e d i c a l / b i o l o g i c a l ,  p h y s i c s ,  d a t a  a n a l y s i s ,  o p t i c a l  
s u p p l y  & main tenance ,  e l e c t r i c a l / e l e c t r o n i c s  m a i n t e n a n c e ,  mechan ica l  ma in t enance  & pho to  p r o c e s s i n g .  
S p e c i a l  h a n d l i n g  equipment  a s s o c i a t e d  w i t h  t h e  a i r l o c k s  a r e  a l s o  i n c l u d e d .  

IFAILURE MODE 

1. S p e c i a l  l a b  equipment  f a i l s  
t o  f u n c t i o n  p r o p e r l y  

PRIMARY CAUSES 

A c c i d e n t a l l y  damaged 

FAILURE EFFECT 8. TIME TO EFFECT 1 
Equipment ma in tenance  would b e  d e l a y e  
a n d / o r  deg raded .  

P h o t o g r a p h i c  p r o c e s s i n g  would be 
d e l a y e d .  I 

1 Data  a n a l y s i s  cou ld  b e  d e l a y e d .  I 
Medical  & b i o l o g i c a l  s e r v i c e s  c o u l d  
b e  deg raded .  

1 1 . 5  G e n e r a l  Pu rpose  Lab F u r n i s h i n g s  (Con t inued)  I 

RAT~ONALE/RECOMMENDATIONS/REF. DOCUMENTS 
R a t i o n a l e :  Damaged equipment  may be removed and r e p l a c e d  w i t h  a  r e p a i r e d  o r  s p a r e  u n i t .  

2 .  Gene ra l  l a b  equipment  
(ma in tenance  b e n c h e s  s t o r a g e  
c a b i n e t s ,  e t c . )  f a i l s  t o  
p r o v i d e  t h e  n e c e s s a r y  
f a c i l i t i e s  f o r  p r o p e r  
ma in tenance  o p e r a t i o n s  and 
equipment  s t o r a g e .  

CRITICALITY 

111 

A c c i d e n t a l  damage 

ITEM IDENTIFICATION 8 FUNCTION 

Equipment ma in tenance  would b e  
de l ayed  a n d / o r  deg raded .  

RAT~oNALE/RECOMMENDATIONS/REF. DOCUMENTS 

R a t i o n a l e :  A l t e r n a t e  work a r e a s  and s t o r a g e  f a c i l i t i e s  a r e  a v a i l a b l e  i f  r e q u i r e d .  

CRITICALITY 

I11 

RELIABILITY P.E. PREPARED BY J .  Beekman 
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Space Division 
North American Rocltwell 

SUBSYSTEM S t r u c t u r e s  5 Plechanical  

C R I T I C A L  FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 

1 . 5  Gene ra l  P u r p o s e  Lab F u r n i s h i n g s  (Con t inued)  

FAILURE EFFECT & TIME TO EFFECT 

A i r l o c k  equ ipmen t  h a n d l i n g  c o u l d  n o t  
be  f a c i l i t a t e d .  
Equipment damage on impac t .  

FAILURE MODE 

3 .  A i r l o c k  equipment  h a n d l i n g  
r a i l s  do n o t  p r o v i d e  t h e  
n e c e s s a r y  g u i d e  s u p p o r t  
( s t r u c t u r a l  f a i l u r e  o r  
b i n d i n g ) .  

PRIMARY CAUSES 

A c c i d e n t a l l y  damaged 
Loosen ing  o f  a t t a c h m e n t  p o i n t s  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
R a t i o n a l e :  A i r l o c k  equipment  h a n d l i n g  r a i l s  a r e  m a i n t a i n a b l e  i n  a  s h i r t s l e e v e  env i ronmen t .  

Commonality w i t h  s i m i l a r  equipment  used i n  c a r g o  h a n d l i n g  w i l l  p r o v i d e  p a r t s  
f o r  emergency r e p a i r .  

CRITICALITY 

111 

ITEM IDENTIFICATION & FUNCTION 

1 . 5  G e n e r a l  P u r p o s e  Lab F u r n i s h i n g s  (Con t inued)  

FA1 LURE EFFECT & TIME TO EFFECT 

Exper imen t s  r e q u i r i n g  f u l l  a c c e s s  o f  
t h e  a i r l o c k  h a t c h  cou ld  n o t  b e  
accompl i shed .  

FAILURE MODE 

4.  A i r l o c k  e x t e r n a l  h a t c h  w i l l  
n o t  open f u l l y .  

PRIMARY CAUSES 

A c c i d e n t a l l y  damaged 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
R a t i o n a l e :  Two a i r l o c k s  a r e  p r o v i d e d  on  t h e  i n i t i a l  s t a t i o n .  Expe r imen t s  might  b e  r e l o c a t e d  

o r  t h e  a i r l o c k s  s w i t c h e d  by a  s h u t t l e  o p e r a t i o n .  

CRITICALITY 

I11 

PREPARED BY J .  Beekman 
7 
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SUBSYSTEM S t r u c t u r e s  S. P!echanical 

CRITICAL FUNCTION ANALYSIS 

@A!! Space Division 
North Amer~can Rocl<well 

ITEM IDENTIFICATION B FUNCTION 

1 .5  General  Purpose Lab Furn i sh ings  (Continued) 

5. Ai r lock  e x t e r n a l  ha tch  f a i l s  Hatch o r  mechanism damage. 
t o  c l o s e  completely.  

Ai r lock  cannot be u t i l i z e d .  
Time c r i t i c a l  experiments  could be 

- 

FAILURE EFFECT 8 TIME TO EFFECT FAILURE MODE 

impacted.  

PRIMARY CAUSES 

ITEM IDENTIFICATION B FUNCTION 



SUBSYSTEM ECLss 
C R I T I C A L  FUNCTION ANALYSIS 

@!!! Space Division 
North Arner~can Rocl<well 

8-12-71 
DATE 

ITEM IDENTIFICATION 8 FUNCTION 2 . 0  ENVIRONMENTAL CONTROL AND L I F E  SUPPORT SUBSYSTEM 
The ECLSS provides the fol lowing functions t o  the modular space s tat ion:  Storage of  l i f e  support gases,  
control  of  the MSS atmosphere, control  of the MSS equipment heat loads ,  management of  water, management 
of waste products, C 0 2  removal and reduction, e l e c t r o l y s i s  of water, and spec ia l  l i f e  support. 

RCS 
CORE XODULE - INTERFACE 

ATMOSPHERIC SUPPLY 

I t  

POWER BOOM - REPRESSURIZATION SUPPLY 
CARGO MODULE - EMERGENCY LEAKAGE AND 

GAS MAKE-UP SUPPLY 

ATMOSPHERE 
CONTROL 

- 
r - - - - - ' I  -. - 

PREPARED BY J .  N. Eeekn:an 
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Space Division 
North Amer~can Rockwell 

SUBSYSTEM EcLss  
C R I T I C A L  FUNCTION ANALYSIS 

ITEM IDENTIFICATION 8, F U N C T I O N  

CFA SEQUENCE 

2 .0  ENVIRONNENTAL CONTROL LIFE SUPPORT SYSTEM 

2 . 1  GASEOUS STORAGE AND INTERFACES 

2 . 1 . 1  Hz,  0 2  a n d  N Tanks  
2 . 1 . 2  Power Modu le fCore  Module  I n t e r f a c e  
2 . 1 . 3  S t a t i o n  Modu le /Core  Module I n t e r f a c e  
2 . 1 . 4  Ca rgo  Plodule /Core  Module  I n t e r f a c e  
2 . 1 . 5  RtQI/Core Module I n t e r f a c e  

2 .2  ATElOSPHERE CONTROLS 

2 . 2 . 1  T e m p e r a t u r e  - H e a t  Exchange r  
2 . 2 . 2  Humid i t y  - Wicks a n d  Wick S e p a r a t o r s  
2 . 2 . 3  P r e s s u r e  - R e g u l a t o r s  
2 . 2 . 4  C i r c u l a t i o n  - F a n s ,  D r i v e s  and D u c t i n g  
2 . 2 . 5  Con t aminan t  - S o r b e n t  Bed, C a t a l v t i c  Bu rne r  

2 . 3  THERMAL CONTROL 

2 . 3 . 1  I n t e r n a l  C o o l a n t  Loop - Cold P l a t e s  
2 . 3 . 2  H e a t  R e j e c t i o n  Loop - R a d i a t o r s  
2 . 3 . 3  P a s s i v e  T e m p e r a t u r e  C o n t r o l  

2 . 4  WATER PlANACE?LENT 

2 . 4 . 1  Wa te r  R e c l a m a t i o n  U n i t  - Waste  Wa te r  S t o r a g e ,  
Wa te r  R e c l a m a t i o n  U n i t  - Vapor  Compres s ion  U n i t  

2 . 4 . 2  P u r i t y  C o n t r o l  - T r a n s d u c e r  - H20 P u r i t y  S e n s i n g  
2 . 4 . 3  P o t a b l e  Wa te r  S t o r a g e  - P o t a b l e  Wa te r  S t o r a g e  Tank 

2 . 5  WASTE MANAGEMENT 

2 . 5 . 1  T r a s h  P r o c e s s i n g  a n d  S t o r a g e  
2 . 5 . 2  F e c a l  P r o c e s s i n g  a n d  S t o r a g e  
2 . 5 . 3  Food Was t e s  and  O t h e r  Dange rous  Waste  P r o c e s s i n g  

and S t o r a g e  

2 . 6 . 1  C02 Removal - Hydrogen  D e p o l a r i z e r  
2 . 6 . 2  C02 R e d u c t i o n  - S a b a t i e r  R e a c t o r  

I 2 .7  Hz0 STOMCE ,\SD ELECTROLYSTS I 
2 . 7 . 1  Hz0 Tank - E l e c t r o l y s i s  Make-up 

2 . 7 . 1 . 1  Ca rgo  Module I n t e r f a c e  
2 . 7 . 2  H20 E l e c t r o l y s i s  U n i t  

I 2 . 8  SPECIAL LIFE SL'PPORT I 
2 . 8 . 1  F i r e  C o n t r o l  - E s t i n g u i s h e r s ,  E t c .  
2 . 6 . 2  LV,\ S u p p o r t  
2 . 8 . 3  PLSS S u p p o r t  

PREPARED BY V. Shoemaker  
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C R I T I C A L  FUNCTION ANALYS l S 

I!!!!!! Space Division 
North Amerrcan Rocl<well 

ITEM IDENTIFICATION & FUNCTION 2.1 GASEOUS STORAGE AND INTERFACES - The fo l lowing  a r e  ECLSS s t o r a g e  
requ i rements  and module i n t e r f a c e s :  N2 tanks  f o r  emergency r e p r e s s u r i z a t i o n  and atmosphere l eakage  makeup, 
O2 t anks  f o r  emergency r e p r e s s u r i z a t i o n ,  96 hour emergency ECLSS and EPS o p e r a t i o n ,  EVA/IVA emergency 
o p e r a t i o n s ,  RCS maneuvering, and H2 tanks  f o r  96 hour emergency EPS o p e r a t  i o n ,  and RCS maneuvering. 
The ECLSS subsystem r e q u i r e s  i n t e r f a c e s  between t h e  fo l lowing  space  s t a t i o n  modules: core/power,  c o r e / s t a t i o n  
c o r e l c a r g o ,  and core/RAM f o r  t h e  i n i t i a l  s t a t i o n .  The growth s t a t i o n  r e q u i r e s  t h e  fo l lowing  s i m i l a r  i n t e r -  
f a c e s :  c o r e  l l g r o w t h ,  g r o w t h l s t a t i o n ,  and growth/RAM. 

POWER MODULE 

COKE MODULE 

! CORE MODULE 
1 

PREPARED By  V. Shoemalrer SUBSYSTEM P.E. / % L+/%c. 4 RELIABIL1lYP.E. .% 



4!!!!@ Space Division 
North Amencan Rocl<well 

SUBSYSTEM Modular S ~ a c e  S t a t i o n  
CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 2.1.1 H 2 ,  0  and N2 TANKS - 3000 p s i a  t anks  a r e  provided f o r  gas 
s t o r a g e  i n  t h e  ca rgo  and power modules. S t a t i o n  modules and t h e  growth c o r e  c o n t a i n  o n l y  t anks  t o  
be p r e s s u r i z e d  a t  300 p s i a  o r  l e s s .  (1 )  O2  and (3)  N2 r e s e r v o i r s  a r e  l o c a t e d  i n  t h e  power boom. The ca rgo  
modules c o n t a i n  t h e  ba lance  of H z ,  O 2  and N2 r e s e r v e s  necessa ry  f o r  t h e  MSS requ i rements .  A l l  r e s e r v o i r s  
a r e  i n f l i g h t  r e p l a c e a b l e  u n i t s  (IFRU). Note: The t a n k s  provided f o r  RCS u s e ,  accumulate  H and 02 from t h e  
ECLSS e l e c t r o l y s i s  u n i t s .  The ECLSS O2 f o r  t h e  b r e a t h a b l e  atmosphere i s  drawn from t h e  R C ~  02 accumulator .  

M a t e r i a l  o r  p rocesses  
Acc iden ta l  punc ture  
O v e r p r e s s u r i z a t i o n  
Regula to r  s t i c k i n g  o r  diaphragm 

r u p t u r e  
Rad ia t ion  o r  atmosphere h e a t  
Overpressure  o r  p h y s i c a l  impact 

FAILURE EFFECT & TIME TO EFFECT 

Explosive g a s  r e l e a s e  w i t h  a s s o c i a t e d  
s t r u c t u r a l  damage. 

P a r t i a l  l o s s  of g a s  supp ly  
O v e r p r e s s u r i z a t i o n  of s t a t i o n  
Unbalance of s t a t i o n  atmosphere p a r t i a l  

p r e s s u r e  

Time - immediate t o  hours .  

R A T I O N A L E / R E C O M M E N D A T I O ~ ~ / ~ ~ ~ .  Tank hazards  a r e  reduced through t h e  fol low- CRlTlCALlTY 
ing design f e a t u r e s :  1 )  Blow o u t  r u p t u r e  d i s c s  i n  r e s e r v o i r s  wi th  d i f f u s e r  n o z z l e s ,  2 )  Contro 

I 

ITEM lDENTlFlCAnON & FUNCTION2.1.2 POWER M O D U L E ~ C O R E  MODULE INTERFACE - Inc ludes :  02 and N supp ly  
l i n e s ,  power boom t o  c o r e  i n t e r c o n n e c t s  and r e l a t e d  v a l v e s  f o r  r e p r e s s u r i z a t i o n .  NOTE: H2 and i2 g a s e s  and 
primary e l e c t r i c a l  f e e d e r s  f o r  EPS a r e  a l s o  a t  t h i s  i n t e r f a c e .  

of r e s e r v o i r  t e m p . ( i n s u l a t i o n  and r a d i a t i o n  s h i e l d i n g ) ,  3 )  Containment s h i e l d i n g  around t a n k s ,  
4 )  F a i l  c losed  r e g u l a t o r s  p l u s  manual bypass f low c o n t r o l  v a l v e s ,  5) A l l  r e s e r v o i r s  a r e  
i s o l a t e d  t o  p reven t  f a i l u r e  p ropoga t ion ,  6 )  A l l  r e s e r v o i r s  a r e  m u l t i  number s o  l o s s  of  any 
r e s e r v o i r  is n o t  c r i t i c a l .  

FAILURE MODE 
(L)Gas l eakage  

I 

PRIMARY CAUSES 
M a t e r i a l  o r  p rocess  
Acc iden ta l  impact o r  s t r a i n  

/ Valve mal func t ion  o r  s e a l  damage 

Loss of gas  r e s u l t i n g  i n  i n a b i l i t y  t o  
r e p r e s s u r i z e  . 

P o s s i b l e  atmosphere unbalance.  
P o s s i b l e  over  p r e s s u r i z a t i o n .  
P o s s i h l e  f i r e  o r  e x p l o s i o n  (needs 

an i g n i t i o n  s o u r c e )  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS: The fo l lowing  f e a t u r e s  a r e  i n c o r p o r a t e d :  
1. Manual backup i s o l a t i o n  v a l v e s  
2. P r o t e c t e d  l i n e  r o u t i n g  
3. P r e s s u r e  l o s s  warning d e v i c e s  

CRITICALITY 

I1 

PREPARED BY "' 
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Space Division 
North Amerrcan Rocl<well 

SUBSYSTEM ECLSS 
CRITICAL FUNCTION ANALYSIS 

DATE 8-12-71 

IDENTIFICATION & FUNCTION 2.1.3 STATION MODULE/CORE MODULE INTERFACE - Includes : Repressurization 
and N2 supply lines and station to core interconnects (air, water, and freon). Note: Hz and O2 gases 

are also carried across the SM 1 and SM4 interfaces. 

FAILURE MODE 
(1) Gas leakage 

PRIMARY CAUSES 
Material or process defects. 

1 Accidental impact or strain 

Valve malfunction or seal damage 

Loss of gas resulting in inability 
repressurize. 
Possible atmosphere unbalance 
Possible overpressurization 
Possible fire or explosion 
(Need an ignition source) 

Time - minutes to hours 

I 

ITEM IDENTlFlCAfl O N  & FUNCTION 2.1.4 CARGO MODULE~CORE MODULE INTERFACE - Includes 0 and Np supply lines, 
cargo module to core interconnects and related valves for N2 leakage makeup; O2 for IVA, ~ V A  and emergency 
supply; H2 for emergency EPS operation. 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS The following features are incorporate: 
1. Manual backup isolation valves. 
2. Protected line routing.' 
3. Pressure loss warning devices 

FAILURE MODE 
1) o as leakage i 

CRITICALITY 

I I 

I 1 Possible overpressurization 

PRIMARY CAUSES 
Material or process 
Accidental impact or strain 
Valve malfunction 

Loss of gas and possible loss of 
emergency EPS function 

FA1 LURE EFFECT & TIME TO EFFECT 
Possible atmosphere unbalance 

Possible Hz expulsion 

~ime: minutes to hours 

~RAT~ONALE/RECOMMENDAT~ONS/REF. DOCUMENTS 

1. Manual backup isolation valves 
2. Protected line routing 
3. Pressure warning devices 

PREPARED BY V. Shoemaker 
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@A!!! Space Division 
North Amer~can Rocl<well 

SUBSYSTEM ECLSs 

CRITICAL FUNCTION ANALYSIS 
- 

ITEM IDENTlFlCATlON & FUNCTION 2.1.5 RAM/CORE MODULE INTERFACE - 
Inc ludes :  O 2  and N2 supp ly  l i n e s  and RAM t o  core  i n t e r c o n n e c t s  ( a i r  and w a t e r ) .  

1. Gas l eakage  
PRIMARY CAUSES 

M a t e r i a l  o r  p rocess  d e f e c t s  

1 Acciden ta l  impact o r  s t r a i n  

Valve mal func t ion  o r  s e a l  damage 

FAILURE EFFECT & TlME TO EFFECT 
Loss of g a s  r e s u l t i n g  i n  i n a b i l i t y  

t o  r e p r e s s u r i z e  

P o s s i b l e  atmosphere unbalance.  

1 P o s s i b l e  o v e r p r e s s u r i z a t i o n  

Time - minutes  t o  hours  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS The fo l lowing  f e a t u r e s  a r e  i n c o r p o r a t e  
1. Manual backup i s o l a t i o n  v a l v e s  
2. P r o t e c t e d  l i n e  r o u t i n g  
3. P r e s s u r e  l o s s  warning d e v i c e s  

CRITICALITY 

111 

FAILURE MODE PRIMARY CAUSES FAILURE EFFECT & TIME TO EFFECT 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

- 

CRITICALITY 

V.  Shoemaker 
PREPARED BY 
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914 Space Division 
North Amerlcan Rocl<well 

SUBSYSTEM E C L S S  

CRITICAL FUNCTION ANALYSIS 

ITEM lDENTlFlCATlON g, FUNCTION 2 . 2  ATMOSPHERIC CONTROL - SUBSYSTEM C O N S I S T S  O F :  ( 2 )  Humidity c o n t r o l  
u n i t s  wi th  d u c t  f a n s ,  ( 2 )  c h a r c o a l  beds p l u s  ( 4 )  s m a l l  l o c a l  c h a r c o a l  b e d s ,  ( 5 )  s e n s i b l e  h e a t  exchangers ,  
w i t h  f a n s ,  (31) l o c a l  f a n s ,  ( 2 )  0 2  p a r t i a l  p r e s s u r e  c o n t r o l s ,  (6) p r e s s u r e  s e n s o r s ,  ( 2 )  contaminant  
c o n t r o l  u n i t s ,  ( 2 )  g a s  and b a c t e r i a  moni to r s ,  (7) e x p l o s i o n  d e t e c t o r s ,  ( 5 )  p r e s s u r e  r e l i e f  u n i t s ,  r e l a t e d  
d u c t i n g  and supp ly  l i n e s .  System c o n t r o l s  humid i ty ,  g a s  p a r t i a l  p r e s s u r e  and t o t a l  a tmospher ic  p r e s s u r e ,  
g a s  c i r c u l a t i o n ,  a tmospher ic  con tamina t ion ,  a tmospher ic  t empera tu re ,  and warns of  con tamina t ion  and 
e x p l o s i v e  hazards .  

P R O C E S S  FI.OW ./ C 0 2  
REMOVAL 

0 2  P P  SEFISOR 

I kp"v- & GAS SUPPLY /. ---) r -+ . --*- 

H L T l I D I n  CONTROL 
D I S T R I B U T I O N  

\ 

CAT.  BURN. 
H m l I D I T Y  CONTROL I I 

--IS;.; 1-1 
- 

*- , 
S E N S I B L E  HX 

(1) - 1 

1 (1) T Y P I C I ~ I .  P E R  ElODULE 

a M I N .  SMOKE SPREAD 
a CORE DUCTS TOO LARGE I F  CENT.  

@ C E N T R A L I Z E D  R E V I T I L I Z A T I O N  

a RLEED FROM ALL MODULES FOR 
C O a  , H U M I D I T Y ,  CONTAMINAYT 

a E O U I P .  TOO COMTLEX T O  REPEAT 
I N  EACH MODULE 

a P R O V I D E S  U T I L I T Y  SUPPORT TO 
RAM & CARGO MODULES 

@ CORE S E N S I B L E  HX SYSTEM 
P R O V I D E S  FOR POWER BOOM 
& GROWTH CORE 

PREPARED BY 
T I .  Shoe'lalcer 

SUBSYSTEM P.E. RELIABILITY P.E. 
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Space Division 
North Amer~can Rocltwell 

SUBSYSTEM ECLSS 
8-12-71 

DATE 
C R I T I C A L  FUNCTION ANALYSIS 

ITEM IDENTlFlCATlON & FUNCTION 2.2.1 TEMPERATURE - HEAT EXCHANGERS (5)  
One u n i t  i s  l o c a t e d  i n  each s t a t i o n  module and core .  The fan  assembly c i r c u l a t e s  cab in  a i r  t h r u  t h e  h e a t  
exchanger which a b s o r b s  e x c e s s  h e a t  i n  c o o l a n t  wa te r  ( a c t i v e  thermal  subsystem) t o  m a i n t a i n  t h e  s p e c i f i e d  
atmospheric  t empera tu re .  

FA1 LURE MODE 1 PRIMARY CAUSES 

1. Degradat ion o r  l o s s  of  a b i l i t  F a i l u r e  of a  h e a t  exchanger  o r  f a n  
t o  c o n t r o l  t h e  a i r  t empera tu re .  component o r  d r i v e .  i 

Leakage of t h e  h e a t  exchanger  
c o o l a n t .  

Excessive h e a t  s o u r c e  ( f i r e ,  e t c . )  

FAILURE EFFECT & TlME TO EFFECT 1 I Atmospheric overtemp. I 
Excess humidi ty o r  water  d rops  i n  
t h e  humidi ty c o n t r o l  h e a t  exchanger .  

A t  1 hour t h e  t empera tu re  w i l l  r i s e  
t o  approximately 95'F under a  3 KW 
a i r  h e a t  l o a d ;  85'F under a  2  KW h e a t  
load .  

JRATIONALE/RECOMMENDATIONS/REF. DOCUMENTS ICRITICALITY 1 

I 

ITEM lDENTlFlCAmON & FUNCTION 2.2.2 HWIIDITY CONTROL - (2) Operat ing u n i t s  i n  s t a t i o n  module 2 ,  
(1 )  s tandby u n i t  i n  s t a t i o n  module - 3 .  The u n i t  i s  a  condensing h e a t  exchanger t h a t  c o l l e c t s  water  i n  
wicking.  The condensed wate r  i s  u l t i m a t e l y  pumped t o  t h e  wa te r  management system. The u n i t  c o n t a i n s  a  
blower which draws a i r  from t h e  s t a t i o n  module and c o r e  module volumes and f o r c e s  t h e  a i r  t h r u  t h e  h e a t  
exchanger where t h e  humidi ty i s  reduced,  t h e  a i r  i s  d e l i v e r e d  t o  t h e  C02  removal u n i t  and then  back t o  t h e  
SM's. 

Each s t a t i o n  module and t h e  c o r e  have a  s e p a r a t e  h e a t  exchanger  u n i t .  The f a i l u r e  of  one 
u n i t  w i l l  no t  s e r i o u s l y  e f f e c t  t h e  module o p e r a t i o n s  u n l e s s  t h e  c o n d i t i o n  con t inues  and 
t empera tu re  o r  m o i s t u r e  a f f e c t s  o t h e r  o p e r a t i o n s .  S i n g l e  f a i l u r e  of d u a l  h e a t  exchanger 
main ta ins  75F a i r  t empera tu re  and l o s s  of s e l e c t a b i l i t y .  

PRIMARY CAUSES FAILURE EFFECT & TIME TO EFFECT 
Degradat ion o r  l o s s  of Cor ros ion  Condensation forms on w a l l s  i f  no 
a b i l i t y  t o  c o n t r o l  t h e  c o n t r o l  f o r  8  h r s  (65°F Dew p t )  
s t a t i o n  humidi ty.  Clogged wicking R . H .  = 100% a t  13 h r s .  

I11 

Blower mal func t ion  

Pump mal func t ion  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

I n  c a s e  of  o p e r a t i n g  u n i t  f a i l u r e  load w i l l  be  switched t o  s t andby  u n i t ,  a t  
which time primary u n i t  can be r e p a i r e d .  

CRITICALITY 

I11 

PREPARED BY ". SUBSYSTEM P.E. , 



Space Division 
North Amencan Rocltwell 

SUBSYSTEM ECLSS 
8-12-71 

DATE 
C R I T I C A L  FUNCTION A N A L Y S I S  

ITEM lDENTlFlCATlON & FUNCTION 2.2.3 P r e s s u r e  Regula t ion  - An au tomat ic  c o n t r o l  r e g u l a t e s  t h e  O2  
p a r t i a l  p r e s s u r e  a t  3.0 t o  3.5 p s i a  and a  t o t a l  p r e s s u r e  r e g u l a t o r  c o n t r o l s  t h e  t o t a l  p r e s s u r e  a t  
approx imate ly  14.7 p s i a  by N 2  a d d i t i o n .  P r e s s u r e  s e n s o r s  a r e  l o c a t e d  i n  each s t a t i o n  module and t h e  
c o r e  module t o  warn of any ou t -o f - to le rance  c o n d i t i o n s .  

FAI LURE MODE \PRIMARY CAUSES  FAILURE EFFECT &TIME TO EFFECT 
1. Regula tes  t o o  low 

Loss of g a s  s o u r c e  

Spr ing  o r  diaphragm f a i l u r e  

Acc iden ta l  impact 

2. Regula tes  too  high I 

Loss of  O2 p a r t i a l  p r e s s .  menlmodule 
t ime  @ 2 p s i a  

6 2 days 
3 4 days  

T o t a l  MSS f a i l u r e  - Vol. 1 + Vol 2 
= 8 days  

O2 r i c h  atmosphere 
( i n c r e a s e s  t h e  p o t e n t i a l  f i r e  
hazard  r i s k )  

I 

ITEM IDENTIFICATION & FUNCTION 
2 .2 .3  P r e s s u r e  Regula t ion  (con t inued)  

P r e s s u r e  r e l i e f  v a l v e s  a l low v e n t i n g  i n  t h e  e v e n t  of o v e r p r e s s u r i z a t i o e .  

I I 

RAT~ONALE/RECOMMENDATIONS/REF. DOCUMENTS 
The primary r e g u l a t i o n  system (SM-2) has  2 u n i t s  i n  one a s  a  redundancy measure - i n  a d d i t i o n  
t h e r e  is  an i d e n t i c a l  s tandby u n i t  i n  SM-3. 

CRITICALITY 

(1)  111, (21111 

(3 )  Module p r e s s u r e  
r e l i e f  v a l v e  l e a k s .  

FAILURE EFFECT & TIME TO EFFECT 
P o s s i b l e  l o s s  o f  a module atmosphere. 

PRIMARY CAUSES 
S e a l  con tamina t ion  

(4 )  P r e s s u r e  r e l i e f  
v a l v e  f a i l s  c l o s e d .  

No e f f e c t  Mechanical i n t e r f e r e n c e  

IATIONALE/RECOMMENDATIONS/REF. DOCUMENTS .. Module h a t c h e s  p rov ide  t h e  c a p a b i l i t y  f o r  i s o l a t i o n  from t h e  r e s t  of t h e  MSS complex i n  
t h e  e v e n t  of t h i s  occur rence  and u n t i l  c o r r e c t i v e  maintenance can b e  performed. 

I .  P r e s s u r e  r e l i e f  v a l v e s  a r e  designed w i t h  redundant  v a l v e s  and p o r t s .  

CRITICALITY 

( 3 ) I I ,  (4 )  I11 

J. Beekman 
PREPARED BY - 
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Space Division 
North Arner~can Rockwell 

SUBSYSTEM ECLsS 

CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 2.2.4 CIRCULATION - T h i s  system c o n s i s t s  of d u c t i n g  and f a n s  t o  draw o f f  
used a i r  from each  s t a t i o n  module and c o r e  and t o  d e l i v e r  t h e  humid and mixed gas  p roduc t s  t o  t h e  con- 
t amina t ion  c o n t r o l  u n i t ,  humidi ty c o n t r o l  u n i t  and C02 u n i t .  These u n i t s  remove t o x i c  e lements ,  b a c t e r i a .  
m o i s t u r e  and CO from t h e  atmosphere. There a r e  i n d i v i d u a l  l o c a l  f a n s  i n  each module, i n  a d d i t i o n  t o  t h e  
humidi ty u n i t  biower and s e n s i b l e  h e a t  exchanger  f a n s ,  t o  supp ly  adequa te  a i r  c i r c u l a t i o n .  

FAILURE EFFECT 8, TIME TO EFFECT 
P a r t i a l  l o s s  o f  humidi ty and the rmal  

c o n t r o l  r e s u l t i n g  i n  some 
crew d i scomfor t .  

Time: Hours t o  days 

FAILURE MODE 
1. Loss of c i r c u l a t i o n  c a p a b i l i t y .  

PRIMARY CAUSES 
Fan mal func t ions  o r  l o s s  of power. 

A c c i d e n t a l  d u c t  blockage o r  a i r  
d i v e r s i o n .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
As t h e r e  a r e  7 l o c a l  f a n s  i n  each SM, one o r  two f a n  f a i l u r e s  would have l i t t l e  e f f e c t .  
A humidi ty blower p l u s  s e n s i b l e  h e a t  exchanger  f a n  f a i l u r e  covered i n  s e c t i o n  2.2.2 (2.2.1) 
and a  d u c t  f a i l u r e  cou ld  i s o l a t e  c i r c u l a t i o n  i n  an a f f e c t e d  module a l lowing  humidi ty and 
contaminant  bu i ldup .  

CRITICALITY 
111 

ITEM IDENTIFICATION & FUNCTION 2.2.5 CONTAMINANT CONTROL - (2 )  s o r b e n t  beds (2 )  c a t a l y t i c  b u r n e r s  
(2)  c h a r c o a l  beds (2)  b a t e r i a  f i l t e r s  (4)  l o c a l  c h a r c o a l  beds 
The ducted a i r  b l e e d  from t h e  SM's and c o r e  is pumped through 1 s e t  of  t h e  above u n i t s  ( t h e  o t h e r  s e t  i s  
on  s tandby)  t o  remove t o x i c  g a s e s ,  o d o r s ,  and b a c t e r i a .  The c a t a l y t i c  burner  o x i d i z e s  t r a c e  g a s e s  t o  
C02 and H20, w h i l e  t h e  s o r b e n t  bed a b s o r b s  NH., and r e s i d u a l  o r g a n i c  a c i d s .  The c h a r c o a l  a b s o r b s  and odor  
c o n s t i t u e n t s  and o t h e r  r e s i d u a l  o r g a n i c s .  The b a c t e r i a  f i l t e r  removes b a c t e r i a .  

FA1 LURE EFFECT 8, TIME TO EFFECT 
Excessive t o x i c  g a s ,  ammonia, o d o r s ,  
and b a c t e r i a  i n  atmosphere can  
a f f e c t  comfort and h e a l t h  of  crew. 

Time - normal s t a t i o n  opera t ion-  
6 t o  1 0  days 

Abnormal c o n d i t i o n  ( l e a k s ,  s p i l l s .  
e t c . )  - hours  

FAILURE MODE 
1. Loss of a b i l i t y  t o  c o n t r o l  

module atmosphere contaminanto.poisoning 

PRIMARY CAUSES 
Excess ive  o r  incompat ib le  contaminants  

t h e  c a t a l y s t s .  

F i l t e r  o r  bed e lements  n o t  changed 
when s a t u r a t e d  o r  "blown" through.  

Over o r  under  v o l t a g e  on h e a t e r  s o  
burner  temp. i s  n o t  main ta ined .  

~TIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
3ne s e t  of  each of t h e  contaminant  c o n t r o l  u n i t s  is l o c a t e d  i n  t h e  humidi ty c o n t r o l  system. 
3ne is o p e r a t i v e  t h e  o t h e r  on s tandby  s o  i n  c a s e  of any u n i t  f a i l u r e ,  t h e  load  would be  t r a n s -  
f e r r e d  t o  t h e  s t andby  u n i t .  Each u n i t  h a s  r e p l a c e a b l e  beds o r  f i l t e r s  which have scheduled 
changes. Contaminant d e t e c t o r s  w i l l  warn of ou t -o f - to le rance  c o n d i t i o n s  r e q u i r i n g  immediate 
a c t i o n .  

CRITICALITY 

11 

RELIABILITY P.E. 

v. 
PREPARED BY 
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Space Division 
North Arner~can Rocl<well 

SUBSYSTEM ECLss 
CRITICAL FUNCTION ANALYSIS 

8-12-71 
DATE 

ITEM IDENTIFICATION & FUNCTION 2.3 THERMAL CONTROL - This  system removes h e a t  from t h e  s t a t i o n  and 
r e j e c t s  i t  t o  s p a c e .  The s t a t i o n  has  a  primary and secondary wate r  c o o l a n t  loop  in te rconnec ted  t o  
c o l d p l a t e s  and a tmospher ic  h e a t  exchangers .  These loops  i n t e r c o n n e c t  w i t h  pr imary and secondary f r e o n  
l o o p s  through t h e  redundant  h e a t  exchangers .  The redundant  f r e o n  loops  connect  t o  space  r a d i a t o r s  on each 
s t a t i o n  module. Redundant wa te r  and f r e o n  pumps c i r c u l a t e  t h e  r e s p e c t i v e  f l u i d s .  The r a d i a t o r  f r e o n  
l o o p s  have d i v e r t e r  v a l v e s  f o r  l l g h t / d a r k  o p e r a t i o n s .  

THERMAL CONTROL 
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Space Division 
North Amer~can Rocl<well 

SUBSYSTEM 
ECLSS 

CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 2.3.1 INTERNAL COOLANT LOOP - This  loop  absorbs  t h e  g e n e r a t e d  h e a t  
of t h e  s t a t i o n  through c o l d p l a t e s  and h e a t  exchangers .  The system c o n s i s t s  of c o l d p l a t e s  (150) h e a t  
exchangers  (20) pumps (4 )  accumula to rs  (2)  and r e l a t e d  plumbing. There is a pr imary loop  f o r  a l l  normal 
Opera t ions ,  and a  secondary loop  t o  a l l  c r i t i c a l  func t ion$ .  Th is  loop  used o n l y  i n  c a s e  o f  f a i l u r e  of  pr imary 
loop.  Th is  loop  is  t h e  water  loop  and i n c l u d e s  t h e  wa te r  t o  f r e o n  h e a t  exchangers  (2)  which a r e  va lved  
in te rchangeab ly  w i t h  pr imary and secondary l o o p s .  

I 1 Subsystem c o o l a n t  l o s s  I I 
Loss of  accumulator  p r e s s u r e  

FAILURE EFFECT & TlME TO EFFECT 
Overheat ing o f  u n i t s  t o  be cooled - 

degrades  o r  s t o p s  u n i t  performance. 
Time - minutes  

- 
FAILURE MODE 
1. Loss of  a b i l i t y  t o  accumulate  
t h e  i n t e r n a l  g e n e r a t e d  h e a t .  

Excessive humid i ty  o r  wa te r  i n  
atmosphere t ime - seconds 

PRIMARY CAUSES 
F a i l u r e  o f  a  pump p a r t  and /or  pump 
d r i v e .  

Loss of  d r i v e  power 

I 

ITEM IDENTIFICATION & FUNCTION 2.3.2 - Heat R e j e c t i o n  Loop - This  system a c c e p t s  h e a t  from t h e  i n t e r n a l  
coo lan t  loop  through t h e  w a t e r  f r e o n  h e a t  exchanger .  I t  d i s t r i b u t e s  t h e  h e a t  t o  t h e  e x t e r n a l  r a d i a t o r s  
where t h e  h e a t  is r a d i a t e d  t o  space.  The system c o n s i s t s  of  a  pr imary and secondary loop .  Each loop  c o n t a i n s  
pumps ( 2 ) , r a d i a t o r s  (32 p a n e l s ) , d i s t r i b u t i o n  plumbing, f r e o n -  accumula to rs ,  v a l v i n g  c o n t r o l s  t o  a l low 
r a d i a t o r  i n s u l a t i o n ,  and modulat ing v a l v e s  t o  c o n t r o l  t h e  f low p r o p o r t i o n a l  t o  t h e  h e a t  l o a d s .  

I 

. Loss of a b i l i t y  t o  t r a n s f e r  
and r e j e c t  t h e  s t a t i o n  h e a t  

The primary system h a s  redundant  pumps and can be va lved  t o  use  t h e  secondary systems 
f reon lwate r  h e a t  exchanger .  The secondary system is  l e s s  e x t e n s i v e  than  t h e  pr imary sys tem,  
bu t  w i l l  hand le  a l l  c r i t i c a l  f u n c t i o n s .  It a l s o  has  redundant  pumps and i n t e r c h a n g e a b i l i t y  
of  hea t  exchangers  w i t h  t h e  pr imary system. 

loads .  

CRITICALITY 

I11 

Pump c a v i t a t i o n  

PRIMARY CAUSES 
F a i l u r e  of  a  pump and /or  pump d r i v e .  

Loss of d r i v e  power 

Subsystem c o o l a n t  l o s s  through punc ture  
( m e t e o r i t e ,  docking e r r o r )  

Loss of accumulator  p r e s s u r e .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
The primary and secondary sys tems  a r e  comple te ly  redundant .  Secondary system r a d i a t o r  p a n e l  
groups may be s u b s t i t u t e d  i n d i v i d u a l l y  i f  d e s i r e d .  Each system is  capab le  of  hand l ing  t h e  
4SS h e a t  load  a lone .  Excess r a d i a t o r  pane l  c a p a b i l i t y  ( f o u r  p a n e l s )  is incorpora ted  i n t o  
t h e  des ign .  

FA1 LURE EFFECT & TIME TO EFFECT 
Overheat ing of t h e r m a l l y  s e n s i t i v e  

components and assembl ies .  

Time - hours  t o  days 

Crew d i scomfor t  and p o s s i b l e  
i n t e r r u p t i o n  of normal s t a t i o n  
a c t i v i t i e s .  

PREPARED BY 
L - 4 2 5  - 
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@!!! Space Division 
North Amer~can Rocl<well 

SUBSYSTEM ECLss 

C R I T I C A L  FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 2 .4 .1  WATER RECLAMATION UNIT - WASTE WATER STORAGE 
This  u n i t  s t o r e s  was te  wa te r  p r i o r  t o  t h e  p u r i f i c a t i o n  t r e a t m e n t .  It c o n s i s t s  of  (4)  t a n k s ,  two i n  t h e  
s t andard  o p e r a t i o n a l  u n i t  and two i n  t h e  backup standby u n i t .  

E x t e r n a l l y  induced c o r r o s i o n .  P o s s i b l e  crew h e a l t h  hazard.  

FAILURE EFFECT & TIME TO EFFECT 
Atmosphere con tamina t ion  

Loss of recoverab le  wa te r .  

FAILURE MODE 
1. Leakage and l o s s  of  waste  

wa te r .  

PRIMARY CAUSES 
Punc ture  from an a c c i d e n t a l  impact. 

M a t e r i a l  o r  p r o c e s s  induced f a i l u r e s .  

I 

ITEM IDENTIFICATION & FUNCTION 2.4.1 (Continued)  - Vapor Compression Uni t  - The vapor compression u n i t  
r e c e i v e s  t h e  was te  w a t e r  and p u r i f i e s  i t  by vapor d i s t i l l a t i o n  and d e l i v e r s  t h e  p u r i f i e d  wate r  t o  t h e  pure  
wa te r  ho ld ing  t a n k s .  There a r e  (2 )  u n i t s ,  one o p e r a t i n g ,  one s tandby .  Each u n i t  i s  redundant  i n  i t s e l f .  
The u n i t  p rocesses  a l l  waste  w a t e r ;  i e :  u r i n e ,  wash w a t e r ,  humidi ty condensa te ,  l a b  w a t e r ,  e t c .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
NOTE: Waste w a t e r  t a n k s  and vapor compression u n i t s  a r e  each  subassembl ies  of t h e  wa te r  

rec lamat ion  u n i t s  (WRU). Two was te  w a t e r  t a n k s  a r e  inc luded  i n  each WRU. A WRU is 
l o c a t e d  in SM-1 and SM-4. 

CRITICALITY 

I11 

I I F a i l u r e  of a h e a t e r  o r  h e a t e r  supp ly .  ( ~ i m e  - immediate I 

FAILURE MODE 
2 .  Loss of c a p a b i l i t y  t o  recover  

waste  w a t e r .  

Note - one pure wa te r  t ank  is  
always on r e s e r v e  and i t  h o l d s  
1 112 days  supp ly  of wa te r .  

I Regular  s e r v i c i n g  of u n i t  

PRIMARY CAUSES 
F a i l u r e  of a  compressor and /or  com- 
p r e s s o r  d r i v e .  

FAILURE EFFECT & TIME TO EFFECT 
Del ivery  of  impure wate r  o r  no wate r .  

PREPARED BY 
V .  Shoemaker 

- 427 - 
SUBSYSTEM P.E. RELIABILINP.E. 



Space Division 
North Amer~can Rocltwell 

SUBSYSTEM ECLSS 
CRITICAL FUNCTION ANALYSIS 

ITEM lDENTlFlCATlON & FUNCTlQN - 2.4.2 P u r i t y  Control  - This  SyStc2m a s s u r e s  a pure  water  supply. The 
water  i s  hea ted  and he ld  a t  160 F i n  t h e  p o t a b l e  water  t anks  (4) .  This  p a s t u e r i z e s  t h e  water ,  k i l l i n g  t h e  
b a c t e r i a .  (2) s i l v e r  i o n  genera tors  i n j e c t  s i l v e r  i o n s  i n t o  t h e  water  t o  main ta in  p u r i t y  during t r a n s p o r t  
i n  t h e  d e l i v e r y  l i n e s .  (2) p u r i t y  monitors  c o n s t a n t l y  sample t h e  p u r i f i e d  water  t o  determine water  p u r i t y  
( s a l t  c o n t e n t ,  P.H, o r g a n i c  & b a c t e r i a  l e v e l ) .  

E lec t rodes  s h o r t i n g  o u t  - b a t t e r y  
f a i l u r e  

I I Timer and/or t o p .  c o n t r o l  malfunction1 Time 10 t o  36 hours.  I 

FAILURE EFFECT & TIME TO EFFECT 

P o s s i b l e  d e l i v e r y  of impure water .  

FA1 LURE MODE 
I. Loss of water  p u r i t y  c o n t r o l  

I I No s i l v e r  ion  product ion  I I 

PRIMARY CAUSES 
P a s t u e r i z a t i o n  h e a t e r  c o n t r o l  mal- 

f u n c t i o n  o r  element burnout .  

P u r i t y  monitor  l o s s  o r  out-of c a l i b r a -  
t ion.  

The "use" water  i s  s t o r e d  i n  a "use" tank  which is i s o l a t e d  from t h e  vapor compression 
u n i t .  The vapor compression u n i t  d e l i v e r s  water  t o  a  second tank  which is monitored f o r  
p u r i t y .  The tanks  hold a 36 hour supply of water ,  s o  i n  case  of a  component f a i l u r e  t h e r e  
is  a r e s e r v e  of pure  water .  

CRITICALITY I 
I 

ITEM IDENTIFICATION & FUNCTION 2.4.3 Potab le  Water S torage  - These tanks  (4) r e c e i v e  water  from t h e  
vapor compression u n i t s .  One tank is f i l l i n g  whi le  t h e  o t h e r  tank is i s o l a t e d f o r  t h e  s t a t i o n  water  supply. 

The f i l l i n g  tank is  monitor  f o r  p u r i t y .  When t h e  f i l l i n g  tank  is f u l l  and t h e  d e l i v e r y  tank  is empty. 
t h e  process  is reversed .  The tank water  h e a t e r s  a r e  included under p u r i t y  cont ro l .  

FAILURE MODE PRIMARY CAUSES 
System overpressure  

M a t e r i a l ,  process o r  cor ros ion  
weakening. 

Acc identa l  impact, i e :  f r a c t u r e  o r  
puncture (b ladder  r u p t u r e )  

FAILURE EFFECT & TlME TO EFFECT 
Release of  water  i n t o  t h e  s t a t i o n  

atmosphere. 

P o s s i b l e  contamination of instrument 
o r  e l e c t r i c a l  and mechanical 
hardware. 

Time: Immediate 

A s  t h e  water  system i s  redundant ,  two of t h e  (4 )  t anks  a r e  o p e r a t i o n a l  and 
two of tanks  a r e  on standby i n  t h e  redundant system. 

! 

PREPARED BY V . Shoemaker SUBSYSTEM P.E. 



SUBSYSTEM E C L ~ ~  
CRITICAL FUNCTION ANALYSIS 

Space Division 
North American Rocltwell 

ITEM IDENTIFICATION & FUNCTION2.5 WASTE MANAGEMENT - This  system h a s  t h r e e  f u n c t i o n s :  1 )  F e c a l  

c o l l e c t i o n ,  d r y i n g  and s t o r a g e ;  2) u r i n e  c o l l e c t i o n  and d e l i v e r y  t o  was te  t ank ;  and 3) s t a t i o n  t r a s h  
p rocess ing  (compacting and d ry ing  of  s t a t i o n  t r a s h ) .  
The f e c a l  c o l l e c t o r s ( 2 )  c o n s i s t  of a  c o l l e c t o r ,  a  s h r e d d e r ,  a  f e c e s  d e p o s i t  c y l i n d e r  and a  vacuum d r y e r .  
The u r i n e  c o l l e c t o r s ( 2 )  c o n s i s t  of a  c o l l e c t o r  and an air l i q u i d  s e p a r a t o r .  
The t r a s h  c o l l e c t o r ( 2 )  c o n s i s t  o f  a  c o l l e c t i o n  b i n ,  a  compactor, and a d r y e r .  

FECAL & URINE COLLECTION 

FAN AND URINEIAIR 
SEPARATOR 

PARTICULATE 
FILTER 

FILTER AND '--19 
CHARCOAL ' 

L - - - J  

* NO SECONDARY PERFORMANCE 

URINAL : 
FECAL : 

URINI. TO KASTE WATER TANKS 

CABIN 

CONTROLLER El 
h USES/MAN DAY 
1 USEIMAN DAY 

PREPARED BY "' SUBSYSTEM P.E. 



Space Division 
North American Rocl<well 

SUBSYSTEM ECLSS 
8-12-71 

DATE 
CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 2.5.1 TRASH PROCESSING - The u n i t s  rece ive  the t r a sh  i n  a b in ,  where 
t he  t r a sh  is d r i e d b y  e l e c t r i c  heating elements and t h e  moisture evacuated t o  space. The dr ied  t r a s h  i s  
compressed i n  a bag by a motor driven compactor. The bagged and compressed t r a sh  i s  s tored  i n  t he  cargo 
module. 

FAILURE MODE 

( l ) ~ o s s  of capab i l i t y  t o  
process t r a sh .  

PRIMARY CAUSES 

E l e c t r i c  heater  cont ro l  o r  element 
f a i l u r e .  

FAILURE EFFECT & TIME TO EFFECT 

Accumulation of undried, uncompressed 
t r a sh  requir ing  more s torage  volume. 

Probable generation of bac t e r i a  and 
gaseous products. 

TIME: days t o  weeks 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

A l l  funct ional  u n i t s  a r e  redundant 

CRITICALITY 
I11 

ITEM ~ D E N T ~ F ~ C A ~ O N  & FUNCTION 2.5.2 FECAL COLLECTOR AND PROCESSOR- The feces  a r e  deposited i n  t he  
un i t  by forced a i r  from an a i r  blower. The ma te r i a l  is shredded and c e n t r i f i c a l l y  slung t o  the  surface  
of a drum container by a r o t a t i n g  blade. When defecation i s  complete, the  drum is sealed and vented t o  
vacuum t o  dehydrate the  feces  f i lm.  When the  drum is f u l l  it is sealed and the  drum s tored .  A new drum 
i s  i n s t a l l e d .  

FAILURE MODE 

1 )  Loss of capab i l i t y  t o  
c o l l e c t  and process feces.  

PRIMARY CAUSES 

Drum s e a l  leakage 

D r a ,  s l i nge r  o r  blower dr ive  motor 
f a i l u r e .  

I so l a t i on  valve leakage 

FAILURE EFFECT & TIME TO EFFECT 

Crew inconvenience 

Possible atmosphere contamination. 

Increased maintenance t a sk  require- 
ment. 

Time - immediate 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
There a r e  (2 )  u n i t s ,  however l o s s  of one inconveniences t he  crew through the  necess i ty  
t o  time-share t he  remaining un i t .  

CRITICALITY 

I11 

PREPARED BY ". SUBSYSTEM P. E. RELIABILITYP.E. 



@A!! Space Division 
North American Rocl<well 

SUBSYSTEM ECLss - 
CRITICAL FUNCTION ANALYSI S 

F 

ITEM lDENTlFlCATlON & FUNCTION 2.5.3 URINE COLLECTOR - The u r i n e  c o l l e c t o r  r e c e i v e s  t h e  u r i n e  and 
d i r e c t s  i t  by means o f  an a i r  f low.  The u r i n e  e n t e r s  a s e p a r a t o r  where t h e  c a r r i e r  a i r  i s  s e p a r a t e d  and 
t h e  u r i n e  pumped o n t o  t h e  was te  wa te r  t a n k s .  

Time immediate 

FAILURE MODE 
1)Loss of  c a p a b i l i t y  t o  c o l l e c t  

and p rocess  u r i n e .  

I 

ITEM IDENTIFICATION 8 FUNCTION 

PRIMARY CAUSES 
Liqu id  gas  membrane r u p t u r e  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
There a r e  ( 2 )  u n i t s ,  however l o s s  of one is a  minor inconvenience t o  t h e  crew through 
t h e  n e c e s s i t y  t h e  n e c e s s i t y  t o  t r a v e l  t o  t h e  o t h e r  l o c a t i o n .  

FAILURE EFFECT & TIME TO EFFECT 
Atmospheric con tamina t ion  

1 Blower o r  pump motor f a i l u r e .  

CRITICALITY 

I11 

I n a c t i v a t i o n  of u n i t  

FAILURE MODE PRIMARY CAUSES FA1 LURE EFFECT 8, TIME TO EFFECT 

RATIONALE/RECOMMENDA~IONS/REF. DOCUMENTS CRITICALITY 

RELIAB1LITYP.E. ,d$+~ PREPARED BY 
- - 431  - 

SUBSYSTEM P.E. 



SUBSYSTEM EcLss 
CRITICAL FUNCTION ANALYSIS 

Space Division 
North American Rockwell 

8-12-71 
DATE 

ITEM IDENTlFlCATlON & FUNCTION 2.6 C02 MANAGEMENT - The H2 depolar izer  draws i n  C02 r i c h  atmosphere 
and removes a major por t ion  of the  C02 then re turns  the  C02 lean  atmospheres t o  the  s t a t i o n  modules. The 
removed C02 i s  ducted t o  s aba t i e r  r eac to r  where t he  C02 i s  reac ted  t o  CH4(for RCS use) and water (which is 
returned t o  the e l e c t r o l y s i s  u n i t ) .  There a r e  (2)  s e t s  of Hz depolar izer  and saba t i e r  combinations. One 
s e t  is always on the  l i n e  while t he  o ther  i s  on standby. 

CO? MANAGEMENT 

TO RCS ACCUMULATOR 
HUMTDITY CONTROL now 

H 2 02 

> ? I 
I I 

1 

ELECTROLYSIS 

c:O 2 REMOVAL C02 REDUCTION 02 GENERATOR 

CA3LN A L R  
2STLTN 

POTABLE 
TANK; FROM VATER STORAGE 

C H q  + C02 
TO SPACE 

H20 ACCUMULATOR 



Space Division 
North Amer~can Rocl<well 

SUBSYSTEM ECLsS 

CRITICAL FUNCTION ANALYSIS 
- 

ITEM IDENTlFlCATlON & FUNCTION 2.6.1 C02 REMOVAL (HYDROGEN DEPOLARIZER) - This  u n i t  r e c e i v e s  cab in  
a i r  and reduces  t h e  C02 c o n t e n t  by an e l e c t r o c h e m i c a l  a c t i o n ,  ( t h r u  s y n t h e s i s  wi th  H2 and 02)  and is  f e d  
i n t o  t h e  d e p o l a r i z e r .  The c o n c e n t r a t e d  C02 is then  p iped  t o  t h e  s a b a t i e r  u n i t  and t h e  C02 l e a n  atmosphere 
is  r e t u r n e d  t o  t h e  s t a t i o n .  There a r e  (2)  Hz d e p o l a r i z e r s ,  one primary and one secondary s tandby  u n i t :  

FAILURE MODE l PRIMARY CAUSES IFAILURE EFFECT & TIME TO EFFECT 
1 )  Loss of c a p a b i l i t y  t o  

remove C02 
Contaminated f e e d  a i r  

Cor ros ion  o r  p h y s i c a l  damage 

Clogged p o r e s  i n  t h e  p l a t e  type  
e l e c t r o d e s .  

Shor ted  e l e c t r o d e s  

I n c r e a s e  i n  atmosphere C02 c o n t e n t .  

Time 
For 1 module, 1 5  h r s  
To max. a l l o w a b l e  C02 Conc. 

For s t a t i o n .  96 h r s  t o  max. 
a l lowable  C02 conc. 

There a r e  (2 )  H2 d e p o l a r i z e r s  - one o p e r a t i o n a l ,  one s tandby p l u s  LiOH 
a b s o r b e r s  f o r  emergency s tandby .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

ITEM ~ D E N T ~ F ~ C A ~ O N  & FUNCTION 2.6.2 Cog REDUCTION (SABATIER REACTOR) - This  u n i t  r e c e i v e s  CO2 
from t h e  Hg d e p o l a r l z e r  and by t h e  a d d i t i o n  of  Hz  c o n v e r t s  t h e  C02 t o  CH4 and H20. The CH i s  d e l i v e r e d  t o  
t h e  RCS, and t h e  wa te r  i s  d e l i v e r e d  t o  t h e  e l e c t r o l y s i s  u n i t  t o  be  converted back t o  O 2  an2 Hz. There a r e  
(2)  s a b a t i e r  u n i t s .  One o p e r a t i o n a l ,  one s tandby  

CRITICALITY 

FAILURE MODE 
(1)  Leakage of  Hz o r  CH4 

PRIMARY CAUSES 

S e a l  o r  plumbing l e a k  

Hea te r  c o n t r o l  mal func t ion  o r  element 
breakage ( the rmal  c o n t r o l  l o s s )  

FAILURE EFFECT & TIME TO EFFECT 

P o t e n t i a l  r e l e a s e  of  t o x i c  o r  
combust ible  gas  r e s u l t i n g  i n  a  
hazard t o  pe rsonne l .  
Time - immediate 
Loss of  O 2  i n  C02 which would be  
vented overboard.  
Time - t h e  e f f e c t  on l o s s  of  02 - 

supply (from C02) would be i n  weeks 
because of t h e  H20 r e s e r v e s .  

IEF. DOCUMENTS 

V .  Shoemaker 
PREPARED BY I SUBSYSTEM P.E. 

NOTE: H and CH4 g a s e s  a r e  on ly  handled i n  double  wa l led  c o n t a i n e r s  through a  s a f e t y  imposed 
ggoundrule .  

(1)  I ,  (2)  111 



Space Division 
North American Rocl<well 

SUBSYSTEM 
CRITICAL FUNCTION ANALYSIS 

8-12-71 
DATE 

ITEM ~ D E N T ~ F ~ C A T ~ O N  & FUNCTION 2.7 H20 STORAGE AND ELECTROLYSIS - The e l e c t r o l y s i s  u n i t  c o v e r t s  H20 
t o  H2 and 0 . It c o n v e r t s  H20 a t  a  r a t e  adequa te  f o r  t h e  crew m e t a b o l i c  u s e  ( b r e a t h i n g  r a t e )  and t h e  
s t a t i o n  O2  t eakage  r a t e .  The Hz goes  t o  RCS, H2 d e p o l o a r i z e r ,  and s a b a t i e r .  The wate r  supp ly  comes from 
t h e  r e s u p p l y  wate r  s t o r e d  i n  t h e  ca rgo  module. Th is  system i n c l u d e s  a  s m a l l  wa te r  t a n k s  (5 g a l )  which 
s t o r e s  t h e  wa te r  produced by t h e  s a b a t i e r  u n i t  d u r i n g  t h e  d a r k  p a r t  of  t h e  o r b i t  c y c l e .  The e l e c t r o l y s i s  
u n i t  o p e r a t e s  o n l y  d u r i n g  t h e  l i g h t  c y c l e .  

FAILURE EFFECT 8, TIME TO EFFECT FAILURE MODE PRIMARY CAUSES 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS CRITICALITY 

ITEM IDENTlFlCAnON & FUNCTION 2.7.1 H20 TANKS AND ELECTROLYSIS MAKEUP - , ( 3 )  t a n k s  i n  t h e  c o r e  
module supp ly  w a t e r  t o  t h e  e l e c t r o l y s i s  u n i t  which c o n v e r t s  t h e  wa te r  t o  Hz and O2 Por RCS and ECLSS 
use .  The t a n k s  a r e  p r e s s u r i z e d  t o  300 p s i  by N2 gas .  The wate r  from t h e s e  t a n k s  is  n o t  recovered ,  t h e r e f o r e  
t h e s e  t anks  a r e  i n  t h e  l o g i s t i c s  r e s u p p l y  c y c l e .  

FAILURE MODE 
1 )  H20 t a n k  l eakage  and l o s s  of 

s t o r a g e  c a p a b i l i t y .  

PRIMARY CAUSES 
Corros ion ,  m a t e r i a l s  o r  p r o c e s s  

System o v e r p r e s s u r e  

Acc iden ta l  impact .  i e :  f r a c t u r e  o r  
r u p t u r e  o f  t a n k  

and b l a d d e r  

FAILURE EFFECT & TIME TO EFFECT 
Loss of  wa te r  

Loss o f  use  of wa te r  i n  a f f e c t e d  
t ank .  

Requi r ing  unscheduled resupp ly .  

*2 t o  3 weeks 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

*There a r e  ( 3 )  t anks .  The l o s s  o f  one  o r  even two tanks  a r e  n o t  c r i t i c a l  excep t  t h a t  un- 
schedu led  r e s u p p l y  would be  r e q u i r e d  a s  a  c o n s t a n t  supp ly  o f  wa te r  f o r  e l e c t r o l y s i s  

is c r i t i c a l .  

CRITICALITY 

111 

PREPARED BY V. Shoemaker SUBSYSTEM P.E. RELIABILITY P.E. 



Space Division 
North Amer~can Rocltwell 

SUBSYSTEM 

C R I T I C A L  FUNCTION ANALYSIS  

ITEM lDENTlFlCATlON FUNCTION 2.7.1.1 CARGO MODULE INTERFACE - The ca rgo  module is  a  resupp ly  u n i t .  
AS t h e  wate r  t anks  a r e  i n  t h e  cargo module t h e  w a t e r  supp ly  l i n e s  i n t e r f a c e  wi th  t h e  s t a t i o n  t o  supply 
wate r  f o r  t h e  e l e c t r o l y s i s  u n i t .  

FAILURE EFFECT & TIME TO EFFECT 

I n a b i l i t y  t o  t r a n s f e r  wa te r  t o  
space s t a t i o n .  

1 )  Leaking o r  damaged connector  

Time - immediate 

Bad docking o r  
Sea l  damage 

I 

ITEM IDENTIFICATION & FUNCTION2.7.2 ELECTROLYSIS UNIT - This  u n i t  e l e c t r o l y s e s  water  f o r  v a r i o u s  
u s e s ,  i . e . :  02 f o r  m e t a b o l i c  and atmosphere l eakage  makeup, H2 f o r  t h e  s a b a t i e r  r e a c t o r  and H2 and O 2  
f o r  RCS maneuvering, H 2  d e p o l a r i z e r  and EPS emergency. There a r e  (2)  e l e c t r o l y s i s  u n i t s ,  one o p e r a t i o n a l ,  
one s tandby.  

Water t r a n s f e r  i s  made through redundant  p a t h s  s o  t h a t  t h e  f a i l u r e  o r  damage of one 
coupling does no t  i n a c t i v a t e  t h e  system. A d d i t i o n a l  wa te r  can be ob ta ined  from t h e  s t a t i o n  
p o t a b l e  wa te r  system. 

I11 

I I Acciden ta l  impact Atmosphere con tamina t ion  

FA1 LURE EFFECT & TIME TO EFFECT 
P o s s i b l e  f i r e  o r  e x p l o s i o n  hazard.  1 )  H2/02 l eakage  

L imi t ing  of RCS ECLSS and EPS 
f u n c t i o n s .  

PRIMARY CAUSES 
S e a l  o r  connec tor  l eakage  

2) Loss of  c a p a b i l i t y  t o  
e l e c t r o l y z e  H20 

Cooling l o s s  
Shorted e l e c t r o d e s  
Contaminated f e e d  w a t e r  

PREPARED BY V. Shoemaker SUBSYSTEM P.E. RELIABIL1TYP.E. 

- 435 - 

Time - hours  

RATIONALE/RECOMMENDATIONS/REF DOCUMENTS 
There is a  redundant  u n i t ,  howeve; l o s s  of two u n i t s  would a f f e c t  RCS, a s  emergency 
Hi and O 2  s t o r a g e  i s  programmed f o r  EPS and ECLSS. 

CRITICALITY 

(1)  11, 
( 2 )  I11 



Space Division 
North Amer~can Rockwell 

ECLSS SUBSYSTEM - - - -- 

CRITICAL FUNCTION ANALYSIS 
8-12-71 

DATE 

ITEM ~ D E N T ~ F ~ C A T ~ O N  & FUNCTION 2.8 SPECIAL LIFE SUPPORT - This system suppl ies  f i r e  de tec t ion  
sensors  (30).  C02 f i r e  ext inguishers  ( l o ) ,  02 b o t t l e  and masks (14) f o r  f i r e  de tec t ion  and contro l .  
Water connectors ( 2 ) ,  02 connectors(2) and heat  exchangers (2) i n  each core module f o r  I V A  operations,  
an O2 supply tank ( I ) ,  LiOH ca r t r i dges  (8), and water f o r  the  EVA s u i t  ECLSS un i t .  

FAILURE MODE PRIMARY CAUSES FAILURE EFFECT & TIME TO EFFECT 

RATIO NALE/RECOMMENDATIONS/REF. DOCUMENTS CRITICALITY 

ITEM IDENTlFlCATlON & FUNCTION 2.8.1 FIRE CONTROL - This system de tec t s  f i r e s  i n  any of t he  
s t a t i o n  modules through a group of (7) f i r e  de tec tors  per module. Each module contains (2) C02 f i r e  
f i gh t ing  devices and (2) 02 b o t t l e s  and masks f o r  crewnan use during f i r e  f ight ing .  Note: If  a f i r e  
becomes unmanageable, the module is isola ted  and the  atmosphere evacuated. 

FAILURE MODE 
1 )  F i r e  de t ec to r  malfunction 

2 )  C02 b o t t l e  leakage 

PRIMARY CAUSES 
Elect ronic  c i r c u i t r y  breakdown 
Loss of sensor power supply. 

Materials,processes impact, e t c .  

FAILURE EFFECT & TIME TO EFFECT 
Lag in  time f o r  f i r e  de tec t ion .  

Time - immddiate 

Contaminated atmosphere - poss ib le  
ex t r a  demand on C02 reduction 
equipment. 

Time - immediate 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
AS there  a r e  ( 7 )  f i r e  de tec tors  per module, the  f a i l u r e  of one detec tor  does not mean 
the  f i r e  w i l l  not  be detected a s  the  o ther  de t ec to r s  w i l l  r e g i s t e r  a f i r e ,  however some 
l o s s  of time i n  f i r e  de tec t ion  could be experienced. 

CRITICALITY 

I11 

PREPARED BY SUBSYSTEM P.E. RELIABILITY P.E. 



Space Division 
North American Rocl<well 

SUBSYSTEM ECLSS 

C R I T I C A L  FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION2.8.2 IVA SUPPORT - Each c o r e  module has  s u i t  connector  p o r t s  f o r  
IVA use. There a r e  (2) s e t s  of connec tors  i n  each  volume. Each s e t  of  connec tors  supp ly  2 IVA s u i t s .  The 
connec tors  supply 02 and c o o l i n g  wate r  f o r  IVA a c t i v i t y  h e a t .  

Requires  use  of a l t e r n a t e  connector  

Reduced 02 o r  H20 supp ly  t o  s u i t s  

FAILURE EFFECT & TIME TO EFFECT FAILURE MODE 

1 )  IVA s u p p o r t  plumbing 
f a i l u r e  dur ing  use.  

PRIMARY CAUSES 

P h y s i c a l  damage 

Damaged s e a l s  

I 

ITEM IDENTIFICATION & FUNCTION 2.8.3 PLSS SUPPORT - This  s t o r a g e  system s u p p o r t s  t h e  IVA s u i t  PLSS 
packs wi th  02, water  and LiOH c a r t r i d g e s .  The recharge  0 2 , i s  s u p p l i e d  from (1) h igh  p r e s s u r e  s t o r a g e  t ank  
i n  t h e  cargo module; t h e  wa te r  i s  s u p p l i e d  from electrolysis w a t e r  r e s e r v o i r ,  and (8) LiOH c a n i s t e r s  a r e  
s t o r e d  i n  t h e  cargo module. 

RAT~oNALE/RECOMMENDATIONS/REF. DOCUMENTS 
Note: IVA s u i t  l i f e  suppor t  f u n c t i o n s  a r e  monitored d u r i n g  u s e  through t h e  u m b i l i c a l .  

Also a  s a f e t y  i n i t i a t e d  g roundru le  r e q u i r e s  t h a t  t h e  "buddy"system r u l e  be fol lowed 
dur ing  a l l  IVA a c t i v i t i e s .  

CRITICALITY 

I 

PREPARED BY SUBSYSTEM P.E. RELIABILITY P.E. - - 437 - 

FAILURE EFFECT & TIME TO EFFECT 
Delay i n  EVA 

FAILURE MODE 
I )  Charging p r o c e s s  f a i l u r e .  

PRIMARY CAUSES 
M a t e r i a l  o r  p r o c e s s  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS CRITICALITY 



Space Division 
North Amer~can Rocl<well 

SUBSYSTEM EPS 
CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION 8, FUNCTION 

BLOCK DIAGRAM AND CFA SEQUENCE 

I - 4- -- I 

EPS FUNCTIONAL BLOCK DIAGPAM 

W O  DDFFEPENT ENERGY K)UPCES 
4 SOLAP APPAY CHANNELS 

* 12 SECONMCY BUSSES 
.CENTRALIZED ISShPS CONTPOL EXCEPTING 

FOR DIRBENTIAL CUPRENT (ISOLAflON OF 
\ 

co-taa JW BUSSES TO OPERATE IN ABSENCE OF ISS) 
Loax -3 I 

1 

3.0 ELECTRICAL POWER SUBSYSTEM 3.4.3 Power C o n t a c t o r  (PDB t o  SDB - Core Module) 
3.1 PRIMARY POWER GENERATION AND STORAGE 3.4.4 Power Contac to r  (PDB t o  SDB - S t a t i o n  Module) 

3.1.1 S o l a r  Array Complex 3.5 SECONDARY DISTRIBUTION 
3.1.2 E l e c t r o l y s i s  C e l l  3 .5.1 Double AC Bus 
3.1.3 Gas Accumulators and L i n e s  3.5.2 S o l i d  S t a t e  C i r c u i t  Breaker  

3.2 SECONDARY POWER GENERATION 3.6 SECONDARY DISTRIBUTION ! 
3 .2 .1  Fue l  C e l l  (Heat R e j e c t i o n ,  s e e  ECLSS ~ ~ ~ l ~ ~ i ~ )  3 .6 .1  Auto t rans former  
3.2.2 E l e c t r o l y s i s  Feedwater  Pump and Lines  3.6.2 Normal AC Bus 
3.2.3 Regula to r  3.6.3 S o l i d  S t a t e  C i r c u i t  Breaker  

3.3 POWER CONVERSION 3.6.4 Auto t rans former  ( T e r t i a r y  Winding) 
3.3.1 I n v e r t e r  3 .6.5 R e c t i f i e d I F i l t e r  
3.3.2 Power Contac to r  ( ~ n v .  t o  PDB) 3.6.6 DC Bus 

3.4 PRIMARY DISTRIBUTION 3.6.7 S o l i d  S t a t e  C i r c u i t  Breaker  
3.4.1 Primary D i s t r i b u t i o n  BUS 

3.4.2 Power Contac to r  (PDB t o  PDB i n t e r - t i e )  

PREPARED BY J. Beekman 

- 438 - 
SUBSYSTEM P.E. RELIABILITYP.E. 



Space Division 
North Amer~can Rocl<well 

SUBSYSTEM EPS 

C R I T I C A L  FUNCTION A N A L Y S I S  

ITEM IDENTIFICATION & FUNCTION 
1 .1 .1  So la r  Array Complex 

P h y s i c a l l y  t h e  s o l a r  a r r a y  i s  composed of  dep loyab le  module s e t s  of  s o l a r  c e l l s ,  capab le  of  d u a l  p lane  
o r i e n t a t i o n  through two, turret-mounted,  r o t a t a b l e  wings. Remote swi tch ing  c o n t r o l  of  t h e  wing sub- 
c i r c u i t s  i s  i n c o r p o r a t e d  i n t o  t h e  a r r a y  d e s i g n  and i s  arranged t o  d e l i v e r  f o u r  independent  c i r c u i t s  
per  wing. Array deployment i s  accomplished through au tomat ic  bu i ldup  of two ex tend ing  t r u s s  beams. 

r r a y  ou tpu t  i s  degraded o r  l o s t  Array does no t  dep loy ,  o r i e n t ,  o r  
g e n e r a t e  due t o  f a i l u r e  of a r r a y  
mechanisms o r  e l e c t r i c a l  components. 

T.O.E.: Immediate 

1. One wing does n o t  deploy.  

ITEM IDENTIFICATION & FUNCTION 

Lock jams w i t h  wing stowed. 
P o s i t i o n i n g  mechanism f a i l u r e  

p r e v e n t s  swing o u t .  
Deployment mechanism jams p r i o r  t o  

e x t e n s i o n .  

RAT~ONALE/RECOMMENDATIONS/REF. DOCUMENTS 
Rat iona le :  S u c c e s s f u l  manned o p e r a t i o n s  depends on f u l l  c a p a b i l i t y  provided dur ing  bu i ldup .  
Recommendation: Prov ide  a l t e r n a t e  s u c c e s s  p a t h  f o r  deploy mechanisms wi thou t  EVA. 
References:  Space S t a t i o n  S o l a r  Array Technology Program, Midterm Review-May 5 ,  1971 

Lockheed i 'fissile & Space Co. 

3 .1 .1  S o l a r  Array Complex (con t inued)  

The s t a t i o n  power g e n e r a t i n g  c a p a b i l  
i s  l i m i t e d  t o  50% of  p o t e n t i a l .  
Must be  c o r r e c t e d  b e f o r e  manned 
o p e r a t i o n s .  

CRITICALITY 
111 

lFAlLuRE MODE /PRIMARY CAUSES 1 FAILURE EFFECT & TIME TO EFFECT 

2 .  P a r t i a l  Deployment of Deployment mechanism jams dur ing  
s o l a r  p a n e l s  on one e x t e n s i o n .  
wing. 

Loss of up t o  50% of t h e  s t a t i o n  
power c a p a b i l i t y .  Buildup o p e r a t i o n s  
a r e  delayed.  

T.0.E: Immediate 

Ra t iona le :  F a i l u r e  Mode 2 i s  C r i t  I1 - Deployment of l e s s  than  h a l f  of  one wing's  p a n e l s  
would p rec lude  nominal s t a t i o n  o p e r a t i o n s .  111 

J .  Beekman 
PREPARED BY 

RATIONALE/RECOMMENDATIONS/G. DOCUMENTS CRITICALITY 
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Space Division 
North American Rocltwell 

SUBSYSTEM EPS 
CRITICAL FUNCTION ANALYSIS 

8-6-71 
DATE 

ITEM IDENTIFICATION 8 FUNCTION I 
3.1.1 Solar Array Complex (continued) I 

FA1 LURE MODE 1 PRIMARY CAUSES 

4 .  Array wing does not a t t a i n  
t he  proper sun acqu i s i t i on  echanisms and/or dr ives ;  bearings 
i nc l ina t ion .  

3. Array does not a t t a i n  the  
proper sun acqu i s i t i on  
d i r ec t ion .  

Array generating capab i l i t y  i s  re- 
duced but depends on the  amount of 
devia t ion  from the  optimum pointing 
o r i en t a t ion .  (Solar c e l l  output,  
however, decreases only 2 percent 
with t he  f i r s t  12 degree pointing 
e r r o r ) .  

The t u r r e t  and/or d r ive  ar ray  ro t a t -  
ing mechanisms; bearings,  gears ,  
c lu t ch ,  e t c . ,  - lock or prevent 
normal ar ray  d i r ec t ing  operations.  

I Time: Immediate 

Loss of both degrees of o r i en t a t ion  
r e s u l t s  i n  emergency condition - 
l o s s  of one degree of o r i en t a t ion  
can be compensated by spacecraf t .  

I 

ITEM IDENTIFICATION & FUNCTION 
3.1.1 Solar Array Complex (continued) 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
Rationale:  Fai lure  modes 3 and 4 a r e  judged t o  be non-cr i t ica l  s ince  proper o r i en t a t ion  may 

be achieved through ro t a t ion  of t he  e n t i r e  s t a t i o n  - u t i l i z i n g  CMG o r  RCS control .  
(The impact on c e r t a i n  experiments could however, r e s u l t  i n  a C r i t i c a l i t y  I1 
c l a s s i f i c a t i o n ) .  

CRITICALITY 

111 

of s o l a r  c e l l  a c t ive  mater ia ls .  

FAILURE MODE 
5. Local f a i l u r e s  i n  e l e c t r i c a l  

components o r  c i r c u i t s .  

Time: Deferred 
(Months t o  years) 

CRITICALITY 

PRIMARY CAUSES 
Progressive degradation of current 
carrying c i r c u i t  elements o r  aging 

Rationale: The ar ray  i s  s ized  t o  allow fo r  expected ar ray  degradation and s t i l l  de l ive r  
average s t a t i o n  power requirements over the  5 year predicted l i f e .  

FA1 LURE EFFECT 8, TIME TO EFFECT 
Loss of approximately 30% of the  
s t a t i o n  power generating capabi l i ty .  

PREPARED BY J. Beeban SUBSYSTEM P.E. Z+ RELlABlL1TYp.E. 4- 



Space Division 
North Amerrcan Rocl<well 

SUBSYSTEM 
8-6-71 

DATE 
C R I T I C A L  FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 
3.1.2 Water E l e c t r o l y s i s  Uni t s  

Water e l e c t r o l y s i s  is accomplished by a  s o l i d  polymer e l e c t r o l y t e  p rocess  and t h e  p r o d u c t s  a r e  
u t i l i z e d  i n  a  c l o s e d  loop  system a s  t h e  r e a c t a n t  supp ly  f o r  t h e  secondary power g e n e r a t i o n  f u n c t i o n .  

I Uni t s  r e q u i r e d :  I I n i t i a l  a Growth ( t o t a l )  I 
IFAILURE MODE 1 PRIMARY CAUSES 

I 1 Redundant element f a i l u r e s .  

1. Loss of ou tpu t  from one 
e l e c t r o l y s i s  u n i t .  

Loss of backup c a p a b i l i t y  - The 
t h r e e  remaining e l e c t r o l y s i s  u n i t s  
a r e  s i z e d  t o  p r o c e s s  t h e  s t a t i o n ' s  
nominal w a t e r / g a s  convers ion  r e q u i r e  
ments . 

C i r c u i t  i n t e r r u p t i o n s  through 
e l e c t r i c a l  connector  c o n t a c t s  
s h o r t i n g  o r  p a r t s  demating. 

Under v o l t a g e  caus ing  t r i p - o u t  of  a n  
i n t e r n a l  p r o t e c t i v e  d e v i c e .  

Time: immediate 

Ra t iona le :  Wiring and connec tors  a r e  cons idered  t o  be v e r y  r e l i a b l e  e lements .  Confidence is 
p r o g r e s s i v e l y  developed through checkout c y c l e s  a t  t h e  component assembly and sys tem's  
s t a g e s .  

P r e v e n t i v e  maintenance p l u s  prompt component f a i l u r e  d e t e c t i o n  and assessment  
means a r e  i n c o r p o r a t e d  i n t o  t h e  e l e c t r o l y s i s  u n i t  des ign .  

Report :  Development of a  s o l i d  polymer e l e c t r o l y t e  wa te r  e l e c t r o l y s i s  c e l l  module-G.E. Report  
C o n t r a c t  NAS1-9750 

ITEM IDENTIFICATION & FUNCTION 
3.1.2 Water E l e c t r o l y s i s  Uni t s  ( con t inued)  

NOTE: The c losed  loop  o p e r a t i o n  of t h e s e  u n i t s  i n  t h e  e l e c t r i c  power subsystem enhances l o n g e r  l i f e  
and reduced maintenance through avoidance of contaminant  i n t r o d u c t i o n .  

LZURE MODE 1 PRIMARY CAUSES 1 FAILURE EFFECT 8 TIME TO EFFECT 
2. Ex te rna l  l eakage  

i ~ .  DOCUMENTS JCRITICALITY 

Improperly to rqued  j o i n t s ,  environ-  
menta l  s t r e s s i n g  o r  a c c i d e n t a l  
damage could be i n s t r u m e n t a l  i n  
caus ing  l eakage .  

0 2 ,  H2 o r  wa te r  could be r e l e a s e d  
i n t o  t h e  volume t h a t  c o n t a i n s  
e l e c t r o l y s i s  u n i t s .  

I ~ecommendation:  E l e c t r o l y s i s  u n i t s  should be v e n t e d ,  o r  enc losed  and monitored f o r  H p  l e a ~ a ~ e . 1  I 

Rat iona le :  Although l i n e s  and f i t t i n g s  a r e  cons idered  very  r e l i a b l e ,  t h e  p o s s i b i l i t y  e x i s t s  
of a  r e l e a s e  of Hz g a s  combining with t h e  s t a t i o n  atmosphere i n  t h e  p resence  of  an i g n i t i o n  
source  sometime d u r i n g  t h e  s t a t i o n  l i f e t i m e .  

111 

3 .  Beekman 
PREPARED BY 
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SUBSYSTEM EPS 
CRITICAL FUNCTION ANALYSIS 

8-6-71 
DATt - - - 

I ITEM IDENTIFICATION 8 FUNCTION I 
3.1.3 Gas Accumulators and Lines 

The accumulator tanks and plumbing c o l l e c t ,  hold and t r ans fe r  f u e l  c e l l  r eac t an t s  generated by the  
e l e c t r o l y s i s  un i t s .  

Time : Immediate 

Units r e q u i r e d _ k _ t n i t i a l , 6 r o w t h  ( fo r  each O2 and Hz assemblies) 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
Rationale:  O2 accumulator pressures  a r e  l imi ted  to  300 ps i a  fo r  manned operations.  

Recommendations: Provide method of l imi t ing  the  t o t a l  l o s s  of t he  in tegra ted  gas supply 
i n  the  event of a tank rupture.  

FAILURE EFFECT 8 TIME TO EFFECT 
Possible physical  damage t o  adjacent 
equipment o r  i n ju ry  to  crew. 
Loss of 02 reactant  gas supply f o r  
f u e l  c e l l s .  

FAILURE MODE 
1. Rupture-rapid pressure 

r e l ea se  (02 accumulator) 

CRITICALITY 

II 

PRIMARY CAUSES 
Accidental damage t o  tank s t ruc tu re  

J 

ITEM IDENTIFICATION 8 FUNCTION 

3.1.3 Gas Accumulators and l i n e s  (continued) 

1 PRIMARY CAUSES ]FAILURE EFFECT & TIME TO EFFECT 

Time : Deferred 

2. Fracture-low r a t e  pressure 
release-leakage 
(02 accumulator and l i n e s )  

Environmental s t r e s s e s  inducing 
ma te r i a l  weakening and cracks o r  
loosening of torqued couplings. 

R4TIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

Rationale:  System gas pressures a r e  l imi ted  t o  300 p s i a  f o r  manned operations.  

Recommendations: System gas pressures  might be monitored f o r  unscheduled depletions.  

Slow l o s s  of 02 from an accumulator 
o r  l i n e  i n t o  a pressurized volume. 
(Affects 25% of reactant  supply) 

CRITICALITY 

111 

PREPARED BY 
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SUBSYSTEM EPS 

CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 
3 .1 .3  Gas Accumulators and l i n e s  (con t inued)  

3 .  Rupture - r a p i d  p r e s s u r e  
r e l e a s e  (Hz accumulator)  

I Time: Immediate 

I 
I 

Acciden ta l  damage t o  t a n k  s t r u c t u r e  

REF. DOCUMENTS (CRITICALITY 

P o s s i b l e  p h y s i c a l  damage t o  a d j a c e n t  
equipment o r  i n j u r y  t o  crew. Loss of 
Hz r e a c t a n t  supp ly  f o r  f u e l  c e l l s .  
P o s s i b l e  hazard of  f i r e  o r  exp los ion  
i f  H2 should be combined wi th  t h e  
s t a t i o n  atmosphere i n  t h e  p resence  

of  an i g n i t i o n  source .  

1 Rat iona le :  H z  accumulator  p r e s s u r e s  a r e  l i m i t e d  t o  300 p s i a  f o r  manned o p e r a t i o n s .  I 

I 

ITEM IDENTlFlCATlON 8 FUNCTION 

I 
Recommendations: 1. Prov ide  method of p reven t ing  t h e  t o t a l  l o s s  of  t h e  i n t e g r a t e d  gas  supp ly  

i n  t h e  even t  of a  t ank  r u p t u r e .  
2. N2 components should be enc losed  and monitored o r  ven ted  t o  p rec lude  

hazard p o t e n t i a l .  

3 .1 .3  Gas Accumulators and l i n e s  (con t inued)  

I 

b L u R E  MODE 1 PRIMARY CAUSES 1 FAILURE EFFECT TIME TO EFFECT 

4.  Fracture- low r a t e  p r e s s u r e  
re lease - leakage  
(Hz accumulator  and l i n e s )  

Environmental s t r e s s e s  induc ing  
m a t e r i a l  weakening and c r a c k s  o r  
loosen ing  of torqued c o u p l i n g s .  

Slow l o s s  of  H2 from an accumulator  
o r  l i n e  i n t o  a  p r e s s u r i z e d  volume. 
( A f f e c t s  25% of t h e  r e a c t a n t  
s u p p l y ) .  
Hazardous c o n d i t i o n  e x i t s  when H2 
mixes wi th  t h e  s t a t i o n  atmosphere. 
F i r e  could occur .  

(RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 1 Rat iona le :  System gas p r e s s u r e s  a r e  l i m i t e d  t o  300 p s i a  f o r  manned o p e r a t i o n s .  I I 
Recommendations: H2 components and l i n e s  shou ld  be enc losed  and monitored o r  ven ted  t o  

p rec lude  t h e  f i r e  hazard p o t e n t i a l .  

J. Beekman 
PREPARED BY 
# - 443 - 
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SUBSYSTEM EPS 
CRITICAL FUNCTION ANALYSIS 

8-6-71 
DATE 

ITEM IDENTIFICATION & FUNCTION 
3.2 Secondary Power Generat ion 

The power requi red  dur ing  e c l i p s e  per iods  is genera ted  by f u e l  c e l l s  wi th  t h e  r e a c t a n t  supply b u i l t  up 
by t h e  H20 e l e c t r o l y s i s  u n i t s .  Accumulator t a n k s  s t o r e  r e a c t a n t  gases  a t  approximately 300 p s i a  and 
provide a proper supply t o  f u e l  c e l l s  upon demand dur ing  non-i l luminated a r r a y  per iods .  Emergency 
power r e a c t a n t s  (enough f o r  96 hours )  a r e  d e l i v e r e d  from s e p a r a t e ,  ded ica ted  r e s e r v e s )  maintained under 

anks a r e  l o c a t e d  i n  t h e  cargo tnodule and s t o r e  f u e l  c e l l  r e a c t a n t s  

Fuel  c e l l s  w i l l  be included i n  a c t i v e  cool ing  loops.  S i n g l e  loop f a i l u r e s  w i l l  no t  degrade 
performance. 

Units  requi red  4 i n i t i a l  5 growth ( t o t a l )  

a t  TBD p s i a .  P r e s s u r e  reduced 
p s i a  ( n o t  requi red  f o r  

RAT~oNALE/RECOMMENDATIONS/REF, DOCUMENTS 

FAILURE MODE I PRIMARY CAUSES 

CRITICALITY 

t o  300 p s i a  a t  core  i n t e r f a c e .  Enekgy 
emergency) NOTE: Build-up tanks  s t o r e  a t  

ITEM IDENTIFICATION & FUNCTION 
3.2.1 Fuel  C e l l  

P o s s i b l e  l o s s  of power on one of 
t h e  four  primary busses.  Normal 
o p e r a t i o n  however t i e s  a l l  busses 
t o g e t h e r  such t h a t  t h e  l o s s  of one 
f u e l  c e l l  would cause only momentary 
bus v o l t a g e  f l u c t u a t i o n .  The remain- 
i n g  f u e l  c e l l s  a d j u s t  t o  produce a 
p r o p o r t i o n a t e  ou tput  increase .  

s t o r a g e  r e a c t a n t  tanks a t  300 
3000 p s i a .  

1. Loss of one f u e l  c e l l  ou tput  

[ Time: Immediate 

Scheduled maintenance p e r i o d s ,  
i n t e r r u p t i o n  of a  r e a c t a n t  supply.  
o r  i n t e r n a l  u n i t  shutdowns due t o  
c o n t a i n i n a t i o n .  

NOTE: Peak load handling c a p a b i l i t y  cannot be met wi th  one u n i t  o u t .  1 

I I 

Reference Document: I 

RATIoNALE/RECOMMENDATIONS/REF. DOCUMENTS 
Rat iona le :  Fuel  c e l l s  a r e  r a t e d  such t h a t  average s t a t i o n  load  requirements can be suppl ied  

w i t h  one u n i t  down f o r  both t h e  i n i t i a l  and growth s t a t i o n s .  

CRITICALITY 

* * T  
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I Uni t s  r e q u i r e d  2 i n i t i a l  1 growth ( t o t a l s )  I 

8-6-71 
SUBSYSTEM ~ p s  - -- DATE 

CRIT ICAL  FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 
3 .2 .1  Fuel C e l l  ( con t inued)  

FAILURE EFFECT B TIME TO EFFECT 

Release of combust ible  g a s  (Hz), 
o x i d i z e r  (02)  o r  wa te r .  
P o s s i b l e  e x p l o s i v e  hazard ,  however 
an i g n i t i o n  source  is r e q u i r e d .  

Time: Defe r red  

FAILURE MODE 

2 .  Reactant  o r  c o o l a n t  l eakage  

FAILURE MODE I P R I M A R Y  CAUSES 

PRIMARY CAUSES 

Loosening of  to rqued  coupl ings ,  
the rmal  s t r e s s i n g  caus ing  p ip ing  
f a t i g u e  and subsequent  c rack ing .  

FAILURE EFFECT 8. TIME TO EFFECT 

1. H20 i s  n o t  t r a n s f e r r e d  
a s  r e q u i r e d .  

-RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

Rat iona le :  Fuel  c e l l s  a r e  completely enc losed  i n  c a n i s t e r s .  Purge c a p a b i l i t y  is provided 
i n  the  a c t i v e  s e c t i o n s  u s i n g  i d e n t i c a l  g a s e s .  

I I 

CRITICALITY 

I1 

Pump o r  pump d r i v e  b e a r i n g s  f a i l ,  
i m p e l l e r  o r  r o t o r  b i n d s ,  l i n e s  a r e  
blocked o r  r e s t r i c t e d .  

~ATIONALE/RECOMMENDATI~NS/REF.  DOCUMENTS 
Rat iona le :  One feedwater  pump is capab le  of r e t u r n i n g  a l l  f u e l  c e l l  w a t e r  p roduc t s  

t o  t h e  e l e c t r o l y s i s  c e l l s  f o r  bo th  i n i t i a l  and growth s t a t i o n s .  

J. Beekman 
PREPARED BY 

ITEM IDENTIFICATION & FUNCTION 
3.2.2 E l e c t r o l y s i s  Feedwater Pump and Lines  

Loss of Redundancy. 

CRITICALITY 

111 
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CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 
3.2.3 Regulator 

The regulator serves to unite varied D.C. sources prior to A.C. conversion. Regulators are needed to 
overcome the inherent poor regulation of individual fuel cells when it is desired to gain the 
advantages of operating several units in parallel. In addition, during peak load ~eriods, the 
regulator permits fuel cell outputs to be combined with and supplement the solar array outputs. 

1. Loss of one regulator 
output. 

p - 
Subassembly module fails open due to 
environment, age, component weakness, 

etc. 

FAILURE EFFECT & TIME TO EFFECT 
Partial reduction in station power 
capability. 

Time: Immediate 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
Rationale: Regulators are designed on a modular concept and are switchable through ISS 

controls for automatic failure detection and substitution action. 
Ref. Documents: Data Processing Assembly Configuration (Prelim), Autonetics Report DP 101 

Revised 6-1-71 
Data Acquisition and Control Redundancy Concepts, Autonetics Report DP 105 

Revised 8-5-71 

CRITICALITY 

111 

ITEM IDENTIFICATION & FUNCTION 

FAILURE MODE PRIMARY CAUSES FAILURE EFFECT & TIME TO EFFECT 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS CRITICALITY 

PREPARED BY J. SUBSYSTEM P.E. fd RELIABILITY P.E. 
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SUBSYSTEM EPS 

CRITICAL FUNCTION ANALYSIS 

I ITEM IDENTIFICATION & FUNCTION 

I 3.3 Power Conversion 

D . C .  Power, d e r i v e d  from t h e  s o l a r  a r r a y s  and f u e l  c e l l s ,  i s  a c t e d  on by t h e  i n v e r t e r  u n i t s  t o  
produce r e g u l a t e d  3  phase ,  A.C. Power. The f o u r  s e p a r a t e  i n v e r t e r  o u t p u t s  a r e  fed  through 
i s o l a t i n g  power c o n t a c t o r s  t o  the  pr imary d i s t r i b u t i o n  buses .  

ITEM IDENTIFICATION & FUNCTION 
3.3.1 I n v e r t e r  

The i n v e r t e r  s e r v e s  t o  change primary and secondary s o u r c e  o u t p u t s  (112 VDC nominal) t o  
416/240 VAC, 3 phase ,  400 c y c l e  power. 

Uni t s  r e q u i r e d  8 i n i t i a l  12 growth ( t o t a l )  

FAILURE MODE 
1. Loss of one i n v e r t e r  f a i l s  open due t o  

o u t p u t .  nvironment ,  a g e ,  component weakness, 

FAILURE EFFECT & TIME TO EFFECT 
P a r t i a l  r e d u c t i o n  i n  s t a t i o n  power 
c a p a b i l i t y .  

Time : Immediate 

Ref. Documents: Data Process ing  Assembly Conf igura t ion  (Pre l im)  Autone t ics  Report  DP 101 
Rev. 6-1-71 

Data A c q u i s i t i o n  and Cont ro l  Redundancy Concepts ,  Autone t ics  Report  DP 105 
Rev. 8-5-71 - I 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
R a t i o n a l e :  I n v e r t e r s  a r e  designed on a  modular concept  and a r e  swi tchab le  through 1SS c o n t r o l s  

f o r  au tomat ic  f a i l u r e  d e t e c t i o n  and s u b s t i t u t i o n  a c t i o n .  

CRITICALITY 

I11 

PREPARED BY 3 .  - 
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SUBSYSTEM EPS DATE R-6-71 
CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 
3.3.2 Power Contactor (SSC) 

The power contac tors  serve  t o  connect o r  i s o l a t e  the  individual inver ter  outputs  and the  
individual  primary buses. During a l l  normal mission functions the  power contactors remain i n  
t he  closed pos i t ion .  

Units required 4 i n i t i a l 3  growth ( t o t a l )  

FAILURE EFFECT & TIME TO EFFECT 

No los s  of s o l a r  array output.  
Loads can be switched through 
other  contactor t o  o ther  i nve r t e r  
o r  e l e c t r o l y s i s ,  by EPS recon- 
f igura t ion .  

Loss of capab i l i t y  t o  i s o l a t e  t he  
i nve r t e r  from the  primary bus. 

FAILURE MODE 
1. Contactor f a i l s  open o r  

inadvertenly opens 

2. Contactor f a i l s  closed 
o r  inadver tent ly  c lo ses  

PRIMARY CAUSES 

Contact t r ans fe r  mechanism binds 
through contamination. Transfer 
occurs through an inc iden ta l  s ignal .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

Rationale:  Inadvertent opening o r  c los ing i s  noted, assessed and acted on from remote, 
cont ro l  centers .  Power contac tors  a r e  designed f o r  on-board, plug-in 
replacement. 

CRITICALITY 

111 

ITEM IDENTlFlCATlON & FUNCTION 

FAILURE EFFECT & TlME TO EFFECT FAILURE MODE PRIMARY CAUSES 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS CRITICALITY 

PREPARED BY 
J. Beeban 
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SUBSYSTEM EPS 

C R I T I C A L  FUNCTION ANALYSIS 
DATE 8-6-71 

( ITEM IDENTIFICATION 8 FUNCTION 

3.4 Pr imary D i s t r i b u t i o n  
P r imary  power d i s t r i b u t i o n  c o v e r s  t h e  t r a n s f e r  o f  power t o  s e c o n d a r y  b u s e s ,  t h e  i n t e r - t i e i n g  
o f  p r imary  b u s e s  t o  o t h e r  p r i m a r y  b u s e s ,  and t h e  f o u r  p r i m a r y  b u s e s  t hemse lves .  

I 

ITEM IDENTlFlCAnON 8 FUNCTION 3 . 4 . 1  P r i m a r y  D i s t r i b u t i o n  Bus 
The p r imary  b u s e s  s e r v e  a s  common s u p p l y  p o i n t s  f o r  a l l  a t t a c h e d  s e c o n d a r y  l o a d s  r e l a t e d  t o  a  p a r t i c u l a r  
power c h a n n e l .  Through p r imary  b u s  i n t e r - t i e s ,  power c a p a c i t y  from o t h e r  c h a n n e l s  a r e  poo led  t h u s  
p r o v i d i n g  sys t em s t a b i l i z a t i o n .  P r imary  b u s e s  and f e e d e r s  a r e  l o c a t e d  and r o u t e d  i n d e p e n d e n t l y  w i t h i n  
t h e  c o r e  module .  

U n i t s  R e q u i r e d L i n i t i a l  and g rowth  ( t o t a l )  

F L U R E  MODE PRIMARY CAUSES FA1 LURE EFFECT B TIME T o  EFFECT 

FAILURE EFFECT & TIME TO EFFECT FA1 LURE MODE 

1. Open c c i d e n t a l  Damage 

PRIMARY CAUSES 

Secondary l o a d s  on t h e  a f f e c t e d  
p r imary  bus  w i l l  b e  i n t e r r u p t e d .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

I I Time : Immediate I 

CRITICALITY 

C u r r e n t s  i n  e x c e s s  o f  normal  r e q u i r e -  
men t s  t r i p  p r o t e c t i v e  c i r c u i t r y  and 
s e p a r a t e  t h e  a f f e c t e d  bus  and s e c o n d a r  
l o a d s  from t h e  r e s t  o f  t h e  s t a t i o n  
b u s e s .  I 

I l ime :  Immediate 

I 
CRITICALITY 

R a t i o n a l e :  P r imary  b u s e s  have  comple t e  c i r c u i t  p r o t e c t i o n  p r o v i d i n g  i s o l a t i o n  i n  t h e  e v e n t  
of i n t e r n a l  f a u l t s .  The ISS p r o v i d e s  sys t em f a u l t  a s s e s s m e n t  when normal  bus  l o a d s  a r e  
dropped.  C r i t i c a l  l o a d s  a r e  a u t o m a t i c a l l y  s w i t c h e d  t o  u n a f f e c t e d  b u s e s  t h rough  t h e  a s s o c i a t e  
i n t e r f a c i n g  d e v i c e s  ( t h e  "RACU" is d e f i n e d  and d e s c r i b e d  unde r  t h e  ISS d a t a  pro 'cess ing 
f u n c t i o n . )  

PREPARED BY J. Beekman 
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SUBSYSTEM EPS 
CR IT1 CAL FUNCTION ANALYSIS 

8-6-71 
DATE 

- 

ITEM IDENTIFICATION 8 FUNCTION 
3 . 4 . 2  Power Contactor (SSC) 

The primary bus i n t e r - t i e  power contac tors  serve  t o  connect o r  i s o l a t e  the  primary buses t o  provide 
t h e  "ring bus" capab i l i t y  of primary d i s t r i bu t ion .  During a l l  normal mission functions,  t he  power 
contac tors  remain i n  the  closed pos i t ion .  

Units reauired 4 i n i t i a l  and nrowth 

1. Contactor f a i l s  open o r  Contact t r ans fe r  mechanism binds No immediate e f f ec t .  Proper c los ing 
inadvertenly opens through contamination. of t he  remaining r ing  - bus contactor 

Transfer occurs through an inc iden ta l  w i l l  complete or maintain t he  i n t e r -  
s ignal .  t i e .  

2 .  Contactor f a i l s  closed 
o r  inadver tent ly  c lo ses .  

Loss of capab i l i t y  t o  i s o l a t e  one 
primary bus from a l l  o thers .  

ITEM IDENTIFICATION 8, FUNCTION 
3 . 4 . 3  Power Contactor (SSC) 

The core module main power contac tors  serve  t o  connect or i s o l a t e  secondary core module loads from 
the  associa ted  primary bus. During a l l  normal mission funct ions ,  t he  power contactors remain i n  
the  closed pos i t ion .  

Units required G i n i t i a l  and growth. 

FAILURE MODE 1 PRIMARY CAUSES IFAI LURE EFFECT 8 TIME TO EFFECT 

RATIO NALE/RECOMMENDATIONS/REF. DOCUMENTS 

Rationale:  Inadvertent contac tor  operations a r e  noted, assessed and acted on from remote, 
cont ro l  centers .  Power contac tors  a r e  designed f o r  on-board, plug-in replacement. 

1. Contactor f a i l s  open o r  Contact t r ans fe r  mechanism binds Loss of vol tage  on one of the  core 
inadver tent ly  opens. through contamination. module secondary buses. 

CRITICALITY 

111 

2 .  Contactor f a i l s  closed o r  
inadver tent ly  c loses .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
Rationale: Inadvertent contac tor  operations a r e  noted, assessed and acted on from remote, 
con t ro l  centers  under ISS responsible functions.  Power contac tors  a r e  designed f o r  on-board, 
plug-in replacement. 

Transfer occurs through an inc iden ta l  
s ignal .  

CRITICALITY 

111 

I 
PREPARED BY Beelaan 

Time: Immediate 

Loss of capab i l i t y  t o  i s o l a t e  one 
core  module secondary bus from the 
associa ted  primary bus. 

Time : Immediate 

- 450 - 
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SUBSYSTEM EPS - 

C R I T I C A L  FUNCTION ANALYSIS 

I ITEM IDENTIFICATION & FUNCTION I 
3.4.4 Power Contac to r  (SSC) 

The s t a t i o n  module main power c o n t a c t o r s  s e r v e  t o  connect  o r  i s o l a t e  secondary s t a t i o n  module l o a d s  
from t h e  a s s o c i a t e d  primary bus.  During a l l  normal miss ion  f u n c t i o n s ,  t h e  power c o n t a c t o r s  remain 
i n  t h e  c losed  p o s i t i o n .  

Uni t s  r e q u i r e d  L i n i t i a l  c g r o w t h  

T r a n s f e r  o c c u r s  through an i n c i d e n t a l  Time: Immediate 
s i g n a l .  

2 .  Contactor  f a i l s  c losed  
o r  i n a d v e r t e n t l y  c l o s e s  

FAILURE EFFECT & TIME TO EFFECT 
Loss of v o l t a g e  on one of  t h e  s t a t i o n  
module secondary buses .  

FA1 LURE MODE 
1. Contac to r  f a i l s  open o r  

i n a d v e r t e n t l y  opens 

Loss of  c a p a b i l i t y  t o  i s o l a t e  one 
one s t a t i o n  module secondary bus 
from t h e  a s s o c i a t e d  primary bus.  

PRIMARY CAUSES 
Contac t  t r a n s f e r  mechanism b inds  
th rough  con tamina t ion .  

Time: Immediate 

on-board, plug-in replacement .  

I I 

ITEM IDENTIFICATION & FUNCTION 

DOCUMENTS 
R a t i o n a l e :  I n a d v e r t e n t  c o n t a c t o r  o p e r a t i o n s  a r e  no ted ,  a s s e s s e d  and a c t e d  on from remote,  
c o n t r o l  c e n t e r s  under ISS r e s p o n s i b l e  f u n c t i o n s .  Power c o n t a c t o r s  a r e  designed f o r  

CRITICALITY 

FAILURE EFFECT & TIME TO EFFECT FAILURE MODE PRIMARY CAUSES 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS CRITICALITY 

RELIABILITY P.E. PREPARED BY J . Beekman 
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DATE 
CRITICAL FUNCTION ANALYSIS 

I ITEM IDENTIFICATION 8 FUNCTION 
3.5 Secondary D i s t r i b u t i o n  (uncondit ioned power) 

Uncondit ioned power is  s u p p l i e d  through "CM" o r  "SM" main power c o n t a c t o r s  t o  double AC buses  f o r  
s e l e c t e d  s t a t i o n  l o a d s  which a r e  capab le  of o p e r a t i n g  w i t h i n  t h e  normal pr imary bus v o l t a g e  and 
f requency  l i m i t s .  (240/416 V .  AC 30. 400 Hz, 4  w i r e )  

ITEM IDENTIFICATION 8, FUNCTION 
3.5.1 Double AC Bus 

The double  AC b u s e s  s e r v e  a s  common supply p o i n t s  f o r  a l l  a t t a c h e d  double  AC l o a d s  r e l a t e d  t o  a  
p a r t i c u l a r  power channe l .  

U n i t s  r e q u i r e d T B D i n i t i a l m r o w t h  

FA1 LURE EFFECT 8, TIME TO EFFECT FAILURE MODE 

FAILURE MODE 
1. Open 

PRIMARY CAUSES 

PRIMARY CAUSES 

Acciden ta l  damage 

RAT~ONALE/RECOMMENDATIONS/REF. DOCUMENTS 

FAILURE EFFECT 8 TlME TO EFFECT 

Double a c  bus l o a d s  a r e  i n t e r r u p t e d .  

CRITICALITY 

I I 1 ~ i . e :  Immediate I 
2 .  S h o r t  C u r r e n t s  i n  e x c e s s  of  normal requ i re -  

ments  w i l l  t r i p  p r o t e c t i v e  c i r c u i t r y  
and s e p a r a t e  t h e  a f f e c t e d  buses  and 
secondary l o a d s  from t h e  a s s o c i a t e d  
primary bus. 

Time: Immediate 

IRATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 1 CRITICALITY 
R a t i o n a l e :  Secondary buses  have complete c i r c u i t  p r o t e c t i o n  which p r o v i d e s  i s o l a t i o n  i n  t h e  

e v e n t  of i n t e r n a l  f a u l t s .  The ISS prov ides  system f a u l t  assessment  when normal 
bus l o a d s  a r e  dropped.  C r i t i c a l  l o a d s  a r e  a u t o m a t i c a l l y  swi tched  t o  u n a f f e c t e d  
buses  through t h e  a s s o c i a t e d  i n t e r f a c i n g  (RACU) dev ices .  

111 

J .  Beekman 
PREPARED BY 
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C R I T I C A L  FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 
3.5.2 Solid State Circuit Breaker (double AC bus loads) 

The circuit breaker connects or disconnects, indicates status of "open" or "closed", provides 
overcurrent protection, accomplishes load transfer and self test in^ between ac loads and the 
double ac bus. 

FAILURE MODE 
1. Circuit breaker fails open 

or opens inadvertently. 

2 .  Circuit breaker fails 
closed or closes 
inadvertently. 

1 PRIMARY CAUSES 
Contamination of control circuits or 
incidental or erroneous transfer 
command. 

Momentary loss of power to one of the 
double ac load circuits. 

1 Time : Immediate 
Loss of capability to isolate one 
double ac load from the double ac 

Time: Immediate 

Rationale: The capability is provided for the control and protection of critical loads by 
the ISS computer. 

ITEM IDENTIFICATION & FUNCTION 

J. Beekman 
PREPARED BY 
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ITEM IDENTIFICATION 8 FUNCTION 
3.6 Secondary D i s t r i b u t i o n  (cond i t ioned  power) 

Uncondit ioned power is  s u p p l i e d  through"CM" o r  "SM" power c o n t a c t o r s  t o  an au to t rans former  which s t e p s -  
down t h e  double  a c  f o r  t h e  normal a c  bus s t a t i o n  loads .  
(120/208 vac.  30. 400 Hz, 4  w i r e )  

3 .6.1 Autotransformer 
The a u t o t r a n s f o r m e r  s t e p s  down t h e  pr imary bus v o l t a g e  (416 vac ,  30, 400 Hz, 3  w i r e )  t o  120/208 v a c ,  
30. 400 Hz, 4 w i r e  f o r  normal  a c  bus l o a d s .  A d e l t a  connected t e r t i a r y  winding f o r  t h e  au to t rans former  
i s  i n c o r p o r a t e d  i n  t h e  d e s i g n  t o  e l i m i n a t e  harmonic v o l t a g e .  A c t i v e ,  d u a l  c o o l i n g  l o o p s  a r e  a l s o  

FAILURE MODE 

i n c o r p o r a t e d .  U n i t s  r e q u i r e d  1 2  i n i t i a l  16 growth 

FAILURE MODE 
1. P a r t i a l  o r  complete  t- PRIMARY CAUSES 

P h y s i c a l  s t r e s s e s  induced through 
FAILURE EFFECT & TlME TO EFFECT 
The au to t rans former  o u t p u t  i s  un- 

I o u t p u t  l o s s  I c o o l a n t  loop  breakdowns ; overhea t ing  1 balanced o r  l o s t  completely.  

PRIMARY CAUSES 

2 .  I n t e r n a l  f a u l t  

FAILURE EFFECT & TIME TO EFFECT 

RATIoNALE/RECOMMENDATIONS/REF. DOCUMENTS 

o r  f r e e z i n g  o f  c o o l a n t .  
Example: open winding 

CRITICALITY 

Winding s h o r t s  i n  a  p o t t i n g  void 
through t rapped  contaminants .  

Time: Immediate 

The normal ac  bus l o a d s  a r e  
i n t e r r u p t e d .  

Cur ren t s  i n  e x c e s s  of  normal w i l l  
e x i s t  i n  t h e  s h o r t e d  p a t h  caus ing  
p r o t e c t i v e  d e v i c e s  t o  t r i p  o u t  and 
s e p a r a t e  t h e  a f f e c t e d  buses and 
secondary l o a d s  from t h e  a s s o c i a t e d  
primary bus.  

I I I Tine:  Immediate 

PREPARED BY 
J .  Beekman 

Ra t iona le :  Cur ren t  unbalance i n  t h e  au to t rans former  is d e t e c t e d  by s t a n d a r d  equipment and 
through ISS a c t i o n  t h e  u n i t  is de-energized by open ing  t h e  a s s o c i a t e d  "CM" o r  "SM" power 
c o n t a c t o r .  The ISS a l s o  p r o v i d e s  system f a u l t  a ssessment  when normal l o a d s  a r e  dropped. 
C r i t i c a l  l o a d s  a r e  a u t o m a t i c a l l y  switched t o  u n a f f e c t e d  buses  through t h e  a s s o c i a t e d  
i n t e r f a c i n g  (RACU) d e v i c e s .  
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DATE 

ITEM IDENTIFICATION 8, FUNCTION 
3.6.2  Normal AC Bus 

The normal AC buses  s e r v e  a s  common supp ly  p o i n t s  f o r  a l l  a t t a c h e d  normal a c  l o a d s  r e l a t e d  t o  a  
p a r t i c u l a r  power channe l .  

FAILURE MODE - Uni t s  r e q u i r e d i n i t i a l g r o w t h  

1 PRIMARY CAUSES 1 FAILURE EFFECT a TIME TO EFFECT 

I I .  Open 
1 Acciden ta l  Damage 1 Normal a c  bus l o a d s  a r e  i n t e r r u p t e d .  I 

I 1 1 Time: immediate I 
C u r r e n t s  i n  excess  of  normal r e q u i r e -  
ments w i l l  t r i p  p r o t e c t i v e  c i r c u i t r y  
and s e p a r a t e  t h e  a f f e c t e d  bus and 
secondary l o a d s  from t h e  a s s o c i a t e d  
primary bus .  

I 1 ( ~ i m e :  immediate I 
2 .  Shor t  I I 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

ITEM IDENTIFICATION 8, FUNCTION 
3 . 6 . 3  Sol id  S t a t e  C i r c u i t  Breaker  (Normal AC bus l o a d s )  

The c i r c u i t  b r e a k e r  connec t s  o r  d i s c o n n e c t s ,  i n d i c a t e s  s t a t u s  of  "open" o r  "closed",  p rov ides  
o v e r c u r r e n t  p r o t e c t i o n ,  accomplishes load  t r a n s f e r  and s e l f  t e s t i n g ,  between AC loads  and t h e  
normal AC bus.  

CRITICALITY 
Rat iona le :  Secondary buses  have upstream c i r c u i t  p r o t e c t i o n  which p r o v i d e s  i s o l a t i o n  i n  t h e  
event  of i n t e r n a l  f a u l t s .  The ISS prov ides  system f a u l t  assessment  when normal bus l o a d s  
a r e  dropped. C r i t i c a l  l o a d s  a r e  a u t o m a t i c a l l y  swi tched  t o  unaf fec ted  b u s e s  through t h e  
a s s o c i a t e d  i n t e r f a c i n g  (RACU) d e v i c e s .  

Units  r e q u i r e d  TBD i n i t i a l  TBD g r o v t i h  

FAILURE MODE t PRIMARY CAUSES FAILURE EFFECT 8, TIME TO EFFECT 

111 

2 .  C i r c u i t  b r e a k e r  f a i l s  
c losed  o r  c l o s e s  
i n a d v e r t e n t l y .  

1. C i r c u i t  b r e a k e r s  f a i l s  
open o r  opens i n a d v e r t e n t l y .  

Loss of c a p a b i l i t y  t o  i s o l a t e  one 
normal AC load  from t h e  normal AC bus. 

Time: Irnmedate 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

Contamination of  c o n t r o l  c i r c u i t s  o r  
an i n c i d e n t a l  o r  e r roneous  t r a n s f e r  
command. 

Momentary l o s s  of  power t o  one of 
normal AC load  c i r c u i t s .  

Time : Immedaite 

Ra t iona le :  The c a p a b i l i t y  i s  provided f o r  t h e  au tomat ic  swi tch ing  c o n t r o l  and p r o t e c t i o n  
of c r i t i c a l  l o a d s  through ISS d i r e c t i o n .  111 

RELIABILITY P.E. PREPARED BY J' Beekman 
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ITEM IDENTIFICATION 8, FUNCTION 
3.6.4 Autotransformer Tertiary Winding Sub-circuit 

The autotransformer tertiary winding serves the dual function of providing harmonic suppression for 
the ac loads and as the electrical power source for the station dc supply. 

FAI LURE MODE JPRIMARY CAUSES \FAILURE EFFECT 8, TIME TO EFFECT 

1. Partial or complete 
output loss 

2. Internal Fault 

Physical stresses induced through 
coolant loop breakdowns; overheating 
or freezing of coolant. 
Example : open winding 

Partial or total loss of output 
power to the rectifier filter. 
The autotransformer output is un- 
balanced. 
Time: Immediate 

Winding shorts in a potting void 
through trapped contaminants. 

I 

ITEM IDENTIFICATION 8, FUNCTION 
3.6.5 Rectifier/Filter 

The rectifier/filter assembly converts conditioned AC power (240 VAC. 30. 400 HZ) from the 
autotransformer teriary winding to D.C. power (56 VDC. 2 wire) through static rectification 
and filtering. 
Units required 12 initial 16 growth. 

Currents in excess of normal will 
exist in the shorted path causing 
protective devices to trip out and 
separate the affected buses and 
secondary loads from the associated 
primary bus. 
Time: Immediate 

Rationale: Current unbalance in the autotransformer is detected by standard devices and 
through ISS action the unit is de-energized by opening the associated "CM" or 
"SM" power contactor. The ISS also provides system fault assessment when normal 
loads are dropped. Critical loads are automatically switched to unaffected 
buses through the associated interfacing (RACU) devices. 

FAILURE MODE 
1. Partial or complete 

loss of output. 

CRITICALITY 

I11 

PRIMARY CAUSES 
Open circuits occurring in sub module 
series rectifier strings through 
overcurrent, aging of components, etc., 
or in other control or filter sub 

I I Time: Immediate 

FAILURE EFFECT 8 TIME TO EFFECT 
Partial or total loss of output to the 
associated D.C. bus. 

Time: Immediate 

Shorted circuits or components within 
rectification, control or filter sub 
modules through insulation breakdown 
contamination, etc. 

CRITICALITY 

action, the unit is de-energized by opening the associated "CM" or "SM" power I I11 

Currents in excess of normal will 
exist in the shorted module and cause 
either protective devices to trip out 
or destructive fault clearing through 
a "burn open" mode. 

contactor. The ISS also provides system fault assessment when normal loads are 
dropped. Critical loads are autoamtically switched to unaffected buses through 
the associated interfacing (RACU) devices. 

I 

RELIABILINP.E. PREPARED BY J. Beeban 
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CRIT ICAL  FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 
3.6.6 D.C. Bus 

The DC buses  s e r v e  a s  a  common supply p o i n t s  f o r  a l l  a t t a c h e d  DC l o a d s  r e l a t e d  t o  a  
p a r t i c u l a r  power channel .  

I Uni t s  r e q u i r e d x i n i t i a l  1 6  growth 

I 1. open I Acciden ta l  Damage I DC bus l o a d s  a r e  i n t e r r u p t e d  

Time: Immediate 

FAILURE EFFECT & TIME TO EFFECT FAILURE MODE 

Curren t s  i n  excess  of normal 
requ i rements  w i l l  t r i p  p r o t e c t i v e  
c i r c u i t r y  and s e p a r a t e  t h e  a f f e c t e d  
bus and o t h e r  r e l a t e d  secondary 
load  from t h e  a s s o c i a t e d  primary bus.  

PRIMARY CAUSES 

Time : Immediate 

- 

ITEM IDENTIFICATION & FUNCTION 
3.6.7 So l id  S t a t e  C i r c u i t  Breaker  (DC bus l o a d s )  

The c i r c u i t  b reaker  connec t s  o r  d i s c o n n e c t s ,  i n d i c a t e s  s t a t u s  of  "open" o r  "closed,!' p rov ides  over-  
c u r r e n t  p r o t e c t i o n ,  accomplished load t r a n s f e r  and s e l f  t e s t i n g  between DC l o a d s  and t h e  DC bus.  

Ra t iona le :  Secondary buses have upstream c i r c u i t  p r o t e c t i o n  which p r o v i d e s  i s o l a t i o n  i n  t h e  
even t  of i n t e r n a l  f a u l t s .  C r i t i c a l  l o a d s ,  when i d e n t i f i e d ,  can be a u t o m a t i c a l l y  
switched t o  u n a f f e c t e d  buses  through t h e  a s s o c i a t e d  i n t e r f a c i n g  (RACU) dev ices .  

CRITICALITY 

111 

2 .  C i r c u i t  b reaker  f a i l s  c losed  
o r  c l o s e s  i n a d v e r t e n t l y .  

Uni t s  r e q u i r e d  TBD i n i t i a l  T9D growth 

Loss of c a p a b i l i t y  t o  i s o l a t e  one of 
t h e  DC l o a d s  from t h e  DC bus.  

FAILURE EFFECT & TIME TO EFFECT 

Loss of power t o  one of  t h e  DC 
load c i r c u i t s .  

1. C i r c u i t  b r e a k e r  f a i l s  open 
o r  opens i n a d v e r t e n t l y .  

PRIMARY CAUSES 
Contamination of c o n t r o l  c i r c u i t s  o r  
an i n c i d e n t a l  o r  e r roneous  t r a n s f e r  
command. 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
 ati ion ale: The c a p a b i l i t y  i s  provided f o r  t h e  au tomat ic  swi tch ing  c o n t r o l  and p r o t e c t i o n  
of c r i t i c a l  l o a d s ,  when i d e n t i f i e d ,  through ISS d i r e c t i o n .  

CRITICALITY 

I11 
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CRITICAL FUNCTION ANALYSIS 
8-30-71 

DATE 

ITEM IDENTIFICATION & FUNCTION 
4 .0  GUIDANCE AND CONTROL SUBSYSTEM 

Major hardware groupings within t he  G&C subsystem include: Guidance and navigation sensors,  sensor 
d a t a  conver ters ,  computation and command contro l  genera tors ,  cont ro l  s igna l  converters,  and propulsion 
and a t t i t u d e  contro ls .  G&C subsystem functions a r e :  a t t i t u d e  s t a b i l i z a t i o n ,  a t t i t u d e  contro l ,  s t a t i o n  
and f r ee - f lye r  experiments module guidance and navigation,  and dockingla t t i tude  control .  

- 

O P T I C A L  REFERENCE 
PREPROCESSOR 

t \ 5 
J 

PREPROCESSOR PREPROCESSOR 

'&I 
\ ( 3  A X I S  TORQUE C A P A B I L I T Y  (r ,a,$)*. 

- 

RCS 
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r \ J 
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\ 1 .  
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DRIVER 
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QUAD 4 

RCS 
DRIVER 

ELTRNCS . 
QUAD 3 

RC S 
D R I V E R  
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QUAD 1 

RCS 
DRIVER 

ELTRNCS . 
QUAD 2 
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ITEM IDENTIFICATION & FUNCTION 
4.1 ATTITUDE STABILIZATION 

A t t i t u d e  s t a b i l i z a t i o n  i s  ach ieved  th rough  i n t e r a c t i o n  of t h e  i n e r t i a l  r e f e r e n c e  assembly (IRA), t h e  
o p t i c a l  r e f e r e n c e  assembly (ORA), t h e  d a t a  p r o c e s s o r  assembly (DPA), t h e  r e a c t i o n  c o n t r o l  system 
e l e c t r o n i c s  assembly (RCSEA), and t h e  c o n t r o l  moment gyro  assembly (CMGA). 

I R A  RCSEA 

\ ,' 
, ATTITUDE STABILIZATION 

FUNCTION 

(ISS) 

AS SHOWN, THE HARDIJARE SETS ARE ARRANGED TO ACCOMPLISH FUNCTIONS 
INDEPENDENTLY AND HAVE THE CAPABILITY FOR CROSS CONNECTION WHERE 
NECESSARY. 

4.1 ATTITUDE STABILIZATION (Continued)  

J 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

I 1 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
Rat iona le :  Redundant means t o  accomplish r a t e  damping is provided ( i n  t h e  even t  of  a f a i l u r e  i n  
3 p r e f e r r e d  o p e r a t i o n  mode) and i s  a u t o m a t i c a l l y  s u b s t i t u t e d  by preprogrammed computer c o n t r o l  
t echn iques .  During manned o p e r a t i o n s  t h e  o p t i o n  of implementing t h e  r e p a i r  and /or  maintenance 
~f equipment p l u s  t h e  use of manual c o n t r o l s  is a v a i l a b l e  through crew a c t i o n .  

CRITICALITY 

FAILURE MODE 
. Loss of r a t e  damping 1 ( i n  one o r  more axes )  

ECOMMENDATION: Provide f o r  remote swi tch ing  from t h e  Space S h u t t l e  dur ing  t h e  i n i t i a l  
manning phase.  

1 I 

- 

CRITICALITY 

I11 

PRIMARY CAUSES 
T o t a l  f a i l u r e  of ISS (DPA) redundant  
o u t p u t s .  
F a i l u r e  of  i n e r t i a l  r e f e r e n c e  pre-  
p rocessor .  
Loss of i n e r t i a l  r e f e r e n c e  assembly 
"RACU". 
Loss of t h e  c o l d p l a t e  f u n c t i o n  s e r v i n g  
t h e  ISS (DPA) o r  IRA p r e p r o c e s s o r .  
Loss of power t o  t h e  ISS (DPA) o r  IRA 
p r e p r o c e s s o r .  
Loss of t iming  s i g n a l  t o  ISS(DPA) o r  t h e  
ISS (DPA) t o  t h e  c e n t r a l  computer. 
Loss of  d a t a  bus  t o  t h e  c e n t r a l  computer. 
Loss of  c e n t r a l  t i m i n g ( t o  a l l  subsystem) 

FA1 LURE EFFECT & TIME TO EFFECT 
D s c i l l a t i o n  about  a d e s i r e d  a t t i t u d e  
~r i n a b i l i t y  t o  meet experiment  
a t t i t u d e  d e v i a t i o n  t o l e r a n c e s .  

.ass o f  a b i l i t y  o r  degraded c a p a b i l i t y  
t o  perform docking between t h e  modular 
space s t a t i o n  and o t h e r  s p a c e c r a f t .  

PREPARED BY " Beeban 
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Space Division 
North Amencan Rocltwell 

SUBSYSTEM Guidance and DATE 8-30-71 
C R I T I C A L  FUNCTION ANALYSIS 

ITEM IDENTIFICATION 8 FUNCTION 

4.1 ATTIWDE STABILIZATION (CONTINUED) 

FAILURE MODE 1 PRIMARY CAUSES 
2 .  Loss of  a t t i t u d e  r e f e r e n c e  u idance  and c o n t r o l  computing mal- 

(one o r  more a x e s )  r a t e  E u n c t i o n  o r  mal func t ions  of r e l a t e d  
damping remains.  e n t r a l  computer o p e r a t i o n s  which 

f f e c t  t h e  G&C f u n c t i o n s .  

( s e e  causes  from p r i o r  f a i l u r e  mode) 

FAILURE EFFECT 8, TlME TO EFFECT 
I n a b i l i t y  t o  ho ld  o r  o r i e n t  t o  any 
r e q u i r e d  a t t i t u d e  f o r  s t a t i o n  o r  
experiment  purposes .  
Loss of a b i l i t y  o r  degraded c a p a b i l i t y  
t o  perform docking between t h e  modular 
space  s t a t i o n  and o t h e r  s p a c e c r a f t .  

I I 

1 
ITEM IDENTIFICATION 8, FUNCTION 

4 .1  ATTITUDE STABILIZATION (Continued)  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
TIONALE: An a l t e r n a t e  and independent  a t t i t u d e  r e f e r e n c e  s o u r c e  is prov ided  ( i n  t h e  e v e n t  of 

a f a i l u r e  i n  a prefer ;ed o p e r a t i o n a l  mode) and is  a u t o m a t i c a l l y  s u b s t i t u t e d  by pre-  
programmed computer c o n t r o l  t echn iques .  During manned o p e r a t i o n s  t h e  o p t i o n  of 
implementing t h e  r e p a i r  and /or  maintenance of equipment p l u s  t h e  u s e  of manual 
c o n t r o l s  i s  a v a i l a b l e  through crew a c t i o n .  

CRITICALITY 

111 

. 
'AILURE MODE 
I. Loss of b o t h  r a t e  damping and 

a t t i t u d e  r e f e r e n c e .  (Th is  
is a r e a s o n a b l e  s i n g l e  f a i l -  
u r e  mode s i n c e  t h e  r a t e  signa:. 
i s  d e r i v e d  by d i v i d i n g  t h e  
change i n  a t t i t u d e  by t h e  

IATIONALE/RECOMMENDA~~ONS/REF. DOCUMENTS 
ATIONALE: An a l t e r n a t e  and independent  source  of  r a t e  damping and a t t i t u d e  r e f e r e n c e  is 

prov ided  ( i n  t h e  e v e n t  of  a f a i l u r e  i n  t h e  p r e f e r r e d  o p e r a t i o n a l  mode) and is 
a u t o m a t i c a l l y  s u b s t i t u t e d  by preprogrammed computer c o n t r o l  t echn iques .  During 
manned o p e r a t i o n s  t h e  o p t i o n  of implementing t h e  r e p a i r  and /or  maintenance of  
equipment p l u s  t h e  use  o f  manual c o n t r o l s  is a v a i l a b l e  through crew a c t i o n .  

PRIMARY CAUSES 
( s e e  causes  from p r i o r  f a i l u r e  modes) 

CRITICALITY 

111 

PREPARED BY J. Beeha' 

FA1 LURE EFFECT 8, TIME TO EFFECT 
Complete l o s s  o f  a t t i t u d e  s t a b i l i z a -  
t i o n  c o n t r o l  w i l l  a l low v e h i c l e  
tumbling. ( A c c e l e r a t i o n s  and r a t e s  
depend on d i s t u r b a n c e  to rque / t ime  
p r o f i l e s ) .  
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Space Division 
North American Rocl<well 

SUBSYSTEM Guidance and Cont ro l  DATE 8-30-71 

CR IT lCAL FUNCTION ANALYS l S 

ITEM IDENTIFICATION & FUNCTION 
4 . 2  ATTITUDE CONTROL - EXPERIMENT SUPPORT 

High accuracy  and long  term c o n t r o l  of  a t t i t u d e  is r e q u i r e d  f o r  c e r t a i n  s p e c i f i e d  exper iments  and 
is achieved through t h e  o p t i c a l  r e f e r e n c e  assembly (OM) i n t e r a c t i n g  wi th  t h e  d a t a  p rocessor  
assembl ies  (DPA), t h e  r e a c t i o n  c o n t r o l  system e l e c t r o n i c s  assembly (RCSEA), and t h e  c o n t r o l  moment 
gyro assembly (CMGA). 

I 

LONG TERM, H I G H  ACCURACY 
ATTITUDI: CONTROL FUNCTION 

CMGA 
u 

ITEM IDENTIFICATION B FUNCTION 

4 . 2  ATTITUDE CONTROL - EXPERIMENT SUPPORT (Continued)  

NOTE - THE INERTIAL MEASUREMENT UNIT CANNOT PROVIDE A LONG-TERM 
REFERENCE TO THE REQUTRED ACCURACY, SINCE ITS DRIFT RATES DO NOT 
REMAIN CONSTANT AND HENCE MUST BE CALIBRATED PERIODICALLY B Y  THE 
OPTICAL REFERENCES TO ACHIEVE HIGH ACCURACY. 

FAILURE MODE 
1. Loss of  a t t i t u d e  r e f e r e n c e  
(of t h e  accuracy  r e q u i r e d  by 
exper iments ) .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

PRIMARY CAUSES 
Loss of power t o  an o p t i c a l  s e n s o r ,  o r  
t o  a  "RACU", o r  t o  an o p t i c s  pre- 
p rocessor .  
S t a r - t r a c k e r  i n t e r n a l  f a i l u r e .  
Horizon-sensor i n t e r n a l  f a i l u r e .  
Data bus f a i l u r e .  
G&C computing f a i l u r e .  
"RACU" f a i l u r e  . 
C e n t r a l  t iming  f a i l u r e .  

CRITICALITY 

FA1 LURE EFFECT & TIME TO EFFECT 
I n a b i l i t y  t o  o r i e n t  t o  a  d e s i r e d  
a t f  i t u d e  t o  t h e  p o i n t i n g  accuracy  
requ i red .  

I n a b i l i t y  t o  n a v i g a t e  t o  an accuracy  
necessa ry  t o  suppor t  experiment  
demands. 

, ') 
SUBSYSTEM P.E. d-/ 

~T~ONALE/RECOMMENDATIONS/REF. DOCUMENTS 
RATIONALE: Redundant o p t i c a l  s e n s o r s  a r e  p rov ided .  Sensor  power is  remotely c o n t r o l l e d  and 

s u p p l i e d  from a d u a l  i n p u t  s o l i d  s t a t e  d e v i c e  having s e l e c t i v e  c o n t r o l  of t h e  
independent  s u p p l i e s .  

CRITICALITY 

111 



Space Division 
North American Rocltwell 

SUBSYSTEMGuidance and Cont ro l  
C R I T I C A L  FUNCTION ANALYSIS 

8-30-71 
DATE 

4 . 2  ATTITUDE CONTROL - STATION SUPPORT 
A t t i t u d e  c o n t r o l  f o r  r o u t i n e  space  s t a t i o n  suppor t  is ach ieved  th rough  i n t e r a c t i o n  of  t h e  i n e r t i a l  
r e f e r e n c e  assembly (IRA), t h e  o p t i c a l  r e f e r e n c e  assembly (ORA), t h e  d a t a  p rocessor  a s s e m b l i e s  (DPA), 
t h e  r e a c t i o n  c o n t r o l  system e l e c t r o n i c s  assembly (RCSEA), and t h e  c o n t r o l  moment gyro assembly (CMGA). 

I IRA DP A RCSEA 

*Encountered from s p a c e c r a f t  
dockinp. aerodynanucs , g r a v i t y  
g r a d i e n t  t o r q u e s ,  e t c .  

- 

FAILURE MODE 
1. Loss of c o n t r o l  

(Reference s e n s i n g  d e v i c e s )  

i a l  manning requirement  where t h e  space  
d u l a r  space  s t a t i o n .  (Once manned, l a t e r  

dockings could be  de layed  u r o l  mal func t ion  is r e p a i r e d ) .  
A t t i t u d e  hold d u r i n g  bu i ldup  docking is accomplished through redundan t ly  c o n t r o l l e d  
i n e r t i a l  t o r q u e  and r e a c t i o n  t h r u s t  g e n e r a t i n g  systems.  Command communication l i n k  
a r e  redundant  t o  i n i t i a t e  au tomat ic  C6C f u n c t i o n s .  A manual mode f o r  a t t i t u d e  ho ld  

J .  Beekman 
SUBSYSTEM P.E. I 

ATTITUDE CONTROL FUNCTION - 
STATION SUPPORT 

PRIMARY CAUSES 

Loss of a t t i t u d e  r e f e r e n c e .  

ORA DPA CMGA 

FA1 LURE EFFECT 8, TIME TO EFFECT 

I n a b i l i t y  t o  c o u n t e r a c t  d i s t u r b a n c e  
to rques*  w i t h i n  t h e  r e q u i r e d  t o l e r a n c e s .  

- 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS CRITICALITY 

ITEM IDENTIFICATION 8 FUNCTION 
4 . 2  ATTITUDE CONTROL - STATION SUPPORT (Continued) 



Space Division 
North American Rocl<well 

SUBSYSTEM Guidance 6 Cont ro l  

C R I T I C A L  FUNCTION ANALYSIS 
DATE R-30-7' 

ITEM IDENTIFICATION a FUNCTION 
4 . 2  ATTITUDE CONTROL - STATION SUPPORT (Continued)  

IFAILURE MODE 1 PRIMARY CAUSES (FAILURE EFFECT a TIME TO EFFECT 

2 .  Loss of Cont ro l  
(G&C a c t i v a t i o n  6 sequencing)  

ITEM IDENTIFICATION 8 FUNCTION 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
RATIONALE: Wakeup and command r e c e i v e r s  a r e  redundant  and a r e   ower red from s e p a r a t e  b a t t e r i e s  

dur ing  t h e  bu i ldup  phase f o r  i n i t i a t i n g  o p e r a t i o n  of equipment r e q u i r e d  f o r  
a t t i t u d e  c o n t r o l .  

4 . 2  ATTITUDE CONTROL - STATION SUPPORT (Continued)  

Loss of G&C equipment power, improper 
o r  incomplete  a c t i v a t i o n  of  G&C 
equipment sequencing and f a i l u r e  
t o  a c t i v a t e  ISS/RCS equipment. 

CRITICALITY 

I11 

I n a b i l i t y  t o  c o u n t e r a c t  d i s t u r b a n c e  
to rques .  

( con t inued)  

FAILURE MODE 
3. Loss of c o n t r o l  

(computer o p e r a t i o n s )  

I I 

PRIMARY CAUSES 
F a i l u r e  i n  t h e  CMG s t e e r  law computer 
(CMG p r e p r o c e s s o r )  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
RATIONALE: The c a p a b i l i t y  is provided by t h e  c e n t r a l  computer t o  d e t e c t  CMG preprocessor  

induced e r r o r s .  F u r t h e r  c e n t r a l  computer c a p a b i l i t y  w i l l  a l low preprogrammed a c t i t n  
t o  a u t o m a t i c a l l y  m a i n t a i n  a t t i t u d e  c o n t r o l  through t h e  redundant  RCS c o n t r o l s  o r  
p rov ide  f o r  remote manual s w i t c h i n g .  

J. Beekman 
PREPARED BY 

FAI LURE EFFECT a TIME TO EFFECT 
I n a b i l i t y  t o  c o u n t e r a c t  d i s t u r b a n c e s  
to rques .  

( con t inued)  

CRITICALITY 

I11 

- 4 6 3  - 
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North American Rocl<well 

SUBSYSTEM Guidance 6 Cont ro l  

CR IT1 CAL FUNCTION ANALYS I S 
> 

ITEM IDENTIFICATION 8, FUNCTION 
4 . 2  ATTITUDE CONTROL - STATION SUPPORT (Continued) 

FAILURE MODE 

4. Loss of  C o n t r o l  
(S igna l  convers ion)  

I 

ITEM IDENTIFICATION 8, FUNCTION 

PRIMARY CAUSES 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
RATIONALE: Data p r o c e s s i n g  assembl ies  (ISS r e s p o n s i b i l i t y )  a r e  redundan t .  

RCS "RACU's" and p reprocessor  s e t s  a r e  I'edundant and a r e  capab le  of  
p rov id ing  i n p u t s  t o  f o u r  RCS quad d r i v e r  u n i t s .  
Da ta  b u s e s  (ISS r e s p o n s i b i l i t y )  a r e  redundant .  
Power s u p p l i e s  t o  a l l  t h e  above u n i t s  a r e  redundant  and a u t o m a t i c a l l y  s w i t c h a b l e  
by e i t h e r  l o c a l  o r  c e n t r a l  c o n t r o l .  

4.2 ATTITUDE CONTROL - STATION SUPPORT (Continued)  

FAILURE EFFECT & TIME TO EFFECT 

GLC c e n t r a l  computing f a i l u r e s ;  
RCS "RACU", p r e p r o c e s s o r ,  d r i v e r  
e l e c t r o n i c s  and d a t a  bus  f a i l u r e s ;  
o r  l o s s  of power i n p u t s  t o  any o f  
t h e  above d e v i c e s .  

CRITICALITY 

I11 

5 .  Loss o f  c o n t r o l  
(Misce l l aneous)  

I n a b i l i t y  t o  c o u n t e r a c t  d i s t u r b a n c e  
to rques .  

( con t inued)  

' M u l t i p l e  f a i l u r e s  i n  any of  t h e  fol low- 
i n g  equipment s e t s :  bo th  ISS computers;  
t h e  i n e r t i a l  r e f e r e n c e  assembly and 
t h e  o p t i c a l  r e f e r e n c e  assembly;  bo th  
d a t a  buses ;  bo th  power bus i n p u t  
s o u r c e s ;  bo th  r e a c t i o n  i n  c o n t r o l  pre-  
p r o c e s s o r s ;  o r  a l l  RCS p r o p e l l a n t  
sys tems .  

I n a b i l i t y  t o  c o u n t e r a c t  d i s t u r b a n c e  
to rques .  

( con t inued)  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
RATIONALE: The p r o b a b i l i t y  of m u l t i p l e  f a i l u r e s  o c c u r r i n g  is  remote,  however t h e  c a p a b i l i t y  

t o  overcome o r  a t  l e a s t  r educe  d i s t u r b a n c e  t o r q u e s  i s  ach ieved  through e l e c t r i c a l  
l o c k i n g  of s i n g l e  gimbal  d r i v e s  i n  s e l e c t e d  CMG's. S t a b i l i z i n g  through t h i s  
mode is  dependent on commands g e n e r a t e d  by GLC sof tware .  

CRITICALITY 

I11 

J .  Beekman 
PREPARED BY SUBSYSTEM P.E. 6 RELlnBlllTY P.E. /*- 
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North Amer~can Rocltwell 

SUBSYSTEM Guidance & Cont ro l  

CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION 8 FUNCTION 

4 . 3  NAVIGATION - STATION SUPPORT 

Navigat ion f o r  t h e  modular space  s t a t i o n  is  ach ieved  through t h e  o p t i c a l  r e f e r e n c e  
assembly (ORA) i n t e r a c t i n g  w i t h  t h e  d a t a  p r o c e s s o r  assembl ies .  

ORA 

NAVIGATION - STATION SWPORT 

RAT~ONALE/RECOMMENDATIONS/REF. DOCUMENTS CRITICALITY 

ITEM IDENTIFICATION 8 FUNCTION 
4 . 3  NAVIGATION - STATION SUPPORT (Continued)  

'AILURE MODE 
1. Loss of o p t i c a l  n a v i g a t i o n  

c a p a b i l i t y .  

I PRIMARY CAUSES 1 FAILURE EFFECT 8 TIME TO EFFECT 
F a i l u r e  i n  o p t i c a l  p r e p r o c e s s o r ,  E r r o r  a l lowance  is  exceeded i n  l e s s  
hor izon  t r a c k e r ,  s t a r  t r a c k e r ,  o r  a  than  one- four th  o r b i t .  
combinat ion of a  p reprocessor  and a  
s e n s o r  f a i l u r e .  

O r b i t  decay would occur  i f  no 
c o r r e c t i v e  a c t i o n  were t aken  t o  
r e s t o r e  t h e  n a v i g a t i o n  c a p a b i l i t y .  

STIONALE: ' s t a r  t r a c k e r  o p t i c s  and e l e c t r o n i c s  a r e  redundant .  A f o u r  head hor izon  edge t racked  
is  supp l ied  a l though  on ly  t h r e e  ou t  of f o u r  heads  a r e  r e q u i r e d ;  c i r c u i t s  a r e  
redundant .  E l e c t r o n i c s  f o r  t h e  hor izon  edge t r a c k e r  a r e  packaged a s  a  u n i t  bu t  a r e  
redundan t ly  designed so t h a t  no s i n g l e  f a i l u r e  w i l l  a f f e c t  performance. The o p t i c a  
p reprocessor  i s  an i n f l i g h t  r e p l a c e a b l e  u n i t  (IFRU). 

. , 1 SUBSYSTEM P.E. &A+&- ~RELIABILITY P.E. ,V<A / e  ,A . 
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North American Rocl<well 

SUBSyS~EM GUIDANCE 6 CONTROL 

CR l T I  C A L  FUNCTl ON ANALY S l S 

ITEM IDENTIFICATION & FUNCTION 

4.4 GUIDANCE - STATION SUPPORT 
Computation by t h e  d a t a  p r o c e s s o r  assembl ies  @PA) a r e  r e q u i r e d  t o  de te rmine  t h e  change i n  MSS 
v e l o c i t y  v e c t o r ,  a t t i t u d e ,  t h r u s t  and time paramete rs  t o  accomplish o r b i t  make-up and c o n t r o l  
commands f o r  docking.  

J'G' GUTDANCE - STATION SWPORT 

CREW 
I 

3ACK-LT [:UTDk':CL SYSTE?! - SI!OWN FOR INFORMATION 
(NOT G&C SUBSYSTEM RESPONSIBILITY) 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS k CRITICALITY 

ITEM IDENTIFICATION 8 FUNCTION 

4.4 GUIDANCE - STATION SUPPORT (Continued)  

FAILURE MODE 
1. Loss of computa t iona l  t 

c a p a b i l i t y  

anua l  computation of  guidance t o  t h e  
t o  main ta in  o r b i t  
normally too  tediou 

PRIMARY CAUSES 
F a i l u r e  i n  t h e  ISS computer, d a t a  
b u s ,  o r  guidance d i s p l a y  paramete rs .  

The manual backup method u t i l i z e s  TV 
d i s p l a y e d  i l l u m i n a t e d  t a r g e t s  and 
c i r c l e / c r o a s - h a i r  l o c a t e r s .  Ranging 
r a t e s  cannot  be  a c c u r a t e l y  ob ta ined  
by t h i s  system. 

FAILURE EFFECT & TIME TO EFFECT 
I n a b i l i t y  t o  semi-au tomat ica l ly  
o r  a u t o m a t i c a l l y  accomplish MSS 
guidance.  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
RATIONALE: Redundant d a t a  bus and computing assembl ies  a r e  provided.  Dual command c o n t r o l  

c e n t e r s  p l u s  p o r t a b l e  remote c e n t e r s  a l low f o r  redundant  command i n p u t s  and 
d a t a  d i s p l a y s  f o r  a l l  gu idance  requ i rements .  I n  t h e  remote e v e n t  o f  m u l t i p l e  
f a i l u r e s ,  and s i n c e  o r b i t  guidance is n o t  deemed t ime  c r i t i c a l ,  equipment 
maintenance us ing  onboard s p a r e s  o r  d e l i v e r y  o f  IFRU a s s e m b l i e s  by t h e  Space 
S h u t t l e  v e h i c l e  i s  sugges ted  i n  p r e f e r e n c e  t o  manual guidance c a l c u l a t i o n .  

CRITICALITY 

I11 

PREPARED BY 
J. Beekman 

I 1 
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North Amerrcan Rocl<well 

SUBSYSTEM GUIDANCE 6  CONTROL 

C R I T I C A L  FUNCTION A N A L Y S I S  

I ITEM IDENTIFICATION 8, FUNCTION I 
4.5 NAVIGATION - EXPERIMENT SUPPORT 

Navigat ion f o r  t h e  f r e e - f l y i n g  experiment  s a t e l l i t e s  i s  achieved through use of t h e  o p t i c a l  
r e f .  assembly (ORA), ground t r a c k i n g  and onboard dopple r  measurements i n t e r a c t i n g  wi th  t h e  
d a t a  p rocessor  assembly (DPA). NOTE: Navigat ion invo lv ing  t h e  space s h u t t l e  dur ing  resupp ly  v i s i t s  i s  
cons idered  a s  a  s p e c i a l  c a s e  s i n c e  t h e  s h u t t l e  has  autonomous n a v i g a t i o n a l  c a p a b i l i t y  and t h e  MSS 

as a  backun. 

RADAR' O . B .  

NAVIGATION - EXPERIMENT SUPPORT 

ITEM IDENTIFICATION B FUNCTION 
4.5 NAVIGATION - EXPERIMEWI' SUPPORT (Continued)  

DOCUMENTS CRITICALITY 

FAILURE EFFECT & TIME TO EFFECT 
I n a b i l i t y  t o  d i r e c t  a  s a t e l l i t e  i n  
an i n i t i a l  o r b i t ,  normal d e s i r e d  
o r b i t  o r  r e t r i e v a l  o r b i t  when 

- - 

FAILURE MODE 
1. Loss of n a v i g a t i o n a l  

c a p a b i l i t y  f o r  f r e e - f l y i n g  
s a t e l l i t e s .  

Note: O c c u l t a t i o n  by t h e  e a r t h  
i s  not  cons idered  a s  a  l o s s ,  
s i n c e  i t  should on ly  occur  
f o r  a  f r a c t i o n  of an o r b i t  
i f  a t  a l l .  The s t a t e  v e c t o r  
would be propagated i n  t h e  
G6C computer u n t i l  t h e  

r e q u i r e d .  

PRIMARY CAUSES 
F a i l u r e  i n  o p t i c a l  p r e p r o c e s s o r ,  
nor izon  edge t r a c k e r ,  s t a r  t r a c k e r ,  o r  
a combinat ion of a  p reprocessor  and a  
sensor  f a i l u r e .  

.oss of  range  o r  range r a t e  by t h e  ISS 
i u r i n g  o p e r a t i o n s .  Loss of  ground 
t r a c k i n g  d a t a .  Loss of ISS memory d a t a  
l o r  s a t e l l i t e  communication and c o n t r o l  

o p t i c a l  c a p a b i l i t y .  

PREPARED BY J. Beekman 

I 

RAT~ONALE/RECOMMENDATIONS/REF. DOCUMENTS 
RATIONALE: S t a r  t r a c k e r  o p t i c s  and e l e c t r o n i c s  a r e  redundant .  A f o u r  head hor izon  edge 
t r a c k e r  is s u p p l i e d  a l t h o u g h  o n l y  t h r e e  o u t  of f o u r  heads a r e  r e q u i r e d ;  c i r c u i t s  a r e  
redundant .  E l e c t r o n i c s  f o r  t h e  hor izon  edge t r a c k e r  a r e  packaged a s  a  u n i t  bu t  a r e  redundan t ly  
des igned  s o  t h a t  no s i n g l e  f a i l u r e  w i l l  a f f e c t  performance. The o p t i c a l  p reprocessor  i s  an 
i n f l i g h t  r e p l a c e a b l e  u n i t  (IFRU) . 

CRITICALITY 

111 



Space Division 
North American Rockwell 

S U B ~ y ~ ~ ~ ~  GUIDANCE & CONTROL DATE 8-30-71 

CRIT ICAL  FUNCTION ANALYSI S 

ITEM IDENTIFICATION 8 FUNCTION 
4.6 GUIDANCE - EXPERIMENT SUPPORT 

Guidance f o r  f r e e - f l y i n g  experiment  s a t e l l i t e s  i s  ach ieved  through computat ions by t h e  d a t a  
p rocessor  a s s e m b l i e s  (DPA) from read  back d a t a  d i s p l a y s  o f  t h e  s a t e l l i t e  a t t i t u d e  and r a t e  
c o n d i t i o n s .  

DISPLAY 

EXPERIMENT SUPPORT 

DISPLAY 

(ISS) 

ITEM IDENTIFICATION & FUNCTION 
4.6  GUIDANCE - EXPERIMENT SUPPORT (con t inued)  

DOCUMENTS 

b L u R E  MODE (PRIMARY CAUSES FAILURE EFFECT 8, TIME T o  EFFECT 

CRITICALITY 

1 r e t r i e v e  i t  when r e q u i r e d .  

1. Loss of  gu idance  c a p a b i l i t y  
f o r  f r e e - f l y i n g  s a t e l l i t e s .  

PREPARED BY '. Beeban SUBSYSTEM P.E. RELIABILITY P.E. 

- 468 - 

F a i l u r e  i n  t h e  ISS computer, d a t a  bus 
o r  guidance d i s p l a y  paramete rs .  

RATIoNALE/RECOMMENDATIONS/REF. DOCUMENTS 
RATIONALE: Redundant computer and d a t a  bus assembl ies  a r e  provided.  F ree - f ly ing  s a t e l l i t e  

gu idance  commands a r e  i n i t i a t e d  from t h e  experiment  c o n t r o l  conso le  o r  t h e  
s t a t i o n  c o n t r o l  c o n s o l e  a s  a  backup. Data d i s p l a y s  of FIF s a t e l l i t e  gu idance  
paramete rs  can be d i s p l a y e d  on bo th  c o n t r o l  conso les  dur ing  o p e r a t i o n a l  changes 
t o  a s s u r e  p roper  ISS c o n t r o l .  

I n a b i l i t y  t o  p l a c e  a  s a t e l l i t e  i n  a 
d e s i r e d  o r b i t ,  m a i n t a i n  o r  change i t  
p a t h  a c c u r a t e l y ,  and s u c c e s s f u l l y  

CRITICALITY 

111 



Space Division 
North American Rocl<well 

SUBSYSTEM GUIDANCE 6 CONTROL 

CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION 8. FUNCTION 
4.7 TRANSLATION/ATTITUDE CONTROL 

Translation/attitude control is achieved through use of the capabilities established for the 
modular space station stabilization and attitude control but applied specifically to docking with 
passive experiment modules. 

DP A 

ITEM IDENTIFICATION 8. FUNCTION 
4.7 TRANSLATION/ATTITUDE COmROL (continued) 

-.-- 

--- ORA 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

DPA 

CRITICALITY 

1 

FAILURE MODE 
1. Loss of change of velocity 

(Av) 
Capability - pointing, 
stabilization, command, 
and thrust coctrol. 

RATIONALE/RECOMMENDA~~IONS/REF. DOCUMENTS 
RATIONALE: Redundant means of providing stabilization and attitude control for translation/ 

attitude manuevers is provided through the dual referencing assemblies, pro- 
cessors and torque or thrust generating devices (RCSEA & CMGA). 

PRIMARY CAUSES 
Failures in the stabilization, attitude 
controls; 
Interruption of ISS functions due to 
loss of cooling. 

CRITICALITY 

I11 

I 

FAILURE EFFECT 8, TIME TO EFFECT 
Inability to accomplish translation/ 
attitude control. 

RELIABILITY P.E. ,444~ J. Beekman 
PREPARED BY 

0 

SUBSYSTEM P.E. lL b z k '  



Space Division 
North American Rocl<well 

s u ~ s y ~ ~ ~ ~  GUIDANCE 6 CONTROL DATE 8-30-71 

CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 

4 . 7  TRANSLATION/ATTITLTDE CONTROL (Continued) 

FAILURE MODE 
2. Asymmetric Thrust  

(Loss of t h r u s t  a t  one 
of  two t h r u s t e r s )  

PRIMARY CAUSES 
F a i l u r e  of a  d r i v e r  e l e c t r o n i c s  o r  
t h r u s t e r .  Loss of power t o  a  
d r i v e r l t h r u s t e r .  

F a i l u r e  of  a  quad p r o p e l l a n t s  supply 
system. 

FAILURE EFFECT & TIME TO EFFECT 
Generation of unwanted r o t a t i o n a l  
to rques  - d i f f i c u l t y  i n  accomplishing 
func t ions  dependent on t h e  a f f e c t e d  
t h r u s t e r .  

RAT~ONALE/RECOMMENDATIONS/REF. DOCUMENTS 
RATIONALE: Automatic c o n t r o l s  a r e  provided t o  o v e r r i d e  such malfunctions.  Rota t iona le  
to rques  r e s u l t i n g  from t h r u s t e r  mal func t ions  a r e  compensated by automatic i n t r o d u c t i o n  of 
o f f s e t t i n g  CMG torques .  During manned o p e r a t i o n s ,  t h e  des ign  of non-redundant assemblies 
(Rocket engine nozz les ,  e t c . )  a l lows  f o r  r e p a i r  o r  replacement.  

CRITICALITY 

I1 

ITEM IDENTlFlCAn 0 N & FUNCTION 4 . 7  TRANSLATION/ATTITUE CONTROL (Continued) 

FAILURE MODE 

3. CMG* r o t o r  d i s i n t e g r a t e s  

*(Control  moment gyro) 

PRIMARY CAUSES 

S t r u c t u r a l  o r  q u a l i t y  f law 

FAILURE EFFECT & TIME TO EFFECT 

P o s s i b l e  damage t o  ad jacent  equipment 
o r  i n j u r y  t o  personnel  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

It is recommended t h a t  t h e  CMG des ign  incorpora te  r o t o r  containment p r o t e c t i o n  f o r  t h e  
s a f e t y  of  t h e  crew and of  ad jacent  equipment i n  t h e  event  of a  r o t o r  s t r u c t u r a l  f a i l u r e .  

CRITICALITY 

I 

PREPARED BY J. 

- 470 - 
SUBSYSTEM P.E. RELIABILITY P.E. 



Space Division 
North Amer~can Rocl<well 

SUBSYSTEM RCS 

C R I T I C A L  FUNCTION ANALYSIS 

ITEM IDENTIFICATION 8 FUNCTION 
5 . 0  1 
R e a c t i o n  C o n t r o l  System (RCS) - The R e a c t i o n  C o n t r o l  Sys t em p r o v i d e s  t h e  i m p u l s e s  n e c e s s a r y  f o r  c o n t r o l  
o f  t h e  s t a t i o n  on command f rom t h e  Guidance  and C o n t r o l  Subsystem.  

SYSTEM SKETCH AND CFA SEQUENCE 

CORE 1 I CORE 2 

1 5 . 0  RLACTION CONTROL SUBSYSTEM 5 . 3  ENGINE ASSEMBLY 

5 . 1  PROPELLANT ACCLPIULATOR ASSEPIBLIES 

5 . 1 . 1  Accumulator  Tanks 
5 . 1 . 2  O2 & H 2  r \ c c m u l a t o r  B u r s t  D i s c  

R e l i e f  Va lves  
5 . 1 . 3  E l e c t r i c a l l v  A c t u a t e d  N.C. Vent 

Valves  
5 . 1 . 4  Accumulator  Assemblv Vent M a n i f o l d s  
5 . 1 . 5  Accumulator  Tank T r a n s d u c e r s  

I 5 .2  PROPELLANT FEED 

5 . 2 . 1  P r o p e l l a n t  Feed > l a n i f o l d s  
5 . 2 . 2  E l e c t r i c a l l y  A c t u a t e d  I s o l a t i o n  

Va lves  
5 . 2 . 3  B u r s t  D i s c  R e l i e f  Va lves  
5 .2 .4  C o u p l i n g s  
5 . 2 . 5  L i n e  P r e s s u r e  T r a n s d u c e r s  
5 . 2 . 6  P r e s s u r e  K e g u l a t o r  Va lves  
5 .2 .7  Check Valves  

5 . 3 . 1  B u r s t  D i s c  R e l i e f  Va lves  
5 . 3 . 2  P r o p e l l a n t  M a n i f o l d s  
5 .3 .3  Engine  C l u s t e r  T r a n s d u c e r s  
5 . 3 . 4  Rocket  Eng ines  

PREPARED BY L W B e s t  - 

- 4 7 1  - 
SUBSYSTEM P.E. RELlABl LITY P.E. 



Space Division 
North American Rocl<well 

SUBSYSTEM Rcs 
CRITICAL FUNCTION ANALYSIS 

**the p o s s i b i l i t y  of  pe rsonne l  hazard  i f  t ank  r u p t u r e  o c c u r s .  

- 472 - 
SD 71-217-6 

- 
ITEM IDENTIFICATION 8 FUNCTION 
5.1 P r o p e l l a n t  Accumulator Assemblies - 02 and H2 g a s e s  a r e  s u p p l i e d  from t h e  EC/LSS and s t o r e d  i n  

accumulator  t a n k s  a t  a  p r e s s u r e  above t h a t  r e q u i r e d  f o r  eng ine  o p e r a t i o n .  Assoc ia ted  hardware i n c l u d e s :  
v a l v i n g  f o r  a u t o m a t i c  o v e r p r e s s u r e  r e l i e f  and t a n k  v e n t i n g ,  v e n t  l i n e s  and mani fo lds ,  and ins t rumenta -  
t i o n  f o r  moni to r ing  accumulator  t a n k  p r e s s u r e ,  f lows ,  and t empera tu res .  These assembl ies  a r e  l o c a t e d  
i n  SM2 and SM3. 

FA1 LURE MODE PRIMARY CAUSES FA1 LURE EFFECT 8 TIME TO EFFECT 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
Recommend t h a t  Hz mani fo lds  and l i n e s  b e  double j acke ted  and ven ted  t o  a  vacuum t o  
p reven t  t h e  p o s s i b i l i t y  of  a  f i r e  hazard  due t o  a  Hz l e a k .  

CRITICALITY 

5 . 1 . 1  Accumulator t a n k s  - gaseous 02 and Hg a r e  s t o r e d  a t  a  nominal p r e s s u r e  of 300 p s i a  i s  4 s e t s  of 
accumulator  t a n k s .  Two tank  s e t s  a r e  l o c a t e d  i n  t h e  SM2 and two s e t s  a r e  l o c a t e d  i n  t h e  SM3. The 
accumulator  t a n k  s e t s  a r e  l o c a t e d  i n  t h e  same modules a s  t h e  ECLSS e l e c t r o l y s i s  u n i t s .  

su r rounding  equipment o r  i n j u r y  
t o  pe rsonne l .  

2. Loss of 25% o r  more of  accumula- 

2 .  Tank f i t t i n g  l eakage .  

1. P o s s i b l e  e x p l o s i o n ,  f i r e * ,  o r  
damage t o  su r rounding  equipment 
o r  pe rsonne l .  

2 .  Loss of 25% o r  more of accumula- 
t ed  hydrogen. 

Time: Immediate t o  hours  



Space Division 
North American Rockwell 

SUBSYSTEM RCS DATE 
8-5-71 

C R I T I C A L  FUNCTION ANALYSIS 

I ITEM IDENTIFICATION & FUNCTION I 
5 . 1 . 2  02 and H z  Accumulator  B u r s t  D i s c  R e l i e f  Va lves  - A u t o m a t i c a l l y  r e l i e v e s  o v e r p r e s s u r e  o f  a  p r o p e l l a n t  

a c c u m u l a t o r  t a n k .  One BDRV is r e q u i r e d  f o r  e a c h  accumula to r  t a n k .  

q u a n t i t y  Requ i r ed :  T o t a l  o f  8 .  I 
FAILURE MODE 
1. E x c e s s i v e  e x t e r n a l  l e a k a g e  

2 .  Valve  opens  below normal  
o p e r a t i n g  p r e s s u r e .  

3. F a i l s  t o  open when 
r e q u i r e d .  

M a t e r i a l s  and p r o c e s s e s  and a c c i d e n -  
t a l  damage. 

M a t e r i a l s  and p r o c e s s e s  contamina-  
t i o n .  C o r r o s i o n .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

1.1 P o s s i b l e  damage o r  f i r e *  t o  ( 
s u r r o u n d i n g  equipment  o r  
p e r s o n n e l .  

1 . 2  Loss  o f  25% o r  more of accumu- 
l a t e d  02 o r  Hz. 

2 . 1  Loss  o f  25% of more of accumu- 
l a t e d  02 and Hz. 

3 . 1  None - o v e r p r e s s u r i z a t i o n  pro-  
t e c t i o n  p rov ided  by o t h e r  sys t em 
r e l i e f  v a l v e s .  

Time: Seconds o f  h o u r s .  
* P o s s i b l e  f i r e  i n  p r e s e n c e  o f  an  

i g n i t i o n  s o u r c e  and an  o x i d i z e r  

Recommend l o c a t i o n  H 2  components i n  N2 g a s  env i ronmen t .  C r i t i c a l i t y  11 i n  t h e  H2 sys t em 
because  of t h e  p o s s i b i l i t y  of o f  a  E i r e  h a z a r d  - f a i l u r e  modes 2  and 3 a r e  C r i t i c a l i t y  111. 
F a i l s  c l o s e d  i s  n o t  c o n s i d e r e d  c r i t i c a l  b e c a u s e  t h e  v a l v e  o n l y  opens  d u r i n g  an abnormal  
c o n d i t i o n  o f  o v e r p r e s s u r i z a t i o n .  A l s o ,  t a n k  p r e s s u r e  i s  mon i to red  and an i d e n t i c a l  BDRV i n  
t h e  o t h e r  t a n k s  would f u n c t i o n  t o  r e l i e v e  a n  o v e r p r e s s u r e  c o n d i t i o n .  (Tanks  a r e  a l s o  p r o t e c -  
t e d  from o v e r p r e s s u r i z a t i o n  by i n t e g r a l  s i d e w a l l  b lowout  p l u g s .  

4 

ITEM IDENTIFICATION & FUNCTION 
5 . 1 . 3  E l e c t r i c a l l y  Ac tua t ed  Normal ly  Closed Vent Va lves  - P r o v i d e s  t h e  c a p a b i l i t y  t o  v e n t  ove rboa rd  t h e  

accumulated p r o p e l l a n t  g a s  i n  a s s o c i a t e d  t a n k s .  Va lves  may b e  o p e r a t e d  manual ly  o r  r e m o t e l y  and 
c o n t a i n  p o s i t i o n  i n d i c a t o r s  which w i l l  h a v e  t h e  c a p a b i l i t y  t o  b e  mon i to red  a t  t h e  v a l v e  o r  a  r emote  
s t a t i o n .  1 Q u a n t i t y  Requ i r ed :  One v e n t  v a l v e  i s  r e q u i r e d  f o r  each  accumula to r  t a n k .  T o t a l  o f  8 r e q u i r e d .  I 

3. H o n - c r i t i c a l  - f a i l s  t o  P l a t e r i a l s  and p r o c e s s e s .  E l e c t r i c a l  2 . 1  Loss  o f  25% o r  more o f  accumula t ed  
open !;hen r e q u i r e d .  open c i r c u i t .  p r o p e l l a n t  g a s .  

FAILURE EFFECT 8 TIME TO EFFECT 
1.1 P o s s i b l e  damage o r  f i r e *  t o  

s u r r o u n d i n g  equipment  o r  p e r s o n n e l .  
F u p t u r e  o r  l e a k a g e .  

2 .  F a i l s  t o  r ema in  c l o s e d  
( e x c e s s i v e  l e a k a g e ) .  

I I I ~ i m e :  Seconds t o  h o u r s .  I 

PRIMARY CAUSES 
P l a t e r i a l s  and p r o c e s s e s  

* P o s s i b l e  f i r e  i n  p r e s e n c e  o f  an  
i g n i t i o n  s o u r c e  and a n  o x i d i z e r  f o r  
t h e  H2 v e n t  v a l v e s  o n l y .  

M a t e r i a l s  and p r o c e s s e s .  E l e c t r i c a l  
f a i l u r e  ( s h o r t )  c o n t a m i n a t i o n .  

1 .2  Loss  o f  25% o r  more of accumula t ed  
p r o p e l l a n t  g a s .  

1 I 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
F a i l u r e  o f  t h e  v a l v e  t o  open i s  n o t  c o n s i d e r e d  c r i t i c a l  b e c a u s e  t h e  t a n k  c a n  be  v e n t e d  t h r o u g t  
t h e  o t h e r  a c c u m u l a t o r  t a n k  v e n t  v a l v e s ;  however ,  a l l  o f  t h e  accumulated 0 2  o r  H z  would h a v e  
t o  b e  clumped. 
T h i s  v a l v e  i s  used  when ma in tenance  s e r v i c e  i s  t o  b e  pe r fo rmed  on an  accumula to r  o r  i t s  
a s s o c i , i t e d  equipment  and d u r i n g  i n i t i a l  SN hookup t o  v e n t  t h e  accumula to r  t a n k s  b e f o r e  a d d i n g  
n2 o r  112. Pecommend l o c a t i n g  t h e  v e n t  v a l v e  i n  an N 2  g a s  env i ronmen t .  C r i t i c a l i t y  I1 a s s o c i a t e d  

i a i l u r e  mode 2 .  

PREPARED BY J .  0. B a r t l e t t  

CRITICALITY 

(1)  11, ( 2 )  
111, (3) I11 

c~ e U L  a& L L L C  11 

I / 
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Space Division 
North American Rockwell 

SUBSYSTEM RCS 
CRITICAL FUNCTION ANALYSI S 

ITEM IDENTIFICATION & FUNCTION 
5.1.4 Accumulator Assembly Vent Manifolds - Manifold lines connect the accumulator, burst disc relief 

valves, and electrically activated vent valves. 

FAILURE MODE 
Rupture or leakage. 

PRIMARY CAUSES 
Materials and processes. Accidental 
damage. 

FAILURE EFFECT & TIME TO EFFECT 
1. H2 only - possible fire in the 

presence of an ignition source 
and an oxidizer. 

2. Loss of 25% or more of the 
accumulated 02 or Hz. 

Time: Seconds to Hours. 

RAT~ONALE/RECOMMENDATIONS/REF. DOCUMENTS 

Recommend locating H2 components in N2 gas environment. 

Criticality I1 in the H2 system because of the possibility of a fire hazard. 

CRITICALITY 

I I 

ITEM IDENTIFICATION & FUNCTION 
5.1.5 Accumulator Tank Transducers - Pressure, temperature, and flow sensing transducers are provided for 

monitoring the operation of the accumulators. One transducer set is required for each accumulator. 

Quantity Required: 2 pressure, 1 temperature, and 1 flow transducer per accumulator - Total -- 16 pressure, 
8 temperature and 8 flow are required. 

FAILURE MODE 
1. External leakage or rupture 

2. Improper output signal. 

- 

PRIMARY CAUSES 
Materials and processes. Accidental 
damage. 

Materials and processes. Accidental 
damage. 

-- - 

FAILURE EFFECT & TIME TO EFFECT 
1.1 Loss of 25% or more of accumula- 

ted 02 or H2. 

1.2 H2 only - possible fire in the 
presence of an ignition source 
and an oxidizer. 

Time: Seconds to hours 

2.1 Control center would receive 
false data causing incorrect 
corrective action of the sub- 
system. 

Time: Immediate 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
Recommend locating H2 components in N2 gas environment. 

Failure mode (1) is criticality I1 in the H2 system because of the possibility of a fire 
hazard. 

CRITICALITY 

(1) 11, 
(2) I11 

PREPARED BY J. 0. ~artlett SUBSYSTEM p.EaiZ /\ ~ / ~ j / ) /  RELIABILIPIP.E. d /A  Je d 
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North Arner~can Rocl<well 

SUBSYSTEM RCS 

CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION 8, F U N C T I O N  
5.2 P r o p e l l a n t  Feed - The p r o p e l l a n t  f eed  system s u p p l i e s  t h e  necessa ry  p r o p e l l a n t  t o  t h e  engines and con- 

s i s t s  o f  t h e  p r o p e l l a n t  accumulator  a s s e m b l i e s ,  t h e  engine assembl ies  and t h e  ECLSS and t h e  EPS feed 
l i n e  i n t e r f a c e s .  The p r o p e l l a n t  f eed  system i s  p r i m a r i l y  l o c a t e d  i n  t h e  c o r e  module w i t h  t h e  accumulate 
tanks and t h e i r  a s s o c i a t e d  hardware l o c a t e d  i n  SM2 and SM3. 

5.2.1 P r o p e l l a n t  Feed Ffanifolds - Connects t h e  p r o p e l l a n t  accumulator  t anks  t o  t h e  engine quads. 

2. P a r t i a l  o r  complete  l o s s  of 
accumulated 02 o r  Hz. 

FAILURE M O D E  
Rupture o r  l eakage .  

PRIMARY CAUSES 
M a t e r i a l s  and p r o c e s s e s .  Acc iden ta l  
damage. 

H2 manifold and l i n e s  should be double j acke ted  t o  p r e v e n t  t h e  p o s s i b i l i t y  of f i r e  hazards  
a s s o c i a t e d  with manifold l eakage .  (Manifold o u t e r  j a c k e t  vented t o  vacuum.) 

1 . 2  P o s s i b l e  l o s s  of  a l l  o r  p a r t  of 
t h e  accumulated 02 o r  H z .  

FAILURE EFFECT 8, TIME T O  EFFECT 
1. Hz on ly  - p o s s i b l e  f i r e  i n  t h e  

p resence  of an i g n i t i o n  source  
and a n  o x i d i z e r .  

I I 

I 

ITEM I D E N T I F I C A n O N  8. F U N C T I O N  
5.2.2 E l e c t r i c a l l y  Actuated I s o l a t i o n  Valves - These v a l v e s  a r e  used t o  i s o l a t e  v a r i o u s  p o r t i o n s  of t h e  

subsystem dur ing  maintenance a c t i v i t i e s  o r  c o r r e c t i v e  a c t i o n  a s  a  r e s u l t  of component f a i l u r e s .  
Typ ica l  a r e  t h e  v a l v e s  t h a t  c o n t r o l  flow between t h e  EPS and t h e  RCS and ECLSS. A l l  v a l v e s  a r e  
l o c a t e d  i n  t h e  c o r e  module; a r e  b i - s t a b l e ,  and have p o s i t i o n  i n d i c a t o r s  f o r  bo th  remote and l o c a l  
monitor ing.  The v a l v e s  may a l s o  be  opera ted  manually a t  t h e  v a l v e  l o c a t i o n  o r  remotely from t h e  

1 1  n 1 3  u q ?  

I I I Time: Seconds t o  hours .  

2 .  F a i l s  t o  open 

FAILURE EFFECT B TIME TO EFFECT 
1.1 P o s s i b l e  f i r e *  and damage t o  

su r rounding  equipment o r  
pe rsonne l .  

L L T .  
FAILURE MODE ~ " ' ~ ~ i h i r f v T ~ v ' f ~ i ' ~ '  =" ' 

1. Rupture o r  Leakage. 

I I 12 .2  Same a s  1.2 

b f a t e r i a l s  and p rocesses .  Acc iden ta l  
damage. 

M a t e r i a l s  and p r o c e s s e s .  E l e c t r i c a l  
f a i l u r e .  Contaminat ion.  

2 . 1  Loss of c a p a b i l i t y  t o  i s o l a t e  
t h e  p r o p e l l a n t  f eed  l i n e s  from 
i n t e r f a c i n g  equipment. 

1 Recommend l o c a t i n g  Hz components i n  N2 gas environment .  I (1)  11, 

F a i l s  c losed .  

1 C r i t i c a l i t y  I1 i n  t h e  H2 system because of t h e  p o s s i b i l i t y  of  a  f i r e  hazard .  

F a i l u r e  Modes 2 and 3 a r e  C r i t i c a l i t y  111 due t o  t h e  redundant  c a p a b i l i t y  t o  supply RCS 
f u n c t i o n s .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS C ICRIT ICALITY 

M a t e r i a l s  and p r o c e s s e s .  E l e c t r i c a l  
f a i l u r e .  Contaminat ion.  

- 
<&' , 

PREPARED BY J '  O '  SUBSYSTEM P.E. "r , - )'I :;-/ .143/0 RELIABILITY P.E. 
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3 . 1  Reduced subsystem c a p a b i l i t y .  

*H2 o n l y ,  r e q u i r e s  an i g n i t i o n  
source  and an o x i d i z e r .  
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CRITICAL FUNCTION ANALYSIS 

' 

- 
ITEM IDENTIFICATION & FUNCTION 
5 .2 .3  Burs t  Disc  R e l i e f  Valves - These v a l v e s  a r e  s e t  t o  open a t  350 p s i a ,  and p r o t e c t  t h e  subsystem from 

e x c e s s i v e  p r e s s u r e .  The most p robab le  s o u r c e  of  e x c e s s i v e  p r e s s u r e  would be  from t h e  EPS dur ing  t h e  
b u i l d u p  phase.  

Q u a n t i t y  Required:  2  

FAILLJRE EFFECT & TIME TO EFFECT 
1.1 P o s s i b l e  damage o r  f i r e *  t o  

su r rounding  equipment o r  
pe rsonne l .  

1 .2  P o s s i b l e  l o s s  of a l l  of t h e  
accumulator  supp ly  of  02 o r  Hz gas 

1 . 3  P o t e n t i a l  l o s s  of t h e  subsystem. 

2.1 P o s s i b l e  l o s s  of  a l l  of  t h e  
accumulated 02  o r  H2. 

2.2 Loss of use  of  subsystem. 

3 .1  Loss of p r e s s u r e  p r o t e c t i o n  of 
02 o r  Hz mani fo lds  cou ld  r e s u l t  
i n  damage t o  t h e  eng ine  quad 
r e g u l a t o r s .  

Time: Immediate t o  hours .  

FAILURE MODE 
1. E x t e r n a l  l e a k  

2. Opens p remature ly  ( r u p t u r e ) .  

3. F a i l s  t o  open when 
r e q u i r e d .  

PRIMARY CAUSES 
M a t e r i a l s  and p r o c e s s e s .  Acc iden ta l  
damage. 

M a t e r i a l s  and p rocesses .  Corrosion.  

M a t e r i a l s  and p rocesses .  Contamina- 
t i o n .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS *HZ on ly  r e q u i r e s  i g n i  
s o u r c e  and an oxidize! 

Recommend l o c a t i n g  H2 components i n  N2 gas  environment .  
F a i l u r e  Modes 1 and 2 a r e  C r i t i c a l i t y  I1 s i n c e  t h e  system p r o p e l l a n t  supp ly  would be  d e p l e t e d  
r e s u l t i n g  i n  t h e  system becoming i n o p e r a t i v e .  Recommend b u r s t  d i s c  r e l i e f  v a l v e  combinat ion.  

' ~ f i ~ ~ ~ ~ ~ ~ ~  

(1) 11, 
(') 'I' 
(3) 'I1 

ITEM IDENTIFICATION 8, FUNCTION 
5 .2 .4  Couplings - These u n i t s  a r e  l o c a t e d  a t  t h e  i n t e r f a c e s  between modules. They permit  t h e  g a s e s  t o  pass  

between t h e  s e p a r a b l e  modules s o  t h a t  t h e  RCS i s  no t  r e s t r i c t e d  t o  a  s i n g l e  module. During IOC 
o p e r a t i o n s  a  mated s e t  o f  coup l ings  f o r  02  and a  s e t  f o r  H2 is l o c a t e d  between t h e  c o r e  module and 
SM2 and between t h e  c o r e  module and SM3. Unmated h a l f  s e t s  f o r  02 and Hz a r e  l o c a t e d  a t  t h e  a f t  end 
of t h e  c o r e  module f o r  t h e  growth c o n f i g u r a t i o n .  

FA1 LURE EFFECT & TIME TO EFFECT 
1.1 P o s s i b l e  damage o r  f i r e *  t o  

su r rounding  equipment o r  pe rsonne l .  

1 . 2  P o s s i b l e  l o s s  of  25% o r  more of  
accumulated 02 o r  Hz. 

2 .1 Loss of  a s s o c i a t e d  accumulator  
t ank  . 

Time: Immediate t o  hours .  

*Hz on ly  - Requires  an i g n i t i o n  
s o u r c e  and an o x i d i z e r .  

Q u a n t i t y  Required:  8 mated s e t s ,  4 unmated u n i t s .  

FAILURE MODE 
1. Rupture o r  l eakage  

2. F a i l u r e  t o  coup le .  

3. F a i l u r e  t o  uncouple - 
( n o n - c r i t i c a l )  

PRIMARY CAUSES 
M a t e r i a l s  and p rocesses .  Acc iden ta l  

M a t e r i a l s  and p rocesses .  Acc iden ta l  
damage. Contaminat ion.  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
F a i l u r e  t o  uncouple is n o t  cons idered  c r i t i c a l  because i t  i s  no t  normally accomplished.  

C r i t i c a l i t y  I1 i n  t h e  Hz system because  of t h e  p o t e n t i a l  f i r e  hazard .  

CRITICALITY 

(1)  11, 
(2)  111, 
(3)  111 

R E L I A B I L I ~  P.E. , d < 4 ~  PREPARED BY J. O. Bartlett  C C  
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ITEM IDENTIFICATION 8 FUNCTION 
5 . 2 . 5  L i n e  P r e s s u r e  T r a n s d u c e r s  - T r a n s d u c e r s  a r e  r e q u i r e d  t o  p r o v i d e  a s s e s s m e n t  o f  p r e s s u r e s .  One 

t r a n s d u c e r  is l o c a t e d  i n  t h e  02 l i n e  and one i n  t h e  Hz l i n e  o f  t h e  c o r e  module. 

Q u a n t i t y  r e q u i r e d :  2  

FAILURE MODE 1 PRIMARY CAUSES 

I I. Rupture  o r  e x t e r n a l  l e a k a g e ]  M a t e r i a l s  and p r o c e s s e s .  A c c i d e n t a l  1.1 Loss  o f  p a r t  o r  a l l  o f  accumula t e  
O 2  o r  H2 r e s u l t i n g  i n  e v e n t u a l  
l o s s  of t h e  RCS. 

2 .  Improper  Output  S i g n a l  

1 . 2  H2 o n l y  - p o s s i b l e  f i r e  i n  t h e  
p r e s e n c e  o f  an  i g n i t i o n  s o u r c e  
and an o x i d i z e r .  

damage. 

M a t e r i a l s  and p r o c e s s e s .  A c c i d e n t a l  
damage. Con tamina t ion .  

I Time: Seconds t o  bu rn .  I 
2 . 1  C o n t r o l  c e n t e r  r e c e i v e s  f a l s e  

p r e s s u r e  d a t a  c a u s i n g  i n c o r r e c t  
a s se s smen t  and o p e r a t i o n  o f  t h e  
subsys t em.  1 Time: Immediate  I 

F a i l u r e  Mode 1 i s  C r i t i c a l i t y  I1 i n  t h e  H2 s y s t e m  b e c a u s e  o f  t h e  p o s s i b i l i t y  o f  a  f i r e  h a z a r d .  'I' 
(2 )  I11 I 

Recommend l o c a t i n g  H2 components i n  N2 g a s  env i ronmen t .  

F a i l u r e  Mode 2  i n  C r i t i c a l i t y  111. 

CRITICALITY 

- -  - 

The h i g h  p r e s s u r e  u n i t s  a r e  n o t  f u n c t i o n a l  a f t e r  t h e  b u i l d u p  p e r i o d .  However, f a i l u r e  open 
e v e n t s  cou ld  c u a s e  r e l i e f  v a l v e s  t o  open p a r t i a l l y  d e p l e t i n g  t h e  p r o p e l l a n t  s u p p l y .  

I 

ITEM IDENTIFICATION 8 FUNCTION 
5 .2 .6  P r e s s u r e  P . egu la to r  Va lves  - Two t y p e s  o f  p r e s s u r e  r e g u l a t o r s  a r e  u t i l i z e d .  One t y  i s  l o c a t e d  a t  

t h e  EPS i n t e r f a c e  t o  r e d u c e  t h e  g a s  p r e s s u r e  from 2200 p s i a  t o  300 p s i a  d u r i n g  t h e  b u i l d u p  phase .  The 
o t h e r  r e g u l a t o r s  c o n t r o l  t h e  p r o p e l l a n t  f e e d  p r e s s u r e  t o  each  r o c k e t  e n g i n e  quad from 300 t o  approx i -  
m a t e l y  50 p s i a .  Both t y p e  of r e g u l a t o r s  a r e  l o c a t e d  i n  t h e  c o r e  module. 
O u a n t i t y  Requ i r ed :  2 (2200 t o  300 p s i a ) ,  8 (300 t o  50 p s i a ) .  

BY J .  0 .  B a r t l e t t  

FAILURE MODE 
1. Rupture  o f  e x t e r n a l  l e a k a g e  

2. R e g u l a t e s  t o  a  h i g h  p r e s s u r e  
s e t t i n g  o r  f u l l  open.  

3. R e g u l a t e s  t o  a  low p r e s s u r e  
s e t t i n g  o r  c l o s e d .  

PRIMARY CAUSES 
M a t e r i a l s  and p r o c e s s e s .  A c c i d e n t a l  
damage. 

M a t e r i a l s  a n d . p r o c e s s e s .  A c c i d e n t a l  
damage. Con tamina t ion .  

P l a t e r i a l s  and p r o c e s s e s .  A c c i d e n t a l  
damage. Con tamina t ion .  

FAILURE EFFECT & TIME TO EFFECT 
1.1 P o s s i b l e  damage o r  f i r e *  t o  
s u r r o u n d i n g  equipment  o r  p e r s o n n e l .  
1 . 2  P a r t i a l  l o s s  of accumula t ed  02 
o r  H2. 
1 . 3  Low p r e s s u r e  u n i t s - l o s s  o f  u s e  
o f  an  e n g i n e  c l u s t e r .  
1 . 4  High p r e s s u r e  u n i t s  - l o s s  o f  
b u i l d u p  RCS use .  
2 . 1  Low p r e s s u r e  u n i t s  - p o s s i b l e  10s  
o f  a n  e n g i n e  c l u s t e r .  
2 .2  High p r e s s u r e  u n i t s  - p o s s i b l e  l c  
o r  RCS d u r i n g  b u i l d u p .  
3 . 1  Low p r e s s u r e  u n i t s  - l o s s  o f  
u s e  o f  e n g i n e  c l u s t e r .  
3 . 2  High p r e s s u r e  u n i t s  - l o s s  of 
RCS u s e  i n  b u i l d u p .  
*H1 anlv - reauires . . and 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS o x i d i z e r  

Recommend l o c a t i n g  H 2  components i n  N2 g a s  env i ronmen t .  F a i l u r e  Mode 1 i s  C r i t i c a l i t y  I1 i n  
t h e  H 2  sys t em b e c a u s e  of t h e  p o s s i b i l i t y  oE a  f i r e  h a z a r d .  
F a i l u r e  Podes  2  and 3  f o r  h i g h  p r e s s u r e  u n i t s  a r e  C r i t i c a l i t y  1 1 ,  low p r e s s u r e  i s  C r i t i c a l i t y  
TII. 

CRITICALITY 

(1)  11, 
I' 
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- 
ITEM IDENTIFICATION & FUNCTION 
5.2.7 Check Valves - These u n i t s  pe rmi t  r e v e r s e  f low from t h e  RCS t o  t h e  EPS a f t e r  t h e  b u i l d u p  per iod .  

They a r e  used t o  bypass  t h e  p r e s s u r e  r e g u l a t o r s ,  and a r e  l o c a t e d  i n  t h e  c o r e  module. 

Q u a n t i t y  Required:  2 ,  one on  t h e  O 2  system and one i n  t h e  H2 system. 

FAILURE MODE 
1. Rupture o r  l eakage  

2. F a i l e d  open. 

3. P a r t i a l l y  r e s t r i c t e d  o r  
c losed  - not  c r i t i c a l .  

PRIMARY CAUSES 
M a t e r i a l s  and p r o c e s s e s .  A c c i d e n t a l  
damage. 

M a t e r i a l s  and p r o c e s s e s .  A c c i d e n t a l  
damage. Contaminat ion.  

FAILURE EFFECT & TIME TO EFFECT 
1.1 P o s s i b l e  damage t o  o r  f i r e *  t o  

su r rounding  equipment o r  personnel  

1 .2  Loss of  p a r t  o r  a l l  of accumulatec 
O2 o r  Hz. 

1 . 3  Loss of bu i ldup  RCS use.  

2 .1  P o s s i b l e  l o s s  of  RCS dur ing  
bu i ldup .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
F a i l e d  c l o s e d  i s  no t  cons idered  c r i t i c a l ,  however, i t  does reduce  t h e  p o s s i b i l i t y  of  EPS 
r e c e i v i n g  O 2  o r  H2 from t h e  RCS i n  t h e  even t  of  a  power emergency o r  con t ingency  c o n d i t i o n .  
I f  t h e  p r e s s u r e  r e g u l a t o r s  a r e  rep laced  wi th  t u b i n g  a f t e r  t h e  bu i ldup  p e r i o d ,  t h e  check v a l v e s  
may b e  removed. Recommend l o c a t i n g  H2 components i n  an N2 gas environment. F a i l u r e  open mode 
i s  cons idered  t o  b e  c r i t i c a l  due t o  t h e  systems b u r s t  d i s c  r e l i e f  v a l v e s  p rov id ing  o v e r  
p r e s s u r e  p r o t e c t i o n ,  however, system o p e r a t i n g  p r e s s u r e  would be  reduced r e s u l t i n g  i n  degrada- 
t i o n  of system performance ( f u n c t i o n  of EPS system c o n t r o l ) .  

CRITICALITY 

'I9 
(') 'I* 
(3)  I11 

ITEM IDENTIFICATION & FUNCTION 

FAILURE MODE PRIMARY CAUSES FA1 LURE EFFECT & TIME TO EFFECT 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS CRITICALITY 

PREPARED BY J. 0. B a r t l e t t  SUBSYSTEM P . E . ~  J i /bf ld  RELIABILITY P.E. ,!< 
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DATE 
8-5-71 

ITEM IDENTIFICATION a FUNCTION 
5 . 3  Engine Assembly - The 02 and H2 g a s e s  a r e  burned i n  t h e  e n g i n e s  t o  produce t h e  r e q u i r e d  s t a t i o n  c o n t r o l  

impulses .  T h i s  assembly c o n s i s t s  of eng ines  (wi th  i n j e c t o r  v a l v e s ) ,  b u r s t  d i s c  r e l i e f  v a l v e s ,  and t h e  
a s s o c i a t e d  m a n i f o l d s .  Engine assembl ies  a r e  l o c a t e d  e x t e r n a l l y  on t h e  c o r e  module XY plane  a t  S t a t i o n  
100 and 580. 

5 . 3 . 1  Burs t  Disck R e l i e f  Valves - Rel ieves  over  p e s s u r e  i n  t h e  eng ine  mani fo lds .  One u n i t  f o r  02 and one 
u n i t  f o r  H2 on each eng ine  c l u s t e r .  U n i t s  a r e  l o c a t e d  e x t e r n a l l y  on t h e  core module. 

FA 1 LU R- 
1. Exte rna l  l eakage  o r  r u p t u r e  

2. Valve opens below normal 
o p e r a t i n g  p r e s s u r e .  

3. F a i l s  t o  open when r e q u i r e d .  

h 
M a t e r i a l s  and p rocesses .  Acc iden ta l  
damage 

M a t e r i a l s  and p r o c e s s e s .  

FAILURE EFFECT 8, TIME TO EFFECT 
1.1 P o s s i b l e  damage o r  f i r e *  t o  

su r rounding  equipment. 

1 . 2  Loss o r  p a r t  of t h e  accumulated 
02 o r  H z .  

1 . 3  P o s s i b l e  e n g i n e  damage. 

2 .1 Loss of p a r t  of  t h e  accumulated 
02 o r  Hz. 

2.2 Loss of  use  o f  eng ine  c l u s t e r .  

Time: Immediate t o  hours .  

*HZ on ly  - r e q u i r e s  an i g n i t i o n  
source  and an o x i d i z e r .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
Fai led  c losed  mode is not  cons idered  c r i t i c a l  because  t h e  v a l v e  would on ly  open a s  a  r e s u l t  
of t h e  a s s o c i a t e d  p r e s s u r e  r e g u l a t o r  f a i l i n g  open. 

The subsystem can o p e r a t e  s a t i s f a c t o r i l y  wi th  one eng ine  c l u s t e r  i n o p e r a t i v e .  

CRITICALITY 

(1)  111, 
(2) 111, 
( 3 )  I11 

ITEM IDENTIFICATION 8 FUNCTION 
5.3.2 P r o p e l l a n t  Manifolds - Manifold connec t s  t h e  eng ine  v a l v e s  and r e l i e f  v a l v e s  t o  t h e  p r o p e l l a n t  

d i s t r i b u t i o n  assembly.  

FA1 LURE EFFECT & TIME TO EFFECT 
1. H2 on ly  - p o s s i b l e  f i r e  i n  t h e  

p resence  of an i g n i t i o n  source  
and an o x i d i z e r .  

2. Loss of p a r t  of  t h e  accumulated 
02 o r  Hz. 

3. Loss of one e n g i n e  c l u s t e r .  

Time: Immediate t o  hours .  

FAILURE MODE 
Rupture o r  l eakage .  

PRIMARY CAUSES 
M a t e r i a l s  and p r o c e s s e s .  Acc iden ta l  
damage. 

RATIONALE/RECOMMENDA~ IONS/REF. DOCUMENTS 

Not cons idered  t o  b e  c r i t i c a l  because mani fo lds  a r e  l o c a t e d  e x t e r n a l l y  on t h e  c o r e  module 
and a r e  p r o t e c t e d  from o v e r p r e s s u r i z a t i o n  by b u r s t  d i s c  r e l i e f  v a l v e s .  

CRITICALITY 

111 

PREPARED BY '. O '  SUBSYSTEM ~ . ~ . 2 ' ' ~ ) ? ~ ~ ~ b / / ~ ~ / 7 /  RELIAB1LITyP.E. 



Space Division 
North American Rocl<well 

SUBSYSTEM RCS 
CRITICAL FUNCTION ANALYSI S 

ITEM IDENTIFICATION & FUNCTION 
5 . 3 . 3  Engine C l u s t e r  Transducers ,  P ressure  and Temperature - Transducers  a r e  provided f o r  moni to r ing  t h e  

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 t h e  eng ine  c l u s t e r .  One t r a n s d u c e r  s e t  i s  r e q u i r e d  f o r  each p r o p e l l a n t  
mani fo ld .  

I Q u a n t i t y  Required:  2  p r e s s u r e  and 2 t empera tu re  t r a n s d u c e r s  p e r  e n g i n e  c l u s t e r ,  T o t a l :  8  p r e s s u r e  
a n d ' 8  t empera tu re  t r a n s d u c e r s .  

I I. I Time: Seconds t o  hours .  I 

FAILURE EFFECT & TIME TO EFFECT 
1.1 Loss of  p a r t  of t h e  accumulated 

02 o r  Hz. 
1 .2  H2 on ly  - p o s s i b l e  f i r e  i n  t h e  

p resence  of an i g n i t i o n  source  
and a n  o x i d i z e r .  

FAILURE MODE 
1. E x t e r n a l  l eakage  o r  r u p t u r e  

1 

ITEM IDENTIFICATION & FUNCTION 
5.3.4 Rocket Engines  - The rocke t  eng ines  a r e  p r e s s u r e  f e d ,  gaseous b i p r o p e l l a n t  (02 and HZ) t h r u s t o r s  which 

may b e  o p e r a t e d  i n  t h e  p u l s e  o r  s t e a d y  s t a t e  mode by e l e c t r i c a l l y  o p e r a t e d  i n t e g r a l  eng ine  v a l v e s .  
Each of t h e  eng ine  v a l v e s  w i l l  c o n t a i n  p o s i t i o n  i n d i c a t o r  s w i t c h e s .  The e n g i n e s  a r e  l o c a t e d  on t h e  
o u t s i d e  of t h e  c o r e  module. 

PRIMARY CAUSES 
. , 

M a t e r i a l s  and p r o c e s s e s .  A c c i d e n t a l  
damage. 

2. Improper o u t p u t  s i g n a l .  

I ( Time: Immediate I 

M a t e r i a l s  and p rocesses .  A c c i d e n t a l  
damage. 

Q u a n t i t y  Required:  16 

2. Engine v a l v e  e x t e r n a l  M a t e r i a l s  and p rocesses .  A c c i d e n t a l  2 . 1  P o s s i b l e  l o s s  of  p a r t  of t h e  
l eakage  o r  r u p t u r e .  damage. accumulated O 2  o r  Hz. I 

2 .1  C o n t r o l  c e n t e r  r e c e i v e s  f a l s e  
d a t a  caus ing  i n c o r r e c t  assessment  
and o p e r a t i o n  of  t h e  eng ine  c l u s -  
t e r .  

Time : I ~ e d i a t e  

2.2 Engine c l u s t e r  would become 
i n o p e r a t i v e  a s  a  r e s u l t  of 
i s o l a t i n g  t h e  f a i l u r e .  

FA1 LURE EFFECT & TIME TO EFFECT 
1.1 P o s s i b l e  damage t o  equipment 

i n  t h e  immediate a r e a  form 
concussion o r  s h r a p n e l .  

F a i l u r e  e x p l o s i o n  

I I I Time: Immediate I 

PRIMARY CAUSES 
M a t e r i a l s  and p rocesses .  P r e s s u r e  
t empera tu re  anomaly. 

3 .  Engine v a l v e  f a i l s  c l o s e d .  

(Continued)  
I I 

M a t e r i a l s  and p rocesses .  Acc iden ta l  
damage. Contamination. E l e c t r i c a l  

(Continued)  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
C r i t i c a l i t y  11 f o r  f a i l u r e  mode 1 - engine exp los ion .  

The r o c k e t  e n g i n e  c l u s t e r s  a r e  i n f l i g h t  r e p l a c e a b l e  u n i t s  i n  a  s h i r t s l e e v e  environment. 

F a i l u r e  modes 2 and 3 a r e  c r i t i c a l i t y  111. 

3 . 1  Affec ted  eng ine  would become 
i n o p e r a t i v e .  

Time: Immediate (Continued) 

CRITICALITY 

(1) 11, 
(2)  111, 
(3 )  111 

PREPARED BY O' 
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SUBSYSTEM RCS 

C R I T I C A L  FUNCTION ANALYSIS 

Space Division 
North American Rocltwell 

ITEM IDENTIFICATION & FUNCTION 

5 . 3 . 4  Rocket Engines (Continued) 

]FAILURE MODE 1 PRIMARY CAUSES 

4 .  Engine v a l v e s  f a i l s  open. M a t e r i a l s  and p r o c e s s e s .  Acc iden ta l  
damage. Contaminat ion.  E l e c t r i c a l  

FAILURE EFFECT &TIME TO EFFECT 

4 . 1  One engine c l u s t e r  would become 
i n o p e r a t i v e  a s  a  r e s u l t  of 
i s o l a t i n g  t h e  f a i l u r e .  

4.2 P a r t i a l  l o s s  of  accumulated 02 
o r  H Z .  

Time: Immediate t o  minu tes .  

5 . 1  Reduct ion i n  eng ine  t h r u s t .  

5.2 P o s s i b l e  eng ine  w a l l  burn  o u t .  

~ T I O N S ~ R E F .  DOCUMENTS 
I 

CRITICALITY 

ITEM IDENTIFICATION & FUNCTION 



Space Division 
North American Rockwell 

SUBSYSTEM Information Subsys tem 
CRITICAL FUNCTION ANALYSIS 

DATE 
7/13/71 

ITEM IDENTIFICATION & FUNCTION 
6.0 Information Subsystems (ISS) - The ISS performs major functions consisting of data processing, 

command/control, external and internal communications and software utilization as noted below. 

CFA SEOUENCE 

6.0 INFORMATION SUBSYSTEMS 

6.1 DATA PROCESSING 

6.1.1 Data Bus Control 
6.1.2 Central Timing Assembly 
6.1.3 Central Processor 
6.1.4 RACU 
6.1.5 Build-up Data Processor 

6.2 COMVAND/CONTROL AND MONITORING ASSEMBLY 

6.2.1 Operational Control Console Subassembly 
6.2.2 Commander's Control Console 
6.2.3 Emergency C6C Control 
6.2.4 Portable Control Unit 
6.2.5 Local Monitor Alarm 
6.2.6 Microfilm Projector 

K-band Antenna 
K-band Antenna Ilounted Electronics 
K-band (Non-Integrated Electronics) 
S-band Antenna 
S-band Transponder 
VHF Antenna 
VHF Transponder 
Build-up Communications Subassembly 

6.4 INTERNAL COPMLrNICATIONS 

6.4.1 Communications Rack 

6.4.1.1 Modulation Processor 
6.4.1.2 Central Switching and Self Test Unit 
6.4.1.3 Facsimile Unit 
6.4.1.4 Paging Amplifier 
6.4.1.5 Printer 

6.4.2 Recording Subassembly 
6.4.3 Audio Video Units 
6.4.4 Hard Wire Intercommunications 
6.4.5 Shuttle Hodule Interfaces Unit 
6.4.6 TV Cmera, Color 
6.4.7 TV Camera, B&W 
6.4.8 TV Monitors, Color 

6.5 SOFTWARE ASSEMBLY 

6.5.1 Computer Programs 
6.5.2 Microfilm 
6.5.3 Printer/Facsimile Paper 

PREPARED BY c. "'ozd SUBSYSTEM P.E. RELIABILITY P.E. 



Space Division 
North Arner~can Rocl<well 

SUBSYSTEM I n f o r m a t i o n  Subsystem 
(Da ta  P r o c e s s i n g )  CRITICAL FUNCTION ANALYSIS 

DATE 7/18/71 

ITEM IDENTIFICATION & FUNCTION 
6 . 1  Data  P r o c e s s i n g  Assembly (DPA) - Data  p r o c e s s i n g  c o n s i s t s  o f  a c q u i s i t i o n ,  p r o c e s s i n g ,  d i s t r i b u t i o n ,  
and s t o r a g e  o f  i n f o r m a t i o n  and p r o v i d e s  t h e  c e n t r a l  t i m i n g  g e n e r a t i o n  and  d i s t r i b u t i o n  f u n c t i o n .  The d a t a  
P r o c e s s i n g  a s sembly  c o n s i s t s  o f  t h e  d a t a  b u s  c o n t r o l ,  c e n t r a l  t i m i n g  subassembly ,  c e n t r a l  p r o c e s s o r  
subassembly ,  and t h e  r emote  a c q u i s i t i o n  and  c o n t r o l  u n i t s .  The bu i ld -up  d a t a  p r o c e s s i n g  assembly 
i s  o n l y  used d u r i n g  t h e  b u i l d - u p .  

I DATA PROCESSING I 
D i g i t a l  D a t a  Bus 

I T T 

BUILDUP 

PROCESSOR 

D i g i t a l  TLM Bus 

-- . 

ITEM IDENTIFICATION & FUNCTION 

1 
1 

6 . 1 . 1  Data  Bus C o n t r o l  - The d a t a  b u s  c o n t r o l  u n i t  c o n t r o l s  t h e  d a t a  f l o w  (command and r e s p o n s e )  on t h e  
d a t a  bus .  The u n i t  i n t e r f a c e s  w i t h  t h e  i n p u t / o u t p u t  p r o c e s s o r s  and t h e  d i g i t a l  d a t a  b u s .  T o t a l  of 
4 c o n t r o l  u n i t s  a r e  u t i l i z e d  ( two each i n  SMI and SH2\. 

FAILURE MODE 
Uni t  becomes i n o p e r a t i v e .  

RPl1 I RACU 1 
I 

PRIMARY CAUSES 
Thermal  and mechan ica l  s t r e s s e s .  

- 

Time d e g r a d i n g  f a c t o r s  ( m e t a l  
m i g r a t i o n ,  c o n t a m i n a t i o n ,  e t c . )  

R e c e i p t  of d a t a  bus  i n t e l l i g e n c e  a t  
t h e  c e n t r a l  p r o c e s s o r s  and subsys t em 
f u n c t i o n a l  l o o p s  would b e  impa i r ed .  

Mis s ion  s u c c e s s  and crew s a f e t y  a r e  
n o t  a f f e c t e d  by s i n g l e  f a i l u r e s .  

MASS I MEMORY } 
CENTRAL 

PROCESSOR 

I Time: Immediate  t o  months 

.-- 1 / 0  UNIT 

OPERATING 
MEMORY 

ARITHMETIC 
UNIT 

DATA BUS 
CONTROL 

UNIT 

M u l t i p l e  u n i t s  p r o v i d e  t h e  n e c e s s a r y  r edundan t  c o n t r o l ;  e i t h e r  u n i t  h a s  t h e  c a p a b i l i t y  f o r  
comple t e  c o n t r o l .  Data  b u s  c o n t r o l  u n i t s  w i l l  a l s o  c o n t a i n  i n t e r n a l  r edundan t  f u n c t i o n s .  

CENTRAL 
TIMER 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS CRITICALITY 
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Space Division 
North American Rocl<well 

SUBSYSTEM In format ion  Subsystem 
(Data P r o c e s s i n g )  C R I T I C A L  FUNCTION ANALYSIS 

7/18/71 DATE - 

6 .1 .2  C e n t r a l  t iming  subassembly - The c e n t r a l  t iming  u n i t  p rov ides  t ime  r e f e r e n c e s  f o r  a l l  computer 
f u n c t i o n s  and g e n e r a t e s  t iming  p u l s e s  t o  a l low synchron iz ing  of  power system i n v e r t e r  r e g u l a t o r s .  

1 Two U n i t s  a r e  r e q u i r e d  - one i n  t h e  primary c o n t r o l  c e n t e r  (SM1) and t h e  o t h e r  i n  SM4. I 

Degraded o r  no o u t p u t .  Thermal s t r e s s  
M a t e r i a l  d e g r a d a t i o n  
Contaminat ion 
(Chemical Reac t ion)  

FAILURE EFFECT & TIME TO EFFECT 
S i n g l e  f a i l u r e  would have no e f f e c t  
on crew s a f e t y .  F a i l u r e  of bo th  
u n i t s  would cause  t h e  l o s s  of  bo th  
computer f u n c t i o n s .  

No e f f e c t  of  system oper .  s i n c e  
redundant  u n i t  is a v a i l a b l e .  I 
S o l i d  s t a t e  c i r c u i t  b r e a k e r  p ro tec -  
t i o n  is  provided.  

Time: Immediate t o  months 

IRATIONALE/RECOMMENDATIONS/REF. DOCUMENTS (CRITICALITY I The t iming  u n i t s  a r e  modular c o n s t r u c t e d  and a r e  r e a d i l y  r e p l a c e a b l e .  I 

6 . 1 . 3  C e n t r a l  P rocessor  Subassembly - The p r o c e s s o r  s u p e r v i s e s  t h e  e n t i r e  s t a t i o n  management and opera-  
t i o n  f u n c t i o n s .  Logic f u n c t i o n s  and math computat ions a r e  performed on d a t a .  Opera t ions  f o r  a n a l y z i n g ,  
s o r t i n g ,  t r a n s f e r i n g ,  r o u t i n g ,  anomaly d e t e c t i o n  and p r o c e s s i n g  commands a r e  d i r e c t e d  and coord ina ted .  
Two u n i t s  a r e  r e q u i r e d  - one i n  t h e  primary c o n t r o l  c e n t e r  (SM1) and t h e  o t h e r  u n i t  i s  l o c a t e d  i n  SM4. 
Each CP i s  i n t e r n a l l y  redundant .  

FAILURE MODE 
Degraded o r  no o u t p u t  
( i n c l u d e s  open,  u n s t a b l e  
and d r i f t )  

PRIMARY CAUSES 
Thermal/mechanical s t r e s s  
M a t e r i a l  d e g r a d a t i o n  (meta l  m i g r a t i o n  
ox ide  l a y e r  p u n c t u r e ,  e t c . )  

Other  chemical  r e a c t i o n s  

1. Miss ion  s u c c e s s  and crew s a f e t y  
a r e  n o t  a f f e c t e d  by s i n g l e  f a i l -  
u r e s .  Standby redundancy is 
prov ided .  I f  bo th  u n i t s  f a i l ,  
m i s s i o n  o b j e c t i v e s  could n o t  be  
accomplished.  Monitor  a la rm 
sys tem i n o p e r a t i v e .  

2 .  U n i t s  a r e  p r o t e c t e d  wi th  adequa te  
over load  s e n s i n g  and au tomat ic  
c i r c u i t  b r e a k e r  p r o t e c t i o n .  

I Time: Immediate t o  months. 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

E i t h e r  p rocessor  i s  capab le  of m a i n t a i n i n g  o p e r a t i o n a l  f u n c t i o n s .  The c e n t r a l  p rocessor  
c o n t r o l s  t h e  o v e r a l l  f a u l t  i s o l a t i o n  systems.  

CRITICALITY 

I I 

PREPARED BY G. ". DrOZd 
L 
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Space Division 
North American Rocl<well 

SUBSYSTEM I n f o r m a t i o n  Subsystem 
(Da ta  P r o c e s s i n g )  CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 
6 . 1 . 4  Remote A c q u i s i t i o n  and C o n t r o l  U n i t  (RACU) - The u n i t  a c c e p t s  d a t a  f rom t h e  subsys t ems ,  expe r imen t  
s e n s o r s  and t h e  d i s p l a y / c o n t r o l  c o n s o l e s ,  d i g i t i z e s  a n d l o r  f o r m a t s  t h e  d a t a  f o r  t r a n s m i s s i o n  t o  t h e  
p r o c e s s o r  a s sembly .  U n i t  a l s o  a c c e p t s  c o m a n d s  f o r  t h e  r e t r i e v a l  o f  i n f o r m a t i o n  f rom t h e  subsys t ems  

T o t a l  q u a n t i t y  - 8 1  u n i t s ,  d i s t r i b u t e d  a s  f o l l o w s :  24 c o r e ,  9 power ,  1 2  eac:h i n  SM1, SM2, SM3, SP14. I 
Degraded o r  no o u t p u t  
( i n c l u d e s  open ,  u n s t a b l e  
s h o r t  and d r i f t ) .  

Thermal s t r e s s  
S t r u c t u r a l  f a t i g u e  
Chemical R e a c t i o n  
( m e t a l  m i g r a t i o n ,  c o n t a m i n a t i o n ,  e t c . )  

2 .  P o s s i b l e  crew h a z a r d  o n l y  i f  
s h o r t  is s u s t a i n e d  and c i r c u i t  

I b r e a k e r  f a i l s .  

FAILURE EFFECT 8 TlME TO EFFECT 

1. A RACU f a i l u r e  and a n o t h e r  
r e l a t e d  f a i l u r e  i s  n o t  e x p e c t e d  
t o  a f f e c t  crew s a f e t y .  

S i n g l e  f a i l u r e  may r e s u l t  i n  
l o s s  o f  p r imary  m i s s i o n  d a t a  
o b j e c t i v e s .  

1 2 .  Adequate  c i r c u i t  b r e a k e r  and o v e r l o a d  s e n s i n g  d e v i c e s  a r e  recommended. I I 

C e n t r a l  pI .ocessor  s o f t w a r e  d e t e c t s  f n j . l u r e ,  s e l e c t s  backup RACU ( f o r  c r i t i c a l  
f u n c t i o n s )  and s i g n a l s  n p e r a t o r  v i a  C&W d i s p l a y s  on  c o n s o l e .  

ITEM IDENTIFICATION 8 FUNCTION 
6 . 1 . 5  Bui ld-up CommandIControl and Da ta  P r o c e s s i n g  Assembly - A c q u i r e s  and t r a n s f e r s  d a t a  commands d u r i n g  
bu i ld -up  o n l y .  T h i s  component w i l l  b e  d i sengaged  when Sliil a r r i v e s  and s u p e r v i s o r y  c o n t r o l  i s  t r a n s f e r r e d  
t o  t h e  s t a t i o n s  o p e r a t i o n  c e n t r a l  p r o c e s s o r .  T o t a l  q u a n t i t y  of 2 ( c o r e  and power module r e q u i r e  one e a c h ) .  

CRITICALITY 

I1 

Degraded o r  no o u t p u t  
( i n c l u d e s  o p e n ,  u n s t a b l e  s h o r t  
and d r i f t ) .  

I PRIMARY CAUSES 
Therma l /mechan ica l  s t r e s s  
M a t e r i a l  d e g r a d a t i o n  ( m e t a l  m i g r a t i o n ,  
o x i d e  l a y e r  p u n c t u r e ,  c o n t a m i n a t i o n ,  

FA1 LURE EFFECT 8 TlME TO EFFECT 
1. Could e f f e c t  t h e  s a f e t y  o f  t h e  

s h u t t l e  crew. 
2 .  A c t i v a t i o n / d e a c t i v a t i o n  of 

s e l e c t e d  module subsys t em ope ra -  
t i o n s  c o u l d  n o t  b e  performed.  

3 .  P r e v e n t s  S h u t t l e  m o n i t o r i n g  o f  
module sys t em s a f e t y  p a r a m e t e r s .  

4 .  TIM t r a n s m i s s i o n s  t o  t h e  ground 
o f  c r i t i c a l  sys t em s t a t u s  would 
b e  deg raded .  

5. S h u t t l e  cou ld  n o t  v e r i f y  v i a  
S-band t h a t  module i s  i n  a  
r e v i s i t a b l e  s t a t e  a f t e r  u n b e r t h -  
i n g  and p r i o r  t o  d e p a r t u r e .  

I I I Time: Immediate t o  weeks .  

A f t e r  co re /power  module ma t ing  e i t h e r  subassemblv  would have t h e  c a p a b i l i t y  t o  p r o v i d e  
t h e  n e c e s s a r y  c o n t r o l  and communication l i n k .  

I 
RATIONALE/RECOMMENDATIONS/REF, DOCUMENTS CRITICALITY 
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North American Rockwell 

S~~~~~~~~ I n f o r m a t i o n  Subsystem 
(Data Process ing)  CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION 8 FUNCTION 
6 . 2  Command/Control and Monitor ing - Command/control and moni to r ing  system prov ides  t h e  s t a t i o n  occupan ts  
w i t h  t h e  c a p a b i l i t y  of  o v e r r i d i n g  t h e  automated f u n c t i o n s  and i n i t i a t e  f l i g h t  management, o p e r a t i o n s  
management and p lann ing  and s c h e d u l i n g  f u n c t i o n s .  

b 
DIGITAL DATA 

12> 
[b 

!+ 

- 
AUDIO /VIDEO 

1 
ENTERTAINMENT/PAGING/INTERC0M 

DIGITAL TLM 

r 2CU-j 

SM & 
ALARM 

ALL MODULES r ONTROL F[ 
SM 4 

MICROFILM 
PROJ . I 

S M 2 & 3  
SM & 

OPERATIONS - 
CONTROL 
CONSOLE 

COMMANDERS 
CONTROL 
C0NSOI.E 

ITEM IDENTIFICATION 8 FUNCTION 
6 .2 .1  O p e r a t i o n a l  Cont ro l  Console Subassembly - The o p e r a t i o n a l  c o n t r o l  conso le  c o n s i s t s  of  mul t ipurpose ,  
m u l t i f o r m a t ,  c a l l a b l e  d i s p l a y s ,  keyboard c o n t r o l s  and alarms f o r  man d e c i s i o n  making c a p a b i l i t y  over  a l l  
ma jor  f u n c t i o n s  of  t h e  s t a t i o n .  C o n t r o l  conso les  a r e  l o c a t e d  i n  SM1 and SM4. 

- 

FA1 LURE EFFECT 8 TIME TO EFFECT 
F a i l u r e  of one c o n s o l e  does n o t  
r e s t r i c t  system o p e r a t i o n  because 
of redundant  conso le  l o c a t e d  i n  
o t h e r  s t a t i o n  volume. 

Time: Immediate t o  months 

FAILURE MODE 
I n o p e r a b l e  (may c o n t a i n  open,  
s h o r t ,  e t c . )  

1 
PORTABLE 
CONTROL 
CONSOLE 

PRIMARY CAUSES 
Vibra t ion / shock  s t r e s s  
Thermal s t r e s s  

M a t e r i a l  d e g r a d a t i o n  

- 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

Loss of bo th  o p e r a t i o n a l  c o n t r o l  conso les  would n o t  j e o p a r d i z e  crew s a f e t y .  Emergency 
o p e r a t i o n  would b e  a t t a i n a b l e  through u t i l i z a t i o n  of t h e  commanders and /or  t h e  p o r t a b l e  
c o n t r o l  conso le .  

CRITICALITY 

I11 

RELIABILITYP.E. /w PREPARED BY G' DrOzd SUBSYSTEM P.E.PB& 



Space Division 
North Arner~can Rocl<well 

SUBSYSTEM In format ion  Subsystem 

CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION 8 FUNCTION 
6 . 2 . 2  Commander's Cont ro l  Console - The command conso le  p rov ides  t h e  commander w i t h  t h e  c a p a b i l i t y  of 
o p e r a t i n g  and management moni to r ing  of t h e  modular space  s t a t i o n  f u n c t i o n s .  

Cont ro l  conso le  i s  l o c a t e d  i n  SM1 and SM4. 

FAILURE MODE 
Inoperab le  (may c o n t a i n  open 
s h o r t ,  e t c . ) .  

PRIMARY CAUSES 
Vibra t ion / shock  s t r e s s  
Thermal s t r e s s  
M a t e r i a l  d e g r a d a t i o n  

FAILURE EFFECT B TIME TO EFFECT 
Loss of command conso le  c a p a b i l i t y  
w i l l  no t  j e o p a r d i z e  crew s a f e t y  o r  
s t a t i o n  m i s s i o n s .  Console c a p a b i l i t y  
i s  a t t a i n a b l e  from t h e  o p e r a t i o n a l  
and /or  p o r t a b l e  c o n t r o l  conso les .  

Time: Immediate t o  months. 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS CRITICALITY 

I11 

ITEM IDENTIFICATION 8 FUNCTION 
6 . 2 . 3  Emergency G&C Cont ro l  - Allows maneuvering and /or  s t a b l i z a t i o n  c o n t r o l  of t h e  s t a t i o n  i n  an 
emergency o p e r a t i o n a l  mode. The u n i t  c o n t a i n s  a  hand c o n t r o l l e r  and d i s p l a y  pane l .  

G & C  emergency c o n t r o l s  a r e  provided f o r  each p r e s s u r e  volume i n  t h e  c o r e  module. 

FAILURE EFFECT 8 TIME TO EFFECT 
F a i l u r e  of one u n i t  does n o t  
r e s t r i c t  system o p e r a t i o n  because 
of redundant  c o n t r o l s  provided.  

Time: Immediate 

FAILURE MODE 
Cont ro l  becomes i n o p e r a t i v e .  

PRIMARY CAUSES 
S h o r t  (open c i r c u i t )  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS CRITICALITY 

I11 

RELIABILITY P.E. 4 P  PREPARED BY G .  H. D r O Z d  
p&y&J&, 

SUBSYSTEM P.E. / 



Space Division 
North American Rockwell 

SUBSYSTEM I n f o r m a t i o n  Subsystem DATE 7/13 /71  

CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 
6 . 2 . 4  P o r t a b l e  Cont ro l  Consoles  - The p o r t a b l e  c o n t r o l  u n i t s  w i l l  p r o v i d e  t h e  necessa ry  c a p a b i l i t y  f o r  
l o c a l  maintenance s u p p o r t  and p rov ide  back-up c a p a b i l i t y  t o  t h e  f i x e d  c o n t r o l  conso les .  

2 p o r t a b l e  c o n t r o l  u n i t s  a r e  u t i l i z e d  wi th  one l o c a t e d  i n  SM1 and 1 i n  SM4. 

FA1 LURE MODE 
I n o p e r a b l e  (may c o n t a i n  open, 
s h o r t ,  e t c . )  

PRIMARY CAUSES 
Mechanical  stress (shock)  
Thermal s t r e s s  
M a t e r i a l  d e g r a d a t i o n  

FA1 LURE EFFECT & TIME TO EFFECT 
No primary e f f e c t  upon t h e  s t a t i o n  
o r  crew members. Unit  i s  n o t  used 
f o r  main s t a t i o n  o p e r a t i o n s .  

Time : Immediate 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
T o t a l  of 3 u n i t s  a r e  used throughout  t h e  s t a t i o n  which p r o v i d e s  t h e  s t a t i o n  w i t h  
redundant  c a p a b i l i t y .  

CRITICALITY 

I11 

ITEM IDENTIFICATION & FUNCTION 
6.2.5 Local  Monitor  Alarm System - System c o n s i s t s  of a  l i g h t  m a t r i x  pane l  d i s p l a y  (and o t h e r  a la rm 
d e v i c e s )  which a l e r t s  t h e  crew whenever a  c r i t i c a l  c o n d i t i o n  e x i s t s .  

Monitor  a la rms  a r e  l o c a t e d  i n  each module f o r  a  t o t a l  of  7  r e q u i r e d .  

FAILURE EFFECT 8 TIME TO EFFECT 
No e f f e c t  upon t h e  crew members 
s i n c e  numerous a la rm d i s p l a y s  a r e  
p rov ided  throughout  t h e  space  
s t a t i o n .  

Time: Immediate t o  months 

FAILURE MODE 
Degraded o r  no o u t p u t  
c a p a b i l i t y .  

PRIMARY CAUSES 
Mechanical s t r e s s  
Thermal s t r e s s  
Chemical r e a c t i o n  a s s o c i a t e d  w i t h  
c i r c u i t r y .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

The monitor  and a la rm f u n c t i o n  w i l l  a l s o  g e n e r a t e  an aud io  a la rm s i g n a l  dur ing  an 
emergency s i t u a t i o n  t o  a l l  e n t e r t a i n m e n t  o u t p u t s  i n  p a r a l l e l  and bypass ing  t h e  l o c a l  
c o n t r o l s .  

CRITICALITY 

111 
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Space Division 
North Amer~can Rocl<well 

SUBSYSTEM In format ion  Subsystem 

C R I T I C A L  FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 
6.2.6 Microfi lm P r o j e c t o r  System - System p r o v i d e s  mic rof i lm records  and d i s p l a y  p a n e l s  f o r  crew 
U t i l i z a t i o n  a s s o c i a t e d  w i t h  a n a l y s i s  a i d s ,  avoca t ion  r e f e r e n c e s  and r e f e r e n c e  m a t e r i a l  on s t a t i o n  as  
a  g e n e r a l  l i b r a r y .  

P r o j e c t o r  systems a r e  l o c a t e d  i n  s t a t i o n  modules 82 and 3 .  

FAILURE EFFECT & TIME TO EFFECT 

Loss of f i l m  d i s p l a y  does no t  e f f e c t  
miss ion  o r  crew s a f e t y  

FAILURE MODE 

1. Damaged f i l m  

2. I n o p e r a t i v e  p r o j e c t o r  

PRIMARY CAUSES 

Chemical r e a c t i o n  
Mishandling 

Shor t  (open c i r c u i t )  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

Dupl ica te  equipment and m a t e r i a l  i s  a v a i l a b l e  f o r  crew usage.  

CRITICALITY 

I11 

ITEM IDENTIFICATION 8 FUNCTION 

FAILURE EFFECT 8. TIME TO EFFECT FAILURE MODE PRIMARY CAUSES 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS CRITICALITY 

PREPARED BY G .  "OZd SUBSYSTEM P.E. RELIAHLITY P.E. 



Space Division 
North American Rockwell 

SUBSYSTEM Information Subsystem DATE 7/13/71 
CRITICAL FUNCTION ANALYSl S 

ITEM IDENTIFICATION 8, FUNCTION 
6.3 External Communications - External comunications provides data transmission capability between the 
station and ground and vehicle to vehicle. The uplink and downlink communications is transmitted by way 
of a relay satellite system as well as direct communications to the ground station. 

I 
CONTROL MODULE 

I 
P n I n R  / CORE 

I 
SM-4  

MODULE , MODULE SM-1 

K-BAND S-BAND 

DIGITAL DATA BUS 
. . .. ..- 

BUILDW COMM. LINK (DIGITAL TIN) I I 

6.3.1 K-Band Antenna - Hi gain steerable parabolic 5 ft diameter antenna used to provide wide band 
communication link through the TDRS. The antenna includes the reflector/subreflector, feedhorn unit, 
the control electronics and the antenna mount with associated gimbals. 

Two antennas are required with one located on SM1 and SM4. 

Failure to employ acquisition 
and track TDRS. 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
Control electronics are redundant for each antenna and either antenna can be used for the 
basic communications link. The VHF/TDRS and S-band/MSFN can be used as backup to.the 
K-band system if K-band becomes inoperative. 

Seizure of or excessive friction 
in the positioning gimbals due to 
thermal/mechanical stresses and or 

CRITICALITY 

I11 

PREPARED BY G. H. Drozd 

Reduction in station's ground 
communication. Capability via K- 
Band is available. 

SUBSYSTEM P.E. wd L d  
RELIABILITY P.E. 



Space Division 
North Amer~can Rocltwell 

SUBSYSTEM In format ion  Subsystems - 
CRITICAL  FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 
6.3.2 K-band Antenna Mounted E l e c t r o n i c s  - The e l e c t r o n i c s  i n c l u d e s  t h e  RF a m p l i f i e r ,  RF p r e a m p l i f i e r ,  
RF combining elements  and RACU's. 

Two e l e c t r o n i c  subassemb1i . r~  a r e  r e q u i r e d ,  one f o r  each antenna l o c a t e d  i n  SM1 and SM4. 

FAI LURE MODE 1 PRIMARY CAUSES ]FAILURE EFFECT & TIME TO EFFECT 
Loss of t r a n s m i s s i o n / r e c e p t i o n  
s i g n a l .  

Degradat ion of components due t o  
t i m e l s o l a r  r a d i a t i o n  
Thermal/vacuum environment 
Contamination r e s u l t i n g  from component 
o u t g a s s i n g ,  s u b l i m a t i o n ,  and m o l e c u l a ~  
m i g r a t i o n .  

I 

Reduction i n  s t a t i o n ' s  ground commu- 
n i c a t i o n  c a p a b i l i t y  v i a  K-band. 

ITEM IDENTIFICATION & FUNCTION 
6.3.3 K-Band (Non-Integrated E l e c t r o n i c s )  - The non- in tegra ted  e l e c t r o n i c s  i n c l u d e s  t h e  RF e x c i t e r /  
modulator ,  RF rece iver /demodula to r  and t h e  a u t o - t r a c k  p r o c e s s i n g  assembly. 

E l e c t r o n i c  subsystems a r e  redundant  f o r  each antenna.  The V H F ~ T D R S  band and S-band/MSFN 
can be  used a s  backup t o  t h e  K-band system. 

Two non- in tegra ted  e l e c t r o n i c  subsystems a r e  r e q u i r e d  f o r  each an tenna  l o c a t e d  i n  SPll and SM4. I 

111 

R~TIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

Loss of o p e r a t i o n a l  o u t p u t .  

The non- in tegra ted  e l e c t r o n i c s  a r e  redundant  f o r  each an tenna .  

PRIMARY CAUSES 
(Same a s  6.3.2)  

=AILURE EFFECT 8, TIME TO EFFECT 
Reduction i n  s t a t i o n ' s  ground 
c o m u n i c a t i o n  c a p a b i l i t y  v i a  K-band. 

1 CRITICALITY 
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@A!! Space Division 
North American Rocl<well 

SUBSYSTEM In format ion  Subsystem DATE 7/13 /71  

CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 
6.3.4 - S-Band Antenna - S i x  semi d i r e c t i v e  an tennas  p rov ide  communication l i n k s  
between t h e  s h u t t l e  o r b i t e r ,  de tached  RAM and t h e  remote MSFN ground t e r m i n a l .  

There  a r e  two s e m i - d i r e c t i v e  an tennas  on each of  SM-1, SM-4 and c o r e  module. 

FAILURE EFFECT & TIME TO EFFECT 
Reduction i n  c a p a b i l i t y  to :  
1. Prov ide  t h e  s h u t t l e  o r b i t e r  w i t h  

a  c o o p e r a t i v e  p o i n t  t a r g e t  f o r  
t h e  f i n a l  rendezvous t o  s t a t i o n  
keeping maneuver. 

2. P rov ide  turnaround rang ing  t o  be  
compatible  w i t h  MSFN c a p a b i l i t i e s .  

3 .  Accept a  s h u t t l e  command f o r  
a t t i t u d e  s t a b i l i z a t i o n  d u r i n g  t h e  
docking o p e r a t i o n .  

4 .  Ver i fy  t h a t  c o r e  is  r e - v i s i t a b l e  
a f t e r  s h u t t l e  s e p a r a t i o n  and 
p r i o r  t o  d e o r b i t .  

FAILURE MODE 
Loss o f  s i g n a l  ( t r a n s m i s s i o n  
r e c e p t i o n )  from an a f f e c t e d  
an tenna  dur ing  t h e  c r i t i c a l  
p e r i o d  of b u i l d u p .  

PRIMARY CAUSES 
Damaged dur ing  s t a t i o n  bui ld-up 
o p e r a t i o n s .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
Antenna d e g r a d a t i o n  w i l l  be  d e t e c t e d  through onboard checkout  and e v e n t u a l l y  r e p l a c e d  
where a p p l i c a b l e .  

Communication l i n k  is main ta ined  through use  of m u l t i p l e  an tennas ;  an au tomat ic  c i r c u i t  
w i l l  s e l e c t  t h e  an tenna  t h a t  produces t h e  g r e a t e s t  s i g n a l  s t r e n g t h .  

CRITICALITY 

I11 

ITEM IDENTIFICATION & FUNCTION 
6.3.5 S-Band Transponder  - The t ransponder  i n c l u d e s  t h e  power a m p l i f i e r ,  e x c i t e r ,  modula to rs ,  p r e a m p l i f i e r s  
r e c e i v e r  range  u n i t  and range  code g e n e r a t o r .  S e l e c t a b l e  c r y s t a l s  a r e  provided t o  s a t i s f y  t h e  RF frequency 
channe l s .  

T o t a l  of  4 t r a n s p o n d e r s  a r e  u t i l i z e d ;  2  a r e  used from t h e  c o r e  module a f t e r  bu i ldup  r e s u l t i n g  i n  2 t r a n s -  

FAILURE EFFECT & TIME TO EFFECT 
Reduction i n  communications/tracking/ 
rang ing  c a p a b i l i t i e s .  

FAILURE MODE 
Loss of channe l  s e l e c t i o n  
c a p a b i l i t y  
Loss of mode s e l e c t i o n  
c a p a b i l i t y  
Loss o r  range  and dopple r  
i n d i c a t i o n  
Loss of demodulated s i g n a l  
Loss of  modulated s i g n a l  

PRIMARY CAUSES 
(Same a s  6.3.2) 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
A l t e r n a t e  modes o f  o p e r a t i o n  a r e  provided by t h e  use  of  m u l t i p l e  t r ansponder /an tenna  systems.  
F a i l u r e s  w i l l  be  d e t e c t e d  through onboard checkout .  

CRITICALITY 

I11 
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Space Division 
North American Rocltwell 

SUBSYSTEM I n f o r m a t i o n  Subsystems 

CRITICAL FUNCTION ANALYSIS 
> 

ITEM IDENTIFICATION 8 FUNCTION 
6 .3 .6  VHF Antenna - Fixed a n t e n n a s  p r o v i d e  t h e  n e c e s s a r y  communication coverage  t o  and from t h e  TDRS and 
f o r  v o i c e  d a t a  communication between t h e  EVA. 
T o t a l  of 6  a n t e n n a s  a r e  r e q u i r e d  w i t h  2  e a c h  l o c a t e d  on t h e  c o r e  module and s t a t i o n  modules 1 and 4. 

FAILURE MODE 

Loss of s i g n a l  ( t r a n s m i s s i o n /  
r e c e p t i o n )  from a n  a f f e c t e d  
an tenna  d u r i n g  t h e  c r i t i c a l  
p e r i o d  of  b u i l d u p .  

PRIMARY CAUSES 

Damaged d u r i n g  s t a t i o n  b u i l d u p  
o p e r a t i o n s .  

FAILURE EFFECT 8 TIME TO EFFECT 
Reduc t ion  i n  c a p a b i l i t y  t o  p r o v i d e  
(1)  t h e  n e c e s s a r y  ground command 
th rough  t h e  TDRS l i n k  t o  t h e  f i r s t  
modules wake-up r e c e i v e r  f o r  a c t i v a -  
t i n g  t h e  S-band equipment .  
( 2 )  A  s t a b i l i z e d  a t t i t u d e  command 
o r i g i n a t i n g  from t h e  ground th rough  
t h e  VHF - TDRS l i n k  f o r  docking 
o p e r a t i o n s .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
Communication l i n k  i s  m a i n t a i n e d  th rough  t h e  u s e  of  m u l t i p l e  a n t e n n a s .  

EVA crewmen w i l l  a l s o  have a  c a p a b i l i t y  f o r  h a r d l i n e  communicat ions .  

CRITICALITY 

111 

ITEM IDENTIFICATION & FUNCTION 
6 .3 .7  VHF Transponder  - Transponder  i n c l u d e s  t h e  p r e a m p l i f i e r ,  power a m p l i i i e r ,  e x c i t e r ,  modu la to r s  and 
r e c e i v e r  r ange  u n i t .  

To ta l  o f  4 t r a n s p o n d e r s  a r e  u t i l i z e d ;  2 a r e  removed from t h e  c o r e  module a f t e r  comple t ion  of  s t a t i o n  
buildup w i t h  2 each l o c a t e d  i n  s t a t i o n  modules 1 and 4 .  

FAILURE MODE 
Unit  f a i l s  t o  f u n c t i o n .  

PRIMARY CAUSES 
(Same a s  6 .3 .2 )  

FAILURE EFFECT 8 TIME TO EFFECT 
Same a s  6 .3 .6  (VHF Antenna) 

Reduct ion i n  c a p a b i l i t y  t o  p r o v i d e  
EVA RF communications. 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
Communication l i n k  i s  m a i n t a i n e d  th rough  t h e  u s e  of  m u l t i p l e  t r a n s p o n d e r l a n t e n n a  
sys t ems .  

EVA crewmen w i l l  a l s o  have  t h e  c a p a b i l i t y  f o r  h a r d l i n e  communication. 

CRITICALITY 

111 
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Space Division 
North American Rocl<well 

SUBSYSTEM Information Subsystems 

CRITICAL FUNCTION ANALYSIS 
DATE 7/13/71 

ITEM IDENTIFICATION & FUNCTION 
6 . 3 . 8  Buildup Communications Subassembly - The buildup communications unit consists of a VHF wakeup 
receiver and the telemetry tracking command units (S-band and VHF transmission/receiver, turnaround 
ranging, and automatic antenna select). During the buildup period, the VHF (ground commands and T/M) 
through the TDRS and S-band communication to the shuttle orbiter are utilized. 
Total of two subassemblies are utilized in the core module. 

FAILURE MODE 
Loss of operational output 
as a result of shorts or open 
circuits. 

PRIMARY CAUSES 

Degradation of components 
Due to time/solar radiation/thermal/ 
vacuum environment. 

FAILURE EFFECT & TIME TO EFFECT 

1. Reduction in wakeup receiver 
capability to activate the 
S-band equipment via the TDRS 
link from ground. 

2. Shuttle communications via S-band 
would become interrupted; however 
continuation of shuttle communica- 
tion is assured through the use 
of multiple subassemblies. 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
Multiple S-band transmission/receivers and wakeup receivers are also used in the dual 
buildup communication subassembly to assure continued communications are available during 
this critical period. 

CRITICALITY 

I11 

ITEM IDENTIFICATION & FUNCTION 

FAILURE MODE PRIMARY CAUSES FA1 LURE EFFECT & TIME TO EFFECT 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS CRITICALITY 
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Space Division 
North American Rocl<well 

SUBSYSTEM Information Subsystems 

CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION 8 FUNCTION 
6.4 Internal Communications - Internal communications provides the intercommunication of intelligence 
between attached modules which includes audio entertainment/paging and telephone/video distribution 
network. 

--- 

li2 . 
LC- A A 
B--- 
IZs, 4 

h 
L 

f b  ,c, ; r- - 4 - ,  

CENTRAL 
SWITCHING I RACU 1 

AW'S 1 
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ENTERTAINMENT/PAGING/INTERCOM 

b DIGITAL TLM RECORDER 
RUILDVP HAFD9I,\RF ih' INTERCOM S M 1 & 4  

ITEM IDENTIFICATION 8 FUNCTION 
6.4.1 Communications Rack - The communications rack consists of 2 modulation processors, a central 
switching and self test unit, paging amplifier, facsimile unit and a printer. 

Total of 2 communications racks are used with racks located in statlon modules 111 and 84. 

FA1 LURE EFFECT 8 TIME TO EFFECT FAILURE MODE 

(See following pages for compor!ent 

PRIMARY CAUSES 

breakdown.) 

WTIONALE/RECOMMENDATIONS/REF. DOCUMENTS CRITICALITY 

,,LlaaLm P.E. 

- 
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@A!! Space Division 
North American Rocltwell 

SUBSYSTEM Information Subsystem 

CRITICAL FUNCTION ANALYSIS 
DATE 

7/13/71 

t 

ITEM IDENTIFICATION 8, FUNCTION 
1 

6.4.1.1 Modulation Processor - Contains oscillators, modulator, and demodulator circuitry for the 
generation of subcarrier frequencies, voice modulation and demodulation of a carrier frequency and to 
remove audio intelligence from in-coming subcarriers. (includes video and digital also.) 

Total of 2 processors are utilized in each comunications rack. 

FA1 WRE EFFECT 8, TIME TO EFFECT 

May temporarily suspend trans- 
mission and receiving operations. 
A failure would not have an effect 
on the mission success or crew 
safety due to the use of multiple 
units. 

FAILURE MODE 
Shorted or no output. 

PREPARED BY G .  ". DrOzd 

PRIMARY CAUSES 
Thermal/mechanical stress. 
Material degradation as a result of 
chemical action between materials. 

SUBSYSTEM P.E. RELIABILITY P.E. 
/ 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
Buildup communications could be used as a backup source for RF communications during an 
emergency. 

CRITICALITY 

I11 

ITEM IDENTIFICATION 8, FUNCTION 
6.4.1.2 Central Switching and Self Test Unit - Selects the proper carrier frequency and routes to the 
destination switch signals from telephones, intercom, CTTV, entertainment TV, and recorders. The self 
test performs automatic checkout of the central switching unit and displays status through the control 
consoles. Self test checkout is commanded through the data processing assembly. Total of one unit is 
utilized for each communication rack. 

FAILURE EFFECT B TIME TO EFFECT 
No effect on crew safety. 
Single failure not expected to have 
effect on accomplishing mission 
objectives due to each control center 
containing a central switching unit 
and self test unit. 
Failure of both units is backed up 
by hardwire intercom via entertain- 
ment bus. 

FAILURE MODE 
Shorted or no output. 

PRIMARY CAUSES 
Thermal/mechanical stress. 
Material degradation as a result of 
chemical action between materials. 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
Multiple units are utilized with each unit capable of handling station requirements. 

CRITICALITY 

I II 



Space Division 
North Amer~can Rocl<well 

SUBSYSTEM Information Subsystems 

C R I T I C A L  FUNCTION ANALYSIS 
DATE 7/13/71 

ITEM IDENTIFICATION 8, FUNCTION 
6.4.1.3 ~acsimile Unit - Transmits high quality graphic data between the space station and ground. 

Total of one unit is required to facilitate experiment operations. 

FAILURE MODE 
Degraded or no output. 

PRIMARY CAUSES 
Thermal/mechanical stress 

Material degradation as a result of 
chemical action between materials. 

FAILURE EFFECT 8 TIME TO EFFECT 
Crew safety or mission success is 
not affected by a unit failure. 

RAT~ONALE/RECOMMENDATIONS/REF. DOCUMENTS 

- -- 

CRITICALITY 

I11 

ITEM IDENTIFICATION & FUNCTION 

6.4.1.4 Paging and entertainment amplifier - amplifies signals from paging microphone or entertainment 
recorder to the AW's located throughout the station. 

One unit 1s utilized for each communication rack. 

FAILURE EFFECT & TIME TO EFFECT 

Crew safety or mission success is 
not affected. 

FAILURE MODE 

Degraded or no output. 

PRIMARY CAUSES 

Thermal/mechanical stress. 
Material degradation as a result of 
chemical action between materials. 

~TIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

Total of two units are provided with each unit capable of handling station demands. 

CRITICALITY 

I11 

RELIABILITY P.E. PREPARED BY G '  
DrOzd SUBSYSTEM P.E. U~~-C~&J.C/ 



Space Division 
North American Rocl<well 

SUBSYSTEM Information Subsystems 

CRITICAL FUNCTION ANALYS I S 

ITEM IDENTIFICATION 8, FUNCTION 
6.4.1.5 Printer - Printer is used to obtain hard copies from either station 
or ground transmissions. 

Total of two units are utilized. 

FAILURE EFFECT 8, TIME TO EFFECT 

Crew safety or mission success is 
not affected by a unit failure. 

FAILURE MODE 

Degraded or no output. 

PRIMARY CAUSES 

Thermal/mechanical stress 
Material degradation as a result of 
chemical action between materials. 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

Two units are provided in each control center with each capable of handling station 
demands. 

CRITICALITY 

I11 

ITEM IDENTIFICATION 8, FUNCTION 
6.4.2 Recording Subassembly - The recording assembly consists of a video recorder, an audio recorder, 

an entertainment recorder 

Total of 2 recording subassemblies are utilized with units located in station modules 1/1 and 14. 

FAILURE MODE 

Units fail to record. 

PRIMARY CAUSES 

Thermal/mechanical stress 
Material degradation as a result of 
chemical action between materials. 

FA1 LURE EFFECT 8, TIME TO EFFECT 

1. Single failure not expected to 
have effect on accomplishment of 
mission objectives unless experi- 
ment data portion is not repeat- 
able. 

2. No effect on crew safety. 
3. System operation temporarily 

interrupted until recorder is 
replaced. 

I RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

Recommend that non repeatable experiments contain sufficient provisions to preclude the 
loss of data if recorder fails. 

CRITICALITY 

I11 

PREPARED BY G -  ". DrOZd SUBSYSTEM P.E. rm'4-d* I 
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4!!!!!!@ Space Division 
North American Rocl<well 

SUBSYSTEM In format ion  Subsystems 

C R I T I C A L  FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 

6.4 .3  Audio Video Uni t s  - The aud io  v ideo  u n i t s  c o n s i s t  of s p e a k e r s ,  v ideo  j a c k s ,  phone d i a l  u n i t s ,  
and head-set  u n i t s .  

T o t a l  of  20 u n i t s ,  d i . s t r i b u t e d  a s  fo l lows :  3 c o r e ,  1 power, 6 SM1, 6 SM4, 2 SM2, 2 SM3. 

I n d i v i d u a l  u n i t s  a r e  r e p l a c e a b l e ;  t h e  u s e  of m u l t i p l e  u n i t s  l o c a t e d  throughout  t h e  
s t a t i o n  e n s u r e s  c o n t i n u a t i o n  of o p e r a t i o n .  

FA1 LURE MODE 
Shorted o r  no o u t p u t .  

I 

ITEM IDENTIFICATION 8 FUNCTION I 6 . 4 . 4  Hard t i i r e  I n t e r c o m u n i c a t i o n  - P r o v i d e s  f o r  communication between t h e  v a r i o u s  s t a t i o n  module. 

PRIMARY CAUSES 
Damaged due t o  mishand l ing .  
M a t e r i a l  d e g r a d a t i o n .  
Thermal/mechanical s t r e s s .  

T o t a l  of 7 u n i t s  a r e  r e q u i r e d  w i t h  u n i t s  l o c a t e d  i n  each s t a t i o n  module i n c l u d i n g  t h e  cargo module. I 

FAILURE EFFECT 8 TIME TO EFFECT 
No e f f e c t  upon crew s a f e t y  o r  miss  
s u c c e s s .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

Shorted o r  open 

CRITICALITY 

Damaged due t o  mishand l ing .  
M a t e r i a l  d e g r a d a t i o n .  
Thermal/mechanical  s t r e s s .  

F a i l u r e  of t h e  inter-communicat ion 
system would n o t  p r e s e n t  a  hazard  
t o  t h e  crew. Crew communication 

PREPARED BY G .  H. DrOzd SUBSYSTEM P. E. RELIABILITY P.E. 



Space Division 
North American Rockwell 

SUBSYSTEM Information Subsystems 

CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION I 
6.4 .5  Shuttle/Module Interface Unit - Provides the interface to the shuttle orbiter for monitoring 
module status while located within the shuttle cargo bay. P'rovides the hardwire interface to the orbiter 
intercom, C&W, and data subassemblies when orbiter is berthed to station. 
One unit is required as part of the shuttle preparation for modular space station implementation. 

FA1 LURE MODE 
Damaged due to mishandling or 
boostlspace environmental stresses. 

1. Loss of cautionlwarning between 
the module and shuttle prevents 
the timely warning of serious 
malfunctions or hazardous condi- 
tions to the shuttle crew. 
Possible mission termination. 

2. Loss of voice intercom (hardware) 
from MSS to shuttle after man 
entry. RF voice communication 
would also be available. 

ITEM IDENTIFICATION & FUNCTION 
6.4 .6  TV Cameras, Color 

DOCUMENTS 
Interface connections would be verified by test to ensure signal continuity is complete. 

Total of 2 cameras are utilized. Cameras will be located in station modules I1 and 1 4 .  

CRITICALITY 

I I 

KLURE MODE 1 PRIMARY CAUSES JFAILURE EFFECT TIME TO EFFECT 

components. 

No output (short or open 
circuit). 

No effect upon the mission due to 
the redundancy provided. 

Thermal/mechanical stress. 
Material degradation 
Chemical reaction of circuit 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS CRITICALITY 

I 
B&W camers can also be utilized as backup. 

G. H. Drozd 
PREPARED BY SUBSYSTEM P.E. RELIABILITY P.E. 



@A!!! Space Division 
North American Rocl<well 

SUBSYSTEM In format ion  Subsystems 

CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION 8, FUNCTION 
6 . 4 . 7  TV Cameras, B&W 

T o t a l  of Zcameras a r e  u t i l i z e d .  Cameras w i l l  b e  s t o r e d  i n  s t a t i o n  modules I1 and 1 4 .  

1 PRIMARY CAUSES 

Thermal/mechanical  s t r e s s .  
M a t e r i a l  d e g r a d a t i o n .  
Chemical r e a c t i o n  of  c i r c u i t  
components. 

No e f f e c t  upon t h e  miss ion  due t o  
t h e  redundancy provided by o t h e r  
camers . 

Color camerascan be used a s  backup. During bu i ldup  o p e r a t i o n s  i t  is recommended t h a t  d u a l  
cameras be u t i l i z e d  a t  docking p o r t s  t o  e n s u r e  s h u t t l e  docking c a p a b i l i t i e s  a r e  r e a d i l y  
accomplished. 

DOCUMENTS 

I 

ITEM IDENTIFICATION 8. FUNCTION 

CRITICALITY 

6.4 .8  TV Monitors ,  Color - T o t a l  of 9 moni to r s  a r e  provided wi th  4  each l o c a t e d  i n  s t a t i o n  modules #I  
and P4 and one i n  s t a t i o n  module 3 .  

FAILURE MODE I PRIMARY CAUSES 1 FAILURE EFFECT a TIME TO EFFECT 

Video ou tpu t  is l o s t .  Thermal/mechanical s t r e s s .  
M a t e r i a l  degrada t ion .  
Chemical r e a c t i o n  of c i r c u i t  components 

No e f f e c t  on miss ion  due t o  t h e  
redundancy provided i n  t h e  a v a i l -  
a b i l i t y  of o t h e r  moni to r s .  

I I 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
Phone communication can be used a s  backup. 

G .  H .  Drozd 
PREPARED BY 

CRITICALITY 
I11 

C J  
SUBSYSTEM P.E. u @ ~ , d w  RELIABILITY P.E. 



Space Division 
North American Rocl<well 

SUBSYSTEM In format ion  Subsystem 

CRITICAL FUNCTION ANALYSIS 
DATE 7/13/71 

ITEM IDENTIFICATION & FUNCTION 
6.5 Sof tware  Assembly - The s o f t w a r e  assembly p rov ides  t h e  c a p a b i l i t y  t o  i n t e g r a t e  t h e  hardware 
a s s e m b l i e s  of  t h e  ISS f o r  t h e  o p e r a t i o n  of t h e  space  s t a t i o n ,  t h e  management o f  t h e  subsystems,  t h e  
checkout  of t h e  subsystem and t h e  performance of  t h e  experiments .  Software c o n s i s t s  of computer programs, 
mic rof i lm,  and p r i n t e r  paper .  

FAILURE MODE 
I tems n o t  l e g i b l e  o r  
r e p r o d u c i b l e .  

PRIMARY CAUSES 
Damaged a s  a  r e s u l t  of  s t o r a g e  
and /or  hand l ing .  

FAILURE EFFECT & TIME TO EFFECT 
No e f f e c t  upon t h e  s t a t i o n  o r  
crew s a f e t y .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
Computer programs w i l l  c o n t a i n  t h e  c a p a b i l i t y  t o  be  updated o r  modif ied a s  a p p l i c a b l e  
by s e l e c t e d  crew members. Ac t ive  s o f t w a r e  r e s i d e s  i n  t h e  DPA mass memory; i n  c a s e  of  s o f t -  
ware f a i l u r e ,  programs and d a t a  can be  rep laced  from a r c h i v e  memory ( t a p e s ) ;  new o r  r e v i s e d  
programs a r r i v e  by s h u t t l e  (on t ape)  o r  a r e  t r a n s m i t t e d  from ground v i a  TDRS. M o d i f i c a t i o n  
on-board is  p o s s i b l e  f o r  s e l e c t e d  parameters  of n o n - o p e r a t i o n s - c r i t i c a l  d a t a .  

CRITICALITY 

I11 

ITEM IDENTIFICATION & FUNCTION 

FAILURE MODE PRIMARY CAUSES FA1 LURE EFFECT & TIME TO EFFECT 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS CRITICALITY 

PREPARED BY G. SUBSYSTEM P.E. *!hAl" RLLIABIIINP.E. -- 



Space Division 
North American Rocl<well 

SUBSYSTEM C r e w I H a b i t a b i l i t y  

CRITICAL FUNCTION ANALYSIS 
DATE 9-16-71 

ITEM IDENTIFICATION 8 FUNCTION 

7.0 C r e w t H a b i t a b i l i t y  Subsystem 

T h i s  s y s t e m  is a s s o c i a t e d  w i t h  t h e  crew p e r s o n a l  equ ipmen t ,  g e n e r a l  emergency equ ipmen t ,  f u r n i s h i n g s ,  
recreation/exercise/crew c a r e  and food management.  

CFA SEQUENCE 
7.C C r e w l H a b i t a b i l i t y  Subsystem 

7 . 1  P e r s o n a l  Equipment 
1. C l o t h i n g f l i n e n s ,  p e r s o n a l  h y g i e n e  and grooming a i d s  
2 .  P e r s o n a l  r a d i a t i o n  d o s i m e t e r s  

7.2 Gene ra l  Emergency Equipment 
1. P o r t a b l e  l i g h t s  
2 .  T o o l s  
3 .  R a d i a t i o n  measurement d e v i c e  
4 .  Emergency 02 Mask 
5 .  P r e s s u r e  garment  assembly (PCA) 
6 .  I V A  u m b i l i c a l  c o n n e c t i o n s  and h o s e s  
7. P o r t a b l e  l i f e  s u p p o r t  s y s t e m  (PLSS) 
8.  N o b i l i t y  a i d s t r e s t r a i n t s  
9 .  F i r s t  a i d  k i t s  

7 . 3  F u r n i s h i n g s  
1. S e a t i n g  and s l e e p i n g  r e s t r a i n t s  
2 .  Desks ,  t a b l e s ,  c h a i r s ,  and bunks 

7 . 4  Recreation/Exercise/Crew Care 
1. P a s s i v e  r e c r e a t i o n  d e v i c e s  
2. i . l e d i c a l / d e n t a l  d i a ~ n o s t i c  equ ipmen t  
3. E r g o m e t e r l i  s o t n n i c  equipment  
4 .  ! l i s ce l l aneous  med ica l  equipment  and ~ u p ~ l i e s l c a b i n e t r y  

7.5 Food Pfanagement 
1. Supply and s t o r a g e  ( r e f r i g e r a t o r / f r e e z e r )  
2 .  P r e p a r a t i o n  
3 .  S e r v i c e / c l e a n u p  

PREPARED BY '- '. nrozd SUBSYSTEM P.E. L ~ / ~ ' ~ C L "  RELIABILITY P.E. 



Space Division 
North American Rocl<well 

SUBSYSTEM Crew/Habi tab i l i ty  

CRITICAL FUNCTION ANALYSIS 
- 

ITEM IDENTIFICATION & FUNCTION 
7.1 Persona l  Equipment 

P e r s o n a l  equipment i n c l u d e s  t h e  crew members c l o t h i n g ,  l i n e n s ,  p e r s o n a l  hygiene and grooming a i d s ,  
and r a d i a t i o n  dos imete r s .  

FA1 LURE EFFECT & TIME TO EFFECT 
Minor i n j u r y  a s  a r e s u l t  of  
h a n d l i n g  broken dev ice .  

Time: Immediate 

. 8  
' , 

FAILURE MODE 
1. P e r s o n a l  hyg iene  o r  

grooming a i d  b reaks  
d u r i n g  use.  

PRIMARY CAUSES 
O v e r s t r e s s  
Wearout 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
Recommendations: S e l e c t i o n  o f  crew p e r s o n a l  equipment shou ld  be  made toward minimizing 

p o t e n t i a l  h a z a r d s ,  i . e . ,  e l e c t r i c  r a z o r s  a r e  used i n  p r e f e r e n c e  t o  
o t h e r  r a z o r  t y p e s .  

CRITICALITY 
111 

ITEM IDENTIFICATION & FUNCTION 

7.1 P e r s o n a l  Equipment (Continued)  

FAILURE EFFECT & TIME TO EFFECT 

None - I n d i v i d u a l  r a d i a t i o n  exposure 
l e v e l s  could be  o b t a i n e d  by r e f e r -  
ence  t o  o t h e r  crew member dos imete r s  
and t h e  ambient / cumulat ive r a d i a t i o n  
d e t e c t i o n  dev ices .  

FAILURE MODE 

2 .  P e r s o n a l  r a d i a t i o n  dos i -  
mete r s  become i n o p e r a b l e  
( n o t  capab le  of  measuring 
accumulated r a d i a t i o n  
dosage o f  t h e  crewmember) 

PRIMARY CAUSES 

A c c i d e n t a l l y  damaged 

RAT~ONALE/RECOMMENDATIONS/REF. DOCUMENTS 

An ambient /cumulat ive r a d i a t i o n  d e t e c t i o n  dev ice  w i l l  be p rov ided  w i t h i n  
t h e  c o r e  module. 

CRITICALITY 

I11 

PREPARED BY G. H. Drozd SUBSYSTEM P.E. ~ ~ / ~ ~ ~ * ~  RELIABILITY P.E. 



Space Division 
North American Rocl<well 

SUBSYSTEM CrewlHabi tab i l i ty  

CRITICAL FUNCTION ANALYSIS 
DATE 9-16-7' 

ITEM IDENTIFICATION & FUNCTION 
7 . 2  General  Emergency Equipment 

General  emergency equipment c o n s i s t s  of t h e  fo l lowing  equipment:  t o o l s ,  p o r t a b l e  l i g h t s ,  r a d i a t i o n  
d e t e c t o r s ,  emergency 02 f a c e  masks, p r e s s u r e  garment a s s e m b l i e s ,  IVA u m b i l i c a l s ,  p o r t a b l e  l i f e  
suppor t  sys tems ,  m o b i l i t y  a i d s  and r e s t r a i n t s ,  and f i r s t  a i d  k i t s .  

FAILURE MODE 

1. P o r t a b l e  l i g h t s  become 
inoperab le .  

PRIMARY CAUSES 

B a t t e r y  o r  bu lb  f a i l u r e  

FAILURE EFFECT 8, TIME TO EFFECT 

No d i r e c t  e f f e c t  due t o  t h e  a v a i l -  
a b i l i t y  of  a d d i t i o n a l  l i g h t s  
l o c a t e d  i n  each module. 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

Spare b a t t e r i e s ,  b u l b s ,  e t c .  a r e  a v a i l a b l e  t o  con t inue  s p e c i a l i z e d  t a s k s  
which a r e  time c r i t i c a l ,  i . e . ,  medical  examinat ion.  B a t t e r i e s  f o r  t h e  
p o r t a b l e  lamps a r e  of t h e  rechargab le  type.  The lamp u n i t s  a r e  connected s o  
a s  t o  i l l u m i n a t e  a u t o m a t i c a l l y  i n  t h e  even t  of  a  module l i g h t i n g  outage.  

CRITICALITY 

I11 

ITEM IDENTIFICATION & FUNCTION 
7.2  General  Emergency Equipment (Continued) 

FA1 LURE EFFECT & TIME TO EFFECT 
Equipment and /or  s t a t i o n  r e p a i r  
c a p a b i l i t y  is degraded. 

FAILURE MODE 
2 .  Tool becomes i n o p e r a t i v e  

PRIMARY CAUSES 
P o s s i b l e  a c c i d e n t a l  damage 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS CRITICALITY 
I11 

RELIABIL1lYP.E. PREPARED BY G. H. D ~ o z ~  SUBSYSTEM P.E. C R / ~ &  JW 



Space Division 
North American Rocl<well 

SUBSYSTEM C r e w t H a b i t a b i l i t y  

CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION 8, FUNCTION 

7 . 2  General  Emergency Equipment (Continued)  

FAILURE MODE 
3 .  Radia t ion  measurement devicc. 

becomes i n o p e r a b l e .  

PRIMARY CAUSES 

A c c i d e n t a l l y  damaged. 

FAILURE EFFECT 8, TIME TO EFFECT 
Determinat ion of  ambient r a d i a t i o n  
l e v e l s  would be impa i red .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
A r a d i a t i o n  measurement dev ice  w i l l  be provided i n  the  c o r e  module. 
Persona l  cumulat ive r a d i a t i o n  dos imete r s  a r e  a l s o  provided f o r  each 
crewmember. 

CRITICALITY 
111 

ITEM IDENTIFICATION 8, FUNCTION 

7 . 1  General  Emergencv Equipment (Continued) 

FA1 LURE EFFECT 8 TIME TO EFFECT 

Three f a c e  mask s e t s  a r e  provided 
i n  each h a b i t e d  module. (Excludes 
t h e  power and cargo modules.) 

FAILURE MODE 

&. Emergency 0, f a c e  mask 
system becomes i n o p e r a b l e  
o r  c o n t a i n s  e x c e s s i v e  
l eakage .  

PRIMARY CAUSES 

I l i shand l ing  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENT5 
One o f  t h e  two f i r e  f i g h t i n g  f a c e  mask s e t s  ( a v a i l a b l e  i n  each h a b i t a b l e  module - 1 5  minute 
supp ly  each)  could be u t i l i z e d  i f  a  f a i l u r e  occur red  i n  an emergency 02 mask. P e r i o d i c  
i n s p e c t i o n s  w i l l  reduce p o s s i b i l i t v  o f  inadequa te  02 supp ly  o r  i n o p e r a t i v e  u n i t s .  

CRITICALITY 
I I 
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SUBSYSTEM CrewIHabi tab i l i ty  

CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 

7.2 General  Emergency Equipment (Continued)  

FAILURE MODE 
5 .  P r e s s u r e  garment assembly 

(PGA) f a i l s  t o  ho ld  a d e q u a t ~  
p r e s s u r e  (excess ive  l eakage  
of t h e  100% oxygen env i ron-  
men t ) 

- 

PRIMARY CAUSES 
Damaged s e a l s  o r  t o m  s u i t  m a t e r i a l  

P r e s s u r e  c o n t r o l  u n i t  becomes inopera-  
t i v e .  

FAILURE EFFECT & TIME TO EFFECT 
Time c r i t i c a l  - Could endanger  l i f e  
o f  crew member i f  s u i t  l eakage  r a t e  
i s  i n  excess  o f  l i f e  suppor t  system 
make-up r a t e  o r  i f  r e q u i r e d  p r e s s u r e  
could n o t  be main ta ined .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
P e r i o d i c  maintenance and i n s p e c t i o n s  a r e  schedu led  t o  check each  PGA p r e s s u r e  i n t e g r i t y  which 
w i l l  reduce t h e  p o s s i b i l i t y  o f  a  s u i t  be ing  damaged when r e q u i r e d  f o r  use.  Two p r e s s u r e  
garment assembl ies  a r e  l o c a t e d  i n  each s t a t i o n  p r e s s u r e  volume. 

CRITICALITY 
I 

ITEM IDENTIFICATION & FUNCTION 

7.2 General Emergency Equipment (Continued) 

FAILURE EFFECT & TIME TO EFFECT 

Could endanger  l i f e  of crew member 

Time: Immediate t o  minutes  

FAILURE MODE 

6 .  I V A  u m b i l i c a l  connec t ion  
o r  hose l e a k s  e x c e s s i v e l y  
o r  r e s t r i c t s  t h e  flow o f  
02 a n d / o r  c o n d i t i o n i n g  
wate r  t o  t h e  s u i t .  

PRIMARY CAUSES 

Damaged s e a l s  
Umbil ical  connec t ion  n o t  made p roper ly  
Hoses become r e s t r i c t e d  (kinked)  
Damaged hoses  

RATIoNALE/RECOMMENDATIONS/REF. DOCUMENTS 
A MSS g u i d e l i n e  and c o n s t r a i n t *  r e q u i r e s  t h a t  two o r  more c r e m e n  p a r t i c i p a t e  i n  any p r e s s u r e  
s u i t  a c t i v i t y  and t h a t  r escue  p r o v i s i o n s  w i l l  be provided.  A  t o t a l  of f o u r  u m b i l i c a l s  a r e  
a v a i l a b l e  w i t h i n  t h e  PISS t o  h e l p  a l l e v i a t e  t h i s  problem. 

" Paragraph 3.1.3.7.G 

CRITICALITY 
I 
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Space Division 
North American Rockwell 

SUBSYSTEM CrewIHabi tab i l i  ty  

CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION B, FUNCTION 
7 . 2  General  Emergency Equipment (Continued) 

FAILURE EFFECT & TIME TO EFFECT 
EVA o p e r a t i o n s  would b e  impaired.  
Could endanger  l i f e  o f  crew member. 

FAILURE MODE 
7 .  P o r t a b l e  l i f e  s u p p o r t  

systems (PLSS) w i t h  an 
a t t a c h e d  oxygen purge 
system (OPS) becomes i n -  
o p e r a t i v e  o r  l e a k s  O2 
e x c e s s i v e l y .  

PRIMARY CAUSES 
E l e c t r i c a l / m e c h a n i c a l  equipment 
f a i l u r e .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
C r i t i c a l  components of  t h e  PLSS c o n t a i n  s u f f i c i e n t  redundancy t o  a s s u r e  o p e r a t i o n  of  t h e  
l i f e  s u p p o r t  f u n c t i o n s .  PLSS equipment would be p e r i o d i c a l l y  i n s p e c t e d  t o  a s s u r e  a  
r e l i a b l e  f u n c t i o n a l  u n i t .  Two u n i t s  a r e  l o c a t e d  i n  each  s t a t i o n  p r e s s u r e  volume. The buddy 
sys tem would a l l o w  both crewmen t o  o p e r a t e  from one PLSS i n  an emergency. 

CRITICALITY 
I1 

ITEM IDENTIFICATION 8 FUNCTION 

7.2  General  Emergency Equipment (Continued) 

FA1 LURE EFFECT & TIME TO EFFECT 

Immediate impairment o r  temporary 
l o s s  o f  m o b i l i t y  o r  r e s t r a i n t  
could r e s u l t  i n  crew i n j u r y  caused 
by impact. 

FAILURE MODE 

8. Mobi l i ty  a i d s  & r e s t r a i n t s  
become l o o s e  o r  f a i l  

s t r u c t u r a l l y .  

PRIMARY CAUSES 

Wear, breakage,  loosen ing  of a t t a c h  
p o i n t s  (screws,  r i v e t s ,  e t c . )  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
I tems w i l l  be  p e r i o d i c a l l y  i n s p e c t e d  t o  a s s u r e  s t r u c t u r a l  i n t e g r i t y  o f  t h e  equipment. 
Mobi l i ty  a i d s  and r e s t r a i n t s  a r e  b e i n g  designed f o r  wors t  case  l o a d i n g  c o n d i t i o n s .  

CRITICALITY 

I1 
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Space Division 
North Amer~can Rockwell 

SUBSYSTEM CrewIHabi tab i l i ty  

CRITICAL FUNCTION ANALYSl S 

ITEM IDENTIFICATION 8 FUNCTION 
7 2 General  Emergency Equipment (Continued) 

FAILURE EFFECT 8 TIME TO EFFECT 

Unable t o  p rov ide  emergency medical  
a i d .  

FAILURE MODE 

9 .  F i r s t  a i d  k i t s  - a n t i s e p t i c  
agen t s  become evapora ted .  

PRIMARY CAUSES 

Loss o f  h e r m e t i c  s e a l s .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

F i r s t  a i d  k i t s  a r e  l o c a t e d  i n  each module. Also,  pr imary and backup medical  c a r e  f a c i l i t i e s  
a r e  a v a i l a b l e  i n  t h e  MSS.  

CRITICALITY 

I11 

ITEM IDENTIFICATION 8, FUNCTION 

FAILURE EFFECT 8 TIME TO EFFECT FAILURE MODE PRIMARY CAUSES 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS CRITICALITY 
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e!!!!!! Space Division 
North American Rockwell 

SUBSYSTEM C r e w / H a b i t a b i l i t y  

CRITICAL FUNCTION ANALYSIS 
DATE 9-16-71 

ITEM IDENTIFICATION 8, FUNCTION 
7.3  Furn i sh ings  

F u r n i s h i n g s  c o n s i s t  o f  t h e  r e s t r a i n t s  p rov ided  f o r  s e a t i n g  and s l e e p i n g ;  work a r e a s ,  d i n i n g ,  
s p e c i a l  s u r f a c e s  ( d e s k s / t a b l e s ) ,  and necessa ry  c h a i r s  and bunks. 

FAILURE EFFECT 8, TIME TO EFFECT 

I m e d i a t e  impairment o r  temporary 
l o s s  o f  crew r e s t r a i n t  which could 
r e s u l t  i n  crew i n j u r y  caused by 
impact .  

FAILURE MODE 
1. S e a t i n g  and s l e e p i n g  

r e s t r a i n t s  b r e a k ,  b i n d ,  o r  
become l o o s e .  

PRIMARY CAUSES 

Wear, b reakage ,  loosen ing  o f  a t t a c h  
p o i n t s  (screws,  r i v e t s ,  b u c k l e s ,  e t c . )  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

R e s t r a i n t s  w i l l  be p e r i o d i c a l l y  i n s p e c t e d  t o  a s s u r e  s t r u c t u r a l  i n t e g r i t y  is maintained.  
R e s t r a i n t s  a r e  b e i n g  des igned  f o r  wors t  c a s e  l o a d i n g  c o n d i t i o n s .  

CRITICALITY 

I I 

ITEM IDENTIFICATION & FUNCTION 
7 . 3  Furn i sh ings  (Continued) 

FAILURE EFFECT 8, TIME TO EFFECT 
P o s s i b l e  damage t o  su r rounding  
equipment o r  pe rsonne l  due t o  
u n r e s t r a i n e d  f u r n i s h i n g .  

FAILURE MODE 
2 .  Furn i sh ing  (desk ,  work 

t a b l e ,  c h a i r ,  e t c . )  f a i l s  
s t r u c t u r a l l y .  

PRIMARY CAUSES 
Equipment misuse ,  o v e r s t r e s s  of 
m a t e r i a l  due t o  an unusua l  v e h i c l e  
maneuver . 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 
Rat iona le :  Furn i sh ings  a r e  s e l e c t e d  and t e s t e d  t o  demons t ra te  s t r u c t u r a l  i n t e g r i t y  under 

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

CRITICALITY 
111 
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Space Division 
North American Rocl<well 

SUBSYSTEM Crew/Habi tab i l i ty  

CRITICAL FUNCTION ANALYSIS 
DATE 9-16-71 

ITEM IDENTIFICATION 8 FUNCTION 
7 . 4  Recreat ion/Exercise/Crew Care 

This  s e c t i o n  c o n s i s t s  of  r e c r e a t i o n  d e v i c e s ,  e r g o m e t e r / i s o t o n i c  equipment, medical  and d e n t a l  
d i a g n o s t i c  t r ea tment  equipment ,  pharmaceu t ica l  and misce l l aneous  medical  s u p p l i e s ,  and v a r i o u s  
supply and s t o r a g e  c a b i n e t r y .  

FAILURE MODE 

1. R e c r e a t i o n a l  dev ices  - 
cra f twork ,  mus ica l  i n s t r u -  
ments, a n d / o r  motion 
p i c t u r e  equipment becomes 
i n o p e r a t i v e .  

PRIMARY CAUSES 

M e c h a n i c a l / e l e c t r i c a l  f a i l u r e  . 
FAILURE EFFECT 8 TIME TO EFFECT 

Reduced r e c r e a t i o n a l  a c t i v i t y  

R~TIONALE/RECOMMENDATIONS/REF. DOCUMENTS CRITICALITY 

111 

ITEM IDENTIFICATION 8 FUNCTION 

7 . 4  Recreation/Exercise/Crew Care (Continued) 

FAILURE EFFECT 8 TlME TO EFFECT 

Loss o f  c a p a b i l i t y  t o  provide 
complete medical  and d e n t a l  
d i a g n o s i s .  

FAILURE MODE 

2 .  bledical and Denta l  
d i a g n o s t i c  t r ea tment  
equipment i n c l u d i n g  x-ray 
becomes i n o p e r a t i v e  o r  
mal func t ions .  

PRIMARY CAUSES 

E l e c t r i c a l / m e c h a n i c a l  equipment 
f a i l u r e .  

~TIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

The des ign  requ i rements  of c r i t i c a l  medical  c a r e  and d i a g n o s t i c  equipment i n c o r p o r a t e  
p r o v i s i o n s  f o r  easy  maintenance and r e l i a b l e  o p e r a t i o n .  

CRITICALITY 

I11 
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SUBSYSTEM CrewfHabi tab i l i  ty  

CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION & FUNCTION 

7 . 4  Recreation/Exercise/Crew Care (Continued) 

FAILURE EFFECT & TIME TO EFFECT 

Reduced c a p a b i l i t y  i n  main ta in ing  
g e n e r a l  crew p h y s i c a l  c o n d i t i o n i n g .  

FAILURE MODE 
3 .  Bicyc le  ergometer  and 

i s o t o n i c  equipment becomes 
i n o p e r a t i v e  o r  mal func t ions  

PRIMARY CAUSES 
Component mechanical  f a i l u r e .  

RATIO NALE/RECOMMENDATIONS/REF. DOCUMENTS CRITICALITY 

I11 

ITEM IDENTlFlCATlON & FUNCTION 

7 . 4  Recreation/Exercise/Crew Care (Continued)  

FAILURE EFFECT & TIME TO EFFECT 

Degraded medical  s e r v i c e .  

FAILURE MODE 

4 .  Ff i sce l l aneous  medical  equip-  
ment and s u p p l i e s  wi th  
a s s o c i a t e d  c a b i n e t r y  f a i l  
t o  p rov ide  t h e  in tended  
s e r v i c e .  

PRIMARY CAUSES 

E l e c t r i c a l l m e c h a n i c a l  equipment f a i l u r ~ ? .  
Chemical r e a c t i o n  a s s o c i a t e d  wi th  some 
of t h e  medical  s u p p l i e s  and pharmaceu- 
t i c a l  a g e n t s l d r u g s .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS CRITICALITY 

111 
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North American Rockwell 

SUBSYSTEM CrewIHabi tab i l i ty  

CRITICAL FUNCTION ANALYSIS 
DATE 9-'6-7' 

ITEM IDENTIFICATION a FUNCTION 

7 . 5  Food Management 

Food management c o n s i s t s  o f  food s u p p l y l s t o r a g e ,  p r e p a r a t i o n ,  and s e r v i c e J c l e a n u p .  

Frozen c r  r e f r i g e r a t e d  food supp ly  
would be s u b j e c t  t o  s p o i l a g e .  

FA1 LURE MODE 
1. Supply l s to rage  f r e e z e r  and 

r e f r i g e r a t o r  l o s e  c a p a b i l i t y  
of  o p e r a t i o n .  

P o s s i b l e  contaminat ion of  t h e  
s t a t i o n  s tmosphere.  

PRIMARY CAUSES 

E l e c t r i c a l / m e c h a n i c a l  equipment 
f a i l u r e .  

DOCUMENTS JCRITICALITY 

I 

ITEM IDENTIFICATION 8 FUNCTION 

7 . 5  Food Management (Continued) 

The r e f r i g e r a t o r  and f r e e z e r  a r e  bo th  l o c a t e d  i n  s t a t i o n  module 83 ;  and a l though  n e i t h e r  a r e  
redundant ,  d r i e d  food s u p p l i e s  a r e  a v a i l a b l e  i n  bo th  t h e  main and backup g a l l e y s  wi th  pro- 
v i s i o n s  f o r  r e c o n s t i t u t i o n .  
Toxic gas s e n s o r s  would be l o c a t e d  i n  t h e  n e a r  v i c i n i t y  of  t h e  equipment f o r  immediate 
d e t e c t i o n  of l e a k i n g  gas .  

(1)  I11 
( 2 )  I1 

PRIMARY CAUSES 

Opera t ing  and maintenance procedures w i l l  be r e a d i l y  a v a i l a b l e  t o  minimize t h e  p o s s i b i l i t y  
of i n j u r y  t o  t h e  o p e r a t o r .  

FAILURE EFFECT 8 TIME TO EFFECT 

3 .  P r e p a r a t i o n  - Microwave o r  
r e s i s t a n c e  oven becomes 
i n o p e r a t i v e  o r  mal func t ions .  

PREPARED BY G .  H .  DrOzd SUBSYSTEM P. E. flAk RELIABILITY P.E. 
/ - 513 - 

SD 71-217-6 

E l e c t r i c a l  equipment mal func t ion .  Degraded c a p a b i l i t y  t o  p rov ide  warm 
cooked meals .  
P o s s i b l e  e x c e s s i v e  r a d i a t i o n  dosage 
o r  microwave burn.  \:.'* 
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SUBSYSTEM C r e w I H a b i t a b i l i t y  
CRITICAL FUNCTION ANALYSIS 

ITEM IDENTIFICATION 8 FUNCTION 

7 . 5  Food Management (Continued)  

FAILURE MODE 
4.  S e r v i c e / c l e a n p p  - i n a b i l i t y  

t o  d i s p o s e  of food was tes  
and t r a s h .  

PRIMARY CAUSES 
Equipment mal func t ion .  

FAILURE EFFECT & TIME TO EFFECT 
P o s s i b l e  bu i ldup  of m i c r o b i o l o g i c a l  
and b a c t e r i o l o g i c a l  contaminants .  

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS 

An a l t e r n a t e  d i s p o s a l  sys tem is  a v a i l a b l e  i n  t h e  exper iments  a r e a .  Disposa l  equipment is 
m a i n t a i n a b l e .  D i s i n f e c t a n t s  a r e  u t i l i z e d  t o  reach  and c o n t r o l  was tes  i n  i n a c c e s s i b l e  a r e a s .  

CRITICALITY 

111 

ITEM IDENTIFICATION & FUNCTION 

FAILURE EFFECT 8 TIME TO EFFECT FAILURE MODE PRIMARY CAUSES 

RATIONALE/RECOMMENDATIONS/REF. DOCUMENTS CRITICALITY 
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