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LilAPTER i 

PRODUCTION EQUIPPENT SPECIFICATIONS 

7 . 1  : G E N E R A L  R E M A R K S  

Figures  7 . 1 ,  7 . 2 ,  a n d  7.3 show t h e  c v e r a l l  l a y o u t  o f  t h e  

re ference  SBF. The d i a g r a m s  s e r v e  t o  i l l u s t r a t e  t h e  l i k e l y  

r e l a t i v e  p o s i t i o n s  and dimensions o f  the d i f f e r e n t  s e c t i o n s  o f  

t h e  f a c i l i t y .  F igures  7 .1  and 7 . 2  a r e  " top"  a n d  " s i d e "  views, 

r e s p e c t i v e l y ,  of t h e  SMF, drawn t o  t h e  same s c a l e .  These f i g -  

ures i l l u s t r a t e  t h e  p l a n a r  shape  of  t h e  f a c i l i t y .  F igure  7.3 

i s  a n  " e n d "  view of  t h e  f a c i l i t y ,  d r a w n  t o  a l a r g e r  s c a l e  t o  

show some o f  t h e  d e t a i l  o f  t h e  components a n d  s o l a r  c e l l  manu- 

f a c t u r i n g  a r e a s .  

Severa l  f e a t u r e s  a r e  o m i t t e d  from t h e  f i g u r e s  f o r  c l a r i t y .  

F igu res  7 . 1 ,  7.2, a n d  7 . 3  d o  n o t  show t h e  thermal was te  r a d i -  

a t o r s  f o r  t h e  components f a c t o r y ,  a b o v e  and below t h a t  f a c t o r y ;  

t h e  s o l a r  c e l l  d e p o s i t i o n  r a d i a t o r s  which c o l l e c t i v e l y  c c v e r  

roughly h a l f  o f  t h e  t o p  acd t h e  e n t i r e  bottom of t h e  s o l a r  c e l l  

f a c t o r y ;  t h e  a c t i v e  r a d i a t o r s  f o r  t h e  waveguide f a c t o r y ,  above 

a n d  below t h a t  f a c t o r y ;  t h e  s u p p o r t  s t r u c t u r e  ho ld ing  t h e  ma- 

c h i n e r y  t o g e t h e r  w i t h i n  t h e  f a c t o r i e s ;  a n d  t h e  i n t e r n a l  t r a n s -  

p o r t  t r a c k s  between a l l  o f  t h e  SMF s e c t i o n s .  P a r t  o f  one o f  

t h e  t w o  h a b i t a t  r a d i a t o r s  i s  shown i n  Fig. 7 . 1 ,  a n d  t h e  s u p -  

p o r t  t r u s s  f o r  t hose  r a d i a t o r s  i s  p a r t i a l l y  seen in  F igs .  

7 . 2  a n d  7 .3 .  When t h e  v a r i o u s  r a d i a t o r s  f o r  t h e  SMF a r e  i n -  

c luded ,  t hey  cover  much o f  t h e  t o p  a n d  bottom s u r f a c e s  o f  t h e  

f a c i l i t y .  S ince  most  of t h e s e  r a d i a t c r s  a r e  l-mm t h i c k  alumi-  

n u m  s h e e t s ,  they p r o t e c t  t h e  SMF equipment a n d  personnel  from 

mic rQrne teo r i t e s .  
7 . 1  
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The s o l a r  a r r a y ,  p a r t i a l l y  shown i n  F i g s .  7.1 and 7 . 2 ,  i s  

omi t t ed  from F i g .  7 .3 .  T h i s  a r r a y  shades t h e  r e s t  o f  t h e  f a c l ’ l -  

i t Y  from d i r e c t  s u n l i g h t ,  reducing  t h e  thermal  i n p u t  t o  t h e  

SMF. The a r r a y  produces base load  power f o r  t h e  e n t i r e  SMF. 

The r e f e r e n c e  SMF des ign  r e q u i r e s  2 4 0  MW f o r  i t s  o p e r a t i o n ,  

which, assuming a s o l a r  c e l l  e f f i c i e n c y  o f  12.51, e q u a t e s  t o  

an a r r a y  a r e a  o f  1.4 km . The s o l a r  c e l l  a r r a y  i s  t he  o n l y  

s e c t i o n  r e q u i r i n g  c l o s e  p o i n t i n g  t o  t h e  S u n  ( +  - l e ) .  

of t h e  f a c t o r y  does no t  r e q u i r e  c l o s e  a t t i t u d e  c o n t r o l ,  b u t  

should  s t a y  i n  t h e  shadow o f  t h e  s o l a r  a r r a y  t o  a l l e v i a t e  

2 

The r e s t  

h e a t  was te  problems a n d  thermal  de fo rma t ions .  

The a r r a y  i s  connected v i a  a f l e x i b l e  j o i n t  ( i n c l u d i n g  

f l e x i b l e  power c a b l e s )  t o  a c e n t r a l  n a s t  ex tend ing  down the  

l e n g t h  of t h e  f a c i l i t y .  The m:st s e r v e s  t h r e e  f u n c t i o n s :  

1 )  I t  a c t s  a s  a s t r u c t u r a l  mast t o  which t h e  s o l a r  a r r a y  and 

o t h e r  s e c t i o n s  o f  t h e  f a c t o r y  a r e  a t t a c h e d .  (The f a c t o r y  

s e c t i o n s  a r e  a t t a c h e d  by j o i n t s  which use a c t i v e  damping s y s -  

tems t o  p reven t  v i b r a t i o n s  being t r a n s m i t t e d  through t h e  f a c i l i -  

t y . )  2 )  I t  c a r r i e s  t h e  m a i n  busbars  and power c o n d i t i o n i n g  

equipment f o r  t h e  SRF. 3 )  I t  i s  des ignzd  t o  a l l o w  t r a n s p o r -  

t e r s  t r a v e l l i n g  between t h e  s o l a r  c e l l  f a c t o r y  a n d  t h e  r e s t  ~f 

t h e  f a c i l i t y  t o  pass  through i t .  

The SMF product ion  machinery i s  c o n c e p t u a l l y  d i v i d g d  i n t a  

t h r e e  a r e a s :  t h e  components f a c t o r y  (which produces a l l  com- 

ponents  o t h e r  t h a n  s o l a r  c e l l s  a n d  waveguides) ,  t h e  s o ; a r  c e l l  

f a c t o r y ,  and t h e  waveguide f a c t o r y .  The components f a c t o r y  

produces k l y s t r o n  a s s e m b l i e s ,  s t r u c t u r a l  member r i b b o n ,  busbar  

7.5 



s t r i p s ,  SC-DC c o n v e r t e r s ,  e l e c t r i c a l  w i r e  and c a b l e s ,  D C - D C  

c o n v e r t e r  r a d i a t o r s ,  end j o i n t s ,  and j o i n t  c l u s t e r s .  T h i s  

f a c t o r y  i s  l o c a t e d  a d j a c e n t  t o  the  i n p u t j o u t p u t  s t a t i o n  ( a t  

t h e  l e f t  o f  F i g .  7 .1 ) .  D e t a i l s  o f  t h e  f a c t o r y  l a y o u t  a r e  shown 

i n  F i g .  7 . 4 ,  and t h e  product ion  equipment d e s i g n s  a r e  d e s c r i b e d  

i n  Secs .  7.2 through 7.6 o f  t h i s  c h a p t e r .  A s  shown i n  F i g .  7 . 3 ,  

t he  l a y o u t  o f  t h i s  s e c t i o n  i s  e s s e n t i a l l y  p l a n a r ,  e x c e p t  f o r  

t h e  w h e e l - l i k e  i n t e r n a l  s t o r a g e  d e v i c e s .  Omitted from t h e  

views o f  t h e  components f a c t o r y  a r e  t h e  was te  h e a t  r a d i a t o r s  

l o c a t e d  above and below i t .  

The waveguide f a c t o r y  i s  shown i n  F i g .  7.1, a d j a c e n t  t o  

t h e  zone r e f i n i n g  a r e a .  The f a c t o r y  i s  designed t o  a l low t h e  

m i n i m u m  o f  hand l ing  o f  t h e  t h i n  foamed g lass  s h e e t s  from w h i c h  

1-h.: ; ? ~ e g d i d e s  a r e  formed. The d e t a i l s  of t h e  waveguide p r o -  

d u c t i o n  p rocesses  a r e  d i scussed  i n  Sec.  7.7. 

The s i n g l e  l a r g e s t  s e c t i o n  i n  t h e  r e f e r e n c e  SMF i s  the  

s o l a r  c e l l  f a c t o r y  (shown i n  F igs .  7 .1 ,  7 . 2 ,  and 7.3, and 

sho.rJn i n  a l a r g e r  s c a l  t o p  view i n  F i g .  7.5). The s o l a r  

c e l l  f a c t o r y  c o n s i s t s  c f  two major s t r u c t u r a l  un i t s ,  one con- 

t a i n i n g  t h e  zone r e f i n i n g  a n d  i n t e r c o n n e c t  d e p o s i t i o n  s e c t i o n s ,  

and t h e  o t h e r  t h e  d e p o s i t i o n  and assembly equipment f a r  t h e  

s o l a r  c e l l  a r r a y  p roduc t ion .  Each of  t h e s e  s t r u c t u r a l  u n i t :  

i s  a t t a c h e d  t o  t h e  c e n t r a l  mast a t  s e v e r a l  d i s c r e t e  p o i n t s .  

The connec t ions  a r e  f l e x i b l e  a n d  i n c l u d e  a c t i v e  d a m p i n g  sys-  

tems t o  keep v i b r a t i o n s  from propagat ing  i n t o  t h e  s o l a r  c e l l  

f a c t o r y ,  which m i g h t  damage t h e  f r a g i l e  s o l a r  c e l l s .  The con- 

n e c t i o n s  between t h e  c e n t r a l  mast a n d  t h e  s e c t i o n s  o f  t h e  

7 . 6  
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s o l a r  c e l l  f a c t o r y  a l s o  c a r r y  e l e c t r i c a l  busba r s  a n d  i n t e r n a l  

t r a n s p o r t  t r a c k s .  The t r a n s p o r t  t r a c k s  b r i n g  i n p u t s  t o  t h e  

f a c t o r y ,  move srlne o f  t n e  i n t e r m e d i a t e  products  w i t h i n  t h e  

f a c t o r y ,  and remove t h e  o u t p u t  s o l a r  c e l l  a r r a y s .  

Routine f eed ing  a n d  maintenance o f  t h z  s c ' a r  c e l l  d e p o s i -  

t i o n  a n d  assembly p rocesses  i s  done by ' c r a w l 2 r s '  r u n n i n g  a l o n g  

t r a c k s  above t h e  p l a n a r  f a c t o r y .  Mor: Lomplex r e p a i r s  a r e  per- 

formed by F r e e - f l y i n g  Hibr id  f e l e o p e r a t o r s  (FHT's), The craw- 

l e r  t r a c k s  a r e  shown as  h o r i z o n t a l  ? i n i % s  F i g .  5 . 5 .  T h e  

c r a w l e r s  t a k e  i n p u t s  f rom,  and load outpbc; ' " 1 0  t h e  S M F ' s  i n -  

t e r n a l  t r a n s p o r t  c a r t s .  The prodtrctSon l i n e s  f o r  d e p o s i t i o n  

a n d  assembly o f  t h e  s o l a r  c e l l s  ran p e r p e n d i c u ' a r l y  t o  t h e  

c r a w l e r  t r a c k s  (and thus pe rpend ic i i l a r ly  t o  t h e  cenir-a;  m a s t ) .  

No r a d i a t o r s  f o r  t h t  s o l a r  c e l l  f a c t o r y  a r e  shown, b u t  t h o s e  

f o r  t h e  zone r e f i n i n g  a n d  i n t e r c o n n e c t  d e p o s i t i o n  s e c t i o n  

a r e  above a n d  below t h a t  s e c t i o n ;  t hose  f o r  t h e  e l e s t r 3 n  beam 

- 

g u n s  i n  t h e  d e p o s i t i o n  s e c t i o n s  a r e  a b o v e  t h o s e  s. n s ;  

t h o s e  f o r  t h e  thermal b e l t s  i n  t h e  d e p o s i t i o n  s e c t i o n s  a r e  

below t h e  d e p o s i t i o n  a n d  a s s e r ; t l y  s e c t i o n ,  cove r ing  t h e  

unde r s ide  o f  t h a t  s e c t i o n .  The s o l a r  c e l l  f a c t o r  * '  Cesc r ibed  

i n  d e t a i l  in  Sec .  7 . 8 .  

A l s o  s h o w n  in  F igs .  7 . 1 ,  7 . 2 ,  a n d  7 . 3  a r e  s u p p o r t  a r e a s  

such J S  t h e  i n p u t / o u t p u t  s t a t i o n ,  h a b i t a t ,  and r e p a i r  shops.  

These a r e  desc r ibed  i n  d e t a i l  i n  C: 3 p .  8 .  

T h i s  c h a p t e r  i n c l u d e s  t a b k l a t e d  s p e c i f i c a t ' o n s ,  phys i ca l  

d e s c r i p t i o n s ,  a n d  diagrams of each machine i n  t h e  r e f e r e n c e  

S R F  des ign .  5:ctions 7 . 2  through 7 . 3  d i s c u s s  equipment ,  

7 .3  



I N T E R C O N N E C T  D E P O S I T 1  ON, 
MASK Ak J 

MASdING STRIP 
CLEANUP 

Z O N E  R E F I N E R  
1 

FACTOR Y S UB - S ECTI ON 
( 1 4  P R O D U C T I O N  S T R I P S )  

C R A W L E R  

r R A C K S  

F I G U R E  7 . 5 :  L A Y O U T  OF S O L A R  C E L L  F A C T O R Y  



grouped by major SMF o p e r a t i o n s  ( s u b s e c t i o n s  of components manu- 

f a c t u r e ,  wavegclide mandfac tu re , so l a r  c e l l  manufac ture) .  Each 

s e c t i o n  begins  w i t h  a generea l  d e s c r i p t i o n  o f  t h e  product ion  

p r o c e s s e s ,  fol lowed by d a t a  on i n d i v i d u a l  machines.  

Assoc ia ted  w i t h  each machine a r e :  a s p e c i f i c a t i o n  s h e e t  

( l i s t i n g  machine mass, phys ica l  dimensions,  t h rough tpu t  per 

machice,  power r equ i r emen t s ,  and t h e  c o n t r i b u t i o n  o f  each 

component t o  mass and power r e q u i r e r r - n t s ) ,  d i a g r a m ( s ) ,  and a 

w r i t t e n  d e s c r i p t i o n  o f  t h e  machine 's  o p e r a t i o n .  

Terms used i n  t h e  s p e c i f i c a t i o n  s h e e r  a r e  de f ined  a s  

f o l l  ows : 

Mass o f  machine -- t o t a l  mass of  one machine. 

T h r o u g h p ~ t  per  machine - -  mass of components produced by 

each machine per y e a r .  

Power requi rements  - -  power r e q u i r e d  t o  o p e r a t e  each 

machi ne. 

Number o f  machines - -  number o f  t h i s  t ype  o f  machine i n  

t h e  r e f e r e q c e  SMF.  

Number o f  o p e r a t o r s  - -  number of crew r e q u i r e d  t o  o p e r a t e  

t h e  machine ( d u r i n g  i t s  d u t y  c y c l e ) .  

Components - -  elements  which compose t h e  machine. 

Nuniber per machine - -  number of  t h i s  t ype  o f  component 

per  machine. 

Mass - -  mass o f  each component. 

Power r e q u i r e d  - -  power r equ i r ed  f o r  o p e r a t i o n  of each 

7 . 1 0  component. 



The w r i t t e n  d e s c r i p t i o n  e x p l a i n s  t h e  f u n c t i o n  o f  each  

component ,  t h e  o J e r a t i o n  o f  t h e  m a c h i n e ,  and  t h e  r a t i o n a l e  

u s e d  i n  t h e  s i z i n g  and  c o s t i n g  p r o c e s s e s .  
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7.2: METALS FURNACES AND CASTERS 

7.2.1 Overv iew:  F i g u r e  7.6 i s  a d e t a i l e d  t o p  v i e w  o f  t h e  

components f a c t o r y .  The shaded a reas  h i g h l i g h t  t h e  m a c h i n e r y  

d e s c r i b e d  i n  t h i s  sec t ’on .  Four  f u r n a c e s  -- one p r o d u c i n g  

6063 a luminum a l l o y ,  one p r o d u c i n g  m o l t e n  aluminum, one p r o -  

d u c i n g  SENDUST a l l o y ,  and one p r o d u c i n g  m o l t e n  i r o n  -- a r e  

used.  The f u r n a c e s  a r e  f e d  w i t h  r o d s  i m p o r t e d  f r o R  t h e  l u n a r  

s u r f a c e ,  w h i c h  a r e  h e a t e d  as t h e y  e n t e r .  M i x i n g  o f  t h e  m e l t  

i s  accomp l i shed  by e l e c t r o - m a g n e t i c  i n d u c t i o n .  The r e s u l t a n t  

l i q u i d  m e t a l s  a r e  pumped by  e l e c t r o m a g n e t i c  pumps a l o n g  p i p e -  

l i n e s  f o r  f u r t h e r  p r o c e s s i n g .  

A s  shown in t h e  f i g u r e ,  m o l t e n  i r o n ,  m o l t e n  aluminum, and 

6063 a luminum a l l o y  a r e  d e l i v e r e d  t o  d i e  c a s t e r s .  These de- 

v i c e s  each c o n s i s t  o f  a c e n t r a l  p i s t o n  chamber w h i c h  sequen- 

t i a l l y  f eeds  m o l t e n  m e t a l  t h r o u g h  a s e t  o f  v a l v e s  t o  a s e r i e s  

o f  mo lds .  A c t i v e  c o o l i n g  systems a r e  used t o  c o o l  t h e  c a s t i n g s ,  

and t h e  s o l i d i f i e d  w o r k p i e c e s  a r e  e j e c t e d  f r o m  t h e  molds.  

P a r t s  p roduced i n  t h i s  t ranner a r e  s o l e n o i d  co res ,  k l y s t r o n  

hous ings ,  m a n i f o l d  p a r t s ,  end j o i n t s  and j o i n t  c l u s t e r s .  The 

SENDUST a l l o y  i s  f e d  t o  a s p e c i a l i z e d  c a s t e r  wh ich  i s  used t o  

p roduce  t h e  t r a n s f o r m e r  c o r e s  f o r  D C - r ) C  c c n v e r t e r s .  

M o l t e n  aluminum a n d  € . 5 3  a l l o y  a r e  a l s o  f e d  i n t o  a con-  

t i n u o u s  c a s t e r ,  wh ich  produces  2 cm t h i c k  r i b b o n  t h a t  i s  c u t  

i n t o  s l a b s  by a h i g h  power e l e c t r o n  beam gun. The s l a b s  a r e  

d f s p a t c h e d  t o  t h e  r i b b o n  and shee t  o p e r a t i o n s  s e c t i o n ,  d e s c r i -  

bed i n  Sec. 7 . 3 .  
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FIGURE 7 . 6 :  LAYOUT OF METALS, FURNACES AND CASTERS 



7.2.2 Aluminum A l l o y i n g  Furnace:  The d l u m i n u m a l l o y i n g  f u r n a c e  

i s  d e s i g n e d  t o  t a k e  i n  r o d s  o f  p u r e  a luminum (6 .4  cm d i a m e t e r ) ,  

m e l t  them, and p roduce  l i q u i d  m e t a l  a t  800°C. Aluminum 6063 

a l l o y  may be produced b y  t h e  a d d i t i o n  o f  1.7 cm d i a m e t e r  Mg r o d s  

and 1.3 cm d i a m e t e r  S i  r o d s .  

The f u r n a c e  body i s  made o f  s l i p - c a s t ,  n i t r i d e  bonded s i -  

s i l i c o n  c a r b i d e ,  a r e f r a c t o r y  m a t e r i a l  r e s i s t a n t  t o  c o r r o s i o n  

by l i q u i d  m e t a l s .  The A l ,  1119, and S i  r o d s  a r e  f e d  i n t o  t h e  

f u r n a c e  t h r o u g h  v a p o r  s l e e v e s ,  and p r e - h e a t e d  w i t h  c o p p e r  i n -  

d u c t i o n  c o i l s .  I n d u c t i o n  h e a t i n g  c o n t i n u e s  as t h e  r o d s  a r e  

submerged i n t o  t h e  m e l t .  The mean r e s i d e n c e  t i m e  i n  t h e  a l -  

l o y i n g  chamber f o r  6063 a l l o y  i s  2 m i n u t e s .  D u r i n g  t h i s  t ime .  

i n d u c t i o n  c o i l s  a c t  t o  m i x  t h e  l i q u i d  m e t a l .  The maximum 

p r o d u c t i o n  r a t e  f o r  one f u r n a c e  i s  .6 kg/sec  o r  1.9 x l o 4  t o n s  

p e r  y e a r  i n  c o n t i n u o u s  o p e r a t i o n .  A t  c a p a c i t y ,  t h e  f u r n a c e  

h o l d s  1250 k g  o f  l i q u i d  m e t a l .  

The i n d u c t i o n  c o i l s  used t o  h e a t  and s t i r  t h e  m e t a l  i n  

t h e  f u r n a c e  a r e  7 5 Z  e f f i c i e n t ;  2 0 9  k w  must  be  w a s t e d  t h r o u g h  

an a c t i v e  c o o l i n g  system. The s t u d y  g roup  p roposes  a sys tem 

w h i c h  uses l i q u i d  sodium t o  draw h e a t  f r o m  t h e  c o i l s  and w a s t e  

i t  t h r o u g h  a r a d i a t o r .  S i n c e  t h e  c o i l  r e s i s t i v i t y  i n c r e a s e s  

w i t h  t e m p e r a t u r e ,  a t r a d e o f f  e x i s t s  between i n c r e a s e d  power 

g e n e r a t i o n  ( p r o d u c i n g  a h i g h  t e m p e r a t u r e )  and i n c r e a s e d  r a d i -  

a t o r  s i z e  ( a l l o w i n g  r a d i a t i o n  a t  a l o w e r  t e m p e r a t u r e ) .  The 

r a d i a t o r  i s  p r e s e n t l y  d e s i g n e d  f o r  an o p e r a t i n g  t e m p e r a t u r e  

o f  abou t  300°C. 
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Cost e s t i m a t e s  f o r  b o t h  t h e  aluminum and i r o n  a l l o y i n g  f u r -  

naces were deve loped  f rom c o n s u l t a t i o n s  w i t h  an i n d u s t r i a l  e q u i p -  

ment c o s t i n g  s p e c i a l i s t  a t  Kenneco t t  Copper Co. and a member o f  

t h e  r e s e a r c h  a n d  development  d i v i s i o n  o f  t h e  N o r t o n  Co. 

Cas ing  1 -1 50 0 

R a d i a t o r  & P i  pes 1 1000 10  

Co i  1 s 1 60 1150 - 

Controller 1 5 .1 

m . 1 

S P E C I F I C A T I O N  SHEET 

Mach ine  Name: Aluminum A l l o y i n g  Furnace 

F u n c t i o n  o f  Machine: To p roduce e i t h e r  m o l t e n  A1 o r  A 1  a l l o y  

Mass o f  Machine:  1215  k g  

P h y s i c a l  Dimensions:  4.8 m l e n g t h ;  . 7  m maximum d i a m e t e r  

Th roughpu t /Mach ine  ( t o n s / y e a r ) :  1.4 x 10 

Power Requ i rements  (KW/machine): 1160 

Number o f  Machines:  3 

4 

- 
9, w 
Y 8 
Y L . L C  
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7 .2 .3  I r o n  A l l o y i n g  Furnace: The i r o n  c l l o y i n g  f u r n a c e  i s  

des igned  t o  t a k e  i n  r o d s  of  p u r e  i r o n  ( 6 . 4  cm d i a m e t e r )  a n d  

t o  produce molten i r o n .  W i t h  t h e  a d d i t i o n  o f  2.5 cm d iame te r  

aluminum rods and 1.3 cm diameter  s i l i c o n  r o d s ,  SENDUST a l l o y  

can be produced. 

The i r o n  fu rnace  i s  ope ra t ed  i n  t h e  same f a s h i o n  as t h e  

a l u m i n u m  fu rnace .  The body i s  made o f  g r a p h i t e  t o  provide  

c o r r o s i o n  r e s i s t a n c e  a n d  t h e  fu rnace  c a p a c i t y  i s  3100 kg moving 

a t  .56  kg j sec  o r  1.8 l o 4  t o n s / y e a r .  

1600 *C.  

The metal  l e a v e s  a t  

SPEC1 FICATION SHEET 

Machine Name: I ron  Al loy ing  Furnace 

F u n c t i o n  o f  Machine: To produce e i t h e r  molten Fe o r  SENOUST a l l o y  

Mass O f  MdChine: 1215 kg 

Phys ica l  Dimensions: 4.8 m l e n g t h ;  . 7  m maximum d iame te r  

ThroughputjMachine ( t o n s / y e a r ) :  1 - 9  X 10 

Power Requirements (KW/machine): 1160 

Number o f  Machines: 1 

Number o f  Opera tors :  0 

3 

n 
Q, W 

\ W  Y Q) 
Y c L C  

Q).r L r  
.ne u) Q) 3- 
E O  u) L us 
s a  (0 0 ( D =  
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FIGURE 7.8: I R O N  ALLOYING FURNACE 



7.2.4 L i q u i d  Aluminum P i p e l i n e :  A l i q u i d  a luminum p i p e l i n e  

i s  needed f o r  t h e  t r a n s p o r t  o f  m o l t e n  A 1  and A 1  6063 w i t h i n  

t h e  SMF. 

t e r s .  The p i p e s  were d e s i g n e d  f o r  a maximum t h r o u g h p u t  o f  

.6 kg /sec  o r  19,000 t o n s / y r  i n  c o n t i n u o u s  o p e r a t i o n ;  normal  

t h r o u g h p u t  i s  10,300 t o n s / y r .  

The p i p e  c o n n e c t s  t h e  A 1  f u rnaces  t o  t h e  m e t a l  cas -  . 

?he p i p e s  a r e  made o f  s i l i c o n  c a r b i d e  i n  a n i t r i d e  m a t r i x  

and a r e  s i t e d  t o  s u r v i v e  h a n d l i n g  s t r e s s e s .  C o n s u l t a t i o n s  

w i t h  e x p e r t s  i n  i n d u s t r y  r e s u l t e d  i n  t h e  s e l e c t i o n  o f  a 6 mm 

p I p e  w a l l  t h i c k n e s s .  S i x  l a y e r s  o f  f o i l  i n s u l a t i o n  p r e v e n t  

c o o l i n g  o r  s o l i d i f i c a t i o n  o f  t h e  m e t a l .  

o f  f o i l  was found b y  u s i n g  t h e  e q u a t i o n :  

The number o f  l a y e r s  

where IZ i s  e m i s s i v i t y ,  CJ i s  t h e  Stephan-Bo l tzmann c o n s t a n t ,  

n i s  t h e  number o f  f o i !  l a y e r s ,  r i s  t h e  r e f l e c t i v i t y ,  and 

Q i s  t h e  power r a d i a t e d  away t h r o u g h  t h e  i n s u l a t i o n .  Because 

o f  t h e  h i g h  t e m p e r a t u r e s  i n v o l v e d  t h e  f i r s t  two l a y e r s  s h o u l d  

be t i t a n i u m  and t h e  o t h e r  f o u r  l a y e r s  s h o u l d  be aluminum. 

E l e c t r o m a g n e t i c  pumps ( s e e  F i g . 7 . 9  ) p r o v i d e  the  p r e s s u r e  

n e c e s s a r y  t o  f o r c e  l i q u i d  m e t a l  t h r o u g h  t h e  p i p e .  These work  

b y  p a s s i n g  d i r e c t  c u r r e n t  t h r o u g h  t h e  l i q u i d  m e t a l  a t  r i g h t  

a n g l e s  t o  a m a g n e t i c  f i e l d .  

The pumps w i l l  have m e t a l  c o n t a c t s  ( t u n g s t e n  a l l o y )  e x t e n d i n g  

i n t o  t h e  f l u i d .  

if any c o o l i n g  does o c c u r .  

T h i s  p roduces  a f o r c e  on t h e  f l u i d .  

The pumps may a l s o  be d e s i g n e d  t o  p r o v i d e  h e a t  

The s i z e  o f  t h e  pump was d e t e r m i n e d  
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f r o m  c u r r e n t  i n d u s t r i a l  pump s i z e s ,  and b y  c a l c u l a t i o n  o f  t h e  

f l u i d  f l o w  r a t e  and p r e s s u r e  needed. C o s t i n g  f o r  pumps was 

done b y  c o m p a r i s o n  w i t h  pumps used b y  t h e  n u c l e a r  power i n -  

d u s t r y .  Cos t  e s t i m a t e s  f o r  t h e  p i p e l i n e  i t s e l f  were  a l s o  

based on i n f o r m a t i o n  a b o u t  c u r r e n t l y  a v a i l a b l e  m a t e r i a l s .  

R & D f o r  the  p i p e l i n e  s h o u l d  i n c l u d e  l o n g  t e r n  e x p o s u r e  o f  

t h e  m a t e r i a l s  t o  vacuum and c o r r o s i o n  r e s i s t a n c e  t e s t i n g .  

S i l i c o n  N i t r i d e  
P i p e  I 

u c t o r s  
t e n  
c t s  

D C  M a g n e t  Coil. 

F I G U R E  7 . 9 :  L I Q U I D  A L U M i N U M  P I P E L I N E  
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S P E C I F I C A T I O N  SHEET 

Machine Name: L i q u f d  Aluminum Pipeline 

Funct ion  o f  Machfne: To transport l i q u i d  A ?  within t h e  SMF 
, 

Mass o f  Machine: 115 k g  

Physical Dimensions: 30 m x .2 m; 

fhroughput/Machine (tons/year): 

Power Requirements (KW/machine): 

Number o f  Machines: 4 

Number o f  Operators: 0 

6 m m  wall thickness 

1.03 lo4 
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7.2.5 L i q u i d  I r o n  P i p e l i n e :  The i r o n  p i p e l i n e  moves l i q u i d  

i r o n  o r  SENDUST alloy f rom t h e  i p o n  f u r n a c e  t o  t h e  d i e  c a s t e r .  

The i r o n  p i p e l i n e  i s  made o f  g r a p h i t e  tcr p r o v i d e  c o r r o s i o n  r e -  

s i s t a n c e .  L i k e  t h e  a luminum p i p e l i n e ,  t h e  maximum f l o w  r a t e  

i s  .6  k g / s e c ;  however  the i r o n  p i p e l i n e  w i l l  o n l y  b e  r e q u i r e d  

t o  c a r r y  1900 t o n s / y e a r  i n  mormal o p e r a t i o n .  

F o r  c o s t i n g  i n f o r m a t i o n  a n d  o t h e r  G e t , i l s  s e e  Sec. 7 .2 .4 ,  

" L i q u i d  A 1  umi num P i  pe l  i n e " .  

C 
Ma 

F 

o b a l t  A l l o y  
g n e t i c  C i r c u i t  

o p p e r  Conduct  
h T u n g s t e n  Co 

1 ow 

,ors 
l n t a c t s  

D C  M a g n e t  C o i l s  

F I G i J R E  7 . 1 0 :  L I O U I D  I R 9 N  PIPELINE 
I 
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SPECIFICATION SHFET - 
Machine Name: LiquiC; I r o n  P i p e l i n e  

Function o f  Machine: To t r a n s p o r t  l i q u i d  Fe w i t h i n  t h e  SMf  

Mass o f  Machine: 75 kg 

P h y s i c a l  Dimensions: 30 m x . 2  m ( i n C l .  f o i l  i n s u l . ! ;  h n m  w a l l  

Throughput, 'Machine ( t o n s / y e a r ) :  1 . ?  x 10 

Power Reqbirements (KW/machine); 0 

3 

Number o f  Machines: 1 
- 
m 0 

\a Y 4) 
L C  Y L 
4)- L.r 
as VI 4) 3- 
E O  u) 3 0-x 
a m  (0 0 Q ) Y  

Number o f  O p e r a t o r s :  0 

Components: rr I: a=- 
n 

P i  pe Segments 5 - 1 0  0 

J o i n t s  3 1 . s  0 

EM Pump 2 10 . O O l  
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7.2.6 Con t inuous  Cas te r :  The c o n t i n u o u s  c a s t e r  i s  d e s i g n e d  t o  

p roduce a luminum s l a b s  f r o m  l i q u i d  aluminum. Con t inuous  cas -  

t i n g  i s  e s p e c i a l l y  s u i t a b l e  f o r  use  i n  space because i t  can 

p roduce  u n i f o r m  s l a b s  i n  t h e  absence o f  t r o u b l e s o m e  c o n v e c t i o n  

c u r r e n t s  i n d u c e d  b y  g r a v i t y .  The c a s t e r  c o n s i s t s  o f  a mo ld  

and a h e a t  removal  systems w h i c h  c i r c u ; , t e s  a q u a n t i t y  o f  1 4 -  

q u i d  sodium c o o l a n t  between t h e  mo ld  and a r a d i a t o r .  

The c a s t e r  w i d t h  i s  s i z e d  f o r  s t r u c t u r a l  member r i b b o n  p r o -  

d u c t i o n :  each s l a b  has c r o s s - s e c t i o n  .70 x .02 m e t e r s .  A f t e r  

r o l l i n g ,  t h e  w i d t h  i n c r e a s e s  t o  ,735 mete rs ,  t h e  w i d t h  r e q u i r e d  

f o r  s t r u c t u r a l  member r i b b o n .  The 2-cm m o l d  t h i c k n e s s  i s  t h e  

r e s u l t  o f  t r a d i n g  o f f  t h e  ease o f  l i q u i d  m e t a l  i n j e c t i o n  and 

t h e  ease o f  r o l l i n g  t h e  r e s u l t a n t  s l a b s .  The s e a r c h  f o r  a mate-  

r i a l  t h a t  i s  b o t h  h i g h l y  c o n d u c t i v e  ( f o r  h e a t  r e m o v a l )  and r e -  

s i s t a n t  t o  l i q u i d  A1 c o r r o s i o n  r e s u l t e d  i n  t h z  s e l e c t i o n  o f  

S - a p h i t e  as a mold  m a t e r i a l .  

The c o o l i n g  sys tem i s  d e s i g n e d  t o  c o o l  t h e  m e t a l  f r o m  800°C 

a t  a r a t e  o f  1 kg /sec  ( o r  3.2 x I O 4  t o n s / y e a r )  o p e r a t i n g  a t  

maximum c a p a c i t y .  C o o l i n g  f l u i d  f l o m  i n  s h e e t s  a c r o s s  t h e  

upper  and l o w e r  s u r f a c e s  o f  t h e  mold.  The t e m p e r a t u r e  o f  t h e  

c o o l a n t  must be h i g h  enough t o  a l l o w  e f f e c t i v e  h e a t  r a d i a t i o n  

t o  space and l o w  enough t o  p r e v e n t  t h e  f o r m a t i o n  o f  d e f e c t s  i n  

t h e  s l a b s  ( w h i c h  r e q u i r e s  a l a r g e  t h e r m a l  g r a d i e n t  i n  t h e  mo ld ) .  

L i q u i d  sodium, used on E a r t h  f o r  c o o l i n g  a t  h i g h  t e m p e r a t u r e s ,  

has t h e  advantages o f  h i g h  h L a t  c a p a c f t y  and e s t a b l i s h e d  pum- 

p i n g  and p i : icg t e c h n o l o g y .  T h e r e f o r e  t h e  sys tem i s  d e s i g n e d  
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t o  a l l o w  sodium t o  e n t e r  t h e  c o o l i n g  j a c k e t  a t  200OC and l e a v e  

. .. 

Mo ld  1 

F l u i d  C o o l a n t  1 

Pi p i n g  Sys tern 1 

P u m p  4 

R a d i a t o r  1 

I 

a t  4 0 0 O C .  

must  f l o w  a t  a r a t e  o f  2.8 kg/sec,  r e m o v i n g  725 kW o f  power. 

A t  a t h r o u g h p u t  o f  1 kg /sec  o f  me ta l ,  l i q u i d  sod ium 

A r a d i a t o r  o f  1 mm t h i c k  a luminum w i t h  an a r e a  o f  1 8 0  m 2 r a d i -  

- 
* 1oc  0 

100  0 

150 0 

10  20 

500 0 

-- 

a t e s  away h e a t  f r o m  t h e  sod ium a t  an e f f e c t i v e  t e m p e r a t u r e  o f  

275OC. 

. .. 

Mo ld  1 

F l u i d  C o o l a n t  1 

Pi p i n g  Sys tern 1 

P u m p  4 

R a d i a t o r  1 

I 

Cost e s t i m a t i o n  f c r  t h e  c o n t i n u o u s  c a s t e r  was a i d e d  by con -  

s u l t a t i o n  w i t h  e x p e r t s  on sod ium c o o l i n g  systems p r e s e n t l y  used  

- 
* 1oc  0 

100  0 

150 0 

10  20 

500 0 

-- 

i n  n u c l e a r  r e a c t D r s .  Such systems, t h e  s t u d y  g roup  was t o l d ,  

have v i r t u a l l y  a 100% d u t y  c y c l e .  

SPECIFICATIOW SHEET 

Mach ine  Name: Con t inuous  C a s t e r  

F u n c t i o n  o f  Machine:  To p r o d u c e , s l a b s  o f  A1 o r  A1 6063 a l l o y  

Mass o f  Machine: 890 k g  

Physical Dimens ions :  - 8  m l e n g t h ;  . 7  rn w i d t h ;  ~ . l  m t h i c k n e s s  

Th roughpu t /Mach ine  ( t o n s j y e a r ) :  3.65 x 1 0  

Power  Requ i rements  (KW/machine): 20 

Number o f  Machines:  2 

4 

h 
0, W 

\ W  u Q, 
v L L C  
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7 * 2 . 7  Aluminum S l a b  C u t t e r :  Alurrqnum emerg ing  from t h e  con-  

t i n u o u s  c a s t e r  i s  c u t  i n t o  s l a b s  k * t h  c r o s s - s e c t i c n s  -70  m x 

-02 m, and l e n g t h s  v a r y i n g  a c c o r d i n g  t o  t h e  needs o 

p r o d u c t i o n  processes .  The c u t  i s  made b y  a hcavg d u t y  e l e c -  

t r o n  beam gun a s  shown i n  F i g .  7.12. The d e v i c e  c 8 e r a t e s  a t  

a power l e v e l  o f  128 k g  t o  c u t  t h e  2 cm t h i c k  CZtST a luminum 

a t  a r a t e  o f  4.2 cm/sec, T h i s  assuses t y p i c a l  e f f j r l e n c i e s  

o f  50% i n  t h e  gun and 50% i n  t h e  s u b l i m a t i o n  o f  t n e  m e t a l .  

l a t e r  

I n  an e l e c t r o n  beam gun, a t u n g s t e n  f i l a m e n t  i s  h e a t e d  

t o  incandenscence,caus ing  e l e c t r o n s  t o b o i l  o f f .  The e l e c -  

t r o n s  a r e  formed i n t o  a beam and a c c e l e r a t e d  by  a p o t e n t i a l  

o f  s e v e r a l  hundred thousand v o l t s  t h r o u g h  a cy1  i n d r i c a l  anode. 

The e l e c t r o n s  a r e  f o c u s e d  by an e l e c t r o m a g n e t i c  l e n s  t o  a 

0.1 - 1 m n  s p o t  on t h e  s l a b  where t h e y  r e l e a s e  t h e i r  k f n e -  

t i c  energy,  v a p o r i z i n g  t h e  m a t e r i a l  i n  t h e  c u t t i n g  a rea ,  De- 

f l e c t i o n  c o i l s  p r o v i d e  some l a t e r a l  movement o f  t h e  f o c a l  

p o i n t ,  b u t  the gun a l s o  moves a l o n g  a t r a c k  i n c l i n e d  a t  50 

t o  t h e  d i r e c t i o n  o f  m o t i o n  o f  t h e  s l a b ,  t h e r b y  mak ing  a p e r -  

p e n d i c u l a r  c u t  a c r o s s  t h e  s l a b .  

Vacuum i s  t h e  t> :s t  c o n d i t i o n  f o r  EB c u t t i n g  o p e r a t i o n s ,  

s i n c e  t h e  e l e c t r o n  beam i s  d i s p e r s e d  b y  c o l l i s i o n s  w i t h  any  

gas mo lecu les .  Vacuum r e q c i r e m e n t s  a r e  t h e  main  r e a s o n  why 

l a s e r s  a r e  more commonly used for  beam c u t t i n g  on e a r t h :  e l e c -  

t r o n  beam guns, however, a r e  m o r e  e n e r g y - e f f i c i e n t  a r d  pene- 

t r a t e  deeper .  
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The o n l y  consumable i t e m  i n  an EB gun i s  t h e  t u n g s t e n  

f i l a m e n t  w h i c h  must be r e p l a c e d  e v e r y  8 h o u r s  ( i n  a c u t t i n g  

gun) because o f  C o n t a m i n a t i n g  vapor  from t h e  bombarded mate-  

r i a l .  A r e f i l l  magaz ine  o f  20 f i l a m e n t s  and a s p a r e  c a t h o d e  

i s  mounted d i r e c t l y  on t h e  gun and a u t o m a t i c a l l y  r e p l a c e s  a 

f i l a m e n t  when one goes o u t .  

E l e c t r o n  beam guns r e q u i r e  a c l o s e d  c u r r e f i t  l o o p  t o  r e -  

t u r n  t h e  e l e c t r o n s  t o  t h e  cathode.  T h e r e f o r e ,  t h e y  c a n  o n l y  

be  used on c o n d u c t i v e  m a t e r i a l s ,  or  t h e  q u i c k  b u i l d - u p  o f  

n e g a t i v e  c h a r g e  a t  t h e  i m p a c t  p o i n t  w i l l  r e p e l  t h e  e l e c t r o n  

beam, and t h e  b u i l d - u p  o f  p o s i t i v e  c h a r g e  i n  t h e  c a t h o d e  w i l l  

e l i m i n a t e  t h e  p o t e n t i a l  d i f f e r e c c e  a c c e l e r a t i n g  t h e  e l e c t r o n s .  

I n  s l a b  c u t t i n g ,  e l e c t r o n s  a r e  r e t u r n e d  t o  t h e  gun v i a  a m e t a l  

b r u s h s w e e p i n g  a c r o s s  t h e  s l a b  s u r f a c e  n e x t  t o  the c u t t i n g  zone. I 
I 
Above l O K H  power i n p u t ,  an EB gun p r o b a b l y  c a n n o t  be e f -  

f e c t i v e l y  c o o l e d  by a p a s s i v e  r a d i a t o r .  An a c t i v e  c o o l i n g  

sys tem e m p l o y i n g  l i q u i d  sod ium i s  t h e r e f o r e  used. Assuming 

a d i f f e r e n c e  o f  100°K between t h e  i n p u t  and o u t p u t  t emper -  

a t u r e s ,  . 5  k g l s e c  o f  l i q u i d  sodium must c i r c u l a t e  t h r o u g h  t h e  

gun. 

A c c e l e r a t i n g  v o l t a g e ,  f o c u s i n g  c u r r e n t ,  beam c u r r e n t ,  

l a t e r a l  sweep speed, and g u n - t o - s l a b  d i s t a n c e  a r e  a l l  con- 

t r o l  pa ramete rs  o f  a gun. By i n c r e a s i n g  t h e  a c c e l e r a t i n g  

v o l t a g e  or  f o c u s i n g  c u r r e n t ,  t h e  s i z e  o f  t h e  f o c u s e d  s p o t  

can be decreased,  c a u s i n g  deeper  p e n e t r a t i o n .  I n c r e a s i n g  
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t h e  beam c u r r e n t  o r  d e c r e a s i n g  t h e  sweep speed w i l l  a l s o  fn- 

c r e a s e  DV p e n e t r a t i o n .  The d f s t a n c e  between t h e  s l a b  and 

gun w i l l  a l s o  a f f e c t  t h e  i n t e n s i t y  o f  t h e  focused  s p o t  s i n c e  

t h e  g r e a t e r  t h e  t r a v e l i n g  d i s t a n c e ,  t h e  h i g h e r  t h e  space- 

c h a r g e  r e p u l s i o n  e f f e c t ,  w h i c h  ' sp reads  o u t '  t h e  e l e c t r o n  i n  

t h e  beam. Re fe rence  7.1 d i s c u s s e s  n u m e r i c a l  c o n t r o l  of an 

EB gun. 

SPECIFICATION SHEET - 
Machine Name: Aluminum S l a b  C u t t e r  

F u n c t i o n  o f  Machine: TO c u t  A 1  s l a b s  ( o u t p u t s  o f  c o n t i n u o u s  c a s t e r )  

Mass o f  Machine:  96 k g  

P h y s i c a l  D imens ions :  2 m 1.5  m 2 m 

T h r o u g h p u t j M a c h i n e  ( t o n s / y e a r ) :  0 - -  

Power Requ i remen ts  (KW:machine): 130 
n 

Number o f  Machines:  2 



7 . 2 . 8  A 1  and Fe D i e  C a s t e r s :  C a s t i n g  on E a r t h  i s  a c c o m p l i s h e d  

by l a d l i n g  l i q u i d  m e t a l  i n t o  a s l e e v e ,  t h e n  d r i v i n g  i t  i n t o  a 

m e t a l  m o l d  w i t h  a p i s t o n  a t  h i g h  pressu;e ( 1  . 3  Y 10 N/m ) .  8 2 

To a d a p t  t h i s  p r o c e s s  f o r  use i n  spsce,  a v a l v e  i s  p l a c e d  

n e a r  t h e  e n t r a n c e  t o  t h e  s l e e v e  ( s e e  F i g .  7.13). I n  o r d e r  t o  

c a s t  many p i e c e s  e f f i c i e n t l y ,  t h e  s t u d y  g roup  has d e s i g n e d  a 

sys tem i n  w h i c h  s e v e r a l  mo lds  can be f e d  by  one p i s t o n  and 

one l i q u i d  m e t a l  p i p e l i n e .  The c h a r g i n g  o f  t h e  molds  i s  con-  

t r o l l e d  b y  v a l v e s  a t  one end o f  t h e  p i s t o n  s l e e v e .  An a c t i v e  

c o o l i n g  sys tem c i r c u l a t e s  f l u i d  a round  each mold.  Once t h e  

c a s t i n g  i n  a mo ld  has s o l i d i f i e d ,  t h e  m o l d  i s  opened, a l l o w i n g  

t h e  c a s t i n g  t o  be removed t o  a s t o r a g e  f r a m e .  C a s t i n g s  p r o -  

duced by  t h e  d i e  c a s t e r  i n c l u d e :  s o l e n o i d  p o l e s ,  s o l e n o i d  

c o r e s ,  k l y s t r o n  hous ings ,  m a n i f o l d  p a r t s ,  end j o i n t s  and j o i n t  

c l u s t e r s .  

Cos t  e s t i m a t e s  f o r  t h e  d i e  c a s t e r  were based on t h e  as-  

s u m p t i o n  t h a t  an e a r t h - b a s p d  d i e  c a s t e r  c o u l d  be r e d u c e d  i n  

mass by a t  l e a s t l 5 0 %  when r e d e s i g n e d  f o r  space use.  

Two such d i e  c a s t e r s  a r e  i lsed i n  t h e  r e f e r e n c e  SMF; one 

f o r  t h e  p r o d u c t i o n  o f  aluminurn and aluminum a l l o y  components, 

the  o t h e r  f o r  t h e  c a s t i n g  o f  i r o n  p o l e  p i e c e s  f o r  k l y s t r o n s .  

The aluminum d i e  c a s t e r  p roduces  m a n i f o l d  p a r t s ,  k l y s t r o n  

h o u s i n g s ,  s o l e n o i d  c o r e s ,  end j o i n t s ,  and j o i n t  c l u s t e r s .  O f  

t h e  1 9  molds ,  5 a r e  devo ted  t o  t h e  p r o d u c t i o n  o f  a l l o y  end 

j o i n t s  and j o i n t  c l u s t e r s , w h i c h  r e q u i r e  a p p r o x i m a t e l y  70 h o u r s  

o f  p r o d u c t i o n  t i m e  p e r  y e a r  (assuming one m o l d i n g  e v e r y  two 
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m i n u t e s ) .  The r e m a i n i n g  14 molds a r e  used i n  t h e  m a n u f a c t u r e  

o f  a luminum p r o d u c t s .  

The i r o n  d i e  c a s t e r  i s  used t o  p roduce t h e  s o f t  * i r on  so- 

l e n o i d  p o l e  p i e c e s  r e q u i r e d  f o r  k l y s t r o n  p r o d u c t i o n  (448,000 

p e r  y e a r ) .  One mold  i s  used i n  t h e  p r o d u c t i o n  p r o c e s s .  

SPECIFICATION SHEET 

Mach ine  Name: A1 D i e  C a s t e r  

F u n c t i o n  o f  Machine:  

Mass o f  Machine:  35,500 kg 

To z a s t  p a r t s  f r o m  l i q u i d  A 1  and A 1  a l l o y .  

P h y s i c a l  D imens ions :  6 m x 6 m x 4 m 

Throughpu t /Mach ine  ( t o n s / y e a r ) :  4 - 1  X 10 

Power Requ i remen ts  (KWjmachine) :  290 

3 

n 
cn W 

L C  Y . L  
Q,c L.r  
as VI Q) 3- 
6 U  cn 3 03 
3-  cb O m =  

Number o f  Machines:  1 \a8 Y Q, 

Number o f  O p e r a t o r s :  - 2 5  
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SPECIFICATION SHEET 

P i s t o n  and Chamber 

Molds 

A c t i v e  C o o l i n g  System 

R a d i a t o r  

Machine Name: Fe D i e  C a s t e r  

- 
1 0  1 2000 

1 1000 5 

1 100 8 

1 50 0 

7 

F u n c t i o n  o f  Machine:  To c a s t  p a r t s  from l i q u i d  Fe 

Mass o f  Machine:  3150 kg  

P h y s i c a l  Dimensions: 4 m X 3 m X 4 m 

Throughput /Machine ( t o n c l y e a r )  : 800 

Power Requirements  (KW/machine): 2 3  

Number o f  Machines:  1 
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7 . 2 . 9  Transformer Core Cas t e r :  Because t h e  t r a n s f o r m e r  c o r e s  

a r e  much  l a r g e r  t h a n  t h e  o t h e r  d i e  c a s t  p a r t s ,  a s e p a r a t e  

f a c i l i t y  has been designed f o r  t h e i r  productfon.  This  f a c i l i t y  

w i l l  be opera ted  in  t h e  same fa sh ion  as t h e  d i e  c a s t e r .  

The mold must measure 1 x 2 x 3 meters .  A f t e r  cool i r ig ,  

an o p e r a t o r  removes t h e  c a s t i n g  from t h e  mold a n d  d e l i v e r s  

i t  t o  a s t o r a g e  a r e a .  

Mass e s t i m a t e s  f o r  t h i s  device  a r e  b a s e d  on a s c a l i n g  u p  

o f  t h e  d i e  c a s t e r  ( s e e  Sec.  7 .2 .8 ) .  

. 

VALVE k-& 
ELECTROMAGNETIC PUMP 

F I G U R E  7 . 1 4 :  T R A N S F O R M E R  C O R E  C A S T E R  
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SPECIFICATION SHEET 

Machine Name: Transformer  Core C a s t e r  

F u n c t i o n  o f  Machine: To c a s t  transfo,-mer c o r e s  

C a s t e r  10000 

A c t i v e  C o o l i n g  System 1000 

R a d i a t o r  1 500 

- 

. 4 

Mass o f  Machine: 11 ,500 k g  

P h y s i c a l  Dimensions: 1 m X 2 nl X 10 m 

Throughput/Machine ( t o n s / y e a r )  : 1 - 1  X 

Power Requirements (KW/machine): 1 1 0  

Number o f  Machines: 

Number o f  Ope,*ators: - 0 4  

1 

-. 
50 

60 

' 0  

n 
c1 u 
Y 

ul 
ul 
Q s. 
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7 . 3 :  RIEBOP A N D  S H E E T  GPERATIONS 

7.3.1 Overv izw:  - Figure 7.15 shows a t o p  view o f  the  r ibbon 

a n d  sheot o p e r a t i o n s  s e c t i o n  of  .the camponents f a c t o r y .  

-- - 

S l a b s  o f  6 0 6 3  A1 a l l o y  and pure a l u m i n u m  a r e  r ece ived  a t  

the  r o l l i n g  mills f r o 3  t h e  cont inuous  c a s t e r s  ( d e s c r i b e d  i n  

Sec.  7 . 2 ) .  

The a l l o y  i s  r o l l e d  t o  a thickness o f  1 .77  mm and d i s -  

p a t c h e d  a s  a - 7 4  m wide r i b b c n  t o  the  end t r i m m i n g  a n d  w e l d i n g  

a r e a .  Here ends of t h e  r ibbon a r e  trimmed squa re  by e l e c t r o n  

beam c u t t e r L .  The s u c c e s s i v e  r ibbons  :re welded t o g e t h e r  t o  

form long r i b b o n s ,  a n d  t h e  long  r ibbons  a r e  wound  on to  r o l l e r s .  

D u r i n g  w i n d i n g ,  t e f l o n  s h e e t s  a r e  placed between s u c c e s s i v e  

la;.?rs o f  a l u m i n u m  i n  o r d e r  t o  p revent  vacul.im welding of t h e  

r i b b o n  s u r f a c e s .  The r o l l s  of 6063 a l l o y  a r e  d i s p a t c h e d  t o  

t h e  o u t p u t  a r e a  t o  be used a s  s t r u c t u r a l  member Y i b o o n .  

T h e  pure a l u m i n u m  i s  r o l l e d  t o  a th- ickness  o f  1 m m  anu 

d i s p a t c h e d  t o  one of  t h r e e  a r e b s ;  end t r imminc  and welding 

( t o  be d i spa tched  a s  busbar  s t r i p s ; ,  :!leet t r : m m i n y  ‘ t o  be 

c u t  squa re  hy e l e c t r o n  beam c u t t e r s  and used i n  t h e  format ion  

of  r a d i a t o r  s h e e t s ) ,  o r  t o  t h e  r ibbon s l i c e r  ( t o  be c u t  i n t o  

s t r i p s  for  t h e  manufacture  c f  hea t  p i p e s ) .  

Ribbon from t h e  r i b b o n  s l i c e r  i s  then e i t h e r :  t ~ i m ~ , * d  

i n  t h e  r ibbon trimmer a n d  used as  hea t  pfpe r ibbon i n  r a d i a t o r  

a s s e m b l i e s ;  s t r i a t e d ,  form r o l l e d  a n d  trimmed, d n d  used as 

hea t  pipe segments i n  r a d i a t o r  a s s e m b l i e s ;  formed r o l l e d  a n d  

trimmed ( w i t h o u t  s t r i a t i o n )  f o r  use a s  r a d i a t o r  p i p e  segments 

7 . 3 7  
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i n  D C - P C  c o n v e r t e r  r a d i a t o r  assembly;  o r  s p o o l e d  and used a s  

e l e c t r i c a l  w i r i n g .  

Sheets  f r o m  t h e  s h e e t  t r i m m e r  a r e  l a i d  o u t  and e l e c ' i r o n  

beam we lded  t o g e t h e r  t o  f o r m  r a d i a t o r  s h e e t s  f o r  t h e  k l y s t r o n  

and D C - D C  c o n v e r t e r  a s s e m b l i e s .  because o f  t h e  s i z e  o f  t h e  

D C - D C  c o n v e r t e r  r a d i a t o r s ,  t h e y  canno t  be t r a n s p o r t e d  t h r o u g h  

t h e  f a c t o r y  and are t h e r e f o r e  assembled c l o s c  t o  t h e  d i s p a t c h  

a r e a  t o  m i n i m i z e  t h e  h a n d l i n g  r e q u i r e d .  

The o u t p u t s  o f  t h i s  s e c t i o n  a r e  t h e n :  s t r u c t u r a l  member 

r i b b o n ,  busbar  s t r i p s ,  k l y s t r o n  r a d i a t o r s ,  aluc.inum w i r e ,  and 

D C - D C  c o n v e r t e r  r a d i a t o r s .  The machines used  a r e  d e s c r i b e d  

b e l  ow. 

7.39 



7 .3 .2  R o l l i n g  1 : ' i l :  - To produce s h e e t  f o r  use i n  s t r u c t u r a l  

members a n d  o t . * r  p roduc t s ,  i t  i s  d e s i r a b l e  t o  c o l d - r o l l  the 

s t o c k  t o  g i v e  t h e  s h e e t  g r e a t e r  s t r e n g t h .  Unfo r tuna te ly ,  an 

a t t e m p t  t o  c o l d - r o l l  aluminum s t o c k  t o  g r e a t e r  than 120% o f  

i t s  o r i g i n a l  l e n g t h  w i l l  produce unwanted c r a c k s  i n  the pro-  

d u c t .  The SMF r o l l i n g  m i j l  i s  t h e r e f o r e  designed t o  h o t - r o l l  

a l u m i n u m  a t  a l l  s t a g e s  b u t  t he  f i n a l  one. To f a c i l i t a t e  h o t -  

r o l l i n g ,  t h e  m i l l  r e c e i v e s  s l a b s  d i r e c t l y  from the c a s t e r ,  a t  

5 O O O C .  In t h e  even t  o f  a product ion  s toppage  a t  t h e  c a s t e r ,  

h e a t i n g  elements  a t  t h e  e n t r y  t o  t h e  r o l l i n g  mill a re  put 

i n t o  o p e r a t i o n .  These c o n s i s t  o f  e l e c t r o d e s  which pass l a r g e  

c u r r e n t s  t h r o u g h  s l a b s  a r r i v i n g  from s t o r a g e  ( s s e  r i g .  7.16) .  

Once I n  t h e  m i l ? ,  s l a b s  f i r s t  pass t h r o u g h  "roughing r o l -  

l e r s "  Nhich have v e r t i c a l  a s  well  a s  h o r i z o n t a l  r o l l s  d e s i g n e d  

t o  m a i n t a i n  t h e  shape o f  t h e  s h e e t .  H o r i z o n t a l  r o l l s  a r e  45 cm 

i n  d i ame te r ;  v e r t i c a l  r o l l s  a r e  20 CCI i n  d i ame te r .  F in i sh ing  

r o l l e r s  then produce s 9 e e t s  t h a t  a r e  c l o s e  t o  the  d e s i r e d  s ize .  

f i n a l l y ,  t h e  s h e e t s  may be passed t h r o u g h  an a c t i v e  coo l ing  de- 

v i c e  a n d  c o l d - r o l l e d  a t  150°C i n  t h e  f i n a ?  s tage .  

The va r ious  s t a g e s  o f  t h i s  r o l l i n g  mill can b e  s e t  t o  

d i f f e r e n t  r o l l e r  s p a c i n g s ,  t hus  producing s h e e t  anywhere f rom 

1 mm t o  20 mm t h i c k .  I n  a d d i t i o n ,  t h e  c o l d - r o l l i n g  steps can 

be omi t ted  i f  s t r u c t u r a l  s t r e n g t h  i s  n o t  r e q u i r e d  i a  t h e  pro-  

d u c t  ( i n  t h i s  ca se  the  product  t r d v e l s  t h r o u g h  t h e  cool ing  

j a c k e t  a n d  f i n a l  r o l l s  u n c h a n s e d ! .  

7.40 



H e a t i n g  Electrodes  

R o u g h i n g  Rollers C o o l i n g  J a c k e t  

F i n i s h i n g  
S t a n d  
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S P E C I F I C A T I O N  SHEET 

~ P r e h e a t  System 

Roughing S tand  

C o o l i n g  System 

F i n i s h i n g  Stand 

H a c h i n e  Name: R o l l i n g  H i l l  

F u n c t i o n  o f  Machine: P r o d u c t i o n  o f  s h e e t s  f r o m  s l a b s  

- 
1 -1 00 10 

1 105000 225 

1 10000 5 

1 70000 150 

Hass o f  f f ach ine :  187,000 k g  

P h y s i c a l  Dimensions:  17  IO x 2 m x 5 m 

T h r o u g h p u t / H a c h i n e  ( t o n s / y e a r ) :  3.65 x 

Power Requ i rements  (KW/machine): 410 

Number o f  Machines:  1 

l u m b e r  o f  O p e r a t o r s :  0 

R a d i a t c r  1 

H a n d l i n g  8 C o n t r o l  S y s t e m  1 
- 

1 o4 

100 1 0  

2000 1 0  

n 
OI U 
Y 0 
v L 

&- 
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7 . 3 . 3  End Tr imming,  Weld ing ,  and R o l l  WindinQ:  These o p e r -  

a t i o n s  a r e  show i n  F i g .  7.17. Aluminum r i b b o n  (1 mm t h i c k )  

o r  6063 A 1  a l l o y  r i b b o n  (1.77 mm t h i c k )  a r e  f e d  f r o m  t h e  

r o l l i n g  m i l l  t h r o u g h  t h e  end t r i m m e r .  The t r i m m e r  c o n s i s t s  

o f  an e l e c t r o n  beam gun w h i c h  c u t s  t h e  ends o f  t h e  r i b b o n  

"square "  ( p e r p e n d i c u l a r  t o  t h e  r i b b o n  edges).  Subsequent  

r i b b o n s  o f  t h e  same m a t e r i a l  and gauge a r e  t h e n  EB we lded  

end t o  end. The r i b b o n s  produced a r e  wound o n t o  s p o o l s  w i t h  

t e f l o n  s h e e t s  between s u c c e s s i v e  l a y e r s  o f  a luminum t o  p r e -  

v e n t  vacuum w e l d i n g .  The s t r i p s  p rodaced by w e l d i n g  a r e  

660 m l o n g  i n  t h e  case  o f  t h e  1 lam gauge aluminum d e s t i n e d  

fo r  use as busbars ,  and o f  a l e n g t h  s u i t a b l e  for  use  i n  a 

beam b u i l d e r  i n  t h e  case o f  t h e  6063 A 1  a l l o y  s t r u c t u r a l  mem- 

ber r i b b o n  (1.77 mm t h i c k ) .  

The t e f l o n  used i n  t h e  r o l l s  i s  F e t u r n e d  t o  t h e  SMF f r o m  

t h e  SPS assembly s i t e  e v e r y  t h r e e  n o n t h s .  Howerer,  t h e  quan- 

t i t y  o f  s t r u c t u r a l  member s t r i p s  p roduced n e c e s s i t a t e s  an 

i n i t i a l  s t o c k  o f  3000 r o l l s .  

7 .43  
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FIGURE 7 .17 :  END T R I M ,  WELD, AND ROLL W I N D E R  



S P E C I F I C A T I O N  SHEET 

Machine Name: End Trimming & Welding & R o l l  

Function o f  Machine: C r e a t i o n  o f  s t r u c t u r a l  
bars  from sheet  

#ass o f  Machine: 840,000 k g  

Physical Djmensions: 1 m x 1 x 2 m 

Throughput/Machine ( t o n s / y e a r ) :  12,700 

Power Requirements (KW/machine): 70 

Winding 

members and bus - 

Number o f  Machines: 2 

Number o f  Opera tors :  0 

A c t i v e  C o o l i n g  System 1 1 
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7.3.4 Sheet  Tr immer:  Ribbons t o  be used i n  t h e  assembly o f  

r a d i a t o r  s h e e t s  ( s e e  Secs. 7.39 and 7.3.10) a r e  t r immed t o  

be  p r e c i s e l y  r e c t a n g u l a r  (2.15 x . 7 2  m) by an a c t i v e l y  c o o l e d  

e l e c t r o n  beam s h e e t  t r i m m e r .  The need for  p:ecis ion a r i s e s  

because t h e  s h e e t  p i e c e s  a r e  l a t e r  we lded t o g e t h e r  edge- to -  

edge. 

The r i b b o n ,  g u i d e d  by r o l l e r s ,  f i r s t  passes t h r o u g h  two 

edge- t r imming  EB guns wh ich  r e d u c e  t h e  s t r i p  w i d t h  t o  72  cm. 

The r i b b o n  i s  t h e n  t r immed i n t o  2 . 1 5  m l o n g  segments by an- 

o t h e r  EB gun. 

s u f f i c i e n t l y  r a p i d l y  t o  use  e l e c t r o n i c  r a t h e r  than a mechan- 

i c a l  t r a c k i n g  mechanism. 

T h i s  second gun c u t s  t h r o u g h  t h e  1 mm s h e e t  

R o l l  e r s  

F I G U R E  7.18:  SHEET TRIM”1ER - 
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SPECIFICATION S H E E T  

Machine Name: Sheet  Trimmer 

F u n c t i o n  o f  Nachine:  P r o d u c t i o n  o f  s h e e t s  f o r  u s e  i n  k l y s t r o n  

Hass o f  Machine: 84 kg 
radiators 

P h y s i c a l  Dimensions: p n :  x 1 m x 1 m 

Throughput/Machine ( t o n s / y e a r ) :  2 . 4  x 10 

Power Requirements (KH/marbi  n e )  : 41 . 5  

Number o f  Machines: 1 

Number o f  Opera tors :  0 

3 

n 
Q, W 

\a M 0 
v L L C  

a- s- 
as cn Q, 3- 
E O  m 3 01: 
s a  O @ Y  
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7 . 3 . 5  Ribbon S l i c e r :  - The r i b b o n  s l i c i n g  o p e r a t i o n  s l i c e s  

narrow s t r i p s  of  1 mm g a u g e  a l u m i n u m  f o r  use a s  e l e c t r i c a l  

w i r e s ,  a n d  wider s t r i p s  f o r  hea t  p ipe  a n d  rad a t o r  manufac- 

tu re .  

The metal  i s  s l i ced  by being passed  through a p a i r  o f  

r o l l e r s  i n  a k n i f e - a n d - s i o t  c o n f i g u r a t i o n ,  which produces 

wi re s  o f  vary ing  w i d t h  (and o f  squa re  o r  r e c t a n g u l a r  c r o s s -  

s e c t i o n ) .  In o r d e r  t o  p reven t  t he  co ld  welding o f  the  a l u -  

m i n u m  a s  i t  i s  wound, t h e  wire i s  wound on to  s p o o l s  w h i c h  

a l low no c o n t a c t  between s u c c e s s i v e  l a y e r s .  The square 

c r o s s - s e c t i o n  o f  the  wire produced a l lows  a g r e a t e r  c o i l  

d e n s i t y  t o  be achteved on w i n d i n g .  

The s t r i p s  f o r  hea t  p ipe  a n d  r a d i a t o r  manufac ture  p r o -  

duced by t h e  s l i c i n g  r o l l e r s  a r e  then s e n t  t o  the edge-trim 

and welding s e c t i o n  d e s c r i b e d  i n  Sec.  7 . 3 . 3 .  

7 . 4 8  



i r e  and  R i b b o n  
S p o o l s  
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SPEC1 FICATION S H E E T  

r 

R o l l  i n g  Stand  1 

H a n d l i n g  Equipment 1 

Spool Glinder 1 

S p o o l s  100 
I 

.. 

Machine Name: Ribbon S 1  i c e r  

F u n c t i o n  o f  Machine:  Product ion  o f  w i r e  and o f  s t r i p s  f o r  use 

Mass o f  Machine:  70,000 kg 

P h y s i c a l  Dimensions:  1 m x 1 m x 1 m 

i n  h e a t  p ipes  and r a d i a t o r s  

Throughput/Machine ( t o n s / y e a r ) :  6 . 0  lo3 
Power Requirements  (KWlrnachine): 231 

Number o f  Machines:  1 

Numte r o f  Opera t o r s  : 0 

3@ ? 

50 5 
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7.3.6 R i b b o n  Trimmer: T h e  r ibbon trimmer i s  d e s i g n e d  t o  

square  t h e  e n d s  o f  t h e  h e a t  p ipe  ribboll { f e d  from t h e  r ib -  

bon s l i c e r  a n d  used i n  k l y s t r o n  hea t  p i p e  mar.:!factilre). R 

‘ c l ean ’  edge cu t  i s  r e q u i r e d  s i n c e  a s e a l e d  edge j o i n t  must 

be formed between t h e  r a d i a t o r  s h e e t  and t h e  r i b b o n .  

A p a s s i v e l y  cooled e l e c t r o n  beam g u n  i s  used t r  c u t  t h e  

r i b b o n  a s  s k q w n  i n  F i g .  7.20. T h e  r i b b o n  t o  b e  trimmed i s  

t r a n s p o r t e d  a l o n g  r o l l e r s  which p o s i t i o n  t h e  r i b b 9 n  s o  t h a t  

t h e  ‘ c u t ’  i s  made p e r p e n d i c i l a r l y  t o  b o t h  edges.  The! cut  

r i b b o n s  a r e  1.6 m l o n g ,  .125 m wide, a n d  1 mm t h i c k .  The  

power level  of  t h e  g u n  i s  s u f f i c i e n t l y  h i g h  t o  c u t  rap”1y 

e n o u g h  so t h a t  a mechnical t r a c k i n g  system i s  n o t  r e q z i r e d .  

Trimmer 

e r s  

F I G U R E  7 . 2 0 :  R I B B O N  T R I M M E R  
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SPECIFICATION SHEET 

EB C u t t e r s  1 

Focusing Dev ice  1 

Handl ing  Equipment 1 

Machine Name: Ribbon Trimmer 

- 
a 3 
2 1 

20 .1 
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7.3.7 Striator: The striator forms the striations which 

nil1 become the capillary return paths in the heat pipes for 

the klystron cooling system. 

i s  passed through the striator as shown in Fig. 7.21. The 

upper roller t s  configured to produce strtations along the 

center section o f  the t n c m i n g  ribbon, in preparation for 

form r o l l i n g  this r ibbon into heat pipe segments (dfscussed 

t n  Sec.  7 .3 .8 ) .  

One-millimeter gauge aluminum 

The machine operates as a rolling mill and i s  conven- 

tionally used on Earth in s i m  lar operations. 

ribbon i s  left unstriated, in order to provide a flat closed 

end for tht pipes (see F i g .  7 2 4 ) .  

One end of the 

A I  Riobon 

Striator 

FIGURE 7.21: S T R I A T O R  
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SPECIFICATZOW S H E E T  

S t r i a t o r  

I 

Hachine  Name: S t r i a t o r  

P 

1 20000 50 

-.- 

F u n c t i o n  o f  Ptachine: S t r i a t f o n  o f  h e a t  p i p e  s t r i p s  

Mass o f  Machine:  20,000 k g  

Physical DimensSons: 1 m x 1 m x 1 

Throughput/Machine ( t o n s / y e a r ) :  3 . 2  x 10 

Power Requiremeats (KW/machine): 50 

Number o f  Machines: 1 

, 

3 

-4 

OI U 
\el x 0 
L e  Y L 
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7.3.8 Form R o l l e r :  The f o r m  r o l l e r  i s  used t o  shape b o t h  

p l a i n  r i b b o n  and s t r i a t e d  r i b b o n  i n t o  ' h a t  shaped'  h e a t  p i p e  

and r a d i a t o r  p i p e  c r o s s  s e c t i o n s  ( a s  shown i n  F i g .  7.22). 

However, one t i p  o f  t h e  s t r i a t e d  segments i s  l e s t  u n r o l l e d  

( t h e  u n s t r i a t e d  t i p )  t o  p r o v i c .  a f l a t  ' c l o s e d '  end f o r  t h e  

p i p e s .  

t o  form r a d i a t o r  p i p e  segments f o r  t h e  D C - D C  c o n v e r t e r  r a d i -  

ators (see See. 7 - 3 - 1 0 ) .  The f o r m  roller assembly a l s o  tb:- 

cludes an e l e c t r o n  beam gun, w h i c h  i s  used t o  t r i m  the p i p e  

segments a f t e r  r o l l i n g .  

P l a i n  s t r i p s  a r e  f o r m  r o l l e d  a l o n $ t h e . f r  w h o l e  l e n g t h ,  

FORM RblLING #;* J. 

<~ > 
r I 4  M 

FINAL CROSS-SECTION 
F I G U R E  7 . 2 2 :  FORM R O L L E R  
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SPEC1 FICATIOPI SHEET 

EB C u t t e r  

Focusing Device 

Form A o l l e r  

H a n d l i n g  Equipment 

Machine Name: Form R o l l e r  

. l  7 

7 2 

1 3000 

1 30 

F u n c t i o n  o f  Machine: R o l l i n g  o f  h e a t  p i p e  s t r i p s  i n t o  h a t -  

Mass o f  Wachine: 3000 k g  
shaped c r o s s  s e c t i o n  

Physical Dimensions: 1 m x 1 m x 2 m 

Throughput /Hachine ( t o n s / y e a r ) :  3 .3  x 10 

Power Requirements  (KW/machine): 35 

Number o f  Machines: 

3 

n 
PI 0 

-a Y Q) 
Y L L C  

1 

3 

1 

30 
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7 . 3 . 9  Klys t ron  Rad ia to r  Assembly: F igure  7.23 shows the  

product ion  o f  k l y s t r o n  r a d i a t o r s .  Shee t  o u t p u t  from t h e  

r o l l i n g  mills  ( - 7 2  x 2 . 1 5  m, 1 mm t h i c k  a l u m i n u m  s h e e t s )  a r e  

s tored  i n  magazines ( s e p a r a t e d  t o  avoid  vacuum we ld ing ) .  

Two s h e e t s  a r e  s imul t aneous ly  f e d  f rom t h e  magazines and 

a l o n g  g u i d e  t r a c k s  t o  a n  EB w e l d f n g  s t a t i o n .  Here, t h e  

two s h e e t s  are  j o i n e d  a t  t h e i r  i n n e r  edges t o  form a p l a t e  

1.44 x 2 .15  m ( t h e  k l y s t r o n  r a d i a t o r  s h e e t ) .  T h e  r a d i a t o r  i s  

completed by  w e l d i n g  i n t o  p o s i t i o n  s i x  h e a t  p i p e s ,  s t o r e d  i n  
magazines a l o n g s i d e  t h e  t r a c k s .  

F igure  7 . 2 4  shows t h e  t h r e e  p r i n c i p a l  s t e p s  i n  t h e  a t t a c h -  

ment o f  h e a t  p ipes  t o  t h e  k1ys;ron r a d i a t o r  s h e e t s .  T h e  t o p  

f i g u r e  shows a n  overview o f  t h e  r a d i a t o r  s h e e t  immediately 

a f t e r  i t  has been w e l d e d  t o g e t h e r .  S i x  h e a t  p ipe  segments 

( o n l y  one i s  shown) a r e  moved from t h e  h e a t  p ipe  segment maga- 

zines a c r o s s  the r a d i a t o r  s h e e t s  u n t i l  t h e i r  fo rm- ro l l ed  'open '  

ends ex tend  beyond t h e  s h e e t ,  a n d  t h e i r  f l a t  ' c l o s e d '  ends s i t  

on t h e  s h e e t .  E B  welders  then weld t h e  segment edges t o  the  

s h e e t .  

Next, t h e  open ends o f  t h e  h e a t  pipe se!ments a r e  b e n t  

Over (middle  f i g u r e ) .  This b r i n g s  t h e  end o f  t h e  p ipes  t o  t h e  

expec ted  l o c a t i o n  o f  t h e  k l y s t r o n  ( r e l a t i v e  t o  t h e  r a d i a t o r  

s h e e t ) .  S i x  hea t  p i p e  r ibbons  a r e  then f e d  from t h e i r  maga- 

z i n e s ,  a n d  t h e i r  ends a r e  welded t o  t h e  r a d i a t o r - s h e c t / h e a t -  

pipe-segment edge. The r ibbons  a r e  then bent  t o  f i t  a g a i n s t  

7.57 
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t h e  h e a t  p i p e  segments, and we lded t o  c o m p l e t e  t h e  h e a t  p i p e s  

( b o t t o m  f i g u r e ) .  

The pu rpose  o f  t h i s  assembly  sequence i s  t o  f o r m  h e a t  p i p e s  

w i t h  one c o n t i n u o u s  p i e c e  a l o n g  t h e i r  e n t i r e  l e n g t h  -- t h e  h e a t  

p i p e  segment. T h i s  a l l o w s  t h e  use o f  s t r i a t i o n s  a l o n g  t h e  seg-  

ment as c a p i l l a r y  r e t u r n  p a t h s  f o r  t h e  h e a t  p i p e  f l u i d ,  a v o i d i n g  

the need t o  i n s e r t  a r e t u r n  w i c k  i n  t h e  p i p e .  The s t u d y  g roup  

c o u l d  n o t  d e v i s e  a s i m p l e ,  r e l i a b l e  method t o  c o n n e c t  s t r i -  

a t i o n s  a c r o s s  p i p e  j o i n t s ,  and so  deve loped  t h i s  c o n t i n u o u s  

piece d e s i g n .  

Shou ld  t h e  h e a t  p i p e s  be r e p l a c e d  b y  f l u i d  p i p e s  (as  i n  a 

r e c e n t  B o e i n g  SPS d e s i g n  i t e r a t i o n ) ,  a s i m i l a r  p r o c e s s  can p r o -  

duce f l u i d  p i p e s  open a t  b o t h  ends, o r  a p i p e  and m a n i f o l d  d e s i g n  

can be s u b s t i t u t e d  ( s u c h  a s  for t h e  D C - D C  c o n v e r t e r  r a d i a t o r s ,  

see  F i g .  7 .25) .  

K l y s t r o n - r a d i a t o r - s i z e  s h e e t s  a r e  a l s o  produced  w i t h o u t  

a t t a c h m e n t  o f  h e a t  pipes ,  and s e n t  t o  magazines f e e d i n g  the  

DC-DC c o n v e r t e r  r a d i a t o r  assembly ( s e e  Fig. 7.25) .  
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SPEC1 FICATION SHEET 

F o c u s i n g  D e v i c e  - .  , - , .  , -  

M a c h i n e  Name: K l y s t r o n  R a d i a t o r  Assemb ly  

49 1 

F u n c t i o n  o f  M a c h i n e :  Au tomated  a s s e m b l y  o f  k l y s t r o n  r a d i a t o r s  

Mass o f  M a c h i n e :  636 , k g  
I '  

bY*lqa*&kJyj&Tl:- 2 

S h e e t  T r a c k  & T r a n s p o r t  6 

P h y s i c a l  D i m e n s i o n s :  1 5  m x 1 G  m x 3 m 

T h r o u g h p u t / M a c h i n e  ( t o n s / y e a r ) :  -- 
Power R e q u i r e m e n t s  (KW/mach ine) :  93 

Number o f  M a c h i n e s :  7 
CI 

m 
\ W  Y 
L C  Y 

10 

10 

Number o f  O p e r a t o r s :  0 

I . 5  

(b 

Components : ZI: L 

EB Gun 49 - 3  

P i p e  R i b b o n  Bender  6 15 I > 

~~ 

P i p e  Segment Magaz ine  & T r a n s p o r t  

P i p e  R i b b o n  M a g a z i n e  & T r a n s p o r t  

P i p e  Segment B e n d e r  

1 

. 5  

. 5  
- ~- 

. 5  

. 5  

1 

. 5  
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7.3.10 D C - D C  Converter  Rad ia to r  Assembll: Figure 7.25 shows 

t h e  D C - D C  c o n v e r t e r  r a d i a t o r  assembly system. S h e e t s  o f  1 mm 

t h i ck  aluminum (from t h e  s h e e t  l a y o u t  s t a t i o n )  a r e  s t o r e d  i n  

a s h e e t  magazine. Seven o f  t h e s e  s h e e t s  a r e  j o i n e d  t o  form 

a s t r i p  10 .08  x 2 . 1 5  m. Seventeen such s t r i p s  a r e  j o i n e d  

edge-to-edge t o  form t h e  D C - D C  c o n v e r t e r  r a d i a t o r  shee t .  A l -  

t h o u g h  ommitted f rom t h e  f i g u r e  for  c l a r i t y ,  a number  o f  r o l -  

l e r s  he lp  t he  edge clamps t o  a l i g n  t h e  edges o f  t h e  s h e e t s  be- 

fore welding.  Also,  t h e  EB welders  f i r s t  tack-weld the  edges 

i n  s e v e r a l  p l a c e s ,  t o  avoid  s e p a r a t i o n  o f  t h e  p i e c e s  d u e  t o  

thermal e f f e c t s  d u r i n g  t h e  l i n e - w e l d i n g .  

As t h e  r a d i a t o r  s h e e t  grows, mani fo lds  and r a d i a t o r  

p ipes  a r e  welded onto  t h e  s u r f a c e .  The f u n c t i o n  o f  t h e  mani- 

f o l d  ( a  c a s t  p i e c e )  i s  t o  spread  t h e  hot c o o l a n t  f l u i d  from 

on m a i n  feed  pipe t o  n ine  p ipes  r u n n i n g  a l o n g  t h e  b a c k  o f  the  

r a d i a t o r  s h e e t .  A s i m i l a r  manifold a t  t h e  other  e n d  o f  t h e  

r a d i a t o r  g a t h e r s  t h e  cooled f l u i d  from t h e  nine p i p e s  a n d  

channels  i t  i n t o  one o u t p u t  p ipe.  

The n ine  r a d i a t o r  p i p e s  a r e  each made from 10  r a d i a t o r  

p i p e  segments ( 3 . 4 5  rn l o n g )  w i t h  t h e  c r o s s - s e c t i o n  shown i n  

F i g .  7 .22  b u t  w i t h o u t  s t r i a t i o n s .  The p ipe  segments a r e  po- 

s i t i o n e d  on' t h e  s h e e t  from n i n e  overhead magazines ,  and each 

segment i s  E B  welded i n t o  p o s i t i o n .  

The f i n i s h e d  r a d i a t o r  masses 1 4 2 1  k g ,  a n d  i s  t o o  l a r g e  

t o  t r a v e l  i n  t h e  S M F  i n t e r n a l  t r a n s p o r t  sys tem.  The re fo re  

t h i s  assembly s t a t i o n  i s  l o c a t e d  n e a r  t h e  docking a r e a ,  and 
7 . 6 2  
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t h e  l o n g  m a n i p u l a t o r s  used f o r  d o c k i n g  and c a r g o  l o a d i n g  and 

u n l o a d i n g  move t h e  f i n i s h e d  r a d i a t o r s  i n t o  t h e  o u t p u t  s h i p -  

p i n g  c o n t a i n e r s .  

EB Welder  

F o c u s i n g  Dev ice  

SPECIFICATION S H E L i  

Mach ine  Name: DC-DC CGnver te r  R a d i a t o r  Assembly 

F u n c t i o n  o f  t4achine: Automated assembly o f  DC-DC 

20 

20 

Sheet  Magazine 

T rack  & T r a n s p o r t  

P ipe  S e g m e n t  Magazine 

Mani f o l d  Assembler  

1 

1 

9 

1 0  

- 3  1 

. 5  

15 1 1 

7.64 



- 7 . 4 :  I N S U L A T E D  W I R E  PRODUCTION 

7.4.1 Overview: F igure  7 . 2 6  shows t h e  i n s u l a t e d  wire pro-  

d u c t i o n  s e c t i o n  o f  t h e  componects f a c t o r y .  I n s u l a t i n g  f i b e r s  

a r e  p r o d u c e d  by drawing m,lten f - g l a s s  t h r o u g h  a m u l t i - h o l e  

d i e .  t h e  s t r a n d s  a r e  then  wound on to  s p o o l s  w h i c h  a r e  ' n  

t u r n  loaded  on to  t h e  w i n d d n g  machinery.  A l u m i n u m  wire - -  pro- 

duced a s  d e s c r i b e d  i n  Sec .  7 . 2  -- i s  wrapped w i t h  t h e  g l a s s  

f i b e r s  by e i g h t  'weaving'  machines.  The wire produced is 

d i s p a t c h e d  for  use  e i t h e r  a s  DC-DC cciqverter  t r a n s f o r m e r  

c o n ' s s  or I S  k l y s t r o n  s o l e n o i d  c o i l s .  

7 . 6 5  



W i n d '  

s Fiber Producer 

- 

~ .- . . I- . -  
S t a t i o n  

- F j G U R E  7 . 2 6 :  INSULATED W X R E  P R O D U C T I O N  L A Y O U T  -0 



7 - 4 . 2  Glass  F i b e r  P rodqcer :  The g l a s s  f i b e r  p r o d u c e r  draws 

f i b e r s  f r o m  a m c l t  t o  p roduce  i n s u l a t i o n ,  The l u n a r  i n p u t  i s  

i n  t h e  f o r m  o f  a g l a s s  r o d  6.4 cm i f i  d i a m e t e r  and 8 m i n  

l e n g t h .  The g l a s s ,  known as S - g l a s s ,  i s  composed o f  65% S i 0 2 ,  

25% A1203 and 10% MgO, a l l  o f  w h i c h  a r e  a v a i l a b l e  on t h e  moon, 

The f i b e r s  produced a r e  2 0  m i c r o n s  i n  d i a m e t e r .  

The f i b e r  p r o d u c e r  c o n s i s t s  o f  a p l a t i n u m - i r i d i u m - o s m i u m  

alloy t u b e  ( 2  cm t h i c k )  with a 2 0 - h o l e  d i e  a t  t h e  end ( s e e  

F i g .  7 . 2 7 ) .  The tube  uses r e s i s t a n c e  h e a t i n g  c o i l s  t o  h e a t  

t h e  g l a s s  t o  abou t  1700 K. A compressed gas p i s t o n  i s  used 

t o  d r i v e  a p l u n g e r  i n t o  t h e  t u b e .  The f i b e r  F r o d u c e r  was 

s i z e d  f o r  o u t p u t  o f  f i b e r s  a t  b o  m/sec. The p i s t o n  and com- 

p r e s s o r  masses were based on t h o s e  of c u r r e n t l y  a v a i l a b l e  

mach ine ry .  

The f i b e r s  p roduced  a r e  wound o n t o  s p o o l s  and t r a n s p o r t e d  

t o  t h e  i n s u l a t o r  w i n d i n g  f a c i l i t y .  
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SPECIFICATION SHEET 

Machine Name: Glass Fiber Producer 

1 - 40 Platinum Alloy Tube  

P i s ton  & Piston Tube 1 I00 

Gas Pump 1 30 

Gas Cylinder 4 4 5  

Spool 6 . 5  

Spool Motor 1 10 

Automatic Spool  Threader 4 10 

- .  . . -. . . , 

Functfon o f  Hachine: To produce g l a s s  fibers 

Hass o f  Machine: 400 kg 

ma 

8.2 

0 

. 5  

0 

0 

.1  

.05 
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7 . 4 . 3  I n s u l a t i o n  Winder:  The w i r e  i n s u l a t i o n  wrapper  draws 

aluminum w i r e  f r o m  a s p o o l  and g l a s s  f i b e r s  f r o m  o t h e r  s p o o l s .  

I t  t h e n  wraps t h e  w i r e  w i t h  f i b e r s  i n  a p a t t e r n  s i m i l a r  t o  

t h a t  o f  t h e  o u t e r  w i r e  o f  a c o a x i a l  c a b l e .  The i n s u l a t e d  

w i r e  i s  t h e n  spun o n t o  an o u t p u t  s p o o l  and s t o r e d .  

The c o s t  e s t l m a t e s  were based on p r i c e s  o f  i n d u s t r i a l  

weavers used f o r  mak ing  c l o t h .  The p r o c e s s  f o r  m a k i n g  t u -  

b u l a r  weave i s  w i d e l y  used and most  machines t h a t  weave 

c l o t h  can weave g l a s s  f i b e r s .  

Aluminum 

ass  F i b e r  
S p o o l s  

F I G U R E  7 . 2 8 :  I N S U L A T I O N  W I N D E R  
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SPECIFICATION SHEET 

Machine Name: I n s u l a t i o n  Winder 

F u n c t i o n  o f  Machine: To w r a p  i n s u l a t i o n  on w i r e s  

Hass o f  Hach ine:  500 k 9  
* 

P h y s i c a l  Dimensions: 1 . 5  m x 1 .5  m x 1 m 

Throughput/Machine ( t o n s / y e a r ) :  430 

Power Requi rernents (Ki l rnachine)  : 2 

Number o f  Machines: 8 

Rumber o f  O p e r a t o r s :  0 
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7 .5 :  DC-DC C O N V E R T E R  PRODUCTION 

7.5.1 Overview: The D C - D C  c o n v e r t e r  product ion  a r e a  i s  i n d i -  

cated i n  FiQ.  7 . 2 9 .  The c o n v e r t e r  c o n s i s t s  o f  a SENDUST a l l o y  

t r a n s f o r m e r  c o r e  (see Sec. 7 . 2 ) ,  i n s u l a t e d  wire windings ( s e e  

Sec. 7 . 4 ) ,  a r a d i a t o r  ( s e e  Sec 7 . 3 1 ,  and cont ro l  c i r c u i t r y  

tmported from E a r t h .  

In t h i s  a r e a ,  t h e  t r a n s f g r m e r  c o r e s  a r e  r e c e i v e d  from the  

c a s t e r ,  and c o o l i n g  channe l s  a r e  d r i l l e d  through i t  t o  a l l o w  

thermal  c o n t r o l  o f  t h e  c o n v e r t e r .  T h e  i n s u l a t e d  wire i s  next 

wound  o n t o  t h e  l i m b s  o f  t h e  t r a n s f o r m e r ,  and f i n a l l y ,  the  con- 

t r o l  c i r c u i t r y  i s  added. T h e  f i t t i n g  o f  t h e  c o n t r o l  c i r c u i t r y  

I s  assumed not  t o  be automated because o f  t h e  combinat ion o f  

t h e  t a s k ' s  complexi ty  and the  low o u t p u t  l eve l .  

The t r a n s f o r m e r / c i r c u i  t r y  combina t ion ,  a n d  t h e  D C - D C  

c o n v e r t e r  r a d i a t o r  a r e  s h i p p e d  s e p a r a t e l y  t o  t he  SPS c o n s t r u c -  

t i o n  s i t e  because o f  problems i n  handl ing  the  f u l l y  assembled 

c o n v e r t e r ,  
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7.5.2 DC-DC C o n v e r t e r  P roducer :  A n u m e r i c a l l y  c o n t r o l l e d  

I ldeep" d r i l l  ( 3  m l o n g  b i t )  i s  used t o  d r i l l  c o o l i n g  c h a n n e l s  

t h r o u g h  t h e  t r a n s f o r a e r  c o r e .  I n  o r d e r  t o  p r o v i d e  one con-  

t i n u o u s  channe l ,  t h r e e  i n t e r c o n n e c t i n g  h o l e s  must  b e  d r i l l e d  

( a s  shown i n  f i g .  7.30 [ a ] ) .  The d r i l l  f e a t u r e s  a d e b r i s  re- 

moval  system, i . e .  l i q u i d  i n j e c t e d  t h r o u g h  t h e  c e n t e r  o f  t h e  

b i t  i s  used t o  c a r r y  away m e t a l  p a r t i c l e s  and p r e v e n t  ' c l o g -  

g i n g '  o f  t h e  h o l e s .  

i n d u s t r y .  

Such machines a r e  i n  c u r r e n t  u s e  i n  

A f t e r  d r i l l i n g ,  t h e  t r a n s f o r m e r  c o r e  i s  t r a n s f e r r e d  t o  t h e  

c o i l  w i n d i n g  machine. T h i s  mach ine  - -  a g a i n  o f  a t y p e  c u r r e n t l y  

used  i n  i n d u s t r y  - -  uses m a n i p u l a t o r  arms t o  w i n d  i n s u l a t e d  w i r e  

f r o m  a s p o o l  a round  t h e  t r a n s f o r m e r  l i m b s .  (See F i g .  7.30 [b]). 

F i n a l l y ,  t h e  t r a n s f o r m e r ,  c o m p l e t e  w i t h  w i n d i n g s ,  i s  c o n -  

n e c t e d  m a n u a l l y  t o  t h e  c o n t r o l  c i r c u i t y  i m p o r t e d  f r o m  E a r t h .  

7 . 7 4  
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SPECIFICATION SHEET 

Machine Name: D C - D C  C o n v e r t e r  P r o d u c e r  

F u n c t i o n  o f  Machine: Manufac tu re  and A s s e m b l y  o f  DC-[ IC c o n v e r t e r s  

Mass o f  Machine:  4000 k g  

P h y s i c a l  Dimensions: 8 m X 1 5  m X 6 m 
3 

Throughput/Machine ( t o n s / y e a r )  : 2 . 1  X 1 0 .  

Power Requirements (KW/machine): 2 - 5  
c1 

cn U 
\a Y al 
L C  Y L 
aJ.r L r  
n t  u) Q, 3- 
E U  UI L 0-3 

rg 0 Q ) Y  

Number o f  Machines: 1 

Number o f  O p e r a t o r s :  .2 
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7.6:  KLYSTRON P R O D U C T I O N  S Y S T E F :  

The k l y s t r o n  p r o d u c t i o n  s e c t i o n  i s  r e q u i r e d  t o  be a h i g h l y  

a u t o m a t e d  f a c i l i t y  w i t h  a h i g h  o u t p u t  r a t e  o f  complex  components .  

The e s s e n t i a l  t a s k s  w h i c h  i t  must  p e r f o r m  a r e :  

@ M a c h i n i n g  and p o l i s h i n g  o f  c a s t  s o l e n o i d  c o r e  

D r i l l i n g  o f  c o o l i n g  c h a n n e l s  

. M a c h i n i n g  o f  o u t p u t  c a v i t y / w a v e g u i d e  i a t e r f a c e  

.W ind ing  o f  s o l e n o i d  c o i l  

F i t t i n g  o f  s o l e n o i d  p o l e  p iece :  

0 Q u a l i t y  c o n t r o l  

0 F i t t i n g  o f  r a d i a t o r  assemb'i:, 

Asselab ly  o f  g u n / c o l l e c t o r / h o u s  . l i g s / c o n t r o l  c i t - c u i t r y  

@ B a k e o u t  and p r o c e s s i c g  

T e s t i n g  

e O t h e r  d e s i g n  dependent  o p e r a t i o n s  

I t  i s  a n t i c i p a t e d  t h a t  t h e  a luminum c a s t  s o l e n o i d  c o r e  

a r r i v i n g  a t  the  k l y s t r o n  f a c i l i t y  f r o m  t h e  c a s t i n g  s e c t i o n  w i l l  

be s i z e d  t o  w i t h i n  0.87 o f  i t s  n o m i n a l  d e s i g n  d i m e n s i o n s .  The 

k l y s t r o n  c a v i t i e s ,  t h e r e f o r e ,  n u s t  be f u r t h e r  m a c h i n e d  and 

p o l i s h e d  t o  come w i t : i i n  t h e  t a l e r a n c e  l i m i t s  o f  1 .5  x mm 

t o  2.0 x l o e 4  mm R M S  f o r  2 .45 GHz o p e r a t i o n .  

p r o v i s i o n  f o r  c o o l i n g  channels ,  d r i l l e d  t r a n s v e r s e l y  i n  t h e  

webs be tween c a v i t i e s ,  s h o u l d  be mad?. I n  o r d e r  t o  p r e v e n t  

c o n t a m i n a t i o n  o f  t h e  c o r e  p r o d u c t i o n  a r e a  b y  c h i p s  ( f r o m  t h e  

m a c h i r t i n g  o p e r a t i o n s ) ,  a c t i v e  d u s t  remova l  sys tems s h o u l d  be i n  

o p e r a t i o n  t h r o u g h o  t, t h e  p l a n t .  Comple ted  c o r e  u n i t s  a r e  sub-  

j e c t e d  t o  a u t o m a t i c  t e s t i n g  o f  d i m e n s i o n s  dnd s u r f a c e  f i n i s h  

A t  t h i s  s t a g e ,  
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b e f o r e  b e i n g  t r a n s p o r t e d  t o  t h e  n e x t  s t a g e  - -  any  s u b - s t a n d a r d  

u n i t s  b e i n g  d i s c a r d e d  b e f o r e  f i t t i n g  o f  components b r o u g h t  f rom 

E a r t h .  F u r t h e r  m a c h i n i n g  o f  t h e  c a v i t y ,  i n  p r e p a r a t i o n  f o r  

f i t t i n g  o f  t h e  window a f t e r  bakeou t ,  i s  c o m p l e t e d  b e f o r e  i n -  

s t a l l a t i o r ,  o f  t h e  m a g n e t i c  c i r c u i t .  

The m a g n e t i c  c i r c u i t  c o n s i s t s  o f  two s o l e n o i d s  (one f o -  

c u s i n g  and one r e - f o c u s i n g  s o l e n o i d )  and two s o f t - i r o n  p o l e  

p i e c e s  ( t o  c o n n e c t  t h e  s o l e n o i d  c o r e  and f o c u s i n g  s o l e n o i d ) .  

The s o l e n o i d s  a r e  wound a luminum w i r e  w i t h  a g l a s s  woo l  i n -  

s u l a t o r  c o a t i n g ,  and t h e  p o l e  p i e c e s  a r e  s o f t - i r o n  a n n u l i ,  

e l e c t r o n  beam welded i n t o  p o s i t i o n  s t  e i t h e r  end o f  t h e  f o -  

c u s i n g  s o l e n o i d  t a  c o m p l I t e  a magr ,et ic  c i r c u i t  drOUnd t h e  

c a v i t i e s .  

The k l y s t r o n  r a d i a t o r s ,  m a n u f a c t u r e d  e l s e w h e r e  i n  t h e  SMF, 

a r e  a t  t h i s  p o i n t  connec ted  t o  t h e  c o o l i n g  c h a n n e l s .  Components 

o r i g i n a t i n g  f rom E a r t h ,  L e .  c o l l e c t o r ,  e l e c t r o n  gun, and con-  

t r o l  systems,  a r e  mounted on t h e  t u b e  t o g e t h e r  w i t h  c a s t  a lum-  

inum c o l l e c t o r  and s o l e n o i d  h o u s i n g s  ( p r o d u c e d  i n  t h e  S M F ) .  

The now comp le ted  t u b e  i s  d i s p a t c h e d  t o  t h e  t e s t i n g  a r e a  for  

bakeou t  ( i f  n e c e s s a r y )  and p r o c e s s i n g .  A f i n a l  " h o t "  ( c a t h o d e  

o n )  t e s t  o f  t h e  t u b e  i s  made b e f o r e  d i s p a t c h  t o  s t o r e s  o r  t o  

t h e  SPS assemblv s i t e .  The wastage r a t e  o f  t u b e s  a t  t h e  p r e -  

s e n t  t i m e  i s  a p p r o x i m a t e l y  7 %  d u r i n g  m a n u f a c t u r e  -- t h e  s t u d y  

g roup  f e e l s  t h a t  s i m i l a r  r a t c ! s  ( 1 0 % )  s h o u l d  be a c h i e v a b l e  u s i n g  

more h i g h l y  automated m a n u f a c t u r i n g  t e c h n i q u e s  i n  t h e  SMF. 

A l t h o u g h  p a r t i c u l a r  p r o c e s s i n g  s t a g e s  c a n n o t  be l i s t e d  
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a t  t h e  p r e s e n t  t i m e ,  equ ipment  used i s  e x p e c t e d  t o  i n c l u d e ;  

m i l l i n g  machines,  p o l i s h e r s ,  d r i l l s ,  E S  w e l d e r s ,  t e s t  s ta t i on ; ,  

w i n d i n g  machines dnd r o b o t  m a n i p u l a t o r s .  S i n c e  no s p e c i f i c  

d e s i g n  o f  t h e  b a s e l i n e  p r o d u c t  has been comple ted ,  c o s t i r , g  o f  

t h e  k l y s t r o n  p l a n t  o v e r a l l  ( r a t h e r  t h a n  o f  i n d i v i d u a l  nrachir. . s )  

has been conducted .  T h i s  approach does n o t  i n v o l v e  a n y  a t t e m p t  

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

a r i s i n g  from t h e  ommiss ion o f  u n f o r e s e e n  p r o d u c t i o n  s t e p s .  

The k l y s t r o n  p r o d u c t i o n  f a c i l i t y  was s i z e d  on  t h e  b a s i s  o f  

a r e q u i r e m e n t  for 204,000 k l y s t r o r l s / y e a r  ( i n c l u d i n g  a 10% mar-  

g f n  f o r  breakage  d .  - ? ? S  assembly )  p l u s  an a d d i t i o n a l  10% 

t o  a c c o u n t  f o r  t . x e i  : p o i l a g e  ( g i v i n g  a t o t a l  o f  

224,400 k l y s  t ro;rs / y c q  r j was Gssumed t h a t  t h e  r C s i d e n L  

t i m e  o f  a workpie,: i .  c t ’ e  r cach inz ry  was t w o  hou rs ,  and t h e r e -  

f o r e  t h a t  t h e  r e s i d e n t  war .cp iece  mass i n  t h e  m a c h i n e r y  w o u l d  

be two hours  w o r t h  o f  p r o d u c t i o n  tor3053 k g )  a t  a g i v e n  t i m e .  

S i n c e  n o  o t h e r  i n f o r m a t i o n  on t h e  s p e c i f i c  m a c h i n e r y  mass w a y  

a v a i l a b l e ,  t h e  p r o d u c t i o n  m a c h i n e r y  mass was e s t i m a t e d  t o  be  

100 t i m e s  t h e  r e s i d e n t  mass ( i . e .  a p p r o x i m a t e l y  305 t o n s ) .  

The r e p l a c e m e n t  p a r t s  a r e  assumed t o  a c c o u n t  f o r  5 %  o f  t h e  

mach ine  mass p e r  y e a r  - -  9 i : i n g  a f i g u r e  o f  a o o r o x i m a t e l y  

15 t o n s l y e a r .  W i t h  an 80% d u t y  c y c l e ,  each , s t r o n  p ,  b 3 u c t i o n  

u n i t  w i t h i n  t h e  f a c i l i t y  has a w o r k i n g  t i m e  O F  6400  h o u r s / y e a r .  

There fore ,  a t  2 hou rs  p e r  k l y s t r o n  i t  has t h e  c a p a c i t y  t o  p r o -  

duce 3200 u n i t s l y e a r .  However, s i n i e  t h e  f i n a l  t e s t i n g  i s  e x -  

p e c t e d  t o  occupy o n e  h o u r  o f  p r o d u c t i o n  t i m e ,  2 w o r k p i e c e s  

7 . 7 9  



may occupy a machine a t  a g i v e n  t i m e  (one u n i t  b e i n g  assem- 

b l e d ,  t h e  o t h e r  b e i n g  t e s t e d ) .  T h e r e f o r e ,  t h e  number o f  u n i t s  

r e q u i r e d  i s  224,400/(3600 x 2 )  = 32. Assuming t h a t  each u n i t  
2 o c c u p i e s  a ' f l o o r  a r e a '  o f  40 m and a h e i g h t  o f  5 m, t h e n  t h e  

a rea  r e q u i r e d  f , - -  k l y s t r o n  p r o d u c t i o n  5 s  1280 m . T h i s  a n a l y -  

s i s  assumes t h a t  a p r c d u c t i o n  l l n i t  can hand le  only one work-  

p i e c e  i n  t h e  p r o d u c t i o n  s t a g e  and one i n  t h e  t e s t i n g  s t a g e  a t  

a g i v e n  t ime .  Depending on t h e  k l y s t r o n  d e s i 2 n  I't may be pos- 

s i b l e  t o  have a h i g h e r  number o f  t e s t i n g  u n i t s  t h a n  p r o d u c t i o n  

u n l  t s  artd t o  have s i m u l t a n e o u s  p r o d u c t i o n  o f  s e v e r a l  w o r k p i e c e s  

i n  3ne mh-hSae, t h u s  r e d u c i n g  t h e  f a c i l i t y  s i z e .  

2 

-311 power r e q u i r e m e n t s ,  p r ~ c u r e m e n t  c o s t s  and d u t -  

cycles w e r e  based or1 a v  e a r t h - b a s e d  f a c i l i t y  d e s i g n e d  by V a r i a n  

A s s o c i a t e s  ( R e f .  7 . 2 ) .  R e p a i r  l a b o r  was e s t i m a t e d  on  t h e  

b - ,  i s  o f  t w o  crew nlen p e r  machine s e c t i o n ,  and c rew r e q u i r e -  

ments c a l c a l a t e d  or. t h e  h a s i s  t h a t  t h e  e n t i r e  p l  w o u l d  be 

a u t o m a t i c a l l y  c o n t r o l l e d .  

F i n a l l y ,  R & D  c o s t s  were e s t i m a t e d  on t h e  b a s i s  o f  t h e  

r e q u i r e m e n t  t o  d e v e l o p  h i g h l y  t , tomated c l o s e - t o l e r a n c e  ma- 

c h i n i n g  f a c i l i t i e s  and t o  b u i l d  and t e s t  a p i l o t  f a c i l i t y  

( p D s j i b l y  i r , v c l v i n g  some t F s t i n g  i n  space) .  

I n  t h e  s p e c i f i c a t i o n s  s h e e t  f p l l o w i n g ,  t h e  e n t i r e  f a c f l i -  

t y  i s  l i s t e d  a s  - one machine, r a t h e r  t h a n  32 p r o d a c t i o n  u n i t s .  

The f a c t o r v  t h u s  agg lomera tes  p r o d u c t i o n  s t a c d s  and common 

hand' i i i tg  and t e s t i n g  equ ipment .  
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SPECIFIC.41 J G r I  SHEET 

K l y s t r o n  F a c t o r y  1 305000 

, I - 

i 

H a c h i n e  Name: K l y s t r o n  P r o d u c t i o n  System 

40000 

F u n c t t o n  o f  Machine: To produce 

#ass o f  Hachine:  305 tons 

P h y s i c a l  Dimensions: f l o o r  a r e a  

fhroughput /Machine ( t o n s / y e a r ) :  

Power Requirements (KWjmachine) : 

Number o f  Machines: 1 

Number o f  O p e r a t o r s :  0 

4 

k l y s t r o n s  

a p p r o x i m a t e l y  1300 m2 
4 1 . 7  x 10 

40,000 
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7 .7 :  W A V E G U I D E  PRODUCTION EQUIPMENT 

7..7.1 Overview: F igure  7.31 shows a " top"  view o f  the nave- 

g u i d e  f a c t o r y .  T h i s  f a c i l i t y  i s  designed so t h a t  each p i e c e  

o f  foamed g l a s s  ( t h e  m a t e r i a l  f rom which t h e  waveguides a r e  

formed) p rogres ses  l i n e a r ? y  through t h e  f a c i l i t y  t o  minimize 

h a n d l i n g  of  t he  d e l i c a t e  s h e e t s .  

blaveguides f o r  the S P S  e s s e n t i a l l y  c o n s i s t  o f  a c l o s e l y  

dimensioned foamed g l a s s  box  s t r u c t u r e  coa ted  i n t e r n a l l y  w i t h  

a t h l n  l a y e r  of depos' tcd a l u m i n u m .  In t h e  b a s e l i n e  SMF de- 

d i g n ,  foamed g l a s s  i s  produced by mixing l u n a r  a n o r t h o s i t e  and 

chemical foaming a g e n t s ,  and then the rma l ly  c y c l i n g  t h e  n ix-  

t u re  i n  a m o l d .  The r e s u l t a n t  mono l i th l c  block o f  mate r i a l  

Is s l i c e d  i n t o  t h i n  s h e e t s  us ing  tungs t en  b l ade  s a w s .  

The s h e e t s  a r e  then smoothed on t h e i r  ' i n t e r i o r '  faces  

by revqving s u r f a c e  i r r e g u l a r i t i e s  w i t >  l a s e r s .  A 7-rnicr3n 

t h i c k  c o a t i n g  o f  a l u m i n u m  i s  then d e p o s i t e d  onto  t h e  smoothed 

s u r f a c e ,  us ing  d i r e c t  v a p o r i z a t i o o .  The coa ted  s h e e t s  a r e  t h e n  

c u t  by l a s e r  i n t o  s t r i p s  which wf l l  form t h e  s f d e s  of t he  

waveguide.. S imul taneous ly ,  those  s t r i p s  w h i c h  c o n s t i t u t e  

t h e  ' f r o n t '  r a d i a t i n g  s u r f a c e  (one in  f o u r )  a r e  s l o t t e d ,  and 

t h o s e  s t r i p s  h h i c h  c o n s t i t u t e  t h e  ' t a c k '  f a c e s  o f  t h e  wave- 

guides  a r e  boled .  

F i n a l l y ,  t h e  wavegufdes a r e  a u t o m a t i c a l l y  8ssembled 

around guicres by a u t o r n a t - i c  man ipu la to r s .  fhc  purpose o f  the 

,uides  i s  t o  elr.,ure t h a t  t h e  i n t e r r l a l  dimensicns o f  t h e  
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waveguide meet t h e  t o l e r a n c e  r e q u i r e m e n t s  by  b u i l d i n g  t h e  box 

around  a c c u r a t e l y  d imens ioned  s t r u c t u r e s .  The s i d e s  o f  t h e  

box a r e  f u s e d  t o g e t h e r  a l o n g  a d j a c e n t  edges by l a s e r  beams. 

C a r e f u l  h a n d l i n g  o f  foamed g l a s s  t h r o u g h o u t  t h e  p r o d u c t i o n  

a r e a  i s  r e q u i r e d ,  because o f  t h e  f r a g i l i t y  o f  t h e  m a t e r i a l  

when i n  t h2  f o r m  o f  t h i n  s h e e t s .  

The comp?eted waveguides a r e  s t o r e d  i n  padded r a c k s  

w h i c h  a r e  c a r r i e d  by i n t e r n a l  t r a n s p o r t  sys tem t o  t h e  i n p u t /  

o u t p u t  s t a t i o n .  
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7 , 7 . 2  Glass Foaming F a c i l i t x :  

m a n u f a c t u r e d  u s i n g  v o l c a n i c  ash; s i m i l a r  m a t e r i a l s  a r e  a v a i l -  

a b l e  on  t h e  l u n a r  s u r f a c e .  Lunar  a n o r t h o s i t e  a r r i v e s  a t  t h e  

SHF i n  p a r t i c l e s  o f  d i a m e t e r  

f o r  t h e  f o a m i n g  p rocess .  T h e r e f o r e  t h e  u s u a l  r e q u i r e m e n t  

for a b a l l m i l l  t o  c r u s h  t h e  p a r t i c l e s  i s  e l i m i n a t e d .  

On e a r t h ,  foamed g l a s s  can be  

5 m i c r o n s  -- t h e  s i z e  necessa ry  

A f l u x  and chemica l  f oaming  a g e n t s  a r e  added t o  t h e  

glass. [A s m a l l  amount o f  g rog ,  w h i c h  i s  f i r e d  b a t c h  mate- 

r i a l  r e g r o u n d  t o  g r a n u l a r  fo rm,  may a l s o  be added t o  h e l p  

c o n t r o l  t h e  r e s u l t a n t  d e n s i t y . )  F l u x  i s  added t o  y i e l d  more 

c e l l u l a t i o n  i n  t h e  g l a s s  and t o  a c h i e v e  t h e  p r o p e r  v i s c o s i t y  

f o r  foaming. The v i s c o s i t y  a c h i e v e d  enab les  t h e  foaming  

t e m p e r a t u r e  t o  be l o w e r e d  t o  800 C ,  wh ich  i s  75OoC l e s s  t h a n  

the normal  m e l t i n g  t e m p e r a t u r e  o f  a n o r t h o s i t e .  The f l u x  i n -  

c l u d e s  NaOH o r  Na2Si03 and Na20. 

The a n o r t h o s i t e  and foaming  a g e n t s  must  be b l e n d e d  t h o -  

r o u g h l y  i n  a c o n t i n u o u s  m i x e r  ( F i g .  7 . 3 2 )  t o  p roduce  an amal-  

gam r e a d y  f o r  foaming.  The m i x e r  c o n s i s t s  o f  a s e r i e s  o f  

p r o p e l l e r - l i k e  b l a d e s  --  c o u n t e r - r o t a t i n g  t o  p r o v i d r  maximum 

t u r b u l e n c e  i n  t h e  powder - -  w h i c h  a r e  d e s i g n e d  t o  i n p i n g e  on 

l a r g e  numbers o f  p a r t i c l e s  and t o  i m p a r t  a v e l o c i t y  w i t h  

b o t h  a t a n g e n t i a l  and a x i a l  component ( t h e r e b y  c r e a t i n g  f l o w  

t h r o u g h  t h e  m i x e r ) .  D u r i n g  m i x i n g ,  t h e  p a r t i c l e s  . - e  f l o a t i n g  

f r e e  i n  vacuum. Each m i x i n g  b l a d e  has a t i p  r a d i u s  o f  .28 m, 

and t h e  m i x i n g  s e c t i o n  i s  estimated t o  be 5 . 4  m l o n g ,  g i v i n g  a 

volume o f  1.32 m . The r e s i d e n c e  t i m e  o f  a p a r t i c l e  i n  t h e  3 
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mixer i s  estimated t o  be roughly 20 minutes ,  a t  a p a r t i c l e  d e n -  

s i t y  o f  500 kg/m , g i v i n g  a mass t h r o u g h p u t  r a t e  o f  2000 k g / h r .  

The foaming mixture i s  charged i n t o  s t a i n l e s s  s t e e l  m o l d s ,  

3 

and heated Cover a pe r iod  o f  about  4 hours)  t o  foaming tem- 

p e r a t u r e  ( 8 O O e C ) .  Heat i s  s u p p l i e d  through c o i l s ,  cc  +Tined  

w t t h i n  the  molds themselves ,  a t  a r a t e  o f  1000 kW. 

t h E : m i x t u r e  expands t o  abou t  tw ice  i t s  volume a s  a powder. 

The foamed g l a s s  i s  then s lowly  cooled ( ' a n n e a l e d ' )  ove r  a 

per iod  o f  8 hours  a t  a r a t e  c o n t r o l l e d  by a thermal  cont ro l  

u n i t ;  t h i s  u n i t  c o n t r o l s  t h e  flow o f  c c u l a n t  through channe l s  

i n  t h e  sides o f  t he  mold. 

On foaming, 

The product  i s  a mono l i th i c  block o f  foamed g l a s s  (10 x 
3 - 8  x .6  m )  o f  d e n s i t y  800 k g / m  . Each block r e p r e s e n t s  rough ly  

two hours  worth o f  product ion  ( a t  2000 kg/hr )  a n d  I s  s i z e d  so 

t h a t  t h e  l o n g e s t  waveguide may be formed from a s i n g l e  s h e e t .  

A t  t h e  conc lus ion  o f  t h e  coo l ing  c y c l e ,  t h e  g l a s s  i s  removed 

from t h e  m o l d  bya  manipula tor  system. 

The m o l d s  a r e  each charged ( s e q u e n t i a l l y  from t h e  mixing 

unit) f o r  2 hours o u t  o f  every  1 4 .  The powder i s  i n i t i a l l y  

compacted by b r i n g  t h e  m o l d  s i d e s  t o w a r d  t h e  c e n t e r .  Heat 

i s  s u p p l i e d  d i r e c t l y  f rom h e a t e r s  i n  t h e  wa l l s  o f  t h e  mold, 

ai the w a l l s  move outwards t o  t h e i r  f u l l  .8  m d i sp l acemen t  

a s  foaming o c c u r s .  This allows more even h e a t i n g  d u r i n g  t h e  

foaming o p e r a t i o n .  A d d i t i o n a l l y ,  t h e  w a l l s  a r e  rncived o u t -  

wards aga in  a f t e r  annea14ng,  t o  ea se  t h e  removal o f  t h e  foamed 
g lass  b l o c k s  a f t e r  c o o l i n g .  
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S P E C I F I C A T I O N  S H E E T  

Machine Name: Glass Foaming Faci l i ty  

Function o f  Machine: Production of foamed g l a s s  f o r  waveguide  

Mass o f  Machine: 2 2 8 , 0 0 0  k g  

Physfcal Dimensions: mixer: blade radius 28  cm, length 5 . 4  m 

ThroughputlMachine ( tons lyear)  : 1 . 8  1 0 4  

Power Requirements (KW/machine): 7600 

manufacture. 

mold ( interqal )  1 C  x .60  x .80 meters 

Number o f  Machines: 1 
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7.7.3 Foamed Glass C u t t e r :  The b l o c k s  o f  foamed g l a s s  p r o -  

duced i n  t h e  g l a s s  foaming  f a - i l i t y  must  be c u t  i n t o  s h e e t s  

o f  2.5 mm t h i c k n e s s  b e f o r e  b e i n g  c o a t e d  w i t h  t h e  l a y e r  o f  

c o n d u c t i n g  aluminum. T h i s  s l i c i n g  o p e r a t i o n  !s a c h i e v e d  i n  

t w c  s tages ,  by t u n g s t e n - b l a d e  saws. I n  t h e  f i r s t  c u t t i n g  s p -  

e r a t l o n ,  t h e  10 x .8  x . 6  in foamed g l a s s  b l o c k  i s  s l t c e d  i n t c  

8 b l o c k s  10 m x .8 m x 7.35 cm. These s m a l l e r  b l o c k s  a r e  ther? 

fed one by  one i n t o  a 20 b l a d e  saw whose o u t p u t  i s  21 s h e e t s  

10 m x .8 m x 2.5 mm. The s h e e t s  p roduced a r e  d i s p a t c h e d  t o  

t h e  smoo th ing  a rea .  

The c u t t i n g  s e c t i o n  must ,  i n  a d d i t i o n  t o  t h e  saw ing  

equ ipment ,  i n c l u d e  conveyors  f o r  h a n d l i n g  o f  t h e  foamed g l a s s  

b l o c k s .  Thc d e l i c a t e  fozmed g l a s s  s h e e t s  a r e  h a n d l e d  between 

s o f t  conveyors  i n  o r d e r  t o  m i n i m i z e  damage. 

K e r f  remova l  i s  a c h i e v e d  b y  i m p a r t i n g  an e l e c t r o s t a t l c  

cha rge  t o  t h e  d e b r i s  v i a  t h e  saw b l a d e .  An o p p o s i t e l y  c h a r g e d  

b o l t  i s  r u n  p a s t  t h e  c u t t i n g  a rea  t o  c a r r y  away t h e  p a r t i c l e s  

t o  a d i s p o s a l  a r e a .  
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SPECIFICATION SHEET 

E i g h t  B l a d e  Saw 1 

Twenty B l a d e  Saw 1 

H a n d l i n g  Equipment 1 

K e r f  Removal System 1 
. 

Machine Name: Foamed Glass C u t t e r  

17C 

20 

F u n c t i o n  o f  Machine:  To c u t  foamed glass b l o c k s  i n t o  sheets  
10 m x . 8  m x ,0025 m 

Mass o f  Machine:  5900 kg 

P h y s i c a l  Dimensfons:24 m x 2 m x 3 m 

Throughput jMachine ( t o n s / y e a r )  :1.3 x i o 4  

Power Requirements (KW/machine): 23 

5 

. 5  

Number o f  Machines: 1 

4000 1 12 
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7 . 7 . 4  Foamed Glass Smoother: The f a c e s  o f  t h e  foamed g l a s s  

s h e e t s  l e a v i n g  t h e  c u t t i n g  a r e a  have s u r f a c e  i r r e g u l ~ r i t i e s  

w h i c h  must be removed b e f o r e  d e p o s i t i o n  of  aluminum. A good 

f i n i s h  i s  r equ i r ed  on t h e  s u r f a c e  t o  be coa ted  i n  o r d e r  t o  

ensure t h a t  t h e  c o a t i n g  i t s e l f  i s  smooth. [An i r r e g u l a r  i n -  

n e r  s u r f a c e  w o u l d  l e a d  t o  a loss  i n  t h e  waveguide e f f i c i e n c y . )  

The waveguide smoothing o p e r a t i o n  u s e s  two  pulsed  lasers  

( s e e  F i g .  7 . 3 4 )  t o  b u r n  o f f  any s u r f a c e  i r r e g u l a r i t i e s .  One 

l a s e r  i s  p o s i t i o n e d  so t h a t  t h e  beam passes  a c r o s s  t h e  s u r -  

f a c e  o f  the  foamed g l a s s  she  t which i s  t r a v e l l i n g  a t  0.1 m 

per  second. This l a s e r  burns o f f  m a t e r i a l  p r o t r u d i n g  above 

the  p lane  o f  t h e  foamed g l 3 s s  s u r f a c e .  A second l a s e r  sweeps 

t h e  s u r f a c e  from d i r e c t l y  above t o  f u s e  any remaining i r r e g u -  

l a r i t i e s .  This l a s e r ' s  beam i s  focused t o  a wider s p o t  t h a n  

t h e  f i r s t  l a se r ' s ,  s i n c e  i t s  f u n c t i o n  i s  t o  f u s e  raerl. t h a n  

v a p o r i z e .  

Each O F  t h e  l a s e r s  h a s  a beam power of 1 kW which;after 

a l lowing  f o r  a n  e f f i c i e n c y  o f  l o % ,  r e q u i r e  a n  i n p u t  power o f  

10 kW. Cp ' a s e r s  a r e  used hecause t h e i r  o p e r a t i n g  wavelengths  

a r e  s u i t a , .  2 for  c u t t i n g  g l a s s e s .  
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SPECIFICATION S H E E T  

Machine Name: Foamed Glass Smoother 

Furtctirrn o f  Machine: To smooth r o u g h  surface o f  foamed g l a s s  

Mass o f  3achine: 8250 kg  

Physical .Dimensions: 1 2  m x 2 m x 3 m 
3 

Throughput,'Machtne ( tons /year) :  4 . 3  x 10 

Plrver Requirements (KW/machine): 25  

Nwber o f  Machines: 3 
h 

0, U 
\a8 Y al 

Y . L  L t  
a D r  L& 
br: v) Q) a- 
E O  el 3 43 

Q O a l Y  
Humber o f  Operators: 0 
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7.7.5 D i r e c t  V a p o r i z a t i o n  o f  Aluminum C o a t i n g :  

o p e r a t e  a s  waveguides,  t h e  i n t e r n a l  s u r f a c e s  o f  t h e  foamed 

glass  assembly must  be c o a t e d  w i t h  a 6 . 7  m i c r o n  t h i c k  l a y e r  

o f  aluminum. The r e f e r e n c e  SMF d e s i g n  uses an e l e c t r o n  beam 

d i r e c t  v a p o r i z a t i o n  t e c h n i q u e  t o  d e p o s i t  t h e  aluminum a t  a 

r a t e  o f  50 m i c r o n s  p e r  m i n u t e .  

I n  o r d e r  t o  

As shown i n  F i g .  7.35, t h e  s l a b s  o f  a luminum a r e  p o s i -  

t i o n e d  above t h e  d e p o s i t i o n  su r face ,  and a r e  s u b j e c t e d  t o  

bombardment by a focused  e l e c t r o n  beam. The a luminum vapor -  

i z e s  and t r a v e l s  t o  t h e  d e p o s i t i o n  s u r f a c e  ( t h e  foamed g l a s s  

s b e e t ) .  The A1 i s  d e p o s i t e d  a t  50 m i c r o n s / m i n u t e .  T h e r e f o r e ,  

for a t r a v e l  speed o f  . I  m e t e r s l s e c ,  t h e  d e p o s i t i o n  s e c t i o n  

must  be .8  m e t e r s  l o n g .  

T h i s  p rocess  and equ ipment  i s  s i m i l a r  t o  t h e  d i r e c t  va-  

p o r i z a t i o n  used i n  s o l a r  c e l l  p r o d u c t i o n .  Such equipment  i s  

d i s c u s s e d  i n  g r e a t e r  d e t a i l  i n  t h e  s o l a r  c e l l  p r o d u c t i o n  

equipment  d e s c r i p t i o n s  ( s e e  5ec.  7.8.3). Cost and s i z i n g  o f  

t h e  waveguide c o a t i n g  equip,ne*lt  i s  based on t h e  s o l a r  c e l l  

f a c t o r y  d e s i g n s .  
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SPEC1 FICATION SHEET 

Machine Name: Waveguide DV o f  Aluminum 

EB Gun 

Gun Cool ing  System 

S l a b  Feeders 

B a f f l e s  

B e l t  and C o o l i n g  System 

I 

F u n c t i o n  o f  Hach ine:  To d e p o s i t  i n t e r n a l  conduct ing  s u r f a c e  on 

Mass o f  Machine:  1000 kg 

P h y s i c a l  Dimensions: l2 * in 

foamed g l a s s  waveguides. 

Throughput /Machine ( t o n s / y e a r ) :  4 .3  x i o  3 

r 
5 17 1 7  

5 20 . 3  

5 50 .01  

4 .25  0 

1 500 2 

POWe:. Requirements (KU/machine):  8) 

Number o f  Machines:  3 
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7.7.6 Sheet C u t t e r  and S l o t t e r :  A f t e r  t h e  a l u m i n u e  c o a t i n g  

i s  a p p l i e d ,  waveguide s h e e t s  a r e  c u t  i n t o  s t r i p s  9.8 cm and 

6.0 cm w i d e  ( s e e  F i g .  7.36). F f g h t  s t r i p s ,  f o u r  o f  each 

w i d t h ,  a r e  c u t  f r o m  each foamed g l a s s  s h e e t  by l a s e r s .  These 

s t r i p s  w i l l  f o r m  t h e  s i d e s  o f  t h e  waveguides. 

Nex t ,  h o l e s  i n  t h e  ' b a c k '  f a c e s  and s l o t s  f n  t h e  ' f r o n t '  

f a c e s  o f  t h e  waveguides a r e  c u t  t o  a l l o w  t h e  microwaves t o  

e n t e r  and be r a d i a t e d  d u r i n g  waveguide o p e r a t i o n .  The r a d f -  

a t i n g  ; l o t s  must be made t o  t o l e r a n c e s  o f  - + .0127 mm i n  

a l i g n m e n t ,  - + - 0 5 8  mm i n  l e n g t h ,  and - + . O S 8  mm i n  s p a c i n g .  

H a l f  o f  t h e  9.8-cm-wide s t r i p s  a r e  s l o t t e d  l e n g t h w i s e  i n  two  

p a r a l l e l  r o w s  - -  t h e s e  w i l l  f o r m  t h e  r a d i a t i n g  s u r f a c e .  The 

o t h e r  h a l f  o f  t h e s e  s t r i p s  a r e  h o l e d  t o  f o r m  t h e  i n l e t  p o r t s  

f o r  t h e  microwaves.  These h o l e s  and s l o t s  a r e  c u t  by t h e  

p u l s e d  1 kW l a s e r s .  Finally, a n o t h e r  l a s e r  c r o s s c u t s  t h e  

10  m s t r i p s  t a  t h e  l e n g t h s  r e q u i r e d  f o r  t h e  v a r i o u s  waveguides.  
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SPECIFICATION SHEET 

Machine Name: Sheet Cutter a n d  S?otter 

-. 

Laser 14 4000 10 

Radiator and Pump 1 20 1 

Conveyor Sys tern 1 170 5 

-_. 

2 

Function o f  trlachine: TO cut and slot foaaed glass sheets 

Mass o f  Machine: 56000 k 9  

Physical  Dimensions: 12 m x 2 m x 

Throughput/Machine (tons/year): 

Power Requirements (KW/machine): 

Number o f  Machines: 2 

Humber o f  Operators: 0 

3 m  

6.5 

21 

X l o 3  

\fa 
L C  
m r  
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7 - 7 . 7  Waveguide Assembler: The waveguide assembly system i s  

shown i n  F!g. 7 . 3 7 ,  Manipulator arms maneuver the s t r ip s  o f  

foamed g l a s s  i n t o  p o s i t i o n  around a s e t  o f  guides  whose 

purpose i s  t o  ensure  t h e  dimensional  accuracy  o f  t h e  waveguide 

c r o s s - s e c t i o n .  

Three s i d e s  o f  t h e  ' b o x '  a r e  formed around the  i n t e r n a l  

gu ides  ( a s  shown i n  t h e  f j g u r e ) .  T h e  f o u r t h  s i d e  i s  then  

guided i n t o  p o s i t i o n  w i t h  the i n t e r n a l  guides  removed. Once 

i n  p l a c e ,  t h e  edges o f  a d j a c e n t  s h e e t s  a r e  fused t o g e t h e r  by 

a 1 kW p u l s e d  l a s e r  beam. The completed waveguides a r e  r e -  

moved from t h e  mold and d i spa tched  t o  t h e  waveguide packaging 

a r e a .  

Twelve assembly s t a t i o n s  a r e  provided i n  t h e  r e f e r e n c e  

SMF des ign .  The previous  product ion  s e c t i o n s  produce enough 

completed s t r i p s  t o  prodilce t h r e e  10-meter- long waveguides 

every  minute.  However, t h e  a c t u a l  waveguides must be pro- 

duced i n  a v a r i e t y  o f  l e n g t h s .  9 s s g r n i n g  t h a t  on t h e  average  

each 10-m l eng th  i s  c u t  t o  p r o d u c e  t K 9  waveguides,  and t h a t  

t h e  assembly t ime f o r  2ach w a v e g u i d e  i s  t w o  minutes ,  twelve 

assembly s t a t i o n s  a r e  r e q u i r e d .  
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SPECIFICATION S H E E T  

MaChiae b m e :  Waveguide Assembler 

F u n c t i o n  o f  Machine: To assemble foamed g l a s s  s h e e t s  i n t o  

Mass o f  Machine:  24100  k g  

P h y s i c a l  Dimensions: 2 0  m x 2 m x 3 m 

waveguides 

Assembly A r m s  

I n  t e r i  or Gu i d e s  

L a s e r  

,. 
- 

-. .-,. --- 
R a d i a t o r  and ;lump 

Throughput jMachine ( t o n s / y e a r )  : 1.1 x l o 3  

F 

8 10 1 .  

2 15  0 

4 4000 1 0  

1 80 4 
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7.7.8 Waveguide Packager:  The packager  sys tem i s  u s e d  t o  

remove comp le ted  waveguides f r o m  t h e  assembly s t a t i o n  and t o  

p l a c e  them i n c o  c o n t a i n e r s  r e a d y  f o r  d i s p a t c h  t o  t h e  o u t p u t  

or s t o r a g e  a reas .  

M a n i p u l a t o r  arms a r e  used i n  t h e  p h y s i c a l  h a n d l i n g  of  

t h e  foamed g l a s s  between assembly and packag ing .  The wave- 

g u i d e s  a r e  packaged i n t o  r a c k s  wh fch  c o n n e c t  two t r a n s p o r t e r  

c a r t s  --  as shown i n  F i g .  7.38. Because o f  t h e  f r a g i l i t y  o f  

t h e  waveguides s p e c i a l  p r e c a u t i o n s  i n  t h e i r  h a n d l i n g  -- such 

as l j n e d  c o n t a i n e r s  -- a r e  r e q u i r e d .  

Each waveguide i s  s u b j e c t e d  t o  t e s t i n g ,  b e f o r e  b e i n g  d i s -  

pa tched,  as a q u a l i t y  c s i i t r - 0 1  measure. These t e s t s  i n c l u d e  

o p t i c a l  g e o m e t r i c  t o l e r a n c e  t e s t i n g  t o  check  s l o t  p o s i t i o n i n g  

and a l i g n m e n t ,  and h o t  t e s t s  u s i n g  a m ic rowave  s o u r c e  t o  ob- 

t a i n  a measurement o f  t h e  r a d i a t e d  o u t p u t  q u a l i t y .  The t e s -  

t f n g  s t a t i o n  i s  s i t u a t e d  between t h e  f f n a l  assemb ly  and o u t -  

p u t  s t a t i o n s .  
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SPECIFICATION SHEET 

Machine Name: Waveguide Packager 

F u n c t i o n  o f  Machine:  To package wa < G u i d e s  i n  p r e p a r a t i o n  for 

Mass o f  Machine:  8650 k g  
t r a n s p o r t a t i o n  t o  s t o r a g e  

Physictl Dimensions:  2 2  m x 2 m x 3 m 

Throughput/Machine ( t o n s / y e a r ) :  4 . 3  x 10 

Power Yequirements  (KW/machine): 0 

3 
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Nunber o f  Machines: 3 
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- 7 .8 -  SOLAR C E L L  F A C T O R Y  

7.8.1 Overview: Figure 7 . 3 9  i s  a " top"  view o f  t h e  s o l a r  

ce l l  f a c t o r y  ( r e p e a t i n g  F i g .  7 . 5 ) .  The f a c t o r y  c o n s i s t s  of 

two major s t r u c t u r a l  s e c t i o n s :  one conta in i r la  the zone re- 

f i n i n g ,  mask and masking s t r i p  c leanup,  and i n t e r c o n n e c t  d e -  

p o s i t i o n  s e c t i o n s ;  and t h e  o t h e r ,  t h e  d e p o s i t i o n  a n d  assembly 

s e c t i o n s  f o r  the  product ion  of  t h e  c e l l  a r r a y s .  Each o f  

t h e s e  s t r u c t u r a l  u n i t s  i s  a t t a c h e d  t o  the  c e n t r a l  mast a t  

d i s c r e t e  p o i n t s ,  w i t h  v i b r a t i o n  damping systems b u i l t  i n t o  

t h e  j o i n t s .  These j o i n t s  a l s o  c a r r y  f l e x i b l e  power f eeds  

a n d  i n t e r n a l  t r a n s p o r t  t r a c k s .  

The s o l a r  c e l l  f a c t o r y  i s  a p l a n a r  s t r u c t u r e ,  i . e .  i t s  

t h i c k n e s s  ( i n t o  t h e  paper i n  F i g .  7.39) i s  on t h e  o r d e r  o f  

10-20 meters .  In a d d i t i o n ,  t h e r e  a r e  hea t -was te  r a d i a t o r s  

roughly 30 meters  above a n d  below t h e  p lane  of  t he  f a c t o r y .  

These r a d i a t o r s  a r e  i n  a p lane  p a r a l l e l  t o  t h a t  o f  t h e  f a c -  

t o r y ,  and a r e  t h e r e f o r e  omi t ted  f rom t h e  f i g u r e ,  s i n c e  t h e y  

wou1.I obscure  t h e  prodoct ion  sequences.  These r a d i a t o r s  a r e  

d i scussed  f u r t h e r  i n  t h e  i n d i v i d u a l  equipment d e s c r i p t i o n s  

and i n  Sec.  7 . 8 . 2 4 .  

The d e p o s i t i o n  a n d  assembly s e c t i o n  o f  t h e  f a c t o r y  con- 

s i s t s  o f  p a r a l l e l  product ion l i n e s  ( " s t r i p s " )  r u n n i n g  per-  

pend icu la r  t o  t h e  c e n + r a l  mast ( f r o m  bottom t o  t o p  i n  F i g .  

7 . 3 9 ) .  E a c h  PrGduction s t r i p  i s  1.1 meters  wide,  t h e  w i d t h  

o f  a s o l a r  pane l .  T h e  s t r i p s  a r e  c l u s t e r e d  i n  groups of  14  

? . l o ?  
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( “ s u b s e c t i o n s ) .  

a r r a y s  o f  s o l a r  c e l l s  14 panels  wide. 

Therefore  one f a c t o r y  s u b s e c t i o n  produces 

One such s u b s e c t i o n  i s  s h c w  i n  g r e a t e r  d e t a i l  i n  Fig. 

7.40 .  Each product ion  s t r i p  i s  104 meters  long  (from f r o n t  

t o  r i g h t  r e a r  i n  the  f i g u r e ) .  The a s t r o n a u t  f i g u r e  i s  i n -  

c l u d e d  nex t  t o  the nea r  c o r n e r  f o r  s i z e  comparison. 

stages of so lar  c e l l  p roduct ion  a r e  d e p o s i t i o n  p rocesses  o n t o  

b e l t s .  These b e l t s  move i ndependen t ly ,  a l lowing  s i n g l e - b e l t  

s h u t d o w n s  f o r  maintenance and r e p a i r .  In each 1 4 - s t r i p  s u b -  

s e c t i o n ,  t h e  l a t e r  a r r a y  assembly s t a g e s  a r e  equipped w i t h  

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

The  s u b s e c t i o n  o u t p u t  i s  t h e r e f o r e  una f fec t ed  by s i n g l e - s t r i p  

f a i l u r e s .  The f a c t o r y  o u t p u t  i s  b o x e d  a r r a y s  o f  connected 

so l a r  c e l l  pane ls  ( “ p a c k a g e s ” ) ,  each c o n t a i n i n g  a n  a r r a y  14 

pane l s  wide  by 531 pane l s  long  (15 .5  m x 633 m, unfo lded) .  

Thus s o l a r  c e l l s  a r e  p r o g r e s s i v e l y  b u i l t  u p  ( l a y e r  by 

l a y e r )  a s  t hey  move t h r o u g h  t h e  s u c c e s s i v e  p r o c e s s e s .  The 

s t u d y  g r o u p  chose t h i s  cont inuous  product ion  l i n e  d e s i g n  f o r  

m a x i m u m  au tomat ion ,  a n d  for  m i n i m u m  handl ing  of  t h e  f r a g i l e  

s o l a r  c e l l  l a y e r s .  Equipment f o r  t h e  succesy ive  p rocesses  

s i t s  e i t h e r  above or below t h e  moving s o l a r  c e l l  s t r i p s .  T h e  

d e p o s i t i o n  and assembly s e c t i o n s  of  t h e  s o l a r  c e l l  f a c t o r y  . 

a r e  designed t o  be e n t i r e l y  f r e e  o f  d i r e c t  human o p e r a t i o n s ,  

s i n c e  t h e  f a c t o r y  i s  u n p r e s s u r i z e d ,  t h e  s o l a r  c e l l s  a r e  e x -  

T h e  e a r l y  

t remely  f r a g i l e ,  a n d  t h e  p r o d u c t i o n  equipment i s  hot  (bo th  
7 . 1 0 9  
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i n  t he  thermal s e n s e ,  s i n c e  many o f  t h e  r a d i a t o r s  a r e  a t  

475'K o r  h i g h e r ,  and i n  t h e  r a d i a t i o n  s e n s e ,  s i n c e  e l e c t r o n  

beam guns p u t  o u t  x - r a y s ) .  Opera t ions  w i t h i n  t h e  s o l a r  c e l l  

Fpctory a r e  e i t h e r  au tomat i c ,  r o b o t i c ,  o r  r emote -con t ro l l ed .  

A l t h o u g h  open t o  vacuum, t h e  i n d i v i d u a l  p rocesses  gen- 

e r a t e  low pressures o f  d e p o s i t l o n  vapor s ,  and a r e  t h e r e f o r e  

protected from each o t h e r  by b a f f l e s  ( t h i n  s h e e t s )  t o  avoid  

CI ntaminat ion  o f  product  and equipment. Hence t h e  'box'  a p -  

p3arance o f  the d e p o s i t i o n  s e c t i o n s  i n  F i g .  7.40. 

A l s o  shown i n  F i g .  7.40 i s  a "c rawle r " .  Such c r a w l e r s  

move a long  g u i d e  t r a c k s  which r u n  ove r  ( o r  below) each pro- 

cess,  e x t e n d i n g  a c r o s s  t h e  f a c t o r y .  Crawler t r a c k s  a r e  shown 

a s  h o r i z o n t a l  l i n e s  a c r o s s  t h e  d e p o s i t i o n  and assembly sec -  

t i ons  i n  F i g .  7.39. The c r a w l e r s  f e e d ,  m a i n t a i n ,  and r e -  

p l ace  components o f  i n d i v i d u a l  p rocesses  a c r o s s  t h e  s t r ips  

( for  examplo, c r a w l e r s  d e d i c a t e d  t o  t h e  suppor t  o f  t h e  a l u -  

m i n u m  r ea r  c o n t a c t  d e p o s i t i o n  move a long  one t r a c k  a c r o s s  

t h e  w i d t h  o f  t h e  f a c t o r y ) .  The c r a w l e r s  pick u p  i n p u t  mate- 

r i a l s  a n d  replacement  p a r t s  from the i n t e r n a l  t r a n s p o r t  sys- 

tem. I n t e r p a l  t r a n s p o r t  t r a c k s  c r o s s  t h e  c rawle r  t r a c k s  a t  

s e v e r a l  l c s - ; t i o n s  a c r o s s  t h e  f a c t o r y .  Crawlers a n d  i n t e r n a l  

t r a n s p o r t  dev ices  a r e  d i s c u s s e d  i n  C h a p .  8 ,  "Support  E q u i p -  

m e r t  Speci f i c a  t i o n s "  . 
' I n s i t e  r e p i i r s  i n  t h e  d e p o s i t i o n  a n d  assembly s e c t i o n s  

a r e  per forced  by f r e e - f l y i n g  t e l e o p e r a t o r s .  These a r e  de- 
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s c r i b e d  i n  Chap. 9, "Ma in tenance and R e p a i r " .  

F i g u r e  7.41 i s a  s i d e - v i e w  schemat i c  o f  a p r o d u c t i o n  

s t r i p ,  showing t h e  s u c c e s s i v e  d e p o s i t f o n  and assembly p r o -  

cesses  and t h e  dimensions o f  t h e i r  s e c t + o n s .  The s o l a r  ce l l  

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

r i g h t  i n  t h e  f i g u r e )  a t  .85 m/minute.  The i n d i v i d u a l  p r o -  

cesses  a r e  d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n s  o f  t h i s  chap-  

t e r .  I n  a d d i t l o n ,  t h e s e  s e c t i o n s  i n c l u d e  d e s c r i p t i o n s  of 

zone r e f i n i n g  (Sec, 7 . 8 . 4 ) ,  mask c l e a n u p  {7.8.11), i n t e r -  

c o n n e c t  d e p o s i t i o n  ( 7 . 8 . 1 4 ) ,  and mask ing  s t r i p  c l e a n u p  (Sec .  

7.8.18). 

The t o t a l  number of p r o d u c t i o n  s t r i p s  i s  computed by 

a s s e s s i n g  t h e  e f f e c t  o f  t h e  d u t y  c y c l e s  o f  d e p o s i t i o n  and 

assembly s e c t i o n s  on t h e  m a x i m u m  p r o d u c t i o n  c a p a b i l i t y .  

c a l c u l a t i o n s  a r e  d i s c u s s e d  i f i  Chap. 10, " L i n e  Item C o s t i n g " .  

The t o t a l  number o f  s t r i p s  i n  t h e  r e f e r e n c e  SMF i s  266, g rouped  

i n  19  c l u s t e r s .  

These 
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7.8 .2  Thermal B e l t :  The thermal b e l t  ( see  F i g .  7.42)  serves 

a s  a d e p o s i t i o n  s u r f a c e  f o r  t h e  aluminum rear c o n t a c t ,  s i l i c o n  

wafe r ,  and aluminum t o p  c o n t a c t  o f  t h e  s o l a r  c e l l .  I t  a l s o  

car r ies  the s o l a r - c e l l  wafers  through r e c r y s t a l l i z a t i o n  pro- 

cesses. The b e l t  runs t r h o u g h  33 meters  o f  d e p o s i t i o n  cham- 

ber; and o t h e r  product ion  equipment,  then curves a r o u n d  a 

q.5 meter d iameter  r o l l e r  and r e t u r n s  t o  t h e  s t a r t  o f  the  

product ion  l i n e .  The b e l t ' s  l e n g t h  i s  t h e r e f o r e  81 meters; 

each b e l t  i s  1.1 meters  wide, the w i d t h  o f  a p a n e l  o f  s o l a r  

ce l l s .  Modeling t h e  b e l t  as 5 mm-thick copper  y i e l d s  a b e l t  

mass o f  4000 k g .  

To provide  thermal c o n t r o l  o f  t h e  d e p o s i t i o n  s u r f a c e  

d u r i n g  t h e  process  s t e p s ,  t h e  b e l t  t r a v e l s  over  f i x e d  thermal 

c o n t r o l  p l a t e s .  These cool  t h e  b e l t ,  a s  r e q u i r e d  by t h e  

p rocesses  above. Heat i s  e x t r a c t e d  by l i q u i d  sodium pass ing  

through t h e  p l a t e s .  To avoid s toppage  o f  s e v e r a l  b e l t s  by 

s i n g l e  f a i l u r e s ,  each b e l t  has i t s  own s e t  of thermal  p l a t e s ,  

w i t h  t h e i r  own thermal c o n t r o l  sys tems.  (Given p r e s e n t  

knowledge, t h e  p r e c i s e  thermal requi rements  [e.g. s u r f a c e  

t empera tu re ,  thermal g r a d i e n t ,  C T E ]  of the  b e l t  s u r f a c e  a r e  

u n k n o w n ;  a n  e x a c t  b e l t  des ign  i s  t h e r e f o r e  d i f f i c u l t .  An 

a l t e r n a t i v e  t o  t h e  b e l t - a n d - p l a t e  des ign  i n  t h e  r e f e r e n c e  

SMF i s  a r e c e n t l y  invented  rod-and-sprocket  b e l t  made o f  

s t a i n l e s s  s t e e l  [ R e f s .  7 . 3 ,  7 . 4 1 .  T h i s  b e l t  m a y  prove more 

r e l i a b l e  i n  space a p p l i c a t i o n s . )  
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The b e l t s  a r e  g rouped i n  s e t s  Q f  14 ,  w i t h  t h e  b e l t s  i n  

each g roup  1 mm a p a r t ,  f o r m i n g  a n e a r l y  c o n t i n u o u s  d e p o s i t i o n  

a rea .  (Each g roup  o f  b e l t s  p roduces  'packages '  o f  s o l a r  

c e l l s ,  a r r a y s  14 p a n e l s  wide.) Between groups,  t h e  b e l t s  

a r e  s e p a r a t e d  b y  an open space 3 m e t e r s  w ide .  S i n c e  t h e  

r e t u r n i n g  b e l t s  i n  a g roup  a l s o  f o r m  a n e a r l y  c o n t i n u o u s  s u r -  

f ace ,  power c a b l e s  and c o o l a n t  p i p e s  t o  t h e  group's t h e r m a l  

p l a t e s  a r e  r o u t e d  t o  t h e  gap between groups  and o u t  o f  t h e  

b e l t  system. The c o o l a n t  p i p e s  c a r r y i n g  sod ium a t  . 5  mlsec  

a r e  t h e n  r a u t e d  t o  1 mm t h i c k  aluminum s h e e t  r a d i a t o r s .  The 

4.5 m e t e r  gap between t h e  upper  and l o w e r  b e l t  s u r f a c e s  con- 

t a i n s  t h e  needed t h e r m a l  p l a t e s ,  power feeds ,  p i p i n g ,  and 

s t r u c t u r a l  s u p p o r t s .  The t h r e e - m e t e r  gap between g roups  o f  

b e l t s ,  b e s i d e s  a l l o w i n g  e n t r y  and e x i t  o f  power feeds  and 

c o o l a n t  p ipes ,  a l s o  p r o v i d e s  access t o  t h e  i n s i d e  o f  t h e  

t h e r m a l  b e l  t sys tern f o r  t e l  e o p e r a t o r s .  

S i m i l a r  t h e r m a l  b e l t s  a r e  a l s o  used i n  t h e  d e p o s i t i o n  

o f  S i O p  o p t i c a l  c o v e r s  and s u b s t r a t e s .  

l i s t e d  as  components o f  t h o s e  processes ,  however.  The t h e r -  

mal b e l t  i n  t h i s  s e c t i o n  i s  d e s c r i b e d  s e p a r a t e l y  because i t  

i s  s h a r e d  b y  s e v e r a l  p rocesses .  F o r  a l l  t h e  t h e r m a l  b e l t s  

i n  a d e p o s i t i o n  s t r i p ,  abou t  2 .2  t o n s  o f  l i q u i d  sod ium w i l l  

be  r e q u i r e d ,  assuming a c o o l a n t  f l o w  r a t e  o f  . 5  m/sec t h r o u g h  

1 0 0 - m e t e r - l o v g  p f p t ' s .  I n d i v i d u a l  c o o l a n t  r e q u i r e m e n t s  f o r  

each machine a r e  l i s t e d  under  thei; .  s e c t i o n s .  P i p e  masses 

These b e l t s  a r e  

were assumed t o  be 15% o f  t h e  c o o l a n t  mass, based on  a case 

7.116 



example des ign .  For each thermal b e l t ,  t h e  mass o f  thermal 

c o n t r o l  equipment i s  e s t ima ted  a t  200 k g .  In a d d i t i o n ,  

dr ive equipment t o  turn t h e  b e l t  r o l l e r s  i s  e s t ima ted  a t  

1000 k g  per s t r ip .  

A t  t h e  end o f  t h e  b e l t ,  'when t h e  d e p o s i t i o n  s u r f a c e  

curves  down around t h e  4.5-meter-diameter r o l l e r ,  the  1.1 

meter wide s t r i p  o f  depos i t ed  m a t e r i a l  ( rear  c o n t a c t ,  s i l i c o n  

wafe r ,  and t o p  c o n t a c t )  i s  peeled f r o m  t h e  thermal b e l t  and 

t r a v e l s  on t h r o u g h  more product ion s t e p s .  

SPECIFICATION S H E E T  

F u n c t i o n  o f  Machine: To s e r v e  as d e p o s i t i o n  s u r f a c e  f o r  s e v e r a l  

Mass o f  Machine: 5250 kg 

Phys ica l  Dimensions: 38 m x 1.1 m x 5 m ( n o t  i n c l u d i n g  r a d i a t o r s )  

Throughput/Machine ( t o n s / y e a r ) :  --- 
Power Requirements (KW/machlne): 4 5  

Number o f  Machines: 266 

Number o f  Opera tors :  0 

processes .  

n 
cn 0 

4cal u al 
L C  Y L 
al .r L - r  
n s  J) 01 3- 
E O  #I 3 -3 
3(0 (0 0 a =  
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7.8.3 DV o f  A I  Rear C o n t a z t :  The s o l a r  c e l l  p roduct ion  pro- 

c e s s  begins  w i t h  t h e  d i r e c t  v a p o r i z a t i o n  of t h e  2-micron 

t h i c k  a l u m i n u m  r e a r  c o n t a c t .  The process  i s  i l l u s t r a t e d  i n  

F i g s .  7.43 a n d  7 . 4 4 .  As shown i n  t h e  f i g u r e s ,  aluminum atoms 

a r e  bo i l ed  o f f  s l a t s  by e l e c t r o n  beams, and t h e  atoms a r e  

depos i t ed  onto  t h e  thermal b e l t .  

The e l e c t r o n  beam ( E B )  g u n s  f i r e  beams of e l e c t r o n s  i n t o  

magnet ic  d e f l e c t i o n  a n d  t r a c k i n g  c o i l s  near t h e  s u r f a c e  o f  t he  

b e l t .  These c o i l s  d e f l e c t  t h e  beams upward and t r a c k  them 

( 2  m m  s p o t )  a long t h e  unde r s ide  o f  t h e  A1 s l a b s p  v a p o r i z i n g  

t h e  m a t e r i a l .  T h i s  geometry a l lows  t h e  p o s i t i o n i n g  o f  t h e  

s l a b s  50 cm From t h e  b e l t .  A t  t h e  d e p o s i t i o n  p r e s s u r e  o f  

r o u g h l y  Torr, t h i s  d i s t a n c e  i s  t h e  mean f r e e  p a t h  o f  the  

atoms, a n d  t h e  A 1  t h e r e f o r e  d e p o s i t s  w i t h  a m i n i m u m  o f  a tomic 

c o l l  i s i o n s  . 
This geometry a l s o  a l lows +he thermal b e l t s  t o  be edge 

t o  edge, s i n c e  n e i t h e r  equipment n o r  e l e c t r o n  beams need t o  

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

from some o f  t h e  vapor ized  m a t e r i a l ,  improving t h e  ev:,.nsless 

o f  t h e  d e p o s i t i o n .  

In t h i s  r e f e r e n c e  d e s i g n ,  t he  t h c r r n a l  b e l t  speed i s  s e t  

a t  .85 me te r s /minu te ,  a n d  t h e  A 1  d e p o s l t i o n  r a t e  a t  4 microns 

per minute .  The r e q u i r e d  d e p o s i t i o n  l e n g t h  i s  t h e r e f o r e  

. 4 3  m e t e r s .  

The a l u m i n u m  s l a b s  u s e d  i n  t h e  process  a r e  produced a t  
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the  SMF by the cont inuous  c a s t e r ,  a n d  a r e  t h e r e f o r e  2 cm 

t h i c k  and  70 cm h i g h .  Their l e n g t h  i s  s e t  a t  1 m ,  so t h a t  

they  f i t  a c r o s s  t h e  1.1-m-wide b e l t ,  w i t h  room a t  t he i r  ends 

f o r  s l a b  feeding  mechanisms. T h e  s l a b s  a r e  f ed  from magazines 

s i z e d  t o  hold 4 reserve s l a b s  each. 

A s s u m i n g  t h a t  t h e  d e p o s i t i o n  i s  67% e f f i c i e n t  (2/3 o f  the  

s l a b  q a t c r i a l  ends up on t h e  b e l t ) ,  s l a b s  a r e  used u p  a t  the 

r a t e  o f  orle every  165 hours ( 6 . 9  days ) .  New and o l d  s l a b s  

vacuum-weld themselves t o g e t h e r  a t  t h e i r  edges a s  their  boun- 

da ry  approaches t h e  v a p o r i z a t i o n  s u r f a c e .  The re fo re  an o l d  

s l a b  i s  comple te ly  vaporized a s  a new one t a k e s  i t s  p lace .  

The remaining l j 3  of t h e  s l a b  m a t e r i a l  i s  vapor ized  and 

l o s t  e i t h e r  t o  b a f - 7 e s  o r  t o  open space .  Although t h e  de- 

p o s i t i o n  process  does rlot r e q u i r e  a p r e s s u r e  ves se l  ( t h e  

lower the p r e s s u r e ,  +he b e t t e r  t h e  d e p o s i t i o n ) ,  t h e  vapor ized  

A1 can ,ontaminate  ne ighbor ing  equipment a n d  p rocesses .  There- 

fot-e t h e  d e p o s i t i o n  s e c t i o n  i s  surrounded by b a f f l e s .  These 

t h i n  s h e e t s  of m a t e r i a l  s e r v e  as  l i n e - o f - s i g h t  b a r r i e r s  t o  

t h e  A1 vapor ,  s h i e l d i n g  t h e  E B  g u n s ,  d e f l e c t i o n  c o i l s ,  and 

s l a b  f eed ing  mechanisms. 

The b a f f l e s  a r e  o f  two t y p e s ,  "Panel"  b a f f l e s  a r e  those 

s h i e l d i n g  t h e  s l a b  f eed ing  mechanisms. They a re  made from 

lOO-micro,i t h i c k  t e p e r a t u r e - r e s i s t a n t  m a t e r i a l ,  e .g .  g l a s s  

c l o t h .  (Although t h e  r e f e r e n c e  SMF b r i n g s  b a f f l c s  from Ear th ,  

g l a s s  c l o t h  b a f f l e s  could a l s o  be manufactured a t  t h e  SMF by 
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machines s i m i l a r  t o  t h e  e l e c t r i c a l  i n s u l a t i o n  w inders . )  Each 

s t r i p ' s  r e a r  c o n t a c t  d e p o s i t i o n  s e c t i o n  has a s e p a r a t e  p a n e l  

b a f f l e ;  t h i s  b a f f l e  has two s l i t s  t h r o u g h  w h i c h  t h e  s l a b s  a r e  

f e d  i n t o  t h e  d e p o s i t i o n  chamber. E s t i m a t i n g  t h e  c ? e p o s i t i o n  

r a t e  o n t o  t h e  pane l  b a f f l e s  o f  - 3 5  m i c r o n s / m i n u t e ,  and a l -  

l o w i n g  a 2500-mic ron  l a y e r  o f  a luminum t o  accumu la te  b e f o r e  

b a f f l e  rep lacemen t ,  each pane l  b a f f l e  i s  r e p l a c e d  e v e r y  f i v e  

days.  Panel  b a f f l e s  a r e  h e l d  i n  p l a c e  b y  d o u b l e  t r a c k s  so 

t h a t  new b a f f l e s  can be i n s e r t e d  b e f o r e  t h e  o l d  ones a r e  r e -  

moved, t h u s  a v o i d i n g  p r o d u c t i o n  s toppages.  

The o t h e r  t y p e  o f  b a f f l e  i s  t h e  " s i d e "  b a f f l e .  S i d e  

b a f f l e s  a r e  p o s i t i o n e d  a c r o s s  t h e  ends o f  t h e  d e p o s i t i o n  

s e c t i o n ,  s h i e l d i n g  t h e  EB guns and t h e  n e x t  p rocess  i n  t h e  

p r o d u c t i o n  l i n e .  These b a f f l e s  e x t e n d  down t o  w i t h i n  a 

m i l l i m e t e r  o f  t h e  d e f l e c t i o n  c o i l  o u t p u t  p o r t  o r  t h e r m a l  

b e l t  s u r f a c e .  U n l i k e  t h e  pane l  b a f f l e s ,  s i d e  b a f f l e s  a r e  

sha red  by  t h e  ' D V  o f  r e a r  c o n t a c t '  s e c t i o n s  o f  a l l  1 4  s t r i p s  

i n  a s o l a r  c e l l  f a c t o r y  s u b s e c t i o n .  Each s i d e  b a f f l e  i s  a 

100 -m ic ron  t h i c k  s h e e t  o f  m a t e r i a l  ( e . g .  g l a s s  c l o t h )  wh ich  

i s  s l o w l y  unwound from a 310-meter  r o l l  a t  t h e  edge o f  t h e  

1 4 - s t r i p  s u b s e c t i o n .  The b a f f l e  i s  gu ided  a c r o s s  t h e  14  

s t r i p s ,  i t  i s  d i s c a r d e d  as p rocess  waste.  E s t i m a t i n g  a .7 

m i c r o n / m i n u t e  d e p o s i t i o n  on t h e  s i d e  b a f f l e s  ( h t g h e r  t h a n  

t h e  pane l  b a f f l e  because o f  t h e  geometry  o f  t h e  d e p o s i t i o n )  

and a l l o w i n g  a 500-mic ron  b u i l d u p  b e f o r e  d i s c a r d ,  one r o l l  
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o f  b a f f l e  l a s t s  10 days.  S i n c e  new r o l l s  can be a t t a c h e d  

d i r e c t l y  t o  o l d  ones, replacement  of s i d e  ba f f l e s  does  n o t  

s t o p  produc t ion .  

T h e  u se  o f  r o l l s  o f  s ide  b a f f l e s  i s  p o s s i b l e  because 

the s ide  b a f f l e  sur face  i s  u n i n t e r r u p t e d  ( i . e .  no s l i t s  a r e  

r e q u i r e d ,  as i n  t h e  panel b a f f l e s ) .  Theme a re  no b a f f l e s  

between s t r i p s ,  s i n c e  d e p o s i t i o n  on ne ighbor ing  s t r i p s  i s  

b e n e f i c i a l  t o  t h e  process .  

E l e c t r o n  beam guns a r e  d e s c r i b e d  i n  some d e t a i l  i n  See. 

7 .2 .7 .  Unlike the  s l a b  c u t t e r ,  however, f o r  t he  E8 g u n s  i n  

the  s o l a r  c e l l  f a c t o r y ,  the  lOO*to 170-bending o f  t h e  e ? e c t r o n  

beam p l a c e s  the f f l amen t  i n  t h e  EB g u n  o u t  o f  s i g h t  o f  t h e  

impact p o i n t ,  avo id ing  f i l a m e n t  d e t c r i o r a t i o n  problems. F i l a -  

ments a r e  r ep laced  zvery  40 hours by an  au tomat ic  r e l o a d  

mechanism f r o v a  20- f i lament  m a g a z i n e  mounted on t h e  g u n .  Tire 

r e l o a d e r  u ses  two f i l a m e n t  c a r t r i d g e s ,  t h u s  s t o p p i n g  t h e  g u n  

f o r  on ly  a few seconds d u r i n g  r e l o a d .  This opera t iDn t h e r e -  

f o r e  does n o t  s t o p  product ion .  

The t o t a l  i n p u t  power t o  each EB g u n  used i n  t he  DV o f  

t he  a l u m i n u m  r e a r  c o n t a c t  i s  3 . 1  kl4 .  Focusing and d e f l e c -  

t i o n  r e q u i r e s  20% of  t h i s  power O f  t h e  remainder ,  50% i s  

wasted a s  hea t  i n  t h e  E B  g u n ,  a n d  t h e  o t h e r  50% i s  t h e  beam 

power. E lec t ron  s c a t t e r i n g  a n d  thermal was te  i n  t h e  s l a b  

wa5ies 30% o f  t h i s  beam power, l e a v i n g  (.8)( . 5 ) ( . 7 )  = 28% 

of  t h e  o r i g i n a l  i n p u t  power t o  vapor i ze  t h e  s l a b  ( i n c l u d i n g  
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t h e  v a p o r  wasted  on t h e  b a f f l e s ) .  A t  t h i s  e f f i c i e n c y ,  one 

6.2 kW EB gun i s  s u f f i c i e n t  t o  d e p o s i t  t h e  A I  a t  4 w i c r o n s  

p e r  m i n u t e .  However, s i n c e  the s o l a r  c e l l  m a t e r i a l  c a n n o t  

be r o u t e d  f r o m  one s t r i p  t o  a n o t h e r  d u r i n g  t h e  d e p o s i t i o n  

processes ,  f a i l u r e  o f  t h e  EB gun w o u l d  h a l t  t h e  e n t i r e  pro-  

d u c t i o n  l i n e .  T h e r e f o r e  two 6.2 kW guns a r e  used, f o r  re- 

dundance; t h e s e  guns o p e r a t e  a t  3.1 kY d u r i n g  no rma l  ope ra -  

t i o n s .  

The l a t e n t  h e a t  o f  v a p o r i z a t i o n  r e l e a s e d  b y  t h e  a luminum 

v a p o r  when i t  d e p o s i t s  o n t o  t h e  b e l t  r e q u i r e s  a n  a c t i v e  c o o l -  

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

e v e n t u a l  m e l t i n g  o f  t h e  b e l t .  Assuming 40: o f  t h e  n o n i n a l  

i n p u t  power t o  t h e  guns [ e q u i v a l e n t  t o  t h e  beam power = 

(6.2 k W ) ( . 8 ) ( . 5 )  = 2.5 kW] must  be  removed t h r o u g h  t h e  b e l t ,  

and t h a t  t h e  l i q u i d  sodium ( h e a t  c a p a c i t y  1340 j o u l e s / k g " K  

a t  475°K) e n t e r s  a t  400°K and l e a v e s  a t  600°K, t h e n  each 

s t r i p ' s  ' D V  o f  r e a r  c o n t a c t '  s e c t i o n  r e q u i r e s  - 0 1  k g / s e c  o f  

l i q u i d  sodium t o  keep t h e  t h e r m a l  b e l t  be low 7 5 O ' K .  I f  t h e  

sodium f l o w s  a t  . 5  m/sec t h r o u g h  100 m e t e r s  o f  p i p i n g  ( o u t  

o f  t h e  t h e r m a l  b e l t ,  t o  a r a d i a t o r  r o u g h l y  30 m e t e r s  away, 

and b a c k ) ,  t h e n  1 .9  k g  o f  sodium i s  r e q u i r e d  f o r  ea,-.h sec-  

t i o n .  The w r s t e  h e a t  i s  r a d i a t e d  a w a y  f r o m  a 1.1 tn2 s h e e t  

o f  a luminum ( 1  mm t h i c k ) ,  l o c a t e d  be low t h e  r e t u r n i n g  p o r -  

t i o n  o f  t h e  t h e r m a l  b e l t .  A l t h c u g h  each s t r i p  has i t s  own 

t h e r m a l  p l a t e  and pump, p i p i n g  ;.,?d r a d i a t o r s  f o r  t h e  ' D V  o f  
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r e a r  c o n t a c t '  s e c t i o n s  o f  t h e  14 s t r i p s  i n  a s u b s e c t i o n  c o u l d  

be combined, s i n c e  t h e  d u t y  c y c l e s  o f  t h e s e  components i s  

v i r t u a l l y  100%. The pump, p i p i n g ,  f i t t i n g s ,  r a d i a t o r s ,  and 

c o n t r o l  sys tem f o r  one s t r i p ' s  'DV o f  r e a r  c o n t a c t '  t h e r m a l  

c o n t r o l  a r e  e s t i m a t e d  a t  20 kg. 

Of t h e  50% o f  t h e  i n p i r t  w w e r  r e m a i n i n g ,  i t  i s  assumed 

t h a t  10% i s  l o s t  i n  e s c a p i n g  vapor  and b a f f l o  r z d i a t i o n .  'cc ..e 

r -cnta in fng 50% must  be  d e a l t  w i t h  i n  t h e  e l e c t l d n  beam gun. A 

heat  p i p e  c o n d u c t s  was te  h e a t  f r o m  t h e  gun t o  a p y r n l y t i c  

g r a p h i t e  r a d i a t o r  above t h e  d e p o s i t i o n  s e c t i o n .  The r a d i a t o r  

i s  r e c t a n g u l a r ,  has an area  o f  - 2 5  in2,  and o p e r a t e s  a t  720OK 

when w a s t i n g  3.1 kW. The h e a t  p i p e  i s  l o n g  enough t o  a l l o w  

h a n d l i n g  o f  i n p u t  s l a b s  by m a n i p u l a t o r s  w i t h o u t  remov ing  t h e  

r a d i a t o r s .  The p j r o l i t i c  g r a p h i t e  r a d i a t o r s  a r e  modeled on 

t h o s e  sugges ted  by Raytheon f o r  a m p l i t r o n s  (Re f .  7 . 5 ) ,  and 

a r e  e s t i m a t e d  t o  mass  10  kg ( i n c l u d i n g  h e a t  p i p e ) .  
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SPECIFICATION S H E E T  

Machine Name: DV o f  A1 Rear Contact 

Function o f  Machine; To DV aluminum o n t o  the thermal b e l t  

Mass o f  Machine: 164 kg  

Physical Dimensions: 1 m x 1 . 1  m x 3 

Throughput/Machine (tons/year)  : --- 
Power Requirements (KW/machine): 6 . 2  

Mumber o f  Machines: 266 

lumber o f  Operators: 0 
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7.8.4 Zone Ref iner :  

g raae  s i l i c o n  i n  s l a t s  1.2 m x . 4 2  m x .04 m .  These s l a b s  

The r e f e r e n c e  SMF r e c e i v e s  m e t a l l u r g i c a l  

a r e  zone r e f i n e d  i n  a s e p a r a t e  f a c i l i t y  t o  reach  semiconduc- 

t o r  grade  p u r i t y .  The study g r o u p  assumed t h a t  the S i  from 

the Moon would be  s u f f i c i e n c t l y  pure t h a t  1 0  tone  r e f i n i n g  

passes  would be s u f f i c i e n t  t o  reach t h e  needed 99 .9992  p u r i t y .  

f h e  zone r e f i n e r  i s  shown i n  F i g .  7.45 .  Slabs  t r a v e l  

one a f t e r  ano the r  t h r o u g h  t h e  machine a t  a speed o f  2.5 cm 

per minute.  Each s l a b  passes  t h r o u g h  t en  h e a t i n g  c o i l s  

spaced 40 cm a p a r t ;  each h e a t i n g  c o i l  uses  magnetic induc-  

t i o n  t o  c r e a t e  a molten zone i n  t h e  s i l i c o n  s l a b .  Behind 

each c o i l  i s  a g a s - j e t  r i n g  which s p r a y s  coo l ing  argon o n t o  

t h e  s l a b  s u f f i c i e n t l y  c l o s e  t o  t h e  induc t ion  c o i l  t o  c r e a t e  

a 670°K/cm thermal g r a d i e n t .  Under t h o s e  c o n d i t i o n s  t h e  

s i l i con  a t  t h e  l i q u i d / s o l i d  i n t e r f a c e  w i l l  r e c r y s t a l ? i t e  a t  

2.5  cm/minute, a n d  each melt  zone w i l l  t h e r e f o r e  be s t a t i o n -  

a r y  r e l a t i v e  t o  t h e  hea t ing  c o i l  a n d  g a s - j e t  r i n g .  Each 

tone  " t r a v e l s "  down t h e  s i l t c o n  as  t h e  s l a b  inoves t h r o u g h  t h e  

machine. The l e a d i n g  and t r a i l i n g  ends o f  t h e  s l a b  a r e  n o t  

melted,  t o  p re se rve  t h 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  s l a b .  In 

a d d i t i o n ,  a s e p a r a t e  s e t  o f  magnetic shaping c o i l s  p re se rves  

t h e  r e c t a n g u l a r  c r o s s - s e c t i o n  o f  t h e  s l a b  d u r i n g  t h e  p rocess ,  

r e s i s t i n g  each melt  zone ' s  tendency t o  assume a c i r c u l a r  

c r o s s - s e c t i o n  i n  z e r o - g .  

Thus each s l J b  e n t e r s  t h e  zone r e f i n e r  a t  2 . 5  cm/minute, 
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s u p p o r t e d  and moved by a s e t  o f  clamps. S h o r t l y  a f t e r  the 

l e a d i n g  edge passes  t h r o u g h  t h e  f i r s t  c o f l ,  t h a t  c o i l  i s  

t u rned  on and c r e a t e s  a mel t  zone. That c o i l  s t a y s  on u n t i l  

s h o r t l y  b e f o r e  the t r a i l i n g  end  o f  t h e  s l a b  r eaches  i t  ( t i m e  

o f  o p e r a t i o n ,  46  minu tes ) ;  i t s  molten zone t h e r e f o r e  t r a v e l s  

t h r o u g h  t h e  c e n t r a l  1.15 meters  o f  t h e  1.2 meter - long  s l a b .  

S u c c e s s i v e  c o i l s  o p e r a t e  i n  t h e  same f a s h i o n .  S i n c e  t h e .  

c o i l s  a r e  40 cm a p a r t ,  t h e  s l a b  can h a v e  as many a s  t h r e e  

molten zones w i t h i n  i t  a t  one t ime. To ma in ta in  i t s  s t ruc -  

t u r a l  i n t e g r i t y ,  the  s l a b  i s  passed through t h e  c o i l s  by a 

s e r i e s  of  clamps w h i c h  g r a s p  and u n g r a s p  t h e  middle a n d  e n d s  

of  t he  s l a b  s o  t h a t  s e c t i o n s  between mel t  zones a r e  not  l e f t  

f r e e l y  suspended. The clamps a l s o  s e r v e  as  h e a t  sinks t o  

h e l p  p re se rve  t h e  g r a d i e n t s  nea r  the  me l t  zones.  

Passage o f  one s l a b  through the t e n  h e a t i n g  c o i l s  takes 

190 minutes. W i t h  a 10-cm gap between s l a b s ,  t h e  machine 

p r o c e s s e s  each s l a b  i n  1 9 4  minutes ,  A f t e r  t h e  t e n  mel t  zones 

have t r a v e l e d  t h r o u g h  t h e  s l a b ,  a lmost  a l l  o f  t h e  impurit ies 

have been c r y s t a l l i z e d  i n  t h e  t r a i l i n g  end o f  t h e  s l a b .  A l -  

lowing a 10-cm g a p  between s l a b s ,  each zone r e f i n e r  o u t p u t s  

one s l a b  every  5 2  minutes .  Each machine t h e r e f o r e  produces 

9500 s labs  per y e a r  ( 9 5 ' ;  du ty  c y c l e ) ,  a n d  60 machfnes a r e  

r e q u i r e d  t o  r e f i n e  t h e  5 7 0 , 0 0 0  s l a b s  o f  s i l i c o n  r e q u i r e d  f o r  

t h e  product ion  o f  one 10-GW S P S  per y e a r .  

To avoid l o s s  o f  t h e  a r g o n  sprayed by t h e  g a s - j e t  r ings ,  
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t h e  zone r e f i n e r s  a r e  e n c l o s e d  i n  p r e s s u r c - t i g h t  c o n t a i n e r s .  

Each 25 m x 10  m x 5 m c o n t a i n e r  ho:ds s i x  zone r e f i n e r s  

(each 1.5 m x 8 m x 2 m ) ,  as shown i n  F i g .  7.46. Each con-  

t a i n e r  a l s o  i n c l u d e s  two a i r l o c k s  f o r  i n t r o d u c t i o n  and r e -  

moval  o f  s l a b s  and e n t r y  and e x i t  o f  r e p a i r  crews. The con-  

t a i n e r s  a r e  s i z e d  t o  a l l o w  access  space f o r  s p a c e - s u i t e d  r e -  

p a i r  w o r k e r s  a round  t h e  r e f i n e r s .  H o t  a r g o n  i s  pumped from 

the c o n t a i n e r s  t o  r a d i a t o r s  f o r  c o o l i n g ,  and t h e  c o o l  a r g o n  

i s  r e t u r n e d  t o  t h e  gas j e t  r i n g s .  

S l a b s  e n t e r i n g  and l e a v i n g  t h e  c o n t a i n e r  a r e  h a n d l e d  b y  

a u t o m a t i c  m a n i p u l a t o r s .  A f t e r  r e f i n i n g ,  t h e  s i l i c o n  s l a b s  

a r e  f i r s t  p l a c e d  i n t o  r a c k s  d e s i g n e d  t c  h o l d  t h e  semicon-  

d u c t o r  g rade  s l a b s  w i t h o u t  c o n t a m i n a t i n g  them. Once f u l l ,  

a r a c k  o f  s l a b s  i s  passed o u t  t h r o u g h  t h e  a . i r  l o c k  and t a k e n  

t o  a c u t t i n g  a rea .  There  f o u r  128-kW EB guns c u t  o f f  10  cm 

f rom each end o f  t h e  s l a b  ( t h e  i m p 6 r - e  ends) and t r i m  1 cm 

from each s i d e  edge t o  p r o v i d e  a f l a t  s u r f a c e  f o r  vacuum 

w e l d i n g  d u r i n g  d e p o s i t i o n  p rocesses .  T h i s  t r i m  i s  r e q u i r e d  

because t h e  magne t i c  s h a p i n g  c o i l s  c a n n o t  m a i n t a i n  a com- 

p l e t e l y  r e c t a n g u l a r  shape. The f i n a l  s l a b  d imens ions  a r e  

1.0 m x . 4 0  m x .04 m. 

The t e n  p r e s s u r i z e d  c o n t a i n e r s  and t h e  EB c u t t i n g  sec-  

t i o n s  a r e  a r r a n g e d  i n t o  a f l a t  shape 1 2 0  m x 25 m x 5 m, w i t h  

r a d i a t o r s  above and below t h e  equ ipment .  
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SPErIFICATION SHEET 

Machine Name: Zone Ref ine r  

Funct ion  o f  Machine: Refines  i n p u t  m e t a l l u r g i c a l  g rade  S i  s l a b s  

- 

10 

150 

50 

200 

33 

6000 

40  

t o  semiconductor  grade 
Mass o f  Machine: 2200 k g  

Phys ica l  Dimensions: 8 m x 1 .5  m x 2 m (zone  

lhroughput /Machine ( t o n s / y e a r ) :  350 

Power Requirements (KW/machine): 300 

Number o f  Machines: 60 \al 
L t  
a- 
E u  
3 m  

noL Number o f  Opera to r s :  0 

Components : z r  

Induct ion  Coil 10 

Gas J e t  R i n g  & Pump 1 0  1 

. 2  

. 5  

. 3  

0 

0. 

128 

~ ~~ 

Rod Clamps & Drive 

H a n d l i n g  Equipment 

1 

1 

~ ~~ 

Act ive  Cooling System f o r  A r g o n  1 / 6 *  

(*number o f  compcnents/number o f  r e f i n e r s )  

~~ 

Rad! a t o r  

Conta iner  a n d  Ai r locks  

E B  C u t t e r  

Cooling f o r  €6 G u n s  

P a c k i n g  Conta iners  

Magnetic Containment Coi l s  

r a f i  n e r  on ly )  

1 

1 /6*  

1 /15’ 

1 /15? 

2 

1 0  

n 
01 
Y 
Y 

v) 
u) 
m zz 

35 L J  [ 

~ ~- 

103 I .1 

2 1  0 

30 1 3  
- .  

30 
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7.8.5 DV o f  S i l i c o n  Wafer and P-Dopant I m p l a n : , ~ t i o n :  

n e x t  s t c p  i n  t h e  b u i l d u p  o f  s o l a r  c e l l s  i s  +he d e p o s i t i o n  o f  

50 m i c r o n s  o f  p o l y c r y s t a l l i n e  s i l i c o n  ( s e e  -;g. 7 .47)  o n t -  

t h e  a luminum r e a r  c o n t a c t .  The d e t a i l s  o f  t h i s  d e p o s i t i o n  

equ ipment  a r e  s i m i l a r  t o  t h e  DV o f  a luminum r e a r  c o n t a c t  ( s e e  

Sec. 7.8.3). Zone r e f i n e d  s l a b s  o f  s i l i c o n  (1.0 m x .4 m x 

-04  m )  a r e  v a p o r i z e d  a t  t h e  r a t e  o f  one e v e r y  3 . 2  days (maga-'  

z i n e  h o l d s  s i x  e x t r a  slabs). The t o t a l  d e p o s i t i o n  l e n g t h  i s  

10.63 m assuming a 4 m i c r o n / m i o u t e  d e p o s i t i o n  r a t e .  To a v o i d  

t o o  o b l i q u e  an a n g l e  when t h e  e l e c t r o n  beam s t r i k e s  t h e  s l a b  

( a  s h a l l o w  i n c i d e n c e  a n g l e  w o u l d  r e s u l t  i n  e l e c t r o n s  b o u n c i n g  

o f f  t h e  s l a b ) ,  t h e  d e p o s i t i o n  i s  d i v i d e d  i n t o  two s e c t i o n s  

each 5.3 m l ong .  The s h a l l o w e s t  a n g l e  o f  i n c f d e n c e  i s  t h e r e -  

f o r e  11'. 

The 

The E6  guns a r e  mounted v e r t i c a l l y  i n  c l u s t e r s  o f  f i v e  

a t  t h e  b e g i p n i n g  and end o f  each s e c t i o n .  Each o f  t h e  7.3 kW 

guns i s  a s s i g n e d  a p a r t i c u l a r  s l a b .  I n  each 5-gun c l u s t e r ,  

if one gun gges  o f f ,  t h e  o t h e r  f o u r  i n c r e a s e  t h e i r  power l e v e l s  

b y  25% t o  compensate f o r  loss o f  D V  power. P y r o l i t i c  g r a p h i t e  

r a d i a t o r s  ( 1 4 . 6  k g  each) c o o l  t h e  guns a t  a t e m p e r a t u r e  o f  

640'K. The t o t a l  i n p u t  power t o  t h e  machine i s  146 kW based 

on a D V  power o f  408 kW needed t o  r a i s e  r i ' i c o n  f r o m  60°K t o  

i t s  b o i l i n g  p o i n t  a t  t h e  r e q u i r e d  r a t e .  

S i d e  r o l l  b a f f l e s  ( i d e n t i c a l  t u  t h o s e  d p s c r i b e d  ;n DV of 

A 1  r e a r  c o n t a c t )  a r e  used up  e v e r y  5 5  hours ( e s t i m a t i n g  
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3 micronslminute  depos i ton  on t h e  s i d e  b a f f l e s ) .  Panel baf-  

f l e s  between the s labs  a r e  r ep laced  every  27 hours  (1.5. m i -  

c rons/minute  d e p o s i t i o n ) .  

T h e  tempera ture  o f  t h e  d e p o s i t i o n  s u r f a c e  i s  a L t i v e l y  

c o n t r o l l e d  t o  prevent i n t e r s o l u t i o n  o f  the  aluminum and s i -  

l i con  a n d  t o  c o n t r o l  the c r y s t a l l i n e  s t r u c t u r e  o f  the  s i l i -  

con l a y e r .  To cool t h e  thermal p l a t e s  under t h e  b e l t ,  l i q u i d  

sodium i s  routed  through t h e  p l a t e s ,  t o  a r a d i a t o r  roughly  

30 meters  below t h e  thermal 5 I t ,  a n d  back t o  the  thermal  

p l a t e  ( t o t a l  t r a v e l  d i s t a n c e  i s  100 me te r s ) .  To remove 40% 

o f  the t o t a l  i n p u t  power [ ( . 4 ) ( 1 4 6  k W ) =  5 8 . 4  Kbr'] - 2 2  kg/sec 

ci f  l i q u i d  sodium i s  r equ i r ed  for  each s t r i p  ( 4 O G O K  i n p u t ,  

6 0 0 " k  o u t p l ; t ) .  A s s u m i n g  a f l o w  r a t e  o f  . 5  m/sec i n  t h e  p i -  

p i n g ,  43 .6  k g  of l i q u i d  sodiun! a r e  r e q u i r e d  f o r  each s t r i p .  

T h e  hea t  i s  wasted t o  space  by a 2 5 . 2  m a l u m i n u m  s h e e t  r a -  

d i a t o r  ( ave rage  tempera ture  i s  4 7 5 O K ) .  Since  t h i s  a r e a  i s  

2.2 t imes t h e  d e p o s i t i o n  a r e a ,  t h e  r a d i a t o r  ex tends  beyond 

t h e  s i l i c o n  d e p o s i t i o n  s e c t i o n .  

2 

Ion i m p l a n t a t i o n  o f  t h e  p-dopant (boro' i )  occur s  d u r i n g  

t h e  f i r s t  4 5  microns o f  s i l i c o n  d e p o s i t i o n .  Beginning jus t  

a f t e r  t h e  f i r s t  s l a b ,  18 ion i m p l a n t a t i o n  dev:ces a r e  i n -  

t e r s p e r s e d  between s l a b  f e e d e r s .  Each device  imp lan t s  

boron atoms ( a t  IO1*  atoms/cm ) t h r o u g h o u t  a depth of  2 . 5  

microns.  There a r e  no i o n  i m p l a n t a t i o n  dev ices  a f t e r  t h e  

3 

l a s t  two s l a b  f eede r s  t o  a l low a 5 m i c r o n  l a y e r  o f  undoped 
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s i l i c o n  which w i l l  l a t e r  b e  implanted w i t h  phosphorus.  

l y  150 ky/year  o f  boron (shaped i n t o  2 k g  r o d s )  i s  needed. 

T h e  ion implan ta t ion  dev ice  i s  i d e n t i c a l  ( e x c e p t  f o r  lower 

a c c e l e r a t i n g  v o l t a g e )  t o  t h a t  desc r ibed  i n  t he  s e c t i o n  3n 

i o n  i m p l a n t a t i o n  o f  t h e  n-dopant ,  phosphorus (Sec.  7 .8 .8 ) .  

Rough- 

SPECIFICATION SHEET 

Machine Name: D V  of  S i  Wafer and P-Dopant Implan ta t ion  

F u n c t i o n  o f  Machine: To D V  s i l i c o n  onto  t h e  r e a r  A 1  c o n t a c t  

Mass o f  Hachine: 2810 k g  
a n d  t o  ion- implant  p-dopant i n  t h e  S i  

Throughput/Machine ( t o n s / y e a r )  : - - -  
Power Requirements (KW/machine): 178 

Number o f  Machines: 266  
at- L.P 
apt: m 0,3- 
E O  v) L UzC 
a m  O O Y  

Number o f  Opera to r s :  0 

Boron Ior, - : a p l a n t e r  
1 

C n n l i n a  S v s t e m  1 2 50 . 03a  
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7.8.6 P u l s e  R e c r y s t a l l i z a t i o n .  -- A f t e r  t h e  50 m i c r o n  wafer  

o f  p o l y c r y s t a l l i n e  s i l i c o n  has been d e p o s i t e d ,  t h e  g r a i n  

s i z e  i s  i n c r e a s e d  b y  a t w o - s t e p  r e c r y s t a l l i z a t i o n  process .  

The f i r s +  - t e p  i s  a pulsed-beam r e c r y s t a l l i z a t i o n  ( s e e  F i g .  

7.48) w h i c h  t r a n s f o r m s  t h e  o r i g i n a l  s i l i c o n  c r y s t a l l i t e s  

i n t o  f u l l - f i l m - t h i c k n e s s  co lumnar  g r a i n s .  The p r o c e s s  uses 

e l e c t r o n  beam guns d e l i v e r i n g  p u l s e d  s t reams o f  h i g h - e n e r g y  

e l e c t r o n s .  

The beam has an ave rage  e l e c t r o n  energy  o f  55  KeW, a 

pulse l e n g t h  o f  200 nanoseconds, and a p u l s e d  beam f l u e n c e  

o f  6.3 J/cm (1  kW EB gun o u t p u t ) .  P u l s i n g  i s  accomp l i shed  

by a plasma d i o d e  and an e n e r g y  s t o r a g e  c a p a c i t o r ,  and e l -  

e c t r o n s  a r e  r e t u r n e d  t o  t h e  gun v i a  a m e t a l  b r u s h  sweeping 

a c r o s s  t h e  s u r f a c e  o f  t h e  s i l i c o n  n e a r  t h e  beam i m p a c t  a r e a .  

3 

The pulsed-beam r e c r y s t a l l i z a t i o n  zone i n  each s t r i p  i s  

c o o l e d  by .007 kq/sec  o f  l i q u i d  sodium (40O0K i n p u t ,  6 O O O K  

o u t p u t )  f l o w i n g  t h r o u g h  s t h e r m a l  p l a t e  be low t h e  b e l t .  

E s t i m a t i n g  a t o t a l  p i p e  l e n g t h  o f  100 m c t e r s  t o  a r a d i a t o r  

and back,  and a f l o w  v e l o c i t y  o f  . 5  m/sec, 1.5 k g  o f  sodium 

i s  r e q u i r e d  f o r  each s t r i p .  ?he r a d i a t o r  i s  an . 3  m a l u -  

minum s h e e t  r a d i a t i n g  a t  an average t e m p e r a t u r e  o f  475'K. 

I n  a d d i t i o n ,  t h e  two I . 8  kW E8 guns a r e  c o o l e d  by  p y r o l i t i c  

g r a p h i t e  r a d i a t o r s  (5.7 k g  each)  a t  a t e m p e r a t u r e  o f  450'K. 

2 
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SPECIFICATION SHEET 

Hach ine  Name: Pulse Recrystallization 

- 
E8 6un 2 10 1.8 

F i  1 ament Wagati ne 2 .04 0 
I 

Cooling System 1 20 -004  

Functjon o f  M c h i n e :  

Rass o f  Machine:  40 kg 

To recrystallize the silicon layer, causing 
the growth o f  columnar grains in the layer 

P h y s i c a l  Dimensions:  2 R x 1 .1  IR x 3 . 5  m 

Throughput /Hachfne ( t o n s l y e a r )  : --- 
Power Requirements  (KMteachine): 3 - 6  
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7.8.7 Scan R e c r y s t a l l i z e t i o n :  

s t a l l i z a t i o n  process  i s  a f a s t - s c a n  e l e c t r o n  beam s o l i d  phase 

r e c r y s t a l l i z a t i o n  ( s e e  F i g .  7 .49 )  t o  grow t h e  columnar g r a i n s  

t o  a d iame te r  o f  100-200 microns.  T h i s  i s  done w i t h  t r i o d e  

guns which have a c c e l e r a t i n g  v o l t a g e s  o f  100 KeV, f a s t - s c a n  

v e l o c i t i e s  o f  100 a / s e c  w i t h  a 55 RIA c u r r e n t ,  and an es t i -  

The second s t e p  i n  t he  r e c r y -  

mated beam diameter  o f  .25 am, 

S i n c e  t h e  b e l t  speed i s  1.42 cm/sec, 56.8 scans  a c r o s s  

t h e  s t r i p  m u s t  be done per  second,  The g u n  must therefore  

sweep a t o t a l  o f  62.5 meters  i n  one second ( (1 .1  meter wide 

s t r i p ) ,  well w i t h i n  t h e  scanning  c a p a c i t y  of1000 m/sec. 

The e l e c t r o n  beam power r e q u i r e d  i s  - 3 5  kW (5.5 kW fo r  

1000 rs/sec scan speed) .  E lec t ron  c u r r e n t  l o o p  r e t u r n  and 

b e l t  coo l ing  a r e  accomplished i n  t h e  same ways as f o r  pulse 

r e c r y s t a l l i z a t i o n .  The scan zone i s  cooled by - 0 0 3  kg/sec 

o f  l i q u i d  sodium per  s t r i p  (400°K i n p u t ,  600°K o u t p u t )  f lon-  

i n g  t h r o u g h  a thermal p l a t e  beneath t h e  b e l t .  Es t ima t ing  a 

t o t a l  p ipe  l eng th  o f  100 meters  t o  a r a d i a t o r  and back,  and 

a flow v e l o c i t y  o f  .5  m/sec, . 5 2  k g  o f  l i q u i d  sodium i s  r e -  

quired f o r  each s t r ip .  The r ad ia to ' r  i s  a . 3 1  m a l u m i n u m  

s h e e t  ( ave rage  tempera ture  475°K). The t w o  . 6  kW EB guns 

are a l s o  cooled by 2 .0 -kg  p y r o l i t i c  g r a p h i t e  r a d i a t o r s  a t  

340 OK. 

2 
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SPECIFICATION SHEET 

Machine Name: Scan Recrystallization 

Function o f  Machine: 

#ass o f  Machine: l 5  kg 

Physical  Dimensions: 2 m X 

To enlarge the diameter o f  the columnar 
grains in the silicon layer 

m X 2 - 5  

Throughput/Machine (tonslyear) : --- 
Power Requiremests (KW/machine): * 2  

Number o f  Machines: 266 

Number o f  Operators: 0 

n 
Q) U 

-a x Q 
W L. L C  

6- L- 
npL u) at 3- 
E o  u) 3 US 
1 m  (ZI O Q Y  
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7.8.8 M-Dopant I m p l a n t a t i o n :  - 
t i o n  between phosphorus  and boron,  an e l e c t r o n  beam i r r a d i a t e d  

i o n  f m p l a n t a t i o n  d e v i c e  i s  used . ee F i g .  7.50). The d e v i c e  

c o n s i s t s  o f  an e l e c t r o n  beam gun, a 2 k g  r o d  o f  phosphorus 

w h i c h  i s  a u t o m a t i c a l l y  f e d  down form a 10 r o d  magazfne, a 

permanent  U-magnet f o r  d e f l e c t i n g  t h e  e l e c t r o n  beam, an ac-  

c e l e r a l  i o n  g r i d ,  and e l e c t r o m a g n e t i c  c o i l s  f o r  d e f l e t i n g  t h e  

i o n  beam. 

I n  o r d e r  t o  o b t a i n  an n-p  j u n c -  

T h e e l e c t r o n  beam i s  d e f l e c t e d  by t h e  m a g n e t i c  f i e l d  t o  

s t r i k e  t h e  f l a t  end o f  t h e  rod. A tenuous phosphorus c l o u d  

i s  p roduced  w h i c h  i s  i o n i z e d  b y  t h e  i n c o m i n g  e l e c t r o n  beam. 

The p o s i t i v e l y  cha rged  i o n s  a r e  a c c e l e r a t e d  t h r o u g h  a g r i d  

w i t h  a h i g h  n e g a t i v e  p o t e n t i a l  and scanned a c r o s s  t h e  w i d t h  

o f  t h e  s t r i p  by p o w e r f u l  e l e c t r o m a g n e t s .  The i o n s  i m p a c t  

and p e n e t r a t e  t h e  s i l i c o n ,  i m p l a n t i n g  themse lves  i n t o  t h e  

1 a y e r .  

f i f t y  k i l o g r a m s  p e r  y e a r  o f  phosphorus a r e  r e q u i r e d  f o r  

t h e  e n t i r e  f a c t o r y .  There a r e  i m p l a n t e d  a t  a d e n s i t y  o f  

1 0 l 8  atoms/cm3. W h i l e  i o n  i m p l a n t a t i o n  d e v i c e s  t o d a y  i m p l a n t  

t o  d e ? t h s  o f  l e s s  t h a n  2 mic rons ,  a 5 m i c r o n  d e p t h  s h o u l d  be 

p o s s i b l e  w i t h  a h i g h  a c c e l e r a t i n g  v o l t a g e  i m p l a n t  d e v i c e ,  

g i v e n  some deve?opment .  The power l e v e l  o f  such a gun and 

a s s o c i a t e d  systems i s  e s t i v a t e d  a t  1 .75  kW, and i t s  mass 

( i n c l u d i n g  a p y r o l i t i c  g r a p h i t e  r a d i a t o r )  a t  50 kg. 
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IT0 P Y R O L I T I C  GRAPHITE R A U I A T O R  

E L E C T R O M A G N E T I C .  

I 

* 
1 METER 

F I G U R E  7.50: W-DOPANT IMPLANTATION 



S P E C I F I C A T I O N  SHEET 

Machine Name: N-Dopant I m p l a n t a t i o n  

Function o f  f4achine:To implant phosphorus into the top 5 microns 
o f  the s i l i c o n  wafer 

Uass o f  Machine: 100 kg  

Physical Dimensions: 2 m x 1 . 1  m x 2 . 5  m 

Throughput/Machine (tons/year)  : --- 
Power Requirements (KW/machlne): 3 . 5  

Number o f  Machines: 266 

Number o f  Operators: 0 

Components : 

Phosphorus Ion Implanter 

I-------- 

7 . 1 4 5  



1.8.9 Annea l :  The i o n s  bombard ing  t h e  s i l i c o n  i n  i o n  i m p l a n -  

t a t i o n  p roduce  c r y s t a l  l a t t i c e  d e f e c t s  i n  t h e  t o p  l a y e r s .  

T h i s  l e a d s  t o  a more amorphous s t r u c t u r e  i n  t h e  bombarded zone, 

r e q u i r i n g  r e p a i r  o f  t h e  l a t t i c e  damage t o  r e s t o r e  t h e  e f f f c i ' e n c y  

o f  t h e  c e l l .  

The i m p l a n t e d  s i l i c o n  i s  annea led  by  a s e r i e s  o f  . 1  m i s r o -  

second e l e c t r o n  beam p u l s e s  w i t h  mean e l e c t r o n  e n e r g y  o f  

20 KeV (see  F i g .  7.51). A l t h o u g h  t h e  energy  t r a n s f e r r e d  t o  

t h e  s i l i c o n  i s  o n l y  1 . O  J/cm2 (.2 kW average beam power),  t h e  

p u l s e  d u r a t i o n  i s  s h o r t  enough t o  m o m e n i d r i l y  e l e v a t e  a 2 m i -  

c r o n  t h i c k n e s s  o f  t h e  s i l i c o n  c l o s e  t o  i t s  m e l t i n g  t e m p e r a t u r e  

(14OO0C). T h i s  p e n e t r a t i o n  i s  enough t o  r e c r y s t a l l i z e  and 

annea l  t h e  damaged l a y e r .  The s i l i c o n  drops  back down t o  t h e  

ambien t  t e m p e r a t u r e  w i t h i n  a few mic roseconds.  

The annea l  zone i s  c o o l e d  by  .001 kg /sec  o f  l i q u i d  so-  

d ium p e r  s t r i p  (400OK i n p u t ,  600°K o u t p u t )  f l o w i n g  t h r o u g h  

a t h e r m a l  p l a t e  beneat,!  t h e  b e l t .  E s t i m a t i n g  a t o t a l  p i p e  

l e n g t h  o f  100 mete rs  t o  a r a d i a t o r  and back, and a f l o w  v e l o -  

c i t y  o f  . 5  m/sec, . 3  k g  o f  l i q u i d  sodium a r e  r e q u i r e d  f o r  

each s t r i p .  The r a d i a t o r  i s  a .17 m aluminum s h e e t  a t  63 

average t e m p e r a t u r e  o f  475°K. The t w o  . 4  kW EB guns a r e  

c o o l e d  by  .8  k g  p y r o l i t i c  g r a p h i t e  r a d i a t o r 5  a t  310'K. 

2 
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SPECIFICATION SHEET 

Machine Name: Anneal 

F u n c i i o n  o m a c h i n e :  To annea l  o u t  t h e  i o n  i m p l a n t a t i o n  dan,age 
i n  t h e  s i l i c o n  w a f e r  

Mass o f  Machine: 15  kg 

P h y s i c a l  Dimensions: 2 m x 1 . 1  x 2 . 5  m 

Throughput/Machine ( t o n s / y e a r ) :  - 0 -  

Y 

7 . 1 4 8  



7.8.10 DV o f  Front A1 Contact :  To produce power from a s o l a r  

c e l l  an e l e c t r i c a l  c o n t a c t  must be placed on top  o f  t h e  s i l i c o n  

wafer.  This  c o n t a c t  must provide conduct ing  paths  ove r  the 

s u r f a c e  o f  a c e l l ,  y e t  n o t  prevent  incoming s u n l i g h t  from 

f m p i n g f n g  d i r e c t l y  onto  t h e  s i l i c o n  s u r f a c e .  The t o p  c o n t a c t  

i s  t h e r e f o r e  a c o m b - l i k e  p a t t e r n ,  c o n s i s t i n ; )  o f  1 micron t h i c k  

a?uminum g.-id f i n 3 e r s ,  each 50 microns wide,  a l t o g e t h e r  cover -  

i n g  5-7% o f  t h e  c e l l  s u r f a c e .  The f ing3rs  a l l  l e a d  i n t o  a 

c o l l e c t o r  b a r  a t  t h e  e d r e  o f  t h e  c e l l  which g a t h e r s  t h e  

c u r r e n t .  

These p a t t e r n s  a r e  v a p o r  depos i ted  through shadow mzsks 

(each one s t r i p  wide) p o s i t i o n e d  n 2 a r  the  s i l i c o n  s u r f a c e  

a n d  moving w i t h  t h e  b e l t  a t  t h e  sane speed of  - 8 5  m / m i n  ( s e e  

Fig. 7 . 5 2 ) .  The a l u m i n u m  i s  d i r e c t  vaporized ( i n  the  same 

fa sh ion  a s  the aluminum r e a r  c a n t a c t )  t o  a depth o f  1 micron. 

To a l l e v i a t e  s t r u c t u r a l  problems i n  a s i n g l e  shadow mask f o r  

t h e  e n t i r e  p a t t e r n ,  t h e  d e p o s i t i o n  i s  done i n  two s t e p s :  

f i r s t  t h e  g r i d  f i n g e r s  a r e  depos i t ed  through a mask, then t h e  

c o l l e c t o r  ba r s  a r e  depos i t ed  t h r o u g h  ano the r  mask .  For each 

depos i t i on  s t e p ,  t h e  d e p o s i t i o n  r a t e  i s  2 m i c r o n s / n i n u t e ,  and 

t h e  depos i t i on  length  i s  . 4 3  m .  

The masks a r e  u n w o u n d  from r o l l s ,  t r a v e l  w i t h  t he  s o l a r  

c e l l  s t r i p  d u r i n g  c o n t a c t  d e p o s i t i o n ,  a n d  a r e  rewound on t a k e -  

u p  r o l l s .  A l u m i n L m  i s  depos i t ed  o n  t f t e  m a s k s  a s  wel l  as  t h e  

so l a r  c e l l s ,  s o  t h e  used r o l l s  a r e  t a k e n  t o  a s e p a r a t e  f a c i l -  

i t y  f o r  brush c l e a n i n g .  Assuming t h e  r o l l  w i l l  l a s t  f o r  two 

7 . 1 4 9  
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633 m e t e r - l o n g  s o l a r  c e l l  a r r a y  segments, t h e  . 5  mm-th ick  mask 

wou ld  be 1266 in l o n g  ( w i t h  a r o l l  r a d i u s  o f  a b o u t  .5  AS) and 

last abou t  one day. The mask m a t e r i a l  must  be s t r o n g  enough 

t o  be used and c l e a n e d  w i t h o u t  d e f o r m a t i o n ,  r e s i s t a n t  t o  va- 

cuum, r a d i a t i o n ,  and tempera tu re ,  and i n e r t  t o  aluminum. Mate-  

r i a l s  such as k a p t o n  and t e f l o n  a r e  p o s s i b i l i t i e s ,  b u t  f u r t h e r  

r e s e a r c h  i s  needed t o  v e r i f y  t h e i r  s u i t a b i l i t y .  

m a t e r i a l  w i t h  t h e  d e n s i t y  o f  t e f l o n ,  each r o l l  would mass 

r o u g h l y  300 kg. 

Assuming a 

To a v o i d  p r o d u c t i o n  t t oppages ,  t h e  masks a r e  s w i t c h e d  

from one r o l l  t o  a n o t h e r  by a u t o m a t i c a l l y  s p l i c i n g  t h e  l e a d  

end o f  t h e  new r o l l  t o  t h e  t a i l  epd o f  t h e  o l d  one. The 

s p l j c e  i s  undone a t  the t akeup  r o l l  and t h e  l e a d  end i s  

t h r e a d e d  o n t o  an empty r o l l e r .  

The geometry  o f  each d e p o s i t i o n  chamber f s  t h e  same as  

f o r  the DV o f  t h e  A 1  r e a r  c o n t a c t  ( s e e  Sec. 7.8.3). S i n c e  

the  d e p o s i t i o n  r a t e  i s  2 rn ic rons /minu te ,  each o f  t h e  four 

E0 guns uses 1.6 kW, and wastes h e a t  t h r o u g h  a 5.1 k g  p y r o -  

l i t i c  g r a p h i t e  r a d i a t o r  a t  6 1 0 O K .  Each s l a b  l a s t s  13.8 days, 

and t h e  pane l  b a f f l e s  l a s t  10 d a y s .  The 310-meter  s i d e  baf- 

f l e  rolls l a s t  20 days. 

The t h e r m a l  b e l t  i s  c o o l e d  w i t h  l i q u i d  sodium ( .01 k g l s e c ,  

400°K i n p u t ,  600°K o u t p u t )  f l o w i n g  t h r o u g h  t h e r m a l  p l a t e s .  

E s t i m a t i n g  a p i p e  l e n g t h  c f  100 meters t o  a r a d i a t o r  and back,  

and a f l o w  velocity o f  . 5  m/sec, 1 . 9  k g  o f  sodium i s  r e q u i r e d  

f o r  each s t r i p .  The radiator i s  a 1 . 1  m 2  dluminum shee t .  

7 . 1 5 1  



S P E C I F I C A T I O N  S H E E T  

Machine Name: DV o f  A 1  F r o n t  Contac t  

F u n c t i o n  o f  Machine:  To DV ' g r i d - f i n g e r s '  

Hass o f  Hach ine:  1120 k9 

P h y s i c a l  Dimensions: 5 111 X 1 . 1  m x 5 

Throughput /Machine ( t o n s / y e a r ) :  --- 
Power Requirements (KW/machine): 8 - 4  

s i l i c c n  wafer 
A 1  p a t t e r n s  on t o  

Number o f  Machines: 266 

t h e  

L r  
apc v3 Q) 3- 
E u  u) 0 U I  
= a  6 O O Y  

0 lumber o f  O p e r a t o r s :  

EB Guns 

Cool ina  S v s t e m  
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7.8.11 Hask Cleanup Device: A s  shown i n  F i g .  7 . 5 3  c leaning  

o f  the t e f l o n  shadow mask (used  i n  d e p o s i t i o n  o f  t h e  s o l a r  

c e l l  t o p  c o n t a c t s )  i s  performed w i t h i n  a p r e s s u r i z e d  chamber 

t o  allow g a s  suspension and f i l t r a t i o n  o f  t h e  a l u m i n u m  par- 

t i c l e s  brushed from t h e  masks. An aluminum-coated r o l l  of 

mask i s  loaded i n t o  an evacuated o u t e r  chamber ( t h e  two-cham- 

be;- des ign  reduces p u m p i n g  r e q u i r e m e n t s ) .  After the  chamber 

i s  s e a l e d  and f i l l e d  w i t h  a rgon ,  t h e  mask i s  a u t m a t i c a l l y  

t h r e a t ? d  through c l e a n i n g  r o l l e r s  and back  t o  a takeup roller.  

The mask i s  then wound f rom one r o l l  t o  t h e  o t h e r  a t  

28 meters/minute  (one r o l l  i n  4 5  minutes)  whi le  t h e  brushes 

remove t h e  aluminum. The a l u m i n u m  f l a k e s  a r e  suspended i n  t h e  

a r g o n  a n d  f i l t e r e d  o u t  by a gas r e c i r c u a l t i o n  system. Once t h e  

mask i s  c leaned ,  t h e  inter-chamber  s l i t s  a r e  c losed  and  t h e  

ro l l  chamber i s  evacuated .  The c leaned  mask i s  removed and 

ano the r  used mask i s  i n s e r t e d .  The e n t i r e  c y c l e  i s  es t imated  

a t  1 hour  per mask, a n d  t h e r e f o r e  2 5  mask c l e a n i n g  machines a r e  

requi  red f o r  t h e  f a c t o r y .  

7 . 1  53 



F I L T E R  . C O N f A I  N E R  

- F I G U R E  7 . 5 3 :  MASK CLEANUP 



SPECIFICATION SHEET 

H a c h i n e  Name: Mask Cleanup Dev ice  

F u n c t i o n  o f  Machine:  To remove d e b s s i t e d  A1  f rom t e f l o n  
shadow mask 

#ass o f  Hach ine:  200 kg 

#ask Threader 

( B r u s h e r s  and D r i v e  
.- . . 

1 20 

10 5 

1 

Gas C i  r c u l  a t  i on Pump 1 

Fi 1 t e r  Sys tern 1 

Con t a i n e r  1 

1 

10 

1 

130 

5 

0 

0 
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7.8.12 S i n t e r i n g  o f  Front A 1  Contact :  A f t e r  t h e  aluminum t o p  

c o n t a c t  has been vapor depos i t ed  on t h e  s i l i c o n ,  an e l e c t r o n  

p u l s e  s i n t e r i n g  s t e p  i s  necessa ry  t o  produce good mechanical 

and e l e c t r i c a l  behavior  a t  t h e  a l u m i n u m - s i l i c o n  i n t e r f a c e ,  

T h e  au lse- induced  t r a n s i e n t  tempera ture  i s  much lower t h a n  

t h a t  necessa ry  f o r  i m p l a n t a t i o n  damage annea l .  I f  t h e  in te r -  

f a c e  tempera ture  i s  r a i s e d  above t h e  e u t e c t i c  t empera tu re  o f  

aluminum a n d  s i l i c o n  (851°K), an a l l o y e d  i n t e r f a c e  results 

producing good e l e c t r i c a l  c o n t a c t .  The  b r i e f  thermal  t r a n -  

s i e n t  ensu res  t h a t  t h e  i n t e r s o l u t i o n  o f  t h e  c o n t a c t  and the 

s i l i c o n  i s  quenched b e f o r e  more t h a n  a sha l low i n t e r f a c e  can 

r e s u l  t. 

An e l e c t r o n  beam p u l s e  gun ( s e e  F i g .  7 . 5 4 )  s i m i l a r  t o  

t h e  one used i n  annea l ing  (Sec.  7 . 8 . 9 )  i s  used. I t s  ave rage  

beam power o f  .1 kW i s  l e s s  t h a n  t h a t  used f o r  a n n e a l i n g  be- 

cause  o f  t h e  lower energy r e q u i r e d  t o  reach the e u t e c t i c  tem- 

p e r a t u r e .  

The s i n t e r i n g  s e c t i o n  i s  cooled by .0007 kg/sec o f  l i q u i d  

sodium per  s t r i p .  Es t ima t ing  a t o t a l  p i p e  l e n g t h  o f  100 meters 

t o  a r a d i a t o r  a n d  back, a n d  a f l o w  v e l o c i t y  o f  . 5  m/sec,  .15 k g  

o f  l i q u i d  sodium a r e  r e q u i r e d  f o r  each s t r i p .  The r a d i a t o r  

i s  a . 09  m a l u m i n u m  s h e e t  a t  a n  average  t empera tu re  o f  475OK. 

The two .2 kW E B  guns a r e  c o o l e d  by .6 k g  p y r o l i t i c  g r a p h f t e  

r a d i a t o r s  a t  260 'K.  
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SPECIFICATION ?: iEfT 

Machine Name: F r o n t  Contac t  S i n t e r i n g  

F 

EB G u n  2 5 02 

F i l a m e n t  M a g a z i n e  2 - 0 4  0 

Cooling System 1 5 .OOl 

* 

F u n c t i o n  o f  Machine:  To s i n t e r  t h e  A I  f r o n t  c o n t a c t / s i l i c o n  
w a f e r  i n t e r f a c e  

Mass o f  Machine: 1 5  k g  

Throughput /Machine ( t o n s / y e a r )  : ---  
Power Requirements (KW/machine): g 4  

n 

Number o f  Machines:  266 

Number o f  O p e r a t o r s :  0 

7 . 1 5 8  



7 . 8 . 1 3  Cell  Crosscut :  Immediately fo l lowing  c o n t a c t  s i n t e r i n g ,  

the  s o l a r  c e l l  s t r i p  i s  pee?ed from t h e  thermal b e l t  and t r a v -  

e l s  s t r a i g h t  on,  g u i d e d  by r o l l e r s .  The thermal b e l t  cu rves  

a round i t s  e n d  r o l l e r  and r e t u r n s  t o  t h e  s t a r t  o f  the  produc- 

t i o n  l i n e .  T h e  so la r  c e l l  s t r i p  i s  t h e n  c u t  c r o s s w i s e  by a 

l a s e r ,  f o r m i n g  6.4  cm x 110 cm sec t ions  ( s e e  F i g .  7 . 5 5 ) .  These 

sect ions will be i n t e r c o n n e c t d  i n  groups o f  18 t o  form p a n e l s ,  

and l a t e r  cut  length-wise ( a long  t h e  s t r i p )  t o  form i n d i v i d u a l  

s o l a r  c e l l s .  Each 6.4 cm x 110 cm s e c t i o n  will become 14  s o l a r  

c e l l s .  

The c u t t i n g  speed i s  2 5  cm/sec ( 1 1 0  cm i n  4 . 5  s e c ) ,  u s f n g  

a con t inuous  wave ( C W )  Nd:YAG l a s e r  w i t h  a 50-watt  beam power 

(2 .5  kW i n p u t  a t  2% e f f i c i e n c y ) .  

A l a s e r  was chosen over  EB g u n s  f o r  c e l l  c u t t i n g  because 

of  a n t i c i p a t e d  problems i n  r e t u r n i n g  e l e c t r o n s  t o  t h e  g u n ,  

s p e c i f i c a l l y  t h o s e  e l e c t r o n s  which o p e n  t h e  ke r f  a n d  t ravel  

t h r o u g h  t h e  so la r  c e l l  m a t e r i a l .  T h e  use o f  l a s e r s  a l s o  a v o i d s  

p u t t i n g  e l e c t r i c a l  s u r g e s  through t h e  c e l l s ,  w h i c h  could de- 

g rade  t h e  c e l l  p r o p e r t i e s .  

A s o l i d  s t a t e  N d : Y A G  l a s e r  was chosen over  t h e  more e f -  

f i c i e n t  C02 gas l a s e r  ( 2 %  vs 1 5 % )  f o r  t h r e e  r easons :  

i n t e n s i t y  a h u n d r e d  t imes g r e a t e r  can be achieved w i t h  a Y A G  

l a s e r  ( s m a l l e r  k e r f )  because o f  t h e  smal l  ang le  o f  r e s o l u t i o n  

t h a t  c a n  be achieved w i t h  i t s  t en  t imes s h o r t e r  wavelength 

( 1 . 0 6  mic rons ) ;  

a power 

C02 l a s e r  r a d i a t i o n  i s  r e f l e c t e d  s t r o n g l y  by 
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aluminum, w h i c h  m i g h t  cause d e l a m i n a t i o n  p rob lems  when c u t t i m g  

t h r o u g h  the,aluminum r e a r  c o n t a c t ;  and C02 l a s e r s  a r e  l a r g e r  

( u p  t o  10 t i m e s )  t h a n  Y A G  l a s e r s  and t h e i r  gaseous l a s e r  me- 

dium i s  more d i f f i c u l t  t o  m a i n t a i n  t h a n  s o l i d  s t a t e  l a s e r  

rods. 

V A G  l a s e r s  a r e  used t o d a y  i n  t h e  s c r i b i n g  and b r e a k i n g  

o f  solar c e l l s .  S o l a r  c e l l s  a t  t h e  SMF, however, w i l l  need t o  

be c u t  c o m p l e t e l j  t h r o u g h , r e q u i r i n g  more power. I f  v a p o r i -  

z a t i o n  i s  a c h i e v e d  f a s t  enough, l i t t l e  h e a t  i s  c o n d u c t e d  i n t o  

t h e  c e l l s ,  r e s u l t i n g  i n  a n a r r o w  h e a t  a f f e c t e d  zone and no  

p h y s i c a l  d f s t o r t i o n  o f  t h e  c e l l  m a t e r i a l .  

t i n g  speed a l s o  t e n d s  t o  d e c r e a s e  t h e  d e g r a d a t i o n  o f  t h o s e  

l a y e r s  i n  t h e  c u t t i n g  r e g i o n  f o r  w h i c h  p e n e t r a t i o n  r e q u i r e s  

r e l a t i v e l y  more i n p u t  power t o  a c h i e v e  v a p o r i z a t i o n .  The 

w a s t e  h e a t  (98% o f  t h e  i n p u t  power) w i l l  be  r a d i a t e d  t o  space  

a t  a t e m p e r a t u r e  o f  410°K b y  an 8.0 k g  p y r o l i t i c  g r a p h i t e  

r a d i a t o r  c o n n e c t e d  t o t h e  t o p  o f  t h e  l a s e r .  

I n c r e a s i n g  t h e  c u t -  

F i g u r e  7.55 a l s o  d e p i c t s  t h e  b a s i c  l a s e r  o p e r a t i o n .  The 

l a s e r  rod ,  c o n s i s t i n g  o f  t h e  h o s t  m a t e r i a l ,  neodymiurn-doped 

y t t r i u m  aluminum g a r n e t  (Nd:YAG), i s  p l a c e d  a l o n g  one f o c u s  

o f  an e l l i p t i c a l  r e f l e c t o r  c a v i t y .  A k r y p t o n  f l a s h  lamp 

p l a c e d  a t  t h e  o t h e r  f o c a l  a x i s  o p t i c a l l y  e x c i t e s  t h e  l a s e r  

m a t e r i a l  ( t h e s e  lamps a r e  r e p l a c e d  e v e r y  200 h r s  b y  an a u t o -  

m a t i c  r e f i l l  mechanism w i t h  a 20 !amp magazine. )  The r e s u l -  

t i n g  c o h e r e n t  beam o f  r a d i a t i n r !  emana t ing  f r o m  t h e  p a r t i a l l y  
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r e f l e c t i n g  o u t p u t  m i r r o r  i s  mechanica l ly  d e f l e c t e d  and focused,  

u s i n g  m i r r o r s  and l e n s e s ,  onto  t h e  c e l l  s u r f a c e .  T h e  p o s i t i o n  

o f  the  focus i s  s e t  by t h e  foca l  l e n g t h  o f  t h e  f i n a l  lens 

( u s u a l l y  35-50 m m )  which must be p r o t e c t e d  from t h e  metal  va- 

p o r  by a s h i e l d i n g  g a s .  A n  oxygen c a n i s t e r  a t t a c h e d  t o  t h e  

l aser ' s  s i d e  provides  t h i s  modest oxygen requi rement .  ?he 

focus ing  becomes more c r i t i c a l  w i t h  t h i c k n e s s  a n d  me l t ing  po in t  

and r e q u i r e s  t . l  mm i - 0  pos ik ion ing  accuracy  f o r  r e f l e c t j v e  

me ta l s .  A metal s h i e l d  beneach t h e  c u t t i n g  zone o b s t r u c t  

t h e  l a s e r  beam o n c i  i t  c u t s  through t h e  c e l l .  

Some o f  t h e  system c o n t r o l s  needed f o r  t h e  l a s e r  a r e  

p o s i t i o n  of  d e f l e c t i o n  m i r t , r s ,  foca l  lens- to-work d i s t a n c e  

f o r  kerf compensation, s h i e l d i n g  g a s  f l o w ,  l a s e r  h e a d  tem- 

p e r a t u r e ,  and beam power. Reference 7 . 6  d i s c u s s e s  numerical  

contrtol o f  l a s e r s  used for c u t t i n g  i n  t h e  t e x t i l e  i n d u s t r y .  

7 . 1 6 2  



SPECIFICATION S H E E T  

Laser 1 20 2 . 5  

Krypton Lamp Magazi n o  1 . 1  0 

G u i d e  Rollers  2 . 5  0 

Shield 1 1 0 

* 

Machine Name: Cell Crosscut 

Function o f  Machine: To c r o s s c u t  the  

Mass o f  Machine: 22  k g  

Physical D i  .rensions: . 5  m x 1 . 1  rn x 

Throughput/Machine (tons/year):  --- 
Power Requi: renents (KbJ/rnachine) : 2 . 5  

Number o f  Machines: 266  

Number o f  Operators: 0 

every 6 . 4  cm 
solar cell material s t i - i p  

2 . 5  m 

7 . 1 6 3  



7.8.14 DV of I n t e r c o n n e c t s :  For c e l l  aild p a n e l  i n t e r c o n n e c t s ,  

t he  r e f e r e n c e  S M F  r e q u i r e s  1.05 meter-widc,  50-micron t h i c k  

aluminum s t r ips ,  w i t h  l e n g t h s  t o t a l l i n g  5.1 x l o 6  meters per 

y e a r .  Each 633-meter-long s o l a r  c e l l  a r r a y  segment produced 

by the f a c t o r y  r e q u i r e s  27.6 m o f  c e l l  i n t e r , o n n e c t s  and 1 .6  

meters o f  panel i n t e r c o n n e c t s .  T h e  3 mm x 50 micron x 1 - 0 5  

meter i n t e r c o n n e c t s  a r e  produced by d i r e c t  v a p o r i z a t i o n  i n  a 

s e p a r a t e  f a c i l i t y .  Eleven h u n d r e d  t o n s  o f  aluminum a r e  sup- 

p l i e d  t o  t h i s  process  ( i n  1 m x .7 m x 2 cm s l a b s  from the 

SMF cont inuous  c a s t e r )  t:, d e p o s i t  740  tons  o f  i n t e r c o n n e c t s ,  

e n o u g h  f o r  one SPS. 

As shown i n  F i g .  7.56, f i v e  d e p o s i t i o n  be l t ;  moving a t  

2 m j m i n u t e  through 5-meter-long d e p o s i t i o n  s e c t i o n s  a r e  used 

t o  d e p o s i t  t h e  50 micron t h i c k  i n t e r c o n n e c t s .  Depos i t ing  a t  

20 microns/minute r e q u i r e s  347 kW per b q l t ,  o r  10  EB g u n s  each 

r e c e i v i n g  34.7  LW. Geometr ica l ly ,  t h e  equipment i s  s i m i l a r  

t o  t h e  s e c t i o n s  f o r  A1 r e a r  c o n t a c t  d e p o s i t i o n  (Sec.  7.8.3)  

and f o r  D V  o f  S i  (Sec.  7 . 8 . 5 ) .  A t o t a l  o f  233 k g  o f  l i q t r i d  

sodium per  s t r i p  i s  pumped a t  1.'. kg/sec through t h e  EB g u n s  

a n d  thermal c o o l i n g  p l a t e s  beneath t h e  b e l t  (400°K i n p u t ,  

600'K o u t p u t j .  A 135 m a l u m i n u m  s h e e t  r a d i a t o r  d i s s i p a t e s  

t h e  hea t  from t h e  l i q u i d  sodium a t  an  average  t empera tu re  o f  

475'K. 

2 

A f t e r  t h e  l . 0 5 m  wide l a y e r  of  depos i t ed  aluminum i s  

peeled form t h e  b e l t ,  i t  i s  r o l l e d  u p ,  w i t h  a 50 micron t h i c k  

t e f l o n  f i l m  between s u c c e s s i v e  l a y e r s  t o  prevent  vacuum 
7 . 1 6 4  
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THERMAL 
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w e l d i n g  o f  t h e  aluminum. Each 276-meter-long roll i s  20 cm 

i n  d i ame te r ,  a n d  l a s t s  t h r o u g h  70 a r r a y  segments f o r  c e l l  in- 

t e r c o n n e c t o r s  a n d  170 a r r a y  segments f o r  panel f n t e r c o n n e c t o r s .  

SPEC1 FICATION SHEET 

Machine Name: DV o f  I n t e r c o n n e c t s  

F u n c t i o n  o f  Machine: To produce aluminum i n t e r c o n n e c t  s t r i p s  

Mass o f  Machine: 2650 kg 
f o r  panel and c e l l  i n t e r c o n n e c t i o n  

Phys ica l  Dimensions: 6 m x 1.05 in x 7 in 

fhroughput /Machine ( t a n s / y e a r )  : 740 

Power Requfrements (KW/machine): 358 
n 
cn U 

L E  Y L 
a- L.r. 
nz u) =- 
E U  UI 3 uzs 
3 r n  rn O W =  

Wumber o f  Machines: 5 \a Y a 

Number o f  Opera to r s :  0 

Components: ZI = -e- 

E6 G u n  1 0  2s 34.7 

Filament Magazine 10 .04 0 

S l a b  Feeder 1 0  E 9  .01 

Panel B a f f l e  2 - 5  0 

S i d e  B a f f l e  2 .7  0 

S i d e  B a f f l e  Guide 2 2 5  . O! 

Belt 1 1400 10 

C o o l i n g  System 

Roll W i n g i n g  Equipment 

D 

- 
- 

1 
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7 . 8 . 1 5  Cell  I n t e r c o n n e c t i o n :  Immediately a f t e r  c r o s s c u t t i n g ,  

the  c e l l - t o - c e l l  i n t e r c o n n e c t  i s  a t t a c h e d  ( s e e  F i g .  7 . 5 7 ) .  An 

i n t e r c o n n e c t  f e e d e r  ( s e e  s i d e  view) s l i d e s  a1 .05m wide i n t e r -  

connect  i n t o  the 1 mm-wide s l o t  between s e c t i o n s .  T h e  50 m i -  

cron  t h i c k  i n t e r c o n n e c t  i s  t h e n  e l e c t r o s t a t i c a l l y  welded t o  

t 4 e  rear  o f  t h e  aluminum s u b s t r a t e  o f  the l e a d i n g  s e c t i o n  and 

t o  the  c o l l e c t o r  b a r s  o f  the  fo l lowing  s e c t i o n .  T h e  e l e c t r o -  

s t a t i c  welder  i s  i n  two u n i t s ,  which clamp t h e  s e c t i o n s  and 

i n t e r c o n n e c t s  from above and below dur ing  w e l d i n g .  An a l i g n -  

ment mechanism on t h e  lower u n i t  ensures  a 1 mm gap between 

sec t ions .  These two u n i t s ,  t o g e t h e r  w i t h  t h e  i n t e r c o n n e c t  

f e e d e r ,  t r a v e l  w i t h  t h e  s e c t i o n s  a t  .85 m / m i n  d u r i n g  t h i s  op- 

e r a t i o n .  They then r e t u r n  t o  w a i t  f o r  t h e  nex t  gap between 

s e c t i o n s .  The f i n a l  c o n f i g u r a t i o n  i s  shown i n  F i g .  7.58. The 

1-mm ' t a i l '  on t h e  i n t e r c o n n e c t  i s  t h e  end held by t h e  f e e d e r  

d u r i n g  clamping and welding. Mechanical c u t t e r s  s e v e r  the 

i n t e r c o n n e c t  from t h e  i n t e r c o n n e c t  s t r i p  immediately a f t e r  

we1 d i  n g .  

The t i m i n g  on t h e  i n t e r c o n n e c t i o n  i s  such t h a t  no s e c t i o n  

i s  eve r  c u t  e n t i r e l y  loose  - -  i t  i s  e i t h e r  s t i l l  a p a r t  o f  the 

cont inuous  s t r i p  o r  a l r e a d y  connected t o  t h e  one ahead o f  i t .  

The excep t ion  i s  t h c  s e c t i o n  l e a d i n g  a pane l ,  w h i c b  i s  not  con- 

nec ted  t o  t h e  t r a i l i n g  s e c t i o n  o f  the  preceding  pane l ;  t h e r e -  

f o r e  t h e  pane ls  a r e  s e p a r a t e  a f t e r  t h i s  product ion  s t e p .  Each 

panel ? o n s i s t s  o f  18 6 . 4  c m  x 1 1 0  cm s e c t i o n s .  The re fo re  

7 . 1 6 7  



CU77INb LASER 

ELECTROSTATIC 

S T R I P  HOtfOW 

SIDE V'IW (.TO S C A t e r  

TEFLON FILH 

ROCL 

F I G U R E  7 . 5 7 :  CELL I N T E R C O N N E C T I O N  



every e i g h t e e n t h  g a p  between s e c t i o n s  i s  l e f t  open by t h e  i n t e r -  

connec te r .  A l l  t h e  s e c t i o n s  a r e  held between r o l l e r s  !omitted 

i n  t h e  f igure)  d u r i n g  a l l  phases o f  t h e  o p e r a t i o n .  

The i n t e r c o n n e c t s  a r e  fed from spoo l s  o f  i n t e r c o n n e c t  

s t r i p s  produced by a s e p a r a t e  machine ( s e e  Sec.  7.8 .14) .  The 

t e f lon  fi lm i n s e r t e d  between l a y e r s  o f  aluminum ( t o  a v o i d  va-  

cuum w e l d i n g )  i s  wound  o n t o  a n o t h e r  spool a s  t h e  i n t e r c o n n e c t  

s t r i p  i s  unwound, and t h e  t e f l o n  s t r ip s  a r e  r e t u r n e d  t o  the 

i n t e r c o n n e c t  product ion equipment. 

Sllqcon lilafer 

F I G U R E  7 . 5 8 :  S I D E  V I E W  OF I N T E R C O t I N E C T  
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S P E C I F I C A T I O N  SHEET 

Electrostat ic  Welder 1 10 .5 

Interconneci eeder 1 20 1 

Machine Name: Cell Interconnection 

F d n c t i o n  o f  Machine: Application o f  interconnects between c e l l  
sect ions 

Hass o f  Machine: 70 kg  

Physical Dimensions: . 5  m x 1 . 1  m x 1 . 5  in 

Interconnect Roll 1 

Sensors 2 I 
- 

Throughput/Machine (tons/year):  --- 
Power Requirements (KW/machine): 4 . 1  

Number o f  Machines: 266 
c. 
Q, 0 

\a Y 8 
v 

1 5  0 

-- . I  . l  

Number o f  Operators: 0 

.a  - -  Variamble Speed Rollers 

Motor a n d  Tracking CI 

G u i d e  Rolers . 5  . .  

. l  

1 

0 
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7.8.16 DV of  SiO, Opt ica l  Cover: A f t e r  t h e  6 . 4  cm x 110 cm 

s e c t i o n s  a r e  i n t e r c o n n e c t e d  i n t o  1 8 - s e c t i o n  pannels ,  t h e  7 5  

micron s i l i c a  g l a s s  o p t i c a l  cover  i s  depos i t ed  on to  t h e  s i l i c o n  

wafers, f r o n t  c o n t a c t s ,  and i n t e r c o n n e c t s .  The d e p o s i t i o n  i s  

done by d i r z c t  v a p o r i z a t i o n ,  u s i n g  equipment s imi la r  t o  t h a t  

used f o r  the DU o f  t h e  A1 r e a r  c o n t a c t  (Sec.  7.8.3) and f o r  

the DV o f  S i  (Sec.  7.8.5).  

b 

As shown i n  F i g .  7 . 5 9 ,  t h e  d e p o s i t i o n  l e n g t h  of  15.9 

meters i s  d iv ided  i n t o  t h r e e  5 . 3 2  m s e c t i o n s .  The s o l a r  c e l l  

material  t r a v e l s  a t  .85  m / m i n  o n  a s o f t - s u r f a c e  b e l t  through 

the d e p o s i t i o n  s e c t i o n s ,  where t h e  S i O z  i s  d i r e c t - v a p o r i z e d  

a t  4 microns/minute .  The b e l t  has a s o f t  s u r f a c e  t o  a v o i d  

p u t t i n g  b e n d i n g  s t r e s s e s  on t h e  c e l l  m a t e r i a l ,  which now h a s  

i n t e r c o n n e c t s  p r o t r u d i n g  from i t s  s u r f a c e s .  

Each d e p o s i t i o n  s e c t i o n  c o n t a i n s  10  e l e c t r o n  beam g u n s  

and  10 s l a b  f e e d e r s .  T h e  E B  g u n s  ( c l u s t e r e d  i n  groups o f  

f i v e )  each r e c e i v e  7 kW o f  i n p u t  power. Each s l a b  (1 .0  m x 

1.0 m x .04 m )  l a s t s  7 . 9  d a y s ;  t h e  s l a b  magazines each hold 

6 s l a b s .  The s l a b s  a r e  d e l i v e r e d  r eady- to -use  t o  t h e  SMF. 

Since  t h e  pane ls  Rave n o t  y e t  been connected t o g e t h e r ,  

the  c o l l e c t o r  b a r s  o f  t h e  l e a d i n g  s e c t i o n s  and t h e  rear con- 

t a c t s  o f  t h e  t r a i l i n g  s e c t i o n s  i n  t h e  pane ls  must be l e f t  un: 

covered f o r  l a t e r  i n t e r c o n n e c t i o n .  The re fo re ,  b e f o r e  t h e  

pane l s  e n t e r  t h e  f i r s t  S i O p  d e p o s i t i o n  s e c t i o n ,  a m a s k i n g  de- 

v i c e  p l aces  a magnetic masking s t r i p  ( 4  mm x l m )  over  t h e  

7 . 1 7 1  
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i n t e r - p a n e l  g a p  ( s e e  F i g .  7 . 6 0 ) .  

a t t r a c t e d  t o  the b e l t  and r e s t s  a c r o s s  t h e  two p a n e l s ,  ho ld ing  

them t o  the  b e l t .  The back edges o f  t h e  s t r i p  a r e  shaped t o  

overhang t h e  c o n t a c t  s u r f a c e ,  thus s h i e l d i n g  i t  wi thou t  be- 

coming a t t a c h e d  t o  t h e  panel by t h e  S i 0 2 .  The nask ing  s t r i p s  

a r e  removed by a handl ing  dev ice  a s  t h e  pane l s  leave t h e  l a s t  

d e p o s i t i o n  s e c t i o n .  Each masking s t r i p  p icks  u p  7 5  microns of  

S i O p  as i t  passes  through t h e  s e c t i o n s .  When t h a t  c o a t i n g  ex- 

ceeds . 5  mm ( 7  passes  through t h e  s e c t i o n s )  t h e  masking s t r i p  

i s  taken t o  a c l e a n i n g  f a c i l i t y .  Cleaned s t r i p s  a r e  r e t u r n e d  

t o  the d e p o s i t i o n  equipment.  

The s t r i p  i s  m a g n e t i c a l l y  

I n  s o l i d  form, S i O e  i s  not  s u f f i c i e n t l y  c o n d u c t i v e  t o  re- 

t u r n  e l e c t r o n s  from a n  e l e c t r o n  beam t o  t h e  g u n .  D u r i n g  nor -  

mal o p e r a t i o n ,  however, t h e  molten l a y e r  o f  S l o p  a t  t h e  lower 

edge o f  the  s l a b  can conduct t h e  e l e c t r o n s  t o  pickup brushes  

a t  t h e  s i d e  edges.  To s t a r t  t h e  d e p o s i t i o n  p r o c e s s ( s u c h  a s  

a f t e r  maintenance a n d  r e p a i r  shutdowns) ,  t h e  s l a b  f e e d e r  

h e a t s  t h e  s l a b  r e s i s t i v e l y  a l o n g  i t s  lower edge. The problem 

could a l s o  be avoided by us ing  l a s e r s  r a t h e r  than  E B  g u n s ,  

b u t  they  a r e  n o t  as  e n e r g y - e f f i c i e n t  (15% v s  5 0 % ) ,  and l a s e r s  

w i t h  wavelengths a p p r o p r i a t e  f o r  g l a s s  ( e . g .  C O P  l a s e r s )  tend  

t o  be heavy a n d  t o  r e q u i r e  more maintenance.  F u r t h e r  e x p e r i -  

mental r e s e a r c h  o n  D V  of  S i 0 2  i s  needed t o  deve lop  t h i s  pro- 

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

When Si02  i s  vaporized o n t o  a s u r f a c e ,  some chemical d i s  

s o c i a t i o n  tends t o  t ake  p l a c e ,  l ead ing  t o  a l a y e r  o f  S i 0  
7 . 1 7 3  
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r a t h e r  t h a n  S i 0 2 .  T h i s  can be  a v o i d e d  b y  o p e r a t i n g  t h e  p r o c e s s  

w i t h  excess  oxygen. T h e r e f o r e  oxygen ( a v a i l a b l e  f r o m  t h e  moo7) 

i s  k e p t  i n  p r e s s u r i z e d  c a n n i s t e r s  above t h e  s l a b s  and  r e l e a s e d  

t o w a r d  t h e  s o l a r  c e l l  s t r i p  as  needed. T h i s  oxygen i s  even- 

t u a l l y  l o s t  t o  space.  

The s o f t  s u r f a c e  b e l t  s e r v e s  b o t h  f o r  s t r u c t u r a l  s u p p o r t  

and t h e r m a l  c o n t r o l  o f  t h e  s o l a r  c e l l  m a t e r i a l  d u r i n g  d e p o s i -  

t i o n .  Each b e l t  i s  53 m e t e r s  l ong ,  w i t h  geomet ry  s i m i l a r  t o  

t h e  thermal b e l t  used  i n  e a r l i e r  p rocesses  (Sec. 7 . 8 . 2 ) .  The 

b e l t  i s  c o o l e d  by  t h e r m a l  p l a t e s .  F o r  each s t r i p ,  40% o f  t h e  

i n p u t  power t o  t h e  E6 guns [(.4)(210 k W )  = 84 kW] i s  removed 

t h r o u g h  t h e  t h e r m a l  p l a t e s  by  . 3  kg/sec  o f  l i q u i d  sod ium (400'K 

i n p u t ,  600'K o u t p u t ) .  E s t i m a t i n g  a t o t a l  p i p e  l e n g t h  o f  100 

m e t e r s  t o  a r a d i i ? t o r  and back,  and a f l c w  v e l o c i t y  o f  . 5  m/sec, 

each s t r i p  r e q u i r e s  62.7 k g  o f  l i q u i d  sodium. The r a d i a t o r  

i s  a 37.2 m aluminum s h e e t  a t  475'K l o c a t e d  r o u g h l y  30 m e t e r s  

be low t h e  r e t u r . , i n g  p o r t i o n  o f  t h e  s o f t  s u r f a c e  b e l t .  T h i s  

2 

r a d i a t o r  a r e a  i s  2.2 t i m e s  t h e  d e p o s i t i o n  a rea ,  and t h e r e f o r e  

ex tends  beyond t h i s  d e p o s i t i o n  s e c t i o n .  I n  a d d i t i o n  each 7 kW 

EB gun wastes  50% o f  t h a t  power t h r o u g h  a 13.8 k g  p y r o ' i t i c  

g r a p h i t e  r a d i a t o r  6 t  630'K. 
F o l l o w i n g  t h e  d e p o s i t i o n  and t h e  removal  o f  t h e  m a s k i n g  

s t r i p s ,  t h e  s o l a r  c e l l  m a t e r i a l  i s  s e p a r a t e d  f rom t h e  s o f t  

s u r f a c e  b e l t  and t r a v e l s  on t o  t h e  n e x t  p rocess .  The s o f t  

s u r f a c e  b e l t  cu rves  around a r o l l e r  a n d  r e t u r n s  t o  t h e  s t a r t  

o f  t h e  s e c t i o n .  
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SPEC1 F I C A - J I O N  SHEET 

Machine Name: DV O f  S i l i c a  Optical C o v e r  

Function o f  Machine: 

Mass o f  Machine: 6660 k g  interconnects. 

Physical Dimensions: l 9  la1  

TO deposit 7 5  microns of  $ i o 2  onto the 
s i l i c o n  wafer, front contact ,  and c e l l  

Throughput/Machine (tons/year)  : ..-- 
Power Requirements (KW/machine): 231 

n 
u8 0 

L C  Y L 
a r  L- 
a s  v) Q) 3- 
E O  u) 4: US 

Number o f  Machines: 266  \a Y Q 

Number o f  Operators: 0 
n Q Q a@= r - *  - - .  
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7.8.17: DV o f  Sx2 S u b s t r a t e :  Following t h e  d e p o s i t i o n  o f  t h e  

o p t i c a l  cove r ,  the s o l a r  c e l l  n ta tc r ia i  movcs on t o  t h e  d i r e c t  

v a p o r i z a t i o n  o f  the s i l i c a  s c b c t r a t e .  As shown i n  F i g .  7.61,  

t h i s  s e c t i - q  c c n s i s t s  o f  two Si02  d e p o s i t i o n  s e c t i o n s  

operating on the  unders ide  o f  t h e  s o l a r  c e l l  n l a t e r i a l .  The 

equipment i n  the  s e c t i o n  i s  e x a c t l y  s imilar  t o  t h e  equipment 

f o r  the  d e p o s i t i o n  a f  t h e  o p t i c a l  cover  (Sec.  7 .8 .18 ) ,  except  

t ha t  i t  i s  ups ide -down  r e l a t i v e  t a  t h a t  s e c t i o n ,  a n d  t h a t  t h i s  

s e c t i o n  i s  only  two- th i rds  a s  l o n g  ( t h e  s u b s t r a t e  i s  50 microns 

thick!. 

The 10.6 m depos ic ion  l e n g t h  (depDsat ion r a t e  4 microns/ 

m i n )  i s  d iv ided  i n t  s e c t i o n s ,  each k. ' i th  l @  El3 guns and 

70 s l a b  f o e a e r s .  The CJGRS eat? re2e ive  7 k w  o f  power and w a s t e  

50% o f  t h a t  power t h r o u 9 h  13 .8  k g  p y r c ' i i t i c  c r a p h i t e  r a d i a t o r s  

a t  630'K. 

cooled by .2 kg/sec G f  i i q u i d  s o d i u m  through thermai p l a t e s  

(403'K i n p u t ,  609°K o u t p u t ) .  

s o d i u m  c i r c u l a t e d  t o  c7 24 .7  ci a l u m i n u m  s h e e t  r a d i a t o r  a t  

475'K, roughly 30 meters  "abo;.e" t h e  s o f t  surf?ice b e l t ' s  

re turning por t ion .  This  r a d i a t c r  a r e a  i s  2 . 2  t imes  t h e  depo- 

The s o f t  s u r f a c e  b e l t  i s  47 meters  l o n g ,  and i s  

Each s t r i p  r e q u i r e s  41.b  kg ai 
2 

s i t i o n  a rea  a n d  t h e r e f o r e  ex tends  beyocd t h i s  d e p o s i t i o n  s e c t i o n .  

S i m i l a r l y  t o  t h e  D V  o f  o p t i c a l  c i v e r ,  masking s t r i p s  a r e  

a p p l i e d  t o  t h e  i n t e r - p a n e l  g a p s  t o  s h i e l d  t h e  t r a i l i n g  edges 

c f  panel from t h e  si : iLa d e p o s i t i o n .  T h i s  l e a v e s  $ a r t  o f  

t!re r e a r  c o n t a c t s  3 f  +, l>e t r d i l i n g  s o l a r  ce i  i s c c t i o n s  e , J O S ~ ~  

f o r  l a t e r  psne? inc,? ,cor t rect!on.  S ince  t h e s e  s t r i p s  p i c k  u p  
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50 microns o f  Sin2 with each pass through the deposition 

sections, they are used ten times before the 0.5 mm of Si02 

are cleaned o f f  in a separate facility. 

The successive applications o f  the Si02 optical cover 

(Sec. 7.8 .16)  and Sinp substrate coat the cell interconnects 

with silica, thus strenqthening the connections between 

sect'ons within a panel. The final cross-section o f  a cell 

interconnect is shown in F i r l .  7.62. 

S i l l c o n  Wafer Optical Cover 

(TO SCALE) 

Yafer 

FIGcRE 1 . 6 2 :  CRO=SECTION OF CELL 
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SPECIFICATION SHEET 

Mach ine  Name: 

F u n c t i o n  o f  Aachine:  TO d e p o s i t  50 m i c r o n s  o f  S iO,  o n t o  t h e  
A 1  r e a r  c o n t a c t  

D V  O f  S i 0 2  S u b s t r a t e  

r -  
Panel B a f f l e s  

S i d e  B a f f l e s  

S i d e  B a f f l e  Guide 

S o f t  S u r f a c e  B e l t  

M o t o r / D r i v e  

End R o l l e r  

Cooling System 

and c e l l  i n t 6 r c o n n e c t  
Mass o f  Hachine:  

P h y s i c a l  Dimensions:  1 3  F x 1.1 m x 3 

T h r o u g h p u t / Y a c h i n e  ( t o n s / y e a r ) :  --- 
Power Requ i remen ts  (KW/machine): 155 

Number o f  Machines: 266 

Number o f  O p e r a t o r s :  0 

m 

Components: 

EB Gun 

F i  1 ament Magazine 

S l a b  Feeder 

Masking S t r i p  H a n d l i n g  D e v i c e  

Masking S t r i p  Magazine 

Oxygen D ispenser  

n 
m 
% 
Y 

UD 
UD 
bm r 

2o I .041 0 

2 lr! .001 

4 .25  0 

4 .05 0 

c .  

4 !  2 I .01 

1 I 2000 I 0 
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- 7.8.18: Hask ing  S t r i p  Cleanup: The s i l i c a - c o a t e d  mask ing  

s t r i m  used i n  t h e  d i r e c t  v a p o r i z a t i o n  o f  o p t i c a l  c o v e r s  

(Sec. 7.8.16) and s u b s t r a t e s  (Sec. 7.8.17) a r e  c l e a n e d  i n  

an a u t o m a t i c  f a c i l i t y .  T h i s  f a c i l i t y ,  c o n c c i t u a l l y  s i m i l a r  

t o  t h e  mask c l e a n u p  d e v i c e  (Sec. 7.8.11), i s  shown i n  

F i g .  7.63. 

A masking s t r i p  magazine f i l l e d  k i t h  c o a t e d  s t r i p s  and 

an empty magazine a r e  l o a d e d  i n t o  an evacua ted  o u t e r  chamber 

( t h e  two-chamber d e s i g n  reduces  pumping r e q u i r e m e n t s ) .  A f t e r  

t h e  chamber i s  s e a l e d  and f i l l e d  w i t h  argon, t h e  s t r i p s  a r e  

a u t o m a t i c a l l y  f e d  t h r o u g h  c l e a n i n g  r o l l e r s  and i n t o  t h e  

empty magazine. 

The s i l i c a  f l a k e s  r e m v e d  from t h e  s t r i p s  b y  t h e  b rushes  

a r e  suspended i n  t h e  a r g o n  and f i l t e r e d  o k t  b y  a Gas r e c i r -  

c u l a t i o n  system. Once t h e  s t r i p s  a r e  c leaned ,  t h e  i n t e r -  

chamb2r s l i t s  a r e  c l o s e d  and t h e  o u t e r  chamber i s  evacuated.  

The magazine w i t h  t h e  c l e a n  s t r i p s  i s  removed, and a n o t h e r  

magazine o f  c o J t e d  s t r i p s  i s  i n s e r t e d .  E s t i m t i n g  t h a t  each 

magazine h o l d s  200 s t r i p s ,  each s t r i p  t a k e s  15 seconds t o  

c l e a n ,  and t h e  pumpdown and r e l o a l  s t e p s  t a k e  10 ,n inutes;  

each  maga; inc- fu l l  r e q u i r e s  1 h o u r  f o r  c l e a n i n g .  Based on 

an a l l o w a b l e  t h i c k n e s s  o f  . 5  mm o f  s i l i c a  b e f o r e  c l e a n i n g  

( 7  passes t h r o u g h  DV c f  o p t i c a l  cove r ,  o r  10 passes t h r o u g h  

DV o f  s u b s t r a t e ) ,  and a y e a r l y  p r o d u c t i o n  o f  9.5 x 1 0  p a n e l s  

p e r  y e a r  ( i n c l u d i c g  wastage a l l o c a t i o n s ) ,  r o u g h l y  2 . 3  x 10 

masking s t r i p s  must be c l e a n e d  p e r  y e a r ,  and t h e i - e f o r e  15 

masking s t r i p  c l e a n e r s  a r e  r e q u i r e d  (902 d u t y  c y c ? e ) .  

7 
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I 
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SPECIFICATION SHEET 

H a c h i n e  Name: Masking S t r i p  C l e a n e r  

F u n c t i o n  of  M i c h i n e :  To remove d e p o s i t e d  s i l i c a  f rom masking strfps 

H a n d l i n g  and feed  Systems 1 20 1 

B JSherS and  D r i v e  10 5 1 

Gas C i r c u l a t i o n  Pump 1 10 5 

F i l t e r  System 1 1 0 

Con t a  i ne t* 1 100 0 

L 

-- 
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7.8.19. Panel Alignment and Spare Panel Insertion: After the 

optical covers and substrates have been deposited on the 

110.3 cm x 117 cm panel, each panel is accelerated to lmlminute 

by soft-surface belts (soft-surface to avoid bending stresses, 

since the interconnects protrude), then guided by rollers through 

the panel remcval and insertior: zone. The panels then enter 

the pane l  deceleration tcne, where they are decelerated and 

aligned with their predecessors, adding to the backlog o f  

panels waiting panel interconnection. The operations are 

shown in Fig. 7.64; although the figure shows this machine in 

two sections, t h o  so?ar cell Danels actually move in a con- 

tinuous straight line. When the panels are accelerated to 

100 cm/min, the gap between them widens to 20 cm (12 second 

time lag), facilitating removal/insertion operations. The 

purpose o f  this arrangement i s  to guarantee a continuous supply 

cf  panels to the panel interconnection, each panel aligned with 

its neighbors. 

The first d e v i c e  in the panel removal and insertion zone 

is the defective Dane1 shunt. If quality control devices 

indicate that the now-completed panels are substandard, the 

defective panels are diverted into the defective panel hopper. 

The contents of this ).'?per are discarded as waste during 

maintefiance operations. 

Next, satisfactory panels travel through the extra panel 

shunt. If the striD i s  producing panels faster than its 

neighbors, or if there is a stoppagz in  the downstreatn array 

7.104 



assembly opera t ions ,  some o r  a l l  o f  t he  produced panels  can 

be diver ted  i n t o  t h e  ex t r a  panel hopper. These panels  then 

become spa re  p a n e l s ,  t o  be used in f ac to ry  production s t r i p s  

w i t h  i n s u f f i c i e n t  o u t p u t .  

The next device i n  t he  sequence i s  the  spare  panel inser- 

t e r .  Should one s t r i p  be slower t h a n  the  o t h e r s ,  i t s  backlog o f  

panels  dwindles r e l a t i v e  t o  t h e  o the r  s t r ips .  Optical  sensors  

r epor t  t h i s ,  and a computer sends commands t o  speed u p  t h a t  

s t r ip .  S h o u l d  t h e  s t r i p  not speed u p ,  o r  should a s t r ip  f a i l  

ent i re ly ,  such t h a t  i t s  backlog th rea t ens  t o  d r o p  t o  zero, 

the  computer reqirests spare  panels .  These a r e  i n s e r t e d  j u s t  

before  the  dece lera t ion  zone. The spare  panel h o p p e r s  a r e  

restocked from the  panels accunulated in t h e  e x t r a  panel 

hoppers. The hoppers a r e  emptied or r e f i l l e d  by a "crawler '  

( s i m i l a r  t o  t he  one shown i n  F i g .  7 . 4 0 ;  t rawlers  a re  descr ibed 

i n  Chap. 8 ) .  In case  o f  breakdown o f  a panel i n s e r t  machine, 

t h e  crawler i s  a l s o  capable o f  feeding spare  panels i n t o  t h e  

production s t r i p  u n t i l  r e p a i r  o f  the  machine i s  completed. 

After t he  removal a n d  i n s e r t i o n  zone, panels t r a v e l  

t h r o u g h  the  dece lera t ion  zone before reaching t h e  backlog 

a r e a ,  where the  panels a r e  m o v i n g  a t  .85 m / m i ; l .  T h e  ob jec t ive  

i s  t o  s t o p  the  panel w i t h i n  1 - 2  m m  o f  the  movi i lg  t r a i l i n g  edge 

o f  t h e  backlog. O p t i c a l  sensors t rack the  leading edge o f  

t h e  coas t ing  p a n e l  a n d  the  t r a i l i n g  edge o f  t he  backlog a n d  

7 . 1 8 5  
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a microprocessor calculales the intersection time and place. 

Computer-controlled varisble-speed rollers then slow down 

t h e  panels a n d  bring them into c l o s e  alignment, ready t o  

enter t h e  panel interconnect machine. 
e 

S P E C I  F I C A T I O f l  SHEET 

Machine Name: Panel Alignment and Spare Panel Insertion 

Function o f  Machine: Removal and insf 

Mass o f  Machine: ,984 k g  

Physfcal Dimensions: 18 m x 1.1 m x 2 m 

panel a1 i gnment 

Throughput/Machine (tonsJyear): - - -  
P o w e r  Requirements IKWlaachine): 10 

Number o f  Machines; 266  

Number o f  Operators: 
Components :, .. ZE 

I 
Accelerator Bel ts 1 

Variable Speed Rollers 32 

Panel Remover 2 

Panel Inserter 1 

Panel Hopper 3 

Sensors 1 0  

Guide Rollers 60 

- 
i 

spare panels and 

70 I - 5  

. 8  I . 2  

2 2 . 5  .7  

30 0 

. 1  .1 

0 
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7.8.20. Panel  I n t e r c o n n e c t i o n :  As shown i n  F i g .  7.65, t h e  

a l i g n e d  p a n e l s  (110  cm x 117 cm) a r e  now i n t e r c o c n e c t e d  i n  a 

manner s i m i l a r  t o  t h e  c e l l s  (Sec. 7.8.15). An i n t e r c o n n e c t  

f e e d e r  p l a c e s  an aluminum p a n e l - t o - p a n e l  i n t e r c o n n e c t  (14 
. 

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

The s i d e  v i e w  i n  t h e  f i g u r e  shows t h a t  t h e  i n t e r c o n n e c t  

i s  a p p 7 i e d  between t h e  a lu t r inum r e a r  c o n t a c t s  a t  t h e  t r a i l i n g  

end o f  t h e  l e a d i n g  p a n e l  2nd t h e  c o l l e c t o r  b a r s  on t h e  l e a d i i i g  

end o f  t h e  f o l l o x i n g  pane l .  These s u r f a c e s  were p r o t e c t e d  

f r o m  t h e  S i 0 2  d e p o s i t i o n  by masking s t r i p s  (Sec. 7.8.16 and 

7.8.17), and a r e  t h e r e f o r e  a c c e s s i b l e  t o  t h e  i n t e r c o n n e c t .  

The p a n e l - t o - p a n e l  i n t e r c o n n e c t  i s  e l e c t r o s t a t i c a l l y  bonded 

i n  p l a c e .  

The c o m b i n a t i o n  o f  pane l  a l i g n m e n t  (Sec. 7.8.19) and p a n e l  

i n t e r c o n n e c t i o n  produces 14 o a r a l l e 7  s t r i D s  o f  i n t e r c o n n e c t e d  

p a n e l s  (on 14 p a r a l l e l  p r o d u c t i o n  s t r i p s )  i n  each s o l a r  c e l l  

f a c t o r y  s u b s e c t i o n .  The p a r a l l e l  p a n e l s  a r e  l i n e d  up w i t h  

each o t h e r ,  i n  p r e p a r a t i o n  f o r  s t r u c t u r a l  i n t e r c o n n e c t i o n ,  

w h i c h  w i l l  f o r m  t h e  14 -oane l  w ide  s r r a y  segments. A t  t h i s  

s tage ,  however, each pane l  c o n s i s t s  o f  1 s  s o l a r - c e l l - m a t e r i a l  

s e c t i o n s ,  each 6.4 cm x 110 cm; each o f  t h e s e  w i l l  be c u t  

i n t o  14 s o l a r  c e l l s .  

Connec t ions  between s t r i p s  o f  p a n e l s  can be made i n  s i m i l a r  

f a s h l o n ,  by e l e c t r o s t a t i c  w e l d i n g  o f  c r o c s - c o n n e c t o r s .  T h i s  

o p e r a t i o n  depends on t h e  a c t u a l  c i r c u i t s  r e q u i r e d  i n  t h e  s o l a r  

c e l l  ? r r a y s ,  which a r e  n o t  e n t i r e l y  c l e a r  t o  t h e  s t u d y  group 

from t h e  l i t e r a t u r e  s t u d i e d .  
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SPECIFICATION S H E E T  

M a c h i n e  Name: P a n e l  I n t e r c o n n e c t i o n  

F u n c t i c n  o f  M a c h i n e :  A p p l i c a t i o n  o f  i n t e r c o n n e c t  b e t w e e n  p a n e l s  

Masr o f  M a c h i n e :  6 5  k g  

P h y s i c a l  D i m e n s i o n s :  - 5  m x 1 .1  m x 1 . 5  m 

T h r o u g h p u t / M a c h i n e  ( t o n s / y e a r ) :  --- 
Power R e q u i r e m e n t s  ( K W j m a c h i n e ) :  7 . 1  

Number o f  M a c h i n s s :  2 6 6  
c 
Q w 

1 0 )  Y dl 
Y L. L C  

atG L.r  
as ul Q) 3- 

cn 3 CrS E o  
a m  (0 OaDY 

0 Vumber o f  O p e r a t o r s :  

n t e r i  e c t  F e e d e r  

I n t e r c o n n e c t  Rol l  
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7 .8 .21 .  Longitudinal C u t :  After  t h e  panel in te rconnec t ion ,  

t h e  s t r i p s  o f  panels a r e  c u t  lengthwise (along the  s t r i p )  by 

a l a s e r .  T h i s  l a s e r ,  s i m i l a r  t o  t h e  one used in c e l l  c ros scu t  

tSec. 7.8.13),  produces 1 3  p a r a l l e l  lengthwise cu t s  i n  the 

panels ,  a t  7.8 cm i n t e r v a l s .  W i t h  1 m m  kerf l o s s ,  t h e  re- 

s u l t i n g  s o l a r  c e l l s  a r e  7 .7  cm x 6 . 4  cm, and the  panels each 

ho:  252 c e l l s  ( 1 4  A 18 c e l l s ) ,  a s  per JSC-Boeing d e s i g n .  
L 

F i g u r e  7.66 shows the  c u t t i n g  process. The l a s e r  cu t s  

t h r o u g h  t h e  c e l l  fn te rconnec ts  ( b u t  n o t  t he  p a n e l  i n t e rconnec t s ) .  

T h i s  s epa ra t e s  the c e l l s  from t h e i r  s i d e  neighbors,  leaving 

them connected i n  s e r i e s  a l o n g  the  s t r i p ,  b u t  cross-connected 

by the  panel in te rconnec ts .  As shown in the  t o p  view, t h e  

longi tudina l  cu t s  do  n o t  extend a l l  t h e  way t h r o u g h  t he  leading 

panel ,  leavinq i n t a c t  t he  lsading edge o f  t h e  interconnect .  

A1 t h o u g h  t h e  t r a i  1 i n g  row o f  cel I s  t he re fo re  remains comected  

across  t h e i r  r ea r  con tac t s ,  t h i s  i s  acceptable  s ince  the  rear 

con tac t s  of  the  pane!'s l a s t  1 4  c e l l s  a r e  connected by t h e  

panel in te rconnec t ;  they a r e  the re fo re  e l e c t r i c a l l y  equ iva len t ,  

a n d  need n o t  be phys ica l ly  separated.  The t o p  contac ts  o f  

those  c e l l s  a r e  sepa ra t e ,  whether o r  n o t  t h o  c e l l s  a r e  cut  

a p a r t .  

The leading edge o f  the  following panel i s  d i f f e r e n t ,  how- 

ever .  There t h e  t o p  contac ts  o f  the  f i r s t  1 4  c e l l s  a r e  

connected by the  panel in te rconnec t ,  a n d  t he re fo re  e l e c t r i c a l l y  

equiva len t .  However, each r ea r  contact  h a s  a c e l l  between i t  

a n d  the  equivalent  t o p  con tac t s ,  a n d  should the re fo re  be 
7 .191  
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separa te .  The cu t s  t he re fo re  s t a r t  ahead o f  t he  c e l l s ,  notching 

the panel in te rconnec t .  

Should i t  be advantageous t o  s epa ra t e  the leading panel 

c e l l s  a s  wel l ,  the  longi tudina l  cu t s  can extend i n t o  the 

leading edge o f  t h e  panel interconnect  a l s o .  I n  t h a t  case 

the  study group recommends t h a t  the  spacing between p a n e l s  

be increased t o  4 mmc a n d  the p a n e l  in te rconnec ts  widened 

accordingly.  Therefore the  notches cu t  i n t o  the  panel inter-  

connects would n o t  s t r u c t u r a l l y  weaken then too much. 

T h e  l a s e r  makes a l l  t h e  l o n g i t u d i n a l  cu t s  i n  a 110.3 x 

6 .4  cm sec t ion  before g o i n g  on t o  t he  next. I t  must c u t  a 

t o t a l  o f  83.2 cm i n  4 . 5  sec o r  about 20 cm/sec i n  performing 

1 3 l o n g i t u d i n a l c u t s .  The l a s e r  i s  moved across  the  sec t ion  

by a t racking  system, i n  7 . 8  cm i n t e r v a l s .  I n c l u d i n g  beam 

t u r n - o n  a n d  sh i r t -o f f  power, t he  l a s e r  r equ i r e s  a b o u t  the  same 

power as  t he  l a s e r  c r o s s c u t t e r ,  an3 t he re fo re  has the same 

parameters. 
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SPECIFICATION SHEET 

Machine Name: Longftudjnaf  Cut 

Funct ion  o f  Machine:To make 13 lenghtwise  c u t s  i n  
s w a r a t i n g  t h e  panel sec t ions  

!!ass o f  Hachine: 48 k g  

P h y s i c a l  Dimensions: . S  m x 1 .1 m x 2 . 5  

Throughput/Machlne ( t o n s / y e a r ) :  --- 
Power Requirements (KWlmachine): 2 .6  

Laser 

Krypton Lamp Magazine 

Guide R o l l  e rs  

S h i e l d  

Laser Track ing  System 

Number o f  Machines: 266 

Number o f  Opera tors :  0 

D 

1 20 2 .5  

1 1 0 

2 . 5  0 

1 1 0 

1 25 .1  

each p a n e l ,  
i n  s o l a r  c e l l s  
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7.8.22. Kapton Tape  A p p l i c a t i o n :  A s  shown i n  F i g .  7 .67  (a 

view from "below" the so la r  panel s t r i p s ) ,  k a p t o n  tape is  

a p p l i e d  bo th  crosswise act-! lengthwise t o  fas ten adjacent 

panels together .  S t a t i o n a r y  r o l l e r s  unroll 13 s t r i p s  of  

t a p e  lengthwise, o n t o  the underside o f  the s o l a r  ce l l  array,  

while s o f t  r o l l e r s  provide s u p p o r t  OR the topside.  Each 

s t a t i o n a r y  r o l l e r  o r ig ina l iy  holds 633 m o f  kapton tape,  the 

length of each so la r  c e l l  a r r a y  'package.' 

After the sheet passes t h r o u g h  the s ta t ionary  r o l l e r s ,  

cross  r o l l e r s  unroll tape across the s t r i p s ,  o n t o  t h e  i n t e r -  

sect ion between successive panels; each  r o l l e r  i s  a lso 

accompanied by a s o f t  r o l l e r  f o r  support on the topside.  

These r o l l e r s  move a l o n g  w i t h  the p a n e l  in the lengthwise 

d i r e c t i o n ,  a t  . 8 5  m/sec, a n d  move b a c k  a f t e r  each tape 

appl icat ion.  There are  8 c r o s s r o l l e r s ,  each of  w h i c h  can 

tape 2 panel widths a t  a time. The c ross ro l l e r s  tape i n  a 

staggered manner ( a s  shown i n  the f igu re )  from row t o  row 

so t h a t  the  a r r a y  i s  e n t i r e l y  connected together.  Each 

individual r o l l e r  tapes only two panel widths ( 2 . 2  m) a t  a 

t ime,  s o  t h a t  the f a i l u r e  o f  one c ros s ro l l e r  wil l  n o t  cause 

a p r o d u c t i o n  shutdown. Spare tape r o l l s  a re  stored i n  

magazines w h i c h  a re  per iodical ly  r e f i l l e d  by crawlers. The 

crawlers can also temp3rarily take over the function o f  a 

r o l l e r  during repairs .  

The kaptor !  tape connects t h e  p a n e l s  i n t o  connected arrays 

14  panels ( 1 5 . 5  m! rride by 541 panels ( 6 3 3  m )  long, a s  per 

7 . 1 9 5  



Panels 

Tape 2011s 

FIGURE 7 . 6 7 :  KAPTON TAPE A P P L I C A T I O N  



t h e  Boe ing  d e s i g n .  

f a c t o r y  c o u l d  p roduce  1 9  Jf t h e s e  'packages '  a t  one t ime ,  

from 266 s t r i p s  grouped i n t o  19 s e t s  o f  14. 

some o f  t h e s e  s t r i p s  a r e  down f o r  ma in tenance  o r  r e p a i r ,  and 

some a r e  p r o d u c i n g  s p a r e  p a n e l s  ( s e e  Sec. 7 . 8 . 1 9 ) .  

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

I n  a c t u a l i t y ,  

SPEC1 FICATION SHEET 

Hachine Name: Kapton Tape A p p l i c a t i o n  

F u n c t i o n  o f  M a c h i n e : A p p l i c a t i o o  o f  Kapton t a p e  t o  g l a s s  s u b s t r a t e  

Mass o f  Machine:  215 k g  s e p a r a t e  p a n e l s  

Physical Dimensions:  5 m X 1 6  m 3.5 m 

i n  c r o s s w i s e  and l e n g t i s i s e  d i r e c t i o n s ,  b r i d g i n g  

Th roughpu t /Mach ine  ( t o n s / y e a r ) :  - - -  
Power Requ i remen ts  (KW/machine): 12 

Number o f  Machines:  I9 \a a# 

n 

en u 
L C  v L 
a- 
E o  # 
a m  cc, 

0 ns # Number o f  O p e r a t o r s :  

Components: z f  z 

! S t a t i o n a r y  Taper 
I .  

' S t a t i o n a r y  Tape R e f i l l  13 .6 

Cross Taper 1 25 

13 5 
I 

Cross Tape R e f i l l  1 .6 

S o f t  R o l l e r  22 . 5  

Cross Tape Motor 1 ' 1 1  50 

- 5  

0 

. 5  

0 

0 

0 

5 
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7.8.23. Ar ray  Segment F o l d i n g  and Packaging:  The s o l a r  c e l l  

packager  a c c o r d i o n - f o l d s  t h e  f i n a l  s o l a r  c e l l  p roduc t ,  a 

15.5 m x 663 m a r r a y ,  d i r e c t l y  i n t o  a cush ioned  s t o r a g e  box. 

V e r t i c a l  d e f l e c t o r s  b u c k l e  t h e  i ncoming  s o l a r  a r r a y  so t h a t  

i t  f o l d s  p r o p e r l y  ( see  F i g .  7 . 6 8 ) ,  and a mechan ica l  arm g u i d e s  

the t r a i 7 i n g  edge i n t o  t h e  box. The f i l l e d  box i s  pushed down 

be low t h e  f o l d i n g  s e c t i o n  by mechanica l  r o l l e r s  and i t s  t o p  i s  

a t tached .  A t  t h i s  t i m e  t h e  box i s  l a b e l e d  w i t h  t h e  p r o d u c t i o n  

s t r i p  and t i m e  and any o t h e r  r e l e v a n t  i n f o r m a t i o n  (e.g. de fec ts ,  

expec ted  e f f i c i e n c y ) .  

A c r a w l e r  ( d e d i c a t e d  t o  t h e  packag ing  s e c t i o n )  p i c k s  up 

the f i n i s h e d  box o f  s o l a r  c e l l  a r r a y .  The c r a w l e r  a l s o  l o a d s  

an empty box i n t o  t h e  packag ino  machine above t h e  f o l l o w i n g  

s e c t i o n .  Box t ops  a r e  loaded be low t h e  f o l d i n g  s e c t i o n .  

The c r a w l e r  can c a r r y  4 boxes a t  one t ime.  F i n i s h e d  

boxes a r e  l oaded  by t h e  c r a w l e r  d i r e c t l y  i n t o  t h e  i n t e r n a l  

t r a n s p o r t  system f o r  t r a n s f e !  - 1  t 5 e  i n p u t / o u t p u t  s t a t i o n .  

S ince  a number o f  boxes a n d  box tops  f o r  t h e  ' f i n i s h e d '  

a r r a y s  a r e  i n  t r a n s i t  and a t  t h e  S P S  assembly s i t e  a t  any t fme,  

each machine has 10 b o x e s  and box t o p s  a l l o c a t e d  t o  i t ,  t o  

ensure  t h e i r  a v a i l a b i l i t y .  Empty boxes and t o p s  a r e  r e t u r n e d  

t o  t h e  SMF from t h e  SPS assembly s i t e .  The boxes a r e  t h e  

l o n g e s t  i t e m  (16 m l o n g )  t o  be hand led  by t h e  SMF's i n t e r n a l  

t r a n s p o r t  system ( d e s c r i b e d  i n  Chap. 8 ) .  
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S P E C I F I C A T I O N  S H E E T  

Machine Name: Array Segment Folding a n d  Packaging 

Function o f  Machine: Accordion-fold a n d  package s o l a r  c e l l  arrays  

G u i d e  Ro l l ers  154 . 5  0 

Vert i ca 1 De f 1 ec t o r s  3 10 . I  

B o x  A 1  i gnrr(.zc L 1 300 1 . --. 
1 50 . O l  
. .  T r a i l i n g  Edge G u i d e  

. - .  .. .... __ .  _ -  - ,  

Mass o f  Machine: 1460 k g  

Phys ica l  Dimensions:8 m x 16 m 

Throughput/Machine ( t o n s / y e a r ) :  

Power Requirements (KW/machSne): 

Number o f  Machines: 1 9  

Number o f  Operators: 0 

B o x  L a b e l i n g  t- Boxes a n d  T o p s  

2200 

1 5 01 

10 100 0 

1 . 1  

7.200 



7.8.24. N o t e  on R a d i a t o r s :  A s  d e s c r i b e d  i n  t h e  p r e c e d i n g  

s e c t i o n s ,  t h e  d e p o s i t i o n ,  r e c r y s t a l l i z a t i o n ,  a n n e a l i n g ,  and 

s i n t e r i n g  p r o c e s s e s  d i s s i p a t e  r o u g h l y  40% o f  t h e i r  i n p u t  power  

by c i r c u l a t i n g  a f l u i d  t h r o u g h  t h e r m a l  p l a t e s  b e l o w  t h e i r  

d e p o s i t i o n  b e l t s  and o u t  t o  l - m m - t h i c k  a luminum s h e e t  r a u . a t a r s .  

E s t i m a t i n g  t h a t  t h i s  c o o l i n g  i s  done w i t h  l i q u i d  s o d i u m  w i t h  

i n l e t  t e m p e r a t u r e  600°K and o u t l e t  t e m p e r a t u r e  400°K. t h e  

' t h e r m a l  a v e r a g e '  t e m p e r a t u r e  i s  475'K, f r o m  t h e  f o r m u l a  

( R e f .  7 . 7 )  

A t  t h i s  o f f e c t i v e  t e m p e r a t u r e ,  t h e  r a d i a t o r  s i z e s  r e q u i r e d  f o r  

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

F i g .  7.69, a m o d i f i c a t i o n  of F i g .  7.41. Each r a d i a t o r  has  

t h e  same w i d t h  a s  t h e  s t r i p  ( 1 . 1  m ) .  As t h e  f i g u r e  shows, 

a l t h o u g h  some r a d i a t o r s  e x t e n d  beyond t h e i r  a s s o c i a t e d  de- 

p o s i t i o n  s e c t i o n ,  t h e  t o t a l  r a d i a t o r  a r e a  does n o t  e x t e n d  

beyond t h e  f a c t o r y  a r e a .  

The r a d i a t o r s  a r e  r o u g h l y  30 m e t e r s  a w a y  From t h e  p r o d u c t i o n  

s t r i p s ,  i n  a p l a n e  p a r a l l e l  t o  t h e  f a c t o r y .  They t h e r e f o r e  

c o l l e c t i v e l y  s h i e l c l  t h e  equ ipmen t  f r o m  m i c r o m e t e o r i t e s .  The 

30 -mete r  d i s t a n c e  was chosen t o  a l l o w  f r e e  movement o f  t h e  

f r e e - f l y i n g  t e l e o p e r a t o r s  ( d e s c r i b e d  i n  Chap. 9 )  be tween  t h e  

r a d i a t o r s  and p r o d u c t i o n  e q u i p m e n t .  The t o t a l  t r a v e l  d i s t a n c e  
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o f t h e  c o o l a n t  was e s t i m a t e d  a t  100 me te r s ,  i n c l u d i n g  t rave l  

w i t h i n  thermal p l a t e s  a n d  p J m p i n g  sys tems,  t rave l  a long  the 

r a d i a t o r s ,  and t h e  round t r i p  between f a c t o r y  and r a d i a t o r .  

Those s e c t i o n s  r e q u i r i n g  coo lan t - f ed  r a d i a t o r s  (and 

s e v e r a l  o t h e r  p rocesses  a s  wel l )  r e q u i r e  thermal was te  tystem 

t o  d i s s i p a t e  t h e  remaining energy i n p u t .  Es t ima t ing  t h a t  10% 

i s  l o s t  Cy d i r e c t  r a d i a t i o n  from the  equipment and i r i  d e p o s i t i o q  

vapors  l o s t  t o  s p a c e ,  roughly 50% of t he  i n p u t  pow*::. t 3 rlumber 

o f  p rocesses  must be d i s s i p a t e d .  In a l l  of these prr,: i s e s .  

t h i s  waste  hea t  must be removed from e l e c t r o n  beam g u n s  o r  

l a s e r s ,  a n d  t h e s e  E B  guns and l a s e r s  a re  on t n o  o p p o s i t e  s ide  

o f  t h e  product ion  s t r i p  from the  thermal b e l t  r a d i a t o r s .  

The re fo re  t h e s e  E B  guns a n d  l a se r : .  cFn be cooled by r a d i a t o r s  

on t h e i r  s i d e  o f  t h e  product ion  s t r i p s .  

The EB guns and l a s e r s  a r e  cooled  p a s s i v e l y ,  by h e a t  pipes 

f eed ing  p y r o l i t i c  g r a p h i t e  r a d i a t o r s  ( e x c e p t  f o r  the DV o f  

i n t e r c o n n e c t s ,  which a r e  cooled by c i r c u l a t e d  c o o l a n t ) .  Since 

r o s t  o f  t h e  E B  guns used i n  d e p o s i t i o n  a r e  c l u s t e r e d  i n  g roups  

of f i v e ,  each g u n  occupies  roughly 20 cm o f  the  110-cm w i d t h  

of t h e  product ion  s t r i p .  The p y r o l i t i c  g r a p h i t e  r a d i a t o r s  

a r e  t h e r e f o r e  r e c t a n g u l a r ,  w i t h  w i d t h  20 cm a n d  l e n g t h  equal  

t o  h e l f  t h e  l eng th  o f  t h e  d e p o s i t i o n  chamber ( t h u s  s h a r i n g  

t h e  a?ea w i t h  t h e  E 6  g u n  c l u s t e r  a t  t h e  o t h e r  end o f  t h e  

chamber) such as  i n  t h e  DV o f  S i O z  (Secs .  7.8.16 and 7 .8 .17) .  

I n  t h o s e  c a s e s  where on ly  two E S  g u n s  a r e  used, t h e i r  r a d i a t o r s  

a r e  50 cm wide. 
7 . 2 0 2  



4 

N 
0 
w 

4 

104 R 

F I G U R E  7 . 6 9 :  A L U M I N U M  S H E E T  RADIATOR S I Z E S  F @ R  - S O L A R  CELL FACTORY 



Given this sizing, the radiators for the EB guns range 

i n  operating temperature from 260'K to 720°K. 

radiators operate at 41O0K. 

graphite radiators cover the deposition sections on the side 

unprotected by the aluminum radiators, thus completing the 

micrometeorite protection o f  the equipment. These radiators 

need not be removed to access the EB guns, b u t  at least one 

radiator from a cluster o f  five must be removed to access 

the slab feeders in a deposition section. The radiators are 

therefore desigsed with disconnect fittings at the end o f  

their heat pipes. Removal of one radiator from a cluster o f  

five allows a crawler to slide a slab into the sectibn, mail- 

slot-style. The crawler then rotates the slab 90 degrees and 

loads it into a slab magazine. Since the radiator's EB gun 

can be shut down during the process (the other four take over), 

this does not require a production stoppage. Radiators are 

sired to handle the extra load when four guns assume the 

funccions of five. 

The laser 

Collectively, these pyrolitic 
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CHAPTER 8 

SMF SUPPORT EQU;PMEHT 

8.1 GENERAL REMARKS 

F ig .  8.1 i s  a p l a n  v i e w  o f  t h e  r e f e r e n c e  SMF. To t h e  r i g h t  

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

w i th  emergency f u e l  c e l l s ,  power f o r  t h e  SWF o p e r a t i o n s .  The 

s o l a r  a r r a y  i s  t h e  o n l y  p s r t  o f  t h e  f a c i l i t y  r e q u i r i n g  c l o s e  

p o i n t i n g  t o  t h e  sun (51 ' ) .  The r e s t  of t h e  f a c t o r y  does n o t  

r e q u i r e  c l o s e  a t t i t u d e  c o n t r o l ,  b u t  shou ld  s t a y  i n  t h e  shadow 

o f  t h e  s o l a r  a r r a y  t o  a l l e v i a t e  h e a t  waste p rob lems  and t h e r m a l  

de f o r m a t  i ons . 
To t h e  l e f t  of t h e  a r r a y  i s  t h e  h a b i t a t ,  p r o v i d i n g  h o u s i n g  

f o r  t h e  SNF crew. I n  t h e  f i g u r e ,  t h i s  a r e a  i s  p a r t i a l l y  v i s i b l e  

t h r o u g h  t h e  cut -away s e c t i o n  o f  t h e  waste h e a t  r a d i a t o r s ,  

mounted t o p  and b o t t o m  o f  t h e  h a b i t a t .  A p r e s s u r i z e d  t u n n e l  

connec ts  t h e  l i v i n g  a rea  t o  t h e  r e s t  o f  t h e  f a c t o r y .  

The r e p a i r  shop i s  t h e  a r e a  i n  wh ich  ma in tenance  and r e -  

p a i r  o f  components f r o m  t h e  f a c t o r y  i: c a r r i e d  o u t .  T h i s  

s e c t i o n  c o n s i s t s  o f  a c l u s t e r  o f  s h u t t l e  t a n k s  and l i f e  s u p p o r t  

equipment.  Maintenance and r e p a i r  a r e  d i s c u s s e d  i n  Chap te r  9. 

The do;king f a c i l i t y  i s  c l o s e  t o  t h e  components f a c t o r y  

( t o  m i n i m i z e  t h e  movement o f  i n p u t s  and o u t p u t s ) ,  y e t  d i s t a n t  

f r o m  t h e  f r a g i l e  s o l a r  a r r a y ,  s o l a r  c e l l  f a c t o r y ,  and h a b i t a t  

( i n  case o f  d o c k i n g  a c c i d e n t s ) .  I n p u t  c o n t a i n e r s  a r e  c y l i n d e r s  

s i z e d  t o  h o l d  t h r e e  months o f  l u n a r  i n p u t s  each (assuming  p r o -  

d u c t i o n  o f  one l O G W  SPS/year) .  The c o n t a i n e r s  are un loaded  
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by m a n i p u l a t o r s .  O u t p u t  c o n t a i n e r s  may a l s o  be docked t o  t h i s  

f a c i l i t y  and l o a d e d  by t h e  same m a n i p u l a t o r s .  The need f o r  

such c o n t a i n e r s  may n o t  a r i s e  if t h e  SMF were a t  t h e  same 

l o c a t i o n  as t h e  SPS assembly s i t e .  A p r e s s u r i z e d  d o c k i n g  

mechanism i s  p r o v i d e d  f o r  t h e  l o a d i n g  and u n l o a d i n g  o f  t h e  

SMF crew. 

The d o c k i n g  f a c i l i t y  and o t h e r  s e c t i o n s  o f  t h e  SlsF a r e  

connected by a n e t w o r k  o f  t r a c k s  a l o n g  wh ich  m a g n e t i c  t r a n s -  

p o r t e r s  t r a v e l .  These t r a n s p o r t e r s  t r a v e l  t h r c u g h  t h e  f a c i l i t y  

t o  s u p p l y  machines, t r a n s p o r t  p e r s o n n e l ,  and p l a c e  c o n t a i n e r -  

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

I n  t h e  s o l a r  c e l l  f a c t o r y ,  an ove rhead  c r a w l e r  system 

i s  used t o  p e r f o r m  a l l  r o u t i n e  maintenance and s u p p o r t  

o p e r a t i o n s .  The c r a w l e r  system i s  d e s c r i b e d  ill s e c t i o n  8.4. 

More complex r e p a i r  o p e r a t i o n s  i n  t h e  s o l a r  c e l l  f a c t o r v  a r e  

pe r fo rmed  by remote f r e e - f l y i n g  h y b r i d  t e l e o p e r 7 t o r s  wh ich  

a r e  d e s c r i b e d  i n  Chap te r  9. 

N o t  shown i n  F i g u r e  8.1 i s  t h e  f a c t o r y  p r o d u c t i o n  c o n t r o l  

ne twork .  T h i s  three-command-level  f a c t o r y  c o n t r o l  system 

uses sensc rs  t o  check o u t p u t  q u a l i t y  and machine o p e r a t i e n  

and i s  d e s c r i b e d  i n  s e c t i o n  8.4. The USE o f  a u t o m a t i o n  i n  

f a c t o r y  c o n t r o l  i s  d i s c u s s e d  i n  Addendum 1 1 .  

T h i s  c h a p t e r  c o n t a i n s  d e s c r i p t i o n s  o f  t h e  SMF s u p p o r t  

equipment .  
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8.2 INPUT/OUTFUT STATION 

T h e  f u n c t i o n s  o f  the  i n p u t / o u t p u t  s t a t i o n  a re  described 

in sect-icn 6.6.1. T h e  d o c k i n g  a r e a  cons i s t s  o f  two sect ions;  

an u n p r e s s u r i z e d  area i n  which c a r g o  modu les  a r e  loaded a n d  

u n l o a d e d ,  and a pressurized personnel d o c k i n g  a rea .  F i g u r e  

8.2 i s  a rough sketch o f  t h e  i n p u t / c u t p u t  f a c i l i t y .  

T h e  p e r s o n n e l  d o c k i n g  a r e a  c o n s i s t s  o f  a s t a n d a r d  a n d r o -  

gyne d o c k i n g  mechanism t o  w h i c h  p e r s o n n e l  modules a r e  docked .  

Personnel t h e n  t ransfer  t h r o u g h  the d o c k i n g  r i n g  t o  a 

pressurized tunnel l e a d i n g  t o  the h a b i t a t i o n  and  r e p a i r  

s e c t i o n s  of  t h e  SMF. A p r e s s u r i z e d  d o c k i n g  f a c i l i t y  i s  used 

b e c a u s e  i t  removes t he  need  f o r  t r a n s i t i n g  crew members t o  

wear space su i t s .  T h e  h a b i t a t  i s  a t  some d i s t a n c e  f rom the 

d o c k i n g  a r e a  so  t h a t ,  i n  t h e  event o f  a d o c k i n g  a c c i d e n t ,  a 

minimum o f  damage t o  p r e s s u r i z e d  a r e a s  wi l l  r e su l t .  

The u n p r e s s u r i z e d  d o c k i n g  a reas  a r e  t h e  i n p u t i o u t p u t  

s t a t i o n s  f o r  SMF m a t e r i a l s .  Cargo m o d u l e s - - s i z e d  t o  h o l d  

t h r e e  r n t h s  wor th  o f  l u n a r  i n p u t  ( f o r  a p r o d u c t i o n  r a t e  o f  

T S P S / y e a r ) - - d o c k  between t r u s s w o r k  p i e r s .  Two m a n i p u l a t o r  

a rms ,  e a c h  w i t h  a 40m r e a c h  and t h e  a b i l i t y  t o  move a l o n g  

t he  t r u s s w o r k  p i e r s ,  a r e  used  t o  l o a d  and u n l o a d  e a c h  c o n t a i n e r .  

A human z . ) o r a t o r  c o n t r o l s  each o f  the  m a n i p u l a t o r s ;  however ,  

det, -* i  i n a t i o n  o f  t h e  o r d e r  i n  w h i c h  u n l o a d i n g  o f  goods  o c c u r s  

a f u n c t i o n  o f  t h e  p r o d u c t i o n  management system ( d e s c r i b e d  

i n  s e c t i o n  8 . 5 ) .  In  a d d i t i o n  t o  t h e  l o a d i n g  a n d  u n l o a d i n g  of  

t:he c o n t a : n e r s ,  t h e  m a n i p u l a t o r s  a r e  used t o  t r a n s p o r t  
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assembled DC-DC converter radiators from their production area 

to the output station. 

The.input-output station is a major terminal for the 

internal trdnspcrtation system. Goods unloaded from the 

containers are placed aboard magnetic transporters for dis- 

patch throughout the facility (see section 8.3). 

8.3 INTERNAL TRANSPORT S Y S T E M  

8.3.1 Overview: The SffF internal transportation system i s  

designed to carry raw materials, personnel, and finished 

products within the facility. In the veference design a 

containerized, magnetic trdnsporter system is used. It should 

be noted that this system uses passive containers; however, 

personnel containers can cclrry life-support batteries. 

Table 8.1 presents a list of the items to be moved to, 

from, or within the SMF. All of these items mass less than 

3 tons, and nearly all of them could each fit in a space 

1 . 5 ~  2.5 x 16 meters ( s o m e  are far smaller). Thus, almost 

all of these items may be packaged i n  specialized containers 

a n d  moved by the magnetic transport system (described i n  

section 8.3.2). Storage areas for the specialized containers 

are provided i n  the system to prevent backups and guarantee 

supply of transporters along the tracks (see Fig. 8.3). 

Molten metal or alloy cannot easily be packaged f o r  

transport i n  this sys tem.  Pipelines (described in section 7.2) 

p r o v i d e  the necessary movement for molten metal or alloy. 
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TABLE 8.1:  ITEMS TO B E  MOVED W I T H I N  THE SMF 

I N P U T S  

A1 uminum Rods 
Glass Rods & Slabs 
Magnesium Rods 
Silicon Rods & Slabs 
DC-DC Converter Par ts  
Kapton Tape R o l l s  
Klystron Par ts  
Oxygen Tanks 
Spare Par ts  
I r o n  Rods 
Natura l  Lunar Glass 

Do pants 

Glass Foaming Agents 

Powder 

INTRA-FACTORY 
Mani foqds 
Metal Slabs* 
Wire 
Dopants 
C a v i t i e s  . 
Housings 
Kapton R o l l s  
Spare Par ts  
Pole Pieces 
Repair Crew 

Solenoid Cores 
Aluminum Rods & Slabs 
S i l i c o n  Rods & Slabs 
Transformer Cores 
In te rconnects  
Glass Rods & Slabs  
K l y s t r o n  E lec t ron i cs  
I n s u l a t i o n  -- Glass C l o t h  
Klyston Radiators  

OUTPUTS 
Busbar S t r i p s  
OC-DC Converters 
DC-DC Converter Radiators** 
E l e c t r i c a l  Wires & Cables 
End J o i n t s  
J o i n t  C1 us t e r s  
K1 ys t r o n  Assembl i es 
S t r u c  t u  r a  1 Members 
So la r  C e l l  s 
Waveguides 

A 7 1  t h e s e  i t e m s  c a n  b e  t r a n s p c r t e d  by a m a g n e t f c  
t r a n s p o r t  s y s t e m ,  e x c e p t :  

*These  I t e m s  a r e  t o o  hot  
* *These  i t e m s  a r e  t o o  l a r g e  



Doubl  e-headed arrows represent 
informatfon g o i n g  to R o u t i n g  
Control and commands going t o  
S M F  Sectlbns and C a r t  Storage  
1 ocations 

-I+W TRANSPORT TRACKS 
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M e t a l  s l a b s  a r e  a l s o  t o o  h o t  t o  be e a s i l y  packaged and t h e r e -  

f o r e  p roceed  d i r e c t l y  from t h e  c a s t e r  t o  t h e  r o l l i n g  m i l l .  

F i n a l l y ,  DC-DC c o n v e r t e r  r a d i a t o r s ,  w h i c h  w i l l  n o t  f i t  i n  

t h e  t r a n s p o r t a t i o n  system, a r e  produced n e a r  t h e  i n p u t / o u t p u t  

s t a t i o n  and h a n d l e d  w i t h  m a n i p u l a t o r  arms. 

One o f  t h e  f u n c t i o n s  o f  t h e  t r a n s p o r t a t i o n  sys tem i s  t o  

t r a n s f e r  m a t e r i a l s  t o  and frm s t o r a g e  a reas .  T h e r e  a r e  t h r e e  

t y p e s  o f  s t o r a g e  w i t h i n  t h e  r e f e r e n c e  SMF. The f i r s t  i s  b u l k  

s t o r a g e  a t  t h e  i n p u t / o u t p u t  s t a t i o n  ( m a t e r i a l s  s t a r e d  i n  t h e  

i n p u t / o u t p u t  c o n t a i n e r s ) .  The second t y p e  i s  w i t h i n  t h e  f a c -  

t o r i e s .  When a machine r e q u i r e s  s m a l l  p i e c e s  as i n p u t s ,  an 

i n t e r n a l  t r a n s p o r t  c a r t  can h o l d  many sucn p i e c e s  and s e r v e  

as i n t e r n a l  s t o r s g e ,  The c a r t  i s  p a r k e d  on a s i d e t r a c k  n e x t  

t o  t h e  i n p u t  o f  t h e  machine, which e m p t i e s  t h e  c a r t  as needed. 

When empt ied ,  t h e  c a r t  moves away and a f u l l  c a r t  r e p l a c e s  i t .  

S i m i l a r l y ,  machines which produce s m a l l  o u t p u t s  c a n  fill a 

c a r t ,  wh ich  moves away when f u l l .  

The t h i r d  t y p e  o f  i n t e r n a l  s t o r a g e  i s  a d e d i c a t e d  s t o r a g e  

d e v i c e ;  t h i s  system i s  d e s c r i b e d  i n  s e c t i o n  8 . 3 . 3 .  

8 . 3 . 2  M a g n e t i c  T r a n s p o r t e r  S y s t e m :  The m a g n e t i c a l l y  d r i v e n  

t r a n s p o r t  system shown i n  F i g .  8 .4  c a r r i e s  most S M F  i n p u t s  

and o u t p u t s  as w e l l  a s  r e p a i r  and ma in tenance  p e r s o n n e l .  

C o n t a i n e r s  des igned  t o  c a r r y  p a r t i c u l a r  i t e m s  ( i . e .  k l y s t r o n s ,  

s o l a r  p a n e l  r o l l s ,  o r  r e p a i r  c rews)  a r e  s u p p o r t e d  b y  a 1 . 5  

me te r  c u b i c  f ramework.  Two  f r a m e w o r k s  may be needed t o  s u p p o r t  
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FIGURE 8 . 4 :  MAGNETIC TRANSPORTER C A R T  
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c o n t a i n e r s  l onge r  than  1 . 5  meters, w i t h  p i v o t  c1an:ps between 

payload and t r a n s p o r t e r s .  Such a payload would  t h e n  behave 

l i ke  a two-bogie r a i l r o a d  c a r  (see f i g .  8 . 5 ) .  E i g h t  t e f l o n -  

coa ted  skids  keep t h e  framework a l i g n e d  a long  a f i x e d  s e t  o f  

t r a c k s .  

As shown i n  F i g s .  8.5 a n d  8.6,  the  t r a n s p o r t e r  i s  pro- 

p e l l e d  a long  the  t r a c k  by magnetic i n d u c t i o n .  f o u r  h i g h -  

p e r m e a b i l i t y  p l u g s  a r e  a t t a c h e d  t o  each framework as shown. 

The p l u g s  a r e  made o f  supermalloy,  a n icke l -based  mater ip1  

w i t h  permeabili ty 800,000 a t  8000 gauss .  Such a m a t e r i d l  p r o -  

duces a h i g h e r  v a g n e t i c  f i e l d  c o n c e n t r a t i o n  t h a n  a permanent 

magnet. T h e  t r a n s p o r t e r  i s  dr iven  by toro ida!  e l e c t r o m a g n e t s  

made o f  supermalloy co;-es wound w i t h  copper  o r  a l u m i n u m .  The 

p l u g s  f i t  l o o s e l y  i n t o  t h e  Sa;, between t h e  ends of  t h e  e l e c -  

t romagnet ,  which c r e a t e s  a f i e l d  of 8000 Gauss ( i f  t h e  p l u g  

i s  f u l l y  i n s e r t e d ) ,  p r o v i d i n g  enerGy of  2 5  j o u l e s  per pulse .  

T h u s  Zb e lec t romagne t s  a r e  need€.. t o  a c c e l e r a t e  a two-ton 

block from r e s t  t o  a speed o f  lm/sec.  

The t r a c k  Lonta ins  2-rneter-long acceleration/decelerati..n 

s e c t i o n s  near  i n p u t / o u t p u t  a n d  s t o r a g e  l o c a t i o n s  Acce le ra t io t i  

i s  produced by a s e r i e s  o f  c l o s e l y  spaced e l e c '  -ornagnets, each  

of which a p p l i e s  force t o  t h e  p l u g  w i t h i n  i t  a t  t h e  command 

o f  a computer. The computer c o n t r o l s  t h e  a c c e l e r a t i o n  by 

vary ing  t h e  c u r r e n t  floluing through each e leccromagnzt .  After 

a c c e l e r a t i o n ,  t r a n s p o r t e r s  a r e  a l lowed t o  c o a s t  w h i l e  widely 

spaced olectrornagnets  m a i n t a i n  speed.  
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SPECIFICATION S H E E T  

Funct ion  o f  flachine: Transport  o f  m a t e r i a l s  w i t h i n  the SMF 

' Mass o f  Machine: 87 kg 

P h y s i c a l  Dimensions: 1 . 5  m x 1 . 5  m x 2 . 1  m 

ThroughputjMachine (tons/year): --- 
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SP€CIFICATION S H E E T  

Machine Name: T r a n s p o r t e r  Track 

F u n c 3 o n  o f  Machine:  Guide,  c o n t r o l  and a c c e l e r a t e  t r a n s p o r t e r s  

Track  (800 m) 

Magnet ic  Drivers 

Busbars 

R o u t i n g  Control 
L 

Mass o f  M a c h i n e : 1 6 6 4 0 0  k g  
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Physica l  Dimensions: 1800 m x 3 m x 2 .2  
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10 

fhrouqhput /Machine  ( t o n s / y e a r )  : --- 
Power Requirements (KN/machine):  22.8 

Number o f  Machines:  1 

Number o f  O p e r a t o r s :  0 
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8 . 3 . 3  I n t e r n a l  Storage Device:  The i n t e r n a l  s t o r a g e  d e v i c e  

i s  used t o  m a i n t a i n  a back log  o f  m a t e r i a l s  and p a r t s  a t  key 

p o i n t s  i n  t h e  f a c i l i t y .  

A magnet ic i c a n s p o r t e r  c a r t  s tops  i n  f r o n t  o f  t h e  machine 

and a push arm unloads a c o n t a i n e r  i n t o  t h e  s t o r a g e  tube. The 

c o n t a i n e r  i s  h e l d  i n  p?ace by a s p r i n g  and by r e l e a s e  c l i p s  a t  

one end o f  t h e  tube. The e i g h t  tubes h o l d  fou r  c o n t a i n e r s  each 

f o r  a t o t a l  s to rage  c a p a c i t y  p e r  dev i ce  of  32 t r a n s p o r t e r  l oads .  

The i n t e r n a l  s to rage  dev i ce  r o t a t e s  t o  p r o v i d e  m u l t i p l e  l o a d i n g  

and un load ing  p o i n t s .  

The number o f  machines was , 'e te rmined by p l a n n i n g  f o r  a 

back log  o f  one day a t  c r i t i c a l  p r o d u c t i o n  p o i n t s .  The c o s t  o f  

t h e  machine was determined f r o m  m a t e r i a l s  c o s t s  and f r o m  c o s t s  

o f  s i m i l a r  i n d u s t r i a l  equipment. 
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FIGURE 8 . 7 :  I N T E R N A L  S T O R A G E  D E V I C E  



SPECIFICATXON SHEET 

Hachine lame: I n t e r n a l  Storage Device 

F u n c t i o n  o f  Hachine: 

Mass o f  Hachine: 380 k g  

To m a i n t a i n  a b a c k l o g  o f  m a t e r f a l s  d-ad 
p a r t s  a t  key p o i n t s  i n  t h e  S#F 

P h y s i c a l  Dimensions: 15  m d f a s e t e r ;  1 .6 s th lckness  

Throughput/Machine ( t o n s / y e a r )  : --- 
n 
.cI, U 

-8. rx: u 0 h e  W L 
9- L- a &- ul a 3- 
E V  ul 1 V 3  
arn rn 00)s 

Power Reguiremsnts (#W/macRine): 2 

Number of Wachines: 8 

llcrnber o f  Operators: 0 
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8.4 CRAWLER SYSTEM 

The crawler system performs all routine maintenance and 

support operations for the Solar Cell Factory ( S C F ) .  It de- 

livers slabs, filament magazines, and baffle rolls t o  the 

deposition machines; interconnect rolls and kapton tape rolls 

to the assembly machines; spare panels to the panel insert 

machines; and it collects the solar array packages at the end 

of the assembly line. The crawler can, in addition, replace 

broken machines such as EB guns. 

Crawlers move back and forth along tracks running per- 

pendicular to the production strips, and dispense material 

and parts in 3 predetermined sequence. The crawlers 

tl 
....... ....... ....... ....... ....... - ....... 

Panel 
A1 i gnmen t 

Inter- 
and connection ~ u ~ t i ~ ~  

*:...--9.:* ..: .L 7.. 
.!-. :. .. :-. ...... . c... . :.-y.:. ....... 

Packaging 
Area 

F I G U R E  8.8: S O L A R  C E L L  FACTORY S E C T I O N S  
REQUIRING D I F F E R E N T  C R A W L E R  TYPES 
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p e r i o d i c a l l y  r e p l e n i s h  t h e i r  s u p p l i e s ,  and unload broken EB 

guns and f i l a m e n t s ,  a t  warehouses l o c a t e d  between p r o d u c t i o n  

s t r i p s  o f  t h e  SCF. Con t ro l  o f  t h e  c r a w l e r s  i s  comp le te l y  

au tomat ic ,  r e q u i r i n g  no human superv i so rs .  I n d i v i d u a l  

c r a w l e r s  a r e  programmed i n  d i f f e r e n t  ways, depending upon 

which s e c t i o n  of  t h e  SCF t h e y  serve. 

The SCF may be d i v i d e d  i n t o  fou r  subsec t io i ts  t h a t  have 

e s s e n t i a l l y  independent suppor t  requ i rements  and may be served 

by a ded ica ted  c r a w l e r  system (F ig .  8.8). The areas are de- 

p o s i t i o n  area, panel  a l ignment  area, i n t e r c o n n e c t i o n  and 

c u t t i n g  area, and packaging area. The main d i f f e n c e s  between 

d i f f e r e n t  types o f  c r a w l e r s  a r e  t h e  loads  t h e y  c a r r y ,  t h e i r  

man ipu la to rs ,  t h e i r  end e f f e c t o r s ,  and t h e i r  o p e r a t i n g  programs. 

Each c r a w l e r  has t h e  same b a s i c  f rameend d r i v e  mecha- 

nisms ( F i g s .  8.9 and 8.10). The frame i s  t r i a n g u l a r  i n  

c r o s s - s e c t i o n  5m x 3m x 7m l o n g  except  f o r  t h e  c r a w l e r  

s e r v i n g  t h e  packaging s e c t i o n ,  which i s  17m long.  

a r m s  a r e  moucted on t r a c k s  t o  i nc rease  t h e i r  e f f e c t i v e  reach.  

T h e i r  5m l e n g t h  a l l 3 w s  them t o  cover  t h e  w ides t  d e p o s i t i o n  

s e c t i o n s .  

s e c t i o n s  where they  w i l l  be used. D e p o s i t i o n  S e c t i o n  man i -  

p u l a t o r s ,  f o r  example, must have end e f f e c t o r s  t h a t  a r e  

capable o f  h a n d l i n g  f i l a m e n t  magazines, b a f f l e  r o l l s ,  s labs ,  

and r e p l a c i n g  broken E B  guns. 

respond ing ly ,  have r e p l a c e a b l e  end e f f e c t o r s .  

M a n i p u l a t o r  

The m a n i p u l a t o r  end e f f e c t o r s  a r e  t a i l o r e d  t o  the 

The man ipu la to rs  must, Cor- 
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Gul d e r a i  1 
Support  S t r u c l  CRAWLER D R I V E  

F I G U R E  8 . 9 :  C R A W L E R  D R I V E  
AND TOP V I E W  O F  C R A b l L E R  
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F I G U R E  8.10:  CRAWLER:  E N 0  V I E W  

Rolling 
P o 6 1  t f  oner 

,Man1 pulrtor 
Arms 



Crawlers t r a v e l  between two t r a c k s ,  one above and one 

below the c rawle r ,  a n d  a r e  moved by an  e l e c t r i c a l l y  d r i v e n  

g e a r  ( F i g .  8 . 9 ) .  

8.5 POWER PLANT E Q U I P M E M T  

Power f o r  t h e  SMF i s  produced by a s o l a r  arr i ty  s i t u a t e d  

o u t s i d e  t h e  product ion  f a c i l i t i e s  a n d  connected by a f l e x i b l e  

j o i n t .  The a r r a y  i s  t h e  only  p a r t  o f  t h e  f a c i l i t y  requiring 

a c c u r a t e  p o i n t i n g  t o w a r d  t h e  sun ( ? l o ) .  

f a c t o r y  i s  shaded by t he  s o l a r - c e l l  a r r a y ,  thus e a s i n g  waste  

The remainder of the 

h e a t  a n d  thermal c y c l i n g  problems. 

Est imates  o f  power consumption, de f ined  from t h e  s y e c i -  

f i c a t i o n  s h e e t s  f o r  va r ious  SMF p r o c e s s e s ,  a r e  given i n  

Table  8 . 2 .  The t o t a l  power requirement  f o r  t h e  SMF i s  

approximately 2 4 0  M W ,  which, assumifig a n  a r r a y  e f f i c i e n c y  of 

12.5%, equa te s  t o  a s o l a r  c e l l  a r e a  of 1 . 3 7  km2 ( a  squa re  

1200m o n  a s i d e ) .  

All t h e  power provided t o  t h e  SMF i s  in D C  fo rm,  except  

t h a t  which o p e r a t e s  t h e  induc t ion  f u r n a c e s .  The f u r n a c e s  r e -  

q u i r e  high A C  pawer a t  300 H z .  The D C  v o l t a g e  from t h e  a r r a y  

must be fed t o  each process  a t  a s p e c i f i c  v o l t a g e  l e v e l .  This 

power cond i t ion ing  mCiy he achieved by e i t h e r  using D C - D C  

c o n v e r t e r s  o r  by " t a p p i n g "  c u r r c n t  a t  a p p r o p r i a t e  p o i n t s  

from the s o l a r  a r r a y  by s u i t a b l y  p o s i t i o n e d  m u l t i p l e  busba r s .  

The r e f e r e n c e  Sr lF  des;cJn was D C - D C  c o n v e r t e r s  p o s i t i o n e d  a long  

t h e  c e n t r a l  s t r u c t u r a l  i i i a s t  to provide  power t o  t h e  va r ious  
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J A B L E  8 .2  

POWER USE I N  R E F E R E N C E  SMF 

C O M P O N E H T S  F A C T O R Y  POWER (KW!  

M e t a l s ,  f u r n a c e s ,  and c a s t e r s  
Ribbon and sheet  o p e r a t i o n s  
I n s u l a t e d  w i r e  p r o d u c t i o n  
D C - D C  c o n v e r t e r  p r o d u c t i o n  
K l y s t r o n  p r o d u c t i o n  

300 
1600 

550 
3 

40,000 

I W A V E G U I D E  F A C T O R Y  

Waveguide p r o d u c t i o n  8,900 

S O L A R  CEL!- F A C T O R Y  

I S o l a r  c e l l  p r o d u c t i o n  186,000 

F A C T O R Y  S U P P O R T  300 I 
L I F E  S U P P O R T  ((39 kw/person) 4,000 I 
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SMF s e c t i o n s .  The AC power f o r  t h e  p r o d u c t i o n  f u r n a c e s  i s  

p r o v i d e d  by D C - A C  c o n v e r t e r s .  

In case o f  s o l a r  e c l i p s e ,  o r  m a l f u n c t i o n  of  t h e  s o l a r  

a r r a y  p o i n t i n g  system, power can be produced by  emergency f u e l  

c e l l s  wh ich  feed DC power t o  t h e  pcwer c o n d i t i o n i n g  system. 

D u r i n g  p r i m a r y  power f a i l u r e ,  t h e s e  f u e l  c e l l s  p r o d u c e  enough 

power t o  a v o i d  damage t o  equipment  and danger  t o  p e r s o n n e l  

w h i l e  t h e  p r o d u c t i o n  equipment  s h u t s  down; t o  keep e s s e n t i a l  

s u p p o r t  s e r v i c e s  ( d o c k i n g ,  i n t e r n a l  t r a n s p o r t ,  l i f t  s u p p o r t ,  

r e p a i r ,  and a t t i t u d e  c o n t r o l )  w o r k i n g  u i t i l  p r i m a r y  p o * . - r  

r e t u r n s ,  and t o  keep t h e  l i f e  s u p p o r t  systems of  t h e  h a b i t a t i o n  

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

emergenry  power f o r  up t o  30 days. From T a b l e  8.2 i t  can 

be  seen t h a t  f a c t o r y  s u p p o r t  equipment r e q u i r e s  300 KGI and 

l i f e  s u p p o r t  r e q u i r e s  9 KW/person. I n  t h e  case o f  a power 

l o s s  t h e  l a t t e r  f i g u r e  , ay be c u t  down t o  3 KW/person w i t h  

s u i t a b l e  power c o n s e r v a t i o n  measures. The t o t a l  mass o f  t h e  

emergency power s o u r c e  (assuming 4 4 0  w o r k e r s  a t  t h e  SNF)  

i s  2 l T - - u s i n g  a t y p i c a l  f u e l  c e l l  mass o f  16 kg/kw. 

The f u e l  c e l l s  a r e  a c t u a l l y  o p e r a t e d  a t  l o w  o u t p u t  a t  

a l l  t i m e s ,  t o  keep them i n  o p e r a t i n g  c o n d i t i o n ,  and t o  p r o d u c e  

power t o  h a n d l e  peak l o a d s  ( t h e  s o l a r  a r r a y  p roduces  main ly  

b a s e i o a d  power) .  The c e l l s  a r e  f u e l e d  w i t h  l u n a r  oxygen and 

E a r t h  hydrogen;  t h e i r  w a t e r  o u t p u t  makes up t h e  w a t e r  l o s s e s  

i n  t h e  f o o d  and w a t e r  c y c l e s .  
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8.6 PRODUCTION CONTROL 

8.6.1 C o n t r o l  S t r u c t u r e :  As d e s c r i b e d  i n  s e c t i o n  6.6.4, 

p r o d u c t i o n  c o n t r o l  w i t h i n  t h e  r e f z r e n c e  SMF i s  e x e r c i s e d  a t  

t h r e e  l e v e l s :  f a c t o r y  m o n i t o r i n g ,  f a c t o r y  r e s o u r c e s  manage- 

B m t ,  and p r o d u c t i o n  management. 

The l o w e s t  l e v e l  i s  f a c t o r y  m o n i t o r i n g ,  w h i c h  c o n t i n u o u s l y  

r e c e i v e s  i n f o r m a t i o n  on machine o p e r a t i o n  and o u t p u t  q u a l i t y .  

I f  p r o d u c t  q u a l i t y  i s  subs tandard ,  t h e  f a c t o r y  m o n i t o r i n g  

s e c t i n n  sends commands t o  t h e  f a c t o r y  t o  a d j u s t  t h e  a p p r o p r j a t e  

equipment s e t t i n g s .  

If t h e  subs tandard  o u t p u t  p e r s i s t s ,  o r  i f  a machine 

breakdown occu rs ,  t h e  f a c t o r y  m o n i t o r i n g  s e c t i o n  sends 

commands t o  t h e  f a c t o r y  t o  s h u t  down t h e  a f f e c t e d  equipment,  

and sends commands t o  t h e  ma in tenance  and r e p a i r  s e c t i o n  t o  

f i x  t h e  problem. S i m i l a r l y ,  t h e  f a c t o r y  m o n i t o r i n g  s e c t i o n  

m o n i t o r s  t h e  need f o r  maintel lance o f  t h e  f a c t o r y  equipment ,  

and sends commands t o  t h e  ma in tenance  and r e p a i r  s e c t i o n  t o  

do t h a t  maintenance.  

I n  o r d e r  t o  p e r f o r m  t ' t e s e  t a s k s ,  equipment  m o n i t o r s  

b o t h  t h e  q u a l i t y  o f  o u t p u t ,  and t h e  o p e r a t i o n  o f  c i r c u i t r y  

t o  i n i t i a t e  c o r r e c t i v e  commands. F o r  example, i n  t h e  s o l a r  

c e l l  f a c t o r y ,  measurements o f  d e p o s i t e d  f i l m  t h i c k n e s s e s ,  

g r a i n  s i z e  o f  d e p o s i t e d  s i l i c o n ,  dopan t  c o n c e n t r a t i o n s ,  e t c .  

a r e  made d u r i n g  p r o d u c t i o n  t o  ensure q u a l i t y  o f  machine 

o u t p u t s .  Measurement d e v i c e s  employ a v a r i e t y  o f  t e c h n i q u e s .  

A d d i t i o n a l l y ,  the  per fo rmance  o f  equipment such as e l e c t r o n  
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beam guns, peg w $ l d e r s ,  and c o n t a c t  masks i s  m o n i t o r e d  so t i l a t  

a compar ison between o u t p u t  q u a l i t y  and mach ine ry  s t a t u s  w i l i  

a l l o w  f a u l t s  t o  - 2  i s o l a t e d .  For  maximum e f f e c t i v e n e s s  

(m-inimum was tage)  q u a l i t y  c o n t r o l  i s  t h e n  e x e r c i s e d  a t  each 

s t a g e  o f  p r o d u c t i o n  w i t h i n  t h e  r e f e r e n c e  SMF. 

F q u ' m o n t  r e q u i r e m e n t s  f o r  t h e  f a c t o r y  c a n n o t  be e a s i l y  

e v a l u a t e d  s i r c e  t h e  mach ine ry  r e q u i r e d  f o r  q u a l i t y  c o n t r o l  i s z  

t o  some e x t e n t ,  dependent upon t h e  f i n a l  p r o d L ; c t i o n  m a c h i n e r y  

des igns .  I t  i s  c l e a r -  F. wever, t h a t  sensors,  communicat ions 

l i n e s ,  c o m p u t a t i o n a l  f a c i l i t i e s ,  a u d i o  a n d / o r  v i d e o  m o n i t o r i n g ,  

and, p o s s i b l y ,  t e l e o p e r a t o r  c a p a b i l ' t i e s  w i l l  be requ: ' red . 
Q u a l i t y  c o n t r o l  concep ts ,  a p p l i e d  t o  t h e  S o l a r  Cell F a c t o r y ,  

a r e  d i s c i t s s e d  i n  s e c t i o n  7.6.2. 

The n e x t  l e v e l  i n  SMf P r o d u c t i o n  c o n t r o l  and management 

i s  t h e  '.'ac*,ory r e s o u r c e s  manageioeqt s e c t i o n .  T h i s  s e c t i o n  r e -  

c e i v e s  i n f o r m a t i o n  f r o m  s e v e r a l  sources.  F: m t h e  f a c t o r y  

m o n i t o r i n g  s e c t i o n ,  i t  r e c e i v e s  c o n t i n u o u s  i n f o : m a t i o n  on 

t h e  s t a t u s  o f  t h e  f a c t o r y ,  i . e .  wh ich  machin55 a r e  work ing ,  

which a r e  s h u t  down, wh ich  a r e  a p p r o a c h i n g  s c h e d u l e d  main- 

tenance.  From t h e  f a c t o r y  i t s e l f ,  t h e  f a c t o r y  r e s o u r c e s  

management s e c t i o n  r e c e i v e s  i n f o r m a t i o n  on t h e  c o n t e n t s  o f  

i n t e r n a l  s t o r a g e  systems. F r o m  t h e  i n p u t / o u t p u t  s t a t i o n ,  i t  

r e c e i v e s  i n f o r m a t i o n  on t h e  i n p u t  and o u t p u t  i n v e n t o r i e s  i n  

t h e  c a r g o  modules.  

From a l l  t h i s  i n f u r m a t i o n ,  t h e  f a c t o r y  r e s o u r c e s  manage- 

ment s e c t i o n  b u i l d s  snd c o n t i n u o u s l y  upda tes  a p i c t u r e  o f  t h e  
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r e s o u r c e s  a v a i l a b l e  f a r  p r o d u c t i o n :  s t a t u s  o f  mach ine ry ,  s l z e  

and l o c a t i o n  o f  m a t e r i a l  i n v e n t o r i e s .  Based on t h i s  p i c t u r e ,  

t h i s  s e c t i o n  models and p r e d i c t s  f a c t o r y  t h r o u g h p u t .  I t  t h e n  

o p t i m i z e s  f a c t o r y  o p e r a t i o n s  i n  t h e  p r e d i c t i v e  model. 

The work o f  t h e  f a c t o r y  r e s o u r c e s  management i s  l a r g e l y  

c o m p u t a t i o n a l ,  r e c e i v i n g  d a t a  from s e n s i n g  equipi.,ent l o c a t e d  

a round  t h e  f a c t o r y .  

I n v e n t o r y  c o n t r o l  equipment  i s  r e s p o n s i b l e  f o r  t h e  iden-  

t i f i c a t i o n  o f  and a c c o u n t i n g  f o r  p a r t s  w i t h i n  t h e  f a c i l i t y .  

A d d i t i o n a l  equipment i s  r e q u i r e d  t o  m o n i t o r  the c o n t e n t s  o f  

each o f  t h e  i n t e r n a l  s t o r -  ,e  d e v i c e s  t h r o u g h o u t  t h e  f a c t o r y .  

I n v e n t o r y  c o n t r o l  ( a s  a p p l i e d  t o  t h e  S o l a r  C e l l  F a c t o r y )  i s  

d i s c u s s e d  i n  s e c t i c n  8.6.3. 

The system employed i s  comparable t o  t h a t  c o r r e n t l y  used 

i n  f a c t o r i e s  w i t h  automated i n v e n t o r y  c o n t r o l .  In f a c t ,  t h e  

SNF system i s  a good d e a l  s i m p l e r  t h a n  t h a t  used i n ,  say, 

t h e  a u t o m o b i l e  i n d u s t r y  wh ich  keeps a c c o u n t  o f  up t o  15,000 

d i f f e r e n t  p a r t s  a t  a g i v e n  t i m e .  The p a r t i c u l a r  c a s e  o f  r e -  

sou rce  management o f  t h e  S o l a r  C e l l  F a c t o r y  i s  t h e  s u b j e c t  o f  

c u r r e n t  work by t h e  s t g d y  group. 

The f a c t o r y  r e s o u r c e s  management s e c t i o n  o f  t h e  SMF i n -  

c l u d e s  s e v e r a l  p e r s o n n e l  t o  ove rsee  t h e  o p e r a t i o n s  o f  t h e  

complex SFIF f a c t o r i e s .  The l a r g e  volumes o f  i n f o r m a t i o n  r e -  

q u i r e d  a r e  p rocessed  by computers.  

The upner l e v e l  o f  p r o d d c t i o n  c o n t r o l  a n d  management i s  

p r o d u c t i o n  management. The SMF p r o d u c t i o n  manager r e c e i v e s  
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i n f o r m a t i o n  f rom w i t h i n  t h e  SMF and f rom o t h e r  s e c t o r s  o f  t h e  

space  i n d u s t r i a l i z a t i o n  s c e n a r i o .  From t h e  f a c t o r y  r e s o u r c e s  

management s e c t i o n ,  p r o d u c t i o n  management r e c e i v e s  u p d a t e s  o n  

t h e  r e s o u r c e s  a v a i l a b l e  t o  t h e  SYF. F r o m  t h e  Hoon and t h e  SPS 

assemb ly  s i t e ,  t h e  SMF p r o d u c t i o n  manager  r e c e i v e s  i n f o r m a t i o n  

on s h i p m e n t  s c h e d u l e s  f a r  b o t h  e x p e c t e d  i n p u t  s h i p m e n t s  and  

r e q u i r e d  o u t p u t  s h i p m e n t s .  These f a c t s  a r e  t h e n  e v a l u a t e d ,  t o -  

g e t h e r  w i t h  l o n g - r a n g e  p l a n n i n g  g o a l s , t o  d e t e r m i n e  t h e  n e a r -  

t e r m  o b j e c t i v e s  o f  Sr1F p r o d u c t i o n .  P r o d u c t i o n  management t h e n  

g i v e s  t h e s e  o b j e c t i v e s  t o  t h e  f a c t o r y  r e s o u r c e s  management 

s e c t i o n  f o r  i m p l e m e n t a t i o n .  

The p r o d u c t i o n  manager  must  r e c e i v e  i n f o r m a t i o n  a b o u t  t h e  

s t a t u s  o f  a l l  p a r t s  o f  t h e  f a c t o r y  on r e q u e s t ,  and, t h e r e f o r e ,  

e q u i p m e n t  i s  f o r  c o m m u n i c a t i o n s ,  d a t a  l i v k s ,  c o m p u t a t i o n ,  e t c .  

The a c t u a l  equ ipmen t  r e q u i r e d  i s  l a r g e l y  d e p e n d e n t  o n  f i n a l  

f a c t c r y  d e s i 9 n s .  

8.6.2 Q u a l i t y  C o n t r o l  Concep ts :  Q u a l i t y  c o n t r o l  e q u i p m e n t  

w i l l  b e  needed i n  t h e  S C F  t o  m o n i t o r  t h i c k n e s s e s ,  t e m p e r a t u r e s ,  

d o p a n t  c o n c e n t r a t i o n s  dnd m a c h i n e r y  h e a l t h .  T h i s  s e c t i o n  o f  

t h e  Addendum w i l l  a d d r e s s  o p t i o n s  a v a i l a b l e  f o r  some o f  t h e  

q u a l i t y  c o n t o * o l  e q u i p m e n t .  

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

c e l l  ' 7 y e r s  w i l l  b e  d e p o s i t e d  o n  a t h e r m a l  b e l t  d e s i g n e d  t o  

p r o v i d e  t e m p t - r a t u r e  c o n t r o l  f o r  s e v e r a l  mach ine  p r o c e s s e s .  

Ref.  20  s u r v e y s  t e m p e r a t u r e  i n s t r u m e n t a t i o n ,  o f  w h i c h  o n l y  

t h e r m o c o u p l c s ,  r e s i s t a n c e  v e r s u s  t e m p e r a t u r e  d e v i c e s  ( R T D ' s )  

8 . 2 9  



and r a d i a t i o n  p y r o m e t e r s  o p e r a t e  i n  t h e  r a n g e  o f  t e m p e r a t u r e s  

e n c o u n t e r e d  by t h e  t h e r m a l  bt . I n f r a r e d  thermometers o p e r a t e  

i n  t h e  t e m p e r a t u r e  range  o f  c o n c e r n  and a r e  d e s c r i b e d  i n  

Ref. 21, w h i c h  p r o v i d e s  an e x c e l l e n t  compar i son  o f  thermo- 

coup lec  - 7 d  i n f r a r e d  thermometers.  

The zdvantages o f  an I R  thermometer  o v e r  a t h e r m o c o u p l e  

i n c l u d e  i t s  q u i c k e r  response t ime ,  v i r t u a l l y  i n f i n i t e  l i f e  

and t h e  f a c t  t h a t  i t  i s  a n o n - c o n t a c t  sensor .  Compared t o  I R  

thermometers t h e  the rmocoup les  r e q u i r e  no c o o l i n g  s e r v i c e s  

and can measure t e K p e r a t u r e s  i n  inaccess ib1.e p l a c e s .  Because 

i t  i s  n o n - c o n t a c t i n g ,  t h e  I R  thermometer  seems i d e a l  f o r  a 

m a n u f a c t u r i n g  p rocess ;  however, t h e  vapors  i n  t h e  v a r i o u s  

machines c o u l d  i n t e r f e r e  w i t h  t h e  o p t i c s  o f  t h i s  i n s t r u m e n t .  

An a t t r a c t i v e  t e c h n i q u e  f o r  t h e  a n a l y s i s  o f  f i l m  t h i c k -  

ness and i n  t h e  case  o f  t h e  doped s i l i c o n ,  t h e  c o m p o s i t i o n  as  

w e l l ,  i s  t h e  use o f  X-ray e m i s s i o n s  (Ref .  3 ) .  X-ray e m i s s i o n  

i n v o l v e s  e x c i t i n g  a t h i n  f i l m  w i t h  a h i g h - e n e r g y  s o u r c e  such 

as X - r a y s  o r  an e l e c t r o n  beam. The f i l m  p roduces  a cha rac -  

t e r i s t i c  r a d i a t i o n ,  t h e  i n t e n s i t y  o f  which i s  l i n e a r l y  p r o -  

p o r t i o n a l  t o  t h e  t h i c k n e s s  f o r  t h i n  f i l m s  and i n c r e a s e s  ex -  

p o n e n t i a l l y  f o r  t h i c k e r  f i l m s  up t o  a maximum v a l u e .  The 

p r o c e d u r e  has been demons t ra ted  f o r  m u l t i c o m p o n e n t  f i l m s .  

T h i s  n o n d e s t r u c t i v e  t e c h n i q u e ,  wh ich  i s  h i g h l y  a c c u r a t e  and 

r e q u i r e s  a s h o r t  a n a l y s i s  t i m e ,  i s  r e a d i l y  a p p l i c a b l e  t o  i n -  

l i n e  p rocess  ( m a n u f a c t u r i n g )  c o n t r o ? .  The l i t e r a t u r e  i n d i c a t e s  

t h a t  t h i s  t e c h n i q u e  c o u l d  be v e r y  u s e f u l  f o r  t h e  aluminum 
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contacts and for the boron doped silicon which is five micro- 

meters in thickness. Ref. 3 i s  not clear as to whether this 

method could be used for the entire silicon film which is 50 

micrometers thick, or for the silicon dioxide covers which 

are 50 micrometers and 75 micrometers in thickness. 

8.6.3 Inventory: The Solar Cell Factory requires seven d i f -  

ferent outside inputs fcr tht? qanufacture of solar cells, in 

addition to interconnect rolls and zone-refined silicon slabs 

which are internally manafactured. The seien inputs are 

aluminum, silicon, donants (boron and phosphorus), silica, 

oxygen, 2nd kapton taDe. All o f  these are delivered by 

crawlers 0 8 ’  a routine basis and, with the exceptions of 

oxygen .+ -:-on tape, are i n  slab fg rm.  

For :.,L i n p u t  materials, the accounting system is required 

to keep trLck of the inventories in t h e  SCF machines, crawlers, 

warehouses, a n d  also the Si4F central warehouse. Specifically, 

the system keeps information on the quantity of each inpst type 

and where a n d  wher: it was produced. Thus, if a defect i n  ma- 

terial inputs to the production process is found to cause in- 

ferior quality cells, the defective slabs can be traced back 

to the machine that produced them a n d  the problem investigated. 

The slabs are always handled in special racks after being 

formed a n d  before bein? unloaded from the crawlers to prevent 

vacuum welding and contamination. When the crawlers unload 

slabs i n t o  t h e  deposition machinez, the pertinent informatiQn 

about the s l a b s  i s  relayed to a central accounting corriputer 
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along with the time and the machint location. This central 

computer also keeps track of materials delivered t o  and sent 

from the SCF and SMF warehouses. Thus the central computer 

is aware at any given time of exactly how mbch o f  a given 

input material is in stock o r  in transit, to or from, the SHF 

warehouse, the local SCF warehouses, the crawlers, or the SCF 

mach i nes . 
The central accounting computer has data concerning ex- 

pected support requirements for such articles as E8 gun fila- 

ments and kapton tape rolls, and unscheduled breakdowns o f  

components and is thus able to allocate its resources in the 

most efficient manner possible, ensuring that no warehouse is 

ever understocked. I f  for some reason a shortage o f  supplies 

exists, the accounting computer determines which sections o f  

the SCF are most capable o f  absorbing a shortage while main- 

taining adequate levels of production ar?d distributes supplies 

accordingly. 

The computer's methad of gathering information on the 

SCF output (soiar array packages) is necessarily different 

from that o f  the i n p d t  materials because the outputs may not 

be o f  completely uniform quality like the i n p u t  materials 

are. A solar array slightly below average cannot be recycled, 

so either an entire array must be thrown away or a package o f  

slightly lower efficiency will be accepted a n d  the S P S  resized 

accordingly. Information concerning t h e  q u a l i t y  o f  a solar 

array package C a n  be r e l a y e d  to the SPS assembly site prior 
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t o  i t s  a r r i v a l  so t h a t  a p p r o o r i a t e  measures, if any, c a n  be 

t a k e n  t o  accommodate t h e  l o w e r  q u a l i t y  packages. 

The c e n t r a l  computer  keeps on f i l e  a l l  i n f o r m a t i o n  

p e r t a i n i n 9  t o  t h e  q u a l i t y  o f  a s o l a r  a:ray package. I t  r e -  

c e i v e s  d a t a  from t h e  pane l  i n s e r t  zone c o n c e r n i n g  how many 

s p a r e  p a n e l s  were i n s e r t e d  and whe the r  any p a n e l s  a r e  m i s s i n g  

f r o m  a package. H o s t  i m p o r t a n t l y ,  t h e  computer  r e c o r d s  t h e  

r e s u l t s  o f  t h e  p a n e l  t e s t  done p r i o r  t o  t h e  p a n e l  i n s e r t  zone. 

The computer  w i l l  a l s o  be aware o f  d e p o s i t i o n  t h i c k n e s s  and 

u n i f o r m i t y ,  dooant  c o n c e n t r a t i o n s ,  g r a i n  s i z e ,  i n t e r c o n n e c t  

w e l d  q u a l i t y ,  t a p i n g  q u a l i t y ,  e t c .  The above i n f o r m a t i o n  w i l l  

b e  u s e f u l  f o r  speed ing  up r e p a i r s  t o  f a i l e d  p a n e l s ,  and f o r  

p l a n n i n g  a r r a y  maintenance and renewal  s t r a t e g i e s .  

The SCF d e p o s i t i o n  and assembly components t h a t  can  be 

r e p l a c e d  by t h e  c r a w l e r  a l s o  r e q u i r e  an a c c o u n t i n g  system. 

%hen t h e s e  components f a i l ,  t h e y  a r e  r e p l a c e d  by  s p a r e s  s t o r e d  

on t h e  c r a w l e r .  Yew and r e f u r b i s h e d  spa res  a r e  a l s o  s t o r e d  

i n  t h e  SCF warehouses. Compopents a r e  e i t h e r  i n  o p e r a t i o n ,  

i n  t h e  r e p a i r  shop, o r  i n  a warehouse, o r  c r a w l e r .  T h i s  

r e p a i r / r e p l a c e m e n t  system i s  d i s c u s s e d  i n  more d e t a i l  i n  

Chapter  9. 

8.7 H A B I T A T  IOFl  

The c o n f i g u r a t i o n  chosen f o r  t h e  SMF h a b i t a t  i s  i l l u s t r a t e d  

i n  F i g .  8.11. A s  i n  t h e  JSC-GD s t u d y ,  t h e  h a b i t a t  c o n s i s t s  o f  

a number o f  modules c o n s t r u c t e d  f r o m  s h u t t l e  e x t e r n a l  t a n k s .  

F o r  e v e r y  seven modules, s i x  a r e  d e s i g n a t e d  " h a b i t a t i o n  
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modules" and one a " c o r e  module." The h a b i t a t i o n  modules a r e  

t h e  b a s i c  r e s i d e n t i a l  modules, each h a v i n g  e l e v e n  l e v e l s  and 

s u p p o r t i n g  twen ty -one  peop le .  The c o r e  modules c m t a i n  d i n i n g  

and some r e c r e a t i o n a l  a reas ,  and p r o v i d e  s u p p o r t  f o r  as many 

as 125 p e o p l e  i n  case  o f  a s e v e r e  s o l a r  f l a r e .  Wore d e t a i l e d  

d e s c r i p t i o n s  o f  t h e s e  modules a r e  c o n t a i n e d  i n  t h e  JSC/6D 

study. 

The ECLSS ( E n v i r o n m e n t a l  C o n t r o l  and L i f e  S u p p o r t  System) 

modules a r e  n e s t e d  between t h e  E x t e r n a l  Tanks. A d d i t i o n a l l y ,  

doorways a r e  c u t  between h a b i t a t i o n  modules i n  s e v e r a l  p l a c e s .  

A s m a l l  amount o f  m a t e r i a l  i s  used t o  s e a l  t h e s e  c o n n e c t i o n s ,  

m a t e r i a l  which may be s a l v a g e d  from e x t e r n a l  t a n k  wastage 

( s u c h  as p a r t s  o f  t h e  LO2 t a n k s ) .  

a f f i x e d  t o  c o r e  modules a t  b o t h  end modules.  

The t w o  a i r l o c k  modules a r e  

The m a j o r  d e p a r t u r e  f r o m  t h e  Genera l  Dynamics'  d e s i g n  has 

been s w i t c h i n g  f r o m  a one-g e n v i r o n m e n t ,  p r o v i d e d  b y  r o t a t i o n ,  

t o  a ze ro -g  env i ronmen t .  

A ze ro -g  h a b i t a t  was chosen f o r  t h e  SMF f o r  t h r e e  reasons .  

F i r s t ,  t h e  S o v i e t  S a l y u t  6 m i s s i o n s  have demons t ra ted  no l i m i t  

t o  ze ro -g  f l i g h t s  up t o  n e a r l y  f i v e  months, assuming t h a t  a 

riqorous e x e r c i s e  program i s  adhered t o .  Thus a s i x  month 

t o u r  o f  d u t y  ( s e t  by r a d i a t i o n  l i m i t s )  shoul l ,  be p o s s i b l e  i n  a 

z e r o - g  h a b i t a t .  Second, a t t e m p t i n g  t o  c y c l e  between a one-g 

h a b i t a t  and a z e r o - g  SMF t w i c e  d a i l y  may cause v e s t i b u l a r  

problems t o  some o f  t h e  c r e w .  T h i r d ,  t h i s  d e s i g n  reduces  t h e  

s h i e l d i n g  r e q u i r e m e n t  by a f a c t o r  o f  2 .2.  T h i s  s h i e l d i n g  i s  
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p r o v i d e d  by a s t o r e d  b a c k l o g  o f  i n p u t  m a t e r i a l s  f o r  t h e  SMF. 

The e a r l i e s t  i n p u t  f r o m  t h e  Moon becomes t h i s  r a d i a t i o n  s h i e l d i n g ,  

and a reduced s h i e l d i n g  mass means t h a t  o n l y  0 . 3 3  months o f  

s o l i d  i n p u t  a r e  r e q u i r e d  (based on one 10-Gw SPS/year p r o d u c t i o n ) .  

One prob lem t h a t  i s  i n t e n s i f i e d  by t h e  above d e s i g n  chsnge 

i s  h e a t  r e j e c t i o n .  However, t h i s  may o n l y  r e q u i r e  an i n c r e a s e  

i n  f l u i d  p i p i n g ,  and n o t  a s i g n i f i c a n t  change i n  r a d i a t o r  mass. 

Tab le  8 . 3  shows t h e  h a b i t a t i o n  s p e c i f i c a t i o n s  f o r  t h e  

r e f e r e n c e  SMF w i t h  a crew of  600 people.  A s  i n  t h e  J S C / G D  

s tudy ,  a crew s t a y  t i m e  a t  t h e  SMF of  6 months t o t a l  per y e a r  

was assumed--three months i n  space f o l l o w e d  by t h r e e  months 

on t h e  ground up t o  a p e r s o n a l  maximum o f  one y e a r  i n  space. 

T h i s  was based upon g a l a c t i c  r a d i a t i o n  s h i e l d i n g  o f  210 g/cm 

o f  l u n a r - d e r i v e d  m a t e r i a l .  The t o t a l  s h i e l d i n g  mass i s  3.5 kT. 

(The mass and power e s t i m a t e d  for  t h e  SMF h a b i t a t  a r e  adapted  

f rom t h e  J S C / G D  P.R. 5 4 . )  The p a r a p h e r n a l i a  a s s o c i a t e d  w i t h  

r o t a t i o n  o f  t h e  tanks  (hub modules, r a d i a l  c o n n e c t i o n  assem- 

b l i e s ,  e t c . )  have been e l i m i n a t e d .  A l s o  e l i m i n a t e d  a r e  t h e  

" C e n t r a l  Shaf t  and Conveyor' '  assembl ies  o f  each r e s i d e n t i a l  

and co re  module. F i n a l l y ,  f l o o r i n g  mass/area has been s e t  

equal  t o  t h a t  f o r  p a r t i t i o c s  and w a l l s  a t  2 .5  kg/m . 

2 

2 

The h a b i t a t  t o t a l  m a s s  ( n o t  i n c l u d i n g  s h i e l d i n g )  comes 

t o  1800 T .  



TABLE 8.3 

HABITAT SPECS 

3 

3 
Total Earth Launched M a s s  (Inert) 1. 3 x 20 t o n s  

Habitat Shielding !lass (Lunar Material) 3.5 x 10 tons 

P o p u l a t i o n  440 

Power Requirement 4.0 MGd (9 KW/Person) 

Il?ste Heat 3.'6 MW 

T o t a l  Radiator  Ares 9.0 x 10 M 

Consumable Requirement 178 tons/year 

Emergency S u p p l y  67 tons 

3 2  
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8.8 S T A T I O N  KEEPING EQUIPMENT 

S t a t i o n - k e e p i n g  equipment  r e q u i r e m e n t s  f o r  t h e  SMF a r e  

dependent upon t h e  o r b i t  i n  w h i c h  t h e  f a c i l i t y  i s  p l a c e d .  

I n  t h e  s t u d y  g u i d e l i n e s ,  no s p e c i f i c  o r b i t  was a l l o c a t e d  f,*r 

t h e  f a c i l i t y ,  and s e l e c t i o n  o f  an o r b i t  i s  o u t s i d e  t h e  scope 

o f  t h i s  s tudy .  C o r r e s p o n d i n g l y ,  no s p e c i f i c  d e s c r i p t i o n s  o f  

t h e  equipment r e q u i r e m e n t s  can be  g i v e n .  

Two a l t e r n a t i v e  a t t i t u d e  c o n t r o l  systems f o r  t h e  r e f e r e n c e  

SMF a r e  c o n t r o l  moment g y r o s  and t h r u s t e r s .  Because o f  t h e  

h i g h  moments of  i n e r t i a  o f  t h e  l a r g e l y  p l a n a r  SMF, a m a s s i v e  

c o n t r o l  moment g y r o  wou ld  be r e q u i r e d .  A d d i t i o n a l l y ,  i n  t h e  

r e f e r e n c e  des ign ,  l a r g e  moment arms f o r  t h e  a c t i o n  o f  t h r u s t e r s  

a r e  a v a i l a b l e .  I t  would appear  t h e n  t h a t  a t h r u s t e r  sys tem 

wou ld  be t h e  more l i k e l y  c a n d i d a t e  f o r  r e f e r e n c e  SMF use. 

The a n a l y s i s  o f  t h e  system r e q u i r e m e n t s  (number o f  t h r u s t e r s ,  

f u e l  r e q u i r e m e n t s ,  e t c . )  i s ,  f o r  t h e  reasons  g i v e n  above, 

beyond t h e  scope o f  t h i s  s t u d y .  

8 . 9  SMF STRUCTURE 

The s t r u c t u r e  o f  t h e  SMF ( n o t  shown i n  t h e  f i g u r e s )  i s  

assumed t o  account  f o r  a p p r o x i m a t e l y  10% (2,000,000 k g )  o f  

t h e  o v e r a l l  m a s s  o f  t h e  f a c i l i t y .  The s t r u c t u r e  i s  assumed 

t o  c o n s i s t  o f  t r u s s w o r k ,  f l e x i b l e  j o i n t  f o r  t h e  s o l a r  a r r a y  

mount ing,  r a d i a t o r  s u p p o r t . s t r u c t u r e ,  and a c t i v e l y  damped 

c o n n e c t o r s  between each o f  t h e  f a c t o r y  s e c t i o n s .  The main 

s t r u c t u r a l  e l c m e n l  i s  t h e  c e n t r a l  m a s t  ( see  F i g .  8 .1 )  t o  which 
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a l l  s e c t i o n s  o f  t h e  f a c i l i t y  a r e  a t t a c h e d .  I n  a d d i t i o n ,  t h e  

mast c a r r i e s  t h e  ma in  f a c t o r y  power d i s t r f b u t f o n  equipment,  and 

and p r o v i d e s  a c l e a r  s e c t i o n  t h r o u g h  w h i c h  i n t r a - f a c t o r y  t r a n s -  

p o r t e r s  can o p e r a t e .  Again,  d e t a i l e d  d e s i g n  o f  t h e  s t r u c t u r e  

r e q u i r e s  - b e t t e r  d e f i n i t i o n  of  t h e  d e s i g n  l o a d s  which,  f n  

t u r n ,  depend on t h e  o r b i t  o f  t h e  f a c i l i t y .  
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C H A P T E R  9 

M A I N T E N A N C E  A N D  R E P A I R  

9.1 : G E N E R A L  R E M 4 R K S  

The maintenance and r e p a i r  o p e r a t i o n s  f o r  the SMF can be 

approached by a v a r i e t y  o f  d i f f e r e n t  s t r a t e g i e s ,  depending on 

the  complexi ty ,  l o c a t i o n ,  s i z e ,  and number o f  machines being 

r e p a i r e d .  The S M F  has a t  i t s  d i s p o s a l  human t e c h n i c i a n s ,  

c r a w l e r s ,  and f r e e - f l y i n g  hybr id  t e l e o p e r a t o r s  ( F H T ' s )  f o r  on- 

s i t e  machine maintenance,  r epa i r t  a n d / o r  removal t o  the r e p a i r  

shop. In the r e p a i r  s h o p  i t s e l f ,  the  SMF may use e i t h e r  

r e p a i r  automatons or h u m a n  r e p a i r  crews. 

I n  genera l  , humans s e r v i c e  t h e  components f ac to ry ,  a n d  

c r a w l e r s  and FHT's s e r v i c e  t h e  s o l a r  c e l l  f a c t o r y .  The com- 

ponents f a c t o r y  i n c l u d e s  many d i f f e r e n t  machines w i t h  l i t t l e  

o r  no d u p l i c a t i o n .  The v a r i e t y  a n d  complexi ty  of t h e  f a c t o r y ,  

coupled w i t h  t h e  l a c k  o f  d u p l i c a t i o n  o f  components p r o h i b i t s  

s e r v i c i n g  by a q y  s o r t  o f  compute r - con t ro l l ed ,  automated system. 

H u m a n  r e p a i r  crews,  however, a r e  h i g h l y  v e r s a t i l e  and could 

ea. ' i y  perform a wide range  o f  s p o r a d i c  b u t  complex r e p a i r  

tasks . 
The s o l a r  c e l l  f a c t o r y  poses E d i f f e r e n t  des ign  problem. 

I t  c o n s i s t s  of hundreds o f  i d e n t i c a l  d e p o s i t i o n  a n d  assembly 

s t r i p s ,  each o p e r a t i n g  independent ly  from t h e  o t h e r s .  ?he 

SCF E E  guns a l s o  produce a h i g h  r a d i a t i o n  environment which 

makes i t  d e s i r a b l e  t o  minimise h u m a n  c o n t a c t  w i t h  i t .  A com- 

p l e t e l y  automated or t e l  eopera ted  ma in tenance / r epa i r  system i s  

i d e a l l y  s u i t e d  t o  tb!??se c i r cums tances .  A c r a w l e r  system (de -  
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s c r i b e d  i n  Sec.  8 . 4 )  performs a l l  r o u t i n e  maintenance and 

s u p p o r t  o p e r a t i o n s .  I t  i s  complpteiy automated a n d  i s  capable  

o f  performing on ly  r o u t i q e  t a s k s .  T h e  f r e e - f l y i n g  h y b r i d  t e l e -  

o p e r a t o r  (FHT)  does a l l  unscheduled r e p a i r  work. I t  has more 

s o p h i s t i c a t e d  manipula tor  and senso r  systems than  t h e  c r a w l e r s ,  

and i s  des igned  t o  comple te ly  s u b s t i t u t e  fo r  human r e p a i r  crews.  

i t  can o p e r a t e  i n  a comple te ly  h u i m a t e d  made,or u n d e r  l i m i t e d  

o r  t o t a l  human c o n t r o l  when e x c e s s i v e  complexi ty  or uncer- 

t a i n t y  i s  encountered .  

9 . 2 :  REPAIR 0PTIO.NS T R A D E O F F S  

Simi l - r  r e p a i r  o p t i o n 5  a r e  encountered i n  both t h e  SCF 

and t h e  cornponz2ts f a c t o r y .  Scheduled maintenance i s  done t o  

avoid  d i s r u p t i v e  breakdown a n d  subsequent  unscheduled repair .  

T h e  breakdown o f  3 v i t a ;  component, such a s  t h e  d e p a s i t i o n  

b e l t  i n  t h e  SCF, can cause  a m a j o r  d i s r u p t i o n  o r  shutdown G: 

p a r t  o f  t h e  s o l a r  c e l l  p r o d u L t f o n  p rocess .  This  an be p a r -  

t i a l l y  avoided by p reven t ive  maintenance,  which can involve 

complete  replacement  o f  a machine component, use of r o t a b l e  

s p a r e s ,  o r  o n - s i t e  i n s p e c t i o n  a n d  r e fu rb i shmen t .  

In some c a s e s ,  such as  t h e  me ta l s  f u r n a c e s ,  i t  i s  de- 

s i r a b l e  t o  p e r i o d f c a l l j  r e p l a c e  a component ( t h e  fu rnace  

c a s i n g ,  i n  t h f s  example) be fo re  i t  breaks or wears o u t .  The 

f u r n a c e  c a s i n g s  a r e  t h e r e f o r e  p e r i o d i c a l l y  remo.ied a n d  rep laced  

w i t h  new ones .  The o l d  c a s i n g s  which a r e  worn ou t  can n c i  be 

r e c y c l e d ,  s o  t h e y  a r e  d i s c a r d e d .  

Prevent ive  maintenance may a l s o  be implemented by using 
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a system of  r o t a b l e  s p a r e s .  In a r o t a b l e  spares  system, a 

n u m b e r  o f  e x t r a  components (such as EB g u n  f i l a m e n t  magazines) 

are  k e p t  on hand and a r e  p e r i o d i c a l l y  used t c  r e p l a c e  the com- 

ponents i n  t h e  machine on a f i x e d  usage schedule .  T h e  q l d  

compon. i s  then re furb ished  and r e t u r n e d  a s  a s p a r e .  

Some machines (such a s  t he  SCF d e p o s i t i o n  b e l t s )  cannot  

be renloved o r  r ep laced .  P e r i o d i c  o n - s i t e  i n s p e c t i 0 7  r e v e a l s  

worn p a i t s  o r  o t h e r  p o t e n t i a l  problems, w h i c h  a r e  f i x e d  o r  re- 

p l aced ,  a s  r e q u i r e d .  

Scheduled maintenance cannot  prevent  a l l  breakdowns. A 

number o f  combinations of  d i f f e r e n t  r e p a i r  o p t i o n s  a r e  p c s s i b l e :  

r e d u n d a n t  des ign ,  r o t a b l e  s p a r e s  w i t h  r e fu rb i shmen t  a t  the 

r e p a i r s h o p ,  r e p a i r  o n  s i t e ,  and throwaway components. 

Redundant machines (such a s  E6 guns i n  the  d e p o s i t i o n  

sec t to ; ] ; )  allows cont inued  product ion  even a f t e r  one machine 

!-*eaks down; t h e  remaining ones t a k e  over  z n t i l  t h e  broken 

EB g u n  i s  r ep laced .  

Repair of  EB g u n s  i s  done us ing  a r o t a b l e  s p a r e s  system. 

Vhen a n  EB g u n  f a i l s ,  t h e  c rawle r  r e p l a c e s  i t  w i t h  a working 

s p a r e .  The f a i l e d  g u n  i s  then taken t a  t h e  r e p a i r s h o p .  A f t e r  

r e p a i r  i t  i s  r e tu rned  t o  one o f  t h e  cr i rwlers ,  t o  d e  used a s  a 

s p a r e .  

When a f a i l e d  rrachine cannot  be removed, !t i s  r e p a i r e d  

o n - s i t e  by e i t h e r  h u m a n  r e p a i r  crews o r  F H T ’ s ,  depending on 

t h e  l o c a t i o n ,  However, when machines a r e  r e p a i r e d  o n - s i t e ,  

9.3 



p r o d u c t i o n  h a l t s  u n t i l  t h e  r e n a i r  i s  c o m p l e t e d ,  u n l e s s  r e d u n -  

d a n t  mach ines  a r e  a v a i l a b l e  ( a s  w i t h  t h e  EB g u n s ) .  

Some mach ines  have components t h a t  c a n n o t  be r e p a i r e d  a f -  

t e r  t h e y  f a i l  (EB gun f i l a m e n t s ,  f o r  example) .  When t h e  f i l a -  

men ts  b u r n  ou t , they  a r e  r e p l a c e d  w i t h  new ones,  w h i c h  a r e  

b r o u g h t  u p  f r o m  E a r t h  and t h e  o l d  ones a r e  d i s c a r d e d .  

9.3: R E P A I R  SHOP 

The r e p a i r  shop i s  f o rmed  f r o m  a c l u s t e r  o f  24  S h u t t l e  

E x t e r n a l  Tanks  i n  a s i m i l a r  c o n f i g u r a t i o n  t o  t h e  h a b i t a t .  Un- 

l i k e  t h e  h a b i t a t ,  however ,  t h e  l i f e - s u p p o r t  modu les  h a v e  t h e  

i n c r e a s e d  c a p a b i l i t y  t o  d e a l  w i t h  t h e  gaseous p r o d v c t s  o f  op- 

e r a t i o n s  i n  t h e  workshop .  The workshop i s  s e p a r a t e  f r o m  t h e  

r e p a i r  shop because o f  t h e  d i f f e r e n t  l i f e  s u p p o r t  r e q u i r e m e n t s ,  

and i n  o r d e r  t o  p r e v e n t  workshop  a c c i d e n t s  f r o m  j e o p a r d i z i n g  

l i v i n g  q u a r t e r s .  A l s o  i n c l u d e d  i n  t h e  r e p a i r  shops a r e  a c t i v e  

damping sys tems f o r  t h e  m a c h i n e r y ,  r a c k s  f e r  s p a r e  p a r t s ,  i n -  

p u t / o u t p u t  s y s t e m s ,  and emergency systems. 

A s  d i s c u s 5 e d  i n  Sec. 9.1, t h e  r e p a i r  o C  mach ines  i n  t h e  

wavegu ide  and comporen t  f a c t o r i e s  i s  a c h i e v e d  by o n - s i t e  human 

l a b o r .  I n  t h e  s o l a r  c e i 1  f a c t o r y  a c e r t a i n  c l a s s  o f  components  

( s u c h  a s  EB g u n s )  i s  c a p a b l e  o f  b e i n g  r t m o v e d  f o r  r e p a i r  and 

r e p l a c e d  b y  a s e r v i c e a b l e  u n i t .  The re  a r e  t h r e e  c l a s e e s  o f  

t h e s e  p l u g - i n / p l u g - o u t  v o d u l e s :  

1 )  E x p e n d i b l e  p a r t s  w h i c h  a r e  t h r o w n  away o n  f a i l u r e ,  

such a s  b a f f l e s ;  
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2 )  Those s i m p l e  enough t o  be  r e p a i r e d  b y  au tomatons ,  
s i l ch  as EB guns; and 

3 )  Those r e q u i r i n g  complex  r e p a i r  o r  t h o s e  s m a l l  i n  

number, r e q u i r i n g  human r e p a i r ,  s u c h  as  s e n s o r s .  

U i t h i n  t h e  r e p a i r  shop t h e r e  a r e  two  t y p e s  o f  m a c h i n e r y :  

1) R e p a i r  Automatons  -- t h e s e  a r e  a u t o m a t i c  r e p a i r  

s t a t i o n s  each  d e d i c a t e d  t o  t h e  r e p a i r  o f  one type 
o f  component .  Each Automatons  has  l i m i t e d  d i a g -  

n o s t i c  c a p a b i l i t y ;  a n y  p r o b l e m s  o u t s i d e  i t s  
C a p a b i l i t i e s  a r e  r e f e r r e d  t o  a human r e p a i r  c r e w -  

pe rson ,  T h e r e  a r e  42 d i f f e r e n t  t y p e s  o f  a u t o m a t o n s  

i n  t h e  r e f e r e n c e  SMF d e s i g n .  

2 )  Workshop m a c h i n e r y  t o  i r l l o w  t h e  f a b r i c a t i o n  o f  
p a r t s  w i t h o u t  h a v i n g  t o  o r d e r  them f r o m  E a r t h .  

9 .4 :  F R E E - F L Y I N G  H Y B R I D  TELEOPERATOR 

Much o f  t h e  o n s i t e  r e p a i r  work  on  t h e  s o l a r  c e l l  f a c t o r y  

c a n  be  h a n d l e d  b y  t h e  c r a w l e r  s y s t e n ,  w h i c h  r e p l a c e s  d e f e c -  

t i v e  components w i t h  o p e r a t i o n a l  spares,However ,  some o f  t h e  

r e p a i r  j o b s  a r e  e x p e c t e d  io be  e i t h e r  o u t  o f  t h e  r e a c h  o r  

beyond t h e  c a p a b i l i t i e s  o f  t h e  c r a w l e r  sys tem.  Examples  o f  

such  r e p a i r s  a r e  f i x i n g  t h e r m a l  b e l t s ,  r a d i a t o r  sys tems ,  a r r a y  

p a c k a g e r s ,  o r  t h e  c r a w l e r s  t h e m s e l v e s .  I t  i s  n o t  c o s t - e f f e c -  

t i v e  t o  e q u i p  t h e  c r a w l e r s  w i t h  t h e  e x t e n d e d  a b i l f t y  t o  do 

t h e s e  r e p a i r s ,  s i n c e  t h e y  a r e  se ldom needed, and t h a t  c r a w l e r  

equ ipmen t  would n o t  be used v e r y  o f t e n .  On t h e  o t h e r  hand, t h e  

u s e  o f  human l a b o r  f o r  r e p a i r s  on t h e  s o l a r  c e l l  f a c t o r y  poses  

a h e a l t h  h a z a r d  due t o  t h e  x - r a y s  e m i t t e d  b y  t h e  EB guns.  The 

s t u d y  g r o u p  t h e r e f o r e  p roposes  a F r e e - f l y f r , g  H y b r i d  T e l e o p e r a t o r  
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(FHT), w i t h  t h e  m o b i l i t y  and s o p h i s t i c a t i o n  t o  h a n d l e  a l m o s t  

any r e p a i r  j o b  a t  t h e  SMF. The FHT s h o u l d  be a b l e  t o :  p r o -  

p e l  i t s e l f  w i t h  t h r u s t e r s  t o  t h e  r e p a i r  s i t e ;  i n s e r t  i t s e l f  

i n t o  t h e  s t r u c t u r e  where i t  i s  needed ( s u c h  as between t h e  

u p p e r  and l o w e r  s e c t i o n s  o f  t h e  t h e r m a l  b e l t s  ; a t t a c h  i t -  

s e l f  t o  a s t r u c t u r e ,  c a r r y  t o o l s  and s p a r e  p a r t s ;  c a r r y  a 

v a r i e t y  o f  senso rs ;  n a v i g a t e ;  d i a g n o s e  and r e p a i r  f a u l t s ;  End 

communicate w i t h  i t s  human s u p e r v i s o r s .  

A p r e l i m i n a r y  s k e t c h  o f  such  a d e v i c e  i s  shown i n  F i g .  9.1. 

The FHT c o n s i s t s  o f  a c e n t r a l  c o n t a i n e r  h o l d i n g  t h e  onboard  

computer,  p r o p e l l a n t  t anks ,  b a t t e r i e s ,  t h r u s t e r s ,  c o n t r o l  c i r -  

c u i t r y ,  and communicat ions equipment .  A t t a c h e d  t o  t h i s  con- 

t a i n e r  a r e  communicat ions antennas,  t o o l  and end e f f e c t o r  

r z c k s ,  spares r a c k s ,  anchor  arms, sensor  systems and l i g h t  

sou rces ,  and r e p a i r  m a n i p u l a t o r s .  The FHT's a r e  d i s p a t c h e d  

f r o m  s u p p o r t  r a c k s  wh ich  r e f u e l  and r e c h a r g e  t h e  u n i t s .  

The FHT can move around t h e  f a c t o r y  i n  t h r e e  f a s h i o n s .  

F i r s t ,  i t  can use i t s  t h r u s t e r s  t o  move  a c r o s s  open space t o  

a g e n e r a l  l o c a t i o n ;  once t h e r e ,  t h e  FHT grabs o n t o  t h e  s t r u c -  

t u r e .  Second, i t  can " w a l k "  t h r o u g h  t h e  s t r u c t u r e ,  u s i n g  i t s  

g u i d e  a r m s  and man 'pu la to rs .  T h i r d ,  i t  can a t t a c h  i t s e l f  t o  

a c r a w l e r ;  t h e  c r a w l e r  t h e n  t a k e s  t h e  FHT t o  ( o r  n e a r )  i t s  

d e s t i n a t i o n .  T ? e  c h o i c e  o f  l o c o m o t i o n  depends on t h e  c o s t  o f  

f u e l ,  t h e  u rgency  o f  t h e  r e p a i r ,  and t h e  a v a i l a b i l i t y  o f  t h e  

c r a w l e r s .  
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F o r  n a v i g a t i o n ,  t h e  FHT r e l i e s  on a s e t  o f  t r a n s p o n d e r  

beacons i n  s p e c i f i e d  l o c a t i o n s  a round  t h e  f a c t o r y ,  and a .maps 

o f  t h e  f a c t o r y  i n  i t s  onboard  computer .  I t  l o c a t e s  i t s e l f  o n  

I t s  map by d i r e c t i o n a l  f i x e s  on t h e  beacons. For c l o s e -  

q u a r t e r s  n a v i g a t i o n  ( f o r  example, w i t h i n  t h e  f a c t o r y  s t r t r c -  

t u r e )  t h e  FHT uses some f o r m  o f  e l e c t r o m a g n e t i c  v i s i o n  (e.g, 

l i g h t  and camera, r a d a r ) .  A t  t h i s  t i m e ,  s t a t e - o f - t h e - a r t  

v i s i o n  systems can d e t e r m i n e  t h e  o r i e n t a t i o n  o f  a two-dimen- 

s i o n a l  s t r u c t u r e  ( s u c h  as t h e  i n t e g r a t e d  c i r c u i t  p a t t e r n  on 

a s i l i c o n  c h i p ) .  I n c r e a s i n g  t h i s  c a p a b i l i t y  t o  t h r e e - d i m e n -  

s i o n a l  n a v i g a t i o n  i n s i d e  a s t r u c t u r e  wou ld  r e q u i r e  a d v a n c i n g  

t h a t  l e v e l  o f  t e c h n o l o g y .  C u r r e n t  e x p e r i m e n t a l  sysrems w h i c h  

p e r f o r m  t h r e e - d i m e n s i o n a l  p a t t e r n  r e c o g n i t i o n  r e q u i r e  l a r g e  

computer  c a p a c i t y  and l o n g  c o m p u t a t i o n  t i m e  t o  u p d a t e  t h e  i n -  

t e r n a l  map o f  t h e i r  fmmediate s u r r o u n d i n g s  a s  t h e y  t r a v e l  

(Ref.  9 . 1 ) .  T h i s  would make such d e v i c e s  much s l o w e r  i n  t h e i r  

movements t h a n  human b e i n g s .  H o w e v e r ,  t h e  computer  c a p a c i t y  

i s  e x p e c t e d  t o  be a v a i l a b l e  by 1990. A l s o ,  t h e  c o m p u t a t i o n  

t i m e  can be reduced b y  two f a c t o r s .  F i r s t ,  t h e  use o f  t r a n s -  

sponder beacons can be made m o r e  a c c u r a t e  and damage t o l e r a  +. 

t y  u s i n g  many beacons, s o  t h a t  t h e  FHT i s  a lways  n e a r  s e v e r a l ,  

and by g i v i n g  t h e  FHT t h e  a b i l i t y  t o  s e l e c t i v e l y  i g n o r e  de- 

f e c t i v e  o r  d i s p l a c e d  beacons. Second, t h e  FHT's compu te r  

can h o l d  i n  memory d e t a i l e d  b l u e p r i n t s  o f  a l l  t h e  l o c a t i o n s  i n  

t h e  f a c t o r y .  The a b i l i t y  t o  use compar ison t e c h n i q u e s  i n  

p a t t e r n  r e c o g n i t i o n ,  r a t h e r  t h a n  a c o n t i n u o u s l y  updatedmap 
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o f  t h e  s u r r o u n d i n g s ,  can reduce  t h e  n e c e s s a r y  c o m p u t a t i o n s .  

Even w i t h  t h e s e  s i m p l i f i c a t i G n s ,  however, t h e  c u r r e n t  a b i l i t y  

o f  computers t o  d e a l  w i t h  l o c a t i o n  i n  t h r e e - d i m e n s i o n a l  space 

i s  i n s u f f i c i e n t  t o  t h e  FHT's needs. 

Thus t h e  FHT c o u l d  use  s e v e r a l  n a v i g a t i o n  systems, de- 

p e n d i n g  on i t s  mode o f  t r a v e l .  When i t  i s  t r a v e l l i n g  long  

d i s t a n c e s ,  such  as "above" and a c r o s s  t h e  f a c t o r y ,  i t  uses 

t h e  beacon ne twork .  To l a t c h  o n t o  and walk  t h r o u g h  the 

s t r u c t u r e ,  t h e  FHT uses v i s i o n  and p a t t e r n  r e c o g n i t i o n  b y  

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

b l u e p r i n t s .  When t h e  FHT reaches t h e  a r e a  t o  be r e p a i r e d ,  

where components can be d i s t o r t e d  o r  b r o k e n  (and  t h e r e f o r e  n o  

l o n g e r  match t h e  b l u e p r i n t s ) ,  t h e  FHT s w i t c h e s  t o  t h e  con- 

t i n u o u s  u p d a t i n g  o f  an i n t e r n a l  r a p  o f  t h e  s u r r o u n d i n g s .  Any 

o f  t h e s e  modes o f  n a v i g a t i o n  c o u l d  ; * ;o  be p e r f o r m e d  by human 

remote  c o n t r o l ,  and i n  f a c t  t h e  c o n t i n u o u s - u p d a t e  mode o f  

n a v i g a t i o n  may be done f a s t e r  and n o r e  a c c u r a t e l y  by a human 

o p e r a t o r .  

C u r r e n t  computer v i s i o n  systems can b e n e f i t  g r e a t l y  f r o m  

c o n t r o l  o v e r  t h e  a n g l e  o f  i l l u m i n a t i o n  o f  t h e i r  s u r r o u n d i n g s ,  

because v a r i a t i o n s  i n  l i g h t i n g  a n g l e s  change t h e  p e r c e i v e d  

v i e w  o f  t h e  s u r r o u n d i n g s ,  and t h u s  r e q u i r e  more s o p h i s t i c a t e d  

p a t t e r n  r e c o g n i t i o n  s o f t w a r e  (Re f .  9 . 1 ) .  S i n c e  t h e  S3F i s  

shadowed by i t s  s o l a r  a r r a y ,  t h e  s o l a r  i l l u m i n a t i o n  w i l l  n o t  

be a problem. The S M F  c o u l d  be i l l u m i n a t e d  by f i x e d  sou rces  

t h r o u g h o u t  t h e  s t r i i c t u r e ,  b u t  t hese  sou rces  wou ld  be  seldom 
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used.  The p r e f e r r e d  s y s t e m  i s  t o  mount  t h e  i l l u m i n a t i o n  

s o u r c e s  o n  t h e  FHT, so t h a t  t h e  s e n s o r s  p e r c e i v e  t h e i r  s u r -  

r o u n d i n g s  i l l u m i n a t e d  " s t r a i g h t  on". I t  s h o u l d  b e  n o t e d  t h a t  

t h e s e  i l l u m i n a t i o n  s o u r c e s  need n o t  b e  h u m a n - v i s u a l - r a n g e  

l i g h t s ,  b u t  c o u l d  u s e  any  k i n d  o f  e l e c t r o m a g n e t i c  r a d i a t i o n .  

Even when t h e  FHT i s  u n d e r  human r e m o t e  c o n t r o l ,  t h e  v i s u a l  

d i s p l a y  p r o v i d e d  t o  t h t  o p e r a t o r  w o u l d  be  c o m p u t e r - g e n e r a t e d  

on a s c r e e n ;  such  a s y s t e m  c a n  o p e r a t e  f r o m  a n y  s e n s o r  i n p u t  

(e .9.  r a d a r ) .  

The FHT r e l i e s  o n  a v a r i e t y  o f  s e n s o r y  f e e d b a c k  mechanisms 

t o  a c q u i r e  a c o m p l e t e  p i c t u r e  o f  i t s  e n v i r o n m e n t .  These i n -  

c l u d e  . f o r c e ,  t o r q u e ,  moment, p r o x i m i t y ,  t o u c h ,  a n d  v i s u a l  

s e n s o r s .  

F o r c e  and t o r q u e  s e n s o r s  were  d e v e l o p e d  w i t h  e a r l y  adap- 

t i v e  c o n t r o l  sys tems ( R e f .  9 .3 ) .  These s e n s o r s  w e r e  f o u n d  

t o  be  i n a d e q u a t e  f o r  a l l  b u t  t h e  m o s t  b a s i c  a s s e m b l y  o p e r a t i o n s  

t h a t  used a d a p t i v e  c o n t r o l ,  because t h e y  r e l i e d  O R  t o l e r a n c e s  

g r e a t e r  t h a n  most  f a c t o r y  m a c h i n i n g  t o l e r a n c e s .  These sys tems  

c - i r l d  n o t  a d a p t  t o  s l i g h t l y  o f f - d e s i g n  p a r t s  and s n i a l l  a s s e m b l y  

m i s a l  i gnment p r o b l  ems. 

Moment s e n s o r s  and c o m p l i a n t  w r i s t s  were  d e v e l o p e d  d u r i n g  

p e g - i n - h o l e  i n v e s t i g a t i o n s  ( R e f .  9 . 4 ) ,  and have p r o v e d  t o  b e  

h i g h l y  e f f e c t i v e .  Touch s e n s o r s  p r o v i d e  p r e s s u r e ,  c o n t o u r ,  

and f o r c e  i n f o r m a t i o n  a s s o c i a t e d  w i t h  m a n i p u l a t o r  end e f f e c -  

t o r s .  They a r e  u s u a l l y  s m a l l e r  and more sens i t i ve  t h a n  t h e  

f o r c e  s e n s o r s ,  b u t  s t i l l  r e q u i r e  f u t h e r  d e v e l o p m e n t .  
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P r o x i m i t y  s e n s o r s  a r e  n o n - c o n t a c t ,  o p t i c a l  s e n s o r s  t h a t  

d e t e c t  t h e  p r e s e n c e  o r  absence o f  an o b j e c t  w i t h i n  a s p e c i f i e &  

r a n g e  o f  t h e  s e n s o r  s u r f a c e .  P r o x i m i t y  s e n s o r s  h a v e  b e e n  found 

e x t r e m e l y  u s e f u l  i n  c o n t r o l l i n g  l a r g e - s c a l e  movements o f  man i -  

p u l a t o r  arms, and s p e c i f i c a l l y  i s  s t o p p i n g  t h e  a rm 's  movement 

b e f o r e  c o n t a c t i n g  and p o s s i b l y  damaging t h e  m a n i p u l a t o r .  In 

t h i s  r e s p e c t  t h e y  a r e  s u p e r i o r  t o  m e c h a n i c a l  l i m i t  s w i t c h e s ,  

They c a n  a l s o  be used f o r  d e t e c t i n g  o b j e c t  c o n t o u r s  and so  c a n  

be u s e d  as an  a i d  i n  p o s i t i o n i n g  the m a n i p u l a t o r  hand  i n  a c e r -  

t a i n  o r i e n t a t i o n  w i t h  r e s p e c t  t o  an o b j e c t ,  such  as above t h e  

h i g h e s t  p o i n t .  

V i s u a l  s e n s o r s  a r e  t h e  mos t  s o p h i s t i c a t e d  and h a v e  t h e  

n o s t  v e r s a t i l i t y  of a l l  t h e  FMT s e n s o r s .  V i s u a l  i n p u t  i s  

used  a s  a b a s i s  f o r  a l l  r e p a i r  o p e r a t i o n s .  The FHT r e q u i r e s  

v i s u a l  a n a l y s i s  t o :  

1 )  p r o v i d e  t h e  human o p e r a t o r  w i t h  a v i e w  o f  t h e  o p e r a -  

2 )  d e t e r m i n e  i t s  l o c a t i o n  and a t t i t u d e  w i t h i n  t h e  f a c -  

:1\ d e t e r m i n e  wha t  movements and m a n i p u l a t o r  m o t i o n s  

4 :  compare i t s  s u r r o u n d i n g s  w i t h  b l u e p r i n t s  on  f i l e  i n  

t i n g  e n v i r o n m e n t  

tary 

d r e  r e q u i r e d  t o  r e a c h  a g i v e n  l o c a t i o n  

t h e  SCF compu te r  i n  o r d e r  t o  d e t e r m i n e  wha t ,  i f  any, 

r e p a i r s  s h o u l d  be  u n d e r t a k e n  

l i s i o n  o r  c o n t a c t  w i t h  o b s t r u c t i o n s  
5 )  c o r r e c t  t h e  m o t i o n s  o f  m a n i p u l a t o r  a r m s  t o  a v o i d  c o l -  

6 )  u p d a t e  i t s  i n t e r n a l  map o f  t h e  C C F ,  i n  c a s e  o f  
damage o r  o t h e r  d i s c r e p a n c i e s  i n  i t s  e n v i r o n m e n t  
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C u r r e n t  v i s u a l  a n a l y s i s  t e c h n o l o g y  i s  e i t h e r  i n e x a c t  o r  

r e q u i r e s  l a r g e  amounts o f  c o m p u t i n g  power ( R e f .  9.5). Many 

e a r l y  v i s i o n  s y s t e m s  c o u l d  r e c o g n i z e  and m a n i p u l a t e  s i m p l e  

g e o m e t r i c  o b j e c t s  b y  a n a l y z i n g  t h e i r  edges and  c o r n e r s .  The 

d i f f i c u l t y  o f  f i n d i n g  m a t h e m a t i c a l  s o l u t i o n s  made t h e  a n a l y s i s  

o f  more  comp lex  o b j e c t s  p r o n i b i t i v e ;  however ,  r e s e a r c h  has  

shown t h a t  some p r i o r  k n o w l e d g e  o f  t h e  o b j e c t  and i t s  s u r -  

r o u n d i n g s  g r e a t l y  a i d s  a n a l y s i s .  F o r  example,  i n f o r m a t i o n  

a b o u t  an o b j e c t  c a n  b e  e x t r a c t e d  f r o m  t h e  shadows i t  c a s t s  

o n  w a l l s ,  f l o o r s  and o t h e r  o b j e c t s .  The s h a d i n g  o n  an  ob -  

j e c t  a l s o  g i v e s  i n f o r m a t i o n  a b o u t  s u r f a c e  p r o p e r t i e s .  I n -  

t e r e s t i n g l y ,  r e l a t i v e  d e p t h s  c a n  be  d e t e r m i n e d  more  e a s i l y  

b y  a n a l y z i n g  t h e  s h a d i n g  on r o u n d  o r  c u r v e d  o b j e c t s  t h a n  b y  

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

r e p a i r  p r o c e d u r e  can  b e n e f i t  f r o m  h a v i n g  s e v e r a l  v i e w s  o f  t h e  

o p e r a t i o n  f r o m  d i f f e r e n t  a n g l e s .  T h e r e f o r e  some s e n s o r s  

and i l l u m i n a t i o n  s o u r c e s  s h o u l d  be  mounted e i t h e r  o n  t h e  m a n i -  

p u l a t o r  arms or on  s e p a r a t e  arms o f  t h e i r  own. The d e v e l o p -  

ment  o f  low-mass s e n s o r s  ( s u c h  a s  t h e  c u r r e n t  s o l i d - s t a t e  

cameras)  c a n  a l l e v i a t e  m o m e n t - o f - i n e r t i a  p r o b l e m s  i n  s u c h  arms.  

In a d d i t i o n ,  t h e  s y s t e m  s h o u l d  have s e n s o r s  and i l l u m i n a t i o n  

s o u r c e s  moun ted  on  t h e  body o f  t h e  FHT i t s e l f ,  t o  p r o v i d e  an  

o v e r a l l ,  " f i x e d "  v i e w  o f  t h e  s i t u a t i o n .  

Mach ine  sys tems  a r e  now a b l e  t o  assemb le  r e l a t i v e l y  com- 

p l e x  i t e m s  ( f o r  example ,  a u t o m o t i v e  d i s t r i b u t o r s )  b o t h  f r o m  

9.12 



d r a w i n g s  ( R e f .  9 .6 )  o r  f r o m  v i d e o  images ( R e f .  9.7). T h i s  

t y p e  o f  assemb ly  r e q u i r e s  d e t a i l e d  programs,  t a i l o r e d  t o  spe -  

c i f i c  assemb ly  o p e r a t i o n s .  The u s e  o f  g e n e r a l i z e d  d e s c r i p -  

t i o n s  o f  assemb ly  o p e r a t i o n s  w o u l d  b e  d e s i r a b l e  t o  d i r e c t  

a s s e m b l y / d i s a s s c m b l y  work ;  however ,  t h i s  i s  n o t  p r e s e n t l y  

p o s s i b l e .  The o p e r a t i o n  mus t  be h i g h l y  d e f i n e d  because  t h e  

mach ine  has t r o u b l e  w i t h  many s m a l l  d e t a i l s ,  e.g. where  t o  

p u t  a b o l t  a f t e r  r e m o v i n g  i t .  

The s t a d y  g r o u p  has i d e n t i f i e d  f i v e  u s e f u l  command 

modes f o r  t h e  FHT. I t  i s  t h e  m i x t u r e  o f  human and a u t o m a t e d  

c o n t r o l  i n  t h e s e  modes w h i c h  g i v e s  t h e  t e l e o p e r a t o r  i t s  

" h y b r i 4 "  q u a l i t y .  These modes a r e :  r e m o t e  manual ,  a u t o m a t e d  

r o b o t ,  s i n g l e  s t e p ,  r e m o t e  o v e r r i d e ,  and t a s k  l e a r n i n g .  

I n  r e m o t e  manual ( R M )  mode, a human o p e r a t o r  has  d i r e c t  

c o n t r o l  o f  t h e  FHT. The o p e r a t o r  mus t  r e s p o n d  p e r s o n a l l y  t o  

a l l  s e n s o r y  feedback  (e .g .  p r o x i m i t y ,  f o r c e ,  t o r q u e ,  v i d e o ,  

e t c ) .  However,  t h e  commands f r o m  t h e  o p e r a t o r  a r e  r e l a y e d  

t h r o u g h  t h e  FHT c o m p u t e r ,  w h i c h  v e r i f i e s  t h a t  t h e s e  commands 

w i l l  n o t  p u t  u n a c c e p t a b l e  s t r e s s e s  on t h e  FHT components .  Be- 

cause o f  t h e  d i f f i c u l t y  i n  h a n d l i n g  t h e  m a n i p u l a t o r  a r m ' s  

numerous degrees  o f  f reedom, t h i s  mode i s  n o t  as r a p i d  a s  t h e  

a u t o m a t e d  r o b o t  o r  s i n g l e  s t e p  modes f o r  programmed m o t i o n s .  

However ,  because t h e  s e n s o r y  a n a l y s i s  and m o t i o n  commands a r e  

h a n d l e d  by  a human b e i n g ,  t h i s  mode i s  e x p e c t e d  t o  b e  t h e  

f a s t e s t  i n  d e a l i n g  w i t h  u n e x p e c t e d  s i t u a t i o n s .  
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I n  t h e  a u t o m a t e d  r o b o t  ( A R )  mode, t h e  FHT i s  e n t i r e l y  

o n  i n t e r n a l  c o m p u t e r  c o n t r o l .  The FHT compu te r  a n a l y s e s  t h e  

s e n s o r y  i n p u t  and u p d a t e s  t h e  s i t u a t i o n  s t a t u s  i n  i t s  memory 

( i n c l u d i n g  a t h r e e - d i m e n s i o n a l  map o f  i t s  s u r r o u n d i n g s ) .  The 

FHT n a v i g a t e s ,  i n s p e c t s ,  d i a g n o s e s ,  and r e p a i r s  b y  u s i n g  

e i t h e r  p reprogrammed r o u t i n e s ,  o r  by a s s e s s i n g  t h e  s i t u a t i o n  

and d e c i d i n g  on  a c o u r s e  o f  a c t i o n .  The A R  mode bases  i t s  

o p e r a t i o n  on t h e  FHT's a b i l i t y  t o  do a c e r t a i n  a rn lun t  o f  i n -  

d e p e n 4 ? n t  and a b s t r a c t  t h i n k i n g .  I n  t h i s  c o m p l e t e l y  a u t o -  

m a t e d  mode o f  o p e r a t i o n ,  t h e  FHT can d e a l  w i t h  u n e x p e c t e d  o r  

u n c e r t a i n  c i r c u m s t a n c e s  w i t h o u t  t h e  b e n e f i t  o f  a human s u p e r -  

v i s o r .  When p e r f o r m i n g  r e p a i r  o p e r a t i o n s ,  I t  must  a l s o  b e  

a b l e  t o  make many m i n o r  j u d g e m e n t s ,  s u c h  as wha t  t o  do w i t h  

i t s  m a n i p u l a t o r  arms, when t o  move f r o m  one r e p a i r  s t e p  t o  t h e  

n e x t ,  :r  where  t o  p u t  a p i e c e  Q f t e r  i t  has been removed f r o m  

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

The FHT w i l i  be r e q u i r e d  t o  p e r f o r m  a w i d e  v a r i e t y  o f  

r e p a i r  o p e r a t i o n s  onmany d i f f e r e n t  components,  where  t h e  

o p e r a t i o n s  have m i n y  t a s k s  i n  common, e.y .  b o l t i n g ,  c u t t i n g ,  

w e l d i n g .  The p h y s i c a l  l a y o u t s  and r e p a i r  sequences  f o r  t h e s e  

components,  t hough ,  a r e  q u i t e  d i f f e r e n t .  Most  assemb ly  p r o -  

grams i n v o l v e  m o t i o n - b y - m o t i o n  t y p e s  o f  commands e x p r e s s e d  i n  

f r a c t i o n s  o f  m i l l i m e t e r s  t h a t  s r e  t a i l o r e d  t o  t h e  i n d i v i d u a l  

m a c h i n e s .  W r i t i n g  t h e s e  p rog rams  i n v o l v e s  much e n g i n e e r i n g  

d e s i g n  t i m e  and e x p e r t i s e  and i s  p r a c t i c a l  when an o p e r a t i o n  
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must  b e  r e p e a t e d  t h o u s a n d s  o f  t i m e s .  T h i s  i s  n o t  t h e  c a s e  

w i t h  t h e  FHT, where  a g i v e n  r e p a i r  o p e r a t i o n  n i g h t  o n l j  be 

u s e d  t w o  o r  t h r e e  t i m e s .  The FHT mus t  t h e r e f a r e  be a b l e  t o  

t a k e  an a b s t r a c t  d e f i n i t i o n  o f  a r e p a i r  t a s k ,  a d e f i n i t i o n  

t h a t  has no d i m e n s i o n s ,  f o r c e s ,  e t c . ,  i n t e r p r e t  t ' t e  s i t u a t i o n ,  

and  t h e n  e x e c u t e  t h e  t a s k .  When t h e  FHT has i n t e r p r e t e d  a 

t a s k ,  i t  s t o r e s  t h e  r e s u l t i n g  p r o g r a m  w i t h  t h e  l e a r n e d  t a s k s ,  

s o  t h a t  if t h e  same " r e p a i r  sequence"  i s  e n c o u n t e r e d  a g a i n ,  

t h e  FHT c o m p u t e r  w i l l  n o t  have  t o  r e p e a t  t h e  i n t e r p r e t a t i o n  

p r o c e s s ,  b i i t  can  i m m e d i a t e l y  e x e c u t e  t h e  r e p a i r s .  

" R e p a i r  sequences"  a r e  sequences  o f  d e f i n e d  r e p a i r  

t a s k s ,  w r i t t e n  i n  a manner s i m i l a r  t o  a u t o m o t f v e  r e p a i r  man- 

u a l s .  The FHT computer '  r e a d s  t h e  sequence o f  o p e r a t i o n s  i ;t 

t h e n  p l a n s  a s t r a t e g y  f o r  i m p l e m e n t i n g  them. B l u e p r i n t s  o f  

t h e  S C F  and a l l  o f  i t s  components a r e  used  b y  t h e  c o m p u t e r  i n  

r e l a t i n g  t h e  commands i n  t h e  " r e p a i r  sequence"  t o  t h e  FHT's 

v i s u a l  i n p u t .  These b l u e p r i n t s  a r e  a l s o  p a r t  o f  t h e  FHT's i n -  

t e r n a l  map o f  t h e  SCF. As m e n t i o n e d  Jbove,  t h e  r e p a i r  sequence  

p r o c e s s  i n v o l v e s  many i n d e p e n d e n t  d e c i s i o n s .  Systems o f  t h i s  

c o m p l e x i t y  do n o t  c u r r e n t l y  e x i s t .  

Because t h i s  mode r e q u i r e s  t h a t  t h e  FHT be a b l e  t o  r e s p o n d  

t o  u n c e r t a i r !  c o n d i t i o n s ,  i t  q u a l i f i e s  as a ' r o b o t i c '  o p e r a t i o n s  

mode. The AR mode r e q u i r e s  c o n s i d e r a b l e  c o m p u t e r  c a p a b i l i t y ,  

w h i c h  m a y  be  d i f f i c u l t  t o  i n c l u d e  e n t i r e l y  o n b o a r d  t h e  FHT. 

If t h i s  i s  t h e  case ,  t h e  FHT can  r e l a y  i t s  s e n s o r y  i n p u t s  and 
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preliminary evaluat ions to a l a r g e r ,  more soph i s t i ca t ed  com- 

puter ,  v i a  i t s  te lemetry links. The Issue  o f  how much o n b o a r d  

c a p a b i l i t y  i s  d e s i r a b l e  i s  d i f f i c u l t  t o  answer a t  th i s  time, 

because f t  requi res  es t imates  o f  computer a n d  te lemetry capa- 

b i l i t i e s  ten years  f rom now, and because i t  depends on the re- 

l a t i v e  c o s t s  o f  i n d i v i d u a l  computers i n  t h ,  F H r ' s  versus fewer 

l a rge ,  i fzc-shared computer:. More genera l ly ,  t he re  i s  a l eve l  

o f  unce r t a in ty  beyond which assess fng  t h e  s i t u a t i o n  Cy com- 

puter  becomes p roh ib i t i ve ly  expensive,  a n d  i t  becomes cheaper 

t o  request  h u m a n  a s s i s t ance .  Thus the  A R  mode i s  valuable  up 

t o  a c e r t a i n  le.. -1  c f  complexity; w h a t  t h a t  l eve l  w i l l  be  f n  

1990 i s  d i f f i c u l t  t o  p red ic t .  

In t h e  s i n s l e  steD ( I  ) mode, t h e  FHT performs pre-program- 

med i n s t r u c t i o n s  ( s to red  i n  i t s  memory) one a t  a time. The 

commands t o  execute  t h e  ind iv idua l  i n s t r u c t i o n s  a r e  given by a 

human opera tor .  

a t i on  updates a n d  comnand dec i s ions ,  w h i c h  i s  f a s t e r  than com- 

p t e r  u p d a t e s  a n d  dec i s ions .  And t h e  use o f  preprogrammed fn- 

s t r u c t i o n s  maximizes the  speed o f  t h e  i n d i v i d u a l  o p e r a t i o n s  a n d  

f rees t h e  ope ra to r  t o  d o  o t h e r  t a s k s  while the FHT performs 

a task.  One opera tor  could ewen c o n t r o l  severa l  F H T ' s ,  feeding  

coomands t o  each i a  turn.  

This allows t h e  human opera tor  t o  do t h e  s i t * i -  

The remote o v e r r r i d e  ( R O )  mode i s  analogous t o  t h e  auto-  

mated r o b o t  mode, b u t  includes the  o p t i o n  o f  an i n t e r r u p t  o rder  

from a h u m a n  ope ra to r .  T h u s  t h e  FHT can perform a s e r i e s  o f  
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tasks au tomat ica l ly ,  under the passive supervis ion o f  a human 

opera to r ;  when the  FHT encounters an unexpected problem, o r  

when a change in  t h e  ope ra t ions  sequence i s  d e s i r e d ,  t h e  human 

can override! t h e  FHT 's onboard cont ro l  and manually t ake  over  

the  t e l eoL2ra to r .  Both t h i s  mode and t h e  s ing le  s t ep  can be 

used t o  check t h e  v a l i d i t y  o f  t he  FHT's onboard programming,  by 

watching t h e  r e s u l t s  o f  t h e  automated sequences. 

I n  t h e  t a sk  l ea rn inq  ( T L )  mode, t h e  func t ions  o f  t h e  FNT a re  

con t ro l l ed  by the  human o p e r a t o r ,  b u t  t h e  sequence o f  o p e r a t i o n s  

i s  s to red  i n t o  t he  memory o f  t h e  FHT, f o r  l a t e r  r e p e t i t i o n .  T h u s  

the human opera tor  teaches t h e  FHT one o r  more o p e r a t i o n s ,  by 

" w a l k i n g "  t h e  t e l e o k e r a t o r  t h r o u g h  t h e  requi red  t a s k ( s ) .  The 

usefulness  o f  t h i s  made can be cons i i e rab ly  increased  i f  t h e  

.sequence being taught can be optimized e i t h e r  by t h e  FHT's  on- 

board computer or by a l a r g e r  computer, v i a  a t e l eme t ry  l i n k .  

Such opt imizat ion c o u l d  inc lude  e l imina t ing  wasted motions, 

m a x i m i z i n g  t h e  speed a n d  accuracy o f  motions, a n d  choosing fuel 

a n d  e l e c t r i c i t y - e f f i c i e n t  methods o f  opera t ion .  In any case,  

t he  T L  mode includes provis ions  f o r  e d i t i n g  and modif icat ion o f  

t h e  new sequence by t h z  h u m a n  opera tor .  

I n  those  nodes involving a h u m a n  ope ra to r ,  a number o f  

d i r e c t  command hardware opt ions  a re  possfb le  F i r s t ,  t h e  opera- 

tor can type i n  coded I n s t r : ,  ' ons ,  much as a computer i s  con- 

t r o l l e d  t o d a y .  Second, c e r t a i n  often-used sequences could b e  

h a r d w i r e d ,  a n < '  commanded by pushing but tons.  T h f r d ,  t h e  video 
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d i s p l a y  c o u l d  be on an e l ec t ron ic  board, and  a l i g h t  pen c o u l d  

be used t o  I n d i c a t e  l o c a t i o n s .  f o r  example,  the o p e r a t o r  could 

push t h e  " t r a v e l  t o"  b u t t o n  a n d  i n d i c a t e  a s p o t  on the visual 

d i s p l a y  from t h e  FHT's sensors; o r  t h e  ope ra to r  could request 

a l i s t i n g  o f  f u n c t t o n  codes on the  d i sp lay ,  and  p o i n t  t h e > l i g h t  

pen a t  t h e  des i r ed  opera t ion .  F o u r t h ,  commands t o  t h e  FHT could 

be given by voice;  t h e  FHT computer c o u l d  answer by voice a l so .  

I n  t h i s  case, i t  i s  recommended t h a t  t h e  computer r e p e a t  a given 

command back t o  t h e  ope ra to r  ( e i t h e r  by video o r  a u d i o )  t o  vert-  

f y  t h a t  t h e  command i s  properly understood. T a l k i n g  computer; 

and voice ac tua t ed  devices  e x i s t  today; such a system would re- 

q u i r e  inc rease  i n  the  voice-ac tua t ion  vocabulary,  b e t t e r  d i s -  

c r imina t ion  o f  voices  a n d  words by t h e  computer, a n d  t h e  deve lop-  

ment o f  conversa t iona l  l o g i c  sof tware so t h a t  t h e  computcr can 

r eqges t  c l a r i ? i c a t i o n  o f  commands. F i f t h ,  the  human  o p e r a t o r  

can use one o r  more j o y s t i c k s  t o  ' f l y ' t h e  FHT. These joy-  

s t i c k s  c o u l d  control t rave l  u n d e r  t h r u s t ,  o r  ( w i t h  s o p h i s t i c a t e d  

computer i n t e rp re t a t :on )  coulci  cGQtro1 the F H T ' s  w a l k  t h r o u g h  

t h e  factory s t r u c t u r e .  S i x t n ,  t h e  manipulators can  b e  cont ro l led  

by master arms h a n d l e d  by the opera tor .  These c o u l d  include 

force  a n d  torque feedback, a n d  even t a c t i l e  sense.  One d r a w -  

b a c k  to c o n v e n t i o n a l  master-slave m a n i p u l a t o r  system? i s  t h a t  

during operation t h e  o p e r a t o r ' s  h a n d s  a r e  n o t  a v a i l a b l e  t o  oper- 

a t e  o ther  func t ions .  An i n t e g r a t e d  c o n t r o l  s y s t e m ,  using hands, 
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f e e t ,  eyes ,  a n d  v o i c e ,  c o u l d  b e  developed t o  give  t h e  human 

operator a high degree o f  c o n t r o l  over t h e  FHT. 
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CHAPTER 1 0  

L I N E  I T E H  COSTING 

l l h i l e  t h e  p r e c e e d i n g  c h a p t e r s  have d e a l t  w i t h  t h e  e n g i -  

n e e r i n g  a s p e c t s  o f  t h e  c o n c e p t  o f  e x t r a t e r r e s t r i a i  m i t e r i a l  

u t i l i z a t i o n ,  i t  i s  i m p o r t a n t  t o  a l s o  b e g i n  t o  q u a n t i f y  t h e  

economic i m p a c t  o f  such a p r o j e c t .  U s i n g  t h e  b a s e l i n e  case  

o f  m a n u f a c t u r i n g  one s o l a r  power s a t e l l i t e  p e r  y e a r ,  t h i s  

c h a p t e r  d e a l s  w i t h  t h e  c o s t  e s t i m a t i o n  o f  t h e  p o i n t  d e s i g n  

SMF. 

The necessa ry  p r o d u c t s  f o r  t h e  m a n u f a c t u r e  o f  an SPS 

a r e  l i s t e d  i n  d e t a i l  i n  Chap. 3 .  The machines r e q u i r e d  f o r  

t h e  p r o d u c t i o n  o f  t h e s e  components a r e  d e t a i l e d  i n  Chap.7. 

Each machine i s  b r o k e n  down f u r t h e r  i n t o  i t s  m a j o r  sub- 

systems, o r  components. The SMF can t h e r e f o r e  be a n a l y z e d  

on t h r e e  l e v e l s :  system-wide c o s t s  ( s u c h  as ca rgo  t r a n s p o r t  

c o s t s ) ,  machine c o s t s  ( f o r  example, o p e r a t i n g  expendables 

p r o c u r e m e n t ) ,  and component c o s t s  ( s u c h  as i n i t i a l  t r a n s -  

p o r t a t i o n ) .  By a p p l y i n g  t h e  c o s t i n g  p r o c e d u r e  s e l e c t i v e l y  on 

a l l  t h r e e  l e v e l s ,  c o s t  e s t i m a t i o n s  can be mal F o r e  a c c u r a t e l y  

w i t h  minimum i n c r e a s e  -in c o m p l e x i t y .  

The system-wide, o r  g l o b a l ,  p a r a m e t e r s  a r e  l i s t e d  i n  

T a b l e  10.1. I t  i s  assumed i n  t h s  s t u d y  t h a t  a l l  o f  t h e s e  

pa ramete rs  a r e  c o n s t a n t  t h r o u g h o u t  t h e  s y s t e m ,  n e g l e c t i n s  such 

f a c t o r s  a s  d i f f e r e n t  w a g e  s c a l e s  between j o b  c l a s s i f i c a t i o n s .  

The pay s c a l e  i s  assumed t o  b e  $100,000 p e r  pe rson  y e a r .  S i n c e  

i t  i s  d e s i r a b l e  t o  keep t h e  SMF o p e r a t i n g  on an a r o u n d - t h e - c l o c k  
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TABLE 10.1 : SMF GLOBAL P A R A M E T E E  

GI 

T c  

TP 

MC 

F 
U 

R 
L 

MS 

p S  

c S  

G 
a 

K 
H 
S 

A 
r 
Y 

M" 

p H  
cH 
DH 

L a b o r  wage 
Cargo t r a n s p o r t  c o s t  
Personnel  t r a n s p o r t  c o s t  
Emergency r e p a i r  f r a c t i o n  
Crew t r a i n i n g  c o s t  
Crew mass 
Ro ta t ion  r a t e  
T e r r e s t r i a l  l i f e  s u p p o r t  usage 
FYF s t r u c t u r e  mass 
SWF s t ruc ture  power 
SHF s t r u c t u r e  c o s t  
SMF s t r u c t u r e  expendables  
Powerplafit c o s t  
S p e c i f i c  power d e n s i t y  
Number o f  product ion  machine types  
S M F  product ion  per iod  
5uppor t  overhead f a c t o r  
Asseinbl y p r o d u c t i v i  t y  
Yearly d i s c o u n t  r a t e  
Program 1 i f e t ime  
H a b i t a t  mass 
H a b i t a t  power 
H a b i t a t  procurement c o s t  
H a b i t a t  R & D c o s t  

$ /person-hr  
$f kg 

S / k g  
--- 
$/person  
kglperson  
t imes /yea r  
kg/crew-day 

kg  
kW 

$/kg 
WYr 
$/kW 

kg/kW 

-_-  
k g /  crew - h r  
- - -  
Yrs 
kg/person 
kW/person 
$ / k g  
SM 
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b a s i s ,  t h r e e  s h i f t s  a r e  n e c e s s a r y .  T h i s  g i v e s  a w o r k i n g  week 

o f  55 h o u r s / p e r s o n  ( f o r  example ,  8 h o u r s l d a y ,  7 days a week). 

The wage, AT, i s  t h e r e f o r e  $34.34 p e r  h o u r .  

The t r a n s p o r t a t i o n  c o s t s  a r e  s p l i t  be tween  c a r g o  and  

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

t r i p  t i m e  o r b i t - t o - o r b i t  v e h i c l e s ,  w h i l e  c r e w s  must neCeS- 

s a r i  l y  b e  t r a n s p o r t e d  i n  f a s t e r ,  h i  gh- t h r u s  t c h e m i c a l  - powered 

s p a c e c r a f t .  I n  a d d i t i o n ,  some h igh-demand m a t e r i a l s  ( s u c h  a s  

p e r i s h a b l e  f o o d s i u f f s  o r  r e p a i r  p a r t s  n o t  i n  t h e  SMF i n v e n -  

t o r y )  mus t  a l s o  t r a v e l  o n  t h e  c rew t r a n s p o r t s ,  a t  a c o s t  

P e n a l t y .  The v a l u e s  o f  T and  T a r e  a f u n c t i o n  o f  SMF 

l o c a t i o n  and v e h i c l e  d e t a i l s ,  and t h e  c o m p l e t e  a n a l y s i s  o f  

t h e s e  v a l u e s  a r e  t h e r e f o r e  o u t s i d e  t h e  scope  o f  t h i s  s t u d y .  

These c o s t s  a r e  e s t i m a t e d  f r o m  Ref.lO.1. I n i t i a l  e s t i m a t e s ,  

C P 

based  on 1 0 %  o f  t h e  SPS b e i n g  o f  e a r t h  o r i g i n ,  i n d i c a t e  a 

y e a r l y  mass l a u n c h e d  f r o m  e a r t h  t o  t h e  S V F  on t h e  o r d e r  o f  

15,000 Mg. T h i s  y i e l d s  e a r t h  l a u n c h  c o s t s  o f  $ l O O / k g  f o r  

c a r g o ,  and $200/kg  for  p e r s o n n e l .  Cargo i s  assumed t o  b e  

t r a n s p c r t e d  i n  space  by  t u g s  e m p l o y i n g  e l e c t r o m a g n e t i c  p r o -  

p u l s i o n  and l u n a r - d e r i v e d  p r o p e l l a n t s ,  and t h e r e f o r e  i n c u r s  

no f u r t h e r  s i g n i f i c a n t  t r a n s p o r t  cos t : .  However,  p e r s o n n e l  

must be  t r a n s p a r t r d  i n  h i g h - t h r u s t ,  c h e m i c a l l y  p r o p e l l e d  ve-  

h i c l e s ,  i n  o r d e r  t o  keep t r i p  t i m e s  down t o  a r e a s o n a b l e  

l e v e l .  I t  i s  assumed t h a t  t h i s  t r a n s p o r t e r  w i l l  u s e  an 

o x y g e n / h y d r o g e n  e n g i n e  ( I  = 4 7 0  s e c ) ,  w i t h  on;y h y d r o g e n  

b r o u g h t  from e a r t h .  The S R F  i s  assumed t o  be i n  an o r b i t  w i t h  
S P  
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a v e l o c i t y  i n t e r v a l  f rom low e a r t h  o r b i t  e q u i v a l e n t  t o  geo- 

s t a t i o n a r y ,  which g i v e s  a Av = 4400 m/sec. The personnel  

t r a n s p o r t  makes a round t r i p ,  v s i t h  crew c a r r i e d  each way, s o  

the  t o t a l  A v  = 8800 m/sec. The mass r a t i o  ( k g  o f  i n e r t  mass 

per k g  v e h i c l e  g r o s s  m a s s )  f o r  t h e  i n t e r o r b i t a l  personnel  

s h u t t l e  i s  t h e r e f o r e  

A s s u m i n g  a v e h i c l e  i n e r t  mass f r a c t i o n  o f  . l ,  t h e  p r o p e l l a n t  

per  p a y l o a d  r a t i o  f o r  t h i s  v e h i c l e  i s  1 7 . 7 5 .  However, w i t h  a 

t y p i c a l  02/Hz mass mixture  r a t i o  o f  6 ,  on ly  1 / 7  o f  t h e  pro- 

p e l l a n t s  mass needs t o  be b r o u g h t  from e a r t h .  T h i s  means 

t h a t  2 . 5  k g  of  hydrogen i s  necessa ry  f o r  each k g  o f  personnel  

c a r r i e d .  The t o t a l  personnel t r a n s p o r t  c o s t s  a r e  t h e r e f o r e  

i n c r e a s e d  by t h e  cargo c o s t s  o f  t h e  hydrogen t o  $450/kg. 

As mentioned e a r l i e r ,  some r e p a i r  p a r t s  w i l l  be needed 

i n  o r d e r  t o  m a i n t a i n  p roduc t ion ,  b u t  w i l l  n o t  be i n  s tock  i n  

t h e  SMF warehouse. Rather t h a n  s h u t t i n g  down a c r i t i c a l  

machine u n t i l  a cargo t r a n s p o r t  a r r i v e s ,  which could be a 

m a t t e r  o f  weeks d u e  t o  t h e  n a t u r e  o f  l o w - t h r u s t  t r a j e c t o r i e s ,  

i t  w i l l  b e  necessary  t o  s h i p  t h e s e  c r i t i c a l  r e p a i r  p a r t s  on 

personnel  t r a n s p o r t s ,  thus  i n c r e a s i n g  t h e i r  c o s t s .  T h i s  
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.. - 
emergency r e p a i r  f r a c t i o n ,  F, i s  t a k e n  t o  be .l. 

A t y p i c a l  c r e w  t r a i n i n g  c o s t ,  U, i s  on  t h e  o r d e r  o f  

$100,00O/person, and t h a t  number was assumed i n  t h i s  s t u d y .  

Crew t r a n s p o r t  mass ( i n c l u d i n g  some p e r s o n a l  e f f e c t s )  i s  

e s t i m a t e d  t o  be  100 k g / p e r s o n ,  and t h e  t o t a l  c r e w  assumed 

t o  b e  c y c l e d  back  t o  e a r t h  e v e r y  90 days ,  o r  R = 4 r o t a t i o n s  

p e r  y e a r .  T h i s  r o t a t i o n  r a t e  i s  based on  a l l o w a b l e  p h y s i c a l  

d e g r a d a t i o n  i n  t h e  z e r o - g  e n v i r o n m e n t  o f  t h e  SMF ( R e f .  1 0 . 2 ) ,  

as w e l l  as  a l l o w a b l e  r a d i a t i o n  l i m i t s  i n  f r e e  space  i n  an 

u n s h i e l d e d  h a b i t a t  ( R e f .  10 .3)  I L i f e  s u p p o r t  con.umables 

a r e  t a k e n  a s  L = .83 k g l p e r s o n l d a y ,  b a s e d  on  l u n a r  oxygen  and 

t e r r e s t r i a l  n i t r o g e n  a tmosphere ,  s h i p p i n g  o n l y  h y d r o g e n  t o  

be  m i x e d  w i t  l u n a r  oxygen t o  m a k e  w a t e r ,  and f r e e z e - d r i e d  

food ( R e f .  1 0 . 4 ) .  

The s t r u c t u r e  o f  t h e  S M F  i s  C h a r a c t e r i z e d  b y  i t s  mass (kg), 

power ( k W ) ,  p r o c u r e m e n t  c o s t  ( S / k g ) ,  and u s e  o f  e x p e n d a b l e s  

f r o m  e a r t h  ( k g l y r ) .  These e s t i n z t e s  were  d e  u f r o m  t h e  

SMF l a y o u t s  i n  t h e  p r e c e e d i n g  c h a p t e r s .  T h e s e  v a l u e s  were  

t a k e n  t o  be MS = 2000 Mg, = I000 k W ,  C s  = $25/kg, and 
p s  

= 0 k g / y r , f o r  t h i s  case ,  r e s p e c t i v e l y .  

Space power r e p r e s e n t s  an i n t e r e s t i n g  change f r o m  t h e  

n o r m a l  e a r t h  d e s i g n  e n v i r o n m e n t .  Energy  i n t e n s i v e  a c t i v i t i e s  

on e a r t h  a r e  g e n e r a l l y  c h a r a c t e r i z e d  by h i g h  r e c u r r i n g  c o s t s ,  

due m a i n l y  t o  t h e  use  o f  f u e l s  i n  e n e r g y  p r o d u c t i o n .  I n  

space,  however ,  p h o t o v o l t a i c s  g i v e  r i s e  t o  l a r q e  i n i t i a l  
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c o s t s ,  w i t h  no  a p p r e c i a b l e  r e c u r r i n g  c o s t s  t h e r e a f t e r .  Power 

t h e r c f o r e  shows u p  a s  a n o n r e c u r r i n g ,  r a t h e r  than r e c u r r i n g ,  

c o s t .  The e lements  of  t h i s  c o s t  a r e  t h e  procurement p r i c e  

o f  t h e  g e n e r a t i n g  c a p a c i t y  (G, $ / k W ) ,  a n d  t h e  s p e c i f i c  power 

d e n s i t y  (a, k g / k W ) ,  whSch r e l a t e s  t o  t r a n s p o r t  c o s t s .  From 

c u r r e n t  e s t i m a t e s  o f  fu ture  s p a c e - r a t e d  s o l a r  c e l l s  ( b u t  n o t  

i n  S P S - s i t e d  q u a n t i t i e s ) ,  t h e s e  va lues  m i g h t  be expec ted  t o  

be $2000/kW and 10  kg/k ld  (Ref. 1 0 . 2 ) .  S ince  t h e  ( c a r g o )  t r a n s -  

p o r t  r a t e  i s  $100/kg, t h e  t o t a l  power c o s t  f o r  t h e  SMF i s  

$2000 + $100 x 1 0 ,  o r  $3000/kW. 

K i s  t h e  number o f  d i f f e r e n t  types o f  machines i n  t h e  

SMF: i n  t h e  p o i n t  d e s i g n ,  60 .  H i s  t h e  number o f  scheduled  

o p e r a t i n g  hours per y e a r , o r ' 8 7 6 6 .  The suppor t  overhead f a c -  

t o r  i s  t h e  t o t a l  o n - s i t e  r a t i o  o f  worker /product ion  workers ,  

a n d  ec t ima ted  from t y p i c a l  m a n u f a c t u r i n g  p r o j e c t s  t o  b e  about  

2 o r  100% overhead.  The SMF i s  i n i t i a l l y  assembled from pre-  

f a b r i c a t e d  components; t he  p r o d u c t i v i t y  o f  t h e  assembly workers ,  

A ,  i s  e s t i m a t e d  based on M I T  Space Systems L a b  e x p e r i e n c e  i n  

n e u t r a l  b u o y a n c y  s i m u l a t i o n s  o f  E V A  assembly a s  300  kg/crew-hr 

(Ref .  10.5) .  Discount r a t e ,  r ,  i s  taken as i t s  s t a n d a r d  va lue  

o f  . 1  ( ? O x  y e a r l y ) ,  a n d  t h e  prsgram l i f e t i m e  Y w a s  s e t  a s  

p e r  t h e  s t a t emen t  o f  work t o  2 0  y e a r s .  

W i t h  t h e  s p e c i f i c a t i o n  o f  t h e s e  g loba l  pa rame te r s ,  t h e  

account ing  system must proceed i n t o  t he  m a c h i n e  l e v e l  o f  

c o s t i n g .  Each machine type has f i v e  parameters  o f  i n t e r e s t :  

o p e r a t i n g  l a b o r ,  e a r t h  expendables usage a n d  c o s t ,  number o f  
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machines o f  t h i s  t ype ,  a n d  number o f  d i f f e r e n t  t ypes  o f  

components. Seven parameters  a r e  l i k e w i s e  r e q u i r e d  t o  s p e c i f y  

t h e  c o s t s  o f  a component: t h e  number  o f  u n i t s  o f  t h a t  t y p e ,  

t h e  mass and power o f  an i n d i v i d u a l  u n i t ,  duty c y c l e ,  2a r ly  

r e p a i r  p a r t s ,  and codes r e l a t i n g  t h e  technology l e v e l  and 

r e p a i r  technique f o r  t h e  component. These v a r i a b l e s  a r e  

summarized i n  Table 10.2 f o r  machine parameters ,  a n d  T a b l e  10.3 

f o r  component parame:ers. 

T A B L E  1 0 . 2 :  S M F  M A C H I N E  P A i i A M E T E R S  

o p e r a t i n g  l a b o r  requi rement  crew hr /oy  h r  

e a r t h  expendables  k g / h r  
procurement o f  e a r t h  expendables  $ / k g  
number o f  u n i t s  - _ -  

'j 
j 

e 

j 
j 

kj 
bj  process  R 8 0 c o s t  .$ 

X 

n 

number o f  component t y p e s  - - -  

T A S L E  1 0 . 3 :  SMF C0MPONE::T P.4RAMETERS 

number o f  u n i t s  - - -  i j  n 
m i j  mass o f  i n d i v i d u a l  u n i t  k g  
P i j  power requi rement  kW 

' i j  procurement c o s t  $ 

d i j  
'i j 
r i j  replacement p a r t s  k 9 f y r  
'i j R 8 0 c o s t  $ 

d u t y  c y c l e  - - -  
r epa i  r 1 abor  crew hr/nonop h i  

Perkaps t h e  g r e a t e s t  p r o b l e m  i n  c o s t  e s t i m a t i o n  i s  t h e  

e s t i m a t i o n  o f  r e sea rch  a n d  d e v e l o p m e n t  a n d  procurement c o s t s .  
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The s t u d y  group a t tempted  t o  c a t e g o r i z e  a l l  o f  t h e s e  c o s t s  as 

c l o s e l y  as p o s s i b l e ,  by c a l l i n g  manufac turers  o f  s i m i l a r  de- 

v i c e s  wherever p o s s i b l e ,  a n d  e x t r a p o l a t i n g  p r e s e n t  technology 

t o  t h e  1990 technology c u t o f f  d a t e .  The c o s t  d a t a  t h u s  a r -  

r i v e d  a t  was f e l t  t o  be f a i r l y  a c c u r a t e ,  b u t  many of  t he  com- 

ponents  o f f e r e d  no adequate  e a r t h  a n a l o g u e  f o r  t h i s  t echn ique  

t o  be a p p l i c a b l e .  The e s t i m a t e s  f o r  t h e s e  component t ypes  was 

based ,  i n  t y p i c a l  aerospace  f a s h i o n ,  on t h e  technology l e v e l  

and component mass. However, i t  was f e l t  t h a t  one s i n g l e  

c o s t i n g  r a t i o n a l e  should be a p p l i e d  e q u a l l y  throughout .  S i n c e  

t he  technology/mass approach proved more c o n s e r v a t i v e ,  t h a t  

approach was t h e  one chosen. 

Each component w a s  s p e c i f i e d  as being e i t h e r  l o w ,  medium, 

h i g h ,  o r  u l t r a - h i g h  technology l e v e l .  For example, p a s s i v e  

s t r u c t u r e  would be low technology,  e l e c t r i c  motors m e d i u m ,  

e l e c t r o n  beam guns h i g h ,  a n d  autonomous computer systems 

u l t r a - h i g h .  Table 10.3 shows t h e  assumptions used f o r  e s t i -  

m a t i n g  r e sea rch  a n d  development a n d  procurement c o s t s  f o r  

each o f  t h e s e  l e v e l s ,  i n  terms o f  $ / k g .  

T A B L E  1 0 . 4 :  C O S T I N G  B A ' S E L I N E  

R & 0  Procurement 
Low 500 50 
Medium 5000 500 
H i g h  20003 2 0 0 0  
U1 t r a - h i g h  10000 0 'I 0000 
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The o t h e r  f a c t o r  w h i c h  was d i f f i c u l t  t o  q u a n t i f y  was 

component a n d  machine r e l i a b i l i t y .  Again, c o n s u l t a t i o n s  

w i t h  manufac turers  a n d  users  o f  e a r t h  analogues provided 

much o f  t h e  d a t a  used. S ince  t h i s  seemed t o  be a c r i t i c a l  

item, however, t h e  c o s t i n g  program developed was designed 

t o  l e t  t h e  component du ty  c y c l e s  be t h e  independent  v a r i a b l e  

i n  a v a r i a t i o n  o f  parameters  s t u d y .  

Machine duty  c y c l e s  were c a l c u l a t e d  o n  a p r o b a b i l i s t i c  

b a s i s  from t h e  d u t y  c y c l e s  o f  i t s  components. The p r o b a b i -  

l i t y  t h a t  componeiit i i n  mdchlne j w i l l  f a i l  i s  

Using t h i s  e x p r e s s i o n ,  t h e  p r o b a b i l i t y  t h a t  t h e  machine 

w i l l  be o p e r a t i n g  i s  t h e  product  o f  t h e  p r o b a b i l i t i e s  t h a t  i t s  

component p a r t s  w i l l  be o p e r a t i n g ,  or 

This expres s ion  assumes t h a t  a s i n g l e  f a i l u r e  o f  any component 

w i l l  d i s a b l e  t h e  e n t i r e  m i  h i n e .  I t  w a s  assumed t h a t  in t h e  

i n s t a n c e  o f  mu1tip;e u n i t s  o f  a s i n g l e  component t y p e ,  t he  

system w J u l d  he doubly redundant :  t h a t  i s ,  t h e  f a i l u r e  o f  

two u n i t s  o f  a s i c g l e  component would n o t  a f f e c t  t h e  machine, 
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b u t  t h r e e  f a i l u r e s  would d i s a b l e  i t .  A s  implemented i n  t h e  

i n  equa t ion  ( 3 )  was e i t h e r  computer a l g o r i t h m ,  t h e r e f o r e ,  

3 o r  t h e  number o f  uni t s  o f  t h e  component t ype ,  whichever was 

l e a s t .  

“ i  3 

The above a n a l y s i s  assumes t h e  machines a r e  i n d i v i d u a l  

u n i t s ,  a n d  t h a t  t h e  f a i l u r e  o f  one does n o t  a f f e c t  the p r o -  

duc t ion  o f  t h e  uostream o r  downstrear  u n i t s .  The d e s i g n  o f  

t h e  base1 ; n e  SMF, p a r t i c u l a r l y  i n  the  components f a c t o r y ,  was 

based on t h i s  approaclr, a n d  p a r t s  t r a n s p o r t  systems were de- 

s igned  t o  enab le  c r c s s - f e e d i n g  o f  products  between upstream 

anddownstream’machines.  However, t h i s  i s  n o t  t r u e  i n  t h e  

s o l a r  c e l l  f a c t o r y ,  s i n c e  t h e  v a p o r  d e p o s i t i o n  Droceqses de- 

pend on s u c c e s s i v e  d e p o s i t i o n s  o n  a con t inuous ly  m o v i n g  s t r i p .  

I f  one o f  t h e  d i r e c t  v a p o r i z a t i o n  machines f a i l s ,  f o r  example, 

t h o r e  i s  n o  way f o r  t h e  upstream p rcduc t s  ( c o r r e c t l y  d e p a s i t e d )  

t c  b y p a s s  +*le nonopera t ing  machine o n  i t s  own $ t r i p .  Rather 

t h a n  run t h r o u g h  n o n f u n c t i o n a l  s o l a r  c e l l s ,  t h e  e n t i r e  s t r i p ,  

and a l l  Kachinery on i t ,  w o u l d  be s h u t  down u n t i l  t h e  m a l -  

f u n c t i o n i n g  machine i s  r e p a i r e d .  There i s  a s e r i e =  o f  14 

machines which a r e  c r i t i c a l  t o  s t r i p  p roduc t ion ,  a n d  t h e  number 

o f  s t r i p s  i s  s i z e d  by t h e  product  o f  t h e  duty c y c l e s  o f  these 

machines. 

The ques t ion  o f  machine r e l i a b i l i t y  b r ings  u p  t h e  a s s o c i -  

a t e d  p rob lem o f  machine r e p a i r .  This impacts o n  t h e  c o s t i n g  

i n  two ways: c o s t s  a s s o c i a t e d  w i t h  r e p a i r  d e v i c e s ,  a n d  l a b o r  
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c o s t s  f o r  human i n t e r v e n t i o n  i n  t h e  r e p a i r  p r c c e s s .  Tcble 10 .5  

l i s t s  t h e  f i v e  l e v e l s  o f  r e p a i r  i v a i l a b l e  i n  t h e  SMF. 

TABLE 1 0 . 5 :  R E P A I R  O P T I O N S  

1. T e l e o p e r a t o r  r e p a i r  o n - s i t e  I 
2 .  C r a w l e r  r e p l a c e m e n t  w i t h  a u t o m a t e d  r e p a i r  

3 .  C r a w l e r  r e p l a c e m e n t  o f  e x p e n d a b l e  p a r t s  

4. C r a w l e r  r e p l a c e m e n t  w i t h  human r e p d i r  

5. Human r e p a i r  o n - s i t e  

The f i r s t  f o u r  a p p l y  o n l y  t o  t h e  s o l a r  c e l l  f a c t o r y ,  a n d  t h e  

f i f t h  ( d i r e c t  human r e p a i r )  i s  u s o '  ..:.bout t h e  r e s t  of t h e  

SMF. T h i s  d i c h o t o m y  i s  d u e  t o  ti ':os i t i o n  p r o c e s s  

u s e d  t h r o u g h o u t  t h e  s o l a r  c e l l  t ' i : : to . -y .  i r g e  v u m b e r  o f  

e l e c t r o n  beam guns  a r e  c o n t i n u a l l y  ; i @ : d t i n g  i n  t h i s  a r e a ,  a n d  

t h e  r e g i o n  i s  t o o  h o t  ( b o t h  t h e r m a l l y  3nd  ; n  t e r m s  o f  r a d i a t i o n )  

f o r  a human t o  a p p r o a c h .  F o r  t h i s  r e a s o n ,  e i t h e r  t e l e o p e r a t o r s  

( r e p a i r  o p t i o n  1 )  or' c r a w l e r s  a r e  u s e d  t o  i l lake r e p a i r s  t o  t h e  

o p e r a t i n g  m a c h i n e r y .  The d e c i s i o n  b r e a k d o w n  b e t w e e n  t h e  O F -  

t i o n s  i s  a f u n c t i o n  o f  t h e  i n d i v i d u a l  c o n p o i l e n t .  E a c h  com- 

p o n e n t  o f  e a c h  m a c h i n e  d e s i g n  was assumed t o  be a p o s s i b l e  

f a i l u r e .  I f  t h e  c o m p o n e n t  was s m a l l  enough  t o  b e  u n p l u g g e d  a n d  

r e p l a c e d  as  a m o d u l e ,  i t  was assumed t h a t  t h e  c r a w l e r  w o u l d  

i.e u s e d  f o r  t h i s  t a s k .  The f a i l e d  c o m p o n e n t  m o d u l e  w o u l d  t h e r l  

' e i t h e r  r q e p a i r e d  by a n  a u t o m a t i c  r e p a i r  d e v i c e  ( o p t i o n  Z ) ,  

t h r o w n  o u t  ( o p t i o n  3 ; ,  o r  r e p a i r e d  by a human b e f 9 . j  ( o p t i o n  4 ) .  

On t h e  o t h e r  hand ,  i f  t h e  c o m p o n e n t  w a s  t o o  l a r g e  o r  e n t r e n c h e d  
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t o  be rep laced  by t h e  c r a w l e r ,  t h e  f r e e - f l y i n g  hybr id  t e l e -  

o p e r a t o r  (op t ion  1 )  wculd be used t o  r e p a i r  i t  o n - s i t e .  

D i f f e r e n t  l e v e l s  of  h u m a n  s u p e r v i s i o n  would be r e q u i r e d  f o r  

each of t h e s e  o p t i o n s ;  t h e  va lues  o f  t h e s e  l e v e l s  ( i n  terms 

o f  crew h r / r e p a i r  nr)  w a ~  l e f t  a s  a program v a r i a b l e .  

As mentioned p rev ious ly ,  t h e  e n t i r e  f a c t o r y  ( e x c e p t  

f o r  t h e  s o i d r  c e l l  p roduct ion  a r e a )  was assumed t o  b e  d i r e c t l y  

r e p a i r e d  by humans. This was due t o  the d i f f e r e n t  l e v e l s  of  

p r o d u c t i o n  iri t h e  d i f f e r e n t  s e c t i c t l s .  The l a r g e  s o l a r  c e l l  

p roduc t ioc ,  s e v e r a l  o r d e r s  o f  m a g n i t u d e  beyond c u r r e n t  t o t a l  

y e a r l y  p rdduc t ion .  > q u i r e s  a l a r s e  number o f  s t r i p s  and 

machin s ,  a ? d  t h e r e l o r e  l ends  i t s c l f  t o  automated r e p a i r .  T h e  

componezts f a c t o r y ,  on t h e  o t h e r  h a n d ,  h a s  a n  o u t p u t  flow 

seve ra l  o r d e r s  .* f  magnitude b e l n x  t h a t  o f  a comparable p l a n t  

on e a r t h ;  au tomat ic  r e p a i r  i s  probably n o t  c o s t  e f f e c t i v e  

w h t n  t h e r e  a r e  only  a few samples of each machine t y p e .  

Although some s t u d i e s  i n d i c a t e  t h a t  t h e  t e l e o p e r a t o r  has ex-  

c e s s  c a p a b i l i t y  w h i c h  michi; prove use fu l  i n  +.he compovents 

f a c t o r y ,  i t  was assumed t h a t  i t  w o u l d  remaiii w i th in  t h e  s o l a r  

c e l l  f a c t o r y  as , ded ica t ed  u n i t .  

Tke e n t i r e  ques t ion  o f  autcrnated r e p a i r ,  t e l e o p e r a t o r  arid 

c r awle r  capab i l  i t i p s ,  a n d  machine in te rdependence  wi th in  t h e  

s o l a r  c e l l  f a c t o r y  l ed  t o  t h e  c r e a t i o n  of a s p e c i a l i z e d  p ro -  

g ram,  S C F C O S T ,  d 2 l a i l e d  in  t h e  Appendix. This p r o g r a m  a l lows  

a more d e t a i l e d  - o a l v s i s  o f  t h e  i n t t r a c t i o n s  o f  r e l < . . b i l i t y  
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and r e p a i r  i n  t h e  s o l a r  c e l l  f a c t o r y ,  a t  t h e  p r i c e  o f  i n -  

c reased  c o m p l e x i t y  i n  program o p e r a t i o n .  Many o f  t h e  c a p a b i l -  

i t i e s  o f  t h i s  program go beyond t h e  scope o f  t h i s  s t u d y ;  i t s  

use  i n  t h i s  r e p o r t  was l f m i t e d  t o  a n a l y s i s  o f  n e c e s s a r y  c h a r a c -  

t e r i s t i c s  o f  t h e  t e l e o p e r a t o r ,  c r a w l e r s ,  and automated r e p a i r  

e q u i  pmen t . 
Ten d i r e c t  c o - t s  can be a p p l i e d  t o  each machine, c a l -  

c u l a t e d  f r o m  t h e  q u a n t i t i e s  a l r e a d y  s p e c i f i e d .  The c o s t s  a r e  

l i s t e d  i n  T a b l e  10.6; t h e  e x p r e s s i o n s  f o r  each are  l i s t e d  i n  

T a b l e  10.7. The d e r i v a t i o n  o f  each i s  o b v i o u s  from t h e  de- 

f i n i t i o n s  o f  t h e  v a r i a b l e s  i n  Tables 10.1 - 10.3, and w i l l  n o t  

be f u r t h e r  e x p l a i n e d  he re .  

TABLE 10.6: MACH!NE COST C2YPONENTS 

T r a n s p o r t a t i o n  

P o w e r  

Pecu r r i  ng : 

O p e r a t i n g  l a b o r  
Expendab1 es procurement  

Expendables t r a n s p o r t a t i o n  

R e p a i r  1 a b o r  

R e p a i r  p a r t s  procurement  
R e p a i r  p a r t s  t r a n s p o r t a t i o n .  

c 5  

c 7  

c9  
‘1 0 

‘6 

‘ 8  
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TABLE 10.7 

MACHINE D I R E C T  COST EQUATIONS 

2 
i= 

c =  
33 

c4 = 
j 

c =  
5J  

c,  = 
' j  

a i  

"ij 
i = I  

kj 
" j T C  c 

i =l 
*ij "j 

11 .d .n .HW 
3 3 3  

x .e . d  .n .H 
J J J J  

k J  
n.HW 
J 

i =1 
'ij "ij 
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I t  s h o u l d  be noted,  however, t h a t  t h e  por.3.r c o s t  (C,) i s  mul- 

t i p l i e d  by t h e  d u t y  c y c l e  o f  t h e  machine. T h i s  i s  due t o  t h e  

f a c t  t h a t  a n o n o p e r a t i n g  machine does n o t  consume any  power. 

T h e r e f z r B ,  a l t h o u g h  t h e  number o f  a machine t y p e  m i g h t  have 

t o  i n c r e a s e  i f  t h e  d u t y  c y c l e  decreases,  i n  o r d e r  t o  m a i n t a i n  

a c u r r e n t  l e v e l  o f  p r n d u c t i o n ,  t h e  power demand does n o t  i n -  

c rease ,  as i t  i s  t i e d  t o  o u t p u t ,  and not  t o t a l  number o f  

machines. The d e t a i l s  o f  t h e  l i n e  i t e m  c o s t i n g  program, 

SMFCOST, a r e  i n  t h e  Appendix.  

A f t e r  t h e  d i r e c t  c o s t s  f g r  each machine a r e  found, t h e  

program f i n d s  t h e  s u b t o t a l s  and t o t a l s  f o r  mass, power, and 

l a b o r ,  The i n d i r e c t  c o s t s  i r r e  t h e n  c a l c u l a t e d .  The i n d i r e c t  

n o n r e c u r r i n g  c o s t s  c o n s i s t  o f  s t r u c t u r e  procurement ,  t r a n s -  

p o r t a t i o s ,  and power c o s t s ;  SMF assembly c o s t s ;  and h a b i t a t  

R & D, procurement ,  t r a n s p o r t a t i o n ,  itnd power c a s t s .  The 

i n d i r e c t  r e c u r r i n g  c o s t s  i n c l u d e  S R F  s t r : c t u r e  expendab les  

c o s t s ,  wages  o f  t h e  s u p p o r t  crew, and t r a i f i i n r ! ,  t r a n s p o r t ,  and 

consumat les c o s t s  f o r  t h e  e n t i r e  crew. The a - t u a l  e q u a t i o n s  

used i n  c a i c u l a t i n g  t h e s e  q u a n t i t i e s  a r e  q u i t e  s t r a i g h t - f o r -  

ward, and can be found i n  t h e  program l i s t i n g  i n  t h e  Appendix.  

The l i n e  i t e m  c o s t i n g  computer program produces a d e t a i l e d  

l i s t i n g  o f  i n p u t s ,  and 2 c c o u n t i n g  o f  c o s t s .  The n o n r e c d r r i n g  

c o s t s ,  b roken  down i n t o  c o s t  e ’ - -en t  and l i s t e d  on a machine 

by machine b a s i s ,  a r e  p r e s e n t e d  i n  T a b l e  10.8.  The r e c u r r i n g  

c o s t s ,  on t h e  same b a s i s ,  a r e  d e t a i l e d  i n  Tabl; 10.9.  The sum- 

mary t a b l e  f o r  t h e  b a s e l i n e  c a s e  i s  shown i n  T a b l e  ? d . l O v  
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T A B L E  1 0 . 8 :  N O N R E C U R R I N G  C O S T S  

' T H L R I A L  BELT 
DV O P  AL REA3 C C N T A C T  
D V  O P  S I  AND P - D O G A N T  
2ULSE RECSY STALILZATIGN 
SCAN RECh Y S l  ALL I2 AT IC N 
N - D O P A H T  I H C L A N T A T X C N  
A N N L A L  
CV O F  h L  PRCHT CONTACT 
P R C  h? CCNTICT SIFI ' I E R I N G  
C E L L  C R O S S C U T  
CELL I H T E E C C N N E C T I C N  
D V  S I 0 2  O P T I C A L  C G V E R  

F A N L L  A L X G H  C TNSr;.I 
? At; tL I NTF1:CC I I  N E C T l C  N 
L O N C X i U U L N A L  C U T  
KAPT0.V TAP& A P ? I I C A T J C I  

TE LEOPZR ATOR 
CRAYLER SYS'TElr  
Z O N E  R E F i l J E i i  
i l A S K  CLEl.:IUP DCVSCE 
C V  O P  I N T E L C C N t i E C I S  
L I Q U I D  A 1  PIPELINE 
l R C N  P i F E L I ! l L  
AL A L L O Y I N G  F U R N A C E  
I R O N  A L L C Y I t i L i  P U R l A C E  
C C N T I N U O D S  CASTER 
BL SLA9 CUTTER 
A I ,  D l E  CASTIB 

DV OF SI02 SUBSTRATE 

A R R h Y  S t . t i o  F O L O  E PACK 

R C L  

39250000 . 
11853224 . 
H U 1 3 3 1 2 .  

1006k~0192. 
i C03 80 1 5 1  

7r)suoo(ir). 
10300149 ,  
22dl3216.  
10380199 , 
1 0 4  os0 00 , 
2074548be  

1327 Y O U  1 t~ e 

3 3 7 ~ a 0 1 b .  
21  a 2 o w  . 
1 0 ? ' I  0 5 c 0 
1 r l ~ l 0 ' ~ 0 0 J .  
Z C O ' 4  lac11 , 
10 I e77 59, 

1277 5 0 0 0 0 .  
13 496 7 4 M i l .  
100 iYUri91. 
22125504.  
2CO67UUU.  
20107488. 
5oucocoo. 
58 400 0 00. 
2305 4 S 92 
11000000. 

105250000. 

i e 7 a c o c o ~ 1 .  

UO 3 5  67 6 16. 
40663000.  

6 8 3  501  568 .  
1 1 5 2 2 Y Y  1, 
6 31 1U43 . 

12350027. 
63311 MU3. 

333457408. 
fi 3 11 843. 
55771Y1 . 

10007 19. 

599330 3c4. 
34692  3UU . 
1 1 1 50 4 6 C  , 
rI!r77 1'1 1. 

131 546. 
J75424. 

17 4C0000 , 
1300U3104, 
83 39 t J  736. 

49619h. 
1207609 5. 

22Y 003. 
37 25C. 

2520000.  
a YO 0 60. 
614 000. 
2cccco. 

17 $24992. 

a4  s 0349 12. 

T R A N S P O R T  

1UO97YY 84. 
4325689 .  

60173016,  
1172526. 
640 527, 

1329999. 
640527, 

36475872. 
640527, 
5U7 86 0 . 

1859 12672. 
127089G96, 

7755555.  
1 73?63U, 

507UGO. 
UOG58. 
04455. 

276000, 
24 516000 ,  
13 220 3 3  1 . 

1775CO. 
1377 199, 
45830. 

7450. 
364500 
121 500. 
178OOO 

10000, 
355 G 3 00. 

16066 3 0 .  

POYER 

29U3 1u80. 
4589564. 

13370U560. 
2660035. 

886923,  

590546,  
7 7 0  355 3. 

29564 1 

2582997,  

i a  39468. 
2 2 7 ~ 6 5 0 ,  

169900160. 
114727056. 

105 32290. 
5218064. 
1 B3T)UGOn 
6272138. 

1069 ? O  
S3L47',4. 

537930 I 2. 
1081916. 
53 571 7 7, 

ouo. 
6. 

92353 3Ur  
3070464. 

U 469 2 5. 
29691 1 t 
676268. 

2 ~ 0 4 1 7 .  

TOT h tS 

572285490.  
500u694u. 

673310976- 
11508070U. 
107696720, 

2573UU32. 
17400368. 

17 105rt56 
17YU606U. 

372635668- 

34505216,  
?256077820.  
820269824 e 

7 l G  10000 
279 10272. 
179Y606U 
20 8270 16 
1032OOU5 

2 a m 6 9 1 2 .  
288373760. 
2 8 537 9581) e 

102550576 
4 1735936 
20303109. I 
20152176 
7051988fl* 
62439952. 
2U293900. 
115069 11. 

327001248. 



TABLE 1 0 . 8  ( C o n t i n u e d l  

PT DIE CASTER 
i L A N S P O P ! I & P  CORE C A S I E R  
I i C L L I h C  HILL 
E!sD T E L f l / u L L D / R O L L  U X N D  
?!LITE1 T R l : & L E ?  
a I u x  t i  ZL:CL;:\ 
6 I D  !IC II ?l{ I ti F!E B 
S ' I h l  ATOR 
P O H A  nDLizP 
t;L:'Sc:CN L A D .  ASSEYCLY 

I:; S il LA': 1 C N Ir: I !I ~ I E E  
CLASS FICER P R O C U C E H  
CC C C t i V .  A I D .  ASSL'RBLY 
KL'IS'IKON PLA3I' 
G L A S i  P C A Y I H G  P A C I L I T X  
P O A I l E C  GLASS CUTTZR 
PJHEE'I CUTTER t; SLCTTEB 
P C h ! l i  0 GLASS S300TllER 
Y A J E G U I D E  DV C P  A L  
U A V E C U I  C F  PACKACZR 
YAVEGUIDI: A S S E H U L E n  
P t i : S C ! i N E L  D O C K I N S  tlECH. 
P P E S S X .  1zzu ? u : d : i i L  
C A T C 3  D L t C K l h C  3I;CH. 
LO 40-U; iLGAT;  ?IAhI?ULATOB 
F! I G !: t T I< T R A : IS E C R l E  E 
7.3.1 ti S EO R IE h 'I H XCK 
LNT2:RYAL S T O R A G E  CEPXCE 
B E P A I R  XUTCI!A?ONS 

DC-DC CCli'J iH03JCER 

TOTALS 

R E C  

35524992s 
752SC5OO. 

15805OGCO. 
1J4  ' C C O O .  
1 3 ~ 6 O C C O .  
U' l l  C C  4 5.2, 
103L'rIOOO. 
230rloc03.  
i ld30090.  
i O r d C O O O .  
3 c  c c0:co. 
12500003.  
1 3 2 2 2 7 5 0 .  
2 1 7 N t J 4 J m  

162ii55Y5UO. 
5 3 U 2 Q O U 7 2 .  

J O C L l ' r ' ) Y ?  
100 104992. 
10!250091J , 

139uc 125. 
1 3 0 G 5 0 04 . 

1UGG74Y92. 
15OCOOOO. 
b C ~ c ~ ~ C 0 .  
3 1000c00 . 
50i10000. 
7 7  150 0 00 
11900000. 

120000000. 

i g c c a c c o o .  

5OU53135UO. 

PROCUhEHENT 

155? 500 . 
5 5 2 5 O O O .  

14 B 0 5 C  0 3 ,  
2745U 1 G O .  

7 B b Q Q .  
3 545 d 9 6 ,  

3.) 0 0 3. 
1ocooor) .  

l d 3 C 0 0 .  
L O U Q  SUG . 
2 O M  G O O ,  
2 c 30 0 3 0 . 

2C95UlIG.  
372 509. 

1525COOOO. 
113s7u992. 

2 8 63 5 00. 
22403~992. 
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TABLE 10 .10:  SUMMARY OF B A S E L I N E  CASE 

TOTAL DIRECT N O N - R E C U R R I N G  COST ~S10732580909 .  
TOTAL DIRECT R E C U R I ~ I N G  CCST =t  i o o o m 0 2 0 .  

lOTAL DXRECI P B O D U C T I G U  MASS ( K C )  = 9rt48325. 
TOTAL D I R E C T  PROOUCTICN POWER (KY) 232489 . 
T O T A L  OIHECT P I i C D U C ' I I C l  CREY 3 216, P E C P L E  

TOTAI SIP CREY = 433. 

CREW TRANPPORT C O S T = $  77918080. COESUHABLES COST- lallUO430 

CREY T R A I N I E G  COSTS -4 21643920. 
SUPEC6T CnLY M A G E S  =$ 65153S04. 
SUPPCBT EXPENDABLES T h A H S P C R l  C C S T  =$ o m  

CREW T R A N S P O E T  !¶ASS = 173151.  KG, CONSUHABLE M U S  0 1311400 KG 

HABITAT HASS (KG) = 1315950. 
H A E I T A T  POWER (KW) f 3896.  
R C C  AND PROCUEEWS'I  CCSl OF H A B I Z A T  ($) * 5085946880 
TRANSPORT COST OP HABITAT (bJ  = 131594992. 
POUER COW OF IIABITA'I ($1 = i i 6 a m  17. 
N O N A E C U P S X I G  COST OF I O N P R O D U C T I O U  SIP a$ 5 0 0 0 0 0 0 0 ~  

TOTAL S I €  LlASS (KC) 15138126. 
TOTAL SHP PCWER I W W )  0 2 9 7 3 6 5 ,  

CY,? SUPPOGT T R A N S P O R T  QST ~ S 2 0 ~ 6 ~ ~ ~ ~ 0 m  
SIP SUPPOllT POWED CCST P S  2000000. 

SETUP COSTS =s 3086~10. Foa 80 PEOPLB 

a f s s J s s 3  DXRECT C O S T S :  NONRICURRIYG =si073ma900. ,  RECURBIWS -S 1000278020. 

S3bSSS3 I PDXRECT C O S T S :  NONRTCU 88IlG US 907963392.. RBCURRfWG =% 177629536. 

$ S S S $ i t S  SWP L I F E  CPCLL COSTS-$  2167OU86000. 

tsstssss DISCOUNTED AVEBAGE SPS coszas ioe3szuioo. 



T h e  "bottom l i n e "  o f  the b a s e l i n e  c a s e  i s  a n o n r e c u r r i n g  

C o s t  o f  $ 1 1 , 6 b i l l i o n ,  w i t h  a r e c u r r i n g  c o s t  o f  $ 1 . 2  b i l l i o n  

pe r  y e a r  a t  a product ion  r a t e  o f  1 SPSIyear .  I t  s h o u l d  3e 

emphasized t h a t  t h i s  c o s t  per  SPS i s  o n l y  f o r  o p e r a t i o n s  a t  

the  SMF, and does n o t  t a k e  i n t o  account  t h e  mining, r e f i n i n g ,  

and f i n a l  assembly s t a g e s  o f  p roduc t ion ,  nor does i t  i n c l u d e  

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

W i t h  t h e  excep t ion  o f  s o l a r  c e l l  manufac ture ,  the c o s t  o f  

products  from the SMF a r e  o f  t h e  same o r d e r  a s  t h o s e  e s t i m a t e d  

p r e v i o u s l y  f o r  t e r r e s t r i a l l y  manufactured components. In the 

case o f  t h e  s o l a r  c e l l s ,  an o r d e r  o f  magnitude r e d u c t i o n  i n  

c o s t s  appears  p o s s i b l e  due t o  t h e  f a v o r a b l e  e f f e c t s  o f  t h e  

space  environment.  These i n c l u d e  t h e  ready a v a i l a b i l i t y  of  

low c o s t  power, t h e  vacuum environment which a l lows  use  o f  

t h e  low c o s t  vapor d e p o s i t i o n  t echn iques ,  a n d  t h e  i n t e g r a t e d  

f a c i l i t y  w i t h  a l l  p rocesses  c o l o c a t e d  ( t h u s  avoidirrg r e h e a t -  

i n s  t h e  i n t e r m e d i a t e  products  between product ion  s t e p s ,  a n d  

i n t e r m e d i a t e  p a c k a g i n g  a n d  t r a n s p o r t a t i o n  c o s t s ) .  P o s s i b l e  

sou rces  o f  c o s t  v a r i a t i o n s  could be the c o s t  o f  ground s u p p o r t  

( n o t  inc luded  h e r e ) ,  p o s s i b l e  i n c r e a s e s  i n  R & D a n d  procure-  

ment c o s t s  above t h o s e  l i s t e d  i i i  T a b ? e  1 0 . 4 ,  a n d  l a c k  o f  ex- 

perimental  v e r i f i c a t i o n  o f  t h e  e f f i c i e n c i e s  o f  vapor depos i t ed  

s o l a r  c e l l s .  The b a s e l i n e  c o s t  e s t i m a t e  does ,  however, demon- 

s t r a t e  t h a t  a space m a n u f a c t u r i n g  f a c i l i t y  could o p e r a t e  com- 

10.21 



p e t j t i v e l y  w i t h  e a r t h  m a n u f a c t u r i n g .  The r e q u i r e d  crew t o  

o p e r a t e  t h e  b a s e l i n e  SMF i s  433 peop le .  

With t h e  r e s u l t s  f rom t h e  basel . ' *e ,  i t  i s  i n t e r e s t i n g  t o  

do a v a r i a t i o n  o f  pa ramete rs  a n a l y s i s  t o  f i n d  s o l u t i o n  sen- 

s i t i v i t y .  F i g u r e  10.1 shows t h e  e f f e c t  o f  n o r m a l i z e d  f a i l u r e  

r a t e  on t h e  crew s i z e  o f  t h e  SMF. The n o r m a l i z e d  f a i l u r e  or 

d u t y  c y c l e  f o r  each machine o r  p r -  s p r i n t e d  o u t  i n  t h e  

program o u t p u t  g i v e n  i n  t h e  App )r  example t h e  base 

case d u t y  c y c l e  f o r  t h e  s o l a r  c e l l  f a c t o r y  i s  96.2%. The 

a b c i s s a  o f  t h i s  graph i s  t h e  l o g  o f  t h e  f a i l u r e  r a t e ,  n o r -  

m a l i z e d  t o  the  b a s e l i n e  component f a i l u r e  r a t e s .  T h e r e f o r e ,  

-1.0 r e p r e s e n t s  a system i n  w h i c h  i n d i v i d u a l  components a r e  

t e n  t i m e s  l e s s  l i k e l y  t o  f a i l ,  whereas 1.0 i s  a sys tem w i t h  

components t e n  t i m e s  more l i k e l y  t o  m a l f u n c t i o n .  I t  can be 

seen t h a t  crew s i z e  i n c r e a s e s  r a p i d l y  w i t h  i n c r e a s i n g  f a i l u r e  

r a t e s .  The d i f f e r e n c e  i n  t h e  tw:, c u r v e s  ("human" vs.  " a u t o -  

mated" r e p a i r )  r e f e r s  t o  a t r a d e o f f  between r e p a i r  o p t i o n s  

2 and 4 i n  t h e  s a ' a r  c e l l  f a c t o r y ;  t h a t  i s ,  whe the r  t h e  p a r t s  

r e p l a c e d  by t h e  c r a w l e r  a r e  r e p a i r e d  by p e o p l e  or automated 

r e p a i r  mach ine ry .  Al l  o n - s i t e  work i n  t h e  s o l a r  c e l l  f a c t o r y  

i s  s t i l l  per formed r e m o t e l y ;  a l l  r e p a i r  i n  t h e  components f a c -  

t o r y  i s  done m a n u a l l y  i n  e i t h e r  case. The r e s u l t s  shown h e r e  

i n d i c a t e  t h a t  i t  i s  b - t t e r  t o  automate t h e  r e p a i r  shop, a l -  

though t h e  d i f f e r e n c e  i n  crew r e q u i r e m e n t s  i s  t i o t  l a r g e .  

10.22 
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F i g u r e  10.2 shows t h e  same v a r i a t i o n  i n  component duty 

c y c l e s ,  t h i s  t i m e  p l o t t e d  a g a i n s t  n o n r e c u r r i n g  and r e c u r r i n g  

c o s t s .  One assumpt ion  used i n  t h e  program i m p l e m e n t a t i o n  can  

be c l e a r l y  seen i n  t h i s  f i g u r e :  t ha t  t h e r e  i s  an i n t e r -  

r e l a t i o n s h i p  between equipment  r e l i a b i l i t y  and i n i t i a l  ( R  & 0 

and p rocu remen t )  c o s t .  A s c a r c i t y  o f  d a t a  e x i s t s  w h i c h  i s  

a p p l i c a b l e  t o  t h i s  problem; and i n  t h e  f i n a l  a n a l y s i s ,  a l o g -  

l i n e a r  r e l a t i o n s h i p  between d u t y  c y c l e  and R & D and p r o -  

curemerit  c o s t s  was assumed. Thus, for t h e  b a s e l i n e  case o f  

h i g h  t e c h n o l o g y ,  R i3 0 c o s t s  was $20000/kg,  and p rocu remen t  

c o s t  was $2000/kg. I f  t h e  component d u t y  c y c l e  v a r i e d  f rom 

99% t o  99.9% ( 1 0  t i m e s  l e s s  l i k e l y  t o  f a i l ) ,  t h e  i n i t i a l  

c o s t s  a l s o  v a r i e d  by a f a c t o r  o f  10, t o  $200,00O/kg and 

$?0000 /kg ,  r e s p e c t i v e l y .  S i m i l a r l y ,  a v a r i a t i o n  i n  t h e  

b a s e l i n e  d u t y  c y c l e  down t o  90% reduced  c o s t s  t o  $2OOO/kg 

and $200/kg. The e f f e c t  o f  a s i z a b l e  change i n  t h e  d u t y  c y c l e  

was t h e r e f o r e  e q u i v a l e n t  t o  i n c r e a s i n g  o r  d e c r e a s i n g  t b ?  e s t i -  

mated t e c h n o l o g y  l e v e l  s f  t h e  component. The e f f e c t s  o f  t h i s  

assumpt ion  a r e  evident:, t h e  c u r v e s  i n  F i g .  1 0 . 2 .  

F i g u r o  10 .3  expands t h e  s c a l e  o f  t h e  o r d i n a t e ,  f o r  a 

b e t t e r  v i e w  o f  t h e  t r e n d s  o f  n o n r e c u r r i n g  c o s t s .  A t  l o w e r  

f a i l u r e  r a t e s ,  t h e  equipment has h i g h e r  i n i t i a l  c o s t s .  H o w -  

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

machine decreases,  b u t  t h e  number o f  machines mus'l i n c r e a s e  

t o  keep p r o d u c t i o n  levels c o n s t a n t  w i t h  t h e  now i n c r e a s e d  down 
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t e d  

t ime.  The re fo re ,  a n  o p t i m u m  f a i l u r e  r a t e  e x i s t s :  0 :  a p p r o x i -  

matnly f o u r  t imes t i , e  b a s e l i n e  component f a i l u r e  r a t e ,  t h e  

t r a d e o f f  bctween i n i t i a l  c o s t  per machine a n d  number o f  machines 

r e s u l t s  i n  a m i n i m u m  nonrecu r r ing  c o s t  o f  a b o u t  $7.2 b i l l i o n ,  

compared t o  a b a s e l i n e  nonrecur r ing  c o s t  o f  $ 1 1 . 6  b i l l i o n .  

S i m i l a r l y ,  F i g u r e  1 0 . 4  s i16 ; :s  t h e  r e l a t i o n s h i p  between 

r e l i a b i l i t y  a n d  number o f  machines f o r  t h e  r e c u r r i n g  c o s t s .  

I n c r e a s i n g  f a i l u r e s  c r e a t e s  i n c r e a s i n g  r c b a j r  c o s t s .  Decreas- 

i n g  f a i l u r e s  should dec rease  r e p a i r  c o s t s ,  b u t  a l l  machines 

have a non-zero m i n i m u m  maintenance reSuirernent ,  a n d  d s  t h e  

procurement c o s t  i n c r e a s e s ,  5 0  does t h e  c o s t  o f  s p z r e  p a r t s .  
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F I G U R E  10.4 

A min imum r e c u r r i n g  c o s t  c o i n c . i d e n t l l y  o c c u r s  a t  a f a i l u r e  

r a t e  a b o u t  t h a t  O f  t h e  b a s e l i n e  a s s u m p t i o n s  o f  r e l i a b i l i t y ,  

A l t h o u g h  s e v e r a l  man-years  ( a n d  CPU-days) o f  e f f o r t  c o u l d  

b e  s p e n t  i n  f u r t h e r  v a r i a t i o n  o f  pa ran le te rs  s t u d i e s ,  t w o  b a s i c  

c o n c l u s i o n s  come o u t  o f  t k i s  c o s t i n g  a n a l y s i s .  The f i r s t  i s  

t h a t  t h e  t o t a l  S M F  s y s t e m  c o s t s ,  d e r i v e d  f r o m  t h e  b e s t  e s t i -  

ma tes  o f  mach ine  c h a r a c t e r i s t i c s  as p r e s e n t e d  i n  t h e  b a s e l i n e  

S M F  d e s i g n ,  a r e  $11.6 b i l l i o n  f o r  n o n r e c u r r i n g ,  and $1.2 b i l i i o n  

p e r  y e a r  f o r  r 2 c u r r i n g  c o s t s .  These c o s t s  a r e  c o m p e t i t i v e  

w i t h  g round-based  p r o d u c t i o n  o f  t h e  same p r o d u c t ,  one  s o l a r  
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power s a t a l l i t e . p e r  yea r .  

assumed r e l a t i o n  between nonrecur r ing  p a r t s  c o s t s  and re- 

l i a b i l i t y ,  optimum f a i l u r e  rates exist  which r e s u l t  i n  m i n i m u m  

n o n r e c u r r i n g  and r e c u r r i n g  costs .  However, these minima 

g e n e r a l l y  do n o t  occur  a t  the  same f a i l u r e  r a t e .  

t r adeof f  s t u d y  between i n i t i a l  and y e a r l y  c o s t s  1s necessary. 

T h e  second i s  t h a t ,  based on an 

A fur ther  

The l i f e  c y c l e  c o s t s  f o r  t he  SHF producing one SPS p e r  

year f o r  twenty y e a r s  a t  a d i s c o u n t  r a t e  o f  10% fo l lows  d i r e c t -  

l y  from F ig .  10.2 and i s  shown i n  F i g .  10.5. Again, i t  m u s t  be  

emphasized t h a t  these a r e  SKF i n c u r r e d  c o s t s  and do n o t  i n c l u d e  

?,ither t h e  l u n a r  base  o r  t e r r e s t r i a l  f a c i l i t i e s  such a s  the rec- 

tenna  a;td d i s t r i b u t i o n  system, a s  well a s  o p e r a t i n g  c o s t s  f o r  

these f a c i l i t i e s .  

F i n a l l y ,  i t  must be emphasized t h d t  i c z t  e s t i m a t e s  o f  

f u t u r e ,  and s p e c u l a t i v e ,  space  cys t ens  m u s t  i n e v i t a b l y  b e  basea 

on a h i g h  de9 ree  o f  u n c e r t a i n t y .  In t h i s  s e c t i o n  t h e  s t u d y  

group has  a t tempted  t o  demonst ra te  t h e  e f f e c t s  of  va ry ing  one 

o f  ?he parameters  which h a s  t h e  g r e a t e s t  degree  o f  u n c e r t a i n t y :  

f a i l u r e  r a t e  o f  equipment a n d  hence machine d u t y  c y c l e .  I t  5s 

of  course  p o s s i b l e  t o  conduct  s i m i l a r  parameter  v a r i a t i o l ?  

a n a l y s e s  w i t h  o t h e r  o f  t h e  many s e n s i t i v e  parameter: o f  t h e  

system, such a s  t r a n s p o r t a t i o n  C C ~ ~ S ,  p r o d u c t i v i t y  o f  l a b o r  

i n  s p a c e ,  and t h e  many f a c t o r s  d i scussed  i n  Chapters  1 2  a n d  13;  

however t h e  abr,ve example i s  s u f f i c i e n t l y  i l l u s t r a t i v e  o f  t h e  
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s e n s i t i v i t y  o f  c o s t s  t o  t h e  assumptions used i n  t h f s  ana lys ts .  

Another  a rea  o f  u n c e r t a i n t y  i n v o l v e s  t h e  c o s t  o f  dewelop- 

i n g  t h e  spec ia l i zedequ ipment  for t h e  SWF. Th is  c o s t  i s  covered 

partly by t h e  R 8 0 c o s t i n g  b a s e l i n e  o f  Tab le  10.4 and p a r t l y  

by an a d d i t i o n a l  process development and systems i n t e g r a t i o n  

c o s t  ass igned t o  each o f  t h e  s i x t y  processes which make up t h e  

SRF. These c o s t s  were ass igned even t o  a wel l  e s t a b l i s h e d  

process on t h e  assumption t h a t  space r a t i n g  would add new 

o p e r a t i o n a l  c o n s t r a i n t s  r e q u i r i n g  f u r t h e r  development. The 

c o s t  f o r  each process i s  l i s t e d  i n  t h e  Appendix and v a r t e s  

from $10 x 10 

t u r i t y  o f  the process, 

6 6 t o  $100 x 10 depending on comp lex i t y  and ma- 

The ' lower  amount was a p p l i e d  t o  w e l l  

developed systems, t h e  upper l i m i t  t o  new and nove l  space 

o r i e n t e d  concepts.  

As  ment ioned p r e v i o u s l y  t h e  c o s t s  p resented  here  a r e  based 

on e x t e n s i v e  d i scuss ions  w i t h  3 r g a n i z a t i o n s  w e l l  acqua in ted  

w i t h  t h e  t e r r e s t r i a l  a p p l i c a t i o n  o f  m o s t  o f  t h e  processes used. 

However, i n  t h e  f i n a l  a n a l y s i s ,  t r a n s l a t i o n  o f  t h i s  c o l l e c t i v e  

exper ience t o  an o p e r a t i f i g  systems i n  space i s  a h i g h l y  sub- 

ject i : ,e process. D i f f e r e n t  exper iences and d i f f e r e n t  v i e w  

p c i n t s  w i l l  r e s u l t  i n  d i f f e r e n t  e s t i m a t e s  a s  t o  t h e  b a s e l i n e  

c o s t s .  I t  i s  hoped t h a t  t h e  degree o f  d e t a i l  used i n  d e f i n i n g  

t h e  SflF and i t s  many subsystems a s  w e l l  a s  t 5 e  f l e x i b i l i t y  

b u i l t  i n  t o  t h e  c o s t i n g  a l g o r i t h m s  w i ! !  a l l o w  readers  t o  a r r i v e  

a t  t h e i r  own conc lus ions  a s  t o  t h e  s y s t e m  c o s t s .  

The c o s t s  p resented  h e r e  shou ld  be cons idered as f i r s t  
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est imates  only,based on t h e  b e s t  a v a i l a b l e  i n f o r m a t i o n  and on 

as d e t a i l e d  a component breakdown as t i m e  p e r m i t t e d .  As such 

they i n d i c a t e  t h a t  t h e  proposed concept i s  an a t t r a c t i v e  

cho ice  f o r  t h e  manufacture o f  SPS, and probably other space 

hardware, worthy o f  f u r t h e r  i n v e s t i g a t i o n ,  



CHAPTER 11 

OPTIMUM B U I L D t ’ P  S C E N A R I O  

H a v i n g  d e r i v e d  a t o t a l  SMF s y s t e m  i n  t h e  p r e c e e d i n g  chap-  

t e r s ,  a n d  e s t i m a t e d  t h e  i n i t i a l  and y e a r l y  c o s t s  a s s o c i a t e d  

w i t h  i t , a s u f f i c i e n t  amount o f  i n f o r m a t i o n  e x i s t s  t o  examine  

v a r i o u s  o p t i o n s  i n  SMF d e p l o y m e n t .  The s e t u p  a n a l y s i s  i n  

Chap. 10 assumed one y e a r  o f  s p a c e  o p e r a t i o n s  b e f o r e  SRF i n i -  

t i a l  o p e r a t i o n a l  c a p a b i l i t y .  T h i s  seems e a s i l y  a c h i e v a b l e ,  

f r o m  Space Systems Lab e x p e r i e n c e  i n  s i m u l a t e d  w e i g h t l e s s  

assemb ly .  

However,  t h i s  t e c h n i c a l  f e a s i b i l i t y  does n o t  a u t o m a t i c a l l y  

i m p l y  p r a c t i c a l  f e a s i b i l i t y .  I t  i s  n e c e s s a r y  t o  c o n s i d e r  t h e  

SMF i n  t h e  c o n t e x t  of t h e  t o t a l  s y s t z m  o f  space  i n d u s t r i a l i -  

z a t i o n .  

I t  i s  u n l i k e l y ,  based  on t h e  r e s u l t s  o f  t h e  compan ion  

Genera l  Dynamics s t u d y  ( R e f .  1 1 . 1 )  t h a t  t h e  p o i n t - d e s i g n  SMF 

w o u l d  be  a s e r i o u s  c o n t e n d e r  f o r  f u n d i n g  u n t i l  a f t e r  SPS’s 

had  been b u i l t  fron! t e r r e s t r i a l  m a t e r i a l s .  I t  i s  c o n c e i v a b l e  

t h a t  t h e  S M F  m i g h t  b e  c o n s t r u c t e d  as a s i n g l e  u n i t ,  and  a : l  

SPS p r o d u c t i o n  s u d d e n l y  s w i t c h e d  o v e r  t o  n o n t e r r e s t r i a l  ma te -  

r i a l s ;  i t  i s  much more  l i k e l y  t h a t  s p a c e - m a n u f a c t u r e d  compo- 

n e n t s  w o u l d  be s l o w l y  phased i n t o  S P S  c o n s t r u c t i o n ,  and a 

g r a d u a l  change form t e r r e s t r i a l  t o  o o n t e r r e s t r i , q l  m a t e r i a l s  

w o u l d  o c c u r .  The M I T  s t u d y  g r o u p  p r o p o s e d  t o  s t u d y  t h i s  l u n a r  

m a t e r i a l s  p h a s c - i n ,  u s i n g  a l i n e a r  p rog ram o p t i m i z a t i o n  t e c h n i q u e .  
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Each element o f  the  SMF can be c h a r a c t e r i z e d  simply by 

three parameters :  t h e  non- recu r r ing  c o s t  o f  the e lement ,  

the product ion  c o s t  o f  one SPS s h t p - s e t  o f  o u t p u t s  f rom the  

element, and a f r a c t i o n  o f  SPS components w h i c h  t h e  e lement  

s u p p l i e s .  For example, t h e  SMF c a n  e a s i l y  be broken down i n t o  

a s o l a r  c e l l  f a c t o r y ,  a waveguide f a c t o r y ,  a k l y s t r o n  f a c t o r y ,  

and a components ( l a r g e l y  s t r u c t u r a l  p a r t s )  f a c t o r y .  Although 

commonality between t h e s e  f a c t o r i e s  i s  e x p l o i t e d  i n  t h e  MIT 

b a s e l i n e  SPIF, minimal machine d u p l i c a t i o n  would :e n e c e s s a r y  

t o  s e p a r a t e  t h e  f a c t o r y  p rocesses .  Each f a c t o r y  would have 

i t s  own i n i t i a l  and  r e c u r r i n g  c o s t s  and would s u p p l y  a c e r t a i n  

f r a c t i o n  o f  t h e  SPS. An opt imal  b u i l d - u p  o f  t h e  S M F  might 

have an e a r l y  swi tch  t o  space-produced s o l a r  c e l l s  (due  t o  

t h e  a v a i l a b i l i t y  o f  t h e  low-cost  vapor d e p o s i t i o n  p r o c e s s ) ,  

fol lowed by components, waveguides,  a n d  f i n a l l y  b y  h igh- tech-  

nology k l y s t r o n  components b u i l t  i n  space .  T h e  r e d u c t i o n  

i n  c o s t  o f  tire SMF w i l l  be t h e  motive f o r  l e a d - i n  o f  space  

manufactur ing;  t h e  gradual  phasing i s  due t o  t h e  advantage  o f  

delayed e x p e n d i t u r e s  i n  d i scoun ted  c o s t s ,  and t h e  use  of  e a r l y  

SPS power s a l e s  t c  pay f o r  l a t e r  f a c t o r y  developments.  

The o p t i m i z a t i o n  t echn ique  used f o r  t h i s  s t u d y  w a s  l i n e a r  

p r o g r a m m i n g .  This t echn ique  i s  o f t e n  used f o r  o p t i m i z a t i o n  o f  

manufactur ing systems w h e r e  o u t p u t  c o s t s  can be i o y s i d e r e d  t o  

s c a l e  l i n e a r l y  w i t h  p l a n t  size. Those n o t  f a m i l i a r  w i t h  l i n e a r  

programming a r e  r e f e r r e c  t o  some o f  t he  s t a n d a r d  t ex tbooks  on 
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systems o p t i m i z a t i o n ,  such a s  Ref. 11 .2 .  

As a means o f  v e r i f y i n g  t h e  implementat ion o f  t h i s  t e c h -  

n ique ,  a s i m p l e r  problem was f i r s t  ana lyzed:  t o  choose between 

ground-based conven t iona l ,  ea r th - sourced  SPS,  and n o n - t e r r e s -  

t r i a l  SPS g e n e r a t i n g  sys tems,  w i t h  t h e  o b j e c t i v e  f u n c t i o n  t o  

maximize d i scoun ted  n e t  income. 

Each system was c h a r a c t e r i z e d  by a nonrecur r ing  c o s t  . 

( n e c e s s a r y  f o r  the use  of the  sys t em) ,  a n d  a n  o p a r a t i n g  c o s t  

per S P S  o r  per SPS-sized ground e q u i v a l e n t  system. One  

hundred primal v a r i a b l e s  were t h u s  d e f i n e d :  y e a r l y  i n v e s t -  

ment i n  e a r t h  a n d  l u n a r  nonrecur r ing  c o s t s ,  and y e a r l y  i n -  

vestment i n  e a r t h  an3 l u n a r  S P S  a n d  g r o u n d  power p l a n t s ,  f o r  

a 20-year o p e r a t i o n a l  pe r iod .  ( I t  was assumed t h a t  a l l  R t 0 

h a s  been r e tu rned  on g r o u n d  pawer 'systems, such a s  coal  a n d  

f i s s i o n ) .  The o b j e c t i v e  func t ion  was t o  maximize n e t  p r o f i t s ,  

measured a s  r e t u r n  from pcwer p l a n t i ;  m i o u s  inves tment  i n  

b u i l d i n g  a n d  R & D .  The o b j e c t i v e  f u n c t i c n  inc luded  a 10% 

d i s c o u n t  r a t e ,  t h u s ,  t h e r e  w a s  economic advantage i n  ach iev-  

i n g  immediate r e t u r n s  a n d  d e f e r r i n g  e x p e n d i t u r e s .  I t  was 

f e l t  t h a t  th:. :~ptimum w o u l d  p r o b a b l y  involve  a p rog res s ion  

f rom ground-based t o  t e r r e s t r i a l  S P S  t o  n o n t e r r e s t r i a l  S P S ,  

a s  income suppor ted  f u r t h e r  inves tment .  A y e a r l y  b u d g e t  

l i m i t a t i o n  o n  o u t s i d e  c a p i t a l  e n i e r i n g  t h e  system w a s  a l s o  

inc luded .  
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The computer program used i s  l i s t e d ,  t o g e t h e r  w i t h  t h e  

t a b l e a u  m a t r i x  l i s t e d  and so lved, ' in  t h e  Appendix. Because 

o f  l i m i t a t i o n s  i n  t h e  s tandard  l i n e a r  program fo rmu la t i on ,  

t h e  program i n  i t s  p resen t  fo rm i s  n o t  capable o f  f i n d i n g  an 

! 

o p t i m a l  s o l u t i o n  which i n c l u d e s  t h e  c o n s t r a i n t  t h a t  a l l  t h e  

R 8 D c o s t s  a r e  expended b e f o r e  a system i s  used. Th is  

f a c t o r ,  and o t h e r  non l i n e a r  e f f e c t s  such as t h e  need t o  

i n c l u d e  e x i s t a n c e  v a r i a b l e s  r e c o g n i z i n g  when no c o s t s  a r e  

accrued due t o  non-use o f  a system, r e q u i r e s  a d d i t i o n a l  r e -  

f o r m u i a t i o n  o f  t h e  o f  t h e  problem,which i s  beyond t h e  scope 

o f  t h e  p resen t  c o n t r a c t .  The development o f  t h e  progran; i s  

however c o n t i n u i n g  under separa te  funding,and c o n s i d e r a t i o n s  

w i l l  a l s o  be g iven  t o  t h e  use o f  t h e  more complex i n t e g e r  or 

dynamic programing techniques f o r  c i r c u m v e n t i n g  t h e  r e s t r i c -  

t i o n s  i n h e r e n t  i n  l i n e a r  programming. 
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TECHNOLOGY E V O L  UT I O M  P R O G R A M  

12.1: G E N E R A L  R E M A R K S  

T h i s  c h a p t e r  d e s c r i b e s  t he  r e s e a r c h  a n d  development s t e p s  

r e q u i r e d  t o  e s t a b l i s h  t h e  technology f o r  t h e  r e f e r e n c e  Space 

Manufactur ing F a c i l i t y .  Although t h i s  program i s  keyed t o  t h e  

proposed r e f e r e n c e  SMF, i t  s e r v e s  a s  a u se fu l  example o f  t h e  

s c a l e  a n d  scope  o f  R & 0 r e q u i r e d  f o r  an SMF, a n d  many o f  the 

s t e p s  desc r ibed  w o u l d  be sha red  by o t h e r  SMF d e s i g n s .  

The technology e v o l u t i o n  p r o g r a n i  i s  a c t u a l l y  a s e t  o f  

p a r a l l e l  programs. As d e s c r i b e d  i n  Chap. 6 ,  t h e  r e f e r e n c e  

SMF can b e  c o n c e p t u a l l y  s e p a r a t e d  i n t o  t h e  s e c t i o n s  presented  

i n  F i g .  6 . 2 ,  a n d  rPpe?ted  here  i n  F i g .  12 .1 .  E a c h  s e c t i o n  

r e q u i r e s  i t s  ov,n technology e v o l u t i o n  program. 

I R  g e n e r a l ,  t h e s e  p a r a l l e l  programs have on ly  m i n o r  e f -  

f e c t s  Dn each o t h e r ;  f o r  example, t h e  development of  wave- 

guide  product ion  technology has l i t t l e  e 'ect  on r e s e a r c h  i n t o  

fu rnaces  a n d  c a s t e r s ,  a n d  v i c e - v e r s a .  Even those  s e c t i o n s  

w h i c h  r e c e i v e  products  from o t h e r  s e c t i o n s  c a n  have s e p a r a t e  

techn?;ogy e v o l u t i o n .  F o r  example, t h e  r ibbon a n d  s h e e t  oper -  

a t i o n s ,  w h i c h  begin w i t h  a r o l l i n g  p r o c e s s ,  a r e  l i t t l e  a f f e c t e d  

by t h e  product ion techniques  f o r  t h e  i n p u t  s l a b s .  However, 

i f  r e sea rch  on meta ls  fu rnaces  a n d  c a s t e r s  i n d i c a t e s  t h a t  t h e  

product ion o f  s l a b s  i s  e x c e s s i v e l y  d i f f i c u l t ,  t h e n  t h e  r fbbon 

a n d  s h e e t  o p e r a t i o n s  must b e  modified t o  use d i f f e r e n t  i npu t s  
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( e . g .  v a p o r - d e p o s i t e d  s h e e t ) .  T h e r e f o r e  t h e  t e c h n o l o g y  

e v o l u t i o n  p r o g r a m s  for  t h e  SMF s e c t i o n s  c a n  b e  s e p a r a t e  p ro -  

v i d e d  t h a t  t h e  v a r i o u s  i n p u t s  c a n  o u t p u t s  b e t w e e n  s e c t i o n s  

r e m a i n  e f f e c t i v e l y  u n c h a n g e d  ( i . e .  a n y  c h a n g e s  d o  n o t  s i g -  

n i f i c a n t l y  a f f e c t  s u b s e q u e n t  o p e r a t i o n s ) .  

T h i s  s e p a r a t i o n  o f  t e c h n o l o g y  e v o l u t i o n  p r o g r a m s  shcl f i t ld 

n o t  l e a d  t o  d u p l i c a t i o n ,  h o w e v e r .  A n u m b e r  of SMF sc : t ; ?ns  

s h a r e  p r o c e s s e s  ( t h o u g h  n o t  e q u i p m e n t ) ,  a n d  R ?I D o n  t h e s e  

p r o c e s s e s  s h o u l d  b e  i n t e g r a t e d .  F o r  e x a m p l e ,  e 1 e c t r c ; i  beam 

guns  a r e  u s e d  i n  a w i d e  v a r i e t y  o f  a p p l i c a t i o n s  a t  t h e  r e f e r -  

e n c e  SMF: w e l d i n g ,  c u t t i n g ,  v a p o r i z a t i o n ,  r e c r y s t a l l i z a t i o n .  

B a s i c  r e s e a r c h  o n  s l e c t r o n  beam guns  c a n  t h e r e f o r e  b e  a p p l i e d  

t o  a l l  t h e s e  o p e r a t i o n s .  T h i s  c o m m o n a l i t y  o f  e q u i p m e n t  was 

c o n s i d e r e d  an  a d v a n t a g e  i n  t h e  c h o i c e  o f  r e f e r e n c e  S M F  p r o -  

c e s s e s  ( s e e  Chap. 5). 

W h i l e  t h e  t e c h n o l o g y  e v o l u t i o n  p r o g r a m s  f o r  t h e  v a r i o u s  

s e c t ' o n s  c f  t h e  Sr?F c a n  p r o c e e d  s i m u l t a n e o u s l y ,  t h i s  i s  i n  

g e n e r a l  n o t  t r u e  o f  t h e  R & 0 s t e p s  w i t h i n  e a c h  p r o g r a m .  F o r  

m o s t  s e c t i o n s  o f  t h e  S M F ,  t h e  t e c h n o l o c ; ]  e v o l u t i o n  f o r  a g i v e n  

s e c t i o n  i s  a s e q u e n c e  o f  r e s e a r c h  s t e p s ,  e a c h  o f  w h i c h  p r o -  

v i d e s  i n f o r m a t i o n  a n d  l e a d s  t o  a d e c i s i o n  b e t w e e n  a l t e r n a t i v e  

p r o c e s s e s  o r  e q u i p m e n t  d e s i g n s  o r  o p e r a t i n g  p r o c e d u l  , D S .  Thus 

t h e  i n f o r m a t i o n  d e v e l o p e d  i n  t h e  e a r l y  s t e p s  has  a s i g n i f i c a n t  

i m p a c t  o n  t h e  l a t e r  r e s e a r c h  i n  t h e  p r o g r a m .  T h e r e f o r e  t h e  

u c c e r t a i n t y  i n  t h e  d e f i n i t i o n  c f  t h e  p r o g r a m s  i n c r e a s e s  t h r o u g h  

s u c c e s s i v e  R 8 D s t e p s .  
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The d e t  ‘ I s  o f  t h e  t e c h n o l o g y  e v o l u t i o n  p rog rams  c a n  a l s o  

b e  a f f e c t e d  by  r e s e a r c h  i n  a r e a s  o t h e r  t h a n  t h e  SMF. F i r s t  i n -  

v e s t i g a t i o n s  i n  o t h e r  a s p e c t s  o f  space  i n d u s t r i a l i z a t i o n  (e.g.  

l u n a r  r e f i n i n g ,  t r a n s p o r t a t i o n ,  SPS d e s i q n )  c a n  change t h e  s p e c i -  

f i c a t i o n s  o f  i n p u t s  and o u t p u t s  o f  t h e  SMF. 

Seccnd, t h e  SMF t e c h n o l o g y  e v o l u t i o n  p r o g r a m  c a n  b e n e f i t  

f r om r e s e a r c h  done on  r e l a t e d  i n d u s t r i a l  p r o c e s s e s  on  E a r t h .  F o r  

example ,  t h e  s t u d y  g r o u p  a n t i c i p a t e s  t h ? :  t h e  n e x t  t e n  y e a r s  will 

see  i n t e n s i v e  r e s e a r c h  o n  l a r g e - s c a l e  p r o d u c t i o n  o f  s e m i c o n d u c t o r  

m a t e r i a l s  and s o l a r  c e l l s .  A l t h o u g h  t h e  f u n d a m e n t a l  d i f f e r e n c e s  

be tween  t h e  d e s i g n  e n v i r o n m e n t s  i n  space and  on  E a r t h  s u g g e s t  

t h a t  much o f  t h i s  r e s e a r c h  w i l l  n o t  be  i l p p l i c a b l e  t o  s p a c e  p r o -  

cesses ,  t h e  SYF t e c h n o l o g y  e v o l u t i o n  p r o g r a m  c a n  b e n e f i t  g r e a t l y  

f r o m  t h e  b a s i c  knowledge g a i n e d  i n  s o l a r  c e l l  p e r f o r m a n c e ,  

c r y s t a l l o g r a p h y ,  d o p i n g ,  and a r r a y  b u i l d u p .  The t e c h n i c a l  c h a l l e n g e  

t o  t h e  S M F  d e s i g n e r  w i l l  t h e r e f o r e  be t o  a p p l y  t h e  r e s u l t s  o f  

s o l a r - c e l l  p r o d u c t i o n  r e s e a r c h  on E d r t h  t o  t h e  d e v e l o p m e n t  o f  

space  precesses whenever  p o s s i b l e .  

The t e c h n o l o g y  e v o l u ?  . r. proy rams  f o r  t h e  i n d i v i d u a l  s e c t i o n s  

o f  t h e  SMF a - each s e p a r a t e d  i n t o  t h r e e  phases :  c o n c e p t u a l  

s t u d i e s ,  g r o u n d  e x p e r i m e n t s ,  and S h u t t l e  e x p e r i m e n t s .  The r e -  

s e a r c h  and deve lopmen t  t h e r e f o r e  ,-:ogresses f r o m  an e a r l y  g e n e r a l  

r e s e a r c h  p r o g r a m  on t h e  g r o u n d ,  i n c i u d i n g  v e r s a t i l e  p r o t o t y p e s ,  

t o  a m o r e  s p e c i f i c  deve lopmen t  e f f o r t  i n  t h e  S h u t t l e  u s i n g  more  

s p e c i a l i z e d  s p - . c o  hardware .  A t  t h e  c o n c e p t u a l  s t z y e ,  v a r i o u s  

o p t i o n s  f o r  S I l F  p r o c e s s e s  s h o u l d  b e  k e p t  open,  s i n c e  \.he e v e n t u a l  

s u c c e s s  o f  any one o p t i o n  cP l i no t  be q u a r a n t e e 3 .  F o r  example .  t h e  
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development o f  SMF fu rnaces  c o u l d  b e g i n  w i t h  s t u d i e s  o f  s e v e r a l  

f u rnace  o p t i o n s  ( c e n t r i f u g a l ,  i n d u c t i o n ,  gas -suspens ion )  i n c l u d i n g  

p o t e n t i a l  d e s i g n s  f o r  m u l t i p u r p o s e  f u r n a c e s  ( m u l t i - m a t e r i a l ,  o r  

m u l t i - i n p u t - s h a p e ) .  

A l t h o u g h  t h e r e  i s  no s h a r p  t r a n s i t i o n  between g e n e r a l  and 

s p e c i a l i z e d  R&D, each s t e p  i n  a t e c h n o l o g y  e v o l u t i o n  program a i m s  

a t  r e d u c i n g  t h e  number o f  o p t i o n s  t o  be  i n v e s t i g a t e d  f u r t h e r ,  so 

t h a t  t h e  comp le te  program w i l l  p roduce  f i n a l i z e d  equipment.  I t  

i s  d i f f i c u l t  t o  a n t i c i p a t e  a t  what s tages  d e c i s i o n s  between op- 

t i o n s  s h o u l d  be made, because each s t e p  can uncover  p rob lems  

w h i c h  may make t h e  p r e f e r r e d  o p t i o n s  unworkable.  The program 

t h e r e f o r e  r e q u i r e s  t h e  f l e x i b i l i t y  t o  r e t u r n  t o  an e a r l i e r  s t e p  

i f  d i f f i c u l t  problems develop.  F o r  example, i f  t h e  S h u t t l e  p r o -  

t o t y p e  f o r  an a l u m i n u m - n e l t i n g  f u r n a c e  demons t ra tes  u n f o r e s e e n  

problems,  t h e  t e c h n o l o g y  e v o l u t i o n  program s h o u l d  be f l e x i b l e  

enough t o  r e t u r n  t o  o t h e r  o p t i o n s  s t u d i e d  on t h e  ground,  and t o  

deve lop  an a1 t e r n a t i t , ?  space p r o t o t y p e .  

The example above a l s o  s u g g e s t s  t h a t  Si4F equipment  d e s i g n s  

s h o u l d  n o t  be f i n a l i z e d  b e f o r e  t e s t i n g  i n  space. U n l i k e  e a r l i e r  

space hardware development,  when t h e  d e s i g n  p h i l o s o p h y  aimed a t  

s e l e c t i o n  o f  o p t i o n s ,  c o n s t r u c t i o n  and t e s t i n g  a f  p r o t o t y p e s ,  

and f i n a l i z a t i o n  and f a b r i c a t i o n  o f  space ha rdware  b e f o r e  l a u n c h ,  

t h e  SMF development s h o u l d  t a k e  advantage o f  t h e  t r a n s p o r t a t : o n  

c o s t  r e d u c t i o n  a v a i l a b l e  f rom t h e  S h u t t ? e  t o  do i n - s p a c e  p r o t o -  

t y p e  t e s t i n g ,  even i f  t h e  p r o t o t y p e  i s  n o t  g u a r a n t e e d  t o  be 

s ~ j c c e s s f u l .  T h i s  f l e x i b i l i t y  i s  p a r t i c u l a r l y  i m p o r t a n t  f o r  t h e  
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R&D on SHF processes which use t h e  r e r o - g  env i ronment  t o  advantage 

or which a r e  s e r i o u s l y  a f fec ted  by  t h E  absence o f  g r a v i t y  (e.9. 

i n d u c t i o n  furnaces, zone r e f i n i n g ,  human opera t i ons ) .  For t h o s e  

processes, b a s i c  ques t i ons  of  f e a s i b i l i t y  may n o t  be answerable 

w i t h o u t  space exper iments.  

The techno logy  e v o l u t i o n  program i s  p resented  i n  the f o l l o w i n g  

s e c t i o c s  as a s e r i e s  o f  t a b l e s ,  each d e t a i l i n g  t h e  R1D s teps  f o r  

a s e c t i o n  of  t h e  r e f e r e n c e  SMF. 

q u e n t i a l ,  L e . ,  i n  most cases t h e  e a r l y  s teps  develop i n f o r m a t i o n  

use fu l  i n  d e f i n i n g  and e x e c u t i n g  t h e  l a t e r  ones. I n  some cases, 

c e r t a i n  R I D  s teps  can b e n e f i t  f rom hardware developed i n  o t h e r  

s teps .  For  example, t h e  t e s t i n g  of p r o t o t y p e  c a s t e r s  i n  t h e  

S h u t t l e  can use a p r e v i o t i s l y  developed p r o t o t y p e  m e t a l  f u r n a c e  

t o  feed  mol ten  inetal  t o  t h e  t e s t  a r t i c l e s .  

The o r d e r  of  t h e  s t e p s  i s  se- 

Most  o f  t h e  suggested S h u t t l e  exper iments and p r o t o t y p e s  

a r e  smal l  enough t o  f i t  w i t h i n  a Spacelab pay load ( i n  most cases, 

seve ra l  such exper iments c o u l d  f i t  i n  0p.e f l i g h t ) .  I n  f a c t ,  t h e  

in-space development a r t i c l e s  c o u l d  be f lown as i n t e a r a t e d  

m u l t i p u r p o s e  Spacelab miss ions.  The s tudy  group f e e l s  t h a t  t h e  

S h u t t l e  exper iments i n  t h e  technology e v o l u t i o n  program c o u l d  

be per formed w i t h  a s m a l l  number o f  f l i g h t s ,  a t  r e l a t i v e l y  l i t t l e  

c o s t .  A t  t h i s  l e v e l  o f  i n v e s t i g a t i o n ,  however, d e f i n i t i o n  o f  

such i n t e g r a t e d  payloads i s  d i f f i c u l t ,  s i nce  exper in ien ta l  r e -  

qu i rements and p r e f e r r e d  process o p t i o n s  a r e  unknown. 

Al though t h e  a n t i c i p a t e d  p r o t o t y p e s  can f i t  w i t h i n  a S h u t t l e  

p ;v load,  i n  some cases the  exper imenta l  requ i rements  s ~ y ~ e s t  a 
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permanent o r b i t a l  p la t fo rm.  S p e c i f i c a l l y ,  some p r o t o t y p e s  m i g h t  

r e q u i r e  s i z e a b l e  power i n p u t s  (such as f o r  furnaces, e l e c t r o n  

beam guns, l a s e r s ) .  These would t h e r e f o r e  b e n e f i t  from power 

sources parked i n  space, such as 25-kW o r  lGO-kH modules. S i m i -  

l a r l y ,  some of  these e n e r g y - i n t e n s i v e  p r o t o t y p e s  may r e q u i r e  l a r g e  

heat-waste systems, and c o u l d  t h e r e f o r e  b e n e f i t  f rom permanent 

c o o ? i n g  f a c i l i t i e s  and r a d i a t o r s .  

ments shou ld  b e  r u n  seve ra l  t imes w i t h  v a r i a t i o n  o f  exper imen ta l  

parametsrs.  Such exper iments could be l e f t  a t  an o r b i t a l  p l a t -  

form between s e t s  of  runs,  t o  a l l o w  r e t u r n  o f  o u t p u t  t o  E a r t h  

f o r  examinat ion  and a n a l y s i s ;  examples o f  such exper iments i n c l u d e  

s o l a r  c e l l  d e p o s i t i o n  processes and meta l  s o l i d i f i c a t i o n  processes. 

The o r b i t a l  p l a t f o r m  p a r k i n g  would a v o i d  repeated  S h u t t l e  

t r a n s p o r t a t i o n .  

F i n a l l y ,  some of  t h e  e x p e r i -  

The c v e r a l l  techno logy  e v o l u t i o n  orogram p resen ted  i n  t h e  

f o l l o w i n g  s e c t i o n s  d e t a i l s  t h e  REO r e q u i r e d  f o r  t h e  SMF, b u t  

- n o t  f o r  i t s  ou tpu ts ;  t h e  SPS o r  o t h e r  s a t e l l i t e  components p ro -  

duced by t h e  SYF would r e q u i r e  a separa te  tect.nology e v o l u t i o n  

program. The program desc r ibed  i n  t h i s  chap te r  produces a s e t  

o t  work ing  p r o t o t y p e s  o f  t h e  SRF hardware; i n  many cases, these 

p r o t o t y p e s  a r e  s m a l l e r  than t h e  SFlF des ign  components. The 

techno logy  c u t o f f  date i s  assumed t o  be  t h e  y e a r  1990. C o s t  

es t ima tes  f o r  R 8 C  a r e  d e t a i l e d  i n  Chapter 10. " L i n e  I t e m  Cost ing . "  

The s tudy  group aga in  emphasizes t h a t  t h e  f o l l o w i n g  d e s c r i p -  

t i o n s  a r e  keyed t o  t h e  r e f e r e n c e  S!lF, and t h a t  o t h e r  SFlF designs 

would r e q u i r e  d i f f e r e n t  R&D s teps .  Furthermore, t h e  d e s c r i p t i o n s  
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a l s c  assume t h a t  t h e  re fe rence SNF processes chosen i n  Chapter 5 

w i l l  be developed i n t o  space- ra ted  hardware. However, shoc'd 

t h e  chosen o p t i o n s  p rove  u n s a t i s f a c t o r y  a t  any p o i n t  i n  t h e  RQD 

procedure,  o t h e r  o p t i o n s  would be s u b s t i t u t e d ,  changing some o f  

t he  s teps  i n  t h e  development program, L i k e  t h e  r e f e r e n c e  SHF 

desfgn, t h e  techno logy  e v o l u t i o n  program desc r ibed  below i s  a 

p o i n t  des ign  i n  a v e r y  w ide  f i e l d  o f  a l t e r n a t i v e s .  

12.2: R&D: METALS FURHACES AND CASTERS 

Tab le  12.1 p resen ts  a l i s t i n g  o f  research  and development 

s t e p s  f o r  re fe rence SMF fu rnaces  and cas ters ,  The fu rnaces  are 

space-spec i f i c  des igns,  r e q u i r i n g  conceptua l  development. These 

p r e l i m i n a r y  des ign  e f f o r t s  shou ld  assess t h e  u s e f u l n e s s  o f  ground 

p r o t o t y p e s  f o r  furnaces,  i .e. t h e  e x t e n t  t o  which such p r o t o t y p e s  

can a c c u r a t e l y  model t h e  zero-g designs. Zero-g i s  expected t o  

reduce t h e  fu rnace masses cons ide rab ly ,  and v e r y  s m a l l  space 

p r o t o t y p e s  (e.g. 1 ton,  n o t  i n c l u d i n g  power s u p p l i e s  anL ' - . a t  

waste systems) s h o u l d  be p o s s i b l e .  Furnaces a l s o  r e q u i r e  develop-  

ment o f  r e f r a c t o r y  m a t e r i a l s  adapted t o  t h e  space environment.  

S i m i l a r l y ,  c a s t e r s  shou ld  b e n e f i t  f r m  mass r e d u c t i o n s  f n  

te ro -g ,  b u t  r e q u i r e  s p e c i a l i z e d  r e f r a c t o r i e s .  Thz c a s t e r s  a r e  

m o d i f i c a t i o n s  o f  e a r t h  des igns.  

The steps a r e  l i s t e d  i n  a t i m e  sequence f r o m  i n i t i a ?  con- 

cep ts ,  through design, ground p r o t o t y p e  t e s t i n g  t o  f i n a l  

e v a l u a t i o n  i n  a space environment.  

12 .8  



-- T A B L E  1 2 . 1 :  R 8 D: ME?,'.:: r i i i ihH iES A N D  C A S T E P S  

Ccnceptual studl. .b 

o f  furnace options 
To produce p ellminary designs o f  magnetic Induction, solar 
trough, sola, :Jaraboloid, and rotatlng furnaces. Includes 
geometric desibn and siring, statlc and dynamlc load pre- 

Refractory material 
tests 

uncertainty and required experlments, evsluatlon o f  operational 
safety, control requlrements and systems, cost estimates, bnd 
comparisons o f  furnace options. 

T o  establ ish experfmentally the tolerance o f  oandidate re- 
fractory materlals to molten metals and vacuum, bnd thelr 
thermal and magnetic propertles, There materials are for 
caslngs and molds In furnaces, pipellnes, contlnuoua casters, 
and large piece casters. Emphasls on long-life, structural 
materials. 

Metal solidification 
experiments 

Continuous caster 
des I gn 

-- 
lo investigate the material mlcrostructure and pro ertles 

metals and alloys I n  various casters. Development o f  re- 
lationships between castlng parameters (mold shapes, thermal 
proflles, Injection pressures, thermal conductivity o f  mold 
mold materlal , alloy com9osltion) and propertles (atructuraf, 
thermal, mognetlc, electric) o f  cast output. Probably requlres 
several sets o f  experlments, 

T o  produce a prelimlnsry deslgn o f  a spsce-speclfic contlnuour 
caster for A1 and A1 alloy, based on earth designs, the metal 
solldificotlon experinents, and t h e  refractory material tests. 
Includes gecmetric design and slzfng, structural design, choice 
of materials, cooling system deslgn, thermal proflles, output 
handllng systems, automatic monitoring and control equlpment, 
c s t f n a t i o n  o f  maintenance, repair, logistlcs, and costs evalua- 
tion o f  operatlonal safety and technical UnCert0fnty, 

resvltlng from solldlficatlon in zero-g, speclflca P ly f o r  
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N 

0 

C--------t-;bdevelop P r o t c t y p e  f u r n a c e s  u s e f u l  g round p r o t o t y p e s  0 4  s e l e c t e d  f u r n a c e  o p t i o n s  , 
i f  t h e  z e r o - g  e f f e c t s  can be a d e q u a t e l y  modeled o r  accoun ted  
f o r  ( o t h e r w l s e  space p r o t o t y p e s  a r e  required). 

P r o t o t y p e  c a s t e r s  To d e v e l o p  u s e f u l  g round p r o t o t y p e s  o f  t h e  c o n t l n u o u s  C a s t e r ,  
d i e  c a s t e r s ,  and l a r g e - p i e c e  c a s t e r ,  I f  t h e  z e r o - g  e f f e c t 8  can  
be a d e q u a t e l y  modaled o r  accoun ted  f o r  ( o t h e r w l s e  space 
p r o t o t y p e s  a r e  r e q u 4 r e d ) .  

Space p r o t o t y p e s  of  To deve lop  and l n t e g r n t e  s p a c e - r a t e d  fu rnaces ,  p l p e l i n e s  pumps, 
fu rnaces  and c a s t e r s  c o n t i n u o u s  c a s t e r s ,  d l e  c a s t e r s ,  and l a r g e - p i e c e  c a s t e r  ( c a s t e r s  

can be i n t e g r a t e d  t o  f u r n a c e s  and p i p e s  one a t  a t l m r ) .  7114; 
e f f o r t  may r e q u i r e  s t e p w l s e  v e r i f i c a t i o n  of' f u r n a c e s ,  t h e n  cas -  
t e r s ,  w i t h  f u r n a c e s  f l o w n  s e v e r a l  t i m e s  o r  p a r k e d  i n  space. h- 
r;udes development  o f  a u t o m a t i c  c o n t r o l  systems,  human main-  
tenance and r e p a l r  t e c h n l q u e s  I n  space, and l o n g - t e r m  exposure  
t o  space env i ronmen t ,  Ou tpu t  r e t u r n e d  t o  E a r t h  f o r  a n a l y s l r .  - 

P r o t o t y p e  s l a b  To d e v e l o p  a g round  ( b u t  s p a c e - r a t e d )  p ro to type  o f  a 128 kW 
c u t t e r  e l e c t r o n  beam c u t t e r ,  i n c l u d i n g  a u t o m a t i c  f i l a m e n t  rep lacement ,  

c o o l l n g  systems,  a u t o m a t l c  c o n t r o l ,  m e c h a n l c s l  t r s c k l n g .  T e s t s  
on 2 - c m - t h l c k  A1 s l a b .  Development  o f  ma in tenance  and r e p a i r  
t e c h n i q u e s .  Emphasis on r e l l a b l l i t y ,  

R E S E A R C H  I T E M  

D i e  c a s t e r  and 
l a r g e - p f e c e  
c a s t e r  d e s i g n  

TABLE 12 .1  ( C o n t i n u e d l  

OBJECTIVE 

To p roduce  p r e l i m i n a r y  d e s i g n s  o f  s p a c e - r p e c l f l c  d l e  c a s t e r s  
and l a r g e - p i e c e  c a s t e r s ,  based on e a r t h  des igns ,  t h e  m e t a l  
s o l i d l f l c a t l o n  e x p e r i m e n t s ,  and t h e  r e f r a c t o r  m a t e r l a l  t e s t s .  

c l u d e s  s t r u c t u r a l  des ign ,  c h o i c e  o f  m a t e r i a l s ,  e s t i m a t i o n  o f  
i n j e c t i o n  p r e s s u r e s ,  t h e r m a l  p r o f f l e s ,  l o a d  h l r t o r l e s ,  I n p u t /  
o u t p u t  Systems, c o o l l n g  systems,  a u t o m a t i c  m o n i t o r i n g  And con-  
t r o l ,  d e s i g n  o f  p l p e s ,  v a l v e s ,  and pumps, e s t i m a t i o n  o f  power, 
mass ( r e d u c e d  b y  z e r o - g ) ,  ma in tenance,  r e p a l r ,  t o g i 8 t l c S D  and 
c o s t s  e v a l u a t i o n  o f  t e c h n i c a l  u n c e r t a i n t y  and o p e r a t i o n a l  
s a f e t y .  

C a s t :  * s  r e c e i v e  m o l t e n  A l ,  A 1  a l l o y ,  Fe, Fe a Y t o y .  Des ign  I n -  



12.3: RQD: R I B B O N  AND SHEET OPERATIO!iS 

Table 12.2 presents the technology evolution program f o r  r i .bbon 

and sheet equipment. All o f  these devices a re  modifications of 

ex i s t ing  e a r t h  equipment, replacing conventional cu t t i ng  and 

w e l d i n g  equipment w i t h  e lectron beams. The r o l l i n g  devices 

{ r o l l i n g  mill, ribbon s l i c e r ,  a n d  s t r i a t o r )  a r e  expected t o  have 

masses c lose t o  t h e i r  ea r th  counterpar ts ,  s ince the pr incipal  

forces  i n  such ear th  devices a r e  tool-workpiece forces  r a the r  

than gravi ta t iona l  forces.  

However, the  lack of  a f l o o r  t o  anchor the  machines ( t h u s  

damping v ibra t ions)  requires  the development o f  ac t ive  damping 

systems; the d e s i g n s  m u s t  a l s o  be modified f o r  maximum auto- 

mation, compatibili.ty w i t h  vacuum, a n d  ease o f  in-space repa i r .  

These considerations a l so  a p p l y  t o  the other  r i b b o n  and  sheet 

opera t i ons devices . 

1 2 . 1 1  



RESEARCH I T E M  

~ 

P r o t o t y p e  r i b b o n  
s l i c e r  

Development o f  
str iated heat 
and h e a t  p i p e  
f l u i d s  

P r o t o t y p e  1-01 1 i ng 
m i l l  

- ~ ~ ~- _ _  
To produce s p a c e - s p e c i f i c  desi'gn o f  s l i c i n g - r o l l e r s  d e v i c e  f a r  A 1  
and A1 a l l o y  r i b b o n ,  and t o  deve lop  ground p r o t o t y p e  ( p o s s i b l y  
d i f f e r e n t  f r o m  des ign ,  due t o  h i g h  m a s s ) .  T h i s  i s  a m o d i f i c a t i o n  
o f  t b e  r o l l i n g  m i l l  d e s i g n  and r o l l i n g  m f l l  p r o t o t y p e ,  w i t h o u t  re- 
v e r s i n g  a c t i o n .  Tes ts  o f  l o n g e v i t y ,  r e l i a b l l i t y .  Development o f  
t echn iques  t o  v a r y  o u t p u t  s p e c i f i c a t i o n s .  

To v e r i f y  t h e  f e a s i b i l i t y  and assess  requirements o f  s t r i a t e d  
hea t  p i p e s  f o r  k l y s t r o n  r a d i a t o r s ,  i n c l u d i n g  development o f  a h e a t  
p i p e  f l u i d  c o m p a t i b l e  w i t h  aluminum a n d * w f t h  s u i t a b l e  b o i l i n g  tem- 
p e r a t u r e .  M o d i f i c a t i o n s  t o  t h e  h e 7 t  p i p e  des1 n s h o u l d  be made a s  
needed. E f f e c t s  o f  z e r o - g  on h e a t  i p e  o p e r a t  on s h o u l d  be assessed 
( t b ' s  may r e q u i r e  space experiments!. 

? 

TABLE 1 2 . 2 :  R & 0:  R I B B O N  AND S H E E T  O P E R A T I O N S  

O B J E C T I V E  

To produce d e s i g n  o f  s p a c e - s p e c i f i c  r e v e r s i n g  r o l l i n g  m i l l  f o r  A 1  
and A ?  a l l o y  and t o  deve lop  a ground p r o t o t y p e  ( w h i c h  may be somc- 
w h a t  d i f f e r e n t  t h a n  t h e  des ign ,  due t o  i t s  l a r g e  mass). I n c l u d e s  
s t r u c t u r a l  des ign ,  e s t i m a t i o n  o f .  power, m a s s ,  maintenance, r e p a l r ,  
l o g i s t i c s ,  and c o s t s ,  l oad  p r e d l c t i o n s ,  o p e r a t l o n a l  s a f e t y ,  c o n t r o l  
requ i remen ts  and systems. P r o t o t y p e  i n c l u d e s  a c t i v e  v i b r a t i o n -  
damping, a u t o m a t i c  c o n t r o l ,  i n -space  r e p a i r  f e a t u r e s ,  i n p u t / o u t p u t  
systems. 'if p o s s i b l e ,  t e s t s  on space-cas t  s labs .  

P r o t o t y p e  e l e c t r o n  
beam c u t t e r s  

P r o t o t y p e  e l e c t r o n  
beam we1 d e r s  

To deve lop  ground ( b u t  space - ra ted )  p r o t o t y p e s  o f  r i b b o n - c u t , t i n g  . 
EB guns ( r e s e a r c h  can b e n e f i t  f r o m  development o f  s l a b  c u t t e r ) .  
P r o t o t y p e s  I n c l u d e  a u t o m a t i c  f i l a m e n t  rep lacement ,  c o o l i n g  systems, 
a u t o m t i c  c o n t r o l ,  t r a c k i n g  systems. T e s t s  on A 1  and A1 a l l o y  
r i b S o n .  Development o f  ma in tenance and r e p a i r  t echn iques .  Emphasis 
on r e l i a b i l i t y  and accuracy .  

To deve lop  ground ( b u t  s p a c e - r a t e d )  p r o t o t y p e s  o f  s h e e t - w o l d i n g  
quns .  P r o t o t y p e s  i n c l u d e  same f e a t u r e s  as EB c u t t e r s .  Tes ts  i n -  
c l u d e  v e r i f i c a t i o n  o f  we ld  p r o p e r t i e s .  Development u f  maintenance 
and r e p a i r  t echn iques .  Emphasis on r e l i a b i l i t y ,  and on accu racy  
o f  c o n t r o l  and t r a c k i n g  systems and techn iques .  



TABLE 1 2 . 2  (Cont inued)  

x x  
RESEARCH ITEM O B J E C T I V E  

r I 

- 

Prototype sheet 
layout and klystron 
radiator assembly 
stat ion 

converter radiator 
assembly device. 

Desfgn o f  D C - D C  

Prototype striator 

~- ~ ~ 

T o  develop a ground (but space-rated) prototype o f  the sheet layout X 
and klystron radiator assembly device. Prototype includes automatic 
control, active vibration dampin? :ystems, in-space repair features. 
Tests of equipment reliability ano output quality. 

duce large radiators, including radiator pipes and manifolds. De- 
sign work uses commonality o f  some features with klystron radiator 
assembly station, and develops similar parameters; structural 
handling o f  large s h e e t s  during welding i s  more d l f f i c u l t  than for 
klystron radiators. 

To produce a preliminary design o f  a fully automated device to pro- X 

To produce space-specific deslgn o f  striation-ralters device f o r  
A: ribbon, and to develop ground prototype (possibly different from 
design, due to high mass). This i s  a modification o f  the rolllng 
mill and ribbon slicer prototypes. Tests o f  longevity, reliability, 
output qualfty. 

~ 

Prototype form 
roller 

~ 

To deve'lop a ground (but space-rated) prototype o f  the form roller 
to produce heat pipes and radiator pipes from A I  ribbon. Thts  de- 
sign is a modification o f  the Grumman beam-buflder form roller. 
Tests of reliability, output quality, ease o f  repair. 

X 

- 
Design o f  sheet 
layout and kqystron 
radiator assembly 
station 

~~ -~ - ~- ~ -_ -~ ~~ -~ ~~ 

To produce a preliminary design of a fully automated sheet layout 
and radiator assembly device, based on the electron bean welder pro- 
totypes, and the output quality of ribbon sllcer and form roller 
prototypes. Includes physical and structural design, estimation o f  
mass, power, maintenance, repair, logistics, and costs, evaluation 
o f  technicai uncertainty and operational safety, design o f  handling 
a n d  control systems. Emphasis on maximum automation, minimum com- 
plexity, reliability, ease of repair. 

X 



R E S E A R C H  I T E M  

cor1 v e r t  e r r a d  i a t o r  
asselnbly d e v i c e  

I n t e g r a t i o n  o f  
r i b b o n  and shee t  
o p e r a t i o n s  ground 
p r o t o t y p e s  

Space p r o t o t y p e s  
o f  r o l l i n g  m i l l  , 
r i b b o n  s l i c e r ,  
and s i r i a t o r  

Space p r o t o t y p e s  
o f  i n t e g r a t e d  
shee t  and r i b b o n  
d e v i c e s  

T A B L E  1 2 . 2  ( C o n t i n u e d )  
c* a- =* 
o c  a- e*- 
O I  OBJECT1 V E  urn 

To deve lop  ground ( b u t  s p a c e - r a t e d )  p r o t o t y p e  o f  l a r g e - r a d i a t o r  
assembly d e v i c e ,  i n c h t d i n g  a u t o m a t i c  c o n t r o l ,  a c t i v e  v i b r a t i o n  
damping, i n - s p a c e  r e p a i r  f e a t u r e s .  T e s t s  o f  r e l i a b i l i t y  and o u t -  
p u t  q u a l i t y .  Assessment o f  accu racy  o f  g round s i m u l a t i o n  ( h i g h  
mass o f  r a d i a t o r  l e a d s  t o  d i f f e r e n t  s t r u c t u r a l  r e q u i r e m e n t s  on  
equ ipmen t ) .  

To i n t e g r a d e  t h e  ground p r o t o t y p e s  o f  r o l l l n g  m i l l ,  EB c u t t e r s  and 
we lde rs ,  r i b b o n  s l i c e r ,  s t r i a t o r ,  f o r m  r o l l e r ,  and r a d i a t o r  assembly 
device; i n t o  a work ing ,  f u l l y  au tomated p r o t o t y p e  o f  t h e  r e f e r e n c e  
SMF shee t  and r i b b o n  o p e r a t i o n s  s e c t i o n .  I n c l u d e s  development o f  
h a n d l i n g  systems ( s p a c e - r a t e d )  and a u t o m a t i c  c o n t r o l  d e v i c e s .  T e s t s  
o f  sys tem*  i n c l u d i n g  voa in tenance and r e p a i r .  

To deve lop  and t e s t  space p r o t o t y p e s  o f  t h e  r e l a t e d  r o l l i n g  dev i ces .  
I n c l u d e s  t e s t s  o f  a c t i v e  damping systems, r e l i a b i l i t y ,  v e r s a t i l i t y ,  
i 'n-space r e p a i r .  Due t o  mass o f  t h e  p r o t o t y p e s  ( l e s s  t h a n  SHF 
machines, b u t  s t i l l  s i g n i f i c a n t )  t h e s e  d e v i c e s  a r e  c a n d i d a t e s  f o r  
o r b i t a l  p a r k i n g .  O u t p u t  r e t u r n e d  t o  E a r t h  f o r  a n a l y s i s .  

To dnve lop  space p r o t o t y p e s  o f  t h e  remadn ing  d e v i c e s  i n  t h e  shee t  
and r i b b o n  o p e r a t i o n s  s e c t i o n  ( m a n y ' o f  t h e  ground p r o t o t y p e s  a r e  
a l r e a d y  space r a t e d )  and t o  t e s t  t h e s e  t o g e t h e r  w i t h  t h e  space 
p r o t o t y p e s  o f  r o l l i n g  equipment.  I n c l u d e s  t e s t s  e f  r e l i a b i l i t y ,  
o u t p u t  quality, i n - s p a c e  ma in tenance  and r e p a i r .  D e s p i t e  t h e i r  
number, t h e s e  d e v i c e s  a r e  n o t  e x p e c t e d  t o  mass mora than one 
S h u t t l e  pay load ;  t h e y  may r e q u i r e  a d d i t i o n a l  power, however. 



12.4:  R&D: INSULATED W I R E  PRODUCTIOri 

The technology  e v o l u t i o n  program f o r  t h e  r e f e r e n c e  StlF 

i n s u l a t e d  w i r e  p r o d u c t i o n  s e c t i o n  i s  d e t a i l e d  i n  T a b l e  12 .3 .  

The glass f i b e r  producer  i s  an automated s p a c e - s p e c i f i c  d e s i g n ,  

which t h e r e f o r e  r e q u i r e s  conceptua l  a n d  e x p e r i m e n t a l  r e s e a r c h .  

The w i r e  wrapper  i s  a r e l a t i v e l y  s i m p l e  m o d i f i c a t i o n  o f  e x i s t i n g  

e a r t h  equipment.  

1 2 . 1 5  



T A B L E  1 2 . 3 :  R &I 0: I N S U L A T E D  W I R E  PRODUCTIOH 

Space Oxper iment 
on fitdr 

RESEARCH ITEM OBJECTIVE 

To investis8te experimentally the effect o f  zero-g on the drawing 
o f  glass fibers through dies. Includes relationships between glass 

D e s i g n  o f  gl ass 
fiber producer 

production 

Prototype 91 a s s  
fiber prodccer 

I T 0  produce a space-specific de;ign o f  an automatic glass fiber pro- 
ducer. Includes investigation o f  suitable g l a s s  compositfons 
available from lunar materials, alloys resistant to corrosion by 
molten glass and vacuum, heating systems, temperature and viscosity 
profiles, estimation o f  piston and tube loads, sizing and struc- 
tural design, estimatfon o f  maintenance, repair, and costs, evalu- 
ation of technical uncertainty and operational safety, design o f  
automatic spool threaders and control systems. - 
composition, m o l t e n  glass pressure, die geometry, g l a s s  fiber 
diameter, drawing speed, and fiber quality. This is a small 8 x 0  
periment; the output i s  returned t o  Earth for analysis. It may be 
advantageous to repeat the experiment after inftial evaluation. 

io develop ground (but space-rated) prototype o f  -glass-fiber pro- 
ducer, based on preliminary design a n d  Shuttle experiment results. 
Tests of equipment reliability, and o f  output quality (provided 
zero-g effects can be accounted for--otherwise in-space testing 
may be necessary). 

Prototype insulation 
wf cder 

To develop a ground (but space-rated) prototypz of an insulation 
winder. This i s  a modtficatlon of an earth wire wrapper, adapted 
to vacuum operations and use o f  spools c f  glass f i b e r s .  Prototype 
includes automatic loading systems for s p o o l s .  Tests o f  equipment 
reliability, ease o f  in-space repair. 

I 



12.5: RAD: DC-DC CONVERTES PRODUCTIGN 

Table  12.4 d e t a i l s  the  R&D steps f o r  DC-DC c o n v e r t e r  pro- 

duc t ion .  Because on ly  461 DC-DC c o n v e r t e r s  a r e  required per y e a r ,  

the development ,If s o p h i s t i c a t e d  au tomat ic  machinery i s  n o t  

warranted.  Coolant channel d r i l l i n g  and c o i l  w i n d i n g  a r e  done 

by r e l a t i v e l y  simple m o d i f i c a t i o n s  of  e x i s t i n g  e a r t h  equigj:ent. 

T h e  c o n t r o l  c i r c u i t r y  f o r  the  converters i s  assembled t o  t h e  

c o r e s  Fanual ly .  T h e  procedures  a r e  simple enough t h a t  spar0 

p r o t o t y p e s  should n o t  be r e q u i r e d .  
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TABLE 1 2 . 4 :  R & D: DC-CC C O N V E R T E R  P R O D U C T I O N  

Definition a b d  
test o f  assembly 

RESEARCH ITEN OBJECTIVE 
c 

- 
T o  define - .,dired mal.ual assembly tasks for cuntrol circuftry and 
t o  model thesc tasks in ground simulations. 

.I- 

Prototype channel 
drill 

Prototype coil 
winder I 

To G velap a ground (but space-rated) prototype o f  a numerically 
controlled deep drill (3m long bit) for drilling o f  coolant 
channels through SENDUST cores. T h i s  design i s  based o n  existing 
earth equipment, modified to emphasize tool longevity. Tests on 
equipment reliability. 

To develop a ground (but space-rat?d) prototype of an automatic 
winder to wrap insulated wire around t h e  transformer core limbs. 
Design i s  based on existing earth equipment, modified for opera t ton  
i n  vacuum. T e s t s  o n  equipment reliability. 



12.6: R&D: KLYSTRON - P R O D U C T I O N  

I n  t h e  absence o f  a d e t a i l e d  k l y s t r o n  d e s i g n  f o r  t h e  SPS, 

s p e c i f i c  p r o d u c t i o n  equipment des igns  a r e  n o t  a v a i l a b l e ,  and 

t h e r e f o r e  t h e  t e c h n o l o g y  e v o l u t i o n  program l i s t e d  i n  T a b l e  12.5 

i s  o n l y  g e n e r a l .  The f i r s t  i t e m  i s  t h e r e f o r e  t h e  d e t a i l e d  

d e f i n i t i o n  o f  a k l y s t r o n  d e s i g n ,  o p t i m i z e d  f o r  SPS o p e r a t i o n ,  

use o f  l u n a r  m a t e r i a l s ,  and SMF manufac tu re .  

C o n s u l t a t i o n  by t h e  s t u d y  g roup  on  t h e  s u b j e c t  o f  k l y s t r o n  

manu fac tu re  i n (  & c a t e  t h a t  t h e  u s u a l  p r o d u c t i c n  s t e p s  can  be  p e r -  

formed by c o n v e n t i o n a l  p r e c i L i o n  equipment.  The t e c h n o l o g y  

e v o l u t i o n  program t h e r e f o r e  r e q u i r e s  the  development o f  i n t e g r a t e d ,  

f u l l y  automated p r o d u c t i o n  d e v i c e s  f o r  t h e  k l y s t r o n  assemb l ies ,  

f o l l o w e d  by t h e  a d a p t a t i o n  o f  t h e s e  ground p r o t o t y p e s  i n t J  space 

p r o t o t y p e s .  I n  v iew o f  t h e  c o m p l e x i t y  and p r e c i s i o n  a n t i c i p a t e d ,  

t h e  f i n a l  space p r o t o t y p e  s h o u l d  be t e s t e d  i n  t h e  S h u t t l e .  

12.19 



TABLE 1 2 . 5 :  R 8 0: K L Y S T R O N  P R O D U C T I O N  

D e s i g n  o f  klystron 
and k l y s t r g n  
a s s e m b l y  p r o -  
d i l c t i o n  sequence 

P r o t o t y p e  k l y s t r o n  
assembly p r o -  
duct i9 ; ,  equipment  

R E S E A R C H  ITEM OBJECT! W E 

T o  p roduce  a k l y s t r o n  assembly d e s i g n  o p t l m l z e d  f o r  SPS o p e r a t l o n ,  
use o f  l u n a r  ma te t . i a?s ,  and SMF m a n u f a c t u r e ,  and t o  d e f i n e  l n  de- 
t a i l  t h e  sequence o f  p r o d u c t i o n  s t e p s ,  I n c l u d i n g  s l l o w a b l e  manu- 
f a c t u r i n g  t r a d e o f f s  and t o l e r a n c e s .  I n c l u d e s  d e t o r m l n a t i o n  o f  
components m a n u f a c t u r e d  a t  SIlF v s .  p roduced  on E a r t h .  

To deve lop  a n  i n t e g r a t e d ,  f u l l y  au tomated s e t  o f  g round  p r o t o t y p e s  
f o r  p r o d u c t i o n  mach ine ry .  Emphasis on maxlmum autorna t fon  and r e -  
l i a b i l i t y ,  ease o f  r e p a l r .  T e s t s  o f  o u t p u t  q u a l i t y .  

o f  klystron 
a s s e m b l y  p r o -  
d u c t i o n  equ ipment  

~ ~~ 

To deve lop  s p a c e - r a t e d  v e r s i o n s  o f  t h e  g round  p r o t o t y p e s ,  f n c l u d l n g  
q u a l i t y  c o n t r o l  systems and s p a c e - s p e c l f l c  d e v l c e s  ( e . 9 .  E8 
w e l d e r s ) .  S h u t t l e  t e s t s  t o  v e r f f y  o p e r a t l o n ,  r e l i a b l l i t y ,  I n - s p a c e  
ma in tenance  and r e p a i r ,  and o u t p u t  q u a l i t y .  Due t o  mass  and  com- 
' p l e x l t y  o f  equ ipment ,  i n t e g r a t e d  p r o t o t y p e s  may b e n e f t t  f r o m  
i n - s p a c e  p a r k l n g .  



12.7:  RLD: S O L A R  CELL PRODUCTION 

T a b l e  12.6 d e t a i l s  t h e  s t e p s  i n  t h e  R&D o f  t h e  r e f e r e n c e  SMF 

s o l a r  c e l l  p r o d u c t i o n  p rocesses .  As a f i r s t  s tep ,  t h e  s t u d y  g r o u p  

recommends t h e  e s t a b l i s h m e n t  o f  a permanent t a s k  f o r c e  t o  r e v i e w  

t h e  v e r y  c o n s i d e r a b l e  amount o f  new developments i n  s o l a r  c e l l  

p r o d u c t i o n  t e c h n i q u e s .  D u r i n g  t h i s  c o n t r a c t  t h e  s t u d y  g r o u p  

r e c e i v e d  and r e v i e w e d  p u b l i s h e d  r e p o r t s  f r o m  a l a r g e  number o f  

r e s e a r c h  o u t f i t s  i n  many c o u n t r i e s ;  sou rces  o f  i n f o r m a t i o n  i n c l u d e  

many j o u r n a l s  seldom found  on ae rospace  s h e l v e s .  Much o f  t h i s  

i n f o r m a t i o n  i s  n o t  a p p l i c a b l e  t o  space o p e r a t i o n s ;  however, 

many c o n c e p t s  c o u l d  be adap ted  t o  space u s e - - i n  most cases,  t h i s  

i s  an o p t i o n  n e v e r  c o n s i d e r e d  by t h e  concep s '  a u t h o r s .  

The s t u d y  g roup  a y a i n  emphasizes t h a t  t h i s  t e c h n o l o g y  

e v o l u t i o n  prograni  i s  keyed t o  t h e  r e f e r e r l c e  SMF, and t h e r e f o r e  

c o n c e p t u a l  s t u d i e s  s h o u l d  keep a l t e r n a t i v e  p r o d u c t i o n  o p t i o n s  

open. A t  t h i s  l e v e l  o f  d e s i g n ,  a f i n a l  d e c i s i o n  on a s o l a r  

c e l l  p r o d u c t i o n  srherte wou ld  be p rematu re .  

The suggested R A D  s t e p s  i n c l u d e  c o n c e p t u a l  s t u d i e s  f o r  t h o s e  

processes (zone r e f i n i n g ,  d i r e c t  v a p o r i z a t i o n ,  r e c r y s t a l l i z a t i o n ,  

l a s e r  c u t t i n g ,  g l a s s  l a y e r  p r o d u c t i o n )  wh ich  have n o t  been 

a p p l i e d  i n  space b e f o r e ,  and which c a r r y  some u n c e r t a i n t y  abou t  

t h e i r  f e a s i b i l i t y  o r  b a s i c  r e q u i r e m e n t s .  I n  most cases,  t h e s e  

c o n c e p t u a l  s t u d i e s  l e a d  t o  ground VrotoLyDes, t h e n  t o  space p r o -  

t o t y p e s .  In a number o f  cases,  however, t h e  s t u d y  g r o u p  recommends 

following t h e  co f i cep tua l  s t u d y  w i t h  a s m a ? l - s c a l e  S h u t t l e  e x p e r i -  

ment. t o  assess t h e  e f f e c t  o f  zer-0-51 on t h e  p r o c e s s .  T h i s  t h e n  
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leads t o  design of  ground o r  space prototypes, as needed. 

I n  some cases; the  suggested processes have been s u f f i c i p n t l y  

researched and appl ied on Earth t h a t  development of prototypes 

can begin without extensive conceptual research. 
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R E S E A R C H  ITEM 

C o n t i n u o u s  r e v i e w  
o f  d e v e l o p m e n t s  i n  
s o l a r  c e l l  p r o -  
d u c t i o n  t e c h n i q u e s  

C o n c e p t u a l  s t u d i e s  
o f  s o l a r  c e l l  
p r o d u c  i I o n  s y s  tems 

C o n c e p t u a l ’  s t u d y  
and  space  e x p s r l -  
men ts  011 zone  
r e f i n f n g  

P r o t o t y p e  zone  
r e f i n e r  

Space p r o t o ? y p e  
o f  zone r e f l n e r  

T A B L E  1 2 . 6 :  R & D :  S O L A R  CELL P R O D U C T I O N  

OBJECTIVE 

To r e v l e w  t h e  l a r g e  number ‘of c u r r e n t  r e s e a r c h  f f n d i n g s  on s o l a r  
c e l l  p r o d u c t f o n  a l t e r n a t i v e s  ( P u b l i s h e d  by mnny research  teams),  
and t o  a s s e s s  t h e  a p p l l c s b i l l t g  o f  t h e s e  d e v e l o p m e n t s  t o  s p a c e  
o p e r a t  i o n s .  

To f n v e s t l g a t e  a l t e r n a t i v e  p r o c e s s e s  a n d  p r o d u c t i o n  sequence  f o r  
t h e  m a n u f a c t u r e  o f  s o l a r  c e l l s  a t  t h e  SMF. I n c l u d e s  p r e l i m i n a r y  
o p e r a t i o n s  l a y o u t s  and  d e s i g n s ,  e s t i m a t l o n  o f  mass, power ,  m a i n -  
t e n a n c e ,  r e p a f r ,  l o g i s t i c s ,  and  c o s t s ,  e v a l u a t i o n  o f  t e c h n i c a l  un- 
c e r t a i n t y  and o p e r a t i o n a l  s a f e t y ,  e a s e  o f  a u t o m a t i o n  d n d  r e p a l r ,  

I t p u t  q u s l l t y ,  a n d  c o m p a r i s o n  o f  o p t i o n s ,  D e f l n l t l o n  o f  t e c h -  
n . , l o g y  e v o l u t l o n  p r o g r a m s  f o r  a l t e r n a t i v e s .  

To I n v e s t t g a t e ,  t h e o r e t i c a l l y  and e x p e r l m a n t a l l y ,  the, e f f e c t  o f  
z e r o - g  on t h e  zone  r e f f n l n g  p r o c e s s .  I n c l u d e s  d e t e i m l n a t f o n  o f  
o p t i m u m  zone r c f l n i n g  p a r a m e t e r s  t o  max!mlze rqne t l * a v e l  r a t e  a n d  
m t n i r s i z e  number o f  p a s s e s  r e q u i r e d  f o r  p u r l f i c a t l o v  atid study o f  
e f f e c t r  uf t y p e s  and  c o n c e n t r a t t o n s  o f  t m p u r l t l r r 5  o n  r e f i n i n g  
r e q u l r e m e n t s .  O u t p u t  r e t u r n e d  t o  E a r t h  f o r  a n a l y s 9 6 .  E q u l p m e n t  , 

I s  e x p e c t e d  t o  he s m a l l .  

To d e v e l o p  a p r o t o t y p e  zone  r e f i n e r  f o r  t h e  r e f e r e n c e  SHF, t o  
p u r i f y  m e t a l l u r g i c a l  g r a d e  S I  f r o m  t h e  Moon t o  s e m i c o n d u c t o r  
g r a d e .  T h i s  l s  a g r o u n d  d e v i c e ,  I f  t h e  z e r o - g  e f f e c t s  c a n  b e  
a c c u r a t e l y  m o d e l e d  o r  a c c o u n t a d  f a r  (othcrwfst, a space prototype 
i s  r e q u i r e d ) .  P r o t o t y p e  I n c l u d e s  f e e d  a n d  h a n d l f n l j  sys tems ,  
h e a t i n g  a n d  c o o l l n g  s y s t e m s ,  q u a l i t y  c o n t r o l  ! en r .o rs  a n +  a u t O m a t f C  
c o n t r o l  s y s t e m s .  T e s t s  o f  e f f e c t s  o f  o p e r a t l : , g  i ! a ramete rs  on o u t -  
p u t  q u a l i t y .  Emphas is  o n  maximum a u t o m a t i o n ,  B a b e  o f  i n - s p a c e  
r e p a i r .  

To d e v e l o p  and  t e s t  a s p a c e - r a t e d  protot;pe o f  t h e  r e f e r e n c e  SMF 
zone  r e f i n e r ,  T h i s  d e v i c e  ma.y r e q u l r e  a power  s o u r c e  b e y o n d  t h e  
S h u t t l e ’ s ,  a n d  may b s n e c l t  f r o m  i n - o r b i t  p a r k i n g  b e t w e e n  t e s t  runr 
O y t p u t  Is r e t u r n e d  t o  E a r t h  f o r  a n a l y s i s .  

- - 

- 



TABLE 1 2 . 6  (Continued) 

~ ~~-~ 

Conceptual study - 
and space experi- 
ments on dlrect 
vaporization 

Prototype direct 
vaporization 
devices 

Prototype i o n  
Imp1 an tat ion 
devjces 

Conceptual studles 
a n d  experlments on 
recrystalllzatlon 

Space experfments 
on recrystal- 
1 ization 

Prototype recrys- 
talltzatlon 
devices 

RESEARCH ITEM OBJECT I VE 
~~ ~ 

T O  investigate, theoretlcat ly and experimentally, t h e  affects O f  
zero-g o n  dlrect vaporlzatlon o f  At, Si, Si0 and t o  produce pre- 
1 lmfnary designs o f  dlrect vaporlzatlon d e v i ~ e s .  
atlon o f  effects o f  depositlon parameters (e,g, pressure o f  vapor, 
depositlon surface temperature and morphology, thermal profiles) 
on properties o f  deposlted output. 

T o  develop ground prototypes o f  DV devices for  A I ,  S i ,  SI0 i f  
zero-g effects can be accurately modeled or accounted f o r  '[other- 
w i s e  space prototypes a r e  required). Includes development o f  
thermal belt, EB tracking control, slab feecring mechaniunr, quallty 
control systems, maintenance and repair techniques, cooling sys- 
tems. Tests o f  equipment rellahlllty and autput propertfes. 

To develop a ground (but space-rated) + o n  implantstlon device for 
boron and phosphorus, f r o m  exlstlng equipment. Emphasis on deeper 
penetration (2-5 microns), full automation, longevity o f  equipment. 
*Tests of equipment rellablllty, doping profiles, implantation 
damage. Assessment o f  compatlblllty with D V  o f  sillcon. 

To Investigate, theoretlcally and experlmentaily o n  the ground, 
the feasibiltty and requlrements for recrystallization o f  direct- 
vaporized layers o f  sillcon. Includes studter o f  pulse and scan 
recrystalliratlon, effects of slllcon morphology, pulsinglscanning 
parameters, and environmental factors on recrystallized output. 
Production o f  preliminary designs f o r  recrystallization devices, 
and o f  designs f o r  space experiments. 

To investigate t h e  effects o f  zero-g on rrcrystalllratlon o f  
sillcon layers. Equipment i s  expected to b e  small. Output re- 
turned t o  Earth for analysls. 

To develop ground prototypes o f  recrystalllters for t h e  reference 
SMF, If zero-g effects can be accurately modeled or accounted for 
(otherwise space prototypes a r e  required). 
rellablllty, ease o f  repair. Tests o f  output qualfty. 

fncludos evalu- 

Ernphssfs on automrtfon, 



R E S E A R C H  I T E M  

Space e x p e r i m e n t s  
on i o n  i m p l a n t a t l o n  
damage a n n e a l  
- ~~ ~ ~~ 

P r c t o t y p e  i o n  i m -  
p l a n t a t i o n  damage 
a n r l c a l e r  

. ~~ 

P r o t o t y p e  o f  d i  t - e c t  
v a p o r - i z e r  w f  t h  mask 
and  mask c l e a n u p  
d e v i c e  

Space  e x p e r i m e n t  
O i l  f r o n t  c o n t a c t  
s i n t e r i n g  

P r o t o t y p e  f r o n t  
con t a c t  s i n t e r  i ng 
d e v i c e  

- 
I n t e g r a t e d  space  
p r o t o t y p e s  o f  
s o l a r  c e l l  
d e p o s i t i o n  

TABLE 1 2 . 6  ( C o n t i n u e d )  

OBJECTIVE 

To a s s e s s  t h e  e f f e c t  o f  z e v o - g  on p u l s e d - b e a m  a n n e a l i n g  o f  i o n  
i m p l a n t a t i o n  damage. E q u i p m e n t  i s  e x p e c t e d  t o  b e  s m a l l .  Output 
i s  r e t u r n e d  t o  E a r t h  f o r  a n a l y s i s .  

To d e v e l o p  a g r o u n d  p r o t o t y p e  o f  a n  i o n  I m p l a n t a t i o n  damage 
a n n e a l e r ,  based  o n  e x i s t i n g  d e s i g n s ,  i f  t h e  ze ro -g  e f f e c t s  can be 
a c c u r a t e l y  m o d e l e d  o r  a c c o u n t e d  f o r  ( o t h e r w i s e  a s p a c e  p r o t o t y p e  
i s  r e q u i r e d ) .  Emphas is  o n  a u t o m a t i o n ,  r e l i a b i l i t y ,  e a s e  o f  r e p a i r .  
Tests o f  o u t p u t  q u a l i t y .  

To m o d i c y  g r o u n d  p r o t o t y p e  o f  d i r e c t  v a p o r f z e r  f o r  A 1  t o  o p e r a t e  
t h r o u g h  a s h a d o w  mask ( t o  d e p o s i t  t o p  c o n t a c t  p a t t e r n ) .  I n c l u d e s  
d e v e l o p m e n t  o f  s p a c e - r a t e d  mask w i t h  l o n g  l f f e ,  a n d  o f  d e v i c e  t o  
b r u s h  d e p o s i t c d  A 1  f r o m  mask a i l t o m a t i c a l l y .  T e s t s  o f  o u t p u t  
q u a l i t y ,  e q u i p m e n t  r e l i a b i l i t y .  

To i n v e s t l y a t c  the  e f f e c t  o f  z e r o - g  on p u l s e d - b e a m  s i n t e r i n g  o f  
s o l a r  c e l l  f r o n t  c o n t a c t s .  E q u i p m e n t  i s  e x p e c t e d  t o  b e  s m a l l .  
O u t p u t  i s  r e t u r n e d  t o  E a r t h  f o r  a n a l y s i s .  I n c l u d e s  v a r l s t l o n  o f  
s i n t e r i n g  p d r a m e t e r s  I 

- 

- 

- -- - 

To d e v e l o p  g r o u n d  ( o r  space ,  i f  n e e d e d )  p r o t o t y p e  o f  t o p  C o n t a c t  
s i n t e r i n g  d e v i c e ,  i n c l u d i n g  t r a c k i n g  s y s t e m s ,  i n - s p a c e  r e p a i r  
f e a t u r e s ,  q u a l i t y  c o n t r o l  sys tems ,  a u t o m a t t c  c o n t r o l .  T e s t s  o f  
e q u i p m e n t  r e l l a b l l l t y  a n d  o u t p u t  q u a l i t y .  

~ 

To d e v e l o p  i n t e g r a t e d ,  s p a c e - r a t e d  p r o t o t y p e s  o f  t he rma l  b e l t ,  
d i r e c t  v a p o r i z e r s  f o r  A1 and  S i ,  i o n  i m p l a n t e r s  f o r  b o r o n  and  
p h o s p h o r u s ,  m a s k i n g  o f  f r o n t  c o n t a c t ,  r e c r y s t a l l i z e r s  a n d  I o n  
i m p l a n t a t i o n  damage a n n e a l ,  a n d  f r o n t  c o n t a c t  s i n t e r i n g .  I n c l u d e s  
a u t o m a t e d  c o n t r o l ,  q u a l i t y  c o n t r o l ,  i n p u t / o u t p o t  a n d  h a n d l i n g  
s y s t e m s ,  t e s t s  o f  i n - s p a c e  m a i n t e n a n c e  a n d  r e p a i r  t e c h n t q u e s .  
O u t p u t  ( o p e r a t i o n a l  s o l a r  c e l l s ,  w i t h o u t  g l a s s  l a y e r s )  i s  returned 
t o  E a r t h  f o r  a n a l y s i s .  E q u i p m e n t  e s t i m a t e d  a t  l e s s  t h a n  one  
S h u t t l e  p a y l o a d ,  no t  I n c l u d i n g  power a n d  h e a t  w a s t e  sys tems.  

X 

- 



TABLE 12.6 ( C o n t i n u e d )  

P r o t o t y p e  s o l a r  
c e l l  c r o s s c u t t e r  
and l o n g i t u d i n a l  
c u t t e r  

R E S E A R C H  ITEN O B J E C T I V E  

To deve lop  ground p r o t o t y p e s  o f  l a s e r  c u t t i n g  systems f o r  S o l a r  
c e l l s ,  i n c l u d i n g  a u t o m a t i c  c o n t r o l ,  t r a c k i n g  systems,  q u a l i t y  
c o n t r o l .  T e s t s  on space-produced s o l a r  c e l l  m a t e r i a l  o r  e q u i v a -  
l e n t .  Emphasis on equ ipment  a c c u r a c y  and r e l l a b l l i t y .  

TO i n v e s t i g a t e ,  t h e o r e t i c a l l y  and e x p e r i m e n t a l l y  on  t h e  ground,  
t h e  use  o f  l a s e r s  t o  c u t  s o l a r  c e l l  m a t e r i a l .  I n c l u d e s  e f f e c t s  
o f  c u t t i n g  pa ramete rs  (wave leng th ,  f o c u s i n g ,  t r a c k l n y  speed, 
power)  on r e s u l t i n g  d e g r a d a t l o n  o f  c e l l  n e a r  c u t .  

Concep tua l  s t u d y  
and e x p e r i m e n t s  
on l a s e r  c u t t i n g  
o f  s o l a r  c e l l s  

P r o t o t y p e  s o l a r  
c e l l  i n t e r -  
c o n n e c t i o n  d e v f c e  

- 

. T o  deve lop  ground p r o t o t y p e  of s o l a r  c e l l  i n t e r i o n n e c t i o n  d e v i c e  
(same as pane l  i n t e r c o n n e c t i o n  d e v l c e ) .  T h i s  i s  a s o p h i s t i c a t e d  
mechan ica l  d e v i c e ,  w f t h  t i g h t  t o l e r a n c e s .  Emphasis on au tomat ion , .  
r e l i a b i l i t y .  I n c l u d e s  i n t e r c o n n e c t  f e e d  systems,  sensor  and 
a l i g n m e n t  systems,  e l e c t r o s t a t l c  bonders .  T e s t s  on  s i m u l a t e d  s o l a r  
c e l l s  and pane ls .  P o s s i b l e  a p p l i c a t i o n s  on  Ear th .  

P r o t o t y p e  d i r e c t  
vaporizer f o r  
i n t e r c o n n e c t s  

Concep tua l  s t u d l e s  
o f  o p t i c a l  c o v e r  
and s u b s t r a t e  
p r o d u c t i o n  o p t l o n s  

~~ -~~ ~~ 

To deve lop  a g round ( b u t  s p a c e - r a t e d )  p r o t o t y p e  o f  a d i r e c t  
v a p o r i z e r  t o  p roduce  SO-micron t h l c k  A 1  sheet ,  i n c l u d i n g  systems t o  
r o l l  up t h e  o u t p u t ,  a u t o m a t i c  c o n t r o l s ,  c o o l i n g  systems f o r  €6 
guns. T h i s  d e v i c e  i s  a m o d i f i c a t i o n  o f  o t h e r  DV p r o t o t y p e s .  
Emphasis on r e l i a b i l i t y ,  ease o f  r e p a i r ,  au tomat ion ,  

- 

To r e v i e w  e x i s t i n g  l f t e r a t u r e  and t o  p rod l i ce  p r e l i m i n a r y  d e s i g n s  
o f  p r o d u c t i o n  o p t i o n s  f o r  S i 0  l a y e r s ,  i n c l u d i n g  d i r e c t  vapor- 
f t a t i o n  ( r e f e r e n c e  SMF) and s g p a r a t e  s h e e t  p r o d u c t i o n  f o l l o w e d  by 
e l e c t r o s t a t i c  o r  l a s e r  bond lng .  I n c l u d e s  assessment o f  f e a s i b i l i t y  
and o p e r a t i o n a l  r e q u i r e m e n t s .  P r e l i m i n a r y  d e s l g n s  i n c l u d e  t h e r m a l  
p r o f i l e s ,  l o a d  h i s t o r i e s ,  power and mass r e q u i r e m e n t s ,  e s t i m a t e s  
o f  ma in tenance,  r e p a f r ,  l o g i s t i c s ,  and c o s t s ,  assessment  o f  
r e l i a b i l i t y  and o u t p u t  q u a l i t y .  



- T A B L E  1 2 . 6  ( C o n t i n u e d )  

R E S E A R C H  ITEM 

Protatype panel 
a 1  i gnmer,t and 
insertion device 

Prototype kapton 
tape applicator 

, .  

Prototype array 
segment packager 

e_ 

Integration o f  
c e l l  interconnec- 
tion and panel/ 
array b u i l d u p  
prototypes 

Integrated space 
prototypes o f  cell 
intercoqnection 
and padel /array 
buildup devices , 

O B  3 ECT I V E  

T o  develop a ground (but space-rated) prototype o f  t h e  panel 
alignment and spare panel insertion device. Sncludes full auto- 
mation including sensing and control, i n - s p a c e  maintenance and 
repair features. maintenance and repair estlmates. Tests of 
accuracy and relizbjlity o f  equipment, and assessment o f  
modiiications required for zero-g use. 

T o  d e v e l o p  a ground prototype o f  a kapton tape applfcator t o  
produce structurally connected solar array segments. Includes 
automatic s e n s l n g  and control, tracking and loading systems,  
in-space repair features. Tests o f  reliability o f  equipment, 
using simulated solar cell panels, Assessment o f  modifications 
required for zero-g use. 

T o  develop a ground prototype o f  t h e  array segment packager. 
Includes full automation (sensing, control, tracking), in-space 
repair features. Tests on simulated arrays, assessing equipment 
reliability, output quality, modlf1cat:ons requlred for zero-9. 

TG i:itegratc t h e  ground prDtotypes o f  devlces to produce complete 
array segments from deposited solar cell material. Includes con- 
t i n u o b s  processes, automated control, quality control, Input/ 
output and handling systems, maintenance and repair features. 
Tests on simulated o r  actual deposited s o l a r  cell material. 
Emphasis on reliabiyity, ease o f  repair, integrated control. 
Possible applicatlons on earth. 

T o  space-rate and test the integrated prototypes for productfon 
o f  array segments. Equlpment i s  expected t o  fill less than a 
Shutilc payload, not including power and heat waste systems. 
Outprit returned to Earth for analysis. 



RESEARCH ITEM 

Space prototype of 
complete solar 
,cell production 
, strip 

TABLE 1 2 . 6  ( C o n t i n u e d )  

OBJECTIVE 
To develop an4 test full-scale prototype o f  104 m-long solar 
cell production strip. Includes structural Integration o f  
components, full automation, tests o f  In-space repalr and main- 
tenance, return of output to Eartb for analysis. Equipment 
requires .more tnan one Shuttle payload, in-space assembly and 
checkout. Can be used to produce solar a r r a y s  f o r  space u8e. 

c x  



12.8:  R&D: WAVEGUIDE P R O D U C T I O N -  

The R&3 s t e p s  f o r  waveguide p r o d u c t i o n  i n  t h e  r e f e r e n c e  SMF 

a r e  d e t a i l e d  i n  T a b l e  12.7. The s t u d y  group recommends con- 

c e p t u a l  s t u d i e s  o f  t h e  a p p l i c a b i l i t y  o f  foamed g l a s s  t o  space 

components, and o f  t h e  n e c e s s a r y  p r o p e r t i e s  of t h e  m a t e r i a l .  

Due t o  t h e  p r o p r i e t a r y  n a t u r e  o f  g l a s s  foaming  p rocesses ,  R&D 

r e q u i r e m e n t s  f o r  a foaming  f a c i l i t y  a r e  u n c e r t a i n ,  as 6 r e  t h e  

a c h i e v a b l e  foamed g l a s s  s t r u c t u r a l  p r o p e r t i e s .  There  i s  a l s o  

u n c e r t a i n t y  on t h e  f e a s i b i l i t y  o f  l a s e r  smoo th ing  o r  f u s i n g  

of t h e  m a t e r i a l .  These u n c e r t a i n t i e s  can p r o b a b l y  be r e s o l v e d  

o n l y  by e x p e r i m e n t a l  r e s e a r c h .  

1 2 . 2 9  



TABLE 1 2 . 7 :  R & D :  W A V E G U I D E  P R O D U C T I O N  
Y*r  m v  
P)c 
v *  

3 0  
rcc 0 0  

x x  

X 

X 

R E S E A R C H  ITEM 

C Y  c c  
C P )  

E 
' C l r  
C L  
3 0  

cow 
O P  L X  

X 

Conceptual studies 
aod development o f  
foamed glass f o r  
waveguides 

OBJECTIVE 
T o  fnvestigate a1ternative.methods and t o  produce preliminary 
designs for foamed glass production options. Includes assess- 
ment o f  uses, properties, and production requirements for 
foamed glass f o r  space applications. Emphasis on lunar material 
use. 

I Design o f  space 
powder mixer 

S p a c e  prototype o f  
powder m i x e r  

Soace experiments 
on glass foamfng 

Design o f  glass 
foaming facll i ty 

Prototype glass 
foaming facility 

Prototype foamed 
glass sawcutters 

To produce a preliminary design o f  a mixing dev,ice t o  blend 
c5  micron powders suspended in vacuum. Emphasis on component 
longevity, dutomation, in-space maintenance and repair. 

i o  develop and test a space powder mixer. Equipment i s  expected 
to be small. Device and output are returned to Earth for analysis 
To investigate experimentally t h e  effect of zero-g on glass 
foaminc; processes. Variation o f  operating parameters to study 
relationships aff.:ting output properties. 

To produce preliminary design o f  a foaming/snnealing furnace t o  
produce foamed glass. Includes geometric design and sizing, 
static and dynamic load predictions, heating and cooling systems, 
temperature profiles, power and mass requirements, inputlaitput . 
systems, estimation o f  maintenance, repair, and logistics, evalu- 
ation o f  technical uncertainty, required experlnents, operational 
safety. control requirements, cost estimates. 

- 

-- 

- 
 to develop a ground (but space-rated) prototype o f  the g ? h s s  
, f o a m i n g  facility (if t h e  earlier space erperiments indicate that 
zero-9 effects cannot b e  accounted for, a space prototype is re- 
quired). Emphasis o n  equlpment longevity, automation. Develop- 

' m e n t  o f  relationships between operating parameters and output ' 

,characteristics. 

To develop ground (but space-rated) prototypes o f  multi-bladed 
band saws for slicing blocks o f  foamed glass. Includes chip re- 
moval systems, input/output and handling systems, maintenance 
and repair techniques, automatic control, quality control. Tests 
o f  blade longevity and output quality. 



R E S E A R C H  ITEM 

E r p e r i m e n t s  on 
foamed g l a s s  
s m o o t h i n g  

P r o t o t y p e  foamed 
g l a s s  s m o o t h e r  

P r o t o t y p e  wavegu ide  
A 1  f l i r e c t  v a p o r i z e r  

P r o  t o t y p e  ? a s e r  
c u t t e r s  f o r  foamed 
g l a s s  

Des ign  o f  wavegu ide  
a s s e m b l e r  and  wave- 
g u i d e  p a c k a g e r  

P r o t o t y p e  wap e g u i d e  
azsemb i e r  and wave- 
g u i d e  p a c k a g e r  

I n t e g r a t i o n  o f  wave- 
g u i d e  p r o d u c t i o n  
p r o t o t y p e s  

T A B L E  1 2 . 7  ( C o n t i n u e d )  

O B J E C T I V E  

To i n v e s t l g a t e ,  e x p e r i m e n t d l l y  on the g r o u n d ,  o p t i o n s  f o r  
smoo th ing  f o a m e d - g l a s s  S u r f a c e s ,  i n c l u d i n g  the  use o f  lasers. 
Development  o f  r e l a t i o n s h i p s  be tween o p e r a t i n g  p t  ‘ a m e t e r s  and  
o u t p u t  q u a l i t y .  Tests a r e  p e r f o r m e d  on s p a c e - p r o d u c e d  foamed 
g l a s s  s h e e t s  o r  e q u i v a l e n t .  

- -  

~ -- ~~ 

To d e v e l o p  a ground p r o t o t y p e  o f  t h e  foamed g l a s s  s m o o t h e r .  
I n c l u d e s  s h e e t  h a n d l i n g  and t r a c k i n g  s y s t e m s ,  q u a l i t y  c o n t r o l .  
Emphasis  on a u t o m a t i o n ,  a c c u r a c y  o f  f p u t p u t ,  e a s e  o f  r e p a i r .  

To d e v e l o p  a ground  ( b u t  s p a c e - r a t e d )  p r o t o t y o e  o f  a DV device  
t o  a p p l y  A1 i n t e t - i o r  c o a t i n g s  t o  w a v e g u i d e s .  This i s  a modl- 
f i c a t i o n  o f  D V  o f  A1 d e v i c e s  fo i ‘  o t h e r  SMF p r o c e s s e s .  Tests 
on smoothed foamed g l a s s  s h e e t s ,  and e v a l u a t i o n  o f  o u t p u t  
q u a l  : t y .  

-- 

To d e v e l o -  g round  p r o t o t y p e s  o f  l a s e r  c u t t f n g  s y s t e m s  f o r  foamed 
g l a s s  shet L:, i n c l u d i n g  a u t o m a t i c  c o n ? r o l ,  t r a c k i n g  s y s t e m s B  
q u a l i t y  c o n t r o l .  T e s t s  -n i l l - c o a t e d  foamed g l a s s  s h e e t s ,  u s i n g  
l a s e r s  t o  make s t r a i g h t  c u t s ,  s l o t s ,  and h o l e s .  Emphasls  on 
equ ipmen t  a c c u r a c y  and  r e l i a b i l i t y .  

To  p r o d u c e  p r c l i r n i n a r y  d e s i g n s  o f  wavegu ide  assembler1 and wave- 
g u i d e  p a c k a g e r ,  i n c l u d f n g  a u t o m a t i c  m a n i p u l a t o r  SyStrins, g u i d e  
s y s t e m s ,  l a s e r  f u s i n g  d e v l c e s ,  q u a l i t y  c o n t r o l  p a c k a g i n g  manlp- 
u l a t o r s ,  and s t o r a g e  r a c k s .  Emphasis  on f u l l  a u t o m a t i o n ,  
a c c u r a c y  o f  o u t p u t ,  e a q e  o f  r e p a i r .  

To d e v e l o p  ground p r o t o t y p e s  o f  waveguide a s s e m b l e r  and p a c k a g e r ,  
i n c l u d i n s  f u l l  a u t o m a t i o n ,  h a n d l i n s  systems. clua1it.Y C o n t r o l  de- 
v i c e s ,  l a s e r  f u s e - s .  T e s t s  o f  equ ipmen t  a c c u r a c y  and  r e l i a b l l i t y ,  
u s i n g  A l - c o a t e d  foamed g l a s s  s t r i p s  a s  I n p u t s ,  e v a l u a t i o n  O f  o u t -  
p u t  q u a l i t y ,  and deve lopmen t  o f  m a i n t e n a n c e  and r e p i s r  t e c h n i q u e s .  

To i n t e g r a t e  t h e  g round  p r o t o t y p e s  i n t o  a f u l l y  a u t o m a t e d  g l a s s  

h a n d l i n g  and  c o n t r o l ,  i n - s p a c e  m a i n t e n a n c e  and r e p a i r  f e a t u r e s .  
foeming and wavegu ide  p r o d u c t i o n  l i n e ,  i n c l u d i n g  a u t o m a t i c  

Emphasis  on r e l i a b i l i t y ,  e a s e  o f  r e p a i r ,  i n t e g r a t e d  c o n t r a l ,  
a c c u r a c y  o f  o u t p u t .  t - 



RESEARCH I T E M  

TABLE 1 2 . 7  ( C o n t i n u e d l  

OBJECT I VE 
I 

I I I 

Space p r o t o t y p e  
o f  waveguide pro -  
d u c t i o n  system 

110 s p a c e - r a t e  and t e s t  t h e  I n t e g r a t e d  ground p r o t o t y p e s .  
I n c l u d e s  s t r b c t u r a l  i n t e g r a t i o n  of components, f u l l  a u t o m a t i c n ,  
t e s t s  o f  i n - s p a c e  m a i n t e n a n c e  and r e p a i r ,  r e t u r n  o f  o u t p u t  t o  
E a r t h  f o r  a n a l y s i s .  Equlprllent r e q u i r e s  r o u g h l y  one S h u t t l e  
p a y l o a d  ( n o t  i n c l u d i n g  power and h e a t  w a s t e  systems) and i n -  
space assernbiy. 

I I I 

X 

L 



12. 9: R & D :  SUPPORT EQUIPYEPIT - 
Table 12.8 describe!: the ma jo r  s teps  i n  the  technology 

evolution for reference SMC s u p p o r t  equipment. i n  genera l ,  

the  development o f  the  SMF support equipment shares a number 

o f  s t eps  w i t h  SPS development a n d  t he  development o f  likely 

near-term space hardware (e .g .  o r b i t a l  antenna farms, ShLt t le  

s e rv i ce  s t a t i o n s ,  space s t a t i o n s ) .  Therefore some o f  t h e  

R&D may be shared w i t h  o the r  programs. 

For a number o f  support equipment s ec t ions ,  ground a n d  

space prototypes a r e  useful f o r  component v e r i f i c a t i o n ,  b u t  

t he  f i n a l  v e r i f i c a t i o n  r equ i r e s  t ?  f u l l - s c a l e  s t r u c t u r e .  

Exampies a re  the  input/output s t a t i o n ,  power p l a n t ,  p r o d u c t i o n  

c o n t r o l  systems, s ta t ionkeeping a n d  a t t i t u d e  c o n t r o l ,  atld 

s t ruc tu re .  In these  cases the technology evolut ion program 

aims a t  d?veloping s u f f i c i e n t  knowledge a n d  experience w i t h  

the prototypes t o  produce f i n a l  designs f o r  t he  s e c t i o n s ,  

w i t h  confidence i n  t h e i r  proper f u n c t i o n  a f t e r  cons t ruc t ion .  

The study g r o u p  f e e l s  t h a t  the most demanding technology 

evolution t a sks  f o r  support equipment a re  the  development o f  

r epa i r  a u t o m a t a ,  the deve1oFaeRt o f  f r e e - f l y i n g  h y b r i d  t e l e -  

opera tors ,  and  the  developrent a n d  i n t eg ra t ion  o f  t he  computer 

hardware a n d  software for  p r o d u c t i o n  c o n t r o l .  

12 .33  



T A B L E  1 2 . 8 :  R 8 D :  SUPPORT ECUIPHENT 

R E S E A R C H  I T E M  

Des jgn  & g r -und  t e s t s  
o f  i n p u t / o i  : P i i t  
s t a t i o n  

- 

Des ign  E, ground  t e s t s  
o f  i n t e r n a l  t r a n s -  
p o r t  L s t o r a g e  
d e v i c e s  

Des lgn  8 ground t e s t s  
o f  c r a w l e r s  

Des ign  b ground t e s t s  
o f  power p l a n t  
components 

OBJECTIVE 

To p roduce  a d e s i g n  o f  t h e  c a r g o  aFd p e r s o n n e l  d o c k i n g  t a c l t l -  
t i e s ,  I n c l u d l n g  s t r u c t u r a l . d e s l g n  o f  damped i m p a c t - r e s i s t a n t  
s t r u c t u r e ,  d o c k i n g  l a t c h e s ,  m a n l p u l a t o r  c r a n e s  ( w i t h  I l f e -  
s u p p o r t  pads, c o n t r o l  computers ,  end e f f e c t o r s ) ,  androgyne 
d a c k f n g  r i n g s ,  a i r l o c k s ,  and p r e s s u r l r e d  t u n n e l .  A l s o  g round  
t e s t s  on equipment  components, s t r e s s i n m y  r e l f a b l l i t y ,  
l o n g e v i t y ,  ease o f  r e p a i r .  

~ ~ 

To p roduce P d e s i g n  f o r  t h e  m a g n e t l c  c a r t  I n t e r n a l  t r a n s p o r t  
sys te r r ,  and f o r  t h e  l n t e r n a l  s t o r a g e  d e v i c e .  I n t e r n a l  t r a n s p o r t  
l n c l u d e s  t r a c k ,  c a r t s ,  magne t i c  d r l v e  components, c o n t r a 1  
a c t u a t o r s ,  senso rs ,  r o u t l n g  c o n t r o l  ha rdware  & s o f t w a r e .  L 
c a r t / c a r g o  i n t e r f a c e s .  I n t e r n a l  s t o r a g e  d e v i c e  i n c l u d e s  h o l d i n g  
r a c k s ,  d r i v e  systems,  i n p u t / o u t p u t  d e v l c e s ,  l a b r l l n g  systems, 
c o n t r o l  hardware  L s o f t w a r e .  Des ign  work i n c l u d e s  l o a d  p r e -  
d i c t i a n c , ,  g e o m e t r i c  d e s i g n  t s f z l n g ,  e s t i m a t e s  o f  ma ln tenance  I 
r e p a j r ,  e v a l u a t l o n  o f  o p e r a t l o n a l  s a f e t y .  T e s t s  o f  component 
l o n g e v i t y ,  rcl  i a h j l l t y ,  ease o f  r e p a i r .  E v a l u p t l o n  o f  
m o d f f l c a t l o n s  r e q u l r e d  f o r  z e r o - 9  use. 

To produce  L ground t e s t  d s s l g p s  f o r  S o l a r  C e l l  f s c t o r y  CVaWlQrS 
I n c l u d l n g  s t r u c t u r a l  d e s i g n ,  d r i v e  systems, t r a c k s  & s u p p o r t  
s t r u c t u r e ,  sensors ,  computer  hardware  and so f twave ,  eornmunfca- 
t j o n s ,  m a n i p u l a t o r s ,  end e f f e c t o r s .  C r a w l e r s  a r e  o p e c l a l l r e d  t o  
t h e  s e c t i o n s  t h e y  s e r v i c e ,  6 t h e r e f o r e  r e q u i r e  v a r i a t i o n s  on 8 
b a s i c  d e s i g n .  T e s t s  o f  component a c c u r a c y  and r e l l a b l l i t y ,  B 
development  o f  g round p r o t o t y p e s .  Oes lgn  o f  c o n t r o l  so f tware .  
c r a n l e r / i n t e r n a l  t r a n s p o r t  I n t e r f a c e ,  ma ln tenance  & r e p a i r  tech- 
n lques .  E v a l u a t i o n  o f  m o d i f i c a t i o n s  needed f o r  z e r o - g  use. 

To p roduce  a d e s i g n  f o r  t h e  r e f e r e n c e  SMF power p l a n t ,  including 
s o l a r  a r r a y ,  D C - D C  and O C - A C  c o n v e r t e r s ,  power f e e d  systems. 
emergency f u e l  c e l : j ,  s w i t c h i n g  systems. 8 c o n t r o l  ha rdware  8 . 
s o f t w a r e  (much o f  t h i s  d e s i g n  matches components o f  t h e  SPS) .  
i n c l u d e s  mass, ma ln tenance,  r e p a i r ,  l o g i s t l c s ,  6 c o s t  e s t i m a t e s .  
s t r u c t u r a l  d e s i g n  o f  s o l a r  a r r a y  6 busbars  ( d e s i g n  work i n t e r -  
f a c e s  w i t h  S M F  s t r u c t u r e  deve lopmen t ) ,  s l z l n g  o f  fuel c e l l s  6 
c o n v e r t e r s .  T e s t s  on components, s t r e s s i n g  r e l i s b i l i t y .  e8S8 O f  
assembly (some o f  t h e s e  t e s t s  p r o b a b l y  done d u r i n g  SPS deve lop -  
men t ) .  I n v e s t i g a t i o n  o f  b o o t s t r a p p l n g  p o ~ r i b i l i t i e s .  

- 
X 
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R E S E A R C H  I T E M  

T A B L E  12.8 ( C o r t t i n u e d )  

Design 6 g r o u n d  
tests o f  pro- 
duction control 
systeas 

Design -& ?routid 
tests c f  habitation 
componen t;  

3esign t ground 
tests o f  staticn- 
keeping and atti- 
t u d s  control 
equiplnent 

Oesign & ground 
tests o f  SFlF 
structure component 

c 

O B J E C T I V E  

T o  Investigate productlon control optfons and t o  produce pre- 
liminary designs o f  space-.rated computers, monltorlng sensors, 
datd transmissicn systems, status display systems, routing 
control software, inver,tory control software, maintenance 8 
repair scheduling software, computer hierarchies, damage- 
tolerance techniques (e,g. redundancy, distrlbuted controls 
w i t h  self-rzconfiguratfon), management structures. Simulations 
o f  various software options 8 ground tests o f  hardware, leading 
to full-scale sinulatlon o f  SttF operatfons, fncludlng failures 
€i changes in production objectives. 

T o  produce a design for a modular zero-g habltat made from 
converted Shuttle external tanks, Including Interior struc- 
tures, life-support systems (closed w o t e r  cycle), airlocks, 
structural attachments, thermal control, shielding require- 
ments, eniergoncy systems. Design wcrk Includes load predlc- 
tions, structural design, cstlmates o f  mass, power, maln- 
tendnce, repair, logistlcs, b costs, in-space malntenance L 
repatr features, evaluation o f  tecnnical uncertainty 8 
operational safety, development o f  space w o r k e r s ’  nutrltlonal, 
recreational, t physical requlrements E work schedules. T e s t s  
o f  habrtatlon ccrnponents, with emphasis or! rellablllty, 8 
simulatians o f  livfnq conditlons. MuLh o f  this research m a y  
be shared w i t h  near-term space station development. 

---___--- - - 

T o  produce designs o f  statfonkeeping equipment. Includes com- 
putation o f  orbital requirements, estimation o f  attitude con- 
trol requirempnts, deslgn o f  navigatioc & attltude sensors, 
guidance computers, oxygen thrusters ( e . g .  reristojets, ion). 
Ground tests o f  hardware, 8 computer simulations o f  orbftal & 
attitude perturbatlons 8 software response. Some deslgn work 
& tests colnmon with SPS development. 

T o  produce a design for t h e  SMF structure, Including central 
mast, s o l a r  array supports, factory equipment support struc- 
ture, flexlble j o i n t s  with actlve dampjng systems. T h i s  design 
is interfaced with t h e  desiqn o f  Internal transport t r a c k s  8 
power feed systems, which m a y  be structural. Design includes 

(canti nued) - 



TABLE 1 2 . 8  ( C o n t i n u e d )  

R€SEARCH I T E M  

D e s i g n  8 g r o u n d  
t e s t s  o f  r e p a i r  
shop componen ts  

O p s i g n  ti g r o u n d  
t e s t s  o f  f r e e -  
f l y i n g  
t e l  e o p e r a  t o r s  

OBJECTIVE - ( con t I n u ed ) - 
d e v e l o p m e n t  of p o s i t l o n  and  d e f o r m t i o n  s e n s o r s ,  m r l n t e n a n c e  
t r e p a i r  t e c h n i q u e s ,  m a s s ' &  c o s t  e s t i m a t e s ,  e v a l u a t i o n  o f  
o p e r a t f o n a l  s a f e t y .  Emphas is  on ease o f  I n - s p a c e  a s s e m b l y  8 
r e p a i r .  T e s t s  o f  p o s i t i o n  s : n s o r s ,  a c t i v e  d a m p i n g  sys tems ,  
assembly 8 r e p a l r  t e c t l r l f q l  6 c o m p u t e r  s i m u l a t i o n s  t o  p r e -  
( f i c t  l o a d  h i s t o r i e s  8 c -  - r q u i  reme i r t s .  

To p r o d u c e  d e s i g n s  f a *  ' e  s h o p s  made f r o m  c o n v e r t e d  
S h u t t l e  e x t e r n a l  t a n  ., '!nnr.$uding h m a n  w o r k  a r e a s *  l i f e -  
s u p p o r t  s y s t e m s ,  a f r l n c k s ,  I n t e r i o r  s t r u c t u r e s ,  emergency  
s y s t e m s ,  s t r u c t u r a l  a t t a c h m e n t s ,  r ? p a i r  a u t o m a t a ,  s p a r e  FlrrtS 
r a c k s ,  i n p u t / o u t p u t  sys tems .  D e s i g n  w a r k  s h a r e s  common e f f o r t s  
w i t h  h a b f t a t  d e v e l o p m e n t ;  i n c l u d e s  l o a d  p r e d i c t l o p s ,  s t r u c -  
t u r a l  d a s i q n ,  Z s t f m a t e s  o f  mass, p o w e r ,  m a i n t e n a n c e ,  r c p a f r ,  
l o g i s t i c s ,  E c o s t s ,  c v d l u a t l o n  o f  o p e r a t f o n a l  s a f e t y ,  s h i e ' d l n g  
r e q u i r e m e n t s ,  d e v e l o p m e n t  o f  v e r s a t i l e  z e r o - g  workbhop  m a c h i n e s ,  
d e v e l o p m e n t  o f  a u t o m a t e d  r e p a i r  m a c h i n e r y  ( s e v e r s 1  t y p e s ) ,  de-  
v e l o p m e n t  of t h e r m a l  c o n t r o l  s y s t e m s  2 t o x i c -  a s  s c r u b b e r s .  

r e p a i r  I n  space,  t s i m u l a t i o n s  o f  w o r k  c o n d i t i o n s .  Assessmen t  
o f  m o d l f i c a t i o n s  f o r  u s e  i n  z e r o - g .  

- - 

T e s t s  o f  c o m p o n z n t s ,  w i t h  e m p h a s i s  on r e l i a b i  f I t y  t, e a s e  o f  

-- 
To p r o d u c e  a d e s i g n  f o r  d v e r s a t i l e  f r e e - f l y i n g  h y b r i d  t e l e -  
o p e r a t o r  f o r  r e p a i r  4 m a i n t e n a n c e  o p e r a t i o n s  I n  t h e  s o l a r -  
c e l l  f a c t o r y .  Based o n  t h e  S h u t t l e  f e l e o p e r a t o t  R e t r i e v e 1  
System, t h i s  d e s i g n  i n c l u d e 5  m u l t i p u r p o s e  m a n f p u l a t o r s  L e n d  
e f fec to rs ,  n a v i g a t i o n  s y s t m r .  t i i r u s t e r s  c o m m u n i c a t i o n s  h a r d -  
ware,  s e n s o r s ,  c o m p u t e r s ,  ?crJ!er supplies, p r o p e l l a n t  t a n k s ,  I 
a r e m o t e  c o n t r o l  s t a t i o n  0 c s ; g n  w o r k  I n c l ( 8 d e s  d e f i n i t f o n  o f  
s p e c l f i c  t a s k s  & r e o u l r 3 m f . c z 5 ,  componen t  d e s i g n ,  s y s t e m  I n -  
t e g r a t i o n ,  d e v e l o p m e n t  I;f cnm2 lex  s o f t w a r e  s t r u c t u r e s  ( i n -  
c l u d i n g  t e l e n l e t r y  l i n k s  t o  r e m o t e  c o m p u t e r s ) .  T e s t s  o f  component! 
( e m p h a s i s  on r e l i a b i l i t y )  ?. 3 ! m u l a t l o n s  o f  ! n t e g r a t e d  f u n c t i o n s .  
Deve lopmen t  o f  m u l t i - m e d l d  c o n t r o l  s t a t i o n  & c o m m n i c a t l o n s  
1fnl.s ( v l d e o ,  a u d i o ,  t a c t i l e ) .  Assessmen t  o f  m o d i f i c a t i o n s  r a -  
q u i r e 4  f o r  SMF use .  Yay h a v e  561110 e a r t h  a F p l f c a t f o n s .  



-- T A a L E  1 2 . 8  ( C o n t i n u e d )  

R E S E A R C H  T Y P E  

I n t e g r a t e d  space  
p r o t Q t y p r ? s  o f  
bzSi:3: ian,  i n p u t /  
ou:;)u). ; t a t i o n ,  8 
r e p a i r  s k o p s  

O B J E C T I V E  

To d e v e l o p  and t e s t  a m o d i f i e d  e x t e r n a l  t a n k  ( h a l f  h a b l t a t f o n ,  
h a l f  r e a a i r  s h o p )  w f t h  a t t a c h e d  d e c k i n g  s y s t e m s  ( I n c l .  mar l fpu-  
l a t o r  c r a n e ) .  T e s t s  o f  component  r e l l a b l i f t j ,  s a f e t y ,  w o r k e r  

~ p r o j u c t i a i i t y ,  r e p a l r  a u t o r y a t a  r e q u j r e m e n t s ,  emergency  sys tems .  
' T h i s  e q u i p r e n t  cGu'id f l t  i n t o  o n e  S h u t t l e  f l i g h t ,  B h a s  p o t e n t i a ?  
' n e a t * - t c r n  space  u s e  ( s u c h  a s  a S h u t t l e  r e p s ! r  s t a z l o n ) .  T h l s  can 

a l s o  s e r v e  a s  a p a r k i n g  f a c i l l t y  f o r  e x p e r i m e n t s .  

T O  d e v e ? o p  L t e s t  an I n t e g r a t e d  s p a c e - r a t e d  p r o t o t y p e  s t r u c t u r e  
I n c l u d i i i g  c r a w l e r s ,  t r a n s p o r t  8 s t o r e g e  s y s t e m s ,  and  SHF r t r u c -  
tuy'e componen ts  ( s e n s o r s ,  f l e x i b l e  j o i n t s ,  d a m p f n g ) .  T h i s  e q u i p -  
w e n t  Lars p o s s i b l y  f i t  I n  one  S h u t t l e  p a y l c a d ,  b u t  r e q u l r e s  i n -  
space  a s s e m b l y .  T e s t s  i n c l u d e  I n - s p a c e  assembly, m a f n t e n a n c e ,  6 
r e p a i r  t e c h n i q u e s ,  v e r i f i c a t i o n  o f  d y n a m i c  b e h a v i o r  p r e d f c t f o n s ,  
a c c u r a c y  o f  component  o p e r a t i o n  ( I n c l u d i n g  c o n t r o l  h a r d w a r e  I 
s o f t w a r e ) .  

To d e v e l o p  8 t e s t  a s p a c e - r a t e d  p r o t o t y p e  o f  t h e  f r e e - f l y f n g  
h y b r l d  t e l e o p e r a t o r .  T e s t s  o f  a l l  s i x  command modes, d e v i c e  
v e r s a t i l i t y  a n 6  a c c u r a c y ,  o p e r a t t n g  r a n o e  ( t f m e ,  d l s t a n c e ,  
p h y s i c a l  e n v l r o n m e n t ) ,  o p e r a t o r  l e a r n i n g  c u r v e s .  T e s t s  can 
i v c l u d e  t e l e o p e r a t o r  o p e r a t i o n s  o n  s t r u c t u r e / t r a n o p o r t  s y s t e m s /  
e t c .  p r o t o t y p e s  d e v e l o p e d  e a r l l e r ,  8 s h o u l d  I n c l u d e  t e s t s  I n  
s i m u l a t e d  t h e r m a l  t r a d i a t i o n  e n v l r o n r n e n t  o f  t h e  s o l a r  c e l l  
f a c t o r y .  T e l e o p e r a t o r  h a s  p o t e n t i a l  u s e s  t n  n e a r - t e r m  5 p a c e  
ope r a t  i o n s ,  

- 



CHAPTER 1 3  

POSSlB LE S YSTEWS TRADEOFFS 

13.1 : I # T R O D U C T I O N  

The  SMF des ign  which has  evolved from t h i s  s t u d y  i s  a 

reference des ign  and on ly  the obvious t r a d e o f f s  have been con- 

s i d e r e d  i n  i t s  e v o l u t i o n .  F ina l  o p t i m i z a t i o n  o f  an SHF would 

r e q u i r e  much deeper a n a l y s i s  o f  t h e  v a r i o u s  a l t e r n a t e  c a n d i d a t e  

systems t h a n  was p o s s i b l e  w i t h i n  the time and c o s t  c o n s t r a i n t s  

o f  t h i s  s tudy .  I t  i s  the purpose o f  t h i s  c h a p t e r  t o  discuss 

b r i e f l y  some o f  these t r a d e o f f s .  

13.2: OPTIWIZATION OF PRODUCT FOR USE OF L U N A R  MATERIALS 

One of t h e  c o n t r a c t u r a l  g u i d e l i n e s  o f  t h i s  s t u d y  was t h a t  

there would b e  no r edes ign  o f  the  SPS (chosen a s  an example pro- 

d u c t  o f  t he  SFOF) beyond l u n a r - m a t e r i a l  s u b s t i t u t i o n s .  T h i s  

assumption fDrces  unnecessary complexi ty  on the  SMF processes ,  

and mav l e a d  t o  u n r e a l i s t i c a l l y  h i g h  program c o s t s .  S i g n i f i -  

c a n t  r e d u c t i o n s  i n  SMF complexi ty  can b e  ob ta ined  by d e s i g n i n g  

the o u t p u t  s p e c i f i c a l l y  f o r  l u n a r - m a t e r i a l  use and ease of  

space  manufacture .  The re fo re  a f u l  comparison o f  e a r t h  base-  

l i n e  a n d  l u n a r  m a t e r i a l  s c e n a r i o s  should  i n c l u d e  t h e  o p t i o n  

t o  op t imize  product  des igns  w i t h i n  each s c e n a r i c .  

More g e n e r a l l y ,  t h e  s t u d y  should a s s e s s  t he  phys ica l  and 

economic c h a r a c t e r i s t i c s  o f  t h e  space  product ion  environment 

which d r i v e  t h e  optimum des ign  o f  SMF o u t p u t s .  Examples o f  

such c h a r a c t e r i s t i c s  a r e  t h e  a v a i l a b i l i t y  o f  raw m a t e r i a l s ,  

the  r e l a t i v e  d i f f i c u l t i e s  i n  r e f i n i n g  d a r i o u s  m i n e r a l s ,  t h e  

1 3 . 1  



u n s u i t a b i l i t y  o f  many t r a d i t i o n a l  E a r t h  processes, t h e  advan- 

tages  o f  processes u n s u i t a b l e  on  Ear th,  t h e  d i f f e r e n t  c o s t  

p a t t e r n s  o f  energy, t h e  a v a i l a b i l i t y  o f  cheap vacuum, t h e  

e f f e c t s  o f  zero-g, and t h e  r e l a t i v e l y  h i g h  c o s t  o f  human l a b o r .  

A l l  o f  t hese  f a c t o r s  t e n d  t o  r e w r i t e  t h e  l i s t  o f  do's and 

d o n ' t ' s  used i n  p roduc t  des ign  on Ear th,  and a s y s t e m a t i c  

assessment o f  t h e  optimum t r e n d s  i n  p roduc t  des ign  f o r  l u n a r  

m a t e r i a l  space manufacture would be a u s e f u l  t o o l .  

One p o s s i b l e  approach c o u l d  be  an i n v e r s i o n  o f  t h e  d e s i g n  

ph i l osophy  used i n  s t u d i e s  t o  date,  Rather  than s t a r t i n g  w i t h  

a p roduc t  des ign  and a s k i n g  "how can t h i s  be made i n  space 

from l u n a r  m a t e r i a l s ? " ,  a s t u d y  c o u l d  beg in  w i t h  a l i s t  o f  

a v a i l a b l e  m a t e r i a l s  and a l i s t  o f  processes s u i t a b l e  f o r  l u n a r  

and space use, ( t h e  processes graded acco rd ing  t o  s i m p l i c i t y  

and a d a p t a t i o n  t o  t h e  p h y s i c a l  and economic c o n d i t i o n s ) ,  and 

ask 'what use fu l  p roduc ts  can be produced, and which a r e  t h e  

s i m p l e s t  and l e a s t  expensive t o  produce?", 

13.3: EFFECT O F  SPS MASS I N C R E A S E  

A l i k e l y  r e s u l t  o f  t a i l o r i n g  t h e  SPS des ign  f o r  ease o f  

space manufacture f rom l u n a r  m a t e r i a l s  i s  an i n c r e a s e  i n  t h e  

SPS s i z e  and mass. For example, some o f  t h e  c o m p l e x i t y  o f  t h e  

re fe rence S M P  presented i n  t h i s  s tudy  r e s u l t s  f rom t h e  r e q u i r e -  

ment  f o r  p r o d u c t i o n  o f  s o l a r  c e l l s  w i t h  12.5% e f f i c i e n c y .  An 

a ; t e r n a t i v e  SPS des ign,  u s i n g  t h i n  f i l m  c e l l s  o r  t h e r m i o n i c  

dev ices w i t h  6% e f f i c i e n c y ,  m igh t  s i m p l i f y  t h e  S M F  aes ign  and 

t h e r e f o r e  reduce the S M F  c o s t s .  H o w e v e r ,  a 10-GW SPS would 
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2 t h e n  r e q u i r e  a c o l l e c t i o n  a r e a  o f  200 km ( r a t h e r  t h a n  t h e  

b a s e l i n e  100  km ) ,  and  w o u l d  t h e r e f o r e  b e  more  m a s s i v e  t h a n  

t h e  b a s e l i n e .  

2 

The t r a d e o f f  t o  b e  e v a l u a t e d  i s  t h e  c o s t  r e d u c t i o n  i n  t h e  

SMF d e s i g n  ( d u e  t o  t h e  u s e  o f  s i m p l e r  s o l a r  c e l l  m a n u f a c t u r i n g  

t e c h n i q u e s )  v e r s u s  c o s t  i n c r e a s e s  due t o :  p o s s i b l e  i n c r e a s e s  

i n  a t t i t u d e  c o n t r o l  r e q u i r e m e n t s  ( p r o p e l l a n t )  f o r  t h e  SPS; a 

r e q u i r e d  i n c r e a s e  i n  t h e  p r o d u c t i o n  o f  raw  m a t e r i a l s  f r o m  t h e  

l u n a r  base;  i n c r e a s e d  t r a n s p o r t a t i o n  c o s t s  f o r  t h e s e  r a w  mate -  

r i a l s ;  a r e q u i r e d  i n c r e a s e  i n  t h e  p r o d u c t i o n  c a p a c i t y  o f  t h e  

SMF; an i n c r e a s e  i n  t h e  a s s e m b l y  r e q u i r e d  p e r  SPS. W h i l e  t h e  

SMF r e l a t e d  c o s t  r e d u c t i o n s  and  i n c r e a s e s  can  be e s t i m a t e d  

f rom t h e  SMF d e s i g n ,  t h e  o t h e r  c o n t r i b u t o r s  t o  t h e  t r a d e D f f  

r e q u i r e  f u r t h e r  s t u d y .  What i s  t h e  c o s t  o f  i n c r e m e n t s  i n  

l u n a r  m i n i n g ,  t r a n s p o r t a t i o n ,  a s s e m b l y ?  

13.4:  T R A D E O F F S  I N  L U N A R  R E F I N I N G  

There  a r e  many p o s s i b l e  l u n a r  r e f i n i n g  o p t i o n s ,  and t h e s e  

c a n d i d a t e s  v a r y  i n  t h e  r a n g e  o f  o u t p u t  m i n e r a l s  and t h e  p u r i -  

t i e s  o f  t h e  o u t p u t s .  I n  g e n e r a l ,  t h e  l a r g e r  t h e  number o f  

d i f f e r e n t  o u t p u t s  and t h e  h i g h e r  t h e  o u t p u t  p u r i t i e s ,  t h e  more  

complex  and c o s t l y  t h e  r e f i n i n g  e q u i p m e n t .  On t h e  o t h e r  

hand,  a r e d u c t i o n  i n  t h e  a v a i l a b l e  l i s t  o f  m a t e r i a l s  c a n  f o r c e  

s u b s t i t u t i o n s  w h i c h  c o i i l p l i c a t e  t h e  m a n u f a c t u r i n g  p r o c e s s e s  and  

d e g r a d e  t h e  p e r f o r m a n c e  o f  t h e  f i n a l  p r o d u c t .  S i m i l a r l y ,  a 

r e d u c t i o n  i n  a v a i l a b l e  p u r i t i e s  can  a l s o  i n c r e a s e  t h e  c o m p l e x -  

i t y  o f  m a n u f a c t u r e  and d e c r e a s e  t h e  f i n a l  o u t p u t  q u a l i t y .  
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There fo re  t h e r e  a r e  t r a d e o f f s  between l u n a r  equipment com- 

p l e x i t y  and SMF equipment complexi ty  and f i n a l  product  per-  

formance. As a n  example, i f  t h e  product ion  o f  S - g l a s s  on 

the  Moon were d i f f i c u l t  or imposs ib l e ,  the  r e f e r e n c e  SNF 

might have t o  be modified t o  produce S - g l a s s  from l u n a r  Si02 

a n d  Ear th  i n p u t s ,  t h u s  i n c r e a s i n g  SMF complexi ty  and Garth 

m a t e r i a l  requi rements .  Or the system could be modif ied t o  

avoid  the  need f o r  S - g l a s s ,  p roduct ing  e l e c t r i c a l  i n s u l a t i o n  

from o t h e r  m a t e r i a l s ;  t h i s  could d e g r a d e  the  performance of  

t h e  S P S .  

A s  ano the r  example, i f  semiconductor  grade  s i l i c o n  were 

a v a i l a b l e  from t h e  Moon ( r a t h e r  than m e t a l l u r g i c a l  g r a d e )  the  

r e f e r e n c e  S M F  w o u l d  not  r e q u i r e  a zone r e f i n i n g  s e c t i o n .  

T h i s  example in-croduces a n o t h e r  t r a d e o f f :  t h e  l o c a t i o n  o f  r e -  

f i n i n g  p rocesses .  In t h e  r e f e r e n c e  des ign ,  t h e  r e f i n i n g  of  

s i l i c o n  i s  s p l i t  between t h e  Moon a n d  t h e  SMF, whi le  t h e  r e -  

f i n i n g  o f  o t h e r  m a t e r i a l s  i s  done on t h e  Moon. Each l o c a t i o n  

o f f e r s  d i f f e r e n t  advantages i n  r e f i n i n g ,  however: t h e  Moon 

b e n e f i t s  from g r a v i t y ,  which a l lows  many Ear th  p rocesses  u n -  

s u i t a b l e  f o r  zero-g ,  s u c h  as s e p a r a t i o n s  by l i q u i d  o r  s o l i d  

d e n s i t y  v a r i a t i o n s ,  column exchange p r o c e s s e s ,  s o l u b i l i t y  pro- 

c e s s e s ;  a n d  t h e r e  a r e  b e n e f i t s  i n  l a u n c h i n g  o n l y  pure m a t e r i a l s  

from the  Mecn. )Iowcver, l a b o r  may be more expens ive  on t h e  

Moon t h a n  i n  space ,  a n d  t h e  SMF b e n e f i t s  f rom cont inuous  s o l a r  

energy .  Another c o n s i d e r a t i o n  i s  t h e  l i k e l i h o o d  o f  c n t a m i n a -  
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t i o n  o f  p u r i f i e d  m a t e r i a l s  d u r i n g  t r a n s p o r t a t i o n  f r o m  t h e  Moon 

t o  t h e  SMF. A l l  o f  t h e s e  i s s u e s  r e q u i r e  f r i r t h e r  s t u d y .  

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

b u i l d u p  sequence f o r  l u n a r  o p e r a t i o n s .  S h o u l d  a f u l l - s c a l e ,  

f u l l - c a p a b i l i t y  l u n a r  base  b e  e s t a b l i s h e d  e a r l y  i n  t h e  p r o -  

gram, o r  s h o u l d  a l i m i t e d  l u n a r  f a c i l i t y  b e  s e t  u p  and  p r o -  

g r e s s i v e l y  u p r a t e d ?  I f  a s m a l l  s c a l e  base  i s  s e t  u p  t o  

r e f i n e  oxygen  f o r  i n t e r o r b i t a l  p r o p e l l a n t ,  a t  what  t i m e  

s h o u l d  t h e  f a c i l i t y  b e  expanded t o  p r o d u c e  r a w  m a t e r i a l s ?  

F o r  t h e  e a r l y  SMF o u t p u t s ,  w h i c h  m a t e r i a l s  s h o u l d  come f r o m  

t h e  Moon, and w h i c h  f r o m  E a r t h ?  

13.5:  TRANSPORTATION FRCFI! THE MOON 

S e v e r a l  o p t i o n s  have  been s u g g e s t e d  f o r  t r a n s p o r t a t i o n  of '  

raw m a t e r i a l s  f r o m  t h e  Moon: l i q u i d  c h e m i c a l  r o c k e t ,  m a s s -  

d r i v e r ,  n i l c l e a r  r n c k e t ,  a lum inum pOwder/OXygen r o c k e t ,  t e t h e r e d  

s a t e l l i l e  e l e v a t o r .  R e s i d e s  t h e  u n c e r t a i n t i e s  i n  t h e  R & D 

c o s t  e s t i m a t e s  f o r  t h e r e  a p t i o n s , s e v e r a l  o t h e r  i s s u e s  a l s o  r e -  

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

dependen t  on t h e  s o u r c e  o f  t h e i r  p r o p e l l a n t  a n d / o r  e n e r g y .  

F o r  example,  t h e  a luminum p o w d e r l o x y g e n  r o c k e t  i s  a c o m p e t i t i v e  

o p t i o n  o n l y  i f  b o t h  A 1  pqwder  and oxygen a r e  a v a i l a b l e  i n  

l a r g e  q u a n t i t i e s  f ror r  t h e  l u n a r  r e f i n i n g  p r o c e s s e s .  T h e r e f o r e  

t h e  l u n a r  base c a p a b i l i t i e s  can a f f e c t  t h e  r e l a t i v e  m e r i t s  o f  

t r a n s p o r t a t i o n  s y s t e m s .  

A n o t h e r  i s s u e  a f f e c t i n g  t h e  c h o i c e  o f  t r a n s p o r t a t i o n  

methods  a r e  t h e  c o n s t r a i n t s  t h e y  impose on t h e i r  c a r g o .  The 
13.5 



m a s s - d r i v e r  o p e r a t e s  on  b l o c k s  o r  p e l l e t s ,  w h i l e  t h e  o t h e r  

o p t i o n s  a l l o w  o t h e r  c a r g o  shapes ( s u c h  as r o d s ,  s l a b s ,  powder )  

which may s i m p l i f y  t h e  SMF i n p u t  sys tems .  

F i n a l l y ,  as  m e n t i o n e d  e a r l i e r ,  t h e  n e c e s s i t y  t o  a v o i d  

c o n t a m i n a t i o n  o f  p u r i f i e d  m a t e r i a l s  may s i g n i f i c a n t l y  com- 

p l i c a t e  some t r a n s p o r t a t i o n  o p t i o n s .  A l l  o f  t h e s e  t r a n s p o r -  

t a t i o n - r e l a t e d  i s s u e s  s h o u l d  b e  f u r t h e r  i n v e s t i g a t e d .  

13.6: S M F  P R O D U C T I O N  CONTROL T R A D E O F F S  

W i t h i n  t h e  SMF, s e v e r a l  p r o d u c t i o n  c o n t r o l  t r a d e o f f s  c a n  

have  s i g n i f i c a n t  e f f e c t s  o n  SMF p r o g r a m  c o s t s .  These t r a d e -  

o f f s  a f f e c t  t h e  d e s i g n  o f  s u p p o r t  e q u i p m e n t  and  t h e  methods  

o f  a l l o c a t i o n  o f  a v a i l a b l e  r e s o u r c e s .  

One t r a d e o f f  c u r r e n t l y  u n d e r  assessment  b u t  r e q u i r i n g  

f u r t h e r  s t l t d y  i s  a u t o m a t i o n  v e r s u s  human l a b o r .  F o r  t h e  

s u p e r v i s i o n  and o p e r a t i o n  o f  m a c h i n e r y ,  a u t o m a t e d  s y s t e m s  

a p p e a r  adequa te  and c o s t - e f f e c t i v e .  However, a u t o m a t i o n  i n  

m a i n t e n a n c e  and r e p a i r  needs f u r t h e r  r e s e a r c h .  R e p a i r  f u n c t i o n s  

r e q u i r e  e v a l u a t i o n  o f  u n c e r t a i n t y ;  t h e r e f o r e  a u t o m a t e d  r e p a i r  

sys tems  a r e  s o p h i s t i c a t e d  and e x p e n s i v e  d e v i c e s ,  and human 

l a b o r  may w e l l  b e  c o m p e t i t i v e .  There  a l s o  e x i s t s  t h e  cam- 

p r o m i s e  o f  r e m o t e - c o n t r o i l e d  t e l e o p e r a t o r s ,  w i t h  t h e  o p e r a t o r s  

on E a r t h .  E v a l u a t i o n  o f  t h i s  t r a d e o f f  r e q u i r e s  b e t t e r  e s t i -  

mates  o f  c o s t s  and r e l i a b i l i t y  o f  t h e  b a s i c  e q u i p m e n t ,  o f  t h e  

a u t o m a t e d  r e p a i r  sys tems,  p r o d u c t i v i t y  o f  m a i n t e n a n c e  ana 

r e p a i r  l a b o r  i n  space,  and p r o d u c t i v i t y  and c o s t s  o f  t e l e -  

o p e r a t o r  s y s t e m s .  
1 3 , 5  



From t h e  systems po in t  o f  view, below a c e r t a i n  range  o f  

popu la t ion  a t  t h e  SMF, the  h u m a n  l a b o r  c o s t s  a r e  low enough 

t h a t  they  a r e  n o t  s i g n i f i c a n t  c o n t r i b u t o r s  t o  t he  SMF program 

c o s t s .  The re fo re ,  i f  automation f s  used t o  the e x t e n t  t h a t  

the SMF personnel  t o t a l  i s  below t h i s  range ,  then f u r t h e r  use 

o f  automation d ~ c s  not  y j e l d  s i g n i f i c a n t  returns,  wh i l e  i n -  

c reas ing  t e c h n i c a l  u n c e r t a i n t y .  Based on the work  i n  t h i s  

SMF d e s i g n  s t u d y ,  and o t h e r  in-house s t u d i e s  i n  the  Space 

Systems Labora tory ,  t h e  s t u d y  g r o u p  has l o c a t e d  t h i s  "knee" 

i n  the program c o s t  versus  SMF popu la t ion  cu rve  a t  an SMF 

popula t ion  o f  roughly 2500, well  above t h e  popula t ion  o f  t h e  

r e f e r e n c e  SMF (Ref .  13 .1 ) .  S i n c e  t h i s  f i n d i n g  i n v o l v e s  a 

number of  assumptions on t r a n s p o r t a t i o n  (which i s  t h e  p r i n -  

c i p a l  c o s t  o f  S M F  per sonne l )  f u r t h e r  r e s e a r c h  should r e f i n e  

t h e  accuracy of t h e s e  f i n d i n g s .  

A r e i a t e d  t r a d e o f f  i s  the  cho ice  o f  maintenance a n d  

r e p a i r  s t r a t e g i e s .  Opt'clns inc lude  r e p a i r  a f t e r  breakdown, 

p r e v e n t i v e  maintenance,  r o t a b l e  s p a r e s ,  t h e  u s e  o f  throwaway 

components. Fac tors  a f f e c t i n g  t h e  c h o i c e  o f  o p t i o n s  i n c l u d e  

c o s t s  G f  modular d e s i g n s ,  r e l i a b i l i t y  o f  t h e  S M F  equipment,  

t o l e r a n c e  o f  t h e  SMF p r o d u c t i o n  i a y o u t  to machine o u t a g e s ,  

response  time o f  t h e  r e p a i r  system, c o s t  o f  procurement a n d  

t r a n s p o r t a t i o n  o f  t h r o w a w a y  equipxent  s p a r e s .  Fu r the r  s t u d y  

o f  t h e s e  i s s u e s  i s  needed t o  de te rmine  t h e  i m p a c t  o f  each 

r e p a i r  o p t i o n  o r  SMF program c o s t s .  
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A'nother product ion  c o n t r o l  t r a d e o f f  i s  the l o c a t i o n  of  

t h e  s p a r e s  inven to ry .  I f  t h e  s p a r e s  a r e  warehou,ed i n  space ,  

t h e i r  procurement and t r a n s p o r t a t i o n  c o s t s  occur  e a r l i e r  i n  

t he  program, a d d i n g  t o  d i scoun ted  c o s t s ,  and t h e  SMF r e q u i r e s  

warehousing f a c i l i t i e s .  B u t  p roduct ion  outages  a r e  c u t  down, 

s i n c e  s p a r e s  a r e  r e a d i l y  a v a i l a b l e .  I f  t h e  s p a r e s  a r e  

bought and shipped from Ear th  a s  needed, product ion  ou tages  

from troken'equipment are l eng thened ,  and t h e  SMF t h e r e f o r e  

must have a l a r g e r  product ion  c a p a c i t y .  T h i s  b r i n g s  l'n t h e  

issue o f  machine redundancy: i f  t h e  system i s  s u f f i c i e n t l y  

redundant ,  machine outages  may be t o l e r a b l e ,  and i n - s p a c e  

s p a r e s  inven to ry  may be unnecessary .  

A l l  o f  t h e  product ion  c o n t r o l  t r a d e o f f s  a r e  i c t e r r e l a t e d ,  

and should t h e r e f o r e  be s tudied t o g e t h e r .  T h e  challengta i s  

t o  develop a product ion  c o n t r o l  phi losophy well  adapted  t o  t h e  

economic and phys ica l  environment o f  t h e  SMF. 

43.7: WASTE REPROCESSING AT THE S M F  

The r e f e r e n c e  SMF presen ted  i n  t h i s  s t u d y  was tes  50,000 tons  

of  every  I 0 ,200  tons  o f  m a t e r i a l  i n p u t .  The s o l a r  c e l l  f a c t o r y  

was tes  36,000 o f  t hose  tons .  Therefore  was te  r e p r o c e s s i n g  op-  

t i o n s  and low-waste des ign  o p t i o n s  should oe cons ide red  f o r  

t h e  SMF.  The t r a d e o f f  t o  be s t u d i e d  i s  between t h e  c o s t s  o f  

t h e  waste  r e p r o c e s s i n g  equipment ( o r  t h e  incrementa l  c o s t s  o f  

s u b s t i t u t i n g  low-wasted des igns  i n  t h e  r e f e r e n c e  SMF) a n d  t h e  

c o s t s  a s s o c i a t e d  w i t h  t h e  i n p u t  m d t e r i a l s  which w i l l  be wasted. 
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T h e  l a t t e r  c o s t s  c o n s i s t  o f  increir ,?ntal  c o s t s  o f  higher  m i n i n g  

and r e f i n i n g  o u t p u t  r a t e s ,  l a r g e r  t r a n s p o r t a t i o n  requi rements  

from Moon t o  SMF, a n d  h igher  ma te r i a l  th roughputs  a t  the  i n p u t  

end o f  the SMF. 

On t h e  o t h e r  hand, i f  5he kvaste i s  i n  a f G r m  s u i t a b l e  f o r  

r a d i a t i o n  or micrometeo r i t e  s h i e l d i n g  f o r  space  f a c i l i t i e s  

( o r  more e x o t i c  u ses  s u c h  as  l a r g e  masses f o r  i n e r t i a l  a n c h o r s ) ,  

t he  product  waste  may be b e n e f i c i a l .  The e f f e c t  o f  th i s  o p t i a n  

i s  t o  r e c l a s s i f y  the b u i t a b l e  waste a s  a u se fu l  product ,  a n d  

t o  a s s i g n  3 s a l u e  t o  t h a t  waste .  The t r a d e o f f  i s  then between 

us ing  process  w a s t e  ver sus  un re f ined  l u n a r  % a t e r i a l  f o r  b u l k  

s h i e l d i n g  or o t h e r  a p p l i c a t i o n s  

1 3 . 8 :  S M F  BdILIIUP -- SCQUEFJCE 

As d i scussed  e a r l i e r  f o r  t h e  l u n a r  m i n i n g  and r e f i n i n g ,  

there  may be c o s t  advantages i n  s e t t i n g  u p  t h e  SMF in i n -  

cremental  s e c t i o n s .  In such a b u i l d u p  s c e n a r i o p  t h e  e a r l y  

S P S ' s  wculd inc lude  s i g n i f i c a n t  f r a c t i o n s  o f  Earth m a t e r i a l s ,  

which w o u l d  be reduced i n  l a t e r  o u t p u t s  a s  t h e  SMF becomes 

a b l e  t o  produce more conponents from l u n a r  m a t e r i a l s .  T h i s  

s c e n a r i o  has t h e  d i sadvan tage  t h a t  i t  r e q u i r e s  s e t t i n g  u p  

e a r t h  m a n u f a c t u r i n g  systems ( f o r  SPS components) which may 

be d i f f i c u l t  t o  conve r t  t o  product ion  o f  e a r t h  o u t p u t s  a s  t h e  

S M F  i s  u p g r a d e d .  However, t h e  s c e n a r i o  a l s o  spreads  t h e  u r -  

f r o n t  c o s t s  o f  %he program o v e r  a l a r g e r  p E r i o d ,  p rovides  

e a r l i e r  economic r e t u r n s ,  a n d  rcduces t e c h n i c a l  u n c e r t a i n t y  

by l e a r n i n g  from t h e  i n i t i a l  s e t u p .  E v a l u a t i o n  
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o f  t h e s e  t r a d e o f f s  s h o a l d  i n c l u d e  s t u d y  o f  t r a n s p o r t a t i o n  

and l u n a r  base systems a l s o  , s i n c e  a s t e p w i s e  b u i l d u p  o f  

SHF c a p a b i l i t y  suggests  s t e p w i s e  b u i l d u p s  o f  t h o s e  

system e lements as w e l l .  

13.9: L O C A T I O N  OF F A C I L I T I E S  

There a r e  s e v e r a l  p o s s i b l e  o r b i t a l  l o c a t i o n s  for t h e  SMF, 

e.9. l aw- luna r ,  aeosynchronous, Lag range-po in t ,  r e s o n a n t ,  h i g h -  

e a r t h ,  Choice o f  l o c a t i o n  f o r  t h e  SMF s h o u l d  be  done by an 

o v e r a l l  systems a n a l y s i s  o f  *he t r a d e o f f s  i n v o l v e d ,  F o r  ex- 

ample, a l o w - l u n a r  o r b i t  reduces  t h e  v e l o c i t y  i n c r e m e n t  r e -  

q u i r e d  between l u n a r  s u r f a c e  and SMF. T h i s  i s  an advan tage  

because t h e  m a t e r i a ?  wasted b y  t h e  SMF does n o t  nave t o  t r a v e l  

t o  a h i g h e r  o r b i t ;  however, t h e  amount o f  t h i s  s a v i n g s  de- 

pends on t h e  c h o i c e  o f  t r a n s p o r t a t i u n  systems. On t h e  o t h e r  

hand, l o c a t i n g  t h e  S M F  i n  l o w - l u n a r  o r b i t  s t r e t c h e s  t h e  10- 

g i s t i c s  and pe rsonne l  r o u t e s  between E a r t h  and SMF; t h a t  c o s t  

i n c r e m e n t  a l s o  depends on t h e  c h o i c e  o f  t r a n s p o r t a t ! o n  system, 

and t h e  s v u r c e  o f  p r o p e l l a n t  ( e a r t h  o r  l u n a r ) .  

The SMF l o c a t i o n  t r a d e o f f s  a l s o  i n v o l v e  t h e  e v e n t u a l  de- 

s t i n a t i o n  o f  t h e  S M F  p r o d u c t s .  For  example, l a c a t i n g  t ' e  

f a c i l i t y  i n  geosynchronous c r b i t  c o u l d  red i l ce  the  o u t p u t  

t r a n s p o r t a t i o n  r e q u i r e m e n t s ,  i f  t h e  s a t e l l i t e  assembly s t a t i o n s  

a r e  a l s o  i n  GSO. S i n c e  t h i s  t r a n s p o r t a t i c n  r e q u i r e s  more ex- 

p e n s i v e  packaging t h a n  t h e  lunar-SMF t r a n s p o r t a t i o n ,  t h i s  o p t i o n  

can reduce c o s t s .  

1 3 . 1 0  



I n  g e n e r a l ,  many o f  t h e  f a c i l i t i e s  i n  the  ? u n a r - m a t e r i a l  

s c e n z r i o  ( l u n a r  base ,  t r a n s p o r t a t i o n  t r a n s i t i o n  p o i n t s ,  SMF, 

assembly s t a t i o n s )  Rave a l t e r n a t i v e  l o c a t i o n s ,  a n d  t he  a s s o c i -  

a t e d  t r a d e o f f s  i nvo lve  t r a n s p o r t a t i o n  c o s t s ,  equipment d e s i g n ,  

a v a i l i b i l i t y  o f  energy,  s t a t i o n k e e p i n g ,  worker s a f e t y ,  p r o p e l -  

l a n t  and m a t e r i a l  s o u r c e s .  An o v e r a l l  systems a n a l y s i s ,  i n -  

c l u d i n g  computer modeling and p re l imina ry  desfdn o f  o p t i o n s ,  

i s  needed t o  op t imize  the s c e n a r i a .  

A r e l a t e d  se t  o f  t r a d e o f f s  i s  t h e  l o c a t i o n  o f  i n d i v i d u a l  

p rocesses .  For example, m a t e r i a l  r e f i n i n g  could b e  done i n  

space  r a t h e r  t h a n  on t h e  Moon. T h i s  t r a d e o f f  i nvo lves  r e l a t i v e  

c o s t s  o f  equipment, t r a n s p o r t a t i o n  c o s t s  between t h e  two lo-  

c a t i o n s ,  a n d  t h e  r e l a t i v e  c o s t s  o r  main ta in ing  a n d  t r a n s p o r t i n g  

pe r sonne l .  S ince  l o g i s t i c s  a n d  personnel t r a n s p o r t a t i o n  t o  an 

o r b i t a l  S M F  i s  cheaper  t h a n  t o  t h e  MOOR, t h i s  s u g g e s t s  t h a t  

t h e  l u n a r  base should be kept as  s imple  as p o s s i b l e ;  however, 

r e f i n i n g  a t  t h e  SMF r e q u i r e s  t r a n s p o r t a t i o n  o f  l a rge r  q u a n t i t i e s  

o f  l u n a r  m a t e r i a l s  t o  t h e  SYF. Furthermore,  zero-g r e f i n i n g  

equipment i s  l i k e l y  t o  be d i f f e r e n t  t h a n  l u n a r  e q u i p m e n t  ( i n -  

c l u d i n g  d i f f e r e n c e s  i n  power supply  o r  power s t o r a g e  r e q u i r e -  

m e n t s ) ,  a n d  w f l l  t h e r e f o r e  have d i f f e r e n t  c o s t s .  S i m i l a r l y ,  

some processes  could he done o n  t h e  Moon ( s l a b  o r  r ibbon pro- 

d u c t i o n )  o r  a t  t h e  c a t e l l ’ t e  assembly s i t e s  (component sub- 

assembly)  r a t h e r  t h a n  a t  t h e  S Y F .  T h e s e  t r a d e o f f s  i c v o l v e  o r -  

b i t a l  l o c a t i o n s ,  t r a n s p o r t a t i o n  c a p a b i l i t i e s ,  e a r t h - m a t e r i a l  

requ i r enen t s  , a 1 terrra t f v e  equipment d e s i g n s  . 
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CHAPTER 14 

CONCLClS IONS AND RECOEMENDATt OMS 

14.1 : COMCLUS I ONS 

1. The space m a n u f a c t u r i n g  f a c i l i t y  i s  t e c h n i c a l l y  

f e a s i b l e ,  i n  t h a t  a f a c i l i t y  can be b u i l t  w h i c h  can t u r n  

l u n a r  m a t e r i a l s  i n t o  t h e  r e q u i r e d  o u t p u t s .  Such a f a c i l i t y  

can be o p e r a t e d  i n  space on  a c o n t i n u o u s  b a s i s .  

2. The p r o d u c t i o n  o p e r a t i o n s  o f  t h e  SHF appear  v e r s a t i l e ,  

i n  t h a t  t h e  f a c i l i t y  can p roduce  a w i d e  v a r i e t y  o f  p r o d a c t s ,  

f r o m  s t r u c t u r a l  menbers t o  s o l a r  c e l l s  t o  k l y s t r o n  assemb l ies .  

The s t u d y  group conc ludes  t h a t  a w ide  r a n g e  o f  s a t e 7 l i t e  com- 

ponents can be m a n u f a c t u r e d  i n  space, w i t n o u t  e x t e n s i v e  modi -  

f i c a t i o n s  t o  t h e  r e f e r e n c e  SMF. 

3 .  The S M F  concep t  i s  a l s o  f l e x i b l e ,  meaning t h a t  space 

m a n u f a c u t r i n g  f a c i l i t i e s  can be des igned  f o r  a w i d e  r a n g e  o f  

p r o d u c t i o n  r a t e s .  Fcir example, a s m a l l  s o l a r - c e l l  p r o d u c t i o n  

o p e r a t i o n  can be s e t  up by u s i n g  a s m a l l  number o f  p r o d u c t i o n  

s t r i p s .  Most o f  t h e  r e f e r e n c e  SMF can be s c a l e d  up o r  down, 

and o p e r a t e d  o v e r  a range  o f  reg imes.  Thus commitment t o  t h e  

use o f  an SMF does  n o t  e n t a i l  commitment t o  a l a r g e  o u t p u t  

r a t e ;  s m a l l  SMF’s a r e  p o s s i b l e .  

4. The r e f e r e n c e  SFlF a l s o  appears p r o d u c t i v e ,  i n  t h a t  f t  

produces a y e a r l y  o u t p u t  w i t h  r o u g h l y  t e n  t i m e s  t h e  mass o f  

t h e  p r o d u c t i o n  equipment .  I t  s h o u l d  be n o t e d  t h a t  r o u g h l y  

4 5 2  o f  t h a t  o u t p u t  i s  s o l a r  c e l l s ,  which c u r r e n t l y  have a f a r  

l o w e r  ( o u t p u t  r a t e ) / [ p r o d u c t i o n  equipment mass) r a t i o .  
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5. The space e n v i r o n m e n t  can improve  i n d u s t r i a l  o p e r a -  

t i o n s ,  p r o v i d e d  t h a t  t h e  SHF processes  a r e  chosen and de- 

s i g n e d  t o  t a k e  advan tage  o f  t h e  c h a r a c t e r i s t i c s  o f  space, 

s p e c i f i c a l l y  t h e  r e a d i l y  a v a i l a b l e  vacuum and energ) :  and 

t h e  l o w - s t r e s s  e n v i r o n m e n t  o f  zero-g.  The SMF env i ronmen t ,  

both p h y s i c a l l y  and e c o n o m i c a l l y ,  i s  d i f f e r e n t  t h a n  E a r t h ' s  

and i n  many cases b e n e f i c i a l .  

6. E v a l u a t i o n  o f  t h e  l u n a r - m a t e r i a l  o p t i o n  r e q u i r e s  more 

i n - d e p t h  systems s t u d i e s ,  t r a d i n g  o f f  t h e  v a r i o u s  s c e n a r i o  

pa ramete rs  (e.g. c h a r a c t e r i s t i c s  o f  l u n a r  base, t r a n s p o r t a -  

t i o n  systems, SMF, assembly s t z t i o n ,  and o u t p u t  S P S ) .  

7. Technology d e m o n s t r a t i o n  programs a r e  needed t o  v e r i -  

fy sugges ted  p rocesses .  I n - s p a c e  p r o t o t y p e s  need n o t  be 

l a r g e ,  b u t  can b e n e f i t  f r om a permanent o r b i t a l  p l a t f o r m .  

8. Based on 1 SPS/year t h e  SMF w i l l  r e q u i r e  n o n - r e c u r -  

r i n g  c o s t s  o f  $11.6 b i l l i o n  i n c l u d i n g  R & D, procurement ,  

t r a n s p o r t a t i o n  and power s u p p l y .  Annual  r e c u r r i n g  c o s t s  o f  

$1.2 b i l l i o n  w i l l  be r e q u i r e d  and an o p e r a t i n g  crew o f  440. 

14.2:RECOMMENDATIONS 

1. Conduct systems t r a d e o f f s  o u t l i n e d  i n  Chap te r  13 

l e a d i n g  t o  an o p t i m i z e d  space m a n u f a c t u r i n g  s c e n a r i o  u s i n g  

l u n a r  m a t e r i a l s .  

2.  Design a s a a l l e r ,  n e a r - t e r m ,  t e c h n o l o g y  d e m o n s t r a t i o n  

space m a n u f a c t u r i n g  f a c i l i t y  u s i n g  t e r r e s t r i a l  m a t e r i a l  i npu ts ,  

p o s s i b l y  l o c a t e d  i n  LEO, i n c l u d i n g  a p p r o p r i a t e  e lemen ts  o f  

t h e  t e c h n o l o g y  e v a l u a t i o n  program o u t l i n e d  i n  Chap te r  12. 
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3 .  Examine t h e  p o s s i b i l i t i e s  o f  u s i n g  space s p e c i f i c  

processes t o  manufacture  p r o d u c t s  c o m p e t i t i v e l y  f o r  t e r r e s -  

t r i a l  consumption.  S e v e r a l  such c a n d i d a t e  processes have 

been i d e n t i f i e d  by t h i s  s t u d y .  
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ADDENDUM I 

DIRECT VAPORIZATION EXPERIMENTS 

I .1: INTRODUCTION 

The r e f e r e n c e  SMF d e s i g n  used  P h y s i c a l  Vapor  D e p o s i t i o n  

(PVD) as a k e y  p r o c e s s  i n  t h e  f a b r i c a t i o n  o f  s o l a r  c e l l s .  In 

t h S s  p r o c e s s ,  a toms "bo i1 t . I  o f f "  f r o m  s o u r c e  m a t e r i a l  ( s u c h  

as  s l a b s  o f  s i l i c o n )  a r e  d e p o s i t e d  o n t o  an  e x s i s t i n g  s u r f a c e ,  

f o r m i n g  a ' ' top"  l a y e r  o f  new m a t e r i a l .  I t  is t h i s  l a y e r  b y  

l a y e r  b u i l d  u p  o f  m a t e r i a l s  w h i c h  f o r m s  t h e  s o l a r  c e l l  ( s e e  

Chap. 6 ) .  

PVD, o r  DV ( d i r e c t  v a p o r i z a t i o n ) ,  was s e l e c t e d  f o r  t h e  

SMF f o r  t h e  r e a s o n s  d i s c u s s e d  i n  f u l l  i n  Chap. 5 .  When con-  

s i d e r i n g  t h e  DV o p t i o n s ,  i t  was f o u n d  t h a t  l i t e r a t u r e  s e a r c h  

a n d  c o n s u l t a t i o n s  w i t h  e x p e r t s  were  i n s u f f i c i e n t  t o  o b t a i n  

t h e  i n f o r m a t i o n  r e q u i r e d  f o r  d e t a i l e d  e q u i p m e n t  d e s i g n s .  T h i s  

was because  t h e  l i t e r a t u r e  i s  v e r y  s c a n t ,  e x p e r t  o p i n i o n s  a r e  

l i m i t e d  b y  p r o p r i e t a r y  r e s t r i c t i o n s ,  and t h o s e  e x p e r t  o p i n i o n s  

a v a i ' a b l e  c o n t r a d i c t  each o t h e r  on s i g n i f i c a n t  f a c t o r s ,  such  

as  t h e  r e l a t i v e  e f f e c t s  o f  d e p o s i t i o n  r a t e  and s u r f a c e  tem- 

p e r a t u r e ,  and t h e  r e q u i r e d  a n n e a l i n g  t i m e s  and t e m p e r a t u r e s .  

Thus, t h e  s t u d y  g r o u p  d e c i d e d  t o  p e r f o r m  e x p e r i m e n t a l  work  

on t h e  DV o f  s i l i c o n  and s i l i c a  ( S i 0 2 ) .  T h i s  work  had t h r e e  

p u r p o s e s :  1 )  t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  o f  u s i n g  D V  f o r  

t h e  v a r i o u s  SMF p r o c e s s e s ,  2 )  t o  s t u d y  t h e  s p e c i f i c  c o n d i t i o n s  

n e c e s s a r y  f o r  t h e  o p e r a t i o n  o f  t h e  D V  p r o c e s s e s ,  and 3 )  t o  
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i n d i c a t e  t h e  d i r e c t i o n s  f o r  f u t u r e  r e s e a r c h ,  a p p r o p r i a t e  t o  

t h e  SMF DV p rocesses .  

The r e q u i r e m e n t s  f o r  s i l i c o n  d e p o s i t i o n  i n  t h e  r e f e r e n c e  

SMF a r e  h i g h  d e p o s i t i o n  r a t e s  ( 4 m i c r o n s / m i n )  and co lumnar 

g r a i n s  o f  100-200 m i c r o n s  d i a m e t e r  ( a f t e r  p r o c e s s i n g ) .  The 

t e c h n i q u e  used i n  t h e  r e f e r e n c e  d e s i g n  i n v o l v e s  d e p o s i t i o n  o f  

a p o l y c r y s t a l l i n e  o r  amorphous s i l i c o n  l a y e r  f o l l o w e d  by  a r e -  

c r y s t a l l i z a t i o n  p r o c e s s .  As d i s c u s s e d  i n  Chap. 5, d l r e c t  

v a p o r i z a t i o n  c a n n o t  a l o n e  p roduce  a m o n o c r y s t a l l i n e  s i l i c o n  

wafer .  Some sources  i n  t h e  l i t e r a t u r e  sugges ted  e s t i m a t e d  

maximum p r a c t i c a l  d e p o s i t i o n  r a t e s  o f  . 5  m i c r o n s / m i n  and 

sugges ted  t h a t  a d e p o s i t i o n  s u r f a c e  t e m p e r a t u r e  o f  1200°C was 

n e c e s s a r y  t o  g e t  a c r y s t a l l i n e  d e p o s i t .  I f  t h e s e  e s t i m a t e s  

were a c c u r a t e ,  t h e  d e p o s i t i o n  s e c t i o n  wou ld  r e q u i r e  con -  

s i d e r a b l e  l e n g t h e n i n g ,  and t h e  d e p o s i t i o n  t e m p e r a t u r e  would 

d e s t r o y  t h e  r e a r  aluminum c o n t a c t .  More s p e c i f i c a l l y ,  t h e  

d e p o s i t i o n  p rocess  s h o u l d  be l i m i t e d  t o  a t e m p e r a t u r e  l o w  

enou2t: Lo a v o i d  any s i g n i f i c a n t  d i f f u s i o n  o f  a luminum i n t o  

t h e  s ? , i c L i r i  i t h e  S i -A1  e u t e c t i c  t e m p e r a t u r e  i s  578°C).  The 

s t u d y  . j , ~ b ;  + $ e r e f o r e  needed t o  o b t a i n  q u a n t i t a t i v e  i n f o r -  

m a t i o l i  a t cs i :  t h e  r e l a t i o n s h i p s  between d e p o s i t i o n  r a t e s ,  sub-  

s t r a t e  t e m p e r a t u r e  and t h e  morphology o f  t h e  d e p o s i t e d  l a y e r  

( p a r t i c u l a r l y  t h e  g r a i n  s i z e ) .  

I n  th2s.e exper imen ts ,  s i l i c o n  and s i l i c a  were vapor  

d e p o s i t e d  o n t o  6061 alumicum a l l o y  i n  a vacuum chamber. The 
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power s o u r c e  f c r  t h e  exper iments  was a 6 kW Elec t ron  Beam gun. 

The t es t s  i n v e s t i g a t e d  t h e  e f f e c t s  of  beam power on d e p o s i t i o n  

ra te ,  d e p o s i t i o n  r a t e  on g r a i n  s i z e ,  and s u b s t r a t e  t empera tu re  

on g r a i n  s i z e  w h e n  d e p o s i t i n g  s i l i c o n  o n t o  aluminum, and a t -  

tempted t o  d e p o s i t  s i l i c a  on to  an unheated.aluminum s u b s t r a t e .  

I .2: APARATUS 

1.2.1 

equ ipmen t  used i n  t h e  vapor d e p o s i t i o n  experiments  i s  shown i n  

Deposi t ion E q u i p m e n t :  A schematic  r e p r e s e n t a t i o n  of  the 

F i g .  1.1. T h e  a p p a r a t u s  may be d i v i d e d  i n t o  t h r e e  s e c t i o n s :  

t h e  vacuum system, t h e  e v a p o r a t o r ,  a n d  the s u b s t r a t e  assembly;  

each o f  t h e s e  i s  d e s c r i b e d  below. 

T h e  vacuum system c o n s i s t s  o f  a s t a i n l e s s  s t e e l  chamber 

( w i t h  2 l ead  g l a s s  viewing p o r t s ) ,  a mechanical roughing pump, 

two o i l  d i f f u s i o n  p u m p s ,  and bourdon a n d  ion p r e s s u r e  g a u g e s .  

For  t h e s e  expe r imen t s ,  t y p i c a l  w o r k i n g  p r e s s u r e s  were i n  t h e  

low Tor r  range.  

The e v a p o r a t o r  system c o n s i s t s  o f  a n  e l e c t r o n  beam g u n ,  

a magnetic d e f l e c t i o n  system, a power s u p p l y ,  a n d  a l i n e d  

hearth c o n t a i n i n g  the source  m a t e r i a l  ( s e e  F i g .  1 . 2 ) .  

The e l e c t r o n  beam g u n  c o n s i s t s  o f  a t ungs t en  f i l a m e n t  

ca thode  a n d  2 ground p l a t e  (which s e r v e s  a s  a n  anode) which 

produces a s t r eam o f  e l e c t r o n s  d i r e c t e d  v e r t i c a ; l y  from t h e  

g u n .  A n  e lec t romagne t  i s  then  used t o  " t u r n "  t h e  beam t h r o u g h  

180"  a n d  d i r e c t  t h e  e l e c t r o n s  towards t h e  sou rce  m a t e r i a l  i n  

t h e  h e a r t h .  The g u n  i s  connected t o  a 1 0  k V / 6 k W  power supply 
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The h i g h  e n e r g i e s  i n v o l v e d  mean t h a t  b o t h  t h e  e l e c t r o n  

beam gun and t h e  h e a r t h  c o n t a i n l n g  t h e  s o u r c e  m a t v i a l  must 

be a c t i v e l y  c o o l e d  by  a w a t e r  system. As can be seen f r o t r  t h e  

f i g u r e ,  t h e  gun and h e a r t h  a r e  i n c o r p o r a t e d  i n t o  a s i n g l e  u n i t  

r e q u i r i n g  one i n l e t  and one o u t l e t  p i p e  f o r  t h e  c o o l a n t .  

The m a t e r i a l  t o  be  d e p o s i t e d  i s  p l a c e d  i n s i d e  a machined 

. g r a p h i t e  c r u c i b l e  w h i c h  a c t s  as  a l i n e r  for t h e  h e a r t h .  Semi- 

c o n d u c t o r  grade s i l i c o n  and q u a r t z  c r y s t a l ,  c r u s h e d  i n t o  s m a l l  

p i e c e s ,  degreaced and c leaned ,  were used i n  t h e  d e p o s i t i o n  

e x p e r i m e n t s .  

As shown i n  F i g .  1.2 a n i c k e l  " g u a r d "  was b u i l t  around 

t h e  power l i n e s  and f e e d  t h r o u g h s  i n  o r d e r  t o  s t o p  v a p o r i z e d  

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

and c a u s i n g  a dangerous s h o r t  c i r c u i t .  Mounted on t h e  guard  

was a m i r r o r ,  ang led  t o  ' ' l o w  a n  o b s e r v e r  a t  one o f  t h e  windows 

t o  see t h e  sou rce  m a t e r i a l .  

The s u b s t r a t e  assembly system c o n s i s t s  o f  a s u b s t r a t e  

h o l d e r ,  s u b s t r a t e  h e a t e r ,  and thermocouple,  a l l  mounted on a 

s p i n d l e  ( s e e  F i g .  1 . 2 ) .  The s p i n d l e  a l l o w e d  t h e  s u b s t r a t e  

assembly t o  b e  r o t a t e d  i n  t h e  h o r i z o n t a l  p l a n e  so t h a t  t h e  

s u b s t r a t e  was o n l y  p o s i t i o n e d  above t h e  s o u r c e  m a t e r i a l  d u r i n g  

t h e  a c t u a l  d e p o s i t i o n .  

The s u b s t r a t e  h o l d e r  w a s  a m i c a  s h e e t  w i t h  a 2 cm x 2 cm 

square  c u t  o u t  o f  t h e  c e n t e r .  The aluminum s u b s t r a t e  ( a  

p o l i s h e d  d i s c  46 mm i n  d i a m e t e r )  w a s  p o s i t i o n e d  o v e r  t h e  h o l e  
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and  f a s t e n e d  t o  t * e  m i c a  b y  a s t e e l  s t r i p .  The m i c a  was, i n  

t u r n ,  f a s t e n e d  t o  t h e  b o t t o m  o f  a s t e e l  f r a m e  w h i c h  h e l d  a 

r a d i a t i v e  h e a t e r  d i r e c t l y  above  t h e  s u b s t r a t e -  

The s u b s t r a t e  h e a t e r ,  u s e d  t o  c o n t r o l  s u b s t r a t e  t e m p e r a t u r e ,  

c o n s i s t e d  o f  t h i n  t u n g s t e n  w i r e  wrapped a r o u n d  two  a lum inum 

r o d s .  Two s t e e l  f o i l  s h i e l d s  were  p o s i t i o n e d  above t h e  w i r e  

i n  o r d e r  t o  d e f l e c t  more e n e r g y  o n t o  t h e  s u b s t r a t e .  Power was 

s u p p l i e d  t o  t h e  h e a t e r  b y  a DC V a r i a c  u n i t  o u t s i d e  t h e  vacuum 

sys tem.  

A t h e r m o c o u p l e ,  w i t h  one j u n c t i o n  c l i p p e d  t o  t h e  s u b -  

s t r a t e ,  was used  t o  m o n i t o r  s u b s t r a t e  t e m p e r a t u r e .  

1 .2 .2  Sample A n a l y s i s  Equ ipn ien t :  I n  t h e  s i l i c o n  w a f e r  o f  a 

s o l a r  c e l l ,  g r a i n  b o u n d a r i e s  t e n d  t o  i n h i b i t  t h e  m o t i o n  o f  

c h a r g e  c a r r i e r s ,  and t h u s  r e d u c e  c e l l  e f f i c i e n c y .  T h e r e f o r e ,  

an i m p o r t a n t  measure  o f  t h e  q u a l i t y  o f  a s i l i c o n  w a f e r  i s  

t h e  a v e r a g e  g r a i n  d i a m e t e r .  The d z p o s i t e d  s i l i c o n  f i l m s  were  

a n a l y z e d  t o  d e t e r m i n e  f i l l t l  t h i c k n e s s  and a v e r a g e  g r a i n  d i a m e t e r .  

F i l m  t h i c k n e s s  was measured u s i n g  a Dek tak ;  t h i s  m a c h i n e  

measures  t h e  d i s p l a c e m e n t  c f  a d iamcnd s t y l u s w h i c h  r i d e s  o v e r  

t h e  edge o f  :he d e p o s i t e d  f i l m .  D e f o r m a t i o n s  i n  t h e  s u b s t r a t e  

c a n  l e a d  t o  f a l s e  r e a d i n g s ,  and s o  t h i s  method i s  l f m i t e d  t o  

u s e  on  f l a t  s u b s t r a t e s  ( t h o s e  show ing  l e s s  t h a n  . 5  m i c r o n  f l u c -  

t u a t i o n  a c r o s s  t h e  s u b s t r a t e ) .  

Awerage g r a i n  s i z e  w a s  d e t e r m i n e d  f rom m i c r o g r a p h s  t a k e n  

u s i n g  a s c a n n i n g  e l e c t r o n  m i c r o s c o p e  (SEM). Average  g r a i n  
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d famate rs  were c a l c u l a t e d  by  a v e r a g i n g  s e v e r a l  obse rved  and .. 

measured g r a i n s  -- f i l m s  w i t h  no o b s e r v a b l e  g r a i n s  were con- 

s i d e r e d  amorphous. The SEM was a l s o  used i n  d e t e r m i n i n g  t h e  

t h i c k n e s s  o f  d e , o s i t s  made o n t o  s u b s t r a t e s  t o o  deformed t o  

use  t h e  Dektak. I n  t h i s  process,  t h e  sample was s l i c e d ,  and 

a phDtograph o f  t h e  c r o s s - s e c t i o n  t a k e n  t h r o u g h  t h e  SEN. The 

approx ima te  f i l m  t h i c k n e s s  c o u l d  t h e n  be d e t e r m i n e d  f r o m  t h e  

photograph.  

1.3: EXPERIMENTAL PROCEDURE 

I n  p r o d u c i n g  samples o f  d e p o s i t e d  m a t e r i a l ,  t h e  s t u d y  

group f o l l o w e d  t h e  p rocedure  o u t l i r t e d  below. 

The vacuum system was pumped down t o  t h e  o p e r a t i n g  p r e s -  

s u r e  -- i n  t h e  l o w  T o r r  range  - -  and t h e  EB gun s w i t c h e d  

on and a d j u s t e d  t o  ne:t t h e  m a t e r i a l  t o  be d e p o s i t e d  ( s i l i c o n  

(ir s i l i c a ) .  9nce t h e  m a t e r i a l  was me l ted ,  power t o  t h e  e l e c -  

t r - n  gun was  a d j u s t e d  t o  b e g i n  t h e  v a p o r i z a t i o n  p rocess .  

Oace v a p o r i z a t i o n  riad begun, t h e  s u b s t r a t e  ( p r e - h e a t e d  t o  t h e  

d e s i r e d  t e m p e r a t u r e )  was swung i n t o  p o s i t i o n  o v e r  t h e  h e a r t h .  

D e p o s i t i o n  w a s  a l l o w e d  t o  c o n t i n u e  f o r  a measdred t i m e  

t y p i c a l l y  30 m i n u t e s ) ,  a f t e r  wh ich  t h e  cystern was  s h u t  down, 

and t h e  sample r e m o v e d  f o r  a n a l y s i s .  

1.4:  R E S U L T S  

The t e s t s  w e r e  e x p l o r d t o r  , I n s t u r e  and conduc ted  f o r  

t h e  purpose o f  v e r y  p r e l i m i n a r y  i n v e s t i g a t i D n s  o f  t h e  v a p o r  
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d e p o s i t i o n  p rocess .  The t i m e  and equipment  a v a i l a b l e  p r e -  

c l u d e d  t h e  p r o d u c t i o n  o f  a l a r g e  number o f  measurab le  samples 

i n  t h i s  s e r i e s  o f  exper imen ts .  The r e s u l t s  p r e s e n t e d  a r e ,  

t h e r e f o r e ,  v e r y  r o u g h  e s t i m a t e s  o f  p o s s i b l e  p e r f o r m a n c e ,  

m a i n l y  c o c f i n e d  t o  t h e  e f f e c t s  o f  d e p o s i t i o n  r a t e  on t h e  g r a i n  

s t r u c t u r e  o f  d e p o s i t e d  s i l i c o n .  

Tab le  1.1 l i s t s  t h e  measurab le  samples p roduced  and t h e i r  

a s s o c i a t e d  p r o p e r t i e s .  A few o f  t h e  samples p roduced  were 

s u f f i c i e n t l y  deformed by  t h e r m a l  s t r e s s e s  ( h a v i n g  been a l l o w e d  

t o  cool  t o o  r a p i d l y  a f t e r  c o m p l e t i o n  o f  t h e  d e p o s i t i o n  p r o -  

cess )  s o  t h a t  t h e y  c o u l d  n o t  be ana lyzed ;  t h e s e  sir.nples a r e  

n o t  l i s t e d .  

TABLE I .  i : S A M P L E  M E A S U R M E N T S  

Sample 
Number 

3 
5 
8 
9 

1 1  
1 E  

D e p o s i t i o n  S u b s t r a t e  Average G r a i n  
Rate ;p/min) Temp. ( " C )  Diamete r  (11) 

0 . 2 9  
0.25 
0.04 

0.83 

1.1 
0.15 

51 6 0.4 
50 5 0.44 
500 1.04 

50G amorphous 

500 amorphous 

450 0.22 

F i g u r e  1 . 3  i s  a m i c r o g r a p h  o f  sample number 3 a t  3000x 

m a g n i f i c a t i o n .  T h i s  i s  a p o l y c r y s t a l l i n e  sample, w i t h  e a c h  

0 1  t h e  g r a i n s  a p p e a r i n g  a s  t h e  s m a l l  c i r c l e s  on t h e  pho tog raph .  
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Figure 1.5 i s  a p l o t  of  g r a i n  s i z e  v s  d e p o s i t i o n  r a t e  f o r  

samp les  3-11. 

.u 

. 4  

.2  

F IGURE 1.5: AVERAGE G R P I N  

. 7  

DIAHETER VS D E P O S I T I C N  RATES 

A s i n g l e  a t t e m p t  was made t o  d e p o s i t  s i l i c a  o n t o  an un- 

h e a t e d  s u b s t r a t e  b y  d i r e c t  v a p o r i z a t i o n .  A f t e r  m e l t i n g ,  t h e  

s i l i c a  began t o  v a p o r i z e  and a c o a t i n g  w a s  d e p o s i t e d  o n t o  t h e  

a luminum.  D u r i n g  t h e  d e p o s i t i o n  p r o c e s s  ( a  p e r i o d  o f  1 5  min. )  

t h e  s u b s t r a t e  t e m p e r a t u r e  r o s e  t h r o u g h  215OC. Wi th  any  

t h e r m a l  c o n t r o l ,  t h e  s t r e s s e s  s e t  u p  d u r i n g  c o o l i n g  w e r e  s u f -  

f i c i e n t  t o  make t h e  s i l i c a  d e p o s i t  s e p a r a t e  f r o m  t h e  s u b s t r a t e .  

1 . 5 :  D I S C U S S I O N  O F  RESULTS 

From T a b l e  1 . 1  and F i g s .  1.3 and 1 . 4  i t  c a n  b e  seen t h a t  

t w o  t y p e s  o f  d e p o s i t  were  made - -  p o l y c r y s t a l l i n e  and amor- 

pbous .  The amorphous d e p o s i t  i s  i n  a h i g h e r  p o t e n t i a l  e n e r g y  

c o n f i g u r a t i o n  t h a n  t h e  l a t t i c e  s t r u c t u r e  o f  t h e  p o l y c r y s t a l l i n e  

1.11 



d e p o s i t .  Thus, i n  a r e c r y s t a l l i z a t i o n  process,  such a s  t h a t  

u s e d  i n  tbe re ference  s o l a r  c e l l  f ac to ry  desl'gn, an i n i t i a l l y  

amorpnous depos i t  o f  s i l i c o n  may be  a b e t t e r  s t a r t i n g  poin t  

than a p o l y c r y s t a l l i n e  one. T h i s  i s  an area i n  need o f  fur- 

ther  research. 

F i g u r e  1.5 shows t h a t ,  f o r  s i l i c o n  d e p o s i t e d  onto A l ,  

the average gra in  diameter decreases w i t h  an i nc rease  i n  de- 

pos i t ion  ra te .  As the  s i l i con  atoms a re  i n i t i a l l y  deposi ted 

onto t h e  s u b s t r a t e ,  a s e r i e s  o f  randomly or ien ted  nucleat ion 

s i t e s  are formed. I f  there i s  s u f f i c i e n t  time, the nuc lea t ion  

s i tes  coa lesce  i n t o  a few l a r g e  nucleat ion s i t e s .  The r a t e  

a t  which atoms a r e  a r r i v i n g  a t  the  su r face  i n i t i a l l y  de t e r -  

mines the  number of nucleat ion s i t e s  formed. Subsequently, 

a s  atoms a r r i v e  a t  t he  deposi t ion su r face  they require a 

f i n i t e  amoun t  o f  time t o  f ind  a vacancy  i n  t he  developing 

l a t t i c e  s t r u c t u r e .  As t he  r a t e  a t  which the  atoms a re  a r -  

r i v ing  i s  increased,  t he re  i s  l e s s  time f o r  each atom t o  l o -  

c a t e  a vacancy, a n d  some o f  t he  vacancies remain u n f i l l e d .  

Therefore,  i f  the  deposi t ion r a t e  i s  l o w ,  the  atoms i n i t i a l l y  

have time t o  coalesce a n d  form a few l a r g e  nucleat ion s i t e s .  

Subsequent atoms f i l l  most ava i l ab le  l a t t i c e  points  a t  these 

nucleatioil s i t e s  a n d  the  gra ins  grow outwards u n t i l  t h e y  

meet gra ins  o f  d i f f e r e n t  o r i e n t a t i o n  - -  thus determining the  

g r a f n   sit^. I f  t h e  deposi t ion r a t e  i s  higher ,  i n i t i a l l y  many 
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n u c l e a t i o n  s i t e s  a r e  formed l e a d i n g  t o  t h e  g r o w t h  o f  smaller 

g r a i n s .  I f  the d e p o s i t i o n  r a c e  becomes s u f f i c i e n t l y  h igh ,  

t h e  atoms have i n s u f f i c i e n t  time t o  assume a c r y s t a l l i n e  

s t ruc tu re  b e f o r e  subsequent atoms a r r i v e  and bury them -- t h i s  

i s  an amorphous d e p o s i t .  

T h e  t e s t  t o  d e p o s i t  s i l i c a  by d i r e c t  v a p o r i z a t i o n  gave 

two resu l t s .  Fdrst, i t  showed t h a t  s i l i c a  may be d e p o s i t e d  

by d i r e c t  v a p o r i z a t i o n .  Second, i t  showed t h a t  there i s  a 

need t o  e x e r c i s e  thermal c o n t r o l  over  the  subs t ra te  ( t o  pre- 

vent t h e  development of  thermal s t r e s s e s  such a s  t h e  ones 

encountered  i n  t h e  expe r imen t ) .  

- I .6: CONCLUSIONS A N D  RECOMMENDATIONS 

1.6.1 Conclusions:  

1 )  D i r e c t  vapor d e p o s i t i o n  o f  e i t h e r  p o l y c r y s t a l l i n e  
o r  amorphous s i l i c o n  i s  f e a s i b l e .  

2 )  For s i l i c o n ,  a n  i n c r e a s e d  d e p o s i t i o n  r a t e  t ends  t o  

g ive  a reduced average  g r a i n  d i ame te r .  
3 )  D i r e c t  v a p o r i z a t i o n  of  s i l i c a  i s  f e a s i b l e .  

I . 6 . 2  Recommendations f o r  f u r t h e r  s t u d y :  

1 )  I n v e s t i g a t i o n  o f  t h e  requi rements  f o r  optimum recrys- 
t a l l i z a t i o n  ( s e e  C h a p .  1 2 ) .  

2 )  Fur the r  i n v e s t i g a t i o n  of  t h e  c o n d i t i o n s  f o r  d e p o s i t i o n  
of  s i l i c o n  b n t 3  a l u m i n u m .  O f  i n t e r e s t  a r e  t h e  e f f e c t s  
o f  s u b s t r a t e  t e a p e r a t t i r e ,  s u b s t r a t e  morphology, a n d  
v a p o r  p r e s s u r e  on t h e  g r a i n  s t r u c t u r e  of t h e  depos i t ed  
s i1  i con .  

d i r e c t  v a p o r i z a t i o n  of s i l i c a .  
3 )  A n  i n v e s t i g a t i o n  of t h e  o p t i l n u n !  c o n d i t i o n s  f o r  the  
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ADDENDUM 11 

AUTOMATI3N AT THE SMF 

11.1 INTRODUCTION 

T h i s  a u t o m a t i o n  addendum p r o v i d e s  an e x p l a n a t i o n  o f  

how t h e  d e s i g n e r  s h o u l d  approach t h e  c o n f i g u r a t i o n  o f  t h e  

computer  resource, u s i n g  t h e  s o l a r  c e l l  f a c t o r y  (SCF) as an 

example. The p h i l o s o p h y  p r e s e n t e d  i s  a p p l i c a b l e  t o  most  o f  

t h e  o t h e r  s e c t i o n s  o f  t h e  SWF. 
A d e s c r i p t i o n  o f  t h e  f r e e - f l y i n g  h u b r i d  t e l e o p w a t o r  

(FHT) remote  r e p a i r  system appears i n  Chapter  9, "Ma in tenance  

and Repa i r " ,  because t h i s  i s  one o f  t h e  p r i n c i p a l  r e p a i r  

d e v i c e s  used i n  t h e  s o l a r  c e l l  f a c t o r y .  Q u a l i t y  c o n t r o l  

senso rs  and t h e  s t r a t e g y  f o r  k e e p i n g  i n v e n t o r y  o f  f a c t o r y  

m a t e r i a l s  and components i s  p r e s e n t e d  i n  Chap te r  8, " S u p p o r t  

Equipment S p e c i f i c a t i o n s " .  These i terns a r e  t h e r e f o r e  n o t  

cove red  i n  t h i s  addendum, a l t h o u g h  t h e y  i n v o l v e  i s s u e s  o f  

automat  i o n .  

r I. 2 : G X R A L  CO:JCEPTS CF ACTOFIATICJ 

Because t e c h n o l o g y  i s  moving so f a s t ,  one c a n n o t  

a c c u r a t e l y  p r e d i c t  what computer c a p a b i l i t i e s  w i l l  be j u s t  

one decade i n t o  t h e  f u t u r e  ( R e f .  1,Z);  however,  were  advances 

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

t h e  a r t  i s  cause enough t o  Rake t h e  computer r e s o u r c e  a 

m a j o r  c o n s i d e r a t i o r ,  i n  s p a c e  s y s t e m  d e s i g n .  
< %  . .  _. 

Recent advances , i % * l a r g s  s c a l e  i n t e g r a t i o n  ( L S I )  

t e c h n o l o g y  h a v e  changed t h e  e c o n g m i c s  o f  computer  system 
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des ign  and have l e d  i n c r e a s i n g l y  t o  the use o f  ext remely  s m a l l ,  

Inexpens ive ,  y e t  powerful p rocess ing  elements (PE's). 

Computers i n  the 1990 ' s  r e s u l t i n g  from the c e r t a i n  

advances i n  i n t e g r a t e d  c i r c u i t  ( IC)  technology w i l l  b e  a v a i l -  

ab le  t o  the SMF designer f o r  i n fo rma t ion  s t o r a g e ,  q u a l i t y  

c o n t r o l ,  d i a g n o s i s  of  p l a n t  e q u i p m e n t ,  component c o n t r o l  and 

c o o r d i n a t i o n ,  and f o r  the o p e r a t i o n  of  t e l e o p c r a t o r s  and 

c r a w l e r s .  Decis ions  concern ing  the r o l e  o f  computers  i n  

components o f  a space  system s h o u l d  not be r e l e g a t e d  t o  the  

d e t a i l e d  d e s i g n  phase of the p r o j e c t ,  because  such an approach 

would l e a d  t o  l a c k  of  commonality between computer subsys tems,  

reduced m a i n t a i n a b i l i t y ,  and an i n a b i l i t y  t o  a t t a i n  needed 

leve ls  of  f a u l t  t o l e r a n c e  (Ref. 3 ) .  

The computer r e s o u r c e  f o r  t h e  S o l a r  Cel l  Fac to ry  

( S C F )  i s  t o  be t a r g e t e d  f o r  use i n  two a r e a s  o f  i n d u s t r i a l  

automation:  manufactur ing c o n t r o l  and r o b o t i c s  (Ref.3).  

Manufacturing c o n t r o l  a p p l i e s  automation t o  t h e  tic.,!- 

sequenced manipula t ion  of t he  geomet r i e s  o f  rarl - r i a l s  

u n d e r  computer s u p e r v i s i o n  t o  form p a r t s  t h a t  arc! t h e n  

assembled. A robo t  can be de f ined  a s  a mobile  man ipu la to r  

n o t  r e q u i r i n g  t h e  c o n s t a n t  d i r e c t i o n  of an o p e r a t o r .  C l e a r l y ,  

the  SCF c r a w l e r s  and t e l e o p e r a t o r s  f a l l  under t h i s  l a t t e r  

ca t egory .  A d e s c r i p t i o n  of t h e  s o l a r  Cel l  f a c t o r y  r o b o t s  and 

the  automated f u n c t i o n s  o f  t h e  t e l e o p e r a t o r s  i s  p re sen ted  i n  

Chapter 9 .  
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S t a n d a r d i z a t i o n  o f  t h e  hardware and s o f t w a r e  o f  t h e  

computer  r e s o u r c e  w i l l  h e l p  reduce  system c o m p l e x i t y  and c o s t .  

T h i s  commona l i t y  would have o b v i o u s  b e n e f i t s  i f  t h e  computer  

r e s o u r c e  were g e o g r a p h i c a l l y  d i s t r i b u t e d  i n  t h e  SCF. Tskir lg  

an even w i d e r  v iew, on t h e  scale o f  t h e  SMF i t s e l f ,  Mate lan  

(Re f .  4 )  s u g g e s t s  t h a t  t h e  computer  r e s o u r c e  of  t h e  SCF and 

t h e  h a b i t a t  be des igned  as i f  t h e y  were j o i n e d  so t h a t  i f  f o r  

some reason  t h e  c o n n e c t i o n  i s  needed, such a t a s k  c o u l d  be 

a c c o m p l i s h e d  w i t h  ease. 

A l l  computers,  w h e t h e r  f i x e d  or m o b i l e ,  a r e  d e s i g n e d  

f r o m  t h e  b e g i n n i n g  t o  make them f u n c t i o n  as i n t e g r a i  members 

o f  t h e  r e s o u r c e .  The computer  r e s o u r c e  s h o u l d  b e  t h o u g h t  o f  

as a m a j o r  sys tem component i t s e l f ,  r a t h e r  t h a n  as a group 

o f  e lemen ts  i n  o t h e r  components. T h i s  c o o r d i n a t e d  i n t e g r a t i o n  

o f  compu t ing  power, c u t t i n g  a c r o s s  subsystem b o u n d a r i e s ,  c o u l d  

be a u n i f y i n g  f o r c e  i n  t h e  o v e r a l l  d e s i g n  o f  a space manu- 

f a c t u r i n g  and h a b i t a t i o n  f a c i l i t y .  

T h i s  addendum sugges ts  t h e  a d o p t i o n  o f  a d i s t r i b u t e d  

computer  c o n t r o l  scheme f o r  t h e  SCF. Ramamoorthy and 

Kr i shnanao  ( R e f .  5) d e f i n e  a d i s t r i b u t e d  computer  sys tem 

as  "an i n t e r c o n n e c t i o n  o f  d i g i t a l  systems c a l l e d  P r o c e s s i n g  

Elements ( P E S ) ,  each h a v i n g  c e r t a i r l  p r o c e s s i n g  c a p a b i l i t i e s ,  

which a r e  spatially e i t h e r  c lose  o r  f a r  a p a r t ,  commun ica t i ng  

w i t h  each o t h e r  t h r o u g h  a common memory ,  a bus o r  a communi- 

c a t i o n  l i n e ,  and h a v i n g  e i t h e r  a p p a r e n t  o r  h i d d e n  h i e r a r c h i c a l  

l e v e l s  o f  c a n t r o l . "  
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The a d o p t i o n  o f  a d i s t r i b u t e d  c o n t r o l  s t r a t e g y  must 

be j u s t i f i e d  f o r  t h e  a p p l i c a t i o n  under  d e s i g n ,  t h e  SCF. 

Ref. 6 s u g g e s t s  t h e  f o l l o w i n g  c r i t e r i a  w h i c h  t h e  a p p l i c a t i o n  

e n v i r o n m e n t  must s a t i s f y  t o  j u s t i f y  a d i s t r i b u t e d  computer  

c o n f i g u r a t i o n  : 

( 1 )  The a p p l i c a t i o n  i s  amenable t o  l o g i c a l  d i v i s i o n  

i n t o  autonomous u n i t s .  

( 2 )  The d a t a  c o l l e c t i o n  and r e d u c t i o n  f u n c t i o n s  a r e  

d i s t r i b u t e d  i n  space. 

( 3 )  The r e s o u r c e s  r e q u i r e d  f o r  a s u b s e t  o f  f u n c t i o n s  

can be p r e d i c t e d .  

The f i r s t  c r i t e r i o n  can  be  seen t o  be s a t i s f i e d  upon e x a m i n i n g  

F i g u r e  6.8 i l l u s t r a t i n g  t h e  m a n u f a c t u r i n g  p r o c e s s  o f  t h e  SCF. 

I n  t h i s  case t h e  v a r i o u s  machines c o u l d  be c o n s i d e r e d  t h e  

autonomous u n i t s .  Data c o l l e c t i o n  and r e d u c t i o n  w i l l  o c c u r  

l o c a l l y  a t  t h e  component/machine l e v e l  and t h e  i n f o r m a t i o n  

w i l l  be made a v a i l a b l e  p e r i o d i c a l l y  t o  t h e  h i g h e r  l e v e l s  o f  

c o n t r o l .  The system i s  d e f i n e d  w e l l  enough so  t h a t  t h e  

n e c e s s a r y  means f o r  c o n t r o l  can be e s t i m a t e d .  

The d e s i g n e r  may be tempted t o  a d o p t  a c e n t r a l  

computer t o  c o n t r o l  a l l  a s p e c t s  o f  t h e  f a c i l i t y ;  however,  a 

compar i son  between a d i s t r i b u t e d  computer r e s o u r c e  and a 

c e n t r a l  computer  shows t h a t  t h e  d i s t r i b u t e d  approach  has 

d i s t i n c t  advantages making i t  t h e  more a t t r a c t i v e  c h o i c e .  

The use o f  one computer wou ld  r e q u i r e  a c o m p l e t e  backup i n  

case o f  a computer f a i l u r e - - a n  e x p e n s i v e  a r rangement .  
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With a distpibuted configuration the failure of one P E  will 

not s h u t  down the entire system, a n d  i n  addition, the computer 

resource can be designed to reconfigure itself around a 

failed processor. 

This dispersed system makes early subsystem checkout 

and fault tracing easier to accomplish. The modular nature 

of the distributed system simplifies the hardware and s o f t -  

ware by dividing the system into units of manageable com- 

plexity and allows for easy tailoring o f  the computer resource 

to the application. A system with distributed P E ' s  can be 

eas.ily expanded without modifying the entire facility, while 

expansion o f  capabilities a n d  modification of programs can 

be quite cumbersome i n  a central computer. Interestingly, 

the direct costs of a single, powerful central processing 

unit and its software are higher than the combined costs of 

multiple, lower-power central processing units and associated 

software that together provide equivalent performance (Ref. 71, 

The most important step in the design of a distri- 

buted computer architecture that matches the application i s  

the definition o f  the process a n d  the possible failure modes 

of that process, i.e. one must know what is to be controlled 

before deciding on a control scheme (Ref. 8, 3 ,  10). T h i s  

definition must includo the normal functions o f  a component, 

asiorted monitoring functions, the coordination o f  the com- 

ponents o f  a machine, the coordination o f  the machines of a 

strip a n d  the coordination of 14 strips t o  form a package. 
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What needs t o  be coordinated will become obvious w h e n  the 

o b j e c t i v e s  o f  t h e  f a c i l i t y  a r e  examined. Further,  t h e  modes 

of f a i l u r e  a t  a l l  l e v e l s  should be p red ic t ed ,  as well as  the 

amount o f  time between the  occurrence of  a f a i l u r e  and  when 

i t  i s  cor rec t ed .  One should examine how l o n g  a process  can 

cont inue  w i t h i n  t o l e rab le  limits while  i t  i s  n o t  b e i n g  con- 

t r o l l e d  and w h a t  t h e  "regret" i s  t o  t h e  f a c i l i t y  of corn- 

p l e t e l y  l o s i n g  a p a r t i c u l a r  component/machine. 

cess will be s a f e l y  s t a r t e d  a n d  stopped i s  a very fmporlant  

ma t t e r  l o  address .  From t h i s  ana'rysis t h e  des igne r  s h o u l d  be  

a b l e  t o  d e t e c t  dec is ion  p o i n t s  i n  t h e  con t ro l  s t r u c b u r e ,  e .g . ,  

when p a r t  o f  a s t r ip  s h o u l d  be stopped or w h e n  a c rawle r /  

How the  pro- 

t e l e o p e r a t o r  should be a l e r t e d  f o r  a - e p l a  rment o r  r e p a i r  

j o b .  Here t h e  des igner  should r e a l i z .  . t  Functions which 

i n h e r e n t l y  lend themselves t o  c e n t r a l i z e d  i ,  i i s i o n ,  l i k e  

those  mentioned above, s h o u l d  n o t  be d i s t r i b u t e d  (Ref .  1 1 ) .  

T h i s  c a r e f u l  a n a l y s i s  o f  t h e  app l i ca t ion  wi l l  j u i d e  t h e  de- 

s i g n e r  t o  t h e  c o r r e c t  a r c h i t e c t u r e  a n d  t h u s  l ead  t o  t h e  

design o f  a s 'uccessful d i s t r i b u t e d  system. 

The des igner  i s  now cor.fronted w i t h  t h e  ques t ion  

o f  proceszor in te rconnec t ion  schemes, a n d  thus w i t h  one o f  

the  most d i f f i c u l t  i s s u e s  i n  configuring t h e  computer r e -  

source.  Interconnect ion s t r a t e - i e s  w i l l  have t o  be d e a l t  

w i t h  a t  a l l  l e v e l s  o f  tile h ie rarchy .  Ref. 1 2 ,  which d i s -  

cusses  these  issues a t  l e n g t h ,  p resents  t h i s  impor tan t  f a c e t  

o f  t h e  design under t h r e e  broad c a t e g o r i e s :  
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( 1 )  Phys ica l  a s p e c t s  of  the  c o n f i g u r a t i o n  

( 2 )  C o n t r o l  and communication issues 

( 3 )  R e l i a b i l i t y  issues 

T h e  d - i s t r i b u t e d  sys tems r e s e a r c h  i n d i c a t e s  c l e a r l y ,  though,  

t h a t  the three  c a t e g o r i e s  l i s t e d  above cannot  be considered 

a l o n e ;  t h e y  impact  each o t h e r .  Here,  a g a i n ,  the  c a r e f u l  

a n a l y s i s  o f  t he  requirements o f  t he  f a c i l i t y  men t ioned  e a r l i e r  

will  be the bes t  guide  t c  t h e  designer  on how these  th ree  

issues s h o u l d  be r e s o l v e d .  

T h i s  addendum presumes t h a t  each component w i t h i n  a 

machine will  be c o n t r o l l e d  by i t s  o w n  p r o c e s s i n g  e l emen t ,  

e .g. ,  a mic roprocesso r  w i t h  s u f f i c i e n t :  memory and p r o c e s s i n g  

power t o  a d e q u a t e l y  r e g u l a t e  t h e  component and a l s o  i n t e r a c t  

w i t h  t h e  h i g h e r  l e v e l s  o f  c o n t r o l .  The d e s i g n e r  has  t h e  

o p t i o n  o f  e i t h e r  p h y s i c a l l y  imbedding ci m i c r o p r o c e s s o r  i n t o  

a component, w h i c h  would s i m p l i f y  t h e  i n t e r f a c e s  between t h e  

p r o c e s s i n 9  element  a n d  t h e  corponent  i n s t r u m e n t a t i o n  (Ref .  

1 0 ,  1 3 ) ,  o r  o f  p u t t i n g  a l l  t h e  mic roprocesso r s  o f  a p a r t i c u l a r  

machine on a common b o a r d  nea r  t h e  machine,  which W O i J l d  

f a c i l i t a t e  rep lacement  and r e p a i r  o f  t h e  p r o c e s s o r s  (Ref .  1 1  1. 
Ref. 1 4 ,  the  c l a s s i c  s t u d y  o f  the  taxonomy o t  i n t e r -  

connec ted  computer ne tworks ,  I f s t s  t h e  advan tages  and d i L -  

advantages  o f  s e v e r a l  computer networks.  Row w e l l  a niicro- 

p r o c e s s o r  i s  programmed a n d  i n t e r f a c e d  a s  p a r t  o f  a n  i n t e g r a l  

c o n t r o l  system de te rmines  whcther a p a r t i c u l a r  m i c r o p r o c e s s o r ’ s  

advantages  w i l l  b e  r e a l i z e d  (Ref .  1 5 ) .  F u r t h e r ,  m a i n t a i n i n g  
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microprocessor homogeneity t h r o u g h o u t  t h e  system w i l l  enhance 

the  design of  a n  in tegra ted  coinputer resource t h a t  i s  f a u l t  

recoverable. 

The designer s h o u l d  be aware of  the spec ia l  con- 

d i t i o n s  i n  e a r th  c r b i t  and  i n  the  SCF i t s e l f  so t h a t  appropr ia te  

processing elements a n d  b u s  l i n e s  can be chosen t h a t  w i l l  no t  

degrade i n  such a n  environment. 

11.3 COMPUTER CONTROL SYSTEM REQUIREMENTS 

The k i n d  o f  coordination and communication necessary 

f o r  t h e  SCF may become obvious w i t h  the  f o l l o w i n g  example. 

Tables 1 a n d  2 show J simple breakdown o f  , :+*c l  func t ions  

o f  the  d i r e c t  vaporization o f  a l u m i n u m  ,- 

Intercommunication needs betlnoen s-oc;' * *  ' J processing 

elements a re  m i n i m a l ;  however, the c o m p k - i e n t ;  o l  a machine 

will need t o  be coordinated t o  meet the objec t ives  o f  t h a t  

p a r t i c u l a r  machine. 

processing element dedicated t o  overseeing the  s h u t d o w n  a n d  

fhis could be accomplished by a mL,irine 

s t a r t u p  o f  the  components, a l e r t i n g  the level o f  cont ro l  

above i t ,  the  s t r i p  c o n t r o l l e r ,  t h a t  a n  i n t o l e r a b l e  condi t ion 

i n  t h a t  machine has been encountered, and  t r a n s f e r r i n g  d a t a .  

The appl icat ion c l e a r l y  reveals  the requlrement f o r  

a s t r i p  control ( s ee  Figure 6 . 8 j .  T h e  s t r i p  c o n t r o l l e r  will .  

36 need-.d t o  h a l t  a l l  the  machines p r io r  t o  the panel a l i g n -  

me.$: -'., i n s e r t  machine i f  a n y  one o f  these  ceases t o  opera te  

because o f  a n  i n to l e rab le  condi t ion.  Further,  w i t h  these! 

machines shut d o w n ,  the p a n e l  i n s e r t  machine must be a l e r t e d  
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TABLE 11.1 

-e Dil OF  AI- MACHINE COVPONENT 

CONTROL F U N C T I O N S  

EB Gun 

power, c u r r e n t ,  v o l  t a g 2  l e v e l s  
f i l a m e n t  f e e d  mechanism. f i l a m e n t  use 

Deam d i  r e c t i  on 

machinery h e a l t h  

' S l a b  Feed 

r a t e  o f  f ? e u  

s l a b  c c  - t i o n  

~ need f o b  r,lc,re stock  

machinery  h e a l t h  

T h i c k  -is M o n i t o r  

d a t a  g a t h e r i a g  
movement across  w i d t h  of b e l t  

machinery h e a l t h  



TABLE 11 .2  

DV OF AL Pi.9CHINE CONTROL 

Messages Received 

from component control 

need for replacement or 
non-urgent repair 

- notice o f  Intolerable 
condition 
data 

Messaqes Given 

to component control 

- component(s) start-up 
componer.t(s) shutdown 
confirmatinn of messages 
received 

from strip control 

notice f o r  start-up 
notice for shutdown 

to strip c o n t r a  

need for replacement or 
non-urgent repair 
(teleoperator/crawler) 
notice o f  intoler, ble 
condition 
data 
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to start providing spare panels. The appropriate teleoperator 

would then be alerted to redress the anomalous cocdition. A 

similar situation would occur with machines past the panel 

insert zone except that the panel insert machine would start 

collecting good pane?. from the previous machines. This in- 

stance also revea'i the need inr a higher 'eve1 of control, 

aapely a package stition control, because when one of  t h e  

production strips past the panel alignment and insert zone i s  

stopped, this will require all fourteen strips past the insert 

zone to halt, unless a missing strip in a package can be 

tolerated. The above illustrates why central processors 

could be important at varioiJs levels within the computer 

resource hierarchy. 

With respect to communication in a distributed com- 

puter resource, Ref. 16 gives the following explanation: 

"The key to distributed systems is the establishment ~f 

communications. In general, the secding of a rcessage i s  

equivalent to transmitting energy, a n d  it is desirable to 

minimize the system eliergy. To put it another way, it is 

desirab!e to transmit a m i n i m u m  ainount o f  information, con- 

sistent with function, within a n d  between systems. The 

distributed system is fcnda,nentally intended to minimize 

t r a n m i s s i on o f i n f o r m  a t i o n . " 
When unschedulzd events like ma1funLtions occur 

requiring the ' i n g  of rnachine(s), a n  interrupt in the 

p r 3 g r i m s  cap be employed that ;tures t h e  state 3f  tne task 
1 1 . 1 1  



in progress until the problem is rectified. Further, Ref. 18 

suggests the use of an interrupt in all processors every few 

milliseconds to coordinate the timing of all functions in 

the system. 

The designer will eventually need to decide-how often 

local information, whether i t .  be quality control data, e.g. 

thickness, composition and temperature, or a rundown on the 

state o f  a machine, should be provided to the higher levels 

of control. In general, the designer should move those 

functions that are done most frequently down the hierarchy, 

and those done less frequently up the hierarchy. 

The communication paths i n  the SCF will most likely 

be exposed to a hostile environment that could garble messages. 

Use of optical communication paths may be attractive for this 

type of environment. Ref. 17 notes procedures for adding 

redundant bits to a message so that the receiver can detect 

an error in the message on its arrival. Some schemes not 

only detect errors at a receiver, but a l s o  correct them. 

The analysis performed on the application should 

also examine the "regret" o f  losing a particular component/ 

machine so the desianer will hJve some idea about those 

functions reouiring the greatect reliability. 

One approach to making the urstributed computer 

system more reliable is by simply 'uplicating the micro- 

prccessors wherever they occur, whet5er at the compcnent 

level or at one o f  t h e  control levels (Ref. 4, 17). T n i s  
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philosophy could extend t o  sensors and communication buses 

as well. One o f  the two processors would operate in a 

standby mode, ready to take ovtr in the event of a failure. 

To decide when a processing element has failed, though, is 

not easy, and generally one cannot rely ckn the module itself 

to announce that i t  is failing (Ref. 12). 

Another approach to making the system more reliable 

i s  to reconfigure the computer resource when a failure o f  a 

processor occurs. Reconfiguration is characterized by the 

abilit:, o f  a system to adapt itself to changes in i t s  status 

and to provide a variable organization. This could b e  

accomplished with spare micr processors strategically located 

throughout the computer hierarchy, e.g. one spa-e processor 

for each machine (Ref. 2, 18). When a processor has been 

determined to fail, the appropriate spare would then assume 

i t s  load until the necessary replacements had been made. 

A reconfiguration strategy can be determined prior 

t o  the execution cf a job based on predicted failure modes-- 

this is known as static reconfiguration. Dynamic recon- 

figuration strategies could also respond to predefined 

situatiopq, b u t  would take into account the current status 

o f  the system. This latter reconffguration scheme can com- 

plicate the software and the amount o f  processing needed, 

o r  a s  Ref. 12 explains, "...dynamic reconfiguration involves 

high overhead a n d  may be restricted to the cases where re- 

configuration i $  a must ( . . a .  failtire modes), or to the 
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cases where t h e  overhead t o  de termine a r e c o n f i g u r a t i o n  

s t r a t e q y  i s  t o l e r a b l e . "  

Some comb ina t ion  of d u p l i c a t i n g  p rocesso rs  and u s i n g  

spares  a t  v a r i o u s  l e v e l s  may t u r n  o u t  t o  be t h e  i d e a l  con- 

f i g u r a t i o n .  A p r e l i m i n a r y  a n a l y s i s  o f  t h e  SCF i n d i c a t e s  

t h a t  t h e  g r e a t e s t  r e l i a b i l i t y  w i l l  be needed a t  t h e  pane l  

i n s e r t  machine, a " b u f f e r "  wh ich  can s t o r e  good and d e f e c t i v e  

panels and a l s o  p r o v i d e  s p a r e  p a n e l s  when needed. 

Even i f  t h e  d e s i g n e r  adheres t o  a s i m p l e  and c o n s i s t e n t  

d e s i g n  o f  t h e  computer r e s o u r c e  f o r  t h e  SCF, i n  a11 p r o b a b i l i t y  

t h e  s o f t w a r e  w i l l  be t h e  most u n r e l i a b l e  p a r t  o f  t h e  c o n f i g u -  

r a t i o n  (Ref .  4 ) .  Bishop (Ref .  20) suggests  t h e  use o f  a 

s i m u l a t i o n  program t o  model t h e  communicat ion l i n k s  between 

processors .  I f  t h e  model i s  r e a l i s t i c ,  t b e  program s h o u l d  

be a b l e  t o  d e t e c t  and d iagnose r e a l - t i m e  s o f t w a r e  e r r o r s  i n  

t h e  network.  

11.4 E X A M P L E S  

11.4.1 Example o f  An Automated C o n t r o l  Computer S t r u c t u r e :  

As i s  c l e a r  f rom t h e  d i s c u s s i o n  o f  s e c t i o n  11.2, i t  < s  extreme12 

d i f f j c u l t  t o  p r e d i c t  advances i n  computer t e c h n o l o g y  a decade 

ahead. However, t h e  c u r r e n t  s t a t e  o f  t h e  a r t  and t h e  promise  

o f  improved c a p a b i l i t i e s  ( e . g .  h i g h - d e n s i t y  i n t e g r a t e d  c i r -  

c u i t s ,  ho log ramic  s to rage ,  v i s i o n ,  v o i c e  a c t u a t i o n )  make com- 

p u t e r s  a m a j o r  s y s t e r  e lement  i n  spJce hardware des ign .  A 

computer s t r u c 2 i r w  a t  t h e  space manu fac tu r i , i g  f a c i l i t y  can be 
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used f o r  automated control of machinery, inventory, routing, 

maintenance and repair scheduling, monitoring, quality control. 

Computers could also be use6 i n  robots, defined here a s  

machines capable o f  dezling with some uncertainty in their 

environment. 

11.4.2 Example o f  An Automated Control System: The basic re- 

quirements o f  computer structures at the SMF can be summarized 

as follows, based on the discussions o f  sections 11.2 and 11.3. 

The system must provide localized functions (monitoring, con- 

trol, quality control) to a large nunber of machines spread 

throughout a large volume o f  space. The system must also 

prov 2 intermediate functions (maintenance and repair 

sched3ling, routing) to machines and groups of machines. T h e  

syst-im ~ ~ u s t  provide centralized functions to the entire SWF 

o r  ' - 0  major sections o f  the S Y F  (inventory control, resource 

allocation, factory status monitorins and display). Finally, 

the entire system should be reprogrammablt, to adjust for 

variations i n  production requirements. A single computer, 

tied to all sensory and control systems i n  the factory, has 

several disadvantayes. First, most sensor systems and macy 

control systems send out or receive analog signals, which 

are less reliable than d i a i t a l  signals. Therefore t h e  

machines should include analog/digital conversion devices 

and use d i g i t a l  commuliications with the master computer. 

cc..:onr!, there is a critical need for damage t3ler-ance i n  the 

.I. I b .  D y ~ t e m ,  since a failure in the master compirter c o u l d  
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l e a d  t o  e x t e n s i v e  damage i n  t h e  sudden ly  u n c o n t r o l l e d  f a c t o r y .  

T h i s  argues f o r  a f u l l y  r e d u n d a n t  computer  system o r  a s e t  o f  

d e c e n t r a l i z e d  emergency c o n t r o l  u n i t s .  The t r a n s i t i s n  f r o m  

p r i m a r y  m a s t e r  computer  t o  a backup m a s t e r  computer  can  be a 

v e r y  d e l i c a t e  o p e r a t i o n ,  e s p e c i a l l y  i f  i t  r e q u i r e s  t h e  t r a n s -  

f e r  o f  l a r g e  amounts o f  i n f o r m a t i o n ;  i t  a l s o  r e q u i r e s  a s o p h i s -  

t i c a t e d  a r b i t r a t i o n  system t o  d e c i d e  when t h e  p r i m a r y  compu te r  

i s  m a l f u n c t i o n i n g  and t o  o r d e r  t h e  s w i t c h .  T h i r d ,  such a 

m a s t e r  computer  woLtld be v e r y  d i f f i c u l t  t o  reprogram, due t o  

t h e  c o m p l e x i t y  o f  i t s  a l g o r i t h m s .  Thus even a m i n o r  change 

i n  p r o d u c t i o n  r e q u i r e m e n t s  c o u l d  r e q u i r e  a complex r e w o r k i n g  

o f  t h e  c o n t r o l  system. F o u r t h ,  t h e  i n p u t / o u t p u t  systems o f  

t h e  m a s t e r  computer wou ld  have t o  h a n d l e  v e r y  l a r g e  amounts 

of  d a t a .  

T h e s e  c r i t e r i a  s u g g e s t  a d i s t r i b u t e d  compu te r  s t r u c t u r e  

c o n s i s t i n g  o f  s e v e r a l  l e v e l s  o f  c e n t r a l i z a t i o n  ( l o c a l i z e d ,  

i n t e r m e d i a t e ,  c e n t r a l i z e d )  w i t h  i n c r e a s i n g  l e v e l s  o f  s o p h i s -  

t i c a t i o n .  The system s h o u l d  b e  connec ted  b j '  3 n e t w o r k  o f  

communicat ions pa ths ,  a l o n g  w h i c h  can t r a v e l  s e n s o r  d a t a ,  

c o n t r o l  commands, s t a t u s  i n f o r m a t i o n ,  emergency r e q u e s t s ,  

reprogramming comnlands, and b l o c k s  o f  memory. 

An e x a m p l e  o f  such a computer s t r u c t u r e  f o r  t h e  s o l a r  

c e l l  f a c t o r y  appears I-*ig. 11.1. A t  t h e  l o c a l  machine l e v e ? ,  

m i c r o p r o c e s s o r s  ( l a b e l e d  A l ,  A 2 ,  A 3  ,... B1, R2, B 3  ,...) h a n d l e  

t h e  f u n c t i o n s  necessa ry  t o  t h e  mach ine ' s  o p e r a t i o n s  (e.g.  

m o n i t o r i n g  a n d  d i a g n o s i s ,  c c n t r o l ,  q u a l i t y  a s s u r a n c e ) .  The 
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A ser ies  watches over  one product ion  s t r i p ,  t he  6 se r i e s  o v e r  

a n o t h e r ,  e t c .  

Each S E -  of  a i c r o p r o c e s s o r s  on a s t r i p  i s  t i e d  t o  

each o t h e r  and t c  a " s t r ip  hos t . "  T h e  s t r i p  h o s t  c o n t a i n s  i n  

memory a l l  the  so f tware  used by the  s t r i p  mic roprocesso r s ,  a s  

well a s  d i a g n o s t i c  programs. I t  can t h e r e f o r e  moni tor  the  

p r o p e r  f u n c t i o n  of the mic roprocesso r s ,  and c o r r e c t  s o f t w a r e  

ma l func t ions .  In a d d i t i o n ,  the  s t r i p  h o s t  a r b i t r a t e s  hetween 

the requests f o r  a s s i s t a n c e  of  the  mic roprocesso r s ,  and a s s i g n s  

the computer r e s o u r c e s  a v a i l a b l e .  T h e  s t r i p  h o s t  a l s o  regu- 

l a t e s  communications between t h e  s t r i p  microprocessors  and 

the  o t h e r  computers i n  t h e  network. 

The 1 4  s t r i p  h o s t s  i n  a s e c t i o n  o f  1 4  product ion  

s t r ip s  a r e  t i e d  t o  each o t h e r  a n d  t o  a s e c t i o n  c o n t r o l  computer.  

Based on in fo rma t ion  f r o m  t h e  s t r i p  h o s t s ,  t h e  s e c t i o n  c o n t r o l  

schedules maintenance a n d  r e p a i r .  I t  a l s o  moni tors  the  s t r i p  

h o s t s  a n d  reprograms them a s  needed. 

T h e  19 s e c t i o n  c o n t r o l  ccmputers ( f o r  the  s o l a r  c e l l  

f a c t o r y ' s  19  product ion  s e c t i o n s )  a r e  t i e d  t o  each o t h e r  ar?d 

t o  t h e  main s o l a r  c e l l  f a c t o r y  contrGl f a c i l i t y ,  which i n c l u d e s  

computers and h u m a n  s u p e r v i s o r s .  This f a c i l i t y  moni tors  and 

reprograms t h e  s e c t i o n  c o n t r o l  u n i t s ,  a n d  t akes  o v e r  problems 

which t h e  ' loca l ized  computers have found too  d i f f i c u l t .  

Although Figure  11.1 shows t h e  sepa ra t io r i  between 

s o f t w a r e  s e c t i o n s  o f  t h e  computer s t r u c t u r t ' ,  i t  does n o t  i n -  

d i c a t e  t h e  l o c a t i o n  o f  t h e  computers themselves .  I t  i s  
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p o s s i b l e  t o  g r o u p  t h e  c m p u t e r s  i n t o  c l u s t e r s  t o  s i m p l i f y  

s u p p o r t  s e r v i c e s .  However, t h i s  s t r e t c h e s  t h e  d a t a  t rans-  

mission l i n e s  a n d  i n c r e a s e s  t h e  risk of  a s i n g l e  phys i ca l  

a c c i d e n t  damaging a s u b s t a n t i a l  f r a c t i o r  3 f  t h e  computer 

c a p a b i l i t y .  A l t h o u g h  d i f f i c u l t  t o  a s s e s s  a t  t h i s  s t a g e ,  some 

phys ica l  d i s t r i b u t i o n  of  equipment seems d e s i r a b l e .  

The most c r i t i c a l  f a c t o r  i n  t h e  d e s i g n  o f  a computer 

system f o r  t h e  so l a r  c e l l  f a c t o r y  i s  i l i t y  and damage 

t o l e r a n c e .  S ince  loss  of cont t .ol  .- can danage s e c t i o n s  

o f  t h e  f a c t o r y ,  or a t  l e a s t  s t o p  P r O d L t i t i O n  i n  the  a f f e c t e d  

s e c t i o n ,  the des ign  of a f a i l - s a f e  o r ,  b e t t e r  y e t ,  f a i l -  

o p e r a t i o n a l  computer system becomes a very worthwhile  e f f o r t ,  

By coKparison,  t h e  mass a n d  power consumption o f  t h e  system 

a r e  not s i g n i f i c a n t  c r i t e r i a ,  s i n c e  they  a r e  expec ted  t o  be 

very small  pe rcen tages  of SKF mass and power. 

P a r t  o f  t h e  s o l u t i o n  t o  the problem of r e l i a b i l i t y  

i s  t h e  development c f  l o n g - l i f e  s p a c e - r a t e d  computer hardware.  

I n  a d d i t i o n  t h e  equipment s h o u l d  be modular a n d  r e p a i r a b l e  

by replacement o i  mu'u les .  T h i s  r e p a i r  w i l l  probably be 

done by au tomat ic  equipment i n  t h e  s o l a r  c e l l  f a c t o r y .  

However, computer u n i t s  w i l l  f a i l ,  a n d  t h e r e  a r e  

s e v e r a l  o p e r a t i o n s  t o  make t h e  system t o l e r a n t  t o  such 

f a i l u r e s ,  as d i scussed  i n  s e c t i o n  11.3 .  The f i r s t  op t ion  i s  

s imple  redundancy, i n  w h . c h  each u n i t  i s  backed by i t s  t w i n ,  

ready t o  ta4,e over  when a m a l f u n c t i o n  i s  diagnosed .  The 

d i a g n o s i s  a n d  swi tch  conmand c a n  be done e i t h e r  by a comp' - e r  

1 
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e lsewhere  i n  the h i e r a r c h y ,  o r  t h e  u n i t  i t s e l f  a n d  i t s  r e d u n -  

dant  twin can keep t r a c k  of each o ther ,  comparing f u n c t i o n s  t o  

de te rmine  ma l func t ions .  However, t h e  p o s s i b i l i t y  o f  c o n f l i c t  

between the two may r e q u i r e  a n o t h e r  redundant  u n i t  and m a j o r i t y  

ru l e  on mal func t ions .  Such systems a r e  in  development today .  

One d i sadvan tage  o f  t h i s  o p t i o n  i s  t h a t  i t  requires .many com- 

p u t e r s ,  many of which do not  o p e r a t e  very o f t e n .  

Another op t iov  i s  backing u p  a l o c a l  computer w i t 4  a 

more cen t r a : i zed  one. This r e q u i r e s  t h a t  t h e  c e n t r a l i z e d  com- 

p u t e r  have a l l  t h e  f u n c t i o n s  of  t h e  l o c a l  d e v i c e  i n  memory 

a n d  s u f f i c i e n t  da t a  l i n e s  t o  t a k e  over t h e  moni tor ing  and 

c o n t r o l  f u n c t i o n s  o f  t h e  l o c a l  computer. One d i sadvan tage  

o f  t h i s  system i s  t h a t  s e v e r a l  f a i l u r e s  o f  l o c a l  computers 

can over load  a c e n t r a l i z e d  computer;  however, t h e  c e n t r a l i z e d  

computer can be backed u p  by a more c e n t r a l i z e d  computer ,  e t c .  

A more s e r i o u s  d r a w b a c k  i s  t h a t  t h e  f a i l u r e  o f  a c e n t r a l i z e d  

computer l e a v e s  t h e  l o c a l  computers wi thout  backup. 

S e c t i o n  1 1 . 3  has d i scussed  t h e  concept  o f  d i s t r i b u t e d ,  

s e l f - r e c o n f i g u r a t i n c i  computer systems.  These can p rov ide  

"g raceFu l  d e g r a d a t i o n "  a n d  c o n t i n u i t y  i n  u n a f f e c t e d  a r e a s  

w h e n  malfunct iLns d o  occur .  The key concept  i s  a p r i o r i t y  

s t r u c t u r e  w h i c h  a l lows  t h e  system t o  r e a s s i g n  computer re- 

sou rces  t o  t a k e  over  t h e  f u n c t i o n s  o f  ma l func t ion ing  u n i t s .  

The s i g n i f i c a n t  advance over  t h e  s t a t e - o f - t h e - d r t  i s  t h a t  

 an^! computer i n  t h e  network c a n  b e  reprograrnrled t o  t a k e  o v e r  

a t  l e a s t  some- o f  t h e  f u n c t i o n s  o f  a n y  o t h e r  computer.  
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T h i s  can  b e  done b y  a s s i g n i n g  each  c o m p u t e r  u n i t  t w o  

t y p e s  o f  f u n c t i o n s .  The f i r s t  a r e  " k e r n e l  f u n c t i o n s , "  t h o s e  

f u n c t i o n s  r e q u i r e d  f o r  t h e  n o r m a l  o p e r a t i o n  o f  t h e  u n i t .  f o r  

example ,  m i c r o p r o c e s s o r  A 2  i n  Fig. ! I . I  has k e r n e l  f u n c t i o n s  

w h i c h  h a n d l e  t h e  m o n i t o r i n g  and c o n t r o l  o f  t h e  D V  o f  s i l i c o n  

i n  p r o d u c t i o n  s t r i p  A. These k e r n e l  f u n c t i o n s  a r e  p e r f o r m e d  

u n d e r  a n y  c i r c u m s t a n c e s ,  p r o v i d e d  t h a t  m i c r o p r o c e s s o r  A 2  i s  

n o t  d e f e c t i v e  (however ,  t h e  k e r n e l  f u n c t i o n s  c a n  b e  reprogrammed 

t o  a d j u s t  p r o d u c t i o n  r e q u i r e m e n t s ) .  The s e c o n d  t y p e s  o f  f u n c -  

t i o n s  i n  t h e  u n i t  a r e  t h o s e  o c c a s i o n a l l y  i n s e r t e d  t o  o p e r a t e  

on o t h e r  s e c t i o n s  o f  t h e  f a c t o r y ;  i n  o t h e r  words ,  t h e  u n i t  h a s  

e x t r a  c a p a c i t y  and c a p a b i l i t y  beyond  t h a t  r e q u i r e d  f o r  i t s  

k e r n e l  f u n c t i o n s ,  and t h a t  e x t r a  c o m p u t a t i o n  power  c a n  be 

l o a d e d  w i t h  o t h e r  f u n c t i o n s  used  t o  f i l l  i n  f o r  m a l f u n c t i o n i n g  

u n i t s .  

S e v e r a l  examp les  f r o m  F i g .  11.1 can  i l l u s t r a t e  t h e  

p o s s i b i l i t ! e s  o f  such  a sys tem.  Example 1 :  M i c r o p r o c e s s o r  

A 3  m a l f u n c t i o n s ;  s t r i p  h o s t  A d i a g n o s e s  m a l f u n c t i o n ,  ta'.:: 

A 3  c f f - l i n e ,  t a k e s  t h e  p r o p e r  f u n c t i o n s  o f  A 3  f r o m  i t s  memory, 

l o a d s  h a l f  o f  t h o s e  func+.:'* i n t o  A1 and h a l f  i n t o  A2 ,  and 

commands b o t h  o f  t h e s e  U I , . . ~  t o  t i m e - s h a r e  t h e  r u n y i n g  o f  

A 3 ' s  mach ine  w i t h  t h e i r  own k e r n e l  f u n c t i o n s .  A f t e r  t h e s e  

s t e p s ,  t h e  s t r i p  h o s t  sends  a r e q u e s t  f o r  r e p a i r  e i t h e r  t o  

t h e  s e c t i o n  c o n t r o l  o r  t o  t h e  r e p a i r  sys tems ,  and r e t u r n 5  t o  

n o r m a l  o p e r a t i o n s .  The m i c r o p r o c e s s o r s  A ' I  Gnd A2 do t h e i r  

k e r n e l  f u n c t i o n s  and A 3 ' s  f u n c t i o n s  as w e l l .  
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Example 2:  Here a g a i n ,  microprocessor  A3 mal func t ions .  

S t r i p  hos t  A t a k e s  A3 o f f - l i n e .  Rather  t h a n  reprogramming A1 

and A2 a s  i n  Example 1 ,  s t , * i p  h o s t  A r e q u e s t s  a s s i s t a n c e  from 

s e c t i o n  c o n t r o l .  S e c t i o n  c o n t r o l  commands s t r i p  h o s t  B t o  

program microprocessor  83 t o  t ime- sha re  i t s  kernel  func t iDns  

between i t s  own machine and A 3 ' s  machine,  S ince  B3's and 

A 3 ' s  kernel  f u n c t i o n s  a r e  t h e  same, B3's c a p a b i l i t y  i s  s u f -  

f i c i e n t  t o  r u n  both machines. A f t e r  t h e s e  commands, the 

s e c t i o n  c o n t r o l  s chedu les  a r e p a i r  on A3 2 n d  returr? t o  Formal 

o p e r a t i o n s .  S t r i p  h o s t s  A and E rer;urn t o  normal o p e r a t i o n s  

a l s o ,  except  t h a t  t hey  r o u t e  informat ion  between A 3 ' s  machine 

a n d  B3. 

Example 3:  Here a c a i n ,  microprocessur  A3 mal func t ions .  

S t r i p  hos t  A t a k e s  A 3  o f f - l i n e  a n d  r e q u e s t s  a s s i s t a n c e  d i r e c t l y  

from s t r i p  hos t  B .  S t r i p  hos t  B then reprograms B3 a s  iti 

€*ample 2 .  I f  s t r i p  hos t  B or microprocessor  8 3  i s  toc bi:sy, 

s t r i p  h o s t  A swi t ches  ' , s  r eques t  t o  s t r i p  ! ,os t  C ,  e t c .  S i m u l -  

t aneous  r e q u e s t s  from s e v e r a l  s t r i p  h o s t s  ( t h o u g h  u n l i k e l y )  

a r e  a r b i t e r e d  by bec t ion  c o n t r o l .  

Example 4 :  S t r i p  h o s t  B mal func t ions .  S e c t i o n  Cont ro l  

d iagnoses  ? . h i s  a n d  t a k e s  s t r i p  k a s t  B o f f - l i n e .  S e c t i o n  con- 

t r o l  car:  then e i t h e r :  p r o g r a m  microprocessors  B 1 ,  B2,  ... t o  

t a k e  over t h e i r  s t r i p  h o s t ' s  f u n c t i o n s ;  or  p r o g r a m  s t r i p  

h o s t s  A a n d  C t o  t i m e - s h a r e  t h e i r  s t r i p  hos t  kerne l  f u n c t i o n s  

t o  f i l l  i n  f o r  s t r i p  host  9; o r  program o t h e r  computers 
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(microprocessors, s t r i p  h o s t s ,  s e c t i o n  c o n t r o l  compu te rs )  i n  

some c a n b i n a t i o n  t o  t a k e  o v e r  t h e  f u n c t i o n s  o f  s t r i p  h o s t  B. 

S e c t i o n  c o n t r o l  t h e n  schedu les  r e p a i r  f o r  t h e  damaged u n i t .  

As t h e s e  examples show, t h e  d i s t r i b u t e d  c c n t r o l  sys tem 

has t h e  a b i l i t y  t o  r e a s s i g n  t h e  f u n c t i o n s  o f  any damaged u n i t  

o r  u n i t s  t o  o t h e r  computers i n  t h e  h i e r a r c h y .  The sys tem i s  

t n e r e f o r e  v e r y  damage- to le ran t .  However, t h i s  r e q u i r e s  t h e  

- o i l i t y  i d  r o u t e  d a t a  and commands from any u n i t  t o  any o t h e r .  

The t r a d i t i o n a l  method t o  do t h i s  i s  t o  p r o v i d e  a commun ica t i on  

l i n e  between each k a i r  o f  d e v i c e s .  On t h e  s c a l e  o f  t h e  s o l a r  

c e l l  f a c t o r y  s y s t e m ,  t h i s  would r e q u i r e  an enormous number o f  

d a t a  l i n e s .  A more advanced approach i s  t o  p r o v i d e  a s m a l l e r  

number of t r u n k  l i n e s  and s w i t c h b o a r d  systems t o  r o u t e  t h e  

i n f o r m a t i o n .  The t r u n k  l i n e s  need n o t  be w i r e s ,  b u t  can  use 

microwaves o r  l a s e r s  i n s t e a d .  T h i s  o p t i o n  i s  c u r r e n t l y  used 

by t h e  t e l e p h o n e  company f o r  l o n g - d i s t a n c e  c a l l s .  A d i s a d -  

van tage  o f  t h i s  o p t i o n  i s  t h a t  s w i t c h b o a r d s  a r e  s l o w  and can 

be ove r loaded .  One o p t i o n  t o  e l i m i n a t e  some s w i t c h b o a r d  

systems i s  t o  a t t a c h  an i d e n t i f i c a t i o n  code t o  each t r a n s -  

m i s s i o n  and send i t  o v e r  common d a t a  l i n e s  t o  a l l  u n i t s  ( o r  

a l a r g e  group o f  u n i t s ) .  The code cues t h e  d e s t i n a t i o n  u n i t  

t o  absorb t h e  t r a n s m i s s i o n .  The o t h e r  u n i t s  i g n o r e  t h e  da ta .  

T h i s  concep t  r e q u i r e s  m l l t i p l e x i n g  t h e  d a t a  l i n e s  t o  keep 

u n i t s  f r o m  send ing  s i m u l t a n e o u s  messages. T h i s  i n  t u r n  r e -  

q u i r e s  a common c l o c k  f o r  a l l  t h e  u n i t s ,  and a s e t  o r d e r  o f  

t i m e  i n c r e m e n t s  a l l o c a t e d  f o r  sending.  The number o f  messages 
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sen t  by a l l  t h e  u n i t s  then s i z e s  how many u n i t s  can be on 

t h e  same t r u n k  l i n e .  Also,  c e n t r a l i z e d  computers can a l l o c a t e  

e x t r a  sending t ime  t o  l o c a l  computers r e q u i r i n g  ass is tance.  

Systems o f  t h i s  t y p e  a r e  c u r r e n t l y  i n  development (Ref.  19). 

Another  advantage o f  t h e  d i s t r i b u t e d  c o n t r o l  concept 

i s  t h a t  t e s t  f u n c t i o n s  on computers can be a p p l i e d  by any 

o t h e r  computer or group o f  computers. Therefore even t h e  

s o p h i s t i c a t e d  f a c t o r y  c o n t r o l  computers can be mon i to red  by 

t h e  l e s s  c e n t r a l i z e d  dev ices.  
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APPEND1 X 

COMPUTER PPOGRAN L I S T I N G S  AND 

OUTPUTS 

A 1  



A . 1 :  PR06f\!4H SHFCOST 

( L I N E  ITEM C O S T I N G  OF SNF) 

L I S T I N G  
DATA 

OUTPUT 

A 2  



A3 



'0 
0 
YI 
'0 
'0 
'0 
0 
'0 
'0 
0 
0 
'0 
'0 
'0 
'0 
'0 
'0 
'0 

'0 
'0 
'0 
'0 
'0  
'0 
'0 
'0 
'0 
'0 
'0 
'C 
'0 
'0 
'0 
'0 
'0 
'0 
'0 
'0 
'0 
'0 
'0 
'0 
'0 
'0 

'0 
'0 
'(I 
'0 
'0 
'0 
'0 

Dm 

'a 

osao 
c5 50 
O S 6 0  
0510 
0580 
0590 
0600 
06 10 
06 20 
06 30 
0680 
06 50 
1W60 
10670 
106 80 
0690 
107 00 
07 10 
lOf20 
07 30 
10790 
07 50 
9760 
9770 
10780 
10790 
0800 
0810 
08 20 
10830 
08 93 
0850 
0860 
io870 
0880 
0690 
9900 
09 10 
109 2 0 
09 30 
09UO 
0950 
0960 
0970 
09 80 
10990 
~ 1 0 0 0  
10 10 

11020 
11030 
11040 
10 50 

11O€Q 

A4 



C* 
C. 
C* 
C* 
c* 
C* 
C* 
C e  
C. 
C. 

c. 

C* 

C* 
C* 
C* 
C* 
C. 
C* 
C* 
C* 
C* 
C+ 
C* 
C* ;* 
C* 
C+ 
C* 
C@ 
C* 
C* 

BEAD X U  IACHIUE F A R A I E T E B S  
B X P L A I A T I C I  OP ZIAClllNE PAR31ETEIiS:  

QH - 5ACHIbE THEUPUT (UGT USES) 

EH - EAETH EXPENDABLES (KG/dB) 
BH - PECCESS BED COST A I D  SSSTEUS IBTEGBATICN (Sa) 

LH - OPERATIUS LADOK ~ E ~ U I F E X I Y T  (CBEU U R / O P ~ A T I N G  xi81 

xn - CCST OP EARTH EXPEUDABLLS (L/KG) 
nn - NU~IM OF TIIIS TYPE OF LIACHINE 
Kfl - BUUEER OF CClfPClENT TYPES 

U R I T E ( 6 . U l 2 )  

DO 0 J = l , I R h C K  
YEITE (6,234) 

R E A D  (S 8 102 ) ( V A  f l E  [I .J) .1=1.7) 8 LHeEu. B8.XnrBn ,Ka 
~ a u n - I  iiu~p+na + 3 

KEEP IFACK CF EAGIIATION 
IF (1fiUN.C'I. Cc) YRITE (6,233) 
IP ( I f iUY.GT.50)  I R U N = O  

PRIl'L O U T  BACHINE INPUT WARIAELES 
URlTE (6.U 13) [HAYE (1.J) 81=287) .LH,E&Ilf. BfleI(8 
BU=B11* 1OOCOCO.  

BXPLANATICU OP ARPAX #COSTSa:  
FOR THE J('IH) BACHIIE TYPE - 

lONEECUPAIhG CCSTS: 
C O S ' I S ( 1 , J )  - R E S I A P C H  A Y C  EZVELOPtiENT 
COSTS (2.J) - PROCUREMENT 
COSIS(3.J) - TRANSIOETATIOI 
COSTS (4.5) - PCdERPLANT 

RECURRING COSTS: 
C C S I S ( 5 . J )  - OPERATING LPECZ 
COSTS (6 .J)  - EXPEUDkELXS Pi.GCUREnEHT 
COSTS (7, J) - PXPENDABLES TfASSPOLTBTfON 
C C S ' I S ( 8 , J )  - EEPAIR LABCF 
CCSTS(9.J) - REPAI 6 FARIS EEOCUELBENT 
COS'IS(10,J) - REPAIR PARTS 'XAESPORTATIOU 

I C O ? l P = I F I X  [ t in)  
PRCC=l. 
PROD I=  1. 

SNPO 1080 
sn eo 1090 
S d P O  1100 
s n i o i i  i o  
S N P O l l  20 
SIP0 11 30 
s u P o l l u o  

SMPO 1160 
S I P 0 1 1 7 0  
SIP01 100 
clleo 1190 
SnPO 12 00 
SMPOlZ :O 

S ! W 0 1 2 3 0  
SMPO 1200 
SpP01250 
s n P 0 1 2 6 0  
SUP01270 
S N P O 1 2 8 0  
5IP01290 
S N P O 1 3 0 0  
SBFO 13 10 
S3P01.320 
SHFOl330 
S11 FO 13 9 0 
SnFO 1350 
StlF01360 
SRP01370 

SHP 0 13 9 0 
SnFO 1900 
SnPolO 10 
SHPO 1420 
S R P O l U 3 0  

s n ~ o  11 50 

sn~oizzo  

sneo 1380 

s n i o  iuuo 
s n p o  1 u so 
S R P O 1 9  6 0  
S B P 0 1 4 1 0  
S R P O 1 9 8 0  
SHPO 1990 
SK PO I500 
SHPO 15 10 c, ----------------- ---------------------I--------- __---------_- 

C* BEAD I N  CCtlPCNEN'I FABAXETFHS F O R  EACH l a C H I N E  SNPO 1520 
C* EXPLANATICN C F  CC3PGEIE:IT FAhAHETEZS: SRF01530 
C* NC - H i J 3 E E R  OP T H i S  TYPE OF COUPOKENT SUP0 1540 
C* nC - fl.45; O F  It iDiVIDUAL C0330YENT (RG) s n ~  o 1550 
c+ PC - P G U E H  OP INCIVIDUAL CG.'I?ONENT ( K O )  SRP01560 
C* CCC - CCflPCNEl iT  CGYPLEXITY CODZ (1-4) S H P 0 1 5 7 0  
C *  DC - D l i T X  CYCLE (%) SIP0 1580 
c. LRC - REPAIR CODE ( 1 - 5 )  sapo 1590 
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C* EC - REFLACEBENT PA61S (fG/TR) SUP0 1600 
C* SI! 10 16 10 

DO 3 I = I . I C O H E  SUPO 1620 
BEAD ( 5  102) ( N  AJCC (I  I) , I f P 1  e 7 )  ,lC# I C #  PC,CCC ,DC 8 LUC .RC S U P 0 1 6 3 0  

C* FIND NCNBECURGINC CCSTS A N D  6EPAIR PAaAtlETEFiS PROH CODES (CCC t L a C ) S l F O l 6 4 0  
CC=IC+P6OC (IFIX (CCC)) S H P O l 6 5 0  
L C ~ S U P E R ( I F I X ( I 6 C )  1 

C* 

C* 

C* 

e* 
c+ - 
C* 

C+ 

C* 
C* 

LD (LRC. NE.S.) RcOos*nc 
UCf=NC*)I H 

UCTS TOTAL U U I B E R  CP C O l F O N E l T  TYPE I1 ALL OP THIS I A C R I I E  TYPE 

AP?LX 90% LLARLIUG COFiVE IF Il0RE"IHAU 100 OOfTS ARE USED 
IF (BCT. CE 100 .) CC=CC*NCT** (-e 15) 1 ( .Os) 

ADJUST P i t c c u m n E t a  COSTS FOR U ~ C B I I B  R E L ~ I L ~ Z L X T Y  
CC=CC/ALPHA 

I G D I P I C A T I O U  OF DUTl  C I C L E  FOE VARIATIOLI OF PAEALIETEBS 

DC l=DC 
DCZlOO.* (1 . - (1 .-DC/lOO.) *ALPHA) 

Up. I T  E ( 6,  u 19) ( bR I E C  (I 1 ) 
DC=CC*.O 1 

P R I N T  GUT COt!POlENT PAEAIETEHS AND COSTS 
=2 87 ) 8 lc 8 tic PC. cc 8DC 8 t c  8 B c , c c c  8LRC 

CC1=DC1/100.  

BEGIN SU?IHATION OF COIPONENT COST FACTORS 
C* 

C G S I S ( l , J ) = ~ C * R A N D C ( I F ~ ~  ( C C C ) ) t C C S  
COSTS ( 2 , J )  =CC+:'C*COS'IC.(7,J) 

COSTS ( 8 .  J) = i T .  -0C)  *LC * I C t C O S I S  (8.J 
COSTS ( 3 ,  J )  =PC * 'JC+COS i 5 (3  

COS? S ( Y  J) =iiC*CC*NC/tlC+COS'i'S (9, J) 

J) 

C O s l S  ! IO,J )=f iC*NC*C@SiS (10,J) 
COSIS[U.J)=PC*NC*COSTS (U,J) 

C* 

SUPO 16 00 
S3PO 1670 
S l P O 1 6 8 0  
SUPO 1690 
S l F O l ? O O  
SHP01710 
StiFO 17 20 
snpo 17 30 
s n ~ o i 7  uo 
sm P o 17 5 o 
S l P O  1760 
sn PO 177 0 
s n ~ o i 7 8 0  
SIP 0 ?7 90 
S U P O l i 3 0 0  
snpoie i o  
SRPO 1820 
SlPO 18 30 
s n p  o t suo 
SnF01850 
S l  PO 186 0 
SBFO 1870 

S H F O 1 8 9 0  
S l F O  1900 
S H P O 1 9 1 0  
SHPO 19 20 
S U P 0 1 9  30 

swo 1 880 

C* LIGL'II FLY CGIYJJIEN'I  FAILURE P R O B A B I L I Z I E S  TO P I U D  HACIIUB DUTY CYC. S I I P O l 9 4 0  
C. SHP 0 19 5 0  

IP (? lC,LT. l - )  GO TO 3 S l F O 1 9 6 0  
PP.ODI=PROD 1' (1 - ( I  .-DCI ) ** ( A N I N  1 (3 .  NC) ) ) S I P 0 1 9 7 0  
PHCD=PRCD.' ( l e -  [ 1.-DC) ** ( A H I N 1  (3 .  p 6 C )  ) ) SHFO 19 80 

3 CONTINUE SUP 0 19 9 0 
C* S l F 0 2 0 0 0  
C* ELD C C 3 P O l i E N T  E E A D - I N  LOOP snF 020 10 
c*--------------------------------------------------'------uI-- SnFO 20 20 

D!!=PBOIi sn ~ 0 2 0  3 o 
C* ADJUST CClPCNENT HLD COSTS POE B E L I A B I L T T  REQUIREIENTS, AID ADD s n ~ o 2 o r r o  
C *  PROCESS A N C  SYSTin: INTEGRATION K E D  COSTS Sl lPOiO 50 

C O S T S ( l , J ) = C O S T S  (1  . J ) / A L P H h * B l  SHPO2O!JO 
C* ASSUtlE KO IACHINE YOULD H A V E  A D U T Y  CYCLE L E S S  THAU 50% s n p o 2 0 7 0  

IF (Dn.LT..S) D Y = . 5  sw o ;o 8 o 
C* sneo2osa 
C* CALCULATE COST ElEIlENTS S H P 0 2 1 0 0  
C* s n ~ 0 2 i i o  
C* UORRLOAD INCREASE FACTOR DUE TO nAC1lIUE DOYUTIIE SHP02 1 2 0 
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C. 

C* 

C. 
C* 
C. 

C a  

2 
C* 

8 

C* 
C* 
C. 

FACTOK=PFODl/CI 

N 8 = 1; .l* FACT GS 

NSCFI (J) =:4n 
YEITE (6 ,230)  Cf! ,bI ,COSTS( 1.J) 
I P  (J.LE. 14)  CCTOI=DCTOT*C!i 

E L V I S E  E i U ' i e E R  CP l l A C U I N L S  10 IAINTAIN THFiUPOT 

KEEP TSACK CP 'ICTAL DUTY CPCLE CP SCLAR CELL PACMBY 

IF (J. I ~ L .  l a )  cc T O  8 
ADJUST h U n D i I i  OF SOLAR C E L L  STFIPS TO nEeT TOTAL SCH DoTr CYCLE 

SEQUIPE3E:JTS,  AND TO POhY A N  INTEGER NOHBEE OP SECTOKS 
( l U  S'IhIPS/SECTOi?) 

HI!= 1 U .  *FLO A? (IF I X  (246. / (DCTO';* 10.1 4.965) ) 
YRITE(6 ,  U23) Irl,CCTOT 
W?.IiE ( 6 . 2 3 3 )  
I r i U Y = O  

DO 2 JZ=1,  17 

CCS'I S ( 3, JZ) =CC S I  S ( 3 ,  J 2)  !t!4/NSCFl4 (52) 
COSTS (5,531 = C C S l S  ( S , J 2 )  *'EI/NSCFll ( J 2 )  
C O S 2 3  (6 ,  J 2 )  =COSTS ( 6 , J 2 )  *Nn/ilSCPH ( J 2 )  
CCSTS (-, JL)=CCSTS (7,J2)*fl!l /NSCFI (52 )  

C@:;?5 ( 9 ,  J ? )  =COS';C ( 9 , d Z )  *Sn /NSCPI ( J2 )  

ADJUST SCLAR CELL CCSTS FOR BEVISED NUlJBER 08 STRIPS 

COSTS ( 2 .  J2)=CCSlS(2rJ2)*In/,cSCFn(J2) 

COSTS i o , ~ t )  =COSTS ( ~ ~ , ~ z ) * r t n / ~ s c ~ n  ( 5 2 )  

COSTS ( 1'2, J 2 )  =COSTS (13,  J 2 )  *Sfl/NSCPtl(J2) 
PERFCB'! ?:SAL C O S 7  A C C C U L T I H G  €OR THIS (IACHINB 

C C S T S  ( 5 , J  J = 3 i l * L t l * N ~ I * l I *  d 

CO ST S ( 7 , J ) = t ? * I: i? * !4 E * l l  * I C  A 5 C3 
CO>'TS ( 2 ,  J!=CCS'i!i ( 2 , J )  *h!i 

COSTS ( 6 . 5 )  = K Y * E Y * D ! l * ! ; 3 * i I  

COSIS ( 3 , - !  = C O S I S  (3,J) *b3*TCAA(;O 
CcSIs(d,J) =COSlS( ! l , J )  * K ! l * i i * i i  
CdSTS(9 ,J )  =CCSTS(9,J) * h a  
C O S T S (  l O , J ) = C C S l S  (lO,J)*:lH*T 
CCSAS (4,~) =cus i s  iu  , J )  * h n + o n *  ( C C O S T + A L P A + T T  : R G O )  

SUJ C E C U k h I h G  A N C  NCNEECUESItiC COSlS FOE EACH MACHINE 

S ~ P O Z I  30 
SKF02lCO 
ShFr).?l C r  

S l F O I  
snp: J 
s n F (  80 
S I P 0 2  : S O  
SflP02ZJO 
s:,-0022 I 3  
S?lP02220 
S 3 P 0 2 2 3 0  

SI FO 22 50 
Sa P 022 6 0 
S!lF02270 
SHF02280 
SIF 022 90 

SYP023 10 
SI F023 20 
sn PO 23 30 
SfiFO23UO 
SHF02350 
S5P02360 
SHF02370 
SHF023 80 
SflFl'1390 
Sr(FOZ400 
SnFO 2U 10 
S!v02420  
S!lFO 2U 30 
SfiFO2UUO 
s n ~ o  2 ~ 5 0  
StlF021(60 
SRFO2470 
sn PO 24480 
SHPOZUPO 
SflF02500 
SYPO25 10 

SnFO22UO 

s a ~ 0 2 3 0 0  
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M I1 A E =  H A e Pl I T C T  s n p o  3 190 
Ill AD= I C  A 6 t i c  X 11 A R S M F O . 3 2 0 0  
CHi\e=HAPI;AC+PR;\B*ltADPEC SHPON I O  
P I A B = i I  AC?*LTCI SIIPO 32 20 
PCUAtJt  (GCOSi*ALFA'TCARGO) *FHA8 S 5 F 0 3 2 3 0  
U RI 'I€ ( 6.2 2 E) U H A 0, PI1 A B  S n F 0 3 2 4 O  
W f i i T E ( 6 , 2 2 9 ) C H A B , T H A B , P C f i A B  S t I P 0 3 2 5 0  
P I C  'I= P P F. 0 D 'I + F S R F + P H A  B SP 0 32 60 

C**LC+*,*S++*.*s+*+/~*****~~*****#*****************************~*b*****,~~~ 7 0 3 2 7 1 )  
C* P I N D  ";TAL Cf!F FCYER ( P T O T )  A I L  HASS ( R T O T ) ,  AND PRCCUREHENT C O S T  S! . f03290 
C* FOB T86 :iONFLCDUCTICN S I F  (STRUCTOBE. A T T I T U D E  COUTROLS, ETC.) S H F 0 3 2 9 0  
C' SPFn3300 

S S P 0 3 3  1 0  aTO?=rIPRCDT+ CS CP+PTOT*ALPA+HHAB 
StlFO 3320 C I S t l F = i S f !  t +;.SJP 

U h I T E ( d , 2 1 9 ) C ? S H P  SHF03S 30 
WRITE ( 5 , 2 i  1 )  i l I O T , P T O T  SHFC 3 3 QO 

C *  FIND XONPtOCUC'IICN SnF TKANSPORT COST ( S I P S T C )  AND POYER C O S T  SXPO 3 3 6 0  
C* ( P H R C S T )  snp 0337 o 
C *  SHPO3380 

StlPSTC= (t!l.SRF +FStlF+ A L F A )  *TCAEGO S f l F 0 3 3  90 
Y B J T E  ( 6 . 2 2 2 )  S P F S T C  SUFQ 3400 

SMPO 34 10 PY 6C SI=PSHF* C C C S ' I  
U R I T E ( C . 2 1 3 )  CWFCST StlFO3420 

C* FXN'. S I P  S E T - U P  CREW SIZE ( P S E T O P )  AND C O S T  (DSETUP) S ~ P O W U O  
C* snFo3usO 

s n ~ 0 3 u 6 n  
Sa Pi)  ? U i 1 

C + ~ , S S * * * * t . + * J + + . O * ~ + * * * ~ * * * * * * * * * * * * * * * * ~ * * * ~ * * * * * * * * * * * * * * * * * * * ~ * * ~ * * S f l F O 3 3 5 0  

C I * , : * * + l t * ' + * * . * * + C ~ * * * 8 * * * ~ * 8 * 8 * * * * * * * * * * * * * * * * * * * * ~ * * * * * * * ~ * ~ * 8 * * * * * * s ~ ~ ~ 3 u 3 O  

P S ET il? =fl TC T/ ( 6 0 00. * A  P Ii CD ) 
DS ET U ?= FS E I U  F* ( H * 6000. +ii I SA I It 1 2  50 I C 0  NSII*TCAEGO*XCICn*TPERS*k ) 
i l P  I'IE ( 0 ,  I 2  4) CS ET U17 ,E'S ET3 i? SKY G 3 U  8 0  

c * * * + +  * * *r++*r  *.* z + * * + * I * +  e *tt * L c * C  I* * * * * * * * * *+*e+  *********+**+* 5:. FO 3 9'20 
C *  F1Y3 C C S I  'ICTALS: D I R E C T  N O N F . t C U R R I Y t  ( C C I 6 E R )  SY,003500 
C* D I f i E C T  R E C U L B I X C  ( C D I f i a C )  s n ~ o 3 s i o  
C *  I N C I R L C T  HCYAECUREING ( C I N C N E )  S R P O 3 5 2 0  
C* I NDILCCT BiECURRIRG ; C I N D R C )  SXF 03 5 3 0 
C' SIIPO 3 5 4 0  

< D I T :  H S = I O ? A L S  ( 1 1 )  snp03550 
SHFO 35 69 
S X P 0 3 5 7 0  
S5F03530 
SYP03590 

C* P I N E  X I A L  ~ E C U L ? R I N ( .  M N D  NCNR&CUR€iitiG CCS'TS (CRC A N C  C N E ) .  i N D  SflFO36 10 
C' 'JSE CC.ST D I S C O l i N T I N C  TO P I N D  Sf!? LIYZ CYCLE C O S T S  ( L I P C T C )  SRP03620 
C. A H 0  D I S C O O ! C L D  AYERACFl SPS C O S T S  iSTSCST) S f i F C 3 6 3 0  
C' S I P 0 3 6  40 

CN 8 1  C 1) i t  :I 6 t C  IN 0 N R  SnP 036 5 0 
C 6 C = C D I n R C + C I b t f i C  SXPO 36 60 

S M P 0 3 6 8 0  7 YKS=i P I X ( i  E A  R5) 
30 7 I = I , I Y R S  SB2O 36 9 0  

7 OISCW;=DISCHI* ( 1 .  + R )  * *  ( - I )  SHP03700 

C c I r  P C = I C T A L S  ( i?) 
C I S  D!IE = C Z  S l4F S .?FSTC+ P W RCST + DS ETU P+Cf!AU+IHAB+PCHAD 
C I h D 6 C  =C E X  5:; E t W S IJ 
d 3 1 'I L ( 6 , 2  -7 5 )  C I: I k Y r 

'I E h I  N + I R A  NSL + T P  A N  S C  
"Q 7 9H C ,C I N GN 2 ,  C 1 S S SC c e Z * * S C t * 9 * I . c 4 I) b 1 L +I 1 +O * # * * *O I I#*** $,I F 0 36 0 0 

uIsCYI=I). snp036 3 0  

; I E C I C = C ~ R * C R C * C l S C N T  s n ~ o 3 7  IO 
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SIP03790 
SUPi13800 
StlPO38 10 
SU PO 38 20 

SHFO38 PO 
SS PO 38 SO 
S 9 PO 3860 
SIP030 70  
SSP03880 
SI F.0 38 9 0 
S3F03900 
SUP039 10 

sn ~ 0 3 8  30 

s n ~ 0 3 9 2 0  
sn~03930 
S W P O ~ ~ U O  
SIP0 3950 
s n p o  3960 
snpo39 7 0  

s n ~ o 3 s o o  
snpouooo 
S3FOUO 10 
SnPou020 
SHPOUO 30 
Stl? 9 rr 9 uo 
snFcuoso 
snPoU060 
SnFOUQlO 
SJlFOUO 60 
S ~ € O U 0 9 0  
snPoo loo  
SRFOP110 
SnFOUi 20 
S3FOU 130 
StlPOUl 90 

SEF03980  
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+TZO.'T€LECPLRAICB BEEAiU * '.P7. 3. sa~oa7eo 

4160, ' C S L W L P R / H O I A Y  LIEPAIR = ' e F 7 - 3 )  SHFOVB 10 
422 POBUAT I T Z O * ' I A I O A L  BEPAIR 'eP7-3) sarooa20 

+ T 6 0 *  ' C B A Y L E B / b U T O R A P I C  BEPAIR = ' e F 7 - 3 )  SUP04790 
421 ?ChMT(T2O~'CLAUL&B/SCIECULED IIEPLAELIEYT * '.F7.38 SH304800 

423 FOBl lAT( / / /51 . '1U ABOVE I A C U I l E S  HAVE BEEO COBBHCTED TO ?OBI  ' 0  SHPO4830 
4P6.0,' STRIPS HEEDED FCR SOLAR CELL PICTCBZ DUTY CICLII O? '.P6.9) SLIP04840 
EWE SBPOQB50 
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B A S E L I N E  SWF ChSE: 1 SPS ?RODUCEC/IELE.  A U P O I I A T I C  REPAIB O f  SCP ~ h C B X t t E E Y  
. 5  1. 1. 3040.  9. 3 7 7 .  100. 

100. 4 5 0 .  . 1  50000. 100.  
~ c c a c c o .  1000. 2s. 0 .  10. 
500. 5coo. 10000.  i aoooo.  5 0 .  
I t H E S H A L  a E L T  0. 
c c o e e E f i  B E L T  1 .  
CIIOTOR A N D  ERIVE 1.  
CEID A O L L L R S  2. 
C'ILIERNLL CCETROL 1. 
I D V  OF A L  B E A H  CONTACT 0. 
CEB GUY 2.  
C P I L A X E N C  BAU'AZIK E 2 .  
C S L A 0  FEEDER 2 .  
cewEL E A F F L E S  1. 
CSICE B X F P L E  . tu  
C S I D E  B A P F L L  GUIDE .1u 
CCCOIING SIIST3n 1. 
U O V  O F  SI A S C  P - D C P A N T  0 .  
C E I  G U N  20 . 
C FI LA !!E NT J lG. ' .ZXN E 24. 
C S L A B  F E E C E S  LO. 
C P A E E L  B A F F L i S  U .  
C S I D E  DAFFLF .29 
C S I D E  U A F P L E  GUIDE .29 
C E O R C b  i C : 4  I Y P i A t l 7 E 6  29. 
CCOCLIS; SYS,Z5 1. 
I P I I L S E  EECIiYS7Ai.L IZATIClr). 
C E R  GUS -. 
C P I L A Y E S T  R A C A Z I N E  2 .  
C C O O L i N t i  5 Y S T E Y  1 .  
!!SCAN K < C B Y S ? i L L I L A ' I I C N  0. 
CEB GUS 2 .  
C P I L A S 2 N T  H A G B Z I N F  A. 

ccaci;3s SYS;EI 1. 
I N- DO r A h T 0. 
CPHCSPH.  iGN I ! ! P L A N T E R  2 .  
U A N b t t L  0 .  
CEB GUN 2. 
C P 1 L A l l F . S ;  U A Z A Z I N E  L .  

C c ' O C l l h ~  SY';';LJ 1. 
W D V  CY AL F3CtiT CCNTACT 0 .  
CED G U S  4. 
C F 1 1 4 d f h T  3 3 I ; A Z I S E  4. 
CSLAD F t i 3 E R  4 .  
CflASK 2 .  
CrlASN G i I 1 : l E  2 R C L L U P  2 .  
C P A H E L  U b P F  L2S 2. 
CSXDZ LIAFF1.E . 29 
C S I D C  U . \ P P L E  G U I D E  -29 
C C O O L I N G  SYSTLPI 1. 
l l P F C N T  C C Y T A C T  $1 HIESINGO. 
C I U  G U N  L. 

CFI L A t!E NT R A G A 7 ,  I N 2  2. 
CCOOLIN; SXSTE!I  1. 

7 

-l 

1 2P LA NT h TIC N 

1 

1 

0. 
4000. 
1@00. 
50. 
200. 
0. 
20. 
.ou 
50. 
.05 
1. 
2.5 
2 2 .  
0. 
25. 
.ou 
60.  
. 2 5  
1. 
2 . 5  
2 5 .  
360. 
0. 
10. . 00 
24. 
0. 
5. 
.ou 
14. 
G. 
25. 
0. 
5 .  . ou 
14. 
0. 
10. 

50. 
3 0 0 .  
2 5 0 ,  
.o; 
1 .  
2 . 5  
3 0 .  
0 .  
5 .  . ou 
14.  

. a4 
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e 2 5  
0 .  
2000. 
500 
.005 
0. 
20. 
0. 
20 . 
.005 
3.1  
0. 
.o 1 
0 .  
0. 
.01 
.01 
.005 
7.3 
0. 
.01 
0. 
b. 
.o 1 
1.75 
015 
,005 
1.8 
0 .  
.oca  
.005 
.6 
0 .  
.003 

1.75 
.oos 
.u 
0 .  
,001 
e 0  5 
1.6 
0 .  
. a 1  
0 .  
2 .  
0 .  
0. 
.o 1 
,006 
005 

.2 
0. 
.001 

.ca 1 

~ ~~ 

. 1  
34-39 
60. 
2000. 
10 .  
2. 
2. 
2. 
3. 
10. 
3. 
2 .  
3. 
1 .  
1 .  
2 .  
3. 
20. 
3.  
2 .  
3 .  
1 .  
I .  
2. 
3 .  
3 .  
100. 
3 .  
2 .  
3. 
100. 
3. 
2. 
3. 
10. 
3. 
10. 
3. 
2 .  
3 .  
10. 
3 .  
2 .  
3 .  
3 .  
3 .  
1. 
1. 
2 .  
3 .  
10. 
3 .  
2. 
3 .  

05 
03  

8766. 
10000. 
20 .  
99.9 
99.9 
99.9 
99.9 
10. 
99.9 
99.9 
9.;. 9 
99.9 
99.9 
99.9 
99.9 
10. 
99.' 
59.9 
99.9 
99.9 
99.9 
99.9 
99.9 
99.9 
10. 
99.9 
99.9 
99.9 
1 C. 
99.9 
99.9 
99.9 
200. 
59.9 
10. 
99.9 
99.9 
99.9 
10. 
99.9 
b9.9 
99.9 
99 .Y 
99.9 
99.9 
99.9 
99.9 
99.9 
10. 
99.9 
99.9 
99.5 

2. 20. 
300 . . l  

246- 9. 
1. 200. 
l .  so- 
1. 2 .5  
1. 10 . 
206. 7.  
2. 1. 
3. .B 
.. . 2.5 
at 4. 
3. 90 0 

1.  0 1  
2. 1 .  
246. 8 .  
2. 1 - 2 5  
3. - 0  
2. 3. 
3. 80. 
3. 160. 
1. 15 
2. 1.3 
2. 1 8 .  
246. 3. 
2. .5 
3. - . 2  

9 

2. 
246. 
1 
1 - 
2 
24". 
2. 
206 .  
2. 
3. 
2. 
2U6. 
2. 
3. 
2. 
3. 
1 .  
3. 
3. 
1. 
2. 
246. 
2. 
3. 
2. 

1. 
3. 

25 
. 1 2  
. 7  
1 .  
1 .3  
3. 
25 

.12  

. 7  
9. 
. 5  
16 

2.5 
15. 
12.5 
2. 
20. 
.13 
1.5 
3 .  
25 

. 1 2  
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.+CELL ca0ssc;ls 0. 
* LASER 1. 
:AB. LA3P 8 L C A Z I W E  1. 

2 G U I D f  BOLLEES 2. 
C S B X  ELD 1. 
4CELL I l f E E C C  IN ECTIC I 0 
CBLECT6CSTATIC UELDZB 1. 
+ ~ I U T E B C O N N  ZCT PEEGES 1 
C I H T E S C C L B E C T  BOLL 1. 
CSBlSC E S 2. 
* V M I A B L E  S P E E D  E C I L E E S  0 .  
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2. 
2. 

99 . 
99. 
99. 
too. 
99. 
0. 
99. 
99 . 
99. 
99. 
0. 
95. 
99 . 
99. 
99. 
0. 
99. 
99. 
99. 
0. 
99. 
0. 
99. 
99. 
99 . 
99. 
0. 
99. 
99. 

9 9. 
99. 
99. 
99, 
99. 
100. 
99. 
99. 
0.  
9 5. 
0. 
9s. 
99. 
99. 
99.9 
99.9 
99. 
99. 
0. 
99. 
99. 
99. 
99. 
9 9. 
99. 

99. . 

5. . QQ 
5. 0 .  
5. 25. 
5, I. 
5. 10. 
1. P. 
5. . 44 
s. 05 
5. 3. 
5. 0 .  
1. 8 .  
S. 1000. 
5. 3. 
5. 5. 
5.. 0. 
1. 3. 
5. . QQ 
5. . e 5  
5. 2. 
1, 1. 
S. 1000. 
1. .. . 
5. . Q4 
5. .s 
5. 150. 
5. 1.5 
7. 8.  
5. 44 
5. . 15 
5. 05 
5. .5 
5. .S 
9. . 3  
5. 1.5 
5. . 75 
1. 2. 
5. 200. 
5. 100, 
8. 1. 
5. 25. 
610 7 .  
5. 0 .  
5. 5. 
5. 1.5 
5. 2. 
5. 03 
5. 075 
5. 1. 
1. 6. 
5. 044 
5. . 15 
5. .75 
5 .  1.5 
5. 05 
5.  05 

A I  7 



UKLYSTICI P I L l T  0. 
CULYSTECE; P L A S f  1. 
UGLASS P C h 1 1 8 3  €ACT'. .,T'Y 0 .  
C P O Y E E B  tlIXI9 1. 
CTUEEMAL CCBTROL UNIT 7 .  
CUOLD 7. 
l l F O A l E D  G L I S S  CUTTER 0 .  
C E I C E T  ELirDE SAY 1. 
C f Y E i i T Y  BLAD? S A Y  1. 
CH AB DL I NG E0 rJ I P I E UT 1. 
CUO6F R f S O V l L  SYSIBLI 1. 
UUlEET CUTTER 6 S L C T T E B  0 .  
C L A S E R  14. 
CBAOIATOR AS0 PUHP 1. 
CCOUOEXCB BELT S X S I E I  1. 
W C A U E D  G L A S S  SSOCTHER 0. 
CSUOOTHItiG L I S E R  2. 
CRAOIATOI! AYD EUHP 1. 
CCOUV~YO1(  BELT S l S T E l  1. 
HOAVECUIDE DV CP A t  0. 
C E B  C U I  5. 
CGUU COOLING SYSTEM 5. 
CSLAD P E E D E E S  5. 
C BAFP LE3 4. 
C B E L i  E COOL'YG S I S T E R  1. 
SUAVECUIDS E ,KAGEB 0. 
CtlAWCLIRG E O U l P I I U T  1. 
CUAVEGUIDZ EACYS 850. 
COOALITX CCtirKOL 
MYAVECUIDE IISSEHBLES 0 .  
CASSEHBLP Ai?!iS 8. 
C I N T E R I O R  GUIDE 2. 
CLASEfi  4. 
CEADXATOh A N D  P U 3 P  1. 
8 P E L S C C N E L  DOCKING CfCB.0 .  
CDOCKIHC 3 E C H A N I S H  1. 
f l P B E S S U I I Z E D  TUNNEL 0. 
C P H E  T U N S E 1  1. 
C A I  KLK cis 5. 
flCAfiC0 3 C C K i N C  flECH. i ) .  
C R  E l  E NTIC N LA 7C H E  S U *  
CSTRUCTURE E D A H P I N C  
ILOAD-UNLOAD JAt l IPULATORO.  
CRANI€ULATOA Afia 1. 
CCtEU OPERATING S T A T I C N  1. 
LlYACN E T I C  TRANSPORTER 0 
CFRAflE 1. 
C H I G h  P E R ! l E l a I L I l Y  PLUG 4. 
CTEPLCJ SNIDS e. 
CCONlhINEB 6 .  
RTRANSPORTEE TRACK 0. 
CTRACI; 4. 
C U A C H L T I C  DkIVERS 1280 
c eo ss c h a s 2. 
C B O U T I N J  C O t i i E O L  1. 

0. 500. 
305000. UOOOO. 
1, 
75000. 
850. 
2 1000. 
0. 
1700. 
4000. 
1700 
20. 
0. 
1000. 
20. 
170. 
0. 
4000. 
40. 
210. 
0. 
17. 
20. 
50 . 2s 
500.  
0. 
100. 
10. 
50 
0. 
10. 
15. 
4000. 
80 . 
0.  
1000. 
0 .  
5000. 
5000. 
C .  
100. 
1eiio. 
1. 
:coo. 
i000. 
0 .  
50.  
6. 
1. 
30. 
0 .  
9000. 
30.  
45000. 
2000. 

17. 
3s e 

80 e 

1000. 
0. 
5. 
'12.. 
5. 
.5 
0. 
10. 
1. 
5. 
0. 
10. 
1. 
5. 
0. 
17. 
. 3  
-01  
0 .  
2. 
0. 
5. 
0. 
5. 
0. 
1. 
0. 
10. 
4. 
0. 
1. 
0. 
- 1  
0 5  
0. 
.1  
0. 
0. 
10. 
1. 
0. 
0. 
0. 
0 .  
0. 
0 .  
0. 
.Oa 
0. 
10. 

100. 
2. 
50. 
2. 
2. 
2. 
10 . 
2. 
2. 
1. 
2. 
20. 
3. 
2. 
1. 
20 . 
3. 
2. 
2. 
10. 
3. 
2. 
3. 
1. 
2. 
10 
3. 
1. 
3. 
20. 
3. 
2. 
3 ,  
2. 
10. 
2. 
10. 
2. 
2. 
20. 
3. 
2 .  
50. 
3 .  
3. 
50. 
1. 
2 .  
2. 
2. 
10. 
1. 
2.  
1. 
3. 

25. 
80 . 
1. 
90. 
99 . 
90. 
0. 
99. 
99. 
99 . 
99. 
0. 
99. 
99. 
99 . 
0. 
99. 
100. 
99 . 
0. 
99 09 
99.9 
99.9 
99 . 
99.5 
0. 
99. 
99.9 
99. 
0. 
99. 
100. 
99 . 
99. 
0. 
99. 
0. 
99. 
99. 
0. 
99. 
99.9 
0. 
95. 
99. 
0 .  
99.9 
100 . 
99.9 
99.5 
0. 
99.9 
99.9 
100. 
99. 

1. 1. 
5. 15300. 
1. 3. 
5. 7500. 
5- 17. 
5. 1000. 

5. 0. 
5. 0. 
5. 0. 
5. 0. 
2. 3. 
5. 75. 
3. 1. 
5. 5. 
3. 3. 
5. 75. 
5. 2. 
5. 5. 
3. 5. 
5. . 94 
5. 0.  
5. so . 
5. 15. 
5. 0. 
3. 3. 
5. 5. 
5. 250. 
5. 0. 
12. 0 .  

1. a. 

5. 
5. 
5. 
5. 
0. 
5. 
2. 
5. 
5. 
2. 
5. 
5. 
4. 
5. 
5. 
130. 
5. 
5. 
5. 
5. 
1. 
5. 
S. 
5. 
5. 

25. 
0. 
75.  
4. 
1. 
50. 
2. 
250. 
0 .  
2. 
5. 
0. 
2. 
250, 
100. 
4. 
2.5 
0. 
.2 
1.5 
a. 
90. 
1 .s 
0. 
100. 

A ?  8 



U f P T f R l l A L  S I O R A G L  DIVICEO. 

CCOlYlAftiER TOlES 8. 
CPOSB ABS 1. 
118EPAIE AOTO3XICB S 0.  
CAOPOlATfC EEPAIB DLVICEle 

CBODY 6 ccnuoL CIRCUIT 1. 
0. 0. 10. 0 .  0. 3. 
200 . 1. 2. 99. 5. 10. 
30. 0. 2 .  99. 5. 1.5 
150. 1. 2. 99. 5. 7.5 
0. -001 100. 20. 4 2. 1. 
zoo.  3. 4. 80. 5. 0. 

A I  9 



S P  LCI! I ANUIACTUBIUO P A C I L I T V  
L J Y E  ITEU cosixuc m o c m  

PI.1.T. S P A C E  SYSTEMS LABCRATOBV 

I N P U T  Y A H I A B L E  S P E C I ? f C A T I O U  

B A S L L I N E  S l l ?  C A 8 E :  1 SPS PBODUCLDIYEAR, AUTOflATIC R E P A I B  OF S C P  I (LCH1UERl  

PYfiSLiNNCL ?PANSPOHT COST ($ /KC) - USO. 
T l l l l N l N C  COST (;/PCLSCN) 50000. 
C K t U  I iU lATION h A T E  ( l ' A ! f L S / Y E A b )  9 4.0 
C O N S U R A B L E S  PLOY R A T L  ( K J / P E Y S O N - E L I )  0.63 
S H F  O P E H A I I O N A L  PLRIOD ( Y R S )  e 20. 
SIlP UCNPTODUCTICN PCYEE (KY) = 1 0 0 0 .  
StlF H C N P I N ~ U U C T I O N  EXPLNDAULLS (KG/YR) D 

P O i ( t . h P L A h T  PtOCUKEHkNT CCST (b /KU)  2OOU. 
P R O O U L T l b N  Ii(iUHJ/Yr.Ah I376b. 
COST CISCOUNTING k A T L  0.10 
l l A O I T A T  POWEB (Ka/@LLSON) a 9 . 0  
I f A O l T A T  1";sLCUkIlEI;T ($/KC) 100.0 
P I t C C ' J I ; E q L N T ,  LEVEL 1 $ 5Oo/KG 
PHCCULLMLNT, LEVLL 2 8 500. /KG 
P l ~ C C U b L K f N ' I ,  L Z V E L  3 - 9 Z O O O . / K ;  
PLLCUhLHLOT,  LEVEL 4 8 $ 1 3 C O O . / K G  

0 .  



II ass DOTY crc PABTS CCC 

COPPER J E L T  1-00 4GCC.00 0.0 1030316.e7 99.90 0.25 200.00 
L I O T O ~  L W D  t a x v t  1.00 1000.00 20.00 257519.12 59.90 0.2s 50.00 
END h O L L t 8 S  2 .oo 50.00 ' 0.0 11607.17 99.90 0.25 2. so 
t i lLD.MZL CCBTFOL 1.00 200.00 20 .00  206063 .31  99.90 0.25 10.00 

DUTT CYCLE 0.5970 REQUIBJWC 246. IACIIIUES & G O  * L 39250000. 

DI OP AL R t A U  CONTACT LABOB = 0 .0  EXPEUD. = 0.005 KG/IIR A t  $ 10./KQ COl lWYIUtS  = 10.0 

f B  GfJN 2.00 20.00 
F I L b C l H ;  1 I G L Z I I I L  z .00  0 .04  
S L A B  P E L D L S  2 . c o  50.50 
Z I Y E L  BAFFLES 1.00 0.05 
SIu& @ A F F L r  0 . l U  1 .oo 
S I D f  B I F ? L f  G U I D O  0 . 1 4  2.50 
OSLIYO SISTEII 1 .GO 22.00 

D U l l I  CIClJ!  = O.SFUO I E Q U l R I N G  

3.10 
0.0 
0.01 
0.0 
0.0 
0.01 
0.01 

206. IIACIIINLS 

1 e571 .u7 
9.29 

U6U28.GB 
1.29 

5o.co 
lLSO.00 

226 b6.97 
RCD - L 

99.90 0.10 1.00 
99.90 0.05 0.00 
99.90 0.10 2.50 
99.90 0.05 0.00 
99.90 0.05 0.03 
99.90 0.2s 0.13 
99.90 0.10. 1.10 

1 ltl53224r 

DT 01 SI A E D  P - C C P I R T  LAbOB - 0 . 0  L X P € U D *  = 0.005 KG/HR AT L lO. /KG CONPOWPUTS 9 20.0 

eo G U N  
PILL BSPT 3 A G 1  21 N E  
: L A B  i L r D S i r  
P U L L  DIIBLtS 
51DE E A F F L E  
SIC€ CAPFLE G U T D L  
D U h O H  I O N  IHPIAWTL3 
C L C L I N C  SYSTLLI 

DUTY 

20.00 25.00 
i o . 0 0  o . o a  
20.00 60.00 
9.03 0.25  
0.29 1 .oo 
0. 29 2.50 

20.00 25 .00  
1.00 360.00 

c r c u  - 0.9590 REQUIRING 

7 .30  lbU30.50 
0.0 6.51 
0.01 394'42.80 
0.0 5 . 2 3  
b. 0 50.00 
0.01 1250.00 
1.75 1693U.50 
0.15 37031U.00 

2U6. IACIIIULS RGD = 

99.90 
99.90 
PY.IJ 
$9. YO 
99.90 
4Y I 90 
99.90 
99.90 

S 29413312. 

0.10 
0.05 
0.10 
0.05 
0.  os 
0 . 2 5  
0.10 
0.10 

1.75 
0.00 
3.00 
0.01 
0.05 
0.13 
1.25 

18.00 

Pu bS E B E  CR '1: TrThLLI 2 hT 1CW LALOB - 0 .0  EXPCUO. I 0.005 KG/IIR AT S l O . / K G  COIPOUEWTS -100.0 

E B  G U N  2.00 10.00 1.80 9285.73 99.90 0.10 0.50 
PILARENT SAGAZINE 2.00 0.u4 0. 0 9.79 99.90 0.0s 0.00 
c9oLIY; SYST&l( 1.co 24.00 0.01 21727.60 99.90 0.10 1.20 

DUTII CYCLE 0.9490 B E Q U I R I U G  2U6r I!ACHIU&S LEU 1 10~680192. 

SCAB BECk YSTA L L I Z  A 11 ON LABOB - 0.0 EXPEND. 0 0.005 KG/IlP AT $ 1 0 . / K G  COIIPOUCUZS =100.0 

2U GUW 2.0c 5.00 0.60 w 2 . 1 1 7  99.90 0.10 0.21 
? I l A l € I T  H A C A Z I l l C  2.0@ 0 . 0 8  0.0 9.29 99.90 0.05 0.00 
C O O l I b G  SYYTEI! 1.co 14.00 0.00 14424.43 99.93 0. I O  0.70 

nUTI ClCLg = 0.5990 BEQUISIMS 2U6. NACHINCS RED = S 100380193. 

2. 
2. 
2. 
3. 

3. 
2. 
3. 
1. 
1. 
2. 
3. 

3. 
2. 
3. 
1. 
1. 
2. 
3. 
3. 

3. 
2. 
3. 

3. 
2. 
3. 

LPC 

1. 
1. 
1. 
1. 

2. 
3. 
2. 
3. 
3 
1. 
2. 

2. 
3. 
2. 
3. 
3. 
1. 
2. 
2. 

2. 
3. 
2. 

20 
3. 
2. 



I-DOPLUP IIIPLAUTATION i b c o s  - 0.0 IIP~UD. - 0.001 m / H a  AT s 200./10 

013SPt). IOU I B P L A U I E %  2.00 25.00 l e 7 5  2 3 2 1 4 e J 6  99 .90  

A t i l t C L  L A e O B  - 0.0 CIPLMD. - 0.005 R O / t l l  &T S lO. /KO 

imfr C Z C L E  = 1.0000 B t Q U I R l M Q  2@6. LIACLIIYIS 660 - S 105000OOe 

E8 G U U  2:o 5.00 0.40  96Q2.87  991 90 
?ILL R E  UT I! AG A21 UE i I O  0 . O P  0.0 9.29 99.90 
COOLIN; SYSTEY 1.60 !U.30 0.00 14421.13  99.90 

DI O? AL P K O U I  CONTACT L A E C B  - 0.0 EXPELID. 0.050 KG/IIR AT S TO./KO 
C U I Y  CYCLB - 0.9990 RISQUIRILG 296. (IACYINLS S&D S 19380199.  

20 G'JN 
PILAlltNT OLCAZIU? 
S L A 6  P L E b L R  

7 - 5 K  GUIDE G I i O I L U P  
?ANEL BAfELES 
SIDE E A F k L E  

COOLING SYSTEEI 

n n x  

SIDE a A P r L f  G U I D E  

D U I I  

P . C O  
1 .co  
4.GO 
2 . 0 0  
2 . c o  
2.b0 
0.29 
0.29 
1 .co 

c r c i e  - 0 . 9 ~ 9 0  

10.00 
0 . 0 1  

50.00 
300.00 
2 50.50 

a. 3 5  
1 . o o  
2 .50  

30.00 
RZQUIAING 

1.60  8368.77  
0 . 0  e. 37 
0.01 410U3.90 
0 . 0  278572.00 
2 - 5 0  232 143.37 
0.0 1.16  
0.0 50.00 
0 . 0 1  1250.00  
0 .01  30909.50 

2U6. .BACII IHCS 8tD - 

99.90 
9Y.90 
99.90 
49.90 
99.90 
S9.90 
99.90 
99.40 
99.90 

S 22813216.  

2 ?BOUT CbNTACT SIST&llIMG LAROR - 0.0 EXPEND. 0.005 KC/llk AT S l O . / K G  

LU G U Y  2. co 5.00 0 .20  4GU2.07 9Y.90 
P I ~ A 3 f l l f  IIAGAZIUE i.00 0.00 0.0 9.29 99.90 
COOLIDL SYSTEll 1 .00 14.00 0.00 'UY24."3  9r.90 

CELL CPOSSCUT LAEOS - 0.0 EXPEND. 0.005 KC/IIR AT I 25./KG 

DUTT c r c u  0 . ~ ~ 9 0  m w x n z w  246. nrciizHis k E U  m S lOJ1101991 

L A S E d  1.00 20 .00  2 .50  2 0 6 0 6 . 3 1  99.90 
KS. L A O P  O A G I X I U L  1.co 0 . 1 0  u. 0 1 0 3 . 0 3  99.90 
'-'DE bOLLEES 2.00 0.50 0 . 0  116 .07  99. YO - EL0 1.co 1 .oo 0.0 2 5 - 7 6  9Y.90 

6 G D  8 S 1CU05000. D u l l  CYCLE 0.5970 REQOIBXN;  246, IIACIIIUCS 

CELL l NZERCC H U f CT IC ti L A E O B  = 0.0 E X P E N D .  8 0.001 KC/UA A 1  S l S . / K G  

ELECTFOSIATIC U E L D E 3  
? !I r f 6CGN N EC I 
1 !JT I :CC N h 2C1 
;ON X R S  
T A h I A D L t  S P I I C  B C L L E B S  
3CTCL \:ID I C A C K I N G  
CUICE h3LLERS 

P E E D E L  
hCL L 

' DUTY CICLI! = 

1.00 
1 .oo 
1 . c o  
2.00 
I .oo 
1.00 
u .a0 

0.5960 

10.00  
20. (r. 
1 5 . G O  
0.10 
0 .80  

10.00 
0.50 

k e w r P I r  : 

0.50 
1.00 
0. J 
0 . 1 0  
0 . 1 0  
1.00 
0 e o  

246. OACIIINES 

10303.16 
2060G. 3 U  

3 0 6 3 . 6 9  

6 6 9 . 5 0  
2575.79  

104.61  

5 2 . ~ 6  

r C D  8 

90 
9r.sc 
99. Y O  
59.90 
99.90 
59.90 
99.90 

S 20715488. 

0.10 1.25 

C0UPOU)IYTS 10.0 

0.10 41 25 
0.0s 0.00 
0 . 1 0  0 . 7 0  

COlPONENTS .) f0.O 

0.10 0.50 
0.05 0 .oo 
0 . 1 0  2 . 5 0  
0 .05  05.00 
0 . 2 5  12.50 
0.05 0 .oo 
0.05 0.05 
0.25 a. 13 
0.10 1.50 

COHPONENTS 10.0 

0 . 1 0  0 .25  
0.05 0.00 
0.10 0.70 

COIPOWEU1S = 10.0 

0.10  1.00 
0.05 0.00 
0.10 0 . 0 2  
0.25 0.05 

COIPONEWTS - 20.0  

0.10 0.50 
0.10  1 . 0 3  
0.05 0 . 7 5  
0.50 0.00 
1- 10 0 .  o r  *. 10 0.50 
0.10 0.02 

31 2. 

31 2. 
2. 3. 
3. 2. 

3. 2. 
2 .  3. 
3. 2. 
3. 3. 
3. 1. 
1 .  3.  
1. 3. 
2. 1. 
3. 2.  

3. 2. 
2. 3 .  
3. 2. 

3.  2 .  
3. 3. 
2. 2. 
1.  1. 

3. 2. 
3. 2. 
2. 3. 
3. 9. 
3. 2. 
2. 2. 
2. 2.  



DI s102 OPTICAL coven 

e 0  GlJV 
I ILAIZI IT ) I I C A Z I Y C  
S L A B  F L E D E S  

T-STBIP N A S M  P I C K A G E  
E X l G E R  CISSLKSEL 
PANFL F A P F L L S  
S'DC B l C P L L  

SOPT SUR€ACO BELT 
nCfOL DSIVE 
EYD C O L L C I S  
COOLIUr; s isre l l  

n & s K ? w  c f v i c e  

sxce B L F P L Z  w I o e  

LAB08 - 0.0 

30.00 
30 00 
3c.zo 

1.00 
1 .oo 
e.00 
6.GO 
a. 03 
0.93 
1.EO 
1.00 
1 . O t  
1.00 

UUTI CYCLE = 0.9900 PEOIIBIYG 256. M A C H I Y E S  PCU - S 1327U0816. 

25.00 
D.OU 

60.00 
50.00 

5.J0 
5. uo 
0.25 
1.00 
2. so 

3005.00 
700.00 
I O 0  .oo 
550.00 

7.00 1 ~ 0 6 0 . 7 5  

1.00 51515.eo 

0.0 6.19 
0.01 37115.91 

0.0 1287.90 
0.01 98.49 
0.0 9.92 
0.0 29.23 
0.01 7J0.8S 
0.0 172737.62 

15.00 180305.37 
5.00 25757.92 
0.2s 56667a. 19 

lO./UO 

99.90 
99.90 
99.99 
99.90 
Y9. YO 
99.90 
99.90 
99.90 
99 90 
99.90 
99.90 
99.90 
99.90 

coap31 ClTS -100.0 

0.10 1.25 
0.05 0.00 
0.10 3.00 
0.10 2.50 
0.05 0.25 
0.25 0.25 
0.05 0.01 
0.0s 0.05 
0.25 0.13 
0.25 150.00 
0.25 35-00 
0.25 5.00 
0.10 27. SO 

DI or SXGZ SJUSIIA'IE Lreon - 0.0 LIPBID. 0.010 KG/HP AT L 1 O . / K U  COllDoYEYZS = 10.0 

ED CC!i 
PILAJIST R K A Z I I E  
S L A B  PLZDLk 
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22706 5 8  . 

1C990d160. 
114727056. 

10 S 3 229 0 
52 1 68 6 4  

627280. 
1039468. 

200Ulf .  
602U764. 106920. 

5379 30 7 2. 
POUlYl6. 
5 J  57 177. 

8400 
6r  

92353 94 
3078464.  

29691 1, 
676268. 

4U692S. 

70'IAl.S 

57 2 28 5u uo. 
580U8944. 

6733 10 976. 
115080704. 
1 0 7 6 '16 7 20 

25734432. 
17 UOO 3 68 

37 2635648. 
17 105456 
179 46064. 
3USO5216 . 

1256077020. 

71610b20. 

179U606U . 
820269024 

27910272. 

20U?76 16. 
io92ao45 . 

20U776912. ' 

288373760. 

1 (i25SOS76. 
41735936. 
20343 l0U. 
20152176, 
70519888.  
6 2 U 9 9  52. 
24253904. 

2053705UU. 

115O6911. 
127001248. 



3 0 0 ' J  $ab NCNRECUh H I N G  COSTS ( C O I T . )  I tSSSfS$S 

TRANSPORT 

P E  D I E  C A S T E K  
T R A N S P O H H L R  CORE C A S ' I E B  

E N D  TKiR/WELD/ROLL W I N D  
SHEET TIIIIYYER 
R I D U O N  S L I C E R  
R X U b C N  THIHI ' ICII  
S ' E E I A T O R  
POIlH S C L L E P  

DC-DC C C N V .  P I t C D U C E R  
INSOLBi'KON W l N U E F i  
C L A S S  P I U E R  PhOCUCER 
CC C O N V .  LAD. ASSEMOLY 
K L Y S T E. 0 N P L A liT 

F O A ! l i L  GLASS CUT't'kF, 

P Q r l n t D  G L A S S  S ' ICUTIIER 
W A V C L U I L I L  D V  OF A L  
YA V €.ti V I  I D I; P XC K AG ii I{ 

P E R I ; G ; I N t L  I JOCh ' l l iC .  HECH. 
P K E S S U h I Z i C  T U N N E L  

L O A C - U N L O A C  H A N I P U L A T O R  
C A G N E T I C  TRhhSFCRTEb 
T R A N S E O k T L H  TRACK 
INTERNAL C T O R A G E  D E V I C E  
BEPAXb AUTORATCNS 

K C i L I L G  R I L L  

K L Y S ' I F O N  B A L .  A S S E N D L Y  

tiL AS S P C A 4 1 !I I; FA C I L ITY 

p S I I E L T  CUTTC1 C S L C T T E R  

w 

W A V L G U ID L ASS L' tl U L t R 

C A R G O  D O C K I N G  K E C H .  

TOTALS 

R E C  

35520492 
7 5 2 59 &I 0 0. 

1 5 u 0 5 0 0 uu . 
1 04 6 0 0 03 
13 Y 1 c o c o .  

1 a 3 c a o 00. 
4540C 9 92. 

2 c ~ c 0 0 c 0 .  
2 l d300U) ,  
2 CJ4 uo 0 00. 
3 c o c o c I ; o .  
125000uo 
1 j 2 2 2 7  50. 
217343512. 

1624959940. 
5 3 4 2 4 9 4 7 2 

3O68USW. 
109 1u 14'1 '12. 
10 125000r) . 

139 ti9 1 1 5 .  
13C;')C,UOQ . 

10067'~95)L 
15 a c o  0 co . 
6 C C C O 6 C O .  
3 1 0 P O U t i O .  

19CCOOQQ0. 
502 10000. 
77 150 C U O .  
11900000. 

920000000. 

504SJ 13540 

PROC Uht Fl E NT 

4300 349 440. 

315000 
115OOOO. 

10720000. 
16E1124BOO. 

euoo. 
7 02U 0 U O  

3000. 
2 a00 0 0 0  . 

4 0 0 a o o .  

339130. 
445200. 

403000e 
16341500. 

30500000, 
227 349 92 . 

S89COO. 

2 47 500 0. 
2uouoo. 

7 5 4  5 3 0 0 .  
1942i1000. 

5 G S 0 0 ,  

I I 230000.  

400GOO. 
600c)C 00 u 

4400CO. 
2800000. 
3 4 0600 0 

166400CO. 
4 72000. 
840 aco. 

944832512. 

POW E R 

6695 1. 
32.3433. 
391024. 
3 95422 
1220 22. 

6 4 5 2 U Y .  
1 1 5 3 5 ,  

l U t $ S O O .  
1 O O 6 G  3 .  

19 U 2 2'1 2 
7351. 

U560Om 
15805 16. 

1 U8485. 
959999 G 8-  
20485968 .  

6U8CO. 
a s8s 6 6  : 
231637.  
792963. 

68209. 
18 53276. 

11800. 
154U4. 
2398. 

124146. 
cs . 

6771ti . 
470 45. 

504000. 

697U679 O U o  

TOTALS 

37459 u2u . 
822u0416.  

1925f.6 000. 
209364 3680 

1066d'. 22. 
5662C 1 ,:O. 
10344534. 
23 lQY496. 
2214772a. 
2 5 7 5 2 3 2 D .  
32437 3U4 . 
1U9rt5690, 
373967b4. 
223 12 46U . 

190 3999 490. 
69 1504 896 . 

422G7 3 1 I .  
336318208. 
1523316 16. 

17924016. 
170507O4. 

SO0 5 35552. 

Y60 15U40. 
34 U42 384. 

248F24lUY. 
59 8 0 3  66 U . 

11 1090960. 
14779044. 

20 53U398 u. 

17411072. 

10732580900. 



t a s a s t s s  ctecuuaxwa COSTS ssssssss 
E l P r Y D L D L e S  

P R O C U R L I E I T  T R I Y S Y O L I  

TULRILI B E I T  
D V  OP AL R E A D  C O Y T A C T  
DV C F  S I  A I I C  # - D O T A U T  
DULSE H I t n  Y ~ I A L L I Z A T I O U  
S C A N  R E C h X S T L L L I Z A ' I I C Y  
Y-!IO€ 8 tlr I OPLAN T h T I O Y  
AYML.4L 
GI OF AL PFCN; C O N T I C ?  
l R C R T  COKT 4 C T  S I Y I E A  ING 
C L L L  C R C S X U I  
C L L L  I!, i CF. CL 2 h ECT I C Y  
[rr SICZ ( ;?TICAL C C V L D  
D V  C P  s1,32 s U u s T n A z &  
PAHLL A L I G N  G I I 4 5 t L T  
PAHEL I Y T E L C C N N E C T I O N  

KAPTCY J A P E  A P P L I C A ? I O Y  
A i . [  A I  S;G. FOLD C P A C K  
TLL EC P C L A T C F  
c h l \ a L f i (  S X S T r f t  
Z O l i E  i E F i Y L ?  
3 h S K  C L i A S U P  D E V I C E  
DV O F  I J T L R C C I N S C I S  

I h C H  P I F L L I Y Z  
A L  LLLOI1:IG F U F I \ C E  
IhOH A L L O I I h C  PUaNACE 
C C N ' i l N U O U S  C A S T E e  
LL SLAB C U T T Z R  
A L  D I E  C A S T E 6  

D 
W 
D L O H C I T 3 D I N A  I. C V T  

L I O U I C  A L  P i P z r I s E  

O P B B L l I W r  
LABCk 

0, 
0 .  
0 .  
0. 
0 .  
0. 
0. 
0 .  
0 .  
0 .  
0 .  
0.  
U. 
0 .  
0 .  
0. 
0 .  
0 
0 .  
0 .  
0. 
0 .  
0. 
3 .  
0. 
0 .  
0. 
0 .  
0.  

73156. 

i2257L.  
1163SY. 
116U71. 
11647 1. 
11t~471. 
466 150. 
11bU71. 

1164707. 
l l L 4 7 1 .  
29nSYS. 

33137.  
231 7dO. 
2j17UO. 

32037 .  
290 5 '15. 

3U976. 
34'J76. 

0. 
1735.  

104877. 
0. 

0. 
0. 
0. 
0. 
0. 
0 .  
0. 

3(tY06. 

8 7 ~ .  

1 1 f ~ 2 3 ? 9 ~  
l l b J 5 4 1 .  
1164709. 
7 l u 4  107, 
1164707. 

2 I1 17 5. 
1164707. 

1164707. 
1162379, 
232244. 

23 1779b. 
2JZ7C9. 
2322U4. 

233171. 
2 3 1  170. 

0. 
11677, 

524303. 
0. 

4370. 
0 .  
0. 
0. 
C. 
C. 
0. 
0 .  

ia6u7ot12. 

23 11756. 

1162379. 

m o a  
100191.  

55Y16. 
591557. 

32032. 
32032. 
160 16. 
32032. 

151111. 
32C32. 
U8OU9. 

172179. 
835164.  
5835U9. 

1205217. 
172179. 
uuou9. 
892 10. 
9 SO'J6. 
66225.  

1791093. 
6 5  1563. 
835351. 

311320 
373270. 

30102, 
ioa369.  

1806 1. 

36123. 
66225. 

63215. 

a m x a  

2 0 1 7 m e .  

PlOCUD LIE W t  

203 J 155. 
24175008. 

57612U. 
315592a 
617501. 
315592. 

16672925. 
315592. 
278860. 
54U39Y. 

02251552 
299665t0 .  

1735618. 
557523. 
278064. 

6577. 
18771. 

1739999 
90VY 153. 

553127. 
13352955. 
6013995. 

103000. 
28250. 

9150000 
305000. 

27900. 
15200. 

875000. 

ZO~BSPOBT 
95 16 lU8. 

Y601531. 
79155. 

2 9 1 9 ~ .  

53216. 

532360 
89775. 

2Y62121. 
93236. 
39680. 

108948. 
12589 110. 

0576563. 
523568. 
11 7425. 
39600. 

2104. 
5701. 

36450. 
t 2  25 47 a. 

i i e 0 6 2 ~ .  
29 59 4 613. 

100582a 

27610. 

60800. 
2 1600. 

5670. 
1026. 

236250. 

7627. 

TOTALS 

288 a woo.  
2e344896. 

. j ~ i s e 3 e .  

3385229. 

1820472. 
15963 19. 

1596319. 
29684% 0. 

15U6319. 
1682757. 
1000265. 

3~5Uosao .  
34 50 U 9 2. 
10lOC2d. 
1682757, 
339109. 

538 i0:60. 

It) lU7720. 4267 1. 

13126132. 
193U530. 

173723 16. 

50uoao. 
b5'rdO. 

10d8168. 
362723. 

99795. 

1298223r 

901633e. 

3 r m .  



O P C B A ' I I N C  
LABCH 

730; 1. 
1ltfOl. 

0 .  
0 .  
9 .  
0.  
0 .  
0. 
0 .  
0 .  

59001.  
0 .  
0 .  
0 .  
0 .  

27065 1. 
0 .  
0 .  
0 .  
0 .  
0. 
0 .  
0. 
0 .  
9.  

1132451.  
0.  
0 .  
0 .  
0. 

1620 690. 

0. 
0 .  

i U l 4 .  
6. 
0 .  
I). 
0 .  
0. 
0. 
0. 

6 9 .  9760.  
0 .  
0. 
0. 

87659952.  
1339tfb. 

0.  
0 .  
0. 
0. 
I). 
0. 
0. 
0 .  
0. 
0 .  
0. 
0. 
0. 

sa9 1. 

161 ioggeu.  

0 .  
0 .  

7069.  
I). 
U. 
0. 
0 .  
0. 
0 .  
0 .  

69 9 19760.  
0 .  
0 .  
0 .  

3 5 0 6 3 9 b t o .  
13398550.  

0. 
0 .  
0 .  
0.  
0. 
0. 
0 .  
0. 
0. 
0 .  
0. 
0. 
0 .  

2945U. 

962185216.  

9011.  
6020.  

63215,  
36123.  
ZU062. 

322056.  
9031.  
301 0. 

lZ(I41. 
273931 4. 

b o z o .  
123u 10. 

1591548.  
18Jb25. 
60205.  

261U9l .  
1204 1 .  
95320.  
2799 2. 
511fl6. 

785755 .  

12041. 
36123. 

72246. 
1526229.  

309566. 
2400 19. 

252U604. 

200971 52 .  

4 6959 e. 

Lur18U.  

BEPAIP 
PPOCUR t He I t  

0 .  
275000 
902750.  
51 9094 .  

7lUO. 
54000. 

2800. 
50000. 
71630.  

276414. 
150000. 
100000. 
936b46 

29475.  
7649997.  
73OYC9U. 

0 .  
9201490.  

Y1U500. 
15 2 2 19'). 

115'12UfG. 
120240J0. 

100000. 
250 000 
80000. 

ZB06000. 
3 0 5 e n .  
60'4 163. 
118000. 

0. 

220210608.  

TIAOSPCBT 

0. 
74250.  

352150. 
r)059821. 

781. 
136080.  

397. 
1 35000. 

20579.  
9939 3, 
40500. 
2101c. 

110596. 
3 179. 

2065499. 
1973569. 

0. 
2@5120.  

126UU1. 
860GUS12. 

6 3 ~ 5 .  

a m e c .  
27C00. 
67500. 

SSCO. 
i e 9 0 0 0 .  
229905. 
321300.  

3ieGo. 
0. 

i 11328 m e .  

TQTALS 

820 52. 

026797.  
9 6  15036. 

5 12176. 

le80  10. 
110250.  

306U121. 
1390950 24 .  

2 4 1 b  10. 
2bCYd40. 

216279. 
198074752.  

t3JqB112. 
12cu 1 .  

9 5 Y 2 C l U U .  
1001177.  
1102824. 

9Lluu27 20. 
13310076. 

13304 1. 
35362) .  
llOO(J4. 

9133691.  
206 1570. 
1315029.  

3906719. 

3 67672 

~ o o e .  
i a o a .  

256 J ~ U B .  

i o o o m 0 2 0 .  



b 
w 
m 

T C f A t  D I B E C T  UCN-RECUKRXNU CCST 8 s  10732580900. 
TOTAL DIRECT HECULhING CCST = S  1000i780iO. 

TOTLL UIhECT P R 0 3 U C T I C I )  IASS ( R G )  = S018325.  
TOTAL D I h J C T  P R O D U C I I C I  E O Y E B  ( R Y )  = Z Z 2 U B 9 .  
TOTAL D I R Z C ' I  PHOCUCTICN E R L U  = 216. F E C P L E  

TOTAL SRP CnEY = U33. 
CREW lRANSCCnT UAS5 = 1 7 3 1 5 1 .  KG, CCNSUNABLE UASS a 131140. KG 
CREY TRAHSFOaT C O S T = $  7791bOt10. CCNSUtlJEL€S COST= 1311U0'43. 

CREY f R A 1 N I W C  C O S T S  =S 216U3920. 
SU€FC6T CPEY Y A G 2 S  =$ 6 5 1 5 3 5 0 u .  
SUPPORT E X P E N U A E L F S  TRANSFCbT C3ST =d 0 .  

IIABITAT % A S S  /KG) = 1315950. 
HACITAT P O Y E R  (Kd) = ?8Y b. 
RLD A N D  PROCWBEOZLT CCS',' C F  IIACITAl (S) * 508591688. 
TRAYSPCIAT COST OF H A B I T A T  (JJ a 1 3 1 5  8992. 
F O Y t P  CCST C P  HABITAT (SI = 1 1 6 8 7 7  17. 
N O N R E C U R ~ ~ X N G  C O S T  CP N C I I P R C C W ' ~ I C I ~  snt 50000000. 

TOTAL SUP POUEK ( X U )  = 237Jt IS .  
TOTAl S I C  RASS ( X G )  = 151JU12b.  

SIP SUPECCT I L A N S P O R I  COST ~ ~ ~ 0 1 0 0 0 0 0 0 ~  
SRP SUPPORT P O U L R  C O S T  =$ Z C C C C O G .  

SETUP C O S T S  =& 3086910. PUR 8 .  P E O ? L L  

t$lb$bbS DIRECT C O S I S :  I O N h B C U R B l U G  ~S10732590900y. Ir lCOBBIUG -8 1000218020. 

SL$Stf$S I N D I R E C T  COS15: N O I 6 E C U B B I I G  = $  907963392. RECOBaf l iO If .177829S36. 

z j J s a s s s  S U I  L I F E  CYCLE cosis-s 2 i 6 7 o u a ~ t ~ ~ .  

S S $ S S S f f  DXSCOUPTLC AVEBAGE SCS C C S P S  1003524100. 



A.2: PROGRAM S P S L P  

( L I N E A R  PROGRAMMING O P T I M I Z A T I O N  

OF SMF B U I L D U P  S C E N A S I O )  

L I S T I N G  
DATA 

OUTPUT 

A 3  7 



.*I*+b******b**+*+* ****&**a *.+++.**++&*+**8.8SPSOOO 10 
C* LP OF1IHIZATION OP SPS PRODUCTICU OPTIOUS s P s o o o 2 c  
C* n.1.T. SPACE SrsTrzns LAB SPSOOO 30 
C. APRIL 11, 1979 S P S 000 9 0 
C. PBOCOCED UNDER CCITRACT 'IO THE NASA HAaSHALL SPACE PLIGHT CEETEE SPSOOOSO 

C* TXIS PbCGGbU SETS UP h 69 X 100 SIBPLSX TIBLEAU FOE THREE s P s 0 0 0 7 0  
C* C O I P E T I I G  E 6 E R C Y  CFTIOEIS: SPSOO380 
C* 1) SOLAR PCUEE SATELLITES PBZPABRICA'XD CU EARTH s P s o o 0 9 0  
C* 2) SCLAE PCUER SATELLIIES PECDOCED X I  SPACE PEOU LUNAR flATERIAL SPSOOlOO 
C* 3) GbOUPD-LAS€D POEEB PRODBCTIOI 113 THE SAME TIME PEAHE AS SPS i P S O O l l 0  
C* TUE THO SES CPTICIS K A O E  ASSOCIATED RESEARCU &ID DEVELCPMENT COSTS, SPSOOl20  

c1 CHOOSES BUCGEIAEY ALLOCATICIS POR A .20-IBAE EIEEGT PROGRAM SPSOOl Q 0 
c* OHDEB THE FOLLOYIUC Assunprraats: sesooi so 
C* 1) XEARLl IBOESTILNTS A E E  W I I T E D  SPSOOl60 
C* 2 )  IPVESIIENT CAPITAL IN A GIVEN YEAR IIAY EE IUCIEliTFT8D PROM SPSOO 170 
C* PBOPXTS O? T l E  PREVIOUS Y E A R  sesooieo 
C* 3) TXE OBJECTIVE FUBCTIOI IS TO MAXIHIZE T B B  NET PEESEBT VALUE SPSOOl90 
C. OF THE NET PROFITS s P s 0 0 2 0 0  
cy----..---- ---- - ---- ~ .----- -------------------spsoo2 10 
C* T A E I A B L H  D E F I N I I I O t i S :  S P S 0 0 2 2 0  
C* BE R E D  CCST OF EA6TH-SUPPLY SPS S P S 0 0 2 3 0  
ce a t  ECD CCS'I OP LUNAR-SUPPLY F 7 SPSOO2 90 
C* CE PRCDUCIICI COST OF A I  EAR: {-SUPPLY S P S  S P 5 9 0 2 5 0  
c* C t  PR0I)UCTIOB COST OP A LUUAR-SUPPLY S P S  S P S 0 0 2 6 0  
E+ CG PECGUCIICN COST FOR 10,000 UP CROUBD-BASED POUEE STATIOU SPSOO270 
C* 88 IEAFLY l!O'LTARP RETERN PROH ONE S P S  OR BQUIVALEIOT ses002~0 
C* R C I S C C U N T  BATE S P S 0 0 2 9 0  

SPSUAX IAkKET LXXIT ON POWER STATIONS S P s 0 0 3 0 0  
C a  Y ( 1 )  DUECE'IARP ALLOCA7'ZCb POR YEaR I SPSOO3 10 
C *  A TABLEAU M A l a I X  SPSOO320 
C* 9 CC NST R A I Nf S SPSOO3 30 
c* c CCEPFICIENTS OP OBJECTIVE ? O l C T I O U  S P S 0 0 3  90 c*- ------- - --_--- ---___--- ----------_-_ ------------~----.----- -----spso0350 
E* DAVXE 1. A U I U  APRIL 11, 1979 s b , S 0 0 3 6 0  

C~----------------------------------------------------~---~-O~~~~OOO~O 

C* Y U X E  It15 CBCUDD-EASED OPTION DOES NOT HAVE. T U I  LP OPTII IZATIOU S?S00130 

C8+*+***4* be*L*m********** ~ t * * * * ~ * * * * * * * ~ ~ * * * * ~ * ~ * * ~ ~ ~ ~ * * * * ~ * * * 0 * * ~ * * * * s ~ ~ 0 0 3 7 0  
DIIEUSION A (65.100),8 ;55),C(100) .PSOL(lOO) ,DSOL(65),EU(Q918) SPSOO380 

*10(193),Y(ZO) SPSOO390 
EEAr '5 101 )EL .EL.CE.CL.CG.BB.R.SPSMAX,CBBCf s P s o o u o o  
B E A D  is. 102) (Y (I) , I=l ,  10) SPSOOO 10 
READ(5.102) 1Y {I) , I~I l ,B)  sPsoou2o 
MRITE(6.20 1) 6E,EL SPSOO930 
PRITE(6.2O2)CE,CL8CG sesoou u o 
YRITE (6,203) BB SP s 0 ou 5 0 

C* SPSOOU 60 
C* X I I T I A I I Z E  TABLEAU A B B A I  s P s o o u 7 o  
C* spsooa e o 

DO 1 I=1,65 sesoougo 
DO 1 ~ = 1 , 1 0 0  sPsoosoo 

1 A(I,J)=o.  SDSOOSlO 
C* SPSOO520 
C* COISTRiIHT TO P A 1  R E D  O N  EARTU-SUPPLY SYSTEM SPSOOS 30 

A38 



C* 
no u x = 1 , 2 0  
DO 2 J=l ,1  

A (I ,X+UO) = 1. 
IF ( 1 , E Q . l )  GO TO 0 
R1.I-I 
DO 3 K = l , K l  

2 A I1,J) * - 1 . / B X  

3 A iI.K*00)=-1. 
0 B ( L ) - O .  

C. 
C* C O N S i B A I A I  I C  E A I  U S D  0 1  LOUR-SUPPLI SlSTIlll 
C* 

PO 7 1=1.20 

A (1+20.1+60)=~. 

CQ 5 J = l . X  

I? fX.EQ.1) GO To 7 

5 A (I+ZO.J+2C)o-¶./BL 

K l = I - l  
DO 6 K * l , K l  

6 A(X+20,K*60)~-1 .  
7 ~ i s 4 2 0 ) = 0 .  

C+ 
C* CONSIBAXNT FOR Y f A B L I  BODCBT 
C. 

DO 9 I=1,20 
A ( 1 ~ ~ 0 , ~ )  1. 
A ( l * U O , X * Z O ) = l .  

A (:4 U0.X + t C )  =CL 
A I I * u O , I * 8 0 )  =CC 
X P  fI.EQ. 1) GO TO 9 
Kl=X-l 
00 8 R = l , K l  
b (I*UO,K+UO) Z-ER 
A (X*UO.K*bO)=-BB 

A ( X * U O ,  R+6O) P-BR 

A ( T * 4 O a I * ' J Q )  ECE 

C* TAKE OUT ?HL: PCLLOYXNC LIYE M DECOOPLB CAOOID-BASBC PROPITS 

8 CCNIIRD€ 
9 B t L * u O ) = I ~ J )  

C* 
C* C O H I T f i A L l l S  CS l S O l B E l l  O? SP3.S A N D  BCD SPEUDIBG 
C+ 

00 10 J=l,tO 
A [ C t , J * U O ) = l .  
A (61, J t b 5 )  =1. 
A 161,5+90;  * l .  

10 1(63,J+10)*1, 

E ( 6 2 ) = E E  
B 163) =EL 

A { b 2 , J ) x ? .  

0 ( b  1) = S P S A A X  

C* 

SPSOOSOO 
SP s 00550 
SPSOO560 
SPS 00570 
SPS00580 
SFS00590 
SPS00600 
SPSO36 10 
SPS 3 Ob 20  
SPSOOh 30 
SPSOQ6OO 
SPSOO6 SO 
SPS00660 
SPS00670 
SFSO0680 
SPS00b90 
sPs00700 
SP5007 10 
S?S00720  
SPSOO t 30 
sPsoo7uo 
SPSOO7 50  
sesool60 
SPSOO770 
SPSOO780 
S1S00740 
sPsJoBco 
SPSOOB 10 
5 P 9 0 0 9 2 3 
SFSOOS 30  
srsoouuu 
SPS 00d60 
SPSOOB 70 
SPSOO0 80 
sesoot)90 
SPSOO9 00 
SPS009 13 
SP500920 
SPS003.11? 
SPSOOY v 0 
SPSO0950 
SPS(10960 

SPSOOB 80 
SPSr10990 
SPSO 1000 
SPSO 13 10 

SPSO 1030 
sPs01040 

SPSO 1060 

spsocln 50 

S P S O O ~ I O  

s e s o i 0 2 0  

SPSO io50  

A 3 9  



12 

13 

1(1 
C. 

SPSO 1314 
SPSO 136b 
SPSOIO90 
SPSO 1140 
SPSOl110 
SPSO 1 1  20 
SPSO 1 1  30 
sPsollPo 
SPSOll50 
SPSOI 160 
SPSO 1170 
SPSQll ti0 
SPSO 1190 
SPSOf2OO 
SPSO I 2  10 
SPSO7220 
SPSOIZW 

SFSO1250 
SPSO l:bO 
SP5012VO 

SPSU 1290' 

SPSO 13 10 
SPS01320 
SPSO 1330 
S P S 0 1 3 8 0  
SPSOl1SO 
S P S O  13 60 
S r S O  1310 
SPS01380 
SPSO 1390 
SPSO 10 00 
SPS 0 1 Q10 
srso 1 4 2 0  
SL'S 0 1 u 30 
SPSO 1QbO 
SPS 0 1 usil 
SPSO 1860 
s p s o i o i a  
SPS6 1080 
spso l *SO 
SP.502500 
SPSO 1s IO 
SPSSlS20 
SPSO 1530 
SPSOll ibO 
SPS 0 1550 
f F S O l 5 b O  
SP50  1510 
SP501580 
S Y S 0 1595 

spso ?zoo 

SPSQ 1280 

SPSO i3na 

A 4  0 



SpS01600 
SPSOl6 10 
SPS01620 
SPSO 16 30 
SPSO 1640 
SPSO 16 SO 
SPS01660 
SPSO 1670 

SPSO 1690 
SPSOl7OO 
SPSOl710 
SPSO 1720 
SPSO 1730 
SPSO 1700 

SPSO 176Q 
SPSOlttO 
SPSO 1780 
SPSO 1790 
spsolaoo 
SPS01810 
SPSO 1820 
SPSO 1830 
SPsOlBOO 
sPSO1850 
SPSO 1860 
SPSO 1870 
SPSO 1880 

SPSOI400 
SPSOl9 10 
SPSO I920 
SPS01934 

S P S O ~ ~ ~ O  

sesoi750 

srs3itwo 

CCDVBBSAT~WAL l O l l f T O B  STST88 ?IWt SPSLP - DATA A 

1.752 0 1  112. 1. 6 .  2. 13. 
10. 10. 10. 10. 10. 10 . 10. 10. 

10. 
30. 
10. 

30. 
10 

10. 10. 10 . 10. 10. 10. 10. 10. 10. 

A 4  1 



*******e LP oeTraxgrorcr or scs BUILD-OD 
ELPTII SOPPLT B I D  COST ( t a l  - 30.0 
LUUAE SUPPLI B C O  COST (IS) 70.0 

COHSTLUCTICW COSTS: SB PER 10,000 I I Y  
ZABTlt SPS OPTICH 6.0 
LUL'AP SPS OP?LOW 2.0 
GRWJM5-FASLP O P T I C Y  1 5 . 0  

i c k u r  B U T U R Y  r e m  SPS ILB) - 1.75 

T ~ B L E ~ U  nA:RII,  C O L U ~ N S  I T I I R O U G U  
-0.CI 0 . 0  0.0 0.0 0.0 0 .0  
-0.03 -0.01 0.0 0 . 0  0.0 0 . 0  
- G . O 3  -0.fl.1 - 0 . 0 1  0 . 0  0.0 0.0 
- 0 . 0 3  - C . O J  - 0 . J j  - C . O J  3.0 0.6 
- 0 . O J  - 0 . O J  - 0 . 0 3  -0.03 -0.0) 0.0 
- 0 . 0 )  -0.03 -9.03 -0.03 - 0 . O J  - 0 . 0 3  
-0.33 - 0 . 0 3  -J.OJ - b . C J  -0.03 -0.03 
-0.01 -0.0) -0.0) -0.03 - 0 . 0 1  - 0 . 0 3  
-0.01 - 0 . 0 3  -0.0) 4 . 0 3  - 0 . n j  - 0 . 0 3  
-0.C) -0 .01 -0.31 -0.31 -0.JJ -0.03 
- 0 . C 3  - 0 . 0 3  - 0 . 0 3  - 0 . 0 3  - O . ' l J  - 0 , 0 3  
- 0 . 0 3  - 3 . 0 3  - 0 . 0 3  - C . O 3  -0.01 - 0 . C J  
-0.03 - J . U  -0.0)  -U.OI - 0 . 0 ~  -0 .03  
-0.OJ - 3 . 3 j  - 9 . 0 3  -0.01 - G . O 3  - 0 . O J  
-0.03 -0.23 - 0 . 0 3  - 0 . 0 3  - 0 . 0 3  - 0 . 0 3  
-0.0; - 0 . 0 3  - 0 . 0 3  - 0 . 0 3  -0.C) - 0 . 0 3  

- 0 . 0 ,  -0.93 - 0 . 0 3  -0 .0 )  - 0 . 0 3  - 0 . 0 3  
-0.93 -0.71 - 0 . O J  - 0 . 0 3  - 0 . 0 )  - 0 . 0 3  
- C . C 3  -0 .3J - 0 . 0 3  - 0 . 0 3  -9.03 -0 .01 

0 .0  0.0 0.0 0.0 0.0 0 . 0  
0 . 3  0 . 0  0.0 0 .0  0.0 Q.0 
0.0  0.0 0.0 0.0 0.0 0.0 
0 . 0  0 .0  0 .0  0 . 0  0 . 0  0 . 0  
0.0 0 .0  0.0 0.0 0 . 0  0.0 
0.0 0.0 0.0 0 .0  0.0 0.0 
0 . 0  0.0 0.0 0 .0  0.0 0 .0 
0.0 0.0 0 . 0  0.0 0.0 0.0 
9.0 0.0 0.0 0.0 0.0 0 . 0  
0.0 0 . 0  0.0 0.0 0.0 0 .0  
0.0 0.0 0.0 0.0 0 .0  0.0 
0.0 0 . 0  0 . 0  0.0 0.0 0.0 
0.0 0 . 0  0.0 0.0 0.0 0.0 
0 . 0  0.0 0 .0  0.0 Q.0 0.0 
0 . 0  0 . 0  0.0 0.0 0.0 0.0 
0.c 0 . 0  0.0 0.0 0.0 0.0 
0 . 0  0 . 0  0.0 0.0 0.0  0.0 
0.0 0.0 0 . 0  0.0 0.0 0 .0  
0 . 0  0 . 0  0 . 0  0.0 0.0 0.0 
0.0 0.0 0.0 0 . 0  0 . 0  0.0 
1.00 0 .0  0 . 0  0.0  0.0 0.0 
0 . 0  1.00 0 .0  0 .0  0 .0  0 .0  
0.0 0.0 1.00 0.0 0.0 0.0 

- 0 . 0 3  -0.03 -0.03 -0 .03  - 0 . 0 3  -0 .0)  

20 
0 .o 
0 . 0  
0.0 
0.0 
0.0 
0 .o 

-0 .01 
- 0 . 0 3  
- 0 . 0 3  

-0.0) 
-0.03 
-0.03 
- 0 . 0 3  
-0 .53 
-0 .01  
-0 .01  
- 0 .  O J  
-0.01 
- c . o 3  

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .o 
0 . 0  
0.0 
0.0  
0.0 
0.0 
0.0 
0.0 
0 .o 
0.0 
0 .o 
0.0 

- 0 . 0 3  

0 .o 
0 . 0  
0.0 
0.0 
0 8 0  
0 . 0  
0 . 0  

- 0 . 0 1  
- 0 . 0 3  
-0.0 1 
- 0 . 0 3  
-c . c3 
- 0 . 0 3  
-0 -03 
- 0 . 0 3  
-0.01 
- 0 . 0 3  
- 0 . 0 3  
-0 ,Ol  
- C  .03 

0.0 
0 .o 
0.0 
0.0 
0.0 
0.0 
0 . 0  
0.0 
0.0 
0.0 
0.0 
0.0 
0 . 0  
0 . 0  
0 . 0  
0.0 
0 .o 
0.0 
0.0 
0.0 
0.0 
0 . 0  
0.0 

0 .0  
0 . 0  
0 . 0  
0.0 
0 . 0  
0.0 
0 . 0  
0 . 0  

- 0 . 0 3  
- 0 . 0 3  
-0 e 0 3  
- 0 . 0 3  
- 0 . 0 3  
- 0 . 0 3  
- 0 . 0 3  
-0 .03  
-0.03 
- 0 . 0 3  
- 0 . 0 3  
-0.01 
0.0 
0.0 
0 . 0  
0 .0  
0.0 
0.0 
0.0 
0 .0  
0 . U  
0.0 
0.0 
0 .0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0  
0.0 
0 . 0  
0 .0  
0.0 

0 .0  
0 .0  
0.0 
0.0 
0.0 
0 .o 
0 . 0  
0 . 0  
0.0 

- 0 . 0 1  
-0.01 
-0.03 
- 0 . O J  
- 0 o O J  
-0 .03  
-0.01 
-0 .03  
- 0 . 0 3  
-0.03 
- 0 . 0 3  

0.0  
0.0 
0.0 
0 .o 
0 . 0  
0.0 
0.0 
0.0  
0 .o 
0.0 
0 . 0  
0 . 0  
0 .0  
0.0 
0 .  0 
0.0 
0 . 0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0 . 0  0.0 
0 .0  0.0 
0 . 0  0 . 0  
0.0 0 . L  
0.0 0.0 
0 . 0  0 .0  
0 . 0  0.0 
0.0 0 . 0  
0.0 0 . 0  
0 . 0  0 , o  

-0.0) 3 . 0  
- 0 0 0 1  - 0 . 0 3  
-0.01 - 0 . 0 3  
-0 .03  -0.03 
- 0 . O J  - 0 . 0 3  
- 0 . 0 3  - 0 . 0 3  
-0.01 -0 .03  
- 0 . 0 3  - 0 . 0 )  
-0 e 0 3  - 0 . 0 3  
- 0 . 0 3  - 0 . 0 3  

0 . 0  0 .0  
0.0 0.0 
0 . 0  0.0 
0.0 0.0 
0.0 0 .0  
0 . 0  0.0 
0.0 0.0  
0 . 0  0.0 
0 . 0  0.0 
0.0 0.0 
0.0 0 . 0  
0.0 0 . 0  
0.0 0.0 
0.0 0.0 
0.0 0.0 
0 . 0  0.0 
0.0 0.0 
0.0 0.0 
0.0 0 . 0  
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

0.0 
0 .0  
0.0 
0.0 
0.0 
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 .0  
0.0 

- 0 . 0 3  
-0.03 
-0 .03  
- 0 . 0 3  
-0 03 
- 0 . 0 3  
- 0 . 0 3  
-0 .03  

0.0 
0.0 
0.0 
0 . 0  
0 . 0  
0.0 
0 .0  
0 . 0  
0 . 0  
0 .0  
0.0 
0.0 
0.0 
0.0 
0.0 
0 .  0 
0 . 0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0 . 0  
0.0 
0.0 
0.0 
0.0 
0.0 
0 .0  
0.0 
0.U 
0 .0  
0.0 

-0 .03  
-0.03 
-0 e 03 
-0 .03  
- 0 . 0 3  
-0 .03  
-0.03 

0 . 0  
0.0 
0.0 
0.0 
I). 0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0  
0.9 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0 .0  
0 .0  
0.0  

0 .0  
0 .0  
0 . 0  
0 .0  
0.0 
0.0 
0 . 0  
0.0 
0.0 
0.0 

- 0 . 0 3  
- 0 . 0 3  
- 0 . 0 3  
-00 0 3  
- 0 %  03 
-0 .03  

0 . 0  
0.0  
0 .0  
0.0 
0 .0  
0 .0  
0.0 
0.0 
0.0 
0.0 
0.0 
0. G 
0.0 
0.0 
0.0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0 .  a 

0.0 
0.0 
0 .0  
0 .0  
0.0 
0 . 0  
0 . 0  
0 . 0  
0 .0  
0.0 
0.0 
0 .0  
0 . 0  
c.0 
0.0 

-0 .03  
-0.03 
- 0 . 0 3  
- 0 . 0 3  
-0 .03 

0 .0  
0 .0  
0. 0 
0 . 0  
0 .0  
0 .0  
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .o 
0.0 
0.0  
0 .0  
0.0 
0.0 
0.0 

8:; 

0.0 
0.0 
0.0 
0 .0  
0.0 
0.0  
0 . 0  
0.0 
0.0 
0 :o 
c .0  
0 . 0  
0.0 
0.0 
0 . 0  
0.0 

-0 .03  
-0 .03  
-0.03 
-0v03 

0.0 
0.0 
on0 
0.0 
0 .  0 
0.0 
0.0 
0.0 
0.0 
0 .0  
0 .0  
0.0 
0.0 
0.0  
0 .0  
0.4 
0.0 
0.0 
0.0 
0.0 
0.0  
0.0 
0.0 

0.0 
0 . 0  
0 . 0  

0.0 
0.0 
0.0 
0 . 0  
0.0 
0 . 0  
0 . 0  
0 .0  
0.0 
0 .0  
0 .0  
0 .0  
0.0 

-0 .03 
-0.03 
-0 .03  

0.0 
0.0 
0 .  0 
0 .0  
0 .0  
0.0 
0.0 
0.0 
0 .0  
0. 0 
000 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 . 0  
0.0 
0.0 
0. 0 
0.0 

n. o 

0.0 
0.0  
0. 0 
0.0 
0.0 
0.0 
0.0 
0.0  
0.0 
0.0 
0 .0  
0 . 0  
0.0 
0.0 
b.0 
0.0 
0 .0  
0.0 

-0 .03  
-0 .03  

0 .0  
0.0 
0.0 
0.0 
0 .0  
0 .0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .0  
0. U 
0. 0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
I .  0 
0.0 
0 .  b 
0.0 
0. 0 
E. 0 
0.0 
0.0 
0 .0  
0.0 
0.0 
0 . 0  
0 . 0  
0.0 
0.0 

-0 .03  
0.0 
0.0 
0 .  0 
0 .0  
0.0 
0.0 
0.0 
0.0 
0.0 
0 . 0  
0 .0  
0 .0  
0.0 
0.0 
0 . 0  
0 .0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 



0.0 0.0 0.0 1.00 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 1.00 0.0 0.0 
0.0 0 .0  0.0 0.0 0.0 1.00 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 1.00 
0 .0  0.0 0.0 0 . 0  0.0 0.0 0.0 
0.0 0.0 0 . 0  0.0 c.0 0 . 0  0.0 
0 . 0  0 .0  0 .0  0.0  0.0  0 .0  0 .0  
0 . 0  0.0 0 . 0  0 . 0  0 .0  0.0 O n 0  
0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0 . 0  0 . 0  0 .0  0 . 0  0 . 0  0 .0  0.0 
0 . 0  0.0 0.0 0 .0  0.0 0.0 0.0 
0 . 0  0.0 0 . 0  0 . 0  0.0 0 . 0  0 .0  
0 . 0  0.0 0.0 0.0 0 . 0  0.0 0.0 
0.0 0 . 0  0 .0  0 .0  0 .0  0 . 0  0 . 0  
0 . 0  0 . 0  0 .0  0 . 0  0 .0  0 . 0  0.0 
0.0 0.0 0.0 0 .0  0.0 . 0.0 0.0 
0 . 0  0 . 0  0.0 0 . 0  0.0 0.0 0.0 
0.0 0.0 0 . 0  0 . 0  0.0 0.0 0.0 
1.00 1.00 1.00 1.00 1.00 1.00 1.0 
0.0 0 .0  0 .0  0 . 0  0 .0  0 . 0  0 .0  

0 .0  
0.0 
0 . 0  
0 .0  
0 . 0  
0,o 
0 . 0  
0 .0  
0.0 
0 .0  
0.0 
0 .0  
0.0 
0 . 0  
0.0 
0 . 0  
0 .0  
0 .0  
0.0 
0.0 

-0.01 
-0.01 
-0.ot 

0 . 0  0 . 0  
0.0 0.3 
0 .0  0 .0  
0.0 0.0 
0 . 0  0 .0  
0.0 0.0 
0 . 0  0.0 
0 . 0  0.0 
0.0 0.0 
0.0 0.0  
0 .0  0.0 
0 . 0  0.0 
0 . 0  0.0 
0.0 0 .0  

0.0 0.0 
0.0  0.0 
0 . 0  0 .0  
J.0 0 .0  
0.0  0.0 
0 .0  0 .0  

-0.01 0.0 

0.0 a.0 

-0.01 -0.01 

0 . 0  0 .0  
0.0 0.0 
0.0 0.0 
0.0 0.0 
0 .0  0.0 
0 . 0  0.0 
0.0  0.0 
0 . 0  0.0 
0 . 0  0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0 . 0  0.0 
0 . 0  0 . 0  
0.0 0.0 
0.0 0.0 
0 . 0  0 . 0  
0 . 0  0.0 
0 .0  0.0 
0 .0  0.0 
0.0 0.0 
0 . 0  0 .0  
0.0 0.0 

TABLEAU N & l E I X .  COLUNNS 21 TUPOOCU 
0.0 
0.0 
0.0 
0.0 
0 .0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

00 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .o 
0.0 

-0.01 -0.01 -0.01 -0.01 0.0 0.0 o'.o 
-0.01 -0.01 -0.01 -0.01 -0.01 0.0 0.0 
-0.01 -0.01 -0.01 -0.01 -0.01 -0.01 0.0 

0.0 
0.0 
0.0 
0.0 
1 .oo 
0.0 
0.0 
0.0 
0 .0  
0 .o 
0.0 
0 . 0  
0.0 
0 . 0  
0.0 
0.0 
0.0 
0.0 
1.00 
0.0 

0 00 
0.0 
0 .o 
0.0 
0.0 
0 .o 
0 . 0  
0 .O 
0 .0  
0.0 
0.0 
0.0 
0.0 
0 . 0  
0.0 
0 .o 
0.0 
0.0 
0 .0  
0.0 
0.0 
0 .o 
0.0 
0 . 0  
0.0 
0.0 

-0.01 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 0.0 

0.0 
0. 0 
0.0 
0.0 
0 .0  
1.00 
0.0 
0.0 
0.0 
0.0 
0.0 
0 . 0  
0 .0  
0.0 
0.0 
0.0 
0.0 
0.0 
1.00 
0.0 

0. 0 
0 . 0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 . 0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 . 0  
0.0 
0.0 
0.0 
0.0 
0.0 
0 .0  
0 .0  
0.0 

0.0 
0 .o 
0.0 
0.0 
0 .o 
0 .  0 
1.00 
0.0 
0 . 0  
0.0 
0.0 
0 .0  
0.0 
0 . 0  
0.0 
0.0 
0.0 
0.0 
1.00 
0 10 

0 00 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .o 
0.0 
0. 0 
0 . 0  
0.0 
0 .o 
0.0 
0.0 
0 .o 
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0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 _ _ _  __.  

0 .0  0.0 0.0 u l o  o lo  0.0 0.0 0.0 0.0 0.0 0.0 0;o 0.0 
0 . 0  0 .0  0 .0  0 . 0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 6.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0 .0  0 .0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
L.00 0 . 0  0 .0  0.0 0.0 0.0 0.0 0.0 0 .0  0.0 0.0 0.0 0.0 0.0 

-1.15 6.00 0.0 0 .0  0.0 0.0 0.0 0 .0  0 .0  0.0 0.0  0.0 0.0 0.0 
-1.75 -1.75 6.00 0 .0  0.0 0 . 0  0 . 0  0 .0  0.0 0.0 0 .0  0.0 0.0 0.0 
-1.15 -1.75 -1.75 6.90 0.0 0.0 0.0 0.0 0.0 0 .0  0.0 0.0 0.0 0.0 
-1.75 -1.75 -1.15 -1 .15  G.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
-1.75 -1.75 -1.75 -1.75 -1.75 6.00 0.0 0.0 0.0 6 .0 0.0 0.0 6.0 0.6 
-1.15 -1.75 -1.15 -1.15 -1.75 -1.75 6.00 C.0 0.0 0 . 0  0.0 0.0 0.0 0.0 
-1.75 -1.75 -1.15 -1.75 -1.75 -1.75 -1.75 6.00 0.0 0.0 0.0 0.0 0.6 0.0 
-1.15 -1.15 -1.15 -1.75 -1.15 -1.75 -1.75 -1.15 6.00 0 .0  0 .0  0 .0  0.0 0 .0  
-1.75 -1.75 -1.75 -1 .15  -1.75 -1.75 -1.75 -1.15 -1.15 6.00 0 . 0  0.0 0.0 0.0 
-1.15 -1.75 -1 .15 -1.15 - 1 . 1 5  -1.75 -1.75 -1.15 -1.75 -1.15 6.00 0.0 0.0 0.0 
-1.75 -1.75 -1 .15  -1.75 -1.75 -1.75 -1.15 - 9 . 1 5  -1.75 -1.75 -1.75 6.00 0.0 0.0 
-1.75 -1.15 -1.75 -1.15 -1.75 -1.75 -1.75 -1.15 -1.15 -1.75 -1.75 -1.75 6.00 0.0 
-1 .15 -1.75 -1.15 -1.75 -1.75 -1.75 -1.75 -1 .15 -1.15 -1.15 -1.75 -1.75 -1.75 6.00 
-1.15 -1 .15 -1.75 -1 .15  -1.15 -1.79 -1.15 -1.15 -1.75 -1.75 -1.15 -1.15 -1.75 -1.15 
-1.15 -1.15 -1.75 -1.75 -1.15 -1.75 -1.75 -1.15 -1.75 -1.15 -1.15 -1.15 -1.15 -1.79 
-1 .15  -1.15 -1 .15  -1.75 -1.15 -1.15 -1.15 -1.75 - ( e 1 5  -1.75 -1.71 01 -75  -1.75 -1.75 
-1.15 -1.75 -1.15 -1 .15  -1 .75 -1.75 -1.15 - 1 . 1 5  -1.75 -1.15 -1.15 -1.15 -1.19 -1.75 
-1.75 -9.75 -1.75 -1.15 -1.75 - 1 . 1 5  -1 .15  -1.15 -1.75 -1 .15  -1.15 -1.75 -1.7, -1.15 
-1.75 -1.75 -1.75 -1.75 -1.75 -1.75 -1.7) -1.75 -1.75 -1.75 -1.75 -1 .15 -1.75 -1.75 

1.00 1.00 1.?0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
0 . 0  0 . 0  0.0 0 .0  0 .0  0 . 0  0.0 0 .0  0.0 0.0 0 .0  0.0 0.0 0.0 
0.0 0 . 0  0.0 0.0  0.0 0 .0  0.0 0.0 0.0 0.0 0 .0  0.0 0.0 0.0 

TABLCIO minx:. COLOHDS 6 1  inaoucu eo 
0.0 0 . 0  0 .0  0 . 0  0.0 0 .0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0 .0  0 . 0  0.0 0.0 0.0 0.0 0.0 0 . 0  0.0 0.0 0 .0  0.0 0.0 
0 .0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 .0  0.0 0.0 0.0 0.0 0.0 

0 .0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0  0.0 0.0 0.0 
0.0 0 .0  0 . 0  0.0 0.0 0.0 0.0 0 .0  0.0 0.0 0.0 0.0 0.0 0.0 
0 .0  0 . 0  0 .0  0 .0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0. 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 e.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 '0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.e 

0;o 0.0 0.0 0.c 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0 .0  0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 

.o .o  0.0 0.0 0.0  0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 6.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 8.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 
6.00 0.0 0.0 0.0 0.0 0.0 

-1.75 6.00 0.0 0.0 0.0 0.0 
-1.79 -1.15 6.00 0.1 0.0 0.0 
-1.79 -1.75 -1.75 6.00 0.0 010 
-1.75 -9.15 -1.75 -1.7S 6.00 0.0 
-1.75 -1.75 -1.79 -1.75 -1.75 6.00 

1.00 1.00 1.00 1.00 1.00 1.00 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 n.o 

0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 
0.0 8.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.8 0.0 
8.0 0.0 0.0 0.0 0.0 O r 0  
0.0 0.0 0.0 0.0 0.0 0.8 

0.0 0.0 1:: 0.0 0.0 0.8 



0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0 .0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0 . 0  0 .0  0.0 0.0 0 .0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0 .0  0 . 0  0 .0  0.0 0.0'  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0 .0  n.O 0.0 0.0 0 .0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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0 00 
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0 .0  0 . 0  0 . 0  0 .0  0 .0  0 . 0  0 . 0  0.0 0 .0  0 . 0  0 .0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0 . 0  0.0 0 . 0  0.0 0.0 0.0 0.0 0.0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
1.00 0.0 0.0 0 . 0  0.0 0.0 0.0 0.0 0.0 0 . 0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

-1.00 1.00 0.0 0 .0  0.0 0 . 0  0.0 0.0 0.0 0.0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
-1.00 -1.0t 1.00 0 .0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
-1.00 -1.09 -1.00 1 . 0 0  0.0 0.0 0.0 0.0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 000 0.0 0.0 0.0 
-1.00 -1.00 -1.00 -1.04 1.00 0 .0  0.0 0 .0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.0 8.0 

-1.00 -1.00 -1.00 -1.00 -1.00 1.00 0.0 0.0 0.0 0 .0  8.0 0.0 0.c 0.0 0.0 0.0 0.0 0.0 0.0 
-1.00 - 1 . 0 0  -1.00 -1.09 -1.00 -1.00 a.oo 0.0 0.0 0.0 0.0 0 .0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 
-1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 1.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
-1.00 -1.00 -1.00 -:.oo -1,oo -1,oo -1.00 -1.00 1.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
-1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 t.00 0.0 0.0 0.0 0.0 0.P 0.0 0.0 0.0 0.0 
-1.00 -1.00 -1.00 -!.uO -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 1.00 0.0 0.0 0.0 o.> 0.0 0.0 0.0 0.0 
-1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 1.00 0.0 0.0 0 , )  0.0 0.0 0.0 0.0 
-1.00 -1.00 -7.00 -1.00 -1.00 -1.co -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 1.00 0.0 0.0 0.0 0.0 0.0 8.0 
-1.00 -1.00 -1.co -1.00 -1.06 -1.00 -1.00 -1.00 -1.00 -1.09 -1.00 -1.00 -1.00 1.00 0.0 0.0 O$O 0.0 0.0 
-1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 - i .ao -1.00 -1.00 1.00 0.0 0.0 0.0 0.0 
-1.09 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 ~1.00 -1.00 -1.00 -1.00 -1.00 -1.00 1.00 0.0 000  0.0 
-1.00 -1.00 -1.00 -1.CO -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 1.00 0.0 0.0 
-1.00 -7.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 1.00 0.0 
-1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 1.00 
-1.00 -1.03 -1.@O -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -1.oa -1.00 -1.00 
2.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0;o 

-1.75 2.03 0.0 0.0 0.0 0 .0  0.0 0 .0  -0.0 0.0  0 .0  0.0 0 .0  0.0 0.0 0.0 0.0 0.0 0.0 
-1.75 -1.75 2.00 0 .0  0.0 0 .0 0 . 0  0 . 0  0 .0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
-1.75 -1.15 -1.75 2.00 0.0 C.0 0.0 0.0 0.0 0.0 0.0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
-1.75 -1.75 -1.75 -1.75 2.00 0 . 0  0.0 0.4 0.0 0 . 0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
-1.75 -1.75 -1.75 -1.75 -1.75 2-09 0.0 C.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.0 
-1.75 -1.75 -1.75 -1.75 -1.75 -1.75 2.00 0.0 0.0 0 . 0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
-1.75 -1.75 -1.75 -1.75 -1.15 -1.75 -1.15 2.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
-1.75 -1.7% -1.75 -1.75 -1.75 -1.75 -1.75 -1.75 2.00 0 . 0  0 .0  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
-1.15 -1 .75  -1.75 -1.75 -1.75 -1.75 -1.15 -1.15 -1.75 2.00 0.0 0.0 0 .0  0.0 0.0 0.0 0.0 0.0 0.0 
-1.75 -1.15 -1.75 -1.75 -1.75 -1.75 -1.75 -1.75 -1.75 -1.15 2.00 0.0 0.0 0 .0  0.0 0.0 0.0 0.0 0.0 
-1.75 -1.75 - 1 . 7 5  -1.75 -1.75 -1.75 -1.75 -1.75 -1.75 -1.75 -1.75 2.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
-3.35 -1.75 -1.75 -1.75 -1.75 -1.75 -1.75 -1.75 -1.75 -1.75 -1.79 -1.75 2.00 0.0 0.0 0.0 0.0 0.0 0.0 
-1.75 -1.75 -1.75 -1.75 -1.75 -1. . 5  -1.75 -1.75 -1.75 -1-75 -1.75 01-75 -1.75 2.00 0.0 0.0 0.0 0.0 0.0 
-1.75 -1.75 -1.75 -1.75 -1.15 -1.75 -1.15 -1.75 -1.15 -1.75 -1.79 -1.75 -1.75 -1.75 2.00 0.0 0.0 0.0 0.0 
-1.75 -1.75 -1.75 -1.75 -1.15 -1.75 -1.75 -1.75 -1.75 -1.75 -1.75 -1.75 -1.75 -1.75 -1.7S 2-00 0.0 0.0 0.0 
-1.75 -1.75 -1.75 -1.75 -1.75 -1.7: -1.75 -9 .75  -1.75 -1.79 -1.75 -1 .75 -1.75 -1.75 - t o 1 5  -1.75 2100 0.0 0.0 
-1.75 -1.75 -1.75 -1.75 -1.75 -1.75 -1.75 -1.75 -1.15 -1.75 -1.75 -1.75 -1.75 -1.75 -1.15 -1.7) -1.75 2-00 0.0 
-1.75 - , . 7 5  -1.75 -1.75 -1.75 -1.75 -1.75 -1.75 ~ 1 . 7 9  -1.75 -9.75 -1.75 -1.75 -1.15 -1.71 -1o7S -1.75 -la75 2.G; 
-1.75 -1.75 -1 ,75  -1.75 -1.75 -1.75 -1.75 -1.75 -1.15 -1.15 -1.75 -1.75 -1.75 -1.71 -1.79 -1.75 -1.75 -1.15 -1.7' 

1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.Q'. 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 , 0.0 0.0 0.0 Or0 0.0 
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A.3: PROGRAM S C F C O S T  

( P R O B A B I L I T Y  A N A L Y S I S  OF SOLAR C E L L  

FACTOR; BREAKDOWN AND R E P A I R  REQUIREMENTS)  
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A 5 1  



C* 
c* 
C+ 
C. 
C. 
C* 
C* 
C* 
c. 
C* 
C* 
C+ 
M 
C* 
C* 
C* 
C, 
C. 
C', 
C. 
C* 
C. 
C* 
C. 
C* 
C* ~ 

C* 
C+ 
C* 
Ce 
C* 
C. 
C+ 
C+ 
C* 
C* 
C. 
C* 
C* 
C* 
C* 
C. 
C I  
C. 
C* 
C+ 
C* 
C* 
C* 
C e  
C* 
C* 
C', 

SESfAP - SUPECLT EQUIPHEIS2 REPAIR S?APP 01 D U T f  
PLCT - UAXIZUH P O U R  P L U C T U B T I C U  PKOH AVEBAGB (PR~clSOr) 
LIFE - S C P  LIFETIHE (Pas) 
bh - BISCCUUI E M E  
SfCDKG SCP SrCUCIUBB P6D AYD PEOCURSUSUT (S/Kq 
STCKGV - SCf STBUCTU6AL CEI1SITT (Kw11**3) 
SSCVS - SCF S'IBUCiUEB (lle*3/SECTXOU) 
STCKUS - SCF S I B K T U I E  (XU/SELYIOlJ) 
S X E X P  - SCf STBUCTURE L'XPEbiDADtES (KG/fih-S&CTIW) 
SXCSXC - S C I  SXBUCTUEE IXPCYDADLES COST (SJKG) 
POL611 - MI(lIlU3 Q O L S G T R I C  LOAD FACTOR XU WARE80USB 
YBWG - UllBEMOUSE COST (S/KG) 
9816V - YABEHCUSE DElSSITP  (KG/11**3) 
l 6 R D  - 0 .OUSE bGC (S) 

u n m  - Y A E L ~ U S E  L X P E N ~ A E L E S  (~wa*+r3/1iP) 

ccuw - CCISTRCL c z u n a  H A E D S A ~ ~ C  MSS (KG) 

CCUCST - CCBTROL CLNTER n ~ 4  YABE COST ($1 

UUKYV * : --HCUBE POYES OOLUIB (lW/11**3) 

YMZZC - YPCELQUSE EXPSMDABLES COST (i/A;G) 
CCSiAE .. CGUlLOL CENT8R STSUCTOBAL UASS (RG) 

CCBD - COBlbOL CEYTEe  Ei6C (UITU SOPTYA3I ll~VvBLOP-USoT) ($) 

CCSPOU - -0UTAOL CEUTtR STUUCTURAL POOEB (RY) 
CCivOY - CClTLOL CLEYEB UPBOPARB BOYEB (r4) 
CCtXP - COWIKOL C E N T I B  EXFEUObELES (KG/HR) 
CCZXC - CONTROL CEUTEE EX?&IDABLES COST (L/KG) 
CCSTAP - COYTEOL CEUTLR STA?? 01 D3TP (DOES BOT IECLODB 

BSSKGP - R E P A I R  SHOP STBUC'IUEAL I U S  (RG/PERSOU) 
BSIKGP - REPAKR SHOP HAbDifARE MASS (KG/PtESOU) 
BSPDKG - B E F A I R  SPOP U A 6 D J A B E  PKOCU%E!lZNT COST ($IS) 
RSSKYP - REPAIB SIIOP STUUCZURAL POUSR (KU/FESSOIS) 
XiSIliiUP - R E P A I R  SHGP U A 6 C i l A h E  FCYBP (Rli/PEfiSCI) 

BSiIP - R E P A L E  SHOP EXPELDADLES (RG/PEKSON-flB) 
aSEXC - F E P A I E  SliG2 EPPEUEASLES COST ($/KC) 
KS6D - LLICC6CPSOCESSOIiS 6 SEUSCBS RtD (a) 
!ISKCST - lllC6CPRCCESSOS.S 6 SENSORS lASS (KG/STEfP) 
!!SKYST - t I I C P 0 ? 6 0 C E t 5 0 8 S  6 SENSORS P O 3 E E  ( I (D/STBIP) 
2lSEXP - LIICLCPhOCLSSCbS C SElSOhS LXPELDl lBLES (KG/STBfP/BR) 

T t  L E C P E W I C E  S T U P  

MSLD - a w n u  SHGP PGD ($1 

!I;DST - IICEOPBOCESSORS E smsotis PROCU~HJENT WSTIUP) 

SLXC - CLCOCPRCCESSCCS E SLNSORS LXP. COST (SIKG) 
cum: - C Y A K L E R  RCD (5) 
C K S T  - C l i A U L & E  S E O C U R E f i E H T  (S) 
C f i d l A S  - C L A Y L E I :  UASS (KG) 
CEWPOil - CRAYLC3 POULh ( W )  
CKYEXP - CbA'dLEP, E X P E N D A a L i S  B A S S  (KG/BR) 
CF-ZXC - CFaYLEEi  E X P E l D X D L E S  COST ($/KC) 
i E L 3 D  - TELICPEGATCR 8 i D  ($) 
TELCST - T t L t 3 P t E A T O R  PROCUREUENT (b) 
TLLtlAS - T I L E C P E F A T O S  HASS (KG) 
ZELPOY - TELEOPEKATOR POJEh (KU) 
TELEXP - TILEOPERAPOH EXPEJDABLES (KG/ER) 
TtLEXC - TEiEOPERATOB E X P E I C A B L E S  CaST (S/KG) 

SCPOO590 
SCP00550 
SCP00560 
SCP00570 
SCF 0058 0 
SCP00590 
stP00600 
SCPC06 10 
SCP00620 
SCPO0630 
SCt00640 
SCF00650 
SCP 006 5 3 
SCPOQ670 
SCP 006 80 
SF00690 
SCP 007 00' 
SCPOO7 IO 
SCP00720 
SCPCO'I 30 
XP007YO 
SCP007 50 
SCP 007 6 0 
SCP00770 
SCP 007 60 
SCP00790 
SCP Q 08 00 
SCP00810 
SCP 0 0820 
SCP00830 
SCP 0 08 P 0 
SCFJ0850 
SC F008 60 
SCPOO8 70 
SCF00680 

SCFOO903 
SCP009 10 
SCF 0 0 9 20 
SCP 00930 
SC FCO9UO 
SC F 0 09 5 0 
sCP0096 0 
SCP00970 
SCP 009 80 
SCFOOJ90 
scP01000 
SCFO 10 10 
SCFO 10 20 
SCPO 10 30 
X F Q l O O O  
SCPO 1050 
SCPOl060 

scpooego 

A 5 2  



C+ 
C. 
C *  
C. 
C. 
C* 
C. 
C* 
C. 
C* 
C* 
C. 
C. 
C. 
C* 
e* 
C* 
C* 
C. 
C. 
C. 
C. 
C* 
C* 
C. 
C. 
c+ 
C. 
C* 
c+ 
C' 
C+ 
C. 
C +  
C *  
C* 
C. 
C *  
C. 
C* 
C* 
C. 
C. 
C. 
C*  
C. 
C. 
C' 
C. 

C* 
C. 
C+ 

C* . 

PAKCBY - T U ~ E L F  CP CBIYLLS U E L D E D  POR &BRAY sumor PACKACIEG sc~oio io  
BOXES - COST C? AUKAT 56CJEY'I  STORAGE BOXES/SECTIOU (S) X ? O  1080 
OUTPUT - 8 U l E E f i  OF CELLS PSODIICED/IR SCFO 1098 
IA3La(I8K) - UACUIII: P A H Z S  scP01100 
bAxEC(I.J.K) - COICOULWT U A I I S  scP01110 

S C P O 1 1 2 0  f r c ( 1 , ~ )  - C C U P C B L U ~  cso COST 
CQST(1.J )  - COaEONs,bl' P E O C U k E I E l T  (s) ( U n a  80% LEABPIUG) SC PO 1130 
P O ~ Z E ( I . J )  - ccaxtisbr PQMEB (KY) SCPO 11 90 
UASS(1.J) - C O 3 F O N t N T  UASS (KG) scFO11SO 
WL:IUE(I.J) - CCYPCEEIT vomm (a * *q  SCF01160 
IOCCUP(l .3)  - UURSER OF COHPOYEUTS OF THIS T l P B  f l  A M C B I U B  I? 9CM1170 

XT 1s TUE T r P E  OF COllPCYENT THAT SERVES OBLX O M 8  S C P O l l 8 O  
STEIP; nus866 OF COJWYEBTS OF TIIS ttpe I n  A scw 1190 
IACYINE TYPE PEE SECTIOU I F  THE COIPOIIEBT S E 8 0 X C E S S C P 0 1 2 0 0  
19 S 4 L i P S  SCF012 10 

stlrDus (1 .~1 - axuxduti OPZIATICN nuneu G t  con?ommsfiLosme sc~01220 
I Y ~ J Z ( I . J )  - suaoL;R CF STCIPS s k a v a  BI C Y ~ P O U E U T  (1 oa l a )  SCFO 1230 
H A I U T ( 1 . J )  - C O H W I t D f  AVERAGE I A I Y f E P L a C E  TXllE 61 CEAULEEflE SCP01290 
EX3EItD I1.J) - CCHPCUEYT EXPEUDABLZS HhSS (KG/uR) SCIO 1250 
IXPCST(1.J) - COH?OYSMTS EXPEIEAPLES COST (S/RG) SCP01260 
RRCODE (1.~) - COYPCNEIP f iLPAxr/s .LeLacE CODE: S C F  0 12 10 

1 - TELEO?LIbTOR a E F A i K  OW LIME SCF01280 
2 1  - CRAUL2P C E P L X 2 i l E l r .  ALCTCIATLD EEPAXB SCPO 12 90 
22 - C n A b L E i  R t ; P L A C Z . Y L N f .  11UIAtt E E P A I B  sCF01300 
3 - PEiUODIC CRAELEZ REPLACEflEMT ( 8 E C X C t s / D I S C A 8 D )  S C F 0 1 3 1 0  

KOFAIL(I.J) - C C R F C I E N T  rAILURES/Yit SCPO 1320 
HU:IilZ(i.J) - 111918 TIJL PER FAILUEE (HSS) SCP01330 

X F O  1 3 P O  T C T i l l E  (1.J) - TLLLOFEEATOR/CI &UL Fll T I F E  FER kEPAIt/REPLACE 
F C B ( 1 . J )  - Ff iACIIOS CF fi.\SS I\EPZ.?CED 3Efi I E A E  SCPO 1350 

SCFO 1360 CCES 3 - LUAU$F. OF IiJZS CU?lPOBEllT IS BECYCLZD 
C € S ( I . J )  - CCST CP h E Z A i R  SA'CCK ( S / K C )  S C F O 1 3 7 0  
KiC:i!l(I,J) - 4 V E : I f E  RLCICLlNE 1:XS %ROUGH CLEABEBS ( U s )  S C F 0 1 3 8 0  
A O T R D ( 1 . J )  - R E P X R  iiU'KClATOL R S D  (5) SCFO 1390 
A9;csr I I .J )  - REFA: H AUTC.'IATON P W C U R C H L B T  ( S I  SCPO 1000 
AUirlS (1.J) - RLP.316 AUTO.?ATUU 1 S S  ( S C l  SCPO16 10 
A U Z W O  (1 .J)  - a E P A I P  AUTCYATCS Pad;& (Kd) S C F O 1 9 2 0  
AU?VirL (1.J: - f i E ? & i ?  A U I G I I X N  VCLiJXE (51.3) SCPO 1630 
AUT'CXD (1.J) - B L ? ; \ i C  ktJTCdAiCW LX2ERDALLES (KG/HP) 
A U i L X C  ( i8J)  - GEFAIh A U l O a l T C l  EX?:ID.  COST (8/KGJ SCFC 1OSO 
CL;J~.D(X.J)  - cL:asivc ~ A C I I X K I :  t t ~  ($1 SCP 0 10 60 
CL:iCST(L.J)  - CLEANING N A C t i I Y i  i 'ZdCUiiERtNT (s) SCPO 1070 
C L h l d S  (1 .J)  - CLZAXINJ H A C H I X E  !!A55 (KG) SCPO 1480 
CLlr'@Y (1,J) - CL'CISIYI;  H A C H I K E  PCdES i K i )  SCPOIOPO 
CLS'JGL (1 .3 )  - i L t 4 : s : I C  R . \ i l i S &  F C l i J 2 C  (3**3) scF01500 
C L l r X Y  ( 1 . J )  - C L E A S I L G  RAL'IIXBE I X P L Z C A E L E S  (Kd/lIR) SCPO 1510 
CLSLXC (1 .J )  - CLE4AING 3ACI i lSE Z X l ' E l i C .  COST (s/KG) S C F 0 1 5 2 0  

I t S i t V ( 1 . J )  - 3 A X .  J:JXDLI( CF STKIPS S E R V E D  B Y  TU.EO7ERATOB SCFO 1540 
TlJF (1.J) - T E L E C P E r i A T O R  UTILlLAT13W F h A C l I O W  BY COLlPOEiElT ( I d )  S C P 0 1 5 5 0  
crsEsc(Ij - nnx. ~ l u n e z i i  3~ STRIPS SIBVEO ax C E B U L E ~  SCPO lS60 
C U F [ I )  - CEAMLER l J T I L X Z 4 i I C N  PACTOP BX B K H X N E  (I) S C P O 1 5 7 0  
80STRP - SrtlfiEEP OF S T H I P S  IH SCF (HUi . .PSPiE OP 1 U )  XP01580 
RbPC - R E C U F i i I Y C  PIAClllNL REPLACEREYT PAE'KS COST ($) SCPO 1598 

sc?oiaao 

ZAHT:l ( i .J)  - P R a C T I C S  CF CCaPCNENiS SHIPPED ON EflERGEUCY B A S I S  SCPO 1530 

A 5 3  



C. 
C+ 
c. 
C+ 
c+ 
C. 
c. 
C', 
C. 
C* 
m 
c. 
C. 
C. 
c. 
C. 
C. 
c. 
C. 
c. 
e. 

SCPO 1600 
SCPO16 10 
StPo 16 20 
SCFO 16 30 
SC?016#0 

SCP01660 
9tFOMtO 
SCFO 16 80 
SCI01690 
S-0 1700 
SC EO 17 10 
stF01720 
X I 0  17 30 
~ c c o i t 4 0  
SEI0 17 50 
SCPOllt60 
scro 1770 

scro 1650 

A 5 4  



2 

2 
2 

2 
a 

i 
A 

A 

i 

130 
'160 
I 1  so 
1160 
'170 
180 
198 
'2 00 
'2 10 
1220 
1230 
!ZOO 
12 50 
:260 
'2 70 
120q 
1299 
1300 
D 10 
'3 20 
1330 
!3 ao 
,390 
1360 
:370 
!360 
!390 
!Q 00 
!B 10 
!a20 
!e30 
14 40 
!O so 
!460 
!070 

!a90 
!500 
!5 10 
520  
!5 30 
!500 
1550 
1560 
!570 
!580 
5 9 0  
t600 
16 10 
16 20 
1630 

t6 50 

Faso 

16 00 



SCF02660 
S C  FO 26 70 
SCP02680 
SCOO2690 
scto27eo 
SCFO27 10 
SCP02720 
SCP02730 
stP02'500 

XP02760 
SCW2770 
SCrO2780 
SCtO2790 
SCP028OO 
SV02910 
sCPO2a 20 
SCIO2830 
SCPO 28 4 0 
SCP820 50 
ScFG2860 
SCPO2070 
XF02880 
sc PO 28 9 0 
SCFO 29 00 
SF029 1 0  
SCFO292 0 
SCP02930 
S C F O P ~ P O  
SC FO 29 50 
SCP 0 29 6 0 
SCF02970 
SCP02980 
SCE02990 
scP03000 
SCFO39 10 
SCFO 30 20 
SCF03030 
5cF03000 
SCP03050 
SCPC3060 
SCP 0 30 7 0 
SCIO 3080 
SCP03090 
SCF03100 
S C F O 3 1 1 0  
S C E O 3 1 2 0  
%PO3 1 3 0  
scPo3luo 
S C P O 3 1 5 0  
S C P Q 3 1 6 0  
SCP03170 

scmmo 

+ SCF 03 1 BO 

A 5 6  



8 
I 
P 
1 
0 
I 
P 
P 
E 

P 

P 
e 
P 
I 
P 
I 
E 
I 
1 
I 
e 
L 
I 
I 
I 
P 
1 
:P 
'I 
'E 
'I 
'I 
'I 
'i 
'I 
I 
:I 
:I 
:I 
:I 
: I  
:I 
:I 
' I  
:I 
:I 
:I 
' I  
:i 
:I 
:I 

e 
e 

'03190 
'03200 
'032 10 
'03220 
'032 30 

'03250 
'03260 
93270 
'03280 
'03290 
'03300 
'033 10 
'03320 
'03330 
'03340 
'033SO 
'0 33 60 
'QU76 
703380 
'0 3390 

'03200 

~03aoo 
'034 io  
'03020 
'034 30 
'03696 
'03950 
'03aa0 
'03070 
'03080 
p03b90 
:03500 
'035 10 
r03510 
'035 30 
?03SUO 
p03S50 
r03S60 
?03S 70 
'03580 
?03590 
'03600 
?036 10 
7036 20 
'03630 
?O 36 U 9  
?036SO 
103660 
' C Y  70 
!Oa 19 

?03700 
rO37lQ 

ro36ao 

A 5 7  



DO 97 J = i . U C T I  
V C L A f i ~ P O L & & + Y O A O ~ O  (XeJ]eAOTVOL 'I. '1 +MOCLll(f.J)%LUVOL(X,J) 

IASAR=lASB€.+ .YOAUTO ( I ,  J)  *AOT!iAS (1.J) +OWL13 (103) +ELINAS (1.4) 
EXIl AR =E X3AR+NC AUTO (1, J) *AOTEX P (1.4) +NOCLY (I. J) WLUBXP (I, J) 

SCPO4070 

SC3GUO90 
SCP 041 00 

P O V A R = P C W A ~ + U C A U T O  (I,  J) *AOTBGL (1,~) aceta (s,J) *CLUPOY (sed) SCPOUOOO 

E X  DCAR. E X  PC A R +  POA U T 0  (I. J) *A  UT KXP ( l e  JJ *AUTEXC (I.3) + SCFO U l  10 
+ DOC&$ (I,J) !'CICLIkXP(I.J) +CLlDEXC(LJ) SCP oa i 20 

I 7  CC ET1 IU E SCPOUl30 
98 CGIIIIJUL scr 0 0 1 uo 

s c m  150 S S C F C = ; K S T L i P / l  I) .O*STCVS* SIC%GV*S'XCDKG 
S A C C = V C l  IH.VCLh8*STCICV* SICCKG S t F O U l d O  
SCFS'iC=SSCFC+SAtC SCPOU 170 
UR r V O L U t l .  UHKG V *  Y U  i K G +  llM C sc PO u 1 80 
CC=CCSIAS* HA BD FGtCCIIC ST*CCBD S C P O U l Y O  
PY = N UU Utl Z (!I S S K G? * HA e CKG *P. S HR GP *RS HD f G) +RSBD SCPO b 200 
f!S=NGS'SSP*RStS'I+t3SRD scpou2 10 
BOXCST160 X E S* NOS?fiP/1O.o SCtG4223 
ChAULR= (IUCR AY+PAKCBU) Y B Y C S T + C R U A D  SCP 0 I2 3 0 
TE LEO P= BUT1 LE* 'X E LC ST +I EL 6D XP042IO 

S C P O 3 7 2 0  
sEP03730 
SCPO 37 B 0 
SC0037SO 
SCPO 37 6 0 
S C P O n l O  
SCP03780 
SCF03790 
XPO3800 
SCP33810 
SCPO 38 20 
SCP 038 30 
S C  PO 38 P 0 
SCP030 SO 
SCF03860 
SC103070 
SCPO 3880 
SCP03890 
SC PO390 0 
S C P O 3 9 1 0  
SCC03920 
S C P 0 3 9 3 0  
X P O  39 90 
XP03950 
SCP03960 
SCFO 397 0 
S C P 0 3 9 8 0  
SCPO39 90 
sc PO 4000 
SCPOOO 10 
SCPOQO20 
SCPO0030 
scpoaooo 
s c P o O o s o  
SCPO BO 60 

A58 



BSPAUlaOo S C P 0 4 2 5 0  
C t Y l A C = O  SCPO U2 60 
DO 103 X'1.NCHACB S C P 0 0 2 7 0  

tJC'II=NCT (11 SC?O U2UO 
DO 102 J = l . N C T I  SCP00290 

f P I B C A U T O ( I . J )  .IT. .0001) AUTBD(I.J)=O. scP00300 
l P ( L C C L Y ( 1 . J )  .IT. oOOCIJ C L t J E D ( I e J ) - O o  SCPUQ310 
EEPAOT~REPAUP+tlCAUTO (1,3)*hUTCST (1.J) +AUTPD(I ,J)  SCP O U 3  2 0 
CLbHACICLNIAC+BCCLN (1.J) W L N C S I  (I0J) +CLURD (1.3) SCP00330 

102 cc B I I 6 U E  scr003u0 
103 CCUTIYUE sCP003SO 

SC€'CCY=( (lYUiiUHl+CCSTAP)+ (NUHUfl2+SESTAP) ) *SCE*3.0 S C P O O 3 6 0  
UABY AS=&A BKGF*SCPC BY SCP00370 
UAB~HAERD+&ADBAS*PAECKG * .  SCP00380 

S C F 0 0 3 9 0  
+IUHUii  2@ (RSSKUP+E SW UP) + (YOSTRP*USKYST) + (BoCEAU+PAKCBU) *CEYPOUSCPOUUOO 

SCPOUO 10 
UABPOY 4 A e K Y  POSCFCEW s c F O Q 0 2 0  

SCPOU430 UPSPA= (tIPSCPP+EAEFCUJ *SPADRY 
YPSCFH= [SSCFC/STCCRGtSACC/STCDKG) + (VOLYB*YIKGV) + (CCSIAS+CCBlUS)+ S C P C O U B O  

+ I U U U l  Z* (RSSKGP+KSBKCP) 4 (UOSZBP*SKGST) 4 SC?OUUSQ 
SCPOOU60 

IAET=BABWAS~SCAGCO SCPO 0080 
P O Y T O P  I AC PO U *N P S C F P  + B ABPOY SCPOQB90 
SPAHAS=PCYICZ *SPAGO SCPOUSOO 
SPAl=SFlHAS*IClbGG SCPOUS 10 
TOT W AS =a AC I4 S + M PSC FH + HA U HAS + S PA I AS S C P O U S 2 0  
PSETUP+TCIl lAS/  ( J IYSUP*ZU .C*SUPPOC) * L O  S C P O B 5 3 0  
S E i U P = P S € T U P *  ( (S lS I *DAYSUP*ZU.O)  + (TRAIN*RCTYR) + (CONSUY*DAYSUP SCFOUSUO 

6 *2U. [;*CCE;CST) *(CWSUd*CAISUP*24.O*TCAbGO) + (ROTYR*DAISOP SCPO U 5 5 0 
6 /365.U*BSTHXS*TPEE) ) SCP 01568 

BPSCE=SCTSTe+Yl!*CCt i  U +YS+WXCST+CP A d M  4TELEOP+RBPAUT+CLNIAC SCFO4570 
I S E C i N I L P S C P + N A B t N P S F A + N E S C P ? + f l ~ B ~ + S P A ~ + S E l U P  SCFOUSBO 
YRXTE (OUT. 105) liic ECIL,  NPSC€,SCFSTCD VH,CC,EU , I S ,  BOXCST.CEAULR~ SCFOU590 

E TELECP, BEPIUT,CLLHAC, IIA8.  N7SPA. NPSCFT. HAET. SPAT. SETCP SCPOUbOO 
105 POEdAT ( / / l X ,  *IOT;L IONGECURfi l IG I N O I L E C T  COST IS S ' e P 1 2 - O /  SCPCU6 10 

4 l l X , ' S C F  ST6UCTUhE: $ * , P l 2 o C /  S C P O U 6 3 0  
+ l lX,~WAREllOUSE:  $'.P12.0/ SCFOObBO 
+ 11X.gCCXTHuL C E H T E F :  Se,F12.0/ SCFOU6SO 
+ l l I . * E E P A I R  liOdKSHOP: t',F12.0/ S C P O U 6 6 0  
+ 1 lY,*~IC~OPaCCLSSOES/StHSOhS: S' ,F1200/ S C F O O 6 7 0  
+ 1 1 X , * r \ F h A Y  SEGfiiNl STChASE OCXES: $'.P12.0/ S C P O U 6 8 0  

1 11X,*CAAhLC1S: b'DT12.0/ S C P O B 6 9 0  
+ 1 l X D * 1 6 L E C P E h A ? O h S :  0 ', F 12.0/ S C F  0 97 0 0 
+ 1lXD'FEPAJE AU'IC5ATONS: Se,P12.O/ SCPOQ? 10 
+ l l X , * C L E A h I N G  JACHINES: f ' , P 1 2 . 0 /  SCPO u720 
+ 6Xa'HADITAT PRVCUREKENT C3ST: 5' ,P12.O/ SCPOU730 
+ 6X,'NCIPRODUCTJOI S O l A H  POilEB A B R A Y  PBOCObEIEMTZ sD8?12.O/  S C P O U 7 4 0  
+ 6X. *NCNPBODUCIION S C P  TRAISPOBTATION: s' .P12rO/ TCPOU750 
+ 6X.'HABITAT ICANSPOBTATXCN: $'.P12.0/ SCPOUfCO 
+ 6XS'SCLAR POME8 A R K A Y  TRAYSPORTATfOlY: s' e P 1 2 0 0 /  SC1907fO 

I PSCFP- ( Nosr fi P/ 1 U. O*STCK US) t (VOL OWP U K Y  VI + ~ccspo wccepo Y 1 
4 

4 + (tJUTELE*TEIPOY) +PCYAB 

(NUCRAW +FAKCBY) *CBUWAS+ ( I U l U E * T E L M A S )  + (SASAR) 4 
I P SC P I- N P S CF I* I C A R GO S C P O O Q ~ O  

+ 6 X  8 * NONPhODUC'i ION S C P  EQUIPHZNT PhOCUBEY&NT/RGD COST: L ' 8  P 12oO/SCF OU620 

A59 



4 6Xn'CCSP 'I3 SET UP SCP: S'r?l2*0) SCPOU780 

UUflSC= (OI1HU,Y l*CCSTAF) *3 .0  SCPO ua 00 
I U Y S C L L U U ~ S C ~ E ~ C S * ~ ~ S ~ O * ~ U . O  SCPO48 10 

C* CALCULATL AND P61131 ANNUAL PECUDRLNG D I B B C I  COSTS SCFOP190  

BU?lR* (UOSOH2+SESTbP) * S o 0  SCFOO820 
UUbaL=BU56*W hCE*365.0*2@* 0 SCPOU830 
SCbYa(SCF-1 .C)  * (HUHSC+WUR) SCP\)UBOO 
SCaYL=SCIS+d AG6*36 S a  0 *29 0 SCPO4850 
24ACBPC=BLPC/C€LIV =PO 4860 
liACBPT=B EP'i/DEX I V  SCP OW7 0 
UACLXDZO SCPO a660 
LIACXXT=O. SCP OP B 9 0 
DO 108 xal,NCUACn s c P O U 9 0 0  

UCTStYCT (1) SCP 049 1 0 
BC 107 J= l .RCf I  S C P 0 9 9 2 0  

MPCEXP1CIXEXP+NOST6P* (HOCOCIP ( I & ) / T I P E ( I . J )  * PCPOU930 
8 fXPEliD(1.J) +EXPCST(I , J )  +SCPDC*3CS.0*2Y.O) scPou9uo 

sceow so 
107 CCNIICUE S C P O W ~ O  

sceowgo 

IACS XT=UACEXT+ YOSTBP* (NOCOUP ( X e  J ) F Y  PE (1.J) 
SCPOP960  

108 CGU'iJNEE SCPOP980  

6 EXPElDD (1 rJ) +SCPDC+365o0*2P.O*ICABGO) 

E ICD=H U l l  SCL+11 U I  BL + Scb YL*HACE PCN3 ACBPT W l  ACEXP 4U ACEXT 
UF.ITE(CUT. I l O ) E S C D , ~ U ~ S C L , U ~ I B L ~ S C R ~ L ~ 8 ~ C R P C . I A C B P ~  UACXXP.IACBXT SCPOSOOO 

110 PCRIAT(/ / lX,  ' I C T A L  AUPUBL 6tCU651NG DIRECT COST IS . S'.PIZ-O/ SCFOS010 
6 6 X , ' H U Y A U  SUPERVJSOhY CCNTiiOL LAOCB: Sr.P12.0/ SCFU5020 
6 6 X 0 ' H U i t A N  B i 3 A I f i  LADCR: $',P12.0/ SCPOSO 30 
LLX.'SUP?OGP C R E U  LADOR: $ ' ,P lZ .O/  SCPO 50 90 
6 6 R ~ ' H A C P I b E  b€PLACEREl'I PAKTS: S' ,P12.O/ SCF05050 

SCFOSO 60 
SCX.'tlACHfS E EXE'ELClBLES: $ ' ~ P I Z - O /  SCFO 5070 

SCFUSO a0 66 l8*f l . 4CHi t i&  CXPENCGBLES TKiAISPORiATICBI $ e 0  P12.O) 
C* CALCULh7r AKC P R I S T  ASNUIIL. aECUEi?IZlG S C X R E C T  COSTS S C F 0 5 0 9 0  

SCF 05 1 00 COIS=SCFChU*CCNSU P365.0*2Q.O*CCSCST 
CCYTl=SCFC6P*CCNSUH+365.0*24. C*PCABGO scP05110 
CREYfG=SCFCLtii*IEAIN SCP 05 1 20 
CPLYTE=SCFChW* ASTHAS* fiCTIS*l PEE SCF05 133 
U PSEX?= 36 5 -08  2U O +  ( (!#OS? C: 2 /14 .O'SXEXP*STC EXC) t (VOLYI*YMLXP* UBEXC) SCP C514 0 

SCFO51SO 
SC FO5 1 6 0 

NPSZXTtTCA H1;0+3b5 .O*LU .O * (YOSTEP/10 .O*SfCLXP) + (VOLYI*YBEXP) SCFO5170  
+ (CCkXP) + (XUHUY2@RSEXP) + (NOSTRP*fSEXP) + ( I U C 8 9 Y + P A K C 6 Y ) * C R P e X ~ S ~ F ~ 5 ~ 8 ~  
+ (nOTkLi*TELEXY)+ (EXiiAn) 1 SCFO5190 

RECIti=COtlS +CGtiTN*CF t H l C + C L E h T U  +NPSEXP+NPSEXT SC?05200 
WE IT E (OUT 1 15 ) k.EC 111. CC NS ,CC NI N .C REYTG. CBEYTR 1 PSEXP. EPSEXT SCPO5210  

I t 5  PtAnAT [ / / I X ,  ' T O T A L  A R N I J A L  RiCUaaSNG I l D I 6 E C T  COST fS f@,P12 .0 /  SCPC5220 
6 € &, ' CC IiSU PEA 0 Lf 5 : SC F 0 52 3 0 
&+: .*2O#SUtUAELES TRALSPORTATIOH: S',PlZ.O/ SC FOSZ U 0 

t 6 r  I * L C : C Y  ThAUSPOBTbTIOI: $',PIZ.O/ SC PO 5 2 6 0 
SCP 052 70 && r , 'hJUPiODUCIION SCP EXPENDABLES: sU.Pl2.O/ 

~S:.,'XONPLOUUCTIPN SCP E X P E N D B E L P S  TE1BSPORTATIOH: 8' 0P12.0)  SCPC5200 
C* >S:,<ULb7E DISCOUNTED LIFECYCLE COSi?.YEARLX GEP06BISHilENT PARTS RASS SCPO5290  
r:o ( B : I ' L A C Z a & ~ I S  + EXPEEDAELES) 8 A U D  P B U T  OTREB BELEVAUT PARABBTEBS SCPO5300 

66X ' Cl&CUIIL E K E  P IACElZNT PAITS TPA PSPORTATION: S', P lZoO/ 

+ + (CCKL?*CCEXC) * (NUUUY2* LSEXP*CSEXC) + (UOSTEP*flSEXP*BSBXC) + 
+ (NUCF AI+P & I C  Si#) *CGY EXP+C& diXC4 (NUTELE*TELEXP*TEL EXC) 4EXPCAR) 

+ 
+ 

'8 P 12. O/  

f.i.P., aCF.ZY IhAINING: $ ' .F lZ .O/  SCPO52 50 
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I 1  BPI= llEF EI / IC  A 660 SCPO 

+ -BiBb€C* (loC+Dt?)** (-LIFE) SCPO 
SPSCSTXL IFCS'I/ (S PSCAP*U P B )  SCPO 
B E IO P 6 80- sc PO 
DO 113 lS1,NCHBCH SCP 0 

U C T  1 s  ECT (I J SC 90 
YEfT&(6. SO0 1) (NaUEH (X.K) ,I(= 1 , l O )  SCPO 

SO01 FCEflAT ( / / / lX ,  l O A U / )  sc PO 
DC 112 J = l r l C I I  SCPO 

SC PO 
EIPLACaICPIDP (1,J) *PCB (I w J) *&ASS lfaJ)/DELxO SCPO 
ORIf l (6 .2001)  ( I A I E C  (1.5.11) ,Kpl ,6)  .REPLAC SCPO 

2001 PCS?IAT (5X*tiAl,5X,PlOeO) X I 0  
122 CC IT 1 UU E SCP 0 
923 COlDrIlUE SCFO 

SCPO 
Yt i ITE(GUT~ 125) LI?CS'I.SPSCST.SPSCAP~SCPDCeASYDC, IICSTRPe PSBTOPw SCPO 

+ SETUP.ETPURB.TOPUAS.HAC~AS*IIPSCPlr ~ B I A S . S P A 1 I ~ S ~ P O Y T O I o I A C P O U .  SCPO 
+ YFSCFlF sc PO 

Phf7E(CiUT* 130) HIEPOW,VOLYH,NfiBP1I~IRBPC~ IIUTBLE. l ~ c ~ Y . ~ P c ~ ~ 8 ~ O M S C . S C ~ O  
+ H I t l f i .  SCSY ' sc PO 

125 FCBMAI(' 1* ,21X~8SOLAR CELL PACTOEf HAJOR COST DBXVIUG ?ACTORS'/// SCPO 
+ l X , 8 t I f E C Y C 1 P  CCST: P , P 1 2 . 0 /  SC FO 
+ lX.'COST O P  SCh/SNP PES S P S  QECDUCfP: S8.P12.0/ SCP 0 
+ i x . * u u r i ~ n i  C F  SPS P m o o u c E c  PEG YEAR: ',Pu.~// SCPO 
+ lX.'SCF CUTP CYCLE: '.P5.4/ SCPO 

+ lX,*NUnBER OF PltODUCTION S T h I P S  ',FU.O// SCPO 
+ lX,'ZEOPLE 10 SET UP SCF/SJP: ' .FU.O/ SCPO 
+ IX.'COST TO SET UP SCFISYF: SD,F9.0// SCPO 
+ l X a  'YL'ARLY REFUEBISPIENT PABTS ( f i ~ P L A C I I E ~ S + E X P I l D A B L B S . K C ) :  SCPO 
+ PlO.O/ SCFO 
+ 1x8 ' T C T A L  SCF/SUP SASS(K6) : ' e  PIOoO/ SCPO 
+ 6X.'PCtDUCTICN IIACHINE.PY RASS (IC) : '*PlO.O/ . SCP c 
+ 6 X ,  'E;CN PiiOtUCTlOI EQUIPIENT YASS (KG) : ,P10.0/ SCPO 
+ 6Y.'BAEiTAT JASS (RG) Z ,FlG.O/ SCP 0 
+ 6X,'SbLBb POWIh AhhAY il ASS (KC) : ', P10.0// SCPG 
+ *x8*To7! lL  scP/spIP PCUER iIW): ',FlO. O/ SCP 0 
+ 6X,'PbCCUCTION .1ACHlltiE!iY F O b E E ( R Y ) :  ' ~ P l ~ . o /  SCPO 
+ OX,'.YCN PfiGDULliJON EQUXPHEDT POY€P. (KY)  'wP1O. 0)  SCPO 

130 FOt;.'lAI (6X.'IIABITAT 30YIR (KU): ' w l ? ~ o . o / /  SCPO 

LIFCST=(N&LCD+NR&CII)* (RECD+EECII)*(1.0- (l:O+DR)**(-LIPE))/DE SCPO 

KEPU RE5 REPU 8 8 + T C K  RP (I J) *PCR (I J) *I  ASS (f J) /DELIV 

BEPUR e*€ EPUE E+ (HACBXP+ BPSEXP) F C A E G O  

+ i x ,  'AsszneLr OPERATION curr CYCLE: *.Ps.~/  SCPO 

+ lX.'SLF YAPEHOUSZ V O L U t l S  (CH): '*F7.0/ SCFO 
+ tX,*UASS OF U O F F E S  EEPLBCECEhT PABTS IU YAAEIOUSE(KC ): '*P7.0/ SCPO 
+ 1X8'CCST OF @UFFih  EE?LPCEpIENT PARTS I N  YIREHOUSB $'rP12.0// SCPO 
+ lX*'NUnEfR OF TELEOPIRATCRS: '.PU.O/ scr 0 
+ lX,'NUUFER OF CRAYLIBS: ',PU.O/ SCPO 
+ lX*'TOTAL SCF/SWP CLEM: '*PS.O/ SCP 0 
+ 6X, 'SUFEEVISORY CONTROL CBEY: w ,  P5.0/ SCPO 
+ 6 X . ' R E P A f R  CREY: 'e ?!Lo/ SCPO 
+ 6X* 'SUPPOST CBEY: 'a P ! L  0 )  SCPO 

STOP SCPO 
EbC sc PO 

5 

1310 
1320 
1330 
1300 
1350 
1360 
1370 
1380 
1390 
,900 
i0 10 
i4 20 
1u30 
10u0 
I4 so 
1U60 
iU 10 
iu ao 
1f490 
1500 
1510 
i5 20 
1530 
is 90 
1550 
,560 
1570 
1580 
1590 
i6 00 
1610 
i6 20 
i6 30 
i6 UO 
1650 
;660 
1670 
1680 
1690 
if 00 
1110 
i7 20 
1730 
17u0 
i7 50 
1760 
1770 
5780 
1790 
1000 
i0 10 
1020 
i6 30 
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c 
C 
c 
C 
C 

SUBECUTI lif PEL E RC; 
I U P L I C I l  BEAL (L,neN)  
XIETEGER NC'IIe bCMCH.b6CODE(2Oe15)  e I C T ( 2 0 )  OCNHUDL 
DICIEUSIC U BOCCHP ( 2 O e I  5) T IPI (20 15) .NaLfNT (20.15) NOPAIL (20.15) 8 

+ T C T f l E  (20e15) .WCST&P (20.15) eEAR'LH (20.15) .TESERV (20.15) 8 
+ 
+ 
+ 
+ B O H U H I ( 2 0 ~ 1 5 )  .NOHUli2(20.15) e T C R I D b ( 2 0 . 1 5 )  *TUP(?O*IS)*COP(ZO)  

C E S E E V ( 2 0 )  eCOST(2O. 15) e I A S S ( 2 0 e 1 5 )  eVCLOBE (20elS) 
l i U T I U E ( 2 0 ~ 1 5 )  .FCE (20.15) . C B S ( M ,  15) ~ R E C T f N ( Z O . 1 S )  
U O A D T O ( 2 0 e I S )  e N t C t U  ( Z J , 1 5 )  .UOTELE(ZO~IS) . ICCBAU (20) 

COtlHOl NCCCil P.TYPEeB AI UT eEBCCDB.NOPAIL.TCTIHLI UCSTRP. NOUACR. 
+ 
+ 
4 
+ 

U C T  e D L L I P  .BT7*TRA UP,TRA NCeDELAY SC8E.ANSTBF. ilP.UPT* Ip 8 
E A t l l l l .  TESEIIV. CR 568 Ve TUP. CUP. 
COST, HASS eVOLUUE, I U T I I L , P C B ~ C R S .  REC?IU. TPHB.TCABG0. A I .  
NCSTBF, 6SPC.N 6 €FCe EEPT.WREPT. VOLYI. NUTELE. UOCRAY .NUuUM1. 
NUHUilZeNOAOTO, N O C L N ~ U C T B L E ~  NOCRAU, NCHUII* UOii082.TCPIDP 

A V F A I I x Z O .  
CN IISDL=SC E68 A VP AIL 

I D U 8 l Y  = I N T  (CNUNDL+1.0) 
CC 2 K=l,ISULIY 

R = R -  1 
Z=PLOAT (K) 
I F E  I =tiff E *PO ISSM (Z.8YPAIL) (1 -0) 
K=K+ 1 

DO 3 K = I G U t l R Y , 3 3  

NPEPPO. 

2 CONTINUE 

2 = E  LC AT ( K) 
N PEPsNPE F + P O I S S B  (2, AVPAII) * (CUBNOL/Z) 

3 C C B T I N U E  
DO 3 I=leNC, ' IACH 

NCTJ= bCT (I)  
DO 6 J = l , N C ? I  

IP 4 ( E P C C G E ( 1 e J )  e E Q . 3 )  .OB.(LOPAIL ( f .J)aLT. .OOOI))  

BA61H ( I  8 J) = I  .O-NPEF 
+ GO 10 U 

GO 'IO 6 
0 EOFiTH (IeJ)=o.  
6 CGNT I N U  E 
7 CONTINUE 

m o a  u 
END 

S C  P 0 58 4 0 
SCPO58SO 
S C P 0 5 8 6 0  

S C P  05880 
SCPO 5890 
s c P 0 5 9 0 0  
S C P Q 5 9  10 
SCP05920 
SC E 059 3 0 
SCPOS9 00 
S C F O 5 9  50 
SCP05960 
S C P O S Y 7 0  
S C P O 5 9 8 0  
S C P O 5 9 9 0  
SC P 06 0 0 0 
SCP O W  10 
S C F 0 6 0 2 0  
SCF06030 
SCf  060 4 0  
S C P O 6 0 5 0  
SC PO 60 60 
S C P O 6 0 7 0  
SCFO60 80  
S C F O 6 0 9  0 
S C P O 6  10 0 
S C F O 6 1 1 0  
S C P O 6 1 2 0  
SCi'36 130 
SCP 06 1 U 0 
S C P 0 6 1 5 0  
SCP 06 160 
S C P 0 6 1 7 0  
S C P O 6 1 8 0  
S C P O 6 1 9 0  
S C F 0 6  2 00 
S C F 0 6 2 1 0  
S C P O 6 2  20 
S C P 0 6 2 3 0 '  
SCPO 6 2 U 0 
SCPO6250 
s C P 0 6 2 6 0  
SCP 062 7 0  
XP06280  
SCP06 29 0 

x ~ i x a 7 0  
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C S C F O 6 3 0 0  
S C F 0 6 3 1 4  
S C P O 6 3  20 
SCP06330 
SF06340 
SCFOb350 
SCF06360 
S C F O 6 3 7 Q  
SCPO 63 80 
S C P O 6 3 9 0  
SCP06490 
S C F O 6 4  10 
S C C O 6 U 2 0  
SCPO6V 30 
S C P O 6 4 4 0  
SCP06450 
S C P Q 6 4 6 0  
sCP06970 
SCP06UBO 
SCcI06090 
S C 1 0 6 5 0 0  
S C r O 6 5  10 

C SC P O 6 5 2 0  
SUOROUIlHE D C H A C U ( I ~ ~ A C H C C ~ S T B T D C ~ I P C T ~ B C C Q ~ P ~ S ~ T D U U , ~ O C L O S .  SCPO65 30 

+ RBCCLE, BCFAIL) SCF06540 
I l F l i C J T  EEAL (L8U.U)  SCPOGSSO 
IYTECYk NCTl.LCT(20)  #UXUC.SHO3#BRCODE (20, IS) S C F O 6 5 6 0  

+ S'JT. N (20 815) SCPO6500 
IIACtlDC=l. 0 SCPO 659 0 
a c i x = i c T  (11 S C P O 6 6 0 0  
00 8 'J=l.NCTI SCPO66 10 

I P ( N O F A J l l 1 . J )  .LT. .0001) GO 70 7 SCP 066 2 0 
CALL CCSTAT (1. j# ST X TDC (I. J) 8 RECODE (fed)  UOPAIL (IeJ) ) SC PO66 30 
X P ( I N ? ( S T A T D C ( Z , J ) )  .EQ* I) GO TO 6 SCP 0664 0 
I E . ( I I T ( N C C C P ! P ( I ~ J ) )  .EQ. 1) GO.'LO 6 SCPO 6650 
I P ( A E S ( N C C C a P  (1, J ) / N O C t U S  (I)-SHTDYU ( I J ) )  .IT. .001) GO TO b S C P 9 6 6 6 0  
ciuscc-a. S C F O 6 6 7 0  
SPUI'INI ( I l l T D Y I  (1,J)) ,PfPOLGBO 
U I K C o I l l  (NCCE 9P (I,u)/NocLus (I)) SCF06690 
DC 2 K'tSIIU?,  B I I C  S C P 0 6 7  00 

CLUSDCsCtl':  C Z + D X U D I S  (K.IIAC,STATCC (XIJ)) S C P 0 6 7 1 0  
2 CC El 'I1 N U E  SCPO67 20 

CQ TQ 5 S C P O 6 7 3 0  
4 C t U S D C = S I ~ I D C ( 1 8 J ) 8 + / I O C O Q P  ( x , J ) / N o C L u s  (1)) S C P 0 6 7 4 0  
5 n~CHDC=nACBDC+CLUSDC'.~NOCLUS (I)) S C P 0 6 7  SO 

GC TC 8 SC P 0 67 60 
6 MACHDC=HACHDC*STATDC (I, J) S C P 0 6 7 7 0  

GC T C  8 SCPO6780 
7 S I A Z C c ( I . J ) P  1.0 SCP06790 
8 CCUZSlCE S C F  06800 

BE'LOBU S C P 0 6 8  10 
LNC S C P O 6 8  20 

DIHLNSXOr0 NOPAIL (20115) 8 S T A T D C ( 2 0 , l S )  r N O C O l P  (20.15) 8 BWLfls (20) 8 S C P 0 6 5 7 0  
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C 
S U B R O U l I  N E  
I24PLICIS R E A L  ( L 8 I . E )  

IP[RbCOCf eEQ. 3) GO TO 3 
IF((6RCCC€ e E C o  211 oC6. (CBCODE e E Q .  22)) GO TO S 
CALL aEC1 (1. J.BOLTIfl) 
STATCC'1 O-lJCFAIL* 6OLTII(/ (365.0*29 eo)  

DElPBU 

BETUBY 

DCSSAP (1.3 eSTATDCIBBCODE. NOPAIL) 

IHTEGEK fiECOCE 

3 STATDCs1.0 

S CALL SUCZ (I. J~BAtlTIM) 
STATDColo O-NOPAIL*BAlTIU/ (365-0*2U.o) 
BITURU 
LID 

SCFO6830 
SCPU68 UO 
SCP06850 
SCP06 860 
SCP06870 
SCP06880 
SCP 068 9 0 
SCP06900 
SCPO69 10 
SCP06920  
SCP06930 
SCP06900 
SCP(r6950 
SCPO6960 
SCF06970 

- W P ?  ,380 
SCY'.: 90 
S C P t  , a00 
SCPO 70 10 
SCP07020 
SCFO703 0 
s c P o 7 o U o  
SCP07050 
SC PO 7 3  6 0 
SC? 0 70 7 0 
SC?07080 
SCP07090 
S C P 0 7 1 0 0  
SCFO7110 
SCPO7 120 
SCF07130 
SCP07 l  UO 
SCPO7 150 
SCPO7 160 
SCFO7170 
SCPO7180 
SCPO7190 
SCF 072 00 
SCF072 10 
sc Po72 2 0  
SC PO7 2 30 
SCPO 72 uo 

A64 



SC107250 
SCPO 72 60 
S C I O 7 2 7 0  
S C P 0 7 2 6 0  
S C P F 7 2 9 0  
SCPO7300 
SCP07310 
SCPO 7320 

SCP033UO 
SCPO7350 
SC107360 
SCP07370 
SC? 07 3 8 0 
SC107390 
SCP07400 
SC1074 10 
SCBOt4 20 

S C l O 7 4 U O  
SC?074SC 
SCP07060 
scPo7a7Q 
SCPO 80 
scca70 90 
SCP07500 
SCPO751O 
SCP07520 
SCPO7S 30 
SCP07SPO 
SCPO75SO 
SC707560 
SCPOlS70 
SCPOl58C 
S C P 0 7 5 9 0  
SCF07600 
SCP076 10 
S C P O 7 6 2 0  
SC?07630 
SCl076 9 0 

s c ~ o ~ m  

S C P O ~ O ~ O  

SCPO16SO 
S C P 3 1 6 6 0  
SCPO76lO 
SCPO76 80 
SCPO76 90 
scP01700 
SCP077 10 
SCP 077 20 
SC1077 30 
SC? Of7 4 0 
SCPO77 SO 

E 
S U D a C O T I l E  SIZSCP (SCPCC, OUTPUT,IOSTaP,SPSCAP) 
XJPLICIT REAL lL,fl,H) 
UOSTIP=PIOAT (I I T  (OUTPUT/ (36SrO*2U -0.5 1.8*252.0/1 I7*SCFDC) )) 
IF (NOSIAP/?U.O~PLOAT (INT (NOSTRP/tU.O)) .GB. -5) GO TO 6 

GO TO 8 
YOSTBPPPLOAT (IHT (UCSIRP/lU.O))  *IU. O 

6 NOSTBPSPLO AT {IlT (IOSTI(P/ 14.0) + 1) '14.0 
8 SOSC hp= (CCSTbC@SCPDC*3oS. 0*2U -0.5 I. 0*2S2.0/1.17)/OUTPUT 

BBTU81 
m o  



O E Q .  1) CCCEl  (1.J) s1.0 
.PQ. 21) CODE2A ( I e J ) t ? . O  
.EL). 22) COC&ZH(I , J )=? .O 
.EO. 3) CODE3 ( I , J ) = l . O  

7 
7 
9 
7 
Y 

tl 
d 
II 
0 
r 

a 

'6 0 
'7 0 
'80 
190 
100 
110 
120 
130 
1u0 
150 
160 

SCF 078 7 0 
SCW7880 
SCP07890 
SCPO7900 
stPo79 10 
%PO79 20 
SCPO79 3 0 
XPO79QO 
SC107950 
fa07960 
StPo7970 
sQ07960 
SCPO7990 
SCPOBO 00 
SCPOBI) 10 
scF08020 
SCF08030 
scpo8a ao 
SCF06050 
SCOW060 
SCP011070 
scP008080 
SCP080 90 
sCtO8100 
SC108 1 10 
SCP08120 
SCPO8 130 
SClOb 1 C L  
SCO88 1 50 
SC108 1 eo 
S C P O 8 1 7 0  

SC?06 1 9 0 
SLY 082 00 
SCPO82 10 
SQ08220 

ScP082UO 
SCP08250 

SCF08270 
Sct08280 

scroe 1 80 

scooa230 

sc90e260 
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C 
C 
C 
C 

. c  

C 
R 
I 
6 
t 
I 
Is 
0 

$0 c 
B 
6 

E 
I 
E 
I 
I 

C 

C 
E 
I 

s 

C 

BETOBB 
EA0 

C 

su1890 10 
scw9020 
SCI09030 
scPo9oao 
sc100050 
SCF@9060 
SCP09070 
SC109080 
SC109090 
sc109100 
sc109 1 10 
SC109120 

XP09130 
scPO9190 
SCP09150 
SCP09160 
SCP09170 
SCPOSl80 
scro9 190 
SCPO9200 

SCP092 10 
SCPOPZ 2 0 
XP092 3 0 
SCPO9280 
SCP09250 
SCT09260 
SCP09270 
SCt092 80 
SC1092 SO 



1.0 0 0 

e 5  12. 017 . os 
300 - 100- 1-4 2 @Om 
e 15 05 05 @e 
IC00 9. 2000. 10. 
loo, 0 035 le. 100, 
36% 3 00. 1.3 0. 
bo. . 10 110O* 2.5 
10. 0. 0. 2 e  
2.5 0. e QOl O m  
O m  3000e Q0aCOcOO* 240(3000~ 
20. 0 .  0, 10. 
2500. 100. 9. 2 e  
-1  20. 5000000~ 7500. 
1. 0. 7000000e 
moo. 250 000 1 20. 
ecoooo, 750. le 0. 
1. 11OOe 24000000000 . 
TIiEEllLL BELT 
DV OP AL BIIE COBTACZ 
D V  OF SI YAFZCl A110 E-DCPAUP IBPPIbBTITfCI 
P O L S  E B EC6 P STALL12 AT IOK 
SCAU KECR Y S T A L L I Z  AT IC8 
Il-DOEAUT IIPLIAUTAIICI 
A U U E A L  
DV OF A L  PPCPT CCPTACT 
P80UT CCUZACT SINTE6fUG 
CELL CEOSSCUT 
CELL I I ~ E U C C U N E C T X O I  
DV OF S I L I C A  O P T I C A L  C C V f 8  
D V  CP S I L I C l  SUBSTRAZE 
PASEL A L I G N I E B T  6 S P A B E  PAbEL IiSfGIICB 
?AIEL I UTEECCUUEClSC 6 
LCICITUOINAL CUI 
R A P T G N  TAPE APPLICATICU 
A R R A Y  S&GU&UT PCLUIIG A N D  P A C R B G f I 6  
BELT 
t¶GTCB/ D E f V E  
EUD S C L L E B S  
THEE S AI. CCBTEOL 
EB C U I  
P I L A  l l E N l ’  IAGAZSNE 
S L A B  FIEDEB 
P A U E L  BAFFLE 
S X D L  f A F P L f  
S I D E  SAFPLE SUXC5 

E 8  GUN 
PILAIENT IIAGLZINE 
S L A B  PEEDSII 
PANEL BAPPLE 
SIDE EAPPLE 
SSD6 EAPPLE GOICE 

4 7 e 3 3 1 3  9 3 I 3 1 3 1 3  7 
1. l e  4 e  le l e  l e  1. 2. *e le le Ce Qe 1- 

COOLING sxsxrn 

7 4 7 s  
le l e  l e  l e  

e 8 2  
.? 
3 0 4 0 e  
35, 
@e 
e 1  
25800- 
100. 
O m  
O m  
1040. 
l0000000. 
15,. 
150000. 
15000000- 
0. 
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tftt: IPBXATE .DATA A 

BOBCU I C 9  I U f L A U T E B  
C O O L I B G  SYSPBl! 
hB 601 
PSLAllElsr 8AGA21BS 
COOLJ86 S?SPEel 
EB COS 
PILAlZUT I l lrWZIW 
COOLlUG SYSTLI 
PBOSPUOBOS lCU I l !ELAlfEB 
98 GOB 
?ILAllEUT 1AGAZfUE 
COoLXffi StSPfll 
80 GUU 
?XL&EllT RA6AZI.18 
s u a  FEEDER 
ausI 

P L ~ D E L  c i w u  
UASR W f D E  A l D  DOLLOP 

SfD€ BAFFLE 
SIDE E A P P L E  6OIDE 
COOLIUG SYSPEZl 
It0 GOY 
PXLAtlEBT UAGAZfl iE 
COOLItG SfSTEt 
LASE8 
K 6 1 F T O U  LAYE ZMGA21.1E 
G O I P P  R C t L l  RS 
S W I E L D  
ttECCl8OSTATSC YELDEE 
XFTERCOLRECT P U D U  
IYTBBCCIUIC'I BCLL 
S L P S C B S  
VA6IAeLE S P E E D  EOLXEES 
UOTCR 
G O I D E  ROLLERS 
EB GUS 
P X L B 1 I E l T  llAC&21WE 
SLAB P E E C E B  
LIASUIISG DZWXCZ 
T - S l E I P  IYhSI[ PACKAGE 
0 IT CBU E X  SPEYSEB 
PANEL BAPPLE 
SIDE EAPPLE 
S l D E  BAPFLh GUXDE 
SOFT SURFACE BEL% 
UOTOB/DR IVE 
L I D  6 C L L E B  
COOLIlG SYSTHJ 

PILABENT HAGAZXUE 
SLAB PZEDZE 
UASKXMG C i V I C E  

O X Y G E N  D I S P E l S l B  
PIBZL DAPPLE 

EB G u n  

T-sTaxp BASK PACSMX 

A7 0 



S I D E  EAFPLE 
SIDE BACDLE GUIDE 
SOFT SUitPACL BELT 
l lOTCB/D611E 
ETD bCLLEB 
COOLXUG srsrzu 
&CCLLEBhTOE BELT 
VABfAEtE SPEED 60UfDS 
P U E L  E E N V E 8  
PIBEL XUSPDIEE 
PIPEL UOPPER 
SLUSOBS . 
GUIDE B C U E B S  
ELECTSOSTATIC YELEER 
fFTEBCCB116CT PEBDEE 
IUTEDCOIIIECX BOLL 

VARIABLE SPEED E G U P R S  
lloTcu 
GUIDE ROLLEBS 
U S E 0  

GUIDE BCLLIBS 
S B I E L D  
STATIOU 181 TAPER 
STATIC MA21 TAPE 8 L I I f L  
CDOSS TAPEE 
CROSS ZLPB 6SFILt  
SO€: 601188 
G U I D E  RSLLECS 
CDOSS TAPE UCTCR 
6 0 I D E  6CLLEBS 
VEK T I C A  L DECIECM) ES 
BOX PUGlFUEUT 
BOX LABELIUC 
T B A I I I U i i  EDGH GUIDE 
1000000 . 25000. 
1. 3. 
10. 00 . 
0. 0. 
500000. 10000. 
1. 1. 
10. 1 1. 
,025 20. 
25000. 500. 
2. 2. 
10. 11. . 05 15. 
5ocoooo. 25000. 
1. 1. 
50 12. 
-0 1 200. 
1cooooo. 720. 
2. 1. 
0. 215. 

sBusces 

carploa LAUP IAGAZIHE 

0 .  
1. 

0. 
20. 
1. 

0. 
5. 
1. 

0. 
io. 
1. 

0. 
3.1 
1. 

0. 

.5 

. is 
03 

0.5 

4000. 
5. 
0. 

1. 
lOOO* 
5. 

2, 
1. 
50 
2. 

1. 
6 .  
200. 
5. 

1. 
1. 
20. 
1, . os 

2. 
.0001 

SO 
. ,001 

20. . 
m o o 1  

5, 
.001 

e 1  
0 .  
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.OOS 
5000. 
2. 
0. 
1. 
500000. 
20 
00 
001 
25000. 
I* 
0. 
1. 
25000 . 
1, 
0. 
1. 
250000. 
2. 
3. . 02 
9000000. 
1. 
1 0. 
002 
0. 
20. 
0 ,  . 00s 
0. 
20. 
0. 
1. 
0. 
20. 
0 ,  . 01 
0. 
4, 
0. 
1. 
0. 
4. 
0. 
1. 
0. 
0,  
5. . 02 
1000009. 
20. 
206. . 01 
0. 
1, 

50. 
10. 
0 .  

230. 
500. 
1. 
212. 
IO. 
.o5 
0. 

1.5 
15.5 
0. 

1. 5 
50 . 
2. 

5. 
89. 
1. 
2 1s. 
1s. 
9201 
0. 
215. 
50. 
19. 
0. 

2so. 
603. 
0. 
212. 
10 

.35 
0. 
3319.6 
1.5 
15.5 

1 .s 
50 

1. 
11. 

5. 
2500. 

0.  
2 15. 
100 b 
1330. 
1. 

211. 

31 3. 6 

336.8 

11, 

311. 

0. 
E 159.8 

0. 
0 .  
1. 

0. 
001 
1. 

0. 
0. 
1. 

00 
0. 

0. 
a 0 1  
14. 

0. 
-007 
1. 

1. 
0. 
7.3 
1. 

0. 
0 .  
1. 

0. 
001 
1. 

0. 
1. 

C. 
0. 

0. 
00)  
10. 

0. 
1.75 
1. 

0. 
0152 
1, 

0 .  

25 

0. 

10. 
0. 

001 

.E 

0. 

. 1s 
0.  

0. 

14 
c. 

001 

025 

2.  . 04 
0. 

0 .  

05 

6. . os 
0. 

3. 
10. 
0. 

20. 
25. 
0 .  

20. 
22 . 
5. 

2 .  
2s. 
1. 

70. . 09 
0. 

0. 
60. 
06 

. 02 

50. 

05 

003 

. 02 

01 

.os 

.os 

0 02 

. os 
20. 

00-3 

25 
0. 

1Q. 
10. 

20 . 
25. 
4. 

0 .  
02 

0 1  
20. 

.os 
2 5. 
2. 

20. 
360. 
20. 

8003 
a. 

o s  
0. 

. aooos 
0. 

-025 
0. 

I. 
.0001 

02 
.ooos 

01 
0. 

-003 
0. 

05 
0. 

o00035 
0. 

025 
0. 

1. . 0001 
b 5  

.QQOQ2 

2. 
I 002 

i17 2 



10. . 01 
0, 
2. 
0 .  
-005 
0. 
2, 
O m  
10 
0 ,  
1. 
10 . 
-02 
0. 
2. 
0 .  . cos 
0 .  
2. 
0. 
1. 
0. 
1. 
10. . 02 
2c00000 . 
2. 
200 . 
001 
0. 
2. 
0 ,  . 00s 
0. 
2. 
0. 
1. 
0. 
1. 
10. . 02 
0. 
0 .  
0 .  
,005 
0. 
0 .  
0. 
1. 
0. 
0. 
0. 
.o 1 
100000. 

2110. 
15. 
Q 30. 
1. 
2 1s. 
50. 
'0. 

0. 
35. 

250. 
93. 
I .  
215. 

'15, 
2700 
1. 
2 15. 
50. 
10. 
0: 

33. 
250 
6 2. 
1. 
?15. 
1s. 

2 sco. 
2. 

2 15, 
100. 
200. 
1. 
2 15, 

50. 
1G. 
0. 

33. 
250. 
62. 
1, 
215. 
1s. 
410. 
1. 
21s. 
5 0. 
I C .  
0. 
34. 
250. 

5co. 
1. 
212. 
10. 
12000. 

t e  
0 .  

L 6 
1. 

0. 
1- 

OS 
00 

0.  
0 .  
e 908 

1. 
l e  

0. 
06 
10 

0. 
Ce  
1. 

0 .  
0. 
.OOJ 
I. 

1. 
0. 
le75 
1. 

.5 

25 
0. 

1. 
.5 

0. 
0. 
1. 
0. 

0. 
moo1 

1. 
0. 
1.6 
1. 

0. 
0. 
1. 

0. 
s o 1  
I. 

0 .  
0 .  

'e . 

05 

0 .  

25 

05 
2. 

as 
10- 
1. 

6. . 04 
0. 

0 .  
24e 
S. 

2. 
5. 
1, 

6 .  . 04 
0. 

002 

e 0 5  

. 02 
0. 

1 O m  
5. 

3. 
25. 
2. 

2 0. 
5. 
1, 

.os 

05 

. 05 
6 .  . 09 
0 .  

0. 
19. 
5. 

3. 
10. 
1. 

6. . 09 
0.  

0 .  

0 2  

. 02 

. os 

. 02 

50. 

.os 
6. 
300. 

-05 
00 

.2 
.000s 

.OS 
00 - 
0 003 
0. 

.os 

-1  
IO005 

.5 
00003 

.os 
O m  

003 
0. 

0 1  
.0005 

. 05 
Om . 04 

,003 
0. 

- 5  
00 
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CCMVERSPTIOIAL liOOYfTC1 SYSTIS 

2. 
0. . 01 
2s0000. 
2. 
10 . 
*os 
0. 
2. 
0. 
1. 
0. 
0. 
0. 
1. 
0. 

I. . 02 
0. 
1. 
10. 
-0 1 
0. 
2. 
0 .  . oas 
0. 
2. 
0. 
1. 
0. 
1. 
10. . 02 
750000. 
1, 
25. 
05 

1000. 
1. 
0. 
1. 
1000. 
2. 
0. 
1. 
500. 
1. 
o m  
0 .  
80000. 
1. 
15. 

e. 

.oo 

0. 
3353. . 

20. 
2500. 

15. 
10 . 
336.8 

1. 

. as 
O b  

1.5 
15.5 
0. 

50. 
2. 
11. 
5. 

190. 
1. 
2110. 
15. 

220. 
1. 

21 5. 
50 . 

10 . 
0. 

3 3. 
250. 

6 2. 
1. 

21 5. 
15. 
3250. 
1. 

21 10. 
25. 

100. 
0. 

3 2. 
1000. 

10. 
0. 

3 005 
20. 

20 . 
0. 

0 0.' 
0 .  
140. 

1. 
21 8. 
3s. 

310.e 
1.5 

1. 

1. 
2. 

0. 
0. 
1. 

0. 

o m  

1. 
005 

0. 

0, 
16. 
0. 

0. 

e o 1  
0. 

-006 
1. 

1. 
o m  

01 
l e .  

0.2 
1. 

0. 
.S 

0. 
1. 
0. 

0. 
0341 
1. 

1, 
0. 

2.5 
1. 

C. 

1. 

1. 

0 .  

0 .  
0. 

0. 

1. 

0 .  

0.  
0.  

1. 
0. 
0. 
0.5 

e 2 5  
0 .  

1. 

0. 
01 

2. 
2SQo 
5. 

2. 
a 05 
0. 

3. 
1 a. 

20. 
2s. 

@ e  

3 0. 

9- 

-25 

e 0 3  

0. 
002 

a 1  
20. 

10 . 
.os 

1. 
sa . os 

0. 

6. 

. 02 

1Q. 
I. 

. OU 

0. 

005 
3. 
20 . 
5. 

2. 
. I  
0.  

03 
2. 

.os 

.S 
0. 

005 

1. 

0. 

003 
2. 

0. 

01 
0. 

10. . 01 

0. 

3. 
.001 

.00005 
0. 

-029 
F .. 

l e  
.0001 

-.2 . 0001 

-05 
0. 

-003 
0 .  

.1 . 000 5 

-22 . 001 

005 
0. 

-003 
0. 

e 0 1  
0. 

-1 
.00001 
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IILB: VARIATB DATA A 

4COOOO. 
1. 
15. 
0 1  
20000. 
1. 
0. 
0. 
20000. 
2. 
0. 
02 
5000 . 
4, 
0. 

06 
3COOOOo 
1. 
1s. . OU 
0. 
4. 
0. 
1. 
0 .  
3 00 
0.  

005 
0. 
30. 
0. 
1. 
0. 

0 .  . 01 
100000 . 
1. 
15. 
e o  1 
25000* 
1. 
0. . 001 
5000. 
60 
0.  
.01 
0.  
6 .  
0 .  :. 0 
0 .  
6. 
0 .  

300 

500 
1. 

2 1  I. 
130. 

120. 
1. 

3 70.2 
0. 

500. 
2 .  

22 -7 
5000. 
50 

21 e 2  
75. 

2. 

t50. 

21 1. 
135. 

10. 
0. 

3 .os 
20 . 

-1. 

870 
4. 
2 15. 
50. 
10. 
0. 

250. 
6 C O o  
4. 
2 12. 
10. 
500. 
1. 
215. 
20. 
1co. 
0. 

20. 
2s. 
1. 

IO. 
0 35 
0 .  

1.5 
150s 
0 .  

311. 

27 1. 

11. 

33 19.6 

f159.8 

1.8 
1. 

0. 
0. 

. 25 

le 
Oe 

e 1  
0. 

1. 

0. 
1. 

.. 1 
9s 

e75 
0. 
1. 

1. 

0 .  

2. f 
0. 

1, 
0.  
0. 

7.0 
P. 

0. 
0. 
1. 

0. 
.or 
1. 

0. 
1. 
1. 

0. 
0. 
1. 

0. . 75 
o O U O 5  
1. 

0. 
G .  
00 
1. 

00 
.o 
1s . 

0s 

0. 

0 IS 

. 25 

0 .  

0. 

20. 
001 
-03  

2. 
15. 
0. 

03 

0 1  

03 
4. 

0. 

Q e  

08 
0. 

10. 

03 
00. 

00 1 

2. 

0. 

-03 

05 

0 .  

.os 

.os 
25. 
1. 

70.  
004 
0. 

0 .  
6 0. 
* 3  

50 
50 . 
10. 

2.  
5 *  
15. 

2. 
5.  
5 ,  

5 .  . 2s 
0.  

14. 
10. 
0. 

002 

. 05 

. os 

003 

. 0 3  

03 

.a2 

0 1  . OQOO 1 

. 05 
Oe 

.005 
0. 

-007 
0. 

e 025 
e00000 

003 
0 e  

.I 
0. 

003 
0. 

0.5 
0.  

1. . 0005 

. o i z  
0. 

.S 
0- 

0003s 
0.  

0025 
0. 
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1.0 
0. 
6. 
S. . 02 
1000000 . 
l e  
10. 
0. 
0. 
1. 
100 . 02s 
0. 
10 
t 0. 
0 os 
0. 
1. 
10. 

0033 
0. 
20 . 
0. . 005 
0. 
20 a 

0 .  
1. 
0 .  
20. . 
0. 
. O t  
0. 
1. 
15. 
a 01 
0. 
1.0 
0. 
.PO1 
0. 
4. 
0. 
0 01 
0 .  
0.  
O b  

1. 
0. 
Q. 
* O  
1. 0 
0. 
0. 

.CATA 

1.5 
50. 
1. 

5.  

1 m  
00 . 

0 .  
7000. 
1. 
11. 

?Q. 
1500, 
1. 
12. 

15. 
1S77. 
1. 
ttts. 
IS. 
870. 
9. 
2 15. 
50. 
10. 
0 .  

250. 
600. 
I ( .  
2 12m 
10. 
500. 
1 .  
2158 
20. 

0 .  

20. 
25. 
1. 

10. 
35 

0 .  

1.5 
15.5 
0. 

1.5 
50. 
1 .  

11. 

2 0 0 0 0 ~  

31 1. 

loo8 
3u7. 

11. 

33 19.6 

3 159.6 

A 

.O 
-01 
14. 

0. 
0. 
1. 

0. 
15. 
3. 

001 

0. 

OS 

5. 
1. 

0 .  
e219 
1. 

2. 
om 
7.0 
1. 

0. 
0. 
1. 

0.  
- 0 1  
9. 

0. 
1. 
l a  

om 
0 .  
1. 

0 .  . 75 . 0005 
1. 

0. 
0 .  
0. 
1. 

0. 
.O 
14. 

- 0  
001 
14. 

. 2s 

.S 

00 

25 

.I 2s 

0 .  

0. 

20. 
2s. 
0 .  

a 1  
20. 
3 oca. 
5. 

0. 
1. 
700. 
5. 

2. 
1. 
100. 
2. 

1. 
6, 
531. 
30 

I*  
7 5 .  
1. 

7 0 -  
09 

0 .  

om 
60. 
. 3  

50. 
50. 
10. 

2. 
5. 
19. 

20 
5. 
9. 

5. . 25 
0. 

10. 
10. 
00 

2 0 .  
2 50 
4. 

05 

05 

. 02 

. 05 

.as 

03 

0. 

03 

02 

1. 
.a001 

2. 
.001 

Q. 
O O O O l  

00 0 

moo1 

L 
,003 

-1 
Q. 

. 003 
0.  

OS 
0. 

1. 
m0005 

eaos 
0. 

.S 
0. 

-00035 
O b  

025 
-0 

1. . 000 1 
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?XU: VARIATB -DATA A COlltH..~ATIOUAL 110UIfOR SYSTXU 

5. 

00 
1. 
10. 

.o. 
0. 
1. 
10. 
0035 
0. 
1. 
10 . . 05 
0. 
1. 
10. 
0005 
100000. 
1. 
15. 
01 
0. 
32. 
0. 
s 06 
950000. 
2. 
15. 
.1 
450000. 
1. 
is .  
.1 
CCOOOO. 
3. 
0. 
0. 
0. 
10. 
0. ' 

02 
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