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CONCENTRATION OF OFF-AXIS RADIATION B Y  SOLAR CONCENTRATORS FOR SPACE POWER 

w 
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N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  

Lewis  Research  C e n t e r  
C l e v e l a n d ,  O h i o  44135 

ABSTRACT 

O f f - a x i s  r a d i a t i o n  i s  s u n l i g h t  o r ,  i n  g e n e r a l ,  
any  r a d i a t i o n  from a n y  d i r e c t i o n  n o t  p a r a l l e l  to  t h e  
a x i s  o f  t h e  s o l a r  c o n c e n t r a t o r .  I t  v i 1 1  be  r e f l e c -  
t e d  t o  r e g i o n s  o t h e r  t h a n  t h e  focus  of t h e  p a r a b o l i c  
c o n c e n t r a t o r  and p o s s i b l y  c o n c e n t r a t e d  t h e r e .  Four  
t y p e s  of o f f - a x i s  r a d i a t i o n  a r e  d i s c u s s e d .  These 
a r e  ( 1 )  s m a l l  o f f - a x i s  a n g l e s  d u r i n g  w a l k - o f f ,  ( 2 )  
l a r g e  o f f - a x i s  a n g l e s ,  ( 3 )  an e x t e n d e d  o f f - a x i s  
s o u r c e  such as E a r t h  a l b e d o ,  and ( 4 )  m i s c e l l a n e o u s  
o f f - a x i s  s o u r c e s  i n c l u d i n g  r a d i o  f r e q u e n c y  s o u r c e s  
and l o c a l  p o i n t  s o u r c e s .  A p r e v i o u s  a n a l y t i c a l  
s t u d y  u s e d  a computer  code named P I X E L  t o  p r e d i c t  
c o n c e n t r a t i o n  o f  o f f - a x i s  r a d i a t i o n  and a p r e v i o u s  
e x p e r i m e n t a l  s t u d y  used an  1 1  m d i a m e t e r  m u l t i -  
f a c e t e d  d i s h  c o n c e n t r a t o r  t o  v a l i d a t e  t h e  PIXEL 
a n a l y s i s .  The PIXEL code was l i m i t e d  i n  t h a t  i t  
r e p r e s e n t e d  c o n c e n t r a t i o n  b y  an i d e a l  p a r a b o l i c  
r e f l e c t o r  of l i g h t  from a p o i n t  s o u r c e .  A n o t h e r  
code named OFFSET has  been d e v e l o p e d  t o  r e p r e s e n t  
t h e  s o l a r  c o n c e n t r a t o r  b e i n g  d e v e l o p e d  f o r  Space 
S t a t i o n  Freedom. 
model w h i c h  r e p r e s e n t s  50 r a y  o r i g i n a t i n g  p o i n t s  
o n  t h e  Sun and r e f l e c t i o n s  from 10 p o i n t s  o n  each 
of t h e  456 c o n c e n t r a t o r  f a c e t s .  R e s u l t s  o f  t h i s  
code a r e  g e n e r a l l y  s i m i l a r  to t h e  PIXEL r e s u l t s  
a l t h o u g h  t h e r e  a r e  s m a l l  d i f f e r e n c e s  due t o  t h e  
more d e t a i l e d  r e p r e s e n t a t i o n s  of t h e  Sun and con- 
c e n t r a t o r  t h a t  were u s e d  i n  t h e  OFFSET code.  

I t  i s  a d e t a i l e d ,  r a y  t r a c i n g  

INTRODUCTION 

A s o l a r  dynamic power s y s t e m  i s  b a s e l i n e d  t o  
p r o v i d e  i n c r e a s e d  e l e c t r i c a l  power g e n e r a t i n g  capa- 
b i l i t y  f o r  Space S t a t i o n  Freedom. 
s y s t e m  uses  a p a r a b o l i c  r e f l e c t i v e  c o n c e n t r a t o r  t o  
c o l l e c t  s o l a r  e n e r g y .  
a h e a t  e n g i n e ,  w h i c h  t u r n s  a ro to r  i n  an  a l t e r n a t o r  
t o  p r o d u c e  e l e c t r i c a l  p o w e r .  

The c u r r e n t  space s t a t i o n  b a s e l i n e  uses  an  
o f f s e t  c o n c e n t r a t o r  c o n f i g u r a t i o n  w h i c h  i s  one i n  
w h i c h  t h e  p a r a b o l i c  v e r t e x ,  i n s t e a d  o f  b e i n g  l o c a -  
t e d  a t  t h e  c e n t e r  of t h e  c o n c e n t r a t o r ,  i s  o f f s e t  
t o  a p o i n t  n e a r  t h e  o u t e r  edge o f  t h e  c o l l e c t o r .  
To s u c c e s s f u l l y  d e v e l o p  t h e  power sys tem,  i t  i s  
n e c e s s a r y  t o  u n d e r s t a n d  t h e  r e f l e c t o r  f l u x  d i s t r i -  
b u t i o n  a t  v a r i o u s  l o c a t i o n s ,  i n c l u d i n g  t h o s e  due 
t o  o f f - a x i s  i n c i d e n t  r a d i a t i o n .  

e g o r y  t o  i n c l u d e  a n y  e n e r g y  r e f l e c t e d  b y  t h e  con- 
c e n t r a t o r  t h a t  d o e s n ' t  e n t e r  t h e  r e c e i v e r  a p e r t u r e  
w h i c h  i s  a t  t h e  p a r a b o l i c  f o c a l  p o i n t .  F o u r  t y p e s  
o f  o f f - a x i s  r a d i a t i o n  a r e  d i s c u s s e d  i n  t h i s  p a p e r :  

The s o l a r  dynamic 

T h i s  s o l a r  e n e r g y  i s  i n p u t  t o  

O f f - a x i s  r a d i a t i o n  i s  i n t e n d e d  as a b r o a d  c a t -  

( 1 )  S o l a r  w a l k - o f f  i n  t h e  immedia te  v i c i n i t y  
of t h e  f c c a l  p o i n t  caused b y  s toppage o f  t h e  con- 
c e n t r a t o r  p o i n t i n g  g i m b a l s .  T h i s  was a s i g n i f i c a n t  
p r o b l e m  i n  t h e  t e r r e s t r i a l  e n e r g y  program.  Methods 
of d e a l i n g  w i t h  w a l k - o f f  for  t e r r e s t r i a l  c o n c e n t r a -  
tors a r e  d i s c u s s e d  b y  L .D .  J a f f e  e t  a i .  [ l ] .  

( 2 )  C o n c e n t r a t i o n s  o f  p a r a l l e l  l i g h t  r a y s  t h a t  
d e v i a t e  s i g n i f i c a n t l y  (10" t o  90") from t h e  d e s i r e d  
o n - a x i s  d i r e c t i o n .  The b o u n d a r y  w i t h i n  w h i c h  con- 
c e n t r a t i o n  r a t i o s  g r e a t e r  t h a n  one can o c c u r  needs 
t o  be d e t e r m i n e d  for  t h e  s o l a r  c o n c e n t r a t o r .  For 
r e f l e c t i o n s  from t h e  space s h u t t l e  r a d i a t o r  t h i s  
b o u n d a r y  was d e t e r m i n e d  u s i n g  a s c a l e  model e x p e r i -  
ment .  R e s u l t s  from t h i s  e x p e r i m e n t  and s u p p o r t i n g  .. 
a n a l y s i s  a r e  d i s c u s s e d  b y  H a r o l d  R .  Howel l  and 
J .  G a r y  R a n k i n  [ 2 1 .  P o s s i b l e  c o n c e n t r a t i o n  r a t i o s  
w i t h i n  t h i s  b o u n d a r y  a l s o  need t o  be d e t e r m i n e d .  
An a n a l y t i c a l  code named PIXEL was d e v e l o p e d  f o r  
t h i s  p u r p o s e .  R e s u l t s  o f  t h e  PIXEL code were v a l i -  
d a t e d  b y  c o m p a r i s o n  t o  e x p e r i m e n t a l  r e s u l t s  u s i n g  
a n  1 1  m d i a m e t e r ,  m u l t i f a c e t e d  d i s h  c o n c e n t r a t o r .  
These e x p e r i m e n t a l  and a n a l y t i c a l  r e s u l t s  were 
r e p o r t e d  b y  S .  Ho l l y  e t  a l .  [31. 

such as r e f l e c t i o n s  t o  a s o l a r  c o n c e n t r a t o r  i n  low 
E a r t h  o r b i t  f r o m  t h e  E a r t h  and t h e  ocean.  

( 4 )  P o s s i b l e  c o n c e n t r a t i o n  o f  o t h e r  s o u r c e s  of 
r a d i a t i o n .  T h i s  c a t e g o r y  i n c l u d e s  p o i n t  s o u r c e s  o f  
l i g h t  n e a r  t h e  c o n c e n t r a t o r  and r a d i o  f r e q u e n c y  
s o u r c e s  e i t h e r  on Freedom or d i r e c t e d  from E a r t h  
t o w a r d s  Freedom. 

(3) C o n c e n t r a t i o n  o f  a n  e x t e n d e d  l i g h t  s o u r c e ,  

A f e a t , u r e  o f  p a r a b o l i c  r e f l e c t o r s  i s  t h a t  o f f -  
a x i s  r a d i a t i o n  w i l l  be r e f l e c t e d  t o  r e g i o n s  o t h e r  
t h a n  t h e  f o c u s  of t h e  p a r a b o l a .  O f f - a x i s  s o l a r  
r a d i a t i o n  can r e s u l t  i f  t h e  c o n c e n t r a t o r  i s  m i s -  
o r i e n t e d .  O f f - a x i s  r a d i a t i o n  can a l s o  r e s u l t  from 
o t h e r  e n e r g y  s o u r c e s  w h i c h  i r r a d i a t e  t h e  s o l a r  
c o n c e n t r a t o r .  

SOLAR WALK-OFF 

The p r i m a r y  o f f - a x i s  c o n c e r n  i n  t h e  t e r r e s -  
t r i a l  e n e r g y  p r o g r a m  was damage t o  s t r u c t u r e  and 
e q u i p m e n t  i n  t h e  v i c i n i t y  o f  t h e  f o c a l  p o i n t  d u r i n g  
w a l k - o f f .  W a l k - o f f  caused b y  l o s s  o f  power t o  t h e  
c o n c e n t r a t o r  g i m b a l s  s h o u l d  be  d i s t i n g u i s h e d  from 
normal  a c q u i s i t i o n  and d e a c q u i s i t i o n  d u r i n g  w h i c h  
t h e  s p o t  moves a c r o s s  t h e  a p e r t u r e  p l a t e  a t  30" t o  
120"  p e r  m i n u t e .  For w a l k - o f f  due t o  g i m b a l  f a i l -  
u r e ,  t h e  a p p a r e n t  motion o f  t h e  Sun i s  a k e y  param- 
e t e r  i n  t h e  r a t e  t h e  c o n c e n t r a t e d  f l u x  moves a c r o s s  
t h e  a p e r t u r e  p l a t e .  I n  a t e r r e s t r i a l  sys tem,  t h e  



Sun appears  t o  move a c r c s s  t h e  s k y  a t  t h e  r a t e  o f  
t h e  E a r t h ' s  d a i l y  r o t a t i o n ,  360" p e r  2 4  h r ,  or  I "  
e v e r y  4 m i n .  The c o n c e n t r a t e d  beam w a l k s  a c r o s s  
t h e  f r o n t  o f  t h e  r e c e i v e r  a t  t h i s  same r a t e .  The 
d u r a t i o n  o f  d i r e c t  e x p o s u r e .  for  components n e a r  
t h e  f o c a l  p l a n e ,  i s  t y p i c a l l y  5 t o  15 m i n .  I f  n o  
c o o l i n g  i s  p r o v i d e d  l o c a l  t e m p e r a t u r e  may r i s e  t o  
r a d i a t i v e  e q u i l i b r i u m .  T h i s  may be as h i g h  as 
4000 " C  (7000 O F )  f o r  h i g h l y  c o n c e n t r a t i n g  t e r r e s -  
t r i a l  sys tems.  Methods o f  d e a l i n g  w i t h  w a l k - o f f  
f o r  t e r r e s t r i a l  systems a r e  d i s c u s s e d  b y  J a f f e  [ l l .  
A p e r t u r e  p l a t e  t e m p e r a t u r e  s e n s o r s  were recom- 
mended t o  sense a w a l k - o f f  emergency. Three g e n e r i c  
approaches f o r  p r e v e n t i n g  damage from w a l k - o f f  t h a t  
were d i s c u s s e d  a r e :  ( 1 )  r e c e i v e r  d e s i g n  t o  p a s s i v e l y  
w i t h s t a n d  t h e  s o l a r  i n p u t ,  ( 2 )  f o r c e d  c o o l i n g  of t h e  
r e c e i v e r ,  and ( 3 )  emergency systems t o  d e t r a c k  or 
d e f o c u s .  

A s  w i t h  t h e  t e r r e s t r i a l  p rograms,  w a l k - o f f  due 
t o  a p o i n t i n g  mechanism f a i l u r e  i s  a l s o  an  impor -  
t a n t  c o n c e r n  for  t h e  Freedom s o l a r  dynamic  power 
sys tem.  However,  t h e  r a t e  o f  w a l k - o f f  i n  low E a r t h  
o r b i t  i s  c o n s i d e r a b l y  f a s t e r ,  because w i t h  a 96 m i n  
o r b i t  p e r i o d ,  t h e  Sun appears  to  move n e a r l y  4" p e r  
m i n u t e .  Thus t h e  d u r a t i o n  o f  d i r e c t  e x p o s u r e  i s  
t y p i c a l l y  l e s s  t h a n  1 m i n .  S t i l l ,  s p e c i a l  m a t e r i a l s  
a n d / o r  o t h e r  p r e c a u t i o n s  w i l l  be r e q u i r e d  t o  p r o t e c t  
t h e  r e c e i v e r  from w a l k - o f f .  

s o l a r  c o n c e n t r a t o r  i s  b e i n g  used t o  d e t e r m i n e  t h e  
s o l a r  f l u x  i n t e n s i t i e s  d u r i n g  w a l k o f f .  T h i s  code 
i s  a d e t a i l e d  r a y  t r a c i n g  model of t h e  Freedom con-  
c e n t r a t o r ,  w h i c h  r e p r e s e n t s  50 r a y  o r i g i n a t i n g  
p o i n t s  o n  t h e  Sun and r e f l e c t i o n s  from 10 p o i n t s  o n  
each o f  t h e  456 c o n c e n t r a t o r  f a c e t s .  T h i s  code was 
d e s c r i b e d  and o n - a x i s  r e s u l t s  were p r e s e n t e d  a t  t h e  
2 3 r d  IECEC [ 4 1 .  R e s u l t s  from OFFSET a r e  shown i n  

The OFFSET computer  code model of t h e  Freedom 

SOLAR INTENSITY 
1s 0.137 W/CM2 

PO I N T I  NG 
ERROR. 

FIGURE 1.  - APERTURE PLATE FLUX INTENSITIES DURING WALK-OFF. 

F i g .  1 fo r  r a l k - o f f  p o s i t i o n s  o f  c ) " ,  2 " .  J', And 6 ' .  
T h i s  c o r r e s o o n d s  to t h e  f i r s t  90 sec o f  rai ic-, f f .  
N o t e  t h a t  t h e  beam g e t s  l a r g e r  and l e s s  i n t e n s e  as 
i t  moves away from t h e  f o c a l  p o i n t .  The a p e r t u r e  i s  
shown o f f s e t  from t h e  c e n t e r  o f  t h e  r e c e h e r  a o e r -  
t u r e  p l a t e  i n  t h i s  f i g u r e ,  because an of f ;et  a p e r -  
t u r e  i s  b e i n g  c o n s i d e r e d  t o  improve r e c e i v e r  f l u x  
d i s t r i b u t i o n .  There  a r e  two g i m b a l s  i n  t h e  Freedom 
c o n c e n t r a t o r  p o i n t i n g  sys tem.  The a l p h a  g i m b a l  
r o t a t e s  once e v e r y  96  m i n  o r b i t  and t h e  b e t a  g i m b a l  
moves much more s l o w l y  t o  a d j u s t  for- seasona l  v a r i -  
a t i o n s  i n  t h e  a n g l e  between t h e  o r b i t  p l a n e  and t h e  
p l a n e  o f  t h e  e c l i p t i c .  I f  o n l y  one g imba l  f a i l e d ,  
t h e  o t h e r  g i m b a l  w o u l d  be used t o  r a o i d l y  b r i n g  t h e  
c o n c e n t r a t o r  o f f  Sun. The w a l k - o f f  shown i n  F i g .  1 
w o u l d  r e s u l t  f r o m  f a i l u r e  o f  b o t h  t h e  a l p h a  and 
b e t a  g i m b a l s .  The p a t h  wou ld  be up  or down from 
t h e  a p e r t u r e  i n  F i g .  1 depend ing  on  whether  t h e  
s o l a r  dynamic  power s y s t e m  i s  above or b e l o w  t h e  
t r a n s v e r s e  boom o f  Freedom. Computed f l u x  i n t e n s i -  
t i e s  d u r i n g  w a l k - o f f  w i l l  be used i n  t h e  d e s i g n  o f  
t h e  r e c e i v e r  a p e r t u r e  p l a t e  t o  w i t h s t a n d  t h e  w a l k -  
o f f  t r a n s i e n t .  

CONCENTRATION OF PARALLEL LIGHT AT LARGE 
OFF-AXIS ANGLES 

I n  t h e  t e r r e s t r i a l  p r o g r a m  i t  was o f t e n  
assumed t h a t  l i g h t  c o n v e r g e s  from t h e  c o n c e n t r a t o r  
t o  t h e  f o c a l  p o i n t  and t h a t  a t  a d i s t a n c e  o f  two 
f o c a l  l e n g t h s  from t h e  v e r t e x  o f  t h e  p a r a b o l i c  con-  
c e n t r a t o r ,  t h e  c o n c e n t r a t i o n  r a t i o  w i l l  be l e s s  
t h a n  o n e .  T h i s  c o n c e n t r a t i o n  r a t i o  b o u n d a r y  was 
c o n s i d e r e d  t o  be  e i t h e r  a two f o c a l  l e n g t h  r a d i u s  
sphere  c e n t e r e d  a t  t h e  v e r t e x  or a p l a n e  p e r p e n d i c -  
u l a r  t o  t h e  p a r a b o l i c  a x i s  two f o c a l  l e n g r h s  from 
t h e  v e r t e x .  These b o u n d a r i e s  a r e  r e a l i s t i c  fo r  
s m a l l  o f f - a x i s  a n g l e s .  b u t  a t  l a r g e  o f f - a x i s  a n g l e s  
t h e r e  can be s i g n i f i c a n t  c o n c e n t r a t i o n s  even o n  t h e  
two f o c a l  l e n g t h  p l a n e .  

done t o  b e t t e r  u n d e r s t a n d  c o n c e n t r a t i o n  of p a r a l l e l  
l i g h t  a t  l a r g e  o f f - a x i s  a n g l e s .  These i n c l u d e :  
( 1 )  a computer  code a n a l y s i s  u s i n g  t h e  P!XEL code 
t h a t  was l a t e r  v a l i d a t e d  b y  e y p e r i m e n t a l  t e s t i n g ,  
( 2 )  t e s t i n g  and a n a l y s i s  f o r  t h e  space s h u t t l e  
r e f l e c t i v e  r a d i a t o r ,  and ( 3 )  o p t i c a l  a n a l y s i s  o f  
c o n c e n t r a t i o n  b y  i n d i v i d u a l  f a c e t s .  

A d d i t i o n a l  a n a l y s e s  and e x p e r i m e n t s  have been 

PIXEL R e s u l t s  On Two F o c a l  L e n g t h  P l a n e  

A computer  code named P I X E L  was d e v e l o p e d  t o  
e v a l u a t e  p o s s i b l e / c o n c e n t r a t i o n  r a t i o s  o n  v a r i o u s  
p l a n e s  p e r p e n d i c u l a r  t o  t h e  p a r a b o l i c  a x i s  for  v a r -  
i o u s  o f f - a x i s  a n g l e s .  T h i s  code assumed a p o i n t  
l i g h t  s o u r c e  and an  i d e a l  p a r a b o l i c  c o n c e n t r a t o r  
t h a t  was e i t h e r  a s y m m e t r i c  p a r a b o l a  or an o f f s e t  
p a r a b o l a .  R e s u l t s  from t h e  PIXEL code f o r  t h e  
p l a n e  2 = 2 f o c a l  l e n g t h s  a r e  shown i n  F i g .  2 .  
C o n c e n t r a t i o n  r a t i o  i n c r e a s e s  t o  maximums o f  4 . 5  
fo r  s y m m e t r i c  c o n c e n t r a t o r s  and 103 f o r  o f f s e t  con-  
c e n t r a t o r s  a t  an  o f f - a x i s  a n g l e  o f  6 5 " .  The r e l a -  
t i v e  p o s i t i o n s  and o r i e n t a t i o n s  o f  t h e  c o n c e n t r a t o r ,  
t h e  p l a n e  Z = 2 ,  t h e  i n c o m i n g  l i g h t  r a y s  and t h e  
h i g h  f l u x  p o i n t  a r e  shown i n  F i g .  3 ( a )  f o r  t h e  sym- 
m e t r i c  p a r a b o l a  and F i g .  3 ( b )  f o r  t h e  o f f s e t  p a r a b -  
o l a .  N o t e  t h a t  t h e  h i g h  f l u x  p o i n t  i s  s i g n i f i c a n t l y  
c l o s e r  t o  t h e  c o n c e n t r a t o r  on F i g .  3 ( b )  t h a n  t h e  
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c o r r e s p o n d i n g  p o i n t  i s  i n  F i g .  3 ( a ) .  These h i g h  
f l u x  v a l u e s  show t h a t  t h e  p l a n e  2 = 2 i s  n o t  a 
r e a l i s t i c  e s t i m a t e  o f  t h e  boundary  where c o n c e n t r a -  
t i o n  r a t i o  i s  l e s s  t h a n  one .  T h i s  i s  e s p e c i a l l y  
t r u e  f o r  o f f s e t  c o n c e n t r a t o r s .  

An e x p e r i m e n t  was c o n d u c t e d  u s i n g  t h e  Vanguard 
c o n c e n t r a t o r  from t h e  t e r r e s t r i a l  ene rgy  p rog ram to  
v a l i d a t e  t h e  PIXEL code.  T h i s  c o n c e n t r a t o r  i s  1 1  m 
i n  d i a m e t e r  and has 336 s p h e r i c a l l y  c o n t o u r e d ,  r e c -  
t a n g u l a r ,  r e f l e c t i v e  f a c e t s .  I n t e n s i t i e s  were meas- 
u r e d  on  a p l a n e  p e r p e n d i c u l a r  t o  t h e  p a r a b o l i c  a x i s  
and 1 . 5  f o c a l  l e n g t h s  above t h e  v e r t e x .  These 
i n t e n s i t i e s  were n o r m a l i z e d  to t h e  i n t e n s i t y  o f  t h e  
i n c i d e n t  l i g h t .  The s o u r c e ,  a h i g h  i n t e n s i t y  l a n d -  
i n g  l i g h t  a t  a d i s t a n c e  o f  426 m (1400  f t ) ,  a p p r o x i -  
mated a p o i n t  s o u r c e .  The c o n c e n t r a t o r  was a l i g n e d  
to  an a p p r o x i m a t e l y  39" o f f - a x i s  a n g l e .  
code p r e d i c t e d  t h e  l o c a t i o n  and magn i tude  ( a  concen- 
t r a t i o n  r a t i o  of 15) o f  t h e  h i g h e s t  i n t e n s i t y  r e g i o n  
q u i t e  a c c u r a t e l y .  However,  t h e r e  were l o c a l  v a r i a -  
t i o n s  i n  i n t e n s i t y  shown i n  F i g .  4 wh ich  appeared  t o  
be due t o  t h e  i n d i v i d u a l  c o n c e n t r a t o r  f a c e t s .  Max i -  
mum i n t e n s i t y  was measured to be a c o n c e n t r a t i o n  
r a t i o  of a p p r o x i m a t e l y  100,  whereas a d j a c e n t  a r e a s  
i n  some cases only a c o u p l e  o f  i n c h e s  away, had con- 
c e n t r a t i o n  r a t i o s  of 1 or 2 .  The e x p e r i m e n t a l  com- 
p a r i s o n  t o  t h e  PIXEL a n a l y s i s  i s  d e s c r i b e d  i n  d e t a i l  
b y  S .  H o l l y  e t  a l .  [ 3 1 .  

The PIXEL 

FIGURE 4.  - TYPICAL LIGHT PATTERN SHOWING INTENSITY DISTRIBUTION 
WE TO A 39 E G  ANGLE OF INCIDENCE OF INCOPlING ILLUINATIOW.  

Safe Region Fo r  Space S h u t t l e  R a d i a t o r  

s o l a r  co l1ec to r ; i t s  h i g h l y  r e f l e c t i v e  p a n e l s  
caused t h e  same concerns  f o r  t h e  space s h u t t l e  p r o -  
g ram t h a t  t h e  s o l a r  dynamic c o n c e n t r a t o r  causes 
f o r  t h e  Freedom program. 
t h e  r a d i a t o r  p a n e l s  on  b o t h  s i d e s  o f  and a l o n g  t h e  
e n t i r e  l e n g t h  of t h e  p a y l o a d  bay.  
r a d i a t o r  conce rns  were answered b y  a c o m b i n a t i o n  of 
a n a l y s i s  and e x p e r i m e n t .  T e s t i n g  of a s c a l e  model 
of t h e  space s h u t t l e  r a d i a t o r  i s  d e s c r i b e d  i n  
d e t a i l  by H a r o l d  R. Howe l l  and J. Gary  R a n k i n  C21. 

A l t h o u g h  t h e  space s h u t t l e  r a d i a t o r  i s  n o t  a 

The s h u t t l e  o r b i t e r  has 

The s h u t t l e  

3 



The concave shape o f  t h e  p a n e l s  and t h e i r  s p e c u l a r  
s i l v e r l T e f l o n  c o a t i n g  causes f o c u s i n g  o f  t h e  r e f l e c -  
t e d  s o l a r  e n e r g y  w h i c h  c o u l d  have a d v e r s e  h e a t i n g  
e f f e c t s  on equ ipmen t  or a s t r o n a u t  EVA. A l i m i t i n g  
a c c e p t a b l e  s o l a r  e n v i r o n m e n t  o f  one-sun from each 
o f  two d i f f e r e n t  d i r e c t i o n s  ( d i r e c t  and r e f l e c t e d )  
was o r i g i n a l l y  e s t a b l i s h e d  b y  NASA/JSC for EVA b y  
t h e  a s t r o n a u t s .  L a t e r  i n f o r m a t i o n  i n d i c a t e s  h i g h e r  
s o l a r  e n v i r o n m e n t s  can be t o l e r a t e d .  Ray t r a c e  
a n a l y s i s  p r e d i c t e d  t h e  s i z e  and shape o f  t h e  r e g i o n  
w i t h  c o n c e n t r a t i o n  g r e a t e r  t h a n  one.  
s c a l e  model o f  t h e  r a d i a t o r  p a n e l s  was i l l u m i n a t e d  
b y  a xenon “sun-gun“ / lamp and t h e  i n t e n s i t y  o f  t h e  
r e f l e c t e d  l i g h t  was measured. The t e s t  r e s u l t s  
ag reed  c l o s e l y  w i t h  t h e  r a y  t r a c e  a n a l y s i s .  

A o n e - t e n t h  

C o n c e n t r a t i o n  b y  F a c e t s  

The c o n c e n t r a t o r  e x p e r i m e n t  t o  v a l i d a t e  t h e  
P IXEL  code showed l o c a l  h i g h  i n t e n s i t y  r e g i o n s  due 
t o  i n d i v i d u a l  f a c e t s  ( s e e  F i g .  4 ) .  These f a c e t s  
a r e  s p h e r i c a l l y  c o n t o u r e d  r e f l e c t i v e  s u r f a c e s .  
B a s i c  o p t i c a l  p r i n c i p l e s  f o r  f o c u s z i n g  o f  s p h e r i c a l  
m i r r o r s  a r e  d i s c u s s e d  b y  Max J. R i e d l  [SI. Focus- 
i n g  o f  p a r a l l e l  i n c o m i n g  l i g h t  r a y s  i s  i l l u s t r a t e d  
i n  F i g .  5 .  The i n c o m i n g  beam i s  shown i n  two p e r -  
p e n d i c u l a r  p l a n e s .  Rays i n  t h e  p l a n e  c o n t a i n i n g  
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FIGURE 5 .  - SPHERICAL REFLECTIVE SURFACE REFLECTS PARALLEL 
“OFF-AXIS” RAYS TO CIRCLE OF LEAST CONFUSION AT HALF OF 
SPHERICAL RADIUS. 
(C .R . )  OF ONE AT SPHERICAL RADIUS. 

RAYS SPREAD TO CONCENTRATION RATIO 

i n c o m i n g  r a y s  and t h e  normal  t o  t h e  s p h e r i c a l  m i r r o r  
f o c u s  to a p o i n t  c a l l e d  t h e  s a g i t t a l  f o c u s .  Rays i n  
t h e  p l a n e  p e r p e n d i c u l a r  t o  t h i s  p l a n e  f o c u s  t o  t h e  
t a n g e n t i a l  f o c u s .  The b e s t  f o c u s  ( c a l l e d  t h e  c i r c l e  
o f  l e a s t  c o n f u s i o n )  i s  l o c a t e d  between t h e  s a g i t t a l  
and t a n g e n t i a l  f o c i  a t  a d i s t a n c e  o f  o n e - h a l f  t h e  
s p h e r i c a l  r a d i u s  of c u r v a t u r e  from t h e  s p h e r i c a l  
mirror. The i n t e n s i t y  o f  t h e  r e f l e c t e d  l i g h t  t h e n  
dec reases  t o  a c o n c e n t r a t i o n  r a t i o  o f  one a t  t h e  
r a d i u s  of c u r v a t u r e  from t h e  s p h e r i c a l  mirror.  
T h e r e f o r e  t o  a v o i d  c o n c e n t r a t i o n  r a t i o s  g r e a t e r  t h a n  
one,  i ndependen t  of t h e  d i r e c t i o n  o f  t h e  i n c o m i n g  
r a d i a t i o n ,  a minimum d i s t a n c e  o f  t h e  f a c e t  r a d i u s  o f  
c u r v a t u r e  i s  r e q u i r e d  from e v e r y  f a c e t  o f  t h e  s o l a r  
c o n c e n t r a t o r .  A g r e a t e r  d i s t a n c e  may be r e q u i r e d  i f  
f a c e t  images o v e r l a p .  T o r o i d a l  f a c e t s  wh ich  have 
d i f f e r e n t  r a d i i  o f  c u r v a t u r e  i n  two o r t h o g o n a l  
d i r e c t i o n s  a r e  b e i n g  c o n s i d e r e d  f o r  t h e  Freedom con- 
c e n t r a t o r .  The t o r o i d a l  f a c e t s  b r i n g  t h e  s a g i t t a l  
and t a n g e n t i a l  f o c i  c l o s e r  t o g e t h e r  f o r  t h e  d e s i g n  
a n g l e  o f  i n c i d e n c e .  Four  g roups  of t o r o i d a l  f a c e t s  
w i t h  d i f f e r e n t  r a d i i  o f  c u r v a t u r e ,  shown i n  F i g .  6 
a r e  p l a n n e d  f o r  t h e  space s t a t i o n  c o n c e n t r a t o r .  
W i t h  t o r o i d a l  f a c e t s ,  t h e  d i s t a n c e  t o  reduce  t o  a 
c o n c e n t r a t i o n  r a t i o  o f  one i s  t h e  g e o m e t r i c  mean o f  
t h e  f a c e t ’ s  r a d i i  o f  c u r v a t u r e .  The c u r v e  beyond 
w h i c h  t h e  c o n c e n t r a t i o n  r a t i o  i s  l e s s  t h a n  one for 
t h e  Freedom c o n c e n t r a t o r  i s  i l l u s t r a t e d  i n  F i g .  7 .  

FACET TYPE: I 
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CONCENTRATION OF EARTH AND OCEAN REFLECTIONS 

E a r t h  a l b e d o  and r e f l e c t i o n s  f r o m  t h e  ocean 
can be r e f l e c t e d  and t o  a l i m i t e d  degree  c o n c e n t r a -  
t e d  by s o l a r  c o n c e n t r a t o r s  f o r  space. E a r t h  has an 
average v i s u a l  a l b e d o  o f  0.36. i . e . ,  a b o u t  one- 
t h i r d  o f  t h e  v i s i b l e  l i g h t  i n c i d e n t  on  t h e  E a r t h  i s  
r e f l e c t e d  back i n t o  space. 
s i d e r a b l e  s c a t t e r i n g ,  t h e  s t r o n g e s t  r e f l e c t i o n s  a r e  
i n  t h e  d i r e c t i o n  o f  t h e  p r i n c i p a l  r a y ,  i . e . ,  t h e  
d i r e c t i o n  of s p e c u l a r  r e f l e c t i o n s .  T h i s  e n a b l e s  
some c o n c e n t r a t i o n .  There i s  a l s o  a s i g n i f i c a n t  
amount o f  i n f r a r e d  r a d i a t i o n  f r o m  t h e  E a r t h .  T h i s  
r a d i a t i o n  has no  p r e f e r r e d  d i r e c t i o n  and w i l l  n o t  
be c o n c e n t r a t e d .  

A l t h o u g h  t h e r e  i s  con- 

D u r i n g  normal  o p e r a t i o n ,  t h e  s o l a r  c o n c e n t r a t o r  
i s  o r i e n t e d  w i t h  i t s  a x i s  p o i n t i n g  towards  t h e  Sun. 
As  t h e  space s t a t i o n  o r b i t s  t h e  E a r t h ,  t h e  r e f l e c -  
t i v e  s u r f a c e  o f  t h e  s o l a r  c o n c e n t r a t o r  r e c e i v e s  s i g -  
n i f i c a n t  r e f l e c t i o n s  from t h e  E a r t h  c a l l e d  E a r t h  
a l b e d o  d u r i n g  a p o r t i o n  of each o r b i t .  E a r t h  o r b i t s  
f o r  Freedom a r e  shown i n  F i g .  8. I n  t h i s  f i g u r e ,  
t h e  p o i n t  on t h e  E a r t h  where t h e  Sun is d i r e c t l y  
ove rhead  i s  a t  t h e  t o p .  The o r b i t  shown a round  t h e  
o u t l i n e  o f  t h e  E a r t h  i s  c a l l e d  t h e  z e r o  b e t a  a n g l e  
o r b i t  b e c a u s e / i t  i s  i n  t h e  e c l i p t i c  p l a n e .  There 
i s  a seasonal  v a r i a t i o n  of t h e  b e t a  a n g l e  of t h e  
Freedom o r b i t  t o  a maximum a n g l e  o f  52" be tween t h e  
o r b i t  p l a n e  and t h e  e c l i p t i c  p l a n e .  The d a y l i g h t  
p o r t i o n  o f  a 52" b e t a  o r b i t  i s  shown as an a r c .  The 
space s t a t i o n  i s  on t h e  n i g h t  s i d e  o f  t h e  E a r t h  d u r -  
i n g  a p p r o x i m a t e l y  o n e - h a l f  o f  each o r b i t .  There i s  
a l i m i t e d  amount o f  E a r t h  a l b e d o  r e f l e c t e d  o n t o  t h e  
c o n c e n t r a t o r  a t  t h e  b e g i n n i n g  and end o f  t h e  n i g h t  
p o r t i o n  o f  t h e  o r b i t .  
f a l l s  on t h e  f r o n t  of t h e  c o n c e n t r a t o r  d u r i n g  one- 
e i g h t h  o f  t h e  z e r o  b e t a  o r b i t  and d u r i n g  o n e - q u a r t e r  
of t h e  52" b e t a  o r b i t .  D u r i n g  t h e  rema inder  of t h e  
d a y l i g h t  p o r t i o n ,  t h e  s i d e  edge or back of t h e  con- 
c e n t r a t o r  i s  f a c i n g  t h e  E a r t h  and l i t t l e  o r  no  E a r t h  
a l b e d o  f a l l s  on t h e  front of t h e  c o n c e n t r a t o r .  
P o i n t s  a r e  l a b e l e d  d u r i n g  t h e  p o r t i o n s  of each 

S i g n i f i c a n t  E a r t h  a l b e d o  
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FlGURE 8. - EARTH ALBEW REFLECTIONS TO SOLAR CONCENTRATOR IN 
0' BETA ANGLE ORBIT AND 52' BETA ANGLE ORBIT. 
ED WITH SUN DIRECTLY AWE EARTH. 

VIEW IS ORIENT- 

o r b i t  w i t h  s i g n i f i c a n t  a l b e d o  on t h e  f r o n t  o f  t h e  
c o n c e n t r a t o r .  These p o i n t s  a r e  a t  20'. SO", and 80" 
f o r  t h e  z e r o  b e t a  o r b i t  and a t  Z O O ,  40", 60'. and 
80" for t h e  52" b e t a  o r b i t .  The degrees r e p r e s e n t  
t h e  a n g l e  t h a t  t h e  p r i n c i p a l  r e f l e c t e d  r a y  o f  t h e  
E a r t h  a l b e d o  makes w i t h  t h e  a x i s  o f  t h e  s o l a r  
c o n c e n t r a t o r .  

The OFFSET code was used t o  e v a l u a t e  c o n c e n t r a -  
t i o n  of E a r t h  a l b e d o .  R e f l e c t i o n s  from t h e  E a r t h  
and ocean c o u l d  come f r o m  t h e  e n t i r e  p o r t i o n  o f  t h e  
E a r t h  v i s i b l e  to  t h e  c o n c e n t r a t o r ,  b u t  a r e  more 
i n t e n s e  i n  t h e  d i r e c t i o n  of t h e  p r i n c i p a l  r e f l e c t e d  
r a y .  The r e l a t i v e  i n t e n s i t y  depends on whe the r  t h e  
p r i n c i p a l  r a y  i s  r e f l e c t e d  by  t h e  ocean and t h e  
smoothness o f  t h e  w a t e r .  R e f l e c t i o n s  were assumed 
t o  be l i m i t e d  t o  a c i r c l e  o f  r a d i u s  50 m i l e s  a t  a 
d i s t a n c e  f r o m  t h e  space s t a t i o n  o f  200 m i l e s .  
i n c r e a s e s  t h e  p o s s i b l e  c o n c e n t r a t i o n  r a t i o .  Thus 
a l l  t h e  E a r t h  a l b e d o  s h i n i n g  o n t o  t h e  c o n c e n t r a t o r  
was assumed to  come f r o m  a cone a round  t h e  p r i n c i -  
p a l  r e f l e c t e d  r a y  w i t h  an a p p a r e n t  r a d i u s  o f  
250 mrad. 

t h a t  t h e  g r e a t e s t  c o n c e n t r a t i o n  would be on  a p l a n e  
one and o n e - h a l f  f o c a l  l e n g t h s  i n  f r o n t  of t h e  con- 
c e n t r a t o r .  
shown i n  F i g .  9 for t h e  p r i n c i p a l  r e f l e c t e d  r a y  
a n g l e s  of 20'. 50". and 80". Note  i n  F i g .  9 t h a t  
t h e  a r e a  w i t h  c o n c e n t r a t e d  E a r t h  a l b e d o  i s  d i r e c t l y  

T h i s  

Eased on PIXEL code r e s u l t s ,  i t  was e x p e c t e d  

OFFSET code r e s u l t s  on  t h i s  p l a n e  a r e  
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i n  f r o n t  o f  t h e  c o n c e n t r a t o r  d u r i n g  t h e  z e r o  b e t a  
o r b i t .  The c o n c e n t r a t i o n  r a t i o s  a r e  t h e  f l u x  o f  
r e f l e c t e d  E a r t h  a l b e d o  i n  u n i t s  o f  t h e  i n c i d e n t  
E a r t h  a l b e d o .  The peak i n t e n s i t y  shown i s  a concen- 
t r a t i o n  r a t i o  of 6 for t h e  50"  case.  The p r i n c i p a l  
r a y  i s  a t t e n u a t e d  because i t  passes  t h r o u g h  t h e  
a tmosphere  a t  an  a n g l e  o f  25"  fo r  t h i s  case.  Thus 
t h e  a l b e d o  w i l l  be l e s s  t h a n  t h e  average v a l u e  o f  
0.37 and t h e  c o n c e n t r a t i o n  r a t i o  o f  6 c o r r e s p o n d s  
to  a f l u x  o f  l i t t l e  o v e r  one Sun. 

OFFSET code r e s u l t s  o n  t h e  one and o n e - h a l f  
f o c a l  l e n g t h  p l a n e  a r e  shown i n  F i g .  10 f o r  t h e  
p r i n c i p a l  r e f l e c t e d  r a y  a n g l e s  o f  2 0 " ,  4 0 " .  6 0 " .  
and 80" for  t h e  o r b i t  w i t h  52" b e t a  a n g l e .  The 
a r e a  w i t h  c o n c e n t r a t e d  E a r t h  a l b e d o  i s  i n  f r o n t  o f  
t h e  c o n c e n t r a t o r  f o r  a n g l e s  o f  t h e  p r i n c i p a i  r a y  
w i t h  t h e  c o n c e n t r a t o r  a x i s  of 20" and 4 0 " .  The 60" 
a r e a  i s  o v e r  t h e  edge of t h e  c o n c e n t r a t o r  and t h e  
80" a r e a  i s  o f f  t o  t h e  s i d e  o f  t h e  c o n c e n t r a t o r .  
Note  t h a t  w i t h  an  a n g l e  o f  80". t h e  peaK c o n c e n t r a -  
t i o n  r a t i o  o f  E a r t h  a l b e d o  i s  l es ;  t h a n  c n e .  

CONCENTRATION OF POINT SOURCES AND R F  SOURCES 

T h i s  s e c t i o n  i s  i n t e n d e d  t o  c o m o l e t e  t h e  r e v i e w  
o f  p o t e n t i a l  o f f - a x i s  c o n c e r n s .  P r e v i o u s  s e c t i o n s  
d i s c u s s e d  c o n c e r n s  due t o  t h e  Sun ( l a r g e  and s m a l l  
o f f - a x i s  a n g l e s )  and t o  E a r t h  a l b e d o .  The r e m a i n i n g  
c o n c e r n s  a r e  o o i n t  s o u r c e s  and R F  s o u r c e s .  
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/- 
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RATIO 

50' 
ANGLE OF PRINCIPAL RAY I 

I 
I 
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AXIS  OF 
CONCENTRATOR 

FIGURE 9. - CONCENTRATION OF EARTH ALBEDO ON PLANE 1.5 FOCAL 
LENGTHS ABOVE CONCENTRATOR WITH ORBIT I N  ECLIPT IC  PLANE. 
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FIGURE 10. - CONCENTRATION OF EARTH ALBEDO ON PLANE 1.5 FOCAL 

LENGTHS ABOVE CONCENTRATOR WITH ORBIT PLANE INCLINED 52 DEG 

TO ECLIPT IC  PLANE. 

F o r  a s o u r c e  t o  become a c o n c e r n ,  t h e  concen- 
t r a t o r  must r e f l e c t  s u f f i c i e n t  e n e r g y  from t h e  
s o u r c e  t o  cause damage t o  s o m e t h i n g  i n  t h e  v i c i n i t y  
o f  t h e  c o n c e n t r a t o r .  E x t r e m e l y  s m a l l  l i g h t  s o u r c e s  
such as r e f l e c t i o n s  o f  s t a r l i g h t  w h i c h  c o u l d  d i s -  
r u p t  s t a r - t r a c k i n g  i n s t r u m e n t a t i o n  can be s a f e l y  
accommodated w i t h  l o g i c  b u i l t  i n t o  i n s t r u m e n t a t i o n  
t o  i g n o r e  any  s i g n a l s  coming from t h e  l o c a t i o n  of 
t h e  c o n c e n t r a t o r .  R e f l e c t i o n s  o f  RF s i g n a l s  may be 
a c o n c e r n  even i f  t h e  e n e r g y  l e v e l  i s  s m a l l ,  because 
t h e  RF i n s t r u m e n t a t i o n  may n o t  be a b l e  t o  d e t e r m i n e  
t h a t  t h e  e n e r g y  was r e f l e c t e d  b y  t h e  c o n c e n t r a t o r .  
Thus t h e  r e m a i n i n g  c o n c e r n s  a r e  ( 1 )  p o i n t  s o u r c e s  of 
l i g h t  w h i c h  i l l u m i n a t e  t h e  c o n c e n t r a t o r  w i t h  a s i g -  
n i f i c a n t  amount o f  e n e r g y  and ( 2 )  t h e  n o n v i s i b l e  
p o r t i o n s  o f  t h e  e l e c t r o m a g n e t i c  s p e c t r u m .  

i t y  o f  t h e  c o n c e n t r a t o r  will need t o  be e v a l u a t e d  
o n  a case-by-case b a s i s .  Low power l i g h t  s o u r c e s  
can g e n e r a l l y  be i g n o r e d ,  because mi r ro rs  c a n n o t  
r e f l e c t  more power t h a n  t h e  s o u r c e  p r o d u c e s .  
R e f l e c t i o n s  of l i g h t  sources  o u t s i d e  t h e  f a c e t  
r a d i u s  o f  c u r v a t u r e  boundary  shown i n  F i g .  7 can 
o n l y  c o n v e r g e  t o  a r e a s  i n s i d e  t h i s  b o u n d a r y .  Thus 
t h e  m a j o r  r e m a i n i n g  c o n c e r n  fo r  p o i n t  l i g h t  s o u r c e s  
a r e  h i g h  power sources  i n s i d e  t h e  f a c e t  r a d i u s  o f  
c u r v a t u r e  b o u n d a r y .  T h i s  i s  a c a u t i o n a r y  r e m i n d e r  
r a t h e r  t h a n  a s e r i o u s  c o n c e r n  because h i g h  power 
s o u r c e s  i n  t h i s  r e g i o n  a r e  u n l i k e l y .  

The m a j o r  n o n v i s i b l e  s o u r c e s  a r e  RF s o u r c e s  
e i t h e r  l o c a t e d  o n  Freedom or beamed from E a r t h  
t o w a r d s  Freedom. The c o n c e n t r a t o r  f a c e t s  have a 
g r a p h i t e  epoxy  s u b s t r a t e  w h i c h  i s  r e f l e c t i v e  t o  
RF, b u t  t h e  f a c e t s  a r e  s t a g g e r e d  w i t h  s t e p s  o f  up  
t o  4 i n .  be tween f a c e t s  w h i c h  w i l l  i n t e r f e r e  w i t h  
r e f l e c t i o n  and f o c u s i n g  o f  some RF f r e q u e n c i e s .  

P o i n t  s o u r c e s  o f  l i g h t  i n  t h e  immedia te  v i c i n -  
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O f f - a x i s  i r a d i a t i o n  i s  s u n l i g h t  o r ,  i n  g e n e r a l ,  
any  r a d i a t i o n  from any d i r e c t i o n  n o t  p a r a l l e l  to  
t h e  p a r a b o l i c  a x i s  o f  the  s o l a r  c o n c e n t r a t o r .  f o u r  
t y p e s  o f  o f f - a x i s  r - a d i a t i o n  i n c t u d e :  ( 1 ,  w a l k - o f f .  
( 2 )  l a r g e  o f f - a x i s  a n g l e s ,  ( 3 )  e x t e n d e d  o f f - a x i s  
s o u r c e s ,  and ( 4 )  m i s c e l l a n e o u s  o f f - a x i s  s o u r c e s .  

W a l k - o f f  was t h e  p r i m a r y  o f f - a x i s  c o n c e r n  i n  
t h e  t e r r e s t r i a l  e n e r g y  program.  k l a l k - o f f  i s  caused 
by f a i l u r e  o f  b o t h  c o n c e n t r a t o i -  g i m b a l s ,  because i f  
o n l y  one q in iba l  f a i l s .  t h e  ot t ie i -  q in iba l  will be 
use; t o  r i p i d l y  b r i n g ' t h e  concent;ato 
W a l k - o f f  due to a p o i n t i n g  sys tem f a i  
E a r t h  o r b i t  i s  c o n s i d e r a b l y  f a s t e r  ( 4  
t e r r e s t r i a l l y  ( 1 "  e v e r y  4 m i n ) .  Thus 
of e x p o s u r e  to  t h e  c o n c e n t r a t e d  beam 
a b l y  s h o r t e r .  S t i  1 1 ,  s p e c i a l  m a t e r i a  
o t h e r  p r e c a u t i o n s  w i  1 I be  r e q u i r e d  t o  
Freedom r e c e i v e r  from w a l k - o f f .  

o f f  sun. 
l i r e  i n  low 
l m i n )  t h a n  
t h e  d u r a t i o n  
s c o n s i d e r -  
s a n d l o r  
p r o t e c t  t l i e  

C o n c e n t r a t i o n  o f  p a r a 1  l e 1  1 i g h t  a t  l a r g e  o f f -  
a x i s  a n g l e s  was e v a l u a t e d  u s i n g  a c o i n b i n a t i o n  of 
coinpu t e r  s i m u l  a t  i o n ,  exper i l l i en  t , and o p t  i c a l  a n a l  y- 
s i s .  C o n c e n t r a t i o n  o n  p l a n e s  p e r p e n d i c u l a r  to t h e  
p a r a b o l i c  a x i s  was a n a l y s e d  u s i n g  t h e  P I X E L c o d e  
w h i c h  was v a l i d a t e d  b y  an e x p e r i m e n t  u s i n g  an  1 1  m 
d i a m e t e r  m u l t i f a c e t e d  d i s h  c o n c e n t r a t o r .  H i g h  con-  
c e n t r a t i o n  r a t i o s ,  up to 4 . 5  for  symmet r ic  concen- 
t r a t o r s  and 103 f o r  o f f s e t  c o n c e n t r a t o r s  were f o u n d  
t o  e x i s t  even o n  t h e  p l a n e  two f o c a l  l e n g t h s  from 
t h e  p a r a b o l i c  v e r t e x .  The c o n c e n t r a t i o n  r a t i o  from 
i n d i v i d u a l  f a c e t s  i s  l e s s  t h a n  one a t  d i s t a n c e s  of 
t h e  f a c e t  c o n t o u r  r a d i u s  o f  c u r v a t u r e  f r o i n  t h e  
f a c e t s .  C o n t i n u e d  a n a l y s i s  i s  p l a n n e d  to  e v a l u a t e  
c o n c e n t r a t i o n  o f  p a r a l l e l  l i g h t  and t o  d e f i n e  p r e -  
c a u t i o n s  t h a t  may be r e q u i i - e d  i n  t h e  r e g i o n  where 
c o n c e n t r a t i o n  i s pos s i b 1 e .  

C o n c e n t r a t i o n  o f  e x t e n d e d  l i g h t  sources  such 
as E a r t h  and ocean r e f l e c t i o n s  was a n a l y z e d  u s i n g  
t h e  OFFSET code w h i c h  models  t h e  Freedom c o n c e n t r a -  
t o r .  As t h e  space s t a t i o n  o r b i t s  t h e  Ear - th ,  t h e  
r e f l e c t i v e  s u r f a c e  o f  t h e  s o l a r  c o n c e n t r a t o r  
r e c e i v e s  E a r t h  a l b e d o  d u r i n g  o n e - e i g h t h  to  one- 
q u a r t e r  o f  each o r b i t .  The h i g h e s t  c o n c e n t r a t i o n s  
wet-e e x p e c t e d  o n  a p l a n e  one and o n e - h a l f  f o c a l  
l e n g t h s  i n  f r o n t  o f  t h e  c o n c e n t r a t o r .  The peak 
i n t e n s i t y  was l o c a t e d  d i r e c t l y  i n  f r o n t  o f  t h e  mid-  

d l e  of t h e  c o n c e n t r a t o r .  The peak i n t e n s i t y  was an  
E a r t h  a l b e d o  c o n c e n t r a t i o n  r a t i o  o f  6 .  T h i s  peak 
i s  a p p r o x i m a t e l y  the  i n t e n s i t y  o f  u n c o n c e n t r a t e d  
sun1 i g h t .  

I n  g e n e r a l ,  t h e  p o t e n t i a l  o f f - a x i s  concerns  
m e n t i o n e d  i n  t h i s  p a p e r  d o  n o t  i m p a c t  t h e  o v e r a l l  
Freedom p r o j e c t .  They a r e  d e s i g n  c o n s t r a i n t s  f o r  
t h e  d e s i g n  and s a f e  o p e r a t i o n  o f  t h e  s o l a r  dynamic 
s y s t e m  and t h e  s u r r o u n d i n g  r e g i o n .  W a l k - o f f  f l u x  
w i l l  be t a k e n  c a r e  o f  b y  t h e  d e s i g n  o f  t h e  r e c e i v e r  
a p e r t u r e  p l a t e  and s u r r o u n d i n g  s t r u c t u r e .  The 
b o u n d a r y  for c o n c e n t r a t i o n  o f  p a r a l l e l  l i g h t  has 
been d e f i n e d  and w i  1 1  d e f i n e  t h e  r e g i o n  w i t h i n  
w h i c h  p r e c a u t i o n s  may be r e q u i r e d .  E a r t h  a l b e d o  
c o n c e n t r a t i o n s  were c a l c u l a t e d  t o  have a peak v a l u e  
e q u i v a l e n t  t o  t h e  i n t e n s i t y  o f  u n c o n c e n t r a t e d  sun- 
l i g h t  and a r e  not e x p e c t e d  to cause any  p r o b l e m s .  
H i g h  i n t e n s i t y  s o u r c e s  a r e  n o t  p l a n n e d  f o r  t h e  
v i c i n i t y  of t h e  c o n c e n t r a t o r  and w i l l  be e x c l u d e d  
from t h i s  r e g i o n .  A s  r f  sources  and coinmunica- 
t i o n s  becoiiie d e f i n e d ,  e v a l u a t i o n s  o f  r f  r e f l e c -  
t i o n s  b y  t h e  c o n c e n t r a t o r  w i l l  be made to  e n s u r e  
t h a t  t h e r e  i s  n o  i n t e r f e r e n c e .  
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