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SUMMARY 

OFFSET,  a d e t a i l e d  r a y  t r a c i n g  computer code, was deve loped a t  NASA Lewis 
Research Center  t o  model t h e  o f f s e t  s o l a r  c o l l e c t o r  for t h e  Space S t a t i o n  s o l a r  
dynamic e l e c t r i c  power system. T h i s  model t r a c e s  r a y s  from 50 p o i n t s  on  t h e  
f a c e  o f  t h e  Sun t o  10 p o i n t s  on each o f  456 c o l l e c t o r  f a c e t s .  The t r i a n g u l a r  

? f a c e t s  a r e  modeled w i t h  s p h e r i c a l ,  p a r a b o l i c ,  o r  t o r o i d a l  r e f l e c t i v e  s u r f a c e  
co c o n t o u r  and s u r f a c e  s l o p e  e r r o r s .  The r a y s  a r e  t h e n  t r a c e d  t h r o u g h  t h e  r e c e i v e r  

a p e r t u r e  t o  t h e  w a l l s  o f  t h e  r e c e i v e r .  

r e c e i v e r  i n t e r f a c e .  F l u x  d i s t r i b u t i o n  on  t h e  r e c e i v e r  w a l l s ,  p l o t t e d  b y  t h i s  
code, i s  improved by a c o m b i n a t i o n  of changes t o  a p e r t u r e  l o c a t i o n  and r e c e i v e r  
t i l t  a n g l e .  Power loss b y  s p i l l a g e  a t  t h e  r e c e i v e r  a p e r t u r e  i s  computed and i s  
c o n s i d e r a b l y  reduced by  u s i n g  t o r o i d a l  f a c e t s .  
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Images of t h e  c o l l e c t o r  and o f  t h e  Sun 
I w i t h i n  t h e  r e c e i v e r  produced by t h i s  code p r o v i d e  i n s i g h t  i n - o  t h e  c o l l e c t o r  

INTRODUCTION 

A B r a y t o n  c y c l e  s o l a r  dynamic e l e c t r i c  power system i s  be ng deve loped f o r  
a p o s s i b l e  f u t u r e  enhancement o f  t h e  Space S t a t i o n ' s  c a p a b i l i t  e s .  The s o l a r  
dynamic s y s t e m  uses a p a r a b o l i c  c o l l e c t o r  t o  r e f l e c t  s o l a r  ene gy i n t o  a c y l i n -  
d r i c a l  r e c e i v e r  c a v i t y .  T h i s  s o l a r  energy h e a t s  a gas wh ich  r o t a t e s  a t u r b o -  
g e n e r a t o r  t h a t  produces e l e c t r i c  power. The c u r r e n t  d e s i g n  uses an o f f s e t  
c o l l e c 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  wh ich  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  o f  t h e  c o l l e c t o r ,  i s  o f f s e t  t o  a p o i n t  near  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  deve lop  t h e  power system, i t  i s  
n e c e s s a r y  t o  unders tand t h e  f l u x  d i s t r i b u t i o n s  w i t h i n  t h e  r e c e i v e r  c a v i t y  p r o -  
duced by r e f l e c t i o n s  from t h e  o f f s e t  c o l l e c t o r .  
i s  b e i n g  deve loped a t  t h e  NASA Lewis t o  e v a l u a t e  i n t e n s i t y  and d i s t r i b u t i o n  o f  
t h e  c o l l e c t e d  s o l a r  f l u x  on t h e  i n s i d e  w a l l s  o f  t h e  r e c e i v e r .  

A r a y  t r a c i n g  computer code 

I n  a d d i t i o n  t o  t h e  o p t i c a l  a n a l y s i s  o f  t h e  o f f s e t  c o l l e c t o r  b e i n g  done a t  
NASA Lewis ,  o p t i c a l  a n a l y s i s  o f  t h i s  c o l l e c t o r  has a l s o  been per fo rmed b y  
G e o r g i a  Tech Research I n s t i t u t e ,  G T R I ,  u s i n g  t h e i r  O P T I C  code ( re f .  l ) ,  by 
McDonnel l  Douglas A s t r o n a u t i c s  Company, MDAC, u s i n g  t h e i r  DPAP ( D i s h  Per form- 
ance A n a l y s i s  Program) code ( r e f .  21,  and by  H a r r i s  C o r p o r a t i o n .  The NASA 
Lewis  a n a l y s i s  i s  i n t e n d e d  for d e v e l o p i n g  an u n d e r s t a n d i n g  o f  t h e  co l lec to r -  
r e c e i v e r  i n t e r f a c e  f o r  g u i d i n g  t h e  c o n t r a c t e d  e f f o r t s .  G T R I  deve loped O P T I C  t o  
s u p p o r t  e x p e r i m e n t a l  t e s t i n g  o f  r e c e i v e r s  f o r  t e r r e s t r i a l  s o l a r  dynamic sys- 
tems. O P T I C  has been v a l i d a t e d  by d i r e c t  compar ison to  e x p e r i m e n t a l  o u t p u t .  
G T R I  used O P T I C  i n  p r o v i d i n g  a n a l y t i c a l  s u p p o r t  t o  space s t a t i o n  power s y s t e m  



c o n t r a c t o r ,  Rocketdyne, and to  t h e  s u b c o n t r a c t o r  for  c o l l e c t o r  development ,  
Harr is ,  i n  d e v e l o p i n g  a p r e l i m i n a r y  co l lec to r  d e s i g n .  H a r r i s  has used t h e i r  
code f o r  d e s i g n i n g  t h e  c o l l e c t o r  and f o r  m a n u f a c t u r i n g  an advanced development  
v e r s i o n  o f  t h e  c o l l e c t o r .  M D A C ' s  DPAP code was w r i t t e n  t o  s u p p o r t  development  
o f  t e r r e s t r i a l  s o l a r  dynamic power systems and has been v a l i d a t e d  by d i r e c t  
compar ison w i t h  e x p e r i m e n t a l  o u t p u t .  MDAC m o d i f i e d  t h e i r  DPAP code t o  simu- 
l a t e  t h e  o f f s e t  co l l ec to r  i n  o r d e r  t o  d e v e l o p  an o p t i c a l  measur ing  s y s t e m  f o r  
t e s t i n g  t h e  o f fse t  c o l l e c t o r .  

OFFSET COLLECTOR AND R E C E I V E R  GEOMETRY 

The geometry o f  t h e  o f f s e t  s o l a r  c o l l e c t o r  and r e c e i v e r  i s  shown i n  
f i g u r e  1 .  Note t h a t  t h e  19 hexagonal  c o l l e c t o r  p a n e l s  a r e  a l l  t o  one s i d e  o f  
t h e  a x i s  o f  t h e  p a r e n t  p a r a b o l o i d .  T h i s  c o n f i g u r a t i o n  e l i m i n a t e s  b l o c k a g e  o f  
t h e  c o l l e c t o r  by t h e  r e c e i v e r .  I t  a l s o  enab les  m o u n t i n g  o f  t h e  c o l l e c t o r  and 
r e c e i v e r  d i r e c t l y  to  t h e  t r a n s v e r s e  boom o f  t h e  Space S t a t i o n  and t h e r e b y  
reduces  t h e  moment of i n e r t i a  o f  t h e  s o l a r  dynamic power system. The r e c e i v e r  
i s  p o s i t i o n e d  a t  t h e  f o c a l  p o i n t  o f  t h e  p a r a b o l a .  The r e c e i v e r  i s  c y l i n d r i c a l  
i n  shape w i t h  a smal l  o p e n i n g  ( a p e r t u r e )  a t  one end t o  r e c e i v e  t h e  s o l a r  r a y s .  
For a symmetr ic  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 ,  t h e  r e c e i v e r  would have been p o s i -  
t i o n e d  w i t h  i t s  a x i s  a l o n g  t h e  a x i s  o f  t h e  p a r a b o l a .  However, w i t h  an o f f s e t  
p a r a b o l o i d ,  t h e  r e c e i v e r  i s  t i l t e d  so t h a t  i t s  a x i s  p o i n t s  a p p r o x i m a t e l y  toward  
t h e  c e n t e r  o f  t h e  o f f s e t  c o l l e c t o r .  

Col lector Facets  

The s o l a r  c o l l e c t o r s  f o r  t h e  Space S t a t i o n  a r e  -17  m i n  d i a m e t e r .  Each 
co l lec to r  w i l l  be s u b d i v i d e d  i n t o  19 hexagonal  p a n e l s  about  4 m i n  d i a m e t e r  
t h a t  can f i t  c r o s s w i s e  i n  t h e  Space S h u t t l e .  These hexagonal  p a n e l s  w i l l  each 
be s u b d i v i d e d  i n t o  2 4  t r i a n g u l a r  f a c e t s  wh ich  a r e  -1 m on  a s i d e .  T h i s  s i z e  
i s  e a s i e r  t o  manufacture and b y  s t a g g e r i n g  t h e  f a c e t s ,  t h e  panel  t h i c k n e s s  and 
t h e r e f o r e  t h e  packaging volume can be reduced b y  o n e - t h i r d .  

An advanced development c o l l e c t o r  i s  c u r r e n t l y  b e i n g  f a b r i c a t e d  w i t h  
s p h e r i c a l  a p p r o x i m a t i o n s  t o  t h e  p a r a b o l i c  shape and c o n t o u r .  The 4 m hexagonal  
p a n e l s  a r e  mapped to  t h e  s u r f a c e  o f  a sphere wh ich  c l o s e l y  approx imates  t h e  
shape o f  t h e  p a r a b o l o i d .  T h i s  enab les  equa l  s p a c i n g  between t h e  p a n e l s  and 
t h e r e b y  s i m p l i f i e s  c o l l e c t o r  d e s i g n .  The i n d i v i d u a l  t r i a n g u l a r  f a c e t s  a l s o  
a r e  manufactured w i t h  a s P h e r i c a 1  c o n t o u r .  Four r a d i i  o f  c u r v a t u r e  a r e  used 
f o r  t h e  s p h e r i c a l  f a c e t s  
r e g i o n s  of t h e  c o l l e c t o r  
f i g u r e  2.  

The r e c e i v e r  shown 

t o  a p p r o x i m a t e  t h e  p a r a b o l i c  c o n t o u r  i n  d i f f e r e n t  
The r a d i i  i n  d i f f e r e n t  r e g i o n s  a r e  shown i n  

R e c e i v e r  

n f i g u r e  3 has a c y l i n d r i c a l  s idewal  . c i r c u l a r  back- 
w a l l ,  and c i r c u l a r  a p e r t u r e  p l a t e .  
c e n t e r e d  on  i t  t o  a d m i t  r e f l e c t e d  s o l a r  r a y s .  
t i o n  s o l a r  dynamic system has 82 w o r k i n g  f l u i d  t u b e s  sur rounded b y  d o n u t s  of 
phase change m a t e r i a l  for thermal  e n e r g y  s t o r a g e .  

The ape;ture p l a t e  has a s m a l l  a p e r t u r e  
T h i s  r e c e i v e r  f o r  t h e  space s t a -  

3 



COMPUTER CODE 

T h i s  s e c t i o n  d e s c r i b e s  c e r t a i n  unique or i m p o r t a n t  f e a t u r e s  o f  t h e  OFFSET 
code. The e q u a t i o n s  f o r  s e l e c t i n g  r e p r e s e n t a t i v e  s o l a r  r a y s  a r e  o f  p a r t i c u l a r  
s i g n i f i c a n c e  because t h e y  have p o t e n t i a l  a p p l i c a t i o n s  for s e l e c t i n g  r e p r e s e n t a -  
t i v e  samples,  f o r  s p a c i n g  i t e m s  and f o r  l o c a t i n g  computer code nodes. O p t i o n s  
b u i l t  i n t o  t h e  code f o r  s e l e c t i n g  s p h e r i c a l ,  p a r a b o l i c ,  or t o r o i d a l  f a c e t  con- 
t o u r  and f o r  d e t e r m i n i n g  f a c e t  o r i e n t a t i o n  are d i s c u s s e d .  There i s  a l s o  a d i s -  
c u s s i o n  o f  how s p e c u l a r i t y  and s u r f a c e  s l o p e  e r r o r  o f  t h e  r e f l e c t i v e  s u r f a c e  
a r e  r e p r e s e n t e d .  

R e p r e s e n t a t i v e  S o l a r  Rays 

Equat ions  w e r e  deve loped t o  choose r a y  o r i g i n a t i n g  l o c a t i o n s  on t h e  Sun 
r e p r e s e n t a t i v e  of t h e  s i z e  and b r i g h t n e s s  d i s t r i b u t i o n  o f  t h e  Sun. The fo l low-  
i n g  two e q u a t i o n s  g e n e r a t e  a pseudorandom d i s t r i b u t i o n  o f  50 p o i n t s  on  a u n i t  
c i r c l e  t h a t  a r e  e v e n l y  d i s t r i b u t e d .  T h i s  d i s t r i b u t i o n  a v o i d s  b o t h  t h e  c l u s t e r -  
i n g  t h a t  o c c u r s  w i t h  t r u l y  random p o i n t s  and t h e  l i n e a r  p a t t e r n s  o f  p o i n t s  o n  
a g r i d .  

R a d i u s ( 1 )  = i . 0 1  x ( 2 1  - 1 )  ( 1 )  

Angle(1)  = 0 . 8 4 ~ 1  ( 2 )  

The e x a c t  v a l u e  o f  t h e  c o n s t a n t ,  0 . 8 4 ~ ,  i s  t h e  key t o  a c h i e v i n g  t h i s  r a n -  
dom p a t t e r n .  For example, a v a l u e  o f  0 . 8 ~  would cause a l l  t h e  p o i n t s  t o  l i n e  
up on  f i v e  s t r a i g h t  l i n e s .  

The c e n t e r  o f  t h e  Sun i s  a b o u t  50 p e r c e n t  b r i g h t e r  t h a n  t h e  edge o f  t h e  
Sun. This b r i g h t n e s s  v a r i a t i o n ,  commonly c a l l e d  s o l a r  l i m b  d a r k e n i n g ,  i s  due 
p r i m a r i l y  t o  t h e  f a c t  t h a t  t h e  Sun c o n s i s t s  o f  l a y e r s  o f  r a d i a t i n g  gases.  The 
f o l l o w i n g  e q u a t i o n  was used i n s t e a d  o f  e q u a t i o n  ( 1 )  t o  s e l e c t  so lar -  r a y  o r i g i -  
n a t i n g  l o c a t i o n s ,  shown i n  f i g u r e  4, t h a t  a r e  r e p r e s e n t a t i v e  o f  a l i m b  darkened 
Sun. 

Rad ius(1)  = {.00845(21 - 1 )  + 0.155 R a d i ~ s ( I ) ~ . ~  ( 3 )  

Equat ions  ( 1 )  and ( 3 )  d i f f e r  i n  t h a t  e q u a t i o n  ( 1 )  chooses t h e  r a d i i  so 
t h a t  2 p e r c e n t  of t h e  a r e a  i s  between two c o n s e c u t i v e  r a d i i  and e q u a t i o n  (3) 
chooses r a d i i  so t h a t  2 p e r c e n t  of  the s o l a r  r a d i a t i o n  i s  between them. O t h e r  
fo rmulas  for Rad ius(1)  c o u l d  be developed t o  produce t h e  d e s i r e d  r a d i a l  spac- 
i n g s  for o t h e r  a p p l i c a t i o n s .  

Facet  Contour  and O r i e n t a t i o n  

Cho ices  a r e  b u i l t  i n t o  t h e  computer code f o r  mode l ing  t h e  c u r r e n t  d e s i g n  
and p o s s i b l e  advanced d e s i g n s .  The f a c e t  c o n t o u r s  can be chosen t o  be segments 
o f  p a r a b o l o i d s ,  t o  be s p h e r i c a l  or t o  be t o r o i d a l .  D i f f e r e n t  r a d i i  o f  curva-  
t u r e  can be chosen fo r  d i f f e r e n t  groups of f a c e t s  t o  b e t t e r  approx imate  t h e  
p a r a b o l o i d .  Facet  a l i g n m e n t  can e i t h e r  be s p e c i f i e d  by t h e  l o c a t i o n s  o f  t h e  
c o r n e r s  of t h e  f a c e t s  or by  c h o o s i n g  i d e a l  a l i g n m e n t  such t h a t  t h e  c e n t r a l  r a y  
from t h e  Sun r e f l e c t e d  from t h e  c e n t e r  o f  t h e  f a c e t  w i l l  i n t e r s e c t  t h e  c e n t e r  
o f  t h e  r e c e i v e r  a p e r t u r e .  The c e n t e r  o f  c u r v a t u r e  i s  c a l c u l a t e d  based on  t h e  
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a l i g n m e n t  o f  t h e  f a c e t  and i s  used t o  compute t h e  normal d i r e c t i o n  a t  p o i n t s  
on  each s p h e r i c a l  or t o r o i d a l  f a c e t .  A l t e r n a t i v e l y ,  i f  p a r a b o l o i d a l  c o n t o u r s  
a r e  chosen, t h e  normal d i r e c t i o n  a t  each p o i n t  i s  chosen so t h a t  t h a t  p o i n t  
w i l l  r e f l e c t  t h e  c e n t r a l  r a y  t o  t h e  c e n t e r  o f  t h e  a p e r t u r e .  

S p e c u l a r i t y  and S l o p e  Error 

Facets  w i l l  have d e v i a t i o n s  from t h e  d e s i g n  c o n t o u r ,  c a l l e d  s u r f a c e  s l o p e  

S p e c u l a r  e r r o r  i s  

e r r o r ,  and l o c a l  i m p e r f e c t i o n s  wh ich  reduce t h e  sharpness o f  t h e  r e f l e c t e d  
image, c a l l e d  specu lar  e r r o r .  
m a n u f a c t u r i n g  process and subsequent h a n d l i n g  o f  t h e  f a c e t .  
due t o  t h e  m o l e c u l a r  s t r u c t u r e  o f  t h e  r e f l e c t i v e  s u r f a c e  m a t e r i a l  and i t s  method 
o f  a p p l i c a t i o n .  S p e c u l a r i t y  i s  measured by  t h e  a n g u l a r  s p r e a d i n g  o f  t h e  r e f l e c -  
t e d  l i g h t .  I n  the computer code, t h e  a n g u l a r  d i s t r i b u t i o n  o f  t h e  s o l a r  r a y  
o r i g i n a t i n g  l o c a t i o n s ,  shown i n  f i g u r e  4, i s  v e c t o r i a l l y  added t o  a normal 
d i s t r i b u t i o n  o f  s p e c u l a r  a n g l e  t o  d e t e r m i n e  t h e  a n g u l a r  d i s t r i b u t i o n  o f  t h e  
r e f l e c t e d  s u n l i g h t .  T h i s  a n g u l a r  d i s t r i b u t i o n  i s  t h e n  approx imated by  50 
r e p r e s e n t a t i v e  r e f l e c t e d  r a y s .  
t i v e  t o  t h e  sur face normal i s  used a t  e v e r y  p o i n t  on  t h e  c o l l e c t o r .  S u r f a c e  
s l o p e  er rors  a r e  random d e v i a t i o n s  from t h e  d e s i g n  s u r f a c e  c o n t o u r .  
t a n g e n t i a l  components of s u r f a c e  s l o p e  e r r o r  a r e  computed f o r  each noda l  p o i n t  
u s i n g  a random number g e n e r a t o r  and t h e  f o l l o w i n g  e q u a t i o n s  t o  g e n e r a t e  normal 
d i s t r i b u t i o n s .  

S u r f a c e  s l o p e  e r r o r s  a r e  i n t r o d u c e d  d u r i n g  t h e  

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

R a d i a l  and 

2 l n ( r -1 )  s i n ( 2 n  r2) ( 4 )  

2 l n ( r -1 )  c o s ( 2 n  r 2 )  ( 5 )  

where r l  and ‘2 a r e  random numbers chosen i n d e p e n d e n t l y  f o r  each noda l  
p o i n t  and u i s  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  s l o p e  e r r o r .  

Nodal P o i n t s  on  Each F a c e t  

The computer code p r o v i d e s  for two p o s s i b l e  ar rangements,  shown on 
f i g u r e  5, o f  nodal  p o i n t s  on  t h e  t r i a n g u l a r  f a c e t s .  
p o i n t s  a l o n g  t h e  edges o f  t h e  f a c e t s ,  as shown o n  f i g u r e  5 ( a > ,  enab les  p l o t -  
t i n g  o f  f a c e t  o u t l i n e s .  The a l t e r n a t e  ar rangement  o f  noda l  p o i n t s  a t  t h e  cen- 
t e r s  of n i n e  s u b t r i a n g l e s ,  as shown on f i g u r e  5 ( b > ,  enab les  a more a c c u r a t e  
c o m p u t a t i o n  o f  f l u x  p r o f i l e s .  There i s  a t e n t h  p o i n t  a t  t h e  c e n t e r  of t h e  
f a c e t  which i s  used for r e f e r e n c e  purposes,  b u t  does n o t  e n t e r  i n t o  t h e  cornpu- 
t a t i o n  o f  f l u x  p r o f i l e s .  

The arrangement  of noda l  

COMPUTED I M A G E S  W I T H I N  THE R E C E I V E R  

Computed l i g h t  p a t t e r n s  w i t h i n  t h e  r e c e i v e r  f o r  c e r t a i n  cases show t h e  
e f f e c t  o f  d i f f e r e n t  e lements  of t h e  code. The Sun, r e p r e s e n t e d  by  50 r a y s ,  
s t r i k e s  a s i n g l e  p o i n t  o n  t h e  c o l l e c t o r  and produces  an image o f  t h e  Sun i n s i d e  
t h e  r e c e i v e r .  D i f f e r e n t  images a r e  produced when d i f f e r e n t  p o i n t s  on  t h e  c o l -  
l e c t o r  a r e  cons idered.  
s t r i k e  a l l  o f  the  p o i n t s  on  t h e  c o l l e c t o r  and produce an image of t h e  c o l l e c -  
t o r ,  i . e . ,  images of  i t s  f a c e t s  w i t h i n  t h e  r e c e i v e r .  These images w i l l  change 

A l t e r n a t i v e l y ,  r a y s  from a s i n g l e  p o i n t  on  t h e  Sun 
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when d i f f e r e n t  assumpt ions a r e  made about  t h e  f a c e t  c o n t o u r s  and t h e i r  s u r f a c e  
s lope  error.  

Images o f  t h e  Sun 

Rays from t h e  Sun s t r i k i n g  a s i n g l e  p o i n t  on t h e  c o l l e c t o r  w i l l  be r e f l e c -  
t e d  i n t o  t h e  r e c e i v e r  and form an image o f  t h e  Sun i n s i d e  t h e  r e c e i v e r .  A 
f l a t t e n e d  v iew o f  t h e  c y l i n d r i c a l  r e c e i v e r  i s  shown i n  f i g u r e  6.  I d e a l  images 
of  t h e  19 hexagonal  pane ls  w i t h i n  t h e  r e c e i v e r  a r e  shown f o r  r e f e r e n c e .  Images 
of  t h e  Sun formed by  50 l i g h t  r a y s  r e f l e c t e d  from t h e  c e n t e r  of each o f  t h e  19 
hexagonal  pane ls  a r e  a l s o  shown on t h i s  r e c e i v e r  d iagram.  Note t h a t  t h e  s i z e  o f  
t h e  s o l a r  images v a r i e s  by  about  a f a c t o r  o f  t h r e e .  
i s  d e t e r m i n e d  p r i m a r i l y  by  t h e  ang les  o f  i n t e r s e c t i o n  o f  t h e  r a y s  w i t h  t h e  
r e c e i v e r  w a l l s  and by  t h e  d i s t a n c e  f rom t h e  c e n t e r s  o f  t h e  pane ls  t o  t h e  
r e c e i v e r  w a l l s .  
a r e  i n  an i r r e g u l a r  column s l i g h t l y  t o  t h e  l e f t  ( a p e r t u r e  s i d e )  o f  t h e  c e n t e r  
o f  t h e  c y l i n d r i c a l  w a l l .  
t h e  c e n t e r  o f  t h e  b a c k w a l l .  
focused s o l a r  image from a l l  19 panel  c e n t e r  p o i n t s .  

The s i z e  o f  these  images 

The images o f  t h e  Sun f r o m  t h e  c e n t e r s  o f  t h e  12 o u t e r  pane ls  

The s o l a r  image from t h e  c e n t r a l  hexagon i s  c l o s e  t o  
The image i n  t h e  c e n t e r  o f  t h e  a p e r t u r e  i s  a 

Images of t h e  C o l l e c t o r  

Rays from a s i n g l e  p o i n t  on t h e  Sun s t r i k i n g  t h e  edges of  t h e  t r i a n g u l a r  
f a c e t s  form an image of t h e  c o l l e c t o r  i n s i d e  t h e  r e c e i v e r .  The image shown i n  
f i g u r e  7 was produced by  assuming rays  from t h e  c e n t e r  o f  t h e  Sun were r e f l e c -  
t e d  by  p a r a b o l i c  f a c e t s  w i t h  z e r o  s u r f a c e  s l o p e  e r r o r .  
t h e  c e n t e r  p o i n t  of t h e  Sun i s  t h e  s i n g l e  p o i n t  a t  t h e  c e n t e r  of t h e  a p e r t u r e .  
Note t h a t  t h e  l e f t  edge of t h e  p a t t e r n  images t h e  o u t e r  edge of t h e  c o l l e c t o r .  
The o u t e r  hexagonal  pane ls  whose images a r e  f u r t h e s t  t o  t h e  l e f t  a r e  c l o s e s t  t o  
t h e  v e r t e x  o f  t h e  p a r a b o l a .  
f u r t h e r  t o  t h e  r i g h t  because t h e  c o l l e c t o r  i s  o f f s e t  r a t h e r  t h a n  symmet r ic .  
The noda l  p o i n t s  used for  comput ing f l u x  p r o f i l e s  a r e  shown on one f a c e t  o f  
each hexagonal  pane l  i n  f i g u r e  7 .  These p o i n t s  a r e  i n  t h e  same p o s i t i o n s  r e l a -  
t i v e  t o  t h e  f a c e t  images i n  f i g u r e  7 as t h e y  a r e  r e l a t i v e  to  t h e  f a c e t  i n  
f i g u r e  5 ( b > .  

The f o c u s e d  image o f  

Images of f a c e t s  f u r t h e s t  from t h e  v e r t e x  b e g i n  

S lope Error and S p h e r i c a l  Contour  

The e f f e c t  o f  s u r f a c e  s l o p e  e r r o r  on  t h e  noda l  p o i n t s  o f  p a r a b o l i c  con- 
t o u r e d  f a c e t s  i s  shown i n  f i g u r e  8 .  The r a d i a l  and t a n g e n t i a l  components o f  
s u r f a c e  s l o p e  e r r o r  a t  each of these p o i n t s  a r e  randomly s e l e c t e d  from a Gaus- 
s i a n  d i s t r i b u t i o n  w i t h  a s tandard  d e v i a t i o n  o f  1 mrad. Note t h a t  1 mrad o f  
sur face  s l o p e  e r r o r  moves t h e  images of t h e  nodal  p o i n t s  t o  new l o c a t i o n s  r e l a -  
t i v e  t o  t h e  i d e a l  f a c e t  images. 
f a l l  o u t s i d e  t h e  t r i a n g u l a r  o u t l i n e s  of t h e  i d e a l  p a r a b o l i c  f a c e t  images. 

Images o f  t h e  s e l e c t e d  s p h e r i c a l l y  c o n t o u r e d  f a c e t s  produced by c e n t r a l  
s o l a r  r a y s  a r e  shown i n  f i g u r e  9. The f a c e t  images i n  f i g u r e  9 use t h e  s p h e r i -  
c a l  r a d i i  o f  c u r v a t u r e  chosen for the advanced development  c o n c e n t r a t o r ,  b u t  
have no  sur face  s lope  e r r o r .  There a r e  f o u r  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  used 
f o r  f o u r  groups o f  f a c e t s  based on t h e i r  d i s t a n c e  from t h e  v e r t e x  o f  t h e  parab-  
o l a .  Note t h a t  t h e  images have more s i z e  v a r i a t i o n  and some t r i a n g l e s  a r e  more 

I n  some cases t h e  images o f  t h e  noda l  p o i n t s  
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e l o n g a t e d  t h a n  the  images produced by  i d e a l  p a r a b o l i c  f a c e t s  t h a t  were shown i n  
f i g u r e  7. 
a p p r o x i m a t i o n s  to  t h e  i d e a l  p a r a b o l a .  Also shown i n  f i g u r e  9 a r e  noda l  p o i n t s  
from s p h e r i c a l  f a c e t s  w i t h  1 w a d  o f  random s u r f a c e  s l o p e  e r r o r .  Some o f  t h e s e  
nodal  p o i n t s  f a l l  o u t s i d e  of t h e  t r i a n g u l a r  o u t l i n e s  due t o  t h e  random s l o p e  
e r ro r .  

T h i s  i s  due p r i m a r i l y  t o  a s t i g m a t i s m  i n t r o d u c e d  by  u s i n g  s p h e r i c a l  

RESULTS 

The r e s u l t s  o f  v a r i o u s  a n a l y s e s  u s i n g  t h e  OFFSET code a r e  d e s c r i b e d  i n  t h e  
f o l l o w i n g  s e c t i o n s .  They i n c l u d e  compar isons t o  DPAP and O P T I C  computer code 
o u t p u t ,  an improvement i n  r e c e i v e r  f l u x  d i s t r i b u t i o n  b y  o f f s e t t i n g  t h e  r e c e i v e r  
a p e r t u r e  from the  a x i s  o f  t h e  c y l i n d r i c a l  r e c e i v e r ,  and improved a p e r t u r e  e f f i -  
c i e n c y  u s i n g  t o r o i d a l  f a c e t  c o n t o u r .  

DPAP and O P T I C  Comparisons t o  OFFSET R e s u l t s  

M D A C ' s  DPAP code o u t p u t  matches e x p e r i m e n t a l  measurements o f  a p e r t u r e  
p l a n e  f l u x  p r o f i l e  from s o l a r  c o l l e c t o r s  wh ich  MDAC has t e s t e d .  MDAC m o d i f i e d  
DPAP t o  r e p r e s e n t  t h e  o f f s e t  c o l l e c t o r  i n  o r d e r  t o  d e v e l o p  an o p t i c a l  measure- 
ment system fo r  o u r  use.  R e s u l t s  from t h i s  s i m u l a t i o n  a r e  p r e s e n t e d  i n  t h e  
form o f  a p e r t u r e  p l a n e  f l u x  maps. The c u r v e s  shown i n  f i g u r e  10 l a b e l e d  MDAC 
show a p e r t u r e  f l u x  versus  r a d i u s  d e r i v e d  from these maps. A lso shown i n  
f i g u r e  10 a r e  curves of a p e r t u r e  f l u x  v e r s u s  r a d i u s  from OFFSET. There i s  
e x c e l l e n t  agreement o f  t h i s  d a t a  b o t h  f o r  t h e  i d e a l  s p h e r i c a l  f a c e t s  w i t h  z e r o  
s l o p e  e r r o r  and fo r  s p h e r i c a l  f a c e t s  w i t h  3 mrad s l o p e  e r r o r .  

The a v a i l a b l e  r e s u l t s  from G T R I ' s  O P T I C  code show r e c e i v e r  c y l i n d r i c a l  
s i d e  w a l l  f l u x  d i s t r i b u t i o n  f o r  a p r e v i o u s  c o n f i g u r a t i o n  wh ich  o n l y  used 17 
hexagonal  p a n e l s  i n s t e a d  o f  t h e  c u r r e n t  19.  T h i s  c o n f i g u r a t i o n  i s  shown i n  
f i g u r e  1 1 .  The OFFSET code was m o d i f i e d  t o  approx imate  t h i s  c o n f i g u r a t i o n .  
Contour  p l o t s  r e p r e s e n t i n g  f l u x  d i s t r i b u t i o n  on  t h e  r e c e i v e r  w a l l s  p roduced by  
O P T I C  and OFFSET f o r  t h i s  c o n f i g u r a t i o n  a r e  shown i n  f i g u r e  12. The p l o t s  a r e  
i n  good agreement for  b o t h  t h e  l o c a t i o n  and magn i tude o f  t h e  f l u x  o n  t h e  
r e c e i v e r  w a l l s .  

O f f s e t  R e c e i v e r  A p e r t u r e  Improves F l u x  D i s t r i b u t i o n  

A map of f l u x  on  t h e  w a l l s  o f  t h e  r e c e i v e r  for t h e  19 hexagonal  pane l  c o l -  
l e c t o r  d e s i g n  i s  shown i n  f i g u r e  13. Comparison o f  t h i s  f i g u r e  t o  f i g u r e  12(a> 
w i t h  17 hexagonal p a n e l s  shows t h a t  t h e s e  p a n e l s  f i l l  i n  t h e  two low f l u x  
r e g i o n s  i n  t h e  r e c e i v e r  f l u x  map and g i v e  a more c o n t i n u o u s  f l u x  d i s t r i b u t i o n .  
There remains however an S-shape t o  t h e  b o r d e r  o f  t h e  low f l u x  r e g i o n  on  t h e  
a p e r t u r e  s i d e  of t h e  r e c e i v e r  f l u x  map. T h i s  S-shape i s  an image o f  t h e  o u t e r  
c i r c u m f e r e n c e  of t h e  c o l l e c t o r  d i s t o r t e d  because t h e  c o l l e c t o r  i s  an o f fse t  
p a r a b o l a .  I n  an a t t e m p t  t o  c o r r e c t  t h e  S-shape o f  t h e  f l u x  p r o f i l e ,  t h e  
r e c e i v e r  was r e p o s i t  oned so t h a t  t h e  f o c a l  p o i n t  o f  t h e  p a r a b o l a  was near  t h e  
edge o f  t h e  c i r c u l a r  r e c e i v e r  a p e r t u r e  p l a t e .  T h i s  c o n f i g u r a t i o n  i s  shown i n  
f i g u r e  14. The foca p o i n t ,  wh ich  i n  f i g u r e  1 had been on  t h e  r e c e i v e r  a x i s  i s  
near  t h e  edge o f  t h e  a p e r t u r e  p l a t e .  The r e c e i v e r  a p e r t u r e  would be " o f f s e t "  
from t h e  r e c e i v e r  ax s t o  t h i s  new r e l a t i v e  l o c a t i o n  o f  t h e  f o c a l  p o i n t  n e a r  
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t h e  edge o f  t h e  a p e r t u r e  p l a t e .  The r e c e i v e r  t i l t  a n g l e  between t h e  o p t i c a l  
a x i s  o f  t h e  p a r a b o l a  and t h e  r e c e i v e r  a x i s  i s  i n c r e a s e d .  The r e s u l t i n g  f l u x  
map i n  f i g u r e  15 shows a s t r a i g h t e r  shape t o  t h e  bo rde r  o f  t h e  low f l u x  r e g i o n  
on t h e  a p e r t u r e  s i d e  of t h e  r e c e i v e r  w a l l .  An a d d i t i o n a l  and unexpected  m a j o r  
b e n e f i t  o f  t h i s  c o n f i g u r a t i o n  change i s  t h a t  t h e  r e g i o n  near  t h e  a p e r t u r e  t h a t  
does n o t  see s o l a r  f l u x  i s  about  o n e - t h i r d  s m a l l e r  t han  f o r  t h e  p r e v i o u s  con- 
f i g u r a t i o n .  Th is  may i n c r e a s e  t h e  e f f e c t i v e n e s s  of t h e  r e c e i v e r  tubes  and 
t h e i r  t he rma l  energy s t o r a g e  and the reby  e n a b l e  some r e d u c t i o n  i n  t h e  r e c e i v e r  
s i z e .  

Group Number: 
Radius a l o n g  l i n e s ,  cm: 
Radius across  l i n e s ,  cm: 

T o r o i d a l  Facets  

1 2 3 4 
1963 2438 3038 3830 
1844 1996 2154 2314 

T o r o i d a l  f a c e t s  can b e t t e r  approx imate t h e  complex c o n t o u r  o f  a p a r a b o l a  
t h a n  s p h e r i c a l  f a c e t s  because t h e y  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 .  T h i s  i s  e s p e c i a l l y  i m p o r t a n t  f o r  t h e  Space S t a t i o n  o f f -  
s e t  c o l l e c t o r ,  because i t  has an f / D  r a t i o  of 0 .35 ,  wh ich  causes c o n s i d e r a b l e  
a s t i g m a t i s m .  However, t o r o i d a l  face ts  need t o  be o r i e n t e d  so t h a t  t h e  l o n g e s t  
r a d i u s  o f  c u r v a t u r e  of t h e  t o r o i d  i s  i n  t h e  same d i r e c t i o n  as t h e  l o n g e s t  
r a d i u s  o f  c u r v a t u r e  of t h e  p a r a b o l o i d .  T h i s  d i r e c t i o n  i s  a l o n g  t h e  p a r a b o l i c  
a r c  and i s  r a d i a l l y  o u t w a r d  from t h e  a x i s  o f  t h e  p a r a b o l a .  To o r i e n t  t h e  
f a c e t s  e x a c t l y ,  each t r i a n g u l a r  f a c e t  wou ld  need t o  be d i f f e r e n t .  F o r t u n a t e l y ,  
a t r i a n g u l a r  f a c e t  can be r o t a t e d  so t h a t  t h e  d i r e c t i o n  o f  t h e  t o r o i d  i s  w i t h i n  
30" o f  t h e  i d e a l  d i r e c t i o n  o f  t h e  pa rabo la .  T h i s  enab les  t h e  use o f  i d e n t i c a l ,  
i n t e r c h a n g e a b l e  t o r o i d a l  f a c e t s  for  a g r o u p  o f  f a c e t s .  

The p o s i t i o n i n g  o f  f o u r  groups of t o r o i d a l  f a c e t s  on t h e  o f f s e t  c o l l e c t o r  
i s  shown i n  f i g u r e  16. The f o u r  groups a r e  d i f f e r e n t i a t e d  by  1, 2, 3, or 4 
c r o s s h a t c h  l i n e s  t h r o u g h  each t r i a n g u l a r  f a c e t .  The d i r e c t i o n  o f  t h e  l o n g e s t  
r a d i u s  o f  c u r v a t u r e  o f  t h e  t o r o i d  i s  a l o n g  t h e  c r o s s h a t c h  l i n e s .  Note t h a t  
groups 2 and 4 have t h e  l o n g e s t  r a d i u s  of c u r v a t u r e  p a r a l l e l  t o  one s i d e  o f  t h e  
t r i a n g l e  and t h e  o t h e r  groups have t h e  l o n g e s t  r a d i u s  of c u r v a t u r e  p e r p e n d i c u -  
l a r  to  one s i d e .  The p r e f e r r e d  f a c e t  o r i e n t a t i o n  i s  t o  have t h e  l o n g e s t  r a d i u s  
of  c u r v a t u r e  r a d i a l l y  o u t w a r d  f r o m  t h e  p a r a b o l i c  a x i s .  Note,  t h a t  some o f  t h e  
f a c e t s  i n  f i g u r e  16 a r e  i n  d i f f e r e n t  groups t h a n  t h e  f a c e t s  i n  f i g u r e  2 t o  b e t -  
t e r  l i n e  up w i t h  t h e  r a d i a l  d i r e c t i o n .  R a d i i  o f  c u r v a t u r e  f o r  t h e  f o u r  groups 
o f  t o r o i d a l  f a c e t s  a r e  l i s t e d  below.  

One t r i a n g u l a r  f a c e t  on each hexagonal pane l  i n  f i g u r e  16 has a heavy o u t -  
l i n e .  The i d e a l  images (assuming a p o i n t  l i g h t  source and no s l o p e  errors) o f  
these  t o r o i d a l  f a c e t s  a r e  shown pass ing  t h r o u g h  t h e  r e c e i v e r  a p e r t u r e  i n  
f i g u r e  1 7 ( a > .  Cor respond ing  i d e a l  images for s p h e r i c a l  f a c e t s  a r e  shown i n  
f i g u r e  1 7 ( b ) .  These s p h e r i c a l  f a c e t  images shown on f i g u r e  17(b> a r e  an 
e n l a r g e d  v iew o f  t h e  f a c e t  images pass ing  t h r o u g h  t h e  a p e r t u r e  on f i g u r e  9. 
The images o f  t h e  t o r o i d a l  f a c e t s  ( f i g .  1 7 ( a > >  a r e  much s m a l l e r  t h a n  t h e  images 
o f  t h e  s p h e r i c a l  f a c e t s  ( f i g .  1 7 ( b > > ,  because t h e  t o r o i d a l  f a c e t s  a r e  a much 
b e t t e r  match t o  t h e  e x a c t  p a r a b o l i c  c o n t o u r .  

Spr-eading due t o  s lope  errors as shown i n  f i g u r e  8 and t o  t h e  s i z e  o f  t h e  
s o l a r  image as shown i n  f i g u r e  6 ,  w i l l  e n l a r g e  these i d e a l  images i n  f i g u r e  17 

7 



and cause power t o  be l o s t  by i n t e r c e p t i o n  w i t h  t h e  a p e r t u r e  p l a t e .  
i n t e r c e p t  losses for p a r a b o l i c ,  t o r o i d a l ,  and s p h e r i c a l  f a c e t s  h a v i n g  3 mrad 
s l o p e  error a r e  shown as a f u n c t i o n  o f  a p e r t u r e  r a d i u s  i n  f i g u r e  18.  The 
l o s s e s  f o r  t o r o i d a l  f a c e t s  a r e  s i g n i f i c a n t l y  l e s s  t h a n  for s p h e r i c a l  f a c e t s .  
They a r e  a l m o s t  as low as for p a r a b o l i c  f a c e t s ,  a l t h o u g h  t h e r e  a r e  o n l y  f o u r  
groups o f  t o r o i d a l  f a c e t s ,  b u t  each o f  t h e  456 p a r a b o l i c  f a c e t s  would r e q u i r e  
a d i f f e r e n t  c o n t o u r .  

These 

CONCLUSIONS 

A r a y  t r a c i n g  computer code i s  b e i n g  deve loped b y  NASA Lewis t o  s t u d y  t h e  
o f f s e t  co l lec to r  f o r  t h e  space s t a t i o n  s o l a r  dynamic e l e c t r i c  power system. 
T h i s  code t r a c e s  r a y s  from 50 p o i n t s  on  t h e  Sun t o  10 p o i n t s  on  each o f  456 
t r i a n g u l a r  f a c e t s .  
s l o p e  error, then t r a c e d  t h r o u g h  t h e  r e c e i v e r  a p e r t u r e  t o  t h e  w a l l s  o f  t h e  
r e c e i v e r .  

The r a y s  a r e  r e f l e c t e d ,  a c c o u n t i n g  f o r  f a c e t  c o n t o u r  and 

L i g h t  p a t t e r n s  r e p r e s e n t i n g  images of t h e  Sun and images o f  t h e  c o l l e c t o r  
and i t s  f a c e t s  on t h e  w a l l s  o f  t h e  r e c e i v e r  a r e  computed. The s i z e  o f  t h e  
images o f  t h e  Sun v a r i e s  by  about  a f a c t o r  o f  t h r e e  due t o  v a r i a t i o n s  i n  t h e  
a n g l e s  o f  i n t e r s e c t i o n  o f  t h e  r a y s  w i t h  t h e  r e c e i v e r  w a l l s  and v a r i a t i o n s  o f  
d i s t a n c e  from d i f f e r e n t  p o i n t s  on  t h e  c o l l e c t o r  t o  t h e  r e c e i v e r  w a l l s .  Rays 
from t h e  c e n t e r  o f  t h e  Sun r e f l e c t e d  b y  t h e  edges o f  i d e a l  p a r a b o l i c  f a c e t s  
produce an image o f  t h e  c o l l e c t o r  i n s i d e  t h e  r e c e i v e r .  Sur face s l o p e  e r r o r s  
o f  1 mrad move the nodal  p o i n t s  to  new l o c a t i o n s  r e l a t i v e  t o  t h e  i d e a l  f a c e t  
images. L a r g e r  d i s t o r t i o n s  and i n  some cases severe  e l o n g a t i o n  o f  f a c e t  images 
r e s u l t  from s p h e r i c a l l y  c o n t o u r e d  f a c e t s .  

O u t p u t  from t h e  OFFSET code i s  i n  good agreement w i t h  c o r r e s p o n d i n g  o u t p u t  
from MDAC's DPAP code and G T R I ' s  O P T I C  code. Moving t h e  r e c e i v e r  a p e r t u r e  t o  
t h e  edge r a t h e r  than t h e  c e n t e r  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  was f o u n d  t o  
improve t h e  r e c e i v e r  f l u x  d i s t r i b u t i o n .  A m a j o r  r e d u c t i o n  o f  a p e r t u r e  i n t e r -  
c e p t  power l o s s  was found t o  be p o s s i b l e  by  u s i n g  t o r o i d a l  f a c e t s  i n s t e a d  o f  
s p h e r i c a l  f a c e t s .  The per fo rmance w i t h  t o r o i d a l  f a c e t s  i s  a l m o s t  as good as 
w i t h  t h e  i d e a l  p a r a b o l i c  c o n t o u r ,  a l t h o u g h  o n l y  f o u r  g roups  o f  i d e n t i c a l ,  i n t e r -  
changeable,  t o r o i d a l  f a c e t s  a r e  r e q u i r e d .  
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FIGURE 7. - IMAGE OF AN IDEAL COLLECTOR PRODUCED BY RAYS 
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FIGURE 8. - IMAGES OF SELECTED PARABOLIC CONTOUR FACETS 
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FIGURE 11 . - BRAYTON OFFSET COLLECTOR. ORIGINAL 
CONFIGURATION. 

( A )  NASA OFFSET CODE. (B) GTRI OPTIC CODE. 

FIGURE 12. - RECEIVER SIDEWALL FLUX COMPARISON. 
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FIGURE 13. - RECEIVER FLUX HAP FROM 19 PANEL COLLECTOR. 
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FIGURE 14. - REVISED CONFIGURATION WITH OFFSET RECEIVER 
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FIGURE 15. - RECEIVER FLUX MAP FROM REVISED CONFIGU- 
RAT I ON. 
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FIGURE 16. - OFFSET COLLECTOR WITH FOUR GROUPS OF 
TOROIDAL FACETS. 
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(B) SPHERICAL FACETS. 

FIGURE 17. - RECEIVER APERTURE IMAGES OF COLLECTOR FACETS. 
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