
A 

CONTRACTOR REPORT Y 

SAND87 - 70 14 I Iclns3r 
Unlimited Release 
UC-62 cy’ 

Point-Focus Concentrator 
Reflector Assembly 

Phase I 

Solar Kinetics, Inc. 
10635 King William Drive 
Dallas, TX 75220 

Prepared by Sandia National Laboratories Albuquerque, Nev! Mexico 87 185 
and Liverrnore, California 94550 for the United States Department of Energy 
under Contract DE-AC04-76DP00789 

Pr inted November 1987 



Issued Iiy Saridia National I.aboratories, operated lor the United States 
Department ot' Energy hy Sandia Corporation. 
NOTICE: This report was prepared as an  account of work sixinsored hy an 
agency (if the l lnited States (hvernment .  Neither the United States Govern- 
men t  nor any agency t h e r e d ,  nor any < i t  their empl(ryees, nor any of their 
contractors. subcontractors, or their emplrryees, makes any warranty, expr 
or implied, or assumes any le& liability o r  responsiliility for the  a w u r a  
completeness. or usefulness of any information, apparatus,  product, or p 
cess disclosed, o r  represent5 tha t  its use wiiuld niit intringe privately owned 
rights. Reference herein to any specific commercial product, procesk, o r  
service tiy trade name, trademark, manuf'actiirer, o r  otherwise, dries not 
necessarily cunstitute o r  imply its endorsement, recommendation. or tavoring 
by the  l lnited States Government, any agency t h e r e d  or any 0 1  their 
contractors or subcontractors. T h e  vicws and  opiniirns exprehhed herein d o  
not necessarily state or reflect those ol the l lnited States (hvernmei i t ,  any 
agency thereol or any of  their contractor., or sul)contractors. 

Printed i i i  the llnite,l States ( i t  America 
Available from 
National 'I'echnical Inlorinati~in Service 
U.S. 1)epartment (11  ('ommerce 
5285 Port  Royal lioud 
Springfield, VA 22161 

NTIS price codeh 
Printed copy: A08 
Microfiche uipy: A01 



SAND87-7014 
Unlimited Release 

Printed November 1987 

Distribution 
Category UC-62 

Point-Focus Concentrator Reflector Assembly - Phase I 

S o l a r  K i n e t i c s ,  I nc .  
10635 King W i l l i a m  D r i v e  

D a l l a s ,  Texas 75220 

Sand i a Cont rac t  #2 1-3695 

ABSTRACT 

A p o i n t - f o c u s  c o n c e n t r a t o r  r e f l e c t i v e  assembly was developed i n  
Phase I on c o n t r a c t  2 1 - 3 6 9 5  u n d e r  t h e  d i r e c t i o n  o f  S a n d i a  
N a t i o n a l  L a b o r a t o r i e s ,  A1 b u q u e r q u e .  T h i s  c o n c e n t r a t o r  i s  
c o n v e n t i o n a l  i n  p r e s e n t a t i o n ,  y e t  i n n o v a t i v e  i n  d e t a i l .  The 
deve lopment  c o n c e n t r a t e d  on s t r u c t u r a l  e f f i c i e n c y  and produc t ion  
d e s i g n  t o  a c h i e v e  a h i g h  p e r f o r m a n c e  a t  m i n i m u m  c o s t .  T h e  
c o n c e n t r a t o r  d e s i g n  a c h i e v e s  s t i f f n e s s  and s t r e n g t h  through t h e  
i n t e g r a t i o n  of two s t r u c t u r a l  e lements .  The o p t i c a l  e l e m e n t  
p r o v i d e s  t h e  r e f l e c t i v e  s u r f a c e  a c c u r a c y ;  a secondary support  
s t r u c t u r e  p r o v i d e s  r e s i s t a n c e  t o  u n i f o r m  and n o n - u n i f o r m  l o a d  
c o n d i t i o n s .  A r e t r a c t a b l e  r e c e i v e r  s t r u t ,  which moves the  power 
conversionassembly out o f  focus i n  emergency power loss,  was a1 so 
i n c o r p o r a t e d .  T h i s  same assembly p rov ides  maintenance access t o  
t h e  engine near ground l e v e l .  A f u l l - s c a l e  o p t i c a l  e l e m e n t  was 
f a b r i c a t e d .  S l o p e  e r r o r  was measured a t  1 mrad. Concentrator  
p e r f o r m a n c e  was p r o j e c t e d  t o  be 88 p e r c e n t ,  o p t i c a l ,  T h i s  
p o i  n t - f o c u s  c o n c e n t r a t o r  r e f  l e c t o r  assembly design prov ides  low 
weight, low cost, and s i m p l i c i t y .  Our a n a l y s i s  i n d i c a t e s  t h e s e  
b e n e f i t s  are gained w i t h o u t  i m p a i r i n g  performance. 
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1.0 INTRODUCTION 

An i n t e g r a l  p a r t  o f  t h e  N a t i o n a l  S o l a r  Thermal Technology F i v e  
Year P l a n  i s  t h e  c o n t i n u e d  improvement o f  p o i n t - f o c u s  t e c h n o l o g y .  
P a r a b o l i c  d i s h  p o i n t - f o c u s  c o n c e n t r a t o r s  o f f e r  n e a r - t e r m  
p r o s p e c t s  f o r  t h e  p r o d u c t i o n  o f  e l e c t r i c i t y  a n d  h i g h - q u a l  i t y  
t h e r m a l  e n e r g y  f r o m  s o l a r  e n e r g y .  As p a r t  o f  t h i s  p l a n ,  a 
r e s e a r c h  and development p r o j e c t  was i n i t i a t e d  t o  d e v e l o p  a h i  gh  
p e r f o r m a n c e  p o i n t  - f o c u s  c o n c e n t r a t o r .  T h i s  r e p o r t  documents a1 1 
work completed under Phase I o f  c o n t r a c t  21-3695, p e r f o r m e d  u n d e r  
t h e  d i r e c t i o n  o f  Sand ia  N a t i o n a l  L a b o r a t o r i e s ,  Albuquerque. 

T h e  o b j e c t i v e  o f  t h i s  d e v e l o p m e n t  was t o  d e s i g n  a p a r a b o l i c  
c o n c e n t r a t o r  r e f l e c t i v e  assembly o f  s u b s t a n t i a l l y  i n c r e a s e d  value. 
The f o u n d a t i o n  f o r  d e s i g n  and comparison was d e f i n e d  as e x i s t i n g  
t e c h n o l o g y  d e v e l o p e d  f r o m  p r e v i o u s  r e s e a r c h  and d e v e l  o p m e n t  
e f f o r t s .  T h i s  s c o p e  was l i m i t e d ,  i n  P h a s e  I e f f o r t s ,  t o  
i n v e s t i g a t i o n  o f  t h e  r e f l e c t o r  a s s e m b l y  o n l y .  The r e f l e c t o r  
des ign  was demonstrated w i t h  p r o t o t y p e  sample f a b r i c a t i o n s .  

T h e  p r e s e n t a t i o n  t h a t  f o l l o w s  i s  d i v i d e d  i n t o  t h r e e  m a j o r  
s e c t i o n s :  D e s i g n ;  M a n u f a c t u r i n g ,  C o n s t r u c t i o n ,  and C o s t ;  and 
P r o t o t y p e  D e v e l o p m e n t .  S e c t i o n  2.0,  D e s i g n ,  p r o v i d e s  t h e  
r e q u i r e m e n t s  imposed upon t h e  d e v e l o p m e n t ,  a b a s e l i n e  d e s i g n  
t h a t  a d d r e s s e d  t h e s e  r e q u i r e m e n t s ,  and a d e t a i l e d  i n v e s t i g a t i o n  
and r e f i n e m e n t  o f  t h e  b a s e l i n e  c o n c e n t r a t o r .  M a n u f a c t u r i n g ,  
C o n s t r u c t i o n ,  and C o s t  ( S e c t i o n  3.0) i s  a d e s c r i p t i v e  s e c t i o n  on 
f a b r i c a t i o n  o f  t h e  c o n c e n t r a t o r  r e f l e c t o r  a s s e m b l y  a n d ,  
u l t i m a t e l y ,  t h e  s p e c i f i c  c o s t .  S e c t i o n  4.0,  P r o t o t y p e  
Development, i n c o r p o r a t e s  a l l  e f f o r t s  a t  d e m o n s t r a t i o n  o f  t h e  
proposed des ign  . 

1.1 M a j o r  Conc lus ions  

The r e f l e c t i v e  a s s e m b l y  s e l e c t e d  f o r  development was f a b r i c a t e d  
f r o m  30 i d e n t i c a l  p e t a l s  t h a t  r a d i a t e d  f r o m  t h e  v e r t e x  t o  
p e r i m e t e r  and fo rmed  a comple te  p a r a b o l o i d  of r e v o l u t i o n .  These 
o p t i c a l  p a n e l s  were des igned t o  p r o v i d e  t h e  s t i f f n e s s  r e q u i r e d  t o  
m a i n t a i n  a c c u r a c y  u n d e r  o p e r a t i o n a l  l o a d s .  A r e a r  s u p p o r t  
s t r u c t u r e  p r o v i d e d  f o r  l o a d  t r a n s f e r  t o  t h e  d r i v e ,  p a r t i c u l a r l y  
i n  s u r v i v a l  c o n d i t i o n s  ( F i g u r e s  1.1 and 1 . 2 ) .  Two s e p a r a t e  
components w e r e  s e l e c t e d  f o r  t h e  s t r u c t u r e  i n  r e a c t i o n  t o  t w o  
s e p a r a t e  d e s i g n  c r i t e r i a :  d e f l e c t i o n  under o p e r a t i o n a l  l oad  and 
s t r e s s / f a i l u r e  i n  s u r v i v a l  c o n d i t i o n s .  The s t r u c t u r e s  were  n o t  
i n d e p e n d e n t .  C o u p l i n g  b e t w e e n  t h e  o p t i c a l  e l e m e n t s  a n d  
s u p p o r t i n g  s t r u c t u r e  was c o n s i d e r e d  i n  t h e  d e t a i l e d  d e s i g n .  

The s t i f f n e s s  r e l a t i o n s h i p  between t h e  o p t i c a l  p a n e l s  and suppor t  
s t r u c t u r e  was a k e y  e l e m e n t  i n  d e s i g n .  T h e  o p t i c a l  p a n e l  

1 
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FIG. 1.2 REAR SUPPORT STRUCTURE (OPTICAL I 
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e x h i b i t e d  s a n d w i c h  pane l  c o n s t r u c t i o n :  two sk ins  were separa ted  
b y  a c o r e  t o  c r e a t e  an e x t r e m e l y  s t i f f  s t r u c t u r e  p e r  u n i t  o f  
w e i g h t .  The  a b i l i t y  t o  c a r r y  l o a d  w i t h o u t  f a i l u r e  t e n d e d  t o  
d e c r e a s e  w i t h  s p e c i f i c  s t i f f n e s s .  The o p e n  web c o n s t r u c t i o n  
e m p l o y e d  i n  t h e  r e a r  s t r u c t u r e  c o u l d  c a r r y  l a r g e  loads  p e r  u n i t  
o f  w e i g h t .  The f i n a l  d e s i g n  b a l a n c e d  t h e  s t i f f n e s s e s  o f  t h e  
r e f  l e c t o r  a s s e m b l y  and s u p p o r t  s t r u c t u r e  t o  d i s t r i b u t e  t h e  l oad  
t r a n s f e r  acco rd ing  t o  s u r v i v a l  abi  1 i t y  i n  t h e  assembly. 

C o n v e n t i o n a l  m a n u f a c t u r i n g  p r o c e s s e s  were  d e f i n e d  f o r  o p t i c a l  
p a n e l  c o m p o n e n t s  a n d  t h e  e n t i r e  r e a r  s t r u c t u r e  a s s e m b l y .  
C r i t i c a l  t o l e r a n c e s  i n  t h e  d e s i g n  w e r e  a s s o c i a t e d  w i t h  p e t a l  
assembly o n l y .  O p t i c a l  a c c u r a c y  was l a r g e l y  d i v o r c e d  f r o m  t h e  
s t e e l  s u p p o r t  s t r u c t u r e  t h r o u g h  a d j u s t m e n t  p r o v i s i o n s  d u r i n g  
c o n s t r u c t i o n .  A d j u s t m e n t  was r e q u i r e d  o n c e .  T h e  o p t i c a l  
s t i f f n e s s  o f  t h e  c o n c e n t r a t o r  was i m p a r t e d  a f t e r  ad jus tment  b y  
bond ing  each p e t a l  t o  f o r m  a c o n t i n u o u s  o p t i c a l  element. 

P r o t o t y p e  d e v e l o p m e n t  c l e a r l y  demonst ra ted  t h e  accuracy o f  p e t a l  
a s s e m b l i e s  d e s i g n e d  f o r  t h i s  c o n c e n t r a t o r .  D i r e c t  p r o f i l e  
measurement  e q u i p m e n t ,  d e v e l o p e d  under t h i s  c o n t r a c t ,  i n d i c a t e d  
t h e  pane l  s lope e r r o r  was 1 mrad (one s t a n d a r d  d e v i a t i o n ,  n o r m a l  
d i s t r i b u t i o n ) .  

O p t i c a l  e f f i c i e n c y  w a s  p r o j e c t e d  a t  8 9  p e r c e n t ,  t h e r m a l  
e f f i c i e n c y  a t  83 p e r c e n t  ( 8 0 0  O C  r e c e i v e r ) .  C o n c e n t r a t o r  
r e f l e c t o r  a s s e m b l y  w e i g h t  was k e p t  b e l o w  60 lbs/m2. I n s t a l l e d  
c o s t s  w e r e  p r e d i c t e d  a t  $75-100/m2 f o r  an  a n n u a l  p r o d u c t i o n  
volume of 1,000 t o  10,000 c o n c e n t r a t o r s ,  r e s p e c t i v e l y .  

1.2 Recommended Fol low-Up A c t i v i t i e s  

The scope  o f  Phase I e f f o r t  was l i m i t e d  t o  t h e  development o f  a 
r e f l e c t i v e  a s s e m b l y  d e t a i l e d  d e s i g n .  T h e  r e s u l t s  o f  t h i s  
d e v e l o p m e n t  i n d i c a t e d  t h a t  a d e s i g n  c o n v e n t i o n a l  i n  p r e s e n t a t i o n ,  
and i n n o v a t i v e  i n  d e t a i l ,  c o u l d  p r o v i d e  h i g h  p e r f o r m a n c e  a t  l o w  
w e i g h t  and c o s t .  Based upon t h e  r e s u l t s  and p r o j e c t i o n s  o f  t h i s  
development, S o l a r  K i n e t i c s ,  I n c .  recommends t h a t  t h i s  c o n t r a c t  
be c o n t i n u e d  th rough  a second phase o f  development. 

The  second phase  i n  t h i s  d e v e l o p m e n t  e f f o r t  was d e f i n e d  as a 
d e t a i l e d  d e s i g n  o f  a l l  componen ts  o t h e r  t h a n  t h e  r e f l e c t i v e  
a s s e m b l y  (Phase I) and t h e  power c o n v e r s i o n  assembly, f o l l o w e d  by 
a f u l l - s c a l e  p r o t o t y p e  f a b r i c a t i o n  a n d  i n s t a l l a t i o n  a t  t h e  
D i s t r i b u t e d  R e c e i v e r  Tes t  F a c i l i t y  i n  Albuquerque. T h i s  work i s  
recommended t o  comple te  t h e  d e v e l o p m e n t  d e s i g n  and d e m o n s t r a t e  
t h e  p r o j e c t e d  performance o f  an i n t e g r a t e d  c o n c e n t r a t o r  design. 

I f  a c o s t - e f f e c t i v e  p e d e s t a l ,  d r i v e ,  f o u n d a t i o n ,  and c o n t r o l  
system s u i t a b l e  f o r  t h e  c o n c e n t r a t o r  d e s i g n e d  u n d e r  Phase I i s  
a v a i l a b l e ,  a l i m i t e d  p a t h  o f  Phase I 1  development m i g h t  i n i t i a l l y  
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be p u r s u e d .  T h i s  l i m i t e d  e f f o r t  w o u l d  demonst ra te  performance 
p r o j e c t i o n s  and,  u l t i m a t e l y ,  s u r v i v a b i l i t y  t h r o u g h  t h e  
m a n u f a c t u r e  o f  a f u l l - s c a l e  r e f l e c t o r  assembly i n s t a l l e d  on an 
e x i s t i n g  d r i v e  system. T h i s  l i m i t e d  scope i s  recommended as  a 
minimum f o l l o w - u p  e f f o r t .  





2.0 CONCENTRATOR DE S I G N  

T h e  o p t i c a l  a s s e m b l y  a n d  s u p p o r t  s t r u c t u r e  w e r e  i n t e g r a l l y  
coup led  and r e q u i r e d  d e s i g n  a n a l y s i s  as a u n i t .  These componen ts  
w e r e  p a r a m e t r i c a l l y  d e v e l o p e d  i n  i s o l a t i o n  and c o m b i n e d  f o r  
d e t a i l e d  design. T h i s  c h a p t e r  p r e s e n t s  t h e  d e s i g n  d e v e l o p m e n t  
f o r  t h e  o p t i c a l  assembly, suppor t  s t r u c t u r e ,  and power c o n v e r s i o n  
a s s e m b l y  ( P C A )  s u p p o r t .  T h i s  e f f o r t  was  i n i t i a t e d  b y  t h e  
e s t a b l i s h m e n t  o f  t h e  des ign  c o n s t r a i n t s  and goa ls ,  and proceeded 
th rough  t h e  development o f  a b a s e l i n e  and d e t a i l e d  design. 

The d e s i g n  b a s i s  s e c t i o n  p r e s e n t s  t h e  assumptions and c o n t r a c t  
r e q u i r e m e n t s  t h a t  e s t a b l i s h e d  t h e  b a s i s  f o r  t h e  c o n c e n t r a t o r  
d e s i g n  and t h e  impact o f  t hese  c o n s t r a i n t s  on d i s h  geometry. The 
development of t h e  b a s e l i n e  c o n c e n t r a t o r  d e s i g n  i s  p r e s e n t e d  i n  
t h e  f o l l o w i n g  s e c t i o n .  T h e  b a s e l i n e  d e s i g n  s e r v e d  a s  a 
f o u n d a t i o n  f o r  t h e  d e t a i l e d  d e s i g n .  M a t e r i a l  s e l e c t i o n ,  t r u s s  
a n d  r i n g  c o n f i g u r a t i o n ,  and t h e  o p t i c a l  p a n e l  c o n c e p t  were  
d e v e l o p e d  as p a r t  o f  t h e  b a s e l i n e .  T h e  f i r s t  s t e p  o f  t h e  
d e t  a i  1 e d  d e s i g n  was t h e  r i g o r o u s  r e f i n e m e n t  o f  t h e  b a s e 1  i n e  
assumptions. The o p t i c a l  e l e m e n t  and r e a r  s t r u c t u r e  s t i f f n e s s  
w e r e  a n a l y z e d  and de f ined.  Requ i red  s t r u c t u r a l  p r o p e r t i e s  o f  t h e  
suppor t  s t r u c t u r e  were e s t a b l i s h e d  and t h e  components w e r e  s i z e d .  
The l a s t  s e c t i o n  of t h i s  c h a p t e r  p r e s e n t s  t h e  development o f  a 
PCA suppor t  t h a t  p r o v i d e s  emergency d e f o c u s  w i t h o u t  an e x t e r n a l  
power source. 
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2.1 Design B a s i s  

S e v e r a l  d e s i g n  p a r a m e t e r s  w e r e  e s t a b l i s h e d  e a r l y  i n  t h i s  
d e v e l o p m e n t  e f f o r t  t o  s e r v e  as  a b a s i s  f o r  t h e  c o n c e n t r a t o r  
d e s i g n .  These p a r a m e t e r s  had a s i g n i f i c a n t  impact on t h e  va lue  
o f  t h e  f i n a l  p r o d u c t  and  w a r r a n t  e x a m i n a t i o n .  T h e  c o n t r a c t  
d e f  i ned c e r t a i n  requ i remen ts  such as thermal  p r o d u c t i o n  l e v e l  and 
w i n d  speeds.  These c o n s t r a i n t s  and e x t e n s i o n s  o f  c o n t r a c t  
r e q u i r e m e n t s  were  used  as our b a s i s .  Three i s s u e s  of p a r t i c u l a r  
i m p o r t a n c e  a r e  p r e s e n t e d  h e r e :  p e r f o r m a n c e ,  e n v i  r o n m e n t a l  
l oad ing ,  and p r o d u c t i o n  r a t e s .  

2.1.1 P e r f o r m a n c e .  The v a l u e  o f  any c o n c e n t r a t o r  i s  d i r e c t l y  
t i e d  t o  o p t i c a l  p e r f o r m a n c e .  T o  a c h i e v e  h i g h  o p t i c a l  
p e r f o r m a n c e ,  i t  i s  c r i t i c a l  t h a t  a d e s i g n  b a l a n c e  a p p r o p r i a t e  
c o n c e n t r a t o r  shape and s i z e  w i t h  r e a l i s t i c  o p t i c a l  e r r o r s .  

T h e  b a s e  p e r f o r m a n c e  r e q u i r e m e n t s  were  e s t a b l i s h e d  by  t h e  
c o n t r a c t .  The r e q u i r e d  power 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  was 
1 0 0  t o  160 kW ( k i l o w a t t s )  w i t h  1 0 0 0  W/m2 ( W a t t s / s q u a r e  m e t e r )  
i n c i d e n t  s o l a r  energy.  The s teady  s t a t e  r i m  f l u x  was r e q u i r e d  t o  
be l e s s  t h a n  100 kW/m2. These c o n d i t i o n s  were t o  be met i n  a 
6.8 m/s wind. A power i n p u t  of 130 kW was s e l e c t e d  as t h e  d e s i g n  
b a s i s  b e c a u s e  i t  r e p r e s e n t e d  a r a n g e  v a l u e .  A r e c e i v e r  
tempera ture  o f  800 O C  was chosen f o r  pe r fo rmance  a n a l y s e s .  T h i s  
t e m p e r a t u r e  was c h o s e n  t o  b e  r e p r e s e n t a t i v e  f o r  e l e c t r i c  power 
p r o d u c t i o n  i n  accordance w i t h  t h e  DOE F i v e  Year P lan .  

A r e a s o n a b l e  s e t  o f  o p t i c a l  c r i t e r i a  was d e f i n e d  t o  meet these 
r e q u i r e m e n t s .  D i s h  s i z e  a n d  t h e  r a t i o  o f  f o c a l  l e n g t h  t o  
d i a m e t e r  ( f / D )  were e s t a b l i s h e d .  E r r o r  b u d g e t s  f o r  s lope  and 
t r a c k i n g ,  a long  w i t h  r e f l e c t i v i t y  and shading, were d e f i n e d  b a s e d  
on  e x p e r i e n c e  w i t h  p r e v i o u s  c o n c e n t r a t o r s .  These va lues  were 
convo lved w i t h  s i z e  and shape va lues  t o  p r e d i c t  performance. 

A 1  1 e r r o r s  were  assumed t o  have c i  r c u l a r  normal d i s t r i b u t i o n s .  
T h i s  assumption s i m p l i f i e d  t h e  p e r f o r m a n c e  a n a l y s i  s a n d  a1 l o w e d  
t h e  u s e  o f  e x i s t i n g  a n a l y t i c a l  t o o l s .  A l though  t h i s  assumption 
was n o t  s t r i c t l y  accura te ,  o p t i c a l  p e r f o r m a n c e  was domi n a t e d  b y  
t h e  s l o p e  e r r o r  f o r  wh ich  t h e  assumption was r e p r e s e n t a t i v e .  A l l  
e r r o r  te rms are r e p o r t e d  as one s tandard  d e v i a t i o n .  

S l o p e  e r r o r  i s  d e f i n e d  as  any e r r o r  b e s t  desc r ibed  as o c c u r r i n g  
o n  i n c i d e n c e  and r e f l e c t i o n .  I t s  e f f e c t  i s  d o u b l e d  a n d  i t s  
i m p a c t  i s  s i g n i f i c a n t  b y  c o m p a r i s o n  t o  e r r o r s  t h a t  occur  i n  t h e  
r e f l e c t e d  p r o f i l e  o n l y .  T h e r e  a r e  s e v e r a l  s o u r c e s  o f  s l o p e  
e r r o r :  f a b r i c a t i o n ,  i n s  t a l  l a t i o n  a1 i g n m e n t ,  and s t r u c t u r a l  
d e f o r m a t i o n  u n d e r  l o a d .  T h e  s l o p e  e r r o r  w a s  i n i t i a l l y  
e s t a b l i s h e d  a t  4 mrad and l a t e r  reduced t o  3 mrad based upon t h e  
r e s u l t s  o f  p r o t o t y p e  f a c e t  t e s t i n g  a n d  d e t a i l e d  s t r u c t u r a l  
analyses. 
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T r a c k i n g  e r r o r  was a r b i t r a r i l y  e s t a b l i s h e d  a t  2 mrad. T h i s  va lue  
was n o t  v e r i f i e d  i n  t h i s  p h a s e  o f  t h e  c o n t r a c t .  D r i v e s  a n d  
c o n t r o l s  were r e s t r i c t e d  t o  t h e  second phase and were o u t s i d e  t h e  
scope o f  t h i s  e f f o r t .  The s e n s i t i v i t y  o f  t h i s  a s s u m p t i o n  was 
m in ima l  . 
The sun i s  n o t  a p o i n t  s o u r c e  n o r  i s  i t s  l i g h t  c o l l i m a t e d ,  and 
beam d i s p e r s i o n  r e s u l t s .  T h i s  d i s p e r s i o n  was a c c o u n t e d  f o r  as 
" s u n  s h a p e . "  I t  was a s s u m e d  t o  h a v e  a c i r c u l a r  n o r m a l  
d i s t r i b u t i o n  o f  2 . 3  m r a d .  A l t h o u g h  t h i s  w a s  a r o u g h  
a p p r o x i m a t i o n  o f  t h e  t r u e  e r r o r ,  p a r a m e t r i c  a n a l y s i s  i n d i c a t e d  
t h a t  t h i s  s e l e c t i o n  was n o t  c r i t i c a l .  

The specu 1 a r i  t y  and r e f  1 e c t  i v i  t y  c o r r e s p o n d e d  t o  commerical  l y  
a v a i l a b l e  r e f l e c t i v e  f i l m  l a m i n a t e d  t o  a s u b s t r a t e .  A 
s p e c u l a r i t y  o f  1 .25  mrad  and a r e f l e c t i v i t y  o f  95 p e r c e n t  were 
d e f  i ned. 

B l o c k i n g  was f o u n d  t o  b e  a s e n s i t i v e  a s s u m p t i o n .  B l o c k i n g  
o c c u r r e d  f r o m  f i l m  gaps  a t  each  seam, r e c e i v e r  shadow ing ,  and 
s t r u t s  b l o c k i n g  b o t h  i n c i d e n t  and c o n c e n t r a t e d  energy. B l o c k i n g  
was s t r o n g l y  i n f l u e n c e d  b y  t h e  b a s e l i n e  d e s i g n ,  a n d  t h r o u g h  
s u c c e s s i  v e  r e f  i n e m e n t ,  t h e  b l o c k i n g  was e s t a b l i s h e d  a t  5.3 
p e r c e n t  o f  t h e  g r o s s  a p e r t u r e  area. 

P r e v i o u s  work  b y  J a f f e  ( R e f .  1) has  shown t h e  optimum range o f  
f / D  f o r  p a r a b o l i c  c o n c e n t r a t o r s  t o  be 0.4 t o  0.6. The t r a d e - o f f  
i s  r e l a t i v e l y  i n s e n s i t i v e  t o  e r r o r  s e l e c t i o n .  T h i s  shape range 
i s  v i r t u a l l y  always adopted i f  f a b r i c a t i o n  does n o t  c r e a t e  c o s t  
o r  t e c h n i c a l  o b s t a c l e s .  C o n s e q u e n t l y ,  t h e  o p t i m u m  f / D  was 
e s t a b l i s h e d  a t  0.5 w i t h o u t  i t e r a t i o n .  

The c o n c e n t r a t o r  d i a m e t e r  and r e c e i  v e r  a p e r t u r e  were v a r i e d  t o  
meet t h e  c o n t r a c t  r e q u i r e m e n t s  f o r  e n e r g y  i n p u t  and r i m  f l u x ,  
w h i l e  p r o v i d i n g  maximum c o l l e c t o r  e f f i c i e n c y .  T h i s  a n a l y s i s  was 
pe r fo rmed  on  C O P S ,  a r a y - t r a c e  p r o g r a m  (Kef .  2 ) .  The o p t i c a l  
e f f i c i e n c y  as a f u n c t i o n  o f  r e c e i v e r  a p e r t u r e  i s  p resen ted  i n  
F i g u r e  2.1. To a r r i v e  a t  t h e  c o l l e c t o r  e f f i c i e n c y ,  t h e  o p t i c a l  
e f f i c i e n c y  m u s t  b e  c o n v o l v e d  w i t h  t h e  r e c e i v e r  e f f i c i e n c y .  The 
r e c e i v e r  c u r v e  i s  p r e s e n t e d  i n  F i g u r e  2.2. T h i s  c u r v e  r e p r e s e n t s  
t h e  h e a t  l o s s  ( r a d i a t i v e ,  c o n v e c t i v e ,  and c o n d u c t i v e )  from t h e  
r e c e i v e r  as a f u n c t i o n  o f  a p e r t u r e .  F i g u r e  2 . 3  p r e s e n t s  
c o l l e c t o r  e f f i c i e n c y  a s  a f u n c t i o n  o f  a p e r t u r e .  C o l l e c t o r  
e f f i c i e n c y  i s  a p r o d u c t  o f  o p t i c a l  and r e c e i v e r  e f f i c i e n c i e s .  As 
shown,  t h e  maximum c o l l e c t o r  e f f i c i e n c y  i s  a p p r o x i m a t e l y  8 4  
p e r c e n t .  

The r i m  f l u x  was f o u n d  t o  b e  100 kW/m2 a t  a r a d i u s  o f  0.18 m, 
w h i c h  was a l s o  t h e  a p e r t u r e  r a d i u s  t h a t  g a v e  t h e  m a x i m u m  
c o l l e c t o r  e f f i c i e n c y .  T h i s  was s i g n i f i c a n t  i n  t h a t  t h e  r i m  f l u x  
r e q u i r e m e n t  was n o t  r e s t r i c t i v e .  The c o n c e n t r a t o r  c o u l d  b e  
o p t i m i z e d  f o r  performance w i t h o u t  r e g a r d  t o  r i m  f l u x .  

9 



0 

E 
04 

m 
cy 
r 

0 
c3 

m a 
0 

I1 Y II I u 

I I I 0 
61 

0 0 
0 Qo CL) 
r 

% A3N3131443 l V 3 1 1 d 0  

.. 1 0  



il 

-m 

-* 

-cy 

rr 

E 
U 

t 
V 
Z 

V 
W - 
- 
LL 
L 
W 

& 
W > 
V 
- 
W 

W 
& 



c 

ds a 
00 
n 
a 
0 

CI 

c 

I I I 0 
d N 

0 0 
0 00 

% A3N3131443  YO1331103 

n 

E 
Y 

m 
3 

< 
- 
n 

W 
& 
3 
I- 
& 
W 
a. < 
& 
W 

> 
u 
& 

- 
W 

W 

1 2  



The f i n a l  r e c e i v e r  aperture was established s l i g h t l y  larger than 
optimum t o  provide bet ter  performance under degraded c o n d i t i o n s  
( e . g . ,  sun shape i n c r e a s e  due t o  a tmosphere) .  The o p e r a t i n g  
aperture was established a t  0.20 m. 

The sumnary of inputs and r e s u l t s  i s  shown in Table 2.1.  

2 . 1 . 2  E n v  i ronmental Requi rement s .  E n v  i ronmental requirements 
were established t o  ensure t h a t  t h e  c o n c e n t r a t o r  w o u l d  perform 
p r o p e r l y  under normal c o n d i t i o n s  and survive a re la t ive ly  harsh 
loading regime. I n  so doing, l i f e  c y c l e  c o s t s  a s s o c i a t e d  w i t h  
f a i  1 ure and rep1 acement were avoided. The contract defined the 
following operational and survival constraints :  

Temperature: -26" to +49 "C (-15" t o  +120 O F )  

Wind: Provide r a t e d  output  i n  winds of 6 . 7  m / s  
(15 m p h )  
C a p a b l e  o f  o p e r a t i o n  i n  winds o f  13  m / s  
(30 mph)  
Survive a 2-second gust i n  any or ientat ion of 
20.7 m/s  (46.2 m p h )  
S u r v i v e  s u s t a i n e d  winds w h i l e  i n  stow of 
36 m / s  (80 m p h )  
S u r v i v e  a 2 - s e c o n d  g u s t  w h i l e  i n  stow of 
42 m/s (95 mph) 
Resume n o r m a l  o p e r a t i o n  a f t e r  impact from 
20-mm (3/4-inch), 0 .9  specif ic  grav i ty  h a i l  a t  
ve loc i t ies  of 5 m/s (80 f / s )  

Hai 1 : 

The key c o n s t r a i n t  i s  the  wind loading .  Addit ional  loads are 
described by contract  (Ref. 3) .  

The w i n d  speed was def ined;  t h e  dynamic p r e s s u r e  was e a s i l y  
determined; b u t  the developed p r e s s u r e  on t h e  c o n c e n t r a t o r  was 
complex and d i d  no t  o f fe r  a simple solution. 

The p r e s s u r e  p r o f i l e  development i s  a s ignif icant  assumption in 
the development of a detailed s t ruc tura l  design. The s t r u c t u r a l  
weight of a c o n c e n t r a t o r  r e f l e c t o r  assembly i s  as sensi t ive t o  
t h e  l o a d  d i s t r i b u t i o n  as i t  i s  t o  t h e  a b s o l u t e  m a g n i t u d e  o f  
f o r c e s  expressed a t  some convenient r e a c t i v e  p o i  n t .  Boundary 
layer, uniform, a n d  aerodynamic p r o f i l e s  were cons idered  i n  t h e  
detailed design development of t h i s  concentrator. 

The boundary layer prof i le  assumed an exponential p rof i le  of wind  
velocity as  a function of distance above grade. T h i s  p r o f i l e  was 
based upon f u l l y  developed f l o w  across t e r r a i n ,  and was used to  
d e f i n e  w i n d  v e l o c i t i e s  a t  the  c o n c e n t r a t o r  c e n t e r 1  i ne.  The 
prof i l e  d i  d n o t  generate the reactive forces a t  the concentrator 
v e r t e x  developed i n  w i n d  tunnel r e s e a r c h  (Ref. 4 ) .  Boundary 
l a y e r  assumptions a re  also unlikely t o  be a valid representation 
under gust loadings, as  t h e  p r o f i l e  d i d  n o t  have time t o  f u l l y  
develop. 



TABLE 2.1 

OPTICAL CHARACTERISTICS 

DIAMETER OF DISH 

GROSS APERTURE AREA 

BLOCKING 

RIM ANGLE 

REFLECTIVITY 

SLOPE ERROR 

SPECULARITY E R R O R  

TRACKING ERROR 

RECEIVER APERTURE RADIUS 

THERMAL INPUT TO RECEIVER 

RIM FLUX 

OPTICAL EFFICIENCY 

COLLECTOR EFFlCtENCY 

14 m 

154.O-'td2 

5.3% 

53.13O 

95% 

3.0 mrad 

1.25 mrad 

2.0 rnrad 

.2 m 

733 kW 

5 2  kW/m2 

89% 

83% 

GORE OUTER EDGE SQUARED 
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The uniform p r o f i l e ,  a c o n s t a n t  dynamic pressure over the dish, 
i s  a simplified assumption commonly used in c o n c e n t r a t o r  design. 
T h i s  assumpt ion  was used i n  t h e  d e f l e c t i o n  a n a l y s i s  of t h i s  
concentrator a t  operating wind speeds ( l e s s  t h a n  7 m/s) and as 
t h e  design case f o r  t h e  s u r v i v a l  g u s t  condition (42  m/s>. The 
uniform prof i le  d i d  not  generate appropriate moments, a key i s s u e  
i n  concentrator design. 

The aerodynamic prof i les  described by Cohen (Ref. 5) were used t o  
generate moment loadings and represented the second surv iva l  load 
case  (36  m/s) .  Under a s u s t a i n e d  loading ,  a pressure prof i le  
would develop across the concentrator. The prof i le  was developed 
from a s u p e r p o s i t i o n  of a c i r c u l a r  f l a t  p l a t e  and p a r a b o l i c  
a i r f o i l  p r e s s u r e  d i s t r i b u t i o n .  A t h i r d - o r d e r  polynomial was 
developed as a funct ion of angle of attack. The development was 
primarily empirical. The p r o f i l e  i s  shown i n  F i g u r e  2 . 4 .  The 
product of the coeff ic ient  of pressure ( C p )  and e f fec t ive  dynamic 
pressure ( p ' )  produces t h e  p r e s s u r e  loading of a chordal a r e a  
d e f i n e d  from t h e  l e a d i n g  e d g e .  The dynamic p r e s s u r e  was 
increased  u n t i l  t h e  t h i r d - o r d e r  polynomi a1 p r o d u c e d  moment 
loadings as descr ibed  by Roschke (Ref .  4 ) .  Drag and l i f t  were 
s l i g h t l y  under-predicted by t h i s  method, b u t  t h e  design t o  a 
u n i f o r m  p r o f i l e  ( a l b e i t ,  noncoincident) was assumed t o  adequately 
address l i f t  and d r a g  forces.  

2 . 1 . 3  P r o d u c t i o n .  The product ion design provided another  
essent ia l  aspect of the value of the concentrator  i n  t h a t  i t  had 
a s i g n i f i c a n t  i n f l u e n c e  on c o s t .  Product ion c o n s i d e r a t i o n s  
played an i m p o r t a n t  r o l e  i n  c o n c e n t r a t o r  design and l i m i t e d  
potent ia l ly  cost ly  material scrap losses.  

Product ion r a t e s  of b o t h  1 ,000  a n d  10,000 u n i t s  per year  a r e  
r e q u i r e d  by t h e  c o n t r a c t .  T h e s e  m o d e r a t e  p r o d u c t i o n  
l e v e l  s r e s t r i c t  t h e  u s e  o f  h i g h l y  a u t o m a t e d  manufactur ing 
processes associated w i t h  mass product ion.  SKI d i d  not assume 
t h a t  a l l  or even a large fract ion of the annual production would 
be i n s t a l l e d  a t  a single s i t e .  As the solar thermal d i s h  market 
deve lops ,  i t  i s  reasonable  t o  assume t h a t  many f i e l d s  will  have 
few dishes. I n  t h i s  respect, the dish cons t ruc t ion  must r e q u i r e  
a minimum of s i t e  t o o l i n g  and e f f o r t .  

Mater ia l  c o s t s  g e n e r a l l y  r e p r e s e n t e d  a higher  f r a c t i o n  of the 
i n s t a l l e d  c o s t  as  p r o d u c t i o n  r a t e s  r o s e .  Automat ion  and 
a d m i n i  s t r a t i v e  e f f i c i e n c y  reduced o t h e r  expenses a t  h igher  
volumes. The d i r e c t  material represented a s u b s t a n t i a l  f r a c t i o n  
o f  t h e  t o t a l  c o s t  even a t  m o d e r a t e  l e v e l s  c o n s i d e r e d  fo r  
t h i s  c o n c e n t r a t o r .  A t  a n n u a l  p r o d u c t i o n  r a t e s  of 1 , 0 0 0 ,  
approximately one-half  of the  t o t a l  c o s t  would be material;  a t  
10,000, the r a t i o  w o u l d  increase t o  two- th i rds .  The r e f l e c t i v e  
polymer was the s i n g l e  l a r g e s t  c o n t r i b u t o r  a n d  r e p r e s e n t s  30 
percent of the t o t a l  materi a1 budget. 

Emphasis  was p l a c e d  o n  a v o i d i n g  l a r g e  scrap  l o s s e s  f o r  t h e  
r e f l e c t i v e  f i l m ,  i n  p a r t i c u l a r .  S c r a p  l o s s e s  c a n  v a r y  
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s u b s t a n t i a l l y  a c c o r d i n g  t o  m a n u f a c t u r i n g  p r o c e s s e s  a n d  
c o n c e n t r a t o r  d e s i g n .  Because o f  t h e  p o t e n t i a l  f o r  h i g h  s c r a p  
l o s s ,  m a t e r i a l  c o s t s  were based on t h e  q u a n t i t y  purchased r a t h e r  
than  t h e  i n s t a l l e d  q u a n t i t y .  

The m e t h o d  o f  f a b r i c a t i o n  and some a s p e c t s  o f  t h e  c o n c e n t r a t o r  
des ign  were 1 a r g e l y  d e t e r m i n e d  by  s c r a p  r a t e s .  T h i s  a p p r o a c h  
k e p t  sc rap  l o s s  r a t e  low, a t  5 pe rcen t .  



2.2 B a s e l i n e  Development 

The b a s e l i n e  a p p r o a c h  was s e l e c t e d  f o r  d e s i g n  o f  a p o i n t - f o c u s  
c o n c e n t r a t o r .  T h i s  b a s e l i n e  d e s i g n  was d e v e l o p e d  i n  r e s p o n s e  t o  
a p a r a m e t r i c  assessmen t  and a p p l i c a t i o n  o f  t h e  c o n c e n t r a t o r  
r e q u i r e m e n t s .  M o d i f i c a t i o n  and  o p t i m i z a t i o n  a r e  a c c o m p l i  shed 
d u r i n g  a d e t a i l e d  d e s i g n ,  b u t  t h e  b a s e l i n e  was r e t a i n e d  i n  
essence th roughou t  t h e  development. 

2 .2 .1  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 .  C o n c e n t r a t o r  d e s i g n  m u s t  
a l w a y s  accommodate t w o  b a s i c  s t r u c t u r a l  c r i t e r i a :  o p t i c a l  
a c c u r a c y  m u s t  b e  p r o v i d e d  i n  t h e  o p e r a t i o n a l  regime, and f a i l u r e  
must be a v o i d e d  a t  t h e  u l t i m a t e  e n v i r o n m e n t a l  l o a d  c o n d i t i o n .  
Sandw ich  p a n e l  c o n s t r u c t i o n ,  a s t r u c t u r e  t h a t  e x h i b i t s  a v e r y  
h i g h  s p e c i f i c  s t i f f n e s s  ( t h e  r a t i o  o f  s t i f f n e s s  t o  w e i g h t ) ,  was 
s e l e c t e d  f o r  t h e  o p t i c a l  p e t a l s .  T h i s  s t i f f n e s s  was f u r t h e r  
enhanced b y  j o i n i n g  each  p a n e l  i n  a c o n n e c t i o n  c a p a b l e  o f  l o a d  
t r a n s f e r .  A r e f l e c t i v e  s u r f a c e  t h a t  a c t s  as a c o n t i n u o u s  o p t i c a l  
e lement was c r e a t e d  as a r e s u l t  o f  t h e  j o i n t  des ign .  

The s u b s t a n t i a l  s p e c i f i c  s t i f f n e s s  o f  t h e  o p t i c a l  e lement d i d  
n o t  i m p l y  a l a r g e  s p e c i f i c  s t r e n g t h .  I f  t h e  o p t i c a l  e l e m e n t  was 
f o r c e d  t o  a c t  a s  t h e  l o a d  t r a n s f e r  mechan ism f r o m  t h e  d i s h  
p e r i m e t e r  t o  t h e  d r i v e  c o n n e c t i o n ,  s t r e s s  c o n c e n t r a t i o n  a t  t h e  
r o o t  o f  each  p a n e l  became l a r g e  and, u l t i m a t e l y ,  r e s u l t e d  i n  
b u c k l i n g  f a i l u r e  o f  t h e  sk in .  T h e r e  w e r e  4 b a s i c  a p p r o a c h e s  t o  
i m p r o v e  s t r e n g t h :  i n c r e a s e  t h e  p a n e l  s k i n  t h i c k n e s s ,  decrease 
t h e  unsuppor ted  s k i n  l e n g t h ,  decrease t h e  s p e c i f i c  s t i f f  ness ,  o r  
add a s e c o n d a r y  l o a d  t r a n s f e r  e l e m e n t .  The f i r s t  two o p t i o n s ,  
t h i c k n e s s  and l e n g t h ,  e f f e c t i v e l y  delayed b u c k 1  i ng b y  i n c r e a s i n g  
t h e  r e s i s t a n c e  t o  i n s t a b i l i t y .  These o p t i o n s  were n o t  pursued 
due t o  t h e  b a s i c  i n c o m p a t a b i l i t y  o f  t h e  s t r u c t u r a l  e l e m e n t  t o  
accommodate l o a d s  c l o s e  t o  y i e l d  w i t h o u t  b u c k l i n g .  T h i n  f l a t  
sheet  s t o c k  would n o t  p r o v i d e  an e f f i c i e n t  m a t e r i a l  d i s t r i b u t i o n  
i f  t h e  s t r u c t u r a l  p r o p e r t y  r e q u i r e d  was l o c a l  s e c t i o n .  The t h i r d  
o p t i o n ,  r e d u c t i o n  i n  s p e c i f i c  s t i f f n e s s ,  was n o t  c o m p a t i b l e  w i t h  
d e f l e c t  i o n  d e s i g n .  C o n s e q u e n t l y ,  a secondary  t r a n s f e r  element 
was de f i ned .  Open web beams were s e l e c t e d  as t h e  bes t  s t r u c t u r a l  
e lement f o r  a 1 a rge  speci  f i c s t r e n g t h .  

Coup1 i n g  between t h e  s t r u c t u r e s  was d e f i n e d  as an i s s u e  p r i m a r i l y  
a s s o c i a t e d  w i t h  d e t a i l e d  design. The p a r a m e t r i c  a p p l i c a t i o n  o f  
l o a d s  and r e s u l t i n g  d e s i g n  w e r e  accommodated b y  a l l o c a t i n g  a 
p o r t i o n  o f  t h e  e r r o r  t o  e a c h  e l e m e n t  i n  t h e  s t r u c t u r e .  S l o p e  
e r r o r  was assumed t o  be rep resen ted  b y  a l i n e a r  s u p e r p o s i t i o n  o f  
p a n e l  sag  i n  r e s p o n s e  t o  a u n i f o r m  p r e s s u r e  ( 6 . 7  m / s )  o n  an  
i n f i n i t e l y  s t i f f  f o u n d a t i o n  ( F i g u r e  2.5A), and pane l  sag w i t h  a 
f o u n d a t i o n  s l i p  a n d  n o  p r e s s u r e  ( F i g u r e  2 . 5 B ) .  T h i s  
a p p r o x i m a t i o n  s e p a r a t e d  t h e  r e a r  s t r u c t u r e  and o p t i c a l  p a n e l  
s t i f f n e s s .  
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A s i n g l e - t i e r  o p t i c a l  p a n e l ,  w h i c h  r a d i a t e d  f r o m  t h e  c e n t e r  t o  
t h e  p e r i m e t e r  ( see  F i g u r e  2 . 6 ) ,  was s e l e c t e d  f o r  t h e  b a s i c  p e t a l  
d e s i g n .  T h i s  approach accommodated t h e  p r o d u c t i o n  r a t e  des ign  by  
r e d u c i n g  s c r a p  l o s s  a s s o c i a t e d  w i t h  t h e  o u t e r  t i e r  p a n e l s .  T h i s  
r e d u c t  i o n  was i m p o r t a n t ,  because  t h e  o p t i c a l  e lement r e f l e c t i v e  
p o l y m e r ,  l a m i n a t e d  p r i o r  t o  s h e a r ,  r e p r e s e n t e d  t h e  l a r g e s t  
m a t e r i a l  c o s t  f r a c t i o n  i n  t h e  c o n c e n t r a t o r .  

P a n e l  w i d t h  was  s e l e c t e d  t o  m a t c h  t h e  l a r g e s t  s h e e t  s t o c k  
c o m m e r i c a l l y  a v a i l a b l e .  

2 .2.2 P a r a m e t r i c  Rear S t r u c t u r e  Design. The f i r s t  c o n s i d e r a t i o n  
i n  p a r a m e t r i c  r e a r  s t r u c t u r e  d e f i n i t i o n  was pane l  span o n  a r i g i d  
f o u n d a t i o n  ( s e e  F i g u r e  2.7A). The f i g u r e  o f  m e r i t  was t h e  r a t i o  
of pane l  sag s lope  e r r o r s  i n  response t o  t h e  o p e r a t i o n a l  p ressu re .  
E q u a l  s u p p o r t  span was compared t o  an e q u a l  pane l  a rea  suppor t  
( o r  l o a d ) .  T h i s  p a r a m e t r i c  a n a l y s i s  i n d i c a t e d  t h a t  t h e  e q u a l  
s p a n  a p p r o a c h  t o  i n t e r m e d i a t e  p a n e l  s u p p o r t  was s u p e r i o r  t o  
c o n s t a n t  l o a d .  A c u r s o r y  e x a m i n a t i o n  o f  t h e  c i r c u m f e r e n t i a l  
l e n g t h  o f  t h e  t w o  r i n g s  f o r  t h e s e  cases i n d i c a t e d  t h a t  t h e  equal  
span c o n f i g u r a t i o n  w o u l d  l i k e l y  p r o v i d e  t h e  l o w e s t  w e i g h t .  
Consequent ly,  an equa l  span c o n f i g u r a t i o n  was adopted. 

The n e x t  s t e p  i n  t h e  p a r a m e t r i c  c o n f i g u r a t i o n  a n a l y s i s  was t o  
de te rm ine  t h e  a c t u a l  span b e t w e e n  i n t e r m e d i a t e  s u p p o r t s .  The  
a p p r o a c h  was t o  assume a d i s c r e t e  number o f  s u p p o r t s  between t h e  
c o n c e n t r a t o r  hub and p e r i m e t e r  a t  equal  spac ing  (see  F i g u r e  2.7B). 
A s u b s t a n t i a l  r e d u c t i o n  i n  e r r o r  o c c u r r e d  a s  t h e  number o f  
s u p p o r t s  i n c r e a s e d .  The  w e i g h t  o f  t h e  r e a r  s t r u c t u r e  a l s o  
i n c r e a s e d  w i t h  t h e  number o f  suppor ts .  The a b s o l u t e  magn i tude o f  
e r r o r  was, t h e r e f o r e ,  used as a f i g u r e  o f  m e r i t  r a t h e r  t h a n  t h e  
r a t i o  o f  e r r o r s .  A s m a l l  pane l  s t i f f n e s s  was assumed b y  d e f i n i n g  
t h e  o p t i c a l  e lement from a low modulus m a t e r i a l  (a luminum) ,  38 mm 
t h i c k .  The r e s u l t s  i n d i c a t e d  t h a t  a s l o p e  e r r o r  o f  l e s s  than 
1 mrad o c c u r r e d  w i t h  o n l y  2 s u p p o r t s .  C o n s e q u e n t l y ,  t h e  r e a r  
s u p p o r t  s t r u c t u r e  was d e f i n e d  w i t h  two r i n g s  a t  equal  spans. 

The s e n s i t i v i t y  o f  t h e  t h i c k n e s s  and modulus assumption was a l s o  
t e s t e d .  F o r  pane ls  25 m t h i c k ,  e r r o r  was d o u b l e d ;  p a n e l s  7 5  mm 
t h i c k  d e m o n s t r a t e d  e r r o r s  decreased b y  a f a c t o r  o f  4. The f i n a l  
pane l  d e s i g n  f e l l  between t h e  38-75-mm r a n g e  and  t h e  t h i c k n e s s  
a s s u m p t i o n  was assessed t o  be s e n s i t i v e ,  b u t  adequa te l y  p r e c i s e .  
An i n c r e a s e  i n  m o d u l u s  ( s t e e l  p a n e l s )  a l s o  was a s e n s i t i v e  
a s s u m p t i o n  t h a t  r e i n f o r c e d  t h e  t w o - r i  ng  c o n f i g u r a t i o n  a t  a1 1 
reasonab le  panel  t h i cknesses .  

T h e  f i n a l  s t e p  i n  p a r a m e t r i c  r e a r  s t r u c t u r e  c o n f i g u r a t i o n  
r e q u i r e d  a n a l y s i s  o f  t h e  s e c o n d a r y  s p a n  a s s o c i a t e d  w i t h  t h e  
c i r c u m f e r e n t i a l  d i s t a n c e  b e t w e e n  r i n g  s u p p o r t .  The number o f  
r a d i a l  arms d e f i n e d  t h i s  d i s t a n c e .  F o u n d a t i o n  d e f l e c t i o n  was 
d e f i n e d  a s  t h e  f i g u r e  o f  m e r i t ,  and t h e  a l l o w a b l e  d e f l e c t i o n  was 
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r e l a t e d  t o  s l o p e  e r r o r  b y  i n d u c i n g  a f i x e d  d e f o r m a t i o n  i n  t h e  
o p t i c a l  p a n e l  w i t h  a c o n c e n t r a t e d  l o a d .  T h i s  a l l o w a b l e  
d e f l e c t i o n  was d i v i d e d  i n t o  t h e  c o n t r i b u t i o n  o f  arm sag and r i n g  
sag i n  response t o  a u n i f o r m  o p e r a t i n g  l o a d  p r o f i l e .  The a r e a  
m o m e n t s  o f  r i n g  a n d  r a d i a l  a r m s  w e r e  v a r i e d  t o  m i n i m i z e  
s t r u c t u r a l  we igh t .  The o p t i c a l  e r r o r  cou ld  n o t  be  s u b s t a n t i a l l y  
r e d u c e d  b y  i n c r e a s i n g  r i n g  s t i f f n e s s  (excep t  i n  t h e  3 arm case) .  
Panel e r r o r  i nduced  t h r o u g h  arm d e f l e c t i o n  c o u l d  b e  m a r g i n a l l y  
r e d u c e d  a t  a f r a c t i o n  o f  t h e  w e i g h t  i n c r e a s e  r e q u i r e d  f o r  t h e  
same r e d u c t i o n  m a r g i n  i n  t h e  r i n g .  

T h e  a l l o w a b l e  e r r o r  was d e f i n e d  a s  1 . 2 5  m r a d ;  1 m r a d  o f  
d e f l e c t i o n  was a l l o w e d  i n  t h e  t r u s s ,  t h e  r e m a i n d e r  i n  t h e  r i n g .  
The r i n g  e r r o r s  were f u r t h e r  d i v i d e d  i n t o  a r a d i a l  and t a n g e n t i a l  
component  b a s e d  upon t h e  d i s p l a c e m e n t  p a t t e r n .  F i g u r e  2 . 8  
i l l u s t r a t e s  t h e  r e s u l t  i n  s p e c i f i c  w e i g h t  ( w e i g h t  per  u n i t  o f  
a p e r t u r e )  f o r  d i f f e r e n t  numbers  o f  r a d i a l  arm s u p p o r t ,  t h e  k e y  
v a r i a b l e .  S ix  r a d i a l  arms were s e l e c t e d  f o r  t h e  b a s e l i n e  des ign.  

2 . 2 . 3  P a r a m e t r i c  Panel Design. P a r a m e t r i c  panel  des ign  r e q u i r e d  
c o n s i d e r a t i o n  o f  b o t h  e r r o r  and f a i l u r e  i n  o r d e r  t o  d e v e l o p  a 
r e a s o n a b l e  c o m b i n a t i o n  o f  s k i n  t h i c k n e s s  and p a n e l  d e p t h .  
I n i t i a l l y ,  a p a n e l  d e p t h  o f  6 6  mm was s e l e c t e d ,  and t h e  s k i n  
t h i c k n e s s  was v a r i e d  t o  d e t e r m i n e  t h e  minimum t h i c k n e s s  r e q u i r e d  
t o  r e s i s t  b u c k l i n g  under a u n i f o r m  s u r v i v a l  dynamic p r e s s u r e  load.  
T h e  r e a r  s t r u c t u r e  i n t e r a c t i o n  was n e g l e c t e d  b y  assuming an 
i n f i n i t e  s t i f f n e s s .  Compressive l oads  were g r e a t e s t  a t  t h e  r o o t  
o f  t h e  g o r e .  A t  t h i s  p o i n t ,  t h e  unsuppor ted  s k i n  had an aspect 
r a t i o  o f  2. T h e  s h a p e  c o n f i g u r a t i o n  w a s  a r e a s o n a b l e  
a p p r o x i m a t i o n  of  R o a r k ,  p. 551,  c a s e  2 6  ( R e f .  6 )  f o r  e l a s t i c  
i n s t a b i l i t y .  T h i s  a p p r o x i m a t i o n  was a p p l i e d  t o  t h e  p a n e l .  The 
r e s u l t  was a s k i n  t h i c k n e s s  r e q u i r e m e n t  o f  0.6 mm. 

E l a s t i c  i n s t a b i l i t y  was e x c e p t i o n a l l y  s e n s i t i v e  t o  s k i n  t h i c k n e s s .  
The a l l o w a b l e  o r  c r i t i c a l  s t r e s s  was p r o p o r t i o n a l  t o  t h e  s q u a r e  
o f  t h i c k n e s s .  The a c t u a l  s t r e s s  occu r red  f rom bending, which was 
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  of t h i c k n e s s ,  and b i - a x i a l  
o r  m e m b r a n e  l o a d i n g ,  w h i c h  was i n v e r s e l y  p r o p o r t i o n a l  t o  
t h i c k n e s s .  A f o u r t h - o r d e r  r e 1  a t i o n s h i p  a p p r o x i m a t e d  t h e  
r e l a t i o n s h i p  f o r  b u c k l i n g  and s k i n  t h i c k n e s s ,  g i v e n  a l o a d  and 
pane l  dep th  i n  t h e  range cons idered.  

T h e  p a n e l  d e p t h  was v a r i e d ,  w h e r e a s  s k i n  t h i c k n e s s  was k e p t  
c o n s t a n t  a t  t h e  above v a l u e .  Two l o a d  c a s e s  w e r e  a s s u m e d :  
u n i f o r m  s u r v i  Va l  p r e s s u r e  l o a d s  and u n i f o r m  o p e r a t i n g  p ressu re  
loads.  B u c k l i n g  s e n s i t i v i t y  t o  p a n e l  d e p t h  was s u b s t a n t i a l l y  
l e s s  t h a n  s e n s i t i v i t y  t o  changes i n  s k i n  t h i c k n e s s  b e c a u s e  
t h e  c r i t i c a l  l o a d  f o r m u l a t i o n  and membrane s t r e s s e s  r e m a i n e d  
r e l a t i v e l y  c o n s t a n t .  O n l y  t h e  b e n d i n g  s t r e s s e s  i n c r e a s e d  as  
pane l  dep th  d e c r e a s e d .  C o n s e q u e n t l y ,  i t  was n o t  n e c e s s a r y  t o  
a1 t e r  s k i n  t h i c k n e s s  i n  t h e  p a r a m e t r i c  development f o r  d i f f e r e n t  
pane l  depths.  Pane l  depth  des ign  became a f u n c t i o n  o f  s t i f f n e s s  
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o n l y .  The p a r a m e t r i c  d e v e l o p m e n t  i n d i c a t e d  a p a n e l  d e p t h  o f  
6 0  t o  70 mm w h i c h  was a d e q u a t e  f o r  s l o p e  e r r o r s  o f  l e s s  t h a n  
1 mrad. 

The p a r a m e t r i c  development  o f  panel  t h i c k n e s s  and s k i n  t h i c k n e s s  
p r e s e n t e d  t o  t h i s  p o i n t  assumed m a t e r i  a1 p r o p e r t i e s  a s s o c i a t e d  
w i t h  aluminum. The f i n a l  s t e p  r e q u i r e d  a t r a d e - o f f  between s t e e l  
a n d  a luminum.  D e c r e a s e s  i n  s k i n  t h i c k n e s s  w e r e  d i f f i c u l t  t o  
accommodate, even when t h e  m a t e r i  a1 modu 1 us inc reased,  because of 
t h e  b u c k l i n g  s e n s i t i v i t y .  C o n s e q u e n t l y ,  t h e  o n l y  a p p r o a c h  f o r  
m a t e r i a l  r e d u c t i o n  was t o  d e c r e a s e  panel  dep th  t o  accommodate a 
s t i f f e r  m a t e r i a l  w i t h  an e q u i v a l e n t  e r r o r  des ign.  

A p p r o x i m a t e l y  4 0  p e r c e n t  o f  t h e  p a n e l  m a t e r i a l  v o l u m e  was 
a s s o c i a t e d  w i t h  depth  ( t h i s  percentage i n c l u d e d  c o r r u g a t e d  p a n e l ,  
v e r t i c a l  s e c t  i o n s ,  and edge c h a n n e l s  1, t h e  r e m a i  n i  ng f r a c t i o n  
w i t h  s k i n  t h i c k n e s s .  P a r a m e t r i c  d e s i g n  i n d i c a t e d  t h a t  38-mm 
s t e e l  p a n e l  d e p t h s  corresponded i n  s t i f f n e s s  t o  an aluminum pane l  
depth  o f  64 mm. I f  t h e  40  p e r c e n t  v o l u m e  w e r e  r e d u c e d  b y  t h e  
h e i g h t  r a t i o ,  t h e  n e t  r e d u c t i o n  i n  s t e e l  pane l  m a t e r i a l  volume 
was de termined t o  be 16 pe rcen t .  The c o s t  o f  a l u m i n u m  and s t e e l  
(assumed a t  $O.W/ lb  and $0.39/ lb,  r e s p e c t i v e l y )  was conver ted  t o  
a v o l u m e t r i c  b a s i s  and a p p l i e d  t o  t h e  m a t e r i a l  r e d u c t i o n .  The 
r e s u l t  i n d i c a t e d  t h a t  s t e e l  a c t u a l l y  c o s t  more than  t h e  aluminum 
on a s p e c i f i c  a rea  b a s i s ,  though t h e  d i f f e r e n c e  was m a r g i n a l .  

G i v e n  a r e l a t i v e l y  equa l  c o s t  f o o t i n g ,  aluminum was s e l e c t e d  f o r  
o p t i c a l  pane l  des ign  t o  decrease t h e  w e i g h t  l oads  i m p a r t e d  t o  t h e  
s u p p o r t  s t r u c t u r e  a n d  p r o v i d e  a b a s e  m a t e r i a l  t h a t  was 
i n s e n s i  t i v e  t o  t h e  c o r r o s i  ve env i ronment .  



2.3 D e t a i l e d  Design Development 

The d e t a i l e d  development p resen ted  i n  t h i s  s e c t i o n  r e p r e s e n t s  t h e  
m o d i f i c a t i o n  and o p t i m i z a t i o n  o f  t h e  b a s e l i n e  d e s i g n .  T h e  
a n a l y s i s  r e v i e w s  s e n s i t i v e  a s s u m p t i o n s  d e f i n e d  f r o m  p a r a m e t r i c  
a p p l i c a t i o n  o f  t h e  des ign  r e q u i r e m e n t s  and  a p p l i e s  r e q u i r e m e n t s  
i n  a more  r i g o r o u s  f a s h i o n .  The r e a c t i o n  o f  t h e  c o n c e n t r a t o r  t o  
t h e  o p e r a t i o n a l  and s u r v i v a l  l o a d  e n v i r o n m e n t  was a c c o m p l i  shed  
p r i m a r i  l y  th rough  a p p l i c a t i o n  o f  l i n e a r ,  f i n i t e  element a n a l y s i s .  
The r e s u l t s  o f  t h e  l i n e a r  a n a l y s i  s were subsequent ly  r e v i e w e d  f o r  
b u c k l i n g  by d e f i n i t i o n  o f  t h e  i n d i v i d u a l  e lement r e a c t i o n s  and 
t h e  a p p l i c a t i o n  o f  a n a l y t i c a l  o r  e m p i r i c a l  approx imat ions .  

T h e  l o a d  a p p l i e d  t o  t h e  s t r u c t u r e  was d i s c u s s e d  i n  p r e v i o u s  
s e c t i o n s .  Three separa te  cases were  used: a u n i f o r m  p r e s s u r e  a t  
o p e r a t i n g  w ind  speeds (6.7 m/s) was used f o r  d e f l e c t i o n  a n a l y s i s ;  
a nonun i fo rm p r o f i l e  desc r ibed  b y  Cohen, ( R e f .  5 )  and  a u n i f o r m  
p r e s s u r e  p r o f i l e  a s s o c i a t e d  w i t h  s u r v i v a l  w i n d  speeds (36  m/s 
steady, 42 m/s g u s t )  were used f o r  f a i l u r e  a n a l y s i s .  A l l  l o a d i n g  
was a s s u m e d  t o  b e  q u a s i - s t a t i c .  A m a j o r  d e p a r t u r e  f r o m  t h e  
b a s e l i n e  a n a l y s i s  was t h e  c o n s i d e r a t i o n  o f  t h e  e n t i r e  s t r u c t u r e  
w i t h  a p p r o p r i a t e  coup1 i n g ,  r a t h e r  t h a n  an approximated d i v i s i o n  
be tween  t h e  o p t i c a l  e l e m e n t  and t h e  s e c o n d a r y  l o a d  t r a n s f e r  
s t r u c t u r e .  The n o n u n i f o r m  p r o f i l e  and a n a l y s i s  based upon an 
i n t e g r a t e d  s t r u c t u r e  e s s e n t i a l l y  f o r c e d  t h e  f i n i t e  e lemen t  d e s i g n  
approach. 

2.3.1 B a s e l i n e  Assumption Ref inement.  The b a s e l i n e  development, 
m a j o r  a s s u m p t i o n s ,  and r e f i n e m e n t  o f  s e n s i t i v e  a s s u m p t i o n s  
d e f i n e d  t h e  s t a r t i n g  p o i n t  f o r  t h e  d e t a i l e d  d e s i g n .  These  
assumptions were d i v i d e d  i n t o  t h r e e  m a j o r  s e c t  i o n s :  g e o m e t r i c  
c o n f i g u r a t i o n ,  r e a r  s t r u c t u r e ,  and o p t i c a l  pane l  des ign .  

The b a s e 1  i n e  g e o m e t r i c  c o n f i g u r a t i o n  o f  t h e  c o n c e n t r a t o r  assumed 
a b a s i c  shape. G o r e s  o r  p e t a l s  r a d i a t e d  f r o m  t h e  hub t o  t h e  
p e r i m e t e r  i n  one c o n t i n u o u s  p a n e l  t o  reduce scrap. The o p t i c a l  
p a n e l  was d e f i n e d  as a s a n d w i c h  p l a t e  on  t h e  b a s i c  s p e c i f i c  
s t i f f n e s s  p e r f o r m a n c e  o f  t h e  s h a p e .  T h i s  s t i f f n e s s  was 
subsequent ly  enhanced by a t t a c h i n g  p e t a l s  t h r o u g h  a l o a d  b e a r i n g  
j o i n t  t o  f o r c e  t h e  o p t i c a l  e lement t o  ac t  as a con t inuous  p l a t e .  
A secondary r e a r  s t r u c t u r e  was added t o  t r a n s f e r  s u r v i v a l  l o a d s  
t o  t h e  d r i v e .  These a s s u m p t i o n s  w e r e  c r i t i c a l  t o  t h e  b a s e l i n e  
and were cons ide red  i n  t h e  d e t a i l e d  development. 

The  a p p r o a c h  t o  mode l  d e v e l o p m e n t  was i t e r a t i v e ,  e f f e c t i v e l y  
assuming t h e  f i n a l  shape t o  d e t e r m i  ne t h e  a p p r o p r i a t e  componen t  
r e l a t i o n s h i p s .  T h e  a p p r o a c h  o f  b a s e l i n e  d e v e l o p m e n t  was 
e x p l o i t e d  t o  f u l l  advantage. The e n t i r e  c o n c e n t r a t o r  was m o d e l e d  
as a 180" segment,  w i t h  a p p r o p r i a t e  boundary  c o n d i t i o n s .  T h i s  
mode l  c o u l d  accommodate t h e  n o n u n i f o r m  p r o f i l e ,  w h i c h  h a s  a 
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s i n g l e  a x i s  o f  symmet ry .  Loads  w e r e  a p p l i e d  t o  t h e  o p t i c a l  
e l e m e n t  and r e a r  s t r u c t u r e  t o  d e t e r m i n e  t h e  e f f e c t i v e  s p r i n g  
s t i f f n e s s  o f  e a c h  component. The o p t i c a l  and suppor t  components 
c o u l d  then  b e  s e p a r a t e d ,  and t h e  i n t e r a c t i o n  c o u l d  b e  m o d e l e d  
w i t h  s p r i n g s .  I n  o r d e r  t o  mode l  t h e  i m p a c t  o f  r e a r  s t r u c t u r e  
changes on t h e  o p t i c a l  panel ,  t h e  r a t i o  o f  s p r i n g  c o n s t a n t s  was 
a s s u m e d  t o  r e m a i n  c o n s t a n t ,  w h i l e  t h e  v a l u e s  changed.  T h i s  
assumption e s s e n t i a l l y  t i e d  t h e  r e l a t i v e  s t i f f n e s s  o f  t h e  r e a r  
s t r u c t u r e  t o  i t s  span. Subsequen t  d e v e l o p m e n t  work  w i t h  t h e  
comp le te  model i n d i c a t e d  t h a t  t h e  exac t  r a t i o  o f  s p r i n g  c o n s t a n t s  
a t  t h e  m i d d l e  and o u t e r  r i n g  was n o t  p a r t i c u l a r l y  s e n s i t i v e  t o  
t h e  f i n a l  development. 

A f r a c t i o n  o f  t h e  b a s e l i n e  o p t i c a l  assembly was modeled and t h e  
r e a r  s t r u c t u r e  was s i m u l a t e d  a t  t h e  a t t a c h m e n t  p o i n t s  w i t h  
s p r i n g s ,  r a t h e r  t h a n  an i n f i n i t e l y  s t i f f  f o u n d a t i o n .  The r a t i o  
o f  c r i t i c a l  and a c t u a l  pane l  c o m p r e s s i v e  s t r e s s  ( s a f e t y  f a c t o r ,  
b u c k l i n g )  was p l o t t e d  a s  a f u n c t i o n  o f  r e a r  s t i f f n e s s  f o r  a 
u n i f o r m  s u r v i v a l  l o a d  i n  F i g u r e  2.9. The r e 1  a t  i o n s h i p  i n d i  c a t e d  
t h a t  a t  z e r o  a t t a c h m e n t  s t i f f n e s s ,  c o r r e s p o n d i n g  t o  no  r e a r  
s t r u c t u r e ,  f a i l u r e  w o u l d  o c c u r  because  of t h e  e n o r m o u s  l o a d  
c o n c e n t r a t i o n  a t  t h e  r o o t  o f  t h e  panel .  

T h i s  s t r e s s  c o n c e n t r a t i o n  c a n n o t  be e f f e c t i v e l y  e l i m i n a t e d  w i t h  
s a n d w i c h  p a n e l  c o n s t r u c t i o n .  T h e  s t r e s s  f r o m  t h e  e n t i r e  
c o n c e n t r a t o r  a p e r t u r e  i s  u l t i m a t e l y  c o n c e n t r a t e d  a t  a r a d i u s  o f  
l e s s  t h a n  1 m. E f f e c t i v e  l o a d  t r a n s f e r  w o u l d  r e q u i r e  o r d e r  o f  
m a g n i t u d e  i n c r e a s e s  i n  p a n e l  d e p t h  and i n t r o d u c e  s e c o n d a r y  
i n s t a b i l i t y  p rob lems i n  t h e  core .  The h i g h l y  c o n c e n t r a t e d  l o a d  
w o u l d  a l s o  r e q u i r e  s u b s t a n t i a l l y  g r e a t e r  s k i n  t h i c k n e s s e s  t o  
a v o i d  l o c a l i z e d  b u c k l i n g .  No w e i g h t - e f f e c t i v e  o p t i o n s  w e r e  
a v a i l a b l e  t o  r e d u c e  t h i s  f a i l u r e  mechan ism o t h e r  t h a n  t h e  
a d d i t i o n  o f  supplemental  l o a d  t a k e - o f f  p o i n t s .  

Two s i m i l a r  o p t i c a l  a s s e m b l y  m o d e l s  w e r e  c o n s t r u c t e d ,  w i t h  
boundary c o n d i t i o n s  m o d i f i e d  t o  r e p r e s e n t  a c o n t i n u o u s  o p t i  c a l  
e l e m e n t  and 30 d i s c r e t e  p a n e l  e lements.  The r e a r  s t r u c t u r e  was 
aga in  s i m u l a t e d  w i t h  i n n e r  and o u t e r  s p r i n g s  o f  c o n s t a n t  r a t i o ,  
and a u n i f o r m  o p e r a t i n g  p r e s s u r e  l o a d  was app l i ed .  The r e s u l t s  
a r e  p r e s e n t e d  i n  F i g u r e  2 . 1  as an a r e a  w e i g h t e d  s l o p e  e r r o r  
versus  t h e  suppor t  s t r u c t u r e  s t i f f n e s s .  

The c o n s t a n t  s l o p e  e r r o r  e s s e n t i a l l y  i n d i c a t e d  t h a t  t h e  ma jo r  
e r r o r  c o n t r i b u t i o n  o c c u r r e d  f rom t h e  sag b e t w e e n  s u p p o r t s .  The 
r e a r  s u p p o r t  s t r u c t u r e  s i m p l y  f o r c e d  t h e  e r r o r  t o  z e r o  near t h e  
g o r e  m i d p o i n t .  The f i g u r e  h a d  an i m p o r t a n t  c o r o l l a r y :  t h e  
o p t i c a l  p a n e l  s t i f f n e s s  d e t e r m i n e d  t h e  c o n c e n t r a t o r  accuracy.  
S lope e r r o r  was n o t  s e n s i t i v e  t o  f o u n d a t i o n  d e f l e c t i o n ,  so l o n g  
a s  some f o u n d a t i o n  was p r o v i d e d .  T h i s  r e s u l t  r e p r e s e n t e d  a 
s u b s t a n t i a l  d e p a r t u r e  f r o m  t h e  b a s e l i n e  d e s i g n .  Two m a j o r  
c o n c l u s i o n s  w e r e  drawn.  F i r s t ,  sandwich pane l  c o n s t r u c t i o n  was 
a p p r o p r i a t e  f o r  t h i s  p o i  n t - f o c u s  c o n c e n t r a t o r  because  b e n d i n g  
s t i f f n e s s  i n  t h e  o p t i c a l  element u l t i m a t e l y  de te rm ined  accuracy.  
S e c o n d ,  r e a r  s t r u c t u r e  d e s i g n  w a s  b a s e d  u p o n  s u r v i v a l  
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c o n s i d e r a t i o n s  only;  s t i f f n e s s  was r e q u i r e d  only t o  prevent 
o p t i c a l  panel f a i l u r e  and d i d  not  s u b s t a n t i a l l y  i n f l u e n c e  
performance. 

Opt ica l  accuracy i s  s u b s t a n t i a l l y  d i f f e r e n t  f o r  continuous and 
discontinuous re f lec t ive  assemblies. The slope e r r o r  was a l ready  
def ined as a function of optical element bending s t i f fness .  This 
s t i f f n e s s  would obvious ly  be i n c r e a s e d  i f  e a c h  p e t a l  were 
connected w i t h  a l o a d  t ransfer  j o i n t .  For the f ina l  design, the 
area weighted slope error  in the continuous panel was 1 . 2  mrad i n  
an o p e r a t i o n a l  wind. The slope error  would increase t o  2.7 mrad 
i n  a discontinuous assembly. Consequently, t h e  b a s e l i n e  design 
assumption of a continuous optical panel was adopted. 

The r e a r  s t r u c t u r e  was def ined as six radial  arms with two load 
take  off p o i n t s  o r  r i n g s .  F i n a l  design development d i d  n o t  
a t t e m p t  t o  modi fy  o r  o p t i m i z e  t h i s  a s s u m p t i o n ,  because t h e  
assumption was n o t  p a r t i c u l a r l y  s e n s i t i v e .  The f i n a l  r e a r  
s t r u c t u r a l  weight (5800 l b s  l e s s  900 lbs for PCA supports, 4900 
l b s )  was compared t o  t h e  w e i g h t s  d e v e l o p e d  a t  p a r a m e t r i c  
a p p l i c a t i o n  ( s e e  Figure 2.8, previous sec t ion) .  The parametric 
assumption was w i  t h i  n 5 percent of the f i n a l  design development. 

The panel design developed in the parametric analysis was defined 
from a l u m i n u m  with a depth of 6 6  m m  and a sk in  t h i c k n e s s  of 
0.6 mm. The panel depth was n o t  2 sensi t ive assumption and was 
not modified in the f i n a l  design development. Skin t h i c k n e s s ,  
however, was very sensi t ive t o  panel weight and buckling f a i l u r e .  
A model approach, s i m i l a r  t o  t h o s e  descr ibed  p r e v i o u s l y ,  was 
d e f i n e d :  a small f r a c t i o n  of the concentrator was modeled w i t h  
rear s t ructure  interact ion defined by c o n s t a n t  r a t i o  s p r i n g s  a t  
t h e  load take-of f  p o i n t s .  A un i fo rm survival pressure load was 
appl ied ,  and skin t h i c k n e s s  was v a r i e d .  The r e s u l t  of t h e  
a n a l y s i s  i s  p l o t t e d  i n  F igure  2 . 1 1 .  The parametirc assumption 
for  skin thickness, 0.6 mm, represented a c r i t i c a l - t o - a l l o w a b l e  
s t r e s s  r a t i o  o f  a p p r o x i m a t e l y  f o u r .  L a t e r  a p p l i c a t i o n s  of 
n o n u n i f o r m  p r o f i l e s  r e d u c e d  t h e  s a f e t y  f a c t o r  t o  t h r e e .  
P a r a m e t r i c  a s s u m p t i o n s  regard ing  panel skin t h i c k n e s s  were 
adopted fo r  det ai  led desi g n .  

The s e l e c t i o n  of o p t i c a l  panel mater ia l  was n o t  s e n s i t i v e  in 
parametric development, though the selection does seem paramount 
t o  f i  n a l  des ign .  The major concern was over potential  softening 
of the rear s t ructure  due t o  the hinge connection between o p t i c a l  
and s t r u c t u r a l  elements. Consequently, the design was altered t o  
remove t h e  h inged  c o n n e c t i o n  and r e p l a c e  i t  w i t h  a s o l i d  
c o n n e c t i o n  t o  t e s t  the  assumption. The r e s u l t  of t h i s  t e s t  
indicated that  rear s t r u c t u r e  s t r e s s  was margi n a l  ly  reduced by 
providing t h e  hinged connect ion.  This r e s u l t  i s  typical i n  any 
s t ructure  designed t o  s t r e s s  rather than t o  d e f l e c t i o n  c r i t e r i a :  
as the number o f  r e s t r a i n t s  decreases, s t r e s s  will  decrease and 
deflection w i l l  increase. The hinge was judged t o  have a minimal 
impact upon the s t ructural  weight design. 
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2.3 .2  F i n a l  Mode l  D e v e l o p m e n t .  The f i n a l  mode l  d e v e l o p m e n t  
i n c l u d e d  a 180" model o f  t h e  o p t i c a l  p a n e l s  and r e a r  s t r u c t u r e .  
T h i s  d i s h  f r a c t i o n  was s e l e c t e d  as the  nonun i fo rm p r o f i l e  because 
t h e  nonun i fo rm p r o f i l e  d e m o n s t r a t e d  a s i n g l e  l i n e  o f  symmet ry .  
C o n n e c t  i o n  b e t w e e n  t h e  two s t r u c t u r a l  components was implemented 
t h r o u g h  a hinge. The two s u r v i v a l  l o a d  c o n d i t i o n s  w e r e  imposed, 
and t h e  p r o p e r t i e s  of t h e  r e a r  s t r u c t u r e  components were de f i ned  
i n  response t o  t h e  bend ing  moments. R e c e i v e r  s t r u t  a n a l y s i s  was 
p e r f o r m e d  i n  a s e p a r a t e  m o d e l i n g  e f f o r t  (see  S e c t i o n  2.4); t h e  
r e a c t i o n s  from t h i s  model were imposed  as c o n c e n t r a t e d  l o a d s  a t  
t h e  c o n n e c t i o n  p o i n t .  T h e  d e f l e c t e d  p a t t e r n  i s  shown i n  
r e p r e s e n t a t i v e  f o r m  i n  F i g u r e  2.12. 

The r a d i a l  arms w e r e  s u b j e c t  t o  moment l o a d i n g s  b o t h  i n  and o u t  
o f  p l a n e .  The o u t - o f - p l a n e  l o a d i n g  was m o s t  s e v e r e .  The i n  
p l a n e  l o a d  n g s  w e r e  a c t u a l l y  c a u s e d  by t h e  r e s i s t a n c e  t o  r i g i d  
body m o t i o n  o f  t h e  c o n c e n t r a t o r  i t s e l f .  The n o n u n i f o r m  p r o f i l e  
was e s s e n t  a1 l y  a t t e m p t i n g  t o  push t h e  c o n c e n t r a t o r  downstream. 
R e s i s t a n c e  t o  t h e  m o t i o n  was d e v e l o p e d  i n  t h e  a r m s  t h a t  r a n  
p a r a l l e l  t o  t h e  w i n d  d i r e c t i o n .  The nonun i fo rm p r o f i l e  was the  
w o r s t  l o a d  case  f o r  t h e  t r u s s  i n  b o t h  d i r e c t i o n s .  I n  t h e  
o u t - o f - p l a n e  d i r e c t i o n ,  t h e  w i n d w a r d  t r u s s  saw a g r e a t e r  l o a d  
than  any o t h e r  t r u s s  i n  t h e  s t r u c t u r e .  

The r i n g s  were a l s o  s u b j e c t  t o  moment l o a d i n g s  i n  b o t h  d i r e c t i o n s .  
O u t - o f - p l a n e  moments w e r e  d e f i n e d  b y  t r u s s  d e f l e c t i o n  a t  t h e  
p o i n t  o f  c o n n e c t i o n  and t h e  n o r m a l  componen t  o f  t h e  w ind  l o a d  
i m p a r t e d  th rough  t h e  h inge c o n n e c t i o n .  The n o n u n i f o r m  p r e s s u r e  
p r o f i l e  c r e a t e d  t h e  most severe l o a d i n g  c o n d i t i o n  i n  t h e  o u t - o f -  
p lane  d i r e c t i o n  on t h e  w i n d w a r d  s i d e  o f  t h e  c o n c e n t r a t o r .  The 
p l a n a r  l o a d i n g  was c r e a t e d  p r i m a r i  l y  b y  t h e  t r u s s  d e f l e c t i o n .  
T h i  s l o a d  i s i n t u i t i v e l y  d e s c r i b e d  b y  t h e  d e f l e c t i o n  p a t t e r n  
shown i n  F i g u r e  2.12. A s  t h e  t r u s s  d e f l e c t e d ,  €he r i n g  had t o  
assume a new c i r c u m f e r e n t i a l  l e n g t h .  C o n s e q u e n t l y ,  c a r e f u l  
a t t e n t i o n  was  g i v e n  t o  t h e  b a l a n c e  o f  s t i f f n e s s  i n  t h e  t w o  
e l e m e n t s  t o  a v o i d  i n t r o d u c t i o n  o f  r i n g  s t r e s s  w i t h o u t  a 
compensatory s t r e s s  r e d u c t i o n  i n  some o t h e r  s t r u c t u r a l  component. 

The f i n a l  s t e p  was t o  c o n s i d e r  t h e  r e s t r a i n t  i n  t h e  nonhinged 
d i r e c t i o n  o f  t h e  o p t i c a l - t o - s t r u c t u r a l  j o i n t .  T h i s  c o n n e c t i o n  
was s o f t e n e d  i n  t h e  l a t e r a l  d i r e c t i o n  t o  a v o i d  i m p a r t i n g  a l a r g e  
moment l o a d i n g  i n t o  t h e  c o n c e n t r a t o r  s u r f a c e  and a t  a l o c a l i z e d  
p o i n t  i n  t h e  r i n g  i t s e l f .  

The r e s u l t  o f  t h e  d e s i g n  a n a l y s i s  was d e f i n i t i o n  o f  s u p p o r t s  
t h a t  were ab le  t o  c a r r y  t h e  o u t - o f - p l a n e  and i n - p l a n e  l o a d i n g s  b y  
p r o v i d i n g  a r e a  moment p r o p e r t i e s  i n  t w o  d i r e c t i o n s .  The box 
t r u s s  was s e l e c t e d  t o  a c h i e v e  t h i s  p u r p o s e .  The  m o m e n t s  o f  
i n e r t i a  p r o v i d e d  i n  each s e c t i o n  a r e  l i s t e d  below: 
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R a d i a l  arm, o u t - o f - p l a n e  moment o f  i n e r t i a  2.01E-4 m4 
I n - p l  ane 4.23E-5 m4 

M idd le  r i n g ,  o u t - o f - p l a n e  
I n-p l  ane 

Outer  r i n g ,  o u t - o f - p l a n e  
I n - p l  ane 

1.87E-5 m4 
1.01E-5 rn4 

3.01E-5 m4 
1.87E-5 m4 

The s t r u c t u r a l  w e i g h t  o f  t h e  r e a r  s t r u c t u r e  was determined t o  be 
a p p r o x i m a t e l y  4900 lbs,  i n c l u d i n g  a l l  e l e m e n t s  r e q u i r e d  f o r  l o a d  
t r a n s m i s s i o n ,  e x c e p t  t h e  PCA s u p p o r t  a s s e m b l y  d e f i n e d  i n  t h e  
f o l l o w i n g  s e c t i o n .  The o p t i c a l  e lement w e i g h t  was d e t e r m i n e d  t o  
b e  3000 I b s .  Subsequent  development o f  t h e  PCA suppor t s  d e f i n e d  
w e i g h t  a t  900 l b s ,  b r i n g i n g  t h e  t o t a l  c o n c e n t r a t o r  w e i g h t  t o  
8800 l b s .  



2.4 R e t r a c t a b l e  Suppor t  f o r  t h e  Power Convers ion  Assembly 

The power  c o n v e r s i o n  a s s e m b l y  ( P C A )  i s  a c o s t l y  component o f  a 
c o n c e n t r a t o r  and i s  s u s c e p t i b l e  t o  damage f r o m  c o n c e n t r a t e d  s o l a r  
f l u x .  I t  c a n  q u i c k l y  o v e r h e a t  i n  t h e  even t  o f  l o s s  o f  power o r  
o t h e r  f a i l u r e  t h a t  s t o p s  f l u i d  f l o w .  C o n v e n t i o n a l  p r o t e c t i o n  
s c h e m e s  r e q u i r e  a c t i v e l y  c o o l e d  s h u t t e r s  t o  b l o c k  t h e  s o l a r  
energy o r  a u x i l i a r y  power u n i t s  w i t h  q u i c k  r e s p o n s e  t o  d r i v e  t h e  
d i s h  o f f - a x i s .  S K I  deve loped a p r o t e c t i o n  system as p a r t  o f  t h e  
c o n c e n t r a t o r  s t r u c t u r e  t h a t  was p a s s i v e .  I t  d i d  n o t  r e q u i r e  an 
e x t e r n a l  energy source  f o r  pumps o r  d r i v e s .  

The s y s t e m  u s e d  t h e  p o t e n t i a l  energy o f  t h e  PCA w e i g h t  t o  d r i v e  
i t  ou t  o f  f o c u s .  Upon command, o r  t h e  l o s s  o f  power ,  t h e  PCA 
s u p p o r t  r e t r a c t e d  and t h e  P C A  moved away f r o m  t h e  c o n c e n t r a t e d  
f l u x .  T h i s  r e t r a c t a b l e  s y s t e m  c o u l d  a l s o  be  u s e d  t o  l o w e r  t h e  
P C A  f o r  easy  m a i n t e n a n c e  access .  T h i s  s e c t i o n  d e s c r i b e s  t h e  
o p e r a t i o n  and des ign  of t h i s  system. 

2.4.1 D e s c r i p t i o n  o f  t h e  S u p p o r t  f o r  t h e  PCA. The PCA suppor t  
c o n s i s t e d  o f  t h r e e  s t r u t s  and a c i r c u l a r  mount ing  r i n g .  The r i n g  
p r o v i d e d  a s t r u c t u r a l  i n t e r f a c e  between t h e  PCA and t h e  s t r u t s .  
The t h r e e  s t r u t s  were a t t a c h e d  t o  t h e  r i n g  o n  e q u a l  s p a c i n g  and 
r a d i a t e d  down t o  t h e  c o n c e n t r a t o r  suppor t  s t r u c t u r e .  They were 
a t t a c h e d  t o  t h e  t r u s s e s  c l o s e  t o  t h e  c o n n e c t i o n  between t h e  t r u s s  
and t h e  i n t e r m e d i a t e  r i n g .  The system r e t r a c t e d  by a l l o w i n g  one 
s t r u t  t o  s l i d e  t h r o u g h  i t s  a t t a c h m e n t  a t  t h e  t r u s s .  The t w o  
p a s s i v e  s t r u t s  w e r e  h i n g e d  a t  t h e i r  b a s e s  t o  a l l o w  t h e  PCA t o  
p i v o t  a w a y  f r o m  t h e  f o c u s  ( F i g u r e  2 . 1 3 ) .  D u r i n g  n o r m a l  
o p e r a t i o n ,  t h e  r e t r a c t a b l e  s t r u t  was f u l l y  e x t e n d e d .  Loss  o f  
power wou ld  r e l e a s e  t h e  s t r u t  and a l l o w  t h e  P C A  w e i g h t  t o  f o r c e  
r e t r a c t i o n .  I n  t h i s  mode, t h e  s t r u t  wou ld  r e t r a c t  o n l y  enough t o  
move t h e  PCA s a f e l y  away from t h e  focus .  An o p e r a t o r  c o u l d  l o w e r  
i t  beyond t h i s  p o i n t  f o r  PCA maintenance. 

The p a s s i v e  s t r u t s  were p inned about a common a x i s  a t  t h e i r  base 
and r i g i d l y  a t t a c h e d  t o  t h e  m o u n t i n g  r i n g  a t  t h e  t o p .  T h e  
r e t r a c t a b l e  s t r u t  was p i n n e d  a t  t h e  r i n g  and a t t a c h e d  t o  t h e  
t r u s s  t h r o u g h  a s leeve  u n i t  ( F i g u r e  2 .14 ) .  T h i s  s l e e v e  g u i d e d  
t h e  s t r u t  a s  i t  was  l o w e r e d  and p i v o t e d  t o  accommodate t h e  
r e s u l t i n g  r o t a t i o n .  

C o m p r e s s i v e  l o a d s  w e r e  c a r r i e d  f r o m  t h e  s t r u t  t h r o u g h  a rack -  
and -p in ion  system. The p i n i o n  was connected  t o  a mo to r  and b r a k e  
u n i t  as shown i n  F i g u r e  2 .15 .  T h i s  system had t h r e e  f u n c t i o n s .  
F i r s t ,  i t  h e l d  t h e  PCA r i g i d l y  i n  p l a c e  d u r i n g  n o r m a l  o p e r a t i o n  
and r e l e a s e d  i t  when power was l o s t .  The m o t i o n  d u r i n g  emergency 
de focus  was slowed and dampened b y  a s h o c k  a b s o r b e r  m o u n t e d  i n  
t h e  s l e e v e  assembly. Second, t h e  mo to r  u n i t  was b a c k - d r i v e n  when 
t h e  PCA was lowered  f o r  maintenance t o  slow t h e  r a t e  of d e s c e n t .  
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T h i r d  i t  d r o v e  t h e  s t r u t  b a c k  t o  t h e  o p e r a t i o n a l  p o s i t i o n .  The 
d r i v e  r a t e  was much s lower  than  t h e  emergency  d r o p  r a t e  and was 
n o t  i n t e n d e d  f o r  w a l k - o n  p u r p o s e s .  An e x c e s s i v e l y  l a r g e  d r i v e  
would be r e q u i r e d  t o  achieve walk-on speeds. 

The PCA was p l a c e d  i n  t h e  defocus p o s i t i o n  when t h e  c o n c e n t r a t o r  
was stowed t o  avoid damaging t h e  u n i t  w i t h  c o n c e n t r a t e d  s u n l i g h t .  
The P C A  c o u l d  i n t e r c e p t  c o n c e n t r a t e d  l i g h t  i f  t h e  d i s h  remained 
stowed on a sunny day w i t h  t h e  PCA a t  t h e  t a r g e t .  When t h e  sun  
a p p r o a c h e d  t h e  z e n i t h ,  a h o t  s p o t ,  o r  a r e a  o f  c o n c e n t r a t e d  
energy, approached t h e  t a r g e t  and c o u l d  have damaged t h e  o u t e r  
p o r t i o n  o f  t h e  PCA. The PCA was moved away f rom t h e  pa th  o f  t h e  
h o t  spo t  by moving i t  t o w a r d  t h e  s o u t h .  F o r  d i s h e s  l o c a t e d  a t  
l a t i t u d e s  w e l l  b e l o w  t h e  d e c l i n a t i o n ,  i t  may be a p p r o p r i a t e  t o  
i n c r e a s e  t h i s  e f f e c t  by s towing  t h e  c o n c e n t r a t o r  c a n t e d  s l  i g h t l y  
t o  the  no r th .  

2.4.2. Stow O r i e n t a t i o n .  The PCA impar ted  a s i g n i f i c a n t  we igh t  
l o a d  on  t h e  s t r u t s  a n d  t h e  d i s h ,  a n d  i n f l u e n c e d  t h e  s t o w  
o r i e n t a t i o n .  The d e s i g n  l o a d  s u p p l i e d  f o r  t h e  r e c e i v e r  was 
2000 lbs,  r o u g h l y  20 p e r c e n t  o f  t h e  c o n c e n t r a t o r  w e i g h t .  I t s  
w e i g h t  was more s i g n i f i c a n t  t han  t h a t  o f  the  c o n c e n t r a t o r  because 
o f  t h e  h i g h  moment t h a t  was c r e a t e d  due t o  i t s  d i s t a n c e  f r o m  
o t h e r  components . 
T h e  P C A  i n d u c e d  moment l o a d  was removed by s t o w i n g  t h e  d i s h  
f a c i n g  t h e  z e n i t h .  The w e i g h t  was near c e n t e r  above t h e  s u p p o r t s  
and t h e  s t r u t s  shared t h e  compressive loads.  Wind l o a d i n g  of t h e  
s t r u c t u r e  i n  a z e n i t h  s t o w  i m p o s e d  a l a r g e  n o n u n i f o r m  p r e s s u r e  
p r o f i l e  a c r o s s  t h e  d i s h  a n d  i n d u c e d  l a r g e  moments  i n  t h e  
s t r u c t u r e .  

By s t o w i n g  toward  t h e  hor izon ,  t h e  w ind  l o a d  p r o f i l e  d i f f e r e d  b u t  
t h e r e  remained a l a r g e  o v e r t u r n i n g  moment. I n  some o r i e n t a t i o n s ,  
t h i s  l o a d  w o u l d  sum w i t h  the  moment c r e a t e d  by t h e  PCA. The wind 
l o a d i n g s  o f  t h e s e  two  c a s e s  w e r e  r o u g h l y  e q u a l  i n  t h a t  t h e y  
i n d u c e d  s i m i l a r  maximum loads i n  t h e  s t r u c t u r e .  The a d d i t i o n  o f  
t h e  l a r g e  PCA moment i n  t h e  h o r i z o n  stow made t h i s  a p p r o a c h  l e s s  
d e s i r a b l e .  On t h i s  b a s i s ,  t h e  s t o w  p o s i t i o n  was de f i ned  t o  be 
toward t h e  z e n i t h .  

2 . 4 . 3  S u p p o r t  A n a l y s i s  f o r  t h e  PCA. Shock l o a d i n g  t h e  P C A  
d u r i n g  e m e r g e n c y  d e f o c u s  was a v o i d e d  b y  c o n t o u r i n g  i t s  
a c c e l e r a t i o n  c u r v e .  I n i t i a l  a c c e l e r a t i o n  was due t o  g r a v i t y  and 
r e s u l t e d  i n  a s m o o t h  i n c r e a s e  i n  s p e e d .  T h i s  m o t i o n  was 
u n r e s t r i c t e d  f o r  a t h i r d  o f  i t s  t r a v e l .  The v e l o c i t y  c o n t i n u e d  
t o  i n c r e a s e  u n t i l  c o n t a c t  w i t h  t h e  s h o c k  a b s o r b e r .  T h e  
r e s i s t a n c e  f rom t h e  shock absorber  was p r o p o r t i o n a l  t o  the  square 
o f  t h e  v e l o c i t y .  T h i s  r e s i s t a n c e  opposed and overcame t h e  f o r c e  
o f  g r a v i t y  and d e c e l e r a t e d  t h e  P C A  f o r  t h e  r e m a i n d e r  of i t s  
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t r a v e l  u n t i l  i t  came t o  r e s t  on mechan ica l  s tops .  Shock l o a d i n g s  
upon impact  w i t h  t h e  s h o c k  a b s o r b e r  and  i m p a c t  w i t h  t h e  s t o p s  
were  a v o i d e d  by  m e c h a n i c a l  c u s h i o n i n g .  S p r i n g s  p r o v i d e d  t h i s  
c u s h i o n i n g  by i s o l a t i n g  t h e  damping mechanism f rom t h e  s t r u c t u r e .  

T h e  r e t r a c t a b l e  s t r u t  h a d  t o  b e  i n  c o m p r e s s i o n  i n  a l l  d i s h  
o r i e n t a t i o n s  i n  o r d e r  f o r  t h e  g r a v i t a t i o n a l  p o t e n t i a l  e n e r g y  t o  
p r o v i d e  emergency  power .  An a z i m u t h / e l e v a t i o n  d r i v e  ( f o r  wh ich  
t h i s  c o n c e n t r a t o r  was adap tab le )  c o u l d  e n s u r e  1 a r g e  c o m p r e s s i v e  
l o a d s  i n  t h e  r e t r a c t a b l e  s t r u t  f o r  most o r i e n t a t i o n s  by keep ing  
t h e  s t r u t  on t h e  lower  s i d e  o f  t h e  d i s h .  The c o m p r e s s i v e  l o a d  
was r e d u c e d  when t h e  c o n c e n t r a t o r  was p o i n t e d  toward  t h e  z e n i t h .  
The compress ive  l o a d  was f u r t h e r  reduced i n  t h e  o v e r - t h e - s h o u l d e r  
o r i e n t a t i o n .  T h i s  l o w e r e d  t h e  r a t e  o f  de focus  b u t  i t  remained 
a c c e p t a b l e .  The d e f o c u s  t r a v e l  t i m e  f o r  t h e  e x t r e m e  c a s e  o f  
H a w a i i  on  t h e  summer s o l t i c e  w o u l d  be 4 seconds. The q u i c k e s t  
d e f o c u s  o c c u r r e d  when p o i n t e d  a t  t h e  h o r i z o n  w h i c h  w a s  2 . 5  
seconds. 

The P C A  s u p p o r t  s t r u c t u r e  was s i z e d  t h r o u g h  f i n i t e  element and 
a n a l y t i c a l  a n a l y s i s .  The f i n i  t e  e l e m e n t  a n a l y s i  s r e s o l v e d  t h e  
s t r e s s e s  f r o m  t h e  a p p l i e d  l o a d s .  B u c k l i n g  s t a b i l i t y  was then 
d e f i n e d  a n a l y t i c a l l y .  Two cases were c o n s i d e r e d  t o  r e p r e s e n t  t h e  
w o r s t  l o a d i n g  env i ronment  f o r  t h i s  s t r u c t u r e :  a 42 m/s stow case 
i n  wh ich  t h e  r e c e i v e r  w ind  l o a d s  were s u b s t a n t i a l ,  b u t  t h e  w e i g h t  
l o a d s  w e r e  e v e n l y  d i s t r i b u t e d ,  and a 2 1  m/s case w h i l e  f a c i n g  t h e  
h o r i z o n  i n  w h i c h  t h e  w i n d  l o a d s  w e r e  m o d e r a t e  and t h e  w e i g h t  
l oads  were h igh .  

The s t r u t s  a c t e d  as long, s l e n d e r  columns and wou ld  b u c k l e  b e f o r e  
t h e i r  m a t e r i a l  l i m i t s  were reached. The a n a l y t i c a l  a p p r o a c h  t o  
d e f i n e  b u c k 1  i n g  s a f e t y  c o n s i d e r e d  e c c e n t r i c  l o a d i n g .  Wind and 
w e i g h t  l o a d s  were imposed o n  a f i n i t e  e lement  model of t h e  s t r u t s  
a n d  s u p p o r t  r i n g .  T h e  r e a c t i o n s  a t  t h e  s t r u t  t i p s  w e r e  
e s t a b l i s h e d .  These moments and f o r c e s  were  used t o  e s t a b l i s h  t h e  
r e q u i r e d  s t r u t  p r o p e r t i e s .  

The b u c k l i n g  l i m i t  i s  a s t r o n g  f u n c t i o n  o f  modulus o f  e l a s t i c i t y  
and a r e a  moment o f  i n e r t i a .  H i g h  v a l u e s  f o r  b o t h  o f  t h e s e  
v a r i a b l e s  i s  d e s i r a b l e .  S t e e l  was c h o s e n  as t h e  m a t e r i a l  o f  
c h o i c e  because o f  i t s  h i g h  modulus, t h r e e  t i m e s  t h a t  o f  a luminum.  
A c i r c u l a r  t u b e  was c h o s e n  t o  max imize  t h e  moment of i n e r t i a  i n  
any d i r e c t i o n .  The columns tended t o  b u c k l e  a b o u t  t h e  a x i s  w i t h  
t h e  l o w e s t  moment o f  i n e r t i a  and r e q u i r e d  equal  p r o p e r t i e s  about 
t h e  two t r a n s v e r s e  axes. A 200-mm d i a m e t e r  s t e e l  t u b e  w i t h  a 
4-mm w a l l  was d e f i n e d  as t h e  b e s t  c a n d i d a t e  t o  meet t h e  b u c k l i n g  
r e q u i  rement s. 

T h e  P C A  s u p p o r t  s t r u c t u r e  was n o t  e x t r e m e l y  s t i f f  and had a 
r e l a t i v e l y  low n a t u r a l  f requency .  The f i n i t e  e l e m e n t  mode l  was 
u s e d  t o  d e f i n e  t h e  n a t u r a l  f r e q u e n c y  t o  d e t e r m i n e  i f  t h e  w ind  
wou ld  e x c i t e  t h e  s t r u c t u r e .  The rnodel assumed t h e  r e c e i v e r  t o  be 
a l umped  mass  and t h e  s t r u t s  were modeled as a s e r i e s  o f  masses. 
Two dominant v i b r a t i o n  modes w e r e  f o u n d .  The b e n d i n g  mode had 



t h e  l o w e s t  n a t u r a l  f r e q u e n c y .  T h i s  mode c a u s e d  t h e  s t r u t s  t o  
bend t o  a c c o m m o d a t e  t h e  r o c k i n g  o f  t h e  P C A .  The n a t u r a l  
f r e q u e n c y  was 2 Hz. T w i s t i n g  o f  t h e  e n t i r e  s t r u c t u r e  had a 
f requency  o f  3 Hz. T h i s  mode caused t h e  P C A  t o  t w i s t  a b o u t  t h e  
d i s h  a x i s .  These f r e q u e n c i e s  w e r e  above t h e  dominant  n a t u r a l  
f requency  o f  t h e  w ind  and were n o t  expec ted  t o  be e x c i t e d  by  t h e  
wind. 
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2.5 CONCLUSION 

The  c o n c e n t r a t o r  developed i n  Phase I was based upon requ i remen ts  
d e f i n e d  t o  improve p e r f o r m a n c e  and r e d u c e  l i f e - c y c  e c o s t s  f o r  
p o i n t - f o c u s  t e c h n o l o g y .  The p e r f o r m a n c e  d e s i g n  was d e f i n e d  
w i t h i n  t h e  l i m i t a t i o n s  o f  a v a i l a b l e  m a t e r i a l s .  O p t i c  1 e r r o r s ,  a 
p a r t i c u l a r l y  s e n s i t i v e  p e r f o r m a n c e  i s s u e ,  were  c o n s t a n t l y  
r e v i e w e d  d u r i n g  t h e  d e v e l o p m e n t  p r o c e s s .  P r o d u c t i o n  r a t e  
l i m i t a t i o n s  w e r e  e s s e n t i a l l y  i m p o s e d  u p o n  t h e  d e s i g n  b y  
c o n s i d e r a t i o n  o f  t h e  purchased m a t e r i a l  w e i g h t  and, i n  t h e  c a s e  
o f  r e f l e c t i v e  f i l m ,  t h e  a rea .  The l o a d  e n v i r o n m e n t  i s  a v e r y  
s e n s i t i v e  d e f i n i t i o n  on t h e  f i n a l  m a t e r i a l  c o s t  o f  a c o n c e n t r a t o r  
and was t h e  f o c u s  o f  p a r a m e t r i c  and d e t a i l e d  d e s i g n  e f f o r t s .  
W i n d  i s  t h e  d o m i n a n t  l o a d  i n  c o n c e n t r a t o r  d e s i g n .  W i n d  
v e l o c i t i e s  s u i t a b l e  f o r  o p e r a t i o n  and s u r v i v a l  were s p e c i f i e d ;  
t h e  a p p l i c a t i o n  o f  t h e s e  w i n d  l o a d s  t o  t h e  c o n c e n t r a t o r  was  
de f i ned  w i t h i n  t h e  development e f f o r t .  

A b a s e 1  i n e  des ign  was developed t h r o u g h  p a r a m e t r i c  a p p l i c a t i o n  o f  
t h e  des ign  requ i remen ts .  Th i  s approach r e q u i  r e d  d e f  i n i t  i o n  o f  a 
d e s i g n  t h a t  w a s  s u b s e q u e n t l y  m o d i f i e d  t o  d e t e r m i n e  t h e  
s e n s i t i v i t y  o f  a s s u m p t i o n s .  The d e t a i l e d  d e s i g n  d e v e l o p m e n t  
r e l i e d  u p o n  an i t e r a t i v e  a p p r o a c h :  t h e  b a s e l i n e  d e s i g n  was 
modeled t o  de te rm ine  t h e  fundamenta l  r e l a t i o n s h i p  o f  componen ts  
i n  t h e  o v e r a l l  d e s i g n ;  t h e  a s s u m p t i o n s  a s s o c i a t e d  w i t h  
c o n f i g u r a t i o n  o r  component d e s i g n  w e r e  t e s t e d ;  and t h e  b a s e l i n e  
d e s i g n  w a s  m o d i f i e d  t o  r e f l e c t  t h e  r e s u l t s  of t h e  a n a l y s i s .  
Component r e l a t i o n s h i p  was d e f i n e d  a g a i n ,  and t h e  p r o c e s s  was 
repea ted  u n t i l  no major  changes i n  t h e  b a s i c  design occur red .  

T h e  f i n a l  d e s i g n  was d e v e l o p e d  b a s e d  u p o n  a c o m b i n e d  f i n i t e  
element a n a l y s i  s model , wh i  c h  i n c o r p o r a t e d  t h e  o p t i  c a l  e l e m e n t  
and s u p p o r t i n g  s t r u c t u r e  t o  a l l o w  f o r  c o u p l i n g  w i t h i n  t h e  two 
s t r u c t u r e s .  Severa l  key  f e a t u r e s  o f  t h e  des ign  were 

* A c c u r a c y  was p r i m a r i l y  d e p e n d e n t  u p o n  t h e  s t i f f n e s s  o f  
t h e  o p t i c a l  panel .  The r e a r  s t r u c t u r e  was r e q u i r e d  f o r  
a c c u r a c y ,  t h o u g h  s t r u c t u r a l  s t i f f n e s s  was n o t  d e f i n e d  by 
de f  l e c t  i on req u i  reinent s. 

* S l o p e  e r r o r  c o u l d  be reduced by a f a c t o r  o f  2 o r  more by 
f o r c i n g  t h e  o p t i c a l  e l e m e n t  t o  a c t  a s  a c o n t i n u o u s  
s e c t i o n .  

* T h e  r e a r  s t r u c t u r e  was  r e q u i r e d  t o  e l i m i n a t e  p a n e l  
f a i l u r e  i n  s u r v i v a l  c o n d i t i o n s .  T h e  r e a r  s t r u c t u r e  
des ign  was l a r g e l y  based upon i t s  own s t r e s s  c o n d i t i o n .  

* T h e  s t r e s s  i n  a l l  e l e m e n t s  c o u l d  b e  r e d u c e d  b y  
e l i m i n a t i n g  r e s t r a i n t s  t h a t  were n o t  r e q u i r e d  f o r  o p t i c a l  
accuracy.  



An i n n o v a t i v e  t e c h n i q u e  f o r  P C A  p r o t e c t i o n  was a l so  d e f i n e d  i n  
t h e  des ign  development. The r e c e i v e r  s t r u t s  w e r e  h i n g e d .  I n  an 
emergency ,  one s t r u t  w o u l d  p a r t i a l l y  c o l l a p s e ,  b r i n g i n g  t h e  PCA 
o u t  o f  f o c a l  p o i n t .  The s t r u t  c o u l d  b e  m a n u a l l y  d r i v e n  t o  a 
p o i n t  t h a t  a1 lowed engine maintenance near ground l e v e l .  

The d e s i g n  d e v e l o p m e n t  o f  t h i s  c o n c e n t r a t o r  p r o j e c t e d  a h i g h  
performance (89  pe rcen t  o p t i c a l ,  83 p e r c e n t  thermal ,  800 "C) i n a 
s t r u c t u r a l l y  e f f i c i e n t  p a c k a g e  ( 5 9  l b / m 2  r e f l e c t i v e  a s s e m b l y  
we igh t  1. 
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3.0 MANUFACTURING, CONSTRUCTION AND COSTS 

T h i s  s e c t i o n  p r e s e n t s  t h e  m a n u f a c t u r i n g  p r o c e s s ,  o n - s i t e  
c o n s t r u c t i o n ,  and c o n c e n t r a t o r  c o s t  f o r  p r o d u c i n g  t h e  p o i  n t - f o c u s  
c o n c e n t r a t o r .  T h i s  t a s k  was c o m p l e t e d  under  Phase I o f  Sandia 
N a t i o n a l  L a b o r a t o r i e s '  P o i  n t - F o c u s  C o n c e n t  r a t o r  c o n t r a c t .  The 
o b j e c t i v e  o f  t h e  c o n t r a c t  was t h e  deve lopmen t  o f  t h e  r e f l e c t o r  
assembly and suppor t  s t r u c t u r e  and d i d  n o t  i n c l u d e  t h e  b a l a n c e  o f  
t h e  d i  s h ( p e d e s t a 1 ,  d r i v e ,  c o n t r o l s ,  e t c . ) .  F o r  t h i s  reason, t h e  
ba lance  o f  d i s h  has n o t  been addressed. 

M a n u f a c t u r i n g  a l l  t h e  componen ts  was done a t  a c e n t r a l  p l a n t .  
O n - s i t e  a c t i v i t i e s  were r e s t r i c t e d  t o  assembly and a l i g n m e n t ,  and 
t h e  u s e  o f  c o m p l e x  t o o l i n g  i n  t h e  f i e l d  was a v o i d e d .  The 
c o n c e n t r a t o r  c o u l d  be  e f f e c t i v e l y  i n s t a l l e d  i n  s m a l l  o r  l a r g e  
q u a n t i  t i e s  p e r  s i t e .  

R e f l e c t o r  a s s e m b l y  c o s t s  w e r e  e s t i m a t e d  t o  b e  $77.68/m2 a t  
10,000 u n i t s  p e r  y e a r  and $107.78/m* a t  1,000 u n i t s  p e r  year .  

3.1 M a n u f a c t u r i n g  

Manuf a c t  u r  i ng concerns p layed  i m p o r t a n t  r o l e s  i n  t h e  c o n c e n t r a t o r  
d e s i g n .  S c r a p  l o s s ,  t o o l i n g  c o s t ,  1 a b o r  r e q u i r e m e n t s ,  a n d  
p r o d u c t i o n  r a t e s  i n f l u e n c e d  t h e  f i n a l  des ign  and c o s t  development. 
Each s t e p  o f  t h e  d e s i g n  i n c l u d e d  a r e v i e w  o f  m a n u f a c t u r i n g  
p r o c e s s e s  i n  an e f f o r t  t o  use common i n d u s t r i a l  t echn iques  where 
p r a c t i c a l  and d e v e l o p  new t e c h n i q u e s  w h e r e  n e c e s s a r y .  T h e s e  
e f f o r t s  are d e s c r i b e d  i n  t h i s  s e c t i o n .  

3 . 1 . 1  O p t i c a l  E l e m e n t  C o m p o n e n t s .  T h e  o p t i c a l  e l e m e n t  
components i n c l u d e d  those  p a r t s  r e q u i r e d  t o  f a b r i c a t e  a p e t a l  o r  
g o r e .  Each p e t a l  was f a b r i c a t e d  f r o m  t h r e e  b a s i c  p a r t s :  sk ins ,  
c o r e ,  and edge  c h a n n e l s .  The r e l a t i o n s h i p  o f  t h e s e  p a r t s  i s  
shown i n  F i g u r e  3.1. 

C o i  1 l i n e  processes  were i d e n t i f i e d  as a p p r o p r i a t e  techno logy  f o r  
t h e  p r o d u c t i o n  r a t e s  a s s o c i a t e d  w i t h  t h i s  d e s i g n .  These  l i n e  
p r o c e s s e s  a r e  w i d e l y  u s e d  i n  t h e  s h e e t  m e t a l  i n d u s t r y  because 
t h e y  e f f i c i e n t l y  accommodate t h e  raw m a t e r i a l  s tock .  A1 1 o p t i c a l  
e l e m e n t  componen ts  w e r e  f a b r i c a t e d  f r o m  f l a t  s h e e t  s tock  on a 
c o n t  i nuous c o i  1 1 i n e .  

F i g u r e  3.2 i l l u s t r a t e s  t h e  l i n e  r e q u i r e d  f o r  f a b r i c a t i o n  o f  t h e  
r e f l e c t i v e  s k i n .  T h e  0 .6-mm b y  1 . 5 - m  a l u m i n u m  s h e e t  w a s  
i n i t i a l l y  l e v e l e d  a n d  c l e a n e d .  A r e f l e c t i v e  p o l y m e r  was 
l a m i n a t e d  t o  t h i s  b a s e  s t o c k ,  and t h e  m a t e r i a l  was c u t  w i t h  a 
n u m e r i c a l l y  c o n t r o l l e d  l a s e r  t o  t h e  p e t a l  shape.  The polymer 
r e f l e c t o r  and aluminum base s t o c k  had d i f f e r e n t  c o e f f i c i e n t s  o f  
t h e r m a l  and h y g r o s c o p i c  expansion. Consequent ly,  f r e e  edges had 
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t o  b e  p r o v i d e d  w i t h i n  t h e  b o u n d a r i e s  o f  t h e  p e t a l  t o  a l l o w  
r e l a t i v e  mo t ion  between t h e  two m a t e r i a l s .  T h i  s r e q u i r e m e n t  was 
accommodated t h r o u g h  a p p l  i c a t i o n  o f  a d i s p o s a b l e  tape  a long t h e  
p e t a l  c u t  l i n e s  p r i o r  t o  l a m i n a t i o n .  The f r e e  e d g e  was c r e a t e d  
w h e n  t h e  t a p e  w a s  r e m o v e d .  The f i n a l  p r o c e s s  i n  component  
f a b r i c a t i o n  r e q u i r e d  an a c r y l i c  s e a l a n t  t o  be a p p l i e d  t o  t h e  
n e w l y  f o r m e d  e d g e  t o  p r e v e n t  l a t e r a l  c o r r o s i o n  t h r o u g h  t h e  
m e t a l i z e d  p o l y m e r .  The r e a r  s k i n  was f a b r i c a t e d  b y  a s i m i l a r  
process, b u t  r e f l e c t i v e  m a t e r i a l  was n o t  r e q u i r e d .  

T h e  c o r r u g a t e d  p a n e l s  t h a t  s e p a r a t e d  t h e  s k i n  and p r e v e n t e d  
b u c k l i n g  were f a b r i c a t e d  by  t h e  c o i l  l i n e  shown i n  F i g u r e  3.3. 
The 0.6-mm b y  1.5-m aluminum sheet  was l e v e l e d ,  c leaned, and t h e  
c r o s s - s e c t i o n  was c r e a t e d  w i t h  a r o l l  f o r m i n g  p r o c e s s .  R o l l  
f o r m i n g  i s  a common c o i l  l i n e  p r o c e s s  t h a t  d e v e l o p s  s e c t i o n s  
t h r o u g h  a p r o g r e s s i v e  bend ing  a p p l i e d  by  s e v e r a l  r o l l  s t a t i o n s .  
The f i n a l  s tages  of t h e  bend serve  t o  i m p a r t  a r a d i u s  t o  t h e  p a r t  
r a t h e r  than  c o n t i n u e d  s e c t i o n  development. The c o r r u g a t e d  s h e e t  
had a d e q u a t e  f l e x i b i l i t y  t o  conform t o  t h e  con tou red  lay -up  t o o l ;  
f o r m i n g  about a second a x i s  was n o t  r e q u i r e d .  

T h e  e d g e  c h a n n e l s  w e r e  made  w i t h  a s i m i l a r  s e t  o f  f o r m i n g  
processes, as shown i n  F i g u r e  3.4. The c o i l  s t o c k  was l e v e l e d ,  
c l e a n e d ,  r o l l  f o r m e d ,  and r o l l  b e n t .  The edge channe l  had t o  
t r a v e r s e  t h e  r a d i a l  l e n g t h  o f  t h e  p e t a l  and ,  c o n s e q u e n t l y ,  
r e q u i r e d  a p a r a b o l i c  con tou r  t o  a v a i d  i m p a r t i n g  s u r f a c e  e r r o r  i n  
t h e  f a c e t .  The s e c o n d - o r d e r  c u r v e  was  c r e a t e d  b y  a c t i v e l y  
c o n t r o l l i n g  t h e  p o s i t i o n  o f  t h e  t o p  r o l l  d u r i n g  t h e  b e n d i n g  
p rocess  . 
The b a s e l i n e  o p t i c a l  p a n e l  d e s i g n  r e q u i r e d  t h a t  t h e  s k i n s  be 
f o r m e d  t o  a p a r a b o l i c  c o n t o u r  p r i o r  t o  p a n e l  a s s e m b l y .  T h i s  
r e q u i  r e r n e n t  was i n i t i a l l y  imposed  t o  r e d u c e  t h e  f a b r i c a t i o n  
s t r e s s e s  a s s o c i a t e d  w i t h  f o r c i n g  a f l a t  s h e e t  i n t o  a compound 
c u r v e :  e f f e c t i v e l y ,  a g r e a t  c i r c l e  problem. The requ i remen t  was 
subsequen t l y  dropped a f t e r  p r o t o t y p e  sample f a b r i c a t i o n  i n d i  c a t e d  
t h a t  t h e  f o r m i n g  was n o t  r e q u i r e d .  One f o r m i n g  approach, termed 
" t h r e e  d imens iona l  r o l l  bending" was e x p l o r e d .  T h i  s p r o c e s s  was 
n o t  u s e d  i n  t h e  f i n a l  d e s i g n  and, t h e r e f o r e ,  i s  e x p l a i n e d  i n  
Appendix B. 

The f a b r i c a t i o n  o f  a l l  componen ts  f o r  t h e  o p t i c a l  assembly d i d  
n o t  r e q u i r e  s u b s t a n t i a l  l a b o r  o r  e x p e n s i v e  e q u i p m e n t ,  y e t  t h e  
p r o c e s s e s  d e f  i ned  w i 11 eas i  l y  o p e r a t e  a t  t h e  r e q u i  r e d  p r o d u c t i o n  
volume and produce r e p e a t a b l e  p a r t s .  Components were p r o d u c e d  i n  
a c o n t i n u o u s  f a s h i o n ,  w i t h  no m a t e r i a l  t r a n s f e r  o r  i n t e r m e d i a t e  
p r o c e s s i n g  s t e p s  t h a t  r e q u i r e  f a b r i c a t i o n  b u f f e r s .  T h e s e  
components were t r a n s f e r r e d  t o  a s t a g i  ny a rea  f o r  assembly. 

3.1.2 O p t i c a l  Element Assembly. Exper ience  has t a u g h t  t h e  s o l a r  
i n d u s t r y  t h a t  me ta l  f o r m i n g  processes (e.g., s t a m p i n g  & b e n d i n g )  
c a n n o t ,  b y  t h e m s e l v e s ,  p r o d u c e  o p t i c a l l y  a c c u r a t e  shapes. 
O p t i c a l  componen ts  m u s t  b e  f i x t u r e d  t o  a c h i e v e  a c c u r a c y .  F o r  
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o p t i c a l  f a c e t s ,  t h e  r e f l e c t i v e  s u r f a c e  m u s t  b e  h e l d  on  an 
accura te ,  con tou red  t o o l  w h i l e  t h e  f a c e t  i s  assembled. 

C o n v e n t i o n a l  t e c h n o l o g y  f o r  c o n t o u r e d  t o o l  o r  mo ld  f a b r i c a t i o n  
was e x p l o r e d  a n d  r e s u l t e d  i n  t h e  d e f i n i t i o n  o f  t w o  b a s i c  
a p p r o a c h e s :  F i  b e r g l  as  " l a y - u p "  and mach ined  t o o l s .  F i b e r g l a s  
techno logy  i s  used e x t e n s i v e l y  by  t h e  a n t e n n a  i n d u s t r y  t o  make 
s i m i l a r l y  s h a p e d  c o m p o n e n t s .  A m a s t e r  m o l d  i s  c r e a t e d  by  
r o t a t i n g  a m a c h i  n e d  temp1 a t e  t h r o u g h  w e t  p l a s t e r .  F i  b e r g l  a s  
i m p r e s s i o n s  a r e  t h e n  t a k e n  f r o m  t h e  mas te r  t o  c r e a t e  t h e  a c t u a l  
w o r k i n g  t o o l .  E x p l o r a t i o n  o f  t h i s  a p p r o a c h  i n  t h i s  c o n t r a c t  
i n d i c a t e d  t w o  p r o b l e m s :  a c c u r a c y  w o u l d  b e  u n a c c e p t a b l y  
compromised on  a second g e n e r a t i o n  t o o l ,  and t o o l  s t a b i  1 i t y  i n a 
v a r i a b l e  e n v i r o n m e n t  w o u l d  c r e a t e  o p t i c a l  e r r o r .  The approach 
was subsequent ly  abandoned. 

C o n t o u r e d  t o o l s  can a l s o  be  machined f r o m  s o l i d  s tock  w i t h  l a rge ,  
n u m e r i c a l l y  c o n t r o l l e d  m i l l s .  T h i s  a p p r o a c h  was i d e n t i f e d  as 
p r o d u c i n g  accep tab le  accurac ies ,  b u t  was r e j e c t e d  on t h e  b a s i s  o f  
expense. 

T h e  c o n t o u r e d  t o o l  s e l e c t e d  f o r  a s s e m b l y  w o r k  r e p r e s e n t e d  a 
d e p a r t u r e  f r o m  c o n v e n t i o n a l  t e c h n o l o g y  An a d j u s t a b l e  m o l d  was 
c r e a t e d  t h r o u g h  t h e  compound d e f o r m a t i o n  of an i n i t i a l l y  f l a t  
p l  a te .  

A p r e c i  se  c o o r d i n a t e  d a t a  measurement (CDM) machi ne was developed 
t o  p r o v i d e  feedback d u r i n g  ad jus tment .  The des ign  o f  t h e  C D M  and 
i t s  r e q u i r e d  a c c u r a c y  are  d i scussed  i n  Appendix A. The comple te  
assembly i s  shown i n  F i g u r e  3.5. 

F i g u r e  3.6 shows some d e t a i l  o f  t h e  m o l d  s u r f a c e  and s u p p o r t  
s t r u c t u r e .  A s  shown, t h e  s u r f a c e  o f  t h e  m o l d  i s  r o u t e d  w i t h  
v a c u u m  g r o o v e s .  These g r o o v e s  p r o v i d e d  a c o n t i n u o u s  vacuum 
between t h e  f r o n t  s k i n  and m o l d .  W i t h  t h i s  sys tem,  t h e  f r o n t  
s k i n  was h e l d  t o  t h e  exac t  con tou r  of t h e  mo ld  d u r i n g  assembly o f  
t h e  f a c e t .  F a c e t  accuracy  was dominated o n l y  b y  t h e  a c c u r a c y  o f  
t h e  mold. 

Each f a s t e n e r  was d e s i g n e d  t o  m i n i m i z e  l o c a l  d i s t o r t i o n  o f  t h e  
aluminum p l a t e .  T h i s  was accomp l i shed  b y  h a v i n g  b a l l  j o i n t s  a t  
e a c h  end of t h e  f a s t e n e r  and b y  p l a c i n g  t h e  f a s t e n e r s  normal t o  
t h e  mold  su r face .  T h i s  arrangement p r e v e n t e d  moments f r o m  b e i n g  
induced i n t o  t h e  p l a t e .  

The f r o n t  s k i n  was p l a c e d  on  t h i s  a c c u r a t e l y  con tou red  t o o l  and 
h e l d  i n  i n t i m a t e  c o n t a c t  w i t h  t h e  mold by e v a c u a t i n g  t h e  s u r f a c e .  
The r e s i n  component  o f  a t w o - p a r t  a d h e s i v e  system was screened 
o n t o  t h e  back s i d e  o f  t h e  f r o n t  sk in .  The a c t i v a t o r  was a p p l i e d  
t o  b o t h  s i d e s  of t h e  c o r r u g a t e d  p a n e l s  and edge channels.  These 
components were then  p o s i t i o n e d  on t h e  mold. F i n a l l y ,  t h e  r e s i n  
component  was s c r e e n e d  o n t o  t h e  back sk in ,  and t h e  s k i n  was l a i d  
i n  p lace .  F o r c e  had t o  be a p p l i e d  t o  t h e  a s s e m b l y  t o  m a i n t a i n  
bond  l i n e  t h i c k n e s s .  The vacuum chuck p r i n c i p l e  was extended t o  
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p r o v i d e  t : i i s  u n i f o r m  t o r c e  b y  p l d c i n g  a b a g  o v e r  t h e  e n t i r e  
a s s e m b l y  and a p p l y i n g  a p a r t i a l  vacuum. F i g u r e  3 . 7  s h o w s  a 
c r o s s - s e c t i o n a l  v iew o f  t h e  assembly method. 

S e v e r a l  a d h e s i v e s  w e r e  i n i t i a l l y  c o n s i d e r e d  f o r  b o n d i n g  t h e  
o p t i c a l  assembly; a c r y l i c  and epox ides  were s e l e c t e d  as t h e  o n l y  
r e a s o n a b l e  c a n d i d a t e s  f o r  t h e  f i n a l  des ign .  The key parameter  i n  
adhesive s e l e c t i o n  was c u r e  t i m e ,  as b o t h  s y s t e m s  had  s i m i l a r  
s p e c i f i c  m a t e r i a l  c o s t s .  A c r y l i c  adhes ives  p r o v i d e d  a c u r e  t i m e  
o f  a p p r o x i m a t e l y  1 h o u r  v e r s u s  4 h o u r s  f o r  t h e  e p o x i d e s  
( a c c e l e r a t e d  c u r i n g  t h r o u g h  heated p l a t e n s  o r  a u t o c l a v e s  was n o t  
cons idered,  because t h e  r e f l e c t i v e  f i l m s  w o u l d  h a v e  d e g r a d e d  i n  
t h e s e  env i ronmen ts ) .  The c u r e  t i m e  c o s t  was i n i t i a l l y  s i m p l i f i e d  
b y  d e t e r m i n i n g  t h e  number o f  c o n t o u r e d  l a y - u p  t o o l s  r e q u i r e d  t o  
s a t i s f y  p r o d u c t i o n  r a t e s  f o r  t h e  d i f f e r e n t  sys tems .  The cu re  
t i m e  c o s t  o f  mo lds  a lone se rved  t o  i d e n t i f y  a c r y l i c  as t h e  b e s t  
s e l e c t i o n .  The a c r y l i c  o f f e r e d  s e v e r a l  p r o p e r t y  advantages as 
w e l l ,  i n c l u d i n g  a h i g h e r  s h e a r  s t r e n G t h ,  p e e l  s t r e n g t h ,  a n d  
b e t t e r  d u r a b i l i t y  i n  a s t r e s s e d  and w a t e r - s o a k e d  env i ronment .  
Consequently, t h e  a c r y l i c  t w o - p a r t  a d h e s i v e  s y s t e m  was s e l e c t e d  
f o r  t h e  f i n a :  d e s i g n .  F i g u r e  3.8 d e p i c t s  t h e  c o s t s  assoc ia ted  
w i t h  t h e  adhes ive  s e l e c t i o n .  

M a k e l b u y  d e c i  s i o n s  f o r  t h e  o p t i c a l  e lement were n o t  r e q u i r e d  f o r  
m a j o r  componen ts  b e c a u s e  o f  t h e  p e r f o r m a n c e  s e n s i t i v i t y  t o  
t o 1  e r a n c e  and manuf a c t u r i  ng process  c o n t r o l .  All components and 
assemb l ies  were d e f i n e d  f o r  c a p t i v e  f a b r i c a t i o n .  A u t o m a t i o n  f o r  
componen ts  i s  a n a t u r a l  by -p roduc t  o f  t h e  c o i l  l i n e  process. The 
m a j o r  b a t c h  a s s e m b l y  p r o c e s s  was g o r e  f a b r i c a t i o n ,  a n d  some 
a u t o m a t i o n  w a s  d e f i n e d  f o r  a d h e s i v e  a p p l i c a t i o n ,  r e l a t i v e  
p o s i t i o n  c o n t r o l  of p a r t s ,  and m a t e r i a l  t r a n s f e r .  

3.1.3 S u p p o r t  S t r u c t u r e  Components and Assembly. The suppor t  
s t r u c t u r e  i n c l u d e d  t h e  r a d i a l  arms, i n t e r m e d i a t e  s u p p o r t  r i n g s ,  
h i n g e s ,  b r a c k e t s ,  a n d  t h e  p o w e r  c o n v e r s i o n  a s s e m b l y  ( P C A )  
s u p p o r t s .  T h e  s u p p o r t  s t r u c t u r e  c o m p o n e n t  a n d  a s s e m b l y  
manuf a c t u i  r n g  processes  were e n t i r e l y  c o n v e n t i o n a l .  Conven t iona l  
p rocesses  c o u l d  b e  u s e d  f o r  t h i s  a s s e m b l y  b e c a u s e  t h e  o p t i c a l  
a c c u r a c y  o f  t h e  c o n c e n t r a t o r  i s  n o t  r e l i a n t  u p o n  demand ing  
t o l e r a n c e s  i n  s t r u c t u r a l  f a b r i c a t i o n .  T h e  p a n e l  m o u n t i n g  
s t r u c t u r e  was r e a s o n a b l y  i n d e p e n d e n t  f r o m  t h e  p a n e l  shape and 
l o c a t i o n .  T h e  c o n n e c t i o n  b e t w e e n  t h e  t w o  e l e m e n t s  w a s  
ac comp 1 i shed w i t h i ndeperlde n t  1 y ad j us t ab 1 e h i  ng e s . 
Two m a j o r  s t r u c t u r a l  e l e m e n t s  w e r e  open web beams and t r u s s e s  
f a b r i c a t e d  f r o m  h o t  r o l l e d  s t e e l  b a s e  s t o c k .  The p r i m a r y  and 
s e c o n d a r y  members of t h e  t r u s s e s  and r i n g s  were f a b r i c a t e d  f r o m  
o n l y  t w o  b a s e  shapes  t o  r e d u c e  t h e  t y p e s  o f  r a w  m a t e r i a l s  
r e q u i r e d  f o r  c o n c e n t r a t o r  f a b r i c a t i o n .  M a t e r i a l s  f o r  t h e s e  
t r u s s e s  were f u r n i  shed as s t r a i g h t ,  random l e n g t h s  t h a t  r e q u i r e d  
c o n v e n t i o n a l  p r o c e s s i n g  s t e p s :  s h e a r  t o  l e n g t h ,  punch, n o t c h  
and, i n  some i n s t a n c e s ,  r o l l  b e n d .  T h e s e  c o m p o n e n t s  w e r e  
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f i x t u r e d ,  w e l d e d ,  c l e a n e d  a n d  p a i n t e d  d u \ . i n g  t h e  a s s e m b l y  
p rocess .  

These  components were assembled i n  a c a p t i v e  f a c i l i t y  r a t h e r  t h a n  
purchased from o u t s i d e  vendors. The r e l a t i v e l y  f e w  r a w  m a t e r i a l  
componen ts ,  c o m b i n e d  w i t h  t h e  q u a n t i t y  o f  i d e n t i c a l  p a r t s  even 
f o r  t h e  s m a l l e r  p r o d u c t i o n  r a t e  d e f i n e d  i n  t h i s  d e s i g n ,  p r o v i d e d  
a s i g n i f i c a n t  r e t u r n  on  i n v e s t m e n t  i n  automated equipment. The 
p r o c e s s e s  t h a t  w e r e  c l e a r l y  a p p r o p r i a t e  f o r  a u t o m a t i o n  a r e  
w e l d i n g ,  p a i n t i n g ,  a n d  m a t e r i a l  h a n d l i n g .  S e m i a u t o m a t i c  
p r o c e s s e s  w e r e  d e f i n e d  f o r  t h e  c u t ,  n o t c h ,  p u n c h ,  and b e n d  
s t a t i o n s .  The d e g r e e  o f  a u t o m a t i o n  f o r  t h e s e  componen ts  and 
assembl ies  was made t h r o u g h  p a r a m e t r i c  t r a d e - o f f  b e t w e e n  1 abor  
and c a p i t a l  c o s t .  

The t h i r d  m a j o r  s t r u c t u r a l  e lement  was t h e  hub, f a b r i c a t e d  as a 
r o l l e d  p l a t e  g i r d e r  beam w i t h  p l a t e  web s t i f f e n e r s .  The hub was 
f a b r i c a t e d  f r o m  h o t  r o l  l e d  s t e e l .  T h r e e  b a s e  s t o c k  m a t e r i a l s  
were r e q u i r e d ,  i n c l u d i n g  two p l a t e  t h i c k n e s s e s  and f l a t  bar  s tock .  
The p l a t e  g i r d e r  was s e l e c t e d  r a t h e r  t h a n  an open web, because 
element suppor ted  v e r y  l a r g e  and c o n c e n t r a t e d  l o a d s  a t  t h e  d r i v e  
a t t a c h m e n t .  T h i s  s t r u c t u r e  had t o  s e r v e  as the  r i g i d  body f o r  
t r u s s  at tachment,  and had t o  p r o v i d e  s u b s t a n t i a l  s t i f f n e s s .  The 
o p t i c a l  a c c u r a c y  o f  t h e  d i s h  was  l a r g e l y  s e p a r a t e d  f r o m  
f a b r i  c a t i o n  t o l e r a n c e  by  p r o v i  d i  n g  a s e c o n d a r y  e l  ement f o r  t h e  
g o r e /  hub a t tachmen t  assembly. I n a c c u r a c i e s  i n  t h e  arm mount were 
m u l t i p l i e d  b y  t h e  r a d i a l  d i s t a n c e  t r a v e l e d ,  and  a s p o t - m i l l e d  
s u r f a c e  a t  t h i s  at tachment was cons ide red  p ruden t  i n  s p i t e  o f  t h e  
i s o l a t i o n  o f  t r u s s  and o p t i c a l  e r r o r  t h r o u g h  t h e  a d j u s t a b l e  
h i  nge. 

The make /buy  s e l e c t i o n  on  t h i s  component  was a r e l a t i v e l y  even 
p r o p o s i t i o n  a t  t h e  1 , 0 0 0 - p a r t s - p e r - y e a r  p r o d u c t  i o n  r a t  e; a t  
1 0 , 0 0 0 - p a r t  s - p e r - y e a r ,  t h e  p a r t  w o u l d  be m a n u f a c t u r e d  i n  a 
c a p t i v e  f a c i  1 i ty. Consequent ly,  t h e  c a p t i v e  f a b r i c a t i o n  a p p r o a c h  
was s e l e c t e d  f o r  ease  i n  c o s t  c o m p a r i s o n .  A r e l a t i v e l y  s imp le  
automated w e l d i n g  and m i l l i n g  s t a t i o n  would be  a d a p t a b l e  t o  t h i s  
p a r t  m a n u f a c t u r e .  Shear  and bend o p e r a t i o n s  w e r e  d e f i n e d  as  
m a n u a l l y  c o n t r o l l e d .  

S e c o n d a r y  componen ts ,  such  as b r a c k e t s ,  h inges ,  and PCA suppor t  
component and assembly were r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  o v e r a l l  
c o s t .  They  w e r e  d e f i n e d  a s  p u r c h a s e d  componen ts ,  w i t h  f i n a l  
assembly a t  t h e  c a p t i v e  c e n t r a l  f a c i  1 i t y .  
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3.2 Con s t r u c  t i on Processes 

The p a r a b o l i c  d i s h  d e f i n e d  i n  t h i s  d e v e l o p m e n t  e f f o r t  must be 
a s s e m b l e d  a t  t h e  s i t e .  S e v e r a l  c o n s t r u c t i o n  o p t i o n s  w e r e  
c o n s i d e r e d  i n  t h e  p a r a m e t r i c  des ign o f  t h e  c o n c e n t r a t o r .  The key 
i s s u e s  

* 
* 
* 

These 

de f  i ned were 

The c o n s t r u c t i o n  methods shou ld  be s u i t a b l e  f o r  a l i m i t e d  
number o f  c o n c e n t r a t o r s  pe r  s i  t e .  
F a c e t  a l i g n m e n t  s h o u l d  n o t  r e l y  upon t h e  accuracy o f  t h e  
suppor t  s t r u c t u r e .  
Facet  a l ignment  shou ld  be r e q u i r e d  d u r i n g  e r e c t i o n  on ly .  

a s s u m p t i o n s  had a s u b s t a n t i a l  imDact upon t h e  c o n s t r u c t i o n  
process  and 'the c o n c e n t r a t o r  j o i n t  design. They were s e l e c t e d  t o  
accommodate a b r o a d  market ,  h i g h  performance, and low l i f e - c y c l e  
c o s t .  

T h e  f i r s t  o f  t h e s e  a s s u m p t i o n s  r e q u i r e d  t h e  d i s h  t o  b e  
manufac tured  a t  a c e n t r a l  f a c i l i t y .  S i t e  c o n s t r u c t i o n  f a c i l i t i e s  
w e r e  d e f i n e d  f o r  f i n a l  a s s e m b l y  of p a r t s  t h a t  c o u l d  n o t  b e  
sh ipped complete.  These f a c i l i t i e s  were l i m i t e d ,  and t r u c k  based. 
The m a j o r  components  assembled  a t  t h e  s i t e  were 6 r a d i a l  t r u s s  
arms, 6 m i d d l e  r i n g  segments, 6 o u t e r  r i n g  segments,  3 0  o p t i c a l  
p e t a l s ,  a n d  t h e  P C A  s u p p o r t  t r i p o d .  S t r u c t u r a l  j o i n t s  were 
a c h i e v e d  w i t h  b o l t e d  c o n n e c t i o n s .  O p t i c a l  a s s e m b l y  j o i n t s  
r e q u i r e d  a d h e s i v e  and m e c h a n i c a l  f a s t e n e r s .  The o p t i c a l - t o -  
s t r u c t u r a l  j o i n t s  were bo1 t e d  connect  i ons .  

F a c e t  a1 ignment  was d e f i n e d  as i n s e n s i t i v e  t o  s t r u c t u r a l  accuracy 
t o  r e d u c e  t h e  c o s t  o f  t h e  r e a r  s u p p o r t i n g  s t r u c t u r e .  T h e  
t o l e r a n c e  reqGirements f o r  a p a r a b o l i c  d i s h  o f  t h i s  ape r tu re  were 
no t  conducive t o  s tandard  f a b r i c a t i o n  methods f o r  o p e n  web beams 
o r  p l a t e  g i r d e r s .  C o n c e n t r a t o r  ad jus tment  was u n d e s i r a b l e  i f  t h e  
f l u c t u a t i n g  l o a d  e n v i r o n m e n t  c o u l d  have a l t e r e d  t h e  i n i t i a l  
a l i g n m e n t .  The s t i f f n e s s  of t h e  o p t i c a l  element, a f t e r  each go re  
was bonded t o  c r e a t e  a con t inuous  sur face,  was s u b s t a n t i a l ,  e v e n  
by  c o m p a r i s o n  t o  i t s  s u p p o r t i n g  s t r u c t u r e .  The c o n c e n t r a t o r  was 
s p e c i f i c a l l y  des igned t o  i n c o r p o r a t e  t h i s  s t i f f n e s s  t o  p r o v i d e  
o p t i c a l  a c c u r a c y  a n d  l o a d  d i s t r i b u t i o n .  T h e r e f o r e ,  f i e l d  
ad jus tment  was deemed a c c e p t a b l e  f o r  t h i s  des ign.  

3 . 2 . 1  J o i n t  A d j u s t m e n t .  A d j u s t m e n t  was p r o v i d e d  a t  each 
at tachment  between t h e  o p t i  c a l  el  ement and t h e  r e a r  s u p p o r t i n g  
s t r u c t u r e .  The s u p p o r t  r i n g s  a t t a c h e d  t o  t h e  o p t i c a l  e lement 
th rough  a s e r i e s  o f  h inges,  a l l o w i n g  a d j u s t m e n t  f r e e d o m  p a r a l l e l  
t o  t h e  o p t i c a l  a x i s  and i n  t h e  c i r c u m f e r e n t i a l  d i r e c t i o n  ( F i g u r e  
3.9). The c i r c u m f e r e n t i a l  a d j u s t m e n t  was p r i m a r i l y  a1 l o w e d  f o r  
e a s e  i n  f a b r i c a t i o n  and a v o i d a n c e  o f  l o c a l i z e d  moment l o a d s  
t r a n s f e r r e d  t h r o u g h  t h e  r i g i d  d i r e c t i o n  o f  t h e  h i n g e  t o  t h e  
o p t i c a l  e l e m e n t .  I t  was a c c o m p l i s h e d  t h r o u g h  u s e  o f  a 4 - i n c h  
w i d e  h i n g e  p l a c e d  b e t w e e n  v e r t i c a l  s t a n d a r d s  t h a t  t o 1  e r a t e d  
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+/-1/4 inch of circumferential  t ravel .  The bacKlash was removed 
by slipping brass washers over the ring hinge pin d u r i n g  assembly. 
V e r t i c a l  adjustment was accommodated t h r o u g h  the of 2 overlapping 
hinge p la tes .  The hinge p l a t e s  had a hole p a t t e r n  punched so 
t h a t  2 h o l e s  w o u l d  a lways be in alignment f o r  any d i s c r e t e  
v e r t i c a l  adjustment o f  0.03 inch over a +/-  1 / 2  inch. The 2 
a1 igned holes provided a convenient bolted connection. After a l l  
h i n g e  p l a t e s  were a d j u s t e d ,  t h e  b a c k l a s h  was removed by 
d r i  1 l i n g / r e a m i n g  o r  punching 2 a d d i t i o n a l  ho les ,  which were 
subs eq ue n t 1 y pi n ned . 
The petal-to-hub connection provided adjustment along the optical 
axis for  a l l  petals,  t h o u g h  t h e  adjustment was not independent 
f o r  each  p e t a l  ( s e e  F i g u r e  3 . 1 0 ) .  P e t a l  independence was 
p r o v i d e d  f o r  a l l  c o n n e c t i o n s  away from t h e  v e r t e x  a n d ,  
c o n s e q u e n t l y ,  was n o t  r e q u i r e d  a t  t h e  c e n t e r .  The global  
t r a n s l a t i o n  of a l l  p e t a l s  was a c c o m p l i s h e d  a t  t h e  b o l t e d  
connect ion between an intermediate or ''secondary" element and the 
hub by v i r t u r e  of a s l o t t e d  hole.  Limited independent p lanar  
t r a n s l a t i o n  a n d  t a n g e n t i a l  r o t a t i o n  w a s  p r o v i d e d  by t h e  
f l e x i b i l i t y  of t h e  j o i n t .  The "secondary" element  was a l s o  
s l o t t e d  between each facet t o  decrease i t s  hoop s t i f fness .  Each 
s l o t t e d  s e c t i o n  o f  t h e  s e c o n d a r y  hoop e l e m e n t  a c t e d  a s  a 
c a n t i l e v e r  and t o r s i o n a l  spr ing .  The o b j e c t i v e  of the j o i n t  
adjustment was t o  eliminate any p o t e n t i a l  t o  form a cusp a t  t h e  
c e n t e r  of the  parabola and t o  accommodate inevitable fabrication 
error  without inducing localized moment loadings. 

3.2.2 J o i n t  R e s t r a i n t .  The j o i n t s  between the optical element 
and r e a r  s t r u c t u r e  accommodated r a d i a l  t r a n s l a t i o n .  The 
o b j e c t i v e  of th i s  additional degree of freedom was t o  accommodate 
re la t ive  thermal expansion between the optical  element (aluminum) 
a n d  t h e  r e a r  s t ructure  ( s t e e l ) .  The hinge was actually normal t o  
the concentrator s u r f a c e  a t  an i ntermedia te  tempera ture .  The 
hinge swing r a d i u s  was adequate t o  impart very l i t t l e  loading 
into the concentrator a t  temperature  extremes, because i t s  t i p  
motion was  e f fec t ive ly  r e c t i l i n e a r  over the small angles required 
t o  t o l e r a t e  t h e  t e m p e r a t u r e  e n v i r o n m e n t .  The  i n h e r e n t  
f 1 ex i b i  1 i t y  of t h e  h u b  a t tachment  a1 so a1 lowed some radi a1 
mo t i on.  

The X-brace that  formed the pin standard f o r  hinge connection was 
fabricated from f l a t  stock. The lack of  s e c t i o n  i n  t h e  l a t e r a l  
d i r e c t i o n  reduced t r a n s f e r  of l o c a l i z e d  moment loadings in the 
nonhinged direction from t h e  s t r u c t u r e  t o  t h e  o p t i c a l  element.  
F i n a l l y ,  t h e  l o a d  from hinge pin t o  body was transferred t h r o u g h  
a vulcanized s i l i c o n e .  This type o f  j o i n t  p r o v i d e d  a smal l  
amount of s t r u c t u r a l  d a m p i n g  and reduced t h e  s t i f f n e s s  of the 
connection. 

The j o i n t s  between optical  panels, on the other hand, represented 
a radial and circumferential f i x .  This j o i n t  i s  shown i n  F igure  
3.11. Shear a n d  a x i a l  s t r e s s e s  were t r a n s f e r r e d  continuously 
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a c r o s s  t h e  j o i n t  t h rough  an adhesive bond. Bending s t r e s s e s  were 
accommodated w i t h o u t  l o c a l i z e d  d i s t o r t i o n  due t o  t h e  a r e a  s e c t i o n  
f o r m e d  by edge c h a n n e l s  and t h e  j o i n t  s t r i p .  The 1 /4  i n c h  gap 
b e t w e e n  o p t i  c a l  f a c e t s  accommodated a r e a s o n a b l e  p a n e l  w i d t h  
t o l e r a n c e  and t h e  tendency f o r  any w i d t h  e r r o r  t o  be p r o g r e s s i v e .  

3.2.3 C o n c e n t r a t o r  A d j u s t m e n t .  The c o n c e n t r a t o r  had seve ra l  
d e g r e e s  o f  f r e e d o m  d u r i n g  t h e  c o n s t r u c t i o n  p r o c e s s :  o p t i c a l  
p a n e l s  c o u l d  be a d j u s t e d  a l o n g  t h e  o p t i c a l  a x i s  as a g roup a t  t h e  
hub and i n d i v i d u a l l y  a t  mid-span and p e r i m e t e r ;  t h e  g o r e s  c o u l d  
b e  moved c i r c u m f e r e n t i a l  l y  t h r o u g h  h inge  ad jus tment  and o p t i c a l  
p a n e l  gap v a r i a n c e ;  and t h e  h i n g e s  c o u p l e d  t o  t h e  c a n t i l e v e r  
s p r i n g / s l o t t e d  h o o p  h a d  l i m i t e d  a d j u s t m e n t  i n  t h e  r a d i a l  
d i r e c t i o n .  The r e a r  s t r u c t u r e  was bo1 t e d  t o g e t h e r ;  e a c h  bo1 t e d  
j o i n t  was p r o v i d e d  w i t h  a h o l e  s l o t t e d  i n  a t  l e a s t  one d i r e c t i o n  
t o  accommodate m a n u f a c t u r i n g  t o l e r a n c e .  T h i s  w i d e  v a r i e t y  o f  
m o t i o n  was c r i t i c a l  t o  ease  a s s e m b l y  and t o l e r a n c e .  C a r e f u l  
a t t e n t i o n  h a d  t o  t h e n  be g i v e n  t o  t h e  m e t h o d  o f  i m p l e m e n t i n g  
ad jus tmen ts  f o r  o p t i c a l  accuracy t o  be ob ta ined .  

The c o n s t r u c t i o n  p r o c e s s  o u t l i n e d  f o r  t h i s  d e s i g n  began w i t h  
complete r e a r  s t r u c t u r e  assembly on  a t ruck-mounted t u r n t a b l e .  A 
l a r g e  p o s t  w i t h  a t t a c h e d  arm was i n s e r t e d  i n t o  t h e  t u r n t a b l e  a t  
t h e  d i s h  v e r t e x ,  as shown i n  F i g u r e  3.12. T h i s  p o s t  and  arm 
a s s e m b l y  e f f e c t i v e l y  f o r m e d  a l a r g e  c y l i n d r i c a l  c o o r d i n a t e  
measurement system t h a t  was accurate,  s imple,  and d u r a b l e .  D i a l  
i n d i c a t o r s  w e r e  m o u n t e d  a t  t h e  h i n g e d  r a d i u s  t o  p r o v i d e  t h e  
o p t i c a l  a x i s  ( Z )  measurement. A v e r n i e r ,  s i m i l a r  t o  t h a t  m o u n t e d  
on  a t r a n s i t  o r  t h e o d o l i t e ,  was mounted a t  t h e  v e r t e x  t o  p r o v i d e  
t h e  r o t a t i o n a l  ( t h e t a )  c o o r d i n a t e .  The r a d i a l  ( r )  c o o r d i  n a t e  was 
n o t  r e q u i r e d  e x c e p t  a t  t h e  d i s c r e t e  l o c a t i o n  d e f i n e d  by t h e  d i a l  
i n d i c a t o r  p o s i t i o n .  Ad jus tment  was p r i m a r i l y  p r o v i d e d  w i t h  t h e  
ove r1  appi  ng h i n g e  d e s c r i b e d  i n a p r e v i o u s  sec t  i o n .  

A d h e s i v e  was a p p l i e d  t o  t h e  j o i n i n g  s t r i p s  of t h e  f i r s t  p e t a l ;  
t h e  p a n e l  was l a i d  i n  and t e m p o r a r i l y  b o l t e d  t o  t h e  h i n g e s  
w i t h o u t  r e g a r d  t o  f i n a l  a c c u r a c y .  The "R-Theta" a l i gnmen t  t o o l  
was r o t a t e d  and t h e  p a n e l  was a l i g n e d .  Each s u b s e q u e n t  p a n e l  
( F i g u r e  3 .13 )  was i n s e r t e d  f o l l o w i n g  t h e  same sequence; adhesive 
a p p l i c a t i o n ,  lay-up, and adjustment,  p r o c e e d i n g  a r o u n d  t h e  d i  sh. 
The gap b e t w e e n  p a n e l s ,  p l a c e m e n t  measuremen t ,  and ad jus tmen t  
freedoms p r e v e n t e d  t o l e r a n c e  s t a c k - u p  f r o m  b e i n g  an i n o r d i  n a t e  
p r o b l e m .  The r e s i n - t o - a c t i v a t o r  r a t i o  o f  t h e  adhesive system was 
des igned  f o r  a 24-hour cu re  t o  a l l o w  minor  subsequent a d j u s t m e n t s  
a f t e r  each  p a n e l  was l a i d  i n  p l a c e .  C o n t a c t  between t h e  j o i n t  
s t r i p  and p a n e l  was m a i n t a i n e d  w i t h  b l i n d  f a s t e n e r s .  T h e  
f a s t e n i  ng  t o o l  was designed t o  t r a n s l a t e  a long t h e  a1 ignment arm, 
d r i l l  t h r o u g h  h o l e s  punched  i n  t h e  j o i n t  s t r i p ,  and r i v e t  ( s e e  
F i g u r e  3 . 1 4 ) .  The a1 i g n m e n t  t o o l  was removed, t h e  PCA suppor t  
assembly b o l t e d  i n t o  p lace ,  and t h e  e n t i r e  d i s h  was h o i s t e d  i n t o  
p l a c e  th rough  at tachment a t  t h e  hub assembly (see F i g u r e  3.15). 

" .  . . 
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3.3 R e f l e c t i v e  Assembly Cost  

P r o d u c t i o n  c o s t s  f o r  t h e  r e f l e c t i v e  assembly were developed f o r  
r a t e s  of 1,000 and 10,000 r e f l e c t i v e  a s s e m b l i e s  p e r  y e a r .  The 
r e f  1 e c t  i ve a s s e m b l y  cons i  s t e d  o f  t h r e e  major  subassembl i e s :  t h e  
o p t i c a l  element, t h e  s u p p o r t i n g  s t r u c t u r e ,  and t h e  P C A  s u p p o r t .  
The manuf a c t u r e  and i n s t a l l a t i o n  o f  t h e  r e f l e c t i v e  assembly were 
c o m p l e t e l y  i s o l a t e d  f rom the  f a b r i c a t i o n  and i n s t a l l a t i o n  o f  t h e  
foundat ion ,  pedes ta l ,  d r i v e ,  f i e l d  w i r i n g  and PCA. 

A d d i t i o n a l  assumptions app ly ing  t o  the  c o s t  a n a l y s i s  were 

* 
* A r e l a t i v e l y  s t a b l e  p r o d u c t  d e s i g n  occurs  over  t h e  

* M i n i m a l  m a r k e t i n g  e x p e n s e  r e q u i r e d  t o  o b t a i n  and 

Costs  r e p o r t e d  i n  September 1986 d o l l a r s .  

equipment l i f e  c y l e .  

m a i n t a i n  a s t a b l e  sa les  volume. 

3 . 3 . 1  C a p i t a l  C o s t s .  C a p i t a l  c o s t s  w e r e  d i v i d e d  i n t o  t h e  
c a t e g o r i e s  of equipment cos ts ,  b u i l d i n g  cos ts ,  and l a n d  cos ts .  

3.3.1.1 E q u i p m e n t .  The equipment c o s t s  r e q u i r e d  t o  produce t h e  
r e f l e c t i v e  a s s e m b l i e s  a r e  p r e s e n t e d  i n  T a b l e  3.1. C o s t s  a r e  
p r e s e n t e d  f o r  p r o d u c t i o n  r a t e s  o f  10,000 and 1,000 r e f l e c t i v e  
assembl ies p e r  yea r .  The equipment c o s t s  a re  f u r t h e r  i t e m i z e d  i n  
Tab le  3.2. 

3.3.1.2 B u i l d i n g .  The b u i l d i n g  r e q u i r e m e n t s  f o r  t h e  f a b r i c a t i o n  
o f  t h e  r e f l e c t i v e  assembly components a re  p r e s e n t e d  i n  T a b l e  3.3. 
M a n u f a c t u r i n g  a r e a  was es t ima ted  a t  $43 per  square f o o t  o f  f l o o r  
space, and a d m i n i s t r a t i v e  space was e s t i m a t e d  a t  $ 5 7  p e r  s q u a r e  
f o o t .  Based on  t h e  two p r o d u c t i o n  r a t e s ,  b u i l d i n g  c o s t  would be 
$4,550,000 and $3,460,000, r e s p e c t i v e l y .  

3.3.1.3 Land. Land c o s t s  f o r  t h e  c e n t r a l  m a n u f a c t u r i n g  f a c i l i t y  
were based on an improved l a n d  c o s t  of $20,000 p e r  acre.  On t h i s  
bas i s ,  t h e  l a n d  expenses were $120,000 and $80,000, r e s p e c t i v e l y .  

The i n i t i a l  c a p i t a l  i n v e s t m e n t  i s  summarized i n  Tab le  3.4. The 
d e p r e c i a t i o n  o f  these e x p e n s e s  i s  p r e s e n t e d  i n  T a b l e  3.5. The 
d e p r e c i  a t i o n  ( c a p i t a l  r e p l a c e m e n t  c o s t )  r e p r e s e n t s  $1.34/m* 
o f  a p e r t u r e  a t  10,000 per  y e a r  and $5.07/m2 a t  1,000 p e r  yea r .  

3.3.2 D i r e c t  M a t e r i a l s .  The d i r e c t  m a t e r i a l  c o s t s  are g i v e n  i n  
Tab le  3.6. Costs  f o r  raw m a t e r i a l  were based on vendor e s t i m a t e s  
a t  t h e  a p p r o p r i a t e  vo lumes.  These c o s t s  w e r e  $.90 p e r  l b  o f  
aluminum, $.33 p e r  l b  o f  ho t  r o l l e d  s t r u c t u r a l  s t e e l ,  and $28.00  
p e r  g a l l o n  o f  a d h e s i v e .  F o r  t h e s e  i t e m s ,  no s i g n i f i c a n t  p r i c e  
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D e s c r i p t i o n  

F r o n t  & Back Gore Sk ins  

U pender 
Uncoi l e r  
L e v e l e r  
C leaner  
Temp1 a t e  System 
Lamina to r  
F i l m  Shears 
Aluminum Shears 
A c r y l i c  Sea le rs  

C o r r u g a t i o n  

Unco i  l e r  
L e v e l e r  
R o l l  Former 
Pyramid Rol l e r  
Shear 

TABLE 3.2 
EQUIPMENT COSTS 

2 1  
23 
33 
22 
25 
32 
30 
30 
40 

23 
33 
60 
50 
25 

42/42 
46/46 
66/6 6 
44/44 
25/25 
32/32 
30/ 3 0 
60/60 
40/40 

46/23 
66/33 

120/60 
100/50 

50/ 2 5 

767 / 576 

* Q u a n t i t y  o r  p r i c e  a t  10,000 u n i t s  p e r  y e a r  are shown l e f t  o f  t h e  s l a s h  ( / I  
mark and 1,000 u n i t s  pe r  y e a r  a re  shown r i g h t  o f  t h e  s l a s h  ( / )  mark. 
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D e s c r i p t i o n  

Edge Channel 

Uncoi l e r  
L e v e l e r  
R o l l  Former 
Pyramid R o l l e r  
Shear 

J o i n i n a  S t r i p s  

Uncoi l e r  
L e v e l e r  
Punch/ S hear 

Gore F a b r i c a t i o n  

Mol ds 
Vacuum Pumps 
Assembly F i x t u r e s  
Adhesive appl i c a t o r s  
D r i l l i n g / R i v e t i n g  Machine 
T rans fe r  Equipment 
Q. C. F i x t u r e  

TABLE 3.2 ( c o n t . )  
EQUIPMENT COSTS 

15 
33 
50 
50 
10 

15 
15 
40 

64/80 
10 
5 

25 
50 
25 

25 0 

Q ~ Y  

2/ 1 
2/ 1 
2/ 1 

84/ 17  
10/ 2 
21/4 
21/4 
21/4 
10/1 

2/ 1 

Ext .  
( $1,000 

30/15 
66/33 

l00/50 
100/50 

20/ 10  

30/ 15 
30/ 15 
80/40 

537611360 
100/20 
105/20 
525/100 

1050/200 
250/25 
500/ 250 

8362 / 2203 
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TABLE 3.2 ( c o n t . )  
EQUIPMENT COSTS 

Descr i D t  i on 

Trusses 

P r imary  Punch & Shear 
Secondary Bender 
Secondary T rans fe r  System 
Assembly F i x t u r e  
Automated we1 der 
T r a n s f e r  E q  u i pmen t 

Rings 

Secondary Bender 
Secondary T rans fe r  System 
Assembly F i x t  u re  
Automated We1 der 
T r a n s f e r  Eq u i  pmen t 

P l a t e  Shear 
P l a t e  Pyramid R o l l e r  
F lange Pyramid R o l l e r  
Automated We1 der 
Automated Spot M i l l  & D r i l l  

c o s t  
( $mO 1 

30 1/ 1 
15 2/ 1 
4 2/ 1 
a 2/ 1 

40 0 2/ 1 
a 1/ 1 

15 41 2 
4 4/ 2 
a 4/ 2 

400 4/ 2 
a 21 2 

25 1/ 1 
40 11 1 
40 1/1 
a0 1/ 1 
50 1/ 1 

Ext .  
( $ r n O  1 

30/ 30 
30/ 15 
a/4 

16/a 
ao0/400 

a/ a 

60/ 30 

32/16 

16/16 

16/a 

i6oo/aoo 

25/25 
40/40 
40/40 

50/50 
ao/ao 
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D e s c r i p t i o n  

Brackets  

Automated D r i  11 Press 

General P1 ant  Equipment 

P a i n t  L i n e  
M a i  n t enance Equipment 
Misce l laneous 

D i s h  Assembly 

Assembly Mach 

T o t a l  

ne 

TABLE 3.2 ( c o n t . )  
EQUIPMENT COSTS 

c o s t  
( $ W O  1 

15 

150/250 

Q ~ Y  

10/ 1 

l o t  
l o t  
l o t  

20/ 4 

Ext .  
( $1,000 1 

150/15 

2000/ 250 
500/250 
500/150 

3000/ 1000 

6150/1665 

$18,130 000 / $6 010,000 
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TABLE 3.6 
D I R E C T  MATERIAL COSTS 

I tem c o s t  
($ /D ish  1 

F i l m  

.025 A1 go re  s k i n s  

Gore C o r r u g a t i o n  

Edge Channel 

J o i n i n g  S t r i p s  

Adhes i ve 

Hub 

Trusses 

R i n g  

B racke ts  

M isc .  Hardware 

P a i n t  

S t r u t s  

R e t r a c t a b l e  S t r u t  d r i v e  8, c o n t r o l s  

2,538.00 / 2,538.00 

1,061.21 

1 , 128.60 

451.23 

162.93 

644.00 

135.30 

634.50 

574.20 

261.00 

69.00 / 114.00 

27.00 

300.00 

600.00 

$8,595.97 / $8,640.97 

T o t a l  = $56.26/m2 a t  10,000 per  year  
$56.55/m2 a t  1,000 per  yea r  

Based on 10,000 u n i t s  per  year/1,000 u n i t s  per  yea r  September 86 D o l l a r s  
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v a r i a t i o n  e x i s t e d  b e t w e e n  t h e  t w o  r o d u c k i o n  r a t e s .  The 

c o s t  t o  $56.26/m2 a t  10,000 u n i t s  pe r  yea r .  The a c t u a l  p r i c e  o f  
t h e  f i l m ,  e s p e c i a l l y  a t  t h e  h i g h e r  p r o d u c t i o n  r a t e ,  c o u l d  f a l l  
s u b s t a n t i a l l y  b e l o w  t h i s  f i g u r e .  I f  t h e  r e f l e c t i v e  f i l m  were 

$3.19/m2, t h e  m a t e r i a l  c o s t s  wou ld  f a l l  b y  $2030.40 .  

r e f l e c t i v e  f i l m  was chosen t o  be $16.60/m B , d r i v i n g  t h e  m a t e r i a l  

a v a i l a b l e  a t  
T h i s  i s  equ  
c o s t .  

3.3.3 L a b o r  
p a r t i  c i  p a t e  

v a l e n t  t o  a $13.54/mz d r o p  i n  t h e  r e f l e c t o r  assembly 

Costs.  Labor was d e f i n e d  as t h e  worke rs  who d i r e c t l y  
n t h e  manufac ture  and i n s t a l l a t i o n  o f  t h e  r e f l e c t i v e  

a s s e m b ' l y  a n d  i t s  p a r t s .  T h i s  i n c l u d e d  m o s t  w o r k e r s  a t  t h e  
c e n t r a l  manu fac tu r ing  f a c i l i t y  and t h e  s i t e  i n s t a l l a t i o n  crews. 

The 1 a b o r  r e q u i r e m e n t s  f o r  t h e  r e f l e c t i v e  assembly a re  p resen ted  
i n  T a b l e  3.7. A t  10,000 r e f l e c t i v e  a s s e m b l i e s  p e r  y e a r ,  1 4 0  
w o r k e r s  w o u l d  b e  r e q u i r e d  a t  t h e  c e n t r a l  manu fac tu r ing  f a c i l i t y  
and 135  worke rs  a t  t h e  s i t e s .  A t  1,000 r e f l e c t i v e  a s s e m b l i e s  p e r  
y e a r ,  31  w o r k e r s  w o u l d  b e  r e q u i r e d  a t  t h e  c e n t r a l  m a n u f a c t u r i n g  
f a c i  1 i t y  and 20 a t  t h e  s i t e .  

The c o s t  o f  t h i s  l a b o r  i n c l u d e d  a base wage o f  $8.45 and $3.80 i n  
f r i n g e s .  The f r i n g e  i n c l u d e d  s u c h  c o s t s  as S o c i a l  S e c u r i t y  
p a y m e n t s ,  un emp 1 oymen  t i n s  u r  a n c e ,  Workmen I s C o m p e n s a t i o n ,  
i n s u r a n c e  p o l i c i e s ,  p e n s i o n  funds ,  v a c a t i o n s ,  h o l  i d a y s ,  a n d  
premiums.  The c o s t  was based on t h e  a c t u a l  number o f  hours spent 
on  a task .  The t o t a l  l a b o r  c o s t  a t  10,000 r e f l e c t i v e  a s s e m b l i e s  
p e r  y e a r  w o u l d  b e  $4.41/m2 and $8.22/m2 a t  1,000 r e f l e c t i v e  
a s s e m b l i e s  p e r  y e a r .  These  l a b o r  r a t e s  w e r e  based  upon p a s t  
exper ience  a t  S o l a r  K i n e t i c s  w i t h  assembly l a b o r .  

3.3.4 A d d i t i o n a l  Costs. The a d d i t i o n a l  expenses i n v o l v e d  i n  t h e  
manu fac tu re  and i n s t a l l a t i o n  o f  t h e  r e f l e c t i v e  a s s e m b l i e s  w e r e  
d i v i d e d  i n t o  t h r e e  genera l  c a t e g o r i e s :  I n d i r e c t s  and Consumables; 
G & A, Taxes and P r o f i t s ;  and T r a n s p o r t a t i o n .  

3.3.4.1 I n d  
c o s t s  ( l a b o r  
e n g i  n e e r i n g ,  
i n s p e c t i n g ,  
i n v o l v e d  i n  
P a r t  o f  t h e  
p r o d u c t i o n ,  

r e c t s  and Consumables. I n d i r e c t  c o s t s  i n c l u d e d  a l l  
a n d  c i r n n l i p c )  inr i i rrpr i  h v  n l  a n t  m a i  n t . p n a n c ~ -  - I , -  u y r r .  . - u ,  . . . - - .  . -- - J  v . - . . - .  . . - . . . - - . . - . . - -  
r e c e i v i n g ,  sh ipp ing ,  c l e r i c a l ,  d r a f t i n g ,  purchas ing ,  
i r s t  l i n e  s u p e r v i s i o n ,  and  o t h e r  e m p l o y e e s  n o t  
d i r e c t  f a b r i c a t i o n ,  management ,  o r  m a r k e t i n g .  
i n d i r e c t  c o s t  was  d i r e c t l y  a s s o c i a t e d  w i t h  
s u c h  a s  f i r s t  l i n e  s u p e r v i s i o n ,  r e c e i v i n g ,  and 

i n s p e c t i o n .  I n d i r e c t  l a b o r  was e s t i m a t e d  a t  3 0  p e r c e n t  of t h e  
d i r e c t  l a b o r  r a t e  a t  10,000 u n i t s  p e r  y e a r  and 50 p e r c e n t  a t  
1 ,000 u n i t s  p e r  y e a r .  E n g i n e e r i n g ,  c l e r i c a l ,  a n d  d r a f t i n g  
s u p p o r t  was e s t i m a t e d  a t  30 p e r c e n t  o f  t h e  d i r e c t  l a b o r  c o s t  a t  
10,000 u n i t s  p e r  y e a r  and 55 pe rcen t  a t  1,000 u n i t s  p e r  year.  
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A1 1 m a t e r i a l s  and s u p p l i e s  t h a t  were necessary d u r i n g  p r o d u c t i o n  
b u t  d i d  n o t  a p p e a r  i n  t h e  f i n a l  p r o d u c t  w e r e  c o n s i d e r e d  
consumab les .  Consumables i n c l u d e d  a l l  m a t e r i a l  waste, o p e r a t i n g  
and p r o c e s s i n g  s u p p l i e s ,  n o n d u r a b l e  t o o l i n g  and e q u i p m e n t ,  and 
u t i l i t i e s .  Consumables  were  e s t i m a t e d  t o  b e  6 p e r c e n t  of t h e  
m a t e r i a l  c o s t  a t  10,000 u n i t s  p e r  y e a r  and 10 p e r c e n t  o f  t h e  
m a t e r i a l  c o s t  a t  1,000 u n i t s  p e r  year .  

T h e  t o t a l  c o s t  o f  i n d i r e c t s  and c o n s u m a b l e s  was $6.15/m2 a t  
10,000 r e f l e c t i v e  a s s e m b l i e s  p e r  y e a r  and $14.70/m2 a t  1,000 
r e f l e c t i v e  assembl ies pe r  yea r .  

3.3.4.2 G e n e r a l  & A d m i n i  s t r a t i v e ,  Taxes  and P r o f i t s .  General  
and a d m i n i s t r a t i v e  c o s t s  (G&A) were l e v e r a g e d  on  t h e  c o m b i n a t i o n  
o f  a l l  d i r e c t  l a b o r  and i n d i r e c t  l a b o r .  The r a t e s  assumed f o r  
t h i s  s t u d y  w e r e  2 5  p e r c e n t  on b o t h  p r o d u c t i o n  vo lumes .  These  
p e r c e n t a g e s  were  a l s o  d e r i v e d  f r o m  r a t e s  i n  e f f e c t  a t  S K I  d u r i n g  
a t i m e  o f  m a j o r  c o l l e c t o r  p r o d u c t i o n ,  t h o u g h  r e s e a r c h  a n d  
d e v e l o p m e n t  c o s t s  were  d e l e t e d .  The r e s u l t  o f  t h i s  assumption 
was a G&A c o s t  o f  $2.60/m2 and $5.61/m2 f o r  p r o d u c t i o n  r a t e s  o f  
10,000 and 1,000, r e s p e c t i v e l y .  

P r o f i t  and t a x e s  were  l e v e r a g e d  o n  c a p i t a l  i n v e s t m e n t  income. 
The p r o f i t s  w e r e  e s t a b l i s h e d  as  a 1 5  p e r c e n t  i n t e r n a l  r a t e  of 
r e t u r n  w i t h  a 1 0 - y e a r  l i f e .  The c a p i t a l  b a s i s  i n c l u d e d  a l l  
equipment, l e a s e h o l d  improvements, and t r a n s p o r t a t i o n  e q u i p m e n t .  
The r e s u l t  o f  t h i s  r a t e  o f  r e t u r n  was $3.67/m2 and $13.16/m2, 
r e s p e c t i v e l y ,  f o r  10,000 a n d  1,000 u n i t  p r o d u c t i o n .  F o r  
c o n v e n i e n c e ,  t a x e s  w e r e  a l s o  based upon c a p i t a l  and e s t a b l i s h e d  
a t  2.50 p e r c e n t  o f  i n i t i a l  i n v e s t m e n t  p e r  annum. These  c o s t s  
were $0. 37/m2 and $1.59/m2. 

3.3.4.3 T r a n s p o r t a t i o n  Cost.  T r a n s p o r t a t i o n  c o s t s  were computed 
based on  a t r a c t o r  purchase p r i c e  o f  $77,000 e a c h  and  a t r a i l e r  
p u r c h a s e  p r i c e  o f  $14,000. W i t h  a pack ing  f a c t o r  o f  0.54 l oads  
per  d ish ,  t h e  r e q u i r e d  number o f  t r a c t o r s  was e x p e c t e d  t o  be 45. 
F o r  s t o r a g e  p u r p o s e s ,  i t  was expec ted  t h a t  t h r e e  t r a i l e r s  wou ld  
b e  r e q u i r e d  f o r  each  t r a c t o r .  Based  o n  t h e s e  a s s u m p t i o n s ,  
t r a n s p o r t a t i o n  c a p i t a l  c o s t  was $.20 per  m i l e .  

O t h e r  t r a n s p o r t a t i o n  c o s t s  were  b a s e d  on  t h o s e  r e p o r t e d  i n  
Arc0 (Ref. 7) and a d j u s t e d  f o r  i n f l a t i o n  b a s e d  on  t h e  consumer  
p r i c e  i ndex .  The c o s t  pe r  m i l e  was then: 

Depreci  a t i o n  
Fue 1 
T i r e s  
Main tenance 
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Cost  Pe r  M i l e  

$ .20 
.26 
.13 
.21 



Insurance,  Taxes, e t c .  
D r  i v e r  

.26 

.47 
$1.53 

The c o s t  p e r  s q u a r e  meter o f  r e f l e c t i v e  a p e r t u r e  was based on an 
average r o u n d  t r i p  d i s t a n c e  o f  533 m i l e s .  T h i s  r e s u l t e d  i n  a 
c o s t  o f  $2.88/m2. 

3.3.5 T o t a l  C o s t .  The t o t a l  c o s t  o f  t h e  r e f l e c t i v e  assembly i s  
c o n t a i n e d  i n  T a b l e  3.8 .  F o r  10,000 r e f l e c t i v e  a s s e m b l i e s  p e r  
y e a r ,  t h e  c o s t / m 2  i s  $77.68. F o r  v o l u m e s  o f  1 , 0 0 0  r e f l e c t i v e  
assembl ies  p e r  year ,  t h e  cost/m2 i s  $107.78. 
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TABLE 3.8 
R E F L E C T O R  ASSEMBLY COSTS 

Cost by Component of Required Revenue 
(Dollars Per Square Meter) 

10,000 Reflectors 
uer Year 

Direct Materi a1 

Labor 

I ndi rect s & Consumabl es 

G & A, Taxes & Profits  

Cap! t a l  Rep1 acement 

Transportation 

Tot a1 

$56.26 

4.41 

6.15 

6.64 

1.34 

2.88 

$77.68 

1,000 Ref 1 ect or  s 
per year 

$56.55 

8.22 

14.70 

20.36 

5.07 

2.88 

$107.78 

* Based on September 1986 dollars  
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3.4 Conclusion 

M a n u f a c t u r i n g  a n d  c o n s t r u c t i o n  a c t i v i t i e s  rece ived  c a r e f u l  
consideration i n  the development of a f i n a l  design. Conventional 
m a n u f a c t u r i n g  processes  were used whenever p o s s i b l e  and a1  1 
techniques were kept simple. This  approach kept  manufacturing 
a n d  i n s t a l l a t i o n  c o s t s  low a n d  r e s u l t e d  in a concentrator cost  
tha t  was driven primarily by material costs.  

The r e a r  support  system e x h i b i t e d  common structural  tolerances 
and convent ional  f a b r i c a t i o n  t e c h n i q u e s .  O p t i c a l  e l e m e n t  
components were a1 s o  fabricated conventionally. A l l  sheet metal 
par t s  were produced continuously with r e p e a t a b l e  processes .  No 
s p e c i a l  requirements  were placed u p o n  raw m a t e r i a l  for e i ther  
concentrator component. 

The o p t i c a l  panel assembly accuracy was a t y p i c a l  and required 
special techniques t o  be achieved. Assembly of t h e  panels  o n  a 
compound curved vacuum platen provided the h i g h  accuracies. This 
process was demonstrated i n  prototype fabricat ion.  

T o  ensure o v e r a l l  d i s h  accuracy, each f a c e t  could be al igned 
d u r i n g  dish c o n s t r u c t i o n .  The at tachment  between t h e  o p t i c a l  
element and the support s t ructure  was adjustable, thereby freeing 
the optical  elements from the inaccuracies of the rear s t r u c t u r e .  
Alignment of the  f a c e t s  was requi red  o n l y  once. F a c e t s  were 
adhesively bonded together t o  form an extremely s t i f f  u n i t  d u r i n g  
the construction process. 

These manufacturing plans were used t o  d e f i n e  p o r t i o n s  of the 
o v e r a l l  c o n c e n t r a t o r  c o s t s .  Neglecting t h e  b a l a n c e  o f  d i  sh 
components ( d r i v e ,  p e d e s t a l ,  controls ,  e t c . )  the ins ta l led  cost 
of the concent ra tor  was $77 .68 /m2  a t  q u a n t i t i e s  of 10,000 per 
y e a r .  A t  a lower production volume, overhead r a t e s  w o u l d  be 
higher and the cost  w o u l d  r i se .  A t  a ra te  of 1,000 per y e a r ,  t h e  
cost w o u l d  be $107.78/m2. 
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4.0 PROTOTYPE TESTING 

K e y  e l e m e n t s  of t h e  f a c e t  des ign  were v e r i f i e d  by t e s t i n g  sma l l -  
s c a l e  sample f a c e t s .  A f u l l - s c a l e  p r o t o t y p e  f a c e t  was a l s o  b u i l t  
and t e s t e d .  T h i s  s e c t i o n  d e s c r i b e s  t h e  development and t e s t i n g  
o f  t h e s e  f a c e t s .  S e v e r a l  b a s i c  i s s u e s  c o n c e r n i n g  t h e  p a n e l  
d e s i g n  w e r e  r e s o l v e d  e a r l y  i n  t h e  c o n t r a c t  b y  t e s t i n g  s m a l l  
f a c e t s .  The f e a s i b i l i t y  o f  t h e  concept  was p r o v e n  o v e r  t h e  f u l l  
r a n g e  o f  c u r v a t u r e s .  The d e s i r a b i l i t y  o f  c o r e  r i g i d i t y  and t h e  
need  f o r  edge r e s t r a i n t s  w e r e  e s t a b l i s h e d .  D i f f e r e n t  c o r e  
c o n f i g u r a t i o n s  w e r e  t e s t e d  and t h e  v i  a b i  1 i t y  o f  t h e  a d j u s t a b l e  
mo ld  was proven. These r e s u l t s  i n f l u e n c e d  t h e  c o m m e r c i a l  f a c e t ,  
and a f u l l - s c a l e  p r o t o t y p e  f a c e t  was developed t o  demonst ra te  t h e  
design. T h i s  p r o t o t y p e  f a c e t  was a c c u r a t e  and c l o s e l y  f o l l o w e d  
t h e  con tou r  o f  t h e  assembly t o o l i n g .  

4.1 P r o t o t v u e  Samule T e s t i n a  

A l i m i t e d  t e s t i n g  program was conducted a f t e r  t h e  development o f  
a b a s e l i n e  c o n c e n t r a t o r  t o  v e r i f y  ke  e lemen ts  of t h e  d e s i g n  and 

f o r  t h i s  purpose. The b a s e l i n e  f a c e t  c o n s t r u c t i o n  i s  shown i n  
F i g u r e  4.1,  and t h e  f a b r i c a t i o n  m a t r i x  i n  Tab le  4.1. The p r imary  
v a r i a t i o n s  i n  f a c e t  c o n s t r u c t i o n  w e r e  a d h e s i v e  c o m p l i a n c e ,  c o r e  
shape, c o r e  a1 ignment , and r a d i u s  o f  c u r v a t u r e .  

f a b r i c a t i o n  c o n c e p t .  S e v e r a l  l m  2y f a c e t s  were b u i l t  and t e s t e d  

C o m p l i a n c e  was c o n s i d e r e d  a k e y  i s s u e  i n  adhes ive  s e l e c t i o n  f o r  
t h e  f i n a l  design. A two-pa r t  s i l i c o n e ,  s i m i l a r  t o  t h e  a d h e s i v e  
u s e d  f o r  p a n e l  f a b r i c a t i o n  o n  h e l i o s t a t s ,  r e p r e s e n t e d  t h e  
c o m p l i a n t  adhesive.  A standard,  24-hourY s t r u c t u r a l  g r a d e  e p o x y  
was c h o s e n  f o r  a n o n c o m p l i a n t  adhesive.  The t e s t  method was t o  
scan t h e  r e f l e c t i v e  sur face ,  as shown i n  F i g u r e  4.2. The samp le  
p a n e l  was a d j u s t e d  w i t h  a t h r e e - p o i n t  mount  t o  m i n i m i z e  s lope  
e r r o r .  The l a s e r  was r o t a t e d  on  a gimbal a t  t h e  f o c a l  p o i n t ,  and 
t h e  r e f l e c t e d  beam p o s i t i o n  was compared t o  t h e  i d e a l  p o s i t i o n .  
The r a t i o  of t r a n s l a t i o n a l  e r r o r  of t h e  beam c e n t r o i d  t o  f o c a l  
l e n g t h  was d e f i n e d  as  a b s o l u t e  s l o p e  e r r o r .  These d a t a  p o i n t s  
w e r e  f i t t e d  t o  a n o r m a l  d i s t r i b u t i o n  t o  d e f i n e  t h e  s t a n d a r d  
d e v i a t i o n  o f  s lope e r r o r .  

T h e  t e s t  on s a m p l e s  1, 2, 5, and 6 was c o n d u c t e d  i m m e d i a t e l y  
f o l l o w i n g  c o n s t r u c t i o n  and aga in  i n  1 4  days .  P a n e l s  w i t h  e p o x y  
a d h e s i v e  t e s t e d  t h e  same. Samples 1 and 2, bonded w i t h  c o m p l i a n t  
adhesive, degraded b y  1 2 5  p e r c e n t  and 25  p e r c e n t  r e s p e c t i v e l y ,  
a f t e r  14  days .  The d i f f e r e n c e  i n  d e g r a d a t i o n  was t e n t a t i v e l y  
a s s i g n e d  t o  c o r e  r i g i d i t y .  T h e  r e s u l t s  o f  t h e  b a s i c  t e s t  
i n d i c a t e d  t h a t  c o m p l i a n t  adhesives were n o t  a good s e l e c t i o n  f o r  
o p t i c a l  pane l  c o n s t r u c t i o n .  
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Two core c o n s t r u c t i o n  techniques  were i n v e s t i g a t e d  w i t h  these 
sample f a c e t s :  cor ruga ted  panels  a n d  i nd iv idua l  h a t  t r u s s e s .  
The t e s t  method f o r  d e t e r m i n i n g  o p t i c a l  accuracy i s  a g a i n  
i l l u s t r a t e d  i n  F igure  4 .2 .  I n i t i a l  o p t i c a l  q u a l i t y  was t h e  
f i g u r e  of mer i t .  Samples 10 t h r o u g h  13 r ep resen ted  t h e  b e s t  
comparison of th i s  design feature.  

The compari son between corrugated panels and hats was conducted 
because the baseline manufacturing process  f o r  panels  i n d i  cated 
t h a t  forming w o u l d  occur a b o u t  a s i n g l e  axis. The second axis 
wou Id  depend upon panel f 1 exi b i  1 i ty .  Concern over face t  chor  d i  n g  
between s u p p o r t s  l e d  t o  the  t e s t .  There was no d i f f e r e n c e  
between the optical error of the two forming methods. The t e s t  
d i d  show some c h o r d a l  facet error  i n  a l l  panels. This error was 
apparently a s s o c i a t e d  w i t h  t h e  a b r u p t  t r a n s i t i o n  i n  s t i f f n e s s  
from the core turndown,  rather t h a n  skin support. 

Opt ical  e r r o r  i n  sample panel f a b r i c a t i o n  was clear ly  associated 
w i t h  the f ree  edges p a r a l l e l  t o  t h e  secondary ax is  ( s e e  Figure 
4 . 3 ) .  D i s to r t ion  i n  t he  r e f l e c t i v e  skin occurred a t  the f ree  
edge under the  compressive load induced i n  f a b r i c a t i o n .  This  
edge was restrained by a d d i n g  a single h a t  t russ  element paral le l  
t o  the edge. The t e s t  method i s  shown in F igure  4 . 2 ;  i n i t i a l  
o p t i c a l  q u a l i t y  was defined as the f igure of merit.  Samples 10 
t h r o u g h  13  aga in  demonstrated the importance of r e s t r a i  ned edges 
i n  the secofldary axis. 

The r e l a t i o n s h i p  of curvature and error was also explored. Each 
sample panel was f ab r i ca t ed  a t  a s i n g l e  r ad ius  of c u r v a t u r e  t o  
s i m p l i f y  the  t e s t i n g  regimen. Panels 7, 8, 9, and 13 indicated 
t h e  v a l i d i t y  of t h i s  a s s u m p t i o n :  r a d i u s  a n d  e r r o r  w e r e  
demonstrated t o  be independent .  This s e r i e s  of t e s t s  provided 
two a d d i t i o n a l  c o n c l u s i o n s .  The c o n s i s t e n c y  o f  o p t i c a l  
performance ind ica t ed  t h e  f a b r i c a t i o n  process  was repeatable. 
This consistency was demonstrated on 2 completely separa te  molds. 
A l l  samples a t  the  l l - m  r ad ius  were b u i l t  upon  a machined mold;  
samples a t  23 a n d  35m were f a b r i c a t e d  o n  an a d j u s t a b l e  m o l d .  
C o n s e q u e n t l y ,  t h e  v i a b i l i t y  o f  an a d j u s t a b l e  mold was 
demonstrated. 
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4.2 P r o t o t y p e  Panel  T e s t i n g  

A f u l l - s i z e d  p r o t o t y p e  p a n e l  was  f a b r i c a t e d  f o l l o w i n g  t h e  
d e t a i l e d  d e s i g n  e f f o r t .  The t e s t  p r o g r a m  was d e s i g n a t e d  as a 
p r o c e s s  o f  d e m o n s t r a t i o n  f o r  a l l  Key f a b r i c a t i o n  techn iques  and 
p e r f o r m a n c e  i s s u e s  a s s o c i a t e d  w i t h  a s i n g l e  f a c e t .  The t e s t  
r e q u i  r e d  ad jus tmen t  o f  t h e  contoured t o o l  , component f a b r i c a t i o n ,  
p e t a l  assembly, and shape v e r i f i c a t i o n .  

T h e  k e y  t o o l s  u s e d  f o r  t h i s  t e s t  i n c l u d e d  c o o r d i n a t e  d a t a  
measurement equipment o p t i m i z e d  t o  d e t e r m i n e  s u r f a c e  s l o p e  and 
s o f t w a r e  f o r  d a t a  r e d u c t i o n .  Measurement equipment d e s c r i p t i o n ,  
u n c e r t a i n t y ,  and a n a l y s i s  a re  p resen ted  i n  Appendix B. 

4 . 2 . 1  C o n t o u r  T o o l i n g .  T h e  r e q u i r e m e n t  f o r  an a c c u r a t e ,  
con tou red  t o o l  f o r  p a n e l  a s s e m b l y  was d i s c u s s e d  i n  a p r e v i o u s  
s e c t i o n .  A n  a d j u s t a b l e  t o o l  o r  m o l d  w a s  d e v e l o p e d  f o r  
p r o t o t y p i c a l  r e s e a r c h  t o  keep development c o s t s  1 ow and i n c r e a s e  
f l e x i b l i t y .  F i g u r e s  3.5 and 3.6 show o v e r a l l  v i ews  of t h e  t o o l  
used f o r  t h i s  p r o t o t y p i c a l  development. 

A f l a t  a l u m i n u m  t o o l i n g  p l a t e  was f o r c e d  t o  assume t h e  compound 
p a r a b o l i c  shape t h r o u g h  500 i n d e p e n d e n t l y  a d j u s t a b l e  f a s t e n e r s .  
B e n d i n g  r e s i s t a n c e  was p r o v i d e d  by a t t a c h i n g  t h e  f a s t e n e r s  t o  a 
l a r g e  s t e e l  s u b s t r u c t u r e  w i t h  s u b s t a n t i a l  s e c t i o n a l  p r o p e r t i e s .  
The s u b s t r u c t u r e  was, i n  t u r n ,  f i x e d  t o  a s t e e l  s u r f a c e  p l a t e ,  
150 mm t h i c k .  

F i n i t e  e l e m e n t  a n a l y s i s  i n d i c a t e d  t h a t  a s u r f a c e  o f  accep tab le  
q u a l i t y  c o u l d  o n l y  be ach ieved  i f  no moments w e r e  a p p l i e d  a t  t h e  
f a s t e n e r .  A s p h e r i c a l  b a l l  j o i n t  was c o n s e q u e n t l y  p r o v i d e d  on 
b o t h  ends o f  each c o n n e c t i o n  t o  a v o i d  l o c a l i z e d  moments. T h i s  
r e l e a s e  a t  each c o n n e c t i o n  a l s o  a l l owed  t h e  l o a d  t o  be i n t r o d u c e d  
normal t o  t h e  p l a t e  su r face .  

The t e c h n i q u e  f o r  ad jus tment  r e q u i r e d  a d i sp lacemen t  probe p laced  
a t  o r  near t h e  f a s t e n e r .  The a c t u a l  h e i g h t  was a v a i l a b l e  t o  t h e  
o p e r a t o r ,  t h e  t h e o r e t i c a l  h e i g h t  was known, and a t u r n b u c k l e  was 
t u r n e d  t o  match  t h e  d isp lacements  ( s e e  F i g u r e  4 .4 ) .  A f r a c t i o n  
( 1 5 0 )  o f  t h e  f a s t e n e r s  was s e l e c t e d  f o r  i n i t i a l  p a s s e s .  
Ad jus tment  proceeded f r o m  c e n t e r  t o  edge i n  20 p e r c e n t  inc rements .  
T h e  r e m a i n i n g  f a s t e n e r s  w e r e  a d j u s t e d  t o  e l  i m i n a t e  l o c a l  
d i s t o r t i o n .  Ad jus tment  was subsequent ly  f i x e d  w i t h  jam n u t s .  

S l o p e  d a t a  were taken  a f t e r  t h e  mold  ad jus tment ;  t h i s  i n f o r m a t i o n  
i s  p resen ted  g r a p h i c a l l y  i n  F i g u r e  4.5. The g r a p h i c  p r e s e n t a t i o n  
was a c c o m p l i s h e d  t h r o u g h  s u p e r i m p o s i t i o n  of t h e  e r r o r  f i l e  on a 
p e r f e c t  shape. T h i s  approach was s e l e c t e d  t o  a l l o w  t h e  e r r o r  t o  
be a m p l i f i e d  and hence, v i s i b l e .  
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The a r e a  w e i g h t e d  s l o p e  e r r o r  f o r  t h e  mold was 0.60 mrad (-0.24 
mrad u n c e r t a i n t y )  w i t h  t h e  m a j o r i t y  o f  t h e  e r r o r  o c c u r r i n g  a t  t h e  
edge and a s m a l l  wave a t  t h e  w i d e  end. F u r t h e r  ad justment  was 
a b a n d o n e d  d u e  b e c a u s e  o f  t h e  p r o x i m i t y  o f  a c c u r a c y  a n d  
u n c e r t a i n t y .  

4.2.2 O p t i c a l  P a n e l  Components and Geometry. Panel  components 
were s i m i l a r  t o  the  f i n a l  design, though some m o d i f i c a t i o n s  w e r e  
r e q u i r e d  t o  i m p l e m e n t  t h e  p r o t o t y p e  w i t h i n  c o n t r a c t u r a l  
1 i m i t a t i o n s .  I n d i v i d u a l  hat -shaped t r u s s e s  were used r a t h e r  t h a n  
c o r r u g a t e d  panels ;  a s l o t t e d  channel  r e p l a c e d  t h e  r o l l e d  channel ;  
and 0.8-mm aluminum s t o c k  was u s e d  f o r  t h e  s k i n s .  The f i r s t  2 
v a r i a t i o n s  were implementd because o f  t he  l i m i t e d  power a v a i l a b l e  
t o  e x i s t i n g  p y r a m i d  b e n d i n g  e q u i p m e n t .  P r o t o t y p e  s a m p l e  
f a b r i c a t i o n ,  desc r ibed  i n  t h e  p r e v i o u s  sec t i on ,  i n d i c a t e d  t h a t  no 
s i g n i f i c a n t  e r r o r  o r  a c c u r a c y  was  i n t r o d u c e d  by  m i n o r  
modi f i c a t i o n  o f  core  geometry (pane l  versus  hat ,  see F i g u r e  4.6).  
The s l o t t e d  channel r e q u i r e d  a p a r a b o l i c  bend, w h i c h  p r e c l u d e d  
u s e  o f  o u t s i d e  equipment. P a r a b o l i c  r o l l  bending was implemented 
a c c u r a t e l y  on s m a l l e r  s e c t i o n s  by  S K I  i n  p r e v i o u s  d e v e l o p m e n t  
e f f o r t s .  C o n s e q u e n t l y ,  t h e  p r o c e s s  was n o t  i n  q u e s t i o n  and t h e  
exped ien t  f a b r i c a t i o n  process shown i n  F i g u r e  4.7 was adopted. 

The f i n a l  v a r i a t i o n ,  s k i n  t h i c k n e s s ,  was a l t e r e d  o n l y  because 
0.6-mm s t o c k  i n  1.5-m w i d t h s  was u n a v a i l a b l e  i n  smal l  q u a n t i t i e s .  
The i m p o r t a n c e  o f  s k i n  p r e f o r m  inc reases  w i t h  th ickness ;  s p r i n g  
back e r r o r  tends t o  i n c r e a s e  as w e l l .  The s l i g h t l y  t h i c k e r  s k i n  
a p p a r e n t l y  d i d  n o t  h a v e  a s u b s t a n t i a l  i m p a c t  i n  t h i s  a rea ,  
because no s i g n i f i c a n t  e l a s t i c  recove ry  o c c u r r e d  i n  t h e  p r o t o t y p e  
f a c e t  . 
The g e o m e t r y  o f  t h e  p r o t o t y p e  o p t i c a l  panel  i s  shown i n  F i g u r e s  
4.8 and 4.9. T h i s  panel  was d i m e n s i o n a l l y  i d e n t i c a l  t o  t h e  f i n a l  
des ign  . 

4.2.3. R e s u l t s .  S lope d a t a  on t h e  f a b r i c a t e d  gore were generated 
th rough  d i r e c t  p r o f i l e  measurement, w i t h  t h e  e q u i p m e n t  and d a t a  
s o f t w a r e  d i s c u s s e d  i n  Appendix 6. The approach was i d e n t i c a l  t o  
m e a s u r e m e n t  o f  t h e  c o n t o u r  t o o l i n g ,  a n d  t h e  l o c a t i o n  o f  
measurements  was c o r r e s p o n d e n t .  The g r a p h i c a l  r e p r e s e n t a t i o n  of 
t h e  gore  i s  p r e s e n t e d  i n  F i g u r e  4.10 a t  d i f f e r e n t  m a g n i f i c a t i o n .  
The one sigma s lope  d e v i a t i o n  was 1 mrad ( u n c e r t a i n t y  0.24 mrad).  

The m o l d  and g o r e  a r e  d i s p l a y e d  a t  t h e  same e r r o r  m a g n i f i c a t i o n  
i n  F i g u r e  4.11. O f  i n t e r e s t  was t h e  b a s i c  r e p r o d u c t i o n  o f  t h e  
e r r o r  p a t t e r n  f r o m  t h e  m o l d  t o  the  gore.  E r r o r s  o c c u r r i n g  i n  a 
s i m i l a r  p l a c e  were o f  i d e n t i c a l  s ign,  though t h e y  w e r e  m a g n i f i e d  
i n  t h e  f a c e t .  T h i s  p a t t e r n  r e p r o d u c t i o n  i n d i c a t e d  t h a t  p e t a l  
per formance was a f u n c t i o n  o f  t o o l  a c c u r a c y .  The l o w  m a g n i t u d e  
o f  s l o p e  d e v i  a t i o n  a1 so i n d i c a t e d  t h a t  t o o l  e r r o r  amp1 i f i c a t i o n  
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was w i t h i n  an a c c e p t a b l e  range. The p r o t o t y p e  p e t a l s  f a b r i c a t e d  
a r e  shown i n  F i g u r e s  4.12 and 4.13. 
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FIG. 4.12 PROTOTYPE FACET 

FIG. 4.13 PROTOTYPE FACET DETAIL 
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4.3 CONCLUSION 

The f a b r i c a t i o n  o f  a f u l l - s c a l e  p r o t o t y p e  f a c e t  w i t h  e x c e l l e n t  
s u r f a c e  a c c u r a c y  d e m o n s t r a t e d  s e v e r a l  k e y  f e a t u r e s  of t h e  
proposed des i  gn : 

P a n e l  s l o p e  e r r o r s  of  1 m r a d  o r  l e s s  c o u l d  be achieved and 
were d e m o n s t r a t e d  w i t h  sandwi  ch  p a n e l  c o n s t r u c t i o n  on  an 
a c c u r a t e l y  c o n t o u r e d  assembly t o o l .  

Panel  accuracy was p r i m a r i l y  a f u n c t i o n  o f  t o o l  accuracy.  

S t r e s s e s  i n d u c e d  i n  f a b r i c a t i o n  d i d  n o t  r e s u l t  i n  
s i g n i f i c a n t  e r r o r  from e l a s t i c  recove ry  ( s p r i n g - b a c k ) .  

These c o n c l  u s i  ons r e i  nf o r c e  t h e  performance p r e d i c t i o n s  made i n  
t h e  des ign  development.  The s y s t e m a t i c  d e f i n i t i o n  o f  e x i s t i n g  
e r r o r  i n d i c a t e d  t h a t  t he  assembly p rocess  i s  r e p e a t a b l e .  
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5.0 CONCL US1 O N  

T h i s  r e p o r t  c o m p l e t e s  t h e  r e q u i r e m e n t s  f o r  Phase I o f  t h e  
p o i  n t - f o c u s  c o n c e n t  r a t o r  c o n t r a c t .  The d e s i g n  o f  t h e  o p t  i c a l  
e l e m e n t s ,  r e a r  s t r u c t u r e ,  and power  c o n v e r s i o n  assembly  (PCA) 
supports,  a l o n g  w i t h  t h e  c o n s t r u c t i o n  and a n a l y s i s  o f  a r e f l e c t o r  
assemb ly ,  w e r e  a c c o m p l i s h e d  d u r i n g  t h i s  phase.  Des ign  o f  t h e  
p e d e s t a l ,  d r i v e ,  and o t h e r  componen ts ,  and c o n s t r u c t i o n  o f  a 
p r o t o t y p e  c o n c e n t r a t o r  a re  planned f o r  1 a t e r  development. 

The Phase I e f f o r t  r e s u l t e d  i n  a s t r u c t u r a l l y  e f f i c i e n t ,  l ow-cos t  
d i s h  d e s i g n  and a f u l l - s c a l e  o p t i c a l  e l e m e n t  t h a t  a r e  v e r y  
accura te .  

The o p t i c a l  assembly e x h i b i t e d  a l a r g e  s t i f f n e s s - t o - w e i g h t  r a t i o ;  
o p t i c a l  a c c u r a c y  was m a i n t a i n e d  u n d e r  o p e r a t i n g  l o a d s .  T h i  s 
s t i f f n e s s  was a c h i e v e d  b y  c o n n e c t i n g  each p e t a l  t h rough  a j o i n t  
c a p a b l e  o f  l o a d  t r a n s f e r .  The r e f l e c t i v e  s u r f a c e  a c t e d  as a 
c o n t i n u o u s  p l a t e .  S u r v i v a l  l o a d s  w e r e  t r a n s f e r r e d  t h r o u g h  a 
secondary r e a r  s t r u c t u r e ,  t h u s  a1 l e v i a t i n g  t h e  o p t i c a l  s u r f a c e  
f r o m  r e q u i r e m e n t s  f o r  s t r e n g t h  as w e l l  as s t i f f n e s s .  C a r e f u l  
ba lance o f  s t i f f n e s s  and r e s t r a i n t  i n  t h e  c o n n e c t i o n  be tween  t h e  
t w o  s t r u c t u r e s  m i n i m i z e d  l o c a l  i z e d  l o a d s  and de fo rma t ions .  The 
t o t a l  r e f l e c t o r  assembly w e i g h t  was k e p t  below 60 lbs/m2. 

M a n u f a c t u r i n g  p r o c e s s e s  w e r e  a f u n d a m e n t a l  p a r t  o f  t h e  design. 
Conven t iona l  m a n u f a c t u r i n g  p rocesses  were w i d e l y  used, and s c r a p  
l o s s e s  w e r e  m i n i m i z e d  i n  an e f f o r t  t o  demons t ra te  a p r o d u c i b l e  
assembly. Ad jus tment  was p r o v i d e d  t o  e l  i m i  n a t e  p o t e n t i  a1 e r r o r  
i n  c o n s t r u c t i o n .  The d i s h  was made r i g i d  f o l l o w i n g  c o n s t r u c t i o n ;  
s u b s e q u e n t  a d j u s t m e n t  was n o t  r e q u i r e d  i n  s p i t e  o f  t h e  
o s c i l l a t o r y  l o a d  e n v i r o n m e n t .  T h e  t o t a l  c o s t s  f o r  t h e  
c o n c e n t r a t o r  ranged f r o m  $78 t o  108/m2 a t  annual p r o d u c t i o n  r a t e s  
of 1,000 and 10,000 assembl ies,  r e s p e c t i v e l y .  

An i n n o v a t i v e  a p p r o a c h  was t a k e n  t o  t h e  PCA suppor t  des ign  t h a t  
a l l o w e d  q u i c k  emergency  d e f o c u s  a n d  g r o u n d  l e v e l  r e c e i v e r  
m a i n t e n a n c e .  The P C A  was suppor ted  on t h r e e  h inged s t r u t s .  One 
s t r u t  r e t r a c t e d  upon power  f a i l u r e  o r  r e c e i v e r  emergency  and  
s w u n g  t h e  P C A  away  f r o m  t h e  f o c a l  p o i n t .  T h i s  a v o i d e d  t h e  
requ i remen ts  f o r  f a s t  a u x i l i a r y  power response.  The s t r u t  c o u l d  
a l s o  b e  m e c h a n i c a l l y  lowered t o  b r i n g  t h e  PCA c l o s e  t o  t h e  ground 
f o r  easy maintenance access. 

A f u l l - s c a l e  o p t i c a l  p e t a l  was f a b r i c a t e d  t o  d e m o n s t r a t e  t h e  
d e s i g n  c o n c e p t .  T h e  o p t i c a l  a c c u r a c y  o f  t h e  p a n e l  w a s  
e x c e p t i o n a l ;  s l o p e  e r r o r  was k e p t  t o  1 mrad (one sigma, 0.24 mrad 
u n c e r t a i n t y ) .  

The o p t i c a l  p a n e l  was assemb led  o n  an a d j u s t a b l e  mo ld  and i t s  
a c c u r a c y  was d e t e r m i n e d  w i t h  c o o r d i n a t e  d a t a  m e a s u r e m e n t  
e q u i p m e n t  o p t i m i z e d  f o r  s l o p e  d e f i n i t i o n .  The a d j u s t a b l e  mo ld  
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r e p r e s e n t s  a new,  I Q W - c o s t  a p p r o a c h  f o r  f i x t u r i n g  o p t i c a l  
a s s e m b l i e s .  The m e a s u r e m e n t  s y s t e m  h a d  t h e  c a p a b i  1 i t y  o f  
d i r e c t l y  m a p p i n g  t h e  s u r f a c e  of l a r g e  f a c e t s  and a c c u r a t e l y  
d e t e r m i n i n g  t h e i r  i n a c c u r a c i e s .  

To c o n t i n u e  t h e  p r o g r e s s  of t h i s  p o i n t - f o c u s  program,  f i n a l  
d e s i g n  o f  t h e  r e m a i n i n g  components  s h o u  I d  b e  a c c o m p l i  s h e d ,  
f o l l o w e d  by a f u l l - s c a l e  d e m o n s t r a t i o n  o f  t h e  c o n c e n t r a t o r .  

The combi n a t i o n  of s t r u c t u r a l  des ign,  p roduc i  b i  1 i t y ,  and o p t i c a l  
accuracy r e s u l t e d  i n  a l o w - c o s t ,  h i g h - p e r f o r m a n c e  a p p r o a c h  t o  
p o i n t - f o c u s  techno logy .  
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APPENDIX A 

SLOPE ERROR AND SURFACE CONTOUR MEASUREMENT 

A measuremen t  s y s t e m  was developed t o  c h a r a c t e r i z e  t h e  f a c e t  and 
mold su r faces .  T h i s  system m e c h a n i c a l l y  measured b o t h  t h e  s l o p e  
and X, Y, Z p o s i t i o n  o f  a s u r f a c e .  The l a r g e  c a p a c i t y  o f  t h e  
system (7 .5  x 2 x 1.5 m) a l l owed  c h a r a c t e r i z a t i o n  o f  f u l l - s c a l e  
f a c e t s .  U n c e r t a i n t y  was 0.24 mrad and d a t a  c o u l d  be presented  
n u m e r i c a l l y  o r  g r a p h i c a l l y .  

A . l  PurDose 

P a r t s  t h a t  w e r e  assemb 
as o p t i c a l  f a c e t s .  w e r e  

ed on molds t o  demand 
s e n s i t i v e  t o  s u b t l e  

A d h e s i v e  cure,  c u r e  pressure ,  c o n s ’ t r u c t  i o n .  

ng t o l e r a n c e s ,  such 
: i e s  i n  d e s i g n  and 
amount of adhesive,  

cu re  t ime,  method o f  f i x t u r i n g ,  and f i t  t o l e r a n c e  c o u l d  a l l  h a v e  
had a s i g n i f i c a n t  i m p a c t  on t h e  o p t i c a l  accuracy.  These i t e m s  
h a d  t o  be  d e f i n e d  a n d  h e l d  w i t h i n  bounds i n  o r d e r  t o  a c h i e v e  
p r e c i s e  o p t i c a l  f a c e t s .  D e f i n i t i o n  o f  such i t e m s  c o u l d  be 
de termined e m p i r i c a l l y .  That  i s ,  f a c e t s  c o u l d  be a s s e m b l e d  and 
a n a l y z e d  t o  p r o v i d e  feedback on t h e  nex t  p a r t ’ s  des ign and method 
o f  c o n s t r u c t i o n .  P r e c i s e  feedback was e s s e n t i a l  f o r  i m p r o v e m e n t .  
T h e  c o o r d i n a t e  d a t a  m e a s u r e m e n t  s y s t e m  ( C D M )  p r o v i d e d  t h i s  
feedback. 

T h e  m e a s u r e m e n t  s y s t e m  a1 l o w e d  c h a r a c t e r i z a t i o n  o f  t h e  m o l d  
f a c e t s .  By comparing o f  t h e  f a c e t  and t h e  mold ,  e r r o r s  c o u l d  be 
c a t e g o r i z e d  as  s y s t e m a t i c  o r  random. E r r o r s  i n  t h e  s u r f a c e  o f  
a d j u s t a b l e  m o l d s  were removed w i t h  feedback f o r  a d j u s t m e n t .  The 
CDM c o u l d  a l s o  p r o v i d e  t h e  means t o  a d j u s t  t h e  mold away f rom t h e  
t h e o r e t i c a l  shape ( w i n d a g e )  t o  accommodate s y s t e m a t i c  f a c e t  
e r r o r .  
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A.2 D e s c r i p t i o n  

The c o o r d i n a t e  d a t a  measurement system was des igned t o  p r o v i d e  a 
dua l  o u t p u t :  d i sp lacemen t  and s l o p e .  The d i  s p l  acement  p r o v i d e d  
t h e  a x i a l  l o c a t i o n  o f  any  p o i n t  on  t h e  o p t i c a l  e lement s u r f a c e  
w i t h  r e s p e c t  t o  a g l o b a l  C a r t e s i a n  c o o r d i n a t e  system. The  g l o b a l  
s y s t e m  t h a t  was u s e d  c o r r e s p o n d s  r o u g h l y  t o  a r a d i a l  ( X )  and 
t a n g e n t i a l  ( Y )  sys tem,  w i t h  Z d e f i n e d  b y  t h e  r i g h t - h a n d  r u l e .  
The CDM i s  shown i n  F i g u r e  A l ;  t h e  X-ax is  r u n s  t h e  l e n g t h  o f  t h e  
s u r f a c e  t a b l e ,  t h e  Y -ax i s  i t s  w id th ;  t h e  Z - a x i s  i s  v e r t i c a l .  

T r a n s 1  a t i o n  was p r o v i d e d  a long  p r e c i s i o n  ground r a i l s  w i t h  l i n e a r  
b e a r i n g s  i n  t h e  X- and Y-axes. T r a n s l a t i o n  i n  t h e  Z - a x i s  was 
p r o v i d e d  b y  a d r i v e n  b a l l  sc rew.  The screw p a t h  was s t a b i l i z e d  
w i t h  l i n e a r  b e a r i n g s  and p r e c i s i o n  r a i l s ;  t h e  s c r e w  n u t  was 
d o u b l e d  and o p p o s e d  t o  e l i m i n a t e  b a c k l a s h .  O p t i c a l  e n c o d e r s  
p r o v i d e d  a l l  g l o b a l  d i s p l a c e m e n t s .  T h e  Y -  a n d  Z - a x e s  w e r e  
p r o v i d e d  w i t h  l i n e a r  o p t i c a l  encoders t h a t  p r o v i d e d  f o r  t h e  f u l l  
c a r r i a g e  mot ion .  The X-ax i s  was f u r n i s h e d  w i t h  a f r i c t i o n  w h e e l  
and r o t a r y  encoder. 

The CDM p r o v i d e d  d i r e c t  s lope  measurement t h r o u g h  t h e  u s e  o f  f o u r  
a d d i t i o n a l  l i n e a r  encoders  mounted on t h e  t i p  o f  t h e  Z s c r e w  ( s e e  
F i g u r e  A 2 ) .  These  e n c o d e r s  o p e r a t e d  i ndependen t  o f  t h e  g l o b a l  
d i sp lacemen t  measurements; t h e i r  a c c u r a c y  was 1 a r g e l y  d e p e n d e n t  
u p o n  t h e i r  r e l a t i o n s h i p  t o  one a n o t h e r  and t h e  s l o p e  of t h e i r  
m o u n t i n g  p l a t e .  The p r o f i l e  measurement  i t s e l f  was  1 a r g e l y  
u n c o u p l e d  f r o m  g l o b a l  d i  s p l  acernent e r r o r .  T h i  s a p p r o a c h  was 
taken  t o  l i m i t  t h e  expense a s s o c i a t e d  w i t h  e x t r e m e l y  l a r g e  v o l u m e  
p r e c i  s i  on  measuremen t .  The encoder d i s p l a y s  a re  shown i n  F i g u r e  
A3. The upper f o u r  d i s p l a y s  r e p r e s e n t  t h e  d i s p l a c e m e n t  o f  e a c h  
o f  t h e  s u r f  ace encoders. 

T h e s e  f o u r  s u r f a c e  e n c o d e r s  w e r e  m o u n t e d  o n  a 75-mm s q u a r e  
p a t t e r n .  The  b a l l  s c r e w  was l o w e r e d  u n t i l  a l l  f o u r  p o i n t s  
c o n t a c t e d  t h e  s u r f a c e .  The r e l a t i v e  d i s p l a c e m e n t  of t h e s e  
encoders p r o v i d e d  two t r i a n g u l a r ,  a r b i t r a r i l y  l o c a t e d  p l a n e s  f r o m  
w h i c h  s u r f a c e  n o r m a l  c o u l d  b e  c a l c u l a t e d .  E r r o r s  w i t h  a 
c h a r a c t e r i s t i c  d imens ion  s u b s t a n t i a l l y  l e s s  t h a n  7 5  mm c o u l d  n o t  
be measured w i t h  t h e  same p r e c i s i o n  a v a i l a b l e  t o  l a r g e r  p a t t e r n s .  

A- 2 



FIG. A 1  COORDINATE DATA MEASUREMENT 
SYSTEM 

A-3 



. .  .:... .,,,:.. ,... 

FIG. A2 SURFACE ENCODER ASSEMBLY 



FIG. A3 ENCODER DISPLAYS 
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A.3 Accuracv  

As p a r t  o f  t h e  d e s i g n  o f  t h e  m e a s u r i n g  sys tem,  an u n c e r t a i n t y  
a n a l y s i s  was p e r f o r m e d .  T h i s  a n a l y s i s  i d e n t i f i e d  s e n s i t i v e  
p a r a m e t e r s ,  g a v e  component per fo rmance c o n s t r a i n t s ,  and p r o v i d e d  
an e s t i m a t e  o f  o v e r a l l  s y s t e m  p e r f o r m a n c e .  Upon c o m p l e t i o n  o f  
t h e  c o n s t r u c t i o n ,  t h e  s y s t e m  was c a l i b r a t e d  a n d  a c t u a l  
u n c e r t a i n t y  v a l u e s  were assessed. 

A3.1 I n i t i a l  P r e d i c t i o n s .  
T h e  u n c e r t a i n t y  a n a l y s i s  p e r f o r m e d  d u r i n q  t h e  d e s i q n  o f  t h e  
measur ing system-grouped t h e  .sources of e r r o r - i  n t o  t h e  f o l l o w i n g  
f o u r  c a t a g o r i e s :  s t r u c t u r e ,  t r a n s d u c e r ,  env i ronment ,  and d a t a  
a c q u i s i t i o n  ( T a b l e  A l l .  S t r u c t u r a l  e r r o r  i n c l u d e d  h e i g h t  
v a r i a t i o n  o f  t h e  r a i l s ,  s a g  d u e  t o  t r a n s i e n t  l o a d s ,  r a i l  
a l i gnmen t  e r r o r ,  and o t h e r s .  T r a n s d u c e r  e r r o r  i n c l u d e d  s p a c i n g  
o f  s u r f a c e  e n c o d e r s ,  e n c o d e r  i n a c c u r a c i e s ,  and s i m i l a r  e r r o r s .  
E r r o r  due t o  the rma l  expans ion  was i n c l u d e d  i n  t h e  e n v i r o n m e n t a l  
c a t e g o r y .  D a t a  a c q u i s i t i o n  e r r o r  i n c l u d e d  e r r o r  o f  e l e c t r i c a l  
equipment.  

T a b l e  A2 p r o v i d e s  t h e  p r e d i c t e d  u n c e r t a i n t y  f o r  each  c a t e g o r y  
and g i v e s  t h e  t o t a l  e s t i m a t e d  u n c e r t a i n t y  f o r  t h e  sys tem.  The 
p r i m a r y  t r a n s l a t i o n  e r r o r  was a s s o c i a t e d  w i t h  t h e  s t r u c t u r e .  The 
p r i m a r y  s l o p e  e r r o r  r e s u l t e d  f r o m  t r a n s d u c e r  e r r o r  a n d  d a t a  
a c q u i s i t i o n .  T h e  t o t a l  e r r o r  w a s  an  R M S  v a l u e  o f  e a c h  
independent  e r r o r  source. The p r e d i c t e d  s lope  e r r o r  was 0.4 mrad  
and a maximum of 0.3 mm i n  t r a n s l a t i o n  e r r o r .  These va lues ,  as 
w e l l  as a l l  p r e s e n t e d  e r r o r  values, were r e p o r t e d  as one s t a n d a r d  
d e v i a t i o n .  

To d e t e r m i n e  i f  t h e s e  v a l u e s  w e r e  a c c e p t a b l e ,  t h e i r  impact on 
d e t e r m i n a t i o n  of t h e  s l o p e  a c c u r a c y  o f  a f a c e t  was a s s e s s e d .  
S l o p e  a c c u r a c y  i s  s i m p l y  t h e  d i f f e r e n c e  between t h e  a c t u a l  s l o p e  
o f  an o b j e c t  and i t s  t h e o r e t i c a l  s lope. The a c t u a l  s l o p e  o f  t h e  
s u r f a c e  i s  measured  s e m i d i r e c t l y  w i t h  an accuracy  o f  0.4 mrad. 
The t h e o r e t i c a l  s lope o f  a s u r f a c e  i s  a f u n c t i o n  o f  t h e  X and Y 
p o s i t i o n ,  b u t  v a r i e s  s l o w l y  f o r  l a r g e  e r r o r s  i n  t r a n s l a t i o n .  F o r  
example ,  an e r r o r  o f  1 . 4  mm i n  t h e  X - a x i s  r e s u l t s  i n  o n l y  
0 .1 -mrad e r r o r  i n  t h e  t h e o r e t i c a l  s l o p e  d e t e r m i n a t i o n .  On t h i s  
b a s i s ,  t h e  u n c e r t a i n t y  i n  t h e  t r a n s l a t i o n s  was j u d g e d  t o  b e  
t o l e r a b l e ,  and c l o s e  a t t e n t i o n  was g i v e n  t o  r e d u c t i o n  o f  t h e  
s l o p e  u n c e r t a i n t y .  

A3.2 C a l i b r a t i o n .  
C a l i b r a t i o n  o f  t h e  measuremen t  s y s t e m  was accompl  i s h e d  w i t h  a 
s e r i e s  o f  t e s t s  a g a i n s t  known s t a n d a r d s .  T h e  r e s u l t s  i n d i c a t e d  
t h a t  t h e  s l o p e  and v e r t i c a l  d i sp lacemen t  u n c e r t a i n t y  were b e t t e r  
t h a n  p r e d i c t e d .  

One s o u r c e  o f  s i  g n i  f i c a n t  improvement ove r  t h e  p r e d i c t e d  va lues  
was i n  t h e  d a t a  t r a n s l a t i o n .  T h e  e n c o d e r s  c h o s e n  f o r  t h e  
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TABLE A 1  

SOURCE O F  ERRORS 

I. STRUCTURE 

1. H E I G H T  V A R I A T I O N S  
2. H E I G H T  DIFFERENCE BETWEEN R A I L S  
3. CAMBER OF R A I L  
4. SAG DUE TO TRANSIENT LOAD 
5. "SQUARENESS" OF R A I L S  
6. B A L L  SCREW D I S T O R T I O N  

I I. TRANSDUCER 

1. SJRFACE ENCODERS ( S E I  
a )  "NON-SQUARE" MOUNTING PLATE 
b )  SE SPACING ERROR 
c )  SE C A L I B R A T I  N ERROR 

a )  X - A X I S  

d )  SE "ROUNDED-TIP"  ERROR 
2. P O S I T I O N  TRANSDUCERS 

b )  Y - A X I S  
C) Z - A X I S  

I I I. E N V I  RONMENT 

I V .  DATA A C Q U I S I T I O N  

1. S I G N A L  T R A N S L A T I O N  
2. ANALOG TO D I G I T A L  CONVERSION 
3. DATA TRUNCATION 
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m e a s u r i n g  s y s t e m  were  c o m p l e t e l y  d i g i t a l  and, t h e r e f o r e ,  t h e i r  
e l e c t r o n i c s  w e r e  n o t  a f f e c t e d  b y  t e m p e r a t u r e  c h a n g e ,  a s  a r e  
a n a l o g  d e v i c e s .  F o r  t h i s  r e a s o n ,  t h e  a c t u a l  d a t a  t r a n s l a t i o n  
e r r o r  became i n s i g n i f i c a n t .  

The measuremen t  s y s t e m  r e c o r d e d  s l o p e  i n d e p e n d e n t  o f  X ,  Y, Z 
p lacement ;  u n c e r t a i n t y  i n  t r a n s l a t i o n  had no d i r e c t  i m p a c t  on 
s l o p e .  T h e  f o l l o w i n g  d e s c r i p t i o n  o f  s l o p e  u n c e r t a i n t y  i s ,  
t h e r e f o r e ,  separa ted  f rom t h e  d e s c r i p t i o n  o f  t r a n s l a t i o n  e r r o r .  

A3.2.1 S l o p e  C a l i b r a t i o n .  Slope u n c e r t a i n t y  was de termined w i t h  
t h r e e  t e s t s .  The f i r s t  t e s t  was used t o  assess t h e  e r r o r  of  e a c h  
s u r f a c e  e n c o d e r .  The second i d e n t i f i e d  t h e  e r r o r  c a u s e d  b y  
r o c k i n g  o f  t h e  encoder assembly, as i t  moved f r o m  p o i n t - t o - p o i n t .  
The t h i r d  t e s t  i s o l a t e d  t h e  u n c e r t a i n t y  o f  s l o p e  measurements 
taken  a t  any one l o c a t i o n .  

G a g e  b l o c k s  were  u s e d  t o  j u d g e  t h e  a c c u r a c y  o f  e a c h  s u r f a c e  
encoder.  The s u r f a c e  e n c o d e r  a s s e m b l y  was l o w e r e d  o n t o  a box 
s q u a r e  u n t i l  t h e  f o u r  probes contac ted .  Gage b l o c k s  were p laced  
b e t w e e n  t h e  e n c o d e r  t i p s  a n d  t h e  b o x  s q u a r e  a n d  d a t a  w e r e  
r e c o r d e d  a t  each end o f  t r a v e l .  The accuracy o f  t h e  gage b l o c k s  
was +0.25, -0.15 m i c r o n s .  The d a t a  i n d i c a t e d  t h a t  a l l  o f  t h e  
s u r f a c e  e n c o d e r s  w e r e  a c c u r a t e  t o  2.5 m i c r o n s ,  w h i c h  was t h e  
r e s o l u t i o n  o f  t h e  e n c o d e r  d i s p l a y s  and was n e g l i g i b l e  i n  t h e  
u n c e r t a i n t y  d e t e r m i n a t i o n .  

The second t e s t  was t o  i d e n t i f y  s lope  u n c e r t a i n t y  due t o  r o c k i n g  
o f  t h e  s u r f a c e  e n c o d e r  a s s e m b l y .  R o c k i n g  h a d  t w o  p r i m a r y  
s o u r c e s :  r a i l  h e i g h t  d i f f e r e n c e s  and c a n t i n g  o f  t h e  b a l l  screw 
n u t .  To combine these two  e f f e c t s ,  a l e v e l  s u r f a c e  was p l a c e d  
u n d e r  t h e  s u r f a c e  e n c o d e r s .  The b a l l  s c r e w  was r a i s e d  and 
lowered th rough  seve ra l  r e v o l u t i o n s  o f  t h e  n u t ,  w i t h  t h e  s u r f a c e  
e n c o d e r s  i n  c o n t a c t  w i t h  t h e  su r face .  Data were recorded a t  many 
h e i g h t s  and t h e  p r o c e s s  was r e p e a t e d  a t  s e v e r a l  random l o c a t i o n s .  
The s u r f a c e  ( a  box s q u a r e )  was l e v e l e d  t o  w i t h i n  0.01 mrad u s i n g  
a m a c h i n i s t ' s  l e v e l .  U n c e r t a i n t y  d e f i n e d  b y  t h i s  t e s t  was 
c a l c u l a t e d  t o  b e  0.21 mrad b e t w e e n  e n c o d e r s  A and B y  0.06 mrad 
between B and C y  0.20 mrad between C and D, and 0.07 mrad b e t w e e n  
D and A. The f o u r  s u r f a c e  e n c o d e r s  w e r e  l a b e l e d  s e q u e n t i a l l y ,  
w i t h  A b e i n g  i n  t h e  s o u t h e a s t  c o r n e r ,  B b e i n g  i n  t h e  s o u t h w e s t  
c o r n e r  and C i n  t h e  nor thwest  co rne r .  

T h e  s l o p e  r e c o r d e d  b e t w e e n  any two e n c o d e r s  was t h e  i n v e r s e  
tangent  o f  t h e i r  r e l a t i v e  d i s p l a c e m e n t  o v e r  t h e i r  s p a c i n g .  The 
f i r s t  t e s t  s h o w e d  t h a t  t h e  r e l a t i v e  d i s p l a c e m e n t  c o u l d  be  
a c c u r a t e l y  determined,  wh ich  l e f t  t h e  spac ing  between e n c o d e r s  as 
an unknown. The t h i r d  t e s t  was d i r e c t e d  toward  e s t a b l i s h i n g  t h i s  
unknown and i t s  u n c e r t a i n t y .  T h i s  t e s t  was per formed b y  l o w e r i n g  
t h e  s u r f a c e  e n c o d e r  a s s e m b l y  o n t o  a s t e e l  p l a t e  i n c l i n e d  a t  a 
known s lope.  From t h e  recorded d a t a  t h e  a c t u a l  s p a c i n g  b e t w e e n  
t h e  probes c o u l d  be determined.  
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A s i n e  p l a t e  and a g a g e  b l o c k  w e r e  u s e d  t o  e s t a b l i s h  t h e  known 
s lope ( F i g u r e  A4) .  The s i n e  p l a t e  was a p o l i s h e d  s t e e l  b l o c k  
s u p p o r t e d  b y  t w o  p a r a l l e l  r o u n d  b a r s  a t tached  t o  i t s  unders ide .  
The b l o c k  was f l a t  t o  w i t h i n  0.03 m ic rons /mm and  t h e  b a r s  w e r e  
s p a c e d  t o  127 mm + / -5  m i c r o n s .  The s i n e  p l a t e  was i n i t i a l l y  
l e v e l e d  and t h e  s u r f a c e  e n c o d e r s  w e r e  l o w e r e d  o n t o  i t .  T h e  
25.4 mm-gage b l o c k  was t h e n  i n s e r t e d  u n d e r  one o f  t h e  b a r s  t o  
g i v e  a s lope o f  11.54". S ince  t h e  accuracy o f  t h e  gage b l o c k  was 
w i t h i n  0.25 m i c r o n s ,  t h e  a c c u r a c y  o f  t h e  s l o p e  was w i t h i n  0.04 
mrad. 

R e p e a t e d  m e a s u r e m e n t s  w e r e  t a k e n  b e t w e e n  t h e  f o u r  p a i r s  o f  
encoders and e s t a b l i s h e d  t h e  s p a c i n g  b e t w e e n  each  t o  w i t h i n  3.5 
m i c r o n s .  T h i s  u n c e r t a i n t y  was due t o  t h e  e n c o d e r s  n o t  b e i n g  
p e r f e c t l y  p a r a l l e l  w i t h  o n e  a n o t h e r .  T h e i r  s p a c i n g  c h a n g e d  
d e p e n d i n g  u p o n  t h e  a b s o l u t e  d i s p l a c e m e n t .  T h e  r e s u l t i n g  
u n c e r t a i n t y  i d e n t i f i e d  i n  t h i s  t e s t  was  0 . 0 7  m r a d  b e t w e e n  
e n c o d e r s  A and 6, 0.06 mrad between B and C y  0.13 mrad between C 
and D, and 0.09 mrad between D and A. 

The e f f e c t  o f  t h e  s p a c i n g  e r r o r  decreased w i t h  s lopes  l e s s  than 
11.5".  I n  f a c t ,  o n  a l e v e l  s u r f a c e ,  s l o p e  w a s  i n d e p e n d e n t  
o f  s p a c i n g  e r r o r .  O n l y  two  o f  t h e  384 s l o p e s  measured on t h e  
mold  and f a c e t  were more t h a n  11.5". Therefore,  t h e  v a l u e s  above 
r e p r e s e n t  maximums and t h e  a c t u a l  s p a c i n g  u n c e r t a i n t y  v a r i e d  
between 0 and 0.13 mrad. 

The s p a c i  ng b e t w e e n  e n c o d e r s  was i n d e p e n d e n t  o f  r o c k i n g  o f  t h e  
encoder assembly. B o t h  t h e  s p a c i n g  e r r o r  and t h e  r o c k i n g  w e r e  
assumed t o  have n o r m a l  d i s t r i b u t i o n s ,  and t h e  RMS v a l u e  o f  t h e  
two y i e l d e d  t h e  t o t a l  s l o p e  u n c e r t a i n t y .  T a b l e  A3 g i v e s  t h e s e  
v a l u e s  f o r  t h e  f o u r  p a i r s  o f  e n c o d e r s .  The maximum s l o p e  
u n c e r t a i n t y  was between encoders C and D and was 0.24 mrad. T h i s  
r e p r e s e n t e d  t h e  maximum s l o p e  u n c e r t a i n t y  f o r  a m o l d  o r  f a c e t  
a n a l y s i s .  H o w e v e r ,  t h e  o t h e r  p a i r s  o f  e n c o d e r s  h a d  l e s s  
u n c e r t a i n t y .  I n  f a c t ,  one p a i r  had a maximum u n c e r t a i n t y  o f  l e s s  
than  0.08 mrad. 

A3.2.2 T r a n s l a t i o n a l  C a l i b r a t i o n .  U n c e r t a i n t y  i n  t h e  Z - a x i s  
was p r i m a r i l y  a f u n c t i o n  o f  v a r i a t i o n s  i n  r a i l  h e i g h t .  O t h e r  
c o n t r i b u t o r s  i n c l u d e d  i n a c c u r a c y  o f  t h e  Z -ax i s  encoder, t he rma l  
expansion, a n d  i n a c c u r a c y  o f  t h e  s u r f a c e  e n c o d e r s .  Two t e s t s  
w e r e  e x e c u t e d  t o  d e f i n e  t h e  u n c e r t a i n t y  f rom r a i l  h e i g h t  and Z 
a x i s  encoder. Combined w i t h  t h e  t h e r m a l  e x p a n s i o n  r e s u l t s  and 
t e s t s  o f  t h e  s u r f a c e  e n c o d e r s ,  t h e  t o t a l  Z - a x i s  u n c e r t a i n t y  was 
d e f  i ned. 

The e f f e c t  o f  r a i l  h e i g h t  v a r i a t i o n s  was t e s t e d  b y  a t t a c h i n g  a 
t a r g e t  t o  t h e  base o f  t h e  b a l l  screw and r e c o r d i n g  t h e  v a r i a t i o n  
i n  i t s  h e i g h t  i n  s e v e r a l  random l o c a t i o n s .  The h e i g h t  was 
m o n i t o r e d  w i t h  a N i k o n  au tomat i c  l e v e l ,  w h i c h  h a d  an  a c c u r a c y  of 
b e t t e r  t h a n  0.005 mrad.  T a r g e t  r a n g e  was between 1.5 and 5 m. 
R e s u l t s  i n d i c a t e d  a one sigma v a r i a t i o n  o f  0.05 mm i n  CDM h e i g h t .  
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FIG. A4 SLOPE CALIBRATION 



TABLE A 3  

SLOPE UNCERTAINTY 

TEST 2 TEST 3* TOTAL* 

P A I R  (mrad) (mrad) (mrad) 
ENCODER DUE TO ROCKING DUE TO SPACING 

.21  - . 2 2  A -  B .21 0 - .07 

B - C  .06 0 - .06 .06 - .08 

C - D  .20 0 - .13 .20 - . 2 4  

D - A  .07 0 - .09 .07 - .ll 

* For s lopes  from zero t o  11.5" 
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The a c c u r a c y  o f  t h e  1.5-m l o n g  Z ax is -encoder  was de f i ned  by  use 
o f  a 1 - m  s t a n d a r d .  The s t a n d a r d  h a d  a c a l i b r a t e d  a c c u r a c y  o f  
+ / -0 .9 m i c r o n s  a g a i n s t  a s e c o n d a r y  s t a n d a r d .  Measurements o f  
t h i s  s t a n d a r d  w i t h  t h e  Z -ax i s  encoder i n d i c a t e d  t h a t  t h e  a c c u r a c y  
o f  t h e  l i n e a r  encoder was w i t h i n  t h e  accuracy o f  t h e  s tandard .  

U n c e r t a i n t y  due t o  thermal  expans ion  was de termined a n a l y t i c a l l y .  
The expans ion  c o e f f i c i e n t  o f  t h e  c a r r i a g e s  and b a l l  s c r e w  was 
11.7 mm/mm "C.  The expans ion  c o e f f i c i e n t  f o r  t h e  l i n e a r  encoder 
was s i m i l a r  (10.0 mm/mm " C ) .  F o r  measuremen ts  c l o s e  t o  t h e  
s u r f a c e  t a b l e ,  t h e r m a l  e x p a n s i o n  had l i m i t e d  e f f e c t  and was 
assumed t o  be  zero.  T h i s  was because t h e  b a l l  screw and c a r r i a g e  
expanded  and c o n t r a c t e d  a s  a u n i t ,  and expans ion  o f  t h e  encoder 
was i r r e l e v a n t  i n  t h i s  p o s i t i o n .  A t  f u l l  r e t r a c t i o n  o f  t h e  b a l l  
sc rew (maximum h e i g h t ) ,  t h e  expans ion  o f  t h e  c a r r i a g e  and screw 
s t i l l  canceled, b u t  t h e  change  o f  l e n g t h  o f  t h e  e n c o d e r  became 
i m p o r t a n t .  The t e m p e r a t u r e  o f  t h e  m e a s u r i n g  system would va ry  
o n l y  s l i g h t l y  d u r i n g  any g i v e n  day, b u t  c o u l d  v a r y  s i g n i f i c a n t l y  
a c c o r d i n g  t o  t h e  season.  F o r  t h i s  r e a s o n  t h e  t e m p e r a t u r e  was 
reco rded  d u r i n g  e v e r y  measurement s e s s i o n  and compensat ions  cou I d  
b e  made. I t  was r e a s o n a b l e  t o  assume t h a t  t h i s  c o m p e n s a t i o n  
c o u l d  be  e a s i l y  d o n e  w i t h i n  + / - 3  " C .  On t h i s  b a s i s ,  t h e  
u n c e r t a i n t y  due t o  t h e r m a l  e x p a n s i o n  r a n g e d  f r o m  0 t o  0.04 mm 
dependi ng on e x t e n s i o n  o f  t h e  screw. 

U n c e r t a i n t y  o f  t h e  s u r f a c e  e n c o d e r s  c o u l d  a l s o  have i m p a c t e d  
Z - a x i s  u n c e r t a i n t y .  However, p r e v i o u s l y  m e n t i o n e d  t e s t s  showed 
t h a t  t h e i r  e f f e c t  was n e g l i g i b l e .  

The e n t i r e  u n c e r t a i n t y  o f  t h e  Z measurements was t h e  RMS v a l u e  o f  
t hese  components. The r e s u l t  ( a s  shown i n  T a b l e  A4) i n d i c a t e d  
an u n c e r t a i n t y  f rom 0.05 t o  0.06 mm c o r r e s p o n d i n g  t o  measurements 
a t  t h e  s u r f a c e  and a t  maximum h e i g h t ,  r e s p e c t i v e l y .  

U n c e r t a i n t y  of t h e  Y measurements was e s t a b l i s h e d  i n  f o u r  p a r t s .  
F i r s t ,  t h e  accuracy  o f  t h e  Y e n c o d e r  was m e a s u r e d  w i t h  t h e  1 - m  
s t a n d a r d .  The c a l  i b r a t e d  accuracy  o f  t h e  encoder was de termined 
t o  be .008 mm. Second, t h e  Y u n c e r t a i n t y  a s s o c i a t e d  w i t h  w o b b l e  
and r o c k i n g  of t h e  b a l l  screw was i d e n t i f i e d .  From t h e  d e t a i l e d  
t e s t i n g  o f  t h e  s l o p e  u n c e r t a i n t y ,  i t  was f o u n d  t h a t  t h e  b a l l  
s c r e w ' s  t i l t  was u n c e r t a i n  t o  0.07 mrad a l o n g  t h e  Y-axis.  T h i s  
t i l t  r e s u l t e d  i n  an e r r o r  of 0 . 1  mm w i t h  t h e  screw f u l l y  extended. 
The e r r o r  a t  l e s s e r  e x t e n s i o n s  w o u l d  h a v e  b e e n  p r o p o r t i o n a l l y  
l e s s .  T h e  c a m b e r  o f  t h e  X r a i l s  a l s o  c o n t r i b u t e d  t o  Y 
u n c e r t a i n t y ,  and was measured i n d e p e n d e n t l y .  An au tomat i c  l e v e l  
was p o s i t i o n e d  a t  t h e  e n d  o f  t h e  r a i l ,  a n d  t h e  c a m b e r  w a s  
d e t e r m i n e d  t o  be  0.05 mm. The l a s t  i t e m  t h a t  c o n t r i b u t e d  t o  Y 
u n c e r t a i n t y  was thermal  expansion. The e x p a n s i o n  c o e f f i c i e n t  o f  
t h e  Y e n c o d e r  was 10.0 rnm/mm "C.  A t  t h e  e x t r e m e  ends  o f  t h e  
t r a v e l ,  t h i s  r e s u l t e d  i n  an u n c e r t a i n t y  o f  .02 mm, a s s u m i n g  
c o m p e n s a t i o n  t o  w i t h i n  + / - 3  "C.  T a b l e  A5 summar i zes  t h e  Y 
u n c e r t a i n t y .  I n  t h e  l e a s t  f a v o r a b l e  p o s i t i o n  ( b a l l  s c r e w  f u l l y  
e x t e n d e d  and Y / Z  c a r r i a g e  t o  maximum t r a v e l )  t h e  u n c e r t a i n t y  was 
0.11 mm. 
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TABLE A4 

Z UNCERTAINTY 

SOURCE 

Rai 1 h e i g h t  

Encoder 

Tem per  a t  u r e 

T o t a l  (RMS)  

SOURCE 

Encoder 

Rocking 

R a i l  Camber 

Temper a t  u r e 

T o t a l  (RMS)  

UNCERTAINTY 
I N  MOST 

(mm) 
FAVORABLE PO S I  T I 0 N 

0.05 

0.00 

0.00 

0.05 

TABLE A5 

Y UNCERTAINTY 

UNCERTAINTY 
I N  MOST 

FAVORABLE PO S I  T I 0 N 
(mm) 

0 

0 

0.05 

0 

0.05 

U NCERTAIN TY 
I N  LEAST 

FAVORABLE P O S I T I O N  
(mm) 

0.05 

0.008 

0.04 

0.06 

UNCERTAINTY 
I N  LEAST 

FAVORABLE P O S I T I O N  
(mm) 

0.008 

0.10 

0.05 

0.02 

0.11 
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X - a x i s  u n c e r t a i n t y  was s u b d i v i d e d  i n t o  f i v e  c a t e g o r i e s .  The 
f i r s t  c a t e g o r y  was t h e  u n c e r t a i n t y  due t o  r o c k i n g  o f  t h e  b a l l  
sc rew i n  t h e  X - d i r e c t i o n .  From t h e  s l o p e  t e s t s ,  t h e  t i l t  i n  t h e  
X - d i r e c t i o n  was f o u n d  t o  be 0 . 2 1  mrad.  F o r  t h e  f u l l y  e x t e n d e d  
s c r e w ,  t h i s  t r a n s l a t e d  t o  0.32 mm u n c e r t a i n t y .  As d e s c r i b e d  i n  
t h e  p r e v i o u s  s e c t i o n ,  t h e  X-ax is  measur ing d e v i c e  was a f r i c t i o n  
w h e e l  and r o t a r y  encoder assembly. The accuracy o f  t h i s  u n i t  was 
conf i rmed by measurements o f  t h e  1 - m  s t a n d a r d .  U n c e r t a i n t y  was 
p r i m a r i l y  a r e s u l t  o f  s l i p p a g e  b e t w e e n  t h e  r a i l  and wheel, and 
had a maximum v a l u e  o f  0.30 mm a t  t h e  ext remes o f  t r a v e l .  C l o s e  
t o  t h e  r e f e r e n c e  p o i n t  ( c e n t e r  o f  X - t r a v e l )  any e r r o r  was 
n e g l i g i b l e .  The t h i r d  c a t e g o r y  o f  X - u n c e r t a i  n t y  i n v o l v e d  
h y s t e r e s i s  o f  t h e  X - c a r r i a g e .  S i n c e  t h e  X - c a r r i a g e  was d r i v e n  
from one s i d e  o n l y ,  t h e  o t h e r  s i d e  tended t o  l a g  b e h i n d  a s l i g h t  
a m o u n t .  T h i  s was  m e a s u r e d  b y  a p p r o a c h i n g  a s t o p  f r o m  b o t h  
d i r e c t i o n s  and m e a s u r i n g  t h e  d i f f e r e n c e .  The h y s t e r e s i s  was 
m e a s u r e d  a t  o n l y  0.015 mm. The f o u r t h  c a t e g o r y  o f  X - e r r o r  was 
due t o  t h e  Y - r a i l s  n o t  be ing  square w i t h  t h e  X - r a i l s  o r  p e r f e c t l y  
s t r a i g h t .  The u n c e r t a i n t y  o f  t h i s  c a t e g o r y  was de termined t o  b e  
0 . 1 7  mm b y  r e f e r e n c e  t o  t h e  s u r f a c e  t a b l e .  T h e  f i n a l  
c a t e g o r y - -  t h e r m a l  e x p a n s i  on- -was d e t e r m i n e d  a n a l y t i c a l l y .  The 
f r i c t i o n  wheel was aluminum and h a d  an e x p a n s i o n  c o e f f i c i e n t  o f  
23E-6 mm/mm "C.  T h i s  r e s u l t e d  i n  a maximurn u n c e r t a i n t y  o f  X- 
measurements o f  0.26 mm b a s e d  on c a l i b r a t i o n  t o  + / - 3  " C .  T h i s  
r e p r e s e n t e d  t h e  u n c e r t a i n t y  a t  f u l l  t r a v e l .  U n c e r t a i n t y  c l o s e  t o  
t h e  c e n t e r  of t h e  t a b l e  w o u l d  h a v e  been n e g l i g i b l e .  T a b l e  A6 
s u m m a r i z e s  t h e  r e s u l t s  o f  t h e  X - u n c e r t a i n t y .  I n  t h e  w o r s t  
p o s s i b l e  o r i e n t a t i o n  ( b a l l  screw f u l l y  extended and a t  t h e  e n d  o f  
X - t r a v e l ) ,  t h e  u n c e r t a i n t y  was 0.53 mm. 

T a b l e  A7 summar izes  t h e  u n c e r t a i n t y  o f  a l l  measurements.  The 
minimum and maximum u n c e r t a i n t y  r e p r e s e n t  t h e  span o f  u n c e r t a i n t y  
f o r  any measurement  d e p e n d i n g  on l o c a t i o n  and e n c o d e r  groups. 
The c r i t i c a l  v a l u e  i s  t h e  maximum s l o p e  u n c e r t a i n t y  o f  0 . 2 4  mrad. 
T h i s  means t h a t  t h e  a c t u a l  s l o p e  v a l u e s  o f  t h e  f a c e t  and mold  
c o u l d  be measured, w i t h  conf idence,  t o  b e t t e r  t h a n  0.24 mrad. 
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TABLE A6 

X- U N CERT A I  NTY 

SOURCE 

Rock i ng 

Encoder 

H y s t e r e s i s  

Y r a i l  placement 

Temperature 

T o t a l  (RMS)  

S 1 ope 

X-axis 

Y-ax is  

Z - a x i s  

UNCERTAINTY UNCERTAINTY 
I N  MOST I N  LEAST 

FAVORABLE PO S I  T I O N  FAVORABLE POSITION 
(mm) (mm) 

0 0.32 

0 0.30 

0.015 

0.17 

0 

RANGE 

0.015 

0.17 

0.17 0.54 

TABLE A7 

MEASURING SYSTEM UNCERTAINTY 
FROM CALIBRATION 

7.5 m 

1.8 m 

1.5 m 

0.26 

UNCERTAINTY 

0.06 - 0.24 mrad 

0.17 - 0.54 mm 

0.05 - 0.11 mm 

0.05 - 0.06 mm 
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A.4 Data  A n a l y s i s  Procedure  

The CDM was d e s i g n e d  and b u i l t  t o  a l l o w  p r e c i s e  measurement o f  
t h e  s u r f a c e  c o n t o u r s  o f  an o p t i c a l  pane l .  The d a t a  t a k e n  b y  t h e  
measuremen t  s y s t e m  r e q u i r e d  e x t e n s i v e  p r o c e s s i n g  t o  c o n v e r t  t h e  
r a w  n u m b e r s  i n t o  a u s e a b l e  f o r m .  T h e  o b j e c t i v e s  o f  t h e  
p r o c e s s i n g  program were 

* D e t e r m i n e  t h e  a c c u r a c y  o f  t h e  m o l d  a n d  g o r e .  A 
c o n v e n i e n t  way o f  c h a r a c t e r i z i n g  t h e  s u r f a c e  i s  b y  t h e  
compu ta t i on  o f  t h e  one sigma s l o p e  e r r o r .  

* I d e n t i f y  l a r g e  and smal l  s l o p e  e r r o r s  i n  such a way t h a t  
t h e i r  l o c a t i o n  and r e l a t i v e  c o n t r i b u t i o n  t o  s l o p e  e r r o r  
a r e  k n o w n  a n d  t h a t  t h e  a p p r o p r i a t e  c o r r e c t i v e  
r e f i n e m e n t s  t o  t h e  a d j u s t a b l e  mold  can be made. 

A map was d e v e l o p e d  t o  l o c a t e  t h e  X- and Y -coord ina tes  a t  wh ich  
measurements should be recorded.  The s e l e c t e d  p o i n t s  r e f l e c t e d  
t h e  q u a l i t y  o f  t h e  e n t i r e  g o r e  and d i d  n o t  b i a s  r e s u l t s  toward 
c e r t a i n  p o r t i o n s  o f  t h e  p a n e l .  P o i n t s  w e r e  s e l e c t e d  a l o n g  t h e  
edge  and c e n t e r .  The number of p o i n t s  was we igh ted  a c c o r d i n g  t o  
area. Ad jus tment  p o i n t s  on t h e  mo ld  were s e l e c t e d  as a b a s i s  f o r  
1 a y o u t .  F i g u r e  A5 ill u s t r a t e s  t h e  map and c l u s t e r  n u m b e r i n g  
sequence  t h a t  was used.  Each sql;are c l u s t e r  r e p r e s e n t s  t h e  
p o i n t s  s i m u l t a n e o u s l y  r e c o r d e d  b y  t h e  s e t  o f  f o u r  s u r f a c e  
e n c o d e r s .  D e t e r m i n a t i o n  o f  s l o p e  was b a s e d  on  t h e  r e l a t i v e  
h e i g h t  of t h e  p o i n t s  w i t h i n  a c l u s t e r  and was n o t  dependent on 
t h e  spaci  ng between c l  u s t e r s .  

C o n s i d e r a b l e  u n c e r t a i n t y  e x i s t e d  i n  t h e  manual p o s i t i o n i n g  of a 
l a r g e  p a n e l .  The e x a c t  l o c a t i o n  o f  t h e  m e a s u r e d  p i e c e  w i t h  
r e s p e c t  t o  t h e  measurement machine c o o r d i n a t e  system c o u l d  n o t  be 
p r e d e t e r m i n e d .  A p r o c e d u r e  was d e v e l o p e d  t o  d e t e r m i  n e  t h e  
r e l a t i v e  p o s i t i o n  based  u p o n  m i n i m i z i n g  s l o p e  e r r o r .  F o r  a 
p a r a b o l i c  gore, t h e  e q u a t i o n  g o v e r n i n g  t h e  shape o f  t h i s  i d e a l  
pane l  would be 

4Fz = x2 + y2, 

w h e r e  F i s  t h e  f o c a l  l e n g t h  and X, Y, and Z a r e  t h e  C a r t e s i a n  
c o o r d i n a t e s .  F i g u r e  A 6  i l l u s t r a t e s  t h e  c o o r d i n a t e  
t r a n s f o r m a t i o n .  
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The seven v a r i a b l e s  p e r t i n e n t  t o  t h i s  t r a n s f o r m a t i o n  were 

F - Foca l  l e n g t h  
0 - R o t a t i o n  about t h e  X-axis 
0 - R o t a t i o n  about t h e  Y -ax i s  

- R o t a t i o n  about t h e  Z - a x i s  
i - T r a n s l a t i o n  a long  X 
j - T r a n s l a t i o n  a long Y 
k - T r a n s l a t i o n  a long  Z 

A c c u r a c y  was most s e n s i t i v e  t o  r o t a t i o n  about X- and Y-axes. The 
t r a n s f o r m a t i o n  was p a r t i c u l a r l y  s e n s i t i v e  t o  r o t a t i o n  a b o u t  t h e  X 
and Y-axes .  The r e m a i n i n g  v a r i a b l e s  i m p a c t e d  s l o p e  i n  a l e s s  
d i r e c t  f ash ion ,  o r  n o t  a t  a l l .  The f o c a l  l e n g t h ,  r o t a t i o n  a b o u t  
t h e  Z - a x i s ,  and t h e  t r a n s l a t o r s  i n  t h e  X- and Y - d i r e c t i o n  c o u l d  
genera l  l y  be de termined t h r o u g h  d i r e c t  measurement, w i t h  a c c u r a c y  
s u f f i c i e n t  w i t h  l i t t l e  o r  n o  i m p a c t  u p o n  t h e  s e l e c t i o n  o f  
c r i t i c a l  t r a n s f o r m a t i o n  v a r i a b l e s .  The Z - t r a n s l a t o r  had  n o  
i m p a c t  u p o n  s l o p e  e r r o r  o r  c o o r d i n a t e  t r a n s f o r m a t i o n .  The X 
t r a n s f o r m a t i o n  c o o r d i n a t e  was u s e f u l  f o r  g r a p h i c  p r e s e n t a t  i o n  and 
was d e t e r m i n e d  w i t h  t h e  n u m e r i c a l  i t e r a t i o n  on  t r a n s f o r m a t i o n  
v a r i  ab1 es.  

The t r a n s f o r m a t i o n  v a r i a b l e s  were assumed and t h e  s lope  e r r o r  o f  
t h e  f a c e t  was c a l c u l a t e d  b a s e d  u p o n  t h i s  a s s u m e d  r e l a t i v e  
p o s i t i o n  o f  g l o b a l  and l o c a l  axes. The most s e n s i t i v e  v a r i a b l e s  
( r o t a t i o n  a b o u t  X and Y )  w e r e  a d j u s t e d  f i r s t  t o  r e d u c e  e r r o r .  
The i t e r a t i o n  was d e f i n e d  a s  a c c e p t a b l e  when a d d i t i o n a l  passes 
c o u l d  n o t  improve t h e  s l o p e  m a t c h  b e t t e r  t h a n  0 . 0 0 1  mrad. The 
s e c o n d a r y  v a r i a b l e s  ( f o c a l  l eng th ,  i, j)  were a d j u s t e d  nex t .  The 
lower s e n s i t i v i t y  r e s u l t e d  i n  a s l o w e r  c o n v e r g e n c e .  The same 
e r r o r  c r i t e r i o n  was u s e d  f o r  an a c c e p t a b l e  f i t .  Subsequen t  
ad jus tment  about o r  a long t h e  Z - a x i s  d i d  n o t  i m p r o v e  o r  d e t r a c t  
f rom t h e  t r a n s f o r m a t i o n .  

I n i t i a l l y ,  t h e  i t e r a t i v e  p r o c e d u r e  was t e s t e d  w i t h  s e v e r a l  s e t s  
o f  g e n e r a t e d  d a t a  w i t h  known e r r o r  d i s t r i b u t i o n s  t h a t  w e r e  
r a n d o m l y  and s y s t e m a t i c a l l y  imposed upon a f a c e t .  The f a c e t  was 
r a n d o m l y  o r i e n t e d  w i t h  r e s p e c t  t o  t h e  g l o b a l  a x i s  w i t h i n  t h e  
bounds  o f  a c c u r a c y  on  each t r a n s f o r m a t i o n  v a r i a b l e  t h a t  c o u l d  be 
p r e d e t e r m i n e d  w i t h  c o n v e n t i o n a l  measuremen t  e q u i  p m e n t .  T h e  
i t e r a t i v e  p rocedure  was success fu l  a t  p r e d i c t i n g  t h e  s lope  e r r o r s  
o f  t h e  genera ted  d a t a  w i t h i n  t h e  0.001-mrad accuracy r e q u i  r e m e n t .  
As t h e  d i f f e r e n c e  b e t w e e n  i n i t i a l  a s s u m p t i o n s  and a c t u a l  
t r a n s f o r m a t i o n  inc reased,  t h e  number o f  i t e r a t i o n s  r e q u i r e d  d i d  
i n c r e a s e .  C o m p u t a t i o n  t i m e s  were  a c c e p t a b l e  f o r  f a c e t s  of 
r e a s o n a b l e  shape. The n u m e r i c a l  i t e r a t i o n  s c r e e n  o u t p u t  i s  
i l l u s t r a t e d  i n  F i g u r e  A7. 
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The c a l c u l a t i o n  of slope e r ro r  i s  simply the difference between 
the measured slope value a n d  the  transformed ideal slope.  The 
slope e r r o r  i s  defined a t  each c l u s t e r  on  the map. The slope 
error a t  any measured p o i n t  may also be presented. This absolute 
information was particularly useful i n  the adjustment of the mold 
and the comparison of error location i n  the facet and mold. 

The d a t a  can also be presented i n  g r a p h i c  format by superimposing 
the error and transformed ideal o p t i c a l  element. The e r r o r  can 
be independently scaled t o  observe effects of different magni tude. 
Figure A8 i l l u s t r a t e s  the type of graphic o u t p u t  used. The error 
was scaled t o  e l imina te  m i n o r  a n d  random e r r o r  i n  o r d e r  t o  
dramatize a relaxed corner; a systematic error. 
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A.5 Conc lus ion  

The  measuremen t  s y s t e m  d e v e l o p e d  u n d e r  t h i  s c o n t r a c t  has  t h e  
c a p a b i l i t y  t o  a c c u r a t e l y  q u a n t i f y  d isp lacement  and s l o p e  o f  1 a r g e  
a r e a  c o n t o u r  t o o l i n g  a n d  c o n c e n t r a t o r  f a c e t s .  The C D M  c a n  
p r o v i d e  t h e  p r e c i s e  f e e d b a c k  r e q u i r e d  t o  i d e n t i f y  s y s t e m a t i  c 
s l o p e  e r r o r  i n  a f a c e t  and c o r r e c t  t h e  p r o b l e m  t h r o u g h  t o o l  
a d j u s t m e n t .  The s y s t e m  p e r f o r m a n c e  e x c e e d e d  t h e  p r o j e c t e d  
a c c u r a c y .  U n c e r t a i n t y  i n  s lope  measurements, t h e  key performance 
c h a r a c t e r i s t i c  of a r e f l e c t i n g  s o l a r  c o n c e n t r a t o r ,  was 0.24 rnrad. 

T h e  d a t a  g e n e r a t e d  f r o m  t h e  m e a s u r e m e n t  e q u i p m e n t  was  
s u c c e s s f u l l y  ana lyzed  and  a r e  p r e s e n t e d  i n  n u m e r i c  and g r a p h i c  
f o r m a t s .  The r e l a t i o n s h i p  be tween t h e  f a c e t  and t h e  g l o b a l  CDM 
a x e s  was d e f i n e d  s t a t i s t i c a l l y  t o  e l i m i n a t e  r e l i a n c e  u p o n  
a r b i t r a r y  t o o l i n g  marks .  D a t a  t r a n s l a t i o n  and a n a l y s i s  had 
l i t t l e  impact upon t h e  u n c e r t a i n t y  o f  t h e  measurements. 
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APPENDIX  6 

THREE-DIMENSIONAL ROLL BEND1 NG 

The  b a s e l i n e  o p t i c a l  p a n e l  d e s i g n  r e q u i r e d  t h a t  t h e  s k i n s  be 
formed t o  t h e  f i n a l  con tou r  p r i o r  t o  b e i n g  a s s e m b l e d  a s  a p a n e l .  
T h i  s a p p r o a c h ,  as opposed  t o  u s i n g  u n f o r m e d  s h e e t s ,  r e d u c e d  
sp r ing -back  l oads  and a l l o w e d  more l a t i t u d e  i n  pane l  c o n s t r u c t i o n  
des i  gn. 

The t w o  c o n v e n t i o n a l  a p p r o a c h e s  t o  f o r m i n g  a l u m i n u m  shee ts  t o  
th ree -d imens iona l  c o n t o u r s  have s i g n i f i c a n t  s h o r t c o m i n g s ;  name ly  
l a r g e  i n i t i a l  c o s t s  and p o o r  p r o d u c t i o n  c a p a b i l i t i e s .  F o r  t h i s  
reason, an i n n o v a t i v e  method o f  f o r m i n g  s h e e t s  was pu rsued .  T h i s  
new method ,  t e r m e d  " t h r e e - d i m e n s i o n a l  (3-D) r o l l  bending,"  i s  
s i m i l a r  t o  c o n v e n t i o n a l  r o l l  bend ing  i n  t h a t  a s e t  o f  r o l l e r s  i s  
u s e d  t o  b e n d  t h e  s h e e t  a b o u t  one a x i s .  The d i f f e r e n c e  i s  t h a t  
t h e  3-D r o l l  d i s t o r t s  each r o l l e r  t o  p r o v i d e  a c o n t o u r  a b o u t  t h e  
second a x i s  t h a t  r e s u l t s  i n  a th ree -d imens iona l  ( d i s h e d )  p a r t .  

The d e v e l o p m e n t  e f f o r t  d i d  n o t  i n i t i a l l y  p rove  t o  b e  success fu l .  
F u r t h e r  e f f o r t  was abandoned when p r o t o t y p e  samp les  i n d i c a t e d  
t h a t  s k i n  f o r m i n g  was n o t  r e q u i r e d .  

B . l  Backaround 

S t r e t c h  f o r m i n g  and s t a m p i  n g  a r e  two c o n v e n t i o n a l  approaches t o  
f o r m i n g  s h e e t s  i n t o  t h r e e - d i m e n s i o n a l  s h a p e s .  T h e  s t r e t c h  
f o r m i n g  p r o c e s s  uses a f l a t  p i e c e  of sheet meta l  and s t r e t c h e s  i t  
o v e r  a p u n c h .  The p u n c h  i s  an  a c c u r a t e l y  f o r m e d  m o l d  i n  t h e  
d e s i r e d  s h a p e  o f  t h e  p a r t .  T h i s  p r o c e s s  i s  s l o w  and i s  n o t  
c o n d u c i v e  t o  h i g h  p r o d u c t i o n  r a t e s .  T h e  p u n c h  i s  a l a r g e ,  
a c c u r a t e  p a r t ,  and t h e  p r o c e s s  s u f f e r s  f r o m  h i g h  c o s t .  A l a r g e  
s c r a p  l o s s  f o r  g o r e - s h a p e d  p a r t s  was  i n h e r e n t  w i t h  t h i s  
t e c h n i q u e .  T h e  s t o c k  m a t e r i a l  h a d  t o  b e  r e c t a n g u l a r ;  
a p p r o x i m a t e l y  50 p e r c e n t  o f  t h e  s t o c k  s e r v e d  o n l y  as  a c a r r i e r  
f o r  t h e  s k i n  and was subsequen t l y  l o s t .  

S tamp i  ng  ove rcame many o f  t h e s e  drawbacks. The p r o d u c t i o n  r a t e  
was a d e q u a t e  and s c r a p  l o s s  was r e d u c e d .  T r i m  a l l o w a n c e  d i d  
c o n t i n u e  t o  impose some scrap, however, and c o s t  was s u b s t a n t i a l .  
P r e l i m i n a r y  i n v e s t i g a t i o n s  i n d i c a t e d  t h a t  t o o l i n g  w o u l d  b e  
p r o h i b i t i v e  i n  a p r o t o t y p e  i n v e s t i g a t i o n  e f f o r t .  T h e r e  were  
i n d i c a t i o n s  t h a t  p r o d u c t i o n  c o s t s  o f  l a r g e  g o r e s  w o u l d  a l s o  be 
p r o h i b i t i v e  and t h e  b a s e l i n e  d e s i g n  wou ld  r e q u i r e  a l t e r a t i o n  t o  
accommodate i n n e r  and o u t e r  p e t a l s .  T h i s  d e s i g n  accommoda t ion  
i n c r e a s e d  s c r a p  a n d  p a r t  c o m p l e x i t y .  C o n s e q u e n t l y ,  t h r e e -  
d imens iona l  r o l l  bend ing  was exp lo red .  
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8.2 D e s c r i D t i o n  

T h r e e - d i m e n s i o n a l  r o l l  b e n d i n g  had t h e  p o t e n t i a l  t o  g r e a t l y  
reduce t h e  c o s t  of f o r m i n g  compound c u r v e s  i n  s h e e t  m e t a l .  I f  
s u c c e s s f u l ,  c o m p l e x  p a r t s  c o u l d  h a v e  b e e n  p r o d u c e d  i n  a 
con t inuous  c o i l  l i n e  p r o c e s s  a t  h i g h  p r o d u c t i o n  r a t e s  and  l o w  
c o s t s .  

The c o n f i g u r a t i o n  o f  t h e  r o l l s  was t h e  f i r s t  major q u e s t i o n  i n  
t h e  d e v e l o p m e n t  o f  t h e  r o l l  f o r m e r .  F o u r  m a j o r  p o s s i b i l i t e s  
e x i s t e d :  a p y r a m i d ,  t h r e e - r o l l  s i n g l e  p inch ,  t h r e e - r o l l  doub le  
p inch ,  and f o u r - r o l l  doub le  p i n c h  ( F i g u r e  B1). 

The p y r a m i d  i s  a common b e n d i n g  r o l l ;  t h e  t o p  r o l l  moves up and 
down t o  c o n t r o l  t h e  r a d i u s  o f  c u r v a t u r e .  The s y m m e t r i c  b e n d i n g  
o f  t h i s  p r o c e s s  r e s u l t e d  i n  a l e n g t h  o f  m a t e r i a l  a t  b o t h  t h e  
t r a i l i n g  and l e a d i n g  edge o f  a sheet t h a t  wou ld  n o t  be formed. 

The t h r e e - r o l l  s i  n g l e - p i  nch rnachi ne overcame p a r t  of t h i  s problem. 
The bo t tom o r  t o p  r o l l  was a d j u s t e d  t o  p i n c h  t h e  m a t e r i a l  and 
f o r m  t h e  p e r p e n d i c u l a r  curve ,  and t h e  ou tboard  r o l l  was a d j u s t e d  
t o  f o r m  t h e  r a d i u s  o f  c u r v a t u r e  a long  t h e  g o r e .  I t  was p o s s i b l e  
t o  p r e b e n d  t h e  l e a d i n g  edge on ly ;  t h e  t r a i l i n g  edge c o u l d  be b e n t  
o n l y  b y  t u r n i n g  t h e  m a t e r i a l  end f o r  end. 

The t h r e e - r o l  I d o u b l e - p i n c h  machine a l l owed  prebend on b o t h  t h e  
l e a d i n g  and t r a i l i n g  edges,  w i t h  b e n d i n g  i n  t h e  p e r p e n d i c u l a r  
p l a n e  o c c u r r i n g  i n  t h e  m o r e  d e s i r a b l e  p i n c h  d i r e c t i o n .  
U n f o r t u n a t e l y ,  t h e  l a c k  o f  a f i x e d  r e f e r e n c e  f o r  b e n d i n g  
c o m p l i c a t e d  t h e  numer ica l  c o n t r o l s  o f  t h e  r o l l  p o s i t i o n s .  

F i n a l l y ,  t h e  f o u r - r o l l  machine i n c o r p o r a t e d  a l l  o f  t h e  d e s i r a b l e  
f e a t u r e s  a t  t h e  expense o f  i n c r e a s e d  c o m p l e x i t y  b y  v i r t u e  o f  t h e  
a d d i t i o n a l  r o l l .  

T h e  c o n c e p t u a l  a p p r o a c h  i s  shown i n  F i g u r e  B2. A t h r e e - r o l l  
doub le -p inch  a r r a n g e m e n t  was used b e c a u s e  i t  o f f e r e d  t h e  b e s t  
r e s t r a i n t  and c o n t r o l  o f  t h e  sheet.  The t h r e e - r o l l  c o n f i g u r a t i o n  
p r o v i d e d  t h e  c o n v e n t i o n a l  c u r v a t u r e  a b o u t  one a x i  s. C u r v a t u r e  
a b o u t  t h e  second  a x i s  was i n d u c e d  by  t h e  c u r v a t u r e  o f  t h e  r o l l s  
themselves. The c u r v a t u r e  o f  t h e  r o l l s  c o u l d  be c o n t r o l l e d  b y  a 
s e t  o f  m o t o r i z e d  rams  as suppor t  r o l l s .  Change i n  t h e  c u r v a t u r e  
o f  t h e  r o l l s ,  and t h e  r e l a t i v e  p o s i t i o n  o f  o n e  r o l l  t o  a n o t h e r ,  
r e s u l t e d  i n  a c h a n g e  i n  shape. T h i s  shape change  p r o v i d e d  
c o n t r o l  o f  t h e  r a d i u s  o f  c u r v a t u r e  f r o m  one  e n d  t o  t h e  o t h e r  as 
was r e q u i r e d  i n  a gore .  
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T o  a d d r e s s  t h e  f e a s i b i l i t y  o f  t h i s  i n n o v a t i v e  c o n c e p t ,  a 
s m a l l - s c a l e  r o l l  f o r m e r  was b u i l t  and t e s t e d .  To a v o i d  t h e  h i g h  
c o s t s  a s s o c i a t e d  w i t h  c o n t r o l l i n g  t h e  c u r v a t u r e  of t h e  r o l l s ,  a 
s e t  o f  r o l l s  was mach ined  t o  s i m u l a t e  t h i s  e f f e c t  ( F i g u r e  8 3 ) .  
T h e  t o p  r o l l  was made c o n v e x ,  a n d  t h e  t w o  l o w e r  r o l l s  had 
ma tch ing  concave su r faces .  The upper r o l l  was a d j u s t a b l e  i n  t h e  
v e r t i c a l  d i r e c t i o n  and pushed a g a i n s t  t h e  lower  two r o l l s  ( F i g u r e  
8 4 ) .  The lower  two r o l l s  c o u l d  t r a n s l a t e  i n  t h e  h o r i z o n t a l  p l a n e  
b u t  w e r e  f o r c e d  t o w a r d  each  o t h e r  w i t h  h y d r a u l i c  c y l i n d e r s .  
T h e i r  t r a v e l  was  l i m i t e d  b y  c o n t a c t  w i t h  t h e  t o p  r o l l .  
A d j u s t m e n t  o f  t h e  h e i g h t  o f  t h e  t o p  r o l l  c o n t r o l l e d  t h e  p o s i t i o n  
of t h e  b o t t o m  r o l l s  and, t h e r e f o r e ,  c o n t r o l l e d  t h e  c u r v a t u r e  
about one a x i s .  

F i g u r e  8 5  shows t h e  r o l l  f o rmer .  The two v e r t i c a l  j a c k  screws i n  
t h e  t o p  o f  t h e  f i g u r e  w e r e  u s e d  f o r  t o p  r o l l  a d j u s t m e n t .  
H y d r a u l i c  p r e s s u r e  was s u p p l i e d  b y  a pump l o c a t e d  beneath  t h e  
r o l l s .  The h o r i z o n t a l ,  c y l i n d r i c a l  s h a f t  seen above t h e s e  r o l l s  
s e r v e d  as  a b r a c e  f o r  t h e  h o u s i n g  and was n o t  used f o r  f o rm ing .  
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B.3 R e s u l t s  

A n a l y s i  s o f  t h e  e x p e c t e d  s t r e s s  d i s t r i b u t i o n  i n  a p a r a b o l i c  gore 
s e c t i o n  i n d i c a t e d  t h a t  t h e  edges o f  t h e  s h e e t  w o u l d  need t o  be 
c l o s e l y  c o n t r o l l e d  d u r i n g  f o r m i n g  t o  a v o i d  b u c k l i n g .  B u c k l i n g  
would be caused by t h e  h i g h  compress ive s t r e s s  a long t h e  e d g e s  o f  
t h e  s h e e t s .  T h i s  s t r e s s  c o u l d  b e  v i s u a l i z e d  b y  u s i n g  a 
r e c t a n g u l a r  sheet  as an example. I f  t h e  s h e e t  w e r e  r o l l e d  i n  a 
c o n v e n t i o n a l  f o r m e r ,  no p a r t  o f  t h e  s h e e t  would change l e n g t h .  
The d e f o r m a t i o n  would be c a u s e d  c o m p l e t e l y  b y  b e n d i n g  s t r e s s e s  
a c r o s s  t h e  t h i c k n e s s  of t he  sheet.  I n  f o r m i n g  a compound shape, 
t h e  sheet w o u l d  change l e n g t h .  The p r i m a r y  s t r e s s e s  w o u l d  be 
a x i a l  r a t h e r  t h a n  b e n d i n g .  The sheet would m i n i m i z e  i t s  s t r a i n  
energy, and h a l f  t he  s h e e t  w o u l d  be  i n  a x i a l  t e n s i o n  w h i l e  t h e  
o t h e r  h a l f  would be i n  a x i a l  compress ion.  The magni tude o f  these 
s t r e s s e s  would be l a r g e .  I n  f a c t ,  t o  permanent ly  f o r m  t h e  s h e e t ,  
t h e  s t r e s s e s  w o u l d  have t o  b e  g r e a t e r  t h a n  t h e  y i e l d  s t r e n g t h .  
A x i a l  t e n s i l e  l o a d s  a b o v e  y i e l d  w o u l d  n o t  n e c e s s a r i l y  b e  
t r o u b l e s o m e ,  b u t  a x i a l  compress ive loads  o f  t h i s  magni tude m i g h t  
e a s i l y  produce i n s t a b i l i t i e s  ( b u c k l i n g )  i n  sheet me ta l .  

I n i t i a l  r e s u l t s  w i t h  t h e  r o l l  f o r m e r  p r o v e d  t h a t  t h i s  was t h e  
case. The edges o f  t h e  s h e e t s  b u c k l e d  and no r e p e a t a b l e  shape 
was achieved i n  t h e  f i r s t  se t  o f  t e s t s .  

Two approaches were taken  t o  e l i m i n a t e  b u c k l i n g .  The unsuppor ted  
span of  t h e  sheet  was m i n i m i z e d ,  and t h e  c o m p r e s s i v e  s t r e s s  i n  
t h e  s h e e t  was r e d u c e d .  The f i r s t  approach r e q u i r e d  m o d i f i c a t i o n  
o f  t h e  r o l l s  t o  a l l o w  a c l o s e r  f i t .  T h i s  c h a n g e d  t h e  b u c k l i n g  
p a t t e r n  b u t  d i d  n o t  e l i m i n a t e  i t .  The second approach used t h e  
mo t ion  o f  t h e  t o p  r o l l  and a h i g h  p i n c h i n g  p r e s s u r e  b e t w e e n  t h e  
r o l l s  t o  s t r e t c h  t h e  p a r t  as i t  was be ing  formed. 

T h e  i m p o s i t i o n  o f  t e n s i  l e  m e m b r a n e  s t r e s s  t h r o u g h  s t r e t c h  
e l i m i n a t e d  t h e  b u c k l i n g  b u t  c r e a t e d  o t h e r  d i f f i c u l t i e s .  F i g u r e  
B6 shows t h e  p a r t s  made b y  t h i s  method. F i g u r e  B6(A) r e p r e s e n t s  
t h e  shape a c h i e v e d  i n i t i a l l y .  The d e s i r e d  p a r t  h a d  a d i  shed 
c o n t o u r  w i t h  a l l  edges  r i s i n g ,  t h e  edges o f  t h e  a c t u a l  p a r t  
d r o p p e d ,  c r e a t i n g  a s a d d l e  shape.  I t  i s  b e l i e v e d  t h a t  t h i s  
e f f e c t  was c a u s e d  n o t  b y  a x i a l  o r  b e n d i n g  l o a d s ,  b u t  b y  c o l d  
w o r k i n g .  I n  o r d e r  t o  h o l d  t h e  p a r t  t i g h t l y  e n o u g h  t o  a l l o w  
s t r e t c h i n g ,  t h e  p r e s s u r e  of t h e  r o l l s  y i e l d e d  t h e  meta l  between 
each r o l l .  T h i s  compress ive y i e l d i n g  across t h e  t h i c k n e s s  caused 
t h e  s h e e t s  t o  e l o n g a t e .  The longer  s e c t i o n s  then  tended t o  have 
a l a r g e r  r a d i u s  of c u r v a t u r e  (due t o  l a r g e r  c i r c u m f e r e n c e )  i n  t h e  
o p p o s i t e  d i r e c t i o n ,  t h u s  c r e a t i n g  t h e  sadd le  shape. 
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Some experimentat ion was done to  t ry  t o  control the cold w o r k i n g  
i n  such a way t h a t  t h e  cold working i t s e l f  would c a u s e  t h e  
d e s i r e d  shape. I t  was f o u n d  t h a t  t h i s  approach was extremely 
sensi t ive t o  many subt le t ies .  F o r  i n s t a n c e ,  nominal v a r i a t i o n s  
i n  s tock thickness (from piece t o  piece and across the w i d t h  of a 
s h e e t )  caused s i g n i f i c a n t  changes i n  t h e  f i n a l  p a r t .  S l i g h t  
i m p e r f e c t i o n s  i n  t h e  c o n t o u r  of t h e  r o l l s  were g r e a t l y  
exaggerated. Figure B6(t3) represents the shape i n  these attempts. 
The process could not  be controlled.  

From t h e  t e s t i n g  done w i t h  a small-scale, modified r o l l  former, 
i t  was concluded t h a t  three-dimensional  rol  1 bending of shee t  
metal cannot  be used to  form dish skins. Although combined cold 
work ing  and r o l l  forming can c r e a t e  three-dimensional  shapes,  
control of the process makes i t  impractical as a forming method. 
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M. Murphy 
D. Hawkins 

Solar Kinetics, Inc. 
P.O. Box 540636 
Dallas, TX 75354-0636 
Attn: J. A. Hutchison 

Solar Steam 
P.O. Box 32 
Fox Island, WA 98333 
Attn: D. E. Wood 

Southern California Edison (3) 
P.O. Box 800 
Rosemead, CA 92807 
Attn: J. N. Reeves 

P. Skvarna 

SLEMCO 
19655 Redberry Dr. 
Los Gatos, CA 95030 
Attn: A. J. Slemmons 
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Stearns-Catalytic Corp. 
Box 5888 
Denver, CO 80217 
Attn: T. E. Olson 

Stirling Thermal Motors 
2841 Boardwalk 
Ann Arbor, MI 48104 
Attn: Ben Ziph 

Sun Exploration and Production Co. 
P.O. Box 2880 
Dallas, TX 75221-2880 
Attn: R. I. Benner 

Sun Power, Inc. 
6 Byard St. 
Athens, OH 45701 
Attn: Mac Thayer 

Sundstrand ATG 
P.O. Box 7002 
Rockford, I L  61125 
Attn: D. Chaudoir 

Suntec Systems, Inc. 
P.O. Box 315 
Savage, M N  55378 
Attn: Harrison Randolph 

J .  #.  Davison 

Swedlow, Inc. 
12122 Western Avenue 
Garden Grove, CA 92645 
Attn: E. Nixon 

3M-Energy Control Products (2) 
207-1W 3M Center 
St. Paul, MN 55144 
Attn: B. Benson 

J. L. Roche 

Texas Tech University 
Dept. of Electrical Engineering 
P.O. Box 4439 
Lubbock, TX 79409 
Attn: E. A. O'Hair 

TRW (3) 
§pace ti Technology Group 
Cne Space Park 
Bedoado Beach, CA 90278 
Attn: G. M. Reppucci 

A. D. Schoenfeld 
J. S. Archer 

U.S. Department of Energy ( 4 )  
Albuquerque Operations Office 
P.O. Box 5400 
Albuquerque, NM 87185 
Attn: C. Garcia 

D. Graves 
N. Lackey 

U.S. Department of Energy 
Office of Solar Heat Technologies 
Forrestal Building 
Washington, DC 20585 
Attn: Fred Morse 

U.S. Department of Energy 
Office of Solar Heat Technologies 
Forrestal Building 
Washington, DC 20585 
Attn: C. Carwile 

U.S. Department of Energy 
Division of Solar Thermal Tech. 
Forrestal Building 
Washington, DC 20585 
Attn: Howard S. Coleman 

R. Shivers 

S. Gronich 
C. Mangold 
M. Scheve 
F. Wilkins 

s .  s v  

U.S. Department of Energy 
San Francisco Operations Ofc. 
1333 Broadway 
Oakland, CA 94612 
Attn: R. W. Hughey 

U.S. Robotics 
8100 N. McCormack Blvd. 
Skokie, IL 60076 
Attn: Paul Collard 
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University of Houston (2) 
Energy Laboratory; SPA 
Houston, TX 73004 
Attn: Lorin Vtnt-Hull 

A. F. Hildebrandt 

University of New Mexico (2) 
Department of Mechanical Engr. 
Albuquerque, NM 87131 
Attn: M. W. Wilden 

W. A. Gross 

Viking Solar Systems, Inc. 
1850 Earlmont Ave. 
La Canada, CA 91011 
Attn: George Goranson 

WG Associates 
6607 Stonebrook Circle 
Dallas, TX 75240 
Attn: Vern Goldberg 

0400 
1510 
1513 
1810 
1820 
1824 
1830 
1832 
1840 
1841 
1842 
1846 
2520 
2525 
2540 
2541 
3141 
3151 
3154 
3160 
6000 
6200 
6220 
6221 
6222 
6223 
6224 
6225 
6226 
6227 

R .  P .  
J. W. 
D. W. 
R. G. 
R. E. 
J. N. 
M. J. 
W. B. 
R. J. 
R. B. 
R. E. 
D. H. 
N. J. 
R. P .  
G. N. 
J. P .  
S. A .  
w .  L. 
C. H. 
J. E. 
D. L. 
v. L.' 
D. G. 
E. C. 
J. V. 
G. J. 
D. E. 

J. T. 
J. A. 

H. n. 

Stromberg 
Nunz iato 
Larson 
Kepler 
Whan 
Sweet 
Davis 
Jones 
Eagan 
Diegle 
Loehman 
Doughty 
Magnani 
Clark 
Beeler 
Abbin 
Landenberger (5) 
Garner (3) - 
Dalin 
Mitchell 
Hartley 
Dugan 
Schue ler 
Boes 
Otts 
Jones 
Arvizu 
Dodd 
Holmes 
Leonard (20) 

6254 B. Granoff 
7470 J. L. Ledman 
7471 D. L. Stewart 
8024 P .  W. Dean 
8470 R. L. Rinne 
8471 A .  C. Skinrood 

6250 B. W. Marshall 
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