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SOLAR THERMAL TECHNOLOGY 
FOREWORD 

The research described in this report was conducted within the 
U . S. Department of Energy's Sol ar Thermal Techno1 ogy Program. 
program directs efforts to incorporate technically proven and 
economically competitive solar thermal options into our nation's 
energy supply. 
national laboratories that work with industry. 

Thi s 

These efforts are carried out through a network of 

In a solar thermal system, mirrors or lenses focus sunlight onto 
a receiver where a working fluid absorbs the solar energy as heat. 
The system then converts the energy into electricity or uses it as 
process heat. There are two kinds of solar thermal systems: central 
receiver systems and distributed receiver systems. A central receiver 
system uses a field of heliostats (two-axis tracking mirrors) to focus 
the sun's radiant energy onto a receiver mounted on a tower. A 
distributed receiver system uses three types of optical 
arrangements--parabol ic troughs, parabol ic dishes, and hemispherical 
bowls--to focus sunlight onto either a line or point receiver. 
Distributed receivers may either stand alone or be grouped. 

This report presents the results of stressed membrane he1 iostat 
devel opment performed by Sol ar Kinetics Inc. 
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ABSTRACT 

The stressed membrane reflective assembly offers a unique and innovative 
approach to heliostat design and fabrication. The concept is simple: 
two circular membranes or diaphragms are attached at their perimeter to 
a ring. The plenum formed by the membranes and ring is evacuated to 
privide focus. 
prevents collapse of the structure. 

Stiffness is provided through membrane tension; the ring 

The stressed membrane design provides for a substantial cost and weight 
reduction over conventional structures. The first generation of 
stressed membrane design provides more than a twenty percent cost 
reduction (from $71 to $55 per square meter) over second generation 
glass/metal concentrators of similar size. Weight reduction is achieved 
through the unique fashion in which the concentrator carries its load. 

The stressed membrane concentrator offers many benefits including lower 
weight, lower cost and simplicity. Our analysis indicates these 
benefits are gained without impairing performance. 

i i i / i v  





PREFACE 

T h i  s r e p o r t  was p r o v i d e d  t o  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 ,  
Livermore, C a l i f o r n i a  under cont rac t  91-8808A, i n  September 1986. 
The s t u d y  was per fo rmed b y  S o l a r  K ine t ics ,  Incorporated and t h e  
r e s u l t s  were p r e s e n t e d  a t  a f i n a l  r e v i e w  h e l d  i n  L i v e r m o r e .  

We wou ld  l i k e  t o  r e c o g n i z e  t h e  a s s i s t a n c e  p r o v i d e d  by several  
i n d i v i d u a l s  o u t s i d e  o f  o u r  own o r g a n i z a t i o n .  I n  p a r t i c u l a r ,  

C .  L. Mavis  (Sandia) f o r  gu id ing t h e  study and prov id ing  i n p u t  on 
several  issues, and L. M. Murphy (SERI )  f o r  t i m e l y  development o f  

t h e  s t r u c t u r a l  ana lys is  of a h i g h l y  in tegra ted  s t ruc tu re .  

v/vi 
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SECTION 1.0 

I NTRODU CT I O N  

The st ressed membrane r e f l e c t o r  assembly i s  a unique concept 
d i r e c t e d  towards reducing t h e  cos t  o f  a h e l i o s t a t .  The system 
achieves c o s t  reduc t i on  by i t s  i nnova t i ve  approach i n  r e s i s t i n g  
and d i s t r i b u t i n g  loads. Conceptual desc r ip t i ons  and designs have 
been devel  oped by severa l  o rgan iza t ions  (e.g., Ref. 1 and Ref. 
2). The So lar  K i n e t i c s  s t ressed membrane r e f l e c t o r  assembly was 
designed under c o n t r a c t  t o  Sandia; some design fea tu res  out1 ined 
i n  t h e  r e p o r t  a re  s i m i l a r  t o  those proposed i n  referenced 
documents, and o thers  represent  s i g n i f i c a n t  departures.  

F i g u r e  1.1 p r e s e n t s  a s c h e m a t i c  o v e r v i e w  o f  t h e  r e f l e c t o r  
assembly. The m i r r o r  module i s  a 150 square  me te r  a p e r t u r e ,  
m o n o l i t h i c  assembly composed of a tensioned membrane welded t o  a 
t o r o i d a l  r i n g  a t  the  circumference. Membrane tens ion  i s  p r o v i d e d  
by  a c o m b i n a t i o n  o f  mechan ica l  d e f o r m a t i o n  o f  the r i n g  f langes  
a f t e r  membrane a t t a c h m e n t  and an i n f l a t a b l e  t u b e .  A f a n  
p e n e t r a t e s  t h e  r e a r  membrane t o  p r o v i d e  a pressure source. I f  
t h e  plenum i s  evacuated, t h e  f r o n t  membrane w i l l  f o c u s ;  i f  
p r e s s u r i z e d ,  t h e  membranes w i l l  de-focus. The module i s  mounted 
on s i x ,  c e n t i l e v e r ,  r a d i a l  arms. These arms t e r m i n a t e  a t  a 
c i r c u l a r  hub d r i v e  mount. 

F igure  1.2 presents  many o f  t h e  c h a r a c t e r i s t i c s  developed i n  t h i s  
r e p o r t .  S ize was e s s e n t i a l l y  determined by Balance o f  H e l i o s t a t  
(BOH) costs,  t h a t  i s ,  t h e  d r i v e ,  pedestal ,  i n s t a l l a t i o n ,  and a l l  
o the r  components n o t  d i r e c t l y  associated w i th  t h e  r e f l e c t o r  
assembly. It i s  c e r t a i n l y  poss ib le  f o r  t h e  s t ressed membrane 
concept t o  be expanded t o  l a r g e r  apertures.  We e lec ted  t o  s e l e c t  
t h e  l a r g e s t  area h e l i o s t a t  f o r  which d r i v e  c o s t  goa ls  were 
avai  1 ab1 e. 

Aluminum was s e l e c t e d  f o r  t h e  m i r r o r  module due t o  cost .  The 
p r i m a r y  r e q u i r e m e n t s  f o r  membrane m a t e r i a l s  a r e  t o  s u p p o r t  
t e n s i o n ,  p r o v i d e  good c o r r o s i o n  r e s i s t a n c e ,  and a l low handl ing 
w i t h o u t  l o c a l i z e d  y i e l d .  Carbon s t e e l  was e l i m i n a t e d  on t h e  
b a s i s  o f  c o r r o s i o n  p r o t e c t i o n  c o s t .  Aluminum a t  t e n  m i l s  and 
austenet ic  s t a i n l e s s  a t  t h r e e  m i l s  showed r o u g h l y  s i m i  l a r  cos ts .  

The r i n g  i s  l oaded  i n  compression by the  membrane. Because t h e  
membrane enhances t h e  s t a b i l i t y  o f  t h e  system, r i n g  d e s i g n  i s  
based upon y i e l d  r a t h e r  t h a n  buck l i ng  i n  s p i t e  of the  f a c t  t h a t  
i t  i s  a long, s lender column. Consequently, r i n g  c r o s s - s e c t i o n a l  
a rea  r e q u i r e m e n t s  a r e  based upon area and y i e l d  strength;  they 
are no t  based upon bend ing  s t i f f n e s s .  A d i r e c t  compar ison o f  
s t a i n l e s s  t o  aluminum r i n g s  i nd i ca ted  subs tan t i a l  savings i n  the  
aluminum r i n g .  We e l e c t e d  t o  keep i d e n t i c a l  m a t e r i a l s  i n  t h e  
membrane and r i n g  t o  take advantage of a f i x e d  connection. 



/ 

M
E

C
H

A
N

IC
A

L
 

T
E

N
S

IO
N

 

R
IN

G
 

I +
 

Iu
 

M
E

M
B

R
A

N
E

 
%

 P
LE

N
U

M
- 

2 
2 

\
!

,
 

2 

7
 

F
L

E
X

 C
O

N
W

E
( 

FI
G,

 1
 

SC
HE

MA
TI

C 
RE

PR
ES

EN
TA

TI
ON

 O
F 

RE
FL

EC
TO

R 
AS

SE
IUi

BL
Y 

kf
 

m
O

L
A

R
 K

D
N

lT
lC

I 
lN

C
a
 



A
P

E
R

T
U

R
E

 
1

5
0

 S
Q

 M
E

T
E

R
S

 

M
E

M
B

R
A

N
E

 
0

.0
1

0
' 

A
L

U
M

IN
U

M
 6

0
 L

B
/I

N
 

0
, 
R

IN
G

 
0

.0
9

0
"
 x

 3
' 

x 
1

2
' 

R
E

C
T

 

0
, 
S

U
P

P
O

R
T

S
 

A
T

T
A

C
H

M
E

N
T

 
R

A
D

IA
L

/C
IR

C
U

M
F

E
R

E
N

T
IA

L
 

T
E

N
S

IO
N

 

T
U

B
E

 A
L

U
M

IN
U

M
 

S
IX

 S
T

E
E

L
 T

R
U

S
S

 S
U

P
P

O
R

T
S

 

F
IX

 

D
E

S
IG

N
 B

A
S

IS
 

S
T

R
E

S
S

 S
E

N
S

IT
IV

E
 

A
T

 5
0

 M
P

H
 

C
O

S
T

 
$

5
5

.2
6

/m
2

 

FI
G

. 
1.

2 
MA

JO
R 

DE
SI

GN
 C

HA
RA

CT
ER

IS
TI

CS
 

m
O

L
A

IP
I 

K
IN

R
T

IC
m

 I
N

C
m

 



The t russ  supports, on the other hand, are dominated by stiffness 
requirements. Steel was chosen as the  best structural  material 
for bending. Six supports proved t o  be the lowest cost approach 
for  a concentrated load drive structure. 

Different portions of the structure were critical under different 
loadings. In general, however, the heliostat  i s  most severely 
loaded i n  the f i f t y  mile per hour w i n d  speed i n  a "non-stow" 
worst orientation. The ninety mile per hour stow wind speeds 
were n o t  subs t an t i  a1 ly different ,  however, and d i d  control the 
design of a few elements. 

We determined t h a t  the installed cost of a complete stressed 
membrane heliostat would be $55.26 per square meter of aperture 
i n  the f i r s t  year of a 50000 u n i t  production volume scenario. 

The following report i s  essentially developed i n  three seperate 
sections. The f i r s t ,  Design, reviews the  methodology a n d  
conclusions developed by Solar Kinetics Inc .  ( S K I )  i n  the 
analysis of a stressed membrane reflector assembly. The second, 
Manufacturing and Costs, summarizes the fabrication process, 
f a c i l i t y  requirements, and cost breakdowns. The las t  section, 
Prototype, re f lec ts  the testing and construction experience 
gained by SKI during the  fabrication of the f i r s t  f i f t y  square 
meter stressed membrane ref lector assembly for central receivers. 

The contract d i d  provide for some constraints on the commercial 
and prototype efforts. F i r s t ,  the membrane reflective polymer 
material was n o t  of primary interest  and polymer development 
was specifically excluded. The drive/pedestal portion of the 
heliostat  was also not of primary interest, and second generation 
"glass t o  metal" components from the drive down were used for 
cos t  development. I n  f a c t ,  the prototype stressed membrane 
reflector assembly was modified slightly t o  m o u n t  on an existing 
ARC0 drive/pedestal . 
1 .I RECOMMENDED FOLLOW-ON ACTIVITIES 

T h e  ref lector assembly installed a t  the Central Receiver Test 
F a c i l t y  (CRTF)  was the f i r s t  relatively large stressed membrane 
mirror m o d u l e  fabricated. There were no "practice-runs" or 
t r ia ls  b u i l t  elsewhere. Consequently, a substanti a1 amount of 
f a b r i c a t i o n  techniques and information was developed. The 
existing prototype i s  successful .  Based u p o n  preliminary 
evaluation, we would estimate t h a t  ninety-five percent of the 
o p t i c a l  surface i s  an  accurate contour. The remaining f i v e  
percent could be gained w i t h  another u n i t .  

We w o u l d  recommend t h a t  several follow-on efforts be conducted t o  
provide f o r  f u r t h e r  reductions i n  c o s t ,  improvements i n  
performance, and add i t iona l  confidence anongst the industry i n  an 
i nnova t i  ve sol uti on: 

1-4 



1. A d d i t i o n a l  s t ressed membranes o f  s i m i l a r  s i z e  t o  improve 
f a b r i c a t i o n  t e c h n i q u e s  and f u r t h e r  r e d u c e  m a t e r i a l  
th ickness. 

A f u l l  s c a l e  stressed membrane design t o  demonstrate a l l  
s t r u c t u r a l  and o p t i c a l  p roper t ies .  

Fu r the r  development of  s i z e  opt imizat ions.  

E x p l o r a t i o n  o f  a l t e r n a t e  s u p p o r t  and d r i v e  concepts  
s u i t a b l e  f o r  a new concentrator  design. 

2. 

3. 

4. 

5. D e v e l o p m e n t  o f  c l e a n i n g  s t r a t e g i e s  a p p r o p r i a t e  t o  
polymeric and membrane surfaces. 

As a ' lone-o f -a -k ind"  t e s t  a r t i c l e ,  t he re  i s  always a s l i g h t  b i t  
o f  conservatism app l ied  t o  the design. Some a d d i t i o n a l  weight  and 
c o s t  r e d u c t i o n s  c o u l d  be appl ied t o  the  prototype and commercial 
assembly through f u r t h e r  op t im iza t i on  o f  t he  bas ic  design. These 
areas  m i g h t  i n c l u d e  a l t e r n a t e  load p r o f i l e s  t o  reduce s t r u c t u r a l  
weight, l ess  concern over handl ing cons t ra in t s  t o  reduce membrane 
w e i g h t ,  u n i f o r m  t e n s i o n  d i s t r i b u t i o n  w i t h o u t  t h e  c o s t  o f  an 
i n f l a t a b l e  tube, and poss ib le  f u r t h e r  i n c r e a s e s  i n  a p e r t u r e  p e r  
he1 i o s t  at .  

The e x i s t i n g  p r o t o t y p e  r e p r e s e n t s  an e f f o r t  t o  s c a l e  t h e  
commerc ia l  d e s i g n  i n  o r d e r  t h a t  i t  m i g h t  be c o n n e c t e d  t o  an 
e x i s t i n g  second g e n e r a t i o n  h e l i o s t a t  d r i v e / p e d e s t a l .  To take 
advantage o f  t h e  s t r e s s e d  membranes u n i q u e  app l  i c a b i  1 i t y  t o  
l a r g e  a p e r t u r e  he1 i o s t a t s ,  t h e  concept should be demonstrated a t  
f u l l  sca le .  T h i s  d e m o n s t r a t i o n  c o u l d  p o t e n t i a l  l y  a1 l e v i a t e  
c o n c e r n s  o v e r  dynamic i s s u e s  t h a t  a r e  r e l a t e d  t o  s i z e  (e.g. 
v o r t e x  s h e d d i n g ,  s t r u c t u r a l  n a t u r a l  f r e q u e n c y ) .  T h e  
d e m o n s t r a t i o n  wou ld  a l s o  p r o v i d e  a d d i t i o n a l  feedback on t h e  
design e f f o r t  t o  cont inue the  cost  reduc t ion  e f f o r t s .  

T h e  p i l o t  p l a n t  d e m o n s t r a t i o n s  a t  B a r s t o w  have  c l e a r l y  
demonstrated the  advantages o f  c l e a n  r e f l e c t i v e  sur faces .  The 
s t r e s s e d  membrane c o n c e n t r a t o r ,  p a r t i c u l a r l y  i t s  po lymer 
r e f l e c t i v e  surface, cannot be subjected t o  t h e  same t y p e  o f  wash 
c y c l e  d e v e l  oped f o r  g l  ass/met a1 he1 i o s t a t s .  Polymers, i n  t h e i r  
cu r ren t  s t a t e  of development, w i l l  not  t o l e r a t e  a g i t a t i o n  as t h e  
w i p i n g  w i l l  s c r a t c h  t h e  a c r y l i c  s u r f a c e .  There  i s  a l s o  some 
concern  over  d i r e c t  c o n t a c t  w i t h  a membrane caus ing  p h y s i c a l  
damage. Consequently, we f e e l  t h a t  sane fo l low-on e f f o r t s  should 
be d i r e c t e d  towards washing techniques. 

It i s  q u i t e  l i k e l y  t h a t  some a l t e r n a t e  means o f  support  would 
p rov ide  fo r  f u r t h e r  cos t  reduc t ions  i n  t h e  s t ressed membrane 
h e l i o s t a t .  The m i r r o r  module does e x h i b i t  a unique proper ty ;  t h a t  
i s ,  t h e  t r a n s f e r  o f  a l l  loads t o  i t s  per iphery.  A d r ive /suppor t  
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s t r u c t u r e  c o u l d  c o n c e i v a b l y  be des igned t h a t  took advantage of 
t h i s  t r a n s f e r .  I f  bend ing  and/or  s t a b i l i t y  concerns  c o u l d  be 
a v o i d e d ,  such  a s u p p o r t  s y s t e m  c o u l d  o f f e r  s a v i n g s  o v e r  
cen t ra l i zed  designs. 

A n o t h e r  app roach  t o  r e d u c t i o n  i n  s u p p o r t  r e q u i r e m e n t s  i s  t o  
reduce the  apparen t  loads .  The e x i s t i n g  s e t  o f  components i s  
l a r g e l y  d e s i g n e d  b a s e d  u p o n  s t r e s s  i n  t h e  "50 mph any  
or ien ta t ion ' '  condi t ion,  though t h e  90 mph stow p o s i t i o n  i s  v e r y  
c l o s e  and, i n  f a c t ,  dominates t h e  d e s i g n  o f  p o r t i o n s  o f  t h e  
support assembly. Consequent ly,  we b e l i e v e  t h a t  o n l y  m a r g i n a l  
g a i n s  a r e  a v a i l a b l e  t h r o u g h  w ind  avo idance  f e a t h e r i n g  schemes 
unless stow loadings can a lso  be reduced. 

The s t r e s s e d  membrane r e f l e c t o r  assembly o f f e r s  a means t o  
s u b s t a n t i a l l y  reduce c e n t r a l  r e c e i v e r  c o n c e n t r a t o r  cos t .  We 
b e l i e v e  t h a t  s i g n i f i c a n t  reduct ions i n  cost  can cont inue t o  occur 
t h r o u g h  f u r t h e r  o p t i m i z a t i o n  e f f o r t s .  We a l s o  f e e l  t h a t  
development of f u l l  s i z e  r e f l e c t o r s  and o p e r a t i o n  o f  stressed 
membrane assemb l ies  w i  11 reduce  c o n c e r n  o v e r  an i n n o v a t i v e  
design w i t h  subs tan t i a l  promise. 

1.2 BALANCE OF HELIOSTAT 

Ba lance  of H e l i o s t a t  (BOH) i s  defined as a l l  components requ i red  
f o r  a h e l i o s t a t  exc lud ing t h e  r e f l e c t o r  assembly. T h i s  c a t e g o r y  
i n c l u d e s  t h e  d r i v e ,  p e d e s t a l ,  f o u n d a t i o n s ,  t r a c k i n g  contro ls ,  
f i e l d  w i r ing ,  and o t h e r  m i s c e l l a n e o u s  i tems.  The approach t o  
t h i s  r e f l e c t o r  assembly d e s i g n  was t o  adopt a second generat ion 
p e d e s t a l  and d r i v e .  The u n i t  s e l e c t e d  f o r  t h i s  d e s i g n  i s  
documented i n  Ref. 3. This  dr ive/pedesta l  was used f o r  i n t e r f a c e  
des ign  because t h e  b a l l  sc rew e l e v a t i o n  d r i v e  p r o v i d e d  a 
c o n v e n i e n t  t e r m i n a t i o n  p o i n t  f o r  a c o n c e n t r a t e d  d r i v e  load.  
A l te rna te  second generat ion dr ives  could be se lec ted  t o  mate w i t h  
t h e  s t r e s s e d  membrane w i t h o u t  s i g n i f i c a n t  impact upon design or 
cost .  

BOH c o s t s  were developed from Ref. 4 which addressed expense f o r  
d i f f e r e n t  s ized  apertures. Cost as a f u n c t i o n  o f  h e l i o s t a t  s i z e  
d e v e l o p e d  i n t o  a c r i t i c a l  i ssue .  The s i z e  o f  t h e  r e f l e c t o r  
assembly was on ly  weakly l i n k e d  t o  cos t ;  a s t r o n g  r e l a t i o n s h i p  
between s i z e  and cost  e x i s t s  f o r  BOH components. 

F i g u r e  1.3 summarizes t h e  r e s u l t s  o f  BOH c o s t s  f o r  d i f f e r e n t  
aper ture sizes. Our est imates o f  these c o s i s  f o r  t h e  150 square  
me te r  r e f l e c t o r  assembly i s  a l s o  shown. Although t h i s  e f f o r t  
was devoted t o  r e f l e c t o r  assembly design, i t  i s  q u i t e  c l e a r  t h a t  
l a r g e  a p e r t u r e  des igns  p r o v i d e  s i g n i f i c a n t  economies due t o  BOH 
cos ts  . 

BOH cos ts ,  a d j u s t e d  f o r  i n f l a t i o n ,  and p r o j e c t i o n s  o f  l a rge  
a p e r t u r e  cos ts ,  a r e  developed i n  t h e  c o s t  s e c t i o n  o f  t h i s  
document. 

* 
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I t  i s  c l e a r  t h a t  150 s q u a r e  m e t e r s  i s  n o t  n e c e s s a r i l y  an 
180ptimum18 des ign  s i z e  f o r  t h e  h e l i o s t a t .  The  a p e r t u r e  was 
s e l e c t e d  as  t h e  l a r g e s t  a rea  f o r  wh ich  c o s t  p r o j e c t i o n s  on 
balance o f  h e l i o s t a t  components were a v a i l a b l e .  I t  i s  l i k e l y  
t h a t  l a r g e r  areas a r e  p r a c t i c a l ,  p a r t i c u l a r l y  w i t h  regard t o  the 
m i r r o r  module. There are some caveats  p l a c e d  on e x t r a p o l a t i o n s  
o f  cost  a t  l a rge  apertures: 

1. P e r f o r m a n c e  i s s u e s  r e l a t e d  t o  s i z e ,  such as o f f - a x i s  
as t igmat ism,  were s p e c i f i c a l l y  n o t  a d d r e s s e d  i n  t h i s  
document .  The r e a d e r  i s  r e f e r r e d  t o  Ref.  5 on t h e s e  
issues. 

2. The c e n t r a l i z e d  p e d e s t a l / d r i v e  assembly adopted f o r  t h i s  
design study s u f f e r s  fran a support s t r u c t u r e  t h a t  d e f l e c t s  
b y  t h e  cube  o f  r a d i u s  w h i l e  a p e r t u r e  i n c r e a s e s  by  t h e  
square. 

3.  Dynamic i s s u e s ,  b o t h  t h e  response and l o a d  e x c i t a t i o n  
frequencies, change w i t h  r a d i u s .  A t  t h i s  t i m e  i t  i s  n o t  
c l e a r  i f  dynamic issues w i l l  l i m i t  s ize.  

F u r t h e r  o p t i m i z a t i o n  work i n  t h i s  a rea  may p r o v i d e  add i t i ona l  
cos t  advantages. 

1.3 COMPONENT RELATIONSHIPS 

Each component of the stressed membrane r e f l e c t o r  assembly has an 
impact  upon t h e  r e m a i n i n g  p a r t s .  I t  i s  t h e  v e r y  n a t u r e  o f  a 
s t r u c t u r a l l y  e f f i c i e n t  shape t o  be r e l i a n t  upon t h e  assembly o f  
a l l  parts,  r a t h e r  t h a n  s e v e r a l  d i s c r e t e  components t o  p r o v i d e  
l o a d  r e s i s t a n c e .  The ma jo r  d i v i s i o n s  presented below: design 
basis, m i r r o r  module, suppor t  s t r u c t u r e ,  and f o c a l  c o n t r o l  a r e  
f o r  t h e  c o n v e n i e n c e  o f  d e s c r i p t i o n .  I t  was i m p o s s i b l e  t o  
c o m p l e t e l y  d i v o r c e  componen ts  f r o m  one a n o t h e r ,  o p t i m i z e  
separately,  and combine the  par ts .  



SECTION 2.0 

DESIGN BASIS  

Development o f  t h e  s t ressed membrane r e f l e c t o r  assembly was based 
on c r i t e r i a  es tab l i shed by cont rac t ,  i nc lud ing :  p roduc t ion  
volume, performance goals, s u r v i v a l  requirements, opera t iona l  
l i f e ,  and sa fe ty .  The 
des ign requirements a re  i n  Reference 6. 

Some o f  these c r i t e r i a  a re  repeated below. 

A. Manufactur ing volume design bas is  was 50000 u n i t s  per year. 

8. P e r f o r m a n c e  r e q u i r e m e n t s  ove r  normal  ambient t e m p e r a t u r e  
ranges w i t h  the  sun a t  o r  above 0.26 rad (15") e l e v a t i o n  were 
d i v i d e d  i n t o  no wind and 12 m/s (27 mph) wind cond i t ions .  

1. No wind w i t h  g r a v i t y .  
a. P o i n t i n g  accuracy  1.5 mrad s t a n d a r d  d e v i a t i o n  per 

b. N i n e t y  p e r c e n t  of r e f l e c t e d  energy  i n  t h e o r e t i c a l  
gimbal axis.  

beam shape p lus  1.4 mrad f r i n g e ,  

2. 27 mDh wind.  no g r a v i t y  - 1.2 mrad standard dev ia t i on  i n  
m i r r o r  normar ax i s -w i th  no  g r a v i t y  

27 mph wind, w i t h  g r a v i t y .  
a. 3.6 mrad rms slope e r r o r  over 

o r i  e n t a t i  on. 
b. Operate when subjected t o  osci 

3.  

C. Surv iva l  Requirements. 

1. M a i n t a i n  s t r u c t u r a l  i n t e g r i t y  a t  

2. M a i n t a i n  s t r u c t u r a l  i n t e g r i t y  a t  

any o r ien ta t i on .  

e n t i r e  surface i n  worst  

l a t o r y  wind loads. 

22 m/s (50 mph) wind i n  

40 m / s  (90 mDh) wind i n  
stow pos i t i on .  Maximum angle o f  a t tack  i s  s i x  degrees. 

3. Withstand o s c i l l a t o r y  wind loads. 

4. S u r v i v e  19  mm (1.0 i n )  d iamete r ,  0.9 s p e c i f i c  g r a v i t y  
h a i l  impact ing a t  20 m/s  (75 f t / s ) .  

D. Design and ma te r ia l  s e l e c t i o n  i s  based upon a 30 year l i f e .  

E. W i t h  beam c o n t r o l  s t r a t e g y ,  t h e  h e l i o s t a t  must defocus on 
command t o  3% o f  i n i t i a l  f l u x  v a l u e  i n  1 2 0  seconds .  A 
s p e c i a l  r e q u i r e m e n t  i n  the  body o f  the cont rac t  requ i red  t h e  
pressure c o n t r o l  u n i t  t o  have the  c a p a b i l i t y  of  changing f r o m  
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any o p e r a t i o n a l  f o c a l  l e n g t h  t o  a convex r a d i u s  i n  f i v e  
seconds .  A d e s i r e  t o  a c h i e v e  c o n v e x i t y  o n  l o s s  o f  
communicat ion o r  power was i n d i c a t e d .  A convex r a d i u s  o f  
1200 f t  was a l so  d e f i n e d  as reasonab le .  C o n v e x i t y  must  be 
a c c o m p l i s h e d  and m a i n t a i n e d  o v e r  t h e  e n t i r e  r a n g e  o f  
o p e r a t i o n a l  w i n d  speeds  and t h e  22 m/s ( 5 0  mph)  a n y  
o r i e n t a t i o n  case. 

The requirements summarized above r e f l e c t  t h e  most impor tant  
c r i t e r i a  i n  the  design. The a p p l i c a t i o n  o f  these requirements 
r e q u i r e  a m p l i f i c a t i o n  i n  some instances; consequently, they  are 
expl  a i  ned here. 

2.1 PRESSURE PROFILES 

S t r u c t u r a l  a n a l y s i s  o f  t h e  r e f l e c t o r  assembly based upon wind 
loading requ i res  several  assumptions. L o a d i n g  i s  i n f l u e n c e d  b y  
s i t e  c o n d i t i o n s ,  aerodynamic shape o f  the  body and t h e  r e l a t i v e  
p o s i t i o n  o f  the  h e l i o s t a t  t o  o b s t r u c t i o n s  (e.g. t h e  p o s i t i o n  o f  
h e l i o s t a t  i n  t h e  f i e l d  a r r a y ) .  The expense and e r r o r  o f  a 
r e f l e c t o r  a s s e m b l y  i s  s t r o n g l y  r e l a t e d  t o  t h e  amount  and 
d i s t r i b u t i o n  of ma te r ia l  r e s i s t i n g  t h a t  wind load. Consequently, 
t h e  a s s u m p t i o n  o f  w i n d  i n d u c e d  p r e s s u r e  p r o f i l e s  h a s  a 
s u b s t a n t i a l  impact  upon t h e  cos t /pe r fo rmance  t r a d e o f f  and t h e  
fundamental s e l e c t i o n  o f  s t r u c t u r a l  shapes r e q u i r e d  t o  r e s i s t  
load and minimize e r ro r .  

The d e s i g n  w i n d  speeds summarized i n  S e c t i o n  2.0 occur  a t  a 
re ference he igh t  o f  10m ( 3 0  f t ) .  To de te rm ine  t h e  " e f f e c t i v e "  
w ind  v e l o c i t y  f o r  t he  r e f l e c t o r  assembly, a one seventh power law 
r e l a t i o n s h i p  was used w i t h  t h e  c e n t e r  l i n e  o f  t h e  c o l l e c t o r  
represent ing the  " e f f e c t i v e "  height.  Ground e f f e c t s  were ignored. 
F o r  g r o u n d  s p a c i n g s  o f  t e n  p e r c e n t  o r  g r e a t e r  o f  t h e  
c h a r a c t e r i s t i c  d imension,  t h i s  assumpt ion i s  a c c u r a t e  w i t h i n  
approximately th ree  percent [Ref. 71. 

Wind v e l o c i t y  imposes a l o a d  upon t h e  s t r u c t u r e  b y  v i r t u e  o f  
dynamic pressure. The f i r s t  order ana lys is  assumes t h a t  p r e s s u r e  
i s  un i fo rm,  and t h e  magnitude o f  the  d i s t r i b u t i o n  i s  p ropor t i ona l  
t o  p r o j e c t e d  area. The r e s u l t  o f  t h i s  f i r s t  o r d e r  a n a l y s i s  
a p p l i e d  t o  t h e  r ing/membrane o n l y  i n d i c a t e d  t h a t  e r r o r  due t o  
wind and g r a v i t y  was most s i g n i f i c a n t  a t  60 degrees (0 degrees i s  
s tow,  90 d e g r e e s  i s  f a c i n g  t h e  h o r i z o n ) .  S t r e s s  reached a 
maximum a t  80 degrees i n  the  22 m/s (50 mph) cond i t ion .  
The development o f  s t ress  and e r r o r  i n  response t o  u n i f o r m  l o a d s  
i s  t r e a t e d  more r i g o r o u s l y  i n  Sect ion 3.0. I t  i s  addressed here 
p r i m a r i l y  t o  i n d i c a t e  t h e  r e l a t i v e  impact  o f  l o a d s  upon r i n g  
s t r e s s  and t h e  magn i tude  o f  e r r o r  i n  response t o  s teady  w ind  



1 oads. The membrane p r e t e n s i o n  i nduces  a normal  compress ive  
s t ress  i n  the  r ing,  and i t  i s  t h i s  compression t h a t  dominates t h e  
s t r e s s  s t a t e .  Wind loads induce on ly  f i f t e e n  percent of  t he  r i n g  
stress.  The e r r o r  a t  l o w e r  w ind  speeds was l e s s  t h a n  0.3 mrad 
because t h e  design of the  r i n g  was s t ress  l i m i t e d .  Consequently, 
f u r t h e r  development o f  t h e  load assumptions does no t  appear t o  be 
warranted. 

The s t r e s s  and e r r o r  o f  the support assembly, on t h e  other  hand, 
i s  e n t i r e l y  dominated by wind load condi t ions.  I t  i s  a p p r o p r i a t e  
t o  c o n s i d e r  some a l t e r n a t e  w ind  p r e s s u r e  p r o f i l e s .  Sources o f  
non-uni formi ty  i nc lude  unbalanced gus ts ,  v e l o c i t y  g r a d i e n t s  and 
ground e f f e c t s ,  b u t  r e s u l t  p r i m a r i l y  f r o m  t h e  tendency o f  the 
m i r r o r  module t o  behave as an a i r f o i l  a t  low ang les  o f  a t t a c k .  
Obv ious l y ,  t h e r e  i s  no one co r rec t  p r o f i l e ;  t he  shape cou ld  bes t  
be descr ibed by a complex, t ime dependent func t ion .  

The w o r s t  case p r e s s u r e  p r o f i l e  assumed was a v e l o c i t y  of 1.5 
times normal v e l o c i t y  s t r i k i n g  o n l y  h a l f  of t h e  f r o n t  s u r f a c e  
( F i g u r e  2.1). Th is  approach t o  wind design has been taken before 
[Ref. 133. The p r o f i l e  a lso genera tes  moment c o e f f i c i e n t s  t h a t  
a r e  v i r t u a l l y  i d e n t i c a l  ( w i t h i n  4%) t o  the  wind tunnel  r e s u l t s  i n  
second generat ion de ta i  1 design repo r t s  [Ref. 143. 

The n e x t  s t e p  was t o  d e t e r m i n e  the  reac t ions  o f  t he  s i x  t russes  
f r o m  such a load.  By o r i e n t i n g  t h e  p r e s s u r e  p r o f i l e  on t h e  
m i r r o r  modu le ,  a c o n d i t i o n  of  symmet ry  about  one a x i s  was 
obtained. Sumning fo rces  i n  the Z a x i s  and moments about  t h e  Y 
a x i s  y i e l d  a d d i t i o n a l  s t a t i c  equa t ions .  I t  was necessary  t o  
d e t e r m i n e  t h e  s t r a i n  energy  o f  t h e  r e f l e c t i v e  a s s e m b l y  when 
def 1 ec t  ed . 
The t o t a l  s t o r e d  p o t e n t i a l  energy of the system r e s u l t s  from out  
of  plane d e f l e c t i o n s  of t he  r i n g  and d e f l e c t i o n s  of t h e  t r u s s e s .  
The s p r i n g  c o n s t a n t  f o r  out of  plane d e f l e c t i o n s  o f  the  r i n g  was 
determined by computer modeling. Truss s p r i n g  c o n s t a n t s  f o r  t i p  
d e f l e c t i o n s  were de te rm ined  b y  i t e r a t i o n  f o r  a1 l o w a b l e  s l o p e  
er ro rs .  An a n a l y t i c a l  procedure was deve loped t h a t  i t e r a t e d  on 
t h e  m in imum p o t e n t i a l  e n e r g y  o f  t h e  s y s t e m  t o  s o l v e  t h e  
e q u i l i b r i u m  reac t i ons  of the  s i x  t russes.  

The h i n g e s  c o n n e c t i n g  t h e  m i r r o r  module t o  the  support s t r u c t u r e  
prevent  two o f  the  t russes  from r e s i s t i n g  l o a d s  p a r a l l e l  t o  t h e  
p l a n e  of t h e  membrane. For s t r u c t u r a l  development t h i s  load was 
assumed t o  be equa l l y  d i v i d e d  among t h e  r e m a i n i n g  f o u r  t r u s s e s .  
C o e f f i c i e n t s  f o r  moments about  the  o p t i c a l  a x i s  were taken f rom 
Re fe rence  14. T h i s  l o a d  was e q u a l l y  d i v i d e d  among a l l  s i x  
t russes. 

Once t h e  end l o a d s  of a l l  s i x  t russes  were determined, a f i n i t e  
element model was const ructed t o  examine s t resses and de f lec t ions .  
Element dimensions were adjusted i n  subsequent runs t o  achieve an 
opt imized s t r u c t u r e  f o r  t h e  given load ing  condi t ions.  
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A f t e r  t h e  design phase and pro to type f a b r i c a t i o n  were complete, a 
b r i e f  review of t h i s  p r o f i l e  f o r  rea r  s t r u c t u r e  d e s i g n  was made. 
I t  i s  ou r  o p i n i o n  t h a t  development  o f  such a p r o f i l e ,  a l though 
recommended b y  design l i t e r a t u r e  on s i m i l a r  s t r u c t u r e s  s u b j e c t e d  
t o  wind, r e p r e s e n t s  a conservat ive approach t o  design. Pressure 
p r o f i l e  development s h o u l d  b e  r e c o n s i d e r e d  i n  any  f u r t h e r  
op t im iza t i on  work. 

2.2 DYNAMIC RESPONSE 

The dynamic response of a c o l l e c t o r  assembly can be d i v ided  i n t o  
th ree  categor ies:  o s c i l l a t i o n s  o f  t h e  m i r r o r  module as a r i g i d  
body on f l e x i b l e  suppor t s ,  v i b r a t i o n s  o f  i n d i v i d u a l  s t r u c t u r a l  
members, o r  d e f o r m a t i o n s  o f  t h e  f l e x i b l e  r e f l e c t o r  s u r f a c e  
[ R e f .  71.  Wind l o a d s  have n o t  had s i g n i f i c a n t  impac ts  upon 
h e l i o s t a t  f i e l d  p e r f o r m a n c e  [ R e f .  4, 81, b u t  t h e  s t r e s s e d  
membrane m i r r o r  module presents a s i g n i f i c a n t  depar ture from past  
des igns  i n  t h e  l a s t  c a t e g o r y ,  t h a t  o f  d e f o r m a t i o n s  o f  t h e  
f 1 e x i  b l e  r e f  1 ec t  or  s u r f  ace. 

S u r f a c e  s l o p e  e r r o r  has been d i v ided  i n t o  two classes based upon 
t h e  n a t u r e  o f  d e f o r m a t i o n  [ R e f .  93, and t h e s e  e r r o r s  a r e  
i l l u s t r a t e d  i n  F i g u r e  2.2. Asymmetr ic e r r o r  i s  t h e  r e s u l t  o f  
deformation between supports o f  t h e  r i n g ;  a x i  symmetr ic  e r r o r  i s  
t h e  r e s u l t  o f  membrane sag due t o  vary ing  pressure loadings. I n  
s t a t i c  response, t h e  ax i symmet r i c  e r r o r  i s  e l i m i n a t e d  by  t h e  
c o n t r o l  system. The dynamic c h a r a c t e r i s t i c s  were i nves t i ga ted  
p r i m a r i l y  f o r  use i n  d e t e r m i n i n g  t h e  r e q u i r e d  response o f  t h a t  
c o n t r o l  system. 

The s p e c t r a l  d i s t r i b u t i o n  s e l e c t e d  was proposed by  Kaimal f o r  
l o n g i t u d i n a l  var ia t ions ,  and suggested t o  be  more a c c u r a t e  than  
A N S I  developments of f l u c t u a t i o n s  [Ref .  101. The l o n g i t u d i n a l  
s p e c t r a  was a p p l i e d  ac ross  t h e  s u r f a c e  o f  a h e l i o s t a t  as a 
c o n s e r v a t i v e  e s t i m a t e  o f  gust  loadings. Actual  developments are 
discussed i n  Sect ion 5.0. 
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SECTION 3.0 

M I  RROR MODULE 

T ~ . , e  m i r r o r  module i s  the  pr imary element o f  t he  stress-d membrane 
r e f l e c t o r  assembly. T h i s  mono l i t h i c ,  150 square  me te r  a p e r t u r e  
c o n s i s t s  o f  f o u r  ma jo r  components: t he  f r o n t  and r e a r  stressed 
membrane, t h e  r e f l e c t o r  m a t e r i a l ,  t h e  s t r u c t u r a l  r i n g ,  and t h e  
t e n s i o n  tubes .  F i g u r e  3.1 i l l u s t r a t e s  the  r e l a t i o n s h i p  of  these 
par ts .  

I n  many r e s p e c t s ,  i t  i s  t h e  r e l a t i o n s h i p  o f  t h e  p a r t s  t h a t  
a c t u a l l y  p r o v i d e  t h e  u n i q u e  s t r u c t u r a l  e f f  i c i  e n c i e s  o f  t h e  
c o n c e p t .  C o n s e q u e n t l y ,  t h e  d e s i g n  d e v e l o p m e n t  cannot  be 
p r e s e n t e d  as a s e r i e s  o f  i n d i v i d u a l  o p t i m i z a t i o n s  t h a t  a r e  
combined t o  c rea te  the  f i n a l  assembly. 

To reduce e r r o r  and increase s t a b i l i t y ,  t h e  membrane i s  a t tached 
t o  t h e  r i n g  w i th  bo th  a r a d i a l  and c i r c u m f e r e n t i a l  f i x .  Aluminum 
was se lec ted  as t h e  ma te r ia l  o f f e r i n g  t h e  bes t  compromise o f  cos t  
and co r ros ion  res is tance.  The 5000 se r ies  a l l o y s  are  r e a d i l y  
formable, can be e a s i l y  welded, r e s i s t  atmospheric cor ros ion ,  and 
a re  r e l a t i v e l y  inexpensive.  

The r i n g  was e s t a b l i s h e d  b a s e d  on  a s t r e s s  and s t a b i l i t y  
s e n s i t i v e  design. The weight  was l a r g e l y  determined by t h e  a x i a l  
compress ion  l o a d  induced  b y  membrane tension. The d i s t r i b u t i o n  
o f  t h e  m a t e r i a l  was d i c t a t e d  by  t h e  o u t  o f  p l a n e  s t a b i l i t y  
c o n s i d e r a t i o n s  and e r r o r  r e d u c t i o n  associated w i t h  out o f  plane 
a r e a  moments. The shape s e l e c t e d  was a 3 x 12 x 0.090 i n c h  
r e c t a n g u l a r  tube.  Membrane p r e l o a d s  were es tab l i shed a t  s i x t y  
pounds per  i n c h  t o  p r o v i d e  p r o t e c t i o n  a g a i n s t  s t r e s s  r e v e r s a l  
w i thout  subs tan t i a l  increases i n  the  r i n g  weight.  

S i x  s u p p o r t s  were used f o r  m i r r o r  module op t im iza t i on  work. The 
weight per  u n i t  a p e r t u r e  o f  t h e  m i r r o r  module and t h e  s u r f a c e  
normal  e r r o r  decreases  w i t h  i nc reas ing  number o f  supports. S i x  
s u p p o r t s  o f f e r e d  t h e  b e s t  compromi se between l o w e r  r e f  l e c t o r  
weight and increased s t r u c t u r a l  wei ght . 
R e s i s t a n c e  welding processes were adopted because o f  t h e i r  speed, 
low d i s t o r t i o n ,  and low cost. Vacuum p la tens  were i d e n t i f i e d  as 
u n i q u e l y  a p p r o p r i a t e  m a t e r i  a1 hand1 i n g  devices. Th is  approach 
a l lows t h i n  sheet t o  be cont inuously  supported w i t h  a d i s t r i b u t e d  
load, ma in ta in  f l a tness ,  and prov ide f r e e  edges f o r  welding. 

T h e  f o l l o w i n g  s u b - s e c t i o n s  p r e s e n t  t h e  d e v e l o p m e n t  and 
o p t i m i z a t i o n  o f  t h e  m i r r o r  modu le ,  an a r e a  t h a t  r e c e i v e d  
subs tan t i  a1 e f f o r t  i n  our analys i  s. 
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3.1 ATTACHMENT 

The s t r u c t u r a l  response o f  t h e  r i n g  and membrane a re  coup led  
through t h e i r  attachment. I t  i s  l a r g e l y  t h i s  c o u p l i n g  t h a t  i s  
un ique  t o  t h e  approach; ou r  des ign at tempts t o  make f u l l  use o f  
these advantages. 

The membrane i s  c o n s i d e r e d  t o  be  a d iaphragm o f  z e r o  f l e x u r a l  
r i g i d i t y .  I t s  s t i f f n e s s  i s  achieved b y  p r e - l o a d i n g  i n  t e n s i o n ;  
t h i s  t e n s i o n  i s  t r a n s l a t e d  t o  t h e  r i n g  as a x i a l  compress ion.  
A x i a l  compress ion  i n  t h e  r i n g  r e q u i r e s  t h a t  d e s i g n  c o n s i d e r  
s t a b i l i t y  or  buck l ing,  bo th  i n  and out  o f  plane. 

Des igns  o f  long slender columns under compressive loads t h a t  must 
r e s i s t  b u c k l i n g  i n  more t h a n  one d i r e c t i o n  a r e  n o t  m a t e r i a l  
e f f i c i e n t  shapes, though they are unavoidable i n  some instances. 
Buck l ing  res i s tance  i s  p r o v i d e d  by  f l e x u r a l  r i g i d i t y  ( E I ) .  I f  
m a t e r i a l  i s  d i s t r i b u t e d  i n  such a way as t o  p rov ide  a l a rge  area 
moment i n  more t h a n  one d i r e c t i o n ,  and t h e  s e c t i o n  r e m a i n s  
compact t o  a v o i d  l o c a l  s t a b i l i t y  problems,  the s t ress  s t a t e  i n  
t h e  column i s  v e r y  s m a l l  w i t h  r e s p e c t  t o  y i e l d  and hence n o t  
e f  f i c i  en t  . 
The r a d i a l  a t tachment  between r i n g  and membrane lends s t a b i l i t y  
t o  the  in -p lane response o f  t h e  r i n g .  If t h e  r i n g  a t t e m p t s  t o  
b u c k l e  i n  t h e  r a d i a l  d i r e c t i o n  along one diameter, t he  l eng th  o f  
an opposing diameter must  i n c r e a s e .  The membrane t e n s i o n  must 
c o r r e s p o n d i n g l y  i n c r e a s e .  A r i g o r o u s  d e v e l o p m e n t  o f  t h e  
b i f u r c a t i o n  l o a d s  f o r  i n - p l a n e  response was a c c o m p l i s h e d  b y  
Murphy [Ref. 111. The s t r u c t u r e  was modeled as a r i n g  on an 
e l a s t i c  foundat ion;  t h e  r e s u l t s  suggested t h a t  r a d i a l  b u c k l i n g  
o c c u r r e d  a t  h i g h e r  modes o f  deformat ion and a t  tens ion  loads two 
o r  more o r d e r s  o f  m a g n i t u d e  h i g h e r  t h a n  t h e  o u t  o f  p l a n e  
b i f u r c a t i o n  loads. 

O u t  o f  p l a n e  b u c k l i n g  r e s p o n s e  i s  a l s o  improved b y  r a d i a l  
a t t a c h m e n t .  T h e  r e s p o n s e  o f  a r i n g  t o  d e f o r m a t i o n  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 rom a beam; r o l l  and d e f l e c t i o n  a r e  
s t r o n g l y  coupled. For  the  r i n g  t o  r o l l ,  t e n s i o n  i n  one membrane 
must i n c r e a s e  w h i l e  t h e  o t h e r  decreases.  Th is  coup l ing  e f f e c t  
serves t o  increase the  out of plane c r i t i c a l  l o a d  b y  a f a c t o r  o f  
two o r  more f o r  membrane th i cknesses  and r i n g  shapes considered 
i n  t h i s  ana lys is  [Ref. 111. 

A c i r c u m f e r e n t i a l  f i x  does n o t  prov ide buck l i ng  res is tance,  bu t  
does reduce the  de f l ec t i on  o f  the  r i n g  between supports. Because 
b o t h  e r r o r  and s t ress  are p ropor t i ona l  t o  the  r i n g  de f l ec t i on ,  an 
e r r o r  o r  load c r i t i c a l  design i s  improved by p r o v i d i n g  a hard f i x .  
F i g u r e  3.2 i l l u s t r a t e s  the  frame d e f l e c t i o n  versus u n i t  load  f o r  
the  two cases. 

Def 1 e c t  i on of the  r i n g  between supports induces a c i r cumfe ren t i  a1 
s t ra in .  I f  t h e  membrane i s  f i x e d  i n  t h i s  d i rec t i on ,  t h e  membrane 
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i s  f o r c e d  t o  sha re  t h e  c i r c u m f e r e n t i a l  load  w i t h  the  r i ng .  A t  
s i g n i f i c a n t  wind speeds (50 mph, w o r s t  o r i e n t a t i o n  f o r  s t r e s s ,  
27  mph, w o r s t  o r i e n t a t i o n  f o r  e r r o r )  t h e  c i r c u m f e r e n t i a l  
a t tachment  can  r e d u c e  w i n d  i n d u c e d  e r r o r  and s t r e s s  b y  a 
substant i  a1 margin. 

The c o u p l i n g  between membrane and r i n g  have many impacts upon the  
d e s i g n  o f  t h e  m i r r o r  modu le .  T h e y  a r e  e s s e n t i a l  t o  t h e  
s t r u c t u r a l  e f f i c i e n c y  o f  the  concept i n  t h a t  they a l low a s lender 
column t o  be designed upon y i e l d  r a t h e r  t h a n  b u c k l i n g  and f o r c e  
a l l  t h e  m a t e r i a l s  a v a i l a b l e  t o  r e s i s t  the load. I n  the  i n t e r e s t  
o f  m a i n t a i n i n g  low w e i g h t s  f o r  i nexpens ive ,  h i g h  p r o d u c t i o n  
v o l u m e ,  t h e  d e s i g n  was  b a s e d  on  u s i n g  b o t h  r a d i a l  and 
c i rcumferent i  a1 f i x e s  between the  membrane and r i n g .  

Two p rocedures  f o r  a c h i e v i n g  a f i x  were i d e n t i f i e d :  adhesive 
bond ing  and w e l d i n g .  An i m m e d i a t e  p r o b l e m  w i t h  a d h e s i v e  
approaches developed. The s t ress  l e v e l  between the  two surfaces 
was very h igh  and subs tan t i a l  r i n g  dep th  was r e q u i r e d  t o  reduce  
t h e  shear  s t r e s s  t o  l e v e l s  adequate f o r  s t r u c t u r a l  adhesives. 
The a d d i t i o n  o f  r i n g  m a t e r i a l  t o  t h e  i n - p l a n e  d i r e c t i o n  wou ld  
c o u n t e r  t h e  r e d u c t i o n  o f  m a t e r i a l  o f f e r e d  by  a r a d i a l  f i x .  
Consequently, weld ing was i d e n t i f i e d  as t h e  p r e f e r r e d  method o f  
attachment. 

3.2 MATERIALS 

The r e f l e c t i v e  m a t e r i a l  se lected f o r  t h e  stressed membrane was a 
s i l v e r e d  polymer.  I t  was n o t  t h e  purpose o f  t h i s  d e s i g n  t o  
d e v e l o p  p o l y m e r  m a t e r i a l s  and advanced c o a t i n g s ,  as t h e s e  
t e c h n i q u e s  a r e  b e i n g  i n v e s t i g a t e d  by  o t h e r s .  C o n s e q u e n t l y ,  
e f f o r t s  were l i m i t e d  i n  the  se lec t i on  o f  t h i s  ma te r ia l .  

Cos t  e s t i m a t e s  f o r  s i  l v e r e d  po lymers  i n  h igh  volume product ion 
a r e  n o t  w i d e l y  a v a i l a b l e .  U n d e r  a p r e v i o u s  d e s i g n  a n d  
development  c o n t r a c t ,  So la r  K i n e t i c s  worked w i t h  a f i r m  invo lved 
i n  metal  depos i t i on  and polymer p r o d u c t i o n  t o  e s t i m a t e  expense, 
based upon m a t e r i a l  c o s t s ,  o f  an a c r y l i c  and s i l v e r  r e f l e c t i v e  
m a t e r i a l .  The r e s u l t s  o f  t h a t  w o r k  p r o d u c e d  e s t i m a t e s  o f  
a p p r o x i m a t e l y  th ree  d o l l a r s  per square meter. Th i s  cost  was used 
f o r  f u r t h e r  analys is .  

A l t h o u g h  d i r e c t  s i l v e r i n g  o f  t h e  membrane m a t e r i a l  was n o t  
i nves t i ga ted  i n  t h i s  e f f o r t ,  i t  should be no ted  t h a t  t h e  concept  
i s  amenable t o  these  approaches. No p r a c t i c a l  approaches f o r  
g lass  on the  membrane were developed. 

S t a i n l e s s  s t e e l  was r e j e c t e d  on a parametr ic ana lys is  o f  costs. 
The r i n g  c r o s s - s e c t i o n  i s  d e t e r m i n e d  b a s e d  upon t h e  y i e l d  
s t r e n g t h  o f  t h e  m a t e r i a l .  F l e x u r a l  r i g i d i t y  has v i r t u a l l y  no 
impact upon t h e  m a t e r i a l  requ i remen ts .  Consequent ly ,  t h e  r i n g  
c o s t s  can be de termined by look ing  a t  the r a t i o  of  cost  per u n i t  
volume t o  y i e l d  s t r e s s .  I n  t h i s  t y p e  o f  a n a l y s i s ,  a u s t e n i t i c  
s t a i n l e s s  showed no promise on a cos t  bas i s  f o r  r i n g  ma te r ia l .  
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F e r r i t i c  s t a i n l e s s  a l l o y s  do o f f e r  l a r g e  y i e l d  s t r e n g t h s  i n  
tempered grades  and were p a r a m e t r i c a l l y  c o n s i d e r e d .  T h e s e  
m a t e r i a l s  were f i n a l l y  re jected,  however, from another s t r u c t u r a l  
concern:  b u c k l i n g .  I n  o r d e r  t o  t a k e  advantage o f  h i g h  y i e l d  
s t r e n g t h s ,  t h e  a v a i l a b l e  m a t e r i a l  must be reduced. Macroscopic 
r i n g  buck l i ng  e f f e c t s  r e q u i r e  t h e  m a t e r i a l  t o  be d i s t r i b u t e d  t o  
p r o v i d e  b o t h  i n  and o u t  o f  p l a n e  f l e x u r a l  r i g i d i t y .  When the  
reduced m a t e r i a l  i s  d i s t r i b u t e d  t o  ga in  l a r g e  a rea  moments, w a l l  
t h i c k n e s s  becomes ext remely l i g h t  and l o c a l i z e d  buck l i ng  f a i l u r e  
occurs.  Consequent ly,  t h e r e  i s  l i t t l e  a d v a n t a g e  i n  m o v i n g  
towards h igh  y i e l d  s t rength  mater ia ls .  

The f e r r i t i c  s t a i n l e s s  a l l o y  g roup was n o t  c o n s i d e r e d  as a 
membrane mate r ia l  because i t  i s  no t  a I1true1' s t a i n l e s s  s t e e l .  I n  
o t h e r  words ,  c o r r o s i o n  w o u l d  b e  a s e r i o u s  problem i n  t h i n  
mater ia ls .  Corrosion p r o t e c t i o n  c o s t  se rved  t o  e l  i m i  n a t e  o t h e r  
membrane m a t e r i a l s  as w e l l .  A u s t e n i t i c  a l l o y s  would l i k e l y  be 
a c c e p t a b l e  f o r  membrane f a b r i c a t i o n ,  b u t  as  F i g u r e  3 . 3  
i l l u s t r a t e s ,  s u b s t a n t i a l l y  t h i n n e r  membranes are requ i red  t o  be 
c o m p e t i t i v e  i n  r a w  m a t e r i a l  c o s t .  A s  membrane t h i c k n e s s  
decreases, hand1 i n g  problems increase. 

F i n a l l y ,  t h e  ha rd  a t tachment  d i scussed  i n  Sect ion 3.1 requ i res  
t h e  r i n g  and membrane t o  h a v e  i d e n t i c a l  t h e r m a l  e x p a n s i o n  
p r o p e r t i e s ,  g a l v a n i c  p o t e n t i a l s ,  and be  e a s i l y  w e l d e d .  
Consequent ly ,  u s i n g  an a u s t e n i t i c  s t a i n l e s s  a l l o y  f o r  t h e  
membrane and some d i f f e r e n t  m a t e r i a l  f o r  t h e  r i n g  was n o t  
i d e n t i f i e d  as a des i rab le  approach. 

The c o s t  compar ison between s t e e l  and aluminum f o r  t h e  r i n g  and 
membrane assembly r e s u l t e d  i n  a v a r i e t y  o f  outcomes u n i q u e  t o  
t h i n  m a t e r i a l  gages and t h e  s t r e s s e d  membrane concept i t s e l f .  
The cost  o f  t h i n  gage carbon s t e e l  i s  n o t  s t r i c t l y  p r o p o r t i o n a l  
t o  m a t e r i  a1 t h i c k n e s s .  D i s c u s s i o n s  w i t h  ma jo r  s u p p l i e r s  o f  
narrow gage mate r ia l  i nd i ca ted  t h a t  the expense o f  ba re  s t e e l  i s  
s t r o n g l y  a f fec ted  by forming costs below 0.18mm (0.007in). 

C o r r o s i o n  p r o t e c t i o n  o f  carbon s t e e l  i s  p r i m a r i l y  a f u n c t i o n  o f  
area ra the r  than weight. When coat ings  were added t o  b a r e  s t e e l  
cos ts ,  t h e  p r i c e  per u n i t  area a c t u a l l y  began t o  increase i n  very 
l i g h t  gages due t o  m a t e r i a l  h a n d l i n g  problems.  N a r r o w  gage 
carbon s t e e l  has poor cross-sect ional  shape con t ro l ;  the  sheet i s  
s i g n i f i c a n t l y  t h i c k e r  a t  t h e  c e n t e r  ( c r o w n ) .  T h i s  c r e a t e s  
prob lems i n  t h e  c o a t i n g  and c o i l i n g  process i n  h igh  speed l i nes .  
These companies a lso i n d i c a t e d  t h a t  r e l i a b l e  cor ros ion  p r o t e c t i o n  
f o r  t h i r t y  years cou ld  not  be guaranteed. 

F i g u r e s  3.3 and 3.4 i l l u s t r a t e  the  membrane cost  t radeo f f  f o r  t he  
t h r e e  mater ia ls .  The ana lys i s  was extended t o  t h e  r i n g  m a t e r i a l  
t o  see i f  d i f f e r i n g  r i n g  c o s t s  wou ld  o f f s e t  t he  membrane cost. 
The r e s u l t  of t h i s  e f f o r t  was t h a t  aluminum and carbon s t e e l  were 
n e a r l y  e q u a l .  T y p i c a l l y ,  s t e e l  i s  t h e  b e s t  s e l e c t i o n  f o r  
s t r u c t u r a l  shapes because i t  o f f e r s  g r e a t e r  r i g i d i t y  p e r  u n i t  
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c o s t .  The r i n g  d e s i g n  i n  t h e  s t r e s s e d  membrane r e f l e c t o r  
assembly i s  dominated no t  by r i g i d i t y  b u t  b y  compress ive  y i e l d .  
Consequent ly ,  t h e  c r o s s - s e c t i o n a l  area determines the amount o f  
ma te r ia l  required, though the re  are favo rab le  ways t o  d i s t r i b u t e  
t h a t  mass. The r i n g  cos t  d i d  not  o f f s e t  membrane cost. 

F i n a l l y ,  e r r o r  i n  t h e  s t r u c t u r e  a t  low w ind  speeds and a t  
e leva t ions  near t h e  z e n i t h  was a c t u a l l y  worse f o r  carbon s t e e l  
t h a n  a l u m i n u m .  A l t h o u g h  an i n c r e a s e  i n  r i n g  w e i g h t  i s  
e s s e n t i a l l y  o f f s e t  b y  t h e  i n c r e a s e  i n  t h e  s t i f f n e s s  term, t h e  
membrane w e i g h t  i s  n o t  o f f s e t .  Aluminum was s e l e c t e d  f o r  t h e  
design. 

3 . 3  R I N G  

The d e s i g n  o f  t h e  r i n g  i s  a c r u c i a l  development i n  op t im iza t i on  
o f  t h e  r e f l e c t o r  assembly and one o f  t h e  most comp lex .  The 
s e l e c t i o n  of shape, th ickness, and tens ion  requ i red  a subs tan t i a l  
number o f  t r a d e o f f s ;  some more e a s i l y  q u a n t i f i e d  t h a n  o t h e r s .  
B e c a u s e  of  t h e  l a r g e  number of  v a r i a b l e s  i n v o l v e d ,  some 
reasonable assumpt ions  were  made and t h e  s e n s i t i v i t y  o f  t h e s e  
assumptions were tes ted  against  the  f i n a l  design. 

I n i t i a l l y ,  t h e  b a s e l i n e  design o f  a rectangular ,  hol low tube was 
adopted. An e r r o r  budget  o f  0.6 mrad was a l l o w e d  f o r  w i n d  and 
g r a v i t y  e r r o r s  a t  27 mph i n  t h e  w o r s t  o r i e n t a t i o n .  A s t r e s s  
l i m i t  o f  f i f t y  p e r c e n t  o f  y i e l d  was a p p l i e d  f o r  l o a d s  due t o  
50 mph winds, g rav i t y ,  and i n i t i a l  tension. The remainder o f  t he  
s t r e s s  was a l lowed f o r  l o c a l i z e d  loads a t  t h e  a t tachmen t  p o i n t s ,  
a n d  i n c r e a s e s  i n  t h e  a p p a r e n t  t e n s i o n  d u e  t o  d i a p h r a g m  
s t re tch ing .  

The r e s p o n s e  t o  l o a d s  was s t u d i e d  i n  p a r a m e t r i c  f a s h i o n  t o  
e s t a b l i s h  t h e  r e l a t i v e  impor tance  o f  each d e f o r m a t i o n  mode. 
S t a b i l i t y  i s s u e s  were d i s c u s s e d  i n  t h e  s e c t i o n  on attachment. 
Asymmetric e r r o r  and w ind  s t r e s s  i s  d r i v e n  e n t i r e l y  by o u t  o f  
p l a n e  response.  S t a b i  1 i t y  cons idera t ions ,  wind induced stress,  
and e r r o r  suggest t h a t  mass can be  most e f f i c i e n t l y  d i s t r i b u t e d  
b y  p r o v i d i n g  a l a r g e  moment o f  i n e r t i a  i n  t h e  ou t  o f  p l a n e  
d i r e c t i o n .  The r a t i o  o f  h e i g h t  t o  w i d t h  f o r  t h e  r i n g  was 
s e l e c t e d  t o  p r o v i d e  an o r d e r  o f  magn i tude d i f f e r e n c e  i n  a r e a  
moments. 

A nomina l  d e s i g n  p r e l o a d  of 50 pounds per i nch  was selected, and 
the  r i n g  was opt imized based upon a two term design approx ima t ion  
e s t a b l i s h e d  i n  Ref.  9. The r i n g  t h i c k n e s s  was allowed t o  vary 
and the  s e n s i t i v i t y  o f  weight (and hence c o s t )  p e r  u n i t  a p e r t u r e  
was p l o t t e d  i n  F igu re  3.5. 

A s  r i n g  t h i c k n e s s  d e c r e a s e s ,  t h e  l o c a l i z e d  l o a d s  a t  t h e  
attachment p o i n t s  r e s u l t  i n  s u b s t a n t i a l  s t r e s s e s .  A p o r t i o n  o f  
t h e  r i n g  was modeled u s i n g  l i n e a r  f i n i t e  element techniques and 
t h e  s t ress  a t  t he  attachment was d i s t r i b u t e d  w i t h  doubler  p l a t e s .  
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The w e i g h t  o f  doublers f o r  t he  0.060 inch  w a l l  th ickness was more 
s i g n i f i c a n t  than t h e  add i t i ona l  weight associated w i t h  0.090 i n c h  
wa l l .  

The i n i t i a l  t e n s i o n  was v a r i e d  next, and t h e  ring,was opt imized 
f o r  each v a l u e  shown i n  F i g u r e  3.6. Obv ious l y ,  t h e  i n i t i a l  
t e n s i o n  i s  a s u b s t a n t i a l  d r i v e r  i n  t h e  w e i g h t  o f  t h e  m i r r o r  
module. Some caveats need t o  be app l ied  t o  t h e  s e l e c t i o n  o f  low 
tens ion  values, however. 

A t  t h i r t y  pounds p e r  i nch ,  t h e  lower l i m i t  shown i n  F igure  3.6, 
t he  two term design approximation p r e d i c t s  a s t r e s s  r e v e r s a l  i n  
t h e  membrane. I n  o t h e r  words, the  magnitude o f  the  r o l l  i n  t he  
r i n g  i s  adequate t o  unload t h e  membrane a l o n g  s e v e r a l  d i a m e t r a l  
l i n e s .  I f  t h e  membrane a t tempts  t o  go i n t o  compression i t  w i l l  
i m m e d i a t e l y  b u c k l e .  I t  i s  e s s e n t i a l  t o  p r o v i d e  a p r e l o a d  
adequate t o  ma in ta in  tens ion  i n  a l l  loading condi t ions.  

The f a i l u r e  mode a s s o c i a t e d  w i t h  buck l i ng  i s  a s t a b i l i t y  r a t h e r  
than y i e l d  phenomenon. As such, i t  i s  e s s e n t i a l  t o  p r o v i d e  some 
f a c t o r  o f  s a f e t y  t o  t h e  c r i t i c a l  l o a d  d e f o r m a t i o n .  I n  t h e  
absence o f  s u b s t a n t i a l  data,  t h e  a p p l i c a t i o n  o f  such a f a c t o r  
does n o t  l e n d  i t s e l f  t o  r i g o r o u s  development. Two major issues 
were cons idered i n  minimum p r e l o a d  development.  The f i r s t  i s  
i l l u s t r a t e d  i n  F igure  3.7. An increase i n  membrane tens ion  has a 
p o s i t i v e  impact upon h e l i o s t a t  performance. 

The n e x t  c o n s i d e r a t i o n  requ i red  a depar ture from the  l i n e a r ,  two 
t e r m  d e s i g n  a p p r o x i m a t i o n  used f o r  d e v e l o p m e n t .  D i a p h r a g m  
s t r e t c h i n g  i n c r e a s e s  t h e  a p p a r e n t  membrane t e n s i o n .  T h i s  
i n c r e a s e  i n  t e n s i o n  i s  a r e s u l t  o f  l a r g e  d e f o r m a t i o n s  w i t h  
r e s p e c t  t o  membrane t h i c k n e s s  and i s  independent of  the i n i t i a l  
preload. I n  the  stow pos i t ion ,  w i t h  no c o n t r o l ,  t h e  i n c r e a s e  i n  
t e n s i o n  a t  su rv i va l  wind cond i t ions  was subs tan t i a l  i n  comparison 
t o  t h e  preload. Because t h i s  s u r v i v a l  load  o c c u r s  i n f r e q u e n t l y ,  
t h e  r i n g  s t r e s s  was a l l o w e d  t o  approach e i g h t y - f i v e  percent o f  
y i e l d .  

I n  l o w  t e n s i o n  d e s i g n s ,  o p t i m i z e d  w i t h  t h e  f i r s t  o r d e r  
approximation, t he  r e q u i r e d  c r o s s  s e c t i o n  w i  11 a c t u a l l y  exceed 
y i e l d  i n  t h e  s u r v i v a l  c o n d i t i o n .  To r e t u r n  t o  the e i g h t y - f i v e  
percent value es tab l i shed above, the  cross sec t i ona l  area must be 
i n c r e a s e d .  I n  o t h e r  words, t h e  d e s i g n  a p p r o x i m a t i o n  based on 
f i f t y  percent  o f  y i e l d  under  p r e d i c t s  t h e  r e q u i r e d  mass. When 
m a t e r i a l  i s  added t o  prov ide res is tance t o  t h i s  non- l inear  term, 
the  net cos t  f o r  an increase fran t h i r t y  t o  s i x t y  pounds p e r  i n c h  
i s  a p p r o x i m a t e l y  t w e n t y  c e n t s  p e r  square  me te r .  Above s i x t y  
p o u n d s  p e r  i n c h ,  t h e  i n c r e a s e  s h i f t s  t o  a n e a r  l i n e a r  
r e l a t i o n s h i p  o f  t h i r t y  cents  per square meter f o r  each t e n  pound 
per  inch  increment. Consequently, t h e  pre load was e s t a b l i  shed a t  
s i x t y  pounds per inch. 

If t h e  r i n g  i s  a d j u s t e d  f o r  each value of  tens ion  (as presented 
i n  F i g u r e  3.6) t o  m a i n t a i n  t h e  a r e a  moment r a t i o  d e s c r i b e d  
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e a r l i e r ,  t h e  s a f e t y  f a c t o r  i s  n o t  l i n e a r  w i t h  preload. A s  the  
r i n g  height  increases, r o l l  r e s i s t a n c e  i s  a l s o  improved due t o  
t h e  g r e a t e r  l'moment arm" t h a t  membrane tens ion acts  through. The 
sa fe ty  f a c t o r  on load reversa l  i s  more than two a l t h o u g h  p r e l o a d  
was on ly  doubled. 

The r e s u l t  o f  these assumptions and consequent ana lys is  was: 

Hei ght 12 inches 
Width 3 inches 
Thickness 0.09 inches 
Membrane pre load 60 pounds per inch  

The s t ress  s t a t e  i n  the  r i n g  i s  dominated by the membrane preload. 
Tens ion  i n  t h e  membrane i s  t r a n s f e r r e d  t o  t h e  r i n g  as  a x i a l  
compression. I t  i s  the  cross sec t iona l  area t h a t  determines the  
requ i red  weight o f  t he  r ing .  Se lec t ion  o f  a l t e r n a t e  shapes, a rea  
moment ra t i os ,  or  th ickness w i l l  n o t  s i g n i f i c a n t l y  a l t e r  t h e  mass. 
Consequently, the i n i t i a l  assumptions made f o r  t h e  a n a l y s i s  have 
l i t t l e  impact upon the  cost  o f  the  r e f l e c t o r  assembly. 

3.4 MEMBRANE 

The s e l e c t i o n  o f  t h e  r i n g ,  p r e l o a d  t e n s i o n ,  and method o f  
attachment f o r  t h e  m i r r o r  module are based on f a c t o r s  c o n s i d e r e d  
i n  e a r l i e r  p r e s e n t a t i o n s .  The major va r iab le  t h a t  remained was 
thickness. 

Con tac t  w i t h  t h e  aluminum i n d u s t r y  i n d i c a t e d  t h a t  costs  do not  
cont inue t o  decrease l i n e a r l y  w i t h  w e i g h t  i n  t h i n  gages. The 
change occurred between 0.008 and 0.010 inch thickness. I t  i s  a t  
t h i s  p o i n t  t h a t  m a t e r i a l  was c l a s s i f i e d  as f o i l  r a t h e r  t h a n  
wrought  sheet .  Costs  p u r p o r t e d l y  i nc reased  because add i t i ona l  
processing expense a s s o c i a t e d  w i t h  t h i c k n e s s  r e d u c t i o n  became 
s i g n i f i c a n t  i n  f o i l  processing. 

I n  a d d i t i o n  t o  a change i n  t h e  c o s t  t o  w e i g h t  r a t i o  f o r  l i k e  
mater ia ls ,  the  a v a i l a b i l i t y  o f  tempers and a l l o y s  a l s o  d i f f e r e d .  
The 5000 s e r i e s  o f  aluminum a l l o y s  were se lected as represent ing 
the best combination o f  we ldab i  li ty, r e s i s t a n c e  t o  a tmospher ic  
c o r r o s i o n ,  and cos t .  The f o i l  i ndus t r y  o f fe red  zero temper and 
s t r a i n  hardened o n l y  tempers, w h i l e  wrought  s u p p l i e r s  o f f e r e d  
s t r a i n  hardened and s t a b i l i z e d  tempers.  Zero temper aluminum 
(dead s o f t )  was considered unacceptable because i t  i s  s u b j e c t  t o  
l o c a l i z e d  y i e l d  d u r i n g  h a n d l i n g  and i s  n o t  w e l l  s u i t e d  t o  
res is tance welding techniques. Non-stabi 1 i z e d  tempers s o f t e n  a t  
room tempera tu re  ove r  time. This  so f ten ing  w i l l  reduce the  h a i l  
res is tance o f  t h e  m a t e r i a l .  Wrought sheet  was s e l e c t e d  as t h e  
best ma te r ia l  f o r  t he  membrane. 
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H a i l  r e s i s t a n c e  t e s t s  on two t h i c k n e s s e s  o f  s t ressed  aluminum 
were per formed by  o the rs .  Pre loaded sheets, 0.005 inches  i n  
t h i c k n e s s ,  f a i l e d  c a t a s t r o p h i c a l l y  by tear ing.  Sheets of  0.010 
inch  ma te r ia l  passed the  h a i l  tes t .  

M a t e r i  a1 handl ing costs are l i k e l y  t o  increase exponent ia l l y  w i t h  
dec reas ing  t h i c k n e s s .  The 0.010 i n c h  tempered a lum inum was 
h a n d l e d  s u c c e s s f u l l y  i n  b e n c h  mode l  t e s t i n g ,  though these  
stressed membrane r e f l e c t o r  models were two meters i n  diameter. 

S o l a r  K i n e t i c s  adopted 0.010 inch  mater ia l  f o r  the design based 
upon success of  the h a i l  t e s t  and the  a v a i l a b i l i t y  o f  s t a b i l i z e d  
w r o u g h t  m a t e r i a l s .  E x p e r i e n c e  w i t h  t h e  f i f t y  square meter  
prototype assembly a l l e v i a t e d  mater ia l  hand1 i ng concerns and t h e  
f i n a l  design thickness could decrease by ten or  twenty percent. 

3.5 TENSION 

C o n s i d e r a t i o n  was g i v e n  t o  a p p l y i n g  t h e  membrane loading both 
before and a f t e r  m i r r o r  module fab r i ca t i on .  Pre-tension s u f f e r e d  
some s i g n i f i c a n t  problems. If the r i n g  i s  i n i t i a l l y  relaxed; i n  
o ther  words, under no a x i a l  compression, t h e  membrane t e n s i o n  
must be increased t o  account f o r  r i n g  shrinkage under load. This  
increase i n  tens ion  was s i g n i f i c a n t  when compared t o  t h e  f i n a l  
p r e l o a d  and would,  i n  f a c t ,  r e s u l t  i n  planar s t ress  s tates near 
membrane y i e l d .  

The r i n g ,  because o f  i t s  low moment of i n e r t i a  i n  the  "in-plane" 
d i rec t ion ,  cannot  s u s t a i n  a compress ive l o a d  w i t h o u t  b u c k l i n g  
r a d i a l l y  u n t i l  t h e  membrane  t e n s i o n  i s  c o u p l e d .  Some 
considerat ion was given t o  shr ink ing  the r i n g  by  c o o l i n g  it, b u t  
t h e  approach was abandoned as c l o s e  temperature contro l ,  short 
assembly t imes, and s u b s t a n t i a l  t he rma l  mass were s i g n i f i c a n t  
obs t ac l  es . 
P o s t  t e n s i o n i n g  does n o t  r e q u i r e  membrane tensions t o  overcane 
r i n g  shr inkage because t h e  de fo rma t ions  occur  s imu l taneous ly .  
Two b a s i c  m e t h o d s  were  c o n s i d e r e d  f o r  p o s t  t e n s i o n i n g :  
mechan ica l  d e f o r m a t i o n  and an i n f l a t a b l e  t u b e .  M e c h a n i c a l  
d e f o r m a t i o n  induces membrane tens ion by bending and so tens ion ing 
the  f lange of the r ing .  

A s i n g l e  s t r o k e  tens ion ing  device was considered imprac t ica l  due 
t o  the  enormous size, r i g i d i t y ,  and tonnage such a machine would 
r e q u i r e .  Nine of these machines would be required, as they are 
located i n  the s i t e  m a n u f a c t u r i n g  f a c i l i t y .  E f f o r t s  t u r n e d  t o  
t h e  development of a cr imping device t h a t  would a l low progressive 
deformation on the circumference of the r ing .  

Mechan ica l  t e n s i o n i n g  i s  e x t r e m e l y  s e n s i t i v e  t o  t h e  p o s i t i o n  
to lerance o f  t h e  membrane. A second c o n s i d e r a t i o n  i n  mechanica l  
p o s t - t e n s i o n i n g  i n v o l v e s  t h e  r a t e  a t  w h i c h  p r o g r e s s i v e  
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d e f o r m a t i o n  c a n  p r o c e e d .  Because t h e  r i n g  has v e r y  l i t t l e  
buck l ing  res is tance b e f o r e  t h e  membrane i s  coupled,  o n l y  sma l l  
d e f o r m a t i o n s  c a n  b e  a c h i e v e d  t o  r e m a i n  w e l l  away f r o m  t h e  
c r i t i c a l  load. 

The a d d i t i o n  o f  an i n f l a t a b l e  tube o f f e r s  a p a r t i a l  s o l u t i o n  t o  
both o f  these problems. Because membrane t e n s i o n  i s  ach ieved 
th rough  f o r c e  from the  tube, and the  tube equal izes f o r c e  because 
i n t e r n a l  pressure i s  constant, t h e r e  i s  a s i g n i f i c a n t  r e d u c t i o n  
i n  placement s e n s i t i v i t y .  Apply ing pressure t o  the  tube p r i o r  t o  
mechanical tens ion ing e f f e c t i v e l y  c o u p l e s  membrane and r i n g  t o  
a v o i d  r a d i a l  b u c k l i n g .  Mechanical  deformat ion can then proceed 
w i t h  f a r  fewer passes. 

T e n s i o n i n g  t h e  membrane w i t h  a tube o n l y  was n o t  c o n s i d e r e d  
because the  i n f l a t e d  t u b e  wou ld  l o a d  t h e  we ld  between r i n g  and 
membrane i n  pee l .  T h i s  t y p e  o f  l o a d i n g  i s  unaccep tab le  f o r  
res is tance welded attachments. I f  the  tube prov ided a l l  t ens ion ,  
i t  wou ld  a l s o  need t o  be s u b s t a n t i a l l y  l a r g e r  i n  diameter, and 
consequently, more expensive. 

G lass  f i b e r  re in fo rced  s i l i c o n e  was se lected f o r  t h e  tens ion tube 
ma te r ia l  t o  prov ide f o r  t he  t h i r t y  year l i f e  requirement. 

Exper ience  ga ined  du r ing  the  f a b r i c a t i o n  o f  a f i f t y  square meter 
m i r r o r  module decreased our concern o v e r  u n i f o r m  t e n s i o n  i n  t h e  
membrane. Some problems i n  t h i s  a rea  were apparent, bu t  these 
non-un i fo rmi t ies  were a t t r i b u t e d  t o  a v a r i a t i o n  i n  sheet  l e n g t h .  
The a p p r o p r i a t e  co r rec t i on  fo r  sheet leng th  v a r i a t i o n  i s  t o  s t a r t  
w i t h  a more un i fo rm base ma te r ia l  achieved through c o n t r o l  of t h e  
r o l l i n g  m i l l  p r a c t i c e  and subsequent l e v e l i n g  o f  the  sheet stock 
i n  t h e  c o i l  l i n e .  A p p l i c a t i o n  o f  t e n s i o n  d i d  n o t  a p p e a r  t o  
represent s i g n i f i c a n t  problems. 

I n  f u t u r e  o p t i m i z a t i o n  e f f o r t s ,  we wou ld  recommend t h a t  t h e  
m e t h o d  f o r  a p p l y i n g  t e n s i o n  b e  r e v i e w e d .  The t u b e  i s  a 
r e l a t i v e l y  expens ive  component b o t h  i n  c a p i t a l  expense a t  the 
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  and i n  d i r e c t  m a t e r i a l  c o s t s .  
Sane concern over the  f a i l u r e  o f  the  tube has a lso  been expressed. 
A l t h o u g h  we do n o t  a n t i c i p a t e  c a t a s t r o p h i c  f a i l u r e  o f  t h e  
membrane ( t h e  edge c r i m p  p r o v i d e s  a r e s i d u a l  t e n s i o n  i n  t h e  
event o f  tube f a i l u r e ) ,  performance would be degraded. 

As an a l t e r n a t e  approach, a combinat ion o f  p re  and post tens ion 
i s  recommended r a t h e r  t h a n  two methods o f  p o s t  t e n s i o n .  If 
s e v e n t y - f i v e  p e r c e n t  o f  t h e  t e n s i o n  were p r o v i d e d  t h r o u g h  
p r e t e n s i o n ,  f o r  example, membrane y i e l d  cou ld  be avoided.  Upon 
a t tachmen t  t o  t h e  r i n g ,  t h e  s t r u c t u r e  wou ld  be coup led  and a 
mechanical r i n g  crimp could be implemented wi thout  r a t e  s e n s i t i v e  
p r o b l e m s .  T h i s  a p p r o a c h  m i g h t  b e  i m p l e m e n t e d  t h r o u g h  
m o d i f i c a t i o n  o f  t he  vacuum platens, f o r  example. I f  t h e  p l a t e n  
were made f r o m  a n n u l a r  r i n g s ,  each capable o f  r a d i a l  expansion, 
pre-tenison could be prov ided w i t h o u t  encumber ing t h e  w e l d  a rea  
o r  r e q u i r i n g  e n o r m o u s  a n d  r i g i d  f i x t u r i n g  a t  t h e  s i t e  
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m a n u f a c t u r i n g  a r e a .  T h e r e  a r e  o t h e r  o p t i o n s  f o r  a p p l y i n g  
pre-tension; t h i s  approach i s  o f f e r e d  as an example on ly .  The 
p o i n t  i s ,  t h e  s t r e s s e d  membrane m i r r o r  module need no t  r e l y  upon 
an i n f l a t a b l e  tube. 

3.6 SUPPORTS 

The d e t a i l e d  des ign  o f  s u p p o r t s  i s  covered i n  Section 4.0, bu t  
some e l e m e n t s  a r e  d i s c u s s e d  h e r e  b e c a u s e  o f  i n h e r e n t  
r e 1  a t i o n s h i  ps between the  m i r r o r  module and back structure.  The 
most s i g n i f i c a n t  impact i s  t h e  number o f  s u p p o r t s  a v a i l a b l e  t o  
r e s i s t  out o f  plane r i n g  deformations. 

The l o a d  d e f o r m a t i o n  response of t h e  m i r r o r  module has been 
conceptual ly described i n  e a r l i e r  sections. A l t h o u g h  d e f l e c t i o n  
and r o l l  a r e  i n t i m a t e l y  coup led  i n  any r i n g ,  i t  i s  u s e f u l  t o  
s i m p l i f y  response f o r  t he  purpose of e x p l a n a t i o n .  The v e r t i c a l  
d e f l e c t i o n  of the  r i n g  i s  a func t i on  of d is tance between supports 
f o r  a g i v e n  u n i f o r m  l o a d i n g  c o n d i t i o n .  A s  t h i s  d i s t a n c e  
inc reases ,  d e f l e c t i o n  increases. The r e l a t i o n s h i p  i n  non-linear, 
and i s  i l l u s t r a t e d  i n  F igure  3.8. 

The number of s t r u t s  was varied, and the  m i r r o r  module design was 
optimized using the  two term design approximation, e r r o r  budget,  
and a l l o w a b l e  s t r e s s  developed i n  an e a r l i e r  section. The graph 
i l l u s t r a t e s  t h a t  t he  r e f l e c t o r  changed from an e r r o r  s e n s i t i v e  t o  
s t r e s s  s e n s i t i v e  des ign  a t  f o u r  s u p p o r t s  ( t h e  o n l y  e r r o r  term 
considered here i s  asymmetric). 

Weight c o n t i n u e s  t o  decrease as t h e  number of s t r u t s  increase 
because the d i  stance between supports, which r o u g h l y  corresponds 
t o  t h e  unsuppor ted l e n g t h  of a f i xed / f i xed  beam, decreases. The 
weight of t h e  s t r u t s  o b v i o u s l y  b e g i n s  t o  o f f s e t  m i r r o r  module 
c o s t s  a t  some p o i n t .  Our 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  p o i n t  
occurred a t  s i x  supports. 

The q u a n t i t y  o f  supports a lso  has an impact upon o ther  sources o f  
e r ro r .  Three supports de f ine  an a r b i t r a r y  p lane;  i f  one s u p p o r t  
d e f l e c t s  more t h a n  ano the r  a " t rack ing "  e r r o r  i s  induced i n  the  
r ing .  Th is  type o f  d e f l e c t i o n  response would occu r  i n  r e a c t i o n  
t o  a n o n - u n i f o r m  l o a d  p r o f i l e .  A s  t h e  number o f  suppor t s  
increase, t h e  magnitude o f  the V rack ing "  e r r o r  decreases b u t  an 
a d d i t i o n a l  a s y m m e t r i c  e r r o r  i s  i n t r o d u c e d  b y  t h e  suppor t  
r e s i s t a n c e  t o  d e f l e c t i o n .  U s i n g  t h e  h a l f  p r e s s u r e  p r o f i l e  
suggested i n  S e c t i o n  2.0 as a w o r s t  case scenar io ,  t h e  t h r e e  
support approach requ i red  an enormous o u t  o f  p l a n e  s t i f f n e s s  t o  
m a i n t a i n  t h e  1 .2  mrad s t a n d a r d  d e v i a t i o n  t e r m  o f  t h e  m i r r o r  
normal. The r e d u c t i o n  i n  s t i f f n e s s  r e q u i r e m e n t s  as s u p p o r t s  
i n c r e a s e d  a l l o w e d  t h e  t o t a l  s u p p o r t  we igh t  t o  decrease and, i n  
f a c t ,  changed f r o m  an e r r o r  t o  s t r e s s  s e n s i t i v e  design. The 
a s y m m e t r i c  e r r o r  i n d u c e d  b y  t h e  s u p p o r t  was p a r a m e t r i c a l l y  
determined t o  be small w i t h  respect t o  the " t rack ing l l  term. 
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O p t i m i z a t i o n  o f  t h e  q u a n t i t y  o f  suppor t s  was a l s o  based upon 
unfavorable load d i r e c t i o n s  d i s c u s s e d  i n  S e c t i o n s  2.0 and 4.0. 
The r e s u l t s  of o u r  a n a l y s i s  i n d i c a t e d  t h a t  s i x  s t r u t s  were 
requ i red  and a l l  m i r r o r  module o p t i m i z a t i o n  was based on t h i s  
quant i t y .  

3.7 MANUFACTURING TECHNIQUES 

The m a n u f a c t u r i n g  techn iques  used f o r  f a b r i c a t i o n  o f  the  m i r r o r  
module a t  both the  c e n t r a l  and s i t e  m a n u f a c t u r i n g  f a c i l i t y  a r e  
d e s c r i b e d  f u l l y  i n  t h e  m a n u f a c t u r i n g  and cost sect ions o f  t h i s  
repor t .  Two fea tures  o f  our design a r e  d i scussed  b r i e f l y  here:  
we1 d i  ng and mater i  a1 hand1 i ng. 

C o i l e d  sheet  m e t a l  i s  n o t  t r u l y  a u n i f o r m  th i ckness ,  p a r a l l e l  
l i n e a r  edge, c o n s t a n t  width,  i s o t r o p i c  m a t e r i a l .  The m o s t  
s i g n i f i c a n t  shape problem o f  aluminum shee t  f o r  w e l d i n g  was 
camber. Camber i s  a d e s c r i p t i o n  o f  t h e  n o n - l i n e a r i t y  i n  t h e  
c e n t e r  l i n e  of a sheet. Although the  c o i l  maintains a r e l a t i v e l y  
constant w id th ,  t h e  c e n t e r  o f  t h e  m a t e r i a l  o s c i l l a t e s  about a 
s t r a i g h t  l i n e .  khen two sheets a r e  b u t t e d  t o g e t h e r ,  edge t o  
edge, the re  i s  no uni form contact. As the gage decreases, camber 
becomes a more s i g n i f i c a n t  problem. 

B u t t  w e l d i n g  processes r e q u i r e  c lose con t ro l  of the gap between 
t h i n  sheets; t y p i c a l l y  a v a r i a t i o n  o f  twenty t o  t h i r t y  p e r c e n t  o f  
m a t e r i  a1 th ickness i s  the maximum al lowable f o r  successful welds. 
The camber o f  a sheet f o r t y  f e e t  l o n g  exceeds t h e  a l l o w a b l e  gap 
by  more  t h a n  an o r d e r  of magnitude. The camber problem i s  
e l im ina ted  by lapping the  sheets. 

F u s i o n  and r e s i s t a n c e  w e l d i n g  processes a r e  s u i t a b l e  f o r  l a p  
welding. Resistance welding was selected over f u s i o n  techn iques  
because i t  i s  f a s t ,  induces l e s s  heat i n t o  the membrane, and i s  
an i n d u s t r i a l l y  proven inexpensive process. Seam w e l d i n g  speeds 
f o r  0.010 i n c h  aluminum sheet exceed 180 inches per minute [Ref. 
151, an o r d e r  o f  m a g n i t u d e  h i g h e r  t h a n  t u n g s t e n  i n e r t  gas 
a p p r o a c h e s .  L a s e r  w e l d i n g  i s  somewhat f a s t e r  b u t  i s  n o t  
p a r t i c u l a r l y  inexpensi ve. 

Heat a t  t h e  weld zone causes d i s t o r t i o n  i n  the  membrane mater ia l .  
Resistance w e l d i n g  o f f e r s  a c o m p a r a t i v e l y  low energy i n p u t  t o  
reduce t h i s  d i s t o r t i o n .  

R e s i s t a n c e  welds do n o t  f u l  l y  p e n e t r a t e  mater i  a1 th ickness and 
are subject  t o  f a i l u r e  by peel. Peel i n  t h e  membrane t o  membrane 
w e l d  i s  s u b s t a n t i a l l y  reduced by u s i n g  two welds a t  each seam. 
The weld i s  then p r i m a r i l y  loaded i n  shear, a s t r e s s  s t a t e  t h a t  
res is tance seams are p a r t i c u l a r l y  we l l  su i ted  for .  

S u r f a c e  p r e p a r a t i o n  f o r  aluminum res is tance welding i s  dependent 
upon t h e  a l l o y  and temper. The " h a l f  hard"  temper 5000 s e r i e s  
aluminums s e l e c t e d  r e q u i r e  t h a t  waxes, o i l ,  and d i r t  must be 
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removed b u t  do no t  r e q u i r e  etch ing o r  mechanical abrasion o f  weld 
surfaces. T h i s  p r e p a r a t i o n  wou ld  a l s o  be r e q u i r e d  f o r  f u s i o n  
p rocesses  and does n o t  r e p r e s e n t  any a d d i t i o n a l  c o s t  f o r  t h e  
technique t o  be employed. 

Res i  s t a n c e  we1 d i  ng f o r  r i n g  t o  membrane attachment was se lected 
f o r  s i m i l a r  reasons. Camber i s  no l o n g e r  a problem, b u t  speed 
and minimal energy i npu t  are s t i l l  requi red.  

A s  t h e  s h e e t s  o f  a l u m i n u m  a r e  w e l d e d  i n t o  a membrane, any 
p o s i t i o n  o r  wave d i s t o r t i o n  i s  made permanent by  t h e  connec t ion .  
I t  i s  e s s e n t i a l  t o  h o l d  each sheet f l a t  i n  order t o  produce f l a t  
membranes. The narrow gage m a t e r i a l  has v i r t u a l  l y  no f l e x u r a l  
r i g i d i t y  and w i l l  n o t  r e s t  f l a t  under  i t s  own weight due t o  an 
i n i t i a l l y  non-uniform s t ress  s tate.  

A vacuum p l a t e n  i s  u n i q u e l y  q u a l i f i e d  f o r  t h i s  clamping because 
i t  holds the  sheet w i t h  a d i s t r i b u t e d  load.  P l a t e n  p o s i t i o n i n g  
e f f e c t s  the sheet t o  sheet re la t i onsh ip .  

The vacuum p l a t e n  approach was extended t o  handle membranes a t  t h e  
s i t e  manufactur ing f a c i l i t y .  The e n t i r e  membrane must be 
t r a n s l a t e d  from c o i l  t o  assembly f i x t u r e  w i thou t  app ly ing  
concentrated loads and main ta in ing  a p lana r  shape. Because t h e  
p l a t e n  i s  s l i g h t l y  smal le r  i n  diameter than t h e  f i n i s h e d  membrane, 
a f r e e  edge i s  prov ided a t  t h e  c i rcumference f o r  welding. The 
membrane need n o t  be re leased u n t i l  weld ing i s  complete. 
Therefore,  t he  p l a t e n  serves as a t r a n s f e r  dev ice and p o s i t i o n s  
the  membrane. 

Perhaps o f  g r e a t e r  concern  i n  t h i n  sheet stock i s  the v a r i a t i o n  
o f  leng th  across t h e  w id th  o f  a sheet.  T h i s  v a r i a t i o n  has been 
a l l u d e d  t o  i n  t h e  p r o t o t y p e  s e c t i o n s  o f  t h i s  document and i n  
e a r l i e r  sect ions.  The p r o b l e m  d i d  n o t  become apparen t  u n t i l  a 
l a r g e  r a d i u s  ( i .e .  t h e  8 m  d iameter  prototype)  m i r r o r  module was 
b u i l t .  The r e s u l t  o f  l e n g t h  changes  i n  t h e  b a s e  membrane 
m a t e r i a l  i s  a non -un i fo rm t e n s i o n  and waves between the  seams. 
Th is  problem can be addressed through b e t t e r  c o n t r o l  o f  t h e  m i l l  
r o l l i n g  p rocess  and l e v e l i n g  i n  the  c o i l  l i n e .  Both areas were 
inc luded i n  our  e v a l u a t i o n  o f  t h e  commerc ia l  des ign .  The two 
mete r  d iameter  bench t e s t  models d i d  not  e x h i b i t  the problem, and 
c o n s e q u e n t l y  no e f f o r t  was made t o  c o u n t e r  t h e  e f f e c t  i n  t h e  
p r o t o t y p e  a s s e m b l y .  P r e l i m i n a r y  a n a l y s i s  o f  t h e  p r o t o t y p e  
i n d i c a t e s  t h a t  t h e  waves a r e  n o t  a s e r i o u s  impediment i n  t h e  
concept .  Even when n o t  addressed, we e s t i m a t e  t h a t  l ess  than 
f i v e  percent o f  the  o p t i c a l  surface i s  l o s t  as a r e s u l t .  

3-20 



SECTION 4.0 

SUPPORT STRUCTURE DESIGN 

The suppor t  s t r u c t u r e  o f  the r e f l e c t i v e  assembly was designed t o  
f e e d  t h e  d i s t r i b u t e d  l o a d s  o f  t h e  m i r r o r  m o d u l e  i n t o  t h r e e  
c o n n e c t i o n s  w i t h  t h e  d r i v e  u n i t .  The m a j o r  sources o f  t hese  
loads are wind and g rav i t y .  

S ince  t h e  i n t e n t  of the stressed membrane h e l i o s t a t  program i s  t o  
reduce h e l i o s t a t  cost, ca re fu l  cons idera t ion  was given t o  ways i n  
which ma te r ia l  costs could be minimized. 

4.1 DE SIGN CONS1 OERATIONS 

SAND82-8181, s e c t i o n  2.5.9, " O p t i m i z a t i o n  o f  t h e  Second 
Generation H e l i o s t a t  and S p e c i f i c a t i o n " ,  conc ludes t h a t  s u p p o r t  
s t r u c t u r e s  are more e f f e c t i v e l y  s ized on the  bas is  o f  s t ress  than 
on slope errors;  however, slope e r r o r  a n a l y s i s  d i d  b i a s  cho ices  
i n  f a v o r  of s t i f f  p a r t s  where t h e r e  was no accompanying weight 
p e n a l t y .  A s t r u c t u r e  was des igned t o  be s t r e s s  c r i t i c a l  a t  
50 mph a t  any o r i e n t a t i o n  and a t  90 mph i n  stow. M in ima l  
de f l ec t i on  induced slope e r r o r s  resu l ted  i n  a 27 mph wind. 

4.2 LOADS 

O f  t h e  t w o  p r i m a r y  s o u r c e s  of l o a d i n g ,  w i n d  was t h e  more 
s i g n i f i c a n t .  To develop appropr iate design loads, a non -un i fo rm 
p r e s s u r e  d i s t r i b u t i o n  was considered. Placing the  m i r r o r  module 
at  d i f f e r e n t  angles o f  a t t a c k  r e l a t i v e  t o  t h e  w ind  r e s u l t e d  i n  
l oads  i n ,  and moments about, the  r a d i a l ,  tangent ia l ,  and azimuth 
axes o f  the r e f l e c t i v e  assembly. 

4.3 MATERIAL 

S t e e l  was c h o s e n  as  t h e  suppor t  s t r u c t u r e  m a t e r i a l  f o r  i t s  
r e l a t i v e  low cost. Steel  a lso  has a h igh  modulus o f  e l a s t i c i t y ,  
which r e s u l t s  i n  a s t i f f  s t ruc tu re .  
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4.4 COMPONENTS 

The major components o f  the  support s t r u c t u r e  are as fo l lows:  

Trusses 

Hub 

Hinges 

Strapping 

The c o n s i d e r a t i o n s  used t o  design these components are presented 
i n  t h e  f o l l o w i n g  paragraphs. The r e s u l t s  are a lso given. 

4.4.1 TRUSSES 

A h e l i o s t a t  w i t h  150 square meters o f  r e f l e c t i v e  surface requ i res  
a m i r r o r  module o f  46 ft. d iameter .  The t r u s s  l e n g t h  i s  t h e  
d i s t a n c e  f r o m  t h e  hub t o  t h e  r i n g  diameter. The hub was chosen 
t o  be 6 ft. i n  diameter, so the t russes were 20 ft. i n  length.  

4.4.1.1 TRUSS DEPTH 

When t h e  az imuth  a x i s  i s  o r i e n t e d  i n  any p o s i t i o n  o t h e r  t h a n  
perpendicular t o  t h e  wind d i r e c t i o n ,  t h e  pr imary l o a d  i s  p a r a l l e l  
t o  t h e  az imuth  a x i s .  Since d e f l e c t i o n  i s  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  moment o f  i n e r t i a ,  and d e f l e c t i o n s  r e s u l t  i n  s lope e r r o r s ,  
s t e p s  were t a k e n  t o  make the  moment o f  i n e r t i a  o f  the  t russes as 
h igh  as p o s s i b l e  f o r  a g i v e n  amount o f  m a t e r i a l .  A t  t h e  same 
t ime,  t h e  t r u s s e s  needed t o  be s t r e s s  c r i t i c a l  a t  t h e  50 and 
90 mph wind speeds. The pr imary members were p l a c e d  i n  t e n s i o n  
or  canpression by the t i p  loading. 

S ince  I = I + Adz, t h e  moment o f  i n e r t i a  cou ld  be increased by 
p l a c i n g  t h e  p r i m a r y  members f u r t h e r  and f u r t h e r  a p a r t  w i t h o u t  
c h a n g i n g  t h e  c r o s s - s e c t i o n a l  a r e a .  E v e n t u a l l y ,  b u c k l i n g  
c o n s i d e r a t i o n s  1 i m i t  t h e  d i s t a n c e  o f  s e p a r a t i o n  b e t w e e n  t h e  
p r i m a r y  members. Resu l ts  o f  analys is  y i e l d e d  t h e  pr imary member 
o f  F i g u r e  4.1. T h i s  member i s  s t r e s s  and buck l ing  c r i t i c a l  a t  50 
mph, m i n i m i z e s  s t r u c t u r a l  mass, and r e s u l t s  i n  a v e r y  s t i f f  
s t ruc tu re .  
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4.4.1.2 NUMBER VS. WEIGHT 

The minimum number of t r u s s e s  t h a t  could be used t o  support t h e  
m i r r o r  module i s  t h r e e .  T h e r e  a r e  a number  o f  r e a s o n s  t o  
i n c r e a s e  t h e  number o f  t r u s s e s .  As t h e  number o f  t r u s s e s  
i n c r e a s e ,  t h e  t r a c k i n g  e r r o r  caused  b y  u n e v e n  p r e s s u r e  
d i s t r i b u t i o n s  on t h e  m i r r o r  module decreases. To e f f e c t  t h e  same 
r e s u l t  w i t h  f e w e r  t r u s s e s  w o u l d  i n c r e a s e  t h e  c o m b i n e d  t r u s s  
w e i g h t  e n o r m o u s l y .  I t  s h o u l d  a l s o  be r e c o g n i z e d  t h a t  some 
manufacturing e r r o r  w i l l  always e x i s t  i n  t h e  m i r r o r  module. The 
m o r e  p l a c e s  t h e  m i r r o r  i s  h e l d ,  t h e  more t h e  e r r o r  can be 
c o r r e c t e d .  W i t h  o n l y  t h r e e  t r u s s e s ,  i t  i s  n o t  p o s s i b l e  t o  
cor rec t  f o r  manufacturing e r r o r  a t  a l l .  

4.4.1.3 SECONDARY MEMBERS 

The s e c o n d a r y  members o f  t h e  t r u s s  a r e  des igned t o  r e s i s t  
b u c k l i n g  loads. The secondary member a t  t h e  t i p  o f  t h e  t r u s s  i s  
made o f  t h i c k e r  gauge. T h i s  i s  t o  p r o v i d e  an adequate bear ing 
surface f o r  t h e  hinge pin.  

t i p ,  t h e y  ar'e a r o l l - f o r m e d  
connected and cap the end. 

shape t o  a l l o w  
The secondary members are twinned 1" x 1/16" tubes. A t  the t r u s s  

t h e  t u b e s  t o  b e  

4.4.1.4 CONNECT1 ONS 

P r i m a r y  t o  secondary member a-tachments are maGe w i t h  spot welds. 
Connect ion  t o  t h e  hub i s  made w i t h  b o l t s .  F i t t e d  i n s e r t s  
( F i g u r e  4.2) insure  alignment. The hinge i s  attached w i t h  a b o l t  
w i t h  cas t le -nu t  through t h e  h e a v i e r  gauge secondary members a t  
t h e  t r u s s  t i p  (F igure 4.3). 

4.4.2 HUB 

The  hub s e r v e s  t o  f e e d  t h e  t r u s s  l o a d s  i n t o  t h e  t h r e e  d r i v e  
c o n n e c t i o n  p o i n t s .  L o a d s  a t  t h e  hub t e n d  t o  b e  h i g h l y  
c o n c e n t r a t e d .  A lso,  s m a l l  d e f l e c t i o n s  of t h e  hub are g r e a t l y  
magni f ied a t  t h e  t r u s s  t i p s .  H e a v i e r  m a t e r i a l s  were used f o r  
these two reasons. 

The hub ( F i g u r e  4.4) i s  b u i l t  o f  two hoops o f  2" x 6 "  x 1 / 4 "  
angle i r o n  h e l d  a p a r t  by spaced T s e c t i o n s .  S i x  b r a c k e t s  a r e  
welded t o  the underside of the  lower hoop. 
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Three of t h e s e  b r a c k e t s  a r e  used f o r  c o n n e c t i n  t o  the dr ive .  
The other t h r e e  are used by t h e  i n s t a l l a t i o n  t r u c a  t o  g rasp t h e  
r e f l e c t i v e  assembly. S h o r t  channel  s e c t i o n s  a r e  i n s e r t e d  and 
welded on t h e  i n s i d e  o f  t h e  6 "  f l a n g e  o f  t h e  hoop t o  o f f e r  and 
attachment p o i n t  f o r  t h e  trusses. 

4.4.3 HINGES 

The d i f f e r e n c e  i n  t h e  thermal expansion c o e f f i c i e n t s  between t h e  
m i r r o r  module and t h e  s u p p o r t  s t r u c t u r e  r e q u i r e s  a h i n g e  t h a t  
a l l o w s  r a d i a l  movement. The h i n g e  i s  made long enough t o  ho ld 
t h e  m i r r o r  module away f r o m  t h e  s u p p o r t  s t r u c t u r e  so t h a t  t h e  
r e a r  membrane cannot  be damaged. The h inge i s  attached t o  the  
t r u s s  by a b o l t  t h a t  p ierces t h e  pr imary and secondary members a t  
t h e  t r u s s  t i p  ( F i g u r e  4 . 3 ) .  The h i n g e  i s  fastened t o  the r i n g  
w i t h  a p i n  through a welded doubler. 

4.4.4 STRAPPING 

S i d e  l o a d s  on t h e  m i r r o r  module r e s u l t  i n  t o r s i o n  about t h e  
r a d i a l  a x . i s  o f  t h e  t r u s s e s  i f  n o t  p r e v e n t e d  t h r o u g h  
c r o s s - b r a c i  ng. Such f o r c e s  a r i s e  fran pressure gradients  along 
t h e  edge o f  t h e  m i r r o r  module. These g r a d i e n t s  can a l s o  cause a 
r o t a t i o n  of t h e  r e f l e c t i v e  assembly about i t s  o p t i c a l  axis. To 
prevent such movements, the  s t a r  s t rapping p a t t e r n  o f  F i g u r e  4 . 5  
i s  used. The r a d i a l  p a t t e r n  permi ts  r o t a t i o n  about the  o p t i c a l  
axis. 

4.5 SUPPORT STRUCTURE WEIGHT 

The w e i g h t s  of t h e  canponents o f  t h e  support s t r u c t u r e  are shown 
i n  Table 4.1. The t o t a l  weight o f  t h e  support  s t r u c t u r e  i s  2246 
pounds . 
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SECTION 5.0 

CONTROLS 

The s t r e s s e d  membrane r e f  l e c t o r  assembly r e q u i r e s  a p r e s s u r e  
system t o  c o n t r o l  t he  f o c u s  o f  t h e  m i r r o r .  D e f o r m a t i o n  o f  t h e  
f r o n t  membrane occu rs  i n  response t o  a d i f f e r e n t i a l  pressure. 
The pressures requ i red  are on the  same order o f  magn i tude  as t h e  
d y n a m i c  p r e s s u r e s  c r e a t e d  b y  t h e  w ind .  Consequent ly ,  t h e  
pressure must be va r ied  a c t i v e l y  t o  ma in ta in  focus. 

We have e l e c t e d  t o  use a l i n e a r  v a r i a b l e  displacement t ransducer  
(LVDT) mounted f i rmly t o  t h e  r i n g  f o r  t h e  commercial design. Th is  
t ransducer  was se lec ted  because o f  i t s  i n f i n i t e  mechanical l i f e  
and h igh  accuracy. Placement o f  t h e  t ransducer  w i l l  be along a 
quar te r  l i n e  t o  e l i m i n a t e  problems associated w i t h  sag and r o l l  
due t o  f r o n t  l oad ing  cond i t ions .  

An a x i a l  f a n  w i t h  r o t a t i o n a l  speed c o n t r o l  was s e l e c t e d  as a 
pr ime mover. Th i s  type o f  actuator  prov ided t h e  b e s t  compromise 
o f  h i g h  volume a t  low heads, c h a r a c t e r i s t i c  o f  the  m i r r o r  module 
response. 

5.1 RESPONSE 

I n i t i a l  des ign assumed t h a t  the minimum f o c a l  l eng th  requ i red  was 
90 meters. As the  diameter o f  t h e  r e f l e c t o r  assembly i nc reased ,  
however, t h e  need f o r  shor t  f o c a l  lengths was questioned. Large 
diameter h e l i o s t a t s  su f fe r  from o f f - a x i s  o p t i c a l  e r r o r s  t h a t  a r e  
s i g n i f i c a n t  i n  s m a l l  h e l i o s t a t  a r r a y s .  I n  l a r g e  arrays, shor t  
f o c a l  l eng ths  a r e  n o t  r e q u i r e d .  R e c e i v e r  a p e r t u r e  i s  l a r g e l y  
de te rm ined  by  t h e  beam spread of  d i s t a n t  h e l i o s t a t s  and surface 
e r r o r  i n  c lose h e l i o s t a t s  i s  n o t  as c r i t i c a l  because r e f l e c t e d  
energy i s  captured anyway. 

The s t r e s s e d  membrane r e f  l e c t o r  assembly s u f f e r s  some u n i q u e  
d i sadvan tages  a t  s h o r t  f o c a l  l e n g t h s .  As d e f l e c t i o n  o f  a 
membrane becomes l a r g e  w i t h  r e s p e c t  t o  i t s  t h i c k n e s s ,  t h e  
apparent  t e n s i o n  i n c r e a s e s  due t o  d iaphragm s t r e t c h i n g .  The 
a f f e c t  of d iaphragm t e n s i o n  i s  q u i t e  s i g n i f i c a n t  a t  the shor t  
f o c a l  lengths. 

The t w o  te rm des ign  a p p r o x i m a t i o n  used f o r  s i z i n g  t h e  r i n g  i n  
Sect ion 3.0 was mod i f i ed  t o  incorpora te  diaphragm tens ion  e f fec ts .  
The w e i g h t  of t h e  r i n g  i n c r e a s e s  s u b s t a n t i a l l y  a t  the shor t  end 
o f  t he  sca le  (see F i g u r e  5.1). To m a i n t a i n  low c o s t  p e r  u n i t  
a p e r t u r e  f o r  l a r g e  d i a m e t e r  modules, a minimum f o c a l  leng th  o f  
183m (600 fee t )  was used f o r  design and c o n t r o l  response. 
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Because t h e  wind i s  e s s e n t i a l l y  an o s c i l l a t i n g  load, t he  response 
t i m e  was an i m p o r t a n t  c o n s i d e r a t i o n  i n  c o n t r o l  d e s i g n .  The  
K a i m a l  d i s t r i b u t i o n ,  o u t l i n e d  i n  S e c t i o n  2.0, d e s c r i b e s  t h e  
r e l a t i o n s h i p  between the v a r i a t i o n  i n  dynamic p r e s s u r e  and t ime .  
F o r  t h e  o p e r a t i o n a l  maximum wind speeds ( i n c l u d i n g  gusts),  t he  
v a r i a t i o n  i n  dynamic p r e s s u r e  was peak  n e a r  0.03 Hz t h o u g h  
s i g n i f i c a n t  energy  i s  a v a i l a b l e  a t  f requencies h igher  than t h i s  
p o i n t  . 
To  c a r e f u l l y  a n a l y z e  t h e  r e s p o n s e  o f  t h e  h e l i o s t a t ,  i t  i s  
necessary  t o  know t h e  n a t u r a l  f r e q u e n c i e s  a s s o c i a t e d  w i t h  
d i f f e r e n t  t y p e s  o f  d e f o r m a t i o n  modes. I n  s u c h  a complex 
s t r u c t u r e ,  i t  i s  g e n e r a l l y  i m p o s s i b l e  t o  d e t e r m i n e  t h e s e  
frequencies and c r i t i c a l  dynamic responses by analysis.  

D u r i n g  t h e  d e s i g n  phase, s e v e r a l  two m e t e r  s c a l e  models  were 
constructed. One model was taken ou ts ide  du r ing  a very g u s t y  day 
where t h e  mean w i n d  speed was between 20 and 25 mph. A fan  was 
connected  t o  t h e  u n i t ,  and i t  was focused on a t a r g e t .  The 
s i g n i f i c a n t  v a r i a t i o n s  i n  t h e  p r o j e c t e d  image o c c u r r e d  a t  a 
frequency o f  0.2 t o  0.3 Hz. 

Dynamic s i m i l i t u d e  i s  d i f f i c u l t  t o  e s t a b l i s h  f o r  sca le models; no 
a t t e m p t  was made t o  q u a n t i f y  t h e  r e s u l t s  o f  t h i s  t e s t .  Some 
g e n e r a l  o b s e r v a t i o n s  were made, however. F i r s t ,  o s c i l l a t i o n  
frequency o f  t he  image i s  l i k e l y  t o  decrease as t h e  d i a m e t e r  o f  
t h e  h e l i o s t a t  inc reases .  The o s c i l l a t i o n  frequency a lso appears 
t o  be a f fec ted  by the  diameter and length  of the f l e x i b l e  c o n t r o l  
tube attached t o  the  center o f  the  rea r  membrane. 

Based on a peak v a r i a t i o n  i n  wind speed occu r r i ng  a t  0.03 Hz f o r  
gusts t o  27 mph, and an a n t i c i p a t e d  image o s c i l l a t i o n  much s lower  
t h a n  0.2 Hz f o r  t he  l a r g e  diameter commercial design, t he  c o n t r o l  
response t ime was set  t o  0.1 Hz. The s e l e c t i o n  was based upon 
eng i  n e e r i  ng judgment  and 1 i m i t e d  t e s t  r e s u l t s .  Fu r the r  analys is  
may be necessa ry  based upon exper iences  g a i n e d  i n  p r o t o t y p e  
t e s t i n g  . 

5.2 TRANSDUCER ACCURACY 

Three methods o f  measurement were i n v e s t i g a t e d  on a parametr ic 
b a s i s :  d i f f e r e n t i a l  p r e s s u r e ,  s l o p e ,  and d i s p l a c e m e n t .  
P ressu res  measurement wou ld  c o n - t r o l  f o c a l  l eng th  by look ing a t  
the  d i f f e r e n t i a l  between i n t e r n a l  and e x t e r n a l  p ressu re .  T h i s  
a p p r o a c h  was n o t  i n v e s t i g a t e d  i n  d e p t h  due t o  p rob lems i n  
measuring dynamic pressure.  I f  a s i n g l e  sensor  i s  used, i t  i s  
s u b j e c t  t o  m i c r o - e f f e c t s  i n  w ind  v e l o c i t y  v a r i a t i o n s  t h a t  the 
membrane does not respond to. Several sensors would be r e q u i r e d  
ove r  t h e  s u r f a c e  of the  membrane and t h i s  requirement was deemed 
i m p o s s i b l e  t o  implement  a t  low cos t .  S lope  and d i s p l a c e m e n t  
t r a n s d u c e r s  a l l o w  d i r e c t  measurement o f  t h e  v a r i a b l e s  b e i n g  
con t ro l l ed .  They a l so  make use of  an averaging e f f e c t  induced b y  
t h e  l a r g e  unsupported l e n g t h  o f  the  membrane i t s e l f .  
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Slope measurement dev ices i nves t i ga ted  were p r imar i  l y  l i m i t e d  t o  
inc l inometers  placed on the  f r o n t  membrane i t s e l f .  An advantage 
o f  t h i s  approach was t h a t  by c a r e f u l l y  se lec t i ng  t h e  p o s i t i o n  o f  
t h e  t r a n s d u c e r s ,  t h r e e  i n c l i n o m e t e r s  c o u l d  p r o v i d e  a good 
i n d i c a t i o n  o f  a v e r a g e  f o c a l  l e n g t h  and p r o v i d e  an a b s o l u t e  
p o s i t i o n  reference f o r  t rack ing .  The requ i red  accuracy o f  such a 
d e v i c e  i s  s u b s t a n t i a l  because i t  must look a t  very  smal l  slopes 
due t o  focus imposed upon la rge  changes i n  slope due t o  h e l i o s t a t  
pos i t ion .  The cost  of such transducers was p r o h i b i t i v e .  

D isp lacement  and s l o p e  measur ing  t ransducers  no t  referenced t o  
g r a v i t y  have t o  be referenced t o  some s t r u c t u r e  o f  t h e  r e f l e c t o r  
assembly. The s u p p o r t  s t r u c t u r e  was r u l e d  out due t o  the  l a rge  
r e l a t i v e  motion between the  support  arms and m i r r o r  module. The 
r e a r  membrane i s  a l s o  n o t  a re fe rence p o s i t i o n  because i n  winds 
the  pressure d i f f e r e n t i a l  across rea r  and f r o n t  are not  i d e n t i c a l  
o r  c o n s t a n t .  By d e f a u l t ,  t h e  r i n g  i s  t h e  o n l y  r e m a i n i n g  
s t ruc tu re .  

An i n v e s t i g a t i o n  i n t o  the  deformation c h a r a c t e r i s t i c s  o f  the r i n g  
and membrane was pe r fo rmed  t o  i d e n t i f y  t h e  b e s t  p o s i t i o n  f o r  
a t tachment .  Under a u n i f o r m  load,  r i n g  deformat ion i s  maximum 
h a l f w a y  between s u p p o r t s  and minimum a t  t h e  s u p p o r t s .  The 
q u a r t e r  p o i n t  i s  t h e  b e s t  e s t i m a t e  o f  membrane p o s i t i o n  f o r  
v a r i o u s  r i n g  d e f l e c t i o n s .  R o l l  i s  maximum a t  a s u p p o r t  and 
h a l f w a y  between supports, though i n  opposi te d i rec t i ons ;  t he  r o l l  
a t  t h e  quar te r  p o i n t  (15 degrees f r a n  a s t r u t  p laced on 60 degree 
i n t e r v a l s )  i s  zero .  The b e s t  e s t i m a t e  o f  membrane p o s i t i o n  i s  
obtained along the  quar te r  po in t .  

Our a n a l y s i s  allowed one m i l l i r a d i a n  o f  axisymmetric e r r o r  i n  the  
membrane p o s i t i o n .  U s i n g  t h e  a n a l y s i s  deve loped i n  [Ref.  93, 
t h i s  e r r o r  budget  t r a n s 1  a t e s  t o  approximately 4.8mm (0.19in) o f  
d e f l e c t i o n  a t  t h e  c e n t e r .  The r e s o l u t i o n  o f  t h e  d i sp lacemen t  
t r a n s d u c e r  s h o u l d  be s u b s t a n t i  a l l y  b e t t e r  t h a n  t h e  r e q u i r e d  
accuracy o f  t h e  membrane. F o r  a reasonab le  and s t a b l e  c o n t r o l  
system, we e s t i m a t e d  an accuracy o f  p lus or minus 0.5 t o  1.0 mm 
(0.02 t o  0.04 i n )  measured a t  t h e  c e n t e r  of t h e  r e f l e c t o r  
assembly would be adequate. 

The d e s i g n  r e q u i r e m e n t s  a l s o  inc luded the  a b i l i t y  t o  be able t o  
ach ieve  any f o c a l  l e n g t h  b e t w e e n  f l a t  and  f u l l y  concave .  
O r i g i n a l l y ,  f u l l  concav i ty  was def ined as 90m f o c a l  leng th  though 
t h i s  requirement was amended t o  182m by Solar K i n e t i c s  ( see  5.1). 
A f o c a l  l e n g t h  o f  182m r e s u l t s  i n  a c e n t e r  d e f l e c t i o n  o f  67mm 
(2.64 i n ) .  Therefore, t he  requi rement  t o  measure w i t h i n  0.5 t o  
1.0 mm i s  imposed upon t h e  t o t a l  measurement range. Accuracy, 
expressed as a pe rcen tage  o f  range, shou ld  exceed 0.7 t o  1.5 
percent. 

The response o f  t h e  c o n t r o l  system was de f ined a t  0.1 Hz i n  an 
e a r l i e r  s e c t i o n .  Because membrane d e f l e c t i o n  w i  1 1  v a r y  i n  
response  t o  w ind  o s c i l l a t i o n s ,  and t h e  c o n t r o l  system s h o u l d  

5-4 



respond t o  t h e  mean o f  t h e s e  o s c i l l a t i o n s ,  we e s t i m a t e d  t h a t  
measurements should be taken on one second i n t e r v a l s  as a minimum. 
Sensor response s h o u l d  t h e r e f o r e  be much f a s t e r  than one second 
t o  prov ide s tab le  readings. 

As membrane d e f l e c t i o n  was g r e a t e s t  a t  t h e  center, our i n i t i a l  
e f f o r t s  were devoted t o  p l a c i n g  a sensor  a t  t h a t  p o i n t .  Bench 
t e s t i n g ,  w i t h  a s m a l l  sensor  s t rung between h igh tens ion cables 
and loca ted  a t  the  center, i n d i c a t e d  t h a t  t h e  o s c i l l a t i o n s  o f  t h e  
s e n s o r  w e r e  an o r d e r  o f  magn i tude o r  more g r e a t e r  t h a n  t h e  
requ i red  measurement accuracy and occurred a t  f requencies o f  l e s s  
t h a n  t e n  H e r t z .  E f f o r t s  a t  damping t h e  motion, much l i k e  a bow 
s t r i n g  i s  damped, were unsuccessful.  

The membrane d e f l e c t i o n  i s  g r e a t e s t  a t  t h e  c e n t e r ,  b u t  n o t  
i n s i g n i f i c a n t  r e l a t i v e l y  c lose t o  the r ing .  The r e l a t i o n s h i p  f o r  
un i form loading i s :  

w ( r )  = w(o) ( l - ( r / a ) 2 )  

w(o) = d e f l e c t i o n  o f  membrane i n  center 
where w ( r )  = d e f l e c t i o n  o f  membrane a t  r 

r = r a d i a l  c o o r d i n a t e  m e a s u r e d  f r o m  c e n t e r  o f  

a = membrane radius.  
membrane 

Moving t h e  t r a n s d u c e r  c loser  t o  the r i n g  t o  e l i m i n a t e  sensor hum 
i n  suspension systems was cons idered.  If t h e  sensor  i s  p l a c e d  
w i t h i n  one m e t e r  of t h e  r i n g  on t h e  seven m e t e r  r a d i u s  design 
proposed here, t h e  d e f l e c t i o n  o f  t h e  membrane t o  m a i n t a i n  
accuracy i s  reduced by one fourth.  I n  o ther  words, t h e  absolute 
accuracy r e q u i r e d  i s  0.13 t o  0 .25  mm (0.005 t o  0 . 0 1 0  i n ) .  
Accuracy expressed as a percent of range does no t  change because 
t h e  t o t a l  measurement length  decreases by the  same r a t i o .  

There  a r e  some a d d i t i o n a l  c a v e a t s  t h a t  should be considered i n  
t h e  s e l e c t i o n  o f  t r a n s d u c e r  p o s i t i o n .  The l o a d  d e f o r m a t i o n  
response suggests  t h a t  t h e r e  i s  no measuvernent e r r o r  associated 
w i t h  r i n g  r o l l  o r  sag a t  t h e  q u a r t e r  p o i n t  based upon e q u a l  
membrane t e n s i o n ,  zero  rnanuf ac tu r ing  er ro r ,  and un i fo rm pressure 
p r o f i l e s .  Equal  membrane t e n s i o n s  a r e  achieved b e c a u s e  t h e  
t e n s i o n  t u b e  t e n d s  t o  t r a n s f e r  l o a d  f r o m  one s i d e  t o  another. 
M a n u f a c t u r i n g  e r r o r  i s  n o t  z e r o ,  b u t  can b e  n u l l i f i e d  b y  
c a l i b r a t i o n  a f t e r  t h e  m i r r o r  module i s  attached t o  the trusses. 

Non-un i fo rm p r e s s u r e  p r o f i l e s  a r e  more d i f f i c u l t  t o  quant i f y .  
The non-uni formity i s  l i k e l y  t o  cause a d d i t i o n a l  d e f l e c t i o n  and 
r o l l  i n  t h e  r i n g .  If t h e  sensor i s  f i x e d  t o  t h e  r i n g ,  t h e  
measurement e r r o r  due t o  r o l l  i n c r e a s e s  i n  d i r e c t  p r o p o r t i o n  t o  
t h e  d i s t a n c e  f r o m  r i n g  t o  s e n s o r .  The  measurement e r r o r  
associated w i t h  d e f l e c t i o n  i s  minimized a t  t h e  center, though t h e  
magn i tude o f  t h e  e r r o r  d i m i n i s h e s  r a p i d l y .  For  example, i f  the  
non-uniform r i n g  d e f l e c t i o n  a t  t h e  q u a r t e r  p o i n t  i s  o n e - h a l f  o f  
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t h e  maximum u n i f o r m  d e f l e c t i o n ,  t h e  measurement e r r o r  i s  l e s s  
than t h e  r e q u i r e d  sensor  accuracy  a t  one meter  f r o m  t h e  r i n g .  
Consequent ly,  f o r  t h e  commercial  des ign,  we i n t e n d  t o  place a 
sensor  a t  t h e  q u a r t e r  p o i n t  a p p r o x i m a t e l y  one meter  f r o m  t h e  
r i n g .  

An LVDT was se lec ted  f o r  displacement measurement because i t  
prov ided a s i g n i f i c a n t  number o f  impor tant  features.  F i r s t ,  t h e  
accuracy o f  t h e  instrument i s  adequate on both an absolute and 
percent o f  range basis.  Nul l  r e p e a t a b i l i t y  i s  a l s o  e x c e l l e n t  i n  
an LVDT. Long l i f e  and r e l i a b i l i t y  are prov ided because t h e r e  i s  
no mechanical con tac t  between core and c o i l , .  The i n p u t  and 
output  s i g n a l s  o f  t h e  t ransformer are i n h e r e n t l y  i s o l a t e d  from 
each o ther  making t h e  sensor an e f f e c t i v e  analog computing element 
w i t h o u t  t h e  need f o r  b u f f e r  a m p l i f i e r s .  Cost f o r  t h e  t ransducer 
element, i n  l a r g e  q u a n t i t i t i e s ,  was minimal. 

5.3 PRIME MOVER 

The  l o a d  d e f o r m a t i o n  r e s p o n s e  o f  t h e  r e f l e c t o r  assembly i s  
character ized based upon t h e  p r e s s u r e  d i f f e r e n t i a l s  across  t h e  
membranes. These p r e s s u r e  d i f f e r e n t i a l s  d is tend t h e  membrane, 
and s i g n i f i c a n t l y  a l t e r  t h e  volume of t h e  p lenum. I n  some 
r e s p e c t s ,  t h e  f o c a l  c o n t r o l  system can be more e a s i l y  explained 
i n  terms o f  volume r a t h e r  than pressure c h a r a c t e r i s t i c s .  

The response t ime of the  m i r r o r  module was def ined e a r l i e r  as 0.1 
Her tz ,  and t h e  Ka imal  d i s t r i b u t i o n  was used t o  d e s c r i b e  t h e  
p o t e n t i a l  dynamic p r e s s u r e  changes. The leeward  s i d e  o f  t h e  
h e l i o s t a t  i s  exposed t o  a s u c t i o n .  The m a g n i t u d e  o f  t h i s  
n e g a t i v e  p r e s s u r e  was assumed a t  s i x t y  percent o f  t h e  windward 
d y n a m i c  p r e s s u r e  [ R e f .  163. B e c a u s e  t h e  p e r i o d  o f  w i n d  
o s c i l l a t i o n  t h a t  c a n  be a d d r e s s e d  i s  r e l a t i v e l y  long,  t h e  
pressure p r o f i l e  from v e l o c i t y  v a r i a t i o n s  was assumed t o  be f u l l y  
developed across the  surface. The pressure changes requ i red  a t  a 
mean wind speed o f  j u s t  over 22 mph w i t h  g u s t s  t o  27 mph v a r i e d  
a c c o r d i n g  t o  az imuth  a n g l e  and t h e  d i r e c t i o n  o f  t h e  wind. A 
worst case a n a l y s i s  was per fo rmed assuming t h a t  t h e  ang le  was 
90°, and c a l c u l a t i o n s  f o r  a forward and rearward wind were made. 
The actual  pressure change f r a n  mean was r e l a t i v e l y  smal l ,  on t h e  
o r d e r  o f  0.003 p s i .  The volume i n c r e a s e  due t o  r e a r  membrane 
p o s i t i o n  change v a r i e d  a c c o r d i n g  t o  t h e  i n i t i a l  f o c a l  l e n g t h .  
The range was r e l a t i v e l y  small; t h e  volume change was between 65 
and 85 cubic feet .  I f  t h e  f u l l  ten  seconds i s  al lowed f o r  making 
t h e  adjustment, the  c o n t r o l  system need prov ide a pressure change 
o f  o n l y  0.003 psi,  b u t  t h e  associated vo lumetr ic  f l o w  r a t e  i s  400 
t o  500 cubic f e e t  per minute (CFM). 

The two m e t e r  module p l a c e d  i n  a 20 mph mean wind described i n  
Sect ion 5.1 d i d  i n  f a c t  show s i g n i f i c a n t  v a r i a t i o n  i n  t h e  image 
s i z e  on  a p e r i o d i c  b a s i s .  We f e e l  t h a t  i t  i s  necessary t o  
respond t o  dynamic v a r i a t i o n s  i n  wind pressure t o  c o n t r o l  sur face  
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e r r o r  i n  t h e  r e f l e c t o r  assembly. The high volume, low pressure 
c h a r a c t e r i s t i c s  r e q u i r e d  f o r  t h i s  t y p e  o f  response l e d  us t o  
i n v e s t i g a t e  a x i a l  f low fans as the  c o n t r o l  actuator.  

An a x i a l  f a n  d e l i v e r s  f l o w  i n  d i r e c t  p r o p o r t i o n  o f  i t s  r o t a t i o n a l  
speed. S t a t i c  pressure increases w i t h  t h e  square o f  r e v o l u t i o n s  
p e r  m i n u t e  ( r p m )  and h o r s e p o w e r  i n c r e a s e s  w i t h  t h e  cube. 
Ad jus tment  o f  t h e  motor  rpm i n  an a x i a l  f a n  system t h e r e f o r e  
o f f e r s  f l o w  and s t a t i c  pressure cont ro l .  Motor speed c o n t r o l  i s  
r e l a t i v e l y  easy and inexpensive t o  implement. 

Fan s e l e c t i o n  was based upon a c h i e v i n g  adequate f l o w  r a t e s  and 
heads f o r  dynamic response and low power requirements t o  m a i n t a i n  
f o c u s  a g a i n s t  s t a t i c  w i n d  and g r a v i t y  forces. An eighteen i n c h  
diameter p r o p e l l e r  f a n  was f i n a l l y  s e l e c t e d  on t h i s  b a s i s .  A 
s i x t e e n  i n c h  a x i a l  f a n  was very n e a r l y  i d e n t i c a l  i n  a i r  d e l i v e r y  
and power requ i rements ,  though o p e r a t i n g  speeds were h i g h e r .  
I f  t h e  f i n a l  f a n  s e l e c t i o n  changes f r o m  e i g h t e e n  t o  s i x t e e n  
inches, t h e r e  i s  l i t t l e  change i n  power o r  cos t  estimates. 

The e i g h t e e n  i n c h  f a n  response i s  i l l u s t r a t e d  i n  F igures  5.2, 
5.3, and 5.4. The 1200 f o o t  f o c a l  l e n g t h  and t h i r t y  d e g r e e  
a z i m u t h  ang le  were s e l e c t e d  t o  r e p r e s e n t  a t y p i c a l  r a t h e r  than 
worst design case. Maximum dynamic power requirements t o  a c h i e v e  
t h e  f l o w  r a t e s  i d e n t i f i e d  e a r l i e r  a t  heads t h a t  correspond t o  
ma in ta in ing  focus i n  operat ional  w ind  speeds were v i r t u a l l y  t h e  
same as f o r  s t a t i c  requ i rements .  The maximum power requirement 
f o r  t h e  w o r s t  c o m b i n a t i o n  o f  o r i e n t a t i o n  a n d  w i n d  was 
approximately 180W (0.25 horsepower). 

5.4 CONVEXITY 

A r e l a t i v e l y  p o w e r f u l  f a n  was r e q u i r e d  t o  m a i n t a i n  f o c u s  i n  
severe wind speeds and dynamic o s c i l l a t i o n s  o f  p r e s s u r e  i n  t h e  
w o r s t  o r i e n t a t i o n s .  An i n v e s t i g a t i o n  of the  a b i l i t i e s  o f  us ing  
t h e  e x i s t i n g  pressure c o n t r o l  t o  achieve defocus was accompli shed. 
S e v e r a l  f a c t o r s  were i n c o r p o r a t e d  i n t o  our a n a l y s i s  i n c l u d i n g  
a d j u s t i n g  f l o w  r a t e  based upon s t a t i c  pressure d i f f e r e n t i a l s ,  i n  
r u s h  t h r o u g h  t h e  fan  opening due t o  t h e  d e l t a  i n  i n t e r n a l  and 
r e a r  p r e s s u r e s ,  t i m e  t o  a c c e l e r a t e  t h e  f a n  i n  t h e  p r o p e r  
d i r e c t i o n ,  and t h e  l i m i t s  of d e f l e c t i o n  imposed by an increase i n  
apparent tens ion due t o  d i  aphragm s t re tch ing .  

The r e s u l t s  a r e  shown i n  F i g u r e s  5.3 and 5.4. The p r e s s u r e  
c o n t r o l  system opt imized f o r  c o n t r o l  purposes could not  ach ieve  a 
convex r a d i u s  of 1200 ft. i n  f i v e  seconds i r r e s p e c t i v e  o f  wind 
condi t ions.  It should be noted t h a t  s u b s t a n t i a l  c o n v e x i t y  can be 
ach ieved i n  s h o r t  t i m e  p e r i o d s ,  however. I n  f i v e  seconds, no 
wind, the  h e l i o s t a t  has a c h i e v e d  a convex r a d i u s  o f  l e s s  t h a n  
1700 f e e t .  A 1200 f o o t  convex r a d i u s  i s  n o t  reached f o r  s i x  
seconds. Under t h e  most severe  w ind  c o n d i t i o n s ,  t h e  h e l i o s t a t  
reaches a convex rad ius  of 1700 f e e t  i n  approximately ten seconds. 
The 1200 ft. radius i s  no t  reached f o r  four teen seconds. 
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A d d i t i o n s  t o  t h e  c o n t r o l  system t o  prov ide f a s t e r  convexi ty  were 
b r i e f l y  i n v e s t i g a t e d .  I n c r e a s i n g  t h e  a v a i l a b l e  p o w e r  was 
cons idered.  By r e p l a c i n g  t h e  q u a r t e r  horsepower fan  w i t h  a h a l f  
horsepower u n i t ,  t h e  1200 f o o t  r e q u i r e m e n t  can be ach ieved i n  
l e s s  t h e n  f i v e  seconds. The expense o f  increas ing motor s i z e  i s  
not l i m i t e d  t o  t h e  a d d i t i o n a l  motor horsepower b u t  a l s o  r e q u i r e s  
addi  t i o n a l  f i e l d  w i r i n g  expenses, l a r g e r  a u x i l i a r y  power u n i t s ,  
and a d d i t i o n a l  p a r a s i t i c  demands due t o  o v e r s i z e d  e f f i c i e n c y  
p r  ob1 ems. 

I t  i s  n o t  c l e a r  t h a t  i n  l a r g e  f i e l d s ,  a 1700 f o o t  convex r a d i u s  
i s  i n a d e q u a t e  due t o  t h e  l a r g e r  s l a n t  ranges  a s s o c i a t e d  w i t h  
l a r g e  he1 i o s t a t  aper ture.  There i s  a cubic  r e l a t i o n s h i p  between 
diameter and volume, w h i l e  the  a p e r t u r e  i n c r e a s e s  o n l y  w i t h  t h e  
square.  Consequent ly,  t h e  s m a l l e r  d iameter  h e l i o s t a t s  have no 
prob lem w i t h  de focus  r e q u i r e m e n t s  o f  1200 ft. r a d i u s  i n  f i v e  
seconds. 

Methods f o r  ma in ta in ing  o r  i n s t i g a t i n g  convexi ty  on power f a i l u r e  
were not  thoroughly invest igated.  The f a n  i s  capable,  however, 
o f  mainta in ing convexi ty  i n  a 50 mph wind w i t h  power. 

5.5 MOUNTING 

The optimum p o i n t  t o  add and withdraw a i r  from t h e  h e l i o s t a t  was 
t h e  c e n t e r  o f  t h e  r e a r  membrane. The d r i v e  hub p r o v i d e d  a 
c o n v e n i e n t  mount ing  p o i n t  f o r  t h e  assembly. A f l e x i b l e  t u b e  
connects t h e  fan tube w i t h  t h e  r e a r  membrane and a d i f f u s e r  i s  
p r o v i d e d  a t  t h e  end of t h a t  tube t o  avoid d i r e c t  impingement o f  
t h e  a i r  s t rean on t h e  membrane. Vanes are p r o v i d e d  on each s i d e  
of  t h e  f a n  t u b e  t o  s t r a i g h t e n  f l o w  and t h e r e f o r e  reduce f a n  
i n e f f i c i e n c i e s  a s s o c i a t e d  w i t h  t u r b u l e n t  and c i r c u l a r  f l o w  
pat terns.  

A f i l t e r  e lement i s  p r o v i d e d  a t  the rear  o f  t h e  fan assembly t o  
prevent t h e  i n t r o d u c t i o n  o f  dust and miscel laneous f o r e i g n  m a t t e r  
t o  t h e  m i r r o r  module. Th is  element has subs tan t ia l  sur face area 
i n  comparison t o  fan  diameter. Pressure drop i s  n o t  expec ted  t o  
b e  a s u b s t a n t i a l  p r o b l e m  due t o  t h e  l a r g e  a r e a  r a t i o  and 
extremely h igh  poros i ty .  The element i s  i n h e r e n t l y  s e l f - c l e a n i n g  
because t h e  fan  i s  o f t e n  exhaust ing  a i r  from t h e  m i r r o r  module. 
F i l t e r  change i n t e r v a l s  should be long, and t h e  element can be 
r e m o v e d  and r e p l a c e d  v e r y  q u i c k l y .  F i g u r e  5.5 shows t h e  
assembly. 

5.6 MISCELLANEOUS CONTROL ELEMENTS 

S o l a r  K i n e t i c s  se lected a pulse w i d t h  modulated (PWM) DC motor t o  
r e g u l a t e  f a n  speed. T h i s  t y p e  o f  system p r o v i d e s  e l e c t r o n i c  
commutat ion t o  e l i m i n a t e  brushes. R o t a t i o n a l  speed feedback can 
be prov ided along w i t h  comnunication and speed c o n t r o l  i n  a m o t o r  
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m o u n t e d  e l e c t r o n i c  package t h a t  c o s t s  l e s s  t h a n  one hundred 
d o l l a r s  ( i n c l u d i n g  m o t o r )  i n  l a r g e  volume. The packaged u n i t  
p r o v i d e s  speed  c o n t r o l  based upon ana log  o r  d i g i t a l  i n p u t ;  
d i  s c r e t e  c o n t r o l s  f o r  dynamic b r a k i  n g  and d i  r e c t i  on a r e  a1 so  
p r  ov i ded . 
LVDT response must be t r a n s l a t e d  f o r  t h e  microprocessor t o  read 
pos i t ion .  Costs f o r  these t r a n s l a t o r  c i r c u i t s  were e s t i m a t e d  a t  
f i f t y  d o l l a r s  f o r  l a r g e  volume. Some ref inement i n  cost  may be 
poss ib le  i n  t h i s  area. The a d d i t i o n a l  p r o c e s s i n g  r e q u i r e d  f o r  
membrane p o s i t i o n  t o  speed can l i k e l y  be handled by t h e  e x i s t i n g  
microprocessor associated w i t h  t r a c k i n g  c o n t r o l s .  No a d d i t i o n a l  
cos t  was added f o r  processing capabi 1 i t  i es. 

The l o a d  and c o n s e q u e n t l y  d e f l e c t i o n  of t h e  m i r r o r  module i s  
o s c i  11 a t o r y .  Response t o  c o n t r o l  system changes i n v o l  v e s  a 
s i g n i f i c a n t  t i m e  lag .  T h i s  s i t u a t i o n  i s  c l a s s i c a l l y  c o n t r o l l e d  
by p r o p o r t i o n a l / i n t e g r a l  log ic .  
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SECTION 6.0 

I NTRODUCT I ON 

TO MANUFACTURING AND COST 

The f o l l o w i n g  sect ions present the  manufactur ing process and cost  
f o r  producing 1501112 s t r e s s e d  membrane h e l i o s t a t s  a t  a r a t e  o f  
50,000 p e r  year. Th is  task was completed by Solar K ine t ics ,  Inc. 
under Phase I of  Sandia Labora tor ies  Contract  No. 91-8808A. 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  development of  the  r e f l e c t o r  
assembly and support s t ruc tu re ,  and d i d  n o t  i n c l u d e  t h e  ba lance  
o f  h e l i o s t a t  ( p e d e s t a l ,  d r i v e ,  h e l i o s t a t  cont ro ls ,  etc.). For  
t h i s  reason, the  design and p r o d u c t i o n  t e c h n i q u e  f o r  t h e  BOH i s  
n o t  addressed. Costs  f o r  t h e  BOH, however, have been est imated 
i n  order t o  g ive  a complete h e l i o s t a t  cost. 

* 

As d e t a i l e d  i n  t h i s  r e p o r t ,  t h e  m a n u f a c t u r i n g  o f  most  o f  t h e  
components i s  done a t  a cen t ra l  p lan t .  Because o f  t h e  h e l i o s t a t  
s i z e ,  p r o d u c t i o n  o f  t h e  46 ft. diameter r i n g  and f i n a l  assembly 
of  t he  r e f l e c t o r  i s  done a t  t h e  s i t e  o f  each h e l i o s t a t  f i e l d .  
N i n e  s i m u l t a n e o u s  s i t e  o p e r a t i o n s  a r e  u s e d  t o  m a t c h  t h e  
product ion a b i l i t y  o f  the  c e n t r a l  p lan t .  

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  i n s t a l l e d  c o s t s  
represent 51% o f  the complete h e l i o s t a t  cos t ,  or $28.30 p e r  m2. 
The h e l i o s t a t  i n s t a l l e d  cost, i nc lud ing  the  BOH, i s  est imated t o  
be $55.26 per  m2. Based upon the  same i n f l a t i o n  f i g u r e s  quo ted  
t h r o u g h o u t  t h i s  t e x t ,  we es t imated t h e  t o t a l  cos t  o f  a g lass  t o  
metal  h e l i o s t a t  o f  i d e n t i c a l  a p e r t u r e  t o  be $71.19 per  square  
meter o f  aperture. 
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SECTION 7.0 

CENTRAL MANUFACTURING FACILITY 

7.1 INTRODUCTION 

A method f o r  m a n u f a c t u r i n g  50,000 s t r e s s e d  membrane r e f l e c t o r  
assemblies has been developed and i s  d e s c r i b e d  i n  t h e  f o l l o w i n g  
s e c t i o n s .  T h i s  m a n u f a c t u r i n g  s c e n a r i o  inc ludes  d e t a i l s  o f  a l l  
s i g n i f i c a n t  o r  u n i q u e  o p e r a t i o n s  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 l i t y  (CMF) a l o n g  w i t h  l a b o r ,  equipment and f l o o r  space 
requirements. The development was performed i n  order t o  i d e n t i f y  
s p e c i a l  t o o l i n g  and equipment requirements and t o  prov ide a means 
by which a c r e d i b l e  est imate o f  c a p i t a l  and l i f e  cyc le  c o s t  c o u l d  
be made. 

7.2 PRODUCTION RATES 

The annual  p r o d u c t i o n  volume, as establ ished by the  contract ,  i s  
50,000 r e f l e c t o r  assemblies. To assess the  r a t e  r e q u i r e m e n t s  o f  
t h e  CMF, a p l a n t  e f f i c i e n c y  f a c t o r  of 85% was chosen. T h i s  
f a c t o r  i s  app l ied  t o  t h e  i d e a l  product ion capaci ty  t o  account  f o r  
down t i m e ,  l a b o r  i n e f f i c i e n c i e s ,  re-work and scrap.  As an 
example, i f  a process was t o  produce 50,000 p a r t s  p e r  year ,  i t  
m u s t  h a v e  t h e  c a p a c i t y  t o  produce p a r t s  a t  a r a t e  of 58,824 
(50,000/.85) per  year. Th is  fac to r  i s  based on S K I ' S  e x p e r i e n c e  
and i s  a reasonable value i n  indus t ry .  A t  t h i s  product ion volume 
and e f f i c i e n c y ,  t h e  CMF must have t h e  c a p a b i l i t y  of p r o d u c i n g  
components f o r  14.7 r e f l e c t o r s  an hour. Th is  t r a n s l a t e s  t o  29.4 
membranes and 88.2 s t r u t s  per hour. Produc t ion  r a t e s  a r e  broken 
down f u r t h e r  i n  Tab le  7.1. Ma jor  i t e m s  t h a t  are not l i s t e d  i n  
t h i s  t a b l e  a r e  purchased. T h e s e  i n c l u d e  t h e  h i n g e s ,  some 
d o u b l e r s  and m i s c e l l a n e o u s  hardware. Such p a r t s  are not  cost  
e f f e c t i v e  t o  produce i n  these volumes. 

7.3 DEGREE OF AUTOMATION 

I n  d e t e r m i n i n g  t h e  degree o f  au tomat ion  of each manufactur ing 
process, i t  was f i r s t  assumed t h a t  each p r o c e s s  would be f u l l y  
automated. The advantages and d i s a d v a n t a g e s  o f  u s i n g  manual 
l a b o r  a t  each s t e p  i n s t e a d  o f  au tomated  e q u i p m e n t  was t h e n  
cons idered.  Where manual l a b o r  p roved c o s t  e f f e c t i v e ,  i t  was 
i n c o r p o r a t e d  i n t o  t h e  p r o c e s s  and t h e  a u t o m a t e d  s y s t e m  was 
removed. 
L a b o r e r s  p r o v e d  m o s t  b e n e f i c i a l  f o r  t a s k s  t h a t  a r e  n o t  
r e p e t i t i o u s ,  f o r  c o m p l e x  a c t i o n s ,  o r  a s  o p e r a t o r s  o f  
semi-automatic equipment. 

I n  some cases, semi-automatic processes are enployed. 
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7.4 PRODUCTION DESCRIPTION 

c 

The CMF p r o d u c t i o n  p rocess  f o r  each o f  t h e  major components i s  
descr ibed i n  the  f o l l o w i n g  tex t .  A summary o f  a l l  p rocesses  i s  
presented i n  F igu re  7.1. 

7.4.1 MEMBRANE PRODUCTION 

The membranes a r e  made from t e n  (10) .010" t h i c k  aluminum sheets 
j o i n e d  by  r e s i s t a n c e  seam welded l a p  j o i n t s .  The shee ts  a r e  
c o n s t r u c t e d  i n  a c o n t i n u o u s ,  l i n e a r  c o i l  l i n e  as shown i n  
F i g u r e  7 .2 .  F o u r  c o i l  l i n e s  r u n  i n  p a r a l l e l ;  t w o  p r o d u c i n g  
1 aminated f r o n t  membranes and two p r o d u c i  ng u n l a m i n a t e d  r e a r  
membranes . 
The f i r s t  t w o  p r o c e s s e s  i n  t h e  c o i l  l i n e  a r e  l e v e l i n g  and 
cleaning. The c lean ing  removes d i r t ,  o i l  and o x i d e  t o  p r o v i d e  a 
good surf ace fo r  re f  l e c t o r  adhesion and we1 d i  ng . 
The n e x t  p rocess  i s  l a m i n a t i o n  o f  t h e  r e f l e c t i v e  f i l m  on t h e  
aluminum sheets. Th is  process i s  complicated by  t h e  f a c t  t h a t  a 
r e s i s t a n c e  weld cannot be made thrdugh r e f l e c t i v e  f i l m .  By us ing 
r e f l e c t i v e  f i l m  t h a t  i s  s l i g h t l y  na r rower  t h a n  t h e  a lum inum 
sheets,  t h e  edges o f  the  aluminum are l e f t  bare f o r  welding. The 
ends o f  each sheet must a l so  be l e f t  bare f o r  welding t o  the  r i ng .  
T h i s  i s  done by  f i r s t  l a y i n g  a none adhesive disposable template 
on t h e  sheet where no f i l m  i s  desired. The f i l m  i s  t h e n  a p p l i e d  
t o  t h e  sheet  and t e m p l a t e .  N u m e r i c a l l y  c o n t r o l l e d  kn ives then 
shear the  f i l m  along the  edge o f  t he  template, and t h e  templa te ,  
w i t h  the unwanted f i l m ,  i s  removed. 

The edges o f  t h e  f i l m  a r e  sea led  against  cor ros ion  by a coat  of  
a c r y l i c .  Two o f  t he  a c r y l i c  spray heads a r e  s t a t i o n a r y  and one 
i s  numer ica l l y  c o n t r o l l e d  t o  fo l low the  curved edge o f  the f i l m .  

L a s e r  shears  c u t  t h e  shee ts  w i t h  a seven meter rad ius  t o  f i n a l  
shape. Drop (aluminum waste) i s  l i m i t e d  t o  a p p r o x i m a t e l y  4% b y  
t h i s  p rocess .  Coi  1 speed f o r  each l i n e  averages 47 f e e t  p e r  
minute (fpm). 

The s h e e t s  f r o m  t h i s  p r o c e s s  a r e  t r a n s f e r r e d  t o  one o f  two 
e l e c t r i c  res is tance seam welders ( see  F i g u r e  7 . 3 ) .  Each w e l d e r  
has s i x  r o l l i n g  e l e c t r o d e s  on a t r a n s l a t i n g  br idge. The welding 
c u r r e n t  i s  passed f r o m  t h e  r o l l i n g  e l e c t r o d e s  t h r o u g h  t h e  
aluminum shee ts  i n t o  a f l a t  copper bar  which i s  a c t i v e l y  cooled. 
When f o u l e d ,  t h e  upper  e l e c t r o d e s  a r e  r e p l a c e d  w i t h  d r e s s e d  
e l e c t r o d e s .  When t h e  c o p p e r  b a r  i s  f o u l e d ,  i t  i s  i ndexed  
l a t e r a l l y  t o  p rov ide  a c lean sur face along t h e  l i n e  of t h e  weld.  
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When t h e  b a r  becomes c o m p l e t e l y  fou led  ( a t  the end o f  the  day), 
i t  i s  removed and m i l l e d  clean by t h e  maintenance crew. I n  t h i s  
way, t i p  dress ing has l i t t l e  impact on product ion.  Welding speed 
per  machine i s  32 seconds per seam. T h i s  a l l o w s  3 0  seconds f o r  
t r a n s f e r  and 58 seconds f o r  accurate p o s i t i o n i n g  o f  each sheet. 

T h e  a s s e m b l e d  m e m b r a n e s  a r e  r o l l e d  o n t o  a m a n d r e l  f o r  
t r a n s p o r t a t i o n  t o  the  s i t e .  Based on t r u c k i n g  weight l i m i t s ,  1 4 5  
r e a r  membranes a r e  c a r r i e d  per r o l l ,  and 120 f r o n t  membranes are 
c a r r i e d  per r o l l .  Because the  seams o f  t h e  membrane a r e  lapped, 
t h e y  a r e  t w i c e  as t h i c k  as t h e  r e s t  o f  t h e  membrane. When the  
membranes are r o l l e d  over each o t h e r  on t h e  mandre l ,  t h i s  e x t r a  
h e i g h t  wou ld  damage t h e  membrane d i r e c t l y  above and below i t  i f  
no precaut ion  was taken. A l aye r  o f  foam i s  r o l l e d  between each 
membrane laye r  t o  prevent t h i s  " p r i n t  through" e f f e c t .  

The mandre l  used t o  f e e d  t h e  foam i s  a l s o  used as the  membrane 
take-up r o l l  a f t e r  i t  has been emptied. The same mandre ls  t h a t  
a r e  used t o  s h i p  t h e  membranes t o  t h e  s i t e s  a r e  a l s o  used t o  
r e t u r n  the  foam t o  the CMF. 

The membrane r o l l s  a r e  f i l l e d  once every 40 manufactur ing hours 
a t  each welding s ta t i on .  When f u l l ,  t h e y  a r e  t r a n s f e r r e d  t o  an 
adjacent storage area by an overhead crane t o  await shipping. 

7.4.2 TRUSS PRODUCTION 

The t r u s s e s  a r e  made f rom r o l  l-formed pr imary members separated 
b y  ben t  square  t u b e  s e c o n d a r y  members. Two i d e n t i c a l  and 
p a r a l l e l  process l i n e s  are used f o r  t r u s s  manufacture. 

, 
The t r u s s  f l a n g e s  a r e  produced f rom s l i t  ( i n - h o u s e  s l i t t i n g ) ,  
pre-coated,  carbon s t e e l  s tock  ( see  F i g u r e  7 . 4 ) .  The c o i l e d  
s t o c k  i s  l e v e l e d ,  c leaned  and sheared t o  length.  Each p iece o f  
stock i s  r o l l e d  i n t o  a doub le  h a t  s e c t i o n  and t r a n s f e r r e d  t o  a 
p u n c h i n g  s t a t i o n  where a l l  mount ing  h o l e s  and m i s c e l l a n e o u s  
notches are accurate ly  punched. The c o i l  speed f o r  t h i  s p rocess  
i s  41 fpm. 

The webbing i s  made f r o m  purchased, g a l v a n i z e d  square tubing. 
The zig-zag pa t te rn  o f  t he  webbing i s  made by  bending t h e  t u b e  a t  
s e v e r a l  po in ts .  The tub ing  i s  notched through th ree  w a l l s  a t  the  
p o i n t  of  t h e  bend. I n  t h i s  way, o n l y  one w a l l  o f  t h e  t u b e  i s  
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ben t  and t h e  cross sec t ion  remains und is to r ted .  F igu re  7.4 shows 
t h a t  t h e  n o t c h i n g  i s  done w i t h  an i n d e x i n g  band saw and t h e  
t u b i n g  i s  ben t  w i t h  a s e t  o f  moving f u l c r u m s .  Because o f  the  
notches, t he  bending f o r c e  requ i red  i s  very  low and t h e  f u l c r u m s  
serve p r i m a r i l y  as guides f o r  t h e  process. 

The t u b e  has l i t t l e  r i g i d i t y  o f  i t s  own and i s  supported by a 
f i x t u r e  t h a t  a t t a c h e s  t o  t h e  m i d p o i n t  o f  each s e c t i o n .  T h i s  
f i x t u r e  a l l o w s  t r a n s f e r  of t h e  p a r t  t o  t h e  assembly area, 
pos i t ions ,  and holds the  p a r t  dur ing  assembly. 

C r i t i c a l  p o s i t i o n i n g  o f  t h e  s t r u t  i s  p r o v i d e d  by t h e  punched 
h o l e s  i n  t h e  f l a n g e s .  A f t e r  p o s i t i o n i n g ,  a gang s p o t  w e l d e r  
j o i n s  a l l  t h e  p a r t s .  Doublers are then pos i t ioned and welded by 
another gang welder (F igure 7.5). 

P o s i t i o n i n g  and w e l d i n g  o f  each assembly i s  comple ted  i n  84 
seconds and t h e  p a r t  i s  t rans fe r red  t o  the pa in t  l i n e .  

7.4.3. HUB PRODUCTION 

There  a r e  f o u r  t y p e s  of p a r t s  t h a t  comprise the  hub: t h e  r i n g s  
( t w o  each), t h e  b r a c i n g  ( 1 2  e a c h ) ,  t h e  d r i v e  and a s s e m b l y  
b r a c k e t s  ( s i x  each),  and t h e  t r u s s  b r a c k e t s  (12 each). These 
f o u r  p a r t s  a r e  manu fac tu red  s e p a r a t e l y  and a s s e m b l e d  i n  an 
automated welding process. 

The r i n g s  a r e  made f r o m  h o t  r o l l e d  s t r u c t u r a l  s tee l  angle. The 
ang le  i s  purchased i n  s t r a i g h t  l e n g t h s ,  and i s  c u t  t o  t h e  
r e q u i r e d  l e n g t h  i n  l a r g e  q u a n t i t i e s  by an auto-indexing band saw. 
Each p i e c e  i s  t h e n  f e d  t h r o u g h  an ang le  r o l l  t o  p r o d u c e  t h e  
c i r c u l a r  shape. B u t t  welding of the  j o i n t  i s  performed manual ly 
w i t h  a mig welder. 

The b r a c i n g  i s  c o n s t r u c t e d  f rom two s t r u c t u r a l  s t e e l  ang les  
welded back-to-back t o  f o r m  a t e e  c r o s s  s e c t i o n .  The ang le  i s  
purchased i n  standard 40 f o o t  lengths and welded i n t o  a tee shape 
w i t h  an au tomat ica l l y  c o n t r o l l e d  m i g  head. These t e e  s e c t i o n s  
a r e  c u t  t o  s i z e  i n  b u l k  b y  t h e  same auto- indexing band saw used 
f o r  t h e  r i n g s .  The b r a c i n g  i s  t h e n  t r a n s f e r r e d  t o  t h e  hub 
assembly area. 

The d r i v e  and assembly brackets are bes t  made as stampings. The 
s ize  o f  t h e  stampings, however, r e q u i r e s  a l a r g e  tonnage p r e s s  
and i t  i s  not  cost  e f fec t i ve  t o  have in -p lan t  equipment f o r  these 
p r o d u c t i o n  volumes. Consequent ly ,  t h e s e  s t a m p i n g s  w i  1 1  b e  
purchased. 
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7- 10 



The t r u s s  a t tachment  b r a c k e t s  are considerably  th inne r  than the  
d r i v e  brackets  and are needed i n  t w i c e  t h e  q u a n t i t y .  Equipment 
f o r  s tamping t h e s e  p a r t s  i s  c o s t  e f f e c t i v e .  The brackets  are 
made from s l i t  ( in-house s l i t t i n g )  carbon s t e e l  c o i l  s tock .  The 
c o i l e d  s t o c k  i s  f e d  i n t o  a two s tage  auto- indexing press. The 
f i r s t  s tage  punches h o l e s  and c u t s  t h e  p e r i m e t e r ,  t h e  second 
s tage  b rakes  t h e  edges. The s tamping speed i s  16 seconds per 
pa r t .  

A s s e m b l y  o f  t h e  components  o f  t h e  hub i s  d i v i d e d  i n t o  f o u r  
s t a t i o n s .  A t  t h e  f i r s t  s t a t i o n ,  one l a b o r e r  m o u n t s  t h e  t w o  
r i n g s ,  t h e  s t r u t  b r a c k e t s  and t h e  s i x  v e r t i c a l  b races  i n  an 
assembly f i x t u r e .  Locat ing  i s  accompl ished b y  f i x i n g  t h e  s t r u t  
b r a c k e t s  through mounting holes. I n  t h i s  way, t he  s t r u t  mounting 
h o l e s  a r e  a c c u r a t e l y  p o s i t i o n e d  i n  r e l a t i o n  t o  e a c h  o t h e r .  
M i s a l i g n m e n t  due t o  weld shrinkage i s  n u l l i f i e d  by reaming these 
holes a f t e r  f i na l  we1 d i  ng . 
T h i s  f i x t u r e  i s  t rans fe r red  t o  the  second s t a t i o n  where two robot  
welders weld the  u n i t  together.  

The weldment and f i x t u r e  i s  conveyed t o  the  t h i r d  s t a t i o n  and t h e  
d i a g o n a l  braces, d r i v e ,  and m o u n t i n g  b r a c k e t s  a r e  m a n u a l l y  
posi t ioned f o r  we1 d i  ng. 

Welding i s  done by a s i n g l e  robot  welder a t  the f o u r t h  s ta t i on .  

The f i f t h  s t a t i o n  d r i l l s  h o l e s  i n  t h e  u p r i g h t s  and accura te ly  
reams a l l  remaining holes. 

The hub i s  t r a n s f e r r e d  t o  t h e  p a i n t  l i n e  and t h e  f i x t u r e  i s  
re tu rned t o  s t a t i o n  one. Each s t a t i o n  completes i t s  o p e r a t i o n  i n  
4.1 minutes. 

The f l o o r  space 1 ayout  o f  t h e  hub p r o d u c t i o n  area  i s  shown i n  
F igu re  7.6. The t o t a l  area requ i red  i s  6,600 square fee t .  

7.4.4 TUBING 

9 

The t e n s i o n  t u b e  i s  c o s t  e f f e c t i v e  t o  produce c a p t i v e l y  because 
o f  the h igh  volume requi red (1.4 m i l l i o n  f e e t  per  year ) .  A l a y e r  
of  t h e  r u b b e r  m a t e r i a l  i s  e x t r u d e d  o n t o  a 140 f o o t  f l e x i b l e  
mandre l .  F o u r  c a r r i e r  b r a i d e r s  t h e n  s i m u l t a n e o u s l y  l a y  t h e  
r e i n f o r c i n g  m a t e r i a l  on t h e  t u b e  f o l l o w e d  by  another  l aye r  o f  
rubber. The tube i s  compressed w i t h  a tempora ry  l a y e r  o f  c l o t h  
and i s  f e d  t h r o u g h  an a u t o c l a v e  f o r  cure .  A f t e r  cure,  t h e  
temporary c l o t h  and mandrel are removed. Two i d e n t i c a l  l i n e s  a r e  
employed t o  meet the  product ion requirements. 
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7.4.5 STRAPPING 

S t r a p p i n g  i s  made f r o m  ga lvan ized ,  carbon s t e e l  r o d  t h a t  i s  
purchased i n  the des i red length. CMF processing i s  r e s t r i c t e d  t o  
threading and braking. The s t rapp ing  i s  c ra ted  f o r  shipping. 

7.4.6 CONTROLS 

M a n u f a c t u r i n g  work a t  the  CMF on t h e  focus c o n t r o l s  i s  l i m i t e d  t o  
s tamping t h e  a s s o r t e d  m e t a l  components and m o u n t i n g  t h e  f a n  
as sem b l  y . 
The stamped p a r t s  i n c l u d e  t h e  LVDT mounting bracket, the  access 
hole c o l l a r ,  and plug. These p a r t s  a r e  made from aluminum c o i l  
stock and are shipped unassembled. 

The f a n  assembly (purchased w i t h  fan ,  housing,  and f i l t e r )  i s  
mounted a f t e r  the  hub e x i t s  t h e  p a i n t  l i n e .  T h i s  u n i t  i s  a l s o  
f i t t e d  w i t h  the t rack ing  d r i v e  assembly f o r  shipping. 

7.4.7 SLITTING 

C o i l  s t o c k  f o r  t h e  s t r u t  f l a n g e s  and t h e  s t ru t - to-hub brackets  
and spacers are s l i t  in-house. T h i s  p rocess  s l i t s  t h e  o r i g i n a l  
s t o c k  i n t o  t h e  d e s i r e d  w i d t h  and r e c o i l s  f o r  use i n  t h e  s t r u t ,  
cont ro ls ,  and hub p r o d u c t i o n  areas. S l i t t i n g  speed i s  80 f e e t  
per minute. 

7.5 PLANT DESCRIPTION 

The  CMF i s  a h i g h  bay sheet  m e t a l  b u i l d i n g  w i t h  an a d j a c e n t  
s i n g l e  s t o r y  o f f i c e  f a c i l i t y .  The h igh  bay area  ( F i g u r e  7.7) i s  
325 b y  375 fee t .  The f l o o r  space requirements are broken down i n  
T a b l e  7.2. T o t a l  m a n u f a c t u r i n g  f l o o r  space i s  74,900 square  
fee t ,  and t o t a l  enclosed f l o o r  space i s  142,000 square fee t .  

7.6 LABOR 

P r o d u c t i o n  a t  the CMF w i l l  proceed through two e i g h t  hour s h i f t s .  
Two s h i f t s  a r e  used t o  reduce t h e  equipment  and f l o o r  s p a c e  
r e q u i r e d  t h e r e b y  r e d u c i n g  c a p i t a l  c o s t s .  The disadvantage o f  
p a y i n g  second s h i f t  premiums a r e  n e g l i g i b l e  b y  c o m p a r i s o n .  
P r o d u c t i o n  does n o t  occur  d u r i n g  t h e  t h i r d  s h i f t  so t h a t  t h e  
equipment can be serviced. 
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TABLE 7.2 

CMF SPACE ALLOCATIONS 

COMPO NE NT S 

Ref 1 ec t  i ve Assembly 

Membrane 
I n f l a t a b l e  Tube 
Focus Controls 

Support S t ruc ture  

Truss 
Hub 
Pa in t  
M i  sc. Hardware 

M f  g F 1 oor Space * 

T o t a l  Enclosed F loor  Space 

Ais1 e Space Excl uded * 

FLOOR PACE 
(ft I 1 

34 , 000 
5,400 
2,500 

9,000 
6,600 

10,000 
7,500 

75,000 
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The t o t a l  number of employees r e q u i r e d  a t  t h e  CMF i s  204 (see 
T a b l e  7.3). There a r e  114 d i r e c t  l a b o r e r s  r e q u i r e d  and 118 
i n d i r e c t  l a b o r e r s .  I n d i r e c t  l a b o r e r s  i n c l u d e  j a n i t o r s ,  
supervisors, c l e r i c a l  workers and a l l  o ther  employees who do n o t  
d i r e c t l y  p a r t i c i p a t e  i n  hardware production. The i n d i r e c t  labor  
i s  based on an e s t i m a t e  o f  35 worke rs  r e q u i r e d  f o r  s h i p p i n g ,  
r e c e i v i n g ,  maintenance, and q u a l i t y  c o n t r o l ,  p l u s  75% o f  t h e  
d i r e c t  labor f o r  o ther  tasks. 

7.7 EQUIPMENT REQUIREMENTS 

The necessary CMF produc t ion  equipment i s  i temized i n  Table 7.4. 
Equipment cost i s  d e t a i l e d  i n  t h e  cost sec t ion  o f  t h i s  repor t .  



Ref 1 ec t  or Assembly 
Membrane 
Tube 
Controls 

Support Structure  
Truss 
Hub 
Straps 
Pai n t  
S l i t t i n g  
Stampi ngs 

D i r e c t  Laborers per S h i f t  

TABLE 7.3 

CMF LABOR REQUIREMENTS 

T o t a l  D i r e c t  Laborers 
Tota l  I n d i r e c t  Laborers 

T o t a l  Number of  Employees 

Number o f  Employees 

12 
2 
8 

9 
11 
1 

10 
2 
2 - 

57 - 
114 
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TABLE 7.4 

CMF EQUIPMENT LIST 

DESCRIPTION 

Membrane Product ion Equipment 

Upender 
Uncoi l e r  
Levelers 
C 1 e aner s 
Temp1 ate System 
L an i n  a to r  s 
F i l m  Shears 
Laser Shears 
A c r y l i c  Sealers 
Feed Systems 
Posi t ioners 
Vacuum Chucks 
F i l m  Q.C. 
We1 der 
Posi t i o n e r s  
Q. C. We1 d 
Recoi 1 e r  
Mandrel 
Miscel 1 aneous 

Truss Equipment 

Web Feed System 
Web Notcher 
Neb Bender 
Web Transfer F i x t u r e  

Flange Uncoi l e r  
F 1 ange Level e r  
Flange R o l l  Former 
Flange Punch 

Assembly F i x t u r e  
Gang We1 der 

Transfer Equipment 

CJUANTITY REQ'D. 

4 
4 
4 
4 
2 
2 
2 
4 
2 
4 
4 
4 
2 
4 
4 

40 
8 

68 
Lot  

2 
2 
2 
8 

2 
2 

Lot  



TABLE 7.4 (Con't.) 

DESCRIPTION 

Hub Equ i pmen t 

Tee Section Welder 
Band Saw 
R o l l  Former 
Mig Welder 
Assembly F i x t u r e  
Robot Mig Welder 
Mu 1 t i  -Head Reamer 
Transfer Equipment 

Tube Equipment 

E x tr uder 
Braiders 
Wrapper 
Autoclave 

. 

Transfer Equ I pment 
Recoi l e r s  
Boi 1 e r  

General P lan t  Equipment 

Pa in t  L ine 
Fork L i f t s  
Canpressors 
O.H. Crane 
Leasehold Imp 
Stamping Ran & Dies 

QUANTITY REQ'D. 

1 
1 
1 
1 
8 
3 
1 

Lot 

2 
8 
2 
1 

Lot 
2 
1 

Lot 
8 
4 
1 

Lot 
2 
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SECTION 8.0 

TRANSPORT AT I ON 

M a t e r i a l s  a r e  sh ipped  f r o m  t h e  CMF t o  the s i t e  on standard open 
f l a t  bed t r a i l e r s .  Average t r i p  d i s t a n c e ,  and t h e  assumptions 
c o n c e r n i n g  t h e  t r a n s p o r t a t i o n  e q u i p m e n t ,  a r e  t a k e n  f r o m  
Reference 19. These assumpt ions a r e  summarized below f o r  t h e  
readers '  convenience: 

*Average Round T r i p  Distance o f  533 Mi les 
-Standard Open F l a t  Bed T r a i l e r s  
*Maximum Load o f  45,000 Pounds 
-Volume o f  96" Wide by 108" High and 6OOb1 Long 
=Trac to r  L i f e  of 600,000 Mi les 

T r a n s p o r t a t i o n  h a s  b e e n  c o n s i d e r e d  f o r  o n l y  t h e  r e f l e c t i v e  
assembly. The balance o f  h e l i o s t a t  ( s u c h  as p e d e s t a l s )  has n o t  
been addressed. T r a n s p o r t a t i o n  c o s t s  a r e  included i n  t h e  cos t  
presentat ions f o r  BOH components. 

8.1 TRAILER LOADING 

The major components t o  be t ranspor ted are as fo l l ows :  

Ring C o i l  Stock 

Membranes 

Hub/Dri ve Assembly 

Trusses 

Truss Strapping 

The ma jo r  components w i l l  be s e n t  on t r a i l e r s  dedicated t o  and 
appropr i  a t e l y  f i t t e d  f o r  a p a r t i c u l a r  component. 

The r i n g  c o i l  s t o c k  w i l l  be sent on p a l l e t s  from the  c o i l  stock 
suppl ier .  The t r a i l e r  would be weight l im i ted .  

Membranes are sent t o  the s i t e  on l a r g e  t r a i l e r  mounted mandrels. 
Foam l i n i n g  i s  r o l l e d  w i t h  t h e  membranes t o  p r e v e n t  damage i n  
s h i p p i n g .  One hundred f o r t y  f i v e  r e a r  membranes o r  120 f r o n t  
membranes can be r o l l e d  on a s i n g l e  mandrel. 
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The hub, d r i v e  and f a n  a r e  assembled a t  the CMF. Special racks 
w i l l  a l l o w  s i x t e e n  o f  t h e s e  assembl ies t o  be p l a c e d  on  e a c h  
t r a i l e r .  E l e v a t i o n  t u b e s  a r e  sh ipped on t h e  same t r a i l e r ,  but  
are not connected u n t i l  a f t e r  t h e  r e f l e c t i v e  assembly i s  on t h e  
pedestal 

T russes  a r e  sh ipped i n  a s tack ing p o s i t i o n  o f  s ix teen abreast by 
two l o n g  b y  two h igh .  T h i s  p e r m i t s  s i x t y - f o u r  t r u s s e s  t o  b e  
shipped i n  each load. 

T r u s s  s t r a p p i n g  i s  bundled before shipping. Loads w i l l  be weight 
1 imited. 

A summary o f  t h e  s h i p p i n g  r e q u i r e m e n t s  i s  l i s t e d  i n  Table 8.1. 
The a n a l y s i s  shows t h a t  0.1854 t r u c k l o a d s  a r e  r e q u i r e d  p e r  
r e f l e c t i v e  assembly. 

A t  a p r o d u c t i o n  l e v e l  o f  50,000 u n i t s / y e a r ,  t h e  CMF would 
d i s p a t c h  37 t r u c k s  per  day t o  t h e  i n s t a l l a t i o n  s i t e s .  The 
average round t r i p  p e r  d r i v e r  wou ld  be 2 days; a f l e e t  o f  74 
t r a c t o r s  would be required. The number o f  t r a i l e r s  r e q u i r e d  i s  
as fo l lows:  

Ava i lab le  f o r  loading and s t o r i n g  f i n i s h e d  goods 
a t  the fac to ry :  74 

E nrout e: 74 

10 9 Unloading and b u f f e r  stock a t  the s i t e :  - 
T o t a l  t r a i l e r s  requi red:  25 7 

Customized racks and tie-downs would be f i t t e d  on t h e  t r a i l e r s  t o  
reduce t h e  need f o r  c ra t ing .  
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SECTION 9.0 

SITE MANUFACTURING FACILITY 

* 

The s i t e  m a n u f a c t u r i n g  f a c i l i t y  (SMF)  p rov ides  f o r  f a b r i c a t i o n  
and f i n a l  assembly. S i t e  assembly i s  r e q u i r e d  because of t h e  
s i z e  o f  t h e  m i r r o r  module (46 ft i n  diameter). Generally, i tems 
t h a t  can be made a t  the  CMF are shipped i n  because o f  h i g h e r  CMF 
e f f i c i e n c i e s  and t h e  low q u a n t i t y  produced (3000 h e l i o s t a t s )  per 
s i t e .  S i t e  tasks are l i m i t e d  and procedures k e p t  s i m p l e  so t h a t  
l o c a l  l a b o r  can be used. Machinery i s  b u i l t  s imply and ruggedly 
t o  al low quick setup and t e a r  down. 

9.1 S ITE SCHEDULES 

Three thousand h e l i o s t a t s  are requ i red  a t  each s i t e  f o r  a 50 W e  
f i e l d .  W i t h  a s i n g l e  s h i f t  work crew and a p r o d u c t i o n  l i n e  
c a p a b i l i t y  o f  27 h e l i o s t a t s  per day, n ine  s i t e s  must be operated 
concur ren t ly  t o  achieve a 50,000 he1 i o s t a t  p e r  y e a r  p r o d u c t i o n  
r a t e .  Each o f  t h e s e  f a c i l i t i e s  w i l l  be a t  a l o c a t i o n  f o r  
approximately 26 weeks. Three weeks o f  t h i s  t i m e  w i  1 1  be spent  
d ismant l ing,  moving, and s e t t i n g  up the  SMF. 

The assembly l i n e  i s  based on a 1 4  m i n u t e  work c y c l e  a t  each 
s t a t i o n  and a 0.79 p r o d u c t i v i t y  f ac to r ;  t h e r e f o r e ,  work advances 
t o  the next  s t a t i o n  on approximately 18 minute i n t e r v a l s .  

P e d e s t a l  p l a c e m e n t  and f i e l d  w i r i n g  w i l l  be per fo rmed b y  a 
separate crew p r i o r  t o  the  r e f l e c t o r  assembley i n s t a l l a t i o n .  No 
i n s i d e  s t o r a g e  w i l l  be  p r o v i d e d ,  as t h e  p e d e s t a l s  need no 
protect ion,  and t h e  w i r i n g  components can be s t o r e d  i n s i d e  t h e i r  
sh ipp ing t r a i l e r s .  

C o n s t r u c t i o n  t r a d e s  and assembly labor  w i l l  be obtained l o c a l l y  
f o r  each s i t e .  A permanent crew w i l l  be d e d i c a t e d  t o  t h e  setup,  
dismant l ing,  and superv is ion o f  a l l  n ine  s i t e  f a c i l i t i e s .  

9.2 PRODUCTION AREAS AND PLANT LAYOUT 

The combined f l o o r  space necessary  t o  cons t ruc t  t h e  r e f l e c t i v e  
assembl ies  i s  20,200 sq. ft. The SMF b u i l d i n g  c o n s i s t s  o f  a 
m e t a l  s t r u c t u r e  on a concrete s lab  foundat ion.  Equipment used t o  
move r e f l e c t i v e  assembly components are f loor -mounted .  A l l  work 
on t h e  r e f l e c t i v e  assembly i s  done i n  t h e  ho r i zon ta l  plane, so 
t h a t  t h e  b u i l d i n g  r e q u i r e s  no s p e c i a l  b r a c i n g  o r  more  t h a n  
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e i g h t e e n  f e e t  of c learance.  The b u i l d i n g  i s  designed f o r  r a p i d  
d i s m a n t l i n g  and r e u s e  a t  s u b s e q u e n t  s i t e s .  To  i n c r e a s e  
d u r a b i l i t y ,  t h e  m e t a l  s i d i n g  i s  o f  h e a v i e r  gauge  t h a n  
c o n v e n t i o n a l  c o n s t r u c t i o n .  The s i t e  o f f i c e  i s  h o u s e d  i n  a 
p o r t  ab1 e bu i 1 d i  ng . 
Components o f  t h e  r e f l e c t i v e  assembl ies a r e  unloaded d i r e c t l y  
from t r u c k s  t o  t h e i r  respec t ive  work s t a t i o n s .  Warehouse space 
i s  n o t  r e q u i r e d .  A f t e r  t h e  c o n t e n t s  o f  a t r a i l e r  have been 
exhausted, t h e  empty t r a i l e r  i s  re turned t o  the  CMF. 

The SMF work i n  c o n s t r u c t i n g  t h e  r e f l e c t i v e  assembly i s  d iv ided 
i n t o  f o u r  areas. T h i s  f a c i l i t y ,  i n  F i g u r e  9.1, p r o v i d e s  areas 
f o r  r i n g  f a b r i c a t i o n ,  membrane attachment, hub preparat ion,  and 
f i n a l  assembly. The tasks accomplished a t  each s t a t i o n  a r e  shown 
i n  Table 9.1. 

The f i r s t  work s t a t i o n  manufactures t h e  r i n g  o f  the  m i r r o r  module. 
A t  t h e  second s ta t ion ,  t h e  membranes are at tached t o  t h e  r i n g  and 
tens ioned.  The h u b / d r i v e  assembly i s  unloaded and placed i n  a 
f i x t u r e d  c a r t  a t  t h e  t h i r d  work s t a t i o n .  A t  t h e  f o u r t h  work 
s t a t i o n ,  t h e  support s t r u c t u r e  i s  b u i l t ,  and t h e  m i r r o r  module i s  
connected t o  t h e  t russes. 

F i g u r e  9.2 and 9.3 d e p i c t  t h e  assembly l i n e  flow. The processes 
a t  each work s t a t i o n  are described i n  t h e  f o l l o w i n g  paragraphs. 

9.3 SITE PRODUCT I O N  DE SCRI P T I  ON 

9.3.1 WORK STATION #I - R I N G  FABRICATION 

The r i n g  i s  m a n u f a c t u r e d  a t  t h e  s i t e  f r o m  c o i l  s t o c k .  The 
necessary equipment (uncoi lers ,  l e v e l e r s ,  r o l l  formers,  pyramid  
r o l l e r s ,  welders,  t u b e  r e e l e r s  and c u t - o f f  saw) i s  s k i d  mounted 
(F igure 9.3). An operator c o n t r o l s  t h e  manufacturing sequence o f  
t h e  l i n e .  

Two p a r a l l e l  c o i l s  o f  aluminum a r e  u n c o i l e d  and leveled.  The 
s t o c k  i s  r u n  t h r o u g h  r o l l  f o r m e r s  t o  shape  t w o  c h a n n e l s  o f  
a p p r o p r i a t e  d imensions.  A s e t  o f  p a r a l l e l  pyramid r o l l e r s  bend 
the  channels t o  a r a d i u s  o f  7 meters.  The pyramid  r o l l e r s  a r e  
c o n t r o l l e d  t o  e l i m i n a t e  t w i s t i n g  o f  the  channels. A welding u n i t  
j o i n s  t h e  edges o f  t h e  two channe ls  t o  f o r m  a c l o s e d  c r o s s  
s e c t i o n .  The aluminum i s  c a p t u r e d  b y  t h e  f i r s t  o f  a ser ies  o f  
g u i d e  r o l l e r s .  These g u i d e  r o l l e r s  a r e  s p a c e d  a r o u n d  t h e  
c i r c u m f e r e n c e  o f  t h e  c i r c l e  t o  i n s u r e  c i r c u l a r  t r u e n e s s  and 
a c c u r a t e  placement o f  t h e  d o u b l e r s .  A t  t h e  end o f  t h e  f i r s t  
r e v o l u t i o n ,  t h e  aluminum i s  severed b y  a skid-mounted c u t - o f f  
saw. 
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The second s p i r a l  a c t s  as a c a p a c i t o r ,  f r e e i n g  t h e  subsequent 
operat ions from the  r o l l i n g  o f  the r i ng .  

The g u i d e  r o l l e r s  o f  t he  t h i r d  s p i r a l  move i n  t h e  v e r t i c a l  axis. 
T h i s  a l l o w s  t h e  aluminum s p i r a l  t o  be b r o u g h t  i n t o  a d e f i n e d  
p l a n e  b e f o r e  the  ends are b u t t  welded t o  form a c losed r i n g .  The 
r i n g  i s  then revo lved as p r e c u t  l e n g t h s  of s i l i c o n e  t u b i n g  a r e  
p ressed  i n t o  t h e  channel  i n  t h e  upper  and lower sur face o f  the 
aluminum r ing .  This  t u b i n g  w i l l  be i n f l a t e d  l a t e r  t o  p a r t i a l l y  
t e n s i o n  t h e  membrane. A f t e r  t h e  tub ing  has been placed, the fou r  
ends are passed through d r i l l e d  h o l e s  i n  t h e  r i n g  and connected  
t o  barbed f i t t i n g s .  Doublers f o r  t h e  t russes  are pos i t ioned and 
at tached t o  t h e  o u t s i d e  w a l l  o f  t h e  r i n g  by  s i x  automated T I G  
seam welders .  The LVDT suppor t  arm i s  a l so  pos i t ioned a t  t h i s  
s ta t i on .  

The t r a c k  mounted vacuum p l a t e n  grabs the  f i n i s h e d  r i n g  w i t h  a i r  
clamps and moves i t  t o  t h e  second work s t a t i o n .  D o u b l e r s  a r e  
loaded i n t o  the TIG welders by the  work crew t o  complete t h e  work 
cyc le .  

9.3.2 WORK STATION #2 - MEMBRANE TO R I N G  ATTACHMENT 

The membranes are shipped t o  the  SMF on t r a i l e r  mounted mandrels. 
A foam l i n i n g  i s  wound w i t h  t h e  membranes t o  prevent damage. Two 
membrane mandre l  t r a i l e r s  s i t  s ide by s ide  a t  the SMF; one w i t h  
r e f l e c t i v e  membranes f o r  t h e  f r o n t  o f  t h e  m i r r o r  module, t h e  
o t h e r  u n s u r f a c e d  f o r  t h e  r e a r .  The foam l i n i n g  i s  taken up by 
adjacent r o l l s  as the membranes are used. 

The vacuum p l a t e n s  used i n  t h e  membrane handl ing are 46 f e e t  i n  
diameter. They are c o n s t r u c t e d  o f  18" aluminum honey-comb and 
a l u m i n u m  s h e a t h i n g .  Vacuum p o r t s  on t h e  a c t i v e  s u r f a c e  a r e  
connected by a c a p i l l a r y  network. Underneath, hoses connect  t h e  
p o r t s  t o  a vacuum pump. The a c t i v a t i o n  of p o r t s  i s  sequenced t o  
i n c r e a s e  membrane f l a t n e s s .  W r i n k l e s  i n  t h e  membrane can b e  
swept o u t  b y  a c o n t r o l l e d  cyc le  of the  vacuum por ts .  Two vacuum 
p la tens  are used a t  t he  SMF. One o f  t h e s e  i s  f l o o r  mounted and 
i s  used much l i k e  an assembly tab le .  The o ther  vacuum p l a t e n  i s  
suspended fran a t rack-mounted framework.  I t  i s  used t o  move, 
pos i t i on ,  and clamp the membranes and r i n g .  

There  a r e  two h o l e s  i n  t h e  f l o o r  mounted vacuum p l a t e n .  The 
l a r g e r  o f  t h e  h o l e s  i s  l o c a t e d  a t  t h e  c e n t e r .  M a c h i n e r y  
benea th  t h e  p l a t e n  c u t s  t h e  r e a r  membrane f o r  t h e  fan duct and 
fastens the  hole re in fo rcemen t .  The s m a l l e r  h o l e  i s  l o c a t e d  3 
f e e t  i n  f r o m  t h e  edge  o f  t h e  vacuum p l a t e n .  I t  c o n t a i n s  
m a c h i n e r y  c u t t i n g  a s i x  i n c h  a c c e s s  h o l e ,  a t t a c h i n g  t h e  
r e i n f o r c e m e n t ,  and p r o v i d e s  f o r  p r e s s i n g  t h e  c o r e  o f  the LVDT 
against  the  f r o n t  membrane w h i l e  the  adhesive sets. 
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A t r a c k  c i r c l e s  t h e  f l o o r  mounted vacuum platen. Four machines 
r e s t  on t h i s  t rack.  The machines have two f u n c t i o n s ;  f i r s t ,  t o  
seam weld  t h e  membranes t o  t h e  r i n g ,  and second, t o  crimp the  
f i n i s h e d  edge t o  increase membrane tension. 

To b e g i n  t h e  assembly, t h e  upper  vacuum p l a t e n  d r i v e s  forward 
over t h e  r e a r  membrane mandrel. A r o l l  i n s u r e s  c o n t a c t  between 
t h e  membrane and vacuum p l a t e n  ( F i g u r e  9.5). Vacuum p o r t s  are 
opened s e q u e n t i a l l y  as t h e  p l a t e n  c o n t i n u e s  t o  d r i v e  fo rward .  
The upper  p l a t e n  t rans fers  the  r e a r  membrane t o  t h e  lower platen. 
As t h e  upper p la ten  r a i s e s  and r e t u r n s  t o  p ick up t h e  r i n g ,  h o l e s  
a r e  r a d i u s e d  i n  t h e  back membrane and t h e  f langes f o r  t h e  fan  and 
access h o l e s  a r e  a t t a c h e d  w i t h  adhesives.  The u p p e r  p l a t e n  
r e t u r n s ,  p l a c e s  t h e  r i n g ,  and t h e n  t r a v e l s  back t o  p ick  up t h e  
f r o n t  membrane. Assembly w o r k e r s  t h r e a d  t h e  l e a d s  o f  t h e  LVDT 
t h r o u g h  a grommeted h o l e  i n  t h e  access f l a n g e  and a p p l y  an 
adhesive t o  t h e  t o p  o f  t h e  pad on t h e  LVDT c o r e  ( F i g u r e  9.4). 
F i n a l l y ,  t h e  upper p l a t e n  lowers the  f r o n t  membrane on top  o f  the  
r i n g .  D u r i n g  w e l d i n g ,  t h e  p l a t e n s  s a n d w i c h  t h e  r i n g  and 
membranes and act  as the assembly f i x t u r e .  

The f o u r  seam w e l d i n g  machines c i r c l e  t h e  platens, j o i n i n g  t h e  
two membranes t o  t h e  r ing.  The upper p l a t e n ,  no l o n g e r  needed, 
r e t u r n s  t o  t h e  i n i t i a l  p o s i t i o n .  The pressure tube i s  p a r t i a l l y  
i n f l a t e d ,  and t h e n  t h e  machines i n d e x  back t o  t h e i r  s t a r t i n g  
p o s i t i o n  w h i l e  c r i m p i n g  t h e  edge o f  t h e  channel .  The tube i s  
f u l l y  i n f l a t e d .  The leads on the  LVDT are b r i e f l y  connected t o  a 
c a l i b r a t i o n  d e v i c e  t h a t  d isp lays  the necessary o f f s e t  t o  cor rec t  
f o r  assembly er rors ;  the  f i g u r e  i s  recorded by one o f  t h e  w o r k e r s  
on t h e  s i d e  o f  t h e  r i n g .  A j i b  crane l i f t s  t h e  completed m i r r o r  
module and moves i t  t o  the  f i n a l  assembly area. 

9 .3 .3  WORK STATION #3 - HUB FIXTURING 

The hubs a r e  sh ipped t o  t h e  SMF attached t o  t h e  d r i v e  u n i t .  The 
c o n t r o l  f a n  and shroud a r e  a l s o  i n s t a l l e d  i n s i d e  t h e  hub. An 
o p e r a t o r  uses a j i b  c rane t o  p lace these assemblies on f i x t u r e d  
car ts .  The f i x t u r e d  c a r t s  a r e  a b l e  t o  l o w e r  t h e  d r i v e  i n t o  a 
f l o o r  r e c e s s  t o  b r i n g  t h e  hub l o w e r  t o  t h e  ground a t  the  next 
s ta t ion.  They also index the  hub so t h a t  t h e  s u p p o r t  s t r u c t u r e  
can be b u i l t  more r a p i d l y  o f f  o f  the hub. The c a r t s  r o l l  along a 
t rack.  Th is  permi ts  several f i n i s h e d  r e f l e c t i v e  assemblies t o  be 
s t o r e d  o u t s i d e  on  a c i r c u l a r  t r a c k  and p a r t i a l l y  f r e e s  SMF 
operat ions from i n s t a l  l a t i o n .  
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9.3.4 WORK STATION #4 - FINAL ASSEMBLY 

The comple ted  d r i v e  and hub a r e  wheeled i n t o  the  f i n a l  assembly 
area. The c a r t  l o w e r s  t h e  d r i v e  u n i t  i n t o  a f l o o r  recess  t o  
p l a c e  t h e  hub a m o r e  c o n v e n i e n t  work  h e i g h t .  T russes  a r e  
i n d i v i d u a l l y  removed fran a t r a i l e r  and p laced w i t h  t h e  a i d  o f  a 
j i b  c rane.  The c a r t  i ndexes  t h e  hub t o  a i d  i n  t h e  assembly. A 
two man crew fas ten  the  t russes  t o  the  hub w i t h  bo l t s .  S t r a p p i n g  
r o d s  a r e  i n s t a l l e d  by t h e  o t h e r  two  members o f  t h e  crew. The 
th readed  b e n t  ends o f  t h e  s t r a p p i n g  r o d s  a r e  pushed  t h r o u g h  
pre-punched h o l e s  on t h e  trusses, and fastened w i t h  nuts  (F igure 
9.6). A i r  o r  e l e c t r i c  n u t  d r i v e r s  a r e  u s e d  t o  speed  t h e  
o p e r a t i o n .  The f i n a l  set  o f  s t rapp ing  i s  p u l l e d  i n t o  p lace w i t h  
the  a i d  o f  a small rachet  winch t o  insure  a tau t  f i t . 

A f t e r  t h e  assembly of t h e  s u p p o r t  s t r u c t u r e  i s  completed, the 
m i r r o r  module i s  p o s i t i o n e d  overhead w i t h  a j i b  c r a n e .  The 
c o n n e c t i n g  h i n g e s  a r e  f a s t e n e d  t o  t h e  t r u s s  t i p s  and m i r r o r  
modules w i t h  pins. 

The LVDT leads  a r e  connected t o  a w i r i n g  harness on the  hub, and 
the fan  shroud i s  connected t o  t h e  r e a r  membrane. The f i n i s h e d  
r e f l e c t i v e  a s s e m b l y  i s  p u s h e d  o u t  t h e  d o o r  t o  a w a i t  t h e  
i n s t a l  l a t i o n  t ruck.  

9.4 INSTALLATION 

T r u c k s  o f  s p e c i a l  c o n s t r u c t i o n  w i l l  be used t o  i n s t a l l  t h e  
r e f l e c t i v e  assemblies i n  t h e  f i e l d .  H y d r a u l i c  arms w i t h  base, 
elbow, and w r i s t  a c t i o n  make i t  poss ib le  f o r  t h e  t rucks  t o  grasp 
the  r e f l e c t i v e  assembly ou t  o f  the carts,  move them t o  t h e  f i e l d ,  
and p o s i t i o n  them on t h e  pedestals (F igure  9.7). An a r t i c u l a t e d  
g r i p p i n g  device a l i g n s  w i t h  c o n n e c t i o n s  on t h e  base of t h e  hub 
f o r  speedy p i  ckup and re1  ease. 

A secondary suspension system under t h e  boom i s o l a t e s  the motions 
of the  t r u c k  from the r e f l e c t i v e  assembly. Weigh ts  on t h e  t r u c k  
bed prov ide s t a b i l i t y  against  over tu rn ing  moments. 

An i n s t a l l a t i o n  crew o f  two men meets the t ranspor t  t ruck  a t  the  
pedestal .  A l i f t  t r u c k  r a i s e s  t h e  men l e v e l  w i t h  t h e  t o p  o f  t h e  
p e d e s t a l .  The r e f l e c t i v e  assembly i s  l owered  u n t i l  the d r i v e  
mates i t s  f lange atop the  pedestal. The i n s t a l l a t i o n  crew f a s t e n  
t h e  d r i v e  i n  p l a c e  w i t h  n u t s  u s i n g  a i r  t o o l s .  The t r a n s p o r t  
t r u c k  re leases tKe r e f l e c t i v e  assembly and r e t u r n s  t o  the  SMF. 

The i n s t a l l a t i o n  team f i n i s h  t i g h t e n i n g  t h e  n u t s  and make the  
c o n t r o l  and power s u p p l y  hookups. They t h e n  move t o  t h e  n e x t  
pedestal  t o  meet the  r e t u r n i n g  t ranspor t  t ruck .  

9- 11 
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9.5 PRODUCTION TIME TABLE 

Work S t a t i o n  No. 1 

Ring Forming Crew - 2 Workers Required 
1 0 1  1 r i n a  f r a n  c o i  1 stock @ 251 m i  n 
Cut s p i r i l  & l e v e l  
Close r i n g  & weld doublers 
At tach LVDT support arms & i n s t a l l  end f i t t i n g s  
on tub ing 

Work S t a t i o n  No. 2 

Membrane t o  Ring Attachment - 4 Workers Required 
Place r e a r  membrane 
Cut hole & i n s e r t  doubler 
Place r i n g  
Place top  membrane 
Seam we1 d 
P a r t i  a1 l y  i n f  1 ate tube 
Crimp 
F u l l y  i n f l a t e  tube 
Remove vacuum chuck & at tach hooks 

T i  me/Mi nu t e s 

O* 
O* 
8 
10 
TB 

Time/Minutes 

1.5 
2.0 
2.0 
2.0 
4.0 
.5 

4.0 
1 .o 
1 .o rn 

4 

Process simultaneous w i t h  subsequent operations. * 
1 

Work S t a t i o n  No. 3 

Hub/Drive Crew - 1 Worker Required 
Place d r i v e  on Cart 

Work S t a t i o n  No. 4 

F i n a l  Assembly Crew - 4 Workers Required 
Connect s t r u t s  t o  hub w i t h  b o l t s  
I n s t a l l  Strapping 
P o s i t i o n  m i r r o r  module and connect w i t h  p ins 
Connect LVDT leads and f a n  shroud 

18 n 

4 
8 
4 
2 
TB 



I n s t a l l a t i o n  

Transpor t  Truck - 2 Crews o f  2 
P ick up r e f l e c t i v e  assembly 
Move t o  pedestal 
P o s i t i o n  r e f l e c t i v e  assembly 
Hold i n  place 
Return t o  SMF 

I n s t a l l a t i o n  Crew - 2 Crews o f  2 

P o s i t i o n  r e f l e c t i v e  assembly 
B o l t  down 
Connect w i  r i  ng 
Move t o  next  pedestal  

L 

9.6 LABOR REQUIREMENTS 

2 
10 
8 
10 
6 
35 

8 
16 
2 
10 
32; 

The f o l l o w i n g  s u p p o r t  personnel are requ i red  t o  ma in ta in  the  SMF 
operat ions:  

1 Foreman 

1 Inspector  

1 F i l l - i n  Worker 

1 Support Worker 

1 Maintenance Worker 

The foreman d i r e c t s  t h e  e n t i r e  o p e r a t i o n .  The inspec tor  signs 
f o r  a l l  d e l i v e r i e s ,  and w i t h  t h e  h e l p  o f  t h e  s u p p o r t  worker ,  
i n s p e c t s  shipped p a r t s  f o r  damage. The f i l l - i n  worker ass i s t s  as 
requ i red  t o  keep progress a t  t he  work s t a t i o n s  synchronized. The 
s u p p o r t  worke r  a s s i s t s  t h e  inspector  and d e l i v e r s  bu lk  m a t e r i a l s  
t o  the var ious  work s t a t i o n s c  The combined l a b o r  r e q u i r e m e n t s  
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t o  operate a SMF and i n s t a l l  the  r e f l e c t i v e  assemblies are: 

Assemb 1 y 

Work Sta t ion  No. 1 
Work Sta t ion  No. 2 
Work Sta t ion  No. 3 
Work Sta t ion  No. 4 
Support Personnel 

I n s t a l l a t i o n  

Transport 
I nst a1 1 a t ion  

Workers 

2 
4 
1 
4 
5 
T6 

. 

4 
4 

T 

24 Workers Per S i t e  
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SECTION 10.0 

HEL I OSTAT MA1 NT ENANCE 

Main tenance requ i remen ts  f o r  a f i e l d  o f  h e l i o s t a t s  inc ludes bo th  
scheduled and unschedu led  maintenance.  Scheduled main tenance 
i n c l u d e s  m i r r o r  washing and inspect ion.  Unscheduled maintenance 
invo lves  component f a i  1 ures. 

The emphasis o f  t h i s  c o n t r a c t  i s  on t h e  r e f l e c t o r  assembly and 
op t im iza t i on  o r  redes ign  o f  t h e  b a l a n c e  o f  h e l i o s t a t  (BOH) was 
n o t  i n c l u d e d .  S ince  most o f  t h e  maintenance f o r  a f i e l d  o f  
h e l i o s t a t s  i s  d i r e c t l y  r e l a t e d  t o  t h e  BOH, t h e  m a i n t e n a n c e  
r e q u i r e m e n t s  a r e  based on second generat ion s tud ies  and adjusted 
f o r  d i f f e rences  i n  r e f l e c t o r  assembly des ign .  M a r t i n  M a r i e t t a  
C o r p o r a t i o n ' s  (MMC) maintenance p l a n  i s  used as a base l i n e  
Ref. 171. 

10.1 SCHEDULED MAINTENANCE 

M i r r o r  washing procedures, equipment, and l a b o r  f o r  t h e  SMH would 
n o t  change s i g n i f i c a n t l y  over t h a t  used by MMC. They est imated an 
average o f  12 washes per  year  were requ i red .  Each wash f o r  a 
f i e l d  o f  3,000 h e l i o s t a t s  requ i red  a two-man crew 80 hours t o  
compl e te.  
I n s p e c t i o n  i n c l u d e s  an annual  v i s u a l  i n s p e c t i o n  f o r  o i l  leaks, 
corros ion,  vegetat ion growth, and r e f l e c t o r  damage. 

M i c r o p r o c e s s o r  m a i n t e n a n c e  i s  s u b c o n t r a c t e d  t o  a computer 
manufacturer as recommended by MMC. 

The f o c u s  c o n t r o l  s y s t e m  a i r  f i l t e r  w i l l  r e q u i r e  p e r i o d i c  
replacement. Th is  task i s  unique t o  the  SMH b u t  c o u l d  e a s i l y  be 
performed dur ing the  annual inspect ion.  

10.2 UNSCHEDULED MAINTENANCE 

F a i l u r e  r a t e s  f o r  t h e  h e l i o s t a t  components are defined i n  Table 
10.1. It i s  noteworthy t h a t  a l though t h e r e  a r e  more components 
t o  f a i l  on  a SMH t h a n  on a second g e n e r a t i o n  h e l i o s t a t ,  t h e  
per  u n i t  aper ture f a i l u r e  r a t e  i s  lower because o f  t h e  i n c r e a s e d  
s i z e  of each he1 i o s t a t .  

. 
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TABLE 10.1 

RELIABILITY OF FIELD REPLACEABLE COMPONENTS 

3,000 
NO. OF UNIT FIELD 

COMPONENT HOURS S ITE F A I  LURES* 
10 UNITS PER LIFETIME 

He1 i o s t a t  C o n t r o l l e r  
Inc lud ing  Power Supply 

He1 i o s t a t  F i e l d  Control  l e r  
Encoder 
Dr ive Motor 
Cables 
Dr ive Mechanism 
Fan Motor 
Fan Motor Control  
LVDT Read C i r c u i t  
L VDT 
St ructure 

16.09 
4.08 
1.20 
4.60 
.61 
.30 
5.80 
4.08 
1.40 
.80 
0 

3,000 
192 

6,000 
6,000 
3,000 
3,000 
3,000 
3,000 
3,000 
3,000 
3,000 

Mean Time Between F a i l u r e s  (MTBF 1 = 8.14 Hrs. o f  Operation. 

4,827 
78 
720 

2,760 
183 
90 

1,740 
1,224 
420 
240 

e 

Assumes 100,000 Hours Operating Time. * 

Based on MMC's second g e n e r a t i o n  d a t a  [Ref 173 and e s t i m a t e s  f o r  
components unique t o  t h e  SMH. 



Unscheduled maintenance procedures f o r  t h e  BOH components (dr ive,  
he1 i osta t  cont ro l ,  s t r u c t u r e )  are c l e a r l y  d e f  i ned i n t h e  second 
g e n e r a t i o n  documentation, and t h e  reader i s  r e f e r r e d  t o  Reference 
17  f o r  d e t a i l s .  

Componen ts  i n  t h e  SMH t h a t  w i l l  r e q u i r e  s e r v i c e  b u t  a r e  n o t  
covered i n  t h e  second g e n e r a t i o n  d e s i g n  a r e  t h e  f a n  motor,  t h e  
f a n  motor c o n t r o l  c i r c u i t ,  the  LVDT, and t h e  LVDT read c i r c u i t .  

The f a n  motor  c o n t r o l  c i r c u i t  and t h e  LVDT read c i r c u i t  are b o t h  
loca ted  a t  t h e  l e v e l  o f  t h e  dr ive.  Access t o  these c i r c u i t s  w i l l  
r e q u i r e  t h e  same opera tor -cont ro l led  mobi le  work p l a t f o r m  used t o  
s e r v i c e  t h e  d r i v e  c o n t r o l s .  T h e s e  t w o  c i r c u i t s  w i l l  b e  
r e m o v a b l e  s o  t h a t  f i e l d  s e r v i c e  w i l l  be l i m i t e d  t o  problem 
i s o l a t i o n  and u n i t  replacement. 

The f a n  m o t o r  w i l l  be accessed i n  a s i m i l a r  f a s h i o n  and f i e l d  
serv ice  i s  a lso l i m i t e d  t o  problem i s o l a t i o n  and replacement. 

LVDT access i s  t h r o u g h  t h e  removable hand ho le  cap on t h e  r e a r  
membrane. The LVDT c o r e  can b e  u n s c r e w e d  f r o m  t h e  f r o n t  
membrane, and t h e  c o i l  i s  u n f a s t e n e d  w i t h  a s e t  screw. F i e l d  
s e r v i c e  of t h e  LVDT i s  a l s o  l i m i t e d  t o  p rob lem i s o l a t i o n  and 
rep1 acement . 
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SECTION 11.0 

COSTS 

11.1 INTRODUCTION 

Based on t h e  SMH d e s i g n  and p r o d u c t i o n  p r o c e d u r e  developed by 
S K I ,  a c o s t  f o r  t h e  h e l i o s t a t s  was generated.  T h i s  c o s t  i s  
p r e s e n t e d  as a f u n c t i o n  of annual product ion r a t e  and cumulat ive 
t o t a l  number o f  h e l i o s t a t s  produced. 

The f o l l o w i n g  assumptions apply t o  t h i s  cost analysis:  

-Costs are repor ted i n  August 1985 d o l l a r s .  

*Base l i n e  p r o d u c t i o n  r a t e  of 50,000 h e l i o s t a t s  per year; 
150m2 aper ture area per h e l i o s t a t .  

.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  t h r o u g h o u t  i t s  l i f e  
cycle.  

* M i n i m a l  m a r k e t i n g  expense requi red t o  obta in  and main ta in  
a s t a b l e  sales volume. 

-Base l i n e  costs are based on t h e  50,000th u n i t  produced. 

11.2 CAPITAL COSTS 

C a p i t a l  c o s t s  a r e  d i v i d e d  i n t o  equipment costs, b u i l d i n g  costs, 
and land and development costs f o r  bo th  the  CMF and t h e  SMF. 

11.2.1 CMF EQUIPMENT 

The CMF equipment r e q u i r e d  t o  produce 50,000 m i r r o r  modules per 
year i s  based on the  fo l low ing :  

Equipment Cost 

Membrane 
Truss 
Hub 
Tube 
General 

$ 6,786,000 
2,020,000 
1,031,000 
1,994,000 
7 660 000 - 

These c o s t s  a r e  based on equipment c o s t  est imates presented i n  
Table 11.1. A d e s c r i p t i o n  of  these machines i s  p r e s e n t e d  i n  t h e  
CMF d e s c r i p t i o n  sec t ion  o f  t h i s  repor t .  
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TABLE 11.1 

CMF EQUIPMENT COSTS 

DESCRIPTION 

Membrane Production Equipment 

Upender 
Unco i 1 e r  
Levelers  
Cleaners 
Template System 
Laminators 
F i l m  Shears 
Laser Shears 
Acry 1 i c Sealers 
Feed Systems 
Posi t i o n e r s  
Vacuum Chucks 
F i l m  Q.C. 
We1 der 
Posi t i o n e r s  
Q. C. We1 d 
Recoi l e r  
Mandrel 
M i  sce l  1 aneous 

Truss Equipment 

Web Feed System 
Web Notcher 
Web Bender 
Web Transfer F i x t u r e  

F 1 ange Uncoi l e r  
Flange Leveler 
Flange Roll Former 
Flange Punch 

Assembly F i x t u r e  
Gang We1 der 

Transfer  Equipment 

COST EXT. 
(d 1,000) QTY. REQ ' D. ($1,000) 

21 4 
23 4 
33 4 
22 4 
25 2 
32 2 
50 2 
84 4 
40 2 
100 4 
100 4 
50 4 
60 2 

800 4 
80 4 
40 8 
45 8 
5 68 

Lot  

16 2 
20 2 
80 2 

4 8 

15 2 
33 2 
50 2 
110 2 

20 2 
400 2 

Lot 

84 
92 
132 
88 
50 
64 
100 
336 
80 
400 
400 
200 
120 
3200 
320 
320 
360 
340 
100 m 

32 
40 
160 
32 

30 
66 
100 
220 

40 
800 



CMF EQUIPMENT COSTS (Con ' t . 
DESCRIPTION 

Hub Equipment 

Tee Section We1 der 
Band Saw 
R o l l  Former 
Mig We1 der 
Assembly F i x t u r e  
Robot Mig Welder 
Multi-Head Reamer 
Transfer  Equipment 

Tu be Equ i pment 

Extruder 
Bra iders 
Wrapper 
Autoclave 
Transfer Equipment 
Recoi l e r s  
Boi 1 e r  

General P lan t  Equipment 

Pa in t  Line 
Fork L i f t s  
C a p r  es sor s 
O.H. Crane 
Leasehold Imp 
Stamping Ran & Dies 
Maintenance Equipment 
Miscellaneous 

Cost Based on August 1985 Do l la rs  

COST EXT. 
($1,000) QTY.REQ'D. ($1,000) 

24 
13 
45 
12 
4 

17 5 
80 

68 
150 
55 
100 

14 
320 

26 
14 
660 

84 

1 
1 
1 
1 
8 
3 
1 

Lot  

24 
13 
45 
12 
32 
525 
80 
300 m 

2 136 
8 1200 
2 110 
1 100 

Lot  100 
2 28 
1 320 m 

Lot  3400 
8 208 
4 56 
1 660 

Lot  1500 
4 336 

Lot  500 
Lot  1000 m 

Tot  a1 : $19,491,000 
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11.2.2 CMF BUILDING 

The b u i l d i n g  e q u i r e d  f o r  t h e  CMF .has 121,000 f t 2  h igh bay area 
Cost  o f  

o f f i c e  and f a c i l i t i e s  space was estimated t o  be $57/ff, and cost  
o f  t h e  m a n u f a c t u r i n g  area  was e s t i m a t e d  a t  $ 4 3 / f t  . On t h i s  
basis, the  CMF b u i l d i n g  cost  i s  $6,340,000. 

w i t h  20,000 ft f of o f f i c e s  and miscel laneous f a c i l i t i e s .  

11.2.3 CMF LAND AND IMPROVEMENTS 

L a n d  r e q u i r e m e n t  f o r  t h e  CMF i s  17 acres  w i t h  an e s t i m a t e d  
improved cost  o f  $20,000 per acre. On t h i s  b a s i s ,  t h e  CMF l a n d  
cost  i s  $340,000. 

11.2.4 SMF EQUIPMENT 

T h e  r e q u i r e d  e q u i p m e n t  c o s t  f o r  each SMF i s  b roken down as 
fo l lows:  

Equipment Costs 

Ring F a b r i c a t i o n  $ 646,000 
Ring t o  Membrane Attachment 435,000 
Hub Placement 75,000 
F i n a l  Assembly 40,000 
General 75,000 
I n s t a l  l a t i o n  300 000 

per s i t e  
T h i s  c o s t  i s  based on t h e  c o s t  of each p i e c e  of equipment as 
p r e s e n t e d  i n  T a b l e  11.2. W i t h  s i t e  o p e r a t i o n s  a t  n i n e  
i n d e p e n d e n t  l o c a t i o n s ,  t h e  t o t a l  SMF e q u i p m e n t  c o s t  i s  
$14,139,000. 

11.2.5 SMF BUILDING 

Each SMF c o n s i s t e d  o f  a 20,200 f t 2  sheet  metal b u i l d i n g  w i t h  a 
r e i n f o r c e d  c o n c r e t e  f o u n d a t i o n .  The b u i l d i n g  i s  made f r o m  
durab le ,  heavy gage m e t a l  and i s  t r a n s f e r r e d  from s i t e  t o  s i t e  
f o r  i t s  expected l i f e  o f  f i v e  years.  The s lab,  however, i s  n o t  
por tab le  and represents a s i  te - re ta ined c a p i t a l  expense. 

Th  c o s t  f o r  t h e  moveable b u i l d i n g  was est imated t o  be $40 per 

The s i t e - s p e c i f i c  b u i l d i n g  costs  are estimated t o  be $10 per f t 2  
o r  $202,000 per s i t e .  

ft 5 ($808,000 per s i t e )  w h i c h  i s  $7,272,000 f o r  a l l  t h e  s i t e s .  



TABLE 11.2 

SMF EQUIPMENT COSTS 

DESCRIPTION 

10' x 12' Skid 
10' x 40' Skid 
V e r t i c a l  Axi s Uncoi l e r s  
R o l l  Former 
Pyramid Ro l le rs  
Dual Seam Welder 
Guide R o l l e r  F i x t u r e s  
Cut-of f  Saw 
Manual T I G  Welder 
Automated T I G  Welder 
Tube Laying Machine 

Ring t o  Membrane Attachment 

Pressure Roll s 
Mandrel Uncoi 1 e rs  
Overhead Vacuum Chuck 
F loor  Mounted Vacuum Chuck 
Membrane Hole Cut ter  
Seam We1 der 
Crimper 
Trans1 a t e r  
Tub I n f l a t e r  

Hub P 1 acemen t 

J i b  Crane 
F i x  tu red  Carts 

F i na l  Assembly 

J i b  Crane 

COST EXT. 
($1,000) QTY.REQ'D. ($1,000) 

R i ng F abr i c a t  i on 

3 
5 

15 
35 
50 
30 
3 
15 
7 
45 
80 

5 
2 

100 
70 
10 
20 
30 
10 
1 

1 
1 
2 
2 
2 
1 
12 
1 
1 
6 
1 

3 
5 
30 
70 
100 
30 
36 
15 
7 

270 
80 m 

10 
4 

100 
70 
10 
80 
120 
40 
1 

435 

15 1 15 
10 6 60 

75 

20 2 40 
-4u 
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SMF EQUIPMENT COSTS (Con't . )  

Descr ipt ion 

General 

Fork1 i f t  
Generator 
O f f i c e  T r a i l e r  
Misc. Hand Tools 

I nst  a1 1 a t  i on 

10 Ton Truck, Modif ied 
Suspension & Hydraulic Arm 

Cherry Picker 

COST EXT. 
( $ l , ~ o )  QTY.REQ'D. ($1,000) 

25 1 25 
5 1 5 

25 1 25 
Lot 20 

75 

120 2 240 

30 2 60 m 

$ 1,571,000 
per s i t e  

Tota l  (9x1 = $14.139.000 

Cost Based on August 1985 Dol la rs .  



11.2.6 SITE-RETAINED CAPITAL 

. 

I n i  t i  a1 spares,  spedi  a1 t o o l s ,  and m i r r o r  washing equipment are 
l e f t  a t  each s i t e  f o r  opera t ion  and maintenance. A s i g n i f i c a n t  
p a r t  of t h i s  cost  i s  the  m i r r o r  washing equipment which, based on 
Mar t i n  M a r i e t t a  Corporat ion 's  est imate [Ref 171, a r e  $97,500 p e r  
t r u c k  w i t h  one t r u c k  per  s i t e .  Spares and t o o l s  are expected t o  
cost  $58.10 per  he l i os ta t .  These p r i c e s  have been a d j u s t e d  f o r  
i n f l a t i o n .  

11.2.7 CAPITAL COST SUMMARY 

The i n i t i a l  c a p i t a l  investment i s  sumnarized below: 

CMF Equipment 
CMF B u i l d i n g  
CMF Land & Improvements 
SMF Equipment 
SMF B u i l d i n g  
S i  te-Speci f i c Capi t a l  

cos t  

$19,491,000 
6,340,000 

340,000 
14,139,000 
7.27 2 .OOO 

- 

11.3 MANUF ACTURI NG COST 

Th,e m a n u f a c t u r i n g  c o s t s  have been broken down i n t o  c o s t s  f o r  
d i r e c t  mater ia ls ,  d i r e c t  labor, i n d i r e c t  labor ,  d e p r e c i a t i o n  and 
p r o p e r t y  t a x e s  w i t h  i n s u r a n c e .  These c o s t s  i n c l u d e  t h o s e  
incur red  a t  the CMF as w e l l  as those incu r red  a t  each s i t e .  

11.3.1 DIRECT MATERIALS 

The d i r e c t  m a t e r i a l  cos ts  are given i n  Table 11.3. Costs f o r  raw 
m a t e r i a l  are based on vendor est imates a t  a volume e q u i v a l e n t  t o  
50,000 h e l i o s t a t s  p e r  yea r .  These c o s t s  a r e  $.83 per lbs. o f  
.01O1' aluminum membrane mater ia l ,  $.90 per  l b s .  o f  aluminum r i n g  
m a t e r i a l ,  and $.25 per  lbs.  f o r  hot  r o l l e d  s t r u c t u r a l  s tee l ,  and 
$2.09 per  lbs. f o r  raw s i l i cone .  P r i ces  f o r  purchased p a r t s  a r e  
based on e s t i m a t e s  and vendor quotes. The cost  o f  the  f i l m  was 
chosen t o  be $.30 per f t 2 .  

11.3.2 DIRECT LABOR 

D i r e c t  l a b o r  i s  d e f i n e d  as t h e  labor  t h a t  d i r e c t l y  p a r t i c i p a t e s  
i n  t h e  manufacture, insta1)at ion o r  checkout of t h e  h e l i o s t a t  o r  
i t s  p a r t s .  T h i s  i n c l u d e s  most workers a t  bo th  the  s i t e  and the  
CMF . 
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TABLE 11.3 

DIRECT MATER1 AL COSTS 

Membrane 
F i l m  
Ring 
Ring Doubler 
Truss Primary 
Truss Secondary 
T ip  Doubler 
Strapping 
Hub Rings 
Hub Bracing 
D r i  ve Brackets 
Hub-to-Truss Brackets 
Hinge 
Hinge Pins 
Tensi oni ng Tube 
Controls 
Paint  
Misc. Hardware & Doublers 

QTY. PER 
HEL I OSTAT 

2 

1 
6 
6 
6 
6 

24 
2 
1 
6 

12 
6 

12 
2 

vz 

COST 
($/HELIOSTAT)* 

$ 380.14 
475.31 
403.20 

54.00 
297.00 
128.70 
27.72 
59.40 
91.50 
68.25 
26.25 
18.00 
47.00 
4.80 

73.60 
250.00 

9.00 
30.00 

Tota l  = $16.29/$ 

Based on August 1985 Dol la rs .  * 
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. 
T h e  number of d i r e c t  l a b o r e r s  a t  t h e  CMF w o r k i n g  on t h e  
r e f l e c t i v e  assembly i s  44 and on t h e  s u p p o r t  s t r u c t u r e  i s  70. 
D i r e c t  labor a t  each s i t e  requ i res  24 employees. 

The c o s t  of t h i s  l a b o r  a c c o u n t s  f o r  t h e  base wage, S o c i a l  
S e c u r i t y  p a y m e n t s ,  u nemp 1 oymen  t i n s u r  a n c e ,  Workmen s 
Compensation, company c o n t r i b u t i o n s  t o  i n s u r a n c e  p o l i c i e s  and 
pension funds, vacations, hol idays,  premiums and o t h e r  f r i n g e s .  
The c o s t  i s  a l s o  based on t h e  actual  number o f  hours spent on a 
task .  I n  t h i s  way, i n e f f i c i e n c i e s  a r e  i n c l u d e d  i n  t h e  l a b o r  
f i g u r e .  

Wages a t  t h e  CMF a r e  based on S K I ' S  e x p e r i e n c e  o f  t h e  wages 
requ i red  t o  o b t a i n  and keep q u a l i f i e d  laborers. The base wage i s  
$8.45 per hour w i t h  $3.80 i n  f r i n g e s .  

Labor  a t  t h e  s i t e s  i s  p r i m a r i l y  l o c a l  people who w i l l  n o t  t r a v e l  
from s i t e - t o - s i t e .  I n  t h i s  way, no l a r g e  a d d i t i o n a l  expense i s  
i n c u r r e d  w i t h  hav ing  employees w o r k i n g  o u t  of town. The wages 
were, therefore, set t h e  same as a t  the  CMF. 

Based on t h i s ,  the cost  of membrane product ion a t  the  CMF i s  8.14 
p e r  m2. T h i s  low l a b o r  c o s t  i s  due t o  t h e  h i g h l y  a u t o m a t e d  
membrane p r o d u c t i o n  1 i n e .  The s u p p o r t  s t r u c t u r e  d i r e c t  labor 
cost  i s  5.23 per  I$ a t  t h e  CMF. A l l  d i r e c t  l a b o r  a t  t h e  s i t e s  
w i l l  be $ .91  p e r  m 2 .  The t o t a l  d i r e c t  labor  cost  i s ,  therefore,  
$1.28 per m2. 

11.3.3 CONSUMABLES 

Consumables a r e  a l l  m a t e r i a l  and s u p p l i e s  t h a t  a re  necessary 
d u r i n g  p r o d u c t i o n  b u t  do 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 .  
Consumables i n c l u d e  a l l  mater ia l  waste, operat ing and processing 
supplies, non-durable t o o l i n g  and equipment, and u t i  l i t i e s .  

M a t e r i a l  d r o p  i s  based on e s t i m a t e s  o f  t h e  expected d r o p  p e r  
component and i s  a p p r o x i m a t e l y  2% o f  t h e  d i r e c t  m a t e r i a l .  
S u p p l i e s ,  non-durab le  t o o l i n g ,  and u t i l i t i e s  are also s t r o n g l y  
t i e d  t o  t h e  product ion r a t e  and are est imated t o  r e p r e s e n t  5% o f  
t h e  d i r e c t  m a t e r i a l  c o s t .  On t h i s  b a s i s ,  t h e  consumables cost  
$1.12 per m*. 

11.3.4 I N D I R E C T  

I n d i r e c t  costs  inc lude a l l  costs  ( labor  and suppl ies)  incur red  by 
p l a n t  maintenance, eng ineer ing ,  r e c e i v i n g ,  s h i p p i n g ,  c l e r i c a l ,  
d r a f t i n g ,  purchas ing ,  i n s p e c t i n g ,  f i r s t  l i n e  s u p e r v i s o r ,  and 
other  employees n o t  covered under G&A or  d i r e c t  labor.  
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P a r t  o f  t h e  i n d i r e c t  c o s t  i s  t i e d  d i r e c t l y  t o  t h e  p r o d u c t i o n  
rate, such as f i r s t  l i n e  superv is ion,  r e c e i v i n g  and i n s p e c t i o n .  
T h i s  p a r t  o f  i n d i r e c t  c o s t  ha been es t imated t o  be 35% of  t h e  
d i r e c t  labor rate,  or  $.45 per m 3 . 
E n g i n e e r i n g ,  c l e r i c a l  and d r a f t i n g  r e m a i n  f a i r l y  c o n s t a n t  
regardless of product ion rate.  Th is  cost  i s  e s t i m a t e d  t o  be 50% 
o f  t h e  d i r e c t  l a b o r  a t  t h e  planned product ion rate,  o r  $.64 per 
m2 . 
11.3.5 DEPRECIATION 

Deprec i  a t i o n  i s  based on t h e  c a p i t a l  cos t  of  $52,242,000. Based 
on a s t r a i g h t  l i n e  depreciat ion, t h i s  c o s t  i s  $2.22 p e r  m2 ( s e e  
T a b l e  11.4). W i t h  a v a r i a b l e  product ion rate,  the  deprec ia t ion  
per m2 var ies  as shown: 

% of Planned 
Capacity 

50 
100 
135 

Depreci a t i o n  
cos t  ($/m2) 

4.22 
2.11 
1.56 

11.3.6 PROPERTY TAXES AND INSURANCE 

P r o p e r t y  t a x e s  and i n s u r a n c e  were e s t i m a t e d  as a percentage of 
t h e  average asset value over a t e n  y e a r  p e r i o d .  A r a t e  o f  .025 
was chosen as fo l lows:  

Asset F i r s t  Year Tenth Year 

CMF B u i l d i n g  $ 6,340,000 $3,170,000 
CMF Land 340,000 340,000 

45 562 000 -0- A l l  Other mtm3mJ 3 3  , 510,000' 

Avg = 27,876,000 
Rate = 2.5% 

Tota l  = 696,900 

Th is  corresponds t o  the  f o l l o w i n g  r a t e  per m2: 

% of Planned 
Product ion 

50 
100 
135 

Taxes and Insurances 
W m 2  1 

.18 

.09 

.07 
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TABLE 11.4 

DEPRECIATION 

I N I  T I AL LIFE DEPRECIATION 
COST ( YEAR S) COST ($/m2) 

CMF B u i l d i n g  $ 6,340,000 20 .04 

CMF Land 340,000 00 - 
CMF Equipment 19,491,000 10 .26 

SW B u i l d i n g  7,272,000 5 .19 

SMF Equipment 14,139,000 5 .38 

S i t e  Speci f i c Capi t a l  4,660,000 .5  1.24 
m/m2 

Based On: 50,000 Un i t s  Per Year. 
No Salvage Value. 
S t r a i g h t  Line Depreciation. 
August 1985 Do l la rs .  
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11.4 TRANSPORTATION COST 

T r a n s p o r t a t i o n  c o s t s  a r e  based on 74 t r a c t o r s  and 257 t r a i l e r s .  
D e p r e c i a t i o n ,  d r i v e r  w a g e s  a n d  t a x e s  a s s o c i a t e d  w i t h  
t r a n s p o r t a t i o n  a r e  r e c o r d e d  as t r a n s p o r t a t i o n  costs s ince they 
are so s t rong ly  t i e d  t o  m i l e s  t raveled. 

11.4.1 EQUIPMENT 

Equipment costs were computed as fo l lows:  

74 t r a c t o r s  (3 $77.000 = $5.698.000 
257 t r a i l e r s  Q $14;000 = .3-598-000 - 

T r a i l e r  costs inc lude associated racks, ta rps  and tie-downs. 

Expected t r a c t o r  l i f e  i s  600,000 m i l e s  f o r  a t o t a l  f l e e t  mileage 
o f  44,400,000 mi les;  t h e r e f o r e ,  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  i s  
9.21 per mi le .  

11.4.2 COST PER MILE 

O t h e r  t r a n s p o r t a t i o n  c o s t s  a r e  b a s e d  on t h o s e  r e p o r t e d  i n  
Reference 1 9  and a d j u s t e d  f o r  i n f l a t i o n  based on t h e  Consumer 
P r i c e  Index. The cost per m i l e  i s  then: 

Depreci a t i o n  
Fuel 
T i r e s  
Maintenance 
Insurance, Taxes, etc.  
D r i  ver 

Cost Per M i l e  

$ .21 
.26 
.13 
.21 
.25 
.47 

51,53 

11.4.3 COST PER SQUARE METER 

The c o s t  p e r  square meter  o f  r e f l e c t i v e  aperture i s  based on an 
average round t r i p  d is tance o f  533 m i l e s  and a p a c k i n g  f a c t o r  o f  
.185 loads  p e r  h e l i o s t a t ,  and t h e  above mentioned cost  per mi le .  
Th is  r e s u l t s  i n  a cos t  of $1.00 per m2. 

11.5 OTHER BUSINESS COSTS 

A b u s i n e s s  w i l l  i n c u r  o t h e r  expenses t h a t  have n o t  y e t  been 
discussed. These inc lude research and development, g e n e r a l  and 
admin is t ra t ion,  taxes and p r o f i t .  



11.5.1 RESEARCH AND DEVELOPMENT 

I n  o r d e r  t o  keep t h e  product compet i t ive i n  t h e  market, research 
and development must b a c o n t i n u a l  e f f o r t .  The R&D c o s t  was 
est imated a t  $.27 per m f . 
11.5.2 GENERAL AND ADMINI STRATION 

T h i s  c o s t  i n c l u d e s  market ing and a d m i n i s t r a t i v e  costs. Inc luded 
i n  t h i s  i s  t h e  Genera l  Manager and h i s  s t a f f ,  t h e  M a r k e t i n g  
Department, and t h e  Accounting and Finance Department. Based on 
the  number of  ersonnel requ i red  t o  p e r f o r m  t h e s e  tasks,  a c o s t  
o f  $2.37 per m B was assigned t o  G&A. 

11.5.3 TAXES 

Sta te  and f e d e r a l  income taxes are estimated t o  be $1.05 per m2. 

11.5.4 PROFIT 

The r e q u i r e d  af ter - taxes p r o f i t  i s  def ined as an i n t e r n a l  r a t e  o f  
r e t u r n  o f  15% w i t h  a 10 year  l i f e .  I n c l u d i n g  a l l  c a p i t a l  c o s t s  
( t r a n s p o r t a t i o n  c a p i t a l  also), t h i s  value i s  $1.63 per m2. 

11.6 BALANCE OF HELIOSTAT COSTS 

The des ign  o f  t h e  b a l a n c e  o f  h e l i o s t a t  (BOH) was no t  considered 
i n  t h i s  contract ;  r a t h e r ,  a BOH c o s t  was e s t i m a t e d  f r o m  second 
g e n e r a t i o n  h e l i o s t a t  work and i s  used t o  g ive an est imate o f  the  
expected o v e r a l l  SMH cost. 

The c o s t  of t h e  BOH i s  broken down i n t o  seven categories: dr ive,  
pedestal,  d r i v e  e l e c t r i c a l ,  c o n t r o l s ,  f i e l d  w i r i n g ,  f o u n d a t i o n ,  
and f i e l d  assembly and check-out. 

11.6.1 DRIVE 

Based on Sandia e s t i m a t e s  o f  d r i v e  c o s t s  f o r  150m2 h e l i o s t a t s ,  
t h e  d r i v e  cost  i s  set a t  $11.00 per m2. 
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11.6.2 PEDESTAL 

P e d e s t a l  c o s t ,  as t h e  remainder  o f  t h e  BOH c o s t s ,  i s  based on 
M c D o n n e l l  D o u g l a s  r e s u l t s  o f  o p t i m i z a t i o n  o f  t h e  s e c o n d  
g e n e r a t i o n  h e l i o s t a t  [Ref 41. MDAC's c o s t  e s t i m a t e s  were 
ex t rapo la ted  t o  a lad h e l i o s t a t  s ize  and adjusted f o r  i n f l a t i o n  
u s i n g  t h e  P r o d u c e r ' s  P r i c e  Index f o r  s t e e l  ( i n f l a t i o n  f o r  s t e e l  
was 6.2%). This  r e s u l t e d  i n  a pedestal cos t  o f  $1.84 per m2. 

11.6.3 DRIVE ELECTRICAL 

D r i v e  e l e c t r i c a l  inc ludes the cost of connecting t h e  d r i v e  t o  t h e  
f i e l d  wi r ing.  Based on MDAC's es t imates ,  t h i s  c o s t  i s  $107 p e r  
h e l i o s t a t .  Th is  value was increased 30% t o  account f o r  i n f l a t i o n  
based on t h e  Consumer P r i  e I n d e x .  T h i s  y i e l d e d  a d r i v e  
e l e c t r i c a l  c o s t  of  $.93 per m 8 

11.6.4 HELIOSTAT CONTROLS 

E l e c t r o n i c  p r i c e s  have been s t a b l e  o r  d e c r e a s i n g  i n  t h e  p a s t  
years and, therefore, no i n f l a t i o n  r a t e  was used t o  a d j u s t  MDAC's 
d a t a  f o r  e l e c t r i c a l  con t ro ls .  On t h i s  basis, h e l i o s t a t  c o n t r o l s  
cost  $1.84 per m2. 

11.6.5 FIELD W I R I N G  

F i e l d  w i r i n g  was a l s o  based on MDAC's estimates and i n f l a t e d  per 
the Consumer P r i c e  Index. Th is  r e s u l t e d  i n  a c o s t  of $3.76 p e r  
m2. 

11.6.6 FOUNDATION 

F o u n d a t i o n  c o s t s  a r e  based on ext rapolated data from MDAC also. 
I n f l a t i o n  adjustments are based on t h e  assumpt ion t h a t  h a l f  t h e  
m a t e r i a l  c o s t  i s  i n  concrete and h a l f  i s  i n  s tee l .  Each o f  these 
cos ts  were i n f l a t e d  p e r  t h e i r  p r o d u c e r ' s  P r i c e  I n d e x  v a l u e  t o  
y i e l d  a f o u n d a t i o n  c o s t  o f  $6.38 p e r  m2 ( i n f l a t i o n  o f  concrete 
was 14.1%). 

11.6.7 FIELD ASSEMBLY AND CHECKOUT 

MDAC's es t imate  f o r  f i e l d  assembly and checkout inc lude costs  f o r  
mounting t h e  d r i v e  on t h e  p e d e s t a l  and mount ing  t h e  r e f l e c t o r  
assembl ies t o  d r i v e .  B o t h  o f  t h e s e  c o s t s  have p r e v i o u s l y  been 
inc luded i n  as SMH i n s t a l l a t i o n ;  t h e r e f o r e ,  o n l y  one f o u r t h  o f  
MDAC's f i e l d  assembly and checkout costs are inc luded under BOH 
costs. Th is  value i s  adjusted upward f o r  i n f l a t i o n  based on t h e  
Consumer P r i c e  I n  ex. The r e s u l t i n g  f i e l d  assembly and checkout 
cost  i s  $1.21 per in 4 . J 



11.6.8 BALANCE OF HELIOSTAT SUWARY 

The BOH c o s t  amounted t o  $26.98 p e r  m2. 
Table 11.5. 

Th is  i s  sumnarized i n  

11.7 COST SUWARY 

F o r  c o s t  compar ison,  t h e  c o s t s  have been o rgan ized  i n  t h r e e  
separate fo rma ts :  by  components o f  r e q u i r e d  revenue, by  c o s t  
breakdown s t ruc tu re ,  and by locat ion.  

11.7.1 COST BY COMPONENTS OF REQUIRED REVENUE 

Tab le  11.6 p r e s e n t s  a summary of t h e  c o s t s  as presented i n  the  
previous sections. 

11.7.2 COST BY COST BREAKDOWN STRUCTURE 

The h e l i o s t a t  was d i v i d e d  i n t o  categor ies developed by Sandia as 
a cost  breakdown s t ruc tu re  (COS) [Ref 181. The f i r s t  ca tegory ,  
t h e  r e f l e c t o r  assembly, i s  de f i ned  as t h e  membranes w i t h  f i l m ,  
t he  r i n g  and i t s  doub lers ,  t h e  t e n s i o n i n g  tube, and t h e  f o c u s  
c o n t r o l s .  The suppor t  s t r u c t u r e  i n c l u d e s  t h e  t r u s s e s ,  hub, 
hinges, and a l l  associ ated hardware and doublers. 

Table 11.7 presents the  cost  i n  t h i s  format. 

11.7.3 COSTS BY LOCATION 

The c o s t  i s  presented i n  Table 11.8 as a func t ion  of the l oca t i on  
where i t  i s  incurred. 

11.8 COST VERSUS TOTAL PRODUCTION 

Costs  have been p resen ted  as t h e  expected cost  f o r  t h e  50,000th 
u n i t  produced. Assuming a 90% l ea rn ing  curve, t he  cost  w i l l  d rop  
as shown: 

Production Year Cost ($/m2) 

1 
2 
4 
8 
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55.26 
49.73 
44.76 
40.28 



TABLE 11.5 

BALANCE OF HELIOSTAT COSTS 

Dr ive  Assembly 

Pedestal 

Dr ive  E l e c t r i c a l  

H e l i o s t a t  Controls 

F i e l  d W i ri ng 

Found a t  ion 

F i e l d  Assembly & Checkout 

COST PER m2* 

$11.00 

1.84 

.93 

1.84 

3.76 

6.38 

1.21 
f26.96 

Based on August 1985 Dol la rs .  * 

3 



TABLE 11.6 

COST BY COMPONENTS OF REQUIRED REVENUE (S/m2)* 

D i r e c t  Mater i  a1 

D i r e c t  Labor 

Consumabl es 

I n d i r e c t s  

G&A 

Cap i ta l  Replacement & C a p i t a l i z a t i o n  

Property Tax and Insurance 

Other 

Transportat ion 

Gross P r o f i t  

Sub t o t  a1 

BOH Cost 

Tot a1 

*Based on August 1985 Dol la rs .  

COST (S/m2) 

16.29 

1.28 

1.12 

1.09 

2.37 

2.11 

.09 

1.32 

1 .oo 
1.63 

28.30 

26.96 

55.26 
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TABLE 11.7 

COST BY COST BREAKDOWN STRUCTURE 

R e f l e c t i v e  Assembly 
CMF & Transportat ion 

Support Structure  
CMF & Transportat ion 

Other 

SMF 

BO H 

11.79* 

7.15* 

5.32** 

4.04 

28.30 

26.96 

55.26 

I ncl  udes d i r e c t  mater i  a1 s, d i  r e c t  1 abor , 
rep1 acement a1 lowance, and gross p r o f i t .  
Inc ludes i n d i r e c t  costs, consumables, 
property taxes and insurance, G&A, and 
other.  

* 
** 

*** Based on August 1985 d o l l a r s .  

. 



TABLE 11.8 

COST BY LOCATION 

CMF 

Transportat ion 

SMF 

BO H 

*Based on August 1985 Dollars. 

22.83 

1.25 

4.22 
28.30 

26.96 
-55Tzii 
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11.9 COST VERSUS PRODUCTION RATE 

I n  o r d e r  t o  assess the  ef fect  of a v a r i a b l e  product ion ra te ,  two 
add i t i ona l  cost  est imates were done based on p r o d u c t i o n  r a t e s  o f  
50% and 135% of the  planned output.  

A t  50% of t h e  p l a n n e d  r a t e ,  t h e  CMF wou ld  use one s h i f t  as 
opposed t o  two and s i t e  p r o d u c t i o n  wou ld  occu r  a t  h a l f  as many 
s i t e s .  A t  135% o f  t h e  p lanned r a t e ,  t h e  CMF wou ld  work seven 
days a week, and each SMF would work n i n e  hour days, s i x  days a 
week. No new employees would be added a t  any loca t ions .  

The breakdown o f  the  costs  are shown i n  Table 11.9. The cost  per  
aper ture area increases 15% a t  50% produc t ion  and decreases b y  3% 
a t  135% product ion.  

11.10 OPERATION AND MA1 NTENANCE COSTS 

T h e  o p e r a t i o n  and m a i n t e n a n c e  (O&.M) c o s t  f o r  a f i e l d  o f  
h e l i o s t a t s  i s  a s t rong f u n c t i o n  of the BOH design. Since t h e  BOH 
was n o t  a d e s i g n  concern  of t h i s  contract ,  the  O&M cos ts  f o r  i t  
a r e  based on second g e n e r a t i o n  s tudy  r e s u l t s .  The  O&M c o s t  
impact  o f  u s i n g  a s t r e s s e d  membrane r e f l e c t o r  assembly over t h e  
second generat ion assembly i s  assessed i n  each o f  t h e  f o l l o w i n g  
s e c t i o n s  r e s u l t i n g  i n  an O&M cos t  est imate fo r  a f i e l d  o f  3,000 
he1 i o s t  ats. 

11.10.1 OPERATION COST 

MMC e s t i m a t e s  t h a t  t h r e e  o p e r a t o r s  a r e  r e q u i r e d  p e r  h e l i o s t a t  
f i e l d  a t  a cost  o f  $114,216 per  y e a r  pe r  s i t e  [Ref 17, a d j u s t e d  
f o r  i n f l a t i o n ] .  Th is  reduces t o  $.25 per m2. 

11.10.2 MAINTENANCE COST 

Ma in tenance cost  i s  d iv ided i n t o  th ree  sections; labor, equipment 
and mater i  a1 s. 



TABLE 11.9 

COST FOR VARIABLE PRODUCTION RATES* 

50% 100% 135% 
OF PLANNED OF PLANNED OF PLANNED 

RATE RATE RATE 

D i r e c t  Mater i  a1 16.29 
D i r e c t  Labor 1.28 
Consumabl es 1.12 
I ndi r e c t  s 1.73 
G&A 4.74 
Capi ta l  Rep1 acement 4.22 
Property Tax & Insurance .18 
Other ' 2.64 
Transport a t  i on 1 .oo 
Gross P r o f i t  

BO H 

16.29 
1.28 
1.12 
1.09 
2.37 
2.11 
.09 

1.32 
1 .oo 

16.29 
1.45 
1.12 
.98 
1.76 
1.56 
.07 
.98 

1 .oo 

26.96 26.96 26.96 
63.42 cs5.26 53.38 

Based on August 1985 Dol l a r s .  * 
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11.10.2.1 MAINTENANCE LABOR 

Based on MMC's r e s u l t s ,  two maintenance s h i f t s  are operated per 
day w i t h  two men on each s h i f t  [Ref 171. Using t h e i r  l a b o r  r a t e s  
adjusted f o r  i n f l a t i o n ,  t h i s  comes t o  $.36 per m2 per  year. 

T h i s  i s  a reasonab le  v a l u e  based on the  requ i red  m i r r o r  washing 
t ime and t h e  f i e l d  r e l i a b i l i t y .  M i r r o r  washing r e q u i r e s  one h a l f  
t h e  t i m e  o f  t h e  m a i n t e n a n c e  c r e w s  ( s e e  t h e  ' H e l i o s t a t  
Maintenance" sec t ion  o f  t h i s  repor t ) .  T h i s  l e a v e s  an average o f  
1 6  manhours  p e r  d a y  f o r  o t h e r  t a s k s .  Based  on  t h e  f i e l d  
r e l i a b i l i t y  d a t a  p r e s e n t e d  i n  t h e  "He1 i o s t a t  M a i n t e n a n c e "  
s e c t i o n ,  t h e  average t ime a l l o t t e d  f o r  r e p a i r  o f  each f a i l u r e  i s  
t h e n  f i v e  hours u s i n g  a two man crew. T h i s  i s  a r e a s o n a b l y  
conservat ive value. 

11.10.2.2 MAINTENANCE EQUIPMENT 

T h e  c o s t  f o r  s p e c i a l i z e d  maintenance equipment r e q u i r e d  f o r  
serv ice o f  the  h e l i o s t a t  f i e l d  has been accounted f o r  i n  t h e  s i t e  
r e t a i n e d  c a p i t a l  cost .  

11.10.2.3 MAINTENANCE MATERIALS AND CONSUMABLES 

Maintenance m a t e r i a l  costs  are t h e  cost  o f  r e p a i r  o r  replacement 
o f  f a i l e d  h e l i o s t a t  components. T h i s  c o s t  i s  based on MMC's 
e s t i m a t e  of t h e  BOH components and on t h e  expected m a t e r i a l  c o s t  
of the  Components s p e c i f i c  t o  the  stressed membrane. 

MMC e s t i m a t e d  $.217 p e r  m2 f o r  BOH costs. Increas ing t h i s  cost  
f o r  i n f l a t i o n  w i l l  g i v e  a rough e s t i m a t e  o f  t h e  BOH c o s t .  The 
c o s t  f o r  t h e  stressed membrane s p e c i f i c  m a t e r i a l s  i s  est imated t o  
be $.02 per  m* per year. Th is  r e s u l t s  i n  a m a t e r i a l  c o s t  o f  $.30 
per m2 per year. 

A t w o  m o n t h  s u p p l y  o f  s p a r e s  was assumed t o  be s tocked t o  
decrease f i e l d  down time. Cost f o r  t h e s e  spares  i s  d e p r e c i a t e d  
o v e r  t h e  f i r s t  ye r o f  operat ion t o  g ive an a d d i t i o n a l  f i r s t  year 
cos t  of  $.14 per m h . 

2 The o n l y  consumables i d e n t i f i e d  a r e  t h o s e  f o r  m i r r o r  washing 
Based on MMC's estimates [Ref 11, t h e s e  c o s t s  equa l  5.06 p e r  m 
per year a f t e r  i n f l a t i o n .  

The s u p p l i e r  s e r v i c e  c o n t r a c t  f o r  t h e  h e l i o s t a t  c o n t r o l  i s  a lso 
based on MMC's r e s u l t s .  I t s  c o s t  i s  $.07 p e r  m2 p e r  y e a r  
(ad justed f o r  i n f l a t i o n  and h e l i o s t a t  s ize).  



11.10.3 OPERATION AND MAINTENANCE SUWARY 

T h e  a n n u a l  O&M c o s t  f o r  t h e  3 , 0 0 0  u n i t  h e l i o s t a t  f i e l d  i s  
sumnarized i n  Table 11.10. 
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TABLE 11.10 

ANNUAL FIELD OPERATION AND MAINTENANCE COSTS 

Operating Labor 
Maintenance Labor 
Maintenance Mater i  a1 s 
He1 i o s t a t  Washing 
HAC Service Contract 

Annual Tota l  

F i r s t  Year Tota l  

Cost ($/m2/Yr) 

.25 

.36 

.30 

.06 

.07 

1.04 

- 

1.18 

. 



SECTION 12.0 

I NTRODUCT I ON 

TO PROTOTYPE DESIGN 

The f o l l o w i n g  s e c t i o n s  cover  t h e  t e s t  r e s u l t s  ob ta ined dur ing 
Phase I, a p r e l i m i n a r y  t e s t  and e v a l u a t i o n  p l a n ,  and t h e  
p r o t o t y p e  d e s i g n  and f a b r i c a t i o n  procedures used i n  Phase I 1  of 
t h e  c o n t r a c t .  T e s t s  accompl ished i n  Phase I were l i m i t e d  t o  
i t e m s  r e q u i r e d  t o  e x p l o r e  k e y  c o n c e p t s  i n  t h e  des ign,  and 
inc luded membrane handl ing techniques, weld p r o c e s s  development, 
tens ion ing  met hods, f o c a l  c o n t r o l ,  and s u r f  ace e r r o r  measurements. 
The methods and r e s u l t s  o f  these t e s t s  were  q u a l i t a t i v e  i n  some 
instances and q u a n t i t a t i v e  i n  others. 

The f i f t y  s q u a r e  meter  p r o t o t y p e  components and f a b r i c a t i o n  
procedures are a lso discussed and i l l u s t r a t e d  i n  the  accompanying 
d r a w i n g s  and photographs.  R e d u c t i o n s  i n  component s i z e  were 
s c a l e d  f r o m  t h e  commerc ia l  d e s i g n  as c l o s e l y  as p o s s i b l e .  
Departures from t h e  commercial design are noted. 
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SECTION 13.0 

PHASE I TESTING 

A l i m i t e d  amount o f  t e s t i n g  was completed d u r i n g  Phase I t o  
v e r i f y  t h e  f e a s i b i l i t y  o f  k e y  e l e m e n t s  o f  t h e  d e s i g n  and 
f a b r i c a t i o n  concept .  F o r  t h i s  purpose, several  two meter scale 
model m i r r o r  modules were b u i l t  and tested. 

The membranes were made from 36 inch  wide .010" 5052 H34 aluminum 
s tock .  The seams were o v e r l a p p e d  and we lded t o g e t h e r  w i t h  a 
s e r i e s  o f  e l e c t r i c  r e s i s t a n c e  s p o t  welds.  E l e c t r i c  res is tance 
spot welds were a l s o  used t o  j o i n  t h e  membrane t o  t h e  r i n g .  The 
r i n g s  were made f r o m  .063" 5052 H34 aluminum and sized i n  rough 
p ropor t i on  t o  the commerci a1 design. 

A s t r u c t u r e  was used t o  suppor t  t h e  f i n i s h e d  m i r r o r  modules a t  
s i x  p o i n t s  t h r o u g h  h inged  j o i n t s  s i m i l a r  t o  t h e  c o m m e r c i a l  
he1 i o s t a t  design. 

V a r i o u s  methods were used and tes ted  t o  achieve membrane tension. 
These inc luded pre- tens ion ,  edge c r imp ing ,  and i n f l a t a b l e  t u b e  
tens i  on i  ng. 

A l l  m i r r o r  modules were f i t t e d  w i t h  v a r i a b l e  speed fans f o r  f oca l  
c o n t r o l  and used t o  f o c u s  s u n l i g h t .  These t e s t s  were used t o  
ana lyze  t h e  m i r r o r  s u r f a c e  i n  a general way f o r  improvements o f  
t he  product ion techniques. 

The ma jo r  ob jec t i ves  of t h i s  t e s t  program were t o  t e s t  seam j o i n t  
design, p o s s i b l e  t e n s i o n i n g  methods, membrane s t i f f e n i n g ,  and 
c o n t r o l  c o n c e p t s .  A d d i t i o n a l  g o a l s  i n c l u d e d  assessmen t  
o f  ma te r ia l  p r o c e s s i n g  r e q u i r e m e n t s  and t o  ana lyze  a membrane 
s u r f a c e  f o r  e r r o r .  These  o b j e c t i v e s  a r e  addressed i n  t h e  
f o l l o w i n g  sect ions.  

13.1 MATERIAL PROCESSING 

The r i n g  and t h e  membrane a r e  d e l i c a t e  components by themselves 
and can be e a s i l y  damaged d u r i n g  p r o d u c t i o n .  The h a n d l i n g  and 
p r o c e s s i n g  of these components i s  a unique i n d u s t r i a l  problem and 
requ i res  spec ia l  considerat ion.  For  t h i s  reason, one o f  t h e  t e s t  
o b j e c t i v e s  d u r i n g  Phase I was t o  i d e n t i f y  un ique  h a n d l i n g  o r  
processing requirements of the  r i n g  and membrane. 

The c o i l  w i d t h  fo r  t he  membrane m a t e r i a l  used f o r  these t e s t s  was 
36". Sheets o f  t h i s  m a t e r i a l  up t o  12 f e e t  l o n g  were handled by  
t w o  men w i t h  no s i g n i f i c a n t  d i f f i c u l t y .  However, a f t e r  t h e  
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sheets were joined together i n t o  a membrane, h a n d l i n g  became 
quite d i f f i c u l t .  The d i f f i c u l t y  w i t h  h a n d l i n g  the  e n t i r e  
membrane was due t o  gravitational sag between discreet supports. 
This sag propagates towards the membrane center, and i f  the sag 
i s  great, w i l l  create sharp points of inflection w h i c h  result i n  
localized, permanent creases i n  the material. This problem was 
avoided by rolling the membrane o n t o  c y l i n d r i c a l  mandrels for 
transportation. Following a move, the membrane would simply be 
unrolled onto a f l a t  surface. The membrane was able t o  withstand 
a s l i g h t  amount of compression w i t h o u t  b u c k l i n g ,  and  therefore, 
c o n s t a n t  tension was n o t  required.  Actual ly ,  the 2 meter 
membranes could be positioned on a f l a t  surface by hand w i t h o u t  
risk of b u c k l i n g  or creasing. This, however, does not appear 
feasible for significantly larger membranes. 

When i n d i v i d u a l  sheets are welded together t o  form the membrane, 
any initial waviness o r  misalignment i s  made permanent by the 
weld. Placement and position of the sheets is  therefore critical. 
For the tes t s ,  SKI chose t o  tension the sheets lengthwise t o  
remove any slop and t o  position the sheets w i t h  respect t o  the 
ends. This had merit i n  t h a t  i t  d i d  n o t  requi re  extensive 
equipment or t o o l i n g  b u t  i t  had three drawbacks. I t  was slow, 
d i f f i c u l t  t o  o b t a i n  accurate pos i t ion ing ,  a n d  created an 
alignment problem due t o  g r a v i t a t i o n a l  sag.  Tensioning and 
alignment were very sensitive t o  small variations and proved t o  
be time consuming a n d  d i f f icu l t .  The natural sag of the sheets 
caused misalignment w i t h  the welding head. The sheets had  t o  be 
l i f t ed  a t  the welding p o i n t  w i t h o u t  i n d u c i n g  any differences 
between sheets. This proved t o  be almost unworkable. 

An alternative t o  this method i s  t o  hold  each sheet w i t h  a vacuum 
platen d u r i n g  alignment and  welding. I n  t h i s  way, the sheets 
wou ld  be assured of being f l a t  and alignment could be simplified 
w i t h  t oo l ing  holes and pins i n  the platens. 

Behavior of the r i n g  material during the r o l l i n g  process was also 
investigated. A l t h o u g h  rol l  forming i s  no t  an unusual process 
l i k e  membrane h a n d l i n g ,  the a b i l i t y  t o  roll t h i n  walled sections 
was identified as an area of concern. Test ing of various 
materi a1 thicknesses showed t h a t  t o  avoid crippling .063" thick 
material i s  needed for a 1.5" leg. This leg length was the w i d t h  
of the t e s t  rings. The mass production ring, however, requires a 
3" leg and i s  expected t o  require .090" material thickness. 

Posi t ioning of the  membrane f o r  welding t o  the ring i s  as 
critical as positioning the membrane sheets fo r  welding t o  each 
o ther .  Two m e t h o d s  were used during testing. One method 
involved supporting the two meter membrane from thirty-six(36) 
spring loaded clamps located around the circumference. Tension 
was induced t o  remove any s lop  or sag.  The most significant 
drawback of t h i s  process i s  t h a t  the tension i s  applied a t  



d i s c r e e t  p o i n t s  and induces  non-un i fo rm membrane tens ion  from 
clamp t o  clamp. 

Two a d d i t i o n a l  p r o b l e m s  are: each s p r i n g  a p p l i e s  s l i g h t l y  
d i f f e r e n t  loads r e s u l t i n g  i n  non -un i fo rm membrane t e n s i o n ,  and 
clamps and spr ings present i n te r fe rence  problems w i t h  the  welding 
apparatus. SKI  used a f l a t  vacuum p l a t e n  t o  s u p p o r t  t h e  e n t i r e  
membrane d u r i n g  p o s i t i o n i n g  and welding. The vacuum p l a t e n  d i d  
n o t  i n t e r f e r e  w i t h  w e l d i n g  and d i d  n o t  i n d u c e  n o n - u n i f o r m  
membrane t e n s i o n .  SKI ,  therefore, has adopted t h e  vacuum p l a t e n  
method f o r  mass product ion.  

13.2 WELD TESTS 

The method used t o  j o i n  t h e  sheets o f  the  membrane together  has 
the  p o t e n t i a l  t o  d i s t o r t  o r  weaken t h e  membrane. Several  j o i n i n g  
methods were tes ted  on membrane samples t o  assess t h e i r  impact. 

The f i r s t  t e s t  determined t h e  di f ferences between a s i n g l e  row of 
welds and two p a r a l l e l  rows. W i t h  a s i n g l e  row o f  welds,  a l l  
s t r e s s  i s  t r a n s f e r r e d  t h r o u g h  the  weld and t h e  weld, therefore,  
moves t o  t h e  c e n t e r  o f  t h e  s t r e s s e d  a rea  ( c e n t e r  l i n e  o f  t h e  
membrane). See F i g u r e  13.1. Since the  membrane has very l i t t l e  
f l e x u r a l  r i g i d i t y ,  i t  w i l l  f l e x  and r o t a t e  a t  t h e  w e l d  as shown 
i n  t h i s  s i m p l i f i e d  f igure .  Th is  r o t a t i o n  places the weld i n  peel 
which i s  an undes i rab le  loading c o n d i t i o n  f o r  r e s i s t a n c e  welds.  
W i t h  a doub le  row of welds,  t h e  c e n t r o i d  o f  the two welds moves 
t o  t h e  membrane center  l i n e .  The d is tance of t h e  we lds  f r o m  t h e  
c e n t r o i d  l i m i t s  t h e  r o t a t i o n .  I n  t h i s  way, t h e r e  i s  l i t t l e  
r o t a t i o n  and the  welds are under on ly  smal l  peel  loads. 

Severa l  samples of membrane m a t e r i a l  were welded w i t h  these two 
methods and t e s t e d  t o  f a i l u r e  i n  tension. A se r ies  o f  r e s i s t a n c e  
s p o t  we lds  were used t o  s i m u l a t e  a seam weld w i t h  a row spacing 
of .25". The seams w i t h  a double row o f  we lds  p roved  t o  be 32% 
s t r o n g e r  p e r  w e l d  area. A l t h o u g h  t h e  doub le  row of welds d i d  
prove s t ronger  than a s i n g l e  row, t h e  s i n g l e  row w e l d  s t r e n g t h  
was s t i l l  adequate ( w i t h  a f a c t o r  of sa fe ty  g rea ter  than f i v e )  t o  
sus ta in  the  t e n s i l e  loads i n  the  canmercial design. Welds a t  t h e  
membrane t o  r i n g  attachment were somewhat weaker, most l i k e l y  due 
t o  the subs tan t i a l  d i f f e r e n c e  i n  r i n g  and membrane gage. 

The second t e s t  de te rm ined  i f  add i t i ona l  weld s t reng th  could be 
acquired by removing a l l  p e e l  s t r e s s  f r o m  t h e  welds.  T h i s  was 
done b y  p l a c i n g  a .005" j o g g l e  i n  each sheet  and j o i n i n g  them 
w i t h  two rows o f  spo ts  ( F i g u r e  13.2). These s p e c i m e n s  w e r e  
p u l l e d  t o  f a i l u r e  b u t  e x h i b i t e d  no g r e a t e r  s t rength  than those 
j o i n e d  w i thou t  an o f f s e t .  

13-3 



S
IN

G
L

E
 W

E
L

D
 S

E
A

M
 

U
N

T
E

N
S

IO
N

E
D

 
M

E
M

B
R

A
N

E
 

C
E

N
T

E
R

 L
IN

E
7

 
. /-

W
E

L
D

 N
U

G
G

E
T

 

T
E

N
S

IO
N

 
+T

E
N

S
IO

N
 

S
IN

G
LE

 
W

EI
LO

 SE
A

M
 

T
E

N
S

IO
N

E
D

 

I 

w
 

W
 

I P
 

D
O

U
B

L
E

 W
E

L
D

 S
E

A
M

 
U

N
T

E
N

S
IO

N
E

D
 

T
E

N
S

IO
N

.$
- D
O

U
B

L
E

 W
E

L
D

 S
E

A
M

 
T

E
N

S
IO

N
E

D
 

FI
G,

 1
3,

l 
W

ED
 J

OI
NT

 D
IS

TO
RT

IO
N 

m
O

L
A

R
 K

IN
E

T
IC

S
 I

N
C

. 

I 
. 

.
' 

4
.

 
I

'
 



. 
.

.
 

I
.

 

ST
RE
SS
 IN

D
U

C
E

D
 

D
IS

T
O

R
T

IO
N

 

T
E

N
S

IO
N

 
T

E
N

S
IO

N
 +
-E-
 

- 
- LA

P
 S

E
A

M
 

JO
G

G
L

E
 

N
O

 S
T

R
E

S
S

 I
N

D
U

C
E

D
 

D
IS

T
O

R
T

IO
N

 
T

E
N

S
IO

N
 

O
FF

S
E

T 
LA

P
 S

E
A

M
 

1
.

 

FI
G

, 
13

,2
 

JO
IN

T 
PR

EP
AR

AT
IO

N 
m

O
L

A
R

 
K

IN
E

T
IC

8
 I

N
C

m
 



I n i t i a l l y ,  a d o u b l e  row o f  welds was se lec td  t o  p rov ide  maximum 
s t reng th  i n  t h e  "membrane-to-membrane" and "membrane- to- r i  ng" 
connec t ion .  The doub le  w e l d  l i n e  i n  the  membrane was abandoned 
a f t e r  o p t i c a l  t e s t i n g  when sur face e r r o r  was found t o  be r o u g h l y  
e q u i v a l e n t  i n  e a c h  a p p r o a c h .  The d o u b l e  r o w  a t  t h e  r i n g  
connect ion was mainta ined f o r  s t r e n g t h .  O f f  s e t s  were abandoned 
as  no i n c r e a s e  i n  s t r e q g t h  o r  o p t i c a l  e r r o r  r e d u c t i o n  was 
observed . 
13.3 TENSIONING METHOD 

S e v e r a l  d i f f e r e n t  membrane tens ion ing  methods were inves t iga ted :  
p r e - t e n s i o n i n g ,  f l a n g e  c r i m p i n g ,  and p o s t - a s s e m b l y  t u b e  
i n f l a t i o n .  

P r e - t e n s i o n i n g  o f  t h e  membrane was t e s t e d  by  a t t a c h i n g  spr ing  
loaded clamps t o  t h e  membrane c i r cumfe rence  p r i o r  t o  a t tachmen t  
t o  t h e  r i n g .  T h i s  method i s  s i m i l a r  t o  t h a t  desc r ibed  i n  the  
p r e v i o u s  s e c t i o n  f o r  membrane s u p p o r t ,  b u t  w o u l d  r e q u i r e  
s i g n i f i c a n t l y  h i g h e r  tensions. I n  f a c t ,  pre- tens ion ing can on ly  
s u p p l y  a p o r t i o n  o f  t h e  f i n a l  membrane t e n s i o n  b e c a u s e  t h e  
p r e - t e n s i  o n i  ng 1 oads are l i m i t e d  by the  membrane y i e l d  strength.  
The same problems e x i s t  f o r  p re- tens ion ing  as those d i scussed  f o r  
t h e  membrane suppor t .  That i s ,  the  loading i s  d iscreet ,  uneven, 
and t h e  equipment c r e a t e s  i n t e r f e r e n c e  w i t h  t h e  we lder .  The 
magn i tudes  o f  t h e  d i f f e r e n t i a l  t e n s i o n s  were exaggerated over 
those developed by the  support method. 

Membrane t e n s i o n i n g  can a l s o  be accompl ished by bend ing  t h e  
f l a n g e  o f  t h e  r i n g  down a f t e r  t h e  membrane has  b e e n  w e l d e d  
( F i g u r e  13.3). Th is  method was tes ted  and found t o  be p r a c t i c a l .  
Membrane tens ion  i s  a s t rong f u n c t i o n  o f  the  ang le  of cr imp,  and 
t h e r e f o r e ,  t h i s  ang le  must be accura te ly  con t ro l l ed .  I t  i s  f e l t  
t h a t  w i t h  a s p e c i a l i z e d  c r i m p i n g  t o o l ,  t h i s  wou ld  p r e s e n t  no 
p ro  b 1 em. 

The t h i r d  t e n s i o n i n g  method t e s t e d  d u r i n g  Phase I r e q u i r e d  a 
f l e x i b l e  tube between the  r i n g  and t h e  membrane. When i n f l a t e d ,  
t h i s  t u b e  e x e r t e d  a f o r c e  on t h e  membrane t h a t  r e s o l v e d  i n t o  
tens ion (F igure  13.4). The r e l a t i o n s h i p  between t u b e  p r e s s u r e  
and membrane t e n s i o n  was l i n e a r  i n  t h e  range  s t u d i e d  ( F i g u r e  
13.5). The o n l y  d i f f i c u l t y  w i t h  t h i s  t e n s i o n i n g  method i s  t h e  
membrane i s  l i f t e d  a t  an a n g l e  f r o m  t h e  weld r e s u l t i n g  i n  peel 
s t resses i n  t h e  weld nugget. Weld s t reng th  f o r  r e s i s t a n c e  we lds  
s t r e s s e d  a t  t h i s  p e e l  angle,  w i t h  a l l  o t h e r  c o n d i t i o n s  b e i n g  
ideal ,  was t e s t e d  t o  be twenty - f i ve  percent l ess  than t h o s e  under  
p u r e  shear .  Pee l  o f  t h e  w e l d  j o i n t  can, however, be avoided by 
cr imping of  the  f lange.  

The most  s i g n i f i c a n t  advantage o f  t u b e  t e n s i o n i n g  i d e n t i f i e d  
dur ing  t e s t i n g  i s  t h e  r e d u c t i o n  i n  non -un i fo rm l o a d i n g  i n  t h e  
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membrane. S t r a i n  gage r o s e t t e s  were mounted a t  two loca t ions  on 
t h e  membrane o f  a two meter model. A t  each l o c a t i o n ,  gages were 
mounted on b o t h  s i d e s  of t h e  membrane. I n  t h i s  way, e r r o r s  due 
t o  i n i t i a l  bending stresses i n  t h e  membrane a r e  removed and o n l y  
a c t u a l  membrane t e n s i o n  was recorded. The s t r a i n  data from t h e  
two p o i n t s  d i f f e r e d  b y  less than f i f t e e n  percent .  The l a c k  o f  a 
l a r g e  d i f f e r e n c e  s u p p o r t s  t h e  o b s e r v a t i o n  o f  u n i f o r m  membrane 
tension. 

13.4 SURFACE MEASUREMENTS 

The s u r f a c e  o f  m i r r o r  module t h r e e  was a c c u r a t e l y  measured t o  
assess i t s  o p t i c a l  q u a l i t y .  The measurements w e r e  t a k e n  b y  
s w e e p i n g  t h e  membrane s u r f a c e  w i t h  a s e t  o f  d i a l  i n d i c a t o r s  
mounted t o  a r a d i a l  arm. The module was f i x e d  t o  s i x  s u p p o r t s  
and p u l l e d  i n t o  a p l a n e  a t  t h e  s u p p o r t s .  A v a r i a b l e  speed f a n  
was connected t o  t h e  u n i t  and s t a l l  pressure was v a r i e d  t o  a l l o w  
d i f f e r e n t  f o c a l  l e n g t h s .  P r e s s u r e  i n  t h e  i n f l a t a b l e  tube was 
a lso var ied  t o  prov ide d i f f e r e n t  tens ion v a l v e s  i n  t h e  membrane. 
The t e s t  setup i s  shown i n  F igure  13.6. 

S u r f  ace he igh t  versus c i  rcumferent i a1 posi  t i o n  o f  the  membrane i s  
i l l u s t r a t e d  f o r  s i x  d i f f e r e n t  cases i n  F igure  13.7 th rough 13.12. 
The p o s i t i o n  of seams and s u p p o r t s  i s  shown i n  F i g u r e  13.13. 
Some s u r f a c e  e r r o r s  w h i c h  o c c u r  i n  t h e  t e s t i n g  model a r e  n o t  
expec ted  t o  e x i s t  i n  t h e  p r o t o t y p e .  The most notable o f  these 
e r r o r s  occurred a t  a c i r c u m f e r e n t i a l  p o s i t i o n  o f  160 degrees. A t  
t h i s  p o i n t ,  t h e  t e n s i o n  t u b e  was o v e r l a p p e d  s l i g h t l y  t o  
f a c i l i t a t e  p r e s s u r e  connect ions .  The e r r o r  was compounded t o  
some degree b y  a d j u s t i n g  t h e  n e u t r a l  plane of the  assembly based 
on average membrane p o s i t i o n .  Consequent ly,  t h e  peak e r r o r  a t  
t h i s  p o s i t i o n  was n o t  considered t o  r e f l e c t  any ser ious problems 
t o  be d e a l t  w i t h  i n  prototype const ruct ion.  

S e v e r a l  i n t e r e s t i n g  f e a t u r e s  a r e  apparent  from a review o f  the 
in fo rmat ion  presented i n  these f i g u r e s .  F i r s t ,  t h e  p o s i t i o n  o f  
t h e  s t r u t s ,  a t  s i x t y  degree i n t e r v a l s  b e g i n n i n g  a t  zero,  i s  
c l e a r l y  shown on each o f  the  f igures.  Manufacturing e r r o r  due t o  
a n o n - p l a n a r i t y  i n  r i n g  shape, was reduced by p u l l i n g  t h e  r i n g  
back i n t o  plane a t  each connection. The maximum e r r o r  i n  h e i g h t  
n e a r  t h e  r i n g  (and a v o i d i n g  t h e  160 degree p o i n t )  was 0.040 
inches and per iod ic ,  though not  a lways o f  t h e  same s i g n .  U s i n g  
t h e  model t h a t  r e l a t e s  d e f l e c t i o n  a t  t h e  r i n g  t o  surface er ro r ,  
t h e  magn i tude  was e s t i m a t e d  a t  1.3 m i l l i r a d i a n s ,  rms, due t o  
as symme t r i c e f  f ect  s . 
The s t a n d a r d  d e v i a t i o n  o f  t h e  e r r o r  t e r m  was a lso p l o t t e d  as a 
f u n c t i o n  o f  rad ius  i n  F igure  13.14. Th is  f i g u r e  i l l u s t r a t e s  t h a t  
e r r o r  assoc i  a t e d  w i t h  asymmet r i  c sag does decrease as distance 
from t h e  r i n g  increases. 



FIGURE 13.6 PHASE I TEST SET-UP 
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A second f e a t u r e  o f  membrane d e f l e c t i o n  t h a t  came from o p t i c s  
data was t h e  impac t  o f  lapped, r e s i s t a n c e  welded seams on t h e  
s u r f a c e .  The seams do n o t  f o l l o w  r a d i a l  l i n e s  and are somewhat 
d i f f i c u l t  t o  p i ck  out on the  o v e r a l l  he ight  ve rsus  c i r c u m f e r e n c e  
curves.  F i g u r e  13.15 t r a c e s  membrane d e f l e c t i o n  along a r a d i a l  
l i n e ,  and t h e  l o c a t i o n  o f  seams are noted. 

The most s i g n i f i c a n t  l o c a l  change i s  seen a l o n g  t h e  36 degree 
r a d i u s  w h i c h  c r o s s e s  t h e  s i d e  seam. The d e f l e c t i o n  d i d  n o t  
i n c r e a s e ,  pass through t h e  mean, decrease, and r e t u r n  t o  the  mean 
as would be expected i n  a r o l l  e r r o r .  I n s t e a d ,  a c o n s t a n t  s i g n  
e r r o r  o c c u r r e d  i n d i c a t i n g  t h a t  t h e  membrane d i d  not  d e f l e c t  at .  
t he  seam as i t  does away f r o m  t h e  seam. T h i s  p r o b l e m  c o u l d  be 
accounted f o r  by w e l d  s h r i n k a g e  or  a d d i t i o n a l  f l e x u r a l  r i g i d i t y  
i n  t h e  seam region. 

The magn i tude  of s u r f a c e  s l o p e  e r r o r  was d i f f i c u l t  t o  i d e n t i f y  
w i t h  accuracy, and was not cons i s ten t  f rom seam t o  seam o r  a l o n g  
a seam. We measured e r r o r s  i n  v e r t i c a l  he ight  of  0.003 t o  0.004" 
a t  t he  seam and i n  some cases t h i s  e r r o r  d i d  n o t  d i e  o u t  f o r  s i x  
i n c h e s .  E r r o r s  i n  t h e  w o r s t  of these regions were estimated t o  
be one t o  one and a h a l f  m i l l i r a d i a n s .  Th is  e r r o r  was e s t i m a t e d  
by  compu t ing  t h e  s u r f  ace normal assuming l i n e a r  he ight  changes 
between two p o i n t s  and comparing the  slope t o  t h e  membrane areas 
a t  s i m i l a r  r a d i  i b u t  w e l l  away from a weld. Because t h e  breadth 
and magnitude o f  e r r o r  was n o t  c o n s i s t e n t ,  i t  i s  d i f f i c u l t  t o  
e s t i m a t e  t h e  s u r f a c e  e r r o r  average of the e n t i r e  assembly due t o  
seam e r r o r .  

F i n a l l y ,  t h e  impact  o f  tens ion on e r r o r  was looked a t  i n  F igures 
13.10 through 13.12. The r e s u l t s  i n d i c a t e d  no changes i n  t h e  
asymmetr ic manufacturing e r ro r .  A caveat should be added t o  t h i s  
l a s t  r e s u l t .  The membrane tens ion / r i ng  combination was n o t  c l o s e  
enough t o  t h e  b i f u r c a t i o n  l o a d  t o  i l l u s t r a t e  a m p l i f i c a t i o n  
e f f e c t s  associated w i t h  compressive loads. The cunmercial  des ign  
i s  c l o s e r  b u t  s t i l l  w e l l  away f r o m  t h e  c r i t i c a l  l o a d  and 
a m p l i f i c a t i o n  i s  not  an t i c ipa ted  t o  be a major problem. 

13.5 R I N G  BUCKLING 

The l o a d  i n d u c e d  on t h e  r i n g  frun membrane tens ion  would e a s i l y  
b u c k l e  t h e  r i n g  i f  t h e  membrane s u p p l i e d  no s t i f f e n i n g .  The 
s t i f f e n i n g  s u p p l i e d  by the  membranes i s  a f u n c t i o n  o f  the method 
o f  a t tachmen t  and can v a r y  w i d e l y .  A r i n g  b u c k l i n g  t e s t  was 
p e r f o r m e d  t o  i d e n t i f y  any unusual  l o a d s  o r  c i r c u m s t a n c e s  n o t  
covered i n  an i d e a l  case. 

A l i g h t  w e i g h t  two meter r i n g  was b u i l t  f o r  t h i s  t e s t .  The r i n g  
was formed fran a s i n g l e  channel w i t h  a tube c a r r i e r  r e s u l t i n g  i n  

I 
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a low i n - p l a n e  moment o f  i n e r t i a .  R i n g - o n l y  buck l i ng  l oad  f o r  
t h i s  s t r u c t u r e  was below ten  pounds per inch. 

The membranes were p r e - t e n s i o n e d  w i t h  t h e  sp r ing  loaded clamps 
and welded t o  t h e  r i ng .  A d d i t i o n a l  t e n s i o n  was added w i t h  t h e  
i n f l a t a b l e  tube. 

The t e s t s  i n d i c a t e d  t h a t  r a d i a l  buck l i ng  was q u i t e  s e n s i t i v e  t o  
d i s c o n t i n u i t i e s  i n  t h e  r i n g  and t u b e  c a r r i e r .  I f  t h e  t u b e  
c a r r i e r  was c u t  t o  b r i n g  t h e  t u b e  down and out o f  t h e  r i ng ,  i t  
was necessary t o  prov ide doublers i n  t h e  area t o  l o c a l l y  s t i f f e n  
t h e  s e c t i o n .  When o p e r a t i n g  above t h e  r i n g  o n l y  i n  p l a n e  
b u c k l i n g  load,  c a r e f u l  a t t e n t i o n  had  t o  b e  p a i d  t o  r e d u c e  
l o c a l i z e d  reduct ions i n  t h e  area moment. 

The p r o t o t y p e  w i l l  n o t  s u f f e r  f r o m  l o c a l i z e d  reduc t i ons  of  t h e  
in-plane a rea  moment. R a d i a l  l o a d s  induced by  t h e  s t r u t s  a r e  
reduced by t h e  h inged  j o i n t  i n  t h e  r a d i a l  d i r e c t i o n .  Carefu l  
a t t e n t i o n  t o  the  doublers a t  support  c o n n e c t i o n s  must be g iven,  
however, t o  a v o i d  i n d u c i n g  a low d e f l e c t i o n  mode r a d i a l  buckle 
due t o  the moment of v e r t i c a l  loads about the  r i n g  centroid.  

One i n t e r e s t i n g  r e s u l t  o f  t h i s  t e s t  was t h e  nature o f  buck l i ng  
f a i l u r e .  As the  r a d i a l  b i f u r c a t i o n  load was exceeded, t h e r e  was 
n o  d r a m a t i c  c h a n g e  c h a r a c t e r i s t i c  o f  s t a b i l i t y  f a i l u r e s .  
Instead, a h igh mode gradual b u c k l i n g  o c c u r e d  and s u r f a c e  e r r o r  
began a t  t h e  r i n g  and moved towards t h e  center, w i t h  increas ing 
load. When t e n s i o n  was removed, i t  was obv ious  t h a t  b u c k l i n g  
o c c u r e d  i n  t h e  e l a s t i c  r e g i o n  as t h e  f a c e t  r e t u r n e d  t o  i t s  
o r i  g i  na l  shape. 

13.6 CONTROL TESTING 

To a i d  t h e  des ign  o f  t h e  c o n t r o l  system, c h a r a c t e r i s t i c s  o f  t h e  
h e l i o s t a t  and poss ib le  c o n t r o l  systems were i n v e s t i g a t e d .  These 
i n c l u d e d  n a t u r a l  f requency  t e s t s  o f  t h e  two m e t e r  model o f  a 
center mounted transducer. 

A f a n  was connected t o  a two meter model through a f l e x i b l e  duct. 
The f a n  was used t o  p u l l  a vacuum on t h e  m i r r o r  module plenum t o  
d e f l e c t  t h e  membrane. When d e f l e c t e d ,  t h e  fan was stopped and 
t h e  membranes were a l l o w e d  t o  o s c i l l a t e .  The o s c i l l a t i o n  was 
w e l l  damped and o n l y  two c y c l e s  were measurable. The frequency 
o f  t he  o s c i l l a t i o n  i s  p l o t t e d  against  membrane t e n s i o n  i n  F i g u r e  
13.16. A t  50 l b s / i n .  o f  t e n s i o n ,  the na tu ra l  frequency was 1.5 
Hz. I t  was found t h a t  t h e  d i a m e t e r  and l e n g t h  o f  t h e  f l e x i b l e  
d u c t  has s i g n i f i c a n t  impact  on t h e  n a t u r a l  f requency ,  b u t  no 
t e s t i n g  was done t o  q u a n t i f y  t h i s  e f f e c t .  
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I f  p a r t  o f  t h e  c o n t r o l  system i s  suspended i n  t h e  center o f  t he  
membrane by cables, i t  w i l l  have a pronounced n a t u r a l  f requency .  
T h i s  f r e q u e n c y  must be much higher than t h e  c o n t r o l  frequency or 
unstable c o n t r o l  w i l l  r e s u l t .  T e s t i n g  was done t o  i d e n t i f y  t h e  
n a t u r a l  f requency  o f  such a device.  A small mass approximating 
t h e  mass o f  a t ransducer  was at tached t o  the  c e n t e r  of a t i g h t l y  
s t r e t c h e d  cab le .  N a t u r a l  f requency  of t h e  c a b l e  was measured 
between 7 and 10 Hz at  cable tensions c lose  t o  y i e l d .  A s  l a r g e r  
c a b l e s  a r e  used, t h e  n a t u r a l  f requency  i s  d r i v e n  by the  cable 
mass and r e d u c t i o n s  of t h e  mass i n  t h e  c e n t e r  y i e l d  n o  
s u b s t a n t i a l  b e n e f i t .  The n a t u r a l  f requency  i n c r e a s e s  as t h e  
tens ion  i nc reases  b u t  maximum t e n s i o n  i s  l i m i t e d  by  t h e  c a b l e  
y i e l d  s t r e n g t h .  Based on t h i s ,  no s u b s t a n t i a l  increase i n  the  
na tu ra l  frequency of  a center  mounted device i s  expected. 
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SECTION 14.0 

TEST AND EVALUATION 

T h i s  s e c t i o n  d e t a i l s  t h e  necessary t e s t s  t o  evaluate performance 
o f  t h e  s t ressed membrane r e f l e c t i v e  assembly. The major areas o f  
i n v e s t i g a t i o n  a re  beam q u a l i t y ,  performance i n  loaded cond i t i ons ,  
s u r v i v a l  i n  loaded cond i t ions ,  response t o  o s c i l l a t o r y  loads, 
concave and convex focus con t ro l s ,  and a n t i c i p a t e d  l i f e  o f  
m a t e r i a l s .  Tes t i ng  and eva lua t i on  o f  t h e  assembly i s  t o  be 
performed by Sandi a. 

14.1 SIMILITUDE 

T h e  s t r e s s e d  membrane r e f l e c t o r  a s s e m b l y  i s  a s y s t e m  o f  
components t h a t  are at tached i n  such a f a s h i o n  as t o  c o u p l e  a l l  
d e f o r m a t i o n s  i n  response t o  ex te rna l  loads. An essen t ia l  p a r t  o f  
t h e  concep t  i s  t o  i m p l y  a p r e - l o a d .  T h i s  p r e - l o a d  (membrane 
t e n s i o n )  l o w e r s  t h e  r a t i o  of s u r v i v a l  t o  t o t a l  l o a d s  and t h e  
absolute magnitude of the  s u r v i v a l  loads as we l l .  

The response  of t h e  r e f l e c t o r  assembly i s  i n e x t r i c a b l y  t i e d  t o  
t h e  r a d i u s .  The numerous and complex c o u p l i n g s  b e t w e e n  t h e  
s u p p o r t  s t r u c t u r e  and m i r r o r  module and e lemen ts  w i t h i n  t h e  
m i r r o r  module i t s e l f  p r e c l u d e  s i m p l e  s c a l i n g  r e l a t i o n s h i p s .  
Re fe rence  t o  each major sca l i ng  issue on a component by component 
b a s i s  i s  made i n  t h e  f o l l o w i n g  s e c t i o n .  Some c a v e a t s  a r e  
repeated here fo r  t he  convenience of t he  reader: 

a. Diaphragm t e n s i o n  i s  a s i g n i f i c a n t  s t ress  Component i n  the  
r i n g  and membrane under s u r v i v a l  c o n d i t i o n s .  Diaphragm 
t e n s i o n  i s  a f u n c t i o n  of s i z e  and p r e - l o a d  as w e l l  as 
pressure d i f f e r e n t i a l s  and m a t e r i a l  p roper t i es .  

b. Out o f  p l a n e  deformat ion,  and t h e  consequent load, i s  a lso  
a s i g n i f i c a n t  s t r e s s  component i n  t h e  r i n g  and s u p p o r t  
s t r u c t u r e  under  s u r v i v a l  cond i t ions .  The t r u s s  d e f l e c t i o n  
and r i n g  s t i f f n e s s  a r e  c l o s e l y  c o u p l e d  and c a n n o t  b e  
considered apar t  from one another. 

c. S u r v i v a l  l o a d i n g s  i n  non -un i fo rm p r e s s u r e  l o a d i n g s  a r e  
s e n s i t i v e  t o  t r u s s  and r i n g  s t i f f n e s s .  S t r e s s  b a s e d  
d e s i g n s  s h o u l d  c o n s i d e r  n o n - u n i f o r m  p r o f i l e s  and t h e  
moments about the  azimuth, e l e v a t i o n ,  and o p t i c a l  a x i s  o f  
t he  c o l l e c t o r .  



d. O p t i c a l  s u r f a c e  e r r o r  i s  a func t ion  of s i z e .  Careful 
interpretation of deflections i n  the structure must be made 
to  scale the results.  

e. Optical  sur face  e r r o r  i s  r e l a t e d  t o  r o l l  and def lect ion 
(inherently coupled deflection modes i n  any r i n g ) .  Loading 
t h e  t r u s s e s  w i t h  dead weight  does not  s imula te  w i n d  
loadings precisely and i n  some cases ac tua l ly  reverses  the  
d i r e c t i o n  of r o l l  de fo rma t ion  a s  w e l l  as  f a i l i n g  t o  
reproduce the exact magnitude of surface error. 

f .  Optical  sur face  e r r o r  from non-uniform loads i s  sensitive 
t o  both t r u s s  and r i n g  s t i f f n e s s .  A development of 
performance t h a t  neglects any consideration of non-uniform 
pressure prof i les  will not re f lec t  an accurate  approach t o  
support structure desi gn. 

We would recommend t h a t  an i n  depth, non-linear, f i n i t e  element 
analysi s of commercial and prototype designs be accompli shed f o r  
operat ional  and surv iva l  condi t ions .  Stress  and surface error 
s ca l ing  could be accomplished through comparison of  t h e  t w o  
r e s u l t s .  We a lso  recommend t h a t  those responsible for  tes t ing 
consider the structural  work presented i n  re fe rences  2,  9, 1 2 ,  
and 20. 

We would a l s o  again recommend t h a t  careful attention be paid t o  
loading t russes  w i t h  dead weight t o  s imulate  w i n d  load. As t h e  
t r u s s  i s  a c t u a l l y  connec ted  away from t h e  r i n g  cen t ro id ,  
secondary moment loadings a r e  introduced t h a t  can a l t e r  t h e  
magnitude of the  s t r e s s  and  de f l ec t ion ,  and i n  some cases can 
actually reverse the  d i r e c t i o n  o f  r o l l  d e f l e c t i o n  and s t r e s s .  
The r e s p o n s e  of a s t r e s s e d  membrane r e f l e c t o r  assembly t o  
distributed loads across the membrane does n o t  compare p rec i se ly  
t o  point loads on the r i n g .  

14.2 BEAM QUALITY AND SURFACE ERROR 

We would recommend t h a t  t he  Beam Characterization System (BCS) 
and the Heliostat Characterization System (HCS) are  obvious and 
e x i s t i n g  t o o l s  t o  a n a l y z e  beam q u a l i t y  and sur face  e r r o r .  
Because both of these systems are sensit ive to  tracking e r r o r ,  we 
would recommend t h a t  t racking o r i e n t a t i o n  be checked. As t h i s  
ref lector  assembly was modified to  f i t  t o  an e x i s t i n g  dr ive ,  t he  
moments about  t h e  d r i v e  a re  s u b s t a n t i a l l y  d i f f e r e n t  due t o  
w e i g h t ,  aspect ratio,  and the ref lect ive assembly cent ro id .  The 
d r ive  pos i t ion  may need t o  be offset  based upon elevation angle 
to  account for structural sag. 
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14.3 DYNAMIC RESPONSE 

The response o f  t h e  r e f l e c t i v e  assembly t o  a f o r c i n g  f u n c t i o n  i s  
i n f l u e n c e d  b y  t h e  c o u p l i n g  b e t w e e n  t h e  r i n g  and membrane, 
d iaphragm t e n s i o n ,  pressure tubes, plenum a i r  mass, and the  r e a r  
membrane o r i f i c e  s ize .  The c o m p l e x i t y  o f  t h e  r e l a t i o n s h i p  
between t h e s e  f a c t o r s  make t h e  exact p r e d i c t i o n  o f  the response 
of t he  r e f l e c t i v e  assembly t o  an o s c i l l a t o r y  wind very  d i f f i c u l t .  
S o l a r  K i n e t i c s  proposes t h a t  the  i n s t a l l e d  pro to type be observed 
i n  gusty  winds by the HCS w i t h  the  foca l  c o n t r o l  system p r o v i d i n g  
c o n s t a n t  and a c t i v e  p r e s s u r e  c o n t r o l .  By t h i s  means, t h e  
requ i red  response t ime and pressure/volume c h a r a c t e r i s t i c s  can be 
determined. 

14.4 FOCUS CONTROLS 

We have  p r o v i d e d  o u t p u t s  on t h e  c o n t r o l  system t o  i n d i c a t e  
membrane p o s i t i o n  a t  the  t ransducer.  There a r e  s e v e r a l  p rob lems 
i n  i d e n t i f y i n g  an a b s o l u t e  r e f e r e n c e  p lane  t o  measure membrane 
d e f l e c t i o n  f rom, p a r t i c u l a r l y  i n  a v a r i a b l e  l o a d  env i ronment .  
S a n d i  a may c h o o s e  t o  m e a s u r e  membrane d e f l e c t i o n  w i t h  t h e  
ex i  s t i n g  t ransducer ( t h i  s approach does have c e r t a i n  p rob lems o f  
independence between t h e  measurement and t h e  measured va r iab le )  
o r  one  o f  s e v e r a l  o t h e r  t e c h n i q u e s .  V i d e o  d e f o r m a t i o n  
measurements such as t h o s e  deve loped by SERI  or t he  HCS i t s e l f  
can be used as i n d i c a t i o n s  of su r f  ace qua l i t y lde format ion .  

We wou ld  recommend t h a t  a r b i t r a r y  v a l u e s  of  focus and de-focus 
displacement not  be de f ined t o  de te rm ine  t h e  t i m e  response o f  a 
s y s t e m .  I t  i s  t h e  n a t u r e  of our  c o n t r o l  system t o  r a p i d l y  
approach a se t  p o i n t  (and i n  some instances, overshoot), and t h e n  
make s low ad jus tmen ts  t o  t h e  f i n a l  p o s i t i o n .  Consequently, we 
recommend t h a t  membrane p o s i t i o n  o r  f l u x  i n t e n s i t y  be p r e s e n t e d  
as a f u n c t i o n  of time. 





SECTION 15.0 

PROTOTYPE FABRICATION 

The f i f t y  square  me te r  p r o t o t y p e  f a b r i c a t e d  by Solar K ine t i cs ,  
Inc. and i n s t a l l e d  a t  t h e  Cent ra l  R e c e i v e r  T e s t  F a c i l i t y  (CRTF)  
a t  Albuquerque, New Mexico r e p r e s e n t s  t h e  c u l m i n a t i o n  o f  many 
e f f o r t s  i n  t h i s  development c o n t r a c t .  The p r o t o t y e  d e s i g n  was 
i n f l u e n c e d  b y  s e v e r a l  f a c t o r s ,  d o m i n a t e d  b y  an e f f o r t  t o  
f a b r i c a t e  a t e s t  a r t i c l e  representa t ive  o f  t h e  commercial des ign .  
Each component and f i n a l  assembly are discussed i n  t h e  f o l l o w i n g  
sec t ions  . 
The most s i g n i f i c a n t  d e p a r t u r e s  between commerci a1 and p r o t o t y e  
design was size. The pro to type incorpora tes  a p p r o x i m a t e l y  f i f t y  
square m e t e r s  of ape r tu re ,  whi l e  t h e  commercial design provides 
one-hundred and f i f t y  square meters. As our  development e f f o r t  
d i d  n o t  i n c l u d e  d r i v e s  o r  supports, our p ro to type was constrained 
t o  mount on e x i s t i n g  second g e n e r a t i o n  h e l i o s t a t  d r i v e s  and 
p e d e s t a l s .  I n  p a r t i c u l a r ,  our r e f l e c t o r  assembly was mounted t o  
a Northrup p e d e s t a l / d r i v e  assembly a t  t h e  CRTF. Consequent ly,  
some s c a l  i ng r e 1  a t i o n s h i  p s  a r e  i n c l  uded i n our  d i  s c u s s i  on o f  
departures between commerci a1 and pro to type design. 

15.1 MEMBRANES 

Membrane f a b r i c a t i o n  requ i res  several d i s c r e t e  steps handled i n  a 
l inear ,  continuous f low. Product ion a t  t h e  l a rge  volume l e v e l  i s  
summarized i n  F i g u r e s  7.1, 7.2, and 7.3. Design i s s u e s  were 
discussed i n  sec t i on  3.0. S u b s t a n t i a l  e f f o r t  was made t o  m im ic  
t h e  commercial  d e s i g n  i n  t h e  m a t e r i a l  s e l e c t i o n  and f a b r i c a t i o n  
method used f o r  t he  p ro to type  membrane. A summary i s  p r e s e n t e d  
i n  Table 15.1. 

Membrane t h i c k n e s s  c o n s i d e r a t i o n s  were based upon o p e r a t i n g  
stress, s u r v i v a l  stress, handl ing cons t ra in t s ,  and c o s t  p e r  u n i t  
of a p e r t u r e .  The p r o t o t y p e  membrane th i ckness  and tens ion  was 
i d e n t i c a l  t o  t h e  c o m m e r c i a l  d e s i g n .  As s u c h ,  i t  i s  
r e p r e s e n t a t i v e  of t he  operat ing condi t ion,  t he  handl ing problems, 
and costs. 

S u r v i v a l  l o a d i n g s ,  on t h e  o t h e r  hand, a r e  b a s e d  u p o n  a 
combination o f  p re- load and diaphragm stress.  Although p r e - 1  oads 
a r e  i d e n t i c a l  i n  each case, diaphragm s t r e s s  i s  a f u n c t i o n  o f  the  
r a t i o  of center d e f l e c t i o n  t o  r a d i u s .  I n  t h e  commerc ia l  d e s i g n  
proposed, t h e  p r e - l o a d  cond i t i on  i s  of the  same magnitude as the  
s u r v i v a l  load .  The p r o t o t y p e  has an i d e n t i c a l  p re - load ,  b u t  
o v e r a l l  l o a d s  a t  s u r v i v a l  c o n d i t i o n s  w i l l  be decreased by  
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a p p r o x i m a t e l y  t w e n t y  p e r c e n t  b e c a u s e  t h e  p r o t o t y p e  has a 
d i f f e r e n t  rad ius.  We e lec ted  t o  p rov ide  a t e s t  a r t i c l e  w i t h  t h e  
same i n i t i a l  t e n s i o n  t o  mimic  operat ion.  Surv iva l  loads i n  the  
membrane w i l l  be somewhat l ower  t h a n  i n  a l a r g e  a rea  assembly, 
though i t  s h o u l d  be no ted  t h a t  even a f u l l  s c a l e  membrane i s  
stressed t o  on ly  f i f t y  percent o f  y i e l d  a t  s u r v i v a l  cond i t ions .  

P r o t o t y p e  f a b r i c a t i o n  d i d  i l l u s t r a t e  an i m p o r t a n t  sou rce  of 
o p t i c a l  e r r o r  r e l a t i n g  t o  v a r i a t i o n s  i n  t h e  b a s e  s t o c k :  a 
v a r i a t i o n  i n  l e n g t h  ac ross  t h e  w i d t h  o f  the  sheet. The leng th  
was grea tes t  a t  t he  cen te r .  T h i s  p r o b l e m  d i d  n o t  appear t o  be 
s u b s t a n t i a l  i n  t h e  two meter bench t e s t  model, and consequently, 
was no t  a n t i c i p a t e d  i n  the  pro to type.  I n  b o t h  cases, t h e  sheet  
wou ld  n o t  l a y  f l a t  o f  i t s  own accord. The vacuum p l a t e n  al lowed 
us t o  llsweep@l t h e  waves out and t h e n  weld.  When t h e  vacuum was 
released, the  waves reappeared. (See F igures 15.1 and 15.2) 

We a n t i c i p a t e d  t h a t  membrane t e n s i o n  w o u l d  a l s o  se rve  t o  
e l im ina te  any waves, and i t  d i d  s u b s t a n t i a l l y  reduce t h e  problem. 
P r e l i m i n a r y  o b s e r v a t i o n  o f  t h e  p r o t o t y p e  s u r f a c e  w i t h  the  HCS 
moni tor  i n d i  c a t e d  t h a t  some s c a l l  op occured between each seam 
r e d u c i n g  t h e  a v a i l a b l e  a p e r t u r e  b y  t h r e e  t o  f i v e  p e r c e n t  
( q u a l i t a t i v e  judgement). We a t t r i b u t e  t h i s  edge e f f e c t  t o  t h e  
l e n g t h  v a r i a t i o n .  One pane l  r e t a i n e d  a small wavy area i n  i t s  
center, b u t  t he  aper ture loss due t o  t h a t  e r r o r  i s  p r o b a b l y  l e s s  
than one or  two percent (a l so  a q u a l i t a t i v e  j udgmen t ) .  

A l e v e l e r  was p r o v i d e d  i n  t h e  manufactur ing scenario, and would 
l i k e l y  co r rec t  the  problem. The p r o t o t y p e  d i d  n o t  b e n e f i t  f r o m  
l e v e l i n g .  I n s t e a d ,  o n l y  a r e v e r s e  bend ing  l oad  was appl ied t o  
remove c o i l  curvature.  We therefore,  do no t  a n t i c i p a t e  t h i s  edge 
e f f e c t  t o  be a problem w i t h  t h e  commercial design manufactur ing 
scenario, even w i t h  the  increase i n  sheet width.  

A l t h o u g h  t h e  vacuum p l a t e n  d i d  n o t  p rove  t o  be  s u c c e s s f u l  a t  
e l i m i n a t i n g  a wave problem, i t  remains an e s s e n t i a l  p a r t  o f  t h e  
membrane f a b r i c a t i o n  f o r  several  reasons. F i r s t ,  even r e l a t i v e l y  
constant leng th  sheet w i l l  no t  l i e  f l a t  due t o  r e s i d u a l  s t r e s s e s  
f r o m  temper. I t  i s  e s s e n t i a l  t o  m a i n t a i n  f l a t n e s s  dur ing  the 
weld ing opera t i on .  The vacuum p r o v i d e s  an e x c e l l e n t  chuck t o  
h o l d  l a r g e  a rea  shee ts  under  u n i f o r m  loads  and avoid l o c a l i z e d  
clamping d i s t o r t i o n s .  With over 50000 pounds of c lamp ing  f o r c e ,  
t h e  r e l a t i v e  p o s i t i o n  o f  two shee ts  i s  a b s o l u t e l y  maintained, 
w i thout  motion, dur ing  t h e  welding process. 

C o n t r a c t u r a l  c o n s t r a i n t s  prevented So lar  K i n e t i c s  from purchasing 
a seam res is tance welder. Consequently, we m o d i f i e d  an e x i  s t i n g  
s p o t  w e l d e r  t o  a u t o m a t i c a l l y  i nc remen t  and w e l d  a t  successive 
p o i n t s  much as a seam w e l d e r  wou ld  per fo rm.  W i t h  t h e  vacuum 
p r o v i d i n g  t h e  enormous clamping force, there  was no need t o  spot 
weld a t  seperated p o i n t s  and then f i l l  i n  each area. The w e l d i n g  
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was s t a r t e d  a t  one end, p rog ress i ve l y  moving t o  t h e  oppos i te  end 
p r e c i s e l y  as t h e  produc t ion  machine would perform. 

A c o p p e r  b u s s  b a r  was a l s o  p r o v i d e d  t o  se rve  as t h e  l o w e r  
e lec t rode e x a c t l y  as p roposed i n  t h e  commerc ia l  m a n u f a c t u r i n g  
s c e n a r i o .  The bar  prov ides a s o l i d  surface a t  the j o i n t ,  w i thout  
o b s t r u c t i n g  t h e  w e l d i n g  head. The b u s s  s e r v e s  t w o  u s e f u l  
f u n c t i o n s :  t he  sheet metal  i s  no t  l o c a l l y  deformed o r  dimpled due 
t o  res is tance clamping force;  the  copper  se rves  as an e x c e l l e n t  
h e a t  s i n k  t o  p r e v e n t  tempera tu re  problems w i t h  the  polymer f i l m  
loca ted  o n l y  a f r a c t i o n  of an i n c h  from the  weld zone. 

F i n a l l y ,  as each seam was welded, we moved t h e  sheet l a t e r a l l y ;  
each successive f r e e  edge b e i n g  we lded t o  t h e  n e x t  sheet .  The 
membrane was r o l l e d  as each weld was made, s u b s t a n t i a l l y  s i m i l a r  
t o  the  process shown i n  the  commercial manufactur ing seam welder. 

C l e a n i n g  and l a m i n a t i o n  was accomplished on a c o i l  l i n e  as shown 
i n  the  commercial manufactur ing scenar io .  No sheet  p r e p a r a t i o n  
was performed a t  the  welding s ta t ion .  

15.2 R I N G  

R i n g  p r o d u c t i o n  and d e s i g n  i s s u e s  w e r e  d i s c u s s e d  e a r l i e r  
( s e c t i o n s  3.0 and 9.0). The r i n g  was a l s o  f a b r i c a t e d  i n  a 
f a s h i o n  s i m i l a r  t o  t h e  commerc ia l  d e s i g n  and was sca led  t o  
r e p r e s e n t  a n t i c i p a t e d  response i n  t h e  s m a l l e r  p r o t o t y p e .  A 
summary o f  the  d i f f e rences  i n  the  two developments i s  provided i n  
Table 15.2. 

The c ross -sec t i ona l  area o f  the  r i n g  i s  l a r g e l y  determined by the 
o p e r a t i n g  and s u r v i v a l  s t r e s s e s .  O p e r a t i n g  s t r e s s  i s  t h e  
compress ion i nduced  by  p r e - l o a d  p lus the  bending load r e s u l t i n g  
f r a n  out of  plane d e f l e c t i o n s  f r o m  g r a v i t y  and wind. S u r v i v a l  
s t r e s s  r e s u l t s  f r o m  s i m i l a r  l o a d i n g s ;  diaphragm s t ress  i s  a lso 
added t o  the pre-load. 

I n  an e f f o r t  t o  scale t h e  r i n g  t o  the smal ler  aper ture prototype, 
a s i m i l a r  c ross-sec t iona l  area was mainta ined and a r e d u c t i o n  i n  
t h e  o u t - o f - p l a n e  moment o f  i n e r t i a  was appl ied.  To  achieve t h i s  
scal ing,  i t  was necessary t o  i nc rease  t h e  w a l l  t h i c k n e s s  o f  t h e  
r i n g .  A s  i n d i c a t e d  i n  t h e  p r e v i o u s  sec t i on ,  su rv i va l  s t resses 
w i l l  be somewhat l o w e r  i n  t h e  p r o t o t y p e  t h a n  a t  f u l l  s c a l e  
because diaphragm tens ion  i s  no t  l i n e a r  w i t h  aperture. 

The p l a n a r  moment o f  i n e r t i a  i s  no t  t r u l y  scaled t o  r e f l e c t  t he  
smal ler  aper ture as ang les  were added t o  p r o v i d e  t u b e  suppor t .  
t h e  commerc ia l  d e s i g n  i n c o r p o r a t e s  t u b e  s u p p o r t  i n  the  r o l l e d  
cross-sect ion.  I t  should be noted, however, t h a t  t h e  i n - p l a n e  
buck1 i n g  requirements would prevent any subs tan t i a l  reduc t ions  i n  

15-6 



I
.

 

I
 te
m

 
R

ad
i u

s 
R

in
g 

st
ru

ct
u

ra
l 

m
a

te
ri

a
l 

R
in

g 
th

ic
kn

es
s 

R
in

g 
he

i g
ht

 
R

in
g 

w
id

th
 

In
 p

la
ne

 a
re

a 
m

om
en

t 
c-
-L
 

O
ut

 o
f 

pl
an

e 
ar

ea
 m

om
en

t 
V

I I 
Ra

w 
m

at
er

ia
l 

fo
rm

at
 

4
 

P
re

pa
ra

ti
on

 

C
ro

ss
-s

ec
tio

n 
fo

rm
in

g 
C i
 rc

u
 1 a

r 
fo

rm
 i
 ng

 
F

in
a

l 
at

ta
ch

m
en

t 
Tu

be
 s

up
po

rt
 

S
hi

 p
pi

 ng
 

TA
BL

E 
15

.2
 

RI
NG

 S
IM

IL
IT

U
D

E 

C
om

m
er

ci 
a1

 D
es

ig
n 

7m
 

(2
3 

ft
.)

 
50

00
 s

er
ie

s 
al

um
in

um
 

2.
3m

 
(0

.0
90

 
in

) 
30

0m
m

 (
12

 
in

) 
7

6
n

 (
3

 i
n

) 
2.

0~
-6

m
4 

(4
.9

 
in

41
 

1.
8E

-5
d 

(4
4 

in
4)

 
C

o
il

 S
to

ck
 

S
tr

et
ch

er
 

1 e
ve

l e
d 

W
as

h 
an

d 
ab

ra
de

 
C

on
tin

uo
us

 r
o

ll
 f

or
m

 
P

yr
am

id
 r

ol
l-

co
nt

in
uo

us
 

TI
G

 w
e1

 d
 

In
te

g
ra

l 
to

 r
o

ll
e

d
 s

ha
pe

 
M

ad
e 

a
t 

s
it

e
 

P
ro

to
ty

pe
 D

es
ig

n 
4m

 
(1

3 
ft

.)
 

3.2
m

m
 

(0
.1

25
 

in
) 

15
0m

 (
6 

in
) 

38
mm

 
(1

 1
/2

 i
n

) 
1.

7E
-6

d 
(4

.0
 

in
41

 
7.

1E
-6

m
4 

(1
7 

in
41

 
C

o
il

 S
to

ck
 

S
tr

et
ch

er
 1

 ev
el

 ed
 

W
as

h 
an

d 
ab

ra
de

 
C

on
tin

uo
us

 r
o

ll
 f

or
m

 
P

yr
 am

 i
 d 

ro
 1 1

 -s
ec

t i
 on

al
 

TI
G

 w
el

d 
A

ng
le

s 
ad

de
d 

P
re

fa
b,

 
sh

i p
pe

d 
in

 s
ec

t i
on

s 

50
52

-H
32

 



a r e a  moment as t h e  r a d i a l  l oads  i n  operat ion are i d e n t i c a l ,  and 
a t  surv iva l ,  t h e  loads are decreased by on ly  twenty p recen t .  The 
p r o t o t y p e  does r e f l e c t  t h e  b u c k l i n g  response  of a commerc ia l  
desi gn. 

Out - o f  - p l  ane response, causing asymmetric e r ro r ,  i s  determined by 
the d is tance between supports, r o l l  enhanced s t i f f n e s s ’  f rom t h e  
membranes, and t h e  ou t -o f -p lane  moment o f  i n e r t i a .  The area  
moment was reduced i n  scale as i n d i c a t e d .  The d i s t a n c e  between 
s u p p o r t s  i s  cut  i n  ha l f ,  however, and t h i s  cannot be r e f l e c t e d  i n  
the  pro to type i f  t h e  bas ic  q u a n t i t y  o f  t russes  remains u n a l t e r e d .  
The moment arm against which r o l l  occurs i s  reduced and t h i s  w i l l  
c o u n t e r  t h e  t h e  s h o r t e r  span t o  some e x t e n t .  We e s t i m a t e ,  
however, t h a t  asymmetr ic  e r r o r  i n  t h e  p r o t o t y p e  w i l l  o n l y  be 
approximately s i x t y  t o  seventy percent o f  t h a t  w h i c h  wou ld  occu r  
a t  f u l l  s c a l e ,  a n d  s t r e s s  v a l u e s  a t  s u r v i v a l  w i l l  b e  
approximately the  same r a t i o .  

The o n l y  apparent d i f f e r e n c e  i n  r i n g  manufacture i s  t h a t  the r i n g  
was p re - fab r i ca ted  i n  sections, shipped, and b u t t  we lded a t  t h e  
s i t e .  I n  t h e  commerc ia l  des ign,  t h e  r i n g  i s  f a b r i c a t e d  i n  a 
c o n t i n u o u s  s e c t i o n  and b u t t - w e l d e d  a t  one p o i n t  o n l y .  We 
a n t i c i p a t e  t h a t  t h e  p r o t o t y p e  f a b r i c a t i o n  i s  a c t u a l l y  somewhat 
worse than the commercial procedure because o f  t h e  d i f f i c u l t y  i n  
a l i gnmen t  o f  t h r e e  s e p a r a t e  p i e c e s  i n t o  a s i n g l e  plane and t h e  
add i t i ona l  heat inpu t  from the  welds. 

R i n g  p l a n a r i t y  was a ma jo r  issue,  as any non-planar deformat ion 
t r a n s l a t e s  as o p t i c a l  e r r o r .  F o l l o w i n g  development o f  p r o p e r  
t o o l i n g ,  we found t h a t  r o l l  bend ing  c o u l d  be c o n t r o l l e d  q u i t e  
we l l .  A f t e r  r o l l ,  t h e  p l a n a r i t y  o f  any o n e - t h i r d  s e c t i o n  was 
p l u s  o r  minus 0.25m (0.010 in ) .  When these elements were welded 
together, p l a n a r i t y  was p lus  o r  minus l.0m (0.040in). The e r r o r  
was p e r i o d i c  between supports. P l a n a r i t y  was checked us ing d i  a1 
i n d i c a t o r s  mounted on t h e  end o f  a p o s t  and arm assembly ( see  
F i g u r e  15.3) d u r i n g  each phase o f  assembly and again a t  the s i t e  
t o  assess the  e r r o r  c o n t r i b u t i o n  o f  each s tage  o f  f a b r i c a t i o n .  
F o l l o w i n g  a f i n a l  d imensional  check, the r i n g  was separated i n t o  
t h i r d s  and shipped t o  the s i t e .  

15.3 SUPPORT 

The m i r r o r  module s u p p o r t  p r i m a r i l y  c o n s i s t s  of  s i x  c a n t i l e v e r  
t russes  connectd t o  a hub. The hub p r o v i d e s  f o r  t h e  t r a c k i n g  
d r i v e  mount and houses the focus c o n t r o l  ac tua t ion  assembly. The 
t russes  are braced w i t h  t i e  rods and a t tach  t o  t h e  m i r r o r  module 
t h r o u g h  s i x  h inges .  Design issues are discussed i n  sect ions 3.0 
and 4.0; f a b r i c a t i o n  i s  d e s c r i b e d  i n  s e c t i o n  7.0 f o r  t h e  
commerci a1 des ign .  A summary o f  t h e  commerci a1 and pro to type 
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s y s t e m  i s  p r o v i d e d  i n  T a b l e  1 5 . 3 .  M a t e r i a l  s e l e c t i o n  and 
f a b r i c a t i o n  methods were q u i t e  s i m i l a r  i n  t h e  two designs. 

S c a l i n g  o f  t h e  s u p p o r t  s t r u c t u r e  i s  a more complex problem than 
i s  immediately apparent. I n i t i a l l y ,  t h e  r e a r  s t r u c t u r e  appears 
t o  s i m p l y  p r e s e n t  a c a n t i l e v e r  t r u s s ,  f i x e d  on one end w i t h  a 
p o i n t  l o a d  on t h e  o p p o s i t e  end. The r a t i o  of c o m m e r c i a l  t o  
p ro to type p roper t i es  i n  t h e  t r u s s  are: 

Area moment r a t i o  3 . 3  
Length r a t i o  1.8 
Load r a t i o  3 

T h e  r e a r  s t r u c t u r e  i s  c o u p l e d  t o  t h e  m i r r o r  m o d u l e  and, 
consequently, t h e  o u t  o f  p l a n e  r ing/membrane response  must be 
c o n s i d e r e d .  The two- te rm l i n e a r  a p p r o x i m a t i o n  f o r  s t r e s s e d  
membrane response was used t o  d e t e r m i n e  d e f l e c t i o n  v e r s u s  l o a d  
( i e  s p r i n g  c o n s t a n t )  f o r  t h e  two  des igns .  The r a t i o  o f  spr ing  
constants, commercial t o  p ro to type i s  s ix .  

The c o u p l i n g  between t h e  r e a r  support s t r u c t u r e  and m i r r o r  module 
r e s u l t  from t h e i r  connection. As the  t r u s s  t i p  d e f l e c t s ,  so does 
t h e  r i n g  . I f  a l l  t russes  see a un i fo rm load, t he  m i r r o r  module 
moves as a r i g i d  body and no s u r f a c e  e r r o r  i s  induced b y  t h e  
t r u s s  f r o m  an o u t  o f  p l a n e  d e f l e c t i o n  (The h i n g e  e f f e c t i v e l y  
i s o l a t e s  t h e  r i n g  f r o m  moments about  i t s  c r o s s - s e c t i o n ) .  I f  
t r u s s  l o a d i n g  i s  non-uni form,  two t y p e s  o f  s u r f a c e  e r r o r  a r e  
induced:  secondary a s y m m e t r i c  e r r o r  ( s e e  F i g u r e  2 . 2 )  and 
t r a c k i  ng e r ro r .  

Secondary asymmetr ic  e r r o r  i s  defined as the surface e r r o r  t h a t  
o c c u r s  due t o  r i n g  sag between p e r i o d i c  s u p p o r t s  due t o  t h e  
n o n - u n i f o r m i t y  o f  t h e  loads. Th is  e r r o r  i s  super-imposed on t h e  
pr imary asymmetric e r r o r  r e s u l t i n g  f r o m  t h e  u n i f o r m  w i n d  l oad .  
Our e s t i m a t e  o f  secondary asymmetr ic  e r r o r  i n d i c a t e d  t h a t  t h i s  
term was no t  p a r t i c u l a r l y  s i g n i f i c a n t  i n  t r u s s  design. 

T r a c k i n g  e r r o r  o c c u r s  when one s i d e  of t h e  m i r r o r  module i s  
loaded more h e a v i l y  t han  t h e  o t h e r  (eg, t h e  p r e s s u r e  c e n t e r  o f  
t h e  w i n d  p r o f i l e  does n o t  c o i n c i d e  w i t h  t h e  o p t i c a l  a x i s )  and 
moments about the  azimuth and e l e v a t i o n  ax is  occur. T h i s  t y p e  o f  
non -un i fo rm l o a d  o c c u r s  even i n  v e r y  un i form v e l o c i t y  p r o f i l e s  
due t o  aerodynamic e f f e c t s .  The r e s u l t  i s  a combination o f  r i g i d  
b o d y  r o t a t i o n  of  t h e  m i r r o r  m o d u l e  ( t h e  o p t i c a l  a x i s  i s  
d isp laced)  and r i n g  d e f l e c t i o n  (each d i f f e r e n t i a l  s u r f a c e  normal  
i s  d i s p l a c e d ) .  B e c a u s e  t h e  r i n g  must  p h y s i c a l l y  de fo rm t o  
accanmodate vary ing  t r u s s  de f lec t ions ,  t he  spr ing  constant  o f  t h e  
m i r r o r  module a f fec ts  o v e r a l l  performance. 
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The s u r f a c e  e r r o r  o f  a r e f l e c t o r  i s  n o t  s imply p ropor t i ona l  t o  
de f lec t ion ,  bu t  can b e t t e r  be descr ibed i n  te rms  o f  t h e  r a t i o  o f  
d e f l e c t i o n  t o  r a d i u s .  I n  b o t h  asymmetr ic e r r o r  and r i g i d  body 
t r a c k i n g  er ro r ,  t h e  r e l a t i o n s h i p  between e r r o r  and t h e  r a t i o  o f  
d e f l e c t i o n  t o  r a d i u s  i s  r o u g h l y  l i n e a r  through small angles o f  
r o t a t i o n  and r i n g  de f l ec t i on .  

I f  t h e  s u p p o r t i n g  s t r u c t u r e  i s  considered w i thou t  regard t o  the 
r i n g  and membrane ( i e  coup l ing  i s  ignored), t he  p ro to type  t r u s s e s  
w i l l  d e f l e c t  a p p r o x i m a t e l y  twenty percent of  t he  t o t a l  value i n  
the  commercial des ign,  and see a p p r o x i m a t e l y  o n e - t h i r d  o f  t h e  
s t r e s s .  The s u r f a c e  e r r o r  i n  t h e  p r o t o t y p e ,  i n  response t o  
non-uniform loadings, would be tw ice  the  d e f l e c t i o n  value. 

C a l c u l a t i o n s  f o r  s u r f a c e  e r r o r  i n  t h e  p r o t o t y p e  due t o  
non -un i fo rm p r o f i l e s  where c o u p l i n g  i s  c o n s i d e r e d  w e r e  n o t  
f o r m a l l y  conducted.  We wou ld  note,  however, t h a t  t h e  m i r r o r  
module s t i f f n e s s  was more e f f e c t i v e  a t  l i m i t i n g  e r r o r  t h a n  
i n c r e a s e d  t r u s s  s t i f f n e s s  i n  t h e  commerc ia l  des ign .  I n  o ther  
words, f u r t h e r  i n c r e a s e s  i n  t r u s s  s t i f f n e s s  had d i m i n i  s h i n g  
impact  upon t r a c k i n g  e r ro r .  Consequently, coupl ing i s  l i k e l y  t o  
be i m p o r t a n t  i n  a t t e m p t i n g  t o  s c a l e  s u r f a c e  e r r o r  f r o m  t h e  
p r o t o t y p e  t o  t h e  commerci a1 assembly. Prototype t russes  do need 
t o  p rov ide  greater  s t i f f n e s s  t o  i m i t a t e  s u r f  ace e r r o r  t h a n  wou ld  
be ca lcu la ted  through a s i m p l i f i e d  c a n t i l e v e r  beam approach. 

15.4 CONTROLS 

The f o c u s  c o n t r o l  o f  a s t r e s s e d  membrane r e f l e c t o r  assembly 
c o n s i s t s  o f  a p o s i t i o n  t r a n s d u c e r ,  f a n  a c t u a t o r ,  and l o g i c  
c i r c u i t s .  Design issues are discussed i n  sec t ion  5.0. A summary 
of the commercial and pro to type system i s  provided i n  Table 15.4. 

The t r a n s d u c e r  used i n  t h e  p r o t o t y p e  and commercial design, an 
LVDT, i s  i d e n t i c a l  w i t h  the  excep t ion  o f  range. The commerc ia l  
des ign  must accommodate a l a rge r  range f o r  s i m i l a r  f o c a l  lengths. 
The mount i s  a lso somewhat d i f f e r e n t .  The LVDT arm i s  mounted a t  
t h e  q u a r t e r  p o i n t  o f  the r ing ,  but  the  LVDT i s  a c t u a l l y  ex te rna l  
t o  the  h e l i o s t a t .  The reduc t i on  i n  r i n g  height  d i d  no t  a l l o w  f o r  
an i n t e r n a l  mount i ng arm o f  reasonable ri g i  d i  ty. Attachment t o  
the  f r o n t  membrane i s  accompl ished t h r o u g h  a r i g i d  l i n k ,  as i n  
the  commercial design, the  l i n k  i s  simply longer.  

As t h e  LVDT i s  n o t  mounted a t  the center o f  the  h e l i o s t a t ,  some 
r e d u c t i o n  o r  d e a m p l i f i c a t i o n  o f  t h e  membrane d e f l e c t i o n  does 
occur .  T h i s  d e a m p l i f i c a t i o n  i s  s i m i l a r  though no t  i d e n t i c a l  f o r  
t h e  two m i r r o r  modules. I t  shou ld  be n o t e d  t h a t  t h e  a c t u a l  
d e f l e c t i o n  measured a t  the  t ransducer i s  a c t u a l l y  smal ler  i n  t h e  
pro to type reducing the  e f f e c t i v e  f o c a l  l eng th  r e s o l u t i o n .  We do 
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n o t  a n t i c i p a t e  a problem i n  t h i s  area, however, as the LVDT has 
excel l e n t  accuracy and repeatabi  1 i t y .  

The f a n ,  w h i c h  p r o v i d e s  f o r  f o c u s  and de focus  o f  t h e  m i r r o r  
module, i s  s m a l l e r  and p r o v i d e d  w i t h  l e s s  power  t h a n  t h e  
c o m m e r c i a l  d e s i g n .  Based upon f a n  s c a l i n g  l a w s  and t h e  
i n e f f i c i e n c i e s  o f  the  s t r a i g h t  i n l e t  b e l l  o f  t h e  p r o t o t y p e ,  we 
e s t i m a t e  t h a t  t h e  v o l u m e t r i c  f l o w  r a t e  has been reduced by a 
f a c t o r  o f  th ree  t o  f i v e .  

The l o g i c  c o n t r o l l e r  i s  compr ised o f  s e v e r a l  d i s c r e t e  p a r t s  
ava i l ab le  as "o f f - t he -she l f "  components. D i  s p l a y s  a r e  p r o v i d e d  
as a re  v o l t a g e  o u t p u t s  f o r  t h e  ana log  c i r c u i t s .  These outputs 
and d i sp lays  are no t  t y p i c a l  of t h e  commerc ia l  des ign,  b u t  a r e  
p r o v i d e d  f o r  t e s t i n g  purposes. The o p e r a t i o n a l  l o g i c  o f  t h e  
c o n t r o l l e r ,  however, i s  i d e n t i c a l  t o  the commerci a1 design. 

15.5 S I T E  ASSEMBLY 

The assembly o f  m a t e r i a l s  a t  t he  s i t e  f o r  the  commercial design 
was discussed i n  sec t ion  9.0. Prototype assembly p roceeded i n  a 
f a s h i o n  q u i t e  s i m i l a r  t o  commercial design. Some accommodation 
o f  f i n a n c i a l  r e s t r a i n t  was made f o r  a s i n g l e  p ro to type u n i t .  

E x t e n s i v e  u s e  o f  vacuum p l a t e n s  as an e f f e c t i v e  method f o r  
handl ing l i g h t  gage sheet was made. I n  an e f f o r t  t o  reduce cos t ,  
o n l y  one p la ten,  ra the r  than the  two i d e n t i f i e d  i n  the  commercial 
manufactur ing scenario, was used. The f rame assembly se rved  as 
t h e  l i f t i n g  dev i ce .  The r i n g  was f a b r i c a t e d  a t  the f a c t o r y  i n  
th ree  sect ions and b u t t - w e l d e d  i n t o  a comple te  assembly a t  t h e  
s i t e .  R e s i s t a n c e  spot ,  r a t h e r  t h a n  seam w e l d i n g  was used t o  
a t tach  t h e  membrane t o  the  r i ng .  Mechan ica l  d e f o r m a t i o n  o f  t h e  
r i n g  f l a n g e s  ( c r i m p i n g )  was done i n c r e m e n t a l l y  r a t h e r  t h a n  
cont i nous 1 y. 

The suppor t i ng  frame assembly was manufactured a t  the f a c t o r y  and 
s i t e  f a b r i c a t i o n  was l i m i t e d  t o  b o l t e d  assembly. F i g u r e  15.4 
shows t h e  f rame assembly a t  the s i t e .  Th is  assembly was used as 
a l i f t i n g  bar du r ing  manufactur ing o f  t he  m i r r o r  module. The f a n  
a s s e m b l y  was i n s t a l l e d  i n  t h e  hub p r i o r  t o  f i n a l  a t tachment  
between the  r i n g  and t russes.  

F i g u r e  15 .5  shows t h e  membrane a f t e r  i t  was r o l l e d  out onto the  
platen, F igu re  15.6 demonstrates t h e  vacuum c h u c k i n g  ab i  1 i ty  o f  
t h e  t a b l e .  Membrane h a n d l i n g  does r e q u i r e  a t t e n t i o n  but i s  not  
l i k e l y  t o  be a s i g n i f i c a n t  cost  i ssue i n  these gages. The vacuum 
p l a t e n  p r o v i d e d  an e x c e p t i o n a l l y  good method f o r  handl ing and 
f i x t u r i n g  l a r g e  area, t h i n  sheets. 
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FIGURE 15.4 FRAME ASSEMBLY 
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The commerc i  a1 m a n u f a c t u r i n g  d e s i g n  f o r  membrane t o  r i n g  
a t tachment  used a r o l l i n g  seam r e s i s t a n c e  w e l d e r .  To a v o i d  
purchase of t h i s  p iece  of equipment, a spot welder was mounted t o  
a c a r r i a g e  t h a t  moved about  a c i r c u l a r  t r a c k .  The c a r r i a g e  
m o t i o n  was automated t o  prov ide regu la r  weld spacing. I t  should 
be n o t e d  t h a t  we d i d  n o t  a t t e m p t  t o  t a k e  a d v a n t a g e  o f  t h e  
i nc remen t  a1 weld assembly f a b r i c a t i o n  technique; welding began a t  
a s i n g l e  p o i n t  and c o n t i n u e d  s e q u e n t i a l l y  f o r  t h e  e n t i r e  360 
degrees  w i t h o u t  i n t e r m e d i a t e  p o s i t i o n i n g  wetds.  F i g u r e  15.7 
shows a c lose  up o f  the  membrane t o  r i n g  weld j o i n t  i n  process. 

A f t e r  w e l d i n g  was complete, the  vacuum chuck was re leased and t h e  
tube was p a r t i a l l y  i n f l a t e d  t o  enhance membrane t o  r i n g  c o u p l i n g .  
Mechan ica l  de fo rma t ion  #of t he  r i n g  f l a n g e  (see F igure  15.8) a lso 
proceeded i n  incremental fashion. The membrane was t e n s i o n e d  i n  
p r o g r e s s i v e l y  t i g h t e r  bends and on each side o f  a d iamet ra l  l i n e  
before making the  next cr imp approx ima te l y  n i n e t y  degrees away. 
T h i s  approach s h o u l d  s i m u l a t e  t h e  f o u r  head c r i m p i n g  machine 
recommended i n  the  commerci a1 s i t e  manufactur ing f aci li ty. 

The f rame was a t t a c h e d  t o  t h e  completed m i r r o r  module, and t h e  
r e f l e c t o r  a s s e m b l y  was t r a n s p o r t e d  t o  an e x i s t i n g  s e c o n d  
g e n e r a t i o n  N o r t h r u p  h e l i o s t a t  d r i v e / p e d e s t a l .  The u n i t  was 
b o l t e d  t o  t h e  e x i s t i n g  d r i v e ,  and t h e  c o n t r o l s  were w i r e d  in .  
F i g u r e  15.9 shows t h e  completed assembly i n  place. F igu re  15.10 
shows the r e f l e c t e d  image, i n  focus,  o f  t h e  s t r e s s e d  membrane 
m i r r o r  module. The est imated spot s i z e  i s  th ree  and one-hal f  t o  
f o u r  m e t e r s  ( 1 2 - 1 3 f t . )  i n  d i a m e t e r .  The s l a n t  r a n g e  i s  
approximately 320 meters (1050 ft . I  . 
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SECTION 16.0 

CONCLUSION 

The s t r e s s e d  membrane m i r r o r  module makes extremely e f f i c i e n t  use 
o f  m a t e r i a l  t o  present  an o p t i c a l  q u a l i t y  s u r f  ace i n  response t o  
a v a r i a b l e  l o a d  env i ronment .  T h i s  approach t o  c o n c e n t r a t o r  
design o f f e r s  subs tan t ia l  p o t e n t i a l  f o r  cost  reduc t i on  i n  c e n t r a l  
r e c e i v e r  a p p l i c a t i o n s .  The concept i s  n o t  merely innovat ive  as 
an end t o  i t s e l f ;  r a t h e r  i t  prov ides f o r  a s i g n i f i c a n t  r e d u c t i o n  
i n  m a t e r i a l  usage and i s  e a s i l y  fabr ica ted  by cont inous c o i l  l i n e  
processes. 

A s  a m a j o r  d e p a r t u r e  f rom c o n v e n t i o n a l  des ign ,  t h e  s t r e s s e d  
membrane c a r r i e s  loads t h r o u g h  t e n s i o n  r a t h e r  t h a n  bending.  A 
p r e - l o a d  i s  imposed upon the  m i r r o r  module; t h i s  i n i t i a l  tens ion  
lowers the  r a t i o  o f  s u r v i v a l  t o  t o t a l  l o a d s  as w e l l  as r e d u c i n g  
t h e  m a g n i t u d e  o f  t h e  s u r v i v a l  l o a d  i t s e l f .  Consequent ly ,  
loadings on the  o p t i c a l  sur face are l ess  var iab le.  

I n  a d d i t i o n  t o  p r o v i d i n g  an e f f i c i e n t  s t r u c t u r e  f o r  l o a d  
t rans fer ,  t h e  membrane a c t i v e l y  responds t o  changes i n  l oad .  The 
f o c u s  i s  r e g u l a t e d  by  a l t e r i n g  t h e  pressure d i f f e r e n t i a l  across 
the  f r o n t  surface. The pressure actuator  i s  a s imple,  a x i a l  f a n  
w i t h  speed cont ro l .  

Our  d e v e l o p m e n t  e f f o r t  i n d i c a t e s  t h a t  t h e  s t r e s s e d  membrane 
r e f l e c t o r  assembly i s  a s u i t a b l e  s t r u c t u r e  f o r  t a k i n g  advantage 
o f  c o s t  s a v i n g s  i n  t h e  pedesta l /d r ive  assemblies associated w i t h  
s i z e  as w e l l  as a r e d u c t i o n  i n  r e f l e c t o r  assembly c o s t s .  We 
e s t i m a t e  t h a t  f i r s t  y e a r  c o s t s  o f  a s t ressed membrane r e f l e c t o r  
assembly ( p e r  square  me te r )  would be $28.30*, t h e  r e m a i n i n g  
assembl ies  $26.96, f o r  a t o t a l  of $55.26 per square meter. Th i s  
compares w i t h  $71.19 f o r  a second-generat ion g l  ass-meta l  d e s i g n  
opt imized and increased t o  an i d e n t i c a l  aperture.  

Our o p t i m i z a t i o n  work r e s u l t e d  i n  a mono l i t h i c  m i r r o r  module w i t h  
150 square  m e t e r s  o f  a p e r t u r e .  M i r r o r  m o d u l e  w e i g h t  was 
a p p r o x i m a t e l y  3kg/m*(6.71b./m2, 0.61b. ft.*), the  t o t a l  r e f l e c t o r  

and membrane a r e  f a b r i c a t e d  f r o m  aluminum, a s i  1 vered polymer 
prov ides t h e  r e f l e c t i v e  sur face ,  and t h e  s u p p o r t  s t r u c t u r e  i s  
s t e e l .  The d e s i g n  i s  l a r g e l y  s t ress  c r i t i c a l ;  t h a t  i s ,  m a t e r i a l  
requirements are determined based upon s t r e s s  i n  h i g h  w inds  and 
n o t  by d e f l e c t i o n  o r  o p t i c a l  q u a l i t y .  

assembly weight  was 9.3kg/m2(20.41b./m 4 , 1.91b . / f t * ) .  The r i n g  

* All c o s t s  expressed i n  1985 d o l l a r s  and based upon the  50000th 
u n i t  produced i n  a volume o f  50000 per year. 
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T h e  p r o t o t y p e ,  a s s e m b l e d  and i n s t a l l e d  a t  t h e  CRTF i n  
Albuquerque, i s a r e a s o n a b l y  a c c u r a t e  r e p r e s e n t a t i o n  of  t h e  
commerc i  a1 d e s i g n .  Our  e x p e r i e n c e  w i t h  t h i s  p r o t o t y p e  and 
glass-to-metal h e l i o s t a t  f a c e t s  would suggest  t h a t  t h e  s t r e s s e d  
membrane concept  wou ld  be l e s s  expens ive  t o  f a b r i c a t e  i n  even 
moderate volume. 

The s t r e s s e d  membrane i s  an impor tant  and successful v e h i c l e  t o  
reduc t ion  i n  concentrator costs  f o r  c e n t r a l  rece iver  technology. 



REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

" S t r e s s e d  Membrane He1 i o s t a t , "  T.D. Brumleve, e t  al., SNLL, 
from " A  D e s c r i p t i o n  and Assessment o f  S o l a r  C e n t r a l  R e c e i v e r  
Systems Technology," SAND 82-8023. 

" T e c h n i c a l  and  C o s t  B e n e f  i t s  o f  L i g h t w e i g h t ,  S t r e t c h e d  
Membrane He1 ios ta ts , "  L.M. Murphy, SERI/TR-253-1818. 

"Second G e n e r a t i o n  He1 i o s t a t , "  McDonnel l  Douglas, SAND 
81-8177. 

I I O p t i m i z a t i o n  of t h e  Second Generation H e l i o s t a t  Design and 
Spec i f i ca t ion , "  McDonnell Douglas, SAND 82-8181. 

" S y s t e m  P e r f o r m a n c e  and Cost  S e n s i t i v i t y  Comparisons o f  
St retched Membrane He1 i o s t a t  R e f l e c t o r s . .  .,I' L.M. Murphy, 
e t  al, SERI/TR-253-2694 Dra f t .  

Sandi a s p e c i f i c a t i o n  A10772, attachment I11 t o  RFQ 91-8808, 
SNLL. 

" W i n d  L o a d i n g  on S o l a r  C o l  l e c t o r s . .  . ,I' E. J. Roschke,  
JPL-1060-66. 

"Second G e n e r a t i o n  He1 i o s t a t  Development f o r  Solar Central  
R e c e i v e r  Systems," Vo l .  11, A p p e n d i x  E - S y s t e m  S t u d i e s ,  
Northrup, Inc., SAND 79-8194. 

" A n a l y t i c a l  Mode l i ng  and S t r u c t u r a l  Response o f  a Stretched 
Membrane R e f l e c t i v e  M o d u l e , "  L.M. M u r p h y ,  e t  a l . ,  
SEKI  /TR-253-2101. 

"Wind Load i  ng on Sol a r  Col lectors,"  S. Bhaduri , L.M. Murphy, 
ASME/84-WA/ Sol -16. 

" S t r u c t u r a l  Design C o n s i d e r a t i o n s  f o r  S t r e t c h e d  Membrane 
H e l i o s t a t  R e f l e c t o r  Modules w i t h  S t a b i l i t y  and I n i t i a l  
I m p e r f e c t i o n  Consi derat ions,"  L.M. Murphy, SERI/TR-253-2338, 
Dra f t  . 
" A  V a r i a t i o n a l  Approach f o r  P r e d i c t i n g  t h e  Load Deformation 
Response o f  a Double S t r e t c h e d  Membrane R e f l e c t o r  Module," 
L.M. Murphy, SERI/TR-253-2626, Dra f t .  

" C S I R O  Radio Telescopes,I' Je f f rey ,  Annals New York Academy o f  
Sci ences. 

"Second Generation H e l i o s t a t  D e t a i l  Design Report," McDonnell 
Doug1 as, SAND 78-81 92. 



15. " M e t a l s  Handbook, Welding and Brazing," American Society f o r  
Metals, 8 t h  ed i t ion .  

16. "Wind Forces  and Pressures,"  Cohen, e t  al., Annals New York 
Academy of Sci ences. 

17. "Second Genera t ion  H e l i o s t a t  Development," F i n a l  Report ,  
Mar t in  M a r i e t t a  Corporation, Apr i  1 1981, SAND 81-8176. 

18. "Manufac tur ing  and Cost Analyses of H e l i o s t a t s  Based on t h e  
Second Generation H e l i o s t a t  Development Study," H.F. M o r r i s ,  
Jr., and S.S. White, Sandia Nat ional  Laboratories, Dec. 1982, 
SAND 82-8007. 

19. '@Second Genera t ion  He1 i o s t a t  Development f o r  Solar Central  
Receiver Systems," Northrup, Inc.  (ARC0 Power Systems), March 
1981, SAND 81-8178. 

20. " M o d e r a t e  t o  Large Ax isymmet r ic  Membrane Deformat ions  o f  
Opt ica l  Membrane Surf aces," L.M. Murphy, SERI/TR-253 Dra f t .  

16-4 



APRIL 1, 1987 
UNLIMITED RELEASE 
INITIAL DISTRIBUTION 

U.S. Department of Energy (5) 
Forrest a1 Bu i 1 di ng 
Code CE-314 
1000 Independence Avenue, S.W. 
Washington, D.C. 20585 
Attn: H. Coleman 

S. Gronich 
F.  Morse 
M. Scheve 
R. Shivers 

U.S. Department of Energy 
Forrestal Building, Room 5H021C 
Code CE-33 
1000 Independence Avenue, S.W. 
Washington, D.C. 20585 
Attn: C. Carwile 

U . S .  Department of Energy 
A1 buquerque Operations Office 
P.O. Box 5400 
A1 buquerque, NM 871 15 
Attn: D. Graves 

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

Uni versi ty of Cal i forni a 
Environmental Science and Engineering 
Los Angeles, CA 90024 
Attn: R. G. Lindberg 

University of Houston (2) 
Sol ar Energy Laboratory 
4800 Calhoun 
Houston, TX 77704 
Attn: A. F. Hildebrandt 

L. Vant-Hull 

Analysis Review 81 Critique 
6503 81st Street 
Cabin John, MD 20818 
Attn: C. LaPorta 



Arizona Pub1 i c  Serv ice Company 
P.O. Box 21666 
Phoenix, A2 85036 
Attn: E. Weber 

Babcoc k and W i  1 cox 
91 S t i r l i n g  Avenue 
Barberton, OH 44203 
At tn :  D. Young 

Bechtel Group, Inc.  
P.O. Box 3965 
San Francisco, CA 94119 
At tn :  P. DeLaquil 

S. Fleming . 

B lack 81 Veatch Consul t ing Engineers (2) 
P.O. Box 8405 
Kansas City, MO 64114 
At tn :  3. C. Grosskreutz 

J .  E. Harder 

Boeing Aerospace 
Mai 1 stop JA-83 
P.O. Box 1470 
Huntsvi 11 e, AL 35807 
A t t n :  W. D. Bever ly  

C a l i f o r n i a  Energy Commission 
1516 N i n t h  S t . ,  M/S 40 
Sacramento, CA 95814 
A t t n :  A. Jenkins 

C a l i f o r n i a  Pub l i c  U t i l i t i e s  Corn. 
Resource Branch, Room 5198 
455 Golden Gate Ave. 
San Francisco, CA 94102 
A t t n :  T. Thompson 

Centro I n v e s t i g a t i o n s  Energet ica 
Medroansental Technologie (CIEMAT) 
Avda. Compl utense, 22 
28040 Madrid 
Spain 
A t t n :  F. Sanchez 

M. A lvarez 

DFVLR RF-ET 
L inder  Hohe 
D - 5000 Koln 90 
West Germany 
A t tn :  D r .  Manfred Becker 

17-2 



E l  Paso E l e c t r i c  Company 
P.O. Box 982 
E l  Paso, TX 79946 
Attn: J. E. Brown 

E l e c t r i c  Power Research I n s t i t u t e  (2) 
P.O. Box 10412 
Palo A l to ,  CA 94303 
At tn :  J. Bigger  

E. DeMeo 

Foster  Wheeler Sol a r  Development Corp. 
12 Peach Tree H i l l  Road 
L iv ings ton ,  NJ 07039 
Attn:  S. F. Wu 

Georgia I n s t i t u t e  o f  Technology 
GTRI/EMSL Sol a r  S i t e  
A t l an ta ,  GA 30332 

D. Gorman 
5031 W. Red Rock D r i v e  
Larkspur, CO 80118 

J e t  Propuls ion Laboratory 
4800 Oak Grove D r i v e  
Pasadena, CA 91103 
At tn :  M. A lpe r  

Los Angeles Department o f  Water and Power 
A1 t e r n a t e  Energy Systems 
Room 661A 
111 Nor th  Hope S t .  
Los Angeles, CA 90012 
At tn :  Hung Ben Chu 

M a r t i n  M a r i e t t a  Aerospace 
P.O. Box 179, MS LO450 
Denver, CO 80201 
At tn :  H. Wroton 

McDonnel 1 Doug1 as (2) 

5301 Bolsa Avenue 
Hunt ington Beach, CA 92647 
Attn: R. L. Gervais 

MS 49-2 

J. E. Raetz 



Meridian Corporation 
5113 Leesburg Pike 
F a l l s  Church, VA 22041 
A t tn :  D. Kumar 

Pub l i c  Service Company o f  New Mexico 
M/S 0160 
A1 varado Square 
A1 buquerque, NM 87158 
At tn :  T. Ussery 

A. Mart inez 

01 i n  Chemicals Group (2) 
120 Long Ridge Road 
Stamford, CT 06904 
A t tn :  J. Floyd 

D. A. Csejka 

P a c i f i c  Gas and E l e c t r i c  Company 
77 Beale S t ree t  
San Francisco, CA 94106 
A t tn :  3. Laszlo 

P a c i f i c  Gas and E l e c t r i c  Company (4) 
3400 Crow Canyon Road 
San Ramon, CA 94526 
At tn :  G. Braun 

T. H i l l e s l a n d ,  Jr. 
B. N o r r i s  
C. Weinberg 

Pub1 i c Service Company o f  Col orado 
System P1 anni ng 
5909 E. 38th Avenue 
Denver, CO 80207 
At tn :  D. Smith 

Rockwell I n t e r n a t i o n a l  
Rocketdyne D i v i s i o n  
6633 Canoga Avenue 
Canoga Park, CA 91304 
A t tn :  J. F r i e f e l d  

Sandia Solar One O f f i c e  
P.O. Box 366 
Daggett, CA 92327 
A t tn :  A. Snedeker 

Science Appl i c a t i o n s  I n t e r n a t i o n a l  Corp. 
10401 Rose1 1 e S t ree t  
San Diego, CA 92121 
Attn: B. B u t l e r  

17-4 



Solar  Energy Research I n s t i t u t e  (3) 
1617 Cole Boulevard 
Golden, CO 80401 
At tn :  B. Gupta 

D. Hawkins 
L. M. Murphy 

So lar  K i n e t i c s  Inc.  
P.O. Box 47045 
Dal las,  TX 75247 
At tn :  J.  A. Hutchison 

Southern C a l i f o r n i a  Edison 
P.O. Box 325 
Daggett, CA 92327 
At tn :  C. Lopez 

Stearns C a t a l y t i c  Corp. 
P.O. Box 5888 
Denver, CO 80217 
A t t n :  T. E. Olson 

Stone and Webster Engineer ing Corporat ion 
P.O. Box 1214 
Boston, MA 02107 
A t t n :  R. W. Kuhr 

6000 
6220 
6222 
6226 
8000 

8100 

8130 
8133 
8133 
8133 
8133 
8244 
8245 
8265 
8265 
3141 
8024 

D. L. Har t ley ;  A t tn :  V. L. Dugan, 6200 
D. G. Schueler 
J .  V. O t t s  
J.  T. Holmes (10) 
R. S. Claassen; A t tn :  R. J .  Detry,  8200 

P. Mattern,  8300 
R. C. Wayne, 8400 

E. E. Ives;  A t tn :  J. B. Wright, 8150 
D. J. Bohrer, 8160 
R. A. Baroody, 8180 

J.  D. G i lson  
C. L. Mavis 
L. G. Radosevich 
A. C. Skinrood (3) 
D. N. Tanner 
C. Har twig 
R. J.  Kee 
P u b l i c a t i o n s  D i v i s i o n  f o r  OSTI  (30) 
P u b l i c a t i o n s  Div is ion/Technica l  L i b r a r y  Processes D i v i s i o n ,  3141 
Technical L i b r a r y  Processes D i v i s i o n  (3) 
Centra l  Technical F i l e s  (3) 




