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FOREWORD -- 

T h i s  ducumcnt (Vo l  I )  ' is the I i n a  l lecl~tl i ~ a  l Rttpur-L u f  work 
performed under DOE Cont rac t  EG-77-C-03-1604, "Solar  Cent ra l  Receiver 

Proto type He1 i o s t a t s . "  Companion documents descr ibe  Phase I 1  Planning 

(Vol  11) and Commercial P l a n t  Cost Estimates (Vol  111). The pr imary 

o b j e c t i v e  o f  t h i s  s tudy was t o  develop a  p re l im ina ry  design of h e l i o s t a t s  

which i s  c o n s i s t e n t . w i t h  product ion q u a n t i t i e s  and ra tes  p ro jec ted  

f o r  f u t u r e  commercial u t i l i z a t i o n  o f  s o l a r  energy. Work under t h i s  

Phase I c o n t r a c t  was i n i t i a t e d  on October 1, 1977, and i s  scheduled 

f o r  complet ion on June 30, 1978. Program management was performed by 

the DOE o f f i c e  i n  Oakland, C a l i f o r n i a  and techn ica l  performance was 

monitored by Sandia Labora to r ies  i n  L i  vermore, C a l i f o r n i a .  
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1.0 I N T ' R O D U C T I O N  

Boeing Engineer ing and Cons t ruc t ion  (BEC) submits he re i n  the  F ina l  

Technical Repo,rt o f  work performed under DOE Contract  EG-77-C-03-1604. 

.The o b ~ e c t i v e  o f  t h i s  p r o j e c t  was t o  support  t he  So la r  Cent ra l  Re- 

c e i v e r  Power P lan t  research, development,and demonstrat ion e f f o r t  by: 

Establishment o f  a h e l i o s t a t  design, w i t h  associated'manu- 

f ac tu r i ng ,  assembly, i n s t a l l a t i o n  and maintenance approaches, 

tha t ,  i n  q u a n t i t y  product ion w i l l  y i e l d  s i g n i f i c a n t  reduc t ions  

i n  c a p i t a l  and opera t ing  costs  over an assumed 30 .year  p l a n t  

l i f e t i m e  as compared w i t h  e x i s t i n g  designs. 

I d e n t i f i c a t i o n  o f  needs f o r  near term and f u t u r e  research 

and development i n  h e l i o s t a t  concept, mate r ia l s ,  manufacture, 

i n s t a l  1 a t ion ,  maintenance, and o ther  areas, where successful  

accompl ishment and a p p l i c a t i o n  would o f f e r  s i g n i f i c a n t  

payoffs i n  the f u r t he r  reduc t ion  o f  t h e . c o s t  o f  e l e c t r i c a l  

energy from s o l a r  c e n t r a l  r ece i ve r  power p lan ts .  

D e f i n i t i o n  o f  a Phase I 1  program which w i l l :  

1 )  Provide d e t a i l  design, f a b r i c a t i o n  and t e s t i n g  oT one 

o r  more proto type h e l i o s t a t s .  

2 )  Provide p re l im ina ry  design o f  processes, t o o l i n g  and 

equipment f o r  commercial l e v e l  product ion and u t i l i z a t i o n  

of h e l i o s t a t s .  

3)  Provide a r e f i n e d  es t imat ion  o f  h e l i o s t a t  l i f e  c y c l e  cos t  

The Phase I study has de f ined  a h e l i o s t a t  p re l  in i inary  design 'which 

can be rnarlufactured and i n s t a l  l e d  f o r  a c a p i t a l  cos t  which i s  

l e s s  than $50/m2. D e t a i l s  o f  cos t  i n fo rmat ion  a re  g iven i n  Volume I 1 1  

o f  t h i k  r epo r t .  



Figures 1  .O-1 and 1 .O-2 show the  he1 i o s t a t  c o n f i g u r a t i o n  se lec ted  

t o  achieve low c o s t  when produced a t  h i gh  p roduc t ion  r a t e s  r equ i r ed  

f o r  commercial u t i l i z a t i o n  o f  s o l a r  power. The pr imary fea tu res  o f  

t he  design a re  summarized below: 

Enclosure - A 9.7m (31.8 ft. ) .d iamete r  a i r -suppor ted  spher- 

i c a l  enc losure which p ro tec t s  t he  r e f l e c t o r  assembly f rom 

the  environment. Weatherized po l yes te r  f i l m  (0.07mmY 

3 m i l s  t h i c k )  was se lected on t h e  bas i s  o f  i t s  low .cost, 

1  ong-1 i f e  (on greenhouse appl i c a t i o n )  , h igh  specul a r  t r ans -  

m i  t t ance  (0.88) and supe r i o r  s t reng th .  Enclosuzes wi  11 be 

f a b r i c a t e d  us ing  a h i gh  p roduc t ion  thermoforming process 

wherein a  f l a t - s h e e t  preform i s  f ree-blown i n t o  spher i ca l  

shape. Th is  process was se lec ted  on t he  bas is  o f  recommend- 

a t i o n  f rom p l a s t i c s  manufacturers, and encouraging r e s u l t s  

o f  thermoforming experiments performed w i t h  Boeing research 

funds . 

Re f l ec to r  - A 9.3111 (30.5 ft.) diameter r e f l e c t o r  c o n s i s t i n g  

o f  a 0.05mm ( 2  m i l )  t h i c k  a lumin ized po l yes te r  membrane 

which i s  tensioned and bonded t o  a  t u b u l a r  aluminum s t r uc tu re .  

Ihe po l yes te r  membrane i s  s p e c i a l l y  se lec ted  f o r  h i gh  

specular  r e f l ec tance  (0.91 1, and c o n t a h s  an u9 t r a v i o  l e t ,  

s t a b i l  i z e r  f o r  long-1 l f e .  The r e f l e c t o r  i s  g r a v i t y  focused 

by p r e - s e t t i n g  membrane t e n s i o ~  du r i ng  manufacture t o  a  
2 value o f  8.0 MN/m (1,150 p s i ) .  A r e f l ec to r / g imba l  i n t e r f a c e  

design has been prov ided which places t he  r e f l e c t o r  center -  

o f - g r a v i t y  on the gimbal e l e v a t i o n  ax is ,  e l i m i n a t i n g  the  

need f o r  a  counterweight and min im iz ing  torque. Automated 

p roduc t ion  p lanning f o r  r e f l e c t o r  inc ludes  ran- forming o f  

t u b i ~ g ,  e lect romagnet ic  swaging o f  t ub i ng  j o i n t s ,  and a 

h i gh  speed press f o r  tens ion ing  and bonding t he  r e f l e c t i v e  

membrane onto t he  s t r uc tu re .  
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Figure 1.0- 1. Heliostat Configuration 
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BaseIFoundation - A baselfoundat ion suppor t  f o r  t he  pro- 

t e c t i v e  enclosure and re f l ec to r '  c o n s i s t i n g  o f  a t u b u l a r  

s t e e l  frame, a spher ica l  -segment preformed s tee l  dish, 

concrete p i l i n g ,  and an a i r  supply package. The design 

provides s i m p l i c i t y ,  minimum use o f  mate r ia ls ,  and f a c t o r y  

assembly o f  t he  e n t i r e  h e l i o s t a t  ad jacent  t o  p l a n t  s i t e s .  

The l a t t e r  r e s u l t s  i n  minimum use o f  f i e l d  l a b o r  t o  i n s t a l l  

h e l i o s t a t s ;  thus, m in im iz ing  o v e r a l l  costs .  The r e f l e c t o r  

i s  supported by a 12.7cm ( 5  in . )  diameter s t e e l  p i pe  

pedestal  which passes through the  s tee l  d ish,  and i s  at tached 

t o  a concrete p i  1 i ng. 

The 6.85111 (22.5 f t . )  diameter base r i n g  s t r u c t u r e  formed 

w i t h  10.16cm ( 4  i n . )  diameter s tee l  pipe, provides the  

i n t e r f a c e  ( r e t e n t i o n )  t o  the  enclosure and supports t h e  

s tee l  dish. L i f t  and drag wind loads a re  t ransmi t ted  through 

t h ree  p i pe  stanchions t o  r e i n fo r ced  concrete p i  1 ings. 

Stanchions a re  welded t o  s tee l  p l a tes  on the  p i l i n g s  du r i ng  

i n s t a l l a t i o n .  Conceptual automated processes have been 

designed f o r  s t ee l  p ipe and d i sh  f ab r i ca t i on ,  and concrete 

p i 1  i n g  i n s t a l l a t i o n .  

The a i r  supply system i s  designed t o  ma in ta in  i n t e r n a l  
2 enclosure pressure a t  6.9 KNIm (0.1 ps ig )  w i t h  h i g h l y  

f i l t e r e d  a i r .  F i l t e r s  and the  enclosure/base leak r a t e  
3 (0.006 m /min, 0.2 cfm) were se lected t o  e l im ina te  the  

need f o r  c lean ing  the  r e f l e c t o r  over a 15 year  i n t e r v a l .  

F i l t e r  maintenance has been reduced t o  replacement o f  f i r s t -  

s tage f i l t e r s  on 5 year i n t e r v a l s .  



Control  System - An open-loop computer based cont ro l  system 

prov id ing  t rack ing  and mode cont ro l  inputs t o  stepper motors 

on an az./el. gimbal. Design o f  the cont ro l  system has been 

r e f i n e d  and s i m p l i f i e d  f o r  h igh  volume/low cost  product ion 

ease o f  i n s t a l l a t i o n ,  and ease o f  maintenance. An alignment 

procedure has been defined, which. through the use o f  con t ro l  

system software, e l  iminates the need f o r  accurate r e f l e c t o r  

pedestal i n s t a l l a t i o n .  An o p t i c a l  sensor a r ray  on the 

cen t ra l  rece iver  tower i s  used t o  de tec t  the p o s i t i o n  o f  the 

r e f l e c t e d  s o l a r  beam a t  several d i f f e r e n t  times. Comparing 

the  expected beam pos i t i on  t o  actual p o s i t i o n  on the array, 

the  gimbal azimuth ax i s  o r i e n t a t i o n  i s  computed. 

For ease o f  maintenance and weather protect ion,  he1 i o s t a t  

c o n t r o l l e r  e lec t ron ics  are located on the ins,ide o f  the 

base access hatch. To e l  iminate need f o r  en ter ing  the 

he1 i o s t a t  f o r  gimbal maintenance, synchro sha f t  p o s i t i o n  

i nd i ca to rs  have been selected, and a1 1  associated e lec t ron ics  

have been placed on the access hatch. Add1 t i o r ~ a l l y ,  h igh 

r e l i a b i l i t y  components have been used i n  the  cont ro l  system 

wherever cos t  trades have irid1cated l . i re=cycle cost  savlngs. 

Performance - A system-engineered ha1 i o s t a t  design which 

meets o r  exceeds a 1  1  spec i f i ca t i on  001 requirements. 

Opt ica l  performance analyses have predic ted a  re f l ec ted -  

energy capture e f f i c i ency  ( f o r  the v e r t i c a l  c y l  inder  

rece iver  op t ion)  which exceeds 98% f o r  a1 1  he1 i o s t a t  posi t io f i s  

and times. A beam po in t i ng  accuracy o f  2mr on a  1 6 b a s i s  

has been selected as a  deslgn yud I .  

Low h e l i o s t a t  weight i s  an i nd i ca t i on  o f  a b i l i t y  t o  achieve 

product ion cos t  goals. Table 1.0-1 whows a  weiqht breakdown 

by major subassembly, r e s u l t i n g  i n  a t o t a l  o f  36.4 Lblm 2 

(exc l  uding concrete and embedments). 



TABLE 1 .O-1 

WEIGHT BREAKDOWN 

Base .Structure 

Pedestal 

Gimbal & Drives 

Ref 1 ec t o r  

Enclosure 

Electronics 

Pressurization 

subtotal 

Concrete and Embeds 

TOTAL 



2.0 HELIOSTAT PRELIMINARY DESIGN 

2.1 KEY DESIGN REQUIREMENTS/SPECIFICATIONS 

The design requirements of Specification 001 together with the design response 

indicating design compliance is summarized in Table 2.1-1. 



. 

TABLE 2.1-1 SPECIFICATION COMPLIANCE 

Interchange- Majar components sha l l  be interchangeable A1 1 components i nterchangeabl e 
throughout f i e l d .  

Equilpment sha l l  not be adversely af fected by 
Transients speci f ied transients. 

Normal operating - voltage 10% - frequency f 0.1% 
Startup o r  shutdown - voltage +lo% -25% w i th  

recovery w i th in  5 cycles a t  60 HE 

Emergency - momentary t o t a l  loss o f  power 

Wind - Opera- Max operation wind speed consistent w i th  min. Operate t o  90 mph (40 m/s) 
. t i ona l  1 i m i  t cost. o f  e l e c t r i c i t y  production. 

survives 40 m/s wind. 

any r e f 1  ector o r ien ta t ion  . 
Survival  Wind Survive 40 m/s (90 mph) without damage. Enclosure survives 90 mph and 

enclosure de f lec t ion  does 'not 
i n t e r f e r e  w i t h  m i r ro r  a t  any 
or ientat ion.  15% margin y i e l d  



Dust d e v i l s  w -  t h  wind speed t o  17 m/s surv ived No apparent s t r u c t u r a l  o r  

Operate i n  amt ien t  range f rom - 3 0 ' ~  t o  5 0 ' ~  No problems a t  50°C. 
flectronics heat diss lpr t ion  

3.1.2.3 

3.1.2.4 

3.1.2.5 

3.1.2.6 

Earthquake 

Snow 
En v i  r o n m n  t 

Rain 
Envi ronren t 

I c e  . 

Envi r o n r e n t  

Surv ive  seismic zcne 3. Realignment al lowed. 

Surv ive  259 p i s c a l s  ( 5  l b / s q .  f t . )  

Average annual = 30 inches 
Max. 24 hour = 3 inches 

Surv ive  deposi ted i c e  l a y e r  2 inches h i c k  

assures operation a t  -300C. 

Design f o r  g loads.  

Enclosure i n t e r n a l  pressure 
i s  14 lb / sq .  ft. O r i e n t  
r e f 1  ec t o r  i f d e f l e c t i o n s  
i n t e r f e r e .  

No de t r imen ta l  e f f e c t s .  

Approximately 55% margin i f  
i c e  depos i ted i n  cos ine 
d i s t r i b u t i o n  over upper 
hemi sphere o f  enclosure.  
(110 i c e  on r e f l e c t o r )  



SPEC. 
PARA. 

3.1.2.7 

3.1,2.8 

3.1.2.9 

3.2 

3.2.1 

SUBJECT 

Hai 1  25 mm ( l i n . )  d i a .  a t  23 m/s ( 7 5  f p s )  H a i l s t o n e  t e s t s  v e r i f y  no 
S p e c i f i c  g r a v i t y  = 0.9 s t r u c t u r a l  f a i l u r e .  Negl i g i b l e  

o p t i c a l  degradat ion  over  15 yr. 

Sandstorm Surv ive  t e s t s  per  M i l .  Std. 810B Method 510 C r i t i c a l  components p ro tec ted  
by enclosure.  Poss ib le  degra- 
d a t i o n  o f  enc losure  o p t i c a l  
p r o p e r t i e s  should be quan t i  t a -  
t i v e l y  assessed. 

L i g h t n i n g  P r o t e c t i o n  opt imized on c o s t - r i  sk b a s i s  L i g h t n i n g  p r o t e c t i o n  prevents  
damage from propogat ing  t o  
ad jacent  h e l i o s t a t s  o r  t o  f i e l d  
c o n t r o l  l e r s .  

Performance Opt imize t o  achieve h i g h e s t  l e v e l  o f  
cos t  e f fec t i veness ,  oesigned with r c f l e c t e r  size,  

contour accuracy, p o i n t i n g  
accuracy, focus ing,  and m a t e r i a l  
p r o p e r t i e s  t o  achieve c o s t  e f f e c -  

)Operat ional  Performance r a t e d  f o r  s p e c i f i e d  hours of  Ca lcu la ted power i n t e r c e p t  a t  t h e  
Per iods f o u r  s p e c i f i e d  days. r e c e i v e r  i s  i n t e g r a t e d  

average f o r  each s p e c i f i e d  p e r i o d  
based on 950 w/m2 i n s o l a t i o n  t ime 
a l l  e f f i c i e n c y  f a c t o r s .  



SPEC. 
PARA. 

3.2.2 

3.2.2.1 

Used f o r  h e l i o s t a t  design 
and performance a n a l y s i s .  N o f  Tower 

ed materials with 
highest reflectance/ 
trrnsmi ttance cost ra t l o .  

Cost optimized within 
produc t ion  o f  power. c o n s t r a i n t s  o f  enc losure  

m a t e r i a l  s t r e n g t h  

.-- 

SUBJECT 

a. 

Targets 

Target  

P 

REQUIREMENTS SUMMARI 

Performance assecsment f o r  one o f  3 s p e c i f i e d  
t a r g e t  option; 

V e r t i c a l  c y l i ~ d e r  17m diameter by 25 r h igh.  
Center e l e v a t i o n  250 m above grour~d l e v e l .  , 

DESIGN RESPONSE 

Design f o r  su r face  r e c e i  ver  
s p e c i f i e d  by  para.  3.2.2.1 

'used f o r  h e l i o s t a t  design 
and performance a n a l y s i s  . 



I 

DESIGN RESPONSE 

, Momentary 9wer 1 r P 7 MY ? W ~ S S  W e  t~ brd$n# 
he1 tostat controllay RA)I 

-- 

REQUIREMENTS SUMMARY 

See f o l l o w i n g  requirements: 

See f o l  lowi.ng requ i  rements : 

F a i l - s a f e  opera t ion  d u r i n g  power outage and 
e l e c t r i c a l  t r a n s i e n t s  

SPEC. 
PARA. 

3.3 ' 

3.3.1 . 

3.3.1,1 

mcmorleq.. 

Minimize power usage d u r i n g  
opera t iona l  and non-opera- 
t i o n a l  per iods.  

Elec tro-mechanical t r a v e l  
1 i m i  t switches. 

Open loop  c o n t r o l  system 
w i t h  p o i n t i n g  accuracy 
o f  2mr(16) design goal. 
(See t e x t  Sect ion 2.3.6) 

I n d i v i d u a l  h e l i o s t a t s  can 
' .be d i r e c t e d  t o  r e c e i v e r  
w i t h i n  40 secs from standby. 

--- i r 

SUBJECT 

D r i v e  & Cont ro l  

General 

A v a i l a b i l i t y  

TBD 

Probide as necessary t o  .p ro tec t  equipment o r  
personnel. 

See f o l l  owing requ i  rements: 

Control  t r a c k i n g .  accuracy 

Beam-on of  groups o f  h e l i o s t a t s  ( l e s s  than 10% o f  
f i e l d )  on command from c e n t r a l  c o n t r o l  w i t h i n  180 
seccnds 

3.3.1,2 

3.3.1 .3 

3.3.2 

3.3.2.1 

3.3.2.2 

Power I n p u t  

L i m i t  Con t ro l s  

Normal 
Operations 

Track ing 

A c q u i s i t i o n  
(beam-on) 



SPEC. 
PARA. 

- 

3.3.2.3 

3.3.2.4 

3.3.2.5 

3.3.2.6a 

3.3.2.6b 

3 . 3 . 2 . 6 ~  
I 

I 

~ 

I 3.3.2.6d 

SUBJECT 

Synthet ic  
Track ing 

O f f s e t  Po-n t ing  

Normal Shutdown 

Recei ver/S towage 
-Traverse 

r- REQU I REMENTS SUMMARY 

1 Continuous t r a c k i n g  d u r i n g  c loudy per iods 

1 Capabi 1  i t y  t o  c r i e n t  p o r t i o n s  o f  arra:, t owar j s  

I d i f f e r e n t  l o c a t i a n s  on t a r g e t  t o  cont-01 f l u <  
I l e v e l s  and d - I s t r i b u t i o n  

1 O r i e n t  groups c ~ f  h e l i o s t a t s  t o  safe  stowage Dn 
/ comniand from c e n t r a l  c o n t r o l  w i t h i n  T.3D minutes. 

Re f lec ted  energy s h a l l  n o t  impinge on tower d u r i n g  
s t a r t u p  and shutoown. 

A1 1  beams E o f  tower m v e  one d i r e c t i  3n and a1 1  
beams W o f  tower move . i n  oppos i te  d i r ~ c t i o n  nhen 
moved on o r  o f f  rece ive r .  

Beams s h a l l  move i n  a  c o n t r o l l e d  mannzr t o  a m i d  
unsafe f l u x  concent ra t ions i n  the a i rspace.  

Provide sa fe  s-,owage to minimize environmental 
degradation. 

---- T 

DESIGN RESPONSE 

- 

Software c o n t r o l  l e d  t r a c k i n g .  
based an ephcslsrls data. I 
HuTtlple tqmstr can be 
Incorpnrrt~d I n  softwire. I 
Programmed i n  software. Tlae 
wi 11 be es tab1 i shed  based 
on system cons idera t ions.  

Programmed t o  p o i n t  ref lected 
beam t o  standby p o s l t l o a  
prior t o  s tar t -up or 
shutdown . 
See 3 . 3 . 2 . 6 ~  

i f  requ i re~nen t  i s  v a l i d .  

I 
Can be accommodated by sof tware 

Requires f u r t h e r  study. I 
Software c o n t r o l  l e d  such 
t h a t  beams move f i r s t  t o  
standby, forming a  t o r o i d  
about the rece ive r .  Then 
groups o f  beams moved i n  a  
c o n t r o l  1  ed manner t o  stowage. 

A1 1 beams para1 1  e l  and 
conta ined w i t h i n  f i e l d .  I 



SPEC. 
PARA. 

Mai nt.enance 

Manual Control  

Cal i b r a t i s n  and 
Checkout 

Abnormal 
O p ~ r a t i o n s  

Fa i  l u r e  
Inc i icat ion 

REQUI REMEMTS SUMMARY 

Control  features provided f o r  maintenance 
conve~ience. 

Provide bt he1 i os  ta t )  f o r  maintenance and checkout 
purposes. 

Provide o r i e n t a t i o n  accuracy check from Central 
Control  

Procedures s h a l l  be provided fo r  abnormal condi-  
t i ons  i n  any i nd i v i dua l  h e l i o s t a t .  

I nd i ca t i on  provided by l oca l  con t ro l  t o  p l a n t  
cen t ra l  con t ro l  

DESIGN RESPONSE 

See subparagraphs 

Manual con t ro l  capabi 1  i t y  
a t  each he1 i o s t a t  locks 
ou t  cen t ra l  con t ro l  and 
provides A2 and EL step 
or slew cennrnds. 

Software programmed such 
t h a t  i nd i v i dua l  he1 i o s t a t  
reflected beam can be 
dlrected to a1 lgnmeet 
array u l t h  posit ion 
feedback t o  central contm'l, 

See subparagraphs 

Fai  1  ure t o  c o r r e c t l y  respond 
t o  programmed commands' i s  
corrnnunica ted t o  cen t ra l  
con t ro l .  I nd i v i dua l  he1 i o s t a  
con t ro l  l e r  automatical l y  
o r i en t s  h e l i o s t a t  t o  stow. 

Other f a i l u r e  modes such as 
change i n  pressure could b e m  
munica ted t o  cen t ra l  con t ro l  



REQU I RE!IENTS SUMNARY DESIGN RESPONSE 

-- 

On comniand fn~m cen t ra l  con t ro l ,  i nd i v i dua l  Central  con t ro l  can 
he1 i o s t a t  r a d i a t i o n  on rece ive r  reduced t o  3% of conunand i n d i v i d u a l  he1 i o -  
i n i t i a l  value w i t h i n  TE-D seconds. s t a t  t o  standby. S lew n@! 

IS 0.135 deg. per second. 

Maintain he1 iosta; performance wh i le  operat ing i n  Foundation r e s i s t s  over-  
speci f led enblroments. t u r n  from wind loads, and 

p ro tec ts  r e f  1  ec t o r  com- 
ponents from environment. 

Foundation des i gn 

See f o l l ow ing  requ i re ren ts  

He1 i o s t a t  conTigurat ion and f i e 1  d spacing must He1 i os t a  t design and f i e l d  
permi t  access by serv ice veh ic les ,  end spacing permi t s  access. 
maintenance personnel . Portable a i r l o c k  provides 

maintenance ascess to 



SPEC. 
PARA. 

SUBJECT 

R e l i a b i l i t y  

REQUIREMENTS SUEWRY 

Provide f o r  safe stow pos i t i ons  dur ing  maintenance, 
storms, o r  emergency shutdown. 

Subsystems and components e a s i l y  removed t o  
f a c i  1  i t a t e  maintenance. 

L i  fet.ime = .30 years w i t h  maintenance and replace- 
ment where necessary. 

Achieve h igh re1 i a b i l i  t y '  

DESIGN RESPONSE 

Ind i v i dua l  he1 i os ta t s ,  
groups o r  t o t a l  f i e 1  d can be 
comnanded t o  stow e i  t he r  
from cen t ra l  con t ro l  o r  
from manual con t ro l  1  e r s  
a t  h e l i o s t a t  o r  f i e l d  
con t ro l  l e r s  . 

A1 1  i n  terna 1 components 
r e q u i r i n g  nuintenunce can 
be eas i ly  rrs)evsa #?U 
a i r lock ,  E n c l ~ s u m  @nd 
rtflecter. e a s i l y  raplrcrd 
d th mohi 1 e aaintmnce 
uehiete. 

Selected cwponents for 
1 i fe t ime comisb t w i t h  
min imiz ing cos t  o  1 e lec -  
t r i c  power product ion.  

Use h igh re1 i a b i  1  i t y  com- 
ponents kons is ten t  w i  t h  
min imiz ing l i f e - c y c l e  
cost. Safety i s  prime 
conslderat ion.  Eva1 ua t e  
FMEA. 



- - -  - -- - - - - - 

REQU I REMENTS SUMMARY 

Provide eas j  c lean ing w i thou t  excessive performance 
degradation 

Components sub.ject t o  wear o r  damage, s h a l l  be 
capable o f  being inspected, serviced o r  rep l tced.  

Components serv iceable  by personnel o f  normal 
s k i l l s .  Special equipment f o r  se r v i c i ng  s h a l l  be 
i d e n t i f i e d .  

DESIGN RESP0N:;E 

E l im ina te  requirement t3 c l e z : ~  
r e f l e c t o r  and i n s i d e  o f  encio- 
sure for 15 year pe r i od  
(est imated dank replacement 
i n t e r va l ) .  Provided fo r  
water spray cl eanlng o f  dom 
ex te r io r .  

Designed for minimum 
1 i fe-  cyc l e  cost. 
Requirements for 
pe r i od i c  inspection., r e p a i r  
o r  rep1 acement have been 
defined. Spares requ i re -  
men t s  defined. 

Special design considera- 
t i o n  t o  s i m p l i f y  e lec t ron-  
i c s  t r oub le  shoot ing and 
repa i r .  Simple patching 
procedure t o  r e p a i r  damage 
t o  enclosures. I den t i f i ed  
f i e l d  r e p a i r  versus depot 
repa i r . 
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PARA. SUBJECT 

M a t e r i a l s ,  
Processes and 
P a r t s  

E l e c t r i c a l  
Trans ients  

Workmanshi p 

In terchange-  
a b i  1 i ty 

--- - 
REQUIREMENTS SUMMARY 

Use standard m a t e r i a l s  and processes. 

See 3.1.1.3 and 3.1.2.9 

Use b e s t  modern p r a c t i c e s  c o n s i s t e n t  w i t h  c o s t  
and performance requirements. 

Permi t  in terchanqeab i  1 i t y  

DESIGN RESPONSE I 
U t i l  izedcomnon m a t e r i a l s ,  
known processes and o f f -  
t h e - s h e l f  components where 
cos t -  e f f e c t i v e .  

Component manufac tur ing  .ts 
hfghly automated. Maxfmfzed 
f a c t o r y  assembly. I n s t a l  l a t i o n  
by  crews t r a i n e d  f o r  s i n g l e  
r e p e t i t i v e  func t i ons .  I 
.Designed w l  t h  ' to1 trances 
such t h a t  a l l  p a r t s  a r e  
in terchangeab le  f o r  every  
he1 i o s  t a t .  Only so f tware  
address i s  unlque per 
he1 lostat .  





2.2 . INTERFACE REQUIREMENTS 

H e l i o s t a t  component/component i n t e r f a c e  requirements a re  de f ined  i n  p e r t i n e n t  

sect ions o f  t h i s  document. The i n t e r f a c e  d e f i n i t i o n s  below a re  those between 

t he  h e l i o s t a t  and o the r  r e l a t e d  elements o f  t h e  Solar  Cent ra l  Receiver Power 

Plant,  

I n t e r f a c e  Requirement 
D e f i n i t i o n  

Receiver 

Cont ro l  System 

Data Bus 

Data Transfer  

. C y l i n d r i c a l  sur face rece i ve r  as 
s p e c i f i e d  i n  paragraph 3.2.2.1 o f  
s p e c i f i c a t i o n  001 

. Transmission L i ne  

S e r i a l  D i g i t a l  Data 
Bi-Phase Manchester Code 
10V P t o  P  (op t i ona l  ) 

. In fo rmat ion  t o  He1 i o s t a t  C o n t r o l l e r  

. 49 BIT word 

. Update Rate - 5 sec 

. H e l i o s t a t  address o r  master 
address . He1 i o s t a t  mode 
. Shutdown 
. Standby 
. Track . A l i g n  

. Data request  
. Current  p o s i t i o n  
. Time 
. A1 ignment p o s i t i o n  
. H e l i o s t a t  s t a tus  
. Power s ta tus  

. Data i d e n t i f i e r  
. P o s i t i o n  commands 
. Reference t ime 
. Cycle t ime 
. P o s i t i o n  data:  A l i gn ,  shutdown. 
. Power modes: On/Off 

. Data v a r i a b l e  format-def ined by 
data i d e n t i f i e r  f i e l d  

. Other f unc t i ons  
. Time sync ( s i n g l e  o r  master)  
. Motor power ( s i n g l e  o r  master)  
. I d l e  
. Data load 
. Manual c o n t r o l  
. E r ro r  i n  rece ived message 



F i e l d  Cab1 i n g  

A1 i gnment Sys tem ' 

S i t e  

Informatiori~Fr6m:Heli6stat Cont ro l le r  

. 49 BIT word 

. Update Rate - 5 sec 

. He1 i o s t a t  Control l e r  Address 

. H e l i o s t a t  Mode Response . Shutdown 
. Standby 
. Track . A l i g n  

. Data i d e n t i f i e r  
. Current p o s i t i o n  
. Time 
. Alignment pos i t i ons  . Power Status 
. He l i os ta t  de ta i l ed  s ta tus  . Data va r iab le  format-defined by 

data i d e n t i f i e r  f i e l d  
. Received p a r i t y  e r r o r  
. Other funct ions . Time sync 

. Motor power 

. I d l e  

. Data load 

. Manual cont ro l  

. Error  i n  received message 

Signal wi r ing,  p i g t a i l  ou t  o f  condui t  
i n t o  each he1 i s t a t .  

Power w i r i n g  stubbed t o  J Box a t  
each he1 i o s t a t .  

Prov is ion f o r  attachment o f  a r ray  
hardware t o  tower. 

115V s ing le  phase power a t  tower 
i n t e r f a c e  po in t .  

Data transmission cab1 i n g  from tower 
i n te r face  t o  cen t ra l  con t ro l  . 
Surveyed d i rec t i ona l  monuments i n  
f i e l d .  

Rough graded and compacted 

Vegetation removed. 

Survey fo r  he1 i o s t a t  1  ocat ions 

14 f o o t  chain l i n k  fence a t  
perimeter o f  p l a n t  w i t h  50% porosi ty .  

S i t e  secu r i t y  

Area and layout  TBD 



Plant  U t i l i t y  Power 

P lan t  U t i l i t y  Water 

ManufacturelAssembly 
F a c i l i t y  

Transportat ion F a c i l  i t i e s  

Other U t i l  i t i e s  

Control  system - each h e l i o s t a t  
operat ion 34 watts 115VAC 60 
shutdown 4.5 watts 115VAC 60 

Blower 10 wat ts  (maximum) 
11 5VAC 60 

TBD gal lons per day. 

6 acres adjacent t o  "power park" 
requ i red  f o r  product ion rate of 
25,000 and 250,000lyear. 
(12 acres f o r  1,000,000 h e l i o -  
s t a t s  per year.)  

Access roads from pub l i c  highway 
t o  manufacturinglassembly f a c i  1 i ty .  

Ra i l  spur t o  manufacturelassembly. 

I n t e r - p l  an t  roads w i t h i n  the 
"power park". 

3 acres f o r  parking requ i red  
f o r  product ion ra ted  of 25,000 
and 250,00O/year. 

Water and sewer t o  support 300 
man fac to ry  and f i e l d  work fo rce  
f o r  25,000 and 250,00O/year. 
(600 men f o r  1,000,000 he1 i o -  
s t a t s  per year) 

Locat ion f o r  f i e l d  c o n t r o l l e r s  
i n  o r  near cen t ra l  con t ro l  
f a c i l i t y .  

Locat ion f o r  emergency generator 
dr~d assoc ia ted  equipment. 

Prov is ion  f o r  spares and support 
equipment storage. 

Maintenance equipment r e p a i r  shop. 

O f f i c e  space f o r  operat ions1 
mai ntenance personnel . 



2.3 PROTOTYPE HELIOSTAT CONFIGURATION 

2.3.1 Op t i ca l  Performance Analys is  

2.3.1.1 Ground r u l e s  and Methodology 

The o p t i c a l  performance was ca l cu la ted  f o r  each o f  the  th ree .  s p e c i f i e d  h e l l o -  
s t a t  l o c a t i o n s  f o r  each o f  t he  f o u r  s p e c i f i e d  per iods. The s p e c i f i e d  .he l io -  

s t a t ,  l o c a t i o n s  and t he  specified per iods a re  as provided ill ~ a b l e 2 . 3 . 1 , l - 1 .  

The performance was ca l cu la ted  us ing  t h e  Boeing HACSM o p t i c a l  r a y  t r a c e  

program. The o p t i c a l  performance i s  de f ined  as the thermal energy 

rece ived  w i t h i n  t h e  t a r g e t  geometry as s p e c i f i e d  i n  Table 2.3.1.1-2. 

The average d a i l y  d i r e c t  i n s o l a t i o n  was 950 wat ts  per  meter squared. 

The r e f l e c t i v i t y  and the  enclosure t r a n s m i s s i v i t y  as a  f u n c t i o n  o f  t h e  

inc idence angle i s  as shown i n  F igures 2.3.1.1-1 and 2.3.1.1-2. 

A  f u r t h e r  performance parameter a f f e c t i n g  image s i z e  a t  the  rece i ve r  

i s  the  d i f f u s i o n  e f f e c t s  due t o  bo th  t h e  m i r r o r  sur face q u a l i t y  and 

the  enclosure ma te r i a l .  These s c a t t e r i n g  e f f e c t s  a re  i n p u t  t o  t he  

HACSM computer program as a  one sigma con ica l  angle spreading O f  each 

ray.  To est imate t he  proper s c a t t e r i n g  angle i n p u t  t o  the computer 

program, image power dens i t y  maps from ac tua l  t e s t s  a t  Livermore, 

C a l i f o r n i a  were c o r r e l a t e d  w i t h  t he  HACSM program data. Resul ts  o f  

t h i s  c o r r e l a t i o n  a re  shown i n  F igure  2.3.1 . l - 3  f o r  a  vacuum focused 

r e f l e c t o r .  The s c a t t e r i n g  angle i n  t h e  range o f  0.05 t o  0.10 degrees 

c o r r e l a t e s  w i t h  t h e  ac tua l  t e s t  data. Th is  c o r r e l a t i o n  i s  f o r  a  4  m i l  

Tedlar  enclosure. The p a r t i c u l a r  batch o f  Tedlar  used i n  t h e  Livermore 

enclosure e x h i b i t e d  a  r e l a t i v e l y  h igh  s c a t t e r i n g  up t o  a  cone angle 

o f  0.6 degrees, as shown i n  F igure  2.3.1.1-4. Other candidate ma te r i a l s  

such as Mel inex "0" and Celanar 4000 e x h i b i t  no s i g n i f i c a n t  s c a t t e r i n g  

down t o  the inst rument  l i m i t  o f  about 0.08 degrees as i l l u s t r a t e d  i n  



T A E L E .  2.3.1.1-1 

SPEC IF1 ED IIELIOSTATS A:ID PikFO%.I!l.F!CE PER I C D S  

TABLE 2.3.1.1-2 

PERIOD 

Spr ing  Equinox 

Sumer  S o l s t i c e  

Fc11 Equicox 

; , l inter Sol s t i c e  
L 

r -. ' 

Type Cylindric~l Surface 

0 i anie t c r  17 rnetzr 

height 25 meter 

E l e v c t i o n  250 aeter  (to centctt ' 
C L 

A 

0:IY 

f.l;rch 2 i  

June 22 

Septenber 23 

December 22 

FOIJ? 5 

b:OO A . t l  .to C :  23 P.;.:. 

6:00 A.icl.-to .6,:93 P.;!. 

8:00 A.i:l. t a  4:G2 P.:!. 

9:00 A.f.;.to 3:C'O ?.:.I. 



Figutv 2.3.1.1 - I .  Mirror Optical Characteristics 

Incidence Angle (degrees) 

lncicbncr Angle (degrees) 
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Figure 2.3.1.1-3. Conelation of /ma@ Scan Data with 
with Calculated Energy Distribution 
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Figure 2.3.1.14. Enclosure Optical Transmittance 



the figure. I t  can therefore be assumed that  a polyester material would 

cause l ess  image scattering in a he1 ios ta t .  

The prel irninary optical performance analysis for  design optimization 

assumed a scattering error effect  of 0.12 degrees, however, 0.05 degrees 
was used in the f inal  performance analysis (Section 2.3.1.3). Figure 

2.3.1 . l -5 i l l u s t r a t e s  th i s  effect  of scattering error  on capture e f f i -  

ciency fo r  an arbitrary se t  of conditions ' (no t  values used in f inal  
performance analysis) . 

1 Sigma 
scattering 
emor r z  "' O.loO 0 .12~ 

0.1 so 
Conditions. 

Mirror A . diameter a 9.15 m 
Equinox 

4 M R  pointing error 
Vacuum focus 

I I 1 1 I I I I I I 

QBM) moo inm woo iznn IXM 1400 ism IW 
Time at Day 

Figura 2.3.1.1.8. Effccr otlPcorterhg Error on Capture Ekficieilcy 



2.3.1.2 Performance Opt imizat ion 

The p re l im ina ry  o p t i c a l  performance ana lys is  was combined w i t h  design 

and cos t  analyses i n  developing t he  se lected con f i gu ra t i on .  The f o l l o w i n g  

discusses r e s u l t s  o f  parametr ic s tud ies  which inc luded the  m a t r i x  o f  

focusing concepts, beam p o i n t i n g  accuracy, and r e f l e c t o r  s ize.  The 

HACSM o p t i c a l  r a y  t r ace  program was used f o r  analyses. 

The f i r s t  issue i n  the t rades was t o  eva luate and s e l e c t  t he  focusing 

concept f o r  the recommended con f igura t ion .  The membrane r e f l e c t o r  has 

an inherent  a b i l i t y  t o  prov ide some focus ing due t o  g r a v i t y  sag o f  the 

membrane. Control  o f  sag ( g r a v i t y  focus ing)  can' be achieved by vary ing  

membrane tens ion app l ied  du r i ng  manufacture. For t h i s  study, t he  

optimum tens ion was es tab l i shed  f o r  t he  f a r  f i e l d  h e l i o s t a t  ( p o s i t i o n  

A) and n o t  va r ied  f o r  he1 i o s t a t s  i n  o the r  zones. The membrane r e f l e c t o r  

can a l so  be focused by mechanical ly p u l l  i n g  the center  o f  the m i r r o r  

o r  by app ly ing  a r e f l e c t o r  back sur face membrane and p u l l i n g  a s l i g h t  

vacuum (vacuum focus).  Th is  concept i s  f u r t h e r  enhanced by c o n t r o l l i n g  

the vacuum through the e l ec t ron i cs  and sof tware t o  p rov ide  bes t  focus 

f o r  each m i r r o r  a t  a l l  t imes. Th is  i s  termed " a c t i v e  smart" focusing. 

A schematic o f  vacuum focus ing and con t ro l  i s  shown i n  F igure 2.3.1.2-1. 

Focusing c a p a b i l i t i e s  have been demonstrated w i t h  the  h e l i o s t a t  i n s t a l l e d  

a t  Sandia Laborator ies,  Livermore, Ca l i fo rn ia .  A schematic of t he  

t e s t  setup i s  shown i n  F igure 2.3.1.2-2. F igure 2.3.1.2-3 shows the  

h e l i o s t a t  d i r e c t i n g  energy t o  the t a r g e t  board. F igure  2.3.1.2-4 
J 

shows t h a t  vacuum focus ing s i g n i f i c a n t l y  reduces the image s i ze  compared * 
t o  the p a r t i a l  g r a v i t y  focused image. These images were mapped and t he  ' 

* The Livennore r e f l e c t o r  was fabr i ca ted  w i t h  1,000 p s i  tens ion,  For 
the r e f l e c t o r  t i l t  angle involved, t h i s  would produce a focal l eng th  
i n  excess o f  4,000 ft., compared t o  the t a r g e t  board d is tance o f  600 ft. 
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concentrat ion o f  energy due t o  vacuum focus ing  i s  i l l u s t r a t e d  i n  

F igure 2.3.1.2-5. It should be noted t h a t  photographic f i l m  s e n s i t i v i t y  

does n o t  prov ide an adequate measure o f  image s i z e  a t  t he  t a rge t .  

Mapping showed t h a t  t he  image i n t e n s i t y  r a t i o  o f  about 0.13 was t he  

background l e v e l  o f  d i f f u s e  l i g h t  a t  the  t a rge t .  The v i s u a l  image as 

shown by the photograph i s  somewhat smal ler  than the  mapped image. The 

low i n t e n s i t y  energy ou ts ide  the  v i sua l  image accounts f o r  approximately 

20 percent o f  the t o t a l  energy. 

Typica l  r e s u l t s  o f  parametr ic analyses a re  shown i n  F igure  2.3.1.2-6. 

Energy de l i ve red  t o  the rece i ve r  i s  p l o t t e d  f o r  a  f a r  - f i e l d  m i r r o r  

( p o s i t i o n  A ) ,  u t i l i z i n g  a  s c a t t e r i n g  e r r o r  f u n c t i o n  o f  0.12 ( n o t  

f i n a l  va lue) .  Data i n  t he  f i g u r e  i l l u s t r a t e s  t h a t  beam p o i n t i n g  e r r o r  

i s  the  most s i g n i f i c a n t  parameter i n  performance op t im iza t ion .  To ta l  

energy on t a r g e t  i s  e s s e n t i a l l y  p ropo r t i ona l  t o  the  r e f l e c t o r  area; 

i.e., w i t h i n  the  s i z e  range s tud ied  f o r  the  s p e c i f i e d  t a rge t ,  m i r r o r  

s i ze  has a  n e g l i g i b l e  a f f e c t  on sp i l l age .  

Table 2.3.1.2-1 compares the  percent o f  r e f l e c t e d  energy de l i ve red  

t o  r ece i ve r  f o r  g r a v i t y  focused and vacuum-focused r e f l e c t o r s .  Data 

shown i n  the  t a b l e  were ca l cu la ted  on the bas is  o f  a'9.15m diameter 

r e f l e d t o r ,  s c a t t e r i n g  e r r o r  f u n c t i o n  o f  0.12 ,degrees, and a  2mr (16) 
beam p o i n t i n g  accuracy. Resul ts show t h a t  the  d i f f e r e n c e  i n  performance 

between g r a v i t y  and vacuulrl fvcused r e f l e c t o r s  i s  smal l ,  Consider ing 

the add i t i ona l  c a p i t a l  cos t  t o  p rov ide  vacuum focusing, g r a v i t y  focus- 

i n g  was se lected f o r  t he  commercial p l a n t  h e l i o s t a t  design. 

On the  bas is  o f  data shown i n  F igure 2.3.1.2-6, and r e s u l t s  o f  c o n t r o l s /  

gimbal p re l im ina ry  design s tud ies  (Sect ions 2.3.5 and 2.3.6), a 2mr 

(16) beam p o i n t i n g  e r r o r  was se lected as  a  c o s t  e f f e c t i v e  goal .  Table 

2.3.1.2-2 summarizes the beam p o i n t i n g  e r r o r  budget estab l ished.  
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TABLE 2.3.1.2-1 FOCUSING EVALUATION 

BEAM POINTING ERROR. = 2mr (1 6) 

BEAM SCATTERING = 0.12' (16) 

Focusing Capture E f f i c i e n c y  
Method He1 i o s t a t  

(vs  F i e l d  Pos i t i on )  

A B C 

S u m r  Grav i t y  94.5 95.5 100.C 

Vacuum 94.5 95.7 100. 0 

Wint,?r G r a v i t y  90.6 92.0 100.0 

Vacuum 90.8 92.6 100.0 

Spr ing Graui ty 93.2 94.5 100.0 
-Fa1 1 Vacuum 93.2 94.6 100.0 

NOTE: E f f i c i enc ies  a re  a deraged over; 

Summer - 6 i 0 0 A M - 6 : O C P M  

Winter - 9:00 AN - 3:00 PM 

Spr ing-Fal l  - 8:00 AM - 4:00 PM 



Table 2.3.1.2-2 

BEAM POINTING ACCURACY ERROR BUDGET 

Budget A1 1 oca t ion  
Source ( l o )  

Gimbal Actuator 

. Gimbal Actuator  E r ro r  Cone 0.07 degrees 

. Encoder Accuracy 0.03 

. Encoder Repeatabil i ty 0.03 

. Step r e s o l u t i o n  vs t ime (t 1/2 step) 0.008 

Control System 

. Ephemeris Data 

. , Angle Ca lcu la t ion  

. Clock Resolut ion 

. A1 ignment 

RSS 

TOTAL STATIC 

Pedestal, Actuator, Mir ror '  Dynamics 

Tota l  ~ r r o r s  RSS 

0.08 degrees 

(1 -40 mr) 

0.0060 degrees 

0.0036 

0.001 0 

0.0746 

0.075 degrees 

(1.31 mr) 

0.1 degrees 

(1.74 mr) 

0.032 degrees 

(0.56 mr) 

0.11 4 degrees 
(2.0 mr) 



Selection of he1 ios ta t  size was based on optical performance data 

(Figure 2.3.1.2-6) and cost per unit reflector area. As discussed 

earl ier ,  no significant reduction in performance occurred by increasing 

reflector s ize u p  to 10m diameter. Relative he1 iostat  cost per unit 

reflector area, plotted in Figure 2.3.112-7, shows t h a t  cost does not 

significantly decrease a t  diameters greater t h a n  about 9 meters. On the 
basis of these data, a reflector size od. 9.3 m diameter was selected 

as near optimum. 

2.3.1.3 Resul t s  of Optical Performance Analysis 

Finalized optical performance was calculated based on the following 

configuration: 

1 ) Gravity focused reflector. 

2) Effective reflector area of 65.7 sq. meters (9.3 m diameter) 

3 )  Solar reflectance of 0.91. 

4 )  Dome transmisslvity of 0.88. 

5) He1 iostat  scattering error factor of 0.05 degrees. 

G )  Bcdm pallsti~~y error o f  2mr ( 16). 

The parasitic power requirements for the control s and yressuri zation 

blower wi 11 be approximately 40 watts el ectricalt during operation and 

10 watts electrical during shutdown. These val~!es, a t  1 elcctrical 
equals 5 thermal, were subtracted from the incident energy on the 

receiver t o  establish net power performance as presented in Table 2.3.1,3-1. 

The percent o F ref  'l ected energy intercepted by the cyl i ndri cal receiver 
i s  presented in Table 2.3.1.3-2. 
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TABLE 2.3.1.3-1 NET ?AI!.Y INCIDENT ENERGY ON RECEIVER (KW-HR) 

PERIOD 

Spring & Fa1 1 Equinox 

Summer Solstice 

Winter Sol stice 

H EL IOSTAT 
B 
277 

362 



TABLE 2.3.1.3-2 PERCENT REFLCCTED ENERGY INCIDENT ON CYLINDRICAL RECEIVER 

PERIOD 

Spring & Fa1 1 Equinox 

Summer Solstice 

winter Sol stice 

HEL IOSTAT 

A B C 

99.1 99.3 100.0 



2.3.2 Pro tec t i ve  Enclosure 

2.3.2.1 Conf igurat ion 

The p ro tec t i ve  enclosure (Figure 2.3.2.1-1 ) i s  a t ransparent  weatherized 

po lyester  mate r ia l  thermoformed t o  a spher ica l  shape. The spher ica l  
enclosure i s  t runcated a t  a 45' angle from the spher ica l  center  t o  

in ter face w i t h  .an attachment f i t t i n g  a t  the  base support r i ng .  

The diameter of '9.69 m (31.8 f t . )  provides a clearance o f  19.8 cm 

(7.8 inches) from the r e f l q c t o r  support r i ng .  Th is  clearance accom- 
modates assembly and i n s t a l  1 a t i o n  to1  erances p lus enclosure d e f l e c t i o n  

due t o  the maximum design winds. 

The enclosure i s  thermoformed from an 0.05cm (0.020 in . )  t h i c k  weatherized 

poryester f i l m .  The thermoforming r e s u l t s  i n  a f i n i s h e d  dome w i t h  a 

minimum f i l m  thickness o f  0.008cm (0.003 inches). 

The enclosure in te r faces  w i t h  the base/foundation a t  a r e t e n t i o n  f i t t i n g  

which provides the tens ion load path and a p o s i t i v e  a i r  pressure seal. 

The design ob jec t i ves  f o r  the r e t e n t i o n  f i t t i n ' g  are: 

1 )  Pos i t i ve  pressure seal 

2 )  Adequate load path 

3)  Ease o f  assembly (minimum labo r )  

4)  Ease of disassembly (minimum labor )  

5) Minimum cos t  o f  mate r ia ls  - 
6) Long 1 i f e  

Several con f igura t ions  of the r e t e n t i o n  device were evaluated. Seven o f  

these are shown i n  Figures 2.3.2.1-2 and 2.3.2.1-3. The " C l i p  Wrapped 

Jo in t "  which i s  discussed i n  the f o l l ow ing  paragraphs was chosen based 

on simulated tes t ing ,  design analys is  and cost  data. 
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The c l i p  wrapped j o i n t  uses an FEP Teflon "L" shaped ext rus ion sized 

such t h a t  i t  f i t s  i ns ide  the r o l l e d  1 i p  o f  the base dish. The dome 

mater ial  i s  wrapped around the ext rus ion causing a s e l f  energizing 

re ten t ion  force as shown i n  Figure 2.3.2.1-4. The bottom edge o f  the 

dome i s  indexed dur ing thermoforming t o  assure co r rec t  a1 ignment. The 

"L" ext rus ion i s  i n  the form o f  a continuous cord, pre-coated,with 

pressure-sensit ive adhesive. The ext rus ion i s  c u t  t o  leng th  on assembly. 

The adhesive s t r i p  i s  protected by a f i l m  which i s  peeled 0f.f dur ing 

assembly. 

The overa l l  dome assembly procedure, using the " c l i p  wrapped j o i n t "  

attachment technique i s  as fol lows: 

Step 1 - Place uninf la ted dome over r e f l e c t o r  assembly. 

Step 2 - Locate "L" ext rus ion on dome index l i n e ,  using exposed 

adhesive t o  ho ld  i n  place. 

Step 3 - Local ly  wrap dome edge around ext rus ion and s l i d e  combination 

i n t o  r o l l e d  d ish  edge. (See Figure 2.3.2.1-4) 

Step 4 - I n f l a t e  dome, a f t e r  e n t i r e  circumference has been i n s t a l l e d  

per Step 3. 
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2.3.2.2 P ro tec t i ve  Enclosure Ma te r i a l s  Eva lua t ion  

Sho r t l y  a f t e r  con t rac t  go-ahead a se r i es  o f  t r i p s  were taken t o  search 

the p l a s t i c  f i l m  i ndus t r y  f o r  candidate enclosure and r e f l e c t o r  

mate r ia ls .  A t o t a l  o f  14 companies were v i s i t e d .  I n  add i t i on ,  many 

f i rms  were contacted by telephone. Many were i n te res ted  i n  p a r t i c i p a t i o n  

i n  the  development program. Some had a few candidates they cou ld  

supply i n  the  s h o r t  term; however, the, m a j o r i t y  r equ i red  a d d i t i o n a l  

t ime t o  make spec ia l  process runs f o r  t h i s  app l i ca t i on .  The r e s u l t  

was a considerable de lay i n  the  s t a r t  o f  ma te r i a l s  screening t e s t s  

and t he  r e a l i z a t i o n  t h a t  promising candidates would be suppl ied 

over a per iod  o f  t ime r a t h e r  than a l l  a t  one t ime. Table 2.3.2.2-1 

l i s t s  the supp l ie rs  t h a t  have p a r t i c i p a t e d  t o  var ious extents ,  and the  

ma te r i a l s  t h a t  they suppl ied. 

One supp l i e r  contacted l a t e  i n  the  program was I C I  Ltd.  - Welwyn 

Garden ~i ty; Engl and. They have developed an improved technique 

f o r  i n t e r n a l  s t a b i l i z a t i o n  o f  po lyesters .  I n i t i a l  t e s t s  a t  I C I  

show promising u l  t r a - v i o l e t  res is tance  and h igh  transmi t tance. They 

w i l l  be p rov id i ng  specimens f o r  enclosu.re and r e f l e c t o r  ma te r i a l  which 

can be, evaluated i n  f o l  low-on r e l a t e d  cont racts .  Inc luded wi l ' l  be 

s t a b i l i z e d  o r i en ted  samples ( r e f l e c t o r  ma te r i a l  ) and s t a b i l  i z e d  unor iented 

(enc losure thermoforming ma te r i a l  ) samples. 

The m a t e r i a l s  t e s t  p lan  prepared e a r l y  i n  t he  proqram c a l l e d  f o r  

screening t e s t s  t o  be performed on a l l  promising candidates. Th is  

cons is ted of measuring the  mechanical ( y i e l d  s t rength,  u l t i m a t e  s t rength,  

percent  elongat ion, th ickness u n i f o r m i t y )  and o p t i c a l  (specular  t ransmi t -  

tance) p rope r t i es  p r i o r  to, dur ing  and fo l low ing  exposure t o  accelerated 

u l  t r a v i o l e t  exposure t e s t 1  ng. The most promising ma te r i a l s  

were then inc luded i n  r ea l - t ime  and accelerated deser t  exposure 

t es t i ng .  These t e s t s  a re  s t i l l  underway a t  t he  Desert  Sunshine Exposure 

t e s t  f a c i l i t y  near Phoenix. The f o l l o w i n g  paragraphs descr ibe r e s u l t s  

o f  t e s t s  on enclosure ma te r i a l s  completed i n  the con t rac t .  



TABLE 2.3.2.2-1 

.ENCLOSURE MATERIAL SUPPLIERS 

SUPPLIER I MATERIAL I STATUS 

A L L I E D  CHEMICAL NON WEATHERABLE POLYESTER (PETRA) ! - SCREEN TESTED / - UDi;E13iA:EST 
! 

MARTIN PROCESSING I WEATHERABLE POLYESTER 
(MELINEX "0") 

NATIONAL METAL1 ZING 1 WEATHERABLE POLYESTER 
I 

j 
1 

- SCREEN TESTED 
- DESERT TEST 

UNDERWAY 

- SCREEN TESTED 1 - DESERT TEST I UNDERWAY 

W.R. GRACE (CRYOVAC) f WEATHERABLE POLYCARBONATE 

PENNWALT I FLUOROCARBON ( KYNAR) 

I 
i 

- SCREEN TESTED I - DESERT TEST 

I UNDERWAY 

- SCREEN TESTED 
- DESERT TESTED 

HERCULES i WEATHERABLE POLYPROPYLENE I - SCREEN TESTED 
i 

MORTON CHEMICAL j WEATHERABLE POLYESTER I - SCREEN TESTED 

DU PONT 

I C I  AMERICAS i POLYESTER 

j FLuoRocARBoN ( T E ~ L A R )  

! I - SCREEN TESTED 

- SCREEN TESTED 
- DESERT TESTED 

T E I J I N  AMERICA i WEATHERABLE POLYESTER I - SCREEN TESTED 



Mechanical P roper t ies  

Table 2.3.2.2-2 shows t he  i n i t i a l  mechanical p rope r t y  data f o r  ma te r i a l s .  

A1 1 m a t e r i a l s  i n  the  t a b l e  e x h i b i t e d  adequate i n i t i a l  mechanical pro-  

pe r t i es .  

J o i n t  samples were prepared us ing  Kynar-C and Mel inex "0" t o  demonstrate 

the  f a b r i c a t i o n  process f o r  enclosures i n  Phase 11. Table 2.3.2.2-3 

shows r e s u l t s  o f  t e n s i l e  t e s t s  on j o i n t  samples. Mel inex "0" was j o i n e d  

w i t h  a thermoset t ing po l yes te r  adhesive; and Kynar-C by heat  sea l i ng  

w i t h  appl i c a t i o n  o f  pressure and a h o t  w i r e  ( s i m i l a r  t o  Ted la r  seal  i n g )  

Ref. 2.3.2.2-1. The po l yes te r  j o i n t  was as s t r ong  as t he  parent  m a t e r i a l .  

Kynar f a i  1 ed ad jacent  t o  t he  j o i n t ,  suggest ing t h e  m a t e r i a l  had th inned  

du r i ng  the  a p p l i c a t i o n  o f  heat and pressure. Al though adequate s t r eng th  

was demonstrated, i t  i s  be1 ieved t h a t  re f inement  o f  t h e  technique would 

r e s u l t  i n  improvement i n '  s t reng th .  

Extruded p l a s t i c  ma te r i a l  s may show cons iderab le  th i ckness  non-un i for -  

m i t i e s  i n  the  machine and t ransverse r o l l  d i r e c t i o n s .  These v a r i a t i o n s  

must be considered i n  design. Table 2.3.2.2-4 prov ides th ickness va r i a -  

t i o n  data f o r  those ma te r i a l s  t h a t  were supp l ied  as r o l l  s tock.  Most 

candidate m a t e r i a l s  were suppl ied as smal l  hand prepared samples and 

would n o t  p rov ide  rep resen ta t i ve  machine produced th ickness  v a r i a t i o n s .  

The l a t t e r  were n o t  measured. A maximum v a r i a t i o n  o f  30% from nominal 

was measured on one m a t e r i a l  w h i l e  n e g l i g i b l e  v a r i a t i o n  was measured 

on others .  

Specular Solar  Transmit tance 

Many ma te r i a l  sampl es had specul a r  s o l a r  t ransmi t tances  t h a t  were w i t h i n  

the  acceptable range ( > -86). Some were submit ted f o r  purposes o f  

determin ing i n i t i a l  mechanical p rope r t i es  and wea the rab i l i t y ,  w i t h  p lans 

(by s u p p l i e r )  t o  modify o r  improve t he  t ransmi t tance  a t  a l a t e r  t ime  i f  

the  ma te r i a l  looked promising. The l a s t  data column o f  Table 2.3.2.2-2 

shows the t ransmi t tances f o r  m a t e r i a l s  received. 



TABLE 2.3.2.2-2 

INITIAL MECHANICAL AKD OPTICAL PF.OPERTIES FOR CANDIDATE ENCLOSURE MATE2IALS 

M A T E R I A L S  

POLYESTERS 

PETRA A - Won-Weath2rable; k l l  i e d  Cheiica'l 

MELINEX "Om - Weath~rable; Wart in  Prmess 

MELINEX , "C9 - Weatkrable; National Meta l i z ing  

POLYESTER - Weathersble; Morton Chemical 

POLYESTER .- Weathewbl e; Tei j i n Pmerisa 

POLYCARBONATE 
POLYCARBONlTE - Weatherable; W. R. G r ~ e  - 4 MIL 

W. R. Grace - 8 MIL 

U l t imate  
S ress $ MN/m (PSI) 

Y ie ld  
S t  ess 5 MN/m (PSI) 

POLYPROPYLENE 
POLYPROPYLENE - Ncr-Weatherable; Herar ler  198 

(28,740) 

Wettherablk; Hercules 140 
(20,270) 

FLUOROCARBONS 

KYNAR - Wzatherable Polyvr 'nyl idine Fluoride; 
Pennwal: - KYNAR A 162 

(23,520) 

YYNAR 0 167 
(24.170) 

KYNAR C 153 
(22.160) 

TEDLAR - B268 - Weatherab1.e P o l y v i n j l  i d i n e  78.2 
Ftuoride; DuPont (1 1.340) 

0.5 cone arlgle; normal i.?cidence; AM P spectrun 

U l t imate  Specul a r  
Elongation ~ r a n s m i  t tance 

% ,. D' 



TABLE 2.3.2.2-3 

JOINT TENSILE DATA FOR ENCLOSURE MATERIALS 

TABLE 2.3.2.2-4 

MATERIAL THICKNESS NON-UNIFORMITY 

C 

NOTE: MICROMETER MEASUREMENTS TAKEN AT EDGE y CENTER y OPPOSITE 
EDGE AT 3 POSITIONS DOWN ROLLS PROVIDED BY EACH SUPPLIER 
(9  .DATA POINTS EACH MATERIAL) 

d 

FAILURE MODE/REMARKS 

SEPARATION - 
NOT AT JOINT 

SEPARATION 
ADJACENT TO JOINT 

MATERIAL 

POLYESTER JOINT 
(MARTIN PROCESS 
MELINEX "0") 
THERMOSETTING POLYESTER 
ADHESIVE BOND 

FLUOROCARBON JOINT 
(PENNWALT-KYNAR-C ), 
F IRST ATTEMPT 
HEAT SEAL 

- 

FAILYRE STRESS 
MN/m ( P S I )  

21 0 
(30,520) 

70.3 
(1 0,200) 

MAXIMUM DEVIATION FROM 
NOMINAL 
( INCHES) 

. 0000 

.OOIO 

.0012 

.0026  

.0008 

.do00 
- .. - 

MATERIAL 

WEATHERIZED POLYESTER 
(MELINEX o - MARTIN) 

POLYESTER (PETRA-ALL IED)  -1 
- 2  

POLYCARBONATE (CRYOVAC) - 1 
- 2 

TE IJEN  

NOMINAL 
THICKNESS 
( INCHES) 

.002 

.004 

.004 

.010 

.004 

.007 
..a .- 



Accelerated U l t r a v i o l e t  Tests 

F igures 2.3.2.2-1 and 2.3.2.2-2 show the  phys ica l  t e s t  setup, c o n s i s t i n g  

of a  s o l a r  s imu la to r  (Spect ro lab X-200) and t he  t a r g e t  plane. Sampls  

were he ld  t o  a  water-cooled panel and temperature c o n t r o l l e d  t o  approxi-  

mate ly  80'~.  The i n teg ra ted  acce le ra t i on  r a t e  f o r  t h e  reg ion  o f  250-400 

nanometers was 10 a i r  mass 2 SUNS. Test  r e s u l t s  a re  shown i n  Appendix Figures 

F-1 through F-8. 

KYNAR showed t h e  l e a s t  degradation, bc th  i n  o p t i c a l  and mechanical 

p roper t ies .  The m a t e r i a l  i s  known t o  be i n h e r e n t l y  r e s i s t a n t  t o  UV. 

Degradation r a t e s  of po lyes te rs  were s im i l a r ,  making rank ing  d i f f i c u l t .  

Polypropylene e m b r i t t l e d  t o  the  p o i n t  where i t  could n o t  be handled 

a f t e r  360 hours. 

Examination of t h e  above data would lead  t o  the  fo l low ing  ranking: 

1 )  Kynar 

2) Polyesters  

3)  Polycarbonate 

4) Polypropylene 

Pred ic t ions  o f  f i l m  1 i f e  i s  be ing accompl ished i n  actua l  deser t .  exposure 

by simultaneously exposing samples i n  environments o f  one sun and m u l t i -  

p l e  sun. l eve l s .  Dome ma te r i a l  coupons were t ransmi t ted  t o  the  Desert  

Sunshine Exposure Test F a c i l i t y  (DSET) i n  March where they a re  be ing 

exposed t o  one and e i g h t  sun environments. Comparisons o f  damage r a t e  

data w i l l  be made, and the  acce le ra t i on  f a c t o r  estimated. The accelerated 

data curves can be ad justed by t h i s  f ac to r  and ma te r i a l  p roper ty  vprsus 

r e a l  t ime p red i c t i ons  made. 

The on ly  ma te r i a l  f o r  which app l i cab le  r e a l  t ime exposure data was found 

i s  d r ~  u r i en ted  po l yes te r  f i l m  which was UV s t a b i l i z e d  by the  M a r t i n  

processing. Th is  ma te r i a l  was removed from a greenhouse i n  I l l i n o i s  

a f t e r  a  15 year  exposure ( ca l cu la ted  t o  equal 10.5 years i n  Ar izona).  
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The sur face of  the  sample was scratehed from t r e e  branches and leaves, 

washing, and hand1 i'ng, p rec lud ing  v a l  i d  specul a r  t ransmi t tance measure- 

ments. The u l t i m a t e  s t reng th '  and percent  e longa t ion  o f  the  15 year  01 d 

ma te r i a l  were reduced o n l y  35 percent  and 12 percent  r espec t i ve l y ,  which 

i s  s a f e l y  w i t h i n  design al lowables.   he ma te r i a l  obv ious ly  has n o t  reached 

the end o f  I t s  1  i f e  ' i n  the  mechanical sense. 

Examination o f  the  accelerated u l t r a v i o l e t  t e s t  data (Figures F-1 

through F-8) revealed a much g rea te r  r a t e  o f  mechanical p roper ty  

degradat ion f o r  the po lyes te r  than observed on the  I l l i n o i s  greenhouse. 

Accordingly, the spec t ra l  content  o f  t he  s o l a r  s imu la to r  and t h e  spec t ra l  

s e n s i t i v i t y  o f  po lyesters  was evalu.ated i n  an at tempt t o  e x p l a i n  the  

discrepancy i n  t e s t  r e s u l t s .  Table 2.3.2.2-.5 shows the  most damaging 

wavelengths f o r  several  mate r ia ls .  

Table 2:3.2.2-5 

SPECTRAL SENSITIVITIES OF SELECTED MATERIALS 
- --.-. . . . -- -. .. . -- -- -- - .. -. - -. . - . . - - . . .- - - 

WAVELENGTH OF 
POLYMER GREATEST SENSITIVITY 

(Nanometers) --.-.- -- 
Pol ~ c a r b o n a t e  295 

Pol ye thy l  ene ,300 

Polypropyl  ene 31 0 

Po l yv i ny l  Chlor ide 31 0 

Thermoplastic po lyes te r  290-320 

Unsaturated po lyes te r  325 

F igure 2.3.2.2-3 compares the  d e t a i l e d  spec t ra l  content  o f  the  s o l a r  

s imu la to r  w i t h  t h a t  o f  t he  AM-2 sun i n  t he  u l t r a v i o l e t  wavelength reg ion.  

While the s lmu la to r  d i d  p rov ide  an i n teg ra ted  10 AM-2 UV sun l e v e l ,  i t  

can be seen t h a t  a t  s p e c i f i c  bands, h igher  o r  lower l e v e l s  were present.  



290 300 380 320 330 340 350:;;c 
.., 

Wavelength - Nangneters . , 

Figure 2.3.2- 3.. Solar Sirnulatw/AM2 ~n&gy'&stribution 
(Solar Simulator at 10 UV Sum 250 to 400 nml 



With the except ion of the  310-320 nm band, a l l  wavelength UV below 

350 nm were g rea te r  than 10 suns. I n  the 300-310 nm band, which inc ludes 

the wavelengths o f  g rea tes t  s e n s i t i v i t y  f o r  polypropylene and thermo- 

p l a s t i c  po lyesters ,  the l e v e l  was 40 suns. Folycarbonate i s  most sen- 

s i  t i v e  t o  295 nm UV, which fo r  p r a c t i c a l  purposes does no t  e x i s t  i n  t he  

AM-2 s o l a r  spectrum, bu t  was present t o  some ex ten t  i n  the  t e s t .  The 

p r i n c i p l e  message from the above i s  t h a t  th.2 acce le ra t ion  r a tes  w i l l  

vary f o r  d i f f e r e n t  types of polymers. Furthermore, the  acce le ra t ion  

r a t e  f o r  po lyes te r  was considerably h igher  than 10 suns. 

Cost Analysis 

Table 2.3.2.2-6 shows approximate p ro jec ted  costs  f o r  Tedlcr ,  Kynar 

and polyesters,  us ing p re l im inary  cos t  per u n i t  area data der i ved  from 

d iscuss ion w i t h  suppl iers .  The l a s t  column g ives cos t  per u n i t  area 

per u n i t  t ransmi t tance (squared). 

Table 2.3.2.2- 6  

ENCLOSURE MATERIALS RELATIVE COSTS 

MATERIAL ANTIC.IPATED 
COSI SPECULAR 

$/m TRANSMITTANCE 

Tedlar (8  m i l  ) 11.76 .875 

I(ynar ( 4  m i l  ) 2.07 .905 

Polyester (3  m i l  ) 0.54 .87S 



I n  conclusion, both Yynar and weatherized po lyesters  e x h i b i t  the  a b i l i t y  

t o  f unc t i on  s a t i s f a c t o r i l y  as enclosure mater ia l .  Kynar was shown t o  

be UV s tab le  i n  the  accelerated t e s t i n g  and i s  known t o  be i nhe ren t l y  

s tab le .  The 15 year  greenhouse experience v e r i f i e d  the a b i l i t y  o f  f i l m  

processors t o  1 ong-term weatherize po lyesters  t h a t  would otherwise be 

subject  t o  embri t t lement.  Since po lyes te r  f i l m s  have the lowest cos t  

and s tab i  1 i za t i on  appears feasible, a weatherized po lyes te r  i s  recommended 

f o r  commercial p l a n t  p ro tec t i ve  enclosures. 

2.3.2.3 S t ruc tu ra l  Analysis 

The enclosure cons is ts  of a t ransparent  spher ica l  dome segment at tached 

t o  a s tee l  support r i n g  which i s  supported by three s tee l  stanchions. 

As shown i n  F igure 2.3-1, the enclosure sphere i s  t runcated a t  a 45' 

angle. A s t ee l  dish, welded t o  the s tee l  support r ing ,  forms the lower 

segment o f  the pressur ized sphere. 

De ta i l s  o f  the  s t r u c t u r a l  analys is  which support the design are descr ibed 

i n  the  f o l l ow ing  sub-sections. 

Design Loads - The p r i n c i p l e  loads ac t i ng  on the  enclosure are those 

caused by Lht! e r ~ v  i r . o r ~ ~ ~ ~ e r ~ l  ( w  irld, sflow, ice, drld ttdrthquake) , drld 

the i n t e r n a l  s t a t i c  a i r  pressure used t o  support the  membrane 

enclosure. 

Wind Loads - Undisturbed wind above smooth t e r r a i n  i s  known t o  

assume l o g a r i  thrnic v e l o c i t y  p ro f i l e ,  according t o  .atmospheric 

boundary 1 ayer theory. Design wind p r o f i l e s  are commonly speci - 
f i e d  by power laws which g ive  r e s u l t s  s i m i l a r  t o  a - logar i thmic  

descri'ption. These take the  fofm: 

where V, = Wind v e l o c i t y  a t , h e i g h t  Z above ground. 

VREF = Wind v e l o c i t y  a t  reference he ight  HREF 

ff = Exponent a f f ec t i ng  shape of p ro f i l e .  



S p e c i f i c a t i o n  001 r e q u i r e s  t h a t :  

1 )  h e l i o s t a t s  be designed f o r  wind accord ing t o  a  power law w i t h  

"REF equal t o  t e n  meters, and a equal t o  0.15, and , 

2 )  he1 i o s t a t s  s h a l l  s u r v i v e  w i t h o u t  damage a  maximum wind v e l o c i t y ,  

i n c l u d i n g  gusts, o f  40 meters pe r  second (90 mph) a t  t e n  meters 

above the  ground. 

Reference 2.3.2.3-1 g i ves  t h e  f o l l o w i n g  equat ions f o r  l i f t and drag 

respec t i ve l y .  

where KL = L i f t  c o e f f i c i e n t  

KD = Drag c o e f f i c i e n t  

q  = Wind dynamic pressure 

R =Dome r a d i u s  , 

A  wind tunnel  t e s t  program (Reference 2.3.2.3-2) was c a r r i e d  o u t  t o  

determine t h e  pressure d i s t r i b u t i o n  on enc losu res  and t h e  a f f e c t  on 

pressure d i s t r i b u t i o n  o'f " s h e l t e r i n g "  due t o  t h e  d e n s i t y  o f  t h e  a r r a y  

p l u s  a  p e r i p h e r a l  fence. Tes t ing  was performed i n  t h e  U n i v e r s i t y  o f  
, 

Washington Aeronaut ica l  Laboratory  (UWAL) low-speed wind tunne l .  Tests 
ranged from s i n g l e  u n i t s  t o  60 enclosure models i n  square and diagonal  

ar rays ,  a t  va ry ing  spacing d e n s i t i e s .  Test  runs were made w i t h  and 

w i t h o u t  t h e  pe r iphera l  fence and a t  d i f f e r e n t  fence l o c a t i o n s .  

The aerodynamic 1  i f t  and drag c o e f f i c i e n t s  obta ined f rom these t e s t s  a r e  

shown i n  F igures 2.3.2.3-1 and 2.3.2.3-2. These have been used t o  ca lcu -  

l a t e  l i f t  and drag fo rces  on the  h e l i ~ s t a t .  compared w i t h  the  loads 

obtained from the  prev ious equations, and used f o r  e a r l i e r  design, t h e  



f igum 2.3.2.3- I .  Wind Tunnel Test Daia 



Figure 2.3.2.3-2. Wind Tunnel Test Data 



loads obtained from wind tunnel  t e s t  data show a reduc t ion  i n  drag f o r ce  

o f  21 percent  f o r  a 9.69 m (31.8 ft. ) diameter dome; bu t  t he  1 i f t  fo r ce  

has no t  changed apprec iab ly .  Therefore, the  loads obtained from wind 

tunnel  t e s t  da ta  have been used t o  determine the lowest  cos t  design f o r  

t h e  p ro to type  h e l i o s t a t .  The l i f t  and drag fo rces  a c t i n g  on t he  h e l i o s t a t  

due t o  the  peak su rv i va l  wind o f  40 meters per second (90mph) are:  

LIFT LUAU L = 32,399 Newtons (7,284 1 b.. ) 

DRAG LOAD D = 9,296 Newtons (2,090 1 b. ) 

These maximum loads occur a t  the  minimum a r ray  dens i t y  o f  0.22. 

Enclosure Analys is  

Transparent enclosure s i ze  i s  c o n t r o l l e d  by wind v e l o c i t y  and the  a l lowable 

s t ress  of the  membrane ma te r i a l .  The design nomograph obtained from the 

he1 i o s t a t  whd. tunne l  t e s t  program, (F igure 2.3.2.3-3), permi ts  deTermi na t i on  

o f  the  a1 1 owabl e enclosure s i z e  based on a r ray  dens i ty ,  enclosure conf i gu rq t i on ,  

and enclosure ma te r i a l  a l l owab le  s t rength.  

Mechanical p rope r t i es  for  weatherized o r i en ted  po lyes te r  suppl i e d  by the 
2 manufacturer g ives  a t y p i c a l  average va lue y i e l d  s t reng th  of 100 MN/m (14,500 p q i  ) 

2 w i t h  a r educ t i on  t o  75.8 MN/m (11,000 p s i )  a t  maximum design temperature 

(132'~).  L im i ted  room temperature t e s t i n g  a t  Boeing has v e r i f i e d  t h i s  data. 

F igure 2.3.2.3-4 shows a t y p i c a l  s t ress  s t r a i n  curve comparing Boeing t e s t  data 

w i t h  the manufacturer's t e s t  data.  From Figure 2.3.2.3-3, d t  an a r ray  dens i t y  
7 o f  0.22 and w i t h  an a l lowab le  membrane s t ress o f  75.8 MN/mA (11,000 ps i ) ,  the 

9.69 m (31.8 ft. ) diameter enclosure requ i res  a- membrane thqckness o f  0.003 inches. 
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Figure 2.3.2.3-3. Allowable Enclosure Diameter from Wind Tunnel Test Results 
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Figure 2.3.2.34. Stress-Stain Curves for Weatheriled Orhred Polyester 



Analys is  o f  enclosure d e f l e c t i o n  was c o r r e l a t e d  t o  a c t u a l  measured t e s t  d e f l e c t i o n  

of t h e  research h e l i o s t a t s  a t  Boardman, Oregon. The data  was then sca led 

l i n e a r l y  w i t h  dome diameter and as t h e  square o f  t h e  wind v e l o c i t y .  The 

ana lys i s ,  as g i ven  by Reference 2.3.2.3-2, shows ve ry  l i t t l e  d i f f e r e n c e  i n  

d e f l e c t e d  shape between t runca ted  base angles o f  50' and 45'. Accord ing ly ,  

t he  base angle f o r  the  se lec ted  c o n f i g u r a t i o n  has been reduced t o  45' which 

cons iderab ly  reduces the s i z e  and c o s t  o f  t h e  base r i n g  and d i s h  s t r u c t u r e .  

The de f lec ted  shape, w i t h  a  maximum d e f l e c t i o n  o f  5.31 cm (2.09 i n . )  i s  shown 

i n  F igu re  2.3.2.3-5. 

I n t e r n a l  Pressure Loads - The i n t e r n a l  a i r  p ressure ma in ta ins  the  

spher ica l  i n t e g r i t y  o f  t h e  enc losure  shape under maximum wind condit ions,. 
2  A pressure o f  0.689 KN/m (0.1 p s i )  exceeds t h e  maximum 90 mph wind 

s tagnat ion pressure.  

Snow and I c e  Loads - S p e c i f i c a t i o n  001 r e q u i r e s  s u r v i v a l  under a  snow 

load of 2'50 Pascals ( 5  l b / s q  f t . )  and s u r v i v a l  under a  depos i ted i c e  

l a y e r  5.1 cm (2  i n . )  t h i c k .  It i s  assumed t h a t  snow and i c e  a r e  

deposi ted i n  a  cos ine d i s t r i b u t i o n  on t h e  upper hemisphere. Pressure 

on the dome due t o  t h i s  coa t ing  o f  snow o r  i c e  i s  o n l y  35 percent  o f  

the  i n t e r n a l  pressure. 

Earthquake Loads - An earthquake a n a l y s i s  o f  t h e  enc losure  us ing  t h e  

u n i  for..i~i bu i l d i n g  code approach (Reference 2 . 3 . 2 . 3 - 3 )  has been made. 

Using the  most conservat ive  va lues f o r  a l l  c o e f f i c i e n t s  g i v e s  an equiva- 

l e n t  l a t e r a l  force of 0.53 g ' s  f o r  Zone 4  Earthquake Design. App ly ing 
t h i s  a c c e l e r a t i o n  t o  t h e  mass o f  the  enclosure, p l u s  the  mass o f  the  

enclosed a i r ,  r e s u l t s  i n  a  l a t e r a l  fo rce of 309 Kg (682 1  b.) and a  

r a d i a l  d e f l e c t i o n  32 percent  o f  t h a t  caused by  the  peak s u r v i v a l  wind. 

F i l m  stresses,  due t o  earthquake load ing,  w i  11 be cons ide rab ly  l e s s  

than t h a t  f o r  t h e  design maximum wind c o n d i t i o n  because t h e  l a r g e r  non- 

un i form aerodynamic pressure d i s t r i b u t i o n  w i l 1 , n o t  be present.  



Dome diameter = 9.69m (31.8 ff) 
Base angle a 45' 
Dome material = Weatherized 

polyester 

Wind - 
direction 

Fhure 2.3.2.3-5. Dame Ceflectians at Peak Surviva: Wind Velocity 



Ha i l  Loadinq - S p e c i f i c a t i o n  001 requ i res  su rv i va l  witho1:t damage 

o f  25 nm (1 in.)  ha i ls tones a t  a v e l o c i t y . o f  23 m/s (75 fps) .  

Reference 2.3.2.3-4 documents the  Boeing ha i l s tone  t e s t  program. 

The t e s t  r e s u l t s  a re  shown i n  Table 2.3.2.3-1. These r e s u l t s  

show no penetrat ions a t  s p e c i f i c a t i o n  cond i t ions  f o r  any of t he  

mater ia ls  tested. The minimum v e l o c i t y  requ i red  t o  cause penetra- 

t i o n  was 140 percent  o f  t he  terminal  v e l o c i t y  (75 fps) .  The l a r g e r  

ha i ls tones d i d  cause small indenta t ions  i n  the  enclosure mater ia ls .  

Analysis o f  t he  environment and the  e f f e c t  o f  i nden ta t i on  on 

Tedlar show (see Figure 2.3.2.3-6) an o p t i c a l  t ransmit tance 1 oss 

a f t e r  15 years o f  0.1 percent t o  1.6 percent f o r  t he  average and 

maximum area l  dens i t y  o f  hai ls torms,  respect ive ly .  S i m i l a r  e f fec ts  

are expected f o r  o the r  dome mate r ia l s  tested. 

Predicted Effect (Overall Heliostat Average) 

32 - 4 mil tedlsr . I 

0 

2 2.0-  Mnximurn 
2 areal density 

C 

Hailstone Diameter - lncher 

Figure 2.3.2.36. Effect of Hailstone Environment on Optical Performance 



Table 2 . 3 . 2 . 3 - 1  Hai1;tone Test Resuf t: 
(1 inch Diameter Halls tones j 



2.3.3.1 C o n f i g u r a t i o n  

The base/ foundat ion (F igu re  2.3.3.1-1 ) c o n s i s t s  of t h e  above and below 

ground s t r u c t u r e  r e q u i r e d  t o  suppor t  and env i ronmen ta l l y  p r o t e c t  t h e  

r e f l e c t o r ,  r e f l e c t o r  d r i v e  system and t h e  t ransparen t  p r o t e c t i v e  enclosure.  

The a i r  supp ly  system i s  considered p a r t  o f  t h e  base/ foundat ion.  The 

above ground s t r u c t u r e  c o n s i s t s  of a s t e e l  hemispher ical  d i s h  segment 

welded t o  a c i r c u l a r  s t e e l  p i p e  suppor t  r i n g .  Loads a r e  t r a n s f e r r e d  

f rom t h e  t ransparen t  p r o t e c t i v e  enc losure  across t h e  s t e e l  d i s h  and 

i n t o  t h e  suppor t  r i n g .  Three s t e e l  p i p e  s tanch ions p r o v i d e  a l o a d  pa th  

from t h e  suppor t  r i n g  t o  the  subground s t r u c t u r e .  A s t e e l  p i p e  forms 

the pedestal  mount f o r  t h e  r e f l e c t o r  and gimbal. A diaphram seal  p rov ides  

a i r  t i g h t  p e n e t r a t i o n  of t h e  pedesta l  th rough t h e  bot tom o f  t h e  s t e e l  

d ish .  The subground s t r u c t u r e  used t o  suppor t  t he  s tanch ions and pedesta l  

c o n s i s t s  o f  f o u r  auger-cast  concre te  p i l e s .  

The base/ foundat ion des ign se lec ted  prov ides simp1 i c i  ty, minimum use o f  

m a t e r i a l s ,  and f a c t o r y  assembly of t h e  e n t i r e  h e l i o s t a t  ad jacent  t o  

p l a n t  s i t e s .  The l a t t e r  r e s u l t s  i n  minimum use o f  f i e l d  l a b o r  t o  i n s t a l l  

he1 i o s t a t s ;  thus  m in im iz ing  o v e r a l l  cos ts .  Approximately 900 Kg ( 3,000 1 bs. ) 
3 3 o f  s t e e l  and 0.84 m (1.1 yds. ) of concre te  a r e  used i n  t h e  f a b r i c a t i o n  

o f  the  base/foundation. D e t a i l s  o f , t h e  base/ four~JdL~iur l  dr.e y'iven i n  

the  f o l l  owing paragraphs. 

P i l e  Desiqn and I n s t a l l a t i o n  

A l l  f o u r  concre te  p i l e s  (F igu re  2.3.3.1-2) have a 35.6 cm (14.0 i n . )  

d iameter.  The t h r e e  s tanch ion p i l e s  a r e  embedded 2.4 m (8.0 ft. ) 

below ground l e v e l .  The monument ( r e f l e c t o r  suppor t )  p i l e  i s  embedded 

t o  a depth of 1.8 m (6.0 f t . ) .  The above dimensions assure t h a t  



Note: 

Figure 2.3.3. l -  1. Base Foundation 
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adequate s o i l  adhesion i s  developed t o  r e s i s t  the  forces generated 

a t  the p i l e  surfaces by the  g r a v i t y  forces and maximum wind loads. 

Each p i l e  i s  capped w i t h  a s t ee l  p la te ,  which prov'ides the welding 

surface f o r  t he  stanchion t i e  down. Loads are c a r r i e d  i n t o  the 

p i l i n g  by f ou r  concrete anchors which a re  s tud  welded t o  t he  caps 

p r i o r  t o  placement. The concrete anchors over lap a s i n g l e  rebar  

located i n  the concrete p i 1  e. This approach minimizes f a b r i c a t i o n  

costs and provides adequate strength.  The same arrangement i s  

a lso  employed on the  monument p i 1  e. 

A conceptual design of automated equipment capable o f  i n s t a l l i n g  

40 h e l i o s t a t  foundat ions/per day/per machine i s  descr ibed i n  

Sect ion 3.0. This equipment w i l l  main ta in  placement Tolerances 

depicted i n  F igure 2.3.3.1-2, and does no t  r equ i r e  extens ive s i t e  

preparat ion.  

Support Ring and Stanchions 

The support r i n g  and stanchions t ransmi t  enclosure loads t o  the  

stanchion p i l e s  (see F igure 2.3.3.1-3). The choice of p ipe  mate r ia l  

and s i z e  was determined by a s t r ess /de f l ec t i on  ana lys is  versus 

cost.  This op t im iza t ion  r esu l t ed  i n  a standard 10.16 cm (4.0 i n . )  

p ipe f o r  both the  . r ing  and stanchions. 

Preformed Metal Dish 

To c a p i t a l i z e  on the inherent  advantages of fac to ry  assembly- 

l i n e  r a tes  and low costs, the d i sh  i s  designed f o r ,  press forming. 

Using present metal technology, i t  i s  est imated t h a t  a d i s h  can 

be formed w i t h  a r e s u l t a n t  average thickness o f  0.066 cm (0.026 in.) .  

This r e s u l t s  i n  a d i s h  weight of 226.5 Kg (500 l b . ) .  
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The access hatch loca ted  on ' t h e  d i s h  i s  e l l i p t i c a l  i n  shape. Th is  

has t h e  dual advantage o f  an i n s i d e  pressure augmented s e a l i n g  

force,  y e t  a l l ows  complete removal o f  t h e  hatch by r o t a t i n g  and 

t i p p i n g .  Th is  removal aspect provides r a p i d  mai ntenance of t h e  

e l e c t r o n i c s  package which i s  mounted on the  i n s i d e  sur face of the 

hatch. 

Pedestal 

The p ipe pedestal  provides,  a  p o s i t i v e  re ference p o i n t  f o r  t h e  

gimbal d r i v e  assembly. S t r u c t u r a l  ana lys is  (descr ibed i n  Sect ion 

2.3.4.3) r e s u l t e d  i n  se lec t ion .o f  a  14.12 on (5.56 i n . )  ou ts ide  diameter 

o f  t h e  s t e e l  pedestal which a l lows o n l y  a  0.048 cm (0.019 i n . )  

d e f l e c t i o n  dur ing  maximum dynamic load ing  cond i t i ons .  

A i r  Supply System 

To 1 i m i  t d e f l e c t i o n  o f  the p r o t e c t i v e  enclosure t h e  a i r  supply 

system mainta ins  an enclosure pressure equal t o  o r  g rea te r  than 

the wind impact pressure generated by a  40 m/s (90 MPH) wind. The 

a i r  used by the  system i s  f i l t e r e d  t o  the  ex ten t  necessary t o  assure 

15 years o f  continuous duty  w i t h o u t  c lean ing  t h e  r e f l e c t o r .  The 

s i m p l i c i t y  o f  the  system r e s u l t s  i n  a h igh  re1 i a b i l  i t y  over i t s  30 

year 1  i f e .  The i n d i v i d u a l  components and t h e i r  placement i n  t h e  

system package f a c i l i t a t e  t h e  15 year  scheduled maintenance per iod,  

which cons is ts  o f  changing the pr imary f i l t e r  and replacement 

o f  the  compressor vanes. A diagram and system l a y o u t  o f  t h e  a i r  

supply assembly are  shown i n  Figures 2.3.3.2-4 and -5. Four 

components make up t h e  system; a  p r e f i l t e r ,  a  r o t a r y  vane compressor, 

a  pr imary f i l t e r  and a  pressure re1 i e f  valve. These components 

are  located externa l  t o  the  he1 i o s t a t  i n  a sheet metal  cann is te r .  

The maximum power consumption o f  t h e  a i r  supply system i s  10 watts.  



2 A positive internal pressure 6 . 9  KN/m (0.1 psig) above external 
ambient pressure i s  required'. to maintain clearance between the 
inflated enclosure and the reflector structure during specified 
40 m/s (90 MPH) wind velocity. This differential pressure was 
calculated by integrating the wind impact pressure distribution 
over the frontal area of the protective enclosure. 
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Figure 2.3.3.2-5. Air Supply System Assembly 



Ambient temperature and pressure va r i a t i ons  r e s u l t  i n  the  requirement 

f o r  va r i ab le  a i r  f l o w  i n t o  and o u t  o f  the  enclosure. This va r i ab le  

f l ow  r a t e  p lus  steady s t a t e  leakage are add i t i ve .  The a i r  supply system 

must be s ized f o r  t h e  maximum demand, co inc id ing  w i t h  the  worst-case 

c l i m a t i c  condi t ions,  t o  compensate fo r  t h i s  f l ow  r a t e  va r i a t i on .  

Analys is  o f  c l i m a t i c  data f o r  New Mexico ind ica tes  t h a t  t o  ma in ta in  
3  constant pressure, f l ow  r a t e  w i l l  vary between t0.04 m /min (+1.48 cfm) 

3  t o  -0.05 m /min ( - 1.73 cfm) , the  minus s ign  i n d i c a t i n g  f l ow  ou t  o f  

the enclosure. 

Enclosure leak r a t e  i s  considered a negat ive f low and i s  determined by 

summing the i n d i v i d u a l  po in t s  o f  leakage. As shown i n  Table 2.3.3.1-1 
3  a  t o t a l  leak r a t e  o f  0.006 m /min (0.2 cfm) has been estimated f o r  the 

comnercial pl 'ant design. 

TABLE 2.3.3.1-1 ENCLOSURE LEAK RATE BUDGET 

POTENTIAL LEAKAGE SOURCE ---- 

I n t e r f a c e  Seal 

DESIGN LEAKAGE LIMIT 
m3/min @ 6.9 K N / ~ Z  

Pedestal / D i  s h Scsl 0.0006 

Access Hatch Seal 0.0012 

Other Penetrat ions 

DESIGN TOTAL 2  (-0.006m3/min @ 6.9KN/m ) 

(-0.20 cfm @ 0.10 ps ig )  

Combining the  above ra tes  ind ica tes  t h a t  the  a i r  pump must supply a  

peak a i r  f low of 0.05 m3/min (1.68 cfm) a t  6.9 K N / ~ '  (0.1 ps ig)  and t h a t  
2  t h e  enclosure must vent a  t o t a l  o f  0.043 (1.53 cfm) a t  6.9 KN/m (0.1 ps ig ) .  

To provide t h i s  peak a i r  flow, a  rotary-vane constant displacement pump 

was selected. This con f igura t ion  was chosen because o f  i t s  near ly  



constant  ou tpu t  f l o w  versus inc reas ing  impedance from the  f i l t e r s  

(see F igure  2.3.3.2-4) i t  i s  designed t o  r un  a t  approx imate ly  800 RPM 
3 2  and i s  s i zed  t o  supply 0.06 rn /min (2.0 cfm) a t  14 KN/m (2.0 ps ig ) .  

To meet t he  30 year  l i f e  c r i t e r i a  the  .03 hp, 120 v o l t  ac pump motor 

uses a permanently l u b r i c a t e d  and sealed porous bronze bear ing  s i zed  

t o  prov ide 30 years  o f  l u b r i c a n t .  Th is  motor arrangement i s  s i m i l a r  t o  

motors p resen t l y  used i n  commercial appl iances. The compressor cons i s t s  

o f  a  por ted  dye c a s t  aluminum housing ' w i t h  a  hard anodized bore. Four 

spr ing- loaded f i b e r  r e i n fo r ced  t e f l o n  varies, a  r o t o r  s h a f t  and a t e f l o n  

coated bushing make up t he  r o t a t i n g  un.i t. 

I n  opera t ion  ambient a i r  i s  drawn through the system p r e f i l t e r ,  compressed, 

forced through a pr imary f i l t e r ,  and expe l led  through i n t o  the  enclosure.  

As shown i n  F igures 2.3.3.2-4 and -5, a pressure r e l i e f  va lve  has been 

incorporated i n  t he  man i fo ld  t o  vent excess compressor a i r  and a i r  from 

the  enclosure which occas iona l l y  must be re leased due t o  ambient tempera- 

t u r e  o r  pressure changes. The pressure r e l i e f  va lve  incorpora tes  a  

sharp-edged seat and b a l l  poppet. R e l i e f  pressure i s  determined by the  

weight o f  the  b a l l  versus t he  ne t  unseat ing f o r c e  generated by t he  i n t e r n a l  

t i e l j u s t a t  pressure. Th is  scheme e l im ina tes  spr ings which a re  d i f f i c u l t  

t o  tune and prone t o  f a i l u r e .  To prevent  compressor-generated contaminates 

from en te r i ng  t he  enclosure, t he  pr imary f i l t e r  i s  l oca ted  between the 

compressor and encl'osure. Th is  imposes a cons tan t - f l ow var iab le -p ressure  

requirement on the  compressor caused by long-term f i l t e r  load ing.  

The pressur.e drop across t he  pr imary f i l t e r  i s  no t  expected t o  exceed 
2 14 KN/m (2.0 ps i g )  du r i ng  t he  f i f t e e n  year  f i l t e r  1  i f e .  The p r e - f i l  t e r  

i s  p laced on the  suc t i on  s i de  o f  t he  a i r  pump. Th is  arrangement p ro tec t s  

t he  pump from p o t e n t i a l  wear problems associated w i t h  i nges t i on  o f  a i r bo rne  

p a r t i c u l a t e s .  The pr imary f i l t e r  cons i s t s  o f  f o u r  separate f i l t e r  d i s ks  

which p rov ide  p a r a l l e l  a i r  f low.  Each f i l t e r  d i s k  has 294 cmZ (47 in.') 
2  2 n f  f i l t e r  area, f o r  a t o t a l  of 1175 cm (108 i n .  ) uF f i l t e r  area. tach 

f i l t e r  d i s k  uses an i n j e c t i o n  molded p l a s t i c  pe r f o ra ted  d i s k  t o  suppor t  

a  layered f i l t e r  cover. Incoming a i r  f i r s t  passes through a Gelman 



Type-E g l a s s - f i b e r  d e p t h - f i l t e r ,  then through a Gelman Acropor membrane 

f i l t e r  w i t h  a  pore s i z e  o f  0.45 um. A l a y e r  o f  g lass sc r im separates 

t he  two f i l t e r  medias. The f i r s t  f i l t e r  l a y e r  w i l l  e n t r a i n  99.7% o f  

t h e  t o t a l  mass o f  a i r bo rne  p a r t i c u l a t e .  99.99% o f  the  remaining mass 

w i l l  be f i l t e r e d  o u t  by the membrane layer .  

A porous polyurethane foam provides the  f i l t e r  media f o r  t h e  p r e - f i l t e r .  

The f i l t e r  i s  cons t ruc ted  from 1.3 cm (0.5 i n . )  t h i c k  foam which i s  he ld  
2 

r i g i d  by t . h ~  hn l~s ing ,  The t o t a l  f r o n t a l  area o f  t he  f i l t e r  i s  94 cm 

(47 in.'). The ho ld i ng  capac i ty  o f  the  T i  l t e r  i s  equivalent &I 5 ur.. 
more years o f  se rv i ce  i n  t h e  southwestern Un i ted  States. 

Se lec t i on  o f  f i l t e r s  was based on a design goal t o  e l im ina te  t he  need 

f o r  r e f l e c t o r  c lean ing  over  a 15 year  per iod.  For design purposes, i t  

was assumed t h a t  t h e  degradat ion i n  specular r e f l ec tance  due t o  dus t  

accumulation must be l e s s  than 5 percent i n  15 years. Both a i r  f l ow  

r a t e  and c l ean l i ness  a re  invo lved  i n  s e l e c t i o n  o f  f i l t e r s .  These f a c t o r s  

where taken i n t o  account by the l i g h t  s c a t t e r i n g  versus dus t  accumulation 

model descr ibed i n  t he  Appendlx C. Th is  111urle1 used a i rborne  p a r t i c u l a t e  

data f o r  both the  Grand Canyon area and Phoenix Arizona. The r e s u l t s  

o f  t he  model indicat.ed t h a t  a two-stage f i l t r a t i o n  system, passing 
3 .  6.014 111 / I IIIII (0.5 efm) o f  dip*, would p rov ide  15 years of n p r r a t i n n  w i t h  

a  t o t a l  decrease i n  r e f l e c t o r  e f f i c i ency  o f  l e s s  than 5%. A coarse 

p r e - f i l t e r  was se lec ted  t o  t r a p  l a r g e r  p a r t i c l e s ,  and a depth-type 

g lass  f i b e r  f i l t e r  backed w i t h  a  membrane f i l t e r  t raps  res idua l  f i n e  

p a r t i c l e s .  Since t he  p red ic ted  average a i r  f l o w  r a t e  i n t o  the enclosure 

i s  approximately h a l f  t h e  value used i n  t he  foregoing contaminant ana lys is  

model (Appendix C), a  2 t o  3 percent l o s s  i n  r e f l ec tance  (vs 5 percent )  

i s  expected over> a 15 year  1  i f e .  

The var ious components o f  the a i r -supp ly  package a re  mounted ex te rna l  

t o  t he  h e l i o s t a t  i n  a  formed sheet metal cann is te r .  The cann is te r  i s  

designed t o  prevent water from en te r i ng  t he  system. Pressur ized a i r  i s  



t rans fer red  .from the  cann is te r  t o  the  he1 i o s t a t  through a 1.3 cm (0.5 in . )  

diameter a i r  hose which connects the cann is te r  supply p o r t  t o  a penet.ration 

f i t t i n g  on the  base she l l .  A i r  f l ow  w i t h i n  the ,cannis ter  i s  d i rec ted  

by i n t e g r a l  sheet metal manifolding. The bonnet o f  t he  cann is te r  i s  

re ta ined by a s ing le  wing nut. When the bonnet i s  removed the  e l e c t r i c a l  

p lug between the  compressor motor and e l e c t r i c a l  supply i s  exposed, 

a1,ong w i t h  the pressure r e l i e f  valve and p r e - f i l t e r .  The cann is te r  

body i s  mounted t o  the  Nor th. foundat ion stanchion by a metal bracket and 

two straps. 

The a i r  supply and i t s  components a re  designed f o r  t h i r t y  years o f  

continuous duty w i t h  the  except ions.of a  5-year ,c leaning o r  replacement 
cyc le  f o r  the p r e - f i l t e r ,  and a 15-year replacement o f  the compressor . 

vanes and primary f i l t e r .  To f a c i l i t a t e  t h i s  scheduled maintenance the 

components are mounted i n d i v i d u a l l y  i n  the housing cannis ter .  Removal 

o f  the compressor involves tak ing  o f f  the bonnet, unplugging the  e l e c t r i -  

ca l  supply, and removing 3 nuts. With the bonnet o f f ,  the  p r e - f i l t e r  

can be l i f t e d  ou t  and replaced w i thout  shu t t i ng  down the  system. The. 

pr imary f i l t e r  i s  changed by removing a wing nu t  and dropping the 

pr imary f i l t e r  can down. 

Pro tec t i ve  Enclosure Retent ion 

The in te r face  between the p ro tec t i ve  enclosure and the baselfoundat ion 

i s  discussed i n  Sect ion 2.3.2 "Pro tec t i ve  Enclnsrrre." 

Finishes 

The above ground base s t ruc tu re  w i l l  be primed and painted w i t h  synthe- 

t i c  whi te  enamel.' This includes the i n t e r i o r  o f  the dish. Painted 

components w i  11 be baked t o  prevent 1 ong-term contami na t i on  o f  t he  

r e f l e c t o r  surface by outgassing. 



Installation Welds 

Anchoring of the he1 iostat  assembly i s  accomplished by f ie ld welding 
the three stanchions and pedestal to pile caps. The welding procedure 

and welder qua1 ification will conform with those established by the 
"American Welding Society" for structural welds. 

2.3.3.2 Structural Analysis 

The l i f t  and drag forces on the dome due t o  the maximum survlval Wlnd 

conditions are reacted a t  ground level by horizontal and vertical loads 
plus an over-turning moment as shown in Figure 2.3.3.2-1. The overturning 
moment results in an up  load on the windward side of the dome and a 
down load on the opposite side. These loads are reacted with adequate 

margin of safety by three concrete piles 35.56 cm diameter (14 in.) 
which are buried 2.44 meters (8 f t .  ) in the ground. The loads are 
transferred from the pile by side friction between pile and soil and 

by bearing pressure a t  ground level. Soil bearing pressure due to 
foundation weight i s  only 21.5 K N / ~ '  (450 psi) and ncr soil stabilization 
i s t q u  ~i red. 

the 1 i f t  and drag forces on the d~me are transferred to ground level by 
a ci r c ~ l  ar sr~pport ring mounted on three v e ~ t i e a l  stanchioirs. The 
support ring i s  made fromsteel pipe and i s  designed by limiting bending 

between vertical supports. Figure 2.3.3.2-2 shows the stress levels and 

deflections for pipe sections between 8.89 cm O.D. (3.5 in.) and 13.97 cm 
0,D.. (5.5 in. ). due to 90 mph wind loads. Support ring deflection was 
1 im i ted  t o  13.2 cm (5.2 in.) in order to ensure adequate clearance between 
the dome and the reflector, with the reflector in the most adverse 
position. Four inch A.P.I. 5LX x 57 steel pipe (1.5 in. 0.0.) was selected 

for the support ring material, to limit the ring deflection under load 
and also t o  achieve the lowest cost design for the heliostat support 

structure. Figure 2.3.3.2-2 shows that with this pipe section, the stress 
levels are below the yield stress of the material and that adequate 
clearance i s  ensured a t  maximum survival wind condition. 



The suppor t  r i n g  i s  welded t o  t h e  t o p  o f  t h e  s tanch ions  which a r e  a l s o  

made from the  same 4" d iameter  p i p e  m a t e r i a l .  The bot tom o f  each s tanch ion  

i s  welded t o  a 1.27 cm ( I / ? "  t h i c k )  A.537 s t e e l  base p l a t e  mounted on 

top  o f  t h e  conc re te  p i l e  (see F igu re  2.3.3.2-1). The base p l a t e  i s  welded 

t o  f o u r  1.59 cm d iameter  (5 /8  i n . )  A615 s t e e l  rebars  embedded i n  t h e  con- 

c r e t e  p i l e .  

The stanchions t r a n s f e r  h o r i z o n t a l  shear, and v e r t i c a l  loads,  from t h e  

support  r i n g  t o  ground l e v e l .  The loads cause bending, d i r e c t  tens ion ,  

and shear s t resses  i n  the  s tanch ion .  S t ress  l e v e l  i n  t h e  4 i n .  p i p e  
2 2 s e c t i o n  i s  91.63 MN/m (13,290 p s i ) ,  w e l l  below t h e  358.5 MN/m (52,000 p s i )  

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 .  

The s t r e s s  l e v e l  a t  t he  weld between s tanch ion  and base p l a t e  i s  154.4 M N / ~ ~  

(22,391 p s i )  due t o  the  maximum s u r v i v a l  w ind  c o n d i t i o n .  T h i s  i s  s a f e l y  

w i t h i n  t h e  a l l o w a b l e  va lue  o f  165.5 M N / ~  (24,000 p s i )  f o r  f i l l e t  welds 

proposed i n  Table 1.5.3 of t he  Manual o f  S tee l  Cons t ruc t i on .  

level 
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Figure 2.3.3.2- 1. Heliostat Base Support Loads 
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2.3.4 Ref1 e c t o r  Assembly 

2.3.4.1 Con f igu ra t ion  

The r e f l e c t o r  assembly cons is ts  o f  a  b i - a x i a l l y  s t re tched  r e f l e c t i v e  aluminized 

pol.yester membrane bonded t o  a  l i g h t - w e i g h t  c i r c u l a r  aluminum frame (F igu re  

2.3.4.1-1). The 'overa l l  diameter o f  t h e  r e f l e c t o r  assembly i s  9.3 m (30.5 f t . ) .  

Th is  s i z e  was se lec ted on the  bas is  o f  t h e  cost lperformance o p t i m i z a t i o n  as 

discussed i n  Sect ion .2.3.1.3. The r e f l e c t o r  i s  g r a v i t y  focused by pre- tens ion ing 

t h e ' r e f l e c t i v e  membrane d u r i n g  assembly. Th is  procedure r e s u l t s  i n  a  c o n t r o l l e d  , 

sag due t o  g r a v i t y .  The c o n t r o l l e d  sag produces a  parabo l i c  r e f l e c t o r  w i t h  a  

p r e d i c t a b l e  f o c a l  length .  A 8.0 ~ ~ / 1 n ~ . ( 1 , 1 5 0  p s i )  pre- tens ion s t r e s s  l e v e l  was 

selected t o  produce a  c o r r e c t  f o c a l  l e n g t h  f o r  f a r  f i e l d  h e l i o s t a t  A. Th is  f o c a l  

1  ength (pre- tens ion)  prov ides best  f i e l d  performance when used f o r  a1 1  he1 i o s t a t s  

i n  the a r ray .  

Ref 1  ec t o r  Frame 

The r e f l e c t o r  frame cons is ts  o f  th ree  c i r c u l a r  r i m  segments, th ree  T - f i t t i n g s ,  

th ree  spokes, and a  center  hub. The c i r c u l a r  r i m  segments a r e  produced by ram 

forming th in-wal  led,  12.7 cm (5.0 i n . )  diameter aluminum-a1 l o y  tub ing.  The 

spokes a l s o  use t h e  same type o f  tub ing.  The T - f i t t i n g s  and center  hub a re  

aluminum a l l o y  cast ings.  The T - f i t t i n g s  couple t h e  r i m  segments t o  the  spokes. 

Spokes a r e  located below t h e  r i m  t o  prov ide r e f 1  e c t o r  membrane c l  earance. 

The center  hub i s  designed t o  a t t a c h  t o  the  spokes and a l s o  accommodate the 

gimbal such t h a t  the  e l e v a t i o n  a x i s  c l o s e l y  co inc ides w i t h  t h e  r e f l e c t o r  frame 

cen te r -o f -g rav i t y ;  thereby, e l i m i n a t i n g  a  counter-weight. J o i n t s  i n  the  r e f l e c t o r  

frame a re  made by electromagnet ic swaging. Th is  method o f  j o i n i n g  has been 

u t i  1  i zed  i n  a  previous r e f l e c t o r  assembly and represents.  a  subs tan t ia l  sav'ings 

i n  c o s t  versus welded o r  convent ional  mechanical type j o i n t s .  

Ref 1  e c t i v e  Membrane 

The r e f l e c t i v e '  membrane i s  made by thermoladhesive j o i n i n g  wide panel s o f  

0.005 cm (0.002 i n .  ) t h i c k  aluminized po lyes te r  f i l m .  Laboratory  measurements 

have estab l ished a s o l a r  specular r e f l e c t a n c e  value o f  R = 0.91 and a  j o i n t  
2 

z u l t i m a t e  s t ress  o f  105 MN/m (15,190 p s i ) .  



Dispers ion Er ro rs  

The frame i s  designed f o r  s t i f f n e s s  t o  minimize o v e r a l l  d i spers ion  cha rac te r i s t i c s  

o f  the  r e f l e c t o r  surface. Analysis o f  the  design ind ica tes  t h a t  the maximum 

d i spe rs i on  angle i s  0.0006 rad ians due t o  ou t  o f  plane s t a t i c  sag o f  the  'frame. 

Maximum frame sag occurs when the r e f l e c t o r  i s  i n  the hor i zon ta l  pos i t i on .  The 

sag diminishes as t he  r e f l e c t o r  i s  r o ta ted  ou t  o f  the hor i zon ta l  plane, thereby 

reducing the d i spe rs i on  angle. 

Aluminized polyester 
reflector membrane 

1- 9.3 m (36600 in.) 
diameter 

Aluminum rim tubing 



2.3.4.2 R e f l e c t o r M a t e r i a l  S e l e c t i o n  

A weather ized p o l y e s t e r  s u b s t r a t e  (weather ized M y l a r  D o r  Me1 i n e x  "0") w i t h  an 

unpro tec ted  aluminum c o a t i n g  has been s p e c i f i e d  f o r  t h e  commercial p l a n t  r e f l e c t o r  

des ign.  A weather ized s u b s t r a t e  i s  s p e c i f i e d  because i t  i s  expected t h a t  some 

UV w i l l  pass th rough t h e  enc losu re  m a t e r i a l .  Unpro tec ted aluminum was s p e c i f i e d  

based on e a r l i e r  s t u d i e s  wh ich  showed t h a t  unp ro tec ted  a lum in i zed  f i l m s  do n o t  

degrade o p t i c a l  1y over  l ong  term (9  y e a r s )  i n  a  p r o t e c t e d  l a b o r a t o r y  environment.  

Development o f  a  p r o t e c t i v e  c o a t i n g  f o r  aluminum was, however, i n i t i a t e d  i n  t h i s  

e f f o r t  t o  assure  a v a i l a b i l i t y  i f  r e q u i r e d .  

Screening t e s t i n g  was performed on v a r i o u s  types o f  me ta l  i z e d  p o l y e s t e r  f i l m s  

w i t h  and w i t h o u t  p r o t e c t i v e  c o a t i n g s  and weather ized s u b s t r a t e s .  Candidate f i l m s  

prepared c o o p e r a t i v e l y  by  i n d u s t r y  suppl i e r s  were f i r s t  screened f o r  specu la r  

r e f l e c t i v i t y  and, i f  promis ing,  were exposed t o  a c c e l e r a t e d  s imu la ted  s u n l i g h t  

t e s t i n g .  Those cand idates  showing most promise were then  t e s t e d  f o r  mechanical 

p r o p e r t i e s  and submi t ted  t o  Deser t  Sunshine Exposure Tes t  F a c i l i t i e s  f o r  r e a l -  

t i m e  and a c c e l e r a t e d  outdoor  d e s e r t  exposure t e s t i n g .  As d iscussed i n  

Sec t i on  2.3.2.2, t h e  s t a r t  o f  r e f l e c t o r  m a t e r i a l  screen ing t e s t i n g  was de layed 

due t o  l a t e  d e l  i v e r y  o f  cand ida te  m a t e r i a l s .  

Table 2.3.4.2-1' l i s t s  t h e  m a t e r i a l s  and r e s p e c t i v e  s u p p l i e r s  f o r  cand ida tes  

rece ived  f o r  t e s t .  To t h e  r i g h t ,  i n  t h e  a p p r o p r i a t e  columns, a r e  shown t h e  

specu lar  r e f l e c t a n c e s  taken on t h e  Boeing b i - d i r e c t i o n a l  r e f l e c t o m e t e r  a t  

0.15" cone ang le  w i t h  a 633 nanometer wavelength source.  As can be seen, a  
v a r i e t y  of f i l m  processors  a r e  represented.  The r e f l e c t a n c e  i s ,  o f  course,  

g e n e r a l l y  h i g h e r  as t h e  cone ang le  i s  increased from 0.15' upward. ( F i g u r e s  
F-9 th rough F-12 i n  Appendix F  a r e  p l o t s  of specu la r  r e f l e c t a n c e  as a  f u n c t i o n  

o f  cone ang le  f o r  t h e  v a r i o u s  cand ida tes . )  

The p r o t e c t i v e  coated m a t e r i a l  supp l i ed  by N a t i o n a l  M e t a l i z i n g  was improved 

i n  two i t e r a t i o n s  f rom a  r e f l e c t i v i  ty of .71 t o  .89 ( a t  633 nm wave lenqth) .  

T h i s  colnpares w i t h  r e f l e c t i v i t y  o f  .91 f o r  an unpro tec ted  a lum in i zed  s u r f a c e  

a t  t h e  same wave1 ength.  



TABLE 2.3.4.2-1 

SPECULAR REFLECTANCE FOR VARIOUS SUBSTRATz/COATI NG COMB 1 NATIONS 

SPECULAR REFLECTANCE 
@ .15O Cone Angle 

No Overcoat Overcoated 
! 

MYLAR (Unknown Ues'gnat ion) - ALUMINIZEE (Nat iona l  Metal  i z i  nc)  I I .89 

MYLAR D - ALUMIFIZED (Nations; M e t a l ' z i n d  

MYLAR D - ALUMINIZED (Dgnmore) 

MEL1NE.q 442 - ALUMINIZE1 (Dunmore) .86 .79 
!E i 

.81 MELINEX "0" - (Ui' S t a b i l i z e d )  - ALUMINIZED ( M a r t i n  Processing) 
1 

MELINEX "0" - ALUMINIZED (Morton Chemical j .88 ! .69 1 

POLYESTER (Unknown; U/V S t a b i l i z e d )  - METALIZECl (OCLI) 

SILVER1 ZED 

ALllM E N I ZED 

NOTE: A l l  da ta  sqown a r e  s i n g 7 e  wave leng, th  da ta  (633 NM) t h z t  have been 
c o r r e c t e d  upward 3% f o r  i n t e g r c t d  a i r  mass 2 r e f 1  ectance.  



Dunmore provided My la r  D  i n  e a r l i e r  research and i t  was seen t o  have a  633 nm 

r e f l e c t a n c e  o f  0.89 f o r  t he  present  e f f o r t , . t hey  p rov ided  cand ida tes  o f  overcoated 

and uncoated a lumin ized Me1 inex 442. As seen i n  sthe t a b l e ,  t h e  r e d u c t i o n  i n  

specular r e f l e c t a n c e  due t o  the  overcoat ing was 0.07, an  unacceptable l o s s .  

Mel inex "0" prov ided by M a r t i n  Processing e x h i b i t e d  a  l a r g e  amount o f  s c a t t e r i n g  

a t  small cone angles (see F igu re  F-11). Th is  i s  p o s s i b l e  due t o  t h e  s t a b i l i z a t i o n  

process and i t s  e f f e c t  on t he  surface q u a l i t y  o f  t he  subs t ra te .  L a t e  i n  t h e  

program, Morton Chemical prov ided a lumin ized po l yes te r  w i t h  and w i t h o u t  ove rcoa t i ng  

f o r  eva lua t ion .  Tes t  r e s u l t s  were a  633 nm r e f l e c t a n c e  o f  0.88 w i t h o u t  overcoa t ing ,  

and 0.69 w i t h  overcoat ing.  Fur ther  i t e r a t i o n s  may improve t h e  l o w  va lue  ob ta i ned  

f o r  overcoated m a t e r i a l  . ~l umi n i z e d  po l yes te r  w i t h  overcoat ing,  and s i l v e r e d  

po lyes te r  w i t h  and w i t hou t  overcoa t i  ngs were prov ided by. O p t i c a l  Coat ing Labora to ry .  

The overcoated a lumin ized ma te r i a l  had low r e f l e c t i v i t y  a t  a l l  cone angles and was 

n o t  a  v i a b l e  candidate as rece ived.  The overcoated s i l v e r e d  m a t e r i a l  had comparable 

r e f l  ectance t o  t h e  bes t  a1 uminized specimens evaluated thus f a r .  

As noted a t  the  bottom o f  Table 2.3.4.2-1, values i n  t h e  t a b l e  have been upward 

ad justed by about 3  percen t  t o  conver t  t o  i n t e g r a t e d  s o l a r  specu la r  r e f l e c t a n c e  

(AM-2) .  

Accelerated simulated s u n l i g h t  exposure t e s t s  were performed on se lec ted  specimens. 

The purpose o f  t h i s  t e s t i n g  was t o  eva lua te  res i s tance  of  p r o t e c t i v e  c o a t i n g s  t o  UV. 

As discussed i n  Sect ion 2.3.2.2, t he  t e s t i n g  was q u i t e  severe because o f  t h e  spec t ra l  

mismatch between the  s imu la to r  and r e a l  sun1 i g h t  i n  wavelengths o f  h i g h  s e n s i t i v i t y  

f o r  po lyesters .  No at tempt  w a q  made t o  r e l a t e  exposure t ime under  t he  s i m u l a t o r  

w i t h  equ iva len t  r e a l  t ime under sun l i gh t .  The samples submi t ted f o r  t e s t  d i d  n o t  

gene ra l l y  have acceptable r e f l e c t i v i t i e s ,  b u t  were exposed p r i m a r i l y  t o  e v a l u a t e  

the coat ings.  

Mechanical and o p t i c a l  p roper ty  versus t ime p l o t s  fo r  t h e  m a t e r i a l s  p rov ided  e a r l y  

enough i n  the  prngram t a  be exposure tes ted  under the  s o l a r  s i m u l a t o r  a r e  shown 

i n  Appendix F igures F-13 through F-19. General ly, t he  r e f l  e.:tances remained 

constant,  w h i l e  t he  mechanical p rope r t i es  dropped w i t h  exposure. The t e s t s  

revcdled no o p t i c a l  degradat ion o f  the  meta l i zed  sur face,  b u t  d i d  s u b s t a n t i a t e  

rz the need f o r  subs t ra te  p r o t e c t i o n  from the  u l t r a v i o l e t .  



Based upon the  i n i t i a l  and accelerated U/V data ,  samples of National Metalizing 

and O C L I  overcoated materials  were selected for  real time and accelerated exposure 

tes t ing in the  dese r t .  Although the Dunmore material r e f l e c t i v i t y  was lower than 

des i red,  i t s  survival t o  the accelerated U/V t e s t  exposure was good. All samples 

have been enclosed in weatherable polyester "bags" to  simulate the protection 

they would receive i n  a he1 i o s t a t  protective enclosure. The bag material used 

was Martin Processing weatherable polyester (Me1 i nex "0"). 

2.3.4.3 Reflector Structural Analysis 

The reflector support structure consists of a circular  ring 9.29 m (30.5 f t . )  
i n  diameter, and three radial support arms a l l  made from aluminum t u b e  12.7 cm 
(5.0 i n . )  diameter with 0.198 crn (.078 in . )  wall thickness. The radial arms 

are  joined together a t  a central hub  casting which i s  attached to the gimbal 
mounted on the vertical reflector pedestal. The hub  casting accommodates the 

gimbal drive motors such as to  eliminate the reflector imbalance about the 
gimbal elevation axis.  

2.3.4.3.1 Design Loads 

The reflector assembly i s  protected from the severe elements of the  environ- 

ment (wind, snow and ice)  by the protective enclosure. Design loads are due 
to membrane tension, gravity, temperature, ref1 ector motion, and earthquake. 

These loading conditions are discussed below. 

Membrane Tension 

The reflect ive membrane i s  tensioned by pre-stretching t o  a uniform biaxial 
2 tension of 8.0 MN/m (1,150 ps i )  and bonding to  the circular  support ring. 

Polyester material of 0.05 mm (.002 in . )  thickness i s  used for the ref lec t ive  

membrane. Prestress in the membrane i s  low compared to the material yield 
2 's tress of 100 MN/m (14,500 ps i ) .  Therefore, long term creep effects  will not 

cause significant  loss of membrane tension. 



Var ia t ions  i n  temperature and humid i ty  w i l l  cause changes i n  membrane s t r e s s .  

D i f f e r e n t i a l  expansion of t h e  po lyes te r  and aluminum support  s t r u c t u r e  over 

an extreme temperature range o f  6 0 ' ~  (140'~) t o  - 3 0 ' ~  ( -20 '~ )  w i l l  r e s u l t  i n  

a  change o f  p lus  o r  minus 30 percent from t h e  nominal membrane s t r e s s  o f  
2  

8.0 MN/m (1,150 p s i ) .  The e f f e c t  o f  humid i ty  on membrane s t r e s s  i s  l e s s  

pronounced than t h a t  o f  temperature. It tends t o  reduce the  e f f e c t  o f  

temperature because r e l a t i v e  humid i ty  g e n e r a l l y  decreases as temperature 

increases.  

G r a v i t y  Loadings 

A convenient way o f  expressing r e f l e c t o r  membrane d e f l e c t i o n  i n  r e l a t i o n  t o  

performance i s  g iven by the  r e f l e c t o r  f o c a l  l e n g t h  corresponding t o  the  

parabol i c  d e f l e c t i o n  mode t h a t  the  membrane assumes. F igure 2.3.4.3-1 shows 

foca l  lengths f o r  a  u n i f o r m l y  s t re tched c i r c u l a r  membrane as a  f u n c t i o n  o f  

membrane s t ress  and angle o f  t i 1  t o f  t h e  r e f l e c t o r  p lane from v e r t i c a l  . Focal 
. 

l e n g t h  i s  independent o f  membrane th ickness and diameter. Focal lengths as 

i n d i c a t e d  i n  t h e  f i g u r e  were inc luded i n  performance o p t i m i z a t i o n  s tud ies  
2  which r e s u l t e d  i n  s e l e c t i o n  o f  t h e  8.0 MN/m (1,150 P S I )  membrane prest ress.  

The a x i s  o f  t h e  de f lec ted  parabo l i c  sur face remains e s s e n t i a l l y  normal t o  the  

plane o f  the  r e f l e c t o r  support r i n g ,  regard less o f  t h e  angle o f  t i 1  t. Therefore,  

g r a v i t y  d e f l e c t i o n s  w i l l  n o t  s i g n i f i c a n t l y  a f f e c t  beam p o i n t i n g  accuracy. 

The r e f l e c t o r  s t r u c t u r e  was analysed us ing a  Nastran Computer Program f o r  loads 

due t o  g r a v i t y ,  temperature, and membrane tension.  F igu re  2.3.4.3-2 shows 

the "Math Model " f o r  t h i s  ana lys is .  St ress l e v e l s  were found t o  be ve ry  low, 

thus the  s t r u c t u r e  i s  designed by s t i f f ness .  With t h e  r e f l e c t o r  h o r i z o n t a l ,  l l l e  

maximum out -o f -p lane d e f l e c t i o n  o f  t h e  c i r c u l a r  r i n g  between support  arms, due 

t o  the combined load ing cond i t i on ,  i s  0.14 cm (0.057 i n . )  (see F igu re  2.3.4.3-3). 

This i s  the  displacement o f  g r i d  p o i n t  101 r e l a t i v e  t o  g r i d  p o i n t  105. 

Th is  d e f l e c t i o n  causes a  maximum angular  d e v i a t i o n  o f  a  small p o r t i o n  o f  the  

r e f l e c t o r  sur face from t h e  normal r e f l e c t o r  p lane of l e s s  than 0 .012~,  which w i l l  
have "egl i g i b l  e e f f e c t  on performance. The v e r t i c a l  d e f l e c t i o n  a t  t h e  ends o f  t h e  

support arms causes a  r i g i d  body downward t r a n s l a t i o n  o f  t h e  r i n g  o f  3.4 cm 

(1.34 i n . ) .  Adequate c learance (0.85 cm) between t h e  r e f l e c t o r  p lane and the  

c e ~ ~ t r a l  mounting hub i s  provided t o  accommodate, w i t h o u t  i n te r fe rence ,  t h e  

v e r t i c a l  d e f l e c t i o n  of the  r i n g  p l u s  sag o f  the membrane. 
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Figure 2.3.4.3- 1. Reflector Focal Length 

Ring radius = 464.8 cm (183") 

Ring section = 12.7 cm (5 in.) Ofdiameter x 0.198 cm (-078 in.) wall thickness 
Support arm section = 12.7 cm (5 in.) Ofdiameter x 0.198 cm (.078 in) wall thick- 

Figure 2.3.4.3-2. Reflector Structure Math Model 
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Figure 2.R4.3-3. Reflector Structural Deflection Related to Membrane Stress 



St ress  l e v e l s  i.n t h e  c e n t r a l  mounting hub a r e  a l s o  low, b u t  i n  order  t o  l i m i t  

t h e  r e f l e c t o r  r i n g  d e f l e c t i o n ,  t h e  minimum bending s e c t i o n  through the  hub i s  

designed t o  m a i n t a i n  the  s t i f f n e s s  o f  t h e  bas ic  support  arm: 

The r e f l e c t o r  pedesta l  i s  made f rom a 12.7 cm (5  i n .  ) d iameter A.P. I. 5LX x 52 

s t e e l  p ipe.  The base o f  t h e  pedestal  i s  b e l l  shaped t o  a  21.9 cm (8.63 i n . )  

d iameter.  T h i s  i s  welded on i n s t a l . l a t i o n  t o  a  base p l a t e  on t h e  pedestal  

f o u n d a t i o n , p i l e .  The 1.8 m ( 6  f t . )  augured pedestal  f ounda t ion  p i l e  i s  embedded 

w i t h  four  1.59 cm (5 /8  i n . )  diameter"A.615 s t e e l  . rebar welded . to the  1.27 cm 

(1 /2  i n .  ) t h i c k  s t e e l  base p l a t e .  The pedestal  c a r r i e s  g r a v i t y  loads p l u s  torque 

loads  due t o  t h e  motor  d r i v e n  r e f l e c t o r  as shown i n  F i g u r e  2.3.4.3-4. The 

pedesta l  has been analyzed as a  beam column. The s t r e s s  l e v e l s  a r e  minimal 

and the  d e f l e c t i o n  a t  t h e  t o p  o f  t h e  pedestal  i s  o n l y  about 0.01 degrees. 

Eartnquake Ana lys i s  - 

A seismic a n a l y s i s  o f  t h e  r e f l e c t o r  assembly has been conducted us ing  t h e  

des ign earthquake response spect ra  showti i n  F igu re  2.3.4.3-5, as taken from 

Reference 2.3.4.3-1. A peak ground a c c e l e r a t i o n  o f  0.359's was assumed equal 

t o  t h a t  measured i n  t h e  1940 E l  Centro Earthquake, as repor ted  i n  Reference 

2.3.4.3-2. Th is  approach meets the  requirements o f  Seismic Zone 3 (Uni form 

B u i l d i n g  Code) which i s  t h e  des ign requ i re l~ ien t  de f ined  i n  S p e c i f i c a t i o n  001. 

The fundamental frequency o f  t h e  r e f l ~ c t o r  aswmhly supported by a 12.7 cm 

( 5  i n . )  d iameter s t e e l  p i p e  was c a l c u l a t e d  t o  be 2.094 Hz. The peak response 

o f  t h i s  dynamic system t o  t h e  above seismic environment, assuming 2  percent  

o f  c r i t i c a l  damping, i s  then  7.44 cm (2.93 i n . )  and 1.31g1s. Adding t h i s  d i s -  

placement t o  t h e  maximum seismic d e f l e c t i o n  o f  t h e  enclosure (0.68 inches)  g i ves  

a  t o t a l  d e f l e c t i o n  o f  9.17 cm (3.61 i n . ) .  The des ign prov ides a  c learance o f  

19.8 cm (7.8 i n . )  between t h e  r e f l e c t o r  and t h e  dome. Peak bending s t r e s s  i n  
2  t h e  r e f l e c t o r  pedestal  support  due t o  earthql.lakc load ing  i s  54 MN/m ( 7 , 8 3 6  p 5 i  1 

which i s  we l l  below t h e  des ign a l l owab le .  



Ground level 

Figure 2.3.4.34. Pedestal Loads 

Natural Frequency (Hz) 

Figure 2.3.4.3-5. Horizontal Design Response Spectrum for 2% Critical Damping 
- Scaled to lg Horizontal Ground Acceleration 



2.3.5 Gimbal Actuator  Assembly 

E a r l y  i n  the program, a  dec i s i on  was made t o  go t o  i ndus t r y  f o r  a  c o s t  

e f f e c t i v e  gimbal ac tua to r  design. The i n t e n t  was t o  ob ta i n  an i n t eg ra ted  

assembly from a  s i n g l e  source. Toward t h a t  end, a  new s p e c i f i c a t i o n  con t ro l  

drawing (SCD) was prepared t o  de l  i nea te  g imbal lac tuator  requirements. The SCD 

was w r i t t e n  t o  permi t  as much design f l e x i b i l i t y  as poss ib le ,  and t he  pros- 

pec t i ve  subcontractors were encouraged t o  innovate. Only c e r t a i n  ,parameters 

were t i g h t l y  c o n t r o l  l ed ;  i .e. , those which a f f e c t  t o t a l  system performance such 

as p o i n t i n g  accuracy. C l i f t o n  Prec is ion  I n c . , ' C l i f t o n  Heights, N.J., and 

Berger Lahr Corp., Ja f f r ey .  N.H., were morlestly funded t o  prcpare p r e l  iminat;y 

designs and c o s t  est imates f o r  va r ious  product ion q u a n t i t i e s  up t o  1,000,000 

u n i t s / y r .  Although no t  funded, o thers  were s u f f i c i e n t l y  i n t e res ted  i n  t he  

program t o  prepare conceptual designs and cos t  estimates. As a r e s u l t  of design 

and c o s t  comparisons, the C l i f t o n  Prec is ion  assembly was chosen fo r  the commercial 

pl; .nt p re l im ina ry  design. D e t a i l s  o f  t h i s  design a re  discussed i n  the  f o l l ow ing  ' 

sect ion.  Discussion of o ther  g imbal lac tuator  designs considered i s  g iven i n  

Appendix A. 

2.3.5.1 Gimbal/Actuator Design Descr ip t ion  

The g imba l lac tua to r  assembly shown i n  F igure 2.3.5.1-1 i s  designed t o  meet 

the  Uoeing spcc i f  i e d  require~nerr l s  f o r  a  1 ow cos t  electromechanical azimuth 

elevdliun h e l l o s t a t  d r i v e  system. The design inc ludes an e l eva t i on  ac tua to r  

and an azimuth ac tua to r  which, when coup.led together,  a c t  as an i n t e g r a l  gimbal/ 

ac tua to r  assembly. The method o f  coupl ing provides adjustment f o r  pe rpend i cu l a r i t y  

o f  t he  azimuth a x i s  r e l a t i v e  t o  the e l eva t i on  ax is .  The assembly i s  capable o f  

r o t a t i n g  the r e f l e c t o r  f 180' i n  the azimuth ax i s ,  and a t o t a l  o f  178' i n  the 

e l e v a t i o n  ax is .  

The in te rna ' l  design o f  t he  i n d i v i d u a l  ac tua to rs  i s  i d e n t i c a l ,  i.e., a  stepper 

motor i s  coupled through a  spur gear t r a i n  t o  the  r o t a r y  output  shaf t .  

A m u l t i p o l e  synchro transducer i s  d i r e c t l y  coupled t o  the output  sha f t .  This 

arrangement provides r e f l e c t o r  p o s i t i o n  feedback information w i thou t  in t roduc ing  

gear t r a i n  e r ro r s .  To achieve long 1  i f e ,  a  brushless design i s  used f o r  both 

the  stepper motor and synchro t ransducer.  The on l y  design d i f f e rence  between 

the  azimuth and e l eva t i on  ax i s  i s  t h e i r  cas t  metal housings. 



Electrical excitation and feedback signals are conducted through a separate 

cable assembly for each actuator. The cable assemblies terminate a t  the 

control electronics package located on the he1 ios ta t  access hatch. 

The synchro transducer feedback signals are  converted to a binary output 
equivalent to those produced by an encoder. The conversion will take place in 

the electronics package using a microprocessor-based synchro-to-digital converter. 

The encoded posi ton of the mirror will be compared to the stored position sent 

to the he1 ios ta t ,  and the resulting error wi 11 be used to drive the stepper motor 

to correct the position. The system identified i s  closed loop, thereby correcting 

for gear and backlash errors.  The position accuracy of the "encoded" synchro 

i s  expected to be about 15 bi ts .  

The Cl ifton Precision approach. uti 1 izing a mu1 t ipole synchro transducer optimizes 

design performance versus maintenance by eliminating the inherently short l i f e  
l ight  source incorporated in photoelectric encoders. The synchro transducer 

approach a1 so ,a1 lows placement of ref1 ector-posi ton signal -conditioning electronics 

on the heliostat  access hatch. This f a c i l i t a t e s  maintenance of fai led 

electronic components. To further minimize maintenance, the actuators u t i1  ize 

1 ife-sealed beari'ngs and dry film lubricated gears which eliminates the need for 

o i l .  These features allow for scheduled maintenance of the pedestal mounted 

girnbal/actuator components to coincide with the protective enclosure change. 

I n  summary, the Clifton Precision concept was chosen primarily for  i t s  low cost 

and ease of maintenance of el ectroni cs associated with the syncro position sensor. 

m 0 
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2.3.6 Con t ro ls  

2.3.6.1 He1 i o s t a t  C o n t r o l l e r  Design 

The design o f  t he  h e l i o s t a t  c o n t r o l l e r  has been r e f i n e d  and simp1 i f i e d  

t o  enhance h igh  volume, low cos t  product ion.  The b lock diagram i n  

F igure 2.3.6.1-1 shows t he  cu r ren t  con f i gu ra t i on  which uses s t a t e  o f  

t he  a r t  l a r g e  sca le  i n t eg ra ted  (LS I )  devices, some o f  which were no t  

ava i l ab l e  one year  ago. A d e t a i l e d  system desc r i p t i on  can be found i n  

Reference 2.3.6-1 , Paragraph 3 . 3 . 4 ,  page 72. Func t iona l l y ,  tl'1er.e has 

been no change. 

The r e f i n e d  design, shown i n  F igure 2.3.6.1-2, incorporates improvements 

which e l im ina te  a l l  hand so lder ing  and most hand assembly, reduces pa r t s  

count by combining pa r t s  w i t h  a  cornion funct ion,  and improves r e l i a b i l i t y  

by reducing pa r t s  count. A s i ng l e  power t ransformer w i t h  th ree  secondaries 

has replaced the th ree  transformers p rev ious ly  used . i n  the th ree  " o f f  

the she1 f "  power suppl i es .  R e c t i f i e r s ,  f i  1 t e r s  and regu la to rs  were 

added t o  t h e  s i n g l e  PC board. Push-on te rmina ls  are used f o r  the  power 

cab le  w i t h  a  push-in s t r a i n  r e l i e f .  A card edge connector has been 

incorporated i n t o  t he  transformer f o r  connecting t ransformer secondaries 

t o  the  c i r c u i t  board. Unregulated u n f i l t e r e d  DC i s  used f o r  the stepper 

motors, f i l t e r e d  06 i s  used f o r  the modem t ransmi t te r ,  and regula ted 

f i l t e r e d  power i s  used f o r  the  remainder o f  the e l ec t r on i cs  i nc l ud ing  

the  micro-processors. 

The p r i n t e d  c i r c u i t  board provides f o r  an edge connection t o  t he  t rans -  

former secondaries. A1 1  o ther  e l e c t r o n i c  components a re  loca ted  on the  

board. Par ts  were se lected t o  permi t  100 percent automatic i n s e r t i o n  and 

f l o w  so lder inq.  No hand w i r i n g  i s  requ i red  on t h r  PC board. 
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Figure 2.3.6.1-2. Hcliosrat Conrmller 



To suppor t  a  maintenance t r a d e  study, h i g h  r e l i a b i l i t y  p a r t s  were 

s u b s t i t u t e d  i n t o  t h e  h e l i o s t a t  c o n t r o l l e r  desi,gn f o r  commercial p a r t s  

which were s i g n i f i c a n t i y  lower i n  hardware y e l i a b i l i t y .  H e l i o s t a t  con- 

t r o l l e r  f a i l u r e  r a t e  was improved from 31.854 f a i l u r e s  pe r  m i l l i o n  opera- 

t i n g  hours (MOH) t o  5.79 f a i l u r e s  per  MOH. U n i t  c o s t  i nc rease  t o  achieve 

t h i s  improvement i s  approx imate ly  22% i n  q u a n t i t i e s  o f  25,000. See 

Sect ion 4.5 f o r  a  d e t a i l e d  e x p l a n a t i o n . o f  t r a d e  s tudy r e s u l t s .  

The data bus c o u p l i n g  t ransformer  has been redesigned t o  p rov ide  sim- 

p l i f i e d  f i e l d  i n s t a l l a t i o n  o f  t h e  data  bus cab le  (see F igu re  2.3.6.1-3). 

The data bus "J" box w i t h  te rm ina l  s t r i p s  i s  no longer  r e q u i r e d  (see 

F i g u r e  2.3.6.1-4). I n s t a l  l a t i o n  t ime  and hardware cos ts  have been g r e a t l y  

reduced. 

A l l  i n p u t s  and ou tpu ts  t o  and from t h e  PC board a re  made v i a  low-cost ,  

machine i n s t a l l e d  connectors so t h a t  replacement o f  any p a r t  o f  t he  

c o n t r o l  e l e c t r o n i c s  i s  qu ick  and easy. Th is  ' i s  e s p e c i a l l y  impor tant  

f o r  f i e l d  maintenance. 

As a  r e s u l t  of  des ign improvements, a  c o s t  r e d u c t i o n  o f  approximately 

40% was r e a l i z e d  f o r  a  unit., f ab r i ca ted  w i t h  c u ~ ~ n r ~ e r c l a l  pa r t s ,  and a 

30% r c l d ~ ~ c e i o n  f o r  J. u n i t  r d b r l c a t e d  w i t h  h i g h  r e l i a b i  1 i t y  pa r t s ;  i n  

q u d r ~ t i t l e j  u t  2500. Cost r e d u c t i o n  i s  g r e a t e r  f o r  l a r g e r  q u a n t i t i e s .  

2.3.6.2 Al ignment 

The al ignment approach se lec ted  f ~ r  t h ~  r o m e r c i a l  p lan ' l  preliminary 

des ign a1 lows non-p.recise i n s t a l  l a t i o n  of t h e .  re f1  e c t o r  pedestal ,  and 

comple te ly  e l i m i n a t e s  t h e  requirement f o r  f u t u r e  ad, jus tm~nt .  The 

I?pp\-oact~ uses a c i r . cu la r  sensor a r r a y  i n s t a l l e d  .on t h e  tower below t h e  

r e c e i v e r  as shown i n  F igu re  2.3.6.2-1. Hardware r e q u i r e d  i s  shown i n  

the  b lock  diagram F igu re  2.3.6.2-2, i n c l u d i n g  the  sensors and a  sensor 

data  a c q u i s i t i o n  system. Rcquired serlsor spacing i s  t o  be determined. 

L a s e r l g e o d o l i t e  survey equipment determines h e l i o s t a t  l o c a t i o n  i n  the  

f i e l d  f o r  a l ignment software. No o t h e r  hardware i s  r e q u i r e d  f o r  i n i t i a l  

a1 ignment o r  subsequent r e a l  ignment. 
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Figure 2.3.6.1-4. Heliostat Controller Installation 
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Figure 2.3.6.2- 1. Alignment Schematic 

Alignment Scenario 

He1 i o s t a t  foundations are i n s t a l  1  ed on loca t ions  determined' by conven- 

t i o n a l  surveying. As each he1 i o s t a t  i s  i n s t a l  led, . i t s  pos i t i on  i s  deter- 

mined using a  laser /geodol i te  i n  the ranging and angle mode. Surveyed 

bench marks are used f o r  d i rec t i ona l  reference. Receiver pos l t i on  i s  

determined i n  a  l i k e  manner. 

!l~inCJ a manual he1 i o s  t a t  c o n t r o l l e r  connected t n  1 data hus, each mir\*ai$ 

i s  mdi~udl ly  pasl t ioned so t h a t  the re f lec ted  sun image f a l l s  w i t h i n  the 

boundaries of the a1 ignment array. (The cont ro l  system must be operat ional .) 

Upon command, the computer reads data from .;he sensor array and calcu lates 

the energy centroid.  The fo l low ing  data are now avai lab le.  

1)  Absolute pos i t i on  of the center o f  the mi r ro r .  

2) Absolute pos i t i on  nf t h ~  ta rge t .  

3)  Angular p o s i t i o n  o f  the sun, based on ephemeris data and time 

o f  day. 

4 )  Energy cent ro id  o f  the re f l ec ted  image. 

5 )  Angular p o s i t i o n  o f  m i r r o r  gimbal, azimuth and e leva t ion  w i t h  

regard t o  a  gimbal reference. 
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Figure 2.3.62-2. Block Diagram of Heiiostat Alignment Electronics 



Using t h i s  in fokmat ion  the  gimbal angles requ i red  t o  p o s i t i o n  the  r e f l e c t e d  

image onto t h e  t a r g e t  can be ca lcu la ted.  However, s ince the  ~ e f l e c t o r  

pedestal was i n s t a l  l e d  w i t h  loose to lerances,  a t  a  d i f f e r e n t  t ime of 

day the image may n o t  h i t  t he  t a r g e t  where programmed. This i n s t a l l a -  
\ 

t i o n  approach was se lected t o  reduce i n s t a l l a t i o n  costs.  The amount 

o f  l e v e l  o f f s e t  must be known so t h a t  a  gimbal azimuth and e l eva t i on  

angle t r anspos i t i on  can be ca lcu la ted  t o  insure  c o r r e c t  p o i n t i n g  

througbo~.~t. t he  s o l a r  dav, and from day t o  day. Rather than make a 

d i r e c t  measurement o f  t h i s  parameter, t he  a1 ignment procedure 1 s repea Led 

one o r  more t imes a t  a  d i f f e ren t  t ime of day. Each time, the gimbal 

c o r r e c t i o n  requ i red  t o  a l i g n  the  image on the a r ray  i s  noted and a 

c a l c u l a t i o n  made t o  determine gimbal of fsets from l e v e l .  

The al ignment concept le@s i t s e l f  t o  automatic al ignment checks a f t e r  --. 
4-riii'ltial al ignment i s  complete. A t  any t i h e  dur ing  the  day the  computer 

" .. ._ 

commands a he1 i o s t a t  f i r s t  t o  a  standby pos i t i on ,  then t o  the  a l i g n  

pos i t . ion (image on t h e  al ignment a r ray ) .  The energy cen t ro i d  i s  

ca l cu l a ted  f rom the  sensor data and the  gimbal i s  automatica11y re-  

o r i en ted  i f  requ i red  so t h a t  a  1  f between .the energy cen t ro i d  and 

the-center  o f  the m i r r o r  i s  normal t o  t h e  center1 i n e  o f  the  tower, 

The requ i red  gimbal azimuth and e l eva t i on  t r anspos i t i on  angles a re  

updated'accordingly.  Alignment checks can be made cont inuous ly  i f  

d i c t a t e d  'by, experience. Two d iamet r i ca l  l y  opposed he1 i o s t a t s  can be 

checked s imhtaneous ly  . The sequerice should a1 1 ow up t o  f o u r  he1 i o s t a t s  

per minute t o  he a l igned  w i t h  no manpower, unless the sequence f o r  an 

i nd i v i dua l  he1 i o s t a t  cannot be successfu l ly  completed. When t h i s  occurs, 

the problem he1 i o s t a t  i s  au tomat i ca l l y  taken o u t  o f  service,  the  operator  

a1 er ted,  and maintenance personnel a re  dispatched. 



2.3.7 H e l i o s t a t  Thermal Ana lys is  

A heat  balance and thermal design v e r i f i c a t i o n  i s  presented f o r  t h e  

p ro to type  h e l i o s t a t .  Design requirements a r e  es tab l i shed  based on 

the Barstow thermal environment. The he1 i o s t a t  system i s  r e q u i r e d  t o  

operate  w i t h  ambient a i r  temperatures which range from -30 t o  5 0 ' ~  

w h i l e  being exposed t o  wind, sun1 i g h t ,  and o the r  environmental c o n d i t i o n s  

t y p i c a l  o f  t h e  Southwest Un i ted States. I n d i v i d u a l  components such as 

r e f 1  ec tor ,  enclosure, gimbal d r i v e  systems, and e l e c t r o n i c s  each have 

t h e i r  own opera t ing  temperature requirements which a r e  e s t a b l  ished based 

on t h e  commonly accepted l i m i t s  f o r  cand idate  p ro to type  h e l i o s t a t  m a t e r i a l s  

and components. 

Pro to type he1 i o s t a t  temperatures a r e  descr ibed f o r  "wors t  case" 

environmental cond i t i ons .  These p r e d i c t i o n s  show t h a t  t h e  p ro to type  

he1 i o s t a t  design i s  the rma l l y  acceptable f o r  t h e  p i 1  o t  p l a n t  environment. 

Th is  d i s c u s s i o n ~ c o v e r s  th ree  major top ics .  H e l i o s t a t  thermal design 

requirements a r e  descr ibed i n  2.3.7.1. The ana lys fs  model developed 

f o r  these s tud ies  i s  descr ibed i n  2.3.7.2. Resu l ts  and conclusions 

o f  t h e  h e l i o s t a t  thermal ana lys i s  a r e  descr ibed i n  2.3.7.3. 

2.3.7.1 Thermal Design Requirements 

Two design days a r e  u t i l i z e d  t o  def ine t h e  range o f  environmental 

c o n d i t i o n s  which a r e  expected f o r  t h e  Proto type h e l i o s t a t .  They 

charac te r i ze  t h e  Barstow s i t e ,  o r  o t h e r s  hav ing s i m i l a r  c l i m a t i c  

cond i t i ons  and l a t i t u d e .  Worst summer h o t  and w i n t e r  c o l d  days def ine 

the extreme c o n d i t i o n s  f o r  which o n l y  occasional  events can be expected 

b u t  s a t i s f a c t o r y  s h o r t  te rm performance i s  requ i red.  Table 2.3.7-1 

descr ibes the  environmental cond i t i ons  assumed f o r  these days. 



Table 2.3.7-1. Thermal Design Conditions Summary 

Desiqn day 

Hot Cold 
Summer Winter 

0 0 
Max 50 (1 22) 

no i l y  temperature range C( F) M i ,  34 (93) 

Sky temperature OC Ambient minus 6 Ambient minus 20 

Average wind mlsec (milhr) 2.0 (4.5) 6.0 (13.4) 

Direct t o t a l  insolat ion a t  noon 1,005 
w/m2 

Figure 2.3.7-1 describes ambient a i r  temperatures assumed f o r  the 
design days. Nominal ambient temperature data a r e  30 day averages of 

hourly temperatures taken from the "Aerospace Data Tapes" f o r  Inyokern, 
Cal i forn ia ,  1962 and 1963. The summer data i s  col lected f o r  15 days, 

each s ide  of August 7, and winter for  15 days each s ide  of December 21. 

The hot summer day temperature p ro f i l e  r e su l t s  by equally increasing 
the nominal surmer day p ro f i l e  so tha t  i t  reaches a  da i ly  maxfmum 

of 50°C (122'~).  The cold winter day, jenerated s imi lar ly  from nominal 

winter data ,  reaches a  da i ly  minimum of -30 '~ (-22'~).  

Figure 2.3.7-2 describes "Direct Total Insolation" as  affected by 

so la r  elevation angle and time of year. Here, ra ther  than u t i l i z i n g  

only d i r e c t  insolat ion,  t o t a l  so lar  f lux  i s  used. The "Direct Total 

Insolation" includes a1 1 so la r  radiat ion which reaches the  gruur~d and 

assumes i t  t o  be d i r e c t  and circumsolar f lux.  The data a re  best  

sui ted f o r  thermal analysis  on c l e a r  days, a  typical condition fo r  
both the ho t t e s t  sumer  and coldest  winter days. 
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The wind speed assumed fo r  the thermal analyses were determined from 

the  speed frequency d i s t r i b u t i o n  included i n  the  spec i f i ca t i ons .  

For the  c o l d  w in te r  case a 6 m/s value was assumed. This represents 

a maximum f o r  approximately 70% o f  the time. Th is  should maximize 

the convect ive l o s s  from the dome, thereby producing co ldes t  temperatures. 

S im i la r l y ,  2 m/s was chosen f o r  the ho t  summer day. 

Temperature c r i t i c a l  components o f  the prototype h e l i o s t a t  a re  l i s t e d  

i n  Tab1 e 2.3.7-2, a1 ong w i t h  t h e i r  operat ing and non-operati ng temperature 

l i m i t s .  These temperatures a re  abtained from a v a r i e t y  o f  sources. 

Consul ta t ion w i t h  vendors and cognizant subsystem engineers provides 

i n i t i a l  opera t ing  temperature goals. lhese are the  l i m i t s  wnlcn r e s u l t  

i n  n e g l i g i b l e  impact o f  operat lng temperatures on cost,  performance, 

and r e l i a b i l i t y .  The design i s  i n i t i a l l y  evaluated w i t h  respect t o  

accomplishment o f  these temperature goals. The enclosure, r e f l e c t o r ,  

gimbal d r i v e  motms, synchros and gear d r i v e  u n i t s  d i d  not  requ i re  

temperature range increases over t h e i r  i n i t i a l  goals. The he1 i o s t a t  

e l ec t ron i cs  temperature 1 imi  t s  had t o  be increased from i n i t i a l  values 

t o  those shown i n  Table 2.3.7-2 by u t i l i z i n g  some mil-spec type 

components. Also the power suppl ies contained w i t h i n  t h i s  u n i t  are 

designed w i t h  h i gh  conversion e f f  i c iency .  Even so, the power suppl i e s  

d i ss i pa te  h a l f  of t he  approximately 50 wa t t  e l e c t r f c a l  Inpu t  t o  the 

operat ing h e l i o s t a t .  

TABLE 2.3.7-2 TEMPERATURE LIMITS 

System environment and temperatures : 

30' t o  +60°c nonopcrating 

-20' t o  +50°c operat ing 

Gimbal d r i v e  motor 
Gear d r i v e  
Snychro 

Humidity and i n s o l a t i o n  i n  southwest U .S .  

He1 i o s t a t  e l ec t ron i cs  

Components 

Enclosure 
Ref1 ec to r  

Temperatures ( 'c )  
Nonopera t i  ng I Opera t i ng 

I 

-35 t o  55 
-35 t o  65 



2.3.7.2 Analys is  Model 

The Boeing Thermal Analyzer Computer Code has been u t i l i z e d  f o r  these 

studies.  It i s  a 1 umped parameter forward d i f fe rence  analyzer capable 

o f  steady s t a t e  and t r a n s i e n t  s imulat ions.  The problem has been formulated 

by de f i n i ng  c o l l e c t o r  thermal in ter faces throughout a 24-hr. day o f  i n t e r e s t .  

I n i t i a l  temperatures a re  assumed and temperatures. determined as func t ions  

o f  t ime fo r  several consecut ive i d e n t i c a l  days. When temperatures 

begin t o  repeat  on a 24-hour cycle,  the process i s  complete and f i n a l  

day temperatures a re  reported. 

The thermal ana lys is  model includes a s i n g l e  he1 i o s t a t  w i t h  thermal 

boundary cond i t i ons  which include: a i r ,  sky and surrounding ground 

1 eve1 temperatures and s o l a r  heat ing of components. A comprehensive 

1 i . s t ing  o f  he1 i o s t a t  heat t rans fe r  mechanisms used i n  t h i s  ana lys is  ,. 

and t h e i r  independent va r iab les  i s  shown on Table 2..3.7-3. 

Table 2.3.7-3 Heat t rans fe r  Mechanisms - Prototype HelSostats 

External  rnechani sms Independent va r iab les  

D i r e c t  s o l a r  heat ing Solar  e levat ion,  azimuth, i n t e n s i t y  
a t  ground 

Radiat ion t o  sky surroundings Temperatures of sky and surroundings 

Forced convect ion A i r  temperatures, wind ve loc i t y ,  
he1 i os  t a t  geometry 

Solar  heat ing v i a  r e f l e c t i o n  Go1 l e c t o r  f i e l d  layout ,  o r i e n t a t i o n  
of adjacent r e f l ec to r s ,  s o l a r  
e levat ion,  azimuth, i n t e n s i t y  
s o l a r  r e f l ec tance  o f  ground 

I n te rna l  mechanisms 

Solar absorpt ion r e f l e c t i o n  He1 i o s t a t  thermal coat ings,  
and shadowing r e f l e c t o r  o r i en ta t i on ,  solar 

azimuth and e l eva t i on  

Free convect ion A i r  and component temperatures, 
geometry 

Radiant exchange 

Thermal capac i ty  

H e l i o s t a t  thermal coatings, 
r e f l e c t o r  . o r i en ta t i on  

Component mass and mate r ia l s  



The thermal analysis has assumed the heliostat was located 1200 meters 

north and 430 meters east of the tower. Solar incidence and 
reflector normal directions were calculated a t  hourly interval s for 
the winter and summer solstices. Solar input t o  each component was 

calculated for each incidence and normal direction combination. 

Thermal radiative interchange was calculated assuming the reflector 
was oriented a t  an "average" 45' orientation to the horizontal. 

2.3.7.3 He1 iostat  Thermal Performance Results 

The He1 ios LA L T h ~ r m i t l  Model has bodn exercised for two operating 

conditions - cold winter and h o t  summer. The heliostat temperature 

variations are presented in Figures 2.3.7-3 and 2.3.7-4. Each of 
these cases actually represents a number of sequential identical days. 
In the thermal model the diurnal conditions are repeated until equal 

temperatures occur on successive days. This process generally requires 

2 to 4 "days" operation. 

In both the cold winter and hot summer cases, Figures 2.3.7-3 and 

2.3.7-4 show the 1 arge-scale prototype he1 instat  component temperatures 

fol 1 owing closely the ambient a i  i t  Le~nperature. A1 1 t h e  component 
temperatures t%maf n W I  thin loot  of the ambient. Local temperature 
differences may be larger than this in the area of heat dissipative 

components, e.g. heliostat electronics and gimbal motors. The range 
of temperatures expected by these components wi.11 be discussed la ter .  

Cold winter temperatures for the enclosure, reflector and inside a i r  
are, in general, lower than the ambient by about 2-3'~, whereas for the 

h o t  summer the d5fFerence f s  l-2%. This is  caused by the radiation 

losses to the colder winter sky temperature over the warmer summer 

sky temperatures. The relatively larger heat capacitance of the dish 
i s  seen t o  produce a "lagging" effect in the dish temperature profile. 
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Fbure 2.3.7-3. Prototype Heliostat Thermal Analysis 

Figure 2.3.74. Prototype Heliostat TAermal Analysis 



In order to estimate the effect of the above temperature data on the 

heliostat  electronics and gimbal motor temperatures, a separate energy 

balance was performed on each of these components. The estimated 

dissipated power for  the components was 29 watts for the heliostat 

electronics when operating, and 7 watts when in standby status;  and 10.5 

watts for the gimbal motor-s. These energy sources are negligible in 

comparison to  t he  solar sources so they would not affect the large- 

scale component temperatures. However, the local temperbatul-es of thc 

heliostat electronics and gimbal motors would be affected by this  heat 

dissipation. The temperature to which each component would r i se  

to dissipate the appropriate power by natural convection to  the heliostat 

inside a i r  temperature was calculated a t  the maxirnum and minimum inside 

a i r  temperature points. Table 2.3.7-4 presents the resulting prototype 

hcliostat service temperatures. These data indicate only the gimbal 

motor in a nonoperating s ta te  on the cold winter day, would be outside 

the desired temperature limits. This condition could be averted by 

operating the gimbal motor when ambient temperatures drop below -20'~. 



Table 2.3.7-4 Prototype He1 i o s t a t  Service Temperatures 

Max/Mi n Temperatures (OC) 

Hot Col d 
Temperature Sumner Winter 

L i m i t s  Day Day 

Ambient A i r  49/33 -1 5/-31 

Ins ide  A i r  

Enclosure 

Dish - South Sect ion 

Dish - North Sect ion 

Ref 1 ec t o r  651-35 49/33 -18/-33 

He1 i o s t a t  E lec t ron ics  

Opera t i ng loo/-60 97/82 31/16 

Standby 63/48 -3/-18 

Gimbal Motor 

Opera ti ng 

Non Operating 

*Temperature outs ide desi red l i m i t s ,  system turned on e a r l y  w i t h  
ambient temperature be1 ow -20°C. 



3.0 MANUFACTURINGIINSTALLATION CONCEPTUAL DESIGN 

The conceptual des ign o f  manufactur i  n g l i  ns t a l  l a  t i o n  processes has t h ree  

major  ob jec t i ves :  

1 )  To i n f l u e n c e  h e l i o s t a t  component design t r ade -o f f s  t o :  

. be compat ib le  w i t h  maximum u t i l i z a t i o n  o f  automated t o o l i n g  

. s i m p l i f y  design t o  minimize manufacturing/assembly f unc t i ons  

. min imize t h e  l o g i s t i c s  o f  handl ing and t r anspo r ta t i on  from 

raw m a t e r i a l s  t o  the  completed he1 i o s t a t  on s i t e  

. s i m p l i f y  t h e  s i t e  p repara t ion  and i n s t a l l a t i o n  procedures. 

A l l  o f  these f unc t i ons  c o n t r i b u t e  t o  cos t  op t im iza t ion .  

2 )  To develop t he  fabrication/assembly/installation plans which: 

. can accommodate the  spec i f i ed  product ion r a t e s  

. prov ide  conceptual desigi ls o f  t h e  automated t o o l i n g  

. eva lua te  p roduc t ion  r a t e s  o f  the  t o o l i n g  t o  de f i ne  t o t a l  

t o o l  i n y  requ i red  

. d e f i n e  t he  t o t a l  f a c i l i t y  f o r  manufacture, assembly and 

i n s t a l  l a t l a n .  

3 '1'0 develop inanhours and manpower requ i r . e ~ l ~ e r l l ~  rori Fi inct io t~s i n 

the manufactur i 'ng/ insta l  l a t i o n  process, i n c l u d i n g  t he  l o g i s t i c s  o f  

t r anspo r t i ng  h e l i o s t a t  assemblies from the  manufactur ing f a c i l i t y  t o  

each h e l i o s t a t  s i t e .  

The f i r s t  o b j e c t i v e  above supported the  op t im i za t i on  o f  c o s t  whereas, t he  

second and t h i r d  ob jec t i ves  provided a  f i r m  bas is  f o r  c o s t  d e f i n i t i o n  o f  t he  

c a p i t a l  investment i n  f a c i l i t i e s  p l us  the  nianufacturing/instaIlatlon labor cost .  

To accomplish t he  above ob jec t i ves ,  i t  was necessary t o  e s t a b l i s h  a  scenario 

of p l a n t  s izes and p l a n t  l o c a t i o n s  t o  p rov ide  a  bas is  f o r  t he  manufactur ing 

and i n s t a l l a t i o n  p lanning which subsequently i s  used t o  de f i ne  costs.  The 

f o l l ow ing  de f ines  t he  scenar io  (ground r u l e s )  f o r  each o f  the  th ree  s p e c i f i e d  

p roduc t ion  r a t e s :  



1)  A s o l a r  cent ra l  rece iver  power p lan t  has 25,000 h e l i o s t a t s .  

2) Relat ively small land areas  wi l l  be dedicated t o  high dens i ty  

i n s t a l l a t i o n  of s o l a r  power "parks." A s o l a r  power "park" 

' i s  some mul t ip le  of individual s o l a r  p l an t s ,  a s  defined i n  

Item 6. 

3) Solar  parks a r e  located i n  t he  reasonable v i c i n i t y  of popu- 
l a t i o n  centers  t o  assure local  a v a i l a b i l i t y  of manufacturing, 

assembly and s i t e  i n s t a l l a t i o n  labor .  The number of s o l a r  

power "parks" i s  a function of t he  spec i f i ed  production rates 
a s  defined in  Item 6. 

4) For the purpose of cost ing the  de l ivery  of ma te r i a l s ,  assume 

Phoenix, Arizona a s  an average loca t ion  f o r  s i t e s .  

5 )  Transport over dedicated roads wil l  be u t i l i z e d  within the  

boundaries of the  s o l a r  park. Solar  parks a r e  widely separated 

in  the e igh t  southwestern s t a t e s ,  precluding dedicated roads 

between s o l a r  parks. 

6 )  A separa te  scenario i s  assumed f o r  each of  t he  th ree  spec i f ied  

production r a t e s  a s  discussed in  t he  following and summarized 

in  Table 3.0-1. 

25,000 Hel ios ta t s  Per Year 

A s o l a r  park wi l l  contain.  30 power p lan ts  (750,000 

he1 i u s t d t s ) .  The park wi l l  be complctcd in  t h i r t y  

years .  Each plant  within the  park wi l l  be i n s t a l l e d  

sequent ia l ly  such t h a t  one p lan t  i n s t a l l a t i o n  i s  

complete each year.  

250,000 Hel ios ta t s  Per Year 

A s o l a r  park wil l  contain 30 power plants  (750,000 

he1 i o s t a t s ) .  Each power park i s  completed in  t h i r t y  

years  a t  a r a t e  of one p lan t  per year .  Ten parks 

a r e  in  simul taneous construct ion.  



TABLE 3.0-1 

SOLAR FLANT INSTALLATION ASSUMPTIONS 

.- 
Annual Production Rate 

25,000 250,000 1,000,000 

He1 iosta ts  Per Plant  

Total  Plants i n  30 Years 

Number o f  So1a.r Pa-ks 

Plants Per Park 

Years to  Complete a Park 

Plants Complete Per Year Per Park . 

Number of Parks in Simultaneous Constructi,on 

Plants Complete Per Year 



1,000,000 He1 i o s  t a t s  Per Year 

A s o l a r  park w i l l  con ta i n  60 power p l an t s  (1,500,000 

h e l i o s t a t s ) .  Each power park  w i l l  be completed i n  

t h i r t y  years a t  a r a t e  of two p lan t s  per  year .  

Twenty parks a r e  i n  simultaneous cons t ruc t ion .  

I n  u t i l i z i n g  the  above.scenario, the  manufacturing/installation p lan  

was f u r t h e r  developed us ing  the  ground r u l e s  es tab l i shed  i n  Table 3.0-2. 

As seen i n  Table 3.0-2, the  manufactur ing p lan  pkovides f o r  an o n - s i t e  

assembly f a c i  1 i t y  a t  each s o l a r  park 1 ocat ion.  This f a c i  1 i ty  completes 

a l l  the  f a b r i c a t i o n  and i n s t a l l a t i o n  of h e l i o s t a t s  f o r  the  30 year  

cons t ruc t i on  per iod  o f  t he  s o l a r  park. The f o l l o w i n g  descr ibes one such 

f a c i l  i t y  and the manufactur ing concept which w i l l  achieve the h i g h  

i n s t a l l a t i o n  ra tes .  



TABLE 3.0-2 

MAt4UFACTURING/INSTALLATION GROUNDRULES 

ANNUAL PRODUCTION RATE 

He1 i o s t a t s  per year per F a c i l i t y  (park) 

Working days per year 

He l i os ta t  production per day per park 

Number o f  s h i f t s  per day 

-I 
-I 

Ef fec t i ve  hours per day 
P 

He1 ios  t a t s  product ion per hour 

Dimensions o f  Plant  (mi les on a sidme) 

Dimensions o f  Park (mi les on a side) 

Average distance from Mfg. Fac. t o  s i t e  (mi les)  



3.1 HELIOSTAT MANUFACTURING CONCEPT 

The smal ler  components and d e t a i l  pa r t s  which a re  r e a d i l y  shipped by 

t r uck  o r  r a i l  w i l l  be procured from o f f - s i t e  sources. The l a r g e  compon- 

ents such as the base d i s h  and the  enclosure w i l l  be manufactured on- 

s i t e .  Table 3.1-1 i s  a MakelBuy l i s t  f o r  h e l i o s t a t  components. 

Figures 3.1-1 through F igure 3.1-9 i l l u s t r a t e  the approach t o  the manu- 

f a c t u r i n g  plan. The incoming procured components and the raw mater ia l  

stock f o r  the  "make" components f l ow  through rece iv ing / inspec t ion  

s to res  adjacent t o  the  product ion assembly l i n e s .  The pa r t s  handl ing 

equipment and t he  manufactur ing assembly t o o l  i ng w i  11 be h i g h l y  automa ted  

t o  achieve the  product ion ra tes .  Three bas ic  branches o f  the assembly 

l i n e  are: 

1 ) Support s t ruc tu re ,  

2 )  Re f l ec to r  assembly, and 

3) Enclosure f ab r i ca t i on .  

These th ree  bas ic  l i n e s  feed t o  the f i n a l  assembly area. The f i n a l  

assembly p o s i t i o n  i n s t a l l s  and pressur izes the  enclosure. The completed 

he1 i o s t a t  i s  then at tached t o  the  he1 i o s t a t  t r anspo r te r  and de l  ivered 

t o  the h e l i o s t a t  s i t e .  The h e l i o s t a t  assembly f i x t u r e  i s  the t rans-  

p o r t a t i o n  f i x t u r e  which i s  designed t o  a l so  f a c i l i t a t e  the  i n s t a l l a t i o n  

a t  the s i t e .  The conceptual designs o f  t he  manufactur ing processes 

and automated t o o l  i n g  a re  descr ibed i n  t he  f o l  lowing paragraphs. 

On S i t e  Fab r i ca t i on  and Assembly F a c i l i t y  

The on s i t e  assembly and checkout f a c i l i t y  i s  contained i n  a s i n g l e  

s t o r y  b u i l d i n g  designed f o r  a 30 year mininiurlr 1 Ffe. The b u i l d i n g  

w i l l  be provided w i t h  t he  normal u t i l i t i e s ,  conveniences and f i r e  

p ro tec t i on  t o  conform t o  l o c a l  b u i l d i n g  codes. See F igure  3.1 .O. 



Table - 3.1-1 MAKE/BUY PLAN 

Make (8) 
ITEM Buy (B) Drawing Number 

Support r i n g  - segments B 277-1 0048-41 

Stanchions B 277-10048-5 

Pedestal B 277-10048-6 

Enclosure a t t ach  r i n g  B 277-1 0048-X 

Ref lec to r  r i n g  cornps & spokes 

Hatch assy 

Flanges - hatch 

Gimbal assy 

A i r  Supply assy 

Re1 l'ef 'Valve assy 

Electronics equipt.  & Harness w i re  

P i l i n g  i n s t a l l a t i o n  

Hub 

Tee ' s 

Base d i sh  

Enclosure 

He l i os ta t  Assy & i n s t l  

Reflector assy 

277-10051 -7 ~ u b e  r i n g  
277- 10051 -8 Tube SUpt 
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Figure 3.1. Onsite Assembly Facility 



A h igh bay area o f  35,000-45,000 sq. ft. i s  provided f o r  the enclosure 

thermoforming area and the enclosure i n s t a l l a t i o n  area t o  provide the 

necessary overhead h o i s t  clearances. E x i t  doors t o  a l low the h e l i o s t a t  

t o  leave the  f i n a l  assembly area f o r  the f i e l d  w i l l  be 40' x 40'. A1 1 

add i t iona l  f a c i  1 i t i e s  such as special ized a i r  condit ioning, unique elec- 

t r i c a l  power requirements and high volume a i r  sources f o r  the g r i t  

b last ,  vapor b last ,  pa in t ing  f a c i l i t y  and enclosure thermoforming area, 

are included i n  the  cos t  o f  ind iv idua l  equipment. 

~ a s e  Assembly 

The support r i n g  I s  fabricated from s i x  eun~pur~er~l  par-15; tlrr'ee r i n g  

segments, and three stanchions. These are loaded i n t o  the assembly 

j i g  and welded as shown i n  Figure 3.1-1. 

Ths dish i s  fabr ica ted  from f i v e  steel  sheets ( r o l l  stock), b u t t  

welded together t o  form a s ing le  r o l l .  This r o l l  i s  passed through 

the forming press t o  shape the ,dish and then through the c i r c l e  shear, 

where thc .d i sh  i s  trimmed t o  ne t  s ize.  . The sequence o f  operations i s  

shown i n  Figure 3.1-2. The d ish  i s  now routed t o  the sub-assembly 

area where the prefabr icated hatch and enclosure attachment r i n g  are 

ins ta l led .  

The support r i n g  assembly i s  routed th ru  the g r i t  b l a s t  area t o  remove 

scale and weld slag, the d ish  i s  routed t o  the hdjacent vapor b l a s t  

area t o  remove o i l  and other contaminates detrimental t o  paint ing. 

The r i n g  assy. and d ish  are now routed t o  the weld area t o  be joined 

before rou t i ng  t o  the pa in t ing  f a c i l i t y  where a primer coat w i l l  be. 

appl ied and quick d r i e d  th ru  an i n f r a  red cure cycle. (See Figure 3 .1 -3 ) .  

The f i n i s h  coat w i l l  be appl ied i n  a s im i l a r  manner. The support f i n g /  

d ish  assembly and the prefabricated r e f l e c t o r  pedestal are then loaded 

i n t o  the base assembly f i x t u r e  (see Figure 3.1-4) which w i l l  p rec ise ly  

loca te  the pedestal w i th  respect t o  the.base assembly. The f i x t u r e  



Figure  3.1-1 Support Ring Welding F i x t u r e  
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figure 3.1-3. Clean, Paint and Weld Station 
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provides a r i g i d  s t r uc tu re  t o  support the he1 i o s t a t  through assembly 

and w i l l  remain w i t h  the he1 i o s t a t  u n t i l  i n s t a l l a t i o n  i n  the f i e l d .  

This f i x t u r e  and i t s  in ter faces w i t h  t he  t ranspor te r  and the, foundat ion 

a t  the s i t e ,  w i l l  be f u r t h e r  described i n  the  i n s t a l l a t i o n  conceptual 

design, Sect ion 3.2. 

Ref 1  ec to r  Assembly 

The th ree  ram-formed r e f 1  ec to r  r i n g  components, th ree  spokes, attachment 

tees and the  cas t  cen te r  hub f i t t i n g  a re  purchased components. These 

items f low from r e f l e c t o r  assembly s tores t o  the f i x t u r e  as shown by 

F igure 3.1-5 where the components a re  p roper l y  pos i t i oned  and he ld  t o  

a  p lanar  sur face dur ing  the electromagnetic swaging of each j o i n t .  The 

f in ished r i n g  s t r u c t u r e  assembly i s  then moved t o  the  f i n a l  r e f l e c t o r  

assembly j i g .  

The aluminized po lyester  r e f l e c t o r  membrane w i l l  be procured i n  the  

maximum p r a c t i c a l  w id th  r o l l s .  Each r e f l e c t o r  membrane may requ i r e  

seven widths o f  the f i l m .  The s t r i p s  w i l l  be bonded together on a 

continuous f low t oo l  designed t o  handle, support and p ro tec t  the d e l i c a t e  

f i lm.  The bonded seams ( s i x )  w i l l  u t i l i z e  a  sandwich type l a p  j o i n t  

w i t h  a  s o l i d  form po lyes te r  thermosett ing adhesive. The adhesive w i l l  

be ac t i va ted  and cured i n  place by an e l e c t r i c a l  impulse heater. 

The r e f l e c t o r  r i n g  i s  prepared f o r  the membrane honding operat ion by 

c leaning the bond surface o f  the r i n g  w i t h  so lvent .  Heat ac t i va ted  

adhesive tape i s  then pos i t ioned on the r i n g  and heat-tacked a t .  ten 

inch  i n t e r va l s .  The po lyester  used as the  r e f l e c t i v e  sur face i s  handled 

on two r o l l s  i n  a  s c r o l l  arrangement as i l l u s t r a t e d  i n  F igure 3.1-6. 

A l eng th  o f  the  f i l m  i s  r o l l e d  o f f  the d ispenser - ro l l  across the area 

where the'  bonding i s  done. The scrap f i l m  i s  r o l l e d  up on a take-up 

r o l l .  The r e f l e c t o r  r.irig i s  then pos i t ioned under the leng th  o f  f i l m .  



R I N G  SEGMENT (3 )  

ELECTRO MAGNETIC 

Figure 3.1-5. Reifecror Ring Assembly Fixtuw 



Figure 3.16. Bonding Reflective Surface to Ring Assembly 



Clamp r i ngs  from above and below the f i l m  sheet, clamp the f i l m  and 

s t r e t c h  i t  over  t he  r e f l e c t o r  r i ng .  Simultaneously, a c u t t e r  on the 

upper r i n g  shears o f f  t h e  c i r c u l a r  sect ion o f  f i l m  he ld  by the clamps. 

Next, a heater r i n g  drops down on the  assembly t o  bond the r e f l e c t i v e  . 

f i l m  t o  the  r e f l e c t o r  r i ng .  A f te r  bonding, the clamp r i n g s  are released 

and t h e  r e f l e c t o r  moves on t o  have the f i l m  trimmed t o  the  outs ide edge 

o f  the  bond l i n e .  The completed r e f l e c t o r  i s  then moved t o  p o s i t i o n  

f o r  assembly t o  gimbal mounting p la te .  

Enclosure 

The enclosure i s  thermoformed from a weatherized po lyes te r  f l a t  sheet 

blank. Th is  thermoforming technique has been demonstrated by small 

models bu t  requ i res  f u r t h e r  development fo r  forming o f  f u l l  sca le  

enclosures. The development work t o  date has been w i t h  undrlenred 

po lyes te r  f i l m .  Radiant heat lamps have been used as the heat source 

i n  t he  f a c i l i t y  diagrammed i n  F igure 3.1-7. A p i c t u r e  o f  a dome being 

formed i s  shown i n  F igure 3.1-8. Developmental t e s t s  have var ied  the 

heat r a t e  and domes have been blown t o  var ious expansion r a t i o s .  The 

maximum expansion r a t i o  achieved t o  date was approximately 30. This 

expansion r a t i o  was l i m i t e d  by the  heat ing capac i ty  o f  the  f a c i l i t y .  

Every Increase irt heat  i npu t  t o  the  f i  lm, durSng both heat-up and 

blowing has resu l t ed  i n  increased expansfon r a t i o s .  A 9.7m (31.8 f t . )  

diameter enclosure w i l l  r equ i r e  expansion r a t i o s  o f  40 and 110, i f  blown 

from blanks o f  3.28111 (10 f t . )  and 1.85m ( 6  f t . ) ,  respec t i ve ly .  

The higher expansion r a t i o s  a re  expected t o  be feasible.  However, s ince 

the ava i l ab l e  w id th  o f  the po lyester  blanks may be 1 im i ted,  exper l -  

mental domes have been success fu l l y  blown from blanks t h a t  have been 

jo ined. Hot-bar sealed j o i n t s  and fused lani inates havr heen b l ~ w n  t o  

expansion r a t i o s  o f  s i x .  I f  a seamed blank o f  w id th  equal t o  the base 

diameter (6.86m) were used, the requi red expansioc r a t i o  would be 

approximately 6.8. 
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Both the o p t i c a l  p roper t ies  and .the s t reng th  p roper t ies  o f  the thermo- 

formed enclosure mate r ia l  can be expected t o  be as good as o r  b e t t e r  

than the i n i t i a l  p roper t ies  o f  the  f i l m .  

A conceptual design o f  the  the rmforming  f a c i l i t y  i s  shown i n  F igure 

3.1-9. This equipment w i l l  be located, i n .  a h igh  bay, semi-clean room 

area o f  the  manufacturing assembly f a c i l i t y .  The blown enclosure i s  

removed from the heat f a c i l i t y  and moves d i r e c t l y , t o  t he  f i n a l  assembly 

area. 

F ina l  Assembly 

The he1 i o s t a t  f i n a l  assembly area w i l l  be a high-bay completely enclosed 

area i n  which a semi-clean room environment can be maintained. Before 

en te r ing  t h i s  area the pa in ted base assembly w i l l  be vacuum cleaned 

t o  remove dust  and o ther  contaiminants accumulated i n  the  welding and 

p a i n t  shops. The base assembly i s  now moved i n t o  the  f i n a l  assembly 

area t o  the  f i r s t  o f  two pos i t i ons .  Pos i t i on  1 w i l l  i n s t a l l  the  he1 i o s t a t  

c o n t r o l l e r ,  power and s igna l  w i r e  hardware, gimbal assembly, blower 

u n i t  and r e f l e c t o r .  In terconnect ing w i r e  harnesses w i l l  be hooked up 

and a func t iona l  t e s t  r u n  t o  assure proper e l e c t r i c a l  operat ion (see 

F igure 3.1-10). Pos i t i on  2 w i l l  i n s t a l l  the  enclosure us ing an over- 

head h o i s t  and tag  l ines. .  During t h i s  operat ion t he  r e f l e c t o r  w i l l  be 

r o ta ted  t o  a 60' angle t o  f a c i l i t a t e  enclosure i n s t a l l a t i o n .  The 

enclosure i s  secured t o  the base. sealed and i n f l a t e d  see F igure '3.1-1 1. 

The completed he1 i o s t a t  w i t h  i t s  t r anspo r t a t i on  f i x t u r e  i s  then at tached 

t o  the t ranspor ta t ion  t r a c t o r  and leaves f o r  the  he l i ' o s ta t  i n s t a l l a t i o n  

s i t e .  



SYSTEM 

Fig~re 3.1-9. 73ermofonning Facility 
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Figure 3.1-11 ~ n c i  osvre Instal lation 



3.2 HELIOSTAT INSTALLATION CONCEPT 

He1 iostat foundations are installed at the surveyed locations in the 
field. The foundations consist of reinforced augercast concrete pi.1 ing. 

Three pi1 ings interface with the base stanchions and a center pi1 ing 

interfaces with the pedestal. The Lee Turzil1.0 Contracting Company 
has provided an analysis and design of the automated equipment for 

installing the piles. The equipment consists of a drill platform mounted 

on a motorized tractor vehicle, and a companion vehicle which carries 
the grout mixture and provides the pumping capability. This equipment 

is Illustrated in Figure 3.2-1. One set of this equipment, drilling and 

grouting four piles simultaneously, is capable of install ing 40 he1 iostat 

sets of piling in an eight hour shift. A follow up vehicle will install 
and level the reinforcing steel and capping plates. (Figure 3.2-2). 

This foundation concept is adaptable td varying soil conditions and 
requires a minimum of site preparation. The 114 to 113 yard of soil 

dril led from. each pile will be spread over an approximate six foot 
circle, requiring no removal of excess soil. After appropriate cure, 

the pi1 ings are ready for he1 iostat instal lation. 

The factory assembled, functional ly checked, and internally clean 
heliostat arrives at the site from the production/assembly facility 

over plant dedicated roads. This vehicle and transport fixture is shown 

in Figure 3.2-3.  The fixture i s  that utilized in the plant assembly 
process. It provides a clamping support to the pedestal for support 

during transit and installation. The speed of this vehicle' should be 

in excess of 20 mph on prepared interconnecting mads, and approximately 

5 mph over the rough,graded site. The transporter vehicle provides 

axial movement up to 18 inches in the horizontal plane to precisely 
interface the heliostat with the piling. A vernier control in the 

vertical plane will provide a shock free 1 ift power capabil i ty. The 

heliostat and fixture is lowered until contact is made between the pedestal, 

stanchions, and the four steel piling caps. A verticality check is made 
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Figure 3.2-1 Auger cast  P i1  ing I n s t a l  l a t i o n  Equlpn:at 





Figure 3.2-3- Heliarat Tranwoeer 



t o  assure the  pedestal i s  p roper l y  a l igned  before arc  welding the pedestal 

t o  the p i l i n g  cap p la te .  The th ree  stanchions are now welded t o  t h e i r  

cap p la tes.  The power connection t o  the  blower i s  t rans fe r red  from 

t r a c t o r  power t o  f i e l d  power. The assembly f i x t u r e  i s  now removed from the  

h e l i o s t a t ,  re turned w i t h  the t ranspor te r  veh i c l e  t o  the  fac to ry ,  and 

recyc led i n t o  the  product ion 1 ine.  

The power and s igna l  w i r i n g  connection i s  now made t o  the  he1 i o s t a t  

c o n t r o l l e r ,  the ground connection made, and the  h e l i o s t a t  i s  ready fo r  

func t iona l  checkout and a1 ignment processes. 



4.0  MAINTENANCE CONCEPTUAL DESIGN 

This section describes the conceptual design o f  key maintenance pro- 

cesses and equipment, and provides d e t a i l s  o f  the supporting cost t rade 

studies which were conducted t o  s e l e c t  the  preferred designs. Table 

4.0-1 presents the  analyses performed by major h e l i o s t a t  assembly. 



TABLE 4.0-1 

A N A L Y S I S  ASSEMBLY 

Enclosure Evaluat ion o f  c lean ing approaches. Water c lean ing 
assumed f o r  a l l  concepts. Four concepts i n  cu r ren t  
t rade study: 

(1  ) Sel f -contained mobi le washing machine. 

( 2 )  Cen t ra l l y  suppl ied mobile washing machine. 

( 3 )  Overhead s p r i n k l e r  system w i t h  cen t ra l  supply. 

(4)  I nd i v i dua l  enclosure wash u n i t s  ( f l o o d  type)  
w i t h  cen t ra l  supply. 

( 5 )  Combination o f  (2 )  and (3 )  above. 

Scheduled rep1 acement. Time/moti on ana lys is  t o  
est imate man and machine requirements based on a 
15-24 year replacement cycle.  

Re f lec to r  . Analysis o f  dust  accumulation over h e l i o s t a t  l i f e t i m e  
t o  determine need f o r  c leaning. Near zero leakage 
he1 i o s t a t .  

Gimbal 

Control  s 

A i r  Supply 

Equipment concept f o r  gimbal maintenance: 

( 1 )  Van w i t h  a i r l ock / l adde r  mod i f i ca t ions .  
' 

( 2 )  Temporary r e f l e c t o r  support used dur ing  
gimbal replacement. 

Cost/ technical  t rade  t o  assess inc reas l  ng h igh  
mainte~ance component MTBF's. 

Study t o  determine l o c a t i o n  o f  h e l i o s t a t  c o n t r o l l e r  
(HC) outs ide o r  i n s i d e  h e l i o s t a t .  

Equipment concept f o r  replacement o f  HC, i f  loca ted  
ins ide.  

3 Low 1 ea kage r a t e  0.006 m /min (.2 CFM) he1 i os  t a t  
design has been selected. 

U l t ra -h igh  f i l t r a t i o n  system used t o  assure ,clean- 
l i ness  o f  r e f l e c t o r  has been studied. 

I nd i v i dua l  he1 i o s t a t  blower versus cen t ra l  a i r  supply 
system was evaluated fo r  technica l  f e a s i b i l i t y  
and cos t  bene f i t s .  

A i r  bearings and o the r  long 1 i f e  bearings f o r  blower 
were considered t o  increase blower MTBF, 



4.1 PROTECTIVE ENCLOSURE CLEANING 

Experience has shown t h a t  the externa l  surface o f  the enclosure w i l l  

g radual ly  become contaminated t o  the ex ten t  t h a t  a reduct ion i n  specular 

t ransmit tance w i  11 be r e a l  ized. Ana l y t i ca l  and experimental work has 

been performed i n  an at tempt t o  quan t i f y  the ex ten t  o f  re f lec tance  loss  

w i t h  t ime and determine acceptable ways t o  c lean the surface. 

A l i t e r a t u r e  search was conducted t o  seek ou t  ways t o  c lean p l a s t i c  

f i l m s  u t i l i z i n g  techniques o ther  than w i t h  water. No techniques were 

found t h a t  appeared app l i cab le  t o  the  enclosure concept a t  t h i s  t ime. 

Experience by Boeing w i t h  the research experiments h e l i o s t a t s  and others  

w i t h  glass m i r ro r s  (Ref. 4.1-1) were u t i l i z e d  i n  the  se lec t ion  o f  the 

f o u r  c leaning techniques and preparat ion o f  parametric char ts .  

Work performed a t  the Solar  Thermal Test Fac i l  i t y  (STTF) and a t  T r i t o n  

.Corporation of Houston, Texas, repor ted by R.S. Berg (Ref. 4.1-1). 

showed t h a t  h igh pressure water spray (above 500 p s i  a t  nozzle) success- 
f u l l y  cleaned glass mi r ro rs .  The h igh pressure sprays recovered up t o  

95% o f  the re f lec tance  loss from d i r t  accumulation. Washing experiments 

by Boelng on the research experiment h e l i o s t a t s  a t  Boardman, Oregon 

us ing a John Deere Model A18, 500 p s i  commercial spray machine produced 

v i s u a l l y  c lean he1 i os ta t s .  The same machine used on a coupon of Tedlar 

exposed i n  the desert, produced complete transmit tance recovery (measured 

on Boeing Beckman' DK-2 Specular Transmittance Instrument). 

P re l  iminary  t es t s  on Research Experiment he1 i o s t a t s  showed t h a t  approxi-  

mately 50 ga l lons  would be requi red t o  pressure wash a 5.18111 (17 ft. ) 
diameter enclosure. f h i s  suggests t h a t  about 200 ga l lons may be requi red 

f o r  washing 9.7m (31.8 f t . )  enclosures. 



Berg suggests t h a t  f requent r i n s i n g  (poss ib ly  w i t h  detergents) a t  

i n t e r v a l s  less  than two weeks may be e f f e c t i v e  i n  removing contaminants 

from glass. Frequent r i n s i n g  removes d i r t  before s t rong chemical o r  

mechanical bonds can develop. It i s  believed, based on observations o f  

domes exposed t o  occasional ra ins ,  t h a t  r i n s i n g  w i l l  be e f f e c t i v e  on 

p l a s t i c  as we l l  as glass. Rinsing of a  30 f o o t  enclosure i s  estimated 

t o  r equ i re  about 50 ga l lons if low pressure top t o  bottom spraying o r  

f l ood ing  i s  employed. 

Four water c leaning equipment concepts were selected f o r  eva luat ion and 

are discussed below. These concepts are shown i n  Figure 4.1-1. Cost 

t rade s tud ies o f  l abo r  and equipment have been performed and are pre- 

sented parametr ica l ly .  



Figure 4 1- 1. Heliossat Washing Evaluacon Concepts 
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4.1.1 Self Contained Mobile Washing Machine (Concept I )  

The mobile washing machine as shown in Figure 4.1-2 i s  considered for 

dome cleaning. When used for clearling i t  would be equipped with hemis- 
pheric arms containing rows of nozzles which sweep around the dome and 

clean the surface. Self contained tanks would provide water and/or 
cleaning solution i f  required, and recover residue for 1 ater f i  1 tering 

and reuse. This machine requires two men to operate. Cleaning experi- 
ments a t  Boeing were conducted on a Boardman heliostat enclosure to  

obtain data on nozzle-to-enclosure configuration, nozzle sweep rate 

across dome surface and water consumption. 

The analysis of the test  data leads to the following: 

3 minutes t o  wash one he1 iostat 
5 minutes to move and set  up between heliostats 
2 minu.tes/heliostat for tank draining and f i l l ing  

10 minutes/hel iostat  cleaning time. 

~ ' e t s r  Recrrvary System 

Figum 4.1-2. Self-contained Mobile Cleaning Fecility (Concept I )  



4.1.2 C e n t r a l l y  Supplied Mobi le Washing Machine (Concept 11) 

This concept employs the  same basic approach t o  c leaning as Concept I; 

i.e., hemispherical r o t a t i n g  arm w i t h  pressure spray nozzles. However, 

a s impler  bas ic  chassis i s  invo lved and no water storage tanks a re  

included (F igure 4.1-3). Wash water i s  suppl ied from a cen t ra l  supply 
through p i p i n g  and hydrants i n  the  h e l i o s t a t  f i e l d ,  o r  a water t r a i l e r  

towed behind. Long hoses are used between the hydrant o r  t r a i l e r  'and 

washer. No p rov i s i on  f o r  water recovery i s  included. 

The washing t ime per he l i os ta t ,  hence annual l abo r  cos t  o f  t h i s  machine 

I S  expected t o  be about 80 percent t h a t  o f  Concept I because of no 

tank empty and fill cycle.  The cos t  per machine i s  expected t o  be 

considerably less.  

Automatic b v e ~ i r  I 
Poaldo~ wnsor 

Figure 4.1-3. Washing Concept I1 
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4.1.3 Spr ink le r  Washing System (Concept 111) 

This concept i s  based upon experience and s tud ies (Reference 4.1-1 ) 

t h a t  i nd i ca te  frequent r i n s i n g  may provide s a t i s f a c t o r y  c leanl iness.  

The approach employs a h igh  standpipe located c e n t r a l l y  between f ou r  

he l ios ta ts .  A t  the  top  o f  ' t h e  standpipe i s  a s e t  o f  f o u r  spray nozzles 

t h a t  d i r e c t  r i n s e  water onto f ou r  enclosures. The water runs down the 

s ide wa l l s  o f  the  enclosure car ry ing  away dust contaminants. It i s  

assumed t h a t  because o f  the shor t  dura t ion  between r i n s i n g  cycles, 

bonding between dust p a r t i c l e s  and the enclosure i s  weak and e a s i l y  

overcome. 

The actua l  r i n s i n g  frequency w i l l  have t o  be determined by experimentation.. 

The concept has the  add i t iona l  fea tu re  o f  being ab le  t o  r i n s e  immediately 

a f t e r  dust  storms o r  l i g h t  ra lns,  thus, mainta in  h igh p l an t  a v a i l a b i l i t y .  

It would l i k e l y  have h igher  water usage than concepts I and I 1  bu t  

be -much l ess  l abo r  in tens ive.  

4.1.4 i nd i v i dua l  Flood Un i ts  (Concept I V )  
1 

The approach described here i s  q u i t e  s i m i l a r  i n  most respects t o  the 

s p r i n k l e r  system o f  Concept 111, except t h a t  water i s  dispensed d i r e c t l y  

on the po la r  cap o f  each enclosure. The water and l abo r  requirements 
a re  e s s e n t i a l l y  the same. It would a l so  employ the p r i n c i p l e  o f  
f requent r inse.  The po ten t i a l  advantages over the s p r i n k l e r  system 

are; s l i g h t l y  l'ower water usage due t o  over-spray losses, and no access 

lane blockages for  s p r i n k l e r  r i s e r s .  A T e a s i b i l i t y  t e s t  would be 
required. 



4.1 . 5  CLEANIhG CONCEPT SELECTION 

Zecognizing t h a t  f u r t h e r  c leaning and contamination accumulation experiments need 

t o  be conducted on h e l i o s t a t s  i n  a t yp i ca l  environment before f i n a l  choices are 

made, i t  was necessary t o  make a p re l im inary  se lec t i on  t o  develop commercial 

p l a n t  cost  estimates. To a i d  i n  the se lec t ion  process, 'two sets  o f  parametric 

' curves were constructed. The purpose of these curves was t o  prov ide cos t  and 

water consumption comparisons of the  var ious cleaning concepts o r  poss ib le  

combinations o f  any two concepts. 

k l gu re  4.1-3 shows water usage per  year versus r i n s i n g  frequency f o r  var ious 

washing frequencies. From t h i s  cha r t  one can compare washing methods I and I 1  

and r i n s i n g  method 111, o r  a combination o f  washing and r i ns i ng .  (Method I V  

a1 though n o t  shown c l o s e l y  approximates method 111 i n  water consumption. ) 

The cos t  o f  water w i l l  be l a r g l y  s i t e  dependent and was no t  included i n  t h i s  

ana lys is  o r  the  cos t  analys is  i n  Volume 111. 

F igure  4.1-4 shows r e l a t i v e  equipment and labor  cos t  versus r i n s i n g  frequency 

f o r  var ious washing frequencies. Again, comparisons can be made f o r  concepts 

I, I1  and 111 o r  a combination o f  two concepts. 

From Figures 4.1-3 and -4, one can se lec t  equipment and labor  costs and water 

requirements f o r  0 t o  6 washes per year (by e i t h c r  nf 2 methods), up t o  62 r i nscs  

per  year o r  any combination of wash and r i n s e  frequencies. Since i t  i s  no t  

known which of these methods O r  combinations w i  11 be t echn i ca l l y  and economically 

prefer red,  sample cases of concepts I, 11,111 and a combination o f  11 and 111 

were taken from Figures 4.1-3 and -4 and shown i n  Table 4.1-1. 

The washing concept cases selected fo r  comparison assumed s i x  washes per  year. 

For t he  sp r i nk l e r  system case, weekly r i n s i n q  was assumed. Thc s n l ~ c t e d  
combination case was f o r  a weekly r i n s e  and an annual wash. (Th is  l a t t e r  case 

i s  based upon unce r ta i n t y  as t o  whether sp r i nk l e r  c leaning alone can prevent 

long term bui ld-up o f  contaminates.) From Table 4.1 -1, i t  can be seen t h a t  

wrishing machines a re  l abo r  i n tens i ve  wh i l e  s p r i n k l e r  ( o r  f l ood )  systems are cap i t a l  

c o s t  and water in tens ive.  
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TABLE 4.1-1 

LNCLOSURE CLEANING COST ANALYSIS 

Cleaning concept proven; frequency expected t o  be adequate. 

. Concept requi res minimal development, may have long term 
res idue b u i l d  up. 

Comments 

6 washes/year, 3 machines, 
2 operators. 

Seme as above, bu t  fewer 
labor  hours because o f  no 
recovery operat ions.  

Weekly r inse ;  p ip ing ,  
sp r ink le rs ,  i n s t a l l a t i o n  
and one man f u l l  t ime 
maintenance. 

Weekly r inse ,  annual wash. 
Spr ink le r  system one man f u l l  
t ime one washing machine, 
2 operators. 

Concept 
M e r i t  

b 

D 

D 

Selected 

Cleaning 
"20 

Usage 
.Gal/Yr. 
I 

5x1 o6 

30x1 o6 

65x1 o6 

7 0 x 1 0 ~  

Concepts 

I Kob i le  U n i t  
 recovery 

I 1  Mobi le U n i t  
w/o Recovers 

I 1 1  Spr ink le r  System 

V Combinat ionof  
11 & I 1 1  

C 

Rela t i ve  Coszs 
Mormal i zed  
Special 
:quip. 

.05 

.03 

.19 

-20 

t o  

Labor 

.95 

.76 

.06 

.18 

Concept I ,, 

Tota l  

1 .O 

.79 

.?5 

.38 



The combination. approach was selected for  p r i c i n g  purposes, and as the 

preferred method u n t i l  more data and experience i s , a v a i l a b l e ,  The approach 

i s  t e c h n i c a l l y  appealing because i t  provides the a b i l i t y  t o  r i 'nse the e n t i r e  

f i e l d  i m e d i a t e l y  a f t e r  dust  Stoms o r  l i g h t  r a i ns ;  i n h i b i t s  graduate dust  

accumulation; and provides f o r  a thorough wash annual ly  w i t h  a s i ng l e  machine 

i n  the event i t  i s  requi red.  Economically, the combination approach provides 

lower maintenance costs than the washing machines, bu t  somewhat higher costs  

than the s p r i n k l e r  system alone. 



4.2 PROTECTIVE ENCLOSURE REPLACEMENT 

Previous ana lys is  o f  enclosure mater ia l  1 i f e  ind ica ted  t h a t  enclosures 

would have t o  be replaced once i n  30 years. The replacement would 

s t a r t  near the  15th year and requ i re  completion by a t  l e a s t  the 

24th year. Two concepts were considered f o r  enclosure replacement: 

(1)  r e t u r n  o f  each he1 i o s t a t  t o  a f ac to r y  b u i l d i n g  

( 2 )  use o f  a mobi le f a c i l i t y  t h a t  s t raddles the he l i os ta t s ,  

removes o l d  enclosures and i n s t a l  1s new ones on s i t e .  

Replacement o f  enclosures i n  the  f ac to r y  b u i l d i n g  would invo lve  the 

f o l  lowing operat ions : 

(1)  S e r i a l l y  remove a row of approximately 125 and t ranspor t  

t o  f a c t o r y  f o r  enclosure rep1 acement. 

(2) Transport re furb ished u n i t  t o  f i e l d ;  

(3)  Locate and place u n i t .  

(4)  Pick up o l d  u n i t  from adjacent row. 

(5 )  . Transport o l d  u n i t  fac to ry .  

(6 )  Of f load  o l d  u n i t  and p ick  up re furb ished u n j t .  

Mechanical and e l e c t r i c a l  d isconnect ion and r e i n s t a l  1 a t i o n  operations, 

as we l l  as f ac to r y  refurbishment work, would be performed i n  p a r a l l e l  

w i t h  the above t ranspor te r  f'unctlbns. Welder, e l e c t r i c i a n ,  mechanic, 
operator and poss ib ly  al ignment technic ian s k i l l s  would be required. 

F igure 4.2-1 i s  a conceptual schematic o f  the spec ia l ized mobile 

f a c i l i t y  requ i red  t o  move through the f i e l d ,  remove o l d  enclosures 

and i n s t a l l  new ones. The f a c i l i t y  s t raddles a he1 i o s t a t ,  encloses 

i t  f o r  wind protect ion,  wh i l e  removal and i n s t a l  1 a t i o n  operations 



Figure 4.2- 1. Enclwre Replacement F~cility 



proceed. Twenty t o  t h i r t y  new enclosures are s tored fo lded i n  a 

storage l o f t  on top  o f  the u n i t .  A winch and r o l l e r  system are  used 

t o  move enclosures about. The enclosure i s  1 i f t e d  w i t h  a mu1 t i p l e  

suct ion cup and spreader ar ray attached t o  the winch cable. Used 

enclosures are compacted o r  shredded t o  minimize spacial  requirement 

i n  the l o f t .  Two such machines would complete the enclosure replace- 

ment i n  about 5 years. This machine would a lso be usefu l  f o r  replace- 

ment of the  small number o f  acc iden ta l l y  f a i l e d  enclosures randomly 

occur r ing  dur ing  the 30 year p l a n t  1 i f e .  

A cos t  ana lys is  o f  these two approaches was made. Replacement i n  a 

f ac to r y  b u i l d i n g  i s  considerably more l abo r  i n tens i ve  bu t  requi res no 

new equipment. The i n - f i e l d  approach i s  less  labor  i n tens i ve  bu t  requi res 

2 spec ia l i zed  machines. The analys is  r e s u l t s  showed t h a t  the factory  

approach wou Id  be the more expensive by 32%. AcCOr+dl~gly, the mobl le 

f a c i l i t y  approach i s  recommended as the commercial p l a n t  concept. 



4.3 REFLECTOR CLEANING AND REPLACEMENT 

The enclosure design provides fo r  near-zero a i r  leakage. A f l ow r a t e  
3 o f  0.0006 rn /min (0.2 cfm) i s  predicted. An ana lys is  o f  the p a r t i c u l a t e  

contamination t ranspor t  i n t o  the enclosure a.nd the.subsequent se l ec t i on  

o f  u l  t ra -h igh  qua1 i t y  f i  1 t r a t i o n  provides assurance t h a t  r e f l ec tance  

losses w i l l  remain less  than 5% i n  30 years. (See Sect ion 2.3.3). 

I f  the  re f lec tance  loss  a f t e r  15 years has reached an unacceptable amount, 

:c lean ing o f  r e f 1  ectors  can be accornpl i shed dur ing  enclosure rep1 ace- 

rnent operations. Experience gained dur ing  previous research showed 

t h a t  d i s t i l l e d  water r inse ,  pre'ssurized water spray and a i r  wash a l l  

provided considerable c lean ing e f f e c t .  



4.4 GIMBAL ASSEMBLY MAINTENANCE 

A design goal was estab l ished e a r l y  i n  the program t o  e l  iminate the 

requirement t o  en te r  t he  h e l i o s t a t  f o r  maintenance purposes. As a 

r e s u l t  o f  t h i s  goal, a gimbal/actuator design was selected which al lowed 

placement o f  associated e lec t ron ics  on the  base s h e l l  f o r  ease o f  main- 

tenance. For unscheduled maintenance on gimbal /actuator  mechanical 

components, an access hatch has been included i n  the base she l l  design. 

F igure 4.4-1 i l l u s t r a t e s  the h e l i o s t a t  maintenance van which has been 

designed t o  perform gimbal maintenance, h e l i o s t a t  c o n t r o l l e r  replacement 

and enclosure repa i rs .  The cargo sec t ion  i s  sealed and equipped w i t h  

a blower f o r  pressur izat ion.  The r e a r  en t ry  i s  equipped w i t h  an a i r  

bag t h a t  can be extended and connected t o  the h e l j o s t a t  base door 

penetrat ion. When the cargo sec t ion  and a i r  bag are pressur ized t o  
2 0.067 Nlcm (0.1 p s i )  the door can be removed. He1 i o s t a t  e lec t ron ics ,  

which a re  mounted on the i ns i de  of the door, can be serviced w i thou t  

entrance t o  the he1 i o s  t a t .  Gimbal mechanical component maintenance 

i s  performed v i a  the boomlladder apparatus shown i n  F igure 4.4-1. 
D 

This apparatus a l lows the worker t o  enter  and cl in lh up t.a the gimbal 

wi thout  any contact  w i t h  the enclosure, base she l l ,  o r  pedestal. The 

veh ic le  i s  a standard u t l l l t y  van w i t h  mod i f i ca t i o r~s  t o  make i t  ream 
sonably a i r t i g h t ,  blower u n i t  w / f l l  t e r ,  hydraul i c  con t ro l  l e d  extension 

boom, 8-10 f o o t  extension ladder  w i t h  special  attachment f i t t i n g s ,  and 

poss ib ly  some b a l l a s t i n g  and suspension s t i f f e n i n g .  

Maintenance of mechanical components w i l l  be performed by removal o f  

the un i t ,  replacement and then r e p a i r  o f  the mal funct ion ing u n i t  

a t  the maintenance depot. F igure 4.4-2 shows the t o o l  used t o  support 

the r e f l e c t o r  wh i l e  t he  exchange takes place. The t oo l  simply g r i ps  
the pedestal d i r e c t l y  below the gimbal, supports the r e f l e c t o r  by 

i t s  spokes near the center  hub, and l i f t s  the r e f l e c t o r  upward a f r a c t i o n  

o f  an inch when support arms are ro ta ted  t o  an o f f -cen te r  lock  pos i t ion .  

The fasteners a t  both in ter faces have been loosened several .turns 
p r i o r  t o  the l i f t i n g  step. Removal and replacement of the gimbal i s  

now accomplished. 
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4.5 CONTROL SYSTEM MAINTENANCE 

A c o s t  t rade  study was performed t o  assess t he  p o s s i b i l i t y  o f  increas ing 

e l e c t r o n i c  component MTBF' s. The he1 i o s t a t  con t ro l  1 e r s  a re  o f  p a r t i c u l a r  

i n t e r e s t  by v i r t u e  o f  t h e i r  l a r g e  number. Table 4.5-1 l i s t s  components 

o f  the  h e l i o s t a t  c o n t r o l l e r ,  t he  f a i l u r e  r a tes  determined i n  previous work 

and f a i l u r e  r a tes  r e c e n t l y  determined f o r  h igher  qua1 i t y  equiva lent  components. 

As can be seen, t he  ne t  e f f e c t  i s  an o v e r a l l  f a i l u r e  r a t e  decrease o f  26 

f a i l u r e s  per m i l l  i o n  opera t ing  hours (MTBF improvement o f  16.2 years) i s  

r ea l i zed .  This improvement i s  a t  a cos t  which was traded o f f  aga inst  labor 

savings. The cos t  ana lys is  revealed t h a t  the  h i gh  r e l i a b i l i t y  pa r t s  were 

more c o s t  e f f e c t i v e  than t he  commercial pa r t s  by a r a t i o  o f  3.9. 

A s tudy was made t o  determine whether the he1 i o s t a t  c o n t r o l l e r  should be placed 

i n s i d e  the enclosure w i t h  minimal packaging, o r  ou ts ide  the  enclosure w i t h  

weather-proof packaging and forced cool  i n g  p rov is ion .  Ins ide.  placement would 

r.ely Lpon na tu ra l  convect ion coo l ing .  To perform t h i s  analys is ,  the cos ts  

associated w i t h  t he  ou ts ide  packaging and coo l ing  blower had t o  be traded 

aga ins t  t he  added labor  cos ts  due t o  opeming and en te r ing  the enclosure. By 
mounting the  c o n t r o l l e r  on the  i ns i de  o f  the  hatch and u t i l i z i n g  the  maintenance- 

van a i r l o c k  system descr ibed e a r l i e r ,  i t  was found t h a t  t he  t ime f o r  removal was 

o n l y  s l i g h t l y  g rea te r  than f o r  removing the  components from an outsi.de-mounted 

weather - t i gh t  sealed box. The cos t  o f  t he  weather- t ight  sealed box would ou t -  

weigh t he  few minutes l abo r  saviqgs, espec ia l l y  i n  view o f  t h e  low number o f  

replacement operat ions performed over the  p l a n t  1 i f e .  

4.. G A I R  SUPPLY MAINTKNANCC 

Se lec t ion  of a low-leakage enclosure design s i g n i f i c a n t l y  decreased a i r  supply 

maintenance costs .  The reduced a i r  f l o w  resu l t ed  i n  extending replacement i n t e r v a l s  

t o  f i v e  years f o r  t he  p r e - f i l t e r ,  and once i n  30 years f o r  the  pr imary f i l t e r s .  

These f i 1 t e r  replacement i n t e r v a l s  a re  based upon the contaminat ion ana lys is  

descr ibed i n  Appendix C. 



TABLE 4.5-1 

COMWNENT NU. 
REQ; 

~ n t e d r a f e d  Ci r c u l  t s  12 
I n t e g r a t e d  C i  r c u l  t s  5 
Cipac i  tor-Ceramic 13 
Capac l to r -E lec t ro ' l y t l c  2 
Res ls to r  1 
H e s i s t o r  75 
Trans farmer 1 
Induc ta rs  - F l l t e r  2 
Zener - DIode 4 

Voltage Comparator 
T r i a c  
O i  ac 
I fans i s  t o r  
C r y s t a l  OSC 
Relay 
*Svi t c k  
H i c r o  Processor 
Power Suppl l e s  
Fuse 
Power Supply 

Transformer 

Capac.i t o r - E l e c t r o l y t i c  - 
Capac.i tor- Ceramic 3 
Trans i s t o r  1 
Zener I 
Diodes 6 

FAILURE RATE/MTBF HELIOSTAT CONTROLLER 
CobUEftCIAL PARTS H16H RELIABILITY PARTS 

PART NUMBER FA1 LURE RATE FA1 URE U T E  
x10- 

P U T  4 
d. 

EACH TuTAL 
(F;no~) x ~ o - ~  

UCH (p/nw) 
CWlrOO AD .14S 1.74 H9851W05503BEX .036 .472 
SN 5400 . I45 .725 MS8510/00302MCB .Ol85 -0925 
CK .22 2.86 M39014/01-13-- .00013 .002 
C E .41 .12 N39003/01-2977 .002 .004 ' 

RN .017 -017 - .017 
RC .O1 .75 - '. 75 
182-11380-2 .066. .06b - - .066 
P53-4. -10 i063 .. 126 - - _  . I26 
INY7ltl.Ih746A . B ' .  3.2 L i k e  .. 

JANTXIN78286 .03 . I 2  
LH 111 .24 . .48 - - .4B 
T2300B .8 .8 - - .8 
D32024 .8 .8  .8 
802 78 .9 1.2 JANTXZN3741 ,006 .04M 
20AOl l l  .2 . Z - .2 
lAOlZ .6 .6 - - .6 
PIP-8 .5? .5 7 - - .57 
8000 Ser i  es .2 .8  - .8 - 5.0 lo .u - . - - 

' .  .1 .1 .1 - - - - 
- S i m i l a r  to 0-1 

C L O  .1  . . 1  - - . - M39U06/01-3037 .064 . . I95 - - H39014/01-1s- .00U13 .00039 
- JAN'FXZN3741 '.012 .O ,~L  

- JANTXlN38286 .03 .03 - .03 .12 
5 Res is to rs  

TOTAL FAILURE RATES 
HTBF 3.59 Yrs; 19.8 Yrs . 

SOURCE OF 
I N F U W I O N  

i l )  (1) 0 -1  206,B-1 Q 

( 1 )  411.C-2-4 
i i )  401 ,c-2-6 



The blower se lected i s  a posi  t i v e  displacement rotary-vane compressor, 

equipped w i t h  30 -yea r - l i f e  sealed s e l f - l u b r i c a t i n g  bearings. ,The on l y  par ts  

t h a t  w i l l  r e q u i r e  replacement a re  the  compressor vanes which have an estimated 

MTBF o f  20 years.  This r e s u l t s  i n  the  requirement t o  rep lace the vanes i n  a1 1 

blowers once i n  the p l a n t  l i f e .  This approach was the l e a s t  expensive i n  terms 

of i n i t i a l  cost,  maintenance labor  and par ts ,  o f  the concepts studied. 

A cos t  and technica l  eva luat ion o f  a cen t ra l  a i r  supply system was conducted 

f o r  comparison against  t he  i nd i v i dua l  blower concept described above and i n  

Sect ion 2.3.3. This cen t ra l  system would employ a compressor s t a t i o n  ( o r  s t a t i ons )  

w i t h  f i l t r a t i o n  and humid i ty  con t ro l  a1 so cen t ra l i zed .  The clean d r y  a i r  would 

be fed  t o  the i n d i v i d u a l  h e l i o s t a t s  through a system o f  p i p i ng  l a i d  i n  the same 

trenches provided f o r  power and s ignal  w i r ing .  The low f l ow  r a t e  requirements 

make poss ib le  the use o f  small diameter and low-cost p i p i ng  which i s  t he  

pr imary c a p i t a l  cos t  d r i v e r  o f  such a system. The a t t rac t i veness  o f  t h i s  system 

1 i e s  i n  the maintenance o f  a s i 'ngle l a rge  blower and f i  1 t e r  f a c i  1 i t y  instead o f  

a l a r g e  number o f  i n d i v i d u a l  a i r  suppl ies.  

Resul ts  o f  t he  1abor.and ma te r i a l s  ana lys is  o f  the two a i r  supply systems show 

t h a t  the  cen t ra l  system would cos t  about 22 percent more than the i nd i v i dua l  

blower approach. The pr imary source o f  higher cos t  i n  the  cen t ra l  system i s  

t he  l a rge  quan t i t y  p i  p ing requi red.  Therefore, the i n d i v i d u a l  blower approach 

was selected f o r  the commercial p l a n t  design. 
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ALTERNATIVE GIMBAL/ACTUATOR DESIGNS 



A P P E N D I X  A 

Berqer-Lahr Concept 

The Berger-Lahr concept i s  shown i n  F igure A-1. Both azimuth and e l eva t i on  

ac tua t i on  assembl i e s  a re  i d e n t i c a l .  Dr i ve  torque i s  provided by a 5 phase 

min i -angle  stepping motor w i t h  b i - l e v e l  d r i v e  con t ro l  t o  reduce power 

consumption. Gearbox u t i l i z e s  a 500 t o  1 t o r s i o n a l l y  loaded ,spur gear system 

w i t h  zero backlash. The ac tua to r  ou te r  ho~ ls ing  w i t h  a compression coupl ing 

r i g i d l y  f i x e d  t o  the  ac tua to r  sha f ts  provides a s i m p l i f i e d  gimbal design. A 

convent ional  o p t i q a l  sha f t  encoder provides position in fo rmat ion .  The Berger- 

Lahis ~ u l ~ c e p t  has hiiy good features bu t  was e l im ina ted  from the present e f f o r t  

on the  bas is  . o f .  {/I cos t  and f a i l u r e  t o  meet encoder spec i f i ca t i ons .  

I '  . 

Boei ng Concept 
, , 

The Boeing conceptual design shown i n  F igure A-2 i s  based on in jec t ion-molded 

f i l l e d - p l a s t i c  technolosy. The design i s  executed us ing glass r e i n fo r ced  ny lon 

(6-6)  except f o r  t h ~  d r i v e  motors and necessary w i r i n g  and bearings. TMs 

se lec t i on  minimizes f a b r i c a t i o n  cos t  wh i l e  p rov id ing  excel 1 en t  envirnnmental 

q u a l i t i e s .  The p rope r t i es  o f  nylon a re  used t o  advantage b.y e l i ~ l l i r r d l i r i g  

l u b r i c a t i o n  requirements f o r  the  f i n a l  d r i v e  assembly. This s t r uc tu re  has 

good aging and s t i f f n e s s  c h a r a c t e r i s t i c s  w i t h  i n s i g n i f i c a n t  creep over long 

per iods of time. Water absorpt ion by nylon i s  no t  considered t o  be a concern 

f o r  t h i s  appl i ca t l on .  

To min imin= power, pemancnt magnet stepper motors were selected. Th is  motor 

t ype  does n o t  r e q u i r e  power unless i t  i s  i n  the process o f  mnving t o  a new 

pos i t i on .  The ho ld ing torque i s  s u f f i c i e n t  t o  mainta in  thc  m i r r o r  i n  the l d s t  

commanded pos i t i on .  The motors a re  24 VDC and were selected t o  minimize the 

operat iona l  power requirements. 

A11 components were se lected from commercial stock w i t h  MTEF comparable t o  

s ta te -o f - the -a r t  re1  i a b i l  i t y .  
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The problems o f  perpendicular i ty  and axis or thogonal i ty  are handled by shims 

and by t runion bearing adjustment. The current  s tate-of - the-ar t  i n  prec is ion 

molding, i s  such tha t  only  minor misalignment problems are ant ic ipated.  

A low-cost 5 b i t  op t ica l  encoder provides the necessary reso lu t ion  t o  provide 

a signal which i s  used by the con t ro l l e r  t o  determine i f  the commanded step 

was impleinented. i n  the required time and i n  the proper d i rec t ion .  I f  the 

command was not  i m ~ l ~ e n t e d  properly, the con t ro l l e r  would reissue the command 

and again monitor the response. I f  t h i s  procedure i s  repeated a predetermined 

number o f  times without success, the tracker i s  declared . inoperable, and a 

signal i s  provided t o  the main con t ro l l e r  i f  necessary. 

This design concept p o t e n t i a l l y  could be very low cost  and should be invest igated 

i n  the future.  The concept was not  selected because o f  unknowns associated w i t h  

performance, l i f e  expectancy, and ro ta t i ona l  s t i f f ness .  Also, there are no 

provisions f o r  mounting pos i t ion  ind ica t ing  devices d i r e c t l y  on gimbal shafts.  

Sigma Instruments Concept 

As an a l t e rna t i ve  t o  gear systems, Sigma proposed d i rec t -d r i ve  stepping motors 

f o r  e levat ion and azimuth (see Figure A-3). The proposed motor 1,s an 
extrapolat ion o f  ex i s t i ng  designs, w i t h  the fo l lowing ten ta t ive  

speci f icat ions:  

Steps/Revol ut ion:  2,000 (microstepped t o  64,000 steps/ 
rev01 u t i on )  

Torque: 10,000 oz. i n .  

Size: 15" D x 4.5" L 

Weight: 200 1 bs. 

Power Consumption: 35 watts 

Rotational St i f fness:  400 f t . /l b/degrce 

The proposed motors would d i rec t ly  dt lve  bbth axes. 



Basicall y ,  the proposed motor achieves the desired accuracy ' b y  means of magnetic 

averaging; the structure would involve 500 rotor segments and 400 s t a to r  segments. 

With reasonable manufacturing control , the angular accuracy of such a system 

i s  fa r  in. qxcess of the individual mechanical accuracies of the rotor and stator  

segmen'ts. 

In order to provide the required resolution, as well as extremely smooth motion, 

the motor i s  advanced by electr ical  division of each 0.18' step into 32 incre- 

ments. This technique i s  known as microstepping and requires electronic current 

cdntrol of the motor phasees. Essentially, the logic drives operate a D / C  

converter to. control the current ra t io  in the windings. I n  general, this  

technique resul ts  in very linear operation, b u t  small errors in l inear i ty  due 

to  motor characterist ics can be compensated easi ly in the electronic system. 

The motor construction lends i t s e l f  to the addition of a Hal 1 ef fect  incremental 

encoder, and t h i s ,  plus a reference point, should sa t is fy  the requirements of 

position information. 

This "actuator" i s  not compatible with the current Boeing design. However, because 
of i t s  inherent simp1 l c i t y ,  i t  merits future consideration. 

Sigma Instruments, Inc. 

64,000 steps per ruvolutiort 

Figure A-3. Direct Drive Stepping Motor 





L E E  T U R Z I L L O  C O N T R A C T I N G  C O M P A N Y  

P.  0 .  B O X  1 5 5  B R E C K S V I L L E .  O H I O  4 4 1  4 1  T E L E P H O N E  2 1  6 / 6 5 9 - 3 1 4 1  T W X  810-427-9101 

Boeing Engineering and Const ruct ion 
P.O. Box 3707 
S e a t t l e ,  Washington 98124 

At ten t ion :  N r .  Doyg McDonald 

Sub jec t :  AUGERCAST@ P i l e s ,  H e l i o s t a t  Foundations 

Gentlemen: 

I n  accordance wi th  your r e q u e s t  dt a meeting with Mr. L. 3. I<oss and 
the  wri ter  o f  t h e  Lee T u r z i l l o  Cont rac t ing  Co~iipany ~ . e  a r e  enclos ing t h e  
following informat ion,  xhich I t r u s t  w i l l  ansker the q ~ ~ e s t - i ~ n s  that you p u t  
Curt11 regard ing  t h e  above referenced joh .  

( 1 )  We a r e  enc los ing  ropies  o f  our  dcs ign f o r  required re l r l€o~-oe~~~er~ t r  
t o  accommodate the  design rriteri.3 t h a t  you ful-nis1'1ed Lt, us. 

( 2 )  We a r e  enclosi .ng conceptual  drawings stluwirlg the  g rou t  p l a n t  
For t h e  automated equipment f o r  t h e  above referenced p r o j e c t  and 
our draxing f o r  t h e  p i l e  r i g  o r  d r i l l i n g  r i g  For t h e  p i l e  i n s t a l l a -  
t i o n  f n r  a n  automated b a s i s  for t h e  above referenced job. 

( 3 )  The t ime required t o  design,  develop and f a b r i c a t e  t h e s e  tc;n 
pro to type  machines referenced above we ~ ~ t i r n a t ~  to be nine ~ ~ ~ o n t h s .  

( 4 )  The c o s t  o f  development and prototype demonstrat ion f o r  s a i d  
equipment we es t ima te  t o  be 

( 5 )  The e s t i m a t e  o f  i n s t a l l a t i o n  r a t e  t h a t  could be achieved by 
t h e  equipment is 40 pads p e r  8 ho.ur day p e r  r i g  un i t .  

( 6 )  Tlle q u a n t i t y  o f  automated equipment required t o  suppor t  1-he 
i n s t a l l a t i o n  r a t e  o f  1 5  h e l i o o t n t s  pe r  h o u ~  i s  th ree  r i g  u n i t s ;  
t h e  q u a n t i t y  o f  equipment required t o  suppor t  the  i n s t a l l a t i o n  
r a t e  o f  70 h e l i o s t a t s  pe r  hour is 14  r i g  u n i t s ;  and t h e  quan t i ty  
o f  equipment required t o  suppor t  t h e  i n s t a l l a t i o n  r a t e  o f  459 
h e l i o s t a t s  p e r  hour is  90 r i g  un i t s .  This is i n  accordance w i t 1 1  

t h e  format o f  your Table I. 

H O M E  OFFICE: 3351 BRECKSVILLE ROAD RICHFIELD. OHIO 44286 
A T L A N T A .  B A L T I M O R E .  CHICAGO DETROIT.  FT,  LAUDERDALE . H O U S T O N  . J A C K S O N V I L L E  MINNEAPOLIS O M A H A  SEATTLE.  T O R O N T O  ~ T U L S P  
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LEE TURZILLO CONTRACTING COMPANY 

Boeing Engineering and Const ruct ion 
S e a t t l e ,  Washington 98124 

February 22 ,  1373 
Page 2 

The replacement l i f e  f o r  t h e  b a s i s  O F  15  h e l i o s t a t s  i n s t a l l e d  p e r  
hour over  t h e  l i f e  span of 30 y e a r s  f o r  t h e  job uould r e q u i r e  t h e  
replacement o f  18 r i g  u n i t s ;  t h e  replacement l i f e  predicated on 
t h e  i n s t a l l a t i o n  r a t e  o f  70 h e l i o s t a t s  p e r  hour f o r  a l i f e  span 
o f  30 y e a r s  would r e q u i r e  126 replacement u n i t s ;  and t h e  l i f e  span 
o f  replacement predicated on t h e  i n s t c l l a t i o n  o f  450 h e l i o s t a t s  
p e r  hour over  t h e  30 y e a r s  period would r e q u i r e  1,080 replacement 
u n i t s .  

(7)  Our es t ima te  o f  u n i t  c o s t  o f  equipment f o r  q u a n t i t i e s  required 
a t  t h e  t h r e e  ind ica ted  i n s t a l l a t i o n  r a t e s ,  inc lud ing  s p a r e s  and 

refurbishment is a s  follows : 

would be requ i red  f o r  t h e  i n s t a l l a t i o n  r a t e  o f  
1 5  h e l i o s t a t s  i n s t a l l e d  p e r  hour ;  would be 
required t o  mainta in  t h e  i n s t a l l a t i o n  rate o f  70 h e l i o s t a t s  
p e r  hour ; would be required t o  mainta in  t h e  
i n s t a l l a t i o n  r a t e  o f  450 h e l i o s t a t s  pe r  hour, over  t h e  l i f e  
span o f  30 yecys. 

( 8 )  O u r  es t ima te  o f  t h e  ' c u r r e n t  foundat ion c o s t s ,  m a t e r i a l s  and l abor ,  
p e r  h e l i o s t a t ,  is each. This  e s t ima te  is pred ica ted  on a 
foundation o f  f o u r  p i l e s  'per h e l i o s t a t  a t  p r e s e n t  m a t e r i a l  and production 
cos t s .  

I t r u s t  t h e  information set f o r t h  w i l l  meet with your  requirements and i f  
you need any added refinement o r  a d d i t i o n a l  a s s i s t a n c e ,  k ind ly  do not  h e s i t a t e  t o  
contaet the w ~ i t c r .  

Very t r u l y  yours,  

LEE TURZILLO CONTRACTING COMPANY 

H. Bachmeier, Regional Manager 

HB:h 
Enclosures 
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T H E  60 ElNG COMPANY. LABORATORY R E P O R T  NO. ~ - 4 8 o ~ - o 0 0 1 - 0 4 8  - 

purpose Model Dote 2-9-78 

To: Roper Gillette M /S 8K-20 orgen. K-6160 port No. 

sUbiect: hfodel f o r  Predicted Light Scattering a s  a Result of Dust Accumulation 

Source Helios tat P rog ram Reinsp. Req. 

Purchase Order - R.R. Date Rec'd. Quon. Acc. Rei. 

Moteriol - .-- Spec. 

3 Chem. Lob. Sonic 0 Met. Lob. 0 Mechonicol 

X-Roy Mog/Penetront -a Par t ic le  I dentification Laboratory 
. 
Reference: C.C. to : 

D277-10046-1, Volume #1, Technical Proposal  
Solar Central  Receiver Prototype Heliostat, July 15, 1977 

(Other technical references a t  end of r epo r t )  --- 

SUMMARY:  The task of this assignment was to  determine make-up a i r  fi l tration requi re -  
ments  fo r  a heliostat  unit in Arizona such that dust accumulated on the reflector su r f ace  
over  the proposed 15 year  life cycle would not degrade reflective efficiency by m o r e  that 5%. 
T h e r e  were  three  separa te  problems associated with this task: 

1. A mathematical model of the dust accumulation r a t e s  for  the 
ref lector  had to be p repa red ,  

2. A model f o r  relating dust accumulated on a surface to light sca t te r ing  
efficiency was needed, and 

3.  A fi l tration sys tem which was inexpensive but could handle both the 
loading and the high efficiency requirements  for the make -up a i r  
had to be selected. 

A full  mathematical model f o r  the dust accumulation r a t e s  was outside the scope/budget 
requirements  but a simplified model was constructed and used to determine essent ia l  
sys t em requirements.  This model indicates that mos t  of the airborne dust in the dome 
would sediment out in Lhe I i r s t  24 hauro of operation. F o l l n w i n e  that period, the dust 
in the a i r  would be f rom the make-up a i r  o r  resuspended dust from the lower pa r t  of 
the dome. 

By minimizing a i r  flow velecities the amount of resuspended dust can  be minimized. 
Figure #1 in  the following repor t  indicates the a r e a s  of the dome that will deposit 
par t ic les  of a given s i ze  range on the reflector surface in eight hours. 

The  relationship between part ic le  diameter  and light scat ter ing efficiencies i s  indicated 
by figure #2 in the following report .  It can  be seen  that the c r i t i ca l  s ize range i s  f rom 
0. lllm to 1. O ~ r n  d iameter  par t ic les ,  Most of these  part ic les  sediment f rom a height 
of not m o r e  than 128 c m  above the surface of the reflector.  ( 1 ~  f r o m  the mean radius 
of the sma l l  par t ic le  log normal  mode of r = . 2  um). 

c c ; d ? e  Approredby ,pm Prepored by Org'n. -----.- 2-4809 
E, R . Crutcher  

0 0  8 0 0 0  2100 ORIC.I/?I 
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This reduced sedimentation volume was still  large enough to collect particulate 
f r o m  the total volume, including all make-up a i r ,  over the 15 year life of the 
reflector.  F o r  these reasons i t  i s  important to keep the total airborne particu- 
la te  levels low for  the make-up a i r .  

The filtration system recommended consists  of a Gelman Type E/8" x 10" glass 
prefi l ter  followed by a Gelman Acropor pore s ize  0.45 pm 8" x 10" filter or 
their  equivalence. The Type E prefilter is a depth filter which w i l l  tolerate 
high loading ( u p  to  a g r am of mater ia l ) .  I t  i s  relatively efficient collecting 
approximately 99.7% of the total mass  of a i rborne particulate. The acropor 
f i l t e r  following the prefi l ter  stops 99.9970 of the particulate remaining. Assum- 
ing the f i l ters  were  direct1 exposed to the a t m o ~ p h e r e ' t h e ~  would remove the 
particulate f rom 45,000 mjr of a i r .  Using the peak monthly average for Phoenix 
of 300 pg/rn3 a s  one ex t reme and the minimum monthly average for the Grand 
Canyon of 20 pg/m3 for  the other the following loadings would result: 

Pref i l ter  Loading in 15 Years Result 

13.46 grams  

. 9  g rams  

Yearly change of 
filter 

1.5 year life 

Membrane 

.04 grams  15 year life 

.003 grams 15 year life 

With some intake a i r  impingement both f i l ters  should las t  for the full  15 years. 

Les s  than 570 l o s s  of reflector efficiency can be expected due t o  external sources 
of particulate with this filtration system an.d a. make-up flow rate nut s i g ~ i t i c a n t l ~  
exceeding 0. 5 cfm. The interior of the dome, representing 1% of the total a i r  
exposure for the reflector will c a r r y  99.997'0 of the particulate exposed to the 
reflector surface. An initial r e s t  period after  installing the  reflector of 48 hours 
with the reflector s tored in a vert ical  position should minimize the effect of this 
original part icle bur den. 

(NOTE: Leaks will function a s  coricave impactor orifices. This w i l l  resul t  in 
a local  accumulation of dust on the surface near the leak. The accunlu la t io~  of 
dust a t  a point can be used to locate leaks and t o  ac t  a s  a. "typical" duet collec- 
tion t o  evaiuate the types of dust in the dome environment (i. e . ,  wear metal  
f r o m  reflector rotation machinery, external  dusts, etc. ) 
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1 .O INTRODUCTION 

This document descr ibes the mater ia l  - l e v e l  t es t s  planned f o r  the Solar 

Central  Receiver Prototype He1 i o s t a t  Program. I t  provides a 1 i s t  o f  candidate 

mater ia ls ,  a general descr ip t ion  o f  the tes ts ,  s ta tes  the t e s t  ob jec t i ves  

and shows the.sequence o f  t e s t i n g  and schedules f o r  t e s t  performance. 

2.0 SUMMARY AND OBJECTIVES 

The t es t s  are planned f o r  candidate enclosure &nd r e f l e c t i v e  surface 

coa t ing  mater ia l  s .  and are intended t o  f u rn i sh  as-manufoetured p roper t ies  s f  

several standard and d e r i v i  t i v e  p l a s t i c  f i l m s  and coat ings. The e f f e c t s  o f  

environmental exposures on mechanical and o p t i c a l  p roper t ies  wi 11 be measured. 

I n  add l t i on  t o  t e s t i n g  standard f i : l m  specimens, t es t s  w i l l  be performed on 

specimens con ta in ing  seams s imu la t ing  those t h a t  would be used t o  manufacture 

h e l i o s t a t  enclosures and r e f l e c t e r s .  

The ove ra l l  ob jec t i ves  o f  these t e s t s  are t o  support design w i t h  mechanical, 

o p t i c a l ,  and 1 i f e  p roper t ies  o f  candidate mater ia ls  s u f f i c i e n t  f o r  mate r ia l  

se lect ions.  

I nd i v i dua l  t e s t  ob jec t i ves  are l i s t e d  i n  Table 1. 



TABLE 1 

INDIVIDUAL TEST OBJECTIVES 

TEST DESCRIPTION 

Tensile & Elongation 
(Macro) 

Tensile (Micro) 

Tear 

Jo in t  

Creep 

Solar Transmission' 

NUPIBER OF 
SPECIMENS PER 

3 

2 

3. 

3 

3 

3 

1 

SPECIMEN 
DESCRIPTION 

Fig. 4 

(1 x 12) 

Fig. 3 

Fig. 5 

Fig. 4 

Fig. 3 
o r  

Fig. - 4  

1-1/2 In .  
Dia. 

OBJECTIVE OF TEST 

- Comparison o f  Candidate Material  
- Test f o r  Anisotropy 
- Control Properties f o r  Environ- 

mental Exposures 
- Design Properties f o r  Der ivat ive 

F i  lms 

- Control f o r  Environmental Expo: 
sure where Exposed Sample Size 
I s  Limited 

- Comparison o f  Candidate Material  
- Design Properties f o r  Der ivat ive 

Mater ia ls  
- Comparison o f  Candidate Joining 

Met hods 
- Jo in t  Design Properties 
- Control Properties f o r  Environ- 

mental Exposure 

- Design L i f e  Studies 
- Comparison o f  Candidate 

Platerial s and Joining Methods 

- Comparison o f  Candidate Material  
- Control Properties f o r  Environ- 

mental Exposure 
- Design Properties f o r  Derivat ive 

Films 
4 



Table 1 (Cont.) 

TEST DESCRlPTION 

Solar  Ref lecrance 

F lammab i l i t y  ---- -- - 
UV Exposure 

Accelerated 

--I Transparent Dome : 
4 
03 T e n s i l e  

Transmission 

R e f l e c t i v e  Surface:  

R e f l e c t i o n  

Real Time 
I 

Transmi s,s i on 
Ref1 ectance 

1 -3  F i g .  3 
1 1-1!2 I n .  Dia.  

1 1 3-112 I n .  Dia. ( 

1 1-1/2 I n .  Dia.  
1 3-1./2 I n .  Dia.  
3 

Fig .  3 1 - . - . 

OBJECTIVE OF TEST 

- Compariron o f  Candidate Coat ings : 
- Con t ro l  P roper t i es  f o r  Environ- 

mental Exposure I 

- 'Design P roper t i es  f o r  D e r i v a t i v e  : 
Coatings 

- Comparison o f  Candidate M a t e r i a l  s ; --- 

- Pred ic t .  Long Term Exposure E f f e c t s  
' 

- Mechan- c a l  P roper t i es  Degradat ion ; 
- So la r  :ransmission Degradation , 1 

I 
I 

- P r e d i c t  So lar  R e f l e c t i o n  1 
i 

Degr2dation 1 
I 

- P r e d i c t  Real L i f e  
- Predict Change i n  O p t i c a l  

P roper t i es  
------. 



TEST DESCRIPTION 

Washability 

Exposure 
Transmission 

Thickness 

Measurement 

NUMBER OF 
SPECIMENS PER 
DATA POINT 

(Min.) 

1 
1 

measure a l l  types 
o f  specimens a t  
several locat ions 

SPECIMEN 
DESCRLPTION 

4 x 4  
1-112 In .  Dia 

not c r i t i c a l  

OBJECTIVE OF TEST 

- Compare Cleaning Methods 
- Predict  Reduction i n  Solar 

Optical  Property 
- Develop Techniques f o r  Assembly 

Level Cleaning 

- Document mater ial  thickness 
- Predict thickness t o  be used 

f o r  design analysis 
- Ver i f y  compliance w i th  specif ied 

thickness 

Q 



3.0 GENERAL TEST PLAN 

Figures 1 and 2 i l l u s t r a t e  the general t e s t  p lan f o r  t ransparent dome and 

r e f l e c t i v e  surface candidate mater ia ls  , respec t i ve ly .  Candidate mater ia l  s 

w i l l  f i r s t  be screened by macro-tensile, t ea r  and o p t i c a l  p roper t ies .  Re- 

maining v i ab le  candidates a f t e r  screening w i l l  cont inue t h r u  remaining cont ro l  

tes ts ,  environmental exposures and j o i n t  studies.  Upon completion of environ- 

mental t es t s ,  p l o t s  o f  proper ty  values versus exposure t ime w i l l  be prepared. 

3.1 Candidate Mater ia ls  

3.1.1 Transparent Dome 

Candidate dome mater ia ls  are shown i n  Table 11. I t  can be seen t h a t  several 

op t iona l  forms o f  f i l m s  can be obtained due t o  poss ib le  va r i a t i ons  i n  f o r -  

m"1ation and processing. The mater ia l  r shown a1 1 ow independent comparisons 

o f  any o f  the  avai , lable op t iona l  forms o f  the mater ia ls .  From the r e s u l t i n g  

data, f i l m s  i d e n t i f i e d  as ser ious contenders w i  11 be c a r r i e d  i n t o  environmental 

t e s t  . 
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Prel iminary 
Material Candidates 

.- -.-. . . . . . .  

- Specul ar Refl ectance 

- 
promi s i ng Candidates 

Mechanical Properties 
-- - .- - - .  . 

Tensile 

(ASTM Dl 708) 

I 
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Environmental Exposure 

--- .. --- . ___-a  

4 Accelerated Simulated ,Sun1 i g h t  . . ~ e a l  time desert exposure 
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Pus t-Exposure 

.--- . . . .  ..-..-- -----., 

Specul ar Refl ectance 
Mechani cal Properti es 

Figure 2 

Reflector Coating Test Plan 



Table I 1  

Dome M a t e r i a l  Candida.tes 

Po lye thy lene Terephtha la te  
(Me1 i n e x  "0" , t l j l a r  "D" and Celanese 4(3~)0) 

MATERIAL 

M a r t i n  Processing 

SUPPLI ER 
-- 

V i n y l  i d i n e  F l o u r i d e  (Kynar 900) I Pennwal - 
Po lypropy lene n/UV a d d i t i v e  I Hercules 

Polypropylene , Polye thy lene,  o r  PVC w/UV add i  t i  ve 1 ~ t h y l  ~ o r p .  

A c r y l i c  and Urethane I Desoto 

P o l y e s t e r  w/UV addi  t . i ve  i n  ex t ruded f i l m  (Pe t ra  "A " )  
4 

CO 
0 P o l y e s t e r  w/UV a d d i t i v e  i n  ex t ruded f i l m  

P o l y e s t e r  o r  C e l l u l o s e  Aceta te  

Re in forced F i lms  

A l l i e d  Chemical 

Cel anese 

Eas tn~an [Tennessee) 

M a t e r i a l  n o t  yec d e f i n e d  

A i  r Tech. I n d u s t r i e s  

Anioco 



3.1.2 R e f l e c t i v e  Surface 

Mater ia ls  t e s t i n g  f o r  the r e f l e c t o r  w i l l  cons is t  p r i m a r i l y  o f  e f f o r t  toward 

developing a  su i  tab1 e  coat ing f o r  the base1 i n e  mater ia l  (A1 uminized Me1 inex 0 ) .  

Re f l ec t i ve  surface coat ings developed cooperat ive ly  w i t h  o ther  companies 

w i l l  be screened f i r s t  o p t i c a l l y  f o r  s u i t a b l e  r e f l e c t i v i t y ,  then the promising 

coated specimens w i l l  be l i f e  tested. Figure 2  i s  a  f l ow  cha r t  o f  the.  

proposed coa t ing  eva lua t ion  t e s t  plan. The proposed t es t s  are: Specul a r  

re f lec tance  measurements w i t h  the Boeing B i  -D i rec t iona l  Reflectometer (628 

nanometer l a s o r  source) , mechanical p roper t ies  t e s t s  ( y i e l d ,  u l  t imate, 

e longat ion) ,  accelerated u l t r a v i o l e t  exposure t e s t i n g  and rea l  t ime desert  

exposure t e s t i n g .  Opt i ca l  and mechanical proper ty  t es t s  w i  11 be performed 

on exposure coupons pe r i od i ca l  l y  t o  ob ta in  degradation vs t ime p r o f i  1  es: 

3.2 Test Qesmfp t ions  

3.2.1 Tens i le  St rength and Elongat ion 

'Tens i le  s t reng th  t e s t s  w i l l  be performed according t o  the methods shown i n  

Table I 1 1  a t  maximum and minimum design and ambient temperatures. Specimens 
are shown i n  Figures 3 and 4. The choice o f  micro o r  macro sized specimen 

w i l l  be d i c t a t e d  by 1)  the amount of sample mater ia l  ava i lab le ,  2) the 

requirement f o r  modulus measurement (Modulus can on ly  be measured on macro- 

specimens), and 3) the type o f  long  term exposures invo lved (accelerated UV 

exposures are area-?,im)ted). ~ o r r t r o l  t e s t s  will be m an a .minimum o f  3 

r e p l  i c a t e  speci~netis. Test iiuli 011 expused spec'lll~er~s w i l l  use a r r ~ i r ~  ~IIIUIII uF 3 
r e p l  i c a t e  specimens per  exposure per iod  except f o r  area-1 i m i  ted exposures . 

such as accelerated UV. Since some of the s t re tched f i l m s  are an iso t rop ic ,  

t e n s i l e  p roper t ies  w i l l  be determined a t  O0 and 90' t o  the r o l l  l eng th  

d l  rec t ion .  

3.2.2 Seam Strength 

Seam s t reng th  of j o i n t s  w i l l  be run i n  the same manner as the t e n s i l e  t es t s  

above. Specimens w i l l  be sampled so t h a t  the seam i s  centered i n  the reduced 

sec t ion  o f  the m ic ro tens i l e  specimen and w i t h i n  the gage area o f  the macro- 

t e n s i l e  specimen. 



T a b l e  I11 

S t a n d a r d  T e s t  M e t h o d s  

I TEST TYPE' TEST METHOD 

ASTM 0 8 8 2  

ASTM D l  7 0 8 .  

ASTM 0 5 6 8  

ASTM D l 0 0 4  

ASTM D 2 9 9 0  

MICROMETER 

i I 

3 

SPECIMEN 
( O v e r a l l  D i m e n s i o n s )  

i n c h e s  

( I  x 1 2 )  

( . 6 2 5  x 1 . 5 )  

( 1  x 1 8 )  

( 1 . 2 5  x 4 . 9 0 )  

( 1  x 1 2 )  

n o t  c r i t i c a l  

w 

T E N S I L E  (MACRO) 

TENSILE  (MICRO) 

FLAMMABIL ITY  

TEAR 

T E N S I L E  CREEP 

THICKNESS 



FIGURE C NICRO TENSILE SPECIMEN 

FIGURE 4 LUZACRO TENSILE SPECIMEN 

FIGURE 5 'TEAR SPECIMEN 



3.2.3 Tear St rength  and F l  ammabi 1  i t y  

Tear s t r e n g t h  and f lammabil  i t y  t e s t s  w i l l  be conducted pe r  methods i n d i c a t e d  

i n  Table I V .  These t e s t s  w i l l  a i d  i n  e v a l u a t i n g  r i s k s  due tc2+qazards o f  

f lame and tea r .  The t e a r  specimen i s  shown i n  F igu re  5. No f l a m m a b i l i t y  o r  

t e a r  t e s t s  w i l l  be performed on m a t e r i a l s  where s u p p l i e r  data  i s  a l ready  

a v a i l a b l e .  

3.2.4 U/V Exposure 

A Spectro lab X-200 s o l a r  s imu la to r  w i t h  spec ia l  f i l t e r i n g  w i l l  be u t i l  i z e d  

t o  prov ide u l t r a v i o l e t  r a d i a t i o n  a t  a  10 t o  20 sun l e v e l  i n  the  wavelength 

reg ion  l e s s  than 400 nanometers, (based o'n an a i r  mass 2  spectrum). Micro-  

t e n s i l e ,  t ransmi t tance and r e f l e c t a n c e  specimens w i l l  be exposed and p e r i o -  

d i c a l l y  withdrawn d u r i n g  exposure. Data obta ined here w i l l  be used p r i m a r i l y  

t o  screen samples on a  comparative bas is  r a t h e r  than t o  p r e d i c t  u l  era v i o l e t  

1  i f e t i m e .  The m i c r o t e n s i l  e  wi 11 be t e s t e d  t o  d e s t r u c t i o n  and the  t ransmi t tance  

and r e f l e c t a n c e  specimen tes ted  and re tu rned  t o  exposure. 

Real t ime exposure t o  s u n l i g h t  a t  d e s e r t  c o n d i t i o n s  w i l l  be performed on 

micro tens i  1  e, t ransmi t tance and r e f 1  ectance specimens o f  a1 1  f i l m  candidates.  

These exposures w i l l  r un  concur rent  w i t h  t h e  o t h e r  t e s t s  and w i l l  con t inue  

throughout most o f  the  Phase I program and w i l l  extend on through Phase 11. 

Samples mounted on a  t e s t  rack  a t  a  l o c a t i o n  i n  the Southwest (TBD) , w i l l  

be removed a t  6 month i n t e r v a l s  f o r  mechanical and o p t i c a l  eva lua t ion .  Data 

obta ined here w i l l  be use fu l  i n  the  c o r r e l a t i o n  and v a l i d a t i o n  o f  acce le ra ted  

U/V t e s t  data as i n  a d d i t i o n  t o  the a c t u a l  e s t i m a t i o n  o f  m a t e r i a l  outdoor 1  i f e .  

3.2.5 Creep 

Transparent dome and r e f l e c t i v e  sur face candidate m a t e r i a l  w i l l  be eva luated 

f o r  creep resistance.. Tests w i l l  be conducted pe r  Table 111, a t  maximum 

design and ambient temperatures and design s t ress ,  us ing  a  hanging we igh t  

tens ion  system (weight  per-determined) . Changes i n  l e n g t h  w i l l  be determined 

o p t i c a l  l y  . Creep data i s  requ i red  f o r  t ransparen t  dome design. 



3.2.6 Washabi 1 i t y  

A specimen o f  each candidate mate r ia l  w i l l  be exposed t o  water, dust  and 

smoke res idue contaminat ion.  Cleaning techniques s h a l l  be evaluated u t i  1 i z i n g  

water and/or c lean ing  so lu t ions .  Transmittance o r  re f lec tance measurements 

s h a l l  be taken on each specimen f o l  lowing contaminat ion exposure and cleaning. 

Cleaning techni.ques f o r  the specimens w i l l  be sca lab le  t o  the assembly l e v e l .  

3.2.7 Specular Ref lectance Measurements 

The. ob jec t i ves  of specular re f lec tance  t e s t s  w i l l  he t o  determine: which 

membrane sur face coat ings provide the smal les t  l o ss  i n  re f lec tance  and e f f e c t s  

o f  var ious environmental /devel opmental t e s t s  on surfaces. Specul a r  r e f l  ec tance 

t e s t s  w i l l  be performed w i t h  a mod i f ied  b i  - d i r ec t i ona l  re f lec tomete r  u t i 1  i z i n g  

a 628 nanometer wavelength 1 aser 1 i ght  source (F igure 6 ) .  Apertures d e f i n i n g  

var ious so l  i d  angles a re  placed a t  the entrance p o r t  . to  the  i n t e g r a t i n g  

sphere/detector t o  determine the d l  s t r l  bu t i on  o f  energy i n  the r e f l  ected 

beam. 

3.2.8 Specular Transmittance Measurements 

Special specul a r  transmi t tsncc appartus assembled f o r  these measurements 

(Flgure 7 )  u t l  l i ~ r i  an txisting I3eck~s;lr~ DK 2A spectraphotsmeter l?nrl a Gier -  

Dunkle i n t e g r a t i n g  sphere t o  prov ide specular t ransmi t tance w i t h i n  an 

acceptance cgne angle o f  0.5', as a f unc t i on  o f  wavelength from 250 t o  2500 

nenometers. Selected specimens w i  11 be tes ted  on the b i  - d i r ec t i ona l  i nstrument 

descr ibed i n  3.2.7 a t  s ca t t e r i ng  cone angles ranging from 0.08 t o  0.5' 

(628 nm on l y ) .  

F igure  8 shows t he  t e s t  schedule. A l l  t e s t s  w i l l  begin as Ind ica ted  on 

ma te r i a l s  a v a i l a b l e  a t  t h a t  time. Later  a r r i v a l s  w i l l  be processed as they 

come i n .  Most environmental exposure t e s t s  are. sub ject  t o  pe r i od i c  inspect ion 

i n  order  t o  develop a p ro j ec tab le  1 i f e  curve. 



Figure 6 Schema tic of Speculor Reflcctornctcr Optical System 
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Figure 8 

Materials Test  Schedule 
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Kynar, 4686-73-8 

Figure F-1 KynarA U/VExposure Data 

25,000 - 

- 
L 

. 1 15,000 - 
", "7 

2 z 
10.000 

5,000 

0 

F i gu r e F - 2 Kynar 8 U/V Exposure Data 

Kynar, 4bw-73-22 

n 300 400 800 IUU 1,000 
U V  Exposure Time - Hn. 

- 
lj/Q\/o 

Ultimate Strew - 0 Yield Stress - 
0 Elongation 
a Transmittance 

I I I I I 

25,000 

20.000 

iz 
P 

1 15,000 
3 
t! < 
G 

10.000 

5,000 

0 

E C 

.; 

- 4 0  - i? 
W 

20 

' 0  

0 200 400 600 800 1,000 
UV Exposure Time - Hn. 

-. - 
,- *a- \& 
L 7 

- -% -2 
0 

- - 
>- 

\o , 

- -, 

- Ultimate Stress - 
Yield Stiass 

O Elongntion 
A Transmittance 

I I I I I 

100 

80 S 

: 
t: 

60 '- 5 
\ E C 

0 

.4Q 'Z 
C 
0 
B 

20 

0 



Fi gure F-3 Kynar C UiV Exposure Dara 
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loo r Second iteration 

I / First iterationJ 

Cone Angle, Degrees 

F i gu r e F - 9 Specular Reflectance vs Cone Angle for Mylar Aluminized by National Metaliring 
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m 
3 Melinex '0' substrate stabilized by Martin Process 

" 20 (.633 nm wavelength) 

Cone Angle, Degrees 
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F i gure F- 1 6 U N  Exposure Data I& Mufin. Processing 
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F i g u r e  F 
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