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PREFACE 

This document i s  pr.ovided by t h e  McDonnell Douglas As t ronaut ics  

Company (MDAC) i n accordance w i t h  Department o f  Energy Contract  

No. DE-AC-03-79 SF 10499, Reports and De l iverab les  L i s t ,  I tem 

2-25. The ma te r ia l  contained he re in  documents work performed a t  

t he  U n i v e r s i t y  o f  Houston Energy Laboratory under t h e  d i r e c t i o n  

o f ,  L o r i n  L. Vant-Hull . 

The o r i g i n a l  document ( re1  eased October 1979) prov ided t h e  design 

bas is  f o r  t he  p i l o t  p l a n t  c o l l e c t o r  f i e l d  based on a DOE-defined 

450 square f o o t  he1 i o s t a t  and i n i t i a l  h e l i o s t a t  r e f l e c t i v i t y  and 

rece i ve r  absorp t ion  performance assumptions (0.86 .and 0.93 respec- 

t i v e l y ) .  This rev i sed  document prov ides expanded in fo rma t ion  

regard ing  the  e v o l u t i o n  o f  t he  c o l l e c t o r  f i e l d  design. Unique 

performance c h a r a c t e r i s t i c s  r e s u l t i n g  f rom the. s e l e c t i o n  o f  t h e  

M a r t i n  Mar ie t ta  430 square f o o t  h e l i o s t a t  and rev is i 'ons i n  t h e  

h e l i o s t a t  r e f l e c t i v i t y  and r e c e i v e r  performance assumptions 

(0.89 and 0.95 re 'spec t ive ly )  . a re  included. It a1 so documents t h e  

r e s u l t s  o f  spec ia l  s tud ies  which were ' i n  progress a t  the  t ime o f  

t he  o r i g i n a l  pub1 i c a t i o n  i n v o l v i n g :  

a H e l i o s t a t  aim s t r a t e g i e s  

' To ta l  r e c e i v e r  power and heat  f l u x  d i s t r i b u t i o n  

. .E f fec ts  o f  c loud passage on rece i ve r  power 

Major t echn ica l  c o n t r i b u t i o n s  were prov ided by C l i f f o r d  L. Laurence, 

Freder ick  W. Lipps, and Michael 'D. Walzel . Quest ions concerning 

t h i s  document should be d i r e c t e d  t o  R. G. Riedesel a t  (714) 896-3357. 
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Sect ion  1 

INTRODUCTION AND SUMMARY 

1.1 COLLECTOR FIELD OPTIMIZATION 

The general o b j e c t i v e  o f  c o l l e c t o r  f i e l d  o p t i m i z a t i o n  i s  to :  produce t h e  most 

cos t -e f f ec t i ve  c e n t r a l  r ece i ve r  solar-energy co l . l ec to r .  To t h i s  end, t he  

s i z e  o f  the  r e c e i v e r  and i t s  he igh t  above t h e  h e l i o s t a t  f i e l d ,  and t h e  f i e l d  

boundaries and d i s t r i b u t i o n  of he1 i o s t a t s  w i t h i n  those boundaries a re  var ied .  

For t h e  o p t i m i z a t i o n  t o  be meaningful ,  t h e  s.ize and performance o f  each com- 

ponent must be spec i f i ed ,  toge ther  w i t h  cos t  s c a l i n g  r e l a t i o n s h i p s  v a l i d  over 

t he  appropr ia te  range. 

Since 1973, t he  U n i v e r s i t y  o f  Houston has been working w i t h  McDonnell Douglas 

t o  develop t h e  appropr ia te  cos t  and performance models and the  computer codes 

appropr ia te  t o  c a r r y  o u t  t h i s  op t im iza t i on .  A d d i t i o n a l  computer codes have 

been developed t o  def ine the  ac tua l  h e l i o s t a t  l o c a t i o n s  i n  t h e  op t im ized 

f i e l d  and t o  compute i n  d e t a i l  t he  performance t o  be expected o f  t he  de f i ned  

f i e l d .  Th is  e n t i r e  arsenal o f  models and codes has been employed t o  generate 

t h e  resu l  t s  repo r ted  he re i  n. 

Since t h e  o b j e c t i v e  o f  the, p i l o t  p l a n t  i s  t o  emulate a  commercial system, t h e  

op t im iza t i on  process i s  c a r r i e d  o u t  on a  commercial s i z e  c o l l e c t o r  f i e l d  and 

r e c e i v e r  .and then  scaled down t o  meet the. p i  1  o t "  p l a n t  design p o i n t  power l e v e l .  

The o p t i m i z a t i o n  process i s  n o t  s e n s i t i v e  t o  t h e  a iming s t r a t e g i e s  and, f l u x  

d i s t r i b u t i o n  on the  rece iver .  Consequently an idea1, izat ion t o  t he  f i n a l  

a iming s t ra tegy  i s  iused f o r  the o p t i m i z a t i o n  work. Once t h e  f i e l d  i s  designed, 

minor adjustments t o  i t s  boundaries can be made, i f  necessary, t o  s a t i s f y  

thermal power and f l u x  c o n s t r a i n t s  in t roduced by t h e  r e c e i v e r  design. The 

f i n a l  h e l i o s t a t  aim s t ra tegy  requ i red  t o  d i s t r i b u t e  t h e  heat f l u x  v e r t i c a l l y  

over t h e  surface of t h e  r e c e i v e r  i s  determined once t h e  f i n a l  r e c e i v e r  

l e n g t h  has been es tab l i shed.  . 



The a iming s t r a t e g y  used t o  achieve a  s a t i s f a c t o r y  v e r t i c a l  f l u x  d i s t r i b u t i o n  

i s  descr ibed i n  Sect ion  5.2. Sect ion 5.1 descr ibes i n  d e t a i l  r e c e i v e r  design 

data p e r t a i n i n g  t o  the  power l e v e l  on each panel f o r  se lec ted  days and 

t imes o f  day thr.oughout t he  year.  The remainder o f  Sect ion 5  describes o ther  

spec ia l  s tud ies  c a r r i e d  o u t  under the  cont rac t .  Among them a r e  the  ana lys i s  

o f  r e c e i v e r  t r a n s i e n t s  associated w i t h  s t a r t u p  and c loud  t r a n s i t s .  

1.2 DEFINITION OF THE OPTIMAL COMMERCIAL SYSTEM 

The Phase 1 p i l o t  p l a n t  p r e l i m i n a r y  design study completed i n  June o f  1977 

prov ides  a  complete s e t  o f  c o s t  and performance models f o r  a  100 MWe c e n t r a l  

r e c e i v e r  power p l a n t .  Wi th a  s o l a r  m u l t i p l e  o f  1.3,' t h i s  system requ i res  a  

peak design p o i n t  power o f  560 M W t  i n c i d e n t  on the  rece i ve r .  Th is  system 

employs an ex te rna l  c y l  i n d r i  ca l  r e c e i v e r  and a  surround f i e 1  d  o f  essen t i a l  l y  

square, s i l v e r e d . g l a s s ,  . . i n v e r t i n g  h e l i o s t a t s .  As a  r e s u l t  o f  t h i s  rev i sed  

c o s t  model, more powerfu l  o p t i m i z a t i o n  techniques, and an u n r e s t r i c t e d  o p t i -  

m iza t ion ,  i t  was determined, us ing  h e l i o s t a t  cos ts  appropr ia te  t o  an e a r l y  

comnercial p l a n t ,  t h a t  a  r e c e i v e r  he igh t  o f  184 m ( r a t h e r  than the  prev ious 

264 m) would be t h e  most cos t -e f fec t ive  way t o  generate the  requ i red  560 MWt  

i n c i d e n t  on the  rece i ve r .  

1.3 SPECIFICATION OF THE 10 MWe SOLAR THERMAL CENTRAL RECEIVER PILOT PLANT 

The Barstow p i l o t  p l a n t  i s  t o  rep1 i c a t e ,  as complete ly  as 'poss ib le  i n  a 
scaled-down vers ion,  t he  c h a r a c t e r i s t i c s  of t he  op t im ized cormnercial system. 

Dur ing  the  Phase 1 study, i t  was shown t h a t  d i r e c t  a p p l i c a t i o n  o f  t h e  op t im i -  

z a t i o n  procedures t o  a  10-MWe s c a l e / p i l o t  p l a n t  would produce a  n o r t h  ra t t i e r  

than a  surround f i e l d  because of t he  h igh  p i l o t  p l a n t  he1 i o s t a t  cos ts  and the  

low c o s t  of the  r e l a t i v e l y  s h o r t  tower. Consequently, t he  approach must be 

t o  op t im ize  the commercial p l a n t  and then t o  design a  p i l o t  p l a n t  t h a t  

r e t a i n s  as many o f  the  s i g n i f i c a n t  features of t he  commercial p l a n t  as pos- 

s i b l e .  I n  thc Phasc 1 study, hydro/thermodynarnic s c a l i n g  law;.were app l i ed  

t o  t h e  commercial r e c e i v e r  t o  speci fy  a  p i  l o t - p l a n t  r e c e i v e r  diameter of 

23 ft ( 7  rn) and a' l e n g t h  o f  41 f t  (12.5 m), which has s ince been increased t o  

45 ft (13.7 m) t o  accommodate h igher  requ i red  power l eve l s . ,  A1 though t h i s  

r e c e i v e r  i s  r e l a t i v e l y  narrower than t h e  c o m e r c i a l  rece i ve r ,  t h e  use i n  t he  

p i l o t  p l a n t  o f  canted segment h e l i o s t a t s  r a t h e r  than f l a t  h e l i o s t a t s  r e s u l t s  

i n  a  s u b s t a n t i a l l y  improved beam i n t e r c e p t i o n  f rom an equ iva len t  p o i n t  i n  t he  

2 



f i e l d .  The h e l i o s t a t  f i e l d  associated w i t h  t h i s  rece i ve r  i n  the  Phase 1 study 
2  2  consis ted o f  1706 he1 i o s t a t s ,  408 f t  (38 m ) i n  area. Th i s  would correspond 

2  2  t o  1547 o f  the 450- f t  (41.8 m ) nominal he1 i o s t a t s  de f ined by Sandia, were 

a l l  o ther  f a c t o r s  t o  remain constant;  however, i n c l u d i n g  an allowance f o r  

dus t  accumulation and degradation, c u r r e n t l y  a t t a i n a b l e  values f o r  h e l i o s t a t  

r e f l e c t i v i t y  a re  5.5% lower and f o r  r e c e i v e r  a b s o r p t i v i t y  2.1% ,lower. I n  

add i t i on ,  the de f ined value f o r  i n s o l a t i o n  a t  t he  design p o i n t  i s  reduced by 

' 5.5%, the  design p o i n t  s h i f t e d  t o  .t ime when the  f i e l d  e f f i c i e n c y  i s  reduced 

by 12%, and a  requirement f o r  r a t e d  opera t ion  w i t h  one f i e l d  c o n t r o l l e r  down 

reduces" the  f i e l d  e f fec t i veness  by 1.'6%. 

The o v e r a l l  e f f e c t  o f  these r e v i s i o n s  i n  the  requirements s ince Phase 1 

increases the  requ i red  number o f  h e 1 i o s t a t s . b ~  n e a r l y  30%, from 1547 t o  2000. 

The i d e a l  approach t o  d e f i n i n g  t h e  p i l o t  p l a n t  would be t o  s t a r t  w i t h  a  design 

' f o r  a  f u l l y  opt imized 100 MWe e a r l y  commercial p lan t ,  apply appropr ia te  
. . 

requirement co r rec t i ons ,  such .as those 1  i s t e d  above, and then s imply compute 

the  rece i ve r  he igh t  f o r  a  s i m i l a r  f i e l d  by sca l i ng  as the  square r o o t  o f  t he  

requ i red  power l e v e l .  Th is  procedure r e s u l t s  i n  a  requirement f o r  a  200-ft 

(60 m) rece i ve r  c e n t e r l i n e  elevation,.:and a  h e l i o s t a t  f i e l d  area o f  140 acres 

(0.56 km2). I n '  f a c t ,  because o f  the need t o  f i l e  an environmental impact 

statement, ob ta in  app rop r ia te l y  l oca ted  s o i l  samples, and f reeze c e r t a i n  

aspects o f  the design, the  tower he igh t  was speci f i .ed as 260 f t  (80 m) f rom 

grade t o  the  rece i ve r  cen te r l i ne ,  i t  was l oca ted  somewhat too  f a r  t o  the  

south, and the area a v a i l a b l e  f o r  he1 i o s t a t  placement was r e s t r i c t e d  t o  .. 

2  approximately 100 acres (0.40 km 1. 

For tunate ly ,  the. t a l l e r  tower a l lows c l o s e r  packing o f  t he  h e l i o s t a t s  w i thout '  

excess b lock ing,  w i t h  the r e s u l t  t h a t  t he  requ i red  power' can be prov ided from 

the  designated f i e l d .  However, i t  was necessary t o  severely  r e s t r i c t  the  

boundaries a l lowed t o  the  commercial f i e l d  i n  opera t ing  the  o p t i m i z a t i o n  code. 

I n  t h i s  sense, the  p i l o t  p l a n t  i s  rep resen ta t i ve  o f  a  repowering app l i ca t i on ,  

where a  non-optimum bu t  c o s t - e f f e c t i v e  system has been designed t o  produce a  

s p e c i f i e d  power from a  l i m i t e d  l and  area o f  s p e c i f i e d  shape. 

A f t e r  the  appropr ia te  procedures had been fo l lowed,  the  f i n a l  f i e l d  us ing  the  
2 2 nominal 450 - f t  (41.8 m ) he1 i o s t a t  requ i red  1910 he1 i o s t a t s .  Thus, appl i ca -  



t i o n  o f  our improved opt imiza t ion ,  f i e l d  design, and l a y o u t  procedures 

r e s u l t e d  i n  a  h e l i o s t a t  number 4.5 percent  smal ler  than p red ic ted  by the  sca l -  

i n g  r e l a t i o n s h i p s  i n d i c a t e d  e a r l i e r .  

1.4 VOLUME OVERVIEW 

1.4.1 Sect ion 2 .  D e f i n i t i o n  o f  100-MWe Commercial Basel ine System 

Sect ion  2 describes the  range o f  c a p a b i l i t i e s  o f  t h e ,  a v a i l a b l e  op t im iza t i on  , 

and performance codes. Some idea o f  t he  l i m i t a t i o n s  of t h e  codes i s  i n t r o -  

duced, and references t o  more 1  engthy desc r ip t i ons  o f  the  var ious  components 

o f  t h e  codes a r e  given. Both the c e l l w j s e  s t r u c t u r e  used I n  the  opt Imlza t lon '  

process and the ac tua l  rad ia l - s tagger  ar ray  o f  h e l i o s t a t s  assumed i n  a l l  the  

c u r r e n t  work are  def ined. The var ious l o s s  models inc luded i n  t h e  ana iys i s  

a r e  described, i n c l u d i n g  atmospheric a t tenuat ion ,  he1 i o s t a t  a b s o r p t i v i t y  and 

r e c e i v e r  r e f l e c t i v i t y ,  thermal losses, e t c .  

The r o l e  o f  the o p t i m i z a t i o n  code i n  t h e  d e f i n i t i o n  o f  t h e  p i l o t  p l a n t  i s  

spec i f i ed ,  w i t h  a  complete d e s c r i p t i o n  o f  t he  op t im iza t i on  process i t s e l f  

re lega ted  t o  Appendix A. For cu r ren t  purposes, the  pr imary output  f rom t h e '  

op t im ize r  i s  a  s e t  of curve f i t  c o e f f i c i e n t s  t o  t h e  h e l i o s t a t  spacing data 
'. 3 

t h a t  i s  de l i ve red  t o  the  l a y o u t  program. 

The d e t a i l e d  cos t  model used by t h e  op t im ize r  f o r  t he  comnercial system o p t i -  

m iza t i on  i s  presented i n  the  form o f  equations r e l a t i n g ,  t he  cos t  element . t o  

each o f  t h e  f a c t o r s  t h a t  determine it. 

The design basis f o r  t he  commercial system i s  presented together  w i t h  the  

r a t i o n a l e  f o r  i t s . s e l e c t i o n .  The many i n p u t  requirements t o  de f ine  the  s i t e ,  

i n s o l a t i o n ,  and f i e l d  o f  c o n f i g u r a t i o n  are  a l s o  spec i f ied .  The r e s u l t s  from 

the  u n r e s t r i c t e d  o p t i m i z a t i o n  run are presented and described i n  the  form o f  

a  se r ies  of outputs from the  computer run d e f i n i n g  the  n t h  commercial p l a n t .  

F i n a l l y ,  t h i s  sec t i on  presents the  procedures used i n  moving.from t h i s  unre- 

s t r i c t e d  n t h  commercial system t o  an e a r l y  commercial system, an e a r l y  corn-. 

merc ia l  system constra ined t o  a  geometry i d e n t i c a l  t o  t h a t  o f  t he  p i l o t  p lan t ,  
. . 

and f i n a l l y ,  such'a system forced t o  .a power . l e v e l  sca lab le  t o  s a t i s f y  the  . 
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p i l o t  p l a n t  requirements. This  process ends, once the  p l a n t  t o  be emulated 

has been def ined, w i t h  a  specia l  run  t h a t  produces the  i n fo rma t ion  requ i red  

by the l a y o u t  processor described i n  Sect ion 4. 

1.4.2 Sect ion 3. Development o f  the I n d i v i d u a l  H e l i o s t a t  Performance.Code 

The opt imizer  and the standard performance code are  both c e l l w i s e  i n  s t ruc -  

tu re .  That i s ,  a  l a t t i c e  cons i s t i ng  o f  about 250 c e l l s  i s  generateb,..arid the  

performance o f  a l l  h e l i o s t a t s  i n  a  c e l l  i s  represented by a  h e l i o s t a t  a t . t h e  

center  o f  t h a t  c e l l .  Th is  procedure i s  adequate f o r  conceptual and p r e l i m i -  

nary design studies,  b u t  f o r  a  f i n a l  design, a  more c a r e f u l  l o o k  a t  the  per-  

formance o f  each h e l i o s t a t  surrounded by e x a c t l y  l oca ted  neighbors i s  

requi red.  I n  add i t i on ,  the  more accurate representa t ion  o f  t he  f i e l d  gener- 

ated by the  l a y o u t  processor i s  requ i red  t o  ,present a  t r u e  p i c t u r e  o f  system 

performance, p a r t i c u l a r l y  i n  the  v i c i n i t y  of d i s c o n t i n u i t i e s  such as roads, 

boundaries, and i n t e r n a l  s l i p  planes. The i n d i v i d u a l  he1 i o s t a t  ( I H )  code was 

used success fu l l y  . i n  d e f i n i n g  the  p rec i se  s c a l i n g  r e l a t i o n s h i p  t o  t h e  p i l o t  

p l a n t  needed t o  prov ide  the  requ i red  power l e v e l .  

The I H  code i s  i d e a l l y  s u i t e d  f o r  accura te ly  generat ing the  power t o  each 

rece i ve r ' pane l  vs t ime f o r  the design o f  r e c e i v e r  cont ro ls . .  However, a t  t h e  

t ime these r e s u l t s  were needed, the  f u l l  c a p a b i l i t i e s  o f  t he  annual program 

had n o t  y e t  been incorpora ted  i n t o  the  I H  code, so the  power ou tput  was 

gen~erated from the c e l l w i s e  performance code. 

Use of the IH code i n  a completed study o f  r e c e i v e r  panel power under sunr ise  

s t a r t u p  cond i t i ons  i s  described. Because o f  the  low s o l a r  elevd' t ion, 50 

r a t h e r  than 8 neighbors are  i nves t i ga ted  f o r  shading o r  b lock ing  i n t e r a c t i o n s .  

A  c loud cover study c u r r e n t l y  underway cou ld  have been performed us ing  the  I H  

code, b u t  the  very coarse s t r u c t u r e  o f  t he  a v a i l a b l e  c loud t ransmiss ion func- 

t i o n  data l e d  t o  a  dec i s ion  t o  use the  c e l l w i s e  performance model. As c loud 

. passage i s  e s s e n t i a l l y  instantaneous, compared t o  changes i n  shading, b lock-  

ing, and cosine, the sun i s  he ld  f i x e d  du r ing  the  c loud passage. Consequently, 

t he  r o u t i n e  i s  very f a s t  and a  v a r i e t y  of "clouds" and d i r e c t i o n s  o f  approach 

can be run. Preparat ions have been made f o r  generat ing t h e  panel power asso- 

c i a t e d  w i t h  each o f  60 de f ined segments o f  the  c o l l e c t o r  f i e l d .  Th is  w i l l  be 

accomplished by d i v i d i n g  the  f i e l d  i n t v  12 equal (30 dcg) sec tors  and summing 

the  power f rom appropr ia te  c i r c l e s  o f  h e l i o s t a t s .  
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1.4.3 Sec t ion  4.. C o l l e c t o r  F i e l d  Layout  f o r  t h e  ,SFDI P i l o t  P l a n t  

Sec t i on  4  c o n s i s t s  o f  two p a r t s .  P a r t  1 descr ibes  t h e  procedure whereby 
. 

performance and h e l i o s t a t  spac ing da ta  f rom t h e  r e p r e s e n t a t i v e  commercial- 

s c a l e  system a r e  conver ted  i n t o  c o e f f i c i e n t s  o f  use i n  t h e  l a y o u t  processor .  

The o b j e c t i v e  i s  t o  emulate as c l o s e l y  as p o s s i b l e  t h e  performance, i .e., t h e  

shading and b l o c k i n g  losses ,  f o r  each r e g i o n  o f  t h e  f i e l d . '  S ince t h e  h e l i o -  

s t a t  a r r a y  i s  r a d i a l - s t a g g e r ,  t h e  l o c a l  h e l i o s t a t  az imuthal  sepa ra t i on  i s  

d e f i n e d  by  i t s  r a d i a l  l o c a t i o n ,  and hence i s  a  const ra i .ned r a t h e r  than  a  f r e e  
. .  I 

v a r i a b l e .  The more s o p h i s t i c a t e d  techn ique  descr ibed  here responds t o ' t h i s  

cons t ra i n t .  and a c t s  t o  match as c l o ' r c l y  a s  p a s s i h l e  .tl:~e 10r;al perfovmai-ice 

assoc ia ted  w i t h  t h e  o p t i m i z a t i o n .  . 
= = o r .  Part. 7 descr ibes  i n  d e t a i l  t h e  a c t u a l  procedur-e used I n  the l a y o u t  proce,, 

T h i s  p rocessor  must d e f i n e  t h e  r a d i u s  o f  subsequent c i r c l e s  s u b j e c t  t o  t h e  

l o s s  and az imuthal  c o n s t r a i n t s .  It then  s t r i n g s  h e l i o s t a t s  on t h e  c i r c l e  i n  

t h e  r a d i a l  - s tagger  con f i gu ra t i on ,  sub jec t  t o  boundary and road  c o n s t r a i n t s .  

I f  t h e  az imuthal  sepa ra t i on  becomes l e s s  than  op t ima l ,  a  s l i p  p lane  i s  d e f i n e d  

a t  which every f o u r t h  h e l i o s t a t  i s  d e l e t e d  t o  r e l i e v e  t h e  s t r a i n .  S i x  ad ja -  

c e n t  h e l i o s t a t s  a r e  a l s o  s l i d  by d e f i n e d  amounts a long  t h e i r  r e s p e c t i v e  c i r c l e s  

t o  m in im ize  t he  chaos and .assoc ia ted  excess shading and b l o c k i n g  a t  t h e  s l i p  

p l  anc. 

Var ious c o n t r o l s  e x i s t  t o  a d j u s t  t h e  s t a r t i n g  and t r a n s i t i o n  p o i n t s  and t o  . 

d e l e t e  s p e c i f i e d . h e l i o s t a t s  f rom t h e  o u t p u t  coo rd ina te  f i l e .  I n  p r a c t i c e ,  t h e  

l a y o u t  processor  i s  ve ry  f a s t ,  and e x i s t s  as a  sub rou t i ne  t o  t h e  i n d i v i d u a l  . 

he1 i o s t a t '  performance code. The i n p u t s  t o  t h e  code a r e  descr ibed  i n  d e t a i l  

i n  ~ ~ ~ s r l d i x  B .  

1.4.4 w t i o n  5 . .  Spec ia l  S tud ies  

I n  suppor t  n f  t.he p i l o t  p l a n t  dcslgn, numerous s p e c i a l  studies were r e q u i r e d  
by  t h e  SFDI. Each o f  these i s  descr ibed  i n  Sec t i on  5. 

The power t o  each panel o f  t h e  r e c e i v e r  a t  42 i n s t a n t s  i n  t ime  was d e l i v e r e d  

e a r l y  i n  t h e  s tudy i n  suppor t  of c o n t r o l s  development. The c e l  l w i s e  model , 

was used. 



Several a l lowab le  h e l i o s t a t  air.] p o i n t  s h i f t s  and the  r e s u l t i n g  r e c 2 i v e r  f l u x  

d i s t r i b u t i o n  were de l i ve red  i n  support o f  t h e  development o f  an aim s t ra tegy  

responsive t o  the  c o n f l i c t i n g  requirements o f  low s p i l l a g e ,  low peak power, 

no regions o f  negat ive n e t  power on the  rece iver ,  and a  f i n i t e  number o f  pre-  

de f ined aim po in ts .  

The i n d i v i d u a l  he1 i o s t a t  program was used t o  del  i v e r  a  s e r i e i  o f  panel powers 

fo r  e i g h t  c lose l yspaced  times near 10-deg s o l a r  e l e v a t i o n  ( s t a r t u p )  on 
. 

equinox and 1  month from summer s o l s t i c e .  

Tile c e l l w i s e  model was equipped w i t h  a  subrout ine t o  advance a  c loud f r o n t  

( s p e c i f i e d  by. Aerospace from measurements a t  Barstow) over t he  f i e l d  i n  

any d i r e c t i o n  w h i l e  ho ld ing  t h e  sun f i x e d  a t  any p o s i t i o n .  De ta i l ed  study 

r e s u 1 . t ~  f o r  rep resen ta t i ve  clouds a r e .  presented. 

1.4.5 Appendix 

The th ree  appendixes prov ide,  f o r  the  more dedicated reader, an adequate 

d e s c r i p t i o n  o f  the op t im iza t i on  theory, t he  l a y o u t  procedure, and the  i n d i -  

, v i d u a l  h e l i o s t a t  code. Whi le . the  casual reader may n o t  b e n e f i t  f rom s tudy ing  

these sect ions,  i t  may be p r o f i t a b l e  f o r  him t o  skim them when he reaches the  
. . appropr ia te  p o i n t  i n  the  main t e x t .  

1.4.6 Conclusion 

The procedures and codes described i n  t h i s  r e p o r t  have l e d  t o  the  d e f i n i t i o n  

o f  a c o l l e c t o r  f i e l d  f o r  the  10 MWe So lar  Thermal Centra l  Receiver P i l o t  P lan t .  

This  f i e l d  is s p e c i f i e d  i n  SAN/Q499-18, C o l l e c t o r  F i e l d  Layout S p e c i f i c a t i o n  

(RADL i t em 2-12). While t h i s  f i e l d  was designed t o  accommodate the  450-f t  2 

2  (41.8 m ) he1 i o s t a t  de f ined by Sandia, i t  w i l l  be implemented us ing  e i t h e r  a  
2  M a r t i n  430- f t2  (40 m ) o r  a  McDonnell Douglas As t ronaut ics  Company (MDAC) 

479- f t2 (44.5 m2) he1 i o s t a t .  

2  Using the  overs ized ( r e l a t i v e  t o  450 f t  ) MDAC he1 i o s t a t  w i l l  r e s u l t  i n  an 

increase o f  1.42% i n  shading and b lock ing  a t  the  design p o i n t ,  w h i l e  the  

undersized Mar t i n  h e l i o s t a t  enjoys a  decrease o f  1.48% i n  shading and b lock-  

ing .  These e f fec ts  accrue on ly  because the  same foundat ions are  s p e c i f i e d  
I f o r  a l l  th ree  h e l i o s t a t s .  Were the foundat ion  spacings expanded t o  main ta in  



t h e  same ground coverage, t h e  f i e l d  areas and shading and b lock ing  losses 

would be e s s e n t i a l l y  i d e n t i c a l .  

The f i e l d  d e f i n e d ' i n  t h i s  work meets a l l  the  imposed requirements and r e s t r i c -  

t i o n s .  It i s  n o t  rep resen ta t i ve  o f  a  c o s t - e f f e c t i v e  10 MWe comnercial sys- 

tem - such a  system would probably use a  n o r t h  f i e l d  con f igu ra t i on .  Because 

o f  t he  c o n s t r a i n t s  imposed and the  use o f  c u r r e n t l y  a v a i l a b l e  a b s o r p t i v i t y ,  

r e f l e c t i v i t y ,  etc . ,  a  more c o s t - e f f e c t i v e  commercial system than the  one emu- 

1  ated here could r e a d i l y  be designed. Whether t h i s  would produce a  cheaper 

p i l o t  p l a n t  design i s  n e i t h e r  c l e a r  nor  important  a t  t h i s  t ime.  The r e s t r i c -  

t i o n s  a re  rea l ,  an e f f e c t i v e  p i l o t  p l a n t  has been def ined t h a t  s a t i s f i e s  them, 

and cons t ruc t i on  of t h e  p l a n t  i s  under way. 



Sect ion  2 

DEFINITION OF A COMMERCIAL SYSTEM 

2.1 INTRODUCTION 

1n.keeping w i t h  the  purpose o f  the  p i l o t  p l a n t  t o  be rep resen ta t i ve  o f  f u t u r e  

commercial sca le  systems, t he  o p t i c a l  design o f  t he  p i l o t  p l a n t  i s  based on 

s c a l i n g  from an updated commercial system design. It was deemed necessary t o  

update the  commercial system design because considerable improvement and r e v i -  

s i on  o f  cos t  and models and o f  computer codes represent ing  p e r f o r -  

mance and op t im iza t i on  theory  have been made s ince  complet ion o f  t he  prev ious 

o p t i m i z a t i o n  s tud ies .  These s tud ies  l e d  t o  t h e  commercial system design pub- 

1  i shed i n  t he  Phase 1 F i n a l  Report o f  1977 (1 ) .  Some o f  t h e  c o s t  and p e r f o r -  

mance model s  used i n  t he  op t i 'm iza t ion  s tud ies  descr ibed i n  re fe rence (1) were 

f rozen  i n  1975 and the  remainder i n  1976, and a l though they were updated f o r  

t he  f i n a l  r epo r t ,  the  o p t i m i z a t i o n  i t s e l f  was n o t  udpated. Several more- 

recen t  s tud ies  of advanced systems, hyb r i d  systems, and small s jstems have 

revealed new p o s s i b i l i t i e s  f o r  improved performance i n  r e l a t i o n  t o  cos t .  A  

p e r t i n e n t  example o f  t h i s  i s  the  requ i red '  tower hei 'ght.  I n  1977, t he  design 

o f  a  system w i t h  a  nominal nameplate capac i t y  o f  100 MW e l e c t r i c  requ i red  a  

242-meter tower. More recen t  ana l ys i s  techniques combined w i t h  r e v i s e d  c o s t  

data have shown t h a t  t h e  design o f  a  system o f  t h i s  s i z e  can be based on a  

180-meter tower. I t  i s  a l so  necessary f o r  the  purpose o f  proper  s c a l i n g  t o  

p i l o t  p l a n t  s i z e  t o  i n t roduce  c u r r e n t l y  a t t a i n a b l e  values f o r  p e r t i n e n t  per- 

formance f a c t o r s  such as he1 i o s t a t  r e f 1  e c t i v i  t y ,  r e c e i v e r  a b s o r p t i v i t y ,  and 

convect ion and r e r a d i a t i o n  losses.  

Th is  sec t i on  w i l l  p resent  a l l  t he  p e r t i n e n t  parameters used t o  form the  new 

commercial system design and the  i n d i c a t e d  c o s t  e f f e c t i v e n e s s  o f  t h a t  design. 

A d iscuss ion  o f  the  comprehensive computer performance models and system c o s t  

models used i n  t he  design work i s  inc luded.  It was necessary t o  app ly  a  s e t  

o f  r e s t r i c t i o n s  t o  t he  commercial desi.gn t o  f a c i l i t a t e  proper  s c a l i n g  t o  

e x i s t i n g  p i l o t  p l a n t  .phys ica l  c o n s t r a i n t s .  The impact o f  these r e s t r i ' c t i o n s  

i s  presented. 



The next important step in the design process i s  the scaling and application 

of the commercial system design parameters to  the design of the p i lo t  plant 

system. A detailed discussion of t h i s  will be given, including the applica- 

t ion of additional physical constraints required fo r  the p i lo t  plant. The 

use of output parameters from the 'computer codes to  derive actual hel iostat  

locations will be discussed in detail  in separate sections. 

The optical properties of the p i lo t  plant design, such as hel iostat  focusing, 

he l ios ta t  aiming and tracking, hel iostat  shading and blocking, receiver inter- 
ception, and receiver flux dis t r ibut ion,  a re  closely representative of future 

considerations fo r  large-scale system design and control: Notwithstanding 

the O b v i ~ u ~  economics of 'large-scale mass production, because of physical 
constraints ( f i e l d  s ize ,  tower 1 ocation, receiver s ize,  tower height, e tc .  ) 

the plant i s  not fu l ly  representative of the cost/performance potential of 
central receiver systems. Considerable additional economy can be realized 
from designs with fewer arbi t rary constraints.  

2.2 SYSTEM PERFORMANCE MODELS 
Almost every aspect of central 'receiver. optical performance i s  carefully and 
extensively modeled in the University of Houston computer codes. These models 
have been developed over a period of several years, s ta r t ing  in 1973. During 
t h i s  time the theory and implementation of these models have been documented 

in: large number of contract technical reports,  publications, and conference 
proceedings. Space does not permit inclusion of a l l  the modeling in t h i s  
report .  A descriptive summary of the models will be given here, together with 
appropriate references. An exception to  t h i s  i s  the optimization theory. 
Because of the importance of this, theory in determining the layout of helio- 

s t a t s  in a f i e l d  design, a complete description (although b r i e f )  i s  given in 
Appendix A.  This will a lso serve t o  supplement ,the discussion of commercSal 
system optimization t o  be given l a t e r  in t h i s  report. 

2 .2 .1  Solar Models 

The diurnal motion of the sun i s  described suff ic ient ly  to  permit solar  azi- 

m u t h  and elevation to  be establ ishkd to  within 0.1 degree as  a' function of 

solar  time. The analysis i s  given by Pi tman and Vant-Hull ( 2 )  and in Techni- 

cal Addendum 8 of reference ( 3 ) .  



While our  programs can accept s o l a r  data, o r  compute instantaneous d i r e c t -  
. .. beam s o l a r  i n t e n s i t i e s  based on c u r r e n t  meteor01 og ic  data, t h e i r  pr imary 

requirement i s  f o r  data rep resen ta t i ve  of long-term (30 year )  averages so the ' 

r e s u l t i n g  system design w i l l  n o t  be in f luenced by a  s p e c i f i c ,  perhaps anom- 

alous, year .  Consequently, s i  t e - s p e c i f i c ,  Jong-term, monthly mean values o f  

atmospheric contaminants such as water vapor, dus t  ( t u r b i d i t y ) ,  and c louds 

are  used i n  the  model. For t h i s  de f ined atmosphere, the  programs compute 

the  a t tenua t i on  o f  the  seasonal l y  ad jus ted  e x t r a t e r r e s t r i a l  s o l a r  i n t e n s i t y  

along the  instantaneous s l a n t  pa th  from the  top  o f  the  atmosphere t o  the  

e l e v a t i o n  o f  the s i t e .  Performance i s  repor ted.under c loud- f ree  cond i t ions ,  

wh i l e  f o r  .op t im iza t ion  purposes the monthly i n t e g r a t e d  i n s o l a t i o n  i s  mod i f i ed  

by the  mean monthly percent  o f  poss ib le  s u n l i g h t  (a cloud-cover c o r r e c t i o n )  

f o r  the s p e c i f i c  s i t e .  The i n s o l a t i o n  models a re  discussed i n  Technical 

Addendum 9 o f  reference (3 ) .  

The p r o f i l e  o f  the l imb-darkened s o l a r  image i s  accu ra te l y  represented by 

appropr ia te  numerical equations. This  representa t ion  i s  g iven i n  d e t a i l  i n  

Technical Addendum 18 o f  reference (3) .  The use o f  the  s o l a r  image w i l l  be 

discussed f u r t h e r  under the  t o p i c  o f  image generat ion. 

2.2.2 C o l l e c t o r  F i e l d  Models 

There are  two fundamental schemes f o r  f i e l d  representat ion;  t he  c e l l  model 

w i t h  rep resen ta t i ve  he1 i o s t a t s  and the  i n d i v i d u a l  he1 i o s t a t  model . The c e l l  

model i s  used most ex tens i ve l y  f o r  design ana lys i s  where, f o r  economy o f  

computation, i t  i s  necessary t o  sample the  a n t i c i p a t e d  ex ten t  o f  the  c o l l e c -  

t o r  f i e l d .  The i n d i v i d u a l  h e l i o s t a t  model represents the  exact  l o c a t i o n s  o f  

h e l i o s t a t s  i n  the  f i e l d  and determines the  c o n t r i b u t i o n  t o  performance o f  

each h e l i o s t a t .  For p r a c t i c a l  computer core storage l i m i t a t i o n s ,  several 

thousand i n d i v i d u a l  h e l i o s t a t s  can be represented. The i n d i v i d u a l  h e l i o s t a t  

model prov ides the most d e f i n i t i v e  l ook  i n t o  system performance. Almost a l l  

the  performance models discussed here a re  a v a i l a b l e  i n  computer codes f o r  

both c e l l w i s e  and i n d i v i d u a l  h e l i o s t a t  representat ions.  Exceptions are, o f  

course, t he  opt imizer ,  which can f u n c t i o n  i n  on l y  a  c e l  l w i s e  manner, and the 

output  o f  the image forming code (node f i l e ) ,  which i s  a l so  ce l lw i se .  A  node 

f i l e  represents the f r a c t i o n  o f  energy a v a i l a b l e  on each node o f  a  r e c e i v e r  



f rom each c e l l  i n  t h e  f i e l d .  To date i t  has n o t  seemed p r a c t i c a l  o r  even 

necessary t o  c rea te  node f i l e s  on an i n d i v i d u a l  h e l i o s t a t  basis.  Cur rent ly ,  

t he re  i s  an i n t e r p o l a t i o n  procedure a v a i l a b l e  t h a t  enables the i n d i v i d u a l  

h e l i o s t a t  code t o  i n t e r p o l a t e  from a c e l l w i s e  node f i l e  t o  generate rece ive r  

performance data on an i n d i v i d u a l  h e l i o s t a t  basis.  Used i n  con junc t ion  w i t h  

t h e  i n d i v i d u a l  ' he1 i o s t a t  shading and b lock ing  rout ines ,  t h i s  represents the  

h ighest  l e v e l  o f  s o p h i s t i c a t i o n  a v a i l a b l e  f o r  system performance ana lys is .  

2.2.3 H e l i o s t a t  Models 

The v a r i e t y  o f  he1 i o s t a t  types t h a t  can be accommodated by the  computer codes 

i s  c l o s e l y  connected t o  the  l e v e l  o f  generaPity i n  t h e  image-generation codes 

and i n  the  shading and b lock ing  codes. The image-forming codes determine the 

types and shapes o f  r e f l e c t i v e  surfaces t h a t  can be analyzed and the  shape of 

t he  h e l i o s t a t  boundary.' The shading and.b lock ing  codeaalso determines the  

shape o f  h e l i o s t a t  boundary t h a t  can be processed. Generally, any h e l i o s t a t  

w i t h  a boundary formed by a regu la r  n-sided polygon o r  by a rec tang le  can be 

accommodated. The r e f  l e c t ~ v e  surface can be curnved .oi% i t  can be segmented 

w i t h  f l a t  segments t h a t  a re  canted ( t i l t e d )  w i t h  respect  t o  the  h e l i o s t a t  

pr imary p lane f o r  image focusing. .The c u r r e n t  p r a c t i c a l  l i m i t  t o  t h e  number 

o f  segments i s  12. The image code execut ion t ime i s  p ropor t i ona l  t o  the  num- 

be r  o f  segments. 

2.2.4 Image Generators 

Image generat ion r e f e r s  t o  t h e  process o f  f l n d i n g  the  f l u x  d i s t r i b u t i o n  on a 
r e c e i v e r  due t o  one h e l i o s t a t  o r  any number o f  h e l i o s t a t s  l oca ted  i n  a c o l l e c -  

t o r  f i e l d .  I n  t h e  process-o f  doing t h i s ,  one a l s o  determines the  f r a c t i o n  o f  

energy t h e  rece ive r  a c t u a l l y  i n t e r c e p t s  t o  t h a t  r e d i r e c t e d  t o  the  rece ive r  

v i c i n i t y .  The h e l i o s t a t  f l u x  dens i ty  problem has been t r e a t e d  i n  some d e t a i l  

i n  several publ i shed papers and many techn ica l  r e p o r t s  by Lipps, Wal zel  , and 

Vant-Hull . The techn ica l  reports are  rcforer ices .(3-5) and publ i s h ~ d  papers 

are  references (6-8). 

Image generat ion i s  a v a i l a b l e  i n  twn forms: (1) the a n a l y t i c  model, and 

(2)  the  Hermi t e  polynomial approximation. For most a n a l y t i c a l  s i t ua t i ons ,  

t h e  l a t t e r  i s  used, because i t  a f f o r d s  a much greater  economy o f  compute6 



t ime, and the accuracy of the a n a l y t i c  method i s  seldom requ i red .  The 

a n a l y t i c  method i s  based on an exact  s o l u t i o n  t o  the  f l u x  dens i t y  i n t e g r a l .  

With t h i s  method, the f l u x  dens i t y  from a  h e l i o s t a t  i s  determined from a  

numerical i n t e g r a t i o n  over the  s o l i d  angle o f  incoming rays. Th is  i s  a p p l i -  

cable t o  f l a t  he1 i o s t a t s  w i t h  polygonal boundaries (8) .  Several a1 t e r n a t i v e  

fo rmula t ions  have a l so  been developed (6 ) .  The Hermite f u n c t i o n  expansion 

prov ides a  c lose  approximation t o  the  a n a l y t i c  i n t e g r a t i o n  opera t ing  a t  one- 

t e n t h  the  computer t ime ( 7 ) .  With t h i s  speed, i t  i s  poss ib le  t o  t r e a t  the  

multisegmented h e l i o s t a t  by running the  code f o r  one segment and superimposing 

the  r e s u l t  according t o  displacement i n  the  image p lane r e s u l t i n g  f rom non- 

i d e a l  can t i ng  and o f f - a x i s  aberrat ions.  

The most common output  requ i red  from the  image-generation code i s  a  node f i l e .  

A rece i ve r  can be d i v ided  i n t o  a  number o f  nodes by subd iv i s ion  i n  bo th  the  

ho r i zon ta l  and v e r t i c a l  d i r e c t i o n s .  Core storage l i m i t s  t he  number o f  nodes 

t o '  about ,1000. Typ i ca l l y ,  f o r  a  c y l i n d r i c a l  rece iver ,  456 nodes w i l l  be used, 

24 i n  t he  hor izonta l '  d i r e c t i o n  (around the  c y l i n d e r )  and 19 in the  v e r t i c a l .  

d i r e c t i o n .  The node f i l e  i s  r u n  f o r  a  s p e c i f i e d  r a t i o  o f  c e l l  s i z e  t o  tower 

he igh t  ( ' the o p t i c a l  phenomina .depend on l y  on the  angles, n o t  the  ac tua l  f i e l d  

and tower dimensions) and f o r  a  se lec ted  day o f  t h e  year  and t ime o f  day. The 

node f i l e  represents the  f r a c t i o n  o f  the  energy reaching the  plane o f  t he  

r e c e i v e r  t h a t  would be i n te rcep ted .by  each node f rom each c e l l  i n  t h e  f i e l d .  

The number o f  c e l l s  and l o c a t i o n  o f  t he  tower i n  the  c e l l  s t r u c t u r e  must be 

speci f ied.  T y p i c a l l y  t he re  are 14 rows o f  c e l l s  n o r t h  t o  south and 15 rows 

eas t  t o  west, w i t h  the  tower i n  the  n i n t h  row f rom the  n o r t h  and i n  t he  cen- 

t r a l  column from east  t o  west. Thus, a  node f i l e  might  c o n s i s t  o f  96,000 

values. When the  f i l e  i s  summed over nodes, the  f r a c t i o n  o f  energy i n t e r -  

cepted by the  r e c e i v e r  t o  t h a t  de l i ve red  i n t o  the  r e c e i v e r  reg ion  i s  formed. 

These a r e  c a l l e d  FINT's and are  represented i n  the  theory  by n. These p u r e l y  

geometr ical  q u a n t i t i e s  can a l s o  be modi f ied by the  atmospheric a t tenua t i on  

between the  h e l i o s t a t  and the r e c e i v e r  t o  form mod i f i ed  FINT's.. The i r  r o l e  

i s  v i t a l  i n  the  op t im izer  theory discussed i n  Appendix A. 



The node f i l e  i s  formed f o r  a  s p e c i f i e d  s e t  o f  h e l i o s t a t  aiming cond i t i ons  and 

i s  used t o  produce maps of t h e  f l u x  d i s t r i b u t i o n  on t h e  rece i ve r .  A v a r i e t y  

o f  aim p o i n t s  can be chosen and the  images can be s h i f t e d  on the  r e c e i v e r  i n  

p r o p o r t i o n  t o  t h e  image s i ze .  This  permi ts  aiming t o  achieve more-uniform 

f l u x  d i s t r i b u t i o n s  w i t h o u t  apprec iab le  increases i n  i n t e r c e p t i o n  losses.  

2.2.5 Shading and B lock ing  Model . . 

An exac t  a n a l y t i c a l  f o r m u l a t i o n  has been made f o r  the  shading o f  the  a c t i v e  

area o f  a  h e l i o s t a t  by i t s  neighbors and f o r  t h e  b lock ing  by i t s  neighbors o f  

t h e  energy r e d i r e c t e d  toward the  r e c e i v e r  (3,4,9). I n  a l l '  cases, cosine o f  

angle o f  inc idence on t h e  h e l i o s t a t s  i s  i m p l i c i t l y  inc luded i n  the  f o l l o w i n g  

d iscuss ions  o f  shading and .b lock ing and o f  c e l l  e f f i c i e n c y .  The examinat ion 

o f  i nso la t i on -we igh ted  annual average shading and b lock ing  data f o r  a l a r g e  

number o f  h e l i o s t a t  packing con f i gu ra t i ons  l e d  t o  the  i d e n t i f i c a t i o n  o f  r a d i a l -  

s tagger as the  most e f f i c i e n t  method f o r  p o s i t i o n i n g  neighbor ing h e l i o s t a t s .  

A genera l i zed program f o r  t h e  study o f  shading and b lock ing  c a l l e d  t h e  LOSS 

program was developed us ing  t h e  shading and b lock ing  code. The re.sul t s  o f  

t h i s  s tudy a re  repo r ted  by L ipps on page 249 o f  re fe rence (10). The r a d i a l -  

s tagger con f i gu ra t i on  i s  i l l u s t r a t e d  i n .  Figure.2-1. T h e . h e l i o s t a t s  a r e  p laced 

on a l t e r n a t e  i n t e r s e c t i o n s  o f  concent r ic  c i r c l e s  centered a t  t he  tower and 

r a d i a l  l i n e s  i n t e r s e c t i n g  t h e  tower. The r a d i a l  spacing, R, i s  t he  d is tance 

between h e l i o s t a t s  a lonq a  r a d i a l  l i n e ,  and the  az imuthal  spacing, Z, i s  t he  

d i s tance  between h e l i o s t a t s  a long a c i r c l e .  Unless otherwise spec i f i ed ,  t h e  

c u r r e n t  shading and b lock ing  code determines t h e  f r a c t i o n  o f  e n e r g y . l o s t  f rom 

a  h e l i o s t a t  due t o  shading and b lock ing  by neighbors whose spacings a re  R and Z 

and whose r e l a t i v e  l o c a t i o n s  a re  g iven by rad ia l -s tagger .  

An impor tan t  example o f  t he  use o f  shading and b lock ing  i s  i n  the  fo rmat ion  of 

a  shading and b lock ing  data base f o r  t he  op t im ize r .  The op t im ize r  w i l l '  be 

select i i . lg  optimum values f o r  R and Z f o r  the  c e l l s  i n  a f ield. '  To do SO i t  111us1 

know how t h e  c e l l  e f f i c i e n c y  va r ies  as a  f u n c t i o n  o f  R and Z. ' A n  i n s o l a t i o n -  

weighted annual average o f  c e l l  e f f i c i e n c y  i s  used. - The c e l l  e f f i c i e n c y  must 

i nc lude  shading and b lock ing,  b u t  t h i s  cannot be expressed as an a n a l y t i c  

f u n c t i o n .  Therefore, a  numerical data base o f  c e l l  e f f i c i e n c y  f a c t o r s  i s  

formed based on a  s e t  o f  f o u r  v a r i a t i o n s  f o r  bo th  R and Z from the  nominal 

va lues o f  R and Z f o r  each c e l l .  The usual v a r i a t i o n s  a re  +5% and 215%. Thus, 
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Figure 2-1. Radial-Stagger Heliostat Packing  onf fir at ion 



the optimizer will have numerical values for  cell  efficiency over a reasonable 
range of possible values of R and Z. In Appendix A ,  the insolation-weighted 

ce l l  efficiency function, including both cosine and shading and blocking 

e f fec t s ,  i s  denoted by A. 

2.2.6 Atmospheric Attenuation 
Atmospheric absorption i s  a loss factor depending on the s lan t  range from 
hel ios ta t  to  receiver. In a l l  analyses, atmospheric losses are included. 

Estimates of the losses are  made from computations using a detailed computer 

simulation of atmospheric absorption developed by the Air Force Cambridge 
Research Laboratories (11). For large systems, the atmospheric attenuation 

amounts t o  about 1% plus 5% per kilometer of s lan t  range. In the computations, 

atmospheric attenuation i s  combined with interception fract ions and the shad- 

ing and blocking (and"cosine) data to  form a net efficiency fo r  "ech ce l l  to  

get  energy onto the receiver. Thus, atinospheric attenuation i s  usual ly 
reported in conjunction with interception fractions.  

2 .2 .7  Energy Loss Models 

Values f o r  the following effi-ciency factors  are  e'ntered as input to  the com- 

puter programs: 
A .  t f fec t ive  he1 i o s t a t  r e f l ec t iv i ty  (dust,  aging, e t c . ,  included) 

B. Effective d l  r ec t  -normal receiver absorptivi t.y ( the e f fec ts  of iingl e 

nf incidence are  included i n .  thc computer code), 

C. Mean receiver reradiation per m 2 

D. Mean receiver convection losses per m 2 

2.2.8 Optimization Process 

the  optimi.zation process i s  the fundamental procedure for  determining the most 
cost-effective layout of specified hel iostats  in a col lector  f i e l d  for  a given 
cost model, t ower  heigl.11, d r ~ d  raecelver s l z e .  She opti.mization process i s  con- 
tained i n  the RCELL computer code. ~ d d i t i o n a l  processors called CELLAY and 

LAYOUT are required t o  convert the output of the RCELL program to  actual helio- 
s t a t  locations. The use of CELLAY and LAYOUT are  discussed f n ' the  section on 
p i lo t  plant layout. The theory of the optimization process i s  presented in 
detai l  in Appendix A.  
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The ac tua l  i n p u t  data used t o  design the  commercial system and the  ou tpu t  data 
-,. produced by the op t im ize r  w i l l  be discussed i n  the  sec t i on  on commercial sys- 

'tem opt imiza t ion .  
. . 

The op t im iza t i on  computer code requ i res  as i n p u t  data a  node f i l e ,  a  shading 

and b lock ing  data base, t h e  bas ic  geometry o f  t he  system, the  var ious  l o s s  

f a c t o r s  f o r  the  system, and the  cos t  f a c t o r s  requ i red  by the  cos t  model. The 

cos t  model i s  presented i n  the  nex t  sect ion.  The o p t i m i z a t i o n  a l s o  requ i res  

as i n p u t  an est imated f i g u r e  o f  mer i t ,  which i s  the  r a t i o  o f  t o t a l  system c o s t  

t o  annual energy produced. From t h i s ,  the  op t im ize r  w i l l  form a  s e t  o f  o p t i -  

mized h e l i o s t a t  spacings ( R  and Z) f o r  each c e l l  and w i l l  per form a  two- 

dimensional curve fit, using as independent va r i ab les  the  r e c e i v e r  e l e v a t i o n  

angle and c e l l  azimuth. Experience has shown t h a t  the  opt imized h e l i o s t a t  

spacings can be accura te ly  represented i n  t he  form 

where e i s  ' t h e  rece i ve r  e leva t ion ,  $ i s  the  c e l l  azimuth and C1 - C6 a re  the 

curve f i t  c o e f f i c i e n t s .  This  reduces the  l a r g e  s e t  o f  h e l i o s t a t  spacings t o  

a  few curve f i t  c o e f f i c i e n t s  and provi,des an i n t e r p o l a t i o n  t o  smooth the  

t r a n s i t i o n  from c e l l  t o  c e l l .  The curve f i t  c o e f f i c i e n t s  a re  used by the  

l a y o u t  code t o  form the  ac tua l  h e l i o s t a t  l o c a t i o n s .  (Note: here R and Z a re  

i n  meters, b u t  i n  a l l  o t h e r  papers and i n  Appendix A  they are  g iven i n  h e l i o -  

s t a t  widths,  DH, f o r  sca l i ng  convenience. Therefore, wherever they appear, a  

r ac to r  DH a1 so appears). 

2.3 SYSTEM COST MODELS 

For the  purposes o f  the opt imized design process t o  be discussed i n  the  next 

sect ion,  t he  t o t a l  system cost ,  CS, i n c l u d i n g  operat ions and maintenance, i s  

represented by 



where the  subsc r ip t s  r e f e r  t o  the cos ts  ,of the f o l l o w i n g  subsystems: 

F  - Fixed cos ts  (computer, bu i l d ings ,  beam cha rac te r i za t i on ,  e t c . )  

T  - Tower R - Receiver D - Riser/downcomer 

P - Feedpump L - Land H - H e l i o s t a t  

1 - Primary feeders ( t rench ing  , cabl  i n g  , i n s t a l  1  a t i on ,  operat ions,  

maintenance) 

2 - Radi a1 headers ( t rench ing  , cabl  i ng , etc .  ) 

3 - Azimuthal branches ( t rench ing ,  cab1 ing,  etc.) .  , 

The f i x e d  costs (CF) a r e  a  lump est imate o f  a l l  cos ts  t h a t  would n o t  vary 

s i g n i f i c a n t l y  as a  ' f u n c t i o n  o f  p l a n t  design, b u t  would be est imated on the  

bas i s  o f  cos ts  expected f o r  p l a n t s  i n  a  general s i z e  range. 

The tower c o s t  (CT) i n c l u d i n g  accessories can be i n p u t  as a  f i x e d  number, or,  

i f  some v a r i a t i o n  o f  tower he igh t  i s  t o  be inves t iga ted ,  i t  can be est imated 

f rom a  numerical  f i t  t o  c o s t  est imates o f  severa l  d i f f e r e n t  corrr~~erc' ial  sys'te~n 

towers g iven by, 

where HT i s  the  f o c a l  h e i g h t  i n  meters ( v e r t i c a l  d is tance from the  p lane  o f  

t h e  h e l i o s t a t s  t o  t h e  r e c e i v e r  c e n t e r l i n e )  and M$ i s  10' $. 

The r e c e i v e r  cost ,  CR, has been est imated from designs chosen a t  var ious  

power l e v e l s .  The r e c e i v e r  cos t  has been determined t o  be e s s e n t i a l l y  

independent o f - r e c e i v e r  s i z e  ( f o r  small ranges) b u t .  i s  scaled according t o  

. t h e  design p o i n t  equinox noon power l e v e l  as determined i n  t h e  op t im ize r  

code. The numerical s c a l i n g  equat ion i s  

where p  i s  i n  megawatts. 
9  



The cos t  o f  the  riser/downcomer, CD, i s  scaled according t o  tower he igh t  and 

system power l e v e l  by 

The term i n  the  second bracket  accounts f o r  increases i n  assembly and i n s t a l -  

l a t i o n  t ime w i t h  height ,  and i s  main ly  due t o  t r a n s i t  t ime e f f e c t s  (bo th  f o r  

ma te r i a l  and f o r  workers).  

The feed pump cos t  i s  a l so  scaled according t o  tower he igh t  and system power 

l e v e l .  The numerical equat ion f i t t i n g  the  c o s t  data i s  g iven by 

The cos t  o f  land, CL; cos t  of h e l i o s t a t s ,  C,,; and c o s t  o f  w i r i n g  (bo th  data 

and power), C1-3; are b u i l t  i n t o  the d i f f e r e n t i a l  equat ions o f  t he  op t im izer  

theory  and a re  considered i n  t he  t r a d e o f f  between c o s t  f a c t o r s  and p e r f o r -  

mance c a p a b i l i t y .  As shown i n  Appendix A, the  s o l u t i o n  f o r  opt imized condi- 

t i o n s  inc ludes  the cos t  f ac to rs ,  which depend on the  area o f  l a n d  requ i red  

( f i e l d  boundary), t he  area o f  g l  ass requ i red  (number o f  he1 i o s t a t s ,  c lean ing  

mater ia ls ,  washing, maintenance), and the  spacing f rom tower t o  he1 i o s t a t s  and 

between he1 i o s t a t s  (w i r i ng ,  t renching,  cab1 ing, npera t ions  and maintenance). 

The cos t  of land, CL, i s  g iven by 



where 
C, = cos t  of land in $/m 

AL = area of a  c e l l  

@ c = f r ac t i on  of the  ce l l  within the  f i e l d  boundary 

The quant i ty  @, i s  determined by the optimizer and can have values of 

0,1/4,1/2,3/4, and 1. For (c = 0, the ce l l  i s  outside the  f i e l d ,  (c = 1, 

the  ce l l  i s  ins ide  the  f i e l d ,  and f o r  (c = 1/4,1/2, or  3/4, the  c e l l  is on 

t he  boundary. 

, The cos t  f o r  he l i o s t a t s  i s  determined from 

where 

C h  
= .cost  of he l i o s t a t s  in  $/m (including fabr ica t ion ,  shipping, 

i n s t a l l a t i o n ,  gimbals, d r ives ,  in ternal  wiring, e t c . ,  and th.e 

present value oT tha t  portion of operations and maintenance cos t s  

k v m ! i n q  on the number of he l i o s t a t s ,  vrch  35 primary dr ive  
r-epdi rs and washing sol v e n t s )  

f c  = ground coverage f rac t ion  i n  each c e l l  ( r a t i o  o f  the  t o t a l  g lass  

area i n  a  c e l l  t o  area of the  c e l l )  

Th@ cos t  of wiring from a  centra l  location t o  the  primary s t a t i ons  ( t rans -  
.formers, controi l e r s )  i s '  ca l l ed  primary feeder cos t  and i s  given ,by 

- 
- C w l  N~ f r  

C 
C C C  

where 

C w l  = cost  of priniary feeders f o r  data and power i n  $/m/heliostat 

(including cab1 ing, trenching, and ins ta l  1  a t ion ,  and the  present 

value of t h a t  portion of operations and maintenance cos t s  depend- 
ing on the time spent in t ravel ing t o  a  spec i f i c  he l i o s t a t  c i rc l ' e )  



4 
NL = AL/AH = maximum number o f  h e l i o s t a t s  per  c e l l  

(AH = area o f  a h e l i o s t a t )  

r = r a d i a l  d is tance from the  tower t o  c e l l  c  i n  meters 
C 

The cos t  o f  w i r i n g  from t h e  transformers r a d i a l l y  inward and outward t o  t h e  

s t r i n g s  o f  h e l i o s t a t s  i s  c a l l e d  r a d i a l  header c o s t  and i s  formed from 

where . 

Cw2 
= cos t  of r a d i a l  headers f o r  data and power i n  $ /m/he l ios ta t  

( i n c l u d i n g  cabl ing,  t renching,  and i n s t a l l a t i o n ) .  

Rc = r a d i a l  h e l i o s t a t  spacing i n  meters 

The c o s t  o f  w i r i n g  from a r a d i a l  branch along a row ( o r  c i r c l e )  o f  h e l i o s t a t s  

i s  c a l l e d  azimuthal branching c o s t  and i s  g i ven  i n  t he  cos t  model by 

where 

Cw3 = 
cos t  o f  azimuthal branches f o r  bo th  data and power i n  

$ /m/he l ios ta t  ( i n c l u d i n g  cab l ing ,  t renching,  and i n s t a l l a t i o n ,  and 

t h e  present  value of t h a t  p o r t i o n  of operat ions and maintenance 

cos ts  depending on t h e  t ime spent i n  t r a v e l i n g  az imu tha l l y  

along a s p e c i f i c  he1 i o s t a t  c i r c l e ,  p a r t i c u l a r l y  i n  washing t h e  

he1 i o s t a t s )  

zc = azimuthal h e l i o s t a t  spacing i n  meters. 

' T h e  opt imizer  uses the performance models and cos t  f a c t o r s  such as C Ch, 
P 

C1-3 together  w i t h  an i n p u t  f i g u r e  of mer i t ,  Fi ( s e e  Appendix A, F .  i s  used t o  
1 

form the  c e l l  matching parameter 6 )  t o  determine a s e t  o f  new c e l l  spacings, 

Rc and Zc,  which w i l l  m i n i n ~ i z e  t h e  ou tpu t  system f i g u r e  o f  m e r i t .  The per-  

formance data and c o s t  model (equat ion l ) ,  a r e  used w i t h  the  new s e t  o f  

spacings t o  determine the  opt imized (ou tpu t )  system f i g u r e  o f  m e r i t ,  Fo. 



2.4 COMMERCIAL SYSTEM OPTIMIZED DESIGN 

2.4.1 I n t r o d u c t i o n  

The c o l l e c t o r  system design i s  c a r r i e d  o u t  i n  two phases. The goal of t he  

f i r s t  phase i s  t o  e s t a b l i s h  a  bes t  design based on the  p resen t l y  es tab l ished 

commercial system surround f i e l d  con f i gu ra t i on ,  p ro jec ted  o v e r a l l  performance 

parameters ( a b s o r p t i v i t y ,  r e f l e c t i v i t y ,  e tc . ) ,  p ro jec ted  e a r l y  commercial 

p l a n t  c o s t  goals, and present ,  u n r e s t r i c t e d ,  c a p a b i l i t y  o f  t he  U n i v e r s i t y  o f  

Houston Cent ra l  Receiver design o p t i m i z a t i o n  computer codes. The goal o f  

t h e  second phase i s  t o  design a  commercial system t h a t  can be scaled i n  a  

s t r a i g h t f o r w a r d  manncr i n t n  a p i  1  nt. p l a n t .  drr, ign t h a t  r n ~ ~ t ?  praescntl y e:.:i s t i n g  

s i t e  r e s t r i c t i o n s ,  and design and performance requirements. The sca lab le  com- 

merc ia l  design i s  "opt imized" w i t h i n  the  scope o f  t he  e x i s t i n g  r e s t r i c t i o n s .  

The r e s u l t s  o f  t h e  f i r s t -phase ,  u n r e s t r i c t e d ,  c o l l e c t o r ~ s y s t e m  design are  used 

i n  con junc t i on  w i t h  p r e s e n t l y  a t t a i n a b l e  performance parameters, f i r s t  p l a n t  

c o s t  est imates, s i t e - r e s t r i c t e d  t r i m  boundary, r e c e i v e r  t o t a l  f l u x  requ i re -  

ments, etc . ,  t o  e s t a b l i s h  a  sca lab le  c o l l e c t o r  system design. By r e f e r r i n g  

t o  the  bes t  system design, we can assess the  impact on cost/performance capa- 

b i l i t y  o f  the  a p p l i e d  r e s t r i c t i o n s .  W i th in  the  :design c h a r a c t e r i s t i c s  o f  the  

p i  1  o t  pl .ant ( tower he i  gh t  , r e c e i v e r  s i  ze, f i e l  d  boundary., and congruence t o  

t h e  e a r l y  commercial design) ,  the f i n a l .  l a y o u t  o f  h e l i o s t a t s  w i l l  d e l i v e r  t h e  

maximum poss ib le  d a i l y  and annual energ.y f rom the  l e a s t  number. of h e l i o s t a t s  

o f .  a  g iven s ize .  

The sca le  o f  t he  commercial system design i s  based on a  nameplate r a t e d  system 

ou tpu t  o f  100 megawatts e l e c t r i c  (MWe) . The Phase I Centra l  Receiver So lar  

Thermal Power System Studies (1) i n d i c a t e d  t h a t  a  system o f  t h i s  s i z e  cou ld  

be based on a  c y l i n d r i c a l  r e c e i v e r  25.5 m h igh  w i t h  a  diameter o f  17.0 m 

mounted on a  tower a t  a  c e n t e r l i n e  e l e v a t i o n  o f  264 m above grade, o r  260 m 

above the  he1 l o s t a t  a x i s  ( t h e  f o c a l  he igh t ) .  Subsequent u n r e s t r i c t e d  s tud ies  

based on f i n a l  Phase I cos t  models (12) dem0nstrate.d tha t ,  a1 1 e l s e  remaining 

the  same, foca l  he igh t  scales t o  the  1.36 power o f  equinox noon thermal power 

l e v e l .  Without r e s t r i c t i o n ,  a 260-111 tower. produced 735 MW thermal, and 560 MW 

thermal a r e  requ i red  from the  present  bes t  commercial design. Thus, t he  

r e q u i r e d  tower h e i g h t  i s  approximately 



consequently, the basis for  t h i s  reexamination of the commercial system i s  a 
tower focal height ( H T )  = 180 m 

and a 
receiver height = 25.5 m 
receiver diameter = 17.0 m. 

2.4.2 Best Commercial System Collector Design 

The input parameters used for  the  comnercial collector system design are 
drawn from resul ts  of previous studies,  currently existing design concepts 
(he1 ios ta t s )  , early commercial plant estimated cost factors ,  and long-term 

weather and insolation modeling. The most important physical character is t ics ,  
performance parameters, and cost factors are 1 isted in Table 2-1. 

Tower height and receiver s ize are based on previous studies. .Hel ios ta t  and' 

receiver structure are based on current design concepts provided by the Solar 
Faci l i ty  Design ~ n t e g r a t o r  (SFDI). This existing design i s  most compatible 
with commercial system requirements. For the formation of interception frac- 
t ions,  the number of segments, segment surface shape, and canting focal length 

aie significant input parameters. Computer runs show tha t ,  for  the present 
design, the glass area can vary by as much as +lo% without significantly 
affecting the interception fractions.  All hel iostats  have .identi.cal segment 

canting to  a focal length that  i s  approximately 75'% of the maximum required 

s lan t  range. I t  has been shown tha t  canting by flat 'segments provides ade- 
quate focusing, and that  very l i t t l e  additional loss  i s  incurred i f  a l l  
hel iostats  are canted a t  the same distance (13). This simplification serves 
to  reduce hel iostat  manufacturing costs. The interception fractions peak 
when t h i s  focusing distance i s  about 75% of the maximum s lant  range. Other 
c r i t i ca l  parameters for the collector f i e ld  design process are the overall 
height and width of the ref lect ive area, and the clearance radius. Due t o  
shading and blocking ef fec ts ,  the optimal spacing of the hel iostats  in the 

f i e l d  will scale i n  proportion to  the s lze of the ref lect ive area. Thus, 
while the optimizer produces a f i e l d  defined in terms of the effect ive mirror 

diameter, the layout processor generates hel iostat  coordinates appropriate 
- - 

t o  a particular hel iostat  s ize (D,,). . 



Table 2-1. Best Commercial C o l l e c t o r  System Design Basis 
(Page 1 o f  2) 

Physical  C h a r a c t e r i s t i c s  

Focal He igh t  

Receiver S i  ze He igh t  
D i  ameter 

Receiver L a t e r a l  P a r t i t i o n i n g  

Panel Area (each) 

He1 l us l d  l'k Glass area 

Overa l l  g lass  he igh t *  

Overa l l  g lass  w id th*  

Number o f  segments* ' .  

Segment Surface* 

Segment Width* 

Segment Height*  

Design Width (DH)*  

Cant ing Focal Length 

24 panels t o t a l  
( 4  preheater,  20 b o i l e r )  

56.7 m2 
49.05 m2 (528 f t 2 )  

F l a t  

Mount axes type az-e l  

image Uegradatlon (10)  
( t rack ing ,  sur face waviness, 
mechanical d e f l e c t i o n )  . 

Performance Parameters 

H e l i o s t a t  ~ e f l e c t i v i t y *  

Receiver A b s o r p t i v i t y  

A l  lowance f o r  I n a c t i v e  He1 i o s t a t s  
(outages, , r e p a i r s )  

2.83 lnr (RMS) 

*Based on advanced low-cost  h e l i o s t a t  design i n fo rma t ion  

24 



Table 2-1. Best Commercial Collector System Design Basis 
(Page 2 of 2) 

Allowance for translation Prom the cell 0'. 971 
structure to actual he1 i~ostat 1 ayout 
(additional shading and bl ocking) 

Receiver Radiative and Convective Losses 

Per Preheater Panel 580 . KW . (10 kw/m2) 

Per Boiler Panel - . 1160 KW (20 kw/m2) 
. , 

cost Inputs 

fixed 

1 and 

Cwl = 0.0412 wire $/m/hel iostat 

wi re 

wire 

he1 iostat 

$/m/ he1 i ostat 

$/m/hel iostat 

$/m2 

Ct = 4.95 tower M$ 

Cr = 14.87, receiver M$ 

Cu = 0.553 ri ser M$ 

Cd = 1.155 downcomer M$ 

C~ 
= 1,655 feed pump M$ 

................................... . .  

The resul ting he1 iostat' spacings are only truly optimized for that particular 

heliostat size. Additional sensitivity studies are required to determine the 

performance or cost. sacrifice of using an alternative heliostat in a field 

designed for another helinstat. The minimum-clearance radius determines the 
highest he1 iostai packing density. It is determined from the circle formed 
by the farthest corner of the reflective area as the heliostat pivots'in 

azimuth while the mirror surface is parallel to the ground. An additional 

4 



20 cm i s  added t o  t h e  r a d i u s : t o  ensure physical  clearance between h e l i o s t a t s .  

For  c e l l s  very near the  tower, the  optimum spacings may be l e s s  than those 
I 

r e q u i r e d  by the clearance l i m i t ,  and the  opt imizer  d e f a u l t s  t o  t h e  rr~inin~utn 

spacing . 

The h e l i o s t a t  r e f l e c t i v i t y  i s  s l i g h t l y  o p t i m i s t i c  f o r  p resen t l y  e x i s t i n g  low- 

c o s t  h e l i o s t a t s  b u t  i s  a  r e a l i s t i c  10 th  p l a n t  goal.  The allowance f o r  t rans-  

l a t i o n  f rom c e l l  s t r u c t u r e  t o  actual  h e l i o s t a t  l a y o u t  i s  based on previous 

design s tud ies  and i s  t h e  r a t i o  o f  shading and b lock ing  losses a t  the  design 

p o i n t ,  as ca l cu la ted  w i t h i n  the  c e l l w i s e  opt imizer ,  t o  t h e  shading and b l o c k -  

i n g  losses determined by the  i n d i v i d u a l  he1 i o s t a t  computer codes. 

Rad ia t i ve  and convect ive rece ive r  losses were estimate'd by the  rece ive r  

designer based on average opera t ing  temperatures and wind v e l o c i t i e s .  

The c o s t  f a c t o r s  have been est imated by the  SFDI. A l l  cos ts  are based on 

1978 d o l l a r s .  The f i x e d  costs,  CF,  i nc lude beam c a l i b r a t i o n  equipment, design 

and support engineering, the  added cos ts  o f  t he  master c o n t r o l l e r ,  and 50% o f  

t h e  s o l a r  engineer ing and design costs.  

The cos t  o f  l and  i s  based on p ro jec ted  values f o r  deser t  land, w i t h  access 

roads, and water and power 1  ines  i n  place, and inc ludes an a1 lowance of 

$1045/acre ($26(/m2) f o r  yardwork and contingency on the  he1 i o s t a t  f i e l d .  

The c o s t  f o r  w i r i n g ,  Cw, Type 1 i s  f o r  pr imary r a d i a l  w i r i n g  from t h e  tower 

t o  each o f  the main f i e l d  d i s t r i b u t i o n  p o i n t s  and inc ludes 4160-volt  cable a t  

$6.69/m, data l i n k  ( o p t i c a l  f i b e r )  a t  $0.31/m, t rench ing a t  $5.50/m, and 

i n s t a l l a t i o n  a t  $U.85/m. Type 2 cos ts  are  f o r  t he  r a d i a l  headers going t o  

each he1 i ,os ta t  a r ray  c o n t r o l  l e r  ( t y p i c a l  l y  taken as 1 4  per  f i e l d  transformer, 

each feed ing a  s t r i n g  o f  24 he1 i o s t a t s ) .  The costs i nc lude  low-voltage 

armored cab l i ng  a t  $2.56/m, o p t i c a l  f i b e r  data l i n k  a t  $0.31/m, plowing i n  o f  

t h e  cable a t  $2.00/m; and i n s t a l l a t i o n  cos ts  o f  $0.85/m. ~ y p e  3  w i r i n g  cos ts  

a re  m u l t i p l - i e d  by the  azimuthal d is tance between h e l i o s t a t s  and inc lude the  

f i n a l  s e r i a l  s t r i n g  b ranch .w i r i ng  as we l l  as t h e  present  value of t he  opera- 

t i o n s  and maintenance (PV of O&M) cos ts  associated w i t h  t ime spent i n  t r a v e l -  

i n g  along the c i r c l e s  w h i l e  washing h e l i o s t a t s  and'per forming o the r  scheduled 



maintenance func t ions .  The w i r i n g  cos ts  per  meter are i d e n t i c a l  t o  t h e  

Type 2 costs,  r e s u l t i n g  i n  a, charge o f  $5.7211~1. The O&M cos ts  per  he1 i o s t a t  

are $6.60 f o r  the  f i r s t  year  and $5.70 f o r  subsequent years, r e s u l t i n g  i n  a 

PV o f  O&M o f  $131 per  he1 i o s t a t .  For the  mean azimuthal separat ion between 

he1 i o s t a t s ,  t h i s  conver ts  t o  $8.53/m. Thus, t he  t o t a l  Type 3 c o s t  i s  

$14.25/m. 

2 The op t im iza t i on  process i s  based on a he1 i o s t a t  c o s t  $ (Ch) o f  $100/m . 
Th is  inc ludes PV o f  O&M o f  $11.84/m based on the  cos ts  per  he1 i o s t a t  o f  

unscheduled maintenance ($40.70 f o r  t he  f i r s t  year,  $17.10 f o r  subsequent' 

years)  and c lean ing  and maintenance ma te r ia l  s ($0. 157/m2 f o r  the  f i r s t  year,  
2 $0.147/m f o r  subsequent years) .  The r e s u l t i n g  PV o f  O&M i s  $415 per  he1 i o -  

2 s t a t  ($8.48/m2) p l u s  $3.36/m2, o r  $11.84/m . The remainder, $88.16, cor re-  

sponds t o  approximately 10 th  p l a n t  cos ts  f o r  i n s t a l  1 ed he1 i o s t a t s .  

The most c r i t i c a l  f a c t o r s  used i n  forming the  annual ized i n s o l a t i o n  model, 

c e l l  s t ruc tu re ,  and nodal s t r u c t u r e  a re  g iven i n  Tables 2-2 and 2-3. I n  

developing an i n s o l a t i o n  niodel f o r  design purposes, t he  emphasis i s  on long-  

term data (30 years)  i n s o f a r  as t h a t  i s  ava i l ab le .  The year  has been d i v ided  

i n t o  twelve i n t e r v a l s  and each day i n t o  n ineteen i n t e r v a l s .  For a l l  va r i ab les  

depending on on ly  s o l a r  p o s i t i o n  the re  are  on ly  seven unique days, and the  

morning and af ternoon hours are symmetrical, i.e., i t  i s  assumed t h a t  the  

p l a n t  w i l l  be symmetrical w i t h  respect  t o  a nor th-south l i n e  through the  

rece i ve r  center .  When the  weather model i s  added i n  a l l ,  twelve days become 

unique and are  inc luded i n  the averaging process. A t  present,  the  weather 

modeling fo r  design purposes i s  n o t  t ime dependent w i t h i n  a day, i .e . ,  morn- 

i n g  and afternoon performances are  symmetrical. Previous studies.have con- 

cluded t h a t  nea r l y  a l l  use fu l  energy i s  c o l l e c t e d  du r ing  the  t ime p e r i o d  the  

sun i s  above 10.0 degrees i n  e leva t i on .  E a r l i e r  o r  l a t e r  t imes a re  marked 

by very low d i r e c t  normal i n s o l a t i o n  l e v e l s  and very h igh  shading losses  i n  

the  h e l i o s t a t  f i e l d .  

The at~nospheric t u r b i d i t y  f a c t o r s  shown i n  Table 2-3 a re  based on an i n te rpo -  

l a t i o n  from Flowers (14) "summer" and "w in te r "  values, w i t h  t h e  i n t e r p o l a t i o n  



Table 2.2 Best Commercial C o l l e c t o r  System Opt imizer  
Computational Basis 

I n s o l a t i o n  model 

L a t i t u d e  35 deg n o r t h  

Sample days 21st  o f  each month 

Sample hours in each day 19 p o i n t s  i n  t ime concentrated 
a t  low.  sun elevat i .ons 

D e f i n i t i o n  o f  the s t a r t  and end 10 deg o f  s o l a r  e l e v a t i o n  
o f  each day 

' Hours/year the  sun i s .  above 10 deg 369? hours 
a t  l a t  35 deg 

Monthly atmospheric f a c t o r s  See Table 2-3 

To ta l  y e a r l y  d i r e c t  normal. energy; 
energy bascd on c l e a r  days 3.092 blwh/n2 
as 'reduced by c louds 2.643 ~ ~ h / m 2  

J u l i a n  day o f  t he  vernal  equinox 2444320 
f o r  3/21/1980 (day zero)  

. -  S i t e  e l e v a t i o n  550 m 

Rad-ius u f  .L;l~e Ear th  6370 km 

Equ iva len t  th ickness  of atmosphere 8;430 km 

C e l l  S t ruc tu re  

C e l l  s i z e  
(Order 5) 

Number o f  'rows ( n o r t h  t o  south) . 14 

Number o f  columns (eas t  t o  west) 15 

Tower 1 oca t i on  
(Row 1 i s  northernmost) 
(Column 1 i s  westernmost) 

Row 9 
Column 8 

Node S t ruc tu re  on Receiver 

Number o f  nodes , 
456 

V e r t i c a l  
Hor izonta l  

19 
24 (one fo r  each pane l )  ' 

' 



Table 2-3. Insolation Model Data f o r  ~ a t i t u d e  35' N 

D i  r e c t  normal 
Atmospheric c lea r  day Total d i r e c t  

Daily Preci pi tab1 e  tu rb id i ty  insola t ion a t  normal energy 
Day from duration Percent water fac to r  noon per c l e a r  day 

Month  vernal e q ~ i n o x  (hours) c lea r  sky (cm) ( / a m >  ( w/m2 > ( K W H / ~ ~ )  

Jan 307 8.14 0.75 1.524 0.05 91 7 6.75 

Feb 338 ' 9.19 0.75 1.575 0.05 948 7.87 

Mar 0 10,35 0'.80 1.524 0.05 969 9.04 

3 1 A P ~  , 11.42 0.85 1.651 0.05' 970 10.00 
May .6 1 12.22 0.90 1.956 0.07 943 10.25 

June 9 3 12.55 0.90 1.778 0.07 941 10.50 

July 124 12.22 0.90 2.235 0.10 -907 9.68 

h) Au g 155 11.42 0.92 2.667 0.10 901 8.97 
(D 

Sept 156 10.35 0.92 2.032 0.10 895 8.08 

Oc t 216 9.19 0.92 1.905 0.07 907 7.41 

Nclv 2a6 8.14 0.85 1.473 0.05 911 6.71 

Dec 276 7.69 0.75 1.524 0.05 897 6.25 



biased by observed. cloud cover and preci pi tab1 e water val ues (cl  oudy humid 

days tend t o  have higher turbidi ty  ) . 

Values in the model fo r  precipitable water shown i n  Table 2-3 are  derived from 

monthly contour maps prepared by the US Department of ~omnerce (15) showing 

long-term average precipitable water in the United States.  

The f r a c t i o n s o f  c lear  sky (one minus the fraction of sky in cloud cover) 
given in Table 2-3 are  taken from sheet A-7 of the National Climatic Atlas 

of the US (Barstow). 

The ce l l  and node s t ructures  used in the computations are  shown in Table 2-2. 
The numbcr of c e l l s  i s  chnsen t o  given adequate computational resolution for  

acceptable computer execution times. The ce l l  order 5 was chusen t o  providc 

suf f ic ien t ly  large c e l l s  t o  ensure tha t  the optimized boundary did not over- 

flow the ce l l  s t ructure in  the ur~r.estricted design, The use of 24 circumfer- 

en t ia l  receiver nodes i s  compatible both with computer r u n  times and formats 

and with a design using 24 panels, while 19 vertical  nodes provide more than' 
adequate receiver flux density resolution without undue s t r e s s  on computer 

executign time, core storage avai labi l  i ty ,  and data sturage avail abi 1 i ty. 

From the hel iostat  design, tower height, receiver s ize,  and cel l  s t ructure,  

the image formation computer code forms the interception f rac t ions . for  par11 

c e l l .  These a re  given in Table 2-4, The optimizer code determines the f r a c -  
tion of loss  due to  atmospheric absorption for  each cel l  . These are  given 
i n  Table 2-5. The product of these two quant i t ies  determines the fract ion of 

energy leaving each cell  t ha t  i s  delivered t o  the r e ~ e i v e r .  This i s  repre- 
sented by the symbol rlC iri Appendix A .  On the right of each t.able i s  a 
contour plot of the data values given on the l e f t .  The symbol, T ,  denotes 
thc location of the tower. The data are represented by the symbols 1 t o  9 
and U ( fo r  uni ty) .  The contour interval i s  the interval in the data repre- 
sented by an increment of one in the contour symbol. A symbol appears only 

when the da t a  "passes through" the corresponding value. T h u s ,  the data never 

get suff ic ient ly  above 1.00 for U's to  appear in the plot.  T h u s ,  f o r  

Table 2-4, 9 represents 0.95, 8 represents 0.90, 7 represents 0.85, e t c .  



Table 2-4. Interception Fractions For the Best Commercial 
Collector Design 

INTqnrPTION FACTORS FROn RECEIVER PRDGRnn f f f f f UYIVERSITY OF HOUSTON flND DOE 
. 8  9 10 11 12 13 14 15 ---- 

NOTE: I N  GENERAL AVERAGES-ARE WEIGHTED BY THE AMOllNT nF GLASS 
I N  EACH CELL.  



Table 2-5. F r a c t i o n  o f  Energy L o s t  Due t o  Atmospheric Absorpt ion 

V I W X  NWli MllTIPLIER FOR IHTERCEPTIM FRACTIONS 

12 0.959 0.951 0.953 0.946 0,939 0.931 0.922 0.913 0.949 ( . . . . . . 3  . . 
( 3 i 1 
( .  55 3 2 .  1 

13 0.949 0.948 0.944 0.939 0.932 0.925 0.917 0.908 0.943 ( . . . . .  . . . . .  1 
( 5 1 
( 4 33 2 1 

14 0.939 0.938 0.935 0.931 0.925 0.918 0.911 0.903 0.937 ' ( .  . . . . . . . . . . )  

ROW NO. 

CONTLIR INTERVAL = 0.010 

. 0.9% 0 .57  0,954 0.946 0.939 0.932 0.924 0.917 '0.947 (NET AVERAGE) 

(COLUMN AVERAGES) 
( T R I M  AND GLASS WEIGHTED AVERAGtS)  



The r e s u l t s  o f  the. u n r e s t r i c t e d  c o l l e c t o r  system design computer run  a re  

g iven i n  Tables 2-6 t o  2-12. These tab les  represent  some o f  the  more impor- 

t a n t  ou tpu t  data from an opt imizer  run. Table 2-6 shows t h a t  the  o p t i m i z a t i o n  

proce'ss generated 23,182 h e l i o s t a t s .  The ma t r i x  o f  inte,gers a t  t he  top  of 

Table 2-6 on the  l e f t  i s  the number o f  quar te rs  o f  each c e l l  i n  use, i.e., a  

f o u r  i n d i c a t e s  the  c e l l  i s  f u l l  and a  z e r o . i n d i c a t e s  a  c e l l  i s  n o t  used 

(trimmed ou t ) .  No r th  i s  a t  the top o f  the  page, eas t  t o  the  r i g h t ,  and on l y  

the  eastern h a l f  o f  the c e l l  s t r u c t u r e  i s  shown, s t a r t i n g  on the  l e f t  w i t h  

the  column con ta in ing  the tower. The tower i s  i n  the  n i n t h  row f rom the  top. 

This  format f o r  o u t p u t t i n g  c e l l  s t r u c t u r e  i s  always used by the  op t im izer .  

The ma t r i x  on the  r i g h t  i nd i ca tes  when mechanical l i m i t s  cons t ra ined the  so lu -  

t i o n ,  thus the  c e l l s  neare'st the  tower a re  a t  maximum packing dens i ty .  The 

second through e i g h t h  columns i n  the Number of He1 i o s t a t s  Per C e l l  m a t r i x  are 

the  ac tua l  numbers t imes two, r e f l e c t i n g  a l s o  t h e i r  symmetric counterpar t .  

A l l  power o r  energy f igures  are  based on the i n s o l a t i o n  model unless s c a l i n g  

t o  a  p a r t i c u l a r  i n s o l a t i o n  i s  ind ica ted .  The power and energy values are f o r  

thermal energy absorbed a t  the  rece iver .  The c o s t  f i g u r e s  f o r  the  tower are, 

from r i g h t  t o  l e f t ,  cos t  of the  feed' pump, c o s t  o f  the  riser/downcomer, c o s t  

of the rece iver ,  cos t  o f  the  tower, and t o t a l  of these, The th ree  values 

g iven f o r  t o t a l  h e l i o s t a t  cos t  and t o t a l  system c o s t  a re  based on, from r i g h t  

t o  l e f t ,  he1 i o s t a t  cos ts  o f  $120/m2, $100/m2, and $80/rn2. The p r i n t e d  ou tput  

f i g u r e  o f  m e r i t  i s  a l so  based on these th ree  h e l i o s t a t  c o s t  values, b u t  on ly  

one o f  the  th ree  represents an opt imized system, s ince  the  op t im iza t i on  i s  
2  based on the  second c o s t  op t i on  ($100/m ) .  We compare the  second value f o r  

t he  f i g u r e  o f  m e r i t  ($106.23/aMWh*) t o  the  i n p u t  f i g u r e  o f  m e r i t  $107/aMWh* 

t o  look  f o r  convergence. Table 2-7 g ives  the  op t im ized r a d i a l  spaclng, R ,  

f o r  each c e l l  ( represented by X-R/DH) i n  u n i t s  o f  DH, which f o r  t h i s  case i s  

7.3977 meters. The opt imized azimuthal spacings, Y=Z/DH, are  g iven i n  

Table 2-8. Note t h a t  c e l l  spacings ou ts ide  the  t r i m  rece i ve  nonoptimized 

de fau l t  values. These are used i n  the  contour  p l o t s ,  so reg ions  ou ts ide  the  

t r i m  should be ignored. I n  the contour  p l o t  f o r  Table 2-7, no te  t h a t  the 

symbols cyc le,  i .e . ,  the inner  c i r c l e s  o f  U's,  represent  5.000 and the  i n t e r -  

va l  i s  0.500, so the ou ter  c i r c l e  o f  U 's  represents 10.000. 

*aMWh - annual thermal megawatt hours c o l l e c t e d  



Tab1 e 2-6. Best Commerci a1 System Design Summary' 

NGON = 4 ; MX. NU(BER OF HELIOS./CELL= 825.6 ; lGLAS/MIR*2 = 0.8963 ; TOTAL GLASS = 0.11371E 07 

TRIM CO#TROL LIHITS 23182. ELIOS &ELI= 54.7263 bkS€G= 54.7263. : TOTALUYS) ='0.62066E07 

 PEW:^ S l M M Y  RND COST BfEMWN FOR #TIHIZED W C T O R  FIELD - TRIH LINE AT 1.000 

EWONPWER = 625.314 591.533 I N W  - (SCALED TO950 WlIl2) 
ANMhLENERGY = 1477.402 I N W  
FIXED COSTS = 5.2200 IN M 
TOUERCOST = 22.7070 3.1817 16.3720 1.6346 1.5188IMMFOR950.EWIMI)DNFUUER 
LCLND COST = 9.247479 IN Stl 
WIRING COST = 6.0595 I N  $Jl 
ELIOSTAT COST = 90.9706 113.7132 136.4559 IN %tl 
TOTAL COST = 134.2050 156.9476 179.6903 IN M 
F I W  OF )IERIT= 90.839 106.232 121.626 IN %/MI s FOR (W INPUT OF 107.000 USIa T;-ll@jTAT G E T  BTIM 2 



Table 2-7. Best  Commercial System Rad ia l  Spacing 
( U n i t s  o f  DH) 

X = FIRST SPClCING PARMxR 



Tab1 e 2-8. Best Commercial Systern Az i~ l lu th  
Spacing ( U n i t s  o f  DH) 



Tab le  :2-9. Best '  commercial System Tr im R a t i o  ( P ' ~ )  

TRIM RATIO FOR O P T I ~  SPACINGS 



Tab le  2-10. Bes t  Commercial System Ground Coverage F r a c t i o n s  
. . 



Table 2-11. Theta Times Rad ia l  Spacing .(/DH) Curve F i t  C o e f f i c i e n t s  

EIGHTEDLEIISTSglMRESFITCfORgR2CWDl: E X ~ S C F ~ I N G ~ M €  0 0 

THE NU)(BER OF CONSTANTS I S  6 ( 6 )  THE NUnaER OF MIGHTED OBSERVRTIONS I S  72.9 

I C( I) C O V B R I ~  M T R I X  

THE AVEfNE BBS#UTE ERRlR I S  8.4622E-01 
THE ROOT EM 9WE OrWOR I S  1.2356E 00 
RIE RECPIROCAL RM WEIGHT I S  5.6070E-02 
THE M C K  Wd FOR ERRORS I S  5.6801E-07 

THETA X WIN SPACING COORDINATES I N  HUIOSTAT WIDTHS 

57.16 57.18 57.21 57.83 59.03 56.3 56.39 56.49 
57.1057.14 57.25 57.44 57.67 57.95 58.24 58.55 



Table 2-12. Azimuthal Spacing ( I D H )  Curve F i t  C o e f f i c i e n t s  

K I G H E D ~ T S € N M E S F I T O f a w R 2 ~ 1 :  EXwfosrsWLEAOlMimWM 0 . 0  

hZIWlW. SPLCING COORDIMTES IN HLIOSTAT WIDTHS 



The t r i m  r a t i o ,  pT, f r o m e q u a t i o n  (52)  o f  Appendix A  i s  giv.en f o r  each c e l l  i n  

Table 2-9. Th i s  i s  a  measure o f  t h e  n e t  annual energy p r o d u c t i v i t y  o f  each 

c e l l .  The f i e l d  i s  t h e  most c o s t  e f f e c t i v e  when c e l l s  a r e  e l i m i n a t e d  whose 

t r i m  r a t i o  i s  l e s s  than  1.0. The e f f ec t  o f  f i e l d  s i z e  on c o s t  and performance 

f o r  a  g i v e n  tower and r e c e i v e r  can be eva lua ted  by v a r y i n g  t h e  v a l u e  of t r i m  ' . 

r a t i o  f o r  which c e l l s  a r e  kep t  i n  t h e  f i e l d .  N o t i c e  on t h e  con tour  p l o t  o f  

. t r i m  r a t i o  t he  shape o f  t h e  t r i m  boundaries a r e  e l l i p t i c a l  and as t h e  t r i m  

r a t i o  increases ( t h e  f i e l d  . is trimmed down) t h e  f i e l d  becomes more n o r t h e r l y ;  

a  t r i m  o f  1.5 would produce an e f f i c i e n t  . k  . .  bu t , expens i ve  . . No r th  f i e l d .  

The r a t i o  o f  g l a s s  area i n  a  c e l l  ' t o  su r f ace  area i n  a  c e l l  o r  f r a c t i o n  o f  

ground covered i s  g i v e n  i n ' T a b l e  2-10. 'The t r i m  weighted ( c e l l s  o u t s i d e  t h e  

optimum boundary a r e  n o t  i nc l uded )  average i s  18.3%. I t  should be noted t h a t  

t h i s  number i s  a f f ec ted  by h e l i o s t a t  c o s t  and l a n d  c o s t  (as w e l l  as o t h e r  c o s t  
2  2  f a c t o r s ,  o f  course) .  I n  t h i s  case, t h e  cos t s  used were $100/m and $1..49/m . 

I f  these cos t s  were h i ghe r  t h e  o p t i m i z e r  would have inc reased  t h e  ground 

coverage and c o n s t r i c t e d  t h e  t r i m  l i n e .  

Tables 2-11 and 2-12 s.how examples o f  t h e  o u t p u t  f rom t h e  o p t i m i z e r  o f  two- 

dimensional  curve f i t  c o e f f i c i e n t s ,  C(1) , f o r  t h e  he1 i o s t a t  spacings. A1 1  

spacings g i v e n  here a r e  i n  h e l i o s t a t  widths,  DH. I n  Table 2-11 t h e  q u a n t i t y  

cu rve  f i t  i s  eR/DH, thus, t h e  form o f  t h e  curve  f i t  i s  

2  2  
8R(e,4)/oH = cl + c2e + C3e + ( c4  + C5e .+ C6e ) cos 4  

A lso  shown i n  t h e  t a b l e  a r e  t h e  o p t i m i z e r  va lues  and curve  f i t  va lues  f o r  t h e  

azimuthal spacing coord ina tes  i n  h e l i o s t a t  w id ths ,  OR/DH, t h e  f i r s t  above t h e  

second f o r  d i r e c t  comparison. I n T a b l e  2-12 t h e c u r v e  f i t  i s  f o r  Z(e,+)/D, 

and t h e r e f o r e  has t h e  same form g i v e n  i n  Sec t i on  2.2.8. 



2.5 RESTRICTED COMMERCIAL SYSTEM COLLECTOR DESIGN (FOR SCALING 
TO PILOT PLANT) 

2.5.1 Sca l ing  Requirements 

The purpose o f  t h e  scaled commercial c o l l e c t o r  system design i s  t o  generate a 

s e t  o f  h e l i o s t a t  spacing curve f i t  c o e f f i c i e n t s  which the  l a y o u t  processor can 

use t o  produce a h e l i o s t a t  f i e l d  which w i l l  meet t he  p i l o t  p l a n t  requirements. 

The fundamental c o n s t r a i n t s  a r e  the  thermal power l e v e l  which must be met t o  

achieve design requirements., t he  e x i s t i n g  c o l l e c t o r  f i e l d  boundary, and the  . 

e x i s t i n g  tower h e i g h t  design. I f  t h e  p i l o t  p l a n t  were scaled down from t h e  

,hest commercial desiqn these c o n s t r a i n t s  would n o t  necessa r i l y  be met. To 

assure t h a t  they a r e  met t he  f o l l o w i n g  steps have been taken t o  produce a ,  

sca lab le  des l y r ~ .  
, .  . 

The op t im ize r  code was a l t e r e d  t o  accept an i n p u t  f i e l d  t r i m  m a t r i x  r a t h e r  

than generat ing an opt im ized f i e l d  t r im .  The i n p u t  t r i m  m a t r i x  was determined 

by superimposing the  c e l l  s t r u c t u r e  over the  p i l o t  p l a n t  f i e l d  boundary and 

observ ing which c e l l s ,  and what p o r t i o n  o f  c e l l s  on the  boundary, f a l l  w i t h i n  

t h e  boundary. The i n p u t  t r i m  m a t r i x  w i l l  be.shown i n  one o f  t h e  tab les  i n  

t h e  n c x t  scc t ion .  

The thermal power requirements used f o r  s c a l i n g  i s  34.4 MW o f  ther~l ra l  puwer. 

absorbed i n t o  steam a t  t he  r e c e i v e r  on w i n t e r  s o l s t i c e  (day 276), 2:00 PM, 
2 f o r  an i n s o l a t i o n  l e v e l  o f  917 W/m . The i n s o l a t i o n  l e v e l  i s  f rom 1976 Barstow 

data. The op t im ize r  ou tpu ts  the  thermal power l e v e l  o f  t h e  p l a n t  a t  equinox 

noon, f o r  950 w/rn2. Therefore, i t  i s  necessary. t o  sca le  up from the  34.4 MW 

va lue  t o  a r r i v e  a t  a value f o r  commercial p l a n t  power l e v e l  requ i red  from an 

op t im ize r  run. When t h e  he1 i o s t a t  spacing -curve f i t .  c o e f f i c i e n t s  a r e  used 

f rom t h i s  r u n  t o  l a y  o u t  t he  p i l o t  p lan t ,  then the  des i red  power l e v e l  should 

be achieved. Recal l  t h a t  t he  curve f i t  coefficients a r e  f u n c t i u r ~ s  u,f luwei; 

e leva t i on ,  and c e l l  azimuth, and t h a t  t he  c e l l  s izes  a r e  generated i n  propor- 

t i o n  t o  tower he igh t .  The c o e f f i c i e n t s  a l s o  produce spacing values i n  h e l i o -  

s t a t  diameters. Thus, we s imply employ the  c o e f f i c i e n t s  generated i n  t he  

sca lab le  commercial run, w i t h  the p i l o t  p l a n t  f o c a l  h e i g h t  and ' h e l i o s t a t  s ize ,  

and the  r e s u l t i n g  l a y o u t  process w i l l  be p rope r l y  scaled. The scale up o f  

power l e v e l  has been done us ing  the  f o l l o w i n g  fac to rs ,  



. , 

-The f i r s t  term sca les  f o r  t h e  f o c a l  he igh ts .  The power of  systems of d e f i n e d  

geometry sca les  as t h e  square o f  f o c a l  h e i g h t  and i t  i s  assumed t h a t  t h i s  one 

w i l l  s ca le  s i m i l a r l y .  The second term accounts . f o r  p o s s i b l e  outage by one 

f i e l d  c o n t r o l l e r  ( a  des ign requi rement) .  The t h i r d  te rm sca les  up one add i -  

t i o n a l  c i r c l e  o f  he1 i o s t a t s  due t o  t h e  f a c t  t h e  p i l o t  p l a n t  i s  t o  be designed 
2  2  

f o r  t h e  Sandia base l i ne  des ign  h e l i o s t a t  w i t h  an area o f  41.8067 m (450 f t  ), 

b u t  must s t i l l  produce r a t e d  power w i t h  t h e  sma l l e r  (40.0 mZ) M a r t i n  h e l i o s t a t .  

The f o u r t h  term i s  an al lowance f o r  roads t h a t  must be i nc l uded  i n  t h e  l a y o u t  

: process. Out o f  82 ce ' l l s  about  '3.8 a r e  needed f o r  roads. The f i f t h  term 
2 sca les  up t o  t he  o p t i m i z e r  o u t p u t  i n s o l a t i o n  l e v e l  o f  950 W/m . The s i x t h  

term represen ts  t h e  cos ine  a'nd shading and b l o c k i n g  f a c t o r s  o c c u r r i n g  i n  a  

commercial f i e l d  a t  equinox noon (numerator )  and a t  w i n t e r  s o l s t i c e ,  2:00 PM. 

(denominator) .  Terms seven and e i g h t  account f o r  t h e  f a c t  t h a t  t h e .  he1 i o s t a t  

r e f l e c t i v i t i e s  and the:receiver.  a b s o r p t i v i t y  o f  t h e  p i l o t  p l a n t  a re  l e s s  than  

those used i n  t h e  commercial system des ign . ( l )  
t, 

It i s  necessary t o  app ly  t h i s  s c a l e  f a c t o r  t o  t h e  i n c i d e n t  power t o  t h e  

rece i ve r .  The expected r a d i a t i v e  and convec t i ve  losses  f o r  t h e  p i l o t  p l a n t  

r e c e i v e r  a r e  4.8 MW and f o r  t h e  commercial r e c e i v e r  25.5 MW. Thus, t h e  i n c i -  

den t  power requi rement  on t h e  p i l o t  p l a n t  r e c e i v e r  i s  39.2 MW. M u l t i p l y i n g  by 

the  s c a l i n g  f a c t o r s  

and a f t e r  s u b t r a c t i n g  r e c e i v e r  losses  t h e  r e s u l t  i s  an equinox noon absorbed 

power l e v e l  o f  297 MW thermal .  

The sca lab le  commercial des ign o p t i m i z a t i o n  i s  f u r t h e r  improved by t h e  use o f  

f i r s t  p l a n t  t ype  c o s t  va lues.  The w i r i n g  cos t s  ( C  
W1,2,3) 

have been mu1 t i p l i e d  

 he f i n a l  c o l l  e c t o r  f i e l d  des ign  was based on r e v i s e d  assumptions r e l a t e d  
t o  h e l i o s t a t  r e f l e c t i v i t y  (0.89) and r e c e i v e r  a b s o r p t i v i t y  (0.95) - See 
Sec t ion  5.1 f o r  f i e l d  performance data.  

43 



by a f a c t o r  o f  1.5 over  those used i n  the  bes t  commercial design. The cos t  

o f  h e l i o s t a t s  must a l s o  be increased..  Th i s  w i l l  a l s o  be necessary t o  ge t  an 

o p t i m i z e r  run which produces the requ i red  .power l e v e l  . As he1 i o s t a t  cos ts  . 
go up the  op t im ize r  w i l l  decrease the  l o c a l  ground coverage, thus decreasing 

the  number o f  h e l i o s t a t s  w i t h i n  the f i x e d  boundary o f  t he  f i e l d .  A h e l i o s t a t  
2 c o s t  of ZOO $/m (Ch) r e s u l t e d  i n  a power l e v e l  meeting the  above g iven 

requirement.  Th is  c o s t  i s  rep resen ta t i ve  o f  expected f i r s t  p l a n t  costs, and 
2 i nc ludes  a'n a1 lowance o f  $11.82/m f o r  p resent  va lue o f  operat ions and main- 

2 tenance. I f  t y p i c a l ' p i l o t  p l a n t  h e l i o s t a t  cos ts  o f  300 $/m were used the  

power' 1 eve1 woul d be , inadequate. ' 

I n  response t o  t h e  f i x e d  boundary i t  was fou r~d  t h a t  c e l l s  o f  s i z e  o rde r  3 

would be adequate t o  cover  t h e  f i e l d  and would r e s u l t  i n  g rea te r  cc r~~~yuta-  

t i o n a l  r e s o l u t i o n  than the  c e l l s  of o rder  5. Thus, the  c e l l  s i z e  f o r  t he  

sca lab le  commercial p l a n t  i s  43/2*180m=155.88 m and f o r  t h e  p i l o t  p l a n t  i s  

$3/2*75.43&11 = 65.33m. 

Table 2-13 conta ins  a c o s t  of a l l  the  changes made t o  t h e  i n p u t  s p e c i f i c a -  

t i o n s  l i s t e d  i n  Tables 2-1 and 2-2 f o r  t h e  sca lab le  commercial system design 

r u n  o f  t he  op t im izer .  All o the r  s p e c i f i c a t i o n s  have remained the  same. 

Table 2-13. I n p u t  S p e c i f i c a t i v r ~  Changes 

Minimum He1 i o s t a t  Clearance Radius 5.682 m 

' $/ra/t~el i o s t a t  

. $/m/hel i o s t a t  

$/m/hel i o s t a t  

8/11? 

C e l l  s i z e  ' = 155.88 m (o rde r  3) 

. R e s t r i c t e d  t r i m  See Table 2-16. . 



The i n t e r c e p t i o n  f r a c t i o n s  f o r  the  sca lab le  commercial system a re  g iven i n  

Table 2-14. These values are  h igher  than those shown i n  Table 2-4. The 

c e l l s  a re  smal ler  and the  s l a n t  ranges, there fore ,  less .  I t  i s  obvious from 

the  contour  p l o t s  o f  Tables 2,-4 and 2-14 t h a t  t he  i n t e r c e p t i o n  f r a c t i o n s  a r e  

a  f u n c t i o n  o f  s l a n t  range. The values i n  Table 2-14 a re  r e l a t - i v e l y  h igh,  i n d i -  

c a t i n g  t h a t  t he  r e c e i v e r  i s  l a r g e r  than necessary f o r  t he  g iven boundary. The 

e f f e c t  o f  losses due t o  atmospheric absorp t ion  i s  shown i n  Table 2-15. Again, 
, .: 

these values a r e  h igher  than the  corresponding ones i n  Table 2-5 because o f '  

the  decreased s l a n t  range. 

2.5.2 Scalable Commercial System C o l l e c t o r  Design 

A summary o f  system design and performance i s  g iven i n  Table 2-16. The 

r e s t r i c t e d  f i e l d  t r i m  m a t r i x  i s  shown i n  the  upper l e f t  represent ing  quar te rs  

o f  c e l l s  occupied. When scaled down t o  the  p i l o t  p l a n t  t h i s  represents the  
2  e x i s t i n g  phys ica l  boundary. The equinox noon power scal.ed t o  950 W/m i s  

307.6 MW, a  va lue very c lose  t o  the  297 MW requ i red  by the  power. l e v e l  sca l -  
2 ing.  Th i s  op t im iza t i on  i s  based on a he1 i o s t a t  c o s t  o f  $200/m . The f i n a l  

converged f i g u r e  o f  m e r i t  f o r  t h i s  design i s  $187.2/aMWh. 

It i s  i n t e r e s t i n g  t o  compare some o f  the  r e s u l t s  i n  Table 2 - 1 6 . t o . t h e  r e s u l t s  

f o r  an u n r e s t r i c t e d  system l i k e  t h a t  presented i n  Sect ion 2.4 b u t  w i t h  h e l i o -  

s t a t  and w i r i n g  cos ts  used i n  the  .sca lab le  design ( f i r s t  p l a n t  costs) .  Th i s  

g ives  some idea o f  how f a r  the  sca lab le  design i s  f rom a  f u l l y  opt imized sys- 

tem. The comparison i s  g iven i n  Table.2-17. The f u l l y  opt imized system 

uses 62X.more h e l i o s t a t s  w i t h  the  same r e c e i v e r  and tower, i t  produces 63% 

rr1ur.e ttrlergy annual ly ,  i t  cos ts  60% morc, and del i v e r s e n e r g y  a t  3.2% l e s s  

c o s t  per  aMWh. 

The f r a c t i o n  of ground covered f o r  the sca lab le  design i s  g iven i n  Table 2-18. 

Th is  f i g u r e  i s  g r e a t l y  increased over t he  u n r e s t r i c t e d  designs due t o  the . !  

a r b i t r a r y  d e l e t i o n  o f  d i s t a n t ,  sparsely  occupied c e l l s .  F u l l y  opt imized sys- 

leijis tend t o  eover on l y  about 19% o f  t hc  ground w i t h  glass. 



Table 2-14. Scalable Co~iiliiercial System Interception Fractions 



Table 2-15. Sca lab le  Commercial System F r a c t i o n  o f  Energy L o s t  
Due t o  Atmospheric Absorp t ion  

VISWlL RANGE ~ T I P L I O I  FOR INTERCEPTIm FRIICTIM 

CO1STUR INTERVAL = 0.010 



Tab le  2-16. Sca lab le  Commercial System Design Summary 

WBl = 4 ; MX. NUnaER OF HELIOS./CELL= 495.4 t HGLASS/WIIRW2 = 0.8963 t TOTAL GLASS = 0.55157E 06 

TRIH COHTROL LIHITS 11244. HELIE #ELI= 54.7263 M G =  54.7263 t TOTALLILMD =0.20473E07 

00000000 00000000 
08000000 00000000 

9 r t t t t t f t t * t t NUneER OF HELIClSTATS PER CELL* t t * t t r t t * t ; HT = 180.0 rn 

E m m  = 
AMwtehRGY = 
FIXED COSTS = 
TOWERCOST = 
LAWCOST - - 
WIRING COST = 
HaIOSTClT COST = 
TOTAL COST - 
FIGUW OF HERIT: 

-.- 
110.3135 124.1027 IN %ti 
138.9000 152.6892 IN bn 

187.193 205.776 IN $/lW 8 FOR AN I W  OF 

M FOR 950. EQUINOON m 

190.000 USING HELIOSTAT COST 



Table 2-17. Comparison t o  an Unres t r i c ted  System Design With 
The Same Costs as The Scalable System 

Scalable Design Unres t r i c ted  Design 
- p- - 

Number o f  h e l i o s t a t s  

F r a c t i o n  o f  ground covered 27% 19% 

Equinox noon power scaled 
t o  950 ~ / m 2  ' 

. .. 
742 GWh ' 

- . i 
Annual energy 1,210 GWh 

Tota l  system cos t  139 M$ 219 M$ 

F igure  o f  m e r i t  187 $/MWh 181 $/MWh 

Tables 2-19 and 2-20 g i v e  the  h e l i o s t a t  spacing curve fit c o e f f i c i e n t s  f o r  t h e  

sca lab le  commercial system. These. c o e f f i c i e n t s  cou ld  be used t o  l a y  ou t  t he  

p i l o t  p lan t .  However, t he re  i s  one a d d i t i o n a l  s tep  performed by the  CELLAY 

program which generates several  se ts  o f  curve f i t  c o e f f i c i e n t s .  These prov ide  

f o r  a se t  o f  v a r i a t i o n s . i n  h e l i o s t a t  spacings which w i l l  produce n e a r l y  t h e  

same n e t  c e l l  e f f i c i e n c y .  This a d d i t i o n a l  degree o f  freedom i s  requ i red  by 

the  LAYOUT program where r a p i d l y  vary ing  azimuthal spacing, when moving 

toward the  tower, can be compensated f o r  by v a r i a t i o n s  i n  t h e  r a d i a l  spacing. 

These concepts w i l l  be expla ined i n  more d e t a i l  i n  Sect ion 4. 



Table 2-18. Scalable Commercial System Fraction of Ground Coverage 



Table 2-19. Sca lab le  Commercial System Rad ia l  Spacing (/DH) 
Curve F i t  C o e f f i c i e n t s  

WEIGHTED LEIIST WARES F I T  # ORDER 2 MD 1 : EXPWNTS OF W I N G  TERM ARE 0 0 

THE f U E R  OF CONSTWS I S  6 1 6 )  TIE #UWBER OF EIGHlED OBSWATIOlJS I S  44.5 

M AKItME ABSXUTE ERROR I S  1.1594E 00 
THE ROOT CBAN SgWIRE m I S  2.0610E 00 
THE ~ W I ~  Rtl WEIGHT I S  6.2924E-02 
M CHECK SM FOR DIRORS I S  -9.7923E-07 

M A  X W I A L  SPCLCING COOADIMTES I N  HELIOSTAT WIDTHS 



Tab le  2-20. Sca lab le  Commercial System Azimuthal  Spacing,  (ID,,) 
Curve F i t  C o e f f i c i e n t s  

WEIGHTED LECIST WARES FIT OF OWlER 2 #Ul 1 : EXWMNTS OF LEADING TERM llRE 0 0 ' 

M MBER OF COMSTANS IS 6 ( 6) THE NVIBER QF YIGHTED OBERVATICNS IS 44.5 ' 

TH€ AVOPAGE ABSOLUTE EWKIR IS 3.8954E-02 
M ROOT EM S6KIIIRE ERRCM IS 6.5447E-02 
THE fECPIROfXL RH EIGHT IS 6.2524E-02 
THE CHECK SUI FOR ERROR IS -3.87a-88 ' 

AZIlWtML SPACING COOW)IMTES IN. HELIOSTAT WIDTHS 
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Sect ion 3  

DEVELOPMENT OF INDIVIDUAL HELIOSTAT PERFORMANCE CODE TO 
MEET SFDI REQUIREMENTS 

3.1 EARLY HISTORY OF THE INDIVIDUAL HELIOSTAT CODE 

Beginning i n  1973, the  f i r s t  c e n t r a l  r e c e i v e r  computer s imu la t i on  codes were 
. . 

ce l  l w i s e  performa'nce model s  intended f o r  ' the c & ~ c e ~ t u a l  design o f  1  arge com- 

merc ia l  systems. C o l l e c t o r  f i e l d  op t im iza t i on  and parametr ic  systems ana lys i s  

began i n  1975. Since then,, RCELL has become a  v e r s a t i l e ,  e f f i c i e n t ,  c e l l w i s e  

op t im iza t i on  code w i t h  comprehensive outputs, i n c l u d i n g  c o e f f i c i e n t s  f o r  a  

subsequent l a y o u t  procedure. It i s  important  t o  r e a l i z e  tha t ,  because o f  the 

m u l t i t u d e  o f  h e l i o s t a t  i n t e r a c t i o n s , a  mathemat ica l ly  r i go rous  optimum l a y o u t  

i s  impossible t o  achieve by computer technology; hence, a  c e l l w i s e  opt imiza-  

t i o n  t h a t  ignores some of the ac tua l  c o n s t r a i n t s  i s  a  necessary p r e l i m i n a r y  

t o  layout .  

The LAYOUT program was developed du r ing  .the system d e f i n i t i o n  phase o f  the 

cen t ra l  rece i ve r  p r o j e c t .  He1 i o s t a t  coord inates were del  i ve red  t o  Sandia f o r  

a  p re l im ina ry  p i l o t  p l a n t  and a  f i r s t  commercial base l ine  p l a n t .  A f te r  these 

d e l i v e r i e s ,  an increase o f  i n t e r e s t  i n  small systems occurred, and fund ing  t o  

the  Energy Foundation o f  Texas (EFT), l e a d  t o  the  development o f  t he  I n d i -  

v idua l  He1 i o s t a t  Performance Model (k.e., IH-System) , which s t a r t s  w i t h  LAYOUT 

and feeds the  ac tua l  h e l i o s t a t  l o c a t i o n s  i n t o  the  performance model. 
L ' 

The i n d i v i d u a l  h e l i o s t a t  program i s  equipped w i t h  v a r i a b l e  dimensions f o r  the  

he1 i o s t a t  f i e l d  var iab les ,  so t h a t  t he  core s i z e  o f  the  program i s  under i n p u t  

c o n t r o l .  A v a r i e t y  o f  ou tpu t  s t y l e s  are  prov ided t o  handle the  l a r g e  amount 

o f  ou tpu t  data. Special op t ions  are  a v a i l a b l e  t o  reduce the  CPU t ime requ i red  

t.o study r e s t r i c t e d  regions o f  the  c o l l c c t o r  f i e l d .  See Appendix C f o r  

d e s c r i p t i o n  o f  SUBFLD. 



3.2 THE I H  OUTPUT STYLES 

There a re  f o u r  major  ou tpu t  s t y l e s  which a re  a v a i l a b l e  f o r  each o f  the  f i e l d  

v a r i a b l e s  such as r e c e i v e r  i n t e r c e p t i o n  (FINT), shading and b lock ing  f r a c t i o n  

(FMIRR), a f te rnoon i n s o l a t i o n  weighted averages o f  FMIRR (FSAB), and many 

o thers .  The f o u r  ou tpu ts  a r e  as f o l l o w s :  

A. I n d i v i d u a l  H e l i o s t a t  Output as i n  F igure  3-1 f o r  the shading and 

b l o c k i n g  f r a c t i o n .  

B. C i r c le -Sec to r  ou tpu t  w i t h  c i r c l e  and sec tor  averages prov ides a  much 

needed rev iew o f  l a y o u t  e f f i c i e n c y .  See F igure  3-2. 

C.  North/South c e l l w i s e  averages over the  i n d i v i d u a l  responses. Th i s  

o u t p u t  i s  needed t o  see the  o v e r a l l  tends i n  response. See F igure  3-3. 

D.' Contour ou tpu t  based on the  c e l l w i s e  averages l oca tes  contour  o f  

varous p e r c e n t i l e s  o f  performance i n  the  c o l l e c t o r  f i e l d .  See F igure  3-4. . 

3.3 THE FIRST FOUR OBJECTIVES UNDER SFDI FUNDING 

The U n i v e r s i t y  o f  Houston work under t h e  S F D I  c o n t r a c t  was I n i t i a t e d  on 

March 1, 1979; and a t  t h a t  p o i n t  i n  t ime our  f i r s t  f o u r  ob jec t i ves  were: 

A. To p r o v i d e - h e l i o s t a t  layouts  t o  SFDI s p e c i f i c a t i o n s ,  

B. To w r i t e  a  he1 i o s t a t  - coord inates f i l e  f o r  card  de l  i very, 

C. To provide'  zharling and b lock ing  ou tput  t o  v e r i f y  t he  l a y o u t  

procedure, and . , 

'D. To output  t o t a l  r e d i r e c t e d  power f o r  t h e  design t ime. 
. . 

A Job Cont ro l  Language (JCL) set-up f o r  bo th  t ime-shar ing and batch execut ion 

was' ' required. Most work can be done i n  t ime-shar ing mode, b u t  t he  f i n a l  

annual performance study w i l l  be too  l eng thy  f o r  a  t ime-shar jng job .  

3.3.1 SFDI UNIT REQUIREMENTS . , 

The SFDI requ i res  a l l  q u a n t i t i e s  having t h e  dimension o f  l eng th  t o  be i n p u t  

.'in . feet,  i ns tead  o f  meters as u r * i y ' i r ~ a l l y  ' spec i f i ed  by  NSF. Consequently, we 

i n s t a l l e d  a  conversion .from f e e t  t o  meters i n  t he  i n p u t  module, and the  

reverse conversion from meters t o  f e e t  f o r  t he  ou tput  t o  t he  h e l i o s t a t  

coord ina te  f i l e .  A l l  i n t e r n a l  va r i ab les  a re  s t i l l  m e t r i c .  I 
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Figure 3-1. Shading and Blocking Fraction FMIRR for Individual Heliostats at 3 P.M. on Vema! Equinox. 

Sectors 8 and 9 are Jusr North of East. FMlRR is Printed in the Form of a baning Average (i.e., 1000 = 1.0). The '* symbols Mark 
the Place of a deleted Heliostat, and each Twelfth of the Field is Shown Conformally Mapped into a Rectangle: Tower is  at the 
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Figure 82 CircleSector Output of FhrllRR Corresponding 3 P.MI on Day of Vernal Equinox. 
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Figure 33. North-South Cell Structure. 

Cell Averages of FMlRR Correspond t o  the CircleSector Output Which is Just Abave. The Right Hand and Bottom Outputs Contain 
Row and Column Averages for  the Cells. Note That the Boundary Cells May be Only Partially Occupied 



Figure S4. Contour Output for FMlRR Based on Cell Averages Shown in Figure 33. 

In This Diagram the ' Repcesents Unity FMIRR, the 9's Border the Region Where F M l R R  is <0.9888, the 8's Border the Region 
Where FMlRR is >0.9775 etc, The Event on the Right Results From the Fortuitous High of 0990 on the Right of Figure 3.3, 
Which is Associated With the 1000's in Circle 3, Sector 9 ,  Figure 3-1. 

, 



3.3.2 SFDI F i e l d  Boundary 

An opt imized c o l l e c t o r  f i e l d  def ines the  optimum f i e l d  boundary. Hence, 

several  methods o f  t r a n s f e r r i n g  the t r i m  ( i . .  f i e l d  boundary) from REELL t o  

LAYOUT were prov ided.  However, none of them a n t i c i p a t e d  the  SFDI s p e c i f i c a -  

t i o n s  which prov ide  t h e  i n n e r  and ou te r  f i e l d  l i m i t s ,  t he  tower l o c a t i o n ,  and 

t h e  l o c a t i o n  of  the, exc lus ions  f o r  roads. Consequently, t he  SFDI f i e l d  

boundary m o d i f i c a t i o n s  and i npu ts  were requ i red .  

3.3.3 SFDI I n c l i n e d  ~ i e l d  

A t  present ,  , the K C E L L  o p t l m i z a t i o ~ i  works w i t h  a  North-South i n c l i n e d  f i e l d ,  

b u t  does n o t  pe rm i t  an East-West component of i n c l i n e  because symmetry i s  . 
assumed f o r  t he  morning and a f te rnoon i n s o l a t i o n .  However, a11 performance 

models should be ab le  t o  accept an a r b i t r a r i l y  i n c l i n e d  f l a t  f i e l d .  A f t e r  

some d iscuss ion 'about  s p l i t t i n g  the  f i e l d  i n t o  two f l a t s ,  i t  was decided t o  

go w i t h  a  very s l i g h t  North-South i n c l i n e .  Hence, an IH  code m o d i f i c a t i o n  

f o r  i n c l i n e d  f i e l d s  was provided. 

3,3.4 'SFDI H e l i o s t a t  Coordinate F i l e  ' 

  he SFD.1 h e l i o s t a t  coord ina tes  f i l e  w r i t e s  one ca rd  per  h e l i o s t a t  ' con ta in ing  

a  s ix -charac ter  he1 i o s t a t  designator,  the  ( X  ,Y ,Z) coord inates i n  f e e t ,  t he  

azimuth angle i n  rad ians  and one t o  th ree  aim p o i n t s  i f  desired. F o r ' f u r t h e r .  

d e t a i l s  see Sect ion  4. 

Outputs f o r  shading and b lock ing  data and t o t a l  r e d i r e c t e d  power were a v a i l -  

ab le  as soon as the  above m o d i f i c a t i o n s  were completed. 

3.4 THE RECEIVER PANEL POWER SUMMARY FOR ROCKETDYNE 

The SFDI r e c e i v e r  design subcontractor  (Rocketdyne) ' devel oped an e a r l y  need 

t o r  t he  annual summary o f  r e c e i v e r  panel power, i n  o rder  t o  study r e c e i v e r  

design and c o n t r o l  issues. This  ou tpu t  was accomplished by the  c e l l w i s e  per-  

formance model w i t h  an e x t r a  ou tput  f o r  ca rd  d e l i v e r y  t o  M r .  Fukui o f  

Rocketdyne. The Ce l lw ise  model can s imu la te  a  y e a r ' o f  performance much more 

e f f i c i e n t l y  than the  I n d i v i d u a l  H e l i o s t a t  ( I H )  model. Furthermore, a t  t h i s  

p o i n t  t he  IHmodel  h a d  no iccess'' t o  r e c e i v e r  i n fo rma t ion  o f  any kind, except 

f o r  a  d e f a u l t  s e t  o f  rece iver ,  i n t e r c e p t i o n  f r a c t i o n s  which are  n o t  p rope r l y  

r e l a t e d  t o  the SFDI rece i ve r '  design. ' 



The Panel Power Summary ou tpu t s  a r e  presented i n  Sec t ion  5.1. 

3.5 ,COMPLETION .OF THE INDIVIDUAL HELIOSTAT SIMULATION SYSTEM 

H e l i o s t a t  images and r e c e i v e r  i n t e r c e p t i o n  f r a c t i o n s  vary  smoothly as a  func-  

t i o n  o f  he1 i o s t a t  l o c a t i o n .  Hence ' it i s  n o t  necessary t o  generate a  he1 i o s t a t  . 

image f o r  every  h e l i o s t a t  i n  t h e  I H  system. The necessary da ta  i s  a l r e a d y  

a v a i l a b l e  f rom t h e  s o - c a l l e d  node f i l e  which c 0 n t a i n s . a  r e c e i v e r  f l u x  d e n s i t y  

m a t r i x  f o r  each r e p r e s e n t a t i v e  h e l i o s t a t  i n  t h e  c e l l w i s e  performance model. 

Consequently, i t  i s  d e s i r a b l e  t o  keep t h e  r e c e i v e r  model and t h e  image gener- 

a t i n g  subrou t ines  i n  t h e  c e l l w i s e  performance code, and t o  c r e a t e  i n t e r p o J a t i n g  

subrou t ines  which can u t i l i z e  t h e  e x i s t i n g  node f i l e s  and generate t h e  i n d i -  

v i d u a l  , h e l i o s t a t  response i 'n  t he  I H  code system. 

Wi th  r e a l i s t i c  r e c e i v e r  i n t e r c e p t i o n  da ta  a v a i l a b l e  i n  t h e  I H  system i t  i s  

r e l a t i v e l y  easy t o  t r a n s f e r  t h e  r e c e i v e r  o u t p u t  subrou t ines  and t h e  annual 

summary subrou t ines  f rom t h e  c e l l w i s e  performance system t o  t h e  I H  system. 

T h i s  t r a n s f e r  process completes t h e  I H  s i m u l a t i o n  system i n  t h e  sense t h a t  

i t  now con ta ins  a l l  ou tpu t s  which were p r e v i o u s l y  a v a i l a b l e  i n  t h e  c e l l w i s e  

system, except  those r e ' l a t i n g  t o  t h e  image gene ra t i on  c a p a b i l i t i e s  o f  r e c e i v e r  

model . 

The f o l l o w i n g  subrou t ines  a r e  i nvo l ved .  

FINTPl reads the' node f i l e .  HINT p rov ides  i n t e r p o l a t i o n  t o  t h e  i n d i v i d u a l  

h e l i o s t a t s .  TINTP2 p rov ides  shading and b l o c k i n g  i n f o r m a t i o n  t o  t h e  PANPOW 

and FINTP3. FINTP3 p r o v i d e s . r e c e i v e r  f l u x  d e n s i t y  ou tpu t .  PANPOW and PANEFF 

p rov ide  annual summary o u t p u t  f o r  panel powers and system e f f i c i e n c y .  F u r t h e r  

d e t a i l s  concern ing the  I H  subrou t ines  a r e  a v a i l a b l e  i n  Appendix C.  



3.6 DEVELOPMENT OF THE LAYOUT PROCESSOR 

P r i o r  t o  t he  SFDI con t rac t ,  t he  l a y o u t  processor had been used f o r  bo th  p i l o t  

and commercial sca le  l ayou ts .  However, the  CELLAY p r o v i s i o n  f o r  balancing 

losses  w i t h i n  a  zone was n o t  a v a i l a b l e  u n t i l  t h i s  year .  Dur ing the SFDI con- 

t r a c t  per iod ,  t h ree  major improvements were made i n  the  l a y o u t  processor. ,  

A .  The s tep  i n  r a d i u s  was improved by i nco rpo ra t i ng  the  CELLAY 

c o e f f i c i e n t s .  

B. The step i n  rad ius  was improved by i nco rpo ra t i ng  the  so c a l l e d  "ha l f  

s tep"  procedure which e l im ina tes  the  small gaps which used t o  occur a t  zone 

baundarics, 
C .  Improved s h i f t s  near the 'de leted he1 i o s t a t  were in t roduced i n t o  the  

C I R C I  subrout ine which s t r i n g s  h e l i o s t a t s  a long a  l a y o u t  c i r c l e .  . 

These fea tu res  are  exp la ined more f u l l y  i n  Appendix D and a l s o  i n  Sect ion 4. 

3.7 REMOVING SELECTED HELIOSTATS 
- The h e l i o s t a t  coord ina te  f i l e  has exac t  east-west symmetry, a1 though several  

western h e l i o s t a t s  a re  marked w i t h  s t a r s  because they  v i o l a t e  t h e  asymmetric 

western f i e l d  l i m i t .  These coordinates represent  a l l  o f  t h e  l o c a t i o n s  which 

a r e  a l lowed w i t h i n  t h e  f i e l d  l i m i t s .  An ac tua l  system w i l l  n o t  necessa r i l y  

have he l i o s t a t s  a t  every s i t e .  Condi t ions i n  the  f l e l d  may v o l d  some o f  t h e  

s i t e s ,  t h e  f i e l d  may be reduced t o  avo id  excess power, o r  t he  shape of t h e  

f i e l d  may be mod i f i ed  t o  s u i t  the r e c e i v e r  design. For a l l  o f  these reasons, 

we need a  means o f  s e l e c t i v e l y  removing h e l i o s t a t s  from the  performance model. 

Th i s  i s  done by d e f i n i n g  an I S K I P  f u n c t i o n ' w h i c h  conta ins  data f o r  t he  

removed c i r c l e s  and t h e  se.lected h e l i o s t a t s .  

Th i s  o p t i o n  was used t o  s tudy the p o s s i b i l i t y  o f  reducing t h e  r e c e i v e r  asym- 

metry r a t i o  by t r a n s f e r r i n g  var ious  numbers o f  t he  no r the rn  h e l i o s t a t s  t o  the  

southern f'ield. I t  was found t h a t  t h e  r e c e i v e r  asymmetry r a t i o  cou ld  nut be 

e l i m i n a t e d  because o f  t h e  d i u r n a l  cos ine e f f e c t s  and fur thermore,  e f f o r t s  t o  

reduce i t  caused a  s i g n i f i c a n t  l o s s  o f  h e l i o s t a t  performance. P a r t  o f  t h e  

t r o u b l e  comes f rom t h e  impos i t i on  o f  f i e l d  boundaries obta ined from t h e  pre-  

l i m i n a r y  p i l o t  p l a n t  design and i t s  s c a l i n g  from t h e  commercial system. The 

g iven boundaries a r e  i n  accordance w i t h  the  de terminat ion  ( i n  t he  p r e l  im inary  

design study)  t h a t  a  f u l l y  op t im ized 10 MWe p l a n t  would tend toward a  n o r t h  

o n l y  f i e l d .  Of'course, i n  a  f u l l y  op t im ized system, the boundary h e l i o s t a t s  
62 



a r e  a l l  marg ina l  so t h a t  d e l e t i o n ,  a d d i t i o n ,  o r  t r a n s f e r r a l  o f  a  few boundary 

h e l i o s t a t s  has l i t t l e  o r  no e f f e c t  on t h e  c o s t  o f  energy c o l l e c t e d .  

The r e c e i v e r  asymmetry r a t i o s  a re  shown i n  F i g u r e  5-12 f o r  t h e  SFDI f i e l d  as 

d e l i v e r e d  t o  Rocketdyne. 

3.8 THE STARTUP STUDY VIA THE I H  SYSTEM 

The sun r i se  s t a r t u p  s tudy ou tpu t s  shading and b l o c k i n g  performance and 

r e c e i v e r  panel powers f o r  a  sample o f  e a r l y  morning t imes. '  
. . 

These ou tpu t s  a r e  a v a i l a b l e  f rom t h e  I H  system w i t h  i n p u t s  s e t  t o  accep t  a  

l a r g e  s e t  o f  ne ighbors i n  o r d e r  t o  generate a l l  p o s s i b l e  losses  which' can 

occur  a t  low sun angles. The panel powers a r e  ob ta i ned  from t h e  s tandard 

PANPOW subrou t ine ,  b u t  m inor  m o d i f i c a t i o n s  were needed t o  f o r c e  t h e  f l o w  o f  

c o n t r o l  i n t o  t h e  annual p a r t  o f  t h e  program f o r  t h e  morning s t a r t u p  t imes .  

See Sec t ion  5.4 f o r  d e t a i l s  o f  s tudy .  

3.9 THE CLOUD STUDY VIA THE CELLWISE SYSTEM 

The Aerospace Co rpo ra t i on  p rov ided  t h e  c l o u d  model . Unfor tuna te1  y, t he  model 

i s  based on r e l a t i v e l y  sparse data,  and t he  r a p i d  spac ia l  dependence o f  t h e  

c l o u d  e f f e c t  was j u s t  r e c e n t l y  r e a l i z e d .  Consequently, i t  i s  a p p r o p r i a t e  t o  

c a r r y  ou.t t he  s tudy i n  c e l  l w i s e  performance system. 

The c l oud  mot ion i s  much f a s t e r  than  t h e  d i u r n a l  mot ion  o f  t h e  sun. Conse- 

quen t l y ,  i t  i s  a p p r o p r i a t e  t o  c r e a t e  a  new sub rou t i ne  which can be c a l l e d  

f rom i n s i d e  t h e  l o o p  over  hours and below t h e  l o o p  over  t h e  h e l i o s t a t s .  T h i s  

. sub rou t i ne  i n t e r p o l a t e s  t h e  c l oud  t r ansm iss ion  m a t r i x  t o  p r o v i d e  a  t r ansm iss ion  

f a c t o r  f o r  each c e l l ,  and then  c a l l s  a  m o d i f i e d  v e r s i o n . o f  PANPOW f o r  panel 

power ou tpu ts .  See Sec t i on  5.5 f o r  d e t a i l s  o f  t h e  on-going s tudy .  

3.10 THE DEFOCUS STUDY V I A  CIRCLE-SECTOR PANEL POWERS I N  THE I #  SYSTEM 

Receiver  c o n t r o l  s t u d i e s  use t h e  panel power ou tpu t s  wh ich  a r e  'given' f o r  a  

s u i t a b l e  s e t  o f  t imes.  Norma l l y  t h e  panel powers rep resen t  t h e  e n t i r e  h e l i o -  

s t a t  f i e l d .  However, f o r  h e l i o s t a t  defocus s t u d i e s  and p o s s i b l y  c l o u d  s tud ies ,  

i t  , i s  necessary t o  have more d e t a i l e d  in fo rmat ion .  M o d i f i c a t i o n s  t o  FINTP1, 

FINTP3, and HINT p rov ides  a  c i r c l e - s e c t o r  panel power o u t p u t  f o r  each sample 

t ime  i n  t he  r u n  stream. See Sec t i on  5.6 f o r  d e t a i l s  o r  proposed s tudy.  
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Sec t i on  4  

COLLECTOR FIELD LAYOUT 

4.1 CELLAY: OETAINING COEFFICIENTS FCR THE LAYOUT PROCESSOR 

4.1.1 I n t r o d u c t i o n  

Once the  RCELL o p t i m i z a t i o n  approach i s  app l i ed  t o  a  t y p i c a l  commercial s i z e  

system, c o e f f i c i e n t s  a r e  needed t o  cha rac te r i ze  t h e  c o l l e c t o r  f i e l d  and t h e  

optimum h e l i o s t a t  spacings f o r  t he  p i l o t  p l a n t .  The l a y o u t  i s  r a d i a l  stagger,  

and an optimum r a d i a l  spacing i s  generated f o r  each c e l l  i n  t h e  c o l l e c t o r  

f i e l d  as w e l l  as t h e  associated azimuthal spacing. Once these parameters a r e  

obtained, the  ground coverage and t o t a l  annual energy r e f l e c t e d  f o r  each c e l l  

i s  output .  The ground coverage, o r  h e l i o s t a t  dens i ty ,  r e s u l t s  i n  the,number 

of he1 i o s t a t s  l oca ted  i n  each c e l l .  Th i s  w i l l  be used t o  weight  var ious  curve 

f i t s  t o  t h e  h e l i o s t a t  spacing data. The energy ma t r i x ,  which has losses  due 

t o  shading and b lock ing  and cos ine  of inc idence f o r  t h e  optimum spacings, i s  

a l s a  an impor tan t  ou tpu t  o f  RCELL t o  t h e  CELLAY program. These two ma t r i ces  

comprise t h e  data requ i red  by CELLAY t o  compute c o e f f i c i e n t s  needed by LAYOUT 

t o  generate t h e  c o l l e c t o r  f i e l d .  I n  a d d i t i o n ,  CELLAY uses t h e  shading and 

b lock ing  data base u t i l i z e d  by RCELL which g i ves  t h e  losses r e s u l t i n g  from 16 

d i f f e r e n t  he1 i o s t a t  neighborhoods, i .e., f o u r  azimuthal and four  r a d i a l  spac- 

i ngs  a re  sampled. Wi th t h i s  data f o u r  se ts  o f  t h ree  coe f f i c i en ts  a re  generated 

f o r  r a d i a l  spacings. 

The fourase ts  correspond t o  f o u r  d i f f e r e n t  azimuthal spacings. For  each of 

t h e  f o u r  azimuthal spacings f o r  each c e l l ,  a  r a d i a l  spacing i s  chosen such 

t h a t  t h e  l o s s  due t o  shading and b lock ing  and cos ine  of inc idence i s  i d e n t i c a l  

t o  t h e  optimum. Thus for. t h e  ac tua l  layout., when t h e  azimuthal spacing i s  a  

c o n s t r a i n t ,  a  r a d i a l  spacing can be chosen such t h a t  t h e  annual energy per 
square meter o f  r e f l e c t o r  i s  t h e  same as t h e  optimum, even though t h e  spacings 

a r e  n o t  optimum. For tunate ly ,  the. azimuthal spacing i s  p r e t t y  much t h e  same 

everywhere. Th i s  means t h e  r a d i a l  and azimuthal spacing a re  n o t  v a s t l y  d i f f e r -  

e n t  from the  optimum even though the d r i ~ l i u t h  i s  changing somewhat. 



The idea of  four  se ts  of c o e f f i c i e n t s  f o r  t h e  r a d i a l  spacinc i s  an improvement 

on t h e  p r i o r  l a y o u t  approach which used o n l y  one s e t  of c o e f f i c i e n t s  and one 

polynomial .  ~ k e v i o u i l ~ ,  t h e  f a c t  t ha t '  t h e  azimuthal separa t ion  a long t h e  a r c  

was becoming sma l l e r  w i t h i n  a  zone was ignored as f a r  as t h e  cho ice  f c r  r a d i a l  

spacing was concerned. A  zone i s  a  r e g i o n  where a l l  h e l i o s t a t s  have t h e  same 

angu lar  separa t ion  as measured f r o m . t h e  tower. As one moves towards3the 

tower from the  pe r i phe ry  of a  zone, t h e  number o f  he1 i o s t a t s  w i t h i n  a  f i x e d  

ang le  o f  azimuth must be reduced t o  p revent  abnormal azimuthal crowding. When 

t h i s  i s  done, a  s l i p  p lane i s  i n s t i t u t e d  and thc: r e g u l a r  a r r a y  o f  , r a d i a l  stag-.  

ger i s  broker:, and a new zone begins. Thc adjustment o f  r a d i a l  s p a c i r l y s . i n  . 

accord w i t h  t he  e x i s t i n g  azimuthal spacings requ i res  more i n fo rma t i on  than 

p rev ious l y ,  and CELLAY prov ides  t h i s  by s p e c i f y i n g  the  r a d i a l  separa t ion  

r e q u i r e d  i n  each c e l l  t o  g i v c  t he  same shading and bluck,iny l n s s  n h w v e d  i n  

t h e  op t im ized RCELL r u n  f o r , f o u r  spec i f i ed  azimuthal spacings. The f.our spac- 

i n g s  a r e  0.85 Z,, 0.95 Zo, 1.05 Zo, and 1.15 Z, where Z '  i s  2.1 t imes DMIR. 

UMIK i s  t h e  w id th  of t h e  h e l i o s t a t .  A l l  optimum values of Z  f o r  t h e  c o l l e c t o r  

f i e l d  f a l l  w i t h i n  t h i s  range o f  azimuth. 

LAYOUT uses the  in fo rmat ion  prov ided by CELLAY by de termin ing  t h e  l o c a l  a z i -  

' muthal spacing, which i s  a g iven  (constra inr ld) ,  and then i n t e r p o l a t i n g  t h e  four 

polynomials  t o  f i n d  t h e  s u i t a b l e  r a d i a l  spacing f o r  t he  p a r t i c u l a r  p o s i t i o n  i n  

t h e  f i e l d ,  which i s  determined by r e c e i v e r  e l e v a t i o n  angle. -Therefore, t h e  

r e s u l t i n g  azimuthal and r a d i a l  spacing shows t h e  same annual cos ine  o f  i n t i -  
dence and shading and b l o c k i n g  l o s s  as the opt.imum RCELL r u n  a t  t h e  same 

c o l  l e c t o r  f i e l d  p o s i t i o n  ( r e c e i v e r  e l e v a t i o n )  . 

4.1.2 Procedure .and Method 

The o b j e c t i v e  of t h e  CE'LLAY program i s  t o  supply  t h e . l a y o u t  program w i t h  more 

than j u s t  t h ree  cons tan ts  f o r  t he  de termina t ion  of R(0) as was p r e v i o u s l y  done. 

R i s  t h e  r a d i a l  spacing and e i s  t h e  reee i ve r  e l e v d l i o n .  

I n  a d d i t i o n  t o  R be ing a  f unc t i on  o f . 0 ,  i t  should a l s o  be a f u n c t i o n  of Z, t h e  

az imuthal  spacing;which i s  a v a i l a b l e  a t  t h e  t ime t h e  de termina t ion  o f  R Ss t o  

be made. Thus, we d e s i r e  R(e,Z) where R i s  dependent on t h e  az imuthal  spacing 



Z t o  t he  ex ten t  t h a t  we wish t o  ma in ta in  t h e  f r a c t i o n  of shading and b lock ing  

l o s s  a t  a  p a r t i c u l a r  c i r c l e  r a d i u s  ( o r  a l t e r n a t i v e l y  r e c e i v e r  e l e v a t i o n )  as 

recomnended by RCE1.L ou tpu t .  .The angular  azimuthal spacings a r e  g iven  and a re  

constant  w i t h i n  a  zone, so t h a t  t h e  azimuthal spacing i s  never i d e a l ,  i . e . ,  

what RCELL would recommend f o r  a  p a r t i c u l a r  p o s i t i o n  i n  t h e  c o l l e c t o r  f i e l d .  

Therefore, we choose a  r a d i a l  separa t ion  t h a t  ma in ta ins  t h e  f r a c t i o n  o f  l o s s  

f o r  a  p a r t i c u l a r  r e c e i v e r  e l e v a t i o n  angle i n  t h e  f i e l d .  

The f i r s t  s tep i n  implementing t h e  p lan  t o  enhance t h e  choice of r a d i a l  spac- 

i ngs  by adding t h e  parameter Z  i s  t o  make m o d i f i c a t i o n s  t o  RCELL. The f i r s t  

m o d i f i c a t i o n  i s  t o  impose standard azimuthal spacings everywhere i f i  t h e  f i e l d .  

Th i s  requ i res  each c e l l  t o  have an i n p u t  of Zo = 2.1 t imes D M I R  f o r  t h e  a z i -  

muthal separa t ion  i n  u n i t s  of h e l i o s t a t  widths.  When RCELL takes v a r i a t i o n s  

about t h e  i n p u t  Zo i n  t h e  course of t h e  op t im iza t i on ,  shading and b lock ing  

data w i l l  be generated f o r  azimuthal sprc ings  of 0.185 Zo, 0.95 Zo, 1.05 Zo, 

1.15 Zo. The prev ious method took these same v a r i a t i o n s  about Zo, bu t  Zo was 

d i f f e r e n t  f o r  each c e l l  based upon an e a r l i e r  curve f i t  t o  prev ious azimuthal 

spacing data.   ow ever, s i nce  Z  changes o n l y  s l i g h t l y  throughout  t h e  f i e l d ,  a  

un i ve rsa l  i n p u t  of 2.1 can be used s ince  t h e  optimum azimuthal spacing was 

gene ra l l y  found t o  be between t h e  range o f  v a r i a t i o n s  taken, i .e., 2.1 ( 1  2 

0.15). 

The f i m a l  m o d i f i c a t i o n  t o  RCELL i s  t o  o u t p u t ' t h e  optimum energy o f  each c e l l ,  

h O p t '  
on an annual bas is  t o  a  d i s c  f i l e  f o r  f u t u r e  reference.  I n  a d d i t i o n ,  

t h e  number of h e l i o s t a t s  per  c e l l  i s  ou tpu t  t o  t h e  same f i l e .  

The nex t  s tep i n  ob ta in ing  t h e  four  se ts  of c o e f f i c i e n t s  i s  t o  implement t h e  

program CELLAY. This ,program reads each c e l l ' s  shading and b lock ing  da ta  f i l e ,  

t h e  same used by RCELL. A 4  x 4 a r r a y  has t h e  annual energy, A,, f o r  f o u r  

azimuthal spacings and four  r a d i a l  spacings. Th i s  means 16 sample p o i n t s  a r e  

taken I n  t h e  (R, Z) plane. Next, f o r  each c e l l ,  t h e  optimum energy, h o p t '  and 
optimum spacings a re  ohta incd.  Next, f o r  each azimuthal spacing Z1 = 0.85 Zo, 

Z2 = 0.95 Zo, Z3 = 1.05 Zo, Z4 = 1.15 Zo, a  r a d i a l  spacing i s  obta ined such 

t h a t  f o r  each coord ina te  p a i r  t he  c e l l  generates the  same annual energy as a t  

t he  optimum spacings (R o p t '  Zopt  ) Th is  i nvo l ves  t h e  use o f  a  cub i c  polynomial  



r o o t  f inder .  For Z1, t he re  a r e  f o u r  values o f  R: Ri = Ro (0.75 + 0.1 * i ) ,  

i = 1, 4 where Ro i s  t h e  i n p u t  r a d i a l  spacing f o r  t he  c e l l  i n  quest ion.  I f  the  

optimum energy i s  l o c a t e d  i n  t h e  range [R1, R4] f o r  the  azimuth Z1, a value f o r  

R i s  ob ta ined by us ing  t h e  equat ion 

where 

i s  a cub ic  polynomial i n  K which i n t e r p o l a t e s  values o f  hc. Th i s  process i s  

completed f o r  a l  l t o u r  o f  the Zi so t h a t  e d c h  c e l l  Itas four  d i f f e r e n t  ( R , Z i )  

spacings which have t h e  same annual energy. Th i s  r e s u l t s  i n  f o u r  d i f f e r e n t  

se ts  o f  r a d i a l  spacings f o r  t h e  c e l l w i s e  c o l l e c t o r  f i e l d .  I n  the: f i r s t ,  a l l  

azimuthal spacings i n  t h e  c e l l s  a r e  Z1 = 0.85 * Z, and the  o the r  t h ree  have un i -  

form azimuthal spacings Z2, Z3 and Z4. Next a curve f i t  o f  R vs. e l e v a t i o n  

ang le  0 i s  obta ined f o r  each o f  t h e '  four  se ts  of r a d i a l  spacings. A t h ree  

cons tant  f i t  i s  done on each o f , t hese ,  r e s u l t i n g  i n  t he  des i red  coe f f i c i en ts .  

The c o e f f i c i e n t s  a r e  then i n p u t  t o  t h e  LAYOUT processor. For a p a r t i c u l a r  

tower e l e v a t i o n  angle i n  t h e  f i e l d  ( i . e . ,  t he  rad ius  of t h e  p o s i t i o n  of the  

c u r r e n t  c i r c l e )  f o u r  values o f  the  nex t  r a d i a l  step, 8, are c o ~ ~ ~ p u l e r l  TOr' 

t h e  four  azimuths, (Zi i = 1, 4) .  A cub ic  polynomial i s  then used t o  i n t e r - .  

p o l a t e  a value o f  R g iven t h e  cu r ren t  azimuth which l i e s  between Z1 and Z4. 

Thus a va lue  o f  R i s  obta ined (g iven t h e  cons t ra ined azimuthal spacing Z which 

i s  n o t  f a r  from the optimum recommended by RCELL) and when combined w i t h  Z, 

r e s u l t s  i n  optimum shading and b lock ing  l o s s  f o r  t h a t  p o i n t  I n  t h e  c o l l e c t o r  

f i e l d ,  Th i s  i s  t o  be d i s t i ngu i shed  from the  prev ious method which combined 

t h e  sub-optimal values of  Z w i t h  t h e  opt imal  values of R, which r e s u l t e d  i n  

sub-optimal values of shading and b lock ing .  The n e t  e f fec t  of t h e  new method 

i s  t h a t  when t h e  azimuthal separat ion i s  l e s s  than the  optimum, t h e  r a d i a l  

spacing i s  a l i t t l e  g rea te r  than optimum. And when t h e  azimuthal spacing i s  

g r e a t e r - t h a n  the  optimum recommended by RCELL f o r  a p o i n t  i n  t he  f i e l d ,  t h e  

r a d i a l  spacing w i l l  be a l i t t l e  l e s s  than t h e  optimum. 



4.1.3 Resul ts  

The resu l  t i n g  c o e f f i c i e n t s .  f rom CELLAY a r e  determined e n t i r e l y  by the  RCELL 

run  which precedes i t. The optimum.spacings are, of course, af fected i n  a  

very  complex way which i s  described i n  an e a r l i e r  sec t i on  on the, theory  of 

RCELL. A l l  o f  t h e  cost ,  l o s s  and s imu la t i on  models go i n t o  computing the  f i n a l  

optimum spacings. CELLAY merely takes t h e  ou tput  and conver ts  t h i s  i n fo rma t ion  

i n t o  12 c o e f f i c i e n t s  which LAYOUT can u t i l i z e .  

The c o e f f i c i e n t s  a re  input i n t o  a  polynomial o f  t he  form: 

f o r  each azimuth Zi, i = 1, 4. The .va r iab le  e i s  i n  degrees r a t h e r  than 

radians. The 12 c o e f f i c i e n t s  a re  g iven i n  Appendix B which describes the  /IH/ 

code's inputs .  

4.2 LAYOUT: OBTAZNING HELIOSTAT COORDINATES 

4.2.1 I n t r o d u c t i o n  

A subrout ine c a l l e d  LAYOUT and i t s  associated subrout ines a r e  t h e  pr imary 

souce f o r  generat ing h e l i o s t a t  l o c a t i o n  coordinates.  Th i s  r o u t i n e  accepts 

data from RCELL by way o f  CELLAY t o  do i t s  job .  I n  add i t i on ,  data concerning 

the  s i t e ,  tower and h e l i o s t a t  c h a r a c t e r i s t i c s  a r e  requi red.  S i t e  s p e c i f i c a -  

t i o n s  i nc lude  imposed boundaries f o r  t he  c o l l e c t o r  f i e l d ,  roads, and s lope 

o f  t h e  land. Tower he igh t  ( r e c e i v e r  center  l i n e  e l e v a t i o n  above the  p lane 

o f  he1 i o s t a t  centers )  i s  needed t o  determine f i e l d  pos i t i on ,  and he1 i o s t a t  

w id th  and t u r n i n g  rad ius  determine mechan ica l  l i m i t s  f o r  densest packing. 

The ou tpu t  o f  coord inates are  giver: i n  ( X , Y  ,Z) coord inates where Z i s  t he  

v e r t i c a l  d is tance from the  l e v e l  plane which i s  perpendicular  t o  t he  tower. 

Po lar  coord inates a r e  ou tpu t  as we1 1  . 

The h e l i o s t a t s  a r e  l a i d  o u t  based upon the  rad ia l - s tagger  neighborhood con- 

f i g u r a t i o n .  I n  t h e  r e l i o n  near a  p a r t i c u l a r  h e l i o s t a t ,  t h e  c o n f i g u r a t i o n  i s  

o n l y  s l i g h t l y  compressed az imu tha l l y  as t h e  d is tance t o  t h e  tower decreases. 



On t h e  l a r g e  scale, however, a1 1  he1 i o s t a t s  a r e  requ i red  t o  be on circl 'e,s 

concen t r i c  about t h e  tower. I f  the.  ground .i 5 sloped, the  t r u e  c i r c l e s  are.  i n  

t h e  ground plane and n o t  t h e  l e v e l  plane. I n  t h e  l e v e l  plane they w i l l  be 

e l l i p t i c a l ,  and centered on a  p o i n t  p ro jec ted  from thc: receiver.downward and 

perpendicular  t o  t h e  ground plane. 

The r a d i a l - s t a g g e r , l a y o u t  g ives  r i s e  t o  zones w i t h i n  t h e  c o l l e c t o r  f i e l d .  

These a r e  annular  reg ions  where a l l  h e l i o s t a t s  have t h e  same angular azimuthal 

separat ion.  However, i n  t h e  reg ion  o f  a  zcne nearest  t h e  tower, t h e  ,azimuthal 

compression requ i res  t h e  s t a r t  of a  new zone and t h e  number o f  h e l i o s t a t s  per  

c i r c l e  must be reduced, thereby increas ing t h e  angular azimuthal spzcing. 

T h i s  i s  typ ica l l . y .done w i t h  some i n t e g e r  r a t i o  which describes the  number o f  

he1 i o s t a t s  w i t h i n  a  f i x e d  azimuthal range (a sec tor )  i n  t h e  previous zone t o  . 

t h e  number i n  the" new zone 'nearer t h e  tower. For t h e  p i l o t  p l a n t  t h i s  was 

4/3 ,  which rediices t h e  number of he1 i o s t a t s  per  c i r c l e  bay 2% each t ime a ,new 
zone i s  rcqu i red .  

C u r r e n t l y  o n l y  t h e  rad ia l - s tagger  conf igura t ion  i s  generated by LAYOUT as t h i s  

i s  the: f i e l d  recommended by previous RCE1.L runs. Conunercial. si,zed f i e l d s  as 

w e l l  as o the r  conf igur2 t ions  (e.g., hexagonal c lose  packed near t h e  tower). 

a re  poss ib le  mod i f i ca t i ons ,  bu t  a r e  n o t  c u r r e n t l y  ava i l ab le .  Another l i m i t a -  

t i o n  i s  t h e  f a c t  t h a t  t h e  c i r c l e  r a d i i  a r e  i d e n t i c a l  i n  t h e  nor thern  and 

southern f i e l d s .  Since t h e  c o l l e c t o r  f i e l d  w i l l  u s u a l l y  be broken by an 

east-west . radia1 road, t h e  p o s s i b i l i t y  of ob ta in ing  d i f f e r e n t  c o e f f i c i e n t s  and 

t h e r e f o r e  d i f f e r e n t  r a d i i  f o r  t he  southern f i e l d  ex i s t s , .bu t  i ' s  no t  c u r r e n t l y  

an a v a i l a b l e  o p t i o n  i n  t h e  code.. 

The code, as i t  e x i s t s ,  does layou t  h e l i o s t a t  coordi 'nates i n  such a  way as t o '  

represent  i n  good fash ion the  commercial f i e l d  p rev ious l y  optimized. The i a y -  

o u t  procedure i s  very  f a s t  and therefore many t r i a l  runs can be made a t  min-. 

imal expense. Meanwhi 1  e, important  c o n t r o l  parameters a re  va r ied  t o .  

appropr. ia te ly  u t i l  i z e  t h e  informat ion suppl ied by RCELL so t h a t  a  p roper l y  

rep resen ta t i ve  c o l  1  e c t o r  f i e l d  may be produced. 



I 

- 4.2.2 Imposed Boundaries 

The'boundaries o f  t he  c o l l e c t o r  f i e l d  were f rozen e a r l y  i n  the  design. The 

general shape o f  t he  f i e l d  i s  revealed i n  F igure 4-1. Important  FORTRAN 

var iab les  a re  shown and the i . r  values a r e  g iven i n  Appendix R. As expla ined i n  

t h e  appendix, . the boundar ies.are important  i n  t h a t  they de f ine  t h e  reg ion  i n  

which h e l i o s t a t  pedestals may be placed. Thus t h e  c o l l e c t o r  f i e l d  l and  area 

i s  constrained. Th is  would present a new problem t o  an o p t i m i z a t i o n . r u n  which 

u s u a l l y  chooses t o  opt imize  land area. However, f o r  coordinate generat ion '  

LAYOUT i s  designed t o  use several . . .  op t ions  f o r  t h e  t r i m ,  o r  boundaries. Data 

from t h e  RCELL op t im iza t i on  can be used t o  d e f i n e  t h e  t r i m  o r  ex terna l  data 

can be accepted. 

The c o e f f i c i e n t s  def i .n ing spaces were obta ined from an RCELL run  which had 

i t s  t r i m  imposed on it, so t h a t  when t h e  commercial p l a n t  data was scaled t o  a 

p i l o t  p l a n t  s ized f i e l d ,  t he re  would be enough he1 i ~ s t a t s  t o  supply t h e  

requ i red  power fo r  a 10 MWe p lan t .  The coordi t ia te generator i s  therefore 

s t ruc tu red  t.o accept boundaries when 1 ayouts a r e  produced, regard1 ess of t h e  

source o f  these boundaries. 

4.2.3 S l  i p  Planes and 'Deletes 

A s l i p  plane i s  t h e  reg ion  between two zones o f  t h e  c o l l e c t o r  f i e l d ,  i .e . ,  

t h e  r a d i a l  d is tance from t h e  tower where t h e  he1 i o s t a t  count w i t h i n  a c e r t a i n  

f i x e d  sec tor  changes from 4 t o  3 i n  t h e  case o f  t h e  p i l o t  p lan t .  Therefore, 

t h e  azimuthal angular separat ion changes by 4/3 between zones. These s l i p  

planes a r e  determined by t h e  code when excessive azimuthal crowdi,ng begins t o  

occur w i t h i n  a zone. A d iscussion o f  t h e  s p e c i f i c a t i o n  o f  crowding occu rs  i n  

Sect ion 4.2.4. 

Th.e de le tes  are  shciwn by t h e  X's i n  F igure 4-2. They a re  d i r e c t l y  behind 

t h e  h e l i o s t a t s  i n  t h e  r e x t  zone. The b lock ins  would be excessive, t he re fo re  

they  are  removed. However, t h i s  merely r e s u l t s  i n  t h a t  p a r t i c u l a r  c i r c l e  

having the  same number of he1 i c s t a t s  w i t h i n  a f i x e d  sec tor  as t h e  f i r s t  c i r c l e  

i n  t h e  new zone. Therefore t k e , d e l e t e d  h e l i o s t a t s  a c t u a l l y  move t h e  s l i p  

plane back cnne c i r c l e ,  a l though we p r e f e r  t o  acknowledge t h e  removal of such 

a poor performing h e l i o s t a t .  



Figure 41. Imposed ~ollectar Field Bcrundaies and Important FORTRAN Variables for the Layout Processo- 
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The s o l i d  and do t ted  c i r c l e s  i n  F igure  4-2, a d ~ a c e n t  t o  one another i n  the  

azimuthal d i r e c t i o n ,  show t h e  d i r e c t i o n  and d is tance t h a t  a h e l i o s t a t  i s  

moved a long the  c i r c l e  t o  a l l e v i a t e  excessive b locking.  Note t h a t  f o u r  

h e l i o s t a t s  are moved toward the  de le ted  p o s i t i o n  as t h i s  i n t u i t i v e l y  f i l l s  i n  

the  gap and l e t s  t h e  amount o f  shading and b lock ing  decrease by g i v i n g  each 

moved he1 i o s t a t  more room as we1 1 as t h e i r  neighbors. I n  the f i r s t  row o f  

t he  new.zone, two h e l i o s t a t s  are moved toward one another t o  a l l e v i a t e  the  

b lock ing  they cause on h e l i o s t a t s  behind them. Here the  azimuthal separat ion 

i s  g r e a t e r  than optimum, so there  i s  no harm i n  s l i d i n g  them together .  The 
magnitude of t h e  s l i d e s  i s  determined by the  s t r a i g h t  l i n e s  drawn d iagona l l y  

i n  F igure  4.2. ' The s t r a i g h t  1 ines  i nsu re  t h a t  t h e  he1 i o s t a t s  connected by 

them have equal angular  azimuthal separat ion, thus i n s u r i n g  t h e  b lock ing  l o s s  

i s  d i s t r i b u t e d  between t h e  h e l i o s t a t s  as evenly as possib le.  Th is  was de ter -  

mined by l ook ing  a t  i n d i v i d u a l  h e l i o s t a t  performance output  v i a  the  / I H /  sys- , 

tem o f  code and, by inspect ion ,  denot ing the  poor performing h e l i o s t a t s  and 

c o r r e c t i n g  them v i a  t h e  approach j u s t  described. Such a remedy helps smooth 

o u t  t h e  shading and b lock ing  loss  i n  t h e  area of i r r e g u l a r  neighborhoods known 

as t h e  s l  i p plane area. 

4.2.4 Spec i f i ca t i on  of 1mportant .Contra ls  and Var iables 

Cer ta in  va r iab les  of t he  LAYOUT code are  important  i n  c o n t r o l l i n g  the  process 

of generat ing h e l i o s t a t  coordinates. These v a r i s h l e s  can change the  l ook  o f  

a p a r t i c u l a r  1a.yout even though the  same spacing c o e f f i c i e n t s  a rc  ussd and 

the  imposed boundaries are  n o t  v i o l a t e d .  They have t o  do w i t h  the  i n i t i a l -  

i z a t i o n  o f  the  r a d i u s  o f  t he  outs ide  c i r c l e  and i t s  i n i t i a l  azimuthal separat ion. 

Fur ther ,  t h e  zone r a t i o  (4/3 was chosen) i s  an op t iona l  v a r i a b l e  as w e l l  as 

the  mjnimum azimuthal spacing allowed before  a new zone begins. .Thus a l a r g e  

number o f  sets o f  c o l l e c t o r  f i e l d  coordinates can be generated. There fore .  

ob ta in ing  a proper rep resen ta t i ve  f i e l d  i s  somewhat o f  an a r t ,  and the  person 

producing the  output  should have considerable know1 edge concerrl.i 1.19 'the uutput  

des i red  as we l l  as knowledge o f  t h e  way t o  code works. Obviously, r i d i c u l o u s  

i n i t i a l  values can be i n p u t  f o r  t h e  va r iab les  mentioned above which would 

r e s u l t  i n  unacceptable layouts  even though good data was obta ined from 

RCELL and CELLAY. 



A l l  o f  t he  f ~ l l o w i n g  FORTRAN va r iab les  can be found i n  Appendix 8. The f i r s t  

i s  ZRATIO and i s  t he  r a t i o  o f  h e l i o s t a t s  from zone t o  zGne. Th is  v a r i a b l e  i s  

c l o s e l y  t i e d  t o  RSYMIN which i s  t he  minimum azimuthal spacing i n  DMIR ( h e l i o -  

s t a t  w id th )  which i s  al lowed before a new zone i s  requ i red .  T r i a l  and e r r o r  

l e d  t o  the  value o f  4/3 f o r  ZRATIO r a t h e r  than o the r  values such as 5/4 o r  3/2. 

RSYMIN i s  chosen t o  be 2.1*0.85*0.9 = 1'.6065 DMIR. The nominal azimu'thiil 

separat ion i s  2.1 DMIR, and m u l t i p l y i n g  by 0.85 r e s u l t s  . i n  t he  smal les t  separa- 

t i o n  ca l cu la ted  i n  t h e  RCELL run. The a d d i t i o n a l  f ac to r  of 0.9 i s  added t o  

' a l l o w  f o r  t h e  f a c t  t h a t  t h e  deleted h e l i o s t a t  i n  t h e  l a s t  c i r c l e  o f  a zone 

increasbs t h e  azimuthal spacing. I n  add.i t i o n ,  thermal power requirements 

fo rced us t o  crcwd the  h e l i o s t a t s  t o  a l l o w  f o r  enough h e l i o s t a t  pedestal  pos- 

i t i o n s  i n  t he  constra ined l and  area. A denser h e l i o s t a t  f i e l d  can be produced. 

by a1 lowing small e r  spaci nss. 

Two o ther  va r i ab les  which a f f e c t  each l a y o u t  a r e - c a l l e d  RSYMAX and RA1. 

RSYMAX i s  t h e  azimuthal separat ion o f  t h e  outermost c i r c l e  of h e l i o s t a t s ,  a n d  

RA1 i s  t h e  rad i " s  i n  DMIR u n i t s  o f  t h a t  c i r c l e  measured from the  tower. RA1 

i s  de f ined by the  inlposed boundaries of t h i s  f i e l d ,  b u t  RSYMAX may take on any 

value. I n i t i a l l y  we s e t  t h e  value o f  RSYMAX t o  2.1*1.15 = 2.415 DMIR, b u t  

t h i s  kind. of i n i t i a l  .azimuthal separat ion a l lowed fo r  an undes i rab le  s l i p  

plane i n  t he  i n n e r  most.couple of c i r c l e s .  Therefore, a f t e r  a few runs, t h e  

value of 2.1 was i n p u t  and a71 s l  i p  planes were moved back a few c i r c l e s  and 

a d e s i r a b l e  layout. was obtained. 

The above f o u r  va r i ab les  a re  the. important  parameters i n  l a y i n g ,  o u t  a f-i 'eld 

once a l 1 , d a t a  has been rece ived f rom RCELL, CEL-LAY and ou ts ide  soyrces. Due 

t o  the  d i s c r e t e  na ture  o f  t he  generat ion of c i r c l e  r a d i i ,  an e n t i r e  c i r c l e  of 

he1 i o s t a t s  may be l o s t '  o r  gained a t  ' t h e  i nne r  boundary of t he  c o l l e c t o r  f i e l d  

by on l y  s l i g h t  changes i n  t hese .va r iab les .  This ,can have a l a r g e  e f fec t  on 

the  number o f  h e l i o s t a t s  on the  s p e c i f i e d  land area. Thus care fu l  " f i n e  , 

tun ing"  must be performed t o  achieve a des f rab le  l ayou t .  

4.2.5 Operat ion o f  Subrout ines 

A general breakdcwn on t h e  opera t ion  of  t h e  subroi i t ines of LAYOUT w i l l  be 

discussed i n  t h i s  sec t i on  t o  reveal  t h e  procediire and l b g i c  o f  o b t a i n i n g  a 



c o l l e c t o r  f i e l d  layout .  The f i r s t  t h i n g  s p e c i f i e d  by the  code concerning the  

c i r c l e  r a d i i  i s  t he  rad ius  o f  t he  outermost c i r c l e  and i t s  azimuthal spacing. 

Next, t h e  CELLAY c o e f f i c i e n t s  deterti l ine the  r a d i a l  spacing between t h e : i n i t i a l  

c i r c l e  and the  t h i r d  c i r c l e  g iven t h e  rad ius  and' azimuthal spacing o f  t he  

f i r s t  c i r c l e .  The second c i r c l e  i s  then placed between the  f i r s t  and t h i r d  

c i r c l e  us ing  t h e  CELLAY c o e f f i c i e n t s  i n  t he  subrout ine c a l l e d  HSTEP, which 

i n v o l  ves an i t e r a t i v e  process. 

The r a d i i  o f  succeeding c i r c l e s  a r e  generated us ing  the  above process u n t i l  a . 

s l i p  p lane i s  encountered, which i s  determined by RSYMIN. When t h i s  occurs, 

t h e  zone r a t i o  ' o f  413 i s  u t i l i z e d ,  and then the  r a d i i  o f  t he  nex t  zone i s  

computed. Whi 1 e t h i s  process i s  t a k i n g  place, t h e  mechanical 1 i m i  t s  ( t h e  

c l o s e s t  d is tance a1 lowed between adjacent  h ~ l i n s t . a t s )  i s  checked a t  each . ' 

c i r c l e  rad ius  which i.s generated. . I f  mechanical l i m i t s  a re  v i o l a t e d ,  t h e  

rad ius  of  the  new c i r c l e  i s  decreased u n t i l  mechanical l i m i t s  a r e  s a t i s f i e d .  

Th i s  process of  c a l c u l a t i n g  c i r c l e  r a d i i  cont inues u n t i l  t he  i n n e r  boundary 

o f  t he  f i e l d  i s  encountered. 

A f t e r  a l l  the  r a d i i  a re  p rope r l y  c a l c u l a t e d  t a k i n g  i n t o  account t he  mechanical 

l i m i t s  o f  t he  h e l i o s t a t s  and s l i p  planes, the  l o c a t i o n  o f  h c l i o s t a t s  on the 

c i  r c l  es rreeds t o  be determined. 'This i nvo l ves  o n l y  t h e i r  azimuthal placement 

w i t h  respect  t o  t he  tower s ince  t h e i r  r a d i i  a re  p rev ious l y  determined. The 

placement process takes p lace  only f o r  the  eas t  h a l f  o f  t he  f i e l d  s inco  t t~e r -e  

i s  east-west asymmetry. S t a r t i n g  i n  t he  nor th ,  h e l i o s t a t s  a re  p laced along a 

p a r t i c u l a r  c i r c l e  according t o  the  p a r t i c u l a r  subrout ine c a l l e d  fo r  t h a t  

rad ius .  Th is  determines the  c o r r e c t  azimuthal spacing a long t h a t  circle.  
When t h e  eas t  r a d i a l  road i s  encountered, h e l i o s t a t s  t h a t  would be p laced i n  

t h e  roadway are skipped. The placement process terminates f o r  the'  p a r t i c u l a r .  

c i r c l e  i n  quest ion when a boundary i s  encountered. Th i s  may be the  eas t  

1 i r n i  t, . t h e  sou.l;trcrn boundary, or t he  sbu thern r a d i a l  road should the  c i r c l e  

happen t o  c lose  a l l  t h e  way around t o  t h e  south. 

Roads and boundaries t h e r e f o r e  some i n t o  p l a y  when the. azimuthal cor~~porlent o f  

a . p a r t i c u l a r  he1 i o s t a t  1 oca t i on  coord ina te  i s  b e i n g  generated. ' The de le tes ,  



s l i p  planes, and s h i f t s  discussed i n  4.2.3 a re  taken i n t o  account by t h e  

subrout ine t h a t  i s  c a l l e d  f o r  a p a r t i c u l a r  c i r c l e  rad ius  based upon i t s  pos i -  

,, t i o n  w i t h i n  a zone o f  c i r c l e s .  I n  a l l ,  there  a re  f o u r  poss ib le  k inds  o f  

azimuthal spacings on a g iven c i r c l e ,  and they are  shown i n  F igure  4.2. Once 

the. azimuthal placement o f  a1.l h e l i o s t a t s  on a c i r c l e  a r e  ca lcu la ted ,  t h e  

( X ~ Y  ,z) coordinates, along w i t h  the  p o l a r  coordinates, a re  w r i t t e n  t o  a data 

f i l e .  Then t h e  nex t  c i r c l e  i n  quest ion i s  t r e a t e d  i n  a l i k e  manner, u n t i l  

a l l .  coord inates have been generated and dumped t o  a d i s c  f i l e .  This  inc ludes  

t h e  symmetric western h a l f  o f  t h e  f i e l d  which i s  generated by a s ign  change 

i n  coordinates o f  the  eastern h a l f  o f  t he  f i e l d .  

4.2.6 Resul ts  

The f i n a l  r e s u l t s  were obta ined a f t e r  several i t e r a t i o n s  i n v o l v i n g  changes i n  

t he  p rev ious l y  discussed c o n t r o l  var iab les :  Thermal power requirements and 

l o s s  f a c t o r s  d i c t a t e d  the  number o f  h e l i o s t a t s  desired. Th is  l a y o u t  was gen- 

e ra ted  f o r  t he  Sandia/STMPO s p e c i f i e d  h e l i o s t a t  so t h a t  enough pedestal  . 

p o s i t i o n s  would be a v a i l a b l e  fo r  e i t h e r  t h e  M a r t i n  M a r i e t t a  o r  McDonnell 
' 

Douglas h e l i o s t a t  t o  achieve s p e c i f i e d  performance. A f t e r  t h e  f i n a l  l a y o u t  

ou tpu t ,  a couple o f  v a r i a t i o n s  were exerc ised t o  improve s i t u a t i o n s  revealed 

by t h e  i n d i v i d u a l  h e l i o s t a t  / I H /  performance code. The azimuthal s h i f t  o f  

h e l i o s t a t s  i n  the  f i r s t  c i r c l e  o f  a new zone was i n s t i t u t e d  a f t e r  examination 

o f  shading and b lock ing  performance output  from the  / IH/ code. 

  locking l o s s  was more evenly d i s t r i b u t e d  a f t e r  t h i s  s h i f t  was i n s t i t u t e d  

where mechanical l i m i t s  were n o t  v io la ted .  Other v a r i a t i o n s  inc luded output  

t o  enhance the  southern f i e l d .  By p u t t i n q  more, pedesta l  p o s i t i o n s  i n  the  

south, i t  was hoped t h a t  extreme f l u x  grad ien ts  on the  r e c e i v e r  cou ld  be 

. a1 l ev ia ted .  However, o n l y  moderate success was achieved by s h i f t i n g  an 

excessive number o f  e f f i c i e n t  n o r t h  he1 i o s t a t s  t o  i n e f f i c i e n t  south s i t e s .  As 

the  f i e l d  boundaries o f  F igure  4-1 were v i o l a t e d  and the  c o s t  was excessive 

(more h e l i o s t a t s  were required) the  at tempt was abandoned. 

Wi th  the  U n i v e r s i t y  o f  Houston d e l i v e r y  o f  h e l i o s t a t  l o c a t i o n  coordinates, 

McDonnell Douglas proceeded t o  have the  pedestal  p o s i t i o n s  p l o t t e d ,  and chose 

t h e  h e l i o s t a t  pedestal  p o s i t i o n s  t h a t  were t o  be occupied b y , b o t h  types o f  

h e l i o s t a t s  t o  s a t i s f y  design p o i n t  performance requirements. 



Sect ion 5  

SPECIAL STUDIES FOR SFDI 

5.1 PANEL POWER SUMMARY FOR ROCKETDYNE 

The panel power summary ou tpu t  was made on 5/09/79 and a  card d e l i v e r y  t o  

Rocketdyne f o l l  owed imrnedi a te l y .  

Th is  run  u t i l i z e d  the  c e l l w i s e  performance model w i t h  the  f o c a l  he igh t  o f  t he  

r e c e i v e r  c e n t e r l i n e  above the  plane o f  the  h e l i o s t a t s  s e t  a t  75.44 m (247,.5 

f e e t ) .  The f i e l d  boundary was trimmed t o  g i v e  1910 he1 i o s t a t s .  Receiver 

i n t e r c e p t i o n  i s  obta ined from a  prev ious r e c e i v e r  s tudy made on 4/19/79 us ing  

the  SFDI rece i ve r  dimensions f o r  t he  ex terna l  c y l i n d r i c a l  rece i ve r  w i t h  24 

panels. The c y l i n d e r  rad ius  i s  3.505 m (23 ft i 'n  d iameter) ,  and t h e  e f f e c t i v e  

he igh t  i s  13.716 m (45 f t ) .  

The i n c i d e n t  panel powers are  reduced f o r  h e l i o s t a t  r e f l . e c t i o n  (82.1% ne t ) ,  
(1 1 

mean atmospheric t ransmiss ion from the  he1 i o s t a t s  t o  the  rece i ve r  (97.6%), 

shading and b lock ing  which depends on time, and rece i ve r  i n t e r c e p t i o n  which i s  

assumed t o  be t ime independent. cos ine o f  inc idence e f f e c t s  a re  a l so  inc luded 

and a r e  considered t o  be the  unavoidable losses. Special  i n s o l a t i o n  data was 
. . 

i n p u t  f o r  t h i s  run  us ing  ac tua l  i n s o l a t i o n  records f rom Barstow. (See 

F igure  5-2 f o r  t he  inscrlat. ion smmary and sample o f  t imes used t o  represent  

annual behavior.) Days a re  measured from vernal  . - ,equinox and hours from l o c a l  

so l  a r  noon. 

The absorbed panel power i s  obta ined from the  i n c i d e n t  panel power ( i n c i d e n t  

on the  rece i ve r  sur face)  by a l i n e a r  t ransformat ion.  

'"82.1% n e t  r e f l e c t i v i t y  = (86% specular r e f l e c t i v i t y )  X (97% f i e l d  l a y o u t  
e f fec t iveness)  X (98.4% h e l i o s t a t  outage f a c t o r ) .  F i e l d  l a y o u t  ef fect ive. -  
ness inc ludes  1os.t l a y o u t  area due t o  c o l l e c t o r  f i e l d  spoke roads. 
H e l i o s t a t  outage f a c t o r  accounts f o r  the  l o s s  o f  one f i e l d  c o n t r o l l e r  
(32' he1 i o s t a t s )  . 
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where a i s  the coeff ic ient  of receiver absorption and b i s  the loss estimate 

for  convection and radiation under ,average operating conditions. For ' this 

study 

a = 0.93 and, 

0.240 MWIpanel f o r  boiler panels, o r  b = ( .  . 

0.080  anel el f o r  heater panels. 

There a re  six heater panels in the SFDI receiver. See Figure 5-1 fo r  the 

numbering of panels and the location of the heater panels. The panel powers 

corresp,ond to central nodes which are  spaced 15" apart  around the cylindrical 

receiver. The dimensionless panel gradients a re  given by the formula 

Consequently, the output value of the gradient i s  not centered on the panel, 
b u t  represents an estimate of the gradient a t  panel i-1/2. 

In December ,1979, the STMPO off ice issued revised col lector  f i e ld  design 
. c r i t e r i a  which were to  be applied to a f i e ld  design based on the Martin 

~ a r i e t t a '  hel i o s t a t  ( the selected he1 ios t a t  suppl ier) .  The revisions t o  the 

c r i  t e r i  a i nc I uded : 

1) Increase the hel iostat  r e f l ec t iv i ty  from 0.86 to  0.89. 

2 )  Increase the receiver absorptivity from 0.93 to  0.95 

3) Removal of the 32 hel iostats  which had been included in the i n i t i a l  

c r i t e r i a  to  of fse t  an outage of a f i e ld  controller.  

The resul t ing col lector  f i e ld  design contained 1818 hel iostats .  A summary of 

col lector  performance character is t ics  over a 1 year period i s  shown in 

F,iyures 5-2 - 5-13). 



Heater Panels 4 

Figure 51. Panel Numbering System As Seen From Above. 

Notice the six heater.penel5 In rhe swlli.. Pdilslr are 15 ckqeec wide and or@ contm~rcrd to form a circle. 
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D A Y  = 1 5 5  975 .10  37,;:.gi3 ' )5 ( ! .30  .' 0 1  6 . 0 5  E62.00  

H O U R  = 0. 9.86 1  . ' I ?  :?.SV 3 . 4 5  
D A Y  = 156 ?73.::0 ?71.:13 9 5 4 . 9 0  3?6.0?  $ 7 5 - 9 0  

03 
rU 

H O U R  = 0. 03.77 1 . 5 3  2.3i: ..!.a6 
D A Y  = 216 ' .  987 .?0  384.5-1 3?2.!)0 3 6 1  .n!: 9 1  c .00  

H O U R  = 0 ,  [I . 6  1.T6 2 , '1 4. 2.  71 
D A Y  = 246 9 8 2 . ( j O  9 8 0 . 3 ' ?  9 7 3 . 0 0  945.mY!? C!78.g0 

. . 
H O U R  = 0 .  C.64 7 - 2 8  1 .92 2 . 5 5  

D A Y  = 276 967.'n 954.0i: 3 7 3 . 3 0  3 2 4 . 0 0  t 7 3 . 0 0  

~iyure.5-2. Insolation Data for'Bastow Site at Times Used to Represent Yeam 



ANNUFL 5UYMARY O F  C 3 S I N E S  r UYIVERSITY O F  HOUSTON 
HOUR = 0. 1  .'15 2.03 3.14 *& 4.18 5.23 

D A Y  = 9 3  3.8400 C . 5 3 3 9  3.5158 0.7865 0.7471 0.6996 
H O U Q  = 0. 1 - 0 2  2 . 3 4  3.06 4  - 0 7  5.09 

D A Y  = 124 9.8429 0.8370 0.8135 0.7910 0.7526 0.7061 
HOU9, = 0. 6.95 1.90 2.55 3.81 4.76 

D ~ Y  = 155 0.3477 C.8424 0.8264 0.8004 0.7652 0.7220 
HOUR = 9. 0.86 1.72 2.59 3.45 4.31 

D A Y  = 1 8 6  3.8484 0.8439 C.8305 0.8035 0.7785 0.7415 
H O U R  = 9. P.77 1.53 2.30 3.06 3.83 

DPY = 216 0.8437 0.83Q2 0.8287 0.8115 0.7879 0.7585 
HOUR = 9. 5 - 6 8  1.3b 2.04 2.71 3.39 

D A Y  = 246 0.8343 3.5316 0.8236 0.8135 0.7925 0.7639 
I HOUQ = 0. 0.64 1.28 1.92 2.56 3.20 
D P Y  = 276 0.8332 Q.3279 0.8209 0,8094 0.7936 0.7737 

Figure 5-3. Field Average 01 COSl with Daily and,Annual Insolation-Weighted Averages. COSl i s  the cosine of 
the angle of incidence on the heliostat 



A N N U A L  S L Y M A R Y  OF F Y I R R  I U N I V E R S I T Y  O F  
HOUR = .a . 1.05- 2.09 

D P , Y  = 9 3  l7.9909 0,9852 3.9822 
HCUF: = a. 1.. 02  2.04 

D A Y  = 12L 3.9874 C . 3 8 4 3  3.9327 
H O U R  = '3.. r . 3 5  1 .93. 

D P Y  = 155 0.Q835 C.3.932 0 . 1 8 5 2  

QD 
HOUR = 0 . 0 .35  1 -7.2 

P D A Y  = 1 8 6  0.9854 F.3867 0.9893 
H O U R  = 3. 5 - 7 7  ' 1.53 

D A Y  = 216 C.9912 9.7917 0 . 9 F i 2  
HOUR = 0 . 3 . 5 8  1 - 3 6  

D P Y  = 246 1 0 . 3 8 2 5  0.9733 
H G U R  = h! 

u • 0.54 lmZt!. 
D A Y  = 276 C.9717 0.3703 3.9602 

Y O U S T O N  
3.14 4.18 
0.9885 0 .9849 
3.06 4.07 
0,9857 0.9836 
2 - 8 5  3.81 
0.9904 0.9816 
2.59 3.45 
C-9912 0,9695 
2.30 3.06 
C0.9811 0.9460 
2.04 2.71 
c.9554 J.9075 
1.92 2.56 
0.9385 0.8898 

Figure 54. Field Averages of FMIRR. FMIR il i s  the effective friction of the heliostat after shading and blkckiyg . . 

losses. 



A N N U A L  S U V M A R Y  O F  F A R E A  ' r  U P J I V E R S I T Y  O F  H D U S T O N  r A N N U A L  T O T A L  R E F L E - C T E D  P O W E R / M I R R O R  
H O U R  = 0 .  1.3!5 ' 2.09 - 3.14 4.18 5.23 6.28 0 .  0  . 

D A Y  = 9 3  0.8325 0.822O 0.8021 0 .7777  9 . 7 3 3 8  0.6291 0 .4615  0 .  0 0 . .  
H O U R  = 0 -  . 7 - 0 2  2 .34 '  3.06 4.07 5.09 6.1 1  0 .  0 .  
. - .- -- -. .- - -- - - . . . - -- 

C A Y  = 124  
Q) 

0.8327 0 .5243  0 .8060  (1.7824 0,.7381 . ,0 .6323 0.4657 0 .  0  . 0 .  
m HOUF! = 3 .  0.95 1 . 9 0  2.85 3.111 4 .76  5.71 0 .  0. 

D A Y  = 1 5 5  
H O U R  = 

D9 .Y  = 1 8 6  
H O U R  = 

D A Y  = .216 
H O U R  = 

D A Y  = 246 
H O U R  = 

D 9 Y  = 276 

Figure 55 .  Field Averages of FAREA. EAREA i s  daily total redirected power in kWh/m2 and annual total 
redirected power in MWhIm . FAREA = FMl R R  FCOSI. 



* * t 4 2 4 * 4 * 4 4 + t * 4 + * 4 * 4 * ~ . t * b t t * + 4  T r ) r A I  4NNU4L 
TCT4L ANNUAL RECEIVER POJER= n. I N  

1i0uF: = $. 1,046 2 .092  
DAY = 9 3  . 5 .534E 3 7  5,740E 0 7  5.536E 

HOUR = c. 1 , ? I 9  2 . 0 3 7  
DAY = 124  5.53CE 2 7  5 . 7 5 2 E  07 5.559E 

HOUE = 2. 3 . 9 5 1  1 .903  
DAY = 1 5 5  5 .857F  7 1  5.7'375 3' 5.633E 

HCUR = 9. 0 .562  1 .?Z4 
C A Y  = 1 8 6  5.87GE 3 7  5 .826E 9' 5.681E 

HOUR = ' 0. 9.766 1.532 
DAY = 2 1 6  5 . 8 1 5 ~  0 7  5 . 7 7 2 ~  3 3  5 . 6 2 8 ~  

HOUR = ?. 0 .678  1 .357 
DAY = 2 4 6  5.3DEE 0 7  5.505E 7' 5.399E 

HCLJR = 5'. 0.641 . 1 . 2 8 2  
DAY = 2 7 6  5 .465E 3 7  5.425f '  3 ? ' 5 . 2 5 4 E  

PECEI 'JER. POWER , U)JIVE,RSITY OF HOUSTON . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
q W M  F3R SREC= 3.51 

4 .185  5 .231 6.2 7 7  3 . 1 3 9  0.. 0. 
0 7  S.?4?E 0 7  4 .752E 0 7  3 .759E 3 7  ;'.205E 0 7  0. 0. 0. 

3.0561. 4.074 5 .093 e..111 . 0. 0 .  
Q 7  5.?76E 0 7  4 .775E 0 7  3 .779E 3 7  i . 2 2 7 E  0 7  0. 0. 0. 

2 . 8 5 1  3.8115 4 . 7 5 7  :. 7 0 8  0. 0. 
Cv7 5.361E 0 7  4 .861E 0 7  3.844E 9 7  2 .317E 0 7 . 0 .  0. 0. 

2 . 5 8 6  3 . 4 4 3  4 . 3 1 0  5.1 7 2  0. 0. 
0 7 '  5 .416E 0 7  4.375E 0 7  3.885E 0 7  Z.427E 0 7  0. 0. 0. 

2 .298  3 .563 3 .829 4 .595 0. 0. 
r 7  5 .324E 0 7  4 .767E 0 7  3 .830E 0 7  Z.511E 0 7 '  0. 0. 0. 

2.035 2 .714  3 .392 4 .071 0. 0. 
C 7  5.053E 0 7  4 . 5 1 6 6  0 7  3.67LE 07 2.631E 0 7  0. 0. 0. 

1 .923  2 .564 3 .205  3 .845 0, .. 0. 
C7 4.954: 0 7  4 .404E 0 7  3 .628E 0 7  2 .680E 0 7  0. 0. 0 .  

(Power Data Contained in This Figura Based o n  'University of Houston Insolation Model) 

Figure 5-6. .Total Incident Receiver Power for :he Standard Set of T.irnes Plus the D& Total 
Energy in Kwh and rhe Annud Totdl Energy in MWh: 



A N N U A L  S U M Y A R Y  OF S Y S T E Y  E F F I C I E N C I E S  r U N I V E R S I T Y  O F  H O U S T O N  
H O U R  = 3 .  1 . 0 5  2 . 0 9  3 - 7 4  4 .18 5 . 2 3  

D A Y  = 9 3  0 . 5 8 6  0 . 5 7 3  0 . 5 6 2  0 . 5 4 1  0 .504  0 . 4 1 6  
H O U R  = 0 .  1 . 0 2  2 .04 3 . 0 6  4 .07  5 .09 

D A Y  = 1 2 4  3 . 5 8 6  0 .580  0 . 5 6 5  9 . 5 4 5  0 .507  0 . 4 1 8  
H O U R  = 0 .  0 .95  1 . 9 0  2 .85  3 .81 4 . 7 6  

D A Y  = 15'5 9 . 5 8 3  0 . 5 8 3  0 . 5 7 1  0 . 5 5 3  0 . 5 1 5  0 .425  
HOU~R = 0 .  0 . 3 6  1 . 7 2  2 . 5 9  3.45 4.31 

D A Y  = 1 8 6  0 . 5 3 9  0 . 5 8 6  3 . 5 7 7  0 . 5 5 9  0 .517  0 .429  

z H O U R  = 0 .  0 .77  1 . 5 3  2 . 3 0  3 .06  3.83 
D A Y  = 2186 3 . 5 3 5  0 . 5 8 5  0 . 5 7 5  0 . 5 5 3  0 . 5 0 8  0 . 4 2 4  

H O U R  = 0 .  9 - 6 8  1 . 3 6  2 . 0 4  2  - 7 1  3 .39  
D A Y  = 2 4 6  0 . 5 7 3  0 . 5 7 1  50.557 0 . 5 3 3  0 . 4 8 4  0 . 4 0 8  

H O U R  = 0. 0 .64  1 .28  1 . 9 2  2 . 5 6  3 .20  
D A Y  = 2 7 6  0 . 5 6 2  0 . 5 5 9  0 . 5 4 5  0 . 5 2 0  0 . 4 7 3  0 . 4 0 4  

(Efficiency Data Contained in This Figure Based on Uni~eni ty  of Hounon Insolation Model) 

Figure 5-7. System Efficiences for Optical System Equal Total Receiver Power Divided by 
Total Insolation Incident on Heliostats. 



ANNUAL S U Y Y A 4 Y  G F  S Y S T E Y  E F F  I C I E I C I E S / C O S I  r UNIVERSITY OF H O U S T O N  
HOUR = O m  1.QS 2 - 9 9  3 - 1 4  4.18 5.23 6.28 

D A Y  = 9 3  0.698 0.693 C.689 0.685 3.674 0.594 0.410 
HOUR = 0. 1.02 2.04 3.06 4.07 5.09 6.1 1 

D A Y  = 124 0.696 0.693 C.689 0.689 3.674 0.592 0.410 
HOUR = 0. 0.95 11.90 2.85 3.81 4.76 5.71 

D A Y  = 155  0.693 0.692 C.691 0.691 11.673 0.588 0.417 
H O U R  = 3. 9.86 1.72 2.59 3.45 4.31 5.17 

D A Y  = 186 0.695 3.695 C.695 9.691 3.664 0.579 0.420 
HOUR = 0. 0.77 1.53 2.30 3.06 3.83 4.60 

D A Y  = 216 0.697 0.697 0.694 0.681 9.644 0.559 0.417 - 
HOUR = 0 .  0.65 7 - 3 6  2.04 2.71 3.39 4.37 

D A Y  = 246 0.687 0.686 C.6'6 0.653 3.611 0.530 0 .425  
HOUr; = 3 .  0.64 1.28 1.92 2.56 3.20 3.85 

D A Y  = 276 0.675 3.675 C.664 0.643 3.597 0.522 0.428 

(Efficiency Data Contained in This Figure Based on U?iversity of Houmn Insolatio~ Model) 

Figure 5-8. System Eff icienaes/COSI Represent the Avoidable Losses 



0 1 ;E 
May 211 3.06 
July 23 4.07 

5.09 1 6.11 

0 1 0.95 
1.90 

Ppril 211 2.85 
Aug 23 3.81 

(South) (West) (North) (East) (South) 

t 0.k 
Equinox 1.72 
Spring 2.59 

and Fall) 3.45 

0 1 0.77 
Feb 2:/ 1.53 
Oct 23 2.30 

1 3.06 

Hours 
From 
Solar 

Day Noon 

0 1 1.05 

0 I 0.68 
1.36 

Jan 211 2.04 
t4ov 22 2.71 

(Panel Number)" 

1 2 3 4 5 6 

0.736 0.913 1.171 1.444 1.689 1.925 
0.722 0.877 1.112 1.355 1.568 1.768 

7 8 9 10 11 12 

2.237 2.589 2.862 3.009 3.040 2.997 
2.041 2.364 2.629 2.797 2.875 2.900 

0 

Dec 21 1.92 
2.56 I 3.20 
3.85 

'3peration lo a 10 deg sun elevation angle not required. Data provided for information oniy. 
'..?anel numbers are reversed from those shown in Figure 5-1. 

13 14 15 16 17 18 

2.997 3.040 3.009 2.862 2.589 2.237 
2.973 3.091 3.128 3.027 2.775 2.416 

Figurg 59. lncident Panel Powers in MWIPanel and Total lncident Receiver Power for the Standard Set of Times 
Using Barstow.Related Insolation 

Sun 
Total Elevation 

Incident Angle 
19 20 21 22 23 24 Power (deg) 

1.925 1.689 1.444 1.171 0.913 0.736 49.223 78.43 
2.081 1.814 1.534 1.228 0.941 0.741' 48.752 72.12 
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0 . 3 3 5  
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0 . 3 9 9  
0 . 4 9 2  
0 . 2 8 9  
0 . 3 1 8  
0 . 3 4 0  
0 .355  
0.361 
0 . 3 9 3  
0 . 4 7 3  

0 N O R T H  
0 .269  

' O.2R7 
0 . 2 9 7  
0 .307  
0.307 
0.5-29 
0 .346  
0 . 2 7 2  
0 . 2 3 9  
0 .30 ( ,  
0 . 3 1 0  
0 .309  
0.125 
0 .335  
0 . 2 7 9  
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0.307 
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0 .315  
0 .312  
0 . 3 0 2  
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0.306 
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0.312 
,0.309 
0 .323  
0.335 
0.341 

' 0 .343  
0 . 3 5 2  
0 .346  
0.326 
0.338 
0 .346  
0 .349  
0 . 3 5 2  
3 .376  
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0 .351  
0 . 3 5 9  
0 .380  
0 . 4 1 8  

Figure 5-10. Dimensionless Panel Gradients for the Standard Set 01 Times 
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Figure 5-10. Dimensionless Panel Gradients for the Standard Set of Times (Continued)' 
. . 



A N N U A L  S U Y M A F Y  O F  E E C E I b E R  A S Y M Y E T R Y  R A T I O S  r U N I V E R S I T Y  O F  H O U S T O N  
H O U R  = 0. 1.05 2.00 3.14 1.18 5.23 6.28 0 . 

D A Y  = 93 4.417 4.608 4.673 4.708 4.690 4.753 5.355 0. 
H O U R  = 0. .l . 92 2.0~ 3.06 i .07 5.09 6.1 1 o . 

D A Y  = 124 4.~01 4.783 4.856 4.890 4.845 4.884 5.421 0. 
H O U R  = 0 . 0.Q5 1.90 2.35 5.81 4.76 5.71 0 . 

D A Y  = 1 5 5  5.566 5 . 4  5.316 5.380 5.326 5.1 74 7.363 0. 
H O U R  = 3 . 0.86 1.7; 2.59 3.45 4.31 5.17 0 . 

D A Y  = 186 5.728 5.382 6 . 0 Z 8  6.1 18 6.061 5.978 12.353 0. 
H O U R  = 3 . 0.77 1.53 2.30 3.06 3.93 4.60 C). 

ID 
t~ D A Y  = 216 6.574 6.695 6.826 6.914 b.972 7.030 13.904 0. 

H O U R  = 3 • 9.68 1.38 2.04 2.71 3.39 4.07 0 • 
D A Y  = 246 7.245 7.356 7.449 7.621 7.695 7,918 13.794 0. 

H O U R  = 3 . 9.64 1.2E 1.92 2.56 3-20 3.85 0 . 
D A Y  = 276 7.l84 7.605 7.753 7.873 5.003 8,224 12.401 0. 

~ i ~ u ; e  5-1 1. ~cceiver Asymmetry ~ a t i o s  for the Standard Set of Times 
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H O U R  = 0. 0.68 1.36 2.04 
D A Y  = 246 2.92 2.93 2.89 2.78 

13.72 11.00 10.71 10.46 
H O U R  = 0.  0.64 1 .28  1.92 

D A Y  = 276 2.86 2.87 2.82 2.71 
13.65 1 1 . 0 8  l n . 8 0  10.61 

3 V E R  P A N E L  N U M e E R  O F  M A X I M A  r U N I V E R S I T Y  O f  H O U S T O N  
4.18 5.23 6.28 0. ' 0. 
2.52 .1.?9 1.15 0.  0. 
9.51 9.41 9.3.4 0. 0. 
4.07 5.09 6.11 0. 0. 
2.54 2.02 1 .20  0. 0. 
9.59 9.4 9  9 - 4 6 ,  0. 0. 
3.B1 4.76 5.71 0. 0. 
2.63 2.07 1.27 0. 0. 
9.76 9.76 9.87. 0. 0. 

.3.45 4.31 5.17 0. 0. 
2.67 2.1 1  1.32 0. 0. 
9.92 9.90 10 .53  0. 0. 
3 .lo6 3.83 " 4 . 6 0  0.  0. . 
2.63 2.06 1 .33  0.  0. 

10.10 .9.91 10.9.5 ,O. 0 .  
2.71 3.39 4.07 0. 0. 
2.50 1.98 1.33 0. 0. 

10.24 10.11 11 .65  0. 0. 
2.56 3.20 3.65 0. 0. 
2.43 1.94 1 .35  0. , O m  

1'0.34 10 .19  11.84 0. 0. 

(Power Values Shown in This Figure are Based on the Uniwnity of Houston Insolation Model) 

'~igure 5-12. panel Maxima Over lriterpolated'~an61 Number of Maxima for Standard Set of Times 



A N N U A L  SUV?lASv 
H O U R  = 

D A Y  = 9 3  

H O U R  = 
D A Y  = 1 2 4  

H O U R  = 
D A Y  = 1 5 5  

H O U R  = 
D P Y  = 1 8 6  

H O U R  = 

HOUR = 
D P Y  = 2 4 6  

.HOUR = 
D A Y  = 2 7 6  

0 '  R E C E I V E R  P A N E L  Y I N E N A  I N  KW O V E R .  P A N E L  N U M B E R  O F  M I N I M A  r U N I V E R S I T Y  O F  H O U S T O N  
0 . 1.05 2 . 0 9  3 .14  4 .T8  . 5 .23  6 . 1 8  0 .  0 .  
9 .62 0 .60 0 . 5 9  0 . 5 7  0 .54  0 . 4 2  0.22 0 .  0 .  

2 s . 5 3  2 4 . 3 7  20 .25  .24.14 2 4 . 0 8  2 4 . 2 5  24 .42  0 .  0 .  
0.  1 . 0 2  2 .04  3 .36  4 .07  5 .09  6 . ' 1  0 .  0 .  
0 .60  0 . 5 3 ,  0 . 5 8  0 . 5 6 .  0 .53  0 .4  1  0 . 2 2  0 .  0 .  

21 .53  2 2 . 3 9  2 4 . 2 5  2 4 . 1 3  2 4 . 0 6  2 4 . 2 3  ' 2 4 . 4 3  0 .  0 .  . 
(1. 0 .35  1 .90 ,  2 . 3 5  3.81 4 .76  5.71 0 .  0 .  
3 . 5 6  0 . 5 6  3 . 5 5  0 . 5 3  0 . 4 9  0 . 4 0  0 . i 7  0 .  0 .  

2c..53 2 4 . 5 7 '  2 4 . 2 4  2 4 : l O  2 4 . 0 0  2 4 . 0 9  2.0.11 . 0 .  0 .  
:I . 10.55 1  .'72 2 . 5 9  3 .45  4.31 . . 5 .17  0 .  0 .  
0 .52 0 . 5 i  0.50 0.48 0 .44  0 . 3 5  0 .11 0 .  0 .  

2 t . 5 2  2 L . 3 7  2 4 - 2 2  .24.07 2 3 . 9 7  2 3 . 8 8  2 0 . 4 5  0 .  0 .  
0. 0 . 7 7  1.53 2 - 5 0  3.06 3.8 3  4 .60  0 .  0 .  ' 

! .4S 9 . 4 5  0.44 ' 9 .42  0 . 3 8  0.2 9 0 . 1 0  0 .  0 .  
2 t . 5 3  2 c .  36 24.21 2 4 . 0 6  23 .95  23.8.8 2O.E-1 0 .  0. 

r 
L a  n. -58 1 . 3 6  . 2.04 2.71 3 .39 4.07 0 .  0. 
C.49 0 . 4 0  0 . 3 9  0 . 3 7  0 . 3 2  0 .25  0 . 1 0  0 .  0 .  

2C.50 2 L . 3 6  . 2 4 . 2 2  2 4 . 9 8  2 3 . 9 8  2 3 . 9 0  2 0 . 5 1  0 .  0 .  
c. rg. 64 1 . 2 8  1 . 9 2  2 .56  3.20 3.8'5 0 .  0 .  
C.35 3 . 3 8  0 .37 0 . 5 4  0 .30  0 .26 0.1'1 0 .  0 .  

24 .50  2 4 . 3 5  24.22 2 4 . 0 9  24.02 23 .92  2 0 . 9 5  0 .  0. 

(Powar Values Shown in This Figure are Based ?n the University of Houston lnsole~tion Model) 

Figure 5-13. Panel Minima Over Interpolsted iPanel Number of Minima for .Standard Set of Times 



5.2.1 I n t r o d u c t i o n  

A he1 i o s t a t  aiming s t ra tegy  r e q u i r i n g  a  mu1 t i p 1  i c i  t y  o f  he1 i o s t a t  aim p o i n t s  

on t h e  rece i ve r  i s  requ i red  t o  keep the  peak f l u x  w i t h i n  t h e  prescr ibed l i m i t s .  

I n  a d d i t i o n  t o  p revent ing  excessive power dens i t y  on the  rece iver ,  the  aiming 

s t ra tegy  should r e s u l t  i n  a uni form f l u x  p r o f i l e  as w e l l  as prevent  excessive 

s p i l l a g e .  On an exte'rnal c y l i n d r i c a l  rece i ve r ,  these aim p o i n t s  a re  de f ined 

by v e r t i c a l  s h i f t s  away from the  center1 i n e  be1 t o f  the  rece iver .  I n  o rder  

t o  h i n i m i z e  t h e  increase o f  s p i l l e g e  r e l a t i v e  t o  the  oneepo in t  "aim a t  t h e  . 

be l ' t "  s t ra tegy ,  the  magnitude o f  the  s h i f t  i s  governed by the  s i z e  o f  t he  

h e l i o s t a t  image a t  t he  rece i ve r .  

The aim p o i n t s  a re  c a l c u l a t e d  on a  c e l l w i s e  bas is  on order  2.1 c e l l s  f o r  t he  

p i l o t  p l a n t .  These aim po in t s  depend upon the  s i z e  o f  t h e  h e l i o s t a t  image 

a t  t h e  rece iver .  I f  the  image i s  r e l a t i v e l y  small, i t  may be s h i f t e d  up o r  

down by several meters w i thou t  an excessive increase i n  s p i l l a g e .  I f  the 

image i s  large,  even a  small v e r t i c a l  s h i f t  may in t roduce excessive spi l lage;  

The image s i z e  a t  the r e c e i v e r  i s  governed by th ree  basic  components. F i r s t  

i s  t h e  sun size, whose image s i z e  va r ies  w i t h  the  s l a n t  range. The second 

i s  the  h e l i o s t a t  s i z e  when p ro jec ted  t o  the  rece iver .  The l a s t  i t em can be 

in f luenced by can t i ng  o f  t he  segments as we l l  as segment curva ture .  

A l l  h e l i o s t a t s  a t  t h e  Barstow p l a n t  w i l l  be canted t o  a . foca1 l eng th  o f  

410 meters. However, t h e  curva ture  w i l l  be temperature dependent. Th is  

means the  image s i z e  w i l l  a l s o  change w i t h  temperature, and consequently, so 

w i l l  t h e  d is tance a v a i l a b l e  f o r  s h i f t i n g  an image up o r  down w i thou t  i n c u r r i n g  

excessive sp i  1'1 age. 

The th ree  components'mentioned above are  combined i n  such a  way as t o  produce 

an est imate o f  image s i z e  f o r  each c e l l  i n  t he  c o l l e c t o r  f i e l d .  This  i s  done 

i n  such a fashion tha t ,  when the  image rad ius  i s  subtracted from one h a l f  t he  

a v a i l a b l e  rece i ve r  he igh t  a f t e r  cosine foreshor tening as viewed from t h e  c e l l ,  

t h e  r e s u l t  i s  an app rop i i a te  s h i f t  from aiming a t  t h e  b e l t  which w i l l  n o t  

appreciably  increase the e x i s t i n g  s p i  11 age. . 



The d e f i n i t i o n  o f  an a iming s t ra tegy  on a  c e l l w i s e  bas is  i s  t he  important  

s tep  i n  s a t i s f y i n g  t h e  goals p rev ious l y  s tated.  Once a  p a r t i c u l a r  s t ra tegy  

has been chosen, t h e  i n d i v i d u a l  h e l i o s t a t  aim p o i n t s  can be processed b y .  

i n t e r p o l a t i n g  f rom t h e  c e l l w i s e  output .  . 

5.2.2 Es t ima t ion  o f  Image S ize  

The way i n  which aim p o i n t s  a re  computed i s  based upon an est imate o f  image 

s i ze .  As mentioned before,  t h e  sun s ize ,  guidance e r r o r  f u n c t i o n  and the  

he1 i o s t a t  segment s i z e  a t  t h e  r e c e i v e r  determine image s ize .  The 'image rad ius  

. est imate  i s  obta ined o n l y  f o r  t he  v e r t i c a l  d i r e c t i o n  and i s  then subt rac ted  

f rom h a l f  t h e  h e i g h t  o f  the  c y l i n d r i c a l  r e c e i v e r  which has been foreshor tened 

by p r o j e c t i n g  i t  onto t h e  image plane. I f  the  r e s u l t  i s  pos i t i ' ve ,  t h i s  i s  

t h e  amount t he  image may be s h i f t e d  up ( o r  down) on the  image p lane before  

t h e  top  ( o r  bottom) p a r t  o f  t h e  image moves o f f  t h e  rece iver .  1 f  t h e  r e s u l t  

i s  zero o r  negat ive,  then t h e r e  i s  no room f o r  a  s h i f t .  

L e t  SIGMA b e ' t h e  angular  standard d e v i a t i o n  o f  t h e  guidance e r r o r  f unc t i on ,  

G, and l e t  ALPHA be t h e  l i m b  angle o f  the  sun. These a r e  combined v i a  a  sum 

o f  squares t o  g e t  a  r e s u l t  r ep resen ta t i ve  o f  the  sun s i z e  and t h e  two sigma 

p o i n t  o f  G. (*represents mu1 ti p l  i c a t i o n ,  ** exponent ia t ion)  

ALPHAD = (ALPHA**2 + 4.0 * SIGMA**2)**.5 

ALPHAD.is then m u l t i p l i e d  by the  s l a n t  range SLRNG t o  o b t a i n  the  image s i z e  

f rom a  p o i n t  m i r r o r ,  o r  i n  ou r  case, from a  p o i n t  on the  m i r r o r .  Th is  i s  c a l l  

RIM f o r  "Radius o f  t h e  Image". 

R I M  = ALPHAD * SLRNG 

Next, t h e  v e r t i c e s  o f '  a l l  segments o f  t he  he1 i o s t a t  a r e  t raced  t o  t h e  image 

plane. The wors t  v e r t i c a l  segment abe r ra t i on  i s  l oca ted  by summing t h e  

v e r t i c a l  values o f  t he  f o u r  impact p o i n t s  o f  each segment and f i n d i n g  the  

maximum va l  ue ( t h e  worst  abe r ra t i on )  : 

YABBER = Max((y1 + y2 + y 3  + y4)/4. ) 



Next we mus't ca1,culate the  v e r t i ' c a l  segment s i z e  a t  t he  image p.1 ane . f o r  t h i . s  

worst case. Th is  i s  done by t a k i n g  the  RMS.value o f  t he  ve r tex  impact p o i n t s  

o f  t he  worst  segment.as measured from the  abe r ra t i on  displacement: 

YSEG = ( ( (yl-y0)**2+(y2-y0)**2+(y3-y0)**2+(y4-y0)**2)/4. )**. 5  . . 

I n  t he  above equat ion y o  = YABBER. YSEG can be shown t o  be equa.1 t o  t h e  

fo l l ow ing :  

YSEG = ( (yl**2 + y2**2 + y3**2 + y4**2 - y0**2) /4. )**. 5  

'Thus t h e ' f i n a l  value f o r  R I M  i s  g iven by: 

R I M  = ALPHAD * SLRNG + YABBER + YSEG 

where ALPHAD represents t h e  RMS combination o f  t h e  two sigma v'alue o f  t he  

gujdance e r r o r  f u n c t i o n  and the  l i m b  angle o f  t he  sun. 

5.2.3. Pre l  im inary  ~ t u d ' i e s  

An i n i t i a l  d e l i v e r y  o f  time-dependent aim p o i n t s  f o r  the  U n i v e r s i t y  o f  Houston's 

standard se t  o f  annual days and times was made t o  McDonnell Douglas. These 

aim po in t s  revealed t h e  change i n  aims versus t ime, which was caused by 

he l . i os ta t  o r i e n t a t i o n  and aber ra t ions .  From t h i s  i n fo rma t ion  a  de terminat ion  

can 'be  made as t o  how many aim p o i n t s  .each he1 i o s t a t  needs on an annual bas is  

t o  s a t i s f y  t he  aiming s t ra tegy  goals. 

The nex t  ou tpu t  de l i ve red  was a s e t  of f l u x  p r o f i l e s  on the  rece iver '  a t  noon 

on vernal  equi'nox. I n  add i t i on ,  a  f l u x  p r o f i l e  was de l i ve red  which used the  

aim, p o i n t s  o f  noon f o r  t h e  t ime o f  3:45 P.M. on vernal  equinox. 

The nex t  concern was the  temperature dependent curva ture  o f  t h e  h e l i o s t a t  

segments and t h e  r e s u l t i n g  e f f e c t  o n ' t h e  image s ize ,  and there fore ,  t he  e f f e c t  

on the  magnitude o f  t h e  aim p o i n t  s h i f t s .  The d e l i v e r y  t o  MDAC d isp layed the 

e f f e c t  o f  h e l i o s t a t  segment curvature'  on image s i z e  f o r  t h ree  d i f f e r e n t  t imes 
. w i t h  two d i f f e r e n t  tempe.ratures f o r  each time. 



The ambient temperature v a r i a t i o n s  a t  t he  Barstow s i t e  w i l l  have some e f f e c t  

on t h e  curva ture  o f  t he  h e l i o s t a t  segments. The manner i n  which the  g lass 

f a c e t s  a re  mounted w i l l  a l l o w  the  temperature t o  govern t h e  curva ture  i n  t h e  

l onges t  dimensions, w h i l e  t h e  sho r t  dimension w i l l  remain e s s e n t i a l l y  f l a t  a t  

a l l  temperatures. The equat ion  d e f i n i n g  the  curved sur face assumes the  tempera- 

t u r e  e f f e c t  t o  produce a spher ica l  surface. An equat ion has been obta ined 

which de f ines  t h e  r a d i u s  o f  curva ture  o f  a  segment as a  f u n c t i o n  o f  tempera- 

t u r e  f o r  t h e  M a r t i n  he1 i o s t a t .  

L e t  R be t h e  rad ius  o f  cu rva tu re  and l e t  T be t h e  ambient temperature i n  

degrees Celc ius.  

Th i s  g ives the  r a d i u s  o f  curva ture  i n  meters. A spher ica l  m i r r o r  has an 

e f f e c t i v e  foca l  length  equal t o  one h a l f  t he  rad ius  o f  curva ture  when the  

m i r r o r  w i d t h  i s  much l e s s  than the rad ius  o f  curvature.  

The i nves t i ga ' t i on  t o  revea l  the-  e f f e c t s  o f .  temperature on image fo rmat ion  was 

undertaken i n  o rde r  t o  study the changes i n  t h e  magnitude o f  the aim p o i n t  

s h i f t s .  S i x  runs were made f o r  t h ree  instances i n  t ime and two d i f f e r e n t  

temperaturcs. 

(1)  DAY 124. ,. (23 J u l y )  HOUR 3.0 T  = 100.OF, 120.OF 

(2)  DAY 186 ' (22 Sept) HOUR 0.0 T  = 90.9F, 80.9F 

(3) DAY 246 (23 NOV) HOUR 2.0 T  = 59.2F, 49.2F 

When t h i s  output  was examined, the e f f e c t  o f  t ime (and t h e r e f o r e  aber ra t ions)  

was seen t o  a f f e c t  the  image s i z e  more than temperature. Wi th these pre-  

1  i m i n a r , ~  s tud ies  done, t he  a iming s t ra tegy  was decided upon, and t h e  aim 

p o i n t s  were generated i n  a  s t r a i g h t  forward manner. 

5.2.4 De l i ve ry  o f  F i n a l  Aim Po in ts  

The f i n a l  aiming s t r a t e g y  i nvo l ved  o n l y  th ree  s o l a r  p o s i t i o n s  (noon and two 

a f te rnoon  t imes) and there fore  th ree  aim p o i n t s  per  , he l i os ta t .  O f  course, 

due t o  t h e  symmetry o f  t h e  f i e l d ,  the ac tua l ,  number o f  aim p o i n t s  f o r  each .  



h e l i o s t a t  i s  f i v e .  The days and times f o r  the  th ree  s o l a r  p o s i t i o n s  are  as 
. . 

fo l lows ' '  (day 0  i s  ~ a r c h . 2 l s t ) :  

(?)  DAY 124 (23 J u l y )  HOUR 4.074 

( 2 )  DAY 186 (22 Sept) HOUR 0.000 

(3)  DAY 246 (23 Nov) . HOUR 2.714 

Image s i z e  est imates were determined f o r  these times f o r  an ambient tempera- 

t u r e  o f  78°F. The a lgo r i t hm discussed i n  sec t i on  5.2.2 was used on a  c e l l w i s e  

basis.  Then the  IH  ( I n d i v i d u a l  He1 i ' o s t a t )  programs were used t o  i n t e r p o l a t e  

the  c e l l w i s e  aiming data and ass ign 'a im p o i n t s  t o  each h e l i o s t a t  f o r  t h e  th ree  

s o l a r  pos i t i ons .  The d e l i v e r y  was made w i t h  cards, .each card  having the  

h e l i o s t a t  l o c a t i o n  coordinate and the  ' three aim po in ts .  

5.3 RECEIVER FLUX DISTRIBUTION 

The f i n a l  design heat f l u x  d i s t r i b u t i o n  was ca l cu la ted  on the  bas is  o f  a  

th ree  p o i n t  aim s t ra tegy  w i t h  the  f o l l l o w i n g  s h i f t  r a t i o s  be ing  app l ied :  

35% aimed above the  equator . 

30% aimed a t  t he  equator 

35% aimed below the  equator 

The high, middle, and low aim p o i n t s  were d i s t r i b u t e d  un i fo rm ly  throughout 

each of t h e  f i e l d  c o n t r o l  segments and i n  compliance w i t h  the segment 

"pecking" order  which i s  t he  sequence o f  h e l i o s t a t s  moving between t r a c k  and 

standby i n  response t o  opera tor  commands. I n  t h i s  way, t h e  r e s u l t s  o f  . 
i nc reas ing  o r  decreasi,ng t h e  number o f  h e l i o s t a t s  t r a c k i n g  the r e c e i v e r  o r  a  

l o s s  o f  a  p o r t i o n  o f  t he  f i e l d  due t o  c loud passage w i l l  increase o r  dec.rease 

the  ampli tude o f  the  f l u x  w i t h o u t  s i g n i f i c a n t l y  changing t h e  f l u x  d i s t r i b u -  

t i o n .  It should be emphasized however t h a t  t he  ac tua l  h igh  and low aim p o i n t  

l o c a t i o n s  a re .un ique ly  def ined f o r  each h e l i o s t a t  based on t h e  s i z e  o f  t he  

p a r t i c u l a r  .image. 

The ca l cu la ted  heat f l u x  on the  rece i ve r  sur face a t  4.074 PM (sun t ime) on 

J u l y  23 i s  shown i n  F igure  5-14. The f i g u r e  shows t h a t  a  un i fo rm v e r t i c a l  

f l u x  d i s t r i b u t i o n  would occur over t he  nor th ,  east,  and south f a c i n g  r e c e i v e r  

panels. Some p r o f i l e  waviness would be experienced on the  southwest f a c i n g  

panels. 



(Direction) ' S 

(Panel Numbers) 1 

Contour 0.9 = 0.33 MWIM 
2 

Contour Step Size = 0.0324 MWIM 
2 

Figure 5-14. Receiver Flux Distribution at  4.074 PM on July 23 

These i r r e g u l a r i t i e s  w i  11 be inves t iga ted  from a  recelver panel con t ro l  system 

standpoint .  I f  c o n t r o l  problems are a n t i c i p a t e d  as a  r e s u l t  o f  t h i s  power 

p r o f i l e ,  mod i f i ca t i ons  t o  t h e  c u r r e n t  aim s t ra tegy  w i l l  be made. Any such 

mod i f i ca t i ons  however w i l l  no t  be made u n t i l  ac tua l  "as b u i l t "  h e l i o s t a t  

d r i v e  system and r e f l e c t i v e  sur face e r r o r  budgets have been establ ished.  



5.4 STARTUP STUDY. 

5.4.1 Introduction 

The purpose of the s tar tup study i s  to  provide the receiver designer a profi le  

of power levels on the 24 receiver panels as a function of time during the 

sunrise and sunset period of the day. During these times the insolation level 

i s  changing most rapidly.and shading efficiency among the hel iostats  as the 

so lar  elevation increases i s  changing most rapidly. Thus ,  except fo r  possible 

cloud passages, t h i s  time period represents the most. rapidly changing power 

levels on the receiver. An examination of previous performance simulations 

sh.ows that  this time period i s  represented by a '  solar  elevation range of 2 

degrees to  approximately 16 degrees. 

The indiviadual hel iostat  .computer code i s  used fo r  the s tar tup study. This 

code interpolates from a ce l l  structured node f i l e  to  get power 1 evels on the 

receiver. The code system i s  described in detai l  in.Section 3 and Appendix C; 

For th i s  and other performance studies a cell  s t ructure is.used.which t ight ly  

f i t s  the p i lo t  plant f i e ld  boundary. This provides a minimum cel l  s ize  and ., 

maximizes the computational resolution. The cel l  'size i s  given by (order 2.1) 

For t h i s  cel.1 s ize '  15 columns (West to  East) and 13 rows of ce l l s  (North to  

South) are  required. The tower i s  in column 8, row 9 (numbering W t o  E and 

' N  t o  S) .  

The node f i l e  formed fo r  t h i s  study i s  based on the Sandia defined hel iostat  

which has a glass area of 450 f t 2 .  Further design character is t ics  of the 

hel iostat  are given in Table 5-1. The node f i l e  was formed on day 124 with 

the sun a t  10.0 degrees elevation, 

The insolation output by the insolation model code for  the s t a r t  up period was 

compared to  the 1976 Barstow data. I t  was found that  the profi le  of insola- 
t ion versus time from the Barstow data was fa i thfu l ly  reproduced by the model , 



Table 5-1. Design Heliostat Physical Characteristics 

Glass area 

Mount axis 

Design Width (D,,) 

Minimum clearance radius 

Number of segments 

Segment surface shape f l a t  

Segment width 3.048 m 

Segment height 1.143 m 

Canting focal 1 ength 400 m 

Image degradation 2.83 mr (RMS) 

but the insolation levels were not the same. Without weather da ta . the  computer 
model insolation was higher than the 1976 data and w i t h  weather data the model 
was lower. . I t  was decided t o  r u n  the s tar tup studies w i t h  the computer model, 
no weather, and apply a correction factor to  curve f i t  the Barstow data. 
Thus, the insolation levels i n  the '  s tar tup study are based on actual data. I t  
i s  a simple matter t o  sca le . the  data t o  other insolation values since incident 
power level scal es i n  d i rec t  proportion to  insolation 1 evel . 

The star tup data can be generated for  any day i n  the year.. I t  has been r u n  
f o r  'several days tha t  were requested by the SFDI. The resul t s  for  July 21st 
(day 124, one month a f t e r  summer sols t ice)  are given i n  the next section. 

5.4.2 Startup Power Levels fo r  July 21 

A summary of the s tar tup data i s  given i n  Table 5-2. The times were chosen to  
s t a r t  a t  2.0 degrees solar  elevation and increment approximately every 2 
degrees until  reaching 16 degrees. The negative value given a t  the top of the 
absorbed power ' 1 evel column indicates that  there was not suff icient  incident 



Table 5-2. S tar tup  Receiver To ta l  Power Levels 
on Day 124 ( J u l y  21) 

Time 
(A.M. So lar  So lar  D i  r e c t  Normal I n c i d e n t  Absorbed 

Curve t ime) E leva t ion  I n s o l  a t i o n  Power Power 
Number (hrs:min) (deg) (W/m2) (MW) (MW) 

i 

power w i t h  the  sun a t  2.0 degrees t o  overcome r a d i a t i v e  and convect ive losses 

c h a r a c t e r i s t i c  o f  ' normal opera t ing  rece ive r  temperature. 

The d i s t r i b u t i o n  o f  absorbed power' on t h e  r e c e i v e r  as ca l cu la ted  f o r  a1 1  
k 

twenty-four panels i s  g iven as a  f u n c t i o n  o f  t ime i n  F igure  5-15. The heat 

l oss  model us'ed i n  t h i s  ana lys is  i s  i d e n t i c a l  t o  the  model assumed f o r  t h e .  

rece ive r  dur ing normal operat ion (960°F o u t l e t  steam temperature). The. anom- 

a lous l y  h i g h  absorbed power l e v e l  on panels 1-3 and 22-24 a r i ses  because these 

are  preheater panels operat i r ig  a t  a  lower temperature than t h e  remaining b o i l e r  

panels. Observe t h e  suppressed base1 i n e  - several values are negat ive as 

noted above. 



S t a t  up dn Dry 124 (July 21) 
Absorbed Power Levels on Receiver 

Figure 515. Absorbed Panel Powers on Receiver During Startup (July 21) 
Number 1-8 refer to Table 8 2 .  



5.5 CLOUD STUDY 

5.5.1 I n t r o d u c t i o n  ' 

A  c loud t r a n s i t  study has been performed t o  determine the  power l e v e l s  and, 

more impor tant ly ,  t h e  r a t e  o f  change o f  power l e v e l  on the  twenty- four  panels 

o f  t he  rece ive r  as var ious selected c loud f i e l d s  are passed across the  p i l o t .  

p l a n t  c o l l e c t o r  f i e l d .  The c loud f i e l d s  were selected from ac tua l  data, taken 

a t  t h e  Barstow s i t e .  The r e s u l t s  f o r  f i v e  c loud events' have been processed 

and sent t o  t h e  SFDI. 

The c loud f i e l d  data was prepared by B. Robert Johnson, member o f  the  Chemistry 

and Physics, Laboratory o f  t he  Aerospace Corporat ion. The form o f  t h e  .data w i l l  

be described i n  sec t ion  5.5:2. The data i s  based on measurements taken by 

Randal 1, Whitson, and Johnson (1) o f  the  i n s o l  a t i o n '  a t  a  s i t e  near t h e  p i  l o t  

p l a n t  s i t e  over a  reg ion i n  s i z e  comparable t o  the  p i l o t  p lan t .  The measure- 

ments and prepara t ion  o f  t he  c loud f i e l d  data are described b y t h e  same 

authors i n  reference (2) .  

Emphasis i s  placed i n  t h i s  study on the  e f f e c t  o f  clouds over a  t ime per iod  

o f  several minutes. The r e s u l t s  o f  t h i s  study can then be ex t rapo la ted t o  

longer per iods o f  t ime based on the  Aerospace data c o r r e l a t i o n  s tud ies  docu- 

mented i n  reference (2).  These ex t rapo la ted r e s u l t s  a re  used d i r e c t l y  i n  t h e  

rece ive r  s t r u c t u r a l  and con t ro l  system design and ana lys is .  

5.5.2 Computational Basis f o r  t h e  Cloud Study 

The c e l l w i s e  codes are used t o  perform t h e  c loud study. The c e l l  s t r u c t u r e  i s  

t h e  same as t h a t  described i n  Sect ion 5.4. To make t h e  c e l l w i s e  c loud simula- 

t i o n  as representa t ive  o f  t h e  ac tua l  f i e l d  as poss ib le  t h e  c e l l  s t r u c t u r e  was 

imposed over the  ac tua l  p i l o t  p l a n t  c o l l e c t o r  f i e l d  l a y o u t  t o  determine t h e  

exact number o f  h e l i o s t a t s  f a l l i n g  i n  each c e l l .  Th is  number o f  h e l i o s t a t s  

per c e l l  m a t r i x  i s  used i n  a l l  c loud s imu la t i on  runs. 

Th is  c e l l . s t r u c t u r e  has,more than adequate r e s o l u t i o n  i n  comparison t o  t h e  

dimensions and r e s o l u t i o n  present i n  the  c loud f i e l d  data base. A cl.oud 

f i e l d .  i s  t y p i c a l l y  731 m wide and 3000 m long. Data f o r  the c loud f i e l d s  are 

taken by Four sensors spaced across the  w id th  o f  t h e  f i e l d .  The leng th  o f  t he  



cloud f i e l d  i s  determined by the cloud d r i f t  velocity and time period for  the 

selected data ( typica l ly  10 min). 

In the computer simulation the cloud f i e l d  i s  passed across the col lector  
f i e l d  i n  small spat ia l  increments ( typical ly  50 m) and the incident power 
level on each of the twenty-four panels i s  determined a t  each increment. 
Thus, the simulation produces a l i s t i n g  of power level as a function of cloud 
f i e l d  position with respect t o  the col lector  f ie ld .  The user of the data can 
use i t  t o  represent any cloud d r i f t  velocity. The time period between succes- 
s ive cloud f i e ld  increment5 (hetween the output power lcvcls) i s  the spat ia l  
increment divided by the  d r i f t  velocity. The cloud f i e l d  can be p a s c ~ d  across 
the f i e l d  i n  any direct ion,  and many directions can be handled i n  each compu- 
t e r  r u n .  The r loud  f i e l d   begin^ typically 500 m from the toher- su L;hat full  
power i s  on the receiver. The width of the cloud f i e ld  i s  centered with the 
w i d t h  of the col lector  f i e l d  and the movement i s  along the length of the cloud 
f i e ld .  The increments continue until  the cloud f i e l d  clears  the col lector  
f i e ld  and fu l l  power i s  back on the receiver. This process i s  shown i n  

Figure 5-16. 

In the computer code the cloud f i e ld  i s  represented hy a subroutine which, 
when given an X and a Y coordinate in the cloud f i e ld ,  returns an effect ive 
value of transmission from zero ( t o t a l l y  opaque) t n  nne (completely c l ea r ) .  
These values are derived from the actual insnlation data  as t h s  cloud passed 

over the sensors and an interpolation routine. (Ref. 2 page 2-31.) 

'I he simulation i s  implemented by forming a node f i l e  fo r  the day and time of 
day tha t  the  simulation i s  t o  be done. I t  i s  assumed tha t  the cloud simula- 
t ion time is  short enough tha t  solar  position and insolation do not change 
appreciably d u r i n g  the cloud t r ans i t .  The power on each panel from each ce l l  
in the f i e ld  i s  formed. For each spat ia l  cloud f i e ld  increnienl lhe coordinate 
of each ce l l  i s  formed and based on cloud direction the c e l l ' s  coordinates are  
transformed to the cloud coordinates. The cloud subroutine i s  called and 
returns the effect ive cloud transmissinn. The transmission i s  multiplied by 
the fract ion of power on the panel due to  tha t  cel l  and the powers are summed 
over c e l l s  t o  form the to ta l  power on each panel. The resu l t  i.s the total  
power on each panel tha t  re f lec ts  the effect ive cloud transmission available ,a 



L , ,  1 
Figure 516. Cloud Field Transit Geometry 



t o  each ce l l  in the f i e ld .  The cloud i s  incremented across the col lector  . 

f i e l d  by simply adding the spatial  increment t o  the cloud f i e ld  Y coordinate, 

then doing the loop over c e l l s  again. 

The r e su l t s  from an example cloud t r a n s i t  simulation i s  given in the next 

section. 

5.5.3 Cloud Transit  on an Equinox Afternoon 

An equinox day (day 186) a t  3:30 P.M. has been chosen as a typical day and. 

time t o  r u n  the simulation, The cloud f i e ld  used i s  shown in a contour plot 

in Figure 5-17. This cloud f i e ld  i s  derived from data taken over a nine- . 

minute period on August 8, 1978, and i s  ident i f ied as cloud f i e l d  No. 1. The 

cloud d r i f t  velocity was 5.5 mlsec. The clol~d was moving from Northcast t o  

Southwest. .A convenient advantage of the simulation i s  the a b i l i t y  to  move 

the cloud a t  any direct ion,  a t  any desired velocity, a t  any time i n  the .year, 

and with any desired insolation levei.  S ince  we use the effect ive cloud ': 

transmittance, the actual insolation level when the' cloud passed i s  normalized 

out. 

The r e su l t s  o f  the cloud t r a n s i t  on an equinox day (March 21 or Septell~ber. 21) 

a t  3:27 P.M. are shown i n  Table 5-3. The cloud f i e ld  i s  moving from the 

Northwest to  the southeast. The cloud .field s t a r t s  500 meters from the tower 

and increments in the direction of the towcr i n  50 meter incr.cil~cr~lu. The to ta l  

distance the cloud has moved i s  shown in the l e f t  column. The insolation 

level a t  t h i s  time i s  938.522 w/m2. The to ta l  c lear  day power level incident 

on the receiver i s  44.41.4 MW. The power level i n  MW for  each panel i s  shown 

t o  the r ight  of the cloud f i e ld  displacement. Panel numbers 1 to  12 are sh~wn 

on the f i r s t  l ine  ( l e f t  t o  r ight )  and 13 t o  24 on the second l i n e  w i t h  the 

to ta l  receiver power level on the f a r  r ight .  The cloud f i e ld  begins to  

influence thr! power level by the L;.,ill~e i t  moves 100 meters (now 400 m from the 

tower). The cloud f i e ld  i s  fu l ly  over the col lector  f i e ld  when i t  has moved 

850 meters. The to ta l  power level has dropped to  i t s  lowest value, 9.4 MW o r  

about 21% o f ' t h e  peak power. The leading areas of the cloud are  f a i r l y  . 

opaque. The following areas are less  opaque and the reductions in power level 

appear t o  be less  severe. I 



Label Transmission 

Figure 5-17. Contour Plot of Cloud Field Number 1 



Table 5-3. Panel Power Levels During a Cloud T r a n s i t  
(Page,  1 o f  3 )  . 

am  IT s r ~ n a n  
MY 186 T l L  3.45 MOWS CRSE W . ( W  WE) 1 DIIIECTION 45.0 DEG lYSE 
SPACI# 1- 50.0 STIWTING DISTmCE FROII TOYER 500.0 NXRS 

O. 0.737 1.000 1.397 1.658 1.858 2.144 2.526 2.901 3.107 3.086 2.907 2.726 
2.513 2.454 2.443 2.247 1.820 1.478 1.166 0.942 0.976 0.921 0.720 0.627 44.414 

50.0 0,737 1.000 1.397 1.656 1.858 2.144 2 . m  2.901 3.107 3.086 2.907 2.726 
2.573 2.4% 2.443 2.247 1.820 1.478 1.166 0.942 0.976 0.921 0.720 0.627 44.414 

100.0 0,737 1.000 1.397 1.658 1.858 2.144 2.528 2.901 3.107 3.086 2.907 2.725 
2.511 2.452 2.441 2.245 1.818 1.477 1.166 0.911 0.976 0.921 0.720 0.627 44.402 

150.0 0.737 1.000 1.397 1.658 1.858 2.144 2.528 2.901 3.107 3.085 2.903 2.716 
2.562 2.419 2.W 2.208 1.794 1.465 1.161 0.940 0.976 0.921 0.720 0.627 44.217 

200.'0 0.737 1.000 1.397 1.658 1.858 2.144 2.528 2.900 3.105 3.078 2.885 2.671 
2.166 2.292 2 . m  2.091 1 . m  1.431 1 . 1 ~  0.~36 0.97s 0.920 0.720 0.627 43.950 

250.0 0.737 1.000 1.397 1.658 1.858 2.144 2.528 2.899 3.100 3.M 2.839 2.570 
2.291 2.057 2.019 1.W 1.609 1.379 1.129 0.931 0.974 0.920 0.720 0.627 42.351 

W.U u.rw I ,  I .  1 . w  I.= 2.144 2.321 2 . ~ 6  3.w RVII 2.1s 2 . w  
2.032 1.744 1.719 1.672 1.165 1.308 1.102 0.922 0.971 0.920 0.720 0.627 40.697 

a . O  0 . m  1.000 l . m  1.a 1.68 2.144 2.525 2.887 3.W 2.961 2.611 2.160 
1.696 1.373 1.379 1.402 1.283 1.209 1.060 0.908 0.967 0.919 0.720 0.627 38.518 

100.0 0.737 1.000 1.397 1.698 1.858 2.143 2.519 2.866 3.002 2.816 2.346 1.781 
1.262 0.957 1.018 1.103 1.050 1.W 0.996 0.886 0.961 0.917 0.719 0.627 35.685 

43.0 0.737 1.000 1.337 1 . a  1.858 2.139 2.505 2.820 2.676 2.542 1.910 1.279 
0.812 9.993 0.702 0.817 0.800 0,890 0.896 0.849 0.950 0.915 0.719 0.627 32.291 

500.0 0.737 1.000 1.397 1.- 1.856 2.131 2.475 2.727 2.629 2.098 1.366 0.791 
0.491 0.395 0.499 0.602 0.611 0.70) 0.747 0.770 0.918 0.908 0.718 0.627 28.855 

950.0 0.73 0.999 1.397 1.657 1.847 2.097 2.358 2.409 2.077 1.43 0.864 0.501 
0.349 0.321 0.415 0.199 0.510 0.560 0.589 0.647 0.819 0.854 0.707 0.623 25.294 

600.0 0.714 0.989 1.371 1.624 1.789 1.916 2.009 1.843 1.425 0.942 0.578 0.374 
0.280 0.280 0.392 0.486 0.489 0.492 0.478 0.512 0.674 0.752 0.664 0.595 21.700 

8:H 8% kI kl t3I3 t9M t l  kg 8713 89 S:1 8P am 
700.0 0.562 0.782 1.043 1.193 1.227 1.157 1.088 0.W 0.648 0.4% 0.M 0.190 

0.177 0.258 0.443 0.610 0.635 0.557 0.427 0.353 0.407 0.466 0.456 0.447 14.627 

750.0 0.440 0.597 0.763 0.824 0.801 0.730 0.646 0.553 0.437 0.309 0.205 0.154 
0.167 0.276 0.497 0.711 0.772 0.662 0.468 0.335 0.334 0.358 0.346 0.347 11.732 

800.0 0.31 0.431 0.515 0.510 0.460 0.419 0.389 0.350 0.288 0.224 0.175 0.151 
0.182 0.313 0.564 0.816 0.910 0.792 0.564 0.369 0.301 0.286 0.266 0.263 9.869 

850.0 0.250 0.323 0.374 0.353 0.W 0.269 0.m) 0.238 0.222 0.201 0.177 0.172 
0.224 0.372 0.637 0.896 1.000 0,908 0.695 0.472 0.343 0.262 0.211 0.200 9.350 

966.8 0.193 0.2% 0.293 0.280 0.240 0.207 0.193 0.199 0.208 0.208 0.208 0.232 
0.309 0.163 0.718 0.941 1.011 0.964 0.812 0.615 0.476 0.326 0.204 0.161 9.711 

950.0 0.164 0.191 0.225 0.213 0.180 0.159 0.163 0.185 0.214 0.245 0.283 0.343 
0.448 0.604 0.827 0.974 0.973 0.951 0.855 0.728 0.653 0.483 0.276 0.170 10.506 

1000.0 0.188 0.173 0.198 0.178 0.143 0.131 0.144 0.181 0.238 0.310 0.391 0.497 
0.647 0.812 0.978 1.022 0.942 0.896 0.815- 0.749 0.774 0.699 0.416 0.244 11.725 

1m.o 0.277 o.m 0.2s  0.214 0.19 0.135 0.150 0.205 0.295 0.402 0.519 0.678 
0.889 1.071 1.160 1.086 0.918 0.824 0.716 0.698 0.773 0.744 0.549 0.360 13.343 

1100.0 ,0.392 0.368 0.376 0.293 0.195 0.151 0.168 0.252 0.378 0.517 0.673 0.900 
1.177 1 . s  1.351 1.143 o.ni 0.740 0.680 0.650 0.714 0.712 0.588 0.447 1 5 . ~ 1  

1150.0 0.462 0.487 0.484 0.360 0.225 0.167 0.205 0.325 0.482 0 . m  0.879 1.190 
1.903 1.895 1.321 1.184 0.817 0.W 0.394 0.606 0.678 0.W 0.991 0.43YlIYYQ 

1200.0 0.461 0.517 0.522 0.393 0.253 0.203 0.267 0.419 0.614 0.858 1.174 1.539 
1.820 1.865 1.699 1.231 0.794 0.577 0.503 0.513 0.626 0.643 0.523 0.430 18.404 

1250.0 0.425 0.475 0.499 0.397 0.281 0.262 0.34 0.564 0.832 1.166 1.536 1.880 
2.069 2.021 1.769 1.295 0.800 0.516 0.452 0.429 0.528 0.516 0.499 0.410 20,077 

1300.0 0.395 0.440 0.475 0.401 0.325 0.350 0.514 0.800 1.164 1.%7 1.877 2.121 

a 110 
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Each o f  t he  5  c loud f i e l d s  charac ter ized i n  Table 5-4 was d i r e c t e d  across 

the  h e l i o s t a t  f i e l d  from each of 5 d i r e c t i o n s  (N, NW, W, SW, S). Tabulat ions 

s i m i l a r  t o  Table 5-3 were prov ided t o  the  SFDI f o r  each o f  t h e  25 cases. 

Punched card format was u t i l i z e d  t o  f a c i l i t a t e  f u r t h e r  ana lys i s  by the  SFDI. 

5.5.4 ' Summary o f  T r a n s i t  Data f o r  F ive  Cloud F i e l d s  

A summary o f  p e r t i n e n t  i n fo rma t ion  on the  f i v e  c loud f i e l d s  used i n  t h i s  

study i s  g iven i n  Table 5-4. The d i r e c t i o n  and d r i f t  v e l o c i t y  were prov ided 

from the  data reduct ion  done by Randal 1, ~ohnson '  and Whi tson ( 2 ) .  The w i d t h  

o f  the f i e l d  i s  determined by sensor placement and c loud d i r e c t i o n .  The 

l e n g t h  o f  the f i e l d  i s  determined by the  pe r iod  o f  observat ion (approximately 

10 minutes) and c loud d r i f t  v e l o c i t y .  The c loud typ'e and sky cover a r e  taken 

from t h e  U.S:Weather Bureau hou r l y  meteorological  observat ions f o r  Daggett, 

C a l i f o r n i a .  The c loud type g iven i n  the  t a b l e  was e i t h e r  repor ted  a t  t h e  

t ime o f  the  observat ion o r  was repor ted  on t h a t  day. Even though the re  was. 

no d e f i n i t e  r e p o r t  on J u l y  8, 1979 the  c loud v e l o c i t y  and sky cover imply 

t h a t  c i r r u s  clouds were present.  

An a d d i t i o n a l  examination o f  t he  c loud data has been c a r r i e d  o u t  by t h e  

U n i v e r s i t y  o f  Houston, Energy Laboratory and,a p o r t i o n  o f  t he  r e s u l t  o f  t h a t  

work w i l l  be g iven here. This  work was designed.and c a r r i e d  o u t  by t h e  Energy 

Laboratory and i s  no t  a  formal p a r t  o f  t he  SFDI e f f o r t .  

For each c loud t r a n s i t  t h e  i n c i d e n t  power l e v e l  on each.group o f  3  panels, 

he rea f te r  c a l l e d  superpanels, and t o t a l  i n c i d e n t  power are  p . lo t ted  as a  

funct ion u,r time. Panels 1, 2 and 3 are srlperganel 1, panels 4, 5 and 6 

comprise superpanel 2, e t c .  The r a t e s  o f  change o f  t he  power l e v e l s  a re  

p l o t t e d ,  and a t  each p o i n t  i n  t ime the  wors t  panel-to-panel g rad ien t  present  

on the  rece i ve r  i s  determined and p l o t t e d .  The r a t e s  o f  change o f  t he  t o t a l  

power l e v e l  i s  d i v ided  up i n t o  twenty equal i n t e r v a l s  and t h e  number o f  

occurrences counted d u r i n g  the c loud trans'it. The percent  of occurrence i s  

p l o t l e d  as a f u n c t i o n  o f  r a t e  o f  change, 



Table 5-4. Cloud F i e l d  C h a r a c t e r i s t i c s  

No. 1 2  3 4 5  

Date 8/8/78 8/26/78 3/29/79 4/26/79 7/8/79 

Ac tua l  NE-SW W-E W-E SW-NE W-E 
D i r e c t i o n  o f  
Mot ion 

Vel o c i  t y  5.5 
, (m/s) 

F i e l d  7  30 
Dimensions X2985 
(m 

Probable Toweri ng 
Cloud Type , Cu~i~u l  US 

To ta l  Sky 4- 3  
Cover (1/10) 

To ta l  npaque 4-3 
Sky Cover 
(1/10) 

C i r r u s  A l t o -  A1 to -  
Cumul us Cumul us 

Not 
Ava i l ab le  

The r e s u l t s  o f  t h i s  ana lys i s  are g iven f o r  c loud cdse No. 3 i n  re fe rence (3 ) .  

Tilt! r e s u l t s  f o r  case No. 1 a re  g iven i n  F iqs,  5-18 t o  5-?I. TQ avo id  l ook ing  

a t  t h e  e f f e c t  of f o r c i n g  the  f r o n t  o f  t he  c loud f i e l d  t.o be c lea r ,  t h c  data 

i s  analyzed on l y  f o r  the p e r i o d  of t ime the  c luud f i e l d  i s  f u l l y  over the  

c o l l e c t o r  f i e l d .  

F igure  5-18 i s  a  p l o t  of t he  i n c i d e n t  power l e v e l  on each superpanel and the  

t o t a l  i n c i d e n t  power l e v e l  as a f u n c t i o n  of t ime. The superpanel numbers a rc  

Ind i ca ted .  I n  a  q u a l i t a t i v e  sense the  panel power v a r i a t i o n s  are  substan- 

t i a l l y  ou t  of phase. Th i s  i s  i n  c o n t r a s t  t o  cases 2 and 5  f o r  h igh  a l t i t u d e ,  

rdsl; 111uving c i r r u s  clouds where the  v a r i a t i o n s  i n  panel power were much more 

i n  phase. F igure 5-19 i l l u s t r a t e s  the  r a t e  of  change o f  t h e  t o t a l  power l e v e l  

which obv ious l y  depends on bo th  the  ampli tude and phase o f  the  i n d i v i d u a l  

panel v a r i a t i o n s .  
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Figure 5-19. Rate of Change of the Total Power as a Function of Time 



To g e t  some idea o f  the  changes occu r r i ng  i n  the  panel g rad ien ts  t h e  maximum 

g rad ien t  between any two o f  the twenty f o u r  panels i s  p l o t t e d  i n  F igure  5-20 

as a  f u n c t i o n  o f  time. The v a r i a t i o n s  are  r a t h e r  r a p i d  and depend on phase 

and power l e v e l s  on the  panels. For a  more i n  depth examinat ion o f  t h i s  data 

i t  would be valuable t o  l ook  f o r  g rad ien t  reve rsa l s  from t h e  grad ien ts  

occu r r i ng  du r ing  normal operat ion.  The d i s t r i b u t i o n  o f  r a t e s  o f  change o f  

t o t a l  power i s  shown i n  F ig.  5-21. A1 though most v a r i a t i o n s  a re  around 

100 kw/sec, v a r i a t i o n s  two t o  th ree  times t h a t  can occur. I t  i s  i n t e r e s t i n g  

t o  con t ras t  t h i s  w i t h  t h e  d i ' s t r i b u t i o n  f o r  case 4  shown i n  Figs. 5-22 and 

5-23. The case 4 c loud f i e l d  was more l i k e  an impulse func t ion  w i t h  one . 

f a i r l y  opaque area. ' The ra tes  o f  change o f  power l e v e l  were much 1  ess 

severe. This  po in t s  out,  as might  be expected, t h a t  a  se r ies  o f  broken 

clouds can induce much more severe i n p u t  power l e v e l  v a r i a t i o n s  than one 

i so l  a ted  c l  oud. 

A  s'ummary o f  t h e  examination o f  the  c loud t r a n s i t  da ta  i s .  g iven i n  Table 5-5. 

I n  t h e  th i . rd  column i s  tabu la ted  the  worst  panel g rad ien t  occu r r i ng  a t  any 

t ime on any two panels. The four . th  column i s  t he  t o t a l  power l e v e l  a t  t h e  

t ime t h a t  g rad ien t  occurred. The f i f t h  column i s  t h e  h ighes t  r a t e  o f  change 

o f  t o t a l  i n c i d e n t  power and the  la .s t  column i s  t h e  i n . t e rva l s  o f  r a t e s  .of power 

change t h a t  occur more than 10% o f  t h e  t ime du r ing  the  t r a n s i t .  I t  i s  

i n t e r e s t i n g  t o  compare the  f a s t  moving, h igh  a l t i t u d e  c i r r u s  clouds (cases 2  

and 5)  t o  t h e  slower moving cumulus clouds (cases 1, 3, ?nd 4).  Al though 

moving f i v e  t o . s i x  t imes ,as f a s t  as the  cumulus clouds, t h e  c i r r u s  clouds d i d  

n o t  se r i ous l y  impact t h e  panel g rad ien ts  and t h e  r a t e s  o f  change o f  power l e v e l  

were on l y  two t o  th ree  times those fo.r  t he  cui~lulus c louds . .  As d raaller* o f  

f a c t ,  l ook ing  a t  t h e  panel g rad ien ts  and d i s t r i b u t i o n  o f  r a t e s  o f  change o f  

power level , .  one might somewhat s u b j e c t i v e l y  conclude t h a t  case 3 had t h e  

wors t  impact on the c o l l e c t o r  f i e l d .  

Some a d d i t i o n a l  s imu la t i on  runs were made t o  access t h e  e f f e c t  o f  d i r e c t i o n  

o f  c loud  propagation. The cloud, f i e l d  (case 3) was d i r e c t e d  across t h e  

c o l l e c t o r  f i e l d  i n  45 degree increments from Nor th  t o  South (N-S) t o  South 

t o  Nor th  (S-N). A summary o f  t h e  o v e r a l l  c h a r a c t e r i s t i c s  o f  these runs i s  
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Table 5-5. Summary o f  Cloud S imula t ion  Resul ts  

Ranges o f  Power, 
D r i f t  Max. Panel To ta l  I n c i d  Maximum Change Occurr ing 

Case V e l o c i t y  Gradient  Power A t  Power Change More than 10% 
No. (m/sec) (MW/m) Max Grad (MW) (KW/sec) (KW/sec) 

i s  g iven i n  Table, 5-6. The s e n s i t i v i t y  t o  d i r e c t i o n ,  a t  l e a s t  f o r  these 

parameters shows l i t t l e  d i f f e r e n c e  except w i t h  respect  t o  t he  d i s t r i b u t i o n  o f  

r a t e s  o f  change o f  power. 

Table 5-6. Summary o f  S imula t ion  Data f o r  One Cloud Propagating 
, i n  F i ve  D i r e c t i o n s  

Ranges o f  Power - 

Mdx Pdrlel To ta l  I n c i d  Max Powers Change Occurr ing 
Case Gradient  Power @ Max Change More than 10% 
No. D i r e c t i o n  (MW/m) Grad. (MN) (KW/sec) - (KW/sec) 

3A N-S ' 0.73 2 3 4  595.5 0330, 60-90, 
43.7-41.7 

3B NW-SE 0.76 27.6 572.7 57-86, 344-372 

3C W - E 0.80 21.0 624.6 0-31 

3 D SW-NE 0.81 19.2 535.6 80- 170 

3 E S-N 0.78 28.7 594.6 None . . 



Thus, i t appears t h a t  t h e  d i r e c t i o n  o f  approach o f  a  s p e c i f i c  c l oud  f i e l d  

can s i g n i f i c a n t l y  a f fec t  t h e  r a t e s  o f  power change. I n  t h e  events t abu la ted  

i n  Table 5-6 h i g h  r a t e s  o f  power change occur most f r e q u e n t l y  when the  c loud  

t r a n s i t  i s  from n o r t h  t o  south. 

5.6 DIURNAL PERFORMANCE OF HELIOSTATS 

The i n d i v i d u a l  he1 i o s t a t  ( IH )  program prov ides a  very  powerfu l  t o o l  f o r  

i n v e s t i g a t i n g  t h e  d e t a i l e d  shading and b lock ing  performance o f  the  he1 i o s t a t  

f i e l d .  One use o f  t h i s  code w i l l  be t o  compute average annual performance 

f a c t o r s  f o r  each he1 i o s t a t  (shading and b iock ing ,  cosine, and i n t e r c e p t i o n ) .  

This  w i l l  a l l o w  d e t a i l e d  comparison w i t h  t h e  des i red  op t im ized performance $or  

each h e l i o s t a t  as a  d e t a i l e d  check on t h e . o v e r a l 1  l a y o u t  procedure. It i s  

planned t o  generate t h i s  data on t h e  a s - b u i l t  c o n f i g u r a t i o n  l a t e  i n  t h e  

Phase I 1  program a c t i v i t i e s .  

The r u n  i t s e l f  w i l l  be r a t h e r  t ime  cons.uming due t o  t h e  q u a n t i t y  o f  data 

being generated. It w i l l  be an expanded ve rs ion  o f  t h e  c u r r e n t  I n d i v i d u a l  

H e l i o s t a t  ( IH )  code which p r i n t s  a l l  o f  t h e  i n te rmed ia te  performance values.  

(cosine, b lock ing  and shadowing, e t c .  ) f o r  each he1 i o s t a t  f o r  se lec ted  t imes 

throughout  t h e  year.  The f i n a l  ou tpu t  w i l l  form a  c o l l e c t o r  f i e l d  perform- 

ance da ta  book (200-300 pages) which w i l l  be p rov ided as a  permanent c o l l e c t o r  

f i e l d  performance record. ~ n f o r m a t i o n  p e r t a i n i n g  t o  t h e  bas ic  fo rmat  o f  t h e  

Indiv.idua1 H e l i o s t a t  code i s  conta ined i n  Appendix C and Sec t ion  3. 
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Appendix A 

METHOD FOR COST/PERFORMANCE OPTIMIZATION 
OF COLLECTOR FIELD DESIGN 

The process o f  h e l i o s t a t  l a y o u t  f o r  a  c e n t r a l  r e c e i v e r  system i s  based on 

min imiz ing  the  o v e r a l l  system cos t  per  k i l o w a t t  of thermal power prov ided a t  

t h e  base ,o f  t he  tower. A " f i g u r e  o f  m e r i t "  i s  de f ined as 

where ET i s  t he  t o t a l  annual thermal energy a v a i l a b l e  a t  t h e  base o f  t h e  tower 

f o r  an average year ,  and CS i s  t h e  t o t a l  system cos t  necessary t o  produce the  

energy ET. The turb ine-generator  subsystem and the  thermal s to rage subsystem 

are n o t  inc luded.  The op t im iza t i on  computer codes con ta in  cos t  models f o r  the 

1  and, he1 i os ta ts  , w i  r i  ng , rece i  ver  , tower, r i  ser/downcomer , and feed pumps. 

V i r t u a l l y  a l l  f a c t o r s  a f f e c t i n g  system o p t i c a l  and thermal performance, from 

t h e  so'lar d i s k  p r o f i l e  and i n c i d e n t  i s o l a t i o n  l e v e l s  t o  the  absorp t ion  and 

convect ion losses i n  t he  rece i ve r  a re  modeled i n  t h e  computer code. These 

inc lude cosine e f f e c t s ,  he1 i o s t a t  sur face shape, sur face i r r e g u l a r i t i e s ,  

t r a c k i n g  e r ro rs ,  i n t e r - h e l i o s t a t  shading and b lock ing,  atmospheric absorp t ion  

between h e l i o s t a t  and rece i ve r ,  i n t e r c e p t i o n  losses a t  t he  rece i ve r ,  r e c e i v e r  

a b s o r p t i v i t y  , and r e c e i v e r  thermal 1  osses . 

To obta. in reasonable computation t imes t h e  c o l l e c t o r  f i e l d  must be reduced 

from a  continuum i n t o  d i s c r e t e  c e l l s .  The o p t i m i z a t i o n  computations a r e  

c a r r i e d  ou t  on a c e l l  by c e l l  bas is .  I n  t h e  course o f  these s tud ies  t h r e e  

d i  f fe t -en t  c e l l  s i zes  were used. Ce l l  s are. s i zed  i n  p ropo r t i on  t o  th,e tower 

foca l  he igh t  so t h a t  t he  e l e v a t i o n  angle from the  center  o f  a  c e l l  t o  t h e  

center  o f  the rece i ve r  i s  t he  same f o r  any system whoie c e l l s  a re  o f  t h e  same 

order .  The c e l l  s i z e  i s  g iven by '  . . 



where n  i s  the order and HT i s  the tower focal  height ('distance from the plane 

o f  th.e h e l i o s t a t  axes t o  the body center o f  the rece iver ) .  For the optimiza- 

t i o n  study o f  the commercial p lan t  la rge  c e l l s  o f  order 5 were required. I n  

t h i s  study there are fourteen rows o f  c e l l s  North t o  South w i t h  the tower i n  

the 9 t h  row from the North and there are f i f t e e n  columns o f  c e l l s  West t o  East 

w i t h  the tower i n  the center column. I n  l a t e r  performance analysis and s t a r t -  

up studies f o r  the p i l o t  p lan t ,  smaller c e l l  sizes were used t o  provide 

greater  reso lu t ion.  . , 

- .  
I n  preparat ion f o r  an opt imizer  run tvro sets o f  data must f i ' r s t  be computed. 

The f i r s t  i s  a  node f i l e .  This represents the f r a c t i o n  o f  the red i rec ted power 

from a representat ive he1 i o s t a t  a t  the center o f  each c e l l  t o  each node o f  the 

receiver.  From t h i s  node f i l e  the f r a c t i o n  o f  power in tercepted by the 

rece ive r  from each 'ce l l  can be determined. The f r ac t i ons  are ca l l ed  intercep- 

t i o n  f rac t ions o r  FINTs and are the r a t i o  o f  energy a t  the rece iver  coming 

from the co l l ec to r s  t o  t h a t  energy ac tua l l y  inc iden t  on the rece iver  f o r  each 

c e l l .  The theory behind the programs required f o r  these computations has been 

pub1 ished by Lipps and Walzel (2-4). Unless otherwise spec i f i ed  the method o f  

he1 i o s t a t  image formation presented i n  reference ( 3 ) ,  i .e. a  two-dimensional 

Hermite func t ion  expansion o f  the h e l i o s t a t  f l u x  dens i ty  in tegra l ,  i s  being 

used. Experience has shown t h a t  f o r  1  arge systems w i t h  moderate concentrat ion 

the FINTs do not  vary s i g n i f i c a n t l y  as a  func t ion  o f  so l a r  pos i t i on  except a t  

very low sun angles. Also, the dev ia t ion trom the mean over long periods o f  

t ime i n  the year i s  small. O f  course, there i s  no i n t e r e s t  i n  a  design o p t i -  

mized a t  low sun angles si,nce very l i t t l e  energy w i l l  be ava i lab le  a t  these 

times. Node f i l e s  intended fo r  design purposes are usua l l y  rlrn at. nnnn on an 

equlnox day. The formation o t  a  node f i l e  requires a  complete descr ip t ion  o f  

the h e l i o s t a t  geometry; segment focusing, segment cant ing and associated 

foca l  lengths. 

. As can be seen i n  reference 3, page 241, the computer codes ac tua l l y  form'the 

spa t i a l  moments o f  the f l u x  'd is ' t r ibut ions.  These moments are convolved w i t h  

the mom;nts o f  the l imb darkened s i n  and w i t h  the moments o f  a  Gaussian d i s -  

t r i b u t i o n  o f  a  spec i f i ed  standard dev ia t ion t o  simulate the e f f e c t  o f  m i r r o r  

surface i r r e g u l a r i t i e s  and t racking" er rors .  The resu l t i ng  Hermi t e  polynomials 

def ine the h e l i o s t a t  image a t  the rece iver  plane. The formation o f  node f i l e s  



I. 

- which a r e  generated from these po l ynomia l s  u s u a l l y  requ i res  considerable 

computer t ime and must be repeated as necessary t o  access t h e  impact o f  

h e i i o s t a t  de'sign changes. I (  . 

The second se t  o f  data requ i red  . . by t h e  op t im ize r  cons i s t s  o f  annual ized c e l l  

performance as a  f u n c t i o n  o f  h e l i o s t a t  spacing. Th i s  data i s  based on.cos ine  

e f f e c t s ,  and the  shading and b lock ing  losses.  The shading and b lock ing  theory  

has been pub1 ished by L ipps and Vant-Hul l  ( 5 ) .  The shading and b lock ing  da ta .  

base conta ins  f o u r  v a r i a t i o n s  of bo th  r a d i a l  and azimuthal he1iosta.t  spacing. 

A s e t  o f  curve f i t  c o e f f i c i e n t s  i s  i n p u t  t o  t h e  program which de f ines  a  

nominal s e t  o f  r a d i a l  and azimuthal h e l i o s t a t  spacings as a  f u n c t i o n  o f  tower 

e l e v a t i o n  and c e l l . a z i m u t h  angle. The program va r ies  t h e  r a d i a l  spacing by 

+5% and +15% and t h e  azimuthal spacing by +5% and 215%. The ensuing c a l c u l a -  
I .  t i o n s  prov ide  a  s e t  o f  16 numerical values f o r  t h e  c e l l  e f f i c i e n c y  A~(R,,Z,) 

de f ined as 
' 8  

Xc = X~ ( R ~  ,Zc) = Ec/SoAc ( 3 )  

where Rc i s  t h e  r a d i a l  spacing pa r&e te r  i n  c e i l  c, Zc i s  t he  azimuthal spacing 

parameter i n  c e l l  c, Ec i s  t he  annual t o t a l  thermal energy which i s  r e d i r e c t e d  

by the  h e l i o s t a t s  of c e l l  c,Ai i s  t h e  t o t a l  area o f  g lass  i n  c e l l  c, and So 

i s  t he  mean annual d i r e c t  beam insoqa t i on  a v a i l a b l e  a t  t h e  s i t e .  The purpose' 

o f  t h e  op t im ize r  i s  t o  s e l e c t  t he  optimum spacings i n  each c e l l  based on cos t  

and performance parameters. 

Wi th the  i n t e r c e p t i o n  data a v a i l a b l e  from the  image fo rmat ion  codes and c e l l  

performance.data a v a i l a b l e  from the  shading and b lock ing  codes, t h e  op t im iza-  

t i o n  process i s  based on the  fo l l ow ing  fo rmula t ion .  The annual thermal energy 

de l i ve red  t o  the  base o f .  t h e  tower can be represented by 

where a  represents l i n e a r  system losses ( r e c e i v e r  a b s o r p t i v i t y ,  h e l i o s t a t  

r e f l e c t i v i t y ,  e t c .  ) , b  represents r e c e i v e r  thermal losses, nc i s  t he  r e c e i v e r  

i n t e r c e p t i o n  f r a c t i o n  fo r  a  rep resen ta t i ve  he1 i o s t a t  i n  c e l l  c  i n c l u d i n g  



atmospheric absorp t ion  e f fec ts ,  AL i s  the  area o f  a c e l l ,  fcmc i s  t h e  f r a c t i o n  

o f  ground covered .by g lass  i n  c e l l  c ,  mC i s  t he  f r a c t i o n  o f .  l and  used i n  c e l l  c  

( f o r  f r a c t i o n a l  c e l l s  o n l y ) ,  hc i s  t h e  c e l l  e f f i c i e n c y  de f ined above and So i s  

t h e  annual t o t a l  d i r e c t  s o l a r  beam energy pe r  square meter a t  normal inc idence.  

Note t h a t  

. . 
and 

, , 

where 

w i t h  y = 1/2 f o r  r a d i a l  stagger neighborhoods. Rc and Zc a re  i n  u n i , t s  of  

h e l i o s t a t  widths.  D H i s  t h e  h e l i o s t a t  w id th  and AH i:s t h e  r e f l e c t i v e  area o f  

t h e  he1 i o s t a t .  

Two cases w i l l  n o w  be considered, t h e  f i r s t w i t h  a simple cos t  &del f o r  t h e  ' 

purpose o f  i l l u s t r a t i n g  the  theory  and the  second f o r  a cost. model ' i n c l u d i n g  

l a n d  ,and w i r i n g  which r e f l e c t s  t he  c u r r e n t  capabi 1 i t y  o f  t h e  'op t im ized design 

system. 
. .  . 

The s imp les t  possi.ble c o s t  model inc ludes  o n l y  a f i x e d  cos t  and t h e  . area . 

dependent h e l i o s t a t  c o s t  and i s  q iven by 

where Ch i s  t h e  p ro ra ted  cos t  of h e l i o s t a t s  per meter squared, and 



gives t h e  t o t a l  area o f  g lass  i n  t he  c o l l e c t o r  f i e l d .  I n  t h i s  case the  

op t im iza t i on  process va r ies  the  s e t  V = I (Rc,Zc,,$c) l c  = 1 . . . N} f o r  g iven 

values o f  a,b,So.AL~~c,Co and Ch. \ 

Consider v a r i a t i o n s  o f  t h e '  f i g u r e  o f  mer i t ,  F,. w i t h  r e s p e l t  t o  each o f  t h e  

va r iab les  i n  t he  s e t  V.  Assuming t h a t  t h e  optimum occurs  w i t h i n  the  a l lowed 

range o f  a l l  t h e  var iab les ,  , .  t , .' . . 

r e s u l t i n g  i n  

a t . t h e  optimum po in t .  Since we a re  min imiz ing  a  f u n c t i o n  w i t h  respect  t o  

t h ree  var iab les ,  t h e  v a r i a t i o n s  i n  (11) h o l d . f o r  a l l  th ree .  

Thus, 6 i n  (11) can be 6 , 6Rc, sZ;. As w i l l  become apparent l a t e r  i t  i s  , 
4c 

convenient t o  in t roduce a  change of va r i ab les  ,' suggested by (6), t h e  f r a c t i o n  

of ground covered. Th ink ing  o f  f, as a  v a r i a b l e  (a  s e t  o f  hyperbolas i n  

R,Z space) we w r i t e  (6 )  more genera l l y  as 

and f o r m i n g  an orthogonal v a r i a b l e  t o  f, 

Per t i nen t  d i f f e r e n t i a l s  f o r  t h i s  t rans format ion  a re  

d t  = RdR - Z dZ 





and - . 

I n  terms o f  ( f , t )  and using (14) t o  (23) we have 

and 

6 E = an ( f  a A + A ~ )  SOAL 
fc  c  c f c  

From (26), (27) and (28) we have 

and from (25), (29) and (30) . 

where i s  t h e  c e l l  matching parameter and must be i n p u t  t o  t h e  opt imizer .  

Equations (31) and (32) are the  fundamental op t im iz ing  cond i t i ons  f o r  t h e  

cos t  model g iven i n  (8 ) .  I n  the  opt imizer ,  a1 1 values o f  c e l l  spacing s a t i  s- 

f y i n g  (31) and (32) a r e  determined f o r  each c e l l .  The i n t e r s e c t i o n  o f  these 

values i s  determined w i t h  an i n t e r p o l a t i o n  procedure and s a t i s f i e s  both (31) 

and (32). This se t  o f  c e l l  spacings i s  t h e  opt imized set.  Not ice t h a t  

depends on the  f i g u r e  o f  m e r i t  F which must be est imated before  t h e  optimum 



value can be determined, so t h a t  t he  whole s o l u t i o n  process must be repeated 

t o  converge Fi ( i n p u t  ) t o  Fo (ou tpu t ) .  For tunate ly ,  convergence i s q u i t e  

rap id .  

The e x t e n t  of t h e  f i e l d  i s  determined by t h e  v a r i a t i o n s  w i t h  respect  t o  9 . 
. . 

. . c . .  
The t r i m  v a r i a b l e  +c i s  1  i m i  t e d  t o  the  range' 0 5 - (c q 1'. +c ' = 0 i f  c d l  c  i s  

o u t s i d e  o f  the  optimum f i e l d  and mc = 1 i f  c e l l  c  i s  i n s i d e  o f  t he  optimum 

f i e l d .  However, 0 < 4, < 1 i f  the  c e l l  c  i s  a  boundary c e l l .  For boundary 

c e l l s  on ly ,  

so t h a t  

i f  c i s  a  boundary c e l l .  The e x t e r i o r  c e l l s  a re  discarded. Th is  c o n d i t i o n  

can a l s o  be w r i t t e n  i n  terms o f  ;. 

C e l l  c  i s  a n . i n t e r i o r  c e l l  and con t r i bu tes  t o  the  optimum c o l l e c t o r  t i e l d ,  i t  

Th is  i s  impossib le f o r  ce l ' l s  w i t h  a  small r e c e i v e r  i n t e r c e p t i o n  f a c t o r  nC, 

which occurs if the  c e l l  has a  l a r g e  s l a n t  range o r  a  poor r e c e i v e r  inc idence 

angle (e .g. , f o r  a  c y l  i n d r i c a l  r e c e i v e r  because the  c e l l  i s  t o o  near t h e  

tower) .  Hence t h e  inequal  l t y  p,. 2 1 t r l m s  the  c a l l e c t o r  f i e l d  and prov ides 

bo th  t h e  ou ter  and i n n e r  boundary. The e f f e c t  o f  f o r c i n g  t h e  f i e l d  t o  be 

l a r g e r  o r  smal le r  than t h a t  i n d i c a t e d  by t h e  opt imized f i g u r e  o f  m e r i t  can 

be observed by va ry ing  t h e  v a l u e  of pT. 'when t h e  r e s u l t i n g  f i g u r e  o f  m e r i t  

i s  p l o t t e d  as a  f u n c t i o n  o f  annua l ly  produced energy t h e  r e s u l t  i s  a  parabola 

w i t h  a  minimum o f  pT = 1. 



The cost model given by ,(8) i s  not suf f ic ien t ,  fo r  actual col lector  . .. 
f i e l d  

, . 
design' and has been presented for  the purposes of an i l l u s t r a t ion .  The actual 

design process, reflecting the current capabili ty of the.RCELL code,.takes , . 

into account the co i t  of 1 and, wiring (cab1 i  ng , trenching , e tc .  ) , operations , 
and maintenance. The analysis process and the result.ing equations are  similar 

to  that  .presented above, although s l ight ly  more complex. . 

The cost model including. land and wiring i s  represented by 

where 

and 

where 

2 
R,, = A H / D H ,  the, actual ref lect ive area compared to  an ideal square 

he1 ios t a t  

DH = width of he1 ios t a t  

R = radial spacing parameter fo r  hel iostat  f i e l d  .in cel l  c in units 
C 

of DH. 

Ze = azimuthal spacing parameter 

= radial distance from tower to  ce l l  c in units of DH. r~ 
P 

C, = cost of land in $/m 

Ch = cost of hel iostats  in $/m 2 

'wi = cost of i t h  wires in $/m/heliosta,t: 



For t h i s  cost  model the optimum :conditions a r e '  s t i l l  represented by (11) w i t h  
, ( . _  

. , 
I .  . . . . 

. , 

6  = S~ ,dtc, and 6 
C (tJ c  

. . , . . . 

Equation (4) can be re -w r i t t en  as , . . 

e  = z n h f 4 = (ET + b)/(aSoAL) . , . . c  C C C C  

w i t h  

g = C5/CI,AL 

and as prev ious ly  

A f t e r  d i f f e r e n t i a t i o n  we can drop fac to rs  o f  I $ ~ ,  so t h a t  



The above equat ions comply w i t h  the  optimum cond i t i ons  as shown i n  

equat ions (49) and.  (50), which. depend on cos t  parameters occur- r i  ng i n  

equat ion (36) f o r  t 6e  cos t  model. 

Eva lua t ing  the  p a r t i a l  d e r i v a t i v e s  on the  r i g h t  hand s ide  o f  (49) and (50) 

and us ing  (42) t he  f i n a l  expressions f o r  t h e  two optimum condi . t ions a re  

and 

Not ice  t h a t  B~ = 0 g ives t h e  previous r e s u l t s ,  i .e . ,  a r e s u l t  independent o f  

w i r i n g  cos t .  

The boundary c o n d i t i o n  i s  g i v e n  by 

f o r  boundary c e l l s .  The i n t e r i o r  o f  t he  f i e l d  s a t i s f i e d  t h e  .condi t ion,  
I 

These r e l a t i o n s  degenerate t o  ' t he '  prev ious case i f  l and  and w i r i n g  have no 

cost ,  i . e . ,  



The RCELL program outputs  a se t  of coord inates f o r  each c e l l  i n  t he  f i e l d  t h a t  

s a t i s f y  equat ions (51) and (52) and t h e  energy q u a n t i t i e s  g iven by RCELL a re  , 

f o r  a f i e l d  whose boundaries are chosen by values o f  pT.  The bes t  f i g u r e  o f  

m e r i t  occu r r i ng  a t  pT = 1. Once these spacings are  determined, they can be 

used d i r e c t l y  b u t  i t  i s  more convenient t o  form a two dimensional curve f i t ,  

thus reducing t h e  s e t  of h e l i o s t a t  spacings, Rc, Zc t o  a s e t  o f  curve f i t  

c o e f f i c i e n t s ,  Ci where i i s  u s u a l l y  6. Th is  process forms a smoothing f u n c t i o n  

t o  g i v e  approximate values a t  l o c a t i o n s  o the r  than a t  c e l l  centers.  It i s  

'. a l s o  very  convenient f o r  s c a l i n g  purposes. The bes t  curve f i t s  a re  obta ined 

when the  tower e l e v a t i o n  angle, 0 ,  and c e l l  azimuth angle, +, are used as 
independent var iab les ,  a l though u s u a l l y  the  v a r i a t i o n  on 4 i s  smal l  and can 

be neglected.  T y p i c a l l y ,  t h e  form o f  t he  curve f i t  used i s  

The azimuthal spacing, Z, i s  on l y  a s low ly  'vary ing f u n c t i o n  o f  . . e ,  and the  

r a d i a l  spacing, R,  has l i t t l e  dependence on +. Thus, t h e  most impor tan t  curve 

f i t  coe f f i c i en ts  a re  C1, C2, and C3 f o r  t he  r a d i a l  spacing. t h e  curve f i t  

r o u t i n e s  a re  bu i  1 t i n t o  the  op t im ize r  c ~ d e  so' t h a t  t he  c n c t f f i c i e n t . ~  a r p  o~.l't~l.!t' 

a t  t h e  end of each o p t i m i z e r  run. These c o e f f i c i e n t s  a re  used by'CELLAY and 

LAYOUT subrout ines t o  determine ac tua l  h e l i o s t a t  l o c a t i o n s  i n  a c o l l e c t o r  

f i e l d .  
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Appendix B 

LAYOUT OF A HELIOSTAT FIELD VIA 'THE INDIVIDUAL 
HELIOSTAT / I H /  CODE 

Th is  appendix documents the  code used t o  develop the  coordinates o f  t h e  

h e l i o s t a t  l oca t ions  f o r  t he  Barstow p i l o t  p lan t .  One module w i l l  be discussed 

i n  d e t a i l .  It i s  the  package o f  rou t i nes  c a l l e d  INPUTS, which conta ins s i x  sub- 

rou t i nes  and cons is ts  o f  336 l i n e s  of code. 

. . 

The f a c t  t h a t  code maintenance and u t i l i z a t i o n  demands p e r i o d i c  code changes 

i s  recognized.. Th is  commentary i s  w r i t t e n  us ing  the  code as i t  e x i s t e d  on 

J u l y  23, 1979. The d iscussion w i l l  reveal  t he  theory  o f  the  l ayou t  procedure, 

the  d e t a i l s  o f  t h i s  code, and the  l o g i c  o f  t h e  design o f  t he  Barstow p i l o t  

p l  ant. 

These l i n e s  a re  f o r  a  Honeywell t imeshar ing run on t h e  66/60. I n  a  batch 

stream, t h e  * i n  t h e  f i r s t  column i s  t r e a t e d  as a  comment card and those l i n e s  

have no e f f e c t .  However, they do have some in fo rmat ion  p e r t a i n i n g  t o  t h e  

u t i l i z a t i o n  o f  t h e  /IH/ system o f  code. There are s i x  packages o f  subrout ines: 

INPUTS, LAY, YEAR, FIELD, SABI , and ANNUAL. 60K o f  core i s  c a l l  ed f o r  as we1 1  

as a  1  i b ra ry .  The o b j e c t  programs are  i n  BCD, and OPTZ c a l l s  f o r  opt imal 

compil ing, al though t h e  "R-" designates a  f i l e  conta in ing  o b j e c t  code. The 

l i b r a r y  asked f o r  w i t h  read permission i s  UH/SLIBB/UH and conta ins  some handy, 

a r b i t r a r y  func t i on  l e a s t  squares rou t ines .  Next come the var ious f i l e  codes 

fa r  110 i n  a d d i t i o n  t o  the  standard "05" and "06". "09" i s  a  f i l e  c a l l e d  AIMS 

and conta ins t h e  aim po in ts  f o r  rep resen ta t i ve  h e l i o s t a t s  i n  a  m a t r i x  o f  c e l l s  

cover ing t h e  c o l l e c t o r  f i e l d .  I n d i v i d u a l  h e l i o s t a t  aim p o i n t s  are  i n t e r p o l a t e d  

from t h i s  mat r ix .  "17" i s  a  f i l e  c a l l e d  TRIM and conta ins t h e  c o l l e c t o r  f i e l d  



boundary v i a  a  l i s t  o f  x,y coordinates obtained from RCELL on an opt imizat ion 

run. "10" i s  a  f i l e  c a l l e d  HELIOSl and contains the h e l i o s t a t  coordinates gen- 

era ted by LAY. "14" i s  a  f i l e  contain ing nodal i n te rcep t ion  f r ac t i ons  on the  

rece ive r  f o r  each c e l l  i n  the f i e l d .  I nd i v i dua l  he1 i o s t a t  i n t e r cep t i on  fac to rs  

a re  generated from the ce l lw i se  i n t e r cep t i on  fac to rs  ca lcu la ted from t h i s  f i l e .  

"30" i s  a  f i l e  con ta in ing  rece ive r  panel powers' t h a t  may o r  may no t  be w r i t t e n  

dur ing  the  course o f  a  run. "11" i s  a  f i l e  which can, upon the user ' s  opt ion,  

have var ious outputs w r i t t e n  t o  i t  f o r  f u t u re  p l o t t i n g  on our "22" Complot 

p l o t t e r .  

pAF;fiMETER M,C!,>(t-Iz: 2:1.i::)() 
F'ARfiMETEFI MAxF=:' 24(::)0 
[-'ARAMETEF; MAX:- t+IfiXF/:L 
PARAMETER I GREC::.I 122, ,,)C;REC:- 2 4  
F'AF\'~,METEF: ~\IXIS- 1 :::, NYTI=ZI 5 
PARAMET'EER NXtI=14 NYD=15 
FARAME1"EK tq::; -.- ,- 0:. 1 

FA[->AMETEF+ NSr=' = N!,; -!- 1. 

F. bJ. LIFTS . ..08/:2&./77 
14. A . HOLLEY , (I):::/ 13/78 

: yMA)(: h!I,IMEER OF HEL I O!:;TA'In5; 
; *MAX ::;I ZE I:IF HEL I ISSTAT 51-IBF I ELD 
; *HALF: F J,EI .. - 1 1  DIMEN!i:I ONS 
; .#.I=uF: PANEL ( I GI.IEC: , ,-IGREII: ) 
; *FOR l:lClTPI-IT C:ELL . ST'RUC:'TURE 
; uFi:lR OUTP1,I'T C:ELL !:;TRUl;TURE 
; *NIIl. !:IF !i;EC:TOR!Z: ARlIlUND C:l:lLL. F I EL.,D 

Parameter statements are used when a change i s  requ i red i n  in teger  constants 

which a re  needed t o  dimension arrays. They can be passed along i n  subroutine 

arguments t o  con t ro l  loops and equations as we l l  as dimension va r iab le  arrays 
' i n  subroutines. MAXH i s  the  maximum number o f  he l i os ta t s  t h a t  can be d e a l t  

wi th,  wh i l e  MAXF and MAX2 are  re la ted  as shown i f  a subsection o f  the f i e l d  i s  

des i red f o r  evaluat ion.  IGREC and JGREC dimension the mat r i x  o f  nodes on the  

rece ive r  wh i le  NXD and NYD dimension t he  c e l l  s t ruc tu re  o f  the c o l l e c t o r  f i e l d .  

. NS and NSP a l low the  number o f  sectors o r  "p ie  s l i c e s "  o f  the f i e l d  t o  be 

va r ied  f o r  a  c i  r c l  e-sector s ty1 e o f  output. 



2 6, - DIllEtd:3I1:11\! XC: : ( I " IAXF l ! , \ /C (MAXH) ,ZC: (MAXt i )7AZ ' (MAXH)  
27 ' DIMENSI1:lbJ F:E;fiB (MAXF-) , A:E;AE (MAXIz) 
.:. .-'8 
L a:l 1 1  1 MEN::; I [:It4 ENk.IE:L ( 1 , N::; ) , FGKt\ID ( 1 3 1. , N5;F' ) 

These are the dimension statements for the / I H /  system. Note the parameters 

used to dimension many of the arrays. The array names will be discussed as they 

occur in the code. 

2 ,:I I_: 6 PI PI 111 N ;/ C: E: 1- L / 1-1 "I- D A , i? i:: I?J 'T 111 1.J 1 , N T I:I W ,.! 
1:: [! C:OMMl;lpJ /::; rT 'E i  XI-p'- , I  , VR , HS I::M[..J, F\'fiTpll:~S, F'ATMI~IS,, p13Fip4J-1, ZGEN~I, Fi I.NSI:IL. 
3 1 I_:I_I~(MI_IN /A-~~+IIIIS/I!....A-~.~ F'F'Si::, 12) , 4FI.J(:5, 12) , A T F ( 3 ?  12) 
..-. .-. .I, L C:I"JMMUI\] ./-I" I HE/ ,-.Ii:l'JEI..:! , E!i<IJNO, ~ \ ; ' ~ f i ~ z  ., ~ ' M C X  , ,-IMfiX , N!Sf::IF - ... ' 2 ._, ._, I:: 111 pl I::! PJ 1 1- :[ ,;' :[ LI i~ \[ ::; , :[ ~..i CI r-:; ::; , P.J EI A y 1 ? 14 111 1-1 F: (11 ., 14 111 I.! 5 1 ? t i  111 1-1 F: 2 ? 11 t i  I:II-I F:? 
:: 4 (-.("I -,- M p11-1 - N ,;' 1:: 1 pJ ./. I-': - 1.1 -. b7 14 -f' ( ;:: - ) 
.'., ,=. 
.-, .-I c:'Jp/H(j/~i ,,/XL!~ISS,,;/::;;:::~&:NL-., I=~F.;;E/::~,C)~\.~.~ ~I;I~L-ER, / ~ E A . ~ E R  
2 k, I /'-l-l_~l.:JEfi/.I+"~); I I.-l!:::'fl.-N~'I'':. RfiEC:T, t-ft::\/L1\!, l+JC:YLNy lX'::;ET, REFl-T, AESIIIF~, 
37 << Izp;: !.- 111 ::: ., !;..I 1:' /!) l\J 1,. !:: 7 1 td l_I XI E 1. :[ bj 111 111 2; , ,-I PLl 111 [I E 1 , ,-IN IIIII € 2 ' 

. . ..:, ,.-, 
Lo .=. . . . _ _  I"':II~IMC:IN .,/.F;'F:'I~ . -. -. \ ) f ii I: I:":'x/L~\~ , 1 A]: M::; I NFL.fi'T 3 ApEtT(HTr fiI=''ERWIl, I.<!:;HRpE , I AF'ER ~VJGREI~  
::;BY) I 1 I J / 11: (5, 1,. ., !_: X / :...! :[:I 1: !!!: 1.::: .,. :[ ::; 1-1 M S , I<:: 4 RI N I.! , J, C: L,, 11 1- 7 I 11: N T R , I A X I S , I.::: T A F E ? I P ::; E C: ? 

4 0 ,L" 
p.,,1i::: 'T 1 k'," !::; .,. - - ... 

4 1 C: I~ I~ I~~~IN ,I C+I~!X:~~-Z; , :%:::::; 1 1  I:::!=; < 7 , 1 (1) :> , {\z;j:i 1 PJ ( '7 ? 1 (1) ) 
42 [:~lplplj~N : / c j ~ f . : ~ ! : ) j ~ j l . : : : ~ b ! ~ ~ : < ~ : j  

4 :I: C: I_I /"I M [I N / I_i F;: F:"7 / !<.I 9 111 Fi . p.113 CI td I\J iIi I:! !\I F' ., PJ IIi 1-1 F , 1 F' !3 E -, !;;RAT I I::! 
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'LC ~ : ~ b . l p l ,  ,q;i.l~~:;:::, I\.~C;:'F?, AZD, :[DEL (20 ,  2 )  , ~,DEL (2r3, 5(:)) 
46 I"': - (-1 - pl 14 / G F( I-'IF:# - T , .; . 'L "f' <.l.l"17 . ' IPI'<td'I"7 IF ' I LE ,  I F N I M 7  IC:OOR, IDATC? 
Y '7 l::t:ltqM!_lI\J /ZC:!PJE:3;' DNEI::I-l., F;;SyKIt\l, R:E;)'MAX, :-;LIF,HAI-FAZ 
48C 
49C: ++('J+O*!:) NEH C~;RI~I!JF-':~; EELI.:I[J i:)*i:),s.f:>3b 

2; (1) C: 
C .-I 1 C:I:IMMON /GF;LAY/ tqC:, 1-IX , kiGL.A:i;:i;, H'TD, EXC:LRD, ZRATIIII 
CY .-0 .-I CIIIMMCIN / E~I:IUN[I/ ::;T~~RI:I, E::;TRil, RTtiRD, R:;;I:IT~{ , lI:SISTC.f , E L  I MT , GdL I E T  . 
c .yo 
....I ..-I I~:I:IMIII~IN /HEL 1; 2 /  1-IN I Fi, VM 1 K ,  ::;LI:IT 

These are the common groups in the / I H /  system. Some of the group names are 

descriptive. Note that vectors and arrays that are in.common statements are 

dimensioned there. The variables in the common statements will be dealt with 

as they occur in the code. 

5 41:: 
5 1.;:; C: INF'U'T' DG1-A 
5; DATA /:::I.JF,, "?-?'::o l.'::,.;t 152, 1::;2,21'7 ,747 ':#7'-0 --/, A - 7  ,A? - 7 . -  L . ? L / L ?  l . L ~ z ' /  
"'71; 

KVEC is a vector containing the days of the year chosen for annual simulation. 

The numbers are integers representing days after vernal equlnox. 
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PTIME i s  a Honeywell system subroutine for  timing code which will return the 
time of execution in the variable XTIME2. Later, another ca l l  t o  PTIME will 
r e su l t  i n  another value of the time, and the difference i s  the C P U  time required 
f o r  execution between the two ca l l s .  TIMIT keeps a running to ta l  of time 
elapsed. 

kl l  C~IILECTCIR F E1L.D 
/. '7' -*L f2'Gfi'ND - . 004t;) ;.%GRADE ~ r \ !  '/'./1(:)(:) F-OF< C:OL-LEC:TOR FIEI .... 1.1 

&,!:I Lt:iFU"lJU - U : .U 1.l ~.o:c-.I,.: 1 1 I:I(~ [IF t-lP11YRi"ibE I bI LrECT;ICCS 

PGRND and ZGRND have t o  do w i t h  the magnitude and direction of the slope of the 
lan'd. When ZGRND i s  zero. degrees, the direction of the upgrade i s  due south. 

61 N -r !:I\J ;G - ::z ; ->l"C:lWEE Rl-IW FI-IR NOKlE FILE 
65 I\J-r I ~ I ~ . - I  - :t: ;+TOWER C:OLI-IMN FOR NClDE F I L E  

In the  ce l l  s t ructure of the col lector  f i e ld ,  the tower occupies one of the 
ce1l.s of the  matrices dimensioned N X D  (number of rows.) by NYD (number of 
columns). NTOWI .and NTOWJ locate the position of the tower w i t h i n  the grid of 
c e l l s .  

NC i s  the maximum number o? c i r c l e s  of hel iostats  about the tower allowed i n  

the layout. For a Barstow sized plant,  there are  usually about 25-35 c i rc les  
in a layout. NGON can take on the value of 4 ,  6 or  8 and i s  u t i l ized  by the 
shading and blocking program t o  calculate losses for  a hel iostat  tha t  is  
rectangular, hexagonal, o r  octagonal. IAXIS i s  the choice of mounting system 
f o r  the he l ios ta t s  and i s  usually el evatlon-azimuthal . 



IPSAB i s  the switch tha t  controls the s'hading and blocking calculations and 
output. When IPSAB i s  equal to  -1, no S&B calculations take place. When the 

values, 0, 1, 2 ,  o r  3 a re  chosen, S&B calculation takes 'place with the output 

shown. The option IPSAB = 3 i s  no longer operative, however. 

The shading and blocking program for  the /IH/ system scans neighbors i n  c i rc les  
behind and before the hel iostat  under consideration. .The number of c i r c l e s  
scanned i s  given by NCIR and the formula i n  the comment card. Note tha t  more 
c i rc les  than i2 can be considered for  shading and blocking events when the , 

c i rc les  are in close proximity. 

ZRATIO se t s  the ra t io  of hel iostats  from one zone.to another i n  the layout. : 

As the radius of succeeding c i rc les  becomes smaller, the hel iostats  are  
squeezed together azimuthal 1 y. When a min imum azimuthal distance i s  achieved, 
some hel iostats  must be removed fo r  the' construction of the next c i rc le .  
Therefore, where there were four he1 ios t a t s  within a fixed azimuthal range, 
there will be three for  the next c i r c l e .  Within a zone, a l l  hel iostats  have 
the same azimuthal angle between them as measured from the tower, unless 
special s l ides  and s l ip s  haye been ins t i tu ted  for  the purpose of reaucing 
shading and blocking. SRATIO i s  used .by the shading and blocking routine t o  
govern the azimuthal angle over which-neighbors a re  scanned fo r  possible shad- 
ing and blocking, much as NCIR controls the number of c i rc les  (or radial dis- 
tance) to  be scanned. 

I f:: o w - .  ."'; E C: Lz C) : + I S  i:) NI:I !=;E;C:l'tIiF(' OIJTF'lJT 1 FOR I~IUTF'!_!T 
I C: t\i 'T e ::= 1 ; +. I ::; j. T'I::I ~ L I ~ I  T hz AVER , (1) N 111 T TI:[ F'L 111"r 2 b1111 VF F? 

2: '1-1:l F'L1:lT FiVEFiAl3E ANL'I ::;H I F T '  BY AVEF:AGEi 

IPSEC i.s an output control. A sector i s  a pie-slice shaped regi'on of the f i e l d ,  
of which there a re  typically eight. ICNTR i s  a variable in c a l l s  to  the contour 
routine which outputs and contours various matrices. 
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Most dimensions for  the Barstow Pilot Plant were given t o  us i n  feet instead 
of meters. To retain our use of the metric system, and s t i l l  reveal the 
dimensions as presented to  us, most l inear  dimensions .are i n  feet  w i t h  the 
0.3048 multiplier.  Many of the parameters tha t  follow are used exclusively to 
s i ze  and control the layout of the collector f ie ld .  

:3 7 FI 1- ..... - 2 4 '7 " . ...,, .* . :I: 0 4 8 : *~l:lC:Al- +-IE I GHT . [:IF: 'I-I:II.IEF\' I N  MET'E:F::z 
58 LI i.:\ = t - j , i . . ~ : = ; ~ ~ , g - ;  I ! 2:. .I!.)/LI. !: #I-:~-LL. SIZE FlIrFi NOLIE FII  ... E 

, 8-, ,:/ I-. 
0 .. -. DH == HTRSC:!I?~(C:. /4.. ) ; *CELL. ::;I ZE FQR NIXIE FILE 

HT is  the centerline elevation of. the receiver above the plane of hel iostat  
centers. DA i s  the distance between ce l l  centers of the collector f ie ld .  The 
order of the ce l l  i s  denoted by the numerator within the SQRT function. Order 
2.1 c e l l s  were judged appropriate for a col1ecto.r f i e ld  matrix dimensioned 
13 x 15 with the'tower a t  cel l  ( 9 ,  8) given the acreage and shape of the Barstow 
s i t e .  k 

DMIR i s  the w i d t h  of the nominal ,heliostnt specified by S.T.M.P,I) t n  he  used i n  

designing the  col lector  f ie ld  layout. HGLASS i s  the area of ref lector  area 
and EXMIR i s  the free turning radius of the specified hel iostat .  ' 

STHRD I s  the kal t w i d t h  of the radial south road as f a r  as hel iostat  pedestal 
positions are concerned. Thus, STHRD i s  s e t  t o  35 fee t  plus EXMIR for  a south 
road 70 f ee t  wide without interference. Similarly, the clearance required for  
the eas t  (and the west) and north radial roads i s  twenty fee t .  (See 
F.i yure 4.1). 



The southern boundary of the f i e ld  (the fence' 1 ine) i s  defined by a c i r c l e  
of fse t  t o  the north of the tower location by 642 fee t .  Since the f i e ld  is  sloped ' 

. 

downward to  the north on a 0.4% grade, the center point about h i c h  the c i rc les  
of hel iostats  a re  constructed i s  located one foot t o  the south of the tower. 
Thus the col lector  f i e ld  c i rc les  a re  t rue  c i rc les  i n  the sloped, ground plane, 

b u t  are  s l ight ly  e l l i p t i ca l  in the level plane.   here fore a foot i s  added such 
tha t  the center of the southern perimeter 'c i rcle ,  .CSOTH', i s  643 fee t  north of 

the center of the collector f i e ld  c i rc les .  ,RSOTH i s  the radius of the southern 
boundary c i r c l e  and i s  determined the following way. The f i e ld ,  when measured 
from the center of the northern perimeter road t o  the center of the southern 

,. . . . .perimeter. .road due.,so'uth ,. i s  2150. feet .  .. .The, perimeter roads are  10 f ee t  wide, 

and there i s  a gap of 5 fee t  between.the fence and the edge of the road. The 
distance from the tower t o  the north fence i s  1408 fee t .  If  we reduce ,1408 by 
10 fee t ,  the resu l t  i s  the distance from the tower to  the center of the north 
perimeter road. If we subtract t h i s  from 2150, the resul t  i s  the distance (due 
south) from the tower to  the center of the southern perimeter' road. Next we 
subtract 5 fee t  t o  get the distance from the tower t o  the inside edge of the . . 

southern perimeter' road, and f ina l ly ,  subtract one foot t o  get the distance 
from the center of the collector f i e ld  c i rc les  to  the inside edge of the 
southern perimeter road. Next we subtract  EXMIR, the hel iostat  exclusion radius 
and add back in 64'3 feet  ( t h e  value of CSOTH). The resul t  g ives  a radius for  
the southern boundary outside .of which no he1 ios t a t  pedestal may be placed. 
T h i s  o f f s e t  c i r c l e  terminates on the south s ide.of  the east  and west radial 
roads. 

The northern fence l ine  i s  c i rcu lar ,  centered a t  the tower and i s  1408 fee t  
away as mentiorlad above. To bbtain the grecltest allowable col lcctor  f i e ld  
c i r c l e ,  RNRTH,  we subtract 15 fee t  for  the 10 foot road and 5 foot. gap. Next 
we subtract EXMIR and t h e n  add one foot to  obtain the radius, of the northern- 
most c i r c l e .  The east  and west l imits  a re  boundaries beginning a t  the north s ide 



o f  t he  east  and west r a d i a l  roads and proceeding due nor th .  The distance from 

the  tower t o  the  fence l i n e  due east ( o r  west) i s  1290 fee t .  From t h i s  we sub- 

t r a c t  EXMIR and 15 f e e t  f o r  the h e l i o s t a t  exclusion rad ius  and the ten f o o t  

perimeter road and f i v e  f o o t  gap, respect ive ly .  For the  east l i m i t ,  ELIMT, we 

sub t rac t  an ex t ra  f i v e  f e e t  f o r  e x i s t i n g  obstruct ions,  and 'on WLJMT, and ex t ra  

20 f e e t  i s  subtracted f o r  e x i s t i n g  obstruct ions.  Thus h e l i o s t a t  pedestal 

pos i t i ons  begin a t  rad ius  RNRTH, and terminate i n t o  ELIMT and WLIMT. Succeeding 

c o l l e c t o r  f i e l d  c i r c l e s  terminate on t h e  east and west boundaries o r  the  

southern boundary c i r c l e ,  o r  i f  t h e i r  r a d i i  a re  s u f f i c i e n t l y  small, they c lose ' 

around e n t i r e l y  t o  t he  south, te rminat ing on the  southern r ad ia l  road; STHRD. 

101 [IMEC:~.~ = 2. - % ( E % M I ~ . ? + . ~ ~  :3(:14:~:) / EIMIR ;*  MECH L I M  I N  D M I H  
1 (112 EXC:LRD := (:;:.l.<?.(j+EXM1[ijw.:~(:)48 ;* Exl:LU!?;ION RAElII.JS I N  METER!!; 

DMECH i s  t h e  diameter o f .  themechanical l i m i t  exclusion c i r c l e  i n  u n i t s  o f  DMIR, 

t he  h e l i o s t a t  width. EXCLRD i s  the exclusion rad ius  f o r  he l i os ta t s  about t he  

tower. No h e l i o s t a t  pedestal .posi t ions are allowed w i t h i n  219 + 17.67 =,236.67 

f e e t  o f  t he  tower. 

; w 2  C; I VES 1-R I M 1 I VES TRFII: (1) II;I VE!:; I :i;EC'T' 
1' .#. -- 1. G I V E S  I3EOMETRIC BOCINDRY 
; * --2 G I I.tE'5 C;EOMETR I C' POblPIPFi'Y M l bl!;;l!i; TR 1 M l... l ST 
; -E I s 1 TC! FR s N-r IT:CICIRD:=; A N ~ I  TI., ~i-IT' . 
; + I  E; 1 TCI W R  I TE COORD::; T 0  F I L E  AND (1) NO'T 
; ,x, : [ ! : ;  1' "rfIl WHITE /='DATA TO I-TL..E._: ANEl Cj  tdOT 
; *I:-; 1 TO READ fiIp1Tfi): ANKr (1) FOR LrATA - 

; + 15 1 TO CALL 1:00RD!5 SUEF:ClUTINE ANEl (1) N I ~ T  
. . 

The var iab les  . . abbve are  used t o  choose 110 opt ions and manage the f low o f  

con t ro l  w i t h i n  t h e  program: ITRIM i s  a .  va r iab le  which f o r  f i v e  d i f -  

f e r e n t  t r i m  opt ions t o  determine the p o i n t  a t  which t he  c o l l e c t o r  f i e l d  circles 
terminate. When ITRIM i s  se t  t o  2, the  subroutine TRIM i s  c a l l e d  which accepts 

data from a previous opt imizat ion run t o  determine the f i e l d  boundary. When 

ITRIM i 4  s e t . t o  +1, a func t ion  subrout ine TRFC i s  ca l l ed  which determines the 

southern boundary upon which the co"I1 ec to r  f 1 e'l d  c i r c l e s  terminate. When 

ITRIM i s  0, a  data statement de f i n i ng  t he  vector  ISECT i s  u t i l i z e d .  This 

vec to r  contains the t r i m  angle f o r  each c i r c l e  o f  he l i os ta t s .  One must know 

the  c i r c l e  r a d i i  from a previous layou t  run t o .  choose, the trim .angles and use 

t h i s  op t ion  e f fec t ive ly ' .  When ITRIM i s  -I,, the 'geometric t r i m  using the '  



i n fo rmat ion  described prev ious ly  i s  used. Th is  op t ion  i s  chosen when t h e  land 

arei i s  a l ready spec i f i ed .  When ITRIM i s  -2, a 1 i s t ' o f  removals from the  

r e s u l t i n g  h e l i o s t a t  coordinates i s  invoked by c a l l i n g  the  f u n c t i o n  subrout ine 

ISKIP. IPRNT c o n t r o l s ' t h e  output  o f  coordinates t o  f i l e  code 06, w h i l e  IFILE 
! 

con t ro l s  t h e  output  o f  coordinates t o  f i l e  code 10. IDATA c o n t r o l s  . t h e  output  

o f  c e r t a i n  m a t r i c e s ' t o  f i l e  code 11, IFAIM c o n t r o l s  t h e  i n p u t  o f  data from f i l e  

code 09. ICOOR w i l l  cause t h e  genera t i on ,o f  i n d i v i d u a l  h e l i o s t a t  coordinates 

i f  s e t  t o  1, and w i l l  bypass t h i s  f u n c t i o n  i f  se t  t o  0. The c o l l e c t o r  f i e l d  
. . 

c i  r c l  e  r a d i i  a re  gen.erated nonethel ess . 

NC i s  t h e  maximum number o f ' c i r c l e s  al lowed i n  a layout .  Numbers i n  t h i s  range 

o f  130 have been obtained f o r  a commercial s i z e  p lan t ,  wh i l e  t h e  cu r ren t  design 

f o r  t h e  ~ a r s t b w  p l a n t  has 30 c i r c l e s  o f  he1 i o s t a t s .  

112 J~SYMIN :::: 2a13j.m;;:!:;.3$. ,,;- -.:I ; +tM I N. I?Z 3 MUTHAI ElPAC I PIG .I Pl DM I Fi 
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RSYMIN i s  t h e  minimum azimuthal spacing al lowed and i s  measured along the  arc  

i n  u n i t s  o f  DMIR. RSYMAX i s  t h e  s t a r t i n g  ( ra the r  than maximum as the  comment 

reads) azimuthal.' spacing i n  DMIR.of o n l y  t h e  outermost c i r c l e .  For succeeding 

c i r c l e s  - o f  small e r  radius,  t he  azimuthal spacing a1 so becomes small e r .  When 

i t  i s  l ess  than RSYMIN, a new zone i s  constructed w i t h  the  r a t i o  of h e l i o s t a t s  

from one c i r c l e  t o  t h e  next  c i r c l e  i n  t h e  new zone being def ined p rev ious l y  by 

ZRATIO, o r  413 f o r  t h e  Barstow p lan t .  The new maximum azimuthal spacing f o r  

t he  next  zone i s  the re fo re  def ined by ZRATIO and t h e  value o f  t h e  azimuthal 

spacing o f  t he  c i r c l e  j u s t  hefore RSYMIN was v io la ted,  and n o t  b.y RSYMAX. 

AHELI i s  t h e  area i n  square meters o f  t h e  regions bounded by t h e  per imeter  o f  

t h e  he1 i o s t a t  RHELI i s  the r a t i o  o f  ac tua l  r e f l e c t o r  area t o  AHELI. RHELI 

i s  l ess  than one main ly  due t o  t h e  s l o t  of t h e  i n v e r t i n g  h e l i o s t a t .  RA1 i s  t h e  

rad ius  o f  t h e  outermost c i r c l e  i n  u n i t s  o f  D M I R  r a t h e r  than meters as RNRTH. 
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; *I:IUTER I:: I RI::LE TO END l:r_lLLE:C:TUI;: ::;UEIF I ~ L - T I  
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These l i n e s  def ine a  subsection o f  t h e . f i e l d .  IFIELD cont ro ls  the access t o  

t he  processo.r, wh i le  ANG1, ANG2, IROW1, and IROW2 def ine the sector  and c I r c l  es 

t o  be processed i f  IFIELD = 1. If IROWZ = 0, a1 1  c i r c l e s .  are processed. IPWAV 

' i s - ' a  swi tch governing output  f o r  the c o l l e c t o r  sub f i e l d  under invest igat ion.  . 

WREAD i s  a  subroutine which reads a  f i l e  and wr i tes  t o  f i lecode 06. Uere the 

f i lecodes being read are 20 and 21, and the l i n e  numbers are from 1. t o  100 and 

from 1 t o  400 r e s p e c t i v e l y .  This al lows the reproduction o f  ce r t a i n  source 
' . I  

f i l e s . w i t h i n  the output ,of  t he  code. 

1 3::: CALL LAYCICIT ( TII I  IF;? AHEL I , RHEL I 7 RA1 7 NH, NHT 7 ):I,:, YC: ZC: , AZ? 
1 3 4  . & NXD, bIY111, AIMTRX, N:3, NSF', FGRND, ENHEL) 

LAYOUI. i s  the rou t i ne  t h a t  generates t h e  COlleCrOr f i e ld  layout. .upon re tu rn  

from t h i s  rogt ine,  the. co l l 'ec tor  f i e l d  coordinates have been w r i t t e n  t o  f i l  ecode 

10 i f  ICOOR i s  s e t  t o  one. I f  I C O O R  i s  set  t o  zero, then only a  p re l im in 'a r i  

l ayou t  w i l l  be generated. This subroutine w i l l  be discussed i n  more d e t a i l  

l a t e r .  



PTIME i s  a Honeywell system subroutine tha t  reports time during execution. By 
placing ca l l s  in appropriate sections, the CPU time consumed by various portions 

of the code can be monitored ( re fer  to  l,i nes 58-60). This particular output 
will reveal the time required to  layout the fie1.d. 

A t  t h i s  point, the layout i s  complete and the following code ( l ines  144-243) 

has to  do with performance simulation via the individual hel iostat  system o f  

code. For completeness the code i s  revealed below without comment except that  
which i s  contained within the code as in-line comments. 

1" ]'ME , i " lN l -Hr~l -~;  . - -. -. - .  
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;.K-TIIE INITPAL. !-!OUR I F  IHCIRS - 1 
; +T'HE FINAL. t4r::rUfi 1 F I HOES; = 1 
; *TI-lE 9OUR F-i:lFi IHCIHS 
; +~j~I-I&':~; E{ETWEEN C:fiL[::ULfiTI I_'IN!E; FOR I HOF:5;-=- 1. !-Is (I! 



1 &C: HEL I ilE;TAT C:I:INTRI:IL::; Fl:lR PERF-l:lRMANlzE STUI:IY 
1 &&,I:: DMIR - 2:::. 5 9 7 ~  . :3(1)48 ; UW I DTH [:IF MDAC: HEL I OST:?AT I N  METERS 

I. 
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171 UMIR = DMIR ; 9. 

172 VMIR = DMIR ; * 
1 7 1:: !:;LilT = 0 .  ; -x. 
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1 1 IAF'ER = (1) ; 1 FOF: APERTCIRE !:;TI-IJJY 111 NI:IT 
192 J[I I ::; 1:: = (1) . i * -1 FUR HALF F I E L D  NCIDE F I L E  (1) FOR WHOLE 
1 9 3 i :  
194C:ilNSTANT'::; ATIII:ISPHERE 
1 a5 '2 t i '  = '3;). ; *\/I :z;IJfiL. RANGE I N  KMS 
j. I.? &I H :z -5Sr:b. ; *EL.E'v'ATJ:l:lh' OF 5 I T E  ' I N  FlETERS 
197 C:MW - 1.44 ; ,R[:ENT 1 METER:_; OF CSTMIIISFHER 1 c WATEF: !'JAPtlR 
1 Y8 REARTI4 = /-oz17(I), ; +t.RAD I I-I!:; OF EARTH J. N 1::: 1 LI:lMETEF\'!:; 
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2 (L) 3 C: 
2(:)4C:YL I N D R I  C:AL REC:I EVER 
2 (1) 5 INI:IIIE~ =1 2 ; ++LI:II:IF:. PARAMETERS TI:I C:l:lNTRl:lL REC:E I VER- ~I~:ILIEI;; 
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2 (1) ::: ,-INI:I[II::~ = 2 4  ; *D I REC:T I ON ( I-ISUALL-Y ,-INI:IDE~= NO. IIIF FAI\JEL!3 ) 
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2 1 1.:) nC:'{Lt\J =a I IP:'{LPJT.n i I I~JI:~I:IE:L' ~ 7 -  :[txIIzII:IE 1 . +  ) )'!-I TIAT ( I C;REC: ) ; .#I-IE I GHT 11lF FIEC?/F: 
21 1 RKEC:T = :I:. 5 0 5 2  ; +~'TO-I-AI.- RAD I I-I:=; I~IF C:YLN HALF. I.J I DTH FLAT 
2 1 '7 

6 WC:YI,N = 13. 5r:)52 ; .R,F:&lDI U!!; OF CYLN I:IR HALF W 1 JJTH I:IF FLA".r 
2 1 :?;C OR HAD I US OF K:YL I NDEH ACCJIIRD 1 N I ~  TI:! I CyLN 
2 1 4  CIF!:: E-r = (1) . r:) ; ~~I:IFF::;E'T 1-01:? 1:~fi-f REI::E I VER 
215 A E;::2 .... I R = . ,;, ::: - ; sc REC.E I VER AE::;I:IF~'E~T'I V I  TY . . 

. - 
2 1 4, I-IUTAGE = 1 vF/(I)(:). i 13:2:2. ; .aF'EF:I::ENT HEL I l:l!:;TAT!:; A1Z.T 1 VE 
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!:;N::; HA El = 1 (:I ;*!:;EN!SOR !:;HflDl:rl.J, 1.t:) OR .Y:3 
REFLT = F?~;FI.E:&.[:IuT{~I:~E*!:;L. 1 F'~I~~I.::;NI:;~-IA~:I 
FF~;LI:IS = AE:;ORoHEF:'LT 
t:cF'fiNL - 1 ; #!:: 1 RST F&I\IE!- F:OR ' F 1 NT ( Nl111- !.l!f;E[:I , N61.J ) 

~F\'EF'AN - :I: ;#- I iALF P.JI.JMEEB OF F'RE-HEAT F'ANEI-5; I N  FANF'c!I.I 
LE<R 24.(1). (:)EC: ; *KAD I I!?T 1 VE~~~:::I_INVEI~:T 1 VE LOSSES I N  WRTTS/F'ANEL 

IdEATER = : I :  7 aRAD I AT I V E $ < I ~ ~ N V E C T  I VE LOSSES I N  I.IATT!~/PA~?~EI- 

[:ALL YEAFi i 1 GREi:C:, cl[iREI::: , F:'C.SNEL- ? FLFi'EC':, FLREC:F', MAXH , MAXF , F'C:OS I 
b FPI I RR7 F I: blT 7 FARE:A , RTPOW 7 ERGMI 7 EF:GM2 7 FSAE 7 ASAB 7 NH 3 NHT ,I 
8.: Xi":? YC:, ZK:, AZ, N X D ,  NYD, f i IMTHX, C:FINT, AC:ELL, AI, f i ,J? . 

s< EIPI I R.1 fil..iE:L- I , EI-IEI- I ER 1 
$< 'T'IMI1" : y"r~l:ME"'*N:-;) . A,.' .- 

. .. . . . 

X T I M E l  = XTIME2 
CALL. F:'T I ME ( 2; T' I HE-: ) 
XTIME YTIMF'"? - a... -- X-l]:p1E1 

T I M I T  = T I M I T  + XTIME 
WRITE(G, S8(:~00)X"TIME7 T ' I M I T  

; sREMl:lVALS 
; uFOF: 1:::IRC:LE # 1. 
; &FI]R I:::IRC:LE # 22 
; *FI:IR C:IF:C:LE # :Z 
; uFOR C:IF:C:LE # 2 
; *FlIF: I.~:IF:I:LE # 3 
; #FOR C : I  t3C:LE: # 4 - 
; *FOR C:IRl:LE # 5 
; *FOR C: 1fiC:L-E # 
; C I K C L E  7 
; *Fi:lR l::I:FICL.E # ::: 
; *FOR C: I RC:LE # 9 
; *FOR C:I  RCLE # 10  
; +FOR C I  R1I:L.E # '1 1 
;*FOR C:IRC:LE # 12 
; *FOR I: 1 RC:L.E # 1 :I: 
i *FOR C:IRC:LE # 14 
; +FI:IR C I R C L E  # 15 



ISKIP i s  a f u n c t i o n  subrout ine  designed t o  remove c e r t a i n  h e l i o s t a t s  from the  

l i s t  o f  coordinates t h a t  have been generated f o r  each c i r c l e .  C i r c l e  #1 i s  t h e  

outermost c i r c l e .  The f i r s t  index o f  t h e  augment, I, determines t h e  h e l i o s t a t  

t o  be removed. The second argument, J, determines on which c i r c l e  the  h e l i o s t a t  

i s  located.  The m a t r i x  JSKIP i s  loaded w i t h  i n tegers  which designate t h e  

h e l i o s t a t  t o  be removed. I f  ISKIP (1,J) i s  zero, no h e l i o s t a t  i s  removed. 
. . 

If JSKIP ( I  ,J) i s  some o t h e r  p o s i t i v e  in teger ,  t h a t  he1 i o s t a t  i s  removed. For . 

a  p a r t i c u l a r  c i r c l e  t h e  he1 i o s t a t s  a r e  numbered w i t h  t h e  evens t o  t h e  west and 

t h e  odds t o  t h e  east.  H e l i o s t a t s  one and two a re  next  t o  the  n o r t h  r a d i a l  

road and t h e  count cont inues around t o  the  south fo r  both h a l v i s  o f  t h e  f - i e ld .  

Obviously, t o  i n t e l l i g e n t l y  remove c e r t a i n  h e l i o s t a t s ,  t h e  coordinates must 

have been p rev ious l y  generated and inspected. The JSKIP mat r i x  has t o  have t h e  

f i r s t  dimension be a t  l e a i t  Bs b i g  as t h e  most h e l i o s t a t s  removed i n  any c i r c l e .  

The second dimension i s  r e l a t e d  t o  t h e  c i r c l e  number, and need no t  i nc lude  a l l  

t h e  c i r c l e s ,  b u t  must s t a r t  w i t h  c i r c l e  # l .  

2 k , 9  Fl-lNC:-r'ION RE;FC: (E:Tfi, C:N::;AZM) 
EXTERNAL .  F'OLYNM . 2 7 0 

27 1 11 1 MEN$; 1 !:IN !::ELfi\il= ( 4.2: ) , R::; ( 4 ) , A Z  ( 4 ) . C O F L S T  ( 25 ) ? 19JKSF'C: ( 25,25 1 
272 C:OMMl:lt'J / ZOt\JE:3/ t!MEC:HY FI:?YMIN, R:i;YMAX. :31 T F ' ?  HAL-FAZ 

2 7 :I; RFUNC: ( C: 1 , C:2, C::::, THETA ) = i:: 1. /THETA-&C:2+C:;:d(THET(.'r 

RSFC i s  a func t i on  subrout ine  which determines t h e  r a d i a l  separat ion between 

R e l l o s t a t s  of t h e  same azimuth, i .e . ,  t h e  d is tance between every o t h e r  c i r c l e  

f o r  t h e  r a d i a l  s tagger con f igu ra t i on .  ETA and CNSAZM are two inpu ts  t o  t h e  

r o u t i n e  v i a .  the  argument l i s t .  ETA i s  t h e  tower e l e v a t i o n  angle i n  radians a t  

t h e  p o i n t  i n  t h e  fie1.d under considerat ion.  CNSAZM i s  t h e  constra ined azimuthal 

spacing f o r  the  c i r c l e  under cons idera t ion .  Only t h e  f i r s t  c i r c l e  has i t s  

azimuthal spacing as a chosen var iab le .  Afterwards, a l l  a n g i l a r  azimuthal 

spacings a r e  the  same w i t h i n  a zone and increase by ZRATIO i n  succeeding Tones. 

The r a d i a l  spacing f u n c t i o n  RSFC, there fnre ,  d e t e r m i n ~ s  t h e  c i  rcl n a f t e r  next,  

g iven t h e  c u r r e n t  tower e l e v a t i o n  angle and t h e  cu r ren t  azimuthal spacing. 



POLYNM i s  the  name o f  a  func t i on  subrout ine used i n , t h e  c a l l  t o  t h e  a r b i t r a r y  

l e a s t  squares rou t ine .  The var iab les  i n  t h e  dimension statement o f  l i n e  271 

w i l l  be discussed as they  occur i n  t h e  rou t ine .  Group common /ZONE3/ i s  
. . 8 .  

included, and the  statement func t i on  RFUNC i s  def ined i n  l i n e  273. 

The data statements above load t h e  ~ o e f f i c ~ e n t s  f o r  spacings from t h e  program 

CELAY i n  CELAYC (1,J) and t h e  azimuthal spacings, AZ, For each of . the f o u r  

azimuthal spacings ( i n  u n i t s  o f  DMIR) de f ined  i n  t h e  vec tor  AZ, there  a re  

th ree coe f f i . c i en ts  f o r  t h e  appropr ia te  r a d i a l  spacing i n  t h e  m a t r i x  CELAYC. 

Each o f  t h e  f o u r  sets o f  c o e f f i c i e n t s  r e s u l t s  i n  r a d i a l  and azimuthal spacings 

which have t h e  same annual shading and b lock ing  losses f o r  a  p a r t i c u l a r  p o i n t  
. . 

i n  t h e  c o l l e c t o r  f i e l d ,  

RAD i s  a  v a r i a b l e  t o  convert  from radians t o  degrees and v i c e  .versa. THETA 

i s  t h e  value o f  ETA i n  degrees. 

.-, ,:, .-a RI"1F;;'MX K ,'2,Z(q j 
,L I' L 
'7. C, .- 
&. La .:: HITKMN = A Z ( 1 )  
2 8 4 ~ :  :[F('l:'/-IE'rfi ,L'T. 2(:). 0 )  AI1-RPll'\J z::: & Z  ( 2 )  

AITRMX and AITRMN are ' t h e  maximum and minimum values f o r  t h e  constra ined 

azimuth, CNSAZM, t h a t  w i l l  be allowed. By de f in ing '  them as shown i n  l i n e s  

282-283, we are  assured t h a t  t h e  values o f  RSFC w i l l  be i n t e r p o l a t e d  and n o t  

extrapolated.  L ine '284 was used when the re  was no value f o r  t h e  r a d i a l  spacing 

t h a t  would g i ve  t h e  c o r r e c t  annual shading and b lock ing  losses f o r  the  azimuthal 

value o f  AZ(1.) when t h e  tower- e leva t ion  was less  than 20 degrees. ' Th is  means 

one i s  us ing  an ex t rapo la ted.  value f o r  t h e  r a d i a l  spacing when t h e  azimuth i s  

small e r  than AZ(2) and when THETA i s  1  ess than 20 degrees. 



.:. C, C 
A,-a ....I NIJMPT!:; = 4 
254, 'NCIMC:I:IN =' 4 
287 M .= NUMC:l:lN + 1 
.:,.=I ,=, 
La-t I-I DI:I 1(:)(:) 10z = 1,u 
28.:) 1 (:to R::; ( I F;Z j = RFUNI:: ( C:ELAYI:: ( I A Z  ? 1 1 ? CEL-AYC: ( I A Z  ,2 ) , C:ELAYI:: ( I A Z  , :> ) , 
c - -  L' y (-1 & T H E T A )  
2'7'1 I::*.#.* L S Q F  ANCI V A L F  C:l:lME FF\'lIlM l- lH/SL I EB/UI-{ 
.- - .-, .."-I .. 
A., .. A C:/'JLL L S Q F  ( F;Z , K!S, NClMPTS, M, F'lIlLYNM ? C:l:lFL::;T ,'WKSF'C: ) 

NUMPTS and NUMCON are t he  number of po in ts  and constants desired f o r  the  

a r b i t r a r y  func t ion  l e a s t  squares f i t  i n  l i n e  292. The 100 loop o f  l i n e s  288 
4 

and 289 use the c o e f f i c i e n t s  o f  CELAYC and the  funct inn RFI.INC t o  evaluate t h e  

r a d i a l  spacing a t  each of t he  four values' o f ' t h e  azimuthal spacing. The c a l l  
t o ,  t h e  subrout ine LSQF o f  the UH/SLIBB/UH l i b r a r y  r esu l t s  i n  a f i t  o f  the RS 

dependent values t o - t h e  f ou r  AZ independent values, usinq the f i t k i n g  func t ion  

POLY MN . 

'9 9 '3 .- .-I IF( C:N:SRZM .IIiT'. ' A I T R M X  ) C:NSAZM = R I T R M X  
3 '3 4 - .  I F (  C:NSAZM .LT. n I T R M N  CNSAZM = AITRMI'J 
235 F,'E;FC: =:: VnLF ( C:N!=:AZM, CI I IFL!~T M, F'l:lL)'NM ) 
;.:a 8.7 ,/- ." . - HETI-IRPJ 
297 END , 
2 5 4 3 ~  
.:, 8:) 
& .. .. -. , 
:3 (I) (1) C 
::: (1) 1 12 

If t he  i npu t  value of CNSAZF? i s  out  o f  range, i t  i s  i i~ud i f led  In l i n e s  293-294. 

F i na l l y ,  t h e  funct ional  f i t  POI YMN of AZ versus RS i s  evaludted a t  AZ=,$S;C\ZM 
by. t he  c a l l  . t o  VALF. TI1 i s  va lue 1s stored i n  the  func t ion  subroutine name 

RSFC, and a r e tu rn  t o  t he  c a l l i n g  program i s  made.' 

. . 
::: (1) 2 IIOU~LE' ~ R E C :  I !:;I !:IN FI-IN1::'T'I ON F'QLYNM ( X , t< ! 
3 (1) ::: YNM := XU*t::; 
2: (1) 4 RETUFXN . . 

END 3 (3 5 
, :::[),'- -1 (-' I. 

3 (3 '7 1:: 
1:: (I) I-.. 

1-1 -. 
.*-, - ,"J1.-. 
.:,(-I .. -. 

POLYMN i s  the funct ion subroutine mentioned before. Here the d e f i n i t i o n  i s  

s i ~np l y  a func t ion  o f  powers o f  X. 



::: 1 (:I FIJI‘JC:)" I -T'RF-I_: ( R ) 
131 1 "1-F:Fl: := (1) . 
.-'. 1 .-- 
.:# I F  (R. LE. :::. ";5 1 RETURN 
2; 1 ;:: - ThF - - -. (7:::.(,)5,,'5i';i'.(:')) ,.% Z ; I ; ! R T ( ( B / ~ . ~ ~ ' ) + + + + ~  -1) ;.%C:I:IMM TRIM I:IF'TICIN 
2: 1 4 F:EhrI-IRN 
::: I. 5 END 

Lines 310-315 represent a trim function for  the southern boundayy of the 
. . 

collector f i e ld  that  i s  available within the code for  a commercial system. I t  

was not used for  the Barstow plant. R i s  the radius of a particular c i r c l e  in 
tower heights. The value returned i n  TRFC i s  the .azimuthal angle, measured 
from due south, a t  which a c i r c l e  of hel. iostatsterminates.  Note tha t  i f  R i s  
less  than 2.55, the c i r c l e  i s  allowed t o  close around t o  the,south road. 

1:: 1 t,c: 
;'; 1 ;r / I-. 

::; 1 .zq I-. 
n-1 -. 

2; 1 FI-INC:-l I ON kIc;TEF:' F:; j. , Fi:r3, kIfiLFAZ , 1-II-D 1 

The radial spacing function, RSFC, computes the distance between the 
representative hel iostat  and the neighbor d i rec t ly  between . i t s e l f  and the tower. 
This means the radius of c i r c l e  #3 i s  established given the s ta r t ing  location 
of c i r c l e  #l. I t  remains for  the radius of c i r c l e  #2 to  be calculated. This 
i s  the circle which contains the hel iostats  which the representative hel iostat  
"peeks between" to  see the tower and receiver i n  the radial stagger configura- 
t ion.  The spacing of t h i s  c i r c l e  i s  determined by the routine HSTEP. The 
radi i  R 1  and R3 of the c i rc les  immediately behind and before the c i r c l e  in 
question are input along w i t h  one half the angular azimuthal hel iostat  
separation and the tower height in unit  of DMIR. The resultant value of HSTEP 
will locate the intermediate c i r c l e  i n  the proper location using the RSFC' 
function and an i t e ra t ive  method. 

The format statement of l i ne  320 i s  for  an optional write statement durir~y the 
i t e ra t ive  pr'ocess to  reveal the process of obtaining a solutinn. NCNT i s  a 
counter for the i terat ions.  HLFWAY i s  the radius halfway between R 1  and R3, 
and DELTA i s  the distance between c i rc les  of radius R 1  and R3. 



324 10 AZMI = 2.*HALFAZ*HLFWAY 
325 ELEV = ATAN(HTD/HLFWAY) 
F, .T, ad-& DELB = RSFC: ( ELEV, AZM I ) 

Line 324 s t a r t s  the i t e ra t ive  process. The azimuth and elevation a t  the  halfway 
mark are defined i n  l ines  324-325. Then in l ine  326, the radial spacing func- 

t ion RSFC i s  used to  define DELB,  a step from the halfway mark towards the tower. 

327 BETA = DELA*tlELB/(DELA+DELB) 
.:# .yv 8=m HS"I"EP 
.-I L *,* = H:3' + BETA 

With DELA and DELB defined, a value of BETA i s  obtained, which, when added' t o '  
the radius of c i r c l e  R3, resul ts  i n  HSTEP, the radius nf the intermediate 
c i r c l e .  Line 327 merely equates the reciprocal o f  BETA to  the sum o f  the 

reciprocals of RELA and DFI R, and provides a good estimate foi. HSTEP i r ~  
1 ine 328. 

329 NC:NT = NIZNT a 1 

WHITE ( 6 ,  100) bJC:N7', K1 2 R:3, HI FWAY,  HSTEF' 3 3 (1) 1:: 
. . 

. . . . NCNT. i s  incremented by one and i f  desired, the comment can be removed f r ~ m  
l i n e  330 t o  write the 'current  t r i a l ,  the  radii  of c i rc les  R 1  and R3, the half- 
way mark, and the guess for the intermediate c i r c l e ,  HSTEP. 

GI 1 
% - ( AEzr ( j - /S" j "~~-~ j~ l -1J&\ i  ) . LT. I ) )  . I:IR.. NCNT, GT. 9 ) 

;-. .-. n - -  
Is& GI-~ T 0 2 1:) 

3 12 :I; HLFWAY = I-i:i;TEF' 
3 ; 3  -. - L,IJ -r 0 1 (1) 
.-. .-, C <,.:,.-I 3:) RETI-lRN 
:3 :I-; &, ENJ-I 

If HSTEP and HLFWAY a re  within 0.0005 DMIR units of & h  'other, or i f  we hav; 
done more than 9 t r i a l s .  c ~ n t r o l  i s  transferred to statement 20 and a returnn 
i's made t o  the cal l ing routine. If  not, HSTEP i s  loaded into HLFWAY and 
control is. . transferred t o  statement 10 which is l ine  '324.. A new value i s  then 
obtained fo r  HSTEP and tested on the second i te ra t ion ,  In this process, the 
spacing coefficients of CELAYC ( I  , J )  a re  used t o  define the intermediate 
c i r c l e s  jus t  as they define a l l '  others. This i t e ra t ive  process usually 
converges t o  a value of HSTEP i n  two or  three t r i a l s .  

Line 336 marks the end of the package 'of routines cal led INPUTS. The .second 
package of routines called LAY uses the inputs and function subroutines in 
INPUTS to  generate hel iostat  location coordinates. 



Appendix C 

THE INDIVIDUAL HELIOSTAT PERFORMANCE CODE . 

c.1 THE HELIOSTAT FIELD VARIABLES . 

The i n d i v i d u a l  he1 i o s t a t  performance code i s  s imi  l a r  t o  t he  c e l l  wise perform- 

ance code w i t h  the  sum over  . c e l l  s  being ..rep1 aced by  .a sum over he1 i o s t a t .  

Each h e l i o s t a t  has a  coordinate vec tor  and a  number o f  spec ia l  p roper t ies .  

Table C - 1  gives a  c o m p l e t e . l i s t  o f  h e l i o s t a t  f i e l d  var iab les .  ' 

Table C-1.  L i s t  o f  H e l i o s t a t  F i e l d  Var iables 

# . Var iab le  Dimension* Purpose 

1 XC MAXH X component o f  h e l i o s t a t  

2  Y C MAXH Y. component o f  he1 i os t a t  

3 ZC MAXH Z component o f  ., he i  i o s t a t  

4 AZ MAXH ,Azimuth component o f  h e l i o s t a t  . 

5 FINT MAXF Receiver i n t e r c e p t i o n  f r a c t i o n  

6 FCOS I MAXF Cosine o f  inc idence 

7 FMIRR MAXF , F r a c t i o n  o f  use fu l  area 

8 FAREA' MAXF E f f e c t i v e  f r a c t i o n  o f  area 

9 FSAB MAXF . .Fract ion o f  af ternoon i n s o l a t i o n  weighted 
FMIRR 

10 ASAB MAXF Annual average o f  FSAB 

11 ERGMl MAX2 K W / ~ ~  o f  d a i l y  r e d i r e c t e d  power 

12 ERGM2 . MAX2 M W / ~ Z  o f  annual r e d i r e c t e d  power 

13 . . RTPOW MAX2 F r a c t i o n  o f  r e l a t i v e  he1 i o s t a t  performance 

*MAXH, MAXF, and MAXZ a re  i npu t .  parameters which c o n t r o l  t he  core requirements 
o f  t he  program. 



MAXH must be g iven a  va lue  which i s  l a r g e r  than t h e  t o t a l  number o f  h e l i o s t a t s  

i n  t h e  coord ina te  l ayou t .  

MAXF - < MAXH 

MAXF/2 f o r  symmetric f i e l d s ,  
MAX? = { 1 f o r  asymmetric f i e l d s .  

MAX2 g ives  the dimension o f  vec tors  which r e q u i r e  an east-west symmetry assump- 

t i o n .  I f  no such symmetry e x i s t s  MAX2 i s  s e t  t o  1 and t h e  SUMIT and RELPOW 

subrout ines a re  bypassed. MAXF can be reduced i n  accordance w i  t h  c o n t r o l  s  t o  

the-SUBFLD subrout ine  which l i m i t s  the  s e t  o f  h e l i o s t a t s  t o  be processed. 

Any c i r c l  e-sector reg ion  can be se lec ted  f o r  processing. 

I f  MAXF = 2000, then t h e  f i e l d  vectors r e q u i r e  23K core. The I H  code requ i res  

an a d d i t i o n a l  45K core, making i t  poss ib le  t o  operate w i t h  CORE = 70K, which 

i s  a  convenient l e v e l  f o r  t ime sharing. L i f e  would n o t  be so simple fo r  a  

corrunercial system w i t h  MAXF = 20,000 so t h a t  

CORE = 45K + 230K = .  285K. 

For i n t e r n a l  purposes, t h e  I H  code numbers h e l i o s t a t  c i r c l e s  from the  ou ts ide  

t o  i ns ide .  The o u t e r  c i r c l e  i s  number 1. The f i r s t  h e l i o s t a t  i n  t h e  l a y o u t  . 

i s  i n  t he  ou ter  c i r c l e  and i s  t he  f i r s t  h e l i o s t a t  which i s  west o f  south. 

Consecutive he1 i o s t a t s  move around the  c i r c l e s  i n  c lockwise fash ion  u n t i l  a  

. c i r c l e  i s  f i l l e d  and then t h e  nex t  h e l i o s t a t  goes t o  the  f i r s t  p o s i t i o n  i n  t h e  

n e x t  i n n e r  c i r c l e .  

A t  p'resent the  l a y o u t  process i s  symmetric. Th i s  means t h a t  h e l i o s t a t  loca-  

t i o n s  come i n  east-west p a i r s ,  regard less  o f  deletes,  roads, f i e l d  boundaries, 

and t r i m  con t ro l s .  The p a i r s  a re  w r i t t e n  t o  the  ou tpu t  h e l i o s t a t  f i l e  consec- 

u t i v e l y ,  b u t  they a re  n o t  consecut ive i n  t h e  core  storage vectors.  F i e l d  

asymmetry can. be' in t roduced by removi ng he1 i o s t a t s  from the  performance model 

i n  several  ways. The ISKIP f u n c t i o n  prov ides f o r  a  l i s t , o f  removed h e l i o s t a t s .  

The SUBFLD subrout ine l i m i t s  t he  e f f e c t i v e  f i e l d  t o  an a r b i t r a r y  c i r c l e - s e c t o r  

region.  



I n  the  fu tu re ,  mod i f i ca t i ons  w i l l  be needed t o  l a y o u t  f i e l d s  w i t h  an east-west 

i nc l  i ne , o r  non-symmetri c  f i e l d  boundaries, and/or non-f 1  a t  f i e l d s .  

C.2 THE LAYOUT PROCESSOR 

The layou t  processor achieves th ree main r e s u l t s .  

1 )  I npu t  data from t h e  RCELL op t im iza t i on  program determines a  s e t  o f  

r a d i i  f o r  a  c i r c u l a r  h e l i o s t a t  l a y o u t  which i s  cons is ten t  w i t h  t h e  h e l i o s t a t  

mechanical l i m i t s  and a  selected zonal l a y o u t  scheme. 

2) He1 i o s t a t  l o c a t i o n s  are  .determined and the  he1 i o s t a t  coordinate f i l e  

i s  w r i t t e n .  The 1  ocat ions r a d i a l  stagger neighborhoods w i t h  t h e  peak 

through fea ture .  Proceeding toward the  tower, t h e  neighborhoods become a z i -  

mutha l ly  compressed u n t i l  it, i s  necessary t o  c reate  a  new zone w i t h  expanded 

azimuthal separations. The outer  c i r c l e  o f  an i nne r  zone has de le ted he1 i o -  

s t a t s  i n  order  t o . a v o i d  d i r e c t  b locking.  There i s  a l s o  an extended p a t t e r n  o f  

azimuthal sl ippage t o  minimize losses i n  t h e  v i c i n i t y  o f  t h e  de3ete. The 

a v a i l a b l e  he1 i o s t a t  l o c a t i o n s  are  1  i m i  ted by the  f i e l d  boundaries and roads. 

3) The a'ctual s e t  o f  h e l i o s t a t s  i s  t ransmi t ted  t o  t h e  performance model. 

The s e t  o f  h e l i o s t a t s  equals the  s e t  o f  l o c a t i o n s  minus a  l i s t  o f  removed 

h e l i o s t a t s  which i s  used t o  achieve a  s p e c i f l e d  power l e v e l  o r  t o  study par- 

t i c u l a r  regions o f  t he  f i e l d .  

F igure C-1,shows the  o v e r a l l  s t r u c t u r e  o f  t h e  I H  code.. . Not ice  t h a t  t h e  LAYOUT 

subrout ine comes p r i o r  t o  the  performance model which i s  contained i n  YEAR and 

.can be executed independently. F igure  C-2 shows.' t h e  'overa l l  s t r u c t u r e  of t h e  

l ayou t  processor revea l i ng  most o f  i t s  subrout ines. For f u r t h e r  d e t a i . 1 ~  see 

.Appendix R. 

C.3 THE PERFORMANCE MODEL 

The i n d i v i d u a l  he1 i o s t a t  performance code i s  s i m i l a r  t o  t h e  c e l l w i s e  perform- 

ance code except t h a t :  

1) The represer i tat ive he1 i o s t a t s  o f  t h e  c ~ l l w i s e  model a re  replaced by a  

complete s e t  of h e l i o s t a t s .  Cel.1 s t r u c t u r e  i s  res to red  f o r  c e r t a i n  output  

purposes, and 

2) The rece ive r  model i.s n o t  a v a i l a b l e  i n  t h e  ind.ividua1 he l ' i os ta t  code 

and rece ive r  in format ion  i s  i n p u t  v i a  t h e  node f i l e  and the  aims f i l e .  



Figure C-1. Overall Structure of I H  Code as Seen by the INPUT Module 
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Figure C2 Structure of the Layout Processor 
See Appendix B for Definitions and Details 



Table C-2 l i s t s  a l l  Input/Output f i l e s .  The A I M S  f i l e  i npu ts  . t h e  aiming 

s t r a t e g y ' d a t a  which i s  outpu't by the  r e c e i v e r  subrout ine i n  t he  c e l l w i s e  sys- 

tem. Th is  a r r a y  o f  data i s  i n t e r p o l a t e d  t o  the  i n d i v i d u a l  h e l i o s t a t s  and 

w r i t t e n  t o  the  He l i os  f i l e .  The A IMS data cannot be used i n  any o the r  way. 

The o the r  110 f i l e s  w i l l  be expla ined under t h e  appropr ia te  subrout ines i n  

Sect ion C.6. 

The IH  performance code i s  contained i n  t he  subrout ine YEAR. F igu re  C-3 shows 

t h a t  YEAR d i v i d e s  i n t o  th ree  phases. Time dependence 'occurs o n l y  i n  t h e  

second 'phase which i s  c a l l e d  ' t he  d i u r n a l  phase. ~ e t a i l s  o f  each,phase a r e  

shown i n  F igure  C-4. 

Table C-2. L i s t  o f  1/0 F i l e  Codes 

Code F i l e  Subrout ine 
- - -- 

System STD Read 

System STD Wr i te  

A IMS - Aim p o i n t s  from c e l l w i s e  program AIM 

HELIOS - Coordinate Data AIM 

PLOTD - C i r c l e / s e c t o r  data f o r  p l o t t e r  CIRSEC 

NODE1 - Receiver I n t e r c e p t i o n  Data FINTPl 

NODE2 - Receiver I n t e r c e p t i o n  Data FINTP2 

CARD.F - Data t o  be card punched PANPOW 

Terr~porary Random F i l e  f o r  He1 i o s  Panel Sums FINTPl 

Temporary Seq. F i l e  f o r  PANPOW versus TIME F I N T P ~  

Temporary Seq. F i l e  f o r  Ce l l  wise Panel Sums -. FINTPl 
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Figure C-3. The Overall Structure of YEAR 
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Figure C-4. The Main Loops in YEAR 



Figure C-4 shows the major loops occurring in  .YEAR .including. the  ca l l  t o  t he  
shading and blocking subroutine SAB3 and indicating the  occurrence of outputs. 

The only output from the i n i t i a l  phase . i s  f o r  FINT. A var ie ty  o f  output 

options a r e  available.  SECTOR can provide a FINT output f o r  each he1 i o s t a t  

a1 though t h i s  i s  usually not desired.  CELTUR can provide an a r ray  of N-s 
cellwise averages fo r  FINT with or  without a  contour map. . CIRSEC can provide 

an array of c i rc le-sector  averages f o r  FINT w i t h  averages and w i t h  o r  without 
an additional wri te  to  a  disk f i l e  f o r  p l o t t e r  applications.  

. . . . .... . 

The f i r s t  output i n  the diurnal phase i s  the  da i ly  heading and the  l a s t  output 
of the  diurnal phase i s  an.hourly summary. Figure C-5 i s  an example of the  
dai ly  headi,ng and hourly summary outputs. , . 

ON THE 92ND DAY AFTER VERNAL EQUINOX 

EARTH = 0.10163220E 01 ASU 

SOLAR ELEVATION'AT NOON = 78.4407 DEGREES 

DAY = 14.3565 HOURS 

SUNRISE AZIMUTH = 117.1763 DEGREES 

AT 5.000 HOURS THE SUN GIVES 

860.224 WATTS/M2. THE TOWERTOP COLLECTOR HAS , 

3356.014 M2 OF EFFECTIVE AREA AND PROVIDES 

2.887 MEGAWATTS OF DIRECTED POWER 

HOURS USUNX USUNY USUNZ , €SUN ZSUN. 

5.000 - 0.144261 - 0.906217 0.397441 23.4183 -99.0450 

Figure C-5. Daily Heading and Hourly Summary Outputs. The length of day and azimuth of sunrise refer to the 
input elevation of startup. 

The diurnal phase outputs a r e  given below. Except f o r  items (4)  and (5)  a l l  
of these outputs a r e  avai lable  i n  the  f u l l  range of output s t y l e s  a s  described 

fo r  the  FINT vector. 

1) Fraction of Mirror Reflecting = FMIRR 

2 )  Cosine of Incidence Angle = FCOSI 

3)  Effective Fraction of Mirror =. FAREA 
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4) The Hourly Summary Output 

5) The CPU Time 

6 )  Afternoon I n s o l a t i o n  weighted Average o f  FMIRR = FSAB 

7 )  Da i l y  Total  K w H ) ~ ~  Ref lected = ERGMl 
8) Da i l y  Re la t i ve  To ta l  Power = RTPOW 

9) Annual Afternoon I nso la t i on  Weighted Average o f  FMIRR = ASAB 

10) Annual Tota l  M W H / ~ ~  Ref lected = ERGM2 

11) Annual Re la t i ve  Tota l  Power = RTPOW 

The f i n a l  phase outputs are  as fo l lows:  

1) Annual Summary o f  Inso la t ion ,  

7 )  Ann~ral S~rmmary n f  Cosines. 

3) Annual Summary o f  FMIRR, 

4) Annual %Summary o f :  FAREA, 
5) Annual Summary o f  Receiver Power, 

6) Annual Summary o f  System Ef f i c ienc ies ,  

7 )  Annual Summary o f  System E f f  iciencies/COSI , 
and, f i n a l l y  . 

8)  PANPOW and PANEFF Outputs. 

The l a s t  executabqe statement i n  YEAR c a l l s  PANPOW which i n  t u r n  c a l l s  PANEFF. 

The PANPOW subroutine and the  PANEFF subroutine make " t he  fo l l ow ing  outputs 

1)  Annual Summary o f  Inc iden t  PANEL Power i n  MW 

2)  Annual Sumnlary o f  Absorbed PANEL Power. . i n MW 

3)  Annual %Summary o f  System E f f i c i enc i es  

4) Annual Summary o f  System Eff iciencies/COSI 

5) Annual Summar.y o f  Dimension1 ess Panel Gradients 

6) Annual Summary o f  Receiver Asymmetry Ratios 

7 )  Ar~r~ual  Sunn1lat.y o f  Panel MAXIMA i n  MW p r i n t e d  above Panel Number o f  

the M A X I M A  

8) Annual Summary o f  Panel MINIMA i n  MW p r i n t e d  above Panel Number o f  

the MINIMA . 

9) Annual Summary of Inc iden t  Panel Power f o r  a constant d i r e c t  beam 

i n t e n s i t y  a t  a l l  times o f  950 14/m2 

10) (Same f o r  Absorbed Panel Power) 

11) Annual Summary o f  system Ef f i c ienc ies  f o r  a d i r e c t  beam i n t e n s i t y  

o f  950 ~ / m z  a t  a1 1 times - Losses Included 

12) Annual Summary o f  System Eff iciencies/COSI 
162 



, I f  PANPOW i s  ca l l ed ,  t he  previous system e f f i c i e n c y , o u t p u t s  do n o t  occur s ince  

they would .be redundant. The annual summary ou tputs  normal incl.ude seven days 

w i t h  seven ou tpu t  times/day. The t imes begin a t  noon and end a t  an i n p u t .  

e leva t i on  angle which represents a  reasonable s h u t o f f  cond i t ion .  The t imes 

are  equispaced from noon t o  shu to f f .  The days a re  equispaced from summer , 

s o l s t i c e  t o  w i n t e r  s o l s t i c e .  However, any s e l e c t i o n  o f  t ime can be stud.ied. 

Outputs f o r  t he  seasonal ly  symmetric days can e a s i l y  be generated by app ly ing  

a small c o r r e c t i o n  t o  the  insol .at ion.  

. . . :. 
c.4 MODES OF OPERATION 

T.his sec t i on  describes the  a p p l i c a t i o n s  which a re  a n t i c i p a t e d  f o r  t h e  IH  code 

system. A t  the  r i s k  o f  r e p e t i t i o n  i t  should be mentioned t h a t  RCELL provides 

c o e f f i c i e n t s  f o r  an opt imized l ayou t .  The I H  code does n o t  con ta in  t h e  
4 .  economic model. and does n o t  optimi.ze. -Furthermore, t he  c e l l  wise code w r i t e s  

the  Node f i l e  and.  the  Aims f i  1  e  which a r e  read by the  I H  code when r e c e i v e r  

i n te rcep t i on ,  r e c e i v e r  pan'el power, r e c e i v e r  f l u x  d e n s i t y  and/or t he  aiming 

s t ra tegy  are  requ i red .  Typical  ly, a  ce l  l w i s e  r e c e i v e r  run  'and .an RCELL 

op t im ize r  run  would be requ i red  be fore  s t a r t i n g  an i n d i v i d u a l  he1 i o s t a t  study. 

General ly,  one expects t o  make a  se r ies  o f  l a y o u t  runs p r i o r  t o  a  d e t a i l e d  

performance study. The l a y o u t  process i s  very  f a s t  and adjustments can be 

made i n  t h e  zonal s t ruc tu re ,  and/or t he  approach t o  var ious  boundaries. As 

soon as a  reasonable p re l im ina ry  l a y o u t  i s  obta ined one should g e t  t h e  t o t a l  

rece i ve r  power a t  the  design time. Th is  w i l l  r e q u i r e  a  node f i l e  and t h e  use 

o f  t he  shading and b lock ing  subrout ine. I f  t h e  t o t a l  thermal power i s  h igher  

than spec i f i ed ,  t h e  requirement can be achieved by removing an app rop r ia te  

number o f  he1 i o s t a t s  from the e x i s t i n g  layout ,  or by g e n e r d l i ~ r y  a new l e s s  

dense layout .  If the r e c e i v e r  power i s  too  low a  denser l a y o u t  may be 

requi red.  Having achieved the  s p e c i f i e d  t o t a l  thermal power, t he  n e x t  problem 

concerns the  , f l u x  dens i t y  d i s t r i b u t i o n  and t ime dependence o f  t h e  panel 

powers. The apprapr ia te  subrout ine outputs a r e  a v a i l a b l e  and again modi f ica-  

t i o n s  i n  l a y o u t  may be requi red.  I f  a l l  design requirements a re  s a t i s f i e d ,  

t he  var ious ou tputs  can be used t o  p r e d i c t  performance and t u  d r~a l yze  t h e  

qua1 i t y  o f  t h e  design. 



C . 5  THE SUBROUTINE'STRUCTURE AND COMMON GROUPS 

Table'  C-3 g ives a  l i s t  ' o f  a l l  subrout ines and func t ions  which occur i n  the  

i n d i v i d u a l  h e l i o s t a t  performance code. F igure  C - 1  shows t h e  two major c a l l s  

which occur i n  t h e  MAIN program a f t e r  t he  r e l e v a n t  i n p u t  data. F igure  C-6 

shows every c a l l  which occurs d i r e c t l y  i n  YEAR. 'The LAYOUT subrout ine c a l l s  

t h e  subrout ines and func t i ons  which a re  l i s t e d  under f i l e s  INPUT and LAY of 

Table C-3. The subrout ine  YEAR invo lves  a l l  o f  the  o the r  subrout ines which 

a re  l i s t e d  under f i l e s  FIELD, RSABS, and ANNUAL i n  Table C-3. Table C-4 g ives  

a  l i s t  o f  a l l  common groups and shows t h e  subrout ines i n  which they occur. 
* .  

C.6 DESCRIPTION OF SUBROUTINES CALLED BY YEAR 

FINTP1 reads t h e  r e c e i v e r  ' i n t e r c e p t i o n  da te  from the  c e l l w i s e  performance 
mode I. l ' h i  s  data i s  conta ined i n  the  so c a l l  ed node f i  1  e  and i s  ready by 

f i l e  code 14. Panel i n t e r c e p t i o n  f r a c t i o n s  a r e  formed and w r i t t e n  t o  f i l e  

code 40. Subrout ine HINT i s  c a l l  ed t o  i n t e r p o l  a t e  rece ive r  i n t e r c e p t i o n  

f r a c t i o n s  t o  the  i n d i v i d u a l  h e l i o s t a t s .  HINT a l s o  has an o p t i o n  t o  i n t e r -  

p o l a t e  panel f r a c t i o n s .  Panel f r a c t i o n s  a r e  converted t o  panel powers and 

w r i t t e n  t o  f i l e  code 39. COMBO i s  c a l l e d  i f  a  blend o f  aiming s t r a t e g i e s  . i s  

required.  

TOOPAN and COMBO are  used t o  blend node f i l e s  represent ing  d i f f e r e n t  aiming 

s t r a t e g i e s .  There may be two node f i l e s :  one f i l e  f o r  a  two p o i n t  aiming 

s t r a t e g y  and a  second f i l e  f o r  a  one p o i n t  aiming s t ra tegy .  I t  may happen 

t h a t ,  n c i t h c r  t h e  one p o i n t ,  nor  t h e  two p o i n t  a iming s t ra tegy  ean produce a 

s a t i s f a c t o r y  f l u x  d e n s i t y  p r o f i l e ,  bu t  a  blend o f  t h e  two s t r a t e g i e s  may be 

s a t i s f a c t o r y .  TOOPAN reads t h e  headers from both  f i l e s  and COMBO combines 

t h e  r e c e i v e r  nodal i n t e r c e p t i o n  mat r ices  i n  some selected r a t i o .  

HINT i n t e r p o l a t e s  r e c e i v e r  i n t e r c e p t i o n  data t o  t h e  i n d i v i d u a l  h e l i o s t a t  

l oca t ions .  A vec tor  o f  r e c e i v e r  i n t e r c e p t i o n  f r a c t i o n s  i s  kept  i n  core  w i t h  

a component f o r  each h e l i o s t a t .  S i m i l a r l y  an a r r a y  o f  panel i n t e r c e p t i o n  

f r a c t i o n s  i s  kept  i n  random f i l e  38. The l i n e a r  i n t e r p o l a t i o n  i s  supported 

by data re1  a t i n g  t o  t h e  rep resen ta t i ve  he1 i o s t a t s  i n  t h e  c e l l  wise performance 

model. It i s  easy t o  l o c a t e  t h e  i n d i v i d u a l  h e l i o s t a t s  w i t h  respect  t o  the  

representa t ives  of t he  c e l l  mod$l. 



Table C-3. L i s t  o f  F i l e s ,  Subrout ines, and Funct ions f o r  I n d i v i d u a l  
H e l i o s t a t  Performance Code 

F i  1 es Subrout ines Funct ions 

INPUT . MAIN 
LSQF* 
VALF* 

ISKIP 
RSFC, POLYNM, TRFC, HSTEP 

LAY LAYOUT 
ZONE 
MECHLM 

. . COORDS .. , c I RCA 
C I R C G  
C I RCH 
CIRCI. 
AIM ( ~ 1 ~ 1 ) '  
DAT I M T t  
AIM2 . .  . 
WREAD 
TRIM 
ROADS 

YEAR 

RSABS 

FIELD 

ANNUAL 

YEAR 

SAB3 
EVENT 
FINTPl (F1NTP3) 
TOOPAN (COMBO) 
HINT (CSPANL) 

CELTUR 
CIRSEC 
SECTOR 
SECPRT . 
ASKPRT 
SUBFLD 
ACONTR (VCONTR) 

SUMIT 
RELPOW 
PANPOW. 
PANEFF 

*IMSL subrout ines.  
+Items i n  paren thes is  a re  e n t r y  po in t s .  . 

ff'System subrout ine  f o r  da te  and t ime. 



Year 

FINTPl(FINT) 

CELTUR(FINT) 

@SECTOR(FINT) 

@SUBFLD 

.DO 700.NDAY = 1, JMAX 

DO600 IHOR = 1, IMAX. 

DO 500 lMlR = IROWI, IROWP 

DO 501 JMIR. = 1; NR 

501 CONTINUE @SAV3(FMIRR) . 

500 CONTINUE @SECTOR(FMIRR) 

OCELTUR(FCOS1) 

600 CONTINUE 

CELTUR (FSAB) 

SECTOR(FSAB) 

SUMIT(ERQM1) 

HELPOW 

700 CONTINUE 

CELTUR(ASAB) 

SECTOR(ASAB1 

SUMIT(ERGM2) 

RELPOW 

ANNUAL SUMMARY OUTPUT 

PANPOW 

RETURN 

Figure C-6. Subroutine Calls in YEAR. SUMlT and RELPOW also call CELTUR and SECTOR for output purposes. 
CELTUR call's CI RSEC and VCONTR for additional outputs. ... 



T a b l e  C-4. L i s t  o f  ~ o r h o n  G r o u p s  a n d  t h e  S u b r o u t i n e s  i n  W h i c h  T h e y  O c c u r  

Common G r o u ~  S u b r o u t i n e s  

ATMOS 

- - 

INPUT, YEAR 

BOUND INPUT, LAYOUT, AIM, ROADS 

CALCX INPUT, LAYOUT, YEAR, FINTP3, TOOPAN, CELTUR, SUMIT, 
RELPOW, PANPOW 

CELL INPUT,.LAYOUT, AIM, YEAR, FINTP3, HINT, CELTUR 

CSOUT INPUT, YEAR, SUMIT, RELPOW , 

CTROUT INPUT,. YEAR, SUMI:T, RELPOW. . - 
DIMSS SAB3, EVENT 

DSKIP INPUT, AIM2 

F I N T  INPUT, YEAR 

GRLAY INPUT, LAYOUT, ZONE, YEAR 

GROPT INPUT, LAYOIJT, COORDS, AIM, AIM2, YEAR, CIRSEC 

GRPB 

GRPC 

GRPLS 

GRPSB 

GRP3 

GRP4 

GRP5 

6RP6 

GRP7 

GRPll l  

GRP12 

GRP13 

GRPOl 

H E L I 2  

RECVR 

SECOUT .. 

S I T E  

INPUT , LAYOUT, CIRCH , YEAR, SAB3; CELTUR, SECTOR, 
ASKPRT , SUBFLD, SUMIT, RELPOW 

LAYOUT, ZONE, COORDS, CIRCA, CIRCG, CIRCH, C IRCI ,  AIM, 
AIM2, YEAR, FINTP3, HINT, CELTUR, CIRSEC, SECTOR, 
SECPRT, SUMIT, RELPOW 

INPUT, YEAR 

LAYOUT, AIM, YEAR, SAB3, SUMIT, PANPOW, PANEFF 

YEAR, SAB3 

YEAR, SAB3 

YEAR, SAB3 

YEAR, SAB3, F INTP3 

INPUT, YEAR, SAB3 

LAYOUT, YEAR, FINTP3, HINT, SUMIT, RELPOW, PANPOW, 
PANEFF 

8 .  

YEAR, RELPOW. 

YEAR, PANPOW, PANEFF 

INPUT, YEAR, PANPOW, PANEFF 

INPUT, SAB3 

INPUT, YEAR, F INTP3 

INPUT, YEAR, SUMIT, RELPOW 

INPUT, LAYOUT, AIM, YEAR, H INT 



Table C-4. L i s t  o f  Common Groups and the Subrout ines . in  Which They Occur 
(Cont i  nued) 

Comnon Group Subroutines 

TIME INPUT, YEAR, SUMIT, RELPOW, PANPOW, PANEFF 

TIMES 

TOWER 

XY OUT 

INPUT, YEAR 

INPUT, FINTP3, PANPOW, PANEFF 

INPUT, PANPOW, PANEFF 

INPUT, YEAR, SUMIT, RELPOW 

LAYOUT, ZONE,.COORDS, CIRCA, CIRCG, CIRCH, C I R C I ,  AIM, 
AIM2, YEAR . 

LAYOUT, ZONE, CUQKDS 

LAYOUT, ZONE, COORDS, CIRCA, CIRCG, CIRCH, C I R C I  

INPUT, RSFC, LAYOUT, MECHLM, CUUKUS, YEAR 

CIRCA,..CIRCG, CIRCH, C i w ,  AIM 

CSPANL i s  an e n t r y  p o i n t  o f  HINT which reads t h e  f i l e  o f  i n d i v i d u a l  h e l i o s t a t  

panel f r a c t i o n s  and converts them i n t o  c i r c l e - s e c t o r  panel powers which a re  

w r i t t e n  t o  p r i n t  and card  output .  

SUMIT i n t e g r a t e s  ERGMl over  t h e  hours i n  a day, and ERGM2 over the  days i n  a 

g iven year. ERGMl i s  a vec tor  o f  red i rec ted  energy I n  M W H / ~ ~  l u r  the  i n d i v  i d .  

ua l  h e l i o s t a t s .  Redirected power or  energy inc ludes t h e  e f f e c t  o f  t h e  i nso la -  

t i o n  model, t he  d i u r n a l   lotion, the  h c l i o s t a t  mounting and ldyout ,  and t he  

shading and b lock ing  e f f e c t s .  However, the  r e c e i v e r  in tet 'cept iun i s  n o t  

inc luded.  Th is  subrout ine assumes east-west symmetry i n  t h e  c o l l e c t o r  f i e l d ,  

and morning-afternoun s y ~ ~ n i ~ e t r y  i n  i n s o l  at ion.  I f  t h e w  symmetries a re  l ack ing  
s i m i l a r  outputs can be obtd ined from FSAB and ASAB i n  YEAR. . . 

RELPOW outputs a dimension1 ess measure of re1  a t i v e  he1 i o s t a t  performance 

c a l l e d  RTPOW. Th is  output  , i s  a renormalized vers ion  o f  ERGMl o r  ERGM2 

(according t o  whether d a i l y  o r  annual performance i s  used) such t h a t  t h e  

average o f  RTPOW over a l l  h e l i o s t a t s  equals 1. CELTUR.and SECTOR output  i s  

avai  1 able.  There a re  two add i t i ona l  outputs which prov ide  t h e  " D i s t r i b u t i o n s  

o f  .Glass Area and Redirected .Power w i  t h  Respect t o  RTPOW .I' 



PANPOW i s  the  l a s t  c a l l  made by YEAR. It provides annual sumnary output  f o r  

t he  rece ive r  panel powers, t h e i r  s t a t i s t i c s  and several measures.of system 

e f f i c i e n c y .  Any rece ive r  having tubes can be broken i n t o  sets o f  tubes 

c a l l e d  panels. The c u r r e n t  ex terna l  c y l i n d r i c a l  rece ive r  has 24 panels as 

shown i n  ~ i ~ u r e  5-1. PANPOW provides t h e  f o l l o w i n g  l i s t  o f  outputs:  

1) Annual Summary o f  I nc iden t  -Panel Power 

2)  Annual Summary of Absorbed Panel Power 

3) Annual Summary o f  System E f f i c i e n c y  

4) ' Annual Summary of System Eff ic iency/COSI 

5) Annual s'ummary o f  bimensionless Panel Gradients 

6) Annual Summary o f  Receiver ~ $ m m e t r ~  Rat ios 

7 )  Annual Summary o f  Receiver Panel Maxima over Panel Number o f  Maxima 

8) Annual Summary o f  Receiver Panel Minima over Panel Number o f  Minima. 

A1 1  o f  these outputs 1  i s t  t he  same se t  o f  day and hours. Items ( 3 ) ,  (4),  (6), 

and (7 )  appear as tab les  o f  day and hours, whereas i tems ( I ) ,  ( 2 ) ,  and (5) a re  

' 1  i s t s  o f  (day, hour) combinations i n  order  t o  prov ide  space f o r  t h e  panel r. . 

output .  

The absorbed panel power PA i s  obta ined from the  i n c i d e n t  power PI by the  

l i n e a r  t ransformat ion 

where a  and b  a re  constants represent ing t h e  m u l t i p l i c a t i v e  and sub t rac t i ve  

losses o f  t he  rece iver .  
4 

a = C o e f f i c i e n t  o f  absorpt ion,  and 

b  = Convective and Rad ia t ive  l o s s  f o r  spec i f i c  opera t ing  cond i t ions .  

The system e f f i c i e n c y  i s  de f ined by the  t o t a l  r e d i r e c t e d  power absorbed by 

the  rece ive r  d i v ided  by the  t o t a l  red i rec ted  power produced by the  c o l l e c t o r  

f i e l d .  A second measure o f  system e f f i c i e n c y  i s  provided by d i v i d i n g  the  

t o t a l  e f f i c i e n c y  by COSI. (This removes t h e  unavoidable cosine o f  inc idence 

e f f e c t .  ) 



The dimensionless panel g rad ien ts  Gi a re  def ined as 

~ ( i )  = ( P A ( i )  - P A ( I - l ) ) / ( P A ( i )  + PA( i -1 ) )  . 

where i = 1...24. The panel maxima, panel minima and l o c a t i o n s  a r e  determined 

by quadra t i c  f i t t i n g .  The panel asymmetry r a t i o s  a re  panel maxima d i v ided  by 

panel minima. These s t a t i s t i c s  a re  usefu l  f o r  r e c e i v e r  c o n t r o l  stud,ies. 

PANEFF i s  c a l l e d  by PANPOW i n  order  t o  ou tpu t  under cond i t i ons  o f  a1 te red  

i n s o l a t i o n .  We a r e  c u r r e n t l y  assuming t h a t  the  i n s o l a t i o n  i s  950w/m2 a t  a l l  

t imes, however, o t h e r  i n s o l a t i o n  cond i t i ons  could be provided. S i t e  s p e c i f i c  

i n s o l a t i o n  i s  ou tput  v i a  PANPOW, i f  desired, b u t  i t  could be .sent t o  PANEFF. 

The f o l l o w i n g  outputs a r e  ava i l ab le :  

1) Annual Sllmmary o f  I r~c . i den t  Panel Power 

2) Annual Summary o f  Absorbed Panel Power 

3) Annual Summary o f  System E f f i c i e n c i e s  . . . 

4 )  Annual Summary o f  System Ef f ic iencies/COSI 

SAB3 i s  the  i n d i v i d u a l  h e l i o s t a t  vers ion  o f  RSABS which i s  t h e  improved shad- 

i n g  and b lock ing  processor f o r  t he  spl i t  rec tangu lar  he1 i o s t a t  model. 

SUBFLD redef ines  t h e  c o l  1  e c t o r  f i e l d  arrays,  which are t he  coordl r ~ d  lt! dft%ays 

f o r  h e l i o s t a t s  and t h e  i n t e r c e p t i o n  f r a c t i o n  a r r a y  FINT (and others) ,  t o  con- 

t a i n  data  f o r  t he  h e l i o s t a t s  w i t h i n  s p e c i f i e d  s u b f i e l d  boundaries. 

SECTOR generates the  sec tor  by sec tor  p r i n t o u t  o f  f i e l d  va r iab les  f o r  i n d i v i d -  

ual he1 i o s t a t s .  SECTOR c a l l  s  SECPRT t o  format the, ou tput  p r i n t  1  ine .  SECPRT 

i n  t u r n  c a l l s  ASKPRT t o  i n s e r t  an a s t e r i s k  i n d i c a t i o n  of where de le tes  occur- 

red  i n  the  c o l l e c t o r  f i e l d  l a y o u t  process. 

CELTUR may generate several pussiGle outputs. I f  no p r i n t  outpu.L;s are c a l l e d  

f o r ,  CELTUR simply r e t u r n s  t h e  f i e l d  v a r i a b l e  averag.e t o  t h e  c a l l  i n g  program. 

CELTUR c a l l s  CIRSEC i f  t h e  CIRSEC ou tpu t  o p t i o n  i s  set.  CIRSEC f i n d s  f i e l d  

v a r i a b l e  averages over c i r c l  e  sec tor  elements. and outputs and resu l  t s  i n  

t a b u l a r  form. I n  add i t i on ,  CELTUR sets  up t h e  xy g r i d  s t r u c t u r e  and c a l l s  

VCONTR, which may, depending on output  swi tch  se t t i ngs ,  p r i n t  c e l l  averages 

o f  t h e  f i e l d  v a r i a b l e  i n  a  t a b l e  format, o r  i t  may a l s o  ou tpu t  a  contour map. 
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